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Mayoral-González, Francisco Guerrero-Márquez, Encarnación Gutiérrez-Carretero,

Sara Casquero-Domı́nguez, Luis Dı́az-de la Llera, Gonzalo Barón-Esquivias, Manuel
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1. Background

Biomarkers are defined as “cellular, biochemical or molecular alterations that are measurable in
biological media such as human tissues, cells, or fluids”, providing “biological characteristics that
can be objectively measured and evaluated as an indicator of normal biological processes, pathogenic
processes, or pharmacological responses to a therapeutic intervention “according to Hulka et al. as well
as Naylor et al. [1,2]. Depending on their respective role in physiologic and pathophysiologic processes,
biomarkers can be used for different purposes such as disease diagnosis, risk stratification, screening,
as well as prognosis [2]. In recent decades, biomarkers have gained major clinical significance, especially
in the cardiovascular field. Above all, the introduction of natriuretic peptides and highly sensitive
troponin assays have led to significant facilitation and improvement in clinical practice.

However, while these markers represent indispensable diagnostic tools in clinical routines,
their prognostic impact remains limited. Accordingly, the evaluation of prognosis remains a clinical
challenge, even to date. In contrast to the aforementioned markers, novel biomarkers targeting the
critical factors for prognosis and outcomes in cardiovascular disease, cardiac fibrosis, and remodeling
could be of additional value on this account [3,4]. Cardiac remodeling: The term cardiac remodeling
describes changes in the size; mass; geometry; and, consequently, function of the heart in response
to acute and chronic myocardial damage [5]. While acute myocardial damage is usually induced by
ischemic processes such as myocardial infarction, chronic damage comprises inflammatory processes,
dysregulated metabolic pathways, toxic damage, as well as a chronic increase in cardiac strain [6–8].

Interestingly, in contrast to natriuretic peptides as well as troponin, most novel heart failure
biomarkers do not provide a comparable amount of organ specificity [9,10]. However, due to their
involvement in multiple pathophysiologic processes, novel cardiac biomarkers represent promising
tools to refine the assessment of cardiac remodeling and fibrosis and thus also of prognosis [4,11].

2. sST2

The most promising marker on this regard represents soluble suppression of tumorigenicity 2
(sST2), which has also found entrance into current guidelines to some extent. sST2 represents a versatile
marker, predominantly used in heart failure patients [12]. sST2 was shown to be elevated in acute and
chronic heart failure as well as in acute coronary syndrome [13,14]. Besides, elevated levels have also
been reported in pulmonary hypertension and peripheral artery disease, emphasizing its involvement
in different disease entities [15,16].

Regarding its molecular background, two different isoforms have been identified, a soluble form
(sST2) and a membrane-bound form (ST2L) [17]. Interleukin-33 (IL-33) represents the only known
ligand for ST2 and is responsible for the induction of cardioprotective effects by binding to the ST2L
receptor [17]. Besides, IL-33 is also involved in immunomodulation through the secretion and the

J. Clin. Med. 2020, 9, 2087; doi:10.3390/jcm9072087 www.mdpi.com/journal/jcm1
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interaction of T helper 2 (TH2) cells, mast cells, group 2 innate lymphoid cells, (ILC2s) regulatory T
(Treg) cells, TH1 cells, CD8+ T cells, and natural killer (NK) cells, among others, further elucidating the
involvement of sST2 and ST2L in inflammatory processes [18]. On the other hand, sST2 can counteract
the cardioprotective effects by acting as a decoy receptor for IL-33 [17]. Hence, an increase in sST2
results in a decrease of cardioprotective IL-33, consequently leading to cardiac damage and increased
cardiac strain [17].

In short, sST2 incorporates different pathophysiological processes involved in cardiac remodeling
and fibrosis such as inflammation and increased cardiac strain. Accordingly, sST2 represents a
promising new marker in the assessment of prognosis of heart failure patients. sST2 was shown to
predict all-cause mortality as well as cardiovascular mortality in chronic heart failure patients [19].
Additionally, sST2 was reported to predict mortality in acute heart failure [11]. With regards to therapy
monitoring, an sST2 cut-off below 35-ng/mL was proposed to significantly improve outcomes in heart
failure patients (Pres-ageassay, Critical Diagnostics, SanDiego, California, USA) [19].

3. microRNAs

While sST2 has already found entrance into current guidelines, the field of microRNAs (miRNAs)
is currently limited to investigative research, although previous trials have reported promising results
regarding their diagnostic and therapeutic applicability in cardiovascular disease entities. MiRNAs
comprise a group of small (19–24 nucleotides) ribonucleic acids (RNAs), which play a pivotal role in
posttranslational gene silencing (PTGS) and hence regulation of protein synthesis [20,21]. In recent
studies, several miRNAs were found to be involved in cardiac remodeling by promoting myocardial
inflammation, as well as pro-fibrotic and -apoptotic pathways. Consequently, patients with acute
and chronic heart failure show dysregulated plasma concentrations of various pathological miRNAs,
which gives rise to novel diagnostic approaches in these patients. For example, Ovchinnikova et al.
recently identified several significantly dysregulated miRNAs (miR-18a-5p, miR-26b-5p, miR-27a-3p,
miR-30e-5p, miR-106a-5p, miR-199a-3p, and miR-652-3p) in acute heart failure (AHF), which were
also associated with adverse outcomes in these patients [22]. Furthermore, another trial reported
that a combination of miR-30c, miR-221, miR-328, and miR-375 could adequately discriminate heart
failure with preserved ejection fraction (HFpEF) from heart failure with reduced ejection fraction
(HFrEF) [23], which is to this extent not possible using conventional cardiovascular biomarkers [24].
Consequently, analysis of the miRNA expression pattern (“miRNome”) could provide substantial
additional information in the clinical management of patients with HF in the future.

Besides their application in diagnostics, miRNAs also constitute interesting targets for novel
therapeutic approaches. Since myocardial inflammation and cardiac fibrosis are considered potentially
reversible processes in the course of cardiac remodeling, miRNAs interacting with these pathways
represent promising targets in the management of patients with HF. For example, miR-21
was found to enhance myocardial fibrosis by targeting the extracellular signal-regulated kinase
(ERK)–mitogen-activated protein (MAP) kinase pathway, and silencing of miR-21 by synthetic
antagonist significantly attenuated myocardial fibrosis in an animal model [25]. Since miR-21 was
also found to be involved in myocardial inflammation by targeting T-cell development, it constitutes
an interesting drug target in the management of HF and certainly warrants further investigation in
future studies.

4. Conclusions

Despite the long time period since the establishment of natriuretic peptides and troponin in clinical
practice, the evaluation of prognosis in cardiovascular disease remains challenging. The assessment of
cardiac remodeling and fibrosis with the help of novel biomarkers represents a promising approach for a
more sophisticated evaluation of prognosis and consequently also therapy guiding. In this regard, their
versatility regarding their involvement in numerous different organ systems might be a considerable
benefit over natriuretic peptides and troponin with regards to their prognostic value. As cardiac
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remodeling is strongly correlated with a worse prognosis in cardiovascular disease, the implementation
of biomarkers addressing this issue holds great potential to improve outcomes further.
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Abstract: Background: Heart failure with preserved ejection fraction (HFpEF) remains an ongoing
therapeutic and diagnostic challenge to date. In this study we aimed for an analysis of the diagnostic
potential of four novel cardiovascular biomarkers, GDF-15, H-FABP, sST2, and suPAR in HFpEF
patients compared to controls as well as ICM, and DCM. Methods: In total, we included 252 stable
outpatients and controls (77 DCM, 62 ICM, 18 HFpEF, and 95 controls) in the present study. All patients
were in a non-decompensated state and on a stable treatment regimen. Serum samples were obtained
and analyzed for GDF-15 (inflammation, remodeling), H-FABP (ischemia and subclinical ischemia),
sST2 (inflammation, remodeling) and suPAR (inflammation, remodeling) by means of ELISA. Results:
A significant elevation of GDF-15 was found for all heart failure entities compared to controls
(p < 0.005). Similarly, H-FABP evidenced a significant elevation in all heart failure entities compared
to the control group (p < 0.0001). Levels of sST2 were significantly elevated in ICM and DCM patients
compared to the control group and HFpEF patients (p < 0.0001). Regarding suPAR, a significant
elevation in ICM and DCM patients compared to the control group (p < 0.0001) and HFpEF patients
(p < 0.01) was observed. An AUC analysis identified H-FABP (0.792, 95% CI 0.713–0.870) and GDF-15
(0.787, 95% CI 0.696–0.878) as paramount diagnostic biomarkers for HFpEF patients. Conclusion:
Based on their differences in secretion patterns, novel cardiovascular biomarkers might represent a
promising diagnostic tool for HFpEF in the future.

Keywords: HFpEF; heart failure; HFrEF; biomarker; sST2; suPAR; H-FABP; sST2
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1. Introduction

With an overall prevalence of 2%, heart failure (HF) represents one of the leading causes of
morbidity and mortality in the western world and thus also an important economic factor [1]. About 50%
of all heart failure patients suffer from heart failure with preserved ejection fraction (HFpEF). HFpEF is
characterized by a deterioration of cardiac relaxation resulting in an impaired diastolic filling of the left
ventricle, mainly triggered by arterial hypertension along with obesity and metabolic disorders [2,3].
In contrast to heart failure with reduced ejection fraction (HFrEF), the left ventricular ejection fraction
in HFpEF remains preserved [2,3].

The cellular processes involved in the development of HFpEF are heterogeneous. One of the
most generally accepted hypotheses is that cellular hypertrophy combined with a reduction in cellular
relaxation and an increase in tissue fibrosis could contribute strongly to the development of ventricular
stiffening [4,5]. Furthermore, obesity, which is a very frequent co-morbidity of HF, leads to adipose
tissue dysfunction along with elevated leptin levels and can trigger an upregulation of aldosterone,
leading to sodium retention [6]. In consequence, higher levels of aldosterone trigger a volume expansion
leading to increased filling pressures, thereby promoting cardiac remodeling, myocardial hypertrophy
and fibrosis [6].

While numerous advancements have been made in the pharmacologic treatment of heart failure
with reduced ejection fraction over the last decades (e.g., ARNIs), no evidence-based therapy for HFpEF
patients exists to date [3,7]. Despite huge efforts, studies failed to show a significant prognostic benefit
of pharmaceutical therapies in HFpEF, with the “PARAGON-Trial” as most prominent example [8].
Accordingly, the prognosis in HFpEF remains poor [9].

In addition to the lack of an evidence-based therapy, the actual diagnosis of HFpEF remains
challenging and the precise diagnostic criteria are still matter of ongoing debates [9]. According to
the current ESC guidelines, HFpEF is defined as a combination of: (I) Typical signs and symptoms of
heart failure, (II) elevated levels of natriuretic peptides, (III) LVEF > 50%, (IV) evidence of diastolic
dysfunction and/or structural heart disease (left ventricular hypertrophy or left atrial enlargement) [3].
Given the vague diagnostic criteria, the need for novel and additional diagnostic markers for HFpEF
is evident.

In the last years, novel cardiac biomarkers have emerged as promising diagnostic tools for
the assessment of different cardiovascular disease entities [10,11]. As a result to the complex
pathophysiological background of most cardiovascular diseases, a multi-marker approach was reported
as most effective for diagnosis, therapy monitoring and risk prediction due to the incorporation of
different pathophysiologic processes covered by each respective marker [10,12].

Among the tested markers in previous studies, H-FABP (myocardial ischemia), sST-2 (myocardial
strain and inflammation), GDF-15 (inflammation, remodeling), and suPAR (inflammation, remodeling)
proved to be promising tools in achieving an improvement in the diagnosis and prognosis of
cardiovascular diseases [13–16]. Accordingly, some of the listed markers are already included in the
current guidelines and used in clinical routine [17].

Given the evident need for novel diagnostic tools in HFpEF we aimed for a head-to-head analysis
of these four novel cardiovascular biomarkers in patients with heart failure with preserved ejection
fraction compared to controls. Additionally, as the aforementioned markers are well studied in HFrEF
patients, we aimed for a head-to-head analysis of HFpEF and HFrEF patients to put our findings
into reference.

2. Experimental Section

The present study was conducted in accordance with the Universal Declaration of Helsinki
and was approved by the local ethics committee at the University Hospital Jena, Germany. In total,
we included 252 patients in this retrospective single-center study. Seventy-seven patients diagnosed
with DCM, 62 patients with ICM, and 18 patients diagnosed with HFpEF were enrolled. Additionally,
a control group of 95 patients was included. In these patients, coronary artery disease was excluded
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by coronary angiography. During visits in the outpatient ward, serum samples of all patients were
obtained and analyzed for GDF-15, H-FABP, sST2, and suPAR.

The diagnosis of ICM, DCM and HFpEF was made according to the current guidelines of the
European Society of Cardiology [3]. Clinical examination, assessment of medical history, laboratory
analysis as well as transthoracic echocardiography was performed in all patients in the outpatient
ward. Additionally, ICM and DCM patients underwent coronary angiography for diagnosis/exclusion
of coronary artery disease. Controls also underwent coronary angiography because of suspected
coronary artery disease and a relevant risk profile (hypertension, smoking etc.) and evidenced a
rule out. All patients were in a stable, non-decompensated state at the timepoint of inclusion and
clinical examination and were on a stable treatment regimen. Decompensated HF patients were not
enrolled in this study. All examinations were performed by an experienced heart failure specialist.
Laboratory analysis was conducted in all patients after informed consent. Serum samples were
analyzed by means of ELISA and were stored at −80◦C until measurements were conducted. Exclusion
criteria were defined as: (I) Age under 18 years, (II) acute or chronic infections, (III) malignancies,
(IV) advanced stages of renal failure (as indicated by a glomerular filtration rate less than 30 mL/min),
(V) decompensated heart failure, (VI) hyperthyroidism, (VII) medication with immunosuppressive
agents, and (VIII) recent acute coronary syndrome. For HFpEF patients a glomerular filtration rate
under 60 ml/min was an exclusion criterion to rule out a potential cardiorenal confounder in this cohort.

2.1. Laboratory Analysis

Routine analysis of blood samples was performed at the Department of Clinical Chemistry
(University Hospital Jena). The analyses comprised high-density lipoprotein (HDL; mmol/L),
low density, lipoprotein (LDL; mmol/L), triglycerides (mmol/L), and C-reactive protein (CRP, mg/L)
and hematological parameters. The glomerular filtration rate was calculated according to the CKD-EPI
equation. Serum levels of sST2, GDF-15, suPAR, and H-FABP were measured using commercially
available ELISA kits (DuoSet ELISA, DY523B, DY957, DY807, DY1678, and DFTA00, R&D Systems,
Minneapolis, Minnesota, USA) in accordance with the instructions provided by R&D. ELISA analyses
were performed at room temperature. In brief, 96-well plates were coated with the provided capture
antibody according to the certificate of analysis and manufacturer’s instructions. The multiwell
plates were incubated overnight on a horizontal shaker. The next day, plates were washed using
0.5% Tween 20 (Carl Roth, Karlsruhe, Germany) in 1× phosphate buffered saline (PBS) and were
then blocked with 1% bovine serum albumin (BSA; Carl Roth, Karlsruhe, Germany) in 1× PBS for
one hour. After a further washing step, serum and the appropriate standard concentrations for
sample quantification were added onto the wells and incubated for two hours. Again, the plate was
washed and the provided biotin-labelled detection antibody was added to each well, followed by an
incubation of another two hours. Thereafter, ELISA plates were washed again, before a provided
streptavidin-horseradish-peroxidase (HRP) solution was added and incubated for 20 min. After a
final washing step, the addition of the substrate tetramethylbenzidine (TMB; Sigma Aldrich, St. Louis,
Missouri, USA) resulted in a blue color reaction which was stopped by adding 2 N sulfuric acid (H2SO4;
Sigma Aldrich, St. Louis, Missouri, USA), changing the color to yellow. Optical density (OD) was
measured at 450 nm on an ELISA microplate reader (iMark Microplate Absorbance Reader, Bio-Rad
Laboratories, Wien Austria).

2.2. Statistical Analysis

Statistical analysis was performed using GraphPad-Prism software (GraphPad-Software,
La Jolla, CA, USA), SPSS (22.0, SPSS Inc., Chicago, IL, USA) and MedCalc (19.1.3 MedCalc Software bv,
Ostend, Belgium). The Kolmogorov-Smirnov test was used to assess normal distribution of parameters
in the study population. Demographic parameters were compared by using ANOVA. Normally
distributed parameters are given as mean + standard deviation. As biomarker concentrations were
not normally distributed, they are given as median and inter-quartile range. Median values were
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compared using the Mann–Whitney-U test. Correlation analysis was performed using Spearman’s
rank-coefficient. Correction for multiple comparison was conducted using the Bonferroni–Holm
method. ROC analysis was performed and AUCs were compared according to DeLong [18]. A p < 0.05
was considered as statistically significant.

3. Results

3.1. Baseline Characteristics

In total, the present study included 252 patients with a mean age of 62.6 years. While the
distribution of male and female patients was quite balanced in HFpEF patients and controls, the HFrEF
collective showed a significant higher number of male patients (p < 0.001). HFpEF patients were
considerably older, compared to ICM, DCM, and controls (p < 0.001). Ejection fraction was significantly
higher in patients with HFpEF compared to ICM and DCM patients (p < 0.001). BNP levels were
significantly elevated in ICM (p < 0.001) and DCM (p < 0.001) compared to controls and HFpEF, while
renal function was significantly impaired in the HFrEF collective (p < 0.001).

Regarding comorbidities, the rates of diabetes were evenly distributed in all three heart failure
entities. Hypertension was present in similar rates in controls, HFpEF and ICM patients, with DCM
patients showing significantly lower rates (p < 0.001). The rates of atrial fibrillation were significantly
increased in HFpEF patients compared to all other entities (p < 0.001). With regards to medical therapy,
HFrEF patients evidenced significantly higher rates beta-blockers, ACE-inhibitors and diuretics
compared to HFpEF and controls (p < 0.001). Similarly, the rates of aldosterone antagonists were also
higher in the HFrEF collective compared to HFpEF and controls (p < 0.001). Baseline characteristics are
depicted in Tables 1 and 2

Table 1. Baseline Characteristics.

Controls HFpEF ICM DCM Total p-Value
Mean SD Mean SD Mean SD Mean SD Mean SD

Age (y) 63.56 9.25 70.94 6.49 65.12 11.16 57.10 10.73 62.65 10.73 <0.0001
Height (m) 1.68 0.09 1.69 0.09 1.74 0.09 1.75 0.09 1.72 0.09 <0.0001
Weight (kg) 77.68 17.22 81.86 12.82 76.66 25.58 89.09 18.74 81.06 20.27 0.001

BMI 27.22 5.71 28.68 4.63 28.08 4.37 29.02 5.24 28.30 5.08 0.334
LVEF (%) 65.93 8.63 59.75 9.85 37.42 12.93 35.32 11.87 48.04 17.92 <0.0001

BNP (pg/mL) 73.74 86.08 165.22 162.54 435.75 488.22 684.64 866.83 430,10 646.27 <0.0001
Creatinine (μmol/L) 74.29 15.67 85.06 25.96 108.19 39.05 98.35 31.15 89.14 30.44 <0.0001

GFR (mL/min) 83.62 13.33 71.08 13.78 66.97 17.61 74.69 24.96 75.75 17.68 0.084
CRP (mg/L) 2.28 2.98 5.58 8.87 4.33 4.20 7.55 14.29 4.55 9.19 0.005

Hb (mmol/L) 8.79 0.56 8.16 0.87 8.51 0.94 8.92 0.91 8.67 0.91 0.005
LDL (mmol/L) 3.47 0.94 2.76 1.40 2.23 0.89 2.88 1.07 3.10 1.10 <0.0001
HDL (mmol/L) 1.49 0.41 1.29 0.35 0.99 0.22 1.15 0.31 1.32 0.40 <0.0001

Table 2. Concomitant diseases and medication.

Controls HFpEF ICM DCM Total p-Value

Sex (male) 36% 44% 86% 77% 61% <0.0001
Diabetes 15% 39% 36% 38% 29% 0.003

Hypertension 77% 89% 78% 50% 70% <0.001
Atrial Fibrillation 5% 50% 3% 18% 15% <0.0001

Beta Blockers 39% 72% 100% 99% 76% <0.0001
ACE-Inhibitors 59% 72% 96% 96% 82% <0.0001
Loop-Diuretics 30% 56% 79% 91% 64% <0.0001

MRA 2% 19% 61% 68% 43% <0.0001

3.2. Biomarkers

GDF-15, evidenced a significant elevation for all heart failure entities compared to controls
(p < 0.005) with no significant differences between the respective groups. For H-FABP, a significant
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elevation in all heart failure entities was observed compared to the control group (p < 0.0001). However,
H-FABP levels were significantly higher in ICM and DCM patients compared to HFpEF (p < 0.0001).
Levels of sST2 were significantly higher in ICM and DCM patients than in the control group (p < 0.0001).
No significant differences between HFpEF patients and the control group were observed for sST2.
Similar to sST2, levels of suPAR were significantly elevated in ICM and DCM patients compared to the
control group (p < 0.0001) and HFpEF patients (p < 0.01). No significant differences between HFpEF
patients and controls were observed. Biomarker levels are depicted in Table 3, comparisons of biomarker
levels are depicted in Figure 1. In addition, a correction for multiple comparison was conducted by
using the Bonferroni–Holm method. After correction for multiple testing, we found no changes in
the statistical significance of our findings except for GDF-15 levels in controls vs. DCM. Correlation
analysis of baseline characteristics and biomarkers of are given in the supplement Table S1. Results
after multiple testing are given in the supplement Table S2. All biomarkers evidenced a significant
correlation with BNP, Creatinine and CRP as well as an inverse correlation with ejection fraction.

Table 3. Levels of biomarkers.

Controls HFpEF ICM DCM

Median
Interquartile

Range
Median

Interquartile
Range

Median
Interquartile

Range
Median

Interquartile
Range

sST2 (pg/mL) 4999.00 2970.00 4318.00 2332.00 7869.00 5191.00 7010.00 5892.00
GDF-15 (pg/mL) 561.20 276.60 838.00 415.90 720.50 565.60 639.10 595.10
H-FABP (ng/mL) 0.00 0.60 0.82 0.53 1.66 3.59 1.94 1.83
suPAR (pg/mL) 2414.00 1280.00 2279.00 1753.00 3576.00 2567.00 3280.00 2349.00
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Figure 1. Comparison of biomarker levels between control group, HFpEF, ICM, and DCM patients
(median + IQR).

3.3. AUC-Analysis

To evaluate the diagnostic potential of tested biomarkers in HFpEF, a ROC analysis was performed
(Figure 2), and AUC was calculated for sST2, suPAR, GDF-15 and H-FABP plasma levels as diagnostic
indicators for HFpEF patients. Our analysis identified H-FABP (0.792, 95% CI 0.713–0.870) and GDF-15
(0.787, 95% CI 0.696–0.878) as paramount diagnostic biom markers. In comparison, sST2 (0.567, 95%CI
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0.294–0.572) and suPAR (0.543, 95% CI 0.298–0.616) evidenced a considerably lower AUC. The detailed
results are depicted in Table 4. Additionally, we conducted a pairwise comparison of ROC curves
according to DeLong et al. [18]. Here GDF-15 and H-FABP showed significantly higher AUCs compared
to sST2 and suPAR respectively, while no significant difference between GDF-15 and H-FABP was
observed. The detailed results are depicted in Table 5.

Figure 2. Receiver operating curve.

Table 4. AUC-Analysis.

Variable AUC SE a 95% CI b

ST2 0.567 0.0725 0.470 to 0.660
suPAR 0.543 0.0829 0.447 to 0.637
GDF15 0.787 0.0469 0.700 to 0.859
HFABP 0.792 0.0401 0.705 to 0.862

a DeLong et al., 1988; b Binomial exact

Table 5. Pairwise comparison of ROC curves.

ST2 ~ suPAR

Difference between areas 0.0240
Standard Error a 0.112

95% Confidence Interval −0.196 to 0.244
Z statistic 0.214

Significance level p = 0.8307

ST2 ~ GDF15

Difference between areas 0.220
Standard Error a 0.0999

95% Confidence Interval 0.0247 to 0.416
Z statistic 2.207

Significance level p = 0.0273
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Table 5. Cont.

ST2 ~ HFABP

Difference between areas 0.225
Standard Error a 0.0830

95% Confidence Interval 0.0621 to 0.388
Z statistic 2.708

Significance level p = 0.0068

suPAR ~ GDF15

Difference between areas 0.244
Standard Error a 0.0996

95% Confidence Interval 0.0492 to 0.440
Z statistic 2.453

Significance level p = 0.0141

suPAR ~ HFABP

Difference between areas 0.249
Standard Error a 0.0983

95% Confidence Interval 0.0562 to 0.442
Z statistic 2.531

Significance level p = 0.0114

GDF15 ~ HFABP

Difference between areas 0.00439
Standard Error a 0.0563

95% Confidence Interval −0.106 to 0.115
Z statistic 0.0779

Significance level p = 0.9379
a DeLong et al., 1988.

4. Discussion

Despite the growing awareness, HFpEF remains a diagnostic and clinical challenge to date. This is
partially related to its complex pathophysiology [9]. Given the increasing prevalence of HFpEF and
the high rates of misdiagnosis, the need for new diagnostic tools is evident [5]. Accordingly, we aimed
for a head-to-head analysis of four novel cardiovascular biomarkers and their diagnostic benefit in
patients with HFpEF compared to controls to address this evident gap.

Regarding baseline characteristics we observed significant differences between the respective
patient collectives. HFpEF patients were the oldest subgroup in our study, a finding that is typical
for this disease entity and also matches former studies. A slow progression of myocardial fibrosis
and remodeling with gradual diastolic impairment might explain the delayed onset of symptoms and
consequently the higher age. Additionally, ICM and DCM patients evidenced worse renal function
as well as decreased ejection fraction and significantly elevated BNP levels compared to HFpEF and
controls. Moreover, HFpEF patients evidenced lower rates of a standard heart failure therapy, a finding
which must be mainly attributed to the lack of an evidence-based therapy for HFpEF patients.

With regards to levels of GDF-15, a significant elevation was present in all three types of heart
failure compared to controls. HFpEF patients provided the highest levels in the study collective,
however without significant differences between HFpEF in comparison to HFrEF patients. While the
detailed mechanisms involved in the GDF-15 pathway are not yet fully understood, it seems to be
involved in the regulation of apoptosis, cell repair, and cell growth [15,19]. Accordingly, latest studies
have also demonstrated a correlation between GDF-15 and atrial and myocardial fibrosis along with
a prognostic impact in cardiovascular disease [20,21]. Additionally, GDF-15 is also involved in the
regulatory processes of inflammatory pathways [22]. GDF-15 levels were shown to be significantly
elevated in HFrEF in former studies [10]. However, the finding of an increase in GDF-15 in HFpEF
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patients represents a new aspect. The elevation might be attributed to the progressive myocardial
fibrosis and remodeling involved in this disease entity, which could act as a trigger for the secretion of
GDF-15. As GDF-15 has shown a significant prognostic impact in HFrEF patients, a similar prognostic
value can be assumed for HFpEF patients. As potential surrogate for fibrosis burden, GDF-15 might
also act as a monitoring parameter for HFpEF patients in the future.

H-FABP represents a highly sensitive marker for myocardial ischemia [23]. We observed a
significant increase in all three heart failure entities. For HFrEF patients, an increase in H-FABP was
reported in earlier studies and subclinical myocardial ischemia was proposed as the most probable
cause for this finding [10]. Interestingly, based on our results it seems that subclinical ischemia is also
present in HFpEF patients. A possible explanation might be a relative shortage in myocardial oxygen
supply, based on various processes such as increased wall thickness of the left ventricle in this group
of patients. Above all, due to the impaired ventricular filling, a relative shortage in blood supply is
present [4]. Moreover, ventricular hypertrophy primarily triggered by arterial hypertension might
add to this shortage [4]. Nevertheless, former studies have also shown a considerable prevalence
of storage diseases such as amyloidosis and Morbus Fabry resulting in HFpEF [24]. Additionally,
also an impairment in coronary microcirculation by means of coronary microvascular endothelial
inflammation increasing resting tension through a reduction in nitric oxide bioavailability, cyclic
guanosine monophosphate content and protein kinase G (PKG) activity found in HFpEF patients
contributes to a shortage in myocardial oxygen supply [25]. Accordingly, based on these processes,
H-FABP might prove a promising tool in the diagnosis and controlling the success of treatment of
HFpEF patients, quantitating the amount of subclinical ischemia.

Regarding levels of sST2 we found a significant increase in ICM and DCM patients compared to
controls and HFpEF, while no significant difference between HFpEF patients and the control group was
observed. There are two isoforms of ST2, which both act as receptor to Interleukin-33: The membrane
bound ST2L receptor responsible for potential cardioprotective effects, mediated trough IL-33 and
the soluble ST2, which acts as a decoy receptor for IL-33 [26]. Due to its role as decoy receptor for
the cardioprotective IL-33, sST2 constitutes a marker of increased cardiac strain and cardiac fibrosis
and was also reported to be elevated in inflammatory diseases [26,27]. Moreover, studies have shown
increased levels and a prognostic relevance of sST2 in HFrEF and acute coronary syndrome [14].
Accordingly, our findings regarding elevated concentrations of sST2 in ICM and DCM patients are
consistent with former studies. However, contrary to our expectations, HFpEF patients evidenced low
levels of sST2 similar to the control group. This finding also matches former studies, which reported
lower levels of sST2 in HFpEF compared to HFrEF [28]. Further and bigger studies are required to
verify these findings and help in explaining the underlying mechanisms of these results. Nevertheless,
the process of fibrosis itself represents an important prognostic factor also for HFpEF patients [29].
Thus, despite the low levels, sST2 could potentially serve as monitoring parameter in HFpEF analogical
to its application HFrEF patients due to the representation of fibrosis progression.

Similar to our findings on sST2, we found significantly elevated levels of suPAR in ICM and
DCM patients compared to controls and HFpEF, while again no significant differences were observed
between HFpEF patients and controls. The membrane bound uPAR is mainly expressed on the cell
membrane of immunocompetent cells [30]. The soluble form (suPAR) is created through the cleavage
and release of uPAR [30]. Correspondingly, suPAR represents a marker of inflammation and immune
system activity [30,31]. A significant correlation of suPAR with myocardial infarction and HFrEF has
been demonstrated [10,11]. The finding of increased suPAR levels in ICM and DCM patients might be
mainly explained by a higher prevalence of inflammatory processes present in HFrEF, also triggered
by further concomitant diseases. Further, especially larger studies should be performed to scrutinize
for an explanation of these findings. To further analyze the diagnostic implications of biomarkers
in HFpEF patients, we conducted an AUC analysis. Here we found considerably high values for
GDF-15 and H-FABP in contrast to sST2 and suPAR. Additionally, to further evaluate the diagnostic
potential of biomarkers in HFpEF patients, we conducted a pairwise comparison of ROCs. This further
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confirmed our previous findings of H-FABP and GDF-15 constituting paramount diagnostic markers
for HFpEF. In contrast, sST2 and suPAR did not seem to have a major diagnostic benefit (see Table 2).
Accordingly, with regards to HFpEF patients, GDF-15 and H-FABP represent the most promising
markers for the future.

All biomarkers included in our study evidenced a significant correlation with creatinine, BNP and
CRP as well as an inverse correlation with ejection fraction. Most importantly, the highly significant
correlation with BNP and ejection fraction emphasizes their great potential as heart failure biomarkers.
However, contrary to BNP, which is mainly secreted by cardiomyocytes in response to volume increase,
novel biomarkers are involved in numerous different pathophysiologic processes, thus providing
additive information to natriuretic peptides. These processes comprise subclinical ischemia and
ischemic events (H-FABP) as well as cardiovascular remodeling and inflammatory processes (sST2,
GDF-15 and suPAR) [11,12]. Since all these processes represent key factors in the development and
progression of heart failure, novel biomarkers offer a promising opportunity to assess the impact
of comorbidities on this regard [3,4]. Correspondingly, the involvement of novel biomarkers in
inflammatory processes was also observed in our study, reflected by a significant correlation of all
markers with CRP. In addition to novel biomarkers tested in our project, latest studies also proposed
an analysis of micro-RNA expression patterns as a novel diagnostic approach in heart failure [32–34].
On this regard, De Rosa et al. could show, that transcoronary concentration gradients of circulating
microRNAs could help to distinguish between different heart failure entities [33]. Similar to biomarkers
in our study, circulating and exosomal micro-RNAs were also shown to correlate with clinical
parameters such as left ventricular function in former studies [32,34]. In consequence, micro-RNA
analysis might offer a great diagnostic benefit in the assessment of heart failure in the future. Moreover,
micro-RNAs were also shown to provide diagnostic potential in other cardiovascular diseases as
for example coronary artery disease and myocardial infarction [32,34]. However, while standardized
testing kits for a clinical application of novel biomarkers are already available and their application is
also represented in current guidelines, the diagnostic application of micro-RNA testing has yet to be
implemented in clinical practice.

With regards to our findings, suggestions on the future role of H-FABP and GDF-15 in HFpEF
are highly speculative due to the hypothesis generating character of our study. Nevertheless, since
established testing kits are already available, their use in addition to already established markers such
as BNP might be a useful approach for the future. Especially with regards to the pathophysiology in
HFpEF, a combination of natriuretic peptides and novel markers seems reasonable, in order to target
the different processes involved in this disease [9,19,23]. Taken together, novel biomarkers represent a
promising diagnostic approach in HFpEF patients. Based on their expression patterns, they reflect
different pathophysiological processes relevant in this disease entity and thus might enable a more
precise diagnosis of HFpEF in the future.

5. Conclusions

In summary, novel cardiovascular biomarkers provide a considerable potential to add to the
diagnostic process in HFpEF patients. While sST2 and suPAR did not show a relevant dynamic in
HFpEF patients compared to controls, a significant difference was evident for H-FABP and GDF-15.
These findings point towards a relevant role of subclinical ischemia in HFpEF patients and offer a
new aspect in this complex pathophysiology. The increase in GDF-15 might be mainly induced by
myocardial remodeling and fibrosis. Thus, GDF-15 could also offer a prognostic benefit in the future.
However, cardiac biomarkers showed a lower overall expression in HFpEF patients compared to other
heart failure entities, emphasizing the diagnostic challenges in HFpEF. Nevertheless, by combining
the information of different pathophysiological processes by means of a multi-marker approach,
novel biomarkers might be very useful in the identification of HFpEF patients in the future.
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6. Limitations

The most important limitation of our study is the small sample size of the HFpEF cohort involved.
This of course markedly limits the results of the current analyses. Moreover, the diagnostic criteria for
HFpEF is a matter of ongoing debate and represents a clinical challenge as already mentioned above.
Accordingly, the findings of the study must be interpreted with care. Additionally, the single-center
and retrospective character must be taken into account. As no follow-up was performed, the dynamic
of biomarkers in the progression of heart failure cannot be reflected. Moreover, our study does not
include a comparison with already established markers as for example BNP. In consequence, direct
comparison is limited. Despite the limitations mentioned above, the present study points out the
potential benefits and advantages of the application of novel biomarkers in the diagnosis of heart
failure and HFpEF. As our study suggests a diagnostic benefit in HFpEF patients, our results give rise
to further investigation.
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Abstract: Background: Many patients with non-alcoholic fatty liver disease (NAFLD) simultaneously
suffer from cardiovascular (CV) disease and often carry multiple CV risk factors. Several CV risk factors
are known to drive the progression of fibrosis in patients with NAFLD. Objectives: To investigate whether
an established CV risk score, the Framingham risk score (FRS), is associated with the diagnosis of
NAFLD and the degree of fibrosis in an Austrian screening cohort for colorectal cancer. Material and
Methods: In total, 1965 asymptomatic subjects (59 ± 10 years, 52% females, BMI 27.2 ± 4.9 kg/m2) were
included in this study. The diagnosis of NAFLD was present if (1) significantly increased echogenicity
in relation to the renal parenchyma was present in ultrasound and (2) viral, autoimmune or hereditary
liver disease and excess alcohol consumption were excluded. The FRS (ten-year risk of coronary heart
disease) and NAFLD Fibrosis Score (NFS) were calculated for all patients. High CV risk was defined
as the highest FRS quartile (>10%). Both univariable and multivariable logistic regression models
were used to calculate associations of FRS with NAFLD and NFS. Results: Compared to patients
without NAFLD (n = 990), patients with NAFLD (n = 975) were older (60 ± 9 vs. 58 ± 10 years;
p < 0.001), had higher BMI (29.6 ± 4.9 vs. 24.9 ± 3.6 kg/m2; p < 0.001) and suffered from metabolic
syndrome more frequently (33% vs. 7%; p < 0.001). Cardiovascular risk as assessed by FRS was
higher in the NAFLD-group (8.7 ± 6.4 vs. 5.4 ± 5.2%; p < 0.001). A one-percentage-point increase of
FRS was independently associated with NAFLD (OR 1.04, 95%CI 1.02–1.07; p < 0.001) after correction
for relevant confounders in multivariable logistic regression. In patients with NAFLD, NFS correlated
with FRS (r = 0.29; p < 0.001), and FRS was highest in patients with significant fibrosis (F3-4; 11.7 ± 5.4)
compared to patients with intermediate results (10.9 ± 6.3) and those in which advanced fibrosis could
be ruled-out (F0-2, 7.8 ± 5.9, p < 0.001). A one-point-increase of NFS was an independent predictor
of high-risk FRS after correction for sex, age, and concomitant diagnosis of metabolic syndrome
(OR 1.30, 95%CI 1.09–1.54; p = 0.003). Conclusion: The presence of NAFLD might independently
improve prediction of long-term risk for CV disease and the diagnosis of NAFLD might be a clinically
relevant piece in the puzzle of predicting long-term CV outcomes. Due to the significant overlap
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of advanced NAFLD and high CV risk, aggressive treatment of established CV risk factors could
improve prognosis in these patients.

Keywords: NAFLD; cardiovascular risk; Framingham risk score; CVD; risk prediction; secondary
prevention; primary prevention; metabolic syndrome; NAFLD fibrosis score

1. Introduction

With a constant increase in the incidence of metabolic syndrome, the prevalence of non-alcoholic
fatty liver disease (NAFLD) is estimated to be around 25% in Europe. A steep rise in the prevalence
of NAFLD from 15% in 2005 to 25% in 2010 has been observed [1]. This increase mirrors obesity
rates, which nearly tripled since 1975 and reached epidemic levels [2]. Components of the metabolic
syndrome such as hypertension, dyslipidemia, dysglycemia, and abdominal obesity are established
risk factors for NAFLD [3]. Since they have also been established as risk factors for CVD, patients
frequently suffer from both conditions.

CVD is a leading cause of death worldwide both in the general population and patients with
NAFLD [4–6]. NAFLD is independently associated with several markers of subclinical atherosclerosis
such as coronary artery calcification, impaired flow-mediated vasodilation, arterial stiffness, carotid
artery inflammation and thickening of carotid intima-media as well as left ventricular hypertrophy
and diastolic dysfunction [7,8]. Importantly, some of these studies suggest an association of these
two disease entities independent from traditional risk factors. Several lines of evidence suggest that
NAFLD may be causally and independently involved in CVD pathogenesis [9,10].

Different possible pathophysiological pathways link NAFLD with CVD [11]. Markers of inflammation
such as cytokines, CRP, or interleukin-6 are overexpressed in these patients and also correlate with
a higher degree of liver fibrosis [12]. Furthermore, patients with hepatic steatosis show elevated
levels of pro-coagulant factors such as fibrinogen, von Willebrand factor and plasminogen activator
inhibitor-1 [13]. Additionally, hepatic insulin resistance and atherogenic dyslipidemia seem to contribute
to the development of CVD [14]. These mechanisms are possible explanations for the fact that the severity
of NAFLD, especially if progressed to non-alcoholic steatohepatitis (NASH) with fibrosis, additionally
contributes to CV risk [15].

In our study, we examined the prevalence of NAFLD in an Austrian screening cohort for colorectal
cancer (SAKKOPI). An established non-invasive estimate of fibrosis severity i.e., the NAFLD fibrosis
score (NFS) was calculated and the relation of fibrosis with CV risk as assessed by the Framingham
Risk Score (FRS) evaluated.

2. Methods

2.1. Study Subjects

The study cohort consisted of 1965 Caucasians undergoing routine screening colonoscopy at a
single center in Austria. All Patients were recruited between 2010 and 2014. Informed consent was
obtained, and the study was approved by the local ethics committee (Ethikkommission des Landes
Salzburg, approval no. 415-E/1262/2-2010).

2.2. Assessment

As previously described, participants were examined on two consecutive days [16]. On the day of
admission, venous blood was drawn after an overnight fast. A whole blood count, kidney and liver
tests, lipids, CRP, as well as hemoglobin A1c, an oral glucose tolerance test, and insulin levels were
measured. The participants completed a detailed questionnaire including past medical history, current
medical regimen, family history, smoking history (“never smokers”, “former smokers”, or “current
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smokers”) dietary habits and physical activity. A standard physical examination including blood
pressure, height, weight, and waist circumference) was performed. Importantly, all patients underwent
abdominal ultrasonography. The liver was considered normal if echogenicity was similar to the renal
parenchyma. If areas showed a significantly increased echogenicity compared to the renal parenchyma,
the liver was considered steatotic. On the second day, all subjects underwent complete colonoscopy.

2.3. Definitions

The diagnosis of NAFLD was made after exclusion of viral, autoimmune and hereditary liver
diseases (Wilson disease, hereditary haemochromatosis, alpha-1 antitrypsin deficiency) and excess
daily alcohol consumption ≥30 g for men and ≥20 g for women according to the European clinical
practice guidelines for the management of NAFLD [17]. NAFLD fibrosis score (NFS) was calculated
as previously described [18]. Briefly, NFS (age, body mass index (BMI), presence of impaired fasting
glucose or diabetes, aspartate-aminotransferase (AST), alanine-aminotransferase (AST), platelets and
albumin) was used to stratify patients according to their risk of significant fibrosis. Specifically, patients
with a NFS < −1.455 were graded as F0-2, those with NFS > 0.676 as “F3-4”, and patients with a NFS
between −1.455 and 0.676 as “intermediate”.

Metabolic syndrome was diagnosed when three or more of the following criteria were met [19]:
fasting blood glucose level ≥100 mg/dL or antidiabetic therapy, waist circumference >102 cm in males
and >88 cm in females, blood pressure ≥130/85 mmHg or current antihypertensive treatment, plasma
triglycerides ≥150 mg/dL, and plasma HDL <40 mg/dL in males and <50 mg/dL in females.

2.4. Cardiovascular Risk Assessment

We evaluated patients for cardiovascular disease applying the Framingham Risk Score (FRS) [20].
Although the FRS is not validated in subjects with diabetes (T2DM), we did include subjects with
T2DM in our analysis and performed a separate analysis, excluding all subjects with T2DM. Since
results were not changed when subjects with T2DM were excluded, we report the results including
T2DM to allow for greater generalizability of our results.

2.5. Statistical Analysis

Continuous variables are expressed as mean (±standard deviation) and compared using t-test
or ANOVA. Categorical data are expressed as numbers (percentage). Chi-square test was applied
to calculate differences between groups. Both univariable and multivariable logistic regression was
used to evaluate associations of FRS with NAFLD and NFS with CV risk. For multivariable logistic
regression, elimination criteria was a p-value of < 0.10 following backward elimination. Variables were
included in the multivariable model based on literature. All variables included in the multivariable
models evidenced a univariable association at a p-value of p < 0.05. A p-value of < 0.05 was considered
statistically significant. SPSS version 22.0 (IBM, USA) was used for statistical analyses.

3. Results

3.1. Analysis of the Total Study Cohort, NAFLD versus Non-NAFLD Patients

Overall, 49.6% (n = 975) of patients had NAFLD as defined by hepatic steatosis in ultrasound,
while 990 patients (50.4%) did not have NAFLD. NAFLD patients were older (60 ± 9 vs. 58 ± 10 years;
p < 0.001), evidenced higher BMI (29.6 ± 4.9 vs. 24.9 ± 3.6 kg/m2; p < 0.001) and more frequently
fulfilled criteria for metabolic syndrome (33% vs. 7%; p < 0.001). Characteristics of NAFLD versus
non-NAFLD patients are shown in Table 1.
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Table 1. Baseline characteristics of patients without (n = 990) and with (n = 975) non-alcoholic fatty
liver disease (NAFLD).

No NAFLD NAFLD Total Cohort
p-Value

n = 990 n = 975 n = 1965

Female 61% 43% 52% <0.001
Age (years) 58 (10) 60 (9) 59 (10) <0.001

Systolic RR (mmHg) 128 (18) 135 (19) 131 (18) <0.001
Diastolic RR (mmhg) 79 (10) 83 (11) 81 (10) <0.001

BMI (kg/m2) 25 (4) 26 (5) 27 (4) <0.001
Waist circumference (cm) 90 (11) 105 (12) 97 (11) <0.001

Waist to hip ratio 1 (0.1) 1 (0.1) 1 (0.1) <0.001
Bilirubine (mg/dL) 0.72 (0.4) 0.73 (0.4) 0.72 (0.4) 0.4

GGT (U/L) 31 (46) 48 (71) 40 (46) <0.001
AST (U/L) 22 (12) 26 (18) 24 (12) <0.001

INR 1.0 (0.1) 1.0 (0.1) 1.0 (0.1) 0.24
Total cholesterol (mg/dL) 219 (40) 217 (44) 218 (40) 0.25

HDL (mg/dL) 67 (18) 56 (16) 62 (18) <0.001
LDL (mg/dL) 137 (36) 142 (39) 139 (36) 0.02

Triglycerices (mg/dL) 101 (51) 145 (85) 123 (51) <0.001
Thrombocytes (G/L) 236 (66) 227 (65) 232 (66) 0.001

Fasting glucose (mg/dL) 97 (15) 109 (30) 103 (15) <0.001
HbA1c (%) 5.6 (0.5) 5.9 (0.8) 5.8 (0.5) <0.001

Metabolic syndrome 7% 33% 20% <0.001
T2DM 9% 24% 16% <0.001

Current smoker 19% 17% 20% 0.48

Medication

ASS 11% 17% 14% 0.001
Statin 15% 23% 19% <0.001

ACE-I/ARB 13% 27% 20% <0.001
Metformin 2% 8% 5% <0.001

CV risk score

FRS 5.41 (5.20) 8.71 (6.38) 7.05 (5.20) <0.001
FRS 0-2% 41% 19% 30% <0.001

FRS >2–5% 21% 19% 20%
FRS >5–10% 22% 30% 25%

FRS >10% 16% 33% 24%

NAFLD: Non-alcoholic fatty liver disease; NFS: NAFLD fibrosis score; FRS: Framingham Risk Score; RR: blood
pressure; GGT: gamma-glutamyl-transferase; AST: Aspartate transaminase; INR: International normalized ratio;
HDL: High-density lipoprotein; LDL: Low-density lipoprotein; HbA1c: Glycated hemoglobin; T2DM: type 2
diabetes mellitus; ASS: acetylsalicylic acid; CV: cardiovascular; OR: odds ratio.

CV risk assessed by FRS was higher in the NAFLD-group (8.7 ± 6.4 vs. 5.4 ± 5.2%; p < 0.001).
After allocation of subjects to FRS into risk quartiles (Q1: FRS 0%–2%; Q2: FRS 2%–5%; Q3: FRS
5%–10%, Q4: FRS > 10%), patients with NAFLD more often were in the Q4-FRS group (33% vs. 16%;
p < 0.001) compared to non-NAFLD patients.

In univariable logistic regression, this relationship corresponded to an increase of OR of 1.11,
(95%CI 1.09–1.13; p < 0.001) in the likelihood for NAFLD per one-percentage-point increase of FRS.
This association remained significant after correction for age, sex and metabolic syndrome (OR, 1.04
95%CI 1.02–1.07; p < 0.001) in a multivariable model (Table 2). In an additional sensitivity analysis,
a one-percentage-point increase of FRS remained associated with an increased likelihood for NAFLD
both in males (OR 1.08, 95%CI 1.06–1.11; p < 0.001) and females (OR 1.13, 95%CI 1.09–1.18; p < 0.001).
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Table 2. Univariable and multivariable associations with the presence of NAFLD.

Univariable Multivariable

OR 95%CI p-Value OR 95%CI p-Value

Age 1.03 1.02–1.04 <0.001 1.010 0.998–1.023 0.11
Female gender 0.48 0.40–0.58 <0.001 0.68 0.54–0.86 0.001

Metabolic syndrome 6.08 4.63–7.99 <0.001 5.02 3.77–6.70 <0.001
FRS 1.11 1.09–1.13 <0.001 1.06 1.04–1.08 <0.001

3.2. Analysis of Patients with NAFLD

Patients with NAFLD were grouped according to their NFS into F0-F2 (n = 604), intermediate
(n = 138) and F3-4 (n = 10). The characteristics of patients according to their NFS are shown in Table 3.
Over the whole NAFLD cohort, NFS correlated with FRS (r = 0.29; p < 0.001), and FRS was highest in
the F3-4 group (11.7 ± 5.4%; p < 0.001 vs. F0-F2) compared to the intermediate (10.9 ± 6.3%) and the
F0-F2 group (7.8 ± 5.9%). When grouping intermediate and F3-4 into an “at-risk” group (due to small
sample size in F3-4), the significant differences between F0-2 essentially persisted (Table 4).

In univariable logistic regression, a one-point increase of NFS was associated with a higher
likelihood of high-risk FRS (OR 1.60, 95%CI 1.41–1.83; p < 0.001). NFS remained an independent
predictor of Q4-FRS after correction for sex, age, and concomitant diagnosis of metabolic syndrome
(OR 1.30, 95%CI 1.09–1.54; p = 0.003). In a sensitivity analysis in both males (OR 1.84, 95%CI 1.54–2.20;
p < 0.001) and females (OR 2.06, 95%CI 1.52–2.78; p < 0.001) a one-point increase of NFS remained
associated with high-quartile FRS. Univariable and multivariable significant associations of age, female
gender, metabolic syndrome, and FRS with the presence of high risk NFS are depicted in Table 5.

Table 3. Baseline characteristics of patients according to their NAFLD Fibrosis Score (NFS) score: F0-F2
(n = 604), intermediate (n = 138) and F3-F4 (n = 10).

F0-F2 Intermediate F3-F4

n = 604 n = 138 n = 10

Mean SD Mean SD Mean SD p-Value

Female 36% 43% 50% 0.80
Age (years) 59 9 66 8 67 9 <0.001

Systolic RR (mmHg) 134 18 139 19 148 26 <0.001
Diastolic RR (mmhg) 82 11 85 12 85 12 0.07

BMI (kg/m2) 29 4 33 6 35 4 <0.001
Waist circumference (cm) 103 11 111 12 115 14 <0.001

Waist to hip ratio 0.96 0 0.97 0 0.97 0 0.23
Bilirubine (mg/dL) 0.70 0 0.80 1 1.57 1 <0.001

GGT (U/L) 48 76 53 70 115 145 0.02
AST (U/L) 25 15 30 24 55 61 <0.001

INR 0.99 0 1.02 0 1.17 0 <0.001
Total cholesterol (mg/dL) 221 44 202 42 221 52 <0.001

HDL (mg/dL 57 16 53 13 57 13 0.03
LDL (mg/dL) 145 40 130 37 142 41 <0.001

Triglycerices (mg/dL) 145 84 147 101 142 68 0.97
Thrombocytes (G/L) 243 62 176 52 128 88 <0.001

Fasting glucose (mg/dL) 107 28 115 28 97 16 0.01
HbA1c (%) 5.9 1 6.0 1 5.6 0 0.08

Metabolic syndrome 30% 43% 40% 0.01
T2DM 20% 44% 20% <0.001

Current Smoker 19% 6% 0% 0.02
Medication

ASS 24% 31% 13% 0.21
Statin 24% 31% 13% 0.21

ACE-I/ARB 22% 38% 20% 0.02
Metformin 8% 10% 0% 0.42

FRS 7.83 5.92 10.87 6.29 11.70 5.44 <0.001
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Table 4. Baseline characteristics of patients according to their NFS score: F0-F2 (n = 604), and
intermediate or F3-F4 (n = 148).

F0-F2 Intermediate or F3-F4

n = 604 n = 148
p-Value

Female 41% 43% 0.64
Age (years) 59 (9) 66 (9) <0.001

Systolic RR (mmHg) 134 (18) 140 (18) <0.001
Diastolic RR (mmhg) 82 (11) 85 (11) 0.02

BMI (kg/m2) 29 (4) 33 (4) <0.001
Waist circumference (cm) 103 (11) 111 (11) <0.001

Waist to hip ratio 1 (0) 1 (0) 0.09
Bilirubine (mg/dL) 1 (0) 1 (0) <0.001

GGT (U/L) 48 (76) 57 (76) 0.16
AST (U/L) 25 (15) 32 (15) <0.001

INR 0.99 (0.07) 1.03 (0.07) <0.001
Total cholesterol (mg/dL) 221 (44) 203 (44) <0.001

HDL (mg/dL 57 (16) 53 (16) 0.01
LDL (mg/dL) 145 (40) 131 (40) <0.001

Triglycerices (mg/dL) 145 (84) 147 (84) 0.87
Thrombocytes (G/L) 243 (62) 173 (62) <0.001

Fasting glucose (mg/dL) 107 (28) 113 (28) 0.01
HbA1c (%) 5.9 (0.7) 6.0 (0.7) 0.12

Metabolic syndrome 30% 43% 0.003
T2DM 20% 40% <0.001

Current Smoker 19% 6% 0.003
Medication

ASS 16% 21% 0.11
Statin 24% 30% 0.20

ACE-I/ARB 22% 37% 0.01
Metformin 8% 10% 0.39

FRS 7.83 (5.92) 10.92 (5.92) <0.001

Table 5. Univariable and multivariable associations with the presence of high risk NFS score.

Univariable Multivariable

OR 95%CI p-Value OR 95%CI p-Value

Age 1.11 1.09–1.13 <0.001 1.17 1.14–1.21 <0.001
Female gender 0.15 0.10–0.21 <0.001 0.02 0.01–0.04 <0.001

Metabolic syndrome 2.46 1.86–3.26 <0.001 4.15 2.64–6.55 <0.001
FRS 1.60 1.41–1.83 <0.001 1.30 1.09–1.54 0.003

4. Discussion

Our study confirms that there is a “silent epidemic” of NAFLD. In the present cohort of
asymptomatic individuals undergoing colonoscopy screening between 50 and 75 years of age, around
50% were diagnosed with NAFLD. In total, 14.2% of the screened patients were categorized as being
intermediate and 1% of patients were at high risk for advanced fibrosis by the NFS. Importantly,
patients with NAFLD had higher CV risk as defined by the FRS compared to patients without NAFLD.
Finally, the CV risk was highest in patients with highest NFS scores.

The NFS does not only predict the risk for advanced liver fibrosis, but also CV risk. Interestingly,
in a post-hoc analysis of the IMPROVE-IT trial the NFS identified patients who were at the highest risk
for recurrent cardiovascular events. The IMPROVE-IT compared statin therapy alone to the add-on of
ezetimibe in post ACS patients [21]. In this trial, higher NFS identified patients more likely to benefit
from aggressive lipid-lowering therapy. Thus, although the IMPROVE-IT trial was not designed to
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assess the link between NAFLD and ACS, it offers important data on the potential link between fatty
liver severity and atherosclerosis [21].

The most obvious link between CV risk and NFS is the fact that this score is constituted of factors
like age, BMI, ALT, AST, platelets, albumin, and the presence or absence of diabetes, all of which reflect
metabolic and inflammatory processes. Of note, inflammation and fibrosis are hallmarks of both liver
and cardiovascular disease [18] and may therefore indicate common systemic mechanisms.

In our analysis, NAFLD was an independent risk indicator for CV risk. This is in concordance
with a meta-analysis of pooled studies from European, Asian, and American countries suggesting an
independent association of NAFLD with CV risk [10]. However, a British study including 17.7 million
patients found that the diagnosis of NAFLD was not associated with increased risk for acute myocardial
infarction or stroke after adjustment for established CV risk factors [22]. Nevertheless, in another
meta-analysis of Targher et al., patients with NAFLD evidenced an increased risk of fatal and non-fatal
CV disease [23]. Although the link between NAFLD and CV risk seems intuitive, the effect on CV
mortality or events has not been demonstrated. Also, a role for a specific medical treatment for
NAFLD in preventing CV events and mortality beyond lifestyle advice and current CV guidelines is
not established [24,25]. The data in this manuscript suggests an independent relationship of CV risk
and NAFLD in an Austrian cohort. Specific management strategies may be considered based on this
evidence to improve liver outcomes in CV patients and CV outcomes in liver patients.

4.1. CV Risk Assessment for NALFD Patients

Considering the Joint Clinical Practice Guidelines of EASL-EASD-EASO for the management of
NAFLD patients [17], a non-invasive test should be used as the first screening tool to assess disease
severity. Depending on the result, patients can be graded into low, intermediate and high risk with
regard to advanced fibrosis. For patients in the low risk group, their individual cardiovascular risk
should be assessed by risk scores as for example by the FRS. Target goals for risk factors, e.g., for blood
pressure, LDL levels, body weight or blood glucose should be treated according to primary prevention
guidelines [25].

Patients with intermediate and high risk for advanced fibrosis should be referred to a hepatologist.
In patients with advanced fibrosis stage or even cirrhosis CV risk should be assessed by a cardiologist as
described in by Choudhary and Duseja [26]. All other patients should be clinically assessed, stratified
by a CV risk score and should be managed according to respective prevention guidelines [25] (Figure 1).

Figure 1. Cardiovascular (CV) assessment algorithm in patients with diagnosed NAFLD.
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4.2. Screening for NAFLD in CV Patients

For patients after an CV event or at with a high CV risk we suggest the following approach to
detect NAFLD. As a screening test the NFS could be calculated. For patients with low risk for advanced
fibrosis, lifestyle modification changes could be recommended. Patients with an intermediate risk could
be referred to a liver ultrasound exam and to a hepatologist with expertise in transient elastography.
If these exams show no fibrosis or a low stage of fibrosis they should be managed as patients in the low
risk group. For patients with intermediate risk in the NFS and advanced fibrosis or cirrhosis in the
further exams as well as for patients with a high risk NFS score a hepatologist should be consulted.
We are aware, that NFS was developed to estimate fibrosis in the presence of NAFLD. However, we
here propose NFS as cheap and non-invasive “screening tool” for NAFLD in patients after an CV
event or with a high CV risk. All patients should be treated according to the current guidelines of the
European Society of Cardiology [24] (Figure 2).

Figure 2. Liver assessment in patients with high cardiovascular risk or with a cardiovascular event in
the past medical history.

5. Limitations

This study is a post-hoc analysis of a single-center prospective register and the results remain
thesis-generating. However, these data mirror a real-world Austrian population and indicate a high
prevalence of undetected NAFLD in the general population. Although this study cannot provide
longitudinal CV outcome data, we provide data from a carefully characterized cohort in a cross-sectional
study. Another limitation of this study is the linearity of the models especially in using a high number
of contributing factors, an assumption that is implicit due to the design of the study.

Furthermore, ultrasound and not liver transient elastography was used to diagnose NAFLD.
Finally, clinical data and established surrogate risk scores for calculation of the CV risk as well as the
determination of the degree of liver fibrosis by non-invasive scores were used, even though there are
other but more expensive and sometime even more invasive methods available to determine CV risk or
liver fibroses such as magnetic resonance imaging, liver biopsy, liver transient elastography, vascular
ultrasound, or coronary calcium scoring.
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6. Conclusions

The presence of NAFLD might independently predict long-term risk for CV disease. Therefore,
patients with high risk for or known CV events should be screened for the presence of NAFLD and
risk scores should be routinely applied. Non-invasive risk scores for CV risk and fibrosis could help
to facilitate and optimize management of patients with NAFLD with increased CV risk. The care
for patients with both NAFLD and CV disease is challenging and due to the vast overlap of patients
screening for liver disease in CV patients as well as screening for NAFLD in CV patients seems
reasonable [26]. Cardiologists and hepatologists should team up in the treatment of their patients [27].
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Abstract: Restoration of epicardial coronary blood flow, achieved by early reperfusion with primary
percutaneous coronary intervention (PPCI), is the guideline recommended to treat patients with
ST-segment-elevation myocardial infarction (STEMI). However, despite successful blood restoration,
increasing numbers of patients develop left ventricular adverse remodelling (LVAR) and heart failure.
Therefore, reliable prognostic biomarkers for LVAR in STEMI are urgently needed. Our aim was
to investigate the role of circulating microRNAs (miRNAs) and their association with LVAR in
STEMI patients following the PPCI procedure. We analysed the expression of circulating miRNAs
in blood samples of 56 patients collected at admission and after revascularization (at 3, 6, 12 and
24 h). The associations between miRNAs and left ventricular end diastolic volumes at 6 months were
estimated to detect LVAR. miRNAs were also analysed in samples isolated from peripheral blood
mononuclear cells (PBMCs) and human myocardium of failing hearts. Kinetic analysis of miRNAs
showed a fast time-dependent increase in miR-133a, miR-133b, miR-193b, miR-499, and miR-320a
in STEMI patients compared to controls. Moreover, the expression of miR-29a, miR-29b, miR-324,
miR-208, miR-423, miR-522, and miR-545 was differentially expressed even before PPCI in STEMI.
Furthermore, the increase in circulating miR-320a and the decrease in its expression in PBMCs were
significantly associated with LVAR and correlated with the expression of miR-320a in human failing
myocardium from ischaemic origin. In conclusion, we determined the time course expression of new
circulating miRNAs in patients with STEMI treated with PPCI and we showed that miR-320a was
positively associated with LVAR.

Keywords: STEMI; PPCI; left ventricular adverse remodelling; circulating miRNAs
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1. Introduction

ST-segment-elevation myocardial infarction (STEMI) is considered the most common and severe
acute myocardial infarction (AMI) [1]. According to current guidelines, early reperfusion of coronary
flow by primary percutaneous coronary intervention (PPCI) significantly mitigates cardiac cell death
and cardiovascular events. PPCI has substantially reduced mortality following STEMI by decreasing
the infarct size and the extent of left ventricular adverse remodelling (LVAR) [2,3]. However, increasing
evidence has demonstrated that despite successful and prompt revascularization, ~25% of patients who
survive STEMI develop heart failure (HF) as a consequence of LVAR [4–7]. STEMI treated with PPCI
triggers a complex cascade of events associated with ischaemia and reperfusion (I/R), such as oxidative
stress, neutrophil and platelet aggregation, and acute inflammatory responses [8] necessary to repair
heart injuries. More specifically, peripheral blood mononuclear cells (PBMCs), mainly monocytes,
participate in the acute response to heart damage. These cell populations egress from the bone marrow
to the blood and infiltrate the myocardium hours after AMI [9,10]. Different studies have suggested
that an exacerbated and prolonged inflammatory reaction causes irreparable damage which could be
responsible for the progression of LVAR [11,12].

LVAR remains difficult to predict [13] even if there is general agreement regarding the value of
troponin-I, creatine kinase (CK), and brain-derived natriuretic peptide (BNP) in post-acute coronary
syndrome risk stratification [14]. However, none of the known cardiac biomarkers used today are
considered reliable to predict the incidence of LVAR after PPCI in STEMI patients. Therefore, identifying
new sensitive biomarkers may help to improve the early prognosis of patients with a high risk of
post-infarction remodelling and dysfunction of the left ventricle after PPCI. Currently, there is great
interest in the potential use of microRNAs (miRNAs) as promising novel biomarkers for the diagnosis
and/or prognosis of different systemic diseases [15–17]. miRNAs are a group of small endogenous
noncoding RNAs that can degrade mRNA transcripts directly, inhibit protein translation, and regulate
protein expression at the post-transcriptional level [18]. miRNAs are present in blood and can be
detected easily in serum or plasma due to their high stability (as reviewed previously [19]). A large
number of studies have demonstrated that miRNAs are dysregulated in the blood of patients with
cardiovascular diseases (CVD) compared to healthy controls. In fact, miRNAs have been suggested to
be critical players in CVD since they participate in the genetic regulation of hundreds of key proteins
involved in signalling pathways triggered by I/R [20–22]. Recent reports have described the expression
patterns of circulating miRNAs in patients with myocardial infarction [23–25]. However, there are only
a few studies describing miRNAs in STEMI patients after PPCI and their possible role as prognostic
markers for the development of LVAR [26–28]. In this study, we examined the time course of the
expression of miRNAs in STEMI patients after PPCI, and assessed the specific role of miR-320a as a
prognostic biomarker of LVAR.

2. Materials and Methods

All procedures involving study subjects were performed according to the principles published
by the declaration of Helsinki and its amendments or comparable ethical standards. The study was
approved by the local Ethics Committee on Human Research at the University Hospital “Virgen
del Rocio” of Seville and the University Hospital of “Virgen de la Victoria” of Málaga (approval
no. 2013PI/096). Strengthening the reporting of observational studies in epidemiology (STROBE)
guidelines were followed to report our findings (Figure S1).

2.1. Study Subjects and Blood Extraction

All study subjects voluntarily participated and signed an informed consent form. As depicted
in Figure S1, a total of 56 participants who underwent coronary artery angiography at the above
hospitals due to chest pain were selected. Patients were divided into 2 groups: (1) STEMI patients
consisting of 42 patients who were diagnosed with STEMI for the first time and were treated with PPCI
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1; 3 STEMI patients died before finishing this study, and (2) Control group consisting of 14 non-STEMI
patients whose coronary angiogram showed no coronary lesion. The inclusion criteria were as
follows: patients under 75 years old, diagnosed with AMI, presenting symptoms 2 to 6 h prior to
angioplasty and exhibiting occlusion of the left anterior descending (LAD) artery with epicardial
blood flow (“Thrombolysis in Myocardial Infarction” (TIMI) flow grade) of 0 in the initial angiogram.
The exclusion criteria were as follows: patients with a previous history of ischaemic heart disease,
a glomerular filtration rate less than 30 mL/min, TIMI flow > 0–1 at the time of angiography. Patients
received standard pharmacological therapy as per current clinical guidelines. Information relative
to clinical, demographical, haemodynamic, angiographic and electrocardiographic findings was
prospectively registered in all cases upon admission. In some experiments, blood samples from
healthy volunteers without known disease were used as a healthy control to compare the expression
of miRNAs.

First, blood samples were extracted after catheter insertion in the radial artery before initiation of
the PPCI procedure. These samples represented the pre-reperfusion time point 0 h. Additional blood
samples were collected at 3, 6, 12 and/or 24 h after culprit vessel opening. Additional blood samples
were collected 1 month after the ischaemic event. Echocardiography was performed to determine
ventricular ejection fraction and systolic and diastolic left ventricular diameters and volumes before
patient discharge and 6 months after PPCI to determine the possible development of LVAR. LVAR
was defined as an increase of at least 20% in left ventricular end-diastolic volume (LVEDV) with left
ventricular ejection fraction less than 50%, as defined according to current clinical indications [29].

Serum was obtained from whole blood samples collected without antiserum. PBMCs were isolated
from blood using ethylenediaminetetraacetic acid (EDTA)-coated tubes. The lymphocyte separation
media (Lymphosep; Biowest, Riverside, MO, USA) was used to isolate PBMCs from blood following
the manufacturer’s instructions.

2.2. Human Samples

Myocardial biopsies were obtained from the atrium of ischaemic patients with heart failure (HF)
during cardiac surgery. The 7 HF patients (5 males and 2 females) had a median age of 62 years,
and their ejection fraction (EF) before surgery was 52% ± 12%. Fully informed written consent was
obtained from the families of all donors.

2.3. RNA Isolation and miRNA Analysis

Blood samples were collected before the start of the PPCI procedure and at multiple time points
following PPCI. We used the miRNeasy Serum/Plasma kit (QIAGEN, Hilden, Germany) to extract small
RNAs from serum. Briefly, 200 μL of serum was mixed with 700 μL of QIAzol Lysis Reagent included
in the kit, and 10 pmol of Arabidopsis miRNA (ath-miR-159a) was added as a spike-in control. Then,
we followed the manufacturer’s instructions to obtain the fraction of eluted miRNAs. To obtain small
RNAs from PBMCs, we used the mirVana miRNA Isolation Kit (Thermo Fisher Scientific Inc., Waltham,
MA, USA). The eluted miRNAs were quantified using a fluorometer (Qubit 4 Thermo Fisher Scientific
Inc., Waltham, MA, USA) through a Qubit miRNA assay (Thermo Fisher Scientific Inc., Waltham, MA,
USA). We used TaqMan array miRNA card pool A (Applied Biosystems Thermo Fisher Scientific Inc.,
Waltham, MA, USA) to examine miRNA expression in 9 STEMI and 3 control patients. Once we had
selected miRNA candidates, custom TaqMan miRNA arrays (Applied Biosystems, Thermo Fisher
Scientific Inc., Waltham, MA, USA) were designed to amplify miRNAs. To validate miRNA expression,
we used RT-qPCR using the TaqMan Advanced miRNA cDNA Synthesis Kit, TaqMan Advanced
miRNA Assay, and TaqMan Fast Advanced Master Mix technology. To determine miRNA expression
in PBMCs, we used the miScript II RT Kit (QIAGEN, Hilden, Germany) and iTaq Universal SYBR Green
Supermix (Bio-Rad, Hercules, CA, USA ). RT-qPCR was performed using an Applied Biosystems Viia7
7900HT thermocycler. Relative quantification analyses were performed using the software SDS2.2 and
Expression Suite Software V1.0.3 (Applied Biosystems, Thermo Fisher Scientific Inc., Waltham, MA,
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USA), online software ThermoFisher Cloud and QuantStudio Real Time PCR Software (Thermo Fisher
Scientific Inc., Waltham, MA, USA) and Excel. Fold changes in miRNA expression were calculated
using the comparative cycle threshold CT (ΔΔCT) method. The values are expressed as the logarithm
of the fold change.

2.4. In Silico miRNA Studies

We used the miRDB (miRDB v7.2, http://mirdb.org, Washington University St. Louis, MO, USA)
and TargetScan (www.targetscan.org, Cambridge, MA, USA) databases to analyse miRNA targets. We
found common targets between the databases through a Venn diagram. To identify microRNA target
gene pathways, we used an online platform from the Gene Ontology (GO) browser PANTHER (Protein
Analysis THrough Evolutionary Relationships 14.1 version, http://pantherdb.org/genelistanalysis.do,
University of Southern California, Los Angeles, CA, USA).

2.5. Statistical Analysis

Data were analysed using SPSS (SPSS Inc. version 25.0 IBM, Armonk, NY, USA) and with
GraphPad (GraphPad Software Inc., San Diego, CA, USA). The results are presented as the mean and
standard error of the mean (SEM). The outliers were removed based on the results of QuickCalcs, an
online tool of GraphPad. The Shapiro–Wilk test was used for normality. For normally distributed
variables, we used an ordinary one-way ANOVA, and we performed multiple comparisons using
T-test without correction (Fisher’s LSD test). For non-normal distribution, we used the non-parametric
Kruskal–Wallis test with multiple comparisons corrected by Dunn’s test. Multivariate logistic regression
analysis was performed to estimate the independent relationship between variables with significant
differences (p < 0.1) and the appearance of LVAR. LVAR was taken as the binary dependent variable,
miR-320a expression as the independent, and CK, sex and age as the covariates for adjustment. Linear
regression analysis was conducted using the percentage of change in LVEDV as dependent variable.
The LVAR predictive value of different parameters (miR-320a expression, CK, and age) was also
evaluated using the receiver operating characteristic (ROC) curve.

3. Results

3.1. Analysis of the Clinical Data of the Subjects

Clinical information about the study subjects is shown in Table 1. A total of 42 patients with
STEMI who underwent PPCI and 14 controls were included in this study. Table 1 indicates that 88% of
the STEMI patients were male, and there were no significant differences between STEMI and control
patients (p > 0.05) in terms of age, risk factors and LVEDV index at the time of admission. In contrast,
we observed significant differences in cardiac markers, creatine kinase and troponin T between both
groups at the onset of PPCI.

3.2. miRNA Expression Profiles in STEMI

Samples from control and STEMI patients with TIMI 0 flow were used to detect the profiles of
miRNAs secreted in the serum 3 to 6 h after PPCI by a RT-qPCR-based array. Figure 1A shows volcano
plot analysis indicating significant alterations in the expression of miRNAs. The hierarchical clustering
analysis indicated that 25 miRNAs were differentially expressed despite the variability between STEMI
patient samples compared to the control group (Figure 1B). Of these, 96 miRNAs were upregulated
and 138 were downregulated. Based on this finding, we selected 5 miRNAs (miR-193b, miR-320a,
miR-339-5p, miR-522, and miR-545) to examine their expression in serum taken from 8 patients with
STEMI at different time points: before PPCI (0 h) and 3, 12, and 24 h after revascularization. Samples
from 8 non-STEMI patients were used as controls.
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Table 1. Demographic and clinical characteristics of STEMI patients (n = 42) and controls (n = 14).
Data are shown as the means ± SEM and as n (%). Student’s t-tests were performed. LVEDV stands
for the left ventricular end-diastolic volume; (*) indicates p < 0.05, which is considered statistically
significant; $ indicates that the variable was examined at admission.

Controls
(n = 14)

Patients
(n = 42)

P Value

Age (years) 62.1 ± 11.6 58.4 ± 11.3 0.287
Male sex 7 (50.0%) 37 (88.1%) 0.002 *

Arterial hypertension 7 (50.0%) 21 (50.0%) 1.000
Smoking 7 (50.0%) 17 (40.5%) 0.541

Dyslipidaemia 8 (57.1%) 19 (45.2%) 0.449
Type 2 diabetes mellitus (%) 4 (28.6%) 10 (23.8%) 0.727

LVEDV (ml/m2) $ 50 ± 10.9 58.1 ± 12.7 0.162
Creatine kinase (mg/dL) $ 96.4 ± 60.1 2502 ± 2290.6 >0.001 *

Troponin T (ng/mL) $ 7.3 ± 4.9 6097.6 ± 5526.9 0.003 *

 
Figure 1. miRNAs differentially expressed in STEMI patients 3 h post PPCI. (A) Volcano plot showing
miRNAs differentially expressed in STEMI patients (n = 9) relative to the control (n = 3); the x axis
shows log2 (fold change), and the y-axis shows –log10 (p value). (B) Fragment of hierarchical clustered
sample-centric heat-map analysis of the ΔCt value of differentially expressed miRNAs in STEMI
patients 3 h post PPCI compared to the control. Scale bar: downregulated (red) and upregulated (green).
Distance was measured by Pearson’s correlation.

We also examined the levels of other miRNAs (miR-1, miR-21, miR-29a, miR-29b, miR-125,
miR-133a, miR-133b, miR-208, miR-324, miR-423-5p and miR-499), selected based on a literature search
focusing on their relevance in different CVD [26,30–34] using the search term “miRNA” in combination
with one of the following key words: “STEMI”, “ischaemia and reperfusion”, “heart infarction”,
and “heart failure”. Figure 2A–E shows a significant increase in the expression of miR-133a, miR-133b,
miR-193b, miR-499, and miR-320a in STEMI patients at different time points compared to the control
group. The levels of these miRNAs mainly reached a maximum increase between 3 and 12 h and
returned to their basal level 24 h after PPCI. In the case of miR-423, miR-29a, miR-339-5p, and miR-324,
their expression increased and remained significantly higher 24 h after PPCI (Figure 2F–I). In contrast,
Figure 3A–D shows that the expression of miR-29b, miR-208, miR-522, and miR-545 was significantly
downregulated soon after PPCI and continued to be downregulated at all examined time points in
STEMI patients. Moreover, Figure 3E,F show that miR-1 levels were downregulated only at the time
point before PPCI, while miR-21 seemed to not be sensitive to PPCI.
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Figure 2. Upregulation of circulating miRNAs in the serum of post-STEMI patients. (A–I) Graphs
showing the kinetics of miRNAs in serum samples of STEMI patients (n = 8) before PPCI (0 h) and 3,
12, and 24 h after the PPCI procedure. Bar graphs show changes in the expression of miR-133a (A),
miR-133b (B), miR-193b (C), miR-499 (D), miR-320a (E), miR-423 (F), miR-29a (G), miR-339-5p (H)
and miR-324 (I) in patients after PPCI compared to control patients (n = 8). Values represent the fold
changes (in logarithmic scale) for each miRNA relative to controls. Data are presented as the means
± SEM. Significance is indicated by (*) for p < 0.05, (**) for p < 0.01, (***) for p < 0.001), and (****) for
p < 0.0001. Ordinary one-way ANOVA with multiples comparisons using T-test without correction
(Fisher’s LSD test) was performed.
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Figure 3. Downregulation of circulating miRNA levels in the serum of STEMI patients. (A–F) Graphs
represent miRNA expression in the serum of STEMI patients (n = 8) compared to the control (n = 8)
before PPCI (0 h) and 3, 12, and 24 h. Bar graphs show the expression of miR-29b (A), miR-208 (B),
miR-522 (C), miR-545 (D), miR-1 (E) and miR-21 (F) in patients compared to control patients. Values
are presented as the means ± SEM and represent the fold change in logarithmic scale for each miRNA
relative to controls. Significance is indicated by (*) for p < 0.05, (**) for p < 0.01, and (***) for p < 0.001).
Ordinary one-way ANOVA with multiples comparisons using T-test without correction (Fisher’s LSD
test) was performed.

3.3. miRNA Expression Pattern in STEMI with LVAR

To further characterize the relevance of the observed changes in the expression of miRNAs, we
examined whether their levels were different in patients who developed LVAR 6 months after PPCI
compared to those who did not present any adverse events after PPCI interventions. Table 2 shows
that of 39 patients, 14 (22%) developed LVAR since their LVEDV index values increased significantly 6
months after PPCI compared to the values at admission. We also observed a significant difference in
the level of creatine kinase, but not troponin T, at the time of admission of patients with or without
LVAR. Moreover, there were no significant differences between the groups in terms of age, gender,
risk factors, or pro-BNP 6 months after PPCI (p > 0.05).
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Table 2. Demographic and clinical characteristics of STEMI patients (n = 39). Patients were classified
into two groups: no remodelling (n = 25) and remodelling (n = 14). Data are shown as the means ± SEM
and as n (%). Student’s t-tests were performed. LVEDV stands for the left ventricular end-diastolic
volume; (*) indicates that p < 0.05 is statistically significant; $ indicates that the variable was examined
at admission, $$ at 1 month after PPCI and $$$ at 6 months after PPCI.

STEMI Patients
(n = 39)

No remodelling
(n = 25)

Remodelling
(n = 14)

P Value

Age (years) 57.8 ± 10.4 57.2 ± 10.6 59.1 ± 10.3 0.596
Male sex 35 (89.7%) 23 (92.0%) 12 (85.7%) 0.547

Arterial hypertension 18 (46.2%) 10 (40.0%) 8 (57.1%) 0.316
Smoking 16 (41.0%) 11 (44.0%) 5 (35.7%) 0.625

Dyslipidaemia 17 (45.2%) 12 (48.0%) 5 (35.7%) 0.471
Type 2 diabetes mellitus 9 (23.1%) 6 (24.0%) 3 (21.4%) 0.860

LVEDV (ml/m2) $ 57.9 ± 12.8 58.9 ± 12.4 55.9 ± 13.6 0.487
LVEDV (ml/m2) $$$ 67.8 ± 26.0 56.9 ± 11.2 88.8 ± 33.4 >0.001 *

Creatine kinase (mg/dL) $ 3213.8 ±2209.0 2447.8 ± 1795.6 4526.9 ± 2289.9 0.004 *

Troponin T (ng/mL) $ 5806.6 ± 5404.1 4853.3 ± 4414.5 7508.9 ± 6672.3 0.143
Pro-BNP (pg/mL) $$ 1172.9 ± 710.7 1029.2 ± 896.2 1388.5 ± 270.4 0.466

Next, based on our previous results, we compared the expression of miR-320a, miR-193b, miR-324,
miR-339-5p, miR-519a, miR-522, and miR-545 in STEMI patients (n = 8) with or without LVAR (n = 8).
Figure 4A shows that the levels of miR-320a were significantly increased at 3 and 12 h after PPCI in
LVAR patients compared to patients without remodelling. Moreover, no differences in the levels of the
other miRNAs were observed between the groups (Figure 4B–F). To confirm that the expression levels of
miR-320a were associated with the appearance of LVAR, we examined miR-320a expression in a larger
cohort of patients (n = 39). In this case, we considered 6 h as the optimal time point to test the miRNA
maximum levels after PPCI, and we also evaluated its expression 1 month after revascularization.
Figure 5A confirms a transient rise of miR-320a in STEMI patients, reaching a maximum increase 6 h
after PPCI, while its expression decreased significantly 1 month after patient discharge. Furthermore,
the comparison of miR-320a levels between patients with or without LVAR (Figure 5B) shows that
miR-320a was still significantly higher 1 month after discharge in the non-remodelling group but
not in LVAR patients. This fact suggests that changes in the levels of circulating miR-320a can be
associated with the appearance of LVAR. In another set of experiments, we determined the expression
of miR-320a in healthy volunteers and compared it with the expression in the control group. Figure S2A
shows that the levels of miR-320a were not significantly different between the two groups, and the
expression of miR-320a in STEMI patients with or without LVAR compared to its levels in healthy
controls (Figure S2B) was similar to those observed when compared to the clinical control (Figure 5B).
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Figure 4. Comparison of the expression of miRNAs in patients with or without left ventricular adverse
remodelling. (A–F) Bar graphs show the expression of miR-320a (A), miR-193b (B), miR-324 (C),
miR-339-5p (D), miR-522 (E), and miR-545 (F) in serum samples of STEMI patients who developed left
ventricular adverse remodelling (red bars, n = 4) or not (black bars, n = 4) before PPCI (0 h) and at 3, 12,
and 24 h after the procedure. The values in the graphs represent the fold change in logarithmic scale
for each miRNA relative to controls. Values are presented as the means ± SEM and represent the fold
change in logarithmic scale for each miRNA relative to controls (n = 8). Significance is indicated by (*)
for p < 0.05. Ordinary one-way ANOVA with multiples comparisons using T-test without correction
(Fisher’s LSD test) was performed.
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Figure 5. Comparison of the expression of miR-320a in the serum of patients with or without left
ventricular adverse remodelling. (A) Bar graph shows miR-320a expression in serum samples of STEMI
patients (n = 20) at 0 h, 6 h and 1 month post PPCI relative to the control (n = 8). (B) Bar graph shows
the levels of miR-320a at 0 h, 6 h and 1 month after PPCI in STEMI patients who developed LVAR (red
bar, n = 11) or not (black bar, n = 9). Values in the graphs represent the fold change in logarithmic
scale for each miRNA relative to controls. Data are the means ± SEM. Significance is indicated by (*)
for p < 0.05 and (**) for p < 0.01. Ordinary one-way ANOVA with multiples comparisons using T-test
without correction (Fisher’s LSD test) was performed.

3.4. Correlation of Serum Levels of miR-320a with LVAR

Linear regression and ROC analysis were performed to further confirm that changes in circulating
levels of miR-320a associates with LVAR. Figure 6A shows that the levels of miR-320a at 1 month
(r = 0.651, p = 0.03) correlated inversely and significantly with the percentage of changes in LVEDV,
meanwhile CK (r = 0.462, p = 0.053) and age (r = 0.085, p = 0.738) showed worse association with
LVEDV changes. Moreover, ROC curve analysis in Figure 6B shows that the area under the curve
(AUC) of miR-320a expression was 0.889 (95% CI: 0.74–1.00; p value = 0.004), while the AUC of CK was
0.722 (95%CI: 0.463–0.981; p value = 0.102), and of age was 0.530 (95%CI: 0.251–0.809; p value = 0.819)
(Figure S4). ROC analysis also indicated a sensitivity of 70% and a specificity of 88.89% for patients
with the levels of miR-320a < −0.306. Furthermore, as shown in Table 3, multivariate analysis identified
miR-320a as an independent predictor of LVAR (p < 0.045).
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Figure 6. Correlation of serum levels of miR-320a with left ventricular adverse remodelling (LVAR) and
receiver-operating characteristics (ROC) analysis. (A) Linear regression analysis using the percentage
of change in left ventricular end-diastolic volume (LVEDV) as dependent variable and miR-320a
expression 1 month post-PPCI as independent. (B) The area under the curve (AUC, values given on the
graphs) analysis of ROC indicating sensitivity and specificity of miR-320a in predicting LVAR.

Table 3. Multivariate logistic regression to determinate independent predictors of LVAR. OR: odds ratio;
CI: confidence interval. (*) indicates p < 0.05, which is considered statistically significant; & miR-320a
expression in patients’ serum at 1 month post-PPCI.

Factor OR 95% CI P Value

miR-320a & 0.005 0.000–0.892 0.045 *

Age 1.075 0.929–1.243 0.330
Sex <0.001 - 0.999

Creatine Kinase 1.001 1.000–1.002 0.189

3.5. Expression of miR-320a in PBMCs Isolated from STEMI and in the Myocardium of Ischaemic Heart
Failure Patients

Since AMI involves a complex cascade of events that activate acute inflammatory responses [8],
we examined the possible source of the fast increase in circulating miRNAs and focused on PBMCs.
Figure 7A shows that miR-320a was slightly upregulated in the PBMCs of patients suffering from
STEMI even before revascularization (time point 0 h), compared to the control patients. Importantly,
and in contrast to what we observed in serum samples (Figure 5A), the levels of miR-320a decreased
significantly in PBMCs at 6 h after PPCI. Moreover, as shown in Figure 7B, the comparison of miR-320a
in patients with or without LVAR indicated that miR-320a decreases significantly at 6 h after PPCI only
in patients with LVAR, while its expression did not change in non-LVAR patients. Figure S2A also
confirmed that the expression of miR-320a in PBMCs from the control group was not different than that
of healthy volunteers and shows similar changes in STEMI patients with or without LVAR (Figure S3).
Moreover, the multivariate analysis indicates that expression levels of miR-320a in PBMCs showed a
trend association, although not significant, with LVAR (OR, 0.052; 95% CI, 0.02–1.281; P = 0.071 at 6 h,
and OR, 0.206; 95% CI, 0.037–1.140; P = 0.070 at 1 month post PPCI).
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Figure 7. Expression of miR-320a in peripheral blood mononuclear cells (PBMCs) of patients with or
without left ventricular adverse remodelling. (A) Bar graph shows miR-320a expression in PBMCs
of STEMI patients (n = 20) at 0 h, 6 h and 1 month post PPCI relative to the control (n = 8). (B) Bar
graph shows the levels of miR-320a in PBMCs at 0 h, 6 h and 1 month after PPCI in STEMI patients
who developed LVAR (red bar, n = 11) or not (black bar, n = 9). Values in the graphs represent the
fold change in logarithmic scale for each miRNA relative to the controls. Data are the means ± SEM.
Significance is indicated by (*) for p < 0.05. Kruskal–Wallis test with multiple comparisons corrected by
Dunn’s test was performed.

Finally, we examined the expression of miR-320a and other miRNAs in patients with HF of
ischaemic origin. Figure 8A shows significant expression of miR-320a in the myocardial tissue in the
atrium (n = 7). As illustrated in Figure 8B, compared to the expression of other miRNAs, the expression
of miR-320a was significantly higher than that of miR-324-5p, miR-324-3p, miR-339-5p, and miR-423
but not that of miR-29a or miR-499-5p. In contrast, miR-320a levels were lower than miR-133 levels.

38



J. Clin. Med. 2020, 9, 1051

Figure 8. miR-320a is highly expressed in the atrium of patients with heart failure (HF) of ischaemic
origin. (A) DeltaCt represents the level of Ct of different miRNAs compared to that of the endogenous
control in the atrium of HF patients (n = 7). (B) Levels of expression of miR-320a related to the
expression of the other miRNAs shown as fold change in logarithmic scale in the atrium of failing heart.
Values are presented as the means ± SEM. Significance is indicated by (*) for p < 0.05, (**) for p < 0.01,
(***) for p < 0.001), and (****) for p < 0.0001. Ordinary one-way ANOVA with multiples comparisons
using T-test without correction (Fisher’s LSD test) was performed.

3.6. Analysis of miR-320a Target Genes

Having confirmed the association of miR-320a with the appearance of LVAR, we next searched
relevant miR-320a target genes in the context of AMI. To this end, we performed an in silico analysis
using miRDB and TargetScan based on the miR-320a sequence, and compared the common genes
identified in both databases. Using PANTHER software (Protein Analysis THrough Evolutionary
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Relationships 14.1 version, http://pantherdb.org/genelistanalysis.do, University of Southern California,
Los Angeles, CA, USA), we generated a graphic showing that 1060 genes and 520 pathways were
mainly implicated in the processes regulating adverse remodelling (Figure 9). As highlighted, miR-320a
was predicted to target 13 genes associated with apoptosis, 25 with the fibroblast growth factor (FGF)
and tumour growth factor (TGF)-beta signalling pathways, 18 with inflammation, and 3 with oxidative
stress. Altogether, these results suggest that miR-320a could have an important role in ventricular
adverse remodelling through the regulation of different signalling pathways implicated in AMI.

Figure 9. In silico analysis of miR-320a targets. PANTHER analysis showed the miR-320a predicted
target genes involved in different pathways induced under ischaemia and reperfusion, such as apoptosis
(dark pink), FGF (light pink) and TGF signalling (grey) pathways, inflammation (green) and oxidative
stress (red).

4. Discussion

AMI is a complex syndrome that has become a major public health problem due to its high
morbidity and mortality [35,36]. Therefore, there is an increasing need to identify new diagnostic
and therapeutic biomarkers for patients with AMI, even those with successful revascularization. In
fact, despite the reestablishment of coronary artery perfusion, there is still an increasing incidence
of LVAR in STEMI patients who underwent successful PPCI. In agreement with the literature [4,7],
almost 22% of our STEMI patients developed LVAR as early as 6 months after PPCI. Classical cardiac
markers, such as troponin-T and creatine kinase, were increased in all patients suffering from STEMI at
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admission, confirming the severity of the infarcts. We also found that creatine kinase, but not troponin
T, was significantly higher in patients who developed LVAR compared with those without LVAR,
consistent with a larger infarct size, which is in agreement with other studies [37,38].

The main findings of this study are as follows: (i) miRNAs are quickly released into the circulation
in different patterns following successful coronary artery revascularization in STEMI patients; (ii) a
rapid increase in circulating miR-320a was observed in STEMI patients; (iii) circulating miR-320a
decrease 1 month post PPCI correlates with the appearance of LVAR; (iv) the levels of miR-320a in
PBMCs correlates inversely with expression in blood; and (v) higher expression of miR-320a is detected
in the heart tissue of patients with HF of ischaemic origin.

In recent years, circulating miRNAs in patients with myocardial infarction have been extensively
studied [23,25,39]. For instance, miR-150 [40], miR-208b, miR-34a [32], miR-328 and miR-134 [41] have
been suggested as biomarkers of LVAR after AMI. However, little is known regarding miRNAs in
AMI patients after revascularization. The patients selected for this study were a homogenous group
of patients who were admitted to the hospital with 2 to 6 h of chest pain and no previous history
of ischaemic heart disease, showing an initial TIMI flow of 0 in the LAD coronary artery after an
angiogram. The inclusion criteria were rigorous to ensure consistent results related to the impact of
reperfusion on miRNA expression. In contrast, other recent studies examined miRNAs in patients
with a TIMI flow of 2 or 3, which may not reflect complete ischaemia [27,42]. Our study describes
the expression profile of circulating miRNAs in STEMI patients examined at early time points after
successful revascularization. This method provided an important assessment of how fast the levels
of circulating miRNAs changed in the blood after STEMI, consistent with a recent study that nicely
demonstrated monophasic and biphasic kinetic patterns of circulating miRNAs following myocardial
reperfusion in STEMI patients [42]. It is well known that miRNA expression is tissue-specific and
responds rapidly to changes in the body, which suggests their usability as biomarkers for the diagnosis
and prognosis of diseases [23]. Here, we show that the levels of some miRNAs were significantly
lower or higher at admission, indicating that these changes were triggered by ischaemia, while other
miRNAs increased in a time-dependent manner after the PPCI procedure, reaching maximum levels
between 3 and 12 h, which is in agreement with a recent study [42].

Recent studies on the use of PPCI described that miRNAs might also predict worse outcomes
of patients who underwent PPCI. For example, miR-1 and miR-133b levels increased within 3 h of
PPCI, and these miRNAs are positively associated with microvasculature obstruction and worse
left ventricular functional recovery [42]. miR-1254 levels at admission predict volume changes of
the left ventricle and post-STEMI left ventricular remodelling after PPCI [27]. In contrast, lower
levels of miR-30e at admission are associated with no reflow in STEMI patients undergoing PPCI [43].
Here, in this study, we demonstrate for the first time that only miR-320a, which peaks at 6 h after
PPCI, predicts the change in LVEDV determined at 6 months after patient discharge. According to
multivariate and ROC analysis, miR-320a was independently associated with changes in LVEDV,
exhibiting quite accurate sensitivity and specificity. Moreover, our data showed that miR-320a, but
not CK nor age, can reliably predict the occurrence of LVAR. Nevertheless, these data deserve to be
confirmed in a larger cohort of patients.

To identify the putative source of this fast increase in the level of miR-320a, we examined
its expression in PBMCs since these cells have been implicated in the early inflammatory process
(as reviewed elsewhere [10]). Our data indicated that miR-320a was significantly increased in PBMCs
of the patients suffering from STEMI at admission before revascularization compared to the controls.
Importantly, 6 h after PPCI, miR-320a levels decreased in PBMCs, which was inversely correlated with
their levels in the serum of the same patients. Furthermore, the comparison of miR-320a expression
in patients with or without LVAR indicated that its lower expression in PBMCs was associated with
LVAR. Interestingly, we show for the first time that the human failing myocardium from ischaemic
origin significantly expresses miR-320a. In these patients, we observed that the expression of miR-320a
was generally higher than that of other examined miRNAs associated with heart diseases. A previous
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report indicated that miR-320 is likely overexpressed in human left ventricular samples of the patients
with ischaemic cardiomyopathy and aortic stenosis [44], which supports our findings. Of note,
miR-320a remained at a lower level both in serum and PBMCs one month after PPCI only in patients
who will develop LVAR, probably because miR-320a is continuously delivered to the myocardium.
Altogether, these data suggest that PBMCs from patients who will suffer adverse remodelling may
express miR-320a in the blood and presumably in the myocardium, predicting a worse prognosis.
This finding needs deeper investigation to demonstrate the precise mechanism by which PBMCs may
release miR-320a into the bloodstream and to cardiac tissue. Emerging studies have indicated that
blood contains large numbers of extracellular vesicles that transport miRNAs to different tissues in
organisms [45], such as exosomes, originated from platelets, erythrocytes, leucocytes, and vascular
cells, particularly the endothelium [46–48]. Recently, miR-320a has been detected in myocardial
microvascular endothelial cells from a Goto–Kakizaki (GK) diabetic rat model [49]. Previous studies
regarding the function of miR-320a in the myocardium have demonstrated its abnormal expression in
animal heart hypertrophy and human heart disease [50–52]. miR-320 is presumably upregulated in the
heart by hyperglycaemia, which acts through CD36 (fatty acid translocase) transcription [53]. Other
studies determined that miR-320 overexpression is linked to cell death and apoptosis through heat-shock
protein 20 [50] and insulin growth factor-1 [54], or by targeting AKIP1 and inducing the mitochondrial
apoptotic pathway [55], among other mechanisms. Our results from in silico and computational
miRNA target prediction algorithms revealed that miR-320a can regulate the expression of genes
implicated in cardiac signalling pathways activated under ischaemia. For instance, the miR-320a
predicted target genes were associated with the FGF and TGF signalling pathways, whose roles are
widely known in cardiac fibrosis and wound healing [56,57]. Other target genes were associated
with apoptosis and oxidative stress critical events that occur in ischaemia and reperfusion [58,59],
and yet others were linked to inflammation mediated by chemokines that coincide the impact of
AMI and revascularization [12]. Overall, it is clear that miR-320a upregulation may cause deleterious
cellular events, and its downregulation may be involved in protection against cardiac remodelling,
which will promote the improvement of heart function. Nevertheless, miR-320a-activated molecular
mechanisms in the context of early revascularization are still not completely understood and deserve
further investigation.

5. Conclusions

This study shows detailed miRNA release kinetics in the initial hours following PPCI. This analysis
provides evidence for miR-320a as a potential prognostic biomarker for LVAR in patients who have
undergone PPCI, which is promising for the preventive treatment of clinical heart failure. Further
studies are needed to establish the pathophysiological and clinical significance of increased circulating
miRNA-320a levels and to investigate the therapeutic efficacy of targeting miRNA-320a.

Study Limitations and Clinical Perspectives

The present study aimed to validate the proof-of-concept that circulating miRNAs can predict the
outcome of STEMI patients undergoing PPCI.

In evaluating the results of this study, one must take several limitations into account:
The small sample size used in this study, due to the difficulty of recruiting patients with

homogeneous criteria. Patients are only from two hospitals, therefore, a large-scale and multicentre
study would be welcomed to confirm the role of miRNA-320a as a potential biomarker for STEMI
patients with LVAR.

The results are limited only to patients with early revascularized STEMI with TIMI flow 0.
Our findings are essentially limited to a change in the volume of the left ventricle after

revascularized STEMI up to six months, and remodelling may increase afterwards.
The specific roles of miRNAs have not been evaluated in terms of the ability to regulate gene

expression in human cardiac myocytes.
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It is possible that other miRNAs may also have prognostic value in this context, since RNA
sequencing or microarray approaches are continuously improving in terms of sensitivity and specificity.
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Abstract: Background: Chronic kidney disease (CKD) and cardiovascular diseases (CVD) often
occur concomitantly, and CKD is a major risk factor for cardiovascular mortality. Since some
of the most commonly used biomarkers in CVD are permanently elevated in patients with
CKD, novel biomarkers are warranted for clinical practice. Methods: Plasma concentrations of
five cardiovascular biomarkers (soluble suppression of tumorigenicity (sST2), growth differentiation
factor 15 (GDF-15), heart-type fatty acid-binding protein (H-FABP), insulin-like growth factor-binding
protein 2 (IGF-BP2), and soluble urokinase plasminogen activator receptor) were analyzed by
means of enzyme-linked immunosorbent assay (ELISA) in 219 patients with CKD enrolled in the
German Chronic Kidney Disease (GCKD) study. Results: Except for sST2, all of the investigated
biomarkers were significantly elevated in patients with CKD (2.0- to 4.4-fold increase in advanced
CKD (estimated glomerular filtration rate (eGFR) < 30 mL/min/1.73 m2 body surface area (BSA))
and showed a significant inverse correlation with eGFR. Moreover, all but H-FABP and sST2 were
additionally elevated in patients with micro- and macro-albuminuria. Conclusions: Based on our
findings, sST2 appears to be the biomarker whose diagnostic performance is least affected by decreased
renal function, thus suggesting potential viability in the management of patients with CVD and
concomitant CKD. The predictive potential of sST2 remains to be proven in endpoint studies.
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1. Introduction

Chronic kidney disease (CKD) affects about 11.5% of the overall population with increasing
age-dependent prevalence of up to 47% in persons older than 70 years [1]. Apart from old age,
CKD is associated with diabetes mellitus and hypertension. Due to an increase of these precipitating
and often causative diseases, the prevalence of CKD is expected to rise even further in the future [1].
Because of shared risk factors and the fact that CKD constitutes an independent risk factor itself,
CKD and cardiovascular disease (CVD) often occur concomitantly [2–4]. Hence, biomarkers established
in the evaluation of patients with CVD are increasingly used in patients with decreased renal function.
Unfortunately, some of the most common biomarkers in this field, such as troponin or brain natriuretic
peptide (BNP), are chronically elevated in patients with CKD, which may in part be due to impaired
renal clearance [5–7]. Therefore, their clinical applicability in patients with CKD is limited and hence,
novel biomarkers are warranted to improve diagnosis and risk stratification in these disease entities.

In the following study, plasma concentrations of novel cardiovascular biomarkers (sST2, GDF-15,
H-FABP, IGF-BP2 and suPAR) were investigated in patients with various stages of CKD.

Soluble suppression of tumorigenicity (sST2; molecular mass: 36,993 Da [8]; normal reference
ranges for male subjects: 4000–31,000 pg/mL; for female subjects: 2000–21,000 pg/mL [9]) is a member
of the toll-like/IL-1-receptor family that acts as a scavenger-receptor for IL-33, thus attenuating the
effects of this immunomodulatory cytokine [10]. sST2 is secreted in response to mechanical stress,
and hence elevated plasma levels are found in patients with acute and chronic heart failure [11].
Increased plasma concentrations of sST2 have been associated with adverse outcomes in patients with
coronary artery disease [12] and heart failure [11,13] in previous trials.

Growth differentiation factor 15 (GDF-15; molecular mass: 34,140 Da [14]; normal reference ranges:
310 ± 10 pg/mL [15]) is a member of the transforming growth factor ß (TGF-ß) cytokine family. GDF-15
is secreted in response to tissue injury or by the effect of proinflammatory cytokines and is involved
in the regulation of inflammatory and apoptotic processes [16]. Recently, elevated plasma levels of
GDF-15 have been associated with an increased risk of mortality in patients with coronary artery
disease and chronic heart failure [17–19]. Furthermore, increased plasma concentrations of circulating
GDF-15 were associated with a decline of renal function in patients with CKD [20].

Heart-type fatty acid-binding protein (H-FABP; molecular mass: 14,858 Da [21]; normal reference
ranges for male subjects: 3.5 ± 0.4; for female subjects: 3.9 ± 0.4 ng/mL [22]) is a small cytoplasmic
protein that transports long-chained fatty acids in cardiomyocytes and is considered a biomarker of
myocardial ischemia [23]. In case of damage to the cell membrane, H-FABP is rapidly released into
circulation and therefore was evaluated for use in diagnosis and risk stratification of coronary artery
disease and acute coronary syndrome [24,25]. In fact, increased plasma levels of H-FABP are associated
with an elevated risk of adverse outcomes in acute coronary syndrome and heart failure [26,27].

Insulin-like growth factor-binding protein 2 (IGF-BP2; molecular mass: 34,814 Da [28]; normal
reference ranges: 321.2 ± 285.0 ng/mL [29]) is an anabolic peptide with extensive structural and
functional homology to insulin. IGF-BP2 is a potent effector of growth, proliferation, and metabolism
that elicits its effects via autocrine, paracrine, and endocrine mechanisms [30]. Elevated plasma
concentrations of IGF-BP2 have been associated with diabetes mellitus [31], metabolic syndrome [32],
and progression of CKD [33] in previous studies. Moreover, IGF-BP2 seems to be involved in the
pathogenesis of atherosclerosis. In a recent trial, plasma concentrations of IGF-BP2 were inversely
correlated with arterial intima-media thickness of the carotid artery in healthy participants [34,35].

Soluble urokinase plasminogen activator receptor (suPAR; molecular mass (depending
on the considered isoform): 31,263–36,978 Da [36]; normal reference ranges: 2100 pg/mL,
IQR: 1700–2300 pg/mL [37]) is the soluble isoform of the urokinase plasminogen activator receptor
(uPAR), a membrane-bound protein in endothelial and immunological cells that plays a role in various
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inflammatory processes [38]. Recent evidence suggests that suPAR is involved in the formation
of atherosclerotic lesions and hence, elevated plasma levels of suPAR have been associated with
an increased risk for coronary artery disease and cardiovascular mortality [39]. Furthermore, elevated
plasma concentrations of suPAR were recently correlated with the deterioration of renal function
in patients with CKD [40,41], and an association between suPAR and primary focal segmental
glomerulosclerosis (pFSGS) [42,43] was found.

2. Materials and Methods

Plasma samples from 219 of 245 patients enrolled in the regional center of Jena within the German
Chronic Kidney Disease study (GCKD), Germany, were analyzed. The remaining 26 patients were
excluded as serum samples were missing. The GCKD study was approved by the local ethics committee,
registered in the German national registry for clinical studies (DRKS00003971) and was conducted
according to the principles of the Declaration of Helsinki and Good Clinical Practice. Informed consent
was obtained from all patients prior to enrollment.

2.1. Study Population

Details of the study design and the enrollment process of the GCKD study have been described
previously [44]. Briefly, patients aged 18–74 years with CKD in routine nephrological care were enrolled
across nine German study centers between March 2010 and March 2012. Patients were included if
they had an estimated glomerular filtration rate (eGFR) of < 60mL/min/1.73m2 body surface area
(BSA) or overt proteinuria in the presence of a higher eGFR (defined as albuminuria of > 300 mg/g
creatinine or proteinuria of > 500 g/g creatinine). Exclusion criteria were non-Caucasian race, history
of transplantation, active malignancy, New York Heart Association (NYHA) heart failure functional
class IV, and/or inability to provide written informed consent [44].

Glomerular filtration rate (GFR) was estimated using the 4-variable modification of diet in
renal disease (MDRD) formula, as previously published [45,46]. CKD was categorized according
to the clinical practice guidelines from the Kidney Disease: Improving Global Outcomes Initiative
(KDIGO) in the following G and A-stages. G-stages: CKD stage G1: eGFR ≥ 90 mL/min/1.73 m2 BSA,
stage G2: eGFR 60–89 mL/min/1.73 m2 BSA, stage G3a: 45–59 mL/min/1.73 m2 BSA, stage G3b: eGFR
30–44 mL/min/1.73 m2 BSA, and stages G4 and G5 (combined): eGFR< 30 mL/min/1.73 m2 BSA. A-stages:
urinary albumin/creatinine ratio (UACR) < 30 mg/g Crea (A1 = normo-albuminuria), 30–300 mg/g
Crea (A2 =micro-albuminuria), or > 300 mg/g Crea (A3 =macro-albuminuria) [47,48]. Symptoms of
heart failure were estimated by the modified Gothenburg scale, as previously published [47,49].

2.2. Blood Samples and Biomarker Analysis

Blood samples were collected upon study enrollment using a vacuum-containing system. Plasma
levels of sST2, GDF-15, H-FABP, IGF-BP2, and suPAR were measured by using commercially
available enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, USA). Preparation
of reagents and measurements were performed according to the manufacturer’s instructions.
In brief, patient samples and standard protein were added to the wells of the ELISA plates
(Nunc MaxiSorp flat-bottom 96 well plates, VWR International GmbH, Austria) and incubated
for two hours. Plates were then washed using a Tween 20/PBS solution (Sigma Aldrich, USA).
Then, a biotin-labelled antibody was added and incubated for another two hours. Plates were washed
another time, and streptavidin–horseradish-peroxidase solution was added to the wells. After adding
tetramethylbenzidine (TMB; Sigma Aldrich, USA) a color reaction was generated. Values of optical
density (OD) were determined at 450 nm on an ELISA plate-reader (iMark Microplate Absorbance
Reader, Bio-Rad Laboratories, Austria).
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2.3. Statistical Analysis

Statistical analyses were performed using SPSS (Version 24.0, SPSSS Inc., USA) and GraphPad
Prism software (GraphPad Software, USA). Normally distributed data was expressed as mean and
standard deviation (SD); not normally distributed data was expressed as median and interquartile
range (IQR). Medians were compared using a Mann–Whitney U-test or a Kruskal–Wallis test with
Dunn’s post-hoc test, depending on the number of groups analyzed. Bonferroni–Holm correction
was conducted to adjust for multiple comparisons. To assess the association between renal function
and biomarker concentrations, correlation analysis was conducted using Spearman’s rank correlation
test, followed by multiple linear regression analysis to adjust for parameters known for confounding
with renal function (age, gender, BMI, diabetes mellitus, and arterial hypertension). Prior to multiple
linear regression analysis, normal distribution was assessed by performing a Kolmogorov–Smirnov
test, where applicable, and multicollinearity was excluded using the collinearity diagnostics tool by
SPSS. A p-value < 0.05 was considered statistically significant.

3. Results

In total, 219 plasma samples of patients enrolled in the GCKD study were analyzed. The mean
age was 63 ± 9 years, and the majority of patients were male (60.3%, n = 132). Regarding comorbidities,
arterial hypertension was present in 90.4% (n = 198), diabetes mellitus type 2 in 39.3% (n = 86),
heart failure in 26.0% (n = 57), and 49.3% had a history of smoking (n = 108) (see Table 1).

3.1. Renal Function and Causes of Renal Disease

Regarding renal function, the majority of patients was in CKD stages G3a (41.6% (n = 91), eGFR
45–59 mL/min/1.73 m2 BSA) and G3b (32.4% (n = 71), eGFR 30–44 mL/min/1.73 m2 BSA), followed by
CKD stage 2 (13.7% (n = 30), eGFR 60–89 mL/min/1.73 m2 BSA) and CKD stages 4 and 5 (9.6% (n = 21),
eGFR < 30 mL/min/1.73 m2 BSA); 2.7% (n = 6) of the patients had an eGFR above 90 mL/min/1.73 m2

BSA while having proteinuria.
Regarding urinary albumin excretion, micro-albuminuria (UACR 30–300 mg/g) was observed in

32% (n = 70) of patients, whereas macro-albuminuria (UACR > 300 mg/g) was evident in 20.5% (n = 45)
of the patients at the time of inclusion (see Table 1). Only two patients had an UACR above 3000 mg/g.

The median estimated glomerular filtration rate (eGFR) was 47.7 mL/min/1.73 m2 (IQR 38.2–55.7),
the median level of creatinine was 1.5 mg/dL (IQR 1.2–1.7), and the median level of cystatin-C was
1.4 mg/L (IQR 1.2–1.7). The median plasma level of serum urea was 26.5 mg/dL (IQR 20.6–33.3),
the median level of uric acid was 7.1 mg/dL (IQR 6.0–8.3), and the median level of CRP was 2.4 mg/dL
(IQR 1.2–4.9).

The leading cause of renal disease was nephrosclerosis (28.8%, n = 63), followed by diabetic
nephropathy (diabetes mellitus type 1 and 2 combined: 17.4%, n = 38) and interstitial nephropathy
(9.1%, n = 20) (see Table 1).
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Table 1. Baseline characteristics, comorbidities, stages of chronic kidney disease (CKD), and causes of
renal disease of the overall cohort.

General

Age, mean (years) 63 ±9
BMI, mean (kg/m2) 30 ±5.6

Serum creatinine, median (mg/dl) 1.5 IQR 1.2–1.7
eGFR, median (mL/min/1.73 m2) 47.7 IQR 38.2–55.7

Urinary albumin/creatinine ratio (UACR), median (mg/g Crea) 44 IQR 7.4–216.7

Comorbidities % (n)

Hypertension 90.4 198
Diabetes mellitus 39.3 86

Heart Failure 26.0 57

CKD stages % (n)

Stage G1 (≥ 90 mL/min/1.73 m2) 2.7 6
Stage G2 (eGFR 60–89 mL/min/1.73 m2) 13.7 30

Stage G3a (eGFR 45–59 mL/min/1.73 m2) 41.6 91
Stage G3b (eGFR 30–44 mL/min/1.73 m2) 32.4 71

Stages G4 and G5 (eGFR <30 mL/min/1.73 m2) 9.6 21

Urinary albumin/creatinine ratio (ACR) % (n)

A1 (<30 mg/g) 43.8 96
A2 (30–300 mg/g) 32.0 70
A3 (>300 mg/g) 20.5 45

Missing 4.7 8

Leading cause of renal disease % (n)

Vascular nephrosclerosis 28.8 63
Diabetic nephropathy 17.4 38

Interstitial nephropathy 9.1 20
IgA-nephritis 4.1 9

Autosomal dominant polycystic kidney disease 4.1 9
Membranous glomerulonephritis 2.7 6

Membranoproliferative glomerulonephritis 1.4 3
Other 17.9 40

Missing 14.6 32

BMI = body mass index, DM = diabetes mellitus.

3.2. Biomarker Concentrations

The median plasma levels of sST2, GDF-15, H-FABP, IGF-BP2, and suPAR in our study cohort are
depicted in Figure 1 and Supplementary Materials, Table A1 in Appendix A.

Except for sST2, all of the investigated biomarkers showed significantly elevated plasma
concentrations in the advanced stages of CKD (GDF-15: 3.6-fold increase, H-FABP: 4.4-fold increase,
IGF-BP2: 3.0-fold increase, suPAR 2.0-fold increase when eGFR was<30 mL/min/1.73 m2 BSA compared
to eGFR≥ 90 mL/min/1.73 m2 BSA, see Figure 1 and Supplementary Materials, Table A1 in Appendix A).
This finding remained statistically significant after applying Bonferroni–Holm correction for multiple
comparisons (GDF-15: p = 0.0005, H-FABP: p = 0.0005, IGF-BP2: p = 0.002, suPAR: p = 0.0005).

Patients with concomitant symptoms of heart failure had significantly elevated plasma
concentrations of sST2 (median 5039 pg/mL vs. 3673 pg/mL, p =0.008).
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Figure 1. Biomarker concentrations throughout the stages of CKD. Median plasma levels and
interquartile ranges (IQR) of the overall cohort are depicted in the additional table. * indicates
a p of <0.05, ** a p of <0.01 and *** a p of <0.001, n.s.= not significant. Abbreviations: sST2 = soluble
suppression of tumorigenicity, GDF-15 = growth differentiation factor 15, H-FABP = heart-type fatty
acid binding protein, IGF-BP2= insulin-like growth factor binding protein 2, suPAR = soluble urokinase
plasminogen activator receptor, eGFR = estimated glomerular filtration rate, IQR = interquartile range.
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3.3. Correlation Analyses and Multiple Linear Regression Analyses

Plasma concentrations of GDF-15, H-FABP, suPAR, and IGF-BP2 showed a significant positive
correlation with serum creatinine (GDF-15: rs = 0.566, p < 0.0001, H-FABP: rs = 0.584, p < 0.0001, suPAR:
rs = 0.506, p < 0.0001, IGF-BP2: rs = 0.267, p < 0.0001; rs = correlation coefficient) and a significant
inverse correlation with eGFR (GDF-15: rs = −0.493, p < 0.0001, H-FABP: rs = −0.550, p < 0.0001, suPAR:
rs = −0.485, p < 0.0001, IGF-BP2: rs = −0.298, p < 0.0001), which remained statistically significant after
applying Bonferroni–Holm correction. sST2 showed no correlation with renal function, neither with
serum creatinine, nor with eGFR (see Figure 2 and Table 2).

Figure 2. Visual representation of the correlation of biomarker concentrations with estimated glomerular
filtration rate (eGFR).
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The correlation of biomarker concentrations with eGFR remained statistically significant in
a multiple linear regression analysis after correction for parameters that are known to confound with
renal function (GDF-15: B = −0.10, p < 0.0001; H-FABP: B = −1.187, p < 0.0001; IGF-BP2: B = −0.064,
p < 0.0001; suPAR: B = −0.006, p < 0.0001; B = regression coefficient, see Supplementary Materials,
Table A2 in Appendix A). There was still no significant correlation between plasma concentrations
of sST2 and renal function (sST2: B = 0.000, 95% CI 0.000–0.001, p = 0.643) after adjusting for the
aforementioned confounders.

Except for H-FABP, all of the biomarkers showed a weak, yet statistically significant correlation
with the UACR (sST2: rs = 0.139, p = 0.044; GDF-15: rs = 0.251, p < 0.0001; IGF-BP2 rs = 0.192, p = 0.005;
suPAR: rs = 0.163, p = 0.018, H-FABP: rs = 0.100, p = 0.149, see Table 2). Notably, the weak correlations
of sST2 and suPAR with the UACR were statistically insignificant after applying the Bonferroni–Holm
correction for multiple comparisons (sST2: p = 0.088, suPAR: p = 0.054).

However, after adjusting for the aforementioned confounders in another multiple linear regression
model, all correlations with the UACR, except the ones with suPAR and H-FABP, remained statistically
significant (sST2: B = 0.031, p = 0.007; GDF-15: B = 0.179, p = 0.012; IGF-BP2: B = 2.086, p < 0.0001;
see Supplementary Materials, Table A2 in Appendix A).

Furthermore, the plasma concentrations of suPAR, H-FABP, and IGF-BP2 showed a significant
correlation with BMI and the plasma levels of suPAR, H-FABP, and GDF-15 correlated with CRP.
Additionally, the plasma concentrations of H-FABP correlated with the plasma levels of sST2, GDF-15,
suPAR, and IGF-BP2, and the concentrations of suPAR correlated with the plasma levels of GDF-15
and IGF-BP2 and vice versa (see Table 2).

3.4. Biomarker Concentrations in Patients with Albuminuria

The plasma levels of GDF-15, IGF-BP2, and suPAR were significantly elevated in patients
with micro-and macro-albuminuria, as defined by the UACR (Table 3). In contrast, the plasma
concentrations of sST2 and H-FABP were not significantly influenced by the stage of albuminuria
(see Table 3). This finding remained statistically significant after applying a Bonferroni–Holm correction
for multiple comparisons (GDF-15: p = 0.01, IGF-BP2: p = 0.01, suPAR: p = 0.012).

Table 3. Concentrations in patients with normo-albuminuria, micro-albuminuria (UACR 30–300 mg/g,
A2), and macro-albuminuria (UACR > 300 mg/g); the p-value represents the statistical differences
between the three subgroups of albuminuria.

Biomarker Total Cohort
Normo-albuminuria

(A1)
Micro-albuminuria

(A2)
Macro-albuminuria

(A3)

median IQR median IQR median IQR median IQR p-Value

sST2 (pg/mL) 3870 2898–6641 3663 2726–6172 3647 2758–5793 4552 8587–3235 0.052
GDF-15 (pg/mL) 975.4 745.5–1316 892.2 675.6–1087 1035 780.9–861.7 1281 861.7–1635 0.002
H-FABP (ng/mL) 2.4 1.6–3.4 2.3 1.6–3.1 2.2 1.7–3.4 2.8 1.6–4.1 0.170
IGF-BP2 (ng/mL) 127 87.7–188.1 112.9 84.2–172.3 126.2 83.6–182.7 172.6 91.5–280.1 0.002
suPAR (pg/mL) 2153 1694–2801 1925 1653–2680 2197 1674–2723 2402 1918–2983 0.044

4. Discussion

In patients with chronic kidney disease (CKD), a high burden of cardiovascular diseases (CVD) is
common, and an inverse correlation of renal function with the prevalence of coronary artery disease,
congestive heart failure, and cerebrovascular disease is observed [1,50]. Moreover, the incidence of
acute kidney injury has been steadily increasing in recent years, leading to higher healthcare costs
and mortality and contributing to increasing prevalence rates of CKD [51,52]. With an increasing
prevalence of CKD from variable causes, the number of patients with end-stage renal disease is on
the rise [1,53]. Furthermore, the presence of CKD markedly increases cardiovascular mortality in
a stage-dependent manner [54–56]. According to current evidence, patients with end-stage renal
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disease (ESRD) undergoing hemodialysis have a 10- to 30-fold higher risk of cardiovascular mortality
than the general population [57].

In fact, diagnosis, risk stratification, and treatment of patients with CVD increasingly relies on
cardiovascular biomarkers. Since some of the most commonly used biomarkers for these purposes
(e.g., troponin or brain natriuretic peptide (BNP)) are chronically elevated in patients with CKD [57,58],
novel cardiovascular biomarkers are warranted to facilitate the management of patients with decreased
renal function.

In our study cohort, plasma concentrations of GDF-15, H-FABP, IGF-BP2, and suPAR were
markedly elevated in patients with decreased renal function, with a 2.0- to 4.4-fold increase in
biomarker levels in the advanced stages of CKD (eGFR < 30 mL/min/1.73 m2 BSA). In contrast,
we found no significant elevation of sST2 in patients with CKD. In fact, the plasma levels of sST2 even
remained unaltered in advanced CKD (eGFR< 30 mL/min/1.73 m2 BSA) and showed no correlation with
estimated glomerular filtration rate (eGFR). In contrast to sST2, we found significant correlations of the
plasma levels of GDF-15, H-FABP, IGF-BP2, and suPAR with serum creatinine and eGFR. Considering
potential diagnostic value, it is essential to determine whether a biomarker would accumulate due to
impaired renal clearance or increase due to the pathophysiologic process that it is supposed to portray
(i.e., troponin in myocardial ischemia). Although the association with renal function does not preclude
the predictive ability of a biomarker, its clinical applicability in the evaluation of patients with CVD
and concomitant CKD appears to be somewhat limited [59]. Since some of the most commonly used
conventional biomarkers in CVD are chronically elevated in patients with CKD, at least partly because
of impaired renal clearance, the finding that sST2 acts independently of renal function might be of
significant relevance for clinical practice. Nevertheless, this finding needs to be confirmed in large
prospective endpoint trials because it to some extent contradicts the findings of a study by Alam et al.
In this study, some correlation of sST2 with renal function was observed in a larger, pooled cohort,
yet this relationship was very weak [60]. Furthermore, the clinical performance of biomarkers needs
to be confirmed in large prospective endpoint trials. In this regard, recent trials investigated the
plasma concentrations of NT-proBNP, troponin T, and IGF-BP2 in patients with CKD and reported
a higher prognostic value of the investigated biomarkers in these patients [61,62]. However, it is always
questionable whether such studies consistently correct their statistical models for kidney function.
Hence, the adjustment for renal function may be more valid for biomarkers, which do not primarily
correlate with renal function. Interestingly, although the ST2/IL-33 signaling pathway seems to be
involved in various inflammatory processes [63–66], the aforementioned study by Alam et al. did
not find a statistically significant association of the plasma levels of sST2 with the progression of
CKD to end-stage renal disease (ESRD) [60]. Taken together with our results, it seems as if sST2,
in contrast to numerous other cytokines or mediators, acts relatively independent from renal function
and pathophysiologic processes affecting the kidneys.

Furthermore, all of the investigated biomarkers, except for H-FABP and sST2, were additionally
elevated in patients with micro- and macro-albuminuria, as defined by the UACR. This association
is of particular interest, since albuminuria is an independent cardiovascular risk factor reflecting
endothelial dysfunction [67,68], which might modulate the predictive potential of the biomarkers
investigated. Notably, despite no statistical significance, we observed an obvious increase in the plasma
concentrations of sST2 between the different stages of albuminuria (see Table 3). This increase
was accompanied by a weak, yet statistically significant correlation of sST2 with albuminuria
(sST2: rs = 0.139, p = 0.044), which became statistically insignificant after applying a Bonferroni–Holm
correction for multiple comparisons.

sST2 is a promising new biomarker in risk stratification and therapy guidance [69,70] in patients
with acute and chronic heart failure, and was associated with an increased risk of adverse outcomes
in previous trials [12,71,72]. According to our present findings, sST2 might be a useful additional
biomarker in the management of patients with CVD and concomitant CKD, with or without albuminuria.
Although some studies reported similar findings in the plasma levels of sST2 in patients with
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CKD [73,74], the innovative value of our manuscript lies in the structured analysis and recording of
five novel biomarkers, which portray different pathophysiological pathways, in a well-defined cohort.
Furthermore, we investigated and described the respective plasma levels in different stages of CKD as
reflected by eGFR and albuminuria.

5. Conclusions

Except for sST2, all of the investigated biomarkers were significantly elevated in patients with
CKD, inversely correlating with eGFR. Based on our findings, sST2 appears to be the biomarker
whose diagnostic performance is least affected by decreased renal function, hence suggesting potential
viability in the management of patients with CVD and concomitant CKD. Whether this may influence
its predictive potential in patients with CKD remains to be investigated by endpoint studies.

6. Limitations

A major limitation of this study is the absence of matched healthy controls, which would have
further strengthened our findings. Moreover, the Gothenburg scale was found to be not ideal for
reliably defining heart failure in patients with CKD in a previous trial due to shared symptoms and
medications between the two disease entities [47]. However, a significant proportion of patients had
concomitant heart failure, which may have acted as a bias in regard to the median concentrations
of sST2. Notably, this trial did not analyze associations of the investigated biomarkers with clinical
endpoints. We have to highlight that the conclusions drawn by the findings in this study are primarily
of hypothesis-generating character and should be further validated in future trials. A limitation of
the study may also be the applicability to populations of patients of non-Caucasian origin, since it
is known that the cardiovascular risk also varies depending on ethnicity due to genetic differences.
Thus, further investigative and population-specific endpoint trials, i.e., in the total GCKD cohort, seem
necessary to confirm our present findings. One minor limitation is the use of estimated GFR instead
of direct GFR measurement. Although more accurate, direct GFR measurement is too complex and
impractical for everyday clinical use; hence, it appears unsuitable for a large multi-center trial. The use
of eGFR by means of the MDRD formula does not represent a large bias regarding our current findings
since only a minority of the patients had an eGFR above 60 mL/min/1.73 m2.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/3/886/s1,
Table S1: Biomarker concentrations by estimated glomerular filtration rate (eGFR), Table S2: Multiple linear
regression analysis with adjustment for age, gender, BMI, hypertension, and diabetes mellitus.
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Abstract: The aim of the study was to evaluate the rate of reactive oxygen species (ROS) production,
antioxidant barrier, and oxidative damage in non-stimulated (NWS) and stimulated (SWS) saliva
as well as plasma/erythrocytes of 50 patients with chronic heart failure (HF) divided into the
two subgroups: NYHA II (33 patients) and NYHA III (17 patients). The activity of superoxide
dismutase and catalase was statistically increased in NWS of HF patients as compared to healthy
controls. The free radical formation, total oxidant status, level of uric acid, advanced glycation
end products (AGE), advanced oxidation protein products and malondialdehyde was significantly
elevated in NWS, SWS, and plasma of NYHA III patients as compared to NYHA II and controls.
We were the first to demonstrate that with the progression of HF, disturbances of enzymatic and
non-enzymatic antioxidant defense, and oxidative damage to proteins and lipids occur at both
central (plasma/erythrocytes) and local (saliva) levels. In the study group, we also observed a
decrease in saliva secretion, total salivary protein and salivary amylase activity compared to age- and
gender-matched control group, which indicates secretory dysfunction of salivary glands in patients
with HF. Salivary AGE may be a potential biomarker in differential diagnosis of HF.

Keywords: chronic heart failure; saliva; oxidative stress; salivary biomarkers

1. Introduction

Despite enormous progress made in the diagnosis and treatment of cardiovascular diseases,
the incidence of chronic heart failure (HF) is steadily increasing and is the leading cause of death in
adults. Thus, HF is not only a major clinical, but also an epidemiological and economic problem [1,2].
It is estimated that HF affects about 1%–2% of the population in developed countries, and in the
age group of over 70 the disease already affects every 10th person [3]. According to the current
definition, HF is a syndrome of symptoms such as dyspnea, swelling of the lower limbs, and decreased
tolerance to physical activity, which may be accompanied by abnormalities in the physical examination
(jugular vein dilatation, crackles over the lungs, peripheral swelling) [4]. Differentiation of HF patients
based on the left ventricular ejection fraction (LVEF) is essential due to other underlying etiologies,
demographic differences, co-morbidities, and responses to applied treatment [3]. Thus, we distinguish
patients with normal LVEF (typically considered as ≥ 50%; HF with preserved EF (HFpEF)) as well as
reduced LVEF (typically considered as < 40%; HF with reduced EF (HFrEF)) [3]. The cause of these
ailments in HFrEF is a disturbed structure and/or function of the heart, which results in decreased
cardiac output and increased intracardiac pressure at rest and/or during physical activity [1,2,4].
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Despite varied pathogenesis (cardiac disease, pre- and post-inflammatory stress disorder, and heart
arrhythmia), HF leads to impaired supply of oxygen to the body tissues depending on the current
metabolic demand [1,2,4]. Importantly, many patients with HF have a history of myocardial infarction
or revascularization [3].

Studies on HF indicate that an important role in its pathogenesis is played by oxidative stress [5–7].
This process creates an imbalance between the production of reactive oxygen species (ROS) and
antioxidative defense, which leads to oxidative damage to proteins, lipids, and nucleic acids, causing
structural damage to cells as well as disturbances in tissue integrity [8]. Indeed, the role of oxidative
stress has been confirmed in the course of: Endothelial dysfunction, interstitial fibrosis of the heart,
cardiomyocyte hypertrophy, and heart extracellular matrix remodeling [5,7,9,10]. Moreover, it has
been demonstrated that in the early stages of HF, increased activity of antioxidant enzymes is the
basic compensatory mechanism aimed at maintaining adequate blood flow and perfusion of tissues.
However, HF progression leads to the depletion of antioxidant reserves and, along with increased free
radical production, contributes to further progression of the disease [5,7,9,10].

Increasing attention is being paid to the use of saliva in biomedical diagnostics [11]. Unlike other
bioliquids, saliva is a non-infectious laboratory material collected in a manner that is non-invasive,
inexpensive, and stress-free for the patient. It is also worth noting that the composition of saliva
reflects dynamic changes in the body, which makes this fluid an excellent tool for determining clinically
useful biomarkers [12–15]. Salivary redox biomarkers are used in the diagnosis of diseases of affluence
(obesity, insulin resistance, diabetes, chronic kidney disease) [16–18], neurodegenerative diseases
(Alzheimer’s disease, Parkinson’s disease, dementia) [19,20], or cancer (colorectal, breast, ovarian
cancer) [21,22]. However, salivary redox homeostasis has not been evaluated yet in patients with
chronic heart failure. Considering that oxidative stress plays a key role in HF pathogenesis [5–7],
secretory dysfunction of salivary glands may also occur in HF patients, similarly to other diseases
with proven etiology of oxidative stress. Indeed, a relationship between oxidative stress and impaired
salivary gland function has been demonstrated in obesity [23,24], insulin resistance [25,26], type 1
diabetes [27], and psoriasis [28]. Therefore, it is necessary to assess the salivary redox parameters in
patients with HF, as well as the secretory function of the salivary glands. Because redox homeostasis
cannot be characterized by a single biomarker, the aim of our work was to compare the rate of ROS
production, enzymatic and non-enzymatic antioxidant barriers, and oxidative damage to proteins and
lipids in non-stimulated and stimulated saliva, as well as plasma/erythrocytes of patients with chronic
heart failure and healthy controls.

2. Materials and Methods

2.1. Ethical Issues

The study was approved by the Bioethics Committee of the Medical University of Bialystok,
Poland (permission number R-I-002/75/2016). After a detailed explanation of the purpose of the
study and presentation of possible risks, all persons involved agreed in writing to participate in
the experiment.

2.2. Patients

The study group consisted of 50 patients (7 women and 43 men) treated in the Department of
Cardiology with Intensive Cardiac Supervision of the Medical University of Bialystok Clinical Hospital
from May 2018 to April 2019. In all patients, medical history, physical examination, resting ECG,
echocardiography, chest X-ray as well as blood laboratory tests (blood count, electrolytes, glucose,
hepatic and renal indicators, thyroid hormones, vitamin D, NT-proBNP, and BNP) were performed.
The study included hemodynamically stable patients with chronic heart failure, qualified for the
implantation of automatic cardioverter defibrillator [3]. The criterion of classification for the procedure
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was left ventricular ejection fraction (LVEF) ≤ 35%. Based on the classification of heart failure according
to the New York Heart Association [3], the study group was divided into two subgroups of patients:

• NYHA II (n = 33)—patients with slight physical activity limitations—with no symptoms at rest,
but in whom normal activity causes fatigue, palpitations, or shortness of breath;

• NYHA III (n = 17)—patients with significant physical activity limitations—with no symptoms at
rest, but in whom activity lower than normal provokes symptoms.

All patients were qualified for examinations by the same experienced cardiologist (M. K.), based
on the inclusion and exclusion criteria. In the study group, primary prevention has been applied to
reduce the risk of sudden death and total mortality in patients with symptomatic HF (NYHA class
II-III) and LVEF ≤ 35% (despite at least 3 months of optimal pharmacotherapy), who are expected
to survive in good condition for more than one year, and have ischemic heart disease or dilated
cardiomyopathy [3]. After classification for the study, all patients underwent coronary angiography
(before the cardioverter implantation procedure).

The control group, matched to the study group by gender and age, consisted of 50 generally
healthy patients (7 women and 43 men), enrolled for follow-up visits at the Restorative Dentistry
Clinic of the Specialist Dental Infirmary of the Medical University of Bialystok from September 2018 to
June 2019.

Only patients with a body mass index (BMI) within the range of 18.5–24.5 were qualified to
both the study and control group. The exclusion criterion in both groups was the occurrence of
chronic systemic and autoimmune diseases (type 1 diabetes, Sjogren’s syndrome, rheumatoid arthritis,
psoriasis), lung, thyroid, liver, kidney, gastrointestinal tract diseases, infectious diseases (HCV, HBV and
HIV infections), and immunity disorders. Moreover, the study did not allow patients with periodontal
diseases, smokers, alcohol drinkers, or patients taking antibiotics, non-steroidal anti-inflammatory
drugs, glucocorticosteroids, vitamins, and dietary supplements for the last 3 months. Detailed patient
characteristics are presented in Table 1.

Table 1. Clinical characteristics of chronic heart failure (HF) patients and the control group.

Patient Characteristics
Control
n = 50

NYHA II
n = 33

NYHA III
n = 17

ANOVA
p

Gender
Male n (%) 43 (86) 29 (87.88) 14 (82.35) NA

Female n (%) 7 (14) 4 (12.12) 3 (17.65) NA

Age 67.57 ± 1.11 64.2 ± 1.69 69.35 ± 2.57 0.069

WBC (x 103/μL) 7.4 ± 0.16 7.25 ± 0.32 8.25 ± 0.46 0.068

RBC (x 106/μL) 4.5 ± 0.06 4.72 ± 0.30 4.41 ± 0.13 0.573

HGB (g/dL) 14.07 ± 0.36 13.41 ± 0.27 13.4 ± 0.34 0.494

HCT (%) 39 ± 0.43 39.77± 0.78 39.04 ± 0.99 0.552

MCV (fL) 91.2 ± 0.60 90.97 ± 1.15 88.86 ± 1.37 0.373

MCH (pg) 33.62 ± 0.34 30.73 ± 0.50 29.69 ± 0.56 * <0.001

MCHC (g/dL) 34.5 ± 0.36 33.75 ± 0.96 33.39 ± 0.56 0.059

RDW-SD (fL) 45.54 ± 0.16 46.56 ± 0.94 47.52 ± 0.95 0.091

RDV-CV (%) 14.9 ± 0.19 13.99 ± 0.27 14.71 ± 0.44 0.066

PLT (x103/μL) 249 ± 1.79 187.4 ± 7.84 * 203.7 ± 15.44 <0.001

CRP (mg/L) 2.9 ± 0.2 3.2 ± 0.64 3.5 ± 0.85 0.308

Na+ (mmol/L) 139.2 ± 0.62 138.5 ± 0.45 136.6 ± 0.85 0.229

K+ (mmol/L) 4.2 ± 0.1 4.67 ± 0.10 4.74 ± 0.14 0.06

Creatinine (mg/dL) 0.9 ± 0.02 1.07 ± 0.06 1.32 ± 0.06 0.051
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Table 1. Cont.

Patient Characteristics
Control
n = 50

NYHA II
n = 33

NYHA III
n = 17

ANOVA
p

GFR (ml/min) 86. 03 ± 2.44 82.92 ± 0.59 72.33 ± 0.79 0.057

TSH (μIU/mL) 1.08 ± 0.03 1.03 ± 0.13 1.38 ± 0.30 0.06

FT3 (pg/mL) 2.31 ± 0.06 2.42 ± 0.11 2.29 ± 0.10 0.315

Vit. D3 (ng/mL) 24.3 ± 0.69 18.16 ± 1.41 * 15.07 ± 2.17 * <0.001

AST (IU/L) 20.04 ± 0.87 23.46 ± 1.36 23.8 ± 1.83 0.06

Glucose (mg/dL) 91.5 ± 2.5 99.96 ± 3.83 99.8 ± 2.35 0.08

NT-proBNP (pg/mL) ND 1831 ± 173 4128 ± 382 <0.001 #

EF ND 25.9 ± 1.24 19.24 ± 1.31 0.001 #

RR (mmHg) SBP 125.3 ± 0.33 130.6 ± 3.81 123.2 ± 3.67 0.112

DBP 71.3 ± 0.61 75.97 ± 2.16 74.94 ± 1.99 0.06

HR ND 70.97 ± 2.20 75.94 ± 2.59 NA

Type 2 diabetes n (%) 6 (12) 2 (11.76) 4 (23.53) NA

Cardiac dysrhythmia (atrial flutter and
fibrillation) n (%) - 10 (30.30) 10 (58.82) NA

Coronary artery disease n (%) - 14 (42.42) 6 (35.29) NA

Hypercholesterolemia n (%) - 22 (66.67) 13 (76.47) NA

Myocardial infarction n (%) - 5 (15.15) 1 (5.88) NA

Hypertension n (%) 17 (34) 26 (78.79) 12 (70.59) NA

Medications

ASA n (%) 4 (8) 16 (48.48) 6 (35.29) NA

Alpha receptor blocker n (%) - 3 (9.09) 2 (11.76) NA

Beta receptor blocker n (%) 6 (12) 26 (78.79) 15 (88.24) NA

Ca2+ channel blocker n (%) 4 (8) 9 (27.27) 6 (35.29) NA

AT1- receptor blocker n (%) - 7 (21.21) 8 (47.1) NA

Diuretics n (%) 10 (20) 27 (81.82) 17 (100) NA

ACE n (%) 7 (14) 19 (57.58) 9 (52.94) NA

Cardiac glycosides n (%) - 4 (12.12) 2 (11.76) NA

Organic nitrate n (%) - 1 (3.03) 0 (0) NA

Statins n (%) 8 (16) 19 (57.58) 9 (52.94) NA

Abbreviations: ACE—angiotensyn converting enzyme; ALT—alanine transferase; ASA—acetylsalicylic acid;
AST—aspartate aminotransferase; CRP—c-reactive protein; DBP—diastolic blood pressure; EF—ejection fraction;
FT3—free fraction of triiodothyronine; FT4—free fraction of thyroxine; GFR—glomerular filtration rate;
HCT—hematocrit; HGB—hemoglobin concentration; HR—heart rate; K—potassium; MCH—mean corpuscular
hemoglobin; MCHC—mean corpuscular hemoglobin concentration MCV—mean corpuscular volume; MPV—
mean platelet volume; Na—sodium; NT-proBNP—N-terminal fragment of prohormone B-type natriuretic peptide;
NWS—non-stimulated whole saliva; NYHA II—class II in the New York Heart Association (NYHA) classification
of the heart failure; NYHA III—class III in the New York Heart Association (NYHA) classification of the heart
failure; PCT—procalcitonin; PDW—platelet distribution width; P-LCR—platelet large cell ratio; PLT – platelets;
RBC – red blood cells; RDW-CV – red cell distribution width, coefficient of variation; RDW-SD—red cell distribution
width, standard deviation; RR—blood pressure; SBP—systolic blood pressure; TSH—thyroid stimulating hormone;
WBC—white blood cells. *p < 0.05 vs. the control group (Tukey’s test); #p < 0.05 vs. NYHA II (Student’s t-test).

2.3. Research Material

The research material consisted of venous blood as well as non-stimulated whole saliva (NWS)
and stimulated whole saliva (SWS) collected from patients via the spitting method. Material for
all examinations was collected before implantation of an automatic cardioverter defibrillator or a
resynchronization system.
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2.4. Blood Collection

Upon fasting, after an overnight rest, venous blood (10 mL) was collected using S-Monovette® K3
EDTA blood collection system (Sarstedt). Blood samples were centrifuged at 1500× g (10 min, +4 ◦C;
MPW 351, MPW Med. Instruments, Warsaw, Poland). In order for the sample to qualify for the study,
it had to reveal no hemolysis. The upper layer, i.e., the plasma, was collected and erythrocytes were
rinsed three times with a cold solution of 0.9% NaCl and hemolyzed by adding 9 volumes of cold
50 mM phosphate buffer with pH 7.4 (v/v) [29]. Butylated hydroxytoluene (BHT) antioxidant was
added to the samples to protect them against oxidation processes (5 μL 0.5 M BHT in acetonitrile per
0.5 mL plasma/erythrocytes) [17]. The samples were stored at -80 ◦C (not longer than half a year).

2.5. Saliva Collection

Saliva was collected in the morning between 8 a.m. and 10 a.m. to minimize the effect of circadian
rhythm on secretion. The procedure was performed in a room where patients were not disturbed,
and were rested in a sitting position with the head slightly inclined downwards, with minimized facial
and lip movements. After rinsing the mouth three times with distilled water at room temperature,
the patients spat out the saliva accumulated at the bottom of the mouth into a sterile Falcon-type tube
placed in an ice container. Saliva collected during the first minute was discarded [18,30]. Two hours
prior to saliva collection, the study/control group had not consumed any food or drinks (excluding
clean water) and refrained from performing oral hygiene procedures. Moreover, at least 8 h before
saliva collection, the subjects had not taken any medications. The time of NWS collection was 10 min.
After a 5-min break, SWS was collected for 5 min to a maximum volume of 5 mL, upon sprinkling
10 μL of 2% citric acid at the tip of the tongue every 30 s [18,30]. The collected saliva was immediately
centrifuged (3000× g, 20 min, +4 ◦C) [17]. BHT (5 μL 0.5 M BHT in acetonitrile per 0.5 mL supernatant
saliva) was added to the obtained supernatants to protect them from oxidation, and then they were
frozen to −80 ◦C (and stored no longer than 6 months) [17].

2.6. Dental Examination

The dental examination was conducted in accordance with the World Health Organization criteria
in artificial lighting, using a mirror, an explorer, and a periodontal probe [31]. Every examination
was performed by the same dentist (A. K.), immediately after the non-stimulated and stimulated
saliva collection. Decay, missing, filled teeth (DMFT), Papilla Bleeding Index (PBI), Gingival Index
(GI), and the occurrence of carious lesions of root cement (CR) were determined. The DMFT index is
the sum of teeth with caries (D), teeth extracted due to caries (M), and teeth filled because of caries
(F). The PBI showed the intensity of bleeding from the gingival papilla after probing [32]. GI criteria
include qualitative changes in the gingiva [33]. Inter-rater agreements were assessed in 30 patients.
The reliability for all the parameters was > 0.98.

2.7. Salivary Protein

The salivary protein concentration was determined by spectrophotometric method using
bicinchoninic acid (BCA) [34]. Under the influence of protein in alkaline environment, BCA forms a
stable complex with Cu+ copper ions, that reaches its maximum absorbance at 562 nm wavelength.
A commercial set of reagents (Thermo Scientific PIERCE BCA Protein Assay; Rockford, USA) was used
to evaluate the salivary protein.

2.8. Salivary Amylase

The salivary amylase activity (EC 3.2.1.1) was determined spectrophotometrically using an
alkaline solution of 3,5-dinitrosalicylic acid (DNS). We measured the absorbance of samples at 540 nm
accompanying the increase in the concentration of reducing sugars released during the hydrolysis of
starch catalyzed by salivary amylase. Salivary amylase activity was determined in duplicate samples
and expressed in μmol/mg protein.
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2.9. Redox Assays

Antioxidant enzymes were evaluated in erythrocytes, NWS, and SWS, while non-enzymatic
antioxidants were evaluated by redox status, protein/lipid oxidation products in the plasma, NWS,
and SWS [17,23,29,35,36].

2.10. Antioxidant Barrier

The activity of superoxide dismutase (SOD; E.C. 1.15.1.1) was determined by the Misra and
Fridrovich method [37]. The test sample was heated to 37 ◦C, then adrenaline solution was added,
and changes in absorbance at 480 nm wavelength were monitored. It was assumed that 1 unit of
SOD corresponds to 50% inhibition of adrenaline self-oxidation to adrenochrome. SOD activity was
expressed in mU/mg protein.

Catalase activity (CAT; EC 1.11.1.6) was determined by the Aebi spectrophotometric method [38].
The rate of hydrogen peroxide decomposition in the presence of a blind sample was assayed by
measuring the decrease in absorbance at 240 nm wavelength. We defined 1 unit of CAT as the amount
of the enzyme needed to decompose 1 mmol of hydrogen peroxide per minute. CAT activity was
expressed in nmol H2O2/min/mg protein.

The activity of salivary peroxidase (Px; EC 1.11.1.7) was determined spectrophotometrically
according to the method by Mansson-Rahemtulla et al. [39]. The method involves the reduction
of 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB) to 5′-thio-2-nitrobenzoic acid (TNB). Changes in the
absorbance of TNB, depending on Px activity, were measured at λ = 412 nm. The activity of Px was
expressed in mU/mg protein.

The activity of glutathione peroxidase (GPx; EC 1.11.1.9) in erythrocytes was determined
spectrophotometrically based on reduced nicotinamide adenine dinucleotide (NADPH) conversion to
nicotinamide adenine dinucleotide cation (NADP+) [40]. The absorbance of the samples was measured
at 340 nm wavelength. It was assumed that 1 GPx unit catalyzes the oxidation of 1 mmol NADPH per
minute. The activity was expressed in mU/mg protein.

The concentration of reduced glutathione (GSH) was determined spectrophotometrically based
on the reduction of DTNB to 2-nitro-5-mercaptobenzoic acid under the influence of GSH contained in
the tested sample [41]. Absorbance of the samples was measured at 412 nm. The GSH concentration
was calculated from the standard curve for GSH solutions and presented as μg/mg protein.

Uric acid (UA) concentration was determined spectrophotometrically using the ability of
2,4,6-tris(2-pyridyl)-s-triazine to form a blue complex with iron ions in the presence of UA. Absorbance
of the samples was measured at 490 nm. We used a commercial set of reagents (QuantiChromTMUric
Acid Assay Kit DIUA-250; BioAssay Systems, Hayward, CA, USA). UA concentration was expressed
in ng/mg protein (NWS, SWS) and μg/mg protein (plasma).

The activity of antioxidant enzymes was determined in NWS, SWS, and erythrocytes, and
the concentrations of non-enzymatic antioxidants were determined in NWS, SWS, and plasma.
All determinations were performed in duplicate samples, and the absorbance of the samples was
measured with the Infinite M200 PRO Multimode Microplate Reader (Tecan).

2.11. Redox Status and ROS Production

Total antioxidant capacity (TAC) was determined spectrophotometrically according to Erel [42].
Changes in absorbance of ABTS*+ (3-ethylbenzothiazoline-6-sulfonic acid radical cation) solution
were measured at 660 nm. TAC was calculated from the standard curve for Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid). The intensity of ABTS*+ color is proportional to the content of
antioxidants in the tested sample. The TAC level was expressed in Trolox μmol/mg protein.
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Total oxidant status (TOS) was determined spectrophotometrically according to Erel [43]. In the
presence of oxidants contained in the sample, iron Fe2+ ions were oxidized to Fe3+ irons which then
formed a colored complex with xylenol orange. Absorbance of the created complex was measured
at the TOS level calculated from the standard curve for hydrogen peroxide and presented as nmol
H2O2/min/mg protein.

The oxidative stress index (OSI) was calculated by dividing TOS by TAC, and expressed in % [28].
The rate of ROS production in saliva was determined by chemiluminescence immediately after

saliva collection [44]. Luminol was used as an electron acceptor, and hydrogen peroxide as a positive
control. Chemiluminescence of samples was measured in 96-well microplates with black bottoms.
ROS production rate was expressed as nmol O2-/min/mg protein.

TAC, TOS, and OSI levels were evaluated in NWS, SWS, and blood plasma, while the rate of ROS
production was determined only in saliva samples. All determinations were performed in duplicate
samples (TOS in triplicate samples) and the absorbance/chemiluminescence of samples was measured
with Infinite M200 PRO Multimode Microplate Reader (Tecan).

2.12. Protein and Lipid Oxidation Products

The content of advanced glycation end products (AGE) was determined spectrofluorimetrically
according to Kalousová et al. [45]. The samples were diluted in 0.02 M PBS buffer (1:5, v/v), and
fluorescence was measured at 350 nm excitation wavelength and 440 nm emission. AGE content was
expressed in arbitrary fluorescence units (AFU) per mg of total protein.

The concentration of advanced oxidation protein products (AOPP) was determined
spectrophotometrically according to Kalousová et al. [45]. The samples were diluted in 0.02 M
PBS buffer (1:5, v/v) and the oxidative capacity of iodine ions was evaluated at 340 nm wavelength.
The concentration was expressed in nmol/mg protein.

The concentration of malondialdehyde (MDA) was determined spectrophotometrically using
thiobarbituric acid (TBA) [46]. The absorbance of the samples was measured at 535 nm, and 1,1,3,3-
tetraethoxypropane was used as a standard. The concentration was expressed in μmol/mg protein.

The content of oxidative products of protein and lipid modifications was determined in NWS, SWS,
and blood plasma. All assays were performed in duplicate samples and the absorbance/fluorescence of
the samples was measured with Infinite M200 PRO Multimode Microplate Reader (Tecan).

2.13. Statistical Analysis

Statistical analysis of the results was performed using GraphPad Prism 7.0 for MacOS (GraphPad
Software, La Jolla, USA). The D’Agostino-Pearson test and Shapiro–Wilk test were used to evaluate the
distribution of the results. The homogeneity of variance was checked by Levine’s test. The groups
were compared using ANOVA analysis of variance and the Tukey’s test, and where no distribution
normality was obtained, ANOVA Kruskal–Wallis and Dunn’s tests were used. Multiplicity adjusted
p value was also calculated. Since most of the data showed a normal distribution, the results were
presented as mean ± SEM. Correlations between redox biomarkers were assessed based on the Pearson
correlation coefficient. The analysis of diagnostic usefulness of redox biomarkers was assessed by
receiver operating characteristic (ROC) analysis. Statistically significant value was p ≤ 0.05.

The number of patients was determined based on the previous pilot study, and the power of the
test was assumed as 0.9.

3. Results

3.1. Dental Examination and Salivary Gland Function

The secretory activity of salivary glands was analyzed based on salivary flow rate and evaluation
of total protein concentration as well as α-amylase activity in saliva. We observed a significantly lower
flow of NWS and SWS in patients with NYHA II and NYHA III compared to the controls (in all cases
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p < 0.001). The total protein content was considerably lower only in NWS in patients from both groups
compared to the control group (p = 0.04, p < 0.001, respectively). The salivary amylase activity was
considerably lower in NWS of NYHA II and NYHA III patients (p < 0.001, p = 0.009, respectively) and
SWS of NYHA II patients (p = 0.02) compared to the controls. However, no significant differences in
oral hygiene as well as gum and periodontal condition (DMFT, PBI, GI, and CR) were found in the
study group compared to the controls (Table 2).

Table 2. Salivary gland function and stomatological characteristics of HF patients and control subjects.

Patient Characteristics
Control
n = 50

NYHA II
n = 33

NYHA III
n = 17

ANOVA
p

NWS flow rate (mL/min) 0.38 ± 0.01 0.27 ± 0.02 * 0.25 ± 0.02 * <0.001

SWS flow rate (mL/min) 1.28 ± 0.02 0.79 ± 0.07 * 0.76 ± 0.07 * <0.001

NWS total protein (μg/mL) 1352 ± 62.73 1094 ± 63.84 * 8865 ± 67.08 * <0.001

SWS total protein (μg/mL) 1014 ± 57.36 1023 ± 56.12 1309 ± 142.8 0.09

Salivary amylase NWS (μmol/mg protein) 0.2 ± 0.01 0.08 ± 0.01 * 0.13 ± 0.01 * <0.001

Salivary amylase SWS (μmol/mg protein) 0.27 ± 0.02 0.17 ± 0.01 * 0.18 ± 0.01 0.01

DMFT 29.32 ± 0.53 29.96 ± 0.89 30.09 ± 0.69 NS

PBI 2.09 ± 0.07 2.12 ± 0.27 2.07 ± 0.24 0.92

GI 2.05 ± 0.06 2.06 ± 0.15 2.18 ± 0.14 0.71

CR 0.78 ± 0.73 0.63 ± 0.1 0.7 ± 0.48 0.91

Abbreviations: CR—root caries; DMFT—decayed, missing, filled teeth index; GI—gingival index; n—number of
patients; NWS—non-stimulated saliva; NYHA II—class II in the New York Heart Association (NYHA) classification
of the heart failure; NYHA III—class III in the New York Heart Association (NYHA) classification of the heart failure;
PBI—papilla bleeding index; SWS—stimulated saliva. * p < 0.05 vs. the control group.

3.2. Salivary Antioxidants

The antioxidant barrier was evaluated by measuring the activity of antioxidant enzymes (SOD,
CAT, Px, GPx) as well as the concentration of non-enzymatic antioxidants (GSH, UA). In NWS, the
activity of SOD (p < 0.001, p = 0.009, respectively), CAT (in both cases p < 0.001), and UA (p = 0.03,
p < 0.001, respectively) was significantly higher, while GSH content (in both cases p < 0.001) was lower
in NYHA II and NYHA III groups compared to the control group. The activity of Px (p = 0.02) was
considerably lower in NWS of NYHA II patients than in healthy controls. Within the study group, only
the concentration of UA was statistically significantly higher in NWS of NYHA II group compared to
NYHA III (p = 0.02).

In SWS, the activity of SOD (p < 0.001 in both groups) and UA (p < 0.001 in both cases) was
statistically significantly higher in NYHA II and NYHA III patients compared to the control group.
On the other hand, GSH concentration was statistically considerably lower in patients with NYHA II
and NYHA III compared to the controls (p < 0.001 in both cases), similarly to NWS (Figure 1).
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Figure 1. Enzymatic and non-enzymatic antioxidants in non-stimulated and stimulated of HF patients
and the control group. Abbreviations: CAT—catalase; GPx—glutathione peroxidase; GSH—reduced
glutathione; NWS—non-stimulated whole saliva; NYHA II—class II in the New York Heart Association
(NYHA) classification of the heart failure; NYHA III—class III in the New York Heart Association
(NYHA) classification of the heart failure; Px—salivary peroxidase; SOD—superoxide dismutase-1;
SWS—stimulated whole saliva; UA—uric acid. Differences statistically important at: p *< 0.05, **< 0.01,
***< 0.001.
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3.3. Salivary Total Antioxidant/Oxidant Status

The total redox status was assessed by measuring TAC, TOS, and OSI (TAC/TOS ratio), while the
rate of ROS production in saliva was determined by chemiluminescence. In NWS, the mean value
of TOS, OSI, and ROS was statistically significantly higher in patients with NYHA II and NYHA III
compared to the control group, and in case of ROS—also within the study group (higher in NYHA III).
TAC determinations revealed that the values in patients from both study groups were considerably
lower than in the control group (in all cases p < 0.001).

In SWS, the mean value of TOS, OSI, and ROS was significantly higher in patients with NYHA II
and NYHA III compared to the control group, while the mean value of TAC was lower (in all cases
p < 0.001) (Figure 2).

 
Figure 2. Total antioxidant/oxidant status in non-stimulated and stimulated saliva of HF patients
and the control group. Abbreviations: NWS—non-stimulated whole saliva; NYHA II—class II in the
New York Heart Association (NYHA) classification of the heart failure; NYHA III—class III in the
New York Heart Association (NYHA) classification of the heart failure; OSI—oxidative stress index;
SWS—stimulated whole saliva; TAC—total antioxidant capacity; TOS—total oxidant status. Differences
statistically important at: p **< 0.01, ***< 0.001.
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3.4. Salivary Oxidative Damage Products

Oxidative stress was assessed by measuring the oxidative damage to proteins (AGE, AOPP) and
lipids (MDA). We observed a significant increase in AGE, AOPP, and MDA concentrations in patients
with NYHA II and NYHA III in comparison with the control group (in all cases p < 0.001) and within
the study group (p = 0.04, p = 0.03, p = 0.02, respectively).

In SWS, levels of AGE and MDA were considerably higher in NYHA II and NYHA III patients
compared to healthy controls (p < 0.001, p < 0.001, p < 0.001, p = 0.05, respectively). AOPP concentration
was statistically significantly higher in patients with NYHA III compared to the control group (p < 0.001),
and in patients with NYHA III compared to those with NYHA II (p < 0.001) (Figure 3).

Figure 3. Oxidative damage to proteins and lipids in non-stimulated and stimulated saliva of HF patients
and the control group. Abbreviations: AGE—advanced glycation end products; AOPP—advanced
oxidation protein products; MDA—malondialdehyde; NWS—non-stimulated whole saliva; NYHA
II—class II in the New York Heart Association (NYHA) classification of the heart failure; NYHA III—class
III in the New York Heart Association (NYHA) classification of the heart failure; SWS—stimulated
whole saliva. Differences statistically important at: p *< 0.05, ***< 0.001.
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3.5. Erythrocytes/Plasma Redox Biomarkers

Antioxidant barrier (A), redox status (B), and oxidative damage to proteins and lipids (C) in the
erythrocytes/plasma of HF patients and the control group are presented in Figure 4.

 

Figure 4. Antioxidant barrier (A), redox status (B), and oxidative damage to proteins and lipids (C) in the
erythrocytes/plasma of HF patients and the control group. Abbreviations: AGE—advanced glycation
end products; AOPP—advanced oxidation protein products; CAT—catalase; GPx—glutathione
peroxidase; GSH—reduced glutathione; MDA—malondialdehyde; NYHA II—class II in the New York
Heart Association (NYHA) classification of the heart failure; NYHA III—class III in the New York
Heart Association (NYHA) classification of the heart failure; OSI—oxidative stress index; Px—salivary
peroxidase; SOD—superoxide dismutase-1; TAC—total antioxidant capacity; TOS—total oxidant status;
UA—uric acid. Differences statistically important at: p *< 0.05, ***< 0.001.

GPx activity (p < 0.001 in both study groups) in erythrocytes was significantly lower in patients
with NYHA II and NYHA III compared to the control group, whereas CAT activity (p = 0.03) in
erythrocytes was lower only in NYHA III patients, and GSH concentration (p = 0.002) in plasma—only
in NYHA II patients. UA concentration was considerably higher both in NYHA II and NYHA III
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patients compared to the control and within the study group (p = 0.02, p < 0.001, p = 0.003, respectively)
(Figure 4A).

TOS and OSI in plasma of NYHA II and NYHA III patients reached statistically significantly
higher levels compared to the control group, while the level of TAC was lower (in all cases p < 0.001)
(Figure 4B).

The plasma concentrations of AGE and MDA were considerably higher in patients with NYHA II
and NYHA III than in the control group (p < 0.001, p < 0.001, p < 0.001, p = 0.02, respectively) and in
patients with NYHA III compared to NYHA II (p = 0.04, p = 0.02, respectively). The content of AOPP
was statistically significantly higher in NYHA II patients compared to the control group (p = 0.01)
(Figure 4C).

3.6. Correlations

In the group of patients with chronic heart failure, we showed a positive correlation between SOD
activity in saliva (both NWS and SWS) and ROS production rate (r = 0.825, p <0.0001 and r = 0.864,
p <0.0001, respectively) and negative correlation between Px activity and ROS formation in NWS
(r = −0.836, p <0.0001). In NWS and SWS we also showed a negative correlation between GSH and
AGE concentration (r = −0.858, p <0.0001 and r = −0.873, p <0.0001, respectively) and GSH and AOPP
(r = −0.814, p <0.0001 and r = −0.768, p <0.0001, respectively).

We also observed a negative correlation between NWS flow rate and AGE and MDA content
(r = −0.846, p <0.0001 and r = −0.847, p <0.0001, respectively) and a positive relationship between
ROS production rate in SWS and AOPP concentration (r = 0.892, p <0.0001). The concentration of
AGE (r = 0.84, p <0.001), AOPP (r = 0.756, p <0.001), and MDA (r = 0.76, p <0.001) in NWS correlated
positively with their plasma content (Figure 5).

 

Figure 5. Correlations between salivary and plasma AGE, AOPP, and MDA in patients with heart
failure. Abbreviations: AGE—advanced glycation end products; AOPP—advanced oxidation protein
products; MDA—malondialdehyde; NWS—non-stimulated whole saliva.

Interestingly, we also observed positive correlation between AGE content in NWS and serum
NT-proBNP (r = 0.711, p <0.0001) and the negative relationship between the AGE content and cardiac
ejection fraction (r = −0.832, p <0.0001) (Figure 6).
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Figure 6. Correlations between salivary AGE content, serum NT-proBNP, and cardiac ejection
fraction in patients with heart failure. Abbreviations: AGE—advanced glycation end products;
EF—ejection fraction; NT-proBNP—N-terminal fragment of prohormone B-type natriuretic peptide;
NWS—non-stimulated whole saliva.

3.7. ROC Analysis

The results of ROC analysis for redox biomarkers are presented in Table 3. UA concentration in
NWS and plasma, the rate of ROS production in NWS, and the concentration of all oxidative damage
products in NWS (AGE, AOPP, MDA) significantly differentiate NYHA II patients compared to NYHA
III. Moreover, the assessment of AOPP concentration in SWS, as well as AGE and MDA in plasma, has
a high diagnostic value in differentiating the progression of chronic heart failure (Table 3, Figure 7).

Figure 7. Receiver operating characteristic (ROC) analysis of AGE in non-stimulated and stimulated
saliva as well as plasma of NYHA II and NYHA III patients. Abbreviations: AGE—advanced
glycation end products; NWS—non-stimulated whole saliva; NYHA II—class II in the New York Heart
Association (NYHA) classification of the heart failure; NYHA III—class III in the New York Heart
Association (NYHA) classification of the heart failure; SWS—stimulated whole saliva.
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4. Discussion

In the presented experiment, we studied the salivary gland function as well as redox homeostasis
in the saliva and blood of HF patients. Generally, the progression of HF increases oxidative stress not
only at the central level (blood), but also in the NWS and SWS. Additionally, in patients with HF, there
is a dysfunction of salivary glands and abnormal protein secretion to saliva. Our study was the first
to characterize salivary redox profile in HF patients and evaluate the clinical usefulness of salivary
biomarkers in the differential diagnosis of heart failure.

HF is a clinical disease entity of multifactorial etiology connected with hypercholesterolemia,
hypertension, diabetes, smoking, unbalanced diet, and sedentary lifestyle [1,2,4]. Oxidative stress is
considered both the primary and secondary cause of HF, similarly to many other systemic diseases [5–7].
Indeed, the key contribution of oxidative stress in HF has been demonstrated in the pathogenesis
of genetic, neurodegenerative, neoplastic, and metabolic diseases. Therefore, redox biomarkers are
gaining increasing popularity in clinical laboratory diagnostics [47–51].

Direct analysis of reactive oxygen species in the body is a very difficult task. Each of the oxidants
causes specific cellular (protein/lipid) modifications. Therefore, a number of different biomarkers must
be used to assess redox homeostasis [52]. In our study, we evaluated enzymatic (SOD, CAT, Px) and
non-enzymatic (GSH, UA) antioxidant systems, total redox status (TAC, TOS, OSI), as well as protein
(AGE, AOPP) and lipid (MDA) oxidative damage products.

An important factor influencing therapeutic success is non-invasive collection of the material for
examinations, which reduces patients’ anxiety and contributes to a greater desire to monitor one’s
health status and diagnose the disease at its early stage. An interesting alternative to blood—which is
commonly used in diagnostics—is saliva. This bioliquid is produced by large salivary glands (parotid,
submandibular and sublingual) as well as numerous smaller salivary glands spread throughout the
oral cavity. Saliva is blood plasma filtrate, and consists of electrolytes, proteins (immunoglobulins,
enzymes, mucins), hormones, and vitamins. It is also a rich source of antioxidants (Px, CAT, SOD,
GSH, UA) [14,53].

Antioxidants play an important role in preventing oxidative damage to biomolecules. In the
group of HF patients, we observed a significant increase in the activity of salivary antioxidant enzymes
(SOD in NWS and SWS, CAT in NWS), and increased concentration of UA (in NWS, SWS, and plasma)
vs. the control, which can be considered an adaptive response of the body to intensified production
of free radicals. It is also confirmed by positive correlation between SOD activity in NWS and SWS
and free radical production rate. It is well known that the main source of ROS in HF is the excessive
activation of the renin-angiotensin-aldosterone system [5,54], which stimulates the NFkB signaling
pathway and thus boosts production of proinflammatory cytokines, but also the activity of NADPH
oxidase (NOX), which is the primary source of free radicals in the cell [8]. This is also evidenced by
the negative correlation between Px activity in NWS and ROS production rate. Px is the only salivary
enzyme produced exclusively in the salivary glands [39,55]. Thus, a decrease in Px activity may reflect
the reduced activity of NWS in preventing free radical damage. Additionally, it is believed that in
physiological concentrations, the main role in neutralizing hydrogen peroxide is played by Px, whereas
in the conditions of ROS overproduction (extremely high levels of H2O2) this role is taken over by
CAT [50,56]. It is therefore not surprising that we observed decreased Px activity in NWS, significantly
decreased GPx activity in erythrocytes, and increased CAT activity in NWS of HF patients compared
to healthy subjects.

The most important salivary antioxidant is UA, which accounts for up to 70%–80% of the
antioxidant capacity of saliva [53,57]. The results of our study indicated an increased release of UA into
HF patients’ saliva (compared to the controls), additionally raised with the progression of the disease
(significantly higher UA concentration in NYHA III group vs. NYHA II). Uric acid is formed with
the participation of xanthine oxidase (XO) that transforms xanthine into hypoxanthine. The process
also generates free oxygen and nitrogen radicals [58,59]. HF hypoperfusion and tissue hypoxia
secondarily activate XO and are thus responsible for oxidative and nitrosative cell damage [54,60].
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Interestingly, boosted XO activity increases the expression of extracellular matrix metalloproteinases,
which constitutes an important factor involved in myocardial post-infarction remodeling [61,62]. These
enzymes have damaging effects on the vascular endothelium, but may also disturb the remodeling
of the extracellular matrix of salivary glands [63]. Thus, when in high concentrations, UA has a
prooxidative effect. It was demonstrated that this compound not only generates ROS, but also produces
intermediate compounds capable of alkylation of biomolecules [58,59,64]. Moreover, hyperuricemia
reduces the production of nitric oxide (NO), which leads to endothelial dysfunction. It is said that
oxidative stress induced by hyperuricemia is also a factor promoting the development of insulin
resistance [65].

In light of the above, it is obvious that in HF patients, we observed a significant decrease in TAC
(in NWS, SWS and plasma alike) compared to the control. This parameter represents the total ability to
sweep free radicals [42]. Thus, decreased TAC levels suggest the exhaustion of antioxidant reserves
in HF patients. However, thiol groups also have a considerable share in the antioxidant activity of
saliva and blood (besides UA), which may be indirectly indicated by decreased concentration of GSH
(in NWS, SWS, and plasma) in the study group.

Decreased efficiency of the antioxidant barrier increases the risk of oxidative damage to cell
components. This was confirmed by raised levels of TOS and OSI, as well as significantly higher
oxidative damage to proteins (↑AGE, ↑AOPP) and lipids (↑MDA) in the saliva and plasma of HF
patients compared to the controls; and the negative correlation between GSH concentration in NWS as
well as SWS and AGE and AOPP concentration. Interestingly, ROS production, protein glycation, and
peroxidation of salivary/plasma lipids increased considerably with the progression of heart failure
(higher content of AGE and MDA and increased rate of ROS production in NYHA III vs. NYHA
II). This indicates the deepening of redox homeostasis disorders together with the severity/degree of
disease progression.

A very common ailment in patients with HF is disturbed saliva secretion (xerostomia and
hyposalivation). This was also confirmed by the results of our study. In HF patients, we observed
impaired secretory function of salivary glands, as evidenced by decreased salivary secretion,
significantly lower total protein content, and lowered activity of α-amylase in NWS and SWS compared
to the control. A negative correlation between NWS salivary flow and AGE and MDA content, as well as
a positive correlation between ROS production rate in SWS and AOPP concentration in HF patients may
suggest the effect of oxidative stress on salivary gland dysfunction. It can be assumed that protein/lipid
oxidation products are aggregated and accumulated in salivary glands, which—on the basis of positive
feedback—boosts ROS production and leads to further oxidation of biomolecules [16,25,66]. In the
end, the secretory cells of salivary glands are damaged, which is manifested by decreased production
of NWS and SWS as well as disturbances in protein synthesis/secretion to saliva. Interestingly, protein
oxidation products (especially AGE) also can increase the production of pro-inflammatory cytokines,
which enhances damage to the salivary glands [16,25]. The impairment of salivary gland function in
HF patients is evidenced not only by a decrease in salivary flow rate but also by a reduction in salivary
amylase activity and total protein content. Indeed, salivary amylase is the most important salivary
enzyme that has been widely recognized as a marker of salivary hypofunction [67]. Although the
salivary flow rate was significantly reduced for both non-stimulated and stimulated saliva, changes
in α-amylase activity as well as disturbed protein secretion to saliva were found only in NWS of
HF patients. In resting conditions, 80% of saliva is secreted by submandibular glands, while in
stimulation, this activity is taken over by parotid glands [29,55]. Therefore, in patients with HF, mainly
submandibular dysfunction occurs. Importantly, hyposalivation can result in oral mucositis, burning of
the mouth, chewing and swallowing disorders, as well as speech disorders [67]. However, the volume
of saliva may also be affected by cardiovascular drugs. Medicines that reduce saliva secretion include
thiazide diuretics, beta-blockers, calcium channel blockers, and ACE inhibitors [3,68].

Changes in the qualitative and quantitative composition of saliva may also predispose to dental
caries and periodontal disease [67]. Therefore, patients with HF should receive an additional dental
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care. Nevertheless, an open question is the possibility of antioxidant supplementation to improve
the condition of HF cases. Due to the high clinical relevance, this issue requires further research
and observations.

An important part of our study was also the assessment of diagnostic utility of redox biomarkers.
We used ROC analysis to demonstrate that numerous parameters with high sensitivity and specificity
differentiate subjects with NYHA II vs. NYHA III. Particularly promising results were observed
for salivary AGE (AUC = 0.93, sensitivity = 81.82%, specificity = 82.35%, NYHA II vs. NYHA III),
which was additionally confirmed by a positive correlation between salivary AGE content and blood
NT-proBNP concentration, as well as a negative correlation with ejection fraction. Furthermore,
the AGE concentration in NWS correlated positively with their plasma content. Therefore, saliva
is an alternative biological material to blood, and its collection is cheap, non-invasive, and painless.
Our experiment is the first to evaluate salivary redox homeostasis in HF patients, therefore, further
studies are required to evaluate the clinical value of salivary redox biomarkers in a larger group
of patients.

Despite the restrictive criteria of inclusion and exclusion, our study involved elderly people
diagnosed, apart from HF, with type 2 diabetes, hypercholesterolemia, or hypertension. Thus, when
characterizing the redox balance of our patients, we must consider not only heart failure, but also the
accompanying diseases as well as the aging process. Similarly, in human studies, the oxidative stress
caused by chronic vascular disease (CVD) versus HFrEF cannot be differentiated. HF is more common
in men [69–71]; however, the unequal gender distribution in our study may be due that women reach
a similar HF risk as men only after the menopause [3]. In addition, we evaluated only the selected
oxidative stress biomarkers, which is also a limitation of the study. The exact effect of cardiological
drugs on redox parameters is also unknown.

In conclusion, in HF patients, disturbances in enzymatic and non-enzymatic antioxidant defense
as well as oxidative damage to proteins and lipids occur in NWS, SWS, and plasma/erythrocytes.
Redox homeostasis disorders generally worsen with HF progression, and some parameters of oxidative
stress in saliva may be potential diagnostic biomarkers. In patients with HF, mainly submandibular
salivary glands are affected. Due to the qualitative and quantitative changes in saliva, HF patients
should be provided with additional dental care.
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Zalewska, A. Salivary Biomarkers of Oxidative Stress in Children with Chronic Kidney Disease. J. Clin. Med.
2018, 7, 209. [CrossRef] [PubMed]
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20. Klimiuk, A.; Maciejczyk, M.; Choromańska, M.; Fejfer, K.; Waszkiewicz, N.; Zalewska, A. Salivary Redox
Biomarkers in Different Stages of Dementia Severity. J. Clin. Med. 2019, 8, 840. [CrossRef]

21. Sawczuk, B.; Maciejczyk, M.; Sawczuk-Siemieniuk, M.; Posmyk, R.; Zalewska, A.; Car, H. Salivary Gland
Function, Antioxidant Defence and Oxidative Damage in the Saliva of Patients with Breast Cancer: Does the
BRCA1 Mutation Disturb the Salivary Redox Profile? Cancers (Basel.) 2019, 11, 1501. [CrossRef]

22. Gornitsky, M.; Velly, A.M.; Mohit, S.; Almajed, M.; Su, H.; Panasci, L.; Schipper, H.M. Altered levels of
salivary 8-oxo-7-hydrodeoxyguanosine in breast cancer. JDR Clin. Transl. Res. 2016, 1, 171–177. [CrossRef]

23. Zalewska, A.; Kossakowska, A.; Taranta-Janusz, K.; Zięba, S.; Fejfer, K.; Salamonowicz, M.; Kostecka-Sochoń, P.;
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Abstract: ST-elevation myocardial infarction (STEMI) is one of the main reasons for morbidity and
mortality worldwide. In addition to the classic biomarker NT-proBNP, new biomarkers like ST2 and
Pentraxin-3 (Ptx-3) have emerged as potential tools in stratifying risk in cardiac patients. Indeed,
multimarker approaches to estimate prognosis of STEMI patients have been proposed and their
potential clinical impact requires investigation. In our study, in 147 patients with STEMI, NT-proBNP
as well as serum levels of ST2 and Ptx-3 were evaluated. During two-year follow-up (FU; 734.2± 61.2 d)
results were correlated with risk for cardiovascular mortality (CV-mortality). NT-proBNP (HR = 1.64,
95% CI = 1.21–2.21, p = 0.001) but also ST2 (HR = 1.000022, 95% CI = 1.00–1.001, p < 0.001) were
shown to be reliable predictors of CV-mortality, while the highest predictive power was observed
with Ptx-3 (HR = 3.1, 95% CI = 1.63–5.39, p < 0.001). When two biomarkers were combined in a
multivariate Cox regression model, relevant improvement of risk assessment was only observed
with NT-proBNP+Ptx-3 (AIC = 209, BIC = 214, p = 0.001, MER = 0.75, MEV = 0.64). However, the
highest accuracy was seen using a three-marker approach (NT-proBNP + ST2 + Ptx-3: AIC = 208,
BIC = 214, p < 0.001, MER = 0.77, MEV = 0.66). In conclusion, after STEMI, ST2 and Ptx-3 in addition
to NT-proBNP were associated with the incidence of CV-mortality, with multimarker approaches
enhancing the accuracy of prediction of CV-mortality.

Keywords: myocardial infarction; STEMI; cardiovascular events; cardiovascular death; risk
stratification; sST2; NT-proBNP; Pentraxin-3
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1. Introduction

Despite the development of new therapeutic strategies, coronary artery disease (CAD) remains one
of the main health burdens worldwide. The occurrence of ST-elevation myocardial infarction (STEMI)
is especially associated with significant short- and long-term complications. Consequently, STEMI
patients are at higher risk of suffering cardiovascular events (CVE), even in a long-term post-myocardial
infarction (MI) period, resulting in consequent reduction of long-term survival in this population [1].
Therefore, early identification of high-risk individuals is one of the main clinical goals in daily clinical
practice in these patients.

The use of biological markers has been shown to improve the accuracy of diagnosis in
cardiovascular patients. Indeed, this approach promotes stratification of cardiovascular risk, both
during the hospitalization period as well as in the long-term observation period. Levels of several
biomarkers correlate with the severity of CVE, reflect the dynamics of disease and enhance the efficacy
of therapy regimes. “Classic” biomarkers like myoglobin fraction of creatine phosphokinase (CK-MB)
and Troponins correlate with the long-term outcome of STEMI patients and are integrated into daily
clinical practice [1]. Indeed, high levels of N terminals pro brain natriuretic peptide (NT-proBNP)
are prognostic for increased risk of sudden death, recurrence of MI or development of chronic heart
failure, not only in patients with MI, but also in patients with unstable angina [2]. Nevertheless,
with the exception of Troponins and especially high-sensitive Troponins (hs-Troponins), sensitivity
and specificity of these biological markers of acute cardiac damage remains poor [3–6]. Therefore,
additional tools are needed to promote the estimation of cardiovascular outcome.

Multimarker analytic approaches have been shown to enhance the sensitivity and specificity of
prognostic assessments. Consequently, they might be a more effective tool in predicting cardiovascular
mortality (CV mortality) in MI patients. “Novel” serum biomarkers like ST2 and Pentraxin-3 (Ptx-3)
have recently emerged as a potentially useful tool for improving the assessment of cardiovascular
disease [7–11]. Ptx-3 refers to the family of pentraxins produced locally by stromal and myeloid cells
in response to proinflammatory signals. As a multifunctional protein, Ptx-3 plays an important role
during vascular inflammatory processes. Consequently, it was shown to have a special role in the
pathophysiology of atherosclerosis and myocardial infarction. Furthermore, it also seems to be involved
in the pathology of heart failure and cardiac arrest [8]. Indeed, increased Ptx-3 levels are associated
with CAD including acute coronary syndrome [7,9,12,13]. Importantly, in patients with acute coronary
syndrome, elevated Ptx-3 levels were associated with a higher rate of mortality, even in long-term
observational studies [14–16]. Soluble ST2 is a member of the of the interleukin 1 receptor family. Its
role in cardiac pathophysiological processes including the progression of coronary atherosclerosis but
also other cardiac remodeling processes was established in recent years [17]. Indeed, ST2 seems to
not only participate in cardiovascular response to injury but also in myocardial remodeling processes
observed in heart failure and MI [10,18]. Serum levels are associated with ischemic damage and remain
high, even in the post-myocardial infarction period [19]. Consequently, serum concentrations of ST2
correlate with the outcome of MI and also heart failure patients [20–24].

Nevertheless, despite these promising results, the ability of both biomarkers to assess the outcome
in MI patients still remains the matter of debate. Importantly, the question of whether combining
classic biomarkers like NT-proBNP with the new biomarkers ST and Ptx-3 in a multimarker analytic
approach in order to improve predictive sensitivity as well as specificity of CV mortality risk in STEMI
patients remains unresolved.

Therefore, we investigated serum levels of NT-proBNP as well as ST2 and Ptx-3 in 147 STEMI
patients to address this issue and evaluate mid-term cardiovascular outcome. During a two-year
follow-up period (FU), initial serum concentrations were correlated with the incidence of CV mortality.

2. Methods

In this prospective, non-randomized, single-center study, we enrolled 156 consecutive patients
between September 2016 and June 2017, who were hospitalized due to acute STEMI in a cardiac

88



J. Clin. Med. 2020, 9, 550

center of Ufa City Hospital N21 in the Russian Federation capable of performing 24/7 percutaneous
catheter intervention (PCI) service. Initial diagnosis was established by twelve lead ECG at admission.
ST-segment elevation was measured at the J-point at least in two contiguous leads with ST-segment
elevation of 2.5 mm in men <40 years, 2 mm in men 40 years, or 1.5 mm in women in leads V2–V3
and/or 1 mm in the other leads in the absence of left ventricular hypertrophy or left bundle branch
block. The diagnosis was verified during clinical FU by further ECG recordings (day two and/or
day three of hospital stay), transthoracic echocardiographic (day two or day three of hospital stay),
laboratory (hs-Troponin I and CK-MB at admission and during FU at day two and/or day three of
hospital stay) and coronary angiography according to the 2017 ESC guidelines [1]. Dependent on
the time window of STEMI diagnosis, acute coronary angiography (CAG, CAG was performed if
time window estimated by primary care physician for possible primary PCI was ≤120 min) or acute
thrombolysis (if time window from symptom presentation was ≤12 h and lack of contraindications
for thrombolytic therapy was established by primary care physician) were performed. If patients
presented with signs of failed fibrinolysis, or if there was evidence of re-occlusion or re-infarction
with recurrence of ST-segment elevation indicating unsuccessful thrombolytic therapy, rescue PCI
was performed as soon as possible (Table 1). Acute medical treatment, including antiplatelet regime
and discharge medication after MI, were established according to the ECS guidelines (Table 1) [1].
Establishment of further relevant diagnoses was performed according to medical history, clinical
findings, ECG, laboratory work up and transthoracic echocardiography.
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Table 1. Characteristics of the study cohort.

Parameter Value

n 147
Gender (male) 118 (80.3 %)

Age 60.9 ± 12.1
LVEF (%) 52.8 ± 7.2

Hx stroke (%) 5 (3.4)
Hx MI (%) 34 (23.1)

Smoker (%) 86(58.5)
Arterial hypertension (%) 138 (93.9)

Dyslipidemia (%) 111 (75.5)
DMT2 (%) 37 (25.2)

Revascularization strategy
Acute thrombolytic therapy (%) 35 (23.8)

Successful thrombolytic therapy (%) 17 (48.6)
Acute thrombolytic therapy followed by rescue PCI (%) 18 (51.4)

Acute PCI only (%) 112 (76.2)
Successful PCI (%) 126 (96.9)

Target vessel in acute/rescue PCA:
LCA (%)
LAD (%)
CX (%)

RCA (%)
Multivessel approach (%)

1 (0.7)
51 (38.1)
12 (8.9)
48 (35.8)
12 (8.9)

Discharge medication
ACE inhibitors/Angiotensin receptor blockers n (%) 143 (97.3)

Beta-blockers (%) 139 (94.6)
Diuretics (%) 51 (34.7)

Aldosterone antagonists (%) 37 (25.2)
Ivabradine (%) 12 (8.1)

Statins (%) 139 (94.6)
Acetylsalicylic acid (%) 142 (96.0)

Thienopyridines (%) 138 (93.8)
Warfarin 1 (0.7)

NOAK (%) 7 (4.8)

ACE—angiotensin converting enzymes inhibitor, CX—circumflex artery, DMT2—diabetes mellitus type 2,
Hx—history of, LAD—left anterior descending artery, LCA—left main coronary artery, LVEF—left ventricle
ejection fraction, NOAK—new oral anticoagulants, PCI—percutaneous coronary intervention, RCA—right coronary
artery, ST2—suppression of tumorigenicity 2.

The study was performed in accordance with standards of good clinical practice and the principles
of the Declaration of Helsinki. The study was approved by the Ethic committee of the Bashkir
State Medical University (N1 from 23 January 2017). Prior to inclusion, all participants signed an
informed consent.

The inclusion criteria were: Age > 18 years and diagnosis of STEMI according to the current
guidelines (see above). The exclusion criteria were: > 48 h from start of typical symptoms of acute
coronary syndrome (ACS), severe valvular dysfunction defined as severe regurgitation or stenosis
of one or more of the cardiac valves, dilative cardiomyopathy, permanent atrial fibrillation and/or
atrial flutter, AV block II-III according to medical history and ECG, implanted pacemaker, acute
pulmonary embolism, active malignant disease defined as achieved tumor free survival under three
years, severe chronic obstructive pulmonary disease (GOLD 2009 stage III-IV), uncontrolled bronchial
asthma (according to Global Initiative for Asthma, GINA 2019), acute infectious diseases at the time
of STEMI defined as acute pyelonephritis, community acquired pneumonia, acute bronchitis and/or
flu/acute respiratory viral infection, and kidney failure defined as glomerular filtration rate (GFR)
<30 mL/min1.73 m2, as well as pregnancy or lactation.
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Patient enrollment and the design of the study are presented in Figure 1. At the day of hospital
admission, patients’ venous blood was drawn, subsequently centrifuged and the serum was frozen for
further analyses. The concentration of the biomarkers NT-proBNP, ST2 and Ptx-3 was analyzed by
enzyme immunoassay as indicated by the manufacturer (for NT-porBNP: Critical diagnostics, USA,
for ST2: Biomedica, Slovakia and for Ptx-3: Hycult biotech USA). In addition to the investigated
biomarkers, we also evaluated the levels of hs-Troponin I and CK-MB at admission which were
routinely measured to verify the diagnosis of STEMI in our center. The serum levels were investigated
with the help of the electrochemiluminescence technology for immunoassay analysis as indicted by the
manufacturer (Colbas e411, Roche Diagnostics, Switzerland for hs-Troponin I and CK-MB).

Figure 1. Patient enrollment and the design of the study. *—patients were excluded from the study.
FU—follow-up, STEMI—ST-elevation myocardial infarction.

A detailed medical history was obtained at admission for all enrolled patients, including current
clinical symptoms, as well as history of previous illnesses, current medications and any further relevant
information. The study was carried out between September 2016 and August 2019. Follow-up analysis
was conducted over two years ± four months (734.2 ± 61.2 d) from STEMI for the study endpoint with
the help of the distant data approach “ProMed” program. The program in the region enables distant
online monitoring of hospitalization discharge notes including death certificates. In case of absence
of any notes, the patient was contacted by phone at the end of the study period to prevent loss of
information due patient relocation to a region where “Promed” was not available.

The study endpoint was defined as cardiovascular mortality (termed CV mortality in this
manuscript) as indicated by discharge notes and/or death certificate during the follow-up period.
Patients suffering from early death during the first week of acute hospitalization for STEMI were
excluded from the analysis. Furthermore, patients suffering from non-cardiovascular deaths (traumas,
tumor, cancer, suicides, etc.) and patients lost to FU were also excluded. Consequently, nine patients
had to be excluded from the statistical analyses. Three patients suffered from non-cardiovascular
deaths during the FU (two deaths were due to trauma incidence and one patient died of cancer disease)
while two patients died within one week of acute hospitalization for STEMI. Furthermore, four patients
were lost to FU due to relocation and were also excluded from the analyses (Figure 1). Added together,
the dropout rate was 5.8% (9/156 patients).

The mathematical model for the statistical analyses is summarized in Figure 2. The statistical
analysis was carried out by our blinded statistical analytic team using SPSS software package 21 and R
Studio. Data are presented as mean values (M) and standard deviation (SD) for normal distributed
variables as well as interquartile range for not normal distributed variables. Mann-Whitney test was
used as statistical criteria for determining differences in subgroups as having the greatest statistical
power among non-parametric tests with small sample sizes. Qualitative characteristics were analyzed
using the standard statistical test Chi-square. To assess cut-off points of biomarkers ROC analysis was
used. Kaplan-Mayer survival curves were created after assessment of cut-off points. Log-rank and
Gehan’s Wilcoxon tests were applied to estimate CV-mortality and to assess the prediction ability of
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risk factors. To estimate the quality of multivariate proportional hazard (Cox) regression models and
the prognostic ability, measure of explained randomness (MER) and measure of explained variation
(MEV) were calculated. The values were estimated without nondependent variables and complete log
partial likelihoods function were applied. A p-value <0.05 was regarded as statistically significant.

 
Figure 2. Mathematical model of the statistical analyses. CV mortality—cardiovascular mortality,
FU—follow-up, NT-proBNP—N-terminal-pro hormone B-type natriuretic peptide, ROC—receiver
operator characteristics, ST2—suppression of tumorigenicity 2.

3. Results

Table 1 presents the characteristics of the study population as well as the in-hospital treatment
and discharge therapy regime. In summary, men (n = 118) prevailed over women (n = 29). Patients
presented with typical comorbidities observed in the CAD population. If manageable, in-hospital
treatment and discharge regime was performed according to current ECS guidelines, as indicated
above [1]. 112 patients underwent primary PCI with a success rate of 97.1% (109/112), 35 patients were
treated by acute thrombolytic therapy. The success rate of the thrombolytic regime was 48.6% (17/35).
Consequently, in this group, 18 patients underwent rescue PCI with a successful rate of 94.4% (17/18).
In summary, we observed an overall success of PCI in 126 of 130 treated patients (96.9%).

Table 2 presents the levels of routinely assessed STEMI relevant cardiac biomarkers.

Table 2. Patients’ investigation data.

Parameter Median (Q1, Q3)

n 147
CK-MB, mmol/L 100.8; (38, 175)

hs-Troponin I, ng/mL 688.4; (41, 2270)
NT-proBNP, pg/mL 518.5; (54, 2130)

ST2, ng/mL 43.8; (24.8, 56.5)
Pentraxin-3, ng/mL 131.5; (110.8, 164.3)

CK-MB—creatine kinase MB fraction, NT-proBNP—N-terminal-pro hormone B-type natriuretic peptide,
ST2—suppression of tumorigenicity 2.

During a two-year FU (734.2 ± 61.2 d), CV mortality was registered in 33 (22.1%) patients. Scatter
plot of the investigated biomarkers with associated survival rates are presented in Figure 3.
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Figure 3. Scatter plots of the investigated biomarkers with associated survival rates (indicated in
month) during a two-year FU after STEMI. Cases of CV mortality are indicated by a cross while cases
of non-CV mortality are indicated by a circle.

The statistical analysis of the cohort was performed according to the described mathematic model.
According to FU and rates of CV mortality, means of ROC analysis cut-off values for the investigated
biomarkers were estimated for CV mortality (Table 3, Figure 4). Of note, log-rank and Gehan’s Wilcoxon
tests showed significant difference in survival functions between under and upper cut-off value for
NT-proBNP (>2141 pg/mL, χ2 = 24.0, p < 0.001 and χ2 = 23.8, p < 0.001), ST2 (>27.2 ng/mL, χ2 = 14.7,
p < 0.001 and χ2 = 14.3, p = 0.022) and Ptx-3 (>169 ng/mL, χ2 = 7.0, p = 0.001 and χ2 = 7, p = 0.001).

Table 3. Biomarker cut-off values for CV mortality in a two-year FU after STEMI (p < 0.1).

Biomarker
CV Mortality

Cut-Off Sens. % Spec. % AUC p-Value

Ptx-3, ng/mL >169 68.4 82.0 0.804 0.063
NT-pro-BNP, pg/mL >2141 73.7 80.5 0.801 0.063

ST2, ng/mL >27.2 94.7 38.3 0.698 0.071

AUC—area under the curve, CV mortality—cardiovascular mortality, NT-proBNP—N-terminal-pro hormone B-type
natriuretic peptide, Ptx-3—pentraxin 3, Sens.—sensitivity, Spec—specificity, ST2—suppression of tumorigenicity 2.

Figure 4. CV mortality cut-off values of the biomarkers NT-proBNP (A), ST2 (B) and Ptx-3 (C) in
two-year FU after STEMI by ROC analyses.

Based on our cut-off values, the number and proportion of CV mortality/non-CV mortality (patients
surviving) were evaluated (Table 4). The mean concentration of biomarkers in these subgroups are
presented in Table 5.
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Table 4. CV mortality/survivals according to cut-off values in a two-year FU after STEMI (p < 0.1).

NT-proBNP, pg/mL ST2, ng/mL Ptx-3, ng/mL

>2141 ≤2141 >27.2 ≤27.2 >169.0 ≤169.0

n 39 108 97 50 36 111
CV mortality, n (%) 14(35.9) 5 (4.6) 18(18.6) 1(2.0) 13(36.1) 6(5.4)
Non-CV mortality, n (%) 25(64.1) 103 (95.4) 79(81.4) 49 (98.0) 23(63.8) 105(94.6)

CV mortality—cardiovascular mortality, NT-proBNP—N-terminal-pro hormone B-type natriuretic peptide,
Ptx-3—pentraxin 3, ST2—suppression of tumorigenicity 2.

Table 5. Concentration of biomarkers in CV mortality/non-CV mortality subgroups in a two-year FU
after STEMI presented as mean with SD.

n NT-proBNP, pg/mL ST2, ng/mL Ptx-3, ng/mL

CV mortality 33 3019.0 ± 2270.5 93.7 ± 97.1 236.8 ± 158.5
Non-CV mortality 114 1015.8 ± 972.2 51.3 ± 47.3 158.2 ± 103.6

CV mortality—cardiovascular mortality, NT-proBNP—N-terminal-pro hormone B-type natriuretic peptide,
Ptx-3—pentraxin 3.

We created Kaplan-Mayer survival curves for the incidence of CV mortality during the two-year
FU comparing under and over cut-off values for the investigated biomarkers NT-ProBNP, ST2 and
Ptx-3 (Figure 5). Indeed, for the incidence of CV mortality they showed prominent discrepancies in
survival between under and over curve death frequency especially for the biomarker Ptx-3.

Figure 5. CV Kaplan-Mayer survival curves in two-year FU analyses under and over cut-off values for
NT-pro-BNP (A), ST2 (B) and Ptx-3 (C).

In the next step, the endpoints of the investigated biomarkers were analyzed by univariate Cox
regression. NT-pro-BNP and Ptx-3 were analyzed with linear logarithmic and ST2 in quadratic forms.
Table 6 presents coefficients of univariate Cox regression for the investigated biomarkers for CV
mortality. The Efron approximation of partial likelihood method was used to estimate coefficients of
mortality in the Cox model. Indeed, in univariate Cox regression all investigated biomarkers (ST2,
NT-proBNP and Ptx-3) were able to predict CV mortality. Of note, in this model, Ptx-3 (univariate
Cox model) showed the highest hazard ratio (HR), suggesting that this biomarker may be the most
accurate single marker approach for prediction of two-year mortality after STEMI.

Table 6. Univariate Cox regression for biomarkers and the incidence of CV mortality after STEMI.

Biomarker Coefficient ± SE Hazard Ratio AUC CI p-Value

Log (NT-proBNP) 0.49 ± 0.15 1.64 0.777 1.21–2.21 0.001
ST22 0.000013 ± 0.000006 1.000022 0.800 1.00–1.001 <0.001

Log (Ptx-3) 1.12±0.32 3.1 0.738 1.63–5.39 0.005

AUC—area under the curve, CI—confidential interval, NT-proBNP—N-terminal-pro hormone B-type natriuretic
peptide, Ptx-3—pentraxin 3, SE—standard error, ST22—suppression of tumorigenicity 2.
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Using Gehan’s Wilcoxon and log-rank tests, patient characteristics (Tables 1 and 2) were analyzed
to asses control variables which are associated with two-year CV mortality (p < 0.1; Supplemental Table
S1). The following variables were shown to be associated with CV mortality during a two-year FU
with p < 0.1: NT-proBNP, ST2, Ptx-3, age > 65 years, left ventricular ejection fraction (LVEF) < 60% on
transthoracic echocardiography, male gender and high level of hs-Troponin I (Supplemental Table S1).

Biomarkers NT-proBNP, ST2 and Ptx-3 were binarized and transformed into dummy-variables,
according to cut-off points, obtained above in ROC-analysis. This was done to estimate combined
effects of risk factors on CV mortality in two-year FU in a relatively small amount of source data. Also,
discrete variables enable more accurate interpretation of hazard ratio in the Cox model.

In the next step, the predictive power of single and multimarker approaches (different combination
possibilities of NT-proBNP, ST2 and Ptx-3) were compared for CV mortality on the base of Akaike (AIC)
and Schwarz (BIC) information criteria with control variables. The biomarker variables NT-proBNP, ST2
and Ptx-3 were binarized for both models. Furthermore, to confirm our results, MER and MRV values
were calculated. One and two-biomarker approaches (ST +NT-proBNP, ST2 + Ptx-3 and NT-proBNP +
Ptx-3) and the three-biomarker model were compared to find the most accurate combination according
to the AIC and BIC information criteria as well as MER and MEV.

Table 7 presents the results of coefficients and multivariate risk by Cox model for CV mortality in
the two-year FU analyses for three-/two-/one-marker models, according to AIC, BIC, MER and MEV
parameters. When comparing single marker models, the application of Ptx-3 (AIC = 211, BIC = 217,
p < 0.001, MER = 0.69, MEV = 0.56, Table 7) showed the best predictive accuracy of two-year CV
mortality, as also indicated by the multivariate regression model. On the other hand, when using ST2
alone, less predictive accuracy was observed (AIC = 220, BIC = 226, p = 0.002, MER = 0.49, MEV = 0.39,
Table 7). After adding NT-proBNP (AIC = 212, BIC = 217, p < 0.001, MER = 0.68, MEV = 0.57, Table 7)
or Ptx-3 (AIC = 217, BIC = 222, p < 0.001, MER = 0.52, MEV = 0.40), the quality of the model was
enhanced, when compared to the application of ST2 alone. However, only minimal improvement
was achieved when these two-biomarker models were matched with the single biomarker approach
using NT-proBNP or Ptx-3 alone (Table 7). Nevertheless, compared to all investigated single and two
biomarker approaches, the combination of NT-proBNP and Ptx-3 (AIC = 209, BIC = 214, p = 0.001,
MER = 0.75, MEV = 0.64) demonstrated the most powerful quality parameters, indicating this approach
to be the most accurate for the prediction of two-year mortality after STEMI, when only two biomarkers
are available. Of note, the most accurate combination for prediction of CV mortality after STEMI was
observed with the three-biomarker model (AIC = 208, BIC = 214, p < 0.001, MER = 0.77, MEV = 0.66,
Table 7). Consequently, our results indicate this multimarker approach using the “classic” biomarker
NT-proBNP together with the “novel” biomarkers ST2 and Ptx-3 to be a promising tool for the
evaluation of the risk for CV mortality during two-year FU after STEMI.
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Table 7. Multivariate regression risk factors analysis for the prediction of CV mortality in two-year FU
after STEMI.

Biomarker and Cut-Off Value Coefficient ± SD Hazard Ratio 95% CI p-Value

ST2 (AIC = 220, BIC = 226, p = 0.002, MER = 0.49, MEV = 0.39)
ST2 > 27.2 ng/mL 1.36 ± 0.57 3.88 1.27–11.84 0.017

Age > 65 years 1.32 ± 0.48 3.75 1.45–9.73 0.006
Male gender 0.52 ± 0.42 1.68 0.70–4.05 0.242
hs-Troponin I 0.43 ± 0.20 1.54 1.25–1.88 0.088
LVEF < 60% −0.37 ± 0.51 0.69 0.25–1.86 0.460

Ptx-3 (AIC = 211, BIC = 217, p < 0.001, MER = 0.69, MEV = 0.56)
Ptx-3 > 169 ng/mL 1.66 ± 0.44 5.26 2.23–12.36 0.0001

Age > 65 years 1.04 ± 0.467 2.83 1.13–7.09 0.026
Male gender 1.02 ± 0.45 2.77 1.15–6.66 0.022
hs-Troponin I 0.63 ± 0.29 1.88 1.41–2.51 0.021
LVEF < 60% −0.28 ± 0.45 0.75 0.31–1.84 0.534

NT-proBNP (AIC = 213, BIC = 219, p < 0.001, MER = 0.66, MEV = 0.54)
NT-proBNP > 2141 pg/mL 1.74 ± 0.52 5.67 2.05–15.61 0.0008

Age > 65 years 0.53 ± 0.54 1.70 0.59–4.88 0.322
Male gender 0.36 ± 0.45 1.43 0.59–3.44 0.427
hs-Troponin I 0.29 ± 0.22 1.34 1.07–1.66 0.208
LVEF < 60% −0.31 ± 0.46 0,74 0.30–1.82 0.507

NT-proBNP + Ptx-3 combination (AIC = 209, BIC = 214, p = 0.001, MER = 0.75, MEV = 0.64)
NT-proBNP > 2141 pg/mL 1.67 ± 0.51 5.32 1.95–14.46 0.001

Ptx-3 >169 ng/mL 1.19 ± 0.44 3.28 1.39–7.73 0.007
Age > 65 years 0.51 ± 0.51 1.67 0.60–4.62 0.326

Male gender 0.12 ± 0.21 1.13 0.91–1.39 0.591
hs-Troponin I 0.44 ± 0.22 1.54 1.23–1.92 0.065
LVEF < 60% 0.08 ± 0.12 1.08 0.96–1.22 0.692

NT-proBNP + ST2 combination (AIC = 212, BIC = 217, p < 0.001, MER = 0.68, MEV = 0.57)
NT-proBNP > 2141 pg/mL 1.79 ± 0.49 5.98 2.29–15.60 0.0003

ST2 > 27.2 ng/mL 1.25 ± 0.58 3.48 1.10–10.99 0.03
age > 65 years 0.81 ± 0.51 2.25 0.83–6.10 0.111
Male gender 0.18 ± 0.22 1.20 0.96–1.49 0.281
hs-Troponin I 0.44 ± 0.23 1.54 1.23–1.96 0.058
LVEF < 60% 0.08 ± 0.12 1.08 0.96–1.22 0.696

ST2 + Ptx-3 combination (AIC = 217, BIC = 222, p < 0.001, MER = 0.52, MEV = 0.40)
ST2 > 27.2 ng/mL 1.05 ± 0.59 2.88 0.91–9.08 0.071
Ptx-3 > 169 ng/mL 1.32 ± 0.44 3.74 1.58–8.86 0.003

Age > 65 years 1.26 ± 0.463 3.53 1.43–8.75 0.006
Male gender 0.14 ± 0.22 1.15 0.92–1.43 0.428
hs-Troponin I 0.44 ± 0.21 1.54 1.25–1.88 0.071
LVEF < 60% 0.09 ± 0.11 1.09 0.98–1.23 0.641

NT-proBNP + ST2 + Ptx-3 combination (AIC = 208, BIC = 214, p < 0.001, MER = 0.77, MEV = 0.66)
NT-proBNP > 2141 pg/mL 1.60 ± 0.49 4.95 1.87–13.17 0.001

ST2 > 27.2 ng/mL 0.99 ± 0.59 2.70 0.84–8.69 0.095
Ptx-3 > 169 ng/mL 1.08 ± 0.44 2.94 1.24–6.99 0.055

Age > 65 years 0.73 ± 0.52 2.08 0.76–5.73 0.155
Male gender 0.11 ± 0.21 1.12 0.90–1.38 0.612
hs-Troponin I 0.43 ± 0.22 1.537 1.23–1.93 0.073
LVEF < 60% 0.07 ± 0.12 1.07 0.95–1.21 0.702

AIC—Akaike information criterion, BIC—Schwarz information criterion, LVEF—left ventricle ejection fraction,
MER—measure of explained randomness, MEV—measure of explained variation, NT-proBNP—N-terminal-pro
hormone B-type natriuretic peptide, Ptx-3—pentraxin 3, ST2—suppression of tumorigenicity 2.
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4. Discussion

STEMI still represents a leading cause for cardiovascular morbidity and mortality worldwide and
is thus also a considerable economic factor [1]. While STEMI patients show high in-hospital mortality
rates, they are also at high risk for major adverse cardiovascular events and CV mortality after the
acute phase [1,24]. Accordingly, the identification of high-risk patients after STEMI represents one of
the main clinical goals. However, despite the evident need, tools for risk-stratification and prognosis
after STEMI remain scarce, thereby giving rise to numerous investigations. Of note, numerous studies
have proposed a multi-marker approach as best practice. Furthermore, to maximize diagnostic power,
a combination of biomarkers from different pathogenetic backgrounds is suggested [11,25,26].

In this study, we therefore aimed to evaluate two novel cardiac biomarkers, sST2 and Ptx-3
along with the established cardiac marker NT-pro-BNP for risk stratification in STEMI patients
during two-year FU. Of note, all three evaluated biomarkers represent different pathophysiological
backgrounds, yet they seem to be of prognostic value for prediction of the outcome in patients suffering
from myocardial infarction and associated pathologies like heart failure.

Indeed, NT-pro-BNP secreted by cardiomyocytes, constitutes a marker mainly utilized in the
diagnosis and monitoring of heart failure patients [27]. However, NT-pro-BNP was also shown to
be elevated in MI, showing a correlation with the extension of the infarct scar [28,29]. Given its
application in routine heart failure FU, the prognostic impact of NT-pro-BNP in STEMI patients
was anticipated in previous studies [27,29–31]. Ptx-3, a member of the group of pattern-recognition
receptors is a marker, involved in the immune-system [7]. Its regulative function in complementary
system activation has been considered as a possible mechanism involved in tissue damage after
coronary ischemia and reperfusion [8]. Indeed, in larger epidemic studies, this protein was proposed as
a prognostic tool showing a significant relationship with cardiovascular and all-cause mortality [32,33].
On the other hand, ST2 represents a marker of inflammation and cardiac stress. There are two known
isoforms of ST2, a membrane bound ST2L and a soluble form, sST2 [10]. A ligand to both isoforms
is interleukin-33 (IL-33), which is known to mediate cardioprotective effects on a molecular level
through binding to the ST2L receptor [34]. In contrast, sST2 acts as a decoy receptor, binding IL-33
and making it unavailable for cardioprotective signaling through the ST2L receptor [34]. Accordingly,
an increase in sST2 indicates a decrease in cardioprotective effects. Consequently, this biomarker is
elevated in numerous cardiovascular pathologies, such as in heart failure, but also in myocardial
infarction [10]. Indeed, several studies have demonstrated its predictive potential in patients suffering
from MI [22,35,36]. However, ST2 in isolation cannot be considered as a risk factor. Its low specificity in
relation to endpoints during MI was confirmed in the CLARITY-TIMI study [37]. However, as indicated
by a subanalysis of this trial, when ST2 is combined with NT-proBNP, the predictive prognostic power
of short-term risk stratification in this population is enhanced [37]. Nevertheless, the prognostic power
during a longer observation period has not yet been evaluated.

In our trial, all tested biomarkers (ST2, Ptx-3, NT-pro-BNP) showed a promising potential for the
prediction of two-year CV mortality after STEMI (Tables 6 and 7). Nevertheless, when comparing the
predictive accuracy using a single marker approach, both in univariate cox regression but also in the
multivariate regression model, Ptx-3 levels were associated with the highest accuracy for prediction of
two-year CV mortality (Tables 6 and 7). Of note, these results are in accordance with previous data.
Indeed, in MI patients (including STEMI), elevated Ptx-3 levels at hospital admission were associated
with higher rate of mortality, even in long-term observational studies [14–16]. Furthermore, as already
suggested by the CLARITY-TIMI results, in our trial ST2 levels at admission were associated with less
predictive accuracy when matched with the other two evaluated biomarkers [37]. We were, however,
inspired by further promising data from a subanalysis of CLARITY-TIMI [37] suggesting improvement
of short-term risk stratification when combined with NT-proBNP. We decided to investigate its potential
value when applied in multimarker models (NT-proBNP+St2 or Ptx-3+ST2). However, when matched
with the application of NT-proBNP or Ptx-3 alone, only minimal improvement of predictive accuracy
was observed (Table 7). Our results therefore suggest that ST2 may be of lesser value for prediction of
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midterm (two-year) CV mortality after STEMI when used alone but also when applied in two-biomarker
approaches. Interestingly, in our study, the two-biomarker combination of NT-proBNP and Ptx-3 was
able to improve the accuracy of the investigated risk assessment (Table 7). Indeed, our results are in
accordance with previous trials, which revealed good predictive power for both NT-proBNP but also
Ptx-3 when applied in mid- and long-term risk assessment in patients suffering from MI [14–16,27,29–31].
Nevertheless, to the best of our knowledge, our results indicate for the first time that the combined
multimarker approach (NT-proBNP+Ptx-3) might be a promising tool for the prediction of two-year
mortality after STEMI, when only two biomarkers are available. Despite promising results revealed
by the investigation of this two-biomarker model, in our trial the most accurate combination was
observed using a three-marker combination (NT-proBNP+Ptx-3+ST2, Table 7). Therefore, our results
might suggest that this strategy is the most promising when utilized for midterm (two-year) risk
assessment for CV mortality in a high-risk population. Indeed, these findings support previous
speculations, proposing a combination of cardiac biomarkers from different pathogenetic backgrounds
for improvement of risk stratification in different cardiovascular pathologies [11,21,25,38].

In our study, the CV mortality rate of 22.1% during two-year FU seems high. However, when
compared to previous registry results, it is only slightly higher than cardiovascular endpoint rates in
the average European population [39]. Our finding may be mainly attributed to the large rural regions
with an inadequate access to medical care and FU system, also represented by the high number of
patients undergoing primarily thrombolytic therapy (35/147, 23.8%) in our study. Additionally, high
alcohol consumption, an unhealthy diet, a high incidence of metabolic syndrome and social-economic
factors must be taken into account in this regard [40,41]. Nevertheless, when exploring high-risk
populations, one must also consider potential associated advantages. Indeed, high-risk patients can be
effectively identified retrospectively in the described population. Furthermore, our data emphasize
the potential need for application of multimarker approaches in populations at increased risk for
cardiovascular events.

Compared to previous trials, the cut-off levels for biomarkers proposed in our study are relatively
divergent. Indeed, ST2 was shown to be a prognostic marker in the follow-up of heart failure patients,
with a cut-off level of >35 ng/mL indicating a worse prognosis [21,23]. However, the calculated cut-off
for ST2 for our study endpoint CV mortality was 27 ng/mL. The potential reasons for this finding might
be diverse. First, different ELISA kits for ST2 are available, differing substantially in the results for ST2.
Second, given the inclusion of patients up to 48 h after onset of symptoms, a delay in blood sampling
may be a potential confounder in this regard, with ST2 levels peaking about 6–18 h after onset of
symptoms in myocardial infarction [22,35]. Additionally, the young mean age of our study collective
may have had an influence on the relatively low cut-off. Nevertheless, while dealing with CV mortality
in a STEMI population with higher LVEF, considering the proposed cut-off value of 35 ng/mL in the FU
of stable heart failure with reduced ejection fraction patients in numerous studies, our cut-off value
seems reasonable [21,23]. On the other hand, regarding NT-pro-BNP, given the time between blood
sampling and onset of symptoms as well as the ongoing secretion of NT-pro-BNP following myocardial
infarction, these findings also seem adequate. When dealing with Ptx-3, one must consider the lack of
a standardized test. Therefore, a nominal comparison to other studies should be considered invalid.

In conclusion, our study proposes a significant correlation of ST2, Ptx-3 and NT-pro-BNP with
two-year CV mortality in STEMI patients. All three biomarkers have shown prognostic efficacy in
prediction of two-year CV mortality. Nevertheless, when using a single marker approach at admission,
the highest accuracy might be associated with Ptx-3 levels, with ST2 levels showing the lowest accuracy.
When applying a two-biomarker approach in this setting, the most appropriate two-marker model
seems to be the combination of the biomarkers NT-proBNP and Ptx-3 with associated improvement
of risk assessment. In our trial, the three-biomarker model (NT-proBNP + ST2 + Ptx-3) was able to
predict CV mortality with the highest accuracy indicating this approach to be a promising clinical tool
in this risk population. This confirms previous suspicions, suggesting multimarker approaches for risk
stratification and monitoring in cardiovascular diseases.

98



J. Clin. Med. 2020, 9, 550

Our study suffers from several limitations. One of the limitations is the relatively small sample
size investigated in a single center study. Furthermore, the dropout rate was relatively high (9/156
patients, 5.8%). One must also consider the high rate of thrombolytic therapy (35/147 patients, 23.8%),
which is explained by longer patient transfer from distant rural regions to the cardiac center. While
hs-Troponin I and CK-MB were applied to confirm diagnosis of STEMI, hs-Tropinin T levels were not
routinely used to facilitate the diagnosis of acute MI. As already mentioned, given the inclusion of
patients up to 48 h after onset of symptoms, a delay in blood sampling may be a potential confounder.
However, our data represent a real-life scenario, which in daily clinical practice is often characterized
by various time points of presentation after STEMI. Also, notably, fast and routine applications of
measurements of ST2 and Ptx-3 levels are currently still lacking. Therefore, despite promising results,
routine application of the proposed multimarker approaches may be limited.
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Abstract: We prospectively investigated the prognostic value of urinary liver-type fatty-acid-binding
protein (L-FABP) levels on hospital admission, both independently and in combination with
serum creatinine-defined acute kidney injury (AKI), to predict long-term adverse outcomes in
1119 heterogeneous patients (mean age; 68 years) treated at medical (non-surgical) cardiac intensive
care units (CICUs). Patients with stage 5 chronic kidney disease were excluded from the study.
Of these patients, 47% had acute coronary syndrome and 38% had acute decompensated heart
failure. The creatinine-defined AKI was diagnosed according to the “Kidney Disease: Improving
Global Outcomes” criteria. The primary endpoint was a composite of all-cause death or progression
to end-stage kidney disease, indicating the initiation of maintenance dialysis therapy or kidney
transplantation. Creatinine-defined AKI occurred in 207 patients, with 44 patients having stage 2
or 3 disease. During a mean follow-up period of 41 months after enrollment, the primary endpoint
occurred in 242 patients. Multivariate Cox regression analyses revealed L-FABP levels as independent
predictors of the primary endpoint (p < 0.001). Adding L-FABP to a baseline model with established
risk factors further enhanced reclassification and discrimination beyond that of the baseline model
alone, for primary-endpoint prediction (both; p < 0.01). On Kaplan–Meier analyses, increased L-FABP
(≥4th quintile value of 9.0 ng/mL) on admission or presence of creatinine-defined AKI, correlated
with an increased risk of the primary endpoint (p < 0.001). Thus, urinary L-FABP levels on admission
are potent and independent predictors of long-term adverse outcomes, and they might improve the
long-term risk stratification of patients admitted at medical CICUs, when used in combination with
creatinine-defined AKI.

Keywords: liver-type fatty-acid-binding protein; long-term outcomes; cardiac intensive care units;
acute kidney injury

J. Clin. Med. 2020, 9, 482; doi:10.3390/jcm9020482 www.mdpi.com/journal/jcm103



J. Clin. Med. 2020, 9, 482

1. Introduction

Liver-type fatty-acid-binding protein (L-FABP; molecular weight, 14,000) is expressed in the
proximal tubular epithelial cells [1] and binds to free fatty acids in the cytoplasm [2,3]. During renal
injury, L-FABP binds to lipid peroxidation products and is excreted into urine, protecting the proximal
tubules from oxidative stress [4]. Therefore, urinary L-FABP might be a suitable marker of renal
tubular injury. In a heterogeneous cohort of patients treated in medical (nonsurgical) cardiac intensive
care units (CICUs), urinary L-FABP levels were found to be potent predictors of acute kidney injury
(AKI) [5,6]. However, to date, the association between urinary L-FABP levels and long-term adverse
outcomes in patients treated at medical CICUs remains poorly understand.

The consensus definition of AKI is currently based on acute changes in serum creatinine levels
or decreases in urine output. However, the serum creatinine-defined definition for AKI has several
limitations because creatinine is a muscle metabolite that is an insensitive and nonspecific marker of
kidney excretory function at only steady state [7]. Combining kidney excretory function parameter
with tubular injury markers has prognostic relevance. Kidney tubular injury markers can predict the
need for renal replacement, length of hospital stay, and in-hospital mortality in critically ill and surgical
patients [8,9]. Furthermore, “subclinical AKI”, as evidenced by increased urinary tubular injury
markers without serum creatinine increase, is associated with severe in-hospital clinical outcomes [10].
However, only few studies of patients after cardiac surgery have reported that tubular injury marker
combined with creatinine-defined AKI status could predict the increased risk of long-term adverse
outcomes [11,12].

This study prospectively investigated the prognostic value of urinary L-FABP levels on admission,
both independently and in combination with creatinine-defined AKI, in patients hospitalized at
medical CICUs.

2. Materials and Methods

2.1. Study Design

This prospective study was conducted at the Department of Cardiology, Fujita Health University
School of Medicine (Toyoake, Japan). We enrolled patients hospitalized at medical (non-surgical) CICUs
in Fujita Health University Hospital from January 2012 to December 2013. The ethics committee of
Fujita Health University approved this study (study protocol number 11-053), which was in accordance
with the Declaration of Helsinki. All patients individually provided written informed consent.

Patients with cardiovascular disease requiring hospitalization as determined by the attending
physician of the medical CICUs were eligible for enrollment. We obtained urinary and blood samples
upon admission, for baseline biomarker measurements. Meanwhile, we excluded patients who had
the following characteristics—(1) under 18 years old, (2) undergoing cardiac surgery, (3) experiencing
trauma, (4) having stage 5 chronic kidney disease (CKD), (5) receiving percutaneous cardiopulmonary
support before admission, (6) having an active malignant disease being treated with chemotherapy or
radiation, and (7) having autoimmune diseases. Independent physicians blinded to urinary L-FABP
levels could freely select therapy as indicated. Clinical characteristics were obtained from patients’
medical records, upon enrollment.

2.2. Definitions and Calculations

Patients were diagnosed with serum creatinine-defined AKI, according to the “Kidney Disease:
Improving Global Outcomes” criteria, that is, an increase in serum creatinine by ≥0.3 mg/dL, within
48 h, or an increase in serum creatinine to ≥1.5 times the baseline, within 1 week [13]. The lowest
known serum creatinine value during the past 3 months was used as baseline creatinine. For patients
with unknown baseline, we used the lowest creatinine value within 7 days after admission at medical
CICUs. We calculated the serum creatinine-based estimated glomerular filtration rate (eGFR), using the
Modification of Diet in Renal Disease Study equation, as recommended by the Japan CKD Initiative [14].
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Incident end-stage kidney disease (ESKD) indicated the initiation of maintenance dialysis therapy or
kidney transplantation, whereas an eGFR <60 mL/min/1.73 m2 indicated CKD.

Diabetes was defined as a history of or current diabetes or a fasting plasma glucose level
≥126 mg/dL, a hemoglobin A1c value ≥6.5%, or the presence of diabetic retinopathy. Hypertension
was defined as having a systolic blood pressure ≥140 mmHg, a diastolic blood pressure ≥90 mmHg,
or a history of antihypertensive treatment. Dyslipidemia was defined as a total cholesterol level
≥220 mg/dL or a history of lipid-lowering therapy. Patients with smoking history were classified as
either current or ex-smokers. We calculated the sequential organ failure assessment (SOFA) score
according to the worst value of the parameters, which include PaO2/FiO2, platelet count, bilirubin,
mean arterial blood pressure and the use of vasoactive drugs, the Glasgow Coma Scale, and creatinine
and urine output [15]. We routinely performed 2D echocardiography to calculate left ventricular
ejection fraction (LVEF), using the modified Simpson’s method.

All patients were clinically followed up for a mean period of 41 months after enrollment. The
primary endpoint was a composite of all-cause mortality or progression to ESKD. All-cause mortality
was the secondary endpoint. Data for the endpoints were obtained from hospital charts and through
telephone interviews with patients. The telephone interviews were conducted by trained reviewers
who were blinded to the patient L-FABP levels.

2.3. Biomarker Measurements

Immediately after admission, urinary and blood samples were collected in nonheparinized
tubes and then centrifuged at 1000× g at 4 ◦C for 15 min, before storage at −80 ◦C until assayed.
We measured the urinary L-FABP levels by an enzyme-linked immunosorbent assay (ELISA) using
the Human L-FABP ELISA Kit (CMIC, Tokyo, Japan). Plasma B-type natriuretic peptide (BNP)
levels were measured using a chemiluminesence enzyme immunoassay for human BNP (Shionogi
& Co., Ltd., Osaka, Japan). We measured serum high-sensitivity troponin T (hs-TnT) levels via an
electrochemiluminescence immunoassay, using a Cobas®e601 system (Roche Diagnostics, Tokyo,
Japan), and serum high-sensitivity C-reactive protein (hs-CRP) levels via a latex-enhanced hs-CRP
immunoassay (N-Latex CRP II, Siemens Healthineers, Tokyo, Japan). Serum creatinine levels were
determined by an enzyme method, using the Liquitech®Creatinine PAP II (Roche Diagnostics, Tokyo,
Japan) upon admission, daily until day 3, and then on day 7.

2.4. Statistical Analyses

We performed statistical analyses using StatFlex version 6 (Artech Co. Ltd. Osaka, Japan).
Normally distributed variables are expressed as mean values ± standard deviations, whereas
nonparametric data are presented as medians and interquartile ranges. Considering that the urinary
L-FABP, plasma BNP, serum hs-TnT, and serum hs-CRP data were irregularly distributed, analyses
were performed after log-transformation to meet the criteria for use in normalized statistical approaches
(after statistical confirmation). The relationship between urinary L-FABP and other baseline valuables
was studied by linear regression analysis. Intergroup differences were evaluated by one-way analysis
of variance or the Kruskal–Wallis test for continuous variables and by the chi-square test for categorical
variables. Moreover, we examined the intergroup differences in endpoint by the Kaplan–Meier method
and compared them using the log-rank test. Hazard ratios and 95% confidence intervals were calculated
for each factor via the Cox proportional hazards analysis. All baseline variables with p < 0.05 in
univariate analyses were integrated into the Cox multivariate model to determine the independent
predictors of the endpoint.

To assess whether the accuracy of predicting the endpoint would improve after adding L-FABP
into a baseline model with established risk factors, we calculated the C-index, net reclassification
improvement (NRI), and integrated discrimination improvement (IDI). The established risk factors were
as follows—age, hypertension, diabetes mellitus, CKD, paroxysmal or persistent atrial fibrillation, acute
decompensated heart failure, myocardial infarction history, coronary revascularization history, systolic
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blood pressure, heart rate, mechanical ventilation before admission, and BNP. The C-index was defined
as the area under the receiver operating characteristic curves between individual predictive probabilities
for the endpoint and the incidence of endpoint, and it was compared with the baseline model [16].
NRI was a relative indicator of how many patients had improved in the predicted probability of the
endpoint, whereas IDI indicated the average improvement in the predicted probability of the endpoint,
after adding variables into the baseline model [17]. We considered p < 0.05 as statistically significant.

3. Results

3.1. Baseline Characteristics and Outcomes

We enrolled 1119 patients with a mean age of 68 years (23–83 years) and summarized their
demographics and clinical characteristics in Tables 1 and 2. These patients were admitted due to
the following diagnoses—acute coronary syndrome (529 (47%)), acute decompensated heart failure
(424 (38%)), arrhythmia (51 (5%)), primary pulmonary hypertension (32 (3%)), acute aortic syndrome
(24 (2%)), infective endocarditis (14 (1%)), takotsubo cardiomyopathy (11 (1%)), and others (34 (3%)).
Of these patients, 497 (44%) were diagnosed with CKD, with no case of kidney transplantation. Urinary
L-FABP levels correlated with age (r = 0.06, p = 0.03), and eGFR (r = −0.25, p < 0.001). Among the 1119
patients, 207 (18.5%) developed creatinine-based AKI in which 44 had stage 2 or 3 disease.

Table 1. Primary diagnosis.

Acute coronary syndrome, n (%) 529 (47)

STEMI, n 217

NSTEM, n 264

Unstable angina, n 48

Acute decompensated heart failure, n (%) 424 (38)

With reduced ejection fraction (LVEF < 40%), n 217

With mid-range ejection fraction (40% ≤ LVEF < 50%), n 67

With preserved ejection fraction (LVEF ≥ 50%), n 140

Arrhythmia, n (%) 51 (5)

Supraventricular tachycardia, n 6

Ventricular tachycardia, n 14

Sick sinus syndrome, n 13

Second- or third-degree atrioventricular block, n 18

Primary pulmonary hypertension, n (%) 32 (3)

Acute aortic syndrome, n (%) 24 (2)

Infective endocarditis, n (%) 14 (1)

Takotsubo cardiomyopathy, n (%) 11 (1)

Others, n (%) 34 (3)

Data are expressed as numbers (%). STEMI, ST-segment elevation myocardial infarction; NSTEMI, non-ST-segment
elevation myocardial infarction; LVEF, left ventricular ejection fraction.
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Table 2. Baseline characteristics of study population according to primary endpoint.

All Patients Primary Endpoint (+) Primary Endpoint (-) p Value

Number 1119 242 877

Age (year) 68 ± 12 73 ± 9 67 ± 13 <0.001
Male, n (%) 732 (65) 157 (65) 575 (66) 0.84

Hypertension, n (%) 724 (65) 158 (65) 566 (65) 0.83
Dyslipidemia, n (%) 520 (47) 97 (40) 423 (48) 0.02

Diabetes, n (%) 420 (38) 88 (36) 332 (38) 0.67
Current or ex-smoker, n (%) 324 (29) 70 (29) 254 (29) 0.99

Previous myocardial infarction, n (%) 214 (19) 61 (25) 153 (17) 0.007
Prior hospitalization for worsening

heart failure, n (%) 215 (19) 53 (22) 162 (19) 0.23

Previous coronary revascularization,
n (%) 213 (19) 59 (24) 154 (18) 0.02

Paroxysmal or persistent AF, n (%) 248 (22) 77 (32) 171 (20) <0.001
Acute decompensated heart failure,

n (%) 424 (38) 143 (59) 281 (32) <0.001

SOFA score 2 (1–4) 4 (2–5) 2 (1–4) <0.001
Systolic blood pressure, mmHg 141 ± 31 135 ± 32 143 ± 31 <0.001

Heart rate, beats per minutes 86 ± 25 90 ± 24 85 ± 26 0.001
Emergent CAG or PCI before

admission, n (%) 405 (36) 69 (29) 336 (38) 0.005

Mechanical ventilation before
admission, n (%) 20 (1.8) 6 (2.5) 14 (1.6) 0.36

IABP before admission, n (%) 96 (8.6) 20 (8.3) 76 (8.7) 0.84
White blood cell count, ×103/μL 8.7 ± 3.6 8.4 ± 3.9 8.7 ± 3.4 0.19

Hemoglobin, g/dL 12.7 ± 2.3 11.7 ± 2.3 13.0 ± 2.2 <0.001
eGFR, mL/min/1.73 m2 66.6 ± 26.6 54.2 ± 25.2 70.0 ± 26.0 <0.001

Glucose, mg/dL 159 ± 70 170 ± 75 156 ± 68 0.006
hs-CRP, mg/L 2.32 (0.75–10.3) 4.50 (1.09–24.3) 1.99 (0.69–8.18) <0.001
BNP, pg/mL 186 (53–631) 581 (158–1210) 133 (43–479) <0.001

hs-TnT, pg/mL 59 (17–445) 56 (24–290) 62 (15–51) 0.43
Urinary L-FABP, ng/mL 5.8 (2.4–16.9) 9.2 (3.1–27.0) 5.2 (2.2–14.5) <0.001

LVEF, % 47.3 ± 13.8 42.4 ± 14.4 48.7 ± 13.3 <0.001
Treatment at enrollment, n (%)

Antiplatelet drugs 387 (35) 111 (46) 276 (32) <0.001
Statins 355 (32) 70 (29) 285 (33) 0.29

RAAS inhibitors 469 (42) 110 (46) 359 (41) 0.21
Beta-blockers 301 (27) 84 (35) 217 (25) 0.002

Diuretics 305 (27) 103 (43) 202 (23) <0.001
Anticoagulant drugs 163 (15) 52 (22) 111 (13) <0.001

Creatinine-defined AKI, n (%) 207 (18.5) 68 (28.1) 139 (15.8) <0.001

Data are presented as number (%), mean± standard deviation, or median (25th–75th percentile). AF, atrial fibrillation;
SOFA, Sequential Organ Failure Assessment; CAG, coronary angiography; PCI, percutaneous coronary intervention;
IABP, intra-aortic balloon pump; eGFR, creatinine-based estimated glomerular filtration rate; hs-CRP, high-sensitivity
C-reactive protein; BNP, B-type natriuretic peptide; hs-TnT, high-sensitivity cardiac troponin T; L-FABP, liver-type
fatty-acid-binding protein; LVEF, left ventricular ejection fraction; RAAS, renin–angiotensin–aldosterone system;
AKI, acute kidney injury.

During a mean follow-up period of 41 months, the primary endpoint occurred in 242 patients,
of which 17 developed ESKD. All-cause death was manifested in 228 patients, of which 141 experienced
cardiovascular deaths. Cardiovascular deaths were caused by heart failure in 85, myocardial infarction
in 23, stroke in 17, sudden death in 10, and arrhythmia in 6 patients.

Patients who developed the primary endpoint were older and had higher SOFA score, higher
heart rate, higher levels of glucose, hs-CRP, BNP, hs-TnT, and L-FABP, and lower levels of hemoglobin,
eGFR, and LVEF than those who did not. Many patients who developed the primary endpoint had
the following characteristics—coronary revascularization history; paroxysmal or persistent atrial
fibrillation; acute decompensated heart failure; antiplatelet drugs; β blockers; diuretics; anticoagulant
drugs; and AKI. The median length of medical CICUs stay in patients with primary endpoint
(4.0 (3.0–6.0) days) was longer than those without (3.0 (2.0–4.0) days) (p < 0.001).
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3.2. Prognostic Value of Urinary L-FABP

When patients were divided into quintiles according to the L-FABP levels (1st, <1.7 ng/mL; 2nd,
1.7–4.1 ng/mL; 3rd, 4.2–8.9 ng/mL; 4th, 9.0−22.8 ng/mL; and 5th, >22.8 ng/mL), the Kaplan–Meier
primary-endpoint free survival rate in the 1st, 2nd, 3rd, 4th, and 5th L-FABP quintiles were 81.7%,
85.8%, 80.3%, 73.9%, and 70.1%, respectively (p < 0.001; Figure 1). Given that the Kaplan–Meier
primary-endpoint free survival curves for the 1st, 2nd, and 3rd quintiles were relatively similar, as well
as those for the 4th and 5th quintiles, we used the 4th quintile value for L-FABP (9.0 ng/mL) as the
cutoff value for endpoint prediction.

Figure 1. Kaplan–Meier curves for the primary endpoint according to the L-FABP level quintiles.
L-FABP, liver-type fatty-acid-binding protein.

As revealed in the Cox multivariate analysis, L-FABP was the independent predictor of the
primary endpoint when assessed as either continuous variables (p < 0.001) or variables categorized by
the 4th quintile value of 9.0 ng/mL (p < 0.001) (Table 3). Age, systolic blood pressure, hemoglobin,
BNP, and LVEF also remained significantly associated with the primary endpoint. Similar results were
obtained for all-cause mortality (Table 3).

108



J. Clin. Med. 2020, 9, 482

Table 3. Multivariate predictors of primary endpoint and all-cause mortality.

(A) Primary Endpoint Model 1 Model 2

Variables HR (95% CI) p Value HR (95% CI) p Value

Age (per 10 years increment) 1.54 (1.32–1.81) <0.001 1.54 (1.32–1.80) <0.001
Previous myocardial infarction 0.81 (0.56–1.18) 0.27 0.86 (0.59–1.25) 0.43

Paroxysmal or persistent AF 1.16 (0.87–1.55) 0.32 1.16 (0.87–1.56) 0.31
Previous coronary revascularization 1.09 (0.75–1.59) 0.66 1.06 (0.73–1.55) 0.76
Acute decompensated heart failure 1.03 (0.74–1.42) 0.87 1.06 (0.77–1.47) 0.72

Systolic blood pressure (per 10 mmHg
increment) 0.94 (0.90–0.98) 0.004 0.93 (0.89–0.97) 0.002

Heart rate (per 10 beats per minutes
increment) 1.03 (0.98–1.08) 0.26 1.03 (0.98–1.09) 0.26

Hemoglobin (per 1 g/dL increment) 0.88 (0.83–0.94) <0.001 0.88 (0.83–0.94) <0.001
CKD 1.14 (0.85–1.54) 0.38 1.18 (0.88–1.58) 0.28

hs-CRP (per 10-fold increment) 1.08 (0.91–1.27) 0.40 1.09 (0.93–1.29) 0.29
BNP (per 10-fold increment) 1.84 (1.37–2.49) <0.001 1.80 (1.34–2.44) <0.001

Urinary L-FABP (per 10-fold increment) 1.47 (1.22–1.76) <0.001
Urinary L-FABP (ng/mL)

< 9.0 (1st + 2nd + 3rd quintile) Reference
≥ 9.0 (4th + 5th quintile) 1.63 (1.25–2.12) <0.001

LVEF (per 10% increment) 0.86 (0.78–0.96) 0.005 0.87 (0.79–0.97) 0.01

(B) All-cause Mortality Model 1 Model 2

Variables HR (95% CI) p Value HR (95% CI) p Value

Age (per 10 years increment) 1.66 (1.41–1.96) <0.001 1.66 (1.40–1.96) <0.001
Previous myocardial infarction 0.85 (0.58–1.24) 0.40 0.89 (0.61–1.31) 0.56

Paroxysmal or persistent AF 1.20 (0.89–1.61) 0.24 1.20 (0.89–1.62) 0.24
Previous coronary revascularization 1.11 (0.75–1.63) 0.60 1.08 (0.73–1.59) 0.70
Acute decompensated heart failure 1.00 (0.71–1.39) 0.99 1.02 (0.73–1.43) 0.90

Systolic blood pressure (per 10 mmHg
increment) 0.93 (0.89–0.97) 0.002 0.92 (0.88–0.97) <0.001

Heart rate (per 10 beats per minutes
increment) 1.03 (0.97–1.08) 0.35 1.02 (0.97–1.08) 0.37

Hemoglobin (per 1 g/dL increment) 0.90 (0.85–0.96) 0.002 0.91 (0.85–0.97) 0.004
CKD 1.02 (0.75–1.37) 0.92 1.05 (0.78–1.42) 0.74

hs-CRP (per 10-fold increment) 1.13 (0.95–1.35) 0.17 1.15 (0.97–1.37) 0.10
BNP (per 10-fold increment) 1.89 (1.39–2.57) <0.001 1.86 (1.36–2.53) <0.001

Urinary L-FABP (per 10-fold increment) 1.43 (1.18–1.72) <0.001
Urinary L-FABP (ng/mL)

< 9.0 (1st + 2nd + 3rd quintile) Reference
≥ 9.0 (4th + 5th quintile) 1.50 (1.14–1.97) 0.003

LVEF (per 10% increment) 0.87 (0.78–0.97) 0.009 0.88 (0.79–0.98) 0.02

Multivariate model adjusted for all baseline variables with p < 0.05 by univariate analysis. L-FABP levels were
assessed as either continuous variables (Model 1) or variables categorized into quintiles (Model 2). HR, hazard
ratio; CI, confidence interval; AF, atrial fibrillation; CKD, chronic kidney disease; hs-CRP, high-sensitivity C-reactive
protein; BNP, B-type natriuretic peptide; L-FABP, liver-type fatty-acid-binding protein; LVEF, left ventricular
ejection fraction.

3.3. Discrimination and Reclassification of L-FABP for Adverse Outcomes

We assessed the effect of adding L-FABP to a baseline model of established risk factors. As shown
in Table 4, adding L-FABP significantly improved the reclassification of patients beyond that of the
baseline model alone (p < 0.001); IDI improved similarly after adding L-FABP (p = 0.002). Conversely,
the C-index did not improve beyond the baseline model alone, considering that the C-statistic is
insensitive for comparing the models [18]. Similar results were seen for all-cause death (Table 4).
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Table 4. Discrimination and reclassification of L-FABP.

(A) Primary Endpoint

C-index p Value NRI p Value IDI p Value

Established risk factor model 0.756 Reference Reference Reference
Established risk factor model +

L-FABP 0.763 0.76 0.252 <0.001 0.013 0.002

(B) All-cause Mortality

C-index p Value NRI p Value IDI p Value

Established risk factor model 0.760 Reference Reference Reference

Established risk factor model +
L-FABP 0.766 0.80 0.222 0.001 0.012 0.004

Established risk factors included age, hypertension, diabetes mellitus, chronic kidney disease, atrial fibrillation, acute
decompensated heart failure, previous myocardial infarction, previous coronary revascularization, systolic blood
pressure, heart rate, mechanical ventilation before admission, and B-type natriuretic peptide. L-FABP, liver-type
fatty-acid-binding protein; NRI, net reclassification improvement; IDI, integrated discrimination improvement.

3.4. Combination of L-FABP and Creatinine-Defined AKI

We classified the patients into four groups according to the L-FABP increment (≥4th quintile value
of 9.0 ng/mL) or creatinine-defined AKI status. The Kaplan–Meier primary-endpoint free survival
rates were 83.5% in patients without increased L-FABP or creatinine-defined AKI (n = 612), 75.7% in
patients without creatinine-defined AKI who had increased L-FABP (n = 300), 77.3% in patients with
creatinine-defined AKI who did not have increased L-FABP (n = 75), and 61.4% in patients with both
increased L-FABP and creatinine-defined AKI (n = 132) (p < 0.001; Figure 2). Increased L-FABP without
creatinine-defined AKI was identified in 59% (n = 300) of patients with AKI, indicating subclinical AKI,
compared with creatinine-defined AKI only, and these patients were at a greater risk of the primary
endpoint than those without increased L-FABP or creatinine-defined AKI (p = 0.02). Similar results
were observed for all-cause death (Figure 2).

Figure 2. Cont.
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Figure 2. Kaplan–Meier curves for the primary endpoint (A) and all-cause mortality (B) according
to L-FABP increment (≥9 ng/mL) or serum creatinine-defined AKI status. AKI, acute kidney injury;
L-FABP, liver-type fatty-acid-binding protein.

4. Discussion

The prospective study obtained the following main findings. First, urinary L-FABP levels upon
admission were significantly independent predictors of both the primary endpoint and all-cause
mortality in patients treated at medical CICUs. Second, urinary L-FABP improved the predictive value
for both the primary endpoint and all-cause mortality beyond that achieved with baseline model with
established risk factors, as demonstrated by NRI and IDI. Third, the combination of increased L-FABP
levels and creatinine-defined AKI status correlated with an increased risk of both the primary endpoint
and all-cause mortality. Thus, urinary L-FABP levels on admission are potential and independent
predictors of long-term adverse outcomes, and when used in combination with creatinine-defined AKI,
they might improve the long-term risk stratification of patients hospitalized at medical CICUs. As
supported by our results, the novel AKI definition that considers the urinary tubular injury biomarker
concentrations, might be preferable to current definitions that are limited to changes in serum creatinine
alone [7,10–12].

Although AKI is a common complication in patients treated at medical CICUs [19,20], urinary
L-FABP levels in such patients has rarely been investigated, compared to those treated at ICUs
after surgery (particularly cardiac) and those with septic patients [21,22]. The present study has
demonstrated that urinary L-FABP on admission predicts long-term adverse outcomes in a large
(n = 1119), heterogeneous cohort of patients treated at medical CICUs and that the combination of
increased L-FABP and creatinine-defined AKI status improves the long-term risk stratification of
patients hospitalized at medical CICUs.

Considering that urinary tubular injury markers provide information different from that
provided by creatinine-defined AKI, the combined assessment of urinary tubular injury marker
and creatinine-defined AKI status can be clinically beneficial. According to the present study,
the combination of increased L-FABP on admission and the presence of creatinine-defined AKI could
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stratify the long-term prognostic risk of patients treated at medical CICUs, as shown in patients
after cardiac surgery [21]. As expected, severe long-term outcomes were found in patients with both
increased L-FABP and creatinine-defined AKI (tubular damage with kidney excretory dysfunction),
whereas favorable outcomes were observed in patients without increased L-FABP or creatinine-defined
AKI (no tubular damage and no excretory dysfunction). Urinary L-FABP identified approximately 60%
more patients with increased L-FABP but without creatinine-defined AKI (tubular damage without
excretory dysfunction)—an indicator of subclinical AKI—than those with creatinine-defined AKI
status alone. This outcome was intermediate in severity. A smaller group (6.7%) of patients had
creatinine-defined AKI but no increased L-FABP, implying the loss of renal function without the
evidence of acute tubular injury and showing an intermediate outcome. These findings are consistent
with recent reports involving patients after cardiac surgery, suggesting that the urinary tubular marker
complements creatinine-defined AKI in long-term prognosis [11,12].

Urinary renal tubular injury markers have been investigated in critically ill patients, for
an earlier identification of AKI, improved AKI diagnosis, and aid in risk stratification [9,22–24].
However, the association of urinary tubular injury markers with long-term mortality has been
seldom studied [11,12]. In the Translation Research Investigating Biomarker Endpoints for Acute
Kidney Injury (TRIBE-AKI) study involving 1,199 adult patients who underwent cardiac surgery,
Coca et al. showed that higher urinary interleukin 18 (IL-18) and kidney injury molecule 1 (KIM-1)
levels were independently associated with 3-year mortality, regardless of the creatinine-defined AKI
status [11]. Moreover, in 200 adult patients who also underwent cardiac surgery, Albert et al. reported
that the combined assessment of urinary neutrophil gelatinase-associated lipocalin (NGAL) with
creatinine-defined AKI status could stratify the risk of mortality within a median follow-up period of
5.6 years [12]. The authors also confirmed an increased risk of long-term mortality in subclinical AKI
patients. These two studies did not evaluate BNP and high-sensitivity troponin levels, markers of left
ventricular overload and myocardial injury, respectively, even though these markers are also prognostic
markers in patients with cardiovascular disease. Thus, urinary L-FABP levels were independent
predictors in the multivariate Cox regression model of clinical and laboratory parameters including
BNP, in a heterogeneous cohort of 1119 patients treated at medical CICUs. Given that the hs-TnT levels
were not significantly associated with long-term adverse outcomes in a univariate Cox regression
analysis, it was not integrated in the Cox multivariate model. Furthermore, adding urinary L-FABP
improved the predictive value for long-term adverse outcomes beyond that achieved with the baseline
model of established risk factors, including BNP, as demonstrated by NRI and IDI.

The mechanisms that emphasize the association between increased L-FABP and long-term adverse
outcomes are still unclear. Kidneys are an excellent barometer of cardiac and vascular function [25].
Recently, in 968 adult post-cardiac surgery patients from the TRIBE-AKI cohort, Parikh et al. found
that the plasma markers for cardiac injury (high-sensitivity troponin and heart-type fatty-acid-binding
protein) or left ventricular overload (N-terminal pro-BNP), but not urinary tubular injury markers
(IL-18, NGAL, KIM-1, L-FABP, and albumin), were independently associated with increased long-term
risk of cardiovascular events [25]. Thus, higher urinary L-FABP levels might reflect a more severe AKI
but might not be on the casual pathway to long-term adverse outcomes. Patients who manifest a more
severe AKI might be at a greater risk for long-term complications, such as death, caused by a worse
functioning of other organs rather than the episode of AKI [11].

In the present study, we used ELISA, which requires approximately 3 hours to measure the urinary
L-FABP levels. Recently, a latex-enhanced immunoturbidimetric assay has been established using
an autoanalyzer, which was simple, speedy (within 30 min) [26], and relatively inexpensive to assay,
for quantifying urinary L-FABP. Thus, the easy and rapid assay system is expected to facilitate urinary
L-FABP analysis in clinical practice.

Our study had several limitations. First, this study was conducted at a single institution.
Second, we evaluated urinary L-FABP as an absolute concentration; we did not use urinary creatinine
correction because the urinary creatinine excretion rate might change over time under nonsteady
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state conditions [27]. When the L-FABP values were analyzed using urinary creatinine correction,
no association was found between the L-FABP levels and outcomes (data not shown). Finally, AKI was
only defined according to serum creatinine increase, because of the inconsistent data recorded and the
potential alterations in urine volume induced by medical therapy. This limitation might lead to the
neglect of a part of the renal insult, which might be determined by urine output.

5. Conclusions

Urinary L-FABP levels on admission are potent and independent predictors of long-term adverse
outcomes in patients treated at medical CICUs. When used in combination with creatinine-defined
AKI, urinary L-FABP might substantially improve the long-term risk stratification of patients admitted
at medical CICUs.
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Abstract: Elevated pregnancy-associated plasma protein A (PAPP-A) is associated with mortality
in acute coronary syndromes. Few studies have assessed PAPP-A in stable coronary artery disease
(CAD) and results are conflicting. We assessed the 10-year prognostic relevance of PAPP-A levels in
stable CAD. The CLARICOR trial was a randomized controlled clinical trial including outpatients
with stable CAD, randomized to clarithromycin versus placebo. The placebo group constituted
our discovery cohort (n = 1.996) and the clarithromycin group the replication cohort (n = 1.975).
The composite primary outcome was first occurrence of cardiovascular event or death. In the discovery
cohort, incidence rates (IR) for the composite outcome were higher in those with elevated PAPP-A
(IR 12.72, 95% Confidence Interval (CI) 11.0–14.7 events/100 years) compared to lower PAPP-A (IR
8.78, 8.25–9.34), with comparable results in the replication cohort. Elevated PAPP-A was associated
with increased risk of the composite outcome in both cohorts (discovery Hazard Ratio (HR) 1.45, 95%
CI 1.24–1.70; replication HR 1.29, 95% CI 1.10–1.52). In models adjusted for established risk factors,
these trends were attenuated. Elevated PAPP-A was associated with higher all-cause mortality in
both cohorts. We conclude that elevated PAPP-A levels are associated with increased long-term
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mortality in stable CAD, but do not improve long-term prediction of death or cardiovascular events
when added to established predictors.

Keywords: pregnancy-associated plasma protein-A; coronary artery disease; cohort
studies; biomarkers

1. Introduction

Pregnancy-associated plasma protein-A (PAPP-A) is a cell membrane-bound metalloproteinase
which regulates local availability of insulin-like growth factor 1 (IGF-1) [1]. It has been evaluated
as a prognostic biomarker in acute coronary syndromes [2–11], where elevated levels are associated
with increased risk of death. However, this association may be confounded by heparin treatment
causing elevated PAPP-A levels in vivo through release of PAPP-A attached to cell membranes [12].
Further, PAPP-A levels predict cardiovascular events in troponin-negative patients with suspected
acute coronary syndrome [3] and higher levels of circulating PAPP-A are associated with more extensive
coronary artery disease [13] as well as with plaque inflammation and echogenicity [14]. In chronic
stable angina pectoris PAPP-A has been less extensively studied and is associated with outcomes in
some studies [15–18] but not all [19]. Studies with long-term follow-up are scarce.

PAPP-A regulates downstream growth hormone effects in the paracellular environment by
cleaving insulin-like growth factor binding protein 4 (IGFBP4) bound to insulin-like growth factor 1
(IGF-1), thereby making IGF-1 available to its receptor. Since PAPP-A is normally bound to the cell
membrane and not abundantly expressed, increased plasma levels in the absence of heparin treatment
may represent up-regulation due to inflammation or tissue damage, in combination with escape into
the circulation [20–22].

The present study is part of the larger PREdictors for MAjor Cardiovascular outcomes in
stable ischemic heart disease (PREMAC) study, which aimed to identify biochemical predictors of
cardiovascular events and all-cause mortality in persons with stable coronary artery disease (CAD)
utilizing data originating from the CLARICOR (clarithromycin for patients with stable coronary
heart disease) trial [23]. In the CLARICOR Trial, patients were randomized to clarithromycin or
placebo and the main outcomes consisted of myocardial infarction (AMI), unstable angina pectoris
(UAP), cardiovascular mortality, and all-cause mortality. In a previous report on the same cohort,
elevated PAPP-A, defined as values ≥ 4 μ/mL, was found to predict risk of death and myocardial
infarction during medium term (median 2.8 years) follow up [17]. The aim of the present study was to
assess the predictive power of elevated PAPP-A levels for the 10-year outcomes in stable CAD.

2. Experimental Section

The PREMAC study focused on the presence of predictors of cardiovascular events and
all-cause mortality in persons with stable CAD and included a detailed statistical analysis plan [23].
Biomarker assessment was performed using stored biobank samples from the CLARICOR trial [24] and
outcome data was retrieved from public registers. The CLARICOR trial was approved by local ethics
committees and regulatory authorities (Regional Ethics Committee HB 2009/015 and KF 01-076/99; the
Danish Data Protection Agency 1999–1200–174 and 2012–41–0757; and the Danish Medicines Agency
2612–975).

2.1. Patient Selection

The CLARICOR trial was a randomized, placebo-controlled trial with blinded outcome assessment
including outpatients with stable CAD. All patients discharged from wards or outpatient clinics in
the Copenhagen area in Denmark with a diagnosis of acute myocardial infarction or unstable angina
pectoris during the years 1993–1999 who were alive and aged 18–85 years old in 1999 (n = 13.702) were
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invited to a screening interview at one of five cardiology centers. Of the 6116 (44.6%) patients accepting
the invitation, 1567 (25.6%) were excluded, 177 (2.9%) chose not to participate, and the remaining
4372 (71.5%) were randomized to oral clarithromycin 500 mg once daily for 2 weeks (n = 2.172) vs.
placebo (n = 2.200) during the winter 1999–2000. Exclusion criteria of the CLARICOR trial were: AMI
or UAP within the previous 3 months, percutaneous transluminal coronary angioplasty and coronary
bypass surgery within the previous 6 months, impaired renal or hepatic function, congestive heart
failure (New York Heart Association (NYHA) IV classification of heart failure), active malignancy,
incapacity to manage own affairs, breast feeding, and possible pregnancy. In the CLARICOR trial,
clarithromycin was found to increase both the risk of cardiovascular and all-cause mortality [24–27].

The patients randomized to placebo in the CLARICOR study were included as the discovery
cohort in the present study, while those randomized to clarithromycin formed the replication cohort.
We excluded participants with missing data in any of the variables, leaving n = 1.996 (92%) in the
discovery cohort, and n = 1.975 (90%) in the replication cohort.

2.2. Baseline Data

During enrollment interviews, smoking status, current medication, and known hypertension
or diabetes were noted. Information concerning sex, age, and history of myocardial infarction or
unstable angina pectoris were extracted from local hospital files. Blood samples were collected at each
of the study sites immediately before randomization, using blood collection tubes without additives.
Serum was prepared according to normal hospital routine with approximately coagulation for 30 min
and centrifugation at 1500 g for 10 min. Serum was frozen on the day of collection at −20 ◦C and
at −80 ◦C after transportation to the central laboratory facility. Storage problems were the only
noteworthy cause of missing data. Estimated glomerular filtration rate (eGFR) was calculated using
the creatinine-based Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula [28].
Smoking status was categorized as never, former, or current smoker. No physical investigations
were made at randomization interview; nor were any longitudinal predictor information collected
during follow-up.

2.3. Pregnancy-Associated Plasma Protein A Levels

The PAPP-A levels measured in a previous study were used in the present study [17].
The enzyme-linked immunosorbent assay used for quantification of PAPP-A has been described
in detail previously [17,29]. The detection limit was 4 mIU/L. The intra-assay coefficient of variation
was 2.0% at 71.7 mIU/L and 5.7% at 10.4 mIU/L, with corresponding inter-assay coefficients of variation
of 6.4% and 8.7%, respectively. Elevated serum PAPP-A was defined as values at or above 4 mIU/L,
based on levels in healthy blood donors [29]. Note that although the CLARICOR trial data did not
include information on heparin use, study participants were outpatients with stable CAD and heparin
is not used in this setting.

2.4. Outcomes

Follow-up was until 31 December 2009 where the official permissions expired. Outcome data
was procured from national patient registries. These are mandatory for inpatient care and all events
diagnosed and coded during hospital admission are therefore detected, resulting in virtually no
loss to follow-up. Vital status was retrieved from the Danish Central Civil Register, cause of death
from the National Register of Causes of Death, and hospital admissions from the Danish National
Patient Register (NPR), which covers all hospital admissions. These registries have almost complete
coverage [30]. By trial protocol, events during the first 2.6 years of follow-up were adjudicated by a
blinded committee, previously described in detail [23,24]. For the 10-year studies, registry outcomes
were used after verifying that the results were consistent with those based on adjudication data [30,31].

The Danish 10-digit central person registration (CPR) number is used at all contacts with the health
care system. At discharge from hospital, at least one action diagnosis (A diagnosis) specifying the main
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reason for the admission is noted in the NPR. These A diagnoses, and in case of death the ‘underlying
cause of death’ code (in the official terminology of the National Register of Causes of Death), was used
for classifying outcomes according to the 10th revision of the International Statistical Classification of
Diseases and Related Health Problems (ICD-10) coding system as follows: AMI (I21.0–23.9), UAP (I20.0
and I24.8–24.9), cerebrovascular disease (CeVD) (I60.0–64.9 and G45.0–46.8), cardiovascular death
(I00.0–99.9 unless already covered), and death due to non-cardiovascular disease (A00.0–T98.3 unless
already covered). A composite outcome was defined as AMI, UAP, CeVD, or death due to any cause.
Follow-up time was censored at occurrence of an outcome, death, or end of follow-up (31st December
2009 giving a median possible survival time of 10 years ± 3 months after randomization).

2.5. Statistical Analysis

Incidence rates (IR) were calculated using only the first occurrence of an event and the time
to event or censoring at end of study was used in the denominator. We used Cox proportional
hazards model for the statistical analysis. Multivariable models were adjusted according to the
pre-specified analysis plan, for clinical predictors (sex, age at randomization, smoking history, history of
myocardial infarction, hypertension, and diabetes), medical treatment (acetylsalicylic acid, beta-blocker,
calcium-antagonist, angiotensin-converting enzyme (ACE)-inhibitor, long lasting nitrate, diuretic,
digoxin, statin, and anti-arrhythmic drugs), and standard biochemical predictors (log-transformed
high-sensitivity-reactive protein (CRP), glomerular filtration rate (GFR) estimated by creatinine,
triglycerides, total cholesterol, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein
(LDL) cholesterol, apolipoprotein A1, and apolipoprotein B). Standard predictors adjusted for in
multivariable models are listed in Appendix A. Triglycerides and total cholesterol were log transformed.

As the proportional hazard’s assumption was violated for age at entry for all-cause death and the
composite outcome (Bonferroni adjusted p < 0.0044 for all-cause mortality; and p < 0.00056 for the
composite outcome), we excluded age from all models for these two outcomes. In order to provide
additional insights into the potential influence of age on these associations, we conducted multivariable
logistic regression models (including age as a co-variate since the proportional hazard assumption is
not a requisite for these analyses).

3. Results

Baseline characteristics of the discovery and replication cohorts are presented in Table 1 They
showed no major differences between the cohorts. The proportion of participants with elevated PAPP-A
levels was 13% (n = 263) in the discovery cohort and 12% (n = 244) in the replication cohort.

Table 2 displays outcomes by PAPP-A level. In the discovery cohort, the composite outcome was
more common among those who elevated PAPP-A, compared to those with low PAPP-A levels (72%
compared to 59%), with a corresponding difference in incidence rates (p < 0.0001). The same pattern
was seen in the replication cohort.
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Table 1. Baseline characteristics of the two study cohorts.

Variable Discovery Cohort Replication Cohort

Number of participants 1996 1975
PAPP-A ≥ 4 mIU/L 263 (13) 244 (12)

Female 623 (31) 602 (30)
Age at entry, years 65 ± 10 65 ± 10

CRP, mg/L 5.25 ± 7.7 5.76 ± 9.3
Apolipoprotein A1, mg/dL 1.70 ± 0.34 1.70 ± 0.36

Apolipoprotein, mg/dL 1.21 ± 0.32 1.21 ± 0.33
eGFR, mL/min 76.3 ± 20 76.5 ± 19

Diabetes mellitus 299 (15) 301 (15)
Hypertension 805 (40) 790 (40)
Never smoked 394 (20) 339 (17)
Former smoker 925 (46) 903 (46)
Current smoker 677 (34) 735 (37)

History of myocardial infarction 635 (32) 640 (32)
Statin treatment 822 (41) 812 (41)

Aspirin treatment 1763 (88) 1733 (88)
Beta blocker treatment 619 (31) 589 (30)

Calcium antagonist treatment 702 (35) 680 (34)
ACE inhibitor treatment 522 (26) 552 (28)

Long-acting nitrate treatment 412 (21) 411 (21)
Diuretics treatment 690 (35) 698 (35)
Digoxin treatment 115 (6) 138 (7)

Antiarrhythmic treatment 42 (2) 46 (2)

Baseline characteristics in the discovery (placebo) and replication (clarithromycin) cohorts, presented as mean
± standard deviation for continuous variables and n (%) for categorical variables. Abbreviations: PAPP-A:
pregnancy-associated plasma protein A; CRP: high sensitivity C-reactive protein; eGFR: estimated glomerular
filtration rate; ACE: angiotensin converting enzyme.

Table 2. Incidence rates of the composite outcome by PAPP-A level.

PAPP-A Category Variable Discovery Cohort Replication Cohort

PAPP-A ≥ 4 mIU/L

N 263 244
Outcomes, N (%) 189 (72) 168 (69)
IR, per 100 years 12.72 12.04

95% CI 11.0–14.7 10.35–14.01

PAPP-A < 4 mIU/L

N 1733 1731
Outcomes, N (%) 1015 (59) 1052 (61)
IR per 100 years 8.78 9.38

95% CI 8.25–9.34 8.83–9.96

The composite outcome was defined as acute myocardial infarction, unstable angina pectoris, cerebrovascular
disease, or death due to any cause. Outcomes (with % of participants at risk) is the number of persons experiencing
the composite outcome during 10-years follow-up. Incidence rates (IR) were calculated using only the first
occurrence of the outcome during follow-up. Abbreviations: PAPP-A: pregnancy-associated plasma protein A; CI,
Confidence Interval.

In the survival analysis (Table 3), Cox proportional hazards models adjusted for sex (model A)
showed that PAPP-A ≥ 4 μ/mL was associated with an increased risk of the composite outcome in the
discovery cohort and, less markedly, in the replication cohort; with adjustment for a large number of
other risk factors (model B, see Table 3), comprising comorbidities and biochemical markers, these risk
trends were attenuated in the discovery cohort and disappeared in the replication cohort.
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Table 3. Risk of composite outcome associated with the binary covariate elevated PAPP-A.

Variable
Discovery Cohort Replication Cohort

Model A Model B Model A Model B

Hazard ratio 1.45 1.29 1.28 1.06
95% CI 1.24–1.70 1.10–1.52 1.08–1.50 0.89–1.25
p-value < 0.001 < 0.001 0.003 0.51

Cox proportional hazards models are applied to the composite outcome defined as acute myocardial infarction,
unstable angina pectoris, cerebrovascular disease, or death due to any cause. Model A was adjusted for sex. Model B
was adjusted for established risk factors and co-morbidities, standard biochemical predictors, and treatments as
listed in Appendix A. All models in this table are shown without adjustments for age at entry. Abbreviations:
PAPP-A, pregnancy-associated plasma protein A.

Comparable results, with elevated PAPP-A being associated with increased risk of the composite
outcome in the discovery cohort, but not in the replication cohort, were found in adjusted logistic
regression models (Table S1) where age was also included in the multivariable model. We found no
interaction between sex and PAPP-A on mortality (p = 0.22) or on the composite outcome (p = 0.17).

The association between PAPP-A ≥ 4 mIU/L and other outcomes is shown in Table S2. Elevated
PAPP-A was associated with higher all-cause mortality in the discovery cohort, an association that
remained in the fully adjusted analysis as well as in a logistic regression that included age as a predictor
variable (Table S1). These findings were reproduced in the replication cohort.

Interestingly, these secondary analyses suggest that PAPP-A elevation is at least as strong a
predictor for non-cardiovascular as for cardiovascular death (Table S2).

We also evaluated the predictive utility of PAPP-A in the group of placebo-treated patients when
added to a large number of standard predictors (Table S3). Adding elevated PAPP-A as a predictor
produced no visible improvements (apart from a slight numerical instability).

4. Discussion

Our main finding is that PAPP-A levels ≥ 4 mIU/L are associated with increased long-term risk of
composite adverse outcome as well as all-cause mortality in patients with stable CAD. Although the
association to all-cause mortality remained after extensive multivariable adjustment, the association to
the composite outcome was not reproduced in our replication cohort when adjusted for many other risk
factors. This may indicate that the placebo group and the clarithromycin treated group (the replication
group) are not completely compatible in that clarithromycin was found to increase mortality [24–27].
It may also indicate that the association between PAPP-A and outcomes is confounded by some of
these other risk factors, for example diabetes [20,32]. Over-adjustment may also be a problem in this
context [33]. Our choice of covariates in the various multivariate analyses was mandated by the choice
made for the Cox analyses of the placebo-treated patients described in the pre-specified analysis plan.

The growth hormone (GH) axis and PAPP-A has been implicated in the progression of
atherosclerosis. Locally, insulin-like growth factor 1 (IGF-1) promotes multiple mechanisms involved in
plaque formation and an association between PAPP-A and atherosclerosis has been demonstrated [2,34].
PAPP-A is found in atherosclerotic plaques on cell-types involved in the atherosclerotic process,
including vascular smooth muscle cells, endothelial cells and macrophages [1], its expression is elevated
in vulnerable plaques [2]. PAPP-A activity is related to atherosclerotic lesion size in rodents [35,36]
and higher levels of circulating PAPP-A are associated with more extensive coronary artery disease in
humans [13].

Reduced PAPP-A activity is associated with diminished vascular cell proliferation in response
to injury, reduced plaque area and less luminal occlusion in atherosclerosis [37]. Conversely,
increased PAPP-A activity is associated with proliferation of vascular smooth muscle cells [34].
Regulation of vascular smooth muscle cell proliferation could therefore be a mechanism by which
PAPP-A influences the atherosclerotic process. PAPP-A could also be linked to atherosclerosis through
modulating the effects of IGF-1 on lipid-, glucose-, and protein metabolism [38,39].
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However, the exact mechanism by which PAPP-A is involved (causally or as a by-product) in the
promotion of atherosclerosis remains elusive, in part as a result of conflicting findings on the effects
of IGF-1 action on the vasculature [40]. Notably, the relationship between serum levels of IGF-1 and
PAPP-A and local IGF-1 activity is unclear and may for example be dependent on body composition,
inflammation, or conditions such as diabetes mellitus or obesity [40]. Circulating levels are therefore
not necessarily directly related to the hypothesized pathophysiological mechanisms by which IGF-1
and PAPP-A are implicated in development of coronary artery disease. Consequently, the association
between PAPP-A and mortality described in the present study may be related to other factors than
cardiovascular disease progression. Indeed, we did not find any clear association with cardiovascular
outcomes and it should be noted that the IGF-1 system including PAPP-A may for example be related
to development of cancer [41]. There was in our results consistently no association between elevated
PAPP-A and myocardial infarction, UAP, or stroke, although there was an association to cardiovascular
mortality in the minimally adjusted analysis in the replication cohort.

The association between PAPP-A levels and outcomes in stable CAD has been studied previously.
In 103 stable CAD patients, with a median follow-up of 4.9 years, higher PAPP-A was associated with
increased mortality as well as the composite outcome of death and acute coronary syndrome [15].
Interestingly, but potentially problematic [33], those authors adjusted their estimates for the extent
of coronary atherosclerosis, which could be considered an intermediate in the hypothesized causal
pathway between PAPP-A and cardiovascular events. In another cohort study, including 534 patients
with stable CAD and 393 patients with acute coronary syndrome, with a median follow-up time of
5.0 years, the authors found no association to cardiovascular mortality in the subgroup stable CAD,
but higher PAPP-A was associated with increased cardiovascular mortality in the overall cohort as
well as in the acute coronary syndrome (ACS) subgroup [19]. Although these results were adjusted
for several conventional predictors, there was no adjustment for age. In a previous study on the
CLARICOR cohort participants, PAPP-A levels were studied in relation to medium-term outcomes [17].
Important differences in that study from the present study include a shorter follow-up (median
2.8 years), joining of the placebo and the treatment group in a single cohort, and differing definitions
of the composite outcome. In line with our present results, the previous study found that elevated
PAPP-A was associated with the composite outcome of myocardial infarction and death as well as
all-cause mortality in adjusted analyses [17].

PAPP-A has also been studied in ACS, but there is limited generalizability from these studies to
the context of stable CAD. In troponin-negative patients with suspected ACS, PAPP-A predicted future
cardiovascular events [3], although we are uncertain if PAPP-A was sampled before administration of
heparin. Others found that PAPP-A predicted cardiovascular events in ACS and it seems that PAPP-A
was sampled after heparin infusion, indicating that the PAPP-A levels included PAPP-A released
from the cell membrane during heparin treatment [6]. In that study, PAPP-A predicted outcomes
in TnT-negative patients. Furthermore, differences in stable versus acute CAD may have support
in PAPP-A physiology since chronic and transient PAPP-A expression may have differing effects on
neointimal formation following vascular injury [42].

Our present study has several strengths: a large study sample, detailed characterization of the
participants, longitudinal study design, 10 years follow-up, and a replication of all analyses in the
clarithromycin group of the trial. As far as we know, there are no other large cohort studies on
associations between PAPP-A levels in patients with stable CAD. National Danish registers are known
to be of high completeness and accuracy [30], but a small number of non-fatal events can be missed
when participants are hospitalized abroad. Results in our study are likely valid for patients with stable
CAD as ascertained at the baseline interview and it remains to be shown if similar risks are seen for
other relevant patient groups, such as patients with acute symptoms or patients during recovery from
a major event.

Limitations are the unknown generalizability to other ethnic groups and to those unlikely
to volunteer to participate in studies. Distortion by the active intervention with clarithromycin
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cannot be excluded, although we saw similar associations as to those in the placebo cohort.
As regards the replication cohort, with its previously described surplus of unfavorable cardiovascular
outcomes [26,27,43], we noted that elevated PAPP-A here tended to lose its unfavorable implications.
Such interaction, if present, would imply that the harmful effect of clarithromycin was more marked
in those with low PAPP-A levels. However, the trend nowhere came close to statistical significance.
Nor do we have any theoretical arguments in favor thereof. Another limitation is that there was no
data on heparin treatment at baseline. However, as the participants in our study had no indication
for heparin, it is unlikely that this lack of data would have any substantial influence on our results
and conclusions. In addition, there was no data on left ventricular ejection fraction, although this
may be partially or completely compensated by other covariables included in the analyses, as age, sex,
hypertension, prior acute myocardial infarction, creatinine, diuretics, and digoxin are related to left
ventricular ejection fraction [44].

5. Conclusions

Elevated PAPP-A levels are associated with increased long-term mortality in stable CAD, but they
do not improve long-term prediction of composite outcome of death or cardiovascular events when
added to established predictors.
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Appendix A

Predictors Adjusted for in Multivariable Models

Predictors were pre-specified in the study protocol. Standard predictors adjusted for in
multivariable models are listed below. Note that age at entry was omitted from Cox regression
analyses due to violation of proportional hazard assumption when all-cause mortality and the
composite outcome was analyzed.

Clinical predictors were: sex, age at entry, smoking history, history of myocardial infarction as
opposed to angina only, hypertension, and diabetes.

Standard biochemical predictors were: Log-transformed high-sensitivity C-reactive protein (CRP),
estimated glomerular filtration rate (eGFR) estimated by creatinine, triglycerides and lipoproteins (total
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cholesterol, high density lipoprotein (HDL) cholesterol, low density lipoprotein (LDL) cholesterol,
apolipoprotein A1, and apolipoprotein B).

The current medical treatment was included as proxy predictors because information about post
infarction heart failure and post-infarction angina pectoris are not available to us: Aspirin (Yes/No),
beta-blocker (Yes/No), calcium antagonist (Yes/No), ACE inhibitor (Yes/No), long lasting nitrate
(Yes/No), diuretic (Yes/No), digoxin (Yes/No), statin (Yes/No), and anti-arrhythmic drugs (Yes/No).
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Abstract: Cardiovascular inflammation and vascular endothelial dysfunction are involved in chronic
heart failure (CHF), and cellular adhesion molecules are considered to play a key role in these
mechanisms. We evaluated temporal patterns of 12 blood biomarkers of cell adhesion in patients
with CHF. In 263 ambulant patients, serial, tri-monthly blood samples were collected during a
median follow-up of 2.2 (1.4–2.5) years. The primary endpoint (PE) was a composite of cardiovascular
mortality, HF hospitalization, heart transplantation and implantation of a left ventricular assist device
and was reached in 70 patients. We selected the baseline blood samples in all patients, the two
samples closest to a PE, or, for event-free patients, the last sample available. In these 567 samples,
associations between biomarkers and PE were investigated by joint modelling. The median age was
68 (59–76) years, with 72% men and 74% New York Heart Association class I–II. Repeatedly measured
levels of Complement component C1q receptor (C1qR), Cadherin 5 (CDH5), Chitinase-3-like protein
1 (CHI3L1), Ephrin type-B receptor 4 (EPHB4), Intercellular adhesion molecule-2 (ICAM-2) and
Junctional adhesion molecule A (JAM-A) were independently associated with the PE. Their rates of
change also predicted clinical outcome. Level of CHI3L1 was numerically the strongest predictor
with a hazard ratio (HR) (95% confidence interval) of 2.27 (1.66–3.16) per SD difference in level,
followed by JAM-A (2.10, 1.42–3.23) and C1qR (1.90, 1.36–2.72), adjusted for clinical characteristics.
In conclusion, temporal patterns of C1qR, CDH5, CHI3L1, EPHB4, ICAM2 and JAM-A are strongly
and independently associated with clinical outcome in CHF patients.

Keywords: biomarkers; cell adhesion molecule; heart failure; repeated measurements

1. Introduction

In recent decades, chronic heart failure (CHF) has emerged as a complex syndrome that
involves a broad array of biological pathways [1,2]. In this context, CHF has been associated with
endothelial dysfunction and low-grade inflammation [3]. Moreover, the role of the immune system
in the development and progression of CHF has received considerable attention in recent years [4].
An essential step in this process is the adherence of circulating mononuclear cells to the vascular
endothelium through binding of cell adhesion molecules (CAMs) that are expressed on the surface of
these mononuclear cells, or on the endothelial cells, or on both [5]. Binding of the mononuclear cells to
the endothelium leads to extravasation of these cells into the involved tissue [5], promoting structural
deterioration, which eventually contributes to reduced cardiac function. Interestingly, enhanced
expression of CAMs has been found within the myocardial microvasculature of patients with severe
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CHF as compared to healthy subjects [6], providing further support that vascular inflammation might
be involved in the propagation and progression of CHF.

Different classes of CAMs have been identified, and among them are selectins, integrins, cadherins
and the immunoglobulin superfamily [7]. In addition, several other molecules are involved in the
cell adhesion processes. In more detail, selectins such as platelet (P)-selectin (SELP) are involved
in the adhesion of leucocytes to activated endothelium and are known for the typical “rolling” of
leucocytes on the surface of the endothelium. Other selectins such as endothelial (E)-selectin (SELE)
are involved in the cell extravasation process. Integrins mediate the leucocyte adherence to the
vascular endothelium and other cell–cell interactions [8]. Cadherins are an important family of calcium
dependent cell–cell adhesion molecules. In addition to their structural role, they have been implicated
in the regulation of signaling events [7]. For example, cadherin 5 (CDH5) is a major cell–cell adhesion
molecule that forms adherens junctions [9]. Lastly, the immunoglobulin superfamily comprises a
diverse group of proteins including intracellular adhesion molecule-1 (ICAM-1), ICAM-2 and ICAM-3,
vascular adhesion molecule-1 (VCAM-1), platelet endothelial cell adhesion molecule 1 (PECAM-1) and
others, which are expressed on the surface of the endothelial cells and are known for firm adhesion of
leucocytes and transendothelial migration [10].

Shedding of CAMs from the cell surface results in measurable levels in peripheral blood [11],
which can reflect overexpression of their membrane-bound forms. Since CAMs may thus reflect
processes involved in CHF, the association of these circulating biomarkers with clinical outcome
provokes interest. Temporal patterns of biomarkers of cell adhesion in CHF, and their associations with
an adverse disease course, have not yet been examined. Therefore, in this study, we investigated 12 cell
adhesion-related biomarkers repeatedly measured with the Olink Multiplex panel, which contains
92 known human cardiovascular biomarkers that have previously been extensively investigated in
the literature as well as exploratory candidates that are thought to carry potential as new biomarkers.
Specifically, here, we examined biomarkers from this panel related to the above-described mechanisms
(SELP, SELE, CDH5, ICAM-2, and PECAM-1) and other potentially interesting biomarkers related
to cell adhesion processes (complement component C1q receptor (C1qR), chitinase-3-like protein 1
(CHI3L1), contactin-1 (CNTN1), ephrin type-B receptor 4 (EPHB4), epithelial cell adhesion molecule
(Ep-CAM), integrin beta-2 (ITGB2), and junctional adhesion molecule A (JAM-A). The aim of the
present study was to evaluate the association between temporal patterns of these biomarkers of cell
adhesion and clinical outcomes in stable patients with CHF.

2. Methods

2.1. Patient Selection

A total of 263 patients enrolled in the ‘Serial Biomarker Measurements and New Echocardiographic
Techniques in Chronic Heart Failure Patients Result in Tailored Prediction of Prognosis’ (Bio-SHiFT)
study were included in the Netherlands. The Bio-SHiFT study is a prospective, observational cohort
study of stable patients with CHF. Patients used for the current investigation were enrolled during
the first study inclusion period from October 2011 until June 2013, while follow-up lasted until
2015. Patients were recruited during their regular outpatient clinic visit, in the Erasmus MC in
Rotterdam or in the Northwest Clinics in Alkmaar. To be eligible for this study, CHF had to be
diagnosed ≥3 months ago according to European Society of Cardiology guidelines [12,13]. Also,
patients had to be ambulatory and stable, i.e., they should not have been hospitalized for HF in
the past three months. The study design of the Bio-SHiFT study (including detailed inclusion and
exclusion criteria) has been described in detail previously [14,15]. The study was approved by the
medical ethics committees, conducted in accordance with the Declaration of Helsinki, and registered in
ClinicalTrials.gov (NCT01851538, https://clinicaltrials.gov/ct2/show/NCT01851538). Written informed
consent was obtained from all patients.
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2.2. Study Procedures

All patients underwent standard care at the outpatient clinic by their treating physicians, who were
blinded for biomarker results. Additionally, study follow-up visits were predefined and scheduled
every 3 months (±1 month). At the moment of enrolment and at each study follow-up visit, a short
medical evaluation was performed, blood samples were collected and occurrence of cardiovascular
events since last study visit was recorded. Blood samples were processed and stored at −80 ◦C
within two hours after collection. As biomarkers were measured after completion of follow-up,
this information did not lead to change of treatment strategies since treating physicians were unaware
of the study results.

2.3. Study Endpoints

The primary endpoint (PE) was a composite of cardiac death, heart transplantation, left ventricular
assist device implantation, and hospitalization for the management of acute or worsened HF, whichever
occurred first. A clinical event committee, blinded for the biomarker results, reviewed hospital records
and discharge letters and adjudicated the study endpoints [14,15].

2.4. Blood Sample Selection

In this first inclusion period of the Bio-SHiFT study, we collected a total of 1984 samples in
263 patients before occurrence of the PE or censoring (median of 9 (25th–75th percentile: 5–10) blood
samples per patient). For reasons of efficiency, we made a selection from these samples: we selected
all samples at enrolment, the last sample available in patients in whom the PE did not occur during
follow-up, and the two samples available closest in time prior to the PE (which, by design, were 3 months
apart). Previous investigations in this cohort have demonstrated that levels of several biomarker
change in the months prior to the incident adverse event [14,15]. Thus, by selecting the last two samples
prior to the endpoint, we aimed to capture this change. In event-free patients however, our previous
investigations showed stable biomarker levels, in which case one additional biomarker sample suffices.
In total, this selection amounted to 567 samples for the current analysis.

2.5. Biomarker Measurements

To investigate new biomarkers, the cardiovascular panel III of the Olink Multiplex platform
(Olink Proteomics AB, Uppsala, Sweden) was used for a batch-wise analysis. This multiplexing assay
is based on proximity extension assay technology [16]. The assay uses two oligonucleotide-labelled
antibodies to bind to their respective target proteins in the sample. When the two antibodies are in
close proximity, a new polymerase chain reaction target sequence is formed. The resulting sequence
is detected and quantified using standard real-time PCR. The proteins/biomarkers are delivered in
Normalized Protein Expression (NPX) Units, which are relative units that result from the polymerase
chain reaction. The NPX units are expressed on a log2 scale where one unit higher NPX represents
a doubling of the measured protein concentrations. This arbitrary unit can thus be used for relative
quantification of proteins and comparing the fold changes between groups. In the 567 selected samples,
we measured C1qR, CDH5, CHI3L1, CNTN1, EPHB4, Ep-CAM, ICAM2, ITGB2, JAM-A, PECAM-1,
SELE and SELP. In Appendix A Table A1, an overview is given of the adhesion molecule biomarkers
included in this study, including abbreviations, synonyms and function.

Additionally, in all patients, N-terminal pro–B-type natriuretic peptide (NT-proBNP) and
high-sensitive troponin T (hsTnT) were measured using electrochemiluminescence immunoassays
(Elecsys 2010; Roche Diagnostics, Indianapolis, IN, USA) as described before [14].

2.6. Statistical Analysis

Variables with a normal distribution are presented as the mean ± standard deviation (SD),
whereas the median and 25th–75th percentile are used in case of non-normality. Differences between
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groups were tested with Student t-tests (for normally distributed variables) or with Mann Whitney tests
(non-normally distributed variables). Categorical variables were presented as counts and percentages
and differences between groups were tested with chi square tests. We used linear mixed effect models
to plot the average temporal pattern of each adhesion molecule biomarker for patients with and
without a PE during study follow-up.

To estimate the associations between patient-specific repeated biomarker measurements and the
hazard of the PE, we applied joint modelling (JM) analyses. JM combines linear mixed effect models
for temporal evolution of the repeated measurements with time-to event relative risk models for
the time-to-event data [17]. By using the JM technique, analyses inherently accounted for different
follow-up durations between patients [18]. We studied the predictive value of biomarker levels, as well
as their rates of change (i.e., the slopes of the longitudinal biomarker trajectories). The latter analysis
is of particular interest in situations where, for example, at a specific time point two patients show
similar marker levels, but differed in rate of change of the marker [19]. First, all JM analyses were
performed univariably. Subsequently, we considered a ‘clinical model’ and an ‘established biomarker
model’, to adjust for potential confounders. The clinical model was adjusted for age, gender, diabetes
mellitus, atrial fibrillation, New York Heart Association (NYHA) class, use of diuretics and systolic
blood pressure, while the established cardiac biomarker model was adjusted for NT-proBNP and hsTnT
(measured at study enrolment). For all the JM analyses, we used the Z-score (i.e., the standardized
form) of the log2-transformed biomarkers to allow for direct comparisons of different biomarkers.
Results are given as hazard ratios (HR) with their 95% confidence intervals (CI) per SD change of the
biomarker’s level or slope.

We used the conventional p < 0.05 threshold to conclude significance for the relation between
patient characteristics and the occurrence of the PE during follow-up (Table 1). For the other analyses,
we corrected for multiple testing using the Bonferonni correction (n = 12), which resulted in a corrected
significance level of p < 0.004. Analyses were performed with SPSS Statistics 24 (IBM Inc., Chicago,
IL, USA) and R Statistical Software using packages nlme [20] and JMbayes [17].

3. Results

3.1. Baseline Characteristics and Study Endpoints

During a median (25th–75th percentile) follow-up of 2.2 (1.4–2.5) years, a total of 70 (27%) patients
reached the PE: 56 patients were re-hospitalized for acute or worsened HF, three patients underwent
heart transplantation, two patients underwent left ventricular assistant device implantation, and nine
patients died of cardiovascular causes. Table 1 displays the patients’ characteristics at enrolment and
the differences in these characteristics between patients who reached the PE during follow-up and
patients who did not. The median age was 68 (25th–75th percentile: 59–76), years, with 72% men and
74% NYHA class I–II. The median duration of HF was 4.6 (1.7–9.9) years. Patients who reached the
endpoint during follow-up were older and more often in a higher NYHA-class (III or IV), compared
to patients who did not reach the PE. They also had a longer duration of HF, lower systolic blood
pressures, higher levels of NT-proBNP and hsTNT, were more likely to have atrial fibrillation and
diabetes mellitus, and had a higher prevalence of diuretics use. Baseline levels of C1qR, CDH5, CHI3L1,
EPHB4 and JAM-A were significantly higher in patients who later experienced the endpoint compared
to patients who remained event-free.
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Table 1. Patients characteristics in relation to the occurrence of the primary endpoint (PE).

Variable Total PE Reached during Follow-Up p-Value

Yes No

263 (100) 70 (27) 193 (73)

Demographics

Age—years 68 (59–76) 72 (60–80) 67 (58–75) 0.021 *
Men 189 (72) 53 (76) 136 (71) 0.40

Clinical characteristics
Body Mass Index (kg/m2) 26 (24–30) 27 (24–30) 26 (24–30) 0.80

Heart rate (eats/min) 67 ± 12 69 ± 13 67 ± 11 0.22
Systolic blood pressure (mmHg) 122 ± 20 117 ± 17 124 ± 21 0.020 *
Diastolic blood pressure (mmHg) 72 ± 11 70 ± 10 73 ± 11 0.06

Features of heart failure
Duration of HF (years) 4.6 (1.7–9.9) 6.8 (2.8–12.5) 3.8 (1.1–8.2) 0.002 *
NYHA class III or IV 69 (26) 31 (44) 38 (20) <0.001 *

HF with reduced ejection fraction 250 (95) 66 (94) 184 (95) 0.75
HF with preserved ejection fraction 13 (5) 4 (6) 9 (5)

Left ventricular ejection fraction 31 ± 11 28 ± 11 31 ± 11 0.108

Established biomarkers

NT-proBNP (pmol/L) 137 (52–273) 282 (176–517) 95 (32–208) <0.001 *
HsTnT (ng/L) 18 (10–33) 32 (21–50) 14 (8–27) <0.001 *

eGFR (mL/min per 1.73m2) 58 (43–76) 53 (40–73) 59 (44–77) 0.20

Etiology of heart failure

Ischemic 117 (45) 36 (51) 81 (42) 0.17
Hypertension 34 (13) 10 (14) 24 (12) 0.69

Secondary to valvular disease 12 (5) 5 (7) 7 (4) 0.31
Cardiomyopathy 68 (26) 15 (21) 53 (28) 0.32

Unknown or Others 32 (12) 4 (6) 28 (15)

Medical history

Prior Myocardial infarction 96 (37) 32 (46) 64 (33) 0.060
Prior Percutaneous coronary intervention 82 (31) 27 (39) 55 (29) 0.12

Prior Coronary artery bypass grafting 43 (16) 13 (19) 30 (16) 0.56
Prior CVA/TIA 42 (16) 15 (21) 27 (14) 0.15

Atrial fibrillation 106 (40) 36 (51) 70 (36) 0.027 *
Diabetes Mellitus 81 (31) 32 (46) 49 (25) 0.002 *

Hypercholesterolemia 96 (37) 30 (43) 66 (34) 0.20
Hypertension 120 (46) 38 (54) 82 (43) 0.090

COPD 31 (12) 12 (17) 19 (10) 0.11

Medication use

Beta-blocker 236 (90) 61 (87) 175 (91) 0.40
ACE-I or ARB 245 (93) 63 (90) 182 (94) 0.22

Diuretics 237 (90) 68 (97) 169 (88) 0.021 *
Loop diuretics 236 (90) 68 (97) 168 (87) 0.017 *

Thiazides 7 (3) 3 (4) 4 (2) 0.39
Aldosterone antagonist 179 (68) 53 (76) 126 (65) 0.11

Biomarker level at baseline in arbitrary unit (NPX values)

C1qR 8.88 (8.56–9.27) 9.16 (8.78–9.50) 8.78 (8.50–9.20) <0.001 *
CDH5 2.29 (2.00–2.67) 2.36 (2.12–2.84) 2.27 (1.96–2.60) 0.010 *

CHI3L1 7.68 (6.88–8.39) 8.08 (7.53–8.72) 7.47 (6.68–8.20) <0.001 *
CNTN1 2.01 (1.72–2.25) 2.00 (1.68–2.22) 2.01 (1.75–2.27) 0.58
EpCAM 5.11 (4.38–5.82) 4.91 (4.40–5.71) 5.18 (4.36–5.90) 0.41
EPHB4 1.35 (1.08–1.66) 1.55 (1.19–1.95) 1.31 (1.05–1.58) <0.001 *
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Table 1. Cont.

Variable Total PE Reached during Follow-Up p-Value

Yes No

263 (100) 70 (27) 193 (73)

Biomarker level at baseline in arbitrary unit (NPX values)

ICAM-2 4.20 (3.88–4.59) 4.35 (4.00–4.64) 4.18 (3.85–4.51) 0.061
ITGB2 4.65 (4.39–4.90) 4.64 (4.41–4.96) 4.67 (4.39–4.89) 0.86
JAM-A 5.22 (4.64–5.80) 5.41 (4.79–6.02) 5.08 (4.56–5.71) 0.024 *

PECAM-1 4.74 (4.36–5.17) 4.77 (4.36–5.39) 4.70 (4.35–5.10) 0.32
SELE 2.89 (2.46–3.28) 3.06 (2.51–3.32) 2.84 (2.45–3.28) 0.40
SELP 8.84 (8.46–9.38) 8.98 (8.54–9.58) 8.78 (8.42–9.28) 0.087

Variables with a normal distribution are presented as the mean ± SD, whereas non-normally distributed continuous
variables are expressed as the median (25th–75th percentile). Categorical variables are expressed as counts
(percentages). Missing values < 5% if applicable, except for systolic blood pressure (5.3%). * p-value < 0.05. ACE-I:
angiotensin-converting enzyme inhibitors, ARB: angiotensin II receptor blockers, C1qR: complement component
C1q receptor, CDH5: cadherin 5, CHI3L1: chitinase-3-like protein 1, CNTN1: contactin-1, COPD: chronic obstructive
pulmonary disease, CVA: cerebrovascular accident, eGFR: estimated glomerular filtration rate, Ep-CAM: epithelial
cell adhesion molecule, EPHB4: Ephrin type-B receptor 4, HF: heart failure, HsTnT: high-sensitive troponin T,
ICAM-2: intercellular adhesion molecule-2, ITGB2: integrin beta-2, JAMA: junctional adhesion molecule A, NPX,
Normalized Protein Expression, NT-proBNP: N-terminal pro–B-type natriuretic peptide, NYHA: New York Heart
Association, PECAM-1: Platelet endothelial cell adhesion molecule 1, SELE: E-selectin, SELP: P-selectin and TIA:
transitory ischemic attack.

3.2. Temporal Patterns of Circulating Biomarkers of Cell Adhesion in Relation to Study Endpoints

Figure 1 depicts the average temporal evolutions of biomarkers of cell adhesion from twenty-four
months before the PE or before last sample moment (for patients who remained event-free) onwards,
based on linear mixed effect models. As the endpoint or last sample moment approached, biomarkers
C1qR, CDH5, CHI3L1, EPHB4, ICAM-2 and JAM-A showed higher levels in patients who experienced
the PE versus those who remained event-free. Some were already higher 24 months before the endpoint,
while others were not but diverged as the end-point drew closer. On the other hand, CNTN1, EpCAM,
ITGB2, PECAM-1, SELE and SELP did not show a clear difference between both groups.

Table 2 shows the associations of the repeatedly measured levels of biomarkers of cell adhesion
with the PE based on JM analyses. C1qR showed the strongest association in univariate analysis with a
HR of 2.22 (95% CI: 1.62–3.10) per SD change at any point in time during follow-up. After adjustment
for clinical characteristics, CHI3L1 remained the strongest predictor of the PE, with a HR of 2.27
(95% CI: 1.66–3.16). CHI3L1 was followed by JAM-A (HR 2.10, 95% CI: 1.42–3.23) and C1qR (HR 1.90,
95% CI: 1.36–2.72). In addition, the risk estimates of CHI3L1 (HR 1.68, 95% CI: 1.23–2.35) and JAM-A
(HR 1.75, 95% CI: 1.25–2.49) remained significant after adjustment for baseline established cardiac
biomarkers NT-proBNP and hsTNT.
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Figure 1. Average temporal patterns of adhesion molecule biomarkers during follow-up approaching
the primary endpoint (PE) or last sample moment. X-axis: time remaining to the PE (for patients
who experienced incident adverse events) or time remaining to last sample moment (for patients who
remained event-free). Therefore, ‘time zero’ is defined as the occurrence of the endpoint or last sample
moment and is depicted on the right side of the x-axis, so that the average marker trajectory can be
visualized as the endpoint approaches. Y-axis: biomarker levels in arbitrary, relative units (Normalized
Protein Expression, NPX). Solid red line: Average temporal pattern of biomarker levels in patients who
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reached the primary endpoint during follow-up. Solid blue line: Average temporal pattern of biomarker
levels in patients who remained endpoint free (solid blue line). Dashed lines: 95% confidence interval.
Abbreviations: Complement component C1q receptor: C1qR, Cadherin 5: CDH5, Chitinase-3-like
protein 1: CHI3L1, CNTN1: Contactin-1, Ep-CAM: Epithelial cell adhesion molecule, EPHB4: Ephrin
type-B receptor 4, ICAM2: Intercellular adhesion molecule-2, ITGB2: Integrin beta-2, JAM-A: Junctional
adhesion molecule A, NPX: Normalized Protein Expression, PE: primary endpoint, PECAM-1: Platelet
endothelial cell adhesion molecule 1, SELE: E-selectin, and SELP: P-selectin.

Table 2. Associations between the levels of biomarkers of cell adhesion and the primary endpoint.

Crude Model Clinical Model Biomarker Model

Biomarker HR (95% CI) p-Value HR (95% CI) p-Value HR (95% CI) p-Value

C1qR 2.22 (1.62–3.10) <0.001 * 1.90 (1.36–2.72) <0.001 * 1.47 (1.04–2.14) 0.028
CDH5 2.01 (1.47–2.77) <0.001 * 1.79 (1.30–2.50) <0.001 * 1.56 (1.14–2.14) 0.004

CHI3L1 2.11 (1.60–2.84) <0.001 * 2.27 (1.66–3.16) <0.001 * 1.68 (1.23–2.35) 0.002 *
CNTN1 0.93 (0.66–1.32) 0.70 0.98 (0.67–1.45) 0.92 0.93 (0.66–1.31) 0.66
EpCAM 0.86 (0.66–1.11) 0.27 0.90 (0.67–1.20) 0.46 0.90 (0.69–1.17) 0.46
EPHB4 1.90 (1.48–2.44) <0.001 * 1.77 (1.35–2.33) <0.001 * 1.37 (1.03–1.80) 0.031
ICAM2 2.08 (1.51–2.94) <0.001 * 1.79 (1.29–2.53) 0.001 * 1.53 (1.12–2.12) 0.005
ITGB2 1.07 (0.77–1.47) 0.70 0.95 (0.65–1.37) 0.77 1.04 (0.75–1.42) 0.83
JAM-A 1.86 (1.34–2.63) <0.001 * 2.10 (1.42–3.23) <0.001 * 1.75 (1.25–2.49) 0.001 *

PECAM-1 1.39 (1.00–1.94) 0.050 1.60 (1.10–2.35) 0.013 1.47 (1.04–2.08) 0.031
SELE 1.11 (0.86–1.44) 0.43 1.07 (0.81–1.40) 0,66 1.11 (0.86–1.44) 0.43
SELP 1.34 (0.98–1.86) 0.071 1.45 (1.01–2.10) 0.044 1.49 (1.08–2.06) 0.018

Hazard ratios (HRs) and 95% confidence intervals (CIs) are given per standard deviation change at any point in time
during follow-up, which were estimated by joint modelling (JM) analysis. JM combines linear mixed effect (LME)
models for the temporal evolution of the repeated measurements with Cox proportional hazard models for the
time-to-event data. Thus, all available measurements are simultaneously taken into account in the current analyses
(i.e., all baseline samples, the last sample available in patients in whom the PE did not occur during follow-up,
and the two samples available closest in time prior to the primary endpoint). Crude model: Cox model unadjusted,
LME model unadjusted; Clinical model: Cox and LME models adjusted for age, sex, diabetes, atrial fibrillation,
baseline New York Heart Association class, diuretics, and systolic blood pressure; Established cardiac biomarker
model: Cox and LME models adjusted for baseline NT-proBNP and hsTnT. Data for systolic blood pressure was
missing in >5% of patients. Imputations were applied using the patients’ clinical and outcome data. * p-value below
the corrected significance level for multiple testing (p-value < 0.004).

Apart from evaluating the predictive value of repeatedly assessed biomarker levels, we also
evaluated their rates of change (i.e., the slopes of the longitudinal biomarker trajectories) and concurrent
HRs. Although the trajectories plotted by using linear mixed effect models (Figure 1) have already
provided an impression of temporal evolution of biomarker level in those with and without incident
PEs, evaluating slope by means of the JM provides the possibility to evaluate instantaneous slope,
which may render additional insights. In these analyses, the same biomarkers remained significant
predictors of the PE, i.e., CDH5, CD93, CHI3L1, EPHB4, ICAM-2 and JAM-A, even after adjusting for
clinical factors (Table 3). JAM-A showed numerically the strongest association with the PE with a HR
of 1.64 (95% CI: 1.23–2.24) per 0.1SD change of the annual slope, followed by CHI3L1 (HR 1.58, 95% CI:
1.36–1.93) and CDH5 (HR 1.47, 95% CI: 1.17–2.00).
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Table 3. Associations between the slope of biomarkers of cell adhesion and the primary endpoint.

Crude Model Clinical Model Biomarker Model

Biomarker HR (95% CI) p-Value HR (95% CI) p-Value HR (95% CI) p-Value

C1qR 1.34 (1.16–1.56) <0.001 * 1.43 (1.13–1.92) 0.002 * 1.12 (1.02–1.24) 0.019
CDH5 1.36 (1.18–1.60) <0.001 * 1.47 (1.17–2.00) <0.001 * 1.16 (1.07–1.27) <0.001 *

CHI3L1 1.41 (1.29–1.57) <0.001 * 1.58 (1.36–1.93) <0.001 * 1.27 (1.18–1.39) <0.001 *
CNTN1 1.04 (0.94–1.17) 0.45 1.04 (0.92–1.18) 0.53 1.06 (0.98–1.15) 0.13
EpCAM 1.01 (0.88–1.16) 0.92 1.01 (0.88–1.17) 0.88 1.01 (0.92–1.11) 0.83
EPHB4 1.33 (1.19–1.51) <0.001 * 1.34 (1.15–1.68) <0.001 * 1.14 (1.04–1.25) 0.005
ICAM2 1.32 (1.22–1.45) <0.001 * 1.44 (1.27–1.72) <0.001 * 1.22 (1.15–1.31) <0.001 *
ITGB2 1.07 (0.94–1.21) 0.32 0.99 (0.83–1.16) 0.90 1.05 (0.97–1.15) 0.23
JAM-A 1.34 (1.12–1.62) 0.002 * 1.64 (1.23–2.24) 0.001 * 1.10 (0.99–1.24) 0.085

PECAM-1 1.15 (0.98–1.40) 0.088 1.09 (0.86–1.72) 0.80 1.06 (0.97–1.18) 0.21
SELE 1.21 (1.05–1.41) 0.015 1.19 (0.99–1.41) 0.060 1.10 (0.96–1.23) 0.15
SELP 1.29 (1.13–1.49) 0.020 1.45 (1.22–1.84) <0.001 * 1.12 (0.94–1.27) 0.15

Hazard ratios (HRs) and 95% confidence intervals (CIs) are given per 0.1 standard deviation of the annual slope at
any point in time during follow-up, which were estimated by joint modelling (JM) analysis. JM combines linear
mixed effect (LME) models for the temporal evolution of the repeated measurements with Cox proportional hazard
models for the time-to-event data. Thus, all available measurements are simultaneously taken into account in the
current analyses (i.e., all baseline samples, the last sample available in patients in whom the PE did not occur during
follow-up, and the two samples available closest in time prior to the primary endpoint). Crude model: Cox model
unadjusted, LME model unadjusted; Clinical model: Cox and LME models adjusted for age, sex, diabetes, atrial
fibrillation, baseline New York Heart Association class, diuretics and systolic blood pressure; Established cardiac
biomarker model: Cox and LME models adjusted for baseline NT-proBNP and hsTnT. Data for systolic blood
pressure was missing in >5% of patients. Imputations were applied using the patients’ clinical and outcome data.
* p-value below the corrected significance level for multiple testing (p-value < 0.004).

4. Discussion

In the present study, we found that biomarkers of cell adhesion C1qR, CDH5, CHI3L1, EPHB4,
ICAM-2 and JAM-A were associated with clinical outcomes in 263 stable patients with CHF. At baseline,
levels of biomarkers C1qR, CDH5, CHI3L1, EPHB4 and JAM-A were higher in patients who later
experienced the PE compared to patients who remained event-free. Furthermore, the average biomarker
evolutions over time of these markers, and additionally of ICAM-2, showed higher levels as the PE
approached. Even more important, repeatedly measured levels of these biomarkers of cell adhesion
were independently associated with the PE. Even adjusted for clinical factors, biomarkers of cell
adhesion served as predictors of clinical adverse events.

Recent studies suggest a pivotal role of CAMs in the processes of HF. Until now, however, research
on CAMs in relation to adverse clinical outcomes in patients with CHF is limited. Previous studies
have mostly described the value of single measurements of adhesion molecules (e.g., at admission) for
prognosis, and studies were relatively small. Our study, which was based on repeated measurements,
demonstrates a promising role for several adhesion biomarkers for individual prognostication in CHF
patients Temporal patterns shortly before an adverse event occurs have not yet been investigated in
detail previously, while this might be a crucial time window for therapeutic interventions.

In our study, CHI3L1 was the biomarker whose association with the PE was numerically the
strongest after adjustment for clinical factors. CHI3L1 is a glycoprotein secreted in vitro by cells such
as activated macrophages and neutrophils in different tissues with inflammation. Studies on patients
with acute myocardial infarction, stable coronary artery disease, atrial fibrillation and CHF have
demonstrated elevated levels of CHI3L1 compared with healthy controls [21]. Moreover, several studies
have previously examined CHI3L1 in relation to clinical outcome in CHF; but repeated measurements
were never used. Some of these studies showed that CHI3L1 is associated with all-cause mortality [22]
and that it is able to detect patients at high risk for adverse outcomes as well [23,24]. Other studies
failed to demonstrate such associations. Rathcke at al. examined CHI3L1 levels in patients with CHF
and in age-matched controls without cardiovascular disease [25]. They found higher levels of CHI3L1
at baseline in patients with CHF, but these levels did not predict cardiovascular events or overall
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mortality. Mathiasen et al. [21] suggested that, most likely, elevated levels of CHI3L1 in CHF patients
are explained by the presence of concomitant diseases. CHF is a complex disorder, often complicated by
other comorbidities in which CHI3L1 is known to be elevated, such as arrhythmias, renal dysfunction,
diabetes mellitus and hypertension. These concomitant diseases could thus possibly explain the
differences in CHI3L1 levels when compared to healthy individuals. Conversely, in our study, we not
only adjusted for age, but also for clinical factors, and still we found an association between CHI3L1
and clinical adverse events.

The barrier formed by endothelial cells allows regulated passage of immune cells in the normal
state and during inflammatory conditions. This passage is mediated through junctional molecules,
such as ICAM-2, CDH5, JAMA, and PECAM-1 [26,27]. ICAM-2 participates in the docking of leukocytes
to the endothelium, and is likely to be relevant for leukocyte diapedesis [28]. For example, former
research showed that endothelial cell activation leads to neutrophil transmigration, supported by the
sequential roles of ICAM-2, JAM-A and PECAM-1 [26]. We are not aware of previous investigations that
link ICAM-2 to prognosis of stable CHF patients. We show that rate of change of ICAM-2 independently
predicts adverse clinical outcome. This suggests that prognosis differs between patients with stable
ICAM-2 values and patients with increasing ICAM-2 values. CDH5 is an endothelial transmembrane
glycoprotein and is the major molecule for cell–cell adhesion that forms adherens junctions [9].
Shedding of CDH5 into the circulation is associated with severe acute kidney injury and with more
severe organ dysfunction in patients with sepsis [29] and increased levels of soluble CDH5 were
associated with poor outcome in severe sepsis [30]. In cardiovascular research, elevated levels of CDH5
have also been reported to be associated with coronary atherosclerosis [31]. Based on our results, CDH5
may be of use as a biomarker that reflects on-going inflammation and indicates impending adverse
events in CHF patients. JAM-A is involved in the regulation of vascular permeability [27] and genetic
deletion and blockade of JAM-A generally results in increased permeability of endothelial cells [32].
JAM-A is also thought to be required for movement of leukocytes toward sites of inflammation [33]
and it may be considered as a marker of acute endothelial activation and dysfunction [34]. This is in
line with our findings; we demonstrate that repeatedly measured levels of JAM-A show a numerically
strong independent association with the PE. The significant role of PECAM-1 in platelet aggregation and
migration of leukocytes through the endothelium [35] is interesting in the context of CHF. PECAM-1 has
been suggested as a sensitive marker providing early diagnostic aid in acute coronary syndromes [36].
In heart failure research, soluble PECAM-1 was found to be elevated in the majority of patients
with severe CHF [37]. However, we did not find an association of PECAM-1 with prognosis in our
CHF cohort.

SELP is of great interest because of its key role in interactions between platelets, leucocytes,
and endothelium [38]. Abnormal surface SELP expression [39,40] and soluble SELP levels [41] have
been reported in decompensated heart failure, suggesting persistent platelet activation. Regarding
their prognostic value, however, levels of soluble SELP, platelet surface SELP, and total platelet SELP
did not determine prognosis [42] and our results support these findings. Ep-CAM, CNTN1, ITGB2,
and SELE also showed negative results in our study.

Less is known about the other biomarkers in relation to CHF. For example, C1qR is a transmembrane
receptor once thought to be only a receptor for C1q, but is now thought to play a role in endothelial
cell adhesion [43]. The up-regulation of this receptor by inflammatory mediators and the ability of
complement component C1q itself to increase ICAM-1 expression suggest a potential role for the
receptor in vascular inflammation and immune injury [44]. To the best of our knowledge, C1qR has
never been linked directly to prognostication in CHF patients. In our study, repeatedly measured
levels of this marker were independently associated with the PE. EPHB4 serves as receptor for its
transmembrane ligand ephrin-B2. Both are specifically expressed on arterial and venous endothelial
cells. Hamada et al. concluded ephrin-B2 forward signaling and EPHB4 reverse signaling differentially
affect cell adhesion and migration between arterial and venous endothelial cells [45]. We found that
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both level and slope analysis of EPHB4 were significantly associated with the endpoint, even after
adjusting for clinical factors.

While the 263 patients included in our investigation were ambulatory and stable, it has been
advocated that grouping of HF patients should not be approached only based on symptoms [46], nor on
ejection fraction solely [47]. Definitions have been described to identify more advanced disease HF
(AdHF), i.e., patients with worsening clinical condition, high rates of re-hospitalization and mortality
(meaning a condition where standard treatments are inadequate and additional interventions must be
applied; these patients are suitable for LVAD), as well as end-stage heart failure (patients for which
advanced therapies, such as LVAD, is contraindicated and palliative cares should be pursued) [48].
In post-hoc analyses, based on our available data, we identified at least 57 patients who might be
categorized into these two groups at baseline; given their ambulant condition most likely the AdHF
group. Thirty of them eventually experienced an endpoint during follow-up. Compared to the
other 206 patients, these 57 patients were older, had a higher heart rate, lower systolic and diastolic
blood pressure, had higher NT-proBNP, hsTnT and eGFR levels, and were more likely to have prior
CVA/TIA and diabetes mellitus. Malfunction of other organs could affect prognosis [49], and, therefore,
differences in such risk factors should be taken into account (as for example also highlighted in a recent
study about the role of oxidative stress and vascular inflammation in diabetic patients which could
result in myocardial infarction [50]). Since we adjusted our current analyses of the association between
circulating biomarkers of cell adhesion and clinical outcomes for variables such as diabetes mellitus
and atrial fibrillation, we believe we have accounted for this type of confounding as much as we could
in this observational study.

Our study has some limitations. First, because of efficiency reasons, we did not use all 1984
available trimonthly samples, but selected 3 samples for patients with a PE (baseline and last 2 prior to
the PE), and 2 samples for event-free patients, resulting in 567 samples. Our previous investigations
using all samples demonstrated that most of the examined biomarkers show an increase shortly prior
to the incident adverse event. Thus, we believe that with our approach we retain the most informative
measurements while enhancing efficiency. Second, as described before [15,51], our cohort comprised
mainly HF patients with a reduced ejection fraction. This can most likely be attributed to the fact
that in the Netherlands, most HF patients with a preserved ejection fraction are treated in secondary
referral centers or by the general practitioner. Finally, we used biomarker values in Normalized Protein
Expression (NPX) Units, i.e., relative units. While these values can be used for comparing patients and
changes over time within a patient, for clinical applications absolute concentrations are recommended.

In conclusion, the present study demonstrates that serial measurements of C1qR, CDH5, CHI3L1,
EPHB4, ICAM-2 and JAM-A are independently associated with clinical adverse events in patients
with CHF, suggesting that markers of cell adhesion could be useful for individual risk profiling.
These biomarkers are also interesting for future therapeutic purposes, as CAMs may be used as targets
to inhibit vascular inflammation and endothelial dysfunction. Further studies are warranted to confirm
these associations, to investigate whether a combination of different markers (for example C1qR,
CHI3L1 and JAM-A) may improve prognostication and to better elucidate the pathophysiological role
of cell adhesion in CHF.
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Appendix A

Table A1. Overview of the assessed biomarkers of cell adhesion.

Abbreviation Full Name Synonyms Function

C1qR Complement component
C1q receptor CD93

Stimulates endothelial expression of
adhesion molecules/C1q-mediated

endothelial cell adhesion

CDH5 Cadherin 5 VE cadherin Major cell–cell adhesion molecule that
forms adherens junctions

CHI3L1 Chitinase-3-like protein 1 YKL-40, HC gp39, brp-39,
gp38k, and MGP-40 Endothelial activation and dysfunction

CNTN1 Contactin-1 GP130

Expressed in neuronal tissues, associates
with other cell surface proteins and

believed to participate in signal
transduction pathways and cell functions

Ep-CAM Epithelial cell
adhesion molecule CD326

Cell–cell adhesion molecule and part of
diverse processes such as signaling,

cell migration, proliferation,
and differentiation

EPHB4 Ephrin type-B receptor 4 HTK and Tyro11 Essential role in vascular development

ICAM-2 Intercellular adhesion
molecule-2 CD102 Adherence and transmigration

of leucocytes

ITGB2 Integrin beta-2 CD18
Ligands for ICAM-1, and critical for the

migration of leucocytes to sites
of inflammation

JAM-A Junctional adhesion
molecule A F11R Involved in the migration of leukocytes

through the endothelial cell barrier

PECAM-1 Platelet endothelial cell
adhesion molecule 1 CD31 Platelet/endothelial interaction, adherence

and transmigration of leucocytes

SELE E-selectin CD62E, ELAM-1, and
LECAM2 Leucocyte rolling

SELP P-selectin CD154 Platelet/endothelial interaction and
leucocyte rolling
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Abstract: Background: This prospective study was designed to investigate whether myocardial
triglyceride (TG) content from proton magnetic resonance spectroscopy (MRS) and left ventricular (LV)
function parameters from cardiovascular magnetic resonance imaging (CMR) can serve as imaging
biomarkers in predicting future major cardiovascular adverse events (MACE) and readmission
in patients who had been hospitalized for acute heart failure (HF). Methods: Patients who were
discharged after hospitalization for acute HF were prospectively enrolled. On a 3.0 T MR scanner,
myocardial TG contents were measured using MRS, and LV parameters (function and mass)
were evaluated using cine. The occurrence of MACE and the HF-related readmission served
as the endpoints. Independent predictors were identified using univariate and multivariable Cox
proportional hazard regression analyses. Results: A total of 133 patients (mean age, 52.4 years) were
enrolled. The mean duration of follow-up in surviving patients was 775 days. Baseline LV functional
parameters—including ejection fraction, LV end-diastolic volume, LV end-diastolic volume index
(LVEDVI), and LV end-systolic volume (p < 0.0001 for all), and myocardial mass (p = 0.010)—were
significantly associated with MACE. Multivariable analysis revealed that LVEDVI was the independent
predictor for MACE, while myocardial mass was the independent predictor for 3- and 12-month
readmission. Myocardial TG content (lipid resonances δ 1.6 ppm) was significantly associated with
readmission in patients with ischemic heart disease. Conclusions: LVEDVI and myocardial mass
are potential imaging biomarkers that independently predict MACE and readmission, respectively,
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in patients discharged after hospitalization for acute HF. Myocardial TG predicts readmission in
patients with a history of ischemic heart disease.

Keywords: cardiac magnetic resonance imaging; heart failure; left ventricular systolic function;
magnetic resonance spectroscopy; myocardial triglyceride content

1. Introduction

Heart failure (HF) is a complex clinical syndrome that results from a variety of conditions
preventing the left ventricle (LV) from supporting physiological circulation [1]. Patients with HF are
at an increased risk of major adverse cardiovascular events (MACE)—including death, myocardial
infarction, stroke, and hospitalizations [2,3]—which pose a significant public health burden globally.
The 3-month readmission rates of patients with acute HF remains as high as 25–50%, with 5-year
survival rates <50% [4]. Optimized risk sFCtratification would help to prioritize the surveillance for
those who are prone to experience MACE.

Cardiomyocytes primarily depend on the oxidation of fatty acids as their source of energy [5].
Because the heart does not serve as a storage depot for fat, the concentration of triglycerides (TG) in the
myocardium is low under physiological conditions. However, cardiac steatosis may develop as a result
of abnormal regulation of fatty acids uptake or alterations in lipid metabolism. TG accumulation in the
heart has been recognized as a risk factor for cardiovascular (CV) disease [6–8]. Vilahur et al. have
shown that intramyocardial lipids impaired myofibroblast-related collagen synthesis with resultant
poor healing of the myocardial scar post-myocardial infarction, while excess cardiac lipids exacerbated
apoptosis and led to extensive myocardial infarcts [9]. Proton magnetic resonance spectroscopy
(1H-MRS) has been used to obtain in vivo quantitative measures of myocardial TG content in patients
with CV disorders [10–12]. We have previously used 3.0 T CMR to analyze the association between
myocardial unsaturated fatty acids (UFA) content and left ventricular (LV) function in patients who
had been hospitalized for acute HF [13]. Furthermore, cardiac magnetic resonance imaging (CMR)
is well established as the gold standard in the assessment of cardiac structure and function, with
incremental diagnostic and prognostic information in HF [14–16]. We, therefore, hypothesize that the
quantitative information about myocardial TG content from 1H-MRS and LV function parameters from
CMR may help predict the occurrence of future MACE and readmission in patients who have been
hospitalized for acute HF.

This prospective study was designed to investigate whether myocardial TG content from 1H-MRS
(primary aim) and LV function parameters from CMR (secondary aim) can serve as imaging biomarkers
in predicting future MACE and readmission in patients who have been hospitalized for acute HF.

2. Methods

2.1. Ethics Approval and Consent to Participate

Ethical approval was granted by the Institutional Review Board of the Keelung Chang Gung
Memorial Hospital (IRB 102-2772A3). The study is reported in accordance with the STROBE
(STrengthening the Reporting of OBservational studies in Epidemiology) statement and has been
registered at ClinicalTrials.gov (Identifier: NCT02378402) on 21 February 2015. All patients provided
their written informed consent.

2.2. Study Design and Patient Population

Between March 2014 and June 2016, we prospectively screened 200 patients and enrolled a total
of 147 patients who were hospitalized with acute HF at a tertiary referral hospital with a dedicated
HF center (IRB 102-2772A3, ClinicalTrial.gov: NCT02378402). Patients were scanned whose medical
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condition had become stable after treatment, specifically when they (1) had an oral medication regimen
stable for at least 24 h; (2) had no intravenous vasodilator or inotropic agents for at least 24 h; and (3)
were ambulatory before discharge to assess functional capacity. Patients aged between 20 and 70 years
with acute HF, with initial HF stage C, classified according to the American College of Cardiology (ACC)
and the American Heart Association (AHA) HF classification system [4], were eligible. Patients who
were unwilling to participate or presenting with general contraindications to CMR (e.g., claustrophobia,
metal-containing implants, cardiac pacemakers, or unable to comply with the examiners) were excluded.
Additional exclusion criteria were as follows: Positive history of open cardiac surgery; pregnancy
or breastfeeding; and inability to adhere to treatment and/or follow-up. All of the medical records
underwent a central review by a multidisciplinary team to confirm that the identified patients were
suitable for inclusion. The following variables were collected at baseline: Demographic data (age,
sex, height, and weight), cardiovascular risk factors (smoking, hypertension, diabetes), previous
history of cardiovascular disease (angina, myocardial infarction, dilated cardiomyopathy, myocarditis),
and medication use. Serum lipid levels (total cholesterol, very-low-density lipoprotein cholesterol,
low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, and TG) were measured 1
month before CMR imaging. Patients with a previous history of angina or myocardial infarction were
defined as an ischemic group, while the others as non-ischemic group. Previously, 48 of the 133 patients
have been reported in a cross-sectional interim report to study the association of LV function and
myocardial TG on CMR [13]. In this study, we further evaluated their predictive value in a longitudinal
observational study. The patient flow diagram is present in Figure 1.

Figure 1. Flow diagram of the study cohort. Note.—AMI, acute myocardial infarction; CMR, cardiac
magnetic resonance; HF, heart failure; MACE, major cardiovascular event; VT, ventricular tachycardia;
VF, ventricular fibrillation.

2.3. H-MRS

Clinical MRS was acquired before contrast administration using the same settings and anatomical
localizations as previously reported [13]. In brief, respiratory-triggered cardiac-gated point-resolved
spectroscopy (PRESS) [17] was implemented to acquire localized 1H MRS voxels to a 2 × 2 × 1 cm3

spectroscopic volume within the interventricular septum during the end-systolic phase. The MRS
acquisition parameters were as follows: Nominal TR (repetition time)/TE (echo time), 550 ms/33 ms;
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64 averages; window size, 1024 points; bandwidth, 2000 Hz [18–21]. Spectra with and without water
suppression were used to obtain water and myocardial TG signals, respectively [22].

2.4. CMR Imaging

Patients were required to fast overnight before undergoing CMR examinations on a 3.0-Tesla
Siemens Skyra MR scanner (Siemens, Erlangen, Germany). No pre-medications were used. The scanner
was equipped with an 18-channel phased-array receiver body coil and operated on a VD13 platform.
Steady-state free precession (SSFP) cine imaging was used to produce images with both short-axis
(contiguous 8 mm slice thickness) and standard long-axis views (2-, 3- and 4-chamber views). Late
gadolinium enhancement (LGE) at 10 min after gadolinium injection in the short-axis (9 to 13 images
covering the entire LV), 2-chamber, and 4-chamber planes. The following settings were employed:
Echo time, 1.2 ms; repetition time, 3.4 ms; field of view, 34−40 cm; matrix, 256 × 256.

2.5. Image Analysis

Left ventricular ejection fraction (LVEF) was measured on short-axis cine LV images with
post-processing software (VB17, Argus Viewer and Function, Siemens, Erlangen, Germany) on a
separate workstation. LV endocardial and epicardial borders were manually drawn at end-diastole
and end-systole on short-axis cine images and LVEF and end-diastolic LV mass from each slice
were measured accordingly. Papillary muscles were not included in the LV mass. Left ventricular
end-diastolic volume (LVEDV) and end-systolic volume (LVESV) were calculated using the same
methodology. The left ventricular end-diastolic volume index (LVEDVI) was determined by dividing
the LVEDV by the body surface area (BSA). The LV global function index (LVGFI) was calculated with
the following formula:

LVGFI = [LVESV/(LVEDV+LVESV)/2 + (LV mass/1.05)] × 100 (1)

LCModel 6.2 software package (http://s-provencher.com/pages/lcmodel.shtml) was used for the
quantification of TG by fitting the time-domain 1H-MRS spectra (Figure 2). Multiple resonance peaks
of fat including methyl (–(CH2)n–CH3) peak δ 0.9 ppm, methylene (–(CH2)n–) peaked at 1.3 ppm,
beta-carboxyl (–CO-CH2-CH2–) at 1.6 ppm, alpha-allylic (–CH2–CH=CH–CH2–) peaked at 2.02 ppm
(denote by Lip2.1), alpha-carboxyl (–CO-CH2-CH2–) peaked at 2.24 ppm (denote by Lip2.3), diacyl
(–CH=CH–CH2–CH=CH–) peaked at 2.75 ppm (denote by Lip2.8), olefinic (–CH=CH–) at 5.29 ppm
(denote by Lip5.3) were fitted. Water-suppressed spectra were used to quantify the total myocardial
TG resonance and its—including FA (lipid resonances δ 0.9, 1.3 and 1.6 ppm) and UFA (lipid resonance
δ 2.02 ppm, 2.24 ppm, 2.75 ppm, and 5.29 ppm), i.e., the ratio of the metabolite resonance area to the
unsuppressed water resonance area. Water resonance (~δ 4.7 ppm) without water suppression was
also determined for normalization. Cramer-Rao lower bound (CRLB) of TG provided by the LCModel
was served as a goodness-of-fit, and used for the evaluation of the spectra quality.
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(A) (B) 

Figure 2. Example myocardial CMR spectroscopy. (A) A 2 × 2 × 1 cm3 spectroscopic volume (white
box) was acquired from the interventricular septum during the systolic phase to generate an input
spectrum. (B) 1H-CMR spectra were fitted and analyzed using the LCModel 6.2 software package
(right). We quantified the components of myocardial triglyceride resonances, i.e., fatty acids (FA, lipid
resonances δ 0.9, 1.3, and 1.6 ppm) and unsaturated fatty acids (UFA, lipid resonance δ 2.1 and 2.3, 2.8,
5.3 ppm).

2.6. Treatment and Definition of the Study Outcomes

Patients were clinically followed on a monthly basis by a dedicated HF team, who were aware of
conventional CMR but blinded to the MRS results. MACE is a composite of clinical events without
standard definition, because individual outcomes used to make this composite endpoint vary by
study [2,3,23]. According to our study endpoints, we used the term MACE to comprise the composite
of the events including HF worsening, HF-related readmissions, cardiac catheterization, unstable
angina, stroke, cardiac arrest/ventricular tachycardia (VT)/ventricular fibrillation (VF), and cardiac
death. However, the HF related-readmission rates were not included in MACE and, thus, were
separately considered. The appropriate length of the 2-year follow-up was determined based on our
previous heart failure cohort study [24].

2.7. Data Analysis

Univariate and stepwise multivariable regression analyses (Wald statistics) were used to assess
CMR parameters. A complete-case analysis was implemented (missing data were not excluded).
Survival curves were plotted with the Kaplan-Meier method (log-rank test). Two-group comparisons of
continuous and categorical variables were performed with the Student’s t-test (two-group comparisons)
and chi-square test, respectively. Continuous variables were determined by the recursive partitioning
method to obtain the optimal cut-off values. Independent predictors of MACE and readmission
rates were identified using univariate and multivariable Cox proportional hazard regression analyses.
A Bonferroni posthoc correction was conducted to reduce Type I Error by dividing the original α-value
by the number of analyses on the dependent variable. Data correlation was evaluated based on the
Spearman rank test. Data analyses were performed using the following software: SPSS (version 11;
SPSS Inc., Chicago, IL, USA), MedCalc (version 9.2.0.0; MedCalc Software, Mariakerke, Belgium),
and R (version 3.5.3, R Foundation for Statistical Computing, Vienna, Austria, www.r-project.org).
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3. Results

3.1. Patient Characteristics

A total of 133 consecutive patients (mean age, 52.4 years) entered the final analysis, with the
mean follow-up time for surviving patients being 775 days. Table S1 details the baseline LV functional
parameters. The baseline LVEF of this patient population was 52.2 (52.2 ± 21.7%). There were more
patients with preserved EF ≥55% (n = 71) than reduced EF <55% (n = 62). MACE was observed in 39
cases (29.3%). The MACE with their distribution being as follows: HF-related readmission (n = 16;
ischemic/non-ischemic 6/10), re-hospitalization for acute myocardial infarction (n = 15; 15/0), unstable
angina (n = 4; 4/0), cardiac arrest (n = 1; 1/0), and stroke (n = 3; 0/3). There were no cases of cardiac death.
The baseline clinical characteristics of the study participants are summarized in Table 1. Patients who
experienced MACE did not differ from those who did not in terms of baseline clinical characteristics.
As far as HF-related events are concerned, 6 patients (4.5%) were readmitted within 3 months and 18
patients (13.5%) within 12 months. Only one patient (0.8%) was readmitted within 30 days. Ischemic
heart disease was identified in 50 patients, with the involvement of the left main (n = 2), left anterior
descending (n = 36), left circumflex (n = 26), and right coronary artery (n = 23), verified by the presence
of a myocardial scar on LGE. The remaining 83 patients had no history of ischemic heart disease and
had no myocardial scar on LGE.

Table 1. Baseline characteristics of the study patients (n = 133).

Variable MACE (n = 39) Non-MACE (n = 94) p Value

Clinical profile
Male sex (%) 74.2% 57.5% 0.088
Age (years) 52.3 ± 10.0 52.7 ± 10.3 0.846
Height (m) 1.7 ± 0.1 1.7 ± 0.1 0.656
Weight (kg) 70.5 ± 13.8 69.6 ± 15.9 0.751
BMI (kg/m2) 25.7 ± 3.9 25.6 ± 5.3 0.953

Heart rate 73.8 ± 14.2 71.3 ± 13.2 0.350
SBP (mmHg) 125.3 ± 19.5 131.9 ± 21.1 0.087
DBP (mmHg) 73.0 ± 11.7 76.4 ± 10.2 0.116

Smoking 53.8% 42.5% 0.316

Comorbidities
Hypertension 47.3% 45.0% 0.956

DM 23.7% 20.0% 0.813
Angina 36.6% 32.5% 0.802

MI 36.6% 32.5% 0.802
DCM 16.1% 10.0% 0.512

Myocarditis 2.2% 5.0% 0.742
CAD 35.5% 32.5% 0.894

Medications
DM drugs 16.1% 20.0% 0.771

Anti-platelets 39.8% 37.5% 0.957
Statins 23.7% 17.5% 0.576

Thrombolytic agents 6.5% 0.0% 0.235
Antiarrhythmic drugs 14.0% 10.0% 0.729

Diuretics 39.8% 30.0% 0.381
Calcium channel blockers 10.8% 7.5% 0.794

Beta blockers 68.8% 62.5% 0.611
ACEI/ARB 68.8% 57.5% 0.289

Vasodilators 16.1% 5.0% 0.139
Iron supplements 5.4% 2.5% 0.781
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Table 1. Cont.

Variable MACE (n = 39) Non-MACE (n = 94) p Value

Laboratory data
AST (U/L) 31.4 ± 28.5 27.9 ± 24.3 0.556
ALT (U/L) 28.1 ± 16.5 39.8 ± 49.3 0.187

HDL (mg/dL) 43.5 ± 12.4 43.5 ± 12.1 0.988
VLDL (mg/dL) 30.3 ± 15.7 28.6 ± 13.0 0.598
LDL (mg/dL) 106.2 ± 53.2 109.7 ± 38.4 0.737

Total cholesterol/HDL 5.1 ± 5.3 4.4 ± 1.1 0.449
LDL/HDL 2.8 ± 1.2 2.7 ± 1.0 0.663

Total cholesterol (mg/dL) 189.3 ± 49.4 185.2 ± 35.7 0.672
Triglyceride (mg/dL) 165.5 ± 129.1 151.2 ± 86.2 0.564
Non-HDL (mg/dL) 145.8 ± 45.0 141.7 ± 35.4 0.662
Glucose (mg/dL) 113.2 ± 31.2 123.5 ± 51.2 0.210
HbA1c (mg/dL) 6.2 ± 1.2 6.4 ± 1.6 0.421

TIBC (ug/dL) 377.9 ± 85.8 346.7 ± 52.2 0.413
Troponin (ng/mL) 2.0 ± 8.9 0.3 ± 0.7 0.428

BNP (pg/mL) 342.9 ± 583.0 450.4 ± 569.7 0.470
Neutrophil count (%) 62.7 ± 12.6 57.5 ± 12.4 0.078
Hemoglobin (g/dL) 14.4 ± 3.5 13.5 ± 1.5 0.129

MCV (fl) 87.7 ± 6.7 86.4 ± 8.0 0.322
MCH (pg) 29.6 ± 2.7 29.0 ± 3.1 0.240
MCHC (%) 33.7 ± 1.0 41.0 ± 47.5 0.337

Note—Categorical data are expressed as numbers (%), whereas continuous variables are given as means ± standard
deviations unless otherwise specified. Abbreviations: BMI, body mass index; CAD, coronary artery disease; SBP,
systolic blood pressure; DBP, diastolic blood pressure; MACE, major adverse cardiac events; DM, diabetes mellitus;
MI, myocardial infarction; DCM, dilated cardiomyopathy; ACEI, angiotensin-converting enzyme inhibitors; ARB,
angiotensin receptor blockers; AST, aspartate aminotransferase; ALT, alanine transaminase; HDL, high-density
lipoprotein; VLDL, very-low-density lipoprotein; LDL, low-density lipoprotein; TIBC, total iron-binding capacity;
BNP, B-type natriuretic peptide; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC,
mean corpuscular hemoglobin concentration.

3.2. Associations between CMR, and 1H-MRS Parameters with MACE and HF-Related Readmission

All of the CMR parameters (EF, LVEDV, LVEDVI, LVESV, LV mean cavity volume, LV global
volume, and LVGFI) were reciprocally correlated with one another (p < 0.0001). The results of
univariate Cox regression analysis for MACE and HF-related readmission are shown in Tables 2 and 3.
After allowance for potential confounders in multivariable analysis, LVEDVI was identified as an
independent predictor for MACE, whereas myocardial mass independently predicted 3- and 12-month
readmission rates. Kaplan-Meier survival analysis (Figure 3) demonstrated that patients with low
LVEDVI (≤90.2 mL/m2) had a lower probability for MACE than those with high LVEDVI (>90.2 mL/m2,
log-rank test, p < 0.0001).
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Figure 3. Kaplan-Meier curves for MACE-free survival in patients stratified according to the left
ventricular end-diastolic volume index (LVEDVI) on CMR. Note—Kaplan-Meier survival analysis
demonstrated that all patients with low LVEDVI (≤90.2 mL/m2) had a lower probability for MACE than
those with high LVEDVI (>90.2 mL/m2, log-rank test, p < 0.0001). MACE, major cardiovascular event.

We found that baseline myocardial TG content—FA/UFA ratio—was significantly associated with
the MACE, whilst the level of lipid resonances δ 1.6 ppm was significantly associated with HF-related
readmission for those patients with ischemic heart disease. Kaplan-Meier survival analysis (Figure 4)
demonstrated that ischemic patients with a low level of lipid resonance δ 1.6 ppm (≤0.99) had a lower
probability for HF-related readmission than those with a high lipid resonance δ 1.6 ppm (>0.99, log-rank
test, p < 0.0001). In non-ischemic patients, Kaplan-Meier survival analysis (Figure 5) demonstrated that
patients with low LV global volume (≤231 mL) had a lower probability for HF-related readmission
than those with high LV global volume (>231 mL, log-rank test, p < 0.0001). Myocardial TG content
was not associated with MACE or HF-related readmission in non-ischemic patients. The levels of lipid
resonances δ 1.6 ppm inversely correlated with the myocardial mass (r = −0.290, p = 0.009) and LV
global volume (r = −0.282, p = 0.011) in non-ischemic patients. No correlations between the myocardial
TG content and CMR functional parameters were found in the ischemic patient group.
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Figure 4. Kaplan-Meier curves for readmission-free survival in ischemic patients stratified according to
the level of lipid resonances δ 1.6 ppm on 1H-MRS. Note—Kaplan-Meier survival analysis demonstrated
that ischemic patients with low levels of lipid resonances δ 1.6 ppm (≤0.99) had a lower probability
for heart failure-related readmission than those with high levels of lipid resonances δ 1.6 ppm (>0.99,
log-rank test, p < 0.0001). Note.—Abbreviations: FA, fatty acid.

Figure 5. Kaplan-Meier curves for readmission-free survival in non-ischemic patients stratified
according to LV (left ventricular) global volume on CMR. Note—Kaplan-Meier survival analysis
showed that non-ischemic patients with low LV global volume (≤231 mL) had a lower probability
for heart failure-related readmission than those with high LV global volume (>231 mL, log-rank test,
p < 0.0001).
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4. Discussion

This study was designed to simultaneously assess the prognostic significance of myocardial TG
content (assessed by 1H-MRS) and LV function parameters (measured on CMR) in the prediction of
MACE and readmission in patients hospitalized for acute HF. Our main results can be summarized as
follows. First, an increased LVEDVI was identified as an independent predictor of reduced MACE-free
survival. Second, myocardial mass was independently associated with 3- and 12-month readmission
rates. Finally, we found myocardial TG content—FA/UFA ratio—was significantly associated with
MACE, whilst the level of lipid resonances δ 1.6 ppm was significantly associated with HF-related
readmission for patients with ischemic heart disease. Taken together, these data indicate that assessment
of LV function on CMR may improve the risk stratification of patients who have been hospitalized for
acute HF. 1H-MRS assessment might be reserved for patients with a history of ischemic heart disease.

In patients with HF, diastolic wall strain has been reported as an independent predictor of
MACE [25], and the global circumferential strain may improve the prognostic stratification [26].
However, both diastolic wall strain and global circumferential strain require expertise for
post-processing from cine CMR, and were not performed in the present study. In contrast, LVEDVI
(defined as the volume of blood in the LV at end load filling indexed for body surface area) is easier to
integrate in the clinical routine. Mewton et al. [27] have reported that LVGFI—a CMR parameter that
integrates LV structure with global function—has a strong predictive value of MACE in a multiethnic
population of men and women without a history of CVD at baseline. However, in the current
study, LVGFI was a significant prognostic predictor in univariate but not in multivariable analysis.
It is possible that the weaker predictor value of LVGFI—as compared with LVEDVI—observed in
our study could reflect compensatory modifications in LV mass and volumes aimed at preserving
systolic function during HF. Because HF is a complex clinical syndrome that results from a variety of
conditions preventing the LV from supporting the physiological circulation. Our study explored the
possibility of linking the dysregulation of myocardial TG with the future MACE, based on evidence
showing the associations of myocardial TG and CV disease [6–8], plus the potential of quantitative
readout of MRS in differentiating various lipid species in the myocardium [10]. Using this technique,
we have previously shown that patients hospitalized for acute HF are characterized by increased
myocardial UFA content [13]. The predictive value of myocardial TG contents—FA/UFA ratio and
levels of lipid resonances δ 1.6 ppm, were further validated in the current case-control study. Indeed,
increased myocardial TG content is a prerequisite of cardiac steatosis, which may ultimately result
in lipotoxicity and heart dysfunction [6–8,10]. In line with our results, Wei et al. [28] demonstrated
that myocardial steatosis is mechanistically linked to diastolic dysfunction in women with coronary
microvascular dysfunction. The early alterations of myocardial TG measured by using 1H-MRS might
be supplementary to the diastolic dysfunction to improve the stratification for patients with ischemic
heart disease.

Readmissions are frequent in patients with acute HF and served as a secondary outcome measure
in the current study. A previous report demonstrated that diabetes mellitus, hyperlipidemia, CAD,
length of stay at the index admission, and prescription of beta-blockers were significant predictors
of readmission rates [29]. The 30-day, 3-month, and 12-month readmission rates observed in our
study were 0.8%, 4.5%, 13.5%, respectively, being markedly lower than those observed in Western
countries [30,31]. Interestingly, we identified myocardial mass measured on CMR as an independent
predictor of readmission rates. The present study supports the concept that LV mass measured by
CMR is a viable predictor of adverse cardiovascular events [27], either from the MESA (Multi-Ethnic
Study of Atherosclerosis) study [32] or the Cardiovascular Health Study [33]. Further independent
studies in larger sample sizes are needed to confirm this pilot observation.

Our data should be interpreted in the context of some limitations. First, the single-center of our
study may bring into question its generalizability, as the study population was highly selected for
those with medical conditions becoming stable and ready to discharge. The number of HF-related
readmissions might be too small for meaningful multivariable analyses. However, it is noteworthy
that patients were recruited regardless of the underlying cause of HF. The data should be interpreted
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carefully because pathophysiologically diverse endpoints were included in this study. Second, the
resonance δ 1.6 ppm sometimes overlaps with the main CH2 resonance δ 1.3 ppm. The sum of the
signal intensities δ 0.9, 1.3 and 1.6 ppm would have been more reliably extracted from an in vivo
cardiac 1H-MRS. Nonetheless, the quantitative analysis was carried out using well-established LC
Model software to enhance the generalizability of the current study. Third, longitudinal 3-T CMR and
1H-MRS examinations were not performed and changes in LVEDVI and/or myocardial TG content
were not investigated over time. A validation cohort for our findings would help to elucidate the
clinical value of such imaging biomarkers, however, it was outside of the pre-specified analysis for
this study.

5. Conclusions

Our results indicate that LVEDVI and myocardial mass are potential imaging biomarkers that
independently predict MACE and readmission, respectively, in patients discharged after hospitalization
for acute HF. Myocardial TG predicts readmission in patients with a history of ischemic heart disease.
Further studies are needed to determine whether LVEDVI and myocardial mass, as well as myocardial
TG, may serve as therapeutic targets to improve prognoses in targeted patient populations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/1/169/s1,
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Abstract: We investigated whether the additional determination of ceruloplasmin (Cp) levels could
improve the prognostic value of N-terminal pro-B-type natriuretic peptide (NT-proBNP) in heart
failure (HF) patients in a 1-year follow-up. Cp and NT-proBNP levels and clinical and laboratory
parameters were assessed simultaneously at baseline in 741 HF patients considered as possible heart
transplant recipients. The primary endpoint (EP) was a composite of all-cause death (non-transplant
patients) or heart transplantation during one year of follow-up. Using a cut-off value of 35.9 mg/dL
for Cp and 3155 pg/mL for NT-proBNP (top interquartile range), a univariate Cox regression
analysis showed that Cp (hazard ratio (HR) = 2.086; 95% confidence interval (95% CI, 1.462–2.975)),
NT-proBNP (HR = 3.221; 95% CI (2.277–4.556)), and the top quartile of both Cp and NT-proBNP
(HR = 4.253; 95% CI (2.795–6.471)) were all risk factors of the primary EP. The prognostic value
of these biomarkers was demonstrated in a multivariate Cox regression model using the top Cp
and NT-proBNP concentration quartiles combined (HR = 2.120; 95% CI (1.233–3.646)). Lower left
ventricular ejection fraction, VO2max, lack of angiotensin-converting enzyme inhibitor or angiotensin
receptor blocker therapy, and nonimplantation of an implantable cardioverter-defibrillator were also
independent risk factors of a poor outcome. The combined evaluation of Cp and NT-proBNP had
advantages over separate NT-proBNP and Cp assessment in selecting a group with a high 1-year risk.
Thus multi-biomarker assessment can improve risk stratification in HF patients.

Keywords: ceruloplasmin; NT-proBNP; heart failure

1. Introduction

Systolic heart failure (HF) is a complex disease caused by reduced ejection fraction of the left
ventricle, often leading to the worsening of symptoms and poor quality of life, despite proper diagnosis
and treatment according to current guidelines. All-cause mortality in these patients remains high
and heart transplantation is a therapeutic option in end-stage HF. Adverse outcomes for HF patients
are associated with many contributing factors. Stratification of risk factors is a great challenge in
out-patient clinic cohorts, in which patients still undergo significant mortality and morbidity, despite
stable HF. Different clinical and laboratory parameters can be helpful to identify patients at higher risk
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of adverse outcomes. Biological markers reflecting several pathophysiological abnormalities of HF
have become powerful and convenient noninvasive tools for the stratification of HF patients [1–3].
Brain natriuretic peptide (BNP) and N-terminal pro-BNP (NT-proBNP) are secreted by cardiomyocytes
in response to hemodynamic overload or neurohormonal disturbances. In clinical practice, NT-proBNP
is recommended as a marker over BNP, because of its longer plasma half-life and lower levels of
biological variation. NT-proBNP is the best-known diagnostic biomarker [4]. The usefulness of
NT-proBNP for risk stratification varies depending on the stage of HF, time of assessment (onset of
hospitalization, pre-discharge, or out-patient clinic evaluation), and duration of follow-up. However,
there is no conclusive evidence that plasma NT-proBNP concentration is a guide for more effective
therapy [5–8]. Ceruloplasmin (Cp) is an acute-phase reactant that is synthesized and secreted by the
liver and monocyte/macrophages. It is elevated in conditions of acute inflammation. Cp contains seven
copper atoms per molecule, participates in copper transport and metabolism, and has ferroxidase
activity [9,10]. Furthermore, Cp is involved in the modulation of coagulation and angiogenesis and the
inactivation of biogenic amines [11,12]. It is possible that increased levels of Cp may decrease available
plasma NO, thus increasing reactive oxygen species formation and oxidative cell injury [13]. Several
recent reports have indicated that Cp levels are elevated in patients with heart failure, regardless of its
etiology [14–16].

Different pathobiological processes are involved in heart failure; thus, it is not surprising that
single biomarkers, even natriuretic peptides, fail to predict all risks associated with HF.

The aim of this study was to examine the prognostic value of clinical factors, with special
consideration of Cp, in a large cohort of HF patients and to investigate whether the combination of Cp
and NT-proBNP could provide additional prognostic information in HF patients in a 1-year follow-up.

2. Materials and Methods

2.1. Clinical Assessment

We analyzed data in a subgroup of patients included in the Prospective Registry of Heart
Failure (PR-HF) and Studies Investigating Co-morbidities Aggravating Heart Failure (SICA-HF)
studies described elsewhere [17]. A cohort of patients with chronic systolic HF were prospectively
recruited from patients referred to our inpatients clinic as potential candidates for heart transplantation.
The main inclusion criteria were reduced left ventricular ejection fraction (LVEF≤ 40%) and symptomatic
HF, despite pharmacological treatment according to the current published ESC guidelines, at least
3 months before inclusion. The exclusion criteria included acute myocardial infarction; pulmonary
thromboembolism; constrictive pericarditis; infectious pericarditis; prior heart transplantation;
noncardiac conditions resulting in an expected mortality of less than 12 months, as judged by
the treating physician; and a history of alcohol abuse or known antioxidant supplementation. These
criteria were fulfilled in the 1216 PR-HF and SICA-HF studies. We analyzed data from 741 participants
(aged 48–59 years) who had completed clinical and laboratory assessments.

A detailed description of the clinical echocardiographic evaluation of patients included in the
study has been presented elsewhere [18].

The primary outcome was a composite of death from all causes (nontransplant patients) or heart
transplantation. In the case of heart transplantation, the endpoint was reached and the patient was
not followed up further. Patients were followed for a year via direct or phone contact. In some cases,
the exact data regarding patient death were obtained from family members or the national identification
number database by dedicated research personnel. Prior to enrolment in the study, all participants
provided written informed consent. The local ethics committee of Silesian Medical University approved
the study protocol (NN-6501-12/I/04). All procedures were performed in accordance with the 1975
Declaration of Helsinki and its revision in 2008.
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2.2. Biochemical Methods

Venous blood samples obtained at enrollment were processed, separated by centrifugation
at 1500× g for 10 min, frozen at −70 ◦C, and partially stored at −70 ◦C until assayed.
Serum protein, albumin, fibrinogen, CRP, alanine aminotransferase, aspartate aminotransferase,
gamma-glutamyl-transferase (GGTP), alkaline phosphatase, bilirubin, and lipid parameters and serum
iron, sodium, creatinine, glucose, and uric acid concentrations were measured by colorimetric methods
(Cobas 6000 e501; Roche, Basel, Switzerland). Hemoglobin, leukocytes, and platelets were measured
using a MEDONIC M32C analyzer (Alpha Diagnostics, Warsaw, Poland). NT-proBNP was measured
using a chemiluminescence method (Cobas 6000 e501).

Serum Cp concentration was determined spectrophotometrically, according to the Richterich
reaction with p-phenyl-diamine [19]. Cp catalyzes the oxidation of colorless p-phenylenediamine,
resulting in a blue-violet dye. Twenty microliters of serum was added to the test sample, while 20 μL
of serum and 200 μL of sodium azide solution were added to the control sample to stop the reaction.
Then, 1 mL of p-phenylenediamine dihydrochloride in acetate buffer was added to both test and
control samples. After a 15-min incubation, 200 μL of sodium azide was added to the test sample.
Finally, after a 15-min incubation, the absorbance of test and control samples was measured at 560 nm
using a PerkinElmer VICTOR-X3 plate reader. The samples were not previously thawed before Cp
assays. The intra-assay coefficient of variation was 3.7% and the intra-assay precision was 4%.

2.3. Statistical Analysis

Study participants were divided into subgroups based on Cp concentration quartiles (Table 1).
Moreover, two subgroups, firstly, both Cp and NT-proBNP in the top quartile and, secondly, remaining
patients (Cp or NT-proBNP in I–III quartiles including patients with Cp in I–III quartiles and NT-proBNP
in I–IV quartiles or NT-proBNP in I–III quartiles and Cp in I–IV quartiles), were also compared (Table 2).
The Shapiro–Wilk test was used to evaluate the distribution of all continuous variables. Continuous
data are presented as the median, with the first and fourth quartiles (because of non-normal distribution
of the data). Categorical data are presented as absolute numbers and percentages. The Kruskal-Wallis
ANOVA test was used to compare both continuous and categorical data.

Estimations of risk were performed using a Cox proportional hazards model. Only complete data
were analyzed. All demographic; clinical; echocardiography; laboratory; medication; and Cp and
NT-proBNP data, expressed as the top quartiles individually or as the combined top quartiles of Cp and
NT-proBNP concentration, were included in a univariate Cox analysis. Variables with a value of p≤ 0.05
in the univariate analysis were included in the multivariate analysis. Two multivariate analysis models
were built. The first model was based on the top Cp and NT-proBNP concentration quartiles separately
and the second model was based on the combined top quartiles of Cp and NT-proBNP concentrations.

The results of the Cox analysis are presented as relative risks, with 95% confidence intervals (CIs).
Cumulative survival curves for all-cause death or heart transplantation were constructed as the time to
endpoint occurrence, using the Kaplan–Meier method. Survival curves were compared among groups
according to quartiles of Cp, quartiles of NT-proBNP and between groups presented in Table 2, using
the log-rank test, as appropriate.

The odds ratio (OR) of achieving the endpoint for the top quartiles of Cp and NT-proBNP
concentrations were calculated. The same calculations were performed for the combined top quartiles
of Cp and NT-proBNP concentrations. The predictive value of these parameters was then compared.

Statistical significance was set at p < 0.05. Statistical analyses were performed using STATISTICA
13.1 PL software (StatSoft, Cracow, Poland).
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3. Results

3.1. Baseline Characteristics of the Entire Study Population and Subgroups in Relation to Ceruloplasmin Concentration

The study group included 741 systolic HF patients, with a median Cp concentration of 28.7 mg%
(range, 23.7–35.8). The cohort was divided into quartiles of serum Cp concentration as follows: group
I, 184 (24.8%) patients with a Cp concentration range of 8.0–23.6 mg/dL; group II, 184 (24.8%) patients
with 23.7–28.6 mg/dL Cp; group III, 187 (25.2%) patients with 28.7–35.8 mg/dL Cp; and group IV,
186 (25.1%) patients with the highest Cp concentration quartile of 35.9–81.0 mg/dL. One hundred and
twenty-eight (17.42%) patients reached the combined endpoint (101 deaths, 27 heart transplantations).
The overall mortality rate during the 1-year follow-up period was 13.76% and the heart transplantation
rate was 3.64%. The demographic, clinical, and laboratory parameters of all patient groups and
subgroups, divided according to quartiles of serum Cp concentration, are presented in Table 1.

Table 1. Characteristic of the examined group with division according to ceruloplasmin
concentration quartiles.

Ceruloplasmin Quartiles (mg/dL) All Group
I Quartile
8.0–23.6

II Quartile
23.7–28.6

III Quartile
28.7–35.8

IV Quartile
35.9–81.0

Number N = 741 N = 184 N = 184 N = 187 N = 186

Demographic and clinical parameters ANOVA

Deaths (n)/HT (n)
All n (%)

101/27
128 (17.27)

16/4
20 (10.87)

24/5
29 (15.76)

23/6
29 (15.51)

38/12
50 (26.88) p < 0.001

Female
n (%)

105
(14.17)

18
(9.78)

25
(13.59)

28
(14.97)

34
(18.28) NS

Age
(years)

54.00
(48.0–59.0)

54.00
(48.00–58.00)

55.00
(49.00–60.00)

54.00
(48.00–59.00)

55.00
(49.00–60.00) NS

BMI
(kg/m2)

26.29
(23.50–29.32)

26.49
(24.04–29.06)

26.66
(23.58–29.70)

26.15
(23.36–29.69)

25.96
(22.50–28.89) NS

Duration of symptoms before
inclusion (months)

33.83
(13.07–69.67)

29.82
(13.40–58.47)

33.60
(12.80–69.02)

31.83
(12.90–68.70)

43.77
(14.13–79.93) NS

Exercise, capacity, echocardiography

NYHA class III–IV n (%) 417
(56.28)

77
(41.85)

99
(53.80)

119
(63.64)

122
(65.59) p < 0.001

VO2max
(mL/min/kg b.w.)

14.35
(11.70–17.60)

15.30
(12.30–19.50)

14.70
(12.00–17.70)

14.20
(11.40–17.10)

13.40
(10.75–16.55) p < 0.001

LVEF
(%)

24.00
(20.00–30.00)

25.00
(20.50–32.50)

24.00
(20.00–30.00)

24.00
22.00–28.00)

22.00
(19.00–28.00) p < 0.01

Laboratory parameters

NT-proBNP (pg/mL) /100 13.92
(6.44–31.55)

9.30
(5.00–20.09)

14.82
(6.64–34.77)

15.48
(6.55–31.95)

18.42
(8.97–37.96) p < 0.001

Ceruloplasmin (mg/dL) 28.70
(23.70–35.80)

20.75
(18.20–22.40)

26.25
(24.90–27.50)

31.90
(30.00–33.50)

42.35
(38.10–49.30) p < 0.001

Hemoglobin (g/dL) 14.02
(13.05–14.99)

14.02
(13.05–14.83)

14.02
(12.89–14.99)

14.02
(13.22–15.15)

14.18
(13.05–15.15) NS

Leukocytes
(109/L)

6.94
(5.82–8.27)

6.83
(5.53–8.26)

6.77
(5.55–8.27)

7.23
(5.88–8.65)

6.92
(6.07–7.84) 0.060

Blood platelets (109/L)
185.00

(152.00-223.00)
183.00

(148.00-218.50)
185.00

(156.50-220.50)
197.00

(160.00-238.00)
174.00

(150.00-218.00) p < 0.05

Sodium
(mmol/L)

136.00
(134.00–139.00)

137.00
(135.00–139.00)

137.00
(134.50–138.00)

135.00
(133.00–138.00)

136.00
(134.00–138.00) p < 0.001

Creatinine clearance (mL/min) 95.11
(69.98–119.44)

101.49
(80.86–125.04)

93.51
(70.86–117.35)

88.85
(70.07–116.43)

93.27
(61.00–117.28) p < 0.01

Uric acid
(μmol/L)/10

40.90
(33.00–50.60)

37.85
(33.05–45.00)

41.10
(32.95–50.15)

41.50
(33.10–50.80)

43.25
(32.90–55.60) p < 0.001
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Table 1. Cont.

Ceruloplasmin Quartiles (mg/dL) All Group
I Quartile
8.0–23.6

II Quartile
23.7–28.6

III Quartile
28.7–35.8

IV Quartile
35.9–81.0

Number N = 741 N = 184 N = 184 N = 187 N = 186

Laboratory parameters

Serum protein (g/L) 71.00
(67.00–75.00)

70.00
(66.00–73.50)

70.00
(66.00–74.00)

72.00
(67.00–76.00)

73.00
(69.00–77.00) p < 0.001

Albumin
(g/l)

42.00
(39.00–44.00)

42.00
(39.00–44.00)

41.00
(39.00–43.50)

41.00
(38.00–44.00)

43.00
(40.00–45.00) p < 0.05

Fibrinogen (mg/dL) 397.00
(338.00–462.00)

367.00
(320.50–433.50)

395.50
(340.00–454.50)

425.00
(367.00–495.00)

409.50
(343.00–491.00) p < 0.001

C-reactive protein (mg/dL) 2.94
(1.34–6.67)

1.97
(0.91–4.55)

2.65
(1.27–6.04)

4.11
(1.82–7.35)

3.83
(1.86–8.90) p <0.001

Iron concentration (μmol/L) 17.10
(12.00–22.20)

16.91
(13.00–20.25)

17.10
(11.14–21.40)

16.90
(11.80–22.40)

17.60
(12.00–23.92) NS

Bilirubin
(μmol/L)

13.70
(9.70–20.50)

12.00
(8.45–16.15)

13.65
(10.00–18.35)

14.70
(9.30–21.10)

16.55
(11.00–26.60) p < 0.001

Aspartate transaminase (IU/L) 23.0
(19.0–30.9)

23.0
(18.0–29.0)

23
(19.0–28.6)

24
(18.0–310)

24
(20.0–33.0) NS

Alanine transaminase (IU/L) 24
(17.0–36.0)

23
(17.5–35.5)

24
(17.0–36.0)

24
(17.0–34.0)

25
(18.0–38.0) NS

γ-glutamyl transpeptidase (IU/L) 49
(27.0–100.0)

39
(24.5–75.5)

45.5
(27.0–79.0)

54
(27.0–112.0)

67.5
(33.0–152.0) p < 0.001

Alkaline phosphatase (IU/L) 68.0
(56.0–90.0)

65.0
(52.0–80.4)

65.0
(54.0–84.0)

72.0
(58.0–94.0)

78.0
(61.0–108.0) p < 0.001

Fasting glucose (mmol/L) 5.50
(5.00–6.20)

5.50
(5.00–6.20)

5.45
(4.85–6.20)

5.60
(5.10–6.70)

5.50
(4.90–6.10) NS

Total Cholesterol (mmol/L) 4.29
(3.64–5.22)

4.30
(3.60–5.10)

4.25
(3.65–5.19)

4.25
(3.62–5.34)

4.41
(3.67–5.21) NS

Triglycerides (mmol/L) 1.20
(0.89–1.73)

1.17
(0.83–1.73)

1.22
(0.89–1.93)

1.23
(0.97–1.69)

1.20
(0.85–1.74) NS

Cholesterol HDL (mmol/L) 1.14
(0.94–1.40)

1.19
(0.98–1.43)

1.14
(0.92–1.39)

1.13
(0.94–1.32)

1.13
(0.88–1.42) NS

Cholesterol LDL (mmol/L) 2.45
(1.90–3.16)

2.46
(1.89–3.08)

2.39
(1.88–3.20)

2.38
(1.85–3.25)

2.54
(2.00–3.16) NS

Comorbidities

Non ischemic DCM; n (%) 280
(37.79)

58
(31.52)

77
(41.85)

78
(41.71)

67
(36.02) NS

Diabetes; n (%) 211
(28.48)

43
(23.37)

53
(28.80)

61
(32.62)

54
(29.03) NS

Arterial hypertension;
n (%)

408
(55.06)

100
(54.35)

104
(56.52)

91
(48.66)

113
(60.75) NS

Permanent atrial fibrillation; n (%) 176
(23.75)

24
(13.04)

42
(22.83)

48
(25.67)

62
(33.33) p < 0.001

ICD presence;
n (%)

207
(27.94)

50
(27.17)

63
(34.24)

52
(27.81)

42
(22.58) NS

Smoker;
n (%)

257
(34.68)

64
(34.78)

78
(42.39)

72
(38.50)

43
(23.12) p < 0.001

Pharmacotherapy

Beta-blockers;
n (%)

726
(97.98)

182
(98.91)

181
(98.37)

180
(96.26)

183
(98.39) NS

ACE–inhibitors; n (%) 641
(86.50)

166
(90.22)

161
(87.50)

159
(85.03)

155
(83.33) NS

Angiotensin-2 receptor blockers;
n (%)

76
(10.26)

17
(9.24)

20
(10.87)

24
(12.83)

15
(8.06) NS
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Table 1. Cont.

Ceruloplasmin Quartiles (mg/dL) All Group
I Quartile
8.0–23.6

II Quartile
23.7–28.6

III Quartile
28.7–35.8

IV Quartile
35.9–81.0

Number N = 741 N = 184 N = 184 N = 187 N = 186

Pharmacotherapy

ACE–inhibitor
or/and * ARB;

n (%)

693
(93.52)

178
(96.74)

174
(94,57)

174
(93,05)

167
(89,78) p < 0.05

Loop diuretic; n (%) 647
(87.31)

145
(78.80)

168
(91.30)

169
(90.37)

165
(88.71) p < 0.001

Thiazide diuretics; n (%) 93
(12.55)

14
(7.61)

19
(10.33)

34
(18.18)

26
(13.98) p < 0.05

Aldosterone receptor antagonist;
n (%)

683
(92.19)

163
(88.65)

171
(92.93)

177
(94.65)

172
(92.47) NS

Statins; n (%) 487
(65.72)

128
(69.57)

127
(69.02)

124
(66.31)

108
(58.06) NS

Digitalis; n (%) 339
(45.75)

57
(30.98)

82
(44.57)

102
54.55

98
(52.69) p < 0.001

HT: Heart Transplantation; BMI: body mass index; NYHA: New York Heart Association functional class; VO2max:
maximum oxygen output; LVEF: left ventricle ejection fraction; NT-proBNP: N-terminal pro-B-type natriuretic peptide;
HDL: high density lipoproteins; LDL: low density lipoproteins; ICD: Implantable Cardioverter Defibrillator; ACE-inhibitor:
angiotensin-converting-enzyme inhibitor; ARB: angiotensin-2 receptor blockers; * (24 patients received ACE-I and ARB
simultaneously).

Neither age, sex, BMI, nor duration of symptoms before enrollment differed between groups.
LVEF was reduced to a greater extent in group IV. The percentage of patients with atrial fibrillation
was higher in group IV, but the frequencies of coronary artery disease, hypertension, diabetes mellitus,
and implantable cardioverter-defibrillators (ICDs) were similar between groups. Pharmacological
treatments were comparable between groups in terms of the use of angiotensin-converting enzyme
inhibitors (ACE-Is), angiotensin receptor blockers (ARBs), beta-blockers, mineralocorticoid receptor
antagonists (MRAs), and statins, but loop and thiazide diuretics and digitalis were more frequently
used by group III patients. If ACE-I or ARB treatment was analyzed, their use was the lowest in
patients in the 4th Cp quartile.

The following laboratory parameters, assessed in serum samples, were different among
groups: NT-proBNP, Cp, sodium, creatinine clearance, protein, fasting glucose, lipid parameters,
uric acid, bilirubin, aspartate transaminase, alanine transaminase, alkaline phosphatase, and GGTP
(Table 1). Characteristic of examined group with division according to ceruloplasmin and NT-proBNP
concentration quartiles are presented in Table 2

Table 2. Characteristic of examined group with division according to ceruloplasmin and N-terminal
pro-B-type natriuretic peptide (NT-proBNP) concentration quartiles.

Ceruloplasmin/NT-pro-BNP Quartiles (mg/dL) I–III Quartile IV–IV Quartiles ANOVA

Number N = 683 N = 58

Demographic and clinical parameters

Deaths (n)/HT (n)
All n (%)

79/21
100 (14.64)

23/5
28 (48.28) p < 0.001

Female n
(%)

96
(14.06)

9
(15.52) NS

Age
(years)

54.00
(49.00–59.00)

56,50
(45,00–61,00) NS

BMI (kg/m2)
26.44

(23.74–29.41)
23.55

(19,86–26.76) p < 0.001

Duration of symptoms before inclusion
(months)

33.53
(12.93–68.70)

43.12
(14.3–92.20) NS
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Table 2. Cont.

Ceruloplasmin/NT-pro-BNP Quartiles (mg/dL) I–III Quartile IV–IV Quartiles ANOVA

Number N = 683 N = 58

Exercise, capacity, echocardiography

NYHA class III-IV
n (%)

369
(54.03)

48
(82.76) p < 0.001

VO2max
(mL/min/kg b.w.)

14.50
(11.70–18.00)

12.30
(9.20–14.50) p < 0.001

LVEF
(%)

24.00
(20.00-30.00)

20.00
(17.00-24.00) p < 0.001

Laboratory parameters

NT-proBNP
(pg/mL) /100

12.78
(5.97–25.70)

52.34
(41.31–78.06) p < 0.001

Ceruloplasmin
(mg/dL)

28.00
(23.40–33.70)

46.30
(38.10–54.30) p < 0.001

Hemoglobin
(g/dL)

14.02
(13.05–14.99)

13.62
(12.73–15.15) NS

Leukocytes
(109/L)

6.94
(5.79–8.31)

7.01
(6.17–8.19) NS

Blood platelets
(109/L)

185.00
(152.00–224.00)

185.00
(152.00–219.00) NS

Sodium
(mmol/L)

137.00
(134.00–139.00)

134.00
(132.00–137.00) p < 0.001

Creatinine clearance
(mL/min)

96.93
(73.45–120.64)

66.41
(50.32–103.34) p < 0.001

Uric acid
(μmol/L)/10

40.80
(32.90–49.50)

44.40
(33.70–69.00) p < 0.01

Serum protein
(g/L)

71.00
(67.00–75.00)

71.50
(67.00–77.00) NS

Albumin
(g/L)

42.00
(39.00–44.00)

40.00
(38.00–44.00) p < 0.05

Fibrinogen
(ug/mL)

396.00
(337.00–458.00)

434.00
(360.00–536.00) p < 0.01

C-reactive protein
(mg/dL)

2.80
(1.27–6.12)

7.18
(2.67–14.75) p < 0.001

Iron concentration
(μmol/L)

17.20
(12.10–22.20)

16.15
(10.50–21.30) NS

Bilirubin
(μmol/L)

13.40
(9.50–19.30)

22.90
(13.80–32.50) p < 0.001

Aspartate transaminase
(IU/L)

23.00
(18.00–30.00)

27.00
(21.00–37.00) p < 0.01

Alanine transaminase
(IU/L)

24.00
(17.00–36.00)

25.00
(18.00–41.00) NS

γ-glutamyl transpeptidase
(IU/L)

47.00
(27.00–92.00)

133.50
(49.00–218.00) p < 0.001

Alkaline phosphatase
(IU/L)

67.00
(55.00–88.00)

99.50
(73.00–143.00) p < 0.001

Fasting glucose
(mmol/L)

5.50
(5.00–6.30)

5.20
(4.70–5.90) p < 0.05

Total Cholesterol
(mmol/L)

4.31
(3.66–5.27)

3.97
(3.33–3.86) NS

Triglycerides
(mmol/L)

1.22
(0.89–1.75)

1.07
(0.78–1.36) p < 0.05

Cholesterol HDL
(mmol/L)

1.15
(0.95–1.40)

1.05
(0.79–1.29) p < 0.05

Cholesterol LDL
(mmol/L)

2.46
(1.91–3.19)

2.29
(1.85–3.00) NS
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Table 2. Cont.

Ceruloplasmin/NT-pro-BNP Quartiles (mg/dL) I–III Quartile IV–IV Quartiles ANOVA

Number N = 683 N = 58

Comorbidities

Non ischemic DCM;
n (%)

252
(36.90)

28
(48.27) NS

Diabetes;
n (%)

190
(27.82)

21
(36.21) NS

Arterial hypertension;
n (%)

382
(56.93)

20
(34.48) p < 0.01

Permanent atrial fibrillation;
n (%)

155
(22.69)

21
(36.21) p < 0.05

ICD presence;
n (%)

192
(28.11)

15
(25.86) NS

Smoker;
n (%)

241
(35.29)

16
27.59) NS

Pharmacotherapy

Beta-blockers;
n (%)

668
(97,80)

58
(100,00) NS

ACE–inhibitors;
n (%)

595
(87,12)

46
(79.310 NS

Angiotensin-2 receptor blockers;
n (%)

71
(10,40)

5
(79,31) NS

ACE–inhibitors or/and ARB;
n (%)

643
(94.14)

50
(86,21) p < 0.05

Loop diuretic;
n (%)

590
(86.38)

57
(98.28) p < 0.05

Thiazide diuretics;
n (%)

79
(11.57)

14
(24.14) p < 05

Aldosterone receptor antagonist;
n (%)

628
(91,95)

54
(93,10) NS

Statins;
n (%)

457
(66.91)

30
(51.72) p < 0.05

Digitalis;
n (%)

305
(44.66)

34
(58.62) NS

HT: Heart Transplantation; BMI: body mass index; NYHA: New York Heart Association functional class; VO2max:
maximum oxygen output; LVEF: left ventricle ejection fraction; NT-proBNP: N-terminal pro-B-type natriuretic
peptide; HDL: high density lipoproteins; LDL: low density lipoproteins; ICD: Implantable Cardioverter Defibrillator;
ACE-inhibitors: angiotensin-converting-enzyme inhibitor; ARB: angiotensin -2 receptor blockers.

3.2. Ceruloplasmin, NT-proBNP and Prognosis

3.2.1. Univariate Cox Regression Analysis

All demographic, clinical, exercise capacity, echocardiography, laboratory parameter, comorbidity,
and pharmacotherapy data presented in Table 1 were assessed as risk factors for all-cause death or
heart transplantation in a 1-year follow-up.

In univariate Cox regression analyses, among others, the top quartiles of NT-proBNP concentration
(hazard ratio (HR) = 3.221, 95% CI (2.277–4.556)), Cp concentration (HR = 2.086, 95% CI (1.462–2.975)),
and combined Cp and NT-proBNP concentration (HR = 4.253, 95% CI (2.795–6.471) were associated
with a higher risk of death or heart transplantation.

All variables that reached p < 0.05 in a univariate Cox regression analysis are presented in Table 3.

3.2.2. Multivariate Cox Regression Analysis

In the first multivariate Cox regression model, after adjusting for other clinical and
pharmacotherapeutic predictors, neither the top Cp concentration quartile nor the top NT-proBNP
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concentration quartile were significant predictors of unfavorable outcomes (Cp, HR = 1.511, 95% CI
(0.980–2.330); NT-proBNP, HR = 1.287, 95% CI (0.815–2.033))

The results of the second multivariate Cox regression model, in which the top individual Cp
and NT-proBNP concentration quartiles were replaced with the combined top quartiles of Cp and
NT-proBNP concentrations, are presented in Table 3. In this model, an LVEF lower by 1 % (HR = 1.069,
95% CI (1.032–1.106)), a maximum measured VO2 lower by 1 mL/min/kg b.m. (HR = 1.113, 95% CI
(1.048–1.181)), absence of an ICD (HR = 7.575, 95% CI (3.278–17.502)), and lack of ACE-I and/or ARB
therapy (HR = 2.195, 95% CI (1.234–3.906)) remained significant predictors of unfavorable outcomes.
Among the laboratory parameters measured, only the combined top quartiles of Cp and NT-proBNP
concentrations was associated with a higher risk of all-cause death and HT in a 1-year follow-up
(HR = 2.120, 95% CI (1.233–3.646)).

Table 3. Predictors of death or heart transplantation in one-year follow-up. The results of uni- and
multivariable Cox regression analysis, model-2.

Univariable Cox Regression Multivariable Cox Regression

HR 95%CI P HR 95%CI P

General characteristics

BMI ↑ (1 kg/m2) 0.945 0.908–0.985 p < 0.01 0.966 0.912–1.022 NS

Duration of symptoms before inclusion ↑
(1month) 1.004 1.000–1.007 p < 0.05 1.000 0.996–1.004 NS

NYHA class ↑ (1 class) 2.936 2.280–3.779 p < 0.001 1.099 0.759–1.592 NS

VO2max ↓ (1 mL/min/kg b.m.) 1.198 1.142–1.256 p < 0.001 1.113 1.048–1.181 p < 0.001

LVEF ↓ (1 %p) 1.091 1.059–1.122 p < 0.001 1.069 1.032–1.106 p < 0.001

Basic biochemistry

Sodium ↓ (1 mmol/L) 1.111 1.070–1.155 p < 0.001 1.039 0.990–1.092 NS

Creatinine clearance ↓ (1 mL/min) 1.014 1.008–1.019 p < 0.001 1.001 0.993–1.008 NS

Albumin ↓ (1 g/L) 1.068 1.026–1.114 p < 0.01 1.023 0.966–1.083 NS

Cholesterol HDL ↓ (1 mmol/L) 1.805 1.121–2.907 p < 0.05 0.954 0.591–1.593 NS

Cp and NT-proBNP ”both in top
quartile” (yes/no) 4.253 2.795–6.471 p < 0.001 2.120 1.233–3.646 p < 0.01

Fibrinogen ↑ (1 mg/dL) 1.003 1.001–1.004 p < 0.001 1.001 1.000–1.003 NS

Uric acid ↑ (10 μmol/L) 1.030 1.018–1.041 p < 0.001 1.012 0.999–1.026 NS

Bilirubin ↑ (1 μmoL/L) 1.028 1.018–1.039 p < 0.001 0.994 0.976–1.012 NS

Alkaline phosphatase ↑ (1 U/L) 1.006 1.004–1.009 p < 0.001 1.000 0.995–1.006 NS

γ-Glutamyl trans peptidase ↑ (1 U/L) 1.001 1.000–1.002 p < 0.05 1.000 0.998–1.002 NS

Comorbidities

Diabetes t.2 (yes/no) 1.604 1.123–2.291 p < 0.01 1.450 0.949–2.217 NS

ICD absence (yes/no) 9.929 3.922–20.000 p < 0.001 7.575 3.278–17.502 p < 0.001

Pharmacotherapy

Lack of ACE - I or/and ARB (yes/no) 3.428 2.126–5.256 p < 0.001 2.195 1.234–3.906 p < 0.01

Loop diuretics (yes/no) 4.895 1.809–13.248 p < 0.01 1.735 0.525–5.730 NS

Thiazide diuretics (yes/no) 2.296 1.518–3.473 p < 0.001 1.317 0.781–2.221 NS

Statins (yes/no) 0.699 0.492–0.993 p < 0.05 1.294 0.825–2.032 NS

Digitalis (yes/no) 1.439 1.016–2.036 p < 0.05 0.833 0.547–1.267 NS

BMI: body mass index; NYHA: New York Heart Association functional class; VO2max: maximum oxygen output; LVEF: left
ventricle ejection fraction; NT-proBNP: N-terminal pro-B-type natriuretic peptide; Cp: ceruloplasmin, ICD: Implantable
Cardioverter Defibrillator; ACE-I: angiotensin-converting-enzyme inhibitor; ARB: Angiotensin-2 receptor blocker.
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3.2.3. Kaplan–Meier Survival Analysis and Endpoint Odds Ratios

There were 128 endpoints in groups I (20, 10.9%), II (29, 15.8%), III (29, 15.5%), and IV (50, 26.9%).
Kaplan–Meier survival curves for the four groups according to Cp and NT-proBNP quartiles are
presented in Figures 1 and 2. Patients with both Cp and NT-proBNP concentrations in the top quartile
were compared with the remaining patients (quartile I–III of Cp or NT-proBNP concentration), as shown
in Figure 3.

Figure 1. Probability of survival of time free of death or heart transplantation depending on quartiles
of ceruloplasmin concentration in 1-year follow-up, p < 0.001.

Figure 2. Probability of survival of time free of death or heart transplantation depending on quartiles
of NT-proBNP concentrations in 1-year follow-up, p < 0.001.
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Figure 3. Probability of endpoint free survival in 1-year follow-up. Patients with Ceruloplasmin or
NT-proBNP concentrations in I–III quartiles vs. both Cp and NT-proBNP in the top quartile, log rank
p < 0.001.

A log-rank analysis revealed a significantly different probability of all-cause death or heart
transplantation over time in patients stratified by quartiles of Cp or NT-proBNP concentration in the
1-year follow-up period (p < 0.001). After the stratification of patients based on the combination of CP
and NT-proBNP concentration, patients with both Cp and NT-proBNP in the upper quartile had the
highest probability of an endpoint occurrence (Table 4).

Table 4. Probability of death or heart transplantation occurrence in 1-year follow-up.

I-III Quartiles
of Cp (mg%)

(8.0–35.8)

Top Quartile
of Cp (mg%)
(35.9–81.0)

I-III Quartiles
of NT-proBNP

(pg/mL)
(122.9–3155.0)

Top Quartile
of NTpro-BNP

(pg/mL)
(3156.0–22378.0)

I-III Quartiles
of Cp

or NT-proBNP

Cp and
NT-proBNP
Both in Top

Quartile

End point (+)
(n) 78 50 66 62 100 28

End point (−)
(n) 477 136 490 123 583 30

Probability of
end point (%)

with confidence
intervals

14.054
(11.159–16.941)

26.881
(20.508–33.251)

11.871
(9.182–14.558)

33.513
(26.708–40.312)

14.641
(11.989–17.291)

48.276
(35.416–61.136)

Odds ratio 2.248 95%CI (1.503–3.364)
p < 0.001

3.742 95%CI (2.511–5.578)
p < 0.001

5.441 95%CI (3.117–9.498)
p < 0.001

Sensitivity (%) 26.88 33.51 48.28

Specificity (%) 77.81 79.93 95.10

Cp—ceruloplasmin; NT-proBNP—N-terminal Type B pro peptide.

Detailed results for the top quartiles of Cp and NT-proBNP concentration, as well as the
combination of the top quartiles of Cp and NT-proBNP concentrations, with the sensitivity and
specificity of their predictive values, are presented in Table 4. For patients with a Cp concentration in
the top quartile, the risk of death or heart transplantation was two-fold higher than in patients with
Cp concentrations in quartiles I–III. Similarly, NT-proBNP concentration in the top quartile indicated
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approximately a 4-fold increase in the probability of an endpoint occurrence. The predictive values
of Cp and NT-proBNP concentrations did not differ significantly (NT-proBNP vs. Cp, OR = 1.371,
95% CI (0.878–2.140)). The greatest prognostic value was seen for the combination of Cp and NT-proBNP
concentrations in the top quartile, which was associated with more than a five-fold increased risk.
Cp and NT-proBNP concentrations (both in the top quartile) showed a significantly higher predictive
value than the top quartile of Cp (OR = 2.539; 95% CI (1.381–4.666)) or NT-proBNP (OR = 1.852;
95% CI (1.018–3.370)) concentrations individually (Table 4).

4. Discussion

There are many papers documenting the association between Cp and cardiovascular disease in
clinical and experimental studies [20–22]. However, data confirming the effect of Cp concentration on
prognosis in patients with HF are limited. This study intended to determine the clinical utility of a
single baseline Cp measurement and other common risk factors as prognostic markers of all-cause
mortality or heart transplantation in HF patients. We showed a significantly higher risk of all-cause
death or heart transplantation in a 1-year follow-up of patients with Cp concentration in the top
quartile. Similarly, patients with NT-proBNP concentration in the top quartile had a higher risk of
endpoint occurrence. However, after adjustment for known clinical and laboratory parameters and
treatments, neither NT-proBNP nor Cp remained significant predictors. Interestingly, the combination
of elevated Cp and NT-proBNP concentrations (both in the top quartile) had greater specificity and
sensitivity for endpoint prediction than CP or NT-proBNP concentrations alone. Other independent
endpoint predictors were LVEF, peak VO2, ACE-I/ARB therapy, and prior ICD implantation. Although
clinical assessment had a strong prognostic role, it is worth highlighting that peak oxygen consumption
(peak VO2) rather than New York Heart Association class, should be used to estimate functional
capacity. The utility of peak VO2 and other parameters of the Heart Failure Survival Score (ischemic
heart disease, mean blood pressure, LVEF, heart rate, serum sodium, intraventricular conduction defect)
for predicting prognosis and assessing candidacy for heart transplantation, have been documented
across races and genders [23].

Recently, Paolillo et al. showed that the cut-off values of peak VO2 able to identify a 10% or 20%
risk (in 10 years of follow-up) of unfavorable outcomes decreased over 20 years up to 2010, with similar
cut-off values observed over this time period [24]. As a possible explanation, they suggested that the
most effective treatment options were introduced to the guidelines by 2010, such that a similar risk
level was observed in patients enrolled after 2010. In our study, patients were enrolled before 2010 and
a decrease in peak VO2 by 1 mL/min/kg was associated with an 11% increase in the risk of endpoints in
a 1-year follow-up. Lower values of the main echocardiographic parameter, LVEF, were associated
with increased mortality or heart transplantation rate.

On the contrary, Lai et al. showed that, at initial presentation, LVEF did not have
outcome-predictive power Additionally, they showed that the 12-month mortality risk in patients
with LVEF ≥ 50% was similar to those with LVEF < 40% [7]. However, in this study, patients were
hospitalized with acute HF, and therefore, LVEF data may reflect exacerbated heart function, rather
than a chronic stable status.

Referring to guideline-based therapy, patient treatment in our study was considered to be
optimized by the physicians [25]. Although we did not analyze the reasons for not using this treatment,
in most cases there were contraindications to the use of this therapy. Moreover, we did not analyze the
ACE-I/ARB dose, since even low-dose ACE-I/ARB therapy is superior to no one treatment as it decreases
1-year mortality rates [26]. Patient treatment may be a limitation of the study (see study limitation
section). Beta-blockers were used in the majority of patients (97%). Notably, the percentage of patients
with ICDs in our study was rather low (approximately 27%). The lack of ICD implantation was an
independent risk factor of all-cause mortality (not only sudden cardiac death) and heart transplantation.
Improved survival of patients with implanted ICDs has previously been observed in clinical trials [27].
ICD implantation was different between groups according to Cp concentration quartiles. In the highest
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Cp quartile the percentage of patients who did not receive ACE-I and /or ARB was the lowest. In our
study, many of the analyzed laboratory parameters were risk factors of unfavorable outcomes only in
univariable analyses. However, none of them were shown to affect mortality or heart transplantation
after adjusting for other predictive factors. Only the combination of the top quartiles of NT-proBNP
and Cp concentrations was useful for the prediction of unfavorable outcomes.

Previously, some investigations with various study designs have demonstrated the prognostic
power of natriuretic peptide concentration [28–30]. Lai et al. reported that increased plasma NT-pro
BNP level (≥11755 ng/L) was an independent predictor of 1- and 3-month mortality, but not of mortality
in more extended follow-up [7]. Bettencourt and colleagues showed that an NT-proBNP concentration
> 6779 pg/mL at admission was a weaker predictor of readmission or death than a post-treatment
NT-proBNP concentration of 4137 pg/mL, with an 8% increase in the probability of death or readmission
over 6 months per 1000 pg/mL of NT-proBNP [31]. Finally, the current ACC/AHA/HFSA Guideline for
the Management of Heart Failure recommends the assessment of natriuretic peptide biomarkers on
admission in acutely decompensated HF patients and before discharge, to establish a prognosis [32].

We evaluated NT-proBNP concentrations in stable, nonhospitalized patients and found that
an NT-proBNP concentration > 3155pg/mL (upper quartile) did not have significant predictive
value in a multivariate analysis in a 1-year follow-up. A comparison of our results with other
studies is difficult because of different follow-up periods, endpoint definitions, and types of cohorts.
Bayes-Genis et al. performed a serial assessment of NT-proBNP concentration in an outpatient group
(patient decompensated, but not requiring emergency hospital admission) with reduced LVEF (27
+/− 9%). The percentage reduction in NT-proBNP concentration in the first four weeks (not baseline
concentration) was a predictor of death and hospitalization during three months of follow-up [33].

Multiple biomarker strategies, involving a combination of NPs with other biomarkers, have been
proposed to create more accurate predictive scores in HF [34]. Multimarker approaches combining
NT-pro-BNP and Cp have been used to assess the risk of HF incidence and mortality in patients in
the Atherosclerosis Risk in Communities (ARIC) study. In this population, the strongest associations
of Cp were observed with HF and all-cause mortality. These associations persisted after adjusting
for biomarkers known to have a role in HF prediction, such as NT-proBNP, troponin, and CRP [35].
Engstrom et al. also reported Cp as a risk factor for HF incidence in Caucasian men with a high risk of
cardiovascular disease [36].

Elevated Cp levels have been shown in many cardiovascular disorders, including coronary heart
disease, myocardial infarction, and arteriosclerosis. The oxidative effects of Cp on serum lipids, in
combination with decreased antioxidant protection, can predominate in CAD patients. Ceruloplasmin
has diverse functions. It is involved in iron homeostasis and angiogenesis. It is the major source
of serum ferroxidase activity and can act as a pro- or antioxidant molecule [37–39]. Many previous
studies have reported an elevated Cp concentration during HF [40,41]. Some study demonstrated that
the Cp can be a significant marker of heart failure in patients with ST segment elevated myocardial
infarction [42]. A possible association between ceruloplasmin and progression of HF was study by
Cabassi et al. [43].

To the best of our knowledge, only one previous study has evaluated the prognostic value of the
simultaneous assessment of Cp and BNP in stable HF patients undergoing elective cardiac evaluation,
including coronary angiography. In that study, Hammadah et al. reported that elevated Cp levels
increase the risk of 5-year all-cause mortality. Even after adjusting for a large panel of other risk factors
and medications, Cp concentration in the third or fourth quartile (> 25.6 mg/dL) remained a significant
predictor of increased 5-year mortality. Further analysis, with additional adjustment for heart rate, QRS
duration and ICD placement, revealed that a Cp concentration in the upper quartile (> 30.2 mg/dL)
remained predictive. Additionally, within each group of defined BNP concentration range, higher
Cp levels were associated with poorer outcomes. Similar to our study, the authors shown that the
combined use of biomarkers can help identify patients with the highest probability of death [44].
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The reasons for the increased Cp concentration in HF are not well understood, but it is possible
that the measurement of Cp (in combination with NT-proBNP) can help identify patients with the
highest long-term mortality risk.

5. Conclusions

The determination of Cp concentration is cost-effective and relatively easy. Data from the present
study confirmed the association between Cp concentration and the severity of HF. The combined
measurement of Cp and NT-proBNP concentrations has an advantage over measuring NT-proBNP
concentration alone in selecting a group of high-risk HF patients in a 1-year follow-up.

Study Limitations

Our study has several limitations. Firstly, these results may not be applicable to the general
population, since the age range of patients in this study was 48–59 years. Secondly, it was a single-center
study of stable outpatients considered as potential recipients of the heart. Thirdly, ARNI and SGLT2
were not used, since patient enrollment occurred before 2010. Fourthly, low percentage of patients
with implanted ICD.

Author Contributions: Conceptualization, E.R., C.W., and W.J.; Methodology, C.W., E.R., and W.J.; Software,
W.J.; Validation, E.R., C.W., and W.J.; Formal Analysis, E.R., C.W., and W.J.; Investigation, E.R., C.W., and W.J.;
Resources, M.G., E.Z., and P.R.; Data Curation, A.M., E.Z.; Writing—Original Draft Preparation, E.R., C.W., and
W.J.; Writing—Review & Editing, E.R., C.W., and W.J.; Visualization, J.N., A.M., and W.J.; Supervision, M.G.,
P.R.; Project Administration, E.R., C.W., and W.J. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was founded by the Medical University of Silesia grant no. KNW-1/096/K/8/0, Poland.

Conflicts of Interest: The authors declare that there is no conflict of interest regarding the publication of this paper.

References

1. Seino, Y.; Ogawa, A.; Yamashita, T.; Fukushima, M.; Ogata, K.; Fukumoto, H.; Takan, T. Application of
NT-proBNP and BNP measurements in cardiac care: A more discerning marker for the detection and
evaluation of heart failure. Eur. J. Heart Fail. 2004, 6, 295–300. [CrossRef] [PubMed]

2. Anker, S.; Doehner, W.; Rauchhaus, M.; Sharma, R.; Francis, D.; Knosalla, C.; Davos, C.H.; Cicoira, M.;
Shamim, W.; Kemp, M.; et al. Uric Acid and Survival in Chronic Heart Failure Validation and Application in
Metabolic, Functional, and Hemodynamic Staging. Circulation 2003, 107, 1991–1997. [CrossRef] [PubMed]

3. Yin, W.H.; Chen, J.W.; Jen, L.H.; Chiang, M.C.; Huang, W.P.; Feng, A.N.; Young, M.S.; Lin, S.J. Independent
prognostic value of elevated high-sensitivity C-reactive protein in chronic heart failure. Am. Heart J. 2004,
147, 931–938. [CrossRef] [PubMed]

4. Ponikowski, P.; Voors, A.A.; Anker, S.D.; Bueno, H.; Cleland, J.G.F.; Coats, A.J.S.; Falk, V.;
González-Juanatey, J.R.; Harjola, V.P.; Jankowska, E.A.; et al. 2016 ESC Guidelines for the diagnosis
and treatment of acute and chronic heart failure: The Task Force for the diagnosis and treatment of acute and
chronic heart failure of the European Society of Cardiology (ESC). Developed with the special contribution
of the Heart Failure Association (HFA) of the ESC. Eur. Heart J. 2016, 37, 2129–2200. [CrossRef]

5. Neuhold, S.; Huelsmann, M.; Strunk, G.; Stoiser, B.; Struck, J.; Morgenthaler, N.G.; Bergmann, A.; Moertl, D.;
Berger, R.; Pacher, R. Comparison of copeptin, B-type natriuretic peptide, and amino-terminal pro-B-type
natriuretic peptide in patients with chronic heart failure: Prediction of death at different stages of the disease.
J. Am. Coll. Cardiol. 2008, 52, 266–272. [CrossRef]

6. Chow, S.L.; Chow, S.L.; Maisel, A.S.; Anand, I.; Bozkurt, B.; de Boer, R.A.; Felker, G.M.; Fonarow, G.C.;
Greenberg, B.; Januzzi, J.L., Jr.; et al. Role of biomarkers for the prevention, assessment, and management of
heart failure a scientific statement from the American Heart Association. Circulation 2017, 135, 1054–1091.
[CrossRef]

7. Lai, M.Y.; Kan, W.C.; Huang, Y.T.; Chen, J.; Shiao, C.C. The Predictivity of N-Terminal Pro b-Type Natriuretic
Peptide for All-Cause Mortality in Various Follow-Up Periods among Heart Failure Patients. J. Clin. Med.
2019, 13, 357. [CrossRef]

172



J. Clin. Med. 2020, 9, 137

8. Januzzi, J.L.; Rehman, S.U.; Mohammed, A.A.; Bhardwaj, A.; Barajas, L.; Barajas, J.; Kim, H.N.; Baggish, A.L.;
Weiner, R.B.; Chen-Tournoux, A.; et al. Use of amino-terminal pro-B type natriuretic peptide to guide
outpatient therapy of patients with chronic left ventricular systolic dysfunction. J. Am. Coll. Cardiol. 2011, 58,
1881–1889. [CrossRef]

9. Floris, G.; Medda, R.; Padiglia, A.; Musci, G. The physiopathological significance of caeruloplasmin. Biochem.
Pharmacol. 2000, 60, 1735–1741. [CrossRef]

10. Harris, E.D. A requirement for copper in angiogenesis. Nutr. Rev. 2004, 62, 60–64. [CrossRef]
11. Hannan, G.N.; McAuslen, B.R. Modulation of synthesis of specific proteins in endothelial cells by copper,

cadmium, and disulfiram: An early response to an angiogenic inducer of cell migration. J. Cell. Physiol. 1982,
111, 207–212. [CrossRef] [PubMed]

12. Shukla, N.; Maher, J.; Masters, J.; Angelini, G.D.; Jeremy, J.Y. Does oxidative stress change ceruloplasmin
from a protective to a vasculopathic factor. Atherosclerosis 2006, 187, 238–250. [CrossRef] [PubMed]

13. Shiva, S.; Wang, X.; Ringwood, L.A.; Xu, X.; Yuditskaya, S.; Annavajjhala, V.; Miyajima, H.; Hogg, N.;
Harris, Z.L.; Gladwin, M.T. Ceruloplasmin is a NO oxidase and nitrite synthase that determines endocrine
NO homeostasis. Nat. Chem. Biol. 2006, 2, 486–493. [CrossRef] [PubMed]

14. Xu, Y.; Lin, H.; Zhou, Y.; Cheng, G.; Xu, G. Ceruloplasmin and the extent of heart failure in ischemic and
nonischemic cardiomyopathy patients. Mediat. Inflamm. 2013, 2013, 348145. [CrossRef] [PubMed]

15. Kaya, Z.; Kaya, B.; Sezen, H.; Bilinc, H.; Asoglu, R.; Yildiz, A.; Taskin, A.; Yalcin, S.; Sezen, Y.; Aksoy, N.
Serum ceruloplasmin levels in acute decompensated heart failure. Clin. Ter. 2013, 164, 87–91.

16. Ahmed, M.S.; Jadhav, A.B.; Hassan, A.; Meng, Q.H. Acute Phase Reactants as Novel Predictors of
Cardiovascular Disease. ISRN Inflamm. 2012. [CrossRef]

17. Studies Investigating Co-Morbidities Aggravating Heart Failure (SICA-HF). 2016. Available online: https:
//clinicaltrials.gov/ (accessed on 18 November 2019).
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Abstract: Objective: Growth differentiation factor-8 (GDF8), also known as myostatin, is a member
of the transforming growth factor-β superfamily that inhibits skeletal muscle growth. We aimed to
investigate the association between GDF8 and peak troponin I levels after acute myocardial infarction
(AMI). Methods: All consecutive patients admitted from June 2016 to February 2018 for type 1 AMI
in the Coronary Care Unit of University Hospital of Dijon Bourgogne (France) were included in our
prospective study. Blood samples were harvested on admission, and serum levels of GDF8 were
measured using a commercially available enzyme-linked immunosorbent assay kit. Results: Among
the 296 patients with type 1 AMI, median age was 68 years and 27% were women. GDF8 levels
(median (IQR) = 2375 ng/L) were negatively correlated with age, sex and diabetes (p < 0.001 for all).
GDF8 levels were higher in patients with in-hospital ventricular tachycardia or fibrillation (VT/VF)
than those without in-hospital VT/VF. GDF8 was positively correlated with troponin I peak (r = 0.247;
p < 0.001). In multivariate linear regression analysis, log GDF8 (OR: 21.59; 95% CI 34.08–119.05;
p < 0.001) was an independent predictor of troponin I peak. Conclusions: These results suggest that
GDF8 levels could reflect the extent of myocardial damage during AMI, similar to peak troponin I,
which is currently used to estimate infarct size. Further studies are needed to elucidate the underlying
mechanisms linking the GDF8 cytokine with troponin I levels.

Keywords: GDF8; myostatin; AMI; troponin

1. Introduction

Patients with acute myocardial infarction (AMI) have a high rate of mortality, and the risk of fatal
events is highest in the first hours following onset. The severity of AMI, which is usually determined
early on with the measurement of circulating troponins, has a major impact on the development of
late AMI consequences such as heart failure. Therefore, precise and rapid assessment of the severity
of AMI critically affects treatment choices and patient prognoses. Recently, there has been interest in
the potential role of new biomarkers for the assessment of severity in the early stages of AMI, with
a particular focus on NT-pro-natriuretic peptide (NT-proBNP), heart-type fatty acid binding protein
(hFABP) and circulating cytokines such as growth differentiation factor-15 [1].

Growth differentiation factor-8 (GDF8), also known as myostatin, is a member of the transforming
growth factor-β (TGF-β) superfamily. GDF8 shares many structural similarities with other members

J. Clin. Med. 2020, 9, 116; doi:10.3390/jcm9010116 www.mdpi.com/journal/jcm175



J. Clin. Med. 2020, 9, 116

such as growth differentiation factor-11 [2,3]. GDF8 is mainly expressed in skeletal muscles, particularly
during the development period but also in adulthood, and is considered a negative regulator of muscle
growth [4]. Genetic inhibition of myostatin leads to an increase in skeletal muscle mass and triggers
a hyper-muscular phenotype in mammals [5,6]. In the heart muscle, GDF8 is expressed in fetal and
adult myocardium [7], and its expression is increased in cardiac diseases such as advanced heart
failure [8] or congenital heart disease [9]. Following experimental myocardial infarction, GDF8 is
up-regulated in cardiomyocytes surrounding the infarcted area [7] and its concentration rapidly
increases in the circulation [10]. However, the role of GDF8 during the acute phase of AMI in humans
is poorly understood.

The aim of our study was to evaluate GDF8/myostatin levels in patients admitted for AMI, and to
investigate the associations between GDF8 and markers of AMI severity such as troponin.

2. Methods

2.1. Patients

The methods and design of the French Regional Observatoire des Infarctus de Côte-d’Or (RICO)
survey have been previously described [11]. From June 2016 to February 2018, all consecutive
patients admitted to the coronary care unit of the Dijon University Hospital (France) for type 1 AMI
were prospectively included. Type 1 MI is defined as an acute atherothrombotic coronary event
resulting in the formation of an intra-luminal thrombus (plaque rupture, ulceration, erosion or coronary
dissection) [12]. The present study is in agreement with the ethical guidelines of the Declaration of
Helsinki. All of the participants provided consent prior to inclusion, and the Ethics Committee of the
University Hospital of Dijon approved the protocol (BIOCARDIS-2016–9205AAO034S02117).

2.2. Data Collection

Patient characteristics were obtained at hospital admission. These included cardiovascular risk
factors and history, and clinical and biological data. Risk scores were calculated (GRACE score and
SYNTAX score). Blood samples were collected on admission to measure serum C-reactive protein
(CRP), creatinine, creatine kinase peak, troponin Ic peak, NT-proBNP, blood lipids, glucose and
hemoglobin. eGFR was calculated using Chronic Kidney Disease-EPIdemiology Collaboration formula
(CKD-EPI). Echocardiographic data such as left ventricular ejection fraction (LVEF) were recorded.
Finally, in-hospital events were documented, including death, cardiovascular death, re-infarction,
stroke, development of heart failure and ventricular tachycardia or fibrillation (VT/VF).

2.3. Determination of Serum GDF8

Blood samples were collected on admission from a vein in the arm, centrifuged at 4 ◦C to isolate
the serum, and samples were stored at −80 ◦C until use. Median (IQR) time from symptom onset to
blood sampling was 16(8–30) hours. Serum GDF8 was measured in duplicate using a commercially
available Quantitine kit (DGDF80, R&D systems, MN). The minimum detectable concentration was
2.25 ng/L, and the coefficient of variation between duplicates did not exceed 10%.

2.4. Statistical Analysis

Dichotomous variables are expressed as n (%) and continuous variables as mean ± SD or median
(interquartile range). A Kolmogorov–Smirnov test was performed to test the normality of continuous
variables. For non-normally distributed variables (i.e., NT-proBNP), they were log transformed.
The Mann-Whitney test or Student’s t test was used to compare continuous data, and the Chi 2 test or
Fisher’s test was used for dichotomous data, as appropriate.

Pearson correlation analyses (for normally distributed variables) or Spearman correlation analyses
(one or two non-Gaussian variables) were performed. The threshold for significance was set at 5%.

Bivariate linear regression analyses were used to adjust GDF8 with age.
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Multivariate logistic regression models were built to estimate in-hospital VT/VF and troponin Ic
peak based on significant variables in univariate analysis. The inclusion threshold was set at 5%.

SPSS version 12.0.1 (IBM Inc, Armonk, NY, USA) was used for all of the statistical tests.

3. Results

The baseline characteristics of the study population are shown in Table 1. Predictors of GDF8 are
shown in Table 2. GDF8 levels were significantly associated with age, sex and diabetes. Clinical data
showed an association with systolic and diastolic blood pressure, STEMI, heart failure and GRACE
risk score. Moreover, GDF8 was strongly correlated with CRP, creatine kinase peak, troponin Ic peak,
NT-proBNP and LDL-cholesterol, as well as creatinine clearance and acute statin medication.

Table 1. Baseline characteristics.

N (%) or Median (IQR) N = 296

Risk factors

Age, y 68 (58–78)
Female 81 (27%)

BMI, kg/m2 26 (24–30), n = 295
Hypertension 178 (60%)

Diabetes 75 (25%)
Hypercholesterolemia 117 (40%)
Family history of CAD 74 (25%)

Current smoking 85 (29%)
Cardiovascular history

CAD 53 (18%)
Stroke 17 (6%)

Chronic kidney disease 16 (5%)
Clinical data

LVEF, % 55 (50–60), n = 294
LVEF <40% 22 (7%)

HR, bpm 76 (64–87), n = 283
SBP, mmHg 142 (123–165), n = 275
DBP, mmHg 82 (70–94), n = 274

STEMI 143 (48%)
HF 56 (19%)

GRACE risk score 141 (116–170), n = 268
ICU length of stay, d 3 (3–4), n = 290

Coronary angiography 294 (99%)
SYNTAX score 12 (7–18), n = 284

Multivessel disease 184 (63%)
Percutaneous coronary intervention 252 (86%)

Biological data

GDF8 relative expression 2375.0 (1640.0–3346.7)
CRP > 3 mg/L 158 (54%)

Creatinine, μmol/L 79 (68–95), n = 295
eGFR CKD, mL/min 82.7 (65.9–95.5), n = 295

eGFR CKD < 45 mL/min 34 (12%)
CK peak, UI/L 583 (195–1483), n = 291

Troponin Ic peak, ng/mL 15.00 (3.21–70.00), n = 295
Nt-ProBNP, pg/mL 394 (93–1588), n = 295

LDL cholesterol, g/L 1.24 (0.92–1.53), n = 293
HDL cholesterol, g/L 0.50 (0.40–0.60), n = 293
Total cholesterol, g/L 2.06 (1.70–2.35), n = 293

Triglycerides, g/L 1.21 (0.84–1.76), n = 293
Glycemia, mmol/L 6.80 (5.80–8.63), n = 295
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Table 1. Cont.

N (%) or Median (IQR) N = 296

In-hospital events

Death 7 (2%)
Cardiovascular death 6 (2%)

Recurrent MI 7 (2%)
Stroke 2 (1%)

HF 75 (26%)
VT or VF 10 (3%)

Chronic medications

Antiplatelet therapy 24 (8%)
Aspirin 72 (24%)

ARB 63 (21%)
ACE inhibitor 58 (20%)

Statin 92 (31%)
Beta blocker 83 (28%)

Diuretic 57 (19%)
Acute medications

Antiplatelet therapy 283 (96%)
Aspirin 290 (98%)

ARB 36 (12%)
ACE inhibitor 179 (60%)

Statin 270 (91%)
Beta blocker 207 (70%)

Diuretic 65 (22%)

Data are expressed as n (%) or median (25th and 75th percentiles). n: number; GDF8: growth differentiation factor 8;
BMI: body mass index; CAD: coronary artery disease; LVEF: left ventricular ejection fraction; HR: heart rate; HF:
Heart failure; SBP: systolic blood pressure; DBP: diastolic blood pressure; STEMI: ST segment elevation myocardial
infarction; GRACE: Global Registry of Acute Coronary Events; ICU: Intensive Care Unit; CRP: C-reactive protein;
CK: creatine kinase; NT-proBNP: N-terminal pro-brain natriuretic peptide; LDL: low density lipoprotein; HDL: high
density lipoprotein; ARB: angiotensin receptor blockers; ACE: angiotensin converting enzyme.

Table 2. Association between GDF8 levels and study variables (n = 296).

Patients (n = 296)
GDF8 Relative
Expression or r

p Value

CV risk factors
Age (years) 68 (58–78) −0.26 <0.001

Female Yes 81 (27) 2002 (1284–2785) <0.001
No 215 (73) 2554.9 (1759–3489)

BMI (kg/m2) 26 (24–30) 0.08 0.191
Hypertension Yes 178 (60) 2247 (1532–3321) 0.063

No 118 (40) 2585 (1756–3381)
Diabetes Yes 75 (25) 1946 (1429–2621) <0.001

No 221 (75) 2574 (1751–3526)
Hypercholesterolemia Yes 117 (40) 2501 (1697–3397) 0.396

No 179 (60) 2311 (1621–3304)
Current smoking Yes 85 (29) 2482 (1689–3396) 0.306

No 211 (71) 2256 (1633–3320)
Cardiovascular history

CAD Yes 53 (18) 2209 (1477–2991) 0.189
No 243 (82) 2426 (1688–3381)

Stroke Yes 17 (6) 1742 (1070–2636) 0.062
No 279 (94) 2431 (1679–3372)

Chronic kidney disease Yes 16 (5) 2712 (1315–3416) 0.885
No 280 (95) 2368 (1663–3346)

Clinical data
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Table 2. Cont.

Patients (n = 296)
GDF8 Relative
Expression or r

p Value

LVEF 55 (50–60) −0.05 0.396
HR (bpm) 76 (64–87) −0.06 0.304

SBP (mmHg) 142 (123–165) 0.14 0.022
DBP (mmHg) 82 (70–94) 0.22 <0.001

STEMI Yes 143 (48) 2748 (1802–3445) 0.001
No 153 (52) 2141 (1519–2973)

Heart failure Yes 56 (19) 2018 (1252–2775) 0.006
No 238 (81) 2511 (1695–3413)

GRACE risk score 141 (116–170) −0.22 <0.001
ICU stay length (days) 3 (3–4) −0.01 0.877

Biological data
CRP ≥ 3 mg/L Yes 158 (54) 2102 (1471–3197) <0.001

No 136 (46) 2722 (1957–3525)
Creatinine clearance
(CKD EPI) (mL/min) 83 (66–96) 0.15 0.010

CK peak (UI/L) 583 (195–1493) 0.26 <0.001
Peak troponin Ic (ng/mL) 15 (3–70) 0.25 <0.001

NT-proBNP (pg/mL) 394 (93–1588) −0.27 <0.001
Glucose (mmol/L) 7 (6–9) −0.02 0.684

LDL cholesterol (g/L) 1.2 (0.9–1.5) 0.25 <0.001
HDL cholesterol (g/L) 0.5 (0.4–0.6) 0.07 0.211

Triglycerides (g/L) 1.2 (0.8–1.8) 0.02 0.773

Data are expressed as n (%) or median (25th and 75th percentiles). n: number; r: correlation coefficient; GDF8:
growth differentiation factor 8; BMI: body mass index; CAD: coronary artery disease; LVEF: left ventricular ejection
fraction; HR: heart rate; SBP: systolic blood pressure; DBP: diastolic blood pressure; STEMI: ST segment elevation
myocardial infarction; GRACE: Global Registry of Acute Coronary Events; ICU: Intensive Care Unit; CRP: C-reactive
protein; CK: creatine kinase; NT-proBNP: N-terminal pro-brain natriuretic peptide; LDL: low density lipoprotein;
HDL: high density lipoprotein; ARB: angiotensin II receptor blockers; ACE inhibitors: angiotensin converting
enzyme inhibitors.

3.1. Baseline Characteristics

Among the 296 included patients, eighty-one (27%) were female. The median age was 68 years,
178 (60%) had hypertension, 117 (40%) had hypercholesterolemia, 75 (25%) had diabetes and 85 (29%)
are active smokers. Median GDF8 was 2375 (1640–3347) ng/L.

3.2. Associations between GDF8 Levels and in-Hospital Development of Ventricular Tachycardia or Fibrillation

Ten patients (3%) developed VT/VF during their hospital stay. GDF8 levels were higher in these
patients than in those who did not experience VT/VF (2565 ± 75 vs. 3852 ± 642 ng/L, p = 0.034, Figure 1).
To assess VT/VF risk, a GDF8 cut-off value of 2878 ng/L was established with a receiver operating
characteristic (ROC) curve analysis. The value was rounded to 2800 ng/L to improve clinical relevance.
The area under the curve (AUC) was 0.697 (p = 0.034) and the sensitivity and specificity were good
(70% and 66%, respectively). Among patients with GDF8 > 2800 ng/L (112/296), the risk of developing
in-hospital VT/VF was higher than in patients with GDF8 < 2800 ng/L (184/296) (p = 0.046). The other
relevant biomarkers (CK and peak troponin Ic) showed similar associations with the outcome (VT/VF):
the respective AUC were 0.717 (p = 0.027) and 0.698 (p = 0.034), and the cut-off values were 400.5 UI/L
and 7.6 ng/mL. Sensitivity and specificity were respectively 100% and 44% for CK and 100% and 43%
for peak troponin IC. Both CK and troponin Ic were significantly associated with VT/VF in logistic
regression analysis (CK peak: OR (95% CI): 6.034 (1.684–21.621) and troponin Ic peak: OR (95% CI):
2.751 (1.079–7.019)).
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Figure 1. Serum growth differentiation factor-8 (GDF8) levels rise more in AMI patients with ventricular
tachycardia or fibrillation (VT/VF) than AMI patients without VT/VF.

3.3. Associations between GDF8 Levels and Peak Troponin Ic

GDF8 was correlated with peak troponin Ic (r = 0.247; p <0.001). Patients with high (i.e.,
supramedian) GDF8 levels had a trend toward an increased risk of TV/FV compared with patients
who had lower (i.e., inframedian) GDF8 levels (4.8% vs. 2%). Moreover, the troponin peak was much
higher (X3) in patients with a supramedian GDF8 level, as shown in Table 3. In univariate analysis,
diabetes (OR 11.82, 95% CI −3.49–43.03; p = 0.095), smoking (OR 11.34, 95% CI 0.78–45.40; p = 0.043),
left ventricular ejection fraction <40% (OR 19.53, 95% CI 10.88–87.76; p = 0.012), GRACE risk score (OR
0.16, 95% CI 0.16–0.76; p = 0.003), and time to admission (OR 0.01, 95% CI −0.02–0.001; p = 0.065) and
log GDF8 (OR 21.59, 95% CI 34.08–119.05; p <0.001) were associated with the prediction of troponin Ic
peak. In multivariable analysis, log GDF8 remained associated to the prediction of troponin Ic peak,
after adjustment for confounding factors (Table 4).

Table 3. Relevant outcomes according to high/low GDF8 levels (cutoff on median GDF8 value).

GDF 8 ≤ 2400 ng/L
N = 151

GDF 8 > 2400 ng/L
N = 145

p Value

In-hospital VF/VT 3 (2.0%) 7 (4.8%) 0.211
Troponin Ic peak, ng/mL 8.30 (2.10–36.00) 29.50 (4.22–92.75) <0.001

LVEF, % 56 (50–60) 55 (50–60) 0.498

Table 4. Logistic regression analysis for prediction of troponin I peak.

Univariate Multivariate

OR 95% CI p Value OR 95% CI p Value

Diabetes 11.82 −3.49–43.03 0.095 12.98 7.86–59.00 0.011
Smoking 11.34 0.78–45.40 0.043 13.19 10.32–62.28 0.006

LVEF > 40% 19.53 10.88–87.76 0.012 22.23 6.75–94.34 0.024
GRACE risk score 0.15 0.16–0.76 0.003 0.168 0.39–1.05 <0.001

Time to admission, per min 0.01 −0.02–0.00 0.065 0.01 −0.02–0.01 0.233
Log GDF8, per unit 21.59 34.08–119.05 <0.001 26.68 67.05–172.17 <0.001

LVEF: left ventricular ejection fraction; GRACE: Global Registry of Acute Coronary Events; NT-proBNP: N-terminal
pro-brain natriuretic peptide; GDF8: growth differentiation factor 8; OR: odds ratio; CI: confidence interval.
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4. Discussion

In our study, GDF8 levels were shown to be negatively associated with older age, and positively
with female sex; these results corroborate existing clinical data. For instance, previous studies have
shown that GDF8 levels were highest in men in their 20s and statistically declined throughout
subsequent decades [13]. Indeed, in men, serum GDF8 increases slightly with age until 57 years and
then decreases [14]. In both the “Heart and Soul” and the HUNT3 cohorts, GDF11/8 levels were
lower in older participants [15]. In patients aged 60 years and older, a recent study has shown that
women had higher GDF8 plasma levels than men and that the circulating plasma GDF8 was negatively
associated with muscle function [16].

In the present work, we also observed correlations between GDF8 levels and traditional
cardiovascular risk factors such as diabetes, increased systolic and diastolic blood pressure, increased
LDL cholesterol and CRP. The role of GDF8 in regulating tissue glucose uptake has been documented
both in experimental [17] and clinical studies [18,19]. Blocked GDF8 expression in mice resulted in
increased insulin signaling and better insulin sensitivity in skeletal muscle [20]. Therefore, in patients
with insulin resistance, GDF8 inactivation is a potential target for the prevention of risk factors
associated with the development of ischemic cardiovascular diseases. The clinical data are sparse for
hypertension, cholesterol levels and CRP, but one experimental study has demonstrated that GDF8
deletion in a mouse model of metabolic syndrome resulted in increased muscle mass and prevented an
increase in blood pressure [21]. Inactivation of GDF8 in in Ldlr-/- mice was shown to protect against
the development of insulin resistance, proatherogenic dyslipidemia and aortic atherogenesis [22].

The main findings of the present study involve the association of GDF8 with the markers of AMI
severity such as ST-elevation myocardial infarction (STEMI), occurrence of complicating heart failure,
GRACE risk score, CK peak, NT-proBNP, and troponin levels. In multivariable analysis, log GDF8
was associated with the prediction of troponin I peak, even after adjustment for age. Moreover,
among patients with the highest GDF8 levels (>2800 ng/L), the risk of developing in-hospital VT/VF
was higher. To our knowledge, this is the first time that GDF8 has been associated with clinical
severity in the acute phase of MI. Previous studies in sheep found that GDF8 was expressed in the
fetal and adult heart and was localized in the cardiomyocytes and Purkinje fibers [7]. Furthermore,
after experimental myocardial infarction, GDF8 expression was upregulated in the cardiomyocytes
surrounding the infarcted zone. Studies performed in mice have shown that GDF8 was upregulated
in the heart as early as 10 min after coronary artery ligation, reaching peak expression in tissue
between 24 h and 1 month following the acute event. In the serum of the mice, GDF8 levels also
promptly and steadily increased [10]. Indeed, elevated circulating levels of GDF8 have been observed
in several types of serious myocardial diseases such as anthracycline-induced cardiotoxicity [23] and in
experimental [24–26] and clinical heart failure [8,9,27]. In particular, serum GDF8 levels were shown to
have predictive value for the severity of chronic heart failure and to be a predictor of adverse prognosis
in these patients [27]. In myocardial infarction, both the destruction of the cardiac tissue and the
up-regulation of its expression may account for the elevated levels found in serum. Consequently, it has
been suggested that the heart could function as an endocrine organ promoting skeletal or myocardial
muscle wasting, inducing cardiac muscle weakness [25]. In fact, the absence of GDF8 in GDF8-deficient
mice subjected to myocardial infarction seemed to protect the heart, possibly by limiting the extent
of fibrosis and improving survival [28]. We suggest here that during the course of AMI, GDF8 is
produced and released by the cardiac tissue proportionally to the severity of the ischemia. GDF levels
may therefore be strongly associated with peak troponin, but also with the occurrence of complications
such as heart failure or ventricular arrhythmias. Of course, the estimation of myocardial damage
is complex and might not be only reflected by one circulating factor such as GDF8 and/or troponin
peak. Hemodynamic measurements, expansion index, and other exams as such as magnetic resonance
imaging are necessary to quantify the extent of the infarct, the myocardial tissue loss and fibrosis after
AMI [29,30]. Further studies should be conducted to evaluate whether GDF8 could be a predictor of
poor outcomes after AMI, in particular those related to skeletal or myocardial muscle wasting.
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5. Study Limitations

The first limitation of our study is the small number of patients who developed VT/VF (n = 10),
limiting statistical power. The second limitation is the monocentric nature of the study with a
subsequent selection bias. However, the strong association between GDF8 and the prediction of
troponin I peak was supported by results of univariate regression analysis (p < 0.001) and the enduring
significance after adjustment for determinants (p < 0.001). In future, these preliminary results need to
be confirmed in larger studies.

6. Conclusions

To conclude, our original results suggest that GDF8 levels could reflect the extent of myocardial
damage during AMI, similar to peak troponin I, which is currently used to estimate infarct size. Further
studies are needed to elucidate the underlying mechanisms linking the GDF8 cytokine with troponin
I levels.
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Abstract: Background: Determining the value of new imaging markers to predict aortic valve (AV)
surgery in asymptomatic patients with severe aortic regurgitation (AR) in a prospective, observational,
multicenter study. Methods: Consecutive patients with chronic severe AR were enrolled between
2015–2018. Baseline examination included echocardiography (ECHO) with 2- and 3-dimensional
(2D and 3D) vena contracta area (VCA), and magnetic resonance imaging (MRI) with regurgitant
volume (RV) and fraction (RF) analyzed in CoreLab. Results: The mean follow-up was 587 days
(interquartile range (IQR) 296–901) in a total of 104 patients. Twenty patients underwent AV surgery.
Baseline clinical and laboratory data did not differ between surgically and medically treated patients.
Surgically treated patients had larger left ventricular (LV) dimension, end-diastolic volume (all
p < 0.05), and the LV ejection fraction was similar. The surgical group showed higher prevalence of
severe AR (70% vs. 40%, p = 0.02). Out of all imaging markers 3D VCA, MRI-derived RV and RF
were identified as the strongest independent predictors of AV surgery (all p < 0.001). Conclusions:
Parameters related to LV morphology and function showed moderate accuracy to identify patients in
need of early AV surgery at the early stage of the disease. 3D ECHO-derived VCA and MRI-derived
RV and RF showed high accuracy and excellent sensitivity to identify patients in need of early surgery.

Keywords: aortic regurgitation; echocardiography; magnetic resonance imaging; vena contracta area;
longitudinal strain; T1 mapping
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1. Introduction

Chronic aortic regurgitation (AR) is the third most common valvular heart disease in Western
countries, with a prevalence of 0.1% to 2.0%. Degenerative etiology on tricuspid or bicuspid aortic
valves and annuloaortic ectasia are the most common causes of chronic AR. Rheumatic fever remains a
frequent cause of chronic AR in developing countries [1–4]. In chronic AR, progressive left ventricular
(LV) dilatation compensates for the increase of LV end-diastolic pressure. Left ventricular dilatation
enables the preservation of cardiac output despite the large regurgitant volume of blood returning
to the LV in diastole. Increased afterload in chronic AR is compensated by eccentric LV hypertrophy.
This complex volume and pressure compensatory mechanisms explain the long asymptomatic course
of the disease.

A combination of several clinical and imaging characteristics makes the timing of aortic
valve (AV) intervention challenging. Patients with severe AR are often middle-aged males with
a long asymptomatic course [1,2,5]. Furthermore, current indications for AV intervention (i.e.,
two-dimensional (2D) echocardiography (ECHO)-derived assessment of AR severity and left ventricular
(LV) remodeling), appear to be rather specific but less sensitive [1,2,6–10]. This may lead to late
AV intervention resulting in irreversible myocardial damage and impaired outcome [1–3,11,12].
Thus, a more a sensitive and accurate imaging marker to trigger early AV intervention may be of
crucial importance.

Several promising imaging approaches to assess AR or its impact on LV structure and function
have emerged recently [13–20]. For instance, three-dimensional (3D) ECHO- or magnetic resonance
(MRI)-derived evaluation of AR severity may increase the accuracy of AR classification [16,19,20].
Assessment of LV myocardial fibrosis, strain or work may be more sensitive than LV diameters or
ejection fraction (LVEF) to detect irreversible myocardial damage at an early stage [13–15,17,18,21].
Therefore, in a multicenter study, we thought to determine the value of new imaging markers to predict
AV surgery in asymptomatic patients with severe AR and preserved LVEF. Imaging markers from all
participating centers were analyzed centrally by a CoreLab.

2. Experimental Section

2.1. Design

A prospective, observational and multicenter study was conducted in three tertiary cardiology
centers. All imaging markers were evaluated centrally in a CoreLab (Institute of Clinical and
Experimental Medicine, Prague), which holds the European Association of Cardiovascular Imaging
(EACVI) Laboratory accreditation and individual certification for both ECHO and MRI.

2.2. Patients

The study population consisted of all consecutive patients (age 44.4 ± 13.2 years, 85.4% males)
with chronic severe AR and no indication for AV intervention who were referred to participating
heart valve centers for AR assessment between March 2015 and September 2018. To be eligible for
the study patients had to fulfil the following inclusion criteria: (1) severe AR defined by using the
integrative 2D ECHO approach [10]; (2) absence of symptoms validated using bicycle ergometry;
(3) preserved LVEF (>50%); (4) non-dilated LV end-diastolic diameter (≤70 mm) and LV end-systolic
diameter index (≤25 mm/m2); and (5) sinus rhythm. Patients with guideline indications for AV
intervention, acute AR, aortic dissection, endocarditis, irregular heart rate, associated with more
than mild valvular disease, complex congenital heart disease, intracardiac shunt, creatinine clearance
<30 mL/min, pregnancy, or contra indication for MRI were excluded [1,2]. The study protocol and
informed consent was approved by the ethics committees of all participating institutions. All patients
had to sign informed consent prior to the enrollment. The study was registered in ClinicalTrials.gov
under a unique identifier NCT02910349.
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2.3. Protocol

An initial assessment was performed by specialized heart valve cardiologist in all participating
centers. It included a history, clinical examination, Electrocardiography (ECG), bicycle ergometry,
blood sampling, and comprehensive 2D and 3D ECHO. A cardiac MRI was performed in the center
where the CoreLab was based for all participants. Patients from this particular center underwent MRI
on the day of enrollment while patients from other two centers underwent an MRI within 2 weeks after
the enrollment. Analysis of all ECHO- and MRI-derived markers were centralized in the CoreLab.

2.4. Follow-Up and Study Endpoints

After enrollment, patients were followed in participating heart valve centers every 6 months till
30 September 2018. The decision-making on conservative versus surgical treatment was left at the
discretion of a particular heart valve team. In patients undergoing AV surgery, a perioperative biopsy
was performed at the level of basal interventricular septum to assess the extent of myocardial fibrosis
as previously described in our pilot study [14]. The follow-up data on AV interventions, mortality,
and cardiac hospitalizations were obtained in all patients (100%) using population registry, medical
files, and contact with referring physicians or family. Baseline clinical and imaging characteristics
were analyzed to identify independent predictors of AV surgery. A prespecified study endpoint
was cumulative of the indication for aortic valve intervention, ventricular arrhythmia occurrence
(non-sustained or sustained ventricular tachycardia, ventricular ectopic beats >10%), hospitalization
for heart failure, Brain natriuretic peptide (BNP) elevation >150 ng/L or cardiovascular death.

2.5. Doppler ECHO

A comprehensive 2D and 3D transthoracic ECHO was performed using a Vivid 7 and Vivid 9
(GE HealthCare, Horten, Norway) ultrasound system equipped with 4-dimensional active matrix
4-D volume phased array probe. Several 3D ECHO loops in each view were recorded using
ECG-gated full-volume acquisition over four (LV function) to six (color Doppler) cardiac cycles
during end-expiratory apnea. Images were optimized by adjusting the depth, sector size, gain, number
of frames per second (FPS), the number of heart beats, and breath hold. All acquired images were
digitally stored, anonymized, and analyzed using the commercially available software EchoPac BT 202,
GE HealthCare. An average of at least 3 beats was taken for each measurement. Blood pressure and
heart rate was recorded during each examination.

LV internal diameters were derived from an LV internal cavity using M-mode whenever possible.
The biplane Simpson method was used to assess 2D LV volumes and Ejection fraction (EF) [21].
A semi-automatic contouring method with manual correction was used to measure 3D LV volumes
and EF [21]. Global longitudinal strain (GLS) was assessed using a semi-automatic speckle tracking
method with manual adjustment with frame rate of >60 FPS for 2D GLS (Figure 1B) and LV twist, and
>25 FPS for 3D GLS [21]. Myocardial work was derived from 2D GLS, brachial blood pressure, and the
timing of valvular events as described previously [18,22]. The severity of AR was assessed using the
recommended approach integrating valve morphology, vena contracta width, the size of regurgitant
jet in LV cavity and its width in LVOT, the jet pressure half time, the velocity of the diastolic flow
reversal in the descending aorta, and the size of the proximal isovelocity surface area (PISA) [7,10].
Given the high prevalence of bicuspid valves in the study population and eccentric jets, the calculation
of regurgitant volume (RV) using the PISA method was not consistently feasible. Therefore, the RV
and regurgitant fraction (RF) of AR was assessed using the Doppler volumetric method, which uses
the differences between the mitral and aortic stroke volumes (SV) to calculate RV and RF of AR [7,10].
Moderate-to-severe AR was defined by the presence of 2–3 specific criteria and RV of 45–59 mL or RF
of 40%–49% [7,10]. Severe AR was defined by the presence of ≥4 specific criteria or by the presence of
2–3 specific criteria and RV ≥60 mL or RF ≥50% [10]. Moreover, 3D ECHO derived vena contracta
area (VCA) was assessed in zoomed parasternal long-axis view (Figure 1A). In brief, the narrowest
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sector possible and multibeat acquisition was used to maximize the frame rate. To identify VCA, the
3D dataset was rotated to bisect the regurgitant color jet at the level of the leaflet coaptation zone
perpendicularly to its long axis in 2 orthogonal planes. The image was cropped along the jet direction
to visualize the cross-sectional area at the level of the vena contracta. Low velocity peripheral signals
of the color spectrum were rejected. The VCA was defined as the high velocity core of the color
spectrum [20].

 

Figure 1. Imaging markers. (A) Echocardiography derived three-dimensional vena contracta area;
(B) echocardiography two-dimensional global longitudinal strain; (C) magnetic resonance—the left
ventricular outflow tract (cine), red line—through-plane flow sequence slice position displayed on,
Ao—aorta, LA—left atrium, LV—left ventricle, RV—right ventricle; (D) through-plane flow sequence at
sinotubular junction level (STJ) of the aorta (displayed on (C)), the blue circle is a manually drawn region
of interest where the blood flow and regurgitant volume and fraction are calculated. The exact copy of
the region interest is in all four images, phantom—stationary phantom used for flow measurement
correction; (E) flow-time curve based on (D)—blue line shows blood flow at STJ and red line show
flow in stationary phantom; (F) native T1 mapping from modified Look–Locker Inversion recovery
sequence (MOLLI) sequence, blue circle—a semi-automatically drawn region of interest within the
blood pool, blue ellipsoid—a manually drawn region of interest within the myocardium at the level of
the interventricular septum utilized for myocardial fibrosis calculation.

2.6. Cardiac MRI

An examination was performed using a 1.5T scanner (Magnetom Avanto fit, Siemens, Munich,
Germany). The protocol consisted of pilots, T2 weighted dark blood, cine with 2-, 4-, 3-chambers,
and short axis (SA) images covering the entire end-diastolic ventricular length, through-plane
phase-contrast velocity mapping at the level of the aortic root, contrast late gadolinium enhancement
(LGE), and modified Look–Locker Inversion recovery sequence (MOLLI) [14,23]. Analysis was
performed using a commercially available software (Segment CMR, Medviso AB 2018, Lund, Sweden).
Blood pressure and heart rate was recorded during each examination.
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LV volumes and LVEF were calculated using the steady state free precession cine imaging in
short-axis stack (slice thickness 8 mm, slice spacing 0) with correction for the valve position in long-axis
planes. LV radial, circumferential and longitudinal strain were assessed in the short axis and apical
views. Native T1 relaxation time and extracellular volume fraction (ECV) were evaluated using the
MOLLI sequence as previously described [14]. The T1 relaxation time measurement was performed
in basal-to-mid short-axis slice 15 min pre and 15 min post contrast administration (Figure 1F).
Parameters of the MOLLI sequence were as follows: field of view (FoV) 360 × 301 mm, matrix
118 × 256, slice thickness 8 mm, voxel size 1.4 mm × 1.4 mm × 8 mm, echo time 1.1 ms, repetition time
359 ms, flip angle 35◦, bandwidth 1.085 Hz/Pixel.

Aortic forward and regurgitation flow were obtained by using the through-plane phase-contrast
velocity mapping during breath-hold over 10–20 ms with retrospective ECG gating (Figure 1D).
Parameters were as follows: temporal resolution 25–55 ms; echo time 2.7 ms; repetition time 46.8 ms,
FoV 300 × 200 mm; matrix size 192 × 132; velocity window 1.5 to 4.0 m/s. Several image slices were
prescribed at the level of the aortic root in end-diastole starting from 0.5 cm above AV annulus to
0.5 cm above the sinotubular junction (slice thickness 6 mm, spacing 0). Care was taken to align the
slices perpendicularly to the direction of blood flow in two orthogonal imaging planes (Figure 1C).
The lowest velocity encoding without flow aliasing was chosen for the analysis. Background velocity
offset errors were corrected by using flow stationary phantom and post-processing correction. It has
been shown previously that the ascending aorta slice location with the most accurate measurement
of RV is between annulus and coronary ostia [24]. To reduce underestimation of RV and RF of AR,
the closest slice to the AV without interference of turbulent flow was selected for the analysis [16,19].
Flow measurements from 3 acquisitions were averaged. Aortic forward volume (SV) and RV were
derived by integration of the flow curve over 1 cardiac cycle. RF was calculated as RV/(SV * 100%)
(Figure 1E).

2.7. New Imaging Markers

Apart from conventional clinical and imaging parameters, the value of the following new imaging
markers to predict AV surgery was tested: 2D GLS, 2D myocardial work, 3D GLS, 3D VCA, MRI-derived
native T1 relaxation time and ECV, MRI-derived GLS and circumferential strain, and MRI-derived RV
and RF.

2.8. Statistical Analysis

Data are expressed as mean ± SD for continuous variables and as counts or percentages for
categorical variables. Unpaired Student t-test, Pearson χ2 or Fisher exact tests were used as appropriate.
Receiver-operating characteristic curve analysis was used to identify imaging markers to predict future
AV surgery. The optimal cutoff value for sensitivity and specificity was calculated according to the
Youden’s index and according to the clinical relevance. Several Cox proportional hazard models were
used to identify independent predictors of aortic valve surgery (AVR). The selection of variables for the
models was based on clinical relevance. Care was taken to avoid overfitting and to avoid combining
mutually dependent variables in one analysis. Results were reported as hazard ratios (HRs) with the
95% of confidence interval (95% CI) of probability values. The Kaplan–Meier method and log-rank
test was used for temporal analysis of differences in AV surgery between groups. For all tests, values
of p < 0.05 were considered significant. Statistical analysis was performed using the SPSS version 20
(SPSS Inc, Chicago, IL, USA) and the GraphPad Prism version 6.0 (GraphPad Software, San Diego, CA,
USA).
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3. Results

3.1. Baseline Clinical and Imaging Characteristics

Tables 1 and 2 show baseline clinical and imaging characteristics, respectively. A two-dimensional
ECHO study with satisfactory image quality was successfully completed in all patients. Feasibility of
3D ECHO was 99% for LV volumes, 89% for 3D GLS, and 100% for VCA. Three patients (3%) failed to
complete the cardiac MRI because of claustrophobia (n= 2) or severe spine deformity (n = 1). Feasibility
of MRI-derived T1 mapping and LV strain was 96% and 95%, respectively. Blood pressure and heart
rate was similar during ECHO and MRI examination. The majority of patients were middle-aged
males (86%) with bicuspid AV (76%). The most prevalent risk factor for coronary artery disease
was hypertension (47%) with corresponding medication. Per study inclusion criteria, all patients
were asymptomatic, in sinus rhythm, with normal LV dimensions, and LVEF. A total of 56 (54%)
individuals had moderate-to-severe AR while the remaining 48 (46%) showed severe AR. During
median follow-up of 587 days (interquartile range (IQR) 296–901 days), no patient died. A total of 20
(19%) individuals underwent AV surgery (surgical group) while the remaining patients were treated
conservatively (conservative group). Median time to AV surgery was 236 days (IQR 125–460 days).
Clinical characteristics, BNP, and creatinine values were similar between groups (Table 1).

Table 1. Baseline clinical characteristics.

Total (n = 104) Conservative (n = 84) Surgical (n = 20) p-Value

Age, years 44 ± 13 44 ± 13 45 ± 14 0.922
Male gender, N (%) 89 (86) 72 (86) 17 (85) 0.292
Hypertension, N (%) 50 (48) 40 (48) 10 (50) 0.801
Diabetes mellitus, N (%) 6 (6) 5 (6) 1 (5) 1.000
Hyperlipidemia, N (%) 29 (28) 24 (29) 5 (25) 0.773
Smoker, N (%) 14 (13) 11 (13) 3 (15) 1.000
Coronary artery disease, N (%) 4 (4) 3 (4) 1 (5) 0.542
Previous cardiac surgery, N (%) 4 (4) 3 (4) 1 (5) 1.000
Stroke, N (%) 1 (1) 0 (0) 1 (5) 0.175
Aspirin, N (%) 10 (10) 7 (8) 3 (15) 0.686
Oral anticoagulants, N (%) 5 (5) 3 (4) 2 (10) 0.542
ACEI/ARBs, N (%) 54 (52) 44 (52) 10 (50) 0.607
Beta-blockers, N (%) 25 (24) 21 (25) 4 (20) 0.231
Calcium channel blockers, N (%) 20 (19) 16 (19) 4 (20) 0.759
Diuretics, N (%) 15 (14) 9 (11) 6 (30) 0.261
Statins, N (%) 22 (21) 18 (21) 4 (20) 1.000
NYHA Class I, N (%) 104 (100) 84 (100) 20 (100) 1.000
Height, cm 180 ± 9 180 ± 9 181 ± 8 0.752
Weight, kg 85 ± 14 84 ± 14 86 ± 14 0.744
Systolic blood pressure, mmHg 136 ± 16 135 ± 16 139 ± 18 0.334
Diastolic blood pressure, mmHg 70 ± 12 71 ± 12 68 ± 12 0.292
Heart rate, beats per min 64 ± 10 63 ± 10 64 ± 13 0.965
Sinus rhythm, N (%) 104 (100) 84 (100) 20 (100) 1.000
B-natriuretic peptide, ng/L 27 (42) 24 (36) 34 (117) 0.054
Creatinine Clearance mL/min 118 ± 31 120 ± 32 107 ± 28 0.110

Aortic valve morphology 0.551
Trileaflet, N (%) 14 (13.6) 11 (12.9) 3 (16.7)
Bicuspid, N (%) 79 (76.7) 65 (76) 14 (70)
Unicuspid/quadricuspid, N (%) 4 (4) 4 (5) 0 (0)
Unknown, N (%) 6 (6) 4 (5) 2 (10)

Values are means ± standard deviations, median (interquartile range) or numbers (percentage). ACEI/ARB,
angiotensin converting enzyme inhibitor/angiotensin receptor blocker; NYHA, New York Heart Association.
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Table 2. Baseline imaging characteristics.

Total (n = 104) Medical (n = 84) Surgical (n = 20) p-Value

LV assessment

2D ECHO end-diastolic diameter, mm 58 ± 6 58 ± 6 61 ± 4 0.031
2D ECHO end-systolic diameter, mm 37 ± 5 37 ± 5 40 ± 4 0.006
2D ECHO end-systolic diameter index, mm/m2 18 ± 3 18 ± 3 20 ± 3 0.019
2D ECHO end-diastolic volume, mL 158 ± 68.0 156 ± 58 194 ± 60 0.008
2D ECHO end-diastolic volume index, mL/m2 77 ± 31 76 ± 26 89 ± 32 0.019
2D ECHO end-systolic volume, mL 56 ± 32 56 ± 29 70 ± 39 0.069
2D ECHO end-systolic volume index, mL/m2 28 ± 15.0 26 ± 14 33 ± 18 0.072
2D ECHO ejection fraction, % 64 ± 6 64 ± 6 64 ± 6 0.695
3D ECHO end-diastolic volume, mL 177 ± 51 175 ± 46 196 ± 68 0.125
3D ECHO end-diastolic volume index, mL/m2 86 ± 23 85 ± 21 94.9 ± 28 0.108
3D ECHO end-systolic volume, mL 69 ± 24 68 ± 21 78 ± 34 0.12
3D ECHO end-systolic volume index, mL/m2 33 ± 11 33 ± 10 38 ± 15 0.095
3D ECHO ejection fraction, % 62 ± 5 62 ± 5 61 ± 6 0.678
MRI end-diastolic volume, mL 234 ± 81 223 ± 80 293 ± 76 <0.001
MRI end-diastolic volume index, mL/m2 118 ± 30 114 ± 27 142 ± 34 <0.001
MRI end-systolic volume, mL 88 ± 51 86 ± 41 124 ± 68 0.005
MRI end-systolic volume index, mL/m2 43 ± 23 41 ± 20 60 ± 28 0.003
MRI ejection fraction, % 61 ± 6 61 ± 6 60 ± 5 0.248
MRI native T1 relaxation time, ms 1023 ± 30 1023 ± 30 1022 ± 29 0.934
MRI extracellular volume fraction, % 24 ± 3 24 ± 3 24 ± 2 0.819
2D ECHO global longitudinal strain, % −18 ± 2 −19 ± 2 −17 ± 3 0.07
2D ECHO TWIST 14 ± 4 13 ± 4 14 ± 4 0.496
3D ECHO global longitudinal strain, % −15 ± 4 −15 ± 4 −15 ± 4 0.518
MRI global longitudinal strain, % −15 ± 2 −15 ± 2 −14 ± 3 0.62
MRI global circumferential strain, % −22 ± 3 −22 ± 3 −21 ± 2 0.54
MRI global radial strain, % 31 ± 7 31 ± 7 31 ± 6 0.55

AR assessment

Integrative approach 0.02

Moderate-to-severe AR, N (%) 56 (54) 50 (60) 6 (30)
Severe AR, N (%) 48 (46) 34 (40) 14 (70)

2D ECHO vena contracta width, mm 6.5 ± 1.5 6.3 ± 1.5 6.9 ± 1.6 0.118
Diastolic flow reversal velocity, cm/s 19.4 ± 4.3 18.8 ± 4.0 22.8 ± 4.0 <0.001
2D ECHO regurgitant volume, mL 52 ± 48 52 ± 47 69 ± 63 0.041
2D ECHO regurgitant fraction, % 36 ± 18 34 ± 18 45 ± 17 0.017
3D ECHO vena contracta area, mm2 29 ± 13 26 ± 11 38 ± 15 <0.001
MRI regurgitation volume, mL 50 ± 28 44 ± 25 73 ± 30 <0.001
MRI regurgitation fraction, % 38 ± 17 36 ± 17 49 ± 11 0.001

Values are means ± standard deviations or numbers (percentage). 2D, two-dimensional; 3D, three dimensional; AR,
aortic regurgitation; ECHO, echocardiography; MRI, magnetic resonance imaging; TWIST, left ventricular torsion.

3.2. Assessment of LV Morphology and Function

At 2D ECHO, patients who underwent AV surgery had significantly larger LV dimensions,
end-diastolic volume (LVEDV) (all p < 05) and tended to have larger end-systolic volume (LVESV)
than patients treated conservatively (Table 2). MRI-derived LV volumes showed a similar trend with
significantly larger volumes in the surgical versus the conservative group (all p < 0.01). In contrast,
LVEF derived by using whatever method was similar. Imaging markers of subtle myocardial damage
(i.e., the MRI-derived T1 relaxation time or ECV, 2D-, 3D-, or MRI-derived LV strain), did not show
statistically significant differences between groups, although 2D GLS tended to be lower in the
surgical versus the conservative group (p = 0.07). Average myocardial fibrosis on perioperative
myocardial biopsy (n = 14) was 15 ± 20%. The degree of myocardial fibrosis correlated significantly
with MRI-derived LV mass (r = 0.66), native T1 relaxation time (r = 0.56), ECV (r = 0.31), and 2D
ECHO-derived GLS (0.46).
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3.3. Assessment of AR Severity

Using the integrative approach, the surgical group showed a significantly higher prevalence of
severe AR than the conservative group (70% vs. 40%, p = 0.02). Accordingly, we observed significantly
larger velocity of the diastolic flow reversal in the descending aorta, 2D ECHO RV and RF of AR, and
3D ECHO VCA in patients treated surgically versus conservatively (all p < 0.05) (Table 2). In contrast,
2D vena contracta width was similar between groups. MRI-derived RV and RF were significantly
larger in patients undergoing surgery than in patients treated conservatively (both p < 0.01).

3.4. Prediction of AV Surgery

Table 3 and Figure 2 show accuracy of selected imaging markers to identify patients who
underwent AV surgery. The integrative 2D ECHO approach had high negative predictive value
(89%), but low positive predictive value (29%) to identify future AV surgery. All the ECHO- and
MRI-derived indices of LV remodeling and function had an area under the curve (AUC) <0.7. Out of
the ECHO-derived parameters, end-systolic diameter (LVESD), with an optimal cutoff value of >37 mm,
its index (LVESDi), with an optimal cutoff value of >18 mm/m2, had the largest AUC. Higher cutoff
values of LVESD (>45 mm) or LVESDi (>22 mm/m2), approaching the guideline recommendations,
were highly specific (>90%) but lacked the sensitivity (<20%). The MRI-derived volumes and their
indexed values were also rather specific than sensitive. Out of the ECHO-derived indices of AR
severity, the largest AUC was observed for velocity of diastolic flow reversal in aorta descendens and
3D VCA. The optimal cutoff value of 3D VCA ≥30 mm2 had a sensitivity of 80% and a specificity of
63% to identify future AV surgery (Figure 3A). A total of 31 patients treated conservatively had VCA
≥30 mm2 (false positive). Combining VCA with LVESD or LVESDi increased the specificity up to
97% depending on the cutoff (Table 3). Out of all tested imaging markers, the MRI-derived RV, with
a cutoff value ≥45 mL (Figure 3B), and the MRI-derived RF, with a cutoff value ≥34% (Figure 3C),
showed the largest AUC (>0.75) with very high sensitivity (≥90%). A total of 33 out of 36 patients in
the conservative group had RV ≥45 mL and RF ≥34%, respectively (false positive). Combining RV and
RF with LV end-diastolic or end-systolic volume index increased the specificity up to 78% and 89%,
respectively (Table 3). In Cox regression analysis, 3D VCA, MRI-derived RV and RF were identified as
strongest independent predictors of AV surgery (Table 4). In contrast, LV strain, T1 time or ECV were
not independent predictors.

Figure 2. Receiver-operating characteristics curves of the MRI-derived: regurgitant volume (RV) and
left ventricular end-diastolic volume index (LVEDVI); the 3D ECHO-derived: vena contracta area
(VCA); 2D ECHO-derived: left ventricular end-systolic diameter (LVESD); RV and global longitudinal
strain (GLS) to predict AV surgery.
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Figure 3. (A) Kaplan–Meier curves for aortic valve surgery (AVR) in patients with 3D ECHO-derived
VCA ≥30 mm2 vs. <30 mm2, (B) MRI-derived RV ≥45 mL vs. <45 mL; and (C) MRI-derived RF ≥34%
vs. <34%.

Table 3. Predictive accuracy of selected imaging markers to identify patients undergoing AV surgery.

AUC (95% CI) Cutoff Value Sensitivity (%) Specificity (%)

Markers of LV remodeling

2D ECHO LVESD, mm 0.69 (0.57–0.80)
37
40
45

85
55
15

56
69
94

2D ECHO LVESDi, mm/m2 0.66 (0.54–0.78)
18
20
22

80
30
15

53
75
90

MRI LVEDV, mL 0.68 (0.53–0.83) 281 50 84

MRI LVEDVi, mL/m2 0.69 (0.54–0.84)
110
124
139

80
70
55

53
70
85

MRI LVESV, mL 0.64 (0.48–0.80) 121 50 84

MRI LVESVi, mL/m2 0.65 (0.49–0.81)
42
56
58

70
60
50

53
77
81

2D ECHO GLS, % 0.61 (0.47–0.70) −17.5 50 71

Markers of AR severity

Diastolic flow reversal velocity, cm/s 0.72 (0.59–0.85) 22 65 78

2D ECHO RV, mL 0.58 (0.43–0.74) 93 40 88

2D ECHO RF, % 0.61 (0.47–0.76) 47 50 73

3D VCA (mm2) 0.76 (0.64–0.88)
29
31
36

80
75
65

63
71
81

MRI RV, mL 0.79 (0.70–0.88) 41
45

95
90

56
61

MRI RF, % 0.77 (0.68–0.86) 34 95 55

Integrative approach

2D ECHO integrative approach 0.65 (0.52–0.78) Severe AR 70 60

3D ECHO VCA ≥30 mm2 and
2D ECHO LVESD or LVESDi

NA

LVESD >40 mm
LVESD >45 mm

LVESDi >20 mm/m2

LVESDi >22 mm/m2

80
80
80
80

71
97
77
87

MRI regurgitant volume ≥45 mL and
MRI LVEDVi or LVESVi NA LVEDVi >139 mL/m2

LVESVI >62 mL/m2
90
90

78
78

MRI regurgitant fraction ≥34% and
MRI LVEDVi or LVESVi NA LVEDVi >139 mL/m2

LVESVI >62 mL/m2
95
95

89
89

2D, two-dimensional; 3D, three dimensional, AUC, area under curve; ECHO, echocardiography; GLS, global
longitudinal strain; LV, left ventricle; LVEDV, left ventricular end-diastolic volume; LVEDVi, left ventricular
end-diastolic volume index; LVESD, left ventricular end-systolic diameter; LVESDi, left ventricular end-systolic
diameter index; LVESV, left ventricular end-systolic volume; LVESVi, left ventricular end-systolic volume index;
MRI, magnetic resonance imaging; RF, regurgitant fraction; RV, regurgitant volume; VCA, vena contracta area.
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Table 4. Independent predictors of aortic valve surgery.

Univariable Analysis Multivariable Analysis

HR (95% CI) p-Value HR (95% CI) p-Value

2D ECHO LVEDD 1.08 (0.99−1.18) 0.084
2D ECHO LVESD 1.12 (1.02−1.23) 0.014 1.12 (1.02−1.23) 0.018 *
2D ECHO LVESDi 1.18 (1.02−1.37) 0.031 1.18 (1.01−1.38) 0.042 *
MRI LVEDV 1.01 (1.00−1.02) 0.004 1.01 (1.00−1.01) 0.036 †
MRI LVEDVi 1.02 (1.00−1.03) 0.004 1.01 (1.00−1.03) 0.033 †
MRI LVESV 1.02 (1.00−1.03) 0.017
MRI LVESVi 1.03 (1.01−1.06) 0.014
2D ECHO RV 1.01 (1.00−1.02) 0.011 1.01 (1.00−1.02) 0.035 ‡
2D ECHO RF 1.03 (1.01−1.06) 0.018 1.03 (1.00−1.06) 0.020 ‡
3D VCA 1.07 (1.04−1.10) <0.001 1.06 (1.03−1.10) <0.001 ‡
MRI RV 1.03 (1.02−1.05) <0.001 1.03 (1.01−1.04) <0.001 §
MRI RF 1.05 (1.03−1.08) <0.001 1.05 (1.02−1.08) <0.001 §

CI, confidence interval; HR, hazard ratio; for other abbreviations see previous tables. * LVESD and LVESDi remained
significant predictors of aortic valve (AV) surgery after adjustment for ECHO RV and ECHO RF but they lost
predictive significance in combination with 3D VCA. †MRI LVEDV and LVEDVi showed borderline significance to
predict AV surgery after adjustment with MRI RF but they lost predictive significance in combination with MRI RV.
‡ 2D ECHO RV, 2D ECHO RF and 3D VCA consistently retained their independent predictive value after adjustment
for ECHO-derived LV diameters or their indices, 3D VCA was the strongest predictor. § MRI RV and RF were strong
independent predictors after adjustment for MRI-derived LV volumes or their indices.

4. Discussion

The present study included asymptomatic patients with normal LVEF and non-dilated LV.
Compared with the previous reports in asymptomatic AR patients, individuals included in the present
study were younger, had less dilated LV, lower BNP, higher magnitude of GLS, and experienced
less endpoints during follow-up [6,8,13,15,19,25]. This suggests the very early stage of AR disease.
The findings of the present study can be summarized as follows: (1) AR severity seemed to be the
major determinant of early disease progression while indices of LV morphology and function showed
lower predictive accuracy; (2) new imaging markers of AR severity (i.e., 3D VCA, MRI-derived RV and
RF), showed higher sensitivity than those derived using 2D Doppler ECHO; (3) integrating a sensitive
with a specific parameter, for instance ECHO-derived VCA with LVESDi, or MRI-derived RV or RF
with LVEDVi or LVESVi showed higher discriminative power than 2D ECHO integrative approach to
identify patients undergoing early AV surgery.

4.1. LV Morphology and Function

Chronic AR leads to LV volume and pressure overload with subsequent hypertrophy, dilatation,
systolic dysfunction, and heart failure. LV dimensions (LVESD >50 mm or LVESDi >25 mm/m2), and
LVEF (LVEF <50%) are currently used as indications for AV intervention [1]. Several recent studies
demonstrated low sensitivity of these cutoffs by showing improved outcome in patients who had
been operated on before the onset of these triggers [6,8]. In the present study, the optimal cutoff of
LVEDSi (>18 mm/m2), with acceptable sensitivity (80%), was lower than previously proposed [1,6,8].
Using higher cutoff of 20 or 22 mm/m2 increased specificity (75%–93%) at the expense of unacceptably
low sensitivity (15%–30%). MRI-derived volumes were rather specific but had lower sensitivity.
It is of note, that a considerable proportion of patients (38%) showed increased LV volumes at MRI
despite normal 2D ECHO dimensions. Nevertheless, the predictive accuracy of LV dimensions
or volumes, derived by either technique, were moderate with an area under the curve <0.7 in all
cases. Several new markers describing subtle myocardial damage or dysfunction have emerged
recently [13–20]. MRI-derived native T1 mapping and ECV are accurate and validated markers of
diffuse myocardial fibrosis [14,23,26]. ECHO-derived GLS has been introduced as a sensitive marker
of early systolic dysfunction and potentially of clinical outcome in different valvular diseases [1,21].
Several studies reported independent association between speckle-tracking-derived GLS and the need
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for AV surgery [13,15,17]. In the present study, only 2D GLS tended to be lower in the surgical versus
the conservative group while 3D GLS or MRI-derived strains, T1 relaxation time, and ECV were similar.
The explanation of different findings can be that previous studies included more advanced disease
as documented by a higher prevalence of endpoints, older age, more dilated LV or lower magnitude
of GLS compared with our data [13,15]. Of interest, in the surgical group, we observed increased
myocardial fibrosis (median 15%) at perioperative biopsy. These values are clearly elevated as a normal
range between 1%–4.5% [27,28]. Both T1 relaxation time, ECV, and GLS showed significant correlation
with the extent of fibrosis in histological samples. Moreover, T1 relaxation time was significantly longer
(1022 ± 30 ms vs. 980 ± 22 ms, p < 0.01) and 2D GLS significantly lower (−18 ± 2% vs. −22.5 ± 2%,
p < 0.01) compared with 30 healthy controls. Yet, these parameters failed to identify patients with
early disease progression. This suggests that at the early stage of AR disease, the parameters reflecting
subtle myocardial damage may not be accurate enough to predict early disease progression.

4.2. Assessment of AR Severity

The majority of recommended indices to assess AR are semiquantitative, lack the sensitivity or
their accuracy is hampered by jet eccentricity [7,9,10]. Accordingly, in the present study with high
prevalence bicuspid AV and eccentric jets, the consistent measurement of PISA-derived effective
regurgitant orifice (ERO) and RV was not possible. It might have been for the same reasons that
2D vena contracta width did not show significant differences between groups. In contrast, 3D data
can be rotated perpendicular to the jet direction in several planes to avoid the limitation introduced
by jet eccentricity. The vena contracta area is a 3D-derived area of the vena contracta without any
geometric assumption. VCA has been shown to be highly accurate, reproducible, and superior to the
PISA method in different native valve regurgitations [20,29–31]. In the present study, 3D VCA had
the highest accuracy out of all ECHO markers of AR severity to identify patients in need for early AV
surgery. A combination of sensitive VCA with specific LVEDSi showed the optimal discriminative
power. MRI-derived assessment of blood flow at the level of the aortic root is a highly reproducible and
quantitative technique, which allows for direct assessment of RV of AR [16,19]. In the present study,
MRI-derived RV and RF showed the largest accuracy out of all the imaging parameters to predict
AV surgery. Our cutoff values of RV (≥45 mL) and RF (≥34%) were similar to values (RV >42 mL,
RF >33%) published previously in more advanced AR disease [19]. In our study, both RV and RF were
highly sensitive but less specific. In contrast, Myerson observed balanced high sensitivity (92%–85%)
and specificity (85%–92%) for both indices [19]. This difference in specificity may be related to the very
early stage of AR disease in our study while Myerson included older patients with more a dilated
LV [19]. In the present study, combining sensitive RV or RF with specific LV volumes or their indices
increased the specificity to identify future AV surgery. Of note, 2D ECHO integrative approach showed
lower predictive accuracy. This suggests that, in asymptomatic patients with severe AR, both 3D
ECHO-derived VCA and MRI-derived RV and RF may be clinically useful to increase sensitivity and
accuracy of the recommended approach.

5. Conclusions

The present study assessed the clinical value of new imaging markers in asymptomatic patients
with chronic severe AR at the early stage of the disease. Parameters related to LV morphology and
function showed moderate accuracy to identify patients in need for early AV surgery. This suggests
their limited accuracy at the early stage of AR disease while they may become useful later in the disease
course with ongoing LV remodeling. In contrast, 3D ECHO-derived VCA and MRI-derived RV and RF
showed the highest accuracy and excellent sensitivity to identify patients in need for early AV surgery.
This suggests their clinical potential since the recommended integrative approach is rather specific
than sensitive.
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Abstract: MicroRNAs (miRNAs) are critical regulators of the functional pathways involved in the
pathogenesis of cardiovascular diseases. Understanding of the disease-associated alterations in
tissue and plasma will elucidate the roles of miRNA in modulation of gene expression throughout
development of sporadic non-syndromic ascending thoracic aortic aneurysm (TAA). This will allow
one to propose relevant biomarkers for diagnosis or new therapeutic targets for the treatment.
The high-throughput sequencing revealed 20 and 17 TAA-specific miRNAs in tissue and plasma
samples, respectively. qRT-PCR analysis in extended cohort revealed sex-related differences in
miR-10a-5p, miR-126-3p, miR-155-5p and miR-148a-3p expression, which were the most significantly
dysregulated in TAA tissues of male patients. Unexpectedly, the set of aneurysm-related miRNAs in
TAA plasma did not resemble the tissue signature suggesting more complex organism response to the
disease. Three of TAA-specific plasma miRNAs were found to be restored to normal level after aortic
surgery, further signifying their relationship to the pathology. The panel of two plasma miRNAs,
miR-122-3p, and miR-483-3p, could serve as a potential biomarker set (AUC = 0.84) for the ascending
TAA. The miRNA-target enrichment analysis exposed TGF-β signaling pathway as sturdily affected
by abnormally expressed miRNAs in the TAA tissue. Nearly half of TAA-specific miRNAs potentially
regulate a key component in TGF-β signaling: TGF-β receptors, SMADs and KLF4. Indeed, using
immunohistochemistry analysis we detected increased KLF4 expression in 27% of TAA cells compared
to 10% of non-TAA cells. In addition, qRT-PCR demonstrated a significant upregulation of ALK1
mRNA expression in TAA tissues. Overall, these observations indicate that the alterations in miRNA
expression are sex-dependent and play an essential role in TAA via TGF-β signaling.

Keywords: aortic disease; aneurysm; miRNA; TGF-β pathway; KLF4; synthetic phenotype
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1. Introduction

Thoracic aortic aneurysms (TAAs) are usually silent and therefore deadly if not detected and
repaired on time [1]. Most of them are affecting the root or ascending aorta [2]. TAA is categorized
as syndromic (Marfan, Loyes-Dietz, Ehlers-Danlos, etc.), familial non-syndromic and sporadic [3].
The incidence of TAA is permanently increasing and remains much higher in males than females [4].
Similar trends are observed in hospital admissions for TAA [5]. The aortic diseases are more common in
males but the outcome is worse in female patients, although reasons for sex differences are unknown [6].
Therefore, further investigation of molecular mechanisms for these differences are required as well [7].
Vascular smooth muscle cells (VSMC) have been shown to possess a natural plasticity to switch
between contractile and synthetic phenotypes in order to repair small vascular injuries [8]. For the
last few decades, VSMC dedifferentiation has been recognized as one of the key processes involved
in arterial maintenance and development of vascular diseases [9]. This led to the identification of
various regulators of VSMC phenotype including a transcription activator myocardin (MyoCD) [10],
transcription factor Krüppel-like factor 4 (KLF4) [11], and components of a transforming growth factor
beta (TGF-β) signalling pathway [12]. During the formation of TAA, VSMCs are thought to lose their
contractile ability and start secretion of various extracellular matrix proteins and their inhibitors,
but the mechanism of this phenotypic shift remains unknown.

Recent studies have focused on the emerging epigenetic regulation of gene expression and the short
non-coding microRNAs (miRNAs) involved in post-transcriptional regulation of a target messenger
RNA (mRNA) [13]. MiRNAs have been implicated in the pathogenesis of various cardiovascular
diseases [14] and show the potential to be utilised as biomarkers in diagnosis, prognosis, and selection
of treatment [15]. Over the last decade a variety of miRNAs have been identified in the regulation
of VSMC phenotype [16–18] some of which have been associated with the formation of TAA [19,20].
The majority of miRNAs association studies were done using PCR or microarray techniques [21]
and only a fraction of miRNAs have been validated in plasma samples [22]. However, to date,
the global high-throughput miRNA sequencing data of TAA tissue is still missing. Furthermore, most
of miRNA-related mechanistic insights of TAA development are made using cell cultures or knock-out
animal models which only mildly represents human disease and could further lead to misinterpretation
of biological processes occurring in human tissue in vivo [23].

A multidimensional approach is needed in order to uncover the complex mechanisms occurring in
the human aortic wall during the formation of TAA and to evaluate the possibility of using circulating
miRNAs as biomarkers for the development of the disease. In the present study, we aimed to profile
miRNA changes in TAA tissue and blood plasma samples and to assess their role in the pathogenesis
of the disease as well as to evaluate their potential to be used as biomarkers. Using high-throughput
miRNA sequencing we identified 20 and 17 differentially expressed miRNAs in TAA tissue and TAA
plasma samples compared to non-TAA specimens, respectively. Deregulation of selected miRNAs in
TAA samples were further confirmed by qRT-PCR analysis, thus verifying reliability of miRNA-Seq
results. A subsequent pathway enrichment analysis of miRNA target genes revealed significant
relationship between nearly half of dysregulated miRNAs and TGF-β signalling pathway. Finally,
we for the first time showed accumulation of KLF4, a master regulator of VSMC differentiation
state, in TAA tissue obtained from patients. Altogether our results define potential candidates for
TAA diagnostic biomarkers and provide new insights in regulatory miRNA-related mechanisms of
TAA development.

2. Materials and Methods

2.1. Patient Samples

All experimental procedures using human tissue and plasma samples conform to the principles
outlined in the Declaration of Helsinki and were approved by Kaunas Regional Biomedical Research
Ethics Committee (Nr. P2-BE-2-12/2012).
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The study included 40 patients with sporadic non-syndromic ascending thoracic aorta aneurysm
(TAA group). Exclusion criteria were severe atherosclerosis showing calcified or ulcerating plaques of
the ascending aorta, aortitis, phenotypic characteristics of the known genetic disorders such as Marfan,
Ehlers Danlos and other syndromes. The diagnosis was confirmed by two-dimensional thoracic aorta
echocardiography according to the 2014 ESC guidelines on the diagnosis and treatment of aortic
diseases. Echocardiography was performed at the Department of Cardiology, Lithuanian University of
Health Sciences (LUHS). TAA group included patients (n = 23) who underwent aortic reconstruction
surgery at the Department of Cardiac, Thoracic and Vascular Surgery, LUHS and non-operated patients
(n = 17) with ascending aorta aneurysm.

Study subjects without TAA (non-TAA group) included i) heart transplantation donors (n = 6),
ii) patients who underwent isolated coronary artery bypass graft surgery (CABG) (n = 72) and
iii) healthy volunteers (n = 10). All healthy volunteers were screened using two-dimensional transthoracic
echocardiography to ensure the ascending aorta was not dilated. Detailed preparation of patients’ tissue
and plasma samples can be found in the Supplementary Methods.

2.2. Study Design

Study subjects (n = 32) selected for miRNA expression profiling in aortic tissue consisted of
surgical TAA patients (n = 8), donors (n = 4) as well as CABG patients (n = 2). miRNA expression
profiling in plasma was done in samples from surgical TAA patients (n = 7) before and 3 months
after the aortic surgery (denoted as operated, n = 4), respectively. Seven volunteers without health
complaints (n= 7) were used as non-TAA controls. Clinical and demographic characteristics of the
groups are summarized in Table 1.

Table 1. Demographic and clinical characteristics of control and thoracic aortic aneurysm (TAA)
patients selected for profiling of microRNA (miRNA) expression.

Tissue Plasma

Variables non-TAA
(n = 6)

TAA
(n = 8)

non-TAA
(n = 7)

TAA
(n = 7)

Operated
(n = 4)

Age, years ± SD 47 ± 5 62 ± 10 54 ± 12 63 ± 11 64 ± 12
Sex, male (%) 4 (67 %) 6 (75 %) 4 (57 %) 5 (71 %) 3 (75 %)

Ascending aortic diameter, mm 36 ± 0.7 * 50 ± 3 35 ± 3 53 ± 5 52 ± 4
Aortic valve stenosis (%) 0 (0 %) 3 (38 %) 1 (14 %) 2 (29 %) 1 (25 %)
Bicuspid aortic valve (%) 0 (0 %) 5 (63 %) 0 (0 %) 4 (57 %) 2 (50 %)

Aortic valve insufficiency (%) 0 (0 %) 5 (63 %) 1 (14 %) 3 (43 %) 1 (25 %)
Hypertension (%) 2 (100 %) * 7 (88 %) 4 (57 %) 6 (86 %) 4 (100 %)

Smokers (%) 2 (100 %) * 1 (13 %) 1 (14 %) 1 (14 %) 0 (0 %)
Diabetes (%) 0 (0 %) 1 (13 %) 0 (0%) 3 (43 %) 1 (25 %)

Notes: * Data is missing from four aorta donors. Operated denotes patient samples collected after aortic surgery.

Validation group for miRNA expression in aortic tissue consisted of TAA surgical patients (n = 17),
donors and CABG patients (n = 35). For the miRNA validation in plasma samples, we were able to
collect larger TAA group (n = 28) and non-TAA group (n = 34) which consisted of healthy volunteers
and CABG patients. Clinical and demographic characteristics of each validation group are presented in
Supplementary Table S1. A significant difference in ascending aortic diameter (p < 0.001) was observed
between TAA patients and non-TAA in both miRNA profiling groups supporting the selection criteria.
Patients with bicuspid aortic valve were predominant in both TAA groups (p < 0.001) compared with
non-TAA group.

Total RNA isolation, cDNA library sequencing, and miRNA-Seq differential and functional
analysis are described in detail in Supplementary Methods. miRNA-Seq data are available at GEO
database using accession number GSE122266. Validation of miRNA-Seq data was performed as
described previously [24] and detailed qRT-PCR and immunohistochemistry analysis are depicted in
Supplementary Methods.
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3. Results

3.1. Differential miRNA Expression Analysis in TAA Tissue and Blood Plasma Samples

In order to determine miRNAs which expression levels are potentially deregulated in aorta tissue
and blood plasma during the formation of TAA, in the present study we evaluated miRNA expression
profiles in a learning set of patient tissue and plasma samples (n = 32) using Illumina high-throughput
miRNA sequencing platform (Table 1; Figure 1A). The overview of miRNA-Seq experimental design
and data quality is depicted in Supplementary Results. miRNA-Seq data analysis revealed a total
of 20 differentially expressed miRNAs (selection criteria were fold change ≥ 1.5, p value < 0.05 and
base mean higher than 10) in TAA tissue samples compared to non-TAA group (Table 2), among
which the majority (15 of 20 miRNAs) were upregulated (Table 3). A detailed differential miRNA-Seq
data evaluation of each sample assessed in the present study is depicted in Supplementary File 1 and
Supplementary File 2. A heat map of expression signature for these dysregulated miRNAs in all 14 samples
clearly clustered aorta tissues according to the presence or absence of aneurysm (Figure 1B).

Figure 1. Differential miRNA expression analysis in TAA tissue and plasma samples using high-throughput
RNA sequencing. (A) Schematic diagram of miRNA-Seq experiment. (B) Heat map showing a total of
20 miRNAs differentially expressed (fold change, FC > 1.5, p < 0.05, normalized read count average,
RC > 10) in TAA tissue samples (n = 8) compared to normal aorta tissue (n = 6). Red color indicates
upregulated log-transformed expression level ratios of corresponding miRNAs, blue – downregulated;
(C) Venn’s diagram showing the number of differentially expressed miRNAs (FC > 1.5, p ≤ 0.05 and RC
> 20) in TAA plasma samples (n = 7) compared to non-aneurysmal group (n = 7) and plasma samples
obtained 3 months after aortic reconstructive surgery (n = 4); (D) Venn’s diagram demonstrating
the number of differentially expressed miRNAs in TAA tissue and plasma samples; (E) Heat map
demonstrating the expression of six miRNAs, which were significantly deregulated in TAA plasma
samples, but were almost absent in TAA tissue samples. Color intensity indicates log-transformed
normalized read counts of corresponding miRNA.
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Table 2. A number of miRNAs differentially expressed (fold change > 1.5) in TAA tissue and blood
plasma samples compared to non-TAA controls.

Groups Number of miRNAs Upregulated Downregulated

Tissue
TAA vs. non-TAA 20 15 5

Plasma
TAA vs. non-TAA 14 3 11

TAA v.s Op 6 4 2
TAA vs. non-TAA + Op 10 2 8

Notes: TAA—Thoracic Ascending Aneurysm; Op—Operated.

Table 3. List of differentially expressed miRNAs (selection criteria were fold change> 1.5, p value < 0.05
and base mean higher than 10) in TAA aortic tissue samples compared to miRNA expression levels in
non-TAA controls.

No. miRNAs Fold Change p Value

Upregulated
1 hsa-miR-10a-3p 2.69 2.05E–06
2 hsa-miR-10a-5p 2.45 8.63E–07
3 hsa-miR-150-5p 2.21 2.05E–05
4 hsa-miR-199b-5p 2.12 1.19E–04
5 hsa-miR-126-5p 1.89 7.95E–04
6 hsa-miR-126-3p 1,88 2.10E–05
7 hsa-miR-139-5p 1.74 7.22E–04
8 hsa-miR-148a-3p 1.71 3.44E–05
9 hsa-miR-10b-5p 1.70 7.78E–04
10 hsa-miR-148a-5p 1.70 0.0112
11 hsa-miR-99a-5p 1.68 1.76E–05
12 hsa-miR-21-5p 1.67 1.10E–03
13 hsa-miR-146a-5p 1.67 0.002
14 hsa-miR-142-3p 1.66 0.020
15 hsa-miR-542-3p 1.64 0.009

Downregulated
16 hsa-miR-1-3p −1.59 0.001
17 hsa-miR-133a-3p −1.64 2.96E–07
18 hsa-miR-1307-3p −1.68 0.011
19 hsa-miR-9-3p −1.79 0.021
20 hsa-miR-155-5p −1.88 7.34E−08

Using the same workflow of miRNA-Seq analysis, we found 14 differentially expressed miRNAs
in TAA patient plasma samples compared to non-TAA group. Out of these, 3 were upregulated
and 11 were downregulated (Tables 2 and 4). Next, to determine alterations after the removal of
aneurysm, we compared the miRNA expression levels between TAA plasma samples collected before
and 3 months after aortic surgery. This analysis led to the detection of six differentially expressed
miRNAs (Table 4; Supplementary Figure S1). Remarkably, the expression of three of TAA-specific
plasma miRNAs, miR-1255b-5p, miR-122-3p and miR-23b-5p, returned to near non-TAA levels after
the operation. Finally, to identify the most significantly dysregulated miRNAs in TAA plasma samples,
we pooled data from both non-aneurysmal (non-TAA and TAA samples collected after the surgery)
cohorts and compared to TAA group. The differential analysis determined ten differentially expressed
miRNAs revealing the greatest fold change for miR-122-3p. Thus, the overall evaluation of miRNA
expression changes in plasma samples discovered a total of 17 differentially expressed miRNAs in
TAA samples compared to non-TAA samples, samples collected after aortic surgery or both groups of
samples (Figure 1C).
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Table 4. List of differentially expressed miRNAs (fold change> 1.5, p value≤ 0.05-fold and base mean ≥ 20)
in TAA patient blood plasma samples compared to miRNA expression levels in non-TAA controls.

Group No. miRNA Regulation Fold Change p Value

TAA vs. non-TAA

1 hsa-miR-146b-3p up 9.11 0.044
2 hsa-miR-1255b-5p up 8.87 0.015
3 hsa-miR-889-3p up 7.95 0.047
4 hsa-miR-375-3p down –2.38 0.036
5 hsa–miR-30a-5p down –2.54 0.033
6 hsa-miR-483-3p down –2.68 0.015
7 hsa-miR-23b-3p down –2.79 0.017
8 hsa-miR-140-3p down –4.01 0.010
9 hsa-miR-100-5p down –9.17 0.003
10 hsa-miR-145-5p down –17.36 1.44E–04
11 hsa-miR-143-3p down –17.74 3.27E–05
12 hsa–miR-23b-5p down –24.93 0.013
13 hsa-miR-122-3p down –69.32 3.31E–04
14 hsa-miR-34a-5p down –71.95 4.01E–05

TAA vs. Operated

1 hsa-miR-1255b-5p up 9.7203 0.045
2 hsa-miR-4732-3p up 3.9801 0.050
3 hsa-miR-6803-3p up 3.4495 0.011
4 hsa-miR-22-3p up 2.5198 0.029
5 hsa-miR-122-3p down –18.4085 0.024
6 hsa-miR-23b-5p down –44.7992 0.001

TAA vs. non-TAA
& Operated

1 hsa-miR-1255b-5p up 11.68 0.004
2 hsa-miR-22-3p up 1.73 0.034
3 hsa-miR-375-3p down –2.12 0.049
4 hsa-miR-483-3p down –2.29 0.035
5 hsa-miR-23b-3p down –2.36 0.024
6 hsa-miR-143-3p down –3.83 0.012
7 hsa-miR-145-5p down –4.83 0.019
8 hsa-miR-23b-5p down –29.67 0.003
9 hsa-miR-34a-5p down –48.62 6.26E–05
10 hsa-miR-122-3p down –53.67 2.31E–04

Surprisingly, a pattern of aneurysm-related alterations in plasma’s miRNA profiles showed
no resemblance to the tissue set. Indeed, none of the differentially expressed miRNAs overlapped
in Venn’s diagram (Figure 1D). Moreover, the expression levels of the six significantly deregulated
miRNAs in TAA plasma samples, miR-4732-3p, miR-6803-3p, miR-375-3p, miR-483-3p, miR-122-3p
and miR-1255b-5p, were negligible in aortic tissue samples (Figure 1E).

3.2. Validation of Selected miRNAs in TAA Tissue and Plasma Samples by qRT-PCR

In order to corroborate the RNA sequencing-based predictions, we performed qRT-PCR analysis
to examine the abundance of five selected miRNAs (mir-10a-5p and miR-155-5p exhibited the greatest
up/down fold changes; miR-126-3p, mir-133a-3p and miR-148a-3p were implicated in TGF-β signaling
routes, see below) in the independent group of 37 samples containing 20 non-TAA and 17 thoracic
aortic aneurysm tissues (Supplementary Table S1). Our analysis validated the up- and downregulated
expression of miR-10a-5p, miR-126-3p, miR-133a-3p and miR-155-5p, respectively, in the sex-undivided
set of TAA tissue samples compared to the non-TAA group (Figure 2A, Supplementary Figure S2).
Whereas, the difference in miR-148a-3p expression levels was significant among the groups only when
stratifying by sex (p = 0.0203 for a male patient set). Interestingly, a significantly greater differential
expression of miR-126-3p (p = 0.0062 vs. p = 0.0225 for sex-undivided set), miR-155-5p (p = 0.0003 vs.
p = 0.0017) and miR-10a-5p (p = 0.0001 vs. p = 0.0002), except miR-133a-3p (p = 0.0068 vs. p = 0.0031),
also was observed between 13 TAA and 13 normal aorta tissue samples from male patients showing
sex-related miRNA expression variances in the TAA tissue. Because of the scarce representation of
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female samples (7 non-TAA vs. 4 TAA) the extent of involvement of these miRNAs in the thoracic
aneurysm formation in female patients requires further analysis.

Figure 2. Validation of differentially expressed miRNAs in TAA tissue and plasma samples by qRT-PCR.
qRT-PCR analysis was used for the comparison of relative miRNA expression levels between non-TAA
and TAA groups in tissue (A) and plasma (B) both types (C) of samples. The cycle threshold (Ct) values
of observed miRNAs were normalized to miR-152-3p and miR-185-5p for tissue and plasma samples,
respectively, which were revealed as the most reliable endogenous controls according to miRNA-Seq
data. Lines within boxes indicate relative miRNA expression median values; whiskers—5–95 percentile
of the relative miRNA expression values. Significance between each group was evaluated using
Student’s t test and is shown as follows: n.s.—not significant; * p < 0.05; ** p < 0.01 and *** p < 0.001.
(D) Diagnostic ROC curve analysis showing sensitivity and specificity of mir-122-3p, mir-483-3p,
mir-4732-3p and mir-143-3p selected circulating miRNAs or the combination of mir-122-3p and
mir-483-3p together. AUC denotes area under the ROC curve.

In contrast, the evaluation of the miRNA expression levels in 62 plasma samples (34 non-TAA vs.
28 TAA) demonstrated that all selected miRNAs, miR-4732-3p, miR-483-3p and miR-122-3p, exhibited
statistically significant expression changes in TAA plasma samples compared to non-TAA group
showing a good reliability of our miRNA-Seq data (Figure 2B). Of those, the difference of miR-122-3p
expression levels was the most significant (p < 0.0001) between two plasma sample groups.

RNA-Seq analysis displayed that the difference of miR-143-3p expression was not statistically
significant in TAA tissue samples compared to non-TAA. Consistently with this observation, a significant
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downregulation (p = 0.0051) was observed only in TAA plasma samples (Figure 2C) despite the
decrement of miR-143-3p expression level in both TAA specimen groups compared to non-TAA group.

The diagnostic sensitivity and specificity of selected plasma circulating miRNAs which could
serve as potential biomarkers of TAA was examined by ROC curve analysis (Figure 2D). The results
demonstrated that miR-122-3p reached the most significant prognostic accuracy (AUC = 0.78,
p < 0.001). Moreover, a combined analysis of miR-122-3p and miR-483-3p miRNAs showed even better
diagnostic discrimination (AUC = 0.84, p < 0.001) indicating that these miRNAs could be applied as
TAA biomarkers.

Finally, the statistical analysis showed no significant correlations between selected differential
miRNAs, miR-10a-5p, miR-126-3p, mir-133a-3p miR-155-5p, miR-148a-3p, miR-122-3p, miR-483-3p,
miR-4732-3p, miR-143-3p and chosen patient characteristics such as patients’ age, aorta diameter,
bicuspid (BAV)/tricuspid aortic valves (TAV)-associated aneurysms (data is not shown).

On the other hand, we revealed a significant moderate positive correlations between expression
level of miR-126-3p and miR-148a-3p (R = 0.67) or miR-10a-5p (R = 0.67), miR-148a-3p and miR-10a-5p
(R = 0.49), miR-133a-3p and miR-155-5p (R = 0.67) (Supplementary Table S2). Meanwhile, in plasma
samples, the strongest correlation was observed between the expression of miR-122-3p and miR-483-3p
(R = 0.65) (Supplementary Table S3).

3.3. Functional Analysis of miRNA Target Genes Involved in TAA Development

Next, we performed KEGG pathway enrichment analysis of dysregulated miRNA target genes to
unravel the miRNA-mediated biological processes associated with TAA development. To provide
the best set of relevant candidates for the bona fide miRNA-mRNA interactions, we evaluated
combined scores from eight different miRNA target site prediction databases (see details in Methods).
The examination identified 1133 target genes (exceeding combined score threshold value of 4) for
group consisting of miRNAs which were differently expressed in TAA tissue (Supplementary File 3).
The subsequent pathway enrichment analysis of the defined miRNA target sets revealed 48 KEGG
categories significantly enriched in targeted genes (> 15 target genes in functional category, FDR < 0.05;
Supplementary Table S4). In order to visualize the interconnection between signaling pathways
regulated by miRNAs, we generated KEGG pathway network using Cytoscape plugin ClueGo.
The network analysis clearly exposed three large functional clusters of KEGG categories closely
related to immune response, cancer development and kinase signaling pathways, while any significant
association of the remaining ten pathways to any other category was absent (Figure 3A, Supplementary
Table S5). Transforming growth factor beta (TGF-β) signaling pathway, which plays a key role during
aorta development and subsequent remodeling, was represented among these categories. To make a
more detailed assessment of the miRNA-target interaction network, we additionally introduced target
genes which were significantly related to differentially expressed miRNAs (target score > 4).

The expanded analysis revealed 17 target genes which could be potentially regulated by 9 out of
20 of miRNAs differentially expressed in TAA tissue (Figure 3B). Furthermore, our results defined two
groups of genes sharing the similar functions which could be potentially affected by miRNAs - (i) TGF-β
receptors and ligands and (ii) regulating SMADs (rSMADs) (Figure 3C, grey boxes). As shown above,
the differential expression of two of them, miR-148a-3p and miR-155-5p, were additionally confirmed
by qRT-PCR analysis. Moreover, miR-133a-3p, which was significantly downregulated in TAA tissue
samples, has been previously described as a prominent indirect downregulator of Kruppel-like factor 4
(KLF4) [25]. According to these findings, we hypothesized that the miRNAs related to TAA could
contribute significantly to critical changes in tissue remodeling in diseased aorta through of TGF-β
signaling pathway: (i) leading to the functional dysregulation of the key regulators, KLF4 and/or
MyoCD, which determine the differentiation state of aorta smooth muscle cells (Figure 3C); (ii) the
altered signaling balance between TGF-β receptors, ligands and rSMADs could provoke alternative
MyoCD-independent TGF-β signaling routes which could boost TAA development.
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Figure 3. Functional analysis of target genes of miRNAs dysregulated in TAA. (A) Network analysis of
48 KEGG categories specified three clusters of closely related categories including immune response,
cancer, kinase signaling pathways and ten separate groups that were not significantly associated with
any other category. TGF-β signaling pathway is included in a grey box. The size of node represents
gene number in particular, KEGG category, the node color – the significance level value of particular
KEGG category. Edges indicate a statistically significant association between categories. (B) Expanded
molecular network of miRNAs and their potential target genes involved in TGF-β signaling pathway.
Grey nodes denote target genes, red and blue – upregulated and downregulated miRNAs, respectively.
Dark orange area covers TGF-β ligands and receptors; light orange – regulatory SMADs (rSMADs).
(C) Simplified hypothetical schema of TGF-β signal transduction in TAA tissue cells. miRNAs, which
were differentially expressed in TAA tissue (grey boxes), could potentially disturb TGF-β signaling by
targeting TGF-β ligands, receptors or rSMADs leading to dysregulation of MyoCD–KLF4 transcription
regulator axis and further TAA progression.

3.4. Number of VSMCs Expressing KLF4 Dramatically Increases during TAA Development

To further explore the compelling connection of the reprogramed miRNA network with TGF-β
signaling pathway, we assessed the mRNA expression levels of TGF-β receptors, TGFBR1 and ALK1
(also known as ACVRL1), and transcription factors, MyoCD and KLF4, in non-TAA (n=21) and TAA
(n = 17) tissue samples (Supplementary Figure S3A). We observed a relevant elevation of ALK1 gene
transcription in TAA tissues (p = 0.0244) compared to non-TAA group of normal aortas but found no
significant difference in cellular mRNA levels of TGFBR1, KLF4, and MyoCD. It is noteworthy that
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we revealed a moderate positive correlation between the changes in expression of ALK1, miR-10a-5p,
miR-126-3p and miR-148a-5p (Supplementary Table S6; Supplementary Figure S4) suggesting a putative
biological relationship between these miRNAs and TGF-β signaling pathway. Thus, the obtained data
pointed out to a weak regulation of studied genes, except ALK1, on transcription or mRNA decay level.
However, it has been reported that many human miRNAs control post-transcriptional processes at
the protein translation stage [26]. Therefore, we further evaluated the protein expression levels of
the selected genes in non-TAA and TAA tissue samples using immunohistochemical analysis (IHC)
(Figure 4; Supplementary Figure S3B). The IHC analysis revealed higher expression of ALK1 both in
normal and TAA tissues (IHC score median = 4), whereas the expression levels of TGFBR1 remained
lower in both aortic sample groups (IHC score median= 2). However, the difference of expression levels
of both TGF-β receptors remained insignificant between TAA and non-TAA specimens (Supplementary
Figure S3B). In contrast, although the overall expression levels of KLF4 were low in both groups of
aortic samples, we detected a significant three-fold accumulation (p = 0.0037) of KLF4 positive cells in
TAA tissues compared to non-TAA group (Figure 4). Meanwhile, IHC analysis strongly supported
upregulated expression of osteopontin (p = 0.0311), which is indicating shift of vascular smooth muscles
from contraction to synthetic phenotype and is a positive marker of aortic aneurysms [27,28]. Finally,
despite IHC results displaying high levels of MyoCD in both groups of samples (IHC score median = 6),
a significant expression difference was absent between groups (Figure 4, lower panel).

Figure 4. Immunohistochemical (IHC) analysis of KLF4, MyoCD, and osteopontin expression in
non-TAA and TAA tissue samples. The abundance of proteins was examined by immunostaining
and visualized with diaminobenzidine (brown). The sections were counterstained with hematoxylin
(blue). Histological quantification of KLF4 was performed by counting KLF4 positive cell nucleus
(black arrows; n = 43), whereas osteopontin (n = 46) and MyoCD (n = 20) by IHC score (graphs in right
panel). Lines within boxes indicate KLF4 positive nucleus mean or MyoCD and osteopontin IHC score
median values, whiskers – 5-95 percentile of KLF4 positive nucleus or MyoCD and osteopontin IHC
score values. The histological data were assessed using Student’s t test (for KLF4) or non-parametric
Mann-Whitney U test (for MyoCD and osteopontin). The significance between each group is shown as
follows: n.s.—not significant; * p < 0.05; ** p < 0.01, *** p < 0.001.
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4. Discussion

Aneurysm is one of the most frequent diseases of the aorta [29]. The aortic aneurysms rarely
cause any symptoms and thereby are commonly diagnosed incidentally. Consequently, the rupture or
dissection of the aneurysm leads to lethal outcomes in over 15000 cases annually in the USA only [30].
Classification of aortic aneurysms is based on the anatomic location, with thoracic aortic aneurysms
involving the ascending and descending aorta and abdominal aortic aneurysm [31]. The ascending
aorta is derived from distinct embryonic origin defining some specific pathological aspects of aneurysms
appearing in different locations [32]. The distinct disease entities at the molecular level may be regulated
by specific, at least partially, miRNA networks. Previous studies have demonstrated that miRNAs
play key roles during the formation of AAA by dysregulating VSMC homeostasis and extracellular
matrix (ECM) composition or inducing vascular inflammatory response [33,34]. However, a global
high-throughput miRNA-sequencing data of TAA tissue and plasma was still missing, despite some
experimental data obtained by miRNA microarrays [19,20,35].

4.1. miRNA Expression Patterns in Tissues May Be Influenced by Aneurysmal Location and Sex

In the present study we determined a total of 20 miRNAs which were differentially expressed
in ascending TAA tissues compared to non-aneurysmal group. A qRT-PCR testing further validated
the differential expression of four selected miR-10a-5p, miR-133a-3p, miR-126-3p, miR-155-5p and
miR-148a-3p in a larger set of independent samples supporting the reliability of miRNA-Seq results.

Despite a partial overlap (miR-126-3p, miR-155-5p and mir-133a-3p appeared to be involved
in AAA [22,29,30]), our results confirmed previous assumptions indicating a quite distinct
miRNA expression patterns between TAA and AAA tissues. This might be explained by different
pathophysiological mechanism for ascending aneurysm development in comparison to AAA. The latter is
most commonly caused by atherosclerosis [31]. In agreement with the present study, the dysregulated
expression of miR-133a-3p, miR-126-3p and miR-155-5p has been previously associated with TAA [32].
However, the pathophysiological functions of selected miRNAs in TAA formation and how they
modulate disease progression remain poorly understood. A significant upregulation of miR-155-5p
was identified in various cardiovascular diseases including AAA and was linked to the inflammatory
response in aortic wall. It was demonstrated that expression of miR-155 correlated with inflammatory
macrophage response and extracellular matrix destruction in AAA model mice [33]. On the contrary, we
identified miR-155-5p as the most strongly downregulated miRNA in TAA tissue. It might be explained
by the absence of advanced atherosclerosis leading to inflammatory response in the studied ascending
aorta samples obtained during aortic reconstruction. Meanwhile, vascular endothelium specific
miR-126-3p is required for the maintenance of vascular integrity and endothelial cell homeostasis [34].
Reduced in proliferating VSMC miR-133a-3p switch on transcription factor Sp1, which activates KLF4,
thus promoting synthetic phenotype [25,35]. miR-10a-5p, one of the most upregulated miRNAs in this
study, and miR-148a-3p previously were not related to TAA. It was reported that increased miR-10a-5p
expression leads to VSMC differentiation from embryonic stem cells through repression of histone
deacetylase HDAC4 [36]. Thus, we inferred that miR-10a-5p may be a potential modulator of VSMC
phenotype as well.

We identified a positive correlation between expression levels of miR-126-3p and newly predicted
TAA-related miR-10a-5p and miR-148a-3p (Supplementary Figure S4) indicating a possible functional
or regulatory link between these miRNAs. Therefore, further studies of the molecular impact of
miR-148a-3p and miR-10a-5p on TAA development is of interest.

An evaluation of sex-dependence revealed that miR-148a-3p varied significantly only in male TAA
cohort (Supplementary Figure S1). Furthermore, miR-126-3p, miR-155-5p and miR-10a-5p expression
changes were more statistically significant in male TAA patients. Notably, the incidence of TAA is more
prevalent in males than females [4]. Moreover, previous reports emphasized relevant sex differences
in the pathology of TAA, although underlying molecular mechanisms are unknown. Accordingly,
aortic dilation rate was more than 3 times greater in women than in men [6]. This observation was
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associated with different levels of metalloproteinases MMP2 and MMP9, inhibitory enzymes TIMP1
and TIMP2 and overall aortic stiffness highlighting a different ECM remodeling in female aortas [37].
Altogether, these findings suggest that sex-dependent physiological differences could be associated
with different changes of miRNA levels in male aorta tissue during TAA development. Otherwise,
a deregulation of miRNAs in sex-dependent manner could promote distinct pathways leading to
different TAA progression and pathology rates in male patients.

4.2. Circulating miRNA Profile Does Not Match to Aneurysmal Signature of TAA Tissues

Herein we revealed 17 differentially expressed miRNAs in the TAA patients’ plasma samples
compared to the non-TAA group. The combination of two of them, miR-122-3p and miR-483-3p,
allowed to distinguish TAA patients from non-TAA subjects suggesting a novel set of prognostic
biomarkers for TAA non-invasive diagnostic. Notably, the majority of altered miRNAs were associated
with TAA for the first time, and so far, have not been previously identified in AAA samples [22].

Suprisingly, the pattern of aneurysm-related alterations in TAA patients’ plasma miRNA profile
does not overlap with the tissue set (Figure 1D). Moreover, the expression of six miRNAs, which were
among the most strongly deregulated in TAA plasma samples, was almost absent in TAA tissue. We can
speculate that miRNA expression changes in TAA patient’s plasma could be evoked by a complex
physiological organismal response to the aortic aneurysm development passed by circulating miRNAs
that are essential vehicles for organ-to-organ cross-talk between liver, pancreas, muscle, immune and
endothelial cells [38]. For instance, miR-122, the most strongly downregulated miRNA in this study,
is a key factor in liver development, homeostasis and metabolic functions [39]. The downregulation of
miR-122 in the liver cells correlates with hepatic pathology [40], which could be further associated
with metabolic syndrome and cardiovascular diseases [41]. In blood plasma, the downregulation of
miR-122 was previously associated with other cardiovascular diseases including bicuspid aortic valve,
myocardial infarction and cardiac arrest [42–44]. Thus, it seems that the dysregulation of circulating
miR-122, highlighted in our study, is not TAA tissue-associated directly but rather is determined by
response to the TAA. Meanwhile, an altered expression of mir-483-3p was associated with endothelial
cell response to vascular injury [45].

4.3. miRNA Target Analysis Reveals KLF4 As a Key Factor for the TAA Development in vivo

Using bioinformatics approach, we exposed 48 KEGG pathways enriched in genes targeted
by differentially expressed miRNAs in TAA tissue cells. Functional categories annotated by KEGG
displayed overlapping among target genes which were mainly associated with the immune response,
cancer, and kinase activity processes. We emphasized “TGF-β signaling pathway” as individual
pathways of highest importance which could be involved in TAA development (Supplementary
Table S5). Indeed, about half of differentially expressed miRNAs have predicted targets in 17 genes
involved in TGF-β pathway. These miRNAs could interfere with the signal transduction by affecting
two principal groups of target genes - TGF-β ligands/receptors and regulatory SMADs (Figure 3C).
Based on these findings, we hypothesized that the mis-expressed miRNAs could contribute significantly
to critical changes in diseased aorta via alterations in components of TGF-β signaling pathway. It can
lead to the functional dysregulation of the key downstream regulators, KLF4 and/or MyoCD. On the
other hand, the deregulated balance between TGF-β receptors, ligands and rSMADs might trigger
alternative MyoCD-independent TGF-β signaling routes promoting further TAA development [46].
As shown in Figure 3, a group of TGF-β receptors/rSMADs-associated miRNAs was mis-regulated in
TAA tissues. Previous reports revealed that deficiency of SMAD4 and TGFBR2 in VSMCs induced
aortic dilation in TAA mice model indicating that the imbalance of TGF-β receptors and rSMADs
could promote TAA progression [47,48]. On the other hand, the overexpression and over-activation of
SMAD2 was TGF-β signaling independent in TAA tissue samples suggesting a functional dissociation
between the Smad2 activation and activity of the TGF-β receptors [47,49]. A signaling switch from
canonical TGFBRI/Smad2-dependent to ALK1/Smad1/5/8 signaling was shown to activate genes related
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to synthetic VSMC phenotype in mice model [50]. In addition, previous report indicated that the
differentiation state of VSMCs is controlled by miR-26a via suppression of TGF-β signaling molecules [51]
demonstrating a link between the dysregulated miRNA expression and aberrant TGF-β signaling
during TAA development.

Herein we demonstrated a significant upregulation of ALK1 mRNA expression in TAA tissue cells
compared to non-TAA. The expression of ALK1 positively correlated with the levels of miR-126-3p,
mir-10a-5p and miR-148a-3p indicating a functional connection between these miRNAs and TGF-β
signaling. A follow-up IHC analysis revealed no significant changes in ALK1 protein level in TAA
tissues. However, the discrepancy between mRNA and protein assessments could be related to
insufficient sensitivity of the immunohistochemistry approach that hamper the quantification of the
modest changes at the protein level. Nevertheless, the main advantage of IHC analysis compared to
other methods evaluating total levels of gene expression is the feasibility to visualize precisely the
protein localization in individual cells of tissue. Thereby, the number of cells strongly expressing KLF4
factor in the nucleus was shown to be nearly three-fold higher in TAA tissues compared to non-TAA
(27% vs. 10%). Meanwhile, myocardin expression level appeared to be similar, although the precise
estimation of the nuclear protein is encumbered by rather high myocardin abundance in cytoplasm.
Thus, our in vivo data indicate that upregulation of KLF4 does not directly abrogate the myocardin
expression but rather regulates VSMC phenotypic transition from more differentiated contractile to
synthetic by competing with myocardin-SRF (serum responce factor) complex for the contractile gene
promoters [52]. Thus, KLF4 is an important player in aortic aneurysm morphogenesis by regulating
VSMC phenotypic switching [53]. We suggest that a marked reduction of miR-133a-3p in vivo could be
associated with upregulated KLF4 expression in one third of smooth muscle cells in the TAA tissues
(Figure 3C). This supposition is supported by previous in vitro studies in rodent cell cultures [25,35]
showing that VSMC phenotype switch could be regulated by miR-133a-3p via indirect repression
of KLF4.

This study has some potential limitations: i) In order to thoroughly examine a homogenous
etiological category of aneurysms, we have limited our investigation to the sporadic non-syndromic
TAA cases. The samples of patients with severe atherosclerosis (calcified or ulcerating plagues), aortitis
or phenotypic characteristics of the known genetic syndromes (Marfan, Ehlers Danlos, and other) were
excluded, because these features can lead to skewed results. As a consequence of the abovementioned
restrictions the total number of samples used in the analysis was limited. ii) Female sample size was
small. A larger cohort of female specimens needs to be examined in the future to reliably corroborate
sex-specific variances of miRNA signatures in TAA tissues. iii) We profiled miRNA from TAA and
non-TAA samples which differed by age. However, the sequencing data was then validated by
qRT-PCR performed on larger TAA and non-TAA groups of comparable age. iv) The control group
included heart transplant donors, patients who underwent CABG and healthy volunteers. To diminish
the impact of such diversity on the outcome of the study, a strict clinical testing was performed on the
control group to confirm the normal measurements of ascending aorta.

5. Conclusions

Taken together, these observations point to a critical role of aberrant miRNAs expression in
promoting TAA via imbalanced repression of TGF-β signaling pathway components and following
deregulation of KLF4 transcription axis in vivo. The miRNA-mediated gene expression regulatory
networks elucidated herein in clinical samples have paved the ways to further in vitro studies of the
miRNAs functions in controlling of VSMC phenotype switch. Moreover, co-expression analysis of
selected miRNAs, KLF4 and VSMC markers inside the cells should be performed in the future to
extend our understanding of the miRNA-modulated gene activation shift during TAA development.
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Abstract: Frailty and sarcopenia increase the risk of complications and mortality when invasive
treatment such as cardiac surgery is performed. Growth differentiation factor-15 (GDF-15) involves
various pathophysiological conditions including renal dysfunction, heart failure and cachexia.
We investigated the pathophysiological roles of preoperative GDF-15 levels in cardiovascular
surgery patients. Preoperative skeletal muscle index (SMI) determined by bioelectrical impedance
analysis, hand-grip strength, 4 m gait speed, and anterior thigh muscle thickness (TMth) measured by
echocardiography were assessed in 72 patients (average age 69.9 years) who underwent cardiovascular
surgery. The preoperative serum GDF-15 concentration was determined by enzyme-linked
immunosorbent assay. Circulating GDF-15 level was correlated with age, brain natriuretic peptide,
and estimated glomerular filtration rate (eGFR). It was also negatively correlated with SMI,
hand-grip strength, and anterior TMth. In multivariate analysis, eGFR and anterior TMth were the
independent determinants of GDF-15 concentration even after adjusting for age, sex, and body mass
index. Alternatively, the GDF-15 level was an independent determinant of eGFR and anterior TMth.
We concluded that preoperative GDF-15 levels reflect muscle wasting as well as renal dysfunction in
preoperative cardiovascular surgery patients. GDF-15 may be a novel biomarker for identify high-risk
patients with muscle wasting and renal dysfunction before cardiovascular surgery.

Keywords: GDF-15; cardiovascular surgery; operative risk; biomarkers; muscle wasting; sarcopenia;
renal dysfunction; chronic kidney disease

1. Introduction

As life expectancy has increased, the number of older patients undergoing cardiovascular surgery
has also increased, and many such patients have frailty. Frailty is a geriatric syndrome described
as decreased reserves when confronted with stressors, which is associated with poor outcomes in
both community cohorts and patients [1,2]. In cardiovascular surgery such as transcatheter valve
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implantation (TAVI), frailty is now identified as an important predictor of adverse outcomes in older
patients [1,3,4]. Patients with higher frailty are at increased risk during the postoperative period,
with long hospital stays, and postoperative complications such as stroke and death, compared to those
with lower frailty [5]. Sarcopenia, the skeletal muscle loss associated with aging, also includes low
physical function (hand-grip strength, walking speed) as a component of frailty [6,7]. It is frequently
associated with chronic diseases including heart failure, chronic kidney disease (CKD), cancer, wasting,
and cachexia [7]. Thus, it is generally accepted that frailty and sarcopenia, as well as physical function
are predictors of survival in patients with cardiovascular diseases (CVD), and they increase the
risk of complications and mortality when invasive treatments such as cardiovascular operations are
performed. Therefore, it is quite important to identify high-risk patients with frailty and sarcopenia
before cardiovascular surgery.

Growth differentiation fator-15 (GDF-15) is not highly expressed in most tissues under normal
physiological conditions [8,9], but it increases under various pathophysiological conditions such as
inflammation [10], oxidant stress [11], and ischemia/reperfusion [12]. Clinical trials reported that
GDF-15 is a reliable biomarker of CVD [13–15], and heart failure [16], and it has independent prognostic
value in patients with coronary artery bypass grafting (CABG) [17], acute coronary syndromes
(ACS) [18,19], and heart failure (HF) [20]. In addition, it has been reported that GDF-15 is a novel
serum biomarker of mortality in CKD, and can identify patients at high risk of developing CKD [21–23].
The preoperative GDF-15 level has been also reported to be a novel risk biomarker in association
with the EuroSCORE for risk stratification independently of N-terminal pro-B-type natriuretic peptide
(NTproBNP) and high-sensitive troponin T [24], and closely related to post-operative morbidity in
cardiovascular surgery patients including those undergoing TAVI [25,26]. Furthermore, it has been
reported to reflect post-operative acute kidney injury (AKI) in patients undergoing CABG [27] and
myocardial injury in patients undergoing off-pump CABG [28]. Thus, GDF-15 appears to be a novel
biomarker to identify surgical risk in patients undergoing cardiovascular surgery.

Circulating GDF-15 levels increase with age [20,22], and may partly reflect mitochondrial
dysfunction in aging and age-related diseases [29]. Furthermore, several papers showed that GDF-15
may be involved in muscle wasting in a variety of patients including COPD [30], patients undergoing
elective high-risk cardiothoracic surgery [31], intensive care unit (ICU) patients [32], and cancer
patients [33]. Bloch et al. [31] showed that an elevation of postoperative GDF-15 levels is a potential
factor associated with muscle atrophy in patients undergoing cardiovascular surgery. However, the
physiological significance of the preoperative GDF-15 level in patients undergoing cardiovascular
surgery still remains to be clarified.

Therefore, we investigated the pathophysiological roles of preoperative GDF-15 levels in
cardiovascular surgery patients. We provided the first evidence that GDF-15 may be a novel biomarker
for identifying high-risk patients with muscle wasting and renal dysfunction, compared with tumor
necrosis factor α (TNFα) or insulin growth factor-1 (IGF-1) in cardiovascular surgery patients.

2. Methods

2.1. Participants

A total of 72 preoperative patients (42 males, 30 females) undergoing cardiovascular surgery at
Dokkyo Medical Hospital were recruited in this study. The patient characteristics are summarized
in Table 1. The mean age was 69.9 ± 13.1 years (23–89 years), and body mass index (BMI) was
24.3 ± 3.9 kg/m2. Most of the patients had conventional risk factors such as hypertension (HT),
diabetes (DM), hyperlipidemia (HL), current smoking, and hemodialysis (HD) as shown in Table 1.
The average preoperative New York Heart Association (NYHA) classification was 2.2 ± 1.0. Table 1 also
shows the number of patients classified by surgical procedures for cardiovascular disease. The study
was approved by the Ethics Committee of the Dokkyo Medical University (No. 27077), and informed
consents were obtained from all participants.
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Table 1. Patient Characteristics.

Number 72
Male, Female 42, 30

Age, y 69.9 ± 13.1
BMI, kg/m2 24.3 ± 3.9

Risk factors (percentage)
Hypertension 75

Diabetes 35
Dyslipidemia 46

Smoking 11
Hemodialysis 8

NYHA classification 2.2 ± 1.0
Coronary artery disease (percentage)

0-vessel disease 53
1-vessel disease 11
2-vessel disease 6
3-vessel disease 30

Cardiovascular surgery (percentage)
CABG 26
AVR 21

Other valve replacement/repair
(MVR, MVP, TAP, TAR, LAAAC) 17

CABG combined with valve replacement/repair (AVR, MVP, TAP) 8
AVR combined with other valve (MVP, TAP, LAAC) or aortic diseases (TAR) 11

Aortic disease (TAR, TEVAR, et al.) 7
Others 10

Drugs (percentage)
β-blockers 49

Ca-blockers 38
ACE-I/ARB 58

Diuretics 49
Statins 53

Oral antidiabetic drugs 31
Insulin 8

The mean± SD values are shown. BMI, body mass index; NYHA, New York Heart Association; CABG, coronary artery
bypass grafting; AVR, aortic valve replacement; MVR, mitral valve replacement; MVP, mitral valve plasty;
TAP, tricuspid annuloplasty; LAAC, left atrial appendage closure; TAR, total arch replacement; TEVAR, thoracic
endovascular aortic repair; ACE-I, angiotensin converting enzyme inhibitors; ARB, angiotensin II receptor blockers;
Oral anti-diabetic drugs includedα-glucosidase inhibitors, sulfonylurea, biguanide, dipeptidyl peptidase-4 inhibitors,
and sodium glucose cotransporter 2 inhibitors.

The biochemical data were analyzed using routine chemical methods in Dokkyo Medical University
Hospital clinical laboratory. Hemoglobin A1c (HbA1c), brain natriuretic peptide (BNP), and estimated
glomerular filtration rate (eGFR) were measured before the operation. The eGFR was calculated by the
following equations:

Males: eGFR (mL/min/1.73m2) = 194 (creatinine−1.094) (age−0.287)

Females: eGFR (mL/min/1.73m2) = 0.739 {194(creatinine−1.094) (age−0.287)}

The high-sensitivity C-reactive protein (hsCRP) was measured by a latex-enhanced nephelometric
immunoassay (N Latex CRP II and N Latex SAA, Dade Behring Ltd., Tokyo, Japan). The homeo-static
model assessment of insulin resistance (HOMA-IR), which indicates an index of insulin resistance,
was calculated from the fasting blood insulin (immunoreactive insulin (IRI)) concentration and the
fasting blood glucose (FBS) level early in the morning, based on the following equation.

HOMA-IR = (IRI) (FBS)/405
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To measure fasting serum GDF-15, TNFα, and IGF-1 levels, peripheral venous blood was drawn
into pyrogen-free tubes with and without EDTA on the morning of cardiovascular surgery. Plasma and
serum were stored in aliquots at −80 ◦C for all enzyme linked immunosorbent assay (ELISA).

2.2. Enzyme Linked Immunosorbent Assay (ELISA)

Serum GDF-15 level was measured by a Human Quantikine ELISA Kit (DGD150 for GDF-15,
R&D Systems, Minneapolis, MN, USA). Samples, reagents, and buffers were prepared according to the
manufacturers’ manuals. The detection threshold of GDF-15 was 2.0 pg/mL. The serum concentrations
of TNFα were measured by a Human Quantikine HS ELISA Kit (HSTA00E, R&D Systems, Minneapolis,
MN, USA), and the detection threshold was 0.022 pg/mL. The serum IGF-1 concentration was measured
by a Human Quantikine ELISA Kit (DG100, R&D Systems), and the detection threshold was 0.026 ng/mL.

2.3. Measurement of Gait Speed, Hand-Grip Strength, and Voluntary Isometric Contraction

Maximum voluntary isometric contraction (MVIC) of the hand-grip was measured by using
a factory-calibrated hand dynamometer (TKK 5401, TAKEI Scientific Instruments Co., Ltd., Tokyo,
Japan). Each patient performed two trials, and the highest value was adopted for analysis. The gait
speed was measured as the time needed to walk 4 m at an ordinary pace. MVIC of the knee extensors
was measured by using a digital handheld dynamometer (μTas MT-1, ANIMA Co., Ltd., Tokyo, Japan)
as described previously [34]. Each subject performed two trials, and the highest score was adopted
for analysis.

2.4. Measurements with the Bioelectrical Impedance Analyzer (BIA)

A multi-frequency bioelectrical impedance analyzer (BIA), InBody S10 Biospace device (Biospacte
Co, Ltd., Korea/Model JMW140) was used to measure muscle and fat volume as described in detail
previously [34]. Thirty impedance measurements were performed using 6 different frequencies (1, 5,
50, 250, 500, and 1000 kHz) at the five segments of the body (right arm, left arm, trunk, right leg,
and left leg). The measurements were performed while the subjects rested in the supine position,
with their elbows extended and relaxed along their trunk. Body fat volume, body fat percentage,
and skeletal muscle volume were measured. Skeletal muscle mass index (SMI; appendicular skeletal
muscle mass/height2, kg/m2) was also calculated as the sum of lean soft tissue of the two upper
limbs and two lower limbs. In this study, sarcopenia was defined according to the Asian Working
Group for Sarcopenia (AWGS) [7] criteria (age ≥ 65 years; handgrip < 26 kg or gait speed ≤ 0.8 m/s,
and SMI < 7.0 kg/m2 for males; handgrip < 18 kg or gait speed ≤ 0.8 m/s, and SMI < 5.7 kg/m2

for females.

2.5. Measurement of Muscle Thickness by Ultrasound

The anterior mid-thigh muscle thickness was measured on the right leg using a real-time
linear electronic scanner with a 10.0-MHz scanning head and Ultrasound Probe (L4–12t-RS Probe,
GE Healthcare Japan, Tokyo, Japan) and LOGIQ e ultrasound (GE Healthcare Japan), as previously
described [34]. From the ultrasonic image, the subcutaneous adipose tissue-muscle interface and the
muscle-bone interface were identified. The perpendicular distance from the adipose tissue-muscle
interface to the muscle-bone interface was considered to represent the anterior thigh muscle thickness
(TMth). The measurement was performed twice in both the supine and standing positions, and the
average value was adopted for analysis.

2.6. Statistical Analysis

Data are presented as mean value ± SD. After testing for normality (Kolmogorov-Smirnov),
the comparison of means between groups was analyzed by a two-sided, unpaired Student’s t-test in the
case of normally distributed parameters or by the Mann-Whitney-U-Test in the case of non-normally
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distributed parameters. Associations among parameters were evaluated using Pearson or Spearman
correlation coefficients. Multiple linear regression analysis with log (serum GDF-15 concentration),
eGFR, or anterior TMth as the dependent variable was performed to identify the independent factors
(clinical laboratory data, or physical data) that influenced these dependent variables. Age, sex, and BMI
were employed as covariates. When the independent data were not normally distributed, the data
were logarithmically transformed to achieve a normal distribution. Receiver operating characteristic
(ROC) curves were plotted to identify an optimal cut-off level of the serum concentration of GDF-15
for detecting impaired eGFR. All analyses were performed using SPSS version 24 for Windows (IBM
Corp., New York, NY, USA). A p value less than 0.05 was regarded as significant.

3. Results

3.1. Patient Characteristics

All patients had medical treatment including β-blocking agents (49%), calcium-channel blockers
(38%), angiotensin receptor blockers (ARB)-/-angiotensin converting enzyme inhibitors (ACEI) (58%),
diuretics (49%), statins (53%), and anti-diabetic drugs (31%) (Table 1).

The sex differences of the study patients are shown in Table 2. The mean age of females was
significantly higher than that of males (p < 0.05). The BMI value was not different between males and
females, but body fat percentage (%) in females was significantly higher, compared with that in men
(p < 0.05).

Table 2. Sex differences in various parameters.

Total (n = 72) Male (n = 42) Female (n = 30)

Age, years 69.9 (13.1) 66.9 (14.4) 73.7 (10.0) *
BMI, kg/m2 24.3 (3.9) 24.9 (4.5) 24.7 (5.5)

NYHA classification 2.2 (1.0) 2.3 (1.1) 2.1 (0.9)
Gait speed, m/s 0.93 (0.32) 0.99 (0.34) 0.86 (0.28)

Hand-grip strength, kgf 22.8 (8.5) 27.1 (7.9) 16.5 (4.6) ***
Knee extension strength, kgf 20.8 (9.5) 24.4 (9.3) 15.6 (7.1) ***

Body fat percentage, % 32.3 (9.3) 28.4 (7.8) 37.6 (8.7) ***
Skeletal muscle mass index (SMI), kg/m2 6.5 (1.4) 7.2 (1.3) 5.4 (0.9) ***

Anterior thigh muscle thickness (TMth) (supine), cm 2.28 (0.75) 2.41 (0.80) 2.1 (0.6)
Anterior thigh muscle thickness (TMth) (standing), cm 3.47 (0.95) 3.68 (0.97) 3.2 (0.9) *

HbA1c, % 6.2 (0.9) 6.3 (1.0) 6.0 (0.8)
BNP, pg/mL 355 (570) 399 (673) 268 (345)

eGFR, ml/min/1.73 m2 58.2 (24.0) 55.7 (26.6) 63.4 (19.3)
Hb, g/dL 12.2 (1.8) 12.3 (1.9) 11.9 (1.7)

HOMA-IR 2.75 (4.20) 3.46 (5.29) 1.64 (1.29)
hsCRP, mg/L 5.9 (12) 7.4 (13.8) 3.3 (7.9)

GDF-15, pg/mL 1676 (1465) 1928 (1655) 1325 (1078)
TNFα, pg/mL 3.5 (2.8) 4.1 (2.9) 2.6 (1.9) *
IGF-1, ng/mL 74.4 (33.4) 77.3 (36.5) 70.4 (28.5)

* p < 0.05. *** p < 0.001. Males vs. Females hsCRP, high sensitivity C-reactive protein; BNP, brain natriuretic
peptide; eGFR, estimate glomerular filtration rate; HOMA-IR, Homeostasis model assessment of insulin resistance;
GDF-15, growth differentiation factor-15; TNFα, tissue necrosis factor α; IGF-1, insulin growth factor-1.

The hand-grip strength, knee extension strength, and SMI in females were significantly
lower than those in males. The anterior TMth (standing) in males was significantly higher,
compared with that in females (p < 0.05). The BNP level was not different between males
and females (399 ± 673 pg/mL vs. 268 ± 345 pg/mL). The mean eGFR of all the patients was
58.2 ± 24.0 mL/min/1.73 m2. Furthermore, patients were classified into five groups based on the
eGFR levels: normal (eGFR ≥ 90 mL/min/1.73 m2), low (eGFR 60–89 mL/min/1.73 m2), moderate (eGFR
30–59 mL/min/1.73 m2), severe (eGFR 15–29 mL/min/1.73 m2), and kidney failure (eGFR <
15 mL/min/1.73 m2). Among total 72 patients, there were 3 patients (normal), 36 patients (low),
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25 patients (moderate), 2 patients (severe), and 6 patients (kidney failure). Therefore, the overall
prevalence of CKD (eGFR < 60 mL/min/1.73 m2) was 33 patients out of 72 (44%). The serum TNFα level
was 3.5 ± 2.8 pg/mL in all of the patients. It was higher in males than in females (males, 4.1 ± 2.9 pg/mL;
females, 2.6 ± 1.9 pg/mL, p < 0.05). The serum GDF-15 level did not significantly differ between males
and females (males, 1928 ± 1655 pg/mL; females, 1325 ± 1078 pg/mL). The serum IGF-1 concentration
also did not significantly differ between males and females (males, 77.3 ± 36.5 ng/mL; females,
70.4 ± 28.5 pg/mL).

3.2. Correlation between Various Parameters and Serum GDF-15, TNFα, and IGF-1 Concentration

The correlations between serum GDF-15, TNFα, and IGF-1 concentrations and the clinical data
are shown in Table 3 and Figure 1. Table 3 shows the data obtained from males and females separately,
and Figure 1 shows the correlations in all of the patients. The serum GDF-15 level was positively
correlated with age in all of the patients (r = 0.438, p < 0.001, Figure 1Aa), but not TNFα (r = 0.192,
p = 0.105, Figure 1Ba), and serum IGF-1 concentration declined with age (r = −0.346, p = 0.003,
Figure 1Ca). In addition, the serum GDF-15 level was positively correlated with age in both males
and females (males, r = 0.436, p = 0.004; females, r = 0.637, p < 0.001). The concentration of GDF-15
was positively correlated with BNP in both sexes (males, r = 0.427, p = 0.005; females, r = 0.480,
p = 0.007), but the serum TNFα level was positively correlated with BNP only in men (r = 0.465,
p = 0.002). The concentration of GDF-15 and TNFα (Figure 1Ab, Figure 1Bb), but not IGF-1 (Figure 1Cb),
was negatively correlated with eGFR (Figure 1Ab, GDF-15, r = −0.768, p < 0.001; Figure 1Bb, TNFα,
r = −0.551, p < 0.001) in all of the patients and both sexes (Table 2). Both GDF-15 and TNFα were
negatively correlated with hemoglobin (Hb) in males (GDF-15, r = −0.560, p < 0.001; TNFα, r = −0.566,
p < 0.001).

Table 3. Correlation matrix between various parameters and serum GDF-15, and TNFα,
IGF-1 concentration.

GDF-15 Males/Females TNFα Males/Females IGF-1 Males/Females

Age 0.436 (0.004) **/0.637 (<0.001) *** 0.244 (0.120)/0.261 (0.164) −0.319 (0.036) */−0.339 (0.066)
BMI −0.143 (0.367)/−0.062 (0.745) −0.263 (0.092)/−0.055 (0.772) 0.047 (0.769)/0.194 (0.303)

HbA1C −0.155 (0.340)/−0.229 (0.223) −0.154 (0.342)/−0.127 (0.503) 0.261 (0.104)/0.344 (0.063)
BNP 0.427 (0.005) **/0.480 (0.007) ** 0.465 (0.002) **/0.214 (0.257) −0.059 (0.710)/−0.353 (0.055)
eGFR −0.792 (<0.001) ***/−0.726 (<0.001) *** −0.642 (<0.001) ***/−0.394 (0.031) * 0.144 (0.363)/0.301 (0.106)

Hb −0.560 (<0.001) ***/−0.370 (0.044) * −0.566 (<0.001) ***/−0.065 (0.732) 0.079 (0.617)/−0.006 (0.977)
Body fat percentage −0.140 (0.403)/0.300 (0.128) −0.146 (0.382)/0.135 (0.502) −0.119 (0.479)/0.197 (0.326)

SMI −0.392 (0.014) */−0.529 (0.005) ** −0.368 (0.021) */−0.189 (0.346) 0.313 (0.053)/0.153 (0.446)
Hand-grip −0.456 (0.002) **/−0.656 (<0.001) *** −0.393 (0.010) */−0.298 (0.117) 0.240 (0.126)/0.244 (0.202)

Knee extension −0.222 (0.169)/−0.541 (0.003) ** −0.431 (0.005) **/−0.192 (0.329) 0.140 (0.390)/0.061 (0.758)
Gait speed −0.218 (0.165)/−0.558 (0.002) ** −0.190 (0.229)/−0.336 (0.074) 0.256 (0.102)/0.253 (0.186)

Anterior TMth (supine) −0.636 (<0.001) ***/−0.391 (0.044) * −0.509 (0.001) **/−0.200 (0.316) 0.429 (0.005) **/0.057 (0.779)
Anterior TMth (standing) −0.600 (<0.001) ***/−0.557 (0.003) ** −0.434 (0.005) **/−0.267 (0.178) 0.366 (0.020) */0.301 (0.127)

GDF-15 -/- 0.657 (<0.001) ***/0.434 (0.017) * −0.203 (0.198)/−0.553 (0.002) **
TNFα 0.657 (<0.001) ***/0.434 (0.017) * -/- −0.233 (0.137)/−0.479 (0.007) **

* p < 0.05 ** p < 0.01 *** p < 0.001. SMI, skeletal muscle mass index; TMth, thigh muscle thickness.

Table 3 also shows the relationships between serum GDF-15, TNFα, IGF-1 concentrations and the
physical data. Figure 2 shows the correlations between serum GDF-15, TNFα, IGF-1 concentrations and
the physical data in men. The serum GDF-15 level was negatively correlated with hand-grip strength,
SMI, anterior TMth (supine, and standing) in both males and females, as shown in Table 3. As shown
in Figure 2, there was a negative correlation between the serum GDF-15 level and both anterior TMth
(supine) (r = −0.636, p < 0.001, Figure 2Aa), and hand-grip strength (r = −0.456, p = 0.002, Figure 2Ab)
in men. Similar results were obtained in females as shown in Table 3. On the other hand, a negative
correlation was observed between the serum TNFα level and grip strength, knee extension strength,
SMI, and anterior TMth (supine, standing) in males, but not in females (Table 3). A negative correlation
between the serum TNFα level and both anterior TMth (supine) (r = −0.509, p = 0.001, Figure 2Ba),
and grip strength (r = −0.393, p = 0.010, Figure 2Bb) was observed in men. On the other hand, a positive
correlation was observed between the serum IGF-1 level and anterior TMth (supine) in men (r = 0.429,
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p = 0.005, Figure 2Ca, Table 3), but not hand-grip strength (r = 0.240, p = 0.126, Figure 2Cb, Table 3).
Furthermore, there were no correlations between the serum IGF-1 level and anterior TMth (supine,
and standing) in females.

Figure 1. Correlations between clinical data (age, eGFR) and serum concentrations of GDF-15, TNF-α,
and IGF-1. Relationships between laboratory data (age (a), eGFR (b)) and serum concentrations of
GDF-15 (Aa,Ab), TNF-α (Ba,Bb) and IGF-1 (Ca,Cb) in males and females. ** p < 0.01, *** p < 0.001.

Figure 2. Correlations between the physical data (anterior thigh muscle thickness, grip strength)
and serum concentrations of GDF-15, TNF-α, and IGF-1. Relationships between the laboratory data
(anterior thigh muscle thickness (TMth, supine) (a), grip strength (b) and serum concentrations of
GDF-15 (Aa,Ab), TNF-α (Ba,Bb) and IGF-1 (Ca,Cb) in males * p < 0.05, ** p < 0.01, *** p < 0.001.

3.3. Relationships among Serum GDF-15, TNFα, and IGF-1 Concentration

Table 3 shows the relationships among the serum GDF-15, TNFα, and IGF-1 concentrations.
The serum level of GDF-15 was positively correlated with that of TNFα in both sexes (males, r = 0.657,
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p < 0.001; females, r = 0.434, p = 0.017). A negative correlation was observed between the serum
IGF-1 concentration and GDF-15 (r = −0.553, p = 0.002) and TNFα (r = −0.479, p = 0.007) in females,
but not males.

3.4. Multiple Regression Analysis of Serum GDF-15 Levels and the Clinical Parameters

The linear regression analysis with serum GDF-15 levels as the dependent variable and clinical
data (eGFR, BNP, Hb, SMI, hand-grip strength and anterior TMth (supine) as independent variable
were investigated in all of the patients as shown in Table 4A. Univariate regression analysis (Table 4A)
showed that eGFR (β = −0.650, p < 0.001), and anterior TMth (supine) (β = −0.358, p = 0.001) were
independent variable to predict serum GDF-15 levels. Multiple regression analysis also showed that
eGFR (β = −0.597, p < 0.001) and anterior TMth (supine) (β = −0.272, p = 0.019) were the independent
determinants of GDF-15 concentration after adjusting for age, sex, and body mass index.

Table 4. Multiple linear regression analysis between serum GDF-15 levels and the clinical parameters.

A: Multiple linear regression analysis of GDF15 and the clinical data

Dependent variable: log (GDF−15)
Model 1 Model 2 Model 3 Model 4

Independent variable. β-value (p) β-value (p) β-value (p) β-value (p)
eGFR −0.650 (<0.001) *** −0.655 (<0.001) *** −0.613 (<0.001) *** −0.597 (<0.001) ***

BNP (log) −0.009 (0.929) −0.011 (0.912) −0.042 (0.649) −0.040 (0.663)
Hb −0.106 (0.257) −0.110 (0.253) −0.079 (0.372) −0.084 (0.343)
SMI 0.036 (0.722) 0.031 (0.771) −0.171 (0.139) −0.196 (0.098)

Hand−grip strength 0.106 (0.312) 0.323 (0.104) −0.105 (0.367) −0.059 (0.632)
Anterior TMth (supine) −0.358 (0.001) ** −0.362 (0.001) ** −0.233 (0.033) * −0.272 (0.019) *

B: Multiple linear regression analysis of anterior thigh muscle thickness (supine) and serum markers

Dependent variable: anterior thigh muscle thickness (supine)
Model 1 Model 2 Model 3 Model 4

Independent variable β-value (p) β-value (p) β-value (p) β-value (p)
GDF−15 (log) −0.401 (0.005) ** −0.311 (0.024) * −0.384 (0.007) ** −0.390 (0.004) **

TNFα (log) −0.007 (0.955) −0.054 (0.671) −0.068 (0.584) −0.054 (0.644)
IGF−1 0.256 (0.031) * 0.094 (0.456) 0.071 (0.656) 0.078 (0.506)

C: Multiple linear regression analysis of eGFR and the clinical data

Dependent variable: eGFR
Model 1 Model 2 Model 3 Model 4

Independent variable β-value (p) β-value (p) β-value (p) β-value (p)
BNP (log) −0.164 (0.070) −0.149 (0.106) −0.149 (0.113) −0.170 (0.070)

hsCRP (log) −0.070 (0.377) −0.094 (0.262) −0.097 (0.257) −0.085 (0.999)
Hb 0.035 (0.685) 0.005 (0.958) 0.002 (0.984) 0.011 (0.657)

GDF−15 (log) −0.583 (<0.001) *** −0.571 (<0.001) *** −0.577 (<0.001) *** −0.565 (<0.001) ***
TNFα (log) −0.177 (0.069) −0.196 (0.050) −0.198 (0.050) −0.197 (0.050)

Model 1, unadjusted; Model 2, adjusted by age; Model 3, adjusted by age and sex; Model 4, adjusted by age, sex,
and BMI.

Alternatively, multiple regression analysis showed that GDF-15 (β = −0.390, p = 0.004) was the
independent determinant of anterior TMth (supine), even adjusting for age, sex, and BMI (Table 4B).

The regression analysis between eGFR and the clinical data (BNP, CRP, Hb, GDF-15, and TNFα)
were performed as shown in Table 4C. Multiple regression analysis showed that GDF-15 (β = −0.565,
p <0.001) and TNFα (β = −0.197, p = 0.050) were the independent variable to predict eGFR after
adjusting for age, sex, and BMI. These results suggest that the serum GDF-15 concentration is a
predictor for low eGFR. The ROC curves were plotted to identify the optimal cut-off levels of GDF-15,
TNFα, and Hb for detecting eGFR lower than 60 mL/min/1.73 m2, which was approximately the same
value as the mean eGFR (58.2 mL/min/1.73 m2). To construct the ROC curves, different cut-off values of
GDF-15, TNFα, and Hb were used to predict eGFR lower than 60 mL/min/1.73 m2, with true positives
plotted on the vertical axis (sensitivity) and false-positives (1-specificity) plotted on the horizontal
axis. The area under the curves (AUCs) for GDF-15, TNFα, and Hb were 92.1%, 78.6%, and 67.5%,
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respectively. Sensitivity and specificity were 88.2% and 82.9% for GDF-15, 81.8% and 61.5% for TNFα,
and 45% and 83% for Hb, respectively. The optimal cut-off value of GDF-15 was 1154 pg/mL as shown
in Figure 3.

Figure 3. ROC curves to identify the optimal cut-off level of GDF-15, TNFα, and Hb for detecting eGFR
< 60. In the ROC curves shown, different cut-off values of GDF-15, and TNFα, and Hb were used to
predict eGFR < 60, with true positives plotted on the vertical axis (sensitivity) and Figure 1. plotted on
the horizontal axis.

3.5. Relationships between Sarcopenia and Serum Concentration of GDF-15, TNFα and IGF-1

Sarcopenia was identified in 24 (36%) of a total of 66 patients evaluated based on the sarcopenia
criteria. Serum GDF-15, TNFα and IGF-1 levels were compared in patients with and without
sarcopenia (Table 5). Patients with sarcopenia had significantly higher age and BNP levels in both
males and females, compared to those without sarcopenia (Table 5). On the other hand, they had
significant lower gait speed, hand-grip strength, extension strength, SMI, and anterior TMth (supine,
standing). Furthermore, both males and females with sarcopenia had significantly higher GDF-15
levels, compared to those without sarcopenia (males, 1483 ± 1125 pg/mL vs. 3053 ± 2346 pg/m, p < 0.05;
females, 891 ± 700 pg/mL vs. 1625 ± 1302 pg/mL, p < 0.05). The TNFα concentration was significantly
higher in males with than without sarcopenia (3.06 ± 1.95 pg/mL vs. 6.07 ± 3.27 pg/mL, p < 0.01).
IGF-1 levels did not significantly differ between patients with and without sarcopenia in both males
and females.
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Table 5. Differences in clinical data between the patients with and without sarcopenia.

Male Female

Sarcopenia (−) Sarcopenia (+) Sarcopenia (−) Sarcopenia (+)

Number 28 11 14 13
Age (years) 63.4 (14.2) 75.6 (10.8) *** 68.9 (10.5) 76.2 (7.3) *
BMI (kg/m2) 26.0 (4.8) 22.6 (3.0) * 24.9 (3.1) 25.9 (7.3)

Physical capacity
Gait speed (m/s) 1.08 (0.34) 0.77 (0.28) * 1.01 (0.17) 0.73 (0.32) *

Grip strength (kgf) 30.0 (7.4) 20.2 (4.4) *** 20.1 (3.1) 13.9 (3.5) ***
Knee extension (kgf) 26.9 (8.4) 17.5 (7.3) ** 19.2 (7.5) 13.6 (4.8)*

BIA findings
Body fat percentage (%) 28.8 (7.4) 27.9 (8.9) 35.7 (6.6) 39.8 (10.3)

Skeletal muscle mass
index (SMI) (kg/m2) 7.68 (1.15) 5.90 (0.53) *** 6.05 (0.53) 4.74 (0.63) ***

Muscle thickness
Anterior TMth (supine)

(cm) 2.64 (0.68) 1.65 (0.53) *** 2.45 (0.68) 1.89 (0.48) *

Anterior TMth
(standing) (cm) 3.98 (0.88) 2.78 (0.46) *** 3.70 (0.74) 2.77 (0.79) **

HbA1c, % 6.3 (0.9) 6.4 (1.3) 6.12 (0.98) 5.97 (0.60)
BNP, pg/mL 209 (285) 646 (722) ** 162 (250) 366 (427) *

eGFR, ml/min/1.73 m2 59.7 (26.4) 47.9 (26.1) 70.6 (14.4) 56.1 (22.1)
Hb, g/dL 13.0 (1.6) 11.0 (1.7) 12.5 (1.7) 11.5 (1.6)

hsCRP, mg/L 7.1 (12.7) 9.9 (18.5) 4.5 (11.3) 2.0 (2.3)
GDF-15, pg/mL 1483 (1125) 3053 (2346) * 891 (700) 1625 (1302) *
TNFα, pg/mL 3.06 (1.95) 6.07 (3.27) ** 2.23 (2.10) 2.92 (1.66)
IGF-1, ng/mL 84.1 (40.0) 62.7 (25.6) 74.7 (23.6) 70.6 (34.6)

* p < 0.05. ** p < 0.01***. p < 0.001. Males vs. Females.

4. Discussion

The major findings of the present study are as follows: (1) In preoperative cardiovascular
surgery patients, the circulating GDF-15 level was correlated with age, BNP, and eGFR. It also had
a negative correlation with SMI, hand-grip strength, and anterior TMth. The GDF-15 levels were
significantly higher in sarcopenia patients. (2) In multivariate analysis, eGFR and anterior TMth were
independent determinants of GDF-15 concentration after adjusting for age, sex, and BMI. Furthermore,
the GDF-15 level was an independent determinant of eGFR and anterior TMth. These results suggests
that an increased GDF-15 level reflects muscle wasting as well as renal dysfunction in preoperative
cardiovascular surgery patients. Thus, GDF-15 may be a novel biomarker for identifying high-risk
patients with muscle wasting and renal dysfunction in cardiovascular surgery patients.

4.1. Association of Serum GDF-15 Levels with eGFR

The present study showed that the preoperative GDF-15 level in patients undergoing
cardiovascular surgery including CABG and AVR was positively associated with age, eGFR, and BNP.
This is compatible with the previous paper showing that preoperative GDF-15 levels in patients
undergoing CABG were positively associated with age, chronic renal failure, and high NT-proBNP [25].
Clinical studies have also shown that the GDF-15 concentration correlated strongly with age in healthy
elderly individuals and patients with coronary artery diseases [20,28]. GDF-15 is expressed in various
tissue types such as kidneys, macrophages, cardiomyocytes, and endothelial cells. The expression
occurs in response to various stimuli including oxidative and metabolic stress, tissue injury, and
inflammation [10–12]. It has been reported that an increase in GDF-15 levels in community-based
patients is associated with endothelial dysfunction and subclinical cardiovascular disease [35].

Moreover, clinical trials have shown that GDF-15 can be regarded as a reliable biomarker of
CVD [13–15], and chronic heart failure [16]. In addition, GDF-15 is a novel serum biomarker of mortality
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in CKD and can identify patients at high risk of developing CKD [21,22]. The presence and progression
of CVD are often intimately associated with CKD [36,37]. Valvular heart disease, specifically aortic
stenosis, is also a well-known complication of renal dysfunction [38,39]. Gibson et al. [40] utilized
eGFR in the analysis of outcomes after valve replacement. They showed that a decrease in eGFR of
10 mL/min/1.73 m2 corresponded to a 31% increase in the risk of postoperative death, and eGFR less
than 60 mL/min/1.73 m2 was the most useful variable in predicting 30 day and midterm mortality.
The postoperative GDF-15 value has also been reported to reflect post-operative acute kidney injury
(AKI) in CABG patients [27]. In our study, using multivariate analysis, eGFR was an independent
determinant of the preoperative GDF-15 level, even after adjusting for age, sex, and BMI. In addition,
the GDF-15 level, was an independent determinant of eGFR. In ROC curve analysis, different cut-off
levels of GDF-15 were used to predict eGFR lower than 60 mL/min/1.73 m2, and the AUCs was 92.1%
with an optimal cut-off value of 1154 pg/mL. Given that the normal range for human serum GDF-15 level
has been reported to be 150-1150 pg/mL [41], and 733-999 pg/mL [42], the cut-off value of 1154 pg/mL
shown in our study appears to be a reasonable value for detecting CKD in patients hospitalized for
cardiovascular surgery. Thus, GDF-15 appears to be a novel biomarker for identifying surgical risk in
patients undergoing cardiovascular surgery. However, further studies using postoperative follow-up
are needed to clarify whether the preoperative GDF-15 level can be used as a novel biomarker to
identify surgical risk in patients undergoing cardiovascular surgery.

4.2. Association of Serum GDF-15 Levels with Muscle Loss

In cardiac surgery such as TAVI, frailty is identified as a major predictor of adverse outcomes in
older surgical patients [1,3–5]. Sarcopenia, the skeletal muscle loss associated with aging, also includes
low physical function (grip strength, walking speed) as a component of frailty [6,7]. Sarcopenia is
frequently associated with chronic diseases including heart failure, COPD, CKD, cancer, wasting,
and cachexia [7]. Thus, frailty and sarcopenia increase the risk of complications and mortality when
cardiovascular surgery is performed. We have previously shown that the prevalence of sarcopenia
including sarcopenic obesity in CVD patients was 47.5% in males and 60.2% in females [34]. In the
present study using preoperative cardiovascular surgery patients, sarcopenia was identified in 36%.
In these cardiovascular surgery patients, we found that the circulating GDF-15 level had a negative
correlation with SMI, hand-grip strength, and anterior TMth. In multivariate analysis, the GDF-15
level was an independent determinant of anterior TMth, even after correction for age, gender, and BMI.
In addition, preoperative GDF-15 levels were significantly higher in those with than without sarcopenia.
The results were consistent with previous reports showing that the circulating GDF-15 concentration
was negatively correlated with the cross-sectional area of rectus femoris in COPD [30], ICU [32],
and cancer patients [33]. Bloch et al. [31] showed that patients who show wasting of the rectus femoris
following cardiac surgery are exposed to a more sustained elevation of GDF-15 than those withour
muscle wasting. Moreover, several recent papers reported the relationships between GDF-15 levels and
physical function such as gait speed, and hand-grip strength in community-dwelling older adults [43,44].
In the present study, a significant relationship between hand-grip strength/knee extension and the
GDF-15 level was observed in preoperative cardiovascular surgery patients. From these results, it is
very likely that circulating preoperative GDF-15 level may be a biomarker for identifying muscle
wasting and sarcopenia in cardiovascular surgery patients.

Several mechanisms underlying GDF-15-induced muscle wasting have been proposed. First, an
increase of GDF-15 may cause appetite loss, anorexia, and cachexia as shown in patients with
cancer [41,45]. Animal studies also showed that GDF15 causes anorexia/cachexia, and then weight loss
through a direct effect on the hypothalamus [46,47]. On the other hand, animal studies showed that
local over-expression of GDF-15 in mice causes wasting of the tibialis anterior muscle directly [30],
and the in vitro studies using C2C12 myotubes showed that GDF-15 treatment elevates expression of
muscle atrophy-related genes, and causes muscle wasting, possibly by a direct effect of GDF-15 on
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skeletal muscle [32]. Further studies are required to clarify the mechanisms of action of GDF-15 on
muscle wasting in patients with CVD including cardiovascular surgery.

4.3. Relationships between GDF-15 and TNFα, IGF-1 Concentration

It has been reported that several pro-inflammatory cytokines including TNFα are associated
with cachexia and anorexia in both humans and rodents [48,49]. Higher concentrations of TNFα are
also associated with a decline in muscle mass and grip strength in older persons [50]. In addition,
systemic inflammation and increased circulating TNFα levels have been implicated in various conditions
accompanied by muscle atrophy [51]. GDF-15 has been reported to be induced by inflammatory
cytokines such as TNFα [10]. In our study, the serum GDF-15 level was positively correlated with
the TNFα level, and a correlation was observed between TNFα and muscle mass and grip strength
in men. However, multivariate regression analysis showed that that GDF-15, but not TNFα, was the
independent determinant of anterior TMth (supine), even adjusting for age, sex, and BMI. These results
suggest that GDF-15 is an independent marker of muscle mass, irrespective of TNF-α. Moreover, IGF-1
levels decrease with age and are regarded as a potential mediator of sarcopenia or frailty [52]. Wang et
al. [53] showed that GDF-15 inhibits the release of IGF-1 from the liver in children with concomitant
disease and failure. In our study, a negative correlation between GDF-15 and IGF-1 concentrations
was observed only in females, but not in males. The reason of this sex discrepancy remains unknown.
However, whereas the present study showed that IGF-1 was correlated negatively with age and
positively with muscle mass, and anterior TMth, there were no significant differences in IGF-1 levels
between patients with and without sarcopenia. Furthermore, we found no relationships between IGF-1
levels and hand-grip/extension strength. Thus, the contribution of serum IGF-1 levels to sarcopenia
and muscle wasting remains unclear in our cardiovascular surgery patients.

4.4. Limitations

This study has several limitations. First, the results do not imply causality, because it was a
cross-sectional study. Second, the study had a small number of cardiovascular surgery patients,
especially females, and the patients underwent different types of cardiovascular surgery. Therefore, our
findings are not necessarily applicable to the general population of cardiovascular surgery patients.
Furthermore, most of the subjects had medical treatment. The use of drugs such as β-blockers, ACE-I,
and ARB might have affected serum cytokine level. Therefore, the further studies using a large number
of patients are required to clarify the pathophysiological roles of GDF-15 in preoperative cardiovascular
surgery patients.

5. Conclusions

An elevated GDF-15 level reflects muscle wasting as well as renal dysfunction in preoperative
cardiovascular surgery patients. Thus, serum GDF-15 concentration may be a novel biomarker
for identifying high-risk patients with muscle wasting and renal dysfunction in cardiovascular
surgery patients.
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Abbreviations

CVD cardiovascular disease
CABG coronary artery bypass graft
AVR aortic valve replacement
MVR mitral valve replacement
MVP mitral valve plasty
TVP tricuspid valve plasty
TAVI transcatheter valve implantation procedure
TVR tricuspid valve replacement
TAR total arch replacement
EVAR endovascular aneurysm repair
BMI body mass index
NYHA New York Heart Association
TNFα tumor necrosis factor α
GDF-15 growth differentiation factor-15
IGF-1 insulin growth factor 1
TGF-β; transforming growth factor β
SMI skeletal muscle mass index
BNP brain natriuretic peptide
eGFR estimated glomerular filtration rate
hsCRP high-sensitivity C-reactive protein
ROC receiver operating characteristic
AUC area under the curve
TMth thigh muscle thickness
COPD chronic obstructive pulmonary disease
HbA1c hemoglobin A1c
MVIC maximum voluntary isometric contraction
ELISA enzyme-linked immunosorbent assay
ICU intensive care unit
ACS acute coronary syndrome
AKI acute kidney disease
BIA bioelectric impedance analyzer
HF heart failure
HT hypertension
HD hemodialysis
CKD chronic kidney disease
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Abstract: The role of catestatin (CST) in acutely decompensated heart failure (ADHF) and myocardial
infarction (MI) is poorly elucidated. Due to the implicated role of CST in the regulation of neurohumoral
activity, the goals of the study were to determine CST serum levels among ninety consecutively
enrolled ADHF patients, with respect to the MI history and left ventricular ejection fraction (LVEF)
and to examine its association with clinical, echocardiographic, and laboratory parameters. CST
levels were higher among ADHF patients with MI history, compared to those without (8.94 ± 6.39
vs. 4.90 ± 2.74 ng/mL, p = 0.001). CST serum levels did not differ among patients with reduced,
midrange, and preserved LVEF (7.74 ± 5.64 vs. 5.75 ± 4.19 vs. 5.35 ± 2.77 ng/mL, p = 0.143,
respectively). In the multivariable linear regression analysis, CST independently correlated with
the NYHA class (β = 0.491, p < 0.001), waist-to-hip ratio (WHR) (β = −0.237, p = 0.026), HbA1c
(β = −0.235, p = 0.027), LDL (β = −0.231, p = 0.029), non-HDL cholesterol (β = −0.237, p = 0.026),
hs-cTnI (β = −0.221, p = 0.030), and the admission and resting heart rate (β = −0.201, p = 0.036 and
β = −0.242, p = 0.030), and was in positive association with most echocardiographic parameters.
In conclusion, CST levels were increased in ADHF patients with MI and were overall associated with
a favorable cardiometabolic profile but at the same time reflected advanced symptomatic burden
(CATSTAT-HF ClinicalTrials.gov number, NCT03389386).

Keywords: acute myocardial infarction; biomarkers; catestatin; coronary artery disease; heart
failure; heart failure decompensation; left ventricular ejection fraction; troponin; NT-proBNP; NYHA
functional class

1. Introduction

Acute decompensated heart failure (ADHF) is a complex clinical syndrome associated with high
morbidity, mortality, and healthcare expenditures [1–3]. During the acute decompensation event, a
cascade of multiple cellular pathways is activated and this activity can be quantified by measuring
levels of circulating biomarkers [4]. Decades ago, Viquerat et al. showed that levels of endogenous
norepinephrine and dopamine are elevated in patients with congestive heart failure (HF), compared
to the healthy controls, thus, reflecting an increased sympathetic nervous system (SNS) activity [5].
Importantly, among patients with established HF, activation of the SNS, renin-angiotensin-aldosterone
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system (RAAS), and T-cell-mediated immune response is higher among those with ischemic etiology
of the disease compared to non-ischemic idiopathic dilated cardiomyopathy [6]. Finally, patients with
the ischemic HF also exhibit a higher resting muscle sympathetic nerve activity than patients with
non-ischemic HF [7]. On the other hand, catestatin (CST) is a pleiotropic cardioprotective peptide
that counterbalances the negative effects of SNS by promoting vasodilation [8] and by inhibiting
catecholamine secretion [9,10]. Previous studies have demonstrated that high levels of CST might
reflect increased sympathoadrenal activity [11–13], are associated with increased mortality in HF [14,15],
and are a marker of poor ventricular remodeling after myocardial infarction (MI) [16]. Furthermore,
CST levels were associated with disease severity in HF [17,18] and were similar between patients with
preserved (HFpEF) and reduced (HFrEF) left ventricular ejection fraction (LVEF) phenotypes [17].

Due to the compensatory actions of CST with respect to adverse neurohumoral activation that
is particularly pronounced in ischemic disease, we hypothesized that circulating CST levels would
likely be higher in ADHF patients with a previous MI, compared to those without MI. Moreover, since
CST reflects increased SNS activity, we further hypothesized that CST levels might be higher in ADHF
patients with more reduced LVEF, thus, we expected to see a positive correlation of CST levels with the
functional burden of the disease, as assessed by the New York Heart Association (NYHA) classification.
Finally, since associations of CST with relevant biochemical and echocardiographic markers in ADHF
population are poorly elucidated, our secondary objectives were to investigate the relationship of
CST serum levels with echocardiographic parameters of the left ventricle/left atrium and laboratory
biomarkers that are commonly used in the workup of ADHF patients. While this part of the study
was exploratory in nature, we expected to generally observe beneficial associations of CST with these
parameters, based on the corroborations from previous preclinical/mechanistic studies.

For reasons stated above, we sought to determine and compare the CST serum levels between
patients, with and without, the previous history of MI and across the whole LVEF phenotype spectrum
(HFrEF, HFmrEF, and HFpEF). Secondly, we aimed to investigate the relationship of CST serum levels
with the NYHA functional class, echocardiographic indices of the left ventricle/left atrium, and select
laboratory biomarkers.

2. Materials and Methods

2.1. Study Population

This was a non-randomized clinical cross-sectional study with a prospective follow-up planned in
future analyses. Between January 2018 and February 2019, a total of 118 consecutive patients presenting
with signs and symptoms of heart failure at the emergency department (ED) were considered eligible
for the study inclusion and were hospitalized at the Department of Cardiology.

In this study, we consecutively enrolled HF patients (of both sexes) with the New York Heart
Association (NYHA) functional class II–IV and with a positive history of admission due to HF,
who agreed to participate in the study and signed the informed written consent. The clinical and
physical examination of the patients was undertaken according to the Framingham criteria for HF [19].
Diagnosis of the acute event due to heart failure was mandatorily confirmed as per the current European
Society of Cardiology (ESC) guidelines, for the diagnosis and treatment of acute and chronic heart
failure with the final diagnosis adjudicated and verified by the ESC-certified HF specialist who was
on-site investigator for the study [20]. All patients received standard-of-care HF-directed treatment,
according to their individual clinical status. In order to obtain a well-selected population with clear
and undisputable cardiac etiology of dyspnea, a rigorous exclusion criteria were employed, which
included adults <35 years and >90 years of age, patients with documented or newly-established
severe valvular or pericardial disease, infiltrative or hypertrophic cardiomyopathy, cor pulmonale,
primary pulmonary disease, diabetes mellitus type I, primary renal or hepatic disease, active
malignant or infectious disease, systemic autoimmune disease, hemorrhagic diathesis or significant
coagulopathy, systemic immunological, or an immunosuppressive disorder, or a positive recent history
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of immunosuppressive/cancer chemotherapeutic drug use, positive history of acute coronary syndrome
or stroke within 3 months prior to study enrolment, positive history of excessive alcohol, drug, narcotics
or sedative consumption, and significantly debilitating psychiatric or neurological condition (Figure 1).
Additionally, patients not included in the analysis were those that, at the ED or in-ward admission,
had NT-proBNP levels <300 pg/mL as a ”rule-out“ strategy, while age-adjusted NT-proBNP cut-off
values for the ”rule-in“ of heart failure diagnosis were applied as following—450 pg/mL for age
<50 years, 900 pg/mL for 50–75 years, and 1,800 pg/mL for ≥75 years, based on the data from PRIDE [21]
and International Collaborative of NT-proBNP [22] studies, later validated in the ICON-Reloaded
study [23].

Figure 1. Flowchart of the CATSTAT-HF study.

The study protocol was approved by the Ethics Committee of the University Hospital of Split
(approval no. 2181-147-01/06/M.S.-17-2) and University of Split School of Medicine Ethics Committee.
All medical procedures were undertaken as in accordance with the Declaration of Helsinki and its
latest revision in 2013. A study was registered on 3 January 2018 at ClinicalTrials.gov registry before
the enrolment of the first patient (Serum Catestatin Expression and Cardiometabolic Parameters in
Patients with Congestive Heart Failure (CATSTAT-HF); ClinicalTrials.gov number NCT03389386).
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2.2. Data Measurement

All patients were evaluated in the first 24 h of admission and this evaluation consisted of
physical examination, medical history interview (via custom checklist questionnaire), antecubital
venous blood sampling for laboratory analyses, peripheral arterial blood gas sampling, transthoracic
echocardiography (TTE), chest X-ray imaging, and a standard 12-lead electrocardiography (ECG)
recording. All patients were assessed for the medical history, demographic data (age and sex), body
weight and height, body mass index (BMI), body surface area (BSA), waist-to-hip ratio (WHR) and
pharmacotherapy use. Patients were specially assessed for the documented previous history of
myocardial infarction (defined as non-ST segment myocardial infarction-NSTEMI or ST-elevation
myocardial infarction-STEMI and verified by the medical records). For the body weight (kg) and height
(cm) measurements we used a calibrated scale (Seca, Birmingham, UK) and the BMI was calculated by
the body weight (kg) being divided by height-squared (m2). BSA was calculated using the Mosteller
formula [24]. Waist circumference (cm) was measured while standing at the mid-point between the
inferior tip of the ribcage and the superior aspect of the iliac crest, while hip circumference (cm) was
measured at the point providing maximum circumference over the buttocks, using a tape measure.
WHR was calculated by dividing the waist by the hip circumference. Heart rate (HR) at admission was
recorded at the first medical contact in hospital by using a 12-lead ECG machine, while resting HR was
recorded at the bedside when the patients were stable, by using the AliveCor®Kardia mobile device
system (AliveCor Inc., Mountain View, CA, USA) attached to an Apple iPhone (Apple Inc., Cupertino,
CA, USA).

2.3. Definitions

Patients with systolic blood pressure >140 mmHg or diastolic blood pressure >90 mmHg
or those taking antihypertensive medications were considered to have arterial hypertension [25].
Dyslipidemia was defined as total cholesterol (TC) ≥5.0 mmol/L or low-density lipoprotein cholesterol
(LDL-c) ≥3.0 mmol/L serum levels or current treatment with lipid-lowering agents. Non-high-density
lipoprotein (HDL) cholesterol fraction was calculated by the formula = (total cholesterol − HDL
cholesterol). Chronic kidney disease (CKD) was defined as an estimated glomerular filtration rate
(eGFR) <60 mL/min/1.73 m2, calculated by the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) formula [26]. Hyperuricemia was defined as uric acid plasma levels >337 μmol/L for
women and >403 μmol/L for men, as per our institutional laboratory cutoffs. Diabetes mellitus
was defined as plasma glycated hemoglobin (HbA1c) ≥6.5% or fasting plasma glucose ≥7.0 mmol/L,
according to the American Diabetes Association (ADA) guidelines or current treatment with oral
hypoglycemic and/or insulin agents [27]. Obesity was determined by the BMI ≥30 kg/m2 as defined by
the World Health Organization (WHO) criteria. Patients with admission hemoglobin count <119 g/L
for women and <138 g/L for men were considered to have anemia. Smoking was defined as current
or former/past smoking. Left bundle branch block (LBBB) was defined based on the analysis of
the available in-hospital ECG tracings, according to established recommendations [28]. For the
evaluation of HF-related symptom burden, we used a New York Heart Association (NYHA) functional
classification of heart failure, adjudicated by the same on-site principal investigator in collaboration
with the HF-certified cardiology specialist.

2.4. Echocardiography

A transthoracic echocardiography (TTE) examination was performed on the same day as blood
samples were collected. All measurements were taken while patients were at rest and in the left
lateral decubitus position and by following recommendations for cardiac chamber quantification by
echocardiography in adults endorsed by the American Society of Echocardiography (ASE) and the
European Association of Cardiovascular Imaging (EACVI) [29]. A single on-site cardiology consultant
with an expertise in ultrasonography performed all echocardiographic examinations. Measurements
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included quantification of left ventricle (LV) internal dimensions in diastole (LVEDd, mm), systole
(LVESd, mm) in parasternal long-axis view, and M-mode tracing while LV volumes were measured
in the apical four- and two-chamber views. LV ejection fraction (LVEF) was measured several times
by the 2D biplane method, according to the modified Simpson’s rule and the average value was
recorded [30]. Fractional shortening (FS, %) was derived from linear measurements obtained from 2D
images. Posterior left ventricular wall thickness (LVPWd, mm) and interventricular septal thickness
(IVSd, mm) were measured by the linear method. LV mass was calculated by the linear method
and the Cube formula—LV Mass (g) = 0.8 × 1.04 × [(LVEDd + IVSd + LVPWd)3 − LVEDd3] + 0.6.
Left ventricular mass index (LVMI) was calculated by dividing LV mass with body surface area
(BSA) and expressed in g/m2. Left-ventricular remodeling was assessed by calculating relative wall
thickness (RWT) that allowed for the further classification of the LV mass increase as either concentric
hypertrophy (RWT > 0.42) or eccentric hypertrophy (RWT ≤ 0.42), while RWT was calculated by the
formula RWT = (2 × LVPWd)/LVEDd. Left atrium (LA, mm) size quantification was performed in
the parasternal long-axis view, perpendicular to the aortic root long axis at the end of the LV systole,
while aortic root (Ao, mm) measurements were obtained in the parasternal long-axis view. LA/Ao
represents the ratio of LA internal diameter and diameter of Ao. Echocardiographic parameters were
used to aid in the diagnosis of HFpEF and to be considered for the HFpEF diagnosis, patients had to
have symptoms and signs of HF, LVEF ≥50% and elevated natriuretic peptides further accompanied
with relevant structural or functional heart alterations, as assessed by echocardiography. Structural
abnormalities included left-ventricular hypertrophy, left atrial enlargement, or left ventricular mass
index (LVMI) ≥115 g/m2 for men and ≥95 g/m2 for women. Significant functional alterations were
considered if the ratio of the peak early mitral inflow velocity over the early diastolic mitral annular
velocity (E/e’) ≥13 cm/s and mean early diastolic myocardial relaxation velocities (e’ septal and lateral
wall) were <9 cm/s. Doppler estimation of pulmonary artery systolic pressure (PASP) >35 mmHg
was also used to aid in the diagnosis. Where necessary, to unmask diastolic dysfunction and alter
pseudonormal filling into impaired relaxation, a Valsalva maneuver was performed in patients.

All images were acquired using the Vivid 9 ultrasound system (GE Medical Systems, Milwaukee,
WI, USA) and stored/analyzed on the Echo PAC workstation (EchoPac PC, version 112; GE Medical
Systems, Milwaukee, WI, USA).

2.5. Laboratory Analyses

Blood was drawn after patients fasted from the antecubital vein by using a polyethylene butterfly
needle and was stored into two vials, one with a clot activator (BD Vacutainer®CAT-Clot Activator
Tube, 2.0 mL) and other containing anticoagulant K3 EDTA (BD Vacutainer®K3E 3.5 mg, 2.0 mL). These
samples were then immediately transferred to the Department of Medical Laboratory Diagnostics,
where they were further processed according to good laboratory practice. From one of the vials, blood
was centrifuged (20 min at 2,000 rpm at 4 ◦C) and the obtained sera were divided into two aliquots
and stored at a temperature of −80 ◦C, until analysis. All blood samples were analyzed in the same
certified institutional biochemical laboratory, by using the standard laboratory procedures.

Catestatin levels in serum were determined by an enzyme-linked immunosorbent assay (ELISA),
by using a commercially-available diagnostic kit (EK-053-27CE, EIA kit, Phoenix Pharmaceuticals Inc.,
Burlingame, CA, USA). According to the manufacturer’s instruction, the kit measurement range was
0–100 ng/mL. Reported sensitivity for catestatin was 0.05 ng/mL with a linear range of 0.05–0.92 ng/mL.
Cross-reactivity with endogenous human catestatin peptide for this assay kit was 100% with the
intra-assay and inter-assay coefficient of variability being<10% and<15%, respectively. High-sensitivity
cardiac troponin I (hs-cTnI) concentrations were determined by using Abbot Diagnostics hs-cTnI assay
(Abbott ARCHITECT ci16200 analyzer, Abbott, Chicago, IL, USA) with the upper limit of 99th percentile
being 34.2 ng/L for men and 15.6 ng/L for women. The N-terminal (1–76) pro brain natriuretic peptide
(NT-proBNP) concentrations were determined using Eclesys®Cobas e601 NT-proBNP assay via the
electrochemiluminescense (ECLIA) method (Roche Diagnostics, Manheim, Germany). Hemoglobin
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A1c (HbA1c) levels were measured by using high-performance liquid chromatography (HPLC) (Tosoh
G8, Tosoh Bioscience, Tokyo, Japan). Electrolyte levels were determined by the potentiometric
method, while C-reactive protein (CRP) was determined by the immunoturbidimetric method on the
Architect c16200 system (Abbott, Chicago, IL, USA). Complete blood count and differential blood
count were determined by using standard flow-cytometry-based hematologic analyses (ADVIA 2120i,
Siemens Healthcare, Erlangen, Germany). Fasting glucose, total cholesterol, high-density lipoprotein
cholesterol (HDL-c), low-density lipoprotein cholesterol (LDL-c), triglycerides, blood urea nitrogen
(BUN), creatinine, D-dimer, and uric acid concentrations were analyzed through the standard laboratory
methods (ARCHITECT ci16200, Abbott, Chicago, IL, USA).

2.6. Statistical Analysis

Data were analyzed using SPSS Statistics for Windows®(version 25.0, IBM, Armonk, NY, USA)
and Prism 6 for Windows®(version 6.01, GraphPad, La Jolla, CA, USA). Data were presented as mean
± standard deviation (SD) or median (interquartile range) based on the variable distribution normality
or number (N) with percentage (%), within the particular category of interest. Normality of distribution
for continuous variables was assessed with the Kolmogorov-Smirnov test. For differences between
groups, an independent samples t-test was used for continuous variables with normal distribution,
while the Mann–Whitney U test was used for continuous variables with non-normal distribution.
The chi-squared (χ2) test was used to determine differences between groups in terms of categorical
variables, while the Fisher Exact test was employed in cases where a group of interest had <5 cases.
For comparisons of continuous variables among >2 groups of interest, a one-way ANOVA was used
with a post-hoc Tukey test. Finally, a multivariable linear regression analysis with forward algorithm
was applied to determine significant and independent correlates of the catestatin serum level, which
was defined as a dependent continuous variable. This linear regression model was weighted by sex,
previous history of MI, and covariate-adjusted for age, BMI, eGFR, arterial systolic blood pressure, and
LVEF. To further minimize the chance of overfitting, separate multivariable linear regression analyses
were undertaken for each variable of interest. In these analyses, univariate beta coefficient and its
respective significance value was reported for every evaluated variable, while the unstandardized
coefficient (B) with standard error (SE), standardized coefficient (β), t-statistics, and their associated
p-value were reported only for those variables that retained significance in the multivariable model.
A two-tailed p-value <0.05 was considered to be statistically significant.

3. Results

3.1. Patients’ Baseline Characteristics

Out of 118 consecutive patients that presented with acute dyspnea, a total of 90 patients were
included in the final analysis, after applying the study exclusion criteria (Figure 1).

There was equal representation of sexes, with a slight predominance of women (N = 47, 52.2%)
and the mean age of the population being 70.3 ± 10.2 years. The majority of patients were in the NYHA
III functional class (62.2%), followed by NYHA IV (21.1%), while 15 (16.7%) were in the NYHA II class.
Less than half of the patients (N = 40, 44.4%) had suffered MI in the past, 37 (41.1%) were diabetics, 34
(37.8%) were present or former smokers, while 84 (93.3%) had arterial hypertension. Atrial fibrillation
was documented in 55.6% of patients, while more than half of the patients (51.1%) were in the CKD
stage 3 or higher. Furthermore, 36 (40%) patients had at least one HF-related hospitalization during
the previous year. Most of the patients had HFrEF phenotype (N = 39, 43.4%), followed by HFpEF
(N = 31, 34.4%), while 20 (22.2%) had a midrange LVEF. Baseline characteristics of the patient cohort
are available in Table 1.
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Table 1. Baseline data and pharmacotherapy of the enrolled cohort stratified by the positive history of
myocardial infarction.

VARIABLE
Total Cohort

N = 90
ADHF without MI

N = 50
ADHF with MI

N = 40
p-Value *

Demographics and clinical profile

Age, years 70.3 ± 10.2 69.8 ± 10.8 70.9 ± 9.6 0.610
Female sex 47 (52.2) 33 (66.0) 14 (35.0) 0.003

Body mass index, kg/m2 30.2 ± 4.2 30.8 ± 4.4 29.6 ± 3.9 0.182
Body surface area, m2 2.02 ± 0.18 2.02 ± 0.19 2.03 ± 0.17 0.792
Waist-to-hip ratio 0.98 ± 0.08 0.97 ± 0.09 0.99 ± 0.06 0.095
Systolic blood pressure, mmHg 137 ± 28 134 ± 23 140 ± 32 0.285
Diastolic blood pressure, mmHg 80 ± 13 79 ± 12 82 ± 14 0.279
Heart rate at admission, beats/min 95 ± 31 94 ± 28 96 ± 35 0.726
Heart rate at rest, beats/min 88 ± 26 90 ± 28 84 ± 22 0.300
HF-related hospitalization event in a
previous year 36 (40.0) 15 (30.0) 21 (52.5) 0.030

Pacemaker/ICD/CRT device 13 (14.4) 3 (6.0) 10 (25.0) 0.011

Left bundle branch block 35 (38.9) 19 (38.0) 16 (40.0) 0.847
NYHA functional class 3.0 ± 0.62 2.9 ± 0.53 3.2 ± 0.69 0.031

CKD stage 2.6 ± 0.9 2.3 ± 1.0 2.9 ± 0.8 0.004

LVEF ≤35%, biplane Simpson 37 (41.1) 16 (32.0) 20 (50.0) 0.083
SaO2 <90% at admission 34 (37.8) 18 (36.0) 10 (40.0) 0.777

Comorbidities and concomitant clinical conditions

Diabetes mellitus 37 (41.1) 17 (34.0) 20 (50.0) 0.125
Anemia 36 (40.0) 12 (24.0) 14 (35.0) 0.253
Obesity 38 (42.2) 25 (55.6) 13 (35.1) 0.065
Hyperuricemia 75 (83.3) 40 (83.3) 35 (87.5) 0.193
Dyslipidemia 60 (66.6) 33 (66.6) 27 (67.5) 0.743
Chronic obstructive pulmonary disease 21 (23.3) 14 (28.0) 7 (17.5) 0.242
Chronic kidney disease 46 (51.1) 21 (42.0) 25 (62.5) 0.053
Arterial hypertension 84 (93.3) 45 (90.0) 39 (97.5) 0.156
Atrial fibrillation 50 (55.6) 28 (56.0) 22 (55.0) 0.924
Peripheral artery disease 19 (21.1) 9 (18.0) 10 (25.0) 0.419
Smoker, present or former 34 (37.8) 14 (28.0) 20 (50.0) 0.032

History of stroke or transient ischemic
attack 7 (7.8) 4 (8.0) 3 (7.5) 0.930

Pharmacotherapy

ACE inhibitor or ARB 70 (77.8) 41 (82.0) 29 (72.5) 0.245
Sacubitril-valsartan 24 (26.7) 11 (22.0) 13 (32.5) 0.154
β-blocker 81 (90.0) 43 (86.0) 38 (95.0) 0.235
Ca2+ channel blocker 13 (14.4) 9 (18.0) 4 (10.0) 0.305
MRA 42 (46.7) 24 (48.0) 18 (45.0) 0.953
Diuretics 82 (91.1) 45 (90.0) 37 (92.5) 0.274
Digoxin 18 (20.0) 9 (18.0) 9 (22.5) 0.554
Aspirin 35 (38.9) 13 (26.0) 22 (55.0) 0.005

Warfarin 23 (25.6) 14 (28.0) 9 (22.5) 0.617
NOAC 22 (24.4) 13 (26.0) 9 (22.5) 0.821
Statin 33 (36.7) 14 (28.0) 19 (47.5) 0.035

Values are mean ± SD or N (%); * an independent samples t-test or Chi-squared test or Fisher Exact test were used
for comparisons between two groups of interest, as appropriate. Abbreviations: ACE—angiotensin-converting
enzyme; ARB—angiotensin receptor blocker; CKD—chronic kidney disease; CRT—cardiac resynchronization
therapy; HF—heart failure; ICD—implantable cardioverter defibrillator; LVEF—left ventricular ejection fraction;
MI—myocardial infarction; MRA—mineralocorticoid receptor antagonist; NOAC—novel oral anticoagulant;
NYHA—New York Heart Association; SaO2—peripheral arterial oxygen saturation. Bold: statistical
significance <0.05.

3.2. ADHF Patients with a History of MI and Those Without

Patients with a history of MI (MI+) tended to be males and smokers; they had more advanced
kidney diseases and functional disease burden (as assessed by the NYHA classification), more
HF-related hospitalizations in the previous year and more pacemaker/ICD/resynchronization devices
implanted, compared to patients without any history of MI (MI–) (Table 1).
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Regarding pharmacotherapy use prior to hospital discharge, a higher use of aspirin and statins
was recorded among MI+ patients, compared to those without a history of MI. Among all patients, the
coverage of guideline-directed medical therapy was 77.8% for angiotensin-converting enzyme (ACE)
inhibitors or angiotensin receptor blockers (ARBs), 90% for beta-blockers, 26.7% for sacubitril-valsartan,
while mineralocorticoid receptor antagonists were used in 46.7% of all patients. Diuretics were
used by the vast majority of patients (91.1%), whereas half of the patients were on anticoagulation
medications (Table 1).

In terms of laboratory data, MI+ patients had higher serum creatinine (139.8 ± 70.4 vs.
99.9 ± 42.0 mmol/L, p = 0.001) and lower eGFR (49.2 ± 21.7 vs. 63.8 ± 25.7 mL/min/1.73 m2, p = 0.005)
values, compared to the MI– group. Biomarker values of NT-proBNP and hs-cTnI were significantly
higher among MI+ than MI– patients (5,227 (3,079–12,004) versus 2,286 (1,110–5,976) pg/mL, p = 0.008
and 35.8 (19.3–84.2) versus 16.0 (10.0–27.3) ng/L, p = 0.001, respectively). Furthermore, the average
glycated hemoglobin value was significantly higher among MI+ compared to MI– patients (6.97 ± 1.50
vs. 6.33 ± 0.94%, p = 0.017, respectively). Finally, MI+ patients had lower concentrations of total
cholesterol (4.1 ± 1.3 vs. 4.7 ± 1.3 mmol/L, p = 0.030) and its HDL and LDL fractions [0.9 (0.8–1.1) versus
1.0 (0.9–1.2) mmol/L, p = 0.023 and 2.4 ±1.1 vs. 2.9 ± 1.1 mmol/L, p = 0.029, respectively) compared to
the MI– patients (Table 2).

Table 2. Laboratory data of the enrolled cohort stratified by the history of myocardial infarction.

Variable
Total Cohort

N = 90

ADHF without
Prior MI
N = 50

ADHF with
Prior MI
N = 40

p-Value *

Laboratory values

Sodium, mmol/L 138.9 ± 3.7 139.0 ± 4.1 138.7 ± 3.2 0.725
Potassium, mmol/L 4.2 ± 0.4 4.1 ± 0.4 4.2 ± 0.5 0.252
Creatinine, μmol/L 117.6 ± 59.5 99.9 ± 42.0 139.8 ± 70.4 0.001

BUN, mmol/L 4.9 ± 2.6 4.5 ± 2.5 5.4 ± 2.8 0.132
eGFR, mL/min/1.73 m2 57.3 ± 24.9 63.8 ± 25.7 49.2 ± 21.7 0.005

Uric acid, μmol/L 535 ± 165 511 ± 179 565 ± 143 0.130
Albumin, g/L 38.7 ± 4.1 38.6 ± 4.1 38.8 ± 4.2 0.849
Total proteins, g/L 68.2 ± 7.2 67.5 ± 7.8 69.0 ± 6.3 0.314
Hemoglobin, g/L 133.4 ± 19.2 134.1 ± 18.7 132.6 ± 19.9 0.706
WBC count, ×109/L 8.08 ± 2.59 7.73 ± 2.49 8.51 ± 2.66 0.156
Erythrocytes, ×1012/L 4.48 ± 0.69 4.46 ± 0.69 4.51 ± 0.71 0.775
Thrombocytes, ×109/L 214 ± 60 217 ± 61 209 ± 58 0.522
Lymphocytes, ×109/L 1.50 ± 1.35 1.49 ± 0.70 1.50 ± 0.68 0.970
Neutrophils, ×109/L 5.64 ± 2.18 5.41 ± 2.11 5.92 ± 2.24 0.278
Fasting glucose, mmol/L 8.2 ± 3.0 7.7 ± 2.6 8.8 ± 3.4 0.091
HbA1c, % 6.61 ± 1.26 6.33 ± 0.94 6.97 ± 1.50 0.017

NT-proBNP, pg/mL 3586 (1361–7787) 2286 (1110–5976) 5277 (3079–12004) 0.008

hs-cTnI, ng/L 22.9 (11.6–49.0) 16.0 (10.0–27.3) 35.8 (19.3–84.2) 0.001

CRP, mg/L 8.4 (4.9–20.5) 7.9 (4.7–17.7) 11.5 (6.6–30.6) 0.110
D-dimer, mg/L 1.62 ± 1.35 1.55 ± 1.33 1.72 ± 1.40 0.718
Triglycerides, mmol/L 1.56 ± 0.64 1.51 ± 0.64 1.61 ± 0.65 0.471
Total cholesterol, mmol/L 4.4 ± 1.3 4.7 ± 1.3 4.1 ± 1.3 0.030

HDL cholesterol, mmol/L 1.0 (0.8–1.2) 1.0 (0.9–1.2) 0.9 (0.8–1.1) 0.023

LDL cholesterol, mmol/L 2.7 ± 1.1 2.9 ± 1.1 2.4 ± 1.1 0.029

Values are mean ± SD or median (interquartile range); * Based on the variable distribution, an independent samples
t-test or Mann–Whitney U test were used for the group comparisons, as appropriate. Abbreviations: BUN–blood
urea nitrogen; CRP–C-reactive protein; eGFR–estimated glomerular filtration rate by chronic kidney disease
epidemiology collaboration (CKD–EPI) formula; HDL–high-density lipoprotein; HbA1c–glycated hemoglobin;
hs-cTnI–high sensitivity cardiac troponin I; LDL–low-density lipoprotein; NTproBNP—N-terminal pro B-type
natriuretic peptide; WBC–white blood cells count. Bold: statistical significance <0.05.
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No significant differences between two groups stratified by MI history were observed with
regards to the echocardiographic parameters, while the mean LVEF in the total ADHF sample was
43.4 ± 16.4 percent (Table 3).

Table 3. Echocardiographic parameters of the total cohort and data stratified by the history of
myocardial infarction.

Variable
Total Cohort

N = 90

ADHF without
Prior MI
N = 50

ADHF with
Prior MI
N = 40

p-Value *

LVEF, biplane Simpson, % 43.4 ± 16.4 46.3 ± 15.8 39.9 ± 16.6 0.066
LV mass, g 254.4 ± 95.7 250.2 ± 93.9 258.5 ± 97.5 0.686
LVMI, g/m2 119.0 ± 47.3 117.3 ± 46.5 120.7 ± 48.1 0.744
LV EDd, mm 57.9 ± 9.4 56.9 ± 8.5 58.9 ± 10.4 0.322
LV ESd, mm 42.6 ± 12.1 40.9 ± 11.3 44.6 ± 12.9 0.152
IVSd, mm 11 (10–13) 11 (10–13.5) 11 (10–12) 0.405
LV PWd, mm 10.9 ± 2.0 11.0 ± 1.9 10.9 ± 2.1 0.734
FS, % 27.3 ± 11.5 28.4 ± 11.4 25.9 ± 11.6 0.326
LV EDV, mL/m2 ** 85.2 ± 32.3 80.4 ± 26.4 91.1 ± 38.0 0.142
LV ESV, mL/m2 ** 45.0 ± 29.7 40.0 ± 25.4 51.3 ± 33.6 0.096
LA diameter, mm 49.9 ± 8.9 49.5 ± 9.7 50.3 ± 7.7 0.685
Aortic root diameter, mm 33.8 ± 5.1 33.3 ± 5.3 34.5 ± 4.9 0.295
LA/Ao ratio 1.49 ± 0.28 1.49 ± 0.31 1.48 ± 0.24 0.757

Values are mean ± SD or median (interquartile range); * Based on variable distribution, an independent samples
t-test or the Mann–Whitney U test were used for group comparisons, as appropriate; ** Indexed to body
surface area. Abbreviations: Ao—aortic root diameter; BSA—body surface area; EDd—end-diastolic diameter;
EDV—end-diastolic volume; ESd—end-systolic diameter; ESV—end-systolic volume; FS—fractional shortening;
IVSd—interventricular septum diameter; LA—left atrium; LV—left ventricle; LVEF—left ventricular ejection fraction;
LVMI—left ventricular mass index; PWd—posterior wall diameter.

3.3. CST Serum Levels Stratified by the History of MI and Across Different LVEF Phenotypes

When stratified by the history of myocardial infarction, MI+ patients had two-fold higher serum
CST levels compared to MI– patients (8.94 ± 6.39 vs. 4.90 ± 2.74 ng/mL, p = 0.001) (Figure 2).

Figure 2. Catestatin (CST) serum levels in acutely decompensated heart failure patients stratified by
the previous history of acute myocardial infarction.
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CST serum levels did not significantly differ between the three LVEF phenotypes (p = 0.143).
Patients in the HFrEF group exhibited the highest catestatin levels (7.74 ± 5.64 ng/mL), followed by the
HFmrEF (5.75 ± 4.19 ng/mL) and HFpEF (5.35 ± 2.77 ng/mL) groups (Figure 3).

Figure 3. CST serum levels according to the left ventricular ejection fraction, stratified into three
groups—heart failure with reduced ejection fraction (HFrEF), heart failure with midrange ejection
fraction (HFmrEF), and heart failure with preserved ejection fraction (HFpEF).

3.4. Associations of Serum CST Levels with Clinical and Laboratory Parameters

In multivariable linear regression analysis performed among the total patient sample, CST serum
levels positively correlated with the NYHA functional class (β = 0.491, p < 0.001). Furthermore, CST
levels were in inverse correlation with WHR (β = −0.237, p = 0.026), HbA1c (β = −0.235, p = 0.027), LDL
(β = −0.231, p = 0.029), non-HDL cholesterol (β = −0.237, p = 0.026), and hs-cTnI (β = −0.221, p = 0.030)
concentrations. Finally, heart rate, both at admission and measured at rest, negatively correlated with
the CST serum level (β = −0.201, p = 0.036 and β = −0.242, p = 0.030, respectively) (Table 4). Each
variable was tested in a multivariable linear regression model adjusted for covariates, with following
univariate β estimates and p-values—age (β = −0.122, p = 0.320), BMI (β = −0.098, p = 0.801), eGFR
(β = −0.109, p = 0.374), systolic blood pressure (β = 0.162, p = 0.412), LVEF (β = 0.311, p = 0.015), female
sex (β = 0.249, p = 0.039), and previous history of MI (β = 0.378, p < 0.001).
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Table 4. Univariate beta estimates and results from multivariable linear regression showing associations
of serum CST levels (ng/mL) with the clinical and laboratory parameters of interest.

Variable Univariate β p-Value * B SE β t p-Value **

NYHA class 0.533 <0.001 0.361 0.082 0.491 4.257 <0.001

WHR −0.335 0.012 −1.360 0.615 −0.237 −2.231 0.026

Heart rate at admission, bpm −0.164 0.125 −0.933 0.418 −0.201 −1.960 0.036

Heart rate at rest, bpm −0.189 0.098 −0.951 0.451 −0.242 −2.177 0.030

Total cholesterol, mmol/L −0.108 0.268
Triglycerides, mmol/L −0.201 0.101
HDL-c, mmol/L −0.082 0.508
LDL-c, mmol/L −0.272 0.019 −0.089 0.040 −0.231 −2.123 0.029

Non-HDL cholesterol, mmol/L −0.281 0.014 −0.094 0.045 −0.237 −2.298 0.026

NT-proBNP, pg/mL −0.193 0.074
hs-cTnI, ng/L −0.260 0.015 −0.080 0.111 −0.221 −0.799 0.030

CRP, mg/L 0.147 0.490
D-dimer, mg/L −0.094 0.770
Glucose, fasting, mmol/L −0.165 0.159
HbA1c, % −0.264 0.023 −0.085 0.039 −0.235 −1.248 0.027

* Statistical significance for univariate beta estimate; ** Multivariable linear regression model when testing each
variable was separately adjusted for age, body mass index, estimated glomerular filtration rate, systolic blood pressure,
left ventricular ejection fraction, and weighted by sex and the history of myocardial infarction. Abbreviations:
CRP-C—reactive protein; HDL—high-density lipoprotein; HbA1c—glycated hemoglobin; hs-cTnI—high sensitivity
cardiac troponin I; LDL—low-density lipoprotein; NT-proBNP—N-terminal pro B-type natriuretic peptide;
NYHA—New York Heart Association; WHR—Waist-to-Hip Ratio. Bold: statistical significance <0.05.

3.5. Associations of Serum CST Levels with Echocardiographic Parameters

CST serum levels were in positive correlation with LVEF (β = 0.271, p = 0.022) and fractional
shortening (β = 0.255, p = 0.029), while an inverse relationship was observed with respect to the left
ventricular mass (β = −0.249, p = 0.031), left ventricular mass index (β = −0.237, p = 0.015), left ventricular
end-diastolic (β = −0.341, p = 0.001) and end-systolic (β = −0.311, p = 0.005) diameters. Furthermore, left
ventricular end-diastolic and end-systolic volumes, indexed to BSA, were in a negative correlation with
the CST serum levels (β = −0.324, p = 0.002 and β = −0.328, p = 0.002, respectively). Finally, diameter of
the left atrium inversely correlated with the CST serum levels (β = −0.255, p = 0.021) (Table 5).

Table 5. Univariate beta estimates and results from multivariable linear regression showing associations
of serum CST levels (ng/mL), with echocardiographic parameters.

Variable Univariate β p-Value * B SE β t p-Value **

LVEF, % 0.323 0.010 0.700 0.299 0.271 2.350 0.022
LV mass, g −0.312 0.019 −0.001 0.001 −0.249 −2.185 0.031

LVMI, g/m2 −0.301 0.022 −0.002 0.001 −0.237 −2.488 0.015
LV EDd, mm −0.463 <0.001 −0.020 0.005 −0.341 −3.203 0.001
LV ESd, mm −0.411 <0.001 −0.013 0.004 −0.311 −2.762 0.005
IVSd, mm 0.181 0.139
LV PWd, mm −0.165 0.180
LV EDV, indexed to BSA, mL/m2 −0.375 <0.001 −0.002 0.001 −0.324 −3.211 0.002

LV ESV, indexed to BSA, mL/m2 −0.349 <0.001 −0.003 0.001 −0.328 −3.157 0.002
LA diameter, mm −0.297 0.010 −0.012 0.005 −0.262 −2.415 0.019
Aortic root diameter, mm −0.070 0.574
LA/Ao ratio −0.032 0.795
LAEDV, mL −0.171 0.251
LAVI, mL/m2 −0.233 0.101
Fractional shortening, % 0.292 0.021 0.011 0.003 0.255 2.198 0.029

* Statistical significance for univariate beta estimate; ** Multivariable linear regression model when testing each
variable separately was adjusted for age, body mass index, estimated glomerular filtration rate, systolic blood
pressure, and weighted by sex and the history of myocardial infarction; Abbreviations: Ao—aortic root diameter;
BSA—body surface area; EDd—end-diastolic diameter; EDV—end-diastolic volume; ESd—end-systolic diameter;
ESV—end-systolic volume; IVSd—interventricular septum diameter; LA—left atrium; LV—left ventricle; LVEF—left
ventricular ejection fraction; LVMI—left ventricular mass index; PWd—posterior wall diameter. Bold: statistical
significance <0.05.
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Finally, in terms of LV remodeling assessed by the value of relative wall thickness (RWT) derived
from echocardiographic measurements, more than half of the patients (N = 47, 52.2%) had eccentric
hypertrophy while one-quarter (N = 23, 25.8%) had concentric hypertrophy. Less than one-quarter of
patients had normal left ventricular geometry (N = 20, 22.4%) (Figure 4).

Figure 4. The distribution of left ventricular (LV) geometries as estimated by the relative wall thickness.

4. Discussion

We report that, among ADHF patients, serum catestatin levels were higher by two-fold among
individuals that previously had AMI, while no significant differences in catestatin serum levels were
observed among the different HF phenotypes stratified by LVEF (HFrEF versus HFmrEF versus
HFpEF). Furthermore, the catestatin serum levels positively correlated with the NYHA functional
class, independent of other covariates, while they were in negative correlation with WHR, LDL, and
non-HDL cholesterol, hs-cTnI, glycated hemoglobin, and heart rate (both at admission and at rest).
Finally, the catestatin serum levels correlated favorably with most of the relevant structural and
functional echocardiographic parameters of the left ventricle (LV), such as LVEF, fractional shortening,
LV volumes and diameters, LV mass and mass index, as well as the size of the left atrium.

We hypothesized that, due to the elevated neurohumoral and SNS activation in patients with
heart failure and ischemic heart disease [5–7,31], serum CST levels would likely be higher among
patients that previously suffered AMI, compared to those that did not. Importantly, circulating CST
levels closely paralleled norepinephrine levels in different myocardial ischemia states, among patients
with CAD [32]. Furthermore, since catecholamines are co-stored and co-released with a group of acidic
secretory proteins (such as ChgA), from the storage vesicles in adrenal chromaffin cells and adrenergic
neurons [33,34], it is plausible that CST levels might closely relate to the catecholaminergic “milieu“ in
the HF setting. As we hypothesized, our HF AMI+ cohort had more than two-fold higher levels of
circulating catestatin, compared to the AMI– patients. This finding is comparable to another study of
Liu et al. showing that plasma CST concentrations were significantly higher among HF patients with
ischemic versus non-ischemic etiology of the disease, however, this finding was limited to patients in
the NYHA III or IV class, and only HFpEF and HFrEF patients without a frank definition of ischemic
disease [17].

Catestatin is a part of a complex neurohumoral feedback system and is most likely secreted
peripherally as a counter-regulatory peptide attenuating excess catecholamine and SNS activity. Thus,
higher levels of this peptide in peripheral blood might indirectly reflect increased neurohumoral
burden and dysfunctional baroreflex control. However, precise pathophysiologic significance of the
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elevated CST levels in HF remains unknown [17,35]. Interestingly, this difference in catestatin serum
levels between the AMI+ and AMI– cohort was persistent in our study, regardless of the baseline
systolic blood pressure and guideline-directed pharmacotherapy targeting neurohumoral activation
pathways, since both groups were similar in that regard. By measuring the circulating catestatin
among similar HF patient groups (in terms of baseline characteristics and medication intake), it might
be possible to quantify any “residual“ neurohumoral activity that could be additionally targeted by
uptitration or introduction of additional neurohumoral disease-modifying drugs that might be used in
HF. This could be relevant for hard clinical outcomes, since high circulating catestatin levels measured
during index admission of CHF patients, independently predicted post-discharge all-cause death (HR
1.84, 95% CI 1.02–3.32) and cardiac death (OR 2.41 95% CI 1.26–4.62), while these effects were even
stronger if the natriuretic peptide levels were high [14]. However, this finding must be cautiously
interpreted, as it was based on a single-center study that enrolled 200 patients, thus, signaling that
more studies with larger enrollment are required in order to further determine the prognostic value of
CST as a biomarker implicated in HF.

Even more, CST measurement in combination with other disease biomarkers such as NT-proBNP
might give additional prognostic information in the HF population [14]. Interestingly, in a study by
Liu et al., plasma CST levels did not significantly decrease and remained high after treatment and
alleviation of the HF-related symptoms, while BNP plasma levels were significantly reduced [17].
This finding might suggest that residual catecholaminergic and SNS activity is preserved in these
patients, despite therapeutic intervention and subsequent short-term improvement of symptoms and
reduction of the circulating natriuretic peptides. It might also suggest that CST is a chronic, rather than
acute-response biomarker of neurohumoral activity in HF. Finally, multimarker strategies accumulating
independent information from a battery of biomarkers in terms of risk stratification in ADHF and CHF
are recommended nowadays, since each biomarker provides insight into different aspects of the HF
pathophysiology [36,37].

In the present study, ADHF patients within the whole spectrum of LVEF were included and,
to our knowledge, this is the first study that reported on CST levels in patients with “midrange“
LVEF. Although CST levels did not significantly differ between the three LVEF phenotypes, there is a
clear trend towards HFrEF patients having higher CST levels, while statistical significance was not
reached most likely due to the limited sample size. Additionally, circulating CST levels were highest
in the NYHA IV, followed by NYHA III, and were lowest in the NYHA II subgroup. This finding
was supported by a study of Liu et al. showing that plasma CST concentrations gradually increased
among CHF patients from NYHA I to IV class and no difference in CST concentrations was observed
between the HFrEF and HFpEF patients [17]. However, one study showed that the catestatin levels
decreased gradually from stage A to C of HF, when using the American Heart Association (AHA)
and American College of Cardiology (ACC) classification of HF [18]. In accordance with the previous
study by Liu et al, our findings might suggest that CST is a marker of advanced HF and its circulating
levels are dependent on a constellation of factors beyond the ejection fraction. Since the NYHA class
is consistently associated with hospitalizations and mortality in HF [38–40], our finding is of further
relevance because higher plasma CST levels measured at index hospitalization were independently
associated to increased risk of all-cause and cardiac death among CHF patients, during the median
follow-up of 52.5 months [14].

Importantly, our study showed that serum CST levels positively correlated with LVEF and fraction
shortening. Higher catestatin levels were associated with smaller LV volumes and dimensions, as
well as decreased LV mass and LA size. These are novel findings suggesting the cardioprotective
association of catestatin with structural and functional properties of left ventricle and dimensions
of the left atrium. Previous studies in which similar positive associations were observed were only
reported in the rat model of AMI [41] and in patients with AMI [16], but not in the ADHF setting.
One study conducted in the setting of AMI failed to demonstrate the relationship between catestatin
and LVEF [42]. Furthermore, patients with essential hypertension and left ventricular hypertrophy, as
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determined by echocardiography, had a significantly lower catestatin-to-norepinephrine ratio [43],
while mice with ablated ChgA gene showed increased LV mass and LV cavity dimensions. This
suggests that deficiency of the prohormone ChgA and its downstream products such as catestatin are
responsible for the loss of endogenous “brake“ on adrenergic activity and mediation of pathologic
LV remodeling [44]. Unlike our findings, Liu et al. did not find LVEF as an independent correlate of
plasma CST levels in their CHF cohort but rather reported the NYHA class, ischemic etiology of the
cardiomyopathy, and eGFR as independent predictors of CST levels [17].

We further expanded on these findings since our multivariable regression analysis showed that
independent negative predictors of CST serum levels were HbA1c, LDL and non-HDL cholesterol
fractions, hs-cTnI, WHR, and HR (both at admission and at rest). These are novel findings in the
context of HF and can be related to some reports on the role of CST in other diseases. Of note, catestatin
suppressed hepatic glucose production and was associated with improved insulin sensitivity in mice
with diet-induced obesity [45], while it also induced glucose uptake and GLUT4 trafficking in adult
rat cardiomyocytes, thus, likely improving cardiac energetics [46]. One study performed among
obese children and adolescents found that catestatin negatively correlated with the homeostatic model
assessment of insulin resistance (HOMA-IR) and its levels were significantly reduced in obese subjects,
compared to the control group [47]. CST also improved peripheral leptin sensitivity and promoted
lipolysis and fatty acid oxidation in a preclinical model [48], thus, confirming its antiobesic effect [49].
These data altogether suggest that CST is associated with improved systemic glycemia and metabolic
profile and these inferences are concordant to our findings in the ADHF population, since we observed
negative associations of glycated hemoglobin and WHR with serum CST concentrations.

In terms of catestatin and lipid metabolism, no comparable data are available for the HF
population. In a study among untreated hypertensive patients, catestatin levels correlated positively
with HDL-cholesterol levels but no associations were observed with respect to the total cholesterol or
other cholesterol fractions [50], while CST correlated negatively with HDL cholesterol among obstructive
sleep apnea patients [11]. Similarly, catestatin significantly retarded aortic atherosclerotic lesions with
declined lipoprotein-induced foam cell formation in a preclinical experiment [51], while its levels were
inversely associated with the severity of atherosclerosis, among patients with CAD [52]. These data
suggest that CST is associated with an improved lipid profile and likely exerts antiatherosclerotic
effects, thus, partially explaining the negative associations of LDL and non-HDL cholesterol fractions
with the CST levels, as observed in this study.

Relationship of CST with cardiac troponin, a hallmark biomarker of myocardial injury, has not
been previously described, especially not in the HF setting. Our study revealed a weak but significant
and independent inverse association of hs-cTnI concentrations with CST. Increased troponin levels
in HF are common and can occur due to many mechanisms other than myocardial ischemia, such as
elevated filling pressures, increased wall stress, tachycardias, arrhythmias, anemia, hypotension, and
increased cardiomyocyte membrane permeability, causing a leak of cardiac troponin from the cytosolic
pool into circulation [53]. Furthermore, pathologic processes in HF that occur on a cellular level, such
as cardiomyocyte apoptosis, dysfunctional autophagy, and chronic breakdown of contractile apparatus,
can result in a rise of circulating troponin levels, particularly those detected with high-sensitivity
assays [53,54]. Since CST was associated with improved structural and functional echocardiographic
parameters and lower left ventricular mass in our study, it is plausible that these effects might attenuate
the extent of myocardial injury during the acute HF decompensation. However, it remains unknown
whether this relationship is of chronic or acute nature and what are the dynamics of circulating troponin
and CST during the natural course of HF.

Finally, CST serum levels were independently and inversely related to HR, both at admission and
bedside rest. Previously, CST was characterized as an endocrine modulator of cardiac inotropism and
lusitropism, by exhibiting cardiosuppressive effects on basal cardiac function and antagonistic action
on beta-adrenergic positive inotropism and endothelin-1-mediated vasoconstriction, especially under
stressed conditions [55–57]. Likewise, a study performed in mice showed that CST has a profound
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effect on autonomic function as its administration improved HR variability and decreased tachycardia
by 10% in a ChgA knockout mice model, while wildtype mice had significantly lower HR at baseline
compared to a ChgA knockout [58]. Our findings seem to support these preclinical observations, since
patients with higher CST levels were more likely to have a generally lower HR.

There are several limitations to this study. This is a single-center clinical report with the
cross-sectional design and no follow-up, therefore, we lack data on CST dynamics at various time-points
and no causal inferences could be made due to the possibility of interference of non-measured
confounders. Thus, enrolment of a larger number of patients might be required to generalize these
results and to ascertain the potential relationship of CST with other relevant parameters of interest.
Due to the lack of mechanistic insights, associations of CST with the measured parameters cannot
be verified through a direct pathophysiological link, thereby, requiring further elucidation in future
mechanistic preclinical and translational studies. Furthermore, direct measurements of circulating or
urinary catecholamines or SNS activity parameters have not been performed in this study, therefore,
we could not quantify catecholamine burden or sympathetic “excess“ in our ADHF cohort. Finally, we
lack data on specific pulmonary function parameters and lifestyle-related parameters as these were not
prespecified and measured in our study design.

5. Conclusions

Results of this study are novel for this population and suggest that the role of CST in HF is complex
and multidimensional. On the one hand, higher CST levels are associated with beneficial metabolic
and cardioprotective effects and, on the other, high CST levels reflect higher disease severity and most
likely parallel increased neurohumoral activity that might translate to adverse outcomes during the
natural course of disease. These findings could have clinical impact in the sense that CST could serve
as a chronic marker of increased or residual sympathetic activation and could potentially be measured
alongside established HF biomarkers, such as natriuretic peptides in the identification of HF patients
with advanced disease burden and an increased risk of post-discharge mortality. Furthermore, future
treatments developed to target neurohumoral pathways and to attenuate sympathetic nervous system
activity in HF might translate to changes in circulating CST levels, thus, making them appropriate for
the measurement of response to HF-directed therapy. Finally, further mechanistic studies and larger
clinical studies with follow-up powered for relevant clinical endpoints are required to confirm the
findings obtained in this study.
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Abstract: Background: Various biomarkers have been associated with coronary artery disease (CAD)
and ischemic heart failure. The aim of this study was to investigate the correlation of serum levels
of soluble urokinase-type plasminogen activator receptor (suPAR), growth differentiation factor 15
(GDF-15), heart-type fatty acid-binding protein (H-FABP), and soluble suppression of tumorigenicity
2 (sST2) with left ventricular ejection fraction (EF) in CAD patients and controls. Methods and Results:
CAD patients were divided into three groups according to their EF as measured by the biplane
Simpson method (53–84%, 31–52%, ≤30%). Overall, 361 subjects were analyzed. In total, 155 CAD
patients had an EF of 53–84%, 71 patients had an EF of 31–52%, and 23 patients had an EF of ≤30%
as compared to 112 healthy controls (age 51.3 ± 9.0 years, 44.6% female). Mean ages according to
EF were 62.1 ± 10.9, 65.2 ± 10.1, and 66.6 ± 8.2 years, respectively, with females representing 29.0,
29.6, and 13.0%. suPAR, GDF-15, H-FABP, and sST2 values were significantly higher in CAD patients
and showed an exponential increase with decreasing EF. In a multiple logistic regression model,
GDF-15 (p = 0.009), and NT-brain natriuretic peptide (p = 0.003) were independently associated with
EF. Conclusion: Biomarkers such as suPAR, GDF-15, H-FABP, and sST2 are increased in CAD patients,
especially in highly impaired EF. Besides NT-proBNP as a well-known marker for risk prediction,
GDF-15 may be an additional tool for diagnosis and clinical follow-up.

Keywords: heart failure; ejection fraction; soluble urokinase-type plasminogen activator receptor
(suPAR); growth differentiation factor 15 (GDF-15); heart-type fatty acid-binding protein (H-FABP);
soluble suppression of tumorigenicity 2 (sST2)

1. Introduction

Coronary artery disease (CAD) resulting in chronic heart failure (CHF) is still one of the most
important topics in socio-economic fields despite various advancements in treatment options over the
last decades.

Several pathophysiological processes such as inflammation or myocardial stress have to be
considered to understand the complexity of CAD and the ventricular remodeling mechanisms leading
to CHF. During the last years, cardiovascular biomarkers reflecting these sequences have raised the
attention of many research groups in order to identify patients at risk at an early timepoint, as well as
to optimize their treatment strategies.

Elevated levels of soluble urokinase-type plasminogen activator receptor (suPAR),
a membrane-bound receptor, have been associated with coronary calcification [1], systemic
inflammation [2], and CHF [3].
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Growth differentiation factor 15 (GDF-15) is a transforming growth-factor beta cytokine that
is mainly expressed in inflammatory settings [4,5], and its prognostic utility has been previously
described in cardiovascular disease [6], especially in CHF [7].

Heart-type fatty acid-binding protein (H-FABP) represents a protein in cardiomyocyte cytoplasm
and can be found in skeletal muscle [8], cardiac microvasculature, and endothelial cells as well [9].
H-FABP in cardiomyocytes is indispensable to ensure a high flux of long-chain fatty acids and therefore
plays an important role in the energy supply.

Suppression of tumorigenicity (ST) 2 is an interleukin (IL)-1 receptor, which can occur as
transmembrane receptor and a soluble form (sST2). The natural ligand of ST2 is IL-33, which acts
as a traditional cytokine and as a transcription factor [10] binding to circulating sST2. Soluble ST2
serves as a decoy receptor inhibiting the IL-33/ST2-ligand (ST2L) complex resulting in an attenuation
of IL-33-mediated inflammation [11], and consequently limits the cardioprotective effect of IL-33/ST2L
activation. Increased levels of sST2 have been described in acute coronary syndromes [12], CHF [13],
chronic obstructive pulmonary disease, and sepsis [14].

Although there is quite a wide range of studies depicting the impact of aforesaid biomarkers
on poor clinical outcome in CHF [7,15–20], their detailed course of plasma levels in decreasing left
ventricular ejection fraction (EF) has not yet been investigated. The aim of this analysis was to
determine suPAR, GDF-15, H-FABP, and sST2 levels in CHF patients and, furthermore, to investigate
their association with EF in comparison to the well-established biomarker N-terminal pro brain
natriuretic peptide (NT-proBNP).

2. Methods

The clinical trials registration number was NCT02097199 (IPHAAB-study)/NCT02159235, under
the title “Heavy Metals, Angiogenesis Factors and Osteopontin in Coronary Artery Disease”.

2.1. Subjects and Patient Population

Between October 2011 and December 2017, 249 patients with recently angiographically proven
CAD were recruited in course of their inpatient stay at the Medical University of Vienna, Austria, in
the Department of Internal Medicine II/Cardiology. Patients were included if coronary angiography
revealed any atherosclerotic alteration in at least one coronary artery, regardless of any criteria
necessitating coronary intervention. Patients were also included if any coronary intervention had
been performed ≤7 days prior to enrolment. This cohort was further subdivided into three subgroups
depending on left ventricular ejection fraction (EF): (1) 53–84%, (2) 31–52%, and (3) ≤30%. This
classification was done in adherence to the current recommendations of the American Society
of Echocardiography and the European Association of Cardiovascular Imaging [21] without any
gender-specific analysis.

As a control group (to obtain reference values for the mentioned biomarkers) we recruited
112 subjects without angiographically proven CAD. In this group we performed a bicycle stress
test (Ergometer eBike comfort, GE Medical Systems, Freiburg, Germany). Only subjects without
corresponding anamnesis, typical symptoms, and/or ischemia-related ECG-abnormalities at rest or
exhaustion were included in the control group.

In both groups detailed anthropometric and anamnestic data as well as routine laboratory
parameters were assessed.

The study was carried out in adherence to the Declaration of Helsinki and its later amendments.
The protocol has been approved by the Ethics Committee of the Medical University of Vienna and
informed consent was obtained from all participating subjects prior to any study-related procedure.

2.2. Echocardiographic Analysis

Echocardiographic data was obtained with the use of the commercially available ultrasound
systems (GE Medical Systems Vivid 7 Dimensions, Horton, Norway). All measurements were
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performed by experienced board-certified physicians according to the recommendations of the
American Society of Echocardiography and the European Association of Cardiovascular Imaging [21].
The examiners were blinded to the levels of suPAR, GDF-15, H-FABP, and sST2. EF was calculated using
the biplane method of disks with the following formula: (end-diastolic volume minus end-systolic
volume) divided by end-diastolic volume (biplane Simpson method).

2.3. Laboratory Analysis

Blood samples were taken from an arm vein after 10 minutes in a lying position with a tube/adapter
system. Samples were then placed in a standard centrifuge (Rotanta 460, Hettich GmbH & Co. KG,
Tuttlingen, Germany) and were processed with 2500 rpm for 10 min.

Serum levels of suPAR, GDF-15, H-FABP, and sST2 were analyzed by utilizing enzyme-linked
immunosorbent assay (ELISA) kits that are commercially available (Duoset DY206, DY1678, DY807,
DY957; R&D Systems, Minneapolis, MN, USA). Preparation of all necessary reagents and measurements
were performed according to the instructions supplied by the manufacturer. In short, patient serum
samples and standard protein were added to the wells of the ELISA plates (Nunc MaxiSorp flat-bottom
96-well plates, VWR International GmbH, Vienna, Austria) and were incubated for two hours. ELISA
plates were then washed using a Tween 20/PBS solution (Sigma Aldrich, St. Louis, MO, USA). In the
next step, a biotin-labelled antibody was added and plates were incubated for another two hours.
Plates were then washed once more and a streptavidin-horseradish-peroxidase solution was added to
the wells. By adding tetramethylbenzidine (TMB; Sigma Aldrich, St. Louis, MO, USA) a color reaction
was generated. Optical density (OD) values were measured at 450 nm on an ELISA plate-reader (iMark
Microplate Absorbance Reader, Bio-Rad Laboratories, Vienna, Austria).

The analysis was performed according to the manufacturer’s instructions. The coefficients of
variation (CV) were for suPAR: 2.1–2.7% (intra-assay) and 5.1–5.9% (inter-assay); for H-FABP: 0.3–4.7%
(intra-assay) and 1.3–17.4% (inter-assay); for sST2: 4.4–5.6% (intra-assay) and 5.4–7.1% (inter-assay);
and for GDF-15: 4.7–5.9% (intra-assay) and 1.8–2.8% (inter-assay).

2.4. Statistical Analysis

Statistical analysis was done with SPSS 20.0 (IBM, Armonk, NY, USA). Dichotomous variables are
expressed as frequencies or percentages. Continuous and normally distributed data is described by
means ± standard deviation (SD), not normally distributed data as median/25th quartile/75th quartile.
Comparisons between groups were made using the Chi-square or Fisher’s exact test for categorical
variables, and the Student t-test or Mann–Whitney U test for continuous variables, as appropriate.
Correlations between continuous parameters were calculated using the Spearman coefficient.

The influence of relevant parameters on EF was investigated first by univariate logistic regression.
To identify the most relevant predictors a multiple regression model was selected from the scope
of variables that reached statistical significance in univariate analysis by a backward procedure.
The significance limit for a predictor to enter the model was 0.05. All tests were two-sided and
p-values ≤ 0.05 were considered significant.

3. Results

3.1. Baseline Characteristics

Out of 249 CAD patients, 155 had an EF of 53–84%, 71 had 31–52%, and 23 patients had a severely
impaired EF (≤30%). Patients were 62.1 ± 10.9, 65.2 ± 10.1 and 66.6 ± 8.2 years old, and were female in
29.0%, 29.6%, and 13.0% of cases, respectively. The control group consisted of 112 healthy adults with
a mean age of 51.3 ± 9.0 years and with a higher proportion of women (44.6%). The detailed baseline
characteristics concerning cardiovascular risk factors and routine laboratory assessment according to
the four different groups are depicted in Table 1.
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Table 1. Baseline characteristics.

Control
(n = 112)

EF 53–84%
(n = 155)

EF 31–52%
(n = 71)

EF ≤ 30%
(n = 23)

p-Value

Age (years) 51.3 ± 9.0 62.1 ± 10.9 65.2 ± 10.1 66.6 ± 8.2 <0.001
Female sex (%) 44.6 29.0 29.6 13.0 0.006

Hypertension (%) 38.4 92.9 93.0 95.7 <0.001
Family history of CAD (%) 42.0 59.4 56.3 52.2 0.040

Diabetes (%) 5.4 21.9 25.2 34.8 <0.001
Dyslipidemia (%) 34.8 92.3 91.5 73.9 <0.001

BMI (kg/m2) 27.4 ± 4.2 27.8 ± 4.8 28.6 ± 5.7 29.5 ± 6.4 0.226
SBP (mmHg) 138 ± 16 131 ± 16 128 ± 16 129 ± 19 0.004
DBP (mmHg) 84 ± 12 76 ± 10 74 ± 10 79 ± 17 <0.001

HR (bpm) 67 ± 9 68 ± 12 71 ± 15 77 ± 13 0.003
Cholesterol (mg/dL) 200 ± 40 180 ± 52 164 ± 41 163 ± 56 <0.001

Triglycerides (mg/dL) 129 ± 78 153 ± 88 149 ± 83 148 ± 72 0.605
LDL (mg/dL) 117 ± 35 107 ± 40 94 ± 41 96 ± 35 0.495
HDL (mg/dL) 58 ± 18 48 ± 14 43 ± 12 37 ± 10 0.005

Creatinine (mg/dL) 0.9 ± 0.2 1.1 ± 0.8 1.2 ± 0.4 1.4 ± 0.5 0.003
ASAT (U/L) 26 ± 13 52 ± 61 52 ± 78 35 ± 25 0.311
ALAT (U/L) 27 ± 15 37 ± 27 43 ± 12 31 ± 25 0.569

Gamma GT (U/L) 30 ± 40 56 ± 100 89 ± 133 78 ± 88 0.076
HbA1c (rel%) 5.4 ± 0.6 6.0 ± 0.9 6.6 ± 1.7 7.1 ± 2.4 <0.001

Erythrocytes (T/L) 4.7 ± 0.5 4.5 ± 0.6 4.4 ± 0.6 4.6 ± 0.7 0.028
Hemoglobin (g/dL) 13.8 ± 1.4 13.3 ± 1.8 12.8 ± 1.8 12.8 ± 2.4 0.012

Hematocrit (%) 40 ± 3 39 ± 5 39 ± 5 39 ± 7 0.392
Platelet count (G/L) 243 ± 56 236 ± 74 250 ± 101 217 ± 89 0.040

Leukocytes (G/L) 6.6 ± 1.7 12.7 ± 2.0 8.0 ± 2.5 7.2 ± 2.1 0.494

Continuous variables are shown as mean ± standard deviation; ALAT: alanine aminotransferase; ASAT: aspartate
aminotransferase; BMI: body mass index; CAD: coronary artery disease; DBP: diastolic blood pressure; EF: ejection
fraction; GT: glutamyltransferase; HDL: high-density lipoprotein; HR: heart rate; LDL: low-density lipoprotein;
SBP: systolic blood pressure.

3.2. Biomarkers

Every investigated biomarker showed a constant increase with decreasing EF. suPAR levels from
controls were 1852 ± 759 pg/mL compared to 3181 ± 1387 in the worst EF group (p < 0.001). There was
a slight trend between the control cohort and CAD patients with normal EF (1852 ± 759 vs. 2178 ± 1108
pg/mL, p = 0.087), whereas there was a steep increase between normal EF and EF 31–52% (2178 ± 1108
vs. 2851 ± 1260 pg/mL, p < 0.001) (Figure 1).

 
Figure 1. Course of soluble urokinase-type plasminogen activator receptor in ischemic heart disease.
EF: ejection fraction; suPAR: soluble urokinase-type plasminogen activator receptor; EF: ejection fraction.
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Levels of GDF-15 were 699 ± 554 pg/mL in the control cohort with a significant difference to the
group with EF ≤ 30% (3173 ± 3008, p < 0.001). We also observed a relevant distinction between controls
and normal EF patients (1500 ± 1337, p < 0.001) and a slight trend between normal and mid-range EF
(1975 ± 1405, p = 0.086) (Figure 2).

Figure 2. Course of growth differentiation factor 15 in ischemic heart disease. GDF-15: Growth
differentiation factor 15.

Such as suPAR and GDF-15, H-FABP showed an increase with decreasing EF, but in contrast to the
mentioned markers, this difference did neither show significant differences between controls 2.54 ± 4.16
ng/mL and EF ≤ 30% (5.92 ± 4.48 ng/mL, p = 0.114), nor in between the three EF groups (Figure 3).

Figure 3. Course of heart-type fatty acid-binding protein in ischemic heart disease. H-FABP: heart-type
fatty acid-binding protein.

Soluble ST2 levels were 6476 ± 2916 pg/mL in patients without CAD and CHF with a considerable
increase compared to the worst CHF patients (9632 ± 6346 pg/mL, p = 0.038). No differences were
observed amongst the other cohorts (Figure 4).

Concerning the well-established NT-proBNP we found the expected values of 58 ± 103 ng/L in
controls, with a significant rise in CHF patients with poor EF (7041 ± 8791 ng/L, p < 0.001). There was
a trend between the control cohort and CAD patients with normal EF (1239 ± 3298 ng/L, p = 0.077),
whereas there was a significant increase between normal and mid-range EF patients (2843 ± 4306 ng/L,
p = 0.017) as well as between mid-range and poor EF (p < 0.001) (Figure 5).
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Figure 4. Course of soluble suppression of tumorigenicity 2 (sST2) in ischemic heart disease.

Figure 5. Course of N-terminal pro brain natriuretic peptide in ischemic heart disease. NT-proBNP:
N-terminal pro brain natriuretic peptide.

In a multiple, backward logistic regression analysis, positive predictors for EF were age (p < 0.001),
sex (p < 0.001), body mass index (p = 0.010), GDF-15 (p = 0.009) and NT-proBNP (p = 0.003, Table 2).

Table 2. Multiple logistic regression analysis for ejection fraction.

Parameters
Regression

Coefficient B
Standard Error Beta T p-Value

Constant −2.056 0.334 −6.149 <0.001
Age (years) 0.029 0.004 0.379 7888 <0.001

Sex 0.351 0.083 0.188 2.614 <0.001
BMI (kg/m2) 0.020 0.008 0.115 2.584 0.010

GDF-15 (pg/mL) 9.177 × 10−5 0.001 0.158 2.614 0.009
NT-proBNP (pg/mL) 3.702 × 10−5 0.001 0.172 2.983 0.003

F = 38.0; p < 0.001; r2
adj:0.346

BMI: body mass index; GDF-15: growth differentiation factor 15; NT-proBNP: N-terminal pro brain
natriuretic peptide.
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4. Discussion

In this analysis, we were able to confirm the diagnostic power of the biomarkers suPAR, GDF-15,
H-FABP, sST2, and NT-proBNP in CHF patients compared to healthy adults. In addition, to the best of
our knowledge, this is the first study to describe the detailed course of these biomarkers by means of
left ventricular EF. Furthermore, we were able to show a significant association of GDF-15 with EF
besides the well-established NT-proBNP in this specific patient population.

Circulating H-FABP levels increase during myocardial ischemia caused by pathological events,
such as myocardial infarction, by leaking into the extracellular space [22]. However, in some cases
myocardial damage due to acute physical activity might also increase its levels but they return to
baseline within a few hours [23] and long-term physical training has been shown to lead to a significant
decrease in H-FABP levels [24]. It can be assumed that high H-FABP levels in patients with low EF
might be a sign of chronically impaired myocardial perfusion resulting in myocardial damage.

One could speculate that an increase in sST2 serum levels might be due to the chronic inflammatory
state as it has been previously described in CHF patients [25]. As sST2 acts as a decoy receptor for
IL-33, an upregulation might buffer an exuberant inflammation response.

Similar to sST2, suPAR (the soluble form of uPAR which is measurable after cleavage and release
of membrane-bound uPAR) is involved in inflammation processes caused by numerous diseases, inter
alia coronary calcification [1] and heart failure [3], and has been identified as marker for an unfavorable
clinical outcome including mortality [26]. In our cohort we were able to confirm these findings as we
found increasing suPAR levels dependent on the severity of CHF.

Interestingly, we observed an upregulation of GDF-15 with worsening EF as well as their
independent association, together with NT-proBNP. GDF-15 is mainly secreted as a response to
inflammation and hypoxemia. Due to the interaction with p53, it is released in sporadic severe stress
situations, but also responds to low-level stressors during daily life activities [27,28]. These changes
are reflected by circulating levels of GDF-15 that have been assigned protective effects regarding cell
apoptosis [29] and myocardial hypertrophy [30,31].

While GDF-15 is expressed in visceral and subcutaneous adipose tissue in obese patients [32], it
may also be released in atherosclerotic plaques in coronary arteries [33], in the myocardium in the
course of acute cellular damages [5], as well as in peripheral tissue [34]. Due to its induction in different
clinical scenarios, the use of GDF-15 as a diagnostic marker in acute cardiovascular care settings (e.g.,
chest pain, dyspnea) is limited.

In CAD, levels of GDF-15 are independently correlated with age, diabetes, high-sensitive C-reactive
protein (hs-CRP), and natriuretic peptides in the AtheroGene study [35], which is in line with our
finding of a significant correlation between GDF-15 and NT-proBNP in our CAD cohort (r = 0.727, p <
0.001). Furthermore, in the AtheroGene study, where 1352 patients with stable CAD were investigated,
GDF-15 levels were independently associated with cardiac mortality. Schopfer et al. were able to
depict the prognostic importance of GDF-15 concerning all-cause mortality in the Heart and Soul Study
with 984 patients [36]. Circulating GDF-15 remains relatively stable after acute coronary syndromes
without signs of HF, compared to other biomarkers such as cardiac troponin or hs-CRP showing a
curve-shaped course [37,38], suggesting that GDF-15 reflects chronic disease burden.

In CHF with reduced EF, GDF-15 concentrations are elevated and their constant increase in
relation to HF severity, as reflected by New York Heart Association functional class and NT-proBNP,
has already been described [7,39]. This can be confirmed by our analysis with the additional input of a
better characterized cohort by means of EF. Recently, the group of Li et al. investigated fewer patients
with a much smaller control cohort than in our study and found similar results. The combination
of GDF-15 and NT-proBNP significantly improved the accuracy of diagnosing HF [18]. Remarkably,
circulating GDF-15 is also increased in HF patients with preserved ejection fraction (HFpEF) which is
in line with the theory of Paulus and Tschöpe regarding a continuous inflammatory state as the central
pathomechanism in HFpEF [40,41].
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In severely impaired CHF patients that underwent implantation of left ventricular assist devices,
the mechanical support has led to a significant decrease of measurable GDF-15, showing the reversibility
of even highly increased levels [42]. How this reduction may affect the protective effects of GDF-15
remains a matter of debate, especially concerning potential therapeutic interventions targeting GDF-15
with unknown effects on clinical outcome.

In summary, elevated values of GDF-15 need to be interpreted with respect to other comorbidities,
clinical symptoms and laboratory values. Likewise, with NT-proBNP values that may be adulterated
by renal insufficiency or significant valvular disease, GDF-15 has to be evaluated simultaneously with
other inflammatory parameters in order to rule out significant infections or even septic conditions.

5. Conclusions

Levels of the cardiovascular biomarkers suPAR, GDF-15, H-FABP, and sST2 constantly increase
when left ventricular EF decreases in CHF patients, which is comparable to the course of the
well-established NT-proBNP. However, only GDF-15 is significantly associated with EF in a multivariate
model and therefore may expand the spectrum of biomarkers in identifying these patients without
further needs of cost-intensive diagnostic modalities.

6. Limitations

Due to the single-center design of this study, a center-specific bias cannot be excluded and due
to a small proportion of female patients we could not perform a sex-specific analysis. Additionally,
unknown or un-controlled circumstances might have influenced the investigated parameters. Finally,
although alterations in GDF-15 were shown in Caucasian and Asian tumor patients [43], there is
little evidence regarding racial diversification in CAD and HF [44]. Our analysis was performed
in Caucasian patients only; therefore, the results have to be interpreted cautiously with regard to
other ethnicities.
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Abstract: Individuals with metabolic syndrome (MetS) are at high risk for atrial myopathy and atrial
fibrillation. Very low-density lipoproteins (VLDLs) of MetS (MetS-VLDLs) are cytotoxic to atrial
myocytes in vivo and in vitro. The calcineurin–nuclear factor of activated T-cells (NFAT) pathway,
which is regulated by stromal interaction molecule 1 (STIM1)/ calcium release-activated calcium
channel protein 1 (Orai1)–mediated store-operated Ca2+ entry (SOCE), is a pivotal mediator of adaptive
cardiac hypertrophy. We hypothesized that MetS-VLDLs could affect SOCE and the calcineurin–NFAT
pathway. Normal-VLDL and MetS-VLDL samples were isolated from the peripheral blood of healthy
volunteers and individuals with MetS. VLDLs were applied to HL-1 atrial myocytes for 18 h and
were also injected into wild-type C57BL/6 male mouse tails three times per week for six weeks. After
the sarcoplasmic reticulum (SR) Ca2+ store was depleted, SOCE was triggered upon reperfusion with
1.8 mM of Ca2+. SOCE was attenuated by MetS-VLDLs, along with reduced transcriptional and
membranous expression of STIM1 (P = 0.025), and enhanced modification of O-GlcNAcylation on
STIM1 protein, while Orai1 was unaltered. The nuclear translocation and activity of calcineurin were
both reduced (P < 0.05), along with the alteration of myofilament proteins in atrial tissues. These
changes were absent in normal-VLDL-treated cells. Our results demonstrated that MetS-VLDLs
suppressed SOCE by modulating STIM1 at the transcriptional, translational, and post-translational
levels, resulting in the inhibition of the calcineurin–NFAT pathway, which resulted in the alteration of
myofilament protein expression and sarcomere derangement in atrial tissues. These findings may
help explain atrial myopathy in MetS. We suggest a therapeutic target on VLDLs to prevent atrial
fibrillation, especially for individuals with MetS.

Keywords: very low-density lipoprotein; metabolic syndrome; STIM1; SOCE; atrial myopathy;
atrial fibrillation
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1. Introduction

Despite advances in current therapy, the prevention of atrial fibrillation remains a challenge.
Changes in Ca2+ regulation and related processes are important mechanisms leading to the initiation
and maintenance of atrial fibrillation [1]. The pathogenesis of early atrial myopathy remains unclear.
Intracellular Ca2+ homeostasis is critical for normal cellular function, particularly for cardiomyocytes,
and may be dysregulated in early atrial myopathy.

Store-operated Ca2+ entry (SOCE) is recognized to coexist with voltage-gated Ca2+ channels in
cardiomyocytes and, though this is debated, is suggested to contribute to basal Ca2+ homeostasis [2].
A general function of SOCE is to replenish depleted sarcoplasmic reticulum (SR) Ca2+ stores [3]. It is
commonly thought that beat-to-beat Ca2+ handling is mediated by excitation–contraction coupling.
Nevertheless, upon facing different cardiac stressors, a sustained increase in intracellular Ca2+ takes
place upon SOCE, which in turn activates the calcineurin–NFAT pathway, which is responsible for
cardiac hypertrophy as an adaptive response [4]. Several studies have identified the essential role of
SOCE in mediating NFAT nuclear translocation to develop cardiac hypertrophy induced either by
IP3-generating agonists or by following pressure overload [2,5–7].

Stromal interaction molecule 1 (STIM1), a Ca2+-binding protein and a Ca2+ sensor in the SR,
is capable of triggering SOCE by interacting with Ca2+ inward channels on the plasma membrane [8,9].
Stress-triggered STIM1 re-expression and consequent SOCE enhancement are critical upstream
elements that facilitate an essential increase in cytosolic Ca2+ levels to control cardiac hypertrophy [4].
A hypothetical model of STIM1 activation is that STIM1 couples with calcium release-activated calcium
channel protein 1, Orai1, the Ca2+ inward channel located in the plasma membrane, and forms an
SR/plasma membrane junction as they mediate crucial Ca2+ communication between the SR lumen,
the cytoplasm, and the extracellular space [9,10].

O-GlcNAcylation is a post-translational modification of protein in serine and threonine residues
that occurs in the cytoplasm and nucleus. The addition and removal of O-GlcNAc is catalyzed by
O-GlcNAc transferase and neutral β-N-acetylglucosaminidase, respectively [11]. There is compelling
evidence for a pivotal role of O-GlcNAcylation in the regulation of Ca2+ signaling [12]. STIM1 is a target
of O-GlcNAcylation, and increased O-GlcNAcylation modification of STIM1 has been shown to attenuate
SOCE in cardiomyocytes [13,14]. O-GlcNAcylation is also important in the development of diabetic
cardiomyopathy and hyperglycemia-induced arrhythmias [15,16]. Additionally, O-GlcNAcylation may
integrate environmental and genetic information in disease pathologies such as metabolic syndrome
(MetS) [17], with a potential mechanism linking the metabolic and calcium signaling pathways. Although
it has been reported that O-GlcNAcylation is involved in cardiomyopathy correlated with insulin
resistance [12,15,18], there have only been a few studies related to the role of O-GlcNAcylation of STIM1
and SOCE in atrial myopathy.

Our previous study demonstrated that very low-density lipoproteins (VLDLs) isolated from
individuals with MetS (MetS-VLDLs) exert cardiac lipotoxicity and induce atrial remodeling and
vulnerability to atrial fibrillation [19]. MetS-VLDLs are suggested to play a pivotal role in early atrial
myopathy [19]. In addition, MetS-VLDLs induce O-GlcNAcylation on gap junction proteins and as
a result causing intracardiac conduction delay [20]. We further hypothesized that STIM1-regulated
SOCE and O-GlcNAcylation are involved in the pathophysiology of atrial myopathy for individuals
with MetS. Therefore, the objective of this study was to assess how VLDLs affect STIM1 and SOCE
in atrial myocytes. HL-1 cells derived from murine atrial myocytes have essential SOCE machinery
with expression of STIM1 and channel Orai1 and are therefore useful for investigating SOCE in the
atrium [21]. This study used HL-1 cells to assess the effects of MetS-VLDLs on STIM1 expression,
the O-GlcNAcylation modification of STIM1, the regulation of SOCE and subsequent calcineurin–NFAT
signaling, and myofilament protein expression.
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2. Materials and Methods

2.1. VLDL Isolation

This study followed Helsinki Declaration principles, and the study was approved by the Kaohsiung
Medical University Hospital Ethics Review Board. Blood was obtained from individuals who either met
the criteria for MetS or were otherwise healthy and gave informed consent. Blood samples from five
male MetS patients (55.0 ± 15.5 years old, all with type 2 diabetes mellitus, elevated triglyceride levels,
and hypertension) and three healthy individuals (non-MetS subjects, 34.3 ± 9.3 years old) were used in
this study. Normal-VLDLs (VLDL from non-MetS subjects) and MetS-VLDLs (d = 0.930–1.006 g/mL)
were isolated by sequential ultracentrifugation as previously described [19,22,23]. Pooled VLDL
samples were applied for subsequent experiments.

2.2. HL-1 Atrial Myocyte Culture and Incubation with Isolated VLDLs

Murine HL-1 atrial myocyte cells were maintained with fresh Claycomb medium in precoated
culture flasks at 37 ◦C in a humidified atmosphere containing 5% CO2. Culture medium was
supplemented with 87% Claycomb medium, 2 mM/L L-glutamine, 10% fetal bovine serum, 100 U/mL
penicillin, 100 μg/mL streptomycin, and 0.1 mM/L norepinephrine, which is necessary for maintaining
a differentiated cardiac phenotype in HL-1 culture [24]. The HL-1 cells were treated with 25 μg/mL
specific VLDLs for 18 h. For experiments on testing the effects of the modulation of O-GlcNAcylation on
STIM1 expression (see below), the inhibitor 6-Diazo-5-oxo-L-norleucine (5 μM/L) (DON, Sigma-Aldrich,
St Louis, MO, USA) and the enhancer Thiamet G (10 μM/L) (Thm-G, Sigma-Aldrich, St Louis, MO,
USA) were used.

2.3. Quantitative Real-Time Reverse Transcriptase PCR

Total RNA of HL-1 cells was prepared using TRI Reagent (Sigma-Aldrich, St Louis, MO, USA)
and was then reverse-transcribed (Invitrogen, Carlsbad, CA, USA). Quantitative real-time RT-PCR
was performed using an ABI 7500 real-time system (Applied Biosystems, Foster City, CA, USA) and
TaqMan Universal Master Mix II (Applied Biosystems, Foster City, CA, USA) with TaqMan probe
STIM1 (Mm01158413_m1; Thermo Fisher Scientific, Waltham, MA, USA) and Rn18S (Mm03928890_g1;
Thermo Fisher Scientific, Waltham, MA, USA).

2.4. Isolation of Nuclear, Cytoplasmic, and Membrane Proteins from HL-1 Cells

The HL-1 cells were resuspended in 500 μL of ice-cold hypotonic buffer (10 mM HEPES, 0.5 mM
dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, and protease inhibitor (Sigma-Aldrich Corp.,
St. Louis, MO, USA), pH 7.9) and disrupted with 30 strokes of a tight-fitting Dounce homogenizer.
The homogenate was centrifuged to remove the nuclei and mitochondria at 8000 rpm for 15 min.
Afterward, the supernatant was centrifuged at 24,000 rpm for 30 min to remove cytoplasmic proteins.
The membrane fraction was obtained as the pellet. The pellet underwent hypotonic buffer wash and
was dissolved in 200 μL of hypotonic buffer. Membrane proteins were released through treatment
with 0.25% Triton X-100 for 1 h.

2.5. Western Blot

Protein samples were separated using SDS-polyacrylamide gel and transferred to nitrocellulose
membranes. Blots were incubated with 1:1000 anti-STIM1 (Cell Signaling, #4916, Danvers, MA,
USA), 1:1000 anticalcineurin (Cell Signaling, #2641, Danvers, MA, USA), 1:500 anti-Orai1 (Santa Cruz,
sc-68895, Dallas, TX, USA), 1:1000 anti-NFATc3 (Santa Cruz, sc-8321, Dallas, TX, USA), and 1:500
antiphosphorylated NFATc3 (Santa Cruz, sc-365785, Dallas, TX, USA). The membranes were then
incubated with horseradish peroxidase-linked secondary antibody. The immunoblots were identified
with SuperSignal West Picochemiluminescent substrate (Thermo Fisher Scientific, Waltham, MA, USA).
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Band intensity was calculated using ImageJ (National Institutes of Health), and intensity data from
cytoplasmic, membranous, and nuclear proteins of interest were normalized to 1:1000 α-tubulin (Santa
Cruz, sc-23948, Dallas, TX, USA), 1:1000 pan-cadherin (Sigma-Aldrich, C1821, St. Louis, MO, USA),
and 1:500 lamin B (Santa Cruz, sc-6216, Dallas, TX, USA), respectively. Antidesmin (1:500, Upstate, Cat.
#04-585, Lake Placid, NY, USA) was used for immunoblotting atrial tissue proteins.

2.6. Detection of O-GlcNAcylation STIM1 by Immunoprecipitation

Protein extract was isolated from HL-1 cells using lysis buffer: 1 mg of protein was mixed with
1:1000 anti-STIM1 (Cell Signaling, #4916, Danvers, MA, USA) at 4 ◦C for 1 h and then incubated with
Pierce™ protein A/G magnetic beads (Thermo Fisher Scientific, St. Peters, MO, USA) overnight at 4 ◦C.
The immunoprecipitation matrix was washed twice with PBS containing 1% NP-40. The matrix-bound
protein was eluted in sample buffer and then separated by 10% SDS-PAGE electrophoresis. The magnetic
beads were saturated to capture all STIM1 proteins in the cell lysate. The immunoblot was done
with 1:1000 anti-O-GlcNAc (MA1-076, Thermo Fisher Scientific, St Peters, MO, USA) and 1:1000
anti-STIM1 incubation overnight at 4 ◦C, and signals were detected by secondary antibodies with
chemiluminescent visualization.

2.7. Measurement of Calcineurin Activity

The intracellular calcineurin activity of HL-1 cells was measured using an in vitro calcineurin
phosphatase activity assay kit (Abcam, cat no. ab139461) according to the instruction protocols. The HL-1
cells were seeded to the 96-well plate, and the VLDLs were treated for 18 h. Whole-cell protein of HL-1
cells was determined and controlled for the activity assay. Calcineurin activity was calculated as the ratio
of the phosphate release amount that was reflected as optical density, which was read on a microplate
reader (Epoch Microplate Spectrophotometer, BioTek, Winooski, VT, USA) at wavelength of 620 nm.

2.8. Measurement of SR Calcium Load and SOCE

Prior to experiments (48–72 h), HL-1 cells (5.0 × 103) were washed twice with PBS and plated on
35-mm optical dishes. For imaging, HL-1 cells were incubated with a Ca2+ indicator dye, fura-2-AM
(Invitrogen, Waltham, MA), for 30 min. Furo-2-AM stock solution was made up in DMSO (1 mM/mL).
For a working concentration of 2 μM/mL, 2 μL of stock was added to 1 mL of calcium-free Hank’s
balanced salt solution (HBSS, Thermo Fisher Scientific, St Peters, MO, USA). Calcium imaging capture
was performed on attached HL-1 cells on an Olympus Cell R system. To measure SOCE, dishes were
perfused with 10 μM thapsigargin (TG) (Sigma-Aldrich, St Louis, MO, USA) in calcium-free HBSS
(Thermo Fisher Scientific, St Peters, MO, USA) (0 mM Ca2+) to trigger SR Ca2+ release. At the peak
of the TG response, dishes were perfused with 10 mM of caffeine (Caff) in HBSS (0 mM Ca2+) to test
if the SR Ca2+ pool was depleted. The peak TG/Caff responses reflected the SR load. After the Ca2+

signals returned to a stable baseline, cells were reperfused with calcium content solution HBSS (1.8 mM
Ca2+). SOCE was triggered upon reperfusion with 1.8 mM Ca2+ solution, and the peak response was
measured. After SOCE declined, myocytes were tested for viability at the end with potassium chloride
(KCl) (80 mM). Data were eliminated if the KCl response was less than a 100% increase above the
baseline fluorescence. The data for each experiment were the average of 8 to 11 cells’ ratiometric
changes in the same dish. Each group had five dishes. For the positive control groups, the STIM1
inhibitor SKF 96365 (Santa Cruz, Dallas, TX, USA) was applied (10 μM incubated for 48 h and 5 μM
incubated for 72 h) before the SOCE measurement. The prolonged inhibition of STIM1 was chosen
to be consistent with the experiments demonstrating the subsequent myofilament protein changes
(shown below).

2.9. Tissue Protein Isolation from Mice Atrial Tissue

MetS-VLDLs or normal-VLDLs were administered by intravenous injection in 9-month-old
wild-type C57BL/6 mice tail veins at a dose of 15 μg/g three times per week for 6 consecutive weeks,
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as in our previous study [19]. After anesthetization with 50–90 mg/kg of pentobarbital injected
intraperitoneally, the mice chests were opened, their hearts were excised, and the atrial tissues were
snap frozen in liquid nitrogen and stored in a freezer at −80 ◦C before use. Frozen tissue samples
(n = 3 per group) were thawed for protein extraction. Mice atrial tissue samples were disrupted with
30 strokes of tissue grinder, and tissue protein extraction was isolated through incubation with 200 μL
of lysis buffer on ice for 1 h. The homogenate was centrifuged at 12,000 rpm for 20 min. The protein
concentration was calibrated with a Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, St. Peters,
MO, USA) at 37 ◦C for 30 min and was determined at 570 nm by an ELISA reader. All applicable
institutional and governmental regulations concerning the ethical use of animals were conformed to,
including the National Institutes of Health (NIH) guidelines being followed, and all animal procedures
were approved by the Institutional Animal Care and Use Committee of Kaohsiung Medical University.

2.10. Myofilament and Contractile Protein Expression and Phosphorylation Analysis in VLDL-Treated HL-1
Cells and Atrial Tissues of VLDL-Injected Mice

Proteins were separated by electrophoresis on 1D-PAGE 15% polyacrylamide gels. Gels were
loaded with an equal volume on each lane. Phosphorylated proteins were detected by Pro-Q® Diamond
stain following the manufacturer’s protocol (Invitrogen, Waltham, MA, USA). In short, the gels were
fixed in 5% acetic acid and 50% methanol and incubated with Pro-Q® Diamond stock solution in 25 mL
of staining buffer for 1.5 h. The gel was scanned using a Typhoon 9400 (GE Healthcare, Chicago, IL,
USA). Subsequently, total proteins were detected by SYPRO® Ruby stain. The gels were fixed with
50% methanol and 7% acetic acid and stained with SYPRO® Ruby stain overnight. Phospho-bands
were identified according to the molecular weight, normalized to the total lane individually, and then
averaged (n = 5 per group). For positive control groups, the STIM1 inhibitor SKF 96365 (Santa Cruz,
Dallas, TX, USA) was applied (5 μM) for 72 h, and the calcineurin inhibitor FK506 (Sigma-Aldrich,
St. Louis, MO, USA) was applied (30 μM) for 24 h. The same Pro-Q method was applied to the mice
atrial tissue (n = 3 per group).

2.11. Transmission Electron Microscopy (TEM)

After rinsing with phosphate-buffered saline, small pieces of atrial tissue were immediately fixed
in 2.5% glutaraldehyde in 0.1 M of Sørensen’s buffer at 4 ◦C. Following dehydration, samples were
post-fixed in 1% osmium tetroxide (OsO4) and embedded in EPON 812 (Electron Microscopy Sciences,
Hatfield, PA, USA). Ultrathin sections (60 nm) were stained with uranyl acetate and lead citrate. Images
were captured on a Transmission Electron Microscope HT7700 (HITACHI, Tokyo, Japan).

2.12. Data Analysis and Statistics

Data are expressed as means ± SD unless indicated otherwise, and n indicates the number of
cell samples. One-way ANOVA and Tukey’s multiple comparisons test were used to compare values
between groups. For the experiments with small n numbers, nonparametric tests were also performed
to confirm the statistical significance (Prism; GraphPad, San Diego, CA, USA). Statistical significance
was considered to be a P-value ≤ 0.05.

3. Results

3.1. MetS-VLDLs, but Not Normal-VLDLs, Induced the Downregulation of STIM1 at the Transcriptional and
Translational Levels in HL-1 Cells

First, the expression of two key components of SOCE in HL-1 cells and the effects of two different
VLDLs on their expression were examined (Figure 1a–d). The effects of VLDLs on STIM1 expression
were investigated by quantitative RT-PCR and western blot. Only MetS-VLDLs significantly reduced
STIM1 in HL-1 cells, and the reduction was at both the transcriptional (0.81 ± 0.02-fold versus control,
Figure 1a) and the translational levels (0.33± 0.03-fold versus control, Figure 1c). The protein expression
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of STIM1 was analyzed specifically in the membrane fraction. The degree of STIM1 reduction in
membrane proteins and in RNA expression was different. Nevertheless, the expression of Orai1,
which was only analyzed on the protein level, remained unchanged (normal-VLDLs 0.94 ± 0.17-fold
versus control and MetS-VLDLs 0.95± 0.06-fold versus control, Figure 1d). The effect of MetS-VLDLs on
O-GlcNAcylation in the whole cell was examined using whole-cell immunoblot (Figure 1g). The results
showed that MetS-VLDLs enhanced O-GlcNAcylation in proteins extracted from compartments of
the nucleus, cytosol, and membrane. To further determine whether enhanced O-GlcNAcylation
alone could cause any change in STIM1 expression, the HL-1 cells were treated with a specific
inhibitor (deoxynorleucine) and an enhancer (Thiamet G) of O-GlcNAcylation for 24 h (Figure 1g,h).
The manipulation of O-GlcNAcylation did not change STIM1 expression. The results suggested
that the MetS-VLDL-induced STIM1 reduction did not result from its effect on the modulation of
O-GlcNAcylation.

Figure 1. Effects of metabolic syndrome (MetS)-very low-density lipoproteins (VLDLs) on the expression
of stromal interaction molecule 1 (STIM1) and calcium release-activated calcium channel protein 1
(Orai1) and the O-GlcNAcylation of STIM1. (a) Quantitative RT-PCR of STIM1 (n = 4 for each
group). Reduced STIM1 mRNA in the MetS-VLDL-treated group (MetS) ($ P = 0.012, # P = 0.005).
(b) Representative bands of western blots for STIM1 and Orai1 channel proteins. (c) Reduced STIM1
membrane protein expression in the MetS-VLDL group (n = 4 for each group; $ P = 0.025, # P = 0.021).
(d) Orai1 channel membrane protein expression among groups (n = 4 for each group; P = 0.5223).
(e,f) Representative immunoblots and densitometry analysis (n = 4 for each group). Although STIM1
protein expression was reduced, the O-GlcNAcylation (85 kDa, indicated by the arrow) was larger in
the MetS group. $ P = 0.038 for the MetS group versus the control. All of the changes in the MetS group
were absent in the normal-VLDL group (Normal). (g) Whole-cell O-GlcNAcylation immunoblotting
showed enhanced O-GlcNAcylation of the nuclear, cytosol, and membranous protein fractions in the
MetS groups. (g,h) The inhibition (with 5 μM deoxynorleucine (DON)) and enhancement (with 10 nM
Thiamet G (ThmG)) of O-GlcNAcylation did not affect the expression of STIM1.
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3.2. MetS-VLDLs Enhanced the O-GlcNAcylation of STIM1 Proteins

Since it is known that O-GlcNAcylated STIM1 exerts less activation, we therefore assessed if
MetS-VLDLs enhanced the O-GlcNAcylation of STIM1 proteins. The immunoprecipitation results
(Figure 1e,f) showed enhanced O-GlcNAcylation in the MetS-VLDL group (1.70 ± 0.41-fold versus
control), with no change in the normal-VLDL group (1.10 ± 0.44-fold versus control, P = 0.731).
The O-GlcNAcylation blots revealed another strong band at 120 kDa that also changed in the
MetS-VLDL group (Figure 1e). Since STIM1 and Orai1 can undergo unimolecular coupling [25],
the 120-kDa band very likely represents the unimolecular coupling of STIM1 and Orai1.

3.3. MetS-VLDLs Suppressed SOCE in HL-1 Cells

To determine if SOCE can be suppressed by MetS-VLDLs along with the modulation of STIM1,
the Ca2+ response was assessed in fluorescent Ca2+-labeled HL-1 cells (Figure 2). First, the SR store
was assessed by the response of HL-1 upon administration of TG and caffeine to deplete the Ca2+

store in the SR. This response was demonstrated as an up-and-down wave using ratiometric tracing
(Figure 2a–e). The peak of the TG/caffeine response was smaller in the MetS-VLDL group compared to
the controls (Figure 2f). After the SR Ca2+ store was depleted, cells were perfused with 1.8 mM of Ca2+

solution. The SOCE was demonstrated as another up-and-down wave in ratiometric tracing. The peak
was measured, and the average of 8–11 cells was obtained for each dish (experiment). The data analysis
from five experiments for each group is shown in Figure 2f. The SOCE was significantly suppressed in
the MetS-VLDL group (0.59 ± 0.03-fold versus control, P < 0.001). The SOCE remained unchanged
in the normal-VLDL group under the same incubation conditions (0.86 ± 0.10-fold versus control,
P = 0.093). A positive control experiment was performed through pre-incubation with the STIM1
inhibitor SKF 96365, which suppressed the SOCE. There was also a reduction in TG/caffeine-induced
Ca2+ release, which presumably was a reduced SR Ca2+ store caused by the long-term (48 and 72 h)
incubation with SKF 96365 (Figure 2d,e). In Figure 2f, SKF 96365 reduced the SR load without a
complete depletion, suggesting a constitutive Ca2+ entry through a residual STIM1/Orai1 channel or
others. The calcium release-activated channels (CRAC) channel inhibitor, which blocks STIM1–Orai1
coupling and induces more SOCE inhibition, was not applied in this study. The blockers for the
voltage-dependent Ca2+ channel and Na/Ca exchanger have been shown to not affect the peak of SOCE
in HL-1 cells [21]. These blockers were not applied in this study.

Figure 2. Suppressed store-operated Ca2+ entry (SOCE) following sarcoplasmic reticulum (SR) Ca2+

depletion in MetS-VLDL-treated HL-1 cardiomyocytes. (a–c) Representative ratiometric tracings in
fluorescence measurements in control, normal-VLDL, and MetS-VLDL-treated HL-1 cells during SOCE
testing. (d–e) Representative ratiometric tracings from STIM-1 inhibited HL-1 cells. SKF 96365, a STIM1
inhibitor. (f) Analysis of data from the ratiometric fluorescence 340:380 ratio for the peak response to
thapsigargin/caffeine (TG/Caff) (n = 5 experiments; $ P = 0.024, # P < 0.001, * P < 0.01, all vs. control)
and the peak of SOCE (n = 5 experiments; all # P < 0.001 vs. control; all * P < 0.001 vs. normal-VLDLs).
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3.4. MetS-VLDLs Inhibited the Calcineurin–NFAT Pathway

To confirm if the calcineurin–NFAT pathway downstream of SOCE could be inhibited by
MetS-VLDLs, western blots were used to assess the protein expression of cytosolic and nuclear
calcineurin and NFAT (Figure 3a). In the MetS-VLDL group, nuclear expression of calcineurin was
significantly reduced (0.48± 0.09-fold vs. control, Figure 3b), while cytosolic expression was unchanged
(0.98 ± 0.53-fold vs. control, Figure 3c). Nuclear NFAT was significantly reduced by MetS-VLDLs
(0.51 ± 0.05-fold vs. control, Figure 3d). Phosphorylated NFAT in cytosol was increased in the
MetS-VLDL group (1.53 ± 0.5-fold vs. control, Figure 3e). Calcineurin activity was examined using a
colorimetric assay (Figure 1f) and was significantly reduced in the MetS-VLDL group (0.71 ± 0.07-fold
vs. control, P = 0.0001). All of the above changes were absent in the normal-VLDL group. These
results revealed that MetS-VLDLs inhibited calcineurin-mediated NFAT dephosphorylation and NFAT
nuclear importation and resulted in reduced calcineurin activity.

Figure 3. MetS-VLDLs suppressed calcineurin–nuclear factor of activated T-cells (NFAT) signaling
pathways. (a) Representative bands of western blots (n = 4 for each group) for nuclear and cytosolic
fractions of calcineurin, NFAT, and phosphorylated NFAT in proteins. (b) Reduced nuclear calcineurin
in the MetS-VLDL group (MetS) (n = 4; $ P = 0.037 vs. control, # P = 0.04 vs. normal-VLDL group
(Normal)). (c) Unchanged cytosolic expression of calcineurin protein (n = 4, P = 0.9377). (d) Reduced
nuclear NFAT in the MetS group (n = 4; $ P = 0.007, # P = 0.009). (e) Increased phosphorylated NFAT in
the cytoplasm of the MetS group (n = 4, $ P = 0.04). (f) Reduced calcineurin activity in the MetS group
(n = 6; $ P = 0.0001, # P = 0.0001).
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3.5. MetS-VLDLs Affected Myofilament Protein Expression and Caused Sarcomere Derangement

Given that the calcineurin–NFAT pathway mediates cardiac hypertrophy, we explored whether
MetS-VLDLs could affect myofilament protein expression in HL-1 cells and in vivo as well. The VLDL
injection did not cause a significant increase in body weight (control 32.3 ± 1.8, normal-VLDL 33.2 ± 1.9,
MetS-VLDL 35.1 ± 3.9 g), but mice injected with VLDLs extracted from MetS patients had a significantly
increased heart weight at the time of sacrifice (control 0.22± 0.04, normal-VLDL 0.19 ± 0.11, MetS-VLDL
0.30 ± 0.04 g, P < 0.01 for control vs. MetS-VLDL) (Table S1). The observation of heart chamber
enlargement (left atria and left ventricles) and a reduced left ventricular ejection fraction (Table S1) was
consistent with our previous study [18]. There was no significant change in circulatory triglyceride
and total cholesterol. The data from biochemistry analysis of the animal blood samples collected at
their sacrifice are shown in Table S1.

Because the murine atrial tissue was too small to perform multiple protein western blotting,
ProQ Diamond Stain in combination with SYPRO stain was used. This method enables simultaneous
quantitative analysis of multiple contractile and myofilament phosphoproteins using small amounts
of atrial tissue [26]. The expression of phosphorylated troponin I (TnI) and troponin T (TnT) was
increased in the MetS-VLDL groups of HL-1 cells and atrial tissues (Figure 4b,d). The expression
of phosphorylated myosin regulatory light chain 2 (MLC2) was reduced in MetS-VLDL groups
(Figure 4b,d). The expression of desmin was increased in the atrial tissues (Figure 4d), and the result
was consistent in immunoblotting using the specific antibody (Figure 4e,f). These changes were
consistent with changes upon administration of the STIM1 inhibitor SKF 96365 (72 h incubation) or
the calcineurin inhibitor FK506 (24 h incubation) (Figure 4a,b). The opposite change was shown for
myosin-binding protein C (cMyBPC), which was significantly reduced in MetS-VLDL-injected mice
(msVLDL in Figure 4d) atrial tissues but not in HL-1 cells after MetS-VLDL treatment. Of note, there
was no change in myofilament protein expression with short durations of SKF96365 treatment (24 h).
It is noteworthy that in addition to targeting STIM1, SKF96365 has been found to exhibit nonspecific
inhibition in transient receptor potential-canonical (TRPC) channels, voltage-gated Ca2+ channels, and
some potassium channels [27]. Therefore, the possibility of nonspecific inhibition from SKF96365 on
mediating other channels to affect SOCE in the present study cannot be excluded.

To see if alteration of myofilament protein expression coexisted with sarcomere derangement,
TEM was applied. The images showed disorganized Z lines of sarcomeres in atrial tissues of mice
receiving a MetS-VLDL injection (Figure 4e). The results indicated that MetS-VLDLs altered atrial
myofilament proteins and induced sarcomere derangement.
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Figure 4. MetS-VLDLs altered myofilament protein expression and induced sarcomere derangement.
(a) Phosphorylated cardiac myosin-binding protein C (cMyBPC), cardiac troponin I (TnI) and T (TnT),
and myosin light chain 2 (MLC2) on 1D-gradient gels stained with ProQ Diamond reagent (left) and
total protein expression shown on the gel subsequently stained with SYPRO Ruby (right). SKF 96365,
a STIM1-inhibtor; FK-506, a calcineurin-inhibitor; n = 4 for each group. (b). Densitometry analyses from
gels with ProQ and SYPRO staining. (c) ProQ Diamond staining gels of mouse atrial proteins (n = 3 for
each group: Control; Normal-VLDL-injected mice, nVLDL; and MetS-VLDL-injected mice, msVLDL).
(d) Densitometry analyses for phosphorylated cMyBPC, desmin, TnT, TnI, and MLC2. $ P < 0.05
msVLDL versus control; # P< 0.05 msVLDL versus nVLDL. (e,f) Western blot and densitometry analysis
for desmin in atrial tissues. (g) Representative transmission electron microscopy (TEM) pictures (at
5000× magnification) showing disorganized Z lines (Z, highlighted with dashed lines) in the atrial
tissue of mice receiving a MetS-VLDL injection (msVLDL) compared to normal Z lines in the controls
and in mice receiving normal-VLDLs (nVLDL) (n = 3 for each group). Atrial sarcomeres are aligned
with mitochondria (m).

4. Discussions

The key findings of this study were that MetS-VLDLs reduced STIM1 on the transcriptional and
translational levels and enhanced the O-GlcNAcylation modification on STIM1. VLDL-induced STIM1
modulation in turn suppressed SOCE and the downstream calcineurin–NFAT pathway, along with
alterations of myofilament proteins and sarcomere derangement in mouse atrial tissues.
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It has been suggested that STIM1-Orai1-dependent SOCE assists in maintaining intracellular Ca2+

in HL-1 cardiomyocytes [21]. Consistently, STIM1 and Orai1 expression was clearly demonstrated in
our experiments through western blots, and SOCE could be assessed when cells were re-perfused with
a physiological concentration of Ca2+ solution after SR Ca2+ depletion by TG and caffeine. Coinciding
with this manuscript preparation, there have been more recent reports regarding the regulation of
STIM1 expression [28–30]. The importance of SOCE and STIM1 signaling in heart physiology has
also been more and more noticed [31]. Although the present study did not determine the specific
mechanism by which the MetS-VLDLs induced Orai1-independent STIM1 suppression, the results
contribute some understanding to how SOCE could act as a mediator in linking the pathogenesis from
VLDLs to atrial myopathy.

A link between the regulation of cellular O-GlcNAcylation and Ca2+ signaling has been proven [13].
In Zhu-Mauldin’s study, increased O-GlcNAcylation of STIM1 prevented STIM1 puncta formation
and blunted STIM1-mediated SOCE. The observation of enhanced O-GlcNAcylation of STIM1 was
coincidental with the MetS-VLDL-suppressed SOCE, suggesting that O-GlcNAcylation of STIM1
may affect SOCE. On the other hand, O-GlcNAcylation per se did not affect the protein expression
of STIM1 in the present study. O-GlcNAcylation synthesis has been thoroughly proven to impair
SOCE-mediated transcription in hyperglycemia and diabetes [15,32–34]. For the first time, this study
reports MetS-VLDLs as mediators in enhancing the O-GlcNAcylation of STIM1. Additional studies are
needed to better understand how MetS-VLDLs enhance O-GlcNAcylation in atrial cardiomyocytes.
This understanding may reveal a novel mechanism linking the metabolic and calcium signaling
pathways in cardiac lipotoxicity.

In addition to mediating cardiac hypertrophy, short-term adaptation of energy metabolism
enzymes to mechanical loads was shown to critically depend on the calcineurin pathway [35].
The calcineurin–NFAT pathway is suggested to be critical in both pathological hypertrophy and cardiac
adaptation to biomechanical stress [35]. In patients and animal models with atrial fibrillation, calcineurin
activity and expression are increased [36]. The upregulation of calcineurin is suggested to occur in
response to atrial fibrillation-related tachycardia [37], which is different from our study, which identified
calcineurin changes in the lipotoxicity of VLDLs at a very early stage of atrial cardiomyopathy. For a
reduction of overall calcineurin protein, more studies are needed to elucidate other regulatory pathways.
NFAT can also be phosphorylated by a large family of kinases, such as JNK, p38, GSK3β, casein kinase
I and II, protein kinase, and possibly also ERK [38]. We suggest that the reduction of nucleus NFAT by
MetS-VLDLs resulted from suppressed SOCE-calcineurin-mediated dephosphorylation.

Changes in sarcomere proteins in myofilaments have been shown to be associated with
different pathophysiological conditions, such as aging hearts, cardiac hypertrophy, heart failure,
and cardiomyopathies [39]. Our assessment confirmed that MetS-VLDLs could influence myofilament
protein expression (Figure 4a–d). These changes were consistent with changes upon administration
of the STIM1 inhibitor SKF 96365, which also suppressed SOCE in the same incubation conditions
(Figure 4a,b and Figure 2d,e). Sarcomere organization and integrity are controlled by complex and
dynamic mechanisms [40]. Moreover, the remodeling of myofilament phosphorylation in response
to atrial fibrillation and atrial dilatation is complicated [37]. Further studies are needed to elucidate
changes in myofilament phosphorylation at a different stage of VLDL-induced atrial cardiomyopathy.

The MetS-VLDLs were isolated from blood samples of patients who had been receiving regular
and appropriate medical treatment. The management of treatment was basically in accordance with
clinical guidelines, with a goal set of HbA1c in the range of 6.5% to 7% (estimated average glucose level
140 to 154 mg/dL), LDL cholesterol <100 mg/dL, and blood pressure ≤130/80 mmHg. A lipid-lowering
agent was not prescribed for elevated triglyceride unless the level was over 500 mg/dL. Although it
was not determined how the presence of diabetes mellitus contributed to the distinct effects from the
MetS-VLDLs, we believe the results from MetS-VLDLs in the present study were reflective of MetS.
This can probably be proven by comparing samples between diabetes alone (noncomplicated type 1
diabetes mellitus) and diabetes with combined MetS.
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Some limitations need to be addressed. First, the alterations in the SOCE signaling pathway were
not the same in the HL-1 cells and in the atrial tissue with different durations of VLDL application (72 h
for the in vitro and 6 weeks for the in vivo). Second, immunoprecipitation was not feasible with the
limited protein sample amount (to examine O-GlcNAcylation in murine atrial tissue). Third, we did not
examine other calcium regulation proteins, such as Cav 1.2, that can possibly be modulated upon chronic
exposure to VLDLs or the STIM1 inhibitor SKF. It remains undetermined how other calcium-related
channels or proteins intervene in the effects of MetS-VLDLs on the SOCE signaling pathway. Another
limitation is the absence of data on other mediators of SOCE, such as STIM2, Orai2, and Orai3; data on
the coupling of STIM1 with Orai1/3; and data on other voltage-dependent Ca2+ channels and TRPC
channels, which have recently been reported with potential arrhythmogenic roles in mouse ventricular
myocytes [41]. Lastly, the concentrations of total cholesterol, low-density-lipoprotein-cholesterol,
and VLDL-cholesterol in mice are lower than in humans. Therefore, the biochemistry data (Table S1)
cannot be extrapolated to humans.

Clinical Implications

Considering the vulnerability of MetS individuals to develope atrial fibrillation, this study
sheds some light on the pathogenesis of VLDL-mediated atrial remodeling in MetS (Figure 5).
MetS-VLDLs induced alterations in myofilament protein expression along with the suppression of SOCE.
MetS-VLDLs have been shown to induce excessive lipid accumulation, atrial remodeling, and delayed
intra-atrial conduction. Moreover, mice injected with MetS-VLDLs developed atrial fibrillation [19,20].
In a human study of patients with valve heart diseases and diabetes, calcineurin–NFATc3 signaling
was shown to correlate with the presence of atrial fibrillation [36]. It is possible that STIM1–SOCE
regulation changes during the progression of early atrial myopathy, even turning into a transition
after the stage of persistent atrial fibrillation. Before the occurrence of atrial fibrillation, we suggest
that VLDL triggers and enhances the progression of atrial remodeling (Figure 5). Human studies are
mandatory to elucidate whether currently available lipid-lowering agents, such as fibrates, or any other
compounds can reduce the cardiac lipotoxicity from VLDL-mediated lipid accumulation to improve
atrial cardiomyopathy and to prevent atrial fibrillation in MetS.

 

Figure 5. Lipotoxicity of VLDLs on mediating maladaptation of calcium regulation to derangement of
sarcomere proteins in atrial myopathy. In metabolic syndrome (MetS), VLDLs undergo biochemical
property changes and become different from VLDLs of normal conditions [23]. MetS-VLDLs reduce
STIM1 expression and enhance O-GlcNAcylation on STIM1 protein. These changes in concert suppress
SOCE and the downstream calcineurin–NFAT pathway, resulting in alteration of myofilament protein
expression, disruption of sarcomere organization, and atrial myopathy [35]. The progression of atrial
myopathy ultimately leads to atrial fibrillation.
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5. Conclusions

MetS-VLDLs reduced STIM1 expression at the transcriptional and translational levels.
MetS-VLDLs also modified STIM1 via enhanced O-GlcNAcylation. This STIM1 modulation suppressed
SOCE and inhibited the Ca2+–calcineurin–NFAT pathway, resulting in the alteration of sarcomere
protein expression in atrial myocytes. These findings may partially explain the pathogenesis of atrial
myopathy in MetS. For controlling atrial myopathy in its progression to prevent atrial fibrillation,
we suggest a therapeutic target on VLDLs, especially for individuals with MetS.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/6/881/s1,
Table S1: The body and heart weights, echocardiographic measurements and biochemistry data in Normal-VLDL
and MetS-VLDL injected mice.
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Abstract: (1) Background: Overt and subclinical hypothyroidism has been associated with increased
cardiometabolic risks. Here we further explore whether thyroid function within normal range
is associated with cardiometabolic risk factors in a large population-based study. (2) Methods:
We screened 24,765 adults participating in health examinations in Taiwan. Participants were
grouped according to high-sensitive thyroid-stimulating hormone (hsTSH) level as: <50th percentile
(0.47–1.48 mIU/L, the reference group), 50–60th percentile (1.49–1.68 mIU/L), 60–70th percentile
(1.69–1.94 mIU/L), 70–80th percentile (1.95–2.3 mIU/L), 80–90th percentile (2.31–2.93 mIU/L), and
>90th percentile (>2.93 mIU/L). Cardiometabolic traits of each percentile were compared with the
reference group. (3) Results: Elevated hsTSH levels within normal range were dose-dependently
associated with increased body mass index, body fat percentage, waist circumferences, blood pressure,
hemoglobin A1c (HbA1c), fasting insulin, homeostasis model assessment of insulin resistance
(HOMA-IR), high homeostasis model of assessment of beta-cell (HOMA-β), triglycerides, total
cholesterols, fibrinogen, and uric acids (p-for-trend <0.001), but not with fasting glucose levels.
The association remained significant after adjustment of age, sex, and lifestyle. As compared to the
reference group, subjects with the highest hsTSH percentile had significantly increased risk of being
overweight (adjusted odds ratio (adjOR): 1.35), increased body fat (adjOR: 1.29), central obesity (adjOR:
1.36), elevated blood pressure (adjOR: 1.26), high HbA1c (adjOR: 1.20), hyperinsulinemia (adjOR: 1.75),
increased HOMA-IR (adjOR: 1.45), increased HOMA-β (adjOR: 1.40), hypertriglyceridemia (adjOR:
1.60), hypercholesterolemia (adjOR: 1.25), elevated hsCRP (adjOR: 1.34), increased fibrinogen (adjOR:
1.45), hyperuricemia (adjOR: 1.47), and metabolic syndrome (adjOR: 1.42), but significant risk of low
fasting glucose (adjOR: 0.89). Mediation analysis indicates that insulin resistance mediates the majority
of the association between thyroid hormone status and the metabolic syndrome. (4) Conclusion:
Elevated hsTSH within the normal range is a cardiometabolic risk marker associated with central
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obesity, insulin resistance, elevated blood pressure, dyslipidemia, hyperuricemia, inflammation,
and hypercoagulability.

Keywords: thyroid-stimulating hormone; cardiometabolic risks; metabolic syndrome;
obesity; hypertension

1. Introduction

Thyroid hormones exert profound effects on systemic metabolism, thermogenesis, and
cardiovascular function [1]. Mice lacking thyroid hormone receptors develop hypotension, cold
intolerance, and bradycardia [2]. Thyroid hormones enhance lipolysis in fat tissue and fatty acid
oxidation in skeletal muscle, leading to improved insulin sensitivity in these tissues [3,4]. Thyroid
hormones promote hepatic gluconeogenesis [3,5,6]. Therefore, clinically-overt hyperthyroid status is
characterized by impaired glucose tolerance and elevated fasting glucose. Thyroid hormones exert
complex effects on cholesterol metabolism in the liver [5–7]. Clinical hypothyroid status is associated
with hypercholesterolemia due to impaired hepatic lipid clearance. Collectively, experimental and
clinical studies show that thyroid hormones promote metabolic rate, thermogenesis, and weight loss,
increase heart rate and blood pressure, reduce serum lipids levels, and improve insulin sensitivity in
muscle and fat but elevate hepatic gluconeogenesis and fasting glucose.

Clinically-overt hypothyroidism is characterized by weight gain, cold intolerance, fluid retention,
bradycardia, and hypercholesterolemia. Recent evidences demonstrate that subclinical hypothyroidism,
defined as elevated thyroid-stimulating hormone (TSH) levels beyond normal range with normal
thyroxine levels, is also associated with increased blood pressure, serum cholesterols [8–11], and
cardiovascular disease risk [12–14]. In this study, we further explore whether TSH level within the
normal limit is associated with cardiometabolic risk factors including central obesity, insulin resistance,
high blood pressure, dyslipidemia, and inflammation in a large population-based study.

2. Materials and Methods

2.1. Study Population

Participants of this study were recruited from individuals who participated in a self-paying
comprehensive health examination program offered by the MJ Health Management Institute in Taiwan
between 2011 and 2016. The data used in this study were held and approved by MJ Health Management
Institute, Taiwan. The authorization code is MJHRF2019007C. To comply with regulations related to
the privacy of personal electronic data, the identity of every patient was delinked and all data was
analyzed anonymously. The protocol was approved by the Research Ethics Committee in St. Martin
De Porres Hospital in Taiwan. The ethics committee reference number is 18B-009. All methods were
performed in accordance with the relevant guidelines and regulations of the Declaration of Helsinki.

2.2. Inclusion and Exclusion Criteria

Participants who had complete questionnaire information and complete metabolic, inflammation,
and thyroid hormone assessment during 2011–2016 (N = 32,357) were included. We excluded
(1) participants with age <20 years (N = 290); (2) those who reported to have received thyroid
surgery or thyroid medications (N = 878); (3) those who already had hyperthyroidism (high-sensitive
thyroid-stimulating hormone (hsTSH) level < 0.47 mIU/L) at the baseline (N = 1049); (4) those who
already had overt hypothyroidism (N = 12); and (5) duplicated cases (N = 5363).

Participants were classified into those with high-sensitive thyroid-stimulating hormone (hsTSH)
level <50th percentile (0.47–1.48 mIU/L), 50–60th percentile (1.49–1.68 mIU/L), 60–70th percentile
(1.69–1.94 mIU/L), 70–80th percentile (1.95–2.3 mIU/L), 80–90th percentile (2.31–2.93 mIU/L), and >90th
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percentile (>2.93 mIU/L). Participants with TSH <50th percentile were used as the reference group.
The normal upper limit of hsTSH is 5.0 mIU/L in the MJ Health Management Institute. The number of
participantswith hsTSH higher than normal range (5.0 mIU/L) was only 325 (1.31%) in our study.

2.3. Data Collection

Self-reported questionnaire for lifestyle factors and past medical history were offered by each
participant. Each participant undertook a standard panel of history taking, physical examinations, and
laboratory tests. Details of the data collection were described elsewhere [15,16]. Overnight fasting
blood were collected and analyzed. Alcohol consumption was defined by drinking more than 1 to
2 times a week. Physical inactivity was defined by exercising for less than 1 h a week. Cigarette
smoking was defined by currently smoking more than 1 to 2 times a week.

The laboratory method for determination of TSH is a two-step immunoassay using
chemiluminescent microparticle immunoassay (Abbott ARCHITECT I2000). In the first step, sample
and anti-β TSH antibody-coated paramagnetic microparticles were combined. After washing, anti-α
TSH acridinium labeled conjugate was added in the second step. The resulting chemiluminescent
reaction was measured. The quality control requirement was a single sample of all control levels tested
once every 24 h each day of use. The laboratory of MJ Health Management Institute has passed the
ISO 9001:2000 requirements.

2.4. Definition of Cardiometabolic Risk Factors

Overweight was defined as body mass index (BMI) >24 kg/m2. Increased body fat (%) was defined
as: body fat ≥20% in men and ≥25% in women with age ≤30 years and body fat ≥25% in men and
≥30% in women with age >30 years [17]. Increased waist circumference was defined as >90 cm in men
and >80 cm in women. Elevated blood pressure was defined as systolic blood pressure >130 mmHg or
diastolic blood pressure >85 mmHg. Elevated fasting glucose was defined as ≥100 mg/dL [18]. High
HbA1c was defined as HbA1c >5.7%. Hyperinsulinemia was defined as fasting insulin ≥15 mIU/L.
High homeostasis model of assessment of insulin resistance (HOMA-IR) was defined as HOMA-IR
>3.0 mU/L·mM [19]. High homeostasis model of assessment of beta-cell (HOMA-β) was defined as
HOMA-β >75th percentile of the study participants [20]. Hypertriglyceridemia was defined as fasting
triglycerides ≥150 mg/dL [18]. Hypercholesterolemia was defined as total cholesterol >200 mg/dL.
Low high-density lipoprotein cholesterol (HDL-C) was defined as ≤40 mg/dL in men and ≤50 mg/dL
in women [18]. High low-density lipoprotein cholesterol (LDL-C) was defined as LDL-C ≥130 mg/dL.
High triglyceride/HDL-C ratio was defined as TG/HDL-C >2.75 in men and >1.65 in women [21].
Elevated high sensitivity C-reactive protein (hsCRP) was defined as ≥3 mg/dL [21]. Elevated serum
fibrinogen level was defined as >400 mg/dL [22]. Hyperuricemia was defined as >7.2 mg/dL in men
and >6.0 mg/dL in women. Metabolic syndrome was defined according to the International Diabetes
Federation (IDF) worldwide definition of the metabolic syndrome [18].Past history of diabetes mellitus
was defined by self-reported medical history of diabetes mellitus or history of taking anti-diabetic drugs.
Past history of hypertension was defined by self-reported medical history of hypertension or history of
taking anti-hypertensive drugs. Past history of dyslipidemia was defined by self-reported medical
history of dyslipidemia and history of taking lipid-lowering drugs. Past history of cardiovascular
diseases was defined by self-reported medical history of cardiovascular diseases and history of taking
cardiovascular drugs.

2.5. Statistical Analyses

Differences in the baseline characteristics of study participants across all hsTSH percentile groups
were compared by using the trend test without and with adjustment for age, sex, smoking, alcohol
drinking, and physical inactivity. The relation between dichotomous traits including increased adiposity,
elevated blood pressure level, hyperglycemia, insulin resistance, dyslipidemia, inflammatory markers,
and metabolic syndrome, and across all hsTSH categories, were further evaluated. Multinomial logistic
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regression was performed to calculate the adjusted odds ratio and 95% confidence intervals without
and with controlling for age, sex, smoking, alcohol drinking, and physical inactivity. The optimal
cut-off values of hsTSH for each cardiometabolic risk factor were calculated according to the Youden
index (sensitivity + specificity − 1) [23]. Statistical analyses were performed using SAS version 9.4
(SAS Institute, Cary, NC, USA). A two-sided p-value of <0.05 was considered as statistically significant.

2.6. Mediation Analyses

We further investigated the mediation effects of insulin resistance (measured by HOMA-IR)
linking low normal thyroid function (measured by hsTSH or free T4) to metabolic syndrome. More
specifically, using mediation modeling, we evaluated the effect of low normal thyroid function on
metabolic syndrome risk that is explained by insulin resistance. Mediation analyses were conducted
using an existing method [24]. We briefly summarize the analyses in the following. First, we assume a
joint model for the mediator and the outcome:

logit P(Y = 1|A, M, X ) =βT
XX + βAA + βMM + βAMA×M (1)

logit P(M = 1|A, X ) =αT
XX + αAA (2)

where Y, A, M, and X, respectively, are the metabolic syndrome (i.e., the outcome), the hsTSH, HOMA-IR
(i.e., the mediator), and the covariates, respectively. Direct and indirect effects of the thyroid function
on the risk of metabolic syndrome in relation to insulin resistance can be calculated on the scale of
risk difference:

Direct effect = Γ(a1 = 1, a2 = 0, x)
∣
∣
∣Γ(a1 = 0, a2 = 0, x) (3)

Indirect effect = Γ(a1 = 1, a2 = 1, x)
∣
∣
∣Γ(a1 = 1, a2 = 0, x) (4)

The direct and indirect effects have a causal interpretation provided that the adjustment of
covariates satisfies the no-unmeasured confounding assumptions for identifiability: The indirect
effect is the effect of the thyroid function on the risk of metabolic syndrome mediated by insulin
resistance, and the direct effect is the effect not mediated through affecting insulin resistance. We also
measured proportion of mediation as the logarithm of the indirect effect divided by the logarithm of
the product of the direct and indirect effects. The proportion of mediation measured the percentage of
the effect of the thyroid function on the risk of metabolic syndrome was mediated through insulin
resistance, on the scale of log risk ratio. Confidence intervals of 95% of the measurement were calculated
using bootstrapping.

3. Results

The study flow is depicted in Figure 1. After exclusion, a total of 24,765 participants were recruited.
Their baseline characteristics are listed in Table 1.

Table 1. Baseline characteristics of participants (N = 24,765).

Characteristics Mean (SD)

Male (number, %) 11,811 (47.69)
Age (years) 44.43 (12.41)

High-sensitive thyroid stimulating hormone (hsTSH) (mIU/L) 1.74 (1.08)
Free T4 (μU/mL) 1.06 (0.13)

Body mass index (kg/m2) 23.77 (3.97)
Body fat (%) 27.55 (7.31)

Waist circumference (cm) 78.57 (10.95)
Systolic blood pressure (mmHg) 115.64 (17.80)
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Table 1. Cont.

Characteristics Mean (SD)

Diastolic blood pressure (mmHg) 73.86 (11.21)
Fasting glucose (mg/dL) 104.69 (23.30)

Hemoglobin A1c (%) 5.34 (0.78)
Fasting Insulin (mIU/L) 7.94 (6.61)

Homeostasis model assessment of insulin resistance (HOMA-IR) (mU/L·mM) 2.13 (2.29)
Homeostasis model assessment of beta-cell (HOMA-β) (mU/L/mM) 72.44 (51.91)

Triglycerides (mg/dL) 118.23 (105.00)
Total cholesterol (mg/dL) 199.06 (36.46)

High-density lipoprotein cholesterol (mg/dL) 58.57 (15.11)
Low-density lipoprotein cholesterol (mg/dL) 117.95 (33.55)

Triglycerides/High-density lipoprotein cholesterol ratio 2.33 (3.27)
High-sensitive C-reactive protein (mg/L) 1.97 (4.38)

Fibrinogen (mg/dL) 289.64 (56.42)
Uric acid (mg/dL) 5.68 (1.54)

Alcohol consumption (number, %) 4151 (17.39)
Cigarette smoking (number, %) 4004 (16.75)
Physical inactivity (number, %) 15,538 (65.77)

History of diabetes mellitus (number, %) 1017 (4.11)
History of hypertension (number, %) 2736 (11.07)
History of dyslipidemia (number, %) 769 (3.11)

History of cardiovascular diseases (number, %) 1211 (4.9)

SD: Standard deviation; alcohol consumption was defined by drinking more than 1 to 2 times a week; physical
inactivity was defined by exercising for less than 1 h a week. Cigarette smoking was defined by currently smoking
more than 1 to 2 times a week.

Figure 1. Study flow.
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We first examined continuous traits across different hsTSH percentile groups. The crude and
adjusted p-for-trend is summarized in Table 2. As expected, free T4 levels decreased as hsTSH levels
increased (p-for-trend < 0.0001). Increased hsTSH was associated with a higher proportion of females
(p-for-trend < 0.0001) and older ages (p-for-trend < 0.0001). Increased hsTSH, even within normal
range, was significantly associated with increased BMI, body fat percentage, waist circumference,
systolic and diastolic blood pressure, HbA1c, fasting insulin, HOMA-IR, HOMA-β, triglycerides,
total cholesterols, HDL-C, LDL-C, triglycerides/HDL-C ratio, fibrinogen, and uric acid, but was not
associated with fasting glucose levels after adjustment for age, sex, smoking, alcohol drinking, and
physical activity (Table 2). There was also a trend of positive association between hsTSH and hsCRP
(p-for-trend = 0.083).

We examined the association between hsTSH levels and dichotomous cardiometabolic risk traits.
The crude odds ratios (ORs) is listed in Supplementary Table S1 and Figure 2. Briefly, subjects with the
highest hsTSH percentile had significantly increased ORs of overweight, high body fat percentage,
central obesity, elevated blood pressure, high HbA1c, hyperinsulinemia, high HOMA-β, increased
HOMA-IR, hypertriglyceridemia, hypercholesterolemia, high LDL-C, high triglycerides/HDL-C,
elevated hsCRP, increased fibrinogen, hyperuricemia, and metabolic syndrome, but low fasting glucose
and low HDL-C as compared with the reference group.There was no clear dose-responsive association
of past history of hypertension, dyslipidemia, and cardiovascular disease with hsTSH levels. Only a
trend of association of past history of diabetes mellitus with hsTSH was found.

We next calculated the optimal cut-off value of hsTSH for each metabolic phenotype according to
the Youden index (Supplementary Table S1). The optimal cutoff of hsTSHranged from 1.147 mIU/L for
overweight (BMI > 24 kg/m2) to 2.225 mIU/L for hypercoagulability (fibrinogen > 400 mg/dL). These
resultssuggest the upper limit of “normal” hsTSHwith respect to cardiometabolic risk might need to
be reset within this range.

The adjusted ORs are summarized in Table 3 and Figure 2. Similarly, subjects with the highest
hsTSH percentile had significantly increased risk of overweight (adjusted OR (adjOR): 1.36, 95%
confidence interval (CI) = (1.24, 1.50); p < 0.0001), high body fat percentage (adjOR: 1.31, 95% CI
= (1.19–1.43), p < 0.0001), central obesity (adjOR: 1.37, 95% CI = (1.24–1.53), p < 0.0001), elevated
blood pressure (adjOR:1.28, 95% CI = (1.14–1.43), p < 0.0001), high HbA1c (adjOR: 1.23, 95% CI =
(1.08–1.40), p = 0.0015), hyperinsulinemia (adjOR: 1.78, 95% CI = (1.51–2.08), p < 0.0001), high HOMA-β
(adjOR:1.40, 95% CI = (1.27–1.55), p < 0.0001), increased HOMA-IR (adjOR: 1.48, 95% CI = (1.32–1.67),
p < 0.0001), hypertriglyceridemia (adjOR: 1.67, 95% CI = (1.50–1.86), p < 0.0001), hypercholesterolemia
(adjOR: 1.26, 95% CI= (1.15–1.39), p< 0.0001), high LDL-C (adjOR:1.19, 95% CI= (1.08–1.31), p = 0.0005),
high triglycerides/HDL-C ratio (adjOR: 1.55, 95% CI = (1.41–1.70) p < 0.0001), elevated hsCRP (adjOR:
1.36, 95% CI = (1.21–1.52), p < 0.0001), increased fibrinogen (adjOR: 1.30, 95% CI = (1.03–1.63), p = 0.02),
hyperuricemia (adjOR: 1.54, 95% CI = (1.38–1.72), p < 0.0001), and metabolic syndrome (adjOR: 1.47,
95% CI = (1.30–1.65), p < 0.0001), but had significant risk of low fasting glucose (adjOR: 0.88, 95% CI =
(0.80–0.97), p = 0.0091) and low HDL-C (adjOR: 1.25, 95% CI = (1.11–1.40), p = 0.0002) as compared
with the reference group.
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Figure 2. Crude (left panel) and adjusted (right panel) odds ratio for central obesity (A–C), elevated
blood pressure (D), hyperglycemia (E,F), insulin resistance (G–I), dyslipidemia (J–N), inflammation
(O), hypercoagulability (P), hyperuricemia (Q) and metabolic syndrome (R) among participants with
different thyroid-stimulating hormone (TSH) levels (N = 24,765). * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001.
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Since insulin resistance had been proposed as the unifying underlying cause of metabolic
syndrome [18], we next conducted mediation analyses to model the relationship between thyroid
hormone status, insulin resistance, and metabolic syndrome. Specifically, we studied the effect of
hsTSH or free T4 on the risk of metabolic syndrome mediated through insulin resistance as measured
by HOMA-IR (Supplementary Table S2). In comparison to patients with lower hsTSH levels than the
median, those with higher hsTSH levels than the median had a higher risk of metabolic syndrome
mediated by HOMA-IR, with a significant effect (indirect effect) measured on the scale of risk difference
being 0.63% (95% confidence interval = (0.45%, 0.83%); p-value < 0.0001). The direct effect of high
hsTSH (versus low hsTSH) on the risk of metabolic syndrome not mediated through HOMA-IR
also revealed a positive effect, with a risk difference of 0.74% (95% CI = (0.42%, 1.05%), p < 0.0001)
(Supplementary Table S2). Of the overall hsTSH effect on metabolic syndrome, 46.0% were mediated
through HOMA-IR, suggesting that insulin resistance is an important mediator for the effect of thyroid
function on metabolic syndrome (Supplementary Table S2).

In addition to hsTSH, we also investigated the effect of lower free T4 levels than the median level,
which showed a similar pattern (Supplementary Table S2). In comparison to those with high free
T4 (greater than the median level), patients with low free T4 were more likely to develop metabolic
syndrome, either mediated by HOMA-IR or not, with indirect and direct effects on the scale of risk
difference being 0.54% (95% CI = (0.36%, 0.74%), p < 0.0001) and 0.26% (95% CI = (−0.08%, 0.60%),
p = 0.066), respectively. The proportion of the free T4 effect on metabolic syndrome mediated by
HOMA-IR was 67.2%, even higher than that of hsTSH (Supplementary Table S2). Taken together,
mediation analyses suggest that the effect of thyroid hormone status on metabolic syndrome is
significantly mediated by insulin resistance and such a mediation explained the majority of the effect
(46.0% for hsTSH; 67.2% for free T4).

4. Discussion

In this large population-based study involving 24,765 subjects, we found that increased hsTSH
levels, even within the normal range, is associated with increased risk of central obesity, insulin
resistance, elevated blood pressure, hyperglycemia, hyperlipidemia, hyperuricemia, inflammation,
hypercoagulability, and metabolic syndrome, suggesting hsTSH as a novel cardiometabolic risk marker.
The association was probably mediated through insulin resistance. To our knowledge, this study is the
largest study to investigate the association of hsTSH within normal levels in a range of comprehensive
cardiometabolic traits using mediation analysis.

Consistently, in a cross-sectional study involving 2703 euthyroid participants from Netherlands,
TSH levels were positively associated with insulin resistance and triglycerides levels [25]. In another
study involving 1283 euthyroid Chinese, those with TSH levels between 1.91 to 4.80 mIU/L had
significantly larger waist circumferences, higher BMI, and a trend of higher serum triglycerides, but
a trend of lower prevalence of hyperglycemia than those with TSH between 0.30 to 0.99 mIU/L [26].
In a study involving 2760 Korean euthyroid women, TSH levels were positively associated with waist
circumference, blood pressure, and triglycerides, but no fasting glucose or HDL-C [27]. Another
study involving 2153 euthyroid Bulgarians showed that the highest TSH quartiles were associated
with higher triglycerides, lower HDL-C, and metabolic syndrome, but not with abdominal obesity,
hypertension, or diabetes/prediabetes in comparison to the lowest quartiles [28]. In a study involving
201 Italian women, TSH was positively associated with waist circumference [29]. In a study involving
1333 euthyroid Germans, TSH in the upper normal range was associated with higher BMI, higher
triglycerides, and metabolic syndrome, but not fasting glucose in comparison to those with TSH in
the lower normal range [30]. Another study involving 2771 euthyroid Mexicans showed that TSH
was positively associated with waist circumference, systolic blood pressure, total cholesterols, LDL-C,
triglycerides, fasting insulin, and HOMA-IR, but not with HDL-C, diastolic pressure, and fasting
glucose [31]. In another study involving 3755 euthyroid Iranians, TSH was positively associated with
waist circumference, triglycerides, but not with total cholesterol, LDL-C, HDL-C, systolic and diastolic
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blood pressure, and fasting blood glucose [32]. Collectively, in most studies, higher TSH level is
associated with central obesity, elevated blood pressure, increased triglycerides, and insulin resistance,
but not with fasting glucose. The mechanism by which elevated TSH is associated with reduced fasting
glucose is probably related to the thyroid hormones’ action to promote hepatic gluconeogenesis [3,5,6].
It is well-established that the thyroid hormone stimulates gluconeogenesis through up-regulating
phosphoenolpyruvate carboxykinase (PEPCK) [33] and increasing sympathetic input to the liver [6].
Rodents with the mutant thyroid receptor display reduced hepatic glucose output [34]. This is
consistent with our findings, and other clinical findings, that elevated TSH is associated with lower
fasting glucose. Whether this finding will affect the overall cardiovascular risk is currently unknown.

In an analysis targeted to analyze the association of TSH with serum lipids in 30,656 euthyroid
Norwegians, there was a linear and significant increase in total cholesterols, LDL-C, and triglycerides
with increasing TSH [35]. In another study targeted to analyze the association of TSH with serum
lipids in 3664 euthyroid Chinese, TSH was linearly positivity associated with total cholesterols and
triglycerides [36]. In another study analyzing the association of TSH with serum lipids, TSH was
significantly associated with total cholesterols, triglyceride, and LDL-C, but not with HDL-C, in 7270
euthyroid Koreans [37]. In another analysis targeted to investigate the association between TSH
and blood pressure in 30,728 euthyroid Norwegians, increased TSH was significantly associated
with increased blood pressure. Higher TSH (3.0–3.5 mIU/L) was associated with increased risk of
hypertension in men and women [38].

We observed increased TSH levels within the normal range were significantly associated with
increased hsCRP. There is little information mentioning the association between TSH and hsCRP. In a
Brazilian study of 12,284 subjects with THS within euthyroid and subclinical hypothyroidism, TSH
levels were not associated with CRP [39]. In a Turkey study involving 77 subclinical hypothyroid cases
and 50 euthyroid controls, subclinical hypothyroidism was associated with elevated hsCRP [40].

We also observed increased TSH levels were significantly associated with hypercoagulability.
Consistently, in a study of 959 French subjects, free T4 levels were inversely correlated with serum
fibrinogen level [41]. Conversely, another population-based study in 3804 Germans found that low
serum TSH was associated with high fibrinogen levels [42]. Our results strongly support that elevated
TSH within the euthyroid range is associated with low-grade inflammation and hypercoagulability,
probably related to increased adiposity.

In contrast to our findings, two large cross-sectional studies found a negative association between
TSH with measures of obesity [43,44]. A study involving 5998 participants from general Korean
population showed that TSH levels were negatively associated with waist circumference and HDL-C,
and positively with triglycerides [42]. In another study involving 13,496 euthyroid Koreans, TSH as
negatively related to BMI, HDL-C, fasting glucose, and HbA1c [44]. The reason for the discrepancy of
TSH association with measures of obesity is not currently known.

Instead of TSH, several studies investigated the association of thyroxine levels with cardiometabolic
risk factors. A study involving 303 euthyroid Greeks showed that free T4 levels were negatively
associated with subcutaneous fat mass [45]. Another study involving 44,196 euthyroid Koreans showed
that normal high free T4 was associated with lower waist circumference [46]. Intriguingly another study
involving 941 euthyroid Belgian men showed free T4 levels were positively associated with whole body
fat mass and trunk fat mass, but negatively associated with whole body lean mass and radius muscle
mass [47]. In conclusion, low normal thyroxine may be associated with increased fat mass.

Using mediation analysis, we found that insulin resistance mediates the association between the
metabolic syndrome and free T4 (67.2%) or hsTSH (46.0%). This is consistent with the established
action of thyroxine to promote insulin sensitivity of fat and skeletal muscle in experimental models.
Because of the difference in measurement techniques, serum hsTSH is a much more sensitive marker
than free T4 for assessing thyroid status. Our study showed that hsTSH is a highly sensitive marker of
thyroid status associated with metabolic syndrome through the thyroxine’s action on insulin resistance.
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Our study has some unique strengths. First, this is the largest study investigating the association
of high normal TSH with the most comprehensive coverage of cardiometabolic risk factors and the
mechanism using mediation analyses. In addition, the lab tests are performed as screening tests rather
than for a clinical indication, which prevents the confounding by indication. Our detailed questionnaires
coverage of lifestyle enables adjustments for multiple confounding factors and mediation analysis.

Our study has several limitations. First, a longitudinal follow-up study is required in the future
since this is a cross-sectional study. Second, although we adjusted various lifestyle factors, residual
confounding factors may still exist. Third, the participants are recruited from voluntary health
examinations but not from random sampling. Therefore, the risk estimation may not be applicable for
the general population.

5. Conclusions

A linear dose-dependent association was found between hsTSH within the normal range with
central obesity, dyslipidemia, elevated blood pressure, inflammation, hypercoagulability, and metabolic
syndrome, but not with fasting glucose, in a large population. The association is probably mediated
through the thyroid hormone’s action on insulin sensitivity. Our results suggest high hsTSH within
the euthyroid range is a novel cardiometabolic risk marker.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/6/817/s1,
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(N = 24,765); Table S2: Mediation analysis modeling the relationship between thyroid function, insulin resistance,
and metabolic syndrome.
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Abstract: Epicardial adipose tissue (EAT) constitutes a novel parameter for cardiometabolic risk
assessment and a target for therapy. Here, we evaluated for the first time the plasma microRNA
(miRNA) profile as a source of biomarkers for epicardial fat volume (EFV). miRNAs were profiled
in plasma samples from 180 patients whose EFV was quantified using multidetector computed
tomography. In the screening study, 54 deregulated miRNAs were identified in patients with high
EFV levels (highest tertile) compared with matched patients with low EFV levels (lowest tertile). After
filtering, 12 miRNAs were selected for subsequent validation. In the validation study, miR-15b-3p,
miR-22-3p, miR-148a-3p miR-148b-3p and miR-590-5p were directly associated with EFV, even
after adjustment for confounding factors (p value < 0.05 for all models). The addition of miRNA
combinations to a model based on clinical variables improved the discrimination (area under the
receiver-operating-characteristic curve (AUC) from 0.721 to 0.787). miRNAs correctly reclassified
a significant proportion of patients with an integrated discrimination improvement (IDI) index of
0.101 and a net reclassification improvement (NRI) index of 0.650. Decision tree models used miRNA
combinations to improve their classification accuracy. These results were reproduced using two
proposed clinical cutoffs for epicardial fat burden. Internal validation corroborated the robustness of
the models. In conclusion, plasma miRNAs constitute novel biomarkers of epicardial fat burden.

Keywords: biomarker; cardiometabolic disease; epicardial adipose tissue; epicardial fat; epicardial
fat volume; microRNA
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1. Introduction

MicroRNAs (miRNAs) are evolutionarily conserved small noncoding RNAs (ncRNAs) that
posttranscriptionally regulate gene expression playing a critical role in cellular pathways involved in
development, homeostasis and the response to stress [1]. In addition to their intracellular localization,
miRNAs have also been detected in the extracellular space and circulation [2]. Extracellular miRNAs
can be easily assayed by analyzing bodily fluids, they are stable against degradation, have a long
half-life in biological samples, and can be detected with techniques readily available in clinical
laboratories [3]. Thus, miRNA-based tests provide an interesting opportunity to develop novel tools to
assist in clinical decision-making [3]. A number of publications have proposed the use of circulating
miRNAs as biomarkers for a wide range of medical conditions [4,5]. Indeed, monitoring alterations
in the patterns of circulating miRNAs could be useful in the diagnosis and prognostic stratification
within diverse cardiovascular and metabolic disorders [6,7].

Epicardial adipose tissue (EAT), the visceral fat depot located between the myocardium and
visceral pericardium, is a metabolically active tissue that regulates cardiovascular homeostasis under
physiological conditions [8]. However, under pathological conditions, excessive accumulation of EAT
surrounding the myocardium and the coronary arteries actively contributes to the development and
progression of cardiovascular disease [9]. Although the mechanisms are not fully understood, EAT
has been directly implicated in different pathological processes via secretion of pro-inflammatory,
pro-fibrotic and metabolic mediators [10,11]. The relationship between epicardial fat burden and
cardiovascular disease has recently gained attention among the medical community. Multiple clinical
studies have demonstrated that epicardial fat is a risk factor for coronary artery disease (CAD) [12], heart
failure (HF) [13] and atrial fibrillation (AF) [14]. A prognostic value for major adverse cardiovascular
events and mortality has also been reported [15]. Furthermore, epicardial fat accumulation has been
correlated with metabolic diseases including diabetes and metabolic syndrome [16]. Consequently,
EAT constitutes a novel parameter for cardiometabolic risk assessment and a target for therapy [17,18].

Epicardial adipose tissue can be clinically measured using different imaging techniques such as
transthoracic echocardiography, cardiovascular magnetic resonance (CMR) and computed tomography
(CT). However, the need for specialized centers and trained personnel, in addition to the operating
expenses, limit the applicability of this methodology. Surprisingly, there are limited studies investigating
non-invasive and easily accessible biomarkers to quantify EAT [19,20]. Despite the potential of miRNAs
as clinical indicators, they have not yet been used to assess the epicardial fat burden. Here, we address
this important gap by evaluating the plasma miRNA profile to identify biomarkers for epicardial fat
volume (EFV).

2. Experimental Section

2.1. Study Population

This is a prospective study including clinically stable patients referred for coronary computed
tomography angiography (CCTA) in the Cardiac Imaging Unit of the Hospital de la Santa Creu i Sant
Pau (Barcelona, Spain). According to miRNA profiling data, accepting a significance level of 0.05 and a
power of 80% in a two-sided test, and assuming a common standard deviation (SD) of 0.9, 51 subjects
were necessary in both study groups to recognize as statistically significant a difference greater than
or equal to 0.5 arbitrary units (au). EAT assessment was performed after blood collection. Therefore,
the sample size used was higher to ensure the necessary number of patients. Finally, 180 consecutive
patients were enrolled in the study. Exclusion criteria included suspected acute coronary syndrome,
contraindications to CCTA imaging, any survival-limiting disease or any severe infectious disease.
Detailed demographic, anthropometric, clinical and pharmacological information was obtained from
electronic medical records. All subjects gave written informed consent before participating in the study.
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The study protocol was approved by the local ethical committee of the Hospital de la Santa Creu i Sant
Pau. The study was performed in accordance with the Helsinki Declaration.

2.2. Coronary Computed Tomography Angiography (CCTA)

A CCTA exam using a 256-slice CT scanner (Brilliance iCT 256; Philips Healthcare, Amsterdam,
the Netherlands) was performed on all participants. A contrast-enhanced scan was performed to assess
CAD and EFV. The scan was prospectively triggered at 75% of the RR interval using 100 kV (120 kV in
patients with a body mass index >30 kg m−2) if the heart rate was below 65 beats per min (bpm), and
retrospectively gated (helical acquisition) if the heart rate was higher than 65 bpm. Iodinated contrast
(Xenetix 350; Guerbet, Aulnay-sous-Bois, France) was administered at a dose of 0.7–1 mL kg−1 (range
50–120) and followed by a 40 mL saline flush, and both injected at a rate of 5–6 mL/s. CCTA studies
were subsequently analyzed off-line. Coronary artery plaques were defined as any tissue structure
>1 mm2 that existed either within the coronary artery lumen or adjacent to the coronary artery lumen
that could be distinguished from the surrounding pericardial tissue, epicardial fat, or the lumen itself.
Coronary artery disease was quantified for stenosis by quantitative coronary angiography (CT-QCA)
in any luminal diameter narrowing ≥50% of the reference luminal diameter. The methodology to
calculate EFV was performed with a dedicated software as follows (OsiriX MD, v 6.5, FDA cleared,
Pixmeo): first, the upper and lower slice limits of pericardium were manually defined in an axial view.
Then, the EFV was marked in each slice by drawing regions of interest with voxel densities between
−150 to −30 Hounsfield units (corresponding to adipose tissue). A contiguous 3-dimensional volume
render was then performed and quantified in cubic centimeters (cm3), and indexed to body surface
area (cm3 m−2) to produce an EFV-index (EFVi). Body surface area data was available for 160 patients.
Patients were stratified according EFV tertiles: first and second tertiles (11.93–118.00 cm3) and third
tertile (118.74–257.35 cm3). Additionally, we used two binary cutoffs previously proposed as clinically
relevant: EFV > 125 cm3 [15] and EFVi > 68.1 cm3 m−2 [21].

2.3. Blood Collection

Blood collection and processing were performed using standardized protocols [22]. Blood
samples were obtained in K2-ethylenediaminetetra-acetic acid (EDTA) blood collection tubes (BD)
by venipuncture after a night of fasting and before beginning any interventional procedure or
administration of contrast agents. The blood was processed within 2 h after isolation. To obtain plasma,
blood samples were fractionated by centrifugation at 1300 × g for 15 min at room temperature. After
centrifugation, plasma supernatant was aliquoted into 1.5 mL DNA LoBind tubes and stored at −80 ◦C
until analysis.

2.4. Epicardial Adipose Tissue (EAT)

Epicardial adipose tissue explants were obtained from patients undergoing cardiac surgery (N = 8).
Patients were diagnosed with either CAD (N = 4) or valve disease (N = 4). 100 mg pieces of EAT were
incubated for 24 h in 1 mL serum-free DMEM supplemented with antibiotics in 5% CO2. miRNAs
were isolated from tissue and from the conditioned media.

2.5. High-Sensitive C-Reactive Protein (CRP) Concentration

High-sensitive C-reactive protein (hs-CRP) concentrations were determined using an
immunoturbidimetry method on the Roche Cobas c501 analyzer (Roche Diagnostics, Mannheim,
Germany). The hs-CRP assay has an analytic range from 0.3 to 350 mg L−1. The assay had interrun
coefficients of variation that ranged from 1.2 to 3.6%.
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2.6. MicroRNA Isolation

Profiling of miRNA was conducted in the same laboratory and under the same conditions.
Experienced staff blinded to clinical data performed all laboratory measurements. Total RNA was
isolated from 150 μL of frozen plasma samples or conditioned medium samples using miRNeasy
Serum/Plasma Kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions. For EAT,
total RNA was isolated from 100 mg of tissue using the miRNeasy Mini Kit (Qiagen). For normalization
of extracellular miRNAs, synthetic Caenorhabditis elegans miR-39-3p (cel-miR-39-3p), lacking sequence
homology to human miRNAs, was added as an external reference miRNA (1.6 × 108 copies μL−1).
The mixture was also supplemented with 1μg of MS2 carrier RNA (Roche, Merck, Darmstadt, Germany)
to improve extracellular miRNA yield. Purification of RNA was performed with RNeasy MinElute
or RNeasy Mini Spin columns according to the manufacturer’s instructions. RNA was eluted in
nuclease-free H2O and stored in a −80 ◦C freezer.

2.7. Quantification of MicroRNA

Quantitative polymerase chain reaction (qPCR) was performed according to the protocol for the
miRCURY LNA Universal RT microRNA PCR System (Exiqon, Qiagen, Hilden, Germany), which
offers an optimal performance [23]. According to the manufacturer’s instructions, different protocols
for cDNA synthesis were used for extracellular or tissue miRNAs. The RNA in the plasma and
conditioned media cannot be accurately quantified. Therefore, we used the same starting sample
volume rather than RNA quantity (2 μL of RNA). For tissue, total RNA concentration was determined
with a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). Then, RNA samples were
adjusted to a concentration of 5 ng μL−1 using nuclease-free H2O. RNA was reverse transcribed in
10 μL reactions using the Universal cDNA Synthesis Kit II (Exiqon). The RT reaction was performed
with the following conditions: incubation for 60 min at 42 ◦C followed by heat-inactivation for 5 min at
95 ◦C; the reaction was then immediately cooled to 4 ◦C. cDNA was stored at −20 ◦C.

For the screen, we used the 384 well Serum/Plasma Focus microRNA PCR Panel V4 (Exiqon).
The panel included primer sets for 179 miRNAs commonly found in serum and plasma samples. Each
selected miRNA was validated in plasma, conditioned media and tissue using 384-well Pick-&-Mix
microRNA PCR Plates (V4) (Exiqon). qPCR was performed in 10 μL reactions using the 7900HT Fast
Real-Time PCR System (Applied Biosystems, Thermo Fisher Scientific, Waltham, Massachusetts, USA)
with the following cycling conditions: 10 min at 95 ◦C, 40 cycles of 10 s at 95 ◦C and 1 min at 60 ◦C,
followed by a melting curve analysis. The synthetic UniSp3 assay was analyzed as interplate calibrator.
The SDS v2.3 software was used to determine the quantification cycle number (Cq) and perform the
melting curve analysis. The Cq was defined as the fractional cycle number at which the fluorescence
exceeded a given threshold. The specificity of the qPCR was corroborated by melting curve analysis.
miRNAs were considered to be expressed at Cq values < 35. Relative quantification was performed
using the 2−dCq method, where dCq =CqmiRNA −Cqcel-miR-39-3p for extracellular miRNAs and CqmiRNA

− CqSNORD48 for tissue miRNAs. Expression levels were log2-transformed for statistical analyses.

2.8. Statistical Analysis

Statistical analysis was performed using the statistical software package R version 3.5.2. Descriptive
statistics were used to summarize the characteristics of the study population. The Kolmogorov–Smirnov
test was used to test normality. Data were described as the mean ± SD and median (P25–P75) for
continuous variables. Frequency (percentage) was used for categorical variables. Continuous variables
were compared between groups using the Student’s t-test and Mann–Whitney U test for normally
distributed and nonnormally distributed variables, respectively. Categorical variables were compared
between groups using Fisher’s exact test. Spearman’s rho coefficient was used to assess the correlation
between continuous variables. In the screen, heat map visualization was used to determine whether
plasma miRNAs can differentiate between patients according to EFV tertile [24]. In the validation study,
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logistic regression analyses were used to investigate whether plasma miRNAs were independently
associated with EFV.

Backward stepwise regression models were used to explore the performance of plasma miRNAs,
in combination with clinical covariates, as biomarkers of EFV. Clinical covariates were chosen based
on statistical differences observed between study groups (p value < 0.1): age, sex, body mass index
(BMI) and diabetes mellitus. The results were presented as an odds ratio (OR) and 95% confidence
intervals (CI). Receiver-operating-characteristic (ROC) curves were constructed to assess the global
discriminative ability. The results were presented as the area under the ROC curve (AUC) and 95%
CI. The added discrimination capacity of plasma miRNA over the multiparameter clinical model
was tested by the DeLong test [25]. The Integrated Discrimination Improvement (IDI) index and Net
Reclassification Improvement (NRI) index were computed to assess the reclassification capacity of
plasma miRNAs [26]. The internal validity of the final models was tested for 500 bootstrap resamples,
using the ‘rms’ package by Frank Harrell [27] in the R Project for Statistical Computing. The calibration
of the models was assessed by the corresponding plots using the same package.

Decision tree models were developed using a chi-squared automatic interaction detector (CHAID)
algorithm [28]. The CHAID algorithm utilizes statistical significance from Chi-square tests to
establish a hierarchy of predictors, here the parameters that composed our clinical model and
plasma miRNAs. CHAID analysis identifies potential interactions among the predictors and selects
the optimal combination of variables and cutoff values for classification. The two-tailed significance
level was set at p value < 0.05.

3. Results

3.1. Study Population

Table 1 shows the characteristics of the study population. The mean age was 65.0 ± 12.8 years,
and 104 patients (58%) were male. The prevalence for hypertension, dyslipidemia, diabetes mellitus
and active or former smoker was 62%, 57%, 21% and 33%, respectively. Patients underwent multiple
pharmacological therapies including antiplatelet drugs (41%), statins (48%), beta-blockers (32%),
angiotensin-converting-enzyme (ACE) inhibitors (54%) and diuretics (27%).

Standardized quantitative categories for EFV are currently lacking. Therefore, the study population
was stratified according to EFV tertiles: patients in the first and second tertiles (low-medium epicardial
fat burden) and patients in the third tertile (high epicardial fat burden). Compared to patients in the
first and second tertiles of EFV, patients in the third tertile were typically older, more frequently male
with a higher BMI and prevalence of diabetes mellitus (Table 1). The use of statin, an antiplatelet drug,
and beta-blockers was also higher in patients in the third tertile.
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Table 1. Characteristics of the study population.

Variable
All Tertile 1&2 Tertile 3 p Value

N = 180 N = 120 N = 60

Clinical characteristics

Age (years), mean ± SD 65.0 ± 12.8 63.5 ± 13.8 68.1 ± 9.9 0.011
Male, N (%) 104 (58) 63 (53) 41 (68) 0.055
Body mass index (kg m−2), median
(P25–P75)

27.0 (24.8–30.3) 25.9 (24.2–29.2) 29.4 (26.3–32.1) <0.001

Body surface area (m2), median
(P25–P75) N = 160

1.8 (1.7–2.0) 1.8 (1.7–1.9) 1.9 (1.9–2.1) 0.001

Hypertension, N (%) 111 (62) 70 (58) 41 (68) 0.255
Dyslipidemia, N (%) 102 (57) 66 (55) 36 (60) 0.632
Diabetes mellitus, N (%) 37 (21) 18 (15) 19 (32) 0.011
Active or former smoker, N (%) 59 (33) 36 (30) 23 (38) 0.310
hs-CRP (mg L−1), median (P25–P75) 2.00 (0.97–4.07) 1.90 (0.85–4.00) 2.10 (1.11–4.62) 0.590
Coronary artery disease, N (%) 55 (30.6) 35 (29.2) 20 (33.3) 0.608
Glomerular filtration rate < 60
mL/mi/1.73 m2, N (%) 16 (9) 11 (9) 5 (8) 1.000

Medication use

Antiplatelet drugs, N (%) 73 (41) 43 (36) 40 (50) 0.071
Statins, N (%) 87 (48) 52 (43) 35 (58) 0.052
Beta-blockers, N (%) 58 (32) 34 (28) 24 (40) 0.086
Angiotensin-converting-enzyme
inhibitors, N (%) 97 (54) 64 (53) 33 (55) 0.746

Diuretics, N (%) 48 (27) 31 (26) 17 (28) 0.718
Epicardial fat burden

Epicardial fat volume (cm3), median
(P25–P75)

96.0 (66.5–130.6) 79.3 (55.8–96.4) 146.4 (130.5–178.4) <0.001

Epicardial fat volume-indexed (cm3

m−2), median (P25–P75) N = 160
50.0 (38.2–67.2) 42.0 (32.1–52.4) 76.3 (67.4–92.9) <0.001

Data are presented as frequencies (percentages) for categorical variables. Continuous variables are presented as
mean ± standard deviation (SD) or median (P25–P75). Differences between groups were analyzed using Student’s
t-test, Mann–Whitney U test or Fisher’s exact test. hs-CRP: High-sensitive C-reactive protein.

3.2. Profiling of Plasma MicroRNAs

To determine whether the plasma miRNAs were differentially expressed between study groups,
we first profiled the expression of 179 miRNAs in patients with low (first EFV tertile, N = 8) and high
epicardial fat burden (third EFV tertile, N = 8) (Table S1). Due to the sample size and in order to gain
statistical power, patients in the second EFV tertile were not included in this phase. To minimize
potential confounding variables, we also restricted our analysis to patients in the first and third tertiles
who matched according to age, sex, BMI, cardiovascular risk factors and hs-CRP levels. The expression
level of miR-208a-3p was below the limit of detection in 94% of the samples and was excluded from
additional analyses. Unsupervised hierarchical clustering based on miRNA expression profile clearly
separated patients in the third tertile from patients in the first tertile (Figure 1A). Analysis of the data
identified 54 significantly differentially expressed miRNAs (Figure 1B, Table S2). To identify potential
biomarkers, we selected 8 miRNAs (miR-15b-3p, miR-15b-5p, miR-22-3p, miR-27b-3p, miR-146a-5p,
miR-148b-3p, miR-339-3p and miR-590-5p) for further validation based on their statistical significance
(p ≤ 0.01) and abundance in the circulation (median Cq < 30, maximum Cq = 32 and detected in all
samples) (Figure 1C, Table S2). Several differentially expressed miRNAs belonged to the same family
as our candidates: miR-21-5p, miR-27a-3p, miR-148a-3p (p value = 0.065) and miR-152-3p (Figure 1C,
Table S2). Members within the same miRNA family share seed sequences and could be functionally
related (Table S3). Thus, these miRNAs were also selected for further validation in order to test whether
the combination of all family members could have higher potential as biomarker than individual
members. These miRNAs were all abundantly expressed in the circulation, meeting the established
criteria. Except for miR-15b-3p and miR-15b-5p, all of the candidates were derived from different
miRNA genomic clusters (>10 kb) (Table S3).
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Figure 1. Plasma microRNA (miRNA) profiling. (A) Unsupervised hierarchical clustering. The heat
map diagram shows the result of a two-way hierarchical clustering of patients and miRNAs. Each
column represents a patient (Tertile 1 of epicardial fat volume vs. Tertile 3 of epicardial fat volume).
Each row represents a miRNA. The patient clustering tree is shown on top. The miRNA clustering tree
is shown on the left. The color scale illustrates the relative expression level of miRNAs. The expression
intensity of each miRNA in each sample varies from red to blue, which indicates relatively high or low
expression, respectively. (B) p value for the comparison between study groups. Each point represents a
miRNA. Red dots represent the selected candidates. (C) Plasma expression levels of miRNAs in study
groups. (D) Expression levels of miRNAs in epicardial adipose tissue explants. Each point represents a
sample. (E) Expression levels of miRNAs in conditioned media exposed to epicardial adipose tissue
explants. Each point represents a sample. Relative quantification was performed using cel-miR-39-3p
as the external standard for extracellular miRNAs and SNORD48 as the internal standard for tissue
miRNAs. MicroRNA levels were log2-transformed. MicroRNA expression levels are expressed as
arbitrary units. Differences between groups were analyzed using the Mann–Whitney U test. p values
describe the significance level of differences for each comparison.299
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To further characterize the potential of these miRNAs as biomarkers of EFV, we evaluated their
expression levels in human EAT explants and in conditioned media that was exposed to human EAT
explants. The miRNA profiles were similar in both sample sets, and all of the miRNAs were detected
in all tissue and conditioned media samples (Cq < 35) (Figure 1D,E).

3.3. Plasma MicroRNAs and Epicardial Fat Volume

Selected miRNAs from the screen were validated in the whole study population (N = 180). To do
that, patients were stratified into two categories: low-medium epicardial fat burden (patients in the
first and second EFV tertiles, N = 120) and high epicardial fat burden (patients in the third EFV tertile,
N = 60). Representative patients in the first-second and third EFV tertiles are shown in Figure 2A,B. As
shown in Figure 2C, the plasma expression levels of miR-15b-3p, miR-22-3p, miR-148a-3p, miR-148b-3p
and miR-590-5p were significantly higher in patients in the third tertile compared with those in the
first and second tertiles. Plasma miR-15b-3p, miR-22-3p, miR-148a-3p and miR-148b-3p were directly
correlated with EFV (Table S4).

Logistic regression models were used to evaluate the associations between EFV (first and second
tertiles vs. third tertile) and miRNAs (Table 2). Using unadjusted logistic regression models (model 1),
the plasma levels of miR-15b-3p, miR-22-3p, miR-148a-3p, miR-148b-3p and miR-590-5p were directly
associated with EFV. After correcting for confounding factors including age, sex, BMI, diabetes mellitus,
medication use (antiplatelet drugs, statin use and beta-blockers use) and CAD (models 2, 3 and 4), the
association between the EFV and these miRNAs remained statistically significant.
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Figure 2. Plasma microRNA (miRNA) validation. (A–B) Examples of multidetector computed
tomography scans and the corresponding epicardial fat volume of patients in the first-second and third
tertiles of epicardial fat volume. (C) Plasma expression levels of miRNAs in study groups. MicroRNA
levels were log2-transformed. MicroRNA expression levels are expressed as arbitrary units. Differences
between groups were analyzed using Student’s t-test for independent samples. p values describe the
significance level of differences for each comparison. EFV: epicardial fat volume.
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3.4. Performance of Plasma MicroRNAs as Biomarkers of Epicardial Fat Volume

The AUC was used to assess the discriminative capacity of plasma miRNAs as biomarkers
for EFV. As shown in Figure 3A, all of the individual miRNAs showed poor discrimination ability
(AUC = 0.518–0.625). The discrimination capacity was also modest for the combination of miRNAs in
pairs or families (AUC = 0.590–0.642).

To further explore the role of plasma miRNAs as potential biomarkers for EFV, we evaluated
the effect of adding our miRNAs on the discrimination capacity of a model originally based on
clinical variables: age, sex, BMI and diabetes mellitus (clinical model). When the miRNAs were
added as independent variables (clinical model + plasma miRNAs), miR-27a-3p and miR-148b-3p
were significant predictors of EFV (Figure 3B). Comparison of ROC curves showed that the AUC for
the clinical model + plasma miRNAs was significantly higher (9.2%) than that of the clinical model
alone: AUC = 0.721 vs. 0.787. Adding both miRNAs to the clinical model also led to a significant
reclassification of the patients: IDI = 0.101 and NRI = 0.650. Bootstrap internal validation supported
the robustness of the model including plasma miRNAs (Figure S1A).

Decision tree models were constructed using the CHAID algorithm. First, we included the
variables from the clinical model. As shown in Figure 3C, the decision tree identified the cutoff values
for BMI and age. The first variable selected was BMI. For patients with a BMI >25.8 kg m−2, age was
the next most relevant predictor with a cutoff value of 54 years. Second, in addition to the variables
from the clinical model, we included the miRNA candidates (Figure 3D). Again, BMI was the first
variable selected. In this case, miR-148b-3p was the next most significant predictor for patients with
BMI >25.8 kg m−2. A cutoff expression value of 14.29 arbitrary units (au) allowed the enrichment in two
subgroups of patients in the first and second tertiles (70.9%) and the third tertile (61.1%). In patients
with a BMI >25.8 kg m−2 and miR-148b-3p expression levels ≤14.29 au, a miR-146a-5p expression level
>14.65 au increased the percentage of patients in the first and second tertiles to 91.3%. In patients with
BMI >25.8 kg m−2 and miR-148b-3p expression levels >14.29 au, age was the most significant predictor,
increasing the percentage of patients older than 59 years that belonged to the third tertile to 74.4%.
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Figure 3. Plasma microRNAs (miRNAs) as biomarkers of epicardial fat volume, according to EFV
tertiles. (A) Area under the ROC curve (AUC) for each individual miRNAs and for combinations of
miRNAs in pairs or families. (B) Performance of plasma miRNAs as biomarkers. (C,D) Decision trees
calculated by chi-squared automatic interaction detector (CHAID) algorithm. The following variables
were included in the clinical model: age, sex, body mass index and diabetes mellitus. MicroRNA levels
were log2-transformed. For logistic regression models, data are presented as an odds ratio (OR) and
95% confidence intervals (CI). For discrimination analysis, data are presented as the AUC and 95% CI.
For reclassification analysis, data are presented as the Integrated Discrimination Improvement (IDI)
index and Net Reclassification Improvement (NRI) index and their respective and 95% CI. For decision
trees, data are shown as frequency (percentage) of patients in each study group.
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3.5. Validation Using Alternative Cutoffs of Epicardial Fat Volume

To validate these findings, we evaluated the ability of our miRNAs to serve as biomarkers using
previously published binary cutoffs of epicardial fat burden: Spearman et al. (EFV ≤125 cm3 vs.
EFV >125 cm3) [15] (Figure 4) and Shmilovich et al. (EFVi≤68.1 cm3 m−2 vs. (EFVi >68.1 cm3 m−2) [21]
(Figure S2). The discrimination capacity was modest for all individual miRNAs and when combined in
pairs or families for both clinical ranges (Figure 4A, Figure S2A). In support of the above findings, adding
the candidates to the clinical models demonstrated that plasma miRNAs, in particular miR-27a-3p,
miR-146a-5p, miR-148b-3p and miR-152-3p, were significant predictors of EFV and EFVi (Figure 4B,
Figure S2B). The addition of miRNAs significantly augmented the discriminative power of the clinical
models and reclassify a significant proportion of the patients (Figure 4B, Figure S2B). The robustness of
the models including miRNAs was confirmed by bootstrap (Figure S1B,C).

The decision tree model identified several plasma miRNAs, miR-27b-3p, miR-146a-5p and
miR-148b-3p for classification using the clinical range proposed by Spearman et al. (Figure 4C,D).
miR-27a-3p and miR-339-3p were also selected using the clinical range proposed by Shmilovich et al.
(Figure S2C,D).
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Figure 4. Plasma microRNAs (miRNAs) as biomarkers of epicardial fat volume, according to the cutoff
values proposed by Spearman et al. [15]. (A) Area under the ROC curve (AUC) for each individual
miRNAs and for combinations of miRNAs in pairs or families. (B) Performance of plasma miRNAs as
biomarkers. (C,D) Decision trees calculated by Chi-squared Automatic Interaction Detector (CHAID)
algorithm. The following variables were included in the clinical model: age, sex, body mass index and
diabetes mellitus. MicroRNA levels were log2-transformed. For logistic regression models, data are
presented as an odds ratio (OR) and 95% confidence intervals (CI). For discrimination analysis, data
are presented as the AUC and 95% CI. For reclassification analysis, data are presented as the Integrated
Discrimination Improvement (IDI) index and Net Reclassification Improvement (NRI) index and their
respective 95% CI. For decision trees, data are shown as frequency (percentage) of patients in each
study group.
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4. Discussion

Our study provides the first insight into the value of the circulating miRNA signature as a source
of clinical indicators for epicardial fat assessment.

First, we showed that patients with high EFV had higher plasma levels of miR-15b-3p, miR-22-3p,
miR-148a-3p, miR-148b-3p and miR-590-5p. Plasma miR-15b-3p, miR-22-3p, miR-148a-3p and
miR-148b-3p were also directly correlated with EFV. Importantly, these miRNAs were associated
with EFV even after extensive adjustment for demographic, anthropometric and clinical variables,
including medication use. The results support the previously suggested link between circulating
miRNAs and different fat depots [29–34]. Indeed, we have recently demonstrated that serum levels
of the cardiomyocyte-enriched miR-1 and miR-133a-3p are positively correlated with myocardial
steatosis in type 2 diabetes patients [35]. We then evaluated the performance of plasma miRNAs
as biomarkers of EFV and EFVi. The expression of miRNAs, individually, pairwise, or in families,
showed modest discrimination values for all EFV and EFVi cutoffs. The substantial overlap in plasma
miRNA levels between patients with high or low levels of epicardial fat suggests that miRNAs should
not be used alone to predict EFV. Conversely, the comparison of ROC curves showed that different
combinations of miR-27a-3p, miR-146a-5p, miR-148b-3p and miR-152-3p improved the discrimination
ability over a clinical model that included significant predictors of EFV: age, sex, BMI and diabetes
mellitus. The same miRNAs correctly reclassify patients misclassified by the clinical model alone.
Decision tree models supported these findings. As expected, BMI was the most powerful predictor for
both EFV and EFVi in those decision trees when considering clinical variables. The inclusion of plasma
miRNAs in the decision tree models yielded more specific patient subgroups. These results were
observed using three independent EFV cutoffs: EFV tertiles in our study population, the EFV clinical
range proposed by Spearman et al. [15] and the EFVi clinical range proposed by Shmilovich et al. [21].

According to our findings, the addition of certain miRNA signatures to clinical variables may
help classify patients by their EFV. It seems that the ideal scenario for miRNA testing is based on
the concept of several miRNAs-one disease contrary to the one miRNA-one disease concept, at least
for EAT assessment. Therefore, the use of miRNA signatures may provide more comprehensive
information for a clinical decision than the analysis of individual miRNAs. Additionally, our results
suggest a potential of circulating miRNAs as biomarkers of EFV in specific patient subpopulations.
These results are consistent with a new strategy that recommends the clinical application of biomarkers
in individuals or subgroups of individuals as an alternative to the classical one size fits all. Overall,
this study provides useful hypothesis-generating data. Using signatures of miRNAs is a promising
strategy to identify biomarkers for EFV or EFVi, and subsequently, cardiometabolic disease. Because
different pharmacological interventions and lifestyle changes have been proposed to treat epicardial
fat accumulation [36,37], our results may have a clinical impact. The quantification of EFV is important
in stratifying patients according to their cardiometabolic risk profile and evaluating the effect of
treatments. However, imaging techniques are limited by methodology and operating expenses. In this
context, miRNA-based tests have emerged as a cost-effective alternative for risk assessment and disease
monitoring [38]. Therefore, the incorporation of a diagnostic assessment tool that combines information
from clinical variables and plasma miRNA signatures into clinical workflows could provide substantial
health and economic benefits in the management of cardiometabolic disease (e.g., as gatekeeper for the
inclusion or exclusion of patients in subsequent imaging studies).

Epicardial fat is a source of signaling molecules that can modulate the structure and function of
adjacent tissues, i.e., myocardium and vasculature. The secretion of pro-inflammatory adipocytokines
from EAT into the circulatory system may also affect the systemic inflammatory state [39]. Extracellular
miRNAs have been proposed to function as paracrine and endocrine signals [40,41]. Here, we have
demonstrated that our miRNAs are secreted from human EAT explants and are presented in the
circulation. Although the understanding of circulating ncRNA biology is still at an early stage [42], it
is possible to speculate about the role of miRNAs in the cross-talk between EAT and target tissues.
Indeed, miRNAs secreted from fat tissue may be novel adipokines that can regulate metabolism in
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distant tissues [34,43]. Previous findings are consistent with this hypothesis. miR-27a derived from
adipocytes of high-fat diet mice induced insulin resistance in skeletal muscle cells, which suggests
that this miRNA mediates cross-talk between adipose tissue and skeletal muscle [44]. Exosomes
derived from miR-146a-modified adipose-derived stem cells attenuated myocardial damage in an acute
myocardial infarction model in rats [45]. Thus, the miRNAs identified in this study may participate
in regulating molecular pathways implicated in cardiometabolic physiology and pathology. Further
investigation to determine the mechanisms are warranted, with a special focus on the precise role of
plasma miRNAs in intercellular communication.

The strengths of this study include the use of CCTA to quantify epicardial fat, an accurate imaging
method widely used in clinical studies [46], and the complete volumetric analysis of epicardial fat instead
of using markers such as linear thickness. The use of plasma miRNAs as potential biomarkers was
explored using three distinct classifications for epicardial fat burden, including quantitative methods
proposed for standardization. In addition, decision tree models were incorporated in the evaluation of
plasma miRNAs as indicators. However, the results of our study should be interpreted with respect to
the study design and its limitations. First, the study population was a heterogeneous group of patients
referred for CCTA. Although these patients represented a group at high cardiometabolic risk, the
application of the results to other populations is limited. The results require further corroboration in a
real-world setting. Nonetheless, our intention was to test the potential of using circulating miRNAs as
biomarkers of epicardial fat content. Second, the classification used for the evaluation of miRNAs as
biomarkers was arbitrary: EFV tertiles. As stated above, the cutoffs proposed by the bibliography have
been reported as clinically relevant. However, they have not been widely accepted by clinical practice.
Therefore, patients were divided into two categories: first and second EFV tertiles (low-medium
epicardial fat burden) vs. third EFV tertile (high epicardial fat burden). Third, only 12 of all the
candidates initially identified in the screen were further validated in the patient population. Other
miRNAs may be potential biomarkers. Fourth, although EAT has unique metabolic properties and
is associated with cardiovascular risk independent of other indicators of adiposity [14], it remains
possible that other visceral fat depots may be confounding factors. Fifth, we cannot exclude the impact
caused by physiological and pathological conditions that were not recorded in the plasma miRNA
profile [47].

In any case, our results established the strength of plasma miRNAs as biomarkers for the evaluation
of EFV. This investigation provides a rationale for larger and multicentric studies focused on the use of
miRNAs in the routine quantification of epicardial fat burden.
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Weronika Bulska-Będkowska 1,*, Elżbieta Chełmecka 2, Aleksander J. Owczarek 2,

Katarzyna Mizia-Stec 3, Andrzej Witek 4, Aleksandra Szybalska 5, Tomasz Grodzicki 6,

Magdalena Olszanecka-Glinianowicz 7 and Jerzy Chudek 1,8

1 Department of Internal Diseases and Oncological Chemotherapy, School of Medicine in Katowice,
Medical University of Silesia, 40-027 Katowice, Poland; chj@poczta.fm

2 Department of Statistics, Department of Instrumental Analysis, School of Pharmacy and Laboratory
Medicine in Sosnowiec, Medical University of Silesia, 41-200 Sosnowiec, Poland;
echelmecka@sum.edu.pl (E.C.); aowczarek@paintbox.com.pl (A.J.O.)

3 First Department of Cardiology, School of Medicine in Katowice, Medical University of Silesia,
40-635 Katowice, Poland; kmizia@op.pl

4 Department of Gynecology and Obstetrics, School of Medicine in Katowice, Medical University of Silesia,
40-752 Katowice, Poland; awitek@sum.edu.pl

5 International Institute of Molecular and Cell Biology, Warsaw 02-109, Poland; a.szybalska@iimcb.gov.pl
6 Department of Internal Medicine and Gerontology, Jagiellonian University Medical College,

31-531 Cracow, Poland; tomekg@su.krakow.pl
7 Health Promotion and Obesity Management Unit, Department of Pathophysiology, School of Medicine in

Katowice, Medical University of Silesia, 40-752 Katowice, Poland; magols@esculap.pl
8 Pathophysiology Unit, Department of Pathophysiology, School of Medicine in Katowice, Medical University

of Silesia, 40-752 Katowice, Poland
* Correspondence: lek.weronikabulska@gmail.com; Tel.: +48-322-526-091

Received: 17 February 2019; Accepted: 30 April 2019; Published: 3 May 2019

Abstract: (1) Background: Cancer antigen 125 (CA125) is a glycoprotein that is expressed by tissue
derived from coelomic epithelium in the pleura, peritoneum, pericardium. It has been shown that
CA125 concentrations are correlated with NT-proBNP in older people with congestive heart failure
(HF). We conducted a study on the association between concentrations of CA125 and NT-proBNP in a
population-based cohort of older Polish women. (2) Methods: The current research is sub-study of a
large, cross-sectional research project (PolSenior). The study group consisted of 1565 Caucasian women
aged 65–102 years. To assess the relationship between CA125 and other variables a stepwise backward
multivariate normal and skew-t regression analyses were performed. (3) Results: The median of
CA125 concentration was 13.0 U/mL and values over the upper normal range limit (35 U/mL) were
observed in 5.1% (n = 79) of the study cohort. The concentration of CA125 was positively related
to age, hospitalization for HF and history of atrial fibrillation and chronic obstructive pulmonary
disease, levels of NT-proBNP, IL-6, hs-CRP and triglycerides. We found in the multivariate analyses,
that increased CA125 levels were independently associated with log10 (IL-6) (β = 11.022), history
of hospitalization for HF (β = 4.619), log10 (NT-proBNP) (β = 4.416) and age (β = 3.93 for 10 years).
(4) Conclusions: Despite the association between CA125 and NT-proBNP, the usefulness of CA125 for
the detection of HF in older women is limited by factors such as inflammatory status and age.

Keywords: carbohydrate antigen-125; heart failure; inflammatory marker; older women

1. Introduction

Cancer antigen 125 (CA125) is a glycoprotein that is expressed by tissue derived from coelomic
epithelium and has a molecular weight estimated to range from 110 to more than 2000 kD [1].
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The CA125 serum level has been shown to be increased in women with ovarian cancer and less
often in breast [2], lung [3] and gastrointestinal cancers [4]. However, it is not a screening test
for malignancies as it may also be elevated in a variety of benign conditions (such as pregnancy,
endometriosis, uterine leiomyomata, pelvic inflammatory disease, cirrhosis, peritonitis, pleuritis,
pancreatitis, and tuberculosis) [5]. Several recent studies have shown that serum CA125 levels are
also elevated in heart failure (HF), atrial fibrillation (AF), and ischemic heart disease [6–8]. Only a few
studies that have assessed the CA125 levels in selected groups of patients after cardiac surgery (cardiac
transplantation, transcatheter aortic valve implantation) have been published so far [9,10]. It seems
that neurohormonal and inflammatory activation, as well as increased central venous volume and
congestion, are the factors that increase the level of CA125 [11,12].

It is worth noting that the serum concentration of CA125 was associated with the severity
of clinical conditions and poor short-term prognosis in patients with cardiovascular disease [13].
Ma et al. [14] showed a significant correlation between serum concentration of CA125 and the clinical
status of patients aged 85 and older with congestive HF as well as the usefulness of CA125 as
a prognostic factor of death and rehospitalization. Moreover, Yucel et al. [15] reported that the
serum concentration of CA125 may be used to predict AF in patients with systolic HF. In addition,
a significant correlation between CA125 and NT-proBNP levels was found in Chinese older patients
only with congestive HF. Moreover, it should be noted that this group included only less than 16% of
women [14]. It is well known that the clinical course of cardiovascular diseases differs between men
and women [16], thus the separate analysis of biomarkers and risk factors in men and women seems
reasonable. Furthermore, the impact of chronic diseases and inflammatory markers on CA125 levels in
a population-based cohort has not been studied, yet.

The main aim of this study was to assess the relationships between the serum concentration of
CA125 and NT-proBNP in a population-based cohort of older Polish women.

2. Materials and Methods

The current study was part of the PolSenior project, which was a large, cross-sectional, multicenter,
interdisciplinary research project performed among the older Polish adult population (4979 respondents
aged 65 and older, including 2412 women). Only women aged 65 and older with an assessed serum
level of CA125 (n = 1951) were included in this sub-study. The exclusion criteria were as follow:
(1) history of neoplastic disease (n = 125), (2) hepatitis B virus or hepatitis C virus infection (n = 52),
(3) lack of information about the cardiovascular disease (n = 158), (4) lack of NT-pro BNP assessment
(n = 51). Finally, the study group consisted of 1565 older Polish women (Figure A1).

The PolSenior project consisted of three stages: (1) conducting a health and socioeconomic
survey by nurses trained for this purpose nurses that included comprehensive geriatric assessment,
(2) measurements of body mass, height, waist circumference and blood pressure, (3) the collection of
blood and urine samples.

The study was approved by the Bioethics Committee of the Medical University of Silesia in
Katowice (KNW/0022/KB1/38/II/08/10; KNW-6501-38/I/08). Before enrollment, written and informed
consent was obtained from all subjects or their caregivers.

2.1. Biochemical Measurements

Serum concentrations of CA125 and NT-proBNP were measured by the electrochemiluminescence
method (ECLIA) using an Elecsys 2010 (CA125) and Cobas E411 (NT-proBNP) analyzers (Roche
Diagnostics GmbH, Mannheim, Germany), with an intermediate precision of <4.2%, and 4.6%,
respectively. The sensitivity of the method for CA125 was 0.6 U/mL. According to the current
guidelines, a value of NT-proBNP below 125 pg/mL was considered as the exclusion criteria for the
diagnosis of heart failure [17].

Serum levels of C-reactive protein were assessed by the latex-enhanced immunoturbidimetric
assay using an automated system (Modular PPE, Roche Diagnostics GmbH, Mannheim, Germany) with
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a limit of quantification (LoQ) of 0.11 mg/L and intermediate precision of <5.7%. The biochemical tests
such as total cholesterol, high-density lipoprotein (HDL), low-density lipoprotein (LDL), triglycerides,
creatinine (Jaffa method) were also measured using an automated system (Modular PPE) with
intermediate precisions of <1.7%, <1.3%, 1.2%, <1.8% and <2.3%, respectively.

Urinalysis by the Combur-Test (Roche Diagnostics, Mannheim, Germany) was performed in all
urine samples using the Miditron M system (Roche Diagnostics, Mannheim, Germany). Albuminuria
was diagnosed if the albumin concentration in the urine was >30 mg/L. If albuminuria was not detected
in the urine strip test, the albumin concentration was measured by the immunoturbidimetric method
(Roche Diagnostics, Mannheim Germany) with high sensitivity (LoQ of 3 mg/L).

Plasma interleukin 6 (IL-6) was assessed by ELISA using a kit produced by R and D Systems
(Minneapolis, MN, USA) with a LoQ of 0.11 pg/mL and intermediate precision of <6.5%. Serum insulin
levels were assessed by the electrochemiluminescence method (ECLIA) using commercially available
kits on a Cobas E411 analyzer (Roche Diagnostics GmbH, Mannheim, Germany) with an intermediate
precision of <3.8%.

2.2. Data Analysis

Hospitalization for HF and/or myocardial infarction, diagnosis of AF and/or coronary artery
disease and/or chronic obstructive pulmonary disease (COPD), currently applied treatment and
smoking status were collected from the questionnaire survey.

Diagnosis of diabetes was based on medical history, medication use, and fasting serum glucose
above 125 mg/dL. Participants were considered to have hypertension if they had a mean systolic
blood pressure (SBP) ≥140 mmHg and/or diastolic blood pressure (DBP) ≥90 mmHg or used
antihypertensive medications [18].

The body mass index (BMI) was calculated as the weight (kg) divided by the square of the
height (meters).

Estimated glomerular filtration rate (eGFR; mL/min/1.73 m2) was calculated according to the short
MDRD (modification of diet in renal disease) formula.

The albumin-to-creatinine ratio (ACR; mg/g) was calculated as the urine albumin concentration
divided by the urine creatinine concentration.

The homeostatic model assessment (HOMA-IR) was used to evaluate insulin resistance (fasting
serum insulin (μU/mL) × fasting plasma glucose (mmol/L)/22.5). Insulin resistance was diagnosed if
HOMA-IR was 2.5 or higher.

2.3. Statistical Analysis

Statistical analyses were performed using STATISTICA 10.0 PL (TIBCO Software Inc, Palo Alto,
CA, USA) and StataSE 12.0 (StataCorp LP, TX, USA). Statistical significance was set at a p-value below
0.05. All tests were two-tailed. Nominal and ordinal data were expressed as percentages, while interval
data were expressed as a mean value ± standard deviation in the case of a normal distribution, or as
median (lower quartile–upper quartile) in the event of data with a skewed or non-normal distribution.
To assess the relationship between CA125 and other variables, a stepwise backward multivariate
normal and skew-t regression analyses were used, due to the heavily skewed distribution of some
variables. The range of serum CA125 concentration was shown with the histogram and was modelled
with the kernel density plot with the Epanechnikov kernel function (Figure A2).

3. Results

3.1. Characteristics of the Study Population

Our sub-study consisted of 1565 Polish women aged between 65–102 years. The average age was
78 ± 9 years. Characteristics of the study population according to age, medical conditions, biochemical
parameters and medication used are shown in Table 1.
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The study cohort included: 1218 (78.2%) women diagnosed with hypertension, 291 (18.6%) with
coronary artery disease, 160 (10.2%) previously hospitalized for heart failure, 105 (6.7%) with past
myocardial infarction and 297 (19%) with a history of atrial fibrillation.

As a consequence of diagnosed cardiovascular diseases, a large percentage of study participants
were taking medications, including angiotensin-converting-enzyme inhibitors (ACE-I) and angiotensin
II receptor blockers (ARB) (n = 764; 48.8%), β-blockers (n = 603; 38.5%), diuretics (n = 513; 32.8%),
and the mineralocorticoid receptor blocker–spironolactone (n = 193; 12.3%). Every fourth woman
received lipid-lowering drugs, mostly statins (n = 382; 24.4%) and very rarely fibrates (n = 19; 1.2%).

Table 1. Characteristics of the study population according to age, medical conditions, biochemical
parameters and medication used. Data are provided as mean ± standard deviation (SD ) , median
(1–3 Q) or numbers (percentage).

All (n = 1565)

Age (years) 78 ± 9

65–69 years, n (%) 293 (18.7)

70–74 years, n (%) 321 (20.5)

75–79 years, n (%) 259 (16.5)

80–84 years, n (%) 229 (14.6)

85–90 years, n (%) 233 (14.9)

>90 years, n (%) 230 (14.7)

BMI (kg/m2) 29.1 ± 5.5

<18.5 kg/m2, n (%) 16 (1.1)

18.5–24.9 kg/m2, n (%) 324 (2.2)

25–29.9 kg/m2, n (%) 527 (36.2)

≥30 kg/m2, n (%) 590 (40.5)

Current smoker, n (%) 67 (4.3)

Hypertension, n (%) 1218 (78.2)

Coronary artery disease, n (%) 291 (18.6)

Hospitalization for MI, n (%) 105 (6.7)

Hospitalization for HF, n (%) 160 (10.2)

AF, n (%) 297 (19.0)

Diabetes, n (%) 384 (24.5)

COPD, n (%) 249 (15.9)

Glucose, mg/dL 94.5 (85.7–107.1)

Impaired fasting glucose, n (%) 558 (35.6)

HOMA-IR 1.44 (0.74–2.76)

Total cholesterol, mg/dL 211.1 ± 47.2

LDL-cholesterol, mg/dL 124.9 ± 41.3

HDL-cholesterol, mg/dL 52.9 ± 13.8

Triglycerydes, mg/dL 121.5 (93.1–158.9)

eGFR-MDRD short, mL/min/1.73 m2 73.5 ± 21.1

eGFR < 60 mL/min/1.73 m2, n (%) 387 (24.7)

ACR 5.56 (2.36–15.75)

ACR ≥ 300, n (%) 39 (2.7)
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Table 1. Cont.

All (n = 1565)

hs-CRP, mg/dL 2.47 (1.21–4.88)

Il-6, pg/mL 2.2 (1.5–3.7)

NT-proBNP, pg/mL 225 (114–504)

Ca125, U/mL 13.0 (9.7–17.6)

Ca125 > 35 U/mL, n (%) 79 (5.1)

β-blockers, n (%) 603; 38.5%

ACE-I or ARB, n (%) 764 (48.8)

Diuretics, n (%) 513 (32.8)

Spironolactone, n (%) 193 (12.3)

Statins, n (%) 382 (24.4)

Fibrates, n (%) 19 (1.2)

Abbreviations: BMI—body mass index, MI—myocardial infarction, HT—heart failure, AF—atrial
fibrillation, COPD—chronic obstructive pulmonary disease, HOMAR-IR—homeostatic model assessment,
ACR—albumin-to-creatinine ratio, hsCRP—high-sensitivity C-reactive protein, Il-6—interleukin 6,
ACE-I—angiotensin-converting-enzyme inhibitor, ARB—angiotensin receptor blockers. Data provided as
mean ± standard deviation (SD), median (1–3 Q) or numbers (percentage).

3.2. Serum CA125 Concentration

The median of CA125 serum concentration was 13.0 U/mL (lower and upper quartile: 9.72–17.60,
range: 1.1–225.9 U/mL). CA125 levels over the upper normal range limit (35 U/mL) were found in
79 women (5.1%, see Figure A2).

In a univariate analysis serum concentration of CA125 was positively related to age, hospitalization
for HF and history of AF and COPD as well as the serum levels of NT-proBNP, IL-6, hsCRP,
and triglycerides (Figure 1). The CA125 concentration was inversely related to BMI, the concentration
of HDL-cholesterol and eGFR values (Table 2). There was no association between CA125 concentration
and the occurrence of diabetes, hypertension, coronary heart disease and history of myocardial
infarction as well as used cardiac medication (Table 2).

Figure 1. Univariate parameters associated with serum CA125 concentrations in older Polish
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women. Abbreviations: Il-6—interleukin 6, HF—heart failure, hs-CRP—high sensitivity
C-reactive protein, COPD—chronic obstructive pulmonary disease, ACR—albumin-to-creatinine
ratio, HOMAR-IR—homeostatic model assessment, ACE-I—angiotensin-converting-enzyme inhibitor,
ARB—angiotensin receptor blockers.

To assess the factors affecting CA125 serum concentration, a multivariate stepwise backward
skew-t regression model was used with independent factors selected based on univariate analyses, and
the results are shown in Table 2. We found that increased concentration of CA125 was independently
associated with log10 (Il-6) (β = 11.022), history of hospitalization for HF (β = 4.619), log10 (NT-proBNP)
(β = 4.416) and age (β = 3,93 for 10 years), as shown in Figure 2.

Table 2. Univariate and multivariate, stepwise, backward skew-t regression analyses of factors
associated with increased CA125 serum concentrations in older Polish women.

Univariate Multivariate

log10 (CA125 U/mL) * 100 β 95% CI: β p β 95% CI: β p

Age (years) 0.656 0.534–0.777 <0.001 0.393 0.255–0.532 <0.001

BMI (kg/m2) −0.260 −0.454–−0.066 <0.01 - - -

Current smoker (Yes) −1.950 −7.107–3.206 0.46 - - -

AF (Yes) 2.805 0.081–5.528 <0.05 - - -

Coronary artery disease (Yes) 1.438 −1.222–4.098 0.29 - - -

Hospitalization for MI (Yes) 2.040 −2.043–6.124 0.33 - - -

Hospitalization for HF (Yes) 6.249 2.615–9.882 <0.01 4.619 1.042–8.196 <0.05

Hypertension (Yes) −0.577 −3.218–2.065 0.67 - - -

Diabetes (Yes) −0.183 −2.603–2.237 0.88 - - -

COPD (Yes) 3.173 0.234–6.111 <0.05 2.607 −0.281–5.495 0.08

Total cholesterol (mg/dL) *100 0.636 −1.635–0.291 0.58 - - -

LDL-cholesterol (mg/dL) * 100 −0.366 −2.931–2.198 0.78 - - -

HDL-cholesterol (mg/dL) −0.218 −0.945–−0.142 <0.001 - - -

Triglycerides (mg/dL) * 100 1.937 0.461–3.413 <0.05 - - -

log10 (NT-proBNP (pg/mL)) 10.928 8.701–13.156 <0.001 4.416 1.904–6.927 <0.001

eGFR (mL/min/1.73 m2) −0.107 −0.158–−0.055 <0.001 - - -

log10 (IL-6 (pg/mL)) 16.028 12.691–19.365 <0.001 11.022 7.608–14.436 <0.001

log10 (hs-CRP (mg/dL)) 5.570 3.255–7.884 <0.001 - - -

log10 (HOMA-IR) 0.809 −2.404–4.021 0.62 - - -

log10 (ACR) 1.002 −0.533–2.537 0.20 - - -

Medication

β-blockers, n (%) 1.980 −0.138–4.099 0.07 - - -

ACE-I or ARB, n (%) 0.654 −1.419–2.727 0.54 - - -

Statins, n (%) −1.436 −3.837–0.966 0.24 - - -

Abbreviations: BMI—body mass index, AF—atrial fibrillation, MI—myocardial infarction, HT—heart
failure, COPD—chronic obstructive pulmonary disease, IL-6—interleukin 6, hsCRP—high-sensitivity
C-reactive protein, HOMAR-IR—homeostatic model assessment, ACR—albumin-to-creatinine ratio,
ACE-I—angiotensin-converting-enzyme inhibitor, ARB—angiotensin receptor blockers. * Statistical significance
was set at a p-value below 0.05.
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Figure 2. Independent factors affecting serum CA125 concentrations. Abbreviations: Il-6—interleukin
6, HF—heart failure, COPD—chronic obstructive pulmonary disease.

4. Discussion

To the best of our knowledge, the current study was the first to investigate the association
between CA125 and NT-proBNP levels in a population-based cohort of older Caucasian women.
Ma et al. [14] conducted a similar study, but among Chinese patients hospitalized for chronic HF aged
85 years and older, with the majority of the study group being men (84%). It should be noted that race
is an independent factor influencing CA125 levels. Pauler et al. [19] showed that CA125 levels were
the highest in Caucasians, lower in Asians and the lowest in African healthy postmenopausal women.

We found that the serum concentration of CA125 was independently associated with NT-proBNP.
This association may suggest a similar release mechanism related to an elevation in intracavitary
pressures, venous pressure and stress of cardiac walls [20].

Nunez et al. [21] showed that the simultaneous increase in the values of CA125 and NT-proBNP
was associated with the highest risk of mortality due to acute HF and that the increase of the value
of one marker was also related to the indirect risk. Mendez et al. [22] suggested that the value of
CA125 over 60 U/L (higher than the upper range of normal values) may identify patients in chronic
HF with poor outcome. However, there are insufficient studies to determine the limit of CA125 value
for the assessment of mortality risk in patients with HF. On the basis of our results, the assessment of
CA125 usefulness as a marker of HF severity and mortality for HF is not possible. The association
between CA125 and NT-proBNP levels is not enough to prove its’ usefulness in the work-up of HF.
Nevertheless, the findings of other researchers that have shown an association between CA125 and
New York Heart Association (NYHA) functional classification scale [13,23–25], ejection fraction of the
left ventricle [15,26,27], systolic pulmonary artery pressure [13,15,25,28,29], pulmonary artery wedge
pressure [13], right atrial pressure [13], left atrial volume index [30], are interesting and stimulate for
further studies.

The obtained results also showed that serum CA125 levels were independently associated with
the history of hospitalization for HF and increased levels of IL-6. This is in accordance with studies
that have shown that the increased CA125 concentration in HF is associated with mechanical stress
and systemic inflammation [31]. In addition, it has been shown that inflammatory cytokines activate
CA125 synthesis by the mesothelial cells [32]. In HF, high venous pressure can lead to the congestion
and increased hydrostatic pressure on the mesothelium [33], stimulating the release of inflammatory
markers such as IL-6 or IL-10, TNF-α [11,12]. We have found a statistical association between CA125
and IL-6, supporting the hypothesis that elevated levels of IL-6 in cardiovascular diseases may play a
leading role in the stimulation of CA125-producing cells in a damaged mesothelium. Other studies
have also confirmed the association between cytokines and CA125 levels in subjects with HF [12,34].

In the present study, the serum levels of CA125 were positively related to the history of atrial
fibrillation (AF), but we did not demonstrate its independent association in a multivariate analysis.
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AF was found in up to 30% of subjects with HF [28], therefore we supposed that AF may have a
secondary role in the increase of CA125 values. In addition, Sekiguchi et al. [35] revealed that a high
CA125 concentration was an independent predictor of new-onset AF in healthy postmenopausal
women without HF. It has also been shown that increased levels of cytokines such as IL-2, IL-6, IL-8,
TNF-α in subjects with new-onset AF, can stimulate mesothelial cells to produce CA125 [36]. Recently
published studies have demonstrated the independent effect of permanent AF on CA125 levels [28].
Despite the observed results in our study of an association between CA125 and IL-6, we could not
verify whether CA125 is a predictor of AF in the course of HF.

In addition, we did not find an independent association between the occurrence of coronary heart
disease and a history of myocardial infarction and CA125 serum concentration. This is in contrast
to the results obtained by Yalta et al. [37], which revealed increased CA125 concentration in patients
with acute myocardial infarction within 72 h of the incident. It is possible that the damage to the
myocardium caused a decline in myocardial performance with an increase in central venous pressure
in some patients and inflammatory response that stimulated mesothelial cells.

We also found an association between the occurrence of chronic obstructive pulmonary disease
and CA125 concentration. Other studies have also confirmed a relationship between COPD and CA125
levels [38–40]. Chronic obstructive pulmonary disease is characterized by abnormal enlargement of
the right ventricular (RV), leading to heart failure. Yilmez et al. [41] suggested that high CA125 levels
were associated with RV failure. The high concentrations of CA125 in COPD are probably caused by
increased systolic pulmonary artery pressure, which is considered equal to the RV systolic pressure.
However, our data cannot support this observation.

Finally, this study demonstrated the independent association of CA125 concentration with age.
Our study showed a positive association between age and the serum levels of CA125. This study
was the first one to analyze a large group of Caucasian women with a wide age span (65–102 years).
In a previous study, Johnson et al. [42] observed similar results among multi-ethnic women without
cardiac disease aged between 55–74 years. Pauler et al. [19] demonstrated the opposite results, where a
decrease in CA125 concentrations with aging in postmenopausal women during the 12-year follow-up
period. However, the study was carried out among a group of younger and healthy women aged
between 40–60 years. In addition, Sikaris et al. [43] described that the CA125 concentration gradually
increased after the age of 70 years, both in men and in women.

In summary, our study showed the relationship between CA 125 and NT-proBNP levels.
In addition, we observed that increased CA125 levels may be related to numerous factors such
as age, hospitalization for HF, history of AF and COPD, as well as increased levels of inflammatory
markers (IL-6, hs-CRP). Thus, the clinical usefulness of CA125 as a marker of HF diagnosis and severity
is limited. The usefulness of CA125 as a prognostic marker for HF severity and mortality in Caucasian
women population requires further study.

This study has some limitations, mostly related to the lack of objective measures of the severity
of HF. We did not evaluate echocardiographic metrics as it is difficult to apply in population-based
studies performed in the participants’ place of living. Hospital discharge cards shown by participants
do not exclude the occurrence of compensated HF and past asymptomatic myocardial infarction in
some participants. Moreover, CA125 was not assessed in men. This is why the final results cannot be
generalized for the whole population aged over 65 years.

The strength of this study was the inclusion of the oldest women representative of the Polish
population. The study group included women aged between 65 and 102, which allowed the conclusion
that age affects the value of the marker. Moreover, we were the first to examine the association between
CA125 and NT-proBNP levels in a large population-based cohort of Caucasian women and assess the
factors affecting the circulating CA125 levels.
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5. Conclusions

Despite the association between CA125 and NT-proBNP, the usefulness of CA125 for the detection
of HF in the older women is limited by factors such as inflammatory status and age.
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Abstract: Rates of adverse cardiovascular events have increased among middle-aged adults.
Elevated ceramides have been proposed as a risk factor for cardiovascular events. Diet quality and
weight status are inversely associated with several traditional risk factors; however, the relationship
to ceramides is less clear. This study aimed to determine associations of adiposity and diet quality
with circulating ceramides in middle-aged adults (n = 96). Diet quality was estimated using the
Healthy Eating Index 2015 (HEI-2015). Serum ceramide concentrations were determined by liquid
chromatography–mass spectrometry. A ceramide risk score was determined based on ceramides
C16:0, C18:0, and C24:1 and their ratios to C24:0. Participants who were classified as at ‘moderate risk’
compared to ‘lower-risk’ based on a ceramide risk score had significantly higher body mass index
(BMI) values, as well as higher rates of elevated fibrinogen levels, metabolic syndrome, and former
smoking status. BMI was positively associated with the ceramide C18:0 (R2 = 0.31, p < 0.0001),
the ratio between C18:0/C24:0 ceramides (R2 = 0.30, p < 0.0001), and the ceramide risk score (R2 = 0.11,
p < 0.009). Total HEI-2015 scores (R2 = 0.42, p = 0.02), higher intakes of vegetables (R2 = 0.44, p = 0.02)
and whole grains (R2 = 0.43, p = 0.03), and lower intakes of saturated fats (R2 = 0.43, p = 0.04) and
added sugar (R2 = 0.44, p = 0.01) were associated with lower C22:0 values. These findings suggest
that circulating ceramides are more strongly related to adiposity than overall diet quality. Studies are
needed to determine if improvements in weight status result in lower ceramides and ceramide
risk scores.

Keywords: diet quality; ceramides; obesity; cardiovascular risk; healthy eating index

1. Introduction

Cardiovascular disease (CVD) and major CVD events such as myocardial infarction (MI) and
stroke are largely preventable, yet they remain leading causes of death, disability, and health care
spending in the United States (U.S.) [1]. In 2016, a third of all MIs and strokes in the U.S. occurred in 35
to 64-year-old adults [1]. As a result, CVD mortality rates are increasing in middle-aged adults despite
declines in the general population over the past few decades [2]. Prevention efforts focus on identifying
and treating modifiable risk factors such as dyslipidemia, diabetes, hypertension, and obesity [2].
However, traditional risk factors are not always strong predictors of events. Many patients hospitalized
for an MI or stroke have low-density lipoprotein (LDL) levels within a normal range [3], suggesting
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that those at CVD risk are not being identified before the disease progresses to an event. There is
emerging evidence that a class of lipids—ceramides—may play an important role in the pathogenesis
of CVD, and may better predict CVD events than some traditional risk factors [4–6].

Ceramides are a bioactive class of lipids that are synthesized via several molecular pathways,
of which the most characterized is de novo synthesis. De novo synthesis begins with palmitoyl
CoA and the amino acid l-serine. Then, the resulting sphingoid base is attached to fatty acid side
chains of different lengths and degrees of unsaturation, leading to a group of molecules [7] that are
diverse in structure and function [8,9]. Ceramides play a role in cell membrane integrity, inflammation,
and apoptosis [10], and when they accumulate, they are thought to contribute to the progression of
chronic disease, including atherosclerosis [11]. Their low levels in biological samples, large biodiversity,
and polar nature made it difficult to quantify ceramides [7]. However, recent advances in mass
spectroscopy now allow for the quantification of these small-molecule metabolites, some of which may
be prognostic markers for CVD [12].

Elevated circulating concentrations of three specific ceramides: N-palmitoyl-sphingosine
(C16:0), N-stearoyl-sphingosine (C18:0), and N-nervonoyl-sphingosine (C24:1) were found to be
predictive of CVD events in patients with coronary artery disease independent of traditional risk
factors [4]. The predictive value was found to be greater when the ceramides were normalized to
N-lignoceroyl-sphingosine (C24:0), which is a ceramide that is abundant in the circulation but thought
not to be related to CVD [4]. In 2016, the Mayo Clinic began offering a diagnostic test to measure
ceramides and assign the risk of a future CVD event based on a ceramide risk score. The risk score is
based on six values: C16:0, C18:0, and C24:1, and the ratio of each to C24:0 [5]. Participants classified
at higher risk based on their ceramide risk score were four times more likely to suffer a CVD event
than those at lower risk [4] independent of age, sex, smoking status, and LDL cholesterol [4,5].

Evidence-based clinical care guidelines for reducing elevated ceramide levels and the risk score
are not available [13]. It has been suggested that changes in diet may help lower ceramides, and thus
CVD risk; however, controlled studies have not been conducted in humans. Higher diet quality and
adherence to healthy dietary patterns have been associated with lower CVD risk and mortality [14].
However, no studies have assessed the relationship of diet quality or adherence to United States (U.S.)
Dietary Guidelines for Americans (DGAs) as measured by the Healthy Eating Index 2015 (HEI-2015)
on circulating ceramides or the ceramide risk score. It is plausible that interventions effective in
reducing traditional risk factors also modify circulating ceramides. Studies have shown that circulating
ceramides can be modified through exercise [15], statin use [16,17], and weight loss post-bariatric
surgery [18,19]. Short-term intervention studies in small samples of healthy humans have shown that
caloric excess and increased saturated fat intake increase ceramide levels [20–22]. However, there were
no significant changes in ceramides after one year in participants at high CVD risk in the PREDIMED
(Prevention with Mediterranean Diet) study [23].

The relationship between adiposity, diet quality, and ceramides that make up the ceramide risk
score is largely unknown. In the U.S., people living in the state of West Virginia experience higher
rates of obesity, type 2 diabetes, and hypertension [24], and lower rates of adequate fruit and vegetable
intake [25] than any other state in the nation. CVD risk reduction is a public health priority in the state.
Middle-aged adults represent a priority population in national health campaigns. The purpose of this
study was to determine if diet quality (e.g., adherence to the U.S DGAs), and adiposity were associated
with serum ceramides and the ceramide risk score in middle-aged West Virginians with at least one
risk factor for CVD.

2. Materials and Methods

2.1. Study Design and Sample

In this cross-sectional study, data were analyzed from 96 middle-aged adults (45 to 64 years old)
who took part in a larger diet and cardiovascular risk assessment study. Participants were recruited
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from two counties in north-central West Virginia by word-of-mouth and community advertising.
Exclusion criteria included current smokers; diagnosis of cancer or kidney, heart, or liver disease;
surgery six months prior; and anti-inflammatory or anticoagulant medications.

The study consisted of three modes of data collection: multiple telephone interviews to assess
dietary intake; an online survey administered using REDCap (Research Electronic Data Capture),
which is a secure web-based application designed to support data capture for research studies [26];
and an in-person health assessment. At the in-person health assessment, anthropometric and blood
pressure measurements were taken by research staff, and a trained phlebotomist performed a fasting
venous blood draw. The study protocol was approved by the West Virginia University (WVU)
Institutional Review Board. All the participants provided informed consent before participation and
received a $100 gift card upon completion of the study.

2.2. Demographic and Health-Related Data

Demographic data and smoking history were self-reported via the online survey. Participants also
provided health and medication history at the in-person visit. Blood collected was analyzed by WVU
Hospital lab for LDL cholesterol, high-density lipoprotein (HDL) cholesterol, non-HDL cholesterol,
triglycerides, glucose, insulin, C-reactive protein (CRP), and fibrinogen. Insulin sensitivity was
calculated using the homeostatic model assessment of insulin resistance (HOMA-IR) as fasting insulin
(mU L−1) × fasting glucose (mmol L−1)/22.5 [27] using measured fasting glucose and insulin values.
Participants were classified as having a health condition if at least one of the following criteria was met:
(1) they reported being diagnosed by a health care provider, (2) they reported taking a medication that
is used to treat the condition, or (3) the measured laboratory values or blood pressure (BP) met standard
diagnostic cut-off values. The cut-off values for the diagnoses were as follows: pre-diabetes or diabetes,
fasting plasma glucose >100 mg/dL [28]; dyslipidemia, LDL ≥100 mg/dL or triglycerides ≥150 mg/dL;
hypertension, systolic BP >120 or diastolic BP >80 mm Hg [29]; and a diagnoses of metabolic syndrome
required meeting three of the 5 factors defined by the National Cholesterol Education Program Adult
Treatment Panel III [30].

Blood pressure was measured using the Omron HEM-907XL Intellisense® Automatic Oscillatory
Digital Blood Pressure monitor (Omron Health Care, Lake Forest, IL, USA) [31]. A single assessor
performed all the blood pressure measurements. Arm circumference was measured to the nearest 0.1 cm
to determine appropriate cuff size based on manufacturer recommendations. With the participant
in a seated upright position and after an initial rest of 5 min, the machine took three blood pressure
measurements at 30-second intervals; the average reading was used for analysis [32]. Anthropometric
and body composition measurements were taken using standardized protocols, with participants
fasted, lightly clothed, and without shoes. Measurements were recorded in duplicate, and averages
were used for analysis. Height (cm) was measured using the Seca 274 digital mobile stadiometer (Seca,
Hamburg, Germany). Weight (kg) and fat mass index (FMI) (kg/m2) were measured using the Seca
medical Bioelectrical Composition Analyzer (mBCA) 514 (Seca, Hamburg, Germany). Body mass index
(BMI) was calculated as weight (kg)/height (m2) and was classified using World Health Organization
classifications [33]. Waist and hip circumferences (cm) were measured using a Gulick II Tape Measure.
Waist circumference (WC) was measured at the iliac crest; values >102 cm for men and >88 cm for
women were classified ‘at risk’ [33]. Hip circumference was measured at the maximum point of
protuberance of the buttocks. Waist–hip ratio (WHR) was calculated as waist circumference (cm)/hip
circumference (cm); values were classified as ‘at risk’ if WHR was ≥0.90 cm for men and ≥0.85 cm for
women [33].

2.3. Diet Quality Assessment

Dietary intake data were collected and analyzed using three 24-hour dietary recalls and
Nutrition Data Systems for Research (NDSR) software version 15 (2015) developed by the Nutrition
Coordinating Center, University of Minnesota, Minneapolis, MN. Self-reported dietary intake was
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obtained via telephone interview by trained research personnel using the NDSR four-pass method on
non-consecutive days (one weekend and two weekdays). Food and nutrient data was transformed into
the HEI-2015 metric, which measures adherence to the 2015–2020 Dietary Guidelines for Americans
(DGAs) [34] based on 13 components (nine adequacies and four moderation). To calculate the HEI-2015
scores, NDSR output data was transformed into HEI component variables using NDSR’s unpublished
guide [35]. Food group servings (total fruits, whole fruits, total vegetables, greens and beans, whole
grains, dairy, total protein foods, seafood and plant proteins, and refined grains) were converted to total
servings per 1000 kilocalories and sodium intake was converted to mg per 1000 kilocalories. A ratio
of polyunsaturated fatty acids (PUFAs) and monounsaturated fatty acids (MUFAs) to saturated fatty
acids (SFAs) was generated by dividing the sum of PUFAs and MUFAs by SFAs. Added sugars and
saturated fats were assessed as percent of kilocalories. For the four moderation components—refined
grains, sodium, added sugars, and saturated fats—higher scores represent lower intakes. Once the
NDSR components were in units consistent with the HEI metric, the simple HEI scoring algorithm
method for multiple days of intake data was applied [36]. Component scores were summed for a total
score ranging from 0–100, with higher scores indicating better adherence to the 2015–2020 U.S. DGAs.

2.4. Ceramides Analysis

Lipidomics analysis was conducted by the WVU Metabolomics Core using liquid
chromatography–mass spectrometry (LC-MS). Serum samples were extracted using a modified Bligh
and Dyer procedure using C12:0-ceramide as an internal standard (Avanti Polar Lipids, Alabaster, AL,
USA) using previously described methods [37,38]. Following liquid–liquid extraction, the organic layer
was dried under nitrogen gas (Organomation Associates Inc., Berlin, MA, USA) and resuspended in
pure methanol before analysis. Ceramides were separated by gradient elution using ultra high-pressure
liquid chromatography (ExionLC AD, SCIEX, Framingham, MA, USA) on a C18 reverse-phase column
(Phenomenex, Torrence, CA, USA). Ceramides were detected using electrospray ionization tandem
mass spectrometry (ESI-MS/MS) as previously described (QTRAP 5500, SCIEX) [39]. Ionspray source
voltage was 5000 V at a temperature of 500 ◦C. Nebulizer, heater, curtain, and collision gas pressures
were maintained at 70, 60, 28, and 9 psi, respectively. Ceramide ionization parameters were optimized
individually, ranging from a declustering potential of 30 to 50 V, an entrance potential of 10 to 15 V,
collision energy of 32 to 37 V, and a collision cell exit potential of 13 to 17 V. Ceramides were measured
by multiple reaction monitoring of the protonated molecular ion with a transition ion of 264.2 m/z.
Eleven-point calibration curves (0.1 ng/mL to 10 μg/mL) were constructed by plotting the area under
the curve for C16:0-ceramide, C18:0-ceramide, C22:0-ceramide, and C24:0-ceramide (Avanti Polar
Lipids). Fluctuations in extraction and ionization efficiencies were controlled by normalizing to the
C12:0-ceramide response, and samples were re-run if the internal standard response deviated more
than 20% from its median value. Concentrations were determined by curve fitting the identified
ceramide species based on acyl-chain length. Standards were injected in duplicate to ensure similar
response (the overall mean CV was 12.08%; R2 ≥ 0.985). Instrument control and quantitation were
performed using Analyst 1.6.3 and MultiQuant 3.0.2 software, respectively (SCIEX).

2.5. Ceramides Risk Score

The ceramides used in this analysis included the six variables that make up the ceramide risk score
(C16:0, C18:0, C24:1, C16:0/C24:0, C18:0/C24:0, and C24:1/C24:0) [40] and two additional ceramides
(C20:0 and C22:0) that were identified in the literature as being related to diet [20,41], adiposity [42],
or CVD risk [15,23,43]. Ceramides (ng/mL) were converted to units that were consistent with the
ceramide risk score (μmol/L). Ceramide risk scores were calculated by assigning a value between 0–2
to each of the six risk score components based on published cut-off values [4,5]. The six component
scores were summed for a total ceramide risk score ranging from 0 to 12, with higher scores indicating
a higher risk of adverse cardiovascular events. The scores were categorized into risk groups: lower
risk (0–2), moderate risk (3–6), and increased risk (7–9) [4]. No participant scores met a fourth category:
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higher risk (10–12). For analysis purposes in this study, the ‘increased risk’ category was combined
into the ‘moderate risk’, as only three participants had scores in the increased risk category.

2.6. Statistical Analysis

Demographic and health-related data were reported as means and standard errors of the mean
(SEM) or frequency with percentage, when appropriate. Ceramides and risk factors for CVD (i.e.,
cholesterol, triglycerides, glucose) were log-transformed to achieve a normal distribution for analysis.
Medians and interquartile ranges were reported for non-normally distributed variables. To assess
differences between ceramide risk score categories for all the demographic and clinical characteristics,
Student’s t-test or Chi-square tests were performed when appropriate. Bivariate analysis was performed
to assess the relationship between potential confounding variables (demographics, health conditions,
CVD biomarkers, inflammatory markers, and lifestyle factors) and each ceramide and the ceramide
risk score. The Benjamini–Hochberg procedure was performed to control for excessive Type I error due
to multiple analyses, with a false discovery rate set to 10%. The variables that remained significant after
the Benjamini–Hochberg procedure were entered into a stepwise regression model, with alpha-to-enter
set at 0.15 and alpha-to-remove set at 0.15. This enabled us to estimate the effect of multiple variables
on ceramides and the ceramide risk score. The variables that remained significant were included in the
adjusted model. Multiple linear regression models were done to assess the hypothesized relationship
between the HEI-2015 diet quality score and BMI on a continuous scale with individual ceramides
along with the ceramide risk score. These models enabled us to assess if the HEI-2015 or BMI were
associated with ceramide levels when adjusted for other significant clinical, demographic, or lifestyle
characteristics. The 13 HEI-2015 components were analyzed further using multiple linear regression
models with individual ceramides and the ceramide risk score. BMI was further analyzed categorically
against each individual ceramide and the ceramide risk score using one-way ANOVA and Tukey’s HSD
(honestly significant difference) test for comparison of BMI categories (normal, overweight, and obese).

All data analyses were performed using JMP and SAS software (JMP®, Version Pro 12.2,
SAS Institute Inc., Cary, NC, USA, Copyright©2015; SAS®, Version 9.4, SAS Institute Inc., Cary, NC,
USA, Copyright©2002–2012). Power of the test was determined as 80% for the relationship of BMI
and the ceramide risk score. Significance criterion alpha for all tests was 0.05.

3. Results

3.1. Participant Characteristics by Ceramide Risk Category

Overall, most participants were non-Hispanic white (95.8%), college educated (57.3%), and had
annual household incomes >$50,000 (67.4%). Demographic and health-related characteristics by
ceramide risk category are presented in Table 1. The mean age of the sample was 54 ± 4.7 years
old Over half were women (57.3%). The mean BMI was 30.85 ± 7.23; 51.1% were classified as obese.
All the participants had at least one cardiovascular risk factor; 92% had dyslipidemia (controlled and
uncontrolled). Participants classified at ‘moderate risk’ compared to ‘low-risk’ based on ceramide
risk category had significantly higher BMI (p = 0.003), WC (p = 0.005), and FMI (p = 0.004), elevated
fibrinogen levels (35.0% versus 14.3%, p = 0.02), higher rates of metabolic syndrome (52.5% versus
28.6%, p = 0.02), and had formerly smoked (62.5% versus 1.1%, p = 0.04).

The most abundant circulating ceramides were C24:0 followed by C22:0 and C24:1. Ceramide risk
scores ranged from 0 to 8 out of a possible 12 points; 58.3% were in the low-risk group, and 41.7% were
in the moderate risk or increased risk groups. Supplemental Table S1 shows quantities of ceramides by
risk category.
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Table 1. Participant characteristics by ceramide risk category.

All
N = 96

Lower Risk 1

n = 56
Moderate Risk 2

n = 40
p-Value 3

Demographic Factors

Age, year 54.30 ± 0.47 53.95 ± 0.55 54.8 ± 0.84 0.40
Sex, women 55 (57.3%) 33 (58.9%) 22 (55.0%) 0.70

Health-Related Factors

Adiposity

Body Mass Index, kg/m2 30.85 ± 0.74 29.22 ± 0.92 33.13 ± 1.13 0.003
Waist Circumference, cm 103.35 ± 1.67 99.41 ± 2.07 108.87 ± 2.55 0.005

Elevated Waist Circumference 4 70 (72.9%) 37 (66.1%) 33 (82.5%) 0.07
Waist-to-Hip Ratio, cm 0.90 ± 0.008 0.89 ± 0.01 0.91 ± 0.01 0.16

Elevated Waist-to-Hip Ratio 5 63 (65.6%) 36 (64.3%) 27 (67.5%) 0.74
Fat Mass Index, kg/m2 12.26 ± 0.55 11.00 ± 0.65 14.02 ± 0.89 0.004

Laboratory Values

Total Cholesterol ≥200 mg/dL 52 (54.2%) 30 (53.6%) 22 (55.0%) 0.89
LDL ≥100 mg/dL 77 (81.1%) 43 (76.8%) 34 (87.2%) 0.20

Low HDL 6 22 (22.9%) 12 (21.4%) 10 (25.0%) 0.68
Triglycerides ≥150 mg/dL 18 (18.8%) 9 (16.1%) 9 (22.5%) 0.43

Glucose >100 mg/dL 35 (36.5%) 19 (33.9%) 16 (40.0%) 0.54
Insulin >24 mg/dL 4 (4.17%) 1 (1.8%) 3 (7.5%) 0.17

HOMA-IR 2.18 ± (0.17) 1.97 (0.19) 2.48 (0.31) 0.19
CRP ≥8 mg/dL 16 (16.7%) 9 (16.1%) 7 (17.5%) 0.85

Fibrinogen >400 mg/dL 22 (22.9%) 8 (14.3%) 14 (35.0%) 0.02

Medical Conditions

Metabolic Syndrome 37 (38.5%) 16 (28.6%) 21 (52.5%) 0.02
Diabetes 39 (40.6%) 22 (39.3%) 17 (42.5%) 0.75

Dyslipidemia 88 (91.7%) 50 (89.3%) 38 (95.0%) 0.32
Hypertension 37 (38.5%) 18 (32.1%) 19 (47.5%) 0.13

Statin use 23 (24.0%) 13 (23.2%) 10 (25.0%) 0.84

Lifestyle Factors

Former Smoker 48 (50.0%) 23 (41.1%) 25 (62.5%) 0.04
HEI-2015 Diet Scores 54.05 ± 1.45 55.27 ± 1.73 52.36 ± 2.49 0.34

Values are means ± SEM for continuous variables or n (%) for categorical variables. Abbreviations: LDL, low-density
lipoprotein; HDL, high-density lipoprotein; HOMA-IR, homeostatic model assessment of insulin resistance; CRP,
C-reactive protein; HEI-2015, Healthy Eating Index 2015. 1 Lower risk: ceramide risk score 0–2. 2 Moderate risk:
ceramide risk score 3–6, and three participants with scores of 7 (n = 2) and 8 (n = 1). 3 Student’s t-test or chi-square
tests were used to test significance; significant p-value <0.05. 4 Elevated waist circumference is >102 cm for men
and >88 cm for women. 5 Elevated waist-to-hip ratio is ≥0.90 cm for men and ≥0.85 cm for women. 6 Low HDL is
<40 mg/dL for men and <50 mg/dL for women.

3.2. Relationship between Potential Covariates and Ceramide

Age, gender, income, statin use, and hypertension were not significantly associated with any of the
ceramides or the risk score. All of the adiposity measures (i.e., WC, WHR, and FMI); several laboratory
values (LDL, HDL, non-HDL, triglycerides, glucose, insulin, HOMA-IR, fibrinogen, and CRP); having
a diagnosis of diabetes or metabolic syndrome, and being a former smoker were each significantly
associated with at least one ceramide or the risk score. However, after stepwise regression, only LDL,
HDL, non-HDL, glucose, FMI, fibrinogen, and smoking status remained significantly associated with
individual ceramides or the risk score, and therefore were the only covariates included in the adjusted
models. Supplemental Table S2 depicts the results of bivariate analyses of associations between
traditional CVD risk factors and ceramides.

3.3. Relationship of BMI (Adiposity) and HEI (Diet Quality) with Ceramides

Table 2 shows the associations between BMI and HEI scores with ceramides. BMI was associated
with C18:0, C16:0/24:0, C18:0/C24:0, and the ceramide risk score in unadjusted models, and remained
positively associated with C18:0, C18:0/C24:0, and the ceramide risk score after adjusting for covariates.
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The diet quality scores measured by HEI-2015 ranged from 25.6 to 87.7 out of 100 points. The mean
score was 54.05 ± 1.45, indicating ‘needing improvement’ (HEI scores 51–80). Diet quality was inversely
associated with only one ceramide, C22:0, in both unadjusted and adjusted models. It was not associated
with any of the ceramides that make up the risk score. Ceramides C16:0, C24:0, and C24:1/24:0 were
not associated with any of the outcome variables.

Table 2. Associations between BMI (adiposity) and HEI-2015 (diet quality) with ceramides.

Outcome Variables
Ceramides Included in the Ceramide Risk Score Ceramide

Risk Score

Other Ceramides

C18:0 C24:1 C16:0/24:0 C18:0/24:0 C20:0 C22:0

Unadjusted Model

BMI (kg/m2)
0.80; 0.19
(<0.001) NS 0.36; 0.07

(0.006)
1.02; 0.26
(<0.001)

5.97; 0.07
(0.006) NS NS

HEI-2015 NS NS NS NS NS NS −0.002; 0.06
(0.009)

Adjusted Models

BMI (kg/m2)
0.81; 0.31
(<0.0001) NS NS 0.91; 0.30

(<0.0001)
5.58; 0.11

(0.009) NS NS

HEI-2015 NS NS NS NS NS NS −0.002; 0.42
(0.02)

Values reported are slope per unit change; coefficient of determination R2 and (significant p-value). Abbreviations:
HEI-2015, Healthy Eating Index 2015; BMI, body mass index; NS, not significant. Covariates used in adjusted models
varied by ceramide: C18:0 (HDL-C, glucose); C24:1 (LDL, non-HDL); C16:0/24:0 (glucose, fibrinogen); C18:0/24:0
(glucose); C24:1/24:0 (smoking); ceramide risk score (smoking); C20:0 (LDL, non-HDL); C22:0 (LDL, non-HDL).

Table 3 depicts the associations between individual HEI-2015 component scores and ceramides.
After adjusting for confounding risk factors, HEI scores that represent the recommended intakes for
total vegetables, whole grains, saturated fats, and added sugars were each inversely associated with
C22:0. That is, higher intakes of vegetables and whole grains and lower intakes of saturated fats and
added sugar were associated with lower C22:0 values. Absolute saturated fat intake (grams per day)
was significantly and positively associated with C22:0 (R2 = 0.41, p = 0.04). Individual HEI components
(i.e., whole fruit, total fruit, greens and beans, dairy, total protein foods, seafood and plant protein,
unsaturated to saturated fatty acid ratio, and sodium) were not associated with any ceramides or the
ceramide risk score.

Table 3. Associations between the Healthy Eating Index (HEI-2015) components and ceramides.

HEI Component
Ceramides in Risk Score Other Ceramides

C16:0 C24:1 C16:0/24:0 C20:0 C22:0

Unadjusted Models

Total Vegetables −0.02; 0.04 (0.02) NS NS NS −0.03; 0.05 (0.01)

Whole Grains NS NS NS −0.01; 0.04 (0.03) −0.01; 0.04 (0.03)

Refined Grains NS NS −0.007; 0.04 (0.03) NS NS

Saturated Fats NS −0.01; 0.05 (0.01) NS −0.02; 0.06 (0.01) −0.02; 0.08 (0.003)

Added Sugar NS NS NS NS −0.01; 0.07 (0.007)

Adjusted Models

Total Vegetables NS NS NS NS −0.02; 0.44 (0.02)

Whole Grains NS NS NS NS −0.007; 0.43 (0.03)

Saturated Fats NS NS NS NS −0.008; 0.43 (0.03)

Added Sugar NS NS NS NS −0.009; 0.44 (0.01)

Values reported are slope per unit change; coefficient of determination R2 and (p-value). Abbreviations: HEI-2015,
Healthy Eating Index 2015; NS, not significant. Ceramides not significant with any HEI-2015 components were
C18:0, C24:0, C18:0/24:0, C24:1/C24:0 or the ceramide risk score (not shown). Covariates used in adjusted models
varied by ceramide: C16:0 (HDL, non-HDL, glucose); C24:1 (LDL, non-HDL); C16:0/24:0 (glucose, fibrinogen); C20:0
(LDL, non-HDL); C22:0 (LDL, non-HDL). Significant p-value <0.05.
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Figure 1 depicts ceramide concentrations by BMI category. Of the 96 participants, 22.9% were
classified as normal weight, 26.0% were classified as overweight, and 51.0% were classified as obese.
Five of the six values that make up the ceramide risk score (C16:0, C18:0, C16:0/24:0, C18:0/24:0,
C24:1/24:0, and C20:0) were all significantly higher in participants classified as obese compared to
normal weight. Four of the six values in the risk score (C16:0, C18:0, C16:0/24:0, and C18:0/24:0) were
significantly higher in participants classified as overweight compared to normal weight. Figure 2
shows the ceramide risk score by BMI category. The risk score increased by BMI category and was
significantly higher between participants classified as normal weight versus obese (1.36 ± 0.24 versus
3.14 ± 0.31, p = 0.001).

 

Figure 1. (A) Serum ceramide concentrations (μmol/L) by BMI category: normal weight
(18.5–24.9 kg/m2), overweight (25–29.9 kg/m2), and obese (≥30 kg/m2). Values reported are mean
concentrations. (B) Ceramide ratios included in the risk score by BMI category. Values are means of
ratios. Tukey’s honestly significant difference (HSD) was used to test significance between the three
BMI categories. * Significant p-values < 0.05.
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Figure 2. Ceramide risk score by BMI category: normal (18.5–24.9 kg/m2), overweight (25–29.9 kg/m2),
and obese (≥30 kg/m2). Values represent means and SEM. Tukey’s HSD was used to test significance
between categories.

4. Discussion

This is the first study to examine the cross-sectional associations of adiposity and diet quality
with the ceramide risk score, which is an emerging risk factor for CVD. We detected that even between
the two lowest ceramide risk score categories, there were significant differences between groups for
adiposity (BMI and FMI), and rates of elevated fibrinogen (a proinflammatory mediator), metabolic
syndrome, and former smoker status. BMI was positively associated with the ceramide risk score
and two of the six ceramide values in the risk score (C18:0 and C18:0/24:0). Total HEI-2015 scores and
four diet component scores (total vegetables, whole grains, saturated fats, and added sugars) were
inversely associated with only one ceramide, C22:0, which is a ceramide associated in the literature
with diet [20,41] but not included in the ceramide risk score. Higher diet component scores indicate
improvements in diet quality. That is, higher scores represent higher intakes of vegetables and whole
grains, but lower intakes of saturated fats and added sugar.

Similar to other studies, the most abundant serum ceramides were C24:0 and C24:1 [44,45].
Ceramide C24:0 was positively associated with LDL, non-HDL, and triglycerides, as has been reported
in other studies [4], but inversely associated with fibrinogen in our population. We did not see
associations between statin use and ceramides. Study results have been inconsistent, with some studies
showing lower circulating ceramides in participants taking statins [42,46] and others such as ours, did
not [42]. In our population, 91.7% of participants had dyslipidemia. However, 24% reported statin
use, but of those, 60.9% still had high lipid levels, suggesting that the statins were ineffective or that
participants were not regularly taking their medications. Additionally, significantly more participants
with metabolic syndrome were in the moderate ceramide risk category compared to the low-risk
category. This finding is consistent with other studies that ceramides may be inducers of metabolic
disorders [47].

4.1. Associations between Adiposity and Ceramides

BMI was positively associated with the ceramide risk score, C18:0, and C18:0/24:0 after adjusting
for confounding variables. To our knowledge, no other studies have compared BMI with this
specific total ceramide risk score, but studies have reported an association between BMI and various
circulating ceramide species. Circulating C18:0 was associated with BMI in several studies [4,42,44].
Consistent with our study, Meeusen et al. reported an association between BMI and two of the six
risk components of the risk score (C18:0 and C18:0/C24:0); however, the association was minimal
(R2 value <3%) compared to the 30% in this study [4]. Differences in populations and overall sample
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size (n = 495 versus n = 96) may account for variation in the strength of the associations. In contrast,
Mielke et al. reported additional associations of BMI with C16:0, C24:1, C20:0, and C22:0 among
middle-aged subjects with an average BMI of 26 kg/m2 (overweight) [42] that we did not detect. In a
small sample, Haus et al. detected higher concentrations of C18:0, C20:0, and C24:1 ceramides in
subjects with type 2 diabetes and obesity (n = 13) compared to lean healthy control subjects (n = 14) [44].
A possible mechanism for increased serum ceramides is that in obese humans, circulating free fatty
acids, which serve as substrates for ceramide synthesis via the de novo pathway, are elevated, leading
to an overproduction of ceramides [48,49]. Ceramides can be synthesized in several different tissues,
but those synthesized in the liver can be readily incorporated in very low-density lipoprotein (VLDL)
particles and released into the circulation [50]. Ceramides circulate in the blood mainly associated with
lipoprotein particles, VLDL and LDL [50]. Thus, overproduction in the liver is a potential source for
elevated circulating ceramides. Excess ceramides are postulated to be the mechanistic link between
obesity and obesity-related chronic conditions. Thus, our research adds to literature suggesting a link
between obesity and a potential overproduction and accumulation of C18:0 species and the overall
ceramide risk score. Studies are needed that determine if dietary interventions for weight loss result in
a reduction of the ceramides in the risk score.

4.2. Associations between Diet Quality and Ceramides

We did not detect associations between diet quality and ceramide species in individual ceramides
in the risk score or total risk score; however, greater HEI scores were associated with lower C22:0
concentrations after adjusting for LDL and non-HDL cholesterol. We found that 42% of the variation
in C22:0—a very-long-chain ceramide with a saturated acyl chain—was explained by the HEI scores
indicating a strong association. There is limited research on the associations between diet and ceramides.
This was the first study to assess the relationship between the a priori HEI metric of diet quality and
ceramides as a marker for CVD risk. However, other studies have shown that the HEI score was related
to reductions in other CVD risk factors such as LDL [51] and reductions in CVD mortality [14,52].

While C22:0 is not part of the ceramide risk score, previous studies showed that it is positively
associated with CVD risk in humans [23,43]. Two intervention studies that measured C22:0 found
that it was modifiable by diet [20,41]. One intervention of 200 subjects who were between 30–65 years
old with metabolic syndrome aimed to determine how a Nordic diet affected the lipidomic profile
compared to control subjects. Subjects in the intervention consumed a dietary pattern of higher
amounts of fiber, vegetables, fruits, berries, and fish, lower intakes of salt and sugar, and a higher
quality of dietary fat than the control for 18 to 24 weeks. The control group received low-fiber cereal
products and dairy fat such as butter [41]. Results indicated a significant decrease in C22:0, C23:0,
and C24:0 concentrations compared to the control group after 12 weeks, but not after 24 weeks [41].
In another study, Heilbronn et al. also observed an elevation in C22:0 by 25% in subjects overfed by
1250 kilocalories per day for 28 days [20].

When assessing individual HEI components, we found that participants had higher scores,
indicating that better adherence to recommendations for saturated fat intake (≤8% of energy intake)
had lower C22:0 concentrations. Additionally, participants who consumed higher amounts of absolute
saturated fat (grams per day) had higher C22:0. De novo ceramide synthesis depends on the availability
of free fatty acids, specifically the saturated fat palmitate [10]. The overconsumption of this saturated
fat may result in excess ceramide accumulation [10]. Additionally, in our population, better adherence
to the DGAs for total vegetable intake, whole grain intake, and added sugar intake was also associated
with lower C22:0. This suggests that multiple components of the diet work synergistically, and that
dietary patterns should be studied in relationship to ceramides in larger samples. Future studies on
the relationship between ceramides and diet quality are needed, specifically long-term intervention
studies to assess changes in ceramides after improvements in diet quality.
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4.3. Limitations

There are several limitations to this study. First, our sample size was small and used a convenience
sample whose ceramide risk scores fell largely within the two lowest groups of risk. A larger sample
may have included a broader range of risk scores, and associations may have been detected when the
lowest versus highest scores are compared. Second, the majority of participants were non-Hispanic
white, which is representative of the population in West Virginia, but makes it difficult to generalize
findings to other populations. Third, the cross-sectional study design does not allow for cause–effect
relationships. Studies are needed to investigate long-term changes in ceramides over time. Lastly,
the study used self-reported data, such as dietary intake, medications, and medical conditions. There are
inherent limitations with self-reported intake data, specifically the under-reporting of dietary intake or
failing to report all the medications used.

4.4. Clinical implications

Laboratory tests are currently available that quantify ceramides and categorize risk of CVD
events.. However, studies have not yet been conducted to inform evidence-based guidelines on
treatments to effectively modify ceramides should they be elevated. It is plausible that diet, lifestyle,
and lipid-lowering medications known to reduce traditional risk factors may also be effective in
lowering ceramides. Large epidemiological studies to confirm the relationship between specific
ceramides and CVD events, and interventional studies to determine the effectiveness of treatment
strategies in reducing ceramides and CVD events are urgently needed. Until this data is available, it
seems premature to use ceramides as a therapeutic target in clinical practice.

5. Conclusions

This study showed that middle-aged adults with obesity had higher circulating C18:0 and
C18:0/24:0, and higher ceramide risk scores than those who were normal weight or overweight.
Higher BMI remained independently associated with higher ceramide levels after adjusting for
confounding variables. Future studies are needed to determine if a reduction in weight status results in
lower ceramide risk scores in humans, and if interventions to improve diet quality would be effective
in lowering ceramides and the ceramide risk score.
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Abstract: Sudden cardiac death (SCD), most often induced by ventricular arrhythmias, is one of the
main reasons for cardiovascular-related mortality. While coronary artery disease remains the leading
cause of SCD, other pathologies like cardiomyopathies and, especially in the younger population,
genetic disorders, are linked to arrhythmia-related mortality. Despite many efforts to enhance
the efficiency of risk-stratification strategies, effective tools for risk assessment are still missing.
Biomarkers have a major impact on clinical practice in various cardiac pathologies. While classic
biomarkers like brain natriuretic peptide (BNP) and troponins are integrated into daily clinical practice,
inflammatory biomarkers may also be helpful for risk assessment. Indeed, several trials investigated
their application for the prediction of arrhythmic events indicating promising results. Furthermore,
in recent years, active research efforts have brought forward an increasingly large number of “novel
and alternative” candidate markers of various pathophysiological origins. Investigations of these
promising biological compounds have revealed encouraging results when evaluating the prediction
of arrhythmic events. To elucidate this issue, we review current literature dealing with this topic. We
highlight the potential of “classic” but also “novel” biomarkers as promising tools for arrhythmia
prediction, which in the future might be integrated into clinical practice.

Keywords: sudden cardiac death; ventricular arrhythmia; ventricular tachycardia; biomarkers;
cardiac biomarkers; heart failure

1. Introduction

According to the World Health Organization, cardiovascular disease (CVD) is the number one cause
of death. Around 18 million people died of cardiac causes in 2016, accounting for over 30% of all mortality
worldwide [1]. Sudden cardiac death (SCD), most often induced by ventricular arrhythmias, is one of
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the main reasons for CVD-related deaths. Coronary artery disease (CAD) remains the leading cause of
SCD with up to 80% of all patients suffering from SCD. Cardiomyopathies like dilated cardiomyopathy
account for around 15% of the SCD population, while especially in younger populations genetic disorders
are overrepresented [2,3]. Consequently, high-risk populations have been identified, one of the most
prominent being heart failure with reduced left ventricular ejection fraction (HFrEF) [4].

Even in this high-risk population, which is prone to develop malignant episodes of ventricular
arrhythmias with consecutive SCD [5], antiarrhythmic drug therapy often increases or at best has a
neutral effect on cardiac-related mortality [6]. With the beginning of the implantable cardiac defibrillator
(ICD) era, a new effective tool for prevention of SCD was available. Indeed, the MADIT- and SCDHEFT
trials showed high therapeutic primary prevention efficiency in a high-risk population [7,8]. Patients
with severe reduced left ventricular function with ischemic but also with non-ischemic etiology
presented a reduced overall mortality after ICD implantation. Based on such promising data, ICD
therapy for the prevention of SCD is considered a class I indication in patients with severe impaired
left ventricular ejection fraction (LVEF < 35%) [9].

Of note, device therapy is designed to convert tachyarrhythmias following their onset. Therefore, it
does not cure the arrhythmogenic disorder. On the other hand, inappropriate ICD-mediated shocks can
substantially reduce patients’ quality of life by causing a variety of psychopathological disorders [10].
To add insult to injury, device therapy is associated with frequent surgical complications as well as
device and lead failures [11]. Consequently, a significant number of patients receive ICD therapy
without any benefit, while suffering adverse events. Therefore, improvements in risk stratification
for SCD remain one of the main goals in daily clinical practice. Nevertheless, despite many efforts
to enhance the efficiency of risk-stratification strategies by application of electrocardiogram (ECG)
parameters, genetic testing, measurements of the autonomic nervous system and novel imaging tools
like magnetic resonance imaging (MRI), up to date confirmation of severe LVEF reduction seems to be
the only efficient tool [12]. However, while the majority of SCD patients present with preserved left
ventricular ejection fraction, this strategy shows a low sensitivity in the general population.

Ventricular tachyarrhythmias are caused by different pathophysiological mechanisms including
enhanced automaticity, triggered activity and/or reentry [13,14]. The first two are provoked by cellular
phenomena. Enhanced automaticity is characterized by an acceleration of the spontaneous firing rate of
the action potential. Consequently, increased automaticity of ventricular myocytes can lead to irregular
activation patterns of the myocardium. Triggered activity is characterized by calcium-mediated
premature action potentials that arise from early or delayed afterdepolarizations. On the other hand,
the most common mechanism of cardiac reentry is a multicellular process involving excitation wave
fronts that propagate around zones with impaired conduction and refractory tissue.

These pro-arrhythmic effects are caused by electrophysiological remodeling processes with
consequent impaired heterogeneity of cardiac ion channel expression and function within the different
regions and layers of the heart. Furthermore, fibrotic processes influence the electrophysiological
characteristics of the cardiomyocyte and have a major impact on cardiac conduction [13,14]. All these
processes are presented in major cardiac pathologies with increased risk of ventricular arrhythmias,
including heart failure (HF) and cardiac ischemia, as well as inherited arrhythmogenic disorders
like hypertrophic cardiomyopathy (HCM), arrhythmogenic right ventricular dysplasia (ARVD) or
Brugada syndrome. Of note, these mechanisms are often modulated or/and induced by different
processes like myocardial necrosis, inflammation, myocardial stress or neurohormonal activation with
the involvement of various biological signal proteins. While these proteins are often released during
signaling processes, their levels can be measured in patient serum as indicator of signaling activation.
Consequently, they can be useful for characterization of normal or pathogenic processes of the heart
including electrophysiological remodeling. Indeed, biomarkers have become a useful tool, which refers
to a broad subcategory of quantifiable and reproducible characteristics of biological signs. Therefore,
they can and should be used for cardiac risk stratification.
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Indeed, since the incorporation of aspartate transaminase in the diagnosis of acute myocardial
infarction (MI) in the late 1950s, the predictive value of cardiac biomarkers has been an important
field of ongoing research. Consequently, “classic” cardiac biomarkers like BNP or troponin, but also
inflammatory biomarkers like C-reactive protein (CRP) or high-sensitive (hsCRP), have improved
general diagnostic efficiency in various cardiovascular diseases like CAD or HF [15]. This leads to
their broad clinical implication in the cardiovascular field. In addition, emerging biomarkers and
further on the horizon of categories like myocardial necrosis, inflammation, plaque instability, platelet
activation, myocardial stress and neurohormonal activation were investigated in recent years. Indeed,
“novel” cardiac biomarkers, like the soluble suppression of tumorigenicity 2 (sST2) protein, have been
uncovered as additional tools to improve the management of cardiac disease [16].

While focusing on cardiac arrhythmias, various studies have already explored the implication of
the “classic” biomarkers in risk stratification of ventricular arrhythmias and SCD indicating promising
results. Furthermore, recent trials have also focused on the potential of the application of “novel”
cardiac biomarkers in this clinically important field. However, to the best of our knowledge, research
results were not reviewed, yet.

Therefore, in this review we will summarize how biomarkers of cardiac and non-cardiac origin
might help predict the risk of ventricular cardiac arrhythmias in different risk populations. Furthermore,
besides the potential clinical implication of the “classic” cardiac biomarkers, we review recent results,
which investigated the implication of “novel” cardiac biomarkers as potential predictors of fatal
ventricular arrhythmias. Of note, further investigations in this exciting field might be translated into
novel risk assessment approaches in the future.

2. ‘Classic’ Inflammatory Biomarkers as Potential Predictors of Ventricular Arrhythmias

Inflammation is known to play a pivotal role in the pathophysiology of atherosclerosis with
consequent CVD. Consequently, “classic” inflammatory biomarkers like CRP and interleukins have
been already evaluated in the setting of coronary heart disease [17]. Indeed, chronic inflammation
and thrombosis can transform a stable atherosclerotic plaque to an unstable lesion [17]. While CAD
is one of the main risk factors for SCD, an association between classic markers of inflammation and
malignant ventricular arrhythmias was already investigated in various clinical trials [18]. This topic
will be discussed in the following chapter.

2.1. C-Reactive Protein (CRP) and High-Sensitive (hs) CRP

Initially discovered as a pathogenic factor, CRP has been known in medicine since 1930. Nowadays
CRP is understood to be an inflammatory acute-phase protein, of which levels increase in case of injury
or infection. In humans, it is mainly produced in the liver following increased levels of interleukin 6
(IL-6). Furthermore, it is also released by smooth muscle cells of the aorta as well as by fat tissue [19]. The
role of CRP in the development of atherosclerotic plaques is well established [20]. CRP stimulates the
absorption of low-density lipoprotein (LDL) in the macrophages of endothelial cells, thus contributing to
the progression of atherosclerotic plaques and their conversion from stable to unstable condition. This can
cause coronary plaque rupture with following ventricular arrhythmias (ventricular tachycardia/ventricular
fibrillation (VT/VF)) with consequent SCD [21]. Inflammation, on the other hand, induces structural
remodeling of the heart, which promotes an arrhythmogenic substrate [22,23].

Furthermore, inflammation plays an important role in the pathology of ischemic heart disease
and HF. Therefore, it is easy to speculate a link between inflammatory markers and CAD or/and
HF related arrhythmias. Consequently, previous investigations focused on the association between
CRP and/or high-sensitive CRP (CRP assessed by a more sensitive assay to estimate the risk of
CAD) and ventricular arrhythmias related to ischemic heart disease or/and ischemic HF. Although
the link between inflammation and (ventricular) arrhythmias via ischemic heart disease seems well
documented, the question remains whether these inflammatory markers are directly related to the
intrinsic pathomechanisms of these malignant events.
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The association of inflammatory markers including CRP with MI and SCD has been described in
several epidemiological studies. During a follow-up of 13 years of 5888 elderly subjects (aged over 65
years) baseline levels of CRP but also interleukin 6 (IL-6) were linked to the long-term risk of SCD [24].
Similar results were observed in 9758 middle-aged men, when CRP, IL-6 and fibrinogen plasma levels
were linked to MI-related death. Nevertheless, in this trial only increased IL-6 levels were found to
be an independent risk factor [25]. Further investigations focused on the incidence of ventricular
arrhythmias during the acute phase of MI. Hodzic and colleagues observed a positive correlation with
increased troponin, but also with CRP [26].

The levels of CRP were also investigated in patients carrying ICDs. Of note, this population at risk
has a reliable rhythm monitoring due to the implanted devices. As it turns out, an association between
the occurrence of VT/VF with increased serum CRP levels was also described in these patients [27,28].

Furthermore, CRP levels were also investigated in patients with purely non-CAD related
arrhythmogenic disorders. A study investigated inflammatory markers in patients with arrhythmogenic
right-ventricular dysplasia (ARVD). This inherited rare cardiomyopathy is characterized by scar
formation in the right ventricle favoring the incidence of malignant ventricular arrhythmias. When
compared to another group of patients with idiopathic right outflow VT, ARVD patients had significantly
higher levels of serum CRP. Also, within the ARVD group, Bonny and colleagues observed increased
serum levels of CRP 24 h after VT incidence. Interestingly, infiltrates of T lymphocytes were found
in myocardial biopsies of ARVD patients, thus suggesting a mechanistic link between inflammatory
markers, inflammation and arrhythmias [29]. Other interesting results were described in patients
experiencing torsade de pointes (TdP) tachycardia. Of note, this malignant arrhythmia is often promoted
by QT-interval prolongation on ECG. Interestingly, CRP elevation corresponded to QT-Interval
prolongation. Consequently, the authors speculated that inflammatory cytokines might influence ion
channel function with consequent alteration of the QT interval [30].

High-sensitivity C-reactive protein (hsCRP) assays can detect CRP concentrations much lower than
conventional CRP assays (down to < 0.04 mg/L). Therefore, they facilitate the detection of low-grade
inflammation [31,32]. For this reason, several studies investigating CRP as a potential predictive risk
factor for SCD used hsCRP assays for estimation of low-grade inflammatory activity.

The prognostic value of hsCRP for the occurrence of SCD has been evaluated in an epidemiological
trial. In healthy men, increased baseline hsCRP levels were associated with a 2.8-fold increased
risk of SCD, thus indicating the possibility using this inflammatory marker for identifying high-risk
patients [21]. Further trials focused on patients with implanted ICD. Of note, when investigated in
patient cohorts following ICD implantation (for primary or secondary prevention), baseline hsCRP
levels in patients with appropriate ICD therapy were significantly higher compared to those without
ICD therapy. This relationship consisted during the follow-up of 24 months. A baseline hsCRP >3 mg/L
was independently associated with appropriate ICD therapy. In contrast, baseline levels of brain
natriuretic peptide (BNP) did not show such association, although an increase of BNP during follow-up
was significantly associated with appropriate ICD therapy [33]. Blangy and colleagues reported
increased levels of BNP and hsCRP in patients experiencing VT amongst 121 ICD patients with history
of otherwise stable CAD and a prior history of MI [34]. Furthermore, when investigated in 100
patients with structural heart disease (ischemic or idiopathic dilated cardiomyopathy) who experienced
electrical storms compared to those with single episodes of VT/VF or without ICD intervention, higher
baseline, hsCRP but also IL-6 and NT-proBNP levels were reported [35].

On the other hand, despite the above evidence regarding hsCRP as a risk predictor of malignant
arrhythmias and SCD, some studies did not find such an association. Indeed, in a multicenter
prospective observational study performed in 268 patients after MI (>30 days) and LVEF ≤30%, who
were indicated for ICD- or cardiac resynchronization therapy-defibrillator (CRT-D)-implantation, no
correlation between the occurrence of SCD and/or VT/VF and increased hsCRP was observed (follow-up
of two years). Nevertheless, increased hsCRP levels were associated with all-cause mortality, death due
to HF and first hospitalization for HF. Therefore, the authors suggested that increased hsCRP levels
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might predict SCD only in low cardiovascular risk populations [36]. In accordance with this suggestion,
Konstantinos et al. found no significant difference in levels of hsCRP, IL-6, tumor necrosis factor
alpha (TNF-α) and BNP in stable HF with implanted ICD when comparing patients with ventricular
tachyarrhythmia to the arrhythmia free population [37].

A further study investigated hsCRP levels in dialysis patients. These patients commonly have
several risk factors for SCD, such as atherosclerosis, left-ventricular hypertrophy with associated
fibrosis and endothelial dysfunction. Therefore, they represent a special group with increased risk
of SCD. Indeed. Parekhand and colleagues reported higher levels of hsCRP and IL-6 as potential
predictors of SCD in this population. Of note, higher levels of these biomarkers were associated with
twice the risk of SCD (follow-up of 9.5 years) when compared to patients with lower levels [38].

2.2. Interleukin 6 (IL-6)

The cytokine IL-6 is a small signaling protein with inflammatory properties. It is an important
mediator of the acute phase response. In atherosclerosis, IL-6 is produced by macrophages in
atherosclerotic plaques. Furthermore, it is released by visceral adipose tissue and in the sub-endothelial
space. Of note, IL-6 causes an increase of CRP-levels and starts the inflammation cascade [39,40].

As already mentioned above, there is data indicating the predictive role of IL-6 for the occurrence
of SCD in epidemiological trials [24,25]. Furthermore, its association with ventricular arrhythmias
has been also observed in patients with established CAD. Safranow et al. investigated the interaction
between inflammation, metabolic syndrome and arrhythmias in 167 CAD patients. CRP and IL-6
were found to be independent predictors of symptoms of advanced CAD including the incidence of
ventricular arrhythmias. The occurrence of metabolic syndrome was strongly related to IL-6. This
observation was linked to the contribution of the inflammatory biomarkers in the evolution of insulin
resistance, leading to manifestation of metabolic syndrome. Regarding episodes of VT or/and VF, the
investigators found a strong association with increased IL-6 and CRP levels. The authors speculated
that inflammatory biomarkers could be involved in the transformation of the atherosclerotic plaques
into instable lesions, leading to ischemia and respective malignant arrhythmias [40].

As already pointed out above, data on the predictive value of IL-6 in the ICD population is
controversial [35,37]. Nevertheless, Streitner and colleagues reported promising results. In 47 patients
with implanted ICD (ischemic or dilated cardiomyopathy), significantly higher IL-6 levels were reported
at baseline and during follow-up (nine months) in patients experiencing arrhythmic episodes. Indeed,
elevated IL-6 serum concentrations were associated with a higher risk of spontaneous VT/VF events [41].
These observations were reassured by the results presented by Cheng and colleagues who investigated
a multimarker approach [42]. Nevertheless, this trial will be discussed in the following chapter.

3. ‘Classic’ Cardiac Biomarkers as Potential Predictors of Ventricular Arrhythmias

The use of biological markers has been able to improve the accuracy of diagnosis and therapy in
cardiovascular patients. In various cardiovascular pathologies, this approach promotes stratification
of cardiovascular risk, both during the hospitalization period and the long-term observation period.
Indeed, levels of several biomarkers indicate the incidence of malignant cardiovascular events, reflect
the dynamics of disease and enhance the efficacy of therapy regimes. “Classic” biomarkers like
Troponins are well integrated clinical tools in identifying cardiac damage, but also correlate with
the long-term outcome of cardiac patients [43]. The serum level of BNP, a protein secreted by
cardiomyocytes during cardiac stress, constitutes a tool already routinely applied in the diagnosis and
monitoring of HF patients [44].

Therefore, the role of the described “classic” biomarkers was already extensively investigated in
various cardiac pathologies. Interestingly, in the past, several studies dealing with diverse cardiac
pathologies associated with ventricular arrhythmias have also focused on their potential role for
the prediction of these malignant disorders. These investigations revealed promising results [45].
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Consequently, this chapter will focus on the clinical potential of “classic” cardiac biomarkers BNP and
NT-proBNP as well as Troponins in dealing with malignant ventricular arrhythmias.

3.1. Brain Natriuretic Peptides (BNP and Non-Terminal (NT)-proBNP)

The pre-pro brain natriuretic peptide (pre-proBNP) is a hormone consisting of 134 amino acids,
released by ventricular cardiomyocytes during mechanical stress situations like increased volume,
stretch and hypertrophy. A part of this protein (consisting of 108 amino acids) splits from the
pre-proBNP molecule, resulting in the prohormone BNP (proBNP). ProBNP is further split into two
molecules: the biologically active BNP (32 amino acids) and the inactive non-terminal (NT)-proBNP
(76 amino acids). NT-proBNP circulates longer in the blood (and thus has a higher concentration)
compared to BNP, making it easier to measure in laboratory tests. BNP induces vessel dilation and
diuresis, thus reducing preload and afterload, and consequently reducing myocardial stress. It is
eliminated by binding to cells expressing BNP-receptors, while NT-proBNP is eliminated through the
kidneys. Therefore, patients with renal disease have increased NT-proBNP levels, making its clinical
interpretation significantly more difficult. Both BNP and NT-proBNP are established biomarkers of
structural heart conditions. Interestingly, their association with ventricular arrhythmias and SCD was
also investigated in various trials, while in their elegant meta-analysis Scott and colleagues already
highlighted its application in HF patients [46]. Furthermore, novel trials investigated the potential
application for risk stratification of ventricular arrhythmogenic disorders when combined with “novel”
cardiac biomarkers. However, these studies will be discussed in the next chapter of this review dealing
with “novel” biomarker candidates.

Several studies have found an association between increased BNP levels and the occurrence of
malignant ventricular arrhythmias or/and SCD [47–49]. Furthermore, in their elegant study performed in
521 patients following acute MI, Tapanainen and colleagues elucidated that besides low LVEF, also increased
levels of BNP are significant predictors of SCD. Interestingly, the SCD survival curves of patients with and
without BNP elevation started to diverge at 20 months after MI, with the split further increasing during the
43 months of follow-up. Consequently, the authors speculated that BNP would indicate ventricular stretch,
hypertrophy and fibrosis, which in the long run induce tissue fibrosis and other arrhythmia-related changes
of the myocardium. Therefore, BNP could play a role as an indirect predictor of malignant ventricular
arrhythmias, as it reflects malignant electrophysiological remodeling processes [50].

Another research group investigated the role of BNP levels in predicting SCD in a high-risk
population of 452 patients with HFrEF. During a follow-up of three years, the authors were able to
identify BNP as an independent predictor of SCD. In line with Tapanainen and colleagues, they also
speculated BNP levels reflect the stage of cardiac remodeling, since the release of this hormone is
provoked by similar etiologies, which promote this pathophysiological process (stretch, increased
intraventricular pressure etc.) [51]. These results were confirmed by further investigations. Indeed,
Watanabe and colleagues found an increased risk of SCD in HFrEF patients when increased BNP levels
were combined with left ventricular impairment and dilation parameters as well as non-sustained VTs
and diabetes [52]. Furthermore, in this same context, various smaller single-center studies observed
potential value of increased BNP levels when used for the prediction of ventricular tachyarrhythmias
in the ICD HFrEF population [28,34,53–56].

There is also evidence that if effective HF therapies can lower BNP, it translates to a better prognosis
in terms of malignant ventricular arrhythmias and SCD. Such was the case in the MADIT-CRT study.
Effective CRT-D therapy was able to reduce BNP levels after one year. Patients, whose BNP levels were
reduced by more than one-third of the baseline value, had a significantly lower risk of subsequent VT/VF
or death. The authors suggested that cardiac resynchronization probably led to reverse ventricular
remodeling, which in turn reduced the risk of malignant arrhythmias [53].

Based on the promising results described above, it would be tempting to link BNP to specific
mechanisms of ventricular arrhythmias, such as the prolongation of the membrane action potential.
Of note, in HF this pathology leads to prolonged QTc on ECG with consequent increased risk of VTs
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and SCD. Vrtovec and his group investigated this exciting topic. In SCD patients, they observed an
association between increased levels of BNP and prolonged QTc. Because QT interval is mainly affected
by ventricular repolarization, the authors hypothesized that patients with elevated BNP may develop
prolonged action potential duration and therefore QT-interval prolongation. They speculated additional
BNP induced alterations on a cellular level. Consequently, the authors suggested BNP regulates
cardiac calcium metabolism leading to increased calcium entry with resulting electrophysiological
abnormalities and ventricular tachyarrhythmias [57].

Further investigations focused on the application of BNP levels in inherited arrhythmogenic
disorders such as HCM. This inherited condition is characterized by severe ventricular hypertrophy
with or without left outflow obstruction leading to cardiac stress with particularly increased risk of SCD.
Consequently, risk stratification in this population is one of the main clinical objectives. Two research
groups from Japan investigated the prognostic potential of elevated BNP in HCM patients revealing
promising results. Indeed, elevated cTnI but also BNP levels were associated with an increased risk of
the incidence of cardiovascular events including VT. Interestingly, combination of both was able to
boost the predictive value when compared to a single-marker approach [58]. Minami and colleagues
could confirm this observation. The authors observed also a relationship between increased BNP
levels and SCD in this population (n = 346) indicating BNP as a promising tool for the prediction of
malignant arrhythmic events in this inherited arrhythmogenic pathology [59].

Based on its longer half-life and higher concentrations in the peripheral blood (compared to BNP),
NT-proBNP is the cardiac marker commonly used to diagnose and control the progression of HF
in the daily clinical practice. In accordance with the results described above for BNP and already
summarized in the meta-analysis by Scott and colleagues [46], various investigations presented also
promising results for NT-proBNP, when applied as predictor of SCD in the HF population.

Elevated intraventricular volume and pressure eventually leads to dilation of the left atrium (LA).
Whether such a dilation of LA also has a predictive role for SCD was the research topic of a study
group from Spain. In 494 HF patients Bayes-Genis et al. found that, the combination of both increased
LA size (>26 mm/m2) and NT-proBNP (>908 ng/L) was associated with an eight-fold increased risk of
SCD, resulting in a 25% risk of this event in the follow-up period of 36 months. Consequently, the
authors suggested a high specificity of this approach, although the underlying mechanisms for their
observations remain unknown [60].

Indeed, higher NT-proBNP levels seem to be associated with increased occurrence of ventricular
arrhythmias and/or SCD in patients with HF due to ischemic and non-ischemic etiology [61,62].
However, there is yet insufficient evidence, whether any cardiac biomarker qualifies as a powerful
risk predictor for malignant arrhythmias and/or SCD in this population. Nevertheless, prediction of
these malignant events in HF patients is one of the main objectives of present translational research. In
an ideal clinical scenario, the decision whether a prophylactic ICD implantation is indicated in HF
patients, should depend on their assessed risk of malignant arrhythmias and/or SCD. As of today,
HF patients undergo prophylactic ICD implantation based on present cardiac societies’ guidelines
(HF symptoms combined with a significantly reduced LVEF). Therefore, in order to investigate an
additive application of biomarkers in this population, several biomarker studies (including NT-proBNP)
tested their potential as predictors of mortality and/or arrhythmias following ICD-implantation, with
encouraging results [35,63–67]. Notably, arrhythmic events are easy to monitor in this population, due
to the implanted device systems. In one of the larger studies, Cheng and colleagues investigated 1189
patients with HFrEF following ICD implantation for primary prevention of SCD. During a follow-up
period of four years, 137 patients had appropriate ICD shocks while 343 patients suffered from death
for various reasons. Nevertheless, in this study only higher IL-6 levels were able to predict the
occurrence of appropriate ICD shocks while all investigated biomarkers (CRP, IL-6, TNF-α, NT-proBNP
and troponin T) presented a higher risk of all-cause mortality. Therefore, based on their results, the
investigators suggested a combined biomarker score reflecting all-cause mortality, in order to identify
patients who are unlikely to benefit from primary prevention through ICD [42].
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Following out-of-hospital resuscitation, measured NT-proBNP show distinguishing properties
between underlying ischemic und non-ischemic heart disease, as well as in terms of survival of
patients. Aarsetøy and colleagues investigated the application of serum copeptin and hscTnT but
also NT-proBNP in the event of SCD. They collected blood samples from 77 patients following
out-of-hospital resuscitation due to VF, and observed promising results for NT-proBNP. Of note, the
biomarker was significantly higher in patients with heart disease without MI and in non-survivors
compared to survivors, which also in this population supports the hypothesis of its predictive value [68].

Because NT-proBNP, in contrast to BNP, undergoes renal elimination, its serum levels are also
increased due to renal dysfunction [69]. Therefore, several studies focused on NT-proBNP in patients
with kidney disease. An association was found between SCD and elevated NT-proBNP, but also
cTnI levels, in hemodialysis patients [70–72]. However, different cut-off serum levels were suggested.
Winkler et al. concluded serum levels over 9252 pg/mL being predictive of SCD (two-fold increased
risk) [72], while Kruzan et al. proposed a cut-off > 7350 pg/mL (three-fold higher risk of SCD) [71]. Of
note, this group also observed a higher predictive value for NT-proBNP than for cTnI. The authors
speculated that volume overload with consequent ventricular stretching, may drive NT-proBNP
elevation. Nevertheless, they did not exclude decreased renal clearance as a potential reason for
the NT-proBNP elevation in this patient group [71]. On the other hand, when measuring levels of
NT-proBNP during a four-year follow-up in dialysis patients with type 2 diabetes mellitus, Winkler et al.
were able to identify subgroups of patients with increased risk of SCD. Of note, patients with higher
baseline NT-proBNP, which decreased over 10 percent in the follow-up measurements, had lower
adjusted relative risk of SCD than patients with stable levels [72].

Some further research was performed in patients with HCM. Nevertheless, when investigated in
847 HCM patients, NT-proBNP levels were a significant predictor of HF and transplant-related deaths
but not for SCD or appropriate ICD shocks [73]. Similar findings were revealed by Rajter-Salwa and
his group who investigated the relationship between biomarkers (hs-TnI and NT-proBNP) and the
calculated five-year risk score for SCD in 46 HCM patients [9]. Notably, no difference between patients
with higher and lower NT-proBNP levels was noted, indicating NT-proBNP to be a poor predictor of
ventricular arrhythmogenic events in the HCM population [74].

As previously mentioned, as an established biomarker in management of HF, NT-proBNP seems
also to be an additive useful tool, when applied for risk stratification for ventricular arrhythmias or/and
SCD in this population. Nevertheless, promising results were also revealed when applied in the “healthy”
population. Of note, NT-proBNP levels seem to be associated with increased frequency of ventricular
ectopy [75,76]. Furthermore, when investigated in a prospective case-control study in 32,828 healthy
nurses (Nurse Health Study), an association between NT-proBNP at baseline and the risk of SCD during
16 years of follow-up was observed. NT-proBNP levels over the cut-off of 389 pg/mL had a five-fold
increased risk of SCD, indicating even in the “healthy” population a potential value of this biomarker [77].

3.2. Troponins

The troponin complex includes three subunits and is positioned on the thin filaments of the
striated muscles. These subunits are troponin T (TnT), troponin I (TnI) and troponin C (TnC). TnT is a
protein, which connects the troponin complex with tropomyosin. TnI controls the binding of actin with
myosin. The role of TnC is to connect tropomyosin with calcium. While TnC has the same structure in
both the skeletal and heart muscle, in the heart TnT and I have different amino acid compositions. Thus,
both cardiac troponins (cTnI and cTnT) can be identified in the blood as specific biomarkers of the heart.
Of note, assays for high-sensitivity (hs) Troponins provide a more sensitive measurement allowing the
detection of lower concentrations [78]. Therefore, they are implicated in daily clinical practice.

Cardiac troponins (cTnT and cTnI) are biomarkers of myocardial injury mostly released during
necrotic processes often caused by myocardial ischemia. Necrosis promotes the replacement of cardiac
myocytes with fibrotic tissue as well as further electrophysiological remodeling which predispose
ventricular arrhythmias with eventual SCD. However, necrosis is not the only cause for Troponin
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release. A small free pool of TnT is situated in the cytosol. Therefore, prolonged leakage might be
observed during the degeneration of myofilaments in irreversibly injured cells [79]. Besides being
markers of cardiac damage, several studies investigated the application of levels of Troponins as
potential tools in the risk assessment of malignant arrhythmias.

Indeed, as we describe in the previous chapters of this review, several trials showed promising
results when evaluating troponins in terms of the occurrence of ventricular arrhythmias or/and
SCD [28,42]. Liu et al. investigated the possible association between levels of Troponin and ventricular
arrhythmias in 218 patients with chronic HF. In the setting of severe decompensated HF, patients with
positive cTnI (>0.5 ng/mL) were more likely to develop ventricular arrhythmias than patients with
negative troponin. The authors speculated that patients with decompensated HF might suffer from
minimal myocardial injury or “microinfarction” causing sub endocardial ischemia or increasing wall
stress with consequent myocardial necrosis [80].

As already mentioned above, high-sensitivity troponin assays enable the detection of lower troponin
levels. Therefore, they facilitate earlier diagnosis of MI or/and other cardiac stress situation. Their
application for prediction of malignant arrhythmogenic events was also investigated in several trials.

A larger longitudinal study from the USA evaluated the association between the levels of hsTnT
and SCD in 3089 older subjects (ambulatory participants in the Cardiovascular Health Study) during
a follow-up of 13 years. Indeed, even after adjustment for typical risk factors, elevated baseline
hsTnT levels were associated with the incidence of SCD. The authors speculated hsTnT to reflect
cardiomyocyte injury caused by possible ageing processes or unrecognized coronary disease with
consequent scar formations as potential substrate for the incidence of ventricular arrhythmias [81].

Of note, this hypothesis is in line with studies performed in CAD patients. When investigated with
other biomarkers (hsCRP, sST2, BNP) in 1946 CAD patients with preserved left-ventricular function
(mean follow-up of 76 ± 20 months), elevated sST2 but also hsTnT (≥15 ng/mL) were the strongest
predictors of SCD (followed by hsCRP and BNP) [49].

Interestingly, besides ischemic heart disease, hs-troponins may also be of predictive value when
dealing with other cardiomyopathies. Indeed, patients with non-ischemic cardiomyopathy and
increased hsTnT levels may have increased risk of SCD, as well. Two investigator groups investigated
this exciting issue in patients with dilated cardiomyopathy. They compared hsTnT to conventional
TnT, in terms of predicting cardiovascular events including SCD. Both groups found hsTnT to be a
better independent predictor than TnT in multivariate analyses [82,83]

Furthermore, Kubo and colleagues investigated hsTnT as a potential marker for prediction of
adverse events in 183 HCM patients. They found that elevated hsTnT, but also the degree of elevation,
were associated with a higher risk of adverse cardiovascular events including the incidence of sustained
VT. The authors supposed that increased hsTnT in HCM patients may reflect relative myocardial
ischemia promoted by an imbalance between the hypertrophy of the myocardium and insufficient
coronary arterial supply [84].

4. ‘Novel and Alternative’ Biomarkers as Potential Predictors of Ventricular Arrhythmias

As already mentioned above, cardiac biomarkers are protein components of cell structures that are
released into the blood stream when myocardial injury occurs. Consequently, they have a major impact on
the diagnosis, risk stratification, and treatment of patients with various cardiac pathologies and symptoms
including chest pain with suspected acute coronary syndrome or during evaluation of acute exacerbations
of HF. In recent years, active research efforts have brought forward an increasingly large number of “novel
and alternative” candidate markers candidates of various pathophysiological origins. Investigations
of these promising biological compounds have revealed exiting and encouraging results when dealing
with cardiovascular pathologies. Interestingly, their diagnostic, prognostic and/or therapeutic utility was
already investigated in the first clinical trials evaluating ventricular arrhythmogenic disorders. While
trials with “classic” biomarkers are summarized in Tables 1–3, new promising biomarkers candidates are
presented in Tables 4–6 and will be discussed in the following chapter.
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4.1. Soluble ST2 (sST2)

ST2 is a member of the interleukin 1 receptor family. Originally, this protein was linked to
myocardial dysfunction, fibrosis, and remodeling [100]. Interestingly, upregulation of soluble ST2
(sST2) was also shown to be related to mechanical stress of the heart with consequent cardiac damage.
Of note, there are two known isoforms, which both are associated with cardiac pathologies. While
sSt2 is soluble, the second isoform St2 is a receptor, bound to the cell membrane [101]. Their role in
cardiac pathophysiological processes involving progression of coronary atherosclerosis, but also cardiac
remodeling with consequent fibrosis, has been uncovered in recent years [100]. Of note, their function
was shown to depend on interleukin 33 (Il-33). Il-33 binds to the ST2 receptor in order to reduce cardiac
damage during cardiac stress. Nevertheless, tethered with sST2, Il-33 is unable to become involved into
further cellular pathways, resulting in the potential loss of cardioprotective characteristics [102,103].
Consequently, higher levels of sST2 are linked to more severe stress responses in the heart [103]. On the
other hand, sST2 seems to be involved in the pathophysiology of ischemic events. Of note, serum levels
are associated with ischemic damage and remain high, even in the post-MI period. Since recovery of
left ventricular function is impaired in patients with higher sST2 levels, sST2 is speculated to play an
important role in remodeling following an acute ischemic event [104]. Logically, further efforts were
made to integrate sST2 into daily clinical practice of dealing with cardiovascular patients.

Indeed, higher sST2 levels (above 36.3 ng/mL) are associated with adverse outcomes in patients
with HF [105]. Since NT-proBNP and sST2 are both elevated in this pathology and are part of two
different pathological pathways, combining them as part of a risk assessment strategy was the next
logical step. In fact, among symptomatic HF patients, sST2 concentrations are strongly predictive of
mortality and might be useful in risk stratification when used alone or together with NT-proBNP [106].
Consequently, a moderate benefit in the risk assessment of HF patients was made when measurements
of sST2 were combined with NT-proBNP. These results, led to the proposal of a “solid” threshold of
sST2 levels in HF patients [106,107].

Since the HF population is known to be at high risk of ventricular arrhythmias with consequent
SCD, the application of this strategy was also investigated for the prediction of these malignant events.
In their elegant case-control study, by analyzing data from the MUSIC registry (three-year multicenter
registry of ambulatory HF patients with New York Heart Association functional class (NYHA) II-III,
and LVEF ≤ 45%, Pascual-Dual and colleagues were able to demonstrate that higher sST2 levels are
associated with SCD. Indeed, 34% of patients with sST2 levels above 0.15 ng/mL developed SCD while
74% of patients with both increased sST2 and NT-proBNP levels experienced this fatal event. Therefore,
the authors postulated that this combination might be a valuable clinical tool for predicting SCD in HF
patients [91]. Nevertheless, these enthusiastic results could not be fully reproduced by further trials. In
a subgroup analysis of the HF-ACTION trial, adding novel biomarkers such as sST2 and galectin 3
to NT-proBNP levels in the risk calculation model, showed a strong association with death by pump
failure. Yet, there was only a weak improvement while assessing for SCD [89].

However, in patients with mildly symptomatic HF evaluated during the MADIT-CRT trial, a 10%
elevation of sST2 levels alone over one year, was shown to be predictive of increased risk of onset of
ventricular arrhythmias and death. Nevertheless, in the same study it was shown, that an elevated
sST2 baseline is not directly predictive of ventricular arrhythmias [90].

Further, investigations were performed in patients treated with ICD for primary prevention. Since
the ST2 protein is a marker of myocardial stress, sympathetic hyperactivation and neuro-hormonal
axis dysfunction [28], one might speculate that in the ICD population with HF, sSt2 levels could reflect
alterations of the electrophysiological substrate and thus identify patients at a higher risk of shock
therapy. Of note, these pathophysiological alterations are more common in patients suffering from
metabolic syndrome. Therefore, in their elegant study Sardu and colleagues focused on this specific
population at risk. Interestingly, in these patients, sST2 values could differentiate patients with a higher
risk of ICD therapy, and worse prognosis [28].
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Other studies focused on further specific risk populations. Mitral annulus disjunction is a
displacement of the mitral valve. Since it is accompanied by mitral annular myocardial fibrosis, it is
a mechanism proposed for the development of ventricular arrhythmias with potential consequent
SCD [108]. In this population, patients suffering from ventricular arrhythmias had higher circulating
levels of sST2. Indeed, while combined with LVEF and fibrosis assessed by late gadolinium enhancement
on MRI, sST2 measurements were able to improve risk stratification in this specific risk population [109].

4.2. Galectin-3

Galectins are a family of proteins defined by two characteristics: functionally a beta-galactoside
affinity and structurally a conserved carbohydrate recognition domain (CRD). Initially, these proteins
were only thought to play a significant role in embryogenic processes. However, further research
uncovered, galectins are important players in various physiological and pathophysiological processes
including immune activation [110].

The galectin family members are expressed in three different structural forms: dimeric, tandem or
chimera. Of all discovered chimeric structural forms, galectin-3 is the only protein with a N-terminal
protein-binding domain and a C-terminal carbohydrate-recognition domain. The protein is expressed
in various tissues including lung, kidney, as well as the heart. Consistent with other members of
the lectin family, this soluble beta-galactoside-binding protein is activated as a response to tissue
damage [111]. Galectin-3 is active on both the intracellular and/or the extracellular levels. On the
cellular level, it regulates messenger ribonucleic acid (mRNA) splicing and contributes to the regulation
of anti-apoptotic signaling [112], while extracellularly it is secreted by macrophages and is involved in
the recognition of pathogens as well as in acute chronic inflammation processes [113,114]. Furthermore,
this protein seems to be a potent mitogen for fibroblasts [115]. Therefore, galactin-3 represents an
intriguing link between inflammatory and fibrotic processes, which are frequent findings in various
cardiac pathophysiologies, including HF [116].

Indeed, when measured in the general population, elevated levels of galectin-3 are associated
with higher incidence of CVD, but also with an elevated risk of all-cause mortality [117]. Especially in
recent years, this protein was shown to be a useful complementary biomarker in prognosis and risk
stratification of HF patients [118]. However, as already mentioned above, concerning prediction of
SCD in this population at risk, first results adding novel biomarkers including galectin-3 to NT-proBNP
for risk assessment, showed only weak improvement while assessing for this malignant event [89]. On
the other hand, together with osteopontin, Francia and colleagues evaluated a possible association of
galectin-3 levels with the incidence of sustained VT/VF in 75 newly implanted ICD-HF-patients. Of
note, even after correction for other risk factors, during a follow-up of over two years, plasma levels of
galectin-3 predicted sustained VT/VF in HF patients at high risk of SCD [88].

In various arrhythmogenic pathologies including genetic disorders, tissue inflammation and
fibrosis are key processes of electrophysiological remodeling. Therefore, one might speculate that
there will be further clinical applications of galectin-3 as a potential tool for prediction of ventricular
arrhythmias. Consequently, further studies focused on genetic disorders like ARVD and HCM.
Of note, both pathologies are mainly characterized by defective genes responsible for connective
tissue structure, resulting in remodeling including tissue inflammation and fibrosis with consequent
ventricular arrhythmias [92]. Indeed, in a small study (conducted in 24 patients with ARVD vs. 29
control patients) galectin-3 levels were shown to be increased in patients with ARVD. Furthermore,
they were predictive for the onset of VT as well as VF. Therefore, the authors postulated, galectin-3
as a potential biomarker involved in the onset of ARVD. A further study investigated a possible
association with risk prediction of SCD in HCM. Of note, in this population, five-year risk of SCD is
routinely assessed using a standard questionnaire outlined in the 2014 European Society of Cardiology
guidelines [9]. The authors observed a positive correlation between the estimated five-year risk
of SCD and serum levels of galectin-3, thus indicating an additive tool for SCD-prediction in this
population [95].
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4.3. Heart-Type Fatty Acid Binding Protein (H-FABP)

Heart fatty acid-binding protein (H-FABP) is ubiquitous in myocardial cells. Therefore, upon
myocardial membrane injury H-FABP is released in the bloodstream [119]. Of note, peak levels are
observed three hours following an MI [120]. Consequently, H-FABP was established as a marker of
ongoing myocardial membrane damage and has been reported to be a useful indicator for future
cardiovascular events [121]. Therefore, further trials explored its potential application in predicting
arrhythmogenic events in high-risk populations. In 107 consecutive patients with cardiomyopathy,
who had received an ICD, circulating serum H-FABP levels >4.3 ng/mL, but not Troponin T levels,
were a significant independent prognostic factor for the incidence of appropriate shock therapy or/and
cardiac death. Furthermore, assessment of subgroups showed that H-FABP levels could be used to
anticipate event-free periods in patients with ICD and additive amiodarone therapy. Indeed, the
outcome of patients receiving ICD for primary as well as secondary prevention was predictable via
H-FABP levels [85].

A further study investigated the application of myocardial membrane injury assessed by H-FABP
levels in Brugada syndrome. Of note, this genetic disorder is defined by inherited sodium channel
dysfunction with consequent risk of SCD [122]. Also in this high risk population serum H-FABP levels
(>2.4 ng/mL), but not Troponin T levels, were an independent prognostic factor for appropriate ICD
shocks due to VF (during a five-year follow up) indicating H-FABP as a promising biomarker for the
prediction of malignant ventricular arrhythmias [93].

4.4. Metalloproteinases (MMP) and Procollagens

Metalloproteinases (MMPs) are enzymes mainly concerned with the turnover of extracellular
matrix. Their role in the development of post-infarction scar tissue is a growing field of investigation.
Indeed, these proteins are key enzymes involved in post-MI remodeling, including processing
of cytokines and extracellular matrix (ECM) substrates to regulate the inflammatory and fibrotic
components of myocardial wound healing. Furthermore, these enzymes are upstream initiators with
regulatory functions in cell signaling cascades [123]. Consequently, in HF patients, levels of diverse
MMPs seem to reflect the progression of cardiac remodeling [124]. Therefore, as reflectors of cardiac
turnover processes with consequent remodeling, they might be suspected as useful predictors of
ventricular arrhythmias. Indeed, in 74 HF patients with implanted ICD, the ratio of MMP-9 and the
tissue inhibitor of matrix metalloproteinase 1 was able to predict tachyarrhythmic events necessitating
appropriate interventions, indicating further potential future applications in this clinical field [87].

While cardiac remodeling is one the main pathophysiological characteristics of hypertrophic
cardiomyopathy, a further study focused on this genetic disorder. Indeed, in a population of adolescent
HCM patients, MMP-3 levels were significantly higher in patients prone to ventricular arrhythmias.
However, when adjusted for age, the effect was attenuated, indicating the need for further research in
this exciting field [94].

Previous investigations already focused on other biomarkers, which were known indicators of
excessive turnover of the extracellular mass of the heart. They included circulating procollagens. While
these compounds were linked to worsening of HF and the function of the left ventricle, further studies
explored possible associations with the incidence of ventricular arrhythmias [125]. Indeed, in ICD
patients implanted for spontaneous sustained VT due to ischemic heart disease, incidence of VT could
be linked to high type I aminoterminal peptide (PINP) and low procollagen type III aminoterminal
peptide (PIIINP) levels. Nevertheless, these markers presented a low specificity.

4.5. Endothelin

As one of the most potent vasoconstrictive peptides, the endothelium-derived factor endothelin
became a novel objective of research in the late 1980s [126]. Endothelin 1 (ET 1) not only leads
to the stimulation of interleukin expression in monocytes and increases platelet aggregation,
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but also stimulates expression of growth factors. EtA and EtB are the predominant receptors
activated via endothelin. EtA is exclusively expressed on vascular smooth muscle cells and has
a greater selectivity for ET1 [127]. Furthermore, endothelin seems to be a contributing factor in
the development of chronic hypertension [128]. Nevertheless, in contrast to other myocardial
biomarkers, endothelin 1 has very early been the matter of investigation in the pathophysiology
of cardiac arrhythmias. Indeed, in animal models, endothelin is associated with the incidence of
ventricular arrhythmias [129,130] but also with ECG modulation including QTc prolongation [130]. In
addition, endothelin was linked to ischemia induced ventricular arrhythmias [131] and arrhythmogenic
responses during myocardial reperfusion [132]. Several mechanisms are proposed to be activated
via ET1 to promote arrhythmic events. Nevertheless, early afterdepolarizations triggered by ion
channel remodeling, but also sympathetic activation, were suggested to be the main causes of ET1
induced arrhythmias [133–135]. Inspired by these promising results, further research focused on
patients with decompensated HF. Of note, this population is characterized by increased neurohumoral
activation with a higher rate of ventricular arrhythmias and SCD [4,128,129]. Et1 levels, as well as
renin-angiotensin-aldosterone-system (RAAS) activity, but also interleukin 6 and TNF-α were assessed
in 83 of those patients. Indeed, 24 h Holter-monitoring revealed an association of Et1 levels and
ventricular ectopy [136].

A further study explored the application of ET1 measurement in ICD-patients (implanted for
multiple underlying conditions). ET1 levels were significantly increased one hour and even one minute
after shock therapy, giving further evidence, that the potential biomarker plays an important role in
the development of malignant arrhythmogenic events [137]. Nevertheless, despite promising findings
in basic research studies as well as in the first clinical trials, the role of ET1 as potential predictor of
ventricular arrhythmias still needs to be evaluated.

4.6. Uric Acid

Uric acid is the final product of the purine metabolism. In recent years, serum uric acid has
gained interest as a determinant of cardiovascular risk. Indeed, patients with hyperuricemia are at
higher risk of cardiovascular events [138]. Furthermore, high serum levels are a strong, independent
marker of poor prognosis in HF [139]. Consequently, they also seem to be associated with the
incidence of ventricular arrhythmias in this high-risk population. Indeed, in a smaller trial in 56
HF patients with implanted ICD for primary prevention, higher uric acid levels were linked to the
development of ventricular tachyarrhythmias [86]. Similar results were revealed in patients with
diagnosed left-ventricular hypertrophy. In this population uric acid levels were shown to be an
independent predictor of the occurrence of VT during Holter-monitoring [140].

4.7. Other Promising Biomarkers

Besides the already discussed promising biomarkers, several trials investigated further biomarkers
of various origin. Therefore, we would also like to provide a brief overview of this growing topic of
ongoing investigation.

Fibrinogen is a glycoprotein involved in clotting processes. Furthermore, it is a known promotor
of revascularization and wound healing, but also acts as an acute-phase protein, which is secreted in
response to systemic inflammation and tissue injury [141]. Consequently, fibrinogen plasma levels
were shown to be higher in patients suffering from CVD, as indicated by a subgroup analysis of
the Framingham population [142]. Nevertheless, data available from the PRIME study (multicenter
prospective cohort designed to identify risk factors for coronary heart disease) could not reveal an
association with SCD when assessed with other biomarkers such as IL-6 or CRP [25]. Differing results
were presented by Kunutsor and colleagues [96]. Interestingly, when investigated in a bigger cohort
including 1773 middle-aged men who were followed up for 22 years, fibrinogen levels were positively
associated with the risk of SCD. However, addition of plasma fibrinogen to a SCD risk prediction model
containing established risk factors was not able to improve risk discrimination in this population [96]
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Impaired kidney function is a known cardiovascular risk factor. As already mentioned, this
population is also at higher risk of SCD [143]. In their elegant trial, Deo and colleagues investigated a
possible association between SCD and established biomarkers of renal function in an elderly population
without prevalent CVD at baseline. During a follow-up of more than 10 years, the authors were
able to uncover that impaired kidney function assessed by cystatin C, but not by creatinine levels or
glomerular filtration rate, are linked to SCD events in the future [144].

Osteopontin is an extracellular structural protein. As an organic component of the bone, it is
involved in bone-remodeling processes [145]. Furthermore, while it is expressed in a range of immune
cells, it is also involved in immunity [146]. One study focused on the possible connection between
osteoponin levels and the incidence of ventricular arrhythmias. As already mentioned above, Francia
and colleagues investigated levels of osteoponin and galectin-3 in HF patients with implanted ICD.
Indeed, higher plasma levels were predictive of the incidence of sustained VT/VF, indicating this
potential biomarker as a clinical promising tool requiring further investigation [88].

Growth differentiation factor-15 (GDF-15) is a stress-responsive transforming growth
factor-ß-related cytokine. It increases and is independently related to an adverse prognosis in
systolic, but also diastolic HF [147]. Furthermore, it was also suggested to be a prognostic biomarker
in the evaluation of short- and long-term outcomes in ST-elevation myocardial infarction (STEMI)
patients [148]. Interestingly, in STEMI patients with VF complications, levels of GDF 15 seem to be
increased and are also predictive when assessing short-term mortality [149].

5. Summary

Recent studies have identified the significance of serum biomarkers as risk factors for ventricular
tachyarrhythmias. Beyond the established clinical risk factors, elevations of the “classic” biomarkers
like BNP and NT-proBNP, as well as troponins were already elucidated as potential predictors of SCD
in various populations at risk. Inflammatory biomarkers seem also to be associated with ventricular
arrhythmias and may have a significant role in their pathogenesis. Furthermore, recent studies have
investigated “novel” biomarkers originating from various pathophysiological contexts, like sST2,
galectin-3 or H-FABP. In the HF population at risk in particular, these substances indicate a promising
potential for prediction of malignant arrhythmic events. Furthermore, their application might also
be useful in inherited arrhythmogenic pathologies. Combining these biomarkers in a multimarker
approach might further improve risk assessment strategies. Nevertheless, further translational research
is necessary to elucidate the potential of these promising biological compounds in dealing with
ventricular arrhythmias and SCD.
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Abstract: Cardiovascular diseases (CVDs) are devastating disorders and the leading cause of mortality
worldwide. The pathophysiology of cardiovascular diseases is complex and multifactorial and,
in the past years, mitochondrial dysfunction and excessive production of reactive oxygen species
(ROS) have gained growing attention. Indeed, CVDs can be considered as a systemic alteration,
and understanding the eventual implication of circulating blood cells peripheral blood mononuclear
cells (PBMCs) and or platelets, and particularly their mitochondrial function, ROS production, and
mitochondrial DNA (mtDNA) releases in patients with cardiac impairments, appears worthwhile.
Interestingly, reports consistently demonstrate a reduced mitochondrial respiratory chain oxidative
capacity related to the degree of CVD severity and to an increased ROS production by PBMCs.
Further, circulating mtDNA level was generally modified in such patients. These data are critical
steps in term of cardiac disease comprehension and further studies are warranted to challenge the
possible adjunct of PBMCs’ and platelets’ mitochondrial dysfunction, oxidative stress, and circulating
mtDNA as biomarkers of CVD diagnosis and prognosis. This new approach might also allow further
interesting therapeutic developments.

Keywords: cardiovascular diseases; mitochondrial dysfunction; circulating cells; PBMCS; platelets;
oxidative stress; reactive oxygen species (ROS); mitochondrial DNA (mtDNA); biomarkers;
herat failure

1. Introduction

Cardiovascular diseases (CVDs) rank as one of the first diseases leading to death worldwide [1,2].
The 2019 report of the American Heart Association shows that between 2013 and 2016, CVDs, including
hypertension, heart failure (HF), coronary heart disease, and stroke, were present in about 48% of
patients older than 20 years in the United States [3–5]. Significant progress has been made concerning
CVD diagnosis and therapies, particularly considering neuro-hormonal modulation, such as natriuretic
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peptide (NP)-guided therapy [2,6–9], but it seems that a plateau has begun to be reached, suggesting
new approaches. In this view, since CVDs are generally systemic diseases, an attempt based on
circulating cells might be proposed to better understand CVD pathophysiology and to discover new
biomarkers. Indeed, growing evidence suggests that the assessment of mitochondrial respiratory
function of circulating peripheral blood mononuclear cells (PBMCs) and platelets might be viewed as a
marker to detect the mitochondrial dysfunction in different tissues, including the heart [10–14].

The myocardium possesses one of the highest number of mitochondria in the body, allowing heart
pumping activity through ATP production. Mitochondria are known contributors to the pathogenesis
and outcome of several cardiovascular diseases. Indeed, regardless of cardiac disease etiology, most
evidence demonstrates that mitochondrial dysfunction is widely observed in the pathological heart.

Mitochondrial dysfunction might be inferred from tissues’ or cells’ oxygen consumption (reflecting
mitochondrial oxidative capacity) and the mitochondrial membrane potential (reflecting the ability of
the electron transport system to maintain the gradient of proton driving ATP production). Thus, the
failure of mitochondria to produce ATP results in an energy deficit, impairing cells, and finally, organ
function [14–19].

Mitochondria have also been identified as significant sources of reactive oxygen species (ROS) [20].
Research reveals that oxidative stress, due to increased ROS and/or reduced antioxidant capacity,
plays a considerable role in the development of HF and determines patient prognosis. Increased ROS
accumulation and inflammation play a key role in the cardiac and vascular functional and structural
damage underlying all major causes of CVDs [21]. However, the fundamental mechanism of ROS
production in HF deserves to be further investigated [22]. Thus, it would be interesting to further
monitor ROS levels and mitochondrial function in circulating cells in order to improve both diagnosis
and follow-up of patients with CVDs.

Indeed, if tissue biopsies are relevant to the investigation of pathological changes and study of
mitochondrial function in diseased organs, they are invasive and not always feasible. Alternatively,
peripheral blood mononuclear cells (PBMCs) and/or platelets represent an easily available population
of cells allowing mitochondrial function studies. Analysis of the energetic profile (mitochondrial
function) of circulating blood cells in experimental animals and humans appears as a new research field
with potential applications in the development of disease biomarkers in several settings, including
respiratory and CVDs [10–14,19,23,24].

This review presents data exploring the PBMCs’ and platelets’ mitochondrial function, together
with their ROS production and mitochondrial DNA release in order to assess whether such key
parameters are modified and might be considered as biological markers of CVDs with diagnosis,
prognosis, and even prognosis interests.

2. Is Mitochondrial Function Accessible in all Circulating Cells in the Blood?

2.1. Classification of Circulating Cells

There are many circulating cells in the blood, ranging from different population subtypes of white
cells involved in immunity and inflammation, to platelets modulating blood aggregation and to red
cells mainly transporting O2. Several techniques might be used to separate blood cells in the blood,
but gradient centrifugation is generally performed (Figure 1). Theoretically, the oxidative capacity of
all circulating cells—through mitochondrial respiratory chain complexes activities assessment—might
be explored, but there is a noticeable exception. Unlike in birds, for instance, human red blood cells do
not present with mitochondria [25].
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Figure 1. Density gradient centrifugation of whole blood allows peripheral blood mononuclear cells
(PBMCs) isolation and then mitochondrial respiratory chain, reactive oxygen species, and DNA analysis.

The PBMC fraction consists of lymphocytes (T, B, and natural killer cells), monocytes, and dendritic
cells. Circulating lymphocytes represent a mixed population of cells and ensure cellular or humoral
immunity. Many types of lymphocytes can be distinguished: B cells produce antibodies, T cells
support cellular immunity, and natural killer cells have their own cytolytic activity. The production
of monoclonal antibodies specific for an expressed antigen can be conducted for immunophenotypic
lymphocyte classification: Cluster of differentiation (CD) was created to group antibodies that recognize
the same antigens. However, to date, no clear data are available on these specific cells’ subtypes
concerning their mitochondrial respiration. Monocytes, with a uni-lobular nucleus, have an important
role in phagocytosis and the innate immune system.

Platelets are un-nucleated cells produced by cytoplasm fragmentation of megakaryocytes in the
bone marrow, circulating in the peripheral blood for 7 to 10 days. They play a significant role in
homeostasis and are essential for thrombus formation during the hemostatic process and are largely
involved in thrombosis, myocardial infarction, stroke, and phlebitis. Platelets thus play an important
role in CVDs, both in the pathogenesis of atherosclerosis and in the development of thrombotic events
when presenting with qualitative and/or quantitative impairments [11,13,26,27]. Circulating platelets
possess numerous mitochondria, can be obtained easily even from critically ill patients, and their
isolation is performed routinely with success [28].

2.2. Isolation and Mitochondrial Respiratory Chain Activities’ Determination in PBMCs and Platelets

Mitochondria are the main source of cellular energy, coupling the oxidation of fatty acids and
pyruvate to the production of high amounts of ATP through the mitochondrial electron transport
chain (ETC) [29]. Briefly, free electrons are transferred from complex I to complexes II, III, and IV of
the ETC, thereby allowing complexes I, III, and IV to extrude protons from the matrix. The return of
H+ ions from the mitochondrial membrane interspace towards the matrix allows the complex V to
phosphorylate ADP into ATP.

The function of each complex is investigated by using a spectrophotometer and can be performed
in cellular or tissue samples. Besides the determination of oxygen consumption, ATP synthesis
and the mitochondrial membrane potential can also be investigated [30]. Specifically, Hsiao and
Hoppel presented an optimal comprehensive method for analyzing the ETC activity in PBMCs [31].
There are two general techniques that have been used in vitro for the assessment of mitochondrial
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function and detection of delicate changes in the respiration rate of mitochondria in PBMCs and
platelets isolated from peripheral blood by measuring oxygen consumption [12,13,32]. The first
method is the extracellular flux analyzer. This technique provides efficient, comprehensive, and highly
reproducible results and is commonly used to measure cellular bioenergetics function in intact and
permeabilized cells [33]. A distinct trait of this protocol compared to others is that it does not entail
mitochondrial isolation and can be operated using a minimal number of cells [33]. The second method
is high-resolution respirometry (Oroboros O2K), which permits active investigation of metabolic
pathways [12] and requires the availability of sufficient numbers of cells [10].

Although circulating platelets count for small numbers of functional mitochondria, they have
high energy consumption levels and have been used widely to study the mitochondrial function in
human disease due to their accessibility [34]. This is confirmed by a review by Kramer et al. presenting
the maximal mitochondrial oxygen consumption devoted to the bioenergetic function in circulating
platelets, monocytes, and lymphocytes. Interestingly, there is a distinct metabolism program between
circulating platelets and leukocytes that could act as different sensors of the metabolic and inflammatory
stress in many diseases [13].

3. Mitochondrial Respiratory Chain Complex Activities of PBMCs and Platelets in Patients with
Cardiovascular Diseases

3.1. PBMCs Mitochondrial Respiratory Chain Activity in Cardiovascular Diseases

Interestingly, when evaluating mitochondrial respiratory chain complexes’ activity in PBMCs in
heart failure patients, Li et al. demonstrated that mitochondrial oxygen consumption, particularly
in complex I and II, was significantly smaller as compared to the control group [29]. Such depressed
PBMC mitochondrial function was observed in patients with early-stage congestive heart failure (CHF,
asymptomatic patients) [29]. Possible explanations of this reduction in the electron transport chain
activity in PBMCs are increased mitochondrial mitophagy and decreased biogenesis per mononuclear
cell [29]. Moreover, the mitochondrial respiration was inversely related with inflammatory factors,
such as high sensitivity C-reactive protein, IL6, and TNF-α. Thus, impaired mitochondrial respiratory
functions of PBMCs characterize heart failure patients. Accordingly, a significant reduction of
NDUFC2 expression, a subunit of mitochondrial complex I, has been detected in peripheral circulating
mononuclear cells in patients with acute coronary syndrome [35]

More generally, there are several factors that might disrupt the function of the circulating leukocyte
mitochondrial respiratory chain in CHF. Increased intracellular oxidants could induce mitochondrial
permeability transition and inhibit respiratory coupling, which reflects mitochondrial respiratory chain
disruption [36,37]. Kong et al. observed a reduction in the leukocyte, lymphocyte, and monocyte
mitochondrial transmembrane potential (MTP) in congestive heart patients, in association with
apoptosis and increased inflammation and ROS formation [37]. This decrease was more notable
in the edematous CHF group when considering lymphocytes. Additionally, increased ROS led to
mitochondrial depolarization [37]. Further, the percentage of apoptotic cells was greater in PMN than
PBMCs (42.9% vs. 20%, respectively).

Song et al. found lower MTP and higher ROS levels in lymphocytes of CHF patients at low risk
associated with increased serum NT-ProBNP, a diagnosis and prognosis biomarker in heart failure [36].
Furthermore, Coluccia et al., analyzing the mitochondrial membrane potential by cytofluorometric
TMRM and JC-1 staining, found significant mitochondrial depolarization in PBMCs among HF patients
after the administration of inflammatory stimulus lipopolysaccharide (LPS) [38]. The ultrastructural
changes in mitochondria PBMCs showed a decrease in the index associated with the loss of inner
mitochondrial membrane (IMM) and with an increase in the percentage of the apoptotic cells and
mitophagy in HF-PBMC individuals, both at baseline and after LPS stimulation. The impairment of the
inner mitochondrial membrane in PBMCs might reflect the impairment of the electron transport chain
mitochondrial uncoupling [38] (Table 1). Thus, PBMCs’ mitochondrial respiration can be considered as
an innovative model to investigate the pathophysiology of CVDs.
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3.2. Platelets’ Mitochondrial Respiratory Chain Activity in Cardiovascular Diseases

Circulating platelets contain small number of functional mitochondria (averaging four
mitochondria/platelet), but they are very metabolically active with a high rate of ATP turnover [39].
Platelets have higher oxygen consumption rates compared to leucocytes, since higher levels of ATP are
required for the normal functioning of ion channels that maintain the intracellular ionic balance, essential
for preventing platelet activation in basal conditions [13]. In platelets, mitochondrial complex III and
IV are very low, underlying the severe impact of mitochondrial damage on platelet function. Electron
transport chain activity in platelets is altered in many diseases [34]. However, there are few data in CVDs.

In resting platelets, mitochondrial respiration accounts for three-quarters of the energy production,
with glycolysis providing the remaining [40]. The metabolic pool of ATP and ADP is located in the
cytoplasm whereas non metabolic ATP and ADP are segregated into dense (δ) granules (storage pool);
they are secreted during cellular stimulation and are essential for the late phase of aggregation [41].
Another important platelet trait is the fact that mitochondrial complex III and IV proteins are few, leading
to increased sensitivity toward mitochondrial dysfunction [13]. Many studies have demonstrated
an interest in monitoring platelet mitochondrial respiration in diabetes, Alzheimer’s, or Parkinson’s
disease [11]. Following platelet activation, mitochondrial respiration and glycolysis enhance extra
metabolic ATP production, thus sustaining shape change, aggregation, and secretion [11,39,42]. Such
increased energy consumption is a main determinant of platelet function.

In cardiogenic shock (when the trigger is hypoperfusion), there is inhibition of platelet
mitochondrial respiratory chain enzymes similar to that observed in sepsis. According to some
authors, salicylic acid or its derivatives may interfere with platelet mitochondrial function, mainly
acting as uncoupling agents. However, this issue still deserves further studies [42–44]. Petrus et
al. shed light on the association between hyperpolarization of the mitochondrial membrane, ROS
formation, and platelet secretion, and, for instance, diabetic patients had a lower platelet oxygen
consumption rate associated with increased ROS generation [11,12]. Furthermore, circulating platelet
mitochondria are not restricted to the generation of ATP, but also have an important role in initiating
platelet activation through many interlinked mitochondrial processes [11,34]. Impairment of the
electron transport chain leads to increased generation of ROS, which triggers platelet activation and,
potentially, to a reduced mitochondrial membrane potential and mitochondrial permeability transition
pore opening (Figure 2) [11].

Figure 2. Mitochondrial alterations in PBMCs or platelets during cardiovascular diseases.
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On the other hand, Nguyen et al. recently observed that the platelets of patients with pulmonary
hypertension secondary to left heart diseases demonstrated an enhanced maximal respiratory capacity
despite a normal basal oxygen consumption rate [45]. Increased fatty acid oxidation, together with the
metabolic syndrome, likely contributed to this result. Further and interestingly, platelets’ bioenergetics
correlated with right ventricular dysfunction but not clearly with hemodynamic in these group 2
pulmonary hypertension (PH) patients, suggesting that non-hemodynamic parameters might play a
significant role in such a setting.

4. Mitochondrial ROS Production and Antioxidant Defense of PBMCs and Platelets in Patients
with Cardiovascular Diseases

4.1. Measurements of ROS in Circulating Cells

ROS include superoxide, H2O2, and peroxynitrite, thought to be the most common and important
biological oxidants. In the cardiovascular system, different sources of ROS coexist, and NADPH oxidase,
xanthine oxidase, and uncoupled eNOS, together with mitochondrial ROS, participate in endothelial
dysfunction in relation to inflammation, leading to a worse prognosis. ROS production results from
enzymatic reactions in different cell components, including mitochondria, and, is associated with
normal basal metabolic energy generation. In the mitochondria, ROS are physiologically produced
mainly across mitochondrial complex I and III of the ETC [22,49–53]. Thus, a normal balance of ROS is
essential for cellular functions; however, once the level of ROS surpasses the standard concentration,
cellular damage will result, leading finally to apoptosis and cellular death [54,55]. Therefore, an
accurate and potent detection method of ROS is crucial for cardiovascular system studies [56], but ROS
measurement with high accuracy is still challenging because of ROS’ short half-life [57]. Griendling et
al. listed all measurement approaches of ROS in detail [58]. In a biological system, the gold standard for
measuring ROS in the form of free radicals is thought to be EPR (electron paramagnetic resonance), also
recognized as electron spin resonance [55,57,58]. Other measuring techniques of ROS include chemical
assays for superoxide anion radicals (O2

−), hydrogen peroxide (H2O2), or peroxynitrite (ONOO−) with
fluorescence analysis in the presence of redox sensitive probes or direct chemiluminescent assays [58].

Another frequent method used in clinical setting to measure ROS is the measure of byproducts,
such as lipid peroxidation through malondialdehyde (MDA), 4-Hydroxy-Trans-2-Nonenal (HNE),
and isoprostanes F2-IsoPs determination [57,58]. Additionally, oxidative modification of protein and
nucleic acid is a classic approach in cardiovascular cells [57,58]. For example, ELISA (enzyme-linked
immunosorbent assay) has been recognized as the most common measuring technique used [57]. On the
other hand, flow cytometry is the most powerful technique for single cell analysis of the immune system,
in particular for leukocytes and platelets [55]. Many fluorescent probes are used for ROS detection in
blood cells via flow cytometry [55]. For illustration, DCFH-DA, DAF-2 DA/DAF-FM DA, DHR123, and
DHE are all intercellular probes and are detected as green fluorescence except DHE, which is detected
as red fluorescence for both leukocytes and platelets. However, there are multiple artifacts related to the
DCFH-DA probe and its use remains discussed [59]. Thus, although progress is still to be performed
for oxidative stress evaluation, PBMCs can be incubated with chemiluminescent, bioluminescent, or
fluorescent redox active probes to detect cytoplasmic or mitochondrial ROS. Particularly, mitochondrial
ROS evaluation is possible with specific probes that can pass through the mitochondrial membrane
by the addition of a triphenylphosphonium group to a fluorescent probe, like mitosox, which is an
analogue of DHE, and for selective detection of H2O2 within the mitochondria, MitoPY1 can be used
with imaging techniques [60].

Further, the quantitation of reactive species metabolites, ROS scavengers, and antioxidant enzymes
can be obtained from chromogenic and enzymatic assays from culture supernatants. Gene expression
analysis of PMBCs also allows assessment of antioxidant systems and of other molecules modulating
intracellular oxidative stress, such as the OXPHOS genes. Finally, quantitative assessment of the
mitochondrial structure and function provide additional information when oxidative stress has
mitochondrial genesis.
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4.2. Mitochondrial ROS in PBMCs in CVDs

4.2.1. Mitochondrial ROS in PBMCs in Heart Failure

Oxidative stress plays a key role in the development and progression of CVDs and could be used
as an indirect marker to predict disease severity and prognosis [61–63]. In this context, mitochondrial
dysfunction appears to have increased importance [17,64]. Indeed, high levels of ROS and increased
production of superoxide anion by neutrophils have been observed in the blood of HF patients,
and white blood cells and platelets producing ROS can amplify oxidative stress and organ damage
in HF [48,65]. A recent study showed that circulating PBMCs present structural and functional
derangements of mitochondria with overproduction of ROS in HF [38]. Besides, a significant reduction
of respiration was associated with a higher mitochondrial ROS production in PBMCs of patients with
moderate to severe CHF compared to mild CHF [22]. Furthermore, there was a positive correlation
between mitochondrial ROS formation and oxidative DNA damage and plasma BNP levels, which are
related to the severity of HF. In CVDs, lymphocytes and monocytes play a key role in atherogenesis,
modulating the inflammatory and immune response. Indeed, PBMCs would undergo changes similar
to failing cardiomyocytes in HF [36]. Based on these data, the use of circulating leukocytes may
become a relevant biomarker in cardiovascular diseases and might serve to better understand its
pathogenesis [66].

The mechanisms by which mitochondrial ROS in PBMCs are increased in CVDs are multifactorial.
Enhancement of myocardial ROS might stimulate ROS generation in PBMC mitochondria via the
mechanism of ROS-induced ROS generation upon the passage of circulating PBMCs through the
heart. Indeed, the proportion of mitochondrial ROS-loaded blood cells is higher in the coronary sinus
than in the peripheral veins of CHF patients [48]. Another hypothesis is the role of inflammatory
factors present in HF, such as circulating cytokines, that trigger ROS generation [29]. Further, in heart
failure, tissue hypoxia may trigger an increase in the production of ROS, which is a strong stimulus
of pro-inflammatory cytokines, such as IL6 and TNF-α [67]. Li et al. confirmed the involvement of
mitochondrial dysfunction of PBMCs in the pathophysiology of heart failure; extreme inflammation
and decreased antioxidant capacity were closely associated with heart diseases, especially in early
stage heart failure patients [29].

Other markers of oxidative stress have been described, such as myeloperoxidase (MPO), oxidized
low density lipoproteins (oxLDL), and F2Isoprostane [66]. Elevated lipid peroxidation has been shown
to be associated with the severity of HF, such as malondialdehyde (MDA) and 4-Hydroxy-2-nonenal
(HNE) [68]. In addition, two studies showed a positive correlation between the total plasma peroxide
levels (reflecting oxidative stress index) in leukocytes with serum NT-proBNP [8,36]. Mondal et
al. demonstrated that HF patients with implanted left ventricular assist devices exhibit excessive
production of ROS as well as DNA damage in circulating leukocytes [47]. Similarly, Garcia Anastacia
et al. observed increased ROS level and deteriorated mitochondrial respiratory capacity in circulation
PBMCs in pediatric HF patients who underwent cardiac transplant [46].

4.2.2. Mitochondrial ROS in Arterial Hypertension, Coronary Artery Disease, and Stroke

Yasunari et al. measured the oxidative stress of circulating leukocytes in both hypertensive and
diabetic patients and concluded that the level of oxidative stress was significantly increased in arterial
hypertension [69]. This study used peripheral leukocytes as a biomarker to detect hypertension-related
vascular damage [51]. In fact, the role of measuring ROS in leukocytes in hypertensive patients might
help monitor the effect of treatments [51].

In PBMCs, the evaluation of oxidative stress and mitochondrial function in coronary artery disease
has been attempted via assessment of the gene expression profile of complex I subunit (NDUFc2).
Raffa et al. found a significant reduction of complex I subunit with increased levels of ROS and
decreased ATP levels [35].
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Only a few works in the literature have demonstrated the role of ROS in circulating cells in the
development of stroke [51]. Aizawa et al. showed that in stroke patients, the ROS levels of peripheral
mononuclear cells (circulating neutrophils) are increased compared to controls [70].

4.3. Mitochondrial ROS in Circulating Platelets in CVDs

It is now clear that mitochondria modulate the pro-thrombotic function of platelets through energy
generation, redox signaling, and apoptosis initiation [71–73]. Thus, studies have related increased
platelet activation with mitochondrial hyperpolarization and ROS production. Yamagishi et al.
demonstrated that hyperglycemia induces hyperpolarization in normal platelets, resulting in the
production of mitochondrial ROS and subsequent activation [74]. Furthermore, Avila et al. observed
in diabetic patients that platelets had decreased rates of oxygen consumption and hallmark signs of
increased ROS production [75]. Preserving platelet mitochondrial function may therefore allow a
decrease of the risk of thrombotic events in diabetic patients [76].

5. Circulating Mitochondrial DNA (mtDNA) Originating from PBMCs and Platelets in Patients
with Cardiovascular Diseases

5.1. Circulating Mitochondrial DNA (mtDNA) Originating from PBMCs in Patients with
Cardiovascular Diseases

Adequate numbers of mtDNA (free-cell mtDNA) or (circulating mtDNA) are important for
mitochondrial as well as cellular function. mtDNA are released by cells undergoing stress or having
pathological events [77]. MtDNA encodes 2 ribosomal RNAs, 22 transfer RNAs, and 13 polypeptides
of the respiratory chain [78]. Mitochondria contain several copies of mtDNA. The number of mtDNA
copies in cells correlates with the size and number of mitochondria, which change under different
energy demands and oxidative stress and under different pathological conditions. The mtDNA copy
number or content reflects the mitochondrial function through the mitochondrial enzyme activity and
ATP production [79]. Quantification of the mtDNA copy number of PBMCs using real-time polymerase
chain reaction (PCR) was found to produce consistent and reproducible results [80].

Unlike nuclear DNA, mtDNA is vulnerable to ROS damage because of the lack of histone protection
and effective DNA repair mechanisms. When mtDNA damage occurs, it results in mitochondrial
dysfunction, inflammation, and cell senescence participating in the pathogenesis of CVDs and
atherosclerosis. The mtDNA copy number might reflect the level of mtDNA damage, potentially being
a biomarker of mitochondrial function and a predictor of CVDs’ risk and prognosis [77,79,81].

Studies have tested mtDNA for the evaluation of CVDs [81,82]. High levels of circulating mtDNA
behave as a danger-associated molecular pattern molecule (DAMP), enhancing inflammation and organ
damage [83]. In addition, the effective release of mtDNA requires antigen-presenting cells, such as
mononuclear and lymphocytes cells, to be involved [84]. Bliksøen et al. observed a correlation between
increased mtDNA content and the incidence of myocardial infarction, suggesting mtDNA as a diagnostic
biomarker for acute myocardial infarction (AMI) [83]. Likewise, previous evidence emphasized that
mtDNA damage might promote atherosclerosis through mitochondrial impairment [85]. As an
illustration, Fetterman et al. studied mtDNA damage in PBMCs in patients presenting with diabetes
mellitus, clinical atherosclerosis, and CVDs through the isolation of lymphocytes and monocytes.
They found that mitochondrial DNA impairment was directly related to oxidative phosphorylation
impairment, which ends up with oxidative stress and organ dysfunction [86]. However, in this study,
the author found no changes in the mtDNA copy number between the three groups. Sudakov et al.,
indicated an increase in the circulating mtDNA content in the blood of patients with acute coronary
syndrome, which could be a biomarker for the probability of death from myocardial infarction [87].

Studies support the notion that a lower level of mtDNA content indicates a high risk for CVD and
sudden cardiac death [81] but others suggested that increased circulating mtDNA content was linked
with reduced LV diameters and volumes and thus enhanced cardiac function [77]. By the way, at least,
peripheral blood mtDNA might be a predictor of heart characteristics. Chen et al. performed a study
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to reveal the association between the peripheral mtDNA copy number in leukocytes and risk of CHD.
A correlation between the circulating mtDNA content and the formation of atherosclerotic plaque
suggested a connection among low mtDNA and a high risk of coronary heart disease [88]. Huang et
al. conducted studies in heart failure and acute myocardial infarction patients with consistent results.
Both patients type showed lower mtDNA content than the control group [89,90]. Discrepancies in
these results might be related to the disease severity, aging, or other risk factors factor that may modify
directly or indirectly the outcome. Also, the site of mtDNA extraction might be important. Indeed, in
one study, the mtDNA was extracted from platelet-poor plasma while other studies have investigated
mitochondria from leukocytes.

Taken together, although still needing further analysis, decreased circulating mtDNA might
potentially be assumed to be a risk factor for heart failure and used as a biomarker for cardiovascular
disease prognosis.

Similarly, in ischemic stroke patients, Lien et al. quantified the mtDNA content in peripheral
leukocytes and found a significant reduction compared to the control individuals [91]. Furthermore,
Zhang et al., in patients at risk for atherosclerosis, observed an inverse correlation between the
mitochondrial copy number and the risk of sudden cardiac death [92] (Table 2).
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5.2. Circulating Mitochondrial DNA (mtDNA) Originating from Platelets in Patients with
Cardiovascular Diseases

Several physiological stimuli that cause platelet activation at low concentrations could induce
platelet apoptosis at higher concentrations. This type of dual signaling is potentially important in the
regulation of coagulation. Increased platelet apoptosis has been reported in a number of pathologies,
including type 2 diabetes [93]. Activated platelets can release functional mitochondria and mtDNA.
Beyond the measurement of mitochondrial function in patients with disease, and due to its lack of a
nucleus, platelets provide a unique source of mtDNA [71]. An increasing number of studies support
the idea that evaluation of the bioenergetic function in circulating platelets may represent a peripheral
signature of mitochondrial dysfunction in metabolically active tissues (brain, heart, liver, skeletal
muscle). Indeed, owing to their easy accessibility, there is interest in the use of platelets to study
mitochondrial (dys) function in human disease over time. Accordingly, impairment of mitochondrial
respiration in peripheral platelets might have potential clinical applicability as a diagnostic and
prognostic tool as well as a potential biomarker in treatment monitoring. In sepsis, an alteration in the
bioenergetics of platelet mitochondria was directly correlated with the clinical outcome [94].

In CVDs, there are few studies on circulating platelets’ mitochondrial dysfunction. Baccarelli
et al. suggested that platelet mDNA methylation may be implicated in the etiology of CVDs [95].
Regarding the fact that cardiovascular diseases are strongly influenced by platelet function though
acute thrombotic and atherogenic mechanisms, we can expect that evaluation of the bioenergetic
function in circulating platelets may represent a potential biomarker of CVD susceptibility, prognosis,
or treatment.

An experimental evaluation of atherosclerosis by Yu and co-workers displayed that mtDNA
damage was recognized in circulating monocytes, as well as decreased complex I and IV, which
were associated with mitochondrial dysfunction [96]. However, this study showed an independent
relation between atherosclerosis and reactive oxygen species, as it showed that those at high risk of
atherosclerosis have extensive mtDNA damage with no increase in ROS levels [96].

6. Conclusions

In summary, this review outlines the importance of mitochondrial function in circulating blood
cells and particularly, its relationship with CVDs. Impaired mitochondrial respiratory chain activity
and ATP generation, changes in mitochondrial DNA content, and increased ROS formation in
PBMCs and likely in platelets are often associated with several types of cardiovascular diseases.
Currently, an evaluation of the mitochondrial function of circulating cells in human blood for
cardiovascular disease might be considered as a new noninvasive approach that deserves further
studies to improve its diagnosis and prognosis interest. Also, mitochondrial function and ROS and
mtDNA involvement in CVD physiopathology support that a better knowledge of these aspects might
open new therapeutic perspectives.
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Abstract: Background: Heart failure (HF) remains one of the leading causes of death to date despite
extensive research funding. Various studies are conducted every year in an attempt to improve
diagnostic accuracy and therapy monitoring. The small cytoplasmic heart-type fatty acid-binding
protein (H-FABP) has been studied in a variety of disease entities. Here, we provide a review of the
available literature on H-FABP and its possible applications in HF. Methods: Literature research using
PubMed Central was conducted. To select possible studies for inclusion, the authors screened all
available studies by title and, if suitable, by abstract. Relevant manuscripts were read in full text.
Results: In total, 23 studies regarding H-FABP in HF were included in this review. Conclusion: While,
algorithms already exist in the area of risk stratification for acute pulmonary embolism, there is still
no consensus for the routine use of H-FABP in daily clinical practice in HF. At present, the strongest
evidence exists for risk evaluation of adverse cardiac events. Other future applications of H-FABP may
include early detection of ischemia, worsening of renal failure, and long-term treatment planning.

Keywords: H-FABP; heart-type fatty acid-binding protein; FABP3; fatty acid-binding protein 3; heart
failure; HF; cardiac biomarkers

1. Introduction

According to the Global Burden of Disease study, cardiovascular (CV) diseases represent the
leading cause of death among non-communicable diseases, accounting for approximately 17.9 million
deaths worldwide in 2015 [1]. As described in the meta-analysis by Van Riet et al., the prevalence of
all-type heart failure (HF) in the older cohort of patients (>60 years) is 11.8% [2]. Additionally, health
care costs, related to HF, represent a serious economic burden to healthcare systems. Heidenreich and
colleagues estimated that the total medical costs of HF in the US will increase from $31 billion in 2012
to at least $70 billion in 2030 [3]. Thus, it is not only important to find new therapeutic approaches,
but also to diagnose affected individuals early and monitor therapies properly. Biomarkers for HF
are subject of current research and may have the potential to, not only reduce costs, but also extend
symptom-free intervals through effective therapy control.
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Described for the first time in 1972, a group of cytoplasmic proteins called fatty acid-binding
proteins (FABPs) has been under investigation in the scientific community [4]. To date, several subtypes
of FABPs, occurring in various organ systems in different concentrations, have been discovered. These
low-molecular-weight proteins (about 15 kD [5]) have been widely discussed, especially given the
association of H-FABP as an independent risk factor for all-cause mortality and cardiovascular (CV)
death [6]. According to the HUGO Gene Nomenclature Committee, the FABP family consists of 16
members, each encoded by a distinct gene. The probably best-known members include L- (liver), I-
(intestinal), H- (muscle/heart), A- (adipocyte), E- (epidermal), Il- (ileal), B- (brain), M- (myelin), and
T-FABP (testis) [7]. FABPs are involved in cellular fatty acid metabolism as they reversibly bind and
transport long-chain polyunsaturated fatty acids (PUFA) from cell membranes to the mitochondria.
Additionally, they contribute to cellular growth and proliferation processes, and can activate peroxisome
proliferator activated receptors (PPARs). Therefore, they play a functional role in lipid metabolism and
energy homeostasis [8–10].

The heart-type FABP (H-FABP), also known as mammary-derived growth inhibitor, is probably the
best-known member of the FABP family. H-FABP is encoded by the FABP3 gene located on the 1p33-p32
region of chromosome 1 [11], whereas, RXRa, KLF15, CREB, and Sp1 were identified as transcriptional
factor binding sites for different PPARs in animal studies [12]. It is expressed in tissues with high
demand of fatty-acids, such as heart, skeletal-muscle, brain, kidney, adrenal gland, and mammary
gland tissues, as well as in blastocysts [8]. FABP3 was also found to be expressed in γ-aminobutyric
acid (GABA)-ergic inhibitory interneurons of the male anterior cingulate cortex in mice, suggesting
that it has an important role also in cerebral PUFA-homeostasis [13]. H-FABP itself is abundant in the
cytoplasm of striated muscle cells and is rapidly released in response to cardiac injury [14]. H-FABP is
expressed more abundantly in the heart’s ventricles (0.46 mg/g wet weight) and atria (0.25 mg/g wet
weight) than in skeletal muscles (e.g., the diaphragm contains 25% of the heart’s H-FABP concentration)
or in other organs (less than 10% of the H-FABP content of the heart) [15]. In healthy individuals,
serum levels of H-FABP are in the single digit ng/ml range [16–18]. Expression of H-FABP is regulated
by the microRNA miR-1, which might play a role in the progression of HF itself [19]. Upon myocardial
injury, H-FABP is rapidly released from myocytes into the systemic circulation, due to its small size
and free cytoplasmic localization. Also, transient increases in sarcolemmal membrane permeability are
suspected to permit H-FABP leakage into the systemic circulation [20,21]. This so-called “wounding”
of myocytes was observed, even after short-term ventricular stress, and it may play an important
role in diverse auto- and paracrine mechanisms in the pathogenesis of HF [20]. The elimination of
H-FABP takes place via the kidney, explaining a shorter diagnostic window in patients with normal
renal function [22]. Kleine et al., for example, reported that H-FABP plasma levels returned to baseline
within 20 hours after the onset of symptoms in patients with acute myocardial infarction [23].

Apart from its crucial role in cardiac lipid transport [24,25], several in vitro and in vivo studies
investigated further functions of H-FABP. The potential role of H-FABP in cardiomyocyte differentiation
was suggested by Tang et al., who observed a correlation between H-FABP expression and decreased
cell proliferation in mouse cardiomyocytes [26]. A similar finding was obtained by Wang et al., using
human bone marrow derived mesenchymal stem cells, by which overexpression of H-FABP inhibited
proliferation [27]. Additionally, it was shown by Zhu et al., using a P19 embryonic myocardial
cell line overexpressing H-FABP, that it might inhibit cell proliferation and promote apoptosis
during myocardial cell development [28]. However, in a later study, H-FABP silencing instead
of overexpression led to reduced proliferation and increased apoptosis in the same cell line [29].
In zebrafish, the knock-down of H-FABP resulted in impaired heart development and augmented
apoptosis [30,31]. In neonatal rats, H-FABP downregulation repressed cell apoptosis and improved
structural remodeling in ventricular myocytes under hypoxia. On the other hand, H-FABP upregulation
enhanced phosphorylation of the MAPK signalling pathway and decreased phosphorylated protein
kinase B (Akt) levels, increasing apoptosis and remodeling [32]. An anti-apoptotic role of H-FABP
was also found in hypoxia/reoxygenation induced H9c2 cardiomyocytes [33]. Consistent with this,
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H-FABP enhanced survival in human bone marrow derived mesenchymal stem cells in hypoxia [27].
Overexpression of H-FABP promoted growth and migration in human aortic smooth muscle cells [34].
In summary, the precise mechanism by which this protein influences cardiomyocyte proliferation and
apoptosis remains elusive and further research is needed to explain its mode of action. Figure 1 provides
a graphic overview of H-FABP under physiological and pathophysiological conditions.

 
Figure 1. Under physiological conditions, H-FABP serves as a transport protein in cellular metabolism
and can reversibly bind fatty acids. Furthermore, it can activate PPARs and therefore plays a role in
lipid metabolism and energy homeostasis. The expression of H-FABP is regulated by the microRNA
miR-1. In response to cardiac injury, H-FABP is rapidly released into the blood-stream where it
can be quantified. Physical training as well as pharmacological interventions like anti-tachycardic
therapy were shown to decrease plasma levels of H-FABP. Abbreviations: miR-1: microRNA 1; PPAR:
peroxisome proliferator activated receptor (PPAR). H-FABP: heart-type fatty acid-binding protein.

Regarding laboratory testing, different types of assays are frequently used in research and clinical
settings for the detection and quantification of H-FABP in serum, plasma, or whole blood. These
assays comprise enzyme-linked immunosorbent assays (ELISA) [6,15,35–37], immunoturbidimetric
assays [38,39], multiplex assays [40,41], and immunochromatographic assays [42,43]. Test times depend
on the type of assay, and vary between 5 and 120 min (as reviewed in [44]). The varying characteristics
of these tests allow flexibility when choosing the appropriate test for the desired readout under varying
budget and time restrictions.

A number of authors have discussed the role of H-FABP in clinical routine since its discovery.
The following literature review will consider H-FABP and its potential use as a biomarker in HF.

2. Methods

A structured database search regarding H-FABP and its role in HF was conducted using “PubMed
Central”. Three researchers (R.R., M.G. and R.D.) screened the studies independently. To select possible
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studies for inclusion in the definite analysis, the authors screened all available studies by title and, if
suitable, by abstract. Manuscripts that appeared relevant were read in full text. References of studies
included were reviewed for further reading. This review on H-FABP in HF was conducted based on
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [45].
The corresponding flow-chart is given in Appendix A Figure A1.

3. H-FABP as a Biomarker in Heart Failure

According to the European Society of Cardiology (ESC) guidelines, HF is a syndrome characterised
by typical symptoms and clinical signs, with a “structural and/or functional cardiac abnormality” as an
underlying cause, “resulting in reduced cardiac output and/or elevated intra-cardiac pressures at rest
or during stress” [46]. Due to their strong negative-predictive value, the use of natriuretic peptides
is well-established in standard HF algorithms [46–48]. Nevertheless, like many other biomarkers,
including cardiac troponins, elevated levels of B-type natriuretic peptide (BNP) may also indicate
alternative conditions and BNP release may lag in conditions with very acute onset, such as flash
pulmonary edema or right-sided acute HF (AHF) [46,49]. As mentioned in the actual ESC-guidelines,
their use for ruling out HF, but not for setting up the diagnosis, can be recommended [46]. These
guidelines also state that, despite extensive research, no recommendation can currently be made for
the use of novel cardiac biomarkers in everyday clinical practice [46]. The same holds true for the
American AHA guidelines on HF [47] and even a specific sub-study of the large scale PROTECT trial
failed to identify the perfect single biomarker among 48 different markers for the prognostic assessment
of patients with AHF [50].

Most biomarkers are not indicative of cardio-specific events but of general pathologic processes
like inflammation, ischemia, fibrosis, or general cell death. As HF is an aetiologically diversified,
systemic-progressive disease, a simultaneous assessment of different pathways seems reasonable,
though, a prognostic assessment based on a single factor is challenging. Possible hallmarks in the
pathophysiology of HF are mechanical stress, ischemia, chronic (subclinical) inflammation, fibrosis,
and angiogenesis [36]. With respect to ischemic heart disease, the potential suitability of H-FABP
as an early indicator of myocardial injury has been mentioned for years in numerous publications.
In contrast to cardiac troponins, which are bound to the myocyte’s structural apparatus, H-FABP
is present as soluble protein in the cytoplasm. Therefore, the release into systemic circulation may
possibly be detected more rapidly and even after minor myocardial damage [21]. Liebetrau et al., for
example, report significantly increased serum levels of H-FABP already 15 minutes after iatrogenic
myocardial infarction, caused by transcoronary ablation of septal hypertrophy (TASH). in patients with
hypertrophic obstructive cardiomyopathy [14]. Some authors state additional benefits of combining
H-FABP with high-sensitive troponins [37,38], whereas, others do not conclude any incremental benefit
of H-FABP on top of cardiac troponins for diagnosing acute myocardial infarction [42,51,52]. Regarding
pulmonary embolism (PE), several publications describe the use of H-FABP for risk stratification due
to its role as an early indicator of right-ventricular strain [53–55]. A strong correlation with the risk
of major adverse events and mortality was demonstrated, and even the 2019 ESC Guidelines on the
diagnosis and management of acute PE mention the use of H-FABP for risk stratification, despite the
fact that prospective trials are still missing [56].

As mentioned before, H-FABP plays an important role in cellular signalling, lipid-transport,
and myocytal homeostasis [57]. Additionally, due to the amphipathic nature of fatty acids, their
accumulation and membranal storage can have noxious effects on cellular structural and functional
properties [57]. Therefore, mechanical stress, as well as cellular damage, including from ischemic or
inflammatory processes, may be further perpetuated by a disturbed myocytal homeostasis, reduced
intracellular H-FABP content [11], and may support the (chronically) progressive character of HF.
Despite its rapid, and in the case of CHF, sustained release into general circulation, H-FABP not only
acted as an indicator of cellular damage, but also a marker of myocytal dyshomeostasis, and thus,
functional impairment of the myocardium.
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Various authors have investigated the role of H-FABP in patients suffering from HF with different
methods over the last few years. Many studies postulate the independent relationship between
H-FABP and outcome, as well as the risk of adverse CV events [40,58–61]. In a recent study by Ho
et al., for example, high levels of H-FABP were an independent risk factor for CV death and acute
HF-related hospitalization in 1071 patients with chronic coronary disease [40]. In an interesting study
from 2005 with 186 patients, Niizeki et al. demonstrated superiority of the combined analysis of BNP
and H-FABP for risk stratification in patients with CHF. The authors described the added benefit of
H-FABP in showing persistent myocardial damage, compared to BNP, as a sole myocardial strain
parameter. Interestingly, the authors only found a weak correlation between the two individual
laboratory parameters, which may indicate different pathophysiological origins [58]. In a second study
from 2008, involving 113 patients with CHF, the authors again associated persistently high levels of
H-FABP with adverse events in patient follow-up. They suggested serial measurement of H-FABP
concentrations for therapy monitoring, as they observed regredient serum levels under HF therapy in
a subgroup of patients [59]. A significant decrease in H-FABP levels was also observed in a study by
Jirak et al. where they investigated several biomarkers in fifty patients with CHF under therapy with
the If channel inhibitor, ivabradine [62]. This was also observed in children with CHF after treatment
with carvedilol [63].

Regarding AHF, Hoffmann et al. found improved specificity and positive predictive value for
the diagnosis of AHF in their work including 401 patients with acute dyspnea or peripheral edema
when using H-FABP in addition to BNP. H-FABP levels also correlated with adverse outcomes and
AHF related rehospitalization [60]. These findings are in line with the work of Ishino et al. In their
study on 134 patients with acute decompensated HF (ADHF), the authors were able to correlate high
H-FABP levels with significantly higher rates of adverse cardiac events and in-hospital mortality [61].
Kazimierczyk et al. observed significantly higher rates of death and rehospitalization in patients
with ADHF and both higher H-FABP concentrations at admission and discharge. Echocardiographic
remodeling parameters correlated well with high initial H-FABP-levels [64]. Shirakabe et al. were able
to correlate serum H-FABP levels not only with all-cause mortality in patients with ADHF, but also
worsening of renal failure. The latter finding achieved a sensitivity and specificity of 94.7%, and 72.7%,
respectively (AUC = 0.904) in non-chronic kidney disease patients [65].

Concerning patients with HF with reduced ejection fraction (HFrEF), Lichtenauer et al. enrolled
65 patients with dilative cardiomyopathy (DCM) and 59 patients with ischemic cardiomyopathy (ICM)
in their study on novel cardiac biomarkers in CHF. H-FABP levels were significantly elevated in both
patient populations, compared to controls without signs of HF or coronary artery disease. Furthermore,
H-FABP levels not only correlated proportionally with NYHA functional class, but also inversely with
ejection fraction [36]. Regarding, HF with preserved ejection fraction (HFpEF; left ventricular ejection
fraction ≥50%), Kutsuzawa et al. observed an independent correlation of higher H-FABP-levels and the
occurrence of adverse CV events in their study on 151 HFpEF-patients. Interestingly, serum levels of
H-FABP did not differ between patients with HFpEF and HFrEF (left ventricular ejection fraction <50%)
between each NYHA functional class [66]. Dinh et al. found markedly higher levels of Troponin T and
H-FABP, even in patients with asymptomatic left ventricular diastolic dysfunction and patients with
HF and normal ejection fraction, supposing ongoing myocytal damage in these patient collectives [67].
However, Jirak et al. observed significantly higher H-FABP serum levels in patients with DCM and
ICM, than in patients with HFpEF. Nevertheless, significantly higher H-FABP concentrations were
shown in HFpEF patients compared to the control group [68].

Considering patients with valvular heart disease, Iida et al. showed an independent
association of H-FABP with clinical outcomes in hypertensive patients with aortic valve disease.
Echocardiographically determined left ventricular dimensions were signs of cardiac remodelling and
correlated significantly with measured levels of H-FABP, whereas Troponin T remained below cut-off
levels in all patients [21]. Mirna et al. actually reported a significant reduction in H-FABP plasma
concentration in 79 patients with severe aortic valve stenosis after conducting transcatheter aortic valve
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implantation (TAVI), indicating reduced ventricular wall stress and potential reversibility of cardiac
remodeling due to valvular replacement [69].

Regarding arrhythmia as a co- and sometimes main-perpetrator in HF, Otaki et al. observed in
their study with 402 patients higher levels of H-FABP in patients with CHF and atrial fibrillation (AF)
than in patients with CHF and sinus rhythm (SR) [70]. Rader et al. showed that in 63 studied patients
undergoing cardiac surgery that post- but not preoperative H-FABP levels correlated with onset of
perioperative AF (POAF) [71]. Interestingly, Shingu et al. observed lower H-FABP gene expression in
patients’ atria with POAF after cardiac surgery, illustrating the complexity of cellular processes in the
development of HF [72].

Mirna et al. made another interesting discovery when investigating H-FABP levels in patients
with pulmonary hypertension (PH). They observed that H-FABP levels were primarily elevated in
group two and three PH, namely PH related to left heart disease, pulmonary disease, and chronic
hypoxia. H-FABP may, therefore, be useful as a possible indicator for post-capillary PH [73].

Application of H-FABP measurement in HF monitoring may also be found in paediatric cardiology.
Zoair et al. reported a correlation of serum H-FABP levels with clinical and echocardiographic signs
before, and after, HF therapy in 30 children with congestive HF compared to 20 healthy individuals.
An unfavourable outcome was again associated with increased serum levels. However, the study
was limited as H-FABP was investigated as a single laboratory parameter, and its superiority over
biomarkers, such as BNP, was not determined [74]. Sun et al. also reported that there is a correlation
between H-FABP levels with disease severity in children with CHF, but again other laboratory markers
were not compared [75]. In their study on 238 children and adolescents with congenital heart disease,
Hayabuchi et al. found that H-FABP did not correlate with BNP, but was affected by age, NYHA class,
arterial oxygen saturation, CK-MB and creatinine, supporting a different pathophysiological pathway
of the two biomarkers [76]. Table 1 gives an overview of selected studies on H-FABP and HF.

Table 1. Overview of different positive clinical studies assessing the diagnostic value of H-FABP
(heart-type fatty acid-binding protein) in patients with heart failure (HF) (sorted by main topic and
year of publication).

Main Findings Study Patient Number Reference

High H-FABP (>4.3 ng/mL) and elevated BNP
(>200 pg/mL) showed highest rates for cardiac death
and cardiac events and were also independent
predictors of cardiac events (H-FABP HR 5.416,
p = 0.0002; BNP HR 2.411, p = 0.0463)

Prospective study for 534+/−350
days on CHF patients 186 Niizeki T. et al.,

2005 [58]

Persistently high H-FABP levels at hospital discharge
(>4.3 ng/mL) correlated with increased rates for CV
events (HR 5.68)

Prospective study for 624+/−299
days on patients with CHF 113 Niizeki T. et al.,

2008 [59]

Two-fold higher rate of primary CV events between
high H-FABP (>4.143 ng/mL) vs. low H-FABP group
(32% vs. 16% respectively)

Prospective multicenter study for
24 months on patients with stable
coronary heart disease (SCHD)

1071 Ho S. et al.,
2018 [40]

H-FABP levels of >5.7 ng/mL were correlated with
significantly higher in-hospital mortality (6.7% vs.
0%, p < 0.05) and cardiac events

Study for 615 days on patients
with ADHF 134 Ishino M. et al.,

2010 [61]

Highest H-FABP level patient quartile showed
increased all-cause mortality (HR: 2.1–2.5, p = 0.04)
and AHF related rehospitalization rate (HR 2.8–8.3,
p = 0.001); combining H-FABP & NT-proBNP
improves diagnostic specificity and PPV to
rule out AHF

Prospective study for up to five
years on patients with acute
dyspnea or peripheral edema with
or without AHF

401 Hoffmann U.
et al., 2015 [60]

Significant positive correlation between H-FABP
with echocardiographic parameters, death and
rehospitalization

Study on patients with ADHF 77 Kazimierczyk E.
et al., 2018 [64]

Serum H-FABP levels were significantly higher in
patients with true worsening renal failure

Retrospective study on patients
with AHF 281 Shirakabe A.

et al., 2019 [65]

H-FABP levels are significantly higher in patients
with DCM and ICM; ejection fraction correlates
inversely with H-FABP concentrations

Study on the diagnostic value of
novel cardiac biomarkers in
patients with HFrEF

65 patients with DCM, 59
patients with ICM, 76 controls

Lichtenauer M.
et al., 2017 [36]
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Table 1. Cont.

Main Findings Study Patient Number Reference

Significantly higher levels of Troponin T and H-FABP
in patients with asymptomatic LVDD and patients
with HFnEF

Study on patients with HFnEF
49 patients with HFnEF,
51 patients with asymptomatic
LVDD, 30 controls

Dinh W. et al.,
2011 [67]

Higher H-FABP-levels correlated with adverse CV
events; H-FABP levels did not differ between
patients with HFpEF and HFrEF between each
NYHA functional class

Prospective study on patients with
HFpEF with a median follow-up
of 694 days

151 patients with HFpEF,
162 patients with HFrEF
as controls

Kutsuzawa D.
et al., 2012 [66]

A greater rise in post-operative H-FABP levels is
associated with AF after cardiac surgery

Prospective study on patients
undergoing cardiac surgery 63 Rader F. et al.,

2013 [71]

Optimal cut-off values for H-FABP as myocardial
damage marker were higher in CHF patients with
AF than in patients with SR (5.4 vs. 4.6 ng/mL)

Prospective study on patients with
CHF and AF or CHF and SR with
a median follow-up of
643/688 days

402 Otaki Y. et al.,
2014 [70]

H-FABP levels correlate independently with age,
NYHA-class, CK-MB, creatinine and arterial
oxygen saturation

Study in children and adolescents
with congenital heart disease 238 Hayabuchi Y.

et al., 2011 [76]

Significant negative correlation between H-FABP
levels and heart function (LVEF, CI, LVSF)

Study in pediatric patients with
chronic HF

36 patients and
30 healthy controls

Sun Y.P. et al.,
2013 [75]

Significant positive correlation between increased
H-FABP levels and severity of HF and
adverse outcome

Prospective cohort study for
3 months on pediatric patients
with HF

30 patients and
20 healthy controls

Zoair A. et al.,
2015 [74]

Abbreviations: ADHF: acute decompensated heart failure; AF: atrial fibrillation; AHF: acute heart failure; BNP:
brain natriuretic peptide; CHF: chronic heart failure; CK-MB: muscle-brain type creatine kinase; CI: cardiac index;
CV: cardiovascular; DCM: dilative cardiomyopathy; HF: heart failure; HFnEF: heart failure with normal ejection
fraction; HFpEF: heart failure with preserved ejection fraction; HFrEF: heart failure with reduced ejection fraction;
HR: hazard ratio; ICM: ischemic cardiomyopathy; LVDD: left ventricular diastolic dysfunction; LVEF: left ventricular
ejection fraction; LVSF: left ventricular shortening fraction; NYHA: New York Heart Association; PPV: positive
predictive value; SR: sinus rhythm.

4. Discussion and Conclusion(s)

In CV research, H-FABP represents a much-studied protein that is well-known for its role in lipid
transport and influence on myocyte metabolism. Different assays and methods exist for measurement,
allowing flexibility for the researcher and clinician. However, little is known about its precise function
in cardiac development and remodelling. In vitro and animal studies suggest both, promoting and
inhibitory roles in myocyte proliferation and apoptosis, but a mechanistic explanation is missing. If,
and how, H-FABP that is released from damaged myocytes impacts the progression of HF and other
CV diseases, in detail, remains unknown to date. Although, dyshomeostasis of cellular metabolism
due to reduced intracellular H-FABP content, and hence, impaired fatty acid supply seems one
reasonable consideration.

Individual investigators come to different conclusions about H-FABPs possible application in
clinical routine. With BNP, a biomarker with high negative predictive value in differential diagnosis
of HF and its long-term therapy surveillance already exists. The use of H-FABP in clinical settings
has only been experimental in the past and large-scale studies are still lacking. Nevertheless, the
different pathophysiological origins of H-FABP and BNP give hope for a more differentiated diagnostic
approach in the future.

To date one possible application of H-FABP seems to be the detection of early and/or subclinical
cardiac ischemia and inflammation. H-FABP could be used as a screening tool, for example, in routine
health check-ups, since laboratory tests are inexpensive, and samples can be obtained in remote locations
and analyzed in central laboratories. Takahashi et al. demonstrated a strong positive correlation
between increased pulse pressure with BNP and H-FABP as signs of increased silent myocardial damage
in 3504 participants at their annual health check [77]. On the other hand, the rapid detection of ischemia
may pave the way for identifying patients with acute ischemia as an underlying cause of AHF at an
early phase. As serum H-FABP levels were shown to correlate well with infarct size in patients with
ST-elevation myocardial infarction [78], the measurement of H-FABP may enable the timely admission
of revascularization procedures, and therefore, may even prevent the development of HF in the long
run. As H-FABP and cardiac troponins show different release kinetics [14], a H-FABP-troponin ratio
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may be useful for distinguishing acute ischemia from chronic myocardial damage in patients with
decompensated HF.

Furthermore, interactions of the various organ systems in decompensated HF are highlighted by
several authors and international guidelines [46,65,79]. As the coexistence of HF and chronic kidney
disease is frequently observed, the terms “cardiorenal syndromes” as well as “renocardiac syndromes”
have gained attention in the last few years. A peculiarity of H-FABP compared to markers, such as
BNP and troponins, could lie in detecting true worsening of renal function [65]. The exact mechanism
that causes this correlation has not yet been clarified. High levels of H-FABP in patients with ADHF
may be due to severely decompensated HF itself, but also due to damage of the distal tubules or due to
accumulation in glomerular podocytes. Nevertheless, as Shirakabe et al. note, this correlation has
not previously been shown for BNP or troponins, which may give H-FABP a unique position as a
biomarker in HF diagnostics [65].

Another application of H-FABP as a biomarker might be in highly specialized areas. Dalos et al.
observed an exponential increase of H-FABP levels, with decreasing left ventricular ejection fraction in
patients with coronary artery disease, reflecting chronic myocardial ischemia [80]. As a strong and
independent correlation of H-FABP with individual prognosis was shown in several studies, it may,
therefore, be used in mid- to long-term treatment planning. This may be especially helpful when
dealing with invasive and expensive approaches, like implantable cardiac resynchronization devices,
valve replacement, or mechanical circulatory devices. For example, Cabiati et al. demonstrate an
association between high H-FABP levels and poor prognosis in patients after LVAD implantation [81].

The clinical picture of HF comprises a group of heterogenous disease entities as an underlying
cause. Novel biomarkers extend our understanding both of CV physiology and pathophysiologic
processes, leading to cardiac remodelling and the development of HF. By defining an appropriate patient
population in the right clinical context, the additional diagnostic value of H-FABP as a biomarker in HF
may well be obtained in the future. Furthermore, an optimal point in time for sample recovery, as well
as different thresholds for diagnostic, prognostic, and therapeutic consequences need to be determined.

We currently assume that H-FABP is, not only a rapid indicator of myocardial ischemia, but that
its loss from the cardiomyocytes´ cytoplasm may cause an intracellular metabolic dyshomeostasis, and
is therefore, conducive to the progressive nature of heart failure. H-FABP’s present and future in HF
diagnostics may also not lie in its use as a single laboratory value, but in a combination of clinical
assessment, imaging, and a multi-biomarker approach.
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Appendix A Flow Diagram

 

Figure A1. Flow diagram of the database search, screening and inclusion of the studies (modified after
the PRISMA guidelines [45].
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