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Chronic kidney disease (CKD) is now an enormous worldwide health problem. The
incidence and prevalence of CKD is high and still increasing, mainly owing to obesity and
diabetes, and is associated with growing morbidity and mortality [1]. Overall CKD mortal-
ity has increased by ˜32% over the last 10 years, making it one of the fastest-rising major
causes of death, together with diabetes and dementia [2]. CKD is the 12th most common
primary cause of death, accounting for about 1 million deaths per year worldwide [1]. CKD
and end-stage renal disease (ESRD) are characterized by the progressive development of a
series of complications, such as hypertension, left-ventricular hypertrophy [LVH] anemia,
hyperkalemia, hypervolemia, hyperphosphatemia with mineral and bone disorders (CKD–
MBD), metabolic acidosis, hyperuricemia and wasting; all of these complications have been
shown to be associated with adverse outcomes, and can contribute either individually or
in association to the cardiovascular morbidity and mortality observed in CKD.

Current management of CKD includes blood pressure control, treatment of albumin-
uria with angiotensin-converting enzyme inhibitors or angiotensin II receptor blockers,
nutritional intervention, avoidance of potential nephrotoxins and obesity, drug dosing
adjustments, and cardiovascular risk reduction. Recent progress in our understanding of
CKD pathophysiology together with the development of novel therapeutic agents has led
to a renewed attention on the treatment of CKD and its associated metabolic complications
which are now amenable to intervention. It is this point that led to the creation of this
relevant Special Issue. I am happy to know that scientists from several parts of the world
responded with enthusiasm to the opportunity, sending papers which involve genetics,
pathophysiology and epidemiology together with the novel therapeutical approaches
to CKD.

Genome-wide association studies have identified hundreds of loci where genetic
variants are associated with CKD; however, more than 90% of these variants are in non-
coding regions of the genome and how they cause disease is still unclear. Lysosomal
beta-D-mannosidase (MANBA) is an exoglycosidase involved in the sequential degradation
of the N-glycosylproteins glycans. Recently, the MANBA gene was proposed as a kidney
disease severity gene. In this issue, Hye-Rim Kim et al. [3] evaluated, by integrating CKD-
related variants and kidney expression quantitative trait loci (eQTL) data, the effects of
MANBA gene variants on CKD and kidney function-related traits in the Korean Genome
and Epidemiology Study (KoGES) cohort. Their study observed 20 single nucleotide poly-
morphisms (SNPs) that showed a statistically significant association with CKD and kidney
function-related traits among 229 SNPs of the MANBA gene. In addition, rs4496586, which
had the highest significance for CKD, was associated with MANBA gene expression in
renal tubules and glomeruli. In conclusion, this study strongly suggests that MANBA gene
variants are associated with CKD and kidney function-related traits.

Even if obesity and diabetes largely contribute to the CKD epidemics, their interac-
tion with kidney toxins is incompletely understood. Hagedoorn et al. [4] investigated
if lifestyle-related exposures (diet and smoking) contribute to blood cadmium and lead
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concentrations, as well as whether they are associated with the prevalence of diabetic
kidney disease (DKD). In a cross-sectional analysis of a cohort of 231 patients with type
2 diabetes included in the DIAbetes and LifEstyle Cohort Twente (DIALECT-1), median
cadmium and lead blood concentrations were below acute toxicity values [2.94 nmol/L
for cadmium and 0.07 μmol/L for lead, respectively]. However, every doubling of lead
concentration was associated with a 1.75 (95% confidence interval [CI]: 1.11–2.74) times
higher risk for albuminuria. In addition, both cadmium and lead were associated with an
increased risk for reduced creatinine clearance. The association between cadmium and
lead and the prevalence of DKD suggests that they might contribute to the development of
this major diabetes complication.

It is still challenging to predict acute and chronic kidney injury after kidney surgery.
This is mainly due to a scarcity in sensitive and specific biomarkers for predicting CKD
progression early. The development of ESRD may take several years, therefore surrogate
endpoints such as albuminuria and serum creatinine have been increasingly used in
trials over hard endpoints to predict CKD progression. Acute kidney injury (AKI) is a
common complication after nephrectomy in renal cell cancer, with radical nephrectomy
being associated with a higher risk than partial nephrectomy. Several predictive factors
for CKD following radical nephrectomy (RN) or partial nephrectomy (PN) have been
identified. However, the association between AKI and long-term renal function after
radical nephrectomy has not been evaluated fully. Won Ho Kim et al. [5], in a retrospective
study of 558 cases of radical nephrectomy (median follow-up of 35 months), observed
that AKI occurred in 43.2% of cases, and, more importantly, CKD3a developed in 40.5% of
patients. The incidence of new-onset CKD was significantly higher in patients with AKI
than those without at all follow-up time points after surgery. In conclusion, their analysis
demonstrated a strong association between AKI after radical nephrectomy and long-term
renal functional deterioration.

Preservation of kidney function can improve outcomes and can be achieved through
non-pharmacological strategies and CKD-targeted pharmacological interventions. Gout
as well as asymptomatic hyperuricemia have been associated with several traditional
cardiovascular risk factors both in adults and children with CKD [6]. In vitro studies
and animal models support a role for uric acid mediating both hemodynamic and tissue
toxicity leading to glomerular and tubule-interstitial damage, respectively. Nevertheless,
two recent well-designed trials failed to show any benefit of allopurinol treatment on
renal outcomes, casting doubts on the expectations of renal protection by the use of
urate lowering treatment. In addition, a trend for increased mortality was observed in
the interventional arms. Russo et al. [7] critically reviewed results from all available
randomized controlled trials comparing a urate-lowering agent with placebo or no study
medication for at least 12 months. According to the authors, the analysis of the literature
does seem to leave it open to the possibility of demonstrating the beneficial effect of
urate-lowering agents in future trials. In consideration that both vascular and kidney
damages induced by uric acid cannot regress once they have been established, patients with
better-preserved renal function and children might benefit more from an early treatment.
Adequately powered, randomized, placebo-controlled trials with appropriate selection
criteria are needed to determine whether specific patient groups could benefit from urate-
lowering agents.

Early identification of the risk factors for CKD and its progression is critical for
prevention of kidney damage and adverse outcomes. Cheng-Sheng Yu et al. [8] applied
the clustering heatmap and random forest methods to provide an interactive visualization
of patients with different CKD stages in a retrospective cohort study. They observed that
an index of body composition (waist circumference) and a few biochemical parameters
(uric acid, blood urea nitrogen, serum glutamic oxaloacetic transaminase, and HbA1c)
were significantly associated with CKD. In their analysis, CKD was associated with obesity,
hyperglycemia, and liver function. Interestingly, hypertension and HbA1c levels were
associated in the same cluster with a similar pattern. Despite the study limitations (inherent
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to its retrospective, cross-sectional cohort approach), their data suggest that the clustering
heatmap may provide a new predictive model for a high risk of rapid CKD progression.

Continuous growth in the incidence of DKD is the main driver of CKD burden [1,2].
DKD is a major cause of morbidity and mortality in diabetes [9]. Despite advances in the
nephroprotective treatment of diabetes, DKD remains the most common complication,
driving the need for renal replacement therapies [RRT] worldwide, and its incidence
is increasing. Until recently, prevention of DKD progression was based around strict
blood pressure [BP] control, using renin–angiotensin system blockers that simultaneously
reduce BP and proteinuria, adequate glycemic control and control of cardiovascular risk
factors. New drugs which modify intrarenal haemodynamics (such as renin–angiotensin–
aldosterone pathway modulators and SGLT2 inhibitors) can preserve the kidney from
damage by decreasing intraglomerular pressure independently of blood pressure and
glucose control, whereas other novel agents (such as mineralocorticoid receptor antagonists)
might offer kidney protection through their antifibrotic mechanisms in DKD. In this issue,
Gorriz et al. [10] review the potential of Glucagon-like peptide-1 Receptor Agonist (GLP-
1RA) for adequate glycemic control in multiple stages of DKD without increasing risk of
hypoglycemia; in addition, GLP-1RA may prevent the onset of macroalbuminuria and slow
the decline of glomerular filtration rate (GFR) in diabetic patients, also offering additional
benefit in weight reduction, cardiovascular and other kidney outcomes. Trials to assess
the impact of GLP-1RA treatments on primary kidney endpoints in DKD are ongoing and
some of them will be soon available.

Cardiovascular [CV] disease is a leading cause of morbidity and mortality in pa-
tients with CKD and in those on hemodialysis [HD] [11] and is strongly associated with
atherosclerosis and vascular calcification [VC]. Patients with CKD have a higher prevalence
of vascular calcifications as renal function declines, which will result in increased mortality.
Serum calciprotein particles [CPPs] are colloidal nanoparticles that have a prominent role in
the initiation and progression of VC. In this issue, Silaghi et al. [12] reviewed the usefulness
of the T50 test, a novel test that measures the conversion of primary to secondary CPPs,
indicating the tendency of serum to calcify, in the assessment of VC. They also made a
comprehensive review of the regulation of serum CPP levels, and explored the effects
of CPPs and calcification propensity on outcomes. In addition, new topics were raised
regarding possible clinical uses of T50 in the assessment of VC, particularly in patients with
CKD, including possible opportunities in VC management.

Hyperphosphatemia is a common complication of CKD. Even if severe hyperphos-
phatemia is clinically asymptomatic, it is associated with morbidity and poor outcome.
Hyperphosphatemia is an emerging cardiovascular risk factor in CKD, by contributing to
vascular calcification. However, mechanisms by which hyperphosphatemia is associated
to CV complications are not clearly understood. Abbasian et al. [13] studied the effects of
phosphate [Pi] on the release of pro-coagulant activity from endothelial microvesicles [MV]
in male Sprague–Dawley rats with experimental CKD; rodents were randomly allocated
to receiving high [1.2%] or low [0.2%] dietary phosphorus; and sham-operated controls
receiving high [1.2%] phosphorus. After 14 days, as compared to sham controls, high-
phosphorus CKD rats presented elevated total plasma MVs, expressed higher CD144 (a
major component of endothelial adherens junctions which is expressed by endothelial cells
during development), and enhanced procoagulant activity. The results observed in the rat
model by Abbasian et al. [13] show that hyperphosphatemia may induce an increase in
circulating pro-coagulant MVs, suggesting an important link between elevated circulating
phosphate and thrombotic risk in CKD.

Both in CKD and HD patients, volume and pressure overload ultimately lead to
LVH, a significant predictor of increased CV events [14]. Although many studies have
used pre-HD blood pressure (BP) to determine optimal BP levels, the optimal timing and
measurement techniques of blood pressure in HD patients are not well established. In a
prospective observational study, Hiroaki et al. [15] aimed at identifying the ideal timing and
setting for measuring BP; they observed an association between increased CV events and
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LVMI > 156 g/m2 in patients with diabetes mellitus, after performing multivariate regres-
sion analysis. In addition, they found that pre-HDBP at the start of the week, post-HDBP at
the end of the week, and weekly averaged BP (WABP) were independently associated with
LVMI on univariate regression analysis of follow-up. Multiple BP measurements taken
before, during and after dialysis were confirmed to be the most accurate assessment format,
a finding which suggests that multiple measurements of BP should be performed and then
averaged in this clinical setting.

Hyperkalemia is a very common CKD complication, which accounts for a large
number of urgent visits in emergency departments, as well as high mortality. Hyperkalemia
is commonly observed in patients with chronic heart failure [CHF], in CKD stage 3–5, and in
patients with diabetes mellitus. Among CKD patients, those requiring dialysis represent a
group at particularly high risk of hyperkalemia. For a long time, the only therapeutic option
for increasing fecal K+ excretion has been represented by sodium polystyrene sulfonate, a
cation-exchanging resin. Recently, new drugs able to promote gastrointestinal potassium
elimination, namely patiromer and sodium zirconium cyclosilicate, have been developed
and studied in large trials, proving their efficacy and safety in different clinical contexts.
In this review, Esposito et al. [16] have reviewed the pathophysiology of hyperkalemia,
focusing on the mechanisms of action and the clinical data of patiromer and sodium
zirconium cyclosilicate, considering that these new treatments may represent a chance to
improve the management of both acute and chronic hyperkalemia.

Assessing cognitive, nutritional and functional status in elderly subjects with CKD is
emerging as a new tool to stratify the risk to develop ESRD and death [17]. In addition, the
prognostic evaluation of older adults with CKD is crucial to identify the most appropriate
clinical decision-making process for patients and their families. A multidimensional
assessment (MPI) may represent an important aspect in predicting short- and long-term
all-cause mortality in elderly patients with CKD [18]. In particular, in CKD patients, the
MPI was shown to be more accurate in predicting mortality when compared to the eGFR
alone [18]. In this issue, Lai et al. [19] longitudinally studied the associations in MPI, both
the hospitalization and mortality in clinically stable CKD (n = 105) patients on conservative
therapy (eGFR ≤ 60 mL/min, stage 3–5 KDOQI), or renal replacement therapy (HD = 32 pts
or PD = 36 pts), for at least 3 months. A total of 173 patients, with a median age of 76 years,
was studied. The median duration of all the hospitalizations was 6 days and the number
of deaths was 33. MPI significantly correlated with days and number of hospitalizations
per year. According to the findings, MPI was associated with outcomes in patients with
renal disease, suggesting that a multidimensional evaluation should be implemented in
this clinical context.

Many of the important issues dealing on prevention and treatment of CKD are ad-
dressed in this volume. We thank the writers, the large number of investigators and the
MDPI staff for their leadership in producing this Special Issue. We hope the readers will
enjoy and benefit from new insight.
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Abstract: Background: Preventive medicine and primary health care are essential for patients with
chronic kidney disease (CKD) because the symptoms of CKD may not appear until the renal function
is severely compromised. Early identification of the risk factors of CKD is critical for preventing
kidney damage and adverse outcomes. Early recognition of rapid progression to advanced CKD in
certain high-risk populations is vital. Methods: This is a retrospective cohort study, the population
screened and the site where the study has been performed. Multivariate statistical analysis was used
to assess the prediction of CKD as many potential risk factors are involved. The clustering heatmap
and random forest provides an interactive visualization for the classification of patients with different
CKD stages. Results: uric acid, blood urea nitrogen, waist circumference, serum glutamic oxaloacetic
transaminase, and hemoglobin A1c (HbA1c) were significantly associated with CKD. CKD was highly
associated with obesity, hyperglycemia, and liver function. Hypertension and HbA1c were in the
same cluster with a similar pattern, whereas high-density lipoprotein cholesterol had an opposite
pattern, which was also verified using heatmap. Early staged CKD patients who are grouped into
the same cluster as advanced staged CKD patients could be at high risk for rapid decline of kidney
function and should be closely monitored. Conclusions: The clustering heatmap provided a new
predictive model of health care management for patients at high risk of rapid CKD progression.
This model could help physicians make an accurate diagnosis of this progressive and complex disease.

Keywords: heatmap; clustering; multivariate statistical analysis; chronic kidney disease; risk factors

1. Introduction

Chronic kidney disease (CKD) poses a substantial challenge to global health policy because of
its health and economic burden [1]. Primary health care is vital for CKD because of the high global
prevalence (11%–13%) of underdiagnosed and undertreated patients with stage 3 CKD [2]. In Taiwan,
the prevalence of CKD is as high as 11.93% (approximately 2.74 million patients), resulting in a
potentially high mortality rate because of cardiovascular diseases and accounting for tremendous
health care expenditures [3]. Therefore, early identification of the risk factors for CKD is critical for
preventing kidney damage and adverse outcomes.

Identification and staging of CKD rely on the measurement of glomerular filtration rate (GFR)
and albuminuria. The calculation of actual GFR by measurement of external filtration markers is
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cumbersome and impractical. Moreover, clinical studies have found that external GFR markers are not
reliable predictors of risk of advanced CKD because of the inconsistency in their levels at different
stages of CKD [4–8].

Recently, machine learning techniques have showed success in prediction and diagnosis of
numerous critical diseases. In fact, one study found that CKD can be diagnosed with an accuracy
of 0.98, using supervised machine learning technique [9]. However, to the best of our knowledge,
there is still no attempt to classify and visualize CKD staging via machine learning technique. Given
that GFR measurement can be cumbersome and inconsistent, we aimed to use unsupervised learning
technique, hierarchical clustering with heatmap visualization to classify the CKD staging of patients.
The results of our study may identify patients who are categorized as having early stage CKD but have
physiological parameters similar to those with advanced-stage CKD. Thus, clinicians could provide
active health intervention to this group to minimize their risk of advanced renal disease.

2. Experimental Section

2.1. Study Design

This single-center, retrospective cohort study assessed the ability of the clustering heatmap to
classify and predict the risk of CKD in participants who underwent a self-paid health examination at
the Health Management Center (HMC) of Taipei Medical University Hospital (TMUH).

2.2. Setting

The study was conducted at TMUH, and patients’ electronic medical records were reviewed.
TMUH is a private, 800-bed teaching hospital in Taiwan. HMC of the TMUH receives 50–60 visits each
day. The Institutional Review Board of TMUH approved this study (TMU-JIRB No.: N201903080),
which was conducted in accordance with the original and amended Declaration of Helsinki. IRB
approval was obtained for this project before starting data collection and informed consent was waived
by the IRB owing to the retrospective nature of the study.

2.3. Inclusion and Exclusion Criteria

The population of interest was participants who underwent a self-paid health examination at the
HMC of TMUH. To be included in the analysis, the self-paid health examination participants must
have undergone a self-paid health examination comprising of an abdominal transient elastography
inspection using FibroScan 502 Touch (Echosens, Paris, France) and urine test from March 2015
to December 2019. Exclusion criteria included, participants the age of participants ≤ 18 years old,
and participants that do not have follow-up urine test, within 3 months when the first urine test is
found to be abnormal.

2.4. Data

All participants undertook the regular processes of HMC. The participants were interviewed by
well-trained personnel, who verified the correctness of the participants’ self-completed questionnaire
on demographics, existing medical conditions, and use of medication. In addition, the personnel
confirmed adherence to health examination prerequisites (e.g., overnight fasting for at least 8 h) for
the package chosen by the participants. Those found to have not followed the prerequisites were
suggested to book another appointment. Then, anthropometrics (weight, height, waist circumference,
and arterial pressures) were measured. The instruments were regularly calibrated per the manufacturer’s
specifications. The samples of blood, urine, and specimens required per the chosen package were
collected for laboratory tests. Regular laboratory test items included alpha-fetoprotein, hemoglobin
A1c (HbA1c), serum glutamic oxaloacetic transaminase (GOT), serum glutamic-pyruvic transaminase
(GPT), uric acid (UA), creatinine, blood urea nitrogen (BUN), total protein, albumin, globulin,
albumin/globulin ratio (A/G), total bilirubin, direct bilirubin, alkaline phosphatase, gamma-glutamyl
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transpeptidase (r-GT), total cholesterol, low-density lipoprotein cholesterol (LDL), high-density
lipoprotein cholesterol (HDL), LDL/HDL ratio, total cholesterol/HDL ratio, triglycerides, fasting blood
sugar, and thyroid-stimulating hormone (TSH). Urine specimens were obtained in the morning and
scheduled to avoid menstrual periods and check proteinuria, hematuria, red blood cell cast, white
blood cell cast, and other urine sediment abnormalities. A repeated check on urine specimens was
performed within 3 months, if an abnormal urine test is obtained. For each FibroScan (502 Touch;
Echosens, Paris, France) inspection, two scores were reported: controlled attenuation parameter (CAP)
score and liver stiffness parameter (E score) [10–13].

2.5. Definitions of Measurement Cutoffs and Calculations

Body mass index (BMI) categories were defined according to the ranges established for Asian
populations by the Ministry of Health and Welfare of Taiwan as follows: obesity, ≥27 kg/m2; overweight,
24–26.9 kg/m2; and normal weight, <23.9 kg/m2 [14]. The cutoff for waist circumference for abdominal
obesity was ≥90 cm for men and ≥80 cm for women, using the Asian-specific cutoff points established
by the International Diabetes Federation [15]. Estimated GFR (eGFR) was calculated using equations
for the Modification of Diet in Renal Disease (MDRD) formula for Chinese patients as follows: 175 ×
(Scr) −1.234× (age) −0.179 × 0.79 (if female) [16]. In this study, CKD was classified into five stages using
Kidney Outcomes Quality Initiative (KDOQI) [17] guidelines using thresholds of eGFR within the CKD
range and/or evidence of structural renal changes, e.g., proteinuria. In our study, we used equations
for the Modification of Diet in Renal Disease for Chinese patients with CKD [16] measured in the
following manner: 175 × (Scr) −1.234 × (Age) −0.179 × 0.79 (if female). The definition of the five stages of
CKD was stage-1 (eGFR > 90 mL/min/1.73 m2 with serial proteinuria positive); stage-2 (eGFR 60–89
mL/min/1.73 m2 with serial proteinuria positive); stage-3 (eGFR 30–59 mL/min/1.73 m2; Stage-4 (eGFR
29–15 mL/min/1.73 m2); and stage-5 (eGFR < 15 mL/min/1.73 m2). Serial proteinuria was defined as
two positive proteinuria in two separate urine tests over a period of 3 months.

2.6. Statistical Analysis

Statistical analysis was conducted using R (version 3.6.1) or SPSS (version 17.0) software.
In Table 1, the baseline characteristics of the enrollees were described, and the p-value denotes
comparison between CKD stage 1 and CKD stage 2–5 participants. Binary variables were presented
as a frequency and percentage and were compared using the Chi-squared test or Fisher’s exact test.
The Mann–Whitney U-test, a nonparametric test, was used to compare the medians of continuous
variables. In Table 2, multivariate logistic regression was conducted to assess the significance of clinical
data, and p-value denotes whether the variable is statistically significant. In addition, variance inflation
factor (VIF) was used to check multicollinearity [18,19]. In all analysis, p-value < 0.05 was considered
statistically significant.

2.6.1. Receiver Operating Characteristic Curve

Receiver operating characteristic (ROC) curves were used to illustrate the diagnostic ability of
machine learning classification. Area under the curve (AUC), true-positive rate (also called sensitivity
or recall), and false-positive rate (related to specificity) are shown in a graphical plot [20].
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Table 1. Descriptive statistics and testing of medical variables in health examination data with chronic
kidney disease.

CKD Stage 1 CKD Stage 2 CKD Stage 3–5

n1 = 1715 n2 = 370 n3 = 202
Factors No. (%) No. (%) No. (%) p-Value

Sex
Female 1017 (59.3%) 96(25.9%) 63(31.2%) <0.001
Male 698 (40.7%) 274(74.1%) 139(68.8%)

Hypertension
Normal 1299 (75.7%) 214(57.8%) 112(55.4%) <0.001

High 416 (24.3%) 156(42.2%) 90(44.6%)

Median (IQR)
Age, years 42 (35–51) 53 (46–60.75) 63.5 (55.25–73) <0.001

Albumin, g/dL 4.6 (4.4–4.8) 4.6 (4.5–4.8) 4.3 (3.8–4.5) <0.001
BMI, kg/m2 23.4 (21.1–25.99) 24.7 (22.7–27.02) 25.05 (22.15–27.98) <0.001

WC, cm 80.5 (73.5–88) 86 (80–92) 87.58 (82–95.75) <0.001
AFP, ng/mL 2.35 (1.62–3.27) 2.62 (1.98–3.62) 2.69 (2.15–4.48) <0.001
ALKp, IU/L 60 (50–72) 67 (55–79) 79.69 (65.68–96) <0.001
GOT, IU/L 20 (17–24) 23 (20–28) 23.1 (19–34) <0.001
GPT, IU/L 18 (13–28) 23 (17–33) 22 (15–35) <0.001

T_Bilirubin, mg/dL 0.6 (0.4–0.8) 0.6 (0.5–0.8) 0.6 (0.4–0.9) 0.002
γGT, U/L 17 (12–27) 23 (17–34) 34.63 (21–70.90) <0.001

CAPscore, dB/m 241 (208–281) 260 (227–301.8) 246 (203–296.5) <0.001
Escore, kPa 4.3 (3.5–5.1) 4.6 (3.7–5.6) 7.9 (4.925–13.525) <0.001

BUN, mg/dL 12 (10–14.34) 15 (13–18) 23.5 (16.78–38.82) <0.001
Creatinine, mg/dL 0.7 (0.6–0.8) 1 (1–1.1) 1.7 (1.425–3.9) <0.001

UA, mg/dL 5.1 (4.3–6.3) 6.3 (5.5–7.3) 6.6 (5.7–7.975) <0.001
Cholesterol, mg/dL 187 (165–209) 191.5 (165–217) 169 (130.2–195) <0.001

HbA1C, % 5.4 (5.2–5.6) 5.525 (5.3–5.9) 5.7 (5.3–6.3) <0.001
HDL, mg/dL 54 (45–65) 49 (41–58) 46 (37–57.9) <0.001
LDL, mg/dL 121 (102–143) 131 (102.2–152) 107 (80.25–128.75) <0.001

TSH, μIU/mL 1.81(1.2–2.545) 2.075 (1.465–2.835) 2.009 (1.54–2.565) <0.001

CKD, chronic kidney disease; BMI, body mass index; WC, waist circumference; AFP, alpha-fetoprotein; ALKp,
alkaline phosphatase; GOT, serum glutamic-oxalocetic transaminase; GPT, serum glutamic-pyruvic transaminase;
γGT, γ-Glutamyl transpeptidase; BUN, blood urea nitrogen; UA, uric acid; HDL, high-density lipoprotein; LDL,
low-density lipoprotein; HbA1C, glycated hemoglobin; TSH, thyroid-stimulating hormone; IU, international units;
U, μmol/min; μIU, micro-international units. The upper part includes categorical variables and the others are
continuous variables, which are general physiological indices in the first section, hepatic indices and nephritic
elements in the second section, and blood lipid and thyroid indices in the final section.

2.6.2. Random Forest

Random decision forest, an ensemble learning method for classification, regression, or other
applications based on a decision tree structure, was used to extract the most relevant variables from
those biomarkers. The random forest model created multiple decision trees and then combined the
output generated by each decision tree [21,22]. This approach removed the bias that a decision tree
model might introduce in the system, thus considerably improving the predictive power. All procedures
in the random forest model were conducted in the R package “randomForest” [23].

2.6.3. Missing Values

Data with missing values were regulated by an expectation–maximization algorithm, which was
an iterative procedure and preserved the relationship with other variables. After deletion of variables
with missing values >10% of the sample size, 23 variables were retained [24].
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Table 2. Multivariate logistic regression analysis of whole biomarkers related to chronic kidney disease.

Factors Odds Ratio 95% CI OR VIF ΔVIF p-Value

BMI, kg/m2 0.904 (0.854, 0.958) 3.977 3.975 0.001 *

WC, cm 1.046 (1.023, 1.069) 4.170 4.169 <0.001 *

Cholesterol, mg/dL 0.983 (0.973, 0.994) 10.598 Δ 0.002 *

Hypertension 0.213 (0.654, 1.099) 1.123 1.122 0.213
HbA1C, % 1.248 (1.087, 1.434) 1.223 1.178 0.002 *

HDL, mg/dL 1.005 (0.994, 1.016) 1.945 1.334 0.363
LDL, mg/dL 1.016 (1.005, 1.028) 10.286 1.077 0.004 *

Albumin, g/dL 0.793 (0.536, 1.174) 1.355 1.364 0.247
ALKp, IU/L 1.001 (0.995, 1.006) 1.202 1.209 0.761
GOT, IU/L 1.030 (1.012, 1.050) 3.832 3.801 0.001 *

GPT, IU/L 0.977 (0.966, 0.988) 3.847 3.803 <0.001 *

γGT, U/L 1.002 (0.997, 1.006) 1.452 1.448 0.425
T_Bilirubin, mg/dL 1.088 (0.930, 1.273) 1.182 1.180 0.291

CAPscore, dB/m 1.003 (1.000, 1.006) 1.646 1.647 0.044 †
Escore, kPa 1.012 (0.985, 1.040) 1.622 1.595 0.393
AFP, ng/mL 1.000 (1.000, 1.000) 1.141 1.129 0.528
BUN, mg/dL 1.229 (1.190, 1.270) 1.063 1.062 <0.001 *

UA, mg/dL 1.478 (1.349, 1.619) 1.346 1.333 <0.001 *

TSH, μIU/mL 1.047 (1.004, 1.091) 1.016 1.015 0.031

* indicates the p value< 0.001, † indicates the p-value< 0.05. BMI, body mass index; WC, waist circumference; HbA1C,
glycated hemoglobin; HDL, high-density lipoprotein; LDL, low-density lipoprotein; ALKp, alkaline phosphatase;
GOT, serum glutamic-oxalocetic transaminase; GPT, serum glutamic-pyruvic transaminase; γGT, γ-Glutamyl
transpeptidase; AFP, alpha-fetoprotein; BUN, blood urea nitrogen; UA, uric acid; TSH, thyroid-stimulating hormone;
IU, international units; U, μmol/min; μIU, micro-international units. Chronic kidney disease is the dependent
variable, and all the biomarkers are the independent variables in the logistic analysis. The odds ratio represents the
exp(β), which is the exponential of the estimator in logistic regression with 95% confidence interval. In addition,
the variance inflation factor (VIF) for each variable is calculated to check multicollinearity. Factors with high odds
ratio or significant p-value are marked in bold. Factors with high VIF values are shaded. ΔVIF records the variance
inflation factor (VIF) after removing the predictor variables with high VIF value.

2.6.4. Multivariate Analysis

Multivariate analysis, which involved observation and analysis of more than one statistical
outcome variable simultaneously, was employed as the analysis of large multivariable data sets was
a major challenge for life science research. Multivariate analysis has been made much easier with
inexpensive, fast computers and powerful analytical software. The application of multivariate analysis
included dimensionality reduction, clustering, and variable selection. Here, a heatmap and hierarchical
clustering were used [25].

2.6.5. Heatmap and Clustering

A heatmap was used to visualize the pattern of the medical variables generated through
classification. The heatmap, a graphical representation of data with the individual values contained in
a matrix, was represented as grids of colors plus clustering on both rows and columns. Clustering
was applied to group a set of patients according to their health examination data. Participants were
divided into different clusters using Ward’s hierarchical clustering method, and the patterns of their
biomarkers were shown in colors in the center of the heatmap. The heatmap was available from the
package “gplot” as an enhanced version or its basic function stats in R [26–31].

3. Results

A total of 2287 participants were enrolled. The whole procedure from data collection to statistical
analysis and outcome is shown in Figure 1. After a series of data-cleaning procedures, the participants
were stratified into three groups (stage 1, stage 2, and stage 3–5) and compared on Table 1. A higher
percentage of female was observed in stage 1 (59.3%) as compared to stage 2 (25.9%) and stage 3–5
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(31.2%). As expected, stage 1 CKD participants were generally younger and healthier than stage 2 and
stage 3–5 participants.

 

Figure 1. A flowchart of the step-by-step procedure from data collection and preprocessing to
statistical analyses.

Variables that had prominent effects on CKD were assessed by multivariate logistic regression
(Table 2). Two biomarkers (BUN, odds ratios of 1.229 and UA, odds ratios of 1.478) related to
kidney function and one biomarker related to metabolic syndrome (HbA1C, odds ratios of 1.248)
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were found to have substantial positive association with CKD status. Other metabolic syndrome
markers that exhibited significant positive association with CKD status were BMI, and WC. In addition,
significant association was observed for three hepatic markers (GOT, GPT and CAPscore). VIF detected
multicollinearity between cholesterol and LDL; hence, cholesterol was excluded from subsequent
multivariate analyses.

For every variable, the weights of importance measured using random forest are depicted in
Figure 2a. The top rank of variables, which had leading scores of mean decrease accuracy in random
forest, were similar to the multivariable analysis, Creatinine (87.2%), BUN (24.4%), UA (18.3%), HbA1c
(17.2%), Escore (15%), γGT (14.7%), and GPT (14.2%). The AUC of the random forest model using
ROC was approximately 0.984 (Figure 2b).

 

(a) 

 

(b) 

Figure 2. (a) Variable importance ordered by the accuracy of mean decrease in random forest.
The leading variables obtained by random forest list in a with a darker blue; conversely, less prominent
variables are indicated in a lighter blue. (b) area under the ROC curve of random forest. The rainbow
bar indicates the value of specificity in the false-positive rate.

Finally, multivariate analysis using clustering heatmaps described the classification of CKD stages
and related biomarkers (Figure 3). In the row clustering step, most patients with early CKD (stage
1 in dark green; stage 2 in sky blue) were grouped in the lower cluster, whereas most patients with
more advanced CKD (stage 3 in pink; stage 4 in red violet; stage 5 in red) were grouped into the
center clusters. In addition, every biomarker was clustered into different subgroups on the column
side according to their color patterns in the center grids of heatmap. Hepatic biomarkers (blue) were
grouped together to the right side with renal biomarkers (light green) because their patterns were more
similar than the others. Metabolic (green and salmon) and lipid biomarkers (light blue) were grouped
into the left cluster as their patterns were more similar. HDL had an opposite color pattern because
higher HDL indicates a healthy state. Heatmaps provided a systematic and clustered visualization of
the analyzed data, facilitating monitoring of CKD patients according to their health examination data
(Figure 3).
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Figure 3. A clustering heatmap illustrating the classification of chronic kidney disease (CKD) in health
examination data. Both the rows of CKD patients and the columns of biomarkers have been clustered,
respectively; row data is also normalized into Z-score, simultaneously. Moreover, the mapping grids in
the center have been colored according to their z scores.

4. Discussion

Traditionally, CKD stages have been defined by only eGFR, an approach that is neither punctilious
nor precise, because CKD is a progressive and complex disease. This is especially complicated in early
stage CKD patients with a steep decline in their renal function. Therefore, it is challenging for clinicians
to predict the progression of CKD and to identify early patient groups at risk of rapid deterioration
within the same stage of CKD. Using random forest analysis, we found that the significant variables
that played principal roles in CKD were Creatinine, BUN and UA as nephritic factors; HbA1C as blood
glucose factors; Escore, γGT and GPT as hepatic factors. In addition, this study found that a clustering
heatmap was a practical and accurate method to classify CKD patients into several clusters as well as
perform multigroup analysis. In addition, heatmaps that involved plenty of biomarkers were more
dynamic, equitable, and comprehensive than a fixed criterion measured by MDRD considering only
age, race, sex, and creatinine.

There is a paucity of studies that used machine learning to predict CKD, and we found one
study that have very similar study design and results like ours. Using hospital data from India,
Anusorn Charleonnan et al. found that the accuracy of prediction in CKD reached 0.98, very similar
to what we have found (Figure 2b) [9]. However, Charleonnan et al. had not discussed and rank
the significant factors, which contributed to prediction of CKD. Our study not only showed the
importance of risk factors in predicting CKD by ensemble learning model, but also discussed the
outcomes and meanings in clinical medicine. Furthermore, we have applied unsupervised learning
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technique, hierarchical clustering with heatmap visualization to classify and monitor patients in
different groups. This approach might be useful for prediction and prevention of other chronic diseases
that involved staging.

For heatmaps, we used Euclidean distance as the distance measure and Ward’s method for
unsupervised clustering. The clustering may be upgraded using other measures or algorithms.
In addition, the heatmap may be more robust and dynamic with adequate sample size of patients
at different stages or by using other specific and remarkable variables. Accordingly, new patients
could be assessed using this clustering heatmap system based on their health conditions; if the new
patients, especially those in early stages of CKD, had patterns similar to those in advanced CKD groups,
precautionary treatment could be administered. In the clustering of medical factors, GPT, GOT and
UA were in the same cluster with a similar pattern, whereas HDL, being a sign of good health, had the
opposite pattern.

The CAP and E score by FibroScan are accurate non-invasive methods for assessing liver steatosis
and fibrosis in patients with NAFLD [32]. CKD and NAFLD share a common pathological pathway
and many important cardiometabolic risk factors. Moreover, the presence of pathophysiological
interrelationships between the liver and kidney is well established and is supported by the presence of
the hepatorenal syndrome, which may occur in patients with decompensated cirrhosis, regardless of
its etiology. Patients with NAFLD had a significantly higher risk of incident CKD than those without
NAFLD. Patients with more ‘severe’ NAFLD were also more likely to develop incident CKD [33].
NAFLD per se affects CKD through lipoprotein metabolism and hepatokine secretion, and conversely,
targeting the renal tubule by sodium-glucose cotransporter 2 inhibitors can improve both CKD and
NAFLD [34].

The result on hyperuricemia can be explained by association with the acceleration of GFR decline
and CKD progression [35–37]. Previous research found that dyslipidemia in CKD is characterized by
elevated triglycerides and decreased and dysfunctional HDL [38], and our results suggest that
hypertension, hyperglycemia, and their combination may be associated with the incidence of
CKD [39–41]. The association with HbA1C can be explained by diabetic patients being strongly
associated with both albuminuria and reduced eGFR, and in the US it was found that diabetic patients
had a substantially higher prevalence of CKD [42].

There are several limitations in this study. First, this study investigated only health-conscious
participants that underwent a self-paid health examination, and the number of patients with advanced
CKD may be underrepresented. Having approximately the same percentage of patients across different
CKD stages will establish a much better model, and hence repeating this study by selectively including
more advanced CKD patients is one of the future goals of this study. Second, this is a retrospective study,
and confounding cannot be excluded. Hence, the subsequent step is to conduct a large prospective
study to test the accuracy and usefulness of the predictive model. Third, this study concerned mainly
Han Chinese population residing in Taiwan, and the study results needs to be repeated and validated
in other populations. Fourth, this study failed to include some new CKD diagnostics that may further
improve the prediction of CKD staging. For example, it was recently found that salivary ferric ion
reducing antioxidant parameter can distinguish patients with mildly to moderately decreased kidney
function from those with severe renal impairment with an accuracy of 100% (AUROC) [43].

5. Conclusions

Using machine learning technologies, we have generated a new predictive model of health care
management for patients within the high-risk CKD group. However, considering the retrospective
nature of this study, a sufficiently powered prospective cohort study is needed to conclusively address
the usefulness of this predictive model to help physicians make an accurate diagnosis of the staging of
CKD, which changes over time.
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Abstract: The association between acute kidney injury (AKI) and long-term renal function after
radical nephrectomy has not been evaluated fully. We reviewed 558 cases of radical nephrectomy.
Postoperative AKI was defined by the Kidney Disease: Improving Global Outcomes (KDIGO) serum
creatinine criteria. Values of estimated glomerular filtration rate (eGFR) were collected up to 36 months
(median 35 months) after surgery. The primary outcome was new-onset chronic kidney disease
(CKD) stage 3a or higher or all-cause mortality within three years after nephrectomy. The functional
change ratio (FCR) of eGFR was defined as the ratio of the most recent GFR (24–36 months after
surgery) to the new baseline during 3–12 months. A multivariable Cox proportional hazard regression
analysis for new-onset CKD and a multivariable linear regression analysis for FCR were performed
to evaluate the association between AKI and long-term renal outcomes. A correlation analysis was
performed with the serum creatinine ratio and used to determine AKI and FCR. AKI occurred in 43.2%
(n = 241/558) and our primary outcome developed in 40.5% (n = 226/558) of patients. The incidence of
new-onset CKD was significantly higher in patients with AKI than those without at all follow-up
time points after surgery. The Cox regression analysis showed a graded association between AKI
and our primary outcome (AKI stage 1: Hazard ratio 1.71, 95% confidence interval 1.25–2.32; AKI
stage 2 or 3: Hazard ratio 2.72, 95% confidence interval 1.78–4.10). The linear regression analysis for
FCR showed that AKI was significantly associated with FCR (β = −0.168 ± 0.322, p = 0.011). There
was a significant negative correlation between the serum creatinine ratio and FCR. In conclusion,
our analysis demonstrated a robust and graded association between AKI after radical nephrectomy
and long-term renal functional deterioration.

Keywords: acute kidney injury; radical nephrectomy; chronic kidney disease; functional change ratio

1. Introduction

Acute kidney injury (AKI) is a frequent complication after radical nephrectomy, with an incidence
of up to 53.9% [1–3], and is associated with the development of chronic kidney disease (CKD) [4].
Although there are a few studies regarding this association after radical nephrectomy, the associations
of AKI with new-onset CKD or long-term renal function after radical nephrectomy have not been
evaluated fully [1–3]. To suggest a causal relationship, a dose-response relationship between AKI
stages and CKD should be demonstrated [5]. However, the graded association of AKI stages with
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long-term renal function or the linear association of the ratio of creatinine used to diagnose AKI with a
functional change ratio has not been evaluated before.

Several studies evaluated the association between AKI and new-onset CKD after radical
nephrectomy. A previous retrospective study showed a significant association between AKI and
new-onset CKD [2]. In this study, the new-onset CKD was defined as a 40% or more decrease in
estimated glomerular filtration rate (eGFR) from the preoperative baseline. However, this study
reviewed only a small number of 106 patients over a long period of eighteen years. Furthermore,
there were 26% of patients with a baseline eGFR < 60 mL/min/1.73 m2. These patients should have been
excluded from their analysis. Another retrospective study reported AKI after radical nephrectomy is a
risk factor for new-onset CKD [1]. This study defined CKD as eGFR < 60 mL/min/1.73 m2, but 18% of
patients with baseline eGFR < 60 mL/min/1.73 m2 were included in the analysis. These two studies
performed a logistic regression analysis to evaluate whether AKI was an independent risk factor of
new-onset CKD. However, new-onset CKD is a time-to-event outcome and logistic regression analysis
is not an adequate analysis for the outcome, hence both the Cox regression analysis and Kaplan–Meier
survival analysis are required. In addition, mortality is a competing risk with new-onset CKD and
mortality should be combined with the new-onset CKD for the Cox regression analysis.

As such, although a few previous studies have reported the association between AKI after
nephrectomy and the risk of development of postoperative CKD, most studies analyzed a relatively
small number of patients with different outcome definitions and used inadequate statistical analyses
for the time-to-event outcome. As the appropriate statistical analyses were not selected, the linear
relationship of the AKI stages with long-term renal functional change [6] or the graded association
of AKI stages with CKD have not been evaluated. Therefore, we conducted a retrospective study
evaluating the graded association of AKI stages with new-onset CKD and the linear association of AKI
stages with renal functional change ratio from new-baseline renal function after radical nephrectomy
to assess whether the association of AKI and CKD after radical nephrectomy is robust and has a
dose-response relationship. We excluded the patient who received donor nephrectomy for kidney
transplantation from our analysis as these patients have different renal functional profiles after surgery.
This difference is attributed to the different distribution of patient age and comorbidities [7,8].

2. Methods

2.1. Patient Selection

This single-center retrospective observational study was approved by the institutional review
board (IRB) of Seoul National University Hospital (1907-172-1050). Written informed consent was
waived by the IRB due to the retrospective nature of the present study. We reviewed electronic medical
records of the patients who were ≥ 20 years old, had a renal mass, and underwent radical nephrectomy,
regardless of surgical techniques between 2010 and 2015. Among the 670 patients who underwent
radical nephrectomy, the patients with baseline eGFR < 60 mL/min/1.73 m2 (n = 50), the absence of
contralateral kidney (n = 9), or missing baseline serum creatinine (n = 0) or three or more follow-up
loss of serum creatinine or eGFR values among 3, 12, 24, and 36 months after surgery (n = 22) were
excluded. We also further excluded patients who underwent subsequent nephrectomy (n = 2), catheter
ablation of remaining kidney (n = 5), chemotherapy with a nephrotoxic agent (n = 4), or received other
nephrotoxic drugs including diuretics (n = 3), nephrotoxic antibiotics (n = 4), and radiocontrast media
(n = 13) during our follow-up period because these could affect residual renal function. The remaining
558 patients were included in the final analysis.

2.2. Patient Data and Outcome Measurements

Demographic, baseline characteristics, and surgery-related data which were known to be associated
with renal function after nephrectomy were obtained from our electronic medical records (Table 1) [1–3,9].
Serum creatinine values measured at 3, 12, 24, 36 months after surgery were collected. GFR values were

20



J. Clin. Med. 2020, 9, 619

estimated at these time points after surgery by the Modification in Diet and Renal Disease (MDRD)
study equation [10]. Decisions regarding radical nephrectomy and the type of surgical approach were
made by surgeons based on tumor characteristics.

Table 1. Patient characteristics and perioperative parameters according to acute kidney injury (n = 558).

Variables Patients Proportion without Missing (%)

Demographic data
Age, year 60 (51–68) 100
Female, n 171 (30.6) 100

Body-mass index, kg/m2 24.4 (22.6–26.2) 100
Baseline medical status

Hypertension, n 287 (51.4) 100
Diabetes mellitus, n 98 (17.6) 100

Cerebrovascular accident, n 11 (2.0) 100
Angina pectoris, n 9 (1.6) 100

Preoperative hemoglobin, g/dL 13.5 (12.0–14.6) 100
Preoperative serum albumin level, mg/dL 4.3 (4.1–4.6) 99.8

Preoperative proteinuria, n 67 (12.0) 100
Preoperative hematuria, n 53 (9.5) 100

Preoperative eGFR, mL/min/1.73 m2 100
eGFR ≥ 90 mL/min/m2 153 (27.4)

eGFR 60–89 mL/min/1.73m2 405 (72.6)
Surgical parameters

Surgery type, n 100
Laparoscopic 223 (40.0)

Robot-assisted 9 (1.6)
Open 325 (58.2)

Clinical stage, n 100
T1a/ T1b 141 (25.3)/152 (27.2)
T2a/ T2b 154 (27.6)/61 (10.9)

T3a/T3b/T3c 19 (3.4)/ 17 (3.0)/14 (2.5)
N 0/1 514 (92.1)/44 (7.9)
M 0/1 520 (93.2)/38 (6.8)

R.E.N.A.L. score 100
Low (4–6) 225 (40.3)

Intermediate (7–9) 286 (51.3)
High (10–12) 47 (8.4)

Tumor maximal diameter, cm 5.5 (3.2–7.8) 100
Operation time, min 130 (100–170) 100

Bleeding and transfusion amount
pRBC transfusion, n 52 (9.3) 100

Estimated blood loss, mL 200 (100–400) 99.6
Anesthesia-related parameters

Volatile anesthetics use, n 494 (88.5)
Total intravenous anesthesia, n 64 (11.5)
Crystalloid administration, mL 1100 (750–1500) 100

Colloid administration, mL 0 (0–300) 100
Vasopressor infusion during surgery 29 (5.2) 100

Data are presented as median (interquartile range) or number (%). AKI = acute kidney injury; eGFR = estimated
glomerular filtration rate; R.E.N.A.L. = radius, exophytic/endophytic properties, nearness of tumor to collecting
system or sinus, anterior/posterior, hilar, location relative to polar lines; pRBC = packed red blood cell.

The primary outcome was new-onset CKD or higher or all-cause mortality within three years after
radical nephrectomy. The new-onset CKD was defined as a decrease in eGFR < 60 mL/min/1.73 m2

or the initiation of chronic hemodialysis [11]. The decrease in eGFR should be identified by at least
two consecutive measurements separated by an interval of at least three months [12]. The primary
outcome variable was defined as a time-to-event outcome.

Secondary outcomes included the long-term functional change ratio (FCR) of GFR, which was
defined as the most recent GFR/new baseline GFR after surgery [6]. New baseline GFR was defined as
the latest value available during 3–12 months after surgery considering that renal function recovers
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after the initial drop immediately after surgery. The most recent GFR value of at least 24 months after
surgery was compared to this new baseline.

Postoperative AKI was defined by the creatinine criteria of Kidney Disease: Improving Global
Outcomes (KDIGO), which was determined according to the maximal change in serum creatinine
levels during the first seven postoperative days (stage 1: 1.5–1.9; stage 2: 2–2.9; stage 3: More than
3-fold increase of baseline, respectively, also stage 1: when serum creatinine increased by 0.3 mg/dL
within 48 h) [13,14]. The most recent serum creatinine level measured before surgery was used as
the baseline.

2.3. Statistical Methods

SPSS software version 25.0 (IBM Corp., Armonk, NY, USA) and STATA/MP version 15.1 (StataCorp,
College Station, TX, USA) were used to analyze the data. The visual inspection of histograms and
quintile–quintile plots was performed to determine the normality of the data. Continuous variables
were presented as mean ± SD for normally distributed data or median (25th, 75th percentiles) for
non-normally distributed data. For all analyses, p < 0.05 was considered statistically significant.
Baseline characteristics and surgery-related parameters had missing values in <1% and these missing
were considered to be due to missing completely at random. The incidences of missing in the baseline
parameters were reported and they were not replaced. Missing values of serum creatinine and eGFR
at 3, 12, 24, 36 months were reported and were not replaced, and an analysis was performed with
available data. One of our investigators (W.K.) verified artifact or incorrect values according to our
source document and excluded them from our analysis. The following are a summary of our main
analyses. Firstly, the serial eGFR values up to 36 months after surgery and cumulative incidences
of postoperative development of new-onset CKD were depicted and compared at all follow-up time
points between the patients without AKI, those with AKI stage 1, and those with AKI stage 2 or 3.
The absolute eGFR values were compared among no-AKI, AKI stage 1, and stage 2 or 3 at each time
point by one-way analysis of variance. The cumulative incidence of new-onset CKD was compared
between the same groups by the chi-square test. Bonferroni correction was used to adjust for the
increased type 1 error by multiple comparisons (p < 0.05/4 = 0.012).

Secondly, we scrutinized the relationship between postoperative AKI and the development of
new-onset CKD during the 60 months after surgery through a multivariable Cox proportional hazard
regression analysis. Proportional hazard assumptions were tested by visual inspection of log-minus-log
survival plots for categorical variables and restricted cubic splines for continuous variables [15,16].
Before conducting multivariable analysis, multicollinearity among covariates was evaluated using
the variance inflation factor. Variables with variance inflation factor > 5 were excluded from the
analysis. Cases with missing values of the covariates were excluded from the Cox regression analysis
for the complete case analysis. All collected perioperative variables listed in Table 1 were entered
into the multivariable model to adjust for the association between AKI and CKD. AKI as a binary
variable or the stages of AKI an ordinal variable were entered alternatively as a covariate in the
regression model. All covariates entered the model without stepwise variable selection or a univariable
screening. Calibration of the Cox regression model was evaluated by Gronnesby and Borgan test [17]
and discrimination of the model was measured by Harrell’s c and Somers’ D [18].

Thirdly, a Kaplan–Meier survival curve analysis of our primary outcome was performed among
the different groups of the patients without AKI, those with AKI stage 1, and those with AKI stage 2 or
3. The log-rank test was used to determine statistical significance between groups.

Fourthly, as analysis for the secondary outcome of FCR, we performed a multivariable linear
regression analysis to elucidate whether AKI is significantly associated with the long-term FCR of
the most recent eGFR to a new postoperative renal functional baseline. Linear regression model
assumptions were evaluated using residual plots and scatter plots of our data. Neither stepwise
variable selection nor univariable screening was performed. Multicollinearity among covariates was
evaluated using the variance inflation factor.
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Fifthly, a scatter plot was depicted relating the distribution of FCR across the serum creatinine
ratio used to determine AKI. We tested whether the distribution of FCR is different among the different
stages of AKI by univariable Spearman correlation analysis.

Sixthly, as a post-hoc analysis to evaluate the postoperative renal function in terms of KDIGO
CKD stages [12], the distribution of KDIGO CKD stages during the follow-up period was compared
between those with and without AKI.

Finally, as a post-hoc analysis to evaluate the association of the type of surgical procedure and
AKI, we compared the incidence of AKI between open surgery and laparoscopic or robotic surgery.
In addition, to evaluate the association between the surgical procedure and our primary outcome,
we performed Kaplan–Meier survival curve analysis. The log-rank test was used to determine
statistical significance.

3. Results

Demographics and perioperative parameters were shown in Table 1. The incidence of AKI was
43.2% (n = 241/558) (stage 1: n = 160 (28.7%); stage 2 or 3: n = 81 (14.5%)). Our primary outcome
developed in 40.5% (n = 226/558) of patients. The median follow-up of renal function was 35 (25–37)
months. The numbers of patients lost to follow-up at 2 and 3 years after surgery were 143 (24.7%) and
305 (52.8%) (Table S1).

Table 1 shows the baseline characteristics of the patients. Median patient age was 60 years and
60.7% of patients were male. Median FCR at three years after radical nephrectomy was 0.94 in patients
without AKI and 0.80/0.72 for patients with stage 1/2 or 3 AKI.

Figure 1 shows the comparison of a time-dependent change in eGFR at 3 months, 1, 2, and 3 years
after radical nephrectomy among the patients without AKI, those with stage 1 AKI and those with
stage 2 or 3 AKI. There were significant differences in eGFR values between groups in all time points
(p < 0.001). Figure 2 shows comparisons of the cumulative incidence of new-onset CKD at the time
points of follow-up between those with and without AKI. While 24.7% of patients with no history of
AKI developed CKD until three years after surgery, 69.5% of patients developed CKD with a history of
stage 2 or 3 AKI (p < 0.001). There were significant differences in the incidence of new-onset CKD at all
time points (p < 0.001).

 
Figure 1. Serial change in mean estimated glomerular filtration rate before surgery to three years after
surgery according to the stages of acute kidney injury. * Significant difference between groups.
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Figure 2. Comparison of the cumulative incidence of chronic kidney disease (estimated glomerular
filtration rate (eGFR) <60 mL/min/1.73 m2) at follow-up time points between the patients without acute
kidney injury (AKI), those with stage 1 AKI, and those with stage 2 or 3 AKI. There were significant
differences in the incidence of chronic kidney disease at all time-points.

Table 2 shows the results of the multivariable Cox regression analysis to predict the development
of new-onset CKD during the three years after radical nephrectomy. All covariates met the proportional
hazard assumptions. Postoperative AKI was identified as an independent risk factor for the development of
new-onset CKD (multivariable-adjusted hazard ratio (HR) 2.46, 95% confidence interval (CI) 1.70–3.63,
p < 0.001). There was a graded association with CKD for stage 1 (HR 1.71, 95% CI 1.25-2.32, p < 0.001)
and stage 2 or 3 AKI (HR 2.72, 95% CI 1.78–4.10, p < 0.001). The performance of our multivariable Cox
model in terms of Harrell’s c and Somers’ D was 0.67 and 0.60, respectively. Our Cox regression model
showed good calibration (Gronnesby and Borgan test: χ2 = 0.876, p = 0.441).

Table 2. Cox proportional hazard regression analysis for new-onset chronic kidney disease or all-cause
mortality during the three years after radical nephrectomy in all patients (n = 558).

Variable Hazard Ratio 95% CI p-Value

Age, years 1.05 1.00–1.09 0.043
Female 1.30 0.81–2.10 0.368

Body-mass index, kg/m2 1.01 0.95–1.08 0.769
History of hypertension 1.70 1.07–2.78 0.022

History of diabetes mellitus 1.95 1.13–3.44 0.012
Preoperative hemoglobin, g/dL 1.14 0.99–1.30 0.064

Preoperative albumin, g/dL 0.63 0.33–1.12 0.077
Preoperative proteinuria, n 0.82 0.42–1.80 0.547
Preoperative hematuria, n 1.12 0.57–1.74 0.657

Preoperative estimated glomerular filtration rate,
mL/min/1.73m2 0.99 0.98–0.99 0.042

Postoperative acute kidney injury 2.46 1.70–3.63 <0.001
No acute kidney injury baseline

Acute kidney injury stage 1 1.71 1.25–2.32 <0.001
Acute kidney injury stage 2 or 3 2.72 1.78–4.10 <0.001

Preoperative tumor maximal diameter, cm 1.05 0.97–1.12 0.164
Open surgery (vs. laparoscopic or robot-assisted) 0.74 0.49–1.15 0.255

Operation time, hour 0.96 0.81–1.18 0.847
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Table 2. Cont.

Variable Hazard Ratio 95% CI p-Value

Total intravenous anesthesia 0.89 0.61–1.35 0.558
Intraoperative crystalloid administration, per 100 mL 0.87 0.62–1.28 0.415

Intraoperative colloid administration, per 100 mL 1.06 0.98–1.16 0.176
Intraoperative vasopressor infusion, n 0.94 0.92–1.17 0.514

Red blood cell transfusion, n 0.82 0.37–1.75 0.427

CI = confidence interval. Intraoperative vasopressor infusion means norepinephrine or phenylephrine infusion
during surgery.

Figure 3 shows Kaplan–Meier survival curve analysis for our primary outcome between different
AKI groups. There were significant differences between the no AKI and AKI stage 1 groups (log-rank
test p < 0.001) and between AKI stage 1 and stage 2 or 3 (log-rank test p = 0.023). The numbers of
patients who had follow-up eGFR values at each time point were shown in Figure 3.

Figure 3. Kaplan–Meier survival curve analysis for new-onset chronic kidney disease stage 3a or
higher (estimated glomerular filtration rate < 60 mL/min/1.73 m2) or all-cause mortality as the primary
outcome between different AKI groups. There were significant differences between the no AKI and
AKI stage 1 groups (log-rank test p < 0.001) and between AKI stage 1 and stage 2 or 3 (log-rank test
p = 0.023). The numbers of patients who had follow-up eGFR values at each time point were shown at
the bottom of the figure.

Table 3 shows the results of the multivariable linear regression analysis for FCR after radical
nephrectomy. All covariates met the linear assumptions. Postoperative AKI was independently
associated with the FCR of the most recent follow-up (β = −0.168 ± 0.322, p = 0.011). The performance
of our multivariable prediction in terms of R2 was 0.28 and there was no significant multicollinearity
between covariates.

Figure 4 shows the distribution of FCR across the serum creatinine ratio used to determine AKI
and AKI stages. There was a significant negative correlation between the FCR and the serum creatinine
ratio (p < 0.001). This means the residual renal function deteriorates more as the stages of AKI increase.

Figure 5 compares the distribution of the KDIGO CKD stages during our follow-up period of
36 months between those with and without AKI. There was a significant difference in the distribution
of CKD stages between the patients with and without AKI.
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Table 3. Multivariable linear regression analysis of functional change ratio after radical nephrectomy.

Variable β ± Standard Error p-Value VIF

Age, years 0.012 ± 0.001 0.057 1.69
Female 0.037 ± 0.031 0.240 1.30

Body-mass index, kg/m2 0.002 ± 0.005 0.647 1.14
History of hypertension −0.030 ± 0.011 0.047 1.52

History of diabetes mellitus −0.044 ± 0.018 0.044 1.24
Preoperative hemoglobin concentration, g/dL 0.007 ± 0.010 0.411 2.06

Preoperative albumin level, mg/dL 0.033 ± 0.041 0.481 1.82
Preoperative proteinuria −0.034 ± 0.047 0.470 1.45

Preoperative estimated glomerular filtration rate,
per 10 mL/min/1.73 m2 0.170 ± 0.122 0.002 1.26

Postoperative acute kidney injury −0.168 ± 0.322 0.011 1.16
Maximal diameter of renal mass, cm 0.002 ± 0.004 0.572 1.28

Open surgery (vs. laparoscopic or robot-assisted) −0.030 ± 0.028 0.228 1.19
Operation time, hour −0.016 ± 0.012 0.179 1.20

Total intravenous anesthesia 0.069 ± 0.056 0.375 1.10
Intraoperative crystalloid administration, mL/kg −0.011 ± 0.023 0.724 1.45

Intraoperative colloid administration, mL/kg −0.001 ± 0.004 0.717 1.37
Intraoperative red cell transfusion, n 0.096 ± 0.049 0.150 1.39

VIF = variance inflation factor. The functional change ratio was determined as a ratio of the most recent estimated
glomerular filtration rate (eGFR) (at least 24 months and up to three years after surgery) to eGFR at 3 to 12 months.

Figure 4. Distribution of the long-term functional change ratio across the different creatinine ratios
which were used to determine acute kidney injury stages. There was a significant correlation between
the functional change ratio and creatinine change ratio from baseline (p < 0.001).

The incidence of postoperative AKI was significantly lower in the laparoscopic or robotic surgery
group (n = 77, 32.6%) compared to the open surgery group (n = 169, 49.4%, p < 0.001) (Table S2).
However, there was no significant difference in the renal survival between the laparoscopic or robotic
group and the open group (Log-rank test p = 0.865) (Figure S1). As a supplementary analysis,
the incidence and type of postoperative complication were compared between the patients with and
without AKI (Table S3). There was no significant difference between groups.
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Figure 5. Comparison of the distribution of the Kidney Disease: Improving Global Outcomes chronic
kidney disease (KDIGO CKD) stages during the follow-up period of 36 months between the patients
with and without AKI after radical nephrectomy.

4. Discussion

We evaluated the association between AKI after radical nephrectomy and long-term renal function
through a multivariable Cox regression analysis and other sensitivity analyses in a retrospective cohort
during a 36-months follow-up. The association between AKI and CKD was revealed again in this
specific surgical setting of radical nephrectomy. Furthermore, we demonstrated the graded associations
between AKI stages and new-onset CKD as well as between AKI stages and the FCR at 24–36 months
after surgery. Our linear regression analysis also showed that AKI was an independent predictor of
FCR. Therefore, we added a convincing body of evidence that there is a robust and linear relationship
between AKI and long-term renal function after radical nephrectomy. Given the high incidence of
new-onset CKD after radical nephrectomy in patients with AKI, clinical trials are urgently required to
find a modifiable risk factor to mitigate the risk of AKI.

According to the previous studies comparing radical and partial nephrectomy, radical nephrectomy
is more strongly associated with new-onset CKD after surgery [19–22]. A recent meta-analysis compared
the postoperative incidence of CKD stage 3a or higher (eGFR < 60 mL/min/1.73 m2) between radical
and partial nephrectomy and reported a higher risk of CKD for radical nephrectomy [23]. However,
these studies simply compared renal functional outcomes between radical and partial nephrectomy
and cannot confirm the causal relationship between radical nephrectomy and new-onset CKD. A recent
study constructed a simplified nomogram that predicts postoperative renal functional decline after
nephrectomy and could help determine candidates for partial nephrectomy [24]. For stage 1 renal
tumors, oncologic outcomes were not different between partial and radical nephrectomy [25,26].
However, partial nephrectomy is associated with a lower incidence of postoperative renal functional
decline and lower mortality compared to radical nephrectomy [27,28]. Therefore, nephron-sparing
surgery has been proposed as a standard of care for small renal cell carcinomas [29]. However, radical
nephrectomy is still an important option when partial nephrectomy is unfeasible [30].

In surgeries other than nephrectomy, AKI has been reported to be closely associated with the
development of CKD and increased mortality [4,31]. The association between AKI and CKD was
also reported in non-surgical patients [32,33]. However, this association was not found in patients
with a history of septic shock during one-year follow-up [34]. Furthermore, there have been only
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a few studies investigating the association between AKI and long-term renal functional decline for
radical nephrectomy. Based on our literature review, there have been three studies that investigated
the association between postoperative AKI and the development of progressive chronic kidney
disease [1–3]. The incidence of AKI was reported to be 34% to 49% and the association between AKI
and CKD was strong, with a three to four-fold higher risk pertaining to the odds ratio, although the
CKD was defined differently with varying durations of follow-up. The incidence of AKI in our study
was higher than in the study of Cho et al., in which it was 33.7% [1], but lower than that of Garfalo et al.
at 49.1% [2]. The highest incidence of 53.9% was reported in patients undergoing radical nephrectomy
with simultaneous inferior vena cava (IVC) thrombectomy [3]. This high incidence may be due to
the frequent implementation of cardiopulmonary bypass and clamping of IVC and the contralateral
renal vein. The variance in the incidence of AKI may also be attributed to different diagnostic criteria
and the exclusion of urine output criteria. We did not use the urine output criteria because hourly
urine output was not accurately recorded in our patients and the oliguria cutoff associated with AKI
could be different in the perioperative setting [35,36]. Urine output criteria are regarded as unreliable
in predicting AKI in the perioperative environment because oliguria may develop simply due to
decreased preload [37], or external obstruction of the urinary tract [38].

Renal function after donor nephrectomy was ascertained in previous studies, which could be
compared with our study results [39–41]. Compensatory hypertrophy develops in the remaining
kidney [39–41]. Serum creatinine levels increased to 20% above baseline but usually remained within
normal reference range [7,42]. However, in our study, immediate postoperative AKI developed in 43.2%
and more than half of our patients with AKI eventually developed CKD of eGFR <60 mL/min/1.73 m2

during three years of follow-up. These differences in renal outcomes between kidney donors and our
patients with renal cell carcinoma could be attributed to patient characteristics. Our cancer patients
are older and have more comorbidities [7,8], which could aggravate the renal functional decline.
Our incidence of new-onset CKD during 35 months of median follow-up after radical nephrectomy is
similar to previous studies of 38% [1] or 39.6% [2], although the follow-up duration differed. Another
previous study reported a higher incidence of 65%, although this study included 26% of patients with
pre-existing CKD before surgery [21].

Since AKI after radical nephrectomy is associated with long-term renal functional decline, efforts
should be made to reduce the risk of AKI after radical nephrectomy. Creatinine increase after
radical nephrectomy would be due to both losses of nephrons in the resected kidney and injury of
the contralateral kidney. Although we cannot reduce the loss of nephrons in patients for whom
nephron-sparing surgery is not feasible, injury of the contralateral kidney could be prevented by
hemodynamic optimization during the perioperative period [43]. Previously reported risk factors of
male sex, old age, high body-mass index, hypertension, diabetes mellitus, preoperative proteinuria,
high preoperative eGFR are not modifiable [1,2,21,44–46]. Comorbidities such as hypertension or
diabetes could contribute to the underlying medical renal disease and long-term renal functional
deterioration [47]. Our analysis also identified unmodifiable predictors, such as preoperative
hypertension, diabetes mellitus, and low baseline eGFR. A previous pilot study reported that remote
ischemic conditioning reduced the incidence of AKI in patients undergoing partial nephrectomy [48].
Further studies are required to find modifiable risk factors of AKI or CKD progression after radical
nephrectomy [9] and determinants for adaptive hyperfiltration in the contralateral kidney [39].

All surgical procedures including open, laparoscopic, and robotic surgery were pooled in our
analysis. A previous study showed that postoperative risk of AKI was halved for the patients treated
by robotic or laparoscopic partial nephrectomy when compared with open surgery [49]. To further
evaluate this association in our study cohort, we compared the incidence of AKI and the renal survival
between the groups of surgical procedure. The incidence of AKI was significantly lower in the
laparoscopic or robotic surgery group compared to open surgery. However, there was no significant
difference in our primary outcome according to the type of surgical procedure both for Cox regression
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analysis and survival curve analysis. This may suggest that a surgical procedure may affect short-term
outcomes but not long-term renal survival after radical nephrectomy.

Our study should be interpreted under several limitations. Firstly, our study was a retrospective
study of a single tertiary care center. Minimally invasive and open nephrectomy were mixed in our
population. Although a multivariable analysis and sensitivity analyses were performed, unknown and
unmeasured biases could have affected our results. Secondly, there was about 50% follow-up loss of
renal function at 36 months after surgery, as shown in Figure 3. A prospective observational study with
less loss of follow-up is required for a more valid analysis. Thirdly, our study cohort included patients
who might have been considered to undergo partial nephrectomy simply according to the tumor
stage provided in Table 1. This may limit the applicability of our data to the current clinical practice.
However, other indications of radical nephrectomy such as locally advanced cases, multifocality, and
distant metastasis should be considered for this. Fourthly, the exact causes of new-onset CKD during
our follow-up period were not elucidated. Although the main cause would be functional declines
in the remaining kidney, other pathologies such as new-onset glomerulonephritis could have been
included in our primary outcome.

5. Conclusions

AKI after radical nephrectomy was associated with long-term renal functional deterioration in a
dose-response manner. AKI was an independent risk factor of new-onset CKD in patients without
baseline CKD. There was a significant linear relationship between the creatinine ratio used to determine
AKI and FCR at 24–36 months after surgery. These associations were stronger in higher stages of AKI.
Therefore, there seems to be a robust and strong association between AKI after radical nephrectomy
and long-term renal functional decline after surgery. It is required to find modifiable risk factors of
AKI and interventions to attenuate AKI to improve long-term renal function after radical nephrectomy.
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Comparison of the incidence of complications between the patients with and without acute kidney injury according
to Clavien-Dindo classification.
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Abstract: Type 2 diabetes mellitus (T2DM) represents the main cause of chronic kidney disease (CKD)
and end-stage renal disease (ESKD), and diabetic kidney disease (DKD) is a major cause of morbidity
and mortality in diabetes. Despite advances in the nephroprotective treatment of T2DM, DKD remains
the most common complication, driving the need for renal replacement therapies (RRT) worldwide,
and its incidence is increasing. Until recently, prevention of DKD progression was based around strict
blood pressure (BP) control, using renin–angiotensin system blockers that simultaneously reduce BP
and proteinuria, adequate glycemic control and control of cardiovascular risk factors. Glucagon-like
peptide-1 receptor agonists (GLP-1RA) are a new class of anti-hyperglycemic drugs shown to improve
cardiovascular and renal events in DKD. In this regard, GLP-1RA offer the potential for adequate
glycemic control in multiple stages of DKD without an increased risk of hypoglycemia, preventing
the onset of macroalbuminuria and slowing the decline of glomerular filtration rate (GFR) in diabetic
patients, also bringing additional benefit in weight reduction, cardiovascular and other kidney
outcomes. Results from ongoing trials are pending to assess the impact of GLP-1RA treatments on
primary kidney endpoints in DKD.

Keywords: chronic kidney disease; diabetic kidney disease; GLP-1

1. Introduction

Chronic kidney disease (CKD) is among the most common complications of type 2 diabetes
mellitus (T2DM). In several contemporary studies, 28% to 43% of patients with T2DM have CKD,
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defined as either a glomerular filtration rate (GFR) below 60 mL/min/1.73 m2 or a urinary albumin to
creatinine ratio (UACR) >30 mg/g [1,2]. In pivotal studies such as UKPDS (UK Prospective Diabetes
Study), 25% of T2DM patients developed microalbuminuria within 10 years of diagnosis. Relatively
fewer patients develop macroalbuminuria, but in those who do, the death rate is higher than the rate of
progression to more advanced nephropathy. Of note, the low rate of renal replacement therapy (RRT)
observed likely reflects the high mortality of patients with diabetes-associated CKD, which may reach
up to 20% per year [3,4].

Diabetic kidney disease (DKD) is a leading cause of morbidity and mortality in diabetes. CKD is
associated with all-cause and cardiovascular mortality in patients with diabetes. Indeed, the excess
mortality of diabetes occurs mainly in individuals with diabetes and proteinuria and stems not only
from end-stage renal disease (ESRD) but also from cardiovascular disease. As such, DKD is on track to
surpass all other diabetic complications in terms of attributable morbidity and mortality [4]. Indeed,
on a global level, CKD is expected to become the fifth cause of death worldwide within 20 years, and
diabetes-associated CKD is a key contributor to the increasing prevalence of CKD [5].

In recent years it has become apparent that diabetes-associated CKD is more heterogeneous
than previously thought, and may consist predominantly of tubular, interstitial and/or vascular
involvement rather than glomerular injury. Thus, patients with decreased GFR may not have
pathological albuminuria, and the term DKD is now preferred, leaving the term diabetic nephropathy
for histologically confirmed lesions [6]. Despite advances in the nephroprotective treatment of T2DM,
DKD remains the most common complication, and its incidence keeps increasing, driving the need for
RRT worldwide [6,7]. It is, therefore, vital to optimize risk stratification and therapeutic strategies for
both DM2 and DKD patients in order to decrease associated morbimortality, mainly from cardiovascular
disease, and the need for RRT. Our review will focus on the potential role of glucagon-like peptide-1
receptor agonists (GLP-1RA) as nephroprotective agents in T2DM.

2. Management of Diabetic Kidney Disease

Until recently, prevention of DKD progression was based on strict blood pressure (BP) control,
using renin–angiotensin system blockers that simultaneously reduce BP and proteinuria, adequate
glycemic control and control of cardiovascular risk factors (dyslipidemia, obesity and smoking), as
well as nephrotoxic drug avoidance [6,8,9] (Table 1). This approach nonetheless results in significant
residual renal and cardiovascular risk.

Table 1. Risk factors for diabetic kidney disease.

Risk Factor Susceptibility Initiation Progression

Demographic
Older age +
Sex (men) +

Race (black, other ethnic minorities) + +
Reduced renal mass + +

Low birth weight +
Low socioeconomic level + +

Hereditary
Family history of DKD +
Genetic kidney disease +

Systemic conditions
Hyperglycemia (poorly controlled) + + +

Obesity + + +
Hypertension (poorly controlled) + +

Kidney injuries
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Table 1. Cont.

Risk Factor Susceptibility Initiation Progression

Acute kidney injury + +
Toxins, nephrotoxic drugs, mainly NSAIDs + +

Smoking +
Urological problems (infection, obstruction) + +

Dietary factors
High protein intake + +

DKD: diabetic kidney disease; NSAIDs: nonsteroidal anti-inflammatory drugs. Modified from Alicic [6].

2.1. BP Control

BP should be controlled with drugs that reduce cardiovascular events (angiotensin-converting
enzyme inhibitors, angiotensin II receptor blockers, thiazide-like diuretics or calcium channel
blockers) [8]. However, despite the controversy surrounding target BP levels in T2DM patients,
over 50% have BP <140/90 mmHg, but only around 20% have BP <130/80 mmHg [9].

2.2. Blood Glucose Control

Optimizing glucose control in DKD patients is challenging due to an increased risk of adverse
effects from certain glucose-lowering agents. Both UKPDS and DCCT have clearly demonstrated that
progression of retinopathy and nephropathy is linked to glycemic control and it is crucial that patients
maintain HbA1c levels less than or equal to 6.5% to minimize disease progression [10]. Nevertheless,
the drugs previously available to reach this goal were associated with a high risk of hypoglycemia.
In the last few decades, therefore, blood glucose objectives have become more moderate, which has
undoubtedly had an impact on microvascular complications, including nephropathy. Accumulation of
kidney-excreted drugs, especially sulfonylureas and insulin, may result in repeated hypoglycemic
episodes [11], while metformin may cause potentially lethal lactic acidosis [12,13]. Some drugs that
can be administered despite low eGFR values are marred by side effects such as hypoglycemia with
repaglinide, volume retention and risk of distal fractures with pioglitazone, or may impact negatively
on CKD progression (e.g., dipeptidyl peptidase 4 inhibitors).

Among the agents used to treat hyperglycemia, only sodium–glucose co-transporter type 2
inhibitors (SGLT2i) and certain GLP-1RA have been shown to improve kidney outcomes regardless of
glycemic control [14]. SGLT2i decreased both primary and secondary kidney endpoints in patients with
DKD or at high cardiovascular risk, respectively [15–17]. These endpoints include progressive loss of
GFR, new-onset albuminuria and RRT initiation, alone or in combination. However, the use of SGLT2i
is still limited by the high cost and regulatory contraindications for patients with eGFR<60 mL/min/1.73
m2. It should be noted that this limit is driven by the perceived lack of benefit on glucose control
at these low eGFR levels, since the mechanism of antihyperglycemic action depends on glycosuria.
Nevertheless, recent trials demonstrated nephroprotection in patients with GFR >30 mL/min/1.73 m2,
even when the drug was maintained until the initiation of dialysis [16,18]. Some GLP-1RA, including
liraglutide [19], semaglutide [20] and dulaglutide [21], have also shown renal benefits, and contrary to
SGLT2i, can currently be administered up to an eGFR of 15 mL/min/1.73 m2.

2.3. Obesity

The prevalence of obesity and abdominal obesity in T2DM patients remains high. In Spain,
the country projected to have the longest life expectancy by 2040, this prevalence is 50% and 68%,
respectively [5,22]. Obesity and overweight are known renal progression factors, although most studies
on the renoprotective impact of weight loss are retrospective or are prospective but with only one-arm
observational studies. In obese patients (with and without diabetes), weight loss induces a significant
reduction in proteinuria [23], which is observed rapidly after weight loss and correlates with weight
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reduction. Similarly, the correction of metabolic syndrome components along with weight reduction
has been associated with slower DKD progression [24].

In T2DM patients with obesity and advanced CKD (GFR < 40 mL/min/1.73 m2 and albuminuria
> 30 mg/g), the combination of a hypocaloric diet and physical exercise was associated with 12%
weight and 36% albuminuria reduction, accompanied by improved renal function and glycemic
control [25]. This benefit was recently demonstrated in the SOS study (Swedish Obese Subjects). This
study compared 2010 patients undergoing bariatric surgery (17% with T2DM) with 2037 obese controls
(13% with T2DM) who received standard care for obesity and an average follow-up of 18 years. Patients
undergoing bariatric surgery had a 67% reduction in the incidence of renal endpoint (CKD stage 4–5,
dialysis or transplant) compared to controls (p < 0.001). The beneficial impact was more evident in
patients with pathological albuminuria [26].

3. GLP-1 Receptor Agonists

The incretin effect describes the phenomenon whereby, in healthy individuals, oral glucose
elicits higher insulin secretory responses than intravenous glucose, despite inducing similar levels of
glycemia. This effect, which is uniformly defective in T2DM patients, is mediated by the gut-derived
incretin hormones glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-1
(GLP-1). Two incretin hormones have been identified produced by entero-endocrine K cells, whereas
GLP-1 is mainly secreted from L cells located throughout the intestine, more abundantly towards the
distal ileum and colon. GLP-1 acts through binding to its receptor (GLP-1R) triggering a downstream
signaling cascade. GLP-1R is a class B G protein-coupled receptor not only expressed in the pancreas
and central nervous system, but also detected in lower levels in the gut, kidneys, lungs, liver, heart,
muscle, peripheral nervous system and other tissues. GLP-1 increases insulin secretion in response to
nutrients, particularly glucose (the so-called incretin effect) and suppresses glucagon secretion from
pancreatic islet cells, with a reduction in postprandial glucose levels as the net result [27].

GLP-1 seems also to play a role in the central regulation of feeding by increasing satiety signals and
reducing appetite, resulting in decreased food intake and subsequent weight loss. Further, GLP-1 exerts
effects on the gastrointestinal tract by slowing the gastric emptying rate and small intestine peristalsis,
which conditions slower absorption of glucose. Depending on the molecule (native or recombinant
long-acting) and administration route, GLP-1RA have broad pleiotropic action on metabolism. All
these actions are transduced by a single GLP-1R located in many organs including the kidney. Among
the numerous beneficial effects mediated by GLP-1RA are blood glucose regulation, body weight
reduction due to food intake inhibition and reduced gastric motility, cell proliferation stimulation,
inflammation and apoptosis reduction, and improved cardiovascular function, neuroprotection and
renoprotection [28,29].

In T2DM individuals, circulating GLP-1 levels are similar to those found in normoglycemic
individuals, yet partial resistance to the insulinotropic effects of GLP-1RA is seen in some T2DM
patients at physiological and pharmacological concentrations.

GLP-1 response to oral glucose tolerance test is up to 25% lower in individuals with prediabetes
or T2DM than in those with normal glucose regulation. Whether a defective incretin system in T2DM
is caused by decreased responsiveness of β cells to GLP-1 and glucose-dependent insulinotropic
polypeptide (GIP), or by hyposecretion of incretin hormones, remains unclear. Importantly, in T2DM
the insulinotropic response to exogenous GIP administration is completely lost, while a partially
preserved, substantial dose-dependent response to GLP-1 is observed [30].

Diminished insulin secretion in response to treatment with GLP-1RA has been associated with
genetic and metabolic alterations, thus implicating genetic variation in the transcription factor 7-like
2 (TCF7L2), the loci for GLP-1R, wolfram syndrome 1 and chymotrypsinogen B1/2 [31]. Impaired
proinsulin conversion could explain the mechanism for TCF7L2-associated diminished GLP-1RA
efficacy as well as dependent repression of GLP-1R expression on b-cells [32]. Incretin action may
also be reduced during hyperglycemia and also in some individuals with prediabetes, diabetes and
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insulin resistance [28]. Native GLP-1 has a very short half-life (about two minutes) because of rapid
degradation by the endogenous enzymes dipeptidyl peptidase (DPP-4) and neutral endopeptidase.

GLP-1RA are a pharmacological family of peptides that stimulate the human GLP-1 receptor.
They can be classified according to different characteristics, such as molecular size, chemical structure
and duration of action. Based on their chemical structure, GLP-1 RA can be divided into two groups:
incretin-mimetics (exendin-4 analogs) and human GLP-1RA. Incretin-mimetics are derived from
exendin-4, a 39 amino acid peptide isolated from the saliva of the giant lizard Gila monster (Heloderma
suspectum), and they share a 53% homology with human GLP-1. Such structural differences with
human GLP-1 confer both exendin-4 and incretin-mimetics with resistance to inactivation by DPP-4.
Currently, daily exenatide, once-weekly exenatide and lixisenatide are approved exendin-4 analogs,
and efpeglenatide is an investigational drug in Phase 3 clinical development. Incretin-mimetic drugs
are mainly eliminated by glomerular filtration, tubular reabsorption and subsequent proteolytic
degradation, so their clearance is reduced in patients with renal insufficiency. Due to their partial
homology to human GLP-1, these drugs may induce an immune response in some individuals;
approximately 2–3% of patients develop inactivating antibodies. Human GLP-1 analogs show a
close structural homology to native GLP-1, and they increase their half-life through several molecular
modifications, such as attachment of fatty acid (liraglutide and semaglutide), albumin (albiglutide) or
a constant fraction of immunoglobulin G4 (dulaglutide). Single substitutions of amino acids in the
molecular sequence of native GLP-1 confer human GLP-1RA resistance to DPP-4 cleavage. Liraglutide,
dulaglutide and semaglutide (subcutaneous and oral) are currently approved human GLP-1RA, since
albiglutide was withdrawn from the market for commercial reasons. Human GLP-1RA are metabolized
in target tissues via the common proteolytic pathway of large proteins, without a specific organ
identified as the main route of elimination. They are protected from renal clearance by either their
large molecular size or their noncovalent attachment to albumin. Due to their structural similarity to
native human GLP-1, their immunogenicity is low [33].

Large-sized GLP-1RA, such as dulaglutide and albiglutide, are bound to large proteins, which
makes it difficult for them to cross the blood–brain barrier and reach satiety centers. Therefore, a lower
effect on body weight has been seen in clinical trials with these molecules in comparison to small-sized
GLP-1 RA such as liraglutide or semaglutide [33].

Classification of GLP-1 RA into short- and long-acting agonists may be more useful from a
practical viewpoint. Long-acting GLP-1 RA, such as liraglutide, dulaglutide, once-weekly exenatide or
semaglutide, induce prolonged stimulation of the GLP-1R, leading to a greater reduction of fasting
plasma glucose and HbA1c. Short-acting GLP-1 RA, such as daily exenatide or lixisenatide, show a
lower effect on fasting plasma glucose, basal insulin secretion and HbA1c but induce a more pronounced
decrease in postprandial glycemia. The effect of short-acting GLP1-RA on postprandial glycemia seems
to be a consequence of delayed gastric emptying. In contrast, the effect of long-acting GLP-1 RA on
gastric emptying is lost after a few weeks of treatment due to a tachyphylaxis mechanism [33].

Human GLP-1RA (liraglutide, semaglutide, albiglutide, dulaglutide) have been shown to reduce
cardiovascular morbidity and mortality. In contrast, incretin-mimetics (daily exenatide, once-weekly
exenatide, lixisenatide) have not demonstrated superiority in cardiovascular outcomes trials. Some
experts argue that differences in study design and population, statistical power, adherence, withdrawals
or even mere chance may explain these findings [33]. However, certain molecular differences will
probably have contributed, at least partially, to the results:
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• Immunogenicity. Exendin-4 analogs are immunogenic, and, in some patients, the drug is
inactivated by antibodies, whereas human GLP-1RA rarely induce antibody formation.

• Tolerance. Exendin-4 analogs are metabolized and eliminated by the kidneys, so they accumulate
in CKD patients (precisely those with the highest cardiovascular risk), which may favor their
withdrawal due to gastrointestinal intolerance. Human GLP-1RA, in contrast, are not eliminated
by the kidneys.

• Production of GLP-19-36. Exendin-4 analogs are fully resistant to inactivation by DPP-4. Conversely,
human GLP-1RA may be partially metabolized to small amounts of the metabolite GLP-19-36,
which could have an additional cardioprotective effect, acting in the endothelial mitochondria
through a non-GLP-1 receptor pathway.

From a pharmacological point of view, GLP-1RA effects are mediated by their target molecule
(GLP-1R). In this regard, Takayanagi et al. reported that target molecular occupancy could be a useful
parameter for evaluating the clinical efficacy of these drugs [34]. They showed that GLP-1RA produce
their clinical effect at a relatively low level of GLP-1R occupancy, suggesting that this parameter
(GLP-1R occupancy rate) could be used to evaluate clinical efficacy irrespective of the drugs used.
Moreover, applied to a single patient, it would be possible to evaluate the clinical efficacy of these
drugs individually to make optimal treatment choices.

4. GLP-1RA in Diabetic Kidney Disease Patients

4.1. Pharmacokinetics

The structural difference in human GLP-1 confers exendin-4 and, by extension, incretin-mimetics,
resistance to inactivation by DPP-4. Incretin-mimetics are eliminated mainly by glomerular filtration,
tubular reabsorption and subsequent proteolytic degradation, so their clearance is reduced in patients
with renal insufficiency. In contrast, GLP-1 analogs are metabolized locally in the target tissues by the
common route of large proteins, without a specific organ identified as the main route of elimination.
They are protected from renal clearance by their large molecular size or by their non-covalent binding
to albumin [33,35].

A pharmacokinetic study with the administration of a single subcutaneous dose of semaglutide
0.5 mg showed that semaglutide exposure was similar between subjects with mild/moderate renal
impairment or end-stage renal disease and subjects with normal renal function. This equivalence
was not demonstrated in subjects with severe renal impairment, in which mean exposure was 22%
higher [36].

Thus, the European Medicines Agency (EMA) has approved the use of all commercially available
human GLP-1 analogs up to eGFR of 15 mL/min/1.73 m2, while all exendin-4 analogs are contraindicated
below 30 mL/min/1.73 m2, given the risk of accumulation and toxicity [20,37]. GLP-1RA may exert a
beneficial action on the kidneys through blood glucose and BP-lowering effects, reduction of insulin
levels and weight loss as well as possible direct cardio-nephroprotective mechanisms through actions
on endothelial dysfunction and inflammation [38] (Figure 1).
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Figure 1. Potential mechanisms for the cardio-nephroprotective effect of GLP-1RA (modified from:
Thomas [39] and Greco [40].

4.2. Antihyperglycemic Efficacy of GLP-1RA in Patients with DKD

The range of antihyperglycemic medications in patients with advanced DKD is limited. When
GFR falls below 30 mL/min/1.73 m2, patients are traditionally switched to insulin, metaglinides or
DPP4i. Insulin treatment is associated with an increased risk of hypoglycemia [11], weight gain and
increased sodium reabsorption in the proximal tubule [41]. DPP4i are modestly effective in reducing
glycemia in all ranges of CKD, even in dialysis [42]. However, no cardiovascular or renal benefit
has been observed [43], and even saxagliptin was associated with an increased incidence of heart
failure [17]. By contrast, SGLT2i and some GLP-1RA were associated with improved cardiorenal
outcomes. SGLT2i reduced cardiorenal risk in patients at high cardiovascular risk and in patients with
DKD, as recently reported [44,45]. Cardiovascular and renal benefit is present despite only a modest
reduction in weight and regardless of glycemic control.

The GLP-1RA liraglutide [19,46], dulaglutide [37] and subcutaneous and oral semaglutide [20,47]
have shown to improve glycemic control in patients with diabetes and very low eGFR, including
dialysis patients for liraglutide [48]. In T2DM patients with moderate renal impairment, liraglutide
demonstrated better glycemic control and weight reduction, with a good safety profile in terms of low
hypoglycemia risk compared to placebo [49]. In addition, the AWARD-7 trial was able to demonstrate
that when both were combined with insulin lispro, once-weekly dulaglutide attenuated eGFR decline
more than titrated daily insulin glargine in T2DM and moderate-to-severe CKD patients. Note that
these benefits were observed lowering HbA1c to a similar extent as insulin glargine, but with additional
weight loss and the benefit of a lower rate of hypoglycemia in the weekly dulaglutide group as
compared with daily insulin glargine, thus demonstrating increased safety [22]. In concordance with
these findings, in the PIONEER 5 trial once-daily oral semaglutide 14 mg was superior to placebo in
decreasing HbA1c and body weight in patients with T2DM and moderate renal impairment, revealing
a good safety profile, including renal safety and few hypoglycemic episodes [50].

5. GLP-1 Receptor Agonists and Cardiovascular Outcomes

The efficacy and safety of GLP-1RA has been evaluated in eight clinical trials with cardiovascular
outcomes in 60,090 T2DM patients: ELIXA (lixisenatide) [50], EXSCEL (exenatide) [51], LEADER

39



J. Clin. Med. 2020, 9, 947

(liraglutide) [19,52], SUSTAIN 6 (subcutaneous semaglutide) [20], HARMONY (albiglutide) [53],
REWIND (dulaglutide) [37], PIONEER 6 (oral semaglutide) [54] and FREEDOM-CVO (ITCA 650, a
novel drug device delivering continuous exenatide) [55] (See Table 2, Figure 2).

Figure 2. GLP-1RA RCT studies with known beneficial cardiovascular endpoints. Blue bars—percentage
of 3-point MACE reduction with the intervention drug. Orange bars—percentage of individual primary
cardiovascular endpoint reduction with the intervention drug. Three-point MACE, 3-point MACE; MI,
fatal and nonfatal myocardial infarction.

The first reported trial, ELIXA, conducted in 6068 patients with a history of recent acute coronary
syndrome and T2DM, was CV neutral, confirming the noninferiority of lixisenatide for three-point
MACE [50]. The second one, LEADER, was conducted in 9340 T2DM patients with high cardiovascular
risk and demonstrated both CV noninferiority and statistical superiority of once-daily treatment with
liraglutide. The reduction in three-point MACE (HR 0.87 (95% CI 0.78–0.97)) with liraglutide was
driven mainly by a reduction in CV death (HR 0.78 (95% CI 0.66–0.93)) [52]. The SUSTAIN 6 trial
studied the effect of once-weekly treatment with 0.5 or 1 mg of long-acting semaglutide in 3297 T2DM
patients at high risk for CV risk, defined by age 50 or older with established cardiovascular disease,
chronic heart failure (New York Heart Association class II or III), or CKD stage 3 or higher or age 60
or older with at least one cardiovascular risk factor [20]. This Phase 3 trial demonstrated a favorable
effect on three-point MACE accompanied by a significant decrease in nonfatal stroke (HR 0.61 (95%
CI 0.38–0.99), p = 0.04). EXSCEL was the largest study performed in a usual-care setting including
14,752 T2DM patients with or without previous CVD. This study was CV neutral, confirming the
noninferiority of once-weekly treatment with 2 mg long-acting extended-release exenatide [51]. The
HARMONY trial studied the effect of once-weekly treatment with 30 or 50 mg long-acting albiglutide
in 9469 T2DM patients with cardiovascular disease [53]. This trial demonstrated a favorable effect
on three-point MACE accompanied by a significant decrease in myocardial infarction (HR 0.75 (96%
CI 0.61–0.90), p = 0.003) [53]. PIONEER 6 studied the effect of once-daily oral semaglutide treatment
with a target dose of 14 mg in 3183 T2DM patients aged 50 or older with established cardiovascular
disease or CKD or aged 60 or older with cardiovascular risk factors alone [54]. This trial demonstrated
the noninferiority of oral semaglutide for three-point MACE, with a non-significant 21% reduction in
MACE in the treatment group [54]. The last published trial, REWIND, was conducted in 9901 T2DM
patients with either a previous cardiovascular event or cardiovascular risk factors and demonstrated CV
noninferiority and statistical superiority of once-weekly treatment with 1.5 mg dulaglutide. Dulaglutide
reduced cardiovascular outcomes in both men and women with or without previous CV disease. The
reduction in three-point MACE (HR 0.88 (95% CI 0.79–0.99)) with dulaglutide was mainly driven by a
reduction in nonfatal stroke (HR 0.76 (95% CI 0.61–0.95)) [37].
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The FREEDOM-CVO trial, designed to test CV safety in a pre-approval setting, evaluated the
continuous delivery of exenatide in more than 4000 T2DM patients with CV disease. Although the final
results have not yet been published, early on in May 2016, the company press release reported that the
study had achieved all its clinical endpoints and was completed on time, confirming noninferiority in
terms of CV outcomes [55].

A recently published systematic review and meta-analysis of cardiovascular outcome trials with
GLP-1RA screened 27 publications and seven of the above-mentioned clinical trials [56]. Overall,
GLP-1 receptor agonist treatment reduced MACE by 12% (HR 0.88, (95% CI 0.82–0.94); p < 0.0001).
HRs were 0.88 (95% CI 0.81–0.96; p = 0.003) for death from cardiovascular causes, 0.84 (0.76–0.93;
p < 0.0001) for fatal or nonfatal stroke and 0.91 (0.84–1.00; p = 0.043) for fatal or nonfatal myocardial
infarction. GLP-1 receptor agonist treatment reduced all-cause mortality by 12% (HR 0.88, (95% IC
0.83–0.95; p = 0.001)), hospital admission for heart failure by 9% (HR 0.91, (95% IC 0.83–0.99; p = 0.028)),
without increasing the risk of severe hypoglycemia, pancreatitis or pancreatic cancer [56].

Overall, the clinical trials mentioned in this section demonstrated noninferiority and CV neutrality
for exendin-4 GLP-1RA, and cardiovascular protection for human GLP-1RA. This observed differential
effect may be ascribed to different causes such as clinical trial design, studied population characteristics,
and molecular differences between exendin-4 and human GLP-1RA.

All these data prompt the question of whether GLP-1RA has a class effect. Human GLP-1 analogs
(liraglutide, semaglutide, albiglutide, predictably dulaglutide) have demonstrated CV morbidity
and mortality reduction. In contrast, exendin-4 or incretin-mimetic analogs (exenatide, exenatide
LAR, lixisenatide) have not achieved superiority in CV safety studies, a fact that points towards
a possible class effect in this group of drugs. Other explanations for these differences include the
study designs, populations studied, potency, withdrawals or even mere chance. However, certain
molecular differences are likely to have contributed at least partially to these results, which supports
the hypothesis of a class effect in GLP-1RA.

6. GLP-1 Receptor Agonists on Kidney Outcomes

To date, there are no published GLP-1RA trials with a primary endpoint of kidney events or
enrolling only DKD patients. For this reason, insights into the renal impact of GLP-1RA were provided
by cardiovascular outcomes trials (Table 3, Figure 3).

Figure 3. GLP-1RA RCT studies with known beneficial renal endpoints. Blue bars—percentage
of composite renal endpoint reduction with the intervention drug. Orange bars—percentage of
individual renal endpoint reduction with the intervention drug. Renal, combined renal endpoint;
MA, macroalbuminuria; ↓ eGFR ≥ 40%, Sustained decline in eGFR of ≥40%; ↓ eGFR ≥ 50%, Sustained
decline in eGFR of ≥50%.
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In the ELIXA (Evaluation of Lixisenatide in Acute Coronary Syndrome) trial [50,57], eGFR was
<60 mL/min/1.73 m2 in 25% of lixisenatide and in 22% of placebo patients. In an exploratory analysis,
lixisenatide decreased the percentage of albuminuria change compared to baseline when tested against
placebo, although after adjusting for various variables, this was only significant in patients with
macroalbuminuria. However, no differences were observed regarding eGFR loss. In the EXSCEL
trial [51], eGFR was <60 mL/min/1.73 m2 in 17% of exenatide and placebo patients. Secondary renal
endpoints were not predefined. However, post-hoc analysis demonstrated a significant reduction in
the risk of a combined kidney endpoint consisting of a 40% reduction in the rate of eGFR decline,
onset of dialysis or transplantation, renal death and onset of macroalbuminuria (HR 0.85 (95% CI
0.73–0.98, p = 0.027)) [58]. In the LEADER trial [19,52], 23% of patients had eGFR <60 mL/min/1.73 m2,
36% albuminuria >30 mg/g and 10% albuminuria >300 mg/g. Liraglutide decreased by 22% (HR
0.78 (95% CI 0.67–0.92, p = 0.003)) the risk of a secondary composite kidney endpoint (new-onset
macroalbuminuria, sustained serum creatinine duplication, initiation of RRT or renal death). This
benefit was mainly at the expense of macroalbuminuria reduction, without significant benefit in
the other composite endpoint parameters. Interestingly, when results were stratified according
to the eGFR at baseline, the decrease in eGFR in patients with a baseline estimated GFR of 30 to
59 mL/min/1.73 m2 was 2 mL/min/1.73 m2 in the liraglutide group, compared with 4 mL/min/1.73 m2

in the placebo group (HR 1.07 (95% CI 1.04–1.10, p < 0.001)) [52]. In the HARMONY trial [23], eGFR
was <60 mL/min/1.73 m2 in 11% of patients. After 1.6 years of follow-up, no significant benefit of
albiglutide was observed in the safety endpoint of the eGFR decline rate. To date, no other kidney
endpoints have been analyzed. In the REWIND trial [37], eGFR was <60 mL/min/1.73 m2 in 22% of
patients. Dulaglutide achieved a significant 15% risk reduction (HR 0.85 (95% CI 0.77–0.93, p = 0.0004))
in the renal composite endpoint (new-onset macroalbuminuria, sustained decreased of eGFR <30%
or the initiation of RRT), mainly driven by decreased new-onset macroalbuminuria. The effect of
dulaglutide on renal outcome was further explored in a set of sensitivity analyses, which demonstrated
that dulaglutide was associated with reduced incidence of sustained eGFR decline of 40% or more
(HR 0.70 (95% CI 0.57–0.85, p = 0.0004)), and 50% or more (HR 0.56 (95% CI 0.41–0.76, p = 0.0002)).
Consistent with these results, a recently published sub-analysis of another antidiabetic class drug,
empagliflozin, a sodium glucose cotransporter-2 inhibitor, demonstrated that lower thresholds of eGFR
(e.g., 30%) were associated with higher event rates but weaker treatment effect, suggesting that in the
future renal endpoints should target an eGFR decline above 40% [59].

In the SUSTAIN 6 trial [20], eGFR < 60 mL/min/1.73 m2 was present in 28.5% of patients and 12.7%
had baseline macroalbuminuria. Semaglutide effected a 36% reduction (HR 0.64 (95% CI 0.46–0.88,
p = 0.005)) in a secondary combined kidney endpoint (new-onset macroalbuminuria, doubling serum
creatinine reaching an eGFR<45 mL/min/1.73 m2, initiation of renal replacement therapy or renal death).
The renal benefit owed mainly to impact on new onset macroalbuminuria (2.7% in the semaglutide
group vs. 4.9% in the placebo group, p = 0.001). Post-hoc analyses showed a 30% reduction in
albuminuria and regression to micro- or normoalbuminuria occurred for all degrees of albuminuria in
patients treated with semaglutide [60].

In a post-hoc analysis, patients on 1 mg weekly subcutaneous dose of semaglutide had significantly
slower eGFR loss than those on placebo (semaglutide 1 mg: –1.05 [–1.41; –0.69] vs. placebo: –1.92
[–2.18; –1.67] mL/min/1.73 m2/year, p < 0.001). Slower eGFR decline was also observed when patients
with eGFR <60 or >60 mL/min/1.73 m2 were analyzed separately [60]. A recent sub-analysis confirmed
a significantly milder eGFR decline with 1 mg semaglutide in patients with baseline eGFR between
30 and 60 mL/min/1.73 m2 [58]. In the PIONEER 6 trial [54], which evaluated oral semaglutide, 27%
of patients had eGFR <60 mL/min/1.73 m2; however, this study did not include renal endpoints.
Interestingly, in REWIND, LEADER and SUSTAIN 6, no differences were observed in RRT components
of the combined kidney endpoint.
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7. Potential Mechanisms for GLP-1RA-Associated Nephroprotection

GLP-1R have been identified in vascular smooth muscle cells of preglomerular arterioles in human
and experimental animal kidneys [61] but cannot be easily detected by immunohistochemistry or
imaging, and levels of expression may be below the sensitivity of the techniques [62]. Their presence
in renal glomeruli and proximal tubular cells remains a subject of debate [63]. Renal expression of
GLP-1R could underlie observations of GLP-1RA nephroprotection [30].

Indirect nephroprotective effects may depend on improvement in conventional risk factors for
DKD, such as glycemic control, weight control and BP. Although nephroprotection has been observed
with other glucose-lowering drugs that decrease weight such as SGLT2i, the latter possess many other
potential nephroprotective mechanisms, while conferring a more modest benefit in weight reduction.
Nevertheless, in the LEADER study, the difference in kidney outcome was not altered by adjustment
for change in glycemic control, body weight or systolic BP [19].

In a meta-analysis of 26,654 patients from 33 clinical trials including 12,469 patients that received
liraglutide (41%) or exenatide (59%), GLP-1RA were associated with a systolic BP reduction of
2.22 mmHg (95% CI: –2.97–1.47). In a separate meta-regression analysis, the degree of systolic BP
change was not associated with baseline BP, weight loss or improvement in HbA1c [64]. Reduction in
glucose levels and improvements in insulin sensitivity following therapy with GLP-1RA also lead to a
decline in insulin levels, with benefits to different organs including the kidneys [39]. Treatment with
GLP-1RA is able to modulate the microbiome of mice; accordingly, liraglutide could modulate the
composition of the gut microbiota, leading to a more lean-related profile that was consistent with its
weight-losing effect [65].

Direct renal and cardiac effects may also contribute to nephroprotection. The potential mechanisms
of direct renal benefit of GLP-1RA are multiple and incompletely understood, most having been
demonstrated in experimental animals only. These putative renoprotective actions and effects of
GLP-1RA on kidneys are shown in Figure 2.

Turning next to the effect on natriuresis, GLP-1 has been demonstrated to induce natriuresis and
diuresis, likely involving inhibition of sodium–hydrogen exchanger 3 (NHE3) localized at the brush
border of the renal proximal tubular cells [66]. NHE3 activity in the proximal tubule increases distal
tubular sodium transport in the kidney to the macula densa, resulting in restored tubular glomerular
feedback with a reduction in intraglomerular pressure, hyperfiltration and renin–angiotensin system
activation [67]. These findings imply that GLP-1RA are proximal diuretics and renal vasodilators that
under healthy conditions only mildly influence tubuloglomerular feedback [68].

GLP-1RA also decrease circulating concentrations of angiotensin II, an effect that also plays
a role in the observed increase in renal sodium wasting [29], and which may partially explain the
BP-lowering effects of GLP-1RA. Several molecules play a role in glucose metabolism including insulin,
ATP and glucose itself, which regulate NHE3 and SGLTs in the kidney, thus suggesting certain indirect
natriuretic actions of GLP-1 [32]. Some studies in experimental animals have also suggested the effects
of GLP-1 may be mediated by Atrial Natriuretic Peptide [39].

7.1. GLP-1RA and Renal Hemodynamics

The question of whether GLP-1RA modulate glomerular hemodynamics is controversial. GLP-1RA
may decrease endothelin-1 and angiotensin II-induced vasoconstriction, thus decreasing glomerular
hyperfiltration [63]. However, in healthy overweight men, exenatide infusion was found to acutely
induce nitric oxide-dependent glomerular afferent arteriole vasodilation, increasing postprandial GFR
by 20% (18–20 mL/min/1.73 m2, p = 0.021) [69]. Theoretically, however, decreased proximal sodium
reabsorption would initiate vasoconstriction of the preglomerular arteriole through tubule-glomerular
feedback. Yet, the net effect of exenatide on preglomerular arterioles was vasodilation in the present
study, suggesting a stronger direct vasodilation effect. These findings imply that GLP-1RA are proximal
diuretics and renal vasodilators that only mildly influence tubule-glomerular feedback under healthy
conditions [68].
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This discrepancy may be due to the fact that the renal effect of exenatide in healthy men may differ
from that in insulin-resistant subjects and T2DM patients, which could explain the above-mentioned
decrease in GFR after GLP-1 peptide infusion in these individuals. However, this was not replicated in
patients with T2DM [69], which was shown/hypothesized to depend on impaired nitric oxide-dependent
vasodilation in T2DM patients. Thus, GLP-1RA have the potential to increase or decrease eGFR,
depending on baseline conditions.

The net effect GLP-1RA have on glomerular hemodynamics probably depends on the balance of
the potential effect on tubule-glomerular feedback of GLP-1RA induced natriuresis (vasoconstriction
of the afferent in some patients) vs. vasodilation by nitric oxide, added to the vasodilator effect of the
efferent by inhibition of the renin–angiotensin axis and endothelin. The total sum of these divergent
forces determines changes in the eGFR, which could explain why in LEADER [19] and SUSTAIN [20],
patients presented different changes in eGFR depending on the subgroups stratified according to eGFR
at baseline.

7.2. Modulation of Cyclic Adenosine Monophosphate–Protein Kinase a (Camp/PKA) Signaling and Other
Anti-Inflammatory Pathways

GLP-1R activation leads to stimulation of cyclic adenosine monophosphate–protein kinase A
pathways, producing antioxidative effects; it, therefore, seems likely that GLP-1 protects the kidney
from oxidative injury [40]. In the diabetic nephropathy rat model, GLP-1RA also downregulated
expression of several inflammatory biomarkers in rats, such as tubulointerstitial tumor necrosis factor
alpha (TNF-α), monocyte chemoattractant protein-1(MCP-1), collagen I, alpha-smooth muscle actin
(α-SMA) and fibronectin, all reported to play a role in diabetic nephropathy, as well as ameliorating
kidney tubules and tubulointerstitial lesions [70].

Other putative renoprotective actions of GLP-1RA are the improvement of renal hypoxia related
to vascular rarefaction induced by hyperglycemia and anti-atherogenic effects, both directly via an
effect on glucose, lipids, weight and BP and possibly indirectly via anti-inflammatory and anti-ischemic
activity [39].

8. Ongoing Studies and Unanswered Questions

There are three ongoing studies of GLP-1RA in primary kidney outcomes: Effect of GLP-1RA,
liraglutide, on DKD (NCT01847313); Effect of LIXIsenatide on the Renal System (ELIXIRS)
(NCT02276196); and The FLOW study (Effect of semaglutide versus placebo on the progression
of renal impairment in subjects with T2DM and CKD) (NCT03819153) [71]. This last trial is the
largest one designed to test the effect of once-weekly treatment with 1 mg long-acting subcutaneous
semaglutide in T2DM patients with moderate/advanced CKD and albuminuria. FLOW has recently
begun recruiting more than 3000 adult T2DM patients with DKD on maximal tolerated dose RAAS
blockers. DKD is defined as either albuminuria 300–5000 mg/g and eGFR 50–75 mL/min/1.73 m2 or
albuminuria 100–5000 mg/g and eGFR 25–50 mL/min/1.73 m2. The primary composite kidney outcome
is composed of a persistent ≥50% reduction in eGFR or a persistent eGFR <15 mL/min/1.73 m2 or the
initiation of RRT (dialysis or renal transplant) or renal or cardiovascular death.

Several randomized clinical trial studies with GLP-1RA are currently ongoing. Among them,
the Heart Disease Study of Semaglutide in Patients with T2DM (SOUL) (NCT03914326) focused on
evaluating the effect of oral semaglutide in preventing cardiovascular events in T2DM patients with
cardiovascular disease or CKD. In this clinical trial, the first occurrence of a composite CKD endpoint,
namely renal death/onset of persistent 50% or more reduction in eGFR (CKD-EPI)/onset of persistent
eGFR (CKD-EPI) below 15 mL/min/1.73 m2 initiation of chronic renal replacement therapy (dialysis or
kidney transplantation) is included in the secondary outcomes. In addition, a new GLP-1RA named
efpeglenatide is being tested in T2DM patients with established cardiovascular disease or aged over
50 years (male), 55 years (female) or older with eGFR ≥25 and <60 mL/min/1.73 m2 and at least one
cardiovascular risk factor. In the AMPLITUDE-O trial (Effect of Efpeglenatide on Cardiovascular
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Outcomes) (NCT03496298), the time to first occurrence of any of the following clinical events: new-onset
or progression to macroalbuminuria (>300 mg/g) accompanied by a UACR value increase of ≥30%
from baseline, sustained a ≥40% decrease in eGFR from baseline (for ≥30 days), chronic dialysis (for
≥90 days), renal transplant, sustained eGFR <15 mL/min/1.73 m2 (for ≥30 days) is also considered as a
secondary outcome.

Although several basic research studies and randomized clinical trials focused on GLP-1RA are
already underway, the renoprotective mechanisms of GLP-1RA are not completely understood. At the
pipeline level, further research is needed on the positive effect in terms of proteinuria, and inhibition of
the sodium–hydrogen exchanger 3 (NHE3) localized at the brush border of the renal proximal tubular
cells. This direct effect at the proximal renal tubular level may play a role in the differential GFR effect
depending on different degrees of DKD. SGLT-2 and GLP-1RA in combination have proven effective
in T2DM patients, but whether this drug combination exerts a potentiated or decreased cardiorenal
protective effect in patients with moderate-advanced DKD is unknown. The threshold of human
GLP-1RA is eGFR under 15 mL/min/1.73 m2, but this owes mainly to the lack of clinical trials in DKD
patients with stage 5 CKD in dialysis programs or kidney transplantation. Thus, the safety of this
class of drugs in this specific CKD population is also yet to be resolved. More studies are required in
patients with advanced CKD and T2DM.

9. Conclusions

Recently, certain glucose-lowering drugs have shown benefits beyond blood glucose control.
SGLT2i and GLP-1RA are associated with improved cardiovascular and kidney outcomes. Currently,
SGLT2i has regulatory approval only in patients with eGFR >60 mL/min/1.73 m2, although this is
expected to change soon. In contrast, human GLP-1RA can be used up to eGFR of 15 mL/min/1.73 m2.
GLP-1RA offer the potential for adequate glycemic control in multiple stages of DKD without an
increased risk of hypoglycemia and with additional benefits in weight reduction, cardiovascular
outcomes and exploratory kidney outcomes. The ongoing FLOW RCT is assessing the impact of
semaglutide on primary kidney outcomes in DKD.
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Abstract: Cardiovascular complications are one of the leading causes of mortality worldwide and
are strongly associated with atherosclerosis and vascular calcification (VC). Patients with chronic
kidney disease (CKD) have a higher prevalence of VC as renal function declines, which will result
in increased mortality. Serum calciprotein particles (CPPs) are colloidal nanoparticles that have a
prominent role in the initiation and progression of VC. The T50 test is a novel test that measures
the conversion of primary to secondary calciprotein particles indicating the tendency of serum to
calcify. Therefore, we accomplished a comprehensive review as the first integrated approach to clarify
fundamental aspects that influence serum CPP levels and T50, and to explore the effects of CPP and
calcification propensity on various chronic disease outcomes. In addition, new topics were raised
regarding possible clinical uses of T50 in the assessment of VC, particularly in patients with CKD,
including possible opportunities in VC management. The relationships between serum calcification
propensity and cardiovascular and all-cause mortality were also addressed. The review is the outcome
of a comprehensive search on available literature and could open new directions to control VC.

Keywords: calciprotein particles; calcification propensity; chronic kidney disease; vascular calcification

1. Introduction

Serum calciprotein particles (CPPs) are colloidal nanoparticles comprising a combination of
proteins (mainly fetuin-A, but also albumin and Gla-rich protein (GRP)) and calcium (Ca2+) containing
compounds, primarily calcium phosphate [1–3]. They are first formed by the binding of Ca2+ precursors
to the acidic residues of fetuin-A, a glycoprotein secreted by the liver [1,4]. These calcium–protein
complexes, also known as calciprotein monomers, pass through further aggregation and maturation,
resulting in primary calciprotein particles (CPP I) and later on, secondary calciprotein particles
(CPP II) [5–7]. CPP I are small spherical colloidal nanoparticles that contain amorphous calcium
phosphate, while CPP II contain crystalline calcium phosphate at their core, are larger than CPP I,
and have a needle-shaped structure. This transition from CPP I to CPP II is called “ripening” and
is hypothesized to be attributed to a reorganization of the colloidal nanoparticles into a more stable
form [5]. The ripening process is influenced by a number of factors such as the concentration of fetuin-A,
Ca2+, magnesium (Mg2+), phosphate (Pi), as well as the temperature and pH of the surrounding
microenvironment [1,6,8].
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The transition from CPP I to CPP II, which takes place naturally in serum, can also be induced
in vitro, and the time needed for the transition to take place can be measured. Half of the time needed
for the spontaneous transition from CPP I to CPP II, designated as T50, has been established as a strong
predictor of the calcifying properties of serum [9]. A higher T50 is beneficial since serum with a higher
T50 is less prone to calcify tissues compared to serum that has a lower T50.

Vascular calcification (VC) results in the thickening and increased rigidity of muscular arterial
walls [10]. This is the consequence of two main types of calcification: intimal and medial calcification.
Intimal calcification is associated with atherosclerosis, Ca2+ being deposited along with lipoproteins
as well as phospholipids [11,12]. Medial calcification, which is more prevalent in chronic kidney
disease (CKD), is the result of an osteogenic process similar to intramembranous ossification, which is
independent of atherosclerosis and causes a decrease in compliance of the vessel wall [13–15]. Medial
calcification occurs earlier in CKD patients compared to the general population [16].

With respect to CPPs in general and T50 in particular, there have been no reviews published until
now that summarize findings related to both CPPs and T50. Therefore, the purpose of this review was
to offer a synopsis of all studies published on CPPs and T50, respectively. We also aim to analyse and
discuss their roles and clinical significance in patients prone to developing VC, as well as to establish
possible new directions in the management of VC.

2. Methodology

2.1. Search Strategy

All databases that could be accessed through the PubMed search engine were selected for this
review. Human, animal, and in vitro studies were all taken into account. Due to the specific nature
of the selected domain and the fact that the majority of research papers were published relatively
recently, the period of publication was not limited. A set of search terms was selected as follows:
“Calciprotein particles”, “T50 AND calcification”, “Serum calcification propensity”. The search was
performed in PubMed on the 4th of January 2020 for both search strings, yielding a total of 162 studies
(78, 30, and 54 results, respectively). The results of the searches were organized into lists that were
cross-checked between search terms, with duplicates being eliminated. After the initial screening of
titles and abstracts, full-text articles were obtained for all eligible studies.

2.2. Selection, Screening, and Inclusion

The authors jointly selected the inclusion and exclusion criteria. Only articles with abstracts were
selected for screening, written in English including human, animal, and in vitro studies.

Studies that did not address CPPs and/or T50 in a medically relevant manner, such as physical or
chemical characterization of CPPs, and studies that lacked a clear definition of methods and materials
were not included. Reviews and case reports were excluded as well.

The identification, selection, screening, and inclusion process is summarized in Figure 1.
After cross-checking and eliminating duplicates, the results of the search string “Serum calcification
propensity” yielded three studies that were subsequently included in the same category as T50.
In total, 18 studies were included for CPPs [3,17–33] and 30, including the aforementioned 3 studies,
for T50 [34–63].
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Figure 1. Flow diagram for the identification, selection, screening, and inclusion process. Abbreviations:
CPP, calciprotein particles.

3. Molecular Background

3.1. Fetuin-A and Calciprotein Particles

While CPPs contain a number of proteins that can bind Ca2+, e.g., Gla-rich protein (GRP) [3],
as well as other serum proteins and lipoproteins such as albumin and apolipoprotein A1 [2], the main
protein within the CPP structure is fetuin-A, also known as alpha-2-HS-glycoprotein. It is a 55–60 kDa
glycoprotein, synthetized and secreted by the liver, which undergoes post-translational modifications,
including phosphorylation [4,64]. While phosphorylation is crucial for its various interactions,
e.g., with the insulin receptor, it is not required for mineral binding due to the number of acidic
residues [1,4,65,66]. Each molecule of fetuin-A can bind up to 6 Ca2+ ions [67]. Calcium and Pi
bound by fetuin-A form protein–mineral complexes called calciprotein monomers, the aggregation of
which results in the formation of plasma-soluble amorphous colloidal particles, referred to as CPP
I. The CPP I, which is spherical in nature and has a diameter of around 75 nm, circulates in plasma
and eventually undergoes rearrangement into CPP II, which is more dense, with a larger diameter
(120 nm), insoluble in serum, and has a needle-shaped crystalline structure [1]. This transition from the
primary, more instable form, to the secondary, more stable form, is dubbed “ripening” [5]. The process
is illustrated in Figure 2.

CPP I and CPP II are cleared by macrophages, especially Kupffer cells in the liver, thereby
preventing tissular deposition of Ca2+ and Pi [68]. Studies have shown that CPP II induces vascular
smooth muscle cell (VSMC) calcification in vitro, as well as the secretion of tumour necrosis factor α
(TNF-α) in macrophages, while CPP I does not. CPP II was found to increase bone morphogenetic
protein-2 as well as nuclear factor kappa-B expression in VSMCs. The calcification of VSMCs was

55



J. Clin. Med. 2020, 9, 1287

also shown to be the result of the cellular uptake of CPP II, with CPP II being detected intracellularly
in calcified VSMCs [29]. Both CPP I and CPP II were found to induce VSMC intimal hyperplasia,
which was more pronounced in the case of CPP II [18]. Moreover, CPPs were found to induce secretion
of interleukin 1β (IL-1β) in macrophages, however, to a lesser degree than hydroxyapatite crystals [31].
While both forms of CPP have pro-inflammatory effects, it is still less prominent than crystalline
hydroxyapatite. The more pronounced pro-inflammatory effect of CPP II compared to that of CPP I
might be attributed to its content of hydroxyapatite in crystalline form.

Figure 2. Fetuin-A transformation into CPP II. Abbreviations: Pi, phosphate; CPP I, primary calciprotein
particle; CPP II, secondary calciprotein particle.

The CPPs are detected and quantified in serum indirectly, by assessing the fetuin-A levels via
enzyme-linked immunosorbent assay (ELISA), before and after a high-speed centrifugation that
precipitates all CPPs as CPP II. The difference between fetuin-A concentrations before and after
centrifugation is interpreted as the amount of CPPs in the serum sample [33,69]. Because this method
induces the ripening process before measuring CPP content, it only brings information regarding the
total concentration of CPPs, without differentiating between CPP I and CPP II. To measure CPP I and
CPP II concentrations independently, a flow-cytometry method can be used [70].

3.2. Calcifying Properties of Serum

A method for measuring the calcification inhibition capacity of serum was elaborated by
Ismail et al. [71] based on electrochemical impedance. A prototype probe was successfully used
to measure the impedance of a test solution consisting of bovine albumin, Ca2+, and Pi. Upon the
addition of a calcification inhibitor, in that case fetuin-A, the electrical impedance of the solution would
increase proportionately to the Ca2+ content, due to the inhibitor consuming Ca2+ ions by forming
CPP I. Thus, the calcification inhibition capacity of the serum could be determined by measuring
the variation of impedance of a solution containing Ca2+ and Pi in a known concentration, after the
addition of serum.

Pasch et al. [9] were the first to develop a plate-based nephelometric assay to measure the time
needed for the transition from CPP I to CPP II in serum treated with Ca2+ and Pi solutions, and proposed
the use of one half of the transition time to maximum turbidity, also known as T50, as a parameter to
describe the calcifying properties of serum. The influence of factors such as pH and concentrations of
various serum constituents upon T50 was also analysed, and is summarized in Figure 3.

56



J. Clin. Med. 2020, 9, 1287

Figure 3. Effects of various factors upon T50 (half of the time needed for the spontaneous transition
from CPP I to CPP II) and plasma calcification propensity. Abbreviations: Pi, phosphate; Ca2+, calcium;
Mg2+, magnesium.

4. Results

4.1. Calciprotein Particles

Human studies on serum CPP levels are summarized in Table 1, animal and in vitro studies
on CPP are summarized in Table 2. The majority of studies used detection methods that did not
differentiate between the two types of CPP. To avoid confusion, we used the term total CPP (tCPP)
when referring to studies that did not specify the type of CPP analysed.

Table 1. Summary of 11 human studies on calciprotein particle (CPP).

Author, Year
Study Design,

Duration
Number of Subjects,

Disease
CPP Type
Studied

Findings

Nakazato et al.
2019 [20]

cross-sectional,
N/A 71 ACS tCPP High CPP levels associated with

atherosclerosis.
Chen et al. 2019

[23]
cross-sectional,

N/A 45 CKD stage IV–V CPP II Larger CPP II diameter in patients
with VC.

Viegas et al. 2018
[3]

cross-sectional,
N/A

16 CKD stage II-IV, 20
CKD stage V tCPP

CPP from CKD stage V patients
contained less fetuin-A and GRP and
had CPP II like characteristics.

Yamada et al.
2018 [28]

cross-sectional,
N/A

10 diabetes mellitus type
2 tCPP CPP elevated 2 h post-meal, CPP

inversely correlated with eGFR.
Cai et al. 2015

[30]
cross-sectional,

N/A 20 peritoneal dialysis tCPP CPP present, fetuin-A abundant in
peritoneal dialysis effluent.

Smith et al. 2013
[32]

cross-sectional,
N/A

11 CKD stage III–IV, 42
HD, 18 peritoneal

dialysis, 13 chronic
inflammatory disease

tCPP

CPP increased in CKD III-IV, HD,
peritoneal dialysis and chronic
inflammatory disease patients; CPP
was highest in HD patients with
calcific uremic arteriolopathy.

Smith et al. 2012
[33]

cross-sectional,
N/A 200 CKD stage III–IV tCPP Higher CPP levels associated with

increased aortic stiffness.

Cai et al. 2018
[24]

prospective
cohort, 7 weeks 12 peritoneal dialysis tCPP

Dialysate with higher Ca2+

concentration had higher CPP
content.

Ruderman et al.
2018 [25]

prospective
cohort, 12 months 62 HD CPP I Increase of serum CPP I after

cessation of cinacalcet treatment.

Bressendorff et al.
2019 [17]

Interventional, 28
days 57 HD CPP I,

CPP II

Higher Mg2+ concentration dialysis
solution reduced both CPP I and CPP
II levels, compared to standard
dialysis solution.

Nakamura et al.
2019 [21]

Interventional, 16
weeks 24 HD tCPP Lower CPP in lanthanum carbonate

treated patients vs. calcium carbonate.

Abbreviations: HD, haemodialysis; ACS, acute coronary syndrome; CPP, calciprotein particle; CPP I, primary
calciprotein particle; CPP II, secondary calciprotein particle; tCPP, total calciprotein particles; CKD, chronic
kidney disease; VC, vascular calcification; GRP, Gla-rich protein; eGFR, estimated glomerular filtration rate; N/A,
not applicable.
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Table 2. Summary of 1 animal and 6 in vitro studies on CPP.

Author, Year Study Design Animals/Cells CPP Type Studied Findings

Nemoto et al. 2019
[22] animal rats with 5/6

nephrectomy tCPP
Lower CPP in rats
treated with sucroferric
oxyhydroxide.

Shishkova et al.
2019 [18] in vitro VSMCs CPP I, CPP II

Both CPP I and CPP II
induced VSMC intimal
hyperplasia, more
pronounced in case of
CPP II.

Ter Braake et al.
2019 [19] in vitro VSMCs CPP II CPP II induced VSMC

calcification.

Aghagolzadeh et al.
2017 [26] in vitro VSMCs tCPP

H2S inhibits CPP
induced VSMC
calcification.

Cai et al. 2017 [27] in vitro VSMCs CPP II

Pi or CPP II alone did
not initiate VSMC
mineralization, but CPP
II with Pi did.

Aghagolzadeh et al.
2016 [29] in vitro VSMCs CPP I, CPP II

CPP II induced
calcification in VSMCs,
CPP I did not.

Smith et al. 2013
[31] in vitro VSMCs tCPP

CPP induce secretion of
TNF-α and IL-1β in
macrophages, but less
significantly than that
induced by
hydroxyapatite crystals.

Abbreviations: VSMCs, vascular smooth muscle cells; CPP, calciprotein particle; CPP I, primary calciprotein particle;
CPP II, secondary calciprotein particle; tCPP, total calciprotein particles; H2S, hydrogen sulphide; Pi, phosphate;
TNF-α, tumour necrosis factor α; IL-1β, interleukin 1β.

Dialysate from haemodialysis (HD) patients was found to contain CPP, and higher dialysate Ca2+

content was found to be associated with higher CPP concentration [24,30]. This suggests that CPP can
be cleared from the plasma of patients with chronic kidney disease (CKD) through HD. In addition,
CPP were found to induce VSMC calcification and intimal hyperplasia, with higher serum levels of CPP
being associated with increased aortic stiffness [18,26,33]. CPP also induced the secretion of TNF-α and
IL-1β in macrophages, with a more pronounced effect being attributed to CPP II. This pro-inflammatory
response, however, was still inferior to that induced by pure hydroxyapatite crystals [29,31].

4.2. Calcification Propensity

Observational studies of T50 and outcomes are summarized in Table 3, and human intervention
studies are summarized in Table 4. The majority of studies included in this section concern T50 in CKD
and/or kidney transplant patients.

Oral Mg2+ supplementation, as well as increased Mg2+ concentration in dialysis solution was
found to increase T50 in CKD patients [39,45,51]. The T50 was also found to be associated with serum
Mg2+ levels in CKD patients, but not with eGFR [50]. Serum Mg2+ levels were directly associated
with T50, which suggests that both oral Mg2+ supplementation, as well as increasing the Mg2+ content
of dialysis solution could be a viable method to counterbalance VC to some extent in CKD patients.
The use of citrate-buffered dialysis solution was found to significantly increase T50 as opposed to
standard acetate-buffered dialysis solution in HD patients [34,46]. While platelet derived growth factor
B hypomorphic animal brains showed signs of calcification, T50 did not differ compared to controls [61].

Lower T50 levels were also found to be associated with lower tissue oxygenation, as well as
an increase in all-cause and cardiovascular mortality, especially in CKD and kidney transplant
patients [36,42,48,49,52,56,57,60].
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Table 3. Summary of 18 observational studies on T50 and health outcomes.

Author, Year Study Design Follow-Up Time
Number of

Subjects, Disease
Findings

Bullen et al.
2019 [41] cross-sectional N/A 149 men with

osteoporosis
T50 was not associated with
bone mineral density.

Dahdal et al.
2018 [47] cross-sectional N/A 168, SLE T50 was negatively associated

with disease activity.

Pruijm et al.
2017 [48] cross-sectional N/A 58, CKD; 48,

hypertension

Lower T50 was associated with
reduced tissue oxygenation
and perfusion.

Bielesz et al.
2017 [50] cross-sectional N/A 118, CKD stage I–V

T50 associated with Pi, Mg2+

and fetuin-A but not with
eGFR.

Dekker et al.
2016 [54] cross-sectional N/A 64, HD

T50 increased
post-haemodialysis and
post-haemodiafiltration.

Voelkl et al.
2018 [63] cross-sectional N/A 16, CKD; 20, HD T50 was lower in CKD patients

compared to controls.
van Dijk et al.

2019 [35] prospective cohort 15 years 216, type 1 diabetes T50 not associated with
mortality.

Bundy et al.
2019 [36] prospective cohort At TOD or 11.2

years
3404, CKD stage

II–IV

Lower T50 associated with
cardiovascular events and
all-cause mortality.

Ponte et al.
2019 [37] prospective cohort 3 months 46, HD; 12,

peritoneal dialysis
Higher T 50 after dialysis
initiation.

Bundy et al.
2019 [38] prospective cohort 3.2 ± 0.6 years 780, CKD stage

II–IV

Lower T50 was associated with
greater CAC severity and
progression, however, T50 was
not associated with CAC
incidence.

Bostom et al.
2018 [42] prospective cohort median of 2.18

years 685, CVD
Lower T50 and fetuin-A levels
were associated with greater
risk for CVD outcomes.

Pasch et al.
2017 [49] prospective cohort At TOD or first

non-fatal CVE 2785, HD

Lower T50 associated with
all-cause mortality, myocardial
infarction, and peripheral
vascular events.

Lorenz et al.
2017 [52] prospective cohort 24 months 188, HD

T50 rate of decline significantly
predicted all-cause and
cardiovascular mortality.

Dahle et al.
2016 [56] prospective cohort median of 5.1 years 1435, kidney

transplant

Lower T50 associated with
all-cause and cardiac
mortality.

Keyzer et al.
2016 [57] prospective cohort median of 3.1 years 699, kidney

transplant

Lower T50 associated with
increased graft failure,
all-cause, and cardiac
mortality.

de Seigneux
et al. 2015

[59]
prospective cohort 1 year 21, kidney donors T50 was independent of eGFR.

Smith et al.
2014 [60] prospective cohort median of 5.3 years 184, CKD stage

III–IV
Lower T50 associated with
higher all-cause mortality.

Berchtold
et al. 2016

[58]

retrospective
cohort

between 2 and 43
years

129, kidney
transplant

T50 associated with interstitial
fibrosis and vascular lesions.

Abbreviations: SLE, systemic lupus erythematosus; HD, haemodialysis; CKD, chronic kidney disease; CAC, coronary
artery calcification; CVD, cardiovascular disease; Mg2+, magnesium; TOD, time of death; CVE, cardiovascular event;
Pi, phosphate; eGFR, estimated glomerular filtration rate; N/A, not applicable.
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Table 4. Summary of 11 human interventional studies on T50 with health outcomes.

Author, Year Study Duration
Number of Subjects,

Disease
Findings

Smerud et al.
2017 [53] 1 year 123, kidney transplant

T50 increased with no further change
after 1 year, ibandronate had no effect
on T50.

Andrews et al.
2018 [43] 12 weeks 80, CKD with

hyperuricemia
Allopurinol lowered uric acid levels but
had no effect on T50.

Lorenz et al.
2018 [46] 3 months 78, HD

Acetate-free, citrate-acidified, standard
bicarbonate dialysis solution increased
T50 compared to acetate dialysis
solution.

Ussif et al. 2018
[44] 1 year 76, kidney transplant Paricalcitol supplementation had no

effect on T50.
Bressendorff

et al. 2018 [45] 28 days 57, HD Higher dialysis solution Mg2+

concentration increased T50.

Bristow et al.
2016 [55] 3 months 41, post-menopausal

women

Insignificant decrease of T50 in the
group treated with oral calcium
carbonate supplement.

Bressendorff
et al. 2017 [51] 8 weeks 36, CKD III–IV Oral Mg2+ supplementation increased

T50.

Aigner et al.
2019 [40] 4 weeks 35, CKD

Oral bicarbonate supplementation
showed no effect on T50 in acidotic CKD
patients.

Kendrick et al.
2018 [62] 14 weeks 18, CKD

Oral sodium bicarbonate
supplementation showed no effect on
T50 in CKD patients with low serum
bicarbonate levels.

Ter Meulen
et al. 2019 [34] 2 weeks 18, HD

Citric acid-buffered dialysis solution
increased T50 compared to
acetate-buffered solution.

Quiñones et al.
2019 [39] 2 weeks 9, CKD stage III, 9, CKD

stage V
Effervescent, oral, calcium-magnesium
citrate increased T50.

Abbreviations: HD, haemodialysis; CKD, chronic kidney disease; Mg2+, magnesium.

5. Discussion

This comprehensive review showed that multiple lines of evidence (cell, animal, and human)
indicate that T50 is shorter in CKD and dialysis populations. A large amount of studies indicate that
a lower T50 is related to VC, cardiovascular events, and mortality. These findings are robust across
various populations and open up new directions to modify VC especially in patients with CKD. One of
these factors that can influence the tendency to calcify is Mg2+. Oral Mg2+ supplementation as well as
increased dialysis solution Mg2+ concentration had beneficial effects on T50 [39,45,52], and a lower T50

was associated with cardiovascular and all-cause mortality in various populations [36,42,49,52,56,57,60].
It is worth noting the correlation between higher serum CPP content, especially CPP II, and VSMC
inflammation as well as calcification [18,26,29,31,33]. Taking the included studies into consideration,
we address two topics for further research in this relatively recent domain.

5.1. The Effect of Dialysis Solution Composition upon Serum Calcification Propensity in CKD Patients

The transition from CPP I to CPP II is delayed by the presence of Mg2+, this effect being
dependent upon the concentration of Mg2+. The presence of Mg2+, however, does not inhibit VSMC
calcification in the presence of CPP II, suggesting that the anti-calcific effects of Mg2+ are more related
to preventing the transition from CPP I to CPP II [19]. This would also explain the effect of Mg2+ upon
increasing T50. However, the exact mechanism by which Mg2+ inhibits the maturation of CPP I is not
completely understood. One possible mechanism might lie in the ability of Mg2+ to inhibit Ca2+ and
Pi crystallization [72], which is a necessary step in CPP maturation.
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Studies suggest that there is a significant amount of CPPs in the dialysate of CKD patients on
peritoneal dialysis. That CPP content was also directly proportional to the dialysate’s Ca2+ content [24].
While HD was found to increase T50, thus reducing the calcification propensity of the patient’s
plasma [37,54], serum CPP I and CPP II levels seem to be unaffected by standard HD [17].

First of all, this would suggest that the increase in T50 after initiation of HD is not attributed
to the clearance of CPPs per se, but to the reduction of factors that precipitate the ripening process,
most probably the reduction of Ca2+ and Pi. Second of all, CPPs, while not being cleared from the
serum under standard HD conditions, are cleared by peritoneal dialysis to some degree. However, if the
Mg2+ concentration of HD dialysis solution is increased, CPPs appear to pass the dialysis membrane
and are cleared from the patient’s serum [17]. This would, in part, explain the significant increase of
T50 in patients treated with a dialysis solution containing a larger Mg2+ concentration compared to
standard solution [45].

In addition to the beneficial effect of increased Mg2+ content in dialysis solution upon the serum
calcification propensity in CKD patients, the use of an acetate-free, citrate-acidified dialysis solution
was also found to increase T50 thus reducing the calcification propensity [34,46].

Patients with CKD who received oral Mg2+ supplementation showed a significant increase in
T50 [39,51]. In post-menopausal women, the introduction of oral Ca2+ supplementation showed
a decrease in T50, however, this decrease did not differ significantly from the control group [55].
These observations correspond with the findings of Pasch et al. [9], who determined that higher serum
Mg2+ levels will increase T50. A summary of the aforementioned factors upon T50 is presented in
Figure 4.

Figure 4. Summary of factors that increase T50 in CKD patients. Abbreviations: Mg, magnesium; VC,
vascular calcification.

Furthermore, it is well known that patients with CKD have a significantly higher risk for VC and
associated cardiovascular mortality [73]. Developing a standardized treatment plan for end-stage CKD
patients on HD or peritoneal dialysis that would take into account the above outlined criteria, namely
the increased Mg2+ content of dialysis solution and the use of citrate instead of acetate, should be
validated and subsequently introduced into a therapeutic protocol. Patients with HD, as well as those
with CKD who do not require HD, could also benefit from a reduction in oral Ca2+ and an increase in
oral Mg2+ supplementation, respectively. Such an approach to the management of VC and the possible
ensuing reduction of cardiovascular mortality rates in CKD patients could lead to an increased quality
of life, especially for patients undergoing HD or peritoneal dialysis, delaying the onset or decreasing
the severity of cardiovascular complications associated with CKD.

5.2. The T50 Test Could Be Used as a Factor in the Staging and/or Prognosis of CKD

There are plentiful studies, conducted on large sample sizes, that came to the conclusion that
lower T50 corresponding to higher calcification propensity is strongly associated with increased
cardiovascular and all-cause mortality rates [36,42,49,52,56,57,60]. Lower T50 was also associated with
coronary artery calcification progression as well as greater risk for cardiovascular disease outcomes,
such as myocardial infarction and peripheral vascular events [38,42,49].
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The investigation of a possible association between T50 and eGFR could lead to the development
of a reference interval for T50 in CKD patients, which is dependent on CKD stage. Such a reference
interval, which has not yet been established, could be used as an additional prognostic parameter for
CKD patients, especially those undergoing HD or peritoneal dialysis treatment. There was conflicting
evidence that links serum CPP levels and T50 to eGFR. Yamada et al. [28] found that CPP levels were
inversely associated with eGFR in diabetic patients. However, that study was conducted on diabetic
patients, not CKD patients, and the patient group was relatively small as well. On the other hand,
Bielesz et al. [50], found that T50 was not associated with eGFR in CKD stage I–V patients, instead being
associated with numerous parameters, including Pi and Mg2+ levels. A similar result was obtained
by de Seigneux et al. [59], who discovered that T50 was independent of eGFR in kidney transplant
donors, which could be attributed to the compensation effect of an otherwise healthy remaining kidney.
Those studies clearly pointed that while serum CPP levels are correlated with eGFR, T50 was not.

The CPP levels and T50 do not seem to be directly correlated with one another, although T50

is greatly influenced by serum Ca2+ levels and, in addition, CPP levels are directly proportional to
circulating Ca2+ levels. Considering the previously discussed ideas, it could be hypothesized that
CPP levels are correlated with T50, justifying further studies in larger populations to investigate the
association between T50 and eGFR. However, until the completion of this review, no studies have
identified this relationship.

Even in the absence of a link between T50 and eGFR, but in the context of association between
higher serum calcification propensity and increased cardiovascular and all-cause mortality rates
especially in CKD patients, the use of T50 as risk factor that can be monitored should be considered.
The ensuing introduction of measures to decrease calcification propensity could significantly reduce
VC and related mortality in CKD patients.

An interesting opportunity would be to expand the area of research towards the involvement of
CPPs in the calcification paradox, in which the presence of vascular calcification overlaps at the same
time with bone demineralization assessed by a decrease in bone mineral density (BMD) [74]. It is difficult
to decode how CPP and the interplay between vasculature–bone–kidney underlie the deleterious
effect of calcification. On one hand, fetuin-A accumulates in calcified atherosclerotic plaques [75],
but also in bone where it inhibits mineralization and halts bone matrix protein expression [76]. On the
other hand, serum levels of fetuin-A were found to be decreased in patients with end-stage renal
disease [77]. Contrariwise, serum CPP increases in patients with CKD III–IV, with it being the highest
in HD patients [32] but with less fetuin-A content as CKD stage worsens [3]. Probably the turn-over of
CPP is accelerated in CKD patients, but fetuin-A is consumed exerting its systemic anti-calcification
effect necessary to counteract VC as CKD stage aggravates.

In addition to the well-known presence of VC in patients with CKD, an important decrease of
BMD was also reported [78]. In maintenance HD patients, serum fetuin-A was inversely associated
with coronary artery calcification and positively with BMD [79]. In respect to VC, serum CPP appears
to behave divergently regarding fetuin-A dynamics in CKD patients: higher CPP levels are associated
with increased aortic stiffness [33] and larger CPP II diameters were found in patients with VC [23].
As might be expected, T50 was inversely associated with coronary artery calcification (CAC) severity
in CKD patients [38], thereby, the T50 test seems to mimic serum fetuin-A variations in respect to VC,
as they were found to be associated [50]. Regarding the loss of skeletal mineral, T50 was not associated
with BMD [38] and in the case of CPPs we did not find conclusive studies. To make the puzzle even
more complicated, we could introduce the relationship between CPPs or T50 and eGFR, as discussed
above. Thereby, CPPs were found to be inversely correlated with eGFR [28], instead of T50, which was
independent of eGFR [50,59].

However, an attempt to explain the paradox of calcification on the vasculature–bone–kidney
axis only in terms of fetuin-A content of CPPs is an exercise of simplification. Given this standpoint,
more targeted studies are needed to demonstrate that CPPs are more likely to hold the key on how
physiological ossification has correspondence with pathological calcification.
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Nevertheless, we need to take into account the current limitations of the T50 test. Several
weaknesses were identified by Pasch et al. [9]: the test overrides the contribution of VSMCs and
calcifying myeloid cells in promoting VC in vivo, and the serum pH had no influence on the test due to
the presence of a strong buffer. Another issue is attaining standardized conditions to perform the test.
Consequently, even if a reference interval would be preferable to be established, each laboratory is
likely to set up its own different reference interval, hence it is hard to envisage an accepted consensus
interval. The test is robust but needs further development in terms of time per test which is too long to
be clinically implemented for the moment: to perform a 96-well format takes 10 h [9].

In addition, simply minimizing the T50 as a marker only for VC may be incomplete. The T50 could
be considered as a momentary status of the sum of pro- and anti-calcification factors in the serum of a
patient, but this may have implications on other pathophysiological processes, thus opening a wide
field of research. Accordingly, the term mineral stress has been coined by Pasch et al. [80] and refers to
the interaction between inflammation, oxidative stress, and calcification promoted by CPP II.

6. Conclusions

The relatively recent discovery of CPPs opens up new possibilities for the prevention of VC and the
attempt to quantify the serum calcification propensity via T50. Even though the factors that influence
serum CPP levels, including their ripening process, as well the effect of various factors upon T50 and its
variation in different diseases is incompletely understood, there is mounting evidence suggesting that
T50 could be a viable marker in the assessment of VC. Moreover, T50 could be valuable in managing
VC in CKD patients, especially those undergoing HD, who have a significantly increased risk for
developing cardiovascular complications. In these situations, the early introduction of a treatment
strategy that increases T50 could mitigate the obvious complications related to VC. Such an approach is
still at an early phase, warranting future studies on the use of T50 as a standard tool in the assessment
of VC, thus allowing early measures to prevent cardiovascular complications in patients at risk.

Abbreviations:

BMD Bone Mineral Density
Ca2+ Calcium
CAC Coronary Artery Calcification
CKD Chronic Kidney Disease
CPP I Primary Calciprotein Particles
CPP II Secondary Calciprotein Particles
CPP Calciprotein Particles
CVD Cardiovascular Disease
CVE Cardiovascular Event
eGFR Estimated Glomerular Filtration Rate
ELISA Enzyme-Linked Immunosorbent Assay
GRP Gla-Rich Protein
HD Haemodialysis
H2S Hydrogen Sulphide
IL-1β Interleukin 1β
Mg2+ Magnesium
N/A Not Applicable
Pi Phosphate
SLE Systemic Lupus Erythematosus
tCPP Total Calciprotein Particles
TNF-α Tumour Necrosis Factor α
TOD Time of Death
VC Vascular Calcification
VSMC Vascular Smooth Muscle Cell
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Abstract: Hyperkalemia may cause life-threatening cardiac and neuromuscular alterations, and it
is associated with high mortality rates. Its treatment includes a multifaceted approach, guided by
potassium levels and clinical presentation. In general, treatment of hyperkalemia may be directed
towards stabilizing cell membrane potential, promoting transcellular potassium shift and lowering
total K+ body content. The latter can be obtained by dialysis, or by increasing potassium elimination
by urine or the gastrointestinal tract. Until recently, the only therapeutic option for increasing fecal K+

excretion was represented by the cation-exchanging resin sodium polystyrene sulfonate. However,
despite its common use, the efficacy of this drug has been poorly studied in controlled studies, and
concerns about its safety have been reported. Interestingly, new drugs, namely patiromer and sodium
zirconium cyclosilicate, have been developed to treat hyperkalemia by increasing gastrointestinal
potassium elimination. These medications have proved their efficacy and safety in large clinical trials,
involving subjects at high risk of hyperkalemia, such as patients with heart failure and chronic kidney
disease. In this review, we discuss the mechanisms of action and the updated data of patiromer and
sodium zirconium cyclosilicate, considering that the availability of these new treatment options offers
the possibility of improving the management of both acute and chronic hyperkalemia.

Keywords: hyperkalemia; chronic kidney disease; heart failure; sodium polystyrene sulfonate;
patiromer; sodium zirconium cyclosilicate

1. Introduction

Potassium (K+) is a key element in body physiology. It regulates many biological processes, such
as acid–base homeostasis, hormone secretion, systemic blood pressure control and gastrointestinal
motility [1]. However, probably the most important role of K+ is its participation in generating
bioelectricity, by establishing ion gradients and flows between the extracellular and intracellular spaces,
thus regulating resting membrane potential and cellular excitability, which are essential to the function
of excitable tissues, such as nerve, muscle and cardiac conduction tissues.

This function is a consequence of the high compartmentalization of K+, due to the ubiquitous
presence of plasma membrane Na-K-ATPases, which pump sodium out of, and K+ into, the cell [2].
Therefore, K+ results from the most concentrated intracellular electrolyte, while its extracellular
concentration is extremely low. We estimate a total K+ body content of approximately 50 mEq/ kg (i.e.,
3500 mEq in a 70-kg person); about 98% of this K+ is within cells, while only 2% (70 mEq) is in the
extracellular fluid, where it reaches normal concentrations of 3.5 to 5.0 mmol/L [3].
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Hyperkalemia is defined as a serum potassium level greater than 5.0 mmol/L, while severe
hyperkalemia is defined as a level greater than 6.0 mmol/L. It is a very common disorder, and in
the United States more than 800,000 emergency department (ED) visits occur annually because of
hyperkalemia [4]. The actual incidence and prevalence of hyperkalemia in the general population are
unknown, but studies based on large cohorts have reported incidence rates between 1 and 3 per 100
persons per year, rising to 10% in hospitalized patients [5,6].

Moreover, hyperkalemia prevalence may be significantly high in the presence of certain
predisposing conditions. So, although the available data are not uniform [7,8], an analysis of a
large geographically diverse population showed basal potassium values of ≥ 5.0 mmol/L in 9.1%
of patients with chronic heart failure (CHF), in 11.5% of chronic kidney disease (CKD) stage 3–5
patients, in 8.3% of patients with diabetes, and in 13.1% of those patients with all these conditions [9].
In addition, among CKD patients, those requiring dialysis represent a group at particularly high risk
of hyperkalemia [10].

Clinical complications and death in hyperkalemia patients are mainly determined by the cardiac
electrophysiological effects of elevated K+ levels [11]. Indeed, hyperkalemia, by diminishing the K+

intracellular/K+ extracellular ratio, reduces the membrane potential, causing a partial depolarization
of the cell membrane, which results in an initial increase in conduction velocity. Then, if persistent and
profound, hyperkalemia also decreases membrane excitability by the inactivation of the voltage-gated
sodium channels, making the cell refractory to excitation, and thus leading to arrhythmias and
heart block [12]. Moreover, besides cardiac effects, hyperkalemia can also cause other physiologic
perturbations, such as muscle weakness progressing to flaccid paralysis, and metabolic acidosis, which
in turn may contribute to the progression of CKD [13].

The treatment of hyperkalemia may involve the recognition different time-points and goals,
guided by potassium levels and the severity of the clinical presentation. In general, the first aim
is to prevent cardiac consequences and lower serum potassium to safe levels as soon as possible;
then it is important to reduce the K+ body content, aiming to maintain serum potassium at normal
values [14]. The latter can be obtained by dialysis, or by increasing potassium elimination via urine
or the gastrointestinal tract. For a long time, the only therapeutic option for increasing fecal K+

excretion has been represented by sodium polystyrene sulfonate, a cation-exchanging resin the efficacy
and safety of which have been questioned. Recently, new drugs able to promote gastrointestinal
potassium elimination, namely patiromer and sodium zirconium cyclosilicate, have been developed
and studied in large trials, proving their efficacy and safety in different clinical contexts. In this review,
we briefly discuss the pathophysiology of potassium homeostasis and hyperkalemia, focusing attention
on the mechanisms of action and the clinical data of patiromer and sodium zirconium cyclosilicate,
considering that these new treatments may represent a chance to improve the management of both
acute and chronic hyperkalemia.

2. Potassium Homeostasis: An Overview

Due to its important functions, and considering that large deviations in K+ serum levels are not
compatible with life, K+ homeostasis is finely regulated by numerous mechanisms.

Classically, we distinguish between external and internal K+ balance [3]. External K+ balance
regulates K+ body content, and it is the result of the relationship between K+ assumption (by diet
or other sources, such as infusions) and K+ excretion, which is a function of the kidney and the gut.
Internal balance accounts for K+ distribution across cell compartments, which can be influenced by
several factors and may be important in determining the actual K+ extracellular level.

The external potassium balance is mainly influenced by K+ excretion via the kidney. The normal
kidney has a large capacity to excrete potassium and maintain a normal serum potassium concentration.
Potassium is freely filtrated by the glomerulus, and is then reabsorbed by the proximal tubule and
thick ascending limb, such that only a small amount reaches the aldosterone-sensitive distal nephron,
where K+ excretion, coupled with sodium reabsorption, is finely regulated [15].
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The main factors modulating renal K+ excretion are sodium delivery to the distal nephron, K+

serum levels and aldosterone plasma concentration. In particular, a relevant role in regulating K+

homeostasis is played by the adrenal glands, where aldosterone is synthesized, in a negative feedback
loop in response to high K+ levels [16].

Interestingly, evidence is emerging concerning the role of the central nervous system in influencing
circadian variability in relation to potassium excretion [1]. Apart from the kidneys, the gastrointestinal
tract also contributes to K+ excretion. In healthy subjects, this contribution is minimal (about 10%
of the total), while in the case of renal disease it may increase until it accounts for 50% of the total
potassium excretion in patients on dialysis [17]. However, these systems are strictly related, and
recently it has been shown that the K+ enteral load may influence renal excretion, suggesting the
presence of a gut-dependent kaluresis, the mechanisms of which are still under investigation [18].

Complementarily to the external K+ balance, the internal mechanisms of K+ distribution are very
important in regulating K+ homeostasis and extracellular levels. The physiological factors involved
in modulating the shifting of potassium into the cells include the acid–base balance, insulin, and
beta-adrenergic stimulation [19]. In particular, metabolic acidosis induces K+ shift from the intra-to the
extracellular space, while the opposite is mediated by insulin and beta-adrenergic signaling. However,
external and internal K+ regulatory mechanisms are integrated, and need to always be active in order
to maintain K+ homeostasis.

A western diet typically contains approximately 50–100 mEq (2–4 g), while a potassium intake
of about 90–120 mEq/day (3.5–4.5 g) is recommended [20]. Consequently, the potassium content in
a meal may be higher than the potassium present in the plasma, so compensatory mechanisms are
necessary in order to avoid a rapid rise in extracellular K+ levels. For example, after a potassium-rich
meal, the K+ transcellular shift into the cells is suddenly activated, until the kidney reestablishes total
body potassium content trough the adjustment of renal potassium excretion.

Knowledge of the basal physiologic regulators of external and internal K+ homeostasis is necessary
in order to understand the main clinical conditions leading to K+ dysregulation and the appropriate
therapeutic approaches, providing, at the same time, a rational basis for developing new drugs [21].

3. Hyperkalemia: Physiopathology, Risk Factors, Clinical Consequences

Hyperkalemia may be caused by several conditions that may alter K+ homeostasis [1]. First,
it could be the consequence of an increased K+ body content due to excessive K+ intake, or, more
commonly, due to reduced renal excretion. Renal K+ excretion may be impaired as a result of advanced
renal damage. Indeed, while the normal kidney presents adaptation mechanisms that preserve
potassium homeostasis, the diseased kidney has a much lower capacity for handling acute potassium
loads [22]. Failures of the kidneys in regulating the potassium balance may result from multiple
factors, including a reduced glomerular filtration rate, decreased distal delivery of sodium, intrinsic
abnormalities of the distal nephron, and decreased mineralocorticoid activity (e.g., hypoaldosteronism),
which impair the capacity of the distal nephron to eliminate K+ from the urine. Moreover, concomitant
metabolic alterations, such as acidemia and hyperglycemia, may also concur [23].

Hypoaldosteronism, in turn, may be caused by diabetes, adrenal disease, numerous drugs (e.g.,
nonsteroidal anti-inflammatory drugs, beta-blockers, inhibitors of the renin-angiotensin-aldosterone
system-RAASi, mineralocorticoid receptor blockers, calcineurin-inhibitors, etc.) and old age [24].
Beyond an increase of K+ body content, alterations in the K+ distribution across cell compartments can
also lead to hyperkalemia. These conditions determine the net release of potassium from damaged cells,
such as in cases of trauma, rhabdomyolysis or hemolysis. Moreover, an impaired distribution of K+

between the intracellular and extracellular spaces can also be due to metabolic acidosis, decompensated
diabetes or dysfunctions of the autonomic nervous system.

Considering the physiopathology of potassium homeostasis, it is not surprising that advanced
age, chronic kidney disease (CKD), chronic heart failure (CHF), diabetes, use of RAASi (such as
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ACE-inhibitors-ACEi and angiotensin receptor blockers-ARB) and mineralocorticoid receptor blockers
(MRA) constitute the main risk factors in the development of hyperkalemia [9].

However, a special consideration must be given to the risk of hyperkalemia linked to the use
of RAASi and MRA. Indeed, these drugs, because of the evidence of their morbidity and mortality
benefits, are widely prescribed to fragile patients, such as patients with diabetes, CKD and CHF [25].
Several studies have evaluated the risk of hyperkalemia associated with RAASi therapy. For example,
in the Stockholm Creatinine Measurements (SCREAM) project, 69,426 new users of ACEi/ARB therapy
were followed for one year. Overall, hyperkalemia occurred in 1.7% of the entire cohort, but its
incidence rose to 29% in patients with severe CKD [26]. Moreover, the risk of hyperkalemia seems
further increased when combined RAASi therapy is prescribed. In the Veterans Affairs Nephropathy in
Diabetes (VA NEPHRON-D) study, designed to assess the safety of RAASi for type II diabetic kidney
disease patients, hyperkalemia was observed in 18.4% of the patients on losartan monotherapy, and in
31.5% of those on a combination therapy with lisinopril [27].

Following the results of these and other studies, the combination of ACEi and ARB is no longer
recommended [28]. Similar results have been observed among patients treated with the combination
of RAASi and MRA, which, although effective in improving clinical outcomes, may expose patients to
a high risk of hyperkalemia [25,29].

The early recognition and treatment of hyperkalemia is essential, because this condition, although
often clinically silent, may have severe consequences. Hyperkalemia is associated with poor outcomes
and high mortality rates, both in the general population and in different clinical settings, including
patients with cardiac and renal diseases and critically ill patients [30,31]. Moreover, hyperkalemia has
been described as an independent predictor of mortality in patients admitted to the ED [32].

4. Hyperkalemia: Treatment Strategies

From the pathophysiological point of view, the therapeutic approaches to hyperkalemia can
have three different targets: (i) cell membrane potential stabilization; (ii) shifting potassium from
extracellular spaces into the cells (i.e., acting on internal K+ balance); and (iii) lowering K+ levels and
enhancing potassium elimination (i.e., acting on external K+ balance).

Membrane stabilization may be achieved through the administration of intravenous calcium
(calcium chloride or calcium gluconate), while potassium redistribution may be promoted using
insulin/glucose, beta-adrenergic agonists (such as albuterol and salbutamol, both intravenous and
inhaled) and sodium bicarbonate [33]. These treatments are often preferred in emergency interventions,
since they can reduce K+ levels within a few minutes [34]. However, while they act rapidly, their effects
also fade very rapidly.

So, complementary to the strategies that promote the shifting of potassium into cells, the
reestablishment of potassium homeostasis should include the reduction of body K+ content.

This can be achieved through the limitation of potassium intake and the use of medications that
increase potassium elimination via urine or the gastrointestinal tract (GI), such as loop diuretics or
cation-exchanging resins, or alternatively, by use of hemodialysis, which can reduce body K+ content
but usually require more time to act [35].

In particular, the use of drugs increasing GI potassium elimination is valuable in patients with
advanced CKD, who, as discussed above, present significant fecal K+ excretion.

Although these treatments are widely used in clinical practice, it should be recognized that, as also
shown by a recent Cochrane review, standardized therapeutic protocols do not exist [36]. So, in a
prospective multicenter study exploring real-life hyperkalemia management in many EDs, it has been
shown that there was a great heterogeneity among the different sites, while, even if insulin/glucose
was the most common therapy employed, in the majority of the patients multiple treatments were
prescribed [37].
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5. The “Old-Fashioned” Sodium Polystyrene Sulfonate

Among the different possibilities for treating hyperkalemia, recently, attention has been focused
on the GI elimination of potassium, mainly because of the availability of new drugs, such as patiromer
and sodium zirconium cyclosilicate.

Indeed, historically, the only options for promoting K+ elimination by the GI have been limited
to the “old” cation-exchanging resin, sodium polystyrene sulfonate (SPS), and its derivate calcium
polystyrene sulfonate. SPS is a benzene, diethenyl-polymer with ethenylbenzene-sulfonated sodium
salt, whose reactive sulfonic groups exchange preloaded sodium for K+ along the GI lumen (mostly in
the large intestine) [38]. It can be given orally or as an enema, and it is often given with sorbitol to
prevent constipation. Theoretically, the exchanging capacity of SPS is 1 mmol of potassium per 1 g of
resin, but its efficiency in vivo may be lower than expected because sodium release is only partial [39].
Moreover, the peak effect is seen 4–6 h after the administration, and this is the reason why SPS is not
indicated as an emergency intervention for hyperkaliemia [40].

SPS was approved for treatment of acute hyperkalemia in 1958, but surprisingly, despite its
common use, its safety and efficacy have been poorly studied in controlled studies [41].

In 2011, analyzing a recent retrospective cohort of 122 patients (38% with CKD), Kessler et al.
documented a possible direct dose–response relationship between SPS (used at a dose of 15, 30, 45 and
60 g) and a reduction in serum potassium [42]. Similarly, in 2015, in a randomized placebo-controlled
trial involving 33 CKD patients with mild hyperkalemia, Lepage et al. found that SPS was superior to
the placebo in reducing serum potassium over 7 days in patients with mild hyperkalemia and CKD [43].
So, these data confirm the clinical practice of using SPS as a part of the treatment of hyperkalemia.

The adverse effects of SPS include electrolyte disturbances, such as hypokalemia and
hypomagnesemia, and gastrointestinal symptoms, such as nausea, constipation and diarrhea. However,
severely adverse gastrointestinal effects, including ulceration, bleeding, ischemic colitis and perforation
have also been reported, especially when combined with sorbitol [44]. In a retrospective case-control
study including 123,391 inpatients, of whom 2194 were prescribed SPS, there was a doubling of the
incidence of colonic necrosis between SPS users and non-users, which was not significant (0.14% vs.
0.07%, P = 0.2) [45]. Interestingly, a large retrospective population-based study from Canada similarly
documented a significant two-fold increase in the incidences of hospitalization for serious adverse
GI events in 20,020 SPS users, when compared with matched non-users [46]. Moreover, Laureati et
al. examined SPS use and GI safety in a cohort including 3690 adults with CKD stages 4–5 (1288 on
chronic dialysis) naive to SPS. They found that SPS initiation was associated with a higher incidence of
severe GI adverse events, mainly ulcers and perforations, in a probable dose-dependent manner [47].
Beyond the GI side effects, it should be underlined that significative drug interactions have also been
described while using SPS, and this could be relevant for cardiac and renal patients, who often take
multiple pharmacological therapies [48].

Evaluating all these potential detriments associated with the chronic use of SPS, currently, the
Food and Drug Administration (FDA) recommends the avoidance of SPS prescription for patients
with active GI diseases or with a history of recent bowel surgery, and in any case the avoidance of
taking SPS at the same time as any other oral medications [39]. These important limitations, together
with the scarce data on SPS efficacy, may explain why there has been a need to develop new drugs for
treating hyperkalemia by increasing GI potassium elimination.

6. Hyperkalemia: New Treatment Options

6.1. Patiromer

Patiromer FOS (for oral suspension), formerly known as RLY5016, was approved by the FDA in
the USA in 2015, for the treatment of hyperkalemia.

Patiromer is a cross-linked polymer of 2-fluoro acrylic acid (91%), with divinylbenzenes (8%) and
1,7-octadiene (1%). It is used in the form of its calcium salt (ratio 2:1) and with sorbitol (one molecule
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per two calcium ions or four fluoroacrylic acid units, corresponding to 4 g of sorbitol for each 8.4 g of
patiromer); a combination called patiromer sorbitex calcium [49].

It appears as a dry powder for oral suspension, made of insoluble, spherical beads, with an
average particle size of ≈ 100 μm. Pharmacokinetic analysis in animals showed that patiromer is not
absorbed from the gut, is not metabolized, and is excreted in an unchanged form in the feces [50].
Patiromer works by binding the free potassium ions in the gastrointestinal tract, mainly in the distal
colon lumen, and releasing calcium ions for exchange, thus lowering the amount of potassium available
for absorption and increasing the amount that is excreted via the feces. The net effect is a reduction of
the potassium levels in the blood serum. In CKD patients, it has been demonstrated that patiromer at
a dose of 8.4 g twice a day lowered potassium levels within 7 hours of administration. These levels
continue to decrease for at least 48 hours if treatment is continued, and remain stable for 24 hours after
the administration of the last dose [51].

Because of its delayed onset of action (4–7 h), patiromer cannot be used as an emergency treatment
for hyperkalemia [52].

6.2. Efficacy Data

Under in vitro conditions mimicking the pH and potassium content of the colon, patiromer binds
8.5–8.8 mmol of potassium per gram of polymer, which is a 1.5- to 2.5-fold improvement over the other
polymers. In 33 healthy volunteers, 4.2, 8.4 and 16.8 g of patiromer, administered for 8 days three times
a day, caused a dose-dependent increase in fecal potassium excretion (all P < 0.02 vs. placebo), with a
corresponding dose-dependent reduction in urinary extraction [53].

A similar effect was also found in small cohorts of CKD and hemodialysis hyperkalemic patients,
including those receiving RAASi [54]. However, the efficacy, safety and tolerability of patiromer were
also tested in large clinical trials, which enrolled patients at high risk of hyperkalemia, such as patients
with CHF, diabetes and CKD (see Table 1).

The first study exploring the efficacy and safety of patiromer in a large population was the
"Evaluation of Patiromer in Heart Failure Patients" (PEARL HF) study, which was a 4-week, multicenter,
double-blind, placebo-controlled study designed to evaluate the use of patiromer in the prevention of
hyperkalemia. A total of 105 normokalemic patients (K+ 4.3–5.1 mmol/L) with CHF and either i) a
history of hyperkalemia resulting in the discontinuation of ACEi/ARB/MRA and/or beta-blockers, or ii)
CKD (eGFR < 60 mL/min) treated with one or more CHF therapies (ACEIs/ARBs and beta-blockers),
were randomized to undertake double-blind treatment with 30 g/day patiromer or a placebo for 4
weeks, in association with spironolactone (at the initial dose of 25 mg/day, increased to 50 mg/day on
day 15 if K+ was ≤ 5.1 mmol/L) [55].

The endpoints included the change in serum K+, the proportion of patients with hyperkaliemia
(K+ > 5.5 mmol/L) and the proportion titrated to spironolactone 50 mg/day. At the end of treatment,
compared with the placebo group, the group on patiromer showed significantly lowered serum K+

levels (−0.45 mmol/L, P < 0.001), a lower incidence of hyperkaliemia, and a higher proportion of
patients on spironolactone 50 mg/day. Interestingly, in patients with CKD (n = 66), the difference in K+

levels between groups was −0.52 mmol/L (P = 0.031), and the incidence of hyperkaliemia was 6.7%
for patiromer vs. 38.5% for the placebo. Adverse events were mainly gastrointestinal, and mild or
moderate in severity.

Furthermore, the AMETHYST-DN study was a multicenter, open-label, dose-ranging, phase 2 trial
that evaluated the efficacy of patiromer in the treatment of hyperkalemia in type 2 diabetic patients,
with diabetic nephropathy and CKD and receiving RAAS inhibitors (ACEi and/or ARB for at least 28
days) [56]. The primary endpoint was potassium reduction, from baseline to week 4 or before the start
of dose titration. The mean age was 66 years, 86% of patients had CKD stage 3–4, and 35% had CHF.
Hyperkalemic patients at screening were immediately randomized into the treatment phase, while
normokalemic patients were re-evaluated after the adjustment of antihypertensive therapy with the
addition of losartan and/or spironolactone. Overall, 306 hyperkalemic patients (serum K+ 5–6 mmol/L)
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were eligible, and were stratified by potassium level into the categories of mild (5–5.5 mmol/L) and
moderate (5.5–6 mmol/L) hyperkalemia, before being randomized to receive patiromer at increasing
dosages (4.2 g, 8.4 g or 12.6 g bid in mild hyperkalemia, and 8.4 g, 12.6 g and 16.8 g bid for moderate
hyperkalemia). The dosage was titrated to achieve a target serum K+ ≤ 5 mmol/L.

Patiromer significantly reduced serum potassium levels from the baseline in all patients in a
similar manner for the different doses, regardless of the initial potassium levels and independently of
other comorbidities, such as CHF, advanced CKD or resistant hypertension. Moreover, in all patients
the potassium lowering began ≈ 48 h after starting the patiromer, while target levels were reached early
by patients with mild hyperkalemia. Interestingly, the reduction in serum K+ was achieved at week
8 (end of treatment phase) and maintained up to 52 weeks in patients who continued the treatment,
whereas after discontinuation, serum potassium levels significantly increased. Regarding the safety
profile, hypomagnesemia (7.2%) was the most common side effect, while constipation (6.3%) was the
most common gastrointestinal adverse event. Moreover, patiromer treatment was also evaluated in a
phase 3 study with CKD patients. So, in the OPAL-HK study, 237 patients with CKD stage 3–4 and
serum potassium level of 5.1–6.5 mmol/L, undergoing stable treatment with one or more RAASi, were
divided into two groups: those with mild hyperkalemia (serum K+ 5.1–5.5 mmol/L) that received
patiromer 4.2 g bid, and those with moderate to severe hyperkalemia (5.5–6.5 mmol/L) that received
8.4 g bid [57]. Then the patiromer dosage was titrated to reach and maintain a potassium level of
3.8–5.1 mmol/L, and the patients were followed-up for 4 weeks. The authors found that patiromer
significantly lowered potassium levels from baseline to week 4 in the whole study population, and for
all prespecified subgroups (age < or > 65 years, presence/absence of diabetes or CHF, and maximal or
submaximal dose of RAASi). Notably, at week 4, 76% of the overall population reached the target
serum potassium level. After this first phase, the study proceeded with a randomized phase, in which
patients with a baseline potassium level of 5.5–6.5 mmol/L and who achieved a target serum potassium
level were randomized to continue the same dosage of patiromer or switch to placebo, and were
followed-up for an additional 8 weeks. Furthermore, in this case, patiromer showed its efficacy, since,
unlike the patiromer group, patients taking the placebo presented a significant increase in serum
K+ (median K+ increase of +0.72 mmol/L). This difference was also observed across the prespecified
subgroups of patients (regardless of age, gender, baseline K+ levels, diabetes, CHF and maximal/not
maximal RAASi dosage) [58]. Moreover, a post-hoc analysis showed that the patiromer K-lowering
efficacy and safety profile in CKD patients was not compromised by diuretic therapy [59].

An interesting opportunity offered by the potassium-lowering effects of patiromer has been
explored in the recent phase 2 randomized AMBER study, which evaluated whether the use of
patiromer allows a more persistent use of spironolactone in patients with CKD (eGFR 25 to ≤
45 mL/min) and resistant hypertension [60]. 295 patients were randomly assigned to receive either
placebo or patiromer (8.4 g once daily), in addition to open-label spironolactone (starting at 25 mg
once daily). At week 12, 98 (66%) of the 148 patients in the placebo group, and 126 (86%) of the 147
patients in the patiromer group, remained on spironolactone, suggesting that patiromer can enable
more patients to continue treatment with spironolactone under conditions in which this drug may
be beneficial.

Although many data have been reported on the efficacy and safety of treatments with patiromer,
on the other hand, several clinical studies are ongoing concerning the evaluation of patiromer in
specific clinical settings. This is the case for the DIAMOND study, a phase 3b placebo-controlled and
randomized trial, the intent of which is to determine if the patiromer treatment of CHF subjects with
hyperkalemia while receiving RAASi allows the continued use of RAASi medications. Interestingly,
this study will consider primary "hard" endpoints, constituted by the time to the first occurrence of
cardiovascular death or hospitalization. The completion date of this trial is estimated as the middle of
2022 [61].
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6.3. Safety and Tolerability

Patiromer was generally well tolerated. Overall, treatment-related adverse effects reported in the
clinical trials occurred in ≈ 20% of the patients included.

They include electrolyte disorders, such as hypomagnesemia and hypokalemia, and mild
gastrointestinal symptoms, such as constipation (8%), diarrhea (5%), nausea and flatulence [52].
In the product labeling, hypomagnesemia and hypokalemia are reported as adverse reactions in 5.3%
and 4.7% of the treated patients, respectively [62].

Monitoring of serum magnesium is recommended, considering supplementations for patients
who develop hypomagnesemia while on patiromer.

No cases of intestinal necrosis have been reported, probably as a consequence of the optimized
characteristic of patiromer (i.e., uniform spherical shape, defined polymer bead size, low swelling
ratio), which may improve the GI tolerability of this drug [63].

However, the use of patiromer is discouraged in patients with severe constipation, bowel
obstruction or impaction, including abnormal post-operative bowel motility disorders, because of the
potential ineffectiveness and the possibility of worsening gastrointestinal conditions [62].

6.4. Dosage, Administration and Drug Interactions

Based on the above-mentioned large trials, patiromer is recommended at a starting dosage of 8.4 g
once daily, administered orally, which can be increased by 8.4-g increments per week, titrated up to a
maximum of 25.2 g once daily.

There are limited data on the use of patiromer for dialysis patients. As such, currently, no dose
adjustment is advised. Patiromer presents as a powder that can be mixed with water, apple juice or
cranberry juice. It should be mixed in an initial volume of 40 mL of water, then stirred and more water
added to obtain the desired consistency. Then, the mixture should be taken within 1 hour of initial
suspension, and its results are equally effective and well-tolerated when taken without food or with
food [64].

Finally, it should be underlined that in vitro studies indicated the possibility that patiromer may
interact with some medications. In particular, in studies of healthy volunteers, the use of patiromer
decreased the systemic exposure of coadministered ciprofloxacin, levothyroxine and metformin [65].
For these reasons, the administration of other oral medications at least 3 hours before or 3 hours after
patiromer is recommended.

7. Sodium Zirconium Cyclosilicate

Sodium zirconium cyclosilicate (SZC), formerly known as ZS-9, is an insoluble, inorganic,
non-polymer zirconium silicate compound, comprising units of oxygen-linked zirconium and silicon
atoms in the form of a microporous cubic lattice framework.

It works as a selective cation exchange agent, primarily releasing hydrogen and sodium and
preferentially capturing potassium, thus increasing its fecal excretion [66].

Its selectivity for potassium, which is > 25 times greater than that for calcium and magnesium ions,
is due to the size of the pore, which is similar in diameter to unhydrated potassium (approximately
3 Å). Because of its high selectivity for potassium, SZC may bind it throughout the entire GI tract, and
may exert a rapid K-lowering effect. It has been estimated that one gram of SZC binds about 3 mmol of
potassium, and its activity begins within 1 h of the consumption [67].

At this stage, there are no studies comparing the pharmacodynamics properties of SZC when
administered with or without food. Clinical studies have demonstrated that SCZ was not systemically
absorbed, and no differences in urine and blood concentration were detected between treated and
untreated patients.
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7.1. Efficacy Data

SZC has been primarily evaluated in four randomized trials (ZS-002, ZS-003, ZS-004 and ZS-004E)
and one open-label long-term study (ZS-005) (Table 2).

The ZS-002 was a phase 2 study investigating the safety, tolerability, efficacy and
pharmacodynamics of SZC in 90 patients with stage 3 CKD and hyperkalemia (K+ 5.0–6.0 mmol/L),
who were randomized to receive SZC 0.3, 3 or 10 g three times a day, or a placebo. SZC showed a
dose-dependent effect, and potassium levels significantly declined in the first 48 hours of the patients
taking SZC at the doses of 3 g and 10 g (P = 0.048 and P < 0.0001, respectively, versus placebo) [68].

Then, SZC was also investigated in larger phase 3 randomized trials, where it showed a significant
superiority to the placebo in achieving and maintaining normal serum potassium levels [69].

In particular, in the ZS-004 (Hyperkalemia Randomized Intervention Multidose ZS-9 Maintenance,
HARMONIZE) trial, SZC safety and efficacy was tested in 258 patients with hyperkaliemia (K+ >
5.1 mmol/L), who initially received SZC 10 g three times a day for 48 h [70]. Then, those achieving
normokalemia (N = 237) were randomized to receive SZC 5, 10 or 15 g once daily, or a placebo
for the next 28 days (double-blind maintenance phase). Both initial and maintenance phases were
characterized by a significant dose-dependent reduction of K+ in all SZC groups, compared with the
placebo, even in the prespecified subgroups (CHF, diabetes, CKD and patients on RAASi). Compared
with all other study groups, during the maintenance phase, there was a higher incidence of generalized
and peripheral oedema in the SZC 15 g group (14.3%).

Designed as an open-label extension of the HARMONIZE trial, the ZS-004E study investigated the
safety and efficacy of SZC in patients with hyperkalemia who completed ZS-004, or who discontinued
ZS-004 due to hypokalemia or hyperkaliemia in the maintenance phase and had a mean K+ of
3.5–6.2 mmol/L [71]. For 11 months, 123 patients received additional open-label treatment with SZC
10 g a day as an initial dose, which was then then titrated to maintain K+ 3.5–5.0 mmol/L. During the
study period, a serum potassium value ≤ 5.1 mmol/L (primary endpoint) was achieved in 100% of
THE patients, and K+ ≤ 5.5 mmol/L in 88.3%.

The long-term efficacy and safety of SZC were also investigated in the ZS-005 trial, a phase 3,
prospective, open-label, single-arm,12-month study, in which 751 outpatients with hyperkalemia (K+ >
5.1 mmol/L) were enrolled [72]. No dietary restrictions or changes in RAASi therapy were required.
The starting dosage was SZC 10 g thrice daily, for 24 to 72h (correction phase), then those who reached
serum K+ 3.5–5.0 mmol/L at any point during the correction entered the maintenance phase (starting
dose of SZC 5 g once daily). Dose titration (up to a maximum of 15 g daily, down to a minimum of 5 g
every other day) was allowed based on serum potassium measurements. During the correction phase,
99% of patients achieved K+ 3.5–5.5 mmol/L, while the proportions of patients who achieved mean K+

≤ 5.1mmol/L and ≤ 5.5 mmol/L across the maintenance were 88% and 99%, respectively.
Interestingly, a post hoc analysis of ZS-005 focused on the study of the subgroups of patients

with CKD. Furthermore, in this case, SZC use was associated with a significant reduction in serum K+

levels in the long-term maintenance phase, in a similar manner even when patients were stratified via
baseline-estimated glomerular filtration rate (i.e., eGFR < 30 or > 30 mL/min) [73].

The recent phase 3, randomized, double-blind HARMONIZE-Global trial examined the efficacy
and safety of SZC among outpatients with hyperkalemia, from diverse geographic and ethnic
origins [74].

A total of 248 patients achieving normokalaemia following a 48-h correction phase, with thrice-daily
SZC 10 g, were randomized to once-daily SZC 5 g, SZC 10 g or placebo during a 28-day maintenance
phase. Both initial and maintenance SZC regimens were associated with a significant reduction in
K+ levels when compared to baseline values and placebo, and this effect lasted over the 28 days
of treatment.
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However, besides general studies on the treatment of chronic hyperkalemia, SZC has also been
tested in acute and specific clinical settings. So, based on the pharmacokinetics data and the findings of
clinical trials that reported a rapid effect of SZC in lowering serum K+, the authors of the ENERGIZE
study explored the use of SZC in the ED [75]. It was a phase 2, multicenter, randomized, double-blind,
placebo-controlled study, in which 70 patients with serum K+ > 5.8 mmol/L admitted at the ED
were randomized 1:1 to SZC 10 g or placebo, administered up to three times during a 10-h period,
in association with insulin and glucose. Reductions in K+ levels at 1 hour with SZC or the placebo
were similar, probably due to the predominant potassium-lowering effect of the concomitant insulin
and glucose treatment. A greater reduction in mean K+ from the baseline was observed in the SZC
group, compared with the placebo at 2 hours (−0.72 vs. −0.36 mmol/L, respectively), suggesting that
SZC may provide an incremental benefit in the emergency treatment of hyperkalemia.

However, the K+ level’s reduction was not significantly different between the SZC and placebo
groups when they were evaluated 4 h after drug consumption.

Instead, the authors of the DIALIZE study tested the capacity of SZC to reduce blood potassium
levels among patients undergoing HD [76].

So, they performed a phase 3b, double-blind, randomized trial, in which 197 patients on
maintenance HD and predialysis hyperkalemia were randomized to receive a placebo or SZC 5 g once
daily, on non-dialysis day, and were titrated to maintaining normokalemia over 4 weeks in increments
of 5 g, up to a maximum of 15 g. The primary efficacy outcome involved the proportion of patients
maintaining pre-dialysis serum K+ levels of 4–5 mmol/L, on three out of four dialysis treatments, after
long interdialytic and not receiving rescue treatment. At the end of the study, 40 patients of the 97
receiving SZC (41.2%) met the primary endpoint, compared with 1 patient out of the 99 on placebo
(1%). Interestingly, adverse effects, including interdialytic weight gain, were similar between the
two groups. Thus, these findings suggest that SZC is an effective and well-tolerated treatment for
predialysis hyperkalemia in HD patients (Table 2).

Further information on specific patient populations will be expected from the results of the
ongoing PRIORITIZE-HF trial, which will evaluate SZC vs. placebo in patients with CHF taking
RAASi. The completion date of this trial is estimated as the end of 2020 [77].

7.2. Safety and Tolerability

SZC is generally well tolerated. Hypokalemia occurred in 5.8% of patients enrolled in the ZS-005
trial [72].

In phase 2 and 3 trials, the incidence of gastrointestinal adverse events (nausea, constipation,
vomiting or diarrhea) was similar between the treated group and the placebo group [78]. However, as
was the case for patiromer, SZC should also not be used in patients with severe constipation, bowel
obstructions or impaction, including abnormal postoperative bowel motility disorders [79].

A dose-related mild to moderate edema was observed in the SZC during the maintenance period
(mostly in patients receiving maximum SZC dosage), but it was resolved spontaneously or with
diuretic therapy. So, it is recommended to monitor signs of edema, especially in patients at risk of
fluid overload, such CKD and CHF patients, probably adjusting dietary salt intake and the dose of
diuretics [79].

Finally, a non-clinically relevant QTc interval prolongation, without an increased rate of arrhythmia,
has been reported in some cases, probably as a consequence of the rapid decrease in serum potassium
levels [69].

7.3. Dosage, Administration and Drug Interactions

The recommended starting dosage of SZC is 10 g three times a day; then, once normokalaemia is
achieved (usually in 24–48 hours), the maintenance dosage is 5 g daily (the dosage can be titrated up to
a maximum of 10 grams once daily, or down to a minimum of 5 g every other day).
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For patients on dialysis, SZC should only be given on non-dialysis days at starting doses of 5 g
once daily, followed by titrating the dose according to the pre-dialysis serum potassium value after the
long inter dialytic interval [79].

SZC presents as a powder, and before consumption, the entire content of a sachet should be
mixed with approximately 45 mL of water, and stirred well. It can be taken with or without food [66].
If hyperkaliemia persists after 72 hours with the maximum dosage, other treatment approaches should
be considered.

SZC can transiently increase gastric pH, potentially affecting the absorption of co-administered
drugs that exhibit pH-dependent solubility.

In vivo studies in healthy volunteers showed that, when co-administered with SZC, there was an
increase in systemic exposure to weak acids, such as furosemide and atorvastatin, and a decrease in
systemic exposures to weak bases, such as dabigatran [80].

So, the general advice is that other oral medications should be administered at least 2 hours before
or 2 hours after SZC.

8. Conclusions

For decades, the absence of a therapeutic alternative to SPS has represented one of the main
limitations to the management of hyperkalemia, especially in patients at high risk, such as those with
CHF, diabetes and CKD undergoing treatment with RAASi.

Therefore, the development of new potassium-lowering agents, such as patiromer and SZC, has
offered new opportunities for improving the management of hyperkalemia, even considering that,
unlike SPS, these medications have proven their efficacy in large clinical trials in different clinical
settings (see Table 3). Remarkably, patiromer and SZC appear to be well tolerated and safer compared
to SPS, with the report of only mild GI disorders and no cases of intestinal necrosis.

However, although the available data are encouraging and support the use of patiromer and SZC
in the management of hyperkalemia, several important issues remain to be explored [81].

For example, there are no data on compliance with the treatment, and no study has yet directly
compared the efficacy and tolerability of patiromer with SZC.

Moreover, one of the main barriers to the use of the new potassium-lowering agents may be
constituted by the higher cost of these treatments compared to SPS. There is thus a need to perform
accurate cost-effectiveness analyses, also to evaluate the economic effects of the implementation of
these new treatments. These analyses should consider the potential benefits derived from the reduced
incidence of adverse effects, and from the optimization of chronic RAASi treatment, which, in turn,
may improve clinical outcomes for CHF and CKD patients.

In this regard, it has been demonstrated by mathematical models that hyperkalemia prevention
and treatment with patiromer is a potentially cost-effective intervention for the long-term maintenance
of RAASi in patients at risk of hyperkalemia [82].

So, several studies are ongoing, and others should be designed to define the potentiality offered
by the application of these new potassium binders in specific clinical settings, and to elucidate their
roles in improving long-term clinical outcomes.
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Abstract: Background: Environmental factors contributing to diabetic kidney disease are incompletely
understood. We investigated whether blood cadmium and lead concentrations were associated
with the prevalence of diabetic kidney disease, and to what extent lifestyle-related exposures
(diet and smoking) contribute to blood cadmium and lead concentrations. Material and methods:
In a cross-sectional analysis in 231 patients with type 2 diabetes included in the DIAbetes and
LifEstyle Cohort Twente (DIALECT-1), blood cadmium and lead concentrations were determined
using inductively coupled plasma mass spectrometry. The associations between diet (derived from
food frequency questionnaire), smoking and cadmium and lead were determined using multivariate
linear regression. The associations between cadmium and lead and diabetic kidney disease (albumin
excretion >30 mg/24 h and/or creatinine clearance <60 mL/min/1.73 m2) were determined using
multivariate logistic regression. Results: Median blood concentrations were 2.94 nmol/L (interquartile
range (IQR): 1.78–4.98 nmol/L) for cadmium and 0.07 μmol/L (IQR: 0.04–0.09 μmol/L) for lead,
i.e., below acute toxicity values. Every doubling of lead concentration was associated with a 1.75
(95% confidence interval (CI): 1.11–2.74) times higher risk for albuminuria. In addition, both cadmium
(odds ratio (OR) 1.50 95% CI: 1.02–2.21) and lead (OR 1.83 95% CI: 1.07–3.15) were associated with
an increased risk for reduced creatinine clearance. Both passive smoking and active smoking were
positively associated with cadmium concentration. Alcohol intake was positively associated with
lead concentration. No positive associations were found between dietary intake and cadmium
or lead. Conclusions: The association between cadmium and lead and the prevalence of diabetic
kidney disease suggests cadmium and lead might contribute to the development of diabetic kidney
disease. Exposure to cadmium and lead could be a so far underappreciated nephrotoxic mechanism
of smoking and alcohol consumption.

Keywords: alcohol; cadmium; diabetic kidney disease; diet; lifestyle related exposures; lead; proteinuria;
smoking; type 2 diabetes

1. Introduction

Diabetic kidney disease (DKD) is one of the most debilitating complications in patients with type 2
diabetes (T2D) [1]. Although effective treatment options are available for reduction of albuminuria,
blood pressure control and glycemic regulation, progression of DKD into end-stage kidney disease
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(ESKD) is still common, underlining the necessity to identify additional mechanisms to target for
renoprotection [2–4]. Exposure to the heavy metals cadmium (Cd) and lead (Pb) could be interesting
in this respect. Cd and Pb bind to low-molecular-weight proteins, which are freely filtered through
the glomerulus and then reabsorbed by the proximal tubules, causing primary tubular toxicity [5].
This may lead to albuminuria and progressive kidney disease towards ESKD [6].

High-grade exposure to Cd and/or Pb is undoubtedly nephrotoxic [5–7]. Moreover, evidence
suggests that low blood levels of Cd and/or Pb already have unwarranted effects, as associations have
been found between limited Cd and/or Pb blood concentrations and renal tubular defect markers,
reduced eGFR and/or albuminuria [8–13]. These associations appear to be dose-dependent [8–12].

Despite a general reduction of industrial exposure to Cd and Pb over the past decades, exposure
to these metals is still present in the population at a lower grade, in particular, through smoking and
ingestion of food (from contaminated soil and water) [7,14].

Patients with T2D are at risk of developing DKD and may be more vulnerable to the nephrotoxic
effects of low-grade Cd and Pb exposure [8,15–19]. However, epidemiological studies on the nephrotoxic
effects of low-level Cd and Pb exposure in patients with T2D are scarce. Therefore, in this study in
patients with T2D, we examine (1) the association between several lifestyle-related exposures, such as
smoking and dietary intake, and the Cd and Pb blood concentrations and (2) the association between
low-level Cd and Pb exposure and the prevalence of DKD.

2. Materials and Methods

2.1. Patient Inclusion

This study was performed in the DIAbetes and LifEstyle Cohort Twente-1 (DIALECT-1), which was
previously described in detail [20]. All adult patients with T2D treated in the outpatient clinic internal
medicine/nephrology in the Ziekenhuisgroep Twente Hospital, Almelo and Hengelo, the Netherlands,
were eligible for participation. Exclusion criteria were ESKD and inability to understand the informed
consent procedure. Patients were included between 2009 and 2016. The study was performed
in accordance with the Helsinki agreement and the guidelines of good clinical practice. Prior to
participation, all patients signed an informed consent form. DIALECT was approved by the local
institutional review boards (METC-registration numbers NL57219.044.16 and 1009.68020) and was
registered in the Netherlands Trial Register (NTR trial code 5855).

2.2. Data Collection

Information on medical conditions and medication use was obtained from electronic patient
files and verified with the patient during the baseline visit. Information on smoking habits was
collected through questionnaires. Diet and alcohol consumption were assessed with a Food-Frequency
Questionnaire, which was previously validated [21]. Anthropometric measurements and presence of
diabetic polyneuropathy were obtained from physical examination. The body surface area (BSA) was
calculated using the universally adopted formula of DuBois [22]. Blood pressure was measured in
supine position with an automated device (Dinamap®; GE Medical systems, Milwaukee, WI, USA)
for 15 min with one-minute intervals. The mean systolic and diastolic pressure of the last three
measurements was used to estimate the mean arterial pressure (MAP), which was used for further
analysis. The MAP was calculated by the following formula: (2× diastolic blood pressure + systolic
blood pressure)/3. Microvascular complications were defined as the presence of polyneuropathy,
diabetic kidney disease and/or retinopathy. Macrovascular complications were defined as the presence
of peripheral arterial disease, coronary artery disease and/or cerebrovascular disease. Venous blood
and 24 h urine samples were stored at −80 ◦C for later analysis.
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2.3. Measures of Diabetic Kidney Disease

In our cohort study, we aimed for extensive and deep phenotyping. Therefore we included collection
of 24 h urine, to provide objective data on nutritional intake, including sodium intake. Furthermore,
determination of 24 h urinary creatinine excretion allows for calculation of the glomerular filtration rate with
serum creatinine while correcting for muscle mass of the individual, in contrast to the estimated glomerular
filtration rate (eGFR) formulas, which correct serum creatinine for average muscle mass on a population
scale. This allows not only for estimation of individual renal function with higher precision, but also for
analyses with creatinine clearance as a continuous variable, because it is well-known that imprecision of
eGFR as an estimate of renal function at higher estimated GFR levels is even greater than it is in the lower
range [23]. So, we used creatinine clearance calculated from 24 h urinary creatinine excretion and corrected
for BSA as primary endpoint [24]. DKD was defined as creatinine clearance <60 mL/min/1.73 m2 and/or the
presence of albuminuria (24 h urinary albumin excretion >30 mg/day). Secondary analyses were performed
with albuminuria based on albumin/creatinine ratio in 24 h-urine or morning void (>2.5 mg/mmol for men
and >3.5 mg/mmol for women).

2.4. Cd and Pb Measurements

Blood Cd and Pb concentrations were determined from EDTA whole blood. Samples were diluted
30× using 0.2% v/v HNO3 0.05% v/v Triton 1% v/v Methanol and analysed by inductively coupled
plasma mass spectrometry (ICP-MS) using a kinetic energy discrimination procedure on the Perkin
Elmer Nexion300× ICP-MS. Instrumentation settings are depicted in Supplementary Table S1. Levels
below the limit of detection were entered just below the limit value. For Cd, 4 of the 240 patients
had values below the limit of detection (LOQ 1 nmol/L). For Pb, no patients had values below the
limit of detection (LOQ 21 nmol/L). Reference values were used as described, Cd < 5.0 μg/L [25] and
Pb < 50.0 μg/L [26].

2.5. Statistical Analyses

All statistical analyses were performed using SPSS statistics (IBM SPSS Statistics for Windows,
Version 23.0, Armonk, New York, NY, USA). Normality of data was determined by visual inspection of
histograms. Data were presented as mean ± standard deviation (normal distribution), as median and
interquartile range (IQR 25th–75th percentile, skewed data), or in number and percentage (categorical
data). Patients with missing data on Cd and/or Pb were excluded from the study. Cases with otherwise
missing data were excluded from the respective analyses. We performed transformation of the
concentrations of Cd and Pb according to logarithm with base 2, which allows for interpretation of ORs
per doubling of concentrations of Cd and Pb. Univariate linear regression analyses were performed to
identify potential confounders in associations of Cd and Pb concentrations with variables of interest.

We used multivariate linear regression analyses to evaluate the determinants of blood concentration
of Cd and Pb. A p-value < 0.05 was considered statistically significant. To evaluate the association
between dietary intake and Cd and Pb concentration, the average total caloric intake and g/day of
different food groups were ranked in tertiles. The two highest tertiles of several food products were
compared with the lowest tertile in multivariate linear regression analyses. Supplementary Table S2
shows the components of the different food groups, i.e., vegetables, potatoes, liver and kidney, rice,
bread, fish, fruit and cacao. To determine the association between Cd, Pb and DKD, a multivariate
logistic regression analyses was performed using albuminuria (24 h urinary albumin excretion
>30 mg/24 h) and creatinine clearance <60 mL/min/1.73 m2 as primary outcome variables. Potential
confounders were based on previous literature and univariate correlations. Potential interaction of
associations of Cd and Pb with albuminuria and creatinine clearance <60 mL/min/1.73 m2 by age, sex,
smoking and alcohol intake was evaluated by inclusion of product-terms for these respective variables
with Cd and Pb in the logistic regression analyses. In secondary analyses, logistic regression analyses
was performed by employing the albumin/creatinine ratio as the outcome variable.
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3. Results

3.1. Patient Characteristics, Cd and Pb Concentrations

Cd and Pb were determined in the first 240 patients included in DIALECT-1. In total, 231 patients
were included in the analysis, and patients were excluded from the study if 24 h-urine was not available
(n = 1) or if they were determined to be type 1 diabetics (n = 8). The characteristics of the study
population (n = 231) are shown in Table 1. Mean age was 64 ± 9 years and the majority were men
(60%). The median duration of diabetes was 12 (6–20) years. In total, 105 patients (46%) had DKD,
of which 47 patients (20%) had a creatinine clearance <60 mL/min/1.73 m2 and 86 patients (37%)
had albuminuria (>30 mg/24 h). Mean HbA1c was 7.2 ± 3.1% (55 ± 10 mmol/mol) and 140 patients
(61%) were on insulin therapy. The number of micro- (67%) and macrovascular complications (43%)
was high. Median blood concentrations were 2.94 nmol/L (1.78–4.98 nmol/L) for Cd and 0.07 μmol/L
(0.04–0.09 μmol/L) for Pb. All values were considered as otherwise ‘normal’ levels for Cd and Pb.

Table 1. Baseline characteristics and univariate associations with Cd and Pb.

Characteristics n= Total Population Cadmium St. B. p-Value Lead St. B. p-Value

Age, years 231 64 ± 9 −0.05 0.46 0.09 0.18
Women, n (%) 231 93 (40) 0.19 0.004 −0.12 0.06
Body Mass Index, kg/m2 230 33 ± 6 −0.06 0.38 −0.04 0.57
Body surface area, m2 230 2.1 ± 0.2 −0.14 0.03 0.06 0.37
Systolic blood pressure, mmHg 230 141 ± 17 −0.06 0.4 0.07 0.26
Diastolic blood pressure, mmHg 230 76 ± 10 0.02 0.74 0.05 0.46
Pulse rate, beats/min 229 75 ± 13 0.15 0.03 0.02 0.72

Diabetes duration, years 231 12 (6–20) −0.22 0.001 −0.09 0.2
Treatment with insulin, n (%) 231 140 (61) −0.2 0.003 −0.12 0.08
HbA1c, mmol/mol (%) 230 55 ± 10 (7.2 ± 3.1) −0.14 0.04 −0.16 0.02

Smoking status 231
Current active smokers, n (%) 35 (15) 0.46 <0.001 0.09 0.28
Current passive smokers, n (%) 46 (20) 0.15 0.05 0.04 0.63
Former active smokers, n (%) 95 (41) 0.15 0.05 0.18 0.03
Never smoked, n (%) 52 (23) * *
Pack years, (years) 227 12 (0–29) 0.3 <0.001 0.23 <0.001
Alcohol, g/day 229 2.0 (0–14) −0.1 0.15 0.3 <0.001

Creatinine clearance, mL/min/1.73 m2 230 95 ± 39 −0.18 0.007 −0.12 0.08
eGFR, mL/min/1.73 m2 231 75 ± 24 −0.12 0.08 −0.16 0.01
Urine albumin excretion, mg/24 h 223 11 (3–91) 0.12 0.08 0.13 0.05
Urine total protein excretion g/24 h 231 0.2 (0.1–0.4) 0.17 0.01 0.09 0.18

Blood cadmium, nmol/L 231 2.94 (1.78–4.98) 0.16
0.01Blood lead, μmol/L 231 0.07 (0.04–0.09) 0.16 0.01

Microvascular complications, n (%) 231 154 (67) −0.03 0.67 0.19 0.003
Polyneuropathy, n (%) 231 78 (34) −0.03 0.66 0.12 0.07
Diabetic kidney disease, n (%) 231 105 (46) 0.1 0.14 0.2 <0.001
Creatinine clearance <60 mL/min/1.73 m2, n (%) 230 47 (20) 0.1 0.01 0.15 0.02
Albuminuria, n (%) 231 86 (37) 0.04 0.52 0.24 <0.001
Retinopathy, n (%) 231 64 (28) −0.11 0.11 0.08 0.25
Macrovascular complications, n (%) 231 99 (43) 0.2 0.002 0.01 0.85
Peripheral arterial disease, n (%) 231 33 (14) 0.13 0.06 0.12 0.08
Coronary artery diseases, n (%) 231 66 (29) 0.09 0.18 0.01 0.9
Cerebrovascular diseases, n (%) 231 26 (11) 0.1 0.13 0.01 0.88

Standardized beta (St. B.) is shown. * never smoked is used as the reference value for smoking status. eGFR:
estimated glomerular filtration rate.

3.2. Determinants of Cd and Pb Concentrations

Univariate associations between study parameters and Cd and Pb are shown in Table 1. Blood Cd
concentration was higher in women (β = 0.19, p = 0.004) and in patients with exposure to smoking
(pack years β = 0.30, p < 0.001; active smoking β = 0.46, p < 0.001). In addition, Cd was inversely
associated with years of diabetes, insulin use and serum HbA1c. In multivariate analyses, the Cd
concentration was significantly higher in active, passive and former smokers, compared to never
smokers (Table 2). The association between alcohol and Cd remain statistically nonsignificant.
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Table 2. Multivariate linear regression analyses on smoking status and alcohol intake and Cd and
Pb concentrations.

Lifestyle-Related Exposures
Cadmium nmol/L Lead umol/L

St. B. p-Value St. B. p-Value

Active smoker
Model 1 (crude) 0.46 <0.001 0.08 0.27
Model 2 (adjusted) 0.50 <0.001 0.11 0.16
Model 3 (adjusted) 0.48 <0.001 0.02 0.86

Passive smoker
Model 1 (crude) 0.16 0.04 −0.003 0.97
Model 2 (adjusted) 0.17 0.03 −0.001 0.99
Model 3 (adjusted) 0.17 0.03 −0.03 0.69

Former smoker
Model 1 (crude) 0.17 0.03 0.14 0.08
Model 2 (adjusted) 0.25 0.002 0.17 0.05
Model 3 (adjusted) 0.22 0.005 0.12 0.16

Alcohol intake
Model 1 (crude) −0.09 0.17 0.29 <0.001
Model 2 (adjusted) 0.003 0.96 0.30 <0.001
Model 3 (adjusted) −0.05 0.49 0.30 <0.001

Standardized beta (St. B.) is shown. Alcohol intake in g/day. Never-smoked is used as the reference value for
smoking status. Model 1 is unadjusted (crude), while Model 2 is adjusted for age, sex, creatinine clearance and
Model 3 is adjusted for Model 2 and lead (for cadmium) and cadmium (for lead).

With respect to blood Pb concentration, both smoking (pack years β = 0.23, p < 0.001, former
smoking β = 0.18 p = 0.03) and alcohol intake (β = 0.30, p < 0.001) were univariately associated with Pb
concentrations. Alcohol intake remained significantly associated with Pb concentration in the fully
adjusted model (β = 0.30, p < 0.001), while the association between smoking and Pb was not observed
in the fully adjusted model (Table 2). Cd and Pb concentrations were associated with one another
(β = 0.16, p = 0.01).

3.3. Dietary Intake and Blood Cd and Pb Concentrations

The average daily intake of different food products is shown in Supplementary Table S3. The mean
caloric intake was 1850 ± 619 kcal/day. No positive associations were found between the two highest
tertiles of different food products and the Cd and Pb concentrations, neither after adjustment for
possible confounders and the total caloric intake (Table 3). Interestingly, a significant inverse association
was observed between the highest tertiles of vegetables and fruits and the Cd concentration compared
with the lowest tertiles (β = −0.16, p = 0.03 and β = −0.14, p = 0.05, respectively).

3.4. Multivariate Analysis between Cd and Pb and Diabetic Kidney Disease

Subsequently, we investigated the associations between Cd and Pb, and 24 h urinary albumin
excretion (>30 mg/24 h) and creatinine clearance <60 mL/min/1.73 m2 (Table 4). Doubling of the Pb
concentration was strongly associated with albuminuria (OR 1.75, 95% CI: 1.11–2.74), which remained
unchanged in the fully adjusted model. There was no significant association between Cd and
albuminuria. Secondary analysis with albumin/creatinine ratio as the outcome variable instead of 24 h
albuminuria yielded similar results (Supplementary Table S4). There was a significant association
between Cd and albumin/creatinine ratio, however this association may be accounted for mostly
by smoking and Pb as this association became statistically nonsignificant when adjusting for these
confounders. Doubling of the Cd and Pb concentrations was significantly associated with creatinine
clearance <60 mL/min/1.73 m2 (respectively, OR 1.50 95% CI: 1.02–2.21 and 1.83 95% CI: 1.07–3.15),
even when adjusting for the other metal (Table 4). We found no indication for effect-modification
of associations of Cd and Pb with albuminuria and reduced creatinine clearance (all p-values for
interaction terms >0.10).
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Table 3. Multivariate linear regression between different food products as independent variables and
the Cd and Pb concentrations as dependent variables.

Food Products

Cadmium (nmol/L) Lead (μmol/L)

Crude Adjusted * Crude Adjusted *

St. B. p Value St. B. p Value St. B. p Value St. B. p Value

Vegetable
Tertile 2 −0.15 0.06 −0.13 0.06 0.06 0.47 0.09 0.21
Tertile 3 −0.16 0.03 −0.16 0.03 −0.02 0.81 0.01 0.93

Rice
Tertile 2 −0.01 0.95 −0.02 0.81 −0.08 0.32 −0.06 0.42
Tertile 3 −0.06 0.42 −0.02 0.81 −0.16 0.14 −0.1 0.2

Potatoes
Tertile 2 −0.12 0.13 −0.12 0.11 0.14 0.08 0.11 0.14
Tertile 3 −0.13 0.1 −0.13 0.1 0.02 0.83 0.02 0.86

Bread
Tertile 2 −0.07 0.34 −0.05 0.48 0.07 0.36 0.1 0.18
Tertile 3 −0.15 0.06 −0.06 0.46 0.02 0.83 0.08 0.31

Fish
Tertile 2 0.01 0.9 −0.01 0.9 0.05 0.53 0.07 0.32
Tertile 3 −0.02 0.77 0.2 0.78 0.05 0.56 0.02 0.84

Fruit
Tertile 2 −0.18 0.02 −0.08 0.24 −0.03 0.66 −0.02 0.8
Tertile 3 −0.15 0.05 −0.14 0.05 0.03 0.69 0 0.99

Liver and kidney
Tertile 2 −0.12 0.09 −0.8 0.25 −0.15 0.03 −0.11 0.1
Tertile 3 −0.16 0.02 −0.12 0.07 −0.01 0.88 0.02 0.8

Cacao
Tertile 2 −0.11 0.18 −0.07 0.32 −0.05 0.53 −0.01 0.1
Tertile 3 −0.08 0.3 −0.03 0.66 −0.1 0.22 −0.02 0.76

* Adjusted for: age, sex, total caloric intake, creatinine clearance (mL/min/1.73 m2), pack years, alcohol intake
(g/day), Pb (for Cd) and Cd (for Pb). Cd and Pb as dependent continuous variables.

Table 4. Multivariate logistic regression on the association between Cd and Pb and albuminuria and
reduced creatinine clearance.

Independent Variables
Creatinine Clearance<60 mL/min/1.73 m2 Albuminuria >30 mg/24 h

OR 95% CI OR 95% CI

Cadmium nmol/L
Model 1 (crude) 1.57 1.14–2.16 1.08 0.85–1.37

Model 2 1.65 1.18–2.31 1.22 0.95–1.58
Model 3 1.53 1.08–2.17 1.24 0.95–1.62
Model 4 1.52 1.07–2.16 1.24 0.95–1.63
Model 5 1.57 1.07–2.30 1.06 0.80–1.41

Model 6 * 1.50 1.02–2.21 1.01 0.75–1.36

Lead μmol/L
Model 1 (crude) 1.65 1.07–2.55 2.15 1.44–3.19

Model 2 1.68 1.06–2.66 1.98 1.31–2.98
Model 3 1.63 1.01–2.66 1.97 1.29–3.01
Model 4 1.94 1.16–3.24 1.93 1.25–3.00
Model 5 1.94 1.15–3.27 1.75 1.12–2.74

Model 6 ** 1.83 1.07–3.15 1.75 1.11–2.74

Odds ratio (OR) and 95% confidence interval (CI) are shown. Model 1 is unadjusted (crude), Model 2 is adjusted for
age, sex, Model 3 is adjusted for Model 2 and HbA1c, insulin use, years diabetes, mean arterial pressure, Model 4 is
adjusted for Model 3 and alcohol intake (g/day), Model 5 is adjusted for Model 4 and pack years and Model 6 is
adjusted for Model 5 and * lead (for cadmium) and ** cadmium (for lead). The ORs for the additional independent
variables of Model 6 are listing in Supplementary Table S5.

94



J. Clin. Med. 2020, 9, 2432

4. Discussion

Cadmium (Cd) and Lead (Pb) are two of the most prevalent and nephrotoxic heavy metals [27].
Evidence suggests that patients with T2D are more susceptible to renal toxic effects of Cd and
Pb [8,15–19,28]. In our study, with concentrations of Cd and Pb considerably below the values for acute
toxicity, we found clear associations between these elements and albuminuria and reduced creatinine
clearance, respectively, in patients with T2D. Doubling of the Pb concentration was associated with a
1.75 times higher risk of albuminuria. Additionally, both higher Cd and Pb revealed an increased risk
of creatinine clearance <60 mL/min/1.73 m2. Furthermore, smoking and alcohol intake appear to be
associated with the Cd and Pb concentrations, respectively.

Although no lower limit of blood Pb and Cd for (nephro)toxicity had been established
previously [18,27], the Cd and Pb concentrations found in this study were all in the supposedly
normal range, as found in Europe and the United States [8,9,11]. In the general population, previous
studies have described the associations between Cd and Pb exposure and reduced eGFR or creatinine
clearance, but with higher blood levels, i.e., Cd ≥0.60 μg/L (5.34 nmol/L) and Pb >1.82 μg/dL
(0.09 μmol/L) [8–11]. The current study is the first to investigate these associations in a population of
both men and women with complicated T2D [28]. We used two different, creatinine-based measures
to assess renal function, i.e., eGFR and creatinine clearance. While the association with creatinine
clearance was significant for Cd, and the associations with eGFR for Pb, with borderline associations
between creatinine clearance and Pb, and between eGFR and Cd, respectively, the consistency of the
direction of the associations supports the robustness of our findings.

With respect to albuminuria, we found no positive association between Cd and albuminuria, which is in
line with previous studies in the general population [11,29]. In secondary analyses, the association between
Cd and albumin/creatinine ratio may be attributed mostly to smoking (pack years) and Pb concentrations.
However, we did find higher concentrations of Cd in women, and it has been shown previously that women
with T2D have a higher risk for albuminuria from cadmium exposure compared to women without T2D [28].
Moreover, Madrigal and colleagues found that the association between Cd and eGFR was more pronounced
among females in the general population [12]. When the interaction term between Cd and sex was added to
the adjusted models for creatinine clearance <60 mL/min/1.73 m2 and albuminuria, we found no significant
interactions (p = 0.54, p = 0.89, respectively).

For Pb, several prospective studies in patients with and without T2D have found that environmental
Pb accelerates progressive kidney disease (based on the creatinine clearance) [17,19,30,31], overruling
negative findings in cross-sectional studies [9,11]. Two studies in patients with T2D have shown
that Pb concentrations of 4–6 times higher than our population, were associated with an increased
long-term risk for progressive kidney disease [17,19]. Moreover, the glomerular filtration rate improved
in these patients after lead-chelation therapy [17]. Whether these Pb concentrations are ‘low-level’ is
debatable, and due to sociodemographic differences, these results cannot be extended to our study
population. We found a strong association between Pb and albuminuria and reduced creatinine
clearance in a much lower concentration than previously described. Although causality cannot
be proven, this suggests that Pb exposure may enhance DKD in a much lower concentration than
previously thought. Possibly, patients with T2D are more susceptible to renal damage due to Pb
exposure than the general population, or the mechanism of nephrotoxicity of Pb in T2D differs from
the mechanism in the nondiabetic population.

Our study was not designed to investigate the mechanisms of renal damage by Cd and Pb, but in
the literature several mechanisms have been implicated [5–7,15,19,27,32]. Even though both metals
bind to low-molecular-weight proteins and primarily affect the proximal tubules, renal outcomes
tend to diverge—while Cd-induced renal impairment is characterized in the early stages by the
presence of increased excretion of LMWH proteins (β2-microglobuline, retinol binding protein and
a1-microglobulin), in Pb nephropathy, the proteinuria (including albuminuria) is absent or minimal in
the early stages of renal diseases [27].
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However, both metals seem to interfere with diabetes metabolism in a way that might interact with
the process of DKD. For Cd, the background of hyperglycaemia appears to provide an environment
which promotes Cd-induced renal impairment in diabetes [15]. In diabetic obese mice, a Cd-induced
proteinuria increase was achieved with a 4-fold lower Cd than those in nondiabetic control mice [33].
Moreover, Cd exposure causes abnormal adipocyte differentiation, expansion and function, which might
lead to development of insulin resistance, hypertension and cardiovascular diseases [34]. We found that
longer duration of diabetes and higher HbA1c were associated with lower cadmium levels, which is
somewhat counterintuitive, but in line with findings of a previous study in patients with established
T2D [35]. A possible explanation is that this is the consequence of healthy survivor bias. For Pb, one
hypothesis is that low-level environmental Pb exposure can lead to oxidative stress reactions causing
functional nitric oxide deficiency and activation of the renin-angiotensin-aldosterone system in patients
with diabetes [19]. Lead chelation therapy can improve renal function through potential interference
with this mechanism by reducing the reactive oxygen species [17,19].

The nephrotoxic effects of low-level Cd exposure in the general population are still under
debate [11,29,36,37]. Several studies have described a pattern of increased blood Cd, and decreased
urine Cd concentrations combined with a decreased eGFR, which might suggest reverse causality
(increased blood Cd concentrations due to reduced renal clearance) [11,29]. Therefore, prospective
studies on the association between Cd and eGFR trajectory are warranted.

In our study, current smokers have a 2.5 times higher Cd concentration compared with nonsmokers.
Additionally, even former- and passive smoking were positively associated with the Cd concentration,
which is in line with previous findings [38]. Noting the association between Cd and reduced creatinine
clearance, kidneys should be added to the long list of organs negatively affected by smoking. Although
dietary intake of cereals, vegetables or shellfish is reported to be the most important source of
cadmium in the nonsmoking population, we found no positive association between diet and Cd
concentration [7,18]. This could be due to the fact that patients in this study have a relatively low
intake of food categories which contain high amounts of Cd, for example only 12 patients reach the
recommended average daily intake of 250 g vegetables per day. Interestingly, we found a negative
association between the two highest tertiles of vegetables and fruit intake and Cd concentrations.
This may be accounted for by residual confounding whereby more vegetable and fruit intake may
reflect a healthier lifestyle, or maybe vegetables and fruit stimulate the clearance of cadmium in the
body. For blood Pb concentration, alcohol intake was the most important contributing parameter.
This might be explained by intake of Pb-contaminated alcoholic liquors [39]. According to a study
into Pb in alcohol beverages, draught beers sampled contained greater than 10 μg/L of Pb and 4%
contained greater than 100 μg/L of Pb [39]. Consumption of beer containing 50 μg/L of lead could
make a substantial contribution to blood Pb concentrations in man. Consumption of 1l/day of wine
containing 150 μg/L of lead could also make a major contribution to blood lead concentrations [39].

One strength of our study is the fact that a population of patients with T2D in only one geographic
area was studied, and therefore environmental differences were minimized. Furthermore, albuminuria
and renal function were based on the 24 h urine collection, instead of a single portion of urine as in
most earlier studies. We found a lower creatinine clearance to be significantly associated with higher
cadmium and lower eGFR to be significant associated with higher lead, while creatinine clearance was
not significantly associated with lead level and eGFR was not significantly associated with cadmium
level. It should be noted that although the latter associations were not significant, this was due to the
fact that the magnitude of the associations was slightly smaller than that of the significant associations
rather than that they were absent or inverse. With a larger sample size, these associations would
likely also have been significant and congruent with the significant associations of lower creatinine
clearance with higher cadmium and lower eGFR with higher lead. A limitation of our study is the
cross-sectional design, allowing only research of associations rather than causality. However, even when
the associations we found were based on reverse causality, this might be of great importance because it
may implicate toxic accumulation of Cd and Pb. In patients with T2D maintenance haemodialysis,
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higher Cd levels were associated with increased hazard ratio for all-cause mortality (hazard ratio
(HR) = 2.34 (1.10–4.96)) [40].

Although the overall Pb exposure levels have diminished in recent decades due to elimination of
Pb from gasoline, there is still an under-recognized but persistent occurrence of Cd and Pb exposure in
urban populations [32]. Due to industrial emissions and household waste from batteries, cosmetics, and
painting, the soil becomes polluted and Cd and Pb end up in water and food products. Possibly, due to
urbanisation, exposure to Cd from food products will increase in the coming years [7]. Considering
that even low doses of Cd and Pb are likely to have harmful effects, the lifestyle-related exposures to
Cd and Pb remain an important research topic which has several policy implications for public health.

In conclusion, our study revealed that in patients with T2D lifestyle-related Pb exposure is
associated with the prevalence DKD in much lower concentrations than previously described. Although
prospective studies are required to confirm a causal relationship, patients with T2D may be at increased
risk for the toxic effects of low-level Cd and Pb exposure. Our study provides additional affirmation
that avoiding possible exposure to Cd and Pb through smoking and alcohol intake is important in T2D.
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Abstract: This study aimed to identify the ideal timing and setting for measuring blood pressure (BP)
and determine whether the left ventricular mass index (LVMI) is an independent risk factor associated
with increased cardiovascular events in hemodialysis (HD) patients. BP and LVMI were measured
at baseline and at 6 and 12 months after HD initiation. BP was monitored and recorded at nine
different time points, including before and after HD over a one-week period (HDBP). The mean BP
measurement was calculated as the weekly averaged BP (WABP). LVMI was significantly correlated
with home BP, in-office BP, HDBP, and WABP. Receiver operating characteristic analysis indicated
that the cutoff LVMI value for cardiovascular events was 156 g/m2. LVMI and diabetes mellitus were
significant influencing factors for cardiovascular events (hazards ratio (95% confidence interval):
diabetes mellitus, 2.84 (1.17,7.45); LVMI> 156 g/m2, 2.86 (1.22,6.99)). Pre-HDBP, post-HDBP, and WABP
were independently associated with higher LVMI in the follow-up periods. Hemoglobin and
human atrial natriuretic peptide (hANP) levels were associated with LVMI beyond 12 months after
HD initiation. Treatment of hypertension, overhydration based on hANP, and anemia may reduce
the progression of LVMI and help identify HD patients at high risk for cardiovascular events.

Keywords: left ventricular hypertrophy; left ventricular mass index; hemodialysis; blood pressure;
cardiovascular events; risk factor

1. Introduction

Cardiovascular (CV) disease is a leading cause of morbidity and mortality in hemodialysis
(HD) patients. The US Renal Data System 2014 Annual Data Report stated that, between 2011
and 2013, cardiac arrest was the primary cause of two-thirds of CV-related deaths in HD patients [1].
In this population of patients, both volume and pressure overload result in increased cardiac work.
The improvements in the prevention or postponement of kidney failure in the United States are possibly
due to interventions such as greater blood pressure control in the general population. The prevalence
of end-stage kidney disease (ESKD) continues to increase and reached 746,557 cases in 2017 (vs. 727,912
in 2016), representing a 2.5% increase since 2016, a reflection of decreasing mortality rates in the
ESKD population [2]. The adaptive response to this physiological situation leads to left ventricular
hypertrophy (LVH). LVH is a common comorbid condition observed with chronic kidney disease
(CKD) and is a significant predictor of increased CV events in dialysis patients [3]. At the initiation
of dialysis therapy, the prevalence of LVH is high [4], possibly due to both delayed diagnosis and
insufficient treatment of hypertension.
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Echocardiography provides an accurate estimate of LV mass (LVM). The diagnosis of LVH using
echocardiography is frequently seen in patients with ESKD [5]. In early CKD patients, the LVM
index (LVMI), as estimated by echocardiography, has been shown to correlate with the risk of
progression to dialysis [6]. Lower blood hemoglobin level and higher LVMI are associated with
progression to dialysis and poorer outcomes [7].

The optimal timing and measurement technique of BP in patients with ESKD are yet to
be established. Currently, there is no established method of BP measurement that more accurately
predicts the development of elevated LVMI and LVH and thus increased risk for CV events [8].
A significant change in BP, through a decrease in LV end-diastolic pressure, might decrease the left
atrial (LA) diameter, altering the assessment of the LVH calculation of LVMI on echocardiography [9].
Many studies have used pre-HD BP to determine optimal BP levels in HD patients [10].

Moriya et al. [11] reported that the weekly averaged BP (WABP) is a useful method for estimating
the BP of HD patients and correlates well with the LVMI. In HD patients, however, the relationship
between LVH and BP variability remains unclear [12]. After starting HD, systolic BP, atrial natriuretic
peptide (ANP), and hemoglobin levels have been found to be predictive factors for LVMI [3,9], more so
than diastolic BP. Matsumoto et al. [13] reported that an increase in hemoglobin level along with a
reduction in ANP were associated with reductions in LVH. Intensive HD is associated with lower risks
for cardiovascular death and hospitalization, especially for heart failure, relative to both conventional
HD and peritoneal dialysis [14]. In Japan, the incidence of ESKD has increased in the last few
decades [15]. Although studies have reported an association between the prevalence of LVH and CV
risk factors in patients with CKD [16], the relationship between LVMI and CV events in HD patients
requires further exploration. Thus, this study aimed to assess when and how BP should be monitored in
relation to HD and whether LVMI is an independent risk factor for increased CV events in HD patients.

2. Materials and Methods

The study protocol was approved by the Ethics Review Committee of Juntendo University Faculty
of Medicine, Tokyo, Japan, in 2007 (approval no. 207-036, dated 16 October 2007) and registered with
the University Hospital Medical Information Network (UMIN000018312). The modified study design
(prospective observational study) was approved in 2015 (approval no. 22-78; 2015026). It complied
with the tenets of the 2000 Declaration of Helsinki.

This prospective observational study was conducted in the Department of Nephrology of the
Juntendo University Hospital. The inclusion criteria for the study were adults aged >20 years who
were newly indicated for HD. Patients who were unable to revisit the outpatient clinic 6 months after
initiating HD and those with concomitant malignancy, alcoholism, or chronic inflammatory disease
were excluded.

Demographic data were collected at baseline. We measured the patients’ human ANP (hANP),
hemoglobin, high-sensitivity C-reactive protein (hsCRP), albumin, homocysteine, iron, and transferrin
saturation levels at baseline (day 0), and at 6 and 12 months after initiation of HD. Of the 418 HD
patients, 192 provided consent. A total of 72 patients were excluded from the study (22 had malignancy,
2 had alcohol abuse, 31 had inflammation or infection, 14 could not come to the hospital 6 months later
due to relocation or hospital transfer, and 3 withdrew their consent), and the remaining 120 patients
who survived beyond 6 months were included in this study.

2.1. BP Measurement

We measured and recorded 9 BP measurements over a one-week period for each patient. Home BP
(HBP) was measured in the mornings on treatment days 1 and 5 of each week. BP was measured just
before HD on each dialysis day (days 1, 3, and 5) (pre-HDBP) and again after each dialysis (post-HDBP).
Finally, BP was measured once during their clinic echocardiogram visit day (day 4 of each week)
(visit BP(VBP)). The WABP was defined as the average of these 9 BP measurements (Figure 1). Nine BP
measurements were performed at baseline and at 6 and 12 months.
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Figure 1. Blood pressure measurements over a one-week period. HBP, home blood pressure; VBP,
visit blood pressure; HD; hemodialysis; HDBP, hemodialysis blood pressure.

2.2. Echocardiography Measurement

Echocardiographic examinations were conducted on a non-HD day. In all patients,
echocardiographic examinations were performed by one examiner using the Toshiba ultrasound
system model 260 SS-A equipped with a 2.5-MHz phased-array transducer (Toshiba, Tokyo, Japan).
All examinations were performed with the patient lying in the left lateral recumbent position. Data were
analyzed following the American Society of Echocardiography Guidelines. The LA and LV sizes,
interventricular septal thickness, and LV posterior wall thickness were measured by two-dimensional
and M-mode echocardiography [17]. We measured the LVMI [18], early/late LV filling velocity (E/A),
and deceleration time. The LV mass was calculated using the following formula [19]:

The LV mass = 0.8 (1.04 (LV internal diameter in diastole + posterior wall thickness +
interventricular septal thickness)3 - (LV internal diameter in diastole)3) + 0.6 g

(1)

LVMI was defined as LV mass standardized by the body surface area [19].

2.3. CV Events

A CV event was defined as hospitalization for unstable angina, CV death, sustained arrhythmia,
myocardial infarction, stroke, arteriosclerosis obliterans, transient ischemic attack, arterial aneurysm,
and valve disease. Admission for fluid overload and pulmonary edema was included in those with
a diagnosis of angina or myocardial infarction. Mere fluid overload due to insufficient dry weight
settings was not included in the CV event.

2.4. Statistical Analysis

Statistical analysis was performed using JMP 10 (SAS Institute, Cary, NC, USA).
Standard descriptive statistics were used to assess baseline characteristics. Data are presented as the
mean ± standard deviation. Characteristics of patients with and without CV events were compared
using analysis of variance (ANOVA). Variables with p values < 0.05 were further analyzed using a
stepwise linear regression analysis based on a forward–backward procedure. Repeated-measures
ANOVA was performed to compare serial changes in the clinical data and echocardiographic parameters.
Cox regression was used to analyze relative CV event risks. We chose hANP as a measure of capacity
load and BP as a measure of pressure load associated with LVH, in addition to LVMI, age, sex,
diabetes mellitus (DM), BP, and LVMI, to evaluate the association between LVMI and CV events.
The independence of these variables was evaluated to select variables to be used for multivariate
Cox hazard analysis. A cutoff value of LVMI was calculated for CV events using receiver operating
characteristic (ROC) analysis based on the value at 6–12 months after the start of dialysis, creating a
binary categorical variable based on LVMI. The cumulative CV event incidence was assessed using the
Kaplan–Meier method and log-rank test using significant influencing factors for CV events based on
the multivariate Cox hazard model. Multivariate linear regression analysis was used to examine the
association between LVMI or hemoglobin and clinical and laboratory variables. A value <0.05 was
considered statistically significant.
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3. Results

3.1. Patient Characteristics

A total of 418 patients who were admitted to our hospital between October 2008 and September 2012
for HD were screened. After applying the exclusion criteria, the final study population included
120 HD patients. The mean patient age was 63.5 ± 11.4 years at the initiation of HD. Most patients
were male (73.3%), 42.6% had diabetes, and 30.8% had hypertensive nephrosclerosis. Diabetic kidney
disease was defined as a patient with a history of diabetes for more than 5–10 years and diabetic
retinopathy and/or high proteinuria.

3.2. Baseline and 12 Months Echocardiographic, Laboratory, and BP Values

Hemoglobin (g/dL), hANP (pg/mL), and hsCRP (mg/dL) levels differed significantly after
12 months of HD. In contrast, the LVMI at month 12 of HD (145.5 ± 46.2 g/m2) was not significantly
different from that at month 0 (178.1 ± 48.5 g/m2). Only the end-of-week post-HD systolic BP decreased
significantly after 12 months of HD (157.6 ± 18.5 vs. 136.8 ± 19.9 mmHg). Systolic and diastolic VBP,
home systolic and diastolic BP (HBP), pre- and post-HD systolic BP, post-HD diastolic BP, and WABP
did not change significantly at 12 months post-HD initiation.

3.3. Characteristics of Patients with and without CV Events 12 Months after Initiation of HD

Table 1 shows the differences between patients with and without CV events. There were no deaths.
CV events included angina pectoris (n = 12), cerebral infarction (n = 6), occlusive arterial disease
(n = 2), myocardial infarction (n = 1), and arrhythmia (n = 2). Age >70.6 years, DM, past CV event,
and elevated hsCRP levels, were all significantly correlated with an elevated risk of CV events.

Table 1. ANOVA of characteristics between patients with and without CV events 12 months after
initiation of HD.

Patients with
CV Events

Patients without
CV Events

p Value All Patients

Age (years) 70.6 ± 2.4 61.3 ± 1.4 <0.01 63.5 ± 11.4
Male sex (%) 77.3 72.5 0.65 73.6
DM (%) 63.6 36.1 0.02 42.6
Past CV event (%) 60.1 18.3 <0.01 27.7
Systolic blood pressure (mmHg)

Outpatient clinic 135.2 ± 4.4 142.6 ± 2.3 0.15 140.9 ± 1.8
Before hemodialysis (start of the week) 148.2 ± 5.5 147.2 ± 3.1 0.87 147.4 ± 2.1
Mean blood pressure 143.1 ± 3.5 141.1 ± 3.5 0.63 141.6 ± 1.1

Laboratory parameters
Hemoglobin (g/dL) 10.9 ± 0.3 10.6 ± 0.1 0.24 10.7 ± 0.1
Non-dialysis day hemoglobin (g/dL) 11.5 ± 0.4 11.5 ± 0.4 0.87 11.5 ± 0.2
Total iron saturation (%) 22.1 ± 3.5 27.9 ± 23.8 0.15 26.4 ± 14.7
Albumin (g/dL) 3.79 ± 0.07 3.77 ± 0.04 0.84 3.77 ± 0.03
Homocysteine (mg/dL) 23.7 ± 6.2 34.7 ± 3.1 0.11 32.7 ± 2.2
hsCRP (mg/dL) 0.49 ± 0.09 0.13 ± 0.05 <0.01 0.21 ± 0.04
hANP (pg/ dL) 68.4 ± 12.5 60.5 ± 6.3 0.58 62.1 ± 4.9
Alkaline phosphatase (U/L) 258.1 ± 18.7 232.1 ± 10.2 0.23 238.1 ± 8.2
Corrected calcium (mg/dL) 8.69 ± 0.28 8.97 ± 0.16 0.39 8.89 ± 0.12
Phosphorous (mg/dL) 5.31 ± 0.29 5.39 ± 0.16 0.74 5.38 ± 0.13
Total cholesterol (mg/dL) 158.3 ± 8.2 168.3 ± 4.7 0.29 165.8 ± 3.7
LDL cholesterol (mg/dL) 84.6 ± 7.9 90.9 ± 4.3 0.49 89.4 ± 3.4
Intact PTH (pg/dL) 171.1 ± 29.4 152.8 ± 15.4 0.58 156.7 ± 12.1
Erythropoietin stimulating agent (U/week) 21.1 ± 3.2 18.9 ± 1.9 0.54 19.4 ± 1.4

Echocardiographic data
LAD (mm) 37.7 ± 1.3 35.8 ± 0.7 0.21 36.3 ± 0.6
Relative wall thickness 0.528 ± 0.02 0.496 ± 0.01 0.16 0.503 ± 0.01
LVMI (g/m2) 155.4 ± 7.9 144.6 ± 4.2 0.23 146.9 ± 3.4
EF (%) 66.8 ± 2.3 68.2 ± 1.2 0.61 67.9 ± 0.9
Follow-up period (days) 532.4 ± 104.2 728.1 ± 57.2 0.11 682.8 ± 48.8

ANOVA, analysis of variance; CV, cardiovascular; DM, diabetes mellitus; HD, hemodialysis; hsCRP, high-sensitivity
C-reactive protein; hANP, human atrial natriuretic peptide; LDL, low-density lipoprotein; PTH, parathyroid hormone;
LAD, left atrial dimension; LVMI, left ventricular mass index; EF, ejection fraction.
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3.4. Cox Proportional Hazards Modeling

As a result of the ROC analysis, the calculated cutoff value of LVMI for CV events was 156 g/m2.
LVMI, age, DM, sex, hANP, and BP (outpatient systolic BP at 6–12 months) were considered as candidates
independent variables in the examination of the influence of LVMI on CV events. Evaluation of the
independence of these variables showed that LVMI was significantly correlated with hANP and BP
(outpatient systolic BP). In addition, hANP, BP, and age were all significantly different between the
two LVMI groups. Since the number of events in this instance was 23, the independent variable that
can be input to the Cox proportional hazards model was approximately 1/10 of the events, which was
approximately 2 to 3. The current variable was selected because only approximately three independent
variables were available. BP, hANP, and age were excluded from the above six variable candidates,
and analysis using a multivariate Cox hazard model was performed using LVMI, sex, and DM as
independent variables. As a result, the model showed significance (p = 0.0068): LVMI and DM were
found to be significant influencing factors for CV events (hazards ratio (95% confidence interval): DM,
2.84 (1.17–7.45); LVMI >156 g/m2, 2.86 (1.22–6.99)) (Table 2).

Table 2. Adjusted hazard ratio for CV events.

Variables HR (95% CI) p Value

Male sex 1.44 (0.45,6.41) 0.5595
DM 2.84 (1.17,7.45) 0.0214

LVMI > 156 g/m2 2.86 (1.22,6.99) 0.0154

Multivariate Cox hazard model: p = 0.0068. CV, cardiovascular; CI, confidence interval; DM, diabetes mellitus; HR,
hazard ratio; LVMI, left ventricular mass index.

A significant difference was found in the cumulative CV event incidence rates among the four
subgroups classified according to the LVMI classification and the presence or absence of DM, both of
which were significant influencing factors in the Cox hazard model (p = 0.0059) (Figure 2).

Figure 2. Kaplan–Meier analysis of CV event incidence according to LVMI class and DM. CV,
cardiovascular; LVMI, left ventricular mass index; DM, diabetes mellitus.

Sex, BP, and hANP were the factors not related to CV events that were considered in the
univariate analysis. All patients who were included in the analysis were taking angiotensin receptor
blockers or angiotensin-converting enzyme inhibitors. Furthermore, the analysis of the cardiothoracic
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ratio (CTR), a simple method for evaluating dry weight in dialysis patients of Japanese origin, was not
possible in our cohort because the CTR data included both pre- and post-dialysis values.

We presented the baseline characteristic with the patients grouped according to LVMI <156 g/m2

and LVMI >156 g/m2 (Table 3).

Table 3. Comparison of baseline characteristics between patients with LVMI < 156 g/m2 and patients
with LVMI > 156 g/m2.

LVMI < 156 g/m2 LVMI > 156 g/m2 p Value All Patients

Age (years) 61.4 ± 13.2 63.7 ± 11.9 0.37 63.0 ± 11.4
Male sex (%) 67.5 73.7 0.51 71.8
DM (%) 41.2 46.8 0.58 45.1
Systolic blood pressure (mmHg)

Outpatient clinic 139.8 ± 18.5 147.7 ± 18.2 <0.05 144.8 ± 18.4
Before hemodialysis (start of the week) 147.2 ± 26.5 147.6 ± 19.5 0.95 147.5 ± 22.1
Mean blood pressure 142.9 ± 18.9 140.5 ± 13.8 0.63 141.3 ± 15.1

Labolatory parameters
Hemoglobin (g/dL) 9.1 ± 1.1 8.8 ± 1.1 0.36 8.9 ± 1.1
TSat (%) 21.7 ± 8.8 28.2 ± 16.4 0.11 26.2 ± 14.6
Albumin (g/dL) 3.75 ± 0.37 3.77 ± 0.28 0.84 3.77 ± 0.32
Homocysteine (mg/dL) 37.8 ± 28.8 31.6 ± 20.2 0.32 33.6 ± 22.2
hsCRP (mg/dL) 0.18 ± 0.08 0.24 ± 0.06 0.59 0.22 ± 0.06
hANP (pg/dL) 50.9 ± 29.6 65.4 ± 57.1 0.24 60.6 ± 44.9
Alkaline phosphatase (U/L) 256.2 ± 70.7 230.3 ± 85.1 0.18 239.4 ± 81.2
Phosphorous (mg/dL) 5.3 ± 0.8 5.3 ± 1.4 0.89 5.3 ± 1.3
Calcium-phosphorous product (mg2/dL2) 47.5 ± 8.3 48.3 ± 12.9 0.77 48.1 ± 11.2
Total cholesterol (mg/dL) 168.5 ± 41.1 160.9 ± 30.1 0.36 163.4 ± 35.7
LDL cholesterol (mg/dL) 91.1 ± 42.1 88.3 ± 27.1 0.73 89.2 ± 33.1
Intact PTH (pg/dL) 185.4 ± 23.9 137.6 ± 16.8 0.11 153.4 ± 18.1

LVMI, left ventricular mass index; DM, diabetes mellitus; TSat, transferrin saturation; hsCRP, high-sensitivity
C-reactive protein; hANP, human atrial natriuretic peptide; LDL, low-density lipoprotein; PTH, parathyroid hormone.

3.5. Factors Associated with LVMI 12 Months after Initiation of HD

The univariate regression analysis showed that LVMI was significantly correlated with start-
and end-of-week waking systolic HBP, systolic VBP, pre-HD systolic BP, post-HD systolic BP, WABP,
and hemoglobin levels at 12 months after HD initiation (Table 4). hANP was independently associated
with LVMI after 6 months and 12 months (Table 4). Hemoglobin levels were significantly correlated
with end-of-week post-HD systolic BP. LVMI was positively correlated with systolic blood pressure at
almost all blood pressure measurements. Sex, LVMI (binary variable classified by 156 g/m2), and blood
pressure were selected as independent variables, and blood pressure was evaluated in each model
using VBP, WABP, start of week before HD-BP, and end of week after HD-BP. For significant models,
the p value for each variable and the odds ratio [95% confidence interval] to past CV events were
calculated. In model 4, high LVMI and end of week after HD-BP were found to be associated with past
CV events. In other words, high LVMI showed an increase in the incidence of past CV events, and low
blood pressure after weekend dialysis showed an increase in past CV events (Table 5).
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Table 4. Univariate analysis of factors associated with LVMI beyond 12 months after HD initiation.

Factor r Value p Value

Hemoglobin (HD day) −0.154 <0.001 *
Hemoglobin (non-HD day) −0.118 0.08

hANP 0.514 <0.0001 *
hsCRP 0.112 0.083

Homocysteine −0.164 0.019 *
Albumin −0.176 0.0017 *

Iron −0.111 0.04 *
TSat −0.107 0.22

Systolic VBP 0.287 <0.0001 *
Diastolic VBP 0.011 0.866

Start-of-week waking systolic HBP 0.256 0.0015 *
Start-of-week waking diastolic HBP 0.087 0.448
End-of-week waking systolic HBP 0.341 <0.0001 *
End-of-week waking diastolic HBP 0.087 0.206
Start-of-week pre-HD systolic BP 0.289 <0.0001 *

Start-of-week pre-HD diastolic HDBP 0.087 0.291
End-of-week post-HD systolic HDBP 0.240 <0.0001 *
End-of-week post-HD diastolic HDBP −0.005 0.948

WABP 0.311 <0.0001 *

LVMI, left ventricular mass index; HD, hemodialysis; hANP, human atrial natriuretic peptide; hsCRP, high-sensitivity
C-reactive protein; TSat, transferrin saturation; VBP, blood pressure at the time of visit to the hospital on
non-HD day; HBP, home blood pressure; HDBP, blood pressure before or after HD session; WABP, weekly averaged
blood pressure. *: p < 0.05.

Table 5. Adjusted hazard ratio for past CV events.

Variables HR (95% CI) p Value

Model 1 0.0388
Male sex 4.39 (0.88,21.78) 0.0399
LVMI (>156 g/m2) 2.86 (0.99,8.19) 0.0479
VBP 1.00 (0.97,1.03) (unit odds) 0.9937

Model 2 0.0718
Male sex - -
LVMI (>156 g/m2) - -
WABP - -

Model 3 0.0514
Male sex - -
LVMI (>156 g/m2) - -
Start-of-week pre-HDBP - -

Model 4 0.0002
Male sex 6.58 (0.75,57.44) 0.0882
LVMI (>156 g/m2) 4.56 (1.17,17.83) 0.0291
End-of-week post-HDBP 0.94 (0.91,0.98) (unit odds) 0.0031

CV, cardiovascular; HR, hazard ratio; CI, confidence interval; LVMI, left ventricular mass index; VBP, blood pressure
at the time of visit to the hospital on non-HD day; WABP, weekly averaged blood pressure; HDBP, blood pressure
before or after HD session.

4. Discussion

In this prospective observational study, we found an association between increased CV events and
LVMI > 156 g/m2 with DM after performing multivariate regression analysis. End-of-week post-HD
systolic BP significantly decreased 12 months after HD initiation. We also found that pre-HDBP at
the start of the week, post-HDBP at the end of the week, and WABP were independently associated
with LVMI on univariate regression analysis of follow-up. Multiple BP measurements taken before
and after dialysis and during dialysis were reconfirmed to be the most accurate assessment format.
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With regard to monitoring BP, the time point at which the BP is measured should be defined clearly.
Moreover, because the BP of HD patients varies with each HD session as a result of loss of excess fluid,
BP fluctuation should be considered. It is important not to limit BP evaluation to only one measurement,
such as before dialysis or after dialysis; rather, multiple measurements of BP should be performed
and then averaged. In this study, the number of DM cases was significantly higher in patients with
CVE than in those without CVE. VBP was significantly higher in patients with LVMI > 156 g/m2

than in those with LVMI < 156 g/m2. The results of this study indicated that patients with low blood
pressure after weekend dialysis showed an increase in past CV events. A previous study reported
that systolic blood pressure < 110 mmHg and DBP < 70 mmHg were independent risk factors of
CV events and all-cause mortality [20], which supports our findings. A recent study that performed
sensitivity analysis using LVH and RWT separately showed that LVH but not RWT was associated
with higher cardiorenal risk [21]. In this study, LVMI and RWT were not significantly different between
patients with CV and those without CV events. From the pathophysiologic standpoint, an increase in
afterload (i.e., arterial hypertension or an increase in large arteries stiffness) can induce concentric LVH,
whereas volume overload (i.e., anemia and hypervolemic states) leads to eccentric LVH [22].

We observed that hemoglobin levels differed at 12 months after initiating HD, but hemoglobin
was not an independently associated factor with LVMI. A further analysis indicated that hemoglobin
levels were correlated with end-of-week post-HD systolic BP. A previous study on the independent
effect of BMI reported a greater effect on LVH in women than in men [23]. There are no new discoveries
about LVMI and BMI in this study.

In our study, albumin was one of the factors associated with LVMI 12 months after HD initiation.
This finding is consistent with other studies showing that serum albumin is negatively correlated with
LVMI [18]. hsCRP, a marker of inflammation, is also correlated with a high rate of major CV events
and has been described as an independent predictor of LVMI in patients with CKD [24]. The present
findings support previous observations.

Our study has some limitations. First, it was not double-blinded, and there was no control group
in this study. Second, as an observational study, the findings established an association rather than
a causal relationship among systolic BP, hemoglobin, and LVH. Third, the study did not evaluate
patients’ compliance with home ambulatory BP monitoring or compliance with antihypertensive
medication regimens. Furthermore, we did not apply highly precise and reliable cardiac magnetic
resonance imaging, the new gold standard for measuring LVMI [25].

Nevertheless, the findings of our study clearly defined the relative role of LVM with diabetic
kidney disease in the risk assessment of patients with ESKD. Echocardiography may aid in the
identification of a group at higher risk of developing CV events in HD patients. While assessing
LVMI after the initiation of HD may be difficult, the treatment of hypertension, overhydration based
on hANP, and anemia after dialysis initiation may reduce the progression of LVH and help identify
patients at high risk for cardiovascular events before and after HD initiation.
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Abstract: Hyperphosphatemia has been proposed as a cardiovascular risk factor, contributing to
long-term vascular calcification in hyperphosphatemic Chronic Kidney Disease (CKD) patients.
However, more recent studies have also demonstrated acute effects of inorganic phosphate (Pi) on
endothelial cells in vitro, especially generation of pro-coagulant endothelial microvesicles (MV).
Hitherto, such direct effects of hyperphosphatemia have not been reported in vivo. Thirty-six male
Sprague-Dawley rats were randomly allocated to three experimental groups: (1) CKD induced
by partial nephrectomy receiving high (1.2%) dietary phosphorus; (2) CKD receiving low (0.2%)
dietary phosphorus; and (3) sham-operated controls receiving 1.2% phosphorus. After 14 days the
animals were sacrificed and plasma MVs counted by nanoparticle tracking analysis. MVs isolated
by centrifugation were assayed for pro-coagulant activity by calibrated automated thrombography,
and relative content of endothelium-derived MVs was assessed by anti-CD144 immunoblotting.
When compared with sham controls, high phosphorus CKD rats were shown to be hyperphosphatemic
(4.11 ± 0.23 versus 2.41 ± 0.22 mM Pi, p < 0.0001) with elevated total plasma MVs (2.24 ± 0.37 versus
1.31 ± 0.24 × 108 per ml, p < 0.01), showing increased CD144 expression (145 ± 25% of control value,
p < 0.0001), and enhanced procoagulant activity (18.06 ± 1.75 versus 4.99 ± 1.77 nM peak thrombin,
p < 0.0001). These effects were abolished in the low phosphorus CKD group. In this rat model,
hyperphosphatemia (or a Pi-dependent hormonal response derived from it) is sufficient to induce
a marked increase in circulating pro-coagulant MVs, demonstrating an important link between
hyperphosphatemia and thrombotic risk in CKD.

Keywords: hyperphosphatemia; chronic kidney disease; cardiovascular disease; endothelial cells;
procoagulant MVs

1. Introduction

Renal function inversely correlates with cardiovascular mortality in humans [1]. Elevation of
plasma inorganic phosphate (Pi) (hyperphosphatemia) in Chronic Kidney Disease (CKD) is thought to
be an important contributor to this, partly because of Pi’s effect on calcium deposition, resulting in
vascular calcification [2–7]. However, effects of elevated soluble Pi, apparently independent of calcium,
have also been demonstrated in vitro and in vivo, for example, direct effects on parathyroid [8] and
endothelial cell (EC) dysfunction [9–13]. Endothelial effects are of particular interest because CKD
patients have been shown to have elevated circulating concentrations of pro-coagulant microvesicles
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(MVs) derived from endothelial cells, leading to a prothrombotic state, which may contribute to
acute occlusive events [14–16]. MVs are submicron diameter vesicles shed from several cell types,
notably platelets and vascular endothelial cells, following apoptosis or cellular activation [9,10,17,18].
They occur in plasma of healthy subjects, but their abundance, both from platelets and ECs, has been
shown to increase in CKD patients [14]. We previously showed that applying elevated extracellular Pi
concentration to cultured ECs is sufficient to trigger their rapid release [9] through direct inhibition by
Pi of the phosphoprotein phosphatase PP2A in ECs, culminating in cytoskeleton disruption and MV
generation [10], an effect which may explain the pro-coagulant endothelial MVs previously reported in
CKD patients [14]. However, a direct pro-coagulant effect of hyperphosphatemia has not been reported
in vivo.

We therefore hypothesised that hyperphosphatemia in CKD in vivo is sufficient to trigger an
increase in circulating pro-coagulant endothelial MVs, and that correction of hyperphosphatemia
by feeding a low phosphorus diet could correct this. The study was performed using a rat partial
nephrectomy model of CKD because the dietary phosphorus loads of 1.2% by weight (needed to
induce stable hyperphosphatemia) and of 0.2% by weight (needed to correct hyperphosphatemia) have
previously been well defined in this model [19].

2. Materials and Methods

2.1. Rat Partial Nephrectomy Model of CKD

Scheme 1 shows a schematic overview of the study design. All surgical and experimental
procedures were performed subject to project licence reference PPL P444C43C0 under the Animals
(Scientific Procedures) Act (United Kingdom, 1986), and were approved by the University of Leicester
Animal Welfare and Ethical Review Body. Male Sprague-Dawley (SD) rats were purchased from Charles
River UK at ~140–160 g. Rats (12 in each study group) were acclimatised on normal rat diet containing
0.56% phosphorus (Test Diet Limited, BCM IPS Ltd., London, UK) for 14 days before commencing
surgery. A one-stage partial nephrectomy (designated “Nx” throughout this study) was performed on
24 of the resulting ~225–250 g rats under general anaesthesia as described previously [20] but a dorsal
incision was used in place of abdominal access to the kidneys. Briefly, rats were anaesthetised (3.5%
isoflurane in oxygen delivered at 3 litres per min), accompanied by sub-cutaneous administration of
Rimadyl (Carpofen) 4 mg/kg body weight) for post-operative analgesia. Anaesthesia was maintained
during surgery using 2.5% isoflurane in oxygen at 1 litre/min. The foot withdrawal reflex was tested to
confirm anaesthesia. The whole of the right kidney and approximately 0.4 g of the left kidney (mainly
from the cortex) were excised. The remaining 12 rats (designated “Sham” throughout this study) were
anesthetised and subjected to exposure and decapsulation of both kidneys, but no excision of tissue
was performed.

After a 14 day recovery period from the surgery, in which all rats were fed on the 0.56%
phosphorus diet, the 24 Nx rats were randomly allocated to experimental diets: 12 receiving high a
(1.2%) phosphorus diet for 14 days (referred to as “NxH” throughout this study), and 12 receiving
14 days of low (0.2%) phosphorus diet (referred to as “NxL”). Throughout this 14-day experimental
period, the Sham rats were pair fed with the NxH and NxL rats, with water ad libitum. (The NxH
and NxL rats received the same weight of diet but diets differed in the phosphorus content supplied).
For the last 24 h rats were housed separately in metabolic cages to allow collection of urine. Thereafter,
animals were sacrificed under general anaesthesia by exsanguination via cardiac puncture. Blood was
collected for biochemical and MV analysis. For isolation of MVs, blood was collected into citrated
tubes and MVs were separated by differential centrifugation, as previously described [9,14].
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LP: Denotes Low phosphate diet 
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Scheme 1. Schematic overview of in vivo study design.

2.2. Blood and Urine Biochemistry

Levels of creatinine (Cr), total calcium, inorganic phosphate (Pi), and urea were measured with
commercially available kits (Universal Biologicals Ltd.). Renal clearance of creatinine (expressed as
mL/min/kg body weight) was calculated using the following formula:

((Cu/Cp) × Vu)/BW

where Cu is the concentration of creatinine in urine, Cp is the concentration of creatinine in plasma,
Vu is the average rate of urine production (in mL per minute) during the urine collection period,
and BW is the body weight in kg.

2.3. Nanoparticle Tracking Analysis (NTA)

The number and size of the particles in the isolated MV samples was analysed by nanoparticle
tracking analysis (NTA) using a NanoSight LM10 analyser with NTA software v2.2 (NanoSight Ltd.,
Amesbury, UK) and 90 s video capture as previously described [9,14].

2.4. Thrombin Generation Assay (TGA) Using Calibrated Automated Thrombography

The ability of isolated MVs, reconstituted in EV-free plasma pooled from 20 healthy donors,
to enhance thrombin generation was determined as previously described [21] using 1 × 106 MVs
per thrombin generation assay (TGA) reaction (counted by NTA as described above) by calibrated
automated thrombography with Platelet-Rich Plasma Reagent (Diagnostica Stago) containing 1 pM
tissue factor.

2.5. Immunoblotting

Isolated plasma MVs lysed in cell lysis buffer with 49.5 mM Tris, pH 8; 150 mM NaCl;
1% Nonidet P-40; and 1% phenylmethylsulfonyl fluoride were subjected to SDS-PAGE followed
by immunoblotting. Immunoblotting was performed on nitrocellulose membranes (Amersham)
followed by probing with primary mouse monoclonal antibody against CD144 (Insight Biotechnology).
Polyclonal rabbit anti-mouse immunoglobulins (HRP conjugated) (DakoCytomation) were used as the
secondary antibody and HRP-labelled protein was detected by chemiluminescence (ECL-Amersham).
Band intensities for CD144 were quantified by ImageJ and data are presented as fold-changes compared
to the sham-operated group, as the ratio of the intensity for the protein of interest (CD144)/total
proteins. Cumulative intensity of total proteins detected on BioRad Mini Protean TGX stain-free gels
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was quantified using the stain-free gel detection facility on a BioRad ChemiDocTM Touch imaging
system prior to transfer of the proteins onto the nitrocellulose membranes.

2.6. Statistical Analyses

Data are presented as bar graphs together with the mean± SEM and were analysed using GraphPad
Prism 8.0. Sample size denotes the number of rats in each study group. Differences among groups were
analysed by one-way ANOVA, followed by Tukey’s multiple comparisons test, for normally-distributed
data, and Dunn’s multiple comparisons test, for non-normally distributed data. p values < 0.05 were
considered statistically significant.

3. Results

At 28 days after surgery (Scheme 1), the rat partial nephrectomy model of CKD in NxH and
NxL rats showed significantly reduced renal function (assessed from creatinine clearance) (Figure 1a),
and elevated serum concentrations of urea and creatinine (Figure 1b,c), when compared with that of
Sham-operated control rats. Animals in all three experimental groups were successfully matched for
food consumption (average cumulative food consumed over 14 days of receiving test diet; 246.12 g vs.
230.4 g vs. 257.8 g for Sham, NxH, and NxL respectively) and showed no significant difference in final
body weight (Figure 1i).

As expected, renal insufficiency in NxH rats on a high phosphorus diet resulted in phosphate
retention [22] shown by increased serum Pi concentration (Figure 1f) and decreased urinary Pi excretion
(Figure 1g) compared with that of Sham-operated rats receiving the same dietary phosphorus intake.
Feeding a low phosphorus diet to CKD rats in group NxL corrected hyperphosphatemia (Figure 1f)
and abolished urinary excretion of Pi (Figure 1g). Serum calcium concentration was unaffected across
the three study groups (Figure 1h).

As an increase in extracellular Pi concentration comparable with that in the NxH group (Figure 1f)
had previously been shown to induce release of MVs from cultured ECs [9], the corresponding effect on
MVs was investigated here in the rats’ plasma (Figure 2a–c). As predicted, the MV concentration was
significantly higher in the hyperphosphatemic NxH group compared with the Sham operated group,
reaching statistical significance for the total MV pool (Figure 2a) and for the 10–100 nm fraction of MVs
(Figure 2c). A similar upward trend was observed for the 100–1000 nm microparticle fraction (Figure 2b)
but fell short of statistical significance (NxH versus Sham, p = 0.351, see Discussion). Correction of
hyperphosphatemia (Figure 1f) by feeding the low phosphorus diet in the NxL rats abolished the
increase in the MV count (Figure 2a–c). The average particle diameter showed no significant difference
across the three experimental groups (Figure 2d).
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Figure 1. Development of renal failure in Chronic Kidney Disease (CKD) rats. (a); Creatinine clearance,
(b); Serum (Urea), (c); Serum Creatinine (Crt), (d); Urine (Urea), (e); Urine (Crt), (f); Serum inorganic
phosphate (Pi), (g); Urine (Pi), (h); Serum total Calcium (Ca), (i); Final body weight. Sham denotes
control rats subjected to bilateral kidney decapsulation and receiving a high (1.2%) phosphorus diet
for 14 days after two weeks’ recovery from the surgery. NxH denotes partially nephrectomised rats
receiving a high (1.2%) phosphorus diet for 14 days after two weeks’ recovery from the surgery.
NxL denotes partially nephrectomised rats receiving a low (0.2%) phosphorus diet for 14 days after
two weeks’ recovery from the surgery. n = 12; (12 rats in each study group), * p < 0.05, ** p < 0.005,
*** p < 0.0005,**** p < 0.0001.
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Figure 2. Hyperphosphatemia induces release of endothelial microvesicles (MVs). (a–d) Count and
size range of MVs as measured by nanoparticle tracking analysis (NTA). (a); Total MVs, (b); MVs sized
between 100–1000 nm, (c); 10–100 nm diameter particles, (d); particle size. (e,f) Representative
Western blot results and densitometry analysis, respectively, showing the presence of CD144+
endothelium-derived MVs within isolated plasma MVs. Sham denotes control rats subjected to
bilateral kidney decapsulation and receiving a high (1.2%) phosphorus diet for 14 days after two
weeks’ recovery from the surgery. NxH denotes partially nephrectomised rats receiving a high (1.2%)
phosphorus diet for 14 days after two weeks’ recovery from the surgery. NxL denotes partially
nephrectomised rats receiving a low (0.2%) phosphorus diet for 14 days after two weeks’ recovery from
the surgery. n = 12; (12 rats in each study group), * p < 0.05, ** p < 0.005, **** p < 0.0001.

A significant contribution from endothelial vesicles to the increase in plasma MVs in the NxH
rats was confirmed by immunoblotting for the endothelial marker CD144 performed on lysates from
isolated MVs (Figure 2e,f). As for the MV count in Figure 2a,c, the increase in the CD144 signal
observed in the NxH group was abolished in the low phosphorus NxL group (Figure 2e,f).

To confirm that the Pi-induced increase in MVs exerted a net pro-coagulant effect (as previously
reported for Pi-induced MVs generated from cultured endothelial cells [9]), MVs isolated by
centrifugation were assayed for pro-coagulant activity by calibrated automated thrombography
(Figure 3). Both the peak thrombin concentration (Figure 3b) and endogenous thrombin potential-area
under the curve (ETP-AUC) (Figure 3c) were significantly elevated in the MVs derived from the NxH
rats when compared with that of Sham-operated controls. Onset of coagulation was also accelerated,
shown by a reduced lag time (Figure 3d). All of these effects, which are indicative of an increased
presence of procoagulant MVs, were abolished when hyperphosphatemia was corrected by feeding a
low phosphorus diet in NxL rats (Figure 3b–d) and also when NxH MVs were removed by filtration
(Figure 3a).
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Figure 3. Calibrated automated thrombography showing the prothrombotic effects of MVs in rats’
plasma. (a) Representative thrombin generation curves form each subject group (b) Peak thrombin,
(c) Endogenous thrombin potential-area under the curve (ETP-AUC), and (d) Lag-time. Sham denotes
control rats subjected to bilateral kidney decapsulation and receiving a high (1.2%) phosphorus diet
for 14 days after two weeks’ recovery from the surgery. NxH denotes partially nephrectomised rats
receiving a high (1.2%) phosphorus diet for 14 days after two weeks’ recovery from the surgery.
NxL denotes partially nephrectomised rats receiving a low (0.2%) phosphorus diet for 14 days after two
weeks’ recovery from the surgery. n = 12; (12 rats in each study group), *** p < 0.0005, **** p < 0.0001.

4. Discussion

4.1. Contribution of Hyperphosphatemia to Pro-Coagulant MV Load in CKD

It has previously been shown that the concentration of cell-derived MVs circulating in plasma
is significantly elevated in patients with CKD [14,15,23–25], that these particles are principally of
endothelial, platelet, and monocyte origin, that they exert a potent pro-coagulant effect [14], and that
in vitro elevated extracellular Pi concentration triggers rapid release of MVs from cultured ECs [9].
The data in the present study now provide a key advance in this field, supporting the hypothesis that
in CKD it is hyperphosphatemia that triggers release of pro-coagulant MVs into circulation. It was also
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shown that hyperphosphatemia increased the circulating concentration of endothelial MVs (although
to what extent these endothelial MVs account for the increased pro-coagulant effect remains to be
shown in future work). As feeding a low phosphorus diet to CKD rats brought serum Pi concentration
down to the level observed in rats with intact kidneys, and restored MV numbers and coagulation
state to control level, these effects of CKD were almost entirely attributable to Pi, possibly through
a direct effect of Pi ions on endothelial cells as previously described in vitro [9]. It might be argued
that the effects of high versus low phosphorus diet observed in the NxH versus NxL CKD rats in
Figures 1–3 arose instead from some indirect effect of dietary phosphorus (e.g., a hormonal signal
from the gastro-intestinal tract to endothelium). However, feeding the same high phosphorus diet to
sham control rats with intact kidneys, which yielded no hyperphosphatemia (Figure 1f), exerted no
such effects on MVs, suggesting that the effects reported here are an action of elevated plasma Pi on
endothelium. It should be emphasized, however, that the possibility of an indirect hormonal effect of
hyperphosphatemia on endothelium (for example, a Pi-induced change in the circulating concentration
of phosphatonins, such as parathyroid hormone or FGF23, which may then act on the endothelial cells)
has not been ruled out, and studies of such factors would be an interesting subject for future research
in this field.

4.2. Role of Endothelial Versus Platelet-Derived MVs

In this study hyperphosphatemia induced a clear increase in the total MV pool and the population
in the size range 10–100 nm. Furthermore immunoblotting for endothelium-specific membrane protein
CD144 in MV preparations from the NxH group of hyperphosphatemic CKD rats confirmed the
increased abundance of endothelial MVs (Figure 2e,f). However, unlike our earlier in vitro study
in cultured endothelial cells [9], in which 2.5 mM Pi triggered release of endothelial MVs in the
microparticle size range of 100–1000 nm diameter, here, an apparent increase was seen in this range
but failed to reach statistical significance (Figure 2b). It is important to emphasise, however, that a key
difference between the earlier in vitro study and the present in vivo study is that in plasma in vivo
the majority (typically 60%) of the particles detected in the ~100–1000 nm microparticle size range
are of platelet origin [26], thus partly obscuring the hyperphosphatemia-induced rise in endothelial
microparticles that was anticipated in this size range. It is unlikely that platelet microparticle numbers
will increase in response to hyperphosphatemia. MV release from cultured endothelial cells in
response to high extracellular Pi concentration has been shown to be triggered by the resulting increase
in intracellular Pi concentration [9]. In contrast, in human platelets the steady-state intracellular
Pi concentration is unaffected by hyperphosphatemia imposed in vivo [27]. Consistent with this
observation, applying a 2.5 mM extracellular Pi load to human platelets for 90 min in our laboratory
had no detectable effect on release of platelet MVs.

4.3. Clinical Implications

Evidence presented here (Figure 3) suggests that hyperphosphatemia contributes to increased
thrombotic risk by triggering release of pro-coagulant endothelial MVs, consistent with previous
evidence of pro-coagulant MVs in circulation in dialysis patients [14]. Venous thromboembolism
(VTE), including deep vein thrombosis and pulmonary embolism (PE), are associated with CKD in
patients [28], and decreasing eGFR has been shown to be an independent risk factor for VTE [28].
Furthermore, progression of CKD is associated with progression of atherosclerosis [29] and increased
risk of blood clotting at the site of plug rupture.

The present study was not designed to investigate the time course of the effect of
hyperphosphatemia on MV release in vivo. The effect was studied here after 2 weeks of dietary
phosphorus intervention to ensure that a clear stable hyperphosphatemia developed in the partially
nephrectomised rats [19]. However, if direct action of Pi on endothelial cells is a significant contributor
to the effects reported here, onset of thrombotic risk in response to hyperphosphatemia is likely to
be more rapid than 2 weeks. Work from our laboratory [9] and others [11,12,30] indicates that (at
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least in vitro) the response of ECs to elevated extracellular Pi concentration is rapid, and significant
release of pro-coagulant MVs in vitro in response to 2.5 mM Pi occurs in as little as 90 min. This is
a radically different time scale from the long-term exposure to high Pi required to induce vascular
calcification. This implies that, in addition to the well-documented problems involved in managing
the ubiquitous presence of phosphorus in diets [31–35], even relatively brief post-prandial “spikes” of
hyperphosphatemia (which have been well documented in CKD [36–38]) may pose a significant risk.

5. Conclusions

In conclusion, this study is the first demonstration in a CKD model in vivo that hyperphosphatemia
(or a Pi-dependent hormonal response derived from it) drives accumulation of pro-coagulant MVs,
and hence identifies Pi as a clearly defined biochemical target for future measures to reduce thrombotic
disease in CKD.
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Abstract: The prevalence of renal disease is constantly increasing in older adults and a prognostic
evaluation by a valid tool may play a key role in treatment management. We aimed to assess the
association(s) between the multidimensional prognostic index (MPI) and both the hospitalization
and mortality among older adults with renal disease. Patients with chronic kidney disease (CKD)
(stage 3–5 KDOQI) and on dialysis were considered. Clinical parameters were registered at baseline
and after 2 years. In all the patients, the MPI was calculated and divided into grade 0 (low risk),
1 (moderate risk), and 2 (severe risk). Hospitalizations and mortality were recorded during the
follow-up and analyzed according to MPI grade. A total of 173 patients, with a median age of 76 years,
on conservative (n = 105) and replacement therapy (32 patients on hemodialysis, 36 patients on
peritoneal dialysis) were enrolled. Of them, 60 patients were in MPI grade 0, 102 in grade 1, and 11 in
grade 2. The median duration of all the hospitalizations was 6 days and the number of deaths was
33. MPI significantly correlated with days of hospitalization (r = 0.801, p < 0.00001) and number
of hospitalizations per year (r = 0.808, p < 0.00001), which was higher in MPI grade 2 compared to
grade 1 (p < 0.001) and to grade 0 (p < 0.001). We found a significant association between MPI grades
and mortality (p < 0.001). Our results indicate that MPI was associated with outcomes in patients
with renal disease, suggesting that a multidimensional evaluation should be implemented in this
clinical setting.

Keywords: multidimensional prognostic index; chronic kidney disease; hemodialysis; peritoneal
dialysis; hospitalization; mortality
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1. Introduction

The prevalence of older adults affected by chronic kidney disease (CKD) and requiring renal
replacement therapy is high worldwide [1,2]. Currently, assessing functional, cognitive, and nutritional
status among older CKD patients appears clinically relevant to stratify the risk to develop end-stage
renal disease, even more than using the estimated glomerular filtration rate (eGFR) and proteinuria
alone [3,4]. The prognostic evaluation of older adults with CKD is essential for physicians to identify
the most appropriate clinical decision-making process for the management, treatment, and prevention
of complications as well as to have a realistic expectation for patients and their family members. Studies
support the idea that multidimensional assessment represents an important aspect in predicting short-
and long-term all-cause mortality in older CKD patients [5–7]. This is crucial also in considering the
high prevalence of frailty in this population negatively impacting on several outcomes [8].

In this light, the multidimensional prognostic index (MPI) has been found to predict mortality in
patients with a variety of acute and chronic clinical conditions [4,9]. In particular, in CKD patients,
the MPI was shown to be more accurate in predicting mortality when compared to the eGFR alone [7].
Data from hospital-based cohorts also indicate that using the MPI in addition to eGFR ameliorated the
prediction of long-term all-cause mortality in CKD older adults [6]. Moreover, the mortality incidence
rate (considering all-cause mortality) is significantly raised with the increasing of the MPI grade [6].

The MPI is based on the assessment of nutritional, cognitive, and functional status as well as on
medical and social factors [5]; it is calculated from data obtained from a standardized comprehensive
geriatric assessment (CGA), including six different domains such as activities of daily living (ADL),
instrumental activities of daily living (IADL), short portable mental status questionnaire (SPMSQ), mini
nutritional assessment (MNA), Exton-Smith score (ESS), and cumulative index rating scale (CIRS) in
addition to information on medication history and cohabitation [5,6]. All these factors might negatively
affect patient outcomes including hospitalization and its duration not only in CKD on conservative
management but also during replacement therapy.

For this reason, we aimed to assess the association(s) of the MPI over time with the number of
hospitalizations, days of hospitalization, and mortality among patients with CKD aged ≥65 years on
conservative and replacement therapy, particularly hemodialysis (HD) and peritoneal dialysis (PD).

2. Materials and Methods

The study protocol was approved by the Local Clinical Research Ethics Committee (Sapienza
University—Azienda Policlinico Umberto I, Rome, Italy—prot. n. 2517/15). The study conforms to the
principles outlined in the Declaration of Helsinki and later amendments and we obtained a written
informed consent by each patient before the enrollment.

2.1. Study Design and Participants

We performed an observational longitudinal study on clinically stable CKD patients consecutively
enrolled from March 2015 to July 2017 at the University Hospital “Policlinico Umberto I” of Rome,
Sapienza University of Rome, Italy. This study included CKD patients age ≥65 years on conservative
therapy (eGFR ≤ 60 mL/min, stage 3–5 KDOQI), or replacement therapy (HD or PD) for at least
3 months. Statins, antihypertensive and antiplatelet therapies, and/or therapies with calcium, calcitriol
and phosphate binders were continued in all patients included in the study. We recorded the clinical
history and excluded patients with acute cerebrovascular and cardiovascular events within 3 months
before the study, history of malignancy, or degenerative neurological or psychiatric diseases. We did
not enroll patients who were not able to sign the informed consent or refused to give consent, nor did
we enroll patients with missing data to calculate the MPI. We also excluded patients who were planning
at the enrollment to relocate to another nephrology unit/dialysis center within the next 6 months.

The eGFR was calculated with abbreviated modification of diet in renal disease formula [10].
Clinical and laboratory variables, including hemoglobin, serum vitamin D, intact parathyroid hormone
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(iPTH) albumin, electrolytes, pH and base excess, were recorded at baseline and at 12 and 24 months
in all CKD patients, and among HD patients, they were registered during the middle of the week,
whereas among PD patients, before the first replacement of the morning with an empty peritoneum at
routine visit [11]. Finally, body weight was determined to the nearest 0.1 kg using a calibrated digital
scale. Body mass index (BMI) was calculated using the formula of (weight (kg)/height2 (m2)).

2.2. Calculation of the MPI at Baseline

We calculated the MPI as established in previous studies, consisting as a product of the CGA [5],
which included data from 6 standardized scales: ADL and IADL, exploring the functional status;
SPMSQ, exploring the cognitive status; MNA, investigating nutritional status; ESS for mobility and
risk of pressure sore; CIRS, for multi-morbidity assessment; in addition, the number of drugs to
assess polypharmacy, and co-habitation status were recorded for a total of 63 items [4,9]. The MPI
was calculated in all the participants from the integrated total scores and expressed as 3 risk classes:
grade 0 = low risk (MPI value between 0 and 0.33), grade 1 =moderate risk (MPI value between 0.34
and 0.66) and grade 2 = severe risk (MPI value ranging from 0.67 to 1.00) [7,9].

2.3. Hospitalization and Mortality over the 24-Month Follow-Up

All the participants were followed up with for 24 consecutive months after the enrollment and
over this period we recorded the total number of days of hospitalizations per year and the number of
annual admissions as well as the number of deaths per number of patients [12].

2.4. Statistical Analysis

Data management and analysis were performed using IBM® SPSS® Statistics 20.0 for Windows®

software (IBM Corporation, New Orchard Road Armonk, New York, NY, USA). The normality
of variables was tested using the Shapiro–Wilk method for normal distributions. All continuous
variables were expressed as mean ± standard deviation, categorical variables were expressed as
number (percentage). The comparison of the data of patients, for all quantitative variables considered,
was performed using non-parametric Wilcoxon test and Student’s t test. For comparing proportions
was applied chi-square test. Student’s t-test or the Mann–Whitney U-test were performed to determine
differences between groups. The binomial test or chi-square test was used for comparison of categorical
data. Pearson’s correlation was used to determine, in bivariate correlation, the relationship and the
strength of association between the variables, considering all the patients together and also based on
the stage of the disease for hospitalization and mortality (CKD 3, CKD 4-5 or replacement therapy,
including HD and PD patients). A value of p < 0.05 was considered statistically significant.

3. Results

3.1. Patients’ Characteristics at Baseline

We initially considered 177 patients; 2 patients refused to give consent and 2 patients were
excluded because they transferred to other nephrology units during the study period, making complete
data unavailable. Therefore, a total of 173 patients (107 male), with a median age of 76 (70; 80) years
were consecutively included; they were affected by CKD on conservative therapy (stage 3–5 KDOQI)
(n = 105, 72 male), on HD (n = 32 patients, 15 male) and on PD (n = 36 patients, 20 male). The patients’
characteristics are shown in Table 1.

3.2. MPI Classes

The MPI score was calculated at baseline and all the participants were divided into 3 risk classes:
grade 0 (low risk) = 60 patients (35%), grade 1 (moderate risk) = 102 patients (59%), and grade 2 (severe
risk) = 11 patients (6%).
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CKD patients on conservative therapy among moderate and severe MPI risk classes (1 and 2)
were 72/105 (69%), HD patients were 10/32 (31%) and patients in PD were 31/36 (86%).

Table 1. Patient characteristics. Total patients at baseline were n = 173 and at month 24 were n = 140.

Baseline Month 24

Male, n (%) 107 (62) 84 (60)
Age, y 76 (70; 80) 73 (69; 79)

BMI, kg/m2 26.4 ± 4.4 23.9 ± 3.4
Hemoglobin, g/dL 11.6 (10.6; 13) 12.6 (11.6; 13.4)

Serum creatinine, mg/dL
All 2.1(1.8; 6.0) 2.8 (1.9; 7.2)

CKD stage 3 * 1.8 (1.4; 2) 2.08 (1.49; 2.5)
CKD stage 4–5 # 1.9 (1.8; 2.2) 2.63 (2.03; 2.9)

Replacement therapy § 6.3 (5.6; 7) 9 (7.53; 11)
Total serum nitrogen, mg/dL

All 97 (69; 138) 99 (87; 131)
CKD stage 3 * 73 (64; 95) 89 (67; 102)

CKD stage 4–5 # 76.5 (58; 101) 98 (76; 115)
Replacement therapy § 147 (114; 179) 122 (99; 148)
eGFR, mL/min/1.73 m2

All 27.5 (10; 39) 21 (8.2; 30.3)
CKD stage 3 * 39 (35; 52) 30 (25; 39)

CKD stage 4–5 # 25 (22; 28) 25 (19.8; 29.3)
Replacement therapy § 8.7 (7.3; 10.7) 7.1 (5.5; 8.8)

pH 7.33 (7.30; 7.38) 7.37 (7.33; 7.40)

Base excess −2.50 (−6.00;
1.00)

−1.90 (−3.50;
−0.80)

Sodium, mEq/L 139 (137; 142) 140 (139; 143)
Potassium, mEq/L 4.79 ± 0.63 4.63 ± 0.62
Albumin, mg/dL

All 3.98 (3.5; 4.1) 4.60 (4.2; 5.0)
CKD stage 3 * 3.89 (3.45; 4.1) 4.67 (4.4; 5.0)

CKD stage 4–5 # 3.8 (3.5; 4) 4.7 (4.5; 5.1)
Replacement therapy § 4.0 (3.8; 4.4) 3.8 (3.4; 4.2)

iPTH, pg/mL 160.5 (58.5; 165) 109.5 (76.0;
221.3)

25-OH-VitD, ng/mL 21.5 (14.4; 29.3) 14.8 (7; 20)
SBP, mmHg 130 (120; 140) 130 (120; 140)
DBP, mmHg 80 (70; 86) 80 (70; 85)

Abbreviations: BMI, body mass index; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate;
iPTH, intact parathyroid hormone; SBP, systolic blood pressure; DBP, diastolic blood pressure. Median (25th; 75th)
is shown for non-normally distributed variables. * at baseline n = 77 and at month 24 n = 63; # at baseline n = 28 and
at month 24 n = 21; § at baseline n= 68 and at month 24 n = 56.

3.3. 24-Month Follow-Up and Clinical Characteristics

Among the entire cohort, we registered an average 206 hospitalization per year.
At the end of the follow-up, 33 patients died (n = 21 of CKD, n = 4 of HD, n = 8 of PD). Therefore,

a total of 140 patients with a median age of 73 years (68.75; 79) were studied at 24 months and their
characteristics are shown in Table 1.

3.4. MPI and Hospitalization

We found a significant positive correlation between MPI and total number of days of hospitalization
registered over the 24-month follow-up (r = 0.801, p < 0.00001) (Figure 1) as well as between MPI and
the number of hospitalizations per year (r = 0.808, p < 0.00001).
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Figure 1. Correlation between the multidimensional prognostic index (MPI) score and days of
hospitalization over the 24-month follow-up. (r = 0.801, p <0.00001).

According to MPI risk classes, the mean of annual hospital admissions was different between the
three MPI grades (p < 0.001) (Figure 2). In particular, patients in MPI risk class 2 showed a significantly
higher median number of hospitalizations per year (4, IQR 3; 4) with respect to patients in MPI risk class
1 (1, IQR 1; 2) (p < 0.0001) and to those in MPI risk class 0 (0, IQR 0; 0) (p < 0.0001) as well as a higher
median number of hospitalizations per year between patients in MPI risk class 1 versus those with risk
0 (p < 0.0001) (Figure 2). These significant differences between MPI risk classes were confirmed when
considering separately CKD patients in non-replacement therapy (p < 0.0001), and when considering
CKD patients in replacement therapy only (p < 0.0001).
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Figure 2. Differences in annual hospital admission between multidimensional prognostic index (MPI)
risk class 0 (0, IQR 0; 0), MPI risk class 1 (1, IQR 1; 2) and MPI risk class 2 (4 IQR 3; 4).
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Moreover, all the six domains comprised in the MPI significantly correlated with the total number
of days of hospitalization and with the numbers of annual hospital admissions over the 24-month
follow-up (Table 2).

Table 2. Correlations between each of the six domains of the multidimensional prognostic index (MPI)
and the days of hospitalization and the number of hospitalizations per year.

Days of Hospitalization n◦ of Hospitalizations per Year

Each of the 6 domains of MPI
ADL

r −0.629 −0.573
p-value <0.00001 <0.00001
IADL

r −0.544 −0.572
p-value <0.00001 <0.00001
SPMSQ

r −0.419 −0.381
p-value <0.00001 <0.00001

EXTON-SMITH
r −0.476 −0.480

p-value <0.00001 <0.00001
CIRS

r 0.19 0.232
p-value 0.013 0.002
MNA

r −0.533 −0.585
p-value <0.00001 <0.00001

Abbreviations: ADL, activities of daily living; IADL, instrumental activities of daily living; SPMSQ, short portable
mental status questionnaire; CIRS, cumulative index rating scale; MNA, mini nutritional assessment.

3.5. MPI and Mortality

We found a significant association between MPI and the number of deaths for all risk classes
(χ2 = 61.22, p < 0.0001), and the analysis of standardized residuals (positive or negative) showed that
the differences were statistically significant in each MPI risk class (r < 1.96 or r > 1.96) (Table 3).

Moreover, a significant association between MPI and the number of deaths for all risk classes was
also documented when considering separately CKD patients in non-replacement therapy (p < 0.0001)
and CKD patients in replacement therapy (HD + PD) (p = 0.002).

Table 3. Association between mortality (death no/yes) and multidimensional prognostic index (MPI)
by risk classes. (Risk class 0 =MPI between 0 and 0.33; Risk class 1 =MPI between 0.34 and 0.66; Risk
class 2 =MPI between 0.67 and 1.00).

MPI Risk Class
Total (n)

0 1 2

Death

NO

Count 60 80 0 140

Expected count 48.6 82.5 8.9 140.0

Standardized residual 4.7 −1.0 −7.1

YES

Count 0 22 11 33

Expected count 11.4 19.5 2.1 33.0

Standardized residual −4.7 1 7.1

Total Count 60 102 11 173

Person’s Chi-square Value 61.22 p-value < 0.0001
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4. Discussion

The prognostic evaluation of older adults with CKD is crucial in the decision analysis of care
processes to evaluate the most appropriate management and treatment of patients with renal disease.
In particular, older adults often present several comorbidities, and life expectancy is likely to be
influenced by a multitude of factors. The prognosis of older adults with CKD is strongly affected by
functional, cognitive, and nutritional status, psychosocial capacity, treatments, and other factors that
are directly or indirectly related to the disease, suggesting the need of a prognostic tool which should
be accurate in predicting mortality risk, with the objective of developing an overall comprehensive
plan for treatment and follow-up [5,13]. This may be also important to decide if replacement therapy
should be initiated or not. Based on this concept, the MPI was successfully used in CKD to predict
all-cause mortality. Interestingly, in our study, we observed a significant association between MPI
classes and outcomes not only in patients with CKD on conservative therapy (stage 3–5 KDOQI) but
also in patients on HD and PD. In fact, patients on replacement therapy are known to be frail with
important clinical implications [14]. In particular, among our cohort, the 86% of patients on PD were
those in MPI risk classes 1 and 2.

MPI significantly correlated with the number of days of hospitalization during the 2-year follow-up,
and this observation was also confirmed when analyzing the correlation between MPI and the number
of hospitalizations per year. Based on these results, we believe that physicians should pay particular
attention to patients within MPI risk class 2 considering that these patients were those with the highest
number of hospitalizations per year. Interestingly, when considering each of the six domains comprised
in the MPI, all of them significantly correlated with the total number of days of hospitalization and
with hospitalizations per year. In particular, a high correlation was documented for the ADL and
hospitalizations. This observation appears novel in the literature considering that the majority of the
data available regarding ADL and outcomes, specifically on HD or PD, were focused on mortality [15]
and not on hospitalization rate. Frailty assessment was also shown to be useful for decision-making
among CKD patients on conservative care [16].

Moreover, ADL is a sensitive instrument in predicting frailty in the renal population, especially in
patients in HD, and among frail patients a significantly higher rate of hospitalization was observed [17].

In this light, our data are clinically important and potentially useful for physicians in assessing
the length of stay and the potential increased healthcare-related costs of patients with CKD and on
replacement therapy. During our follow-up, we confirmed the significant association between MPI
and mortality (number of deaths) for all the risk classes. Interestingly, all the patients identified at
baseline in MPI class 2 died during the 24-month follow-up. This highlights the clinical relevance
of the MPI in predicting mortality among patients with worse nutritional, cognitive, and functional
status as well as with negative medical and social factors. In this view, our data are in accordance with
the ones reported by others, where MPI risk classes were significantly associated with mortality in
patients with renal disease [5,18]. In particular, our results may add novel information on MPI and
outcomes, considering that they were obtained in a cohort of renal patients that included CKD patients
at different stages and patients on dialysis, although not equally distributed in each group, followed in
the same nephrology unit. This tool may be clinically useful to identify accurate and more adequate
management of patients with renal disease.

Our study focused on MPI and outcomes also in patients on replacement therapy, considering
the clinical relevance of predicting hospitalizations and survival in HD and PD patients. In this light,
recent data showed that HD patients with frailty incurred higher healthcare costs with respect to those
without frailty over a mean follow-up of 2.3 years [8]. In addition, we have previously shown that HD
patients may present neurological and psychological dysfunctions that were associated with impaired
quality of life [19]. Moreover, cognitive impairment was highly associated with a frail phenotype [20],
resulting in increased costs and early mortality [21].
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MPI calculation may also be important in PD patients to predict outcomes considering that, in this
setting, we have previously found some alterations of nutritional and metabolic status, specifically
among older adults (aged ≥65 years) [22].

Noteworthy is the fact that MPI includes, among others, the assessment of co-habitation status,
CIRS, and polypharmacy. In particular, the use of several medications represents a clinical issue highly
associated with poor prognosis during the course of several chronic diseases in the elderly [23].

In the systematic assessment of prognostic indices for all-cause mortality in older patients, the
MPI has been proved to be the only selected mortality index based on a multidimensional approach,
indicating the clinically relevant impact of the multidimensional derangement on the risk of mortality [5].
Interestingly, an approach that includes the assessment of several factors [5] appears challenging
and may potentially add important information for clinical care in the elderly population affected by
renal disease.

Our study has several limitations. We have included a highly heterogenous population consisting
of patients with both moderate CKD and end-stage renal disease. The number of the participants in
each group (in particular, in CKD patients in the stage 4–5 group and in the replacement group) was
small, and for this reason, we could not also analyze the associations among HD and PD separately.
We acknowledge that the epidemiology of the patients with CKD at earlier stage and of patients with
more advanced renal disease (CKD stage 5 and dialysis) is different, likely limiting the interpretation of
our results. Patients were also recruited from a single center. The implementation of MPI requires time
to complete the collection of information to calculate the score and, therefore, it may limit its feasibility
in clinical practice. More importantly, MPI is a tool using several items of self-reported information
that may not represent an objective assessment.

5. Conclusions

In the present study, MPI was significantly associated with hospitalization and mortality over
24-month follow-up in older adults with CKD on conservative treatment or renal replacement
therapy. This suggests that MPI may be clinically useful to assess prognosis in this setting and
that physicians should pay attention to a multidimensional evaluation aimed at reducing patients’
morbidity and mortality.
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Abstract: Gout as well as asymptomatic hyperuricemia have been associated with several traditional
cardiovascular risk factors and chronic kidney disease. Both in vitro studies and animal models
support a role for uric acid mediating both hemodynamic and tissue toxicity leading to glomerular
and tubule-interstitial damage, respectively. Nevertheless, two recent well designed and carried
out trials failed to show the benefit of allopurinol treatment on kidney outcomes, casting doubts on
expectations of renal protection by the use of urate lowering treatment. With the aim of providing
possible explanations for the lack of effect of urate lowering treatment on chronic kidney disease pro-
gression, we will critically review results from all available randomized controlled trials comparing a
urate-lowering agent with placebo or no study medication for at least 12 months and report renal
clinical outcomes.

Keywords: hyperuricemia; urate lowering treatment; chronic kidney disease

1. Introduction

The relationship between hyperuricemia (HU) and chronic kidney damage is bidirec-
tional. Although a reduction in glomerular filtration rate (GFR) can precede and lead to the
development of hyperuricemia, increased serum uric acid (SUA) levels per se can adversely
impact renal function [1–3]. Several pathogenic mechanisms have been investigated to
support the causative role of uric acid. Experimental studies show increased SUA levels
might mediate kidney damage promoting innate immune response [4], inflammation [5],
oxidative stress [6], activation of the renin-angiotensin aldosterone system (RAAS) [7],
endothelial dysfunction [8], proliferation of vascular smooth muscle cells (VSMC) [9],
resulting in glomerulosclerosis and interstitial fibrosis [10].

While population-based association studies cannot prove causation, it is fair to report
that several observational studies showed elevated SUA levels are strong and independent
predictors of early GFR decline and albuminuria in a very large study population with and
without diabetes [11,12].

In intervention studies, xanthine oxidase inhibitors (XOIs) have been shown to reduce
mean systolic and diastolic blood pressure in adolescents [13], and to improve endothelial
dysfunction in specific subsets such as smokers [14] or patients with congestive heart
failure [15]. While some small controlled clinical studies had previously suggested that
urate lowering therapy (ULT) may retard chronic kidney disease (CKD) progression [16–18],
more recent trials did not confirm a favorable effect of allopurinol on the evolution of
kidney disease. In particular, in a randomized controlled trial (RCT) conducted in persons
with type 1 diabetes (T1D) [19] and in the Controlled Trial of Slowing of Kidney Disease

J. Clin. Med. 2021, 10, 819. https://doi.org/10.3390/jcm10040819 https://www.mdpi.com/journal/jcm

133



J. Clin. Med. 2021, 10, 819

Progression from the Inhibition of Xanthine Oxidase (CKD-Fix) [20] carried out in patients
with stage 3 or 4 CKD, SUA reduction by allopurinol was unable to modify the incidence
of hard renal endpoints over a long time follow up. In order to reconcile these discordant
results, and to identify the characteristics of patients most likely to benefit from renal
protection, in this narrative review we will critically analyze the inclusion criteria and
study design of all RCTs involving the use of ULT for at least 12 months and the availability
of data on renal outcome (Figure 1).

Figure 1. Schematic presentation of clinical characteristics of randomized controlled trial (RCT) patients among chronic
kidney disease (CKD) categories. All available randomized controlled trials comparing a urate-lowering agent with placebo
or no study medication for at least 12 months and reporting renal clinical outcomes (including kidney failure events or
changes in glomerular filtration rate (GFR)) were included. The inclusion criteria (eGFR and Albuminuria categories using
the NICE/KDIGO classification and the trend of kidney disease), the number of enrolled patients and baseline age, serum
uric acid (SUA), eGFR and albuminuria levels were evidenced for each study. The meaning of renal disease stability or
progression is specified for each study cohort. Trials with a positive or not evident renal effect attributable to urate lowering
therapy (ULT) are colored with green and red, respectively. Abbreviations: CKD, chronic kidney disease; eGFR, estimated
glomerular filtration rate (mL/min/1.73 m2); PERL, Preventive Early Renal Function Loss in Diabetes; CKD-Fix, controlled
trial of slowing of Kidney Disease progression From the Inhibitionof Xanthine oxidase; AER, albumin excretion rate; FU,
follow up; T1D, SCr, serum creatinine; type 1 diabetes; T2DM, type 2 diabetes; SUA, serum uric acid.

2. Trials with a Positive Renal Effect Attributable to ULT

With the aim of selecting the best quality studies, we decided to include in this anal-
ysis only the RCTs that investigated the renal effect of a ULT compared to placebo or no
treatment for at least 12 months. Therefore, despite the rising interest in the new anti-
hyperuricemia drugs, studies analyzed in this review cannot include RCTs on uricosurics
drugs and are forcibly limited to those on XOis (the old Allopurinol and the newer non-
purine selective XOi, Febuxostat). Topiroxostat, a new XOi approved for therapeutic use
only in Japan, demonstrated a renoprotective effect by attenuating the reduction in eGFR in
patients with diabetic nephropathy [21] and by inducing a 30% change of ACR in patients
with renal impairment [22]. Unfortunately, RCTs on renal outcomes with Topiroxostat
have a follow-up of no more than 28 weeks and therefore we did not include them in the
present analysis.

We found that four studies were able to demonstrate a protective role of ULT [16–18,23,24]
two studies were not [19,20] and one demonstrated a favorable effect on renal outcomes
only in the subgroup of patients without proteinuria or with better initial kidney func-
tion [25]. As can be seen from Figure 1, the studies that demonstrated a protective effect
of ULT were all characterized by similar inclusion criteria that guaranteed a substantial
stability of renal function in the previous months [16,18,24,25] or a preserved eGFR above
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60 mL/min at baseline [23]. Frequently they included patients with very low albumin ex-
cretion rate [23,24] and the presence of higher albuminuria levels judged a worse prognosis
as success for the subgroup of FEATHER patients with proteinuria >0.5 g/day [25]. While
some of these had a very small sample size [16,18,23] the FREED [24] is the largest RCTs
available on this topic. These studies benefiting from ULT treatment include trials with both
Allopurinol or Febuxostat vs. placebo or no study medication. Although Febuxostat can
boast some preliminary data that suggest a greater renoprotective power than allopurinol,
these findings derive from retrospective studies [26,27] or with a very short follow-up
period [28].

3. PERL Study

The Preventing Early Renal Loss in Diabetes (PERL) trial enrolled 530 patients with
T1D, SUA levels ≥ 4.5 mg/dL, mild to moderate increase in urine albumin excretion and
eGFR 45–100 mL/min/1.73 m2 or significant GFR loss (>3 mL/min/1.73 m2/year) in the
previous 3–5 years [19]. At baseline, the mean age was 51 years in the allopurinol and
52 years in the placebo group; the eGFR values were 75 and 74 mL/min/1.73 m2, respec-
tively. Mean SUA decreased in the allopurinol group from 6.1 at baseline to 3.9 mg/dL
during treatment whereas it remained at 6.1 mg/dL in the placebo group. Despite this
sustained 36% reduction in SUA, the eGFR decreased at similar rates in the two treat-
ment groups.

Several aspects that characterize the population recruited in this study could suggest
that allopurinol therapy would hardly be able to confer renal protection to these patients.
First of all, the PERL study includes patients with SUA ≥4.5 mg/dL, which is a very low
cut-off to think that modulation of SUA may have a decisive impact on the progression
of kidney disease in these patients. While results were similarly neutral in pre-specified
subgroup analyses based on SUA levels (≤6.0 vs. >6.0 mg/dL), in the two trials by Siu and
Goicoechea [16,17] showing favorable results in the arms randomized to allopurinol, the
average SUA at baseline was significantly higher (9.5 and 6.7 mg/dL, respectively).

Due to the well-known relationship between low eGFR and increased SUA levels,
at least in part imputable to a decreased urate excretion rate, hyperuricemia and gout
are frequently observed in patients with CKD [29,30]. Therefore, in a population of pa-
tients with CKD 2 and 3 with a median urinary albumin excretion rate in the range of
microalbuminuria as those recruited in the PERL study, the level of SUA that would be
expected to impact the progression of renal damage is higher than that observed in this
study population.

Furthermore, patients included in the study showed a very long duration of diabetes.
The 530 patients experienced a 34.6 years’ length of T1D, which obviously affected the
natural history of their kidneys. The hyperfiltration distressing each individual nephron of
these patients has inevitably triggered a vicious process leading to a progressive loss of
nephronic mass that cannot be effectively countered with the ULT.

Furthermore, this population is largely represented by fast progressor patients as
confirmed by the high slope of eGFR (about 2.5–3 mL/min/year) observed despite mini-
mum or no renal damage at baseline. The FEATHER study provides a hint that febuxostat
is presumably more effective for patients with less kidney damage such as those with-
out proteinuria and those for whom serum creatinine concentration was lower than the
median [25]. In a larger randomized study with a longer follow-up of about three years,
Febuxostat showed a 25% reduction in the primary outcome mainly sustained by a reduced
proportion of patients with a progression in albuminuria [24]. Results of the FREED study
further support the view that renal protection may be more evident in the early stages of
disease. In fact, in the latter study mean eGFR value was significantly better (55 mL/min,
RAC 17 mg/g) than that recorded in the FEATHER study (eGFR 45 mL/min and RAC
120 mg/g). The potential of the protective effect of XOis seems to be supported by the very
same data from PERL, wherein patients with normoalbuminuria seem to benefit more from
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treatment with allopurinol as compared to patients with a higher albumin excretion rate
(although without reaching statistical significance).

In addition, the mean glycated hemoglobin level was 8.2 ± 1.3%, which means that a
subset of patients was not at the target. As previously reported, severe hyperglycaemia
may induce a reduction in SUA levels due to the uricosuric effect of sodium-glucose
co-transporter-9 (SGLT9) activation secondary to increased glucose traffic in the tubular
lumen. This mechanism leads to a J-shaped relationship between SUA and glycosylated
hemoglobin, making it more complex to understand the relationship between the pharma-
cological modulation of urate and kidney damage.

Moreover, in the PERL study, blood pressure values were, on average, at target.
This could account for the lack of nephroprotection by ULT observed in this trial. In
fact, favorable cardiovascular (CV) and renal effects of SUA lowering treatment may be
mediated by preventing endothelial dysfunction, vascular stiffness, and CV related events.

Finally, the large heterogeneity in the study population together with the small sample
size makes it difficult to correctly interpret the data.

4. CKD Fix Study

The CKD-FIX randomized 369 patients to either allopurinol (n = 185) or placebo
(n = 184) [20]. Eligible patients were adults with stage 3 or 4 CKD and albumin to creatinine
ratio (ACR) ≥265 mg/g or eGFR decline rate ≥3.0 mL/min/1.73 m2 in the preceding
12 months. Overall, baseline age (62 years), eGFR (32 mL/min/1.73 m2), and SUA levels
(8.2 mg/dL) were nearly identical in the two groups. The median urinary ACR (717 mg/g),
the eGFR between 15 and 59 mL per minute per 1.73 m2, or its decrease of at least 3.0 mL
per minute per 1.73 m2 in the preceding year, depict a figure of very high risk of progression.
As discussed before, this is not the setting in which clinicians and researchers can expect
the desired effect from ULT.

The trial, as clearly stated by the Authors in the limitation section, is underpowered
as a result of incomplete enrollment and a high percentage of patients who discontinued
the study regimen. In fact, in 20 months, recruitment reached 60% of the target number
(i.e., 276 completed the trial, although the planned enrollment was 620 participants) and,
based on trial logistics and funding, it was stopped by the steering committee. Moreover,
during the study period, 54 patients (30%) in the allopurinol group and 45 patients (25%)
in the placebo group discontinued the assigned regimen and a post hoc power calculation
showed that the sample required to accommodate the discontinuation rate of 30% was
1006 patients.

An interesting hypothesis is that the pathogenic role of SUA may be different in
different CKD strata. In the CKD FIX, mean SUA levels remained constant in the placebo
group and decreased in the allopurinol group to 5.1 mg/dL at 12 weeks and remained at
5.3 mg/dL along the study period with a ~35% reduction substantially superimposable
to that observed in the PERL study. Nevertheless, the trial did not have a serum urate
level-based inclusion criterion, and this contributed to the heterogeneity of the sample
study with some participants with normal and others with elevated serum urate levels
at enrollment.

Once again, while the CKD-FIX Study failed to demonstrate any benefit of allopurinol
on renal functional decline, this lack of effect has several possible explanations, comprising
the selection of an underpowered study population with a very high risk of progression.
As a matter of fact, increased SUA levels have been proven to be more predictive of kidney
disease progression in the early stages of CKD and in patients without proteinuria than in
patients with more severe kidney damage [31] as is the case for patients recruited in the
CKD-FIX trial.
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5. Findings from Reduction of Endpoints in Non-Insulin-Dependent Diabetes
Mellitus with the Angiotensin II Antagonist Losartan (RENAAL) and SGLT2i Trials
Support the View That SUA May Be a Modifiable Risk Factor for Renal Disease

The gold standard for renal protection in CKD are RAAS-I and SGLT2-inhibitors
although this has mainly been demonstrated in subgroups of patients with clinical pro-
teinuria and/or diabetes. Interestingly Losartan (an Angiotensin II Receptor Blocker) and
gliflozins share a potentially renal protective features in that they lead to increased urinary
excretion of urates. Sodium-glucose cotransporter-2 (SGLT2) inhibitors block the reabsorp-
tion of glucose at the proximal convoluted tubule and the glycosuria that results causes
uric acid to be secreted into the urine. A recent meta-analysis of more than 60,000 patients
showed that adults randomly assigned to receive an SGLT2 inhibitor had significantly
lower SUA levels as compared to those assigned to receive a placebo or comparator med-
ication [32]. In a longitudinal study of 300,000 adults with type 2 diabetes mellitus, a
relative risk reduction in gout of nearly 40% has been observed among patients newly pre-
scribed an SGLT2 inhibitor compared with those newly prescribed a glucagon-like peptide
1 (GLP1) agonist [33]. While the exact mechanism, in addition to glycosuria, by which
SGTL2 inhibitors are thought to reduce SUA levels is not well understood, the hypothesis
that this effect is part of the CV and renal protection induced by SGLT2 inhibitors is evoked
by the mediation analysis undertaken in EMPAREG OUTCOME, suggesting that changes
in SUA mediated ~20% to 25% of the reduction in CV death and heart failure death seen
with empagliflozin [34,35].

Similar data linking a reduction of SUA levels to a positive effect on CV and renal
events derives from the RENAAL Trial. Treatment with the antihypertensive drug losar-
tan lowers SUA probably by inhibiting URAT1, leading to reduced UA reabsorption at
the tubular level. In a post hoc analysis of 1342 patients with type 2 diabetes mellitus
and nephropathy participating in the RENAAL, approximately one-fifth of losartan’s
renoprotective effect that has been proposed could be attributed to its effect on SUA [36].

6. Conclusions

While several clinical practice guidelines emphasize the usefulness of serum urate
evaluation for risk stratification [37], the magnitude and importance of the SUA role in the
pathogenesis of organ damage might vary and depend on the severity and duration of the
underlying disease [38]. This hypothesis calls for the need of clarifying how hyperuricemia
should be defined in the presence of CKD and when ULT might be prescribed for CV and
renal protection in individuals with CKD.

In line with these concerns are the results of a very recent meta-analysis including
28 prospective, randomized, controlled trials assessing the effects of ULT for at least six
months on CV or kidney outcomes [39]. Chen Qi et al. found that ULT was associated
with the reduction of blood pressure and retardation of the decline in GFR overtime. The
authors did not find benefits on clinical outcomes, including major adverse CV events,
all-cause mortality, and kidney failure and once again results were conditioned by short
follow-up or low quality of the trials. Also, the trials involved in this meta-analysis have
significant heterogeneity related to the level of kidney function, underlying disease, and
other conditions such as the usage of renin-angiotensin-aldosterone system inhibitors or
significant dropout rate that could have confounded results.

In summary, although the two recently published RCTs were unable to provide
the expected answers to our questions on the nephroprotective role of allopurinol, the
analysis of the literature does seem to leave it open to the possibility of demonstrating the
beneficial effect of ULT in future trials. Due to inclusion criteria or insufficient power, it
was foreseeable that these RCTs showed no protective effect of allopurinol. Numerous
data seem to suggest that the renal or vascular damage attributable to uric acid cannot
regress once it has established itself. Accordingly, the presence of increased SUA levels at
baseline not only predicted the development of hypertension, but also significantly blunted
the decrease in blood pressure associated with lifestyle changes in children, suggesting
that such children might have progressed to the irreversible phase and structural renal
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damage may have occurred [40]. At first, these changes are urate-dependent, but then they
can trigger a self-reinforcing loop that is unresponsive to urate-lowering treatment. For
this reason, patients with better preserved renal function and children might benefit more
from an early ULT. Although the enrollment of patients at very low risk for progression of
chronic kidney disease significantly limits the ability of a trial to show a treatment benefit,
there is still much to be learned about the effect of hyperuricemia. Moreover, the health
and economic burden of chronic kidney disease and its impact on increased cardiovascular
risk [38] from early [41] to advanced stages of kidney function impairment [42], justify
the effort to promote trials involving younger patients with earlier and less severe mild
renal involvement, possibly still able to favorably respond to the reduction of uric acid
levels. Therefore, while there are currently no robust data to support the routine use of
pharmacotherapy for all patients with asymptomatic hyperuricemia, adequately powered,
randomized, placebo-controlled trials with appropriate selection criteria are needed to
determine whether specific patient groups could benefit from ULT.

Author Contributions: Conceptualization, F.V. and R.P.; validation, R.P., G.L. and P.E.; writing—
original draft preparation, E.R., F.V. and R.P.; writing—review and editing, D.V., G.L. and F.C.;
visualization, D.V. and P.E.; supervision, R.P.; project administration, F.V. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rincon-Choles, H.; Jolly, S.E.; Arrigain, S.; Konig, V.; Schold, J.D.; Nakhoul, G.; Navaneethan, S.D.; Nally, J.V., Jr.; Rothberg, M.B.
Impact of Uric Acid Levels on Kidney Disease Progression. Am. J. Nephrol. 2017, 46, 315–322. [CrossRef] [PubMed]

2. Russo, E.; Drovandi, S.; Salvidio, G.; Verzola, D.; Esposito, P.; Garibotto, G.; Viazzi, F. Increased serum uric acid levels are
associated to renal arteriolopathy and predict poor outcome in IgA nephropathy. Nutr. Metab. Cardiovasc. Dis. 2020, 30, 2343–2350.
[CrossRef]

3. Bonino, B.; Leoncini, G.; Russo, E.; Pontremoli, R.; Viazzi, F. Uric acid in CKD: Has the jury come to the verdict? J. Nephrol. 2020,
33, 715–724. [CrossRef]

4. Braga, T.T.; Forni, M.F.; Correa-Costa, M.; Ramos, R.N.; Barbuto, J.A.; Branco, P.; Castoldi, A.; Hiyane, M.I.; Davanso, M.R.; Latz,
E.; et al. Soluble Uric Acid Activates the NLRP3 Inflammasome. Sci. Rep. 2017, 7, 39884. [CrossRef]

5. Braga, T.T.; Foresto-Neto, O.; Camara, N.O.S. The role of uric acid in inflammasome-mediated kidney injury. Curr. Opin. Nephrol.
Hypertens. 2020, 29, 423–431. [CrossRef] [PubMed]

6. Yang, L.; Chang, B.; Guo, Y.; Wu, X.; Liu, L. The role of oxidative stress-mediated apoptosis in the pathogenesis of uric acid
nephropathy. Ren. Fail. 2019, 41, 616–622. [CrossRef] [PubMed]

7. Perlstein, T.S.; Gumieniak, O.; Hopkins, P.N.; Murphey, L.J.; Brown, N.J.; Williams, G.H.; Hollenberg, N.K.; Fisher, N.D. Uric acid
and the state of the intrarenal renin-angiotensin system in humans. Kidney Int. 2004, 66, 1465–1470. [CrossRef] [PubMed]

8. Zhen, H.; Gui, F. The role of hyperuricemia on vascular endothelium dysfunction. Biomed. Rep. 2017, 7, 325–330. [CrossRef]
9. Corry, D.B.; Eslami, P.; Yamamoto, K.; Nyby, M.D.; Makino, H.; Tuck, M.L. Uric acid stimulates vascular smooth muscle cell

proliferation and oxidative stress via the vascular renin–angiotensin system. J. Hypertens. 2008, 26, 269–275. [CrossRef]
10. Jing, P.; Shi, M.; Ma, L.; Fu, P. Mechanistic Insights of Soluble Uric Acid-related Kidney Disease. Curr. Med. Chem. 2020, 27,

5056–5066. [CrossRef] [PubMed]
11. De Cosmo, S.; Viazzi, F.; Pacilli, A.; Giorda, C.; Ceriello, A.; Gentile, S.; Russo, G.; Rossi, M.C.; Nicolucci, A.; Guida, P.; et al.

Serum Uric Acid and Risk of CKD in Type 2 Diabetes. Clin. J. Am. Soc. Nephrol. 2015, 10, 1921–1929. [CrossRef]
12. Srivastava, A.; Kaze, A.D.; McMullan, C.J.; Isakova, T.; Waikar, S.S. Uric Acid and the Risks of Kidney Failure and Death in

Individuals With CKD. Am. J. Kidney Dis. 2018, 71, 362–370. [CrossRef]
13. Feig, D.I.; Soletsky, B.; Johnson, R.J. Effect of Allopurinol on Blood Pressure of Adolescents with Newly Diagnosed Essential

Hypertension. JAMA 2008, 300, 924–932. [CrossRef]
14. Guthikonda, S.; Sinkey, C.; Barenz, T.; Haynes, W.G. Xanthine Oxidase Inhibition Reverses Endothelial Dysfunction in Heavy

Smokers. Circulation 2003, 107, 416–421. [CrossRef]
15. Doehner, W.; Schoene, N.; Rauchhaus, M.; Leyva-Leon, F.; Pavitt, D.V.; Reaveley, D.A.; Schuler, G.; Coats, A.J.; Anker, S.D.;

Hambrecht, R. Effects of xanthine oxidase inhibition with allopurinol on endothelial function and peripheral blood flow in
hyperuricemic patients with chronic heart failure: Results from 2 placebo-controlled studies. Circulation 2002, 105, 2619–2624.
[CrossRef] [PubMed]

16. Siu, Y.-P.; Leung, K.-T.; Tong, M.K.-H.; Kwan, T.-H. Use of Allopurinol in Slowing the Progression of Renal Disease Through Its
Ability to Lower Serum Uric Acid Level. Am. J. Kidney Dis. 2006, 47, 51–59. [CrossRef] [PubMed]

138



J. Clin. Med. 2021, 10, 819

17. Goicoechea, M.; De Vinuesa, S.G.; Verdalles, U.; Ruiz-Caro, C.; Ampuero, J.; Rincón, A.; Arroyo, D.; Luño, J. Effect of Allopurinol
in Chronic Kidney Disease Progression and Cardiovascular Risk. Clin. J. Am. Soc. Nephrol. 2010, 5, 1388–1393. [CrossRef]

18. Goicoechea, M.; De Vinuesa, S.G.; Verdalles, U.; Verde, E.; Macias, N.; Santos, A.; De Jose, A.P.; Cedeño, S.; Linares, T.; Luño, J.
Allopurinol and Progression of CKD and Cardiovascular Events: Long-term Follow-up of a Randomized Clinical Trial. Am. J.
Kidney Dis. 2015, 65, 543–549. [CrossRef] [PubMed]

19. Doria, A.; Galecki, A.T.; Spino, C.; Pop-Busui, R.; Cherney, D.Z.; Lingvay, I.; Parsa, A.; Rossing, P.; Sigal, R.J.; Afkarian, M.; et al.
Serum Urate Lowering with Allopurinol and Kidney Function in Type 1 Diabetes. N. Engl. J. Med. 2020, 382, 2493–2503. [CrossRef]

20. Badve, S.V.; Pascoe, E.M.; Tiku, A.; Boudville, N.; Brown, F.G.; Cass, A.; Clarke, P.; Dalbeth, N.; Day, R.O.; De Zoysa, J.R.; et al.
Effects of Allopurinol on the Progression of Chronic Kidney Disease. N. Engl. J. Med. 2020, 382, 2504–2513. [CrossRef] [PubMed]

21. Wada, T.; Hosoya, T.; Honda, D.; Sakamoto, R.; Narita, K.; Sasaki, T.; Okui, D.; Kimura, K. Uric acid-lowering and renoprotective
effects of topiroxostat, a selective xanthine oxidoreductase inhibitor, in patients with diabetic nephropathy and hyperuricemia: A
randomized, double-blind, placebo-controlled, parallel-group study (UPWARD study). Clin. Exp. Nephrol. 2018, 22, 860–870.
[CrossRef]

22. Hosoya, T.; Ohno, I.; Nomura, S.; Hisatome, I.; Uchida, S.; Fujimori, S.; Yamamoto, T.; Hara, S. Effects of topiroxostat on the serum
urate levels and urinary albumin excretion in hyperuricemic stage 3 chronic kidney disease patients with or without gout. Clin.
Exp. Nephrol. 2014, 18, 876–884. [CrossRef]

23. Liu, P.; Chen, Y.; Wang, B.; Zhang, F.; Wang, D.; Wang, Y. Allopurinol treatment improves renal function in patients with type
2 diabetes and asymptomatic hyperuricemia: 3-year randomized parallel-controlled study. Clin. Endocrinol. 2014, 83, 475–482.
[CrossRef] [PubMed]

24. Kojima, S.; Matsui, K.; Hiramitsu, S.; Hisatome, I.; Waki, M.; Uchiyama, K.; Yokota, N.; Tokutake, E.; Wakasa, Y.; Jinnouchi,
H.; et al. Febuxostat for Cerebral and CaRdiorenovascular Events PrEvEntion StuDy. Eur. Hear. J. 2019, 40, 1778–1786. [CrossRef]
[PubMed]

25. Kimura, K.; Hosoya, T.; Uchida, S.; Inaba, M.; Makino, H.; Maruyama, S.; Ito, S.; Yamamoto, T.; Tomino, Y.; Ohno, I.; et al.
Febuxostat Therapy for Patients With Stage 3 CKD and Asymptomatic Hyperuricemia: A Randomized Trial. Am. J. Kidney Dis.
2018, 72, 798–810. [CrossRef]

26. Yang, A.Y. Comparison of long-term efficacy and renal safety of febuxostat and allopurinol in patients with chronic kidney
diseases. Int. J. Clin. Pharmacol. Ther. 2020, 58, 21–28. [CrossRef] [PubMed]

27. Hu, A.M.; Brown, J.N. Comparative effect of allopurinol and febuxostat on long-term renal outcomes in patients with hyper-
uricemia and chronic kidney disease: A systematic review. Clin. Rheumatol. 2020, 39, 3287–3294. [CrossRef]

28. Sezai, A.; Soma, M.; Nakata, K.-I.; Hata, M.; Yoshitake, I.; Wakui, S.; Hata, H.; Shiono, M. Comparison of Febuxostat and
Allopurinol for Hyperuricemia in Cardiac Surgery Patients (NU-FLASH Trial). Circ. J. 2013, 77, 2043–2049. [CrossRef] [PubMed]

29. Tan, V.S.; Garg, A.X.; McArthur, E.; Lam, N.N.; Sood, M.M.; Naylor, K.L. The 3-Year Incidence of Gout in Elderly Patients with
CKD. Clin. J. Am. Soc. Nephrol. 2017, 12, 577–584. [CrossRef]

30. Viazzi, F.; Garneri, D.; Leoncini, G.; Gonnella, A.; Muiesan, M.; Ambrosioni, E.; Costa, F.; Leonetti, G.; Pessina, A.; Trimarco, B.; et al.
Serum uric acid and its relationship with metabolic syndrome and cardiovascular risk profile in patients with hypertension:
Insights from the I-DEMAND study. Nutr. Metab. Cardiovasc. Dis. 2014, 24, 921–927. [CrossRef]

31. Tsai, C.-W.; Lin, S.-Y.; Kuo, C.-C.; Huang, C.-C. Serum Uric Acid and Progression of Kidney Disease: A Longitudinal Analysis
and Mini-Review. PLoS ONE 2017, 12, e0170393. [CrossRef]

32. Zhao, Y.; Xu, L.; Tian, D.; Xia, P.; Zheng, H.; Wang, L.; Chen, L. Effects of sodium-glucose co-transporter 2 (SGLT2) inhibitors
on serum uric acid level: A meta-analysis of randomized controlled trials. Diabetes Obes. Metab. 2018, 20, 458–462. [CrossRef]
[PubMed]

33. Fralick, M.; Chen, S.K.; Patorno, E.; Kim, S.C. Assessing the Risk for Gout with Sodium-Glucose Cotransporter-2 Inhibitors in
Patients with Type 2 Diabetes: A Population-Based Cohort Study. Ann. Intern. Med. 2020, 172, 186–194. [CrossRef]

34. Fitchett, D.; Inzucchi, S.E.; Zinman, B.; Wanner, C.; Zannad, F.; Schumacher, M.; Schmoor, C.; Ohneberg, K.; Salsali, A.; Jyothis,
T.G.; et al. Mediators of the Improvement in Heart Failure Outcomes With Empagliflozin in the EMPAREG OUTCOME Trial.
Circulation 2017, 136, A15893.

35. Inzucchi, S.E.; Zinman, B.; Fitchett, D.; Wanner, C.; Ferrannini, E.; Schumacher, M.; Schmoor, C.; Ohneberg, K.; Johansen, O.E.;
George, J.T.; et al. How Does Empagliflozin Reduce Cardiovascular Mortality? Insights from a Mediation Analysis of the
EMPA-REG OUTCOME Trial. Diabetes Care 2017, 41, 356–363. [CrossRef]

36. Miao, Y.; Ottenbros, S.A.; Laverman, G.D.; Brenner, B.M.; Cooper, M.E.; Parving, H.-H.; Grobbee, D.E.; Shahinfar, S.; De Zeeuw,
D.; Heerspink, H.J.L. Effect of a Reduction in Uric Acid on Renal Outcomes During Losartan Treatment: A Post Hoc Analysis
of the Reduction of Endpoints in Non-Insulin-Dependent Diabetes Mellitus With the Angiotensin II Antagonist Losartan Trial.
Hypertension 2011, 58, 2–7. [CrossRef] [PubMed]

37. Williams, B.; Mancia, G.; Spiering, W.; Rosei, E.A.; Azizi, M.; Burnier, M.; Clement, D.L.; Coca, A.; de Simone, G.; Dominiczak,
A.F.; et al. 2018 ESC/ESH Guidelines for the management of arterial hypertension. Eur. Heart J. 2018, 39, 3021–3104. [CrossRef]
[PubMed]

38. Virdis, A.; Masi, S.; Casiglia, E.; Tikhonoff, V.; Cicero, A.F.; Ungar, A.; Rivasi, G.; Salvetti, M.; Barbagallo, C.M.; Bombelli, M.; et al.
Identification of the Uric Acid Thresholds Predicting an Increased Total and Cardiovascular Mortality Over 20 Years. Hypertension
2020, 75, 302–308. [CrossRef]

139



J. Clin. Med. 2021, 10, 819

39. Chen, Q.; Wang, Z.; Zhou, J.; Chen, Z.; Li, Y.; Li, S.; Zhao, H.; Badve, S.V.; Lv, J. Effect of Urate-Lowering Therapy on Cardiovascular
and Kidney Outcomes. Clin. J. Am. Soc. Nephrol. 2020, 15, 1576–1586. [CrossRef]

40. Viazzi, F.; Rebora, P.; Giussani, M.; Orlando, A.; Stella, A.; Antolini, L.; Valsecchi, M.G.; Pontremoli, R.; Genovesi, S. Increased
Serum Uric Acid Levels Blunt the Antihypertensive Efficacy of Lifestyle Modifications in Children at Cardiovascular Risk.
Hypertension 2016, 67, 934–940. [CrossRef] [PubMed]

41. Bezante, G.P.; Viazzi, F.; Leoncini, G.; Ratto, E.; Conti, N.; Balbi, M.; Agosti, S.; Deferrari, G.; Pontremoli, R.; Deferrari, L.
Coronary Flow Reserve Is Impaired in Hypertensive Patients With Subclinical Renal Damage. Am. J. Hypertens. 2009, 22, 191–196.
[CrossRef] [PubMed]

42. Rahman, M.; Pressel, S.; Davis, B.R.; Nwachuku, C.; Wright, J.T.; Whelton, P.K.; Barzilay, J.; Batuman, V.; Eckfeldt, J.H.; Farber,
M.A.; et al. Cardiovascular Outcomes in High-Risk Hypertensive Patients Stratified by Baseline Glomerular Filtration Rate. Ann.
Intern. Med. 2006, 144, 172–180. [CrossRef] [PubMed]

140



Journal of

Clinical Medicine

Article

Association between MANBA Gene Variants and Chronic
Kidney Disease in a Korean Population

Hye-Rim Kim 1,†, Hyun-Seok Jin 2,† and Yong-Bin Eom 1,3,*

Citation: Kim, H.-R.; Jin, H.-S.; Eom,

Y.-B. Association between MANBA

Gene Variants and Chronic Kidney

Disease in a Korean Population. J.

Clin. Med. 2021, 10, 2255. https://

doi.org/10.3390/jcm10112255

Academic Editor: Giacomo Garibotto

Received: 13 April 2021

Accepted: 21 May 2021

Published: 23 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Medical Sciences, Graduate School, Soonchunhyang University,
Asan 31538, Chungnam, Korea; goa6471@naver.com

2 Department of Biomedical Laboratory Science, College of Life and Health Sciences, Hoseo University,
Asan 31499, Chungnam, Korea; jinhs@hoseo.edu

3 Department of Biomedical Laboratory Science, College of Medical Sciences, Soonchunhyang University,
Asan 31538, Chungnam, Korea

* Correspondence: omnibin@sch.ac.kr; Tel.: +82-41-530-3039
† These authors contributed equally to this work.

Abstract: Chronic kidney disease (CKD), a damaged condition of the kidneys, is a global public
health problem that can be caused by diabetes, hypertension, and other disorders. Recently, the
MANBA gene was identified in CKD by integrating CKD-related variants and kidney expression
quantitative trait loci (eQTL) data. This study evaluated the effects of MANBA gene variants on
CKD and kidney function-related traits using a Korean cohort. We also analyzed the association
of MANBA gene variants with kidney-related traits such as the estimated glomerular filtration rate
(eGFR), and blood urea nitrogen (BUN), creatinine, and uric acid levels using linear regression
analysis. As a result, 14 single nucleotide polymorphisms (SNPs) were replicated in CKD (p < 0.05),
consistent with previous studies. Among them, rs4496586, which was the most significant for
CKD and kidney function-related traits, was associated with a decreased CKD risk in participants
with the homozygous minor allele (CC), increased eGFR, and decreased creatinine and uric acid
concentrations. Furthermore, the association analysis between the rs4496586 genotype and MANBA
gene expression in human tubules and glomeruli showed high MANBA gene expression in the minor
allele carriers. In conclusion, this study demonstrated that MANBA gene variants were associated
with CKD and kidney function-related traits in a Korean cohort.

Keywords: MANBA; variants; chronic kidney disease; estimated glomerular filtration rate (eGFR);
expression quantitative trait loci (eQTL)

1. Introduction

Chronic kidney disease (CKD) is an important health problem worldwide and in-
creases mortality and morbidity by raising the risk of several diseases [1,2]. According
to the Global Burden of Disease (GBD) study, the global prevalence of CKD in 2017 was
estimated at 9.7%, with approximately 697.5 million people affected [3]. The prevalence of
CKD in Korea in 2017 was 3% according to the chronic disease health statistics of the Korea
Disease Control and Prevention Agency (KDCA) (https://health.cdc.go.kr/ (accessed on
13 April 2021)). In addition, the GBD study reported that fatality from CKD in 2017 was
1.2 million, the 12th primary cause of death worldwide. The common causes of impaired
kidney function are diabetes, hypertension, and glomerulonephritis, which can be evalu-
ated by the estimated glomerular filtration rate (eGFR) [4]. Previous studies have estimated
the heritability of CKD to be 20–80% by measuring the contribution of genetic effects in a
population of patients with CKD [5–7]. Therefore, since CKD is also affected by genetic
factors, it is important to identify the risk factors associated with CKD development and
genes in individuals with CKD.

A meta-analysis of genome-wide association studies (GWAS) on CKD and kidney
function-related traits was performed in European, Asian, and African populations [8–10].
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Previous studies have determined non-coding genetic variants related to CKD through
GWAS but the elucidation of the underlying genes and mechanisms was limited. There-
fore, a recent study performed expression quantitative trait loci (eQTL) analysis of renal
glomeruli and tubular tissue and found 27 candidate genes that could be potential causes
of kidney disease development [11]. Among them, MANBA, PGAP3, and CASP9 were
confirmed to have functional roles in kidney disease development in previous animal
studies [12–14]. Another study reported that variants of the MANBA gene identified
using eQTL analysis and CKD-related variants identified using GWAS analysis showed
statistically significant co-localization [12]. In addition, Gu et al. demonstrated the in vivo
mechanism by which the MANBA gene affects kidney disease [15].

The β-mannosidase (MANBA) gene, encoding lysosome β-mannosidase, is located
on human chromosome 4q24 [16,17]. Although many genetic variants associated with
CKD have been identified, correlation analysis focusing on MANBA gene variants that
directly affect kidney diseases are rare. Therefore, in this study, the association analysis of
MANBA gene variants with CKD and kidney function-related traits was performed in the
Korean Genome and Epidemiology Study (KoGES) cohort. We found 20 single nucleotide
polymorphisms (SNPs) that showed a statistically significant association with CKD and
kidney function-related traits among 229 SNPs of the MANBA gene. In addition, rs4496586,
which had the highest significance for CKD, was associated with MANBA gene expression
in renal tubules and glomeruli. These results replicate previous studies that functionally
demonstrated the association between kidney disease and the MANBA gene.

2. Materials and Methods

2.1. Participants

The epidemiological data used in this study were obtained from the Health Examinee
(HEXA) cohort of the Korean Genome and Epidemiology Study (KoGES). From 2004 to 2013,
a total of 173,208 participants aged over 40 years were recruited in the HEXA cohort. Among
them, genotype data on 58,700 participants were available. A more detailed description of
the HEXA cohort has been described previously [18]. The Institutional Review Board (IRB)
of the Korea Disease Control and Prevention Agency (KDCA, KBN-2021-003 (26 January
2021)) and Soonchunhyang University (202012-BR-086-01 (15 December 2020)) approved
the study protocol. Written informed consent was obtained from all subjects. All methods
were performed in accordance with the relevant guidelines and regulations.

2.2. Basic Characteristics

The parameters measured in this study included physical measurements such as
height, and weight, and biochemical measurements such as uric acid, blood urea nitrogen
(BUN), and serum creatinine levels. The characteristics of the participants in this study are
shown in Table 1. Body mass index (BMI) was calculated by dividing body weight (kg) by
height squared (m2). Blood samples were collected after an 8-h fast and all plasma samples
were measured biochemically. Serum creatinine concentrations were measured by the Jaffe
method using an automatic analyzer (Hitachi, Tokyo, Japan).

2.3. Definition of Chronic Kidney Disease

For the case-control analysis of CKD, control groups (30,813 participants) and cases
(1130 participants) were classified according to the recommendations of the Kidney Dis-
ease Improving Global Outcome (KDIGO) guidelines. CKD was defined as an eGFR of
<60 mL/min/1.72 m2 and a history of renal disease. Non-CKD was defined as an eGFR of
≥90 mL/min/1.72 m2. Known as the best estimate of kidney function, the eGFR was calcu-
lated through the creatinine-based modification of diet in renal disease (MDRD) equation.
Kidney function was additionally assessed by BUN, uric acid, and serum creatinine levels.
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Table 1. Characteristics of participants in the Korean population.

Characteristics
Quantitative Trait

Analysis

Case-Control Analysis for CKD

Controls Cases p-Value *

Number of participants 58,700 30,813 1130
Gender [men (%)] 20,293 (34.57) 9170 (29.76) 528 (46.73) <0.001

Age (M years ± SD) 53.8 ± 8.02 52.27 ± 7.53 60.92 ± 6.91 <0.001
Height (M cm ± SD) 160.72 ± 7.93 160.10 ± 7.76 161.10 ± 8.02 <0.001
Weight (M kg ± SD) 61.89 ± 9.89 60.95 ± 9.65 64.46 ± 10.09 <0.001

BMI (M kg/m2 ± SD) 23.67 ± 2.52 23.57 ± 2.66 24.76 ± 2.87 0.557
eGFR (mL/min/1.73 m2) 91.22 ± 16.54 103.35 ± 11.82 53.80 ± 9.69 <0.001

BUN (mg/dL) 14.44 ± 3.76 13.73 ± 3.54 18.87 ± 4.67 <0.001
Uric acid (mg/dL) 4.68 ± 1.25 4.38 ± 1.13 5.96 ± 1.59 <0.001

Creatinine (mg/dL) 0.80 ± 0.17 0.71 ± 0.11 1.22 ± 0.20 <0.001

* Significant differences in the characteristics between the cases and controls were determined by the Student’s t-test.

2.4. Genotyping

The genotype data were provided by the Center for Genome Science, Korea National
Institute of Health. A total of 58,700 genomic DNA samples isolated from peripheral
blood were genotyped using the Affymetrix Axiom® Array (Affymetrix, Santa Clara, CA,
USA). The genotype data were confirmed using the Korean-Chip (K-CHIP, Seoul, Korea)
acquired by the K-CHIP consortium. Detailed information on Korean chips has been
described previously [19]. Samples with less than 96%–99% genotyping accuracy, excessive
heterozygosity, or sex inconsistency were excluded. Markers with missing genotype rates
of <95%, a minor allele frequency of <1%, and Hardy-Weinberg equilibrium p-values
of <1 × 10−6 were also excluded to control the quality of the genotyping results. After
quality control, imputation analysis was performed using the 1000 genome phase 3 dataset
(reference panel) in IMPUTE v2 software. A total of 8,056,211 SNPs were included in the
study. This study selected SNPs significantly related to kidney disease in the MANBA
gene. The location of the SNPs was identified using National Center for Biotechnology
Information (NCBI) Human Genome Build 37 (hg19).

2.5. Statistical Analysis

Statistical analyses were conducted with PLINK version 1.90 beta (https://www.
cog-genomics.org/plink2 (accessed on 13 April 2021)) [20] and PASW Statistics version
18.0 (SPSS Inc. Chicago, IL, USA). A total of 58,700 participants were classified as CKD
cases and controls according to KDIGO guidelines, and logistic regression analysis was
performed to calculate the odds ratios (ORs) and 95% confidence intervals (95% CIs).
Linear regression analysis was used to analyze the association between BUN, uric acid, and
creatinine levels, and eGFR, which are traits related to kidney function, and MANBA genes.
Logistic and linear regression analyses were performed based on the additive genetic
model after age and gender adjustments. The significance threshold (p < 6.76 × 10−4) was
adjusted through Bonferroni correction. Regional plots were created using the LocusZoom
program (http://locuszoom.org/ (accessed on 13 April 2021)). A conditional analysis was
performed to identify secondary association signals. The publicly available Human Kidney
eQTL database (http://susztaklab.com/eqtl (accessed on 13 April 2021)) was used to
determine whether the variants significantly associated with CKD affected the expression
level of the MANBA gene.

3. Results

3.1. Participant Characteristics

The clinical characteristics of the 58,700 participants (20,293 men, and 38,407 women)
in this study are shown in Table 1. To analyze the association between CKD and variants
in the MANBA gene, CKD was divided into cases and controls using the eGFR. BUN,
uric acid, and creatinine levels, which are related to kidney function, were increased in
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the case group compared to the control group. The comparison between the CKD cases
and controls using the Student’s t-test showed that all characteristics except BMI were
significantly different.

3.2. Association Analysis of the MANBA Gene Variants with CKD and Kidney
Function-Related Traits

The present study investigated the association of 229 SNPs in the MANBA gene with
CKD and kidney function-related traits such as eGFR, BUN, creatinine, and uric acid levels.
Before analyzing the association, we selected SNPs that tagged other SNPs with r2 < 0.8
to show the independently related SNPs of the MANBA gene. As a result, 74 of 229 SNPs
were identified, and finally, 20 SNPs achieved significance of p < 6.76 × 10−4 (Bonferroni
threshold: p = 0.05/74) for association with CKD or kidney function-related traits in the
HEXA cohort (Table 2). Most of the 20 SNPs are significantly associated with kidney
function-related traits such as eGFR, creatinine and uric acid levels. However, there was no
association between SNPs in the MANBA gene and BUN levels. The odds ratio of CKD
was 0.87 (95% CI 0.80–0.95, p = 2.61 × 10−3) for the rs4496586 which showed the highest
association with CKD. The linear regression analysis showed a significant association of
rs4496586with eGFR (β = 0.565, p = 1.43 × 10−9), creatinine (β = −0.004, p = 1.04 × 10−8),
and uric acid levels (β = −0.019, p = 1.83 × 10−3). These results were consistent with the
reduced risk of CKD in patients carrying the minor C allele of rs4496586.

Additionally, the Human Kidney eQTL database was used to analyze the association
between the rs4496586 genotype, which had a high significance for CKD, and the MANBA
gene expression in the renal tubules and glomeruli. The expression level of the MANBA
gene was significantly increased in patients with the minor C allele of rs4496586 in the
renal tubules and glomeruli (Figure 1).

Figure 1. Rs4496586 genotype and MANBA gene expression association in human kidney tubules (a) and glomeruli (b).
The data are from the Human Kidney eQTL database (http://susztaklab.com/eqtl (accessed on 13 April 2021)). MANBA
gene expression for the rs4496586 genotype in tubules (β = 0.636, p = 1.44 × 10−6) and glomeruli (β = 0.609, p = 2.49 × 10−6)
was confirmed and statistically significant. p-value was calculated by linear regression. Center lines show medians, box
limits indicate 25th and 75th percentiles, and whiskers extend to the 5th and 95th percentiles, outliers are represented
by diamonds.
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The SNPs of the MANBA gene, which were significant in the association analysis
for CKD and kidney function-related traits, were shown using LocusZoom (http://csg.
sph.umich.edu/locuszoom/ (accessed on 13 April 2021)), confirming the regional plots
(Figure 2, Supplementary Figure S1). As a result, this study detected two independent
signals through the regional plots. These SNPs of signal 1 (rs4496586) and signal 2 (rs223489)
showed significantly high levels of CKD (p = 2.61 × 10−3 and p = 7.08 × 10−3), eGFR
(p = 1.43 × 10−9 and p = 9.42 × 10−10), creatinine (p = 1.04 × 10−8 and p = 6.72 × 10−10),
and uric acid (p = 1.83 × 10−3 and p = 8.61 × 10−3). To clearly identify secondary signals,
this study performed conditional analyses, including the most significant SNPs of CKD,
eGFR, creatinine, and uric acid in a stepwise manner. eGFR and creatinine found additional
independent signals at the MANBA locus after conditioning for the most significant variants.
In contrast, the conditional analyses for CKD and uric acid detected no conditionally
independent signals (Supplementary Table S1).

Figure 2. Regional plots of the association results of MANBA SNPs with CKD (a) and kidney function-related traits such
as eGFR (b), creatinine (c), and uric acid levels (d) in the HEXA cohort. The statistical significance (−log10 p-value) of
the analyzed SNPs is plotted. The colors indicate the linkage disequilibrium (r2) between rs4496586 and the remaining
SNPs. The genetic recombination rates are shown on the right y-axis. The plots were generated by the LocusZoom program
(http://csg.sph.umich.edu/locuszoom (accessed on 13 April 2021)).

4. Discussion

CKD is a complex disease caused by impaired kidney function [21]. In addition, CKD
is associated with serious complications such as cardiovascular disease, hyperlipidemia,
hypertension, and metabolic bone disease [22–24]. The prevalence of CKD reported in
Korea is lower than that confirmed in other countries [3,25]. However, the early diagnosis
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and treatment of CKD are important in preventing various complications [26]. This study
performed an association analysis of variants in the MANBA gene with CKD and kidney
function-related traits in a Korean cohort. The study found that 11 SNPs were not only
statistically significant in CKD but were also significantly associated with kidney function-
related traits such as creatinine and uric acid levels (Table 2). A previous study reported
that the minor A allele of rs228611 was significantly associated with the eGFR (β = −0.0056,
p = 3.58 × 10−12) [27]. Similar to previous results, this study showed that rs228611 with
a minor G allele was associated with increases in the eGFR (β = 0.483, p = 2.51 × 10−7)
(Supplementary Table S2). Another study identified rs223489 as a candidate eGFR variant
(Effect allele = A, β = −0.0027, p = 2.6 × 10−17) by analyzing the human ortholog in the
GWAS summary statistics (eGFR) for genes associated with abnormal kidney morphology
in mice [8]. Therefore, it was suggested that rs223489, which was not previously identified
as important, significantly affected the eGFR. Consistent with the previous study, our
results also replicated the statistically significant association of rs223489 with the eGFR
(Effect allele = G, β = 0.599, p = 2.6 × 10−10) in Koreans. In addition, rs223489 was detected
as an important signal in CKD, eGFR, creatinine, and uric acid through the regional plots
(Supplementary Figure S1).

Previous studies have reported a significant association between the eGFR and genetic
variants in chromosome 4 through GWAS [9,28,29]. In addition, NFKB1 was suggested as a
target gene for kidney function [27]. Unlike previous studies, Ko et al. identified candidate
genes for CKD through an integrative analysis that combined CKD-associated variants and
kidney eQTL results [12]. The expression of NFKB1 gene did not show any significance
in the integrative analysis, and the MANBA gene, which showed statistically significant
co-localization between CKD-associated variants and kidney eQTL results, was proposed
as a potential target gene for the GWAS variant related to kidney function. Furthermore,
the study revealed that kidney function was impaired when MANBA gene expression was
suppressed in zebrafish. Thus, increasing the expression of the MANBA gene might be a
potential new means to treat kidney dysfunction.

Qiu et al. suggested that many diseases are cell-type-specific, rather than organ-
specific [11]. Thus, they performed eQTL analysis of the renal tubules and glomeruli and
identified genes that may cause kidney disease, including the MANBA gene. In the present
study rs4496586 had the highest significance in the association analysis between CKD
and variants in the MANBA gene. Therefore, this study analyzed the association between
the rs4496586 genotype and MANBA gene expression in the renal tubules and glomeruli.
Our results showed that the expression level of the MANBA gene was significantly higher
in samples with a minor allele of rs4496586 (Figure 1). In brief, rs4496586 increased the
expression of the MANBA gene and decreased the risk of CKD in patients possessing a
minor allele (C). These results are consistent with those of a previous study demonstrating
the association between the expression of the MANBA gene and renal function in vivo [12].

Interestingly, a recent study conducted mechanistic experiments for the rs6847587 vari-
ant significantly associated with MANBA gene expression in renal tubules using mice and
cells [15]. The results showed that a reduction in MANBA gene expression affected not only
the structure and function of lysosomes, but also the endocytosis and autophagy pathways
in vivo, leading to tubular damage, inflammation activation, and fibrosis. However, the
study group mentioned the limitation of not using CKD-related variants. Our results from
analyzing the association between CKD and MANBA gene variants showed that rs6847587
significantly reduced the risk of CKD in participants with the minor allele. The presence of
the rs6847587 variant with the minor allele was associated with increased MANBA gene
expression. Thus, these results are consistent with a previous study demonstrating the
association of the MANBA gene in the development of kidney disease.

In summary, this study focused on the MANBA gene and confirmed the association
of genetic variants with CKD and kidney function-related traits such as eGFR, BUN,
creatinine, and uric acid levels based on KoGES. The MANBA gene variants showed
significant associations with CKD, consistent with a recent study demonstrating that

147



J. Clin. Med. 2021, 10, 2255

MANBA gene variants were related to kidney function through an integrative analysis
of eQTL and CKD-related GWAS results. Moreover, this study confirmed MANBA gene
expression according to genotypes through eQTL analysis and demonstrated that the
MANBA gene variants affecting renal tubules and glomeruli were significantly related
to CKD. However, in vivo studies are needed to determine the direct effects of MANBA
gene variants, which are highly correlated with CKD, on kidney function. Future studies
also need to evaluate the association between CKD and MANBA gene variants through
population-specific analysis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcm10112255/s1, Table S1: Conditional analyses of multiple SNPs at the MANBA locus. Table
S2: Results of an association analysis of the SNPs in the MANBA gene with chronic kidney disease
and kidney function-related traits. Figure S1: Regional plots of the association results of MANBA
SNPs with CKD (a) and kidney function-related traits such as eGFR (b), creatinine (c), and uric acid
levels (d) in the HEXA cohort. The statistical significance (−log10 p-value) of the analyzed SNPs
is plotted. The colors indicate the linkage disequilibrium (r2) between rs223489 and the remaining
SNPs. The genetic recombination rates are shown on the right y-axis. The plots were generated by
the LocusZoom program (http://csg.sph.umich.edu/locuszoom/ (accessed on 13 April 2021)).
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