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Abstract: 

Aims: The prevalence of heart failure with a preserved ejection fraction (HFpEF) is increasing, but 

therapeutic options are limited. Oxidative stress is suggested to play an important role in the 

pathophysiology of HFpEF. However, whether oxidative stress is a bystander due to comorbidities or 

causative in itself remains unknown. Recent results have shown that depletion of 5-oxoprolinase (OPLAH) 

leads to 5-oxoproline accumulation, which is an important mediator of oxidative stress in the heart. We 

hypothesize that oxidative stress induced by elevated levels of 5-oxoproline leads to the onset of a murine 

HFpEF-like phenotype. 

 

Methods and Results: Oplah full body knock-out (KO) mice had higher 5-oxoproline levels coupled to 

increased oxidative stress. Compared to wild-type littermates (WT), KO mice had increased cardiac and 

renal fibrosis with concurrent elevated left ventricular filling pressures, impaired LV relaxation, yet a 

normal left ventricular ejection fraction (LVEF). Following the induction of cardiac ischemia/reperfusion 

(IR) injury, 52.4% of the KO mice died compared to  only 15.4% of the WT mice (p<0.03). Furthermore, 

KO mice showed a significantly increased atrial, ventricular, kidney, and liver weights compared to WT 

mice (p<0.05 for all). Cardiac and renal fibrosis were more pronounced following cardiac IR injury in the 

KO mice and these mice developed proteinuria post IR injury. To further address the link between 5-

oxoproline and HFpEF, 5-oxoproline was measured in the plasma of HFpEF patients. Compared to 

healthy controls (3.8 ± 0.6 µM), 5-oxoproline levels were significantly elevated in HFpEF patients (6.8 ± 

1.9 µM, p<0.0001). Furthermore, levels of 5-oxoproline were independently associated with more 

concentric remodeling on echocardiography. 

 

Conclusions: Oxidative stress induced by 5-oxoproline results in a murine phenotype reminiscent of the 

clinical manifestation of HFpEF without the need for surgical or pharmacological interference. Better 

understanding of the role of oxidative stress in HFpEF may potentially lead to novel therapeutic options.  
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Introduction:  

Heart failure (HF) is associated with high mortality and morbidity1. While treatment possibilities for patients 

with HF and a reduced ejection fraction (HFrEF) have considerably improved outcomes, this has not been 

the case for HF patients with a preserved ejection fraction (HFpEF)2. The incidence of HFpEF has 

increased rapidly during the past decades and is becoming the dominant form of HF2. Typical features of 

HFpEF include elevated LV filling pressures, impaired relaxation and structural abnormalities (i.e. left 

ventricular concentric remodeling). Unfortunately, the underlying pathophysiology of HFpEF remains 

poorly understood. To increase our understanding of the pathophysiology of HFpEF, several animal 

models have been developed that recapitulate some, but not all the characteristics described in HFpEF 

patients3,4. As a result these animal models are limited in their use in developing therapeutic strategies 

specifically targeting HFpEF. Therefore, it is essential to unravel the underlying cardiac pathophysiology 

leading to the onset of HFpEF, by developing novel animal models, which could lead to therapies directed 

towards HFpEF4.  

 

In recent years it has been suggested that oxidative stress, resulting from an increased systemic 

proinflammatory state, plays a role in the onset and progression of HFpEF5. Oxidative stress is defined as 

an imbalance between the production of reactive oxygen species (ROS) and the endogenous antioxidant 

defense mechanisms (the so called “redox state”). Under physiological conditions, small quantities of ROS 

are produced intracellularly, which function in cell signaling, and can readily be reduced by the antioxidant 

defense system. However under pathophysiological conditions, the production of ROS exceeds the 

buffering capacity of the antioxidant defense system, resulting in cell damage and death. The major 

sources of antioxidants in mammalian cells are glutathione (GSH), which is formed by the γ-Glutamyl 

cycle and thioredoxin (Trx)6–8. Trx are small redox proteins that exert its antioxidant function primarily 

through peroxiredoxins (Prx), which utilizes Trx to reduce peroxides (i.e. H2O2). This reaction results in the 

formation of oxidized Trx, which can then be recycled by thioredoxin reductase (TrxR). Similarly, GSH is 

utilized by GSH peroxidase (GPx) to reduce H2O2, producing oxidized GSH (GSSG) in the process. GSSG 

is then recycled by GSH reductase (GR)9. Recent studies have established an important role of the Trx 

antioxidant system in HF10,11. GSH has also been implicated in cardiovascular diseases, however, only 

recently have the enzymes of the GSH synthesis and salvage pathways been implicated in HF12–18.  

 

One such enzyme is 5-oxoprolinase (OPLAH), which is responsible for converting 5-oxoproline, a 

degradation product of glutathione, into glutamate6,19. 5-oxoproline has been shown to induce oxidative 

stress in rat brain tissue, rat cardiomyocytes, and human embryonic derived cardiomyocytes16,20,21. 

Furthermore, OPLAH expression is reduced in both rodent models of HFrEF and in the clinical setting16,22. 

This reduction of OPLAH expression is coupled to an increase in circulating 5-oxoproline, which is 

associated with a poor outcome in patients with HF16. In a murine model for myocardial infarction, it was 

observed that OPLAH has a cardio-protective effect by reducing 5-oxoproline, oxidative stress, and 

improving cardiac function16. These findings demonstrate that OPLAH and 5-oxoproline are highly 
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involved in oxidative stress and HF, and could suggest a novel therapeutic target for HF. Based on these 

observations and the recent implication of oxidative stress in the development of HFpEF, we hypothesized 

that OPLAH knock-out (KO) mice would develop a cardiac phenotype reminiscent of clinical HFpEF. 

Furthermore, we were interested in identifying whether OPLAH KO mice would be more susceptible to 

cardiac injury.    

Downloaded from https://academic.oup.com/cardiovascres/advance-article-abstract/doi/10.1093/cvr/cvy187/5056075
by University of Groningen user
on 30 July 2018



 

5 
 

Methods: 

Generation of Oplah knock-out mice 

Oplah knock-out mice, Oplahtm1a(KOMP)Wtsi (here after referred to as KO) mice were generated as part of the 

European Conditional Mouse Mutagenesis Program and Knockout Mouse Project and the Sanger Mouse 

Genetics Projects (EUCOMM/KOMP-CSD)23. Mice were generated from embryonic stem cell clone 

EPD0244_4_F09 and backcrossed to C57L/6 background. Genotype analysis was performed by PCR on 

isolated genomic DNA as previously described24. All animal protocols were approved by the Animal 

Ethical Committee of the University of Groningen (permit number: DEC6632). The animal experiments 

were performed conform the ARRIVE guidelines25. 

 

Cardiac ischemia/reperfusion injury in Oplah knock-out mice 

Animal protocol was approved by the Animal Ethical Committee of the University of Groningen (permit 

number: DEC6632). The animal experiments were performed conform the ARRIVE guidelines and the 

guidelines from the Directive 2010/63/EU of the European Parliament on the protection of animals used 

for scientific purposes. A total of 103 male mice, 37 knock-out (KO), 38 heterozygous (HET) and 28 wild-

type (WT), were included in the ischemia/reperfusion (IR) study. Only male mice were utilized for this 

study to rule out variations due to the estrous cycle. Moreover, differences in cardiac dimensions between 

male and female animals would result in more variation and therefore require larger group sizes. All mice 

were 14-20 weeks of age and 35-40 g of body weight. The KO, HET and WT mice were randomized into 

two groups, the SHAM operated group and the IR group. Animals were anesthetized for surgery with 

isoflurane (Forene), dose 2-2.5%, and oxygen via ventilated aerial administration, followed by the 

administration of 5mg/kg of carprofen (Rimadyl). The IR group (WT n = 13, HET n = 16, and KO n = 21) 

underwent ligation of the left anterior descending branch (LAD) of the left coronary artery for 60 min, 

followed by reperfusion for 4 weeks. The ligation of the LAD was placed by the surgeon to achieve a 

±30% area at risk of the LV. The SHAM operated group (WT n = 15, HET n = 22 and KO n = 16) 

underwent the same procedure without induction of ischemia. The surgeon was blinded to which animal 

was KO, HET or WT. After 4 weeks animals were placed in the MRI, followed by invasive hemodynamic 

measurements and animals were euthanized by excision of the heart. At sacrifice, blood was collected 

and organs were weighed and collected for histology and molecular analysis.  

 

Cardiac MRI measurements 

Cardiac MRI was performed as described previously16,26. Mice were anesthetized with isoflurane (Forene, 

dose 2-2.5%) in oxygen via aerial dispenser (as described above) and imaged in a vertical 9.4-T, 89-mm 

bore size magnet equipped with 1500 mT/m gradients and connected to an advanced 400 MR system 

(Bruker Biospin) using a quadrature-driven birdcage coil with an inner diameter of 3 cm. Respiration and 

ECG were monitored by ECG Trigger Unit (RAPID biomedical GmBH). Heart rate was maintained 

between 400-600 bpm and respiration rate between 20-60 breaths per minute. ParaVison 4.0 and 

IntraGate software (Bruker Biospin GmH) were used for cine MR acquisition and reconstruction. After 
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orthogonal scout imaging, short axis (oriented perpendicular to the septum) cardiac cine MR images were 

acquired. To cover the entire heart from apex to base, 7 slices (sham) and 8-9 slices (IR) were needed. 

The images were reconstructed and for all mice, dedicated, semi-automatic contour detection software 

(QMass, version MR 6.1.5, Medis Medical Imaging Systems) was used for the determination of the LV 

end-diastolic volume, LV end-systolic volume, stroke volume, and ejection fraction. The investigators were 

blinded to experimental settings during data analysis. 

 

Hemodynamic measurements 

Prior to sacrifice, heart rate and pressures of aorta and LV were measured after 4 weeks under 

anesthesia [isoflurane (Florene), dose 2-2.5%, in oxygen by aerial administration) using the Scisense 

Advantage PV measurement system with a PV catheter, as previously described16. A 1.2 French electrode 

with 4.5 spacing (Transonic Scisense Inc) was used. Analyses were performed offline with LabChart7 

software (version 7.2, ADinstruments). Right after hemodynamic measurements, mice were euthanized by 

excision of the heart and tissues and tibia were collected. The investigators were blinded to experimental 

settings during data analysis. 

 

Electrocardiography 

A total of 23 mice, 18 KO and 5 WT, were utilized to perform electrocardiography (ECG) measurements. 

All mice were 14-20 weeks of age and 35-40 g of body weight. Animals were anesthetized with isoflurane 

(Forene), dose 2-2.5%, and oxygen via ventilated aerial administration, followed by the administration of 

5mg/kg of carprofen (Rimadyl). At this point 1 min baseline ECG recordings were made of each animal. 

For ECG measurements, subcutaneous recording electrodes were placed, one in the right armpit and the 

other in the left groin (Lead II). Following the baseline measurements, the electrodes were removed and a 

ligation was placed on the LAD. After which electrodes were again placed and a 45 min ECG recording 

was performed. At the end of the 45 min ischemic ECG recording, the animals were euthanized by 

excision of the heart. 

 

Histology 

For immunohistochemical analysis, hearts were fixed overnight with 10% neutral-buffered formalin at 4oC. 

After fixation, samples were subjected to a dehydration series, embedded in paraffin and cut into 4 uM 

sections. Masson trichrome straining was performed to analyze collagen deposition. To quantify fibrosis, 

whole ventricle slice pictures were photographed using Hamamatsu microscope, and fibrotic area was 

determined with Aperio’s ImageScope software. Areas of fibrosis were calculated as percentages of total 

area of the left ventricle. To quantify the infarct size, area of infarct was calculated as percentages of total 

area of the left ventricle. To quantify the non-infarct fibrosis, fibrosis was calculated as a percentage of the 

total area opposite of the infarct. For cardiomyocyte size, FITC-labeled wheat germ agglutinin (WGA) 

staining was performed. For quantification Fiji27 was used, briefly five randomly selected fields from whole-

stained WGA-FITC LV sections imaged at 20x magnification were used to measure cross-sectional 

Downloaded from https://academic.oup.com/cardiovascres/advance-article-abstract/doi/10.1093/cvr/cvy187/5056075
by University of Groningen user
on 30 July 2018



 

7 
 

diameter from approximately 30 cells per mouse heart, and calculated as area. The investigators were 

blinded to experimental settings during data analysis. 

 

Urine measurements 

Urine from mice was collected following excision of the heart directly from the bladder. To assess the total 

urinary protein, urea and creatinine 25 µl of urine was diluted with 225 µl MilliQ (1:10 dilution). For 

determining the total protein the UV assay U/CSF Protein kit (Roche Diagnostics) was used. For urea 

measurements the UV assay UREA/UN kit (Roche Diagnostics) was used. For creatinine measurements 

the UV assay CREA plus (Roche Diagnostics) was used. 

 

Total Antioxidant Capacity 

The antioxidant capacity of tissue samples was measured by means of the Total Antioxidant Capacity 

Assay kit (ab65329, Abcam) per manufacturer’s instructions. Briefly, snap frozen LV tissue was 

homogenized in ice-cold RIPA (50 mM Tris pH 8.0, 1% nonidet P40, 0.5% deoxycholate, 0.1% SDS, 150 

mM NaCl), followed by centrifugation at 12,000 rcf for 10 min at 4oC. Supernatant was collected and 

assayed. 

 

Quantitative real time PCR 

Total RNA from tissue samples was isolated by the TRIzol RNA isolation protocol. QuantiTect RT kit 

(Qiagen) was then used to make cDNA from the RNA samples, following manufacturer’s instructions.  

Relative gene expression was determined by quantitative real-time PCR (qRT-PCR) on a BioRad CFX384 

real time system using ABsolute QPCR SYBR Green mix (Thermo Scientific). Gene expression was 

determined by correcting for reference gene values (36B4), and the calculated values were expressed 

relative to the control group per experiment. Primer sequences can be found in Table S1.  

 

Western Blotting 

Tissues were homogenized in ice-cold RIPA (50 mM Tris pH 8.0, 1% nonidet P40, 0.5% deoxycholate, 

0.1% SDS, 150 mM NaCl) containing phosphatase inhibitor cocktail 3 (Sigma-Aldrich), protease inhibitor 

(Roche Diagnostics), 1 mM phenylmethylsulfonyl fluoride (PMSF; Roche Diagnostics), and 15 mM 

NaVanadate. Protein concentrations were determined with a DC protein assay kit (Bio-Rad).   

Equal amounts of protein were loaded on 10% polycrylamide gels. After electrophoresis, the gels were 

blotted onto PVDF membranes. Membranes were then incubated overnight at 4oC with the primary 

antibody, followed by 1h incubation at room temperature with secondary antibody. Detection was 

performed by ECL and analyzed with densitometry (ImageQuant LAS4000; GE Healthcare Europe). 

Antibodies used are described in Table S2. 

For the detection of oxidized proteins we utilized the Oxidized Protein Western Blot Kit (Abcam). Tissue 

samples were homogenized and processed as per manufacturer’s instructions. Protein concentrations 

were measured using the Bradford Protein Assay (Bio-Rad). Briefly, equal amounts of protein were 
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derivatized using 2, 4 dinitrophenyl hydrazine (DNPH) for 15 min at room temperature and then 

neutralized. The samples were then loaded on a 10% polyacrylamide gels and DNP conjugated proteins 

were detected by western blotting using primary DNP antibody and HRP conjugated secondary antibody. 

 

Healthy control patient population and study design 

As a control group, healthy individuals, included as a control population for a previously published study, 

were used28. Subjects scheduled for total hip or knee replacement surgery at the University Medical 

Center Groningen, Groningen, The Netherlands were eligible. Exclusion criteria included  the presence of 

previously diagnosed cardiovascular disease, diabetes mellitus or more than one of the following 

cardiovascular risk factors: hypertension, smoking, hypercholesterolemia, obesity and physical inactivity. 

Laboratory measurements were made in venous blood stored at -80°C which was never thawed before 

assaying. The study protocol was approved by the local ethics committee and the study was conducted in 

accordance with the Declaration of Helsinki. All subjects gave written informed consent prior to any study-

related procedures. 

 

Patient population and study design: 

The methods and primary results of this study have been reported elsewhere29–31. Briefly, 52 patients with 

symptomatic HFpEF and pulmonary hypertension were randomly assigned to either the treatment group 

(sildenafil 60 mg t.i.d. three times daily) or the placebo group. Eligible patients were male or female, with 

HFpEF (left ventricular ejection fraction [LVEF] ≥ 45% and New York Heart Association [NYHA] functional 

class II-IV) and pulmonary hypertension (mean PAP>25mmHg and mean PAWP>15mmHg), which was 

invasively diagnosed by right-sided cardiac catheterization and two-dimensional echocardiography. The 

primary objective was to evaluate the effect of 12-week treatment with sildenafil compared to placebo on 

invasively measured mean pulmonary artery pressure (PAP) in patients with HFpEF and pulmonary 

hypertension. The secondary objectives were to assess the effects of sildenafil on pulmonary artery 

wedge pressure (PAWP), cardiac output, and exercise capacity, as measured by cardiopulmonary 

exercise testing. Overall, results from this study were neutral29–31.    

At baseline patients underwent physical examination, right-sided catheterization, two-dimensional 

echocardiography, laboratory assessments, and an exercise capacity test, and started with sildenafil or 

placebo, as previously described29–31. After 2 weeks patients were titrated to sildenafil or placebo 60mg 

t.i.d. The same medical assessment was performed after 12 weeks of treatment, as previously 

described29–31. The randomized clinical trial conformed to the Declaration of Helsinki and the Medical 

Research Involving Human Subjects Act, and was approved by the institutional review board and local 

Ethics Committee. All patients provided written informed consent. This trial is registered at 

Clinicaltrails.gov, number NCT01726049.  

In this study 51 patient plasma samples at baseline were analyzed, from the 52 previously described, of 

the remaining patient no plasma was available for 5-oxoproline measurements and was excluded from this 

analysis. Since sildenafil was found to have no effects on the primary or secondary objectives of the trial, 
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we pooled the patient population to assess the effects of plasma 5-oxoproline levels in the total population 

on cardiac structure and function. 

 

LC-MS  measurements: 

5-oxoproline internal standard was prepared from 13C-labeled L-glutamic acid as previously described16. 

Oxidized glutathione (GSSG) was prepared by a controlled oxidation of 13C, 15N-labeled GSH. Briefly, 10 

mg of 13C, 15N-labeled GSH was dissolved in 1 mL water. Half of the solution (0.5 mL) was mixed with of 

0.5 mg NaI (final concentration 6.7 mM) and 1 μL 30% H2O2. The mixture was heated at 25°C for 60 min 

to allow oxidation. Excess H2O2 was eliminated by increasing the temperature of the mixture to 65°C for 5 

min as previously described32. 

5-Oxoproline measurements were performed on plasma samples from patients and urine, plasma, and 

tissue samples from mice. The sample preparation was performed as previously published16, with some 

minor modifications. Briefly, 25 µL sample (urine or plasma) and ±1 mg of powdered tissue was mixed 

with 200µL of the extraction solution (0.5µL IS 5-oxoproline in 75% methanol). Samples were vortex and 

centrifuged for 10 min at 20,000g. Supernatant was dried under a stream of nitrogen gas at room 

temperature, followed by resuspension in 100µL of water. At this stage, samples were stored at -80oC until 

LC-MS measurements were performed. LC-MS measurements of 5-oxoproline were performed as 

previously described16.  

GSH and GSSG measurements were performed on tissue samples of mice. Murine tissues (cardiac or 

renal) were prepared by adding 200 µL of cold (-20°C) extraction solution [0.5 µL isotopically-labeled 

internal standard of GSH and GSSG (ratio of 2:1) and 1.25 mg of N-ethylmaleimide (NEM) in 75% 

methanol] to ±1 mg of powdered tissue. The mixture was then sonicated for 5 min, followed by incubation 

for 45 min in a thermomixer at room temperature and 900 rpm to allow derivatization of GSH to GSH-

NEM. Samples were centrifuged at 4°C and 20800g for 20 min. The supernatant was collected and dried 

under a stream of nitrogen at room temperature, followed by resuspension in 100 µL water. At this stage, 

samples were stored at -80oC until LC-MS measurements were performed. GSH-NEM and GSSG were 

separated in reverse phase mode on an Acquity HSS T3 column (1.8 µm, 100 × 2.1 mm; Waters) using a 

1290 Infinity LC system (Agilent). Formic acid ( 0.1%) in water was used as eluent A and  methanol as 

eluent B. The following gradient was applied: 0 min – 100%A, 2.5 min – 100%A, 5 min – 95%A, 6 min – 

15%A, 8 min – 15%A and 10 min – 100%A. The column temperature was set at 30°C, the flow rate was 

0.3 mL/min, and the injection volume was 10 µL. 

Mass spectrometry detection was performed using a 6410 Triple Quadrupole MS system (Agilent) by 

positive electrospray ionization (ESI+) in the Multiple Reaction Monitoring (MRM) mode. The optimized 

MS source parameters were: ionspray voltage: +1500V, drying gas flow (N2): 6 L/min, drying gas 

temperature 300°C, nebulizer pressure: 15 psi. The quadrupole mass analyzer was set to unit resolution 

and the electron multiplier to 2400 V. The run was divided into 2 segments with MS/MS transitions 

433/304 for GSH-NEM, 436/307 for 13C, 15N-labeled GSH-NEM (IS), and 613/355 for GSSG, 619/361 for 

13C, 15N-labeled GSSG (IS). Fragmentor and collision energies were optimized to 125 V and 9 V for GSH-
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NEM and 200 V and 21 V for GSSG, respectively. The dwell time for each transition was 100 ms. The LC-

MS system was controlled by MassHunter Workstation software (Agilent). 

For tissue samples, pellets formed after centrifugation were homogenized in 200 µL ice-cold RIPA buffer 

(50 mM Tris pH 8.0, 1% Nonidet P40, 0.5% deoxycholate, 0.1% SDS, 150 mM NaCl). Protein 

concentrations were determined with the Pierce BCA Protein Assay Kit (ThermoFisher Scientific), 

following the manufacturer's instructions. Tissue concentrations of 5-oxoproline, GSH, and GSSG were 

normalized to tissue protein concentrations.  

 

Statistical analysis: 

All animal experimental data are represented as mean values ± standard error of the mean (SEM), unless 

otherwise specified. To compare the difference between two groups, the Student’s t-test was performed. 

Comparison between more than two groups were done using one-way analysis of variance (ANOVA) with 

post hoc Bonferroni test. Comparisons of two groups with two variables were done using a two-way 

ANOVA. P-values of < 0.05 were considered statistically significant. All analyses were done using 

GraphPad Prism software V5.04 (GraphPad software, Inc, La Jolla, CA, USA). For the animal 

experiments, we chose the sample sizes for all the groups based on the feasibility and prior knowledge of 

statistical power from previously published experiments16. With small sample sizes we did not apply 

statistical tests for normality or equality of variances. 

Patients from the sildenafil study were divided according to low (below median) and high (above median) 

levels of 5-oxoproline. To compare clinical characteristics and echocardiographic parameters between 

patients with low and high levels of 5-oxoproline, the Student’s t-test, Mann-Whitney-U test or the chi^2 

test were used depending on the nature of the variable. To test for the association between concentric 

remodeling and 5-oxoproline, logistic regression was used with concentric remodeling as the dependent 

variable. We subsequently corrected for clinically relevant confounders including age, sex, renal function, 

BMI, systolic blood pressure and levels of NT-proBNP. All tests were performed 2 sided, and a P value < 

0.05 was considered statistically significant. All statistical analyses were performed using STATA version 

14.2 (StataCorp LP, College station, Texas, USA). 
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Results: 

OPLAH knock-out mice have increased levels of 5-oxoproline 

To study the effects of OPLAH depletion in vivo, we generated Oplah knock-out mice, Oplahtm1a(KOMP)Wtsi 

(here after referred to as KO) mice23. Heterozygous (HET) male mice were mated with HET female mice 

resulting on average in a nest size of 7.8 pups with the mendelian distribution of 32.5% KO, 45.5% HET, 

and 22.0% wild-type (WT) mice. On mRNA and protein level the expression of OPLAH was ~50% reduced 

in the HET mice, relative to the expression in the WT littermates and absent in the KO mice (Figure 1A-1B 

and Figure S1). Since OPLAH is an enzyme involved in converting 5-oxoproline to glutamate, we 

measured the concentration of left ventricular (LV) tissue, plasma and urine 5-oxoproline in these mice. 5-

Oxoproline levels in all samples were significantly elevated in the KO mice, compared to the WT mice 

(Figure 1C-1E). HET mice demonstrated a significant increase in LV tissue and urine 5-oxoproline, and a 

mild non-significant increase in 5-oxoproline levels in the plasma, compared to the WT mice. These 

findings suggest that a single functional Oplah gene is sufficient to maintain the homeostasis of 5-

oxoproline.  

 

Oplah knock-out mice develop a HFpEF phenotype 

Next, we were interested in characterizing if the reduction in OPLAH, and therefore an increase in 5-

oxoproline, resulted in a cardiac phenotype. At 20 weeks of age we performed cardiac MRI, hemodynamic 

measurements and histological analysis on the KO, HET and WT mice. With exception of an increase in 

atria weight in the KO and HET  mice, organ weights were similar to those of the WT littermates (Table 1). 

Interestingly, in terms of hemodynamic measurements we observed that the KO mice had significantly 

increased LV end diastolic pressures (LVEDP) [11.3 ± 4.6 mmHg (KO) vs 5.8 ± 2.9 mmHg (WT), p = 

0.047] and an increased isovolumic relaxation constant (Tau) [8.5 ± 1.2 ms (KO) vs 6.8 ± 0.8 ms (WT), p = 

0.037], with a preserved LV ejection fraction (LVEF) (Table 1). The HET mice demonstrated a similar 

trend, however these were not significantly different from the WT littermates [LVEDP = 8.4 ± 4.2 mmHg 

(HET) vs 5.8 ± 2.9 mmHg (WT), p = 0.093, Tau = 7.3 ± 1.0 ms (HET) vs 6.8 ± 0.8 ms (WT), p = 0.368]. 

Histological analysis revealed that the KO mice had increased LV fibrosis, which was coupled to an 

increase in atrial natriuretic peptide (Anp) expression and a reduction in α/β myosin heavy chain (MHC) 

ratio(Figure 1F-1I). The HET mice did not demonstrate an increase in LV fibrosis, nor did they display a 

significant increase in Anp or a reduction in α/β MHC-ratio. To determine whether the cardiac phenotype 

was a result of an increase in oxidative stress, we assessed the total antioxidant capacity (TAC) in these 

mice. The KO mice were found to have a significantly reduced TAC, while the HET demonstrate a non-

significant reduction, when compared to the WT littermates (Figure 1J). It was previously reported that 5-

oxoproline could induce protein oxidation in rat brain tissue20,21. Therefore, we measured the total protein 

carbonylation, a well-known marker for oxidative stress and protein oxidation, in the LV (Figure S2). The 

KO mice were found to have a significant increase in total protein carbonyl content, while the HET animals 

had a mild non-significant increase, when compared to the WT littermates. To further assess the levels of 
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oxidative stress in the KO mice, we measured the reduced to oxidized glutathione (GSH/GSSG) ratio, a 

well-established indicator for oxidative stress, by means of LC-MS (Figure 1K). The KO mice were found 

to have a significant reduction in the GSH/GSSG. These observations are in line with previous reports 

showing that 5-oxoproline is an oxidative stress inducing agent16,20,21. Furthermore, both the KO and HET 

mice were found to have significantly elevated kidney fibrosis (Figure 1L-M). Combined these findings 

demonstrate that the ablation of OPLAH, resulting in increased 5-oxoproline levels, leads to oxidative 

stress, cardiac fibrosis, atrial enlargement, impaired LV relaxation, increased LV filling pressures, and 

renal fibrosis with a preserved LVEF. These observations are similar to those observed in patients with 

HFpEF33, suggesting a possible link between the OPLAH/5-oxoproline axis and the onset of HFpEF. 

  

 

Oplah knock-out mice are more susceptible to cardiac ischemia/reperfusion injury  

Following the baseline characterization of the KO mice, we hypothesized that these mice would be more 

susceptible to cardiac events. Therefore, we performed cardiac ischemia/reperfusion (IR), where the mice 

underwent 60 min of ischemia followed by 4 weeks of reperfusion. Upon the induction of IR injury there 

was a dramatic incidence of sudden death in both the KO and HET mice, an effect not observed in the WT 

littermates [survival rate 47.6%, 68.8% and 84.6%, respectively (Figure 2A)]. To assess why this 

significant incidence of sudden death occurred in the KO mice, when compared to the WT mice (p = 0.03), 

we performed ECG measurement during the ischemic phase. We found no incidence of ventricular 

tachycardia or ventricular fibrillation (Figure S3A). Furthermore, we also did not observe cardiac 

tamponade (due to  cardiac rupture or free wall rupture) in the KO mice that perished during the 

procedure. The KO animals that did die had an ECG with a dying heart pattern, characterized by an 

extreme bradycardia, widening of the QRS complexes and a decrease in R amplitude, leading to asystole 

(Figure S3B-S3D). The KO mice that survived the procedure, seemed to have similar cardiac electrical 

activity as the WT littermates. The incidence of sudden death in the KO mice is not a result from 

tachyarrhythmias, but rather of a dying heart.   

 

Oplah knock-out mice have more cardiac and renal damage following cardiac ischemia/reperfusion injury  

To assess what the effects of IR injury were on the surviving KO mice, cardiac MRI and PV-loop analysis 

were performed 4 weeks after the induction of IR. The surviving KO mice had a substantially worsened 

cardiac function post-IR, compared to the HET and WT mice, as measured by LVEF and stroke volume 

(Figure 2B and Table 2). Furthermore, we observed a significant enlargement of the atria, LV, kidney, and 

liver of the KO mice exposed to IR-injury (Table 2). Histological analysis of the LV demonstrated that the 

KO mice had significantly larger infarct sizes compared to WT [17.3 ± 9.9% vs 10.4 ± 5.2%, respectively, 

p=0.043 (Figure 2C-2D)], coupled to an increase in non-infarcted fibrosis [3.2 ± 2.6% vs 1.2 ± 0.9%, 

respectively, p = 0.045 (Figure 2E)]. Following IR injury, the KO mice were also found to have a significant 

increase in cell size, as measured by means of FITC-labeled WGA staining, an effect not observed in the 

WT or HET mice (Figure S4). The effects of IR injury on the HET mice were comparable to those 
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observed in the WT mice, with no significant differences in terms of cardiac function, infarct size and organ 

weights (Figure 2C-2E and Table 2).  

To further characterize the increase in cardiac fibrosis observed in the KO mice, we measured the 

expression of several fibrosis markers; collagen type 1 (Col1a1), collagen type 3 (Col3a1), TIMP 

metallopeptidase inhibitor 1 (Timp-1), matrix metalloproteinase 2 (Mmp-2), matrix metalloproteinase 9 

(Mmp-9), Galectin-3 (Gal-3), Procollagen C-endopeptidase enhancer 1 (Pcolce), and interleukin 1 

receptor-like 1 (Il1rl1, also known as St2)  in cardiac tissue. The KO mice were found to have a significant 

increase in Col1a1, Col3a1, Gal-3, Pcolce, and Il1rl1, when compared to the WT mice post-IR injury 

(Figure 2F and Figure S5A-D). The KO mice also had an increase in Timp-1/Mmp-2 and Timp-1/Mmp-9 

ratios (Figure S5E-S5I). These findings suggest that within the KO mice there is a shift from fibrosis 

breakdown to production. Furthermore, the KO mice also demonstrated an increased Anp expression 

levels when compared to the WT littermates (Figure 2G).  Besides the evident increase in cardiac fibrosis, 

we also observed that the KO mice had a substantial increase in plasma and LV tissue 5-oxoproline 

levels, coupled to an increase in oxidative stress as measured by means of the GSH/GSSG ratio (Figure 

2H-2J).  

Since at baseline we observed that the KO and HET mice had an increase in renal fibrosis, we also 

assessed renal fibrosis following IR injury in these mice. We observed that the KO mice had a significant 

increase in renal fibrosis compared to the WT littermates, while the HET only demonstrate a mild non-

significant increase (Figure 3A-3B). The kidneys of the KO mice were also found to have increased 

expression of fibrotic markers Col1a1 and an increase in the Timp-1/Mmp-2 and Timp-1/Mmp-9 (Figure 

3C and Figure S6A-S6E). Furthermore, we also found the kidneys of the KO mice to have increased 

expression of Il1rl1, when compared to the WT mice (Figure S6F). Interestingly, we also observed an 

increase in renal 5-oxoproline levels and oxidative stress (Figure 3D-3E). To further characterize the effect 

OPLAH depletion had on kidney function, we measured the 5-oxoproline levels, urea/creatinine and total 

protein/creatinine ratios in the urine (Figure 3F-3H). 5-Oxoproline levels were found to be significantly 

elevated in the urine of the KO mice, and the WT mice demonstrated an increase in urine 5-oxoproline 

following IR injury. No significant differences were observed in the urea/creatinine ratio between the KO 

and WT mice . However, the KO mice were found to have an increase in total protein/creatinine ratio 

following cardiac IR injury compared to WT. Combined these findings suggest that mice lacking OPLAH, 

are not only more susceptible to cardiac injury when challenged with IR, but also to renal injury. 

 

5-oxoproline in plasma of HFpEF patients 

Plasma 5-oxoproline was measured in 6 healthy controls (Table S3) and in a cohort of 51 HFpEF patients 

(Table S4). We found plasma 5-oxoproline levels to be ~2-fold higher in the HFpEF patients compared to 

healthy controls (6.8 ± 1.9 µM vs 3.8 ± 0.6 µM, respectively, p = 0.0001) (Figure 4A). To further address 

the involvement of 5-oxoproline within the HFpEF patient cohort, we compared clinical characteristics and 

echocardiographic parameters between patients with high (above the median) and low (below the median) 

levels of 5-oxoproline. The data on echocardiography measurements of the HFpEF patient cohort are 
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presented in Table 3. Within this cohort of HFpEF patients we observed equal levels of plasma 5-

oxoproline in men (7.30 ± 2.19 µM) and women [6.59 ± 1.85 µM (p = 0.238)]. Overall, patients with high 5-

oxoproline levels had almost double the prevalence of concentric remodeling (14% vs. 43%, p= 0.040, 

Figure 3B). When additionally correcting for age, sex, BMI and levels of NT-proBNP, levels of 5-

oxoprolinase remained independently associated with more concentric remodeling (Odds ratio:1.55; 

95%CI 1.03-2.33; p=0.038). This observations suggests that OPLAH and 5-oxoproline are not only 

involved in HFpEF in the murine setting, but may also play a role in the clinical manifestation of the 

disease. 
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Discussion: 

HF is one the most challenging health problems of the developed world, with a five year survival rate of 

less than 50%2. Nearly half of all patients with HF symptoms, have a preserved ejection fraction which is 

characterized by renal damage, cardiac stiffening, increased oxidative stress, and atrial enlargement2,33. 

Due to the fact that HFpEF patients generally are afflicted with multiple comorbidities (including obesity, 

hypertension, renal disease, atrial fibrillation, metabolic syndrome, and diabetes mellitus33), it is difficult to 

discern the underlying cardiac pathophysiology leading to the disease. Therefore it is essential to develop 

novel animal models to help uncover the pathophysiological pathways implicated in this disease4.  

 

In the field of cardiovascular research most of the HF animal models currently employed are 

representative of HFrEF, although several models have been proposed that mimic HFpEF. Most of these 

animal models currently available attempt to reproduce the typical causes of diastolic dysfunction in 

HFpEF, namely ageing (i.e. FVB/N mice34), diabetes mellitus (i.e. db/db mice35 and ob/ob mice36) and 

hypertension (i.e. aortic constriction37 and DOCA-Salt mice38). However, these animal models are unable 

to recapitulate all the features present in the human disease. Furthermore, in most cases these animal 

models eventually lead to the development of HFrEF3, whereas in the clinical setting patients diagnosed 

with HFpEF only transitions into HFrEF with an additional cardiac event (i.e. myocardial infarction, 

coronary artery disease) 39–41. As such these animal models have limitations for preclinical evaluation of 

potentially novel therapeutic strategies.  

 

One of the proposed pathophysiological pathways implicated in HFpEF is an increase in oxidative 

stress33,42,43. The increase in ROS production has been shown to induce a hypophosphorylation of titin, 

leading to increased resting tension of cardiomyocytes (a characteristic of increased myocardial passive 

stiffness)44–46. Excess ROS production also results in inflammation and cardiomyocyte stress44,45. 

Furthermore, ROS has been shown to increase collagen deposition leading to fibrosis5. These 

observations suggest that oxidative stress may play an important role in the onset of HFpEF.  

 

The involvement of OPLAH in the heart, and in particular in HF, has only recently been described16. 

OPLAH is an enzyme involved in the γ-Glutamyl cycle, where it is responsible for the conversion of 5-

oxoproline, a degradation product of Glutathione, back into glutamate6,19. Previous studies have 

demonstrated that 5-oxoproline is an oxidative stress inducing agent, thus OPLAH has an antioxidant 

function by removing this metabolite16,20,21. In this study we further characterized the role of OPLAH and its 

substrate 5-oxoproline in HF, with a specific focus on HFpEF. At baseline OPLAH ablation in mice 

resulted in increased 5-oxoproline, oxidative stress, atrial enlargement, fibrosis, ventricular filling 

pressures, and impaired LV relaxation coupled to a preserved LV ejection fraction. Interestingly, at 

baseline the Oplah KO mice did not only develop a cardiac phenotype, but we also observed an increase 

in renal fibrosis, suggesting the increase in 5-oxorpoline was resulting in renal damage. This is of 

particular interest, since one of the well characterized non-cardiac comorbidities of patients with HFpEF is 
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renal failure2. Furthermore, we also found that both the heart and the kidneys of the KO mice had higher 

expression of St2, a known marker for inflammation and fibrosis, with a strong link to clinical HFpEF47–49. 

Interestingly, when challenged, these mice were found to be more susceptible to cardiac damage and 

sudden death, following cardiac IR injury. This observation is in line with the observations that HFpEF 

patients exposed to a cardiac event have an increased incidence of sudden death39–41. Furthermore, 

genetic disruption of Oplah not only leads to an increase in cardiac damage, but we also observed that the 

Oplah KO mice developed proteinuria following IR injury. Taken together the observed cardiac and renal 

phenotype in the Oplah KO mice, suggests that complete disruption of Oplah leads to changes resembling 

clinical HFpEF (Table S5). Combined with previous findings, that OPLAH overexpression has a cardio 

protective effect16, this suggests that future efforts should be made in identifying compounds with the 

capacity to induce OPLAH expression or activity. This could lead to novel therapeutic strategies for HF 

patients, and more interestingly for HFpEF patients.  

 

To further establish the link between our Oplah KO mice and HFpEF, we measured the levels of 

circulating 5-oxoproline in a cohort of HFpEF patients. We found 5-oxoproline to be significantly elevated 

in HFpEF patients, when compared to healthy controls. Furthermore, higher levels of circulating 5-

oxoproline were found to independently associate with more concentric remodeling, a hallmark of HFpEF.  

 

Although our proposed murine model for HFpEF strongly mimics the development of this disease in the 

human setting, there remain several limitations to this model. The main limitation is that in this model 

HFpEF is developed as a result of direct genetic manipulation. Thus, it is uncertain whether the 

pathophysiological pathway, implicating OPLAH and 5-oxoproline, is also involved in the onset of HFpEF 

in humans. Rather one could also speculate that the effects we observe in the Oplah KO mice is a result 

of severe oxidative stress, due to accumulation of the oxidative stress inducing agent 5-oxoproline.  

Another limitation is that following the induction of IR injury, there was a drastic incidence of sudden death 

in the Oplah KO mice, therefore any analysis performed on the surviving KO mice is an underestimation of 

severity of cardiac injury on these mice. Furthermore, the surviving mice transitioned into a HFrEF 

phenotype, with reduce LV ejection fraction. These observation are however in line with previous clinical 

studies which found that following a cardiac event, HFpEF patients would transition into HFrEF and had 

an increased incidence of sudden death39–41. Additionally, circulating 5-oxoproline was measured in a very 

specific cohort of HFpEF patients with pulmonary hypertension, and therefore it is uncertain to which 

extent findings in this patient cohort can be extrapolated to other patients with HFpEF. Furthermore, the 

sample size was rather small, preventing us from performing more extensive analyses. 
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Figure Legends: 

Figure 1. Baseline characterization of the Oplah knock-out mice. A. Representative immunoblotting 

analysis of OPLAH expression in the left ventricle (LV) and kidney of wild-type mice (WT), heterozygous 

mice (HET), and full body Oplah knock-out mice (KO). B. qRT-PCR mRNA expression of OPLAH in the 

LV of WT (n = 6), HET (n = 7), and KO (n = 5) mice. C. LV tissue 5-oxoproline of WT (n = 5), HET (n = 7), 

and KO (n = 5) mice. D. Plasma 5-oxoproline of WT (n = 5), HET (n = 9), and KO (n = 5) mice. E. Urine 5-

oxoproline of WT, HET, and KO (n = 4) mice. F. Representative LV tissue sections with Masson’s 

trichrome of WT, HET and KO mice (white scale bar is equivalent to 100 µm). G. Percent LV fibrosis in 

WT (n = 6), HET (n = 9) and KO (n = 5) mice. H. qRT-PCR mRNA expression of ANP in the LV of WT (n = 

5), HET (n = 7) and KO (n = 5) mice. I. qRT-PCR mRNA expression of α/β-MHC ratio in the LV of WT (n = 

6), HET (n = 7) and KO (n = 5) mice. J. LV tissue total antioxidant capacity of WT (n = 4), HET (n = 3) and 

KO (n = 4) mice. K. Ratio of reduced glutathione (GSH) to oxidized glutathione (GSSG) in WT (n = 3) and 

KO (n = 5) mice. L. Percent kidney fibrosis in WT (n = 6), HET (n = 9) and KO (n = 5) mice. M. 

Representative kidney tissue sections with Masson’s trichrome staining of WT, HET and KO mice (white 

scale bar is equivalent to 100 µm). Data are presented as means ± SEM *, P < 0.05; **, P < 0.01; ***, P < 

0.001; ****, P < 0.0001, as calculated by one-way analysis of variance (ANOVA) and Student’s T-test. 

 

Figure 2. Oplah knock-out mice are more susceptible to cardiac ischemia/reperfusion (IR) injury. A. 

Survival data of wild-type (WT, n = 13), heterozygous (HET, n = 16) and Oplah knock-out (KO, n = 21) 

mice following the implementation of IR injury, p < 0.03. B. Representative cardiac MRI images of WT, 

HET and KO mice hearts. C. Representative LV tissue sections with Masson’s trichrome staining of WT, 

HET and KO mice with cardiac IR injury (black scale bar is equivalent to 2 mm). D-E. Quantified LV infarct 

size (D) and non-infarct fibrosis (E) of WT (n = 11), HET (n = 8) and KO (n = 8) post-IR injury. F. qRT-PCR 

analysis of LV mRNA for Collagen type 1, alpha 1 (Col1a1) (WT SHAM n = 15, WT IR n = 11, KO SHAM n 

= 14, KO IR n = 10). G. qRT-PCR analysis of LV mRNA for Atrial natriuretic peptide (Anp) (WT SHAM n = 

12, WT IR n = 11, KO SHAM n = 14, KO IR n = 8). H. LV tissue 5-oxoproline levels (WT SHAM n = 11, 

WT IR n = 11, KO SHAM n = 6, KO IR n = 4). I. Ratio of reduced glutathione (GSH) to oxidized glutathione 

(GSSG) in LV tissue (WT SHAM n = 3, WT IR n = 4, KO SHAM n = 5, KO IR n = 3). J. Plasma 5-

oxoproline levels (WT SHAM n = 11, WT IR n = 11, KO SHAM n = 6, KO IR n = 3). Data are presented as 

means ± SEM *, P < 0.05; **, P < 0.01; ***, P < 0.001, as calculated by one-way analysis of variance 

(ANOVA), two-way ANOVA and Student’s T-test. In (A) as calculated by Log-rank (Mantel-Cox) Test.  

 

Figure 3. Oplah knock-out mice develop increased renal damage following cardiac 

ischemia/reperfusion (IR) injury. A. Representative kidney tissue sections with Masson’s trichrome 

staining of WT, HET and KO mice with cardiac IR injury (white scale bar is equivalent to 100 µm). B. 

Quantification of percent kidney fibrosis (WT n = 11, HET n = 11, KO n = 8). C. qRT-PCR analysis of 

kidney mRNA for Collagen type 1, alpha 1  (Col1a1) (WT SHAM n = 10, WT IR n = 9, KO SHAM n = 15, 
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KO IR n = 10). D. Kidney tissue 5-oxoproline (WT SHAM n = 11, WT IR n = 11, KO SHAM n = 6, KO IR n 

= 3). E. Ratio of reduced glutathione (GSH) to oxidized glutathione (GSSG) in kidney tissue (WT SHAM n 

= 6, WT IR n = 11, KO SHAM n = 4, KO IR n = 3). F. Urine 5-oxoproline (WT SHAM n = 11, WT IR n = 11, 

KO SHAM n = 6, KO IR n = 3). G. Urinary urea to creatinine ratio (WT SHAM n = 11, WT IR n = 10, KO 

SHAM n = 9, KO IR n = 7). H. Urinary total protein to creatinine ratio (WT SHAM n = 11, WT IR n = 10, KO 

SHAM n = 9, KO IR n = 7). Data are presented as means ± SEM *, P < 0.05; **, P < 0.01, as calculated by 

one-way analysis of variance (ANOVA), two-way ANOVA and Student’s T-test. 

 

Figure 4. 5-oxoproline in patients with HFpEF. A. 5-oxoproline concentrations in healthy controls 

(controls, n = 6) compared to patients with HFpEF (n = 51). B. Percentage of HFpEF patients with left 

ventricular concentric remodeling according to levels of 5-oxoproline above (High, 6.7 – 12.8 µM, n = 25) 

and below (Low, 3.7 – 6.7 µM, n = 26)  the median. In (A) data are presented as means ± SEM ***, P < 

0.001, as calculated by Student’s t test. In (B) data are presented as percentages *, P < 0.05, as 

calculated by Student’s t test. 
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Figures and Tables: 

Figure 1. Baseline characterization of the Oplah knock-out mice.  
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Figure 2. Oplah knock-out mice are more susceptible to cardiac ischemia/reperfusion (IR) injury. 
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Figure 3. Oplah knock-out mice develop increased renal damage following cardiac 

ischemia/reperfusion (IR) injury. 
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Figure 4. 5-oxoproline in patients with HFpEF. 
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Table 1. Phenotypic characterization of wild-type (WT), heterozygous (HET), and knock-out (KO) 

mice. 

    WT HET KO 

Variable n = 6 n = 9 n = 5 

Body weight (tibia corrected), g/cm 17.6 ± 2.5 17.6 ± 2.9 18.5 ± 4.7 

Organ weight (tibia corrected), mg/cm       

 
Atria  3.3 ± 0.4 4.2 ± 0.8* 4.1 ± 0.3* 

 
Right Ventricle 14.6 ± 1.2 14.2 ± 1.9 14.1 ± 1.7 

 
Left Ventricle 61.8 ± 5.5 62.8 ± 9.0 64.9 ± 8.4 

 
Kidney 248.1 ± 29.3 239.8 ± 29.0 267.2 ± 38.6 

 
Liver 822.8 ± 105.1 821.7 ± 119.6 860.1 ± 226.3 

Hemodynamic measurements       

 
Systolic blood pressure (mmHg) 99.6 ± 8.9 99.2 ± 6.9 103.7 ± 8.8 

 
Diastolic blood pressure (mmHg) 67.1 ± 6.8 66.5 ± 6.3 61.1 ± 6.6 

 
LV End systolic pressure (mmHg) 88.9 ± 10.5 88.2 ± 13.8 92.6 ± 12.1 

 
LV End diastolic pressure (mmHg) 5.8 ± 2.9 8.4 ± 4.2 11.3 ± 4.6* 

 
Tau (ms) 6.8 ± 0.8 7.29 ± 1.0 8.5 ± 1.2* 

 
dP/dT max (mmHg/s) 8493.4 ± 1331.1 8023.6 ± 1241.9 7676.5 ± 982.5 

 
dP/dT min (mmHg/s) -7624.8 ± 1115.7 -7162.5 ± 1397.4 -6624.1 ± 1358.6 

 
Heart rate (BPM) 450.9 ± 23.5 427.0 ± 56.5 455.6 ± 63.5 

 
LV ejection fraction (%) 53.2 ± 2.6 55.3 ± 8.8 54.8 ± 2.9 

 

LV End systolic volume (µL) 24.6 ± 5.5 23.6 ± 8.6 21.3 ± 1.5 

 

LV End diastolic volume (µL) 52.8 ± 11.4 51.6 ± 11.9 50.1 ± 5.9 

  Stroke volume (μL) 28.2 ± 6.3 27.9 ± 5.6 28.9 ± 4.9 

 
Data are presented as means ± SD, as calculated by one-way ANOVA with Bonferroni Post-test  

 
* = P > 0.05 WT VS KO or HET 
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Table 2. Characteristics of wild-type (WT), heterozygous (HET) and knock-out (KO) mice at baseline (Sham) and post-

ischemia/reperfusion (IR) injury. 

    WT HET KO 

Variable Sham (n = 15) IR (n = 11) Sham (n = 22) IR (n = 11) SHAM (n = 16) IR (n = 10)  

Body weight (tibia corrected), g/cm 17.7 ± 2.2 17.6 ± 1.1 18.4 ± 2.7 19.2 ± 1.5 18.1 ± 2.9 18.6 ± 1.3 

Organ weight (tibia corrected), mg/cm             

 
Atria  3.5 ± 0.6 4.4 ± 0.6* 4.1 ± 0.8# 3.6 ± 0.7 4.2 ± 0.9# 5.5 ± 0.9**,# 

 
Right Ventricle 13.8 ± 1.5 15.4 ± 1.2* 14.2 ± 1.9 15.5 ± 3.3 14.4 ± 1.9 16.4 ± 2.3* 

 
Left Ventricle 61.3 ± 5.4 72.0 ± 3.9**** 64.9 ± 3.9 68.4 ± 5.8 64.6 ± 6.2 83.0 ± 11.0****,# 

 
Kidney 239.5 ± 30.4 241.8 ± 16.7 247.0 ± 34.3 266.6 ± 24.8* 244.8 ± 29.3 284.7 ± 29.3*,# 

 
Liver 850.2 ± 105.3 857.2 ± 32.5 873.4 ± 137.0 922.5 ± 89.9 868.0 ± 134.3 1059.8 ± 137.9**,## 

Hemodynamic measurements             

 
Systolic blood pressure (mmHg) 99.0 ± 9.6 97.1 ± 10.3 100.7 ± 6.3 103.9 ± 9.0 99.7 ± 12.6 98.2 ± 5.2 

 
Diastolic blood pressure (mmHg) 65.8 ± 5.9 66.1 ± 9.4 65.9 ± 5.3 67.5 ± 8.4 60.8 ± 13.9 65.8 ± 5.3 

 
LV End systolic pressure (mmHg) 94.4 ± 10.2 97.9 ± 9.5 93.7 ± 11.5 91.9 ± 13.9 92.4 ± 15.2 94.8 ± 6.3 

 
LV End diastolic pressure (mmHg) 5.5 ± 3.8 15.9 ± 4.3**** 9.6 ± 5.1# 14.8 ± 5.9* 9.3 ± 3.4# 16.2 ± 2.3**** 

 
Tau (ms) 7.1 ± 1.4 10.4 ± 2.8*** 7.6 ± 1.6 9.1 ± 2.0* 8.5 ± 1.2# 9.3 ± 2.2 

 
dP/dT max (mmHg/s) 8210.4 ± 1297.0 7046.5 ± 1418.5 7837.8 ± 1140.8 7494.9 ± 1247.9 7287.4 ± 967.9 6983.8 ± 956.7 

 
dP/dT min (mmHg/s) -7543.6 ± 1520.1 -5473.3 ± 1172.2 ** -7097.9 ± 1343.9 -6018.7 ± 1427.4 -6419.3 ± 1071.6 -5811.1 ± 978.7 

 
Heart rate (BPM) 454.3 ± 27.5 477.2 ± 41.7 433.6 ± 53.0 462.9 ± 44.5 463.3 ± 54.0 488.2 ± 47.0 

 
LV ejection fraction (%) 49.2 ± 5.6 42.0 ± 7.4* 54.7 ± 7.9 42.7 ± 11.7** 51.7 ± 8.9 33.9 ± 8.4**,# 

 

LV End systolic volume (µL) 27.6 ± 6.9 38.8 ± 12.9* 24.4 ± 7.4 39.6 ± 18.9* 26.4 ± 10.2 44.1 ± 19.3* 

 

LV End diastolic volume (µL) 54.0 ± 9.9 66.1 ± 16.4* 53.0 ± 9.8 66.8 ± 18.3* 53.3 ± 12.2 66.1 ± 20.4 

  Stroke volume (μL) 26.4 ± 4.8 27.3 ± 5.7 28.6 ± 4.7 27.2 ± 4.2 27.0 ± 4.9 21.9 ± 1.9*,# 

 
Data are presented as means ± SD, as calculated by one-way ANOVA with Bonferroni Post-test  

   

 
* = p>0.05 Sham VS IR # = p>0.05 WT VS KO or HET 

    

 
** = p>0.01 Sham VS IR ## = p>0.01 WT VS KO or HET 

    

 
*** = p>0.001 Sham VS IR 

      

 
**** = p>0.0001 Sham VS IR 

        

Downloaded from https://academic.oup.com/cardiovascres/advance-article-abstract/doi/10.1093/cvr/cvy187/5056075
by University of Groningen user
on 30 July 2018



 

31 
 

Table 3. Echocardiographic characteristics by 5-oxoproline concentration 

 
5-oxoproline  5-oxoproline  

 

 
(3.7 - 6.7 µM) (6.7 - 12.8 µM) 

 

Factor n = 26 n = 25 
P 

value 

Left ventricular ejection fraction, %* 60.0 (55.0, 60.0) 60.0 (60.0, 60.0) 0.47 

Left ventricular end diastolic diameter, mm* 48.0 (44.0, 52.0) 46.0 (43.0, 51.0) 0.69 

Left ventricular posterior wall thickness, mm* 9.0 (8.0, 9.0) 10.0 (9.0, 11.0) 0.020 

Intraventricular septum thickness, mm* 11.0 (9.0, 12.0) 11.0 (9.5, 12.0) 0.39 

e' lateral, cm/s* 8.3 (5.9, 9.7) 8.5 (7.2, 13.7) 0.20 

E/e' ratio* 13.4 (11.1, 20.3) 11.8 (10.0, 16.6) 0.24 

Isovolumetric relaxation time, ms* 89.0 (74.0, 94.0) 77.0 (69.0, 89.0) 0.26 

TAPSE, mm* 19.0 (17.0, 22.0) 18.0 (16.0, 21.0) 0.39 

Concentric remodeling, %† 14 43 0.04 

Data are presented as median (interquartile range) 
  *Mann-Whitney U test, †Chi2-test 
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