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Abstract 

 

Background: In patients myeloperoxidase (MPO) plasma levels are associated with heart 

failure severity. Mice deficient for MPO are less prone to atrial fibrillation and show 

diminished cardiac dilatation after infarction. In this study we treated mice with a novel MPO 

inhibitor, AZM198, and investigated its effects on cardiac remodeling.  

Methods: Mice were subjected to transverse aortic constriction (TAC) or sham operation and 

AZM198 was provided via chow. After 4 or 8 weeks magnetic resonance images (MRI) and 

hemodynamic data were generated and cardiac tissue was collected for further analysis. Food 

intake was similar between all groups and AZM198 could be detected in the blood plasma of 

the AZM198 treated groups.  

Results: AZM198 treatment significantly reduced MPO levels in both sham and TAC groups. 

TAC did, however, not elevate plasma MPO levels. Nevertheless, MRI showed significantly 

less dilatation in the 4 weeks TAC group treated with AZM198. In addition cardiac hypertrophy 

was temporarily attenuated in TAC animals, as determined by heart weight and cardiomyocyte 

cross sectional area and this was paralleled by attenuated fetal gene expression (NPPA) in these 

mice. At 8 weeks, differences between AZM198 and control TAC group were not significant 

anymore. ECM deposition was similarly increased in all TAC groups. Nevertheless, expression 

of some ECM remodeling genes were temporarily attenuated in the AZM198 TAC group.  

Conclusions: In conclusion, the absence of MPO elevation after TAC indicates that it is not a 

main driver of cardiac remodeling. Nevertheless, AZM198 was able to delay cardiac dilatation, 

indicating that MPO influences the rate of cardiac remodeling. 
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Introduction 

Heart failure (HF) is a clinical symptom in which the pump function of the heart is not sufficient 

to fulfill the body demands. This will result in a severe reduction in quality of life and may 

culminate in death. Despite advances in (HF) treatment, morbidity and mortality are still 

extremely high and 50% of all patients die within 5 years after diagnosis [1]. Cardiac 

remodeling, as a result of myocardial infarction, hypertension, valve insufficiency or other 

sustained cardiac stress factors, is the underlying cause of heart failure development [2]. 

Cardiomyocyte hypertrophy (growth) and excessive extracellular matrix deposition, fibrosis, 

are the most prominent processes driving cardiac remodeling. Sustained ventricular wall stress, 

(neuro)hormonal activation and inflammation are strong inducers of these pathological cardiac 

remodeling processes [3]. Low grade systemic inflammation is often observed in heart failure 

patients and is associated with poor outcome [4].  

Myeloperoxidase is an important enzyme in the innate immune system and mainly present in 

neutrophils. This enzyme is released into the circulation upon neutrophil activation and is able 

to generate highly toxic hypochlorous acid (HOCl) from hydrogen peroxide. HOCl contributes 

to the inactivation of pathogens and deficiency of MPO activity leads to increased susceptible 

to various fungal and bacterial infections, both in human and in mice [5, 6]. There is ample 

evidence that besides its function in host defense, MPO also controls other processes relevant 

to health and disease, including cardiac remodeling and HF [7]. MPO polymorphisms have 

been shown to be associated with Alzheimer disease and cardiovascular diseases (CVDs) [8, 

9]. MPO levels are strongly associated with HF, even after adjustment for age and the heart 

failure biomarker brain natriuretic peptide (BNP) [10]. Moreover, MPO levels have been 

shown to be associated with HF severity [11]. Although the exact actions of MPO on the heart 

are not well understood, it is generally believed that MPO mediated oxidation of circulatory 

and cellular proteins modulates inflammatory and fibrotic processes and cellular signaling [12]. 

Studies in MPO knockout mice have shown that MPO prevents cardiac dilatation post 

myocardial infarction [13, 14]. In an angiotensin II (AngII) infusion model it was shown that 

MPO contributes to atrial fibrosis [15]. Together these data indicate that MPO could contribute 

to progressive cardiac remodeling and that targeting of MPO by small molecules could be a 

promising strategy to suppress progressive cardiac remodeling. 

In this study, we used a novel oral available MPO inhibitor, together with a mouse transverse 

aortic constriction (TAC) pressure overload mouse model to induce cardiac remodeling. The 

effect of MPO inhibition on cardiac remodeling in this clinical relevant mouse model of 

pressure overload was subsequently investigated by MRI and intra-cardiac pressure 
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measurements. It is shown that MPO inhibition can temporarily attenuate cardiac remodeling 

and delay dilatation in this TAC model. Although the exact mechanisms remain vague, this 

study provides a rationale to further explore this novel treatment option in heart failure models. 

 

Materials and Methods 

Mouse experimental protocol 

Animal experiments were performed in accordance with the NIH Guide for the Care and Use 

of Laboratory Animals and were approved by the Animal Ethical Committee of the University 

of Groningen. (permit number: DEC6920A). Male mice were housed on a 12/12 hours 

day/night cycle in a controlled environment and ad libitum access to water and chow. At an 

age of 8-10 weeks mice were randomized based on body weight to generate 4 equal groups 

(Figure 1A). Mice underwent either a transverse aortic constriction (TAC) to generate cardiac 

pressure overload or as a control were sham operated, as described before [16]. In summary, 

mice were anesthetized with 2% isoflurane/oxygen, intubated and mechanically ventilated 

(Minivent, type 845, Harvard apparatus, Massachusetts, USA) and placed on a heated pad to 

maintain adequate body temperature. After skin disinfection, a 0.5-1.0cm incision was made 

to the chest. The thoracic cavity was opened between the second and third rib. Thereafter, a 

reproducible stenosis was created by tightening a 7-0 silk suture around the aortic arch between 

the brachiocephalic and left carotid arteries and a blunt 27G needle. After ligation this needle 

was removed and the thoracic cavity and skin were closed using sutures. To reduce post-

operative pain, all mice received a subcutaneously dose of carprofen (5.0mg/kg) directly after 

operation. Sham procedures were identical except for the aortic arch ligation. After surgery, 

mice were placed in clean cages and chow with or without AZM198 was provided. Mice were 

regularly monitored and sacrificed at 4 or 8 weeks as shown in Figure 1A.   

Cardiac MRI measurements 

Approximately 4 and 8 weeks after surgery, MRI measurements were performed using a 

vertical 9.4-T, 89mm bore size magnet equipped with 1500 mT/m gradients combined with a 

400 MR system (Brucker Biospin, Ettlingen, Germany). Mice were anesthetized during the 

whole procedure (induction: O2, isoflurane 5%, maintenance: O2, isoflurane 2%). With an ECG 

trigger unit (RAPID biomedical GmBH, Germany), respiration and cardiac electrophysiology, 

including heart rate, were monitored. By adjusting the dosage of anaesthetics, heart rate and 

respiration rate were maintained between 400-600 and 20-60 per minute, respectively. 

Depending on the size of the heart, 8-9 slices/images were recorded to cover the whole heart. 

MRI acquisition and reconstruction was performed using ParaVision and IntraGate software 

(Bruker BioSpin GmBH, Germany). LV end-diastolic volume (LVEDV) and LV end-systolic 
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volume (LVESV) were determined using semi-automatic contour detection software (QMass, 

version MR 6.1.5, Medis Medical Imaging Systems, the Netherlands). This data was used to 

calculate stroke volume (SV) by subtracting LVESV from LVEDV. Subsequently, ejection 

fraction (EF) was calculated by dividing SV by LVEDV.  

PV-loop measurements 

Prior to sacrifice, heamodynamics were recorded by aortic and LV cathetherization. During 

this procedure, mice were anesthetized with 2% isoflurane/oxygen and catheterization was 

performed with a Millar pressure transducer catheter (Mikro-Tip pressure catheter 1.4F, 

Transonic Scisense, Transonic Europe, The Netherlands). The catheter tip was inserted via the 

left carotid artery and pressures in the aorta and LV were monitored. Parameters of cardiac 

function were recorded, including maximal LV pressure (LV Pmax), minimal LV pressure (LV 

Pmin), dP/dTmax (an indicator for maximal LV contraction capacity), dP/dTmin (an indicator for 

maximal LV relaxation capacity), Tau (a measure for the isovolumetric relaxation of the LV), 

maximal aortic pressure (aorta Pmax) and heart frequency (HF). Thereafter, the catheter was 

removed and animals were sacrificed and tissues and organs were collected for molecular and 

histological analysis. 

Enzyme-linked immunosorbent assay (ELISA) 

Plasma MPO levels were determined using MPO ELISA kits (Hycult biotech, the Netherlands). 

All used reagents and buffers were supplied in the kit and were prepared for analysis as 

described in the manual. Plasma samples were thawed, mixed and diluted 20 times with 

dilution buffer. Next, 100µL of standard, diluted samples and controls were transferred to 

MPO-antibody coated ELISA plates and plates were processed according to the manufacturer 

instructions. Tetramethylbenzidine (TMB) was used as a substrate in the final peroxidase 

reaction and absorbance of samples, standards and controls was measured at 450nm using a 

plate reader (Synergy H1 microplate reader, Biotek, Vermont, USA). Plasma MPO levels were 

calculated using GEN5 software (GEN5 version 2.04, Biotek, Vermont, USA).  

Complete blood count  

Complete blood count was determined using a hematology analyzer (pocH-100i automated 

hematology analyzer, Sysmex, Illinois, USA). EDTA tubes with full blood were analyzed 

within 48 hours after collection. White blood cell concentration (WBC), red blood cell 

concentration (RBC), mean corpuscular volume (MCV), hemoglobin (Hb) and platelet 

concentration (PLT) were determined. 
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Plasma levels of AZM198 

Blood plasma AZM198 levels were determined in EDTA plasma in a blinded fashion by Astra 

Zeneca. These measurements were performed using a validated HPLC-MS protocol.  

Histological assessment of fibrosis and cardiomyocyte size 

Mid-transverse sections of the LV were fixed in 4% paraformaldehyde for paraffin embedding. 

Sections of 4 µm were stained with either Masson’s trichrome for collagen detection, or FITC-

labeled wheat germ agglutinin (WGA) (Vector laboratories, Burlingame, CA, USA) to quantify 

myocyte cross-sectional area (CSA). Whole Masson’s trichrome stained sections were 

automatically imaged using a Nanozoomer 2.0 HT (Hamamatsu, Japan). Fibrosis fraction as a 

percentage of the entire section was quantified from a 20 fold magnification (ScanScope, 

Aperial Technologies, Vista, CA, USA). Cardiomyocyte size was determined on WGA stained 

sections mounted in DAPI mounting medium, in order to visualize the nucleus. Five randomly 

selected fields from the WGA-stained LV sections were imaged using a Leica DMI6000B 

inverted fluorescent microscope (Leica Microsystems B.V., Amsterdam, The Netherlands) and 

approximately 50 cells per mouse heart were used to measure CSA using Image J software 

(NIH, Bethesda, MD, USA). 

Quantitative real-time polymerase chain reaction (qRT-PCR) 

Ribonucleic acid (RNA) was extracted from powdered tissues using Trizol reagent (Invitrogen, 

Thermo Fisher Scientific, Massachusetts, USA). cDNA was synthesized using QuantiTect 

Reverse Transcriptional kit (Qiagen, Venlo, the Netherlands) according to the manufacturer’s 

instructions. Relative gene expression was determined by qRT-PCR on the Bio-Rad CFX384 

real time system (Bio-Rad, Veenendaal, the Netherlands) using ABsolute QPCR SYBR Green 

mix (Thermo Scientific, Landsmeer, the Netherlands). Gene expressions were corrected for 

reference gene values (36B4), and expressed relative to the control group. Primer sequences 

used are depicted in supplemental table 1. 

Western blot 

Protein was isolated with RIPA buffer (50 mM Tris pH 8.0, 1% nonidet P40, 0.5% 

deoxycholate, 0.1% SDS, 150 mM NaCl) supplemented with 40 ul/ml phosphatase inhibitor 

cocktail 1 (Sigma-Aldrich Chemie B.V., Zwijndrecht, the Netherlands), 10 ul/ml protease 

inhibitor cocktail (Roche Diagnostics Corp., Indianapolis, IN, USA) and 1 mM 

phenylmethylsulfonyl fluoride (PMSF) (Roche Diagnostics Corp., Indianapolis, IN, USA). 

Protein concentrations were determined with a DC protein assay kit (Bio-Rad, Veenendaal, the 

Netherlands). Equal amounts of proteins were separated by SDS-PAGE and proteins were 

transferred onto PVDF membranes. The following antibodies were used: Phospho-Akt (Ser473) 
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(#4060S), Akt (#4691S), p44/42 MAPK (Erk1/2) (#4695), p38 MAPK (#9212), phosphor-p38 

MAPK (Thr180/Thr182) (#9211), S6 (#2217), Phospho-S6 (#2211) (Cell Signaling); P-Erk 

(#sc-7383) (Santa Cruz); glyceraldehyde-3-phosphate dehydrogenase (10R-G109A, Fitzgerald, 

USA). Signals were visualized with ECL and analyzed with densitometry (ImageQuant 

LAS4000, GE Healthcare Europe, Diegem, Belgium). 

Statistical analysis 

All values are presented as means ± standard errors of the mean (SEM). Student's paired two-

tailed t-test was used for two-group comparisons, and one-way analysis of variance (ANOVA) 

for multigroup comparisons, followed by Tukey’s post-hoc correction. For non-normally 

distributed data or data without homogeneity of variance non-parametric tests were performed. 

In this case Mann-Whitney tests were used for two group comparisons and Kruskal-Wallis 

followed by Mann-Whitney tests for multiple group comparisons. P < 0.05 was considered to 

be significant. SPSS software (IBM SPSS statistics, version 22, IBM, USA) was used for 

statistical analyses.   
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Table 1. Hemodynamic parameters of the 4 weeks groups 

 Sham  TAC  

 Ctrl/AZM198 Ctrl AZM198 

Hemodynamics (N=20) (N=9-10) N=8 

     Heart rate (bpm) 446,3 ± 13 484 ± 15 480 ± 14 

     SAP (mmHg) 99,8 ± 1,2 147,3 ± 7,5* 149,3 ± 7,5* 

     LV Pmax (mmHg) 102,9 ± 1,2 141,3 ± 5,1* 151,5 ± 5,2* 

     LVESP (mmHg) 97,4 ± 1,2 137,4 ± 5,4* 143,0 ± 5,0* 

     LVEDP (mmHg) 4,2 ± 0,7 13,9 ± 4,0* 9,7 ± 2,6* 

     Corrected dP/dTmax (1/s) 74,1 ± 2,6 48,8 ± 3,7* 52,6 ± 2,2* 

     Corrected dP/dTmin (-1/s) -80,7 ± 3,4 -50,0 ± 2,8* -58,1 ± 3,8* 

     Tau (ms) 6,6 ± 0,3 8,2 ± 0,8 6,9 ± 0,6 

Data are presented as mean ± standard error of the mean. HR = heart rate (bpm); SAP = systolic arterial 

pressure (mmHg); LV Pmax = maximal left ventricular pressure (mmHg); LVESP = left ventricular end-

systolic pressure (mmHg); LVEDP = left ventricular end-diastolic pressure (mm Hg); Corrected dP/dTmax = 

maximal left ventricular contraction corrected by maximal ventricular pressure (1/s); Corrected dP/dTmin = 

maximal left ventricular relaxation corrected by maximal ventricular pressure (-1/s); TAC: transverse aortic 

constriction; AZM198 = Myeloperoxidase inhibitor. N=8-12. * P<0.05 as compared to the respective non-

treated AZM198 group. 

 

 

Table 2. Hemodynamic parameters of the 8 weeks groups 

 Sham  TAC  

 Ctrl/ AZM198 Ctrl AZM198 

Hemodynamics N=19 N=8 N=10 

     Heart rate (bpm) 507 ± 17 502 ± 9 511 ± 11 

     SAP (mmHg) 99,1 ± 1,3 133,0 ± 5,6* 138,3 ± 6,0* 

     LV Pmax (mmHg) 104,0 ± 1.3 131,3 ± 6,2* 142,4 ± 6,1* 

     LVESP (mmHg) 88,6 ± 3,3 119,1 ± 9,7* 136,0 ± 6,0* 

     LVEDP (mmHg) 5,2 ± 0,9 22,0 ± 2,0* 13,7 ± 2,7* # 

     Corrected dP/dTmax (1/s) 89,6 ± 4,3 44,9 ± 2,0* 50,3 ± 1,6* 

     Corrected dP/dTmin (-1/s) -91,7 ± 4,2 -39,9 ± 1,6* -46,8 ± 3,2* 

     Tau (ms) 6,2 ± 0,3 11,8 ± 0,8* 9,7 ± 1,1* 

Data are presented as mean ± standard error of the mean. HR = heart rate (bpm); SAP = systolic arterial 

pressure (mmHg); LV Pmax = maximal left ventricular pressure (mmHg); LVESP = left ventricular end-

systolic pressure (mmHg); LVEDP: left ventricular end-diastolic pressure (mm Hg); Corrected dP/dTmax 

= maximal left ventricular contraction corrected by maximal ventricular pressure (1/s); Corrected 

dP/dTmin = maximal left ventricular relaxation corrected by maximal ventricular pressure (-1/s); TAC: 

transverse aortic constriction. N=8-12. * P<0.05 as compared to the respective non-treated AZM198 

group. 
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Results 

AZM198 and MPO levels in a mouse TAC model 

Prior to TAC and AZM-198 treatment all mice had comparable measures of body weight. 

Directly after TAC or sham operation mice were transferred to a normal chow diet or an 

identical diet including the MPO inhibitor, AZM198. Food intake was similar between the 

control- and AZM198-chow diet groups and also body weights were similar (Supplemental 

Table 2-4). After 4 and 8 weeks mice were sacrificed and blood plasma levels of AZM198 and 

MPO were determined. As shown in Figure 1B, D, AZM198 could be detected in the plasma 

of AZM198 treated mice and reached a level of approximately 1 µM. No AZM198 could be 

detected in the chow control groups. AZM198 also reduced MPO plasma protein levels itself 

and although this does not directly reflect MPO activity it further supports proper targeting of 

MPO in our mouse models (Fig. 1C, E). No assays are available for MPO specific activity 

measurements in blood plasma. However, since MPO activity can be specifically determined  

in peritoneal fluid [17], a separate experiment was used to show AZM198 mediated MPO 

inhibition after zymosan induced peritonitis. As shown in Supplemental figure 1, a 1 uM 

plasma AZM198 concentration, as observed in this study (Fig. 1B, D), diminished peritoneal 

MPO activity by approximately 95%. Our data, also revealed that TAC mediated pressure 

overload did not result in elevated MPO levels (Fig. 1C, E). Together these results show that 

MPO plasma levels are not influenced by TAC mediated pressure overload, but that AZM198 

can significantly attenuate baseline MPO levels in blood plasma. No significant differences 

were observed in the sham AZM198 and sham control groups in the parameters discussed 

hereafter. Thus, except for MPO levels, AZM198 did not affect any other measured parameters 

in the sham groups and for simplification sham groups (control and AZM198) were combined 

for each time point (for comprehensiveness, all separate sham group values are included in 

Supplemental Table 3 & 4). 

 

AZM198 attenuates cardiac dilatation 

In all TAC groups left ventricular (LV) weight corrected by tibia length were significantly 

increased as compared to the sham groups (Fig. 2A-B). Also, atria weight increased 

significantly (data not shown), but right ventricular weight and lung weight showed an increase 

only at 8 weeks, indicative for progressive remodeling of the heart and of lung congestion Fig. 

2C-F). Spleen weight was not affected (Fig. 2G-H). At 4 weeks the increase in LV and atrial 

weights were significantly lower in the AZM198-TAC4 group as compared to the Ctrl-TAC 

group (Fig. 2A). At 8 weeks this difference was not anymore significant (Fig. 2B). Cardiac 

imaging by MRI, confirmed an increase in cardiac dimensions after TAC in all groups (Fig.3A). 
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Figure 1. AZM198 and MPO levels in control and TAC mice. (A) Schematic depiction of all mice groups 

used in this study. (B) AZM198 levels in control (Ctrl) and AZM198 (AZM) treated animals after 4 weeks 

of sham or TAC operation. (C) MPO plasma levels after 4 weeks of sham or TAC operation. (D) The same 

as (B), but after 8 weeks. (E) The same as (C), but after 8 weeks. n=8-11 * p<0.05 as compared to the 

respective non-treated AZM198 group. 

 

In particular, the left ventricular end-diastolic (LVEDV) and end-systolic volumes (LVESV) 

were significantly increased and consequently the ejection fraction (EF) was decreased (Fig 

3B-G). At 8 weeks LV diastolic and systolic volumes were even higher supporting progressive 

remodeling. Importantly, AZM198 partially prevented this cardiac dilatation and the reduction 

in EF was significantly less in the AZM-TAC4 group, as compared to the Ctrl-TAC4 group 

(Fig. 3B-D). At 8 weeks these effects of AZM198 were no longer significant (Fig. 3E-G). Thus, 

AZM198 treatment temporarily attenuated or delayed cardiac dilatation in mice subjected to 

cardiac pressure overload. 
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Figure 2. Organ weights. (A-D) Quantification of the left ventricular (LV), right ventricular (RV), lung and 

spleen weights, respectively, of the 4 week groups. All weights were corrected by tibia length. E-H 

Quantification of the left ventricular (LV), right ventricular (RV), lung and spleen weights, respectively, of 

the 8 week groups. All weights were corrected by tibia length. n= 7-20, * P<0.05 as compared to 

Ctrl/AMZ198 group, # P<0.05 as compared to the TAC non-treated AZM198 group. 
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Figure 3. Cardiac MRI data. (A) Cardiac MRI images. Images show representative mid-ventricular slices 

in short axis view of the indicated animal groups in both diastole and systole. (B) Quantification of the left 

ventricular end diastolic volume (LVEDV in µl) of the 4 week animal groups. (C) Quantification of the left 

ventricular end systolic volume (LVESV in µl) of the 4 week animal groups. (D) Quantification of the 

ejection fractions (EF in %) of the 4 week animal groups. (E) Same as B, but for 8 week animal groups. (F) 

The same as (C) but for 8 week animal groups. (G) The same as (D), but for 8 week animal groups. n=8-20, 

* P<0.05 as compared to Ctrl/AMZ198 group, # P<0.05 as compared to the TAC non-treated AZM198 group. 
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AZM198 does not affect hemodynamic data 

At 4 and 8 weeks after sham or TAC operation arterial and intra-cardiac pressures were 

assessed using in situ catheterization (Table 1, 2). Peak arterial pressure and LV end systolic 

(LVESP) and end diastolic (LVEDP) were significantly increased in all TAC groups. In the 8 

weeks TAC groups aortic pressure and LVESP where somewhat lower as compared to the 4  

weeks group (compare Table 1 with 2) suggestive for further remodeling and corroborating the 

MRI data. The corrected dP/dTmax, a measure for contractile function, and corrected dP/dTmin 

and Tau, measures of relaxation, were significantly decreased in all TAC groups. Based on 

LVEDP, and dP/dTmax, dP/dTmin and Tau values there appeared to be a tendency of improved 

function in the AZM198 treated groups, both at 4 and 8 weeks, but only the LVEDP at 8 weeks 

was significantly better in the AZM-TAC group. 

Cardiac histology and gene expression analysis confirms temporal effect on hypertrophy  

Histological sections of the left ventricle were stained with WGA-FITC in order to determine 

cardiomyocyte size. Microscopic analysis showed that cardiomyocyte cell size was 

significantly increased in all TAC groups, but this increase was significantly attenuated in the 

AZM-TAC4 group, as compared to the Ctrl-TAC4 group (Fig. 4A-B). At 8 weeks this 

AZM198 effect on hypertrophy was not significantly different anymore from the Ctrl-TAC8 

group (Fig 4C-D). To corroborate these data, hypertrophic gene expression was investigated. 

As shown (Fig. 4E-F), expression of the natriuretic genes NPPA (ANP) and NPPB (BNP) were 

significantly elevated in all TAC groups. Also myosin heavy chain isoform expression was 

altered (β-MHC/α-MHC switch) and activation of the pathological NFAT pathway, as 

determined by RCAN1 expression, was apparent in all TAC groups (Fig. 4E-F). Importantly, 

in line with the other data, expression of some of these hypertrophic marker genes, NPPA and 

the β-MHC/α-MHC switch was attenuated in the AZM198-TAC4 group as compared to the 

Ctrl-TAC group. Again, these affects were no longer apparent at 8 weeks TAC. Since AZM-

198 only showed effects at 4 weeks, we also investigated some hypertrophic signaling 

pathways at this time point. As shown in supplemental figure 2, AZM198 had minor effects on 

the hypertrophic p38, Akt and S6 signaling pathways. Pathological Erk phosphorylation was, 

however, significantly increased in the Ctrl-TAC group and this was attenuated by AZM198.  

 

AZM198 does not affect fibrosis  

Histological sections were also stained with Masson’s trichrome to investigate cardiac fibrosis. 

In all TAC groups an increase in fibrosis was observed, as compared to the sham groups (Fig. 

5A-D). No differences were observed between the TAC groups with or without AZM198 and 

fibrosis. This was corroborated by gene expression profiling. Collagens (ColI and ColIII) were 
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Figure 4. Cardiac hypertrophy. (A, C) Representative images of FITC-WGA-stained LV sections for 

quantification of cardiomyocyte hypertrophy of the 4 and 8 week animal groups (bar = 50 µm). (B, D) 

Quantification of cardiomyocyte cell sizes (>40 cells quantified per moue heart). (E, F) Quantification of 

gene expression of the indicated hypertrophic genes. All values were normalized to 36b4 gene expression 

and expressed as fold change. For β-MHC and α-MHC the ratio is shown. n= 6-20, * P<0.05 as compared 

to Ctrl/AMZ198 group, # P<0.05 as compared to the TAC non-treated AZM198 group. 

 

induced to a similar extend in the TAC groups with and without AZM198 (Fig. 5E-F). 

Interestingly, however, in the AZM198-TAC4 group, genes involved in extracellular matrix 

remodeling, including TIMP1 and CTGF, were differentially expressed between the AZM-

TAC4 and Ctrl-TAC groups. Thus, although the total level of collagen expression and 

deposition is not altered, we cannot rule out changes in ECM quality in the AZM-TAC4 group.  
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Figure 5. Cardiac fibrosis. (A, C) Representative Masson Trichrome-stained LV sections for the detection 

of fibrosis in the 4 and 8 week animal groups (bar = 200 µm). (B, D) Quantification of fibrotic area as 

percentage of the whole LV of the 4 week animal groups. (E, F) Quantification of fibrotic gene expression 

of the indicated genes. All values were normalized to 36b4 gene expression and expressed as fold change. 

n= 3-10, * P<0.05 as compared to Sham Ctrl/AMZ198 group, # P<0.05 as compared to the TAC non-treated 

AZM198 group. 
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Figure 6. Inflammatory gene expression (A-F) Relative gene expression of the cytokines IL-6, TNFα and 

MCP-1at 4 and 8 weeks after sham or TAC operation. All values were normalized to 36b4 gene expression 

and expressed as fold change. (G-J) Relative gene expression of Gal-3 and PAI-1 at 4 and 8 weeks after 

sham or TAC operation. All values were normalized to 36b4 gene expression and expressed as fold change. 

n= 6-20, * P<0.05 as compared to Sham Ctrl/AMZ198 group, # P<0.05 as compared to the TAC non-treated 

AZM198 group. 
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Cardiac inflammation 

Since MPO is a component of the inflammatory system, we also investigated gene expression 

of several cytokines and other inflammation related markers in the heart. In particular gene 

expression of TNFα, IL-6, MCP1, Gal-3 and PAI-1 were determined. As shown in figure 6A-

B the cytokine IL-6 was clearly elevated after TAC and suppressed in the 4 weeks TAC group 

by AZM198. TNFα, on the other hand was not elevated by TAC. The chemokine, monocyte 

chemoattractant protein-1 (MCP-1), was temporarily increased after TAC, but this was not 

altered by AZM198 (Fig. 6E-F). The heart failure biomarker, Galectin-3 (Gal-3) was also 

elevated after TAC, but the expression of this inflammatory and pro-fibrotic marker was not 

altered by AZM198. The same was true for plasminogen activator inhibitor-1 (PAI-1), which 

is associated with thrombotic and fibrotic processes. Thus, except for IL-6, AZM198 had little 

to no effects on other cardiac inflammation related markers. 

 

Discussion 

Here we investigated the effect of a novel oral available MPO inhibitor, AZM198, on cardiac 

function in response to TAC mediated cardiac pressure overload. Our results show that 

AZM198 can be detected in blood plasma at sufficiently high levels to generate approximately 

90% inhibition of MPO activity. Moreover, this is accompanied by about 25% reduction in 

MPO protein levels. Despite this inhibition the effects on cardiac remodeling were minor and 

only a delayed dilatation was observed at 4 weeks post pressure overload, which was supported 

by a difference in histological and molecular parameters. This effect was, however, not present 

anymore at 8 weeks post pressure overload. 

Whereas in human heart failure patients a clear correlation has been observed between plasma 

MPO levels and heart failure severity, we did not observe any increase in plasma MPO levels 

in our TAC mouse model. A possible explanation is that the number of neutrophils in mice is 

much less than that in humans (10–15% in mice vs. 60–70% in humans) and also the level of 

MPO in murine neutrophils has been estimated to be around of 10-20% of that in human 

neutrophils [18, 19]. Hence small alterations in humans, might not become visible in mice. 

Alternatively, our TAC model might not be severe enough and not sufficiently mimic human 

HF, including other co-morbidities. Neurohormonal activation plays an important role in 

human heart failure and in mice infusion of AngII did raise plasma MPO levels [15]. Thus, 

sufficient neurohormonal activation might be an important factor in elevating MPO levels and 

is apparently insufficient in this TAC model. The absence of MPO changes makes it unlikely 

that MPO is a driving force in cardiac remodeling, at least not in a mouse TAC model. Despite 

this, we did observe temporal effects upon AZM198 treatment in cardiac hypertrophy and 
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dilatation, suggesting that baseline MPO activity may contribute or accelerate cardiac 

remodeling that is driven by other factors. In that case only subtle and time delayed effects on 

cardiac remodeling would be expected, as observed in this study. A stronger effect of this MPO 

inhibitor might be observed in heart failure with inflammatory involvement, like ischemic heart 

disease. Also heart failure with preserved ejection fraction (HFpEF) is believed to be driven by 

inflammation and hence MPO could also have a more pronounced role in this syndrome. Good 

animal models that mimic human HFpEF are, however, still lacking.  

Studies using MPO knockout mice have provided clear evidence that MPO is a contributing 

factor in cardiac remodeling. In post myocardial infarcted MPO-/- mice, thinning of the 

ventricular walls was reduced and ventricular dilatation was attenuated [13, 14]. No effect was 

observed on infarct area, indicating that this was due to diminished post-MI remodeling. In our 

TAC study we also observed delayed cardiac dilatation. This was not accompanied by 

alteration in deposition of fibrotic proteins, although some genes encoding fibrotic modulating 

factors were altered. So, we cannot exclude that other cell types and processes could be 

involved. This is also in line with a study in which a role for MPO mediated inhibition of 

plasminogen activator inhibitor I (PAI-1) was suggested that would result in ECM remodeling 

and prevent cardiac rupture in MPO-/- mice after myocardial infraction [14]. Thus, subtle 

changes observed in our study are probably mediated by multiple mechanisms acting on 

cardiomyocytes, fibroblasts and other cells.   

There are several limitations for this study. Considering the small effects observed, significant 

differences at later time points (8 weeks) might have been missed due to lack of sufficient 

power. As mentioned, mice have lower neutrophil blood counts as compared to humans and 

mouse neutrophils also contain less MPO. We can therefore not exclude that small effect 

observed in mice may be more prominent in humans. One deficit of this study is we have not 

been able to show direct effects of MPO on protein or lipid oxidation. Since many other 

oxidative mechanisms are present in vivo it has been difficult to access MPO specific oxidation. 

Although 3-Chlorotyrosine has been suggested to be relatively specific surrogate markers for 

MPO activity, others have questioned the in vivo reliability [20, 21]. Moreover, this 

modification has only been measured in highly inflammatory conditions and not in low grade 

inflammatory conditions, like our TAC model. The effects that we measured on cardiac 

hypertrophy, gene expression, and ERK activity in relation to AZM198 treatment do, however, 

provide indirect evidence for MPO specific effects. 

In conclusion, we have shown that MPO plasma levels do not change after TAC induced 

cardiac pressure overload in mice. Hence there is no direct association with cardiac ejection 
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fraction and MPO plasma levels. Importantly, we did observe a temporal attenuation of cardiac 

dilatation by the MPO inhibitor AZM198. This indicates that MPO contributes to cardiac 

dilatation in this model, but is not the main driver. AZM198 could therefore have a more 

pronounced effects in cardiac diseases in which inflammation plays a more dominant role, like 

in HFpEF.   
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Supplemental Tables 

Supplemental table 1. Oligonucleotide sequences used for qRT-PCR 

Gene 5' - 3' forward 5' - 3' reverse 

ANP ATGGGCTCCTTCTCCATCAC TCTACCGGCATCTTCTCCTC 

BNP AAGTCCTAGCCAGTCTCCAGA GAGCTGTCTCTGGGCCATTTC 

RCAN1 GCTTGACTGAGAGAGCGAGTC CCACACAAGCAATCAGGGAGC 

α-MHC GTTAACCAGAGTTTGAGTGACA CCTTCTCTGACTTCGGAGGTACT 

β-MHC AAGTCCTAGCCAGTCTCCAGA GAGCTGTCTCTGGGCCATTTC 

TIMP1 CTGCTCAGCAAAGAGCTTTC CTCCAGTTTGCAAGGGATAG 

MMP2 CCCTGATGTCCAGCAAGTAG GGAGTCTGCGATGAGCTTAG 

CTGF GCATCTCCACCCGAGTTAC ACTGGTGCAGCCAGAAAG 

Col1a1 CTTCACCTACAGCACCCTTGTG CTTGGTGGTTTTGTATTCGATGAC 

Col3a1 GCGATTCAAGGCTGAAG GGGTGCGATATCTATGATGG 

IL-6 TCCCAACAGACCTGTCTATAC CAGAATTGCCATTGCACAACTC 

TNF-α AAACCACCAAGTGGAGGAGC ACAAGGTACAACCCATCGGC 

Gal-3 CCCGCTTCAATGAGAACAAC ACCGCAACCTTGAAGTGGTC 

MCP-1 CAATGAGTAGGCTGGAGAG CTGGACCCATTCCTTCTTG 

PAI-1 CACGCCTGGTGCTGGTGAAT CGGTGCTGCCATCAGACTTG 

36B4 AAGCGCGTCCTGGCATTGTC GCAGCCGCAAATGCAGATGG 

 

 

Supplemental table 2. Food intake of mice receiving chow containing AZM198 or normal 

chow 

 Sham TAC 

Food intake (%BW/day) Ctrl AZM198  Ctrl AZM198 

 (N=3) (N=3) (N=3) (N=3) 

Day 1 – 3  21,6 ± 2,1 20,8 ± 0,3 29,5 ± 6,0 24,9 ± 6,2 

Day 4 – 6  15,0 ± 1,1 15,6 ± 0,6 20,2 ± 3,5 24,0 ± 9,2 

Day 7 – 9 15,8 ± 0,8 14,2 ± 2,1 20,1 ± 4,9  16,8 ± 5,0 

Day 10 – 12 16,3 ± 1,7 15,8 ± 1,5 14,0 ± 0,2 20,1 ± 2,7 

Average 17,2 ± 1,1 16,6 ± 1,0 20,9 ± 2,7 19,0 ± 1,5 

Data are presented as means ± SEM. TAC=Transverse aortic constriction. AZM198=Myeloperoxidase 

inhibitor; BW=Body weight. 
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Supplemental table 3. Organ weight, magnetic resonance imaging, hemodynamic, 

cardiomyocyte CSA, LV fibrosis (%) and gene expression profiles of mice after 4 weeks of 

sham surgery 

 Sham   

 Ctrl AZM198 

Organ weight (N=10) (N=10) 

     Body weight (g) 26,1 ± 0,4 26,4 ± 0,5 

     Tibia length (mm) 17,4 ± 0,1 17,3 ± 0,1 

     LV/tibia length (mg/mm) 6,1 ± 0,1 6,6 ± 0,3 

     RV/tibia length (mg/mm) 1,5 ± 0,1 1,5 ± 0,1 

     Atria/tibia length (mg/mm) 0,3 ± 0,0 0,4 ± 0,0 

     Lung/tibia length (mg/mm) 12,2 ± 1,1  10,7 ± 0,8 

     Spleen/tibia length (mg/mm) 3,8 ± 0,1 3,7 ± 0,1 

MRI (N=9) (N=10) 

     LVEDV (µL) 56,4 ± 2,2 51,8 ± 3,7 

     LVESV (µL) 20,6 ± 1,5 18,5 ± 1,7  

     SV (µL) 35,9 ± 1,1 33,3 ± 2,3 

     EF% 63,9 ± 1,5 64,5 ± 1,3 

Hemodynamics N=10 N=10 

     Heart rate (bpm) 435 ± 20 457 ± 15 

     SAP (mmHg) 99,2 ± 1,7 100,5 ± 1,6 

     LV Pmax (mmHg) 101,8 ± 1,9 104,0 ± 1,6 

     LVEDP (mmHg) 3,3 ± 0,7 5,0 ± 1,2 

     LVESP (mmHg) 96,6 ± 1,9 98,2 ± 1,5 

     Corrected dP/dTmax (1/s) 74,6 ± 4,0 73,6 ± 3,6 

     Corrected dP/dTmin(-1/s) -80,8 ± 3,8 -80,6 ± 5,9 

     Tau (ms) 6,4 ± 0,5 6,7 ± 0,4 

Histology (N=9) (N=10) 

    Cardiomyocyte CSA (µm2) 329,5 ± 19,1 345,8 ± 21,9 

    LV fibrosis (%) 0.98 ± 0.08 0.96 ± 0.10 

Hematology (N=9) (N=9) 

     WBC (x109/L) 6,2 ± 0,5 4,7 ± 0,6 

     RBC (x109/L) 9,7 ± 0,2 9,4 ± 0,2 

     MCV (fL) 48,1 ± 0,3 48,1 ± 0,8 

     Hemoglobin (mmol/L) 8,4 ± 0,1 8,1 ± 0,2 

     Platelets (x109/L) 1410,7 ± 132,9 1189,4 ± 194,2 

Gene expression (N=10) (N=10) 

Hypertrophy    

     ANP 1,00 ± 0,12 1,14 ± 0,15 

     BNP 1,00 ± 0,15 1,14 ± 0,08 

     RCAN1 1,00 ± 0,18 1,40 ± 0,17 

     α-MHC 1,00 ± 0,08 1,07 ± 0,06 

     β-MHC 1,00 ± 0,14 1,28 ± 0,21 

Fibrosis   

     TIMP1 1,00 ± 0,05 1,10 ± 0,12 

     MMP2 1,00 ± 0,07 1,10 ± 0,06 

     CTGF 1,00 ± 0,05 1,08 ± 0,07 

     Col1a1 1,00 ± 0,09 1,02 ± 0,08 

     Col3a1 1,00 ± 0,92 0,96 ± 0,08 

 Inflammation     

     IL-6 1,00 ± 0,35 0,58 ± 0,09 

     TNFα 1,00 ± 0,09 1,10 ± 0,10 

     Gal-3 1,00 ± 0,10 0,92 ± 0,09 
     MCP-1 1,00 ± 0,10 0,87 ± 0,06 

     PAI-1 1,00 ± 0,17 0,95 ± 0,15 
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Data are presented as means ± SEM. TAC=Transverse aortic constriction. AZM198=Myeloperoxidase 

inhibitor; LV=Left ventricle; RV=Right ventricle; SAP=Systolic arterial pressure; LV Pmax=Maximal left 

ventricular pressure; dP/dTmax is an indicator for maximal LV contraction capacity and is corrected for LV 

Pmax; dP/dTmin is an indicator for maximal LV relaxation capacity and is corrected for LV Pmax; 

LVEDP/ESP=Left ventricular end/systolic pressure; Tau is a measure for isovolumetric relaxation of the LV; 

LVEDV/ESV=Left ventricular end/systolic volume; SV=Stroke volume; EF=Ejection fraction; CSA=Cross 

sectional area; WBC=White blood cell; RBC=White blood cell; MCV=Mean corpuscular volume; Gene 

expression was normalized to 36B4 gene expression and is presented as fold change. No significant 

differences were observed.  
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Supplemental table 4. Organ weight, magnetic resonance imaging, hemodynamic, 

cardiomyocyte CSA, LV fibrosis (%) and gene expression profiles of mice after 8 weeks of 

sham surgery 

 Sham   

 Ctrl AZM198 

Organ weight (N=9-10) (N=10) 

     Body weight (g) 29,3 ± 0,4 29,5 ± 0,3 

     Tibia length (mm) 17,6 ± 0,1 17,6 ± 0,2 

     LV/tibia length (mg/mm) 6,7 ± 0,2 6,6 ± 0,2 

     RV/tibia length (mg/mm) 1,6 ± 0,1 2,0 ± 0,3 

     Atria/tibia length (mg/mm) 0,4 ± 0,0 0,5 ± 0,1 

     Lung/tibia length (mg/mm) 9,5 ± 0,9  10,8 ± 1,1 

     Spleen/tibia length (mg/mm) 5,0 ± 0,8  4,0 ± 0,1 

MRI (N=10) (N=10) 

     LVEDV (µL) 61,4 ± 3,0 57,5 ± 3,1 

     LVESV (µL) 24,5 ± 1,7 23,5 ± 1,5 

     SV (µL) 36,9 ± 1,6 33,9 ± 2,0 

     EF% 60,4 ± 1,4 58,9 ± 1,7 

Hemodynamics (N=10) (N=9) 

     Heart rate (bpm) 521 ± 25 490 ± 24 

     SAP (mmHg) 98,7 ± 1,8 99,5 ± 1,9 

     LV Pmax (mmHg) 103,3 ± 1,8 104,9 ± 2,1 

     LVESP (mmHg) 85,0 ± 5,1 92,6 ± 3,9 

     LVEDP (mmHg) 5,3 ± 1,6 5,0 ± 0,9 

     Corrected dP/dTmax (1/s) 90,3 ± 5,8 88,7 ± 6,7 

     Corrected dP/dTmin (-1/s) -90,0 ± 6,0 -93,6 ± 6,0 

     Tau (ms) 6,2 ± 0,5 6,1 ± 0,4 

Histological (N=3-10) (N=3-10) 

    Cardiomyocyte CSA (µm2) 325,4 ± 10,1 319,8 ± 16,7 

    LV fibrosis (%) 1,16 ± 0,3 0,68 ± 0,2 

Hematology (N=10) (N=8) 

     WBC (x109/L) 6,1 ± 0,8 4,4 ± 0,5 

     RBC (x109/L) 9,0 ± 0,2 9,3 ± 0,2 

     MCV (fL) 48,6 ± 0,8 47,6 ± 0,7 

     Hemoglobin (mmol/L) 7,8 ± 0,2 7,7 ± 0,1 

     Platelets (x109/L) 994,8 ± 183,6 1138,6 ± 157,1 

Gene expression (N=10) (N=8-10) 

Hypertrophy   

     ANP 1,00 ± 0,10 1,22 ± 0,20 

     BNP 1,00 ± 0,12 1,02 ± 0,16 

     RCAN1 1,00 ± 0,12 0,83 ± 0,16 

     α-MHC 1,00 ± 0,06 1,18 ± 0,18 

     β-MHC 1,00 ± 0,15 0,77 ± 0,12 

Fibrosis   

     TIMP1 1,00 ± 0,09 1,22 ± 0,22 

     MMP2 1,00 ± 0,06 1,08 ± 0,08 

     CTGF 1,00 ± 0,09 1,05 ± 0,15 

     Col1a1 1,00 ± 0,06 1,07 ± 0,14 

     Col3a1 1,00 ± 0,09 1,24 ± 0,13 

Inflammation      

     IL-6 1,00 ± 0,38 0,66 ± 0,13 

     TNFα 1,00 ± 0,15 0,98 ± 0,18 

     Gal-3 1,00 ± 0,12 1,25 ± 0,12 
     MCP-1 1,00 ± 0,10 1,19 ± 0,17 

     PAI-1 1,00 ± 0,14 1,07 ± 0,14 
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Data are presented as means ± SEM. TAC=Transverse aortic constriction. AZM198= Myeloperoxidase 

inhibitor; LV=Left ventricle; RV=Right ventricle; SAP=Systolic arterial pressure; LV Pmax=Maximal 

left ventricular pressure; dP/dTmax is an indicator for maximal LV contraction capacity and is corrected 

for LV Pmax; dP/dTmin is an indicator for maximal LV relaxation capacity and is corrected for LV Pmax; 

LVEDP/ESP=Left ventricular end/systolic pressure; Tau is a measure for isovolumetric relaxation of 

the LV; LVEDV/ESV=Left ventricular end/systolic volume; SV=Stroke volume; EF=Ejection fraction; 

CSA=Cross sectional area; WBC=White blood cell; RBC=White blood cell; MCV=Mean corpuscular 

volume; Gene expression was normalized to 36B4 gene expression and is presented as fold change. No 

significant differences were observed.  

 

 

 

 

 

 

Supplemental figure 1. Effect of plasma AZM198 concentration on MPO activity in zymosan-induced 

peritonitis. MPO activity was determined in peritoneal fluid after thioglycolate and zymosan induced 

peritonitis. AZM198 was administered 2 hours after zymosan treatment and peritoneal fluid was collected 2 

hours later. AZM198 levels in blood plasma and MPO activity in peritoneal fluid were subsequently 

determined.  
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Supplemental figure 2. Protein levels after treatment with AZM198 in TAC mouse heart. Western blot 

was performed in the LV of mice subjected to TAC with or without AZM198 treatment. (A) phosphorylated 

p38 (Thr180/182) to total p38. (B) phosphorylated ERK (Tyr204/187) to total Perk. (C) phosphorylated AKT 

(Ser473) to total AKT. (D) phosphorylated S6 (ser235/236) to total S6, normalized to GAPDH. Quantitative 

values are expressed as fold change; n=3-10/group. Data are expressed as means ± SEM, * P<0.05 as 

compared to the TAC non-treated AZM198 group
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