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Aims Cardiac energy metabolism is centrally involved in heart failure (HF), although the direction of the metabolic alterations is complex 
and likely dependent on the particular stage of HF progression. Vascular endothelial growth factor B (VEGF-B) has been shown to 
modulate metabolic processes and to induce physiological cardiac hypertrophy; thus, it could be cardioprotective in the failing myo-
cardium. This study investigates the role of VEGF-B in cardiac proteomic and metabolic adaptation in HF during aldosterone and 
high-salt hypertensive challenges.

Methods 
and results

Male rats overexpressing the cardiac-specific VEGF-B transgene (VEGF-B TG) were treated for 3 or 6 weeks with deoxycortico-
sterone-acetate combined with a high-salt (HS) diet (DOCA + HS) to induce hypertension and cardiac damage. Extensive longitu-
dinal echocardiographic studies of HF progression were conducted, starting at baseline. Sham-treated rats served as controls. To 
evaluate the metabolic alterations associated with HF, cardiac proteomics by mass spectrometry was performed. Hypertrophic 
non-treated VEGF-B TG hearts demonstrated high oxygen and adenosine triphosphate (ATP) demand with early onset of diastolic 
dysfunction. Administration of DOCA + HS to VEGF-B TG rats for 6 weeks amplified the progression from cardiac hypertrophy to 
HF, with a drastic drop in heart ATP concentration. Dobutamine stress echocardiographic analyses uncovered a significantly im-
paired systolic reserve. Mechanistically, the hallmark of the failing TG heart was an abnormal energy metabolism with decreased 
mitochondrial ATP, preceding the attenuated cardiac performance and leading to systolic HF.

Conclusions This study shows that the VEGF-B TG accelerates metabolic maladaptation which precedes structural cardiomyopathy in experi-
mental hypertension and ultimately leads to systolic HF.
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Graphical Abstract

 
 
 

Graphic abstract.  Impact of VEGF-B overexpression in rat cardiomyocytes. 

VEGF-B, produced by endothelial cells during heart injury, through binding with VEGFR1, enhances 

cardiac angiogenesis and cardiac growth but also impairs contractility and mitochondrial processes 

long-term. Mechanical stress, DOCA and high salt intake,  in VEGF-B overexpressed rats result in 

impaired ATP production which accelerate the transition from hypertrophic heart to heart failure.  
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1. Introduction
Cardiac hypertrophy is a leading cause of chronic HF (CHF), which in turn 
is one of the most common fatal long-term cardiac complications. Today, 

there are approximately 26 million individuals that have been diagnosed to 
have CHF. This incidence is predicted to rise to a staggering 77 million in 
2040 because of progressive population aging globally.1 Despite the 
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accuracy of today’s biomarkers for diagnosing HF, the disease is progres-
sive, and no effective treatment exists. Both animal models of HF and hu-
man HF disease show first hypertrophic impairment of cardiac function in 
association with derangement in cardiac energy metabolism and mitochon-
drial function, which contribute to the pathological remodelling which 
leads to CHF.2 The capacity of cardiac mitochondria to generate adenosine 
triphosphate (ATP) is further compromised during the development of 
HF.3 The regulatory events and their timing involved in the metabolic re-
programming of the hypertrophic and failing heart remain largely unknown. 
To date, studies have focused largely on mechanisms of candidate gene 
regulation in severe, late-stage disease, and less on the transition 
from HF with preserved ejection fraction (HFpEF) to HF with reduced 
ejection fraction (HFrEF).4 Accordingly, such studies may not offer useful 
insights into the primary mechanisms and trajectories that drive early al-
terations of energy metabolism in pathological cardiac remodelling. 
Characterization of the disturbed fuel and energy metabolism and mechan-
ism of its upstream regulation in the early stages of HF are important first 
steps towards the identification of new therapeutic targets for the treat-
ment of early-stage HF.5

Vascular endothelial growth factor (VEGF)-B is structurally the closest 
homologue of VEGF-A, but functionally very different from it. Unlike 
VEGF-A gene deletion, VEGF-B deletion does not affect angiogenesis dur-
ing mouse embryonic development, or wound healing or pathological pro-
cesses in adult mice.6 Interestingly, however, VEGF-B gene transfer 
stimulates blood vessel growth in the heart and adipose tissues.7

Coronary vessel growth induced by VEGF-B leads to cardiac hypertrophy 
without progression to cardiomyopathy, and VEGF-B gene transfer to 
adult heart has been shown to protect the heart from ischaemic damage.8

Bioinformatic analysis has indicated that VEGF-B expression correlates 
with the expression of nuclear-encoded mitochondrial genes across a large 
variety of physiological conditions in mice, suggesting that it could 
affect metabolic processes during pathological cardiac remodelling.9 In or-
der to find out if VEGF-B can protect the heart from pressure overload in-
duced stress, we investigated the consequences of increased VEGF-B in an 
established salt-sensitive hypertension model in rats. In this model, an ex-
cess of mineralocorticoid caused by chronic administration of deoxycor-
ticosterone acetate together with high salt (HS) (DOCA + HS) induces 
cardiac hypertrophy and cardiac fibrosis.10

Cardiac contractility is dependent on continuous production of ATP, 
which is generated by oxidative phosphorylation (OXPHOS) in mitochon-
dria. Thus, it is not surprising that mitochondrial defects are associated with 
heart injury induced by myocardial infarction (MI). Indeed, reduced ATP 
generation resulting from inadequate mitochondrial OXPHOS is a funda-
mental mechanism in impaired cardiac contractility.11 The hallmark of inad-
equate OXPHOS includes oxidative stress and utilization of alternative 
mechanisms of energy production, as shown by the metabolomic altera-
tions in the heart in numerous models of cardiac injury, including MI/ischae-
mia and HF.12 To date, however, no proteomics analyses have been 
published in VEGF-B transgenic (TG)-mediated hypertrophy during in-
creased preload. Also, the extent to which VEGF-B affects stress-induced 
energy production and metabolism in the heart is unknown.

VEGF-B expression was reported to be declined in patients with HF, 
where circulating VEGF-B levels are inversely correlated with ongoing 
left ventricular remodelling.13,14 We therefore considered that myocardial 
delivery of VEGF-B could be therapeutic in cardiac remodelling during 
stress induced hypertrophy, when VEGF-B reverts transiently metabolic 
function to a hypermetabolic state. We further considered that such effect 
of VEGF-B might chronically alleviate energy exhaustion including decrease 
of ATP, in progression to HF. In agreement with our hypothesis, ATP in-
crease induced by VEGF-B overexpression in the hypertrophic heart pre-
vented the decrease of cardiac systolic function. Surprisingly, the protective 
effect of the cardiac function was observed in early-stage remodelling, 
while chronic VEGF-B overexpression appeared to drive the transition 
of diastolic (HFpEF) to systolic HF (HFrEF). These findings suggest that 
the subsequent decline in cardiac function was caused by a defective myo-
cardial energy metabolism, indicating that the metabolic shift promoted by 

VEGF-B gene delivery is beneficial during acute cardiac remodelling but 
could become detrimental in the long term.

2. Methods
The authors declare that all supporting data and analytical methods are 
available within the article and its Supplementary material online, Method. 
All materials used for this study are listed with their respective sources in 
Supplementary material online, Table S1. The data, analytical methods, and 
study materials that support the findings of this study are available from 
the corresponding authors on reasonable request. All animals received hu-
man care according to the standards of Annex III of the directive 2010/63/ 
EU of the European Parliament on the protection of animals used for scien-
tific purposes. All the experiments were carried out in accordance with reg-
ulations of the Norwegian State Commission for Laboratory Animals, and 
with approval from the AAALAC International accredited Animal Care and 
Use Program at University of Bergen (license no. FOTS ID 10508). The 
VEGF-B TG (αMHC-VEGF-B) rats of outbred HsdBrl:WH Wistar back-
ground have been previously described.15 A total of 50 VEGF-B TG and 
WT male rats were group-housed under controlled environment with a 
temperature of 22°C and a 12-h light/dark cycle and fed control diet ad li-
bitum (RM1#801151, Special Diet Services, UK) . For all procedures, rats 
were anaesthetized with isoflurane in oxygen (4% induction, 1.5% mainten-
ance, flow rate, 1–2 L/min) and injected with one dose of pre- and 
post-operative analgesia (Buprenorphine, 0.1 mg/kg, s.c.). After baseline re-
cordings (telemetry and echocardiography) rats were implanted with 
DOCA (2 × 150 mg/pellet, Innovative Research of America, Sarasota, FL, 
USA) s.c. and assigned to 1% saline (HS) in the drinking water for six con-
secutive weeks. Transthoracic echocardiography was performed in all 
WT and TG rats (total of 50) before and after DOCA-HS (n = 32) and 
sham operation (n = 18), with a sub-group of 12 rats (6 WT and 6 TG) as-
signed to the weekly continuous echocardiographic study. Tissue harvest 
was conducted after echocardiographic measurements at baseline (n =  
18), Week 3 (n = 16), and Week 6 (n = 16) DOCA-HS. Additionally, acute 
LV volumetric and functional changes were assessed after an intraperitoneal 
bolus injection of the β-receptor agonist dobutamine (1.0 mg/kg bw) (see 
Supplementary materials online). Water intake and urine volume were 
measured before and after DOCA-HS challenge, with no sign of dehydra-
tion in either WT and VEGF-B TG rats (data not shown). At the end of 
the study, all rats were euthanized while fully anesthetized by inhalation 
of isoflurane (5%) until respiration ceased, followed by bilateral thoracot-
omy for cardiac blood collection. The outline of our study is given in 
Supplementary material online, Figure S1A.

3. Results
3.1 VEGF-B TG rats develop cardiac 
hypertrophy and early signs of diastolic 
dysfunction
The overall objective of this study was to test whether cardiac VEGF-B 
overexpression (VEGF-B TG rats) can improve cardiac pathology and meta-
bolic dysfunction in salt sensitive hypertension. We used rats with increased 
human VEGF-B expression in the heart under the control of rat αMHC gene 
promoter to determine baseline and stress-induced longitudinal heart char-
acteristics, as shown in Figure 1A. At the baseline, as expected on the basis of 
previous publications,16 8-month-old VEGF-B TG male rats exhibit in-
creased VEGF-B levels in the heart and serum (see Supplementary 
material online, Figure S1I and J) with a concentric hypertrophic phenotype 
(heart weight-to-tibia ratio +39% and relative wall thickness +59% com-
pared to WT), with larger cardiomyocytes and increased metabolic ATP 
demand (Figure 1B–F and L). Consistent with previous findings7,8 the TG 
rats demonstrated myocardial hypervascularization, with proportionally 
larger arteries, particularly near the endocardium (Figure 1G and H ). This 
hypervascularization was accompanied by an excess of water in the heart 
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Figure 1 Cardiomyocyte-specific VEGF-B induces cardiac hypertrophy and diastolic dysfunction at baseline. (A) Longitudinal DOCA + HS protocol of the 
transition phase between diastolic HF and systolic HF in WT and VEGF-B TG rats. (B) Overall scan of the cardiac section (Lycopersicon Esculentum Lectin) 
showing thickening of LV wall in TG rats with close-up images of septal region showing increased α smooth muscle actin (αSMA) expression. Scale bar 50μm. 
(C ) Heart weight normalized to tibial length (HW/TI) and (D) heart relative wall thickness (RWTh) in the VEGF-B TG and the WT rats (n = 8). Data are de-
picted as dot plots with mean ± SE and were analyzed by unpaired, two-tailed t-test. Quantitative data for (E) myocyte cross-sectional area (CSA) and (F ) 
myocyte size distribution, assessed by H&E staining (original magnification × 20) in VEGF-B TG and WT rats (n = 6). (G) Heart vascularization and (H ) vessel 
diameter assessed by CD31 antibody in VEGF-B TG and WT rats (n = 5–8). Fixed quantity of vessels in total heart and in the different regions of the heart                                                                                                                                                                                                             

(continued) 
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(+11%, Figure 1K). Gradual fluid accumulation has been associated with dia-
stolic dysfunction.17 Accordingly, detailed doppler echocardiography ana-
lysis demonstrated mild diastolic dysfunction in TG rats with altered LV 
filling in diastole (increased A velocity), restrictive relaxation E-wave and 
E/A ratio (Figure 1I and J ). The ratio of E-wave to mitral annular e velocity 
(E/e), a reliable predictor of LV end-diastolic pressure (Figure 1J) was signifi-
cantly higher in the TG rats, suggesting greater LV filling pressures and pro-
longed IVRT indicated poor myocardial relaxation. All these changes could 
be related to the significantly elevated night blood pressure (BP) afterload 
(>5 mmHg, Supplementary material online, Figure S1A and B) and the LV 
hypertrophy (Figure 1C). The diastolic dysfunction was further supported 
by altered myocardial performance index (tei), which revealed a significant 
increase in diastolic stiffness coefficient in the TG rats (see Supplementary 
material online, Figure S1C–E). Myocardial relaxation involves changes in 
processes such as calcium handling, as well as myocardial energetics and in-
trinsic physical properties of the LV. VEGF-B TG rats demonstrated in-
creased heart Ca2+ (see Supplementary material online, Figure S1G) and 
ATP content (Figure 1L), which all are increasingly recognized in human 
HF progression.18 The Na+ and K+ levels in the hearts of VEGF-B TG 
and WT rats were similar (see Supplementary material online, Figure S1H 
and I). Some clinical features that were assessed in the WT and TG rats 
are shown in the heatmap indicating the statistical significance and the effect 
size (see Supplementary material online, Figure S1F, I, and M). The WT rats 
were significantly heavier (TG, 345 ± 5 g vs. WT, 374 ± 7 g, P < 0.01), and 
the TG rats had significantly higher hemodynamic pressure [BP, total per-
ipheral resistance (TPR)], heart weight and wall thickness than the WT 
rats. Taken together, at the baseline, the VEGF-B TG rats had concentric 
LV hypertrophy with mild diastolic dysfunction and chamber stiffness. 
This suggested that they might be more vulnerable to a ‘second hit’, such 
as hypertension.

3.2 Mineralocorticoid signalling induces 
impaired systolic reserve in VEGF-B TG rats
Aldosterone and salt are both known to increase cardiovascular risk in hu-
mans.19 We used the DOCA + HS treatment as such a ‘second hit’ to pro-
voke cardiac damage analogous to what can be expected to happen in 
at-risk human patients. As expected, chronic DOCA + HS (3 and 6 weeks) 
challenge led to a sustained increase in afterload (BP and TPR traces pre-
sented in Supplementary material online, Figure S2A and B). The TG rats 
demonstrated cardiac hypertrophy prior to challenge which plateaued to 
WT levels after 3 weeks DOCA-HS challenge, with significantly thicker 
LV walls in TG than WT hearts (Figure 2A–D). Systolic function, measured 
as fractional shortening (FS), ejection fraction (EF), stroke volume (SV), and 
cardiac output (CO), was preserved at 3 weeks (Figure 2E–H). Diastolic 
parameters E/A (<1.5), E/e, LA area, and the tei index (MPI > 1.2, 
Figure 2I and J; Supplementary material online, Figure S2C and D) showed 
impaired relaxation in both genotypes as the intervention progressed, 
with increased interstitial fibrosis and collagen, more prominently in the 
TG rats (see Supplementary material online, Figure S2E–H).

After 6 weeks of DOCA + HS treatment, the VEGF-B TG rats displayed 
signs of dilated cardiomyopathy (DCM) (Figure 2A–C) with thinning of the 

LV wall (Figure 2D) and dilation of LV internal diameters when compared 
with WT rats (Figure 2C). This dilatory phenotype was associated with im-
paired systolic function in the TG vs. WT rats, as evidenced by a reduced FS 
(45 ± 1% vs. 55 ± 2%, P < 0.05), EF (48 ± 3% vs. 63 ± 1, P < 0.001), and 
CO (55.5 ± 1.6 mL/min vs. 76.3 ± 1.7 mL/min, P < 0.001) (Figure 2E, F, 
and H). Furthermore, mitral valve Doppler imaging displayed increased 
E/A and E/e ratios in the treated TG rats, indicative of impaired LV relax-
ation and diastolic dysfunction (Figure 2I and J). In line with the macroscopic 
changes in the VEGF-B TG hearts, they had thinner cardiomyocytes and 
elongated sarcomeres in histological comparison with WT rats (see 
Supplementary material online, Figure S3A and B). Furthermore, the 
VEGF-B TG rats demonstrated significantly higher water content in the 
lungs and hearts (see Supplementary material online, Figure S3C and D).

Cardiac response to inotropic dobutamine stimulation is proved to be a 
sensitive tool to identify early signs of systolic dysfunction in rats and to 
foresee HF progression.20 Although the resting systolic function was simi-
lar in the WT and TG rats after 3 weeks of DOCA + HS treatment, we 
found that upon dobutamine challenge, the VEGF-B TG rats had impaired 
systolic reserve to stress, with reduced systolic performance vs. WT 
rats [ΔLVESD (left ventricle end systolic diameter), −0.84 vs. −1.47 mm, 
P = 0.008, Figure 2N], and impaired cardiac reserve (ΔFS, 7 vs. 18%, 
P = 0.002, and ΔCO 6.6 vs. 18.3 mL/min P = 0.004, Figure 2Q; 
Supplementary material online Figure S3I) and chronotropic reserve 
(ΔEF, 12 vs. 17% P < 0.01, Supplementary material online, Figure S3G). 
Similar characteristics have been reported in chronically failing human 
hearts during an early stage of HF, without any abnormalities in the resting 
systolic function.21 Two VEGF-B TG rats died after dobutamine challenge, 
further strengthening previous result that the hypertrophic VEGF-B TG 
hearts are more susceptible to cardiac arrythmias.22 Thus, we did not pro-
ceed with stress echocardiography at Week 6. Longitudinal stress echocar-
diography from baseline to Week 3 is presented in Supplementary material 
online, Figure S3E. Some of the systolic parameters diverged already at 
Week 2, with loss of responsiveness in the TG rats (see Supplementary 
material online, Figure S3F–J). In all TG rats, increased afterload for 3 weeks 
led to diastolic dysfunction and cardiac fibrosis. Thus, dobutamine stress 
echocardiography, uncovered an impaired systolic reserve in the VEGF-B 
TG rats that preceded systolic dysfunction, suggesting a transition to a 
more decompensatory HF phenotype.

3.3 DOCA—salt hypertension promotes HF 
transition from preserved to reduced EF in 
hypertrophic VEGF-B hearts
LV remodelling and progressive dysfunction are processes that culminate 
into an end-stage HF. The stages that precede this severe condition are still 
poorly known, thus representing an important target for research. Our 
longitudinal phenotyping offered a unique opportunity to study cardiac 
functional parameters on a weekly basis and thus to evaluate the transition 
from diastolic HF to systolic HF. The LV EF trajectories diverged consider-
ably between the VEGF-B TG vs. WT rats (Figure 3A). During Weeks 1–3 
of DOCA + HS challenge, the TG rats had an upward EF trend, but starting 
at Week 4 they demonstrated a gradual decline in EF. This was associated 

Figure 1 Continued 
(epicardium and endocardium) of the cardiac tissue of VEGF-B TG and WT rats. Significance was analyzed by unpaired, two-tailed t-test. (I ) Representative 
Doppler Echocardiographic tracings of TG and WT hearts demonstrating A- and E-peak and tissue Doppler e-peak. (J ) Diastolic heart function: Levels of E/A, 
E/e, and left atrium area (LA area) in VEGF-B TG and WT rats (n = 5–8). Data are depicted as dot plots with mean ± SE and analyzed by unpaired, two-tailed 
t-test. (K ) Heart water content using gravimetry measurements of TG and WT hearts (n = 6). (L) ATP concentration (μmol/g) in LV tissue in WT and VEGF-B 
TG rats. ***P < 0.001, **P < 0.01, *P < 0.05 vs. WT; unpaired, two-tailed t-test. (M ) MetadeconfoundR analysis for univariate biomarkers controlling for po-
tential confounders under parallel post hoc testing using nested linear model comparisons: clinical impact of genotype (WT vs. VEGF-B TG). Heatmap shows all 
clinical features significantly [MWU (for categorical factors) and Spearman (for continuous features) *FDR < 0.1, **FDR < 0.01, ***FDR < 0.001] different in 
different between genotypes. Heatmap cells show effect size (Cliff’s Delta for categorical factors, Spearman’s Rho for continuous features). Features with at 
least one clear confounder shown with grey circle markers, others with black asterisks. Systolic BP, creatine kinase MB (CK-MB), TPR, tibial length (TI), HR, 
LVMass, relative wall thickness (RWTh), left atrium (LA) area, FS, EF, and heart water. Taken together, these findings suggested that cardiomyocyte-specific 
VEGF-B overexpression induced cardiac hypertrophy and revascularization. The TG rats also developed a degree of diastolic dysfunction.
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with a significant heart damage at Week 6 as shown by the elevated serum 
troponin (Figure 3B), which is a prognostic biomarker of myocardial injury 
in patients with cardiomyopathy.23 At 6 weeks, the TG rats exhibited a 

decrease of both systolic and diastolic function, with a pronounced in-
crease in the E/A ratio (Figure 3A, C, D, and F), and with accumulation of 
water in the heart and lungs (see Supplementary material online, 

Figure 2 Increased afterload (DOCA + HS) leads to progressive diastolic dysfunction and impaired cardiac reserve that precedes systolic dysfunction in 
VEGF-B TG rats. (A) Representative H&E-stained cryosections display morphology of VEGF-B TG hearts showing cardiac hypertrophy at 3 weeks post 
DOCA-HS (left) and cardiac dilation at 6 weeks post DOCA-HS (right). Scale bar 100μm. Transthoracic echocardiography analyses of VEGF-B TG ( circles) 
and WT (squares) (n = 8 animals/group; ***P < 0.001, **P < 0.01, *P < 0.05 vs. WT, ###P < 0.001, ##P < 0.01, #P < 0.05 vs. DOCA3w; two-way ANOVA 
t-test, Šidák post hoc). Structural and functional changes were evaluated dependent on time of DOCA + HS exposure (3 and 6 weeks DOCA-HS). (B) Left 
ventricular mass (LVMass) (C ) end-diastolic diameters (LVESD) (D) relative wall thickness (RWTh) were validated with quantification of systolic parameters (E) 
FS, (F ) EF, (G) stroke volume (SV), and (H ) cardiac output (CO). (I) Pulse-wave Doppler at the mitral level of E (early filling) and A (atrial filling) ratio (E/A) and 
(J ) E-wave with tissue Doppler e-wave ratio (E/e). Native cardiac and chronotropic reserve (stress-rest) in VEGF-B TG and WT rats were assessed with bolus 
dobutamine (1 mg/kg bw, i.p.) at baseline and 3 weeks of DOCA-HS. (K ) Systolic performance expressed as delta LVESD mm (ΔLVESD) (L) chronotropic 
reserve expressed as delta heart rate (ΔHR) and (M, N ) cardiac reserve delta FS and cardiac output (ΔFS, ΔCO, n = 8 animals/group; ***P < 0.001, *P <  
0.05 vs. WT, ###P < 0.001, #P < 0.05 vs. DOCA3w; two-way ANOVA t-test, Šidák post hoc). All data are depicted as dot plot with mean ± SE. 
Increased afterload universally led to diastolic dysfunction and cardiac fibrosis. Impaired inotropic and chronotropic reserve in VEGF-B TG predict systolic 
dysfunction in DOCA + HS induced dilated cardiomyocyte. VEGF-B TG rats thus recapitulate the structural and functional phenotype of many patients 
with HFrEF.
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Figure 3 Longitudinal echocardiography of the transition to heart failure. The direction of heart function was negative with the progressing DOCA + HS. 
Dotted blue line, the direction in WT; dotted red line, the DOCA direction in VEGF-B TG. (A) Systolic parameter EF trajectory over time. All data are depicted 
as dot plots with mean ± SE, n = 6 analyzed by two-way repeated measures ANOVA with Tukey’s post hoc test (genotype and time interactions). (B) Plasma 
Troponin, cardiac damage biomarker. Significance was assessed by unpaired, two-tailed t-test. (C ) Diastolic parameter E/A trajectory over time n = 6. (D) LVPW; 
d (posterior wall thickness in diastole) trajectory over time. Heart geometric analysis of (E) end diastolic volume (EDV) and (F ) EDV/LVMass ratio with an abrupt 
increase in TG at 5–6 weeks post DOCA + HS, dilatory phase. Significance was analyzed by two-way repeated measures ANOVA with Tukey’s post hoc test. (G) 
Calcium concentration (Ca2+ mM/kg dry weight) and (H ) VEGF-B protein levels (LFQ intensity) in WT and TG hearts. ***P < 0.001, vs. WT, ###P < 0.001, #P  
< 0.05 vs. DOCA3w; two-way ANOVA t-test, Šidák post hoc). (I ) MetadeconfoundR output: impact of genotype (WT vs. TG) on clinical features, left 3 week 
DOCA- and right 6 week DOCA-treatment. Heatmap shows all clinical features with significant differences as per Figure 1L. LV remodelling and progressive 
dysfunction with DOCA + HS challenge is a longitudinal process that culminate into an end-stage heart failure in TG rats.
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Figure S3C and D), suggestive of a restrictive filling pattern, which indicated a 
progressively worse diastolic dysfunction as the LV becomes increasingly 
abnormal (Figure 3D). Cardiac hypertrophy [left ventricle posterior wall 
thickness;d (LVPWd), Figure 3E] was associated with high calcium concen-
tration (Ca2+, Figure 3G) and VEGF-B protein expression (Figure 3H), 
whereas dilated TG hearts (EDV, Figure 3D) had suppressed cardiac Ca2+ 

levels (Figure 3G).
During the distinct cardiac dilation phase in the TG hearts from Week 4 

to 6, the myocardial wall thickness was reduced (LVPW; d, 29%) in the 
VEGF-B TG rats (Figure 3E). However, the wall mass remained relatively 
constant, indicating that the endocardial surface increased relative to the 
epicardium (Figure 2B). Measures of cardiac volume and mass are typically 
represented as the ratio of cavity size and myocardial tissue mass 
(Figure 3F). The TG hearts demonstrated a brief, abruptly occurring 
(tipping-point) remodelling phase, during which this ratio increased by 
nearly 70% (Figure 3F). This transformation was clearly evident in the clus-
tered univariate association heatmap of the phenotypic characteristics 
(Figure 3I), which had an unique effect size pattern for hypertrophic cardio-
myopathy (HCM) (HW, RWTh) with LV diastolic dysfunction (E/A, LA 
area and heart water) at DOCA 3 week and DCM (RWTh) with LV sys-
tolic dysfunction (EF, SV, CO, and FS) at DOCA 6 week timepoint. The 
heatmap pattern (Figure 3I) also indicated that the cardiac damage markers 
troponin (c-Tnt) and creatinine kinase MB (CK-MB) are up-regulated only 
in the later phase of HF.

3.4 Diminished ATP plays a fundamental role 
in the failing VEGF-B TG hearts
We next asked whether the structural and functional remodelling in 
VEGF-B TG hearts is associated with metabolic adaptations or inotropic 
alterations, considering that a decreased heart energy status is an early 
pathomechanism in diastolic HF. Already at baseline, the TG rats demon-
strated a doubling of their oxygen consumption (Figure 4A) and an approxi-
mately 30% increase in ATP relative to the WT rats (Figure 4B). The ATP 
level was dramatically increased in both TG and WT rats after 3 weeks of 
DOCA + HS, apparently because of an attempt to satisfy the higher energy 
requirements (Figure 4B). While cardiac ATP levels constantly increased 
during the treatment in synchrony with the increase in cardiac mass in 
the WT hearts, TG hearts started at a significantly higher ATP level at base-
line, and showed a sudden drop in ATP at Week 6, leading to metabolic 
exhaustion concomitantly with the transition to systolic HF (Figure 4B).

3.5 Biphasic energy substrate response to 
mineralocorticoids
Metabolic flexibility is a remarkable virtue of the heart, which allows utiliza-
tion of different energy substrates at different rates to maintain contractile 
function.24 The failing heart shift its metabolism towards a greater reliance 
on glycolysis as a source of energy, which has been postulated to contrib-
ute to the reduced myocardial ATP level in the failing heart.24 We evalu-
ated the altered energy substrate utilization by applying a kinetic 
computational model of cardiac metabolism.25 Changes in total heart sub-
strate glucose, lactate, fatty acids (FAs), branched-chain amino acids 
(BCAA), ketone bodies, and ATP capacities were significant upon the 
DOCA-HS challenge (Figure 4; Supplementary material online, Figure S4). 
When comparing the total metabolic capacities, we found a biphasic trend 
of increased metabolic capacity from baseline to 3 weeks of 
DOCA-treatment and a regression at Week 6 in almost all substrates 
(Figure 4C; Supplementary material online, Figure S4). Both WT and TG 
rats demonstrated a clear increase in glycolytic capacity after 3 weeks 
DOCA + HS. This plateaued at 6 weeks in the WT rats, but deteriorated 
back to baseline in the TG rats (Figure 4C). Similarly, there was an increase 
in the FA utilization capacity at Week 3 and a regression after 6 weeks in 
both groups (Figure 4D). Importantly, the metabolic adaptation at Week 3 
and the loss of metabolic capacity at Week 6 was much more pronounced 
in the TG than WT hearts. A similar trend was found for BCAA in the WT 
group and for lactate and ketone bodies in both groups (see 

Supplementary material online, Figure S4B–D). Noteworthy, there was a 
high variability between the individual rats within both groups, which likely 
reflects the idiosyncratic nature of the advanced progression of the disease. 
In particular, there was one outlier in the TG group at 3 weeks that had a 
non-hypertrophic phenotype with a slower rate of disease progression.

These changes in the maximal capacities for the substrate utilization for 
different energy delivering substrates were also reflected in the ATP con-
centrations of the hearts. Figure 4E shows the ATP capacities for each 
group. According to the model, at Week 3, the maximal heart ATP was 
significantly higher in the TG hearts than WT hearts, reflecting a higher 
metabolic compensation, possibly due to a higher demand as a response 
to the DOCA + HS treatment. During the transition to Week 6, heart 
ATP in both groups declined in the model, reaching a similar maximum 
ATP capacity, although the WT and TG hearts had diastolic HF and systolic 
HF phenotypes, respectively. Together with the directly measured ATP le-
vels (Figure 4B), these data demonstrate that the failing TG hearts are not 
able to keep up with the ATP demand due to a decreased ATP capacity, e.g. 
through decreased creatin levels or spatial decoupling of ATP production 
and utilization. It is tempting to speculate, that Week 3 represents an early 
compensatory adaption of the metabolism, when the metabolic capacity 
increases to counterbalance the increased demand elicited by the 
DOCA + HS treatment. At Week 6, this adaptation vanishes, leaving the 
heart energetically challenged, but without the metabolic means to handle 
it, which in turn leads to a progressive HF. This interpretation is in line with 
the much higher compensation and subsequent loss of metabolic function 
in the TG hearts, which are seemingly much more susceptible to DOCA +  
HS treatment induced stress and suffer from a more severe HF after the 
prolonged DOCA + HS treatment. The distinct biphasic glucose and 
ATP profiles in the TG rats predict the onset of HF and contractile 
dysfunction.

3.6 Inotropic stimulation unravels metabolic 
abnormalities
Myocardial metabolic dysfunction may adversely influence the cardiac re-
serve under high-level pharmacological stress conditions. With intense 
cardiovascular activity (dobutamine-stress), the rate of ATP production 
and turnover goes up to sustain the cardiac reserve. At 3 weeks 
DOCA + HS, we demonstrated an increase in ATP capacity in TG hearts 
associated with compensatory hypertrophy. This increased energy cap-
acity was evidently associated with impaired cardiac reserve (ΔEF, −5% 
and ΔFS, −10%, Figure 4F and G), which emphasizes energy exhaustion 
and metabolic abnormalities as general characteristics of reserve dys-
function in HFpEF.

3.7 Mitochondrial dysfunction precedes 
systolic dysfunction in VEGF-B-induced 
diastolic HF
Untargeted proteomics of the myocardial tissue comparing baseline, Week 
3 and 6 was used to further explore which functional and biological path-
ways were significantly affected in the failing hearts. The detected proteins 
were mapped to higher level gene ontology (GO)-terms and categories 
using UniProt, while correcting for potential confounders (see 
Supplementary material online, Methods). Key metabolic and structural 
processes most likely involved in disease progression were picked up 
upon univariate testing among the different groups and time points 
(Figures 5A and 6A; Supplementary material online, Figure S5). Multiple 
metabolic pathways were significantly down-regulated in the TG rats at 
3 weeks of DOCA+HS, including those related to mitochondrial processes 
(annotated under the terms cytochrome-c, ATPase2, and ATP channel ac-
tivity), glycolysis (fumarylpyruvate, acetylpyruvate hydrolase, acylpyruvate 
hydrolase), amino acid metabolism (guanine metabolism), and purine me-
tabolism (hypoxanthine). Repressed TCA cycle (pyruvate hydrolase activ-
ity) and mitochondrial ATP (hypoxanthin, guanine, and channel activity) 
were associated with impaired systolic function (CO, SV, and FS). 
Divergent findings were obtained in the treated WT rats. Predominately 
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structural and cardiac stress related GO-terms were altered in analysis of 
the thus annotated proteins at 3 weeks (Figure 6A). To further illustrate this 
genotype-dependent metabolic switch, an inter-genotype comparison was 
done at 3 weeks of DOCA + HS treatment (see Supplementary material 

online, Figure S5). Shared metabolic GO terms were down-regulated in 
TG hearts and up-regulated in the WT hearts. These metabolic changes 
occurred already at 3 weeks of DOCA+HS in the preload-induced cardio-
myopathy (see Supplementary material online, Figure S5). Accordingly, 

Figure 4 Enhanced energy consumption post DOCA + HS, predominately in VEGF-B TG rats leading to metabolic exhaustion and impaired cardiac reserve. 
(A) Oxygen consumption (µmol/min/g), (B) ATP concentration (µmol/g) in VEGF-B TG and WT rats prior and post 3 weeks DOCA + HS (DOCA3w) and 6 
weeks DOCA + HS (DOCA6w) challenge. Whole heart metabolic substrate uptake of (C ) glucose (D) FA and (E) ATP capacity, demonstrated biphasic re-
sponse of increased energy consumption at DOCA3w and a regression at DOCA6w most striking in the TG rats ***P < 0.001, **P < 0.01, *P < 0.05 vs. WT; 
##P < 0.01, #P < 0.05 vs. DOCA3w. Two-way ANOVA followed by Šidák post hoc test. VEGF-B TG rats demonstrate an inverse relationship between ATP 
capacity and cardiac systolic reserve of (F ) ejection fraction (EF) and (G) FS post-dobutamine stress (Pearson’s correlation, Student’s t-test). In addition to 
heightened ATP levels TG rats also showed impairments in ATP energetics, which may have led to aggravate myocardial function during stress.
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proteomic profiling was conducted to determine whether metabolic 
changes preceded the progression from compensated cardiac hypertrophy 
to HF. To identify GO terms that were differentially affected over time, we 

constructed volcano plots in which activities of genes binned to annotated 
GO terms were correlated with genotype (VEGF-B y-axis, WT x-axis, 
Figure 5B). We considered that changes in GO terms with time (Week 3 

Figure 5 Metabolic intermediates of the TCA cycle were repressed in the VEGF-B TG hearts after DOCA + HS 3 weeks. (A) Time-series profiles of meta-
bolic and structural protein (x-axis) in VEGF-B TG rats at baseline, Week 3 DOCA + HS and Week 6 DOCA + HS were correlated with echocardiographic 
parameters (y-axis), using Cliff’s correlation FDR score blue represents positive correlations and red represents negative correlations. MetadeconfoundR ana-
lysis: impact of timepoint (VEGF-B only) and echo features on GO-terms different in differential Heatmap shows all clinical features with significant differences 
as per Figure 1L. (B) Differential effect of genotype and timepoint on detected proteins in the heart. Volcano plot showing changes in abundance (Cliff’s delta 
effect size) of proteins binned by GO term annotations under intervention compared between genotypes (VEGF-B y-axis, wild-type x-axis). Left: 3 weeks 
DOCA treatment vs. baseline, right; 6 weeks vs. 3 weeks DOCA treatment. Labelled dots indicate those GO-terms for which this is significant 
(FDR-adjusted Wilcox test Q < 0.1) in both genotypes. GO-terms located on the vertical axis are similarly regulated in both genotypes, those located on 
the vertical axis exclusively regulated in VEGF-B and on the horizontal axis in wild-type hearts. GO:0005080 (PKC binding) was significantly opposed in regu-
lation between TG and WT undergoing DOCA + HS intervention. Predominately metabolic adaptations in TG hearts after DOCA + HS challenge.
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vs. baseline and Week 6 vs. Week 3) may identify suitable therapeutic tar-
gets involved in the disease progression.

The opposite effect of protein kinase C (PKC) binding (GO:0005080), 
down-regulated in the TG hearts and up-regulated in the WT hearts in re-
sponse to DOCA + HS treatment (Figure 6B), suggests that PKC is a mechan-
istic target in early HF progression. Another potential therapeutic target is 
lamininB1 (GO:1904609), which increased in WT hearts, but was unaltered 
in the TG hearts. Laminin deficiency has been associated with contractility de-
fects and ATP deficiency in both DCM and HCM.26 Epigenetic modification 
has been shown in HF progression and chromatin remodelling can be induced 
by cardiac stress and promote reactivation of foetal genes in the failing heart. 
Chromatin DNA binding (GO:0031490) was down-regulated in the WT rats 
but not in the TG rats after prolonged DOCA + HS treatment (6 weeks vs. 3 

weeks). Targeting chromatin regulation may provide a promising approach to 
prevent and possibly reverse the myopathic process.27

In the DOCA + HS treated WT rats, the heatmap of GO biological ac-
tivities revealed mainly structural and cardiac stress related processes 
(Figure 6A). Comparing GO biological processes, in the WT rats treated 
with DOCA + HS, there was an increase in fibrotic and hypertrophic 
growth processes at 3 weeks DOCA + HS (Laminin-1, R-SMAD, 
Figure 6A; Supplementary material online, Figure S5).

The volcano blots (with log2-fold change) identified few signatures that 
distinguished HFpEF from HFrEF, particularly in the metabolic pathways.

Ptms (parathymosin) changed with DOCA + HS challenge most prom-
inently in the TG hearts (Figure 6B), being repressed at Week 3 and op-
pressed at Week 6 of DOCA + HS treatment, thus indicating HF 

Figure 6 Structural and cardiac stress in WT and cardiac therapeutic targets in HF (A) MetadeconfoundR analysis of univariate biomarkers controlling for 
potential confounders: impact of time progression in WT rats and echocardiography features on abundance of proteins binned by GO term annotation sig-
nificantly differential in abundance. Heatmap shows all clinical features with significant differences as per Figure 1L. (B) Effect of genotype and timepoint on fold 
changes (log2) of detected proteins in the heart. Labelled proteins indicate those proteins with an absolute log2-fold change higher than of 0.25 between the 
respective comparisons [left: wild-type 3 weeks vs. wild-type baseline ratio (y-axis) and VEGF-B 3 weeks vs. baseline ratio (horizontal axis), right: wild-type 6 
weeks vs. wild-type 3 weeks ratio (vertical axis) and VEGF-B 6 weeks vs. 3 weeks ratio (horizontal axis)]. Proteins located on the vertical axis are similarly 
regulated in both genotypes, those located on the vertical axis exclusively regulated in VEGF-B and on the horizontal axis similarly solely in WT hearts. 
Predominately structural adaptations in WT hearts after DOCA + HS challenge.
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progression. Ptms has been identified in other HF models as an important 
diagnostic biomarker although its mechanism of action remains unknown. 
The other validated HF biomarkers Trim 72 (MG53) and Smyd128 were 
both switched with the progression of the disease, down-regulated at 3 
weeks and up-regulated at 6 weeks in both genotypes (Figure 6B). A less 
responsive switch was obtained in the TG hearts, which is interesting as 
loss of Smyd1 function has been associated with the down-regulation of 
mitochondrial energetics prior to the onset of cardiac dysfunction.28

Finally, we compared our omics target data to a recently published clin-
ical dataset25 (Supplementary material online, Method). Ten cardiovascular- 
related proteins in our experimental study did overlap with clinical omics 
from patients with mitral valve insufficiency (MVI) and aortic stenosis 
(AS). Of these, two proteins (Gsk3b and Pdk4) are currently under evalu-
ation in clinical trials for HF and eight (Ndufa1, Smad2, Col6a1, Serping1, 
Bcat, Hadhb, Psma6, and Tpm1) represent novel putative therapeutic tar-
gets for HF. Proteomics also identified invaluable disease-specific biomar-
kers for AS (Ndufa1, Bcat1, and Hadhb) and MVI (Gsk3b and Tpm1) 
(Table 1). The diverse changes in protein expression profiles between fail-
ing hearts induced by either AS or MVI demonstrated the heterogeneity of 
HF development. Understanding the differences in proteomic profiles 
could offer more precise therapeutic options for HF. Proteomic signatures 
(spectral counts) of Col6a1, Hadhb, and Smad2 were confirmed in the 3 
and 6 weeks DOCA + HS VEGF-B TG with the expression in the AS 
and MVI patients (see Supplementary material online, Figure S6). GO ana-
lysis of the target proteins revealed enriched GO-terms associated with 
abundant acetylation, PI3K-Akt signalling pathway, and supramolecular fi-
bre organization, Furthermore, Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analysis (see Supplementary material online, 
Figure S7) identified proteasomal and BCAA catabolism as hallmarks of fail-
ing hearts in both experimental (VEGF-B DOCA) as well as clinical HF (AS 
and MVI).

4. Discussion
In this study, we provide evidence that cardiac VEGF-B overexpression pro-
motes the transition from diastolic HF to systolic HF in hypertensive rats 
with decreased functional cardiac reserve, accompanied by impaired substrate 
oxidation and ATP capacities. Already at baseline, mild signs of diastolic dys-
function without changes in the LV EF could be detected in the TG hearts. 
After increasing cardiac afterload upon treatment with an excess of mineralo-
corticoid and salt, the TG hearts showed an accelerated remodelling process 
leading from diastolic to systolic HF. Of note, the VEGF-B-mediated decline in 
cardiac function was associated with defective ATP bioenergetics. The early 
changes in cardiac energy homeostasis caused by VEGF-B preceded the systol-
ic HF. Thus, alteration of cardiac metabolism is not an epiphenomenon, but 
rather a cause of HF. VEGF-B may thus provoke cardiac structural remodelling 
and mitochondrial impairment in hypertensive heart diseases.

Several studies have indicated that VEGF-B increases coronary vascula-
ture growth and preserves both metabolic and cardiac function after acute 
MI and in ischaemia-reperfusion injury.9,29 VEGF-B gene therapies were 
used to delay the development of HF in mice subjected to transverse aortic 
constriction.30 Furthermore, VEGF-B gene transfer to prevented LV dia-
stolic dysfunction short-term angiotensin II-infused rats.31 Of note, these 
findings were observed in short-term studies, whereas long-term data 
were not reported. In our study, only a 6 week but not 3-week DOCA  
+ HS challenge led to terminal heart phenotype. Therefore, experimental 
cardiovascular studies ought to more often consider a longitudinal study 
design. Nevertheless, some studies also reported adverse outcomes 
from chronic high-dose VEGF-B treatment, including impaired cardiac con-
tractility, and paradoxically, arrythmias and cardiac arrest during 
dobutamine-induced cardiac stress.8,22 TG mice that constitutively ex-
pressed high levels of the human VEGF-B 167 isoform developed cardiac 
hypertrophy that proceeded to fibrosis, ceramide accumulation and mito-
chondrial damage, and ultimately pre-term death.32

A key feature of our study design was the non-invasive longitudinal echo-
cardiographic phenotyping in a cardiac hypertrophy model that by itself 
does not progress to pathological hypertrophy. We followed the trajec-
tory of cardiac function loss during 6 weeks instead of the usual 3 weeks 
to understand the HF progression. Increased preload caused by the 
DOCA + HS challenge increased the concentric hypertrophy in the TG 
hearts until Week 4, when it was halted, with the development of DCM 
instead. This involved the thinning of the walls of the left ventricle, attenu-
ation of EF and FS, and finally a dramatic elevation of cardiac cTnT levels. 
Thus, impaired cardiac reserve and diastolic dysfunction preceded the 
HFrEF pathology when VEGF-B was overexpressed.

In addition, we were able to study cross-sectionally, the role of VEGF-B 
on cardiac proteome and function in comparison to WT. Using unbiased 
confounder-corrected proteomic and targeted quantitative metabolomic 
profiling with correction for potential confounders, we found that although 
VEGF-B improves the control of FA oxidation, many genes involved in 
downstream mitochondrial energy transduction and ATP synthesis were 
significantly down-regulated in the DOCA + HS-treated TG hearts com-
pared with baseline and WT hearts, respectively.

In striking contrast, myocardial proteome profiles were distinct in the 
different cardiac phenotypes, providing robust biomarkers for the tran-
sition to HF as well as distinguishing between pathological and physio-
logical forms of cardiac hypertrophy. We found that a substantial 
proportion of metabolic proteins were down-regulated in the VEGF-B 
TG hearts, with the most dramatic effects at 3 weeks of DOCA + HS 
treatment, suggesting that the metabolic proteome changes precede 
the structural changes. Among these proteins were sub-units of pyru-
vate hydroxylase, the central enzyme enabling the transfer of carbons 
from glucose, pyruvate, and lactate into the TCA cycle and ATP citrate 
synthase. Pathways enriched in down-regulated enzymes were mito-
chondrial respiration (cytochrome c), purine metabolism (hypoxan-
thine), pentose phosphate pathway, and urea synthesis (guanine 
metabolism). Remarkably, the metabolites mentioned above, affected 
in the TG DOCA + HS-challenged hearts, were akin to protein changes 
in myocardial ischaemia as evidenced by amino acid depletion, glutathi-
one depletion, increased oxidative stress, and evidence of aerobic energy 
production, thus suggesting impaired metabolic flexibility and further-
more an energy deficient state that further aggravates heart dysfunc-
tion.33 At baseline, ATP levels in VEGF-B TG hearts were positively 
correlated with enhanced cardiac contractility, although we also ob-
served first evidence of diastolic dysfunction. After the DOCA + HS 
challenge, the putative high ATP demand of VEGF-B TG rats could not 
be maintained, resulting in a long-term ATP deficit. The inefficient pro-
duction of ATP in the TG hearts suggests that impaired mitochondrial 
OXPHOS is an early event of HF development.

The changes in the metabolic pathways were associated with inability to 
maintain normal contractility during stress (reduced inotropic reserve). 
Thus, our data reveal that VEGF-B predisposes the heart to dysfunction and 
damage during stress-induced metabolic demand. Previous studies have de-
monstrated that the regulation of VEGF-B in metabolism is mainly through 
its transcriptional control by PGC-1a, a key regulator of mitochondrial ener-
getics.34 The co-regulation of VEGF-B and mitochondrial proteins introduces 
a novel regulatory mechanism to explain how VEGF-B functions in the pres-
ence of DOCA + HS, when it switches to promotion of pathological mito-
chondrial energy metabolism.32 Some proteins revealed an HF signature 
predicting the trajectory from a healthy to a diseased state. The mitochondrial 
ß-oxidation enzyme Hadhb shifted expression in the relation to the altered 
mitochondrial function in the VEGF-B TG rats. At baseline, VEGF-B TG rats 
demonstrated an up-regulation of Hadhb in correlation with the hypertrophy 
and later, loss of Hadhb with a significant decrease of mitochondrial energetics 
and DCM. Hadhb deficiency could potentially be an initial insult in the meta-
bolic aggravation in HF. Hadhb mutations have been identified in MVI patients 
as well as in children with severe cardiomyopathy.35,36

Both TG and WT hearts demonstrated decreased abundance of proteins 
related to structural remodelling and contractile function. Changes in the 
microtubule cytoskeleton have been observed in the transition from 
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hypertrophy to HF,37 where metabolic dysfunction may influence cardiac 
function and architecture of the cytoskeleton. There was also aberrant struc-
tural remodelling and fibrosis as the HF progressed. Collagen type I and VI ex-
pression were increased in the VEGF-B TG rats, influencing both contractile 
function and tension sensing.38 Collagen VI sub-unit Col6a1, has been shown 
to stimulate fibroblast formation in infarcted heart tissue.39 Proteomic analysis 
revealed enhanced Col6a1 protein expression in VEGF-B TG hearts that was 
also significantly increased in AS and MVI patients. Smad2 transcription was 
up-regulated in both VEGF-B TG and MVI hearts. Upon stress, TGFß/ 
Smad2 signalling may participate increase the fibrotic gene programme in 
VEGF-B hearts40 and it may provide an important biomarker in terms of clin-
ical utility, i.e. prognosis, differential diagnosis, as well as disease progression 
and treatment monitoring. These pathways and their key-changing mediators 
need further validation in experimental models and clinical HF trials.

Our findings would corroborate data on impaired chronotropic and ino-
tropic function after acute stress. TG rats showed a lower cardiac reserve in 
response to dobutamine stress, leading to functional damage in the long 
term. A higher abundance of intracellular Ca2+-cycling proteins and the 
sarcoplasmic reticulum Ca2+ ATPase (ATP1a2) were observed in hyper-
trophic VEGF-B TG hearts at baseline, which was consistent with increased 
intracellular Ca2+ content. During the DOCA + HS hypertension, this was 
dramatically decreased in VEGF-B TG rats, suggesting that dysregulation 
of calcium transient homeostasis may contribute to the contractile dysfunc-
tion. The enhanced susceptibility to cardiac arrhythmias in the VEGF-B TG 
rats,32 could be related to the impaired cardiac calcium homeostasis and en-
ergetics. Our data also indicated that mitochondrial ATP-gated potassium 
channel activity (KATP) was suppressed in TG hearts post DOCA + HS, 
which could lead to a failure of electrical responsiveness of cellular mem-
branes and negative metabolic consequences. Approximately half of the 
overexpressed proteins were associated with muscle cardiomyopathy 

(tpm1, myl6), proteolytic degradation (rpn1, dad1), aging (serping1, gss), 
and stress response (hspa4, hyou1), suggesting enhanced energy demand 
(famine) and muscle weakness in the VEGF-B TG hearts.

4.1 Study limitations
Although we overexpressed VEGF-B in a cardiac-specific manner, the trans-
gene resulted also in higher circulating VEGF-B186 levels. Therefore, our 
data need to be interpreted in light of direct cardiac VEGF-B actions plus 
possible peripheral actions on other organs, such as the kidney, which also 
showed a diminished function in the DOCA + HS treated VEGF-B TG 
rats. Furthermore, we did not use high-dose dobutamine to evaluate the bi-
phasic response, in which contractile reserve occurs at low-dose and ischae-
mia at high-dose dobutamine, as we were concerned that high dose 
could provoke arrhythmias.22 In fact, the dobutamine challenge protocol 
was stopped at Week 3, since two of the VEGF-B TG rats died of cardiac 
arrest. Another limitation of our study is that the small sample sizes in the 
sub-study (kinetic model of cardiac metabolism) preclude analysis of some 
substrate shifts in the pathogenesis of HF.

5. Conclusion
Our study offers mechanistic insights on VEGF-B promoted HF progression 
in hypertension, along with new insights on the role of cardiac metabolism in 
cardiac pathology. Our data utilizing longitudinal proteomics to reveal meta-
bolic and structural remodelling in the transition to advanced HF highlight 
the slowly evolving nature of HCM. Our results further point to the import-
ant role of mitochondria, specifically ATP homeostasis, in HF. Myocardial 
ATP drastically drops in the context of clinically advanced HF (LV wall- 
thinning, troponin, and reduced EF). The proteomic analysis demonstrated 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 HF proteomic profiling from animal model to human disease

Gene name Fasta headers WT DOCA VEGF-B TG DOCA AS MVI

Bcat1 Branched-chain amino acid transaminase 1, cytosolic Down (0.011) Down (0.0063) Down (1.3e−11) ns

Pdk4 Pyruvate dehydrogenase kinase, isozyme 4 ns Down (0.043) Down (5.2e−5) Down (0.0084)

Ndufa1 NADH dehydrogenase (ubiquinone) 1 alpha sub-complex, 1 ns Down (0.023) Down (0.037) ns
Hadhb Hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA  

thiolase/enoyl-CoA hydratase, beta sub-unit

Down (0.021) Down (0.0052) Down (4.0e−6) ns

Gsk3b Glycogen synthase kinase 3 beta ns Up (5.9e−4) ns Up (0.039)
Psma6 Proteasome (prosome, macropain) sub-unit, alpha type 6 ns ns Up (0.026) Up (0.0081)

Serping1 Serpin peptidase inhibitor, clade G (C1 inhibitor), member 1 ns Up (0.0020) Up (1.2e−3) Up (2.9e−4)

Smad2 SMAD family member 2 Up (0.012) Up (0.041) Up (0.034) Up (0.051)
Col6a1 Collagen, type VI, alpha 1 Up (6.7e−4) Up (1.64e−5) Up (3.8e−5) Up (8.9e−6)

Tpm1 tropomyosin 1, alpha ns Up (0.0042) ns Up (0.030)

Gene name Fasta headers VEGF-B TG DOCA3 VEGF-B TG DOCA6 AS MVI

Bcat1 Branched-chain amino acid transaminase 1, cytosolic ns Down (0.025) Down (1.3e−11) ns
Pdk4 Pyruvate dehydrogenase kinase, isozyme 4 Down (0.0011) Down (0.0021) Down (5.2e−5) Down (0,0084)

Ndufa1 NADH dehydrogenase (ubiquinone) 1 alpha sub-complex, 1 Down (0.0019) Down (1.0e−7) Down (0.037) ns

Hadhb Hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA  
thiolase/enoyl-CoA hydratase, beta sub-unit

Down (0.0023) Down (3.2e−4) Down (4.0e−6) ns

Gsk3b Glycogen synthase kinase 3 beta ns Up (5.9e−4) ns Up (0.039)

Psma6 Proteasome (prosome, macropain) sub-unit, alpha type 6 ns Down (0.048) Up (0.026) Up (0.0081)
Serping1 Serpin peptidase inhibitor, clade G (C1 inhibitor), member 1 ns Up (0.013) Up (1.2e−3) Up (2.9e−4)

Smad2 SMAD family member 2 Up (0.041) Up (0.0012) Up (0.034) Up (0.051)

Col6a1 Tropomyosin 1, alpha Up (0.0058) Up (0.0047) Up (3.8e−5) Up (8.9e−6)
Tpm1 Branched-chain amino acid transaminase 1, cytosolic ns Up (0.0034) ns Up (0.030)

AS, aortic stenosis; MVI, mitral valve insufficiency, DOCA3, DOCA + high salt challenge 3 weeks; DOCA6, DOCA+ high salt-challenge 6 weeks. 
Statistical changes compared with WT rats and healthy patients (one-way ANOVA, Tukey t-test for multiple comparisons, n = 6–41).
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several ‘danger’ signals related to ATP deficiency, being VEGF-B overexpres-
sion. Finally, we identifed 10 target proteins in human cardiovascular disease, 
with mitral valve insufficiency (MVI) and aortic stenosis (AS), which inte-
grated multi-omics datasets revealed concordant changes in protein profiles. 
Our study highlights an opportunity for human target prioritization enabled 
by proteomic analysis of animal models. Proteome-wide studies provide 
both direct associations with target outcomes (diastolic HF, systolic HF) 
and HF disease sub-types (MVI, AS), providing new tools for the discovery 
of therapeutic targets and their prioritization.
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Supplementary material is available at Cardiovascular Research online.
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Translational perspective
This work identifies the adverse effects of VEGF-B in the progression of heart failure (HF) in a rat model of pressure-induced hypertrophy. Long-term 
overexpression of VEGF-B in rat hearts accelerates the transition from mild to severe HF by maladaptive metabolic processes. VEGF-B boosts ATP 
production to compensate for the high ATP demand of the hypertrophic heart. In 6 weeks of treatment, DOCA-salt-induced hypertrophy resulted in a 
drastic drop in ATP synthesizing pathways, leading to impaired contractility. These findings disclose novel metabolic regulatory pathways with omics HF 
targets validated in patients with mitral valve insufficiency and aortic stenosis. Modulation of cardiac ATP levels provides an attractive therapeutic target 
for the treatment of cardiac hypertrophy and HF.
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