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Aims Microvascular dysfunction has been proposed to drive heart failure with preserved ejection fraction (HFpEF), but the initi-
ating molecular and cellular events are largely unknown. Our objective was to determine when microvascular alterations in 
HFpEF begin, how they contribute to disease progression, and how pericyte dysfunction plays a role herein.

Methods 
and results

Microvascular dysfunction, characterized by inflammatory activation, loss of junctional barrier function, and altered peri-
cyte–endothelial crosstalk, was assessed with respect to the development of cardiac dysfunction, in the Zucker fatty and 
spontaneously hypertensive (ZSF1) obese rat model of HFpEF at three time points: 6, 14, and 21 weeks of age. Pericyte 
loss was the earliest and strongest microvascular change, occurring before prominent echocardiographic signs of diastolic 
dysfunction were present. Pericytes were shown to be less proliferative and had a disrupted morphology at 14 weeks in the 
obese ZSF1 animals, who also exhibited an increased capillary luminal diameter and disrupted endothelial junctions. 
Microvascular dysfunction was also studied in a mouse model of chronic reduction in capillary pericyte coverage (PDGF- 
Bret/ret), which spontaneously developed many aspects of diastolic dysfunction. Pericytes exposed to oxidative stress in vitro 
showed downregulation of cell cycle-associated pathways and induced a pro-inflammatory state in endothelial cells upon co- 
culture.

Conclusion We propose pericytes are important for maintaining endothelial cell function, where loss of pericytes enhances the reactiv-
ity of endothelial cells to inflammatory signals and promotes microvascular dysfunction, thereby accelerating the develop-
ment of HFpEF.
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Introduction
More than half of the heart failure (HF) patients suffer from HF with 
preserved ejection fraction (HFpEF), a complex cardiovascular syn-
drome characterized by cardiac inflammation, fibrosis, cardiomyocyte 
hypertrophy, and endothelial dysfunction.1 Heart failure with preserved 
ejection fraction is strongly associated with the presence of metabolic 
comorbidities (e.g. type 2 diabetes mellitus, obesity, and hypertension).2

The current paradigm is that these systemic factors induce chronic in-
flammation and endothelial cell dysfunction, driving microvascular dys-
function and disease progression.2 Microvascular dysfunction is a 
combination of structural remodelling of the microvasculature, endo-
thelial cell-associated dysfunction, and/or mural cell dysfunction.3

While it is well studied in ischaemic cardiovascular diseases, its role in 
HFpEF remains unclear. Recent insights show that the majority of 
HFpEF patients present with coronary microvascular dysfunction.4

Additionally, it has been established that HFpEF patients have a reduced 
coronary flow reserve, a proxy for coronary microvascular dysfunction 
that increases the risk of hospitalization more than five-fold.5,6 Another 
study showed that HFpEF patients develop a reduced cardiac capillary 

density, called microvascular rarefaction.7 These findings indicate that 
changes in the microcirculation are part of HFpEF development, but 
as yet the paradigm that they are causative in the disease has not 
been tested. Though the endothelium has been the main focus of re-
search into microvascular dysfunction in HFpEF, the microvasculature 
is composed not only of endothelial cells but also of other cell types 
such as pericytes. Pericytes have been shown to play a significant role 
in controlling endothelial cell physiology.8 Pericytes communicate 
with endothelial cells through gap junctions and by secreting growth 
factors.8 Because of their role in dementia, research has focused pri-
marily on brain pericytes, where they have been shown to affect micro-
vascular flow.9,10 Pericytes also control brain permeability11 and affect 
immune responses.12 In contrast, the role of cardiac pericytes has been 
little studied.

To study the microvascular changes during the development of left 
ventricle diastolic dysfunction, we used the ZSF1 obese rat.13,14,15,16

Here, we show that cardiac pericyte coverage is reduced in the obese 
ZSF1 rat before prominent echocardiographic signs of diastolic dys-
function are present. Furthermore, in the PDGF-Bret/ret mutation model 
of pericyte loss, we observed the development of diastolic dysfunction 
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in the absence of other stimuli. Pericytes are essential for maintaining 
vascular integrity, permeability, and tone.17,18 We show here that the 
pericytes exposed to oxidative stress induced a pro-inflammatory state 
in endothelial cells. Our data suggest a protective role for cardiac peri-
cytes in microvascular dysfunction during the development of diastolic 
dysfunction.

Methods
Experimental animal studies
Experiments were performed according to the European Directive on the 
Care and Use of Experimental Animals (2010/63/EU) and approved by the 
Animal Care and Use Committee of KU Leuven (Projects 178/2016 and 
116/2021). Male obese ZSF1 rats and lean control littermates were ob-
tained at the youngest age possible (5 weeks) from Charles River 
Laboratories (#379 and 378, respectively). Female and male PDGF-Bret/ret 

mice and littermate PDGF-Bret/+ controls were analysed at 12 and 27 weeks 
of age.19 Both rats and mice were housed and acclimated under a 14-h light– 
10-h dark cycle with access to water and chow diet ad libitum (V1534-000, 
Ssniff Spezialdiäten GmbH).

Blood pressure and fasting glucose 
measurements
At 6, 14, and 21 weeks of age, the blood pressure of lean and obese con-
scious ZSF1 rats (n = 7/group) was assessed using the CODA tail-cuff sys-
tem (Kent Scientific). Blood pressure was assessed at 12 and 27 weeks of 
age in PDGF-Bret/ret and PDGF-Bret/+ mice, 2 days prior to sacrifice. For seven 
days before the measurements, animals were placed in the restrainer be-
tween 5 and 15 minutes to acclimatize. On the day of measurement, the 
tail cuff was placed on the animals and 10 cycles were recorded to acclima-
tize the animal, followed by at least 10 cycles for analysis. To assess fasting 
glucose levels, lean and obese ZSF1 rats (n = 12/group) were fasted for 
16 h, placed in the restrainer, and glucose levels were assessed via tail 
vein puncture with Glucomen LX Plus (A. Menarini Diagnostics).

Transthoracic echocardiography
At each time point, ZSF1 lean (n = 9) and obese (n = 11) rats were anaes-
thetized with 50 mg/kg ketamine (Nimatek, Eurovet Animal Health BV) and 
5 mg/kg xylazine (Xyl-M) dissolved in 0.9% saline. PDGF-Bret/ret and 
PDGF-Bret/+ animals were anaesthetized using 3% inhaled isoflurane 
(Ecuphar NV) for induction followed by 1% inhaled isoflurane for mainten-
ance. Transthoracic echocardiography was performed as previously de-
scribed.13 In brief, a MS 250 transducer (13–24 MHz) connected to a 
Vevo 2100 echocardiograph (Visual Sonics) was used for rats whereas a 
MX550D transducer (55 MHz) connected to a Vevo 3100 echocardiograph 
was used for mice. Animals were placed in a supine position on a heating 
pad to maintain the core body temperature between 37.5°C and 37.7°C, 
measured by a rectal probe. Heart rate, left ventricular internal diameter, 
posterior wall thickness, and anterior wall thickness were assessed by para-
sternal short-axis M-mode imaging. Stroke volume, ejection fraction (EF), 
fractional shortening, left ventricular volumes, and end-diastolic and end- 
systolic volume (Teichholz formula) were calculated based on parasternal 
short-axis M-mode recordings. Left ventricular filling was assessed by pulsed 
wave Doppler trans-mitral flow velocity tracings, including early and late mi-
tral inflow peak velocity (E and A, respectively), mitral valve deceleration 
time (MV DT), isovolumetric relaxation time (IVRT), non-flow time 
(NFT), aortic ejection time, and isovolumetric contraction time, just above 
the tip of the mitral leaflets, and myocardial perfusion index was calculated. 
Myocardial movements and early and late diastolic mitral annulus peak vel-
ocity (E′ and A′, respectively) were measured by tissue Doppler imaging at 
the lateral mitral annulus. E/A, MV DT, and E/E′ ratios were calculated. At 
least three stable cardiac cycles were averaged for all measurements.

Organ collection
At each time point, lean (n = 7 except at 6 weeks) and obese (n = 7) ZSF1 
rats were anaesthetized by intraperitoneal injection of 50 mg/kg ketamine 
and 5 mg/kg xylazine dissolved in 0.9% NaCl. PDGFBret/+ and PDGF-Bret/ret 

animals (n = 6/8 at 12 weeks, n = 14/14 at 27 weeks, for PDGF-Bret/+ and 
PDGF-Bret/ret, respectively) were anaesthetized by intraperitoneal injection 
of 100 mg/kg ketamine and 10 mg/kg xylazine dissolved in 0.9% NaCl. 
Blood was collected from the abdominal aorta in EDTA, centrifuged for 
10 min at 13 000 rpm, and then plasma was collected and stored at −80° 
C for future analysis. Animals were then perfused with 20 mL phosphate 
buffered saline (PBS) by inserting a butterfly needle in the left ventricle, 
while making a cut in the right atrium. Animals were euthanized by excision 
of the heart, and organs were collected and weighed. Organ weights were 
normalized by tibia length (TL).

Cardiac histology
An approximately 5 mm section of the heart was fixed in 4% paraformalde-
hyde at 4°C for 24 h and embedded in paraffin. Another equally sized sec-
tion was flash frozen in liquid nitrogen. Paraffin-embedded 4 µm sections 
were used for Picro Sirius Red and Laminin A (Sigma Aldrich L9393, 
1/400) stainings. The amount of total and perivascular cardiac fibrosis was 
quantified as the percentage Sirius Red positive area per total and perivas-
cular area, respectively. Interstitial fibrosis (total minus perivascular fibrosis) 
was expressed as percentage of total fibrosis. The largest diameter of the 
fibrotic tissue in the tunica adventitia (perivascular fibrosis thickness) 
around each vessel diameter class was quantified. Cardiomyocyte hyper-
trophy was assessed by calculating the myocyte cross-sectional area based 
on the inner circumference of at least 100 cardiomyocytes per laminin- 
stained section. Frozen cardiac tissue (10 μm) was used for VE-Cadherin 
(R&D, AF1002, 1/50), Ki-67 (Epredia, RB1510P1, 1/50), Isolectin GS-IB4 
(Thermo Fisher, I21411, 1/50), neuron glial antigen 2 (NG2, EMD 
Millipore, Ab5320, 1/100), and alpha smooth muscle actin (α-SMA, 
Sigma-Aldrich, C6198, 1/200). All secondaries were used at a concentration 
of 1/400 and were AlexaFluor conjugated, except for laminin that was horse 
radish peroxidase conjugated and used at a concentration of 1/100. Pericyte 
coverage was determined by counting the number of capillary vessels 
(isolectinB4+) that are covered by NG2+ cells. Capillary vessels are defined 
as vessels smaller than 10 μm in diameter. Twenty-micrometre-thick frozen 
sections were used to evaluate the jaggedness of junctions on a 
VE-Cadherin staining. Three to five images were taken per animal, and all 
individual files were renamed to hide both the genotype and which animal 
they belonged to. These were then evaluated blindly by an independent ob-
server. The VE-Cadherin junctions were scored as either ‘straight’ (score 1) 
or ‘jagged’ (score 3). Then, the median of all images per animal was calcu-
lated. We then counted how many mice were scored 1, 2, or 3. Next, 
chi square was used to calculate the distribution and its significance per 
group. All fluorescent images were taken with a Zeiss 700M confocal micro-
scope. All bright field images were taken on Zeiss Axiovert 200M, equipped 
with AxioCam Mrc5 colour camera. Images were analysed using ImageJ 
(NIH).

Measurement of circulating interleukin levels
Circulating levels of interleukin-1 beta (IL1B) and interleukin 6 (IL6) in plas-
ma of ZSF1 rats were measured using the rat IL1B Quantikine ELISA Kit 
(RLB00) and the rat IL6 Quantikine ELISA Kit (R6000B), respectively. 
Interleukin-1 alpha (IL1A) was determined using the rat IL1A Quantikine 
ELISA Kit (RRA00) but was below the limit of detection and thus not 
reported.

Culturing of pericytes
Immortalized human pericytes from a male donor (Celther, CL 
05008-CLTH) were cultured in DMEM (Thermo Fisher, 41965039) supple-
mented with penicillin/streptomycin and 10% foetal bovine serum (FBS). To 
mimic oxidative stress, pericytes were stimulated with or without 100 µM 
H2O2 with one media change after 12 h (Sigma-Aldrich, H1009).20 Cells 
were collected for RNA or a Ki67 staining to assess proliferation. For the 
Ki67 staining, cells were grown on coverslips, fixed in 4% PFA for 10 min 
and then permeabilized with 0.3% triton X-100 at room temperature 
(RT) for 20 min. Next, cells are washed and blocked in 3% bovine serum 
albumin (BSA) (in PBS) at RT for 1 h. Then, cells are incubated with anti- 
mouse/rat Ki-67 antibody (1/100 dilution in 0.1% BSA) at overnight at 4° 
C on a shaker. Next day, cells are washed, and incubated with anti-rat 
Alexa fluor 568 for 1 h at RT. Then, cells are washed, stained with DAPI, 
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mounted on glass slides, and imaged. Four images per sample were taken, 
and the % proliferation was averaged per sample.

RNA sequencing and data analysis
Pericytes (100 µM H2O2-treated for 24 h with media change every 8 h or 
control cells) were collected for RNA sequencing (RNA-seq). All agents 
were diluted in media supplemented with penicillin/streptomycin and 2% 
FBS. The RNA-seq was performed by the Genomics Core (KU Leuven, 
Belgium). Sequence libraries were prepared with the Lexogen QuantSeq 
3′ mRNA-Seq Library Prep Kit according to the manufacturer's protocol. 
Samples were indexed to allow for multiplexing. Library quality and size 
range were assessed using a Bioanalyzer with the DNA 1000 Kit (both 
Agilent Technologies) according to the manufacturer's recommendations. 
Libraries were diluted to a final concentration of 2 nM and subsequently se-
quenced on an Illumina HiSeq4000 platform. Single-end reads of 50 bp 
length were produced with a minimum of 1 M reads per sample. Quality 
control of raw reads was performed with FastQC v0.11.7. Adapters 
were filtered with ea-utils fastq-mcf v1.05. Splice-aware alignment was ac-
complished using HISAT2 (http://daehwankimlab.github.io/hisat2/) against 
the human reference genome hg38 using the default parameters. Reads 
mapping to multiple loci in the reference genome were discarded. The re-
sulting BAM alignment files were handled with SAMtools v1.5. Reads per 
gene were quantified by HT-seq Count v2.7.14. Count-based differential 
expression analysis was assessed with R-based (The R Foundation for 
Statistical Computing, Austria) Bioconductor package DESeq2. P-values 
were adjusted for multiple testing with the Benjamini–Hochberg proced-
ure, which controls false discovery rate. Differentially expressed genes in 
pericytes exposed to oxidative stress vs. controls (adjusted P < 0.05) 
were presented in heatmaps. Pathway analysis was performed using 
Reactome. The RNA-seq data set can be found in the Gene Expression 
Omnibus repository; accession number GSE251995.

Real-time quantitative polymerase chain 
reaction
RNA was extracted from cells using the Qiagen RNeasy Mini Kit (74104) or 
from heart tissue using the Qiazol Lysis Reagent (79306). RNA was con-
verted into cDNA using M-MLV reverse transcriptase (Promega, M1701). 
Real-time quantitative polymerase chain reaction (qPCR) was performed 
using SYBR Green PCR master mix (Thermo Fisher, 4364344) on an 
Applied Biosystems qPCR device. All primer sequences are listed in 
Supplementary material online, Table S1. Data were normalized to house-
keeping genes RPL13A (human) and RPL32A (rat).

Co-culture of pericytes and endothelial cells
Pericytes (100 µM H2O2 treated for 24 h with one media change after 12 h 
or control cells) were co-cultured with human umbilical vein endothelial 
cells (HUVECs) in transwell inserts (Corning, 353095, 0.4 µm pore size) 
preventing direct cell–cell contact. H2O2-treated (or control) pericytes 
were seeded in the inserts (20 000 cells/insert), and endothelial cells (30  
000 cells/well) were seeded on the bottom of the well. Pericytes and endo-
thelial cells were co-cultured for 2 days, followed by a treatment with hu-
man TNFα (1 ng/mL, Peprotech 300-01A) for 8 h.

Transmission electron microscopy
Samples were fixed in 4% paraformaldehyde and 2.5% glutaraldehyde (both 
from Electron Microscopy Sciences) in 0.1 M sodium cacodylate buffer, and 
after washing in the same buffer, subsequently treated with 1% osmium tet-
roxide (Electron Microscopy Sciences) and 1.5 mM ferrocyanide in 0.1 M 
sodium cacodylate buffer. Then, after washing in 0.1 M cacodylate buffer, 
the samples were stained en bloc with 1% uranyl acetate (SPI Supplies) 
and lead aspartate.21 Finally, the samples were rinsed and dehydrated in a 
graded ethanol series from 30% to 100% after which they were washed 
in propylene oxide and embedded in epoxy resin. Ultrathin sections 
(70 nm) were cut with a Leica ultracut S ultramicrotome and some of 
them post-stained in uranyl acetate and Reynold’s lead citrate. The sections 
were examined, and images were taken with a JEOL JEM1400 transmission 
electron microscope equipped with an 11 Mpxl EMSIS Quemesa camera. 

Ten to thirteen images were taken per animal blindly by an independent 
researcher.

Statistical analysis
Results are presented as mean ± SEM. Statistical analysis was performed 
using GraphPad software V8. ROUT testing was performed, and statistical 
outliers removed were applicable. Data with three groups or more were 
analysed using a two-way analysis of variance (ANOVA) with Sidak’s 
comparison post hoc test. Data with two groups were analysed using a 
two-tailed unpaired Student’s t-test or a Mann–Whitney U test for non- 
parametric testing. Statistical significance for the scores of jaggedness was 
analysed with a Pearson chi-squared test. P-values of <0.05 were consid-
ered statistically significant.

Results
Metabolic risk factors, diastolic 
dysfunction, and cardiac tissue dysfunction 
in the obese ZSF1 rat heart failure with 
preserved ejection fraction model
To characterize the obese ZSF1 rat model, we assessed their metabolic 
risk factors, cardiac function, and cardiac histology at 6, 14, and 21 
weeks of age vs. their lean counterparts. Obese ZSF1 rats had increased 
body weight (Figure 1A) at 6 weeks compared with lean rats. Both lean 
and obese ZSF1 rats displayed hypertension (systolic and diastolic 
blood pressure of >129 and 91 mm Hg, respectively) at all stages 
(Figure 1B; Supplementary material online, Table S2). Hyperglycaemia 
(fasting glucose > 7 mM) was only seen as of 14 weeks in the obese 
ZSF rats (Figure 1C). Cardiac function was assessed using echocardiog-
raphy. Some diastolic parameters changed as early as 14 weeks of age in 
ZSF1 obese rats (i.e. MV DT and IVRT), but many characteristics of dia-
stolic dysfunction were only observed at 21 weeks of age, reflected by 
an increased deceleration time, IVRT, NFT, E′ (mitral annular velocity), 
and reduced E/A ratio [ratio of early passive filling of the left ventricle 
(E), to late active filling (A)] (Figure 1D–H; Supplementary material 
online, Table S2). Systolic function was preserved in lean and obese 
ZSF1 rats at all time points, reflected by a preserved EF (>50%, 
Figure 1I; Supplementary material online, Table S2). In our hands, the 
ZSF1 phenotype at 21 weeks appears to be one of pre-HFpEF. Our 
data agree with a previous timeline by Hamdani et al.14 of HFpEF devel-
opment in this animal model, but not that published by Schauer et al.,16

who indicate earlier development of the cardiac phenotype.
Heart failure with preserved ejection fraction occurs because the 

heart becomes stiffer and larger, a process involving both the extracel-
lular matrix production and cardiomyocyte hypertrophy as a compen-
satory change to increased cardiomyocyte stiffness.22 Both total and 
interstitial fibrosis were similar in lean and obese ZSF1 rats at all time 
points; however, perivascular fibrosis was significantly increased around 
mid-sized (diameter < 76 µm) and larger (76–100 µm) cardiac vessels 
in obese ZSF1 rats at 21 weeks (Figure 1J and K; Supplementary 
material online, Figure S1). Cardiomyocyte cross-sectional area was in-
creased in obese ZSF1 rats at both 14 and 21 weeks (Figure 1L and M), 
with an increase in heart weight (normalized to TL) at 21 weeks 
(Figure 1N).

The microvascular milieu is disrupted 
before diastolic dysfunction develops
We next investigated microvascular changes in relation to the develop-
ment of diastolic dysfunction. We observed a reduction in capillary 
density at the 21-week stage (Figure 2A), when significant diastolic dys-
function is already established in these animals. However, pericyte 
coverage was already decreased at 14 weeks (41% reduction, 
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Figure 1 Metabolic risk factors develop early in obese ZSF1 rats, while many histological and echocardiographic signs of heart failure with preserved 
ejection fraction are not present until 21 weeks of age. Body weight (A; n = 11/group), systolic blood pressure (B, n = 7/group), and fasting glucose levels 
(C; n = 12/group) were analysed to establish when metabolic risk factors for heart failure with preserved ejection fraction develop in the ZSF1 rat mod-
el. E/E′ ratio (D), E/A ratio (E), deceleration time (F ), isovolumetric relaxation time (G), non-flow time (H ), and ejection fraction (I ) were used to es-
tablish when heart failure with preserved ejection fraction could be detected by echocardiography in lean (n = 9) and obese (n = 11) ZSF1 rats. Cardiac 
Sirius Red staining to assess perivascular fibrosis in large (76–100 µm) vessels with representative image at 21 weeks (J and K; n = 7/group). Cardiac 
laminin staining was used to measure cardiomyocyte cross-sectional area with representative image at 14 and 21 weeks (L and M; n = 7/group). 
The heart weight to TL in obese and lean ZSF1 rats was also evaluated as a sign of hypertrophy (N; n = 7/group). Scale bars are 100 μm (K and M ) 
and apply to all images within a panel. Values are presented as mean ± SEM. Significance is assessed by a non-paired two-way ANOVA followed by 
Sidak’s multiple comparisons test with *P < 0.05, **P < 0.01, and ***P < 0.001. A, late mitral inflow peak velocity; E, early mitral inflow peak velocity; 
E′, early diastolic annulus peak velocity; EF, ejection fraction; IVRT, isovolumetric relaxation time; NFT, non-flow time; TL, tibia length.
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Figure 2B and C; Supplementary material online, Figure S2A and B) and 
remained reduced at 21 weeks (35% reduction). Therefore, the peri-
cyte dysfunction preceded the onset of diastolic dysfunction. 
Furthermore, when calculating the average number of capillaries per 
cardiomyocyte, no changes in vascular density were present at any 
time point (Figure 2D).

Since microvascular dysfunction was present from 14 weeks on-
wards, we further studied pericyte and endothelial cell proliferation 
and pericyte morphology at the microvascular niche. Cardiac pericytes 
displayed reduced proliferation in obese ZSF1 rats at both the 14- and 
21-week stages (Figure 3A and B; Supplementary material online, 
Figure S2C); however, cardiac endothelial cells did not show altered pro-
liferation until the 21-week stage (Figure 3A and B). Pericyte morph-
ology in obese ZSF1 rats at the 14-week stage was changed, with the 
remaining pericytes in the obese ZSF1 rat appearing more rounded 
(Figure 3C).

Pericytes form finger-like extensions believed to regulate tone in 
brain capillaries.23 In the ZSF1 lean rats, pericytes had extensions that 
were only slightly smaller than the cell body. The pericytes in ZFS1 ob-
ese rats had either no extension or had a single very thin extension.

Pericyte morphology is important for maintaining capillary structure, 
so we next investigated changes in both capillary diameter and junc-
tional disruption. ZSF1 obese rats at the 14-week stage showed an in-
crease in cardiac capillary luminal diameter compared with lean rats, 
suggestive of capillary dilatation (Figure 3D and E). This was coupled 
with an increase of ‘jagged’ disassembled VE-Cadherin junctions 
(Figure 3F and G) reflecting the junctional changes that occur during 
microvascular remodelling events.24,25 Jagged junctions were present 
at the 14-week stage and sustained at the 21-week stage. To further in-
vestigate this, we used transmission electron microscopy to focus on 
endothelial junctions in the 14-week ZSF1 rats. We saw further evi-
dence of endothelial junctional disruption, observing in the obese 
ZSF1 rats that endothelial junctions were wider at their max point, 
and there was a trend to an increased overall junctional area 
(Figure 3H and I).

Finally, we determined the arteriolar density and vascular smooth 
muscle cell coverage to look for any structural changes to the larger 
vessels. Both cardiac density and average diameter of α-SMA+ vessels 
were similar between lean and obese ZSF1 rats at all the time points 
(see Supplementary material online, Figure S3).

In conclusion, pericyte loss and increased endothelial junctional re-
modelling are early microvascular events in the development of 
HFpEF. This dysfunction is restricted to the capillary vasculature devoid 
of smooth muscle cells, which is consistent with previous reports.26

Pericyte loss leads to diastolic dysfunction
The ZSF1 rat has previously been shown to be a valuable model for 
studying HFpEF,14,15,16 but the multifactorial effects of the metabolic 
syndrome make it difficult to prove causality of pericyte loss in driving 
diastolic dysfunction. Therefore, we switched to a model of pericyte 
loss without external comorbidities. We hypothesized that chronic 
pericyte loss will lead to a recapitulation of some aspects of the ZSF1 
cardiac phenotype. To investigate this, we used mice that carry a muta-
tion within the PDGF-B retention motive (PDGF-Bret/ret), such that 
PDGF-B does not bind the extracellular matrix around endothelial cells 
and can diffuse away.19,27 This results in a reduced pericyte recruitment 
in the capillary wall, leading to a drop in pericyte coverage, previously 
described in the eye and brain.18,19,28 Previous characterizations of 
these animals’ cardiac phenotype are limited, male PDGFBret/ret mice 
have shown eccentric cardiac remodelling in response to increased aor-
tic stiffness,29 but no studies have investigated how chronic pericyte 
loss affects diastolic function. We confirmed PDGF-Bret/ret mice showed 
a reduction in pericyte coverage in the heart microvasculature (see 
Supplementary material online, Figure S4), while showing no change 
in density of larger cardiac α-SMA+ vessels (see Supplementary 
material online, Figure S5A–D).

To understand the development of the cardiac phenotype, both fe-
male and male PDGF-Bret/ret mice were studied at the age of 12 and 27 
weeks (see Supplementary material online, Tables S3 and S4). Female 

Figure 2 Pericyte loss is present in ZSF1 rats before diastolic dysfunction develops. Quantification of vascular density, based on VE-Cadherin staining 
indicates that vascular density is only decreased at the 21-week stage in ZSF1 obese rats as compared with lean ZSF1 rats (A; n = 7/group). Pericyte 
coverage, assessed by NG2+ cells localized to IB4+ capillary-sized vessels, was reduced from the 14-week stage onwards (B and C; n = 7/group). 
Representative images are shown at 14 and 21 weeks. Average number of capillary vessels per cardiomyocyte (CM) was calculated by multiplying 
the capillary density by the average cardiomyocyte size per heart (D; n = 7/group).
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PDGF-Bret/ret mice showed an increased E/E′ at 27 weeks, as well as a sig-
nificant decrease in IVRT while E/A was unchanged and EF was pre-
served (Figure 4A–D). This was accompanied by increased heart 
weight (Figure 4E) and increased immune cell infiltration at 12 weeks, 
the latter being resolved by 27 weeks (Figure 4F). Since pericyte loss 
would be systemic, we investigated whether blood pressure was al-
tered. We found no changes in either systolic or diastolic blood 

pressure levels (see Supplementary material online, Figure S5E–H). In 
contrast to their heart weight, PDGF-Bret/ret mice show only a slight in-
crease in cardiomyocyte cross-sectional area (Figure 4G and H), possibly 
indicating that the increase in heart weight occurred due to oedema. 
Finally, female PDGF-Bret/ret mice displayed increased levels of total car-
diac fibrosis at 27 weeks, implying an increase in cardiac stiffness 
(Figure 4I and J). Female PDGF-Bret/ret mice showed a reduction in 

Figure 3 Fourteen-week-old obese ZSF1 rats show a reduction in pericyte proliferation, altered pericyte morphology, increased capillary luminal 
diameter, and endothelial junctional remodelling. Proliferation of cardiac pericytes and endothelial cells in ZSF1 rat hearts at 14 (top) and 21 (bottom) 
weeks was assessed by Ki67 staining (A; n = 6–7/group) and representative images are shown [B]. Representative transmission electron microscopy 
images of the endothelial cell—pericyte interface in capillaries of ZSF1 rat hearts at 14 weeks (C; n = 3/group). The endothelial cell layer is shown 
in pink, red blood cells in red, orange arrowheads indicate pericyte body, and blue arrowheads indicate pericyte extensions. Capillary diameter was 
measured on isolectinB4+ capillary-sized vessels in ZSF1 rat hearts at 14 weeks (D; n = 6–7/group) and representative images are shown (E; blue arrow-
heads indicate capillary lumen). Endothelial junctional remodelling was assessed by VE-Cadherin staining and blindly scored whether junctions were 
jagged, mixed, or straight at all stages in both lean and obese ZSF1 rats (F and G; n = 3–4/group, grey indicates lean and black indicates obese ZSF1 
rats, and blue arrowheads indicate area of jagged endothelium). Quantification and representative transmission electron microscopy images of the 
endothelial cell junctions in ZSF1 rat hearts at 14 weeks (H and I; n = 3/group; blue arrowheads indicate endothelial junction). Scale bars are 30 µm 
(B, E, and G), 500 nm (C ), and 200 nm (I ) and apply to all images within a panel. Values are presented as mean ± SEM. Significance is assessed by an 
unpaired Student’s t-test (A, D, and H ) or by a Pearson’s chi-squared test (F ) with *P < 0.05, **P < 0.01, and ***P < 0.001. NG2, neural/glial antigen 
2; IsoB4, isolectinB4.
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Figure 4 Twenty-seven-week-old female PDGF-Bret/ret mice show echocardiographic signs of diastolic dysfunction and cardiac fibrosis. Diastolic func-
tion was assessed using E/E′ ratio (A), isovolumetric relaxation time (B), E/A (C ) while normal systolic function is shown with the preserved ejection 
fraction (D). The heart weight to tibia length was evaluated as a sign of hypertrophy (E). Cardiac CD45 staining was used to measure immune cell in-
filtration (F ). Cardiac laminin staining was used to measure cardiomyocyte cross-sectional area (G and H ). Cardiac Sirius Red staining was used to assess 
the presence of total fibrosis (I and J ). Capillary density of PDGF-Bret/ret 12-week- and 27-week-old mice was assessed via isolectinB4 staining (K and M ) 
and also normalized to cardiomyocyte size to give the average number of capillaries per cardiomyocyte (L). Representative images are at 27 weeks. Scale 
bars are 30 μm (H and M ) and 50 µm (J ) and apply to all images within a panel. n = 3 ret/+ and 5 ret/ret at 12 weeks and n = 9 ret/+ and 9 ret/ret at 27 
weeks, for PDGF-Bret/+ and PDGF-Bret/ret, respectively. Values are presented as mean ± SEM. Significance is assessed by a non-paired two-way analysis 
of variance followed by Sidak’s multiple comparisons test with *P < 0.05, **P < 0.01, and ***P < 0.001. CM, cardiomyocyte; E, early mitral inflow peak 
velocity; E′, early diastolic annulus peak velocity; EF, ejection fraction; HW heart weight; IsoB4, isolectinB4; IVRT, isovolumetric relaxation time; PDGF-B, 
platelet-derived growth factor B; TL, tibia length.
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Figure 5 Pericytes exposed to oxidative stress are more inflammatory and make endothelial cells more reactive to inflammatory signals. Human 
pericytes were exposed to oxidative stress (100 µM H2O2) for 24 h. Four replicates per condition were processed for bulk RNA-seq followed by 
Reactome pathway analysis on the differentially expressed genes. Hierarchical clustering and heatmaps of upregulated and downregulated differentially 
expressed genes (2619 differentially expressed genes, adjusted P < 0.05) after oxidative stress (OX) vs. non-oxidative conditions (CTL) (A). The scale 
bar represents the gene expression difference between the maximum and minimum values for each gene by z-score. Graphs represent the top 10 
enriched pathways associated with downregulated (blue) and upregulated (red) genes in oxidative stress-treated pericytes vs. controls (B). Multiple 
cell cycle pathways were overrepresented in genes downregulated by oxidative stress vs. controls, whereas p53-mediated cell cycle arrest, ER stress, 
and interleukins pathways were enriched in oxidative stress-upregulated genes. Pericytes treated with oxidative stress for 24 h show reduced prolif-
eration as assessed by a Ki67 staining (C ). Pericytes treated with oxidative stress for 24 h upregulate the expression of interleukin-1 alpha, interleukin-1                                                                                                                                                                                                  

(continued) 
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capillary density at 12 weeks; however, no difference was observed at 
27 weeks (Figure 4K–M). Furthermore, when average number of capil-
laries per cardiomyocyte was calculated, no difference was observed 
(Figure 4L). Male PDGF-Bret/ret showed a similar phenotype in many as-
pects (i.e. increased heart weight, increased CD45+ immune cell infil-
tration) but had limited characteristics of diastolic dysfunction such 
that they did not show altered E/E′, increased cardiomyocyte hyper-
trophy, or increased fibrosis (see Supplementary material online, 
Figure S6). These data indicate the presence of diastolic dysfunction 
at least in the female mice, with some possible eccentric cardiac remod-
elling. The latter is likely due to a decrease in peripheral resistance with-
out an increase in blood pressure. Though the mice have dysfunction 
during diastole, there are no indications that the heart is failing.

Pericyte dysfunction drives increased 
inflammation in the endothelium
We have shown that a metabolic syndrome-associated model of 
pre-HFpEF is associated with pericyte loss and that pericyte loss alone 
can lead to many aspects of diastolic dysfunction, but how comorbid-
ities affect pericyte function is not known. We therefore exposed 
human pericytes in vitro to oxidative stress (OX; 100 µM H2O2) and 
performed bulk RNA-seq to identify the transcriptional signatures of 
dysfunctional pericytes vs. healthy cells. The gene expression patterns 
between the OX-treated condition and control cells (Figure 5A and B) 
were markedly different but similar between each replicate from the 
same condition. The downregulated genes in OX vs. controls were as-
sociated with multiple cell cycle pathways, whereas p53-mediated cell 
cycle arrest, ER stress, and interleukin pathways were enriched in 
genes upregulated by OX vs. controls (Figure 5A and B). We further 
confirmed that pericyte proliferation was reduced after OX treat-
ment by a Ki67 staining (Figure 5C). This analysis indicates that pericyte 
dysfunction induced by oxidative stress is associated with impaired 
proliferation, confirming our findings that pericytes in vivo are less pro-
liferative (Figure 3A and B).

Microvascular dysfunction leading to chronic inflammation is central 
to the current dogma of how HFpEF develops.2 In the brain, pericytes 
are active neuroinflammatory cells, producing cytokines such as inter-
leukins and chemokines in response to inflammatory signals.30 We, 
therefore, investigated whether the mechanism by which the loss of 
pericytes could induce diastolic dysfunction was by altering immune sig-
nalling in the heart. We assessed cytokine production by the pericytes 
exposed to oxidative stress by qPCR. In agreement with our RNA-seq 
results (Figure 5A), we found upregulations in IL1A, IL1B, IL6, and 
C-X-C motif chemokine ligand 2 (Figure 5D). We next assessed cyto-
kine expression in the hearts of 14- and 21-week-old ZSF1 rats by 
qPCR. We found a trend to an increase in IL6 mRNA expression in 
the obese rats vs. lean but no difference in IL1B expression at 21 weeks 
(Figure 5E). No differences in either were observed at 14 weeks (data 
not shown). Though observed changes in expression were small, this 
represents whole heart RNA and therefore would indicate some cell 

types have higher changes in expression. Looking at the circulating le-
vels of these proteins in the ZSF1 rats, we also found that levels of 
IL6, but not IL1B, are slightly increased in the ZSF1 obese rats at 21 
weeks (Figure 5F), though the difference is not statistically significant.

We then investigated the effect of this upregulation in pericyte cyto-
kine production on endothelial cells. To test this, pericytes were treated 
with oxidative stress for 24 h and then co-cultured with endothelial cells 
using a transwell system where pericytes and endothelial cells do not 
make direct contact (Figure 5G). Pericytes and endothelial cells were co- 
incubated for 2 days before exposure to low levels of TNFα (1 ng/mL for 
8 h) that would normally not induce much inflammation in endothelial 
cells. Accordingly, control pericyte–endothelial co-cultures did not result 
in significant gene upregulation in endothelial cells in response to TNFα 
(Figure 5G). In contrast, endothelial cells co-cultured with OX-treated 
pericytes upregulated IL1A, IL8, CCL2, and CXCL1 (Figure 5G).

Discussion
Here, using the ZSF1 obese rat as a pre-HFpEF model, we report that 
microvascular dysfunction and pericyte loss precede the development 
of diastolic dysfunction. Using the PDGF-Bret/ret mice, a model that allows 
us to study the role of pericytes in the absence of external comorbidities, 
we show that pericyte loss alone leads to some aspects of diastolic dys-
function and can cause most of the histological changes associated with 
left ventricular diastolic dysfunction. Our data support a mechanism 
whereby cardiac pericyte loss is, at least partially, caused by cell cycle ar-
rest and leads to functional impairment of the microvasculature. Pericyte 
dysfunction was associated with adverse endothelial junction remodelling 
and increased capillary luminal diameter. Functionally, we show that peri-
cytes exposed to oxidative stress exhibit an inflammatory profile that 
sensitizes endothelial cells to inflammation. We propose that this triggers 
and/or amplifies the downstream cascades of microvascular dysfunction 
driving myocardial remodelling in HFpEF. Our findings significantly change 
the current understanding of how HFpEF develops, highlighting that 
microvascular endothelial dysfunction, previously proposed to drive 
HFpEF,2 is at least partially the result of comorbidity-induced pericyte 
dysfunction. Pericytes have previously been shown to be vulnerable to 
HFpEF-associated risk factors, including obesity, hyperlipidaemia, hyper-
glycaemia, and type 2 diabetes mellitus, and the associated oxidative 
stress.31,32,33,34,35,36 Altogether, we provide evidence that pericyte dys-
function plays an early and causal role in diastolic dysfunction and should 
no longer be considered as a bystander effect secondary to endothelial 
dysfunction. Rather, we propose that pericytes amplify the chronic in-
flammation that leads to HFpEF development.

Despite being an abundant cell type in the heart,37 little is known 
about the role of pericytes in this organ, though they have been signifi-
cantly studied in the brain,28 kidney,38 and retina.39 During develop-
ment, pericyte loss leads to micro-haemorrhages and oedema in the 
mouse embryo.19 Pericytes also prevent capillary rarefaction in some 
disease states.17 In the kidney, pericyte ablation using a genetic model 

Figure 5 Continued  
beta, interleukin 6, and C-X-C motif chemokine ligand 2 (B, n = 8) (D). Quantitative polymerase chain reaction on the hearts of 21-week-old obese and 
lean ZSF1 rats for interleukin-1 beta and interleukin 6 (E). Detection of circulating levels of interleukin-1 beta and interleukin 6 in plasma of lean and 
obese ZSF1 rats at 21 weeks by ELISA (F ). Oxidative stress-treated and control pericytes were co-cultured with endothelial cells for 2 days and then 
treated with TNFα (1 ng/mL for 8 h) (G). Low TNFα concentration was chosen such that they did not induce inflammation in control conditions. 
Endothelial cells cultured with oxidative stress-treated pericytes upregulated interleukin-1 alpha, interleukin 8, C-C motif chemokine ligand 2, and 
C-X-C motif chemokine ligand 1 (G, n = 8 per condition). Values are presented as mean ± SEM. Significance is assessed by an unpaired Student’s 
t-test (C–F) or a two-way analysis of variance (G) with Sidak’s post hoc test with *P < 0.05, **P < 0.01, and ***P < 0.001. CCL2, C-C motif chemokine 
ligand 2; CXCL1, C-X-C motif chemokine ligand 1; CXCL2, C-X-C motif chemokine ligand 2; EC, endothelial cell; IL1A, interleukin-1 alpha; IL1B, 
interleukin-1 beta; IL6, interleukin 6; IL8, interleukin 8; OX, oxidative stress; PC, pericyte.
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led to a decrease in the density of smaller vessels (diameter < 15 μm).40

Several brain disorders are characterized by pericyte loss, and genetic-
ally induced pericyte deficiency leads to microvascular regression and 
increased blood–brain barrier (BBB) permeability.18 Moreover, peri-
cyte deficiency directly impacts endothelial cell behaviour and function 
with consequences for the BBB integrity.41 There is also growing evi-
dence that pericytes constitute a progenitor pool for other mural/sup-
port cells, the loss of which would hamper the repair of and response to 
comorbidity-induced damage.18

The fact that female PDGF-Bret/ret mice exhibited severe cardiac peri-
cyte loss and diastolic dysfunction associated with cardiomyocyte 
hypertrophy, increased fibrosis and early infiltration of immune cells, 
is novel and important, implicating pericyte dysfunction as an important 
driver of diastolic dysfunction. At the same time, both female and male 
PDGF-Bret/ret mice showed an increase in end-diastolic volume while the 
increase in cardiomyocyte cross-sectional area was less pronounced in 
the males, suggesting eccentric hypertrophy. This can be explained by 
the increase in stroke volume that, in the absence of increased periph-
eral resistance, leads to increased end-diastolic volume and eccentric 
remodelling. The sexual dimorphism in the PDGF-Bret/ret mice is of inter-
est with respect to the human presentation of HFpEF. Indeed, female 
sex is a risk factor for HFpEF, and increased prevalence in post- 
menopausal women is well documented.42 Moreover, female sex has 
been shown to be independently associated with the presence of dia-
stolic dysfunction and worse clinical outcomes in a cohort of elderly pa-
tients with HFpEF.43 Interestingly, a recent study found sex differences 
in the relationship between microvascular dysfunction in the skin and 
HFpEF risk.44 This study found that impaired microvascular responses 
in the skin were associated with a higher risk of HFpEF in women with 
type 2 diabetes but not in men. The PDGF-Bret/ret mice have previously 
been shown to develop kidney failure.19 Patients with chronic kidney 
disease (CKD) are at risk of developing HFpEF.45 Therefore, it is diffi-
cult, in this model, to differentiate between the kidneys causing HF or 
the pericyte defects causing both HF and CKD. This is further high-
lighted by the fact that pericyte dysfunction has been implicated in renal 
fibrosis that leads to CKD.38,46 Pericytes are also important in control-
ling vascular permeability.8 Discrepancies between the cardiomyocyte 
hypertrophy and heart weight in the PDGF-Bret/ret mice hinted that oe-
dema may have been present. Furthermore, the ZSF1 rats showed in-
creased gap width between endothelial cells, which often indicates 
increased permeability. But given that we had not measured oedema 
itself in the ZSF1 rats, we did not pursue this further. We therefore can-
not rule out a significant role for vascular leakage in the development of 
the phenotype. Pericytes are susceptible to oxidative stress47; however, 
previous studies focused on pericyte apoptosis and not pericyte– 
endothelial cell crosstalk. We show for the first time that dysfunctional 
pericytes exposed to oxidative stress can prime endothelial cells to in-
flammatory signals, propagating an inflammatory cascade within the mi-
crovasculature. Of course, our in vitro experiments do not fully capture 
the in vivo situation. In vivo, a portion of pericytes disappears while the 
remaining ones are dysfunctional (i.e. altered morphology), which is dif-
ficult to mimic in vitro. Pericyte loss may be attributed to pericyte de-
tachment and/or apoptosis, though we did not measure this directly 
in vivo. Dying cells are known to release cytokines that can trigger in-
flammation in neighbouring cells, via a mechanism called cell death- 
mediated cytokine release and cytokine-regulated apoptosis-induced 
apoptosis. Nevertheless, this finding elevates pericytes from structural 
cells of the vascular wall to paracrine sensors of the microvascular 
microenvironment and highlights the importance of thinking of the mi-
crovasculature as a complete unit and not just as individual cell types.

In conclusion, we propose that the loss of pericytes contributes 
to HFpEF by accentuating endothelial inflammation. Indeed, we suggest 
a mechanism by which oxidative stress can drive pericyte dysfunction, 
and pericyte loss or dysfunctional pericytes produce cytokines 
that make endothelial cells hypersensitive to inflammatory signals. 

Nitrosative stress created by immune cells has been shown to be essen-
tial for HFpEF development,48 but here, we propose that the pericyte 
loss and dysfunction are sufficient to initiate the inflammatory phenotype. 
To date, the only treatment showing any efficacy against HFpEF is the 
sodium–glucose cotransporter-2 (SGLT2) inhibitors.49 However, the 
SGLT2 inhibitor empagliflozin improves cardiac function and reduces 
hospitalization but does not cure the disease. The fact that pericytes 
are a highly proliferative cell type with a strong turnover rate indicates 
that they may be more easily targeted therapeutically, as compared 
with cardiomyocytes that are terminally differentiated. The fact that peri-
cytes replenish themselves means that the loss should be reversible. 
Interestingly, a recent paper highlighted the possibility of reversing peri-
cyte loss in diabetic mice with retinopathy using inhibitors of soluble 
epoxide hydrolase and such a strategy may also work in the heart.50
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