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Abstract
Chronic kidney disease (CKD) is a major contributor to the development of heart failure with

preserved ejection fraction (HFpEF), whereas the underlying mechanism of cardiorenal

HFpEF is still elusive. The aim of this study was to investigate the role of cardiac fibrosis

in a rat model of cardiorenal HFpEF and explore whether treatment with Telmisartan, an

inhibitor of renin-angiotensin-aldosterone system (RAAS), can ameliorate cardiac fibrosis

and preserve diastolic function in cardiorenal HFpEF. Male rats were subjected to 5/6 sub-

total nephrectomy (SNX) or sham operation (Sham), and rats were allowed fourweeks to

recover and form a stable condition of CKD. Telmisartan or vehicle was then administered p.

o. (8mg/kg/d) for 12weeks. Blood pressure, brain natriuretic peptide (BNP), echocardiog-

raphy, and cardiac magnetic resonance imaging were acquired to evaluate cardiac struc-

tural and functional alterations. Histopathological staining, real-time polymerase chain reac-

tion (PCR) and western blot were performed to evaluate cardiac remodeling. SNX rats showed an HFpEF phenotype with

increased BNP, decreased early to late diastolic transmitral flow velocity (E/A) ratio, increased left ventricular (LV) hypertrophy

and preserved ejection fraction (EF). Pathology revealed increased cardiac fibrosis in cardiorenal HFpEF rats compared with the

Sham group, while chronic treatment with Telmisartan significantly decreased cardiac fibrosis, accompanied by reduced markers

of fibrosis (collagen I and collagen III) and profibrotic cytokines (a-smooth muscle actin, transforming growth factor-b1, and

connective tissue growth factor). In addition, myocardial inflammation was decreased after Telmisartan treatment, which was

in a linear correlation with cardiac fibrosis. Telmisartan also reversed LV hypertrophy and E/A ratio, indicating that Telmisartan can

improve LV remodeling and diastolic function in cardiorenal HFpEF. In conclusion, cardiac fibrosis is central to the pathology of

cardiorenal HFpEF, and RAAS modulation with Telmisartan is capable of alleviating cardiac fibrosis and preserving diastolic

dysfunction in this rat model.
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Introduction
Heart failure (HF) with preserved ejection fraction (HFpEF)
is increasing in prevalence.1 As a clinical disorder that
accounts for nearly half of all HF cases, HFpEF has recently
attracted more and more attention.2,3 With a much more
insidious evolution of HFpEF than that of HF with reduced

ejection fraction (HFrEF), it is recognized that HFpEF is a
multi-organ disease with a huge unmet need in both the
understanding of the pathobiological mechanisms and the
selection of the treatment strategies.4–6 The fundamental
pathogenesis of HFpEF is heterogeneous, which is associ-
ated with different phenotypes including aging and diverse
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concomitant comorbidities such as hypertension, diabetes
and chronic kidney disease (CKD).7–9 In clinical practice,
approximately two-thirds of HF patients have CKD,
making CKD a major contributor to the occurrence and
development of HFpEF,10 which is called cardiorenal
HFpEF. However, the underlying mechanism of cardiore-
nal HFpEF is still elusive and remains to be elucidated.

Cardiac fibrosis is central to the pathology of HF, and
fibrosis is characterized by extracellular matrix (ECM)
expansion and remodeling that is associated with cardiac
stiffness, mechanical impairment, and vasomotor dysfunc-
tion.11 There is a correlation between cardiac fibrosis and
mortality rate in patients with symptomatic HFpEF,12 so
inhibition of cardiac fibrosis may act as a critical measure
to improve cardiac function and adverse outcomes.13

However, due to the complicated heterogeneity in different
phenotypes of HFpEF in clinics, the generic pathophysiol-
ogy of cardiac fibrosis in cardiorenal HFpEF that merely
induced by CKD is poorly understood. Characterization
of cardiac fibrosis in cardiorenal HFpEF is urgently
needed to permit the identification of profibrotic pathways
and anti-fibrotic therapies in CKD-induced HFpEF
phenotype.14

Activation of the renin-angiotensin-aldosterone system
(RAAS) is one of the hemodynamic mechanisms that can
lead to cardiovascular hypertension, fluid retention, and
toxic substance-induced cardiac injury.15 Angiotensin-
converting enzyme inhibitors (ACEIs) and angiotensin II
receptor blockers (ARBs) are common RAAS inhibitors
for HF therapy. Although trials of ACEIs and ARBs have
failed to reduce mortality in patients with HFpEF, and cur-
rently no mature pharmacological therapy can improve the
prognosis of patients with HFpEF, the use of ARBs is con-
sidered to reduce hospitalizations for patients with
HFpEF.5,16,17 Importantly, it has been reported that angio-
tensin II may be associated with comorbidity-driven myo-
cardial inflammation and increased cardiac fibrosis as well
as ECM remodeling in various diseases18,19; however, direct
evidence of the effects of RAAS modulation on cardiac
fibrosis in cardiorenal HFpEF is still lacking.

Thus, the present study aimed to investigate the role of
cardiac fibrosis in a rat model of cardiorenal HFpEF and to
further explore the potential therapeutic implications of
RAAS inhibition with Telmisartan in ameliorating cardiac
fibrosis and preserving diastolic function in this model.

Materials and methods

Rat model of cardiorenal HFpEF and animal protocols

All experimental protocols were approved by the
Institutional Animal Care and Bioethical Committee of
the Medical School of Southeast University (SYXK2015-
0036). Male Sprague-Dawley rats weighing 180–220 g
were maintained on a 12/12 h light–dark cycle with food
and water freely available for oneweek before the experi-
ments were performed. And 5/6 subtotal nephrectomy
(SNX) was performed in rats to induce initial kidney
injury by first resecting the whole right kidney and subse-
quently resecting two-thirds of the left kidney one-week

later.20,21 A group of sham-operated rats was used as con-
trol (Sham, n¼ 20). The surgical procedures were con-
ducted under deep anesthesia administered by isoflurane
inhalation (Keyuan, Shandong, China). After the surgery,
all rats were allowed fourweeks to recover and form a
stable condition of CKD. Then, the SNX rats were randomly
divided into two groups and intragastrically administered
vehicle (Veh), which contained 0.5% methylcellulose
(SNXþVeh, n¼ 20), or Telmisartan (Tel, 8mg/kg/d), a
standard ARB inhibitor for heart failure (SNXþTel,
n¼ 20) for an additional 12weeks. Blood and urine collec-
tions were performed before the initial surgery of resecting
the right kidney as a Baseline value (Baseline, which is one
week before 0 w) and on week 4, 8, 12, and 16 after the
whole SNX surgery (0 w, which is right after the second
surgery of resecting 2/3 of the left kidney) to evaluate renal
function. Echocardiography and blood pressure were mea-
sured at Baseline and week 16. Cardiac magnetic resonance
imaging (MRI) was conducted at week 16. Then, the rats
were euthanized, and renal/cardiac pathological examina-
tion, real-time PCR, and western blot analysis were per-
formed at week 16 (Figure 1).

Renal function, blood pressure, and brain natriuretic
peptide measurement

Blood was acquired from the canthus vein, and 24 h urine
samples were collected from all rats in metabolic cages at
Baseline before the initial surgery and every fourweeks
after the whole surgery. Serum creatinine, blood urea nitro-
gen and 24 h urine protein excretion were separately
detected through blood or urine samples to evaluate renal
function. According to the protocol, systolic blood pressure
and diastolic blood pressure were measured by a noninva-
sive computerized tail-cuff system (MK-2000; Muromachi
Kikai, Tokyo, Japan) in conscious rats at Baseline before the
surgery and at week 16 after the SNX surgery. Additionally,
blood samples were collected at the same time point for the
analysis of brain natriuretic peptide (BNP), and experimen-
tal operations were conducted according to kit instructions
(Tianjin Anoric Biotechnology, Tianjin, China).

Echocardiography, cardiac magnetic resonance
imaging, and function analysis

Trans-thoracic echocardiography was performed with a
Vevo 2100 ultrasound system (Visual Sonics, Toronto,
Ontario). Both M-mode and two-dimensional short- and
long-axis images of the left ventricle were obtained at
Baseline before the surgery and at week 16 after the SNX
surgery. Parameters of interventricular septal thickness at
end-diastole (IVSd), interventricular septal thickness at
end-systole (IVSs), left ventricular (LV) posterior wall thick-
ness at end-diastole (LVPWd), LV posterior wall thickness
at end-systole (LVPWs), LVend-diastolic volume (LVEDV),
LV end-systolic volume (LVESV), EF, and early to late dia-
stolic transmitral flow velocity (E/A) ratio were measured.
In vivo cardiac MRI was performed in a 7.0 T MR Scanner
(Bruker Pharma Scan MRI, Ettlingen, Germany) with respi-
ratory and electrocardiograph double-gated at week 16.
Cine images were obtained with a black-blood T1W-Cine
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FLASH sequence in the axial direction spanning the entire
heart in the three groups (Supplementary Movies I–III). A
software analysis package (Matlab Analysis, version 6) was
used to depict the endocardial and epicardial contours of
each slice to produce the myocardial volume–time curve of
a cardiac cycle (Supplementary Figure I), and the IVSd,
IVSs, LVEDV, LVESV, and EF were derived and measured
(Supplementary Table I). A detailed description is provided
in the Data Supplement.

Histopathology, real-time PCR, and western blot

After euthanasia, organs of the kidney, heart, liver, lung,
and spleen were collected. The tissue sections of the
kidney were stained with Masson trichrome for fibrosis
and CD68 for macrophages. The tissue sections of the
heart were acquired and stained with hematoxylin &
eosin (H&E) and Masson trichrome, followed by immuno-
histochemistry staining with antibodies against a-smooth
muscle actin (a-SMA), transforming growth factor (TGF)-
b1, connective tissue growth factor (CTGF), and CD68
(Abcam, Cambridge, UK). The fresh cardiac tissues were
also acquired for quantitative real-time PCR analysis and
western blot analysis of collagen I, collagen III, a-SMA,
TGF-b1, and CTGF (Abcam, Cambridge, UK). The expres-
sion level of each gene was normalized with GAPDH as an
endogenous control, and the signal intensity of the protein
levels were normalized to b-actin as an endogenous control.
The results were quantified with Image J 1.5 software (NIH,
Bethesda, MD, USA). A detailed description is provided in
the Data Supplement.

Statistical analysis

The values are reported as the mean� standard deviation
(SD). Statistical comparisons between three groups were

performed using a one-way analysis of variance. Post hoc
analysis with appropriate Bonferroni correction was made.
Paired t test was used to compare two groups (the values of
Baseline and week 16 in the Sham group). The correlation
analysis was performed using Pearson correlation coeffi-
cient. Two-sided testing was used. All statistical tests
were performed using SPSS software (version 20; SPSS,
Chicago, IL), and probability values less than 0.05 were
considered significant.

Results

HFpEF phenotype of the subtotal nephrectomy rat
model

After the SNX surgery, rats exhibited gradually increased
serum creatinine (P< 0.001; Figure 2(a)), blood urea nitro-
gen (P< 0.001; Figure 2(b)), and 24 h urine protein excretion
(P< 0.001; Figure 2(c)) with a trend towards a further
increase from week 4 to 16 compared with the Sham
group, suggesting chronic renal insufficiency after the
SNX surgery. Significantly higher percentage of renal mac-
rophages area (P< 0.001; Figure 2(d)) and fibrosis area
(P< 0.001; Figure 2(e)) were observed in the SNXþVeh
group at week 16 compared with the Sham group. In addi-
tion, compared with the Sham group at week 16 after the
surgery, the SNXþVeh rats at week 16 showed significantly
higher systolic blood pressure (P< 0.001; Figure 3(a)), dia-
stolic blood pressure (P< 0.001; Figure 3(b)), increased BNP
levels (P< 0.001; Figure 3(c)), and decreased E/A ratio
(P< 0.001; Figure 3(d) and (e)) as well as preserved ejection
fraction (P¼NS; Figure 3(f)). No significant differences
were observed between the values of Baseline and week
16 in the Sham group (P¼NS; Figure 3), demonstrating
that within 16weeks, the changes of the blood pressure,
BNP, E/A ratio, and EF did not reach statistical differences

Figure 1. Flowchart of timeline and number of rats used in each group in applied study design. 5/6 subtotal nephrectomy (SNX) was performed in rats to induce initial

kidney injury by first resecting the whole right kidney and subsequently resecting two-thirds of the left kidney one week later (0 w, which is right after the whole surgery).

A group of sham-operated rats was used as control (Sham). After the surgery, all rats were allowed fourweeks to recover and form a stable condition of chronic kidney

disease. Then, the SNX rats were randomly divided into two groups and intragastrically administered vehicle (SNXþVeh), or Telmisartan (SNXþTel) for an additional

12weeks. Blood and urine collections were performed at Baseline (before the initial surgery, which is one week before 0 w) and on week 4, 8, 12, and 16 after the whole

surgery to evaluate renal function. Echocardiography and blood pressure were measured at Baseline before the initial surgery and at week 16 after the whole SNX

surgery. Cardiac MRI was conducted at week 16. Then, the rats were euthanized, and renal/cardiac pathological examination, real-time PCR, and western blot

analysis were performed at week 16.
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in the Sham group. Detailed data of echocardiography and
cardiac MRI were provided in Supplementary Table I. The
existence of decreased diastolic function and preserved sys-
tolic function confirmed the typical signs and symptoms of
cardiorenal HFpEF phenotype, in accordance with previ-
ous studies as reported by Primessnig et al.22,23

Alleviated renal injury after treatment with Telmisartan

Compared with the SNXþVeh group, serum creatinine
(P< 0.01; Figure 2(a)), blood urea nitrogen (P< 0.05;
Figure 2(b)), and 24 h urine protein excretion (P< 0.05;
Figure 2(c)) were significantly reduced from week 8 to
week 16. Additionally, significantly decreased percentage
of renal macrophages area (P< 0.001; Figure 2(d)) and
fibrosis area (P< 0.001; Figure 2(e)) were detected in the
SNXþTel group at week 16. These data indicated that
renal failure and injury were improved after long-term
treatment with Telmisartan.

Effects of chronic treatment with Telmisartan on
cardiorenal HFpEF phenotype and diastolic function

Compared with the vehicle-treated SNX rats, the systolic
blood pressure (P< 0.001; Figure 3(a)) and diastolic blood
pressure (P¼ 0.03; Figure 3(b)) were significantly reduced
at week 16 after Telmisartan administration. Also, the BNP
values in the SNXþTel group significantly decreased

compared with the SNXþVeh group (P¼ 0.0015; Figure 3
(c)) at week 16. The E/A ratio was significantly increased
after chronic Telmisartan treatment (P¼ 0.0011; Figure 3(d)
and (e)) at week 16, demonstrating a reversed diastolic
function after treatment. Furthermore, no significant differ-
ences of the ejection fraction (P¼NS; Figure 3(f)) weremea-
sured. The features of the HFpEF phenotype following
CKD were evidenced by improved diastolic function with
no changes of systolic function, and the above results dem-
onstrated that chronic treatment with Telmisartan amelio-
rated cardiac outcome and diastolic dysfunction in
cardiorenal HFpEF.

Left ventricular hypertrophy in cardiorenal HFpEF and
reversed hypertrophy after treatment with Telmisartan

Cardiac MRI showed significantly increased IVSd and IVSs
as well as decreased LVEDV and LVESV in the SNXþVeh
group than the Sham group (P< 0.001), which were
improved after chronic treatment with Telmisartan
(P< 0.01; Figure 4(a) to (c)). Echocardiography exhibited
significantly increased IVSd, IVSs, LVPWd, and LVPWs
as well as decreased LVEDV and LVESV in the SNXþVeh
group compared with the Sham group (P< 0.001) and the
Telmisartan-treated group (P< 0.05; Supplementary Figure
II(a) to (g)). Pathological examination of the LV H&E stain-
ing displayed significantly greater myocyte cross-sectional
diameter in the SNXþVeh group than the Sham group

Figure 2. Chronic renal injury in cardiorenal HFpEF and alleviated renal injury after treatment with Telmisartan. The mean�SD of serum creatinine (a), blood urea

nitrogen (b), and 24 h urine protein excretion (c) from Baseline to week 16. (d) Histopathological staining with anti-CD68 and calculated percentages of macrophages in

renal sections. (e) Masson staining and calculated percentages of fibrosis in renal sections. Scale bar in (e), 100 lm. *P< 0.05, **P< 0.01, ***P< 0.001 for SNXþVeh vs.

Sham; #P< 0.05, ##P< 0.01, ###P< 0.001 for SNXþVeh vs. SNXþTel. Masson indicates Masson trichrome. (A color version of this figure is available in the online

journal.)
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(P< 0.001) and Telmisartan-treated group (P¼ 0.002;
Figure 4(d)). Chronic treatment with Telmisartan also
showed significantly reduced LV mass than the SNXþVeh
group (P¼ 0.034; Figure 4(e)). All these results demonstrat-
ed increased LV hypertrophy in the SNXþVeh group than
the Sham group, and long-term treatment with Telmisartan
could reversed LV hypertrophy in cardiorenal HFpEF rats
(Figure 4; Supplementary Figure II and Supplementary
Table I).

Characterization of cardiac fibrosis in cardiorenal
HFpEF and reduced cardiac fibrosis, collagen I/III and
profibrotic cytokines after treatment with Telmisartan

Significantly increased cardiac fibrosis was observed in the
SNXþVeh group compared with the Sham group at week
16 by Masson trichrome staining (P< 0.001), whereas
chronic treatment with Telmisartan significantly reduced
cardiac fibrosis compared with the SNXþVeh rats
(P¼ 0.0017; Figure 5(a) and (b)). Quantitative real-time
PCR (Figure 5(c)) and western blot (Figure 5(d)) showed
significantly increased protein expression of collagen I
and collagen III in the SNXþVeh group compared with
the Sham group and Telmisartan-treated group (P< 0.05).
Within the same tissues of LV, positive staining for

profibrotic cytokines of a-SMA, TGF-b1, and CTGF were
markedly increased in the SNXþVeh group compared
with the Sham group and SNXþTel group (Figure 6(a)).
Quantitative analysis of real-time PCR (Figure 6(b)) and
western blot (Figure 6(c)) showed significantly increased
protein expression of a-SMA, TGF-b1, and CTGF in the
SNXþVeh group compared with the Sham rats (P< 0.05),
whereas chronic treatment with Telmisartan significantly
decreased these protein expressions (P< 0.05). The above
data indicated that cardiac fibrosis and its markers (colla-
gen I, collagen III, and profibrotic cytokines) were promi-
nent in the pathology of cardiorenal HFpEF and implicated
decreased cardiac fibrosis as a possible contributing factor
to the beneficial effects of long-term Telmisartan treatment.

Reduced cardiac inflammation after treatment with
Telmisartan and the correlation between cardiac
inflammation and fibrosis in cardiorenal HFpEF

The number of inflammatory cells in H&E staining
(Figure 7(a)) andmacrophages in CD68 immunohistochem-
ical staining (Figure 7(b)) were higher in the SNXþVeh
group than the Sham group and Telmisartan-treated
group at week 16. Quantitative analysis revealed signifi-
cantly increased percentage of macrophage-positive area

Figure 3. Cardiac function assessment in rats with cardiorenal HFpEF and effects of chronic treatment with Telmisartan on cardiorenal HFpEF phenotype. The

mean�SD of systolic blood pressure (a), diastolic blood pressure (b), and BNP (c) at Baseline and at week 16 after the surgery. The E/A ratio in echocardiography at

week 16 (d) and the quantified mean�SD of E/A ratio (e), and ejection fraction (f) at Baseline and at week 16 after the surgery. BNP indicates brain natriuretic peptide;

E/A: early to late diastolic transmitral flow velocity. (A color version of this figure is available in the online journal.)
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in the myocardium (P< 0.001), which was markedly
reduced after chronic Telmisartan treatment (P¼ 0.009;
Figure 7(c)). Intriguingly, the fibrotic area (Masson) was
in close proximity with the macrophage-positive area
(CD68) in consecutive slices (Figure 7(d)), and there was a
linear correlation between the percentage of macrophage-
positive area and the fibrosis area (R2¼ 0.68; P< 0.001;
Figure 7(e)), suggesting that inflammatory macrophages
were associated with accumulated fibrosis in cardiorenal
HFpEF. Furthermore, we also did immunohistochemical
staining of CD68 positive macrophages and a-SMA positive
myofibroblasts in consecutive slices (Figure 8), and
observed that although they existed in the same clusters
of cells of the myocardium, they did not overlap, indicating
that perhaps the accumulation of macrophages in the myo-
cardium contributed to the recruitment of myofibroblasts.
In addition, CD68 immunohistochemical staining and

Masson trichrome staining of the kidney, heart, lung,
liver, and spleen showed increased macrophages and fibro-
sis in all these organs in the SNXþVeh group than the Sham
group at week 16, which were more prominent in the
kidney and heart (Supplementary Figure II), indicating
that there may be a systemic proinflammatory state that
potentially led to tissue fibrosis in the rat model of cardi-
orenal HFpEF, especially the cardiac inflammatory–fibrosis
alterations and ECM remodeling.

Discussion

In the present study, we demonstrated that cardiorenal
HFpEF is associated with increased cardiac fibrosis, and
RAAS modulation with Telmisartan could ameliorate car-
diac fibrosis and improve diastolic dysfunction in cardiore-
nal HFpEF.

Figure 4. Left ventricular hypertrophy measurement by cardiac MRI and histology. (a) Cardiac Cine MRI of the same slice of the heart at end-diastole (top row) and

end-systole (bottom row) of the three groups at week 16 and (b) the mean�SD of IVSd and IVSs as well as (c) the mean�SD of LVEDV and LVESV at week 16 after the

surgery. (d) Cardiac H&E staining of myocytes in cross-section at week 16 and the calculated mean�SD of myocyte cross-sectional diameter. (e) The mean�SD of

LV mass at week 16. Scale bar in (a), 2.5mm. Scale bar in (d), 50 lm. MRI indicates magnetic resonance imaging; IVSd: interventricular septal thickness at end-

diastole; IVSs: interventricular septal thickness at end-systole; LVEDV: left ventricular end-diastolic volume; LVESV: left ventricular end-systolic volume; H&E:

hematoxylin & eosin; LV: left ventricular. (A color version of this figure is available in the online journal.)
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Epidemiological data have shown that the five-year sur-
vival rate of HFpEF is only 35%, whereas efficient therapies
to improve the outcome of HFpEF remain challenging.4,5,24

At present, HFpEF is still an ill-defined clinical entity and
the categorization in association with its own pathophysi-
ological phenotype is poorly understood.25–27 As a systemic
disorder, CKD has been proven to be associated indepen-
dently with cardiac dysfunction, and CKD-associated mor-
tality was even higher in HFpEF than in HFrEF.10,28,29 This
phenotype of HFpEF is now called cardiorenal HFpEF,
which owns the features of clinical HFpEF syndrome.
Nevertheless, studies on cardiorenal HFpEF caused by
chronic renal dysfunction is far from sufficient, making it
a key defect in choosing the right treatment for the right
patient. As CKD is a main driver of HFpEF, we hereby
performed a rat model of 5/6 SNX with a cardiorenal
HFpEF phenotype. Impaired diastolic function (E/A
ratio), elevated BNP, and cardiac hypertrophy were inves-
tigated, while the systolic function (EF) of heart was main-
tained in this rat model, which were in consistent with
previous studies and the diagnostic criteria for
HFpEF.16,22,23,30

Cardiac fibrosis may play an essential role in the devel-
opment of HFpEF.31,32 Currently, data are emerging to sup-
port the hypothesis that biomarkers of cardiac fibrosis can
be predictive of clinical hospitalization and mortality and
may provide incremental prognostic value over BNP in
patients with HF,33 and diagnostic emphasis of HFpEF
should be redirected to enhanced inflammation and inter-
stitial fibrosis so as to halt and perhaps reverse patholo-
gy.8,34 Nonetheless, the explicit pathogenesis, particularly
the contribution of cardiac fibrosis in cardiorenal-
associated HFpEF, is yet to be conclusively proven. To eval-
uate the role of cardiac fibrosis in cardiorenal HFpEF, we
investigated cardiac fibrosis in CKD-induced HFpEF and
observed that the percentage of fibrosis area, markers of
fibrosis (collagen I, collagen III), and profibrotic cytokines
(a-SMA, TGF-b1 and CTGF) were all increased in cardiac
tissues in the vehicle-treated HFpEF group than the Sham-
operated rats. Exacerbated LV hypertrophy and diastolic
dysfunction were also observed in cardiorenal HFpEF
rats than the Sham animals by using echocardiography
and cardiac MRI. Considering that excess collagen deposi-
tion and ECM remodeling may lead to LV hypertrophy and

Figure 5. Characterization of cardiac fibrosis in cardiorenal HFpEF and reduced cardiac fibrosis and collagen deposition after treatment with Telmisartan. (a) Masson

staining and (b) the calculated mean�SD of percentage of cardiac fibrosis at week 16. (c) Real-time PCR and (d) western blotting of collagen I and collagen III in heart

tissues at week 16 and the calculated mean�SD of protein/b-actin ratios of collagen I and collagen III. Scale bar in (a), 100 lm. *P< 0.05, **P< 0.01, ***P< 0.001 for

SNXþVeh vs. Sham; #P< 0.05, ##P< 0.01, ###P< 0.001 for SNXþVeh vs. SNXþTel. (A color version of this figure is available in the online journal.)
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stiffening, cardiac fibrosis might promote decreased myo-
cardial compliance and diastolic dysfunction in cardiorenal
HFpEF. It is recognized that fibrosis is a common conse-
quence of inflammatory response in organ injury31; thus,
we still investigated cardiac inflammation and observed
massive inflammatory cells and macrophages infiltrating
the myocardium in the vehicle-treated HFpEF group, and
the percentage of macrophage-positive area was correlated
with the percentage of fibrosis area in the heart. The CD68
staining of various organs (kidney, heart, lung, liver, and
spleen) revealed a wide distribution but different amounts
of macrophages in these organs, suggesting that there is a
systemic inflammatory state in cardiorenal HFpEF that
potentially contribute to the development of cardiac fibro-
sis.35,36 Recent studies revealed that myocardial inflamma-
tion can trigger expression of TGF-b and stimulates
myofibroblasts to deposit collagen, acting as a key driver
of cardiac fibrosis and LV remodeling in HFpEF.37,38 These
insights may support a reset of therapeutic targets by mod-
ulating the inflammatory–fibrosis response in cardiorenal
HFpEF.4

ACEIs and ARBs are common RAAS inhibitors in treat-
ing HF in clinics, predominantly systolic hypertension.17

Meta-analysis revealed that RAAS inhibitors can improve
the prognosis of patients with HFrEF, but cannot improve
outcomes of patients with HFpEF, perhaps due to the com-
plexity of multiple complications in clinical practice such as
worsened renal function.39 Although RAAS inhibitors can

usually cause a decline of renal function in HFpEF patients,
this decline is often small and will not lead to treatment
interruption.16 Since the therapeutic benefits of RAAS
inhibitors may be largely maintained in patients with car-
diorenal HFpEF, the underling pharmacological mecha-
nisms of RAAS inhibitors in associated with the elusive
pathogenesis of cardiorenal HFpEF require in-depth
research. Here, the therapeutic implications of
Telmisartan were investigated in cardiorenal HFpEF that
merely induced by CKD. Long-term treatment with
Telmisartan ameliorated cardiac fibrosis, collagen I, colla-
gen III, profibrotic cytokines, and inflammation as well as
reversed cardiac hypertrophy in HFpEF rats, demonstrat-
ing that chronic Telmisartan administration may play a key
role in the regulation of fibrotic remodeling and structural
alterations in cardiorenal HFpEF. Moreover, alleviated dia-
stolic dysfunction was shown in this model, suggesting an
effect of Telmisartan in reversing cardiac functional alter-
ations, which might possibly by blocking the activation of
profibrotic cytokines and myofibroblasts as well as pre-
venting the deposition of collagen in cardiorenal HFpEF.
Altogether, the current study employed Telmisartan to
verify the therapeutic effects of RAAS modulation in car-
diorenal HFpEF and demonstrated that Telmisartan may
exert an intriguing therapeutic implication through the
inhibition of inflammatory–fibrosis process, which might
be a promising therapeutic strategy for cardiorenal
HFpEF in clinical practice.

Figure 6. Characterization of cardiac profibrotic cytokines expression in cardiorenal HFpEF. (a) Immunohistochemical staining of a-SMA, TGF-b1, and CTGF at week

16. (b) Real-time PCR and (c) western blot of a-SMA, TGF-b1, and CTGF in heart tissues and the calculated mean�SD of protein/b-actin ratios. Scale bar in (a),

100 lm. *P< 0.05, **P< 0.01, ***P< 0.001 for SNXþVeh vs. Sham; #P< 0.05, ##P< 0.01, ###P< 0.001 for SNXþVeh vs. SNXþTel. (A color version of this figure is

available in the online journal.)
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Our study had several limitations. Firstly, we did not
determine a combined effect of hypertension and excessive
fibrosis in deteriorating cardiac structural and functional
alterations in cardiorenal HFpEF, and the initial step of
CKD-induced inflammatory–fibrosis process remains

unknown in the current study. It is possible that other initial
activation mechanisms might have contributed to heart
dysfunction in cardiorenal HFpEF. In addition, we did
not use variables other than E/A ratio for identifying dia-
stolic dysfunction. Several other recommended variables

Figure 7. Reduced cardiac inflammation after treatment with Telmisartan and correlation analysis of cardiac inflammation and fibrosis. (a) Cardiac H&E staining and

(b) CD68 immunohistochemical staining at week 16 and (c) the calculated mean�SD of percentage of cardiac macrophages at week 16. (d) Cardiac inflammatory cells

(H&E, left), macrophages (CD68, middle), and fibrosis (Masson, right) in adjacent cardiac slices and (e) the quantitative correlation analysis between percentage of

macrophages area and percentage of fibrosis area (R2¼ 0.68; P<0.001). Scale bar in (b) and (d), 100 lm. H&E indicates hematoxylin & eosin; Masson: Masson

trichrome. (A color version of this figure is available in the online journal.)

Figure 8. Immunohistological staining of macrophages and myofibroblasts in adjacent cardiac slices. Cardiac tissues of the SNXþVeh rats at week 16 were stained

sequentially with anti-CD68 and a-SMA in adjacent slices. Although CD68-positive macrophages and a-SMA-positive myofibroblasts coexisted in the same clusters,

they did not overlap. Scale bar, 100 lm. (A color version of this figure is available in the online journal.)
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such as early filling (E) and early diastolic mitral annular
velocity (e0) ratio (E/e0 ratio) and IVRT can also be used to
evaluate diastolic dysfunction, but different variables have
different disadvantages, and the E/A ratio is a feasible and
reproducible clinical variable to provide diagnostic infor-
mation of diastolic dysfunction. Finally, we cannot deny
that the modulation of RAAS may induce other hemody-
namic or histopathological alterations in addition to the
regulation of fibrosis and inflammation.

In conclusion, the present study demonstrated that car-
diac fibrosis may play a central role in the pathology of
cardiorenal HFpEF by using a rat model of CKD-induced
HFpEF phenotype. In addition, the modulation of RAAS
with Telmisartan was capable of alleviating LV remodeling
and diastolic dysfunction possibly via the inhibition of car-
diac inflammatory–fibrosis process in the development of
cardiorenal HFpEF.
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