
                                    European Journal of Histochemistry 2022; volume 66:3563

Combination of tolvaptan and valsartan improves cardiac and renal functions 
in doxorubicin-induced heart failure in mice
Fengqin Yan, Hong Zhu, Yingxia He, Qinqin Wu, Xiaoyu Duan
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Heart failure (HF) is often complicated by renal dysfunction. Tolvaptan and valsartan are two well-known
agents for the treatment of HF. However, the role of tolvaptan/valsartan combination on HF with renal dysfunc-
tion remains unclear. To establish a mice model with HF with renal dysfunction, mice were intraperitoneally
injected with doxorubicin (Dox). Echocardiogram was applied to assess the left ventricular function.
Additionally, serum aldosterone (ALD) and angiotensin II (Ang II) level in mice were determined by ELISA.
Meanwhile, Western blot assay was used to evaluate the expressions of B cell lymphoma-2 (Bcl-2), Bcl-2 asso-
ciated X (Bax) and cleaved caspase 3 in the heart and kidney tissues of mice. In this study, we found that com-
pared to tolvaptan or valsartan alone treatment group, tolvaptan/valsartan combination obviously improved the
left ventricular ejection fraction (LVEF) and the left ventricular fractional shortening (LVFS), and reduced
serum ALD and Ang II level in Dox-treated mice. Additionally, tolvaptan/valsartan combination significantly
prevented the inflammation and fibrosis of heart and kidney tissues in Dox-treated mice. Meanwhile, tolvap-
tan/valsartan combination notably inhibited the myocardial and renal cell apoptosis in Dox-treated mice via
upregulation of Bcl-2 and downregulation of Bax and cleaved caspase 3, compared to the single drug treatment.
Collectively, tolvaptan/valsartan combination could improve cardiac and renal functions, as well as prevent the
fibrosis, inflammation and apoptosis of heart and kidney tissues in Dox-treated mice. Taken together, combin-
ing tolvaptan with valsartan might be a promising approach to achieve enhanced therapeutic effect for treatment
of HF with renal dysfunction.
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Introduction
Heart failure (HF) is a heterogeneous clinical syndrome with a

high risk of morbidity and mortality.1,2 It is caused by the abnor-
malities in cardiac structure or function.3 In addition, myocardial
infarction, myocarditis, cardiomyopathy, etc. can impair cardiac
function, leading to HF.4-7 Unfortunately, HF is often complicated
by renal dysfunction.8 Evidence have shown that more that 40% of
patients with HF have chronic kidney disease (CKD).9,10 It has
been shown that HF lead to a decrease in cardiac output, resulting
in activation of renin-angiotensin-aldosterone system (RAAS).11

Angiotensin II (Ang II) is the principal effector of RAAS, which
could lead to salt and water retention via mediating aldosterone
(ALD) production.12-14 Moreover, HF also caused the increased
secretion of arginine-vasopressin (AVP), resulting in salt and water
retention and left ventricular remodeling.15 Collectively, HF could
cause renal retention of salt and water, which in return exacerbates
the symptoms of HF.16 Therefore, blocking RAAS system or AVP
secretion are the promising choices for the treatment of HF.17

Tolvaptan is an orally selective vasopressin V2 receptor antag-
onist.18,19 It has been shown that tolvaptan is an aquaretic agents,
which could promote water excretion while retaining spontaneous-
ly the sodium.20 Clinically, tolvaptan has unique curative effect in
treating HF and CKD.21,22 Valsartan, an angiotensin-receptor
blocker, could prevent HF and attenuate CKD via blocking RAAS
system.23-26 Meanwhile, valsartan has been widely used in clinical
practice to treat patients with HF.27-29 Sacubitril/valsartan effective-
ly improved cardiac function and echocardiographic parameters in
patients with HF.30 Li et al. found that combination of valsartan
and perifosine effectively prevented mouse heart failure compared
to single treatment.3. However, the role of tolvaptan/valsartan com-
bination treatment on HF with renal dysfunction is still not studied.
Therefore, we aimed to explore the effect of tolvaptan/valsartan
combination on cardiac and renal structure and function in Dox-
induced HF in mice.

Materials and Methods

Experimental animals and grouping
A total of 25 C57BL/6J mice (SPF grade) were purchased from

Charles River Laboratories (Wilmington, MA, USA). The animal
experimental protocols were approved by the Animal
Experimental Committee of The Central Hospital of Wuhan,
Tongji Medical College, Huazhong University of Science and
Technology, and performed according to the ARRIVE guidelines
(Animal Research: Reporting of In Vivo Experiments). Animals
were randomized into 5 groups: control, model, model + tolvaptan,
model + valsartan and model + tolvaptan + valsartan groups. To
establish a mice model of HF with renal dysfunction, mice in the
model groups were intraperitoneally injected with doxorubicin (5
mg/kg; Selleck Chemicals, Houston, TX, USA) once a week for 4
weeks, as previously described.32 Meanwhile, mice in the tolvaptan
or/and valsartan treatment groups were treated with tolvaptan (15
mg/kg/d, orally; Zhejiang Otsuka Pharmaceutical, Lingan, China),
valsartan (40 mg/kg/d, orally; Tuoping, Tianda Pharmaceutical,
Hong Kong, China) or tolvaptan (15 mg/kg/d) and valsartan (40
mg/kg/d) for 4 weeks. All mice were subjected to echocardiogra-
phy after 4 weeks of treatment.

Assessment of cardiac functions
The Mylab X5 Vet Ultrasound imaging system (Esaote China

Ltd., Hong Kong, China) was used to evaluate the cardiac func-

tions of mice. Left ventricular end-systolic diameter (LVESD), left
ventricular end-diastolic diameter (LVEDD), LVEF and LVFS
were measured by echocardiography (left ventricular long axis).
Evidence have shown that the LV long axis index could detect the
LV diastolic dysfunction and is an important prognosticator in
patients with HF.33,34

ELISA 
Animals were sacrificed on days 28, and the serum, heart and

kidney tissues were collected. The ALD, Ang II, IL-6, and TNF-a
level in serum samples were assessed using the ALD ELISA Kit
(catalog n. ab136933, Abcam, Cambridge, UK), mouse Ang II
ELISA Kit (catalog n. ELK1401, ELK Biotechnology, Wuhan,
China), mouse IL-6 ELISA Kit (catalog n. ELK1157, ELK
Biotechnology) and mouse TNF-a ELISA Kit (catalog n.
ELK1387, ELK Biotechnology). 

RT-qPCR assay
Total RNA was extracted from heart and kidney tissues using

the TRIpure Total RNA Extraction Reagent (catalog n. EP013,
ELK Biotechnology). Next, total RNA was transcribed into cDNA
using M-MLV Reverse Transcriptase (catalog n. EQ002, ELK
Biotechnology). After that, to detect the IL-6 and TNF-a level in
heart and kidney tissues, qPCR was carried out using the QuFast
SYBR Green PCR Master Mix Kit (catalog n. EQ001, ELK
Biotechnology). β-actin was used as an endogenous control for
normalizing the IL-6 and TNF-a level. IL-6 forward, 5’-TTGC-
CTTCTTGGGACTGATG-3’ and reverse, 5’-TCATTTCCAC-
GATTTCCCAG-3’; TNF-a forward, 5’- CAGCCTCTTCT-
CATTCCTGCT-3’ and reverse, 5’- GGGTCTGGGCCATA-
GAACTG-3’; β-actin forward, 5’- CTGAGAGGGAAATCGT-
GCGT-3’ and reverse, 5’- CCACAGGATTCCATACCCAAGA-3’.

Histology analysis
The heart and kidney tissues were placed into 4%

paraformaldehyde for 24 h. After that, the samples were embedded
in paraffin, and sliced into 3 μm sections. Next, hematoxylin and
eosin (HE), and Masson’s trichrome staining was performed to
observe the pathological changes and collagen deposition in heart
and kidney tissues respectively. An Olympus microscope (objec-
tive: 20x; CX31; Tokyo, Japan) was used to photograph histologi-
cal images. Masson’s trichrome staining was used for assessing
kidney fibrosis and the Image-Pro Plus (IPP) software was used for
assessing the degree of kidney fibrosis within 3 random fields.

TUNEL staining assay
The heart and kidney samples were embedded in paraffin and

sliced into 3 μm sections. Next, the sections were incubated with
the TUNEL reaction solution (catalog n. 11684817910, Roche,
Basel, Switzerland) for 1.5 h in darkness. Later on, the nuclear was
stained with DAPI (10 μg/mL; D8417-1MG, Sigma-Aldrich, St.
Louis, MI, USA) for 30 min in the dark. Subsequently, a fluores-
cence microscope (objective: 20x; light: mercury lamp; Eclipse Ci-
L, Nikon, Tokyo, Japan) was used to observe cell apoptosis in heart
and kidney tissues under green fluorescence (490 nm/530 nm) and
blue fluorescence (364 nm/454 nm). The IPP software was used for
evaluating the TUNEL-positive cells within 3 random fields.

Western blot assay
Protein (30 μg/lane) were subjected to 10% SDS-PAGE and

then transferred onto PVDF membranes. The membranes were
then incubated at 4°C overnight with primary antibodies: anti-Bax
(catalog n. #2772, CST), anti-Bcl-2 (catalog n. ab196495, Abcam),
anti-cleaved caspase 3 (catalog n. AF7022, Affinity Biosciences,
Cincinnati, OH, USA) and anti-β-actin (catalog n. 66009-1-Ig,
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Proteintech, Rosemont, IL, USA), followed by incubation with the
corresponding secondary antibody for 1 h. Subsequently, blot sig-
nals were visualized by the ECL reagent (catalog n. AS1059,
ASPEN, Wuhan, China) and quantified using the AlphaEaseFC
software (Alpha Innotech, San Leandro, CA, USA). 

Statistical analysis
The results were expressed as the mean ± SD. One-way analy-

sis of variance (ANOVA) followed by Tukey’s tests were used to
determine the differences among five groups; p-values of <0.05
were considered statistically significant. All data were repeated at
least three times independently.

Results

Combination of tolvaptan and valsartan improved car-
diac function in Dox-treated mice 

To assess the effects of tolvaptan/valsartan combination on car-
diac function in mice with HF, echocardiography was performed.
LVEF, LVFS, LVESD and LVEDD were notably reduced in the

model group, as shown in Figure 1 A-E. However, tolvaptan or val-
sartan alone treatment increased LVEF, LVFS, LVESD and
LVEDD in Dox-treated mice compared to the model group. As
expected, tolvaptan/valsartan combination further restore the
LVEF, LVFS, LVESD and LVEDD in Dox-treated mice compared
to tolvaptan or valsartan alone treatment group (Figure 1 A-E).
Collectively, tolvaptan/valsartan combination could exert cardio-
protective effect in Dox-treated mice.

Combination of tolvaptan and valsartan improved
heart failure and kidney damage in Dox-treated mice

ALD and Ang II are major risk factors of cardiovascular and
renal damage.35,36 To investigate the protective effect of
tolvaptan/valsartan combination on heart failure and kidney dam-
age in mice, ALD and Ang II level was evaluated. As shown in
Figure 2 A,B, compared to the control group, the level of serum
ALD and Ang II was markedly elevated in Dox-treated mice.
However, tolvaptan/valsartan combination treatment obviously
reduced the serum ALD and Ang II level in Dox-treated mice com-
pared to the model group (Figure 2 A,B). Collectively,
tolvaptan/valsartan combination could improve heart failure and
kidney damage in Dox-treated mice.
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Figure 1. Combination of tolvaptan and valsartan improved cardiac function in Dox-treated mice. A) Representative image of echocar-
diography. B-E) The left ventricular parameters in each group including LVEF, LVFS, LVESD, LVEDD; *p<0.05, **p<0.01; n=5. The
difference among five groups was performed by one-way ANOVA. LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular
ejection fraction; LVESD, left ventricular end systolic diameter; LVFS, left ventricular fractional shortening.
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Combination of tolvaptan and valsartan attenuated the
inflammation and fibrosis in heart and kidney tissues
in Dox-treated mice

Additionally, inflammation and fibrosis play important roles in
HF.37,38 As indicated in Figure 3 A-F, the level of pro-inflammatory
factors IL-6 and TNF-a were remarkably increased in the serum

samples, heart, and kidney tissues of Dox-treated mice compared
to the control group; however, tolvaptan or valsartan treatment
abolished those effects. As expected, tolvaptan/valsartan combina-
tion treatment further declined IL-6 and TNF-a level in Dox-treat-
ed mice compared to tolvaptan or valsartan alone treatment group
(Figure 3 A-F). Furthermore, H&E staining assay showed that

Figure 3. Combination of tolvaptan and valsartan attenuated the inflammation in heart and kidney tissues in Dox-treated mice. A-C)
ELISA was used to assess IL-6 level in serum, heart, and kidney samples of mice. D-F) ELISA was used to assess TNF-a level in serum,
heart, and kidney samples of mice; *p<0.05, **p<0.01; n=3. The difference among five groups was determined with one-way ANOVA.
IL-6, interleukin 6; TNF-a, tumor necrosis factor-alpha.

Figure 2. Combination of tolvaptan and valsartan improved heart failure and kidney damage in Dox-treated mice. A,B) ELISA was used
to detect ALD and Ang II level in serum of mice; *p<0.05, **p<0.01; n=3. The difference among five groups was determined with one-
way ANOVA. ALD, aldosterone; Ang II, angiotensin II.
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inflammatory cell infiltration was observed in heart and kidney tis-
sues from Dox-treated mice, whereas this phenomenon was
reversed by tolvaptan/valsartan combination treatment (Figure 4
A,B; Supplementary Figures 1 A,B and 2 A,B). Moreover,
Masson’s staining assay showed that a widespread collagen depo-
sition was observed in heart and kidney tissues from Dox-treated
mice compared to the control group (Figure 4 A,B; Supplementary
Figures 1 A,B and 2 A,B). However, tolvaptan/valsartan combina-
tion treatment obviously reversed these changes (Figure 4 A,B;
Supplementary Figures 1 A,B and 2 A,B). Collectively,
tolvaptan/valsartan combination could attenuate the inflammation
and fibrosis in heart and kidney tissues from Dox-treated mice.

Combination of tolvaptan and valsartan reduced cell
apoptosis in heart and kidney tissues in Dox-treated
mice

Myocardial cell apoptosis is central to the pathogenesis of
HF.39 Therefore, the effect of tolvaptan/valsartan combination on
the apoptosis of heart and kidney tissues in Dox-treated mice was
evaluated by TUNEL assay. As indicated in Figure 5 A,B,
increased number of TUNEL-positive cells were detected in heart
and kidney tissues of mice in the model group. However, tolvap-
tan/valsartan combination sharply reduced cell apoptosis in heart
and kidney tissues from Dox-treated mice (Figure 5 A,B).

Moreover, compared to the control group, Bax and cleaved caspase
3 level were increased, and Bcl-2 level was decreased in heart and
kidney tissues of mice in the model group; however, these protein
levels were notably reversed by tolvaptan/valsartan combination
(Figure 6 A,B). To sum up, combination of tolvaptan and valsartan
could reduce cell apoptosis in heart and kidney tissues in Dox-
treated mice.

Discussion
It is common to observe renal dysfunction in patients with HF

with preserved ejection fraction (pEF).40 Meanwhile, HF is also a
major cause of morbidity and mortality among CKD patients.41

Thus, the link between HF and renal dysfunction is tight.
Tolvaptan (an arginine vasopressin V2 receptor antagonist) and
valsartan (an Ang II type 1 receptor blocker) are two well-known
agents administrated for HF.42-44 However, the role of
tolvaptan/valsartan combination treatment on HF with renal dys-
function remains largely unclear. It has been shown that tolvaptan
could improve renal function in patients with HF with pEF.45

Combination of tolvaptan and furosemide obviously increased the
urine volume in patients with HF complicated by renal dysfunction
compared to tolvaptan alone treatment.46 Sacubitril-valsartan com-
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Figure 4. Combination of tolvaptan and valsartan attenuated the fibrosis in heart and kidney tissues in Dox-treated mice. A) HE stain-
ing analysis was used to evaluate the pathological changes in heart tissues of mice; the collagen deposition in heart tissues of mice were
determined by Masson staining assay. B) Quantitative analysis of heart fibrosis. C) HE staining analysis was used to evaluate the patho-
logical changes in kidney tissues of mice; the collagen deposition in kidney tissues of mice were determined by Masson staining assay.
D) Quantitative analysis of kidney fibrosis; *p<0.05, **p<0.01; n=3. The difference among five groups was determined with one-way
ANOVA. HE, hematoxylin and eosin.

2022_4_ARTICLE.qxp_Hrev_master  11/11/22  09:33  Pagina 685

Non
-co

mmerc
ial

 us
e o

nly



                             Article

bination obviously improved cardiac and renal function in patients
with HF compared to valsartan alone treatment.47,4. In this study,
we found that tolvaptan/valsartan combination significantly
improved LVEF and LVFS and reduced serum ALD and Ang II
level in Dox-treated mice compared to tolvaptan or valsartan alone
treatment group. These results showed that compared to single
treatment, tolvaptan/valsartan combination effectively improved
cardiac functions in Dox-treated mice via blocking vasopressin V2
receptor and Ang II type 1 receptor. To the best of our knowledge,
this study is the first to explore the effect of tolvaptan/valsartan
combination on HF with renal dysfunction.

Cardiac fibrosis and inflammation are main drivers to the
development of HF.49,50 In addition, renal fibrosis is a major patho-
logical feature of CKD.38 Inhibition of fibrosis and inflammation
could attenuate the progression of HF and CKD.38,51 It has been
shown that tolvaptan could improve cardiac function and amelio-
rate cardiac fibrosis and inflammation in rats with HF.44 In addi-
tion, tolvaptan could ameliorate renal dysfunction and interstitial
fibrosis in sensitive hypertensive rats with HF.52 Moreover, valsar-

tan treatment has been found to prevent renal inflammation and
oxidative stress in mice with diabetes.53 Meanwhile, Wang et al.
showed that valsartan notably inhibited cardiac fibrosis in mice
with diabetic nephropathy.54 Consistent with the previous studies,
our results showed that tolvaptan or valsartan alone treatment both
attenuated the fibrosis and inflammation in heart and kidney tis-
sues in Dox-treated mice. More importantly, tolvaptan/valsartan
combination exhibited a better anti-fibrosis and anti-inflammation
effects in Dox-treated mice compared to the single drug group.

Chen et al. found that Ang II could lead to the apoptosis of car-
diomyocytes.55 Wu et al. found that valsartan was able to prevent
cardiac remodeling and myocardial apoptosis in rats with diabetic
cardiomyopathy.56 In this study, we found that compared to the sin-
gle drug group, tolvaptan/valsartan combination remarkably inhib-
ited the apoptosis in heart and kidney tissues in Dox-treated mice,
as shown by the decreased Bax and cleaved caspase 3 level and
increased Bcl-2 level. Thus, inhibition of cell apoptosis might be
an effective strategy for the treatment of HF with renal dysfunc-
tion.

Figure 5. Combination of tolvaptan and valsartan reduced cell apoptosis in heart and kidney tissues in Dox-treated mice. A,B) TUNEL
staining assay was performed to determine cell apoptosis (green color) in heart and kidney tissues of mice; *p<0.05, **p<0.01; n=3. The
difference among five groups was determined with one-way ANOVA. DAPI, 4',6-diamidino-2-phenylindole; TUNEL, terminal
deoxynucleotidyl transferase dUTP nick-end labeling.
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Although tolvaptan/valsartan combination treatment exhibited
cardiorenal protective effect in Dox-treated mice in vivo, the ther-
apeutic effects of tolvaptan/valsartan combination on HF with
renal dysfunction should be examined in both pre-clinical and clin-
ical studies in the future.

Collectively, combination of tolvaptan and valsartan could
improve cardiac functions, prevent cell fibrosis, inflammation and
apoptosis in heart and kidney tissues in Dox-treated mice. These
findings showed that combining tolvaptan with valsartan might be
a promising approach to achieve enhanced therapeutic effect for
treatment of HF with renal dysfunction.
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