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Abstract. Long‑term hypertension can lead to hypertensive 
heart disease, which ultimately progresses to heart failure. 
As an angiotensin receptor blocker antihypertensive drug, 
allisartan can control blood pressure, and improve cardiac 
remodeling and cardiac dysfunction caused by hypertension. 
The aim of the present study was to investigate the protective 
effects of allisartan on the heart of spontaneously hyperten‑
sive rats (SHRs) and the underlying mechanisms. SHRs were 
used as an animal model of hypertensive heart disease and 
were treated with allisartan orally at a dose of 25 mg/kg/day. 
The blood pressure levels of the rats were continuously moni‑
tored, their body and heart weights were measured, and their 
cardiac structure and function were evaluated using echo‑
cardiography. Wheat germ agglutinin staining and Masson 
trichrome staining were employed to assess the morphology 
of the myocardial tissue. In addition, transcriptome and 
proteome analyses were performed using the Solexa/Illumina 
sequencing platform and tandem mass tag technology, respec‑
tively. Immunofluorescence co‑localization was conducted 
to analyze Nrf2 nuclear translocation, and TUNEL was 
performed to detect the levels of cell apoptosis. The protein 
expression levels of pro‑collagen I, collagen III, phos‑
phorylated (p)‑AKT, AKT, p‑PI3K and PI3K, and the mRNA 
expression levels of Col1a1 and Col3a1 were determined by 
western blotting and reverse transcription‑quantitative PCR, 
respectively. Allisartan lowered blood pressure, attenuated 
cardiac remodeling and improved cardiac function in SHRs. 
In addition, allisartan alleviated cardiomyocyte hypertrophy 
and cardiac fibrosis. Allisartan also significantly affected the 

‘pentose phosphate pathway’, ‘fatty acid elongation’, ‘valine, 
leucine and isoleucine degradation’, ‘glutathione metabolism’, 
and ‘amino sugar and nucleotide sugar metabolism’ pathways 
in the hearts of SHRs, and upregulated the expression levels of 
GSTM2. Furthermore, allisartan activated the PI3K‑AKT‑Nrf2 
signaling pathway and inhibited cardiomyocyte apoptosis. In 
conclusion, the present study demonstrated that allisartan 
can effectively control blood pressure in SHRs, and improves 
cardiac remodeling and cardiac dysfunction. Allisartan may 
also upregulate the expression levels of GSTM2 in the hearts 
of SHRs and significantly affect glutathione metabolism, as 
determined by transcriptome and proteome analyses. The 
cardioprotective effect of allisartan may be mediated through 
activation of the PI3K‑AKT‑Nrf2 signaling pathway, upregu‑
lation of GSTM2 expression and reduction of cardiomyocyte 
apoptosis in SHRs.

Introduction

Hypertension is a major modifiable risk factor for cardiovas‑
cular disease (CVD) and premature mortality worldwide (1). It 
has been shown that long‑term hypertension can cause hyper‑
tensive heart disease, which is characterized by increased left 
ventricular pressure load, resulting in pathological changes 
in cardiac structure and function, such as left ventricular 
hypertrophy, myocardial fibrosis and left ventricular remod‑
eling, which can eventually lead to heart failure (2). Cardiac 
fibrosis is a common pathological change at the late stage of 
CVD, which is characterized by an imbalance in the ratio of 
cardiomyocytes, cardiac fibroblasts and collagen, as well as 
excessive production and deposition of the extracellular matrix 
(ECM), resulting in the formation of scar tissue and leading to 
pathological changes in cardiac structure and dysfunction in 
myocardial contraction and relaxation (3).

Allisartan is a new antihypertensive drug that works by 
blocking the angiotensin (Ang) II receptor, which was discov‑
ered and developed in China (4). Compared with losartan, 
allisartan ester can be completely hydrolyzed by esterases 
into its active metabolite EXP3174 after absorption by the 
small intestine and stomach (5,6). The active metabolite can 
then specifically bind to Ang II receptor type 1, blocking the 

Transcriptome and proteome analyses reveal that 
upregulation of GSTM2 by allisartan improves cardiac 

remodeling and dysfunction in hypertensive rats
HAO WU1,2,  YAJUN ZHAI3,  JING YU4,  LIPING WEI1,2  and  XIN QI1,2

1School of Medicine, Nankai University, Tianjin 300071; 2Department of Cardiology, 
Tianjin Union Medical Center, Tianjin 300121; 3Graduate School; 4Department of 

Physiology and Pathophysiology, Tianjin Medical University, Tianjin 300070, P.R. China

Received October 3, 2023;  Accepted February 20, 2024

DOI: 10.3892/etm.2024.12508

Correspondence to: Professor Xin Qi, Department of Cardiology, 
Tianjin Union Medical Center, 190 Jieyuan Road, Tianjin 300121, 
P.R. China
E‑mail: qixinx2011@yeah.net

Key words: allisartan, GSTM2, Nrf2, cardiac remodeling, 
hypertension



WU et al:  ALLISARTAN IMPROVES CARDIAC REMODELING AND DYSFUNCTION THROUGH GSTM22

physiological effects of Ang II, thereby lowering blood pres‑
sure and protecting target organs from damage. The beneficial 
effects of Ang receptor blocker (ARBs) in improving cardiac 
remodeling and heart failure by inhibiting the renin‑Ang‑aldo‑
sterone system (RAAS) are well known  (7). However, as 
an ARB drug, allisartan may have additional mechanisms 
beyond blood pressure control. Allisartan has been shown to 
inhibit NAD(P)H oxidase expression, providing protection 
for the cerebrovascular system, heart and aorta (4). There is 
also evidence that the antioxidative and anti‑inflammatory 
effects of allisartan may be related to the SIRT1/Nrf2/NF‑κB 
signaling pathway  (6). Allisartan can also regulate the 
expression of voltage‑gated potassium channels, Kv7 (8) and 
Kv1.5 (9), in hypertensive rats. Therefore, in‑depth exploration 
of the mechanisms of action of allisartan may improve under‑
standing of the pathogenesis of hypertensive heart disease and 
result in the identification of new therapeutic targets.

GSTM2 belongs to the GST family and functions 
in detoxifying reactive oxygen species (ROS)  (10). A 
dysregulation between the production of ROS and the endog‑
enous antioxidant defense mechanisms is known as oxidative 
stress (11). Oxidative stress serves a role in the development 
and progression of cardiac remodeling and cardiac dysfunc‑
tion (12). GSTM2 protects cells from oxidative stress‑related 
damage and cell death by participating in the clearance of 
ROS (10). Additional research has shown that GSTM2 regu‑
lates autophagy (13,14) and exerts protective effects against 
arrhythmia (15) and cellular aging (16) through alternative 
mechanisms.

The present study analyzed differentially expressed genes 
and proteins in the heart tissue of WKY, spontaneously 
hypertensive rat (SHR) and SHR + allisartan groups using 
transcriptome and proteome analyses. It was hypothesized that 
allisartan could affect the expression of GSTM2 and improve 
the development of hypertension through the PI3K‑AKT‑Nrf2 
signaling pathway. The present study may provide a new thera‑
peutic strategy for the clinical treatment of hypertension and 
expand the clinical application of allisartan.

Material and methods

Animals and groups. SHRs are the most commonly used rat 
model of human essential hypertension (17‑19), which sponta‑
neously develops elevated blood pressure when fed a normal 
diet. The SHR strain originated in Kyoto, Japan, through the 
breeding of an outbred Wistar male rat, displaying spontane‑
ously elevated blood pressure, with a female rat exhibiting 
slightly elevated blood pressure. Subsequent brother‑sister 
mating was sustained, focusing on selecting animals with 
systolic blood pressure >150 mmHg (20). The inbred strain 
was established in the United States in the late 1960s after 
undergoing 20 generations of inbreeding at the National 
Institutes of Health. These rats spontaneously develop 
hypertension during adulthood (21). Normotensive WKY rats 
(n=10; age, 13 weeks; Beijing Vital River Laboratory Animal 
Technology Co., Ltd.) were used as negative controls. The 
rats used in the present study were all male. A total of 20 
13‑week‑old SHRs (Beijing Vital River Laboratory Animal 
Technology Co., Ltd.) (weight, 200±20  g) were equally 
divided into the following two groups: The SHR group and 

the SHR + allisartan group, based on whether allisartan treat‑
ment (240 mg/tablet; Shenzhen Salubris Pharmaceuticals Co., 
Ltd.) was administered or not. All animals were housed under 
a 12‑h light/dark cycle, and were provided with free access to 
tap water and chow feed in a laboratory environment (tempera‑
ture, 23.0±1.0˚C; humidity, 55.0±5.0%). After acclimation for 
1 week in an on‑site facility, the SHR + allisartan group of 
rats was orally administered allisartan in 1 ml distilled water 
for 34 weeks. The SHR and WKY control groups were orally 
administered 1 ml distilled water for 34 weeks. No animals 
died before the final timepoint.

The dose of allisartan was determined using the body 
surface area conversion coefficient  (22,23). Briefly, the 
human equivalent dose for the daily oral administration of 
240 mg allisartan to a person weighing 60 kg is 4 mg/kg/day. 
According to the literature, the surface area conversion coef‑
ficient for rats corresponding to a human weighing 60 kg is 
0.16, expressed as human dose in mg/kg=0.16 x animal dose 
in mg/kg. Consequently, the dose of allisartan administered to 
rats was 25 mg/kg/day.

At the end of the experiment, the rats were anesthetized via 
intraperitoneal injection of 5% chloral hydrate (300 mg/kg), 
and the heart tissue was removed from the rats once they 
were fully anesthetized. All animal experimental procedures 
were carried out in accordance with the Guide for the Care 
and Use of Laboratory Animals of the National Institutes 
of Health (24), and the Animal Research: Reporting In Vivo 
Experiments: The ARRIVE Guidelines (25) and the present 
study was approved by the Animal Ethics Committee of 
Tianjin Union Medical Center (approval no. 2022C07; Tianjin, 
China). The humane endpoint of this study was: Weight loss 
≥20% (compared with the original weight of the rat).

Measurement of blood pressure. The rats were kept in a 
conscious and immobilized state to ensure blood pressure 
sensors were fixed to the tail, and were maintained at a suitable 
temperature (30‑35˚C) and level of awareness for the duration 
of the experiment. The systolic and diastolic blood pressure 
levels of the rats in each group were monitored every 2 weeks, 
using a blood pressure analysis system (CODA‑HT8; Kent 
Scientific Corp), from 14‑weeks‑old to 48‑weeks‑old.

Echocardiography. Echocardiography was performed on rats 
at 14, 28 and 48‑weeks‑old. The rats were anesthetized via 
intraperitoneal injection of 5% chloral hydrate (300 mg/kg). 
The following indicators were measured: Interventricular 
septum end‑diastolic thickness and left ventricular posterior 
wall thickness in diastole. Left ventricle mass and ejection 
fraction (EF, %) were also calculated. The measurements were 
performed using an ultra‑high resolution small animal ultra‑
sound scanner (Vevo2100; FUJIFILM VisualSonics), guided 
by transthoracic two‑dimensional M‑mode echocardiography.

Morphological and histological analysis. At the end of the 
experiment, the rats were anesthetized via intraperitoneal injec‑
tion of 5% chloral hydrate (300 mg/kg), and the heart tissue was 
removed after the rats were fully anesthetized. Subsequently, 
the heart tissue was washed with PBS before being fixed in 
4% paraformaldehyde for 48 h, at 4˚C. Subsequently, sections 
were dehydrated in an ascending alcohol series and embedded 
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in paraffin. Paraffin‑embedded sections (3‑5 µm) were then 
stained with Masson's trichrome and wheat germ agglutinin 
(WGA). Masson's trichrome staining was performed using 
the Masson's Trichrome Stain Kit (cat. no. G1340; Beijing 
Solarbio Science & Technology Co., Ltd.) according to 
the manufacturer's protocol. Collagen volume fraction and 
cell cross‑sectional area (CSA) were used to evaluate the 
degree of cardiac fibrosis and cell hypertrophy, respectively. 
WGA staining was performed by incubating the slides with 
WGA‑FITC‑labeled antibodies (1:200; cat.  no.  L4895; 
MilliporeSigma) for 30 min at 23‑26˚C, followed by staining 
the nuclei with DAPI for 5 min at 23‑26˚C. For each analysis, 
six fields were randomly selected from each sample under a 
fluorescence microscope (ECLIPSE C1; Nikon Corporation).

Transcriptome and proteome analyses. The transcriptome of 
the SHR group vs. the WKY group, and the SHR + allisartan 
group vs. the SHR group were analyzed by RNA‑sequencing 
(RNA‑seq) using TruSeq Stranded mRNA LT Sample Prep 
Kit (cat. no. RS‑122‑2101; Illumina, Inc.) and the Illumina 
HiSeq™ 2500 sequencing platform (Illumina, Inc.). Total 
RNA was extracted from heart tissue using the mirVana 
miRNA Isolation Kit (cat. no. Ambion‑1561; Thermo Fisher 
Scientific, Inc.) and integrity was evaluated using the Agilent 
2100 Bioanalyzer (Agilent Technologies, Inc.). The samples 
with RNA Integrity Number ≥7 were subjected to the subse‑
quent analysis.The concentration of the library was measured 
using the Qubit dsDNA Assay Kit (cat. no. Q328520; Thermo 
Fisher Scientific, Inc.), and the loading concentration of the 
final library was 20 pM. Subsequently, these libraries were 
sequenced on the Illumina HiSeq™ 2500 sequencing plat‑
form and 125 bp/150 bp paired‑end reads were generated. 
Differentially expressed genes (DEGs) were identified using 
DESeq R package (Version 1.18.0) (26) with specific criteria 
for significant differential expression. For determining signifi‑
cant differential expression, the threshold values were set as 
P<0.05 and |log2 FC| >1.

The proteome of the SHR + allisartan group vs. the SHR 
group was analyzed by tandem mass tag (TMT) technology. 
Total protein was extracted from heart tissue using SDS lysis 
buffer (Beyotime Institute of Biotechnology) with 1  mM 
PMSF (Amresco, LLC), and a portion was used for protein 
concentration determination using the BCA Protein Assay 
Kits (cat. no. A55864; Thermo Fisher Scientific, Inc.) and 12% 
SDS‑PAGE. After protein quantification, 100 µg each sample 
underwent trypsin digestion and TMT labeling, and liquid 
chromatography tandem mass spectrometry (LC‑MS/MS; 
TripleTOF 6600; SCIEX) was performed on the samples for 
analysis and data analysis. For LC‑MS/MS, the spray voltage 
was set to 2.4 kV, curtain gas pressure to 40 PSI, nebulizer 
gas pressure to 12 PSI, and heater temperature to 150˚C. 
Mass spectrometry scanning was performed in Information 
Dependent Analysis (IDA) mode. The first‑level full scan 
range was m/z 350‑1,500 with a scan time of 250  msec. 
Under each IDA cycle, 42 precursor ions with charges +2 to 
+4 and a single second count greater than 260 were selected 
for second‑level fragmentation scans. The second‑level 
scan range was m/z 100‑1,500 with a scan time of 50 msec. 
Collision energy was set for collision‑induced dissociation 
for all precursor ions. Dynamic exclusion was set to 14 sec. 

The experimental data were analyzed using ProteinPilot 5.0 
(SCIEX) based on the Uniprot rat database (https://www.
uniprot.org/taxonomy/10116). The results were screened 
according to the standard of Score Sequest HT >0 and unique 
peptide ≥1, while excluding the blank value. Differentially 
expressed proteins were selected based on the standard of 
FC >1.2 or FC <5/6 and P<0.05 for significantly differential 
expression. Subsequently, functional analysis was performed 
on the differentially expressed proteins, including Gene 
Ontology (GO) analysis, Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analysis and protein‑protein 
interaction (PPI) analysis. GO, KEGG and PPI analyses were 
all performed on the Omicsbean cloud platform (http://www.
omicsbean.cn/). Finally, all differentially expressed proteins 
and DEGs were compared by combined transcriptome and 
proteome analysis.

Immunofluorescence staining and TUNEL assay. Antigen 
retrieval of the aforementioned paraffin‑embedded heart 
tissue sections (5 µm) was conducted by heating at a tempera‑
ture of 90‑95˚C with EDTA (pH 8.0; cat. no. G1206; Wuhan 
Servicebio Technology Co., Ltd.). Deparaffinization and rehy‑
dration were then achieved by incubating sections in xylene 
twice, each time for 15‑20 min. Subsequently, dehydration 
was carried out in pure ethanol twice, each time for 10 min, 
followed by dehydration in a gradient of ethanol concentrations 
(95, 90, 80 and 70% ethanol) for 5 min each. Sections were then 
washed in distilled water and blocking was performed with 
3% BSA (cat. no. GC305010; Wuhan Servicebio Technology 
Co., Ltd.) for 30 min at 23‑26˚C. Subsequently, a primary 
antibody against Nrf2 (1:1,000; cat.  no.  GB113808‑100; 
Wuhan Servicebio Technology Co., Ltd.) was added and 
incubated overnight at 4˚C. After washing the sections with 
PBS three times, a secondary antibody (Cy3‑conjugated Goat 
Anti‑Rabbit IgG; 1:300; cat. no. GB21303; Wuhan Servicebio 
Technology Co., Ltd.) was added and incubated at room 
temperature for 50 min in the dark.

TUNEL staining was performed using the FITC TUNEL 
Cell Apoptosis Detection Kit (Wuhan Servicebio Technology 
Co., Ltd.), according to the manufacturer's protocol. After 
washing the sections with PBS three times, DAPI staining 
solution was added and incubated at room temperature for 
10 min.

For each analysis, six fields were randomly selected from 
each sample under a fluorescence microscope(ECLIPSE C1; 
Nikon Corporation). To calculate the nuclear ratio of Nrf2, the 
nuclear Nrf2 fluorescence intensity was divided by the total 
Nrf2 fluorescence intensity. To calculate the apoptotic index, 
the number of TUNEL‑positive cells was divided by the 
number of DAPI‑positive cells.

Western blot t ing.  Proteins were ext racted f rom 
myocardial tissue using the total protein extraction kit 
(cat.  no.  KGB5303‑100; Nanjing KeyGen Biotech Co., 
Ltd.) according to the manufacturer's protocol. The protein 
concentration was determined using the BCA method (Beijing 
Solarbio Science & Technology Co., Ltd.). Subsequently, 
30 µg proteins were separated by SDS‑PAGE on 10% gels 
using the TGX stain‑free kit (Bio‑Rad Laboratories, Inc.) 
and were transferred to a polyvinylidene difluoride (PVDF) 
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membrane (GE Healthcare). The PVDF membrane was then 
blocked in 5% non‑fat milk in TBS‑0.1% Tween (TBST) at 
room temperature for ~1 h. The following primary antibodies: 
Pro‑collagen Ⅰ (cat. no. bs‑0578R; Bioss; 1:500); collagen III 
(cat. no. bs‑0948R; Bioss; 1:500); phosphorylated (p)‑AKT 
(cat. no. 4060; Ser473; Cell Signaling Technology, Inc.; 1:1,000); 
AKT (cat. no. 9272; Cell Signaling Technology, Inc.; 1:1,000); 
p‑PI3K (cat. no. 17366; Tyr458; Cell Signaling Technology, 
Inc.; 1:1,000); PI3K (cat. no. 4255; Cell Signaling Technology, 
Inc.; 1:1,000) and GAPDH (cat. no. AC001; Abclonal Biotech 
Co., Ltd.; 1:1,000), were added and incubated overnight at 4˚C. 
The PVDF membrane was then washed three times for 5 min 
with TBST, followed by incubation with the corresponding 
HRP‑labeled secondary antibody (cat. no. bs‑80295G‑HRP; 
Bioss; 1:5,000) at room temperature for 2 h. Finally, the PVDF 
membrane was washed three times for 5 min with TBST, and 
the blot was visualized using the Gel Doc XR system (Bio‑Rad 
Laboratories, Inc.) and Immobilon ECL Ultra Western HRP 
Substrate (cat.  no.  WBULS0100; MilliporeSigma). Image 
J (version 1.80; National Institutes of Health) was used to 
semi‑quantify the protein expression.

Reverse transcription‑quantitative PCR (RT‑qPCR). RNA 
was extracted from myocardial tissue using TRIzol reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to 
the manufacturer's protocol. The concentration of the total 
RNA was measured using a Biophotometer Plus (Eppendorf 
UK Limited) and equal amounts of total RNA were reverse 
transcribed into cDNA using the Transcriptor First Strand 
cDNA Synthesis Kit according to the manufacturer's protocol 
(Roche Diagnostics). qPCR was performed as follows: 
Initial denaturation at 95˚C for 30 sec, followed by 40 cycles 
at 94˚C for 5 sec and 60˚C for 30 sec, using the Fast Start 
Universal SYBR Green Master Mix Kit (Roche Diagnostics) 
with specific primers for Col1a1, Col3a1 and Gapdh on a 
Step‑One Real‑Time PCR system (Bio‑Rad Laboratories, 
Inc.). The relative expression levels of Col1a1 and Col3a1 in 
the different groups were normalized to the expression levels 
of the reference gene Gapdh. The mRNA expression levels 
was determined using the 2‑∆∆Cq method (27). The primer (5'‑3') 
sequences used were as follows: Col1a1, forward ACG​CAT​
GGC​CAA​GAA​GAC​ATC, reverse TTT​GCA​TAG​CAC​GCC​
ATC​G; Col3a1, forward CAG​CTG​GCC​TTC​CTC​AGA​CTT, 
reverse GCT​GTT​TTT​GCA​GTG​GTA​TGT​AAT​GT; Gapdh, 
forward CAG​CAA​GGA​TAC​TGA​GAG​CAA​GAG, reverse 
GGA​TGG​AAT​TGT​GAG​GGA​GAT​G.

Statistical analysis. Statistical analysis was conducted using 
SPSS 22.0 software (IBM Corp.). All experimental data are 
presented as the mean  ±  standard deviation. Differences 
between groups were analyzed by one‑way ANOVA, followed 
by the LSD‑t post‑hoc multiple comparisons test. Differences 
between groups and ages were analyzed by mixed ANOVA 
and Tukey's HSD post‑hoc test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Allisartan reduces blood pressure, attenuates cardiac remod‑
eling and improves cardiac function. Compared with those 

in the WKY group, both systolic and diastolic blood pressure 
levels in the SHR group were significantly increased during 
weeks 14‑48 (Fig. 1A). Compared with in the SHR group, 
treatment with allisartan for 2 weeks in the SHR + allisartan 
group effectively controlled both systolic and diastolic 
blood pressure levels in rats during weeks 16‑48 (Fig. 1A). 
At 48 weeks of age, there were no significant differences in 
body weight or heart weight among the three groups of rats 
(Fig. 1B). However, compared with that in the WKY group, 
the heart weight/body weight ratio was significantly increased 
in the SHR group, and it was significantly decreased in the 
SHR + allisartan group compared with that in the SHR group 
(Fig. 1B).

Echocardiography was performed at three time points 
(14, 28 and 48 weeks) to evaluate the effects of hypertension 
and allisartan on cardiac remodeling and function in rats. 
The results of echocardiography (Fig. 1C and D) showed that 
LVPWd, IVSd and left ventricle mass increased, and ventricular 
wall thickening appeared in the SHR group at 28 weeks of age, 
accompanied by a decrease in EF. With the passage of time, 
EF continued to decline until the SHRs reached 48 weeks of 
age. Allisartan could relieve cardiac remodeling and improve 
heart function in SHRs at 28 weeks, and this cardioprotective 
effect persisted until week 48.

Allisartan alleviates cardiomyocyte hypertrophy and 
cardiac fibrosis. The present study further evaluated the 
morphological changes in myocardial tissue. WGA staining 
was used to observe cardiomyocyte volume. Compared 
with that in the WKY group, the CSA of cardiomyocytes 
in the SHR group was significantly increased, indicating 
cardiomyocyte hypertrophy; however, allisartan was able 
to reverse this cardiomyocyte hypertrophy (Fig. 2A and B). 
Subsequently, Masson staining was used to observe the degree 
of myocardial fibrosis. At 48 weeks, the myocardial tissue of 
SHRs showed significant collagen fiber deposition, whereas 
allisartan effectively reduced the degree of myocardial fibrosis 
(Fig. 2C and D). Consistent with these findings, the expression 
levels of myocardial tissue fibrotic markers, pro‑collagen I and 
collagen III, were significantly increased in the SHR group, 
whereas allisartan reduced their expression levels in the 
myocardial tissue of SHRs (Fig. 2E and F).

Effects of allisartan on the myocardial transcriptome and 
proteome. To further investigate the protective mechanism 
of allisartan in SHRs, RNA‑seq was performed to compare 
DEGs between the SHR group and the WKY group, as well as 
between the SHR + allisartan group and the SHR group. The 
threshold for significant DEGs was set as FC >2 or FC <0.5 
and P<0.05. The RNA‑seq results showed that, compared with 
the WKY group, there were 677 upregulated genes and 258 
downregulated genes in the SHR group (Fig. 3A). In addition, 
when compared with the SHR group, the SHR + allisartan 
group had 296 upregulated genes and 526 downregulated 
genes (Fig. 3A).

To exert their biological functions, the vast majority of 
mRNA molecules need to be translated into their corre‑
sponding proteins. The present study further compared the 
differentially expressed proteins between the SHR + allisartan 
group and the SHR group using TMT technology. Proteins 
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with FC >1.2 or FC <5/6 and P<0.05 were considered signifi‑
cantly differentially expressed. The results showed that there 
were a total of 257 significantly differentially expressed 
proteins between the SHR + allisartan group and the SHR 
group, with 76 upregulated and 181 downregulated (Fig. 3B). 
Subsequently, functional analysis was performed on the differ‑
entially expressed proteins, including GO, KEGG pathway 
and PPI analyses. The results of the GO analysis indicated 
that differentially expressed proteins were mainly enriched 
in ‘fibril organization’, ‘cytoplasm’ and ‘protein binding’. The 
top five pathways identified by KEGG pathway analysis were 
‘pentose phosphate pathway’, ‘fatty acid elongation’, ‘valine, 
leucine and isoleucine degradation’, ‘glutathione metabolism’ 
and ‘amino sugar and nucleotide sugar metabolism’. The PPI 
analysis revealed the possible interactions between the differ‑
entially expressed proteins involved in the aforementioned 
pathways. It was revealed that Gstm2, which is involved in 
glutathione metabolism, may interact with Eci1 and Gpx1 
(Fig. 3B).

Finally, through the combined transcriptome and proteome 
analysis, 10 genes that were upregulated at both the mRNA 
and protein levels, and 21 genes that were downregulated at 
both the mRNA and protein levels were identified (Fig. 3C; 

Table I). Among these 10 commonly upregulated genes was 
GSTM2, which was significantly upregulated at both the 
mRNA (fold change 2.123403, P<0.05) and protein (fold 
change 1.412545235, P<0.05) levels. This protein is an impor‑
tant member of the glutathione metabolism pathway, which 
serves a role in detoxifying ROS (28).

Allisartan reduces cardiomyocyte apoptosis and activates 
the PI3K‑AKT‑Nrf2 signaling pathway. It is well known that 
a large amount of ROS can induce cell apoptosis. The present 
study assessed the level of cell apoptosis by TUNEL staining, 
and the results showed a significant increase in cardiomyocyte 
apoptosis in the SHR group compared with that in the WKY 
group, whereas allisartan was able to reduce cardiomyocyte 
apoptosis in SHRs (Fig. 4A).

The present study further investigated the PI3K‑AKT 
signaling pathway. Western blotting results showed that the 
phosphorylation levels of PI3K and AKT were decreased in 
the cardiomyocytes of SHRs, indicating that the PI3K‑AKT 
signaling pathway was inhibited (Fig. 4B). However, allisartan 
was able to restore the phosphorylation levels of PI3K and 
AKT in the cardiomyocytes of SHRs, thus activating the 
PI3K‑AKT signaling pathway.

Figure 1. Allisartan reduces blood pressure, attenuates cardiac remodeling and improves cardiac function (A) SBP and DBP levels of rats aged 14‑48 weeks. 
(B) BW, HW and HW/BW ratio of rats aged 48 weeks. *P<0.05 vs. WKY group; #P<0.05 vs. SHR group. (C) Representative images of echocardiography 
at 28 and 48 weeks. (D) EF (%), LV mass, LVPWd and IVSd measured by echocardiography. Differences between groups were analyzed by ANOVA and LSD‑t 
post‑hoc test, and differences between groups and ages were analyzed by mixed ANOVA and Tukey's HSD post‑hoc test. Data are presented as the mean ± SD. 
*P<0.05 vs. WKY group at the same age; #P<0.05 vs. SHR group at the same age; ※P<0.05 vs. SHR group at 28 weeks of age. BW, body weight; DBP, diastolic 
blood pressure; EF, ejection fraction; HW, heart weight; IVSd, interventricular septum end‑diastolic thickness; LV, left ventricle; LVPWd, left ventricular 
posterior wall thickness in diastole; SBP, systolic blood pressure; SHR, spontaneously hypertensive rat.
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Through immunofluorescence co‑localization, the nuclear 
Nrf2 ratio was analyzed. The results showed that Nrf2 in 
the cardiomyocytes of SHRs was mainly distributed in the 
cytoplasm and did not enter the nucleus to function as a tran‑
scription factor; by contrast, allisartan significantly increased 
the nuclear entry of Nrf2 in the cardiomyocytes of SHRs 
(Fig. 4C).

Discussion

The present study evaluated the effects of allisartan on 
lowering blood pressure, and improving hypertension‑related 
cardiac remodeling and cardiac dysfunction in SHRs. In addi‑
tion, the impact of allisartan on the transcriptome and proteome 
of SHRs was assessed, and it was shown to have significant 

Figure 2. Allisartan alleviates cardiomyocyte hypertrophy and cardiac fibrosis. (A) Representative images of WGA staining and (B) cell CSA semi‑quantifi‑
cation. Scale bar, 100 µm. (C) Representative images of Masson staining and (D) CVF semi‑quantification. Scale bar, 50 µm. (E) Western blotting was used 
to detect the expression levels of Pro‑Col‑I and Col‑III. (F) Reverse transcription‑quantitative PCR analysis was used to detect the mRNA expression levels of 
Col1a1and Col3a1. Differences between groups were analyzed by ANOVA and LSD‑t post‑hoc test. Data are presented as the mean ± SD. *P<0.05 vs. WKY 
group; #P<0.05 vs. SHR group. Col, collagen; CSA, cross‑sectional area; CVF, collagen volume fraction; SHR, spontaneously hypertensive rat.
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effects on GSTM2 and its involvement in glutathione metabo‑
lism. GSTM2 was significantly upregulated by allisartan at both 
the mRNA and protein levels. Thus, the ability of allisartan to 
alleviate cardiac remodeling, improve cardiac dysfunction and 
prevent cardiomyocyte apoptosis may be related to the upregula‑
tion of GSTM2 expression. Moreover, the regulation of GSTM2 
expression by allisartan may be associated with activation of the 
PI3K‑AKT‑Nrf2 signaling pathway. The findings of the present 
study are conclusive in male rats, whereas the potential impact 
of sex on the results should be explored in future research.

Hypertension is an important risk factor for CVD (29). 
Prolonged pressure overload can cause structural changes in 
the heart, leading to cardiac remodeling. The most obvious 
characteristics of hypertension‑induced cardiac remodeling 
are ventricular hypertrophy and myocardial fibrosis. During 
the compensatory phase, ventricular hypertrophy increases 
heart mass and maintains myocardial contractility, which 
is beneficial to the heart in the early stages. However, if it 
exceeds a certain degree, the decompensated phase can 
cause a decrease in myocardial contractility, a decrease in 
diastolic function and even worsening heart failure (30,31). 
Ventricular hypertrophy reduces myocardial contractility 
and ejection ability, and coronary blood flow is insufficient to 
meet the oxygen demand of the heart itself, which can cause 
myocardial ischemia and myocardial cell damage  (32,33). 
After myocardial injury, the heart muscle cells no longer have 
regenerative ability; therefore, fibroblasts repair the heart by 
increasing ECM components, forming scar tissue (33). At this 
point, fibroblasts can secrete large amounts of type I and III 
collagen, the latter of which deposits in the ECM, causing 
diffuse myocardial fibrosis, reducing heart diastolic function 
and compliance (34,35).

SHRs are widely used in research related to hypertension 
and target organ damage caused by hypertension (36‑39). In 
the present study, the blood pressure of SHRs was signifi‑
cantly increased and, at 28 weeks, echocardiography showed 
signs of cardiac remodeling, characterized by thickening of 
the ventricular wall, an increase in left ventricle mass and 
a decrease in EF. As the disease progressed, heart function 
further deteriorated at 48 weeks, consistent with the entire 
process of the occurrence and development of hypertensive 
heart disease. The morphological changes in the myocardial 
tissue of SHRs were manifested by cardiomyocyte hyper‑
trophy, collagen deposition and increased expression of 
myocardial fibrosis markers, indicating typical cardiac remod‑
eling (40). Treatment with allisartan effectively controlled the 
blood pressure of SHRs and, by 28 weeks, cardiac remodeling 
and functional impairment were improved. Furthermore, this 
cardioprotective effect continued with the administration of 
allisartan.

The protective effect of antihypertensive drugs on the heart 
is not only due to reducing blood pressure and decreasing 
cardiac load. It is well known that ARB/Ang‑converting enzyme 
inhibitor drugs improve cardiac remodeling by inhibiting the 
RAAS and improving overactivation of the neuroendocrine 
system  (41,42). However, the deeper mechanisms are still 
not fully understood. Currently, research has shown that the 
cardioprotective effects of ARB antihypertensive drugs, such 
as candesartan, are partly independent of blood pressure (43). 
ZnCand, a coordination complex synthesized between the 
ARB candesartan and Zn(II), can exert cardioprotective 
effects by suppressing NOX2 to inhibit oxidative stress and 
restore redox homeostasis (44). Losartan regulates macrophage 
polarization via the TLR4/NF‑κB/MAPK pathway to alleviate 
sepsis‑induced myocardial injury (45). As a new type of ARB 
drug, allisartan not only effectively controls blood pressure, 
but it has also been shown to exert protective effects on the 
heart, kidneys and large arteries in hypertensive animals. 
Additionally, allisartan has lower toxicity than losartan (46). 
Clinical studies have also confirmed the protective effects of 

Table  I. Genes that are significantly upregulated or down‑
regulated at the mRNA and protein levels in the combined 
transcriptome and proteome analysis of SHR + allisartan vs. 
SHR.

A, SHR + allisartan vs. SHR upregulated genes and proteins

Gene	 Protein

Myh6 	 G3V885
Atp1a2	 P06686
Acsf2	 Q499N5
Acot2	 O55171
Gstm2	 P08010
Lsamp	 Q62813
S100a9	 P35467
S100a8	 P50115
S100a9	 A0A0H2UHJ1
Tmod4	 D3ZSG3

B, SHR + allisartan vs. SHR downregulated genes and proteins

Gene	 Protein

Acta1 	 P68136
Anxa1 	 P07150
Bgn	 P47853
Csrp2 	 G3V9V9
Flnc 	 D3ZHA0
Gda	 Q9JKB7
Hopx	 Q78ZR5
LOC100909761	 M0RCF7
Maoa	 G3V9Z3
Mfap5 	 D3ZJB1
Ncam1	 P13596
Nppa 	 P01161
Pgm3 	 D3ZFX4
Postn 	 A0A097BW25
Sypl2	 D4A6M0
Tgm2	 Q9WVJ6
Thbs4	 P49744
Tor3a	 Q5M936
Uchl1	 Q00981
Xirp2 	 F1LMC2
Xirp2	 Q71LX6
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Figure 3. Effects of allisartan on the myocardial transcriptome and proteome. (A) Volcano plots illustrate differential gene expression in the transcriptome 
between the SHR and WKY groups, as well as between the SHR + allisartan and SHR groups. To determine significantly differentially expressed genes, the 
threshold values were set as P<0.05 and FC >2 or FC <0.5. (B) Differential protein expression between the SHR + allisartan and SHR groups; significantly 
differentially expressed proteins were selected based on the standard of FC >1.2 or FC <5/6 and P<0.05. The results of KEGG pathway and protein‑protein 
interaction analyses are shown. (C) Results of integrated transcriptome and proteome analysis of SHR + allisartan vs. SHR. FC, fold change; GO, Gene 
Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; SHR, spontaneously hypertensive rat.
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allisartan on the heart, kidneys and large arteries of patients 
with hypertension (47,48). Furthermore, allisartan can reduce 
the risk of stroke‑related death in hypertensive rats, which may 

be related to its inhibition of NAD(P)H oxidase expression 
to alleviate oxidative stress (4). Allisartan can also activate 
SIRT1/Nrf2, inhibit NF‑κB, and alleviate oxidative stress 

Figure 4. Allisartan reduces cardiomyocyte apoptosis and activates the PI3K‑AKT‑Nrf2 signaling pathway. (A) Representative images of DNA fragmentation 
as assessed by TUNEL assay and DAPI staining. Scale bar, 100 µm. (B) Western blotting was used to detect the expression levels of p‑AKT, AKT, p‑PI3K 
and PI3K. (C) Representative images of Nrf2 nuclear translocation detected by immunofluorescence. Scale bar, 50 µm. Differences between groups were 
analyzed by ANOVA and LSD‑t post‑hoc test. Data are presented as the mean ± SD. *P<0.05 vs. WKY group; #P<0.05 vs. SHR group. p‑, phosphorylated; 
SHR, spontaneously hypertensive rat.
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and inflammation in diabetic rats  (6), and it can regulate 
voltage‑gated potassium channels in hypertensive rats to alle‑
viate cardiac and vascular remodeling (8,9).

In the present study, high‑throughput sequencing tech‑
nology was used to analyze the transcriptome and proteome 
of rat hearts to further elucidate the protective effects of 
allisartan on hypertension‑induced cardiac injury. Both 
hypertension and allisartan had significant effects on the rat 
cardiac transcriptome. According to the pathway analysis, 
allisartan mainly affected the ‘pentose phosphate pathway’, 
‘fatty acid elongation’, ‘valine, leucine and isoleucine 
degradation’, ‘glutathione metabolism’ and ‘amino sugar 
and nucleotide sugar metabolism’ pathways. Through tran‑
scriptome and proteome analyses, it was identified that the 
mRNA and protein expression levels of GSTM2 were signifi‑
cantly upregulated by allisartan treatment. Glutathione is an 
important member of the endogenous antioxidant defense 
system (49), and GSTM2 is one of the important members 
involved in the metabolism of glutathione. Research has 
found that cardiac remodeling in SHRs is related to impaired 
antioxidant stress due to a significant decrease in GSTM2 
expression (10). Another study suggested that overexpression 
of GSTM2 can inhibit oxidative stress‑induced renal cell 
apoptosis and inflammation (28). Therefore, it was hypoth‑
esized that the cardioprotective effect of allisartan in SHRs 
may be related to its upregulation of GSTM2 expression, 
enhancing the ability to clear ROS, reducing oxidative stress 
damage and alleviating oxidative stress‑induced apoptosis. 
In addition to its role as an antioxidant, studies have also 
reported that GSTM2 can restore cellular and mitochondrial 
autophagy flux to exert a protective effect on cells (13,14), and 
the C‑terminal domain of GSTM2 can inhibit the binding of 
the cardiac ryanodine receptor to exert an anti‑arrhythmic 
effect  (15). Small extracellular vesicles rich in GSTM2 
have been shown to ameliorate senescence‑related tissue 
damage (16). In addition, a recent study showed that GSTM2 
in the liver can block the N‑terminal dimerization and phos‑
phorylation of ASK1 to inhibit the ASK1/JNK/p38 signaling 
pathway, exerting anti‑inflammatory and anti‑steatotic 
effects (50). Whether GSTM2 serves a broader role in the 
myocardial tissue of SHRs remains to be further studied; 
however, based on the results of the present study, it may be 
hypothesized that allisartan enhances antioxidant stress and 
reduces myocardial cell apoptosis by upregulating GSTM2 
expression in myocardial tissue.

The present study subsequently conducted a preliminary 
experiment on the potential pathways by which allisartan 
upregulates GSTM2 expression. The results of the present 
study showed that allisartan activates the PI3K‑AKT‑Nrf2 
signaling pathway in the myocardial tissue of SHRs. Nrf2 
is involved in redox balance, and it upregulates downstream 
targets, such as SOD, CAT, HO‑1 and NQO1, through nuclear 
translocation, promoting antioxidant enzyme activity and 
improving oxidative damage (51). The expression of GSTM2 
has been reported to be significantly decreased in the liver of 
Nrf2‑/‑ mice (52). Astaxanthin and omega‑3 fatty acids can 
upregulate downstream target genes NQO1, HO‑1 and GSTM2 
against oxidative stress through the Nrf2‑ARE pathway (53). 
Furthermore, nicotinamide mononucleotide upregulates the 
expression of antioxidant genes Gstm1, Gstm2 and Mgst1 by 

promoting the expression and nuclear translocation of Nrf2, 
and regulates the glutathione metabolism pathway to improve 
silica‑induced lung injury in mice (54). A previous study also 
showed that the PI3K/AKT pathway mediates Nrf2 activation 
in L02 hepatocytes (55). Additionally, anthocyanins have been 
shown to mitigate oxidative stress, neurodegeneration and 
memory impairment in a mouse model of Alzheimer's disease 
through the PI3K/AKT/Nrf2/HO‑1 pathway (56). Alongside 
the present findings, it may be hypothesized that upregulation 
of GSTM2 by allisartan is at least partially mediated through 
the PI3K‑AKT‑Nrf2 signaling pathway.

In conclusion, the present study identified that allisartan 
can effectively control blood pressure in SHRs, and can 
improve cardiac remodeling and cardiac dysfunction. 
Transcriptome and proteome analyses revealed that allisartan 
upregulated the expression levels of GSTM2 in the myocardial 
tissue of SHRs, and markedly affected glutathione metabo‑
lism. The cardioprotective effect of allisartan may be exerted 
through activation of the PI3K‑AKT‑Nrf2 signaling pathway 
to upregulate the expression of GSTM2, thus reducing the 
apoptosis of myocardial cells in SHRs.
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