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Allisartan isoproxil attenuates oxidative stress and
inflammation through the SIRT1/Nrf2/NF‑κB signalling
pathway in diabetic cardiomyopathy rats
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Abstract. Allisartan isoproxil is a new nonpeptide angio‑
tensin II receptor blocker (ARB) precursor drug that is used
to treat hypertension and reduce the risk of heart disease.
The present study explored the effects of allisartan isoproxil
on diabetic cardiomyopathy (DCM) and revealed the roles of
hyperglycaemia‑induced oxidative stress and inflammation.
A rat DCM model was established by high‑fat diet feeding
in combination with intraperitoneal injection of strepto‑
zocin. Echocardiographs showed that diabetic rats exhibited
significantly decreased cardiac function. Troponin T (cTnT)
and B‑type natriuretic peptide (BNP) were significantly
increased in DCM rats as obtained by ELISA. Allisartan
isoproxil significantly improved the EF% and E'/A' ratio.
Histopathologic staining showed that allisartan isoproxil
prevented histological alterations, attenuated the accumula‑
tion of collagen, and ameliorated cTnT and BNP levels.
Western blot and immunohistochemical results indicated
that the expression levels of silent information regulator 2
homologue 1 (SIRT1) and nuclear factor erythroid 2‑related
factor 2 (Nrf2) were decreased in the hearts of diabetic rats,
and antioxidant defences were also decreased. In addition,
allisartan isoproxil decreased the expression of NF‑κ B p65
and the inflammatory cytokines TNF‑ α and IL‑1β which
were determined by reverse transcription‑quantitative PCR
in the diabetic heart. Western blotting and TUNEL staining
results also showed that cardiac Bax and cleaved caspase‑3
and the number of apoptotic myocardial cells were increased
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in the diabetic heart and decreased following treatment with
allisartan isoproxil. In conclusion, the present results indi‑
cated that allisartan isoproxil alleviated DCM by attenuating
diabetes‑induced oxidative stress and inflammation through
the SIRT1/Nrf2/NF‑κ B signalling pathway.
Introduction
Diabetes is one of the major diseases threatening human
health worldwide. According to official reports, more than 400
million people worldwide suffer from diabetes (1). Diabetic
cardiomyopathy (DCM) is one of the complications of diabetes;
moreover, it is one of the main causes of diabetes‑associated
morbidity and mortality. Furthermore, DMC accounts for
more than 50% of all diabetes‑associated deaths each year (2).
According to epidemiological studies, people with diabetes
are 2 to 5 times more likely to develop heart failure than
their healthy peers. Therefore, it is urgent to explore new
prevention and treatment strategies for DCM (3‑5). Complex
biological responses, including inflammation, oxidative stress,
the renin‑angiotensin system, mitochondrial dysfunction,
intracellular Ca2+ transport disorders, myocardial fibrosis, and
cardiomyocyte apoptosis, are associated with DCM, which
makes it extremely difficult to investigate the pathophysi‑
ological mechanism of DCM (6,7).
A growing body of evidence has confirmed that oxida‑
tive stress, inflammation, and cell death play major roles in
DCM (6,8,9). Both hyperglycaemia and inflammation can
lead to excessive reactive oxygen species (ROS) production
in cells, which can cause lipid peroxidation reactions and
reduce the antioxidant capacity of cells, ultimately leading to
cardiomyocyte apoptosis and even the occurrence of cardiac
dysfunction (10). In addition, ROS and ROS‑induced DNA
damage can promote inflammatory responses and fibrotic
processes (11).
Nuclear factor erythroid 2‑related factor 2 (Nrf2) is an
important redox sensor and one of the key regulators of the
expression of various antioxidants in cells (12,13). In response
to oxidative stress, Nrf2 is activated and binds to antioxi‑
dant response elements (AREs) to activate the transcription
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and translation of antioxidant genes and proteins, respec‑
tively (14,15). Zhao et al (16) reported that the inhibition of Nrf2
expression affected the expression level of antioxidant proteins,
thus exacerbating DOX‑induced oxidative stress damage in
cardiomyocytes. Silent information regulator 2 homologue 1
(SIRT1) is an NAD+‑dependent deacetylase that can regulate
a variety of biological processes, including cell metabolism,
redox homeostasis, apoptosis, inflammation, and senescence,
through deacetylation (17,18). Existing research has confirmed
that SIRT1 suppresses cardiomyocyte apoptosis in DCM (18).
Moreover, in a study of glomerular mesangial cells, SIRT1
was revealed to activate the Nrf2/ARE pathway (19). Nuclear
factor‑κ B (NF‑κ B) is a key transcription factor in the regula‑
tion of inflammatory processes, and SIRT1 can also modulate
NF‑κ B‑dependent inflammatory responses (20). Therefore, it
is critical to explore whether the SIRT1/Nrf2/NF‑κ B signal‑
ling pathway plays a regulatory role in oxidative stress and
inflammation in diabetic cardiomyopathy.
Hyperglycaemia activates the renin‑angiotensin (Ang)
system (RAS) and induces extracellular matrix accumula‑
tion, leading to cardiac remodelling and dysfunction (21).
Briefly, increased levels of Ang II have been reported to
regulate the production of ROS and lead to cardiac hyper‑
trophy, left ventricular dysfunction, and myocardial insulin
resistance (22,23). Allisartan isoproxil is a new nonpeptide
angiotensin II receptor blocker (ARB) precursor drug that
can produce a carboxylic acid derivative (EXP3174) during
absorption in vivo (24,25). Compared with losartan, allisartan
isoproxil can be completely hydrolysed by esterase into the
active metabolite EXP3174 after being absorbed into the small
intestine and stomach (26). Losartan is already widely used
to treat hypertension clinically (27), and the effect of losartan
has been investigated in ventricular hypertrophy, heart failure,
kidney diseases and DCM in rats (28‑32). However, it remains
to be seen whether allisartan isoproxil can be used for the
treatment of DCM.
In the present study, it was examined whether allisartan
isoproxil protected against cardiac injuries in DCM rats.
The present study investigated the antioxidant stress and
anti‑inflammatory effects of allisartan isoproxil in myocar‑
dium by constructing DCM rats models and treating them
with allisartan isoproxil. The experiments focused on the
regulatory effect of allisartan isoproxil on SIRT1/Nrf2 and
SIRT1/NF‑κ B signaling pathways. The results indicated
that allisartan isoproxil could significantly attenuate cardiac
injuries caused by diabetes by inhibiting inflammation and
oxidative stress.
Materials and methods
Animal model of diabetes. Wild‑type SD rats were obtained
from Shanghai Sippe‑Bk Lab Animal Co., Ltd. All animal
study protocols were approved by the Institutional Ethics
Committee of The First Affiliated Hospital with Nanjing
Medical University (approval no. IACUC‑1803019) and were
performed according to the guidelines of the US Department
of Health (NIH Publication no. 85‑23, revised 1996) for the
use and care of laboratory animals.
A rat diabetes model was established by streptozocin (STZ)
and a high‑fat diet (HFD) (33). The HFD (10% lard oil, 10%

sucrose, 2.0% cholesterol, 0.5% cholate, 5% yolk powder and
72.5% ordinary feed) and control diets were obtained from
Beijing Boaigang Biological Technology Co., Ltd. A total of
32 adult Sprague‑Dawley rats weighing 280‑300 g were used
for the animal experiments. The animals were housed with a
12‑h light/dark cycle and a temperature of 22±2˚C. Rats in the
control group were fed a control diet. The other 3 groups were
fed an HFD to induce diabetes. After 4 weeks of feeding, all the
animals were fasted for 12 h, and then the rats in the diabetes
group were intraperitoneally injected with STZ (35 mg/kg
body weight), while the rats in the control group were injected
with the same volume of citrate buffer (34‑36). The blood
glucose levels were measured 72 h after STZ injection. When
the blood glucose levels were higher than 16.7 mmol/l, the rats
were identified as diabetic. Then, the rats were continued on
an HFD for 8 weeks to induce DCM. To explore the effects
of allisartan isoproxil, after 8 weeks of continuous HFD
feeding, the 3 groups of diabetic rats were treated with PBS
(DCM+PBS group), allisartan isoproxil (10.8 mg/kg/day,
DCM+allisartan isoproxil group) (24,37), and no treatment
other than an HFD (DCM group). In the present study, the
allisartan isoproxil was used as palliative treatment. The rats
were fed an HFD throughout the 16‑week experimental period.
The whole experiment lasted for 16 weeks. During the experi‑
mental period, the rats were monitored every day, and 4 of
them exhibited lethargy after STZ injection and succumbed
to natural causes within a week. At the end of the experiment
period, 28 rats were anesthetized with isoflurane (2.0‑2.5%
isoflurane in oxygen). When the rats appeared to have faint
breathing, myasthenia, lack of independent reaction, cyanosis,
or were comatose, it was considered that rats were close to
death and were euthanized by cervical dislocation.
Echocardiography. A Vevo 210 0 imaging system
(VisualSonics, Inc.) was used to measure heart function in all
animals by 2D echocardiography as previously described (7).
Left ventricular ejection fraction (EF), short axis fractional
shortening (FS), the E'/A' ratio, the left ventricular end‑systolic
dimension (LVD) and left ventricular posterior wall thickness
(LVPW) were measured from the parasternal long‑axis view.
Histological analysis. Heart tissues were fixed in 10%
neutral buffered formalin for 72 h at room tempera‑
ture. Histopathological analysis was performed on
paraffin‑embedded sections of the heart (5 µm) stained with
hematoxylin and eosin staining. Briefly, after dewaxing and
hydration of paraffin sections, hematoxylin staining was
performed for 3 min at room temperature, the sections rinsed
with distilled water, and then stained with eosin for 2 min
at room temperature and rinsed with distilled water again.
Finally, the sections were dried and sealed. Myocardial
fibrosis was determined using Masson's trichrome staining
(Sigma‑Aldrich; Merck KGaA). Brief ly, hematoxylin
staining for 5 min, ponceau trichrome staining for 10 min
and aniline blue staining for 2 min at room temperature.
Finally, the sections were dried and sealed. Multiple images
were acquired from each stained heart section under a light
microscope. The fibrotic areas of paraffin‑embedded heart
sections were evaluated using ImageJ 6.0 software (National
Institutes of Health).
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Enzyme‑linked immunosorbent assay. Serum cTnT and BNP
levels were measured by ELISA kits (cat. nos. OKEH04575 and
OKEH00475; Aviva Systems Biology) according to the manu‑
facturer's instructions. Briefly, serum samples were added to
an ELISA plate at a standard volume of 100 µl/well. The plates
were incubated at 37˚C for 2 h. Then, the plates were washed,
the conjugation solution was added to the wells and incubated
at 37˚C for another 1 h. Finally, the results were recorded using
a microplate reader (Elx800; BioTek Instruments, Inc.) at a
wavelength of 450 nm.
Immunohistochemistry. Heart tissues were fixed in 10%
neutral buffered formalin for 72 h at room temperature. The
expression of SIRT1 and Nrf2 in cardiac tissue was examined
by immunohistochemistry. Paraffin‑embedded sections (5 µm)
were deparaffinized (heated in a drying oven at 60˚C for 2 h
and soaked in pure xylene for 15 min three times) and hydrated
(immersion in 100, 90, 85, and 75% alcohol, 10 min each).
Then, the activity of endogenous peroxidase was quenched
with 3% H 2O2 for 20 min. After endogenous peroxidase
quenching and antigen retrieval, to avoid nonspecific antibody
binding, the sections were placed in a culture dish containing
10% goat serum (cat. no. ab7481; Abcam) and incubated for
30 min at room temperature. Then, the sections were incu‑
bated with SIRT1 (1:400, cat. no. ab189494) or Nrf2 (1:400,
cat. no. ab92946; both from Abcam) antibodies at 4˚C for 12 h.
Following primary antibody incubation, the sections were
washed with PBS three times. The sections were then incubated
in a diluted solution of horseradish peroxidase‑conjugated
goat anti‑rabbit secondary antibody (1:50, cat. no. ab205718;
Abcam) for 60 min. 3,3‑diaminobenzidine was used as the
detection reagent for 5 min. Finally, the sections were coun‑
terstained with haematoxylin (1 min at room temperature)
and bluing reagent, dehydrated and mounted. Multiple images
were acquired from each stained heart section under a light
microscope. The heart sections were evaluated using ImageJ
6.0 software (National Institutes of Health).
TUNEL assay. Rat heart tissue was surgically removed,
frozen in optima cutting temperature compound and
sectioned at 8 µm with a cryostat. Apoptosis in rat heart
tissue was measured using the ApopTag plus peroxidase in
situ apoptosis detection kit (Sigma‑Aldrich; Merck KGaA)
according to the manufacturer's guidelines. Briefly, after
washing with PBS, heart frozen sections were incubated with
1 µg/ml Proteinase K and 10 mM Tris solution for 10 min
at room temperature. The sections were washed in PBS for
5 min twice and then incubated with the TUNEL reaction
mixture at room temperature for 45 min. Finally, frozen
sections were washed with PBS 5 min twice and then the
nuclei labeled with DAPI for 20 min at room temperature
and mounted in 50% glycerine diluted in water. For each rat,
three sections were used for the TUNEL assay. A total of 15
randomly chosen microscopic fields were analyzed under a
fluorescence microscope. The number of TUNEL‑positive
myocardial nuclei and total myocardial nuclei in each group
were calculated. Images were captured with a fluorescent
microscope. The rate of apoptosis was determined by
dividing the number of TUNEL‑positive myocardial nuclei
by the total number of myocardial nuclei.
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Measurement of malondialdehyde (MDA) production and
superoxide dismutase (SOD) activity. Experimental kits were
used to determine the level of MDA (cat. no. YBA003‑2)
and SOD (cat. no. YBA001‑3) activity in myocardial tissue
according to the manufacturer's instructions (Shanghai Yubo
Biological Technology Co., Ltd.).
Reverse transcription‑quantitative (RT‑q)PCR. Total
RNA was extracted from heart tissue with TRIzol reagent
(CWBiotech). To reverse transcribe RNA into cDNA for
RT‑qPCR, TransStart Tip Green qPCR SuperMix from
TransGen Biotech was used according to the manufacturer's
instructions. Quantitative PCR was performed using SYBR
green (Thermo Fisher Scientific, Inc.). Thermocycling
conditions were 2 min at 50˚C, followed by initial dena‑
turation at 95˚C for 2 min and 45 cycles at 95˚C for 15 sec
(denaturation) and 60 sec at 56˚C (annealing and extension).
The relative expression level was calculated using the 2‑ΔΔCq
method (38). The primers are listed in Table SI.
Western blotting. Total protein was extracted from the
samples using radioimmunoprecipitation assay (RIPA) lysis
buffer (100 µl). The lysates were centrifuged at 12,000 x g
for 20 min at 4˚C and the supernatants collected. The protein
concentration was determined by the BCA assay. Protein
samples (20 µg) were loaded and separated using 8 or 10%
sodium dodecyl sulfate (SDS)‑polyacrylamide gel elec‑
trophoresis at 90 V for 1.5 h and subsequently transferred
to polyvinylidene fluoride membranes. The membrane
was blocked in 5% bovine serum albumin (cat. no. A3858,
Sigma‑Aldrich) for 2 h at room temperature. The primary
antibodies used were SIRT1 (1:1,000; cat. no. cat. no.
ab189494), Nrf2 (1:1,000; cat. no. ab92946), heme oxygenase‑1
(HO‑1; 1:1,000; cat. no. ab13243), NF‑ κ B p65 (1:1,000;
cat. no. ab16502), TNF‑ α (1:1,000; cat. no. ab66579), IL‑1β
(1:1,000; cat. no. ab9722), Bax (1:1,000; cat. no. ab32503),
Bcl‑2 (1:1,000; cat. no. ab196495), caspase‑3 (1:1,000;
cat. no. ab4051), cleaved caspase‑3 (1:1,000; cat. no. ab49822),
and GAPDH (1:2,000; cat. no. ab9485; all from Abcam).
Following an overnight incubation at 4˚C the membranes
were washed with TBST three times, and then horseradish
peroxidase (HRP)‑conjugated rabbit IgG secondary antibody
(1:5,000; cat no. sc‑2004; Santa Cruz Biotechnology, Inc.)
were added for each corresponding primary antibody for 1.5 h
at room temperature. All protein bands were visualized by
enhanced chemiluminescence (ECL) system using the ECL
chemiluminescent substrate reagent kit (cat. no. C510043
Thermo Fisher Scientific, Inc.) according to the manufac‑
turer's protocol. The grayscale value of protein bands was
calculated using ImageJ 6.0 software.
Statistical analysis. The data are expressed as the mean ± SD
of at least three independent experiments for each in vitro
experimental group and at least six independent experiments
for each animal group. All experimental data were analysed
using SPSS (version 20.0; IBM Corp.) and GraphPad Prism 7.0
(GraphPad Software, Inc.) unless otherwise stated. The data
was evaluated with unpaired Student's t‑tests for comparisons
between two groups. A value of P<0.05 was considered to
indicate a statistically significant result.
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Figure 1. Protective effects of allisartan isoproxil on the hearts of DCM rats. (A) Representative echocardiography images. Twelve weeks after diabetes induc‑
tion, the rats were characterized as having decreased cardiac function. (B) Reduced EF (%). (C) Left ventricular FS (%). (D) The ratio of the early (E) to late
(A) ventricular filling velocities (E'/A' ratio). (E) LVD and (F) LVPW at end‑systole. The values are the mean ± SD of n=6 in each group. *P<0.05. DCM, diabetic
cardiomyopathy; EF, ejection fraction; FS, fractional shortening; LVD, left ventricular end‑systolic dimension; LVPW, left ventricular posterior wall thickness.

Results
Protective effects of allisartan isoproxil on the hearts of DCM
rats. To investigate the effect of allisartan isoproxil on cardiac
function in diabetic rats, cardiac function was measured by
echocardiography in diabetic rats treated with and without
allisartan isoproxil (Fig. 1A). As revealed in Fig. 1, the
diabetic rats exhibited abnormal EFs and FS dysfunction
(Fig. 1B and C). Moreover, cardiac diastolic dysfunction with a
reduced E'/A' ratio was also detected in diabetic rats (Fig. 1D).
In addition, both the LVD and LVPW exhibited abnormal
manifestations (Fig. 1E and F). However, cardiac systolic func‑
tion and cardiac diastolic function were significantly improved
by allisartan isoproxil (Fig. 1A‑F).
Histological and cardiac marker analysis of DCM rats. Next,
the myocardial damage caused by hyperglycaemia and the
protective effects of allisartan isoproxil were explored. The
haematoxylin‑stained histopathological sections of normal
control rats exhibited normal myocardial tissue morphology
and regular nuclear arrangement. However, STZ‑induced

DCM rats exhibited tissue oedema, inflammatory cell infiltra‑
tion and disorganized myocardial nuclei (arrowhead), while
allisartan isoproxil treatment significantly alleviated these
pathological effects (Fig. 2A). Moreover, allisartan isoproxil
significantly attenuated the accumulation of collagen (arrow‑
head) in the myocardial tissue of DCM rats, as revealed by
Masson staining (Fig. 2B). Then, cardiac troponin I (cTnI)
and B‑type natriuretic peptide (BNP), biomarkers of myocar‑
dial injury and heart failure, respectively, were measured by
ELISA. Allisartan isoproxil effectively inhibited the expres‑
sion levels of both cTnT and BNP (Fig. 2C and D).
Allisartan isoproxil can inhibit diabetes‑induced myocardial
oxidative stress in rats. It has been confirmed that SIRT1 and
Nrf2 could reduce myocardial cell apoptosis and modulate
the antioxidant response system in DCM (18). Nrf2 has been
reported to modulate the antioxidant response system of
cardiomyocytes under high glucose conditions (39). When
Nrf2 is activated, it can enter the nucleus and regulate the
expression level of the antioxidative stress response gene
HO‑1 to protect cell viability (13,39). Moreover, a study on
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Figure 2. Histological and cardiac marker analysis of DCM rats. (A and B) Staining of heart tissues harvested at the end of the treatment period. (A) Representative images
of myocardial tissue sections stained with H&E; scale bar, 50 µm. Inflammatory cell infiltration and disorganized myocardial nuclei (arrowhead). (B) Assessment of
cardiac fibrosis by Masson's trichrome staining; scale bar, 50 µm. The accumulation of collagen (arrowhead). (C) Serum levels of cTnI. (D) Serum levels of BNP. The
values are the mean ± SD of n=6 in each group. *P<0.05. DCM, diabetic cardiomyopathy; cTnI, cardiac troponin I; BNP, B‑type natriuretic peptide.

glomerular mesangial cells revealed that SIRT1 could activate
the Nrf2/ARE pathway (19). It was hypothesised that SIRT1
could regulate DCM by regulating the expression of Nrf2.
Therefore, western blotting and RT‑qPCR were used to assess
the protein and mRNA expression levels, respectively, of SIRT1
and Nrf2. As revealed in Fig. 3A and C, the protein and mRNA
expression levels of SIRT1 and Nrf2 in the myocardial tissue of
diabetic rats were significantly downregulated, while allisartan
isoproxil treatment partially restored the expression levels of
SIRT1 and Nrf2 (Fig. 3A). Immunohistochemical staining also
revealed that allisartan isoproxil could reverse the downregula‑
tion of both SIRT1 and Nrf2 protein levels in the heart tissue
sections of diabetic rats (Fig. 3B). Moreover, as was anticipated,
the expression trend of HO‑1, a downstream gene of Nrf2, was
consistent with that of Nrf2 (Fig. 3C). The expression level of
MDA (Fig. 3D) and the activity of SOD) (Fig. 3E were also
assessed. These results revealed that allisartan isoproxil could
reduce the oxidative stress response of DCM rats.
Allisartan isoproxil can attenuate inflammation in DCM
rats. As a transcription factor, NF‑κ B is activated by phos‑
phorylation and transfers into the nucleus to regulate the
transcription of inflammatory cytokine genes, including
TNF‑ α and IL‑1β (40,41). The protein level of phosphory‑
lated NF‑κ B p65 was examined by western blotting, and the
mRNA level was measured by RT‑qPCR. The present data
indicated that the protein level of NF‑κ B p65 was significantly

upregulated in DCM rats, while allisartan isoproxil treatment
partially restored the protein and mRNA levels of NF‑κ B
p65 (Fig. 4A and B). In addition, allisartan isoproxil signifi‑
cantly reduced the upregulation of TNF‑α and IL‑1β protein
expression in DCM rats (Fig. 4D). Consistent results were also
obtained by RT‑qPCR (Fig. 4C).
Cardiomyocyte apoptosis in DCM rats is reduced by allisartan
isoproxil. Myocardial cell injury leads to cell apoptosis (6).
To investigate the protective effect of allisartan isoproxil on
myocardial apoptosis in DCM rats, the expression levels of
Bax, Bcl‑2, pro‑caspase‑3 and cleaved caspase‑3 were assessed
by western blotting (Fig. 5A). The Bax/Bcl‑2 and cleaved
caspase‑3/pro‑caspase‑3 ratios were significantly decreased in
DCM rats treated with allisartan isoproxil (Fig. 5A). Moreover,
cardiomyocytes underwent apoptotic death in diabetic
cardiomyopathy, as evidenced by increased positive TUNEL
staining, but this effect was reversed by allisartan isoproxil
(Fig. 5B). In summary, the decrease in proapoptotic proteins,
the increase in antiapoptotic proteins and the decrease in
apoptotic cardiomyocytes all indicated that allisartan isoproxil
protected cardiomyocytes from apoptosis in DCM.
Discussion
Diabetes is known to cause numerous complications, including
cardiomyopathy. Persistent high blood glucose levels cause
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Figure 3. Allisartan isoproxil can inhibit diabetes‑induced myocardial oxidative stress in rats. (A) Western blot analysis of SIRT1, Nrf2 and HO‑1 expression
in lysates prepared from heart tissues. The myocardial tissues were subjected to immunohistochemical analysis as described in the Materials and methods.
(B) Representative images were acquired and quantified for SIRT1 and Nrf2. (C) The expression levels of SIRT1, Nrf2 and HO‑1 were determined by reverse
transcription‑quantitative PCR, and the grouping was the same as in B. (D and E) Oxidative stress in myocardial tissues was determined by measuring the
levels of (D) MDA and (E) SOD in lysates prepared from heart tissues, and the grouping was the same as in B. The values are the mean ± SD of n=6 in each
group. *P<0.05. SIRT1, silent information regulator 2 homologue 1; Nrf2, nuclear factor erythroid 2‑related factor 2; HO‑1, heme oxygenase‑1; MDA, malondi‑
aldehyde; SOD, superoxide dismutase; DCM, diabetic cardiomyopathy.

oxidative stress, inflammation, and apoptosis, and these
pathological reactions are related to the pathogenesis of
DCM (42,43). Long‑term diabetes is associated with persis‑
tently high blood glucose levels and may be associated with
myocardial tissue damage. The exacerbation of oxidative stress
injury and increased inflammatory response under sustained
hyperglycaemia are considered to be the key mechanisms of
DCM induction (6,8). These two harmful mechanisms promote
myocardial tissue fibrosis, activate the apoptosis pathway, and
ultimately damage the structure and function of the heart (44,45).
Allisartan isoproxil is a new nonpeptide angiotensin II receptor
blocker precursor drug. Compared with losartan, allisartan
isoproxil has higher absorption efficiency, better blood pres‑
sure lowering effect and lower adverse reactions (25,26). In
the present study, it was revealed that treatment of DCM with
allisartan isoproxil in diabetic rats alleviated inflammation and

oxidative stress injury. The protective effect of allisartan ester
was achieved by inhibiting the aberrant activation of NF‑κ B
and activating the antioxidant Nrf2 system. However, it should
be noted that when designing the experiment, we neglected to
set a positive reference group. Nonetheless, our results provide
insights into the future exploration of allisartan isoproxil in the
treatment of DCM.
A rat model of diabetes induced by STZ and an HFD was
first established. The effect of allisartan isoproxil on cardiac
function in diabetic rats was investigated by echocardiography,
and the results revealed that diabetic rats exhibited cardiac
dysfunction. However, allisartan isoproxil protected the heart
functions of the rats by increasing their heart EF%, E'/A' ratio
and LVPWs. Notably, LVPWs in our diabetic rat model was
reduced, which is consistent with the results of Zhao et al (8).
Histological examination of the diabetic heart revealed
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Figure 4. Allisartan isoproxil can attenuate inflammation in DCM rats. (A and B) The protein and mRNA expression levels of NF‑κ B were measured by
western blotting and reverse transcription‑quantitative PCR, respectively. (C and D) The inflammatory response in the myocardial tissues was determined
by measuring the protein and mRNA expression levels of TNF‑α and IL‑1β. The values are the mean ± SD of n=6 in each group. *P<0.05. DCM, diabetic
cardiomyopathy; TNF‑α, tumour necrosis factor‑α; IL‑1β, interleukin‑1β.

increased myocardial damage and collagen deposition (33),
consistent with the present results. Furthermore, aberrant
expression of apoptosis‑related proteins was also revealed in
the heart tissues of DCM rats. Hyperglycaemia‑induced oxida‑
tive stress, inflammation and cell damage are the main causes
of myocardial fibrosis (46,47).
NF‑κB, a key transcription factor associated with inflamma‑
tory responses, activates NF‑κB translocation into the nucleus
and regulates the expression of related genes, including TNF‑α,
IL‑1β and IL‑6 (48,49). Moreover, NF‑κB has been revealed to
play a pivotal role in the development of DCM (50). A recent
study reported that activation of NF‑κB induced increased oxida‑
tive stress, which could lead to heart dysfunction in DCM (51).
Notably, inflammatory pathways in DCM are closely related to
oxidative stress signalling and ultimately promote the develop‑
ment of myocardial injury (52,53). In the present study, DCM
was associated with increased cardiac NF‑κB p65 and TNF‑α
expression, while allisartan isoproxil treatment partially restored
the protein and mRNA levels of NF‑κB p65 and IL‑1β. Allisartan
isoproxil treatment prevented cardiac injury in diabetic rats, and
this effect may be attributed to attenuated inflammation.
A growing body of evidence has revealed that oxidative
stress caused by excessive ROS in hyperglycaemia is associated

with the progression of myocardial injury (54,55). Cardiac
oxidative stress is closely related to myocardial fibrosis and
cardiomyocyte apoptosis, and excessive oxidative stress can
lead to severe cardiac dysfunction and heart failure (8,11).
Nrf2, a member of the nuclear factor erythroid 2 family of
nuclear basic leucine‑zipper transcription factors, activates the
transcription and translation of several antioxidant genes and
proteins by binding to AREs (19). As one of the key regula‑
tors of the antioxidant defence system, Nrf2 can mediate the
expression of HO‑1 and NQO1, thus playing an antioxidative
stress role (14,15). Civantos et al (56) revealed that sitagliptin
treatment could downregulate the expression of miR‑200a,
thereby abrogating its inhibitory effect on the Keap‑1/Nrf2
pathway and ultimately alleviating diabetic nephropathy in
rats. In STZ‑induced diabetic mouse models, activated Nrf2
helped prevent the occurrence and progression of diabetic
retinopathy (57). Moreover, existing research has reported that
SIRT1 could activate the Nrf2/ARE pathway in glomerular
mesangial cells (19). The present results revealed that allisartan
isoproxil treatment could partially reverse the downregulation
of both SIRT1 and Nrf2 protein expression in the heart tissue
of diabetic rats. Moreover, the trend in the expression of HO‑1
was consistent with that of Nrf2. The expression level of MDA
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Figure 5. Cardiomyocyte apoptosis in DCM rats is reduced by allisartan isoproxil. (A) Cell apoptosis‑related proteins Bax, Bcl‑2 and caspase‑3 and cleaved
caspase‑3 in heart tissues were analysed by immunoblotting. (B) Detection of apoptotic cells by TUNEL staining. Positive staining appears green; scale bar,
50 µm. The values are the mean ± SD of n=6 in each group. *P<0.05. DCM, diabetic cardiomyopathy.

and the activity of SOD were also measured and the results
demonstrated that allisartan isoproxil could reduce oxidative
stress in DCM rats, at least in part, through the restoration of
Nrf2.
The present results indicated that allisartan isoproxil alle‑
viated DCM by attenuating diabetes‑induced oxidative stress
and inflammation through the SIRT1/Nrf2/NF‑κ B signalling
pathway. In conclusion, allisartan isoproxil had a protective
effect on DCM. Therefore, allisartan isoproxil may also be
useful in the treatment of DCM.
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