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Abstract. The aim of the present study was to examine 
whether adiponectin could inhibit cardiomyocyte senescence 
induced by D‑galactose (D‑gal), and whether it functioned via 
the adiponectin receptor 1 (AdipoR1)/adaptor protein phos‑
photyrosine interacting with PH domain and leucine zipper 1 
(APPL1) signaling pathway. For this purpose, the expression 
levels of adiponectin, AdipoR1 and APPL1 in mouse plasma 
and myocardial tissues were detected via reverse transcrip‑
tion‑quantitative PCR (RT‑qPCR) and western blotting. An 
adiponectin‑overexpression plasmid was transfected into 
D‑gal‑treated H9c2 cells prior to the detection of AdipoR1 
and APPL1 expression by RT‑qPCR. Senescence‑associated 
β‑galactose staining was then performed to observe cellular 
senescence following the transfection of small interfering 
RNAs (si) targeting AdipoR1 and APPL1 into D‑gal‑treated 
H9c2 cells overexpressing adiponectin. Commercial kits were 
used to detect reactive oxygen species (ROS) production and 
malondialdehyde (MDA) content in the different groups. 
The expression levels of heme oxygenase (HO)‑1 and high 
mobility group box 1 (HMGB1) were examined by western 
blot analysis. The results revealed that the expression levels 
of adiponectin, AdipoR1 and APPL1 were downregulated 
in aged mouse plasma, myocardial tissues and D‑gal‑treated 
cardiomyocytes. It was also observed that AdipoR1 and APPL1 
expression levels were significantly upregulated following the 
overexpression of adiponectin into D‑gal‑treated cardiomyo‑
cytes. Moreover, adiponectin overexpression reduced cellular 
senescence induced by D‑gal and the expression of p16 and 
p21; these effects were reversed following transfection with 

si‑AdipoR1 and si‑APPL1. Adiponectin also downregulated 
the levels of ROS and MDA in D‑gal‑treated H9c2 cells via 
AdipoR1/APPL1. Additionally, the release of HO‑11/HMGB1 
was affected by adiponectin via AdipoR1/APPL1, and adipo‑
nectin/AdipoR1/APPL1 suppressed ROS production via 
HO‑1/HMGB1. On the whole, the present study demonstrated 
that adiponectin played an inhibitory role in cardiomyocyte 
senescence via the AdioR1/APPL1 signaling pathway and 
inhibited the levels of oxidative stress in senescent cardiomyo‑
cytes via the HO‑1/HMGB1 signaling pathway.

Introduction

Population aging has become a common issue worldwide; it 
is estimated that individuals aged ≥60 years will constitute 
≥20% of the world's total population by 2050 (1). The chal‑
lenges associated with an aging population already pose great 
difficulties; however, it is estimated that in the coming years, 
an increasing number of countries will be faced with graver 
public health concerns and heavier healthcare burdens, of 
which cardiovascular disease (CVD) will account for a large 
percentage (2).

CVD, known for its high morbidity and mortality, is caused 
by a number of factors, among which intrinsic aging plays a 
prominent role; it is also the leading cause of mortality for 
seniors of >65 years of age (3). Oxidative stress is considered 
to be a crucial factor that triggers heart aging. A growing body 
of evidence has confirmed that reactive oxygen species (ROS) 
are produced in increasing amounts in myocardial tissues as 
age increases (4). Therefore, the effective inhibition of ROS is 
expected to attenuate heart aging, thus relieving its detrimental 
effects on human health (5). D‑galactose (D‑gal) treatment has 
been used in a number of rodent models of aging (6,7), including 
brain and heart aging, and has been reported to notably induce 
aging‑related changes, such as reducing thymus coefficients 
and increasing pathological injury and cellular senescence in 
the liver, spleen and hippocampus (8). D‑gal is a reducing sugar 
that, when it accumulates in the body, reacts with free amines 
from amino acids in proteins and peptides to form an unstable 
compound Schiff base, which persists for several months after 
as the compound is oxidized to very stable advanced glycation 
end products (AGEs) (9). AGEs increase during aging and are 
considered to be one of the signs of aging (10).
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Adiponectin, an adipocyte‑specific hormone derived from 
fat, performs an essential anti‑inflammatory and antioxidant 
function in CVDs (11). A previous study indicated that the 
transfection of adiponectin into endothelial progenitor cells 
protected the cognitive function of rats with D‑gal‑induced 
aging  (12). However, at present, detailed research on the 
effectiveness and mechanisms of adiponectin in the aging 
of myocardial fibers, namely cardiomyocyte senescence, is 
limited. Adiponectin has two cell surface homologous recep‑
tors, adiponectin receptor 1 (AdipoR1) and AdipoR2, both 
of which are expressed in various types of tissues (13). In 
addition, adaptor protein phosphotyrosine interacting with PH 
domain and leucine zipper 1 (APPL1), as an adapter protein, 
has been identified as the signal transductor of AdipoR1/2 (14).

The current state of the aging population and the previous 
research findings prompted further investigations into the 
association between adiponectin and heart aging induced by 
D‑gal, in addition to determining whether adiponectin exerts 
an inhibitory effect on cardiomyocyte senescence through the 
AdipoR1/APPL1 signaling pathway. The present study aimed 
to provide an innovative approach that may be used to attenuate 
heart aging. The findings presented herein may provide novel 
insight into the treatment of CVDs.

Materials and methods

Animals and treatments. BALB/c mice (n=16; age, 2 and 
15  months old; weight, 25  g‑30  g; male) were purchased 
from the Guangdong Medical Laboratory Animal Center and 
housed in the following two groups (eight mice per group): 
Young mice (2 months old) and aged mice (15 months old). 
The mice were housed in a controlled environment at a 
temperature of 20‑25˚C and a humidity level of 50‑70% under 
a 12‑h light/dark cycle and were provided with food and water 
ad libitum. Following acclimation to the laboratory environ‑
ment, all 16 mice were sacrificed by cervical dislocation 
following anesthesia with 350 mg/kg chloral hydrate (10%, 
abdominal injection). Mice were checked for complete cardiac 
arrest and pupil dilation to confirm death and then their blood 
samples and myocardial tissue samples were collected for 
subsequent analysis. All procedures related to animal experi‑
ments in the present study were approved by the Shanghai 
Municipal Hospital of Traditional Chinese Medicine (approval 
no. dw2019018; Shanghai, China).

Western blot analysis. Total proteins were extracted from 
the tissues using RIPA lysis buffer (Beyotime Institute of 
Biotechnology) and protein concentration was determined 
using BCA kits (Beyotime Institute of Biotechnology) 
according to the manufacturer's protocol. SDS‑PAGE loading 
buffer (Beyotime Institute of Biotechnology) was added to the 
protein samples, which were then boiled in a water bath for 
3‑5 min to achieve protein denaturation. Subsequently, 40 µg 
protein/lane was electrophoresed with 12% SDS‑PAGE running 
buffer (Beyotime Institute of Biotechnology) at room tempera‑
ture, and then transferred to a PVDF membrane (Thermo 
Fisher Scientific, Inc.), which was blocked in 5% skimmed 
milk on a shaker (Beyotime Institute of Biotechnology) for 
1 h at room temperature. TBS with Tween‑20 (0.2%, TBST) 
buffer (Shanghai Aladdin Bio‑Chem Technology Co., Ltd.) 

was then used to wash the membrane three times for 1 min 
each time, prior to incubation with the primary antibody dilu‑
tion buffer (Nanjing Channel Technology Group) overnight 
at 4˚C. On the second day, TBST buffer was again used to 
wash the membrane three times for 5 min each time, followed 
by incubation with the secondary antibody dilution buffer 
(Nanjing Channel Technology Group) at room temperature for 
2 h. Finally, the membrane was washed three times with TBST 
for 5 min each time prior to chemiluminescence detection 
(ECL Western substrate; Thermo Fisher Scientific, Inc.) using 
Image Lab software (Version 4.0; Bio‑Rad Laboratories, Inc.). 
GAPDH (1:1,000; cat. no. 5174; Cell Signaling Technology, 
Inc.) was selected as the internal control. All experiments 
were performed in triplicate. The antibodies were as follows: 
Anti‑p16 (1:1,000; cat. no. 18769; Cell Signaling Technology, 
Inc.), anti‑p21 (1:1,000; cat.  no.  2947; Cell Signaling 
Technology, Inc.), anti‑adiponectin (1:1,000; cat. no. 2789; 
Cell Signaling Technology, Inc.), anti‑AdipoR1 (1:800; 
cat. no. bs‑0610R; BIOSS), anti‑APPL1 (1:1,000; cat. no. 3858; 
Cell Signaling Technology, Inc.), anti‑heme oxygenase 
(HO)‑1 (1:1,000; cat. no. 43966; Cell Signaling Technology, 
Inc.), anti‑high mobility group box 1 (HMGB1; 1:1,000; 
cat. no. 3935; Cell Signaling Technology, Inc.) and mouse 
anti‑rabbit secondary antibody (1:1,000; cat. no. 5127; Cell 
Signaling Technology, Inc.).

RNA extraction and reverse transcription‑quantitative PCR 
(RT‑qPCR). Total RNA was isolated from the mouse blood 
samples using TRIzol® reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. 
The RNA purity was examined using a NanoDrop 2000 
spectrophotometer (Thermo Fisher Scientific, Inc.). Total 
RNA (2.5  µg) was reverse transcribed into cDNA using 
an EasyScript® First‑Strand cDNA Synthesis SuperMix 
(TransGen Biotech Co., Ltd.) according to the manufacturer's 
instructions. qPCR was performed on a Veriti™ 96‑Well 
Thermal Cycler (Thermo Fisher Scientific, Inc.) with the 
following thermocycling conditions: Initial denaturation 
at 85˚C for 30 sec, followed by 22 cycles at 55˚C for 30 sec 
and 72˚C for 30 sec. A mixture of 10 µl SYBR™ Green PCR 
Master Mix (Thermo Fisher Scientific, Inc.), 7 µl water and 
1 µl primer working solution (Shanghai GenePharma Co., 
Ltd.) was added to each well containing 2 µl cDNA for each 
reaction. Each sample was tested in triplicate. The plate was 
then centrifuged (8,000 x g, 20 min) to spin down the solution 
on a Centrifuge 5810 device (Eppendorf) at 4˚C. GAPDH was 
used as the internal reference gene. The analysis of the data 
was performed using the 2‑ΔΔCq method (15). The sequence of 
primer pairs were as follows: Adiponectin forward (F), 5'‑GCA​
TTC​AGT​GTG​GGA​TTG​GAG‑3' and reverse (R), 5'‑AGA​CTG​
TGA​TGT​GGT​AGG​CAA​AG‑3'; AdipoR1 F, 5'‑CAA​GGC​
TGA​AGA​AGA​ACA​AGC‑3' and R, 5'‑AAG​GAG​GGC​ATA​
GGT​GGT​CT‑3'; APPL1 F, 5'‑AGC​CAG​TGA​CCC​TTT​ATA​
TCT​GC‑3' and R, 5'‑AGG​TAT​CCA​GCC​TTT​CGG​GTT‑3'; 
and GAPDH F, 5'‑CTC​TCT​GCT​CCT​CCC​TGT​TC‑3' and R, 
5'‑CGA​TAC​GGC​CAA​ATC​CGT​TC‑3'.

Cell culture and treatments. H9c2 rat cardiomyocytes were 
obtained from The Cell Bank of Type Culture Collection of 
The Chinese Academy of Sciences and cultured in DMEM 
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(Gibco; Thermo Fisher Scientific, Inc.) supplemented with 
10% high‑quality FBS (Gibco; Thermo Fisher Scientific, 
Inc.), 100 U/ml penicillin and 100 mg/ml streptomycin; the 
medium was replaced every 2 days. Cells were maintained in 
a humidified incubator of 95% air and 5% CO2 at 37˚C. Upon 
reaching 80% confluence, the H9c2 cells were seeded into 
96‑well plates at a density of 2x103 cells/well and treated with 
2.5, 5 and 10 g/l D‑gal (Macklin, Inc.) at 37˚C for 24 h before 
being harvested for use in further experiments and analysis. 
Subsequently, When the density of H9c2 cells reached ~70%, 
overexpression plasmids for adiponectin (Ov‑Adiponectin) 
were constructed (Shanghai GenePharma Co., Ltd.) and were 
transfected into H9c2 cells (1.5 µg/well) using Lipofectamine® 
3000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.). The 
untransfected H9c2 cells induced by 10 g/l D‑gal were used as 
the negative control (NC) group for the Ov‑Adiponectin group. 
Subsequently, small interfering RNAs (siRNAs/si) targeting 
AdipoR1 (siAdipoR1, 5'‑AAG​GTA​CTA​CTC​AAC​TAG​AAT​
GT‑3') and APPL1 (siAPPL1, 5'‑ATG​ATA​GGA​TGT​GAG​ATA​
AGT​CC‑3') were constructed (Shanghai GenePharma Co., 
Ltd.) and were transfected into Ov‑Adiponectin H9c2 cells 
using Lipofectamine 3000 reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.), and negative control (si‑NC; cat. no. 12935300) 
were obtained from Thermo Fisher Scientific, Inc. The 
D‑gal‑induced cells transfected with Ov‑Adiponectin plasmid 
were defined as the NC group for both the D‑gal 10 g/l + Ov‑
Adiponectin + si‑AdipoR1 and D‑gal 10 g/l + Ov‑Adiponecti
n + si‑APPL1 groups. The plasmids were transfected into cells 
at a concentration of 50 ng/ml. After 12 h incubation at 37˚C, 
the medium was replaced with fresh DMEM and cells were 
cultured for 72 h at 37˚C before subsequent experiments.

Senescence‑associated β‑galactose (SA‑β‑gal) staining. 
SA‑β‑gal staining was performed using the Senescence Assay 
kit (cat. no. ab65351; Abcam) to observe signs of aging in H9c2 
cells induced by D‑gal, according to the manufacturer's protocol. 
Briefly, H9c2 cells treated with D‑gal were washed with PBS 
and fixed with fixative solution for 10 min at room temperature, 
after which the cells were washed with PBS again and incubated 
in a staining solution mix for 1 h at 37˚C. The solutions and 
staining supplement mentioned were all included with the kit. 
Finally, seven representative images (magnification, x100) were 
obtained using a fluorescence microscope (Leica Microsystems 
GmbH) from randomly selected fields of view. The procedures 
were performed in triplicate for each group.

ROS level detection. A ROS Assay kit (cat.  no.  S0033S, 
Beyotime Institute of Biotechnology) was used to examine 
the production of ROS in H9c2 cells. Zinc protoporphyrin 
(ZnPP; 100 µg/ml; Sigma‑Aldrich; Merck KGAA, an inhibitor 
of HO‑1, was co‑incubated with cells at 37˚C for 20 min. Cells 
at a density of 1x106 cells/ml were collected and suspended 
in diluted 2'‑7'Dichlorofluorescin diacetate (DCFH‑DA) at a 
concentration of 10 µmol/l. Following incubation for 20 min 
at 37˚C, the cells were washed three times with serum‑free cell 
culture medium to sufficiently remove the DCFH‑DA that did 
not enter the cells. Finally, an excitation wavelength of 488 nm 
and emission wavelength of 525 nm were applied using a 
microplate reader to detect the intensity of fluorescence before 
and after stimulation in real‑time or at different time points.

Malondialdehyde (MDA) content detection. The lipid peroxi‑
dation levels of H9c2 cells subjected to the different treatments 
were examined using a Lipid Peroxidation MDA Assay kit 
(cat. no. S0131S, Beyotime Institute of Biotechnology). The 
preparation of TBA stock solution and MDA working solu‑
tion, as well as the dilution of the standard substances were all 
performed in accordance with the product manual. The MDA 
content in the sample solution was calculated using a standard 
curve. The experiment was replicated in triplicate.

Statistical analysis. Data are presented as the mean ± SD. 
Data were analyzed using GraphPad Prism 8.0.1 software 
(GraphPad Software, Inc.). Statistical differences were deter‑
mined using a one‑way ANOVA followed by Tukey's post hoc 
test for group comparisons. P<0.05 was considered to indicate 
a statistically significant difference.

Results

Adiponectin, AdipoR1 and APPL1 expression levels are 
downregulated in aged mouse plasma and myocardial 
tissues. Western blot analysis was first performed to analyze 
the expression levels of the senescence‑related genes, p16 and 
p21, in the myocardial tissues of both young mice and aged 
mice. A markedly higher expression of p16 and p21 was found 
in the tissues of the older group compared with the younger 
group (Fig.  1A). Furthermore, to explore the association 
between adiponectin and heart aging, the expression levels of 
adiponectin, AdipoR1 and APPL1 in the plasma of both the 
young and aged mice were analyzed by RT‑qPCR, followed by 
the detection of these levels in the mouse myocardial tissues 
by western blot analysis. The results revealed that the relative 
mRNA and protein expression levels of adiponectin, AdipoR1 
and APPL1 were downregulated in the older group compared 
with the younger group in both the plasma and myocardial 
tissues (Fig. 1B and C). These findings suggested a negative 
association between adiponectin expression and heart aging.

Expression levels of adiponectin, AdipoR1 and APPL1 are 
downregulated in D‑gal‑treated cardiomyocytes. To establish 
the cardiomyocyte model of senescence, western blot analysis 
was performed to detect the expression levels of p16 and p21 
in H9c2 cardiomyocytes treated with 2.5, 5 and 10 g/l D‑gal. 
The results revealed that, compared with the control group, 
the relative expression levels of p16 and p21 were elevated in 
a concentration‑dependent manner in the groups with D‑gal 
induction, and cells treated with 10 g/l D‑gal exhibited the 
most prominent elevation of p16 and p21 expression (Fig. 2A). 
Therefore, D‑gal at the concentration of 10 g/l was selected for 
use in subsequent experiments.

Adiponectin overexpression promotes the expression of 
AdipoR1 and APPL1 in D‑gal‑treated cardiomyocytes. 
To investigate the association between adiponectin and 
AdipoR1/APPL1 in senescent cardiomyocytes, RT‑qPCR 
was performed to determine the expression of adiponectin 
following the transfection of adiponectin overexpression 
plasmid into D‑gal‑treated H9c2 cells. As shown in Fig. 2B‑D, 
downregulated mRNA and protein expression levels of 
adiponectin, AdipoR1 and APPL1 were observed in the cells 
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treated with 10 g/l D‑gal compared with the control; these 
levels were markedly increased following the overexpression 
of adiponectin compared with the NC group, suggesting a 
promoting effect of adiponectin overexpression on AdipoR1/
APPL1 expression in D‑gal‑treated cardiomyocytes.

Adiponectin inhibits D‑gal‑induced cardiomyocyte senescence 
via AdipoR1/APPL1. To elucidate the mechanisms through 
which adiponectin affects cardiomyocyte senescence and 
whether its effects are through the AdipoR1/APPL1 signaling 
pathway, siRNAs targeting AdiopoR1 and APPL1 were 
constructed and transfected into H9c2 cells overexpressing 
adiponectin (Fig. S1A). The transfection efficiency was exam‑
ined by RT‑qPCR and western blotting, which demonstrated that 
the relative mRNA and protein expression levels of AdipoR1 
and APPL1 were notably downregulated in the OV‑adiponectin 
cells transfected with the siRNAs compared with the NC group 
(Fig. 3A‑D). In addition, siRNA transfection in OV‑adiponectin 
cells without D‑gal treatment also exhibited downregulated 
mRNA and protein expression levels of AdipoR1 and APPL1 
(Fig. S1B and C). It was further observed by SA‑β‑gal staining 

that transfection with OV‑adiponectin significantly inhibited 
D‑gal‑induced cell senescence, which was, however, reversed 
to a certain degree by transfection with si‑AdiopoR1 and 
si‑APPL1 (Fig. 3E). Additionally, western blot analysis revealed 
that the expression levels of senescence‑related proteins, p16 
and p21, which were downregulated by adiponectin overexpres‑
sion, were partially increased by transfection with si‑AdiopoR1 
and si‑APPL1 in the D‑gal‑treated H9c2 cells (Fig.  3F). 
Taken together, these results indicated an inhibitory effect of 
adiponectin on D‑gal‑induced cardiomyocyte senescence via 
regulating AdipoR1/APPL1.

Adiponectin inhibits the oxidative stress levels in D‑gal‑treated 
cardiomyocytes via AdipoR1/APPL1. ROS production was 
detected in D‑gal‑treated H9c2 cells using commercial kits for 
a further exploration of the mechanisms through which adipo‑
nectin inhibits cardiomyocyte senescence. As shown in Fig. 4A, 
the relative ROS levels in the D‑gal‑treated H9c2 cells were 
significantly decreased by transfection with OV‑adiponectin, 
whereas they were increased by transfection with si‑AdipoR1 
and si‑APPL1 (Fig. 4A and B). Furthermore, an MDA assay 

Figure 1. Expression of adiponectin, AdipoR1 and APPL1 is downregulated in aged mouse plasma and myocardial tissue. (A) Relative expression levels of p16 
and p21 in myocardial tissues of young mice (aged 2 months) and aged mice (aged 15 months) were detected by western blotting. (B) Relative mRNA expression 
levels of adiponectin, AdipoR1 and APPL1 in the plasma of young mice and aged mice were detected by reverse transcription‑quantitative PCR. (C) Relative 
expression levels of adiponectin, AdipoR1 and APPL1 in myocardial tissues of young mice and aged mice were analyzed using western blot analysis. **P<0.01, 
***P<0.001 vs. young mice. AdipoR1, adiponectin receptor 1; APPL1, adaptor protein phosphotyrosine interacting with PH domain and leucine zipper 1. 
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kit was utilized to detect the lipid peroxidation levels in H9c2 
cells; it was observed that adiponectin overexpression mark‑
edly reduced relative MDA expression in the D‑gal treated 
H9c2 cells, whereas this was enhanced following transfection 
with si‑AdipoR1 and si‑APPL1 compared with the NC group 
(Fig. 4C). These results collectively suggested that adiponectin 
decreased the levels of oxidative stress in D‑gal‑induced cellular 
senescence through the AdipoR1/APPL1 signaling pathway.

Adiponectin affects the release of HO‑1/HMGB1 via AdipoR1/
APPL1. To determine whether HO‑1/HMGB1, an oxidative 
stress response‑related pathway in the body (16), plays a role in 
the mechanisms of action of adiponectin in cardiomyocyte 
senescence, the expression levels of HO‑1 and HMGB1 in the 
different groups were detected by western blot analysis. It was 
observed that the relative expression levels of HO‑1 were signif‑
icantly upregulated in the D‑gal‑treated H9c2 cells following 
adiponectin overexpression, while following transfection with 
si‑AdipoR1 and si‑APPL1, HO‑1 expression was decreased to 
a certain degree compared with the NC group (Fig. 5A). On the 
other hand, the relative expression of HMGB1 in D‑gal‑treated 
H9c2 cells was decreased by adiponectin overexpression, and 
was significantly increased by transfection with si‑AdipoR1 
and si‑APPL1 compared with the NC group (Fig. 5A). These 

findings suggested that adiponectin promotes HO‑1 expres‑
sion, while it inhibits HMGB1 expression through the AdioR1/
APPL1 signaling pathway.

Adiponectin/AdipoR1/APPL1 inhibits oxidative stress via 
HO‑1/HMGB1. To ascertain whether adiponectin reduces 
oxidative stress in cardiomyocyte senescence through HO‑1/
HMGB1 signaling, commercial kits were once again used 
to determine the ROS and MDA levels in D‑gal‑treated 
H9c2 cells. In this experiment, ZnPP was used to treat the 
D‑gal‑treated cells overexpressing adiponectin. As shown in 
Fig. 5B and C, the relative ROS levels in D‑gal‑treated H9c2 
cells were markedly decreased following adiponectin over‑
expression compared with the cells treated with D‑gal alone; 
these levels were noticeably elevated following treatment with 
the HO‑1 inhibitor. As shown in Fig. 5D, a similar trend was 
observed in MDA levels, indicating that adiponectin/AdipoR1/
APPL1 suppresses the release of oxidative stress in H9c2 cells 
treated with D‑gal through HO‑1/HMGB1 signaling.

Discussion

At 40 years of age, the remaining lifetime risk for developing 
certain types of CVD increases significantly in previously 

Figure 2. Expression of adiponectin, AdipoR1 and APPL1 is downregulated in D‑gal‑treated cardiomyocytes. (A) Relative expression levels of p16 and p21 
in H9c2 cells treated with 2.5, 5 and 10 g/l of D‑gal were analyzed using western blot analysis. *P<0.05, **P<0.01, ***P<0.001 vs. control. Transfection with 
Ov‑adiponectin promotes the expression of AdipoR1 and APPL1 in D‑gal‑treated cardiomyocytes. (B) Relative mRNA expression of adiponectin in H9c2 cells 
before and after transfection with Ov‑adiponectin plasmid was analyzed via RT‑qPCR. ***P<0.001 vs. control; ###P<0.001 vs. D‑gal + Ov‑NC. (C) Relative protein 
expression of adiponectin in H9c2 cells before and after transfection with Ov‑adiponectin plasmid was analyzed using RT‑qPCR. ***P<0.001 vs. control; ##P<0.01 
vs. D‑gal + Ov‑NC. (D) Relative mRNA expression levels of AdipoR1 and APPL1 in H9c2 cells before and after transfection with Ov‑adiponectin plasmids were 
detected using RT‑qPCR. ***P<0.001 vs. control; ###P<0.001 vs. D‑gal + Ov‑NC. AdipoR1, adiponectin receptor 1; APPL1, adaptor protein phosphotyrosine inter‑
acting with PH domain and leucine zipper 1; RT‑qPCR, reverse transcription‑quantitative PCR; NC, negative control; D‑gal, D‑galactose; Ov‑, overexpression.
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disease‑free individuals; these CVDs can present in various 
forms, including chronic CVD, hypertension or heart 
failure (17). China, along with a number of other countries, has 
entered the stage of population aging (18,19); thus, CVDs have 
become a leading cause of mortality worldwide, particularly 
among the elderly (20). It is also estimated that ~20% of the 
world population will reach ≥65 years of age by 2030, which 
signifies not only an increase in the prevalence of CVDs, but 
also increased healthcare costs (2). Aging leads to structural 
and functional alterations in the cardiovascular system in an 
unfavorable manner (21). Cardiomyocyte senescence, as a part 
of the aging process, is directly associated with the dysfunc‑
tion of myocardial tissues (22), the deterioration of which is 
often induced by oxidative stress (23). D‑gal is commonly 

used in a number of rodent models of aging, including models 
of brain (24,25), renal (26,27) and heart (28,29) aging. In the 
present study, H9c2 cells were treated with D‑gal at various 
concentrations, and the concentration of 10 g/l was selected to 
establish a cardiomyocyte senescence model to simulate the 
results of the animal experiment carried out in advance. It was 
found that the expression levels of adiponectin, AdipoR1 and 
APPL1 were decreased in the D‑gal‑treated cardiomyocytes, 
which was consistent with the results obtained in the animal 
experiments.

Jin et al (30) demonstrated that adiponectin, an endocrine 
factor secreted mainly by adipose tissues, reduced cellular 
senescence and led to the functional recovery of keratinocytes. 
Furthermore, adiponectin binds to its two receptors, AdipoR1 

Figure 3. Adiponectin inhibits D‑gal‑induced cardiomyocyte senescence via AdipoR1/APPL1. (A and B) Relative expression levels of AdipoR1 in 
D‑gal‑treated H9c2 cells with Ov‑adiponectin before and after transfection with si‑AdipoR1 and si‑APPL were measured using RT‑qPCR. **P<0.01, ***P<0.001 
vs. D‑gal + Ov‑adiponectin. (C and D) Relative expression levels of APPL1 in D‑gal‑treated H9c2 cells with Ov‑adiponectin before and after transfection with 
si‑AdipoR1 and si‑APPL were measured using RT‑qPCR. ***P<0.001 vs. D‑gal + Ov‑adiponectin. (E) Cellular senescence in the different groups was detected 
using SA‑β‑gal staining. (F) Relative expression levels of p16 and p21 in the different groups were detected using western blot analysis. ***P<0.001 vs. control; 
##P<0.01, ###P<0.001 vs. D‑gal + Ov‑NC; $P<0.05 vs. D‑gal + Ov‑adiponectin + negative‑NC. AdipoR1, adiponectin receptor 1; APPL1, adaptor protein phos‑
photyrosine interacting with PH domain and leucine zipper 1; Ov‑, overexpression; RT‑qPCR, reverse transcription‑quantitative PCR; NC, negative control; 
si‑, small interfering RNA; D‑gal, D‑galactose; SA‑β‑gal, senescence‑associated β‑galactose.
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and R2, to initiate signaling transduction events, which are 
regulated by adaptor proteins, such as APPL1, that directly 
bind to the intracellular regions of AdipoRs (13). Visceral fat 
and adipocytes are risk factors for different forms of heart 
disease and heart failure (31). In the present study, an adipo‑
nectin overexpression plasmid was constructed and this was 
transfected into H9c2 cells treated with D‑gal. The expression 
of AdipoR1 and APPL1 was then detected in the cells. A mark‑
edly higher expression of AdipoR1 and APPL1 was noted in 
the Ov‑adiponectin group compared with the NC group, which 
indicated that adiponectin overexpression promoted AdipoR1 
and APPL1 expression in D‑gal‑treated cardiomyocytes. For 
the purpose of identifying the mechanisms of adiponectin in 
cardiomyocyte senescence, si‑AdipoR1 and si‑APPL1 were 
transfected into D‑gal‑treated H9c2 cells overexpressing 

adiponectin to observe cellular senescence. The results 
revealed that adiponectin reduced senescent cells, potentially 
by regulating AdipoR1 and APPL1.

It has been demonstrated that increased levels of ROS 
are implicated in cell senescence‑related pathogenesis (32). 
Adiponectin has previously been proven to exert protective 
effects against oxidative stress in a number of diseases, 
playing an antioxidant role in oxidative stress‑associated 
skeletal muscle diseases (33) and reducing oxidative stress 
in diabetic nephropathy (34). Accordingly, the present study 
hypothesized that adiponectin may inhibit ROS production 
in D‑gal‑treated H9c2 cells, thus attenuating cardiomyocyte 
senescence. The examination of oxidative stress often involves 
measuring ROS levels, as well as MDA content, which is 
commonly used as a lipid peroxidation marker (35). Therefore, 

Figure 4. Adiponectin inhibits oxidative stress levels in D‑gal‑treated cardiomyocytes via AdipoR1/APPL1. (A) si‑AdipoR1 and si‑APPL1 were transfected 
into D‑gal‑treated H9c2 cells overexpressing adiponectin. The relative expression of ROS in the different groups was detected using a ROS Assay kit. 
***P<0.001 vs. control; ###P<0.001 vs. D‑gal + Ov‑NC; $$P<0.01 vs. D‑gal + Ov‑adiponectin + negative‑NC. (B) ROS production in the different groups was 
detected using the ROS Assay kit (magnification, x200). DCF fluorescence staining of the cells are indicated by arrows in the figure, the intensity of staining 
can reflect the level of ROS. (C) Relative MDA expression in the different groups was detected using the Lipid Peroxidation MDA Assay kit. ***P<0.001 vs. 
control; ###P<0.001 vs. D‑gal + Ov‑NC; $$P<0.01 vs. D‑gal + Ov‑adiponectin + negative‑NC. AdipoR1, adiponectin receptor 1; ROS, reactive oxygen species; 
MDA, malondialdehyde; APPL1, adaptor protein phosphotyrosine interacting with PH domain and leucine zipper 1; si‑, small interfering RNA; Ov‑, overex‑
pression; D‑gal, D‑galactose; NC, negative control.
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ROS production and the MDA content were detected in the 
present study, which verified that adiponectin inhibited oxida‑
tive stress levels in D‑gal‑induced cardiomyocyte senescence 
via AdipoR1/APPL1 signaling. Choubey et al (36) noted that 
adiponectin treatment improved the levels of increased oxida‑
tive stress during aging and thus improved testicular function 
during aging. Previous studies have also reported that some 
compounds (such as onion juice; vitamin C and hesperidin) 
show antioxidant properties (29‑39). In addition, pretreatment 
with n‑3 polyunsaturated fatty acids, such as fish oil and flax‑
seed oil, significantly inhibits myocardial injury (40).

A previous study found that adiponectin can activate 
HO‑1 signaling, which thereby attenuated the production of 
ROS in HepG2 cells (41). Shan et al (42) revealed that HO‑1 
improves cardiac function and attenuates ischemic injury 
and aging‑induced cardiomyocyte senescence. Additionally, 
it has been well‑established that the expression of HMGB1, 
a proinflammatory adipocytokine, can be inhibited by both 
adiponectin and upstream HO‑1. Shimizu et al (43) demon‑
strated that adiponectin can inhibit TNF‑α‑induced HMGB1 
secretion from 3T3‑L1 adipocytes. Furthermore, Luo et al (44) 

observed that HO‑1 can inhibit HMGB1 activity in lipopoly‑
saccharide‑induced acute lung injury in vitro. Based on the 
aforementioned evidence, the present study performed a series 
of experiments to examine the association between adipo‑
nectin, AdipoR1/APPL1 and HO‑1/HMGB1 in D‑gal‑induced 
cardiomyocyte senescence. It was found that adiponectin 
overexpression elevated HO‑1 expression levels and decreased 
HMGB1 expression levels in D‑gal‑treated H9c2 cells, which 
was consistent with the findings of previous studies. Moreover, 
in contrast to the NC group, HO‑1 expression was decreased 
and HMGB1 expression was increased following transfection 
of the D‑gal‑treated H9c2 cells overexpressing adiponectin 
with si‑AdipoR1 and si‑APPL1. It can be concluded from the 
results that adiponectin affects the release of HO‑1/HMGB1 
through AdipoR1/APPL1 signaling.

Furthermore, the present study further explored the 
inhibitory effects of adiponectin on the levels of oxidative 
stress in senescent cardiomyocytes, as well as the role of 
HO‑1/HMGB1 in such a mechanism. In a previous study, 
Chen et al (45) reported that HO‑1 overexpression reduced the 
production of mitochondrial oxidation to prevent myocardial 

Figure 5. Adiponectin affects the release of HO‑1/HMGB1 via AdipoR1/APPL1. (A) Relative expression of HO‑1 in the different groups was detected using 
western blot analysis. Relative expression of HMGB1 in the different groups was detected using western blot analysis. ***P<0.001 vs. control; ###P<0.001 vs. 
D‑gal + Ov‑NC; $P<0.05, $$$P<0.001 vs. D‑gal + Ov‑adiponectin + negative‑NC. Adiponectin/AdipoR1/APPL1 inhibits oxidative stress via HO‑1/HMGB1. 
(B) H9C2 cells overexpressing adiponectin were treated with HO‑1 inhibitor.; the relative expression of ROS in the different groups was detected using a ROS 
Assay kit. ***P<0.001 vs. control; ###P<0.001 vs. D‑gal + Ov‑adiponectin group. (C) ROS production in H9c2 cells in the different groups was detected using 
a ROS Assay kit. DCF fluorescence staining of the cells is indicated by arrows in the figure, the intensity of staining can reflect the level of ROS (magnifica‑
tion, x200). (D) Relative expression of MDA in the different groups was detected using a Lipid Peroxidation MDA Assay kit. ***P<0.001 vs. control; ###P<0.001 
vs. D‑gal + Ov‑adiponectin group. AdipoR1, adiponectin receptor 1; ROS, reactive oxygen species; HO‑1, heme oxygenase 1; HMGB1, high mobility group 
box 1; APPL1, adaptor protein phosphotyrosine interacting with PH domain and leucine zipper 1; NC, negative control; Ov‑, overexpression; si‑, small 
interfering RNA; D‑gal, D‑galactose; MDA, malondialdehyde.
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hypoxia‑reoxygenation injury in H9c2 cells. Similarly, the 
present study used ZnPP to inhibit HO‑1 activity, and detected 
the expression levels of ROS and MDA in H9c2 cells in 
different groups. The results demonstrated that while adipo‑
nectin overexpression notably decreased the oxidative stress 
levels, the inhibition of HO‑1 restored the levels of oxidative 
stress to a large extent, suggesting that adiponectin/AdipoR1/
APPL1 inhibits oxidative stress through HO‑1/HMGB1 
signaling.

In conclusion, the present study provided evidence to suggest 
that adiponectin protected against cardiomyocyte senescence 
induced by D‑gal via AdipoR1/APPL1 signaling, and that it 
attenuated oxidative stress in senescent H9c2 cells by inhibiting 
the HO‑1/HMGB1 signaling pathway. To the best of our knowl‑
edge, the present study was the first to elucidate the mechanisms 
of action of adiponectin in cardiomyocyte senescence induced 
by D‑gal and shed light on the application of adiponectin in 
the treatment of age‑related CVDs. These results also provided 
viable targets and research directions for clinical myocardial 
senescence treatment. The majority of the experiments in the 
present study were conducted in vitro; thus, further in vivo 
experiments are required to examine the efficacy of adiponectin 
on cardiomyocyte senescence‑associated CVDs in order to 
validate the current findings and to assist future clinical trials.
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