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Abstract

Objective: Cardiovascular diseases and vascular aging are common in patients with
diabetes. High glucose is a major cause of vascular aging and cardiovascular diseases.
Premature senescence of vascular smooth muscle cells (VSMCs) is one of the main
contributors to vascular aging. Adiponectin has been demonstrated to have an anti-
aging effect. The present study explored the mechanisms by which adiponectin pro-
tects VSMCs against high-glucose-induced senescence.

Methods: Senescence-associated p-galactosidase (SA-B-gal) staining was used to
detect senescence cells. Western blot was used for measuring protein levels. Flow
cytometry was carried out to detect the cell cycle and telomeric repeat amplifica-
tion protocol (TRAP)-polymerase chain reaction (PCR) silver staining was selected to
measure the telomerase activity.

Results: Premature senescence of VSMCs was induced by high glucose (30 mM) in a
time-dependent manner, which was verified by an increased number of senescence
cells, p21 and p53 expression, as well as the decreased proliferation index. High
glucose reduced telomerase activity of VSMCs via inhibition of the AMPK/TSC2/
mTOR/S6K1 pathway and activation of the PIBK/Akt/mTOR/S6K1 pathway, while
adiponectin treatment significantly increased telomerase activity of VSMCs through
activation of AMPK/TSC2/mTOR/S6K1 signaling and inhibition of PI3K/Akt/mTOR/
S6K1 signaling.

Conclusion: Adiponectin attenuated the high-glucose-induced premature senes-
cence of VSMCs via increasing telomerase activity of VSMCs, which was achieved by
activation of AMPK/TSC2/mTOR/S6K1 signaling and inhibition of PISBK/Akt/mTOR/
S6K1 signaling.
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1 | INTRODUCTION

Diabetes is a major metabolic and aging-related disease. China’s
absolute number of diabetes cases is the highest in the world. The
latest data showed that the prevalence of diabetes among adults
in China is as high as 10.9% with 20.2% of these cases aged over
60 years.! Besides, more and more evidence has revealed that car-
diovascular diseases are age-related diseases, and the aging-induced
physiological and morphological changes of arteries can affect the
threshold, progress, and prognosis of cardiovascular diseases.?
Vascular aging contributing to the high morbidity and mortality of
cardiovascular diseases is widely observed in patients with diabe-
tes.®>* Vascular smooth muscle cells (VSMCs) are important compo-
nents of the vascular walls and accumulated evidence suggests that
VSMC senescence plays a key role in vascular aging.’ For example,
VSMC senescence could lead to vascular calcification and athero-
sclerosis.® Vascular calcification was an important component of the
vasculopathy widely observed in patients with type 2 diabetes.”®
Hyperglycemia is a major cause of various vascular pathogeneses in
patients with diabetes. However, whether adiponectin can protect
VSMCs from high-glucose-concentration-induced senescence is not
clear.

An important discovery in the field of aging over the past de-
cade is the anti-aging role of rapamycin, an mTOR inhibitor.”*° The
mTOR plays a central role in regulating multiple cellular processes,
including cell proliferation, differentiation, cell cycle, and apopto-
sis.'312 |n general, mTOR typically forms two distinct complexes,
mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2).*
PI3K/Akt/mTOR is one of the classic upstream pathways of the
mTORC1 signal, which affects the phosphorylation of downstream
factors, such as S6K1, and the regulation of cell functions. AMPK
is another upstream pathway that affects mTOR activity by di-
rectly phosphorylating the tuberous sclerosis complex 2 (TSC2).
Rapamycin is an inhibitor of mTORC1.}*'®> Our previous studies
demonstrated that the mTOR signaling pathway is involved in
osteoblastic differentiation and calcification of VSMCs.'® High
glucose plays a key role in vascular aging in patients with diabetic
vascular complications.’” However, whether mTOR signaling con-
tributes to VSMC senescence induced by high glucose needs to be
further explored.

Adiponectin, also known as Acrp30, is secreted predominantly
by differentiated adipocytes‘18 Adiponectin has received substantial
attention for it is widely regarded as an important factor in differ-
ent kinds of metabolic processes, including insulin sensitization, lipid
metabolism, and inflammation.’ Recent studies showed that adi-
ponectin had protective effects against cardiovascular diseases.?°
Low serum adiponectin level was associated with thoracic aortic cal-
cification in the eIderIy.21 Besides, the arterial adiponectin expres-
sion was increased during early stages of vascular calcification.??
Our previous study demonstrated that adiponectin treatment sig-
nificantly attenuated VSMC calcification via the AMPK/mTOR/S6K1
signaling pathway.?® Besides, adiponectin was also verified as having

an anti-aging effect.?* Nevertheless, whether adiponectin exerts a

protective effect on VSMC senescence via the mTOR signaling path-
way under high glucose has not been reported.

In the present study, we investigated the effects of adiponectin
in the premature senescence of VSMCs induced by high glucose, and
further clarified the mechanisms. We found that adiponectin can in-
hibit the high-glucose-induced premature senescence of VSMCs via
increasing the telomerase activity of VSMCs, which is achieved by
inhibition of the PIBK/Akt/mTOR/S6K1 signaling pathway and acti-
vation of the AMPK/TSC2/mTOR/S6K1 signaling pathway.

2 | MATERIALS AND METHODS
2.1 | Reagents

Human recombinant adiponectin was purchased from Sigma-
Aldrich (SRP4901). The senescence-associated p-galactosidase (SA-
B-gal) staining kit was purchased from Beyotime Biotechnology.
AICAR, Compound C, LY294002, and IGF-1 were purchased from
Calbiochem. Primary antibodies for p53, p21, AMPKa, phospho-
AMPKa Thr”2, Akt, mTOR, phospho-mTOR Ser?448, TSC2, phospho-
TSC2 Thr'#¢!, and phospho-TSC2 Ser'®®” were purchased from Cell
Signaling Technology. PI3K/p85, phospho-PI3K/p85, phospho-Akt
Ser*’3, phospho-Akt Thr**°, S6K1, and phospho-S6K1 Thr®®? were
purchased from Abcam. Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) was purchased from Santa Cruz Biotechnology.

2.2 | Cell culture

Human VSMCs, isolated from aortic smooth muscles of female in-
fants, were purchased from ATCC (ATCC CRL-1999) and grown
in vascular cell basal medium (ATCC). Cells were passaged every
3-4 days and cultured at 37°C in a humidified atmosphere with 5%
CO, and premature senescence of VSMCs was induced by using
30 mM glucose for 72 hours. Cells treated with 5 mM glucose were
regarded as control.

VSMCs were divided into 12 different treatment groups:
(1) VSMCs were treated with 5 mM glucose as control group
(Control); (2) VSMCs were treated with 5 mM glucose + 1 pg/mL
adiponectin as adiponectin control (IGlu + Adipo); (3) VSMCs were
treated with 30 mM glucose as the high-glucose group (hGlu) to
establish the cell premature senescence model; (4) VSMCs were
treated with 30 mM glucose + 10 nM rapamycin (mTOR inhibi-
tor) (hGlu + Ram) to verify the involvement of mTOR signaling; (5)
VSMCs were treated with 30 mM glucose + 0.1 mM AICAR (AMPK
activator) (hGlu + AICAR); (6) VSMCs were treated with 30 mM glu-
cose + 20 pM LY294002 (PI3K inhibitor) (hGlu + LY); (7) VSMCs were
treated with 30 mM glucose + 1 pg/mL adiponectin (hGlu + Adipo);
(8) VSMCs were treated with 30 mM glucose + 1 pg/mL adiponec-
tin + 20 um/L Compound C (AMPK inhibitor) (hGlu + Adipo + CC);
(9) VSMCs were treated with 30 mM glucose + 1 pug/mL adiponec-
tin + 10 nM rapamycin (hGlu + Adipo + Ram); (10) VSMCs were
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treated with 30 mM glucose + 1 pg/mL adiponectin + 0.1 mM AICAR
(hGlu + Adipo + AICAR); (11) VSMCs were treated with 30 mM glu-
cose + 1 pg/mL adiponectin + 20 pM LY294002 (hGlu + Adipo + LY);
and (12) VSMCs were treated with 30 mM glucose + 1 pg/mL adi-
ponectin + 50 ng/mL IGF-1 (PI3K activator) (hGlu + Adipo + IGF-1).

2.3 | Western blot

Cells were lysated and protein concentration was measured using a
BCA Protein Assay kit (Beyotime). Then, 30 pg of total protein was
separated on SDS-PAGE gels and transferred onto polyvinylidene
fluoride (PVDF) membranes (Millipore). After blocking with 5%
non-fat milk for 1 hour, membranes were incubated with primary
antibody overnight at 4°C and subsequently incubated with HRP-
labeled secondary antibody (1:3000 dilution) for 1 hour at room
temperature. Reactive proteins were detected using chemilumines-
cent reagents (Pierce). The relative expression level of proteins was
normalized to the intensity of the GAPDH band.

2.4 | SA-B-gal staining

SA-B-gal staining was performed using a SA-p-gal staining kit
(Beyotime Biotechnology) according to the manufacturer’s man-
ual. Briefly, VSMCs were fixed in p-galactosidase fixation solution
(2% formaldehyde, 0.2% glutaraldehyde in PBS) for 15 minutes
and washed with PBS three times. Then the cells were stained in
B-galactosidase solution (1 mg/mL 5-bromo-4-chloro-3-indolyl--
gal, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide,
and 2 mM MgCl, in PBS) at 37°C for at least 20 hours. Cells were
washed with PBS after the staining of positive cells had become vis-
ible. The SA-p-gal-stain-positive cells were counted under light mi-

croscope and the percentage of blue-stained cells was calculated.

2.5 | Cell cycle analysis

VSMCs (2 x 10%) were washed twice with PBS and fixed in 75% eth-
anol overnight at 4°C. After washing twice in PBS, the cells were
stained with 50 pug/mL (pH 7.0) propidium iodide solution (R40432,
Sigma) containing 10 mg/mL RNase and incubated, avoiding light,
for 30 minutes at 37°C. The cells were then transferred to flow cy-
tometry tubes with filters for cell cycle analysis. The proliferation
index (PI) was calculated: Pl = [number of (S + G2)/number of total

cells] x 100%. The percentage of Pl was compared.
2.6 | Telomeric repeat amplification protocol with
silver staining

Telomerase activity was analyzed using a polymerase chain reaction
(PCR)-based assay kit (#NKJ15DLM) with silver staining according

to the manufacturer’s instructions. Briefly, VSMCs were harvested
in the provided lysis reagent and the telomerase was extracted.
Then telomeric repeat amplification protocol (TRAP) was carried
out with two primers (TS, 5-AAT CCGTCGAGCAGAGTT-3’ and
CX, 5'-CCCTTACCCTTACCCTTACCCTAA-3'). After amplification,
PCR products were resolved on a 12% nondenaturing polyacryla-
mide gel and vacuum transferred to PAGE membranes with silver
staining. The characteristic 6-bp telomerase-specific ladder was
scanned in Bioshine GelX 1650 gel imaging analysis system. The in-
tegrated optical density was determined to analyze the telomerase

activity of the group.

2.7 | Statistical analysis

Data are presented as mean + standard deviation (mean + SD) and
analyzed using SPSS Version 17.0. The differences between two
groups were analyzed using the Student’s t-test. Differences among
three or more groups were analyzed using analysis of variance.
P < 0.05 was considered statistically significant. All experiments
were repeated at least three times and the representative experi-

mental data are shown in the figures.

3 | RESULTS

3.1 | Adiponectin inhibits premature senescence of
VSMCs induced by high glucose

First, VSMCs were treated with 5, 10, and 30 mM glucose for 36,
48, 60, 72, or 84 hours. The results showed that the cells gradually
aged with the increase of glucose concentration, and when the glu-
cose concentration was 30 mM, the cells obviously reached senes-
cence.?’ Besides, the senescence of VSMCs occurred gradually with
the increase of passage algebra,?® and 30 mM glucose treatment
for 72 hours obviously induced premature senescence in VSMCs.
Therefore, treating VSMCs with 30 mM glucose for 72 hours was
used to build a premature senescence model of VSMCs. The anti-
aging effect of 0.01, 0.1, and 1 pg/mL of adiponectin was further
tested and we found that 1 pg/mL of adiponectin was most effec-
tive in attenuating the senescence of VSMCs.

The results showed that high glucose (hGlu) induced the prema-
ture senescence of VSMCs compared with control (Control), which
was confirmed by the increased level of senescence-related protein
p53 and p21 as well as SA-B-gal-stain-positive cells, while the 1 pg/
mL of adiponectin (hGlu + Adipo) significantly decreased the level
of p53 and p21 as well as the SA-B-gal-stain-positive cells (Figure 1).
Besides, cell cycle analysis showed that the mean percentage of Pl
was significantly lower in hGlu-treated cells than in control cells, but
it was significantly increased in VSMCs with adiponectin treatment
(Figure 2).

In addition, the levels of total mTOR, p-mTOR Ser?**® and

p-S6K1 Thr®® protein were increased significantly in high-glucose
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FIGURE 1 Expression of p53 and p21 and senescence-associated p-galactosidase (SA-B-gal) staining. The treatments for each

group were as follows: Control: 5 mM glucose; IGlu + Adipo: 5 mM glucose + 1 pg/mL adiponectin; hGlu: 30 mM glucose; hGlu + Ram:

30 mM glucose + 10 nM rapamycin; hGlu + AICAR: 30 mM glucose + 0.1 mM AICAR; hGlu + LY: 30 mM glucose + 20 pM LY294002;

hGlu + Adipo: 30 mM glucose + 1 pg/mL adiponectin; hGlu + Adipo + CC: 30 mM glucose + 1 pg/mL adiponectin + 20 pm/L Compound

C; hGlu + Adipo + Ram: 30 mM glucose + 1 pg/mL adiponectin + 10 nM rapamycin; hGlu + Adipo + AICAR: 30 mM glucose + 1 pg/mL
adiponectin + 0.1 mM AICAR; hGlu + Adipo + LY: 30 mM glucose + 1 pg/mL adiponectin + 20 pM LY294002; hGlu + Adipo + IGF-1: 30 mM
glucose + 1 pg/mL adiponectin + 50 ng/mL IGF-1. (A) Expression of p53 and p21 protein in different groups as measured by western blot.
(B,C) Semi-quantitative analysis of p53 and p21 protein levels. (D) SA-B-gal staining showed the senescence of cells in different groups and
the number of SA-B-gal-stain-positive cells was calculated. N = 3. *P < 0.05, compared between two indicated groups

treated VSMCs compared to the control group. When inhibit-
ing mTOR with rapamycin, senescence of VSMCs was reduced.
Furthermore, adiponectin treatment significantly reduced the
levels of these proteins compared to the high-glucose group
(Figure 3). Moreover, adiponectin combined with rapamycin
further attenuated VSMC senescence (Figures 1 and 2). These
data indicate that adiponectin might inhibit the high-glucose-in-
duced premature senescence of VSMCs via the mTOR-signaling
pathway.

3.2 | AMPK/TSC2/MTOR signaling is involved
in the regulatory effect of adiponectin in high-
glucose-induced premature senescence of VSMCs

AMPK/TSC2 is one of the upstream pathways affecting mTOR ac-
tivity by directly phosphorylating TSC2.2¢ Therefore, we wondered
whether AMPK/TSC2/mTOR signaling is involved in adiponectin
regulating the premature senescence of VSMCs induced by high

glucose. First, we found that the protein levels of p-AMPKa Thr!7?
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FIGURE 2 The analysis of the cell cycle. Vascular smooth muscle cells (VSMCs) were grouped as described in Figure 1. Representative
images of flow cytometry were shown in different groups and the percentages of proliferation index (Pl) were calculated (Pl percentage:
Control: 50.9%; IGlu + Adipo: 51.24%; hGlu: 41.58%; hGlu + Ram: 44.44%; hGlu + AICAR: 44.12%; hGlu + LY: 44.48%; hGlu + Adipo: 43.65%;
hGlu + Adipo + CC: 40.1%; hGlu + Adipo + Ram: 44.99%; hGlu + Adipo + AICAR: 45.57%; hGlu + Adipo + LY: 45.33%; hGlu + Adipo + IGF-1:

39.87%). N = 3.* P < 0.05, compared between two indicated groups

and p-TSC2 Ser®®® were significantly decreased in VSMCs treated
with high glucose (hGlu) compared to cells treated with low glucose
(Control), which were significantly increased with adiponectin treat-
ment (hGlu + Adipo) compared to cells treated with high glucose
(Figure 4).

Besides, the activation of AMPK signaling (hGlu + AICAR)
significantly inhibited the levels of p53, p21, and the number of
SA-B-gal-stain-positive cells (Figure 1). Moreover, the mean per-
centage of Pl was also significantly increased in VSMCs (Figure 2).
These findings suggest that high-glucose-induced premature se-
nescence in VSMCs is mediated by the inhibition of the AMPK/
TSC2-signaling pathway.

In contrast, pretreatment with the AMPKa inhibitor Compound
C (hGlu + Adipo + CC), the protective effect of adiponectin on
VSMCs senescence, was almost abolished (Figures 1 and 2). The lev-
els of mTOR, p-mTOR Ser?**®, and p-S6K1 Thr®® protein in VSMCs
of the hGlu + Adipo + CC group were restored compared with the
hGlu + Adipo group (Figure 3). Moreover, no changes in total AMPKa,
TSC2, or p-TSC2 Thr'*¢! |evels were observed in VSMCs with dif-
ferent treatments (Figure 4). These results indicate that AMPK and
TSC2 protein phosphorylation, but not their protein expression, is

necessary for premature senescence in high-glucose-treated VSMCs

and that adiponectin can attenuate the premature senescence of
VSMCs through activation of the AMPK/TSC2/mTOR pathway.

3.3 | PI3K/AKT/MTOR signaling is involved in the
regulatory effect of adiponectin in high-glucose-
induced premature senescence of VSMCs

PI3K/Akt is another classic upstream pathway of mTORC1 signal-
ing that affects the phosphorylation of downstream factors, such as
S6K1, to regulate cell functions.?” To investigate whether PI3K/Akt/
mTOR signaling is involved in adiponectin regulating premature se-
nescence in VSMCs, we detected the expression of PI3K p®, p-PI3K
p85, AKT, p-Akt Ser”®, and p-Akt Thr*0,

The results showed that the levels of p-PI3K p®, p-Akt Ser?’,
and p-Akt Thr**° protein were significantly increased in VSMCs
treated with hGlu compared to the control group. These protein
levels were significantly decreased by pretreatment with the PI3K
inhibitor LY294002 (hGlu + LY), or by treatment with adiponectin
(hGlu + Adipo), compared to cells treated with hGlu (Figure 5). At
the same time, the levels of p53, p21, and number of SA-B-gal-

stain-positive cells were significantly decreased in VSMCs treated
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FIGURE 3 The expression of mTOR/S6K1 pathway. Vascular smooth muscle cells (VSMCs) were treated as described in Figure 1. (A)
The levels of mTOR, p-mTOR Ser2448, S6K1, and p-S6K1 Thr389 protein were measured by western blot. (B) Semi-quantitative analysis
of mTOR protein levels. (C) Semi-quantitative analysis of p-mTOR Ser2448 protein levels. (D) Semi-quantitative analysis of p-S6K1 Thr389
protein levels. N = 3. * P < 0.05, compared between two indicated groups

with hGlu + LY (Figure 1). Moreover, the mean percentage of Pl
was also significantly increased in VSMCs (Figure 2). These find-
ings suggest that high-glucose-induced premature senescence in
VSMCs is mediated by the activation of the PI3K/Akt signaling
pathway.

By comparison, in pretreatment with the PI3K activator IGF-1
(hGlu + Adipo + IGF-1), the protective effect of adiponectin on
VSMCs senescence was almost abolished (Figures 1 and 2). Besides,
the levels of mTOR, p-mTOR Ser?**8, and p-S6K1 Thr® protein in
VSMCs of the hGlu + Adipo + IGF-1 group also restored compared
with the hGlu + Adipo group (Figure 3). In addition, no changes in
total PI3K and Akt protein levels were observed in VSMCs among
different treatment groups (Figure 5). These results indicate that
PI3K and Akt phosphorylation, but not their total protein levels,
are necessary for premature senescence of VSMCs induced by high
glucose. Adiponectin may attenuate the premature senescence
of VSMCs through inactivation of the PI3K/Akt/mTOR signaling
pathway.

3.4 | Adiponectin regulates the telomerase
activity of VSMCs under high glucose via AMPK/
TSC2/MTOR and PI3K/AKT/MTOR pathway

Previous studies demonstrated that telomerase activity declined
with in vitro aging and led to telomere shortening and cellular senes-
cence.?%?? Accordingly, the telomerase activity of VSMCs treated
with high glucose was much lower than that of controls (Figure 6).
Nevertheless, activation of AMPK with AICAR or inhibition of PI3k
with LY294002 could increase the telomerase activity of VSMCs
compared with the high-glucose group (Figure 6). Meanwhile, adi-
ponectin could also increase the telomerase activity of VSMCs in-
duced by high glucose (Figure 6). However, when treating VSMCs
with the PI3K activator IGF-1 (hGlu + Adipo + IGF-1) or AMPKa in-
hibitor Compound C (hGlu + Adipo + CC), the telomerase activity of
VSMCs was decreased again compared with that of the hGlu + Adipo
group. These results suggest that adiponectin might protect VSMCs

against senescence induced by high glucose through regulating the
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indicated groups

telomerase activity and that the AMPK/TSC2/mTOR and PI3K/Akt/
mTOR signaling pathway might be involved.

4 | DISCUSSION

In the present study, we found that high glucose decreases the tel-
omerase activity of VSMCs and induces premature senescence of
VSMCs via inhibiting the AMPK/TSC2/mTOR pathway and acti-
vating the PI3K/Akt/mTOR pathway. Moreover, adiponectin could
increase the telomerase activity of VSMCs and then attenuate the
senescence of VSMCs, while the AMPK/TSC2/mTOR and PI3K/Akt/
mTOR pathways are involved in the process.

Vascular aging can change the onset thresholds, process, and
severity of a variety of cardiovascular diseases.?° Studies have
shown that high glucose is a risk factor for vascular aging in diabetes
patients.4 Senescence of VSMCs has been found to be one of the
main contributors of vascular aging.2 However, whether high glucose
causes the senescence of VSMCs has rarely been reported. Only our
previous study has demonstrated that high glucose could induce the
senescence of VSMCs.?® Accordingly, the current study also demon-

strated that high glucose induced significant premature senescence

in human VSMCs, as evidenced by an increase in SA-p-gal activity,
upregulation of p53 and p21 expression, as well as cell cycle arrest.

Increasing evidence suggests that telomerase activity plays a key
role in regulating the cell proliferation, differentiation, and replica-
tive lifespan in normal somatic cells.>*? The absence of telomer-
ase activity in most somatic cells has been associated with telomere
shortening, reduced proliferation, and senescence.®*3* Our previ-
ous study demonstrated that telomerase activity was reduced in the
process of replicative senescence of VSMCs.?” Interestingly, in the
present study, we also found that telomerase activity was reduced
in the process of high-glucose-induced premature senescence of
VSMCs. These results suggest that telomerase activity is required
for both the replicative senescence and premature senescence of
VSMCs, and that telomerase may serve as a novel pharmacological
target for the treatment of vascular-aging-related diseases.

The mTOR signaling is involved in a variety of cellular func-
tions, including cell differentiation, survival, growth, metabolism,
proliferation, migration, autophagy, and angiogenesis.11 PI3K/
Akt/mTOR is one of the classic upstream pathways of mTORC1
signaling, which affects the phosphorylation of downstream fac-
tors, such as S6K1, and their regulation of cell functions. Our
recent study demonstrated that the PI3K/Akt/mTOR pathway is
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involved in the osteoblastic differentiation of VSMCs.3> AMPK
is another upstream pathway affecting mTOR activity by direct
phosphorylation of TSC2.2® AMPK has previously been revealed
to directly phosphorylate TSC2, which is a negative regulator
of mTOR and subsequently inhibits mTOR activity,?® and our

previous study demonstrated that the AMPK/TSC2/mTOR path-
way regulates replicative senescence of VSMCs.?¢ In this study,
the AMPK/TSC2/mTOR signaling was inhibited and PI3K/Akt/
mTOR signaling was activated during the process of high-glu-
cose-induced premature senescence of VSMCs. Therefore, the
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inhibition of AMPK/TSC2/mTOR signaling and activation of
PI3K/Akt/mTOR signaling are correlated with the premature
senescence of VSMCs. The activation of mTOR is mediated by

2481 Tpp2446 2448 Lesidues.®® The

phosphorylation at Ser , or Ser
serine/threonine kinase S6K1 is a well-known downstream target
of mTORC1, which regulates S6K1 activation through its phos-
phorylation at Thr*®%.3 Our study revealed that high glucose
increased the p-S6K1 level and subsequently promoted prema-
ture senescence in VSMCs. Thus, this study provided evidence
that high glucose upregulated mTOR signaling and subsequently
promoted vascular aging through regulation of premature senes-
cence of VSMCs.

Adiponectin is an adipocyte-secreted protein, abundant in
human plasma, exhibiting various beneficial effects on vascular
function and insulin sensitivity.®”*® Our previous study revealed
that adiponectin could reduce VSMC calcification through the
mTOR pathway.?® VSMC calcification is a manifestation of cellu-
lar senescence and is associated with replicative senescence and
stress-induced premature senescence.® In the present study, the
results revealed that 1 pg/mL adiponectin could significantly
block the effects of high glucose in causing premature senes-
cence of VSMCs. The mechanism study showed that adiponectin
could increase the telomerase activity of VSMCs via activating
AMPK/TSC2/mTOR signaling and inhibiting PI3K/Akt/mTOR
signaling. These findings are in accordance with our previous
study.

In conclusion, adiponectin can attenuate high-glucose-induced
premature senescence in VSMCs via inhibition of PI3K/Akt/mTOR/
S6K1 signaling and activation of AMPK/TSC2/mTOR/S6K1 signal-
ing. This study suggests that adiponectin may be a potential thera-
peutic agent for cardiovascular and cerebrovascular diseases as well
as cardiovascular complications in diabetes patients. More prospec-

tive explorations are needed to confirm this finding.

ACKNOWLEDGMENTS
This study was supported by the National Natural Science
Foundation of China (81770833 and 81974223).

CONFLICTS OF INTEREST

All authors of this study have declared no conflicts of interest.

AUTHOR CONTRIBUTIONS

All authors: Writing of paper. Professor Jun-Kun Zhan, You-Shuo Liu:
Design, coordination, conduction. Xing-Jun Cui: Design, trial, data
collection, literature review. Xiao Lin, Jia-Yu Zhong: Trial, data col-
lection and cleansing, statistical analysis. Shuang Li: Data collection,
initial statistical analysis. Yu-Qing Ni: Data analysis, second-round

statistical analysis.

ORCID
Xing-Jun Cui https://orcid.org/0000-0003-2072-990X
Jia-Yu Zhong https://orcid.org/0000-0002-2542-8076

Shuang Li https://orcid.org/0000-0001-8857-724X

REFERENCES

1. Wang L, Gao P, Zhang M, et al. Prevalence and ethnic pat-
tern of diabetes and prediabetes in China in 2013. JAMA.
2017;317(24):2515-2523.

2. Lin X, Zhan JK, Wang YJ, et al. Function, role, and clinical application
of microRNAs in vascularaging. Biomed Res Int. 2016;2016:6021394.

3. Ungvari Z, Kaley G, deCabo R, Sonntag WE, Csiszar A. Mechanisms
of vascular aging: new perspectives. J Gerontol A Biol Sci Med Sci.
2010;65(10):1028-1041.

4. Stehouwer CD, Henry RM, Ferreira |. Arterial stiffness in diabetes
and the metabolic syndrome: a pathway to cardiovascular disease.
Diabetologia. 2008;51(4):527-539.

5. Badi |, Mancinelli L, Polizzotto A, et al. miR-34a promotes vascular
smooth muscle cell calcification by downregulating SIRT1 (Sirtuin
1) and Axl (AXL receptor tyrosine kinase). Arterioscler Thromb Vasc
Biol. 2018;38(9):2079-2090.

6. Liu Y, Drozdov |, Shroff R, Beltran LE, Shanahan CM. Prelamin A
accelerates vascular calcification via activation of the DNA damage
response and senescence-associated secretory phenotype in vas-
cular smooth muscle cells. Circ Res. 2013;112(10):e99-e109.

7. ZhuY, Ma WQ, Han XQ, Wang Y, Wang X, Liu NF. Advanced glyca-
tion end products accelerate calcification in VSMCs through HIF-
lalpha/PDK4 activation and suppress glucose metabolism. Sci Rep.
2018;8(1):13730.

8. Harper E, Forde H, Davenport C, Rochfort KD, Smith D, Cummins
PM. Vascular calcification in type-2 diabetes and cardiovascu-
lar disease: integrative roles for OPG, RANKL and TRAIL. Vascul
Pharmacol. 2016;82:30-40.

9. Harrison DE, Strong R, Sharp ZD, et al. Rapamycin fed late in
life extends lifespan in genetically heterogeneous mice. Nature.
2009;460(7253):392-395.

10. Miller RA, Harrison DE, Astle CM, et al. Rapamycin, but not resver-
atrol or simvastatin, extends life span of genetically heterogeneous
mice. J Gerontol A Biol Sci Med Sci. 2011;66(2):191-201.

11. Bond P. Regulation of mTORC1 by growth factors, energy status,
amino acids and mechanical stimuli at a glance. J Int Soc Sports Nutr.
2016;13:8.

12. Serra ND, Velte EK, Niedenberger BA, Kirsanov O, Geyer CB.
Cell-autonomous requirement for mammalian target of rapamycin
(Mtor) in spermatogonial proliferation and differentiation in the
mouse. Biol Reprod. 2017;96(4):816-828.

13. Linke M, Fritsch SD, Sukhbaatar N, Hengstschlager M, Weichhart T.
mTORC1 and mTORC?2 as regulators of cell metabolism in immunity.
FEBS Lett. 2017;591(19):3089-3103.

14. Huang K, Fingar DC. Growing knowledge of the mTOR signaling
network. Semin Cell Dev Biol. 2014;36:79-90.

15. Jhanwar-Uniyal M, Amin AG, Cooper JB, Das K, Schmidt MH, Murali
R. Discrete signaling mechanisms of mTORC1 and mTORC2: con-
nected yet apart in cellular and molecular aspects. Adv Biol Regul.
2017;64:39-48.

16. Zhan JK, Wang YJ, Wang Y, et al. The mammalian target of rapa-
mycin signalling pathway is involved in osteoblastic differentia-
tion of vascular smooth muscle cells. Can J Cardiol. 2014;30(5):
568-575.

17. Paneni F, Beckman JA, Creager MA, Cosentino F. Diabetes and vas-
cular disease: pathophysiology, clinical consequences, and medical
therapy: part |. Eur Heart J. 2013;34(31):2436-2443.

18. HuE,LiangP,SpiegelmanBM.AdipoQisanoveladipose-specificgene
dysregulated in obesity. J Biol Chem. 1996;271(18):10697-10703.

19. Sun H, Zhang X, Shi W, Fang B. Association of soft tissue infection
in the extremity with glucose and lipid metabolism and inflamma-
tory factors. Exp Ther Med. 2019;17(4):2535-2540.

20. Kyrou I, Tsantarlioti O, Panagiotakos DB, et al. Adiponectin circu-
lating levels and 10-year (2002-2012) cardiovascular disease inci-
dence: the ATTICA Study. Endocrine. 2017;58(3):542-552.


https://orcid.org/0000-0003-2072-990X
https://orcid.org/0000-0003-2072-990X
https://orcid.org/0000-0002-2542-8076
https://orcid.org/0000-0002-2542-8076
https://orcid.org/0000-0001-8857-724X
https://orcid.org/0000-0001-8857-724X

CUI ET AL.

Aging Medicine

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Zhan JK, Wang Y, He JY, et al. Artery calcification, osteoporo-
sis, and plasma adiponectin levels in Chinese elderly. Heart Lung.
2015;44(6):539-543.

Aubert CE, Liabeuf S, Amouyal C, et al. Serum concentration and vascular
expression of adiponectin are differentially associated with the diabetic
calcifying peripheral arteriopathy. Diabetol Metab Syndr. 2019;11:32.
Zhan JK, Wang YJ, Wang Y, et al. Adiponectin attenuates the osteo-
blastic differentiation of vascular smooth muscle cells through the
AMPK/mTOR pathway. Exp Cell Res. 2014;323(2):352-358.
Kolovou G, Kolovou V, Vasiliadis |, Wierzbicki AS, Mikhailidis DP.
Ideal lipid profile and genes for an extended life span. Curr Opin
Cardiol. 2011;26(4):348-355.

Lin X, Zhan JK, Zhong JY, et al. IncRNA-ES3/miR-34c-5p/BMF axis
is involved in regulating high-glucose-induced calcification/senes-
cence of VSMCs. Aging. 2019;11(2):523-535.

Zhan JK, Wang YJ, Li S, et al. AMPK/TSC2/mTOR pathway regu-
lates replicative senescence of human vascular smooth muscle cells.
Exp Ther Med. 2018;16(6):4853-4858.

Tan P, Wang YJ, Li S, et al. The PI3K/Akt/mTOR pathway regulates
the replicative senescence of human VSMCs. Mol Cell Biochem.
2016;422(1-2):1-10.

Minamino T, Kourembanas S. Mechanisms of telomerase induc-
tion during vascular smooth muscle cell proliferation. Circ Res.
2001;89(3):237-243.

Minamino T, Mitsialis SA, Kourembanas S. Hypoxia extends the life
span of vascular smooth muscle cells through telomerase activa-
tion. Mol Cell Biol. 2001;21(10):3336-3342.

Tesauro M, Mauriello A, Rovella V, et al. Arterial ageing: from
endothelial dysfunction to vascular calcification. J Intern Med.
2017;281(5):471-482.

Smith LL, Coller HA, Roberts JM. Telomerase modulates expression
of growth-controlling genes and enhances cell proliferation. Nat
Cell Biol. 2003;5(5):474-479.

32.

33.

34.

35.

36.

37.

38.

— WILEY- ¥

Bodnar AG, Ouellette M, Frolkis M, et al. Extension of life-span
by introduction of telomerase into normal human cells. Science.
1998;279(5349):349-352.

Lee HW, Blasco MA, Gottlieb GJ, Horner JW2nd, Greider CW,
DePinho RA. Essential role of mouse telomerase in highly prolifera-
tive organs. Nature. 1998;392(6676):569-574.

Wong JM, Collins K. Telomere maintenance and disease. Lancet.
2003;362(9388):983-988.

Zhan JK, Wang YJ, Wang Y, et al. The protective effect of GLP-1
analogue in arterial calcification through attenuating osteoblastic
differentiation of human VSMCs. Int J Cardiol. 2015;189:188-193.
Cheng SW, Fryer LG, Carling D, Shepherd PR. Thr2446 is a novel
mammalian target of rapamycin (mTOR) phosphorylation site regu-
lated by nutrient status. J Biol Chem. 2004;279(16):15719-15722.
Pandurangan AK. Potential targets for prevention of colorectal
cancer: a focus on PI3K/Akt/mTOR and Wnt pathways. Asian Pac J
Cancer Prev. 2013;14(4):2201-2205.

Withers SB, Bussey CE, Saxton SN, Melrose HM, Watkins AE,
Heagerty AM. Mechanisms of adiponectin-associated perivas-
cular function in vascular disease. Arterioscler Thromb Vasc Biol.
2014;34(8):1637-1642.

How to cite this article: Cui X-J, Lin X, Zhong J-Y, et al.
Adiponectin attenuates the premature senescence of
vascular smooth muscle cells induced by high glucose
through mTOR signaling pathway. Aging Med. 2020;3:178-
187. https://doi.org/10.1002/agm2.12106



https://doi.org/10.1002/agm2.12106

