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HIGHLIGHTS GRAPHICAL ABSTRACT

« Metformin treatment improved Our data suggest that metformin regulates the level of autophagosome-lysosome fusion leading to the
functional and structural changes upregulation of autophagic flux and significantly alleviates functional and structural changes associated
occur in aging arteries. with aging arteries, such as collagen accumulation and elastin damage. Metformin treatment also prevents

« Metformin treatment prevented a asenescence-associated secretory phenotype (SASP)and improves the proliferation and migration of senes-
senescence-associated secretory cent VSMCs. Furthermore, disrupting the autophagosome-lysosome fusion abrogates the anti-senescence
phenotype and improved the effects induced by metformin in VSMCs. Autophagy process is complex and involves multiple steps, it is
proliferation and migration of unknown whether p62 mediated-selected autophagy seen in metformin treatment also contributes to acti-
senescent VSMCs. vation of autophagic flux. Altogether, metformin, as an anti-aging drug, together with its novel role, as areg-

« Reduced autophagic flux during ulator of autophagic flux, contributes to reduced senescence and SASP of VSMCs.

cellular and vascular senescence was
reversed by metformin.

« Metformin enhances autophagy flux
at the level of autophagosome-
lysosome fusion via upregulating
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autophagy. However, metformin’s impact on VSMC senescence is largely undefined.

Objectives: To test the hypothesis that metformin exerts an anti-senescence role by restoring autophagic
activity in VSMCs and vascular tissues.

Methods: Animal models established by angiotensin II (Ang II) induction and physiological aging and
senescent primary VSMCs from the aortas of elderly patients were treated with metformin. Cellular
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and vascular senescence were assessed by measuring the amounts of senescence-associated
B-galactosidase and senescence markers, including p21 and p53. Autophagy levels were assessed by
autophagy-related protein expression, transmission electron microscope, and autolysosome staining. In
order to explore the underlying mechanism of the anti-senescence effects of metformin, 4D label-free
quantitative proteomics and bioinformatic analyses were conducted, with subsequent experiments val-

Results: Ang II-dependent senescence was suppressed by metformin in VSMCs and vascular tissues.
Metformin also significantly improved arterial stiffness and alleviated structural changes in aged arteries,
reduced senescence-associated secretory phenotype (SASP), and improved proliferation and migration of
senescent VSMCs. Mechanistically, the proteomic analysis indicated that autophagy might contribute to
metformin’s anti-senescence effects. Reduced autophagic flux was observed in Ang Il-induced cellular
and vascular senescence; this reduction was reversed by metformin. Specifically, metformin enhanced
autophagosome-lysosome fusion level, whereas blockade of
autophagosome-lysosome fusion inhibited the anti-senescence effects of metformin.

Conclusions: Metformin prevents VSMC and vascular senescence by promoting autolysosome formation.
© 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Metformin is a biguanide capable of relieving age-associated
pathologies and increasing healthspan and was the first tested pro-
duct showing aging-targeting effects in a clinical study with a large
sample: the TAME (targeting aging by metformin) study [1]. Sev-
eral studies have demonstrated that metformin could alleviate
aging and age-related phenotypes [2-4] by suppressing senescence
through mechanisms like redox balance, autophagy, inflammatory
cytokines, and endothelial function [5-9].

Cellular senescence represents a well-defined phenotype fea-
turing irreversible cell cycle arrest [10-12] and acquired
senescence-associated secretory phenotype (SASP) [13]. SASP is
associated with various adverse effects caused by proinflammatory
factors, matrix metalloproteinases, and growth factors [14,15].
Accumulation of senescent cells and secretion of proinflammatory
factors in the aging vasculature could lead to altered vasodilation,
chronic inflammatory response and pathologic extracellular matrix
(ECM) remodeling, causing vascular dysfunction [16] and age-
related diseases [17]. Recent studies found that the accumulation
of senescent VSMCs can result from defective autophagy [18,19],
and blockage of autophagic flux can enhance senescence in VSMCs
[20], suggesting that reduced autophagy might induce senescence.

Autophagy is a highly-conserved process with major roles in
cell homeostasis and survival and has been implicated in increased
susceptibility to cardiovascular disorders upon aging [21,22]. A
recent study reported that metformin enhances autophagy and
improves mitochondrial function while ameliorating the
inflamm-aging profile mimicking the inflammatory response in
diabetes.® Nevertheless, metformin’s impact on VSMC senescence
remains undefined. We hypothesized that metformin exerts anti-
senescence effects by restoring autophagic activity in VSMCs and
vascular tissues.

Methods
Animals

Male C57BL/6 mice (10 weeks old, 25-30 g) from Hunan SJA
Laboratory Animal (China) underwent housing at 22 + 2 °C under
a 12 h-12 h light/dark cycle with freely available rodent chow
and water. The animals were randomized into the saline-
infusion, saline-infusion + metformin, Ang Il-infusion, and Ang II-
infusion + metformin groups. Anesthesia was carried out with 1%
isoflurane and 99% oxygen at 20 mL/min. A micro-osmotic pump

206

(Alzet model 2004; AlzaCorp, USA) with either saline or Ang II in
saline (400 ng/kg/min for 28 days) was implanted subcutaneously
into each mouse under sterile procedures. The mice in the met-
formin and Ang Il-infusion + metformin groups received met-
formin (150 mg/kg/d) by intragastric administration once a day
for 28 days from day 1 after pump implantation. In addition, aging
mice were used to test the effects of metformin. Male C57BL/6
mice were divided into three groups: 10 months (control) group,
20 months (old) group, and old + metformin group to receive water
or 3 g/l metformin in water (a dose proved to elicit clinically rele-
vant serum metformin concentration) [23] for 10 months. The
administration of metformin began at 10 months of age and con-
tinued for 10 months until the mice were 20-month-old.

Ethics statement

All experiments involving animals and clinical samples were
conducted according to the ethical policies and procedures
approved by the ethics committee of the Second Xiangya Hospital
of Central South University. The need for individual consent was
waived by the committee. (Approval no. 2018.200).

Blood glucose and noninvasive blood pressure measurements

The effect of metformin on glucose levels was evaluated. Blood
glucose levels were measured by a tail nick using a glucometer
(EA-11, Sinocare, China). In order to monitor the blood pressure
after implantation of the Ang II infusion pump, noninvasive blood
pressure in mice was measured by the computerized tail-cuff
method (CODA 6, Kent Scientific, USA). In a 3-day adaptive period,
the animals underwent training in pre-warmed tail-cuff devices.
Blood pressure was measured at least 20 times in each mouse until
it reached a steady-state, and the final value was obtained from an
average of 10 proximal repeats.

Pulse wave velocity (PWV) assessment

PWV reflects arterial wall stiffness, providing a simple and
accurate tool for quantifying arterial stiffness in vivo: the stiffer
the artery, the elevated the PWV [24]. Noninvasive aortic PWV
measurement in mice was conducted as previously described
[25]. Briefly, anesthesia was followed by animal placement in the
supine position with paws taped to electrodes on an ECG board.
A 20-MHz Doppler probe was utilized for recording velocity in
the aortic arch moving away from the probe at 2 to 4-mm depth.
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A mark was made 30-40 mm distally on the abdomen. A measure-
ment was taken at the mark from the abdominal aorta, with the
probe angled toward the heart at a depth of 2-3 mm. Aortic
PWV was calculated by dividing the separation distance
(30-40 mm) by the difference in arrival times of the velocity pulse
timed with respect to the ECG. After PWV evaluation, the mice
were euthanized with 1% pentobarbital (30 mg/kg) by intraperi-
toneal injection at 28 days after micro-osmotic pump implanta-
tion, and aortas were harvested for subsequent analyses.

Histological analysis and immunohistochemistry

Changes in collagen and elastin amounts or aortic wall arrange-
ment were evaluated by histology. Tissues underwent perfusion-
fixation with 4% formalin, paraffin embedding, and 5 pm section-
ing, followed by Masson’s trichrome, Sirius red, and Van Gieson
staining with kits from Servicebio (China), following the manufac-
turer instructions. Masson’s Trichrome staining was used to visual-
ize the overall aortic morphology and architecture. Picrosirus red
staining under circularly polarized light was used to visualize col-
lagen. Van Gieson'’s staining was used to visualize elastin within
the aortic wall. Tissue dimensions and collagen were determined
within each ring by direct pixel quantification using Image-Pro
Plus (Media Cybernetics, Georgia). Collagen contents were com-
puted for the entire tissue ring by proportioning the sampled area
to the total tissue area. Optical densities were computed by nor-
malizing the content within a field to the underlying area of tissue
within that field [26].

Immunohistochemical analysis was carried out to detect p53
and p21 expression in all groups. Briefly, xylene dewaxing was fol-
lowed by rehydration in a stepwise manner using ethyl alcohol and
antigen retrieval for 10 min at 120 °C. After a 30-min incubation at
room temperature (20 °C-25 °C) with blocking buffer, the sections
underwent overnight incubation with primary antibodies raised
against p21 (Proteintech, USA, #10355-1-AP; 1:600) and p53
(Proteintech, #10442-1-AP; 1:100) at 4 °C. Next, secondary anti-
bodies (Proteintech, #SA00004-1 and #SA00004-2; 1:100) were
added at ambient for a 30-minute incubation. After development
with the DAB solution, hematoxylin counterstaining was per-
formed before imaging under an Olympus microscope (Japan).
Image ] (National Institutes of Health, USA) was utilized for quan-
titation, and values for four sections were averaged.

Immunofluorescence

Immunofluorescence was used to detect autophagy markers in
aortas from mice. After antigen retrieval, tissue sections were incu-
bated overnight with antibodies against o-SMA (Abcam, UK,
ab7817; 1:100), LC3B (Cell Signaling Technology [CST], USA,
#3868; 1:100), and p62 (CST, #39749s; 1:100) at 4 °C. Then, goat
anti-mouse or anti-rabbit fluorescein isothiocyanate (FITC) or
tetramethyl-rhodamine isothiocyanate (TRITC)-linked secondary
antibodies (1:100) were added for a 1-h incubation at 37 °C. The
sections then underwent counterstaining with DAPI. A nonspecific
IgG-stained section served as a negative control. Imaging was per-
formed with an Olympus microscope (<200 magnification). Color
composite images were generated and analyzed using the Image
] software.

4D label-free quantitative proteome analysis

Proteomics was conducted to explore the mechanism by which
metformin exerts anti-senescence effects. C57BL/6 mice were ran-
domly assigned to the saline control, Ang II infusion, and Ang II
infusion + metformin groups. The mice in the metformin and Ang
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Il infusion + metformin groups received metformin (150 mg/kg/d)
by intragastric administration once daily for 28 days from day 1
after micro-osmotic pump (400 ng/kg/min for 28 days) implanta-
tion. Euthanasia was performed with 1% pentobarbital (30 mg/kg)
by intraperitoneal injection, and the aortas from the mice were
arvested on day 28. Protein extraction and trypsin digestion were
conducted, followed by LC-MS/MS. The MaxQuant search engine
(v.1.6.15.0) was used for MS/MS data analysis. FDR was adjusted
to < 1%.

Cell culture and isolation of primary VSMCs

VSMCs were provided by Shanghai cell bank and cultured in
Dulbecco’s modified eagle medium (DMEM)-F12 medium (Thermo
Fisher Scientific, #C11330500BT) containing 100U/ml penicillin,
100 pg/ml/ml streptomycin (Thermo Fisher Scientific,
#15140122), and 10% fetal bovine serum (FBS, Gibco, #10099-
141). Stress-induced premature senescence in VSMCs was trig-
gered by Ang II treatment (2 pM) for 72 h.

Primary human aortic smooth muscle cells were isolated from
the aortas of elderly patients with aortic dissection undergoing
aortic replacement surgery, according to a previously described
method [27]. Briefly, the aorta was isolated with fat tissues and
the adventitia removed, and the intima was scraped. The aorta
was cut into approximately 1-mm blocks and cultured for about
2 h before the addition of DMEM-F12 medium (Thermo Fisher Sci-
entific, #C11330500BT) with 20% FBS for a 5-day culture. Primary
VSMCs that started to expand were further cultured in DMEM-F12
medium containing 10% FBS and penicillin/streptomycin for subse-
quent experiments. Primary VSMCs derived from individual
patients were not pooled. Primary VSMCs were studied at passages
2-10 or until replicative senescence was reached. It is known that
the expression of a-SMA and SM22a will dominate in senescent
smooth muscle cells [28]. We therefore performed the immunoflu-
orescence staining on isolated VSMCs with senescence, results
showed that the rate of o-SMA or SM22a positive cells is above
95% (Supplementary Fig. 2), thus our data inferred that corrected
VSMCs were isolated.

Senescence-associated p-galactosidase (SA-B-gal) staining

Ang Il-induced senescent VSMCs pretreated with or without
metformin (200 uM) for 2 h were incubated with Ang II for 72 h
and then stained using an SA-B-gal staining kit (Beyotime, China;
C0602). Senescent primary VSMCs were treated with metformin
(200 uM) for 12 days, also with medium change and re-
intervention every 24 h, followed by SA-B-gal labeling. After three
PBS washes, the cells underwent fixation (fixation buffer) for
15 min and overnight incubation with freshly prepared SA-B-gal
staining solution (pH 6.0) at 37 °C. For histological assessment, vas-
cular samples were fixed with the fixation buffer for 20 min and
underwent overnight incubation in SA-B-gal staining solution at
37 °C for 18 h. The proportion of SA-B-gal-positive cells based on
the total number of cells was determined.

Western blot analysis

Whole cells were collected and lysed using the radioimmuno-
precipitation assay (RIPA) buffer. Protein separation utilized
12.5% sodium dodecyl sulfate (SDS)-polyacrylamide gel elec-
trophoresis (PAGE). The protein bands were electro-transferred
onto polyvinylidene fluoride (PVDF) membranes. Following
blocking (5% fat-free milk), overnight incubation with primary
antibodies targeting LC3 (CST, #3868; 1:1,000), p53 (Proteintech,
#10442-1-AP; 1:2,000), p21 (Proteintech, #10355-1-AP; 1:1,000),
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p62 (Proteintech, #18420-1-AP; 1:2,000), p16™K4 (CST, #80772 s;
1:1,000), IL-6 (CST, #12912; 1:1,000), MMP-2 (Proteintech,
#10373-2-AP; 1:1,000), TGFB (CST, #37111 s; 1:1,000), PCNA
(CST, #13110 s; 1:1,000), SM-22a (Abcam, #ab14106; 1:1,000),
Calponin (Abcam, #ab46794; 1:1,000), LAMP1 (Abcam,
#ab108597; 1:1,000), CTS-L(Santa Cruz, #sc-32320; 1:500), CTS-
B (Boster, #BM5040; 1:1,000) and GAPDH (Proteintech, #60004-
1-Ig; 1:3,000) was carried out at 4 °C overnight. After incubation
with the corresponding secondary antibodies (Proteintech,
#SA00001-1 or #SA00001-2; 1:5,000), enhanced chemilumines-
cence (Bio-Rad, USA) was used to detect immunoreactive bands.
Image ] was utilized for quantitation.

Wound-healing assay

Metformin’s effect on VSMC migration was assessed by the
wound-healing assay. After confluent growth of VSMCs in a 6-
well plate, cells underwent serum starvation for 24 h. Then, mono-
layer scratching was carried out using a 200-uL pipette tip. Cells
were then stimulated with Ang Il or metformin in DMEM-F12 sup-
plemented with 1 % FBS. Wound healing was imaged at the indi-
cated time points after scratching and quantified at a fixed
location using Image-Pro Plus. Data from four independent exper-
iments were analyzed.

Cell cycle analysis

Metformin’s effect on the proliferation of VSMCs was assessed
by cell cycle analysis, flow-cytometrically following propidium
iodide (PI) staining. Briefly, 1x10° cells underwent fixation for
2 h with 70% alcohol at 4 °C and treatment with PI solution
(MCE, USA; #HY-D0815) at 50 pg/ml containing 0.6 ul RNase A
(20 pg/ml) in the dark for 30 min at 4 °C. At least 2,000 cells were
analyzed per sample, using Flow Jo 7.0 (Flow Jo, USA). Data from
three independent experiments were analyzed.

Autolysosome staining

In order to evaluate the effect of metformin on autophagic flux,
autolysosome staining was performed. After seeding in 6-well
glass-bottom plates, the VSMCs underwent overnight culture at
37 °C with 5% CO,. After incubation with 1 mL DAL Green (I
pmol/L) working solution for 30 min, the cells were cultured with
or without Ang II or metformin for 6 h. Following two PBS washes,
a laser confocal microscope (Carl Zeiss, Germany) was utilized for
analysis.

Adenovirus transfection

VSMCs were transfected with Ad-control or Ad-sqstm1/p62-
RNAi (100 MOJ, Shanghai Genechem Co., Ltd.) in a medium without
FBS for 2 h, washed with PBS twice, and cultured in a medium with
10% FBS for 24 h. Then, the cells were stimulated with Ang II with
or without pre-incubation of metformin for 24 h. The cells were
collected for western blot analysis.

Statistical analysis

Data collected from > 3 independent assays were presented as
mean * standard deviation (SD). GraphPad Prism v8.0 (GraphPad,
USA) was utilized for data analysis. Normally distributed data were
compared using t-test and one-way analysis of variance (ANOVA)
with Tukey’s post hoc test for group pairs and multiple groups,
respectively. Non-normally distributed data were compared using
the Mann-Whitney U test and the Kruskal-Wallis test for group
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pairs and multiple groups, respectively. P < 0.05 was considered
statistically significant.

Results
Metformin prevents vascular senescence

In order to determine whether metformin protects against
senescence in vascular tissues, the mice were randomized into
the saline-infusion, saline-infusion + metformin, Ang Il-infusion,
and Ang Il-infusion + metformin groups. According to Li. et al,,
[29] chronic Ang 1I infusion by micro-osmotic pump
(400 ng/kg/min for 28 days) results in vascular senescence. In addi-
tion, the metformin doses used in vivo and in vitro were according
to previous studies [5,30]. Thus, mice subjected to chronic Ang II
infusion underwent treatment with or without metformin [30]
(150 mg/kg/d by intragastric administration once daily for 28 days
from day 1 after pump implantation). Consistent with a previous
report [29], chronic Ang Il administration (400 ng/kg/min) elevated
systolic blood pressure in mice on days 14 and 28, whereas
metformin had no effects on blood pressure in the saline and
Ang Il-infusion groups. In addition, blood glucose levels were com-
parable in the Ang Il-infusion + metformin and Ang Il-infusion
groups (Supplementary Fig. 1). Next, vascular senescence was
examined by SA-B-gal staining and quantitating p53 and p21
expression. Aorta specimens from Ang Il-infused mice displayed
significantly higher SA-B-gal staining compared with the saline
group (Fig. 1A, upper and middle panels). In Ang Il-infused mice,
metformin strongly decreased aortic SA-B-gal activity compared
with non-metformin-treated animals (Fig. 1A, upper and middle
panels). Similarly, metformin decreased SA-B-gal activity in aortas
from aging mice (Fig. 1A, lower panel). Immunohistochemical
staining revealed that p53 and p21 levels were increased in aortas
(mainly in the tunica media) from the Ang Il group in comparison
with the saline group; however, the Ang Il infusion + metformin
group displayed lower p53 and p21 levels than the Ang II infusion
group (Fig. 1B-C). These results were further confirmed by Western
blot (Fig. 1 D-F). Meanwhile, metformin significantly decreased
aortic SA-B-gal activity and p53 and p21 levels in Ang Il-infused
animals, but not saline-infused mice.

Arterial stiffness represents the earliest detectable manifesta-
tion of the deleterious changes of a vessel wall structure and func-
tion [24,31]. Enhanced stiffness of large conduit arteries represents
an important indicator of vascular senescence [16,32]. PWV mea-
surement constitutes a valid tool for noninvasive quantitation of
arterial stiffness [31]. As expected, PWV was higher in Ang II
infused animals in comparison with age-matched control mice,
while metformin significantly decreased PWV in comparison with
the Ang II group (Fig. 2 A and B; Supplemental Table 1). Various
structural alterations occur in the aging artery, including elastin
fragmentation, enhanced collagen production, and medial VSMC
loss, resulting in decreased vascular compliance and enhanced
arterial stiffness [33]. Therefore, we evaluated the changes in colla-
gen and elastin contents as well as aortic wall arrangement by
staining aortic tissue rings with Masson’s trichrome, Picrosirius
red, and Van Gieson stains. Morphometric analysis of the four
groups was performed after Masson’s trichrome staining
(Fig. 2C). Aortas in the Ang Il-infusion group displayed greater
lumen diameters and medial layer thicknesses than those of the
saline-infusion group, and medial thicknesses were markedly
reduced in the Ang Il-infusion + metformin group compared with
the Ang Il-infusion group (Fig. 2C, F, H, and I). Similarly, medial
cross-sectional areas were starkly greater in the Ang Il-infusion
group versus the saline-infusion group but lower in the Ang II-infu
sion + metformin group compared with the Ang Il-infusion group
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(Fig. 2C and G). Collagen fiber visualization was performed under
circularly polarized light (Fig. 2D), and collagen levels were
obtained. Interestingly, collagen content and density were signifi-
cantly elevated in the Ang II-infusion group, and metformin allevi-
ated such effects (Fig. 2D, ], and K). Overtly thinner and fewer
elastin fibers were observed in the Ang Il-infusion group; however,
metformin treatment could relieve the elastin fiber damage
(Fig. 2E). Taken together, these data suggested that metformin alle-
viated the structural changes occurring during the process of vas-
cular senescence.
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Metformin reduces SASP in senescent VSMCs

In order to assess metformin’s function in cell senescence,
senescent primary VSMCs from the aortas of elderly patients were
isolated (Supplementary Fig. 2) and treated with metformin. Sur-
prisingly, SA-B-gal-positive cells were remarkably less abundant
following metformin administration (Fig. 3A and C). These results
were further confirmed by Western blot, which showed that
metformin significantly decreased p53, p21, and p16 protein levels
in primary VSMCs (Fig. 3B and C). Moreover, Ang Il-induced
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premature senescent VMSCs were treated with metformin for fur-
ther confirming metformin’s beneficial effects in cell senescence.
As expected, the number of SA-B-gal-positive cells was starkly
higher after VSMC treatment with Ang Il compared with the con-
trol group, while metformin treatment remarkably reduced the
number of SA-B-gal-positive cells in comparison with the Ang II
group (Fig. 3D and E). Consistently, immunoblot demonstrated that
p53 and p21 protein levels were increased in Ang II-induced senes-
cent VSMCs but reduced in the Ang Il + metformin group (Fig. 3F, G,
and H). Senescent VSMCs with the SASP contribute towards
enhanced vascular inflammation and worsened disease condition
through pro-inflammatory factors and ECM-damaging substances.
Ang Il-induced premature senescence enhanced the secretion of
MMP2, IL-6, and TGF-B, and this effect was inhibited by metformin
(Fig. 31, ], K, and L). Collectively, these results suggested that met-
formin treatment delayed the development of cellular senescence
and alleviated the SASP of VSMCs.

Given that cellular senescence mostly features cell-cycle arrest
after continuous stimulation [13], we examined the effects of met-
formin on the biological characteristics of VSMCs with both basal
and senescent statuses. The wound-healing assay revealed that
metformin not only increased cell migration under basal condi-
tions but also promoted the migration of Ang Il-treated cells
(Fig. 4A and C), suggesting that metformin reverses the decreased
migration in senescent VSMCs. We next examined the phenotype
of VSMCs, which showed increased levels of the proliferation-
related protein PCNA, as well as decreased levels of the contractile
proteins SM-22a. and calponin, after treatment with metformin
under both basal and senescent conditions (Fig. 4B and D-F). In
order to further examine whether metformin-treatment influences
cell growth arrest in senescent VSMCs, flow cytometry was per-
formed. As shown in Fig. 4G-H, GO/G1 cell-cycle arrest was mark-
edly elevated in Ang Il-induced senescent cells, and these effects
were alleviated following metformin treatment. Metformin pro-
longed the S phase, which was inhibited by Ang II treatment. Thus,
metformin may promote the conversion of VSMCs from growth
arrest and quiescence into an activated cell-cycle state. Collec-
tively, these results suggested that metformin exerted beneficial
effects by restoring the function of senescent VSMCs.

Autophagy is involved in the beneficial effects of metformin against
senescence

Next, we explored the mechanism underlying the anti-
senescence effects of metformin. Proteome analysis of aorta spec-
imens from metformin-treated mice revealed 202 upregulated
and 252 downregulated proteins, with statistical significance (fold
change > 1.2 or < 0.83) (Fig. 5A). In order to further examine met-
formin’s role in the aging vasculature, Gene Ontology (GO) and
Clusters of Orthologous Groups of proteins (COG) analyses were
carried out. Corroborating previously reported findings [1], met-
formin’s target proteins were markedly enriched in catalytic activ-
ity, posttranslational modification, protein turnover, and
chaperones, all of which are closely associated with the autophagic
process (Fig. 5B-C).

Increasing evidence indicates reduced autophagy in vascular
damage and increased susceptibility to vascular diseases during
aging; [21] therefore, we examined autophagy levels in the vascu-
lar tissue using a transmission electron microscope (TEM, Hita-
chi7700, Japan), immunofluorescence staining, and Western blot.
TEM revealed fewer autophagosome-like structures in aorta sam-
ples from the Ang II-infusion mouse group compared with control
mice, but markedly more in metformin-treated animals (Fig. 5D
and E). Although autophagosome levels were comparable in Ang
II-infused animals with and without metformin treatment, more
autophagosomes were observed in Ang Il-infused animals admin-
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istered metformin. Immunofluorescence further demonstrated
that mice stimulated with Ang II infusion had LC3 Il downregula-
tion in comparison with control mice, while those treated with
Ang Il infusion and metformin showed significant upregulation of
LC3 II in comparison with Ang Il-infused mice (Fig. 5F and G).
LC3 assessment does not differentiate autophagy flux activation
from its impairment. In this study, p62 was overtly downregulated
in Ang Il-infused animals treated with metformin in comparison
with the Ang Il-infusion group, as demonstrated by immunofluo-
rescence and immunoblot. Although LC3II abundance tended to
increase in metformin-treated mice, the LC3II/I ratio showed no
significant differences between Ang Il-infused animals with and
without metformin treatment (Fig. 5H, I, and ]). Taken together,
the above findings suggested metformin’s beneficial effects in
senescence may partly involve autophagy induction.

Metformin upregulates autophagic flux in the aging vasculature and
senescent VSMCs

In order to confirm the above results obtained in mice, the effect
of metformin on autophagy was examined in vitro. Consistent with
the in vivo findings, significant p62 accumulation was observed
after Ang II treatment, which was strongly decreased by interven-
tion with metformin. Nevertheless, p62 protein levels were not
affected by metformin under basal conditions. Interestingly, met-
formin treatment reduced the LC3II/I ratio under both basal and
senescent conditions (Fig. 6A, B, and C); these effects could be
blocked by autophagy inhibition using bafilomycin Al, a
vacuolar-type H*-ATPase that inhibits autolysosome function
(Fig. 6D and E). Since metformin acts via the AMPK/mTOR pathway
in attenuating hallmarks of biological aging, we assessed AMPK
protein and phosphorylation levels in senescent primary VSMCs
treated with or without metformin (Fig. 6 F and G). The results
showed that AMPK protein and phosphorylation levels were not
affected by metformin, suggesting the anti-senescence effects of
metformin in senescent VSMCs were independent of the AMPK
pathway, and the initiation of autophagy may not be affected by
metformin in senescent VSMCs.

Metformin enhances autophagy flux at the autophagosome-lysosome
fusion level

Autophagy involves several events regulated on multiple levels.
Our observation that metformin reduces p62 in senescent VSMCs,
corresponding to increased autophagy (Fig. 6H), is contradictory to
the finding of decreased LC3II/I ratio, which suggests autophagy
disruption. In order to further explore the molecular mechanism
underlying the effects of metformin on autophagy, changes in mul-
tiple autophagy-related proteins were screened by proteomics.
Bioinformatic analysis hinted at the role of elevated lysosome-
associated membrane protein 1 (LAMP1) in the autolysosome for-
mation process. We thus tested whether LAMP1 expression was
significantly upregulated post-metformin treatment. As expected,
we found increased LAMP1 protein levels (Fig. 6] and K) in Ang
II-induced senescent VSMCs treated with metformin. In addition,
immunohistochemical staining of aortas revealed that the
old + metformin mice displayed increased LAMP1 levels compared
wtih the old mice (Supplementary Fig. 3A). Similar results were
observed in aortas from the Ang Il infusion + metformin mice (Sup-
plementary Fig. 3B). Given that LAMP1 is a biomarker of degrading
autophagy-associated lysosomes [34], we stained autolysosomes
to observe the effect of metformin on autophagic flux (Fig. 6H).
As expected, Ang Il stimulation significantly suppressed autolyso-
some formation, whereas metformin reversed Ang II-induced sup-
pression of autolysosome formation. Additionally, lysosome
function blockade with bafilomycin A1l significantly decreased
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autolysosome formation. Cathepsin L (CTSL) positively regulates
lysosomal function since it increases autophagy and lysosomal
activity. Increased CTSL protein levels were observed in Ang II-
induced senescent VSMCs administered metformin (Fig. 6] and
L). Meanwhile, the protein levels of Cathepsin B (CTSB), a pro-
apoptotic enzyme and a negative regulator of lysosomal function
were reduced in Ang Il-induced senescent VSMCs administered
metformin (Fig. 6] and M). Next, Ang Il-induced senescent VSMCs
were administered metformin and incubated with or without bafi-
lomycin A1, which reversed the anti-senescence effects of met-
formin (Fig. 6 I). Given the autophagy receptor sqstm1/p62
(sequestosome 1) serve as a major regulator of autophagy involved
in the targeting of cargo into autophagosomes [35], Ad-sqstm1/
p62-RNAi was used to further test the effect and mechanism of
metformin on modulating autophagy flux in VSMCs. Consistent
with a previous report [20], Ad-sqstm1/p62-RNAi significantly
reduced p62 protein expression compared with Ad-control-
treated cells while decreased LC3II abundance and increased p53
and p21 levels (Supplementary Fig. 4 and Supplementary Fig. 5).
After sqstm1/p62 silencing, p53 and p21 expression was not
affected by metformin. These data indicated that metformin pro-
moted autophagy by enhancing autophagosome-lysosome fusion
and ameliorated cellular and vascular senescence by prompting
autophagosome formation.

Discussion

Beyond glycemic control in diabetics, epidemiological, animal,
and human studies have suggested that metformin could be used
as an anti-aging agent [36]. Metformin exerts various therapeutic
effects on dysregulated nutrient sensing, genomic instability, pro-
teostasis collapse, and reduced intercellular communication [1].
Despite broad application and demonstrated efficacy, how met-
formin modulates major pathways contributing to cellular and
vascular senescence remains largely unclear. This study confirmed
that metformin prevented senescence in VSMCs and the aging vas-
culature and also demonstrated that metformin could reduce the
accumulation of senescence-associated secretory factors in VSMCs.
Most importantly, we showed that metformin prompted
autophagosome formation, which might be the main mechanism
underlying the anti-aging effects of metformin in senescent VSMCs
and aging vasculature. This study firstly reported the molecular
mechanism of metformin in terms of promoting autophagosome
formation possibly by upregulating LAMP1 in senescent VSMCs
and the aging vasculature.

Cell senescence constitutes an important aging process that fea-
tures irreversible growth arrest, impaired functions, and substan-
tial changes in the proinflammatory secretome [37]. Previous
evidence suggests eliminating senescent cells expressing p16™NK4A
may extend the lifespan and improve health in mice [14,38],
indicating a major role for cell senescence in aging-related physio-
logical decline. Moreover, a recent study showed that senescent
liver sinusoid endothelial cells are not replaced upon removal
and play major structural and functional roles in aging organisms
[15]. Thus, delaying senescence or replacing senescent cells using
drugs such as metformin could represent a powerful tool for slow-
ing down aging. During growth arrest associated with senescence,
two core senescence-regulating pathways, including p53/p21 and
p16™NK43/Rb [39,40], play critical roles in the activation of down-
stream factors in retinoblastoma [41,42], irreversibly arresting
the cell cycle [43]. Hence, elevated SA-B-gal activity and increased
p53 and p21 levels are accepted markers of senescent cells. In this
study, metformin restored vascular senescence, with reduced
SA-B-gal activity and decreased p53 and p21 protein expression.
Consistently, metformin significantly reduced Ang II-dependent
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VSMC senescence in vivo and improved vascular wall thickening
and collagen accumulation. Interestingly, metformin administra-
tion also caused fibrotic area and wall thickness reductions in the
mouse aorta in comparison with the Ang Il infusion group, suggest-
ing that metformin prevents Ang Il-induced remodeling in the
mouse aorta. Taken together, these data suggest that metformin
may effectively target vascular aging and prevent senescence in
VSMCs.

Senescent vascular cells display elevated levels of reactive oxy-
gen species and acquire the SASP, characterized by increased
inflammatory cytokine and chemokine production. Senescent cells
can also impact the functions and phenotypes of surrounding vas-
cular cells via multiple different pathways. Age-associated arterial
dysfunction and changes feature higher large elastic arterial stiff-
ness and endothelial dysfunction, which represent important risk
factors for cardiovascular disease and contribute towards various
pathophysiologically relevant conditions [44]. With aging, collagen
accumulation and vascular remodeling progressively increase,
which can lead to arterial stiffness [33,45], further exacerbating
endothelial dysfunction [33]. Cellular senescence is correlated with
arterial remodelling [46], and its inhibition has been shown to
ameliorate arterial stiffness in mice [47]. Moreover, resveratrol
treatment was reported to prevent age-related vascular remodel-
ing by inhibiting cellular senescence [48]. A previous study
revealed that senescence-associated secretory factors derived from
senescent VSMCs are negative mediators of arterial remodeling
that promote TGF-B activation, induce collagen deposition, and
increase wall-to-lumen ratios and blood pressure. In this study,
metformin treatment decreased senescence and SASP in VSMCs
and enhanced migration and proliferation in senescent VSMCs.
Hence, we speculate that metformin may ameliorate vascular
remodeling by suppressing senescence and the SASP in VSMCs. In
contrast to our study, data from another study indicated that Ang
Il effectively promotes VSMC migration at 48 h, while metformin
inhibits this effect®. The divergent result may be explained by the
different doses of metformin. A previous study [49] found that
metformin dose-dependently regulates the biological properties
of periodontal ligament stem cells (PDLSCs) in vitro. The results
showed that maximal effect was achieved with 50 pM metformin
treatment, which significantly increased the proliferation and
migration of PDLSCs. In addition, 10 mM metformin was used in
the study mentioned above®, whereas in our study 200 uM met-
formin was administrated. To verify the hypothesis that metformin
at a lower dose could increase VSMC growth, while metformin at a
higher dose might result in opposite effects, the dose-response
experiments of metformin (0 puM, 50 uM, 200 uM, 1 mM, 5 mM,
10 mM) on VSMCs were performed. As shown in Supplementary
Fig. 6, 50 uM and 200 pM metformin promoted VSMC growth in
both basal and Ang Il incubated conditions, whereas VSMC growth
was obviously slowed down after incubation with 1 mM and 5 mM
metformin. Importantly, excessive VSMC death was observed
when incubated with 10 mM metformin. These results indicated
that low-dose metformin, as the dose used in our study setting,
would promote VSMC growth, and the opposite effect was
observed by high-dose metformin. Moreover, Western blot demon-
strated that LC3 II abundance tended to decrease in VSMC treated
with 1 mM and 5 mM metformin when compared with 50 uM and
200 puM metformin treatment. Taken together, it is reasonable to
speculate that the divergent results in terms of metformin on
VSMC proliferation and migration might be contributed to the var-
ious doses used. However, the exact underpinning mechanism
deserves further investigation.

Unlike senescent growth arrest, the SASP does not depend on
p53 or p16™¥42[43]; it develops relatively slowly and usually takes
several days to manifest after senescent growth arrest has been ini-
tiated. Autophagy is a complex and dynamic intracellular process
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that delivers cytoplasmic constituents into lysosomes for degrada-
tion [50], which is essential for cell survival and the phenotype of
smooth muscle cells [51]. Impaired autophagy has been reported
to stimulate senescence, while autophagy is also involved in SASP
establishment [20]. Here, we found that metformin did not initiate
autophagy but rather promoted autophagic flux, whereas met-
formin might affect lysosomal fusion with autophagosomes possi-
bly via LAMP1 mediation. Indeed, we observed that metformin
treatment was associated with increased LAMP1 protein levels
and enhanced autolysosome formation. It is worth noting that
LAMP1 and CSTL/B in the Ang II vs. control groups were not statis-
tically significant in our study. The effect of Ang Il on VSMC autop-
hagy might be dose-dependent, in that autophagy could be
stimulated by Ang II at a lower dose, while inhibited with Ang II
at a higher dose. According to a previous report, Ang Il at lower
concentrations between 10 and 100 nM stimulated autophagy in
the HL-1 cardiomyocyte cell line, whereas higher concentrations
caused apoptosis and decreased autophagy [52]. We used a high
dose of Ang II in our study, which was thus linked with decreased
autophagy. We speculate that autophagy is a multi-step and com-
plex process, Ang Il may not directly influence autophagy by regu-
lating lysosomes, while metformin might improve -effective
autophagy by regulating activities of lysosomes. Here, we demon-
strated that downregulating lysosomal function by bafilomycin A1
increased p21 and p53 expression as well as SA-B-gal activity in
response to Ang II. Moreover, bafilomycin A1 abrogated met-
formin’s beneficial effects against senescence in VSMCs. Jointly,
the above findings indicate the anti-senescence effects induced
by metformin are at least partly mediated by autophagy promotion
and lysosome function enhancement. This study shows that met-
formin could prevent defective autophagy during the development
of senescence and alleviate SASP in VSMCs. Still, future studies
using various autophagy antibodies working on different stages
of autophagy are needed to verify the exact working mechanism
of metformin on modulating the autophagy process.

Clinical implications

Previous studies provided compelling evidence that vascular
aging represents a major player in overall organismal aging
[53,54]. More recently, a study suggested that modulating the vas-
cular endothelial growth factor pathway may result in increased
mammalian lifespan [55]. The current results provide evidence of
metformin’s beneficial effects against vascular and cellular senes-
cence and the associated mechanisms. Taken together, these find-
ings demonstrate the potential of metformin as a candidate agent
to prevent vascular aging.

Conclusions

This study demonstrated that metformin ameliorates cellular
and vascular senescence via suppression of the secretion of
senescence-associated factors by promoting autophagic flux. This
work identified discrete anti-senescence targets of metformin on
senescent VSMCs independent of diabetic control; future studies
are warranted to determine whether metformin is beneficial for
patients with vascular diseases and slows down vascular aging
independently of the presence of diabetes.
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