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Metformin alleviates p-glycerophosphate-induced
calcification of vascular smooth muscle cells via
AMPK/mTOR-activated autophagy
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Abstract. The aim of the present study was to investigate the
effect of metformin on f-glycerophosphate-induced calci-
fication of vascular smooth muscle cells (VSMCs) and the
possible mechanisms underlying this. Using an established
VSMC calcification model, VSMCs were first treated with
B-glycerophosphate, before metformin, 3-methyladenine
and compound C were added to the cell cultures in different
combinations. Calcium deposition in the cells was examined
by Alizarin Red S staining and using the O-cresolphthalein
complexone method. To assess the occurrence of autophagy,
autophagosomes inside the cells were studied using a
transmission electron microscope and green fluorescent
microtubule-associated protein 1 light chain 3 (LC3) puncta
were examined using a fluorescent microscope. Additionally,
protein expression levels of a-smooth muscle actin (a-SMA),
runt-related transcription factor 2 (RUNX?2), LC3II/I,
beclin 1 and 5' adenosine monophosphate-activated protein
kinase (AMPK)/mammalian target of rapamycin (mTOR)
pathway-associated proteins were determined by western
blot analysis. Metformin increased the number of autopha-
gosomes, green fluorescent LC3 puncta and the levels of
LC3II/1, beclin 1, a-SMA and phosphorylated (p)-AMPK in
the VSMCs that were treated with B-glycerophosphate when
compared to controls; whereas, calcium deposition and the
expression levels of RUNX?2 and p-mTOR were found to be
decreased. Treating the VSMCs with 3-methyladenine or
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compound C reversed the effects of metformin. The results
of the present study suggested that metformin may alleviate
B-glycerophosphate-induced calcification of VSMCs, which
may be attributed to the activation of AMPK/mTOR signaling
pathway-dependent autophagy.

Introduction

Chronic kidney disease (CKD) is a major health problem
faced by individuals worldwide (1). Atherosclerosis and
vascular calcification are highly prevalent in patients with
CKD and are known to be major risk factors for all-cause and
cardiovascular mortalities in these patients (2). Multiple mech-
anisms are thought to be associated with vascular calcification,
including hyperphosphatemia, oxidative stress, inflammation
and apoptosis; however, none of these mechanisms is fully
understood (3). Clinical and epidemiological studies have
shown that hyperphosphatemia is the most important risk
factor associated with the initiation of vascular calcification in
patients with CKD, leading to the hypothesis that maintaining
serum phosphorus at appropriate levels may significantly alle-
viate vascular calcification and improve clinical outcomes (4).
Moreover, osteochondrocytic differentiation of vascular
smooth muscle cells (VSMCs) under high phosphate condi-
tions is considered to be a pivotal pathological process in the
initiation of vascular calcification (5).

Studies have indicated that autophagy plays an important
role in the function of VSMCs and in the development of
vascular diseases, suggesting that it may be a potential target
in the prevention of vascular calcification (6-8). Autophagy
induced by high phosphate conditions has been demonstrated to
counteract the phosphate-induced calcification of VSMCs (9).
High phosphorus promotes calcification of VSMCs and acti-
vates autophagy, which maintains VSMC stability and allows
VSMCs to adapt to unfavorable conditions (9). First-line drugs
used for treating hyperglycemia, such as metformin, also exhibit
protective effects on the cardiovascular system; however, the
underlying mechanisms are not fully understood. It has previ-
ously been reported that metformin can activate 5' adenosine
monophosphate-activated protein kinase (AMPK) (10) and the
AMPK/mammalian target of rapamycin (mTOR) signaling
pathway has been shown to regulate autophagy, both directly
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and indirectly (11). AMPK could initiate autophagy either
by directly phosphorylating serine/threonine-protein kinase
ULKI1 protein (12), or indirectly by deactivating mTORC1 (13).
The aim of the present study was to investigate the function of
metformin in the alleviation of -glycerophosphate-induced
calcification of VSMCs and the role of AMPK/mTOR-activated
autophagy in this pathological condition.

Materials and methods

Cell culture. The rat thoracic aorta VSMC line A7r5 was
purchased from The Cell Bank of Type Culture Collection
of the Chinese Academy of Sciences the Shanghai Institutes
for Biological Sciences. The cells were inoculated in 35-mm
dishes at a density of 2x10* cells and were cultured in
high-glucose Dulbecco's modified Eagle's medium (HDMEM)
containing 10% fetal bovine serum (FBS) (both from Hyclone;
Cytiva) unless otherwise indicated. The cell cultures were
incubated at 37°C in a humidified thermostatic incubator
supplied with 5% CO,. Medium was refreshed every 2-3 days.
To induce calcification, the VSMCs were cultured in 1%
FBS-HDMEM containing 10 mmol/l B-glycerophosphate
(B-GP; Sigma-Aldrich; Merck KGaA) for 14 days (9,14).
To determine the effect of metformin on the calcifica-
tion of VSMCs and the underlying mechanisms involved,
VSMCs were incubated in 1% FBS-HDMEM containing
10 mmol/l B-GP and 500 pmol/metformin (Sigma-Aldrich;
Merck KGaA), as described previously (15). To investigate the
effect of autophagy on the calcification of VSMCs, the cells
were pre-treated with the autophagy inhibitor, 3-methylad-
enine (3-MA; Sigma-Aldrich; Merck KGaA) at 5 mmol/l for
30 min (9). To investigate the involvement of the AMPK/mTOR
signaling pathway in the induction of autophagy by metformin,
the VSMCs were pre-treated with the AMPK inhibitor
compound C (Sigma-Aldrich; Merck KGaA) at 10 gmol/I for
30 min (16). VSMCs cultured in 1% FBS-HDMEM were used
as the control.

Alizarin Red S staining and quantification of cell calcium
content. After treatment with 3-GP for 14 days, VSMCs were
fixed in 95% ethanol for 1 h at room temperature. The cells
were stained with 1% Alizarin Red S solution (Sigma-Aldrich;
Merck KGaA) for 30 min at 37°C. Cells were then washed three
times with PBS to remove non-specific staining. The posi-
tively-stained mineralized matrix exhibited a reddish/purple
color upon direct visualization. Mineralized nodules were
observed at x40 magnification under an inverted microscope
(Nikon TMS; Nikon Corporation) with three fields for each
group. In order to quantify their calcium content, VSMCs were
incubated in triplicate for 14 days before subjecting them to
decalcification with 0.6 mol/l hydrochloric acid (HCI) for 24 h
at 37°C. The calcium content in the HCI supernatants was deter-
mined for each sample using the O-cresolphthalein complexone
method (17). Total protein from the treated cells was extracted
using 1 M NaOH/0.1% SDS and was quantified using the BCA
method. The calcium content was normalized to the protein
content and was expressed as ug calcium per mg protein.

Transmission electron microscopy (TEM). TEM was
performed to assess the formation of autophagosomes in the

VSMCs. Briefly, after culture for 72 h, VSMCs were pre-fixed
with 2.5% glutaraldehyde for 2 h at room temperature and
post-fixed with 1% osmium tetroxide for 2 h at 4°C. After
performing the dehydration process in an ethanol gradient
(50% for 15 min, 70% overnight, followed by 80 and 90% each
for 15 min, and 100% twice, each for 20 min), the cells were
incubated with propanone and embedded in SPI-Pon-812 resin
(Structure Probes, Inc.). Ultrathin sections were prepared using
an ultramicrotome EM UC7 (Leica Microsystems GmbH),
and were then stained with uranyl acetate and lead nitrate.
The stained sections were examined under the FEI Tecnai
G2 Spirit transmission electron microscope (Thermo Fisher
Scientific, Inc.). Three fields of each section were examined
and photographed.

Immunofluorescence. Immunofluorescence analysis was
performed to examine the expression of microtubule-associated
protein 1 light chain 3 (LC3). Briefly, the cells were inoculated
in 24-well plates at a density of 3x10* cells/well. After culture
for 72 h, VSMCs were fixed with 4% paraformaldehyde
for 20 min at room temperature and were permeablized
by incubation with 0.5% Triton X-100 for 5 min at room
temperature. Thereafter, the cells were blocked in 100% goat
serum blocking solution (Beyotime Institute of Biotechnology)
for 2 h at room temperature, followed by incubation
with anti-LC3 mAb (1:200; cat. no. 3868; Cell Signaling
Technology, Inc.) overnight at 4°C. The cells were then
incubated with FITC-conjugated secondary antibody (1:150;
cat. no. WLAO032; Wanleibio Co., Ltd.) in the dark for 2 h at
room temperature. Nuclei of the cells were stained with DAPI
for 5 min at room temperature. The cells were visualized under
a fluorescent microscope at X200 magnification. Three fields
of each sample were examined and photographed.

Western blot analysis. Total protein from the VSMCs was
extracted using RIPA lysis buffer containing protease and
phosphatase inhibitors (all from Beyotime Institute of
Biotechnology). The protein content in the extracts was
quantified using the BCA method. Equal amounts of protein
(40 ug) were subjected to SDS-PAGE [6% for LC3, 12% for
mTOR and phosphorylated (p)-mTOR, and 10% for all other
proteins], followed by the transfer of proteins onto a PVDF
membrane. The membranes were incubated successively with
5% non-fat milk for 1 h at room temperature, with appropriate
primary antibodies overnight at 4°C, and with horseradish
peroxidase-conjugated secondary antibody (1:2,000;
cat. no. WLAO23a; Wanleibio Co., Ltd.) for 1 h at room
temperature. The following primary antibodies were used:
Anti-LC3 (1:500; cat. no. 3868; Cell Signaling Technology,
Inc.), anti-beclin 1 (1:500; cat. no. 3495; Cell Signaling
Technology, Inc.), anti-a-SMA (1:1,000; cat. no. 19245;
Cell Signaling Technology, Inc.), anti-RUNX2 (1:1,000;
cat. no. 12556; Cell Signaling Technology, Inc.), anti-AMPK
(1:500; cat. no. 2532; Cell Signaling Technology, Inc.),
anti-Thr172p-AMPK (1:500; cat. no. 2535; Cell Signaling
Technology, Inc.), anti-mTOR (1:1,000; cat. no. ab32028;
Abcam), anti-ser2448p-mTOR (1:1,000; cat. no. ab109268;
Abcam), anti-GAPDH (1:1,000; cat. no. ab181602; Abcam)
and anti-B-actin (1:1,000; cat. no. ab179467; Abcam). The
membranes were developed using the ECL (Wanleibio Co.,
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Figure 1. The effects of $-GP, Met, 3-MA and CC on VSMC calcification. VSMCs were treated with 3-GP (10 mmol/l) to induce calcification and with
metformin (500 pgmol/l) to examine its effect on calcification. 3-MA (5 mmol/l) and CC (10 gmol/l) were added to the cells to investigate the effects of
autophagy and the AMPK signaling pathway, respectively. (A) Alizarin red S staining and O-cresolphthalein complexone method calcium quantitation
showing calcium deposition in VSMCs treated with vehicle or B-GP. (B) Western blots showing protein levels of a-SMA and Runx2 in VSMCs treated
with vehicle or B-GP. (C) Alizarin red S staining and O-cresolphthalein complexone method calcium quantitation showing calcium deposition in VSMCs
treated with 3-GP, MET, 3-MA, or CC. (D) Western blots showing protein levels of a-SMA and Runx2 in VSMCs treated with $-GP, Met, or 3-MA. Western
bands of interest were normalized against GAPDH, and data are provided as relative density ratios compared with control group or $-GP group. Scale bars
in Alizarin red S staining represent 100 ym. Representative images are shown. Data are presented as mean + SEM, n=3. "P<0.05, ""P<0.01, “"P<0.001.
B-GP, p-glycerophosphate; Met, metformin; 3-MA, 3-methyladenine; CC, compound C; VSMC, vascular smooth muscle cell; a-SMA, a-smooth muscle actin;

RUNX2, runt-related transcription factor 2.

Ltd.) detection system. All the bands obtained were analyzed
using the ImagelJ software (National Institutes of Health).
Normalization of the protein bands was performed using
GAPDH or p-actin levels. Data are presented as relative
density ratio of the -GP group compared with control group
in initial experiments After finding that $-GP influenced
protein expression levels compared to the control group,
further experiments were performed to compare the effect of
treatment with a combination of 3-GP metformin, 3-MA and
Compound C in comparison with 3-GP alone.

Statistical analysis. Each experiment was performed in
triplicate. Comparisons between two groups were performed
using unpaired t-test. Comparisons between the values of
three or more groups were performed using one-way ANOVA,
followed by the Tukey's multiple comparison test. All the
analyses in this study were performed using GraphPad Prism

software (version 7.04; GraphPad Software, Inc.). The results
of the experiments are presented as the mean + SEM and
P<0.05 was considered statistically significant.

Results

Metformin alleviates f3-glycerophosphate-induced VSMC
calcification. VSMCs were treated with -GP (10 mmol/l)
in order to induce calcification. Alizarin Red S staining and
O-cresolphthalein complexone assay (Fig. 1A) revealed that
-GP enhanced calcium deposition in VSMCs when compared
to that in the untreated control cells. In addition, the protein
expression level of the smooth muscle cell marker a-SMA
was found to be reduced in B-GP treated cells compared with
the untreated control, whereas the protein expression level
of the osteogenic gene RUNX2 was increased, as shown in
the western blotting analysis (Fig. 1B). To determine whether
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Figure 2. The effects of 3-GP, Met, 3-MA and CC on autophagic activity in VSMCs. (A) TEM showing autophagosomes (red arrows) in VSMCs treated with
B-GP, Met, 3-MA or CC. Scale bars represent 0.5 ym. (B) Immunofluorescence staining showing the expression of LC3 in VSMCs treated with $-GP, Met,
3-MA, or CC. Scale bars represent 25 ym. Cells were treated with 1% FBS-HDMEM containing $-GP, f-GP + Met, 3-GP + Met + 3-MA, $-GP + Met + CC,
or solely 1% FBS-HDMEM for 72 h, before being subjected to TEM or fluorescence microscopy (magnification, x200). (C) Western blots showing protein
levels of LC3 and beclin 1 in VSMCs treated with vehicle or $-GP. (D) Western blots showing protein levels of LC3 and beclin 1 in VSMCs treated with $-GP,
metformin, or 3-MA. Western bands of interest were normalized against GAPDH, and data are presented as relative density ratios compared with control group
or 3-GP group. Representative images are shown. Data are presented as mean + SEM, n=3. "'P<0.05, “P<0.01. B-GP, f3-glycerophosphate; Met, metformin;
3-MA, 3-methyladenine; CC, compound C; VSMC, vascular smooth muscle cell; TEM, transmission electron microscopy; LC3, microtubule-associated
protein 1 light chain 3; HDMEM, high-glucose Dulbecco's modified Eagle's medium.

metformin could reduce calcification in the VSMCs induced
by B-GP, the cells were first cultured in 1% FBS-HDMEM
containing $-GP (10 mmol/l), and were then treated with
metformin (500 pgmol/l). When compared with the cells that
were treated solely with 3-GP, the calcium deposition was
found to be reduced in the metformin-treated cells (Fig. 1C).
Western blot analysis also revealed that the protein expression
level of a-SMA was increased, whereas the protein expression
level of RUNX2 was decreased in metformin treated cells
compared with the $-GP only treated cells (Fig. 1D). These
results suggest that metformin could potentially alleviate
B-GP-induced calcification of VSMCs.

Metformin promotes 3-glycerophosphate-induced autophagy
in VSMCs. To elucidate the potential effect of metformin on
autophagy in VSMCs, the cells were subjected to TEM to
examine their autophagic activity. TEM results revealed an
increase in the accumulation of autophagosomes in the cells
that were treated with 3-GP compared with untreated control
cells, which was found to be further increased in cells that were

treated with both 3-GP and metformin (Fig. 2A). Fluorescence
microscopy results showed that the formation of the green
fluorescent LC3 puncta in VSMCs increased after treatment
with B-GP when compared to the cells that were treated only
with the vehicle, and the green fluorescent LC3 puncta were
found to be further increased after treatment with both 3-GP
and metformin (Fig. 2B). Additionally, the protein expression
levels of LC3II/I and beclin 1 were examined in the VSMCs
using western blot analysis. As shown in Fig. 2C, the expres-
sion levels of LC3II/I and beclin 1 were significantly increased
in VSMCs that were treated with 3-GP as compared with cells
treated with vehicle. After finding that B-GP increased the
protein expression levels of LC3II/I and beclin 1 compared
to the untreated control group, further experiments compared
cells treated with multiple drugs with 3-GP alone. 3-GP and
metformin treatment further increased the expression levels of
LC3II/T and beclin 1 in comparison to $-GP alone (Fig. 2D).
These results suggest that §-GP may potentially stimulate
autophagy in VSMCs and that metformin may further promote
autophagic activity.
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Figure 3. The effects of 3-GP, Met and CC on the AMPK signaling pathway and on cell calcification and autophagy activity in VSMCs. (A) Western blots
showing protein levels of p- and t-AMPK and mTOR in VSMCs treated with 3-GP, Met or CC. (B) Western blots showing protein levels of LC3, beclin 1,
a-SMA and Runx2 in VSMCs treated with $-GP, MET, or CC. Western bands of interest were normalized against GAPDH or 3-actin, and data are presented
as relative density ratios compared with B-GP group. Representative images are shown. Data are presented as mean + SEM, n=3. "P<0.05, “P<0.01, ""P<0.001.
B-GP, B-glycerophosphate; Met, metformin; 3-MA, 3-methyladenine; CC, compound C; VSMC, vascular smooth muscle cell; p, phosphorylated; t, total;
LC3, microtubule-associated protein 1 light chain 3; a-SMA, a-smooth muscle actin; RUNX2, runt-related transcription factor 2; AMPK, 5' adenosine
monophosphate-activated protein kinase; mTOR, mammalian target of rapamycin.

Metformin alleviates B-glycerophosphate-induced VSMC
calcification by enhancing autophagy. To further determine
whether metformin alleviated the B-GP-induced VSMC
calcification by promoting autophagy in VSMCs, cells were
pre-treated with the autophagy inhibitor, 3-MA (5 mmol/I)
for 30 min before treatment with 3-GP and metformin. The
results of Alizarin Red S staining and an O-cresolphthalein
complexone assay (Fig. 1C) showed an evident increase in
calcium deposition in VSMCs that were pre-treated with
3-MA when compared to the cells that were not subjected to
3-MA pre-treatment. However, the number of autophagosomes
observed under TEM (Fig. 2A) and green fluorescent LC3
puncta observed under the fluorescence microscope (Fig. 2B)
were significantly decreased. Western blot analyses revealed
significantly lower levels of LC3II/I and Beclin 1 in VSMCs
that were pre-treated with 3-MA when compared to the cells
that were not subjected to 3-MA pre-treatment (Fig. 2D). In
addition, the protein expression level of a-SMA was found to
be reduced, whereas the protein expression level Runx2 was
found to be increased when compared to the cells that were
not subjected to 3-MA pre-treatment (Fig. 1D). Therefore,
these results indicate that metformin alleviates $-GP-induced
VSMC calcification by promoting autophagic activity.

Metformin promotes autophagy by activating the AMPK/mTOR
signaling pathway. In order to understand the role of the
AMPK/mTOR signaling pathway in the induction of autophagy
by metformin, VSMCs were pre-treated with AMPK inhibitor
compound C (10 gmol/l) for 30 min before treatment with 3-GP
and metformin. Western blot analyses revealed that p-AMPK
levels were increased and p-mTOR levels were reduced in

VSMCs that were treated with both, $-GP and metformin when
compared to the cells that were treated only with 3-GP (Fig. 3A).
In addition, the protein expression levels of LC3II/T and Beclin 1
were shown to be significantly increased (Fig. 3B), and also the
protein expression level of a-SMA was increased, but the protein
expression levels of Runx2 was found to be decreased (Fig. 3B)
in the cells that were treated with both 3-GP and metformin in
comparison to the cells that were treated only with $-GP. When
the VSMCs were pre-treated with the Compound C, a signifi-
cant reduction in p-AMPK and increase in p-mTOR levels was
observed (Fig. 3A). In addition, the protein expression levels of
LC3II/I and Beclin 1 were found to be reduced (Fig. 3B) along
with the expression level of a-SMA, but the protein expres-
sion level of Runx2 was found to be increased (Fig. 3B). The
number of autophagosomes observed under TEM (Fig. 2A)
and the green fluorescent LC3 puncta observed under the fluo-
rescence microscope (Fig. 2B) were evidently reduced in the
VSMCs that were pre-treated with compound C. However, the
results of Alizarin Red S staining and and an O-cresolphthalein
complexone assay (Fig. 1C) showed a significant increase in
the levels of calcium deposition. These results suggested that
metformin could activate the AMPK/mTOR signaling pathway
in VSMCs that were treated with 3-GP, leading to an enhance-
ment in cellular autophagic activity, in turn alleviating the
[-GP-induced calcification of the VSMCs.

Discussion
The occurrence of vascular calcification in patients with

CKD is thought to be due to the transformation of vascular
smooth muscle cells from a contractile to an osteogenic
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phenotype, which may be induced by hyperphosphatemia (18).
However, the mechanisms underlying this transformation
remain to be elucidated. In the present study, using an in vitro
cellular model of VSMC calcification, it was demonstrated
that metformin inhibited the VSMC contractile to osteo-
genic phenotypic transformation induced by [3-GP and thus
reduced their calcification. In addition, the results suggested
that metformin alleviated the calcification of VSMCs by
promoting their autophagic activity, which was indicated by
an increased number of autophagosomes, green fluorescent
LC3 puncta and expression levels of LC3II/I and Beclin 1 in
metformin treated cells when compared with controls. These
metformin-induced increases were later reversed by treatment
with the autophagy inhibitor 3-MA. Metformin appeared to
promote the autophagic activity of VSMCs by activating the
AMPK/mTOR signaling pathway, as indicated by the elevated
levels of p-AMPK and reduced levels of p-mTOR that were
thought to be induced by metformin when compared with a
control and could be reversed by treatment with compound C.
Metformin is widely used in the treatment of type 2
diabetes in clinical practice, typically at an oral dose of
500-1,000 mg in the form of standard immediate-tablet
formulation (19). Metformin has also been shown to exhibit
protective effects on the cardiovascular system. Previous
clinical studies demonstrated that metformin could markedly
improve below-the-knee arterial calcification in patients with
type 2 diabetes (20) and coronary atherosclerosis in a diabetes
prevention study (21). Additionally, in an in vivo study in rats,
it was demonstrated that metformin could potentially alleviate
vitamin D3- and nicotine-induced vascular calcification via
the AMPK pathway (22). In cellular biology experiments,
metformin has also been shown to inhibit nuclear factor-xB (23)
and activate the AMPK-phosphatase and tensin homolog path-
ways (24) to alleviate the inflammatory response in human and
rat VSMCs, respectively. Furthermore, a study indicated that
metformin inhibited human aortic VSMC proliferation and
migration through activation of the AMPK signaling pathway
and up-regulation of expression levels of p53 and interferon
v-inducible protein 16 (25). In the present study, it was
demonstrated that metformin increased the expression level
of a-SMA and down-regulated the expression level of Runx2
when compared with a control treatment. Additionally, it was
demonstrated that metformin could significantly alleviate
calcium deposition in VSMCs in in vitro experiments. Taken
together these results suggested that metformin potentially
repressed B-GP-induced contractile-to-osteogenic phenotypic
switching in VSMCs and alleviated their calcification.
Autophagy is involved in the degradation of damaged and
senescent organelles, as well as the long lived proteins, which
is critical for survival, development and differentiation of
cells, and also for the maintenance of homeostasis (26). It is a
conserved cellular process that takes place in all the eukaryotic
cells and plays a pivotal role in multiple human diseases (27).
It has previously been demonstrated that autophagy dysregu-
lation is involved in a wide array of vascular diseases, and
also in the arterial medial calcification of the tunica media
in chronic kidney diseases (8). In a study that was performed
using a diabetes mouse model, metformin was found to prevent
cardiomyopathy by up-regulating the autophagic activity in
the myocardial cells (28). The present study indicated that

B-GP increased LC3II/I expression in comparison to the
control group, suggesting that cellular autophagic activity was
activated in a high phosphate environment. This is supported
by the findings of previous publications that demonstrated
that B-GP could promote cellular autophagic activity (9,29).
In the present study, metformin could further stimulate the
autophagic activity in the VSMCs treated with 3-GP, as shown
by the marked increase in the number of autophagosomes,
green fluorescent LC3 puncta and LC3II/I and Beclin 1 protein
expression levels in comparison with controls. Intracellular
accumulation of the LC3 puncta observed under fluorescence
microscope has been shown to be associated with autophagic
activity in cells (30). In the present study, when the cells were
pre-treated with the frequently used autophagy inhibitor,
3-MA, before treatment with both 3-GP and metformin (31)
an increase in the number of autophagosomes and green fluo-
rescent LC3 puncta and a reduction the expression levels of
LC3II/T and Beclin 1 were observed in comparison to cells
that had not been pre-treated. In addition, the a-SMA expres-
sion level was decreased, but the expression level of Runx2
and calcium deposition was found to be increased after treat-
ment with 3-MA in comparison with untreated cells. These
results suggest that the effect of metformin on the phenotypic
switching and subsequent calcification of the VSMCs may be
due to stimulation of the autophagic activity in the VSMCs.
The AMPK/mTOR signaling is an important pathway
involved in the process of cellular autophagy. AMPK
directly phosphorylates unc-51-like autophagy activating
kinase 1 (ULK1) and subsequently activates autophagy (32),
however, it may also deactivate the mTORCI1 complex, which
prevents the phosphorylation of ULK1 and its association
with AMPK, and thus may indirectly activate the process of
autophagy (12). By investigating the mechanism by which
metformin activated the autophagic activity in the VSMCs, it
was demonstrated that metformin increased the phosphoryla-
tionof AMPK and reduced phosphorylation of mMTOR in VSMCs
that were treated with $-GP. In addition, the protein expression
levels of the autophagy-associated proteins, including LC3I1/I
and Beclin 1, as well as the number of autophagosomes and
green fluorescent LC3 puncta were found to be increased.
Moreover, the protein expression level of a-SMA was also
increased, but the protein expression level of Runx2 and
calcium content were decreased. However, upon treatment of
these cells with the AMPK inhibitor, Compound C, the expres-
sion levels of p-AMPK and p-mTOR were markedly reversed,
and the expression levels of the autophagy-associated proteins
and a-SMA were decreased, but the expression level of Runx2
and calcium deposition were increased. Therefore, these results
indicate that the effect of metformin on the autophagic activity
of the VSMCs was implemented, at least in part, by activation
of the AMPK/mTOR signaling pathway, which subsequently
inhibited the phenotypic transition towards osteogenesis in
high-phosphorus milieu and thus alleviated its calcification.
The major causes of lethality in patients with CKD are
the cardiovascular events (33). As vascular calcification is an
independent risk factor contributing to the lethal cardiovas-
cular events, it is necessary to decelerate the progression of
vascular calcification in these patients and to implement it in
the clinical practices. In a study conducted using a rat model
of CKD, which was induced by an adenine diet, metformin
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was shown to protect the rats from developing severe CKD by
reducing the inflammation and fibrosis in the kidney, as well
as exhibited a favorable effect on the associated comorbidities
such as vascular calcification (34).

Several limitations must be contemplated while consid-
ering the results of the present study. In the present study,
VSMCs were treated with f-glycerophosphate, metformin,
3-methyladenine, and/or compound C to induce calcification,
to examine the effect of metformin on calcification and to
investigate the role of autophagy, along with the involvement
of the AMPK/mTOR signaling pathway. However, this is a
preliminary study that, was conducted using a model system
and to address the hypothesis. Therefore, future studies are
warranted to further elucidate the underlying mechanisms. In
addition, based on the fact that the living organisms respond to
the pharmaceutical agents in a more complex manner, further
in vivo studies based on animal models are necessary to before
concluding the full biological effect of metformin on vascular
calcification in a living organism. Moreover, even if it seems
to be a very promising and novel interventional method for the
treatment of vascular calcification in patients with a chronic
kidney disease, a number of pre-clinical and clinical studies
should be performed before the direct implementation of
metformin in clinical practices.

In the present study, it was demonstrated that metformin
could promote cellular autophagy and could potentially
exert a beneficial impact on the $-GP-induced calcification
of the VSMCs by activating the AMPK/mTOR signaling
pathway. Therefore, metformin may exhibit a potential
role in reducing vascular calcification independent of its
hypoglycemic action. Nevertheless, as metformin may
also induce lactate acidosis in CKD patients, its use in
these cohorts is limited (35). Lalau et al (36) have previ-
ously reported that in moderate-to-severe CKD patients,
it is possible to adjust the dose of metformin according to
patient renal function, in order to exert a safe but a phar-
macologically efficacious function. In general, apart from
reducing the blood glucose levels, metformin may exhibit a
dual function in protecting the kidney, as well as in allevi-
ating the vascular calcification (34). In addition, in the work
conducted by Zhang et al (22), the role of metformin in
vitamin D3 and nicotine-induced vascular calcification was
investigated. In this study, a dose of 300 mg/kg metformin
was administered to 170-200 g rats, which was clearly an
overdose for the CKD patients with a compromised renal
function. In the present study, 500 gmol/l metformin was
used in the treatment of VSMCs, which was based on an
established protocol for in vitro experiments (15). In the
future, it will be important to conduct in vivo experiments
in order to further investigate the role of metformin, poten-
tially by using a rat model of vascular calcification with
compromised renal function. Also, the dose of metformin
should be carefully tested and adjusted in order to provide
a potential therapeutic value to its clinical usage in CKD
patients.

In the present study, it was demonstrated that metformin,
apart from its most common use in reducing blood glucose
levels in diabetic patients, could also exert a beneficial
effect on the f-GP-induced calcification of the VSMCs by
promoting the cellular autophagic activity and activating the
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AMPK/mTOR signaling pathway. Therefore, we could provide
relevant information regarding a novel therapeutic agent that
could be applied in the treatment of vascular calcification in
CKD patients; however, further studies should be performed
in the future to better understand the underlying mechanisms
and validate the effectiveness of metformin.
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