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Abstract

The biguanide metformin belongs to the cornerstone therapeutics in treating type II diabetes mellitus. Chronic treatment of diabetic patients with metformin 
also reduces the development of micro- and macrovascular complications including atherosclerosis. However, the mechanisms driving its anti-atherogenic 
properties, beyond those of its anti-hyperglycemic effects, are not completely understood. In the present study, we aimed to further clarify the protective 
effects of metformin against atherosclerosis in a non-diabetic condition. To this end, apolipoprotein E deficient (ApoE-/-) mice were fed a Western-type diet 
for 20 weeks to induce plaque formation. Meanwhile, animals were treated with metformin (250 mg/kg/day in drinking water) or plain drinking water. 
Histochemical analysis of plaques in the brachiocephalic artery revealed that metformin inhibited atherosclerotic plaque development (plaque size: 236 ± 
30% vs. 176 ± 18%, P < 0.05). Moreover, metformin-treated plaques showed a reduced amount of plaque macrophages (2.1 ± 0.3% vs. 1.3 ± 0.2%, P 
< 0.05), an increased amount of vascular smooth muscle cells (2.7 ± 0.3% vs. 3.9 ± 0.4%, P < 0.05) and higher collagen content (22 ± 3% vs. 33 ± 4%, P 
< 0.05). Using GFP-LC3 transgenic mice, we could demonstrate induction of autophagy by metformin in vivo. In vitro experiments with human umbilical vein 
endothelial cells (HUVECs) indicated that metformin down regulated the cell adhesion molecules ICAM-1 and VCAM-1, and prevented monocyte-to-endothelial 
cell adhesion. These effects were not evident in metformin-treated HUVECs after silencing of the essential autophagy gene Atg7, suggesting that metformin 
mediates its effects through induction of autophagy. Overall, we conclude that metformin attenuates atherogenesis and leads to a more stable plaque 
phenotype in non-diabetic subjects.

ABBREVIATIONS 
AMPK: AMP-Activated Protein Kinase; ApoE: Apolipoprotein 

E; EC: Endothelial Cell; HBSS: Hank’s Balanced Salt Solution; 
HUVEC: Human Umbilical Vein Endothelial Cell; ICAM-1: Inter 
Cellular Adhesion Molecule 1; mTOR: Mammalian Target of 
Rapamycin; NF-κB: Nuclear Factor-κB; NO: Nitric Oxide; PDGF: 
Platelet-Derived Growth Factor; VCAM-1: Vascular Adhesion 
Molecule 1; VSMC: Vascular Smooth Muscle Cell

INTRODUCTION
Atherosclerosis is a chronic inflammatory disease of the 

arterial vessel wall characterized by the development and 
progression of atherosclerotic plaques, particularly in regions 
with low/disturbed blood flow [1]. Advanced atherosclerotic 
lesions can completely occlude the blood lumen and even 
rupture, potentially leading to lethal cardiovascular events. 
Although lipid-lowering drugs such as statins are an established 

value in the treatment of atherosclerosis, effective prevention of 
atherosclerosis and its complications remains challenging [2]. 
Of note, the incidence of atherosclerosis is 2 to 3 times higher in 
diabetic patients and is magnified by existing co-morbidities [3,4]. 
Indeed, a growing body of evidence suggests that vascular diabetic 
complications are closely related to chronic inflammation and 
can be reduced by glucose-lowering agents such as biguanides 
[5,6]. The biguanide metformin has been used extensively as 
first-line medication during the past decades in the management 
of non-insulin dependent diabetes mellitus and is considered as 
one of the safest drugs in its class, with exceptional occurrence 
of lactic acidosis even in nondiabetic patients and at advanced 
age [7-10]. It is generally known that micro- and macrovascular 
complications including atherosclerosis are significantly reduced 
in diabetic patients after chronic metformin treatment [11-13]. 
However, the mechanisms of action, beyond those of its anti-
hyperglycemic effects, are not fully understood [14]. Numerous 
reports revealed that metformin can attenuate pro-inflammatory 
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responses in various cell types including endothelial cells (ECs), 
macrophages and vascular smooth muscle cells (VSMCs) [15-17]. 
Metformin also appears to inhibit monocyte adhesion to ECs as 
well as differentiation of human monocytes into macrophages 
and foam cell formation [18]. Apart from vascular inflammation, 
a number of biochemical and mechanical factors converge on 
the endothelium during the development of diabetes, resulting 
in endothelial dysfunction with a marked decrease in nitric 
oxide (NO) bioavailability [19]. Metformin enhances endothelial 
function in human umbilical vein endothelial cells (HUVECs) 
by stimulating nitric oxide production, probably through up 
regulation of the endothelial NO synthase [20,21]. Moreover, 
apolipoprotein E deficient (ApoE-/-) mice, fed a high-fat diet and 
treated with metformin, showed significantly reduced plaque 
formation in the thoracic aorta, an effect that was assigned 
to decreased senescence [14]. Finally, it is noteworthy that 
metformin decreases the mean platelet mass in the circulation 
[22] and indirectly activates AMP-activated protein kinase 
(AMPK) by increasing the AMP/ATP ratio via mild and transient 
inhibition of the mitochondrial respiratory-chain complex-1 [23]. 
Activated AMPK switches cells from an anabolic to a catabolic 
state, resulting in reduced glucose, lipid, and protein synthesis 
while promoting the oxidation of fatty acids and glucose uptake, 
which has been associated with weight loss as well as lower total 
cholesterol and triglyceride levels [24]. Activation of AMPK also 
leads to the inhibition of the mammalian target of rapamycin 
(mTOR). Inhibition of mTOR stimulates autophagy, which is an 
evolutionary preserved subcellular process that protects the 
cell from the accumulation of damaged cytosolic material, such 
as misfolded proteins and damaged organelles [25]. Recent 
evidence suggests that controlled induction of autophagy 
contributes to stabilization of atherosclerotic plaques [26-28] 
and that autophagy dysfunction can result in plaque progression 
[29-31].

Given the aforementioned anti-atherogenic effects as well as 
the favorable clinical safety profile and low cost, metformin has 
an added value as adjuvant therapy in the therapeutic strategies 
to control atherosclerosis in non-diabetic patients. In the present 
study, we aimed to further clarify metformin’s underlying 
mechanisms driving its protective effects against atherosclerosis 
in a non-diabetic condition. Our data indicate that inhibition of 
monocyte adhesion to ECs by metformin depends on autophagy 
induction.

MATERIALS AND METHODS

Mice

Twenty four male ApoE−/− mice (6-8 weeks old) were given 
a Western type diet (TD88137, Harlan Teklad) for 20 weeks. 
Metformin (Sigma-Aldrich) was administered to twelve mice 
via the drinking water at a concentration of 250 mg/kg/day. 
Solutions were replaced every 2-3 days and freshly prepared 
based on the mice’s body weight. Twelve control ApoE-/- mice 
were given an equal volume of plain drinking water. The 
animals were housed in groups of 3 per cage in a temperature- 
and humidity-controlled room with a 12-hour light/dark cycle. 
Mice had access to water and food ad libitum. At the end of the 
20-week period, mice were fasted overnight and anesthetized 

with 50 mg/kg i.p. sodium pentobarbital to collect retro-orbital 
blood samples. Blood glucose levels were measured by the One 
Touch Basic glucose measurement system (One Touch). Total 
plasma cholesterol was analyzed by commercially available kits 
(Randox). The brachiocephalic artery and consecutive segments 
of the thoracic aorta (2 mm) were fixed in 4% formaldehyde (pH 
7.4) for 24 hours and paraffin-embedded for histological analysis. 
In some experiments, GFP-LC3 transgenic mice (strain GFP-
LC3#53, RIKEN Bio Resource Center) [32] containing a rat LC3-
eGFP fusion under control of the chicken beta-actin promoter 
were given normal chow and treated with 250 mg/kg/day 
metformin or plain drinking water for 1 month. All studies were 
approved by the Ethical Committee of the University of Antwerp 
(2011-42).

HPLC-UV

PPlasma samples were deproteinized with acetonitrile 
(1:3 v/v) and centrifuged (1761 × g, 10 minutes) to remove 
precipitated proteins. Twenty µl of each sample was injected on a 
high performance liquid chromatography system equipped with 
a diode array detector (Agilent) and analyzed on a Grace RP18e – 
250 x 4.6 (5µm) column (Alltech) using an isocratic mobile phase 
(mix 5 g Na dodecylsulfate with 1.0 ml phosphoric acid and 450 
ml acetonitrile, add up to 1l with H2O and adjust the pH till 2.6 
using NaOH 1M; flow rate 1 ml/min). Metformin was detected 
at 236 nm and quantified using a standard curve of metformin 
(concentration range of 0.1 – 1µg/ml, dissolved in mobile phase). 
Based on a spiking experiment during which metformin standard 
solution was added to a non-treated mouse plasma sample prior 
to the sample preparation procedure, it was proven that the 
added metformin was fully recovered (mean recovery 105%, 
n=3).

Histological analysis

The plaque area (defined as the region between the 
lumen/intima interface and the internal elastic lamina) was 
measured on haematoxylin & eosin-stained sections. The 
acellular/anuclear area in the plaque, known as the necrotic 
core, was quantified in three 50 µm-spaced sections. A 3000 
µm2 threshold was implemented in order to avoid counting 
of regions that likely do not represent substantial areas of 
necrosis. The cellular composition of the plaque was analyzed 
by immunohistochemistry using anti-α-smooth muscle cell actin 
(VSMCs; A2547; Sigma-Aldrich) and anti-Mac-3 (macrophages; 
553322; BD Pharmingen). The endothelial coverage as well 
as ICAM-1 and VCAM-1 expression of ECs was measured via 
immunohistochemical staining using anti-CD31 (01951A, BD 
Pharmingen), anti-ICAM-1 (550287, BD Pharmingen) or anti-
VCAM-1 (553330, BD Pharmingen) antibodies, respectively. 
ICAM-1 and VCAM-1 positivity was expressed as percentage of 
CD31 positivity. After primary antibody incubation, specimens 
were incubated with species appropriate horseradish peroxidase-
conjugated secondary antibodies (Vector Laboratories), 
followed by 60 minutes of reactive ABC (Vector Laboratories). 
Immuno complexes were detected with 3, 3’-diaminobenzidine 
or 3-amino-9-ethyl-carbazole (Vector Laboratories). Collagen 
content was determined on Sirius red stained slides and 
collagen type I was quantified under polarized light. All plaque 
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components were expressed as percentage positivity of the 
total plaque area. Images were analyzed with a color image 
analysis system (Image Pro plus 4.1, Media Cybernetics Inc.). 
To investigate lipid accumulation inside the plaque, an oil red 
O staining was performed on Neg-50-embedded aortic tissue 
material. Autophago some accumulation in GFP-LC3 mice was 
studied by staining paraffin-embedded tissue samples with 
rabbit anti-LC3B (3868, clone D11; Cell Signaling Technology) as 
previously described [33,34].

Vascular smooth muscle cell isolation

VSMCs were isolated from mouse aorta as previously 
described [35]. Briefly, after excision and removal of adherent 
fatty tissue, the aorta was cut open starting from the diaphragm 
up to the aortic arch and incubated as a whole in a 100 µM calcium 
solution supplemented with 1.5 mg/ml papain (Sigma-Aldrich) 
and 0.5 mg/ml dithiothreitol (Roche Diagnostics) for 30 minutes 
at 37°C while being aerated by 95% O2/5% CO2. The entire aorta 
was transferred to a 100 µM calcium solution containing 2 mg/
ml collagenase type II (315 IU/mg, Worthington) and incubated 
for 30 minutes under the same conditions. Subsequently, the 
aorta was flushed in 0 Ca2+ solution to obtain single VSMCs. After 
centrifugation, VSMCs were resuspended in 1:1 DMEM/F-12 
medium (Life Technologies) containing 20% heat-inactivated 
fetal bovine serum (Sigma-Aldrich) and supplemented with 100 
U/ml penicillin-100 μg/ ml streptomycin (Life Technologies) 
and 20 U/ml polymyxin B sulfate (Fagron). Cells were allowed 
to attach and grew in culture plates at 37°C in 95% O2/5% CO2.

Western Blot analysis

Cultured cells or homogenized aortic segments were lysed 
with Laemmli sample buffer (Bio-Rad). Lysates were heat-
denatured for 5 minutes in boiling water and loaded on a 4-12% 
SDS-polyacrylamide gel. After gel electrophoresis, proteins were 
transferred to an Immobilon-P Transfer membrane (Millipore) 
according to standard procedures. Membranes were blocked in 
Tris-buffered saline containing 0.05% Tween 20 and 5% nonfat 
dry milk (Bio-Rad) for 1 hour. After blocking, membranes were 
probed overnight at 4°C with primary antibodies in antibody 
dilution buffer (Tris-buffered saline/0.05% Tween 20 containing 
1% nonfat dry milk), followed by a 1 hour incubation with 
peroxidase-conjugated secondary antibodies (Dako) at room 
temperature. Antibody detection was accomplished with Super 
Signal West Pico or Super Signal West Femto Maximum Sensitivity 
Substrate (Pierce) using a Lumi-Imager (Roche Diagnostics). The 
following primary antibodies were used: rabbit anti-SQSTM1/
p62 (P0067; Sigma-Aldrich), rabbit anti-GFP (ab6556; Abcam), 
mouse anti-LC3B (0231-100/LC3-5F10, clone 5F10, Nanotools), 
rabbit anti-AMPK (ab39644; Abcam), rabbit anti-phospho-AMPK 
(ab72845; Abcam), rabbit anti-ATG7 (A2856, Sigma-Aldrich), 
rabbit anti-GAPDH (2118; Cell Signaling Technology) and mouse 
anti-β-actin (AC5441; clone AC-15; Sigma-Aldrich).

siRNA transfection

HUVECs were plated in six-well plates at a density  of 
5×105 cells/well and allowed to adhere overnight at 37°C in 
M199 medium (Life Technologies), supplemented with 20% 
heat-inactivated FBS, 1% non-essential amino acid cell culture 

supplement (Life Technologies), 100 U/ml penicillin-100 
µg/ml streptomycin and 150 U/ml polymyxin B. Next, cells 
were trypsinized, centrifuged for 10 minutes at 200 × g and 
resuspended in 100 µl Nucleofector Solution (Amaxa HUVEC 
Nucleofector Kit, Lonza). Subsequently, the cell suspension was 
mixed with 100 nM ON-TARGETplus Atg7 siRNA (L-020112-
00-0005, Dharmacon) or ON-TARGETplus Non-targeting siRNA 
(D-001810-10-05, Dharmacon) and transferred to certified 
cuvettes. The cuvette was placed into a Nucleofector device and 
the corresponding transfection program was run. After program 
completion, 500 µl of pre-equilibrated culture medium was 
added to the transfected cells and the cell suspension was gently 
transferred to a six-well plate. Silencing efficiency was assessed 
by real time RT-PCR and western blotting.

Real-time RT-PCR

Total RNA was isolated using the Absolutely RNA Miniprep 
Kit (Agilent Technologies) according to the manufacturer’s 
instructions. Reverse transcription was performed at 42°C for 50 
minutes with Superscript II Reverse Transcriptase (Invitrogen). 
Thereafter, TaqMan gene expression assays (Applied Biosystems) 
for ATG7, ICAM-1 and VCAM-1 were performed in duplicate on an 
ABI Prism 7300 sequence detector system  (Applied Biosystems) 
in 25 µl reaction volumes containing Universal PCR Master 
Mix (4324018, Applied Biosystems). The parameters for PCR 
amplification were 95°C for 10 minutes followed by 40 cycles of 
95°C for 15 seconds and 60°C for 1 minute. Relative expression 
of mRNA was calculated using the comparative threshold cycle 
method. All data were normalized for quantity of cDNA input by 
performing measurements on the endogenous reference gene 
β-actin.

Monocyte-endothelial cell adhesion

Human THP-1 cells were grown in RPMI 1640 medium con-
taining 10% FBS and antibiotics, and labeled with 1 µ M 2’,7’-Bis-
(2-Carboxyethyl)-5-(and-6)-Carboxyfluorescein Acetoxymethyl 
Ester (BCECF-AM) for 45 minutes at 37°C. Cells were then washed 
twice and resuspended in Hank’s Balanced Salt Solution (HBSS) 
at a cell density of 1x106 cells/ml. To investigate monocyte adhe-
sion, HUVECs were treated with 10 ng/ml human tumor necrosis 
factor-alpha (TNF-α), either alone or in the presence of metform-
in (10 mM). After 24 hours, 1x105 BCECF-AM-labeled THP-1 cells 
were added and incubated at 37°C for 1 hour. Non-adherent cells 
were washed away with HBSS and absorbance from the remain-
ing adhered monocytes was measured by spectrophotometry at 
an excitation wavelength of 485 nm and emission wavelength of 
530 nm.

Statistical analysis

All data are presented as mean ± SEM and were analyzed with 
SPSS 23.0 software. Statistical tests are specified in the figure 
legends. P < 0.05 was considered statistically significant.

RESULTS

Metformin reduces atherogenesis and changes the 
cellular composition of atherosclerotic plaques

To examine whether metformin mitigates atherosclerosis, 
ApoE-/- mice were treated with metformin (250 mg/kg/day) via 
the drinking water, while feeding a Western-type diet for 20 
weeks. HPLC-UV analysis showed that metformin was clearly 
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detectable in plasma of treated animals (1.3 ± 0.2 µg/ml), but not 
in plasma of untreated controls (Fig. 1). Blood glucose (control: 
82 ± 6 mg/dl; metformin: 85 ± 7 mg/dl) and plasma cholesterol 
(control: 480 ± 42 mg/dl; metformin: 509 ± 28 mg/dl) did not 
significantly differ between both groups, which is consistent with 
earlier reports [14].

According to immunohistochemical analysis, metformin 
attenuated atherosclerosis and significantly reduced plaque size 
in the brachiocephalic artery, even though the size of the necrotic 
core remained unaltered (Table 1). Plaques of metformin-treated 
mice contained a lower amount of macrophages and an increased 
amount of VSMCs with a total collagen and collagen type I content 
that was significantly higher as compared to control mice (Table 
1). Interestingly, the expression of the cell adhesion molecules 
ICAM-1 (intercellular adhesion molecule 1) and VCAM-1 
(vascular adhesion molecule 1) was significantly decreased in 
metformin-treated ApoE-/- mice (Table 1). The accumulation of 
intracellular lipid, however, was unaffected (Table 1).

Metformin induces autophagy

Given the technical difficulties to measure autophagy in vivo 
(e.g. low levels of the well-known autophagy marker LC3) [33,34], 
we used GFP-LC3 transgenic mice to demonstrate induction of 
autophagy after oral administration of metformin. GFP-LC3 mice 
were treated per os for 1 month with 250 mg/kg/day metformin 
via the drinking water. Western blots of homogenized aorta 
tissue showed typical features of autophagy induction such as 
reduced levels of SQSTM1/p62 and an increased cleavage of 
GFP-LC3 into free GFP (Figure 2A). To confirm autophagosome 
formation in metformin-treated aortas, paraffin-embedded 
tissue samples were immuno stained for LC3B. However, even 
in GFP-LC3 mice, expression levels of GFP-LC3 in VSMCs were 
too low for immunohistochemical analysis so that stimulation of 
autophagosome formation by metformin was further evaluated in 
liver tissue. One month of metformin treatment clearly increased 
the formation of LC3B positive dots in the liver as compared to 
control treated GFP-LC3 mice (Figure 2B).

VSMCs were isolated from mouse aorta and treated in 
vitro with different concentrations of metformin (1-1000 µM). 
Phosphorylation of AMPK was stimulated by metformin in a 
concentration-dependent way, and promoted the conversion of 
LC3-I into LC3-II (Figure 3).

Metformin reduces monocyte adhesion to endothelial 
cells by down regulating expression of cell adhesion 
molecules

Treatment of HUVECs with TNF-α (10 ng/ml) resulted in a 
significant increase in mRNA expression of the cell adhesion 
molecules ICAM-1 and VCAM-1 (Figure 3A). Co-treatment of cells 
with metformin strongly inhibited TNF-α-induced expression 
of these cell adhesion molecules (Figure 4A) and significantly 
reduced the adhesion of THP-1 monocytic cells to HUVECs to a 
level that was comparable with THP-1 adhesion under control 
conditions (Figure 4B).

Down regulation of ICAM-1 and VCAM-1 by metformin 
depends on autophagy

To investigate whether the inhibitory effects of metformin 
on ICAM-1 and VCAM-1 expression is mediated by autophagy, 
HUVECs were transfected with Atg7 siRNA to mimic defective 
autophagy. After 48 hours, ATG7 protein expression was 
remarkably decreased and conversion of LC3-I into LC3-II was 
clearly hampered, confirming defective autophagy in Atg7 
siRNA transfected HUVECs (data not shown). Under autophagy 
defective conditions, metformin could not inhibit TNF-α mediated 
stimulation of cellular adhesion molecules expression (Figure 5).

DISCUSSION
The present study demonstrates that metformin, a widely 

used anti-diabetic drug, impairs formation of atherosclerotic 
plaques in ApoE-/- mice via the induction of autophagy. Blood 
glucose and total plasma cholesterol levels did not change 
during treatment, indicating that the anti-atherogenic effects 
of metformin are not related to its well-known anti-diabetic 
and antihyperlipidemic effects. According to recent literature, 
autophagy is triggered during plaque formation by many 
pathophysiological stimuli and may exert diverse effects 
that restrain atherogenesis [28,36,37]. First, autophagy is a 
cytoprotective mechanism that protects vascular cells against 
cell death [28,37]. Inhibition of cell death in developing plaques 
prevents loss of cells that are responsible for matrix synthesis, 
and thus counteracts thinning of the fibrous cap, enlargement 
of the necrotic core as well as plaque calcification, which are 
all features associated with an unstable plaque phenotype. 
Secondly, autophagy is involved in macrophage reverse 
cholesterol transport and regulates the delivery of lipid droplets 
to lysosomes [38]. Accordingly, autophagy promotes cholesterol 
efflux from macrophage foam cells, thereby contributing to 
the regression of atherosclerotic plaques. In the present study, 
neither the necrotic core nor the lipid content of metformin-
treated plaques changed, suggesting that inhibition of cell death 
or stimulation of reverse cholesterol transport as a mechanism 
for the anti-atherogenic effects of metformin is unlikely. Instead, 
we found an increased number of VSMCs and elevated collagen 

Table 1: Characteristics of atherosclerotic plaques in the brachiocephalic 
artery of ApoE-/-mice after 20 weeks Western-type diet and treatment 
with metformin (250 mg/kg/day) or plain drinking water (control)

Control Metformin

Plaque area (x 103 µm 2) 236±30 176±18*

Necrotic core (%) 7±2 6±2
Macrophage positive area 

(%) 2.1±0.3 1.3±0.2*

VSMC positive area (%) 2.7±0.3 3.9±0.4*

Total collagen (%) 22±3 33±4*

Collagen type I (%) 7±1 12±2*

ICAM-1 positive ECs (%) 60±4 47±4*

VCAM-1 positive ECs (%) 20±4 10±2*

Oil red O positivity (%) 6.1±0.9 4.2±0.8

Mean ± S.E.M., n=12 per group, *P < 0.05; unpaired student’s t-test
Abbreviations: EC: Endothelial Cell; VSMC: Vascular Smooth Muscle 
Cell; ICAM-1: Intercellular Adhesion Molecule 1; VCAM-1: vascular 
Adhesion Molecule 1
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Figure 1 Metformin is detectable in plasma from metformin-treated ApoE-/- mice. HPLC chromatograms of (A) metformin standard solution, (B) 
plasma sample from a metformin-treated ApoE-/- mouse, and (C) plasma sample from an untreated ApoE-/- control mouse. Metformin was identified 
in the chromatogram of the samples based on comparison with the chromatogram of the standard solution, i.e. the retention time (about 10 min), 
and the similarity of the UV spectrum (not shown).

content. In line with this finding, it is important to note that 
autophagy, besides its role in the mechanisms mentioned above, 
also regulates VSMC phenotype and proliferation [28]. Induction 
of autophagy by platelet-derived growth factor (PDGF), for 
example, is associated with an enhanced potential to migrate and 
to proliferate, thereby promoting a synthetic VSMC phenotype 
[39]. Conversely, inhibition of autophagy by 3-methyladenine 
or spautin-1 stabilizes the contractile phenotype and reduces 
PDGF-induced proliferation. Similar findings were reported for 
the protein sonic hedgehog that induces VSMC proliferation by 
activation of autophagy [40].

Next to an increased number of VSMCs, we observed less 
macrophages in metformin-treated plaques. Along these lines, 
in vitro experiments showed that autophagy stimulation by 
metformin inhibits TNF-α-induced expression of the endothelial 

cell adhesion molecules ICAM-1 and VCAM-1, thus preventing 
monocyte adhesion, which is an early event in atherogenesis. 
Indeed, up regulation of ICAM-1 and VCAM-1 by TNF-α was 
blocked by metformin in autophagy -competent HUVECs, but 
not in autophagy-deficient cells transfected with siRNA against 
the essential autophagy gene Atg7. Importantly, disruption of 
basal autophagy by Atg7 gene silencing did not affect TNFα-
induced ICAM-1/VCAM-1 expression, indicating that induction 
of autophagy is required to prevent up regulation of ICAM-1 and 
VCAM-1 by TNF-α. Analogous with metformin, pretreatment of 
arterial ECs with resveratrol reduces TNF-α mediated expression 
of ICAM-1 and VCAM-1 via autophagy [41]. In addition, 
epigallocatechin-3-gallate that stimulates autophagosome 
formation in vascular ECs [42], suppresses VCAM-1 expression 
and consequently reduces adhesion of U937 cells in TNF-α-treated 
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Figure 2 Metformin induces autophagy in vivo. GFP-LC3 mice were treated with metformin (250 mg/kg/day) for one month. (A) Western blot 
analysis of the autophagy-specific marker SQSTM1/p62 and cleavage of GFP-LC3 in isolated aortas of untreated (control) and metformin-treated 
GFP-LC3 mice. GAPDH served as a loading control. (B) LC3B-immunostained liver tissue of untreated (control) and metformin-treated GFP-LC3 
mice. Scale bar = 20 µm.

Figure 3 Metformin stimulates phosphorylation of AMPK and autophagyinduction in cultured VSMCs. Western blot analysis of AMPK, phospho-
AMPK and LC3-I/-II in cultured mouse VSMCs after treatment for 24 hours with metformin (0-1000 µM). β -actin was used as loading control.

ECs [43]. Of note, metformin activates AMPK, which promotes 
autophagy via at least two mechanisms: mTOR inhibition and 
direct activation of ULK1, the mammalian homolog of yeast ATG1 
that is required for initiation of autophagosome formation [44]. 
Moreover, stimulation of AMPK by metformin reduces cytokine-
induced nuclear factor-κB (NF–κB) activation in vascular ECs 
[17]. NF-κB is a ubiquitous transcription factor that regulates 
many genes involved in inflammation [45]. Stimulation of the 
NF-κ B pathway by TNF-α promotes the expression of ICAM -1 
and VCAM-1 and mediates leukocyte adhesion in ECs [46,47]. 
Interestingly, NF-κ B activation is compromised in spleens of 
senescence-accelerated prone 8 (SAMP8) mice that show clear 
signs of autophagy induction [48]. Conversely, inhibition of 
autophagy prevents IκB kinase degradation and rather stimulates 
the NF-κ B pathway [49]. These findings endorse our results and 
suggest that autophagy governs the expression of cell adhesion 
molecules in ECs, by inhibiting NF-κ B activation.

Apart from inhibition of NF-k B signaling and the prevention 
of monocyte adhesion, we cannot exclude that AMPK activation 
may result in several other anti-atherogenic effects. For example, 
AMPK phosphorylates and inhibits sterol regulatory element-
binding protein (SREBP) activity in the liver to attenuate 
hyperlipidemia and atherosclerosis associated with insulin 
resistance [50]. Moreover, AMPK obstructs protein synthesis via 
inhibition of mTOR, which is associated with autophagy induction 
as mentioned above. Systemic administration of the mTOR 
inhibitor rapamycin (or derivatives thereof) in mice or rabbits 
strongly inhibits atherosclerotic plaque development with a 
substantial reduction in plaque size [51]. Because metformin and 
rapamycin led to similar degrees of mTOR inhibition [52], it is 
conceivable that metformin may act in a similar way. Adverse 
effects of rapamycin include dyslipidaemia and hyperglycemia, 
which as such are triggers of atherosclerosis. These side effects 
could be counteracted by co-treatment with a statin or metformin, 
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Figure 4 Metformin reduces expression of cell adhesion molecules in endothelial cells and prevents monocyte adhesion. (A) qPCR analysis of ICAM-
1 and VCAM-1 expression in untreated (control) and hTNF-α (10 ng/ml) activated HUVEC cells in the absence or presence of metformin (10 mM) for 
48 hours. Expression was quantified relatively (RQ) to control. (B) BCECF-AM-labeled THP-1 monocytes were added to HUVEC cells and absorbance 
of adhered monocytes was measured by spectrophotometry. Monocyte adhesion was relatively expressed to untreated controls in the absence of 
THP-1 cells. ** P<0.01, *** P<0.001 by one-way ANOVA with a Bonferroni post-hoc test (n = 4 per group for A and 3 per group for B).

Figure 5 TNF-α mediated ICAM -1 and VCAM-1 expression by metformin is regulated by autophagy. Control siRNA and Atg7 siRNA transfected 
HUVECs were activated with TNF-α (10 ng/ml) in the absence or presence of metformin (10 mM) for 48 hours. ICAM-1 and VCAM-1 expression was 
relatively quantified to control HUVECs. **P < 0.01, ***P < 0.001; +++P<0.001 versus Atg7 siRNA control (one-way ANOVA with a Bonferroni post-hoc 
test, n = 4 per group).
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respectively, and offer an interesting therapeutic option to 
fully exploit the beneficial properties of mTOR inhibition in 
atherosclerosis [51].

CONCLUSION
The current study shows that metformin slows down 

atherogenesis and leads to a more stable plaque phenotype with 
an increased number of VSMCs, a higher collagen content and a 
lower amount of macrophages. Metformin indirectly prevents 
the accumulation of macrophages in the plaque by inhibiting the 
expression of the cell adhesion molecules ICAM-1 and VCAM-1 in 
vascular endothelial cells via induction of autophagy. Importantly, 
because plaque rupture is a typical feature of advanced human 
plaques, but rarely observed in ApoE-/- mice, it remains unclear 
whether metformin can prevent the life-threatening complications 
related to plaque rupture such as myocardial infarctions, stroke 
or even sudden death. Administration of metformin in a recently 
developed mouse model (ApoE-/-Fbn1C1039+/- mice) [53] that 
forms advanced rupture-prone plaques may help to solve this 
issue. Overall, our data support previous findings showing that 
stimulation of autophagy exerts anti-atherogenic effects, and 
provide evidence for a novel mechanism in the protective action 
of metformin against atherosclerosis in non-diabetic subjects.
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