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Background: Metformin, an antidiabetic drug, has been reported to be involved in atherosclerosis (AS). In

this study, the effects of metformin on oxidized low-density lipoprotein (Ox-LDL)-induced macrophage

apoptosis were investigated, and the mechanisms involved in this process were examined. Methods:

qRT-qPCR analysis was performed to detect the expression of miR-34a in macrophage cells. Cell

proliferation was determined by MTT assays and colony formation assays. Cell apoptosis was assessed by

the detection of apoptotic rate and caspase 3 activity. Western blot analysis was performed to evaluate

the expression of Bcl2 protein. Results: Metformin treatment promoted proliferation and suppressed

apoptosis in macrophages following the treatment of oxidized low-density lipoprotein (Ox-LDL).

Metformin could inhibit miR-34a in macrophages. miR-34a overexpression could reverse the effect of

metformin on proliferation and apoptosis in Ox-LDL-treated macrophages. Moreover, metformin could

increase the expression of the miR-34a target gene Bcl2. Furthermore, metformin treatment exerted the

pro-proliferation and anti-apoptosis effect through regulating Bcl2 expression in Ox-LDL-stimulated

macrophages. Conclusion: Metformin facilitated proliferation and inhibited apoptosis of macrophages

treated with Ox-LDL through the miR-34a/Bcl2 axis, indicating the potential value of metformin in AS

therapy.
Introduction

Cardiovascular diseases (CVDs) are a primary cause of death
with more than 17.3 million deaths per year worldwide.1

Atherosclerosis (AS), a major underlying basis of heart attacks
and strokes, accounts for a large proportion of cardiovascular
diseases. AS is an inammatory disease with the characteristics
of lipid accumulation, brous cap formation and necrotic core
generation.2 Multiple cell types such as smooth muscle cells
(SMCs), endothelial cells (ECs) andmacrophages are involved in
atherosclerotic lesion formation.3 Moreover, previous studies
showed that abnormal proliferation, apoptosis and migration
of macrophages were closely associated with AS progression.4,5

Oxidized low-density lipoprotein (Ox-LDL), a critical risk factor
in AS progression, was reported to be able to affect macro-
phages' apoptosis.6 Thus, in the present study, we employed Ox-
LDL-treated macrophages as an AS cell model to investigate the
regulatory mechanisms involved in AS.

Metformin is a synthetic dimethyl biguanide and has been
a mainstay of therapy for patients with type 2 diabetes mellitus
tal, Yangpu District, Shanghai, 200438,

: +86-021-25066666-13101

tion (ESI) available. See DOI:

6

(T2DM).7 Metformin could suppress the expression of proin-
ammatory factors, and reduce oxidative stress.8–10 Several
researchers have reported that metformin can slow or reverse
the progress of AS.10–13 However, the underlying mechanisms of
the antiatherogenic role of metformin remain not well
elucidated.

MicroRNAs, a class of small non-coding RNA of 22–25
nucleotides, are implicated in the regulation of genes at post-
transcriptional level by repressing translation or promoting
RNA degradation.14 In AS, many microRNAs have been
conrmed as vital modulators of pathological processes, such
as immune responses, endothelial cell biology, cholesterol and
lipid biosynthesis, and lipoprotein metabolism and cholesterol
efflux.15 Increasing evidence indicated that miR-34a acted as
a tumor suppressor in many cancers such as gastric cancer,16

breast cancer17 and non-small cell lung cancer.18 Previous
studies revealed that miR-34a was upregulated in atheroscle-
rotic samples and could contribute to AS progression.19–21

Nevertheless, howmiR-34a was regulated and its functional role
in Ox-LDL stimulated macrophages are still unclear. Previous
studies reported that metformin could inhibit miR-34a expres-
sion in nonalcoholic fatty liver disease and in rat mesangial
cells treated with high glucose.22,23 However, whether metfor-
min ameliorates the progression of AS through regulating miR-
34a remains uncertain.
This journal is © The Royal Society of Chemistry 2019
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In our study, we aimed to further explore the underlying
roles and molecular mechanisms of metformin in Ox-LDL
stimulated macrophages to discover potential therapy targets
of AS.
Materials and methods
Cell culture

The THP1 macrophage cells were purchased from American
Type Culture Collection (ATCC, Manassas, VA, USA) and main-
tained in RPMI-1640 culture medium supplemented with 10%
FBS (Invitrogen), and 100 U ml�1 penicillin and 100 mg ml�1

streptomycin (Sigma-Aldrich, St. Louis, MO, USA) in a humidi-
ed incubator with 5% CO2 at 37 �C. The cells were treated with
0.5 mM metformin or 50 mg ml�1 Ox-LDL for 24 h for further
experiments. Metformin (1,1-dimethylbiguanide, 99.6% purity)
was obtained from Spectrum Chemical manufacturing Corp
(New Brunswick, NJ).
Cell transfection and treatment

Small interference RNA (siRNA) against Bcl2 (si-Bcl2) and its
scramble control (si-con), miR-34a mimic (miR-34a) and its
negative control (miR-con), miR-34a inhibitor (anti-miR-34a)
and its negative control (anti-miR-con) were designed and
synthesized by GenePharma (Guangzhou, China). Cell
Fig. 1 Metformin promoted proliferation and suppressed apoptosis in O
ml�1 Ox-LDL or 0.5 mMmetformin for 24 h, followed by the detection of
and caspase 3 activity (D). *P < 0.05.

This journal is © The Royal Society of Chemistry 2019
transfection was performed using lipofectamine 2000 reagent
(Invitrogen).

RT-qPCR assays

Total RNA was extracted using TRIzol® reagent (Invitrogen) and
reversely transcribed into cDNA with M-MLV (Invitrogen). Then,
the SYBR Green Realtime PCR Master Mix (TOYOBO, Osaka,
Japan) were used to detect the expression of miR-34a and Bcl2.
U6 snRNA and GAPDH served as endogenous controls for miR-
34a and Bcl2. The primer sequences were as follows: for miR-
34a 50-TGGCAG TGTCTTAGCTGGTTGT-30 (forward) and 50-
GCGAGCACAGAATTAATACGAC-30 (reverse); for Bcl2 50-
CTGGCATCTTCTCCTTCCAGC-30 (forward) and 50-ACCTACC-
CAGCCTCCGTTATC-30 (reverse). The relative expression of miR-
34a and Bcl2 was calculated using the 2�DDCt method.

Western blot assays

Western blot analysis was performed as previously described.24

Briey, the proteins were extracted using RIPA buffer (KeyGEN
Biotech, Nanjing, China) and separated by SDS-PAGE gel and
transferred to polyvinylidene diuoride (PVDF) membranes
(Millipore, Billerica, MA, USA). Then, the membranes were
incubated with primary antibodies against Bcl2 (sc-783, rabbit
polyclonal) and b-actin (sc-1615, goat polyclonal) from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Membranes were
washed three times prior to incubation with HRP-conjugated
x-LDL-treated macrophages. Macrophages were treated with 50 mg
proliferation capacity (A), clone formation ability (B), apoptotic rate (C),

RSC Adv., 2019, 9, 14670–14676 | 14671
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Fig. 2 miR-34a overexpression reversed the effects of metformin on proliferation and apoptosis of Ox-LDL-treated macrophages. (A) qRT-PCR
analysis was performed to detect miR-34a expression in Ox-LDL, or Ox-LDL + metformin treated macrophages. Macrophages stimulated with
50 mg ml�1 Ox-LDL were treated with Con, metformin, or metformin + miR-34a were for 24 h, followed by the measurement of miR-34a
expression (B), cell proliferation capability (C), colony formation ability (D), apoptotic rate (E), and caspase 3 activity (F). *P < 0.05.
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anti-mouse secondary antibodies from Santa Cruz Biotech-
nology. Finally, the protein bands were detected by ECL
chemiluminescent regent (Pierce, Rockford, IL, USA).
MTT assays

Viable macrophages were determined by MTT at 0, 24, 48, or
72 h post-transfection. Briey, the cells were seeded at density
of 2.0 � 103 cells per well into 96-well plates. Following treat-
ment with 50 mg ml�1 Ox-LDL and 0.5 mM metformin, 10 ml 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT; Sigma-Aldrich, USA) was added into each well of 96-well
plates. The plates were incubated for 4 h at 37 �C. Then the
absorbance at 490 nm was determined to evaluate cell
proliferation.
Colony formation assays

Transfected macrophages (2.0 � 104 cells per well) were seeded
in a 12-well plate and cultured for 15 days in complete medium.
Then cells were xed with methanol and stained with 0.1%
crystal violet solution (Sigma-Aldrich). At last, the total number
14672 | RSC Adv., 2019, 9, 14670–14676
of colonies with a minimum of 50 cells was detected using
a microscope.

Flow cytometric analysis

The apoptosis rate of macrophages was evaluated using
Annexin V-FITC/PI Apoptosis Detection Kit (KeyGEN Biotech,
Nanjing, China) as described previously.25 Briey, macrophages
were stained with 5 ml Annexin V-FITC (1 mg ml�1) for 10 min
and 5 ml propidium iodide (PI) (1 mg ml�1) for 5 min in the dark
at room temperature. The apoptotic rates were analyzed using
CellQuest soware (BD Biosciences, Franklin Lakes, NJ, USA).

Caspase 3 activity detection

Macrophages were treated with 50 mg ml�1 Ox-LDL and 0.5 mM
metformin for 24 h. Cells were lysed, and the protein concen-
tration was measured using the Bradford Protein Assay Kit
(Beyotime Biotechnology, Shanghai, China). Then, equal
amount of proteins was incubated with reaction buffer con-
taining enzyme-specic substrates for caspase 3 at 37 �C for 1 h.
The absorbance of 405 nm was detected using a microplate
reader (Molecular Devices, Sunnyvale, California, USA) using
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Metformin promoted the expression of miR-34a target Bcl2. (A and B) The Bcl2 mRNA and protein expression was determined in
macrophages treated with Ox-LDL or Ox-LDL + anti-miR-34a. (C and D) The Bcl2 mRNA and protein expression was determined in macro-
phages treated with Ox-LDL or Ox-LDL + metformin. (E and F) The Bcl2 mRNA and protein expression was determined in Ox-LDL treated
macrophages treated with Con, metformin, or metformin + miR-34a. *P < 0.05.
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the Caspase 3 Assay Kit (Calbiochem, San Diego, California,
USA).
Statistical analysis

All data were presented as mean � standard deviation (SD). The
comparisons of data in different groups were performed using
Student's t-test or one-way variance analysis. P < 0.05 was
statistically signicant.
Results
Metformin promoted proliferation and suppressed apoptosis
in Ox-LDL-treated macrophages

To investigate the functional role of metformin in AS process,
we explored the effect of metformin on proliferation and
apoptosis in Ox-LDL-treated macrophages. Macrophages were
treated with 50 mg ml�1 Ox-LDL and with or without 0.5 mM
metformin for 24 h, followed by measurement of cell prolifer-
ation ability and apoptotic rate. MTT assays revealed that Ox-
LDL could suppress macrophages proliferation, however, met-
formin treatment weakened the inhibitory effect of Ox-LDL on
macrophages proliferation (Fig. 1A). Moreover, colony forma-
tion assays also demonstrated that metformin signicantly
improved colony formation potential of Ox-LDL-treated
This journal is © The Royal Society of Chemistry 2019
macrophages (Fig. 1B). Additionally, ow cytometry assays
showed that Ox-LDL could induced macrophages apoptosis,
nevertheless, metformin markedly lowered the apoptotic rate of
Ox-LDL-treated macrophages (Fig. 1C). Consistently, metformin
treatment resulted in a remarkable reduction of caspase 3
activity in Ox-LDL-treated macrophages (Fig. 1D). In summary,
these results suggested that metformin facilitated proliferation
and suppressed apoptosis in Ox-LDL-treated macrophages.
miR-34a overexpression reversed the effects of metformin on
proliferation and apoptosis of Ox-LDL-treated macrophages

Previous studies reported that metformin could down-regulate
miR-34a expression in high glucose condition and down-
regulation of miR-34a could suppress Ox-LDL-induced
apoptosis.26,27 Hence, we presumed that metformin may
promote proliferation and suppressed apoptosis in Ox-LDL
stimulated macrophages through regulating miR-34a expres-
sion. To conrm whether the pro-proliferation and anti-
apoptosis effect of metformin was mediated by miR-34a, we
rst detected miR-34a expression in macrophages with Ox-LDL
and metformin treatment. As expected, Ox-LDL could increase
miR-34a expression, which was weakened by metformin treat-
ment (Fig. 2A). Then, we treated Ox-LDL stimulated macro-
phages with metformin or metformin + miR-34a. qRT-PCR
RSC Adv., 2019, 9, 14670–14676 | 14673
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Fig. 4 Metformin promoted proliferation and inhibited apoptosis by regulating miR-34a/Bcl2 axis in Ox-LDL-treated macrophages. Macro-
phages were treated with 50 mgml�1 Ox-LDL and Con, metformin, or metformin + si-Bcl2 for 24 h, followed by the determination of Bcl2 mRNA
and protein levels (A and B), cell proliferation ability (C), colony formation capability (D), apoptotic rate (E), and caspase 3 activity (F). *P < 0.05.
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analysis indicated that introduction of miR-34a mimics could
abolish the inhibitory effect of metformin on miR-34a expres-
sion (Fig. 2B). MTT and colony formation assays further showed
that the enhancive effect of metformin on cell growth was
greatly abrogated by miR-34a overexpression (Fig. 2C and D). As
expected, miR-34a overexpression markedly abated metformin-
mediated apoptosis inhibition (Fig. 2E and F). Taken together,
these results indicated that metformin exerted its pro-
proliferation and anti-apoptosis effect in Ox-LDL-treated
macrophages through inhibiting miR-34a expression.
Metformin elevated the expression of miR-34a target Bcl2

It is well known that miRNAs exert their functions through
targeting special mRNAs. Bcl2, a known target of miR-34a, has
been reported to be implicated with AS progression.28 Hence, we
further explored whether metformin positively regulated Bcl2
through inhibiting miR-34a expression. As displayed in Fig. 3A
and B, miR-34a inhibition could elevate the reduced Bcl2 mRNA
and protein expression caused by Ox-LDL in macrophages.
Consistently, metformin increased Bcl2 mRNA and protein
levels in Ox-LDL treated macrophages (Fig. 3C and D). Addi-
tionally, miR-34a overexpression relieved metformin-mediated
increase on Bcl2 mRNA and protein levels in Ox-LDL treated
macrophages (Fig. 3E and F). Collectively, these data indicated
14674 | RSC Adv., 2019, 9, 14670–14676
that metformin could elevate Bcl2 expression through sup-
pressing miR-34a in Ox-LDL treated macrophages.

Metformin promoted by regulating miR-34a/Bcl2 axis in Ox-
LDL-treated macrophages

To further examine whether the effect of metformin on prolif-
eration and apoptosis was mediated by miR-34a/Bcl2 axis in Ox-
LDL-stimulated macrophages, Ox-LDL treated macrophages
were treated with Con, metformin or metformin + si-Bcl2.
Western bolt analysis revealed that introduction of si-Bcl2
weakened the increased Bcl2 mRNA and protein levels caused
by metformin treatment in macrophages (Fig. 4A and B).
Moreover, metformin-mediated enhancement on cell growth
was greatly declined by Bcl2 knockdown in macrophages
(Fig. 4C and D). Furthermore, Bcl2 silencing markedly abated
metformin-mediated apoptosis inhibition macrophages
(Fig. 4E and F). These data demonstrated that metformin
exerted its pro-proliferation and anti-apoptosis effect by regu-
lating miR-34a/Bcl2 axis in Ox-LDL-treated macrophages.

Discussion

Although much progress has been made in the pathogenesis
and therapeutic options of AS, AS is still a major threaten of
human health with a high morbidity and mortality worldwide.29
This journal is © The Royal Society of Chemistry 2019
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Previous studies have demonstrated that metformin, an anti-
diabetic drug, has obvious anti-atherogenic properties,12,30–32

but howmetformin exerts these effects is unclear. In the present
study, we investigated the effects of metformin treatment on the
progression of atherogenesis using an Ox-LDL-induced athero-
sclerotic cell model. Our results suggested that metformin
signicantly attenuated the progression of atherosclerosis by
promoting proliferation and suppressing apoptosis in Ox-LDL
stimulated macrophages through miR-34a/Bcl2 axis.

In recent years, many studies have revealed that metformin
has many excess effects on blood vessels besides its hypogly-
cemic effect.33,34 Metformin was identied to be the only hypo-
glycemic drug lowering the risk of cardio-cerebrovascular
complications of T2DM patients.35 Increasing evidence has
suggested that metformin is implicated with the progression of
AS. For example, metformin could suppress diabetes-related
atherosclerosis via inhibiting Drp1-mediated mitochondrial
ssion.13 Furthermore, metformin could ameliorate the pro-
inammatory state in patients with carotid artery atheroscle-
rosis.36 Metformin could also reduce lipid accumulation in
macrophages by inhibiting FOXO1-mediated transcription of
fatty acid-binding protein 4.37 Another study demonstrated that
metformin inhibits macrophage cholesterol biosynthesis rate
through attenuated oxidative stress.38 Since macrophages play
a vital role in the progress of atherosclerosis, we assume that
metformin attenuated atherosclerosis may be related to the
inhibition of apoptosis in macrophages. Our ndings revealed
that metformin treatment promoted proliferation and sup-
pressed apoptosis in Ox-LDL stimulated macrophages, which
suggested that metformin could attenuate AS progression.

In this study, we further investigate the mechanism under-
lying the inhibition of AS progression by metformin. Previous
studies reported metformin could regulate the expression of
miRNAs, which exerts vital roles in various diseases. Therefore,
we presumed that metformin may attenuate AS through
modulating AS-related miRNAs. A previous study reported that
metformin could regulate miR-34a expression in rat mesangial
cells cultured with high glucose.26 Moreover, downregulation of
miR-34a suppressed Ox-LDL-induced apoptosis and oxidative
stress in human umbilical vein endothelial cells.27 However, the
role of miR-34a in Ox-LDL stimulated macrophages is still
unclear. Hence, we further explored whether metformin
promoted proliferation and suppressed apoptosis in Ox-LDL
stimulated macrophages through regulating miR-34a expres-
sion. Our study found that metformin treatment decreased
miR-34a expression in macrophages. Furthermore, miR-34a
overexpression could reverse the inductive effect of metformin
on proliferation and the inhibitory effect of metformin on
apoptosis in Ox-LDL stimulated macrophages. Similarly,
a previous study revealed that downregulation of miR-34a
promoted endothelial cell growth and suppresses apoptosis in
Ox-LDL-treated human aortic endothelial cells.27 All these data
demonstrated that metformin ameliorated AS through inhibit-
ing miR-34a expression.

Emerging evidence shows that miRNAs exert functions by
regulating translation or stability of target mRNAs. Hence, the
potential target mRNAs of miR-34a was further investigated.
This journal is © The Royal Society of Chemistry 2019
Bcl2, an anti-apoptotic gene, was reported to be a target of miR-
34a,27 which has been reported to be involved in AS progress.39,40

In this work, we found that metformin could elevate Bcl2
expression through inhibiting miR-34a expression. Further-
more, Bcl2 knockdown could abolished the inhibitory effect of
metformin treatment on AS. In a word, metformin ameliorated
AS through modulating miR-34a/Bcl2 axis.

In summary, our study demonstrated that metformin
promoted proliferation and suppressed apoptosis in ox-LDL-
treated macrophages by elevating Bcl2 expression via inhibit-
ing miR-34a. This nding elucidated the involvement of
metformin/miR-34a/Bcl2 regulatory axis in AS progression,
which provided a promising target for AS treatment.
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