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H I G H L I G H T S

• Nicotine enhances the autophagy of vascular smooth muscle cells (VSMCs) and contributes atherosclerosis.

• Autophagy induced by nicotine regulates the phenotype switching of VSMCs and subsequently functional alterations.

• The nicotinic acetylcholine receptors/ ROS /NF-κB signal pathway may involve in nicotine-induced autophagy.

A R T I C L E I N F O

Keywords:
Nicotine
Vascular smooth muscle cell
Autophagy
Atherosclerosis

A B S T R A C T

Background and aims: Cigarette smoking is an established risk factor for atherosclerosis. Nicotine, the major
constituent of cigarettes, mediates the phenotype switching of vascular smooth muscle cells (VSMCs) and
contributes to atherogenesis. Recent studies show that autophagy regulates atherogenesis via several pathways.
The aim of this study is to determine whether nicotine regulates autophagy and subsequently mediates the
phenotypic transition of VSMCs.
Methods and results: Oil Red O and HE staining of aortic sections of ApoE−/− mice showed that nicotine pro-
moted atherosclerosis, and in situ expression of α-SMA indicated the involvement of VSMCs. Western blotting
documented that nicotine induced the aorta autophagy. Cultured VSMCs treated with nicotine resulted in the
increase of LC3 II-to-LC3 I ratio and the decrease of P62, along with GFP-LC3 puncta assay and transmission
electron microscopy, further reflecting nicotine-induced autophagy. In addition, Western blotting and quanti-
tative real-time PCR showed that VSMCs exposed to nicotine underwent changes in the expression of differ-
entiation markers (α-SMA, SM22α and osteopontin), confirming the role of nicotine in VSMC differentiation.
Transwell migration and scratch assays demonstrated that nicotine increased the migratory capacity of VSMCs.
Finally, nicotine also increased the levels of reactive oxygen species (ROS), as measured by DCFH-DA staining.
After respectively inhibiting autophagy (3-MA), oxidative stress (NAC), NF-κB activity (BAY 11–7082, si-p65)
and nicotinic acetylcholine receptors (nAChRs, hexamethonium), nicotine-induced autophagy and VSMC phe-
notype switching were reversed.
Conclusions: Nicotine-induced autophagy promotes the phenotype switching of VSMCs and accelerates athero-
sclerosis, which is partly mediated by the nAChRs/ROS/NF-κB signaling pathway.

1. Introduction

According to the Global Burden of Disease Study [1], ischemic heart
disease is the leading cause of mortality in several developed countries,
with atherosclerosis as the underlying mechanism. Vascular smooth
muscle cells (VSMCs) contribute to atherogenesis following phenotype
switching from the contractile to the synthetic type, which enhances

their abilities to migrate and proliferate [2]. Upon migration to the
intima, VSMCs also trans-differentiate into foam cells via CD36 upre-
gulation and cholesterol uptake, thereby leading to atherogenesis [3].

Autophagy is a tightly-regulated process of self-digestion which
helps the cell remove impaired proteins and organelles [4]. Autophagy
has the important role in several diseases, such as ischemia-reperfusion,
acute kidney injury and cancers [5,6]. Recent studies have shown
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evidence of autophagy in the arterial walls, which may be involved in
atherogenesis [7,8]. While autophagy degrades damaged intra-cellular
material to protect plaque cells against oxidative stress, it also induces
formation of protein and oxidized lipid complexes known as ceroids
[9], thereby facilitating atherogenesis. In addition, autophagy also ex-
erts multiple effects on VSMCs in different conditions [10].

Nicotine is considered as the major component of cigarette smoke, a
widely accepted risk factor of atherosclerosis. Nicotine has effects on
several vascular cells, including the aortic endothelial cells, mast cells,
macrophages and VSMCs [11–14]. The interaction between nicotine
and autophagy has been discussed in current years [15,16]. However, it
remains to be elucidated whether the autophagy-triggered changes in
VSMCs are involved in nicotine-induced atherosclerotic lesions.

We found evidence of an atherogenic role of nicotine-induced au-
tophagy on VSMCs. Nicotine significantly upregulated autophagy in the
cultured VSMCs as well as aorta tissue with advanced atherosclerotic
plaques. In addition, the nicotine-induced autophagy also induced the
phenotypic transition of VSMCs via nicotinic acetylcholine receptors/
reactive oxygen species/nuclear factor kappa B (nAChRs/ROS/NF-κB)
signaling pathway, which subsequently promoted atherosclerosis.

2. Materials and methods

2.1. Cell culture

A mouse VSMC line (MOVAS cells, ATCC) was cultured in high-
glucose Dulbecco's Modified Eagle's Medium (DMEM, Hyclone, Logan,
UT, USA) with 10% fetal bovine serum (FBS, Gibco, Australia), 100U/
ml penicillin and 100 μg/ml streptomycin, and placed in a humidified
atmosphere of 95% air and 5% CO2 at 37 °C. The medium was changed
every 2–3 days.

2.2. Reagents and chemicals

Nicotine and 3-methyladenine (3-MA) were purchased from Sigma-
Aldrich (St. Louis, MO, USA), Lipofectamine 3000 from Invitrogen
(USA, California), Trizol and SYBR RT-PCR Kit from Takara Bio Inc.
(Japan), BAY 11–7082, rapamycin and chloroquine (CQ) and hexam-
ethonium (HEX) from MedChemExpress (USA), and N-Acetyl-L-cysteine
(NAC) from Beyotime Biotechnology (Nantong, China). Antibodies
against α-SMA, SM22α, collagen I, p-p65, p65, p-IκBα, IκBα, LC3 I/II,
P62, Beclin-1 and GAPDH were purchased from Cell Signaling
Technology (Boston, MA, USA), and those against osteopontin from
Sangon Biotech (Shanghai, CN).

2.3. Establishment of a murine atherosclerosis model

Eight-week-old Apoe−/− mice were purchased from the Cavens
Animal Lab (Changzhou, China), and randomized into the following 3
groups (n = 11 per group): normal chow diet (NCD, TD08485, Harlan
Teklad), high-fat diet (HFD, TD02028, Harlan Teklad), and
nicotine + HFD. The latter were injected subcutaneously with 2 mg/kg
nicotine daily, while the NCD and HFD groups were injected with equal
volume of the vehicle. The treatment regimen lasted for 12 weeks, after
which the mice were euthanatized for further analysis. All animal ex-
periments were approved by the Animal Care and Use Committee at the
Research Institute of Medicine of Shanghai Jiao Tong University. Body
weight was measured weekly for all the mice. Systolic and diastolic
pressure were recorded in all mice by the noninvasive tail-cuff system
(CODA, Kent, USA). Plasma was collected from mice at harvest, to
measure the levels of blood lipids, glucose and uric acid.

2.4. Quantitative assessment of atherosclerotic lesions

The mice were perfused through the left ventricle with normal
saline, followed by 4% paraformaldehyde to fix the tissues in situ. The

heart and aorta were dissected and embedded in paraffin, and 4 μm
thick sections were cut. En face lesions at the aortic arch, thoracic aorta
and abdominal aorta were stained by Oil Red O (Sigma Aldrich,
Shanghai, China), and the cross-sectional lesions in the aortic root were
stained with HE to evaluate the size of the atherosclerotic lesions. The
areas of the cross-sectional and en face lesions were outlined using the
Image Pro Plus 6.0 software, and the ratio was calculated. SMCs were
evaluated by immunostaining for α-SMA (1:250, Cell Signaling
Technology, USA).

2.5. Quantitative real-time PCR

Total RNA from VSMCs were isolated with TRIzol reagent according
to the manufacturer's instructions (9109, Takara, Japan), and the
quality and purity of the RNA were assessed using a NanoDrop-2000
spectrophotometer. Real-time PCR was performed with SYBR Green
PCR Master Mix (RR036A, Takara, Japan) in an Applied Biosystems
7500 cycler. The relative mRNA levels were calculated by the 2−ΔΔCt

method, and normalized to GAPDH. The following primers were used:
α-SMA forward 5′-TGTGCTGGACTCTGGAGATG-3′ and reverse 5′-GAA
GGAATAGCCACGCTCAG-3′, SM22α, forward 5′-GATGGAACAGGCTC
AAT-3′ and reverse TTCCATCGTTTTTGGTCACA-3′, osteopontin for-
ward 5′-CAGCCATGAGTCAAGTCAGC-3′ and reverse 5′-TTGTGGCTCT
GATGTTCCAG-3′, GAPDH forward 5′-ACTTTGTCAAGCTCATTTCC-3′
and reverse 5′-TGCAGCGAACTTTATTGATG-3’.

2.6. Transmission electron microscopy (TEM)

The electron microscopy sample as prepared as is described pre-
viously [17]. In brief, the VSMCs were treated without or with nicotine
(10 μM) for 36 h, and then fixed with 2.5% glutaraldehyde, and post-
fixed with 3% osmium tetroxide (OsO4) for 2 h. The specimen was
dehydrated in a graded series of ethanol, and embedded in Epon resin.
For TEM study, ultrathin sections were obtained and observed using a
PHILIPS CM-1220 electron microscope by the voltage of 80 kv.

2.7. GFP-LC3 puncta assay

VSMCs were transiently transfected with the GFP-LC3 plasmid to
analyze the formation of autophagosomes. The transfected cells were
treated with 10 μM nicotine for 36 h, washed twice with PBS, and fixed
with 4% paraformaldehyde for 20min. Images of the fluorescent puncta
were obtained under a DMI3000B fluorescent microscope (Leica,
Germany) equipped with the LAS V4.3 software.

2.8. Measurement of intracellular ROS generation

Intracellular ROS levels were detected using the Reactive Oxygen
Species Assay Kit (Beyotime) according to the manufacturer's instruc-
tions. Briefly, the cells were seeded in 6-well plates and incubated with
10 μM nicotine for 3 h. The cells were then stained with 10 μM DCFH-
DA at 37 °C in the dark for 30min, and washed thrice with serum-free
DMEM. The ROS levels were measured by flow cytometry and fluor-
escence microscopy.

2.9. siRNA transfection

Small interfering RNA (RNAi) against mouse p65 and corresponding
scramble siRNA were synthesized by Riobio (Guangzhou, China). As
previously described, VSMCs were transfected with siRNA (50 nM) via
Lipofectamine 3000 (Invitrogen) according to the manufacturer's pro-
tocols before incubation with indicated agents, and harvested for fur-
ther investigation.
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2.10. Western blotting

See Supplemental Materials.

2.11. Transwell migration assay

See Supplemental Materials.

2.12. Scratch assay

See Supplemental Materials.

2.13. Immunofluorescence staining

See Supplemental Materials.

2.14. Statistical analysis

All data was presented as mean ± SD from at least three in-
dependent experiments. Student's t-test was used to compare the con-
trol and treatment groups, and multiple comparisons were performed
using one-way ANOVA. p-values< 0.05 were considered statistically
significant.

3. Results

3.1. Nicotine increases atherosclerotic plaque size and induces the
autophagy in vivo

Apoe−/− mice fed a HFD for 12 weeks exhibited typical athero-
sclerotic lesions in the aorta, which were significantly aggravated by
chronic nicotine administration via subcutaneous injection (Fig. 1A).
Furthermore, nicotine treatment also increased the area of the aortic
root lesions, as well as the number of SMCs in the atherosclerotic le-
sions after a 12-week period, although the latter was not statically
significant (Fig. 1B). It also meant that VSMCs participated in the
process of atherosclerosis. Nicotine administration increased the con-
version of LC3 I to LC3 II but decreased the protein expression levels of
P62, all of which are indicators of autophagy (Fig. 1C). Taken together,
chronic nicotine aggravates atherosclerosis and promotes autophagy in
the aorta.

Compared with the vehicle counterparts, body weight of mice in the
nicotine group decreased significantly, which confirmed that nicotine
could lead to weight loss [18]. In addition, our data showed that there
was no statistical significance in lipid levels in the 2 groups
(Supplemental Table 1).

3.2. Nicotine induces autophagy in cultured VSMCs

To determine the association between nicotine and autophagy in
VSMCs, we firstly detected the LC3 II/I ratio and P62 expression levels
in the cells. Nicotine increased the LC3 II/I ratio, decreased the protein
expression of P62 and the formation of LC3 puncta in a time- and dose-
dependent manner (Supplemental Fig. 1A–C); as 10 μM nicotine treat-
ment for 36 h significantly enhanced autophagy in VSMCs, these con-
ditions were chosen for subsequent experiments. Meanwhile, we used
TEM to evaluate the autophagy levels and confirmed the effects of ni-
cotine on autophagy of VSMCs (Fig. 1D). Since LC3 II formation is
transient and LC3 II protein can be rapidly degraded by lysosomes, an
increase in LC3 II could not completely represent the increasing level of
autophagy. To evaluate the autophagic flux more accurately, we pre-
treated the cells with 10 μM chloroquine (CQ), a weak base amine that
inhibits lysosomes, for 3 h to block lysosomal degradation and sub-
sequent autophagosome degradation. Treatment of control cells with
CQ increased LC3 II abundance, which was further significantly in-
creased in cells when co-cultured with nicotine and CQ (Fig. 1E). These

data indicate that nicotine may induce autophagy at the early stage of
autophagosome formation. In addition to evaluating autophagy-related
protein expression, VSMCs were transfected with GFP-LC3 plasmid, and
the formation of LC3 puncta was monitored. There was a more sig-
nificant increase in fluorescent puncta in nicotine-stimulated cells pre-
treated with CQ (Fig. 1F). Collectively, nicotine enhances autophagy in
VSMCs.

3.3. Nicotine induces phenotype switching in VSMCs

Accumulation of numerous VSMCs in the intima indicates that
atherosclerosis is predominantly a VSMC-driven disease [19], which
was consistent with our in vivo experiments (Fig. 1B). To assess the
nicotine-induced phenotypic transition of VSMCs from the contractile
to the synthetic phenotype, we measured the levels of the contractile
markers α-sm-actin (α-SMA) and smooth muscle protein of 22 kDa
(SM22α), and the synthetic marker osteopontin [20]. Nicotine treat-
ment for 36 h decreased the mRNA levels of α-SMA and SM22α by
∼50% and upregulated osteopontin by 1.5-fold (Fig. 2B). In terms of
protein expression, the abundance of α-SMA and SM22α was also de-
creased by 50%, while osteopontin protein levels were increased more
than 2 folds following nicotine treatment (Fig. 2A). We also analyzed
the expression of α-SMA by immunofluorescence assay, the results of
which also showed similar trends in the protein levels (Fig. 2C).

To identify whether nicotine treatment was also responsible for the
functional changes associated with the synthetic VSMC phenotype, we
measured cell migration and collagen I synthesis after nicotine stimu-
lation. Transwell and scratch wound assays showed that nicotine
treatment significantly increased the migration abilities of VSMCs
(Fig. 2D-E). In addition, nicotine treatment enhanced the expression of
collagen I, the functional marker of the synthetic phenotype of VSMCs
[21], by 2.1 folds (Fig. 2F). As a result, nicotine promotes the pheno-
typic switching of VSMCs from contractile to synthetic type.

3.4. Nicotine-induced autophagy mediates phenotype switching of VSMCs

To further examine whether autophagy played a role in the phe-
notype switching for VSMCs, we pretreated VSMCs with 3-methylade-
nine (3-MA, 10mM, a PI3K inhibitor that effectively blocks autophagy),
for 3 h before nicotine stimulation, and examined the contractile and
synthetic protein expressions. In addition, we used rapamycin (100 nM)
as positive control to induce VSMCs autophagy. There was a 3-fold
increase in the fluorescent puncta in nicotine-stimulated VSMCs, and
this was significantly reduced by 3-MA pre-treatment (Fig. 3A and
Supplemental Fig. 2A), indicating that 3-MA inhibited the nicotine-in-
duced autophagy in VSMCs. In addition, we found that treatment of
VSMCs with 3-MA abrogated the nicotine-induced decrease in α-SMA
and SM22α and increase in osteopontin (Fig. 3B). Moreover, to verify
whether the inhibition of autophagy also prevented functional altera-
tions for the synthetic phenotype of VSMCs, we also assessed the abil-
ities of cell migration and synthesis of collagen I after nicotine treat-
ment with or without 3-MA. We noted that 3-MA significantly
prevented nicotine-mediated cell migration and collagen I synthesis
(Fig. 3C–E and Supplemental Fig. 2B-C). Collectively, these results re-
veal that autophagy mediates nicotine-induced phenotype switching of
VSMCs.

3.5. Nicotine-induced ROS generation regulate the autophagy process

Reactive oxygen species (ROS) is a vital regulator in various path-
ways, including autophagy [6,22]. To determine the possible role of
ROS in nicotine-induced autophagy, we analyzed the amount of ROS
production by nicotine stimulation by DCFH-DA staining under the
fluorescence microscope and using flow cytometry. Nicotine-treated
VSMCs had significantly higher levels of DCFH-DA signals compared to
the control, which was alleviated by treating the cells with the

Z. Wang, et al. Atherosclerosis 284 (2019) 1–10

3



Fig. 1. Nicotine increases atherosclerotic lesion size and induces autophagy in Apoe−/− mice and VSMCs.
(A) Oil red O staining of en face aorta in all tested groups. N = 8. (B) Aortic bifurcations observed and photographed by hematoxylin and eosin (HE) staining and α-
smooth muscle actin (α-SMA) staining of the cross sections of the aorta root. Magnification, 100×. Scale bar, 200 μm N = 8. (C) Expression of LC3 I/II and P62 in
aorta tissue was quantified by Western blot. N = 3. *p＜0.05, **p＜0.01 and ***p＜0.001 versus the NCD group, #p＜0.05, ##p＜0.01 and ###p＜0.001 versus the
HFD group. NS, no significance. NCD, normal chow diet, HFD, high-fat diet. (D) Transmission electron microscopy was used to evaluate autophagy induced by
nicotine (10 μM, 36 h). Magnification, 24500×. Scale bar, 2 μm. The black arrows represent autolysosomes. (E) Expression of LC3 I/II and P62, and GFP-LC3 puncta
assay in VSMCs pre-incubated with chloroquine (CQ, 50 μM) for 3 h before treatment with nicotine (10 μM, 36 h). Magnification, 630×. Scale bar, 50 μm. Bar graph
showing the number of GFP punctae per cell. *p＜0.05 and ***p＜0.001 versus the control group, ###p＜0.001 versus the nicotine-treated group. N=3.
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antioxidant and ROS scavenger N-acetyl-L-cysteine (NAC) (Fig. 4A-B).
These results showed that nicotine treatment promotes the generation
of ROS.

To further investigate whether nicotine-induced ROS also regulated
autophagy, we analyzed the level of autophagy in VSMCs treated with
NAC and nicotine. We found that NAC abrogated nicotine-enhanced
autophagy, both in terms of the autophagic protein levels and the for-
mation of LC3 puncta (Fig. 4C-D and Supplemental Fig. 3A). In addi-
tion, NAC-mediated inhibition of oxidative stress was also associated
with partial stabilization of α-SMA and SM22α and inhibition expres-
sion of osteopontin and collagen I (Fig. 4C), which indicated reversal of
the nicotine-induced phenotype switching. Transwell and scratch
wound assays showed that NAC decreased the migration ability of
VSMCs induced by nicotine treatment (Fig. 4E-F and Supplemental
Fig. 3B-C). Taken together, nicotine promotes ROS generation, which is
essential for autophagy and phenotype switching of VSMCs.

3.6. Nicotine activates the ROS/NF-κB signaling pathway in VSMCs

ROS interacts with the NF-κB signaling pathway in multiple ways in
a cell-specific manner [23]. To gain further insights into the molecular
mechanism of nicotine-induced autophagy, we analyzed the effects of
nicotine on the ROS/NF-κB signaling pathway. In the latent condition,
IκBα is attached to the p50-p65 heterodimer complex. When IκBα is
phosphorylated and subsequently degraded, phosphorylated p65
translocates to the nucleus and becomes activated [24]. VSMCs exposed
to nicotine increased levels of phosphorylated p65 and IκBα (Fig. 5A).
After treatment with NAC and nicotine, Western blotting analysis
showed that NAC could reverse the phosphorylation of p65 and IκBα
(Fig. 5A). Pre-treatment with 1 μM BAY 11–7082, the selective in-
hibitor of IκBα phosphorylation and the NF-κB pathway [25], for 3 h
prior to nicotine stimulation, decreased the LC3 II/LC3 I ratio and the
number of GFP-LC3 puncta compared to VSMCs treated only with ni-
cotine (Fig. 5B-C). In addition, BAY 11–7082 reversed the phenotype
switching by upregulating α-SMA and SM22α and downregulating os-
teopontin and collagen I expression (Fig. 5B). Simultaneously,

Fig. 2. Nicotine induces phenotype switching in VSMCs.
(A) Expression of α-SMA, SM22α and osteopontin after nicotine stimulation for 36 h ***p＜0.001 versus the control group. N = 3. (B) mRNA expression levels of α-
SMA, SM22α and osteopontin in VSMCs treated by nicotine were quantified by quantitative real-time PCR analysis. *p＜0.05 and ***p＜0.001 versus the control
group. N = 3. (C) Immunofluorescence images of α-SMA (red) distribution in VSMCs treated by nicotine (10 μM) for 36 h; blue staining (DAPI) indicating nuclei.
Magnification, 630×. Scale bar, 50 μm N = 3. (D–E) The ability of VSMCs migration by nicotine stimulation was quantified by Transwell and scratch assays.
Magnification, 100×. Scale bar, 200 μm ***p＜0.001 versus the control group. N = 3. (F) Expression of collagen I after nicotine administration. ***p＜0.001 versus
the control group. N = 3.
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Fig. 3. Nicotine-induced autophagy is required for phenotype switching.
(A) GFP-LC3 puncta assay in VSMCs pre-incubated with 3-MA (10 mM) for 3 h before treatment with nicotine. Rapamycin (100 nM) as the positive control treated
VSMCs for 36 h. Magnification, 630×. Scale bar, 50 μm. Bar graph showing the number of GFP puncta per cell for at least 10 cells per group. (B) Expression of α-
SMA, SM22α and osteopontin in VSMCs pre-incubated with 3-MA (10 mM) for 3 h before treatment with nicotine. Rapamycin (100 nM) as the positive control
treated VSMCs for 36 h *p＜0.05, **p＜0.01, ***p＜0.001 versus the control group. ##p＜0.01 and ###p＜0.001 versus the nicotine group. N=3. (C–D) The ability of
cell migration of VSMCs pretreated with 3-MA before nicotine treatment was quantified by Transwell and scratch assays. Magnification, 100×. Scale bar, 200 μm. (E)
Expression of collagen I after nicotine stimulation with or without the pretreatment of 3-MA.
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Fig. 4. Nicotine-induced ROS generation regulate the autophagy process.
(A) Staining with 10 μM DCFH-DA (green) and Hoechst (blue) of VSMCs pre-incubated with NAC before treatment with nicotine. Magnification, 100×. Scale bar,
200 μm N= 3. (B) Levels of ROS in VSMCs pre-incubated with NAC before treatment with nicotine was quantified by flow cytometry. The mean fluorescent intensity
of ROS was shown in histograms. ***p＜0.001 versus the control group. ###p＜0.001 versus the nicotine group. N = 3. (C) Expression of LC3 I/II, α-SMA, SM22α,
osteopontin and collagen I in VSMCs pretreated 1 mM NAC in the presence or absence of nicotine administration. *p＜0.05, **p＜0.01 and ***p＜0.001 versus the
control group, #p＜0.05, ##p＜0.01 and ###p＜0.001 versus the nicotine-treated group. N = 3. (D) GFP-LC3 puncta assay in VSMCs pre-incubated with NAC (1 mM)
for 3 h before treatment with nicotine. Magnification, 630×. Scale bar, 50 μm. Bar graph showing the number of GFP puncta per cell for at least 10 cells per group.
***p＜0.001 versus the control group. ##p＜0.01 versus the nicotine-treated group. N=3. (E–F) The ability of cell migration of VSMCs pretreated with NAC before
nicotine treatment was quantified by Transwell and scratch assays. Magnification, 100×. Scale bar, 200 μm N=3.
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Fig. 5. Nicotine activates ROS/NF-κB signaling pathway in VSMCs.
(A) Expression of p-p65, p65, p-IκBα and IκBα in VSMCs pretreated by 1 mM NAC with the treatment of nicotine. **p＜0.01 versus the control group, #p＜0.05 and
##p＜0.01 versus the nicotine-treated group. N = 3. (B) Expression of LC3 I/II, α-SMA, SM22α, osteopontin, collagen I, p-p65, p65, p-IκBα, IκBα and beclin-1 in
VSMCs pretreated by 1 μM BAY 11–7082 with the treatment of nicotine. *p＜0.05, **p＜0.01 and ***p＜0.001 versus the control group, #p＜0.05, ##p＜0.01 and
###p＜0.001 versus the nicotine-treated group. N = 3. (C) GFP-LC3 puncta assay in VSMCs pre-incubated with BAY 11–7082 (1 μM) for 3 h before treatment with
nicotine. Magnification, 630×. Scale bar, 50 μm. (D) Expression of p65, LC3 I/II, α-SMA, SM22α, osteopontin, collagen I and beclin-1 in VSMCs transfected by si-p65
for 24 h with the treatment of nicotine. *p＜0.05, **p＜0.01 and ***p＜0.001 versus the si-nc group. (E) GFP-LC3 puncta assay in VSMCs pre-transfection with si-p65
and si-nc for 24 h before treatment with nicotine. Magnification, 630×. Scale bar, 50 μm.
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treatment with si-p65 and the negative control also showed the same
results (Fig. 5D-E). Furthermore, nicotine stimulation increased the
expression of beclin-1 protein, the trigger protein in autophagy
(Fig. 5B). The increase in beclin-1 protein was attenuated significantly
in VSMCs pre-treated with BAY 11–7082 and si-p65 transfection
(Fig. 5B, D). Collectively, the ROS/NF-κB pathway is involved in the
nicotine-induced effects.

3.7. Nicotine regulates the autophagy process via nAChRs

To determine the receptors underlying the above process, a non-
selective nicotinic acetylcholine receptor (nAChR) antagonist HEX was
used. After pre-administration of HEX (10 μM) for 30min, the effects of
nicotine on VSMCs autophagy were reversed (Supplemental Fig. 4C). In
addition, the levels of ROS and activation of NF-κB stimulated by ni-
cotine also decreased by pretreatment with HEX (Supplemental
Fig. 4A–C). HEX reversed the phenotype switching by upregulating α-
SMA and SM22α and downregulating osteopontin and collagen I ex-
pression (Supplemental Fig. 4C). Transwell and scratch wound assays
showed that HEX decreased the migration ability of VSMCs induced by
nicotine treatment (Supplemental Fig. 4D-E). These findings suggest
that the effects of nicotine on VSMCs are mediated through the nAChRs.

4. Discussion

Our study shows that nicotine exposure induces autophagy in
VSMCs, which promotes its phenotypic transition via the nAChRs/ROS/
NF-κB signaling pathway. The schematic summary of our findings is
shown in Supplemental Fig. 5. This may provide novel insights into the
mechanisms underlying nicotine-induced atherosclerosis.

Cigarettes contain more than 4800 chemical compounds, of which
nicotine is one of the major ingredients and is considered as the main
contributor to the adverse cardiovascular diseases [26]. Several vas-
cular cells including VSMCs are involved in atherogenesis, and nicotine
enhances the ability of VSMCs to migrate and proliferate [27,28],
which has a crucial role in formation of the atherosclerotic plaques. The
results of our in vivo study also revealed a similar phenomenon, further
validating the effects of nicotine on atherogenesis.

Nicotine promoted phenotype switching of VSMCs from the con-
tractile to the synthetic type, which was known to mediate athero-
sclerosis and plaque stability. Several studies have proposed the in-
volvement of platelet derived growth factor, interleukin 1β and
oxidized phospholipids in regulating this phenotypic transition
[29–31]. Furthermore, Arany et al. found that nicotine augmented the
effects of transforming growth factor-β on α-SMA and fibronectin
production in proximal tubule cells, indicating that nicotine promoted
the epithelial-mesenchymal transition in these cells [32]. In athero-
sclerosis, nicotine has also been reported as a powerful stimulant via
VSMC phenotype switching [14,33], consistent with our results. Phe-
notype switching induces certain functional changes in VSMCs [20],
such as migration and collagen synthesis, which were increased by ni-
cotine treatment.

A previous study established the complicated connection between
autophagy and phenotypic transition in VSMCs [34]. It demonstrated
autophagy could be the major proteolytic process employed by the cells
to remove contractile proteins [34]. Autophagy is a complex catabolic
process that degrades cytoplasmic components via the lysosomes [35].
In the early stage of atherogenesis, autophagy activation may prevent
plaque cells against cellular distress, especially oxidative injury, by
removing abnormal organelles and protein aggregates. However, with
the progression of atherosclerosis, autophagy is either excessively sti-
mulated or impaired, leading to cell death and plaque instability [36].
Previous studies have reported that numerous factors regulate autop-
hagy in VSMCs, such as oxidized low density lipoprotein, platelet-de-
rived growth factor and secreted protein sonic hedgehog [34,37,38].
Our findings showed that nicotine could activate autophagy in VSMCs

in a dose- and time-dependent manner. In addition, we found that ni-
cotine-induced autophagy mediated VSMC phenotype switching by
treatment with the autophagy inhibitor 3-MA, consistent with a pre-
vious study [34]. Simultaneously, the related functions of synthetic
VSMCs were also regulated by autophagy. This elucidated that nicotine
regulated phenotype switching of VSMCs through the autophagic pro-
cess.

Nicotine, binding to nAChRs, induces several pathological changes
in VSMCs [14,28]. In our studies, pretreatment with HEX (non-selective
nAChRs antagonist) had inhibitory effects on nicotine-induced autop-
hagy. Kim et al. found that nicotine caused apoptosis in renal proximal
tubular epithelial cells by inducing ROS generation and acitivating NF-
κB by nAChRs [39,40]. Consistent with this, our study found that ni-
cotine-induced autophagy was reversed by the ROS scavenger NAC,
indicating that the oxidative stress was an upstream mechanism for
autophagy activation mediated by nicotine. Additionally, excessive
ROS can activate NF-κB and further exacerbate the inflammatory re-
sponse [41,42]. Our findings suggested that NF-κB proteins were
downstream of ROS since NAC inhibited nicotine-induced IκBα and p65
phosphorylation. Furthermore, studies have pointed out an association
between NF-κB and autophagy in several diseases [43]. Copetti et al.
considered that NF-κB induced autophagy by transactivating the au-
tophagy-triggering protein beclin-1, the promoter of which was the
newly identified κB site [44]. We found that nicotine slightly increased
the expression of beclin-1. Furthermore, the inhibition of NF-κB sig-
naling pathway by the pharmacological inhibitor reversed the expres-
sion of beclin-1 and reduced autophagy induced by nicotine. As well,
we used si-RNA of p65 to confirm the above effects, proved that nico-
tine could induce autophagy by activating the NF-κB signaling
pathway. Taken together, the nAChRs/ROS/NF-κB signaling pathway is
involved in nicotine-induced autophagy and related effects in VSMCs.
However, the subunits of nAChRs underlying the above process were
not found in our study. Clearly, further studies are needed to identify
the subunits underlying these processes.

4.1. Conclusion

Our study has demonstrated that nicotine promotes atherogenesis
by inducing VSMC autophagy and phenotype switching through the
nAChRs/ROS/NF-κB signaling pathway. These findings provide novel
insights into the understanding of the underlying mechanism of ather-
ogenesis induced by nicotine. Further studies are required to dissect the
molecular mechanisms by which nicotine enhances the autophagic
program and to perform the related animal studies.
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