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Abstract

Cigarette smoking is a major risk factor for atherosclerosis and other cardiovascular diseases. Increasing evidence has
demonstrated that nicotine impairs the cardiovascular system by targeting vascular endothelial cells, but the
underlying mechanisms remain obscure. It is known that cell death and inflammation are crucial processes leading to
atherosclerosis. We proposed that pyroptosis may be implicated in nicotine-induced atherosclerosis and therefore
conducted the present study. We found that nicotine resulted in larger atherosclerotic plaques and secretion of
inflammatory cytokines in ApoE ™~ mice fed with a high-fat diet (HFD). Treatment of human aortic endothelial cells
(HAECs) with nicotine resulted in NLRP3-ASC inflammasome activation and pyroptosis, as evidenced by cleavage of
caspase-1, production of downstream interleukin (IL)-13 and IL-18, and elevation of LDH activity and increase of
propidium iodide (Pl) positive cells, which were all inhibited by caspase-1 inhibitor. Moreover, silencing NLRP3 or ASC
by small interfering RNA efficiently suppressed nicotine-induced caspase-1 cleavage, IL-18 and IL-1(3 production, and
pyroptosis in HAECs. Further experiments revealed that the nicotine-NLRP3-ASC-pyroptosis pathway was activated by
reactive oxygen species (ROS), since ROS scavenger (N-acetyl-cysteine, NAC) prevented endothelial cell pyroptosis. We
conclude that pyroptosis is likely a cellular mechanism for the pro-atherosclerotic property of nicotine and stimulation

of ROS to activate NLRP3 inflammasome is a signaling mechanism for nicotine-induced pyroptosis.

Introduction

Overwhelming evidence suggests that cigarette smoking
is related to several pathologic conditions, including
malignancies and cardiopulmonary diseases” 2. Cigarette
smoking is a major preventable risk factor for athero-
sclerosis and cardiovascular diseases®, through accelerating
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atherosclerosis in predisposing sites, including aorta, cor-
onary arteries, carotid and cerebral arteries, and the large
arteries in the peripheral circulation'. More than 4000
chemical constituents can be found in cigarette smoke, of
which nicotine is the principal addictive component®,
Substantial evidence supports the promoting effect of
nicotine on atherosclerosis in a long-term basis®, even
though short term exposure to nicotine is considered
relatively harmless. However, the underlying mechanisms
remain largely unknown.

Atherosclerosis is a chronic inflammatory disease. Cell
death and inflammation are the two critical pathological
mechanisms for atherosclerosis® ’. Increased number of
cell death can be observed in human atherosclerotic
lesions, especially in advanced plaques. Typically, cell
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Fig. 1 Nicotine exposure promotes atherosclerotic lesions in ApoE™~ mice. a Representative images showing the increases of the lipid
deposition by nicotine in ApoE’/’ mice fed with HFD (high-fat diet), but not ND (normal diet), as revealed by Oil Red O staining of aortic root
sections. The right panel shows the averaged data measured from the images as shown in the left panel. Magnification: x40. Scale bar = 2000 um. n
=6 mice in each group. b Representative images showing the increases of the atherosclerotic lesions by nicotine in - ApoE ™~ mice fed with HFD, as
revealed by HE staining of aortic root sections. n=6 mice in each group. The data are presented as the mean + SEM. *P < 0.05, **P < 0.01

death is primarily ascribed to apoptosis and necrosis;
however, a couple of other forms of cell death have also
been identified, including pyroptosis®. Pyroptosis is a
unique form of inflammatory cell death that is mediated
by inflammasome and is dependent on caspase-1 activa-
tion. Activation of caspase-1 is responsible for the
maturation of pro-IL-1f and pro-IL-18°. Both infectious
and non-infectious stimuli could trigger pyroptotic cell
death. Recently, it has been reported that pyroptosis is
involved in the ox-LDL-induced human macrophages
death, suggesting a critical role of pyroptosis in
atherosclerosis'’.

Located at the interface between blood and interstitial
tissues, endothelium constitutes a protective barrier against
endogenous danger signals''. Endothelial cell (EC) death is
a crucial and initial stage for the development of ather-
oseclerosis'> 2. Previous reports showed that caspase-1
activation in ECs can promote endothelial activation,
monocyte recruitment, and atherogenesis'*. Additionally,
caspase-1 deficiency decreases atherosclerosis in apolipo-
protein E-null mice'®. Meanwhile, evidence shows that
chronic nicotine exposure augments atherosclerosis by
enhancing the production of pro-inflammatory cytokines,
including IL-1p and TNF-a. It is therefore conceivable that
ECs likely undergo a death pathway associated with
inflammation'®. Nevertheless, whether pyroptosis is
involved in EC death upon nicotine exposure, and how it is
related to the observed overproduction of inflammatory
cytokines remain to be clarified.

Here, we present our novel findings that nicotine
showed proatherogenic effects in ApoE™'~ mice, which
was partially mediated by the pyroptosis of endothelial
cells. Activation of NLRP3 inflammasome has been
identified in endothelial cells when exposed to nicotine.
Silencing of NLRP3 inhibited the pyroptotic response
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induced by nicotine. Given the important role of ROS in
activating inflammasome, we also detected the role of
oxidative stress in endothelial cells pyroptosis.

Results
Nicotine exposure promoted atherosclerotic lesions in
ApoE™~ mice

Previous study has demonstrated that nicotine induces
cardiovascular diseases'’. To dissect the role of nicotine
during the progression of atherosclerosis, we performed
HE and Oil Red O staining in histological sections of the
aortic sinus of the ApoE ™/~ mice. Twenty-four ApoE ™/~
mice were divided into normal diet group (ND), high-fat
diet group (HFD), ND plus nicotine (Ni) group, and HFD
plus Ni group. Consistent with previous study'®, our
results showed that 12 weeks of nicotine treatment sti-
mulated plaque formation in ApoE ™'~ mice fed with HFD
(Fig. 1). By comparison, nicotine treatment had a smaller
effect on lesion areas in ApoE /'~ mice fed with ND.

Endothelial cells displayed characteristic features of
pyroptosis in the aorta of nicotine-induced ApoE™"~ mice
Pyroptosis is uniquely dependent on the activation of
caspase-1, which can process cytokines IL-1f and IL-18
into their active forms and then induce pyroptotic cell
death. Caspase-1 activation requires a protein platform
named inflammasome, among which the NLRP3 inflam-
masome is the mostly studied one. We performed CD31/
caspase-1 double staining and CD31/TUNEL double
staining in ECs isolated from aortic arch of mice. The
results in Fig. 2a, b showed that the expression level of
caspase-1 and TUNEL-positive cells were both remark-
ably increased in the presence of nicotine in mice fed with
either HFD or ND. Western blot results further showed
that caspase-1 activation was enhanced in nicotine-
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Fig. 2 Pyroptosis of endothelial cells in the aorta of nicotine-induced ApoE™~ mice. a Comparison of expression and subcellular distribution of
caspase-1 by double staining of caspase-1 (green) and CD31 (red) in atherosclerotic lesions of ApoE™~ mice among various groups: ND, ND + Ni
(nicotine), HFD, or HFD + Ni. Note the presence of caspase-1 in endothelial cells as indicated by the co-localization of caspase-1 and CD31 (an
endothelial marker). Magnification: x200. b Identification of endothelial cell death by co-localized staining of CD31 (red) and TUNEL (green). The
nuclei were stained blue with DAPI. Scale bar =100 um. Magnification: x200. ¢ Increases in the protein levels of caspase-1 by nicotine in the HFD
group, as revealed by western blot analysis. d-h Increases in the expression of pyroptosis-related genes (NLRP3, ASC, caspase-1, IL-1(3, and IL-18) at
both protein and mRNA levels by nicotine in intimal samples of ApoE ™~ mice of the HFD group. n = 6 mice for each group. The data are presented
as the mean + SEM,, *P < 0.05. i-j Elevation of mean serum concentrations of IL-13 and IL-18 by nicotine in HFD-fed mice, as determined by ELISA
assay. The data are shown as mean + SEM. n=6 mice in each group. *P < 0.05

treated HFD mice (Fig. 2c). Next, to characterize whether
the expression of pyroptosis-related genes was altered in
aortic intima, we isolated intimal RNA from the aorta for
real-time RT-PCR analysis. We also detected EC-specific
marker gene CD31 and smooth muscle cell specific
marker sntMHC. The results in Supplementary Figure 1
showed that expression of CD31 was abundantly enriched
in the intima, but almost undetectable in the media plus
adventitia. Conversely, the expression of smMHC was
much lower in the intima and higher in the media plus
adventitia, indicating that the isolated RNA was mainly
from endothelial cells. Notably, as shown in Fig. 2d-h, the
expression of NLRP3, ASC, Caspase-1, IL-1f, and IL-18 in
the intimal RNA samples were significantly increased in
nicotine-treated mice fed with HFD. In mice fed with ND,
these genes expression also showed an upward trend
upon nicotine treatment. Consistently, similar changes of
serum concentrations of IL-1p and IL-18 were observed in
nicotine treated and untreated mice (Fig. 2i, j).
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To further validate the effects of NLRP3 activation on
nicotine-induced atherosclerotic formation and ECs pyr-
optosis, we assessed whether administration of lentivirus
that carries NLRP3 shRNA could affect atherosclerotic
lesions. After 12 weeks of HFD and nicotine administration,
the mice of the NLRP3 shRNA group displayed decreased
atherosclerotic lesion size and less lipid deposition in aortic
root compared with the mice without NLRP3 shRNA
administration and the mice administrated with lenti-
scramble (Supplementary Figure 2). Additionally, we found
that caspase-1 dependent cell death and pyroptosis-related
genes expression were reduced in the mice injected with
lenti-shNLRP3 during the administration of HFD and
nicotine (Supplementary Figure 3).

Nicotine treatment triggers pyroptosis in HAECs

To elucidate the relationship between nicotine and
pyroptosis, we used HAECs for in vitro experiments. In
ECs incubated with 0.1 or 1 uM nicotine, the expression
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Fig. 3 Nicotine triggered pyroptosis in human aortic endothelial cells (HAECs). a-b The protein levels of Caspase-1, IL-18, and IL-1(3 were

upregulated in HAECs after treatment with nicotine for 24 h, as indicated by western blot results. GAPDH was used as an internal control. ¢ The

relative mRNA levels of pro-inflammatory cytokines (IL-13, IL-18) and Caspase-1 were upregulated in HAECs after treatment with nicotine for 24 h. *P
<0.05, P <0.01. The data are represented as mean + SEM (n = 3-5). d Caspase-1 (green) and TUNEL (red) double-positive cells were increased in the
presence of nicotine. The nuclei were stained blue with DAPI. Magnification: x200. Scale bar =100 um. e The relative LDH release was elevated in
nicotine-treated endothelial cells (n = 3). **P < 0.01. f The percentage of PI (red) positive cells were increased in HAECs after treatment with nicotine
(left: the representative photographs, right: the quantification of PI positive cells). Magnification: x200. Scale bar = 500 um. **P < 0.01, ***P < 0.001. The

data are represented as mean + SEM (n=4)

of caspase-1 and pro-inflammatory cytokines (IL-1f and
IL-18) were significantly increased (Fig. 3a—c). In order to
further characterize nicotine-induced pyroptosis of ECs,
we double stained caspase-1 and TUNEL in HAECs. The
results in Fig. 3d showed that both caspase-1 activity and
TUNEL-positive cells were increased in nicotine-treated
HAECs. To discriminate between that apoptotic and
pyroptotic cell death in the TUNEL-positive cells, we
went on to conduct LDH release assay and PI staining.
During pyroptosis, pores can be formed in the cell
membrane and lead to the release of cellular contents and
positive staining of dead cells, which can be determined
by LDH release assay and PI staining, respectively’. Our
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results showed that nicotine-induced pore formation
and membrane rupture, as indicated by the increased
LDH activity and the extensive PI positive staining cells
(Fig. 3e, ).

Next, to further investigate whether nicotine-induced
pyroptosis of ECs is caspase-1 dependent, we carried out
caspase-1 inhibitory experiment. Our results showed that
caspase-1 selective inhibitor (VX-765) decreased the level
of activated caspase-1, and inhibited the maturation of IL-
18 and IL-1p (Fig. 4a—e). The cell lysis and pyroptotic cell
death were reversed by VX-765, as demonstrated by the
reduction of LDH release and the percentage of PI posi-
tive cells (Fig. 4f, g).
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Fig. 4 Caspase-1 inhibitor represses nicotine-induced endothelial cells pyroptosis. HAECs were pretreated with caspase-1 inhibitor (VX-765, 10
uM) for 1 h, and then the cells were incubated with nicotine (1 uM) for 24 h. a VX-765 inhibited the protein expression of pro-caspase-1, caspase-1, IL-
18, and IL-1B in nicotine-treated endothelial cells. b-e Quantitative analysis of pyroptosis-associated protein expression. GAPDH was used as an
internal control (n =4). f Pyroptotic cell death was determined by LDH release, and the relative LDH activity was inhibited by VX-765 (n = 5). g Double
staining of PI (red) and Hoechst 33342 (blue) (left: the representative photographs, right: the quantification of Pl positive cells). The increased
percentage of Pl positive cells in nicotine treated endothelial cells were reduced after pretreatment with VX-765. The data are represented as mean +

SEM (n = 4). Magnification: x200. *P < 0.05, **P < 0.01, ***P < 0.001

NLRP3-ASC inflammasome is involved in nicotine-induced
EC pyroptosis

Increases in the protein levels of cleaved caspase-1 (Caspl
p20) and mature IL-1p (17 kDa) and mature IL-18 (18 kDa)
are the hallmarks of NLRP3 inflammasome activation'”.
NLRP3 recruits caspase-1 through ASC, allowing activated
caspase-1 to cleave pro-IL-1f to mature IL-1fp. We there-
fore measured the expression levels of NLRP3 and ASC in
HAEC: after treatment with nicotine. As depicted in Fig. 5a,
b, NLRP3 and ASC were remarkably upregulated by nico-
tine at a concentration of 1 pM.

Moreover, the results in Fig. 5¢, d clearly indicated the
presence of NLRP3 in HAECs. Silencing of NLRP3
reduced the activation of caspase-1 and the production of
IL-1p and IL-18 (Fig. 5e—g). Furthermore, silencing of
NLRP3 dampened the ability of nicotine to induce HAECs
pyroptosis, as evidenced by the decreases in the number
of TUNEL and caspase-1 double-positive cells (Fig. 5h).
Silencing of NLRP3 also abrogated the release of LDH and
the increase of PI positive cells, indicating an inhibition of
the cell lysis and pyroptotic cell death by nicotine
(Fig. 5i, j). In addition, ASC silencing also significantly
suppressed the expression of caspase-1 and the produc-
tion of pro-inflammatory cytokines (IL-1p and IL-18),
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along with inhibition of caspase-1-dependent cell death
(Fig. 6a—f).

Nicotine-induced endothelial cells pyroptosis requires ROS

Reactive oxygen species (ROS) are essential for inflam-
masome activation”’. To elucidate the possible role of ROS
in nicotine-induced pyroptosis, we first detected the changes
of ROS level in ApoE '~ mice fed with nicotine. Our results
demonstrated that nicotine treatment dramatically increased
ROS levels in ApoE '~ mice fed with HFD (Supplementary
Figure 4). Treatment of HAECs with nicotine fostered
intracellular ROS production, and this was buffered by N-
acetyl-cysteine (NAC), a ROS inhibitor (Fig. 7a). NAC also
inhibited nicotine-induced gene expression of inflammasome
components and inflammatory cytokines, including NLRP3,
ASC, Caspase-1, IL-1f, and IL-18 (Fig. 7b), and the protein
levels of NLRP3, ASC, cleaved caspase-1 (Caspl p20), and
mature IL-1f and mature IL-18 were all blocked by NAC
(Fig. 7¢, d), suggesting that NLRP3 inflammasome activation
was dependent on ROS generation. Additionally, NAC pre-
treatment reduced the number of TUNEL and Caspase-1
double-positive cells (Fig. 7e), and LDH activity in nicotine
treated ECs (Fig. 7f), suggesting the importance of ROS in
nicotine-induced EC pyroptosis.
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Fig. 5 NLRP3 inflammasome is involved in nicotine-induced endothelial cells pyroptosis. a The expression levels of NLRP3 and ASC were
increased in HAECs treated with nicotine (0.1, 1 uM) for 24 h, as determined by western blot results. b The mRNA levels of NLRP3 and ASC were
increased in HAECs treated with nicotine (0.1, 1 uM) for 24 h. c—d NLRP3 siRNA silenced the expression of NLRP3 at both protein and mRNA level. e-f
The protein levels of Caspase-1, IL-1(3, and IL-18 in nicotine-treated HAECs were inhibited after transfection with siNLRP3. NC indicates negative
control (n=4). g The mRNA levels of caspase-1, IL-1(3, and IL-18 were inhibited by siNLRP3 in the presence of nicotine (n=4). *P < 0.05, **P < 0.01,
***P < 0,001. h TUNEL (red) and caspase-1 (green) double-positive cells were decreased in nicotine-treated endothelial cell that transfected with
SINLRP3. The nuclei were stained blue with DAPI. Magnification: x200. Scale bar denotes 100 um. i Pyroptotic cell death was determined by LDH
release, and the relative LDH activity was suppressed by siNLRP3 in the presence of nicotine (n = 3). *P < 0.05. j The percentage of Pl positive cells was
declined after transfection with siNLRP3 in nicotine-treated HAECs (left: the representative photographs, right: the quantification of Pl positive cells).

Magpnification: x200. Scale bar =500 um. **P < 0.01. The data are represen

ted as mean + SEM (n=4)

Discussion

The data presented in the current study demonstrated
that nicotine-induced NLRP3 inflammasome activation,
inflammatory response, and subsequent pyroptosis in the
setting of atherosclerosis. Silencing of NLRP3 inflamma-
some or reducing ROS production inhibited nicotine-
induced caspase-1 activation, inflammatory cytokines (IL-
1p and IL-18) secretion, and pyroptotic death of endo-
thelial cells (Fig. 8). Our study unraveled pyroptotic cell
death as a cellular mechanism for the pro-atherosclerotic
property of nicotine, thereby advancing our under-
standing of the pathophysiology of nicotine, cigarette
smoking, and consumption of other tobacco products.

Several risk factors of atherosclerosis have been identi-
fied including hyperlipidaemia, hypertension, diabetes,
smoking, and aging. It has been demonstrated that
cigarette smoking promotes the development of
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atherosclerotic plaques®'™3, Nicotine is one of effective
components of cigarettes. Experimental studies have
observed that nicotine intake promotes the development
of atherosclerosis'®**, Consistently, our study showed
that nicotine treatment promoted atherosclerosis in
ApoE ™'~ mice fed with HFD, as indicated by the larger
lesion area and more lipids content. In mice fed with ND,
nicotine also increased atherosclerotic lesion area and
lipid content; nevertheless, this effect was not as great as
those in mice fed with HFD. The possible explanation for
this difference may be related to the exposure duration
and concentration of nicotine.

Atherosclerosis is a complex inflammatory disease of
medium and large-sized arteries, in which three cellular
types are mainly involved, including endothelial cells,
macrophages, and smooth muscle cells*>™’. The patho-
physiologic mechanisms by which nicotine promotes
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Fig. 6 ASC deficiency blocked nicotine-induced endothelial cells pyroptosis. a Verification of silencing efficiency of ASC by siRNA in nicotine-
treated HAECs. b The protein levels of Caspase-1, IL-1B, and IL-18 in nicotine-treated HAECs were decreased after transfection of siASC. NC indicates
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representative photographs, right: the quantification of Pl positive cells). Magnification: x200. Scale bar =500 um. **P < 0.01. The data are represented
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vascular diseases particularly atherosclerosis is manifold
and complex. A previous study reported that nicotine
activates bone marrow—derived mast cells (MCs) via o7
nicotinic acetylcholine receptor (a7nAChR), and mast cell
(MC) deficiency prevents nicotine-induced plaque for-
mation and composition change, implying the important
role of MC in nicotine-enhanced atherogenesis in ApoE "’
~ mice'®. Another study demonstrated that nicotine has
an enhancing effect on atherosclerosis in the LDLR™/~
mouse model via increasing the production of pro-
inflammatory cytokines by macrophages'®. In agreement
with previous study, our study on mouse macrophages
showed that nicotine elevated the pyroptosis-related
proteins expression and LDH activity, but caspase-1 was
not obviously and totally merged with CD68 (a marker of
macrophage) in the in vivo aortic tissue of ApoE '~ mice
(Supplementary Figure 5), indicating that the activation of
caspase-1 exists beyond macrophages. Therefore, we
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suspected whether endothelial cells also undergo inflam-
matory response in nicotine-induced atherosclerosis.
Endothelial cells play a critical role in maintaining the
integrity of vessel wall, and endothelial cell injury is an
initiator of atherosclerosis*® and has been documented in
cigarette smokers®®. Moreover, nicotine has also been
shown to participate in vascular inflammation and
endothelial dysfunction®” *°.,

Based on this information, we are pushed to explore the
role of endothelial cells in nicotine-induced plaque for-
mation. Cell death and inflammation are fundamental
characteristics in the initiation and development of
atherosclerosis. Pyroptosis is an inflammatory form of cell
death and has been implicated in cardiovascular dis-
eases®™ *2, In this study, we found that endothelial cells
displayed characteristic features of pyroptosis in the aorta
of nicotine-treated ApoE '~ mice fed with HED, as evi-
denced by increased levels of caspase-1, IL-1f, IL-18,
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Fig. 7 Pretreatment with ROS scavenger mitigated nicotine-induced NLRP3 inflammasome activation and endothelial cells pyroptosis. a
Nicotine increased intracellular ROS level of HAECs, and this increase was inhibited by N-acetyl-cysteine (NAC, 5 mM). b Nicotine-induced the
upregulation of NLRP3, ASC, Caspase-1, IL-1B3, and IL-18 mRNA levels were decreased by NAC (n = 3-5). c-d NAC pretreatment suppressed the

1, IL-18, and IL-18 protein levels in the presence of nicotine. *P < 0.05, **P < 0.01, ***P < 0.001. e TUNEL (red) and Caspase-1
(green) double-positive cells were decreased when pretreatment with NAC. Scale bar indicates 100 um. Magnification: x200. f Pyroptotic cell death
was determined by LDH release, and the relative LDH activity was decreased when pretreated with NAC (n=5). *P < 0.05, **P < 0.01

NLRP3, ASC, and TUNEL-positive cells. Differing from
caspase-3 dependent apoptosis, pyroptosis requires the
activation of caspase-lg. Once activated, caspase-1 exe-
cutes its function to process the precursor of the
inflammatory cytokines IL-1f and IL-18, to their mature
forms®. We observed that in the presence of nicotine,
endothelial cells had increased levels of active forms of
Caspase-1, IL-1p, and IL-18, and increased numbers of
caspase-1 dependent cell death, indicating that nicotine-
induced endothelial cell pyroptosis might be a cellular
mechanism for the development of atherosclerosis.
Activation of caspase-1 during pyroptosis required a
protein platform called inflammasome®. Among these
inflammasomes, NLRP3 is the most extensively studied.
Upon activation, NLRP3 recruits ASC (apoptotic speck
like protein containing a CARD domain) and promotes

Official journal of the Cell Death Differentiation Association

the activation of caspase-1, thus processing inflammatory
cytokines to their mature forms ultimately leading to
pyroptotic cell death®*, NLRP3 inflammasome has been
reported to play an important role in inflammation-
associated liver fibrosis and atherogenesis®>°. Various
cellular cues, such as cholesterol crystals, calcium phos-
phate crystals, and oxidized low-density lipoprotein can
activate NLRP3 inflammasome in macrophages®”. How-
ever, little is known about NLRP3 in HAECs. We found
here that the expression of both NLRP3 and ASC was
upregulated in nicotine-treated endothelial cells. In con-
trast, when silencing NLRP3 or ASC in endothelial cells
by RNA interference experiment, these cells became
immune to nicotine-induced pyroptotic death, suggesting
that NLRP3 inflammasome is required for nicotine-
induced pyroptosis in HAECs.
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Membrane rupture

Generation of ROS is a common upstream mechanism
implicated in NLRP3 inflammasome activation®” %%, In
agreement with this view, our study showed that nicotine-
promoted ROS production and this oxidative stress may
likely be an upstream mechanism for the activation of
NLRP3 inflammasome activation, which can be neu-
tralized by N-acetyl-cysteine (NAC), a ROS inhibitor. As
the antioxidant agent NAC diminished both inflamma-
some activation and inflammatory cytokine maturation,
and subsequently pyroptotic death induced by nicotine in
HAECs.

Collectively, our results provide the first evidence that
the pro-atherosclerotic property of nicotine is
primarily conferred by its ability to stimulate ROS pro-
duction, activate NLRP3 and caspase-1, and ultimately
result in pyroptosis of endothelial cells. Hence,
pyroptosis is likely a cellular mechanism underlying the
detrimental effect of nicotine on atherosclerosis with the
production of ROS and activation of NLRP3 as the
upstream mediators. Targeting caspase-1 dependent
pyroptosis therefore might be considered a new
approach for alleviating atherosclerotic lesions induced by
nicotine.

Materials and methods
Animals and ethics statements

The ApoE '~ mice were kept at standard house con-
ditions with temperature of 23 +1°C and humidity of
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55-60%. The mice were randomly divided into four
groups (n = 6 for each group): ND group, ND + Ni group,
HED group, and HED + Ni group (ND-normal diet, HFD-
high-fat diet, Ni-nicotine). The composition of HFD
includes 10% lard, 4% milk powder, 2% cholesterol, and
0.5% sodium cholate. The mice (eight-weeks old) were
administrated with the water containing 100 pg/mL
nicotine for 12 weeks. After 12 weeks of treatment, the
mice (20 weeks old) were anesthetized and killed for
measurements of aortic lesion size and biochemical ana-
lysis. Our study protocol was approved by the ethic
committees of Harbin Medical University and the
experimental procedures were in accordance with the
Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health (NIH
Publication No. 85-23, revised 1996).

Lentivirus injection

The lentiviral vectors carrying a short hairpin RNA
(shRNA) for NLRP3 (shNLRP3) and a negative control
shRNA (shControl) were designed and chemically syn-
thesized by Hanyin Biotechnology Limited Company
(Shanghai, China). The sequences of the NLRP3 shRNA
were: sense, 5'-GATCCGATCTAGCCACACTCATGAA
GAGAACTTTCATGAGTGTGGCTAGATCTTTTTTG
-3', and antisense, 5'-AATTCAAAAAAGATCTAGCCA-
CACTCATGAAAGTTCTCTTCATGAGTGTGGCTA-
GATCG-3'. The constructs were diluted to a total volume
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of 300 pL containing 4 x 10" TU (transducing units) and
administered into the mice fed with HFD and nicotine
through tail vein injection.

Histology and immunohistochemistry

The aortic roots were isolated from mice, fixed with 4%
paraformaldehyde, embedded in optimum cutting tem-
perature compound (OCT), and cut into 5 um-thick sec-
tions. Atherosclerotic lesions were detected by
hematoxylin and eosin (HE) staining assay, and the lipid
deposition was evaluated by Oil Red O staining kit
(Nanjing Jiancheng Biology Engineering Institute, Nanj-
ing, Jiangsu, China), as previously described®’. TUNEL
staining and immunostaining of caspase-1 and CD31
(endothelial cell marker) on the aortic roots were per-
formed to detect cell death and activation of caspase-1 in
endothelial cells. The images were examined under a laser
scanning confocal microscope (FV300, Olympus, Japan).

Enzyme-linked immunosorbent assay (ELISA)

Serum samples were collected from ApoE /'~ mice after
treatment with nicotine for 3 months. Serum concentra-
tions of IL-1p and IL-18 in ApoE ™'~ mice were deter-
mined by ELISA kit (Wuhan Boster Biological
Technology, Ltd., Wuhan, Hubei, China) according to the
manufacturer’s instructions.

Cell culture and transfection

Human aortic endothelial cells (HAECs) were obtained
from ScienCell Research Laboratories (Carlsbad, CA,
USA). The cells were grown in Endothelial Cell Medium
(ECM, ScienCell Research Laboratories, Carlsbad, CA,
USA) supplemented with 10% FBS, 1% (v/v) penicillin/
streptomycin, and 1% endothelial cell growth factors at
37 °C with 5% CO, and 95% air. Nicotine and total ROS
scavenger N-acetyl-L-cysteine (NAC) were purchased
from Sigma-Aldrich. siRNA of NLRP3 and ASC and the
negative control were synthesized by GenePharma
(Shanghai, China). The sequences of the NLRP3 siRNA
used in our experiments are sense, 5'-CAACAGGAGA-
GACCUUUAUTT-3, and antisense, 5-AUAAAGGU-
CUCUCCUGUUGTT-3". The sequences of the ASC
siRNA are sense, 5'-UCGCGAGGGUCACAAACGUTT-
3', and antisense, 5~ ACGUUUGUGACCCUCGCGATT-
3'. For the transfection of siNLRP3 and siASC, Opti-MEM
medium (Invitrogen, CA, USA) and Lipofectamine 2000
reagent (Invitrogen CA, USA) were used. After 24 h of
transfection, the medium was replaced by fresh medium
containing nicotine. For experiments involving pharma-
cological inhibitors, endothelial cells were pretreated with
NAC (5 mM) for 2 h and subsequently treated by nicotine
(1 pM) for 24 h in the presence of this inhibitor.
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Detection of reactive oxygen species (ROS)

Reactive oxygen species assay kit (Beyotime, China) was
used to detect the accumulation of ROS in endothelial
cells according to the manufacturer’s instructions. Briefly,
endothelial cells cultured on the coverslips in 24-well
plates were loaded with DCFH-DA (10 pM) in serum-free
medium in dark at 37 °C for 20 min, following by washes
with PBS three times. Fluorescence was examined by
confocal microscopy (FV300, Olympus, Japan).

RNA isolation and RT-PCR

The detailed protocol for the isolation of intimal RNA
from aorta was the same as described previously™. TRI-
ZOL reagent (Invitrogen, CA, USA) was applied to extract
total RNA from intima and HAECs. High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster
City, CA, USA) was used for the reverse transcription of
extracted RNA into cDNA. The first-strand cDNA was
amplified using SYBR Green I incorporation method to
quantify the relative expression of mRNA on ABI 7500
fast Real-Time PCR system (Applied Biosystems, USA).
After amplification, the threshold cycle (Ct) was deter-
mined and relative mRNA levels were calculated based on
the 27°°“* method. GAPDH was used as an internal
control for data normalization. The sequences of the
primers used are provided in Supplementary Table 1.

Western blot analysis

Total protein was extracted from endothelial cells using
the same procedures as described in detail elsewhere®'.
The protein concentrations were determined by BCA
Protein Assay kit (Bio-Rad, Mississauga, ON, Canada).
Equal amounts of protein lysates were separated by SDS-
PAGE and transferred onto nitrocellulose membranes
followed by block with 5% skimmed milk at room tem-
perature for 2h. Subsequently, the membranes were
incubated with the primary antibodies against NLRP3
(Proteintech, Chicago, USA, 1:1000, Cat. No.: 19771-1-
AP), ASC (Santa Cruz, USA, 1:500, Cat. No.: sc-22514-R),
Caspase-1 (Proteintech, Chicago, USA, 1:1000, Cat. No.:
22915-1-AP), IL-1p (ABclonal, Boston, USA, 1:1000, Cat.
No.: A1112), IL-18 (ABclonal, Boston, USA, 1:1000, Cat.
No.: A1115), or GAPDH (Proteintech, Chicago, USA,
1:2000, Cat. No: 60004-1-lg) at 4°C overnight. After
washing with PBST three times, the membranes were
incubated with the fluorescence-conjugated anti-rabbit
IgG secondary antibody (1:10,000) for 1 h. Western blot
bands were examined and analyzed by Odyssey Imaging
System (LI-COR, Inc., Lincoln, NE, USA).

Immunofluorescence

Immunofluorescence staining was performed to detect
the expression of caspase-1 in endothelial cells. Briefly,
the cells were fixed with 4% paraformaldehyde for 30 min,
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penetrated by 0.6% Triton X-100 for 1 h, and then blocked
with goat serum. Subsequently, the cells were incubated
with anti-caspase-1 antibody at 4 °C overnight, followed
by incubation with Alexa Fluor-conjugated secondary
antibody (Invitrogen, Carlsbad, CA, USA) in the dark for
1h. The nuclei were stained by 4',6-diamidino-2-pheny-
lindole (DAPIL; Beyotime, China) for 20 min. The cells
were imaged under a laser scanning confocal microscope
(FV300, Olympus, Japan).

Analysis of DNA fragmentation

TUNEL staining was carried out to detect DNA frag-
mentation of endothelial cells as previously described’.
Briefly, endothelial cells were cultured on coverslips in a
24-well plate. After designated treatments, they were fixed
with 4% paraformaldehyde and permeabilized with 0.1%
Triton X-100. Subsequently, the cells were incubated
with TUNEL reaction mixture at 37 °C in the dark for 1 h,
and stained by DAPIL The cells were examined under a
confocal laser scanning microscope (FV300, Olympus,
Japan).

Cell death assay

Pyroptotic cell death was evaluated with LDH release
assay and Hoechst 33342/PI staining. For LDH release,
cell culture supernatants were collected and the LDH
activity was detected using the LDH assay kit (Nanjing
Jiancheng Biology Engineering Institute, Nanjing, Jiangsu,
China). Briefly, 25 pL cell supernatant and 25 pL substrate
were mixed together and incubated at 37 °C for 15 min.
Then 25pL 2,4-dinitrophenylhydrazine was added into
the samples and incubated at 37°C for 15 min. Finally,
250 pL. 0.4 mol/L NaOH solution was added and incu-
bated at room temperature for 5 min. The absorbance was
measured at 450 nm on a spectrophotometric microplate
reader. For Hoechst 33342/PI staining, HAECs (10 cells/
well) were cultured in a 12-well plate and were treated
with test drugs or siRNA for the duration as to be spe-
cified in the appropriate section. The cells were then
incubated with a mixed solution of Hoechst 33342 and PI
for 25min and photographed under a fluorescence
microscope.

Data analysis

The data are expressed as mean + SEM. GraphPad
Prism 5.0 software was used to process the data. For
comparisons between two groups, unpaired t-test was
performed; for comparisons among multiple groups, One-
way analysis of variance (ANOVA) test was performed. P
< 0.05 was considered statistically significant.

Acknowledgements
This work was supported by the Funds for Creative Research Groups
(81421063) and the National Natural Science Foundation of China (81570399,

Official journal of the Cell Death Differentiation Association

Page 11 of 12

81270042, 30901208, and 81773735) and the Program for New Century
Excellent Talents In Heilongjiang Provincial University (1254-NCET-012).

Author contributions

B.Y. and Yong Z. designed the study. XW.,, H.Z, W.Q, Ying Z, JL, ZL, XL, XC,
and H.Y. carried out data acquisition and analysis. XW., H.Z, and W.Q. wrote
the paper. Yong Z, B.Y, and CX. supervised the study. All authors reviewed the
manuscript.

Author details

'Department of Pharmacology (the State-Province Key Laboratories of
Biomedicine-Pharmaceutics of China, Key Laboratory of Cardiovascular
Research, Ministry of Education), College of Pharmacy, Harbin Medical
University, Harbin 150081, China. “Institute of Laboratory Animal Science,
Chinese Academy of Medical Sciences (CAMS) and Comparative Medicine
Centre, Peking Union Medical Collage (PUMC), Beijing, China. 3Department of
Inorganic Chemistry and Physical Chemistry, College of Pharmacy, Harbin
Medical University, Harbin 150081, China. “Institute of Metabolic Disease,
Heilongjiang Academy of Medical Science, Harbin 150086, China. *Department
of Pharmacology and Therapeutics, Melbourne School of Biomedical Sciences,
Faculty of Medicine, Dentistry and Health Sciences, The University of
Melbourne, Melbourne 3010, Australia

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher's note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at https://doi.org/
10.1038/541419-017-0257-3.

Received: 19 June 2017 Revised: 1 December 2017 Accepted: 20 December
2017
Published online: 07 February 2018

References

1. Wilhelmsen, L. Coronary heart disease: epidemiology of smoking and inter-
vention studies of smoking. Am. Heart J. 115, 242-249 (1988).

2. Hecht, S. S. & Hoffmann, D. The relevance of tobacco-specific nitrosamines to
human cancer. Cancer Surv. 8, 273-294 (1989).

3. Ockene, I. S. & Miller, N. H. Cigarette smoking, cardiovascular disease, and
stroke: a statement for healthcare professionals from the American Heart
Association. American Heart Association Task Force on Risk Reduction. Cir-
culation 96, 3243-3247 (1997).

4. Lee, J. & Cooke, J. P. The role of nicotine in the pathogenesis of atherosclerosis.
Atherosclerosis 215, 281-283 (2011).

5. Heeschen, C. et al. Nicotine stimulates angiogenesis and promotes tumor
growth and atherosclerosis. Nat. Med. 7, 833-839 (2001).

6. Welsh, P, Grassia, G, Botha, S, Sattar, N. & Maffia, P. Targeting inflammation to
reduce cardiovascular disease risk: a realistic clinical prospect? Br. J. Pharmacol.
174, 3898-3913 (2017).

7. Lusis, A. J. Atherosclerosis. Nature 407, 233-241 (2000).

8. Miao, E. A. et al. Caspase-1-induced pyroptosis is an innate immune effector
mechanism against intracellular bacteria. Nat. Immunol. 11, 1136-1142 (2010).

9. Miao, E. A, Rajan, J. V. & Aderem, A. Caspase-1-induced pyroptotic cell death.
Immunol. Rev. 243, 206-214 (2011).

10. Lin, J. et al. Oxidized low density lipoprotein induced caspase-1 mediated
pyroptotic cell death in macrophages: implication in lesion instability? PLoS.
One. 8, €62148 (2013).

11. Roumenina, L. T, Rayes, J, Frimat, M. & Fremeaux-Bacchi, V. Endothelial cells:
source, barrier, and target of defensive mediators. Immunol. Rev. 274, 307-329
(2016).


https://doi.org/10.1038/s41419-017-0257-3
https://doi.org/10.1038/s41419-017-0257-3

Wu et al. Cell Death and Disease (2018)9:171

20.
21

22.

23.

24,

25.

26.

27.

Nawa, T. et al. Expression of transcriptional repressor ATF3/LRF1 in human
atherosclerosis: colocalization and possible involvement in cell death of vas-
cular endothelial cells. Atherosclerosis 161, 281-291 (2002).

Mollace, V. et al. Oxidized LDL attenuates protective autophagy and induces
apoptotic cell death of endothelial cells: role of oxidative stress and LOX-1
receptor expression. Int. J. Cardiol. 184, 152-158 (2015).

Yin, Y. et al. Early hyperlipidemia promotes endothelial activation via a
caspase-1-sirtuin 1 pathway. Arterioscler. Thromb. Vasc. Biol. 35, 804-816 (2015).
Gage, J, Hasu, M, Thabet, M. & Whitman, S. C. Caspase-1 deficiency decreases
atherosclerosis in apolipoprotein E-null mice. Can. J. Cardiol. 28, 222-229
(2012).

Lau, P. P. et al. Nicotine induces proinflammatory responses in macrophages
and the aorta leading to acceleration of atherosclerosis in low-density lipo-
protein receptor(—/—) mice. Arterioscler. Thromb. Vasc. Biol. 26, 143-149 (2006).
Kilaru, S. et al. Nicotine: a review of its role in atherosclerosis. J. Am. Coll. Surg.
193, 538-546 (2001).

Wang, C. et al. Nicotine accelerates atherosclerosis in apolipoprotein e-
deficient mice by activating alpha7 nicotinic acetylcholine receptor on mast
cells. Arterioscler. Thromb. Vasc. Biol. 37, 53-65 (2017).

Takahashi, M. NLRP3 inflammasome as a novel player in myocardial infarction.
Int. Heart J. 55, 101-105 (2014).

Schroder, K & Tschopp, J. The inflammasomes. Cell 140, 821-832 (2010).
Ambrose, J. A. & Barua, R. S. The pathophysiology of cigarette smoking and
cardiovascular disease: an update. J. Am. Coll. Cardiol. 43, 1731-1737 (2004).
Al Rifai, M. et al. The relationship between smoking intensity and subclinical
cardiovascular injury: the Multi-Ethnic Study of Atherosclerosis (MESA). Ather-
osclerosis 258, 119-130 (2017).

Ezzati, M, Henley, S. J, Thun, M. J. & Lopez, A. D. Role of smoking in global and
regional cardiovascular mortality. Circulation 112, 489-497 (2005).

Santanam, N. et al. Nicotinic acetylcholine receptor signaling in atherogenesis.
Atherosclerosis 225, 264-273 (2012).

Reglero-Real, N, Colom, B, Bodkin, J. V. & Nourshargh, S. Endothelial cell
junctional adhesion molecules: role and regulation of expression in inflam-
mation. Arterioscler. Thromb. Vasc. Biol. 36, 2048-2057 (2016).

Majesky, M. W. Vascular smooth muscle cells. Arterioscler. Thromb. Vasc. Biol. 36,
eB82-e86 (2016).

Manes, T. D. & Pober, J. S. Significant differences in antigen-induced trans-
endothelial migration of human CD8 and CD4 T effector memory cells.
Arterioscler. Thromb. Vasc. Biol. 36, 1910-1918 (2016).

Official journal of the Cell Death Differentiation Association

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 12 of 12

Davies, P. F. Hemodynamic shear stress and the endothelium in cardiovascular
pathophysiology. Nat. Clin. Pract. Cardiovasc. Med. 6, 16-26 (2009).

Wang, C. N. et al. Role of perivascular adipose tissue in nicotine-induced
endothelial cell inflammatory responses. Mol. Med. Rep. 14, 5713-5718
(2016).

Wang, VY, Zhang, F, Yang, W. & Xue, S. Nicotine induces pro-inflammatory
response in aortic vascular smooth muscle cells through a NFkappaB/osteo-
pontin amplification loop-dependent pathway. Inflammation 35, 342-349
(2012).

Chang, W, Lin, J, Dong, J. & Li, D. Pyroptosis: an inflammatory cell death
implicates in atherosclerosis. Med. Hypotheses 81, 484-486 (2013).

Li, X. et al. MicroRNA-30d regulates cardiomyocyte pyroptosis by directly
targeting foxo3a in diabetic cardiomyopathy. Cell Death Dis. 5, €1479 (2014).
Franchi, L, Eigenbrod, T, Munoz-Planillo, R. & Nunez, G. The inflammasome: a
caspase-1-activation platform that regulates immune responses and disease
pathogenesis. Nat. Immunol. 10, 241-247 (2009).

Sagulenko, V. et al. AIM2 and NLRP3 inflammasomes activate both apoptotic
and pyroptotic death pathways via ASC. Cell Death Differ. 20, 1149-1160
(2013).

Wree, A. et al. NLRP3 inflammasome activation results in hepatocyte pyr-
optosis, liver inflammation, and fibrosis in mice. Hepatology 59, 898-910
(2014).

Duewell, P. et al. NLRP3 inflammasomes are required for atherogenesis and
activated by cholesterol crystals. Nature 464, 1357-1361 (2010).

Karasawa, T. & Takahashi, M. Role of NLRP3 inflammasomes in atherosclerosis.
J. Atheroscler. Thromb. 24, 443-451 (2017).

Latz, E. The inflammasomes: mechanisms of activation and function. Curr.
Opin. Immunol. 22, 28-33 (2010).

Zhang, Y. et al. MicroRNA-26a prevents endothelial cell apoptosis by directly
targeting TRPC6 in the setting of atherosclerosis. Sci. Rep. 5, 9401 (2015).
Sun, X. et al. MicroRNA-181b regulates NF-kappaB-mediated vascular inflam-
mation. J. Clin. Invest. 122, 1973-1990 (2012).

Zhang, Y. et al. The anti-hyperglycemic efficacy of a lipid-lowering drug
Daming capsule and the underlying signaling mechanisms in a rat model of
diabetes mellitus. Sci. Rep. 6, 34284 (2016).



	Nicotine promotes atherosclerosis via ROS-NLRP3-mediated endothelial cell pyroptosis
	Introduction
	Results
	Nicotine exposure promoted atherosclerotic lesions in ApoE−/− mice
	Endothelial cells displayed characteristic features of pyroptosis in the aorta of nicotine-induced ApoE−/− mice
	Nicotine treatment triggers pyroptosis in HAECs
	NLRP3-ASC inflammasome is involved in nicotine-induced EC pyroptosis
	Nicotine-induced endothelial cells pyroptosis requires ROS

	Discussion
	Materials and methods
	Animals and ethics statements
	Lentivirus injection
	Histology and immunohistochemistry
	Enzyme-linked immunosorbent assay (ELISA)
	Cell culture and transfection
	Detection of reactive oxygen species (ROS)
	RNA isolation and RT–nobreakPCR
	Western blot analysis
	Immunofluorescence
	Analysis of DNA fragmentation
	Cell death assay
	Data analysis

	ACKNOWLEDGMENTS




