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ABSTRACT

Evidence suggests that nicotine intake promotes atherosclerosis. We enrolled 100 patients with coronary heart
disease (CHD) and found that plaque burden, TXNIP expression, and inflammatory chemokine levels were
higher in smokers than non-smokers. Additionally, patients with higher TXNIP expression in peripheral blood
mononuclear cells (PBMCs) had a higher Gensini Scores and higher plasma IL-1B and IL-18 levels. Treating bone
marrow-derived macrophages (BMDMs) with nicotine in vitro led to enhanced lipid phagocytosis, chemotaxis,
and increased production of reactive oxygen species (ROS), which activated TXNIP/NLRP3 inflammasome
signaling and promoted pyroptosis, as evidenced by caspase-1 cleavage and increased production of IL-1p, IL-
18, and gasdermin D. Nicotine intake by ApoE'/) mice fed a high-fat diet recapitulated those phenotypes. The
effects of nicotine on pyroptotic signaling were reversed by N-acetyl-cysteine, a ROS scavenger. Silencing TXNIP
in vivo reversed the effects of nicotine on macrophage invasion and vascular injury. Nicotine also induced
pyroptotic macrophages that contributed to the apoptotic death of endothelial cells. These findings suggest
that nicotine accelerates atherosclerosis in part by promoting macrophage pyroptosis and endothelial damage.
Therefore, targeting the TXNIP/NLRP3-mediated pyroptotic pathway in macrophages may ameliorate nicotine-
induced endothelial damage.

INTRODUCTION macrophages attempt to clear cholesterol deposits from

the intima [7, 8]. However, during the process of

Smoking is a major risk factor for atherosclerosis and
cardiovascular disease [1-4], with even low-tar
cigarettes and smokeless tobacco increasing the risk for
cardiovascular events [5]. Nicotine is a major
component in cigarettes and increasing evidence
suggests that it promotes atherosclerosis development
[6]. ldentifying the mechanisms by which nicotine
aggravates atherosclerosis would provide interventions
that benefit people exposed to tobacco.

Macrophages are integral cells of the innate immune
system and play a crucial role in atherosclerosis
progression. At the early stages of the disease,

atherosclerosis there is a maladaptive, pro-inflammatory
response. The macrophages secrete proinflammatory
cytokines and chemokines that recruit circulating blood
monocytes into the sub-endothelial space, where they
phagocytize lipoprotein-derived cholesterol to become
foam cells [8, 9].

Inflammasomes composed of NOD-like receptor
containing pyrin domain 3 (NLRP3) are highly
associated risk factors for deteriorated atherosclerosis
[10]. Inflammasomes activate caspase-1, which cleaves
the precursors of IL-1p and IL-18. These cytokines are
then released from cells through special channels on
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phospholipid membrane induced by gasdermin D
(GSDMD)—a process of pyroptosis [11]. Previous
research has shown that ox-LDL and extracellular
acidosis exacerbate atherosclerosis by activating the
NLRP3 inflammasome [10, 12]. Given this pivotal role
of NLRP3 inflammasome in atherosclerosis, it is
important to examine whether a connection exists
between smoking/nicotine and inflammasome activation.

Smoking could increase the secretion of IL-1 by
macrophages [13]. For instance, smokers increased the
expression of NLRP3 and IL-1 in peripheral vascular
adipose tissue and plasma compared with non-smokers,
suggesting that smoking may activate a NLRP3-related
pyroptosis pathway [14]. Additionally, nicotine can
promote inflammasome activation in endothelial cells
[15]. These studies suggest that inflammasome
activation plays a key role in nicotine-induced athero-
sclerosis. However, how nicotine activates inflamma-
somes in macrophages remains unclear.

Reactive oxygen species (ROS), which is produced
by many stimuli, plays a central role in triggering
NLRP3 inflammasome formation and activation [16].
Thioredoxin-interacting protein (TXNIP) which belongs
to the arrestin superfamily, inhibits the antioxidant activity
of the endogenous antioxidant thioredoxin (TRX) by
binding. When ROS are produced, they oxidize TRX,
resulting in the dissociation of TXNIP. Free TXNIP then
binds to NLRP3 to promote inflammasome formation
and pyroptosis [17]. Previous studies indicate that smok-
ing increases ROS production [18]. However, evidence
of ROS production triggered by nicotine is limited and
the role of TXNIP in atherosclerosis is undefined.

We hypothesized that nicotine may trigger inflammasome
activation through ROS production, particularly
mitochondrial reactive oxygen species (mMRQOS), which is
the initiating link of pyroptosis. After ROS activation,
TXNIP can dissociate from TRX and bind to NLRP3,
further activating NLRP3 inflammasomes. Activated
pyroptosis pathways eventually cause GSDMD to have
biological effects that aggravate atherosclerosis. In this
study, we treated ApoE(") mice and bone marrow-derived
macrophages (BMDM) with nicotine and investigated the
mechanism of nicotine-triggered BMDM dysfunction.

RESULTS

Changes in TXNIP expression and coronary
atherosclerosis in smoking versus non-smoking
patients

Patients who smoked had a higher Gensini score
(P=0.0028) (Figure 1A) and TXNIP expression at the
transcriptional  level than  non-smoking patients

(P=0.0004) (Figure 1B). Additionally, TXNIP expression
was positively correlated with the Gensini score of these
patients (r=0.5025, Figure 1C). The baseline of patients
enrolled in this study is shown in Table 1 (primer
sequences are shown in Supplementary Table 1).

Nicotine enhances ROS production in BMDMs
independent of TXNIP

ROS production in BMDMs was measured using a ROS
probe (ab113851, Abcam, USA) and flow cytometry in
the APC channel according to the manufacturer’s
instructions (Figure 2A). ROS production increased in
BMDMs following an increase in nicotine concentrations
[nicotine (high) vs. nicotine (low), P<0.0001; nicotine
(low) vs. NC, P=0.001]. However, knocked-down
TXNIP had no effect on ROS generation [nicotine (low)
+ si-TXNIP vs. nicotine (low), P=0.8796].

Nicotine promotes lipid phagocytosis of BMDMs
that is mediated by ROS-TXNIP

BMDMs were incubated with Dil-ox-LDL (100 pg/mL)
for 6 h. The cells were then washed and harvested. The
ox-LDLs phagocytized in BMDMs were measured by
flow cytometry using the PE channel (Figure 2B). Lipid
phagocytosis increased in BMDMs with increasing
nicotine concentrations [nicotine (high) vs. nicotine
(low), P=0.0168; nicotine (low) vs. NC, P<0.0001].

When NAC was used to neutralized ROS and block its
function, the fluorescence intensity of lipid in BMDMs
decreased [nicotine (low) vs. nicotine (low) + NAC,
P<0.0001]. When TXNIP expression was suppressed by
si-TXNIP in BMDMs, lipid phagocytosis of BMDMs
was also inhibited [nicotine (low) + si-TXNIP compared
to the nicotine (low) group + NAC, P=0.9987].

The role of nicotine in macrophage migration

To investigate the effect of nicotine on macrophage
migration, we performed a macrophage chemotaxis assay
on BMDMs (Figure 2C). The transwell assay revealed
that the migration capacity of BMDMs increased with
nicotine concentration [nicotine (high) vs. nicotine (low),
P=0.0006; nicotine (low) vs. NC, P<0.0001]. Likewise,
the migration capacity of BMDMs was suppressed due to
NAC administration to eliminate its ROS production
[nicotine (low) vs. nicotine (low) + NAC, P=0.0002;
nicotine (low) vs. nicotine (low) + si-TXNIP, P=0.0002;].

BMDMs pre-treated with nicotine aggravate
endothelial cell apoptosis

Mice aortic endothelial cells were co-cultured
with BMDMs that were pretreated with different
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concentrations of nicotine for 24 h (the supernatant
containing nicotine was removed). Then, mice aortic
endothelial cells were washed and harvested for
Annexin V/PI (APC and PI channel), TUNEL, and
Caspase-3 activity to detect the apoptotic level (Figure
3A-3C). As the pretreated dose of nicotine increased,
the pro-apoptotic effect of BMDMSs on mice aortic
endothelial cells was elevated [Annexin V/PI: nicotine
(high) vs. nicotine (low), P=0.0002; nicotine (low) vs.
NC, P<0.0001; TUNEL: nicotine (high) vs. nicotine
(low), P=0.0002; nicotine (low) vs. NC, P<0.0001;
Caspase-3 activity: nicotine (high) group vs. nicotine
(low), P=0.0002; nicotine (low) vs. NC, P<0.0001].

Moreover, ROS and TXNIP were inhibited by NAC and
si-TXNIP in BMDMs, respectively, while the pro-
apoptotic effect of BMDMs on mice aortic endothelial
cells induced by nicotine was ameliorated [Annexin
V/PI: nicotine (low) vs. nicotine (low) + NAC,
P=0.0005; nicotine (low) vs. nicotine (low) + si-TXNIP,
P=0.0012; TUNEL.: nicotine (low) vs. nicotine (low) +
NAC, P=0.0004; nicotine (low) vs. nicotine (low) + si-
TXNIP, P=0.001; Caspase-3 activity: nicotine (low) vs.
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nicotine (low) + NAC, P=0.0037; nicotine (low) vs.
nicotine (low) + si-TXNIP, P=0.0148].

These results indicate that nicotine-treated BMDMs
aggravated the apoptosis of mice aortic endothelial cells
in a paracrine manner by releasing cytokines that were
mediated through the ROS-TXNIP pathway.

The mechanism for nicotine’s effect on BMDMs
pyroptosis activation

Based on the finding of nicotine stimulating
ROS production and TXNIP upregulation, we
speculated that activation of the pyroptosis pathway
played a critical role in nicotine-induced monocyte/
macrophage dysfunction (Figure 4A, 4B). To clarify
the downstream ROS and TXNIP, we assayed
pyroptosis-associated protein expression, including
NLRP3, ASC, caspase-1, and gasdermin D(GSDMD).
TXNIP expression significantly increased in BMDMSs
treated with increasing doses of nicotine [nicotine
(high) vs. nicotine (low), P<0.0001; nicotine (low) vs.
NC, P<0.0001].
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Figure 1. Smoking aggravates the Gensini score, TXNIP expression, and cytokine secretion in patients with CHD. (A) The
Gensini score was evaluated in every patient based on the results of coronary angiography. (B) TXNIP mRNA expression was measured in the
monocytes of CHD patients. (C) Correlation analysis of Gensini score and TXNIP expression. (D) IL-1B and IL-18 from plasma in patients with
CHD were analyzed. The smoking groups were compared to the non-smoking groups (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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Table 1. Baseline characteristics and Gensini score of the study population.

All subjects

Smokers Nonsmokers

Characteristics? (n=100) (n=41) (n=59) P value
Age (years) 63.5+8.7 63.7+9.6 63.4+£8.2 0.866

Male n (%) 37 (90%) 35(59%) 0.001

BMI (kg/m?) 25.0£3.2 25.3+3.5 24.8+2.9 0.503

Waist (cm) 85.9+6.0 86.1+6.1 85.945.9 0.913

Brinkman index 461+702 916+710 0 0.000

Cigarettes smoked per day 9.5+134 23.2+11.0 0 0.000

SBP (mm Hg) 127+15 128+14 125+15 0.343

DBP (mmHg) 82+11 83+10 81+11 0.558

Heart rate (bpm) 737 7318 7316 0.861

Risk factors n (%)

Hypertension 66(6%) 28(68%) 38(64%) 0.687

Diabetes mellitus 35(35%) 19(46%) 16(27%) 0.047

Hypercholesterolemia 35(35%) 15(37%) 20(34%) 0.213

Impaired renal function 11(11%) 5(12%) 6(10%) 0.075

Left ventricular ejection fraction (%) 63.7+2.7 63.7+2.5 63.7£2.8 0.875

Total cholesterol (mmol/L) 4.17+0.79 4.20+0.70 4.15+0.86 0.743

Triglycerides (mmol/L) 1.78+0.89 1.92+0.85 1.69+0.93 0.222

HDL-cholesterol (mmol/L) 1.03+0.20 1.05+0.27 1.00+0.14 0.279

LDL-cholesterol (mmol/L) 2.78+0.81 3.00£0.83 2.62+0.77 0.017

Gensini Score 23.47+£5.47 27.3+£7.07 19.6+5.80 0.0028
TXNIP 1.14+0.20 1.28+0.24 1+0.134 0.0004

Abbreviations: BMI, body mass index; SBP, systole blood pressure; DBP, diastolic blood pressure; HDL, high-density
lipoprotein; LDL, low-density lipoprotein; Brinkman index (Bl) = (Number of cigarettes smoked per day) x (Number of years

smoked).

@Values are mean (standard deviation) for continuous variables and percentages for categorical variables unless otherwise

specified.

As for NLRP3 and caspase-1, which is a core
component of inflammasomes, expression significantly
increased [NLRP3: nicotine (high) vs. nicotine (low),
P=0.0001; nicotine (low) vs. NC, P<0.0001; caspase-1:
nicotine (high) vs. nicotine (low), P=0.0386; nicotine
(low) vs. NC group, P<0.0001].

Moreover, GSDMD, an executive molecule of
pyroptosis that is cleaved by caspase-1, was upregulated
due to NLRP3 inflammasome formation triggered by
nicotine [nicotine (high) vs. nicotine (low), P=0.0079;
nicotine (low) vs. NC, P<0.0001].

However, when ROS of BMDMSs was neutralized by
NAC, NLRP3 inflammasome formation and pyroptosis
activation were inhibited [TXNIP: nicotine (low) vs.
nicotine (low) + NAC group, P<0.0001; NLRP3:
nicotine (low) vs. nicotine (low) + NAC, P<0.0001;
caspase-1: nicotine (low) vs. nicotine (low) + NAC,
P=0.0001; GSDMD: nicotine (low) vs. nicotine (low) +
NAC, P<0.0001].

Taken together, these results indicate that the mechanism
of nicotine-induced monocyte/macrophage dysfunction
was at least partially due to NLRP3 inflammasome
formation and pyroptosis activation.

ELISA for IL-1p and TL-18

Concentrations of IL-1B and IL-18 were detected in
the supernatant of BMDMSs treated with nicotine,
plasma of ApoE") mice administrated with nicotine,
and CHD patients. IL-1p and IL-18 concentrations
in the plasma of smoking CHD patients were
much higher than that of CHD patients who were
never exposed to smoking (IL-1pB: non-smoking vs.
smoking, P=0.0011; IL-18: non-smoking vs. smoking,
P=0.0003; Figure 1D).

IL-1p and IL-18 in the supernatant of BMDMs treated
with nicotine were much higher than that of the NC
group (Figure 4C). These effects could be reversed by
ROS scavenger N-acetyl-cysteine (NAC), as the
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expression of IL-18 and IL-18 were down-regulated
[IL-1B: HFD + nicotine (high) vs. HFD + nicotine
(low), P=0.0055; HFD + nicotine (low) vs. HFD +
nicotine (low) + NAC, P=0.0046; IL-18: HFD +
nicotine (high) group vs. HFD + nicotine (low),
P<0.0001; HFD + nicotine (low) vs. HFD + nicotine
(low) + NAC, P<0.0001].

Concentrations of IL-1p and IL-18 in the plasma of
ApoE“") mice administrated with nicotine were much
higher than that of the NC group (Figure 5G). In
addition, silencing TXNIP by AAV harboring si-TXNIP
in ApoE(") mice could reduce IL-1B and IL-18 in the
plasma of ApoE") mice [IL-1B: HFD + nicotine (high)
vs. HFD + nicotine (low), P<0.0001; HFD + nicotine
(low) vs. HFD + nicotine (low) + si-TXNIP, P=0.0068;
IL-18: HFD + nicotine (high) vs. HFD + nicotine (low),
P=0.0089; HFD + nicotine (low) vs. HFD + nicotine
(low) + si-TXNIP, P<0.0001].

Nicotine exacerbates atherosclerotic lesions in
ApoE®") mice, which is mediated by TXNIP

ApoE") mice were divided into four groups: HFD,
HFD + nicotine (high), HFD + nicotine (low), and
HFD+nicotine (low) + si-TXNIP (AAV harboring si-

TXNIP). All ApoE") mice were administrated with the
experimental processing mentioned above for 12 weeks.
We performed Oil Red O staining in the aortic root
cross-sections and longitudinal-sectioning of the aortas.
The HFD-induced atherosclerosis model was
established based on ApoE®") mice fed the HFD diet for
12 weeks having a larger atherosclerotic plaque area
than that of ApoE(?) mice fed a normal diet
(Supplementary Figure 1A, 1B, P=0.004). The results
demonstrated that 12 weeks of nicotine-loading
exacerbated atherosclerotic plaque. As the intake of
nicotine increased, the proportion of atherosclerotic
plaque area was also increased in the longitudinal and
cross sections. As shown in Figure 5A, 5B, the plaque
area in the longitudinal aorta section in the HFD +
nicotine (low) group was larger than that of the HFD
group (P<0.0001). Likewise, the HFD + nicotine (high)
group expressed more severe plaque conditions than
that of the HFD + nicotine (low) group (P<0.0001).
After inhibiting TXNIP expression in mice, the HFD +
nicotine (low) + si-TXNIP group showed a trend of
improved atherosclerotic plaque lesions compared to the
HFD + nicotine (low) group (P<0.0001).

A similar pattern of plaque lesions (Figure 5C, 5D) was
seen in the aortic root cross sections. The proportion of
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Figure 2. Nicotine exacerbates BMDM dysfunction by ROS production, lipid phagocytosis, and chemotaxis. (A) ROS production
was measured in BMDMs by the ROS probe Relative (APC channel detected by flow cytometry), which increased with the nicotine
concentrations (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n=4). (B) Lipid phagocytosis was measured in BMDMs by flow cytometry
in the PE channel, which increased with nicotine concentration (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n=4). (C) chemotaxis
towards medium containing CCL2 (50 ng/mL) was significantly increased in BMDMs pretreated with nicotine, as determined by a transwell

assay (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n=5).
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plaque/cross-sectional lumen area in the HFD + nicotine
(low) group was higher than that of the HFD group
(P<0.0001). The HFD + nicotine (high) group suffered
more significant plaque burden than the HFD + nicotine

A

jo @ {a1 a2 ja1
031 208 {o1s 24 028

(low) group (P=0.0015). After silencing TXNIP, the
plaqgue burden of the HFD + nicotine (low) + si-TXNIP
group was improved compared to the HFD + nicotine
(fow) group (P<0.0001).
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Figure 3. Nicotine exacerbates the pro-apoptotic effect of BMDMs on endotheliocytes. (A) Proportion of apoptotic
endotheliocytes co-incubated with BMDMs pretreated with nicotine were analyzed by an AnnexinV-Pl assay (*P < 0.05, **P < 0.01, ***P <
0.001, ****p < 0.0001, n=5). (B) A caspase-3 activity assay was employed to detect the apoptotic degree of endotheliocytes co-incubated
with BMDMs pretreated with nicotine (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n=3). (C) The apoptotic degree of endotheliocytes
induced by BMDM s pretreated with nicotine was analyzed by a TUNEL assay and binding of the CD34 antibody to endotheliocytes (*P < 0.05,

*%p < 0.01, ***P < 0.001, ****P < 0.0001, n=5).
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Nicotine aggravates endothelium injury in ApoE(")
mice with a HFD diet

The integrity of the vascular endothelium in the
brachiocephalic trunk cross-section was estimated
through labeling CD31 (endothelial cells) and a-SMA
positive cells (vascular smooth muscle). The
fluorescence intensity of CD31 in the cross-section was
suppressed as the concentration of nicotine increased
(Figure 5E, 5F). However, once TXNIP expression was
inhibited, the fluorescence intensity of CD31 increased
[HFD + nicotine (high) vs. HFD + nicotine (low),
P=0.0006; HFD + nicotine (low) vs. HFD + nicotine
(low) + si-TXNIP, P<0.0001]. The continuity of CD31
fluorescence, which represents the degree of vascular
endothelial coverage in vessel lumen, was deteriorated
with increasing concentrations of nicotine. Silencing
TXNIP could block this effect of nicotine injury on the
vascular endothelium.

Nicotine enhances macrophage chemotaxis and
TXNIP expression in plague

Figure 6A, 6B demonstrates that nicotine promoted

CD68* expression in the brachiocephalic trunk cross-
section vessel wall, which indicates that CD68* cells
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(mainly macrophages) had stronger chemotaxis to the
lipids deposited in the vessel wall under HFD conditions.
The integrated density of CD68 fluorescence increased
with an increase in nicotine concentration [HFD +
nicotine (high) vs. HFD + nicotine (low), P<0.0001;
HFD + nicotine (low) vs. HFD, P<0.0001]. Silencing
TXNIP inhibited CD68 expression in the brachiocephalic
trunk [HFD + nicotine (low) vs. HFD + nicotine (low) +
si-TXNIP, P<0.0001]. These findings suggest that
nicotine promoted chemotaxis of macrophages partly
through regulating TXNIP expression. In addition,
TXNIP expression in the vessel wall was elevated with
increasing nicotine dose [HFD + nicotine (low) vs. HFD,
P<0.0001; HFD + nicotine (high) vs. HFD + nicotine
(low), P<0.0001]. Similar to the results of Figure 4E, the
integrity and fluorescence intensity of CD31 (endothelial
cells) was suppressed with increased concentrations of
nicotine. This trend was inhibited by silencing TXNIP
expression.

DISCUSSION

Nicotine directly promotes endothelial damage and
dysfunction, thus driving atherosclerotic plaque
formation [15, 19, 20]. Our study adds insight into
the complex pathophysiology of atherosclerosis by
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detect the expression of TXNIP, NLRP3, ASC, caspase-1, and GSDMD. The average ratios were calculated based on gray intensity analysis (*P <
0.05, **P < 0.01, *** P <0.001, **** P <0.0001, n = 4). (C) IL-1B and IL18 in the supernatant of BMDM s treated with or without nicotine were
measured by ELISA (*P < 0.05, **P < 0.01, ***P < 0.001, ****P <0.0001, n=5).

WWWw.aging-us.com

7633

AGING



demonstrating nicotine-induced pyroptotic macrophages
promote endothelial cell apoptosis.

Atherosclerotic cardiovascular diseases are the leading
cause of death worldwide. Various risk factors have
been identified for atherosclerosis. Among which,
cigarette smoking is a major public health concern.
Nicotine is an alkaloid found primarily in tobacco
and is mostly absorbed from smoking [21]. Numerous
studies demonstrated that nicotine intake promotes
atherosclerosis development and progression [6, 15, 22,
23]. Consistent with these studies, our data showed that
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Figure 5. Nicotine exacerbates endothelial injury and atherosclerosis. (A, B) ApoE() mice fed a HFD and different concentrations of
nicotine for 12 weeks, atherosclerotic lesion areas in the longitudinal-section of the aorta were estimated by Oil Red O staining (*P < 0.05,
**p <0.01, ***P < 0.001, ****P < 0.0001, n=6). (C, D) Atherosclerotic lesion areas in the cross-sections of the aortic root were estimated by
Oil Red O staining (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n=6). (E, F) Vascular endothelium integrity of the brachiocephalic
trunk cross-section was estimated through CD31 fluorescence intensity, with the degree of endothelial injury indicated by a lower
fluorescence intensity (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n=5). (G) IL-1B and IL-18 from the plasma of ApoE(/-) mice fed a
HFD and different concentrations of nicotine for 12 weeks were analyzed (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n=5).
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crystals were the initiating factor that triggered NLRP3
inflammasome activation in phagocytes [25]. Since then,
initiating factors that activate NLRP3 inflammasome in
macrophages have been identified, including oxidized
low-density lipoprotein (ox-LDL), triglyceride, and
homocysteine (Hcy) [26-28]. Other studies also showed
that vascular endothelial cells could undergo NLRP3
inflammasome-mediated pyroptosis induced by nicotine,
calcium, palmitic acid, ox-LDL, as well as Hcy [15, 29—
31]. We found that nicotine-treated macrophages had
increased ROS production and activated TXNIP/NLRP3/
caspase-1 signaling. The macrophages also showed
enhanced adherence and invasiveness that promoted
endothelial cell apoptosis, which in turn could accelerate

A

HFD+Nicotine(High) HFD+Nicitine(Low) HFD+Nicotine(Low)+si-TXNIP

DAPI

CD31

CD68

atherosclerotic plaque formation. As far as we know,
this is the first study to show that nicotine indirectly
promotes endothelial damage and dysfunction.

ROS generation activates NLRP3 inflammasome
signaling [32, 33]. TXNIP was identified as a binding
partner of reduced thioredoxin (TRX), which interacts
with TXNIP through its redox-active domain [34, 35].
High concentrations of ROS promoted the dissociation of
TXNIP from TRX, and also prompted dissociated
TXNIP to interact with NLRP3, which activated
downstream NLRP3 inflammasome signaling and the
release of pro-inflammatory cytokines such as IL-1f [35].
Some studies showed that overexpressed TXNIP could
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Figure 6. Nicotine enhances macrophage chemotaxis and TXNIP expression in plaque. (A, B) Triple immunofluorescence for CD68,
TXNIP, and CD31 was used to analyze macrophage chemotaxis, TXNIP expression in vascular wall tissues, and vascular endothelium integrity,
respectively, and their connection in the plaque of brachiocephalic trunk cross-sections (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001,

n=5).
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lead cellular apoptosis as well as participate in
cardiotoxicity and degeneration [36, 37]. Other studies
indicated that TXNIP is involved in TLR4/NF-«B/
NLRP3 inflammasome signaling in cardiomyocytes and
cardiac endothelial cells [38, 39]. Our study showed that
nicotine intake increased ROS production, thereby
inducing oxidative stress and activating TXNIP/NLRP3
inflammasome signaling in macrophages. Neutralization
of ROS by NAC or TXNIP knockdown diminished
inflammasome  activation and pro-inflammatory
cytokines production, ameliorating the pyroptotic and
apoptotic death of macrophages and endothelial cells.

Endothelial cells cover the intima of the blood vessels
and are continuously exposed to danger signals related
to atherosclerosis in the circulation. Endothelial
dysfunction is an initial event responsible for monocyte
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recruitment in atherosclerosis [40]. Elevated nicotine
levels in the blood stream could directly promote
endothelial cell damage, as shown in a previous study
[15]. However, whether damaged endothelial cells are
caused by other dysfunctional cell types or pro-
inflammatory cytokines and chemokines, remains
unexplored. A previous study indicated that super-
natants from nicotine-treated mast cells promoted
macrophage foam cell formation as well as increased
production of a variety of pro-inflammatory cytokines
from activated macrophages. Our study adds further
insight into the complex cell-cell interactions during
atherogenesis by showing nicotine-induced pyroptotic
macrophages contributes to the apoptotic death of
endothelial cells, which could further aggravate
atherosclerosis progression (Signaling pathway diagram
in the study was concluded in Figure 7).
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Figure 7. Signaling pathway diagram. Nicotine elevated mROS production through binding to nAch receptors on the surface of
macrophages. mROS upregulated the expression of TXNIP, which was binded to and inhibited activation of TRX leading to formation of NLRP3
inflammasome. NLRP3 inflammasome was the key to open the process of pyroptosis, which eventually released cytokines, mainly IL-1, IL-
18, caused by GSDMD. Under the influence of nicotine, dysfunction of macrophages mainly manifested in two aspects. One was that nicotine
increased LDL-phagocytosis of macrophages, which accelerated the formation of foam cells. The second one was that nicotine activated
pyroptosis process through evaluating ROS production to release more cytokines which inducing endothelial injury.
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In summary, our study showed for the first time that the
pro-atherosclerotic property of nicotine is its ability to
increase  ROS production, activate TXNIP/NLRP3
inflammasome signaling, and cause pyroptosis in
macrophages. The pyroptotic macrophages exhibited
enhanced adherence and invasiveness and further
contributed to endothelial cells apoptosis. Thus,
targeting the TXNIP/NLRP3-mediated pyroptotic path-
way in macrophages may ameliorate nicotine-induced
endothelial damage.

MATERIALS AND METHODS

Isolation of human primary peripheral blood
monocytes

Peripheral human blood was obtained from patients
undergoing coronary angiography at the Department of
Cardiology, Shanghai Ninth People's Hospital. Patients
were divided into the smoking (mean smoking index
which is also the Brinkman index > 200) and non-
smoking groups according to their detailed medical
history. The Gensini score was evaluated for all patients
based on the coronary angiography results. Mono-
nuclear cells were isolated for TXNIP expression
analysis at the transcriptional level. The clinical study
was approved by the hospital ethics review board of
Shanghai Ninth People’s Hospital, Shanghai Jiao Tong
University School of Medicine.

Animal studies and mouse model of atherosclerosis

All animal procedures after appraisals and feasibility
studies were approved by the Shanghai Ninth People’s
Hospital institutional ethics committee (SH9H-2018-
A45-2). All experimental contents acted in accordance
with the guidelines of the Directive 2010/63/EU of
European Parliament. Six-week-old male specific
pathogen free (SPF), wild type (WT), and
apolipoprotein E knockout (ApoE(")) C57BL/6 mice
were purchased from the Experimental Animal Center
of Shanghai Ninth People’s Hospital. The mice were
fed normally under SPF conditions in the experimental
animal center until they were 8 weeks old.

A total of 80 healthy (WT C57BL/6) male mice and 40
ApoE(") C57BL/6 male mice (8 weeks old, ~24 g) were
kept under SPF experimental animal feeding
surroundings (temperature, 20-24° C; humidity, 50-60).
Peripheral blood mononuclear cells (PBMC) and bone
marrow mesenchymal stem cells were extracted from
WT mice. ApoE¢") mice were fed a high fat diet (HFD;
16.9% fat, 1.3% cholesterol, 21.1% crude protein, and
46.5% carbohydrates) for 12 weeks to construct a
mouse model of atherosclerosis. Simultaneously, mice
(8 weeks old) were administrated with water containing

100 pg/mL (high concentration) and 30 pg/mL (low
concentration) of nicotine for 12 weeks [6]. Once the
model of atherosclerosis was established (20 weeks
old), mice were euthanized by excessive carbon dioxide
inhalation. Aorta from the ascending aorta to the arteria
iliaca communis and hearts were collected for Oil Red
O staining and immunofluorescence. ApoE") mice
were randomly divided into four groups: HFD (HFD
diet, n=8), HFD + Nicotine (high) (HFD diet and water
with 100 pg/mL nicotine, n=8), HFD + Nicotine (low)
(HFD diet and water with 30 pg/mL nicotine, n=8),
HFD + Nicotine (low)+si-TXNIP (HFD diet and water
with 30 pg/mL nicotine + si-TXNIP, n=8, the si-TXNIP
sequence is shown in section 2.12).

Cell culture

Bone marrow-derived macrophages (BMDMs) were
isolated from the bone marrow of 4 to 6-week-old WT
mice as previously described [41]. Briefly, bone
marrow cells taken from tibiae and femurs were
incubated in DMEM/F12 medium containing 10% (v/v)
FBS, 1% penicillin/streptomycin, and 50 ng/mL of M-
CSF. Non-adherent cells were removed, and adherent
cells were incubated for an additional three days. After
reaching confluence, the BMDMs were harvested and
confirmed with F4/80 and CD11b expression by flow
cytometry. For the in vitro study, BMDMs were divided
into five groups: NC group (BMDMs without
any treatment); nicotine (high) group (BMDMs
pretreated with 3 pM nicotine); nicotine (low) group
(BMDMs pretreated with 1 uM nicotine); nicotine
(low) + NAC group (BMDMs pretreated with 1 uM
nicotine and 5 mM NAC); nicotine (low) + si-TXNIP
group (BMDMs pretreated with 1 uM nicotine and 100
nM si-TXNIP).

Macrophage lipid phagocytosis

BMDM cells were treated with Dil-ox-LDL (100
pg/mL) and incubated for 6 h according to the protocols
provided by manufacturers. BMDMs were harvested
and the red fluorescence intensity of Dil-ox-LDL
(excitation 549 nm, emission 565 nm) endocytosed in
the cell was estimated through flow cytometry
(CytoFLEX S, Beckman, USA).

Reactive oxygen species (ROS) measurement

ROS production in BMDMs was measured using a
ROS Detection Assay Kit (ab113851, Abcam, USA)
and flow cytometry according to the manufacturer’s
instructions. The data were analyzed with Flowjo 10
software. BMDM cells were seeded at 1x10° cells/well
into sterile 12-well plates incubated with different
concentrations of nicotine with or without NAC and
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kept for 24 h at 37° C in a 5% CO; incubator. BMDMs
were detached and collected in tubes. After BMDMs
were stained with DCFDA (excitation 485 nm,
emission 535 nm) for 30 min (without washing), ROS
in the cells were analyzed by a flow cytometer
(CytoFLEX S, Beckman, USA).

Quantification of atherosclerosis

At the time of sacrifice, the mice were weighed
and their plasma collected for further analysis.
Atherosclerotic area was quantified by staining the
aortic plague with Oil Red O as previously described
[42]. Atherosclerotic lesion sizes were assessed using
commercial software (Image Pro Plus 6.0, Cybernetics,
USA) and expressed as the percentage of plaque area
relative to the total intimal area. The aortic root was
also sectioned for Oil Red O staining. Plaque lesion size
was assessed in the same manner and expressed as the
percentage of plaque area relative to the cross-sectional
luminal area.

Immunostaining examination

The harvested aortic roots were embedded and sliced.
Quantitative immunostaining was performed for
macrophages, vascular endothelial cells, and smooth
muscle cells in frozen slides of the aorta using an anti-
CD68 antibody (ab53444, Abcam, USA), anti-a-SMA
antibody (ab7817, Abcam, USA), anti-TXNIP antibody
(ab210826, Abcam, USA), and anti-CD31 antibody
(ab124432, Abcam, USA). Macrophage, smooth
muscle cell, vascular endothelial cell, and TXNIP
staining was expressed as the fluorescence intensity of
the CD68-, a-SMA-, CD31-, and TXNIP-positive areas
respectively.

Enzyme-linked immunosorbent assay (ELISA)

BMDMs were pretreated with different concentrations
of nicotine (1uM, 3 pM) with or without NAC (5 mM)
for 24 h and the cell supernatants were collected for
further analysis. IL-1p and IL-18 levels were assayed in
the cell supernatants and plasma of CHD patients using
commercially available ELISA kits (R&D Systems,
USA) according to the manufacturer’s instructions.

Macrophage migration assay

The chemotaxis of BMDMs was assessed in vitro using
a transwell chamber migration assay. BMDMs (1x10°
cells) were plated onto a transwell upper chamber (8-
pm pore size, Millipore) and allowed to migrate across
the porous filter for 4 h at 37° C towards CCL2 (50
ng/mL, PeproTech, Inc.). Migrated BMDMs on the
bottom of the filter were stained with crystal violet and

counted using a fluorescence microscope. The number
of cells was determined in five random fields
(magnification x 200) for each experiment.

Endothelial cells apoptosis assay

Mice aortic endothelial cells was isolated from 8 week-
old wild type C57BL/6 mice as previously described
[43]. Briefly, mice aorta was cut into 1 mm rings. Each
segment was seeded onto a growth factor-reduced
matrix with the endothelium facing down on the plate.
Every piece of endothelium was cultured in endothelial
cell growth medium for 3-4 days. The endothelial cells
started extending on day 2. These segments of aorta
were then removed, and the cells cultured until they
reached confluence. Endothelial cells were used for
experiments after two passages. Endothelial cells were
co-cultured with BMDM in a 0.4 pm 12 well-transwell
system. BMDMs were pretreated with different
concentrations of nicotine (1 uM, 3 uM) with or without
NAC (5 mM) for 24 h, then they were harvested and
seeded onto the upper compartment of the transwell
system. Endothelial cells were seeded onto the lower
compartment of the transwell system and co-cultured
with BMDM for 24 h. After the endothelial cells were
harvested, their apoptosis levels were evaluated by
Annexin V-PI (AD10, Dojindo, Japan), TUNEL
(11684795910, Roche, USA, and caspase-3 activity
(ab252897, Abcam, USA). Experimental procedures
followed the manufacturer's instructions.

RNA isolation and analysis

Total RNA from human peripheral blood monocytes
was extracted with RNAiso Plus extraction reagent
following the manufacturer's instructions (No. 9108,
Takara, Dalian, China). Total RNA was quantified on a
NanoDrop ND-2000 (Thermo Fisher Scientific, USA).
For mRNA expression analysis, cDNA was synthesized
with reverse transcriptase (TaKaRa Biotechnology,
Otsu, Japan) and real-time PCR was performed with TB
Green® Premix Ex Taq™ II (RR820L, Takara, Dalian,
China) through an ABI-7500 Real-Time PCR Detection
System (Applied Biosystems, USA). GAPDH was used
as an internal control. The primer sequences used for
gPCR are listed in the Supplementary Material. The
relative gene expression level was calculated with the
comparative

2 “AACT method and normalized to GAPDH expression.

In vivo and in vitro RNA interference

AAV9 expressing green fluorescent protein (GFP)
alone, or harboring siRNA targeting TXNIP (si-TXNIP)
or a negative control (si-NC), were synthesized and
produced by JiKai (Shanghai, China) according to the
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manufacturer’s instructions. The mice TXNIP RNA
interference sequence was 5’-GGACGTGATTCCTGA
AGAT-3". A scramble form was used as a control. 5’- A
TCTTCAGGAATCACGTCCAT-3’. The same sequence
was employed in the in vitro study. One hundred
microliters of each AAV9 solution (2x10'! vector
genomes) in phosphate-buffered saline (PBS) was
loaded into a 1 mL syringe attached to a 29G needle.
The AAV9 solution was injected into the tail vein as
previously described [21].

Western blotting

Ten micrograms of protein were extracted from
BMDMs and separated by 12% SDS-PAGE at 80 V for
1.5 h before transferring to a PVDF membrane
(IPVHO00010, Millipore, USA) at 300 mA for 1 h. After
blocking, the membranes were incubated with primary
antibodies at |4° C overnight followed by secondary
antibodies at room temperature for 1 h. The primary
antibodies used in the study included rabbit anti-TXNIP
(1:1000, ab188865, Abcam, USA), rabbit anti-ASC
(1:1000, 67824, CST, USA), rabbit anti-Cleaved
Caspase-1 (1:1000, 89332, CST, USA), and rabbit anti-
Caspase-1 (1:1000, 24232, CST, USA). Immunoreactive
proteins were visualized using the ECL substrate kit
(ab65623, Abcam, USA). ACTB was used as an internal
control.

Statistical analysis

Data analysis was performed using SPSS 19.0 software.
The Shapiro-Wilk test assessed whether data conformed
to a normal distribution. Statistical analysis was
performed using the Pearson Chi square test (n > 5) or
Fisher exact test (n < 5) with subsequent multiple
comparisons using Chi square with Bonferroni
correction for categorical variables. One-way ANOVA
with subsequent post-hoc multiple comparisons using
the Student-Newman-Keuls test for continuous
variables was also used for analysis. The Kruskal—
Wallis test was applied to nonparametric testing of
multiple independent samples with a Dunn-Bonferroni
test for post-hoc comparisons.

Ethics approval and consent to participate

The clinical study was approved by the hospital ethics
review board of Shanghai Ninth People’s Hospital,
Shanghai Jiao Tong University School of Medicine. All
animal experiment procedures after appraisals and
feasibility studies were approved by the Shanghai Ninth
People’s Hospital institutional ethics committee (SH9H-
2018-A45-2). All experimental contents were in
accordance with the guidelines of the Directive
2010/63/EU of European Parliament.

Availability of data and material

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.

AUTHOR CONTRIBUTIONS

Chengyu Mao, Dongjiu Li, and En Zhou contributed
equally to this work. Chao Xue, Changgian Wang, and
Chengyu Mao conceived and designed the study.
Chengyu Mao, Dongjiu Li, and En Zhou performed the
experiments. Chengyu Mao and Junfeng Zhang wrote
the paper. Dongjiu Li, En Zhou, and Chao Xue
reviewed and edited the manuscript. All authors read
and approved the manuscript.

CONFLICTS OF INTEREST

The authors declare that they have no known competing
financial interests or personal relationships that could
have influenced the work reported in this paper.

FUNDING

This work was supported by grants from the Shanghai
Committee of Science and Technology, China [grant
number 18411950500], National Natural Science
Foundation of China [grant number 81470546], Major
disease joint project of Shanghai Health System [grant
number 2014ZYJB0501], National Natural Science
Foundation of China [grant number 81870264],
Fundamental Research Program Funding of Ninth
People's Hospital affiliated to Shanghai Jiao Tong
University School of Medicine [grant number JYZZ010].

REFERENCES

1. Howard G, Wagenknecht LE, Burke GL, Diez-Roux A,
Evans GW, McGovern P, Nieto FJ, Tell GS. Cigarette
smoking and progression of atherosclerosis: the
atherosclerosis risk in  communities (ARIC) study.
JAMA. 1998; 279:119-24.
https://doi.org/10.1001/jama.279.2.119 PMID:9440661

2. Ambrose JA, Barua RS. The pathophysiology of
cigarette smoking and cardiovascular disease: an
update. J Am Coll Cardiol. 2004; 43:1731-37.
https://doi.org/10.1016/j.jacc.2003.12.047
PMID:15145091

3. Kondo T, Nakano Y, Adachi S, Murohara T. Effects of
tobacco smoking on cardiovascular disease. Circ J.
2019; 83:1980-85.
https://doi.org/10.1253/circj.CJ-19-0323
PMID:31462607

WWWw.aging-us.com 7639

AGING



10.

11.

12.

13.

Katsiki N, Papadopoulou SK, Fachantidou Al,
Mikhailidis DP. Smoking and vascular risk: are all forms
of smoking harmful to all types of vascular disease?
Public Health. 2013; 127:435-41.
https://doi.org/10.1016/j.puhe.2012.12.021
PMID:23453194

Bolinder G, Alfredsson L, Englund A, de Faire U.
Smokeless tobacco use and increased cardiovascular
mortality among Swedish construction workers. Am J
Public Health. 1994; 84:399-404.
https://doi.org/10.2105/ajph.84.3.399 PMID:8129055

Wang C, Chen H, Zhu W, Xu Y, Liu M, Zhu L, Yang F,
Zhang L, Liu X, Zhong Z, Zhao J, Jiang J, Xiang M, et al.
Nicotine accelerates atherosclerosis in apolipoprotein
E-deficient mice by activating a7 nicotinic acetylcholine
receptor on mast cells. Arterioscler Thromb Vasc Biol.
2017; 37:53-65.
https://doi.org/10.1161/ATVBAHA.116.307264
PMID:27834689

Gordon S, Martinez-Pomares L. Physiological roles of
macrophages. Pflugers Arch. 2017; 469:365-74.
https://doi.org/10.1007/s00424-017-1945-7
PMID:28185068

Moore KJ, Sheedy FJ, Fisher EA. Macrophages in
atherosclerosis: a dynamic balance. Nat Rev Immunol.
2013; 13:709-21.

https://doi.org/10.1038/nri3520 PMID:23995626

Hansson GK, Hermansson A. The immune system in
atherosclerosis. Nat Immunol. 2011; 12:204-12.
https://doi.org/10.1038/ni.2001 PMID:21321594

Grebe A, Hoss F, Latz E. NLRP3 inflammasome and the
IL-1 pathway in atherosclerosis. Circ Res. 2018;
122:1722-40.
https://doi.org/10.1161/CIRCRESAHA.118.311362
PMID:29880500

Shi J, Gao W, Shao F. Pyroptosis: gasdermin-mediated
programmed necrotic cell death. Trends Biochem Sci.
2017; 42:245-54.
https://doi.org/10.1016/].tibs.2016.10.004
PMID:27932073

Rajamaki K, Nordstrom T, Nurmi K, Akerman KE,
Kovanen PT, O6rni K, Eklund KK. Extracellular acidosis
is a novel danger signal alerting innate immunity via
the NLRP3 inflammasome. J Biol Chem. 2013;
288:13410-19.
https://doi.org/10.1074/jbc.M112.426254
PMID:23530046

Batra R, Suh MK, Carson JS, Dale MA, Meisinger TM,
Fitzgerald M, Opperman PJ, Luo J, Pipinos II, Xiong W,
Baxter BT. IL-1B (Interleukin-1B) and TNF-a (tumor
necrosis factor-a) impact abdominal aortic aneurysm
formation by differential effects on macrophage

14.

15.

16.

17.

18.

19.

20.

21.

polarization. Arterioscler Thromb Vasc Biol. 2018;
38:457-63.
https://doi.org/10.1161/ATVBAHA.117.310333
PMID:29217508

Pauwels NS, Bracke KR, Dupont LL, Van Pottelberge
GR, Provoost S, Vanden Berghe T, Vandenabeele P,
Lambrecht BN, Joos GF, Brusselle GG. Role of IL-1a and
the Nirp3/caspase-1/IL-1B axis in cigarette smoke-
induced pulmonary inflammation and COPD. Eur
Respir J. 2011; 38:1019-28.
https://doi.org/10.1183/09031936.00158110
PMID:21622588

Wu X, Zhang H, Qi W, Zhang Y, LiJ, Li Z, Lin Y, Bai X, Liu
X, Chen X, Yang H, Xu C, Zhang Y, Yang B. Nicotine
promotes atherosclerosis via ROS-NLRP3-mediated
endothelial cell pyroptosis. Cell Death Dis. 2018; 9:171.
https://doi.org/10.1038/s41419-017-0257-3
PMID:29416034

Tschopp J, Schroder K. NLRP3 inflammasome
activation: the convergence of multiple signalling
pathways on ROS production? Nat Rev Immunol. 2010;
10:210-15.

https://doi.org/10.1038/nri2725

PMID:20168318

Han Y, Xu X, Tang C, Gao P, Chen X, Xiong X, Yang M,
Yang S, Zhu X, Yuan S, Liu F, Xiao L, Kanwar YS, Sun L.
Reactive oxygen species promote tubular injury in
diabetic nephropathy: The role of the mitochondrial ros-
txnip-nlrp3 biological axis. Redox Biol. 2018; 16:32—46.
https://doi.org/10.1016/j.redox.2018.02.013
PMID:29475133

Breitenstein A, Stampfli SF, Reiner MF, Shi Y, Keller S,
Akhmedov A, Schaub Clerigué A, Spescha RD, Beer HJ,
Lischer TF, Tanner FC, Camici GG. The MAP kinase
JNK2 mediates cigarette smoke-induced arterial
thrombosis. Thromb Haemost. 2017; 117:83—89.
https://doi.org/10.1160/TH16-05-0351
PMID:27761579

Teasdale JE, Newby AC, Timpson NJ, Munafo MR,
White SJ. Cigarette smoke but not electronic cigarette
aerosol activates a stress response in human coronary
artery endothelial cells in culture. Drug Alcohol
Depend. 2016; 163:256—-60.
https://doi.org/10.1016/j.drugalcdep.2016.04.020
PMID:27137404

Benowitz NL, Burbank AD. Cardiovascular toxicity of
nicotine: implications for electronic cigarette use.
Trends Cardiovasc Med. 2016; 26:515-23.
https://doi.org/10.1016/j.tcm.2016.03.001
PMID:27079891

Babic M, Schuchardt M, Tolle M, van der Giet M. In
times of tobacco-free nicotine consumption: the

WWWw.aging-us.com

7640

AGING



22.

23.

24,

25.

26.

27.

28.

29.

influence of nicotine on vascular calcification. Eur J Clin
Invest. 2019; 49:e13077.
https://doi.org/10.1111/eci.13077

PMID:30721530

Santanam N, Thornhill BA, Lau JK, Crabtree CM, Cook
CR, Brown KC, Dasgupta P. Nicotinic acetylcholine
receptor signaling in atherogenesis. Atherosclerosis.
2012; 225:264-73.
https://doi.org/10.1016/j.atherosclerosis.2012.07.041
PMID:22929083

Lee J, Cooke JP. The role of nicotine in the
pathogenesis of atherosclerosis. Atherosclerosis. 2011;
215:281-83.
https://doi.org/10.1016/j.atherosclerosis.2011.01.003
PMID:21345436

Zeng C, Wang R, Tan H. Role of pyroptosis in
cardiovascular  diseases and its  therapeutic
implications. Int J Biol Sci. 2019; 15:1345-57.
https://doi.org/10.7150/ijbs.33568 PMID:31337966

Duewell P, Kono H, Rayner KlJ, Sirois CM, Vladimer G,
Bauernfeind FG, Abela GS, Franchi L, Nufiez G, Schnurr
M, Espevik T, Lien E, Fitzgerald KA, et al. NLRP3
inflammasomes are required for atherogenesis and
activated by cholesterol crystals. Nature. 2010;
464:1357-61.

https://doi.org/10.1038/nature08938

PMID:20428172

Lin J, Shou X, Mao X, Dong J, Mohabeer N, Kushwaha
KK, Wang L, Su Y, Fang H, Li D. Oxidized low density
lipoprotein induced caspase-1 mediated pyroptotic cell
death in macrophages: implication in lesion instability?
PLoS One. 2013; 8:62148.
https://doi.org/10.1371/journal.pone.0062148
PMID:23637985

Son SJ, Rhee KJ, Lim J, Kim TU, Kim TJ, Kim YS.
Triglyceride-induced macrophage cell death is triggered
by caspase-1. Biol Pharm Bull. 2013; 36:108-13.
https://doi.org/10.1248/bpb.b12-00571
PMID:23302643

Wang R, Wang Y, Mu N, Lou X, Li W, Chen Y, Fan D, Tan
H. Activation of NLRP3 inflammasomes contributes to
hyperhomocysteinemia-aggravated inflammation and
atherosclerosis in apoE-deficient mice. Lab Invest.
2017; 97:922-34.
https://doi.org/10.1038/labinvest.2017.30
PMID:28394319

Chen H, Lu Y, Cao Z, Ma Q, Pi H, Fang Y, Yu Z, Hu H,
Zhou Z. Cadmium induces NLRP3 inflammasome-
dependent pyroptosis in vascular endothelial cells.
Toxicol Lett. 2016; 246:7-16.
https://doi.org/10.1016/j.toxlet.2016.01.014
PMID:26809137

30.

31

32.

33.

34.

35.

36.

37.

38.

Hu Q, Zhang T, Yi L, Zhou X, Mi M. Dihydromyricetin
inhibits NLRP3 inflammasome-dependent pyroptosis
by activating the Nrf2 signaling pathway in vascular
endothelial cells. Biofactors. 2018; 44:123-36.
https://doi.org/10.1002/biof.1395

PMID:29193391

Yin Y, Li X, Sha X, Xi H, Li YF, Shao Y, Mai J, Virtue A,
Lopez-Pastrana J, Meng S, Tilley DG, Monroy MA,
Choi ET, et al. Early hyperlipidemia promotes
endothelial activation via a caspase-1-sirtuin 1
pathway. Arterioscler Thromb Vasc Biol. 2015;
35:804-16.
https://doi.org/10.1161/ATVBAHA.115.305282
PMID:25705917

Dostert C, Pétrilli V, Van Bruggen R, Steele C, Mossman
BT, Tschopp J. Innate immune activation through Nalp3
inflammasome sensing of asbestos and silica. Science.
2008; 320:674-77.
https://doi.org/10.1126/science.1156995
PMID:18403674

Schroder K, Tschopp J. The inflammasomes. Cell. 2010;
140:821-32.
https://doi.org/10.1016/j.cell.2010.01.040
PMID:20303873

Nishiyama A, Matsui M, Iwata S, Hirota K, Masutani H,
Nakamura H, Takagi Y, Sono H, Gon Y, Yodoi J.
Identification of thioredoxin-binding protein-2/vitamin
D(3) up-regulated protein 1 as a negative regulator of
thioredoxin function and expression. J Biol Chem.
1999; 274:21645-50.
https://doi.org/10.1074/jbc.274.31.21645
PMID:10419473

Zhou R, Tardivel A, Thorens B, Choi I, Tschopp J.
Thioredoxin-interacting protein links oxidative stress
to inflammasome activation. Nat Immunol. 2010;
11:136-40.

https://doi.org/10.1038/ni.1831 PMID:20023662

Zhou J, Chng WI. Roles of thioredoxin binding protein
(TXNIP) in oxidative stress, apoptosis and cancer.
Mitochondrion. 2013; 13:163-69.
https://doi.org/10.1016/j.mit0.2012.06.004
PMID:22750447

Bi QR, Hou JJ, Qi P, Ma CH, Feng RH, Yan BP, Wang JW,
Shi XJ, Zheng YY, Wu WY, Guo DA. TXNIP/TRX/NF-kB
and MAPK/NF-kB pathways involved in the
cardiotoxicity induced by venenum bufonis in rats. Sci
Rep. 2016; 6:22759.
https://doi.org/10.1038/srep22759

PMID:26961717

Dai Y, Wang S, Chang S, Ren D, Shali S, Li C, Yang H,
Huang Z, Ge J. M2 macrophage-derived exosomes
carry microRNA-148a to alleviate myocardial ischemia/

WWWw.aging-us.com

7641

AGING



39.

40.

reperfusion injury via inhibiting TXNIP and the
TLR4/NF-kB/NLRP3 inflammasome signaling pathway. J
Mol Cell Cardiol. 2020; 142:65-79.
https://doi.org/10.1016/j.yjmcc.2020.02.007
PMID:32087217

Chen M, Li W, Zhang Y, Yang J. MicroRNA-20a
protects human aortic endothelial cells from Ox-
LDL-induced inflammation through targeting TLR4
and TXNIP signaling. Biomed Pharmacother. 2018;
103:191-97.
https://doi.org/10.1016/j.biopha.2018.03.129
PMID:29653364

Chowienczyk PJ, Watts GF, Cockcroft JR, Ritter JM.
Impaired endothelium-dependent vasodilation of
forearm resistance vessels in hypercholesterolaemia.
Lancet. 1992; 340:1430-32.
https://doi.org/10.1016/0140-6736(92)92621-|
PMID:1360559

41.

42.

43.

Zhang X, Goncalves R, Mosser DM. The isolation and
characterization of murine macrophages. Curr Protoc
Immunol. 2008; Chapter 14:Unit 14.1.
https://doi.org/10.1002/0471142735.im1401s83
PMID:19016445

Andrés-Manzano MJ, Andrés V, Dorado B. Qil red O
and hematoxylin and eosin staining for quantification
of atherosclerosis burden in mouse aorta and aortic
root. Methods Mol Biol. 2015; 1339:85-99.
https://doi.org/10.1007/978-1-4939-2929-0 5
PMID:26445782

Wang JM, Chen AF, Zhang K. Isolation and primary
culture of mouse aortic endothelial cells. J Vis Exp.
2016; 118:52965.

https://doi.org/10.3791/52965

PMID:28060318

WWWw.aging-us.com

7642

AGING



SUPPLEMENTARY MATERIALS

Supplementary Figure

A

ApoE(-/-)+ND

|

Y
=)
1

Plaque area ratio%

ApoE(-/-)+HFD

ND HFD

Supplementary Figure 1. (A, B) Atherosclerotic lesion areas in aorta of ApoE-/- mice fed with HFD and normal diet. ApoE -/- mice were
administrated with HFD mentioned in manuscript and normal diet (ND,4% fat) for 12 weeks. Oil Red O staining in longitudinal-section of
aorta of ApoE -/- mice was carried out. The result demonstrated that atherosclerotic lesion areas in aorta of ApoE-/- mice fed with HFD was
larger than that of ApoE-/- mice fed with ND(P=0.004).

Supplementary Table

Supplementary Table 1. Primer sequences.

TXNIP(Human):

Forward Primer TGTGTGAAGTTACTCGTGTCAAA
Reverse Primer GCAGGTACTCCGAAGTCTGT
GAPDH(Human):

Forward Primer TGTGGGCATCAATGGATTTGG
Reverse Primer ACACCATGTATTCCGGGTCAAT
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