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INTRODUCTION 
 

Cigarette smoking has long been a major public health 

challenge owing to the high rates of associated morbidity 

and mortality. Smoking was estimated to be the cause of 

roughly one in five deaths among adult Chinese male 

from 2010-2019 [1] and has been strongly associated 

with atherosclerosis and cardiovascular diseases (CVD) 

[2]. Substantial evidence suggests that the effects of 

smoking in atherosclerosis is linked to oxidative stress 

and inflammation, which cause the morphological and 

functional dysfunction of the vascular endothelium [3]. 

However, the exact mechanistic basis remains to be 

established. 

Atherosclerosis is characterized by chronic progressive 

endothelial injury and inflammation-induced vascular 

intimal lesions [4]. Research in this area has shown that 

pyroptosis is a critical player in the pathogenesis of 

atherosclerosis [5]. Pyroptosis is distinct from apoptotic 

cell death, instead representing a form of highly 

inflammatory necrotic cell death wherein the plasma 

membrane ruptures and inflammatory factors such as 

interleukin (IL)-1β and IL-18 are release along with 

other components from the cytoplasm [6]. 

 
Smoking can cause both inflammation and oxidative 

stress, thereby damaging the function of the endothelium 

[7]. However, there has been little discussion about  
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ABSTRACT 
 

Substantial evidence suggests that the effects of smoking in atherosclerosis are associated with inflammation 
mediated by endothelial cells. However, the mechanisms and potential drug therapies for smoking-induced 
atherosclerosis remain to be clarified. Considering that melatonin exerts beneficial effects in cardiovascular 
diseases, we examined its effects on cigarette smoke-induced vascular injury. We found that cigarette smoke 
extract (CSE) treatment induced NLRP3-related pyroptosis in human aortic endothelial cells (HAECs). CSE also 
induced ROS generation and upregulated the Nrf2 pathway in HAECs. Furthermore, pretreatment of HAECs 
with Nrf2-specific siRNA and an Nrf2 activator revealed that Nrf2 can inhibit CSE-induced ROS/NLRP3 
activation. Nrf2 also improved cell viability and the expression of VEGF and eNOS in CSE-treated HAECs. In 
balloon-induced carotid artery injury model rats exposed to cigarette smoke, melatonin treatment reduced 
intimal hyperplasia in the carotid artery. Mechanistic studies revealed that compared with the control group, 
Nrf2 activation was increased in the melatonin group, whereas ROS levels and the NLRP3 inflammasome 
pathway were inhibited. These results reveal that melatonin might effectively protect against smoking-induced 
vascular injury and atherosclerosis through the Nrf2/ROS/NLRP3 signaling pathway. Overall, these observations 
provide compelling evidence for the clinical use of melatonin to reduce smoking-related inflammatory vascular 
injury and atherosclerosis. 
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the relationship between smoking-induced oxidative 

stress and pyroptosis. A recent study has revealed that 

nicotine induces endothelial cell pyroptosis through  

the reactive oxygen species (ROS)/nucleotide-binding 

oligomerization domain-like receptors pyrin domain 

containing 3 (NLRP3) axis [8], indicating that the ROS 

pathway may interact with the pyroptosis-related 

pathway in inflammation activation. 

 

Nuclear Factor Erythroid 2-Related Factor 2 (Nrf2) is 

considered the key transcription factor responsible  

for controlling the activity of key antioxidant factors 

including heme oxygenase-1 (HO-1) [9]. Nrf2 pathway 

activation occurs under stressful conditions and is 

essential for sensing oxidative stress and in protecting 

cells against ROS [10]. Nrf2 has been reported to play 

protective roles in myocardial ischemia and reperfusion 

injury [11], sepsis [12], and neurodegenerative diseases 

[13]. Furthermore, Nrf2 has been shown to attenuate 

inflammation in smoking-induced chronic obstructive 

pulmonary disease/emphysema and asthma [14, 15]. 

However, the mechanisms underlying Nrf2 involvement 

in smoking-induced vascular endothelial injury remain 

largely unknown. 

 

Melatonin, mainly secreted by the pineal gland, has 

been indicated as the main chronobiotic hormone, 

because of the diurnal rhythm of the changes to its 

concentration in the blood [16]. Since first reported, the 

functions of melatonin as a highly effective antioxidant 

have been repeatedly confirmed [17]. Melatonin is also 

considered to have low side effects as no major adverse 

events have been reported in its clinical trials [18]. In 

our previous study, melatonin was found to attenuate 

cigarette smoking-associated inflammation and 

oxidative damage [3, 19]. We thus hypothesized that 

melatonin would also be beneficial in the context of 

smoking-induced pyroptosis. 

 

This study analyzed the impact of melatonin in cigarette 

smoke-induced endothelial damage via inhibition of 

pyroptosis in endothelial cells through the Nrf2 pathway. 

 

RESULTS 
 

In vitro analysis 

 

Treatment with cigarette smoke extract induces 

human aortic endothelial cell pyroptosis 

Our previous studies have demonstrated that cigarette 

smoke extract (CSE) exposure in a rat model system 

aggravated lumenal stenosis and induced inflammatory 

cytokine expression following balloon-induced carotid 

artery damage [19]. To further investigate the effect of 

CSE on human aortic endothelial cells (HAECs), we 

analyzed the classical pyroptosis-related pathway. We 

began by assessing the changes in cell morphology 

following CSE treatment. Morphological changes after 

CSE treatment were determined by transmission electron 

microscopy. As shown in Figure 1A, HAECs showed 

more autophagosomes, cytoplasmic outflow, cell 

membrane breakdown, and organelle edema. We then 

examined the protein expression level of Gasdermin D 

(GSDMD), the key executioner of the pyroptotic 

pathway, and the N-terminal GSDMD cleavage product 

(GSDMD-N), which is capable of inducing pyroptosis. 

Western blotting results showed that GSDMD and 

GSDMD-N were significantly rose following exposure 

to CSE relative to that in the control and PBS groups 

(Figure 1B, 1C). These results suggested that CSE 

treatment could induce pyroptosis in HAECs. 

 

The NLRP3 inflammasome pathway plays a role in 

CSE-induced pyroptosis in HAECs 

Pyroptotic cell death is associated with key 

morphological changes including the swelling of cells, 

osmotic lysis, and plasma membrane rupture [20]. 

Pyroptosis activation requires ASC dependent caspase-1, 

a key protein in the cleavage and secretion of active  

IL-1β and IL-18. We measured the expression of 

pyroptosis-associated molecules, including ASC, pro-

caspase-1, caspase-1, pro-IL-1β, IL-1β, pro-IL-18, and 

IL-18 via western blotting. After CSE treatment, levels of 

all of these proteins rose significantly (Figure 2A–2H). 

Of several inflammasome complexes known to activate 

caspase-1, the most commonly evaluated is the NLRP3 

inflammasome, which is a multiprotein platform that is 

activated upon cellular stress or infection. Western 

blotting results revealed that NLRP3 expression was 

remarkably elevated in the CSE group (Figure 2I, 2J). 

Real-time quantitative PCR assay results showed that 

CSE stimulation markedly enhanced NLRP3, IL-1β, and 

IL-18 expression relative to control (Figure 2K–2M). 

These experiments provide strong evidence for the 

NLRP3 inflammasome pathway as a mediator of CSE-

induced pyroptosis in HAECs. 

 

CSE induces ROS generation and upregulates the 

Nrf2 pathway in HAECs 

ROS and oxidative stress are known to be correlated 

with pyroptosis. ROS is likely to participate in NLRP3 

activation, thereby enhancing the inflammatory response 

[21]. To evaluate how CSE impacts HAEC oxidative 

stress, we employed dihydroethidium (DHE)-based ROS 

detection using flow cytometry. As shown in Figure 2A, 

CSE pretreatment could increase H2O2-induced ROS 

rapidly (Figure 3A, 3B). Nrf2 is well-known to induce 

the expression of ROS-detoxifying enzymes, which 

prevent ROS accumulation. A previous study has shown 
that the Nrf2 pathway is protectively upregulated by 

CSE-induced ROS [22]. In this study, cytosolic  

and nuclear proteins were extracted from CSE-treated 
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HAECs and analyzed for Nrf2 expression via western 

blotting. CSE increased the Nrf2 nuclear translocation 

(Figure 3C–3E). Moreover, levels of HO-1 and NQO1, 

which are Nrf2 targets, were also enhanced after CSE 

treatment (Figure 3F, 3G). Further, Nrf2, HO-1, and 

NQO1 mRNA levels were markedly elevated in the CSE 

group compared relative to the control (Figure 3H–3J), 

suggesting that CSE treatment upregulates the NRF2 

pathway in HAECs. 

 

Nrf2 negatively regulates CSE-induced NLRP3 

inflammasome activation 

To explore how Nrf2 regulates the activation of the 

NLRP3 inflammasome, HAECs were pretreated with 

Nrf2-specific siRNA and the Nrf2 activator tBHQ before 

CSE treatment. The Nrf2, HO-1, and NQO1 mRNA 

levels were significantly inhibited in the Nrf2-specific 

siRNA group whereas they were stimulated in the tBHQ 

groups (Figure 4A–4C). The HO-1 and NQO1 protein 

levels were also remarkably downregulated by Nrf2 

siRNA and upregulated by tBHQ treatment (Figure 4D–

4F). In addition, the activation effect increased with 

increasing tBHQ concentration. We then detected the 

total ROS levels in each group by DHE staining. 

Fluorescence imaging indicated that pretreatment with 

Nrf2 siRNA could increase the ROS level, whereas 

pretreatment with tBHQ could reduce the ROS level. 

(Figures 4G, 4H). Further, the mRNA expression of 

NLRP3, IL-1β, and IL-18 were also markedly increased 

in the Nrf2-specific siRNA group and decreased in the 

tBHQ groups (Figure 5A–5C). NLRP3, pro-caspase-1, 

caspase-1, pro-IL-1β, IL-1β, pro-IL-18, IL-18, IL-1β, 

and IL-18 protein levels increased in the Nrf2-specific 

siRNA group and decreased in the tBHQ groups (Figure 

5D–5K). These data show that the ROS levels and 

NLRP3 inflammasome are negatively regulated by the 

Nrf2 pathway. 

 

Nrf2 upregulation improves endothelial cell viability 

and promotes VEGF and endothelial nitric oxide 

synthase (eNOS) expression 

VEGF is a mitogenic factor that selectively drives 

endothelial cell growth, vascular permeability, and 

angiogenesis [23]. In this study, analysis of VEGF 

protein expression by ELISA revealed lower levels of 

VEGF in the CSE group relative to the control and PBS 

groups; further, Nrf2 could positively regulate the 

expression of VEGF (Figure 6A). To further demonstrate 

the cytotoxic effect of CSE against HAECs, the effect of 

CSE on the viability of HAECs at 1–5 days after 

treatment was analyzed using the CCK8 assay. Cell 

viability in the CSE group was decreased relative to 

controls; further, cell viability was improved in the 

tBHQ-treated groups but was decreased in the Nrf2-

specific siRNA group relative to the CSE group (Figure 

6B). eNOS is an essential regulator of endothelial 

function, serving as a key regulator of homeostasis and 

vascular tone by catalyzing NO production [24]. As 

shown in Figure 6C–6E, CSE treatment effectively 

downregulated eNOS at both the mRNA and protein 

 

 
 

Figure 1. CSE treatment induced pyroptosis in HAECs. (A) Morphology of HAECs treated with and without CSE imaged using electron 

microscopy. Autophagosomes, cytoplasmic outflow and cell membrane break indicated by red arrows. (B, C) The protein levels of GSDMD 
and GSDMD-N were upregulated in HAECs after treatment with CSE, as indicated by western blot results. β-Actin was used as an internal 
control. **p < 0.01. The data are represented as mean ± SD (n = 3). 
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levels, whereas Nrf2 could increase the expression level 

of eNOS. These results suggest that CSE induces a 

marked drop in cell viability and the expression of VEGF 

and eNOS in HAECs, and that these outcomes may be 

prevented by activating the Nrf2-related pathway. 

 

In vivo analysis 

 

Melatonin reduces rat carotid artery intimal 

hyperplasia following balloon injury with cigarette 

smoke exposure 

To dissect the role of cigarette smoking during the 

progression of arterial remodeling and endothelial cell 

proliferation, we generated a rat carotid balloon injury 

model with cigarette smoke exposure. Further, the 

function of melatonin in cigarette-induced injury was 

investigated. H&E and Verhoeff von Gieson (VVG) 

staining were used to evaluate the histopathological 

changes in the carotid artery after smoke exposure for 4 

weeks. H&E staining revealed variable levels of intimal 

hyperplasia in these treatment groups (Figure 7A). 

Figure 7B shows the VVG staining for elastin fibers. 

Staining of the external and internal elastic lamina (EEL 

and IEL) using VVG revealed the neointimal thickness. 

Cigarette smoke exposure increased the carotid artery 

neointima in the balloon injury model, and melatonin 

alleviated the degree of neointima. 

 

The intimal area to medial area (I/M) ratio was 

employed as a means of quantifying the extent of 

luminal stenosis. This ratio was markedly decreased in 

the melatonin-treated group relative to that in the 

 

 
 

Figure 2. NLRP3 inflammasome pathway is involved in CSE-induced pyroptosis in HAECs. (A–H) The protein levels of ASC, Pro-

Caspase-1, Caspase-1, Pro-IL-1β, IL-1β, Pro-IL-18 and IL-18 were upregulated in HAECs after treatment with CSE, as indicated by western blot 
results. (I, J) The protein levels of NLRP3 was increased in HAECs after treatment with CSE, as indicated by western blot results. β-Actin was 
used as an internal control. (K–M) The mRNA level of NLRP3, IL-1β, and IL-18 was increased in HAECs after treatment with CSE. *p < 0.05,  
**p < 0.01. The data are represented as mean ± SD (n = 3). 
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smoking group (Figure 7C). The results showed that 

balloon injury-induced stenosis of carotid arteries was 

largely aggravated by cigarette smoke exposure, but 

melatonin retarded this process. 

Melatonin activates the Nrf2/HO-1 pathway and 

decreases ROS levels 

We then investigated the impact of melatonin on the 

induction of Nrf2 expression in response to cigarette 

 

 
 

Figure 3. CSE induced ROS generation and upregulated NRF2 pathway in HAECs. (A, B) Cellular ROS level was measured with flow 

cytometry, and ROS level was promoted after CSE treatment. (C–G) Western blotting on protein level of n-Nrf2 and c-Nrf2 was performed to 
analyze Nrf2 nuclear translocation, suggesting that CSE increased Nrf2 nuclear translocation. The protein levels of HO-1 and NQO1 were 
upregulated in HAECs after treatment with CSE, as indicated by western blot results. β-Actin was used as an internal control. (H–J) The mRNA 
levels of Nrf2, HO-1 and NQO1 were upregulated in HAECs after treatment with CSE, as indicated by RT-PCR results. *p < 0.05, **p < 0.01, ns, 
not significant. The data are represented as mean ± SD (n = 3). 
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smoke in vivo. The mRNA and protein levels of Nrf2/HO-

1 pathway components in the carotid arteries of the three 

groups was evaluated via RT-PCR and western blotting, 

respectively, following cigarette smoke exposure for  

4 weeks. A marked rise in Nrf2, HO-1, and NQO1 

expression was observed in the smoking group relative  

to controls; melatonin further promoted Nrf2/HO-1 

pathway component expression (Figure 8A–8G). 

Immunohistochemical staining for Nrf2 showed that Nrf2 

immunopositivity was localized to endothelial cells and 

vascular smooth muscle cells in the intima (cytoplasmic). 

The results showed a significantly increased level of Nrf2 

in the melatonin group than in the smoking group (Figure 

8H, 8I). Next, we explored carotid artery ROS levels 

using the fluorescent probe, DHE. Notably, controls 

exhibited low basal ROS levels. However, ROS 

generation was increased markedly in the smoking group, 

and this effect was reduced upon treatment with melatonin 

(Figure 8J, 8K). These data show that melatonin treatment 

inhibits smoking-induced ROS generation. 

 

 
 

Figure 4. Nrf2 negatively regulated CSE-induced ROS level. (A–F) RT-PCR on mRNA level of Nrf2, HO-1 and NQO1 and western blotting 

on protein level of HO-1 and NQO1 was performed. (G, H) Cellular ROS level was measured with flow cytometry, and CSE-induced ROS level 
was negatively regulated by Nrf2 pathway. *p < 0.05, **p < 0.01, ns, not significant, compared with CSE group. The data are represented as 
mean ± SD (n = 3). 
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Figure 5. Nrf2 negatively regulated CSE-induced NLRP3 inflammasome activation. (A–C) The mRNA level of NLRP3, IL-1β and IL-18 

was detected by RT-PCR. (D–K) NLRP3, Pro-Caspase-1, Caspase-1, Pro-IL-1β, IL-1β, Pro-IL-18 and IL-18 were detected by Western blot. *p < 
0.05, **p < 0.01, ns, not significant, compared with CSE group. The data are represented as mean ± SD (n = 3). 
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Figure 6. Nrf2 upregulation improves endothelial cell viability and the expression of VEGF and eNOS. (A) The expression of VEGF 

proteins was measured by ELISA. (B) Effect of Nrf2 on cell growth of HAECs treated by CSE was analyzed by measuring cell viability. (C–E) The 
mRNA and protein level of eNOS were detected by RT-PCR and Western blot. *p < 0.05, **p < 0.01, ns, not significant, compared with CSE 
group. The data are represented as mean ± SD (n = 3). 
 

 
 

Figure 7. Melatonin reduced intimal hyperplasia of rat carotid artery after balloon injury with cigarette smoking. (A, B) H&E 

and VVG stained sections of carotid arteries of each group. Intima and media were labeled with "I" and "M" respectively. (C) Quantitative 
graphs of Intima to Media (I/M) ratio and intimal area. **p < 0.01. The data are represented as mean ± SD (n = 3). 
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Melatonin inhibits the expression of the NLRP3 

inflammasome 

Moreover, to further validate the effect of melatonin on 

smoking-induced inflammatory cytokines, the NLRP3 

inflammasome and downstream inflammatory factors 

were detected after cigarette smoke exposure for 4 

weeks. Relative to the smoking group, NLRP3, IL-1β, 

and IL-18 mRNA levels were markedly decreased in the 

melatonin group (Figure 9A–9C). Western blot analysis 

revealed decreased NLRP3, pro-caspase-1, caspase-1,

 

 
 

Figure 8. Melatonin promoted expression of Nrf2/HO-1 pathway and decreased ROS level in vivo. (A–C) The mRNA level of Nrf2, 

HO-1 and NQO1 was detected by RT-PCR. (D–G) The protein level of Nrf2, HO-1 and NQO1 were detected by Western blot. (H, I) Nrf-2 
expression were detected by immunohistochemical staining (magnification ×400). Intima and media were labeled with "I" and "M" 
respectively. Nrf-2 mean density was analyzed in each group (a, control group; b, smoking group; c, melatonin group). (J, K) Representative 
images of carotid arteries stained with DHE (red), DAPI (blue) and merge images in (a–c) control, (d–f) smoking, and (g–i) melatonin groups. 
The fluorescent intensities of ROS were quantified. *p < 0.05, **p < 0.01. The data are represented as mean ± SD (n = 3). 
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Figure 9. Melatonin inhibited expression of NLRP3 inflammasome in vivo. (A–C) The mRNA level of NLRP3, IL-1β and IL-18 was 

detected by RT-PCR. (D–K) NLRP3, Pro-Caspase-1, Caspase-1, Pro-IL-1β, IL-1β, Pro-IL-18 and IL-18 were detected by Western blot. *p < 0.05, 
**p < 0.01. The data are represented as mean ± SD (n = 3). 
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pro-IL-1β, IL-1β, pro-IL-18, and IL-18 protein levels in 

the melatonin group (Figure 9D–9K). As such, exposure 

to cigarette smoke can remarkably increase inflammation 

within carotid arteries, while melatonin protects against 

such injury via suppressing NLRP3 inflammasome 

activation. 

 

DISCUSSION 
 

Smoking is a key risk factor associated with 

atherosclerotic progression and cardiovascular disease 

onset [25]. Recent work has shown that the underlying 

mechanisms include oxidative stress, vascular 

inflammation, and vascular dysfunction [26–28]. 

However, cigarette smoking is still probably the least 

understood among the risk factors for cardiovascular 

diseases. This is because cigarette smoke contains >7000 

constituents and their contribution to tobacco dependence 

has not been studied thoroughly [29]. However, most 

studies use nicotine alone because it is the main 

constituent in tobacco. In this study, experimental models 

exposed to CSE and cigarette smoke were used to 

address the gap in smoking-related mechanisms between 

the real world and preclinical studies. 

 

Prior studies have noted the importance of NLRP3 

inflammasomes as regulators of many inflammatory 

diseases such as liver injury [30], autoimmune disease 

[31], and neurodegenerative disease [32]. Our in vivo 

study showed that NLRP3 inflammasome-mediated 

endothelial cell pyroptosis may be involved in 

atherosclerosis progression. A previous study found that 

cholesterol crystals accumulated in the intima in the 

early stage of atherosclerosis can activate the 

inflammatory response of macrophages and smooth 

muscle cells through NLRP3 inflammasomes, and 

eventually lead to the formation of unstable plaques 

[33]. While the majority of atherosclerosis research has 

assessed inflammasome activation within macrophages 

and monocytes, endothelial cell activation of this 

inflammasome in response to hyperglycemia was 

recently shown to be important as a regulator of the 

initiation of endothelial dysfunction [34]. It is known 

that NF-κB signaling is essential for the activation of the 

NLRP3 inflammasome [35]. Several reports have shown 

that ROS is a key regulator of such inflammasome 

activation [36, 37]. In accordance with these results, our 

previous studies have also demonstrated that cigarette 

smoking drives endothelial cell pyroptotic death via the 

ROS/NLRP3 axis [38]. Therefore, it is particularly 

important to find a suitable ROS scavenger to alleviate 

NLRP3 the inflammasome-associated vascular damage 

induced by smoking. 

 

The Nrf2/HO-1 signaling pathway serves as a central 

regulator of antioxidant activity [9], and this pathway 

has also been increasingly shown to interact with the 

inflammasome pathways at multiple points. A recent 

study revealed that in cerebral ischemia reperfusion 

injury, Nrf2 suppresses the activation of the NLRP3 

inflammasome by controlling the Trx1/TXNIP complex 

[39]. In addition, Chen et al. reported that suppressing 

Nrf2/HO-1 signaling in osteoarthritis enhances NLRP3 

inflammasome signaling [40]. However, only a few 

studies have evaluated the interaction between Nrf2 and 

the NLRP3 inflammasome in smoking-induced vascular 

injury. Herein we saw that Nrf2/HO-1 pathway was 

stimulated by CSE treatment. We further observed  

that CSE-induced activation of ROS and the NLRP3 

pathway were enhanced by Nrf2 siRNA, and inhibited 

by a Nrf2 inducer. Our study also revealed that  

HAECs displayed decreased functionality including 

inhibited cell viability as well as reduced secretion of 

VEGF and eNOS in the presence of CSE, whereas Nrf2 

activation alleviated these changes. VEGF plays an 

important role in mediating angiogenesis and 

endothelial cell tube formation. VEGF is capable of 

stimulating the proliferation of endothelial cells at 

injured sites, thereby precluding excessive vascular 

smooth muscle cell proliferation and consequent intimal 

thickening and stenosis [41]. eNOS, mainly expressed 

by vascular endothelium, is a key enzyme in producing 

nitric oxide, which can regulate vascular tone as well as 

endothelial permeability [42]. Therefore, we speculated 

that the upregulation of the Nrf2 pathway can decrease 

CSE-mediated pyroptosis through the ROS/NLRP3 axis 

and may alleviate endothelial dysfunction. Nrf2 

pathway targeting may thus be a potential strategy  

for alleviating the atherosclerotic lesions induced by 

smoking. 

 

Recent studies have revealed that melatonin be beneficial 

in cardiovascular diseases, such as myocardial ischemia-

reperfusion injury [43], hypertension [44], and 

atherosclerosis [45]. However, clinical studies on the 

cardioprotective effect of melatonin have shown 

different results. Two randomized placebo-controlled 

trials have confirmed the protective effects of melatonin 

during coronary artery bypass surgery [46] and 

percutaneous coronary intervention [47]. However, 

Ekeloef et al. demonstrated that compared with the 

placebo, in ST elevation myocardial infarction (STEMI) 

patients, melatonin failed to improve myocardial 

salvage indices following primary percutaneous 

coronary intervention [48]. Another study also showed 

that in a nonrestricted STEMI population, melatonin 

treatment was not associated with a reduction in infarct 

size and had an unfavorable effect on the ventricular 

volumes and evolution of the LVEF [49]. Therefore, 
more experiments are needed to additionally evaluate 

the intrinsic molecular mechanism underlying the 

activity of melatonin. 
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Melatonin exhibits antioxidant properties and is a 

potential modulator of Nrf2 [50]. Prior work has shown 

that Nrf2 signaling may mediate some of the therapeutic 

efficacy of melatonin in different diseases such as 

oxidative stress damage [51], ischemia and reperfusion 

injury [52], and neurotoxicity [53]. However, the 

influence of melatonin on smoking-induced vascular 

injury and atherosclerosis is not well reported. Our 

previous clinical study demonstrated that melatonin 

significantly increased the expression level of Nrf2 in 

smokers without causing any side effects [3]. Herein, we 

developed a balloon-induced carotid artery injury in 

smoking rats to mimic the tobacco toxicity to the 

vascular system. that the results showed that melatonin 

could reduce smoking-induced intimal hyperplasia in 

rats. Meanwhile, an enhanced Nrf2/HO-1 pathway and 

suppressed ROS/NLRP3 levels were observed with 

melatonin treatment, which may support the hypothesis 

that melatonin protects the vascular system from 

smoking-induced injury through the Nrf2/ROS/NLRP3 

signaling pathway. Several reports have shown that 

melatonin activates the Nrf2 pathway through various 

other pathways. Shah et al. showed that Nrf2 activation 

and neuroprotection by melatonin are SIRT1-dependent 

in BV2 microglial cells [51]. It was also reported that 

melatonin upregulates the Nrf2/HO-1 pathway to protect 

mouse cortical astrocytes from hemin-induced toxicity 

by activating protein kinase C (PKC) α [54]. Further, Li 

et al. demonstrated that melatonin induced the 

phosphorylation of AMPK as well as the upregulation of 

Nrf2 to protect against chromium-induced cardiac injury 

[55]. However, further studies are needed to clarify  

the mechanistic basis for melatonin-mediated Nrf2 

regulation in smoking-induced vascular injury. 

 

In conclusion, smoking is thought to induce NLRP3-

related pyroptosis in endothelial cells. Targeted regulation 

of the Nrf2 pathway may be a potential method to  

reduce the endothelial cell pyroptosis and vascular injury 

caused by smoking. A model was proposed to illustrate 

how melatonin protected smoking-related vascular  

injury and stenosis through the Nrf2/ROS/NLRP3 axis  

(Figure 10). Till now, there is no drug therapy for 

preventing smoking-induced atherosclerosis or restenosis 

 

 
 

Figure 10. Proposed model illustrating how melatonin protects smoking-related vascular inflammatory injury through 
Nrf2/ROS/NLRP3 axis. ROS induced by smoking increased NLRP3 transcription and subsequent inflammasome activation, which promoted 

secretion of mature IL-1β and IL-18. ROS also stimulated the nuclear translocation of Nrf2 as a negative feedback. Melatonin induces the 
nuclear translocation of Nrf2, downstream expression, and elimination of intracellular ROS, resulting in a decrease in the transcription level 
of NLRP3 and downstream inflammasome activation. 
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after revascularization. Melatonin treatment might, 

therefore, be considered a potential therapeutic regimen 

with a high safety profile. 

 

MATERIALS AND METHODS 
 

Animal studies 

 

All animal studies were performed in accordance with 

the Animal Management Rules of the Chinese 

Ministry of Health, and the Animal Care Committee of 

Peking Union Medical College approved all of these 

studies (No. XHDW-20150017). Male Sprague-

Dawley (SD) rats (350-400 g) were obtained from and 

housed in the Laboratory Animal Center of Peking 

Union Medical College Hospital. Rats had free access 

to standard chow and tap water, and were housed in a 

climate-controlled facility (25–28° C, 12 h light/dark 

cycle). 

 

Rats were randomized into a 3 groups (10 per group): 

control, smoking, and melatonin groups. All rats 

underwent balloon-induced carotid artery injury. Rats 

in the control group were exposed to air and 

administered DMSO, while rats in the smoking group 

were exposed to cigarettes smoke and administered 

DMSO, and rats in the melatonin group were exposed 

to cigarette smoke and administered melatonin 

(Sigma-Aldrich, MO, USA). Rats exposed to cigarette 

smoke were exposed to the equivalent smoke from 20 

cigarettes per day (10 mg tar, 0.9 mg nicotine, 12 mg 

CO) over 120 minutes (from 9:00–10:00 and 15:00–

16:00). Melatonin was prepared in normal saline 

containing 5% DMSO and diluted with saline prior to 

injection at 10 mg/kg/day (i.p.) [56]. Seven days after 

smoke exposure, the three groups were subjected to a 

previously detailed balloon-induced carotid artery 

injury [19]. At the 4th week following injury, animals 

were euthanized with pentobarbital sodium injection, 

and 2 cm carotid artery samples were separated and 

harvested. The samples were then fixed with 4% 

paraformaldehyde (PFA) 24 h or stored in liquid 

nitrogen. 

 

Cell lines and culture 

 

HAECs were from the Institute of Basic Medical 

Sciences (Chinese Academy of Medical Sciences and 

Peking Union Medical College) and were cultured at  

37° C in Endothelial Cell Medium (ECM, ScienCell 

Research Laboratories, CA, USA) containing 10% FBS, 

1% endothelial cell growth factors, and penicillin/ 

streptomycin in 5% CO2 and 95% air. Cigarette smoke 

extract (CSE) was generated as in prior reports using six 

filtered cigarettes (10 mg tar, 0.9 mg nicotine, 12 mg CO) 

[57]. HAECs were treated with Nrf2 siRNA or various 

concentrations of tertiary butylhydroquinone (tBHQ) 

before exposure to CSE. After 24 h of pre-treatment, 

media was replaced with fresh media supplemented with 

10% CSE. 

 

Nrf2 siRNA interference 

 

The pre-designed Nrf2 siRNA and the negative control 

were purchased from HippoBio (Zhejiang, China). Cells 

were grown to 80% confluence in 6-cm plates prior to 

washing with PBS and incubation with 2 mL of fresh 

basal medium. Subsequently, siRNA transfection was 

conducted using Lipofectamine RNAiMAX (Invitrogen, 

CA, USA) based on provided directions. 

 

Transmission electron microscopy (TEM) analysis 

 

TEM can be employed to assess cell structures in 

pyroptosis. HAECs from different treatment groups 

were fixed with 2.5% glutaraldehyde in 0.1 M PBS 

overnight at 4° C, fixed with 1% OsO4 for 2 h, and 

rinsed twice with water for 15 min at room temperature. 

The samples were then dehydrated via ethanol gradient 

prior to epoxy resin embedding. Finally, the ultrathin 

sections (70 nm) were dual-stained using uranyl acetate 

and lead citrate and examined with a JEOL 1230 TEM 

(JEOL, Japan). 

 

qRT-PCR 

 

TRIzol (Invitrogen) was used to extract total cell RNA, 

followed by quantification thereof with a NanoDrop  

2000 instrument (Thermo Scientific, Bremen, Germany). 

cDNA was synthesized using SuperScript III RT 

(Invitrogen, CA, USA). Oligo(dT) was utilized during 

reverse transcription, and an Applied Biosystems 

StepOne Real-Time PCR instrument (Applied 

Biosystems Inc., CA, USA) was used for qRT-PCR with 

the SYBR qPCR Mix (Invitrogen) and the following 

forward (F) and reverse (R) primers: Nrf2, F 5′-TGC 

CCACATTCCCAAACAAG-3′ and 5′-GCTATCGAGT 

GACTGAGCCT-3′; HO-1, F 5′-CGCCTCCAGAGTT 

TCCGCCTCCAAC-3′, R 5′-ATAGACTGGGTTCTGC 

TTGTTTCGC-3′; NQO1, F 5′-CTTTCCGAAGCATTT 

CAGGGT CGTC-3′, R 5′-GCAGCTGGTTGCCAGGA 

CGACCCTG-3′; NLRP3, F 5′-AAGGAAGTGGAC 

TGCGAGAA-3′ and R 5′-AACGTTCGTCCTTCCTTC 

CT-3′; IL-1β, F 5′-GGGATGATGACGACCTGCTA-3′ 

and R 5′-TGTCGTTGCTTGTCTCTCCT-3′; IL-18, F 5′-

GCTGCCATGTCAGAAGAAGG-3′ and R 5′-GAACA 

CAGGCGGGTTTCTTT-3′; eNOS, F 5′-GCTGGCATG 

GGCAACTTGAAGAGTG-3′, R 5′-CTGTCCTGCAGT 

CCCGAGCATCAAA-3′; β-actin, F 5′-CCAGCCTTCC 
TTCTTGGGTA-3′ and R 5′-CAATGCCTGGGTACA 

TGGTG-3′. β-actin served as an endogenous 

normalization control. 
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Western blotting analysis 

 

To assess Nrf2 translocation to the nucleus, a 

cytoplasmic extraction buffer with protease inhibitors 

(MDL biotech, Beijing, China) was used to lyse cells, 

and the lysate was centrifuged, and supernatants 

containing the cytosolic fraction were collected, while 

pelleted nuclei were rinsed thrice with PBS and lysed 

using RIPA buffer containing protease inhibitor 

cocktail (MDL biotech, Beijing, China). Total protein 

was extracted using lysis buffer (2% SDS, 10% 

glycerol, 62.5 mmol/L Tris-HCl; pH 6.8). After 

centrifugation at 4° C at 12,000 × g for 15 min, the 

supernatants were collected and protein levels therein 

were evaluated via BCA assay (MDL biotech). Protein 

samples (20 μg) were separated by 15% SDS-PAGe 

and transferred to PVDF membranes that were probed 

overnight at 4° C in primary antibodies directed 

against Nrf2 (1:1000, ab89443), HO-1 (1:2000, 

ab13243), NQO1 (1:1000, ab28947), NLRP3 (1:1000, 

ab232401), ASC (1:2000, ab180799), pro-caspase-1 

(1:1000, ab179515), caspase-1 (1:1000, ab238979), 

pro-IL-1β (1:1000, Cat. No.: ab200284), IL-1β 

(1:1000, Cat. No.: ab2105), pro-IL-18 (1:3000, 

LSBIO, WA, USA, Cat. No.: LS-C179849), IL-18 

(1:3000, ab191860), and GSDMD (1:1000, Cat. No.: 

ab219800). All were from Abcam (MA, USA) unless 

otherwise noted. Anti-β-actin (1:5000, MDL biotech, 

Beijing, China) was used as the loading control in  

each experiment. After three wash steps utilizing  

PBS, HRP-linked goat anti-mouse/anti-rabbit IgG 

(1:4000, MDL Biotech) was used to probe blots at 

room temperature for 1 h, after which enhanced 

chemiluminescence was utilized to detect protein 

bands. 

 

Detection of ROS production 

 

ROS generation was assessed with DHE 

(dihydroethidium), which is a fluorescent probe sensitive 

to ROS. Cells were seeded in 6-well plates (6 × 104 per 

well) and were treated as above for 24 h, followed by 

washing and incubation for 45 min with 10 μM DHE at 

37° C. After oxidation, DHE can diffuse into cells 

wherein it can be detected via flow cytometry. Similarly, 

carotid artery sections were treated with 10 μM DHE in 

PBS for 45 min at 37° C, followed by three PBS washes. 

DAPI was used to stain nuclei, after which ROS levels 

were assessed by fluorescence microscopy. Images were 

captured via Leica DM3000 microscope (Leica 

Microsystems GmbH, Wetzlar, Germany). Three high-

power fields (HPFs) (400× for immunofluorescence 

studies) randomly selected in a blinded manner were 
analyzed in each section. The mean intensity of red 

fluorescent areas per HPF was established for each 

animal. 

ELISA 

 

HAECs were collected after treatment with CSE. 

Supernatant VEGF levels were assessed via ELISA kit 

(Cloud-Clone Corp., Hubei, China) based on provided 

directions. 

 

Cell viability assay 

 

A CCK-8 assay was employed to quantify cellular 

survival. Cells were added to 96-well plates (2000/well) 

for 24 h, after which they were treated for 48 h with 

media containing CSE. Then, 10% CCK8 solution 

(Fluorescence Biotechnology Co. Ltd, Beijing, China) 

was added per well, and plates were incubated for 1 h at 

37° C. Absorbance at 450 nm was then measured, and 

viability was then calculated as a metric for 

proliferation as follows: Cell viability = [A (CSE) – A 

(blank)] / [A (PBS) - A (blank)]. 

 

Histopathological staining 

 

After collection, tissue samples were subjected to standard 

treatment with an ethanol gradient, xylene, and paraffin-

embedding. Following embedding, these tissues were cut 

into serial 4 μm sections and mounted. Hematoxylin-eosin 

(H&E) and Verhoeff von Gieson (VVG) staining were 

performed, respectively. Intimal thickening was assessed 

by measuring areas circumscribed by EEL, IEL, and the 

lumen area with Image-Pro Plus 6.0. The intima to media 

area (I/M) ratio was determined as follows: I/M ratio (%) 

= [IEL area − lumen area]/[EEL area − IEL area]. 

 

Immunohistochemistry 

 

For immunohistochemistry (IHC) analysis, paraffinized 

sections were mounted on glass slides and then 

deparaffinized. Following a 30 min blocking step using 

5% goat serum in PBS at room temperature, blots were 

probed with primary anti-Nrf2 (1:100, Abcam, MA, 

USA, Cat. No. ab602352) overnight at 4° C. Next, 

HRP-linked secondary goat anti-rabbit IgG (1:200, 

MDL Biotech, Beijing, China) was used to probe 

sections, after which the 3,3′-diaminobenzidine 

tetrachloride chromogen was applied as a substrate at 

room temperature. Three fields of each sections were 

randomly selected for evaluation in a blinded manner. 

The expression levels of the factors were quantified 

with integrated optical density values from Image-Pro 

Plus 6.0. 

 

Statistical analysis 

 
Continuous variables were given as means ± SD and 

compared by one-way ANOVAs and Tukey’s post hoc 

test. SPSS (version 19.0, SPSS software, Munich, 
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Germany) was utilized for all testing. P < 0.05 was the 

significance threshold. 
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