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Conventional cigarette and electronic nicotine delivery 
systems exacerbate high-fat diet-induced inflammation 
and oxidative stress

Electronic cigarettes or electronic nicotine delivery systems 
(ENDS) have been used extensively in smoking cessation 

programs, but also in people who have never smoked [1]. The 
ENDS trend is increasing in adolescents and young adults [2]. In 
Indonesia, which has the worst tobacco control regulations in 
Southeast Asian countries, ENDS is freely sold, cheap, and easy 
to find in retail vape stores, online stores, and social media with 
various concentrations of nicotine [3]. Although some online 
stores require age verification, this can still be circumvented. Ac-

cordingly, a previous study reported that underage and young 
adults could access ENDS from online and retail stores [4].
There is a common misconception about the perception that 
ENDS is considered safer than conventional cigarettes because 
the aerosol produced is less harmful, less addictive, and more 
popular nowadays [5]. In fact, ENDS liquid contains harmful 
chemicals such as propylene glycol (PG) and vegetable glyc-
erin (VG) as the main constituents and nicotine and flavorings 
as additional constituents [6].

Objectives: There is a community habit that conventional cigarette or electronic nicotine delivery systems (ENDS) are used 
after meals. Also, they tend to consume a high-fat diet (HFD). The effects of this behavior on health remain unclear. Our 
study focuses on oxidative stress and inflammation in HFD-fed rats model exposed to conventional cigarettes and ENDS.
Methods: Twenty-four male rats were equitably separated into the following four different groups: (1) NDC: normal diet 
and fresh air control, (2) HFDC: HFD and fresh air control, (3) HC: HFD+conventional cigarette, and (4) HE: HFD+ENDS. 
Conventional cigarettes and ENDS were exposed to the same nicotine dose of 12 mg/mL/group. Oxidative stress mark-
ers comprising malondialdehyde (MDA), superoxide dismutase (SOD), catalase (CAT), and glutathione (GSH), as well as 
inflammation markers comprising interleukin (IL)-1β, IL-6, tumor necrosis factor-α, and high sensitivity C-reactive pro-
tein were assayed after 6 weeks of treatment. Statistical analysis of one-way ANOVA with post hoc test was performed.
Results: HFD independently increased MDA and IL-6; simultaneously, it decreased SOD, CAT, and GSH. Both conven-
tional cigarettes and ENDS exposure significantly increased entire inflammation markers and MDA, simultaneously 
decreasing SOD, CAT, and GSH compared to the normal and HFD control rats. Furthermore, a significant difference was 
observed between conventional cigarettes and ENDS-exposed groups.
Conclusion: This study revealed that ENDS is less harmful than conventional cigarettes. Nevertheless, both exposures 
significantly exacerbated oxidative stress and inflammation in HFD-fed rats, potentially leading to related diseases.
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On the other hand, obesity prevalence continues to increase 
yearly; however, an increase in prevalence is more common 
in rural communities than in urban ones [7]. This result is 
caused by a lack of knowledge and behavior toward the 
need for balanced nutrition, which is more common in rural 
communities associated with low education levels [8]. Eat-
ing behavior appears to play an important role in obesity as 
well. A systematic review concluded that adolescents in In-
donesia had not received adequate nutrition; they tended 
to consume excessive amounts of high-sodium and high-fat 
diets (HFD) [9]. It is well known that HFD contributes to obe-
sity, cardiovascular, and cerebrovascular diseases involving 
oxidative stress and chronic inflammation [10].
In community habits, especially in Indonesia, conventional cig-
arettes or ENDS are usually used after meals as a recreational 
behavior. This will increase the possibility of adverse effects due 
to HFD consumption. However, no studies evaluate the effect of 
this behavior. We hypothesized that exposure to conventional 
cigarettes and ENDS would exacerbate the adverse effects of 
HFD consumption. This study focuses on the effects of exposure 
to conventional cigarettes and ENDS on oxidative stress and 
inflammation in HFD-fed rats model. Our intervention uses the 
inhalation route and the same nicotine dose in ENDS liquid and 
conventional cigarettes to adjust real-life exposure to humans.

Materials and Methods
Animals’ experiment
A total of 24 4-week-old male Wistar rats weighing 155±20 g 
were obtained from the Integrated Research and Testing Lab-
oratory of Universitas Gadjah Mada, Yogyakarta, Indonesia. 
Before starting the treatments, all rats were acclimatized for 
a week under controlled conditions of temperature (22±2°C), 
relative humidity (50±10%), and a light/dark cycle of 12-h. The 
rats were housed in a polypropylene cage with two rats each 
and given regular feed and tap water ad libitum. Food intake 
was measured every day and body weight was measured ev-
ery 7th day of the week. After acclimatization, the rats were 
randomized into four groups (six each) for 6 weeks of treat-
ment, as follows:
1. NDC: normal diet and fresh air control
2. HFDC: HFD and fresh air control
3. HC: HFD+conventional cigarette
4. HE: HFD+ENDS.
All study protocols and procedures complied with national 
and international guidelines and were approved by The Ethics 
Committee of the Faculty of Medicine of Universitas Islam In-
donesia, Yogyakarta, Indonesia (#7/Ka.Kom.Et/70/KE/III/2021).

HFD administration
Palm oil (Indofood, Jakarta, Indonesia) and quail eggs were 
obtained from a local market in Yogyakarta, Indonesia. HFD 
was prepared with a mixture of oxidized palm oil and quail 

egg yolk. It was administered 2 mL/rat orally, as described in 
a previous study [11].

Conventional cigarette, ENDS, and refill liquid 
Commercially available conventional cigarettes (Gudang 
Garam, East Java, Indonesia), ENDS model mod (Dovpo, 
Guangdong, China), and refill liquid with oat milk blueberry 
flavored (Pahlawan Lima Tujuh, Jakarta, Indonesia) were used 
in this study. The detailed information and specification were 
described in a previous study [11].

Protocol of conventional cigarette and ENDS exposures
Conventional cigarettes and ENDS exposures were conducted 
using an exposure instrument that adjusted to real-life expo-
sure to humans straight after HFD administration. A group of 
treated rats was exposed to 25 cycles per day, of which one cy-
cle equals a 5-second puff, 30-second interval, and 30-second 
exhaust. They were administered the same dose of 12 mg/mL 
of nicotine. The instrument exposure and method in detail 
have been previously reported [11].

Blood collecting
After 12 h of the last exposure, the rats were fasted for another 
12 h and continued to collect blood from the heart under gen-
eral anesthesia using Zoletil® 50 (Virbac SA, Carros, France). The 
blood was collected and put in ethylenediaminetetraacetic 
acid contained tube, then centrifuged at 1073× g for 10 min 
at 4°C to obtain plasma for oxidative stress and inflammatory 
marker assays. The collected plasma samples were stored at 
−25°C and then assayed within the next day to less than 7 days.

Oxidative stress marker assay
Malondialdehyde (MDA) (Catalog #E-BC-K025-S) was assayed 
using commercially available reagent kits provided by Elab-
science (Hubei, China) based on its reaction with thiobarbituric 
acid-reactive substances to produce the pink chromogen. It 
was then determined with a spectrophotometer at 532 nm. 
Superoxide dismutase (SOD) (Catalog #K335-100), catalase 
(CAT) (Catalog #K773-100), and glutathione (GSH) (Catalog 
#K261-100) activity were assayed by colorimetric method at 
450, 570, and 340 nm, respectively, using a microplate reader 
and reagent kits provided by BioVision (CA, USA). Each oxida-
tive stress marker assays standard protocol follows the respec-
tive manufacturer’s guidelines.

Inflammatory marker assay
The expression of interleukin (IL)-1β (Catalog #E-EL-R0012), 
IL-6 (Catalog #E-EL-R0015), tumor necrosis factor (TNF)-α (Cat-
alog #E-EL-R2856), and high sensitivity C-reactive protein (hs-
CRP) (Catalog #E-EL-R3002) was assayed by micro-ELISA plate 
using sandwich-ELISA principle. These assays were used com-
mercially available reagent kits and standard protocols pro-
vided by Elabscience (Hubei, China).
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Statistical analysis
Data analyses were performed using SPSS version 25 software 
(IBM, IL, USA). Shapiro–Wilk test was performed for the normal-
ity test. Values were presented as the mean±standard deviation 
(n=6). Differences between groups were made using one-way 
ANOVA with Tukey’s post hoc test or Kruskal–Wallis followed 
by Mann–Whitney U as a post hoc test for nonparametric data. 
Pearson correlation was also performed to analyze the general 
correlation between oxidative stress and inflammatory markers. 
A p-value less than 0.05 was considered statistically significant.

Results
Effect of conventional cigarette and ENDS exposures on 
body weight and food intake
There was no significant difference between the groups in the 
initial measurement. However, the rats exposed to conven-
tional cigarettes and ENDS recorded a significant reduction in 
final food intake compared to the control group (Table 1).

Effect of conventional cigarettes and ENDS on oxidative 
stress markers
The oxidative stress of rats was assessed by measuring MDA, 
SOD, CAT, and GSH in plasma. MDA is a reactive compound of 
lipid peroxidation due to oxygen free radicals’ reactions. As pre-
sented in Figure 1a, the administration of HFD demonstrated 
significantly increased MDA levels compared to the control rats. 
Moreover, this MDA increase was exacerbated with conventional 
cigarettes, followed by ENDS compared to HFD-only-admin-
istered rats. Figure 1b-d depicts the activity of antioxidant en-
zymes against oxidative stress. A significant decrease in SOD and 
CAT activities was demonstrated in the HFD-administered group 
compared to the control group. Conventional cigarettes and 
ENDS exposures decreased SOD, CAT, and GSH activities more 
than rats administered HFD. In addition, a significant harmful ef-
fect on exacerbating oxidative stress markers was documented 
in the group exposed to conventional cigarettes than ENDS.

Effect of conventional cigarettes and ENDS on inflamma-
tory markers
The effect of conventional cigarettes and ENDS on inflamma-
tory markers was assessed by determining IL-1β, IL-6, TNF-α, 

and hs-CRP expressions, as presented in Figure 2. Adminis-
tration of HFD for 6 weeks resulted in a significant increase 
only in IL-6 compared to the control group of rats. However, 
conventional cigarettes and ENDS increased all assessed in-
flammatory markers in exposed rats compared to the HFD-
only-administered rats. Moreover, conventional cigarettes 
also demonstrated a greater effect in exacerbating inflam-
matory markers than ENDS.

Correlation between oxidative stress markers and inflam-
matory markers
The general correlation between oxidative stress and inflam-
mation was analyzed as presented in Table 2. There was a sig-
nificantly strong positive correlation between MDA levels and 
all inflammatory markers. Further, significant strong negative 
correlations were identified between antioxidant enzymes 
and all inflammatory markers.

Discussion
The major finding of this in vivo study was that HFD admin-
istration caused systemic oxidative stress through lipid per-
oxidation and, to some extent, this process also induced 
inflammation. Further, the inhalation route of conventional 
cigarettes and ENDS exposure exacerbate those negative 
effects. To the best of our knowledge, this is the first study 
revealing oxidative stress and inflammation following con-
ventional cigarettes and ENDS using an exposure instrument 
adjusted to real-life exposure to humans.
As well as conventional cigarettes, ENDS liquid contains nico-
tine in addition to VG and PG constituents. Moreover, in the 
heating process of ENDS, during the heat-not-burn state able 
to reach a high temperature (>200°C) and then produce toxic 
aldehydes such as acetaldehyde, formaldehyde, and acrolein 
[12, 13]. This process may differ from other studies that admin-
istered nicotine through the parenteral route.
In the present study, the food intake of both exposed groups 
was significantly less than the control group. In turn, it resulted 
in a lighter mean weight in the exposed group, although the 
results were not statistically significant compared between 
groups. The effects of exposure to conventional cigarettes 
and ENDS on body weight were in accordance with a previous 
study on mice [14]. Meanwhile, in supporting our finding, a 

Table 1. Body weight and food intake in control and treated rats

 NDC HFDC HC HE

Baseline body weight (g)  146.33±5.47 155.83±4.92 147.50±7.77 149.50±9.59
Final body weight (g) 271.83±14.72 268.33±29.29 256.00±12.13 256.17±14.30
Baseline food intake (g/day) 13.88±0.19 13.67±0.52 13.93±0.08 13.88±0.17
Final food intake (g/day) 18.59±0.09 18.27±0.88 16.11±1.02a 16.67±1.42a

a: Statistically significant (p<0.05) compared to the NDC group using the Mann–Whitney U test. Values were presented as the mean±standard deviation (n=6). NDC: normal diet 
control; HFDC: high-fat diet control; HC: HFD+conventional cigarette; HE: HFD+ENDS
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previous study among adolescents reported that cigarettes 
and BMI had a negative relationship, in which moderate and 
heavy smokers had a relatively low BMI compared to light and 
non-smokers [15].

Oxidative stress evaluation revealed that the HFD adminis-
tration led to increased MDA levels and decreased SOD and 
CAT activities. This finding is consistent with a previous study 
[16]. The increase in oxidative stress is likely associated with 
decreased antioxidant enzyme activities. Exposure to conven-
tional cigarettes and ENDS demonstrated an exacerbated ef-
fect of oxidative stress, with lower SOD, CAT, and GSH activities 
and higher MDA levels than in HFD-only groups.

Conventional cigarettes caused significantly lower antioxidant 
enzyme activity and higher lipid peroxidation than ENDS. This 
finding is consistent with a recent study in which ENDS causes 
a milder dysregulation of oxidative stress in kidney tissue than 
conventional cigarettes [17]. Another study by Sanders et al. 
[18] reported that exposure to conventional cigarettes causes 
lung injury mediated by receptors for advanced glycation end 
products, thereby triggering oxidative stress and nuclear fac-
tor erythroid 2-related factor 2 (Nrf2) compensation, although 
this compensation is inadequate. Thus, this condition led to 
the activation of alveolar macrophages and increased suscep-
tibility to emphysema. In supporting available evidence, our 
finding indicates that the harmful effects caused by conven-

tional cigarettes are greater than ENDS, even though they are 
in the same nicotine concentration.

The ENDS blueberry flavored oat milk refill liquid used in our 
study potentially has a role in causing oxidative stress. This 
is supported by Muthumalage et al. [19], who revealed that 
flavors in the refill liquid produced significant levels of H2O2 
equivalents, contributing to the increase in reactive oxygen 
species (ROS) upon acute ENDS exposure. Further, these 
flavorings also induce a cytotoxic response on cell viability 
and an increase in IL-8, and combining several flavors will in-
crease the harmful effect.

Table 2. Pearson correlations between oxidative stress and 
inflammatory markers after conventional cigarette and ENDS 
exposures

 IL-1β IL-6 TNF-α hs-CRP

MDA 0.971b 0.946b 0.961b 0.985b

SOD −0.947b −0.943b −0.950b −0.968b

CAT −0.962b −0.980b −0.903b −0.937b

GSH −0.945b −0.967b −0.847b −0.884b

Results were presented as Pearson correlations. b: Statistically significant (p<0.001). 
ENDS: Electronic nicotine delivery systems; IL-1β: Interleukin-1β; IL-6: Interleukin-6; 
TNF-α: Tumor necrosis factor-α; hs-CRP: High sensitivity C-reactive protein; MDA: 
Malondialdehyde; SOD: Superoxide dismutase; CAT: Catalase; GSH: Glutathione

Figure 2. (a) IL-1β, (b) IL-6, (c) TNF-α, and (d) hs-CRP expressions after conventional cigarette and ENDS exposures.
Values were presented as the mean±standard deviation (n=6). **: p<0.01; ***: p<0.001 versus NDC group. ###: p<0.001 versus HFDC group. NDC: Normal diet control; HFDC: 
High-fat diet control; HC: HFD+conventional cigarette; HE: HFD+ENDS; IL-1β: Interleukin-1β; IL-6: Interleukin-6; TNF-α: Tumor necrosis factor-α; hs-CRP: High sensitivity 
C-reactive protein.
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The current study demonstrated that conventional cigarette 
and ENDS exposures enhance increases in IL-1β, IL-6, TNF-α, 
and hs-CRP expressions than in HFD-only-administered. How-
ever, a previous study suggested that exposure to conven-
tional cigarettes for 4 weeks increased IL-1β and IL-6, while 
ENDS did not [20]. Contrary to our results that those pro-in-
flammatory cytokines increased, it might be due to inflam-
mation that has previously been induced by HFD. Thus, both 
exposures have an exacerbating effect, with a greater impact 
found in conventional cigarettes than ENDS.
Cigarette smoking is well-understood and involved in in-
flammatory processes [21]. Furthermore, evidence regarding 
ENDS is also rising along with its popularity and widespread 
use [22]. An in vitro study by Gellatly et al. [23] suggested 
that the liquid without nicotine increased IL-6 and intracellu-
lar mucin but not the liquid with nicotine, in contrast to our 
study, which was exposed to 12 mg/mL nicotine of ENDS liq-
uid. In agreement with our findings, another study on human 
alveolar macrophages indicated ENDS with nicotine increased 
IL-6, C-X-C motif chemokine ligand 8, monocyte chemoattrac-
tant protein-1, and matrix metalloproteinase-9 expressions 
compared to controls [24].
The hs-CRP is an inflammatory marker predicting cardiovas-
cular disease [25]. Thus, increased hs-CRP expression in both 
exposed groups indicated that conventional cigarettes and 
ENDS are potentially associated with cardiovascular disease. 
A review by the American Heart Association summarized 
that ENDS could increase blood pressure and heart rate, 
cause endothelial cell dysfunction, and induce oxidative 
stress [26]. Similar results to our study were also reported 
that exposure to conventional cigarettes and ENDS with 
and without nicotine for 18 weeks significantly increased 
hs-CRP and TNF-α expressions [27]. Another study among 
Korean populations also supports this finding, increased 
expression of hs-CRP experienced by ENDS users similar to 
conventional cigarette users [28]. The cardiovascular effects 
of ENDS might be associated with the chemicals in liquids, 
such as nicotine, PG, VG, and flavors, as demonstrated previ-
ously by Carll et al. [29].
ROS excess could induce transcription factors and pro-in-
flammatory genes, which in turn, induce inflammation. On 
the other hand, inflammation also increases the generation 
of ROS by inflammatory cells [30]. In concordance, positive 
correlations between MDA and analyzed inflammatory mark-
ers were demonstrated in our study. Furthermore, simultane-
ously, the antioxidant enzymes decreased significantly.

Conclusion
This study revealed that conventional cigarettes and ENDS 
exposures exacerbate oxidative stress and inflammation in 
HFD-fed rats. Although ENDS is considered safer than con-
ventional cigarettes, both showed harmful health effects. 
Potentially causes various diseases related to oxidative stress 
and inflammation.
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