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Impact of e-cigarettes on colonic mucosa and the role of recovery:
involvement of oxidative and inflammatory pathway
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Abstract
Electronic cigarettes (e-cigarettes) (EC) are often advertised as a safer alternative to conventional cigarettes. Its widespread use
has led to increased interest in its adverse health effects, thanks to few restrictions and a lack of regulatory guidelines. The study
aimed to evaluate the influence of exposure to e-cigarette aerosol inhalation in rat colon model and conduct a follow-up after
cessation of exposure. The experiment included 30 male adult Albino rats. The animals were divided into three groups: group I
(control), non-exposed animals; group II (exposed), was exposed to electronic cigarette liquid vapor for four consecutive weeks;
and group III (recovery), was followed up for another 4 weeks after exposure to an e-cigarette as exposed group and for the same
duration. In the exposed group, malondialdehyde (MDA) and total nitric oxide (NO) increased significantly in colonic tissue,
while superoxide dismutase (SOD) decreased. On histological examination, colonic mucosa showed distortion and loss of its
epithelial lining with heavy inflammatory cell infiltration. Also, there was a significant decrease in periodic acid-Schiff-positive
goblet cells and area percent of proliferating cell nuclear antigen expression. Tumor necrosis factor-alpha (TNFα) expression
significantly increased in colonic mucosa. After 4 weeks of EC cessation, the colonic mucosal histological structure showed
recovery with downregulated TNFα immunoexpression and restored oxidant/antioxidant balance. In conclusion, the usage of
electronic cigarettes resulted in marked pathological alterations in the colonic mucosa, which could be attributed to oxidative and
inflammatory stresses. In contrast, the cessation of exposure led to recovery.
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Introduction

Smoking is a worldwide public health problem; however, ces-
sation could prevent it. But the powerful addictive nicotine
properties represent an enormous problem, even for those with
a strong desire to stop smoking. Various nicotine replacement

strategies have been developed, including the e-cigarettes,
which are considered a harm-reduction strategy. They may
improve the general health of smokers and lead to smoking
cessation (Rouabhia 2020).

E-cigarettes and vaping devices are terms used to express
electronic nicotine delivery systems (ENDS). They have been
present in the world market since 1970 and became widely
popular in the USA, mainly among the youth (Etter and
Bullen 2011). Different improvements have resulted in nu-
merous generations of e-cigarette, with the latest called pod-
based e-cigarettes in the shape of a USB flash (the JUUL)
(Hind III et al. 2018).

The marked increase in consumption of e-cigarettes is
due to fruitful social media-based marketing and a wide-
spread of tempting flavors, in addition to the concept that
they are risk-free alternatives to combustible cigarettes.
Recently, this notion of risk-free use has been challenged.
Most e-liquids contain harmful chemicals like propylene
glycol (PG), glycerol (Gly), flavorings, and impurities, all
of which may have adverse health effects besides the

Responsible Editor: Mohamed M. Abdel-Daim

* Eman Ahmed Alaa El-Din
Eman_alaa77@yahoo.com

Heba O. Mohammed
yassin_mekkawy@yahoo.com

Azza I. Farag
azza_ismael@hotmail.com

1 Department of Human Anatomy & Embryology, Faculty of
Medicine, Zagazig University, Zagazig, Egypt

2 Department of Forensic Medicine and Clinical Toxicology, Faculty
of Medicine, Zagazig University, Zagazig 44519, Egypt

https://doi.org/10.1007/s11356-021-15575-x

/ Published online: 26 July 2021

Environmental Science and Pollution Research (2021) 28:64561–64571

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-021-15575-x&domain=pdf
http://orcid.org/0000-0002-1283-2694
mailto:Eman_alaa77@yahoo.com


highly addictive properties of nicotine. This emerging haz-
ard has directed great attention to establish research and
regulations for controlling the quality and composition of
the used constituents in these nicotine devices (Alasmari
et al. 2019; Gentzke et al. 2019; Parraga and Morissette
2020).

Different studies reported marked impairment of both
respiratory bacterial and viral clearance after exposure to
e-cigarette aerosols for 2 weeks, which increased the sus-
ceptibility to influenza and coronavirus infections. In ad-
dition, evidence of human respiratory and systemic inflam-
mation has been distinguished in the plasma and broncho-
alveolar lavage samples from e-cigarette users, with raised
inflammatory biomarkers (Singh et al. 2019; Song et al.
2020).

Moreover, the relation between the use of e-cigarettes and
their stimulatory effect on cancer progression or development
has been proposed, in addition to their DNA devastating effect
and damage to the repair pathways (Mravec et al. 2020).
Crotty Alexander et al. (2020) confirmed that all chemical
constituents of e-cigarette and vaping aerosols have the poten-
tial risk of inducing distinct health hazards throughout the
body, either similar to or different from those caused by nic-
otine or traditional tobacco smoke.

Eliakim and Karmeli (2003) have provided further evi-
dence for distinct and different effects of nicotine on small
and large bowel. Nicotine at a dose protective to the colon
could decrease IL-10 and increase IL-6 production in the
small bowel and had a biphasic outcome on IL-2. On the other
hand, its only effect in the colon was the significant decrease
of IL-2 levels in acute and chronic administration. Thus, nic-
otine administration decreased anti-inflammatory mediator
(IL-10) levels in the small bowel and increased the proinflam-
matory mediator (IL-6), possibly contributing to mucosal
damage in that region. There was no correlation between mu-
cosal or blood levels of the cytokines examined. Other authors
have found, in different settings, similar effects of smoking/
nicotine on the proinflammatory mediators IL-8, IL-1, and
tumor necrosis factor in colonic mucosa (Madretsma et al.
1996; Sher et al. 1999).

The gastrointestinal tract is occupied by different micro-
biota that illustrates the regulation of several chronic dis-
eases such as inflammatory bowel diseases (IBD), cardio-
vascular diseases, cancers, and rheumatoid arthritis. E-
cigarettes significantly affect the oral microbiome; howev-
er, little is known about their significant impact on the gut
microbiome and the gut barrier (Stewart et al. 2018;
Pushalkar et al. 2020).

Therefore, this study was set out to assess the impact of e-
cigarette aerosol inhalation (nicotine-containing) on the colon
and provide insights into its potential systemic health effects,
and to detect how far these impacts can be improved after
cessation of smoking.

Material and methods

Chemical

E-vapor was generated from an electronic cigarette refill bottle
composed of a 2.5-mL liquid tank in Pyrex glass and a re-
chargeable lithium battery (3.7 Volt EH IMR 18650;
2000mAh), coupled with a dual coil atomizer (2Ohm stainless
steel resistance). E-liquid was purchased from commercially
available products in Egypt (Dollars Blends Comp). Every
1 ml of liquid contains vegetable glycerin, propylene glycol
(PG), natural flavorings, and nicotine 18 mg/mL.

Animals

Thirty adult male Wistar Albino rats (outbred rats) were
brought from the Animal House of Zagazig Faculty of
Medicine, weighing approximately 180–200 g. Animals were
kept in clean cages of plastic in a well-controlled temperature
and humidity facility with a constant 12-h light/dark cycle.
Food and tap water were accessible ad libitum during the
study period. The experimental procedure was started after a
week of acclimatization. This study was performed according
to the guidelines of the Institutional Animal Care and Use
Committee, Zagazig University (ZU-IACUC) and the guide-
lines contained in the guide for the care and use of laboratory
animals, approval number (ZU-IACUC/3/F/12/2021).

Experimental design

After 7 days’ adaptation, the rats were distributed randomly
into three groups:

Group I (control): composed of ten non-exposed animals.
Group II (exposed group): ten animals were exposed using

a whole-body mode. The inhalation chamber formed of a pro-
pylene box (38 × 26.5 × 19 cm), and its capacity was 19 L.
The pump (0.18 kW; 1.4/1.6 A; 230 V; 50/60 Hz) was con-
nected to one side of that box, while aerosol of e-cigarette was
pumped on the other side. That technique generates air flow to
flow inside of the chamber. Animals (2 rats each time) were
exposed to the consumption of 1 mL/day of e-liquid contain-
ing 18 mg/mL of nicotine. Each treatment cycle consisted of
17-s puff (6 s on, 5 s off, 6 s on) followed by a 20-min stop.
The voltage of the e-cigarette was adjusted at 5.5 all over the
whole experiment. By the end of each cycle, the rats were
transferred to a clean chamber to begin the next one.
Animals were exposed to 11 cycles/day for five consecutive
days/week for 4 weeks (Canistro et al. 2017).

Group III (recovery group): ten animals were kept in a
clean chamber for another 4 weeks after being exposed to
the e-cigarette as the exposed group and for the same duration
(Chéruel et al. 2017).
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At the end of the experiment, the animals were injected
intraperitoneally with thiopental (50 mg/kg) (Kanjana et al.
2013); their hearts were exposed and perfused by saline solu-
tion through the left ventricle till fluid came out from the right
atrium, which after being opened, was blood-free. The colon
specimens were dissected out after laparotomy and processed
for histological study.We harvested two colonic samples from
each animal: one was homogenized by immersion in ice-cold
50 mM sodium phosphate buffer (pH 7.4) with 0.1 mM eth-
ylene diamine tetraacetic acid (EDTA), while the other spec-
imen was fixed in 10% formol for the histopathological
procedure.

Lipid peroxidation estimation and oxidative enzyme
assay

The supernatant resulted from the homogenized colonic spec-
imen was centrifuged at 1000 g for 20 min at 4 C to be sep-
arated. The supernatant was analyzed for MDA, nitric oxide
(NO), and superoxide dismutase (SOD):

& Lipid peroxidation was detected by measuring
malondialdehyde (MDA) (Rayaman et al. 2015). It was
measured colorimetrically by a commercially available kit
(Biodiagnostic, Cairo, Egypt) according to Lapenna et al.
(2001).

& Superoxide dismutase (SOD) and nitric oxide (NO) were
measured by a commercially available kit (Biodiagnostic,
Cairo, Egypt) according to Grace Nirmala and
Narendhirakannan (2011) and Lundberg et al. (1997).

Light microscopic examination:

The fixed samples in 10% formol saline were processed,
dehydrated, using ethanol and xylene, and then embedded in
paraffin wax. Sections of 5-μm thickness were obtained and
prepared from the colonic specimens for the following stains:

The colonic structure was observed using hematoxylin-
eosin staining (H&E) for detecting the structural integrity of
the colon, and periodic acid-Schiff (PAS) staining was used to
detect mucus-containing goblet cells (Ding et al. 2020).
Hematoxylin (H) & eosin (E) and periodic acid-Schiff (PAS)
staining were performed according to the method of Bancroft
and Gamble (2008).

& Immunohistochemical staining for:

-Anti-proliferating cell nuclear antigen (PCNA)
Immunohistochemical staining was processed using prima-

ry antiserum to PCNA (Clone PC 10, DAKO A/S Denmark).
The primary antibody was diluted in Tris-buffered saline with
a dilution of 1:50, as determined by the datasheet. The

sections were incubated with the primary antibody overnight
at + 4 °C. Enough biotinylated secondary antibodies were
applied to cover the specimen; then, the binding of the primary
antibody was distinguished by using a commercial avidin-
biotin-peroxidase detection system (DAKO, Carpenteria,
USA). A mouse monoclonal antibody was applied in place
of the primary antibody to act as a negative control. Small
intestine sections were used as a positive control for
(PCNA). The slides were stained with diaminobenzene and
counterstained with hematoxylin; then, slides were
dehydrated in 95% ethanol, cleared in xylene, and then cov-
erslips were mounted using two drops of DPX mounting me-
dium (Abdel-Dayem 2009).

-Tumor necrosis factor-alpha (TNFα)
Immunostaining was done using TNF-alpha IHCAntibody

(polyclonal, Abbiotec, San Diego, CA, USA) diluted at 1:80
in phosphate-buffered saline (PBS). The primary antibody
was used in a dilution of 1:50 by adding phosphate-buffered
saline. The specimen sections were incubated with the prima-
ry antibody overnight at + 4 °C; then, secondary antibodies
were applied to cover the specimen. Detection of binding the
primary antibody was performed with a commercial avidin-
biotin-peroxidase detection system (DAKO, Carpenteria,
USA). Phosphate-buffered saline was utilized instead of pri-
mary antibody to act as a negative control. Sections of human
mammary cancer were a positive control for TNFα. The slides
were subjected to (DAB) and counterstained with hematoxy-
lin (Kim et al. 2011).

Morphometric analysis

& The morphometric study was performed using the image
analyzer (the Image J software plugin) in the Anatomy and
Embryology Department, Faculty of Medicine, Zagazig
University, Egypt. Random microscopic areas were under
400 high power fields. A mean of 15 readings was
assessed from 5 serial sections from each animal within
each group as follow:

& PAS stained sections were analyzed morphometrically to
count the number of goblet cells in each field manually.

& Sections of each group stained with PCNA and TNFα
were subjected for estimation of the area percent of posi-
tively immune reaction that was done after image splitting.
Images were split into RGB stacks; then, the red stack was
accustomed to a threshold to highlight it with a binary
mask.

Statistical analysis

Statistical analysis was carried out using Graph Pad Prism 5
“Graph Pad Software, San Diego, USA” and was performed
by two studied groups, using analysis of variance test
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followed by Student-Newman-Keuls post hoc test with the
value of p < 0.05 considered statistically significant. The ob-
tained data were stated as mean values and SE (standard
error).

Results

Assay of enzyme activity

There was a significant increase in MDA and total NO in
group II (exposed) compared to the other two groups. On
the contrary, their levels decreased in the recovery group
(III) but still significantly more than Group I (control). There
was a significant decrease in the SOD level in the group ex-
posed to e-cigarette compared to the other two groups. The
SOD level increased in the recovery group but still significant-
ly less than in the control group (Table 1).

Histological results

H&E

Histological examination of colonic specimen sections from
Group I (control animals) showed the normal architecture of
the colon. They revealed folded mucosa with intact and con-
tinuous simple columnar epithelial lining, submucosa, and
musculosa with multiple goblet cells within the lining of reg-
ularly organized tubular crypts (Fig. 1). On exposure to an
aerosol of e-cigarette group II (exposed), the colonic specimen
showed distorted mucosa with loss of continuity in its epithe-
lial lining and heavy inflammatory cell infiltration. There were
few goblet cells within the lining of crypts (Fig. 2). Group III
(recovery) revealed marked improvement in the histological
structure of colonic specimens, as restoring of their mucosal
lining with few inflammatory infiltrations and an apparent
increase of goblet cells (Fig. 3).

PAS staining

Group I (control animals) revealed abundant goblet PAS-
positive cells in the crypts of colonic mucosa (Fig. 4a), while
group II (exposed) exhibited very scarce PAS-positive goblet

cells (Fig. 4b). Group III (recovery) showed many PAS-
positive goblet cells (Fig. 4c).

Anti-PCNA

Group I (control animals) showed multiple PCNA-positive
cells within the mucosal cells (Fig. 5a), while group II
(exposed) revealed a marked decrease of PCNA-positive cells
(Fig. 5b). Group III (recovery) showed restoration of positive
cells in colonic mucosa (Fig. 5c).

TNFα immunohistochemical staining

Group I (control animals): the section revealed scanty TNFα-
positive expression (Fig. 6a), while Group II (exposed)
showed marked expression of TNFα (Fig. 6b). Positive
immunoexpression of TNFα was markedly less in Group III
(recovery) (Fig. 6c).

Morphometric results

There was a significant decrease in PAS-positive goblet cells
and area percent of PCNA expression in group II (exposed)
compared to the other two groups. Conversely, their levels
elevated in group III (recovery) but still significantly less than
group I (control). There was a significant increase in the area
percent of TNFα expression in group II (exposed) compared
to the other two groups. On the other hand, TNFα expression
decreased in percent in group III (recovery) but still signifi-
cantly higher than group I (control) (Table 2).

Discussion

Electronic cigarettes (e-cigarettes) are widely used all over the
world. They are thought to be a safer substitute for combusti-
ble cigarette smoking and an effective smoking cessation aid.
They are designed to provide the desired nicotine dose with-
out burning tobacco; hence, they have reduced adverse gen-
eral and oral health effects compared to combustible ciga-
rettes. However, the differential effects of e-cigarettes and
combustible cigarettes have been based on self-reported per-
ceptions. Also, young people who are smoking e-cigarettes

Table 1 Comparison among different studied groups regarding mean values of MDA, SOD, and NO

Parameter Mean ± SE Group I Group II Group III

MDA (nmol/mg) 5.498 ± 0.1819 12.02 ± 0.3343 P < 0.05a 8.330 ± 0.2392 P < 0.05a&b

SOD (U/mg) 61.20 ± 2.260 21.31 ± 1.133 P < 0.05a&b 29.49 ± 0.3054 P < 0.05a&b

NO (nmol/g tissue) 257.2 ± 9.401 608.2 ± 7.086 P < 0.05a 402.6 ± 7.062 P < 0.05a&b

NS non-significant (P > 0.05)

P < 0.05=statistically significant, a = versus group I, b = versus group II
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and have never engaged in combustible cigarette smoking are
increasing. This necessitated more detailed research on the
health effects of e-cigarettes (Rouabhia 2020). Therefore, the
present study evaluated the impact of the exposure to e-
cigarette vapor (with nicotine) on colonic mucosa and con-
ducted a follow-up after smoking cessation.

The biochemical results of our study illustrated an imbal-
ance between the oxidants and antioxidants, where there was a
significant decrease in SOD and an increase in MDA and NO
levels in the exposed group (II) compared to the other groups.
This agreed with the results of previous studies (Verschuere
et al. 2012; Bhattacharyya et al. 2014).

These biochemical results may explain the induced gastro-
intestinal pathology, in the form of discontinuation of the GI
tract barrier, thereby increasing intestinal permeability and
contributing to the inflammation, as reported by different au-
thors, declaring that reduced SOD activity in the gut caused
gastric ulcer (Kwiecien et al. 2014; Vona et al. 2021).

Moreover, our results were congruent with Marczylo
(2020), who reported that systemic effects of e-cigarettes were
identified using oxidative stress and inflammation biomarkers,

in addition to the significant increase in lipid peroxidation.
They added that the greater exposure to free radicals is directly
related to nicotine exposure from e-cigarettes with nicotine.

The dysregulation of nitric oxide (NO) production detected
in our study goes in hand with the results of Achitei et al.
(2013), Li et al. (2015), Yang et al. (2015), Berkowitz et al.
(2018), and Ismail and Aboulkhair (2018). They reported that
smokers and animals exposed to cigarette smoke have signif-
icantly high levels of systemic oxidative stress biomarkers,
which can negatively affect the susceptible tissues, like the
gastrointestinal tract.

In addition, near our results, Kuntic et al. (2020) detect-
ed disturbed NO signaling in the endothelium of mice ex-
posed to e-cigarettes and severe oxidative stress in the aor-
ta, lung, and brain of animals after e-cigarette vapor expo-
sure. Moreover, Papoutsopoulou et al. (2020) mentioned
that the decreased nitric oxide levels could prevent intesti-
nal mucosal injury, helping to restore epithelial continuity,
while its high production resulted in deleterious effects via
enhancing the adverse effects of other reactive oxygen spe-
cies (ROS).

Fig. 1 Photomicrographs of a
colonic section from group I
(control group). (a) shows normal
mucosa (M), submucosa (SB),
and musculosa (Ms) (H&E,
×100). (b) shows folded mucosa
with intact and continuous simple
columnar epithelial lining (ar-
row), multiple goblet cells (zigzag
green arrow), and regularly orga-
nized tubular crypts (Cry) (H&E,
×400)

Fig. 2 Photomicrographs of a
colonic section from group II
(exposed group). (a) shows
mucosa (M), submucosa (SB)
with blood vessel (Bv), and
musculosa (Ms) and serosa (S)
(H&E, ×100). (b) shows distorted
mucosa with loss of continuity in
its epithelial lining (arrow) with
heavy inflammatory cell infiltra-
tion (red asterisk). Note, few
goblet cells (zigzag green arrow)
within lining of crypts (Cry). (c)
shows heavy infiltration of in-
flammatory cells (red asterisk)
with disturbed crypts (arrow) and
scares goblet cells (H&E, ×400)
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Moreover, Abdel Mohsen and Ahmed (2019) declared that
iNOS is involved in colitis pathogenesis. iNOS could produce
high NO levels that interact with free radicals creating more
toxic compounds, which trigger tissue damage by modifying
the structure and function of DNA, proteins, and lipids.

In the present study, colonic specimens from the exposed
group (II) showed distorted mucosa with loss of folding and
the continuity of its epithelial lining, heavy inflammatory cell
infiltration, and few goblet cells within the lining of crypts.
They were lost or distorted in most areas. Similar findings
were recorded in acetic acid-induced colitis of previous stud-
ies (Sen et al. 2017; De Santana Souza et al. 2017; Abdel
Mohsen and Ahmed 2019; Malago and Sangu 2015). Also,
Sharma et al. (2021) reported the presence of intermittent
areas of epithelial losses after acute exposure of mice (1 week)

to nicotine-containing e-cig aerosols, while the inflammatory
infiltrates within the colonic submucosa were enormous in
chronic exposure (3 months).

Near our results, Ismail and Aboulkhair (2018) observed
congeneric histopathological changes in acetic acid-induced
colitis. This colitis is extremely similar to human ulcerative
colitis regarding microscopic features, pathogenesis, and in-
flammatory mediators.

The colonic pathology observed in our study can be traced
back to the effect of cigarette smoke that contains high con-
centrations of reactive oxygen metabolites (ROMs), as nitric
oxide and superoxide in the gas phase, and semiquinone-
radicals and metal ions in the tar phase. These ROMs allow
the change of hydrogen peroxide to the highly reactive hy-
droxyl radical and peroxides, which in turn may lead to

Fig. 3 Photomicrographs of a colonic section from group III (recovery
group). (a) shows nearly normal mucosa (M), submucosa (SB) with
congested blood vessel (Bv), and musculosa (Ms) (H&E, ×100). (b)
shows folded mucosa with intact and continuous simple columnar

epithelial lining (arrow) and few inflammatory cell infiltration (red aster-
isk); multiple goblet cells (zigzag green arrow) are seen within the lining
of crypts (Cry) (H&E, ×400)

Fig. 4 Photomicrographs of
sections in distal colon of a rat
from each experimental group. (a)
Group I (control group) shows
multiple PAS-positive goblet
cells within the crypts ( arrows).
(b) Group II shows few PAS-
positive goblet cells (arrow). (c)
Group III shows apparent in-
crease in PAS-positive cells
(arrow) (PAS ×400)
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significant tissue necrosis and mucosal dysfunction
(Verschuere et al. 2012). Kwiecien et al. (2014) referred the
intestinal injury as the effect of the inflammatory cells that
release proteases and lipid mediators.

Another explanation was declared by Ghosh et al. (2020)
and Wang et al. (2016), who reported that exposure to
nicotine-free e-cigarettes causes loss of epithelial barrier in-
tegrity and increased susceptibility to inflammation due to a
marked decrease in tight junction markers (TJ): occludin and
zonula occludens (ZO1). They added that, in chronic repeti-
tive exposure to e-cigarettes, multiple pro-inflammatory cyto-
kines were either elevated significantly (IL-8, TNFα) or
displayed an increasing trend but did not show significance
(Cxcl2).

Our results suggested that e-cigarette could precipitate ul-
cerative colitis owing to the observed heavy colonic infiltra-
tion with inflammatory cells in exposed rats (group II). This

finding was confirmed morphometrically by the significant
increase in the percent of tumor necrosis factor-alpha
(TNFα). In the same context, previous researches have
marked ulcerative colitis with granulocytes and other leuco-
cyte infiltrations into the site of mucosal inflammation and
ulcers, which resulted in increased pro-inflammatory cyto-
kines (TNFα and interleukin-6). These cytokines play a vital
role in modulating the intestinal immune system, as macro-
phages and neutrophils are responsible for epithelial disrup-
tion and colonic injury (Karaca et al. 2010; Al-Rejaie et al.
2013). Also, Zucker et al. (2015) supported our results and
detected eosinophilic infiltrations in ulcerative colitis.

The intestinal goblet cells are present throughout the intes-
tinal tract, especially in the distal colon and rectum. They are
highly polarized secretory cells involved in intestinal protec-
tion by producing several mediators, including the mucin and
trefoil factor-3, which augments the mucus protective barrier

Fig. 5 Photomicrographs of
sections in distal colon of a rat
from each experimental group. (a)
Group I (control group) shows
multiple PCNA-positive cells
within the mucosal cells (tailed
arrows). (b) Group II shows few
PCNA-positive cells mainly in
submucosa (tailed arrow). (c)
Group III shows apparent in-
crease in PCNA-positive cells
(tailed arrow).
(Immunohistochemistry stain for
PCNA ×400)

Fig. 6 Photomicrographs of
sections in distal colon of a rat
from each experimental group. (a)
Group I (control group) shows
scanty TNFα-positive cells (red
arrow). (b) Group II shows
marked expression of TNFα (red
arrow). (c) Group III shows ap-
parent few cells with positive
TNFα expression (red arrow).
(Immunohistochemistry stain for
TNFα ×400)
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properties against chemically induced ulceration, and pro-
motes epithelial restoration after mucosal injury. This released
mucus gel layer acts as an intestinal lubricant, a niche for
colonization of commensal-flora to get their nutrients, and
restricts the passage of molecules into the mucosa
(Bergstrom et al. 2008; Al-Rejaie et al. 2013).

In the current work, morphometric results revealed a sig-
nificant decrease of PAS+goblet cells number in the mucosa
of group II (exposed) animals compared to other groups.
These results agreed with Nowarski et al. (2015) and Ismail
and Aboulkhair (2018). Kasinathan et al. (2018) explained
this decreased number of goblet cells by being a part of tissue
destruction that occurred through the inflammatory process.
This marked reduction of mucin-producing-goblet cells and
the mucus layer explains the increased inflammation in the
exposed group in our study. These results were similar to
previous studies, which reported that ulcerative colitis was
manifested by mucosal barrier dysfunction, particularly in ep-
ithelial goblet cells and their mucus production (Nowarski
et al. 2015).

Moreover, our results revealed a significant decrease in
PCNA immune expression in the exposed group compared
to other groups. These findings coincided with Helal et al.
(2020), who detected decreased PCNA expression in rats with
ulcerative colitis. Additionally, Glover et al. (2017) observed a
low proliferation rate under the impact of low-grade continu-
ous inflammation. Also, our findings were supported by
Sharma et al. (2021), who stated that e-cigarettes induce gut
inflammation.

Many studies tested chemicals found in most basic e-
cigarette aerosols (>99%) (propylene glycol and glycerol)
and proved that chronic and repetitive exposure to aerosols
of electronic-cigarette induces harmful effects on the oral mu-
cosa and respiratory system (Pushalkar et al. 2020; Madison
et al. 2020; Crotty Alexander et al. 2018).

However, the findings of some other studies were against
our results, as they reported that nicotine performs a direct
anti-inflammatory impact on monocytes and T cells through
the direct motivation of the cholinergic anti-inflammatory
pathway (inhibition of NFkB signaling). They added that it
has a protective role against the advance and progression of
ulcerative colitis. These results may be due to short-term ex-
posure to nicotine (Suenaert et al. 2003), different regional

effects of nicotine on the small bowel and colonic cytokine
mucosal levels (Eliakim and Karmeli 2003), or the use of side-
stream smoking (Wang et al. 2012).

Also, Sharma et al. (2021) found no significant alteration in
colonic gene expression in acute exposure to nicotine-free e-
cigarettes while recorded marked changes in gene expression
in chronic exposure. They added that exposure to nicotine-
containing e-cigarettes reversed these differences. This is con-
gruent with nicotine anti-inflammatory and barrier-tightening
effects, which were also proved in humans upon chronic, not
acute exposures. They finally concluded that repeated expo-
sure to e-cigarettes over months altered transcriptional pro-
grams of three main inter-related genes concerned with cellu-
lar response to stress and stimuli, mucosal response to infec-
tion and inflammation, and anti-oncogenic pathways.

Although prior research has studied adverse effects of in-
traperitoneal injection of nicotine or e-liquid on rat health
(Valença et al. 2004; Golli et al. 2016), the exposure in our
study was designed to model firsthand e-cigarette vapor ex-
posure, with rats exposed to EV generated from the devices
used by actual e-cigarette users. Rats may have tinny e-
cigarette aerosol deposited on their fur that theymight reingest
when preening leading to far greater exposure to the gastroin-
testinal tract than e-cigarette users; however, the reason for
using this model of exposure is that heating and vaporization
of e-liquid alter the chemical composition and can create
toxins such as formaldehyde and acrolein. These toxins may
cause adverse effects directly on the airway and endothelial
cells much more than other components of EV do (Jensen
et al. 2015).

In our research, the recovery group revealed marked im-
provement in the histological structure of their colonic speci-
mens, as restored mucosal lining with few inflammatory
infiltrations and increased goblet cells. These findings may
be due to the restoration of oxidant/antioxidant balance where
MDA and total NO significantly decreased in levels, but SOD
decreased. Our results matched with recent studies of Afzal
et al. (2021) and Vona et al. (2021). They mentioned that the
gastrointestinal mucosal injury could be prevented by the
presence of adequate levels of SOD antioxidant enzymes, as
they have both primary and secondary defense functions
against both endogenous and exogenous toxins to counterbal-
ance the free radical damaging effects of e-cigarettes.

Table 2 Comparison among different studied groups regarding different morphometric parameters

Parameter Mean ± SE Group I Group II Group III

Number of PAS+ve goblet cells 39.20 ± 1.769 14.90 ± 0.8750 P < 0.05a 26.20 ± 1.083 P < 0.05a&b

Area percent of PCNA expression % 20.23 ± 0.3391 10.74 ± 0.2168 P < 0.05a 18.33 ± 0.2783 P < 0.05a&b

Area percent of TNFα expression % 5.349 ± 0.3504 22.44 ± 0.7888 P < 0.05a 9.110 ± 0.4971 P < 0.05a&b

NS non-significant (P > 0.05)

P < 0.05=statistically significant, a = versus group I, b = versus group II
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Therefore, increased SOD activity has been associated with
ulcer healing in patients, indicating the importance of its anti-
oxidant activity in promoting health (Bhattacharyya et al.
2014).

In addition, our findings agreed with the previous studies,
which proved that royal jelly (RJ) protected against acetic
acid-induced colitis, as it returned the balance between the
oxidative enzymes to be similar to the control group. This,
in turn, protects against colonic injury, thus approving its po-
tent antioxidant and anti-inflammatory properties (Ismail and
Aboulkhair 2018).

Conclusion

In conclusion, exposure to the vapor from nicotine-containing
e-cigarettes can induce colonic mucosal toxicity and damage
in adult male Albino rats. Such unpredicted adverse effects
may involve inflammation and/or oxidative stress. However,
cessation of exposure to e-cigarettes leads to improvement and
partial restoration of colonic mucosal integrity. With the con-
tinuous rise in e-cigarettes use, further studies are mandatory
to understand the direct short and long-term effects of expo-
sure to vapor on several different target sites and toxicological
pathways and to identify the active components in e-vapor.
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