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Background and Aim: Smoking has been extensively investigated in oncology, and controversial 
associations with brain tumor incidence have been reported. Caspase-3 and matrix 
metalloproteinases (MMPs) belong to an important cascade in tumor vasculogenesis. We aim to 
study the smoking impact on these signaling molecules in nontumoral rat brain tissue. 

Methods and Materials/Patients: A total of 60 Wistar rats were divided into two groups: 
treatment (cigarette smoke/electronic cigarette) and control groups with subgroups of male and 
female rats. After general anesthesia and decapitation, their brains were collected, and 3-μm thick 
coronal sections were prepared. Following immunohistochemical staining with rabbit anti-MMP-2 
and anti-caspase-3 antigens, protein expressions were analyzed by selecting two fields at 400x 
magnification.

Results: Our data suggest that the expression of MMP-2 was not significantly different between 
the studied groups. However, the significant inductive activity of cigarette smoking was observed 
on caspase-3.

Conclusion: Cigarette smoking indicates pro-tumoral signaling impact in normal tissue with 
activation of caspase-3 in rat brain tissue.
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1. Introduction

Smoking has been extensively studied 
for its tumorigenicity, including brain tu-
mors [1]. Smoking and nicotine have con-
troversial associations with brain tumor 

incidence, especially glial tumors, the most common 
neoplastic brain lesions in adults [2, 3]. Smoking and 
cigarette use have potential links with caspase-3 activ-
ity, which has been reported in the bronchiolar epithe-
lium and umbilical vein endothelial cells [4, 5]. Among 
signaling cascades introduced in glioma inception, cas-
pase-3 activation has recently gained attention due to 
its dual role in pro- and anti-tumoral activities [6, 7]. In 
this manner, caspase-3 activation in the glioma environ-
ment has been discussed as proangiogenic signaling [6].

Matrix metalloproteinases (MMPs) are engaged in 
tumor-induced vasculogenesis and demonstrated in 
downstream signaling of caspase-3 as AKT/P-AKT/
cleaved-caspase-3/MMP-2/MMP-9 signaling cascade 
[8]. In this manner, several MMPs have been discussed 
in correlation with smoking, in which MMP-2 and MMP-
9 have been studied extensively [9]. MMP-2 plays an 
important role in glioma invasiveness and may have 
prognostic potential [10]. Furthermore, MMP-2 is also 
discussed as a proangiogenic factor in malignant glioma 
environments [11].

Here, we aimed to survey immunohistochemical assay 
to find out whether smoking has an expressional impact 
on the level of caspase-3 and MMP-2 in rat brain tissue. 
The caspase-3/MMP-2 link induces tumor proliferation 
and invasiveness; however, this functional interaction 
should be evaluated in intact, nontumoral tissue. We 

also examined electronic smoking in another specific rat 
group, other than the non-smoking control group, due 
to its diminished proto-oncogenic activity and tobacco 
substitution [12]. 

2. Materials and Methods/Patients

Animals and smoke exposure

Thirty male and 30 female Wistar rats (4-8 weeks old, 
weighing 200±20 g) were adopted from the Faculty of 
Pharmacy, Tehran University of Medical Sciences. They 
were housed in standard cages. Environmental condi-
tions were controlled temperature (22±2°C), humidity, 
and a 12 h light/dark cycle (light on 07:00–19:00). Food 
and water were provided ad libitum. The sample size was 
calculated with continuous endpoints at a power of 80% 
(α=0.05), which determined a minimum of 10 for each 
group. The rats were divided into two groups: treatment 
and control groups. The treatment group consisted of 
cigarettes and electronic cigarettes, with 10 rats in each 
subgroup. Subgroup 1 included cigarette smoke male/fe-
male groups; subgroup 2 had electronic cigarette smoke 
male/female groups, and control male/female groups. 
To adapt to the environment, these animals were kept at 
the Urology Research Center animal house for two weeks 
before the experiment to prevent possible environmen-
tal changes. All procedures and animal euthanasia were 
under the guidelines of the ethical committee for the use 
and care of laboratory animals at the Tehran University of 
Medical Sciences, Tehran, Iran [13]. 

The control group was exposed to sham air, and the 
treatment groups were exposed to cigarette or e-ciga-
rette smoke entering the box through a suction device. 

S

Highlights 

• MMP-2 levels of rat brain have not been influenced by cigarette or e-smoking.

Cigarette smoking significantly increased the expression of caspase-3 in rat brains.

• Gender differences do not significantly impact rat brain proto-oncogenic activity.

Plain Language Summary 

Smoking and brain tumors have got huge considerations in terms of molecular signaling. Proto-oncogenes and their 
signaling cascades have been extensively studied, where some molecular convergences implicate great significance. 
Caspase-3 and matrix metalloproteinases (MMPs) belong to this protein family and are involved in tumor vasculogen-
esis. Our data suggest significant involvement of caspase-3, not MMP-2, in response to smoking in rat brain tissue.
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Also, after the smoke enters the box, the smoke gradu-
ally escapes through a special sponge chimney placed 
on the box; each period of exposure of mice to ciga-
rette smoke or e-cigarettes lasts 10 minutes. These 10 
minutes were performed five times daily (Teague TE10 
smoke exposure system). In these chambers, animals 
(n=10 per chamber) were exposed to tobacco smoke, 
and each cigarette contained 0.6 mg of nicotine. The 
samples were exposed to cigarette smoke or e-ciga-
rettes for 50 minutes a day. In the e-smoking group, ani-
mals were in contact with electronic cigarette aerosols 
yielded by an electronic cigarette (1.8 Ω single-coil, Mini 
Protank 2, KangerTech, Shenzhen, China). E-cigarettes 
are loaded with a solution of analytical grade propylene 
glycol, glycerol, and nicotine (free bases) procured from 
Sigma Aldrich. The solution combined 70:30 PG.: VG. by 
volume like available commercial liquids. The nicotine 
concentration was 0.6 mg/mL nicotine. The whole liq-
uid composition was similar to commercially available 
products. The machine activates a pump during each 
puff that forces lab air into the air inlet ports of the 
ECIG. Afterward, aerosol exits the Ecig mouthpiece and 
enters the whole-body exposure chamber. A 4-s dura-
tion puff production of volume 116.7 mL every 10 s was 
programmed 5 times a day for 120 consecutive days.

Tissue collection

Animals were injected with 100 mg/kg of Zoletil® as 
general anesthesia and decapitated according to the 
Ministerial guidelines. Brains were collected, washed 
carefully, and immediately frozen in liquid nitrogen. Af-
ter euthanasia, the brain was removed and placed in 
a steel mold (Matrix model-A.S.I.–Instruments-C.B.M. 
-2000C USA) for performing coronal sections. From 
coronal sections were obtained 3-μm thick sections and 
embedded in paraffin.

Immunohistochemical staining

Representative paraffin blocks were selected for im-
munohistochemical study. Three-micrometer sections 
were deparaffinized with xylene and alcohol and then 
rehydrated. The slides were immersed in 3% hydrogen 
peroxide for 15 min. Antigen retrieval was done at an ap-

propriate pH for each marker. The protein block reagent 
was applied to each sample for 10 min. Subsequently, 
sections were incubated with the first antibody for 1 h 
(Table 1), washed, and then incubated with the second 
antibody (Medaysis Meda View TM Two-step polymer-
AP Anti-mouse & rabbit system) for 20 min. Finally, the 
antigens were detected by using chromogen.

For protein expression analysis, two fields were se-
lected at 400x magnification, with a greater concentra-
tion of positive cells or marked (areas of “hot spots”) for 
each protein under study. A semi-quantitative scoring 
method (scores 1 to 3) based on the intensity of neu-
rons’ staining was used to evaluate immunopositivity.

Data analysis

The categorical variables were described as n (%). After 
assessing the interaction effect using GEE ordinal logis-
tic regression model, the odds ratio (95% CI) for sex and 
intervention groups were calculated for MMP-2 and cas-
pase-3 separately using ordinal logistic models. All analy-
ses at P<0.05 were considered statistically significant. 
The data were analyzed, blinded to experimental groups, 
using the IBM SPSS software, version 22.0 and R 4.1.1.

3. Results

The whole brain’s coronal sections reacted immu-
nohistochemically to caspase-3 and MMP-2 in each 
group, demonstrating 1+, 2+, and negative expressions 
(Tables 2 and 3). Although there was mild induction of 
caspase-3 in female rats exposed to electronic smoking, 
only male rats in the cigarette smoking group revealed 
a significant increase in protein expression due to im-
munohistochemical analysis. 

In this manner, the expression of MMP-2 was not sig-
nificantly different between none of the studied groups. 
Here, we also observed a mild, but not statistically sig-
nificant increase in MMP-2 expression in female rats 
exposed to electronic smoking and male rats exposed 
to cigarette smoking. These data suggest an important 
inductive cigarette smoking activity on caspase-3 and 
not MMP-2 expression. 

Table 1. Primary antibodies used in this study

Antibody Company Clone Positive Control

Rabbit anti-MMP-2 ZYTOMED N/A Placenta

Rabbit anti-caspase-3(cleaved) ZYTOMED Polyclonal Tonsil
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4. Discussion

In this brief study, we observed a significant corre-
lation between increased caspase-3 expression and 
smoking in rat brain tissue, although this effect was not 
detected in rats exposed to electronic smoking. This 
correlation was further significant if male and female 
rats were independently analyzed. On the other hand, 
MMP-2 expression level on immunohistochemical ex-
tracts is not significantly correlated with either smoking 
or electronic smoking in treated rats.

Caspase-3 is a potent programmed cell death activa-
tor and has been studied extensively in the role of an-
ti-tumor activity [14]. Interestingly, another aspect of 
caspase-3 activity has been revealed in recent years. Tu-
mor repopulation and in response to caspase-3 down-
stream inflammatory molecules are shown following 
glioma treatment [15]. From another point of view, the 
caspase-3/MMP-2 pathway, promoting tumor angio-
genesis and invasion, is pro-tumor signaling reported 
in lung cancer cells [8]. Our data suggest an increased 
expression of caspase-3 in rat brains, but not MMP-2, 

in response to cigarette smoking. According to the data, 
caspase-3 activation following smoking has been re-
ported in various tumoral and non-tumoral tissues. In 
contrast, caspase-3 inhibition by glioma tumor cells is 
also displayed in tumor growth [7]. This should be noted 
that the level of caspase-3 activation and or expression 
may dictate the fate of downstream signaling in the tu-
moral microenvironment [16]. 

In the search for cross-talk of MMP-2 and brain glial tu-
mors, MMP-2 expression has been discussed as a prog-
nostic factor in astrocytoma [10] and despite aggressive 
treatment, patients often experience recurrence. Surviv-
al decreases with increasing tumor grade, and especially 
patients with grade IV glioblastoma have poor prognosis 
due to the aggressive character of this tumor. Matrix me-
talloproteinase-2 (MMP-2). Our data is a limited demon-
stration of caspase-3 as an upstream activator of MMP-
2, which may significantly affect tumoral angiogenesis, 
although this effect can be minimal in non-tumoral tis-
sue. It is intriguing to speculate that MMP-2 and other 
MMPs have many upstream signaling inhibitors/activa-
tors in normal and tumoral contexts [17].

Table 2. MMP-2 expression in rat brain immunohistochemical studies

Factors
Immunohistochemical

OR (95% CI) P
Negative 1 Positive 2 Positives

Sex
Female (ref.) 19 9 2 1 -

Male 14 14 2 1.81(0.65, 4.98) 0.253

Group

Control (ref.) 9 11 0 1 -

Treatment
Smoking 13 5 2 0.59(0.17, 2.03) 0.400

E-Smoking 11 7 2 0.83(0.25, 2.79) 0.770

Table 3. Caspase-3 expression in rat brain immunohistochemical (IHC) studies

Factors
Immunohistochemical

OR (95% CI) P
Negative 1 Positive 2 Positives

Sex
Female (ref.) 23 6 1 1 -

Male 25 3 2 0.71(0.19, 2.69) 0.586

Group

Control (ref.) 19 1 0 1 -

Treatment
Smoking 13 5 2 10.39(1.14, 94.70) 0.038

E-Smoking 16 3 1 4.87(0.49, 48.11) 0.178

Mortazavi SA, et al. Smoking and Brain and MMP-2-Caspase-3 Cascade. Iran J Neurosurg. 2023; 9:E15

https://irjns.org/


5

2023, Volume 9, No. 15

5. Conclusion

These data suggest that cigarette smoking is an im-
portant activator of caspase-3 in rat brain tissue with 
limited pro-tumoral signaling impact in normal tissue. 
However, it can further augment invasiveness and re-
population in tumoral tissue.
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