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Purpose: Diallyl sulfide (DAS), one of the organo-sulfur secondary metabolites in garlic, 
has been shown to inhibit the proliferation of cancer cells. The present study aimed to 
evaluate the mechanism of DAS in the prevention of benzo[a]pyrene (BaP)-induced lung 
cancer in a murine model.
Materials and Methods: The mice were exposed to 50 mg/kg of BaP twice a week for 4 
weeks in order to induce lung carcinoma. Pretreatment of mice with DAS (100 mg/kg) was 
started 2 weeks before BaP exposure and further continued for 21 weeks. The effect of DAS 
and BaP was evaluated by studying various parameters in the serum and tissues of the treated 
or untreated BaP-exposed mice.
Results: The histopathological findings demonstrated that DAS prevented the progression of 
malignant lung cancer and metastasis in the liver. A significant drop was observed in BaP- 
induced tumor marker enzymes (ADA, AHH, γ-GT, LDH) in the serum of the mice treated 
with DAS. Moreover, DAS treatment resulted in the recovery of antioxidant enzymes, SOD 
and CAT, in BaP-exposed mice. The induction of apoptosis and the destruction of cellular 
ROS were detected in cancer cells from the mice pre-treated with DAS. The immunohisto-
chemical analysis revealed the up-regulation of fatty acid synthase (FASN) in the lungs and 
liver tissues of BaP-exposed mice and the treatment with DAS inhibited FASN expression.
Conclusion: The findings of the present study indicated that DAS-induced apoptosis is 
strongly associated with the downregulation of FASN in tumor tissues. To the best of our 
knowledge, this is the first study that describes the role of FASN in BaP-induced lung 
carcinogenesis.
Keywords: DAS, FASN, apoptosis, ROS, lung carcinoma

Introduction
Lung cancer is recognized as one of the commonly diagnosed cancer and the 
primary causes of mortality globally. According to GLOBOCAN 2018, more than 
2 million cases of lung cancer were registered, making up to 18.4% of total cancer 
deaths during 2109.1 In recent times, there has also been a massive increase in 
smoking among males and females in countries like India, China, and Saudi Arabia, 
which is the leading cause of lung cancer.2,3 The exposure of tobacco is associated 
with about 90% of total lung cancer cases, and the smokers have a 20-fold high risk 
in cancer progression as compared to non-smokers.4,5 Benzo[a]pyrene (BaP), 
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a polycyclic hydrocarbon found in tobacco smoke, is one 
of the leading causes in the etiology of lung cancer. The 
BaP makes the DNA adduct formation followed by the 
promotion and progression of cancer after metabolically 
activated into 7.8-diol-9, 10-epoxide reacting with DNA 
primarily.6 Therefore, the BaP has been used in all three 
stages (Initiation, Promotion, and Progression) of the lung 
cancer model in laboratory animals. A high level of FASN 
expression has been reported to play a significant role in 
the promotion, as well as the progression of cancer while 
controlling the genes associated with malignant 
transformation.7,8 Moreover, the up-regulation of FASN 
has been described to express in the initiation and progres-
sion of non-small cell lung cancer and squamous cell 
carcinoma.9,10

The researchers have been trying to develop the 
novel anti-cancer agents with high chemotherapeutic 
outputs and reduce side effects. However, there is no 
medicine to eradicate cancer, but the risk can be reduced 
by limiting the process of carcinogenesis. Herbal medi-
cine has engrossed widespread attention as the percep-
tion has grown that the nutraceuticals exert a significant 
role in making the strategies by drug designer against 
the disease, reviewed by several researchers.11–13 The 
data from several epidemiological studies have demon-
strated that the intake of garlic plays an important in the 
prevention of various diseases, including different types 
of cancer.14–18 The occurrence of organosulfur com-
pounds in the form of allicin has been widely associated 
with the potential health benefits of garlic. As the allicin 
is unstable, it is metabolized naturally to various oil- 
soluble allyl sulfides, such as diallyl sulfide (DAS), 
diallyl disulfide (DADS), and diallyl trisulfide 
(DATS).19–22 The concentration of DAS among other 
organosulfur secondary metabolites in garlic is mini-
mum, but it showed the lowest toxicity in experimental 
animals while given orally (LD50>2000mg/kg b.w). 
Moreover, the higher stability of DAS in comparison 
to DADS and DATS at room temperature makes it 
broad-spectrum pharmaceuticals.23 Earlier DAS has 
been shown to diminish the bleomycin-induced pulmon-
ary fibrosis, gentamycin-induced nephrotoxicity by 
accelerating the antioxidants and impeding inflammatory 
cytokines.24,25 Many studies have demonstrated the pos-
sible molecular targets of DAS and try to establish 
cellular signaling associated with its chemopreventive, 
as well as chemotherapeutic potential. Noticeably, the 
chemopreventive effect of DAS was found to be 

conferred mainly through its antioxidant and anti- 
inflammatory characteristics both in vitro and in vivo 
as well. DAS appears to function as a chemopreventive 
agent through multiple mechanisms in different types of 
cancer.26–28

In the present study, we investigated the protective role 
of DAS in the BaP-induced carcinogenesis. We also evalu-
ated the modulation in the expression of FASN in the lung 
cancer progression by BaP and chemoprevention with DAS.

Materials and Methods
Reagents
The Adenosine Deaminase (ADA), Lactate 
Dehydrogenase (LDH), Gamma Glutamyl Transferase 
(GGT), 5ʹ-Nucleotidase (CD73) activity assay kit, 
Annexin V-FITC/PI, DCFDA/H2DCFDA-Cellular ROS 
Assay, Mouse- and rabbit-specific HRP/DAB (ABC) 
detection IHC kits, antibodies (Abs) against FASN, β- 
actin, Rabbit anti-mouse horseradish peroxidase, and goat 
anti-rabbit horseradish peroxidase-conjugated secondary 
antibodies, Benzo[a]pyrene (BaP) were purchased from 
Abcam (Cambridge, USA). Fatty acid synthase primary 
antibody was procured from Santa Cruz Biotechnology 
(Heidelberg, Germany).

Mice
Female Swiss mice (10–12 weeks) were obtained from 
the animal house facility of the King Saud University, 
Riyadh, Saudi Arabia. The experiments involving the 
animals were carried out after the approval of the ani-
mal ethics committee of the College of Applied Medical 
Sciences, Qassim University, following guidelines of 
University of London Animal Welfare Society, 
Wheathastead, England.

Experimental Design
Mice were randomly divided into four groups and each 
group contained six mice. The treatment plan for the study 
is shown in Figure 1.

Assessment of Body Weight
The mice were weighed at the beginning of the experiment 
and after every 2 weeks during the experimental period, 
and before sacrifice.

Assessment of Relative Lung Weight
The relative lung weight (RLW) was measured using the 
formula as follows.
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RLW ¼
Lung weight
Body weight

X100 

Biochemical Analysis
The activity of carcinogenesis markers in the serum was 
determined by the Colorimetric analyses of the ADA, 
LDH, γ-GT, 5ʹ-NT, using the kits from Abcam, following 
manufacturer’s instructions.

Antioxidant Enzyme Assays
The excised lung tissues were homogenized in the assay buffer 
of respective assay kits to determine SOD, CAT, MDA activity, 
according to the instruction given by the manufacturer.

Histopathological Evaluation of Lung and Liver 
Tissues
The lung and liver tissues were sliced and fixed in 10% 
buffered neutral formalin. The formalin-fixed tissues were 
processed using an automated tissue processor machine 
(Leica TP1020). The paraffin blocks were sectioned by the 
rotary microtome (Leica RM2245) to obtain the 4 µm sec-
tions and stained with hematoxylin and eosin (H&E). The H 
& E stained tissues were examined under the light micro-
scope (Olympus BX41) at 100×, 400× & 640×  magnifica-
tion, and images were captured using a digital image 
camera (OMAX A3550U3) built with the ToupView 
image analyzer. The lungs were examined for the 

evaluation of malignancy and the changes in malignant 
cells following pre-treatment with DAS, including their 
effects on the induction of mitotic activity, malignancy, 
tumor necrosis, and apoptosis. The liver tissues were eval-
uated for evidence of metastasis and the potential of the 
DAS exposure on it.

Terminal Transferase-Mediated dUTP Nick 
End-Labeling (TUNEL) Assay
The apoptosis index in the tissues of treated mice was 
evaluated using in situ BrdU-Red DNA fragmentation 
(TUNEL) assay kit from the Abcam following the manu-
facturer’s instructions. Briefly, 3–5 μm thick sections of 
paraffin-embedded tissue on glass slides were deparaffinized 
and hydrated. The slides were then immersed sequentially in 
0.85% NaCl and PBS, followed by antigen retrieval by 
proteinase K (10 mg/mL) in Tris-HCl pH 8.0 + 50 mM 
EDTA. The tissue samples were then labeled with DNA 
labeling solution for 1 hour at 37°C following the fixation 
with 4% paraformaldehyde. After washing, the samples 
were incubated with anti-BrdU-Red antibody and analyzed 
by confocal microscopy using 20× magnification objective, 
after washing and mounting with fluoroshield solution.

Annexin V-FITC/PI Apoptotic Assay by Flow Cytometry
The changes in the proportion of cells in the viable, 
necrotic, early, and the late apoptotic stages were 

Figure 1 Schematic illustration of experimental plan. 
Notes: G1 mice were given corn oil (200 µL) by oral gavage twice a week for 21 weeks. G2 animals were exposed to BaP (50 mg/kg body weight in 200 µL corn oil) by oral 
gavage twice a week for 4 consecutive weeks to develop the lung cancer. G3 (DAS + BaP) mice were given DAS (100 mg/kg body weight in corn oil) was administered orally 
2 weeks before the exposure of BaP as mentioned for G2, and continued thrice a week for 21 weeks. G4 mice were given DAS as stated for G3 without exposing to BaP to 
assess the toxicity of DAS. 
Abbreviations: BaP, benzo[a]pyrene; DAS, diallyl sulfide; G, group.
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evaluated using the Annexin V-FITC/PI apoptosis stain-
ing kit (Miltenyi Biotec, Germany), by the flow cyto-
metry. Briefly, the single-cell suspension of lungs was 
prepared using the gentle MACS tissue dissociator 
(Miltenyi Biotec, Germany), followed by filtering the 
cells with 70 µm mesh cell strainer. The filtered cells 
were centrifuged at 300 g for 10 minutes and suspended 
in the binding buffer. The cells were incubated with 
Annexin V-FITC for 30 minutes at room temperature 
followed by the addition of PI before the acquisition of 
samples. The samples were measured on MACSQuant 
Analyzer 10 (Miltenyi Biotec, Germany) and analyzed 
using FlowJo software v10.7.

DCFDA Cellular ROS Assay by Flow Cytometry
The cellular ROS was measured after harvesting the cells, 
as stated above. Briefly, the cells were incubated with 20 
µM of DCFDA for 30 minutes at 37°C. The samples were 
acquired on MACSQuant Analyzer 10 and analyzed using 
the FlowJo software v10.7.

Immunohistochemical Analysis of FASN in Lung and 
Liver Tissues
The changes in the expression of FASN in the alveolar 
cells of the lung and hepatocytes of the liver were 
detected using the ABC detection IHC kit from 
Abcam. Briefly, 3–5 μm thick sections of paraffin- 
embedded tissue on glass slides were deparaffinized 
and hydrated, followed by antigen retrieval by citrate 
buffer method as described earlier by Hussien et al 
2020.29 The sections from the lung and liver were incu-
bated in 3% H2O2, 5% bovine serum albumin, anti 
(FASN) primary antibodies at 4°C overnight then anti- 
rabbit biotinylated secondary antibody. The reaction was 
visualized with DAB, counterstained with Mayer’s 
hematoxylin, and observed as a dark brown color in 
the cytoplasm of the alveolar cells and hepatocytes. 
The negative control was obtained by omitting the pri-
mary antibody while the positive control of FASN was 
breast cancer tissue of the mouse.

Statistical Analysis
The mean values and standard errors for all samples were 
calculated for different treated groups. The significant 
difference between the groups was measured by the One- 
way and Two-way ANOVA, Tukey’s multiple comparison 
tests using Prism 8. P-value < 0.05 was considered statis-
tically significant.

Results
The Effect of BaP and DAS on Body 
Weight and RLW
The data showed a significant reduction in the body weight 
of BaP-exposed mice as compared to vehicle control mice 
(p>0.05), whereas no significant changes were measured 
in the mice pre-treated with DAS or DAS alone (Figure 
2A). The increase in RLW was recorded more than 47% 
(p<0.0001) in G2, while comparing with G1 mice (Figure 
2B). Noticeably, no mortality was observed in any of the 
treated group.

Effect of DAS on BaP-Induced Tumor 
Markers in the Serum
The changes in the activity of various serum marker 
enzymes, including ADA, AHH, µγ-GT, 5ʹ-NT, and LDH 
were analyzed. We observed a significant upsurge 
(p<0.0001) in the mice exposed to BaP as compared to 
vehicle control (Figure 3). The pre-treatment of DAS sig-
nificantly reduced the levels of enzymes (p<0.0001) in 
BaP-exposed mice. The ADA was induced to 2.7 units in 
Group 2 (G2) mice as compared to 1.5 in Group 1 (G1) 
mice, whereas it was alleviated by DAS as recorded 1.9 in 
Group 3 (G3) mice (Figure 3A). The AHH was measured 
1.154 in G2 from 0.493 in G1, dropped to 0.683 in G3 
mice (Figure 3B). The γ-GT was raised to 1.91 units in G2 
as compared to 1.067 in G1 mice, whereas it decreased to 
1.340 treated in G3 mice (Figure 3C). Similarly, 5ʹ-NT and 
LDH activities stirred to 2.667 and 1.1 units in G2 mice as 
compared to 1.373 and 1.1 in G1 mice, respectively 
(Figure 3D). As shown in Figure 3E, the treatment of 
DAS (G3) lessened to 1.81 (5ʹ-NT) and 1.33 (LDH), 
correspondingly. The mice treated with DAS alone (G4) 
showed no changes compared to G1 in the activity of any 
of the enzymes.

Effect of DAS on Antioxidants (SOD, 
CAT, and MDA) in BaP-Induced Lung 
Carcinogenesis
The data revealed a significant reduction in the level of 
SOD and CAT measured in the G2 mice as compared to 
G1 mice (p<0.0001). However, the treatment of DAS in 
G3 recovered the loss of SOD significantly (p<0.0001). 
The activity of SOD decreased to 2.133 units in the G2 
mice, whereas it was measured 4.567 in G1 mice. The 
BaP-exposed mice treated with DAS showed recovery of 
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Figure 2 Effect of BaP and DAS on the body weight and RLW. 
Notes: (A) The mice were weighed from week zero of the experiment, every 2 weeks during the experimental period, and before sacrifice. (B) The RLW was measured 
using the formula as described in materials and methods after sacrificing the mice at the end of the experiment. The values are presented as mean ± SE of six mice for each 
group. p<0.0182, as compared with G2 and G3. 
Abbreviations: RLW, relative lung weight; SE, standard error.

Figure 3 Effect of BaP and DAS on the activity tumor marker enzymes in the serum. 
Notes: (A) ADA, (B) AHH, (C) γ-GT, (D) 5ʹ-NT, (E) LDH. The activities of the tumor marker enzymes in the serum were measured colorimetrically using the kit for the 
respective enzymes. The values are expressed as mean ± SE of three independent experiments. #p<0.0001 between the respective groups. 
Abbreviations: ADA, adenosine deaminase; AHH, aryl hydrocarbon hydroxylase; γ-GT, gamma glutamyl transferase; 5ʹ-NT, 5ʹ-nucleotidase; LDH, lactate dehydrogenase.
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SOD to 4.063 (Figure 4A). As depicted in Figure 4B, the 
activity of CAT decreased to 88.667 by BaP as compared 
to 151.0 units in G1 mice, whereas it was improved to 
132.667 in G3 mice. Figure 4C demonstrated that the 
concentration of MDA significantly raised to 4.017 units 
in G2 mice as compared to 2.46 (p<0.0001) in G1 mice. 
The treatment of DAS significantly lessened to 2.93 
(p<0.0001) in G3 mice as compared to 4.017 units in G2 
mice.

Effect of DAS on the Histopathology of 
Lung and Liver
The microscopic examination of the BaP induced lung 
cancer sections from G2 demonstrated the clusters of 
tumors that consist of a diffuse sheet of small malignant 
cells with scan frequent necrosis. The compression in the 
adjacent alveolar spaces and preserved bronchioles, lined 
by ciliated pseudostratified columnar epithelium, were 
also seen (Figure 5A, Supplementary Figure 1 (S1)). The 
lungs from the mice pre-treated with DAS (G3) showed an 
abundance of apoptotic malignant cells. It exhibited scat-
tered malignant cells in the small focal area, whereas the 
ghost of malignant cells with preserved alveolar spaces 
and alveolar ducts (Figure 5A). The liver section in G2 
mice showed the sheets of metastatic small malignant 
cells, including scant cytoplasm and frequent mitosis 
with evidence of vascular invasion (Figure 5B, 
Supplementary Figure 1 (S1)). Interestingly, the disap-
pearance of invading sheets of malignant cells, some of 
the scattered apoptotic cells, and focal areas of necrosis 
were noticed in the liver sections from the G3 mice 

(Figure 5B). The histopathological analysis clearly indi-
cated the normal architecture of the tissues in G1 and G4 
mice (Figure 5).

Terminal Transferase-Mediated dUTP 
Nick End-Labeling (TUNEL) Assay
The data of the BrdU TUNEL assay revealed that the pre- 
treatment of DAS induced the apoptosis in lung sections as 
the relative apoptotic index (RAI) was measured to be 
1.534. As depicted in Figure 6, no induction was observed 
in the G1, G4, G2 mice lung cancer sections.

Annexin V-FITC/PI Apoptosis Imaging 
Analysis by Confocal Microscopy
The results of the flow cytometry assay confirmed the 
previous analysis as the induction of apoptosis was seen 
in the lung cancer, pre-treated with DAS. It was found to 
be >24% in the G3 mice. As shown in Figure 7, the early 
and late apoptosis were measured to be 3.59 and 20.9% in 
the lungs of the G3 mice. Remarkably, no significant 
induction of apoptosis was noticed in the lung sections 
from G1, G2, and G4 mice as well.

DCFDA Cellular ROS Assay by Flow 
Cytometry
The generation of ROS by BaP in lung cancer was 
recorded to be 126,684.667 MFI of DCFDA, whereas it 
was found to be 64.267 MFI in G1 mice. The significant 
reduction in the level of cellular ROS (45,473.0 MFI) was 
noticed in the G3 (p<0.0001) mice (Figure 8).

Figure 4 Effect of DAS on the level of antioxidant in lung tissue. 
Notes: (A) SOD, (B) CAT, (C) MAD. The level of enzymes was detected colorimetrically in the lungs using the kits after homogenizing the tissues in the buffer of respective 
assay. The values are expressed as mean ± SE of three independent experiments. #p<0.0001 between the respective groups. 
Abbreviations: SOD, superoxide dismutase; CAT, catalase; MDA, malondialdehyde dehydrogenase.
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A

B

Figure 5 Effect of DAS on the histopathology of lungs and liver. 
Notes: The representative H&E stained images of: (A) Lungs: G1 is showing mature honeycomb-like structure of AV spaces, lined by flat pneumocytes (blue arrows). G2 
image confirms the small cell lung cancer as it shows the clusters of tumor that consist of diffuse sheet of small round to fusiform MCs with scant cytoplasm (yellow arrows). 
The adjacent AV spaces are compressed (star). G3 shows scanty small MCs with scant cytoplasm beside intact AV spaces. Apoptotic cells are noted (black arrows). G4 
shows no change as similar to G1. (B) Liver: G1 is showing intact tissue architecture composed of distinct HE with preserved sinusoidal spaces all arranged around the CV 
(black arrows). G2 shows cluster of metastatic small rounded to fusiform MCs with scant cytoplasm and frequent mitosis (circle). G3 is showing only few scattered apoptotic 
cells (black arrow) and focal areas of necrosis (blue arrow) with disappearance of invading sheets of MCs. G4 liver is showing intact tissue architecture composed of distinct 
HE with preserved sinusoidal spaces all arranged around a CV (black arrow). H&E staining, 640x, bar = 30 µm. 
Abbreviations: H&E, hematoxylin and eosin; AV, alveoli; MCs, malignant cells; CV, central vein; HE, hepatocytes.
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Effect of DAS on the Expression of FASN 
by Immunohistochemical Analysis
The upregulation of FASN was seen in the lung alveoli and 
liver hepatocytes around the central veins, along with malig-
nancy in G2 mice as relative cytoplasmic immunoexpression 
(ICE) of FASN was measured more than 8.167 and 4.667, 
respectively. A significant reduction was observed in G3 

(p<0.0001) mice as relative ICE was recorded 3.93 in lung 
alveoli and 1.9 in hepatocytes (Figure 9).

Discussion
The use of natural products in the prevention as well as 
treatment of various types of cancer, including lung can-
cer, has opened the multiple windows for the designing of 

Figure 6 Effect of DAS on BaP-induced apoptotic index in lung tissue. 
Notes: The representative images are showing the apoptotic cells detected using TUNEL assay kit by confocal image analysis. The values are expressed as RAI mean ± SE of 
three independent experiments. NSNo significance G1 vs G2, #p<0.0001 G2 vs G3. 
Abbreviations: TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; RAI, relative apoptotic index.

Figure 7 Effect of DAS on BaP-induced apoptosis in lung cells by flow cytometry. 
Notes: The changes in the proportion of cells in the viable, early, and late apoptotic stages were evaluated using Annexin V-FITC/PI apoptosis staining kit. The values are 
expressed as mean ± SE of three independent experiments. NSNo significance G1 vs G2, #p<0.0001 G2 vs G3.
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novel drugs.30,31 The current study demonstrated the che-
mopreventive potential of DAS in the BaP-induced lung 
cancer model. Interestingly, the results also revealed the 
upregulation of FASN in lung carcinogenesis and metas-
tasis in the liver, downregulated by DAS treatment fol-
lowed by apoptosis in cancer cells.

As shown in Figure 2, a significant loss in the body 
weight was recorded in mice exposed to BaP. Several 
studies suggested that such a drop in the body weight 
might be occurred due to cancer cachexia. The degenera-
tion of skeletal and adipose tissue of the host body 
exposed to a carcinogen may cause a continuous reduction 
in the body weight. Subsequently, the intake or absorption 
of an inadequate amount of food is also involved in the 
wasting of muscles in cancer cachexia.32,33 However, DAS 
protected the mice from such loss as there was no change 
in the body weight in the mice pre-treated with DAS (G3) 
as compared to vehicle control (G1), clearly indicated its 
role in the protection from cancer cachexia. A significant 
increase in the relative lung weight in G2 mice directed us 
to evaluate the expression of FASN in the tissues as 

discussed later. The accumulation of inflammatory cells 
and increased proliferation of cancerous cells are asso-
ciated with enlarged lungs.34 The significant drop in the 
relative lung weight and increased body weight by DAS 
were consistent with previous chemopreventive studies of 
various plant extracts and their active components in che-
mically induced lung cancer.35–37 The histopathological 
data studies confirmed the tumor growth inhibitory and 
the protective effect of DAS in the lungs (Figure 5A). The 
data also revealed that the pretreatment of DAS controlled 
the invasion of cancer cells in the liver leading to apopto-
sis (Figure 5B).

The biochemical analyses of several tumor marker 
enzymes such as ADA, AHH, γ-GT, 5ʹ-NT, LDH in the 
serum explicitly indicated the status of the lung and the 
liver. AHH is one of the critical biomarkers to diagnose 
lung cancer at an early stage. The exposure of BaP has 
been known to induce AHH through the activation of 
aryl hydrocarbon receptor (AhR), which converts BaP 
into BPDE. The transformation of BaP into BPDE initi-
ates the process of carcinogenesis by DNA adduct 

Figure 8 Effect of DAS on BaP-induced cellular ROS in lung cells by flow cytometry. 
Notes: The cellular ROS was measured in the lung cells were measured by MFI of DCFDA in flow cytometer. The values are expressed as mean ± SE of three independent 
experiments. #p<0.0001 between the respective groups. 
Abbreviations: ROS, reactive oxygen species; MFI, mean fluorescent index; DCFDA, 2ʹ,7ʹ-dichlorofluorescin diacetate.
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formation.38–40 A significant reduction (p<0.0001) in the 
activity of AHH by DAS was observed in the serum as 
compared to BaP-exposed mice. The effect of DAS in 
the downregulation of CYP1A1 mRNA was reported in 
the lung and liver induced by methylcholanthrene.41 The 
increased activity of γ-GT is known to express as 
a tumor prognosis marker, which also shows the cancer 
metastasis. Similarly, LDH is also one of the prognostic 
markers of various cancers as an increased level was 
measured in cancer malignancies. The activity of LDH 
controls glycolysis as it is the only energy-producing 
pathway to accelerate the immortal growth of malignant 
cells by elevated LDH.42–44 The activity of serum ADA 
has been reported to be increased in lung cancer 

patients.45 It is one of the critical enzymes, which parti-
cipates in the metabolism of purine in the growing 
cancer cells. The ADA catalyzes the deamination of 
adenosine to inosine, which is converted to hypox-
anthine after deribosylation. Hypoxanthine is an essen-
tial intermediate in the synthesis of purine nucleotides 
via the salvage pathway.14,46 Our results demonstrated 
that the continuous exposure of DAS significantly drops 
the level of these enzyme activities in BaP-exposed 
mice (Figure 3). The results also agreed with the studies 
that reported the considerable decrease in the chemical 
carcinogen-induced activities of these tumor marker 
enzymes by different plant extracts or its active 
constituents.36,47,48

A

B

Figure 9 Effect of DAS on the expression of FASN by IHC in lung and liver tissues. 
Notes: The representative images of IHC analysis of FASN expression in the: (A) lungs, (B) Liver. The strong upregulation of FASN detected in the lung alveoli and liver 
hepatocyte around CV in G2 mice, while G3 shows significantly reduced expression. The sections from G1 and G2 show weak FASN stain. The values are expressed as 
relative CIE mean ± SE of three independent experiments. #p<0.0001 between the respective groups. FASN immunostaining, 640x, bar = 30 µm. 
Abbreviations: FASN, fatty acid synthase; IHC, immunohistochemistry.
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The generation of excessive ROS plays a crucial role in 
the initiation and progression of lung cancer as the lung is 
directly exposed to environmental pollutants that damage 
important macromolecules of lungs and other organs as 
well. MDA is a highly toxic metabolite, produced as one 
of the end product of lipid peroxidation, transform DNA 
and proteins by reacting their sulphydryl (-SH) and imino 
(=NH) groups.49–51 The data revealed a significant 
increase in MDA by BaP, which was protected by the 
continuous administration of DAS (Figure 4). The preven-
tive effect of DAS in the formation of ROS was also 
confirmed by measuring the cellular ROS using DCFDA 
in the flow cytometer (Figure 8).

Various antioxidant enzymes such as SOD and CAT 
protect the cells from ROS-induced oxidative damage by 
scavengings free radicals.52,53 Mainly, the SOD protects 
the cells from oxidative stress generated by superoxide 
anions and lipid peroxidation, whereas CAT is involved 
in the breakdown of H2O2 in cancer cells. Several studies 
reported the reduction in the activity of these enzymes in 
BaP-exposed mice.54,55 We observed the activation of 
antioxidant enzymes by regular exposure of DAS as their 
activity was significantly dropped in BaP-exposed mice 
(Figure 4).

Apoptosis is a programmed cell death associated with 
tissue homeostasis for the removal of abnormal cells. The 
changes in the expression of pro- and anti-apoptotic genes 
play an important role in the process of carcinogenesis due 
to immortal proliferation and impaired apoptosis.56,57 Our 
results exhibited the induction of apoptosis in the malig-
nant cells by DAS, initially noticed by the histopathology 
of lung and liver (Figure 5). These findings were also 
confirmed by measuring the ratio of apoptotic cell and 
apoptotic index by Annexin V-FITC in a flow cytometer 
and TUNEL, respectively (Figures 6 and 7). The expres-
sion of fatty acid synthase has been found to be up- 
regulated in the carcinogen-induced lung cancer model.58 

We also detected the high level of FASN in the lungs and 
liver sections of the BaP-exposed mice. Remarkably, 
a significant reduction in the expression of FASN was 
recorded in the mice treated with DAS (Figure 9). 
Several studies, including the molecular docking method, 
suggested the cholesterol-lowering effect of garlic and 
organosulfur compound by inhibiting FASN.59,60 The use 
of polyphenols has been reported to minimize the risk of 
cancer by inhibiting FASN activity. Several studies also 
suggested the flavonoid-mediated inhibition of FASN 
induces apoptosis and inhibits cancer cell proliferation as 

well. Thus, the down-regulation of FASN, leading to apop-
tosis, maybe one of the molecular events responsible for 
the chemopreventive effect of DAS.

Conclusion
The results of the present study support the potential 
chemopreventive effect of DAS in the process of lung 
carcinogenesis. The present study indicates that the effi-
cacy of DAS to induce apoptosis is strongly associated 
with the downregulation of FASN. For the best of our 
knowledge, this is also the first study that demonstrates 
the role of FASN in BaP-induced lung cancer. Further 
analysis is required to understand the chemotherapeutic 
and the synergistic effect of DAS, including the detailed 
involvement of FASN-dependent and -independent path-
ways in the lung cancer system.
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