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A B S T R A C T

Hepatocellular carcinoma (HCC) is one of the most common cancers worldwideand haslimited treatment op-
tions. In view of this, zafirlukast (ZAF) was administered orally to DEN-induced HCC rats to evaluate its anti-
neoplastic properties. ELISA, qRT-PCR and Western blot were used to determine the molecular mechanism as-
sociated with ZAF therapy for HCC. We found that HCC developed as a result of lower expression of caspases 3
and 9, but their levels returned to normal when the expression of eNOS, BAX, BAD, and Cyt C was decreased and
when the expression of iNOS, Bcl-xl, and Bcl-2 was increased. Again, ZAF (80mg/kg dose) treatment normalized
the expression of caspase-mediated apoptotic factors, i.e. BAX and Bcl-2 proteins, as established through Western
blot analysis. Later, 1H NMR-based serum metabolomics study revealed that levels of perturbed metabolites in
DEN-induced rat serum returned to normal after ZAF administration. Altogether, the antineoplastic potential of
ZAF was found to be comparable, and to some degree better, than the marketed chemotherapeutic 5-flurouracil,
which may be beneficial for anti-HCC treatment from a future drug design perspective.

1. Introduction

HCC is the fifth and seventh most common cause of cancer in men
and women, respectively, and is the third most common cause of
cancer-related death worldwide (Ferlay et al., 2010; Lin et al., 2016).
The molecular mechanisms of HCC are still unknown, and thus medical
doctors are challenged as the demand for HCC treatment increases each
day. Synthetic chemotherapeutic agents have been shown to have good
efficacy for HCC treatment, but researchers have achieved very little
success due to chemo-resistance (Keshari et al., 2017). Sorafenib is the
only drug of choice for HCC treatment, but it has a poor efficacy with
possibility of resistance (Park, 2015; Wilhelm et al., 2006). Therefore, it
is necessary to explore some newer anticancer drugs to prolong the
survival of patients with HCC.

A previous literature review suggested that zafirlukast (ZAF) is used
to cure asthma via agonistic action on cysteinyl leukotriene receptor-1

(CysLT1) (Kahnt et al., 2013). CysLT1 triggers colitis-associated colon
cancer in a mouse model (Osman et al., 2017), and a CysLT1 antagonist,
montelukast, inhibited tumor growth in a xenograft mouse model of
colon cancer (Savari et al., 2013). Therefore, we questioned whether
ZAF exerts antineoplastic effects since it is structurally similar to
montelukast and has a similar mechanism of action, i.e. CysLT1 an-
tagonistic properties. Before performing an in vivo study, we in-
vestigated the anti-HCC potential of ZAF using a human liver cancer cell
line (Hep-G2 cells) and demonstrated its strong antiproliferative po-
tential against Hep-G2 cells (IC50 ~13.95 μM) (Supplementary Data
Sheet, Fig. S1). Inspired by the aforementioned finding, we speculated
that ZAF might be an effective agent for the treatment of HCC.

An earlier report documented that oxidative stress and liver injury
have important roles in HCC development and that the carcinogenic
action of diethylnitrosamine (DEN) has a specific role in inflammation
and oxidative stress in liver tissue (Kumar et al., 2015). Therefore, to
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evaluate the molecular mechanism of the anti-HCC potential of ZAF, we
performed an in vivo experiment using a DEN-induced HCC rat model.
Various apoptotic (caspases-3 and 9) and inflammatory (IL-2, IL-6, IL-
10 and IL-1β) mediators in liver tissues were analyzed through enzyme
linked immunosorbent assay (ELISA). Apoptotic markers exhibited
promising effects as compared with inflammatory mediators, and thus,
we decided to perform a mechanistic study on apoptotic pathways using
gene and protein expression analyses at the molecular level. Later, a
proton nuclear magnetic resonance (1H-NMR)-based serum metabo-
lomics study was performed to differentiate the metabolic perturbations
associated with HCC before and after ZAF treatment.

2. Materials and methods

2.1. Drugs and reagents

All chemicals were purchased from Sigma-Aldrich, Bangalore and
Loba Chemicals, New Delhi, India. The chemicals used in qRT-PCR and
Western blot were procured from Genetix Biotech Asia Pvt. Ltd., New
Delhi, and Thermo-Fisher Scientific, Bangalore, India. All the solvents
and chemicals were analytical grade with 99% purity; in-house distilled
water was used for all experiments.

2.2. Experimental design

Male albino Wistar rats (100–120 g) were used for this experiment
(Approval No 1648/PO/Re/S/12/CPCSEA/54). Animals were accli-
matized to laboratory conditions (temperature [25 ± 1 °C] with a
light/dark cycle of 12 h and had ad libitum access to a commercial
pellet diet and water)for one week before the experiment. Six-week-old
experimental Wistar albino rats were randomly allocated to 5 groups
with 8 animals in each group (n=8). The groups were classified as
follows: Group 1 (Normal Control, NC): 0.25% CMC (2mL/kg), Group
2(Carcinogen Control, CC): N-nitrosodiethylamine (DEN, 100mg/kg, i.
p. once a week for 6 weeks) (Matsuzaki et al., 1992), Group 3 (Positive
Control, PC): DEN+5-FU (10 mg/kg, i. p. for 15 days after HCC in-
duction), Group 4: DEN + ZAF(T1, 40 mg/kg, orally for 15 days after
HCC induction), and Group 5: DEN + ZAF(T2, 80 mg/kg, orally for 15
days after HCC induction) (Mahgoub et al., 2003).

Recent reports have documented that HCC is induced in Wistar al-
bino rats by i. p. injection of DEN at a dose of 100mg/kg body weight
once a week for 6 weeks (Matsuzaki et al., 1992). By adopting this
protocol, DEN was administrated to all animals in groups 2 to 5 after
they had adapted to experimental conditions in the first week. Six
weeks later, after the completion of DEN administration, 5-FU, T1 and
T2 were given to the animals for 15 days as a curative agent against
hepatic injury. The dose given to rats in the T1 and T2 groups, i.e. the
dose of ZAF, was selected according to previously published literature
(Mahgoub et al., 2003). At the end of treatment, the animals were sa-
crificed by cervical dislocation after which the livers were immediately
excised, rinsed in ice-cold saline and stored at −80 °C for further oxi-
dative parameter analysis and for exploration of gene and protein ex-
pression at the molecular level. A portion of the tissues were stored in
10% formalin for further histopathological studies.

2.3. Estimation of various physiological and biochemical parameters

Body weight changes were measured on the initial and final days of
the experiment and % weight gains were calculated at the later stage.
The number of carcinogenic nodules and their % incidence were also
calculated to observe the cytotoxic effects between treated and un-
treated groups. On the contrary, the levels of oxidative stress para-
meters such as protein carbonyl (ProC), thiobarbituric acid reactive
substances (TBARS), glutathione (GSH), superoxide dismutase (SOD)
and catalase (CAT) (Sahdev et al., 2017; Yadav et al., 2015; Singh et al.,
2018a, 2018b; Kumar et al., 2017) were estimated in liver tissue. Serum

lipid profiles such as those of total cholesterol (TC) (ADL/V.02/
110314), triglycerides (TG) (ADL/V.02/110314) and high-density li-
poprotein (HDL) (ADL/V.02/180114) were estimated using a lipid
profile kit (Agappe Diagnostic Ltd., Kerala, India). Low-density lipo-
protein (LDL) and very low-density lipoprotein (VLDL) were estimated
using Friedewald's formula (Singh et al., 2018b), [LDL (mg/dL)=TC –
HDL – (TG/5); VLDL (mg/dL)=TC – HDL – LDL]. The serum levels of
enzymes such as alanine aminotransferase (ALT) (4-FBCER-GPT), al-
kaline phosphatase (ALP) (DALP-250), aspartate aminotransferase
(AST) (4-FBCER-GOT), and lactate dehydrogenase (LDH) (11407001)
(Sahdev et al., 2017) were estimated using commercially available kits.
The procedures adopted for determination of catabolic by-products
(bilirubin and biliverdin) in liver tissue have been previously described
(Singh et al., 2018a; Kumar et al., 2017).

2.4. GSH/GSSG assay

The GSH/GSSG assay was performed to analyze the ratio of GSH to
GSSG in liver tissue. The detailed procedure was adopted per the in-
structions provided in the GSH and GSSG Assay Kit (K261-100,
BioVision, Mountain View, USA). The levels of GSH and GSSG were
measured using a fluorescence microplate reader (Biotek Instrument
Inc., Winooski, VT, USA) at Ex/Em wavelengths of 340/420 nm.

2.5. Histopathology and SEM of liver tissue

Histopathological studies were also performed to determine the
tissue and intracellular configuration changes of liver cells after ZAF
administration. Liver tissues from each group were assessed for mor-
phological changes using hematoxylin and eosin staining. The tissues
were preserved in 10% formalin overnight. The next day, the cells were
again soaked in 70% isopropanol overnight. Later, the tissues were
exposed to isopropanol at various concentrations (70, 90, and 100%)
and dehydrated in 100% xylene. The tissue samples were then em-
bedded in bees wax, and sections 5 μm in thickness were prepared using
a microtome. Finally, the tissues were stained with hematoxylin and
eosin and observed under a microscope (magnification 40X).

For SEM analysis, liver tissue samples were collected (sections 2–4
mm in thickness) and fixed in 2.5% glutaraldehyde for 2–6 h at 4 °C for
primary fixation. Then, the samples were washed with 0.1M phosphate
buffer for 15min at 4 °C. Next, 1% osmium tetroxide was used for post-
fixation for 2 h at 4 °C. The samples were again washed in 0.1M phos-
phate buffer three times for 15min each time and were maintained at
4 °C. Later, these samples were dehydrated in anhydrous acetone, and
all specimens were air dried at room temperature and coated with
platinum using critical point drying (31.5 °C at 1100 psi). Finally,
samples were mounted on to aluminum stubs with adhesive tape and
were examined for morphological changes using SEM (JEOL JSM-
6490LV) (Singh et al., 2018a).

2.6. Estimation of cytokines by ELISA

Elevated levels of pro-inflammatory cytokines such as IL-2
(RAB0288) and IL-6 (RAB0311) were detected using ELISA kits ob-
tained from Sigma Aldrich, Bengaluru, India. ELISA kits for other cy-
tokines such as IL-10 (GX-8140E1) and IL-1β (GX-3930-E1) were ob-
tained from Gemetix Biotech Asia Pvt. Ltd., New Delhi, India. The levels
of caspase-3 (KHO1091) and caspase-9 (ITER0804) were detected using
kits purchased from Invitrogen Bioservices India Pvt. Ltd. (Thermo
Fisher), Bengaluru, India and Geno Technology Inc., Noida, India
(Singh et al., 2018a).

2.7. Quantitative real-time polymerase chain reaction (qRT-PCR) analysis

Ten mg of hepatic tissue from each group was placed into 1.5mL
microcentrifuge tubes followed by the addition of TRIzol reagent to
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isolate RNA. An RNeasy mini kit was used to purify the mRNA. The
mRNA concentrationwas estimated using a Nano Drop instrument at
260/280 nm cDNA was then prepared according to the manufacturer's
protocol for the GeneSure first strand cDNA synthesis kit (Genetix
Biotech Asia Pvt. Ltd., New Delhi, India). Finally, qRT-PCR was per-
formed in an Agilent Stratagene Mx3000P series (Applied Biosystems,
Foster City, USA) using Sybr® green PCR master mix. The cDNA was
denatured at 94 °C for 5min and annealed at 58 °C for 30 s and further
elongation was performed at 72 °C for 35 s. Forty cycles were used
forqRT-PCR, which helped in the detection of amplified DNA in real-
time. The mRNA was normalized to the housekeeping control β-actin.
ΔCt and 2-ΔΔCt were calculated according to a previously described
procedure (Singh et al., 2018a, 2018b; Kumar et al., 2017). The primer
sequences were as follows:β-actin, 5ʹ-AAGTCCCTCACCCTCCCAAAAG-
3ʹ (forward) 5ʹ- AAGCAATGCTGTCACCTTCCC-3ʹ (reverse) (Singh et al.,
2018a), caspase-3, 5ʹ-GGTATTGAGACAGACAGTGG-3ʹ (forward) and
5ʹ-CATGGGATCTGTTTCTTTGC-3ʹ (reverse) (Kumar et al., 2018); and
caspase 9, 5ʹ-AGTTCCCGGGTGCTGTCTAT-3ʹ (forward) and 5ʹ-GCCAT
GGTCTTTCTGCTCAC-3ʹ (reverse) (Xu et al., 2016). iNOS, 5ʹ-GTGCTA
ATGCGGAAGGTCATG-3ʹ (forward), 5ʹ-GCTTCCGACTTTCCTGTCTCA
GTA-3ʹ (reverse); eNOS, 5ʹ- CGGCATCACCAGGAAGAA.

GA-3ʹ (forward), 5ʹ-CATGAGCGAGGCGGAGAT-3ʹ (reverse) (Anadol
et al., 2012); Cytochrome C, 5′-TTTGGATCCAATGGGTGATGTTGAG-3′
(forward), 5′-TTTGAATTCCTCATTAGTAGCTTTTTTGAG-3′ (reverse)
(Chandra et al., 2002); Bcl-2, 5ʹ-CTGGTGGACAACATCGCTCTG-3ʹ
(forward) 5ʹ-GGTCTGCTGACCTCACTTGTG-3ʹ (reverse) (Jafari et al.,
2008); Bcl-xl, 5ʹ AGGCTGGCGATGAGTTTGAA-3ʹ (forward), 5ʹ-TGAAA
CGCTCCTGGCCTTTC-3ʹ (reverse) (Jafari et al., 2008); BAX, 5′-TTCAT
CCAGGATCGAGCAGA-3' (forward) 5′-GCAAAGTAGAAGGCAACG-3'
(reverse) (Jafari et al., 2008); BAD, 5′-CTCCGAAGAATGAGCGATGAA-
3' (Forward) 5′-ATCCCACCAGGACTGGATAA-3' (Reverse) (Jafari et al.,
2008).

2.8. Western blot analysis

The protein expression levels of Bcl-2, and BAX were assessed by
immunoblotting. All antibodies were purchased from Thermo Fisher
Scientific (Waltham, MA, USA). Radioimmunoprecipitation assay
(RIPA) buffer was used to lyse the cells, which were centrifuged at
10,000 rpm for 15min at 4 °C; Bradford reagent was used to estimate
protein concentrations. Proteins (50 μg) were electrophoresed on 12%
sodium dodecyl sulfate (SDS)-polyacrylamide gel and immediately
transferred to a polyvinylidene fluoride membrane. The membranes
were blocked in 5% skimmed milk containing phosphate-buffered
saline (PBS) with 0.1% Tween-20 (PBS-T) for 3 h at 4 °C and probed
overnight at 4 °C with the following primary antibodies (obtained from
Cell Signaling Technology, MA, USA) diluted in PBS-T: Bcl-2, BAX, and
a tubulin rabbit monoclonal antibody (1:500 dilution for each). The
following day, the membranes were washed three times with tris-buf-
fered saline containing Tween-20 (TBS-T) and incubated with anti-
rabbit secondary antibodies linked to horse-radish peroxidase at a
1:3000 dilution at room temperature for 3 h. The film was washed three
times with TBST, and the membrane was developed with enhanced
chemiluminescence ECL (Pierce™ ECL Western Blotting Substrate);
images were obtained using Chemidoc (Clinx Scientific Instruments,
China) (Han et al., 2016; Sui et al., 2011).

2.9. 1H-NMR-based metabolomic studies

All samples were prepared according to a previously described
procedure (Sahdev et al., 2017). NMR spectra were recorded at 298 K
using a Bruker BiospinAvance-III 800MHz NMR spectrometer
(equipped with Cryoprobe) set at a proton frequency of 800.21MHz. In
all, 400 μL of serum was transferred to a 5mm NMR sealed tube, and a
sealed capillary tube containing a known concentration of TSP was
inserted separately for the purpose of locking and chemical shift

referencing. For each serum sample, transverse relaxation-edited CPMG
(Carr–Purcell–Meiboom–Gill) NMR spectra were acquired using the
standard Bruker's pulse program library sequence (CPMGPR1D) with
pre-saturation of the water peak, which was achieved by irradiating it
continuously during the recycle delay (RD) of 5 s.

For the assignment of various peaks in the 1D 1H-CPMG NMR
spectra, chemical shifts were identified and assigned by comparing the
chemical shifts using the database library of Chenomax 8.1 software
NMR suite (Chenomx Inc., Edmonton, Canada). The remaining peaks in
the CPMG 1H-NMR spectra were assigned by adopting the previously
reported NMR spectra of metabolites as well as data obtained from the
HMDB (Human Metabolome Database) (Wishart et al., 2007) and
BMRB (Biological Magnetic Resonance Data Bank) (Ulrich et al., 2007).

The multivariate data analysis was performed using 1H-CPMG.
Before the data analysis, all the 1H-NMR spectra were manually phased
and baseline-corrected using TopSpin3.0 (Bruker NMR data Processing
Software). For the multivariate analysis, the CPMG (δ 8.5–0.5) ppm
spectra were binned and integrated automatically using AMIX package
(Version 3.8.7, Bruker, BioSpin). The binned data from CPMG experi-
ments were subjected to chemometrics data analysis using the web-
based tools server MetaboAnalyst(version 3.0; freely available web-
server for academic use: https://www.metaboanalyst.ca/) (Xia et al.,
2009, 2015).

Principal component analysis (unsupervised approach) was first
performed to identify the outliers. To further demonstrate the differ-
ences between the different groups, supervised partial least squares
discriminate analysis with orthogonal signal correction (OPLS-DA) was
performed to expose class separations between the groups and to
identify the metabolites significantly contributing to group differ-
entiation. The validations of the OPLS-DA models were measured
through R2 and Q2 in PLS-DA models. The PLS-DA model was further
used to identify the metabolites responsible for the discrimination
based on their higher values of variable significance on projection
scores (i.e. VIPs) and showing statistical significance as estimated based
on a 0.05 level of probability, i.e. a p-value<0.05 (calculated using the
Mann-Whitney test for pairwise comparisons). The box plot re-
presentation and area under the curve (AUC) were measured by uni-
variate analysis. This was related to visualizing the variation in the
levels of significantly altered metabolites as well as the discriminatory
ability of metabolites, as shown bypotential biomarkers, with values
close to 1 as a better classification. Moreover, a t-test univariate analysis
was employed to determine the significance biomarker of the variable
(p-value) along with the up and down regulation of metabolites.

2.10. Statistical data analysis

Statistical data analysis was performed using GraphPad Prism 5.0
(San Diego, CA, USA). The results were expressed as the mean ±
standard deviation (SD) (n = 8). The statistical data were analyzed by
one-way ANOVA (analysis of variance) followed by Bonferroni's mul-
tiple comparison test. Statistically significant differences were observed
between carcinogen control (CC) and test groups [one way-ANOVA
followed by Bonferroni multiple comparison test (***p < 0.001,
**p < 0.01,*p < 0.05)].

3. Results

3.1. Evaluation of physiological and biochemical parameters, catabolic by-
products in the liver and various enzyme levels in the serum

Various physiological parameters (body and liver weights, tumor
incidence) were improved after oral ZAF administration (Table 1). It is
obvious from the data that the DEN-treated groups experienced a major
loss in body weight and improved condition after ZAF treatment, par-
ticularly at the 80mg/kg dose. Similar trends were found for liver
weight and tumor incidence (Table 1).
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In the later stage, various oxidative stress parameters were mea-
sured in liver tissue to evaluate the antioxidant properties of ZAF. In
HCC rats treated with DEN, SOD, CAT and GSH concentrations were
decreased, while those of MDA and ProC were increased (CC group,
Table 2). An approximate 40 and 90% reduction was observed in SOD
and CAT, respectively, in the CC group compared with the NC group.
Improvements in SOD and CAT levels were observed after treatment
with ZAF, particularly at the 80mg/kg dose, which was comparable
with the positive control, i.e. the 5-FU-treated group. Similar trends
were found for GSH measurements, as we observed a reduction in its
concentration in the CC group (~5.60 μM) compared with the NC group
(~8.81 μM). Treatment with ZAF significantly normalized the GSH
concentration to a normal level (Table 2). In addition, the production of
MDA and ProC was measured in a similar experiment. MDA production
was almost 1.5 times higher in the CC (~94.65 nM) than in the NC
group (~64.08 nM). However, treatment with ZAF at two doses
(~66.13 nM) attenuated MDA formation. A similar trend was noted in
the ProC level, which had an approximately 2.5 times higher attenua-
tion in CC rats. Treatment with ZAF significantly normalized the ProC
level as shown in Table 2.

Regarding the serum lipid profiles, TC, TG, LDL and VLDL, but not
HDL, were increased in the CC group compared with the NC group.
Both TC and TG levels were normalized after oral administration of
ZAF. In addition, both LDL and VLDL were improved up to 50% after
ZAF treatment (Table 3). In contrast, HDL levels were dramatically

decreased in CC rats (~29.74mg/dL) compared with NC rats
(~47.27mg/dL). The HDL concentration in the serum improved to
normal levels after the oral administration of both doses of ZAF
(Table 3).

AST, ALT, LDH, and ALP in the serum were measured in a similar
fashion to evaluate the protective effect of ZAF (Fig. 1A). CC rats
showed a significant increase in all these enzymes compared with NC
rats. The oral administration of ZAF at both doses attenuated the levels
of all these enzymes (p < 0.001) compared with what was observed in
the CC rats. Furthermore, the effects of ZAF on the generation of
catabolic pigments (bilirubin and biliverdin) in liver tissues were also
analyzed (Fig. 1B). ZAF treatment normalized these catabolic by-pro-
ducts to more normal levels, as they were elevated more than 1.5-fold
in the CC group. The higher dose of ZAF, i.e. 80mg/kg, was similar to
that of 5-FU (standard chemotherapeutic).

3.2. Effect of ZAF on the GSH/GSSG ratio, a potential oxidative stress
marker

GSH (glutathione), which is the most abundant thiol-containing
peptide antioxidant in mammals, neutralizes free radicals after being
oxidized to glutathione disulfide (GSSG). Particularly in the ZAF-
treated group, an increased GSH/GSSG ratio was observed, which in-
dicated that ZAF has antioxidant property.

Table 1
Study of zafirlukast treatment on the liver parameters in NDEA-exposed carcinogenesis in rats. (NC: Normal Control, CC: Carcinogen Control, PC: Positive Control,
T1: zafirlukast (40mg/kg) and T2: zafirlukast (80mg/kg).

Sr.No. Groups Initial day body weight (g) Final day body weight (g) Weight variation (g) Liver weight (g) Tumor incidence no.

1 NC 135.00 ± 2.16 155.00 ± 2.43 20.00 ± 0.97 3.72 ± 0.21 0.00 ± 0.00
2 CC 141.00 ± 1.82 107.00 ± 5.18 −34.00 ± 2.24 7.29 ± 0.94 31.00 ± 2.54
3 PC 146.00 ± 2.79 154.00 ± 2.78*** 8.00 ± 1.02*** 4.52 ± 0.64*** 15.00 ± 1.42***
4 T1 126.00 ± 3.19 132.00 ± 3.85*** 6.00 ± 0.82*** 5.84 ± 1.06** 18.00 ± 0.87***
5 T2 135.00 ± 2.15 151.00 ± 3.15*** 16.00 ± 1.97*** 4.11 ± 0.81*** 12.00 ± 1.07***

Data represented here as mean ± SD (n = 8). Statistically significant differences were observed between CC and test groups [one way ANOVA followed by
Bonferroni multiple comparison test (***p < 0.001, **p < 0.01 and *p < 0.05)].

Table 2
Study of anti-oxidative parameters in NDEA-exposed carcinogenesis in rats. (NC: Normal Control, CC: Carcinogen Control, PC: Positive Control, T1: zafirlukast
(40mg/kg) and T2: zafirlukast (80mg/kg).

Sr.No. Parameters NC CC PC T1 T2

1. SOD (U/μg of protein) 1.45 ± 0.07 0.83 ± 0.04 1.27 ± 0.05*** 0.97 ± 0.08*** 1.25 ± 0.04***
2. CAT (nM of H2O2/min/μg of protein) 5.10 ± 0.86 0.40 ± 0.26 3.96 ± 0.08*** 2.93 ± 0.03*** 2.99 ± 0.06***
3. PC (μM/μg of protein) 0.08 ± 0.002 0.21 ± 0.01 0.10 ± 0.01*** 0.18 ± 0.03 0.10 ± 0.04***
4. TBARS (nM of MDA/mg of protein) 64.08 ± 3.25 94.65 ± 3.01 68.50 ± 3.40*** 70.03 ± 2.32*** 66.13 ± 2.09***
5. GSH (μM/μg of protein) 8.81 ± 0.79 5.60 ± 0.47 8.85 ± 0.67*** 6.21 ± 1.06 8.23 ± 0.42***
6. GSH/GSSG ratio 15.67 ± 0.89 9.76 ± 0.52 15.43 ± 0.95*** 13.01 ± 1.13*** 15.28 ± 0.84***

Data represented here as mean ± SD (n = 8). Statistically significant differences were observed between CC and test groups [one way ANOVA followed by
Bonferroni multiple comparison test (***p < 0.001, **p < 0.01 and *p < 0.05)].

Table 3
Lipid profiles in serum to evaluate the ameliorative effects after DEN and (zafirlukast) administration, (NC: Normal Control, CC: Carcinogen Control, PC: Positive
Control, T1: zafirlukast (40mg/kg) and T2: zafirlukast (80mg/kg).

Sr.No. Parameters NC CC PC T1 T2

1. TC (mg/dL) 120.13 ± 2.71 151.41 ± 2.45 131.85 ± 2.01*** 135.57 ± 5.40*** 127.59 ± 4.99***
2. TG (mg/dL) 68.50 ± 2.35 132.32 ± 4.59 77.61 ± 2.37*** 81.04 ± 4.80*** 70.71 ± 2.03***
3. HDL (mg/dL) 47.27 ± 1.59 29.74 ± 0.84 41.32 ± 2.07*** 36.26 ± 4.38*** 43.94 ± 4.06***
4. LDL (mg/dL) 59.16 ± 0.65 95.21 ± 0.69 75.01 ± 0.41*** 83.10 ± 0.20*** 69.52 ± 0.38***
5. VLDL (mg/dL) 13.70 ± 0.47 26.47 ± 0.92 15.51 ± 0.35*** 16.20 ± 0.96*** 14.14 ± 0.41***

Data represented here as mean ± SD (n = 8). Statistically significant differences were observed between CC and test groups [one way ANOVA followed by
Bonferroni multiple comparison test (***p < 0.001, **p < 0.01 and *p < 0.05)].
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3.3. ELISA determination of various pro-inflammatory and apoptotic
mediators

To assess the antineoplastic potential of ZAF on cancer-mediated
inflammatory and apoptotic markers, enzyme linked immunosorbent
assays (ELISAs) were performed to predict the concentrations of pro-
inflammatory cytokines (IL-2, IL-6, IL-10 and IL-1β) (Fig. 1C) and
apoptotic mediators (Caspase-3 and 9) in the rat liver (Fig. 1D). Sig-
nificant differences were not documented in pro-inflammatory cyto-
kines between the groups. However, the levels of apoptotic markers
were reduced ~2.5-fold in CC rats compared with NC rats. ZAF treat-
ment significantly restored the concentrations of caspase-3 and 9, and a
more pronounced effect was observed at the 80mg/kg dose, which was
comparable with the dose of 5-FU.

3.4. Histopathology of liver tissue

Again, hematoxylin and eosin (H & E) staining was used to de-
termine the tissue and intracellular configuration changes in the livers
of rats in various groups. In the NC group, normal architecture of
Kupffer cells (K) with abundant nuclei was observed during histo-
pathological examination. However, the liver cells of the CC group had
lost their normal cellular architecture, and specifically, the carcinogenic
livers contained more pronounced ruptured hepatic cells (RC), irregular
sinusoids, tumor anaplastic cells (TA), degenerated nuclei (dN) in K
cells and tumoral vacuoles (Fig. 2). A marked improvement in gross
microscopic appearance of hepatic tissue was observed after the treat-
ments (Fig. 2).

3.5. qRT-PCR and Western blot analyses

We performed qRT-PCR analysis to measure the gene expression
levels of iNOS, eNOS, BAX, BAD, Bcl-2, Bcl-xl, Cyt C, and caspases 3 and
9. The analysis revealed upstream regulation of the iNOS, Bcl-2, and
Bcl-xl and downstream regulation of eNOS, BAX and BAD, caspases 3
and 9, and Cyt C genes in the CC group compared with the NC group.
Administration of 5-FU and ZAF normalized all these upstream- and
downstream-regulated genes (Fig. 3A). The potency of ZAF at 80mg/kg
was found to be comparable and to some degree better than that of the
chemotherapeutic currently available on the market (5-FU).

On the contrary, a quantitative Western blot analysis was used to
measure the protein expression levels of BAX and Bcl-2. The levels of
BAX protein were down regulated in CC rats with respect to NC rats and
again improved after the administration of a higher dose of ZAF
(Fig. 3B–D). An opposite trend was noted for Bcl-2, which was up-
regulated in CC rats and became normalized after ZAF treatment. Tu-
bulin served as a housekeeping protein in this experiment (Supple-
mentary Data Sheet, Fig. S2).

3.6. 1H-NMR-based metabolomics to assess the biochemical impact of ZAF
treatment

The individual 1D 1H-CPMG NMR spectra acquired from serum
samples from different control and treated rats, with the assigned re-
sonances, are shown in Figs. 4–6. The 1H-NMR spectra of serum samples
showed signals primarily from lipids/lipoproteins [(e.g. low density
lipoprotein (LDL), very low density lipoprotein (VLDL), Poly-un-
saturated fatty acids (PUFAs etc.)], membrane metabolites [(e.g.

Fig. 1. Effects of zafirlukast after oral
administration of 40mg/kg and 80mg/
kg for 15 days in carcinogen control rats
(A) Enzyme levels of AST, ALT, CPK
and LDH in serum, (B) Catabolic by-
product (bilirubin and biliverdin), and
(C) Anti-proliferative biomarkers IL-2,
IL-6, IL-10, IL-1β, (D) Caspase 3 and
caspase 9. Data are represented as
mean ± SD (n = 8). Statistically sig-
nificant differences were observed be-
tween carcinogen control and test
groups [one way-ANOVA followed by
Bonferroni multiple comparison test
(***p < 0.001, **p < 0.01,
*p < 0.05)]. The studied groups are:
(NC: Normal Control, CC: Carcinogen
Control, PC: Positive Control, T1: za-
firlukast (40mg/kg) and T2: zafirlukast
(80mg/kg).
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Fig. 2. The hepatic pathological changes in DEN-induced rats. [1] Intact Liver: showing numerous carcinogenic nodules in carcinogen control group that were
reduced significantly or absent after treatments with 5-FU, zafirlukast (40mg/kg and 80mg/kg), [2] Histopathological changes (40X, Scale bar 50 μm). The
abbreviations used are: Normal nucleus (N), degenerated nucleus (dN), ruptured hepatic cells (RC), Tumor anaplastic cells (TA). [3] Scanning Electron Microscopic
photomicrographs of the liver tissues (2000X) and the studied groups are: (A: Normal Control, B: Carcinogen Control, C: Positive Control, D: zafirlukast (40mg/kg)
and E: zafirlukast (80mg/kg).

Fig. 3. (A) Gene expression levels of i-NOS, e-NOS, BAD, BAX, Bcl-2, Bcl-xl, Cyt-C, caspase-3 and caspase-9 in liver tissue, (B) Protein expression levels of BAX, Bcl-2
and tubulin in liver tissue after treatment with zafirlukast (determined by quantitative Western blot analysis), (C) Plausible mechanism of anticancer activity of
zafirlukast. Data are represented as mean ± SD (n = 8). Statistically significant differences were observed between carcinogen control and test groups [one way-
ANOVA followed by Bonferroni multiple comparison test (***p < 0.001, **p < 0.01, *p < 0.05)]. The studied groups are: (NC: Normal Control, CC: Carcinogen
Control, PC: Positive Control, T1: zafirlukast (40mg/kg) and T2: zafirlukast (80mg/kg).
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choline], N-acetyl and O-acetyl glycoproteins (NAG, OAG), and amino
acids [(e.g. leucine, tyrosine etc.)]. Other identified metabolites were,
glucose, lactate, acetate, citrate, creatine, formate, glycerol and trans-
aconitate (Figs. 4–6).

Further, the 1H-NMR dataset was subjected to statistical data
modelling and analysisusing multivariate analysis tools in
MetaboAnalyst (Xia et al., 2009, 2015). First, a PCA model was em-
ployed to authenticate the analytical quality system performance and to
observe possible outliers. An OPLS-DA model was then used to obtain a
summary of the complete dataset of the samples and to discriminate the
variables that are responsible for variations among the groups. The
quality of the OPLS-DA model was optimized with two variables: Q2

and R2. Score plots obtained from the 1D 1H CPMG NMR spectra

(Fig. 4) (from OPLS-DA and S plots) exhibited reasonable separation
among the groups on the X-axis. The separation of various groups was
also observed in the VIP score plots in Figs. 5 and 6, and the combined
correlations of 2D OPLS-DA and the VIP score analysis exhibited sig-
nificant differences in metabolic profiles among various groups. The
various metabolites were carefully chosen when the statistically major
threshold of variable influence on projection (VIP) values obtained
from the OPLS-DA model was greater than 1.0. Moreover, the p-values
from a two-tailed Student's t-test on the regulated peak area were
considered statistically significant (p < 0.05). Log2-fold change (FC)
was applied to demonstrate how these particularly differential meta-
bolites varied among all the groups studied. The results were con-
sidered statistically significant when the p-value was less than 0.05.

Fig. 4. Stack plot of representative 1D 1H CPMG NMR spectra of rat serum obtained from different groups. Carcinogen control (CC), Treatment low dose (T1) &
Treatment high dose (T2), Positive control (PC), Normal Control (NC) groups.

Fig. 5. Combined and Pairwise OPLS-DA analysis:(A)The 2D OPLS-DA analysis of 1D 1H CPMG NMR spectra score plot derived from combined analysis comprising of
all the groups: Carcinogen control (CC), Treatment low dose (T1) & Treatment high dose (T2), Positive control (PC), Normal Control (NC). (B) The potential
discriminatorymetabolite entities identified from VIP scores derived from PLS-DA modelling of complete data matrix and resulted VIP scores for top 30 metabolite
entities are shown in increasing order of VIP score values to highlight their discriminatory potential.
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Some relevant metabolic changes are shown in the form of univariate
box plots in Figs. 5 and 6.

4. Discussion

The liver plays a vital role in various biochemical and physiological
actions in the human body, and for the body to be healthy, the liver
should always function properly. HCC has been the third most common
cause of cancer-related death worldwide in the past five years (Ferlay
et al., 2010; Lin et al., 2016), but chemotherapy against HCC is limited
due to systemic toxicities and various side effects (Anadol et al., 2012).
Sorafenib is the only FDA-approved drug for HCC, but it has a poor
efficacy and systemic side effects (Park, 2015; Wilhelm et al., 2006).
Currently, scientific communities are very prone to exploring new drug
entities for HCC treatment. Consequently, we assumed that ZAF, since it
is structurally similar to montelukast and exhibits CysLT1 antagonistic
properties (Kahnt et al., 2013), might be a better alternative for HCC
treatment. To determine the effects, we verified the anti-HCC properties
of ZAF using Hep-G2 cells in vitro and found that ZAF had antineoplastic
effects with an IC50 ~13.95 μM. These data inspired us to perform in
vivo antitumor activity experiments in a DEN-induced HCC rat model,
after which we assembled a few notable findings that helped us explore
the mechanisms underlying ZAF action in cancer therapy. Despite the
availability of a few studies that reported the remarkable function of
ZAF (as a CysLT1 antagonist) in a variety of activities including a
protective role in breast cancer cells, to the best of our knowledge, none
of the previously published studies revealed the role of ZAF inthe in-
hibition of HCC through this particular apoptotic pathway.

5-fluorouracil (5-FU) is an antimetabolic agent that is used to treat
colorectal and liver cancer in combination. 5-FU exerts its anticancer
effects through inhibition of thymidylate synthase and incorporation of
its metabolites into RNA and DNA. Clinical efficacy of this drug is very

low due to rapid acquired resistance (Longley et al., 2003), and
therefore, identification of novel derivatives with different mechanisms
for HCC treatment is a greater priority for the scientific community. In
this regard, we explored the anticancer potential of ZAF through its
activation of caspase-mediated apoptosis, i.e.i–NOS– and e–N-
OS–mediated activation of Bcl-2 family proteins→CytC→Caspase 3 and
9 signaling cascade. On the contrary, a recent investigation suggested
that ZAF exerts agonistic action on the CysLT receptor via changes in
Bcl-2/BAX levels in glioblastoma (Piromkraipak et al., 2018).

DEN-treated rats showed a decrease in body weight, an increase in
liver weight and a higher number of carcinogenic nodules, which in-
dicates a carcinogenic condition. The normalization of these parameters
after 5-FU and ZAF (80mg/kg) treatments were the primary indication
of the antineoplastic properties of ZAF, which led to further biochem-
ical and histopathological analyses to demonstrate our hypothesis. A
previous report suggested that antioxidant activity was decreased in
carcinogenic conditions (Kweon et al., 2003). Reactive oxygen species
(ROS) are generated from all aerobic cells and are counter balanced by
an antioxidant defense system (Sharma et al., 2012). However, this
action is unbalanced during hypoxic/anaerobic conditions such as
cancer (due to excessive cellular proliferation) (Bhattacharyya et al.,
2014). Actually, SOD and CAT are free radical scavengers, while GSH
engulfs reactive oxygen species (ROS); together, these comprise the
antioxidant defense mechanism of the human body (Shah et al., 2014).
The concentrations of SOD, CAT and GSH were decreased, which in-
dicates high cellular proliferation, in DEN-treated rats. The protective
action of ZAF was observed when all these parameters were increased
in the treatment groups. In general, the enzyme catalase (CAT) cata-
lyzes the conversion of H2O2 to oxygen and water, thereby providing
protection against reactive oxygen species, while SOD neutralizes su-
peroxide free radicals (Karaman et al., 2006). Furthermore, oxidation of
proteins and lipids can be characterized through higher production of

Fig. 6. Metabolic effects of zafirlukast treatment: The box-cum-whisker plots are showing relative variations in quantitative profiles of serum metabolites relevant in
the context of the pathophysiology of hepatic cancer. In the box plots, the boxes denote interquartile ranges, horizontal line inside the box denote the median, and
bottom and top boundaries of boxes are 25th and 75th percentiles, respectively. Lower and upper whiskers are 5th and 95th percentiles, respectively. Where:
Carcinogen control (CC), Treatment low dose (T1) & Treatment high dose (T2), Positive control (PC), Normal Control (NC) groups.
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MDA and PC, respectively, and has been very well documented after
DEN treatment (Kumar et al., 2017). The antioxidant defense me-
chanism of ZAF was again observed through reduced production of
MDA and PC in treated rats, substantiating its ability to protect against
tumors with notable antioxidant effects.

Furthermore, it has been shown that a corresponding change in GSH
(reduced glutathione) and GSSG (oxidized glutathione) concentration is
considered an actual sign of oxidative stress. If cells are under oxidative
stress, GSSG accumulates and the ratio of GSH to GSSG generally de-
creases. Thus, the GSH/GSSG ratio is a strong indication of oxidative
stress in liver cells. We therefore measured the GSG/GSSG ratio to
analyze how much GSH was oxidized upon treatment with ZAF. In our
experiment, the ZAF-treated group demonstrated an increase in the
GSH/GSSG ratio, which indicates sustainment of inherent antioxidant
properties by ZAF.

In addition, tumor-induced hyperlipidemia contributes to liver cir-
rhosis during HCC, which ultimately leads to liver damage (Huang
et al., 2016). Liver damage during carcinogenesis was observed through
increased TC, TG, LDL, and VLDL and decreased HDL concentrations in
CC rat sera compared with NC rat sera. ZAF treatment normalized these
concentrations, and the protective action of ZAF was further demon-
strated in a similar experiment. In contrast, elevation of ALT and AST
levels in the serum is an indication of liver cirrhosis (Green and Steven,
2002). ALP is another indicator of liver damage, and a high level of ALP
is indicative of the high risk of HCC patients (Yu et al., 2011). Hence-
forth, in HCC and various pathological conditions, the liver becomes
damaged, and various enzymes (AST, ALT and ALP) leak from the liver,
which causes their levels in the blood stream to increase. Through the
observed efficacy of ZAF in the restoration of these enzymes to normal
levels, we determined the protective ability of ZAF. Similarly, an in-
crease in serum LDH shows a nonspecific alteration of cell membrane
integrity and liver cirrhosis in HCC (Xu et al., 2014). Therefore, higher
levels of LDH in CC rat sera indicated DEN-induced HCC; the levels of
LDH were further restored by ZAF administration. Further, elevated
levels of catabolic by-products (bilirubin and biliverdin) also indicate
liver disease (Makos and John, 1988). The elevation of these markers
during DEN exposure and their normalization after ZAF treatment also
supported the finding of hepatic disease control. Overall, ZAF has a
protective ability to normalize these enzymes and their catabolic by-
products, which demonstrates its antineoplastic properties against HCC.
Furthermore, histopathological studies revealed that CC rats exhibited
vacuole formation and irregularly shaped nuclei and cytoplasm, which
was probably due to the generation of free radicals during DEN ex-
posure. This vacuole formation was reduced in the ZAF and 5-FU
groups, which demonstrates the protective ability of ZAF in cancerous
conditions.

Then, we sought to determine the underlying mechanism of the
antineoplastic properties of ZAF. ELISAs indicated that ZAF had no
action on pro-inflammatory cytokines (IL-2, IL-6, IL-10 and IL-1β) but
had positive action on apoptotic mediators (Caspase-3 and 9). In ad-
dition, it was necessary to evaluate the anti-HCC properties of ZAF at
the molecular level. According to the preliminary data obtained from
ELISAs, it is questionable whether ZAF had any effect on cellular
apoptosis. Apoptosis occurs in two ways: the extrinsic death receptor
pathway and the intrinsic mitochondrial pathway (Rang and Dale's
Pharmacology, 2011). The Bcl-2 family proteins, including pro-apop-
totic (BAX) and anti-apoptotic (Bcl-2) proteins are generated during the
mitochondrial apoptosis pathway (Rang and Dale's Pharmacology,
2011). As per the qRT-PCR and Western blot results, we observed a
lower expression of BAX and a higher expression of Bcl-2 in CC rats. The
expression of these two proteins was normalized after ZAF treatment,
which shows its ability to trigger mitochondrial apoptosis at the mo-
lecular level. This over expressed (i.e. BAX) protein binds to Cyt-C re-
leased from mitochondria, procaspase 9 and APAF1 to generate the
apoptosome (Rang and Dale's Pharmacology, 2011). This apoptosome
leads to apoptosis in the presence of caspases 3 and 9. qRT-PCR

revealed that ZAF restored the decreased levels of caspases 3 and 9, and
therefore, indicates that this drug is an important apoptosis activator.
Altogether, these data show that ZAF may cause induction of apoptosis
through i–NOS– and e–NOS–induced activation of Bcl-2 family proteins
Cy C Caspase 3 and 9 signaling cascade.
The 1H-NMR-based metabolomics analysis provides a more dis-

criminable signature and quantitative information of the metabolites in
HCC before and after treatment (Frederich et al., 2016). The identifi-
cation and characterization of perturbed metabolites in HCC may play a
significant role in early diagnosis and therapy. This helps form a pos-
sible map for drug action in terms of the metabolomic pathways in HCC
(Griffin and John, 2004). To the best of our knowledge, we report for
the first time the impact of ZAF on HCC using 1H-NMR-based serum
metabolomics. This analysis, coupled with multivariate statistical data
analysis, investigated the DEN-induced metabolic alterations and as-
sessed the ameliorative effect of ZAF treatment on these alterations. The
HCC-associated metabolic pathway involves amino acids, ketone
bodies, choline metabolism, glycolysis, the TCA cycle, phosphatidyli-
nositol, and gluconeogenesis (Rahman and Hasan, 2015; Vander and
Matthew, 2011).

In NMR-based metabolomic studies, we observed a decreased level
of glucose and an increased level of lactate in CC rats compared with NC
rats, which indicates an enhanced glycolytic pathway, and more glu-
cose was consumed by cancerous cells with lactate as a by-product. This
finding was similar to previously published observations of the
Warburg effect (Asgari et al., 2015). The box and whisker plot showed
lower levels of OAG, NAG and O-acetyl choline in CC rats. These are the
important constituents of cell membranes in cancerous conditions, and
therefore, decreased concentrations of these metabolites in CC rats were
found in the NMR studies (Fages et al., 2015). It is obvious from the
data that ZAF and 5-FU administration normalized the concentration of
these metabolites, which demonstrates the protective ability of ZAF
against HCC. Furthermore, decreased levels of VLDL and LDL were
observed in the sera of rats in the CC group, as cholesterol, which is
produced from both these metabolites, is utilized by cells for cell
membrane production (Liu et al., 2014). ZAF administration normal-
ized the concentrations of these metabolites to near normal levels, and
thus evidence of the anticancer properties of ZAF was further
strengthened.

Amino acids such as leucine and tyrosine are consumed by HCC cells
during membrane formation, and maturation of cellular constituents
occurs through these amino acids (Gao et al., 2009). We found depleted
levels of these metabolites in the sera of HCC rats, as they were con-
sumed at a higher rate by HCC tissues. In contrast, these metabolites
were elevated in the 5-FU- and ZAF-treated rats. We again found a
lower amount of glycerol in the serum of HCC rats, which demonstrates
increased lipid metabolism in cancer (Rahman and Hasan, 2015;
Vander and Matthew, 2011). Treatment with 5-FU and ZAF normalized
the level of glycerol in the serum, which indicates the ability of these
compounds to enhance glycerol metabolism. In addition, ZAF treatment
also normalized trans-aconitate, pyruvate, formate and acetatein the
serum, and the protective action of ZAF was observed in a similar ex-
periment.

5. Conclusion

The discovery of a novel drug for HCC treatment has been very
difficult since the molecular mechanism of HCC is still unknown.
According to the current demands of HCC treatment, we proposed a
cellular function for ZAF in HCC treatment at the molecular level. The
current study supported a clear link among biochemical, pathophysio-
logical, molecular and metabolic parameters after treatment with 5-FU
and ZAF. The molecular insights observed in this study could explain
the role of ZAF in HCC treatment as occurring through the suppression
of Bcl-2 and upstream regulation of BAX proteins, i.e. the activation of
caspase-mediated mitochondrial apoptosis. The combined analysis of
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gene and protein expression revealed that ZAF has the potential to in-
duce apoptosis through i–NOS– and e–NOS–induced activation of the
Bcl-2 family of proteins→CytC→Caspase 3 and 9 signaling cascade.
Finally, an 1H-NMR-based metabolomics approach clearly dis-
criminated the regulation of advanced metabolites in HCC and after
ZAF treatment, which could demonstrate the cellular function of ZAF.
Altogether, ZAF may be an alternative for HCC treatment from a future
drug design perspective.
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