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Abstract: Azadirachtin (AZD), a limonoid from the versatile, tropical neem tree (Azadirachta indica),
is well known for its many medicinal, and pharmacological effects. Its effects as an anti-oxidant,
anti-inflammatory, and anti-cancer agent are well known. However, not many studies have explored
the effects of AZD on toxicities induced by benzo(a)pyrene (B(a)P), a toxic component of cigarette
smoke known to cause DNA damage and cell cycle arrest, leading to different kinds of cancer. In
the present study, using HepG2 cells, we investigated the protective effects of Azadirachtin (AZD)
against B(a)P-induced oxidative/nitrosative and metabolic stress and mitochondrial dysfunction.
Treatment with 25 µM B(a)P for 24 h demonstrated an increased production of reactive oxygen species
(ROS), followed by increased lipid peroxidation and DNA damage presumably, due to the increased
metabolic activation of B(a)P by CYP 450 1A1/1A2 enzymes. We also observed intrinsic and extrinsic
apoptosis, alterations in glutathione-dependent redox homeostasis, cell cycle arrest, and inflammation
after B(a)P treatment. Cells treated with 25 µM AZD for 24 h showed decreased oxidative stress and
apoptosis, partial protection from DNA damage, and an improvement in mitochondrial functions and
bioenergetics. The improvement in antioxidant status, anti-inflammatory potential, and alterations
in cell cycle regulatory markers qualify AZD as a potential therapeutic in combination with anti-
cancer drugs.

Keywords: HepG2 cells; Azadirachtin; benzo(a)pyrene; oxidative stress; apoptosis; DNA damage;
mitochondrial dysfunction

1. Introduction

Mortality due to cancer is a growing socio-economic burden globally and a cause for
major concern. According to Global Cancer Statistics 2022, more than 19.3 million new
cancer cases (caused by environmental influences, physiological stress, or heredity) were
detected, resulting in approximately 10 million deaths in 2020 [1]. Benzo(a)pyrene (B(a)P),
a polycyclic aromatic hydrocarbon (PAH), and an important toxic component of forest
fires, industrial processes, vehicle exhaust, cigarette smoke, or fuel burning, can induce
protein, lipid, and DNA damage, cell cycle arrest, apoptosis, inflammation, and oxidative
and metabolic stress leading to different kinds of cancer [2,3]. Our earlier studies have
shown increased oxidative stress, alterations in redox homeostasis, and mitochondrial
dysfunction in mouse tissues exposed to cigarette smoke [4,5]. B(a)P is metabolized by
detoxifying enzymes to generate by-products, which in turn form adducts with DNA,
causing mutagenic and carcinogenic effects [6]. It is therefore classified as a group I
carcinogen by the International Agency for Research on Cancer (IARC) [7]. B(a)P-induced
toxicity has been demonstrated in various organs, including the liver, lung, and brain,
causing malignant tumors [8]. Since cytochrome P450 enzymes are mainly constituted in
the liver, B(a)P is mainly metabolized in the liver, making it a primary target for B(a)P
toxicity [9,10]. Studies have shown an increased risk of liver cancer to environmental
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contact with B(a)P [11]. Dietary ingestion of B(a)P can cause hepatic steatosis due to excess
ROS generation in the liver, causing cell apoptosis [12,13].

The use of natural, herbal, or dietary supplements like polyphenols has become a
promising strategy as a defense against the damaging effects of B(a)P [6,14]. In vitro and
in vivo studies have shown that biologically active compounds and polyphenols have the
ability to reduce ROS, DNA damage, and carcinogenesis induced by B(a)P [13–16].

Numerous studies have demonstrated the effects of Azadirachtin (AZD), a limonoid ex-
tracted from the tropical neem tree (Azadirachta indica) as an anti-oxidant, anti-inflammatory
and anti-cancer agent [17–19]. These researchers have shown that different parts of the
neem tree, including leaves, seed kernel, seed husk, etc., have been explored to evaluate
its potent anti-microbial, anti-pyretic, anti-oxidant, and other medicinal properties. Our
previous studies have also shown that AZD treatment could enhance cellular survival
under conditions of extreme inflammatory and oxidative stress through an interconnect-
ing network of cell-signaling proteins [20,21]. A recent review by Nagini et al. [22] has
indicated that neem limonoids including AZD demonstrate anti-carcinogenic effects in
different cancer cell lines as well as in animal models by inhibiting cell proliferation, and
inducing drug sensitivity, apoptosis, and anti-inflammatory responses.

Very few studies, however, have demonstrated the protection by AZD against toxicities
induced by B(a)P. In vivo studies have shown Azadirachta indica leaf extract to modulate
B(a)P-induced tumorigenesis in the murine forestomach and hepatic tissues [23–26]. HepG2
cells are known to possess a wide array of constitutive and inducible anti-oxidant and
xenobiotic metabolizing enzymes [27,28]. Since the liver is the primary target organ for
B(a)P-induced toxicities, we chose HepG2 cells as the in vitro model for our present study.
In our previous studies, we reported that AZD protects pancreatic β-cells from oxidative
and inflammatory stress by regulating cell proliferation and DNA damage, suppressing
NF-κB signaling, and restoring redox homeostasis and mitochondrial bioenergetics [20,21].
In the present study, we aim to investigate the defense mechanism of AZD in B(a)P-induced
redox and oxidative stress, DNA damage, cell cycle arrest, apoptosis, inflammation, and
metabolic and mitochondrial stress, and to identify the regulatory cell signaling markers in
HepG2 cells.

2. Materials and Methods
2.1. Materials

Benzo(a)pyrene [B(a)P], Azadirachtin (AZD), 3-(4,5-dimethylthiazol-2-yl)-2,5-dipheny-
ltetrazolium bromide (MTT), propidium iodide, DTNB (5,5′-dithiobis(2-nitrobenzoic acid),
reduced and oxidized glutathione (GSH/GSSG), 1-chloro 2,4-dinitrobenzene (CDNB),
cumene hydroperoxide, glutathione reductase, resorufin, 7-ethoxyresorufin, methoxyre-
sorufin, malonedialdehyde, thiobarbituric acid, apocynin, NADH, NADPH, cytochrome c,
coenzyme Q2, antimycin A, dodecyl maltoside, and ATP assay kits were purchased from
Sigma (St Louis, MO, USA). Kits for nitric oxide (NO) assays and mitochondrial membrane
potential were purchased from R & D Systems (Minneapolis, MN, USA) and those for
aconitase were purchased from Oxis Int, Inc. (Portland, OR, USA). 2,7-Dichlorofluorescein
diacetate (DCFDA) and CM-H2XRos (reduced Mito Tracker® Red) were purchased from
Molecular Probes, Inc. (Eugene, OR, USA). Kits for superoxide dismutase (SOD), cleaved
caspase-3, caspase-8, and caspase-9 activity assays were purchased from Abcam (Cam-
bridge, UK) while those for catalase activity were procured from Cayman (Ann Arbor,
MI, USA). Apoptosis detection kits for flow cytometry were purchased from BD Pharmin-
gen (BD Biosciences, San Jose, CA, USA) and kits for comet assays were obtained from
Cell Biolabs, Inc. (San Diego, CA, USA). HepG2 cells were obtained from the American
Type Culture Collection (Manassas, VA, USA). Polyclonal antibodies against caspase-3,
caspase-8, caspase-9, poly (ADP-ribose) polymerase (PARP), autophagy-related protein
(Atg5), microtubule-associated light chain 3 (LC3), SQSTM1/p62, protein kinase B (AKT),
phosphorylated protein kinase B (p-AKT), mammalian target of rapamycin (mTOR) and
phosphorylated mammalian target of rapamycin (p-mTOR), NF–κB p65, I–κB, Bax, p53,
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Nrf2, and VDAC were purchased from Cell Signaling Technology, Inc. (Danvers, MA,
USA), while those against CYP450 1A1 and CYP450 1A2 were from Amersham Int. Plc.
(Amersham, UK). Monoclonal antibodies against cytochrome c, cyclin B1, p21, Bcl–2, Cdk2,
Cdk4, and β-actin were procured from Santa Cruz Biotechnology Inc. (Santa Cruz, CA,
USA), while those against SIRT-1, cyclin D1, heme oxygenase-1 (HO-1), aconitase, and
histone H3 were from Abcam (Cambridge, UK). Reagents for cell culture, SDS-PAGE, and
Western blot analyses were procured from Gibco BRL (Grand Island, NY, USA) and Bio-Rad
Laboratories (Richmond, CA, USA).

2.2. Methods
2.2.1. Cell Culture and Experimental Protocol

The HepG2 cell line, isolated from a liver biopsy of a 15-year-old male Caucasian was
purchased from the American Type Culture Collection (Manassas, VA, USA). The cells
were cultured in 100 mm cell culture petri dishes in DMEM medium in the presence of
heat-inactivated fetal bovine serum (10%), non-essential amino acids (1%), 2 mM glutamine,
and 100 µg/mL of penicillin/streptomycin in a 5% CO2–95% air incubator at 37 ◦C. A
10 mM stock solution of B(a)P was prepared in DMSO and diluted in the culture medium.
Cells were allowed to propagate to about 60–80% confluence and then distributed into four
groups: control, B(a)P-treated, AZD+B(a)P-treated and AZD-treated. Cells in the control
group were treated with the vehicle alone. Cells in the B(a)P group were treated with 25 µM
B(a)P for 24 h. In the AZD+B(a)P group, cells were treated with 25 µM AZD for 24 h and
25 µM B(a)P for 24 h. In the AZD group, cells were treated with 25 µM AZD alone for 24 h.
The dose and time for AZD and B(a)P treatments were based on the cytotoxicity studies
performed as well as our previous studies [20,21]. After treatment with AZD and/or B(a)P,
the cells were trypsinized, washed and homogenized in a cold H-medium buffer, pH 7.4,
containing 70 mM sucrose, 220 mM mannitol, 2.5 mM HEPES, 2 mM EDTA, and 0.1 mM
phenylmethylsulfonyl fluoride. Nuclear, mitochondrial, and post-mitochondrial fractions
were isolated via sub-cellular fractionation and protein concentrations were measured as
described previously [20,21,29].

2.2.2. Cytotoxicity and Apoptosis Measurement

A MTT assay was used to determine the mitochondrial dehydrogenase-based cellular
viability. In short, cells were grown in 96-well plates and treated with different concentra-
tions (0–100 µM) of B(a)P or AZD for 24 h–48 h. Cell viability was assessed via the formation
of insoluble purple formazan crystals, caused by the reduction of MTT dye, which were
then dissolved in acidified alcohol and measured using an ELISA reader (TECAN Infinite
M200 PRO, Austria) at 550 nm as described before [20,29].

Cell apoptosis was measured in HepG2 cells treated with B(a)P and/or AZD via
flow cytometry according to the vendor’s protocol (BD Pharmingen, BD Biosciences, San
Jose, USA) as described before [20,29]. In brief, HepG2 cells treated with B(a)P and/or
AZD for 24 h were harvested, and re-suspended in the recommended binding buffer after
washing with PBS. A fraction of the cell suspension (100 µL/containing 1 × 105 cells)
was then treated for 15 min with a combination of Annexin V conjugated to FITC and
propidium iodide (PI) at room temperature. A binding buffer was then added to resuspend
the cell suspension and apoptosis was measured immediately using a Becton Dickinson
FACSCanto II analyzer. With this protocol, the viable, apoptotic, and necrotic/dead cells
could be distinguished.

Activities of the different caspases, namely, 3, 8 and, 9 were measured in the HepG2
cells treated with B(a)P and/or AZD per the vendor’s instructions. In brief, the cell
lysates from control HepG2 and AZD and/or B(a)P-treated cells were incubated with
p-nitro aniline-conjugated caspase-specific peptide substrates, DEVD IETD, and LEHD,
respectively. The cleavage of the peptide by the respective caspases resulted in the release
of the chromophore, which was measured colorimetrically at a wavelength of 405 nm as
described before [20,21,29].
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2.2.3. DNA Damage and Cell Cycle Analysis

DNA damage was assessed using the DNA laddering assay by loading the samples
on 2% agarose gels and staining the fragments with ethidium bromide after electrophoresis
as described earlier [20,29]. Cellular DNA damage was confirmed using the comet assay.
Per the manufacturer’s instructions, the cells were washed and centrifuged after treatment.
Cells were resuspended in cold PBS at a concentration of 1 × 105 cells/ml and low-melting-
point agarose was added in a 1:10 ratio, mixed, and transferred to 3-well glass slides.
The slides were kept at 4 ◦C for 15 min and then incubated for 1 h at 4 ◦C in lysis buffer
followed by incubation in NaOH solution (1.2%) for a further 30 min. The slides were then
run in a horizontal electrophoresis chamber at 1volt/cm containing 300 mM NaOH and
1 mM EDTA, pH > 13, as an electrophoresis buffer, stained with Vista Green DNA dye at
room temperature for 15 min and analyzed using an Olympus fluorescence microscope as
described before [30].

Flow cytometry was used to assess the distribution of cells in the different phases of
the cell cycle after B(a)P and/or AZD treatment for 24 h, which was assayed by measuring
the DNA content of propidium iodide (PI)-labeled nuclei as described before [20]. Briefly,
control and B(a)P/AZD-treated cells were fixed with 70% ethanol overnight at −20 ◦C after
resuspending the cells in cold PBS. Cells were then washed with cold PBS, treated with
0.15% RNase A and 80 µg/ml of PI at 37 ◦C for 30 min. Total DNA content was measured
at an excitation wavelength of 488 nm with detection at 620 nm using FACSCanto II Flow
Cytometer (Beckton Dickinson, San Jose, CA, USA). Results were expressed as %age DNA
distribution in each phase.

2.2.4. Measurement of Reactive Oxygen Species (ROS)

A cell-permeable probe, DCFDA, was used to measure ROS production in the different
sub-cellular fractions. Briefly, control and B(a)P- and/or AZD-treated cells were incubated
with 5 µM DCFDA for 30 min at 37 ◦C and washed with PBS, and the fluorescence read
at an excitation wavelength of 488 nm and an emission wavelength of 525 nm using
the ELISA reader (TECAN Infinite M 200 PRO, Grödig, Austria). Apocynin-sensitive
plasma membrane-bound ROS as well as mitochondrial ROS were measured as described
before [20,31]. Cells grown on coverslips were also treated and incubated with DCFDA as
described above and the fluorescence was measured microscopically as described before [20,31].
The fluorescence caused by ROS production was also measured via flow cytometry [20,31].

To complement intracellular ROS production, we evaluated the production of mito-
chondrial ROS by ROS-specific staining using the dye CM-H2XRos (reduced Mito Tracker®

Red). Briefly, control and B(a)P- and/or AZD-treated HepG2 cells, seeded on coverslips,
were treated with freshly prepared CM-H2XRos and incubated at room temperature for
15 min. After washing and fixing with 3.7% formaldehyde, the coverslips were mounted
on slides and visualized using the Olympus fluorescence microscope.

2.2.5. Measurement of Lipid Peroxidation (LPO), Nitric Oxide (NO) Levels, and SOD/
Catalase Activities

Lipid peroxidation was measured using malonedialdehyde as a standard via the
thiobarbituric acid method as described before [5,32]. The total nitrite in the culture
supernatants was measured as an indicator of NO levels in the control and treated cells
using the Griess reagent per the vendor’s protocol [21,31].

The activities of anti-oxidant enzymes, SOD, and catalase were measured using the
respective kits per the manufacturer’s instructions. The activity of xanthine oxidase to
convert xanthine into uric acid and hydrogen peroxide, resulting in the reduction of NBT
(nitro blue tetrazolium) to NBT-formazan, was a measure of SOD, which was measured col-
orimetrically at 550 nm. This reduction of NBT caused by superoxide anions was inhibited
by SOD, which was used to measure the SOD activity in the control and treated samples.
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Catalase activity was measured based on its ability to catalyze the oxidation of
methanol, and the formaldehyde thus formed in the presence of a chromogen was read
colorimetrically at 450 nm.

2.2.6. Measurement of GSH Metabolism and Redox Homeostasis

Total glutathione (GSH) levels and its metabolism and redox homeostasis were mea-
sured in the mitochondrial and post-mitochondrial fractions of the control and B(a)P-
and/or AZD-treated cells. Total GSH levels was a measure of the reduction of oxidized to
reduced glutathione by glutathione reductase using DTNB (5,5′-dithiobis (2-nitrobenzoic
acid) as a substrate. The activities of glutathione S-transferase (GST) using CDNB as a
substrate, glutathione reductase (GSH-reductase) using GSSG/NADPH as a substrate
and glutathione peroxidase (GSH-Px) using cumene hydroperoxide as a substrate were
measured, using standard protocols as described before [21,30,32].

2.2.7. Measurement of CYP 450 Activities

Post-mitochondrial fractions from control and B(a)P- and/or AZD-treated cells were
analyzed for CYP 450 1A1 and 1A2 activities using 7-ethoxyresorufin and methoxy re-
sorufin, respectively, as substrates as described before [30].

2.2.8. Measurement of Mitochondrial Membrane Potential (MMP)

Mitochondrial membrane potential (MMP) was measured in control HepG2 cells or
treated with B(a)P and/or AZD for 24 h using DePsipher TM (R & D Systems, Minneapolis,
MN, USA), a fluorescent cationic dye. The dye remains in its green fluorescent form when
membrane potential is reduced. This was measured using a Becton Dickinson FACSCanto
II analyzer as described before [21,29].

2.2.9. Measurement of Bioenergetics and Activities of Mitochondrial Enzymes

Respiratory enzyme complexes were measured in the presence of lauryl maltoside,
in the mitochondrial fractions of control or B(a)P- and/or AZD-treated HepG2 cells. The
activities of mitochondrial respiratory Complex I (NADH-ubiquinone oxidoreductase)
was measured using coenzyme Q2 as a substrate, those of Complex II/III (succinate-
ubiquinone oxidoreductase/ubiquinol-cytochrome c oxidoreductase) were measured using
succinate/cytochrome c as a substrate, and those of Complex IV (cytochrome c oxidase)
were measured using reduced cytochrome c as a substrate in accordance with the method
of Birch-Machin and Turnbull [33].

The ATP content in the control and B(a)P- and/or AZD-treated cells was measured
using an ATP Bioluminescent cell assay kit per the vendor’s protocol, and luminescence
was measured using TD-20/20 Luminometer (Turner Designs, Sunnyvale, CA, USA).

Aconitase activity was measured using the aconitase assay kit (Oxis Int, Inc., Portland,
OR, USA) per the manufacturer’s instructions.

2.2.10. SDS-PAGE and Western Blot Analysis

Proteins (5–25 µg) from the different cellular fractions from control and B(a)P- and/or
AZD-treated HepG2 cells were loaded on 12% sodium dodecyl sulfate polyacrylamide
gels and resolved via electrophoresis. At the end of the run, the resolved proteins from
the gel were electrophoretically transferred onto a nitrocellulose membrane via Western
blotting as described before [21,29]. The blots containing the transferred proteins were
then blocked using 5% non-fat milk in Tris-buffered saline containing Tween-20 and then
probed with primary antibodies against cytochrome c (1:1000), Bax (1:1000), Bcl-2 (1:200),
aconitase (1:500), NF-κB p65 (1:1000), I-κB (1:1000), SIRT-1 (1:8000), CYP 450 1A1(1:500)
and 1A2 (1:500), PARP (1:1000), caspase-8 (1:1000), caspase-9 (1:1000), cleaved caspase-3
(1:500), Nrf2 (1:500), HO-1 (1:250), Atg-5 (1:1000), LC3 (1:1000), p62 (1:1000), Akt (1:1000),
p-Akt (1:2000), mTOR (1:2000), p-mTOR (1:2000), p53 (1:200), p21 (1:100), cyclin B1 (1:1000),
cyclin D1 (1:10,000), Cdk2 (1:200), and Cdk4 (1:200) overnight at 4 ◦C. After incubation
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with the primary antibodies, the blots were washed and then incubated with the required
secondary antibodies, goat anti-rabbit (1:2000) or goat anti-mouse (1:20,000), for 1 h at room
temperature. After washing, the immunoreactive proteins were visualized via enhanced
chemiluminescence using the Sapphire Biomolecular Imager (Azure biosystems, Dublin,
CA, USA) or by developing them on X-ray films. Beta-actin (1:200), VDAC (1:1000), and
histone H3 (1:1000) were used as loading controls for total/post-mitochondrial, mitochon-
drial and, nuclear fractions, respectively. Quantitative band intensity was measured using
Image Studio Lite Ver.5.2 (LI-COR Biosciences, Lincoln, NE, USA) and expressed as relative
ratios normalized to their appropriate loading proteins.

2.2.11. Statistical Analysis

Values represent the mean ± SD of three individual replicated assay results. SPSS
software (version 23) was used to assess the statistical significance of the data, via an
analysis of variance (ANOVA) followed by LSD post hoc analysis. p-values of <0.05 were
considered statistically significant.

3. Results
3.1. Differential Effects of LPS and AZD on Cell Viability, and Apoptosis

HepG2 cells were treated with different concentrations (10 µM, 25 µM, 50 µM, and
100 µM) of AZD or B(a)P alone at 24 h and 48 h, and cell survival was assessed using the
mitochondrial dehydrogenase-based MTT assay. Figure 1A shows the cell survival after
the treatment of HepG2 cells with either B(a)P or AZD alone. No significant changes were
observed with the different doses of AZD at different time intervals. However, a decrease in
cell survival (30–50%) was observed in the treatment of cells with 25 µM–100 µM B(a)P for
24 h, which decreased still further (30–70%) at 48 h. Based on these results and a literature
survey, we used 25 µM B(a)P for 24 h for our further study. Also, based on our previous
studies [20,21], we used 25 µM AZD for 24 h alone or in combination with B(a)P to study
the effects of B(a)P-induced toxicity on HepG2 cells.

Foremost, we investigated the effects of B(a)P alone or in combination with AZD
on apoptosis in the HepG2 cells (Figure 1B). We observed around 16% of cells in the late
apoptotic stage after treatment with 25 µM B(a)P for 24 h. AZD treatment alone or in the
presence of B(a)P showed around 4–7% cells in late apoptosis, suggesting the protection of
HepG2 cells from the cytotoxicity of B(a)P.

To further verify the apoptotic effects of B(a)P, we studied the activities and expression
of the caspase enzymes (Figure 1C) known to play an important role in programmed cell
death (apoptosis). We observed a significant two- to three-fold increase in the activities as
well as expression of caspases-8, -9, and -3 enzymes. This indicated that both the extrinsic as
well as intrinsic pathways for apoptosis were activated after B(a)P treatment. As observed
earlier, AZD treatment alone or in the presence of B(a)P significantly reduced the activities
as well as expression of the enzymes, which again indicates the protection of HepG2 cells
against B(a)P-induced toxicity by AZD.

3.2. Attenuation of B(a)P-Induced DNA Damage and Cell Cycle Perturbation by AZD

B(a)P is known to undergo metabolic activation to form diol-epoxides, which form
adducts with DNA, causing DNA damage, errors in DNA replication, and disturbances in
the cell cycle. We therefore tried to assess the protection of AZD on DNA break-down and
cell cycle arrest caused by B(a)P.

As shown in Figure 2A, DNA laddering was observed via agarose gel electrophoresis
on the treatment of HepG2 cells with B(a)P, which was attenuated in the presence of AZD.
No laddering was observed with AZD alone. To further confirm the DNA damage by
B(a)P, we performed a comet assay or single-cell gel electrophoresis assay. Figure 2B shows
augmented DNA breakdown by B(a)P, which was attenuated in the presence of AZD.
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Figure 1. B(a)P-induced effects on cell survival and apoptosis, and protection by AZD in HepG2 cells.
After the treatment of HepG2 cells with different doses of B(a)P or AZD (10 µM to 100 µM) for 24 h
and 48 h, cell survival was evaluated using the MTT assay (A). HepG2 cells treated with 25 µM B(a)P
for 24 h and/or 25 µM AZD for 24 h, and apoptosis measured via flow cytometry (B). A typical flow
cytometric dot plot showing the quantitation of cells in each of the quadrants from three replicated
experiments, and the average percentage values plotted as a stacked histogram. The chromophore
released by the activities of caspases, mainly caspases-3, -8, and -9, were measured colorimetrically
in cells treated with 25 µM B(a)P and/or 25 µM AZD for 24 h, using their respective substrates at
405 nm (C). The expression of the caspase enzymes was confirmed via immunoblotting. Values indi-
cate the mean ± SD of three replicate experiments. Asterisks represent significant differences and are
fixed at p ≤ 0.05 (* represents significant differences with respect to control cells whereas # represents
significant differences with respect to B(a)P-treated cells). Molecular weights are represented in kDa.
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Figure 2. DNA breakdown and activation of DNA repair enzymes caused by B(a)P in HepG2 cells.
To asses for DNA damage in HepG2 cells treated with 25 µM B(a)P and/or 25 µM AZD for 24 h,
DNA samples were run on 2% agarose gels and stained with ethidium bromide (A). DNA injury was
also visualized using the single-cell gel electrophoresis assay in accordance with the manufacturer’s
recommendation (B). Scale bar indicates 50 µm. Comet tails indicate cells showing damaged DNA.
Representative results from control and B(a)P alone and/or AZD from three replicate experiments
are shown. Expression of the DNA repair enzymes PARP (C), p53 (D), and its downstream protein,
p21 (E) were checked via immunoblotting. β-actin was used as the loading control. Values indicate
the mean ± SD of three replicate experiments. Asterisks represent significant differences and are
fixed at p ≤ 0.05 (* represents significant differences with respect to control cells whereas # represents
significant differences with respect to B(a)P-treated cells). Molecular weights are represented in kDa.

We then checked the expression of PARP, a DNA repair enzyme in HepG2 cells, after
treatment with B(a)P and/or AZD. As shown in Figure 2C, B(a)P treatment caused PARP
cleavage, which again confirms DNA breakdown. The cleavage was significantly reduced
in the presence of AZD. DNA damage is also known to induce the activation of p53, which
helps in DNA repair by inducing cell cycle arrest, giving cells time to repair the damaged
DNA. In our study, we also observed an increased activation of p53 (by almost two-fold),
which reduced slightly upon treatment with AZD (Figure 2D). In order to induce cell cycle
arrest, p53 activates the downstream p21 protein, an inhibitor of Cdks (cyclin-dependent
kinases), required for cell cycle progression. Our study also demonstrated an almost two-
fold increase in the level of p21 protein, which again reduced significantly in the presence
of AZD (Figure 2E).

We further investigated the effects of B(a)P and/or AZD on cell cycle distribution and
cell cycle regulatory proteins. Figure 3A shows a significant increase in cell distribution in
the S and G2/M phases and a concomitant reduction in the G0/G1 phase after the treatment
of HepG2 cells with 25 µM B(a)P for 24 h. Treatment with AZD showed a significant
reduction in cells in the G2/M phase and an increase in cell percentage in the G0/G1
phase. To further elucidate the mechanism underlying these cell cycle perturbations, we
investigated the effects of B(a)P and/or AZD on cell cycle regulatory proteins. We observed
increased expressions of cyclin B1, cyclin D1, Cdk2, and Cdk4 with B(a)P treatment, which
were attenuated significantly in the presence of AZD (Figure 3B).
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Figure 3. B(a)P-induced perturbations in the cell cycle and its regulatory markers in HepG2 cells
treated with B(a)P and/or AZD. To assess cell cycle distribution, cells were stained with propidium
iodide and the fluorescence was quantitated using FACSCanto II Flow Cytometer at an excitation
wavelength of 488 nm with detection at 620 nm. DNA distribution in each phase from three replicate
experiments was quantitated. A typical histogram showing the % of DNA distribution in the
individual phases is shown in (A). The expression of the cell cycle regulatory markers, cyclins B1
and D1, and Cdks 2 and 4 is shown in (B). β-actin was used as the loading control. Blots were
densitometrically quantitated and are represented as the mean ± SD of three replicate experiments.
Asterisks represent significant differences and are fixed at p≤ 0.05 (* represents significant differences
with respect to control cells whereas # represents significant differences with respect to B(a)P-treated
cells). Molecular weights are represented in kDa.

3.3. Effects of B(a)P and/or AZD on Oxidative Stress and Redox Homeostasis

Previous studies have reported B(a)P-induced oxidative stress in vitro as well as
in vivo [3,6,13,14]. We also observed a two-fold increase in total ROS and mitochondrial
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ROS production as well as membrane-bound NADPH oxidase-dependent ROS production
(Figure 4A–C) after B(a)P treatment, using the DCFDA fluorescent probe. Treatment with
AZD significantly reduced ROS production in all the three sub-cellular fractions. Total ROS
production was also confirmed via microscopy (Figure 4D) and flow cytometry (Figure 4E).

To further confirm mitochondrial ROS production due to B(a)P-induced oxidative
stress, we microscopically analyzed HepG2 cells untreated or treated with B(a)P and/or
AZD with a ROS-sensitive, mitochondrial-specific fluorogenic probe, CM-H2XRos (Mito
Tracker®Red). The increased red stain in cells treated with B(a)P indicates the entry
and accumulation of this dye in the mitochondria due to oxidation by intracellular ROS
(Figure 4F).

To further decipher the prospective role of B(a)P-induced oxidative/nitrosative stress,
we measured the levels of malonedialdehyde (MDA) and nitric oxide (NO) and also the
levels of anti-oxidant enzymes, SOD, and catalase in HepG2 cells treated with B(a)P and/or
AZD for 24 h. We observed a 40% increase in lipid peroxidation (Figure 5A) and a 34%
increase in NO levels (Figure 5B) compared to those in control HepG2 cells after treatment
with 25 µM B(a)P for 24 h. A decrease of about 20% in both oxidant levels was observed
after treatment with 25 µM AZD for 24 h.

Similarly, alterations were also observed in the activities of oxidative stress-sensitive
anti-oxidant enzymes, SOD, and catalase. A decrease of around 40% in SOD activity
(Figure 5C) and almost 47% increase in catalase activity (Figure 5D) compared to control
cells were observed after B(a)P treatment. AZD brought the activities of SOD and catalase
close to control levels, reducing the imbalance between oxidant and anti-oxidant levels and
thus reducing oxidative stress.

We further checked the GSH-dependent redox homeostasis in these cells after treat-
ment with B(a)P and/or AZD for 24 h. A marked increase (of almost three-fold) in the levels
of total GSH (Figure 6A) and the activity of the GSH-metabolizing enzyme, glutathione
S-transferase (GST), was observed in the mitochondrial as well as the post-mitochondrial
(PMS) fractions of HepG2 cells treated with 25 µM B(a)P for 24 h (Figure 6B). Previous
studies have reported the overproduction of GSH in 24 h after B(a)P treatment as an en-
dogenous mechanism to conjugate with and facilitate the detoxification of B(a)P and its
metabolites, catalyzed by GSTs [28,34].
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Figure 4. B(a)-induced ROS production in HepG2 cells. Intracellular production of ROS in the
different sub-cellular fractions was measured using DCFDA, a cell-permeable fluorescent probe,
in Hep G2 cells treated with B(a)P and/or AZD for 24 h using the ELISA reader (TECAN Infinite
M 200 PRO, Austria). Total ROS production (A), membrane-bound ROS (B), and mitochondrial
ROS (C) as measured. Cells grown on coverslips treated and incubated with DCFDA as above and
the fluorescence was measured microscopically (D). The fluorescence caused by ROS production
measured via flow cytometry (E). The % of ROS production calculated and shown as a histogram (F).
The production of mitochondrial ROS, confirmed using a mitochondrial ROS-specific dye, CM-
H2XRos (reduced Mito Tracker® Red), and visualized using the Olympus fluorescence microscope (G).
The scale bar in (D,G) represents 50 µm. Values are represented as the mean ± SD of three replicate
experiments. Asterisks represent significant differences and are fixed at p ≤ 0.05 (* represents
significant differences with respect to control cells whereas # represents significant differences with
respect to B(a)P-treated cells).
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Figure 5. B(a)-induced oxidative stress in HepG2 cells. NADPH-dependent lipid peroxidation in
HepG2 cells treated with B(a)P and/or AZD, measured as total malonedialdehyde produced (A).
The total nitrite in the culture supernatants was determined using Griess reagent as a measure of NO
levels (B). SOD activity determined via the reduction of NBT (nitroblue tetrazolium) to NBT-formazan
per the vendor’s instructions (C) and catalase activity as a measure of the formaldehyde formed (D).
Values are represented as mean ± SD of three replicate experiments. Asterisks represent significant
differences and are fixed at p ≤ 0.05 (* represent significant differences with respect to control cells
whereas # represent significant differences with respect to B(a)P-treated cells).

Further, we also observed a decrease (about 30%) in the activity of glutathione reduc-
tase (GSH-reductase) (Figure 6C) and a 30–50% increase in glutathione peroxidase (GSH-Px)
activity (Figure 6D) after B(a)P treatment compared to that of the control untreated cells
in the sub-cellular fractions. These alterations could be due to the increased ROS such as
the H2O2 produced during the metabolism of the toxic metabolites and the recycling of
oxidized GSSG produced in the reaction. These alterations were partially protected by the
AZD treatment.

3.4. Effects of B(a)P and/or AZD on Phase I Drug-Metabolizing Enzymes

It is a well-known fact that B(a)P metabolism involves the CYP 450 1A and the GST
detoxifying enzymes [28]. Our study also demonstrated a two-fold induction of the activ-
ities of CYP 450 1A1 and 1A2 enzymes (Figure 7A) after treatment with B(a)P. This was
further confirmed by the increased expression of these enzymes upon Western blotting
(Figure 7B).

3.5. Effects of B(a)P and/or AZD on Mitochondrial Functions and Bioenergetics

Our study showed increased ROS production in the mitochondria after B(a)P treatment
in HepG2 cells. In continuation, we checked for perturbations in mitochondrial membrane
potential and the activities of respiratory complexes. We observed a significant 3-fold
loss of membrane potential in HepG2 cells treated with B(a)P while AZD showed partial
protection (Figure 8).
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Figure 6. Alterations in redox homeostasis in the sub-cellular fractions of B(a)P- and/or AZD- treated
HepG2 cells. Total glutathione (GSH) levels measured in the mitochondrial and post-mitochondrial
fractions of the control and B(a)P and/or AZD-treated cells as a measure of the conversion of oxidized
glutathione into reduced glutathione using DTNB (5,5′-dithiobis (2-nitrobenzoic acid) as a substrate
(A). CDNB, GSSG/NADPH, and cumene hydroperoxide used as substrates to measure the activities
of glutathione S-transferase (GST) (B), glutathione reductase (GSH-reductase) (C). and glutathione
peroxidase (GSH-Px) (D), respectively, in the mitochondrial and post-mitochondrial fractions of the
control and B(a)P- and/or AZD-treated cells. Values are represented as the mean ± SD of three
replicate experiments. Asterisks represent significant differences and are fixed at p≤ 0.05 (* represents
significant differences with respect to control cells whereas # represents significant differences with
respect to B(a)P-treated cells).

B(a)P caused an almost 50% inhibition of the activities of mitochondrial respiratory
Complexes I and II/III, and an 80% inhibition of Complex IV activity (Figure 9A–C). This
was again partially protected by AZD. In support of this, a significant reduction (almost
80%) in ATP levels was also observed (Figure 9D). Again, partial recovery was observed
after AZD treatment. AZD alone, however, did not cause much of a difference in activities
compared to those in the control cells.
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Figure 7. Effects of B(a)P and/or AZD on CYP 450 activities in HepG2 cells. CYP 450 1A1 and
1A2 activities measured in the post-mitochondrial fractions from control and B(a)P and/or AZD-
treated cells using 7-ethoxyresorufin and methoxy resorufin as substrates, respectively (A). The
protein expression of CYP 450 1A1 and 1A2 (B). β-actin was used as the loading control. Activity
measurement histograms and a quantitation of the blots are represented as the mean ± SD of three
replicate experiments. Asterisks represent significant differences and are fixed at p≤ 0.05 (* represents
significant differences with respect to control cells whereas # represents significant differences with
respect to B(a)P-treated cells). Molecular weights are expressed in kDa.
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Figure 8. B(a)P-induced alterations in mitochondrial membrane potential (MMP) in HepG2 cells.
MMP was measured in HepG2 cells after treatment with B(a)P and/or AZD via flow cytometry
using DePsipher TM (R & D Systems, Minneapolis, MN, USA), a fluorescent cationic dye. The bar
diagram shows the loss of membrane potential (%age) and the data are expressed as the mean ± SD
of three replicate experiments. Asterisks represent significant differences and are fixed at p ≤ 0.05
(* represents significant differences with respect to control cells whereas # represents significant
differences with respect to B(a)P-treated cells).
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Figure 9. B(a)P-induced alterations in the activities of the respiratory enzyme complexes and bioener-
getics. Mitochondrial respiratory complex activities, Complex I (A), Complex II/III (B), and Complex
IV (C) measured in HepG2 cells treated with B(a)P and/or AZD, using their respective substrates.
ATP production (D) measured using the Bioluminescent assay kit per the vendor’s instructions. The
activity of Aconitase (E), a ROS-sensitive Krebs’s cycle enzyme, measured using the Aconitase assay
kit and the expression of the enzyme (F) checked via immunoblotting and densitometric analysis.
Activity measurement histograms and a quantitation of the blots are represented as the mean ± SD
of three replicate experiments. Asterisks represent significant differences and are fixed at p ≤ 0.05
(* represents significant differences with respect to control cells whereas # represents significant
differences with respect to B(a)P-treated cells). Molecular weights are expressed in kDa.

Almost 70% inhibition was also observed in the activity of the Krebs’ cycle enzyme,
aconitase (Figure 9E), after B(a)P treatment, with slight recovery with AZD. The decreased
expression of this ROS-sensitive mitochondrial matrix enzyme further confirmed this
finding (Figure 9F).

In addition, the increased expression of Bax and reduced expression of Bcl-2 with
release of cytochrome c into the cytosol are indicators of mitochondrial oxidative stress after
B(a)P treatment (Figure 10A–C). This could have triggered the mitochondrial apoptotic
cascade, resulting in the activation of caspase-9 and caspase-3 (as shown in Figure 1C). The
recovery of the anti-apoptotic proteins with a decrease in the pro-apoptotic proteins was
seen after AZD treatment, indicating protection from B(a)P-mediated toxicity.
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Figure 10. Expression of mitochondrial oxidative stress markers induced by B(a)P. Sub-cellular
fractions (mitochondria and post-mitochondria) from HepG2 cells treated with B(a)P and/or AZD
resolved using 12% SDS-PAGE, transferred via Western blotting, and immunoblotted using the
protein-specific antibodies against Bax (A), Bcl-2 (B), and cytochrome c (C). Immunoreactive proteins
were visualized via enhanced chemiluminescence using Sapphire Biomolecular Imager (Azure
biosystems, Dublin, OH, USA) or by developing them on X-ray films. Beta-actin and VDAC were
used as loading controls for total/post-mitochondrial and mitochondrial fractions, respectively. Image
Studio Lite Ver.5.2 (LI-COR Biosciences, Lincoln, NE, USA) software was used for the densitometric
analysis of the protein bands and these were plotted as ratios relative to their appropriate loading
proteins and are represented as histograms. A typical representation of at least three replicate
experiments is shown. Asterisks represent significant differences and are fixed at p≤ 0.05 (* represents
significant differences with respect to control cells whereas # represents significant differences with
respect to B(a)P-treated cells). Molecular weights are expressed in kDa.

3.6. B(a)P-Induced Expression of Inflammatory, Anti-Oxidant, and Autophagy Markers

Increased translocation of the inflammatory marker NF-κB p65 into the nucleus with
an increased expression of the inhibitory I-κB protein in the cytosol was observed after
B(a)P treatment (Figure 11A–C). AZD treatment decreased the expression of I-κB protein
and decreased the translocation of NF-κB p65, indicating the anti-inflammatory action of
AZD. SIRT1, a NAD-dependent deacetylase, functions as an intracellular regulatory protein
and is known to regulate inflammation in various diseases [35,36]. Our results showed
an increase in SIRT-1 expression after B(a)P treatment, which increased still further upon
treatment with AZD (Figure 11D). SIRT1 could have been activated as a cellular response
to the inflammation caused by NF-κB p65 release. AZD increased SIRT1 expression and
regulated the inflammatory response.

Nrf2 (nuclear factor erythroid 2-related factor) controls the cellular defense mechanism
by regulating the redox balance and the xenobiotic detoxification system [37]. It is known
to accumulate in the nucleus in response to oxidative stress and activates the antioxidant
response element-dependent target genes [38]. Our study also confirmed this finding.
Increased translocation of Nrf2 into the nucleus was observed upon treatment with B(a)P
(Figure 12A,B). AZD treatment attenuated the translocation and increased the cytosolic
levels of Nrf2. However, the expression of HO-1, another redox-sensitive marker, was
reduced after B(a)P treatment (Figure 12C). AZD slightly increased the HO-1 level, though
it was still significantly lower than the control level.
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Figure 11. Expression of inflammatory stress markers induced by B(a)P. Sub-cellular fractions
(nuclear and post-mitochondria) from HepG2 cells treated with B(a)P and/or AZD resolved using
12% SDS-PAGE, transferred via Western blotting, and immunoblotted with antibodies against NF-κB
p65 cytosolic (A), NF-κB p65 nuclear (B), IκB (C), and SIRT 1 (D). Immunoreactive proteins were
visualized via enhanced chemiluminescence using Sapphire Biomolecular Imager (Azure biosystems,
Dublin, CA, USA) or by developing them on X-ray films. Beta-actin and Histone H3 were used
as loading controls for total/post-mitochondrial and nuclear fractions, respectively. Image Studio
Lite Ver.5.2 (LI-COR Biosciences, Lincoln, NE, USA) was used for densitometric analysis and the
band intensities are represented as ratios of the specific proteins relative to their appropriate loading
proteins and as histograms. A typical representation of three replicate experiments is shown. Asterisks
represent significant differences and are fixed at p ≤ 0.05 (* represents significant differences with
respect to control cells whereas # represents significant differences with respect to B(a)P-treated cells).
Molecular weights are expressed in kDa.

To further check if the cellular defense mechanism activated the autophagic machinery,
we investigated the expression of autophagy markers. A two-fold increase in Atg-5 protein
expression and a moderate increase in p62 protein expression was observed after B(a)P
treatment (Figure 13A,B), which was reduced upon treatment with AZD. The expression
of LC3 proteins, however, remained unaltered. The results suggest a cell survival attempt
by the cells but a failure to activate the autophagic cascade, thus resulting in increased
apoptotic cell death.

3.7. B(a)P-Induced Alterations in the Cell-Signaling Markers

To further explore the cross-talk between cell survival, oxidative stress, and apoptotic
cascades, we investigated the expression of some critical cell-signaling markers. Akt is an
important regulator of cell survival and apoptosis. As shown in Figure 14A, we observed
a decreased expression of Akt after B(a)P treatment, compared to that of control cells,
which increased significantly after AZD treatment. AZD alone did not show any alteration
compared to the control. Concomitantly, we also observed a decreased phosphorylation of
mTOR (mammalian target of rapamycin) after B(a)P treatment, which was alleviated in the
presence of AZD (Figure 14B). mTOR is known to be a crucial metabolic and cell growth
regulator and is modulated in response to oxidative stress. AZD treatment alone showed a
slight increase in expression compared to that in control cells.
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Figure 12. Expression of regulatory markers of cellular defense induced by B(a)P. Sub-cellular
fractions (nuclear and post-mitochondria) from HepG2 cells treated with B(a)P and/or AZD resolved
using 12% SDS-PAGE, transferred via Western blotting, and immunoblotted using the protein-specific
antibodies against nuclear Nrf2 (A), cytosolic Nrf2 (B), and HO-1 (C). Immunoreactive proteins were
visualized via enhanced chemiluminescence using Sapphire Biomolecular Imager (Azure biosystems,
Dublin, CA, USA) or by developing them on X-ray films. Beta-actin and Histone H3 were used
as loading controls for total/post-mitochondrial and nuclear fractions, respectively. Image Studio
Lite Ver.5.2 (LI-COR Biosciences, Lincoln, NE, USA) was used for the densitometric analysis of the
protein bands and these are represented as ratios relative to their appropriate loading controls and as
histograms. A typical representation of three replicate experiments is shown. Asterisks represent
significant differences and are fixed at p ≤ 0.05 (* represents significant differences with respect to
control cells whereas # represents significant differences with respect to B(a)P-treated cells). Molecular
weights are expressed in kDa.
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Figure 13. Expression of autophagy markers induced by B(a)P. Total cell extracts from HepG2 cells
treated with B(a)P and/or AZD resolved using 12% SDS-PAGE, transferred via Western blotting, and
immunoblotted with antibodies against LC3 (A), p62 (B), and Atg-5 (C). Immunoreactive proteins
visualized via enhanced chemiluminescence using Sapphire Biomolecular Imager (Azure biosystems,
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Dublin, CA, USA) or by developing them on X-ray films. The loading control was beta-actin. Image
Studio Lite Ver.5.2 (LI-COR Biosciences, Lincoln, NE, USA) was used for densitometric analysis and
the results are expressed as ratios relative to their appropriate loading proteins and represented as
histograms. A typical representation of three replicate experiments is shown. Asterisks represent
significant differences and are fixed at p ≤ 0.05 (* represents significant differences with respect to
control cells whereas # represents significant differences with respect to B(a)P-treated cells). Molecular
weights are expressed in kDa.
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Figure 14. B(a)P-induced attenuation in cell signaling protein expression. Cell homogenates from
B(a)P- and/or AZD- treated HepG2 cells resolved using 12% SDS-PAGE, transferred via West-
ern blotting, and immunoblotted using the protein-specific antibodies against Akt/p-Akt (A) and
mTOR/p-mTOR (B). Immunoreactive proteins were visualized via enhanced chemiluminescence
using Sapphire Biomolecular Imager (Azure biosystems, Dublin, CA, USA) or by developing them
on X-ray films. Bar diagrams represent the ratios of the phosphorylated proteins relative to the
respective total proteins. A typical representation of three replicate experiments is shown. Asterisks
represent significant differences and are fixed at p ≤ 0.05 (* represents significant differences with
respect to control cells whereas # represents significant differences with respect to B(a)P-treated cells).
Molecular weights are expressed in kDa.

4. Discussion

B(a)P, a product of cigarette smoke, grilled or burnt food, and various other sources, has
been known to play crucial role in the pathogenesis of various cancers, atherosclerosis, and
neurodegenerative diseases in humans [2,14]. B(a)P is metabolized to generate 7,8-diol-9,10-
epoxide (BPDE), which forms adducts with DNA, causing DNA damage, ROS production,
apoptosis, inflammation, and oxidative and metabolic stress, leading to cancer [3,6].

The use of natural, herbal, or dietary supplements like polyphenols has become a
promising strategy to protect against B(a)P-induced damage [6,14]. Researchers have been
trying to study the effects of various biologically active anti-oxidants to assess their ability
to withstand the toxicity/carcinogenicity caused by B(a)P in vitro and in vivo [13–16].
Azadirachtin (AZD), a limonoid obtained from the tropical neem tree (Azadirachta indica)
is a well-known anti-oxidant, anti-inflammatory, and anti-cancer agent [17–19]. These
effects have been demonstrated in vitro in carcinogenic cell lines as well as in animal
models [22]. Our previous studies have also reported that AZD treatment could enhance
cellular survival under conditions of extreme inflammatory and oxidative stress through an
interconnecting network of cell-signaling proteins [20,21]. Our present study focuses on the
mitigation of oxidative, inflammatory, and metabolic stress by AZD in B(a)P-treated HepG2
cells. We observed a marked reduction in B(a)P-induced oxidative stress and apoptosis, an
improvement in anti-oxidant status, DNA damage, redox homeostasis, and mitochondrial
bioenergetics caused by AZD.

Many studies have reported B(a)P-stimulated oxidative stress caused by intracellular
ROS production, lipid peroxidation, and alterations in anti-oxidant enzymes in vitro and
in vivo [3,6,39,40]. Our findings also demonstrated increased oxidative/nitrosative stress in
HepG2 cells treated with 25 µM B(a)P for 24 h and its attenuation with AZD. We observed
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a significant increase in total ROS and mitochondrial ROS production as well as membrane-
bound NADPH oxidase-dependent ROS production. Treatment with AZD significantly
reduced ROS production. A reduction in mitochondrial ROS with AZD treatment was
confirmed using a ROS-sensitive, mitochondrial-specific fluorogenic probe, CM-H2XRos
(Mito Tracker® Red), which specifically measures the intracellular production of hydrogen
peroxide. Studies have shown the increased cellular content of MDA after treatment with
B(a)P, indicating increased oxidative stress [6,39,41–43]. Our study also confirmed increased
MDA levels after B(a)P treatment, which were alleviated in the presence of AZD. We also
observed increased NO production after B(a)P treatment, which was attenuated in the
presence of AZD. B(a)P-induced iNOS induction resulting in increased oxidative stress and
apoptosis was confirmed in an earlier study [44].

Numerous studies have proposed B(a)P-induced cellular apoptosis as a series of mul-
tiple pathophysiological events including the activation of caspases, PARP, the elevation of
pro-apoptotic Bax, a decrease in anti-apoptotic Bcl-2 protein, and the release of cytochrome
c in vitro and in vivo [10,45,46]. Dietary polyphenols and other anti-oxidants like mela-
tonin, resveratrol, quercetin, catechins, and related compounds have been shown to reverse
and regulate B(a)P-induced apoptosis [10,47]. Our findings also demonstrated increased
apoptosis and the activation of caspase-8 and -9, leading to the cleavage of caspase-3 and
PARP. In addition, we also observed an increased expression of Bax, accompanied by a
decreased expression of Bcl-2 and the release of cytochrome c to the cytosol after B(a)P
treatment, indicating B(a)P-induced intrinsic and extrinsic apoptosis. All these changes
were reversed by AZD.

Since our findings confirmed that mitochondrial ROS production and the mitochon-
drially mediated intrinsic apoptotic pathway are involved in B(a)P-induced toxicity, we
went further to study the mitochondrial membrane potential (MMP) and activities of
the respiratory enzyme complexes and their bioenergetics. Consistent with other stud-
ies [3,10,39,40,48,49], we also observed a three- to four-fold loss of membrane potential after
B(a)P treatment, followed by the release of cytochrome c into the cytosol. AZD treatment
abrogated the loss and brought the values close to control levels. In addition, we observed a
recovery of the decreased activities of the mitochondrial respiratory complexes and reduced
ATP production after AZD treatment. Aconitase, a ROS-sensitive Krebs’ cycle enzyme, also
showed partial recovery after AZD treatment. This was confirmed by immunoblotting.
Studies have suggested that alterations in the tricarboxylic acid cycle likely involve the
dysfunction of mitochondrial Complex II [50].

The first physiological line of defense against oxidative stress comprises anti-oxidant
enzymes including SOD, catalase, GSH, and GSH-metabolizing enzymes [39]. B(a)P ad-
ministration has been shown to suppress SOD activity [6,39,40,44], indicating increased
oxidative stress. Our study also showed decreased SOD activity and increased catalase
activity in the cells treated with B(a)P, which were regulated after AZD treatment. AZD
treatment also augmented the B(a)P-decreased expression of the anti-oxidant marker pro-
tein, hemeoxygenase-1 (HO-1). This decrease in HO-1 in response to B(a)P was seen in an
earlier study [51]. These findings clearly indicate the anti-oxidant property of AZD.

However, we found an increase in the level of GSH and its metabolizing enzymes,
GST and GSH-Px, after B(a)P treatment. Studies have shown that GSH levels and GST
activity are highest at 24 h of B(a)P treatment, and then decrease until 72 h, whereas GSH-Px
activity continues increasing until 72 h [28,34], indicating glutathione conjugation as an im-
portant pathway for B(a)P detoxification. Confirming this, our findings also demonstrated
increased GSH levels, in addition to increased GST and GSH-Px activities after treatment
with B(a)P for 24 h in both the mitochondrial as well as the post-mitochondrial fractions,
which were alleviated after AZD treatment. However, we observed a decrease in GSH
reductase activity, indicating the reduced conversion of the oxidized glutathione into re-
duced glutathione, causing a disturbance in cellular functions and redox homeostasis. This
was again modulated by AZD, which again reaffirms the anti-oxidant potential of AZD.
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Nrf2 (nuclear factor erythroid 2-related factor), a transcription factor and cellular de-
fense regulator, activates the transcription of anti-oxidative enzymes, and anti-inflammatory
and detoxification proteins, and can minimize protein and DNA damage by degrading
bioactive molecules [27,37,38]. Increased oxidative stress has also been shown to elevate
Nrf2 levels, leading to the significant activation of GST in vitro and in vivo [39,52]. Nrf2
thus plays a central role in balancing cell homeostasis by balancing the production and
scavenging of ROS [37]. Our study demonstrated that AZD treatment attenuated the
B(a)P-induced activation of Nrf2 and the induction of the GST detoxification enzyme.

NF–κB, an inducible transcription factor, plays a significant role in regulating cell
inflammation, proliferation, and apoptosis, and resides in an inactive form in the cytoplasm
complexed with IκB. Upon activation, IκB undergoes phosphorylation and NF–κB is
translocated to the nucleus [41]. We also observed increased translocation of NF–κB
to the nucleus upon B(a)P treatment which was attenuated in the presence of AZD. In
addition, AZD treatment reduced the expression of cytosolic IκB, confirming the decreased
translocation of NF–κB. As shown earlier [3], our study also confirmed the induction of
NF–κB due to the upregulation of Bax, downregulation of Bcl-2, and release of cytochrome
c into the cytosol after B(a)P treatment, which were attenuated in the presence of AZD.

SIRT1 (sirtuin 1), an intracellular NAD-dependent deacetylase, is known to deacetylate
target proteins and modulate the inflammatory response manifested by inflammatory
cytokines [35,36]. In our study, we observed the activation of SIRT1 upon treatment
with B(a)P. This could be the cell’s survival response to B(a)P-induced NFκB activation.
Studies have also reported that SIRT1 regulates apoptosis and autophagic pathways [10].
As demonstrated in this study, our study also showed a B(a)P-induced increase in the
expression of the Atg-5 and p62 proteins, which was reduced upon treatment with AZD.
However, no alterations were observed in the LC3 proteins, indicating failure to activate
the autophagic machinery, resulting in apoptotic cell death. AZD treatment attenuated the
expression of Atg-5 and p62 proteins with no alterations in LC3 proteins, again confirming
that the autophagic machinery was not involved. Researchers have reported a cross-talk
between SIRT1 and Nrf2 associated with cyclin B1 expression [37]. Our study confirmed
this observation via the B(a)P-induced activation of SIRT1, Nrf2, and cyclin B1 expression.

Studies have also shown the regulation of autophagy through the AMPK/mTOR
pathway [53]. Our results showed a decreased expression of mTOR after B(a)P treatment,
which recovered slightly after AZD treatment. B(a)P has been shown to markedly reduce
the protein expression of p-Akt and consequently induce ‘pyroptic’ cell death, characterized
by the release of inflammatory factors, including NO [54]. Our study confirmed the
repression of p-Akt expression and an increase in NO levels, which were recovered after
AZD treatment.

B(a)P is metabolized by cytochrome P450 (CYP 450) enzymes, mainly the CYP 1A
enzymes, generating epoxides, which can cause DNA damage and initiate carcinogen-
esis [43,48,55]. Our present study also showed increased activities of CYP 450 1A1 and
1A2 after B(a)P treatment, which were alleviated in the presence of AZD. This was further
confirmed via immunoblotting.

Since B(a)P metabolites produced by CYP 1A biotransformation can cause DNA
damage, we examined DNA fragmentation using electrophoresis and comet assay and
observed increased DNA strand breaks after B(a)P treatment, which were ameliorated after
AZD treatment. We observed a pronounced B(a)P-induced cleavage of the DNA repair
enzyme, PARP, which again was reduced in the presence of AZD. This could be due to
reduced DNA breakdown after AZD treatment. Oxidative DNA damage also results in
the accumulation of p53, which in turn upregulates the cellular p21 protein [43,56]. Our
study confirmed this finding. We observed an increased expression of p53 and p21 proteins
after B(a)P treatment, which reduced significantly after AZD treatment. This accumulation
of p53 could be a downstream response to DNA damage, which in turn could cause cell
cycle arrest (indicated by p21 activation) or apoptosis. The p53 protein is also known to
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regulate apoptosis by transcriptionally inducing the expression of the pro-apoptotic Bax
protein [43,57,58].

To test the role of p21 in cell cycle progression, we determined the effects of B(a)P
and/or AZD treatment on cell cycle distribution. We observed a significant increase in the
percentage of cells in the S and G2/M phase and a concomitant reduction in the G0/G1
phase after B(a)P treatment for 24 h, with a partial recovery after AZD treatment. Consistent
with our results, other researchers found that B(a)P caused cell cycle arrest in the S- and
G2/M phases in MCF-7 and other cell lines, in spite of the increased accumulation of p53
and p21 proteins [59–62].

Cell cycle progression is known to be regulated by cyclin/Cdk interactions [63]. We
observed a significant increase in the expressions of cyclin B1, cyclin D1, Cdk2, and Cdk4
after B(a)P treatment, which was attenuated in the presence of AZD. Consistent with our
findings, another group of researchers have shown increased levels of both Cdk1 and
cyclin B1 accompanied by G2 arrest after BPDE treatment, which could be due to decreased
levels of Cdc 25B and Cdc 25C proteins [57]. The overexpression of cyclin D1, a significant
regulator of the G1/S phase, along with the increased synthesis of the Cdk4 protein,
was shown to be a critical requirement in B(a)P-induced cell cycle progression [64,65].
A recent review suggested that abnormalities in cyclin D and/or the overexpression of
Cdk4/6 can promote tumorigenesis and are deemed critical therapeutic targets for multiple
cancers [66,67]. In our study, AZD attenuated the cell cycle regulatory proteins cyclin B1,
D1, and Cdks 2 and 4, suggesting its potential for use as a promising anti-cancer therapeutic
in combination with anti-cancer drugs.

5. Conclusions

The use of natural products, or dietary supplements like polyphenols, has become
a promising strategy as a defense against the damaging and detrimental effects of vari-
ous carcinogens, including B(a)P. Numerous studies have shown that biologically active
compounds and polyphenols have the ability to reduce oxidative stress, DNA damage,
and carcinogenesis induced by B(a)P. Studies have demonstrated the beneficial effects of
Azadirachtin (AZD), a limonoid extracted from the tropical neem tree (Azadirachta indica)
as an anti-oxidant, anti-inflammatory, and anti-cancer agent. To the best of our knowledge,
this is the first comprehensive study of its kind showing the beneficial effects of AZD on
B(a)P-induced oxidative stress and apoptosis, anti-oxidant status, DNA damage, redox
homeostasis, and mitochondrial bioenergetics. In addition, alterations in inflammatory,
cell-signaling, and cell cycle regulatory markers were also observed. These anti-oxidant,
anti-inflammatory, and regulatory effects of AZD on cell cycle markers can be used as a
prospective strategy in combination therapy for the treatment of different malignancies.

6. Limitations

In our present study, we studied the beneficial effects of AZD on HepG2 cells treated
with only 25 µM B(a)P for 24 h. We need to extrapolate this study to check the effects of
AZD on the long-term treatment of B(a)P to mimic normal human environmental exposures,
which is part of our ongoing studies. We also need to include in vivo studies to confirm the
results from our present study.
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