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ARTICLE INFO ABSTRACT

Handling Editor: Dr. L.H. Lash This study was designed to investigate the toxic effects of benzo (a) pyrene (BaP) in the lungs. Mice were
repeatedly treated orally with BaP (50 mg/kg body weight, twice a week for four weeks) to induce a tumour.
After 4 months of BaP administration, tumours were visible beneath the skin. The histopathological section of the
lungs shows congestion of pulmonary blood vessels, alveolar hyperplasia, and concurrent epithelial hyperplasia

with infiltrates of inflammatory cells also seen. Thereafter, a single-cell suspension of lung tissues was stained
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ir;iagngl;ct:;n with fluorescently conjugated antibodies for the demarcation of alveolar epithelial (anti-mouse CD74 and
Macrophages podoplanin) and macrophage (F4/80 and CD11b) cells and measured by flow cytometry. The expression of

antioxidant genes was assessed by qRT-PCR. The number of alveolar epithelial cells 1 (AEC1) increased, but the
number of alveolar epithelial cells 2 (AEC2) and transitional alveolar epithelial cells (TAEC) was significantly
decreased in tumour-bearing mice. The proportion of CD11b™ alveolar macrophages (AM) and interstitial
macrophages (IM) was increased, but the proportion of F4/80" AM cells was reduced. The BaP administration
significantly increased the ROS production in alveolar cells. The relative expression levels of antioxidant genes
(SOD1, catalase, GPX1, and HIF-1a) were increased, but NRF2 expression was decreased in BaP-treated alveolar
cells. The expression of anti-inflammatory (NF-kB) was also significantly increased. In conclusion, BaP exposure
induced an inflammatory response, altered alveolar epithelial cell and macrophage diversity, and increased
antioxidant responses in the lungs.

1. Introduction

The most common malignant tumour with a high fatality rate is lung
cancer. The main causes of lung cancer are tobacco inhalation, chronic
inflammation, and oxidative stress. It is becoming more common glob-
ally, with an annual increase of 0.5 %. In developed countries, men are
more susceptible to lung cancer, mostly because of smoking [1]. Poly-
cyclic aromatic hydrocarbons (PAHs), which are among the more than
60 carcinogens in tobacco smoke, are critical in the development of lung
cancer [2-4]. Among PAHs, benzo (a) pyrene (BaP) is one of the most
potent carcinogens that cause the development of lung cancer [5]. BaP is
metabolically activated into an epoxide derivative, which reacts with
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DNA and is combined to form a DNA adduct that induces carcinogenesis
[6-8]. It leads to oxidative damage to DNA by inducing reactive oxygen
species (ROS) [9].

The initiation of a tumour stimulates immune responses within the
lungs. The defensive cellular milieu in the lungs includes neutrophils,
dendritic cells, alveolar epithelial cells (AECs), and alveolar macro-
phages (AMs). The activated neutrophil secretes a variety of pro-
inflammatory mediators, which help in the killing and removal of
pathogens [10]. The AMs survive longer and replenish 40 % in a year
[11]. AMs represent the first line of defence and are phagocytic and
antigen-presenting cells that remove cellular debris and apoptotic cells
and elicit immune responses. They exhibit structural and functional
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plasticity in various diseases and function as immune regulators by
secreting cytokines [12]. Macrophages can be classified into two main
categories: M1 macrophages that are typically activated by IFN-y and
M2 cells that are alternatively triggered by IL-4. In contrast to M2
macrophages, which are both pro- and anti-inflammatory, M1 macro-
phages promote inflammation [13]. AMs are closely associated with
AECs and dendritic cells and communicate with the AECs to initiate
immunosuppression in inflammatory conditions [14]. The alveolar
epithelium serves two important functions: it acts as a barrier and pro-
duces pulmonary surfactant. The AECs also secrete a range of mediators
in response to pro-inflammatory agent stimulation [15]. The AECs are
numerous, line the pulmonary airways and alveoli, and serve as a
physical barrier to protect against respiratory infections. Two types of
AECs are present: AEC1 and AEC2. About 95 % of the alveolar surface
area is covered by the AEC1, which are terminally differentiated squa-
mous epithelial cells [16]. The AEC2 covers about 4 % of the alveolar
surface and helps in the maintenance of alveolar surface tension and
immune regulation [17].

Multiple studies have delved into unraveling the immunosuppressive
effects of BaP [18,19]. Despite the well-known cellular composition of
the lungs, a mouse model of cancer shows a distinct immune cell
composition in the tumour microenvironment [20]. The role of AECs
and AMs in tumorigenic conditions has not been elucidated yet. The
current study aims to elucidate the diversity of AECs and AMS in
tumorigenic conditions by examining the cellular and molecular
changes in pulmonary cells induced by BaP. This will be achieved
through a detailed analysis of the toxic effects of BaP using histopath-
ological, flow cytometric, and gene expression techniques.

2. Materials and methods
2.1. Animals

The present study was performed on Swiss male mice (6 in control
and 7 in Bap-treated group) (10-12 weeks old, 30-35 g body weight). All
research was done in accordance with the standards established by the
Committee for the Purpose of Control and Supervision of Experiments on
Animals (CPCSEA) and complied with the Animal Research: Reporting
of In Vivo Experiments (ARRIVE) guidelines. The research was properly
approved by the GKV Animal Ethics Committee (IAEC Code: GKV/AHF/
14/2020). The animals were housed in microbe-free, positive-pressure
air-conditioned facilities at GKV with a 12-h light/dark cycle, temper-
atures of 25 °C, and 60 + 10 % humidity. The animals were continuously
provided with clean drinking water and mouse food. The animals were
sacrificed via cervical dislocation. The experiment was planned to use
the fewest possible mice, and every attempt was made to minimize pain.

2.2. Chemicals and antibodies

PE anti-mouse Podoplanin and Alexa Fluor 647 anti-mouse CD74
(CLIP), FITC anti-mouse CD11b, APC anti-mouse F4/80, APC rat
IgG2bxk, FITC rat IgG2bk, PE rat IgG2bk, were purchased from Bio Leg-
ends (San Diego, CA, USA). Purified rat anti-mouse CD16/CD32 was

Table 1
Sequences of primers used in the experiment.
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obtained from BD Biosciences (San Diego, CA, USA). ROS measurement
dye 5 (and 6) chloromethyl-2/, 7' dichlorodihydrofluorescein diacetate
(CM-H,DCFDA) (D6883) was obtained from a molecular probe, Invi-
trogen (Eugene, OR, USA). Primescript™ First Strand cDNA Synthesis
Kit, TB Green Premix Ex Taq, and PCR Master Mix were from Takara
(Kyoto, Japan). Sigma-Aldrich (India) provided the benzo (a) pyrene,
RPMI, HEPES, and TRI reagents. Fetal bovine serum (FBS) was pur-
chased from Himedia (South Logan, UT). All primers were commercially
synthesised by Eurofins. Primer sequences have been shown in Table 1.

2.3. Development of mice model of cancer by BaP administration

Mice were treated with BaP dissolved in corn oil (50 mg/kg of body
weight, twice a week for 4 weeks) via oral gavage; the control group
received a vehicle alone [21-23] (Fig. 1). After 4 months, mice were
dissected, lungs were excised, and single-cell suspensions were sus-
pended in RPMI media containing 10 % FBS. Total cell recovery was
enumerated using the Neuberger haemocytometer.

2.4. Histopathological analysis

Lungs from the control and BaP-treated mice were embedded in
paraffin after fixation in 10 % formalin. The tissue 5 pm) were isolated
from the embedded paraffin block using a rotary microtome. The tissues
were deparaffinised and stained with haematoxylin and eosin. The slides
containing sections were dehydrated, cleared, and mounted. Alterations
in sections were then studied using a light microscope. The lungs were
histopathologically examined [24,25].

2.5. Flow cytometry analysis
None.
2.6. Analysis of ROS production

ROS level in alveolar cells was analysed by suspending the cells with
5-(and  6-)-chloromethyl-2’7’-dichlorodihydrofluorescein  diacetate
(CM-H;DCFDA). The oxidative conversion of CM-H;DCFDA into its
fluorescent product was quantified by flow cytometry [26-28].

2.7. Analysis of alveolar epithelial cells

Alveolar epithelial cells (AECs) were recognised based on the
expression of CD74 and podoplanin surface markers. A single cell sus-
pension from the lungs was incubated with anti-CD16/32 antibody (Fc
block, 1 pg/10° cells in 50 pL of PBS + 2 % FBS) for 10 min, followed by
labelling with anti-mouse podoplanin and anti-mouse CD74 antibodies,
and then analysed on a flow cytometer [29-31].

2.8. Demarcation of alveolar macrophages

For enumerating the different types of alveolar macrophages (AM),
single-cell suspensions were incubated with anti-CD16,/32 antibody (Fc

S.No. Gene Forward primer (5’ 3°) Reverse primer (5’ 3’)

1. SOD1 CCATCAGTATGGGGACAATACA GGTCTCCAACATGCCTCTCT

2. SOD2 GACCCATTGCAAGGAACAA GTAGTAAGCGTGCTCCCACAC

3. CAT CTCAGGTGCGGACATTCTATAC GACTCCATCCAGCGATGATTAC

4. Gpx1 GGAGAATGGCAAGAATGAAGA CCGCAGGAAGGTAAAGAG

5. HIF-1a GGTTCCAGCAGACCCAGTTA AGGCTCCTTGGATGAGCTTT

6. NRF2 CACATCCAGTCAGAAACCAGTGG GGAATGTCTGCGCCAAAAGCTG
7. NF-kB GAAATTCCTGATCCAGACAAAAAC ATCACTTCAATGGCCTCTGTGTAG
8. 18s rRNA ACTTTTGGGGCCTTCGTGTC GCCCAGAGACTCATTTCTTCTTG

The sequences of primers used are shown.
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Fig. 1. BaP-induced tumour altered the lung’s histopathological architecture and reduced pulmonary cell recovery. Mice were treated with BaP (50 mg/kg
of body weight) twice a week for 4 weeks. (A) The detailed experimental protocol is shown in the line diagram. (B) Representative tumour bearing mice and
histopathology section of tumour is shown. (C) The sections were prepared using a microtome and stained with haematoxylin and eosin. Light micrographs of the
lung sections from the control have been shown in panel a. Panels b to d show the histopathological alterations observed in BaP-treated groups. (D) Shown here are
the changes in total lung weight in control and treated groups. (E) Single-cell suspensions of lungs were prepared, and total cells were counted with the help of
haemocytometer. Total cell recovery has been shown here. (a) The blank triangle shows normal alveolar wall thickness; star indicates normal alveolar architecture;
(b) black triangle represents congested pulmonary blood vessels, black arrow shows irregular papillae lined by hyperplastic epithelial cells; (c) the area in between
brackets shows alveolar hyperplasia with infiltrates of inflammatory cells; (d) the black arrowhead represents epithelial hyperplasia with marked inflammatory cells
aggregate around it. Data is represented as mean + SEM. n = 6 in control and 7 in treated groups. **p < 0.005, ***p < 0.005, student’s t-test, magnification 10 X,

Scale bar 1 pym.

block, 1 ug/10° cells in 50 uL of PBS + 2 % FBS) for 10 min. After
staining with anti-mouse CD11bFITC and the F4/80 pan macrophage
marker, cells were analysed on a flow cytometer [32,33].

A BD FACS Verse flow cytometer was used for all flow cytometric
studies, and Facsuite software was used for analysis.

3. Reverse transcription and quantitative real-time PCR
3.1. RNA isolation and cDNA synthesis

Total RNA was extracted from 1 x 10° pulmonary cells by using
Trizol reagent (Sigma). The RNA pellet was twice cleaned with 75 %
ethanol, allowed to air dry, and then suspended in nuclease-free water.
By analysing the absorbance at 260/280 and 260/230 nm wavelengths
in a nanodrop spectrophotometer, the purity of the extracted RNA was
determined. The RNA integrity was examined by running 5 ug of RNA on
a 1.2 % formaldehyde agarose gel. 1 ug of RNA was used to make cDNA
for RT-PCR [34-36].

3.2. Gene expression analysis using gPCR

The ¢cDNA amplification was done by RT-qPCR. The expression levels
of the antioxidant genes superoxide dismutase 1 (SOD1), superoxide
dismutase 2 (SOD2), catalase (CAT), glutathione peroxidase 1 (GPX1),
hypoxia-inducible factor 1a (HIF-1a), Nuclear factor erythroid 2-related
factor 2 (NRF2), and anti-inflammatory nuclear factor kappa B (NF-kB)
were analysed. mRNA levels were quantified by quantitative PCR (RT-
qPCR) using Applied Biosystems QuantStudio 3, using SYBR green
methods as per the manufacturer’s protocols [37-40]. Samples were
analysed in triplicate and normalized to 18S rRNA expression using the
278ACt phethod [41].

3.3. Statistical analysis

Sigma Plot 10 software was used to statistically analyse the data. The
mean + standard error of the mean (SEM) is used to express all data. For
each variable that was measured, a Student T-test was used to compare
the significant difference between the BaP-treated and the control group
(untreated). A p-value less than 0.05 was considered significant.

4. Results

BaP treatment induced inflammation inside the lungs. The repeated
BaP administration leads to the development of tumour beneath the skin
(Fig. 1B). The morphological and histopathological alterations in the
lungs were studied in BaP-induced tumour-bearing mice. A normal lung
architecture without alterations in bronchioles, blood vessels, alveolar
sacs, alveoli, or pneumocytes was seen in control mice (Fig. 1C, panel a).
BaP administration causes congestion of pulmonary blood vessels with
hyperplastic epithelial cells (Fig. 1C, panel b). The alveolar hyperplasia
with infiltrates of inflammatory cells is also seen (Fig. 1C, panel c). The
histopathological section also shows acute concurrent epithelial hyper-
plasia as recognised by the thickening of smooth muscles around the
bronchiole in BaP-treated lungs (Fig. 1C, panel d). Further, we have also
analysed the changes in weight and total cell recovery from the lungs of

BaP-treated mice. The results show that the mean lung weight was
285 mg in control mice, which decreased to 218 mg after BaP treatment.
A 24 % reduction in lung weight was observed (Fig. 1D). The results
show that the mean cell recovery from the lungs also decreased from
245.25 million to 66.83 million (Fig. 1E).

4.1. BaP-induced tumours altered the alveolar epithelial cell diversity

Three different populations of alveolar epithelial cells can be rec-
ognised based on podoplanin and CD74 expression. These include AEC1
(podoplanin*), AEC2 (CD74%), and TAEC (podoplanin®CD74%). A
representative flow cytometry histogram showing different types of
epithelial cells is shown in Fig. 2. The data suggest that BaP adminis-
tration significantly altered the proportion of various types of epithelial
cells inside the lung. As depicted by the histogram, AEC]1 increased from
0.18 % to 0.31 % after BaP administration. The proportion of AEC2
decreased from 25.05 % to 14.83 %, while the proportion of TAEC
decreased from 12.17 % to 8.91 % (Fig. 2A and B). The cumulative data
show a 7.5-fold increment in AEC1, a 39 % decline in AEC2, and a 34 %
reduction in TAEC in the tumour-bearing mice (Fig. 2, panels C-E).

4.2. BaP-induced tumours altered the alveolar macrophage diversity

The impacts of BaP on macrophage cells in the lungs were studied by
staining the cells with the CD11b/F4/80 pan macrophage markers [30].
Three types of macrophage cells, i.e., alveolar macrophages 1 (CD11b™,
AM1), interstitial macrophages (IM) (CD11b"F4/807, IM), and alveolar
macrophage 2 (F4/80%, AM2), were recognised (Fig. 3A and B). The
representative  histogram  suggests that CD11b® AMs and
CD11b"F4/80", IM were 2.44 % and 0.46 %, respectively in control
mice, which increased to 16.25 % and 1.28 % in BaP-induced tumours.
The proportion of AM2 was reduced from 11.61 % to 10.50 % after
tumour induction. Overall, the cumulative data suggests AM1 and IM
show 2.8- and 2.1-fold increments after induction of tumour, respec-
tively (Fig. 3, panels C and D). The AM2 cells were 38 % reduced in the
BaP-induced tumour mice model (Fig. 3E).

4.3. BAP-induced ROS production in lungs

The changes in ROS production in BPA-treated alveolar cells are
depicted in Fig. 4. BPA treatment induces the ROS level in alveolar cells.
The representative histograms suggest that mean fluorescence intensity
(MFI) of ROS production was 36,619 which is increased to 47,810 after
BaP administration (Fig. 4 Panels A and B). The cumulative data show
that ROS MFI was significantly increased (33 % more than control) in
BaP-treated alveolar cells (Fig. 4C).

4.4. Changes in the relative expression of antioxidant genes

The relative expression of antioxidant genes (SOD1, SOD2, CAT,
GPX1, HIF-1a, and NRF2) and anti-inflammatory (NF-kB) was analysed
in BaP-treated lungs. The data suggests that the expression of antioxi-
dant genes was significantly increased. The relative expression levels of
SOD1 (4.89 + 0.04), CAT (7.69 + 0.70), GPX1 (30.90 + 4.95), and HIF-
la (1.38 + 0.03) mRNA were significantly increased, but NRF2
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Fig. 2. Alteration in alveolar epithelial cells. Mice were treated with BaP as described in the legend of Fig. 1. After induction of tumour, lungs were excised, and
single-cell suspensions were prepared. Cells were stained with anti-mouse podoplanin and anti-mouse CD74 antibodies, followed by flow cytometric analysis. The
flow cytometric dot-blots in panels A and B show the proportion of different types of epithelial cells in control and BaP-treated mice. The bar graphs in panels C-E
show the cumulative proportion of AEC1, AEC2, and TAEC. Data is represented as mean + SEM. n = 6 in control and 7 in treated group. *p < 0.05, student’s t-test.

expression was decreased (Fig. 5, panels A-F). BaP administration also
significantly increased the NF-kB (2.86 + 0.61) expression in alveolar
cells (Fig. 5G).

5. Discussion

Lung cancer accounts for 20 % of all cancers and has a global death
rate of 18.4 %. Patients with lung cancer had a 56 % 5-year survival
rate, which falls to 5 % in malignant instances [42]. Generally, addicted
smokers and ex-smokers are at great risk of contracting lung cancer since
90 % of lung carcinogenesis is caused by tobacco smoke exposure [43].

Among more than 60 known carcinogens in tobacco smoke, PAHs are
particularly important in the development of lung cancer [44]. In the
current investigation, we looked at immunosuppression in lung cancer
caused by the carcinogen BaP, which is considered a marker of the
carcinogenic potency of PAHs by the WHO [45]. BaP-derived epoxide
reacts with DNA to form an adduct that allows carcinogenesis to prog-
ress [46].

Firstly, we studied the alterations in lung morphology and histopa-
thology after the development of the tumour. The lungs in tumour-
bearing mice were enlarged, turgescent, and appeared dusky red in
colour. The lung’s histopathological observations represent normal
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Fig. 3. Alteration in alveolar macrophages. A single-cell suspension from BaP-treated lungs was stained with anti-mouse CD11bFITC and F4/80 APC, followed by
flow cytometric analysis. The flow cytometric dot-blots in panels A and B show the proportion of different types of macrophages in control and BaP-treated mice. The
bar graphs in panels C, D, and E show the cumulative changes in the proportion of AM1, IM and AM2 macrophages. Data is represented as mean + SEM; n = 6 in

control and 7 in treated groups. *p < 0.05, student’s t-test.

bronchioles, blood vessels, alveolar sacs, alveoli, and pneumocytes in
control mice. The BaP administration causes cell injury and inflamma-
tion, which leads to concurrent epithelial hyperplasia. The inflamma-
tory mononuclear cell infiltration usually occurs in response to
toxicants, necrosis, and pulmonary neoplasms [47]. The histopatho-
logical section also shows irregular papillae and congestion in pulmo-
nary vessels, which indicates an injury to the bronchi in BaP-treated
mice [48]. The alveolar hyperplasia suggests abnormal proliferation of

the terminal bronchiolar epithelium.

The decline in lung weight is due to a reduction in cell number and
inflammation. Inflammatory responses and edema can also lead to
enlarged lungs, and these conditions may involve increased organ size
without a proportional increase in cell size and weight. A significant
decrease in pulmonary cell recovery was observed in tumorigenic mice.
Overall, histological and cytological studies show a series of alterations
that occur over time and represent a morphological progression to
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Fig. 4. BPA administration increased the ROS expression in alveolar cells. Mice were treated with BaP as shown in the legend of Fig. 1. After induction of tumour,
lungs were excised, and single-cell suspensions were prepared. The ROS production in alveolar cells was analysed by CMH,DCFDA staining followed by flow
cytometry. Panels A, and B represent ROS MFI level in control and BPA treated alveolar cells, respectively. The cumulative changes in ROS MFI level have been
shown in panels C. Data is shown as mean = SEM. n = 6 in control and 7 in treated group. **p < 0.005, student’s t-test.

bronchogenic cancer.

A well-characterised cellular system with more than 40 types of cells,
including neutrophils, dendritic cells, AECs, and AMs, is present inside
the lungs [49]. We estimated the heterogeneity of AECs by analysing the
surface expression of podoplanin and the CD74 receptor. Our data show
a marked change in the proportion of various AECs in tumorigenic lungs.
AEC1 was significantly increased, while AEC2 and TAEC were signifi-
cantly reduced. AEC2 has been shown to regulate surfactant meta-
bolism, ion transport, immune defence, and lung injury repair within the
lungs [50]. The AEC2 have the ability to self-renew and also serve as
progenitors for the AEC1 cells. Since our histopathological observations
suggest that BaP administration causes inflammation and lung injury,
the AEC2 helps in the repair mechanism and declines accordingly. The
TAEC represents intermediate cells between AEC1 and AEC2. The exact
mechanism of TAEC is not clear; however, it may be possible that the
proportion of these cells declined as these cells were transformed into
AECI cells. Overall, the heterogeneity of AEC was altered in BaP-treated
lungs.

The destruction of AECs triggers the macrophages to initiate an

immune response [51]. We have studied the macrophage response based
on CD11b/F4/80 staining. Based on the surface expression analysis,
three different types of macrophages were recognised, ie., AMI,
CD11b", IM CD11b"F4/80%, and AM2, F4/80". In tumorigenic lungs,
the proportions of AM1 and IM were significantly increased, while AM2
cells were significantly decreased. CD11b, also known as integrin oM, is
a component of the heterodimer integrin M2 (macrophage-1 antigen)
and is one of the most effective molecular markers of the macrophage
lineage [52]. CD11b is highly expressed in tumour-associated macro-
phages and is linked to chronic and acute lung inflammation [32]. AM1
plays a crucial role in the immune response in the lungs. They are
responsible for phagocytosis, antigen presentation, cytokine production,
and continuously monitoring the lungs for pathogens and foreign sub-
stances. They play a complex role in tumor development and cancer
progression in the lungs. The increased proportion of AM1 and IM that
we have observed will suppress the adaptive immune response and
promote tumour growth. The AMs release pro-inflammatory cytokines
and inhibit tumour growth. Earlier research showed that AMs serve an
important function in cancer metastasis and inhibit adaptive immune
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Fig. 5. The BaP administration increased the expression of antioxidant genes expression in alveolar cells. RNA was isolated from pulmonary cells by using
Trizol (TRI) reagents. The first-strand cDNA was prepared by utilizing the First Strand ¢cDNA Synthesis Kit and amplified by qRT-PCR. The RNA transcripts for
different genes were measured by the SYBR Green method. Relative expression levels of antioxidant genes SOD1, SOD2, CAT, and GPX1 have been shown in panels A
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is represented as mean + SEM of three independent experiments. *p < 0.05**p < 0.005, ***p < 0.0005, student’s t-test.
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responses [53]. AM2 are involved in the resolution of inflammation and
the prevention of excessive immune response. Our results show a 38 %
reduction in AM2 cells, which is correlated with earlier observations. It
is reported that the decline in AM2 led to the increment of CD4" T cells
and the maturation of DC cells inside the lungs, which initiated an
adaptive immune response [54]. Overall, the immunophenotyping data
suggests that the proportion of AMs and AECs changed in the
tumour-bearing mice.

It is reported that the tumour microenvironment and inflammation
cause increased ROS production, which may have a deleterious impact
on the lungs [55]. We have also observed increased ROS production in
BaP treated alveolar cells. BaP administration can increase ROS pro-
duction via mitochondrial dysfunction by the impairment of the electron
transport chain. This could be the possible reason for the induced
inflammation in BaP-treated lungs. Earlier, it was also reported that BaP
treatment causes mitochondrial dysfunction and induces the ROS pro-
duction in human lung cancer cells [56].

A pool of antioxidant enzymes is present in alveolar cells, which
maintains redox balance. They help in neutralizing ROS and protect cells
from oxidative damage. We analysed the changes in antioxidant (SOD1,
SOD2, CAT, GPX1, HIF-1a, and NRF2) and anti-inflammatory nuclear
factor kappa B (NF-kB) gene expression in tumour-bearing mice. SOD1,
CAT, GPX1, and HIF-la were significantly increased in the lungs of
tumour-bearing mice. The observed increase in antioxidant gene
expression may be part of the host’s defence against the inflammatory
environment associated with the presence of tumours. It allows the cells
to avoid apoptosis caused by the excessive production of ROS while
maintaining the radicals that are required for cell proliferation and
metastasis [57]. Further, the increase of these enzymes could lead to
protection from oxidative damage and also help in the inhibition of
tumour growth inside the lungs [58]. NRF2, a critical transcription
factor regulating antioxidant defence mechanisms, is conversely
downregulated in response to BaP treatment. Under normal conditions,
NRF2 binds to antioxidant response elements (AREs) to promote the
transcription of detoxifying and antioxidant enzymes, maintaining
cellular homeostasis. However, BaP impairs NRF2 activity, leading to
diminished antioxidant defenses and heightened susceptibility to
oxidative damage [59]. Studies involving NRF2-deficient models have
further demonstrated increased vulnerability to BaP-induced carcino-
genesis, underscoring the protective role of NRF2 in detoxifying harmful
byproducts of BaP metabolism [60].

Additionally, NF-kB, a pivotal mediator of the inflammatory
response, is also upregulated upon BaP exposure. BaP-induced ROS
leads to the inhibition of IkB, an inhibitor of NF-kB, allowing the
translocation of NF-kB to the nucleus, where it activates the transcrip-
tion of pro-inflammatory and immune-related genes. The simultaneous
upregulation of antioxidant genes and NF-kB suggests that BaP exposure
induces an inflammatory response coupled with survival pathways,
potentially contributing to carcinogenesis and tissue damage, as
observed in various BaP-exposure models [61,62]. Altogether, these
findings highlight the intricate play between lung tumours and the
host’s molecular defence mechanisms in the context of oxidative stress.

6. Conclusions

The study reveals that BaP administration leads to tumor develop-
ment, causing epithelial hyperplasia, pulmonary blood vessel conges-
tion, and inflammatory mononuclear cell infiltration. This
microenvironment alters AMs and AECs diversity, leading to immuno-
suppression. The expression of antioxidant and anti-inflammatory genes
was also significantly increased in the lungs of BaP-treated mice.

CRediT authorship contribution statement

Ashutosh Singh: Writing — review & editing, Writing — original
draft, Investigation, Formal analysis. Harish Chandra: Writing — review

Toxicology Reports 13 (2024) 101777

& editing, Writing — original draft, Investigation, Formal analysis. Sumit
Rajaura: Writing — review & editing, Writing — original draft, Investi-
gation, Formal analysis, Data curation. Nitin Bhardwaj: Writing — re-
view & editing, Writing - original draft, Resources, Project
administration, Methodology, Investigation, Funding acquisition,
Formal analysis, Data curation. Neelu Jain Gupta: Writing — review &
editing, Writing — original draft, Formal analysis, Data curation. Pooja
Chauhan: Writing — review & editing, Writing — original draft, Inves-
tigation, Formal analysis, Data curation. Ram Babu: Writing — review &
editing, Writing — original draft, Data curation.

Author Contributions Statement

All authors contributed to the study conception and design. Material
preparation, data collection and analysis were performed by Pooja
Chauhan, Nitin Bhardwaj and Sumit Rajaura, Ashutosh Singh, Ram-
babu, Neelu Jain Gupta and Harishchandra. The first draft of the
manuscript was written by Pooja Chauhan, Nitin Bhardwaj and Sumit
Rajaura and all authors commented on previous versions of the manu-
script. All authors read and approved the final manuscript.”

Ethical Approval

The research was properly approved by the GKV Institutional Animal
Ethics Committee (IAEC Code: GKV/AHF/14/2020).

Conflict of interest statement

The authors declare that they have no competing interests.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Nitin Bhardwaj reports financial support was provided by Indian
Council of Medical Research. Nitin Bhardwaj reports financial support
was provided by University Grant commission. If there are other au-
thors, they declare that they have no known competing financial in-
terests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgement

Nitin Bhardwaj thanks support from Indian Council for Medical
Research (ICMR) No. 56/2/Hae/BMS and University Grant Commission
(UGQ) start-up Grant no. 30-496,/2019.

The flow cytometry testing was carried out in part at the FACS Fa-
cility of the Advanced Technology Platform Centre (ATPC), managed by
the Regional Centre for Biotechnology (RCB), and funded by the
Department of Biotechnology “(Grant no. BT.MED-II/ATPC/BSC/01/
2010).

Data availability
Data will be made available on request.

References

[1] P.M. de Groot, C.C. Wu, B.W. Carter, R.F. Munden, The epidemiology of lung
cancer, Transl. Lung Cancer Res. 7 (3) (2018) 220.

[2] R. Stading, G. Gastelum, C. Chu, W. Jiang, B. Moorthy, Molecular mechanisms of
pulmonary carcinogenesis by polycyclic aromatic hydrocarbons (PAHs):
implications for human lung cancer, Semin. Cancer Biol. 76 (2021) 3-16.

[3]1 M. Ravanbakhsh, H. Yousefi, E. Lak, et al., Effect of polycyclic aromatic
hydrocarbons (PAHs) on respiratory diseases and the risk factors related to cancer,
Polycycl. Aromat. Compd. 43 (9) (2023) 8371-8387.

[4] A. Olsson, L. Bouaoun, J. Schiiz, et al., Lung cancer risks associated with
occupational exposure to pairs of five lung carcinogens: results from a pooled


http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref1
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref1
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref2
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref2
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref2
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref3
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref3
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref3
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref4
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref4

P. Chauhan et al.

[5]

[6]

7]

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

analysis of case-control studies (SYNERGY), Environ. Health Perspect. 132 (1)
(2024) 017005.

B.K. Slowikowski, M. Jankowski, P.P. Jagodzinski, The smoking estrogens-a
potential synergy between estradiol and benzo (a) pyrene, Biomed. Pharmacother.
139 (2021) 111658.

A.M. Krais, E.N. Speksnijder, J.P. Melis, et al., The impact of p53 on DNA damage
and metabolic activation of the environmental carcinogen benzo [a] pyrene: effects
in Trp53 (4/+), Trp53 (+/-) and Trp53 (—/—) mice, Arch. Toxicol. 90 (2016)
839-851.

B. Bukowska, P. Sicifiska, Influence of benzo (a) pyrene on different epigenetic
processes, Int. J. Mol. Sci. 22 (24) (2021) 13453.

H. Meng, G. Li, W. Wei, et al., Epigenome-wide DNA methylation signature of
benzo [a] pyrene exposure and their mediation roles in benzo [a] pyrene-
associated lung cancer development, J. Hazard. Mater. 416 (2021) 125839.

Y. Bao, Q. Chen, Y. Xie, et al., Ferulic acid attenuates oxidative DNA damage and
inflammatory responses in microglia induced by benzot, Int. Inmunopharmacol.
77 (2019) 105980.

C. Brostjan, R. Oehler, The role of neutrophil death in chronic inflammation and
cancer, Cell Death Discov. 6 (1) (2020) 26.

D.K. Nayak, F. Zhou, M. Xu, et al., Long-term persistence of donor alveolar
macrophages in human lung transplant recipients that influences donor-specific
immune responses, Am. J. Transplant. 16 (8) (2016) 2300-2311.

N. Jain, J. Moeller, V. Vogel, Mechanobiology of macrophages: how physical
factors coregulate macrophage plasticity and phagocytosis, Annu. Rev. Biomed.
Eng. 21 (2019) 267-297.

M. Jiang, Y. Qi, W. Huang, Y. Lin, B. Li, Curcumin reprograms TAMs from a
protumor phenotype towards an antitumor phenotype via inhibiting MAO-A/
STAT6 pathway, Cells 11 (21) (2022) 3473.

M. Mu, P. Gao, Q. Yang, et al., Alveolar epithelial cells promote IGF-1 production
by alveolar macrophages through TGF-p to suppress endogenous inflammatory
signals, Front. Immunol. 11 (2020) 1585.

M. Petrina, J. Martin, S. Basta, Granulocyte macrophage colony-stimulating factor
has come of age: from a vaccine adjuvant to antiviral immunotherapy, Cytokine
Growth Factor Rev. 59 (2021) 101-110.

K.M. Akram, N. Patel, M.A. Spiteri, N.R. Forsyth, Lung regeneration: endogenous
and exogenous stem cell mediated therapeutic approaches, Int. J. Mol. Sci. 17 (1)
(2016) 128.

P.S. Hiemstra, G. Grootaers, A.M. van der Does, C.A. Krul, .M. Kooter, Human lung
epithelial cell cultures for analysis of inhaled toxicants: lessons learned and future
directions, Toxicol. Vitr. 47 (2018) 137-146.

E.E. El-Fattah Abd, A.M. Abdelhamid, Benzo [a] pyrene immunogenetics and
immune archetype reprogramming of lung, Toxicology 463 (2021) 152994.

K.J. Zaccaria, P.R. McClure, Using immunotoxicity information to improve cancer
risk assessment for polycyclic aromatic hydrocarbon mixtures, Int. J. Toxicol. 32
(4) (2013) 236-250.

S.E. Busch, M.L. Hanke, J. Kargl, et al., Lung cancer subtypes generate unique
immune responses, J. Immunol. 197 (11) (2016) 4493-4503.

E.R. Kasala, L.N. Bodduluru, C.C. Barua, C.S. Sriram, R. Gogoi, Benzo (a) pyrene
induced lung cancer: role of dietary phytochemicals in chemoprevention,
Pharmacol. Rep. 67 (5) (2015) 996-1009.

M.L. Salem, N.E. El-Ashmawy, E.E. Abd El-Fattah, E.G. Khedr, Inmunosuppressive
role of Benzo [a] pyrene in induction of lung cancer in mice, Chem.-Biol. Interact.
333 (2020) 109330.

P. Chauhan, N. Bhardwaj, S. Rajaura, N. Gupta, Selective elimination of younger
erythrocytes in blood circulation and associated molecular changes in benzo (a)
pyrene induced mouse model of lung cancer, Toxicol. Res. 13 (1) (2024) tfad115.
G.A. Boorman, S.L. Eustis, M.R. Elwell, C.A. Montgomery Jr, W.I. Mackenzie,
Pathology of the Fischer Rat: Reference and Atlas, Academic Press, San Diego,
1990, pp. 295-313.

S. Rajaura, R. Babu, N. Bhardwaj, P. Chauhan, A. Singh, M. Afzal, Aflatoxin B1
administration causes inflammation and apoptosis in the lungs and spleen, Toxicon
(2023) 107581.

N. Bhardwaj, A. Singh, H. Chandra, K.K. Gupta, Paraquat treatment modulated the
stress erythropoiesis response in bone marrow and liver of the splenectomized
mice, Chem. Biol. Lett. 9 (2) (2022), 306-306.

N. Bhardwaj, A. Singh, Splenectomy modulates the erythrocyte turnover and
Basigin (CD147) expression in mice, Indian J. Hematol. Blood Transfus. 36 (4)
(2020) 711-718.

N. Bhardwaj, P. Chauhan, H. Chandra, A. Singh, N.J. Gupta, Polydispersed acid-
functionalized single-walled carbon nanotubes induced the integrin-associated
protein (CD47) and Basigin (CD147) expression and modulated the antioxidant
gene expression in erythroid cells in mice, BioNanoScience 13 (2) (2023) 695-703.
M. Kumari, R.K. Saxena, Relative efficacy of uptake and presentation of
Mycobacterium bovis BCG antigens by type I mouse lung epithelial cells and
peritoneal macrophages, Infect. Immun. 79 (8) (2011) 3159-3167.

S.P. Rowbotham, P. Pessina, C. Garcia-de-Alba, et al., Age-associated H3K9me2
loss alters the regenerative equilibrium between murine lung alveolar and
bronchiolar progenitors, Dev. Cell 58 (24) (2023) 2974-2991.

B.J. Hernandez, M.P. Cain, A.M. Lynch, et al., Intermediary role of lung alveolar
type 1 cells in epithelial repair upon Sendai virus infection, Am. J. Respir. Cell Mol.
Biol. 67 (3) (2022) 389-401.

M. Duan, D.P. Steinfort, D. Smallwood, et al., CD11b immunophenotyping
identifies inflammatory profiles in the mouse and human lungs, Mucosal Immunol.
9 (2) (2016) 550-563.

B. Dai, J. Xu, X. Li, et al., Macrophages in epididymal adipose tissue secrete
osteopontin to regulate bone homeostasis, Nat. Commun. 13 (1) (2022) 427.

10

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]
[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Toxicology Reports 13 (2024) 101777

N. Bhardwaj, A. Singh, Paraquat treatment modulates integrin associated protein
(CD47) and basigin (CD147) expression and mitochondrial potential on erythroid
cells in mice, Environ. Toxicol. Pharmacol. 58 (2018) 37-44.

N. Bhardwaj, A. Kumar, N.J. Gupta, Altered dynamics of mitochondria and reactive
oxygen species in erythrocytes of migrating redheaded buntings, Front. Physiol. 14
(2023) 171.

A. Kumar, N. Bhardwaj, S. Rajaura, M. Afzal, N.J. Gupta, Inter-organ differences in
redox imbalance and apoptosis depict metabolic resilience in migratory redheaded
buntings, Sci. Rep. 14 (1) (2024) 20184.

J. Kuang, X. Yan, A.J. Genders, C. Granata, D.J. Bishop, An overview of technical
considerations when using quantitative real-time PCR analysis of gene expression
in human exercise research, PLoS One 13 (5) (2018) e0196438.

N. Bhardwaj, R.K. Saxena, Elimination of young erythrocytes from blood
circulation and altered erythropoietic patterns during paraquat induced anemic
phase in mice, PLoS One 9 (6) (2014) €99364.

N. Bhardwaj, R.K. Saxena, Selective loss of younger erythrocytes from blood
circulation and changes in erythropoietic patterns in bone marrow and spleen in
mouse anemia induced by poly-dispersed single-walled carbon nanotubes,
Nanotoxicology 9 (8) (2015) 1032-1040.

S. Rajaura, N. Bhardwaj, A. Singh, N. Gupta, M.Z. Ahmed, Bisphenol A-induced
oxidative stress increases the production of ovarian cancer stem cells in mice,
Reprod. Toxicol. (2024) 108724.

K.J. Livak, T.D. Schmittgen, Analysis of relative gene expression data using real-
time quantitative PCR and the 2— AACT method, Methods 25 (4) (2001) 402-408.
P. Sarode, S. Mansouri, A. Karger, M.B. Schaefer, F. Grimminger, W. Seeger,

R. Savai, Epithelial cell plasticity defines heterogeneity in lung cancer, Cell. Signal.
65 (2020) 109463.

C. Srinivasa, K. Gc, P.B.S. Setty, C. Shivamallu, Smoking carcinogens and lung
cancer-a review, Asian J. Pharm. Clin. Res. 14 (1) (2021) 5-12.

G.Z. Wang, X. Cheng, B. Zhou, et al., The chemokine CXCL13 in lung cancers
associated with environmental polycyclic aromatic hydrocarbons pollution, elife 4
(2015) e09419.

B. Feng, L. Li, H. Xu, et al., PM2.5-bound polycyclic aromatic hydrocarbons (PAHs)
in Beijing: seasonal variations, sources, and risk assessment, J. Environ. Sci. 77
(2019) 11-19.

H.H. Lau, W.M. Baird, Human cell metabolism and DNA adduction of polycyclic
aromatic hydrocarbons, in: Transformation of Human Epithelial Cells: Molecular
and Oncogenetic Mechanisms, 2017, pp. 31-66.

H. Zhao, L. Wu, G. Yan, et al., Inflammation and tumor progression: signaling
pathways and targeted intervention, Signal Transduct. Target. Ther. 6 (1) (2021)
263.

B. Kaeffer, Survival of exfoliated epithelial cells: a delicate balance between anoikis
and apoptosis, J. Biomed. Biotechnol. (2011).

L. Knudsen, M. Ochs, The micromechanics of lung alveoli: structure and function of
surfactant and tissue components, Histochem. Cell Biol. 150 (2018) 661-676.

S. Li, J. Shi, H. Tang, Animal models of drug-induced pulmonary fibrosis: an
overview of molecular mechanisms and characteristics, Cell Biol. Toxicol. 38 (5)
(2022) 699-723.

H. Tao, Y. Xu, S. Zhang, The role of macrophages and alveolar epithelial cells in the
development of ARDS, Inflammation (2022) 1-9.

Y. Chung, J.Y. Hong, J. Lei, Q. Chen, J.K. Bentley, M.B. Hershenson, Rhinovirus
infection induces interleukin-13 production from CD11b-positive, M2-polarized
exudative macrophages, Am. J. Respir. Cell Mol. Biol. 52 (2) (2015) 205-216.

A. Maimon, V. Levi-Yahid, K. Ben-Meir, et al., Myeloid cell-derived PROS1 inhibits
tumor metastasis by regulating inflammatory and immune responses via IL-10,

J. Clin. Investig. 131 (10) (2021).

S.K. Sharma, N.K. Chintala, S.K. Vadrevu, J. Patel, M. Karbowniczek, M.

M. Markiewski, Pulmonary alveolar macrophages contribute to the premetastatic
niche by suppressing antitumor T cell responses in the lungs, J. Inmunol. 194 (11)
(2015) 5529-5538.

S.E. Weinberg, B.D. Singer, E.M. Steinert, et al., Mitochondrial complex III is
essential for suppressive function of regulatory T cells, Nature 565 (7740) (2019)
495-499.

G. Yang, Y. Jiang, K. Rao, X. Chen, Q. Wang, A. Liu, J. Yuan, Mitochondrial
dysfunction and transactivation of p53-dependent apoptotic genes in BaP-treated
human fetal lung fibroblasts, Hum. Exp. Toxicol. 30 (12) (2011) 1904-1913.
S.M. Vostrikova, A.B. Grinev, V.G. Gogvadze, Reactive oxygen species and
antioxidants in carcinogenesis and tumor therapy, Biochemistry 85 (2020)
1254-1266.

1.S. Harris, G.M. DeNicola, The complex interplay between antioxidants and ROS in
cancer, Trends Cell Biol. 30 (6) (2020) 440-451.

T.W. Kensler, P.A. Egner, A.S. Agyeman, K. Visvanathan, J.D. Groopman, J.-

G. Chen, J.W. Fahey, Interactive effects of Nrf2 genotype and oltipraz on benzo[a]
pyrene-DNA adducts and tumor yield in mice, Carcinogenesis 21 (1) (2000)
145-151, https://doi.org/10.1093/carcin/21.1.145.

M. Ramos-Gomez, P.M. Dolan, K. Itoh, M. Yamamoto, T.W. Kensler, Interactive
effects of nrf2 genotype and oltipraz on benzo [a] pyrene-DNA adducts and tumor
yield in mice, Carcinogenesis 24 (3) (2003) 461-467.

B. Bukowska, P. Duchnowicz, Molecular mechanisms of action of selected
substances involved in the reduction of benzo [a] pyrene-induced oxidative stress,
Molecules 27 (4) (2022) 1379.

Y. Zhao, X. Chen, L. Cai, J. Xu, Z. Yin, D. Li, Z. Wang, Benzo[a]pyrene induces
oxidative stress and enhances cancer cell invasion by upregulating HIF-1a and NF-
kB pathways, Toxicol. Lett. 332 (2020) 112-119, https://doi.org/10.1016/j.
toxlet.2020.07.019.


http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref4
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref4
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref5
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref5
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref5
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref6
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref6
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref6
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref6
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref7
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref7
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref8
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref8
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref8
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref9
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref9
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref9
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref10
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref10
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref11
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref11
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref11
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref12
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref12
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref12
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref13
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref13
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref13
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref14
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref14
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref14
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref15
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref15
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref15
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref16
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref16
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref16
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref17
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref17
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref17
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref18
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref18
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref19
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref19
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref19
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref20
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref20
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref21
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref21
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref21
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref22
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref22
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref22
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref23
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref23
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref23
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref24
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref24
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref24
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref25
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref25
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref25
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref26
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref26
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref26
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref27
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref27
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref27
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref28
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref28
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref28
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref28
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref29
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref29
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref29
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref30
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref30
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref30
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref31
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref31
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref31
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref32
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref32
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref32
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref33
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref33
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref34
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref34
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref34
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref35
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref35
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref35
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref36
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref36
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref36
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref37
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref37
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref37
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref38
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref38
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref38
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref39
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref39
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref39
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref39
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref40
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref40
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref40
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref41
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref41
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref42
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref42
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref42
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref43
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref43
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref44
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref44
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref44
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref45
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref45
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref45
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref46
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref46
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref46
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref47
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref47
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref48
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref48
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref49
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref49
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref49
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref50
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref50
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref51
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref51
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref51
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref52
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref52
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref52
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref53
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref53
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref53
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref53
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref54
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref54
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref54
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref55
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref55
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref55
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref56
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref56
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref56
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref57
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref57
https://doi.org/10.1093/carcin/21.1.145
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref59
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref59
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref59
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref60
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref60
http://refhub.elsevier.com/S2214-7500(24)00160-4/sbref60
https://doi.org/10.1016/j.toxlet.2020.07.019
https://doi.org/10.1016/j.toxlet.2020.07.019

	Benzo (A) pyrene exposure alters alveolar epithelial and macrophage cells diversity and induces antioxidant responses in lungs
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Chemicals and antibodies
	2.3 Development of mice model of cancer by BaP administration
	2.4 Histopathological analysis
	2.5 Flow cytometry analysis
	2.6 Analysis of ROS production
	2.7 Analysis of alveolar epithelial cells
	2.8 Demarcation of alveolar macrophages

	3 Reverse transcription and quantitative real-time PCR
	3.1 RNA isolation and cDNA synthesis
	3.2 Gene expression analysis using qPCR
	3.3 Statistical analysis

	4 Results
	4.1 BaP-induced tumours altered the alveolar epithelial cell diversity
	4.2 BaP-induced tumours altered the alveolar macrophage diversity
	4.3 BAP-induced ROS production in lungs
	4.4 Changes in the relative expression of antioxidant genes

	5 Discussion
	6 Conclusions
	CRediT authorship contribution statement
	Author Contributions Statement
	Ethical Approval
	Conflict of interest statement
	Declaration of Competing Interest
	Acknowledgement
	datalink4
	References


