Free Radical Biology and Medicine 112 (2017) 452–463

Contents lists available at ScienceDirect

Free Radical Biology and Medicine
journal homepage: www.elsevier.com/locate/freeradbiomed

Original article

Elimination of dysfunctional mitochondria through mitophagy suppresses
benzo[a]pyrene-induced apoptosis

MARK

Durgesh Nandini Dasa, Prajna Paramita Naika, Subhadip Mukhopadhyaya,
⁎
Prashanta Kumar Pandaa, Niharika Sinhaa, Biswa Ranjan Meherb, Sujit K. Bhutiaa,
a
b

Department of Life Science, National Institute of Technology Rourkela, Rourkela 769008, Odisha, India
Centre for Life Sciences, Central University of Jharkhand, Brambe, Ranchi 835205, Jharkhand, India

A R T I C L E I N F O

A B S T R A C T

Keywords:
Benzo[a]pyrene
Mitophagy
Apoptosis
ATP depletion
CYP1B1
MnSOD

Mitophagy, a special type of autophagy, plays an important role in the mitochondria quality control and cellular
homeostasis. In this study, we examined the molecular mechanism of mitophagy induction with benzo[a]pyrene
(B[a]P), a ubiquitous polycyclic aromatic hydrocarbon, which acts as a prosurvival response against apoptotic
cell death. Our study showed that B[a]P displayed higher cytotoxicity in autophagy-deﬁcient HaCaT cells as
compared to control. Further, we showed that B[a]P triggered the Beclin-1-dependent autophagy through the
mammalian target of rapamycin (mTOR)/AMP-activated protein kinase (AMPK) pathway. Moreover, our study
indicated that the B[a]P-induced autophagy was initiated through the activation of cytochrome P450 1B1
(CYP1B1) and the aryl hydrocarbon receptor (AhR) in HaCaT cells. Intriguingly, the B[a]P-induced Beclin-1mediated mitophagy was suppressed in CYP1B1 and AhR knockdown HaCaT cells, indicating a crucial role of B
[a]P activation in the mitophagy induction to regulate cell death. B[a]P was shown to increase the mitochondrial
dysfunction and decrease the mitochondrial membrane potential, resulting in depletion of ATP level along with
the inhibition of the oxygen consumption rate in HaCaT cells. Importantly, the supplementation of methyl
pyruvate compensated for the B[a]P-induced drop in the ATP level and mitigated the reactive oxygen species
burden and autophagy. Mechanistically, B[a]P inhibited the manganese superoxide dismutase (MnSOD) activity
and we found that the activated mitochondrial CYP1B1 interacted with MnSOD, inﬂicting mitophagy to protect
from B[a]P-induced apoptosis. In summary, our study reveals mitophagy induction as a cellular protection
mechanism against B[a]P-triggered toxicity and carcinogenesis.

1. Introduction
Benzo[a]pyrene (B[a]P), a polycyclic aromatic hydrocarbon (PAH),
is the major constituent of cigarette smoke, vehicle exhaust, and industrial eﬄuents. B[a]P has been linked to many pathophysiological
conditions, including inﬂammatory skin diseases and skin cancer.
Moreover, occupational exposure to B[a]P through dermal contact is
associated with chronic skin allergy, which is one of the major problems
concerning public health. This pollutant is also identiﬁed in wood
smoke and charcoal-grilled foods and is listed as a group 1 carcinogen
by the International Agency for Research on Cancer, with potential
toxicity to humans and the environment [1–3]. B[a]P has been reported
to alter multiple signaling pathways through activation of the aryl hydrocarbon receptor (AhR) [4–6] and AhR-regulated cytochrome P450
(CYP) genes, including CYP1B1, especially in skin which plays a key
role in the metabolic activation, DNA damage, and apoptosis [4,6–8].
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Further, it has been shown that AhR and CYP1B1 are located in mitochondria, where they regulate, in a transcription-independent
manner [9,10], the mitochondrial dysfunction induced by PAHs, including B[a]P. However, the role of autophagy induction, particularly
in skin tissue as a cellular protection mechanism against B[a]P-triggered cell death have not been previously clariﬁed.
Autophagy (from Greek auto, self and phagia, eating) is an evolutionarily conserved catabolic process by which a cell self-digests its
cytoplasmic contents, and it is a crucial adaptive response that recycles
energy and nutrients during stress [11,12]. Autophagy promotes the
cell survival by eliminating damaged organelles and protein aggregates,
as well as by facilitating bioenergetics homeostasis [13,14]. Moreover,
autophagy can serve as a protective mechanism against apoptosis by
recycling macromolecules and removing damaged mitochondria and
other organelles [11,15]. In addition to autophagy, another highly selective autophagic process, called mitophagy, targets damaged
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caspase-Glo assay following the manufacturer's protocol (Promega
Corp., Madison, WI) [7].

mitochondria for degradation. Mitophagy has emerged as a key mechanism of quality control, responsible for the elimination of superﬂuous or damaged mitochondria [16,17]. Since mitochondria are essential organelles that regulate the cellular energy metabolism and cell
death, mitochondrial homeostasis has been linked to many pathophysiological conditions and diseases [18–20]. Damaged mitochondria
produce excessive reactive oxygen species (ROS), which in turn lead to
cellular damage, possibly including the mitophagy machinery as well
[21].
Here, we investigated the activation of autophagy as cytoprotective
response against B[a]P in HaCaT cells, human immortalized skin epithelial keratinocytes. Our study revealed the potential association between AhR and CYP1B1 in B[a]P-induced autophagy through the AMPactivated protein kinase (AMPK)/mammalian target of rapamycin
(mTOR)-dependent pathway. Importantly, we present clear evidence
that the B[a]P-induced superoxide anion triggers the mitochondrial
disruption, leading to selective mitochondrial autophagy to rescue from
apoptotic cell death. Besides, we showed that the activated CYP1B1
interacts with manganese superoxide dismutase (MnSOD) and inhibits
its activity, leading to mitophagy. These ﬁndings provide novel insights
into the underlying mechanisms of prosurvival role of mitophagy in the
reduction of B[a]P-mediated cellular toxicity.

2.5. Measurement of autophagy
HaCaT cells were treated with B[a]P for 6 h, then washed with
phosphate-buﬀered saline (PBS), and late autophagic vesicles were
detected by staining with 0.5 μg/mL acridine orange for 15 min. The
medium was discarded, and the cells were washed with PBS three times
and observed under an inverted ﬂuorescent microscope [15].
HaCaT cells were transfected with pEGFP-LC3 (Addgene plasmid #
11546). After 48 h of the transfection, the cells were treated with B[a]P,
and the level of autophagy was quantiﬁed by counting the mean
number of cells with ﬂuorescent puncta, which indicated autophagosome formation [15].
2.6. Measurement of mitochondrial ROS

2. Materials and methods

Mitochondrial ROS formation was measured under a ﬂuorescence
microscope using the MitoSOX red reagent (Invitrogen). After speciﬁc
treatment, HaCaT cells were incubated with MitoSOX in an incomplete
medium for 30 min in a CO2 incubator. The cells were then washed
three times with PBS, and live cell imaging was performed with a
ﬂuorescence microscope [21].

2.1. Chemical and reagents

2.7. Measurement of cellular ATP level

Benzo[a]pyrene,
dimethylsulfoxide
(DMSO),
3-[4,5-dimethylthiazol-2-yl]−2.5-diphenyltetrazolium bromide (MTT), Methyl
Pyruvate, acridine orange from Sigma, USA. Fetal bovine serum (sterileﬁltered, South American origin), Dulbecco's minimal essential medium
(DMEM), antibiotic-antimycotic (100×) solution, LysoTracker red,
MitoTracker Green and Lipofectamine 2000® were purchased from
Invitrogen, USA. The caspase-Glo assay kit for quantiﬁcation of caspases was purchased from Promega, USA, siRNA for Beclin-1, ATG5,
ATG14, AhR, CYP1B1 and control siRNA from Santa Cruz
Biotechnology, USA.

The determination of the cellular ATP level in a cell lysate was
performed using the ENLITEN® ATP assay system bioluminescence kit
(Promega, Madison, WI, USA) following the manufacturer's protocol
[21].
2.8. Determination of superoxide dismutase activity
Quantiﬁcation of the total and mitochondrial superoxide dismutase
activity levels was performed using a SOD assay kit (Cayman Chemical
Company, Ann Arbor, MI, USA) following the manufacturer's instructions.

2.2. Cell culture
2.9. Mitochondrial membrane potential measurement
The immortalized human keratinocyte cell line (HaCaT) was obtained from National Centre for Cell Science, Pune, India and cultured
in Dulbecco's modiﬁed Eagle's medium with high glucose (DMEM/high
glucose), supplemented with 10% heat-inactivated fetal bovine serum
(FBS) containing and 1% penicillin–streptomycin. The cells were
maintained at 37 °C in a humidiﬁed atmosphere at 5% CO2. All media,
supplements, and antibiotics were purchased from Invitrogen [7].

After speciﬁc treatment, HaCaT cells were incubated with rhodamine 123 (Rh123; ﬁnal concentration 5 μg/mL) for 60 min in the dark
at 37 °C, then harvested, and resuspended in PBS. The mitochondrial
membrane potential (MMP) was measured by ﬂow cytometry.
2.10. Analysis of dysfunctional mitochondria
Mitochondrial mass was measured by ﬂuorescence levels after
staining cells with MitoTracker Green FM and MitoTracker Red
CMXRos (Molecular Probes/Invitrogen) at 100 nM for 25 min at 37 °C.
The cells were then washed with PBS, trypsinized, and resuspended in
PBS containing 1% fetal bovine serum (FBS) for ﬂow cytometric analysis [16].

2.3. Cell viability assay
HaCaT cells were harvested from maintenance cultures in the
logarithmic phase and were counted with a trypan blue solution using a
hemocytometer. The cells (1 × 104 cells/well) were cultured in a 96well plate at 37 °C and exposed to varying concentrations of B[a]P for
72 h. Then, a 3-(4,5-dimethylthiazol-2-yl)−2,5-diphenyltetrazolium
bromide (MTT) solution (5 mg/mL) was added, and the plate was incubated for 4 h. The resultant formazan crystals were dissolved in dimethyl sulfoxide, and the absorbance was measured at 595 nm using a
microplate reader (PerkinElmer, Waltham, MA). All experiments were
performed in triplicate, and the cell viability was expressed as a percentage relative to the untreated control cells [3].

2.11. Western blotting analysis
HaCaT cells were treated with B[a]P before proteins were extracted.
Cell extracts were prepared in a cell lysis buﬀer, then the equal amounts
of total protein were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS–PAGE), and the proteins were
transferred onto a polyvinylidene diﬂuoride (PVDF) membrane. To
evaluate the levels of expression of respective proteins, the blots were
probed with antibodies against microtubule-associated protein 1 light
chain 3 (LC3), autophagy protein 5 (ATG5), Beclin-1, total AMPK,
phospho-AMPK, phospho-mTOR, phospho-ribosomal protein S6 kinase

2.4. Caspase assays
HaCaT cells were seeded in 6 well plates and were treated with B[a]
P for 24 h. After treatment, caspase activity was measured using
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considered for further studies and to investigate the explicit interactions
that occur between CYP1B1 and MnSOD.

(S6K), cytochrome c oxidase subunit IV (COX IV), CYP1B1, and AhR as
described previously [15].
2.12. Plasmids, small interfering RNA and transfection

2.17. Immunoﬂuorescence analysis
About 1×106 HaCaT cells were cultured in 60 mm Petri plate and
transfected at 80% conﬂuency using Oligofectamine reagent
(Invitrogen) following manufacturer's protocol. HaCaT cells were
transfected with speciﬁc siRNA by using Lipofectamine 2000, following
the manufacturer's instructions. After 48 h of transfection cells were
treated with B[a]P, autophagy and apoptosis were studied [7,14].

HaCaT cells were treated with various concentrations of B[a]P for
6 h, followed by ﬁxation with 10% formaldehyde. Cell permeabilization
was performed with 0.1% TritonX-100, followed by blocking in 5%
bovine serum albumin (BSA). Subsequently, the cells were incubated
with primary antibodies against the translocase of the outer membrane
(TOM20; 1:500). After washing with PBS containing Tween 20, the cells
were incubated with secondary antibodies conjugated with Alexa Fluor
488. Imaging was carried out using a high-end ﬂuorescence inverted
microscope (Olympus IX-71) using the Cell Sens standard software.

2.13. Visualization of mitophagy
After speciﬁc treatment, HaCaT cells were incubated with
LysoTracker red and MitoTracker green at 37 °C for 30 min, followed by
washing three times with an incomplete medium. The cells were observed at 630 × magniﬁcation under a confocal microscope.

2.18. Statistical analysis
All data are representative of at least ﬁve independent experiments
which were quantiﬁed and plotted as the mean ± standard deviation.
Student's t-test was used for evaluating statistical diﬀerences between
experimental groups. Further, non-parametric tests for statistical analysis amongst groups were also done by one-way ANOVA Kruskal-Wallis
test, with Dunn's multiple group comparison tests as appropriate.
Statistical analyses were done using the SPSS Statistics 20 (IBM SPSS
software, version: 20.0, Chicago, IL, USA) and GraphPad Prism 5
(GraphPad Software, Inc., San Diego, CA, USA). The P value was deﬁned as follows: not signiﬁcant (ns): P > 0.05; *P < 0.05; **P < 0.01;
and ***P < 0.001 were considered statistically signiﬁcant.

2.14. Measurement of mitochondrial respiration rate and glycolysis study
In order to analyze the mitochondrial oxygen consumption rate
(OCR), 1 × 105 HaCaT cells were seeded in a special respirometric
plate. Following which B[a]P was treated for 2 h and then OCR analysis
was carried out in XF-24 Extracellular Flux Analyzer (Seahorse
Bioscience, MA, USA) by following the protocol [16]. We determined
aerobic glycolysis by determining enzymatic lactate as well as extracellular acidiﬁcation rate (ECAR), which is a substitute for lactate eﬄux
rate in the extracellular medium. After analyzing the basal ECAR,
maximal reserve capacity analysis was done by oligomycin (1 μM)
treatment. ECAR was represented in milli-pH (mpH) units expressing
the alteration in pH per min [16].

3. Results
2.15. Transmission electron microscopy
3.1. Role of autophagy in benzo[a]pyrene-induced apoptosis
Transmission electron microscopy (TEM) was used to observe mitophagy and ultrastructural changes in HaCaT cells after B[a]P treatment for 6 h. The cell population was rinsed with 0.1 Sorenson's buﬀer
(pH 7.5), ﬁxed in 2.5% glutaraldehyde for 1.5 h, and subsequently
dehydrated and embedded in Spurr's resin. The block was then sectioned into 60–100-nm ultrathin sections, and the sections were picked
up on copper grids. For routine analysis, the ultrathin sections were
stained with 2% uranyl acetate and lead citrate. Electron micrographs
were obtained using a transmission electron microscope [15].

Previous studies have shown that B[a]P induces cell death through
apoptosis and is associated with possible toxicity, posing a worldwide
threat to human and animal health [5–7]. In an attempt, we examined
whether autophagy has any eﬀect on B[a]P-induced apoptotic cell
death in HaCaT cells. Initially, we knocked down diﬀerent key autophagic molecules including Beclin-1, ATG5 and ATG14 using small interfering RNA (siRNA) approach and the data showed that the targeted
siRNAs caused substantial down regulation of their corresponding encoded protein (Fig. 1A). Next, we investigated cell viability by MTT
(Fig. 1B) and LDH release assay (Supplementary Fig. S1A), and apoptosis activation with Annexin V/PI staining (Fig. 1C) and Caspase-Glo®
3/7 assay in autophagy-deﬁcient (Fig. 1D) HaCaT cells. As anticipated,
the data showed that B[a]P treatment reduced the cell viability and
increased LDH release in a dose-dependent manner as compared to sicontrol. Interestingly, we found sharp abrogation of cell viability in
autophagy deﬁcient HaCaT cells against the sicontrol (Fig. 1B). Furthermore, the percentage of Annexin V positive cells (Fig. 1C) and
caspase 3/7 activity (Fig. 1D) was shown to signiﬁcantly escalated in
autophagy knock down condition as to sicontrol cells in exposure to B
[a]P suggesting autophagy as a protective mechanism against B[a]Pinduced cytotoxicity. Similarly, pharmacological inhibition of autophagy with 3-methyl-adenine (3-MA) led to acceleration of apoptosis
(Fig. 1E–G) and LDH release (Supplementary Fig. S1B) in B[a]P insulted
HaCaT cells as compared to control. In order to ﬁnd out the role autophagy in B[a]P induced apoptosis, we investigated the apoptosis in
Beclin-1 deﬁcient HaCaT cells in presence of pan caspase inhibitor, ZVAD-FMK. The data showed no signiﬁcant alteration in apoptosis in
both autophagy and apoptosis deﬁcient condition suggesting B[a]Pinduced caspase activation as the major cell death mechanism.

2.16. Modeling CYP1B1-MnSoD complex through docking
Crystal structure of human proteins CYP1B1 and MnSOD were obtained from the Protein Data Bank (PDB) with respective PDB ids: 3PM0
and [22] 1ZUQ [23]. Chemical structure of a B[a]P was obtained from
chEBI data bank (Chemical Entities of Biological Interest). 3PM0 is a
Complex between Alpha-Naphthoﬂavone and CYP1B1. In order to get
the CYP1B1-B[a]P complex structure, inhibitor Alpha-Napthoﬂavone
was deleted from its binding pocket and B[a]P was docked using Autodock Vina [22]. Docked poses with energetically most favorable one
was then taken into consideration. The monomeric form of the protein
MnSOD was also prepared by deleting the second chain from the protein structure. Separate conformational structures of the CYP1B1-B[a]P
and MnSOD were then guided to the Clus-Pro2 server 〈https://cluspro.
bu.edu〉 [23,24] which is a fully automated web-based program for
computational docking of protein structures. The docking algorithm
was then used to locate the optimal conﬁguration of the CYP1B1 protein near to the active site of MnSOD. In the docking process, diﬀerent
algorithms assess multiple putative complexes, and then it shows a list
of most favorable surface complementarities between the protein
structures. Structure with the most energetically favorable complex was
454
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Fig. 1. Role of autophagy in B[a]P-induced apoptosis. HaCaT cells were transfected with indicated siRNA for 48 h, and expression of corresponding protein expression was quantiﬁed by
Western blotting (A). After the transfection, HaCaT cells were treated with diﬀerent concentrations of B[a]P (1, 2.5 and 5 µM) for 72 h, and cell viability was measured by the MTT assay
(B). The siRNA knock down HaCaT cells were treated with various doses of B[a]P for 24 h and apoptotic activity was quantiﬁed by Annexin V/PI staining through ﬂow cytometry (C) and
caspase 3/7 activity based using the Caspase-Glo 3/7 assay (D). HaCaT cells were treated with B[a]P in presence of 3-MA (5 μM, 2 h) and cell viability by MTT assay, Annexin V/PI
staining and caspase-Glo 3/7 assay were performed. The Beclin-1 knock down HaCaT cells were pre-treated with Z-VAD-FMK (5 μM, 2 h) followed to 24 h B[a]P treatment and apoptosis
was quantiﬁed by Annexin V/PI staining through ﬂow cytometry. *P < 0.05 versus sicontrol cells; #P < 0.05 versus B[a]P-treated group; € P < 0.05 versus Z-VAD-FMK-B[a]P-treated
group; ns- not signiﬁcant.

Moreover, an increase in the B[a]P concentration resulted in alterations
of cell morphology of GFP–LC3-transfected HaCaT cells, including cellular rounding patterns, which were seen along with autophagy, signifying an obvious death associated with autophagy. Further, we examined the changes in the expression of endogenous LC3-II in HaCaT
cells and found that B[a]P treatment led to a rapid accumulation of the
LC3-II form (corresponding to characteristic lipidation of this protein
during autophagosome formation) in a dose-dependent manner, as
compared with the control (Fig. 2E). Besides, we analyzed the expression of other autophagic proteins, including Beclin-1 and ATG5, and
found that their expression in HaCaT cells increased in a dose-dependent manner in the presence of B[a]P (Fig. 2E). Moreover, we quantiﬁed the GFP–LC3 punctate formation in Beclin-1 knockdown cells, and
the data showed that the percentage of GFP–LC3-positive cells signiﬁcantly decreased in the Beclin-1-deﬁcient HaCaT cell population
compared to that of B[a]P only treated cells (Fig. 3A). To investigate the
potential involvement of CYP1B1 and AhR in autophagy, HaCaT cells
were transfected with siRNAs against CYP1B1 and AHR for 48 h, and
autophagy was quantiﬁed based on the GFP–LC3 puncta formation. The

3.2. Autophagy activation through AMPK/mTOR pathway against benzo
[a]pyrene
Next, we investigated the molecular mechanism of autophagy induction against B[a]P exposure. In our initial experiment, we used a
lysosomotropic agent, acridine orange, to detect acidic vesicles and
found that B[a]P treatment increased late autophagic vacuoles in
HaCaT cells in a dose-dependent manner, as shown by an increase in
red ﬂuorescence intensity (Fig. 2A and B). Another marker of autophagy induction is the vesicular accumulation of LC3, since modiﬁed LC3
is recruited to nascent autophagic vesicles, a common event in autophagosome formation. To reliably detect the formation of autophagic
vesicles, we expressed green ﬂuorescent protein (GFP)-tagged LC3 in
HaCaT cells and examined the changes in the expression of GFP–LC3
following B[a]P treatment. In untreated cells, GFP–LC3 showed a diffuse green expression pattern, whereas we observed green ﬂuorescent
puncta in B[a]P-treated cells at 6 h of treatment (Fig. 2C). Furthermore,
the percentage of GFP–LC3-positive HaCaT cells increased signiﬁcantly
and in a dose-dependent manner after 6 h of B[a]P treatment (Fig. 2D).
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Fig. 2. Autophagy induction in B[a]P-treated HaCaT cells. HaCaT cells were treated with diﬀerent concentrations of B[a]P (1, 2.5 and 5 µM) for 6 h, and ﬂuorescence microscopy was
performed with acridine orange staining (A). All images were quantiﬁed using Image J (B). HaCaT cells were transfected with GFP–LC3 for 48 h, followed by treatment with diﬀerent
concentrations of B[a]P for 6 h. Then, GFP–LC3 puncta were enumerated to quantify the autophagosome formation, with at least 100 GFP–LC3-transfected cells counted (C, D). After
treatment with B[a]P for 6 h, accumulation of LC3-II and expression of Beclin-1 and ATG5 were determined by western blotting (E). Densitometry was performed on the original blots,
assuming that the ratio of the protein of interest to actin was equal to 1 in control cells. *P < 0.05 versus control. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)

Fig. 3. Role of Beclin-1, CYP1B1 and AhR in B[a]P-associated
autophagy. HaCaT cells were transfected with the siBeclin-1 and
GFP–LC3, followed by treatment with B[a]P (5 µM) for 6 h, and
GFP–LC3 puncta formation was determined. A minimum of 100
GFP–LC3-transfected cells were counted (A). HaCaT cells were
transfected with the indicated siRNAs and GFP–LC3 for 48 h, and
protein expression was quantiﬁed by western blotting (B).
Densitometry was performed on the original blots, assuming that
the ratio of the protein of interest to actin was equal to 1 in
control cells. After the transfection, HaCaT cells were treated with
B[a]P (5 µM) for 6 h, and GFP–LC3 puncta formation was determined (C). A minimum of 100 GFP–LC3-transfected cells were
counted. *P < 0.05 versus sicontrol cells; #P < 0.05 versus B[a]
P-treated group.
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membrane vesicles (bottom, arrows, Fig. 6A) signiﬁcantly increased
after 6 h of B[a]P treatment. Immunostaining with an antibody recognizing a mitochondrial outer membrane protein, TOM20, indicated
a signiﬁcant reduction in the percentage of cells with low or no mitochondrial staining among B[a]P-treated HaCaT cells (Fig. 7A and B).
Interestingly, we found that the knockdown of Beclin-1 remarkably
reduced the percentage of cells with low or no mitochondrial staining in
the presence of B[a]P compared to that in the B[a]P only-treated group
(Fig. 7C and D), indicating the inhibition of mitophagy induction.
Further, B[a]P-induced decrease in the expression of COXIV, an inner
integral mitochondrial marker, was suppressed in Beclin-1-deﬁcient
HaCaT cells compared to the control, conﬁrming the B[a]P-mediated
mitophagy induction (Fig. 7E). In addition, our data showed that
knocking down CYP1B1 and AhR resulted in an increase in the percentage of cells with TOM20 staining compared to B[a]P treated group
(Fig. 8), conﬁrming the importance of CYP1B1-regulated B[a]P activation in mitophagy induction.
3.4. Benzo[a]pyrene induces mitochondrial dysfunction and disrupts
mitochondrial bioenergetics
Fig. 4. Activation of AMPK/mTOR pathway in B[a]P-exposed HaCaT cells. HaCaT cells
were treated with B[a]P (5 µM) for diﬀerent times, and the expression of phospho-AMPK,
total AMPK, phospho-mTOR, total mTOR, and phospho-S6K was measured by western
blotting. Densitometry was performed on the original blots, assuming that the ratio of the
protein of interest to actin was equal to 1 in control cells.

To investigate the role of B[a]P-induced mitochondrial dysfunction
in mitophagy, we analyzed both intact and dysfunctional mitochondrial
populations by ﬂow cytometry using the mitochondrial dyes
MitoTracker green and MitoTracker red. After 6 h of the treatment with
B[a]P, the impaired mitochondrial population increased in HaCaT cells
(Fig. 9A and B), suggesting that B[a]P may preferentially damage mitochondria, which then undergo autophagy to be removed. Because
mitochondria play a crucial role in regulating cell death, we next examined whether the mitophagy induction in B[a]P-exposed HaCaT cells
was associated with alterations of mitochondrial function and/or
structure. The measurement of MMP using Rh123 showed that the 6 h
treatment of HaCaT cells with diﬀerent concentrations of B[a]P induced
a signiﬁcant loss of MMP (Fig. 9C). Next, we were interested in determining whether a decrease in the ATP/AMP ratio might induce autophagy by aﬀecting cellular bioenergetics. To test this possibility, we
monitored the changes in cellular ATP levels in response to B[a]P. Interestingly, HaCaT cells treated with B[a]P displayed a dose dependent
decrease in the levels of ATP, suggesting that the cellular energy depletion might be responsible for autophagy induction (Fig. 10A). Using
bioenergetics analysis of the mitochondrial oxygen consumption rate
(OCR) (Fig. 10B), we found that the B[a]P treatment resulted in a
statistically signiﬁcant decrease in OCR in a dose-dependent manner.
Furthermore, the decrease in ATP was not compensated by any increase
in the glycolytic activity (Fig. 10C). Moreover, our study did not ﬁnd
any signiﬁcant alteration in extracellular acidiﬁcation rate (ECAR) in
presence of B[a]P (Fig. 10D). Oligomycin treatment resulted in a
modest change in glycolysis, which was, however, insuﬃcient to
maintain the ATP level (Fig. 10E). This ﬁnding suggests that B[a]P
induces a substantial energy imbalance owing to mitochondrial damage, which supports the importance of mitochondria in normal cells,
including keratinocytes. In support, B[a]P caused a decline of the ATP/
AMP ratio, resulting in diminished cellular metabolism and activation
of AMPK, which induced AMPK/mTOR-dependent autophagy. Interestingly, pre-treatment with methyl pyruvate (MP) restored the ATP
production and reduced the GFP–LC3 puncta formation in B[a]P-insulted HaCaT cells (Fig. 10F and G).

CYP1B1- and AhR-deﬁcient cells showed a decrease in autophagic
puncta after B[a]P-treatment compared to cells transfected with sicontrol (Fig. 3B and C).
We further examined whether the AMPK/mTOR pathway was involved in the B[a]P-mediated autophagy in HaCaT cells. Our data demonstrated that B[a]P treatment resulted in diminished levels of expression of the phosphorylated form of mTOR (Ser2448), without
altering that of total mTOR. Furthermore, the expression of the downstream target of mTOR, S6K, considerably decreased compared to that
in the control. Importantly, B[a]P caused a signiﬁcant increase in
AMPK, which is a key energy sensor and regulates cellular metabolism
when phosphorylated at Thr172. Phospho-AMPK (Thr172) phosphorylates and activates tuberous sclerosis 2 (TSC2) protein, further inhibiting the activation of downstream targets such as mTOR and
S6K,which resulted in autophagic vesicle formation against B[a]P exposure (Fig. 4).
3.3. Induction of mitochondrial autophagy against benzo[a]pyrene
exposure
Next, we were interested in determining to what extent the autophagy contributes to the degradation of mitochondria with B[a]P treatment in HaCaT cells. After 24 h treatment with B[a]P, HaCaT cells were
stained with MitoTracker green and LysoTracker red, and the confocal
microscopy data revealed colocalization of mitochondria and lysosomes
(Fig. 5), suggesting that mitochondria were degraded in lysosomes. We
further veriﬁed the occurrence of mitophagy in B[a]P-treated HaCaT
cells by Transmission electron microscopy. The electron micrographs of
the control showed a normal morphology of mitochondria, which were
scattered evenly throughout the cell. The images captured after 6 h
treatment with B[a]P indicated a marked accumulation of membranebound electron dense structures sequestering cellular components, including mitochondria, a distinctive feature of autophagosomes. In B[a]
P-treated cells, the presence of autophagic vacuoles with the cytoplasmic content substantially increased compared with the control cells
(Fig. 6A). The TEM images also indicated the presence of damaged
mitochondria and their engulfment by autophagosomes (Fig. 6B). Importantly, the number of mitochondria encapsulated in double-

3.5. Benzo[a]pyrene downregulates MnSOD activity
Autophagy is activated in response to cellular oxidative stress, and
we studied whether the B[a]P induced ROS generation, especially
production of the superoxide anion, might activate autophagy. Our data
showed that B[a]P induced the mitochondrial superoxide anion in
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Fig. 5. Co-localization study for mitophagy. HaCaT cells were treated with B[a]P for 6 h and incubated with LysoTracker red and MitoTracker green to visualize lysosomes and
mitochondria under a confocal microscope (Olympus FV-1000, 630 ×). The merged image shows an intensive yellow color in comparison with the control, conﬁrming the occurrence of
mitophagy after B[a]P treatment of HaCaT cells. The inset shows the boxed area under a higher magniﬁcation. Scale bar = 50 µm. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)

HaCaT cells, as quantiﬁed by ﬂuorescence microscopy using MitoSOX,
and we investigated whether methyl pyruvate supplementation could
down regulate the superoxide anion generation (Fig. 11A and B). It was
clearly demonstrated that the external supplementation of MP reduced
the ROS level in B[a]P-treated cells, conﬁrming that B[a]P is a deﬁnite
inducer of mitochondrial damage, which inﬂicts a loss of ATP production, forcing undamaged mitochondria to overwork and subsequently escalating the ROS level. Next, we investigated the upstream
regulatory mechanisms leading to the B[a]P-induced mitochondrial
damage and consequent induction of mitophagy. Thus, we examined
the role of antioxidant enzymes, including SOD, in regulating the intracellular superoxide anion levels during B[a]P-associated autophagy
in HaCaT cells. Our results showed that the total SOD activity signiﬁcantly decreased in the B[a]P-treated group as compared to control.
Further, the MnSOD activity was signiﬁcantly inhibited at diﬀerent

concentrations of B[a]P in HaCaT cells (Fig. 11C), indicating that the
signiﬁcant loss of MnSOD activity contributed to the loss of total SOD
activity upon the B[a]P challenge. Importantly, pre-treatment with αnapthoﬂavone, an inhibitor of CYP1B1, reversed the MnSOD inhibition
by B[a]P (Fig. 11D).
It is known that MnSOD is a part of a major defensive mechanism
against ROS and contributes to cell protection by removing O2 from
both mitochondria and the cytosol. Thus, we studied the mechanism of
inhibition of the MnSOD activity by B[a]P and we investigated whether
the interactions between MnSOD and CYP1B1 is associated to inhibit
MnSOD activity. To get the CYP1B1-B[a]P complex, inhibitor AlphaNapthoﬂavone was deleted from its binding pocket and B[a]P was
docked. Structure with the most energetically favored was selected for
the study. In the docked complex, it was observed that residues like
Asn228, Phe231, Leu264, Asn265, Phe268, Gly329, Gln332 and

Fig. 6. TEM images of autophagic vacuoles in HaCaT cells insulted with B[a]P. HaCaT cells were treated with B[a]P for 6 h and ﬁxed and processed for electron microscopy (A). Arrow
indicated mitochondria encapsulated in autophagosomes. The numbers of mitochondria-containing autophagic vesicles were quantiﬁed in HaCaT cells after 6 h of B[a]P treatment (B).
*P < 0.05 versus control.
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Fig. 7. Expression of TOM20 and COX IV in B[a]P-treated HaCaT cells. HaCaT cells were treated with B[a]P for 6 h, and the expression of TOM20 was analyzed by ﬂuorescence
microscopy (A). All images were quantiﬁed using Image J (B). HaCaT cells were transfected with siBeclin-1, and the expression of TOM20 (C, D) and COX IV (E) was evaluated by
ﬂuorescence microscopy and western blotting, respectively. *P < 0.05 versus control; #P < 0.05 versus the B[a]P-treated group. Densitometry was performed on the original blots,
assuming that the ratio of the protein of interest to actin was equal to 1 in control cells.

mycotoxin induces mitophagy as a cell protection mechanism to mitigate the mitochondrial oxidative damage [27]. In contrast, an emerging
view also considers mitophagy a potential eﬀector of various types of
cell death programs. Intriguingly, ceramide induce the lethal mitophagy through interaction with LC3 in mitochondria [25]. Similarly,
cigarette smoke initiates the mitophagy-dependent necroptosis, which
contributes to the pathogenesis of chronic obstructive pulmonary disease [26,28]. In this study, we showed that the mitophagy occurs in B
[a]P-exposed skin keratinocyte cells through mitochondrial oxidative
damage to prevent apoptosis. Until now, there have been no reports in
the literature describing induction of mitophagy against B[a]P and this
is the ﬁrst evidence showing that mitophagy displays a prosurvival
mechanism in suppressing B[a]P-induced apoptosis.
Environmental pollutants, including dioxin, furan, and cigarette
smoke have been reported to induce apoptosis and autophagy as devastating eﬀects on the cell fate during stress [28–31]. It has been
shown that exposure to dibenzofuran promotes autophagy as a cytoprotective response in lung cells [29]. Similarly, another study has
shown that dioxin induces the cell death with autophagy in a bovine
kidney cell line through activation of the p53-dependent pathway [30].
Accordingly, our study demonstrated that B[a]P elicited autophagy,
especially mitophagy in HaCaT cells as a cytoprotective mechanism to
resist cell death. Accumulating evidence shows that autophagy may
occur together with apoptosis in a simultaneous, sequential, or

Asn333 were found proximity to the B[a]P binding site as shown in
(Fig. 12A). In in silico docking experiments of the CYP1B1-B[a]P/
MnSOD complex, it was observed that the docked conformation form
Hydrogen bonds (H-bonds) between the active site of MnSOD and outer
helical region cum adjoining loops of CYP1B1. Residues from the active
site of the MnSOD speciﬁcally Lys29, Asn67, Val116, Gln119, Ser121,
Asn142, His163, Tyr166 and Asn171 forms the H-bonds with the residues Ser119, Arg124, Asp242, Arg259, Glu262 and Arg266 from
CYP1B1 making the complex stable. The inter-protein interactions were
between residue pairs Tyr166-Asp242, His163-Tyr249, Lys29-Arg255,
and Asn142-Arg266 as shown in (Fig. 12B). To validate the in silico
ﬁnding, HaCaT cells were treated with B[a]P for 6 h and analyzed for
the interaction of CYP1B1 and MnSOD by confocal microscopy. Overlapping of two proteins (AlexaFluor-488CYP1B1 and cy3 MnSOD) were
visible showing intense yellow color with Pearson's coeﬃcient (Rr0.859) as well as total overlap coeﬃcient (R- 0.946) (Fig. 12. C), conﬁrming activated CYP1B1 inhibits MnSOD activity.
4. Discussion
During stress, mitophagy, a special type of autophagy, selectively
degrades the damaged mitochondria to protect cells from reactive
oxygen molecules and mitochondrial apoptosis-inducing factors and to
maintain cellular homeostasis [17]. For example, trichothecene
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Fig. 8. Eﬀect of CYP1B1 and AhR on mitophagy in B[a]P-treated HaCaT cells. After transfection with targeting siRNAs, HaCaT cells were treated with B[a]P (5 µM) for 6 h, and the
expression of TOM20 was analyzed by ﬂuorescence microscopy. All images were quantiﬁed using Image J (A–D). *P < 0.05 versus sicontrol cells; #P < 0.05 versus B[a]P-treated cells.

myocardial anomalies, possibly by regulating the AMPK/mTOR-dependent autophagy [32]. Importantly, MP supplementation, which is in
a clinical trial, increased the level of ATP and was found to restrain the
autophagy in presence of B[a]P, complementing MP-based strategies to
exert antioxidative stress [33].
Oxidative stress in mitochondria is associated with the malfunction
of the mitochondrial respiratory chain and alters the mitochondrial
trans-membrane potential and membrane permeability. We and others
showed that B[a]P induces the ROS production, which causes the mitochondrial damage and apoptosis [3,5,14]. Moreover, the ROS generation induced by B[a]P initiates the lipid peroxidation, directly or by
acting as a second messenger for primary free radicals, which initiate
lipid peroxidation, enhancing the mitochondrial lung lipid peroxidation
in B[a]P-treated animals [34]. In this study, we identiﬁed the ROS-induced mitochondrial damage as a chief mediator to activate mitophagy
in HaCaT cells. Moreover, B[a]P was shown to decrease the antioxidant
enzyme activities of the cellular system to induce toxicity [35,36]. Interestingly, we showed that the activated B[a]P interacted with MnSOD
to disturb the redox balance of cells, which may be the key factor in the
induction of ROS and mitophagy. If B[a]P-triggered dysfunctional mitochondria are not eﬀectively eliminated by mitophagy, they

mutually exclusive manner [12]. Moreover, autophagy may be protective or toxic depending on the context. Intriguingly, we observed
that B[a]P exposure induces autophagy in HaCaT cells to counteract the
B[a]P-mediated cytotoxicity and knock down of key autophagic molecules was shown to accelerate B[a]P-triggered apoptosis. This is consistent with a previous study, which revealed that many organic pollutants induce autophagy, along with apoptosis, as a cell protection
mechanism [29,31] or programmed cell death [30]. Further, inert and
inactive B[a]P is initially oxidized by CYP1A1 or CYP1B1 to phenols
such as 3-hydroxy-B[a]P and 9-hydroxy-B[a]P and an epoxide, B[a]P7,8-epoxide, which act as substrates for the second CYP-dependent
oxidation, generating toxic B[a]P-r-7,t-8-dihydrodiol-t-9,10-epoxide.
Moreover, B[a]P is self-activated to a toxic metabolite, which results in
the manifestation of its toxic eﬀects through AhR and controls the B[a]
P-induced toxicity. In this study, we demonstrated that the B[a]P-associated autophagy was initiated through AhR and CYP1B1, conﬁrming
that the B[a]P bioactivation is critical for all biological responses, including mitophagy. Our investigation conﬁrms that the decrease in ATP
causes metabolic stress resulting in activation of AMPK, followed by
alterations in downstream molecules and induction of autophagy. A
previous study has shown that AMPK mediates the paraquat-induced

460

Free Radical Biology and Medicine 112 (2017) 452–463

D.N. Das et al.

Fig. 9. Eﬀect of B[a]P on mitochondria in HaCaT cells. HaCaT cells were treated with diﬀerent concentrations of B[a]P for 6 h and analyzed for damaged and intact mitochondrial
populations by ﬂow cytometry (A). Healthy and dysfunctional mitochondrial populations were quantiﬁed (B). HaCaT cells were treated with diﬀerent concentrations of B[a]P for 6 h, and
the mitochondrial membrane potential was measured by ﬂow cytometry with rhodamine 123 (C). *P < 0.05, **P < 0.01 versus control.

ROS-mediated stress by disposing damaged mitochondria to alleviate
stress [11,21]. However, the detailed mechanism of the mitophagy
against B[a]P remains to be elucidated. During mitophagy, dysfunctional mitochondria selectively express a mitophagy receptor on the
outer membrane and are identiﬁed by an autophagy-related protein for
degradation. Several mitochondrial proteins, including PTEN-induced
putative kinase 1 (PINK1)/Parkin, Unc-51-like autophagy-activating

accumulate leading to massive ROS production and oxidative stress,
resulting in an intense toxicity.
Mitochondria are critically essential for the cellular energy balance,
governing the progression of autophagy and apoptosis. We found that B
[a]P treatment inﬂicted the mitophagy-mediated impairment of the
energy balance, disrupting the equilibrium of cellular homeostasis. In
fact, mitophagy functions as a defensive mechanism to B[a]P- induced

Fig. 10. Mitochondrial oxidative stress by B[a]P is associated with autophagy. HaCaT cells were treated with diﬀerent concentrations of B[a]P for 6 h, and cellular ATP was determined
by the ATP Glo assay (A). The oxygen consumption rate (B), glycolytic ﬂux (C), basal extracellular acidiﬁcation rate and maximal glycolytic capacity (D), and cellular ATP in the presence
of oligomycin (E) were determined. *P < 0.05, **P < 0.01, ***P < 0.001 versus control. HaCaT cells were pre-treated with methyl pyruvate (MP, 1 mM, 2 h), followed by B[a]P (5 µM)
treatment. Cellular ATP was determined by the ATP Glo assay (F), and GFP–LC3 puncta formation was evaluated. A minimum of 100 GFP–LC3-transfected cells were counted (G).
#P < 0.05versus the B[a]P-treated group.
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Fig. 11. Eﬀect of B[a]P on mitochondrial ROS and
SOD activity in HaCaT cells. HaCaT cells were
treated with B[a]P in the presence of methyl pyruvate (MP, 1 mM, 2 h), and generation of ROS was
measured by ﬂuorescence microscopy using
MitoSOX (A). Fluorescence intensity, indicating the
mitochondrial ROS generation, was quantiﬁed using
Image J (B). HaCaT cells were treated with diﬀerent
concentrations of B[a]P for 6 h, followed by the
analysis of the total SOD and MnSOD activities(C).
HaCaT cells were pre-treated with alpha-naphthoﬂavone for 2 h, then treated with B[a]P (5 µM) for
6 h, and total SOD and MnSOD activities were determined (D). *P < 0.05 versus control; #P < 0.05
versus the B[a]P-treated group.

speculated that the ubiquitinated AhR acts as a receptor for mitophagy;
however, this needs to be elucidated. In conclusion, the present study
reveals novel insights into molecular mechanisms of mitophagy induction to B[a]P exposure as a cytoprotective response to prevent
toxicity and carcinogenesis.

kinase 1 (ULK1), FUN14 domain containing 1 (FUNDC1), NIX, and
BCL2-like 13 (BCL2L13), were identiﬁed in mammalian cells [17,19].
However, speciﬁc molecules involved in the B[a]P-induced mitophagy
and in sensing of damaged mitochondria for selective engulfment by
autophagosomes remain unknown. A previous study has shown that
AhR undergoes ubiquitination for degradation [37], and it may be

Fig. 12. Interaction of CYP1B1 and MnSOD in mitochondria. Predicted interactions between CYP1B1 (Green ribbon) and B[a]P (Purple sticks) (A). Predicted interactions between
CYP1B1 (Green ribbon) and MnSoD (Cyan ribbon). HEME group bound to the CYP1B1 is shown in orange sticks and the inhibitor Benzopyrene (BPY) is shown in purple sticks. Dashed
arrows represent hydrogen bonds between the amino acid side-chain or backbone (yellow) between the protein CYP1B1 and MnSoD. (B). HaCaT cells were treated with B[a]P (5 µM) for
6 h, and co-localization of CYP1B1 and MnSOD was determined by confocal microscopy (magniﬁcation 630 ×; Leica TCS SP8, Wetzlar, Germany). Co-localization was measured in single
Z-stack sections of deconvoluted images using the JACoP plugin (C). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)
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