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Objective  Benzo[a]pyrene (B[a]P), a ubiquitous environmental pollutant, is a potent
procarcinogen and mutagen that can elicit tumors, leading to malignancy. Heat shock proteins (Hsp)
have been shown to protect cells against damages caused by various stresses including exposure to
numerous chemicals. Whether Hsps, or more specifically Hsp70, are involved in repair of
B[a]P-induced DNA damage is currently unknown. Methods We assessed the potential role of the
inducible form of Hsp70 in B[a]P-induced DNA damage of human embryonic lung (HEL) cells
using immunoblot and the comet assay (i.e., the single cell gel electrophoresis assay). Results
Exposure to B[a]P induced a dose-dependent decrease in the level of Hsp70, but a dose-dependent
increase in DNA damage both in untreated (control) HEL cells and in cells preconditioned by a heat
treatment. Heat preconditioning prior to B[a]P exposure potentiated the effect of B[a]P at a low dose
(10 pmol/L), but appeared to be protective at higher doses. There was a negative correlation between
Hsp70 level and DNA damage in the non-preheated as well as in the preconditioned cells.
Conclusion These data suggest that exposure of HEL cells to B[a]P may induce a dose-dependent
reduction in the levels of the inducible Hsp70. The detailed mechanisms for the reduction of Hsp70
levels by B[a]P and the role of Hsp70 in DNA damage under different concentrations of B[a]P
remains to be determined.
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INTRODUCTION

Heat shock or stress proteins (Hsps) are highly conserved proteins, which are induced in
cells upon exposure to supraoptimal temperatures or to many other forms of stresses such as
exposure to heavy metals, oxidizing agents, and organic solvents, which are common in
working and living environments. Many of these stresses cause an accumulation of unfolded
and/or denatured proteins resulting in activation of the heat shock transcription factor (HSF)
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and synthesis of Hsps™™. Hsps are classified into different families, including Hsp90-110,
Hsp70/Hsc70, Hsp60, and small Hsps (Hsp10-30) on the basis of their apparent molecular
masses in sodium dodecyl sulfate polyacrylamide gels. The most widely studied family of
Hsps includes both stress-inducible (Hsp70) and constitutively expressed proteins (Hsc70:
heat shock cognate). Members of the Hsp70 family have been shown to have the ability to
act as molecular chaperones, protecting nascent proteins from aggregation and facilitating
the synthesis, folding, assembly and, intracellular transport of many proteins. They have
also been reported to be involved in the development of tolerance to many stresses such as
heat and toxins!?. In addition, some Hsps have been suggested to play important roles in the
processes of growth, differentiation and development!*,

B[a]P is the prototype of a multitude of polycyclic aromatic hydrocarbons (PAHS),
which are thought to be procarcinogens and toxicants generated from the combustion of
fossil fuels and cigarette smoke!. Although B[a]P itself is not genotoxic, its biological
effects can be mediated by binding to the aryl hydrocarbon receptor (AhR), and B[a]P can
induce the expression of more than a dozen genes, including cytochrome p450[!.
Cytochrome p450 can oxidize B[a]P to the ultimate electrophilic metabolite BPDE[(Z%)
-anti-7o,, 8p-dihydroxy-9a,10a-epoxy-7, 8, 9, 10-tetrahydrobenzo(a)pyrene], which can
irreversibly damage nucleic acids and proteins by covalent binding or oxidation of
molecular targets within cells’®. Epidemiological data have also shown an association
between B[a]P exposure and an increased incidence of certain cancers in humans. B[a]P and
its reactive metabolites have therefore been widely investigated and are considered to be
prototype compounds that exhibit many of the cytotoxic, mutagenic and carcinogenic effects
of PAHS.

An understanding of the roles of Hsps in the pathogenesis of cancer is a topic of great
interest. Recently, Hsps have been shown to contribute to the stability of several proteins
like tumor suppressor genes (i.e., p53 and Rb)"®and to participate in the development of
resistance to various cytotoxic drugs!®. Hsps have also been reported to play important roles
in the promotion and suppression (apoptosis) or differentiation of cancer cells!. Hsp70 is
thought to be involved in chaperoning the c-myc oncogene and p53 tumor-suppressor gene
products so that its aberrant expression could affect tumor cell transformation and
progressiont*!.

Whether Hsp70 expression has any role in primary DNA damage induced by B[a]P or
in its prevention is unknown. In the present study we therefore examined Hsp70 levels,
DNA damage and the effects of Hsp pre-induction on DNA damage induced by B[a]P in
human embryonic lung cells (HEL) using immunoblot and the comet assay in vitro.

MATERIALS AND METHODS

General Chemicals

Benzo(a)pyrene (B[a]P) was obtained from Sigma Chemical Co (St. Louis, MO, USA)
and dissolved in dimethyl sulfoxide (DMSO) in a 1000xstock solution. The final
concentration of DMSO in the incubation mixture was 0.1%. Low melting agarose was obtained
from Gibco(Life Technologies, Breda, Netherlands). Na,EDTA (disodium ethylenediamine-
tetra-acetate), Tris [tris (hydroxymethyl sulfoxide) aminomethane hydrochloride], EB (ethidium
bromide) and Triton X-100 were from Sigma Chemical Co (St.Louis, MO, USA).



146 GAOETAL.

Mammalian Liver S9 Mixture Preparation

Adult male Sprague-Daley rats weighing ~200 g were injected with Aroclor 1254 (500
mg/kg) 5 days before sacrifice. Postmitochondrial supernatants from homogenized rat livers
(S9) were prepared as described by Maron and Ames!*? and stored at -80°C. The protein
concentration of S9 mixtures was determined according to Lowry et al.™®). The S9 mix was
added to 10 mmol/L glucose-6-phosphate and 5 mmol/L NADP. The final ratio of S9 mix in
the incubation mixture was about 3%,

Cell Culture and Treatments

HEL cells (China Type Culture Collection, Wuhan, China) were cultivated in Dulbecco’s
modified Eagle’s Medium (high glucose; Life Technologies, Breda, Netherlands)
supplemented with 10% v/v heat-inactivated fetal calf serum (Gibco; Life Technologies,
Breda, Netherlands), 2 mmol/L L-glutamine and antibiotic supplement (penicillin 200 U/mL
and streptomycin 0.1 mg/mL) at 37°C in a humidified atmosphere containing 5% carbon
dioxide at pH 7.2. The cells were replated every 3-4 days to prevent confluence.
Exponentially growing cells were divided into two groups: control unheated cells and a
group of cells preconditioned by heat treatment (41°C, 1 h followed by 2 h recovery at 37°C
and refered to as preheated group). The cells were synchronized into the G, state by density
inhibition and mitogen deprivation. In both groups, HEL cells were treated with 0.1%
DMSO alone as control or with B[a]P in DMSO at 10, 50, 100, 200 umol/L for 3 h in the
presence of rat-S9 mixture.

Determination of Hsp70 in HEL Cells

Treated cells were collected, washed with ice-cold PBS and total cell proteins were
mixed with 2xSDS sample buffer, boiled at 94°C for 10 min, separated on sodium dodecyl
sulfate (SDS)-polyacrylamide gel and transferred electrophoretically to nitrocellulose
membranes (NC) as described previously™ !, Protein transfer was monitored by staining
with Ponceau Rouge. Membranes were saturated with blocking buffer (PBS containing 5%
skim milk powder) for 1 h at 37°C with gentle agitation and washed with PBS-0.05% Tween
80 for 5 min. The membrane was then incubated at 37°C for 1 h with gentle agitation with a
rabbit anti-human Hsp70 antibody diluted 1:1000 in the PBS blocking buffer™. After
washing the membranes six times (10 min each) with 200 mL PBS-0.05% Tween 80, HRP
labelled goat anti-rabbit 1gG in blocking buffer (1:1000) was added and the membranes were
incubated at 37°C for another 1 h. The membranes were washed four times with 200 mL PBS-
0.05% Tween 80. The presence of Hsp70 was revealed using DAB (3,3-diaminobenzidine
tetrahydrochloride) buffer for 3-5 min as described previously™™®. Hsp70 was quantified
using an imaging densitometer (CS-90, 460 nm Japan), and the value of the control
non-preheated cell group without B[a]P was standardized to 1. All results in this study were
average values of three experiments.

Detection of DNA Damage

Complete details of the single cell gel electrophoretic assay (also known as Comet assay)
were previously described™”. Cell viability was assessed by trypan blue exclusion and was
found to be >90% in all groups. The cells cultured in this study did not exceed the 15th
passage. The cells were kept at 4°C before being loaded on the gel. DNA was allowed to
unwind and alkaline-labile-damage expression was allowed for 25 min in the electrophoresis
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running buffer solution (300 mmol/L NaOH and 1 mmol/L Na,EDTA, pH>13.0). All steps
were conducted under red light to prevent additional DNA damage. Electrophoresis was
performed for 30 minutes at 25 V and 300 mA. The slides were neutralized by rinsing 3
times with Tris buffer (0.4 mol/L Tris, pH7.5 with HCI) for 5 min and 75 pL of ethidium
bromide solution (20 pg/L) was added to each slide. After stained with a coverslip for 5 min,
slides were rinsed in distilled water and covered again for microscopic examination.

Image analysis was performed with 200x magnification using a fluorescence
microscope (Olympus B-60F5) equipped with an excitation filter of 549 nm and a 590 nm
barrier filter, coupled to a CCD camera (Kodak, USA). The length of DNA migration was
determined with an optical micrometer. At least 25 cells per group from a field of vision
randomly chosen were scored. In this test, DNA damage of the cells was evaluated using the
ratio of DNA tail length/total cell length25:1°],

Statistical Analysis

Analysis was performed using STATA (3.1) software package. A difference at P<0.05
was considered statistically significant.

RESULTS

Expression of Hsp70 in HEL Cells Exposed to Different Concentrations of B[a]P

The level of Hsp70 in HEL cells exposed to B[a]P was determined by Western blot
using an antibody specific for the inducible member of this family. The changes of Hsp70
levels induced by B[a]P with or without a preheat treatment are shown in Fig. 1. Exposure
of cells to increasing B[a]P concentrations for 3 h in the presence of the S9-mixture resulted
in a decrease of the amount of Hsp70 in the non-preheated cells (Fig. 1A). The decrease in
Hsp70 was particularly significant (~40%) in the cells exposed to 200 pmol/L B[a]P when
compared with cells not exposed to B[a]P. In preheated cells, the basal level of Hsp70 was
significantly higher (3.5Bx) as expected. There was a very minor decreasing trend in Hsp70
levels (2%-3%) observed upon increasing concentrations of B[a]P (Figs.1B and 1C).

DNA Damage in HEL Cells Induced by B[a]P

Treatment of HEL cells with B[a]P for 3 h led to a dose-dependent increase in DNA
damage as revealed by the comet assay. This trend was observed both in the non-preheated
cells and in the preheated ones (Table 1 and Fig. 2). Comparison between the two cell
groups indicated that there was generally less DNA damage in the preheated cells with the
exception of the group of cells exposed to 200 pmol/L B[a]P in which case there was a
significant increase of DNA damage in preheated cells as compared to the untreated group.
At the maximum dose of B[a]P (200 umol/L) there was significantly less DNA damage in
preheated cells when compared with the corresponding group of non-preheated cells
(P<0.05).

Association of Hsp70 Expression With DNA Damage

Since the relation between Hsp70 expression and DNA damage caused by exposure of
HEL cells to B[a]P under different conditions of treatment seemed to be very complex, we
further analyzed the possible association of Hsp70 expression levels with DNA damage by
statistical methods in preheated and non-preheated cells. The non-significant association
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FIG. 1. Detection of Hsp70 in HEL cells by Western blot. In non-preheated groups, HEL cells were
treated with DMSO only as control and other cell groups were treated with B[a]P at 0, 10, 50,
100, 200 pumol/L for 3 h in the presence of rat-S9 mixture respectively (Fig. 1A). In preheated
groups, all cells were preheated at 41°C for 1 h, recovered at 37°C for 2 h, then treated with
B[a]P under the same conditions as the non-preheated groups (Fig. 1B). Graphic representation of
the densitometric scans from immunostaining of Hsp70 in non-preheated and preheated groups
of cells (Fig. 1C). The protein levels of cells without exposure to B[a]P were standardized to 1
and the data in Fig. 1C are mean of these experiments for three times. N: non-preheated cells, C:
control cells without exposure to B[a]P. *P<0.05, compared with cells without exposure to
B[a]P.

TABLE 1

Effect of B[a]P on DNA Tail Length/ Total Length Ratio in HEL Cells (n=25)

Tail Length/Total Length

B[a]P (umol/L)

Non-preheated Group Preheated Group
0 0.000+0.000 0.000+0.000
10 0.005+0.005 0.137+0.052*°
50 0.62240.064% 0.385+0.071%
100 0.42840.064% 0.406+0.068%
200 0.733+0.038" 0.341+0.061

Note. *P<0.05, vs control. ®P<0.05, vs non-preheated groups.
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was y=-1.5541X+1.5144 (P>0.05, r=-0.799) in the non-preheated groups and y=-0.2975X
+0.5336 (P>0.05, r=-0.161) in the preheated groups. This indicated that the DNA damage
was milder in both groups as the Hsp70 expression level increased. Moreover the same
amount of Hsp70 in non-preheated cells seemed to contribute more protection against DNA
damage than it did after a preheating treatment, although a high level of Hsp70 induced by
heat could protect DNA from damage induced by B[a]P.
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FIG. 2. Analysis of DNA migration in HEL cells treated with B[a]P.

DISCUSSION

Heat stress or heat shock proteins (Hsps) are highly conserved proteins induced by heat
and a large variety of noxious stimuli including abnormal physiological stresses such as
ischemia, fever, viral infection, and environmental xenobiotics or chemical stressors such as
heavy metals, free radicals, carbon monoxide™®*). Many of these stimuli are common in
working or living environments. Hsps have been shown to function as molecular chaperones,
facilitating the synthesis, folding, assembly and intracellular transport of proteins and have
also been reported to protect cells and organs from different stresses. B[a]P, a ubiquitous
environmental pollutant, is a potent procarcinogen and mutagen that elicit tumors in normal
cells and malignancy in experimental animals. Epidemiological data have also shown an
association between B[a]P exposure and increased risk of certain cancers in humans.
However, the detailed mechanisms of B[a]P-induced carcinogenesis remain unknown.

The present data showed that exposure of HEL cells to B[a]P induced a dose-dependent
reduction in the level of inducible Hsp70. This reduction was particularly important in
non-preheated cells. Cells subjected to a prior heat treatment only showed a slight decrease
of Hsp70 upon B[a]P treatment. Our results are consistent with studies in other cell types
where B[a]P was unable to induce Hsp70 expression or activate the heat shock promoter?”,
They are also consistent with a recent report of Vayssier-Taussat on the cellular effects of
tobacco smoke: while tobacco smoke filtrates with B[a]P induced Hsp70, exposure to B[a]P
alone did not evoke a stress response but rather induced cell death by necrosis?Y). In HEL
cells we did not see any evidence of cytotoxicity under our experimental conditions. So it is
unlikely that the reduction of Hsp70 was due to necrosis. Interestingly B[a]P has also been
reported to show very low cytotoxicity in HeLa cells™®.

To our knowledge this study is the first one to report that B[a]P could reduce the
cellular level of Hsp70 in non-preheated cells. Hsp70 synthesis is under the control of the
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HSF-1 transcription factor binding to the HSE of the heat shock protein promoter. Hsp70
has been reported to act as a molecular chaperone for HSF-1, behaving as a negative
regulator of HSF-1 transcriptional activity®®?. An inhibition of transcription of Hsp genes by
B[a]P was suggested by the results of Bartosiewicz et al. using DNA arrays containing 148
genes coding for xenobiotic metabolizing enzymes, DNA repair enzymes, heat shock
proteins (including Hsp105, Hsp86 and Hsp25), cytokines, and housekeeping genes to
examine gene expression patterns in the liver in response to cadmium chloride, B[a]P and
trichloroethylene (TCE)®!. B[a]P is converted to electrophilic metabolites such as BPDE,
which is known to covalently bind to nucleophilic sites on various cellular macromolecules.
Cell damage resulting from BPDE is generally thought to result from the formation of
adducts with DNAPY, Previous studies have shown that B[a]P affects cellular signal
transduction pathways and induces G; cell cycle arrest in NIH 3T3 fibroblasts™™!, which
could also induce apoptosis in hepatoma cell lines?®.

B[a]P and its metabolites could induce DNA damage as reported by many investigations
including the present data using the comet assay™?*?"?%1. However, our results also showed
that a heat shock pretreatment of cells could potentiate the effect of B[a]P at low dose
(10 pmol/L) while being protective at higher doses. Heat shock pretreatment not only
induces Hsp70 synthesis but all the other Hsps and can also affect cell apoptosis and damage.
This may result in differences in the combined effects of temperature and different
concentrations of B[a]P on DNA damage.

The association between Hsp70 levels and DNA damage was also analyzed in preheated
and in non-preheated cells in order to examine the potential role of Hsp70 in B[a]P-induced
DNA damage. There were negative correlations between the level of Hsp70 expression and
DNA damage under both types of treatments. However, our results also suggested that the
same amount of Hsp70 in non-preheated cells contributed more protection against DNA
damage than it did after a preheat treatment, although higher levels of Hsp70 induced by
heat could protect DNA from damage of B[a]P. Vayssier et al. reported that tobacco smoke-
or heat shock-induced Hsp70 had no protective effects either on apoptosis or necrosis, but
that Hsp70 over-expression prevented tobacco smoke-induced necrosis and consequently led
to increased apoptosist®®.

Expression of Hsps is a conserved, adaptive response to numerous stresses and Hsps, in
particular inducible Hsp70, acting as molecular chaperones and contributing to the folding
of polypeptides and to protein transport and degradation. However, contradictory data about
Hsp functions are emerging. An interesting alternative model in which Hsps act as a danger
signal in stressed cells modulating the immune response has been recently presented by
Moseley™. It will be very important to further investigate the detailed mechanisms
responsible for the reduction of Hsp70 levels by B[a]P and the role of Hsp70 in DNA
damage and carcinogenesis in cells exposed to different concentrations of B[a]P.
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