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Abstract Heat shock proteins (Hsps) have been reported to protect cells, tissues, and organisms against damage from
a wide variety of stressful stimuli. Whether they protect against deoxyribonucleic acid (DNA) damage in individuals
exposed to environmental stresses and chemical carcinogens is unknown. In the study, we investigated the association
between Hsp70 levels (the most abundant mammalian Hsp) and genotoxic damage in lymphocytes of workers exposed
to coke-oven emission using Western dot blot and 2 DNA damage assays, the comet assay and the micronucleus
test. The data show that there is a significant increase in Hsp70 levels, DNA damage score, and micronucleus rates
in lymphocytes of workers exposed to coke-oven emission as compared with the control subjects. Furthermore, there
was a significant negative correlation of Hsp70 levels with DNA damage scores in the comet assay (r = —0.663, P <
0.01) and with micronucleus rates (r = —0.461, P < 0.01) in the exposed group. In the control group, there was also
a light negative correlation between Hsp70 with DNA damage and micronuclei rate (r = —0.236 and r = 0.242,
respectively), but it did not reach a statistically significant level (P > 0.05). Our results show that individuals who had
high Hsp70 levels generally showed lower genotoxic damage than others. These results suggest a role of Hsp70 in
the protection of DNA from genotoxic damage induced by coke-oven emission.

INTRODUCTION ferentiation, hormonal stimulation, or tissue development
can also induce a complete or partial stress response. The
best-known Hsp is the inducible member of the Hsp/
Hsc70 family, with an apparent molecular mass of 71 kDa
and 72 kDa in rat and human, respectively, and is re-
ferred to in this study as Hsp70. Many Hsps function as
intracellular chaperones of naive, aberrantly folded, or
mutated proteins. In addition, Hsps have also been
shown to be involved in cytoprotection against many of
the stress stimuli described above (Hightower 1991; Mor-
imoto et al 1994; Muchowski et al 2000). These protective
functions seem to be related to the development of tol-
erance to heat or toxins (or both), but the underlying mo-
lecular mechanisms responsible for the protection and the

Heat shock proteins (Hsps) are highly conserved proteins
found in all prokaryotes and eukaryotes. Under physio-
logical conditions, Hsps are expressed at low levels, but
a wide variety of stressful stimuli can induce a substan-
tial increase in intracellular levels of Hsps. This cellular
response is referred to as the stress response (reviewed
in Lindquist and Craig 1988; Morimoto et al 1994). These
stimuli include many environmental stresses that are
common in the workplace or living environment, such as
exposure to extreme heat, ultraviolet radiation, heavy
metals, and carbon monoxide (CO). Pathological stimuli
such as viral, bacterial, and parasitic infections, fever, in-
flammation, malignancy and autoimmunity, and physio-

logical stimuli encountered during cell growth, cell dif-
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possible biomedical significance in humans are still un-
known.

Workers of coal gas production plants are exposed to
many different harmful factors such as extreme heat, high
CO, and coke-oven emission, the latter being most harm-
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Table 1 General condition of workers in the 2 groups (x = SD)

Length of Index of
Groups n Age (range of age) employment (range) smoking?
Control 40 34.2 + 5.8 (28-40) 13.1 = 2.7 (10-15) 23.4 = 12.7
Exposed 43 34.8 = 5.9 (28-40) 13.3 = 2.8 (10-15) 24.0 = 13.1

2 Index of smoking = cigarettes per day/10 X years of smoking.

ful. These emissions, in addition to heavy dust, contain
many toxic chemicals like benzene, methylbenzene, and
polycyclic aryl hydrocarbons (PAHs, formed during com-
bustion of fossil fuels and typified by the ubiquitous pol-
lutant benzo[a]pyrene [BaP]). PAHSs are potent procarcin-
ogens and mutagens that can induce transformation of
normal cells and can cause malignancies in experimental
animals (reviewed in Heidelberger 1975). Epidemiological
data have also shown an association between BaP expo-
sure (including exposure to coke-oven emission) and in-
creased incidence of certain cancers such as lung, skin,
and colon cancer in humans (International Agency for
Research on Cancer 1984; Mastrangelo et al 1996). Wheth-
er Hsp70 is associated with genotoxic damage in workers
exposed to environmental toxins is presently unknown.
In this study, we investigated if there was any relation
between Hsp70 levels and genotoxic damages in lympho-
cytes of workers exposed to coke-oven emission by using
Western dot blot, comet assay, and micronucleus test.

MATERIALS AND METHODS
Subjects and environmental conditions

Eighty-three male workers were divided into control and
exposed groups on the basis of the environmental mon-
itoring of their workplaces and some general criteria such
as age and employment period. None of the workers had
obvious diseases as assessed by physical examination and
answers to a questionnaire. The exposed group com-
prised 43 individuals working on top of coke ovens at a
coal gas production unit; they were exposed to heat, CO,
and coke-oven emission on a regular basis. The control
group consisted of 40 office workers at the mechanical
plant of the same factory who were not exposed on a
regular basis to the stressful environmental factors de-
scribed above. The 2 groups were matched in age and
employment period and were similar in their use of to-
bacco (Table 1). Temperatures were determined with dry-
and wet-ventilated and globe bulb thermometers. The
concentrations of CO, benzene, and methylbenzene were
measured using a gas chromatograph (Shanghai Analyt-
ical Instrument General Factory, Model 106, Shanghai,
People’s Republic of China). The concentration of dust in
the air was determined by collecting dust onto a filter
with an air-sampling pump and by weighing the dust
accumulated on the filter. The concentrations of CO, ben-

zene-soluble matter (BSM), which represents coal tar
pitch volatiles at coke ovens (Jongeneelen 1992), and BaP
were determined by high-pressure liquid chromatogra-
phy. Temperature, sampling of dust, and measurements
for CO, benzene, methylbenzene, BSM, and BaP were per-
formed 9 times, ie, at 10 AM, 3 PM, and 5 PM for 3 con-
secutive days. Blood samples were collected at the end of
these days. The study was approved by the Tongji Med-
ical College Ethics Committee, by Wuhan Steel & Iron
Limited, and by workers group committees.

Determination of Hsp70 in lymphocytes of workers

Approximately 5 mL venous blood was collected into a
heparinized tube and used to isolate lymphocytes using
a standard separation medium (Biochemical Reagent Co,
Shanghai, People’s Republic of China). The cell viability
was >95%, and cell numbers were within normal range
for all groups. The collected lymphocytes were washed
twice with phosphate-buffered saline (PBS) and counted.
The concentration of lymphocytes was adjusted to 5000/
wL with PBS. Two hundred microliters of PBS buffer con-
taining lymphocytes was centrifuged and the entire buff-
er removed as soon as possible. Two hundred microliters
of cold lysis buffer containing 0.05 M Tris-Cl, 0.15 M
NaCl, 0.02% NaN3, 100 wg/mL phenylmethylsulfonyl
fluoride, and 1% NP40 was then added to each sample
and mixed well. Twenty microliters of the lysate (about
10> lymphocytes) was loaded onto nitrocellulose mem-
branes by pipetting on a small piece of precut membrane
using a vacuum system. The load was monitored by
staining with Ponceau S (Sigma, St. Louis, MO, USA ).
Nitrocellulose membranes were then saturated with
blocking buffer (PBS containing 5% skim milk powder)
for 1 hour at 37°C with gentle agitation and washed with
PBS-0.05% Tween 80 for 5 minutes. A rabbit anti-human
Hsp70 antibody specific for the inducible Hsp71 (#799 in
Tanguay et al 1993) was added at a dilution of 1:1000 in
PBS containing 5% skim milk powder, and the nitrocel-
lulose membranes were incubated at 37°C for 1 hour with
gentle agitation. After washing the membranes 6 times
(10 minutes each time) with 200 p.L. PBS-0.05% Tween 80,
horseradish peroxidase-labeled goat anti-rabbit IgG in
blocking buffer (1:1000) was added and membranes in-
cubated at 37°C for another hour. Membranes were
washed 4 times with 200 wL. PBS-0.05% Tween 80. The

Cell Stress & Chaperones (2002) 7 (4), 396-402



398 Xiao et al

Table 2 Environmental conditions for the 2 groups of workers (x = SD)

Dust (mg/m?) Methyl- Carbon
(10 pg—0.5 BSM mg/m? Benzene benzene monoxide
mg for 40 mm (10 pg-0.5 BaP pg/m? pg/ms pg/ms mg/m? Dry bulb Globe bulb
Groups filter)a mg)a° (0.1-20 ng)® (0.05-20 ng)*> (0.05-20 ng)*> (1.25-50 ng)® temperature temperature
Control 0.3 £0.2 ND 0.05 = 0.03 ND ND ND 31.0 £ 6.8 31.2 £ 6.9
Exposed 4.8 = 2.7* 4.47 = 3.65* 3.96 + 283 27.2 *13.6 10.3 = 5.7* 216 £ 15.3* 403 *7.9 433 * 187

2 Detection limit.

® Abbreviations: BSM, benzene-soluble matters; BaP, benzo[a] pyrene; ND, not detectable.

* P < 0.01, compared with control.

Table 3 Hsp70 level, DNA damage, and micronuclei rate in the 2
groups (x = SD)2

Hsp70
(integrated
optical Micronuclei DNA damage
Groups n density) (per 10¢ cell) (per 10¢ cell)
Control 40 1712 = 442 2362 = 1241 28936 = 20874

Exposed 43 1960 = 536* 5162 *= 2205* 67 000 *= 64 934*

a2 DNA, deoxyribonucleic acid; n, number of workers in each group.
* P < 0.05, compared with control.

presence of Hsp70 on nitrocellulose membranes was re-
vealed using DAB (3,3-diaminobenzidine tetrahydroch-
loride) buffer for 3-5 minutes, as described previously
(Wu et al 2001). The levels of Hsp70 were quantified us-
ing an imaging densitometer (Shimadzu model CS930,
Shimadzu, Japan) at 460 nm, and the value presented is
the integrated optical density.

Detection of genotoxic damage in lymphocytes of
workers

Genotoxic damage of lymphocytes in workers was as-
sessed by both the alkaline single-cell gel test (comet as-
say) and a micronuclei test because these can measure
with different sensitivities the genotoxicity induced by
different deoxyribonucleic acid (DNA)-damaging com-
pounds. DNA damage to lymphocytes was assayed by
the alkaline single-cell gel technique (Singh et al 1989;
Mckelvey-Martin et al 1993). Images of 25 randomly se-
lected lymphocytes were analyzed for each sample. In
this test, the damage to cells was graded visually into 4
categories, corresponding to the distance of DNA in the
tail: no damage, <5 pm (value of 0 given for evaluation
of DNA damage); low-level damage, 525 wm (value of
1); medium-level damage, 25-45 pum (value of 2); and
high-level damage, >45 pm (value of 4) (Wu et al 1998).
The determination of micronuclei in lymphocytes was
performed as described by Fenech and Morley (1985).
Two thousand cells per sample were counted and scored
according to the criteria of Fenech (1996) by a well-trained
research assistant under double blindness throughout the
study. The data are reported as the occurrence rate of
micronucleated cells per 10¢ cells.
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Statistical analyses

The analyses were carried out using Statistical Package
for Social Sciences (SPSS) in univariate and multivariate
logistic regression models or by the Chi-square test and
Student’s t-test. Statistical inferences are based on the dif-
ferent levels of significance (P < 0.05 or P < 0.01).

RESULTS
Environmental conditions of workplaces

The environmental conditions of the workplace for each
group of workers are summarized in Table 2. As can be
seen, the concentrations of dust, BSM, BaP, benzene,
methylbenzene, and CO and the working temperatures at
the workplace of the exposed group are significantly
higher than those at the workplace of the control group
(P < 0.01). This table also shows that the workers of the
exposed group are experiencing a rather complex mixture
of chemical and environmental stresses.

Hsp70, DNA damage, and micronuclei frequency in
lymphocytes of workers

The levels of inducible Hsp70 in lymphocytes of workers
were next determined by a Western dot blot assay using
an antibody specific to this Hsp. We first examined
whether the exposure to the complex environmental
stresses induced the synthesis of Hsp70 in workers. The
results show that such exposure does induce a low but
significant increase of Hsp70 in lymphocytes of exposed
workers as compared with workers of the control group
(Table 3, P < 0.05). This table also shows that exposure
to these complex stresses resulted in a 2-fold increase in
DNA damages in the exposed workers when compared
with the controls (P < 0.05), as measured by both the
comet assay and the micronuclei test.

Association of Hsp70 with DNA damage and
micronuclei frequency in lymphocytes

We next examined if there was any association between
Hsp?70 levels, DNA damage, and micronuclei rate in lym-
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Fig. 1. Correlation between Hsp70 level and deoxyribonucleic acid

damage assessed with the comet assay in lymphocytes of workers
exposed to coke-oven emission (r = —0664, P = 0.00000306).
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Fig. 2. Correlation between Hsp70 level and micronuclei rates in
lymphocytes of workers exposed to coke-oven emission (r =
—0.461, P = 0.003).

phocytes of exposed workers to further evaluate a pos-
sible role and a potent biomedical significance of Hsp70
levels in genotoxicity. The correlation between Hsp70 and
DNA damage measured by the comet assay in lympho-
cytes of workers exposed to coke-oven emission is plotted
in Figure 1. As can be seen, there is a significant negative
correlation between Hsp70 level and DNA damage in ex-
posed workers (r = —0.663, P < 0.01). A similar signifi-
cant negative correlation between Hsp70 levels and mi-
cronuclei rate in exposed workers (r = —0.461, P < 0.01)
was observed, as shown in Figure 2. In the control group,
Hsp?70 levels were not significantly correlated with DNA
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Fig. 3. Correlation between Hsp70 level and deoxyribonucleic acid
damage assessed with the comet assay in lymphocytes of workers
in control group (r = —0.236, P = 0.111).
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Fig. 4. Correlation between Hsp70 level and micronuclei rates in
lymphocytes of workers in control group (r = —0.242, P = 0.101).

damage and micronuclei rate (r = —0.236; r = 0.242, P
> 0.05; respectively) (Figs 3 and 4). Interestingly, al-
though most individuals with low Hsp70 tended to have
more DNA damage, some with high Hsp70 also had high
DNA damage as can be seen particularly in the micro-
nuclei test (see Fig 2).

DISCUSSION

Hsps are generally induced in all organisms as a re-
sponse to elevated temperature and to other forms of
stress such as exposure to harmful chemicals. Many of
these (heavy metals, CO, photochemical air pollutants,

Cell Stress & Chaperones (2002) 7 (4), 396-402
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and urban acid air pollutants such as ozone and nitric
acid) are common to both our working and living envi-
ronments (Wu et al 1996). The main functions of Hsps
include an intracellular chaperone role in protein folding
and transport through membranes and in cytoprotection
against various stresses (Hightower 1991; Muchowski et
al 2000). This was first documented by the demonstra-
tions of the role of various Hsps in the acquisition of tran-
sitory thermotolerance in cultured cells (Landry et al
1989; Angelidis et al 1991; Li et al 1991; Rollet et al 1992;
Parsell and Lindquist 1994) and in transient protection
from ischemic injury in whole organs such as the heart,
brain, and kidney (Currie et al 1993; Marber et al 1995;
Plumier et al 1995, 1997). In humans, many observations
have shown links between an aberrant expression of
Hsps and disease states (reviewed in Welch 1992; Mino-
wada and Welch 1995). However, very little is known
about the expression of Hsp70, its relation with genotox-
icity caused by environmental stresses, and its possible
biomedical significance in pathogenesis processes in hu-
mans.

Results from the present study show that exposure to
coke-oven emission in workers can induce a significant
increase in the levels of Hsp70, DNA damage, and mi-
cronucleus rates when compared with a control nonex-
posed group of workers (Table 3). Previous investigations
have shown that many of the complex environmental fac-
tors of workplaces can induce the synthesis of Hsp70 and
regulate the heat shock response (Wu et al 1996; Barto-
siewicz et al 2001). Furthermore, it has been shown that
exposure to environmental factors such as BaP, benzene,
and their metabolites can result in genotoxicity (Smith et
al 1989; Beland et al 1994; Drouin et al 1995; Speit et al
1996; Hanelt et al 1997; Wu et al 1998; Vayssier-Taussat
et al 2001).

The present data also show a significant negative cor-
relation of Hsp70 levels with DNA damage and with mi-
cronucleus rates in the exposed group. A similar relation
was observed in controls but did not reach statistical sig-
nificance. There are only few studies on a possible rela-
tion between Hsp70 levels and DNA damage. In a study
on the effects of the heavy metal cadmium on a marine
sponge, Schroder et al (1999) reported that the increase
in the constitutive form (but not the inducible form) of
Hsp70 paralleled the increase in DNA damage at high
cadmium dose. At low dose, the increase in DNA damage
preceded the increase in Hsp70, suggesting that DNA
damage was responsible for Hsp induction. In the case
of fumonisin B1, a group 2 carcinogen metabolite of the
fungi Fusarium that interferes with ceramide synthesis,
Hsp70 of treated astrocytes was more elevated at lower
dose, which induced lower DNA damage as measured by
the comet assay. The highest level of Hsp70 occurred ear-
lier than that of DNA damage, suggesting that Hsp in-
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duction was an early response to cell stress and was not
strictly related to DNA damage (Galvano et al 2002). Fi-
nally, after treatment of cells with the anticancer drug
doxorubicin, cells overexpressing Hsp70 were found to
reenter the cell cycle and proliferate better than the con-
trol cells not expressing Hsp70. However, the DNA dam-
ages were comparable in both cell lines (Karlseder et al
1996). Thus, the relation between Hsp70 and DNA dam-
age remains controversial. It must also be pointed out
that the 3 compounds used in these reports use different
pathways to induce a stress response.

Is the negative relation between Hsp70 levels and DNA
damage observed here in lymphocytes of workers phys-
iologically significant? The environmental toxic factors
present in coke-oven emission could induce the synthesis
of Hsp70 or increase DNA damages (or both). The work-
ers from the top of coke ovens clearly show an increase
in both. Because Hsp70 is a chaperone and can confer
cytoprotection, its induction could protect cells from
damages such as those measured in this study. Thus, in-
dividuals with a higher amount of Hsp70 would suffer
less damage than the others, and this was the trend gen-
erally observed in the present study. This is consistent
with numerous observations reporting that Hsp70 can
confer transient protection against the adverse effects of
subsequent heat and chemical or abnormal stresses, as
discussed above. Alternatively, Hsp70 might act as a dan-
ger signal in stressed cells (Moseley 2000; Vayssier-Taus-
sat et al 2001). In this scenario, DNA damage would trig-
ger an increased need of Hsp70 to counter the deleterious
effects of the coke-oven emissions. Although it is not pos-
sible in a study such as the present one to assess which
event occurred first, we note that workers exposed to the
toxic coke-oven emissions, who had higher levels of
Hsp70, had less DNA damage.

Finally, a close examination of individual results shows
that some workers with high Hsp70 levels still showed
high DNA damage (see Figs 1 and 2). Variations in hsp
gene expression and Hsp polymorphism may contribute
to differential disease susceptibility and stress tolerance
(Favatier et al 1997). This could explain individual differ-
ences in sensitivity and tolerance to environmental stress-
ors.
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