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Abstract
Objectives: To investigate 4 loci of 3 HSP70 genes in caustic soda production plant former workers, who have been exposed 
to metallic mercury vapors for a long time, and including numerous cases of chronic mercury intoxication (CMI). Material 
and Methods: Polymorphisms in  HSP70  gene family members (HSP1A1  (+190G/C,  rs1043618),  HSPA1B  (+1267A/G 
and +2074G/C, rs1061581) and HSP1AL (+2437T/C, rs2227956)) genes were studied among 120 male workers involved in 
caustic soda production by mercury electrolysis at 2 plants in Eastern Siberia. These subjects had been chronically exposed 
to metallic mercury vapors for > 5 years and divided into 3 groups based on the occurrence and time of the CMI diagnosis, 
or absence of this disease. The Group 1 consisted of individuals (N = 46), who had had contact with mercury but were not 
diagnosed with the CMI. The Group 2 included workers (N = 56), who were diagnosed with the CMI longer than 14 years 
ago. The Group 3 consisted of the subjects (N = 18), who had been diagnosed with the CMI 3–5 years ago. The logistic 
regression analysis was used for 3 genetic models with and without adjustment for age and duration of mercury vapor expo-
sure. Results: We found that genotypes СС-HSPA1A (+190G/C) and GG-HSPA1B (+1267A/G) had a high predictive risk 
of the CMI development (adjusted odds ratio (ORadj) = 5.58, p = 0.026 and ORadj = 14.7, p = 0.0015, respectively). Twelve 
individuals with the CMI had a specific combination of СС-HSPA1A (+190G/C) and GG-HSPA1B (+1267A/G) genotypes, 
which strongly associated with the diagnosis (ORadj = 12.3, p = 0.0285). Moreover, significant association with the CMI was 
also obtained for the haplotype G-C of 1267A/G and 190G/C polymorphisms (OR = 2.1, p = 0.018). Conclusions: The as-
sociation of СС-HSPA1A (+190G/C) and GG-HSPA1B (+1267A/G) genotypes and their combination for the CMI indi-
viduals suggests the role for HSPA1 genes in mercury-dependent mechanisms of the CMI development and progression. 
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INTRODUCTION
The exposure to toxic levels of metallic mercury va-
por (Hg0) for humans is accompanied by undesirable ef-
fects on many systems and organs, including the  central 
nervous system. The primary route of Hg0 exposure is by 
inhalation from occupational sources. Absorbed through 

the  lungs, lipophilic Hg0 dissolves in blood, easily passes 
the blood-brain barrier and reacts with organic compounds 
leading to its accumulation in the brain [1]. Metallic mer-
cury vapor intoxication is accompanied by a wide range of 
cognitive, personality, sensory and motor disorders [1–5].
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genotypes TC and TT at HSPA1L gene locus 2437T/C [14]. 
These findings suggested that this particular polymorphism 
may affect the  chaperoning function of  HSP70, whereas 
the CC genotype was unfavorable for human longevity.
In another study, the A  allele of  HSPA1B  (1267A/G) 
was not associated with an  increase in messenger ribo-
nucleic acid  (mRNA)  levels  [15]. It was assumed that 
this allele is linked to the C dominant allele of HSPA1B 
(–179C/T) and the  CC  genotype, which were associated 
with lower HSPA1A and HSPA1B mRNA levels and af-
fected  HSP70  production. Furthermore,  HSP70  amount 
in human serum decreased with age in the normal popula-
tion and inflammatory pathologies in elderly individuals 
were associated with elevated HSP70 levels [16].
However, it is currently unknown whether there is an associ-
ation of polymorphisms in HSPs genes with the mechanisms 
which are important for the development and progression 
of  the CMI. Such information would provide valuable in-
sight into the pathogenesis of this disease and also help to 
develop the criteria for assessing individual’s susceptibility 
and its risk to developing the CMI. The present study was 
designed to investigate the relationship between polymor-
phic variants of HSP70 genes and the CMI in caustic soda 
production plant former workers, who were chronically ex-
posed to Hg0 and frequently developed the CMI.

MATERIAL AND METHODS
Subjects
The current study examined 120 male workers who had been 
involved in the production of caustic soda by mercury elec-
trolysis and therefore were chronically exposed to metallic 
mercury vapors for > 5 years. These subjects were subdivid-
ed into 3 groups, which were formed based on the results of 
regular medical examinations. The Group 1 included 46 in-
dividuals (average age  49.9±5.3  years old and average 
duration of mercury vapor exposure 21.4±6.5 years) who 
had not been diagnosed with the  CMI. The  Group  2  in-
cluded 56 individuals (53.3±6 years old and 15.5±5.8 years) 

The pathophysiological mechanisms of the  development 
and progression of the  severe organic brain damage for 
individuals with long term chronic mercury intoxica-
tion  (CMI) remain to be poorly investigated  [6]. Nucle-
ar magnetic resonance  (NMR)  imaging has revealed 
that CMI individuals have lesions consistent with subatro-
phy of the cerebellum. This morphological change is con-
sidered as an indication of neurodegenerative processes.
Stress proteins, particularly the heat shock proteins (HSPs), 
have a  major cytoprotective role in neurodevelopmental 
diseases and therefore their aberrant function may me-
diate the  adverse effects of  CMI  [7,8]. Heat shock pro-
tein  70  (HSP70  (HSPA)) cooperates with several other 
chaperone proteins during folding of damaged or newly syn-
thesized proteins and provides conformational regulation 
upon signaling proteins, thus playing a role as a key com-
ponent during maintenance of cellular homeostasis [9,10].
Upon absorption into the body, mercury causes an increase 
in the  synthesis and cellular concentration of  HSP70 in 
blood and target organs [11] and the presence of mercury 
in the  brain is accompanied by the  accumulation of ab-
errant and misfolded proteins  [12]. Exposed to metallic 
mercury vapors individuals frequently develop neurode-
generative diseases and there is limited data examining 
the pathogenesis of this process. For example, a rare case 
of Parkinson’s syndrome development for a  50-year-old 
patient who had been occupationally exposed to metal-
lic mercury vapors for 33 years in chlorine chemical pro-
duction plant was reported by Miller et al. [13]. Exposure 
to Hg0 by this individual was confirmed by the detection 
of 18.3 μg/g creatinine of mercury in urine.
Based on these reports, we hypothesized that the  poly-
morphisms in  HSP70  genes could differentially affect 
sensitivity to mercury in a  similar to other stressors fash-
ion. Several studies support this hypothesis. For example, 
significant decrease in heat shock-dependent induction 
of  HSP70 was reported in mononuclear cells of young 
carriers of the HSPA1L-CC genotype in comparison with 
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the  maximum concentration  (0.16–0.77  mg/m3) was ob-
served after the start of the dismantling of industrial ma-
chinery and equipment for mercury electrolysis in 2000–
2003, whilst average concentrations remained unchanged. 
In 2005–2006, shortly before Sayansk plant was converted 
to the  new diaphragm technology, urinary mercury lev-
els (μg/l) in workers from groups 1–3 were (n/mean (min.–
max)):  49/6.22  μg/l  (0–55  μg/l),  35/0.21  μg/l  (0–2  μg/l), 
and 9/18.22 μg/l (4–38 μg/l), respectively.

Results of clinical examinations
The long-term monitoring (from the 1970’s) of the work-
ers from both plants and clinical examination of the  re-
cruited subjects (in 2005–2011) was performed by certified 
clinical specialists in the fields of neurology and occupa-
tional diseases from the Clinic of the East Siberian Scien-
tific Center of Human Ecology in Angarsk, Russia.
Nervous system damage in individuals with the diagnosed 
occupational  CMI was characterized by the  severity of 
the clinical manifestations of intoxication and its progres-
sion, and by the formation of organic lesions in the ner-
vous system. In the early stages of observation, the clinical 
pathology of the nervous system appeared as an asthenic 
(emotionally labile) disorder, accompanied by the  auto-
nomic dysfunction, cardiovascular disorders and cephalal-
gia (chronic tension-type headache) [6].
Overall, the  content of mercury in blood and urine was 
often higher than background regional levels, reach-
ing 20 μg/l and 5 μg/l, respectively. The asthenic syndrome 
was presented with common complaints and often accom-
panied by emotional violations such as mild depression and 
hypochondriasis. Individuals from groups 2 and 3 were di-
agnosed with the occupational CMI resulting from long-
term chronic mercury exposure. At this stage of disease 
development,  100%  of  individuals with the  CMI were 
diagnosed with toxic encephalopathy, which included 
the following clinical syndromes: organic personality disor-
ders (80%), organic emotionally labile disorder (16.4%), 

who were diagnosed with the CMI more than 14 years ago. 
The Group 3  included 18  individuals  (47.8±7.8 years old 
and  19.3±7.5  years) who were diagnosed with the  CMI 
within the last 3–5 years.
All workers were from  2  plants located in Sayansk and 
Usolye-Sibirskoye cities of Irkutsk region (Eastern Si-
beria, Russia). The  first plant (groups  1 and  3) utilized 
mercury electrolysis technology from 1979 to 2006, while 
the second plant (group 2) applied it from 1943 to 1998. 
Mercury electrolysis technologies were ended after these 
times and both companies now use diaphragm technology 
for caustic soda production eliminating mercury exposure.
Venous blood samples were collected in the Clinical Depart-
ment of the East Siberian Scientific Center of Human Ecol-
ogy in Angarsk, Russia during the period of 2005–2011. In-
formed consent was provided by all participants. The study 
protocol was approved by the Biomedical Ethics Committee 
of the East-Siberian Scientific Center of Siberian Branch of 
the Russian Academy of Medical Sciences in Irkutsk, Rus-
sia. All samples were stored at –70°C before the analysis.

Exposure
Air pollution by mercury vapors in the working area in Say-
ansk plant and mercury presence in blood samples of plant 
workers were measured from 1987 to 2005 [17]. The high-
est annual average concentrations of metallic mercury va-
pors (0.08–0.2 mg/m3) were found at the mercury electroly-
sis plant during 1987–1992. In subsequent years, the annual 
average concentrations decreased to 0.015–0.037 mg/m3 and 
remained within that range until the introduction of the new 
technology. At the  time of examination, workers from 
the mercury sludge regeneration department had the high-
est average mercury blood concentration (74.93±8.97 μg/l) 
and their urine mercury levels ranged 6–78 μg/l.
The annual average concentration of mercury vapor 
in Usolye-Sibirskoye plant during  1990–1998 varied 
from  0.013  mg/m3 to  0.071  mg/m3, with the  maximum 
concentrations  0.072–0.17  mg/m3  [18]. Sharp increase in 
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fer (Sigma-Aldrich, USA), 1.5–2.5 mM magnesium chlo-
ride (MgCl2) (Sigma-Aldrich, USA), 0.2 mM each deoxy-
nucleotide (dNTP), and 1 U Taq-polymerase. The electro-
phoresis for HSPA1B and HSPA1L genes was performed 
in 1.5% agarose gel and for HSPA1A gene – in 7.5% poly-
acrylamide gel, followed by ethidium bromide staining and 
transmitted UV light analysis.

Statistical analysis
The statistical data analysis was performed using Statistica 
software package version  6.1 (StatSoft  Inc.,  USA). Be-
cause the groups 2 and 3 of individuals with the CMI di-
agnosis included a  small number of subjects, they were 
combined for analysis. Two versions of the logistic regres-
sion analysis were used for each genetic model (domi-
nant, recessive and additive), with and without adjust-
ment for age and duration of mercury vapor exposure as 
conventional risk factors. The  Akaike information crite-
ria (AIC) were used for choosing the model that best fits 
the data. This analysis and tests for association between 
haplotypes and the  CMI  development was done using 
open-source SNPStats software [23]. The results were ex-
pressed as odds ratio (OR), 95% confidence interval (CI) 
and p-value. The  confidence level of p  <  0.05 was used 
as the  criteria for statistical significance. The  Chi2 test 
was used to check for deviation from Hardy-Weinberg 
equilibrium [24].

RESULTS
The genotype frequency distribution for all studied poly-
morphisms in groups corresponded with Hardy-Weinberg 
equilibrium. The results of 2 type logistic regression analy-
sis for each genetic model (with and without adjustment for 
age and duration of mercury vapor exposure as indepen-
dent variables) are summarized in the Table 1. The data 
of genotypes distribution was used from 2 groups – with 
and without the  CMI  diagnosis (the combined group 
(groups 2 and 3) and group 1, respectively).

overlay or progression of the  severity of cognitive disor-
der (92.7%), shaking hyperkinesis (manifested in the early 
stages only as hand tremors mediated outside the central 
nervous system that subsequently spread to the  legs and 
head (23.6%)) and others [19].
The current study was conducted in  2  stages. Af-
ter 2–3 years (the second stage of examination), samples 
from individuals not involved in the earlier study were com-
bined with the samples collected during the first stage [20]. 
During the time between examinations, some individuals 
from group 1 were diagnosed with the CMI and the stage 
of disease for some individuals in groups 2 and 3 changed 
(stage  2  of  14.3%  of the  CMI  individuals changed to 
stage 3) [19]. These changes were taken into account when 
analyzing the data.

Analysis of HSP70 gene polymorphisms
The best studied gene polymorphisms of HSP70 (HSPA1) 
family – HSPA1B (+2074G/C and +1267A/G, rs1061581), 
HSPA1A (+190G/C, rs1043618) and HSPA1L (+2437T/C, 
rs2227956) – were selected for analysis. The HSPA1A and 
HSPA1B are the  most stress-inducible proteins, where-
as HSPA1L is constitutively synthesized [21,22].
Venous blood samples were collected from individuals 
by standard procedures into  4  ml vacutainer tubes with 
tri-potassium salt of ethylenediaminetetraacetic acid 
(K3-EDTA). Deoxyribonucleic acid (DNA) was extracted 
using the “DNA-sorb-B” kit (AmpliSens, Russia).
For polymorphic analysis, polymerase chain reac-
tion (PCR) was carried out in a Tertsik amplifier (DNA-
Technology, Russia) and restriction fragment length 
polymorphisms were analyzed. Primers,  PCR  condi-
tions, and restriction endonucleases used for genotyping 
were according to a paper of Li et al.  [10]. The primers 
synthesized by Medigen Company (Russia) and restric-
tion endonucleases from Fermentas/Thermo Scientific 
(Lithuania) were used for genotyping. Amplification mix
ture (25 μl) contained 10 pM each primer, 2.5 μl 10× buf

http://en.wikipedia.org/wiki/lithuania
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duration of mercury vapor exposure fit better (based 
on OR level) compared to the models based only on geno-
types of polymorphic variants of genes.
The analysis of differences in the  distribution of geno-
types amongst the  individuals revealed that the  СС-
HSPA1A  (+190G/C) genotype was frequently accom-
panied by the  GG-HSPA1B  (+1267A/G) genotype, 
except for  1  case in the  group  1. This was detected 
for 12 people from 74 individuals (16.2%) diagnosed with 
the CMI (groups 2 and 3). Moreover, 12 carriers of this 
specific genotype combination from 13 cases (92.3%) had 
the CMI. Logistic regression showed that this genotype 
combination was significantly associated with the CMI de-
velopment. After adjusting for age and time of exposure, 
we found the increase in OR for carriers of GG-HSPA1B 
(+1267A/G) and СС-HSPA1A (+190G/C) genotype com-
binations from 8.71 (p = 0.0401) to 12.3 (p = 0.0285).
Haplotype analysis was also performed for  4  possible al-
lele combinations for the  loci  HSPA1B  (+1267A/G) 
and HSPA1A (+190G/C) (Table 2). Only haplotype G-C had 
a significant 2.1-fold increased odds ratio for the CMI de-
velopment (OR = 2.1, 95% CI: 1.14–3.87, p = 0.018).

DISCUSSION
Chronic exposure to toxic levels of Hg0 has dramatic effects 
on human body, especially the  central nervous system. 
Polymorphisms in HSP70 genes could differentially affect 
sensitivity to mercury, but it is unknown whether there 
is an association of polymorphisms in  HSPs  genes with 

Significant genetic associations were found for the  loci 
HSPA1B (+1267A/G) and HSPA1A (+190G/C). A high-
er frequency of genotype  GG-HSPA1B  (+1267A/G) 
was detected in the  combined group of individuals with 
the CMI diagnosis (groups 2 and 3). The +1267G allele 
was highly associated with CMI development under both 
recessive and additive genetic models (adjusted odds ratio 
(ORadj) = 14.7, p = 0.0015 and OR = 12.41, p = 0.0009, 
ORadj  =  2.43,  p  =  0.0067 and  OR  =  2.25,  p  =  0.0049, 
respectively).
In the HSPA1A  (+190G/C)  locus, the +190C allele was 
associated with the  CMI  development under the  adjust-
ed version of recessive model and in both additive mod-
els (ORadj  =  5.58,  p  =  0.026, ORadj  =  2.36,  p  =  0.011 
and OR = 2, p = 0.019, respectively). There were no signif-
icant associations found for the loci HSPA1B (+2074G/C) 
and HSPA1L  (+2437T/C). The models with less Akaike 
information value that best fits the data were recessive for 
the +1267G allele (AICadj = 134.5, AIC = 152.7) and the ad-
ditive for the +190C allele (AICadj = 138.1, AIC = 158.2).
In the  case of  HSPA1B  (+1267A/G) locus for recessive 
model after adjustment for age and mercury time exposure 
increase of odds ratio from OR = 12.41 (p = 0.0009) to 
ORadj = 14.7 (p = 0.0015) was noticed. For additive mod-
els of loci HSPA1B (+1267A/G) and HSPA1A (+190G/C) 
the  change was non-significant (slight increase)  – 
from OR = 2.25 (p = 0.0049) to ORadj = 2.43 (p = 0.0067) 
and  OR  =  2  (p  =  0.019) to  ORadj  =  2.36  (p  =  0.011), 
respectively. Significant models adjusted for age and 

Table 2. Haplotype frequencies of the 2 studied polymorphisms among caustic soda production plant former workers (N = 120)*

Haplotype HSPA1B (+1267A/G) allele HSPA1A (+190G/C) allele Frequency OR (95% CI) p
1 A G 0.6163 1.00 –
2 G C 0.3371 2.10 (1.14–3.87) 0.018
3 G G 0.0337 5.61 (0.65–48.35) 0.120
4 A C 0.0129 1.76 (0.15–20.90) 0.650

* All indexes were calculated using SNPStat software.
OR – odds ratio; CI – confidence interval.
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Of particular interest is the 1.4-fold increase of OR val-
ue after adjusting for age and years of mercury exposure 
for carriers of named genotype combinations. This find-
ing indicates the importance of including these 2 factors, 
which modify association levels of genotype combinations 
with the  CMI  development and increase model signifi-
cance, into the analysis. The haplotype examination con-
firmed the presence of synergistic effect between the loci 
HSPA1B (+1267A/G) and HSPA1A (+190G/C). This in-
cluded the detection of a significant association for hap-
lotype G-C (both rare alleles) with the CMI development 
(OR = 2.1, p = 0.018). These findings indirectly prove ge-
netic interaction and complements genetic model results.
Despite the  significance of our findings for the  field of 
occupational diseases, the  present study has a  number 
of limitations which should be taken into account. First 
of all, it included a relatively small number of subjects. 
Nevertheless, the  distinctions in  HSP  genotypes dis-
tribution detected with a  limited sample were assessed 
relative to another group of individuals (group 1) chroni-
cally exposed to mercury vapor and not diagnosed with 
the CMI at the  time of examination. It is possible that 
some individuals from this group will develop the CMI 
in the future.
Study of the  control group of individuals without occu-
pational mercury exposure may allow understanding of 
the proportion of carriers within the population of minor 
homozygotes and their combinations, which are highly as-
sociated with the CMI development, as our study demon-
strated. Secondly, only 4 polymorphisms of HSP70 genes 
were analyzed here, with additional modifying factors 
limited to age and duration of mercury vapor exposure, 
as independent variables. Total mercury burden would be 
the most likely causative factor rather than any secondary 
risk factor (e.g., time of exposure, etc.), but unfortunately 
the data about the latter were not available.
Altogether, these points highlight the  significance and 
the  perspectives of our findings for the  design of future 

the development and progression of the CMI in workers 
chronically exposed to Hg0. Our study provides the first ev-
idence that carriers of genotypes СС-HSPA1A (+190G/C) 
and  GG-HSPA1B  (+1267A/G), or their combination, 
have high predictive risk of the CMI development.
In particular, we found the  ORadj  =  5.58  (p  =  0.026) 
for carriers of  CC  minor homozygote for the  lo-
cus  HSPA1A  (+190G/C) and almost  4-fold  statisti-
cally significant higher frequency of that genotype in 
individuals with the  CMI  diagnoses in combined group 
(groups 2 and 3) (16.2%) compared with the  individuals 
from the  group  1  without that diagnosis  (4.3%). These 
findings are in accordance with the data by Wu et al. [25], 
who reported a  significant higher frequency of geno-
types –110 CC and 190 CC at HSPA1A in individuals with 
Parkinson’s syndrome vs.  control group and suggested 
their association with neurodegenerative diseases.
Moreover, in our study, the  high  ORs (ORadj  =  14.7, 
p = 0.0015 and OR = 12.41, p = 0.0009) for GG-HSPA1B 
(+1267A/G)  genotype between the  combined group 
(groups  2 and  3) of individuals with the CMI where 
found, when compared with the group of workers without 
the  disease. The  possibility that individuals homozygous 
for the rare G allele of HSPA1B  (+1267A/G) may asso-
ciate with increased expression  HSPA1A and  HSPA1B 
has not been excluded by others [15]. Together with these 
findings, observed by us higher GG genotype frequency in 
the combined CMI group suggests an association between 
increases in HSPs mRNA levels and the development of 
neurodegenerative diseases.
In this study, the combination of СС-HSP1A1 (+190G/C) 
and GG-HSPA1B (+1267A/G) genotypes in several indi-
viduals with the  CMI  development was detected. It was 
also found for 1 patient in the group 1 (age 33 years and 
duration of mercury vapor exposure 13 years). These re-
sults emphasize the  need to monitor this individual fur-
ther, because of his young age and potential risk of devel-
oping the CMI in the future.
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