731

The Journal of Toxicological Sciences (J. Toxicol. Sci.)
Vol.42, No.6, 731-740, 2017

Original Article

Change in redox state and heat shock protein expression in
an Indian major carp Cirrhinus cirrhosus exposed
to zinc and lead
Mahammed Moniruzzaman*, Puja Midday*, Anindita Dhara*, Debjit Das,
Indranath Ghosal, Debosree Mukherjee and Suman Bhusan Chakraborty
Department of Zoology, University of Calcutta, Kolkata-700019, India
(Received May 24, 2017; Accepted September 19, 2017)

ABSTRACT — Fish are exposed to different heavy metals that may induce numerous physiological
changes. In the present study, we examined the redox state in response to a severe stress resulting from
two heavy metals (Zinc and Lead) contamination in carp Cirrhinus cirrhosus. Fish were exposed to 1/10th
of LC50 of the respective metals [zinc chloride (2.72 mg/L) and lead acetate (2.53 mg/L)] for 30 days and
allowed to recover for another 30 days without any metal exposure. Concentration of metals, different
enzymatic and non-enzymatic antioxidant agents and expression levels of heat shock protein (HSP) 70
and 90 were measured in the liver and the kidney of fish. The lipid peroxide levels in fish tissues gradually increased with duration of treatment for both metals. After 15 days of treatment, glutathione (GSH) levels had increased, but decreased as the treatment continued for 30 days and returned to basal levels after
a 30-day recovery period. Activities of all the anti-oxidant enzymes, except glutathione peroxidase, in
stressed fish were significantly increased compared to those in the control at 15 days and continued till the
30th day of treatment, showing a tendency to return to basal levels after the recovery period. Expression
levels of HSP70 and HSP90 gradually increased after zinc and lead treatment, respectively. The expression of HSP was higher in the liver. The results suggest that different heavy metals may have differential
effects on the redox state and induction of oxidative stress in carp, in vivo.
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INTRODUCTION
Aquatic organisms are often exposed to an acute
change in the heavy metal composition of the environment (Nakano, 2007; Prunet et al., 2012). Exposure of
fish to such an environment might result in a sequence
of biochemical as well as physiological alteration at tissue and cellular levels. Such changes are generally regulated by the variation in the neuro-endocrine system. In
addition to neuro-endocrine stress response in the organismal levels, there occurs a cellular stress response following exposure to different heavy metals. These stress
responses in organisms might affect their general health
status, disease resistance, growth and reproductive activity (Pickering et al., 1993; Prunet et al., 2012).
Fish growth is known to be genetically regulated but is
also affected by both endocrinal and environmental fac-

tors. The responses of endocrine secretions are severely affected by the combination of external stimuli with
internal cellular signals according to the physiological
status of the organism (Nakano, 2011; Deane and Woo,
2009). Fish growth and reproduction could be improved
by superior nutrition quality, appropriate aquatic system,
availability of physical and biotic factors and finally alteration in the endocrine response of the particular animal
(Reinecke, 2010). Accordingly, the major focus of attention should be to decide the effects of stressors such as
heavy metals on the expressions of different reproductive and growth-related genes in aquatic animals. Moreover, the functional mechanism and effects of different
heavy metals on fish fitness must be studied in order to
develop the production rate and health status of the fish.
Besides, fish are thought to be an ideal and convenient
model to examine the effects of heavy metal contamina-
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tion and other complex stressors on the organism for both
short and longer periods. It has been observed that there
is a difference in the functional aspect between essential
metals such as zinc and non-essential metals such as lead
(Serafim et al., 2012). However, limited reports are available regarding such functional differences between essential and non-essential metals in fish. The present study
aims to identify the differences in response against essential metal zinc and non-essential metal lead on fish.
Elevated amount of heavy metals could be severely
harmful due to variation in intracellular protein machinery either directly by denaturation of enzymes and/
or indirectly due to production of high amount reactive
oxygen species (ROS) (Pourahmad and O’Brien, 2000;
Dröge, 2002). ROS might activate the apoptotic pathway and thereby increase cytotoxicity in several tissues.
The majority of recent reports have clearly indicated the
role of ROS in heavy metal-induced apoptotic pathways
in different cell types, including hepatocytes (Ma et al.,
1998; Pourahmad and O’Brien, 2000; Zhai et al., 2000).
Heat shock proteins (HSPs), a family of molecular
chaperones, are one of the most important regulators of
stress physiology in cellular levels and play a vital role
in defending cells from hepatotoxic trauma (Salminen
et al., 1996), including metal toxicity (Ma et al., 1998).
The most extensively reported member of the HSP family, particularly during toxic stress response, is the 70 kDa
family of the proteins (HSP70) (Hightower, 1991). However, the amount of inducible HSP70 is increasingly synthesized in the stressed cells, especially after heavy metal
exposure in fish, compared with their unstressed counterparts (Sanders et al., 1995; Boone and Vijayan, 2002).
The enhanced levels of HSP70 accumulation in stressed
cells shield the destruction of protein machinery, initiate the process of renaturation of denatured proteins,
check protein aggregation, target the damaged proteins
for breakdown and finally facilitate protein biosynthesis
and translocation of new proteins (Feder and Hofmann,
1999; Kregel, 2002). Together, all these studies clearly
highlight the significance of HSP stimulation in preventing toxicity in the hepatic tissues (Salminen et al., 1996),
but the missing link has yet to be established between different fish tissues. HSP90 were generally used as biomarkers against metals and organic compounds’ stress in
marine diatom Ditylum brightwellii. Exposure to different types and doses of copper and nickel compounds was
monitored, revealing stimulation of HSP90 gene expression; however the pattern of such stimulation varied
(Mahmood et al., 2014).
In the present study, we examined the redox state in
response to severe stress derived from two important
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heavy metal contaminations (zinc and lead) in an important edible Indian major carp (Cirrhinus cirrhosus). C.
cirrhosus is one of the important species used in aquaculture worldwide and is known to be susceptible to increase
in the level of heavy metal contamination (Ohya et al.,
1989). The objective of the present study was to examine
the effect of heavy metal exposure on HSP70 and HSP90
protein expression and anti-oxidant status in the liver and
kidney tissues in carp. As ROS generation is the most
important mediator of metal-induced toxicity and stress,
our observation might suggest whether HSP response to
zinc and lead is self-regulating of the redox status in carp
tissues, thus indicating potential mechanism of detoxication in a carp species.
MATERIALS AND METHODS
Experimental design
C. cirrhosus (90-100 g weight and 19-20 cm length)
irrespective of sex were collected from water bodies in
and around Kolkata, India. Fishes were acclimatized for
15 days to laboratory conditions. The laboratory water
was analyzed for different physico-chemical parameters such as temperature, pH, hardness, and salinity, and
for concentrations of zinc and lead (APHA, 1999). The
water quality parameters were as follows: temperature:
20 ± 1°C, pH: 7.25 ± 0.25, conductivity: 340.6 ± 16.4 μs/
cm, total hardness: 135.5 ± 9.3 mg CaCO3/L, alkalinity:
40.7 ± 5.2 mg CaCO3/L. No fish mortality was recorded during acclimatization. The acclimatized fishes showing no signs of stress were selected and divided into
three groups of eighteen each for exposure to each toxicant. The first group served as a control and other two
groups were exposed to sublethal concentrations of zinc
chloride and lead acetate. LC50 values for zinc chloride
and lead acetate (Analytical grade, Qualigens) were statistically determined (Finney, 1971). A dose of 2.72 mg/L
(1/10th of LC50) of zinc chloride and a dose of
2.53 mg/L (1/10th of LC50) of lead acetate were administered to experimental groups daily for 30 days. The experiment was carried out in triplicate. The fishes were kept in
40-L glass aquaria with proper aeration and the water was
renewed once after 24 hr replacing the test solution. After
15 days, 6 fish from each group were anesthetized with
phenoxy-ethanol (1:20000, v/v), sacrificed and liver and
kidney tissues were collected carefully from both treated
and control group. Liver and kidney tissues were collected similarly from another 6 fish from each group after 30
days of treatment.
After completion of 30 days of experimentation, the
remaining fish were transferred to fresh glass aquaria with
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no trace of either heavy metal. Water quality parameters
were maintained as before with proper aeration and the
water was renewed regularly. After another 30 days, 6
fish from each group were anesthetized with phenoxyethanol (1:20000, v/v), sacrificed and liver and kidney
tissues were collected carefully. All tissues were kept at
-20°C till further use.
Estimation of heavy metals in fish tissues
In order to prepare biological samples for the determination of zinc (Zn) and lead (Pb) by AAS, a modified wet
digestion procedure was followed (Chernoff, 1975). In
brief, 1 g of each tissue was kept for overnight digestion
in 5 mL of concentrated HNO3. The samples were then
filtered in Watmann grade 1 filter paper and the filtrate
was diluted to 100 mL in volumetric flask and 5 mL conc.
HCl was added and the mixture was placed in fume bath
for 15 min. After that the samples were cooled, filtered
by Millipore filter paper (Grade 0.45 μm) and the filtrates
were digested by a proportionate mixture of concentrated
HNO3-HClO4 and finally filtered in Watmann filter paper
(grade-42) before detection of heavy metal concentration
in AAS.
Sample preparation for antioxidative study
Fraction of each tissue was stored in ice cold phosphate buffer, homogenized and sonicated at 4°C in a
homogenizing buffer (50 mM Tris-HCl buffer, pH 7.4,
1 mM EDTA, 100 mM sucrose, 1 mM PMSF, and 1% leupeptin hemisulphate) to prepare 10% tissue homogenate,
which was stored at -80°C until used for further study.

zymatic antioxidants such as malondialdehyde (MDA),
reduced glutathione (GSH), superoxide dismutase (SOD),
catalase (CAT), glutathione reductase (GRd), glutathione
peroxidise (GPx), glutathione S-transferase (GST) according to standard methods described earlier (Moniruzzaman
et al., 2016).
Statistical analysis
Means of intensity of different bands of the same protein was used to calculate the densitometric value of each
immunoblot representing a specific protein. The respective band intensity value of each protein (i.e. HSP70 and
HSP90) was expressed as relative densitometric units
after normalization with the intensity of β-actin. Mean ±
S.E. values of such data (n = 6) for respective immunoblots as well as for remaining variables were separately
analyzed by one-way ANOVA. Where F values indicated significance, the means were compared by a post hoc
multiple range test (P < 0.05).
Two separate principal component analyses (PCA) for
all the antioxidant enzymes with HSP70 and HSP90 were
done to understand the ordination. First, interspecific patterns of stress were examined using a PCA on the correlation matrix of standardized biochemical parameters.
This analysis allows comparison of antioxidant parameters with signalling molecules (HSP) within a multivariate morphological space and identification of patterns of
correlation among physiological variables. Eigen values
of each component of the PCA were considered to interpret results.
RESULTS

Electrophoresis and immunoblotting
The protein content of the samples was measured on
12.5% Laemmli SDS-PAGE and immunoblotted on the
PVDF membrane following a wet electroblotting method (Moniruzzaman et al., 2016). The primary antibody
(1:1000 dilution) was raised against a peptide corresponding to HSP70 / HSP90. The PVDF membranes were incubated separately with the primary antibody, followed by
incubation with the respective secondary antibody (dilution 1:500). Densitometric scanning was performed to
quantify individual band intensity of each immunoblot
using ImageJ Software (Moniruzzaman et al., 2016).
Measurement of enzymatic and non-enzymatic
antioxidants
Tissues were homogenized with Tris buffered saline
(10 mM Tris-HCl, 0.1 mM EDTA-2Na, 10 mM sucrose,
0.8% NaCl, pH 7.4), centrifuged and supernatant was
used to measure levels of different enzymatic and non-en-

Small concentrations of both Zn and Pb were found in
liver and kidney tissues of control fish, possibly due to
the presence of trace amount of the metals in tap water
and fish feed. However, the metal concentration in feed
was not measured during the present study. In control
fish, the concentration of both the metals was observed
to be higher in the liver than in the kidney (Table 1). The
concentrations of Zn and Pb in both liver and kidney tissues increased significantly (P < 0.05) in metal-exposed
fish compared to control fish. Zinc treatment for 30 days
resulted in significant increase (P < 0.05) in Zn concentration in liver and kidney tissues compared to fish exposed
to Zn for 15 days, while Pb treatment for 30 days resulted in significant increase (P < 0.05) in Pb concentration
in only kidney tissues compared to fish exposed to Pb for
15 days (Table 1). The concentrations of Zn and Pb in
both liver and kidney tissues were significantly reduced
(P < 0.05) after the recovery period compared to that
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Table 1. Zinc (Zn) and Lead (Pb) concentration (μg/g) in liver and kidney of Cirrhinus cirrhosus after 0, (control), 15
and 30 days of metal treatment, and after 30-day recovery period (n = 6).
TISSUE

DAYS
CONTROL
15 DAYS
30 DAYS
RECOVERY
CONTROL
15 DAYS
30 DAYS
RECOVERY

LIVER

KIDNEY

ZINC (Zn) [μg/g]
0.06 ± 0.01gh
0.45 ± 0.05bc
0.62 ± 0.04a
0.19 ± 0.01ef
0.03 ± 0.01h
0.40 ± 0.01cd
0.53 ± 0.04ab
0.31 ± 0.01de

LEAD (Pb) [μg/g]
0.05 ± 0.01gh
0.60 ± 0.02ab
0.68 ± 0.02a
0.21 ± 0.01ef
0.03 ± 0.01fg
0.50 ± 0.01bc
0.74 ± 0.02a
0.28 ± 0.01de

Note: The letters in superscript denote significant variation within columns (P < 0.05).

Table 2. Antioxidative enzymes activity (μ/mg protein/min) in liver and kidney of Cirrhinus cirrhosus after 0,
(control), 15 and 30 days of Zinc (Zn) treatment, and after 30-day recovery period (n = 6).
TISSUE
LIVER

KIDNEY

DAYS
CONTROL
15 DAYS
30 DAYS
RECOVERY
CONTROL
15 DAYS
30 DAYS
RECOVERY

MDA
8.43 ± 0.78f
10.60 ± 0.91cde
12.13 ± 1.01bcd
10.53 ± 0.78de
9.19 ± 0.89ef
12.90 ± 0.97b
14.53 ± 1.86a
13.06 ± 0.94ab

GSH
53.06 ± 4.95bc
59.13 ± 4.94a
48.73 ± 5.20e
51.36 ± 6.40bcde
49.66 ± 3.81de
53.70 ± 3.47a
45.50 ± 3.95f
50.10 ± 2.89cde

GST
29.10 ± 3.28ef
32.53 ± 4.8bc
35.93 ± 2.2a
34.13 ± 3.08ab
27.20 ± 4.30f
29.00 ± 2.70ef
32.46 ± 2.90bc
31.46 ± 3.40cd

GRd
10.40 ± 1.08ef
13.30 ± 0.96ab
14.40 ± 2.08a
12.33 ± 1.92bcd
9.21 ± 1.01fg
11.60 ± 2.40cde
12.86 ± 1.81abc
12.20 ± 0.98bcd

GPx
12.96 ± 0.98abc
13.56 ± 1.30ab
14.16 ± 1.06a
13.20 ± 0.88abc
11.03 ± 0.80e
12.80 ± 1.03abcd
13.60 ± 0.95ab
11.93 ± 1.07bcde

SOD
18.20 ± 2.01ef
22.73 ± 1.51ab
24.76 ± 1.98a
21.56 ± 2.11bc
15.13 ± 2.02g
18.40 ± 0.95fg
20.80 ± 1.08bcd
18.80 ± 2.14de

CAT
18.56 ± 1.43def
22.56 ± 3.20a
22.90 ± 1.66a
21.33 ± 2.03abc
15.13 ± 1.21g
19.23 ± 1.08def
19.83 ± 1.44cde
18.20 ± 1.33efg

Notes: SOD – Super Oxide Dismutase (u/mg protein/min), CAT – Catalase (u/mg protein/min), GPx – Glutathione Peroxidase (u/mg protein/min),
GST – Glutathione S-transferase (u/mg protein/min), GRd – Glutathione reductase (u/mg protein/min), GSH – Reduced Glutathione (u/mg protein/
min), MDA – Malondialdehyde (u/mg protein/min). The letters in superscript denote significant variation within columns (P < 0.05).

Table 3. Antioxidative enzymes activity (μ/mg protein/min) in liver and kidney of Cirrhinus cirrhosus after 0,
(control), 15 and 30 days of Lead (Pb) treatment, and after 30-day recovery period (n = 6).
TISSUE
LIVER

KIDNEY

DAYS
CONTROL
15 DAYS
30 DAYS
RECOVERY
CONTROL
15 DAYS
30 DAYS
RECOVERY

MDA
8.45 ± 0.60f
11.43 ± 0.90e
13.00 ± 0.81abc
11.80 ± 1.02cde
9.26 ± 0.80f
12.76 ± 1.23abcd
13.93 ± 0.95a
13.13 ± 1.61ab

GSH
53.04 ± 4.12bc
59.36 ± 3.80a
48.13 ± 3.11de
51.70 ± 5.50bcd
49.70 ± 3.29cde
54.70 ± 6.08b
46.40 ± 2.407e
49.33 ± 5.10cde

GST
29.12 ± 3.66d
34.20 ± 2.50bc
37.93 ± 3.03a
37.46 ± 3.70ab
27.29 ± 1.95d
33.10 ± 2.90c
33.60 ± 4.22c
33.80 ± 4.16c

GRd
10.32 ± 073ef
15.43 ± 2.07ab
16.13 ± 1.40a
14.00 ± 0.97a
9.26 ± 0.68fg
12.43 ± 0.88cd
12.63 ± 1.15cd
12.00 ± 1.1de

GPx
12.85 ± 1.05cd
13.66 ± 0.90bc
16.50 ± 1.40a
15.86 ± 1.10a
11.10 ± 1.08de
12.33 ± 0.90cde
12.50 ± 0.81cde
12.86 ± 1.41bcd

SOD
18.14 ± 2.20c
24.06 ± 2.01a
24.80 ± 1.33a
23.60 ± 2.12a
15.08 ± 2.07d
19.73 ± 0.96bc
20.80 ± 0.92b
19.23 ± 1.18bc

CAT
18.49 ± 0.92bcd
24.90 ± 1.20a
24.39 ± 1.82a
23.33 ± 1.05ab
15.30 ± 2.20cd
20.90 ± 1.50abc
20.30 ± 1.10abc
19.00 ± 0.84bcd

Notes: SOD – Super Oxide Dismutase (u/mg protein/min), CAT – Catalase (u/mg protein/min), GPx – Glutathione Peroxidase (u/mg protein/min),
GST – Glutathione S-transferase (u/mg protein/min), GRd – Glutathione reductase (u/mg protein/min), GSH – Reduced Glutathione (u/mg protein/
min), MDA – Malondialdehyde (u/mg protein/min). The letters in superscript denote significant variation within columns (P < 0.05).

in treated groups. However, Zn and Pb concentrations
in both liver and kidney tissues of treated fish after the
recovery period were significantly higher (P < 0.05) compared to control fish. In both liver and kidney tissues of
fish exposed to metal for 15 and 30 days, Pb was found
to be present at higher concentrations compared to Zn
(Table 1).
MDA levels in fish gradually increased for both
Vol. 42 No. 6

heavy metal treatments, and had increased significantly
(P < 0.05) compared with control fish both at 15 and 30
days post-stress. The level of MDA was higher in the kidney than the liver. After 30 days, MDA level recovery
was more evident in the liver than in the kidney, and the
extent of recovery was more for Zn treatment in comparison to Pb (Tables 2, 3).
At 15 days post treatment, GSH levels increased sig-
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nificantly (P < 0.05), but the levels decreased after
30 days. However, an increase was noted at the end of the
recovery period, reaching basal levels similar to those in
the control fish. GSH levels was found to be significantly
higher (P < 0.05) in the liver followed by kidney both in
control and treated fish (Tables 2, 3).
Activities of both GRd and GST showed significant
increase (P < 0.05) after 15 days treatment, reaching the
peak after 30 days of treatment and decreasing after the
recovery period. Activities of both enzymes were found
to be comparatively higher in the liver than in the kidney.
Both GRd and GST showed higher activity in Pb-treated
fish compared to those in Zn-treated fish (Tables 2, 3).
Both SOD and CAT activities were increased significantly (P < 0.05) at 15 days treatment and remained
unchanged after 30 days of treatment for Zn and Pb.
Activities of both enzymes were comparatively higher in
Pb-treated fish compared to those in Zn treated fish. SOD
activity was found to be significantly higher (P < 0.05) in
liver tissue than that in kidney tissue for both Zn- and Pbtreated fish (Tables 2, 3).
During Zn treatment, no significant change (P > 0.05)
was observed for GPx activity in the liver between control, 15-day, 30-day and recovery treatment groups. However, GPx activity in the kidney increased significantly
(P < 0.05) in 15-day and 30-day Zn-treated fish compared
to control (Table 2). Treatment with Pb for 30 days resulted in significant increase (P < 0.05) in GPx activity in
the liver compared to control, but no significant change
(P > 0.05) was observed for GPx activity in the kidney
between control, 15-day, 30-day and recovery treatment
groups for Pb treatment (Table 3).
The HSP90 expression level in the liver of control
fish was found to be higher than that of HSP70, while in
kidney tissue the expression level of HSP70 was higher
(Figs. 1, 2). The expression level of HSP70 showed a
gradual and significant increase (P < 0.05) in all the tissues with duration of treatment for Pb (Fig. 1). In Pbtreated fish, the HSP70 expression level was observed
to be higher in the liver compared to the kidney
(Fig. 1). Moreover, the expression level of HSP70
decreased significantly (P < 0.05) after the recovery period
in liver tissue, while that in the kidney showed no significant differences (P > 0.05). The expression level of HSP90
in all tissues of fish increased with Pb treatment for 15
days, but further treatment and recovery period showed
no significant change in HSP90 expression (Fig. 1). The
expression level of HSP70 showed a significant increase
(P < 0.05) in liver tissue with treatment duration for Zn
treatment (Fig. 2). Treatment with Zn for 15 days was
found to significantly increase (P < 0.05) the expression

level of both HSP70 and HSP90 in kidney tissue, but further treatment and recovery period showed no significant
change in HSP70 and HSP90 expression in that tissue
(Fig. 2).
All the selected antioxidative enzymes (SOD, CAT,
GST, GRd and GPx) showed significant amount of multicollinearity between the values (Figs. 3a and 3b). The
stress marker (MDA) showed close correlation with both
Pb and Zn (Figs. 3a and 3b). Non-enzymatic anti-oxidant GSH seemed to be correlated with none of the components. In Pb treatment, MDA and level of metal concentration were closely correlated with both HSP90 and
HSP70. However, in Zn treatment, MDA and level of
metal concentration were not closely correlated with
HSPs, and instead remained in similar component with
all the antioxidant enzymes (Figs. 3a and 3b).
DISCUSSION
Concentration of heavy metal in the aquatic environment may result in serious damage to a large range of
fish species and cause hormonal and physiological stress
in the body. The current study has indicated that heavy
metal-induced stress might influence several redox-related
biomarkers and the redox homeostasis in carp C. cirrhosus. Metal accumulation in various tissues in fish varies
due to differential metabolic demand between the species.
Moreover, such accumulation is often influenced by different environmental factors and the feeding habit, habitat,
age, sex and body weight of fish (Authman, 2008). Several studies have indicated tissue-dependent bioaccumulation pattern of heavy metals as observed in the present
study (El-Moselhy et al., 2014; Malik et al., 2014). Relative rates of metal binding and release determine metal
accumulation in various tissues. Generally, accumulation
of Pb in tissues is proportional to the ambient concentration (Tao et al., 1999) but no such report was found for
Zn accumulation. The comparative higher amount of lead
in fish tissues may be due to its higher solubility in water
and corresponding absorption by the organism through
the skin and gills (Table 1). Besides, lead does not have
any kind of biological essentiality, while zinc is essential
for different biological functions (Serafim et al., 2012).
Moreover, organisms have better mechanism to regulate the concentration of essential metals like zinc but not
properly for non-essential metals such as lead (Sanches
Filho et al., 2017).
The extent of lipid peroxidation in fish tissues changes under various stressful conditions and is known to be a
sensitive indicator of damage to various tissues under different environmental conditions (Ho et al., 2013; Verlecar
Vol. 42 No. 6
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Fig. 1.

Graph (a) and corresponding band pattern (b) showing intensity of HSP70 and HSP90 expression in duration-dependent
Zinc (Zn) treatment and after recovery period in two different tissues of Cirrhinus cirrhosus. The letters over the graph
denote significant variation (P < 0.05) in protein expression. β-actin was used as internal control, densitometric values are
normalised.

Fig. 2.

Graph (a) and corresponding band pattern (b) showing intensity of HSP70 and HSP90 expression in duration-dependent
Lead (Pb) treatment and after recovery period in two different tissues of Cirrhinus cirrhosus. The letters over the graph
denote significant variation (P < 0.05) in protein expression. β-actin was used as internal control, densitometric values are
normalised.

Vol. 42 No. 6

737
Redox state and heat shock protein expression in fish exposed to metal

Fig. 3.

Ordination diagram of PCA of heavy metals zinc (a) and lead (b) concentrations and all the enzymatic and non-enzymatic
parameters and HSP70 and HSP90 measured in the liver and kidney of Cirrhinus cirrhosus.

et al., 2007). In this study, high and persistent MDA levels in the kidney tissues might be indicative of the better
and quick defensive strategy of kidney tissue and the possible variation of time taken by different tissues to initiate the expression of their protective enzymes. The MDA
level in Pb-treated tissues was higher due to the metal’s
higher accumulation in the carp tissues.
Fish have both enzymatic and non-enzymatic antioxidative defense systems against ROS-related damage
caused by heavy metal toxicity (Lesser et al., 2006). GSH
is one of the major regulators of the intracellular redox
state and plays an important role in the non-enzymatic defense system (Arrigo et al., 1999). The antioxidative enzyme GPx, which scavenges ROS and lipid peroxides (LPO) generated within cells, uses GSH as substrate
(Nakano et al., 1992). The changing patterns of GSH levels in all the tissues observed in this study were similar
to those in the livers of fish affected by other stressors
(Valavanidis et al., 2006). At the initial post-stress stage
of 15 days, GSH levels increased which may be consumed
to eliminate ROS generated in the tissues and decreased
thereafter during 30 days post-treatment. After recovery,
GSH levels gradually increased again, which suggested enhanced synthesis and transport of GSH in this period. The liver is known to be the major source of GSH in
vertebrates; therefore, the response of GSH was most in
the liver in the current experiment and it helped liver tissue to acclimatize earlier than the kidney (Ishikawa and
Matsuda, 1988).

Stress has often been found to induce changes in the expression of antioxidative enzymes in fish
(Moniruzzaman et al., 2016). In particular, SOD catalyzes the reaction of dismutation of superoxide to O2 and
H2O2, and is considered to play key roles in the first step
of the enzymatic antioxidative defense system (Zelko et
al., 2002). Activity of both SOD and CAT was found to
be higher in Pb-treated carp suggesting that Pb has more
adverse effect and it might cause more oxidative damage
to the carp tissues. As Pb is non-essential environmental
metal while Zn is an essential metal (Sanches Filho et al.,
2017), Pb is capable of producing more superoxide molecule which is reflected though higher level of SOD and
CAT activity. Hence, increased SOD and CAT expression might indicate the tendency to neutralize the harmful effects of superoxide radicals for the initial period of
stressful conditions in tissues. Different responses of CAT
and GPx in the current experiment may indicate diverse
mechanisms for regulation of their differentiality in individual expression pattern at mRNA level. GPx is more
involved in the elimination of organic peroxides and, only
to a much lesser degree, hydrogen peroxide. Both GRd
and GST showed higher activity in Pb-treated carp and
increased with the duration of stress. However, GSH levels may be suppressed due to loss of adaptive mechanisms
and the oxidation of GSH to oxidised glutathione (GSSG)
because of a severe oxidative stress. This indicates their
role in eliminating the xenobiotic substances causing oxidative damage to the carp tissues and in maintaining the
Vol. 42 No. 6
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GSH/GSSG balance in the cells. Whenever the generation of GSSG becomes higher than its reduction back to
GSH, GSSG accumulates and is translocated outside the
cell to avoid NADPH exhaustion (Kaplowitz et al., 1996;
Keppler et al., 1997). Low GRd activity means the production of GSSG is low and GPx activity is also low.
Consequently, this is followed by a depletion of the GSH
pool (Eroglu et al., 2015). GSSG levels changed along
with GSH levels, which indicates a transformation trend
from GSH to GSSG during the oxidative stress. Such a
correlation is demonstrated here to some extent possibly by the changing trends of GSH/GSSG ratio. Therefore, our current findings confirm the previous hypothesis
regarding the crucial role of heavy metals in regulating
several oxidation-reduction reactions, resulting in the formation of secondary components such as ROS (Charrier
et al., 2014).
Organisms maintain a balance between generation and
neutralization of ROS under normal physiological conditions. However, stress exposure and enhanced oxygen
consumption are considered to promote the generation
of excess ROS, such as O2., H2O2, hydroxylradical (.OH),
and peroxyl radical (ROO.). The resulting ROS exceed
primary scavenging capacity of an organism and attack
different cellular components, such as nucleic acids, cytoplasmic proteins, lipids, and membranes (Dröge, 2002;
Valavanidis et al., 2006). ROS production in cells, especially in the mitochondria and peroxisome, has been
found to be increased in exercised mammalian muscle,
stressed bivalve gills, chicken muscles, lugworm and cultured cells as compared with non-stressed control tissue
(Keller et al., 2004; Heise et al., 2003). Increase in oxidative process during high concentration of heavy metal or any other pollution related stress causes ROS accumulation, and cellular protection against such damage is
achieved mainly by enzymes such as SOD, CAT, GPx or
GRd (Lin et al., 2015; Das et al., 2017). Non-enzymatic antioxidants (GSH and MDA) play a major role in the
regulation of cellular oxidation-reduction cycle and generation of ROS. Radical-scavenging antioxidants like
GSH are utilized during the reactions with ROS, and antioxidant status could be used indirectly to assess the free
radical activity (Lü et al., 2010). In the present study,
efforts were made to measure individual antioxidants
(e.g., Glutathione or MDA or antioxidant enzymes) in the
tissue homogenates to evaluate the interrelation between
the total antioxidant capacity and inference of metal accumulation in ROS production and oxidative stress conditions. The status of enzymatic or non-enzymatic antioxidants in the current study might indicate either the rate of
ROS production or how long it would take for oxidation
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to cause the accumulation of ROS. Determination of antioxidative status per se is not the conclusive but an obvious indicator of the formation of ROS, though further
experiment on free radical scavenging activity is needed
to direct measurement of ROS accumulation and the oxidative damage (Hutcheson and Rocic, 2012). In the current study the lipid peroxide levels in fish tissues gradually increased with duration of treatment for both metals,
indicating the generation of ROS. After short-term metal exposure GSH levels increased, but decreased as the
treatment continued for 30 days. This indicates that the
free radical scavenging activity of GSH decreased with
increase in ROS accumulation. However, GSH levels
returned to basal levels after 30 days of recovery, signifying a drop in the ROS level. Activities of all the antioxidant enzymes, except GPx, in stressed fish were significantly increased compared to those in control at
15 days and continued till 30 days of treatment, showing
an inclination towards an increased ROS levels. Longterm effects of oxidative stress and ROS accumulation
occur after antioxidant agents become low at 30 days of
treatment and levels of free radicals become high. Thus,
oxidative stress should be recognized as ROS imbalance
which is ameliorated after the recovery period to prevent
free radical-related tissue damage (Poljsak et al., 2013).
Therefore, all these antioxidative biomarkers used in the
current study can predict the state of the affected tissue by
reflecting the ROS accumulation levels and the possible
recovery time following metal induced oxidative damage.
Current study strengthens the fact that diverse heavy metal toxicity implies altered degree of oxidative stress on
different tissues in same species and persistency of toxicity also varies with defense mechanism of tissues.
The induction of various HSP families regarding environmental stressors, bacterial pathogens, and pollutants,
has been reported in cell lines and various tissues of fish
(Basu et al., 2002; Gabai et al., 1998; Iwama et al., 2006).
In the current study, a higher magnitude of change was
found in HSP70 expression levels in case of treatment
with Pb and Zn treatment showed no such specific pattern
of HSP expression. Such induction of different HSP for
different metal exposure might indicate levels of protein
damage, induced by stress due to heavy metal toxicity.
The damage might vary for different exposure period and
the response and recovery mechanism was diverse and
case specific, as well. Increased expression of HSPs in
the liver tissue might be responsible for the possible rapid
recovery of these tissues than kidney. A redox state such
as antioxidative state has already been reported to modulate the synthesis of HSPs as earlier observed in mammalian tissue (Jäättelä et al., 1998; Peng et al., 2000).
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Thus, the current results regarding the expression patterns of multiple redox-related biomarkers in response to
heavy metal contamination stressors suggest that severe
pollution due to heavy metal contamination induces oxidative stress in carp, which may enhance oxidation in the
body and result in damage to tissues. When exposed to
oxidative stress, the levels of GSH, CAT and SOD may
primarily increase because of their de novo synthesis
to protect tissues against oxidative damage. The stress
marker (MDA) showed very close correlation both with
Pb and Zn (Figs. 1-2 and Tables 1-2), though non-enzymatic anti-oxidant GSH seemed to be correlated with
none of the component factors, signifying the presence
of an independent signalling mechanism of organism to
maintain the internal GSH level up to a certain levels of
stress tolerance. In Pb treatment, MDA and concentration
of heavy metal were closely correlated with both HSP90
and HSP70. However, in Zn treatment, MDA and concentration of heavy metal were not closely correlated with
HSPs, and instead remained in similar component with
all the antioxidant enzymes.
Our result on HSP expression pattern clearly suggests
the critical role played by both HSPs after heavy metal
toxicity, but the mechanism of their induction or the time
needed for induction might vary with the levels and specification of toxicity.
In conclusion, shifts in the oxidative status due to metal accumulation in different tissues may result in the upor down- regulation of the expressions of several antioxidant genes and respective proteins and affects intercellular
signalling process. Balance between the enzymatic and
non-enzymatic antioxidants might play an important role
in the tolerance against oxidative stress imposed by the
metal accumulated stress in the kidney and hepatic tissue.
The result of this study indicates the interrelation between
the induction of HSPs and antioxidant factors in different tissues of carp in response to heavy metal toxicity.
However, it is quite evident that HSPs act as molecular
chaperones in the stress-affected tissues and activate the
synthesis of the antioxidative proteins. Such molecular
markers thereby might be of major interest against antioxidative stress in relation to the impact of pollution on natural aquatic ecosystems. Finally, it can be concluded that
severe oxidative stress occurs due to metal induced ROS
accumulation which ultimately leads to oxidative damage in the major metabolic organs of fish. However, a certain recovery period might overcome the moderate level
of oxidative stress through modulation of cellular functions through the induction of HSP. Further studies will
be needed to reveal the relationships between the redox
state, oxidative stress, antioxidant factors and the fitness

in fish affected by heavy metal contamination.
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