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Abstract—The aim of this study was to investigate biomarkers of oxidative stress: сatalase (CAT), glutathione
(GR), glutathione S-transferase (GST), low-molecular antioxidant—reduced glutathione (GSH) and lipid
peroxide oxidation marker—malondialdehyde (MDA) and to measure heavy metal (НМ) concentrations in
Dreissena polymorpha soft tissues at three different sampling sites in the Rybinsk reservoir (one of the largest
in Europe) in order to assess exposure to anthropogenic pollution. The reservoir has a considerable source of
pollution in its northern part due to a large industrial complex in Cherepovets. Mussels were collected at three
sites which differ in the levels of anthropogenic load: more contaminated sites 1 (Cherepovets) and 2
(Koprino). Site 3 (Vesyegonsk) is relatively clean and is used as a control. In soft tissues of mussels from sites
1 and 2 significantly higher concentrations of HM (Pb, V, Cr, Ni, Cu, Mn, Zn, Cd) were detected than in
mussels from site 3. Mussels from sites 1 and 2 subjected to long-term contamination from Cherepovets
industry showed considerable CAT, MDA and GSH induction compared to mussels from relatively clean site
3. The correlation was found between elevated HM content and increased levels of CAT, MDA and GSH. The
obtained data suggest that HM may contribute to the oxidative stress induction in mussel. MDA, CAT and
GSH sensitivity in D. polymorpha demonstrated a possible use of these biomarkers in freshwater.
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INTRODUCTION

Chronic exposure to anthropogenic contaminants
can lead to injuries in aquatic inhabitants (fish, mus-
sels, insects etc.). Mussels can tolerate some amount
of contaminant-induced stress, but long-term expo-
sure can exhaust repair and coping mechanisms
resulting in pathological changes at higher levels of
biological organization. Biomarkers can be character-
ized as functional measures of exposure to stressors,
which are usually expressed at the cellular and molec-
ular level of biological organization. Heavy metals
have long been recognized as serious contaminants of
the aquatic environment. They cause serious impair-
ment in metabolic, physiological and structural sys-
tems (Binelli et al., 2015) Heavy metals accumulated
in tissues of aquatic organisms may cause multiple
toxic impacts and also reactions that generate reactive
oxygen species (ROS) (Livingstone, 2001). Then,
ROS can lead to pollution-induced oxidative stress.
Oxidative stress biomarkers (catalase (CAT), glutathi-
one reductase (GR), reduced glutathione (GSH),
malondialdehyde (MDA) now successfully used to
assess the effects of chronic exposure to different pol-

lutants (Habig et al., 1974). Evaluation of pollutant
bioaccumulation by various organisms is widely used
in ecotoxicology as it reflects their bioavailability in
the ecosystem (Pesnya et al., 2015, Phillips et al.,
1993). Zebra mussel Dreissena polymorpha (Pallas,
1771) (Bivalvia: Dreissenidae) is widely used as a
model organism for biomonitoring purposes since late
1970’s. This is a sedentary active filtrator, an active
bioaccumulator of mineral and organic pollutants
(Binelli et al., 2010; Bolognesi et al., 2004). As inva-
sive species zebra mussel widely distributed in Russia.
The use of biomarkers of zebra mussels has allowed to
detect specific biological response to particular pollut-
ant in laboratory studies or to mixed anthropogenic
contamination in field studies (Faria, Huertas et al.,
2010). According to Binelli et al. (2015) D. polymorpha
may represent the freshwater counterpart of Mutilus in
ecotoxicological studies. Present paper is devoted to
the first study of oxidative stress induction in D. poly-
morpha by chronic anthropogenic HM pollution in
aquatic environment of Rybinsk reservoir. We have
tried to compare oxidative stress indices with HM
accumulation in tissues. However, it was impossible to
S88
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Fig. 1. The study sites in the Rybinsk Reservoir (June
2013): 1—Cherepovets, 2—Koprino, 3—Vesyegonsk.
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measure all of the pollutants presented in sample sites
of Rybinsk reservoir. Oxidative stress biomarkers
including enzymes of antioxidant defense system were
studied. Catalase is involved in detoxifying reactive
oxygen species (CAT E.C. 1.11.1.6, takes part in H2O2
utilization). Glutathione reductase enzyme takes part
in reduction of oxidized glutathione (GR, E.C. 1.8.1.7)
(Canesi et al., 1999). Glutathione S-transferase
enzyme is included in phase II biotransformation
xenobiotic and participating in neutralization of
organic hydroperoxides (Regoli, Principato, 1995;
Richardson et al., 2008). We have also studied the level
of low-molecular antioxidant—reduced glutathione
(GSH) and lipid peroxide oxidation marker—
malondialdehyde (MDA) (Habig et al., 1974). Con-
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Table 1. HM content and toxicity indices of bottom sediment
data) 

Sites: 1—Cherepovets, 2—Koprino, 3—Vesyegonsk; “–” – no data.

Site
Heavy metals content in bottom

sediments mkg/g of dry mass
To

test
Pb Cr Zn Cu Cd Ni

1
12.3 34.0 96.0 20.0 14.0 27.0
15.5 – 45.0 5.5 1.6 –

2 12.2 27.3 133.0 20.0 6.7 24.0
3 1.5 – 15.0 4.5 0.6 –
centration of Pb, V, Cr, Mn, Co, Ni, Cu, Zn and Cd
was measured in D. polymorpha soft tissues.

MATERIALS AND METHODS
Study sites. Sampling was performed on three sites

in the Rybinsk reservoir in June 2013. The Rybinsk
Reservoir (58°22′30″ N, 38°25′04″ E) is located in the
European part of Russia and belongs to the Volga Cas-
cade of reservoirs. It is the largest artificial waterbody
in Europe (4550 km2) (Fig. 1).

Anthropogenic contamination of the RR is of great
concern in terms of public and environmental health.
The reservoir has a considerable source of pollution in
its northern part due to a large industrial complex
encompassing over 60 plants in Cherepovets. Waste-
waters from some facilities are discharged directly or
through a wastewater treatment plant into the Sheksna
River and then flow into the RR. A number of settle-
ments located along the shores of the RR contribute
contamination of the waterbody by surface runoff as
well as by local atmospheric transfer. Locations of
sampling sites were chosen to be contrasting in terms
of anthropogenic load. Results of perennial monitor-
ing of the reservoir have shown that sampling sites
1 and 2 are characterized by the highest degree of HM
pollution (Table 1) (Bakanov et al., 2000; Gapeeva,
2013).

Site 1 (59°08′38.8″ N, 37°58′23.2″ E) is situated in
the most polluted part of the reservoir, in the Sheksna
stretch, close to industrial metallurgical complex of
Cherepovets. City’s and industrial wastewaters bring
various pollutants into the environment of Rybinsk
Reservoir. There observed intensive HM pollution
(Cr, Cu, Ni, Zn, Cd, Pb), with Cu, Zn and Pb con-
centrations exceeding MPC (Gapeeva, 2013). Ecosys-
tem components (water, bottom sediments, benthos
and fish) contained both organic pollutants polychlo-
rinated biphenyls (PCBs), polycyclic aromatic hydro-
carbons (PAH) and heavy metals such as Cd, Zn, Cu,
Pb (Bakanov et al., 2000; Flerov et al., 2000; Gapeeva,
2013). Site 2 is situated in the Volga stretch of the res-
ervoir near settlement Koprino (58°04′09″ N,
38°17′17″ E). Bottom sediments at this site contain
s on different sites of Rybinsk reservoir (according to literature

xicity indices of sediments
ed on Сeriodaphnia affinis,

Сhironomus riparius
References

0.43 (Bakanov et al., 2000)
0.32 (Flerov et al., 2000)

– (Bakanov et al., 2000)
No toxicity (Flerov et al., 2000)
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high concentration of Zn, Cd, Cr, Cu (Bakanov, Tom-
ilina et al., 2000). Site 3 is situated in the Mologa
stretch of the reservoir (58°41′32.2″ N, 37°10′6.3″ E)
in a relatively clean part of the reservoir near settle-
ment Vesyegonsk. Concentrations of HM and organic
chemicals are lowest here (Bakanov et al., 2000;
Chuiko et al., 2010).

Sample collection and preparation. Immediately
after capture mussels were frozen at –195°C and trans-
ported to laboratory in liquid nitrogen. In laboratory,
mussels of 20 mm length were chosen and sexed using
light microscopy (×400) (Vlastov, Kachanova, 1959).
Twelve tissue samples containing an equal amount of
males and females were taken for biochemical indices
analysis and HM content determination.

Biochemical determinations. For the biochemical
determinations soft tissues (wet mass 2 g) homoge-
nized in a 1 : 5, weight: volume ice cold phosphate buf-
fer 0.1 M (pH 7.5). All measurements (concentration
of MDA, GSH and enzyme activity) were carried out
using a dual-beam spectrophotometer LAMBDA 25
(Perkin Elmer, Waltham, MA, USA). GSH was mea-
sured using DTNB (5,5′-dithiobis-2-nitrobenzoic
acid) at 412 nm (Moron, Depierre et al., 1979), and
malondialdehyde (MDA) assay using thiobarbituric
acid at 535 nm (Stalnaya, Garishvili, 1977). For anti-
oxidant enzymes assays the homogenate was centri-
fuged for 40 minutes at 22000 g and 0°С. Supernatant
was measured for CAT by the degradation of H2O2 and
ammonium molibdate as a staining reagent et 25°С
and λ = 410 nm (Koroluk et al., 1988). GR activity was
based on followed the oxidation NADPH by GR in the
presence of oxidized glutathione (GSSG) at 25°С and
λ = 340 nm (Carlberg, Mannervik, 1985). GST activity
was measured by 1-chloro-2,4-dinitrobenzene
(CDNB) described by at 27°С and λ = 349 nm (Habig
et al., 1974). Protein contents were determined using
the Bradford dye-binding assay with bovine serum
albumin as the standard (Bradford, 1976).

Determination of metals in samples mussels. Deter-
mination of HM (Pb, V, Cr, Mn, Co, Ni, Cu, Zn and
Cd) content in mussel’s soft tissues was performed
with the use of microwave digestion systems Speed-
WareMWS-3+ (Berghof GmbH, Germany), for
20 minutes at 200°С according to the protocol of EPA
Method 3050B. HM concentration were analyzed
using an inductively coupled plasma mass spectrome-
ter ELAN DRC-e (Perkin Elmer, USA). Results
expressed as mkg of HM in 1 gramm of wet tissue.

Statistical analysis. Statistical analysis was carried
out in Statistica 6 software (StatSoft Inc., USA).
Comparison of antioxidant activity of D. polymorpha
from different stations and of different sexes was made
by two-way ANOVA. Differences were detected with
Fisher’s LSD approach with 5% confidence level.
Correlation between oxidative stress and soft tissues'
metal content was calculated as Pearson’s R coeffi-
cient. 288 mussels were used in the study. At each site
I

were collected 96 mussels for analysis of biochemical
parameters and HM contents. In each sample were
combined soft tissues of 8 mussels of the same sex. For
each site were analyzed 6 samples of male and 6 sam-
ples of female (totally 12 samples of both sex).

RESULTS
Mussels from different parts of the reservoir have

significant (р ≤ 0.05) differences in oxidative stress
indices and metal content in tissues. Minimal levels of
all observed HM concentrations and biomarkers (р ≤
0.05) were registered in D. polymorpha from relatively
clean site 3. No significant differences in biomarkers
and HM concentrations between male (M) and female
(F) individuals were registered, so further comparison
was performed between sites 1, 2 and 3 with the use of
averaged values of M and F (Table 2). It was found that
mussels from the polluted sites 1 and 2 had signifi-
cantly higher concentrations of many HM in tissues:
Pb, Cr, Ni, Cu. However, mussels from site 1 con-
tained maximum amounts of Pb, V, Cr, Ni, Mn and
Zn in comparison to site 3 (by 6; 12.5; 6.3; 3.4; 2.6 and
2 times higher, correspondingly) while mussels from site
2 contained V, Cr, Mn and Cd by 9; 5.7; 6; 3.4 times
higher than that at the site 3, correspondingly. Signifi-
cantly higher values of MDA, CAT and GSH were
found in the mussel`s tissue from polluted sites 1 and 2
in comparison with relatively clean site 3. At the site 2
the level of MDA and activity of CAT considerably
higher than in both site 1 (by 1.2 and 1.5 times) and site
3 (by 1.9 and 2.8 times). At the site 1 CAT activity and
MDA level significantly higher than that’s at the site 3
by 1.6 and 1.9 times correspondingly (Table 3). GSH
level in D. polymorpha tissue on both sites 1 and 2 was
found to be 7 times higher in comparison with control
site 3. There are no significant differences in GST and
GR activity were detected between all three sites. Cor-
relation was registered between biomarkers levels and
HM content in D. polymorpha tissue. There was a cor-
relation between MDA and Cd, CAT and Mn, GSH
and Cu (Table 4).

DISCUSSION
Zebra mussels collected on site 1, close to indus-

trial cluster of Cherepovets and on a remote site 2 are
exposed to toxic pollutants. Their tissues accumulate
large concentrations of HM which strengthening oxi-
dation processes and therefore, increase MDA con-
centration. Products of POL are important diagnostic
indices of elevated ROS formation (Huggett et al.,
1992). Many of the metals found are prooxidants and
stimulate peroxide oxidation of lipids as well as devel-
opment of oxidative stress (Livingstone, 2001). Tran-
sition metals (Mn, Cu, Zn) catalyze ROS production
by means of Fenton reaction (Winston, Di Giulio, 1991)
while many other metals (Ni, Pd, Cd) lead to
increased oxidation processes through some toxic
NLAND WATER BIOLOGY  Vol. 12  Suppl. 2  2019
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Table 2. HM content μg/g wet weight soft tissues of D. polymorpha

Here is and in the Table 3 x above the line, ±SE under the line. Differences are noted by symbols at р ≤ 0.05: a, b and c—denote statisti-
cally different from each other. N = 6 for ♂ or ♀, N = 12 for ♂ + ♀.

Sites Pb Cr Mn Co Ni Cu Zn Cd

1 site

♂

♂

♂ + ♀

2 sites

♂

♀

♂ + ♀

3 sites

♂  

♀

♂ + ♀

а0.25
0.08

a1.44
0.10

a50.1
27.3

a0.20  
0.02

a2.79  
0.37

a1.78  
0.25

a17.7
0.5

a0.03
 0.002

а0.23
0.01

a1.38  
0.2

a33.2
3.8

a0.23
0.04

a2.22  
0.78

a1.87  
0.23

a15.6
3.34

a0.032
0.005

a0.24
0.03

a1.41  
0.11

a41  
12.8

a0.21
0.02

a2.49  
0.39

a1.82
0.15

a16.6
1.57

0.03
0.002

a

b0.06
0.008

а1.22
0.13

b116.7
27.5

a0.16
0.02

b1.21
0.14

a1.47
0.16

b9.43
1.0

b0.07
0.004

b0.06
0.01

а1.38
0.02

b71.9
7.2

a0.14
0.007

b1.07  
0.11

a1.8
0.07

b9.3
0.7

b0.07
0.01

b0.06
0.005

a1.3
0.09

b93
19.9

a0.15
0.01

b1.14  
0.09

a1.63
0.12

b9.3
0.65

b0.07
0.04

b0.07
0.02

b0.24
0.01

c18.3
0.55

a0.15
0.01

c0.65
0.04

b0.92
0.05

c7.86
0.51

c0.02
0.001

b0.02
0.003

b0.22
0.01

c12.86
1.26

a0.16
0.02

c0.81
0.10

b0.94
0.04

c7.42
1.03

c0.02
0.002

b0.04
0.003

c0.08
0.006

b0.23
0.02

c15.5
1.2

a0.15
0.03

c0.73
0.03

b0.93
0.09

c7.64
0.54
mechanisms. Cadmium, for example, disrupts cellular
membrane balance and disorganizes metabolism Ca2+

(Suzuki et al., 2004). An increase of MDA in D. poly-
morpha sampled on sites with different levels of pollu-
tion was noted by de Lafontaine et al. (2000). Their
results have also shown the sensitivity of POL to HM
exposure. Other researchers Vlahogianni and Vala-
vanidis (2007) have studied toxic effect of HM Cu(II),
Cd(II), Pb(II) on another bivalve Mytilus galloprovin-
cialis and all HM have also caused an increase in
MDA concentration. According to Naimo (1995) the
most toxic heavy metals for freshwater bivalve is Hg,
Cd, Cu and Zn. Moreover, Chu and Chow (2002)
showed that different heavy metals together can cause
synergistic toxicity in biologicals model. Results of the
present study showed that the increase in the intensity
of oxidation processes in D. polymorpha in polluted
sites 1 and 2, resulted in the activation of different
AOD mechanisms: increased activity of CAT and
GSH level of growth. Timely induction of antioxidant
enzymes is an important protective reaction in the
development of oxidative stress caused by anthropo-
genic pollution (Sole, 2000). CAT, as well as MDA—is
an oxidative damage marker which can be both caused
INLAND WATER BIOLOGY  Vol. 12  Suppl. 2  2019
by POPs and HM (Binelli et al., 2015). Simultaneous
increase in MDA and CAT in D. polymorpha has also
been observed in laboratory experiments with expo-
sure to Cd (34 mg/L) (Faria et al., 2009). On site 1
ROS production in D. polymorpha tissue may be due to
the complex of HM (Pb, Cr, Ni, Cu, Zn) of anthropo-
genic origin, with the source of their income into the
Rybinsk reservoir ecosystem from industrial metallur-
gical complex of Cherepovets (Flerov et al., 2000).

Detected positive correlation of CAT with Mn, and
MDA with Cd affirms that HM caused POL amplifi-
cation processes. Higher content of metals: Pb and Zn
was observed in mussel`s tissues. Similar results were
obtained for D. polymorpha in field trials (Faria et al.,
2010). In polluted stations mussels accumulated
higher concentrations of HM: Ni, Zn, Cd, Pb, As and
PCBs so that the antioxidant system response was also
expressed in the activation of CAT and other enzymes
except GST and GR. The increase of CAT activity has
been described by many authors for some other species
like fish and invertebrates sampled in areas contami-
nated with HM (Huggett et al., 1992). Mussels from
site 2 had maximum values of MDA content and CAT
activity, with a high content of shellfish accumulating
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Table 3. The parameters of oxidative stress D. polymorpha from different parts of the Rybinsk Reservoir

See the abbreviation in the text.

Sex
CAT GST GR GSH MDA

nmol/(min mg prot.) nmole/mg

1 sites

♂

♀

♂ + ♀  

2 sites

♂

♀

♂ + ♀

3 sites

♂

♀

♂ + ♀

a124.6
4.06

7.04
0.71

1.69
0.38

a1.65
0.09

a1.76  
0.11

a119.2
8.39

7.42 
0.53

1.93
0.40

a1.55
0.10

a2.01
0.10

a121.9
4.52

7.23
0.27

1.81
0.27

a1.50  
0.05

1.88  
0.07

a

b138.6
12.62

6.55 
0.99

2.52
0.60

a1.18
0.29

b2.82
0.48

b154.9
11.46

7.02
1.29

2.55 
0.58

a1.72  
0.23

b2.84
0.34

b146.8
6.01

6.78
0.47

2.53
0.26

a1.62
0.14

b2.83
0.23

c77.7  
4.41

6.12
0.86

1.73
0.94

b0.20  
0.04

c1.01
 0.03

c75.5
7.03

6.75
0.23

2.81
0.64

b0.24
0.05

c0.98
0.04

c76.90  
3.63

6.43
0.52

2.27
0.91

b0.22
 0.02

c1.01
0.06

Table 4. Correlation coefficients between HM and OS indices (Pearson’s R)

*The correlation is reliable.

OS indices Pb V Cr Mn Co Ni Cu Zn Mo Cd

CAT 0.08 0.48 0.48 0.86* 0.42 0.37 0.54 0.48 –0.8 0.70
GST –0.14 0.42 –0.37 –1.0 –0.37 –0.42 –0.42 1.00 –0.86 –0.76
GR –0.52 –0.71 –0.71 0.14 –0.54 –0.60 –0.31 –0.82 –0.60 0.08
GSH 0.20 0.71 0.71 0.60 0.77 0.60 0.82* 0.60 0.20 0.77
MDA –0.08 –0.08 –0.08 –0.08 0.77 –0.08 –0.14 0.08 –0.08 0.82*
Mn and Cd (Table 2). This may be due to their bio-
availability. Manganese—a metal with strong oxidiz-
ing properties (Leonard et al., 2004), and cadmium, is
known for its multiple toxic effects (Son et al., 2001).
Their combined toxic effects may doubly enhance
ROS formation and leads to an increase in POL pro-
cesses, which explains the significant correlation
between the activity of CAT contents of the MDA, and
I

the concentration of Cd and Mn in the tissues of mus-
sels.

The reduced GSH detoxifies metals, POPs and
catches ROS, therefore, constituting the first line of
defense against their toxic effects (Bocchetti et al.,
2008). GSH level is higher in D. polymorpha from pol-
luted sites 1 and 2. This is due to the fact that mussels
accumulated higher quantities of HM (Pb, Zn, Mn, V,
NLAND WATER BIOLOGY  Vol. 12  Suppl. 2  2019
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Cd) here. Detected HM could be the cause of
increased GSH level, which is confirmed by its posi-
tive correlation with Cu. A similar trend with
increased GSH level was found in the Black Sea mus-
sel Mytilus galloprovincialis in the natural environ-
ment, on polluted sites, with the accumulation of met-
als: Cr, Fe, Cu, and Mn (Regoli, Principato, 1995).
Previously, other studies on bivalve mollusk (Mytilus
galloprovincialis) and fish (Dicentrarchus labrax, Abra-
mis brama) described reduction of GSH under the
influence of HM and POPs in the laboratory and in
the field (Viarengo et al., 1997; Bocchetti et al., 2008;
Morozov et al., 2012). Some studies reported short-
term increase in the content of GSH and its subse-
quent depletion in different species of animals and
plants (Huggett et al., 1992). Analysis of literature data
and results of their studies, may allow us to conclude
that the changes in GSH level depends on the concen-
tration of pollutants and different exposure times, and
it is difficult to interpret the results obtained in the
field. In our field study GSH. level in D. polymorpha
from sites 1 and 2 with chronic exposure to pollutants
was 7 times higher in comparison to relatively clean
site 3, that`s may be due to an adaptive response to the
action of HM. Endogenous enzymes glutathione syn-
thesis is carried out by c-glutamyl-cysteine synthetase
and glutationsinthetase, (Canesi et al., 1999), and GR
restores its oxidized form (Carlberg, Mannervik,
1985). So it can be assumed that these enzymes at the
moment of our study, together provided sufficient cell
renewal resource for reduced GSH in the tissues of
mussels exposed to pollution (contamination) (Faria
et al., 2009).

CONCLUSIONS

Obtained data suggest that HM may contribute to
the oxidative stress induction in mussel. Bivalves
D. polymorpha have accumulated high HMs concen-
trations in different sites of the Rybinsk reservoir with
a high level of anthropogenic pollution (sites 1 and 2).
This stimulates the formation of ROS and POL induc-
tion. As a consequence, there have been changes in the
antioxidant defense system functioning (CAT and
GSH increase), that is an adaptive compensatory
mechanism on HM action. Consequently, the mea-
sured biomarkers in D. polymorpha reflect the level of
anthropogenic load on different parts of the Rybinsk
reservoir. Due to it’s sensitivity biomarkers in D. poly-
morpha can be recommended to assess HM pollution
in freshwater ecosystems.
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