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Abstract—Aging is accompanied by increased production of free oxygen radicals and impairment of normal cellular functions. The aim of this work was to provide preliminary data on age-related differences in the activities of antioxidant
enzymes and phase II biotransformation enzyme glutathione S-transferase (GST) in a wild population of the Asian clam
Corbicula fluminea. The antioxidant enzymes superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX),
glutathione reductase (GR), and GST were assessed in visceral mass of four age classes (0+-, 1+-, 2+-, and 3+-year-old) of
C. fluminea clams. Age-related changes were seen in antioxidant enzyme status: levels of total SOD (totSOD) (P < 0.05),
MnSOD, and CuZnSOD (P < 0.05) activities increased progressively during aging from younger to older clams. Changes in
CAT and GR activities with advancing age were found, the levels being the highest in age class II, then being lower in age
classes III and IV (P < 0.05). Activities of GPX and GST were lower in the senescent individuals (2+- and 3+-year-old
clams) compared with young individuals (0+- and 1+-year-old clams). Overall, the decline of glutathione-dependent
enzyme activities, coupled with higher and lower activities of totSOD and CAT, respectively, as the individual grows older,
may render the older animals more susceptible to oxidative stress. Data reported here are not intended to be exhaustive since
they concern only age/size structure of the population at one locality, so more detailed studies on both the developmental
stages and levels of antioxidant enzymes of this new alien species in Serbian rivers are required.
DOI: 10.1134/S0006297916030044
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Aerobic organisms must deal with continuous production of reactive oxygen species (ROS) generated during their respiratory activity [1]. These ROS, both physiological messengers and normal byproducts of cellular
metabolism, including superoxide anion radical (O2 ),
hydrogen peroxide (H2O2), and the highly reactive
hydroxyl radical (OH•), are produced in the mitochondrial electron transport chain, microsomes of endoplasmic
reticulum, peroxisomes, and the cytosol [2].
Oxidative stress occurs in organisms when ROS generation is transiently or chronically enhanced, and the
antioxidant protection system does not counteract the
disturbed physiological condition [3]. Excessive ROS can
induce deleterious effects on cellular macromolecules
such as DNA, proteins, and lipids, which can lead to
Abbreviations: CAT, catalase; GPX, glutathione peroxidase;
GR, glutathione reductase; GSH, reduced glutathione; GST,
glutathione S-transferase; ROS, reactive oxygen species; SOD,
superoxide dismutase; totSOD, total superoxide dismutase
(MnSOD + CuZnSOD).

altered cellular function or cell death [2]. Several studies
have suggested that, as an organism ages, ROS naturally
begin to accumulate within cells, with ROS levels exceeding capacities of detoxifying antioxidants within the cells
[4]. The degree of oxidative stress and oxidative damage is
therefore a balance between ROS production and antioxidant defenses [2]. Antioxidants comprise enzymatic and
nonenzymatic components. The main antioxidant
defense enzymes in all organisms are superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase
(GPX), glutathione reductase (GR), and the phase II
biotransformation enzyme glutathione-S-transferase
(GST). These enzymes can be induced by ROS, and
therefore they can be indicators of oxidative stress [5].
Antioxidant enzyme activity can be influenced by
both exogenous and endogenous factors, such as developmental stage, age, diet, seasonality/reproductive cycle,
temperature, hypoxia/hyperoxia, and exposure to various
types of pollutants [6]. In marine and freshwater organisms, antioxidant enzymes have been widely used as biomarkers of pollution by metals and organic compounds
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that generate oxidative stress [7]. Previous authors have
studied ROS production and oxidative stress mostly in
marine bivalves, especially in sentinel organisms used for
monitoring environmental conditions [8-10]. On the
other hand, there are only a few studies regarding aging in
mollusks, especially freshwater species [11, 12]. The
aging process in bivalves involves a loss of energetic function and higher susceptibility to oxidative stress followed
by progressive impairment of cells, tissues, and organs
that is associated with a decline in physiological function
over their lifetime [12]. Due to their reduced mobility in
post-settlement stages, the age of bivalves is an inevitable
factor for determining accumulation, detoxification,
adaptive responses, and toxicity of various xenobiotics.
Hence, this research work included the bivalve
Corbicula fluminea (O. F. Müller, 1774) inhabiting a location far from large urban and/or industrial settlements, to
avoid influence of possible pollutants on antioxidant
enzyme activities of the clam. Corbicula fluminea, which
has been shown to have potential as a reliable sentinel
species [13, 14], was originally distributed in Asiatic
ecosystems, bit it is now a common inhabitant of
American and European freshwater habitats. The lifespan
of C. fluminea varies with habitat, but on average, it ranges
from 1 to 5 years [15].
In this regard, this work includes examination of
relationships between the age of C. fluminea individuals
and the antioxidant enzymatic activity level in order to
find differences that might correlate with aging.

MATERIALS AND METHODS
Sampling of C. fluminea and age-class assignment.
The Asian clam C. fluminea was collected manually and
with an Eckman dredge in October 2010 at the Bela Stena
site (44°50′48′′N, 20°35′12′′E). Bela Stena, far away from
large urban or industrial settlements, is considered as an
unpolluted or very low pollution site. Water physicochemical characteristics at the sampling site were determined as temperature (15.9°C), pH (8.1), and dissolved
oxygen (9.1 mg/liter). The organisms were stored in glass
containers and transported to the laboratory. Specimens
were measured for the anterior-posterior (AP) shell
length with a Vernier caliper and classified into four size
classes according to [16]. Those authors recognized four
generations of C. fluminea in the tidal Potomac River
(Maryland, USA) with shell size classes of <13 mm (I
class), 13 to 18 mm (II class), 19 to 24 mm (III class), and
>25 mm (IV class) corresponding to 0+-, 1+-, 2+-, and
3+-year-old individuals, respectively. After determination
of age classes, the clams’ bodies were separated from the
shells and frozen (–80°C) until further biochemical
analysis.
Tissue processing. In each age class (n = 12), the visceral mass was dissected from the collected clams.
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Visceral masses were ground and homogenized in five
volumes of 25 mM sucrose solution containing 10 mM
Tris-HCl, pH 7.5, at 4°C [17]. The homogenates were
sonicated for 15 s at 10 kHz on ice to release enzymes [18]
and then centrifuged in a Beckman ultracentrifuge
(90 min, 100,000g, at 4°C). The resulting supernatant
fractions were used for further biochemical analyses.
Antioxidant enzymes analyses. Protein concentrations were determined by the Folin phenol reaction as
previously described [19]. Total SOD activity was quantified using the epinephrine method [20]. The method is
based on the capacity of SOD to inhibit the autoxidation
of epinephrine to adrenochrome and is expressed as
U/mg protein. CAT activity was evaluated by the rate of
H2O2 decomposition [21]. The method is based on H2O2
degradation by the action of CAT contained in the examined samples. CAT activity is expressed as µmol
H2O2/min per mg protein. Determination of GPX activity was based on the oxidation of reduced NADPH with tbutylhydroperoxide as a substrate [22]. The enzyme activity is expressed as nmol NADPH/min per mg protein.
GR activity was assayed by a published method [23] based
on the ability of GR to reduce glutathione disulfide
(GSSG) to reduced glutathione (GSH) using NADPH as
a substrate. The enzyme activity is expressed as nmol
NADPH/min per mg protein. The activity of GST
toward 1-chloro-2,4-dinitrobenzene (CDNB) as a substrate was determined according to a published procedure
[24]. The method is based on the reaction of CDNB with
the -SH group of GSH catalyzed by GST contained in
the samples. The enzyme activity is expressed as nmol
GSH/min per mg protein.
Statistical analysis. Differences between antioxidant and GST enzymes obtained in each life stage of
clams were compared using one-way analysis of variance
(ANOVA), followed by the post-hoc Tukey honest significant difference (HSD) multiple-comparison test.
The data were first tested for normality (Kolmogorov–
Smirnov normality test) and homogeneity of variance
(Levene’s test). Results are expressed as mean ± S.D.
Correlation analyses were performed within each ageclass for all biochemical data using Pearson’s correlation
coefficient. Values of P ≤ 0.05 are considered significant.
To minimize redundancy, one variable from the pair of
highly correlated variables (r > 0.7) are omitted from
subsequent analysis. Canonical discriminant analysis
(CDA) was performed to classify groups of clams
according to the obtained results. All analyses were performed using SAS 9.1.3 software (SAS Institute, Cary,
NC, USA).

RESULTS
Regarding inter-age comparison of oxidative stress
responses, increased levels of totSOD (MnSOD +
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CuZnSOD) in 2+- and 3+-year-old clams (compared to
0+- and 0+-, 1+-, 2+-year-old individuals, respectively),
MnSOD activity in 1+-, 2+-, and 3+-year-old clams
(compared to 0+-; 0+- and 1+-; 0+-, 1+-, 2+-year-old
individuals, respectively) and CuZnSOD activity in 3+year-old clams (compared to the other three age classes)
were observed (Fig. 1).
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Fig. 3. Values represent the means ± SD of GPX activity measured
in the visceral mass of C. fluminea of different age classes (corresponding to the 0+-, 1+-, 2+-, and 3+-year-old clams) collected at
Bela Stena locality in the Danube River. The significant differences between classes are: a vs. 0+ year; b vs. 1+ year; c vs. 2+ year.
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Fig. 1. Values represent the means ± SD of totSOD, MnSOD, and
CuZnSOD activity measured in the visceral mass of C. fluminea of
different age classes (corresponding to the 0+-, 1+-, 2+-, and 3+year-old clams) collected at Bela Stena locality in the Danube
River. The significant differences between classes are: for totSOD:
a
vs. 0+ year; b vs. 1+ year; c vs. 2+ year; for MnSOD: p vs. 0+ year;
q
vs. 1+ year; r vs. 2+ year; for CuZnSOD: x vs. 0+ year; y vs. 1+ year;
z
vs. 2+ year.

Activity, µmol H2O2/min per mg protein

Activity, nmol NADPH/min per mg protein

226

САТ
50

a

40
30
20

ab

ab

2+ year

3+ year

10
0
0+ year

1+ year

Age of Corbicula fluminea

Fig. 2. Values represent the means ± SD of CAT activity measured
in the visceral mass of C. fluminea of different age classes (corresponding to the 0+-, 1+-, 2+-, and 3+-year-old clams) collected at
Bela Stena locality in the Danube River. The significant differences between classes are: a vs. 0+ year; b vs. 1+ year; c vs. 2+ year.

The highest CAT activity was in 1+-year-old clams
compared to all the other age-classes, while decreased
CAT activity in 2+- and 3+-year-old clams (P < 0.05) was
found (Fig. 2). Decreased GPX activity in 1+-, 2+-, and
3+-year-old clams compared to the youngest clams (P <
0.05) was found (Fig. 3). Considering inter-age comparison, GR activity exhibited the same pattern as CAT activity (Fig. 4). GST activity changed in decreasing manner,
showing the highest activity in 0+-year-old clams and the
lowest activity in 3+-year-old individuals with significant
difference at P < 0.05 (Fig. 5).
The correlations between the assessed antioxidant
parameters were tested within each age class (Tables 1-4).
Hence, Pearson’s analysis revealed positive correlations
between totSOD activity and the activity of CuZnSOD in all
the age classes (Tables 1-4). In addition, totSOD was positively correlated with CAT activity, while CAT activity was
positively correlated with GST in 0+-year-old clams (Table
1). Positive correlation was found between CuZnSOD and
GPX activity in 3+-year-old clams (Table 4). In all the age
classes, MnSOD and GR activities showed no significant
correlations with other antioxidant enzymes (Tables 1-4).
Canonical discriminant analysis (CDA) was performed to discriminate between the age classes of Asian
clams according to the measured biochemical parameters
and to establish the most important parameter for the
separation of groups. The data subjected to CDA analysis
were the activities of the antioxidant and GST enzymes
measured in the visceral mass of C. fluminea sampled
from the Bela Stena locality (Fig. 6).
The first two canonical axes explained 98.13% of the
overall differences. MnSOD and CAT displayed the highest values of standardized coefficients having the highest
contribution to the first axis (CD 1) (Table 5).
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Fig. 4. Values represent the means ± SD of GR activity measured
in the visceral mass of C. fluminea of different age classes (corresponding to the 0+-, 1+-, 2+-, and 3+-year-old clams) collected at
Bela Stena locality in the Danube River. The significant differences between classes are: a vs. 0+ year; b vs. 1+ year; c vs. 2+ year.

Fig. 5. Values represent the means ± SD of GST activity measured in the visceral mass of C. fluminea of different age classes
(corresponding to the 0+-, 1+-, 2+-, and 3+-year-old clams) collected at Bela Stena locality in the Danube River. The significant
differences between classes are: a vs. 0+ year; b vs. 1+ year; c vs. 2+
year.

Figure 6 depicts a clear separation along CD 1 for
the younger animals (0+- and 1+-year-old ones) that had
lower MnSOD and higher CAT activities as compared to
the older animals (2+- and 3+-year-old ones) that displayed higher MnSOD and lower CAT activities.
Ordination along the second canonical axis (CD 2)
revealed segregation of age class I (0+-year-old clams)
and age class II (1+-year-old clams) (Fig. 6). The highest contribution to the CD 2 had CAT and GST activities
(Table 5), where lower CAT and higher GST activity
were measured in animals belonging to age class I (Figs.
2 and 5), and vice versa in age class II animals (Figs. 2
and 5).

DISCUSSION
Some amount of oxidative damage takes place under
normal conditions. The rate of this damage increases during the aging process as the result of decreasing efficiency
of antioxidant and repair mechanisms. A supportive
theme of the oxidative stress hypothesis of aging is that
ROS are the primary causal factor underlying aging-associated declines in physiological function [25].
To counteract the toxic effects of ROS, aerobic
organisms use a variety of enzymatic and nonenzymatic
antioxidants. Antioxidant enzymes form an important
protective mechanism against ROS, and their effective-

Table 1. Pearson’s correlation coefficients determined, within age class I (0+-year-old clams), between antioxidant and
GST enzymes measured in the visceral mass of C. fluminea (n = 12 animals per group) collected at Bela Stena locality in the Danube River
Pearson’s correlation coefficients
Enzyme
totSOD

MnSOD

CuZnSOD

CAT

GPX

GR

totSOD

1.00

MnSOD

0.53

1.00

CuZnSOD

0.99

0.44

1.00

CAT

0.63

0.19

0.65

1.00

GPX

–0.19

0.21

–0.24

–0.56

1.00

GR

–0.11

–0.27

–0.08

0.15

0.12

1.00

0.34

0.22

0.33

0.62

–0.0038

0.34

GST

Note: Significant correlations at the 0.05 level are presented in bold.
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Table 2. Pearson’s correlation coefficients determined, within age class II (1+-year-old clams), between antioxidant
and GST enzymes measured in the visceral mass of C. fluminea (n = 12 animals per group) collected at Bela Stena
locality in the Danube River
Pearson’s correlation coefficients
Enzyme
totSOD

MnSOD

CuZnSOD

CAT

GPX

GR

totSOD

1.00

MnSOD

0.30

CuZnSOD

0.99

0.20

1.00

CAT

0.02

–0.13

0.03

1.00

GPX

–0.08

–0.02

–0.08

–0.15

1.00

GR

–0.34

–0.27

–0.32

0.49

–0.38

1.00

0.13

–0.06

0.14

0.51

0.08

0.12

GST

GST

1.00

1.00

Note: Significant correlations at the 0.05 level are presented in bold.

Table 3. Pearson’s correlation coefficients determined, within age class III (2+-year-old clams), between antioxidant
and GST enzymes measured in the visceral mass of C. fluminea (n = 12 animals per group) collected at Bela Stena
locality in the Danube River
Pearson’s correlation coefficients
Enzyme
totSOD

MnSOD

CuZnSOD

CAT

GPX

GR

totSOD

1.00

MnSOD

0.18

1.00

CuZnSOD

0.91

–0.26

1.00

CAT

0.10

0.49

–0.11

1.00

GPX

0.32

0.45

0.12

–0.09

1.00

GR

0.27

–0.11

0.32

0.46

–0.29

1.00

GST

–0.05

0.12

–0.10

–0.07

0.22

–0.07

GST

1.00

Note: Significant correlations at the 0.05 level are presented in bold.

Table 4. Pearson’s correlation coefficients determined, within age class IV (3+-year-old clams), between antioxidant
and GST enzymes measured in the visceral mass of C. fluminea (n = 12 animals per group) collected at Bela Stena
locality in the Danube River
Pearson’s correlation coefficients
Enzyme
totSOD
totSOD

MnSOD

CuZnSOD

CAT

GPX

GR

GST

1.00

MnSOD

0.17

1.00

CuZnSOD

0.76

–0.51

1.00

CAT

0.08

0.13

–0.02

1.00

GPX

0.51

–0.28

0.63

–0.02

1.00

GR

–0.48

–0.28

–0.23

0.30

–0.22

1.00

GST

0.17

0.03

0.13

–0.15

0.20

–0.32

1.00

Note: Significant correlations at the 0.05 level are presented in bold.
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Table 5. Standardized coefficients for canonical variables:
antioxidant enzymes and phase II biotransformation enzyme
GST activities measured in the visceral mass of C. fluminea
collected from Bela Stena locality in the Danube River
Variable

CD 2

CD 1

MnSOD

0.61

0.00

CuZnSOD

0.37

–0.19

CAT

–0.90

–0.63

GPX

–0.42

0.41

0.13

0.01

GST

–0.17

0.75

Cumulative property, %

75.36

98.13

GR

ness may vary with developmental stage and other physiological aspects of the organism [1, 26]. Antioxidant
enzymes addressed in this study were totSOD (along with
CuZnSOD and MnSOD), CAT, GPX, GR, and phase II
biotransformation enzyme, GST.
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SOD (EC 1.15.1.1) converts O2 to H2O2. In eukaryotes, it exists in three different forms: manganese-containing superoxide dismutase – MnSOD (in mitochondria), copper zinc-containing superoxide dismutase –
CuZnSOD (in cytosol), and total superoxide dismutase –
totSOD (comprised of MnSOD and CuZnSOD). In this
study, totSOD and CuZnSOD activities increased with
aging, with the exception of MnSOD, which exhibited
slightly lower activity in 1+-year-old clams compared to
0+-year-old clams (P < 0.05) with subsequent elevated
levels in 2+- and 3+-year-old clams (P < 0.05) (Fig. 1).
Some other authors have found age-related decrease
in SOD activity, explaining it with irreversible inactivation by its product, H2O2, as well as with Cu or Zn deficiency [27]. In work [28], a significant reduction in some
mitochondrial enzymes with age in short-lived scallop
Aequipecten opercularis (life span 8-10 years) was found,
and it was suggested that this may represent a decrease in
number of mitochondria with age leading to reduced fitness in older individuals. The elevated activity of all three
forms of the SOD obtained in older Asian clams could be
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Fig. 6. Scatterplot of canonical scores representing the four age classes of C. fluminea collected at the Bela Stena locality in the Danube River:
age class I (0+-year-old clams), age class II (1+-year-old clams), age class III (2+-year-old clams), and age class IV (3+-year-old clams). The
projection was made for all enzyme activities measured in visceral mass of C. fluminea on the factor plane. Groups were formed by CD 1 (the
first canonical function) and CD 2 (the second canonical function).
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due to a compensatory mechanism in response to
increased generation of O2 as a function of age and/or a
protective mechanism against exogenous O2 in senescent
individuals.
CAT (EC 1.11.1.6) catalyzes the decomposition of
H2O2 to water, while GPX (EC 1.11.1.9) detoxifies H2O2
and decomposes organic hydroperoxides to corresponding alcohols. This work revealed higher CAT activity in
younger animals with two-fold lower values in older animals compared to 1+-year-olds (Fig. 2), which is probably linked to increased metabolic activity related to the
intense reproductive activity that occurs in autumn. In
bivalves Crassostrea virginica and Mercenaria mercenaria,
SOD did not show a compensatory increase with aging in
either species, while CAT significantly decreased with age
[29]. SOD and CAT activity increased in the foot tissue of
the bivalve Arctica islandica with age. This upward trend
of antioxidants with age is rarely observed in ectotherms
[30]. The current study showed that GPX activity
changed in decreasing manner from the youngest to the
oldest clams (Fig. 3), while beside increased SOD,
increased GPX with age in the shrimp Aristeus antennatus
was noted [31].
The results in this work are concomitant with findings in the marine amphipod Gammarus locusta in which
markedly lower GPX in older compared to younger animals was measured [6]. Considering the fact that metabolic rate is normally higher in younger than older clams,
the former likely require higher antioxidant and GST
activities to protect against potentially increased production of ROS. For bivalves, which are characterized with
infinite growth, it is difficult to distinguish between the
effects of size and age, which are strongly correlated factors [30].
CAT may play a relatively more important role than
GPX in detoxifying H2O2 in invertebrates compared to
vertebrates [32]. Studies regarding the effect of aging and
size on the activity of CAT in bivalves have given rise to
different findings, as this effect appears to be specific to
species, sex, tissue, and age. Several authors found a
weight-specific decrease in CAT activity within the separate age classes of the mussel Mytilus edulis [33, 34].
Similar results were obtained for other aquatic invertebrates, the marine shrimp A. antennatus [31], as well as for
cephalopods Sepia officinalis and Lolliguncula brevis [35].
This finding illustrates that in those studies where agerelated decrease of CAT has been reported, it might be
due to the increasing size of the aging mussels and not due
to the effect of age per se. Considering a much later stage
of development and growth, CAT activities and levels of
other antioxidants in the mussel M. edulis were lower in
older than in younger animals, consistent with lower oxygen consumption rates in the former [33].
GR (EC 1.6.4.2) catalyzes the regeneration of GSH,
having a crucial role in preserving normal functioning of
other GSH-dependent enzymes. GST (EC 2.5.1.18) cat-

alyzes the conjugation of GSH to electrophilic centers on
a wide variety of substrates (endogenous and exogenous)
to make the compounds more water-soluble and more
easily excreted. On the other hand, the finding of a positive correlation between GPX and GST activities could be
explained as coordinated expression of total GST and its
peroxidase-like isoform, but reduction of GST activity
gained for clams could demonstrate an impairment of
GST activity during aging.
The downward trend for CAT, GPX, GR, and GST
activities from younger to older Asian clams could be
associated with reduction in free radical generation by the
mitochondria due to decrease in metabolic rate with
increasing size, which may reduce the need for energetically costly production of antioxidant enzymes in larger
animals, as observed in A. islandica [30]. This is in agreement with data obtained for the sentinel mussel M. edulis
for which has been confirmed a decline in antioxidant
capacity with aging [33, 36]. In addition, higher antioxidant activities are seen during an initial phase of active
growth in young ocean clams A. islandica, where upon
values decline rapidly until the age of maturation and
then remain stable [37]. The decreased antioxidant
enzyme activities in older clams appear to render the
older animals more susceptible to oxidative stress.
Generally, there are few reports describing age-related changes in the activities of antioxidant enzymes in
bivalves, especially in freshwater species. Age-related
changes in antioxidant and GST enzymes during the life
cycle of C. fluminea is expected given that marked alterations in these enzymes activities have been seen in
aquatic invertebrates with a number of both endogenous
and exogenous factors [26, 38].
Antioxidant enzyme activity can be induced by low
concentrations of pollutants and damage under higher
concentrations [39]. In relation to pollution and application of antioxidant and GST enzymes as biomarkers in C.
fluminea, further investigations focusing on antioxidant
defenses versus chemical contamination are now
required. Considering the fact that physiological functions in bivalves are influenced by size [34], the contribution of environmental factors as well as ontogenetic
development are also determining factors of antioxidant
levels in clams [40].
In conclusion, the results in this work show that
antioxidant enzyme activities are affected by aging of C.
fluminea. Age-related decreases in activities of CAT and
glutathione-dependent enzymes were found. On the
other hand, significant elevations in totSOD as well as
CuZnSOD and MnSOD activities were measured in
older clams compared to younger ones. CAT, GPX, GR,
and GST activities seem to contribute to antioxidant
defense, protecting against oxidative stress, in particular
in the younger stages, while totSOD (including
CuZnSOD and MnSOD) has more important role in
protecting older stages of C. fluminea development.
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Antioxidant defense enzymes seem to be balanced
with the generation of oxygen-derived species in young
individuals; however, there is an increase of oxidative
stress in later stages of the Asian clam life cycle. Obtained
variations in antioxidant activity levels should be interpreted with adaptive changes in antioxidant enzymes to
environmental factors of freshwater natural habitats
accompanying aging. Therefore, the aging process of
Asian clam remains largely unexplored, and further
detailed investigations should be addressed.
This research was supported by the Ministry of
Education, Science and Technological Development of
Republic of Serbia, Grant No. 173025.
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