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Abstract In this study, the effects of cadmium (Cd) stress
on the activities of disaccharidases (sucrase, lactase, and
maltase), amylase, trypsin, pepsase, superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GPx), and
malondialdehyde (MDA) content in the alimentary system
of freshwater crabs Sinopotamon henanense were studied.
Results showed that the enzyme activities in the stomach,
intestine, and hepatopancreas changed with Cd concentra-
tion. In terms of digestive enzymes, Cd exposure had an
inhibitory effect on the activities of the disaccharidases,
amylase, and pepsase (only in the stomach). Significant
induction of trypsin activity by Cd at a lower concentration
was observed, but as Cd concentration increased, trypsin
activity decreased. Maltase activity showed a slight recov-
ery after inhibition by Cd. The activities of SOD and CAT
increased initially and decreased subsequently. Cd signifi-
cantly inhibited the activity of GPx. MDA content increased
with increasing concentration of Cd. These results showed
that acute Cd exposure led to harmful effects on the alimen-
tary system of crabs, which are likely linked to Cd induced
oxidative stress.
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Introduction

Cadmium (Cd), a widely used heavy metal in modern in-
dustry, is one of the most abundant, ubiquitously distributed

toxic elements in aquatic ecosystems (Novelli et al. 2000).
The effects of Cd on histology and physiology of aquatic
animals have been relatively well studied (Chen et al. 2000;
Tulasi et al. 1987; Paslor et al. 1988). Cd can result in acute
and chronic intoxication in various organs, including the
liver, kidney, testes, and intestine (Kuriwaki et al. 2005;
Zhou et al. 1999; Xu et al. 2009).

Digestive enzymes can indicate the metabolic status of
the animals and the degree of adaptation to the environment
and can thus be used as biomarkers in environmental mon-
itoring (Lai et al. 2011). In the present study, digestive
enzymes have demonstrated post-assimilatory impacts on
protease activity in grass shrimp collected along an impact
gradient (Seebaugh et al. 2011). Results showed the separate
and combined effects of Cd, temperature, and pH on diges-
tive enzymes in three freshwater teleosts (Kuzmina et al.
2002), and a strong relationship between digestive enzymes
activities, feeding rate, and metal contents (Dedourge-
Geffard et al. 2009). The expression of amylase genes in
Daphnia magna was upregulated after cadmium exposure
(De Coen and Janssen 1997). So far, the toxic mechanism
has remained unclear for the toxic effects that heavy metals
have on the digestive systems of aquatic animals.

Studies have shown that Cd stimulates the production of
reactive oxygen species (ROS), which can cause oxidative
damage to tissues and organs, if the antioxidant defense
system, consisting of superoxide dismutase (SOD), catalase
(CAT), and glutathione peroxidase (GPx), was over-
whelmed (Winston and Di Giulin 1991; Almeida et al.
2002). Alimentary tract mucosa is vulnerable to the injury
of oxidative stress, free oxygen radicals, and lipid peroxida-
tion (Wargle et al. 1996), and systemic oxidative stress can
influence the activity of digestive enzymes (Lackeyram et
al. 2007).

Freshwater crabs have the capability of accumulating
heavy metals (Reinecke et al. 2003) and represent a suitable

Responsible editor: Markus Hecker

H. Wu :R. Xuan :Y. Li :X. Zhang :Q. Wang : L. Wang (*)
School of Life Science, Shanxi University, Wucheng Road 92,
Taiyuan 030006 Shanxi Province, People’s Republic of China
e-mail: lanwang@sxu.edu.cn

Environ Sci Pollut Res (2013) 20:4085–4092
DOI 10.1007/s11356-012-1362-6



bioindicator for environmental contamination with these
agents (Schuwerack et al. 2001). The freshwater crab Sino-
potamon henanense is a species commonly found in China
freshwater. Our earlier surveys on Cd accumulation in the S.
henanense habitat in Qin River, the second longest river in
Shanxi province, showed that Cd level could reach 12.46±
1.88 mg/kg in surface sediment, which poses a high ecolog-
ical risk (Han et al. 2008). In some valleys near Cd-rich
mines, the Cd level could reach 12.05±1.47 mg/L in the
water, where this crab species nearly vanished (Yuan et al.
2010). Considering the serious deterioration of the ecolog-
ical environment, we chose a series of Cd concentrations of
7.25, 14.5, and 29.0 mg/L, which are 1/32, 1/16, and 1/8 of
the 96 h LC50 for Cd to Sinopotamon yangtsekiense, respec-
tively (Wang et al. 2008). These concentrations may be
higher than general environmental Cd levels, but were
similar to even lower than the Cd levels in a few
serious pollution incidents.

Until now, most toxicity studies on crustaceans induced
by Cd have been limited to hepatopancreas and gill injuries
(Liu et al. 2011; Wu et al. 2008; Ma et al. 2009). The
relevant studies on the heavy metal effects on enzymatic
activities in alimentary system of S. henanense have not
been reported yet. The current study investigated the effects
of Cd stress on digestive enzymes and antioxidant enzymes
of S. henanense’s alimentary system, and demonstrated that
oxidative damage to the alimentary system could affect
digestive function.

Materials and methods

Animals and treatments

S. henanense (hereinafter referred to as “crabs”) were pur-
chased in October 2011 from the Wu Longkou Dong’an
Aquatic Wholesale Market in Taiyuan and were acclimated
in glass aquaria (130 cm×50 cm×60 cm) filled with tap
water (aerated for 48 h, with a temperature of 16–20 °C, pH
6.8, and dissolved oxygen over 6 mg/L) for 2 weeks before
experiments. Aquaria were shielded by a black plastic to
reduce disturbance. All crabs were fed commercial feed
(1 % of body weight) two times a week.

After acclimation, healthy, similar-sized adult crabs
with a wet mass of 20.2±2.5 g were randomly divided
into four groups and exposed to a gradient of Cd con-
centrations (0, 7.25, 14.5, and 29.0 mg/L) in glass
aquaria (20 cm×20 cm×20 cm) with 1 L of CdCl2
solution. During the experimental period, crabs were
not fed. The exposure medium was changed every
24 h. All other conditions were kept the same as those
used for acclimation. During the exposure period, there
was no mortality of the experimental animals.

After 4 days, the crabs were sacrificed, and tissue sam-
ples of hepatopancreas, stomach, and intestine were imme-
diately excised after opening the cephalothorax of each crab.
These tissues were weighted and then added to phosphate
buffer at a pH 7.2 in a proportion of 1:9 (w/v), and were
homogenized at ice-bathing condition with an electronic
homogenizer, and the homogenate then was frozen-
centrifuged for 10 min (9,300×g). The supernatants were
taken and stored at −80 °C for enzyme activity testing. All
tests were performed in triplicate.

Biochemical assays

The analytical reagent CdCl2 was used. Disaccharidase (su-
crase, lactase, and maltase), amylase, trypsin, pepsase, SOD,
CAT, GPx, MDA, and total protein content were measured
with kits (Nanjing Jiancheng Bioengineering Institute, Nanj-
ing, China) following the manufacturer’s protocols. All
measurements were carried out with a microplate reader
(Spectramax M5; Molecular Devices, USA). All tests were
performed in triplicate.

Disaccharidase (sucrase, lactase, and maltase) activities
were determined as described by Dahlquist (1968), and
activities of amylase, trypsin, and pepsase were determined
as described by Pan and Wang (1997). SOD activity was
measured by the xanthine/xanthine oxidase method (Nishi-
kimi 1975); 1 U of SOD was defined as the amount of
protein that inhibited the rate of NBT reduction by 50 %.
CAT activity was determined by the ammonium molyb-
date colorimetric method (Góth 1991). GPx activity was
quantified by the dithio-binitrobenzoic acid method
(Rotruck et al. 1973), based on the reaction between
remaining glutathione after the action of GPx and 5,59-
dithio bis-(2-nitrobenzoic acid) to form a complex that
absorbs maximally at 412 nm. Lipid peroxidation was
measured using the thiobarbituric acid test for MDA
according to Ohkawa et al. (1979). Protein content
was determined according to Bradford (1976) using
bovine serum albumin as the standard.

Statistical analysis

Statistical analyses were performed with SPSS 15.0 soft-
ware. Data distributions and the homogeneity of variance
were tested using Kolmogorov–Smirnov and Levene tests,
respectively. When the data satisfy the prerequisites for
parametric tests (analysis of variance, ANOVA), one-way
ANOVA and the Dunnet’s test were used to evaluate the
significance of differences between treated and control
groups. The data were expressed as mean±SD. The post
hoc least significant difference (LSD) test was performed for
inter-group comparisons. Probability values of P <0.05 were
considered statistically significant.
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Results

Effects of Cd on digestive enzymes activities in different
groups

The results indicated that Cd significantly inhibited sucrase
activity in the alimentary system as shown in Fig. 1a
(P<0.01). In the low concentration group (7.25 mg/L), Cd
had a significant inhibitory effect on the activity of sucrase
in the hepatopancreas and intestine, while its inhibitory
effect towards the stomach was only obvious in the group
containing middle concentrations (14.5 mg/L). In terms of
the three tissues, sucrase activities reached the lowest point
in the high concentration group (29.0 mg/L), and activities
in the hepatopancreas, intestine, and stomach were reduced

to 53 %, 31 %, and 17 % of those of the control group,
respectively.

Cd had a significant inhibitory effect on lactase activity in
the alimentary system (Fig.1b). When compared to the
control, lactase activity significantly decreased to its lowest
level (39 % of control) both in the low concentration group
(7.25 mg/L) in the hepatopancreas and in the high concen-
tration group (29.0 mg/L) in intestine and stomach, a de-
crease of 51 % and 58 %, respectively.

As seen in Fig. 1c, after being inhibited by Cd, maltase
activity in crab alimentary system showed a slight recovery.
But when compared with the control group, maltase activity
of the alimentary system in the Cd-treated group was sig-
nificantly (P<0.05) or highly significantly (P<0.01) de-
creased. Maltase activity reached its lowest value at
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Fig. 1 Effects of cadmium on the activities of digestive enzymes
in S. henanense (a sucrase activity; b lactase activity; c maltase
activity; d amylase activity; e trypsin activity; f pepsase activity).

The values are means±SD from three individual samples. Using
one-way ANOVA, compared with the control, significance is
indicated by *P <0.05, **P <0.01
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7.25 mg/L Cd, with enzymatic activities in the hepatopan-
creas, intestine, and stomach being 68 %, 56 %, and 53 %
that of the control, respectively.

Cd had an inhibitory effect on amylase activity in ali-
mentary system of crabs (Fig.1d). Amylase activity in the
hepatopancreas, intestine, and stomach were 46 %, 49 %,
and 42 % that of the respective control group, respectively.
When compared with the control, amylase activities of the
hepatopancreas and stomach showed a significant decrease
in the middle concentration group (14.5 mg/L) and de-
creased to its lowest in the high concentration group
(29.0 mg/L). Amylase activity of intestine at 29.0 mg/L of
Cd concentration showed a significant difference (P<0.05)
from the control.

Initially, exposure concentrations up to 7.25 mg/L Cd
resulted in a concentration-dependent increase in the activity
of trypsin, and a maximum increase of 51 %, 41 %, and
26 % in the hepatopancreas, intestine, and stomach, respec-
tively, were observed as compared to control (Fig. 1e). With
increasing Cd concentration, trypsin activity in the hepato-
pancreas, intestine, and stomach dropped by 86 %, 62 %,
and 93 %, respectively, in the 29.0 mg/L Cd group com-
pared to the control. But in the stomach, the inhibition was
not significant (P>0.1).

Pepsase activity was only detected in the stomach of
crabs (Fig. 1f). Cd had an obvious inhibitory effect on
pepsase activity. Compared with the control group, at
14.5 mg/L and 29.0 mg/L of Cd concentration, pepsase
activity showed significant decreases (P<0.01), while in
the high concentration group (29.0 mg/L), it reached its
lowest value: 49 % of control.

Effects of Cd on antioxidant enzymes activities and lipid
peroxidation in different groups

During the 4-day acute treatment with Cd, SOD activities in
three tissues of crabs all increased at the least exposure
concentration and then decreased at greater concentrations
(Fig. 2a). In intestine and stomach, when Cd concentration
was low (7.25 mg/L), SOD activity showed highly signifi-
cant induction (P<0.01). With increasing Cd concentration,
SOD activities in these three tissues were significantly
inhibited at 29.0 mg/L Cd.

As seen in Fig. 2b, CAT activities in the crab’s alimentary
system (stomach and intestine) were stimulated by Cd and
reached maximum activities when Cd concentration was
low (7.25 mg/L); CAT activities in hepatopancreas, intes-
tine, and stomach were 17 %, 89 %, and 138 % greater than
the control, respectively. Enzymatic activities decreased
slightly in the 14.5 mg/L exposure group, but in the intestine
and stomach the activities were still significantly higher than
the control. In crabs from the high concentration (29.0 mg/
L) group, CAT activities in these two tissues were

significantly inhibited. In the hepatopancreas, the activity
of CAT was significantly decreased in the high Cd concen-
tration (29.0 mg/L) group.

The results showed that in the high concentration
(29.0 mg/L) group, GPx activities in the three tissues were
lower than the control group (P<0.01) (Fig. 2c). Cd had a
significant inhibitory effect on the activity of GPx. In intes-
tine, GPx activity for crabs treated with 14.5 mg/L Cd was
significantly lower than in the control.

In each Cd-treated group, the content of MDA rose with
increasing Cd concentration (Fig. 2d). In the middle con-
centration (14.5 mg/L) group, the MDA content in the
hepatopancreas and intestine, compared with the control
group, increased significantly and reached its peak at the
highest Cd concentration (29.0 mg/L). The maximal
increases in MDA of three tissues after Cd treatment were
34 %, 40 %, and 28 % greater than the control, respectively.

Discussion

Digestive enzymes activities of crustaceans are important
physiological parameters that reflect digestive physiology of
a crustacean and are closely related to heredity, environ-
ment, and food habit. Digestive enzymes of crabs are mainly
provided and excreted by the digestive tract (consisting of
stomach and intestine) and digestive gland (hepatopancreas)
(Li et al. 1994). The stomach grates and preliminarily
digests the food (Fang et al. 2002); midgut and hindgut
digest the food that is not completely digested by the stom-
ach (Barker and Gibson 1978); hepatopancreas is made of
one left lobe and one right lobe, which is the most devel-
oped digestive gland and detoxification organ of crabs (Lou
et al. 2010). There are different kinds of digestive enzymes
that exist in different tissues (Jiang et al. 2010). In our
experiment, trypsin activity of the hepatopancreas was the
highest. In the intestine, the maltase activity was higher than
the other two tissues. Pepsase activity was only detected in
the stomach as indicated by Sastry and Gupta (1979).
Through reacting with digestive enzymes, heavy metal ions
influence the growth or even survival of the organisms. The
induction or inhibitory effects vary between different diges-
tive enzymes. In addition, metal ions have different action
mechanisms towards different digestive enzymes (Sastry
and Gupta 1978).

There are two ways for heavy metals to influence
enzymes: one is to stimulate enzymatic activity and the
second is to inhibit enzymatic activity (Zhao 2009). Our
present research showed that the effects of Cd on three
tissues and six kinds of digestive enzymes of the digestive
system of crabs were not consistent. At a low Cd concen-
tration, the activities of trypsin in alimentary system of crabs
increased and fell back to a high Cd concentration, and
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maltase activity showed a slight recovery after inhibition by
Cd. Concerning the induction mechanism of exogenous
compounds on enzymes, it is generally assumed that exog-
enous compounds induce the production of enzymes mainly
by means of manipulating genes’ repression. Exogenous
compounds and repressors manipulate genes form a com-
plex, which in return can disable the repressor and thus
result in an increasing synthesis of proteinaceous enzymes
(Kong 2000).

The influence of Cd on crab digestive enzymes was also
reflected by the inhibitory effects on the activities of sucrose,
lactase, amylase, and pepsase. With rising concentration of
Cd, the activities of these four enzymes were all inhibited to a
certain extent. Cd is a kind of soft acid that can connect with
mercapto groups of cysteine residue at the activity center of
digestive enzyme. This connection can inhibit the activity of
the enzyme. Cd can also connect with the non-active center of
the enzyme, thus changing the composition of the enzyme to
reduce its activity. This is assumed to be the main mechanism
of Cd in inhibiting digestive enzymes activities in the alimen-
tary system of crabs.

There have been a number of studies about digestive
enzymes being used as biomarker for pollutant stress
(Douhri and Sayah 2009; Boldina-Cosqueric et al. 2010;
Palais et al. 2012). Barfield et al. (2001) found that after
28 days of exposure to Cd, the activity of Corbicula flumi-
nea’s digestive enzyme (cellulose enzyme) decreased with

the increase of the concentration gradient, so they concluded
that digestive enzymes could be used as a biomarker for Cd
stress towards heavy metals. In the present paper, the crabs
were exposed for 4 days, and the activities of sucrase,
amylase, and pepsase exhibited a linear decrease with the
rise of Cd concentration, so there was a significant negative
correlation between enzyme and concentration. This phe-
nomenon testified that the sucrase, amylase, and pepsase
enzyme activity in the digestive system of crabs can also be
used as a biomarker for monitoring heavy metal pollution.

When aquatic invertebrates are exposed to heavy metals,
animals will respond by activating the mechanism of detox-
ification. For example, metallothionein (MT) is abundantly
expressed, which is closely related with excretion and de-
toxification of Cd. Cd is then accumulated and detoxified by
chelation (Ma et al. 2008). But with increasing exposure
concentration, Cd may exceed the body’s limits of detoxifi-
cation. Then, Cd will combine with large molecule proteins
in the body (such as a variety of enzymes) and cause toxic
effects (Zhou et al. 2010).

The present study showed that Cd effects on antioxidant
enzymes activities and MDA content of three tissues in
alimentary system of crabs are a dynamic process. Induction
and inhibitory effects vary with biochemical parameters
tested and treatment concentration of Cd (Lei et al. 2011).

The current experiment showed that the changes of anti-
oxidant enzymes and MDA content differed from organ to
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organ. CAT, GPx activities, and MDA content of hepato-
pancreas were higher than those of the other two tissues.
This may be related to the fact that hepatopancreas is the key
site of Cd accumulation in Crustacea (Wang et al. 2001) and
one of the most important organs that play important roles in
metal detoxification (Li et al. 2008).

SOD can instantly convert the harmful oxygen-free rad-
icals into H2O2, and maintain metabolic balance of free
radicals in the body, thereby protecting cells from damage.
The ability of SOD to remove the oxygen-free radicals is
related to its content and activity (Cao et al. 2010). In the
experiment presented here, the lower concentration of Cd
increased SOD activity of crabs, resulting in "hormesis", but
when Cd concentration exceeded a certain range, the activ-
ity of SOD was reduced, which indicated that SOD could
not remove O2

− in the alimentary system of crabs in a timely
manner, and thus Cd had a toxic effect on the crabs. With the
accumulation of O2

−, oxidative damage for cells of the
alimentary system can become more severe which could
finally result in the death of cells (Yan et al. 2007).

Both CAT and GPx can transform H2O2 into H2O and O2

(Yao et al. 2006). Therefore, CAT and GPx could reduce the
tissue injury by removing the H2O2. The activity of CAT is
relevant to the concentration of H2O2 (Fomazier et al. 2002).
Results of the present study revealed first an activation and
then an inhibition of CAT activity at 7.25 mg/L Cd, indicating
that when a small amount of Cd entered the organism, the
activity of SODwas stimulated to increase the concentration of
H2O2 consequently. The higher concentration of H2O2 induces
the activity of CAT (Chen et al. 1994). With increasing con-
centration of Cd, a large amount of extra ROS were induced,
and the scavenging capability of CATwas reduced, leading to a
decrease in CAT activity of three tissues. GPx is an enzyme
requiring selenium for its activity. The combination of Cd and
GPx’s active site (Se-Cys) can reduce the toxic effect of Cd on
the organism and, on the other hand, can lead to changes at the
active site and cause GPx to lose its activity (Iszard et al. 1995),
hurting the organism through the accumulation of H2O2 and
·OH (Hultberg et al. 1998). In the current experiment, by
increasing the concentration of Cd, ROS kept accumulating,
and the activities of GPx in three tissues changed and its
synthesis was inhibited, leading to a significant decrease in
GPx activity.

Lipid peroxidation is one of the main indicators of oxi-
dative damage (Anane and Creppy 2001). MDA is not only
an important product of lipid peroxidation but also can react
with a protein’s free amino acid and cause cross linking
within and between protein molecules, which consequently
damage the cell (Papadimitriou and Loumbourdis 2002).
Our data confirmed that acute intoxication with Cd after
4 days of exposure caused a statistically significant increase
in MDA concentration. The content of MDA is representative
of oxidative damages.

Currently, a large number of studies have shown that
heavy metals and other stressors may lead to oxidative
stress, and can cause gastrointestinal damage (Chen 2008).
Cd had a significant inhibitory effect on the activities of
SOD, CAT, and GPx at 29.0 mg/L, and MDA content
increased with increasing Cd concentration, suggesting that
the antioxidant defense system of the alimentary system of
crabs was damaged under high Cd stress, which resulted in
structural damages of the alimentary system, directly affect-
ing the activities of a variety of digestive enzymes (Zhao
2011).

Conclusions

In summary, with increasing concentration of Cd, the activ-
ities of four kinds of digestive enzymes were inhibited to a
certain degree, and the activity of trypsin in alimentary
system of crabs was increased in the low Cd concentration
group and decreased in the high Cd concentration group.
Maltase activity showed a slight recovery after inhibition by
Cd. At a low concentration of Cd, antioxidant enzymes
activities were stimulated, but inhibited at higher Cd con-
centrations. This indicated that the damage to antioxidant
defense system may be the factor affecting the activities of
digestive enzymes. All these may contribute to the estab-
lishment of predictive models for the toxicity of Cd. In the
future, it will be interesting to investigate histological dam-
ages of Cd to the alimentary system of S. henanense.
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