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Abstract
More research is needed to understand the interactions of nanoparticles (NPs) with aquatic organisms and
their mechanism of toxic action. Zinc oxide nanoparticles (ZnONPs) are the most used engineered metal
oxide NPs in consumer products. The present study was designed to evaluate the cytotoxicity, genotoxicity
and digestive gland (DG) as well as gill histopathology of the freshwater molluscan bivalve Coelatura aegyptiaca
following exposure to ZnONPs (2, 10 and 50 mg/L) for 6 consecutive days. Exposure to ZnONPs (10 and
50 mg/L) induced a significant increase in malondialdehyde, superoxide dismutase and nitric oxide with a
concomitant decrease in reduced glutathione, glutathione-S-transferase and catalase levels in the haemolymph,
DG and gills of the treated mussels. Following exposure to ZnONPs (50 mg/L), the DG exhibited gradual
changes in glandular activity showing hypertrophy and hyperplasia in the glandular cells and irregularity of
lamellae and swelling of filaments in the gills. The present investigation revealed that oxidative stress induction,
genotoxicity in the haemocytes and histological alterations in the DG and gills of C. aegyptiaca could be the main
mechanisms involved in ZnONPs toxicity in aquatic organisms. Thereby, it is suggested that ZnONPs should be
applied with more precautions in relevant industries, and occupational health surveillance should be necessarily
considered.
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Introduction
Bivalve molluscs are an ecologically important target
group for nanoparticles (NPs) toxicity (Canesi et al.,
2012). Freshwater bivalves are used as unique biomarkers of aquatic ecosystem pollution (Jagtap et al.,
2011). Bivalves are stationary filter-feeding organisms
that have long been recognized as valuable pollution
bioindicators (Niyogi et al., 2001). The use of filterfeeding bivalves as valuable models for NPs toxicity
studies is based on the extensive background of information that rely on pollutants and methodologies for
identifying impaired biological responses (Ringwood
et al., 2009). Egyptian freshwater mussel, Coelatura
aegyptiaca is a molluscan bivalve belonging to Unionoidae, common in the Egyptian River Nile. C. aegyptiaca is widely distributed along the River Nile from
Upper to Lower Egypt (Moloukhia and Sleem, 2011).

Nanotechnology is the most innovative field of the
21st century (Sabir et al., 2014; Yang et al., 2015). It is
used in association with optics, electronics, biomedical
and materials sciences (Klaine et al., 2008). In this regard,
metal oxide NPs are highly suitable and desirable for
many consumer products and industrial technologies
because of their exceptional physicochemical properties
(Montes et al., 2012). Zinc oxide nanoparticles (ZnONPs)
are widely used in consumer products that have attracted
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intensive research due to their unique properties (Kumar
et al., 2014; Nakada et al., 2004). Since the aquatic environment receives run-off and waste water from domestic
and industrial sources, it is being targeted with nanoscale
environmental remediation techniques. Consequently,
the potential impacts of ZnONPs on aquatic ecosystems
have attracted special attention (Ali et al., 2012; Fahmy
et al., 2014; Sales, 2013). ZnONPs were estimated as one
of the most harmful NPs in the aquatic environment
(Kahru and Dubourguier, 2010).
Oxidative stress (OXS) in terms of reactive oxygen
species (ROS) generation is a convenient parameter to
measure the ecotoxicity of ZnONPs in mollusca (Ali
et al., 2012; Fahmy et al., 2014; Trevisan et al., 2014).
One of the most important mechanisms of NP toxicity
is OXS (Mocan et al., 2010). Once the NPs are
exposed to the acidic environment of lysosomes, they
induce ROS (Chang et al., 2012) or interact with oxidative organelles, such as mitochondria (Zhang and
Gutterman, 2007). Canesi et al. (2012) demonstrated
that the response of mussels to NP suspensions exposure involves changes in lysosomal and OXS biomarkers in the digestive gland (DG). Moreover, OXS may
manifest as damage to tissue macromolecules, including proteins and DNA (Di Giulio et al., 1989). In
addition, in vitro studies have shown that ZnONPs are
capable of inducing OXS, which plays a crucial role
in ZnONP-mediated apoptosis (Wang et al., 2014).
The bivalve C. aegyptiaca was chosen to determine
its suitability as a bioindicator for ZnONPs in the aquatic environment and to show the extent of its tolerance
towards NPs in freshwater ecosystems. This study provides basic information for evaluating the current status of NPs pollution in freshwater ecosystems in Egypt.

Materials and methods
Experimental animals
Freshwater mussels, C. aegyptiaca (8–12 cm shell
length), were collected by local fishermen from the
River Nile near Abu Rawash, Giza Governorate,
Egypt, immediately transported to the lab and acclimatized to room temperature in fiberglass-reinforced plastic (FRP) tanks for 7 days. Animals were not fed during
the experiment. The active acclimatized bivalves of
approximately same size were selected for experiment.

Chemicals
ZnONPs with average particle size of < 35 nm and 50 wt%
in H2O (product no. 721077) were purchased from Sigma-
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Aldrich (St. Louis, Missouri, USA). A colloid solution
with a concentration of 1000 mg L1 in distilled water
was then prepared. The required doses of ZnO were then
prepared with the following concentrations: 2, 10, 50 and
100 mg L1 in distilled water.

Characterization of ZnONPs
The size and shape of the NPs were examined by
transmission electron microscopy (TEM) using a
JEM-2100F (JEOL Ltd, Tokyo, Japan) at an accelerating voltage of 200 kV.

Zinc ion analysis in tested water
Zinc ion (Zn2þ) was determined in the test solution of
ZnONPs with a flame atomic absorption spectrophotometer (ICP-MS; ELAN DRC II, PerkinElmer, Waltham, MA, USA) according to the method reported by
Richardson (2003).

Acute toxicity test
A preliminary experiment was conducted to give an
indication of the mussels’ response to a high dose of
ZnONPs (Busk, 2011). The exposure solution was
prepared by dispersing ZnONPs in dechlorinated
freshwater to a concentration level of 100 mg L1,
followed by incubation in an ultrasonic bath for 90
min. Freshwater mussels, C. aegyptiaca, were transferred into a FRP tank containing 3 L dechlorinated
freshwater for acclimation (3 h) prior to the experiment. The dechlorinated freshwater was gently
removed and mussels (five mussels per treatment)
were exposed to the ZnONPs dechlorinated freshwater solution for 24 h. A parallel control group of
mussels was kept in clean dechlorinated freshwater
for 24 h. Animals were not fed during the experiment.

Experimental design
The results of the preliminary experiment revealed
that none of the five mussels died at the limit dose
of 100 mg L1 for 24 h. The LC50 was therefore taken
as above 100 mg L1. Three different doses (2, 10 or
50 mg L1) were selected based on the proposed LC50
obtained from the acute toxicity study. A stock suspension of 1000 mg L1 ZnONPs was prepared by
dispersing the ZnONPs in dechlorinated freshwater
and then incubated for 90 min in an ultrasonic bath;
a further 20 min of sonication was conducted immediately before water replacement each day. The exposure solutions were prepared immediately prior to use
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by diluting the stock solution in dechlorinated freshwater to the concentration levels of 2, 10 or 50 mg
L1. Mussels (five mussels per each concentration
level) were exposed to ZnONPs for 6 days. A parallel
control group of mussels was kept in clean dechlorinated freshwater. ZnONPs dechlorinated freshwater
solutions were changed daily, and the turbidity of the
ZnONPs solutions was measured right before and
after each water replacement in order to monitor the
exposure concentrations. Animals were not fed during
the experiment.

Haemolymph sampling
Haemolymph was collected by gently prying the shell
open approximately 2–3 mm with a thin knife. The
shell was held open with tissue forceps. Under fullspectrum lighting, the anterior adductor muscle was
visible between slightly gaping valves as a highly
reflective glistening white muscle surface. This muscle mass was gently penetrated with a 25 gauge 5/8
inch needle. Having obtained the haemolymph sample, the needle was discarded to reduce shearing
forces that can harm the cells during the subsequent
expulsion of the haemolymph into an Eppendorf tube.

Tissue preparation
Soft tissues were removed from the shell using forceps. DGs and gills of each control and exposed snail
were quickly removed, washed with ice-cold saline
(0.9%) and cleaned from accessory connective adipose tissues. DGs and gills were homogenized (10%
w/v) in ice-cold 0.1 M Tris-HCl buffer (pH 7.4). The
homogenate was centrifuged at 3000 r/min for 15 min
at 4 C, and the resultant supernatant was stored at
80 C for biochemical analysis.

Assessment of OXS markers
Lipid peroxide level. The concentration of malondialdehyde (MDA) as a marker of lipid peroxide (LPO)
was determined according to the method of
Ohkawa et al. (1979). Glutathione (GSH) content
as a non-enzymatic antioxidant was measured
according to the method of Beutler et al. (1963)
at 412 nm. Superoxide dismutase (SOD) was measured according to the method of Nishikimi et al.
(1972). Glutathione-S-transferase (GST) activity
was measured using the method of Habig et al.
(1974). Catalase (CAT) activity was measured
according to the method of Aebi (1984). Nitric oxide
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(NO) activity was measured according to the method
of Montgomery and Dymock (1961).

Determination of DNA strand breakage
Comet assay. Comet assay was performed for measuring DNA damage in haemolymph after 6 days of
ZnONPs exposure by single cell gel assay, which
permits the detection of single-stranded DNA breaks
in one cell according to the methods of Singh et al.
(1988) and Grazeffe et al. (2008).
Histological studies. Tissue samples of DG and gills
were dissected and fixed in 10% buffered formalin
and then dehydrated in a graded series of ethanol, and
finally immersed in xylene and embedded in paraffin
wax (58–60 C) using an automatic processor. Paraffin
blocks were trimmed to suitable size and sections of
tissues were cut using a microtome at 5–6 mm thickness. After deparaffinization, sections were rehydrated, stained with haematoxylin and eosin,
mounted with Cristal/Mount, and subsequently subjected to pathological assessment (Kim et al., 2006).
Statistical analysis. The data of the present study were
analysed statistically according to Shapiro–Wilk and
Kolmogorov analysis. All the raw data were normally
distributed, and consequently, all the statistical
analyses were performed on the basis of parametric
analysis. Reported values were represented as means
+ standard error (SE). Statistical analysis was evaluated by one-way analysis of variance. Statistical Processor System Support (SPSS version 20.0) for
Windows software. A value of p < 0.05 was considered
significant.

Results
Characterization studies
Figure 1 shows a TEM image of the ZnONPs, which
indicates that most NPs were polygonal in shape with
smooth surfaces, and the average diameter of
ZnONPs was found to be around 20 + 0.56 nm
(Figure 2).

Release of Zn2þ concentration
The recorded results revealed that Zn2þ concentration
increased along with increase in ZnONPs dose
(Table 1). Zn2þ concentrations in test water were
found to be 0.102, 0.512 and 2.56 mg/L at 2, 10 and
50 mg/L of ZnONPs exposure solution, respectively.
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Effects of ZnONPs on haemolymph, DG
and gills LPO
MDA levels were assessed as an indicator of LPO.
Sublethal in vivo exposure of different concentrations
of ZnONPs to the bivalve exhibited a significant elevation (p < 0.05) in MDA following 10 and 50 mg/L
in the haemolymph, DGs and gills (Tables 2 to 4)
while only DGs showed significant increase
(p < 0.05) in MDA following exposure to ZnONPs
at concentration of 2 mg/L. It was observed that the
MDA level was elevated as exposure concentration
and time increased (Tables 2 to 4).

Effects of ZnONPs on haemolymph, DG
and gills reduced GSH levels

Figure 1. High-resolution TEM images of ZnONPs. TEM:
transmission electron microscopic; ZnONPs: zinc oxide
nanoparticle.

As shown in Tables 2 to 4, GSH content of haemolymph, DG and gills was significantly (p < 0.05)
decreased due to ZnONPs exposure in a concentration
– dependent manner. The highest reduction in GSH
level was observed in the mussels exposed to 50 mg/L
of ZnONPs following 6 days of exposure (Tables 2 to 4).

Effects of ZnONPs on haemolymph, DG
and gills GST
Treatment with different concentrations of ZnONPs
caused a significant (p < 0.05) reduction in GST activities in the haemolymph and DG of treated C. aegyptiaca mussels following exposure to 10 and 50 mg/L of
ZnONPs (Tables 2 to 4). However, GST activities of
gills tissues recorded a significant (p < 0.05) decrease
only following exposure to 50 mg/L of ZnONPs.

Effects of ZnONPs on haemolymph, DG
and gills CAT activity
Figure 2. Number frequency histograms showing particle
size distribution of ZnONPs in linear scale. The particle size
data is based on the image analysis of more than 1000
particles. ZnONPs: zinc oxide nanoparticle.
Table 1. Concentration of Zn 2þ in ZnONPs tested
solutions.
ZnONPs (mg/L)
Control
2
10
50
ZnONPs: zinc oxide nanoparticle.

Zn2þ (mg/L)
0.012
0.102
0.512
2.56

CAT activity in the haemolymph of C. aegyptiaca
mussels was found to be decreased significantly (p
< 0.05) at 10 and 50 mg/L of ZnONPs when compared
with control group (Table 2). While in the DG and
gills, CAT activities decreased significantly (p < 0.05)
only following exposure to 50 mg/L ZnONPs for
consecutive 6 days (Tables 3 and 4).

Effects of ZnONPs on haemolymphh, DG
and gills SOD activity
Concerning the effect of ZnONPs on SOD activity, a
significant increase (p < 0.05) was recorded in haemolymph and DG tissues of the treated mussels with
10 and 50 mg/L (Tables 2 to 4). However, gills SOD
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Table 2. Effect of different sublethal concentrations of ZnONPs for 6 days on some OXS markers in haemolymph
of C. aegyptiaca.a
Concentration
MDA (mmol/ml)
GSH (mmol/l)
GST (U/ml)
CAT (U/ml)
SOD (U/ml)
NO (mmol/l)

Control
2.48 +
0.74 +
0.72 +
0.31 +
201.92 +
23.37 +

0.20
0.11
0.1
0.06
9.71
1.14

2 mg/ml
2.57 +
0.65 +
0.66 +
0.21 +
222.45 +
31.74 +

10 mg/ml

0.32
0.14
0.14
0.49
7.5
1.7

4.27
0.38
0.41
0.127
256.73
35.15

50 mg/ml
b

+ 0.85
+ 0.02b
+ 0.02b
+ 0.46b
+ 15.7b
+ 4.7b

5.14
0.36
0.34
0.128
242.64
40.60

+ 0.39b
+ 0.02b
+ 0.04b
+ 0.62b
+ 10.7b
+ 3.3b

ZnONPs: zinc oxide nanoparticle; OXS: oxidative stress; MDA: malondialdehyde; GSH: glutathione; GST: glutathione-S-transferase;
CAT: catalase; SOD: superoxide dismutase; NO: nitric oxide; SE: standard error.
a
Values are mean + SE; n ¼ 5 in each group.
b
p < 0.05: significant as compared with the corresponding control.

Table 3. Effect of different sublethal concentrations of ZnONPs for 6 days on some OXS markers in gills of C. aegyptiaca.a
Concentration
MDA (mmol/ml)
GSH (mmol/l)
GST (U/ml)
CAT (U/ml)
SOD (U/ml)
NO (mmol/l)

Control
6.66
14.54
18.28
81.58
14.72
1.35

+ 0.53
+ 1.18
+ 1.6
+ 6.89
+ 0.47
+ 0.08

2 mg/ml
8.67 +
13.52 +
17.23 +
87.64 +
8.27 +
1.40 +

10 mg/ml

0.62
0.51
1.25
3.34
0.32b
0.5

10.18
12.03
15.50
90.95
7.61
1.61

50 mg/ml
b

+ 1.14
+ 0.53b
+ 0.78
+ 7.30
+ 0.86b
+ 0.12

14.16 +
9.95 +
12.64 +
58.31 +
6.64 +
3.09 +

1.33b
0.41b
0.65b
9.77b
1.43b
0.26b

ZnONPs: zinc oxide nanoparticle; OXS: oxidative stress; MDA: malondialdehyde; GSH: glutathione; GST: glutathione-S-transferase;
CAT: catalase; SOD: superoxide dismutase; NO: nitric oxide; SE: standard error.
a
Values are mean + SE; n ¼ 5 in each group.
b
p < 0.05: significant as compared with the corresponding control.

Table 4. Effect of different sublethal concentrations of ZnONPs for 6 days on some OXS markers in the DG
of C. aegyptiaca.a
Concentration
MDA (mmol/ml)
GSH (mmol/l)
GST (U/ml)
CAT (U/ml)
SOD (U/ml)
NO (mmol/l)

Control
5.98 + 0.40
18.72 + 0.83
23.71 + 1.1
109.26 + 10.30
13.41 + 0.58
1.15 + 0.09

2 mg/ml

10 mg/ml
b

9.72 + 0.42
16.59 + 0.91
21.68 + 0.58
127.57 + 5.44
14.52 + 0.49
1.54 + 0.09b

12.39 +
13.96 +
17.68 +
90.67 +
15.47 +
1.64 +

50 mg/ml
b

0.36
0.16b
1.44b
9.05
0.19b
0.04b

15.19 +
10.93 +
14.02 +
68.09 +
19.15 +
1.71 +

0.57b
1.06b
1.34b
5.23b
0.70b
0.1b

ZnONPs: zinc oxide nanoparticle; OXS: oxidative stress; DG: digestive gland; MDA: malondialdehyde; GSH: glutathione;
GST: glutathione-S-transferase; CAT: catalase; SOD: superoxide dismutase; NO: nitric oxide; SE: standard error.
a
Values are mean + SE; n ¼ 5 in each group.
b
p < 0.05: significant as compared with the corresponding control.

activity increased significantly (p < 0.05) after exposure to all concentrations of ZnONPs (Table 3).

Effects of ZnONPs on haemolymphh, DG
and gills NO activity
Treatment with ZnONPs (10 and 50 mg/L) induced
a significant increment (p < 0.05) in NO activity in

haemolymph and DG of treated mussels (Tables 2
to 4) compared with controls. However, NO activity increased significantly (p < 0.05) following
exposure to low concentration of ZnONPs (2 mg/
L) in DG only (Table 4). While in gill tissues, NO
activity increased significantly (p < 0.05) only after
exposure to high concentration of ZnONPs (50 mg/L)
(Table 3).
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Figure 3. DNA damage in the haemocytes of Caelatura
aegyptiaca after exposure to different concentrations of
ZnONPs. (a) Control, (b) cells exposed to 2 mg/L, (c) cells
exposed to mg/L and (d) cells exposed to 50 mg/L.
ZnONPs: zinc oxide nanoparticle.
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Figure 5. Effect of different concentrations of ZnONPs (2,
10 and 50 mg/L) on tail moment of DNA damage in the
haemocytes of C. aegyptiaca. ZnONPs: zinc oxide nanoparticle. *p\0.05 ¼ significant difference.

observed as the concentration of ZnONPs exposure
increased. The most DNA damage was recorded at,
the highest concentration, 50 mg/L (Figures 3 to 5).

Histopathological alterations in the DG ZnONPs
exposure

Figure 4. Effect of different concentrations of ZnONPs (2,
10 and 50 mg/L) on % tail DNA damage in the haemocytes
of C. aegyptiaca. ZnONPs: zinc oxide nanoparticle. *p\0.05
¼ significant difference.

Effects of ZnONPs on DNA damage
in the haemocytes
DNA damage was measured as tail DNA (%) and
olive tail moment in the control and ZnONPs exposed
haemocytes (Figures 3 to 5). During electrophoresis,
the cell DNA migrates more rapidly towards the
anode at the highest concentration than at the lowest
concentration of the NPs. Cells exposed to different
concentrations of ZnONPs showed significantly (p <
0.05) more DNA damage than did the control cells. A
gradual nonlinear increase in cell DNA damage was

Representative photomicrograph of C. aegyptiaca
mussels’ DG sections is shown in Figure 6(a). DG of
control C. aegyptiaca mussels consists of a great number of digestive tubules. The tubules are separated by a
thin layer of loose connective tissue. Each digestive
tubule is lined by columnar epithelial cells and secretory cells resting on a basement membrane. In the core
of each digestive tubule, there is a narrow lumen. The
obtained results showed more or less normal architecture of the DG following 2 and 10 mg/L ZnONPs
exposure for 6 consecutive days (Figure 6(b) and (c)).
DG of bivalves exposed to chronic 50 mg/L
ZnONPs for 6 days showed histopathological changes
in their structure as observed in Figure 6(d). There
was an increase in lumen size in the core of the lobule
(arrow). Necrosis and degeneration of the cells were
observed. Connective tissue became very thin. The
overall damage of the hepatic follicles was observed.

Histopathological alterations in the gills following
ZnONPs exposure
Gills of C. aegyptiaca are composed of lamellae, filaments and water channels. Each gill filament consisted of two chitinous rods, an epithelium layer and
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Figure 6. In the 2 mg/L exposure group, gill filaments
showed marginal channel dilation (Figure 7(b)). In the
10 mg/L exposure group, blood congestion, epithelial
lifting, desquamation and necrosis were observed.
Alteration in filament architecture and the loss of cilia
were of serious concern (Figure 7(c)). Also, hyperplasia of epithelial cells, lamellar fusion, aneurism,
filament disorganization and curling were recorded
for the 50 mg/L exposure group (Figure 7(d)).

Discussion

Figure 6. Photomicrograph of the C. aegyptiaca DG following 6 days of chronic exposure to ZnONPs. (a) Control
mussels showing the tubular nature of the DG (arrows); (b)
2 mg/L ZnONPs treated mussels; (c) 10 mg/L ZnONPs
treated mussels and (d) 50 mg/L ZnONPs treated mussels.
ZnONPs: zinc oxide nanoparticle; DG: digestive gland.

Figure 7. Photomicrograph of the C. aegyptiaca gills following 6 days of chronic exposure to ZnONPs. (a) Control
mussels showing normal demibranchs; (b) 2 mg/L ZnONPs
treated mussels; (c) 10 mg/L ZnONPs treated mussels and
(d) 50 mg/L ZnONPs treated mussels. ZnONPs: zinc oxide
nanoparticle.

vascular system covered with cilia. Histological
observations showed normal structure of gill in the control mussel throughout the duration of the experiment
(Figure 7(a)). Pathological lesions after 6 days exposure
of three different sublethal concentrations are shown in

Water pollution is considered to be one of the most
dangerous hazards affecting Egypt. The present investigation was designed to evaluate the possible
mechanisms of ecotoxicological effects of ZnONPs
on the freshwater mussel C. aegyptiaca, which are
important aquatic organisms along the Nile River
from Upper Egypt to Lower Egypt (Moloukhia and
Sleem, 2011).
OXS is a convenient parameter that has been suggested as one of several possible mechanisms of
ZnONPs toxicity in mollusca (Ali et al., 2012; Fahmy
et al., 2014). However, when organisms are subjected
to xenobiotic compounds, the rate of production of
ROS exceeds their scavenging capacity (Halliwell
and Gutteridge, 2007). The suspension-feeding
bivalves are considered efficient toxin agent with a
relative insensitivity to toxicants compared to other
aquatic organisms (Martins et al., 2014). DG is the
site of multiple oxidative reactions and may, therefore, be a site of substantial free radical generation. In
addition, the gill is the main respiratory organ, which
is concerned with filtration of particles and remaining
suspended material from the water, so it is directly
susceptible to xenobiotics and contaminants present
in water (McDonagh and Sheehan, 2008).
LPO occurs as a result of the oxidative deterioration of polyunsaturated fatty acids, that is, those that
contain two or more carbon–carbon double bonds
(Reiter et al., 2014). MDA, considered as a byproduct
of LPO, has been widely used to assess the effects of
many pollutants on aquatic ecosystems (Wu et al.,
2011). In conjunction with the reports of Suman
et al. (2014) and Fahmy et al. (2014), data from the
present investigation reflects that OXS is a common
feature of ZnONPs toxicity in mussel C. aegyptiaca.
In the present study, the intensity of OXS is measured
as an increase in the levels of LPO end product, MDA,
in the haemolymph, DG and gills of C. aegyptiaca
following ZnONPs exposure. The present study also
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showed a dose–response relationship between exposures to ZnONPs and MDA level in the studied tissues. The data demonstrated the high sensitivity of
DG to very low concentrations of ZnONPs (2 mg/L)
compared to other studied tissues that did not showed
any significant change in their MDA levels at this
concentration. In accord with the report of Borković-Mitić et al. (2011), the present study confirmed
that DG of the bivalve C. aegyptiaca is of particular
interest during ZnONPs toxicity because it is involved
in most biotransformation processes and redoxcycling.
GSH is the most abundant non-protein thiol compound that serves many important physiological
roles, particularly as a cellular antioxidant in peripheral tissue (Liu and Pravia, 2010). GSH plays a major
role in catalysis, metabolism and transport. It also
protects cells against free radicals, peroxides and
other toxic compounds (Hiraishi et al., 1994).
Indeed, GSH depletion increases the sensitivity of
cells to various toxic insults GSH, a ubiquitous and
abundant antioxidant cellular tripeptide, was found
to be strongly depleted after exposure to ZnONPs
(Alarifi et al., 2013). Because of their exposed sulphydryl groups, non-protein sulphydryls bind a variety of electrophilic radicals and metabolites that may
be damaging to the cells (Szabo et al., 1992). Insufficiency in non-enzymatic antioxidant GSH following ZnONPs could be the consequence of increased
utilization for trapping free radicals. The present
study confirmed the finding of Ali et al. (2012) and
Fahmy et al. (2014), who suggested that the decrease
in GSH content in the haemolymph, DG and gills of
C. aegyptiaca appears to be a common response of
molluscs to metal exposure, partly explained by the
high affinity of zinc metal for the GSH molecule.
GST is an enzyme that participates in the detoxification process due to conjugation reaction between
GSH and xenobiotics (Adang et al., 1990). The present study showed significant decrease in GST
activities in the haemolymph, DG and gills of
ZnONPs-exposed mussels, C. aegyptiaca, as compared to the control group. The recorded results also
showed that 10 and 50 mg/L of ZnONPs induced the
highest significant reduction in GST activity. It has
been reported that the enhanced free radical concentration resulting from the OXS conditions can cause
loss of enzymatic activity (Koul et al., 2014; Lakshmi
and Subramanian, 2014).
SOD and CAT act as mutually supportive antioxidative enzymes, which provide defence against ROS
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(Cerutti et al., 1994). The present study revealed a
significant increase in SOD activity in all studied tissues following exposure to different concentrations of
ZnONPs. The recorded increment in the SOD activity
following exposure of ZnONPs could be attributed to
their increased synthesis resulting from induction,
since antioxidant enzymes are induced in response
to OXS. Thus, this increase in the activities of SOD
could be a compensation for GSH depletion. Viewed
in conjunction with the report of Fahmy et al. (2014),
the inhibition of CAT activities following ZnONPs
(10 and 50 mg/L) toxicity in the present study may
be due to the enhancement of the peroxidation end
product MDA, which is known to inhibit protein
synthesis and the activities of certain enzymes. Moreover, decreased CAT activity in C. aegyptiaca may be
related to a reduced capability to neutralize ROS and
an increased susceptibility to OXS (Pampanin et al.,
2005).
NO is an important signalling molecule that plays
an indispensable role in immunity of all vertebrates
and invertebrates (Jiang et al., 2013). The NO system
has been reported to regulate the metabolism, growth,
cell proliferation, development and neurogenesis in
vertebrates, insects and mollusks (Cáceres et al.,
2011). The present investigation confirmed the finding of Fahmy et al. (2014), who reported a significant
increase in NO activity following exposure to
ZnONPs. The direct toxicity of NO is enhanced by
reacting with superoxide radical forming peroxynitrite, which is capable of oxidizing cellular structures
causing LPO (Weinstein et al., 2000).
Studies conducted to increase information on genotoxic risks related to exposure to emerging nanomaterials are of increasing interest (Landsiedel et al.,
2009), mainly those regarding compounds with limited information regarding potential genotoxic risks.
Genotoxicity is considered one of the most important
parameters that have been suggested as possible
mechanisms of ZnONPs toxicity testing and risk
assessment (Ali et al., 2012; Heim et al., 2015). The
results reported in the current study add new and
interesting information on the genotoxic effects of
ZnONPs in the bivalve C. aegyptiaca. Haemocytes
are circulating cells that act as sentry cells, scanning
the immediate environment to detect foreign material
(Donaghy et al., 2009). In invertebrates, blood cells
and haemocytes have traditionally been considered
the primary vehicles for transporting metals (Anderson and Anderson, 1991). Thereby, the C. aegyptiaca
haemocytes were used in the present study to
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determine the genotoxical potential of ZnONPs. In
conjunction with the finding of Gomes et al. (2013)
and Ali et al. (2012), the present study revealed a
genotoxic effect of ZnONPs in haemocytes of C.
aegyptiaca, which may be mediated through OXS.
The results from this investigation will act as a base
line data for evaluation of the state of pollution by
genotoxic pollutants like ZnONPs along the freshwater drains in Egypt using freshwater bivalve like
C. aegyptiaca as the sentinel organisms.
The histological details of DG and gills of C.
aegyptiaca are very similar to earlier reports on different bivalve species (Agwuocha et al., 2011; ElShenawy et al., 2009; Kumar et al., 2011). Moreover,
the DG is the site of multiple oxidative reactions and
may, therefore, be a site of substantial free radical
generation. In addition, pollutant accumulation
through different routes is transported by haemocytes
to the DG (Regoli et al., 2005). Histopathological
alterations of gills of bivalve tissues have been shown
to be sensitive to a wide range of contaminants
because they play an important role in respiration and
food collection (Abdel Nabi et al., 2007). So, DG and
gills were used in the present investigation to investigate the pathological responses of C. aegyptiaca to
ZnONPs. Johnson et al. (1996) reported active involvement of digestive tubule cells in intracellular digestion, absorption and toxicant detoxification as they are
rich in acid phosphatase and specialized in structure.
Following 6 days of ZnONPs (50 mg/L) exposure, the
DG of the mussel exhibited gradual changes in glandular activity by showing hypertrophy and hyperplasia
in the glandular cells, and gills showed irregularity of
lamellae and swelling of filaments. This suggests the
high sensitivity of the C. aegyptiaca DG and gills to
ZnONPs, and the key role of these species in freshwater monitoring programmes. Similar histopathological changes in DG and gills were recorded by many
workers on bivalves (Cid et al., 2015; Hu et al., 2014;
Koehler et al., 2008; Vale et al., 2014) exposed to
different NPs.
In conclusion, the present investigation has indicated that ZnONPs contamination in the aquatic system leads to disturbances in the metabolically active
haemolymph as well as DG and gills of the freshwater
mussel C. aegyptiaca. Determination of the OXS
markers such as MDA, GSH, CAT and SOD beside
the histological alterations in the DG and gills could
be used as biomarkers for the assessment of ZnONPs
toxicity in aquatic organisms. So, it is suggested that
ZnONPs should be used with more precautions in
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relevant industries, and also occupational health
surveillance should be necessarily considered.
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Borković-Mitić SS, Kovačević TB, Perendija BR, et al.
(2011) Superoxide dismutase and catalase activities in
the digestive gland of the freshwater bivalve Unio
pictorum from the Sava River. Archive Biological
Science, Belgrade 63(1), 185–192.

10
Busk SA (2011) Nanostructured titanium dioxide: fate in
the aquatic environment and effects on the marine mussel Mytilus edulis. Master’s Thesis, University of Stavanger, Norway, p. 72.
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