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Abstract: Ammonia is one of the major pollutants in the aquatic ecosystem. Hyriopsis cumingii has
great potential for the restoration of eutrophic water. However, there is no study investigating the
effect of ammonia exposure in H. cumingii. The median lethal concentration (96 h LCsp) of unionized
ammonium was 12.86 mg/L in H. cumingii. In the study, H. cumingii were exposed to 6.43 mg L1
unionized ammonium (1/2 96 h LCs) for 0, 6, 12, 24, 48, 72, and 96 h. High environment ammonia
induced antioxidant response to protect the body from oxidative damage. After exposure to ammonia,
there was a same trend of induction followed by inhibition of the activities of superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GPx), and glutathione-S-transferases (GST) in the
hepatopancreas and gills of H. cumingii. However, the antioxidant response could not completely
counteract the oxidation effect during the exposure period, resulting in lipid peroxidation (LPO) and
tissue injury in the hepatopancreas and gills of H. cumingii eventually. Moreover, this study indicated
that glutamine synthetase (GS), glutamate dehydrogenase (GDH), alanine aminotransaminase (ALT),
and aspartate aminotransaminase (AST) in the hepatopancreas and gills may play an important role
in ammonia detoxification of H. cumingii. Our results will be helpful to understand the mechanism of
aquatic toxicology induced by ammonia in shellfish.

Keywords: Hyriopsis cumingii; ammonia; oxidative stress; detoxification

1. Introduction

Triangle sail mussel (Hyriopsis cumingii) is an important mussel in commercial freshwa-
ter pearl culture, which is widely distributed in the rivers and lakes in southern China. The
pearls produced by H. cumingii are smooth, round in shape, bright in color, rich in protein,
and have great cosmetic and medical value [1]. H. cumingii can regulate the phytoplankton
community structure and reduce the concentration of nitrogen (N) and Phosphorus (P) by
filtering phytoplankton and suspended nutrients [2-4], which plays an important role in
enhancing water quality and improving the aquatic environment [1,3,4].

Ammonia is known to be an important toxicant in aquatic environments [5]. Under
intensive rearing conditions, high stocking density and excessive feeding lead to an in-
crease in nitrogenous load such as uneaten food, animal excretion, and corpses of animals
and plants in the aquaculture water [6,7]. Ammonia can easily be accumulated to high
concentrations due to the ammonification of these nitrogenous organics [8,9]. Besides,
ammonia can enter the water environment from sewage effluents, decomposition of bio-
logic wastes, and industrial and agricultural wastes [9]. The term ammonia is present as
two chemical forms, ionized ammonium (NHy*) and unionized ammonium (NHs), which
are in equilibrium in aqueous environments. NHj is considerably more toxic than NH4*
because it can readily spread across the gill membranes due to the lipid solubility and
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nonpolarity. The NH3-NH,* ratio mainly depends on pH and temperature [10]. Under
adverse water environment, ammonia toxicity becomes a major issue, which leads to
oxidative stress [11,12], immune suppression [8,13], tissue erosion and degeneration [5,14],
growth reduction [15,16], and high mortality [7].

When exposed to environmental stressors, the bivalves will produce a lot of reactive
oxygen species (ROS). To neutralize the oxidative effect of generated ROS, organisms
employ antioxidant defense system to counteract oxidative stress and prevent oxidant
damage [17]. If the antioxidant response is insufficient to clear excessive level of stress-
induced ROS, it will cause cellular damage, such as lipid peroxidation (LPO), tissue injury
and DNA fragmentation [14,18,19]. There are numerous studies about antioxidant response
in fish concerning acute and chronic ammonia toxicity [20-22]. Some studies have also
reported the antioxidant response of shellfish after exposure to phycotoxin [18] and heavy
metals [23]. However, studies of the effects of ammonia exposure are relatively scarce
in shellfish.

Ammonia is also the nitrogen end product of protein and amino acid metabolism,
which is excreted into the surrounding environment across the gills in teleosts [6,15].
However, under certain circumstances such as high environment ammonia (HEA), aquatic
animals are confronted simultaneously with the accumulation of endogenous ammonia and
uptake of exogenous ammonia, which will result in the inhibition of ammonia excretion [24].
There are many mechanisms to cope with high internal ammonia in adverse environments,
such as the synthesis of less-toxic glutamine and urea [25]. Previous studies suggested
that glutamine synthesis was an effective ammonia detoxification strategy in fish, such
as Oncorhynchus mykiss [25] and Paramisgurnus dabryanus [6,24]. At present, the study of
ammonia on freshwater mussels was mainly focused on toxicity assessment, filtration
behavior, hemocyte status, DNA damage and apoptosis, cellular energy allocation, and so
on [26-29]. However, the research about the mechanism of ammonia toxicity in bivalves
is still limited. Additionally, it remains unknown whether H. cumingii could detoxify
ammonia into glutamine under ammonia stress.

This study aimed to evaluate the effects of ammonia exposure on the behavior, am-
monia accumulation, antioxidant response, partial amino acid metabolism, glutamine
synthesis, and histopathological alterations in H. cumingii. The results are useful for un-
derstanding the dynamic response model of shellfish to ammonia toxicity and provide a
reference for the healthy and sustainable development of H. cumingii.

2. Materials and Methods
2.1. Experimental Mussel and Chemicals

H. cumingii (shell length 77.69 £ 0.22 mm, wet weight: 45.44 & 0.26 g), aging one
and a half years old, were obtained from Zhejiang Province during the summer of 2019.
Individuals without shell damage were acclimatized to laboratory conditions for a week in
plastic boxes (440 mm length x 330 mm width x 210 mm height) containing chlorine-free
water by constant artificial aeration for 48 h.

The water was aerated continuously during the rearing period. Dissolved oxygen
(DO), water temperature and pH were measured daily at 8.05-9.05 mg/L, 23.8-24.6 °C and
7.40-7.75, respectively. Half of the rearing water was exchanged daily.

NH4Cl (analytically pure) was purchased from the Kelong Chemical Co., Ltd. (Chengdu,
China). A stock solution of high purity NH4Cl (10 g L) was prepared for the source of total
ammonia—nitrogen (TAN), which was subsequently diluted to the desired concentrations.

2.2. Acute Toxicity Test

The acute toxicity test was conducted by the static renewal method. Based on the
pre-experiment, eight treatments and one control group were set up according to the equal
logarithmic distance (Table 1). Mussels were randomly distributed into 27 tanks (20 L) with
10 mussels per tank in triplicate. The DO and water temperature were maintained to be
no less than 5.0 mg/L and 25.20 & 0.25 °C, respectively. The pH was adjusted to 7.70 £ 0.1
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using NaOH solution (1 mol L~!) and HCI (1 mol L™1). Previous studies have shown no
significant effect on the toxicity of ammonia in mussels with or without the presence of
a substrate [30,31]. When the shell-valves opened and showed no response after being
stimulated by a glass rod, or the ax-foot stretched abnormally and did not contract after
being stimulated, the mussel can be judged as dead. Mortality was checked at 24 h intervals
during 96 h. The dead mussels were removed from the containers and each test solution
was renewed every 24 h.

Table 1. The mortality of the acute toxicity test of unionized ammonium in Hyriopsi cumingii.

Exposure Time (h)

Exposure Concentration (mg/L) Mussels (unit)
24 48 72 96

0.00 30 0% 0.00% 0.00%  0.00%
3.96 £+ 0.09 30 0% 0.00% 3.33%  13.33%
546 £0.16 30 0% 6.67% 10% 16.67%
7.53 £0.08 30 0% 3.33% 10% 16.67%
10.39 4+ 0.98 30 0% 6.67% 13.30%  26.67%
14.33 £ 0.25 30 0% 16.67%  33.30%  63.33%
19.78 4+ 0.33 30 0% 23.33%  33.30%  73.33%
27.29 +0.15 30 3.33% 33.33%  46.67%  100%
37.65 £0.20 30 3.33% 20.00%  56.67%  100%

The exposure concentrations are presented as mean =+ standard error (SE).

2.3. Ammonia Challenge Test

According to the results of the acute toxicity test of ammonia, H. cumingii were
exposed to 6.43 mg L~! unionized ammonium (1/2 96 h LCsq) with the volume of 20 L.
Nine mussels (3 mussels x 3 replicates) were dissected at 0 (control), 6, 12, 24, 48, 72, and
96 h of exposure. Each time point had three repeated tanks. The full water was renewed
every 12 h by replacing the medium with a fresh NH4Cl solution. Mussels were not fed
during the experiment.

2.3.1. Sampling and Biochemical Analysis

Hemolymph samples were extracted from the adductor muscle sinus by inserting
a 1 mL sterilized syringe (needle gauge: 0.45 x 16 RWLB). For each replicate, three
mussels were sampled and pooled to obtain sufficient hemolymph and reduce individual
differences. Three replicates were prepared for each treatment. Hemolymph samples
were centrifuged at 3500 g for 10 min at 4 °C. After the hemolymph was collected, the
hepatopancreas and gills of the mussels were sampled. The tissue was homogenized with
nine volumes of ice-cold normal saline and centrifuged at 3500 rpm for 20 min at 4 °C.
The supernatant was collected and stored at —80 °C until further analysis. All subsequent
determinations were performed in duplicate.

The activities of alanine aminotransaminase (ALT), aspartate aminotransaminase
(AST), alkaline phosphatase (AKP) and the ammonia content in the hemolymph, the
activities of superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx),
glutathione-S-transferases (GST), glutamine synthetase (GS), and glutamate dehydrogenase
(GDH) as well as the content of glutathione (GSH) and malondialdehyde (MDA) in the
hepatopancreas and gills were measured in the present study. Total protein (TP), SOD,
CAT, MDA, GS, and GDH were measured using commercial kits which were purchased
from Shanghai Optimal Biotechnology Company (Shanghai, China). The kits for alkaline
phosphatases (AKP), ALT, AST, GPx GST, GSH, and the ammonia content were the products
of Nanjing Jiancheng Bioengineering Institute (Nanjing, China). All the measurements
were conducted according to manufacturer’s instructions.
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2.3.2. Histological Examination

The hepatopancreas and gills were sampled at 0, 24, 48, and 96 h under 6.43 mg L~!
unionized ammonium for histopathological analysis. The tissues from each mussel were
individually fixed in 4% paraformaldehyde for 24 h. The samples were cut into slices of
5 um thick following by ethanol dehydration and paraffin embedding, and then stained
with hematoxylin and eosin (HE). Finally, pathological observations were performed under
a panoramic scanner (P250, 3D Histech, Hungary).

2.4. Statistical Analysis

In this research, SPSS 23.0 software (IBM, Chicago, IL, USA) was used for all statistical
analyses. All data for the tested parameters were presented as mean =+ standard error
(SE). After testing data normality and variance homogeneity, statistical difference was
determined by one-way analysis of variance (ANOVA) followed by Duncan’s multiple
rang test. Significant differences were considered at p < 0.05. The data were graphed using
Origin 2019 (OriginLab Corp., Northampton, MA, USA).

3. Results
3.1. Physiological Changes of H. cumingii under Ammonia Stress

The physiological changes of H. cumingii within the first day of ammonia exposure
were observed continuously. In the first 1 h, a large number of mussels stretched out their
foot and quickly retracted when touched. After 3 h of exposure, the retraction speed of
foot became slower after touching, the ability to close shells became weak, and the body
fluid outflowed. After 8 h of exposure, the shell-valves were closed and no foot flowed out.
With the increase of exposure time, the foot rarely stretched, water spraying was weak, and
then the adductor muscle of poisoned mussels was paralyzed and foot flowed out.

3.2. The 96 h LCs9 of NH4ClI Exposure

No mussel died in the control group during the 96-h test period. Mortality increased
with the increase of unionized ammonium concentration (Table 1). After 24 h of exposure,
H. cumingii only died in 27.29 and 37.65 mg/L groups. After 48 h of exposure, the mortality
was lower than 50% in all concentrations. After 72 h of exposure, the mortality was more
than 50% only in the highest concentration. After 96 h of exposure, all mussels died in
27.29 and 37.65 mg/L groups. Using the linear interpolation method, the 96 h LCsq for
unionized ammonium was 12.86 mg/L in H. cumingii.

3.3. Effects of Biochemical Parameters in the Hemolymph

After 6 h of exposure, ammonia content in the hemolymph of H. cumingii had a sharp
increase (p < 0.05), and maintained in high levels with the extension of exposure time
(Figure 1A). The highest value was obtained at 96 h, which increased to 262.02-fold of the
control (p < 0.05). The activities of AKP, ALT and AST in the hemolymph showed the same
trend of induction followed by inhibition. Compared with the control, all of them were
significantly elevated after 6 h of exposure. The activity of AKP reached a peak (p < 0.05) at
24 h and decreased to normal level at 96 h (Figure 1B). The activity of ALT (Figure 1C) and
AST (Figure 1D) reached their maximum value (p < 0.05) in response to 72 h of ammonia
exposure and were significantly higher than that of the control during the exposure period.
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Figure 1. The contents of ammonia in the hemolymph (A), and the activities of AKP (B), ALT (C), and AST (D) in the
hemolymph of H. cumingii exposed to 6.43 mg L~! unionized ammonium for 0 (control), 6,12, 24, 48, 72, and 96 h. Values are
presented as the mean + SE (n = 6). Superscripted lowercase letters indicate a significant effect of exposure time (p < 0.05).

3.4. Antioxidant Enzymes Activities and Contents of GSH and MDA in the Hepatopancreas

Antioxidant enzymes of the hepatic tissues are illustrated in Figure 2. The activities of
SOD, CAT and GPx showed a trend of induction followed by inhibition in the hepatopan-
creas. The activity of SOD was significantly upregulated at 6 h and increased to the highest
value at 12 h. After 48 h of exposure, the activity of SOD decreased to the normal level
(p > 0.05) (Figure 2A). The CAT activity of the hepatopancreas was significantly higher
than that of the control from 48 to 96 h (Figure 2B). The activity of GPx was significantly
enhanced after 12 h of exposure and then peaked at 72 h (Figure 2C). GST showed an
upward trend and was significantly upregulated at 48 h and continued to increase until the
end of the exposure (Figure 2D).

The GSH contents in the hepatopancreas reached peak at 48 h, which was 1.53-fold
of the control (p < 0.05) (Figure 2E). The content of MDA in the hepatopancreas also
presented an upward trend, which was significantly upregulated (1.42-fold, p < 0.05) at
48 h (Figure 2F).



Water 2021, 13, 425 60f16

A 84 B 50 4
a
. a

40 4
= 61 ab -
= =
£ £
= =%
0 b or
E ’ & 30- X b
= = c
=) cd = be be
o 44 d =
= - L4
z d d £
3 £ 20
= =
2 =
=} -
Ay ] &)

10

0- -
0 6 12 24 48 72 926 0 6 12 24 48 72 96

Exposure Time (h)

Exposure Time (h)

(1] 6 12 24 48 72 96 0 6 12 24 48 72 96

Exposure Time (h) Exposure Time (h)

59 1.0 5
E F
a
4 3 0.8 b b
b
ab = b
= s b b
E ab E
a3 b o0 0.6
L0 b b g
2 b =2
E g
= g
3:: 24 El: 0.4 4
c =
0.2 4

0 6 12 24 48 72 96 0 6 12 24 48 72 96
Exposure Time (h)

Exposure Time (h)

Figure 2. The activities of SOD (A), CAT (B), GPx (C), and GST (D) and the contents of GSH (E), MDA (F) in the
hepatopancreas of H. cumingii exposed to 6.43 mg L~! unionized ammonium for 0 (control), 6, 12, 24, 48, 72, and 96 h.
Values are presented as the mean + SE (1 = 6). Superscripted lowercase letters indicate a significant effect of exposure time

(p < 0.05).

3.5. Antioxidant Enzymes Activities and Contents of GSH and MDA in the Gills

Ammonia exposure had a clear time effect on antioxidant enzyme activities and
contents of GSH and MDA in the gills of H. cumingii (Figure 3). The activity of SOD was
significantly increased at 48 h and reached the highest value at 96 h, which was 1.71-fold
of the control (p < 0.05) (Figure 3A). The activities of CAT, GPx and GST in the gills of
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H. cumingii showed a same trend of induction followed by inhibition. The highest levels of
the three enzymes were obtained at 48, 72, and 72 h, and the peak was 1.44-fold, 2.45-fold,
and 1.36-fold of the controls (p < 0.05), respectively (Figure 3B-D).
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Figure 3. The activities of SOD (A), CAT (B), Gpx (C), and GST(D) and the contents of GSH (E), MDA (F) in the gills of
H. cumingii exposed to 6.43 mg L~! unionized ammonium for 0 (control), 6, 12, 24, 48, 72, and 96 h. Values are presented as
the mean =+ SE (n = 6). Superscripted lowercase letters indicate a significant effect of exposure time (p < 0.05).
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The GSH content was significantly higher than that of the control during all the
exposure periods (Figure 3E). The content of GSH was significantly upregulated after 6 h
of exposure, and then began to decline after reaching the peak (11.28-fold, p < 0.05) at
24 h. Significant increase in the gills for MDA was evident at 24 h, and finally reached the
highest value (1.28-fold, p < 0.05) at 96 h (Figure 3F).

3.6. Histopathological Observations

Pathological alterations were not observed in control mussels (Figure 4A). The lumen
boundary of the digestive tubule is obvious. From 24 (Figure 4B) to 96 h, slight to severe
hemolytic infiltration, aggregation of lipofuscin, atrophy of digestive cells, and exfoliation
of epithelial cells occurred. After 48 h, the lumen became smaller (Figure 4C). After
96 h, a large area necrosis of epithelial cells and severe degeneration of digestive tubules
were observed. Furthermore, the lumen basically disappeared parallel with vacuolation
occurring (Figure 4D).

.
P

T %

Figure 4. Time-course histopathological changes in hepatopancreas of H. cumingii under ammo-
nia stress. (A) Control hepatopancreas; (B-D). Hepatopancreas at hours 24, 48, and 96, respec-
tively. DT: digestive tubules; DC: digestive cell; CT: connective tissue; Lu: lumen; EC: epithelial
cell; BM: basement membrane; LF: lipofuscin; HI: hemolytic infiltration; Va: vacuole; A: atrophy.
Scale bar = 50 um (x200).

The gills of control are shown in Figure 5A. The gill filaments were arranged densely
and structure integrally and the epithelial columnar cells of filaments were arranged in
line. After 24 h of exposure, a small amount of lipofuscin in the lumen of gill filaments
was observed with mild cilia exfoliated (Figure 5B). After 48 h, further cilia exfoliation and
lipofuscin aggregation were observed, interlamellar space increased, and connective tissue
atrophied slightly (Figure 5C). At 96 h, the ciliary structure was almost lost completely,
pyknosis occurred in the nucleus of columnar cells, and the connective tissue on the inside
of columnar cells atrophied and disappeared (Figure 5D).
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Figure 5. Time-course histopathological changes in gills of H. cumingii under ammonia stress.
(A) Control gills; (B-D) Gills at hours 24, 48, and 96, respectively. LC: lateral cilia; GF: gill filament;
GE: gill epithelium; CC: columnar cell; Is, inter-lamellar space; CT: connective tissue; LF: lipofuscin;
Pn: pyknosis of nuclear; N: necrosis; CE: cilia exfoliation; asterisks: loss of structural integrity.
Scale bar = 50 um (x200).

3.7. Activities of Enzymes Related to Ammonia Detoxification Metabolism in the Hepatopancreas

The activities of GS, GDH, ALT, and AST in the hepatopancreas of H. cumingii exposed
to ammonia showed a same trend of induction followed by inhibition (Figure 6). The
activity of GS increased significantly after 6 h of exposure and reached a peak (1.23-fold,
p < 0.05) at 12 h (Figure 6A). The activity of GDH increased significantly at 12 h, and
decreased after reaching the maximum at 48 h (Figure 6B). The activity of ALT at 12 and
24 h were significantly higher than those of other time points (Figure 6C). The activity
of AST increased significantly after 6 h of exposure except that at 24 h, and reached the
inflection point at 72 h (Figure 6D).
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Figure 6. The activities of GS (A), GDH (B), ALT (C), and AST (D) in the hepatopancreas of H. cumingii exposed to
6.43 mg L~! unionized ammonium for 0 (control), 6, 12, 24, 48, 72, and 96 h. Values are presented as the mean + SE (1 = 6).

Superscripted lowercase letters indicate a significant effect of exposure time (p < 0.05).

3.8. Activities of Enzymes Related to Ammonia Detoxification Metabolism in the Gills

Exposed to NH4Cl had little effect on GS activity in the gills, which only increased
significantly at 72 h (Figure 7A). The activity of GDH increased significantly after 12 h of
exposure and reached the maximum value (1.76-fold, p < 0.05) at 72 h (Figure 7B). The
activities of ALT and AST showed a trend of increase. The activities of ALT and AST
increased significantly after 6 and 24 h of exposure, respectively (Figure 7C,D).
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Figure 7. The activities of GS (A), GDH (B), ALT (C), and AST (D) in the gills of H. cumingii exposed to 6.43 mg L1
unionized ammonium for 0 (control), 6, 12, 24, 48, 72, and 96 h. Values are presented as the mean + SE (1 = 6). Superscripted

lowercase letters indicate a significant effect of exposure time (p < 0.05).

4. Discussion

In the present study, the 96 h LCsp of unionized ammonium was 12.86 mg/L in
H. cumingii, which is higher than those of most fish and shellfish, such as three cyprinid
fish [32], Corbicula fluminea [29], Pseudunio auricularius [26] and Villosa iris glochidia [33].
Moreover, when the concentration of ammonia reached a high level in the environment, the
excretion of ammonia was inhibited, and the influx of exogenous ammonia was stimulated,
resulting in the increase of ammonia in the body [34,35]. The ammonia concentration in the
hemolymph reached 262.02-fold of the control after 96 h of exposure in our research. The
capacity for the accumulation of ammonia in H. cumingii was much higher than those in
many other fishes, such as P. dabryanus [6] and Eriocheir sinensis [36]. The results revealed
that H. cumingii has a strong tolerance to ammonia.

In general, AKP, ALT and AST are used as indicators of tissue damage caused by envi-
ronmental pollutants [37]. AKP is a key enzyme in cellular homeostasis, which is involved
in signal transduction, physiological metabolism and environmental adaptation [38,39].
In the present study, the activity of AKP showed a trend of induction before inhibition.
Previous studies showed the activity of AKP increased in Cyprinus carpio by exposing
to ammonia for 24 h [40]. The induction of AKP synthesis may be due to the increase
of membrane permeability to meet the need of cell metabolism [38]. Additionally, the
subsequent inhibition may be ascribed to the cell damage [40]. Hemolymph transaminases
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are also used as indicators of hepatopancreas damage after stress [41]. In this experiment,
the activity of ALT and AST increased at first and then decreased. In previous research, ex-
posure of ammonia also stimulated the increase of ALT and AST in Paramisgurnus dabryanus
and Cyprinus carpio [6,42]. Elevated levels of ALT and AST in hemolymph indicated that
ammonia led to cell damage and leakage in hepatopancreas [37].

Oxidative stress is defined as an imbalanced state between oxidants and antioxidants,
which damages macromolecules such as DNA, lipids and proteins, and disrupts cell
metabolism and regulation [19]. Under normal conditions, generation and clearance of
ROS maintain a dynamic balance of the antioxidant system, while oxidative stress will
generate many ROS under adverse conditions in the organism [11]. Excess ROS would
destroy cell membranes, form lipid peroxides and oxidized proteins, and inhibit the
detoxification of the body [43,44].

The antioxidant system is composed of antioxidant enzymes (such as SOD, CAT and
GPx) and antioxidants (such as GSH), which has a strong detoxification effect on harmful
ROS. SOD is the first and most important line of defense in the antioxidant system [45].
SOD can catalyze the disproportionation of superoxide anion radicals to produce oxygen
and hydrogen peroxide, reducing or eliminating the damage of ROS to the cytoplasmic
membrane. In this study, the SOD activities in the hepatopancreas were upregulated
and reached a higher peak earlier than those in gills, indicating that hepatopancreas was
more sensitive to acute ammonia exposure in H. cumingii. CAT and GPx participate in
the conversion of H,O, into O, and H,O, which reduces reactive oxygen free radicals
and maintains cell dynamic balance in organisms [46—48]. In previous study, the CAT and
GPx activities showed a trend of upregulation and then downregulation after exposure of
cadmium in the liver and kidney of Oreochromis mossambicus [43]. The time of significant
upregulation of GPx (12 h) was earlier than that of CAT (48 h), suggesting that GPx reflected
faster than CAT in the conversion of H,O, in the hepatopancreas in H. cumingii.

GSH is the most abundant intracellular low molecular weight antioxidant in the
antioxidant system. GSH can directly scavenge singlet oxygen and hydroxyl radicals to
intact cells under oxidative stress, and is used as a cofactor for the biotransformation
enzymes GST and the antioxidative enzyme GPx [49,50]. In our study, the GSH increased
much more in gills than that in hepatopancreas, which may be because the consumption of
GSH as a substrate is almost the same as that induced by oxidative stress in hepatopancreas.
This is consistent with the previous studies that glutathione depletion limited the ability
to detoxify or prevent oxidative damage in organisms [51]. GST belongs to the family
of multifunctional proteins, which plays a key role in the detoxification of organisms
under the stress of harmful xenobiotic and endobiotic compounds [50]. In this study, the
activity of GST was upregulated significantly from 48 h until the end of the experiment in
hepatopancreas, while was only upregulated significantly at 72 h in gills. It suggested that
hepatopancreas may be the main site, where it can produce more soluble GST to detoxify
and protect cells from oxidative damage. This result is in agreement with previous studies
on the effect of ambient ammonia in Lamellidens marginalis [52].

MDA is the final product of LPO and plays a major role in the loss of cell function
caused by oxidative stress conditions [53]. At the initial stage of ammonia stress, MDA
content showed no significant difference, indicating that the antioxidant defense system
played a role in effectively scavenging the excess active radical balance in H. cumingii.
With the time elapsed, the contents of MDA in hepatopancreas and gills were upregulated
significantly. The phenomenon implied that although ammonia triggered the antioxidant
response, it could not avoid oxidative damages [21,50]. Previous study also suggested that
the increase of antioxidant enzyme activity in a short time was not sufficient to complete
against stress-induced cellular damage along with the treatment duration [54].

Besides oxidative stress, the hepatopancreas and gills of H. cumingii showed histologi-
cal change associated with ammonia exposure. We observed injury to the hepatopancreas
during ammonia exposure, characterized by shrink of lumen, hemolytic infiltration, aggre-
gation of lipofuscin, atrophy of digestive cells, and exfoliation of epithelial cells. Similar
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effects have been reported in Mytilus edulis (blue mussel) after cadmium [55] and mercuric
chloride [56] challenge. Ammonia exposure also caused large interlamellar space, the
exfoliation of cilia, and pyknosis of nucleus in the gills of H. cumingii. These have been
observed in H. cumingii after bacterial challenge [57] and exposed to Microcystis aeruginosa
under hypoxia [58]. The observed histological changes in our test indicated that ammonia
caused severe damage to the internal physiology of the hepatopancreas and gills.

In addition, ammonia also enhances glutamine synthesis and partial amino acid
metabolism. The conversion of excess ammonia to glutamine is the most common detoxifi-
cation mechanism in aquatic animals, such as Paramisgurnus dabryanus [6] and Pelodiscus
sinensis [59]. Glutamate is synthesized from ammonia and a-ketoglutaric acid (x-KG) by
the catalysis of GDH, which is then combined with ammonia to synthesize glutamine
by GS [25,42]. Both glutamate and glutamine are nontoxic and easily transported to the
circulatory system, which plays a key role in the detoxification of exogenous ammonia
with high environmental ammonia and endogenous ammonia produced by amino acid
catabolism in various tissues [35]. Results from the present study revealed that the GS
activities in hepatopancreas and gills were significantly upregulated after ammonia stress.
There was no significant difference of GS after 48 h in hepatopancreas, indicating that the
organisms could not synthesize enough GS to detoxify at the later stages. Corresponding
to the exposure time, the levels of GDH also increased significantly in hepatopancreas
and gills. Under chronic ammonia exposure, both GDH and GS were elevated for the
detoxification in Nile tilapia [60]. Besides, GDH was still significantly higher than that of the
control after the GS decreased to normal level. This implied that the supply of glutamate
was not perfectly matched with the demand under HEA, and the increased glutamate was
not entirely used to synthesize glutamine for ammonia detoxification [61].

Moreover, ALT and AST can decompose glutamate into alanine and aspartate without
releasing ammonia [6,24]. According to previous studies, there was another main ammonia
detoxification strategy that partial catabolism of some amino acids led to the formation
of alanine without releasing ammonia in fish [6]. In this study, the activities of ALT and
AST were significantly upregulated in hepatopancreas, gills and hemolymph. It was
hypothesized that the conversion of glutamate to alanine and aspartate is also one of the
ammonia detoxification strategies in H. cumingii. Ammonia may be converted to glutamate
by GDH first, and then to alanine and aspartate by ALT and AST.

5. Conclusions

In summary, we demonstrated the effects of ammonia exposure on the antioxidant
responses and detoxification metabolism of H. cumingii. The 96 h LCsy and ammonia
accumulation in the hemolymph showed that H. cumingii had strong ammonia tolerance.
Ammonia exposure induced oxidative stress, but excessive ROS would accumulate with
the extension of exposure time in the organism. The pro-oxidant effects of ammonia over-
whelm the antioxidant defenses, leading to MDA accumulation eventually. Additionally,
H. cumingii may be detoxified by transferring ammonia to glutamine, alanine and aspartate.
In order to provide more ecotoxicological insights for healthy aquaculture and bioremedia-
tion, further research should focus on the detoxification and recovery in chronic ammonia
exposure and water depuration in H. cumingii.
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