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period, catalase (CAT), superoxide dismutase (SOD) and glutathione
peroxidase (GPx) activities and malondialdehyde (MDA) concentrations were
measured in the hepatopancreas and muscle tissue. Statistical analysis showed
salinity significantly affected CAT, SOD and GPx activities in the
Keywords hepatopancreas and all four biomarkers in muscle. Ammonia concentration
alone had no significant effect on any measured biomarker. However,
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Ammonia . . . .. .
significant salinity x ammonia interactions were detected for CAT, SOD, GPx
Hepatopancreas . . . .
Muscle and MDA in the hepatopancreas, whereas no significant interactions were
L observed in muscle. The highest hepatopancreatic antioxidant enzyme
Oxidative stress . . ;
Salinity activities and MDA concentration were generally recorded at 45 ppt combined

with 6 mg L' ammonia. These findings indicate that salinity was the principal

Litopenaeus vannamei . . o .. : . .
P factor influencing antioxidant status and that its interaction with ammonia

Handling Editor produced tissue-specific responses, particularly in the hepatopancreas.

Hakki Dereli

Introduction relatively broad range of environmental salinities.
Pacific white shrimp, Litopenaeus vannamei, is Nevertheless, salinity outside the species’
one of the most widely cultured crustacean species favourable range can increase the energetic
worldwide because of its rapid growth, high demands of osmoregulation and alter metabolism,
commercial value and ability to tolerate a growth, immune function and survival
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(Farshadian, Salati, Keyvanshokooh, & Pasha-
Zanoosi, 2018; Liu & Chen, 2004; Amir Salati,
Baghbanzade, Soltani, Peyghan, & Riyazi, 2010;
AP Salati, Baghbanzadeh, Soltani, Peyghan, &
Riazi, 2011). Salinity fluctuations may also
disturb cellular redox balance by increasing the
production of reactive oxygen species (ROS),
thereby exposing shrimp to oxidative stress
(Lushchak, 2011). Continuous production of ROS
induces oxidative stress and can result in damage
to cell membranes, inactivation of enzymes, and
damage to genetic material and other vital cell
components(Chien, Pan, & Hunter, 2003). So, the
effective control and rapid elimination of ROS is
essential to the proper functioning and survival of
organisms(Mohammadiazarm et al., 2023).

Ammonia is another major environmental
challenge in intensive shrimp culture. It originates
primarily from protein catabolism, uneaten feed,
faecal material and microbial decomposition of
organic matter. In aquatic environments, ammonia
occurs mainly as ionised ammonium (NH4") and
unionised ammonia (NH3), with the Ilatter
generally considered more toxic. The relative
proportions of these forms are affected by water
temperature, pH and salinity. Accumulation of
ammonia can impair metabolism, immune
function and mitochondrial activity and promote
excessive ROS formation in aquatic organisms
(Ip, Chew, & Randall, 2001). Besides this, it is
derived from microbial metabolism of
nitrogenous compounds in a culture system, such
as unconsumed feed, animal feces, and dead
organisms under low oxygen conditions(Lin &
Chen, 2003).

Salinity may modify the physiological effects of
ammonia by influencing ammonia speciation,
branchial permeability, osmoregulatory demand
and nitrogen excretion. Consequently, shrimp
exposed to similar nominal = ammonia
concentrations at different salinities may exhibit
different physiological and oxidative responses.
Previous studies have demonstrated that the acute
toxicity and physiological effects of ammonia in
penaeid shrimp vary with environmental salinity
(Kir & Kumlu, 2006). Combined salinity and
ammonia exposure may therefore be more
informative  than evaluating each factor
independently, particularly under the fluctuating
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conditions encountered in intensive aquaculture
systems.

Aquatic organisms possess enzymatic antioxidant
defences that limit ROS-induced cellular damage.
Superoxide dismutase (SOD) converts superoxide
radicals into hydrogen peroxide, which is
subsequently removed primarily by catalase
(CAT) and glutathione peroxidase (GPx). When
ROS production exceeds antioxidant capacity,
oxidative damage can occur, including lipid
peroxidation. Malondialdehyde (MDA), an end
product of lipid peroxidation, is consequently
used as an indicator of oxidative damage
(Livingstone, 2001; Lushchak, 2011). Because the
hepatopancreas is a major site of metabolism,
nutrient storage and detoxification in crustaceans,
its antioxidant responses may differ from those of
less metabolically active tissues such as muscle.

Whiteleg shrimp, Litopenaeus vannamei is one of
the most important economic shrimp species
worldwide, especially in the Southeast Asian
region. Environmental stress is also considered a
key inducing factor for various diseases in shrimp
(Farhadi et al., 2023). Although this species is
generally believed to be able to tolerate a wide
range of salinity from 2%o to 40%o, much attention
has been focused on oxidative stress caused by
salinity on L. vannamei(Lu-Qing, Ling-Xu, &
Jing-Jing, 2005). Limited information exists on
how salinity modulates its oxidative stress
response under ammonia challenge. Therefore,
this study aimed to investigate the interactive
effects of salinity and ammonia exposure on
oxidative stress biomarkers in L. vannamei. By
evaluating antioxidant capacity under different
salinity regimes during ammonia stress, this study
seeks to provide insight into the shrimp’s adaptive
physiological responses.

Materials and Methods
Experimental design

Post larvae are maintained for one week prior to
the experiment in an environment with a Post-
larval L. vannamei, were acclimated to laboratory
conditions for one week at a salinity of 45 ppt.
During acclimation, salinity was gradually
adjusted to the four experimental levels of 10, 30,
35 and 45 ppt. Experimental water was prepared
using seawater filtered through a five-layer sand
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filtration system and aerated tap water, which was
added as required to obtain the target salinities.

A 4 x 3 factorial design was used, comprising four
salinity levels (10, 30, 35 and 45 ppt) and three
ammonia-nitrogen concentrations (6, 13 and 19
mg L7'). Each treatment combination was
conducted in triplicate, resulting in 12 treatments
and 36 tanks. Twelve shrimp were randomly
allocated to each 100-L tank, giving a total of 432
shrimp. Ammonia-nitrogen stock solutions were
prepared and diluted using water adjusted to the
corresponding experimental salinity. The shrimp
were maintained under the experimental
conditions for 60 days.

During the study period, the shrimp fed at a rate
of 15% by weight 3 times daily (8, 16 and 20) by
commercial diet (havorrash Co, Bushehr, Iran).
One-third of the water change was done daily to
maintain the quality of the water, and the unfed
feed was removed with a siphon tube. Water
quality parameters, including pH, salinity,
temperature, dissolved oxygen, and ammonia
were monitored throughout the trial. Salinity and
ammonia levels were adjusted to the initial
concentration when it was necessary. The other
quality  parameters including temperature,
dissolved oxygen and pH were 27.9-29.5 °C,
5.63—6.64 mg L! and 8.3+0.2.

Sampling

Shrimp were fasted for 24 h before sampling. At
the end of the 60-day experimental period, two
shrimp were randomly collected from each tank,
resulting in six shrimp per treatment combination.
The hepatopancreas and muscle tissues were
immediately dissected, placed in labelled tubes
and stored at -80 °C until biochemical analysis.
For biochemical analyses, tissue samples were
weighed and homogenised in phosphate buffer
(pH 7.4) while maintained on ice. The
homogenates were centrifuged at 16,000 x g for
15 min at 4 °C. The resulting supernatants were
collected and used to determine antioxidant
enzyme activities, malondialdehyde concentration
and total protein content. Tissues from the two
shrimp collected from each tank were analysed
separately, and their values were averaged to
obtain one independent tank-level replicate.

Biochemical analysis
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CAT (E.C. 1.11.1.6) activity was measured in
samples by the decrease in absorbance at 240 nm
(e =40 M-1 cm™) using 50 mM H»O; as substrate
(Aebi 1974). SOD (E.C. 1.15.1.1) activity was
measured at 550 nm as the degree of inhibition of
cytochrome ¢ reduction by O> Generated by the
xanthine oxidase/hypoxanthine system, according
to McCord and Fridovich (1969). The activity of
GPx was evaluated with a commercial kit
(Randox, Crumlin, UK) according to the
manufacturer’s instructions.

The total amount of lipid peroxidation was
indicated by the content of MDA as described by
Buege and Aust (1978). Briefly, one volume of
supernatant was mixed with two volumes of a
stock solution of 15% w/v trichloroacetic acid,
0.375% w/v thiobarbituric acid, and 0.25 M
hydrochloric acid thoroughly. The solution was
heated for 15 min in a boiling water bath. After
cooling, the precipitate is removed by
centrifugation at 1000 g for 10 min. The
absorbance of the clear supernatant was
determined at 535 nm. The protein content was
analyzed by the Bradford method using bovine
serum albumin (Merck, Germany) as standard
(Bradford 1976). All assays were carried out in
duplicate at 25 °C, and absorbance was read using
a spectrophotometer.

Statistical analysis

The tank was considered the experimental unit,
with three independent replicate tanks per
treatment combination. Data were assessed for
normality using the Shapiro—Wilk test and for
homogeneity of variance using Levene’s test. The
effects of salinity, ammonia-nitrogen
concentration and their interaction were evaluated
using two-way analysis of variance (ANOVA).
When a significant main effect or salinity x
ammonia-nitrogen interaction was detected,
Duncan’s multiple-range test was used for
pairwise comparisons among treatment means.
Statistical significance was accepted at P<0.05.
Data are presented as mean + standard error (SE).
All analyses were performed using SPSS for
Windows, version 18.0 (SPSS Inc., Chicago, IL,
USA).

Results

Antioxidant responses in the hepatopancreas
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The activities of CAT, SOD and GPx and the
MDA concentration in the hepatopancreas of L.
vannamei varied among salinity treatments at each
ammonia-N concentration (Table 1). At 6 mg L™!
ammonia-N, CAT activity was significantly
higher at 35 and 45 ppt than at 10 ppt (P<0.05).
SOD and GPX activities were significantly higher
at 45 ppt than at 10, 30 and 35 ppt (P<0.05).
Similarly, MDA concentration was significantly
higher at 45 ppt than at the other salinities

(P<0.05). At 13 mg L' ammonia-N, CAT and
SOD activities increased significantly with
increasing salinity (P<0.05). For both enzymes,
the highest activities were recorded at 45 ppt,
followed by 35 ppt, whereas significantly lower
activities were observed at 10 and 30 ppt. GPX
activity was significantly higher at 35 and 45 ppt
than at 10 and 30 ppt. MDA concentration was
significantly higher at 35 and 45 ppt than at 30 ppt
(P<0.05).

Table 1. The activity of antioxidant enzymes and MDA content in hepatopancreas of Pacific white shrimp (Litopenaeus
vannamei) exposed to different salinity and ammonia-N combinations

CAT SOD GPx MDA
(U/mg protein) (U/mg protein) (U/mg protein)
ammonia salinity
(mg/1) (ppt)
6 10 37.00+3.81* 28.66+3.66* 18.66+1.412 25.66+1.85°
30 41.30+4.46% 27.66+3.84% 22.53+2.792 22.00+£2.212
35 43.33+4.85% 30.00+£2.332 23.66+2.33¢% 34.00+3.522
45 51.33+3.68° 39.66+3.30° 31.66+3.09° 39.33+2.86°
13 10 46.33+4.24* 23.33+£2.81* 19.20+1.102 19.33+1.84%
30 49.16+3.35° 25.33+£1.91% 21.66+2.18% 15.00+1.082
35 58.90+5.08° 32.66+2.15° 35.08+3.50° 22.66+2.25%
45 67.66+4.15¢ 39.27+2.09¢ 37.66+3.88° 25.33+£2.66%
19 10 39.33+£3.522 32.66+3.19% 27.66+2.45% 23.66+2.62°
30 43.00+3.50° 33.66+3.97% 34.2242.93b 27.4142.35%
35 54.36+4.20° 35.66+4.42% 35.66+£2.13° 32.57+2.57°
45 56.33+4.23° 34.66+3.36° 42.104+4.49¢ 34.33+2.13%

Values are presented as mean + SE (n=3 replicate tanks). Within each ammonia-N concentration, different superscript letters in
the same column indicate significant differences among salinity treatments (P<0.05).

At 19 mg L' ammonia-N, CAT activity was
significantly higher at 35 and 45 ppt than at 10 and
30 ppt (P<0.05). In contrast, SOD activity did not
differ significantly among salinity treatments
(P>0.05). GPX activity was significantly higher at
30 and 35 ppt than at 10 ppt (P<0.05), with the
highest activity recorded at 45 ppt. MDA
concentration was significantly higher at 35 and
45 ppt than at 10 and 30 ppt (P<0.05).

According to the two-way ANOVA, salinity
significantly affected hepatopancreatic CAT,
SOD and GPX activities (P<0.001), whereas its
effect on MDA concentration was not significant
(P>0.05; Table 3). Ammonia-N concentration had
no significant main effect on any hepatopancreatic
biomarker (P>0.05). Significant salinity X
ammonia-N interactions were detected for CAT,
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SOD and GPX activities (P<0.001) and MDA
concentration (P=0.03).

Antioxidant responses in muscle

The activities of CAT, SOD and GPX and the
MDA concentration in muscle are presented in
Table 2. At 6 mg L' ammonia-N, CAT, SOD and
GPX activities were significantly higher at 45 ppt
than at 10, 30 and 35 ppt (P<0.05). MDA
concentration followed a similar pattern, with a
significantly higher value at 45 ppt than at the
other salinities (P<0.05).

At 13 mg L' ammonia-N, CAT and SOD
activities were significantly higher at 35 and 45
ppt than at 10 and 30 ppt (P<0.05). GPX activity
was significantly higher at 35 ppt than at 10
(P<0.05). MDA concentration was significantly
higher at 35 and 45 ppt than at 10 and 30 ppt
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(P<0.05). At 19 mg L' ammonia-N, neither CAT
nor SOD activity differed significantly among
salinity treatments (P>0.05). GPX activity was
significantly higher at 35 and 45 ppt than at 10 and
30 ppt (P<0.05). Similarly, MDA concentration
was significantly higher at 35 and 45 ppt than at
10 and 30 ppt (P<0.05).

Two-way ANOVA showed that salinity
significantly affected muscle CAT, SOD and GPX
activities and MDA concentration (P<0.001;
Table 3). However, ammonia-N concentration had
no significant main effect on any muscle
biomarker (P>0.05). No significant salinity X
ammonia-N interaction was detected for CAT (P
=0.53), SOD (P =0.93), GPX (P =0.06) or MDA
(P=0.29).

Table 2. The activity of antioxidant enzymes and MDA content in muscle of Pacific white shrimp (Litopenaeus

vannamei) exposed to different salinity and ammonia-N combinations

CAT SOD GPx MDA
(U/mg protein) (U/mg protein) (U/mg protein)
ammonia salinity
(mg/1) (ppt)
6 10 27.61+£3.712 21.9242.67° 18.66+4.412 19.73£1.35%
30 29.15+2.98* 20.19+2.792 39.53£5.79* 19.06+2.03%
35 31.1742.352 23.90+1.96% 29.66+3.332 23.87+2.11%
45 37.40+3.07° 34.28+3.61° 58.66+8.09" 32.36+3.74°
13 10 25.77+8.21% 19.2242.24% 19.20+5.102 14.11£1.64%
30 23.36+3.18* 17.76+2.58% 33.66+2.18% 15.95+1.392
35 33.22+3.55° 31.87+3.58° 45.00+4.50° 21.54+2 .48
45 34.56+4.26° 32.79+£3.25° 26.84+3.547 23.72+£2.78Y
19 10 32.1543.68* 31.14+3.982 28.19+1.06% 18.92+1.62°
30 31.3944.012 31.57+3.63¢% 31.61+4.797 19.1742.18%
35 34.2843.722 36.98+2.532 39.90+3.66° 23.52+2.42b
45 35.5043.822 33.49+3.91° 32.70+4.01° 24.33+£2.15°

Values are presented as mean + SE (n=3 replicate tanks). Within each ammonia-N concentration, different superscript letters in
the same column indicate significant differences among salinity treatments (P<0.05).

Table 3. Two-way ANOVA results for the effects of salinity, ammonia-N concentration and their interaction on
antioxidant biomarkers in the hepatopancreas and muscle of Pacific white shrimp (Litopenaeus vannamei)

CAT SOD GPx MDA

Hepatopancreas

salinity 0.00 0.00 0.00 0.06
Ammonia 0.59 0.81 0.51 0.08
Salinity* Ammonia 0.00 0.00 0.00 0.03
Muscle

salinity 0.00 0.00 0.00 0.00
Ammonia 0.08 0.16 0.74 0.85
Salinity*Ammonia  0.53 0.93 0.06 0.29

Discussion concentrations. Significant salinity x ammonia-N

The present study demonstrated that salinity was
the principal factor influencing antioxidant
responses in the hepatopancreas and muscle of L.
vannamei maintained under different ammonia-N
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interactions were detected for all hepatopancreatic
biomarkers, whereas no significant interactions
occurred in muscle. These findings demonstrate
that antioxidant responses to salinity and
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ammonia-N were tissue-specific, with the
hepatopancreas showing greater sensitivity to
their combined effects.

In the present study, antioxidant enzyme activities
were generally highest at 45 ppt, particularly at
ammonia-N concentrations of 6 and 13 mg L. In
the present study, antioxidant enzyme activities
were generally highest at 45 ppt, particularly at
ammonia-N concentrations of 6 and 13 mg L.
When shrimp are maintained outside a favourable
salinity range, additional energy is required to
regulate ion and water balance, potentially
increasing mitochondrial activity and ROS
production (Liu & Chen, 2004; Lushchak, 2011).
SOD, CAT and GPx function cooperatively to
limit ROS-mediated cellular injury. SOD
catalyses the conversion of superoxide radicals to
hydrogen peroxide, while CAT and GPx
participate in hydrogen peroxide removal.
Consequently, their simultaneous elevation at 45
ppt may represent a compensatory response to
increased ROS production rather than an
improvement in  physiological  condition
(Halliwell & Gutteridge, 2015; Lushchak, 2011).
Similar activation of antioxidant pathways has
been reported in L. vannamei exposed to
combined high salinity and ammonia-N stress
(Long et al.,, 2021). Nevertheless, antioxidant
enzyme activity alone cannot determine whether
oxidative defence was successful; it should be
interpreted together with indicators of oxidative
damage, such as MDA.

Hepatopancreatic SOD and muscle CAT and SOD
did not differ significantly among salinities, while
GPx activity remained elevated at 35 or 45 ppt.
This non-linear response may indicate that
different antioxidant pathways were recruited
according to the intensity of the combined
stressors. It may also reflect inhibition,
consumption or insufficient induction of certain
antioxidant enzymes under more demanding
exposure conditions. Therefore, lower enzyme
activity at the highest ammonia-N concentration
should not automatically be interpreted as reduced
oxidative stress.

Ammonia is known to impair mitochondrial
function, alter energy metabolism and promote
ROS formation in aquatic organisms (Ip et al.,
2001; Liang et al., 2016). However, ammonia-N
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concentration had no significant main effect on
any antioxidant biomarker in the present study.
This indicates that increasing ammonia-N from 6
to 19 mg L' did not produce a consistent
concentration-dependent response across
salinities. Instead, the significant interaction terms
in the hepatopancreas demonstrate that the
response to ammonia-N  depended on
environmental salinity. This interpretation is
consistent with evidence that salinity can
influence ammonia toxicity through changes in
osmoregulatory demand, branchial permeability,
ammonia excretion and the relative proportion of
unionised ammonia (Kir & Kumlu, 2006; Lin &
Chen, 2001).

The hepatopancreas showed significant salinity x
ammonia-N interactions for all four biomarkers,
whereas no such interactions were detected in
muscle. This difference can be attributed to the
distinct physiological functions of the two tissues.
The hepatopancreas is a major site of digestion,
nutrient storage, intermediary metabolism,
detoxification and immune regulation in
crustaceans and therefore has relatively high
metabolic and antioxidant activity (Vogt, 2019). It
may consequently respond more dynamically to
interacting environmental stressors. Muscle is less
directly involved in ammonia metabolism and
detoxification, which may explain why its
antioxidant responses were primarily associated
with salinity rather than the salinity X ammonia-N
interaction.

MDA generally increased at elevated salinities,
particularly at 45 ppt, indicating that antioxidant
activation was not always sufficient to prevent
lipid peroxidation. Similar responses have been
reported in the hepatopancreas of ammonia-
exposed L. vannamei (Liang et al., 2016; Long et
al., 2021). However, the nonsignificant main
effect of salinity on hepatopancreatic MDA (P =
0.06) suggests that lipid peroxidation depended
primarily on  specific  salinity-ammonia
interactions.

An important limitation is the absence of an
ammonia-free control. Because all shrimp were
exposed to at least 6 mg L' ammonia-N, the study
cannot determine whether these concentrations
increased oxidative stress relative to unexposed
shrimp. Future studies should include an
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ammonia-free control, measured rather than
nominal ammonia-N concentrations, survival and
growth indices, and direct assessment of ROS
production and osmoregulatory variables.

Overall, the findings indicate that elevated
salinity, particularly 45 ppt, was frequently
associated with increased antioxidant enzyme
activity and lipid peroxidation in L. vannamei.
The significant interaction between salinity and
ammonia-N in the hepatopancreas further shows
that the physiological consequences of ammonia
exposure cannot be evaluated independently of
salinity. These tissue-specific responses highlight
the importance of simultaneously controlling
salinity and nitrogenous waste in intensive shrimp
production systems.
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