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Simple Summary: Ammonia is a major water quality factor influencing the survival and health
of shrimp, among which the gill is the main effector organ for ammonia toxicity. In this study, we
explored the toxicity of ammonia stress on the physiological homeostasis in the gills of Litopenaeus
vannamei under seawater and low-salinity conditions. This study included four groups, namely the
SC group (ammonia-N 0 mg/L, salinity 30‰), SAN group (ammonia-N 10 mg/L, salinity 30‰),
LC group (ammonia-N 0 mg/L, salinity 3‰), and LAN group (ammonia-N 10 mg/L, salinity 3‰).
The ammonia stress lasted for 14 days. The results show that ammonia stress caused the severe
contraction of gill filaments and the deformation or even rupture of gill vessels. Ammonia stress
could also influence the redox, ER function, apoptosis, detoxification, energy metabolism, and
osmoregulation of the shrimp gills. These results are helpful to analyze the toxicological mechanism
of ammonia stress on the seawater- and low salinity-cultured shrimp.

Abstract: Ammonia is a major water quality factor influencing the survival and health of shrimp,
among which the gill is the main effector organ for ammonia toxicity. In this study, we chose
two types of Litopenaeus vannamei that were cultured in 30‰ seawater and domesticated in 3‰ low
salinity, respectively, and then separately subjected to ammonia stress for 14 days under seawater
and low-salinity conditions, of which the 3‰ low salinity-cultured shrimp were domesticated from
the shrimp cultured in 30‰ seawater after 27 days of gradual salinity desalination. In detail, this
study included four groups, namely the SC group (ammonia-N 0 mg/L, salinity 30‰), SAN group
(ammonia-N 10 mg/L, salinity 30‰), LC group (ammonia-N 0 mg/L, salinity 3‰), and LAN group
(ammonia-N 10 mg/L, salinity 3‰). The ammonia stress lasted for 14 days, and then the changes
in the morphological structure and physiological function of the gills were explored. The results
show that ammonia stress caused the severe contraction of gill filaments and the deformation or
even rupture of gill vessels. Biochemical indicators of oxidative stress, including LPO and MDA
contents, as well as T-AOC and GST activities, were increased in the SAN and LAN groups, while the
activities of CAT and POD and the mRNA expression levels of antioxidant-related genes (nrf2, cat,
gpx, hsp70, and trx) were decreased. In addition, the mRNA expression levels of the genes involved in
ER stress (ire1 and xbp1), apoptosis (casp-3, casp-9, and jnk), detoxification (gst, ugt, and sult), glucose
metabolism (pdh, hk, pk, and ldh), and the tricarboxylic acid cycle (mdh, cs, idh, and odh) were decreased
in the SAN and LAN groups; the levels of electron-transport chain-related genes (ndh, cco, and coi),
and the bip and sdh genes were decreased in the SAN group but increased in the LAN group; and
the level of the ATPase gene was decreased but the cytc gene was increased in the SAN and LAN
groups. The mRNA expression levels of osmotic regulation-related genes (nka-β, ca, aqp and clc) were
decreased in the SAN group, while the level of the ca gene was increased in the LAN group; the nka-α
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gene was decreased in both two groups. The results demonstrate that ammonia stress could influence
the physiological homeostasis of the shrimp gills, possibly by damaging the tissue morphology, and
affecting the redox, ER function, apoptosis, detoxification, energy metabolism, and osmoregulation.

Keywords: shrimp; gills; ammonia; salinity; physiological function

1. Introduction

The Pacific white shrimp Litopenaeus vannamei is a global economic shrimp, which
exhibits a wide range of salinity tolerance. L. vannamei can survive in salinity levels ranging
from 0.5‰ to 40‰, making it suitable for cultivation in low-salinity areas. As a result,
there has been a significant expansion of shrimp farming [1]. Shrimp culture has been
plagued by diseases for a long time, and environmental stress is an important cause of
disease occurrence [2]. Ammonia is a frequent environmental impact factor in farming
water [3], which is mainly the result of the decomposition of residues and feces, as well as
the metabolites of aquatic animal proteins and amino acids [4]. Ammonia in water usually
occurs as ammonium salt (NH4

+) and free ammonia (NH3), which can be converted into
each other [5]. Among them, NH3 is fat-soluble and easily penetrates the cell membrane,
which can directly damage the gill epidermal cells of shrimp, and reduce the oxygen-
carrying ability of hemocyanin [6,7]. Due to high-density aquaculture, high concentrations
of ammonia in aquaculture water occur frequently, which seriously affects the growth,
development, immunity, and disease resistance of shrimp [8].

Shrimp mainly depend on its non-specific immunity to resist environmental stress [9].
It was reported that ammonia stress decreased superoxide dismutase (SOD) activity in the
hemolymph and hepatopancreas of L. vannamei, consequently leading to a notable increase
in malondialdehyde (MDA) content in the hepatopancreas [10,11]. Long et al. [12] observed
marked alterations in the total antioxidant capacity (T-AOC), antioxidant enzyme activity,
and mRNA expression levels of the heat shock protein 70 (hsp70) and thioredoxin (trx)
genes in L. vannamei when subjected to elevated levels of both ammonia and salinity stress.
Ou et al. [13] found that acute exposure to ammonia increased the mRNA expression level of
the kelch-like ECH-associated protein 1 (keap1) gene in the hepatopancreas of Marsupenaeus
japonicus, whereas the expression of the nuclear factor erythroid 2-related factor 2 (nrf2)
gene was down-regulated. Liang et al. [11] showed that ammonia stress significantly
increased the mRNA levels of endoplasmic reticulum (ER) stress markers, including the
immunoglobulin heavy chain binding protein (bip), transcription factor 4 (atf4), and x-box
binding protein 1 (xbp1) in the hepatopancreas of L. vannamei. Additionally, ammonia
exposure also promoted the apoptosis of hepatopancreas and hemocytes in L. vannamei,
and induced mRNA expression changes in the apoptosis-related gene caspase 3 (casp-3) in
the hepatopancreas of M. japonicus [7,11,13].

Ammonia stress can affect the metabolic function of shrimp. For example, after
L. vannamei were exposed to 1.61 mg/L NH3 stress, the content of lactic acid (LA) in the
hemolymph was increased initially before subsequently diminishing and the activities
of the hexokinase (HK) and succinate dehydrogenase (SDH) in the hepatopancreas were
decreased, while the activities of the phosphofructokinase (PFK) and pyruvate kinase
(PK) were increased, indicating that ammonia stress could disrupt the metabolic function
of L. vannamei [14]. Under acute ammonia stress, the glycolytic enzymes’ activity and
glucose and lactic acid contents were increased in L. vannamei, indicating that the anaerobic
metabolism of shrimp was enhanced in response to stress [15]. Furthermore, ammonia
stress can influence the osmotic regulation ability of shrimp. For example, Chen and
Nan [16] observed that the activities of the total ATP synthase (ATPase) and Na+/K+-
ATPase in the gills of Penaeus chinensis were increased under 5.043 mg/L ammonia-N stress,
but were decreased under 10.106 and 20.093 mg/L ammonia-N stress.
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Gills are osmotic adjustment organs for ion exchange and acid–base balance mainte-
nance in shrimp [17]. Shrimp is an ammonia-excreting organism, and more than 60% of the
nitrogen-containing excreta in the body are excreted from the gills in the form of ammonia
nitrogen. Due to the direct contact between the gill tissue and the water environment,
when the concentration of ammonia in the water is too high, the gill tissue will be affected
first [18]. However, the influence mechanism of ammonia exposure on the physiological
function in the gills of shrimp cultured in seawater and low salinity is still unknown.

Therefore, in this study, we chose two types of L. vannamei that were cultured in 30‰
seawater and domesticated in 3‰ low salinity, respectively, and then separately subjected
to ammonia stress for 14 days under seawater and low-salinity conditions. Finally, the
physiological response characteristics of the L. vannamei gills under ammonia stress were
explored at multiple levels, including the tissue structure, oxidative stress, ER stress, apoptosis,
detoxification, energy metabolism, osmotic adjustment, etc. Our results can provide theoretical
insights on the ammonia toxicity of shrimp under seawater and low-salinity conditions.

2. Materials and Methods
2.1. Shrimp Materials

In this study, two types of L. vannamei that were cultured in 30‰ seawater and
domesticated in 3‰ low salinity, separately, weighing on averaging 9.9 ± 0.2 g, were
randomly selected for the ammonia stress experiment. The 3‰ low salinity-cultured
shrimp were domesticated from the shrimp cultured in 30‰ seawater after 27 days of
gradual salinity desalination. The healthy shrimp were temporarily cultured in tanks for
7 days. During the temporary culture period, the temperature of the culture water was
26 ± 0.5 ◦C, the pH was 7.9–8.1, and continuous aeration was performed for 24 h. Half of
the water was renewed daily, compound feed was used to feed shrimp according to 5% of
its body weight, and the residues and feces were removed punctually.

The experimental design is shown in Figure 1. In detail, these two types of the
seawater- and low salinity-cultured shrimp were from the same parent, and were cultured
in the same indoor pond since the postlarvae 10 stage. Before the stress experiment, the
30‰ seawater-cultured shrimp was divided into two ponds, one of which was always
maintained at 30‰ seawater, while the other pond was gradually desalinated to 3‰
salinity. The salinity desalination method was as follows: the initial salinity was 30‰,
and the salinity was reduced by 1‰ with aerated tap water every day. After 27 days of
desalination, the water salinity reached 3‰ and the desalination was completed. All of the
shrimp were temporarily cultured in a tank for 7 days, and then exposed to ammonia for
14 days, and the gill samples were collected for analysis.
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2.2. Ammonia Stress Experiment and Sampling

Following one week of temporary culture in 30‰ seawater and 3‰ low-salinity,
separately, the shrimp were divided into four groups at random: the seawater control
group (SC), seawater ammonia-exposure group (SAN), low-salinity control group (LC),
and low-salinity ammonia-exposure group (LAN). There were 3 replicate tanks in each
group, and each tank had 30 shrimp. The rearing water of the SC and SAN groups
was normal seawater with 30‰ salinity, while that of the LC and LAN groups was 3‰
low-salinity water achieved by adding fresh water to seawater. According to the related
research on the ammonia stress of L. vannamei [10,19], the ammonia-N concentration in the
SAN and LAN groups was set at 10 mg/L, which was adjusted by directly adding NH4Cl
into the water. There were four groups, namely the SC group (ammonia-N 0 mg/L, salinity
30‰), SAN group (ammonia-N 10 mg/L, salinity 30‰), LC group (ammonia-N 0 mg/L,
salinity 3‰), and LAN group (ammonia-N 10 mg/L, salinity 3‰). Half of the water in each
container was exchanged daily, and the ammonia-N concentration was determined and
adjusted every 4–6 h. Except for differences in the salinity or ammonia-N concentration,
the daily management of the shrimp in each group during the experiment was consistent
with that during the temporary culture.

Samples were collected after two weeks of ammonia exposure. Five shrimp gills were
collected from each tank and stored at −80 ◦C for the detection of biochemical indexes.
The gills of three shrimp were collected from each tank, put in RNA-preserving solution
(RNAFollow, NCM Biotech, Suzhou, China) at 4 ◦C for a whole day, and then preserved at
−80 ◦C for the analysis of genes’ expression. For subsequent histological analysis, the gills
of three shrimp in each tank were fixed in 4% paraformaldehyde.

2.3. Histological Analysis

After being fixed for 24 h in 4% paraformaldehyde reagente (Biosharp, Guangzhou,
China), the gill tissue was taken out and rinsed under flowing water in order to remove
the residual 4% paraformaldehyde, and gradually dewatered using 70%, 80%, 90%, and
100% ethyl alcohol by volume. It was then placed in xylene to make it transparent, and the
tissue was then embedded in melted paraffin wax to harden the tissue blocks and facilitate
slicing. The embedded tissue blocks were cut into 4 µm tissue sections and stained with
hematoxylin and eosin. Lastly, the tissue was dried at ambient temperature and sealed with
neutral resin for long-term preservation. The morphological changes in the tissue were
observed under a microscope (NIKON Eclipse ci, Nikon, Tokyo, Japan) and photographed
(NIS_F_Ver43000_64bit_E, Nikon, Tokyo, Japan).

2.4. Biochemical Analysis

The preserved gill tissue samples were thawed on ice, and then rinsed with pre-cooled
0.9% saline solution to remove the tissue fluid. After drying with filter paper, the gill tissue
mass was accurately weighed, and 9 times the volume of 0.9% saline solution (Biosharp,
Guangzhou, China) was added. Tissue homogenizer (TissueLyser II, Germany Qiagen,
Berlin, Germany) was used to prepare 10% tissue homogenate at 4 ◦C. After centrifugation
at 3500 r/min for 10 min, a homogenate supernatant was obtained for the determination of
biochemical indicators. Total protein (TP), catalase (CAT), glutathione peroxidase (GPx),
glutathione S-transferase (GST), peroxidase (POD), lipid peroxide (LPO), MDA, and T-AOC
were detected by the same batch kits (Jiancheng, Ltd., Nanjing, China), and were analyzed
using a microplate reader instrument (Infinite M200 Pro, Switzerland TECAN, Zurich,
Switzerland). The specific operation methods refer to the specifications.

2.5. Gene Expression Analysis

RNA was isolated from the gill tissues of the shrimp using the Trizol reagent (Invitrogen,
Beijing, China). RNA quality was assessed using 1.0% agarose gel electrophoresis, and the
Nanodrop 2000 was used to determine the RNA concentration. Reverse transcription was
performed to convert the RNA into cDNA using the Servicebio® RT First Strand cDNA Synthesis
Kit (Servicebio, Wuhan, China), and kept for subsequent use at −80 ◦C. The cDNA nucleotide
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sequences of the target genes and the internal reference gene of L. vannamei were downloaded
from the NCBI database. The primer sequences were designed using Primer Premier 5.0
(Table S1), and the forward and reverse specific primers were synthesized by Shanghai Sangon
Biotech Co., Ltd. (Shanghai, China). The amplification efficiency of the primers was verified
using the standard curve. The internal reference gene of L. vannamei was the β-actin gene.
The SYBR Green Pro Taq HS Premix kit (Accurate Biotechnology Co., Ltd., Hunan, China) was
adopted for qPCR operation in a real-time fluorescence quantitative PCR testing apparatus
(Likang CG-02, Shanghai, China). The quantitative real-time PCR reaction mixture amount was
15 µL, comprising 7.5 µL SYBR Green Pro Taq HS Premix (2×), 5.3 µL RNase-free water, 0.6
µL 10 µmol/L forward primer, 0.6 µL 10 µmol/L reverse primer, and 1.0 µL cDNA. The qPCR
reaction program was 95 ◦C for 30 s, 40 cycles of 95 ◦C for 5 s, and 60 ◦C for 30 s. The relative
mRNA expression levels of the genes were calculated following the method of Livak and
Schmittgen [20]. The gene expression levels of the SAN, LC, and LAN groups were all expressed
as the fold-change in the SC group, referring to the SC group as the control.

2.6. Statistical Analysis

All the data were presented as mean ± standard error (SE), one-way analysis of
variance (ANOVA) was conducted using SPSS 27.0, and a post-hoc test was performed
using the least significant difference (LSD) and Duncan methods, with p < 0.05 indicating a
significant difference.

3. Results
3.1. The Histological Morphology Changes in the Shrimp Gills

The gill tissue boundaries of the SC and LC groups were clear, and the morphological
structure of the epithelial cells and stratum corneum was normal (Figure 2A,C). In com-
parison with the SC group, the SAN group had blurred gill tissue boundaries, damaged
cuticles, decreased blood cells, widened subcutaneous spaces, and increased cavity cav-
itations (Figure 2B). In comparison with the LC group, the gill tissue of the LAN group
resembled that of the SAN group, with a serious contraction of the gill filaments, and the
deformation and even rupture of the gill vessels (Figure 2D).
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3.2. Changes in Oxidative Stress Biochemical Parameters in the Shrimp Gills

In comparison with the SC group, the contents of LPO and MDA and the activities
of GPx, GST, and T-AOC were increased in the SAN group, whereas the activities of CAT
and POD were decreased. The only variable that differed significantly was the MDA
content (p < 0.05). In comparison with the LC group, the contents of LPO and MDA and
the activities of GST and T-AOC were increased in the LAN group, and only the T-AOC
activity was not statistically different (p > 0.05); the activities of CAT, GPx, and POD were
decreased in the LAN group, but only the CAT activity was statistically different (p < 0.05).
Furthermore, it was observed that the LC group had significantly greater activities of CAT,
GPx, POD, and MDA content in comparison to the SC group (p < 0.05) (Figure 3).
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Figure 3. Effects of ammonia stress on the biochemical indexes of oxidative stress in the gills of L.
vannamei under seawater and low-salinity conditions. (A) LPO content; (B) MDA content; (C) T-AOC
activity; (D) CAT activity; (E) GPx activity; (F) POD activity; (G) GST activity. Different lowercase
letters show significant differences (p < 0.05) between the two groups under 30‰ salinity. Different
capital letters show significant differences (p < 0.05) between the two groups under 3‰ salinity.
* represents significant differences (p < 0.05) between the SC and LC groups.

3.3. Changes in Antioxidant-Relevant Gene Expression in the Shrimp Gills

In comparison with the SC group, the relative mRNA expression levels of antioxidant-
relevant genes, including nrf2, sod, cat, gpx, hsp70, heat shock protein 90 (hsp90), and trx,
were down-regulated in the SAN group, but only the level of the cat and hsp70 genes was
statistically different (p < 0.05). In comparison with the LC group, the mRNA expression
levels of the nrf2, cat, gpx, hsp70, and trx genes were down-regulated in the LAN group,
while there was an up-regulation in the levels of the sod and hsp90 genes with no signif-
icant difference (p > 0.05). Furthermore, the mRNA expression level of the cat gene was
significantly lower in the LC group when compared with the SC group (Figure 4A).
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Figure 4. Effects of ammonia stress on the antioxidant and endoplasmic reticulum stress-related genes’
expression in the gills of L. vannamei under seawater and low-salinity conditions. (A) Oxidative stress-
related genes; (B) ER stress-related genes. Different lowercase letters show significant differences
(p < 0.05) between the two groups under 30‰ salinity. Different capital letters show significant
differences (p < 0.05) between the two groups under 3‰ salinity. * represents significant differences
(p < 0.05) between the SC and LC groups.

3.4. Changes in ER Stress-Relevant Genes’ Expression in the Shrimp Gills

In comparison with the SC group, the relative mRNA expression levels of ER stress-
relevant genes, including bip, inositol-requiring enzyme 1 (ire1), and xbp1, were down-
regulated in the SAN group, although the differences were not significant (p > 0.05).
In comparison with the LC group, the mRNA expression levels of the ire1 and xbp1 genes
were down-regulated in the LAN group, while the bip gene was up-regulated; nevertheless,
there was no significant difference (p > 0.05) (Figure 4B).

3.5. Changes in Apoptosis-Relevant Genes’ Expression in the Shrimp Gills

In comparison with the SC group, the relative mRNA expression levels of apoptosis-
relevant genes, including casp-3, caspase-9 (casp-9), and c-jun n-terminal kinase (jnk), were
significantly down-regulated in the SAN group (p < 0.05). In comparison with the LC group,
the mRNA expression levels of the casp-3, casp-9, and jnk genes were down-regulated in
the LAN group, but only the level of the casp-3 gene was significantly different (p < 0.05).
Furthermore, it was observed that the LC group had a significantly higher expression level
of the casp-3 gene than the SC group (p < 0.05) (Figure 5A).
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3.6. Changes in Detoxification-Relevant Genes’ Expression in the Shrimp Gills

In comparison with the SC group, the relative mRNA expression levels of detoxification-
related genes, including cytochrome p450 (cytp450), gst, udp-glucuronosyltransferase (ugt),



Biology 2024, 13, 281 8 of 14

and sulfotransferase (sult), were down-regulated in the SAN group, but no significant
difference was found (p > 0.05). In comparison with the LC group, the mRNA expression
levels of the gst, ugt, and sult genes were down-regulated in the LAN group, whereas
the expression of the cytp450 gene was up-regulated; however, there was no significant
difference (p > 0.05) (Figure 5B).

3.7. Changes in Energy Metabolism-Related Genes’ Expression in the Shrimp Gills

In terms of glucose metabolism-related genes, in comparison with the SC group, the
mRNA expression levels of the hk and pk genes were down-regulated in the SAN group, but
no significant difference was found (p > 0.05). In comparison with the LC group, the mRNA
expression levels of the pyruvate dehydrogenase (pdh), hk, pk, and lactate dehydrogenase
(ldh) genes were down-regulated in the LAN group; nevertheless, no significant difference
was found (p > 0.05) (Figure 6A).
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In terms of tricarboxylic acid cycle-related genes, in comparison with the SC group,
the mRNA expression levels of the malate dehydrogenase (mdh), citrate synthase (cs), sdh,
isocitrate dehydrogenase (idh), and 2-oxoglutarate dehydrogenase (odh) genes were down-
regulated in the SAN group, but only the level of the odh gene had significant differences
(p < 0.05). In comparison with the LC group, the mRNA expression levels of the mdh and
idh genes were down-regulated in the LAN group, while there was an up-regulation in the
level of the sdh gene; nevertheless, no significant difference was found (p > 0.05) (Figure 6B).

In terms of electron transport chain-related genes, in comparison with the SC group,
the mRNA expression levels of the NADH dehydrogenase (ndh), ATPase, cytochrome c
oxidase (cco), and cytochrome oxidase I (coi) genes were down-regulated in the SAN group,
whereas the level of the cytochrome c (cytc) gene was up-regulated, but only the level of the
coi gene had significant differences (p < 0.05). In comparison with the LC group, the mRNA
expression levels of the ndh, cco, and cytc genes were up-regulated in the LAN group,
whereas there was a decrease in the level of the ATPase gene; nevertheless, no significant
difference was found (p > 0.05) (Figure 7).
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Figure 7. Effects of ammonia stress on the electron transport chain-related genes’ expression in the
gills of L. vannamei under seawater and low-salinity conditions. Different lowercase letters show
significant differences (p < 0.05) between the two groups under 30‰ salinity. Different capital letters
show significant differences (p < 0.05) between the two groups under 3‰ salinity.

3.8. Changes in Osmoregulation-Relevant Genes’ Expression in the Shrimp Gills

In comparison with the SC group, the relative mRNA expression levels of osmotic
regulation-relevant genes, including the Na+/K+-ATPase α subunit (nka-α), Na+/K+-
ATPase β subunit (nka-β), carbonic anhydrase (ca), aquaporin (aqp), chloride channel
protein 2 (clc), and calcium channel protein 1 (ccp), were down-regulated in the SAN group,
but only the level of the aqp gene had significant differences (p < 0.05). In comparison with
the LC group, the level of the nka-α gene was down-regulated in the LAN group, while
the level of the ca gene was up-regulated; nevertheless, there was no significant difference
(p > 0.05). In addition, the mRNA expression level of the aqp gene in the LC group was
significantly lower than that of the SC group (p < 0.05) (Figure 8).
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4. Discussion

Ammonia is a common influencing factor in shrimp culture environments [3]. An ex-
cessive concentration of ammonia in the water will influence the growth, development,
immunity, and disease resistance of shrimp, but the mechanism of the impact of ammonia
stress on the physiological function in the gills of the seawater- and low salinity-cultured
shrimp is not clear. In this study, we found that ammonia exposure could influence the mor-
phological structure of the gills of L. vannamei under seawater and low-salinity conditions,
which might have an effect on their physiological homeostasis. Hence, we comprehensively
evaluated the physiological responses in the gills of L. vannamei to ammonia stress from the
points of view of oxidative stress, ER stress, apoptosis, detoxification, energy metabolism,
and osmotic regulation.

Oxidative stress is one of the toxic influences of environmental contaminants on
shrimp [21]. LPO and MDA contents can reflect the degree of oxidative stress injury to
the organism [22]. In this study, LPO and MDA contents were induced in the gills of
the seawater- and low salinity-cultured shrimp, showing that oxidative stress happened
in the gills following 14 days of ammonia stress. The measurement of the antioxidant
defense system’s capability requires the assessment of T-AOC, which serves as an essential
indicator [23]. Some key antioxidant enzymes, for instance SOD, CAT, GPx, POD, and GST,
are important for defending the organism against oxidative stress [24,25]. Nrf2 can bind
with antioxidant-response element (ARE) to adjust the expression of antioxidant enzyme
genes [26]. In this study, after 14 days of ammonia stress, the activities of T-AOC and
GST were increased in the gills of the seawater- and low salinity-cultured shrimp, while
CAT and POD activities and the mRNA expression levels of the nrf2, cat, and gpx genes
were decreased. The activity of GPx was increased in the seawater-cultured shrimp but
decreased in the low salinity-cultured shrimp, while the expression of the sod gene was
opposite to the change in GPx activity. These phenomena indicate that ammonia exposure
led to oxidative stress injury in the gills of the seawater- and low salinity-cultured shrimp,
resulting in the dysfunction of the antioxidant enzyme system and Nrf2 signaling, and
different antioxidant enzymes had different response characteristics to ammonia stress.

HSPs are important stress proteins in organism, which can exert antioxidant func-
tions [27]. Trx is a redox protein that can be used as the zymolyte of an antioxidant protein
to participate in cellular redox processes [28]. In this study, the mRNA expression levels of
the hsp70 and trx genes were decreased in the gills of the seawater- and low salinity-cultured
shrimp after 14 days of ammonia stress. The expression of the hsp90 gene was decreased
in the seawater-cultured shrimp, but was slightly increased in the low salinity-cultured
shrimp. These phenomena show that ammonia stress had negative effects on the stress
proteins in the gills of the seawater- and low salinity-cultured shrimp, which would weaken
the anti-stress ability of the organism.

When the organism is stimulated by the external environment, it will induce ER stress,
thus starting the UPR to keep ER homeostasis and restore cell function [29]. When ERS
occurs, the protein kinase IRE1 dissociates and activates with the molecular chaperone
Bip, splicing the coding transcription factor XBP1 to form XBP1s, and then corrects the
ER homeostasis by inducing the gene expression of ER folding and the related protein
degradation [30]. In this study, following two weeks of ammonia stress, the expressions
of the ire1 and xbp1 genes were declined in the gills of the seawater- and low salinity-
cultured shrimp. The level of the bip gene was declined in the seawater-cultured shrimp
but increased in the low salinity-cultured shrimp. It is speculated that ammonia stress
attracted the normal ER stress process in the gills of the seawater- and low salinity-cultured
shrimp, and interfered with the regulation process of ER functional homeostasis.

Apoptosis is a programmed cell death controlled by genes [31]. When cells are stimu-
lated by the environment, the apoptosis complex initiates the apoptosis cascade reaction
and activates Casp-9, and then cuts the downstream Casp-3 to achieve apoptosis [32].
JNK can mediate apoptosis by regulating key apoptotic factors [33]. In this study, following
two weeks of ammonia stress, the expression levels of the casp-3, casp-9, and jnk genes
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were decreased in the gills of the seawater- and low salinity-cultured shrimp, indicating
that ammonia stress inhibited the apoptosis function of the gills, which was adverse to the
maintenance of the homeostasis in the organism.

In response to environmental stress, aquatic animals can mitigate bodily damage
by activating their detoxification metabolic system. Organisms can use phase I detoxi-
fication enzymes (cytP450, etc.) and phase II detoxification enzymes (GST, UGT, SULT,
etc.) to convert harmful substances in cells into water-soluble metabolites in turn, and
finally discharge them out of the cell [34]. In this study, following two weeks of ammo-
nia stress, the expressions of the gst, ugt, and sult genes were decreased in the gills of
the seawater- and low salinity-cultured shrimp. The expression level of the cytp450 gene
was decreased in the seawater-cultured shrimp but increased in the low salinity-cultured
shrimp. This phenomenon shows that ammonia stress reduced the detoxification capacity
of the shrimp gills under seawater- and low salinity-cultured conditions. Although the
expression of the cytp450 gene in the gills of low salinity-cultured shrimp was up-regulated,
the down-regulation of the phase II metabolic enzyme expression was also not conducive
to the detoxification metabolism ability of the gill tissues.

Energy metabolism is the process of releasing energy after nutrients in the organism
are catalyzed by various enzymes. Glucose metabolism is one of the pathways of energy
metabolism in aquatic animals, among which glycolysis is an important link of glucose
metabolism that decomposes glucose or glycogen to keep the energy provision of the
body [35,36]. PDH, HK, and PK are key rate-limiting enzymes in glycolysis, and LDH is
an important coenzyme in glucose metabolism [14,37]. In this study, following two weeks
of ammonia stress, the expressions of the hk, pk, and ldh genes were decreased in the
gills of the seawater- and low salinity-cultured shrimp, and the level of the pdh gene only
was decreased in the low-salinity shrimp, indicating that ammonia stress reduced the
glucose metabolism in the gills of the shrimp. The tricarboxylic acid cycle is a chemical
reaction catalyzed by a series of enzymes such as MDH, CS, SDH, IDH, and ODH, which
generates energy by oxidizing acetyl-CoA formed from the decomposition of lipids or
other nutrients [38]. In this study, following two weeks of ammonia stress, the expression
levels of the mdh, cs, idh, and odh genes were decreased in the gills of the seawater- and
low salinity-cultured shrimp. The level of the sdh gene was decreased in the seawater-
cultured shrimp but increased in the low salinity-cultured shrimp. These changes show
that ammonia stress might interfere with the normal function of the shrimp gill tissue by
reducing the gene expression of tricarboxylic acid cycle-related enzymes.

The electron transport chain, also known as the respiratory chain, is a successive
reaction system composed of a sequence of hydrogen and electron transfer reactions
organized in a certain order in mitochondria [39]. NDH and CCO are the first enzyme and
the terminal enzyme in the respiratory chain, respectively [40]. ATPase can catalyze the
synthesis of ATP in the process of energy metabolism [41]. COI and CytC are important
proteins and electron carriers in the electron transport chain, respectively [42]. In this study,
following two weeks of ammonia stress, the expression of the ATPase gene was decreased
in gills of the seawater- and low salinity-cultured shrimp, while the level of the cytc gene
was enhanced. The levels of the ndh, cco, and coi genes were decreased in marine shrimp but
increased in low-salinity shrimp. This phenomenon shows that ammonia stress influenced
the balance of energy generation in mitochondria by disrupting the gene expression of
electron transport chain in the shrimp gills, while the respiratory chain of the shrimp would
have different response characteristics to ammonia stress. In summary, ammonia stress
could interfere with the energy metabolism homeostasis in the gills of the seawater- and
low salinity-cultured shrimp by affecting the gene expression of key nodes in the glucose
metabolism, tricarboxylic acid cycle, and electron transport chain.

Osmotic regulation is a regulatory mechanism that occurs when the homeostasis of
aquatic animals is unbalanced. NKA is a key enzyme in ion transport during osmotic
regulation [43]. It is ordinarily in charge of the positive membrane transport of Na+ and
K+ on both sides of the cell [44]. CA can regulate the ion concentration and acid–base
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balance [45]. In this study, following two weeks of ammonia stress, the expression of the
nka-α gene was decreased in the gills of the seawater- and low salinity-cultured shrimp.
However, the level of the nka-β gene only was decreased in the seawater-cultured shrimp.
The level of the ca gene was declined in the seawater-cultured shrimp, but increased in
the low salinity-cultured shrimp. It is inferred that ammonia stress interfered with the
osmoregulation function of the organisms by affecting the expression of osmotic regulation-
related enzymes and genes in the shrimp gills.

AQP is an intrinsic membrane protein capable of transporting small molecular solutes
such as water, glycerol, and urea [46,47]. CLC and CCP principally participate in the
membrane transport of Cl− and Ca+, respectively [21]. In this study, following two weeks
of ammonia stress, the expressions of the aqp and clc genes were substantially decreased
in the gills of the seawater-cultured shrimp, while the changes were not significant in the
low salinity-cultured shrimp. The expression of the ccp gene had no significant changes in
the seawater- and low salinity-cultured shrimp. This phenomenon indicates that ammonia
stress could interfere with the osmoregulation function of the organisms by reducing the
gene expression of water and chloride channel proteins in the gills of the seawater- and
low salinity-cultured shrimp.

5. Conclusions

This study revealed that ammonia stress influenced the morphological structure of
the gills of the seawater- and low salinity-cultured shrimp, and affected the redox and ER
functional homeostasis by inducing stress. Furthermore, ammonia stress also reduced the
apoptosis, detoxification metabolism, energy metabolism, and osmotic regulation function
in the gills. By contrast, the gills of the low salinity-cultured shrimp had the stronger
stress responses to ammonia exposure. Although the changes in some indexes in this
study were not significant, the results suggest that the harm of ammonia to the gills of the
seawater- and low salinity-cultured shrimp still needs attention. This study’s results can
give reference to the toxicological evaluation of ammonia stress in the seawater- and low
salinity-cultured shrimp.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/biology13040281/s1, Table S1: Primer sequences used in this study.

Author Contributions: Y.N.: Experimental design and execution, sample collection, data analysis, and
writing the manuscript. M.X.: Experimental detection and data analysis. Y.Y.: Shrimp culture, sample
collection, and pretreatment. Y.D.: Project administration, experimental design, data analysis, and
manuscript revision. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by Guangdong Basic and Applied Basic Research Foundation
(2024A1515030047); Central Public-interest Scientific Institution Basal Research Fund, South China
Sea Fisheries Research Institute, CAFS (2022RC01, 2021SD19); Key-Area Research and Development
Program of Guangdong Province (2022B0202110001); Hainan Provincial Natural Science Foundation
of China (322QN436); Agricultural Research Outstanding Talents Training Program (13210308); and
Central Public-interest Scientific Institution Basal Research Fund, CAFS (2023TD97).

Institutional Review Board Statement: The use of animals in this study was approved by the South
China Sea Fisheries Research Institute, the Chinese Academy of Fishery Sciences (nhdf2022-19), and
was carried out according to the guidelines for the care and use of experimental animals.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be made available upon request.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

https://www.mdpi.com/article/10.3390/biology13040281/s1
https://www.mdpi.com/article/10.3390/biology13040281/s1


Biology 2024, 13, 281 13 of 14

References
1. Ogle, J.T.; Beaugez, K.; Lotz, J.M. Effects of salinity on survival and growth of postlarval Penaeus vannamei. Gulf Res. Rep. 1992, 8, 415–421.

[CrossRef]
2. Duan, Y.; Liu, Q.; Wang, Y.; Zhang, J.; Xiong, D. Impairment of the intestine barrier function in Litopenaeus vannamei exposed to

ammonia and nitrite stress. Fish Shellfish. Immunol. 2018, 78, 279–288. [CrossRef]
3. Yan, X.; Chen, Y.; Dong, X.; Tan, B.; Liu, H.; Zhang, S.; Chi, S.; Yang, Q.; Liu, H.; Yang, Y. Ammonia toxicity induces oxidative

stress, inflammatory response and apoptosis in hybrid grouper (♀Epinephelus fuscoguttatus × ♂E. lanceolatu). Front. Mar. Sci. 2021,
8, 667432. [CrossRef]

4. Chang, Z.W.; Chiang, P.C.; Cheng, W.; Chang, C.C. Impact of ammonia exposure on coagulation in white shrimp, Litopenaeus
vannamei. Ecotoxicol. Environ. Saf. 2015, 118, 98–102. [CrossRef]

5. Chen, H.; Zhang, Z.; Wu, Z.; Peng, R.; Jiang, X.; Han, Q.; Jiang, M. Effect of ammonia nitrogen on the detoxification metabolic
pathway of cuttlefish (Sepia pharaonis). Aquaculture 2022, 553, 738133. [CrossRef]

6. Cheng, S.-Y.; Shieh, L.-W.; Chen, J.-C. Changes in hemolymph oxyhemocyanin, acid–base balance, and electrolytes in Marsupenaeus
japonicus under combined ammonia and nitrite stress. Aquat. Toxicol. 2013, 130–131, 132–138. [CrossRef] [PubMed]

7. Liu, F.; Li, S.; Yu, Y.; Sun, M.; Xiang, J.; Li, F. Effects of ammonia stress on the hemocytes of the Pacific white shrimp Litopenaeus
vannamei. Chemosphere 2020, 239, 124759. [CrossRef]

8. Zhao, M.; Yao, D.; Li, S.; Zhang, Y.; Aweya, J.J. Effects of ammonia on shrimp physiology and immunity: A review. Rev. Aquac.
2020, 12, 2194–2211. [CrossRef]

9. Mekata, T.; Sudhakaran, R.; Okugawa, S.; Kono, T.; Sakai, M.; Itami, T. Molecular cloning and transcriptional analysis of a newly
identified anti-lipopolysaccharide factor gene in kuruma shrimp, Marsupenaeus japonicus. Lett. Appl. Microbiol. 2010, 50, 112–119.
[CrossRef]

10. Kathyayani, S.A.; Poornima, M.; Sukumaran, S.; Nagavel, A.; Muralidhar, M. Effect of ammonia stress on immune variables of
Pacific white shrimp Penaeus vannamei under varying levels of pH and susceptibility to white spot syndrome virus. Ecotoxicol.
Environ. Saf. 2019, 184, 109626. [CrossRef]

11. Liang, Z.; Liu, R.; Zhao, D.; Wang, L.; Sun, M.; Wang, M.; Song, L. Ammonia exposure induces oxidative stress, endoplasmic reticulum
stress and apoptosis in hepatopancreas of pacific white shrimp (Litopenaeus vannamei). Fish Shellfish. Immunol. 2016, 54, 523–528.
[CrossRef] [PubMed]

12. Long, J.; Cui, Y.; Wang, R.; Chen, Y.; Zhao, N.; Wang, C.; Wang, Z.; Li, Y. Combined effects of high salinity and ammonia-N
exposure on the energy metabolism, immune response, oxidative resistance and ammonia metabolism of the Pacific white shrimp
Litopenaeus vannamei. Aquac. Rep. 2021, 20, 100648. [CrossRef]

13. Ou, H.; Liang, J.; Liu, J. Effects of acute ammonia exposure on oxidative stress, endoplasmic reticulum stress and apoptosis in the
kuruma shrimp (Marsupenaeus japonicus). Aquac. Rep. 2022, 27, 101383. [CrossRef]

14. Shan, H.; Geng, Z.; Ma, S.; Wang, T. Comparative study of the key enzymes and biochemical substances involved in the energy
metabolism of Pacific white shrimp, Litopenaeus vannamei, with different ammonia-N tolerances. Comp. Biochem. Physiol. Part C
Toxicol. Pharmacol. 2019, 221, 73–81. [CrossRef] [PubMed]

15. Sui, Z.; Wei, C.; Wang, X.; Zhou, H.; Liu, C.; Mai, K.; He, G. Nutrient sensing signaling and metabolic responses in shrimp
Litopenaeus vannamei under acute ammonia stress. Ecotoxicol. Environ. Saf. 2023, 253, 114672. [CrossRef] [PubMed]

16. Chen, J.C.; Nan, F.H. Effect of ambient ammonia on ammonia-N excretion and ATPase activity of Penaeus chinensis. Aquat. Toxicol.
1992, 23, 1–10.

17. Evans, D.H.; Piermarini, P.M.; Choe, K.P.; Gilmour, K.M.; Perry, S.F.; Kolosov, D.; Kelly, S.P.; Gerber, L.; Jensen, F.B.; Madsen,
S.S.; et al. The multifunctional fish gill: Dominant site of gas exchange, osmoregulation, acid-base regulation, and excretion of
nitrogenous waste. Physiol. Rev. 2005, 85, 97–177. [CrossRef] [PubMed]

18. Evans, D.H. The fish gill: Site of action and model for toxic effects of environmental pollutants. Environ. Health. Perspect. 1987, 71, 47–58.
[CrossRef] [PubMed]

19. Duan, Y.; Xiong, D.; Wang, Y.; Li, H.; Dong, H.; Zhang, J. Toxic effects of ammonia and thermal stress on the intestinal microbiota
and transcriptomic and metabolomic responses of Litopenaeus vannamei. Sci. Total. Environ. 2021, 754, 141867. [CrossRef]

20. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2−∆∆CT Method.
Methods 2001, 25, 402–408. [CrossRef]

21. Xing, Y.; Zhu, X.; Duan, Y.; Huang, J.; Nan, Y.; Zhang, J. Toxic effects of nitrite and microplastics stress on histology, oxidative
stress, and metabolic function in the gills of Pacific white shrimp, Litopenaeus vannamei. Mar. Pollut. Bull. 2023, 187, 114531.
[CrossRef]

22. Duan, Y.; Zhang, J.; Wang, Y.; Liu, Q.; Xiong, D. Nitrite stress disrupts the structural integrity and induces oxidative stress
response in the intestines of Pacific white shrimp Litopenaeus vannamei. J. Exp. Zool. Part A Ecol. Integr. Physiol. 2018, 329, 43–50.
[CrossRef]

23. Castillo, C.; Hernández, J.; Valverde, I.; Pereira, V.; Sotillo, J.; Alonso, M.L.; Benedito, J. Plasma malonaldehyde (MDA) and total
antioxidant status (TAS) during lactation in dairy cows. Res. Veter. Sci. 2006, 80, 133–139. [CrossRef] [PubMed]

24. Atli, G.; Canli, M. Response of antioxidant system of freshwater fish Oreochromis niloticus to acute and chronic metal (Cd, Cu, Cr,
Zn, Fe) exposures. Ecotoxicol. Environ. Saf. 2010, 73, 1884–1889. [CrossRef]

https://doi.org/10.18785/grr.0804.07
https://doi.org/10.1016/j.fsi.2018.04.050
https://doi.org/10.3389/fmars.2021.667432
https://doi.org/10.1016/j.ecoenv.2015.04.019
https://doi.org/10.1016/j.aquaculture.2022.738133
https://doi.org/10.1016/j.aquatox.2012.12.015
https://www.ncbi.nlm.nih.gov/pubmed/23399445
https://doi.org/10.1016/j.chemosphere.2019.124759
https://doi.org/10.1111/raq.12429
https://doi.org/10.1111/j.1472-765X.2009.02763.x
https://doi.org/10.1016/j.ecoenv.2019.109626
https://doi.org/10.1016/j.fsi.2016.05.009
https://www.ncbi.nlm.nih.gov/pubmed/27164997
https://doi.org/10.1016/j.aqrep.2021.100648
https://doi.org/10.1016/j.aqrep.2022.101383
https://doi.org/10.1016/j.cbpc.2019.04.001
https://www.ncbi.nlm.nih.gov/pubmed/30954687
https://doi.org/10.1016/j.ecoenv.2023.114672
https://www.ncbi.nlm.nih.gov/pubmed/36827896
https://doi.org/10.1152/physrev.00050.2003
https://www.ncbi.nlm.nih.gov/pubmed/15618479
https://doi.org/10.1289/ehp.877147
https://www.ncbi.nlm.nih.gov/pubmed/3297663
https://doi.org/10.1016/j.scitotenv.2020.141867
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.marpolbul.2022.114531
https://doi.org/10.1002/jez.2162
https://doi.org/10.1016/j.rvsc.2005.06.003
https://www.ncbi.nlm.nih.gov/pubmed/16084546
https://doi.org/10.1016/j.ecoenv.2010.09.005


Biology 2024, 13, 281 14 of 14

25. Duan, Y.; Zhang, J.; Dong, H.; Wang, Y.; Liu, Q.; Li, H. Oxidative stress response of the black tiger shrimp Penaeus monodon to
Vibrio parahaemolyticus challenge. Fish Shellfish. Immunol. 2015, 46, 354–365. [CrossRef]

26. Yu, C.; Xiao, J.-H. The Keap1-Nrf2 system: A mediator between oxidative stress and aging. Oxidative Med. Cell. Longev. 2021, 2021, 6635460.
[CrossRef] [PubMed]

27. Shi, J.; Fu, M.; Zhao, C.; Zhou, F.; Yang, Q.; Qiu, L. Characterization and function analysis of Hsp60 and Hsp10 under different
acute stresses in black tiger shrimp, Penaeus monodon. Cell Stress Chaperon. 2016, 21, 295–312. [CrossRef] [PubMed]

28. Ren, Q.; Zhang, R.-R.; Zhao, X.-F.; Wang, J.-X. A thioredoxin response to the WSSV challenge on the Chinese white shrimp,
Fenneropenaeus chinensis. Comp. Biochem. Physiol. Part C Toxicol. Pharmacol. 2010, 151, 92–98. [CrossRef]

29. Hetz, C. The unfolded protein response: Controlling cell fate decisions under ER stress and beyond. Nat. Rev. Mol. Cell Biol. 2012,
13, 89–102. [CrossRef]

30. Walter, P.; Ron, D. The unfolded protein response: From stress pathway to homeostatic regulation. Science 2011, 334, 1081–1086.
[CrossRef]

31. Al-Masri, A. Apoptosis and long non-coding RNAs: Focus on their roles in Heart diseases. Pathol. Res. Pract. 2023, 251, 154889.
[CrossRef] [PubMed]

32. Liu, X.; Kim, C.N.; Yang, J.; Jemmerson, R.; Wang, X. Induction of apoptotic program in cell-free extracts: Requirement for dATP
and cytochrome c. Cell 1996, 86, 147–157. [CrossRef] [PubMed]

33. Kanda, H.; Miura, M. Regulatory roles of JNK in programmed cell death. J. Biochem. 2004, 136, 1–6. [CrossRef] [PubMed]
34. Nan, Y.; Zhu, X.; Huang, J.; Zhang, Z.; Xing, Y.; Yang, Y.; Xiao, M.; Duan, Y. Toxic effects of triclocarban on the histological

morphology, phys-iological and immune response in the gills of the black tiger shrimp Penaeus monodon. Mar. Environ. Res. 2023,
192, 106245. [CrossRef] [PubMed]

35. Li, Q.; Zhang, S.; Yang, G.; Wang, X.; Liu, F.; Li, Y.; Chen, Y.; Zhou, T.; Xie, D.; Liu, Y.; et al. Energy metabolism: A critical target of
cardiovascular injury. Biomed. Pharmacother. 2023, 165, 115271. [CrossRef] [PubMed]

36. An, F.; Chang, W.; Song, J.; Zhang, J.; Li, Z.; Gao, P.; Wang, Y.; Xiao, Z.; Yan, C. Reprogramming of glucose metabolism: Metabolic
alterations in the progression of osteosarcoma. J. Bone Oncol. 2024, 44, 100521. [CrossRef]

37. Gopal, K.; Abdualkader, A.M.; Li, X.; Greenwell, A.A.; Karwi, Q.G.; Altamimi, T.R.; Saed, C.; Uddin, G.M.; Darwesh, A.M.;
Jamieson, K.L.; et al. Loss of muscle PDH induces lactic acidosis and adaptive anaplerotic compensation via pyruvate-alanine
cycling and glutaminolysis. J. Biol. Chem. 2023, 299, 105375. [CrossRef]

38. Kay, J.; Weitzman, P.D.J. Krebs Citric Acid Cycle: Half a Century and Still Turning; Biochemical Society; Portland Press Ltd.:
Colchester, UK, 1987; Volume 54, pp. 1–198.

39. Zhang, Y.; Jiao, X.; Liu, J.; Feng, G.; Luo, X.; Zhang, M.; Zhang, B.; Huang, L.; Long, Q. A new direction in Chinese herbal medicine
ameliorates for type 2 diabetes mellitus: Focus on the potential of mitochondrial respiratory chain complexes. J. Ethnopharmacol.
2024, 321, 117484. [CrossRef]

40. Maclean, A.E.; Hayward, J.A.; Huet, D.; van Dooren, G.G.; Sheiner, L. The mystery of massive mitochondrial complexes: The
apicomplexan respiratory chain. Trends Parasitol. 2022, 38, 1041–1052. [CrossRef]

41. Fernández-Vizarra, E.; Ugalde, C. Cooperative assembly of the mitochondrial respiratory chain. Trends Biochem. Sci. 2022, 47,
999–1008. [CrossRef]

42. Fernández-Vizarra, E.; López-Calcerrada, S.; Sierra-Magro, A.; Pérez-Pérez, R.; Formosa, L.E.; Hock, D.H.; Illescas, M.; Peñas,
A.; Brischigliaro, M.; Ding, S.; et al. Two independent respiratory chains adapt OXPHOS performance to glycolytic switch. Cell
Metab. 2022, 34, 1792–1808.e6. [CrossRef] [PubMed]

43. Shamraj, O.I.; Lingrel, J.B. A putative fourth Na+, K+-ATPase alpha-subunit gene is expressed in testis. Proc. Natl. Acad. Sci. USA
1994, 91, 12952–12956. [CrossRef]

44. Post, R.L.; Jolly, P.C. The linkage of sodium, potassium, and ammonium active transport across the human erythrocyte mem-brane.
Biochim. Biophys. Acta 1957, 25, 118–128. [CrossRef] [PubMed]

45. Esbaugh, A.J.; Perry, S.F.; Bayaa, M.; Georgalis, T.; Nickerson, J.; Tufts, B.L.; Gilmour, K.M. Cytoplasmic carbonic anhydrase
isozymes in rainbow trout Oncorhynchus mykiss: Comparative physiology and molecular evolution. J. Exp. Biol. 2005, 208,
1951–1961. [CrossRef] [PubMed]

46. Echevarría, M.; Windhager, E.E.; Frindt, G. Selectivity of the renal collecting duct water channel aquaporin-3. J. Biol. Chem. 1996,
271, 25079–25082. [CrossRef]

47. Yang, B.; Verkman, A.S. Water and glycerol permeabilities of aquaporins 1–5 and MIP determined quantitatively by expression of
epitope-tagged constructs in Xenopus oocytes. J. Biol. Chem. 1997, 272, 16140–16146. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.fsi.2015.06.032
https://doi.org/10.1155/2021/6635460
https://www.ncbi.nlm.nih.gov/pubmed/34012501
https://doi.org/10.1007/s12192-015-0660-6
https://www.ncbi.nlm.nih.gov/pubmed/26637414
https://doi.org/10.1016/j.cbpc.2009.08.012
https://doi.org/10.1038/nrm3270
https://doi.org/10.1126/science.1209038
https://doi.org/10.1016/j.prp.2023.154889
https://www.ncbi.nlm.nih.gov/pubmed/38238070
https://doi.org/10.1016/S0092-8674(00)80085-9
https://www.ncbi.nlm.nih.gov/pubmed/8689682
https://doi.org/10.1093/jb/mvh098
https://www.ncbi.nlm.nih.gov/pubmed/15269233
https://doi.org/10.1016/j.marenvres.2023.106245
https://www.ncbi.nlm.nih.gov/pubmed/37926588
https://doi.org/10.1016/j.biopha.2023.115271
https://www.ncbi.nlm.nih.gov/pubmed/37544284
https://doi.org/10.1016/j.jbo.2024.100521
https://doi.org/10.1016/j.jbc.2023.105375
https://doi.org/10.1016/j.jep.2023.117484
https://doi.org/10.1016/j.pt.2022.09.008
https://doi.org/10.1016/j.tibs.2022.07.005
https://doi.org/10.1016/j.cmet.2022.09.005
https://www.ncbi.nlm.nih.gov/pubmed/36198313
https://doi.org/10.1073/pnas.91.26.12952
https://doi.org/10.1016/0006-3002(57)90426-2
https://www.ncbi.nlm.nih.gov/pubmed/13445725
https://doi.org/10.1242/jeb.01551
https://www.ncbi.nlm.nih.gov/pubmed/15879075
https://doi.org/10.1074/jbc.271.41.25079
https://doi.org/10.1074/jbc.272.26.16140

	Introduction 
	Materials and Methods 
	Shrimp Materials 
	Ammonia Stress Experiment and Sampling 
	Histological Analysis 
	Biochemical Analysis 
	Gene Expression Analysis 
	Statistical Analysis 

	Results 
	The Histological Morphology Changes in the Shrimp Gills 
	Changes in Oxidative Stress Biochemical Parameters in the Shrimp Gills 
	Changes in Antioxidant-Relevant Gene Expression in the Shrimp Gills 
	Changes in ER Stress-Relevant Genes’ Expression in the Shrimp Gills 
	Changes in Apoptosis-Relevant Genes’ Expression in the Shrimp Gills 
	Changes in Detoxification-Relevant Genes’ Expression in the Shrimp Gills 
	Changes in Energy Metabolism-Related Genes’ Expression in the Shrimp Gills 
	Changes in Osmoregulation-Relevant Genes’ Expression in the Shrimp Gills 

	Discussion 
	Conclusions 
	References

