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Abstract

To unveil the adaptation of Litopenaeus vannamei to elevated ambient ammonia-N, crustacean hyperglycaemic hormone (CHH) was knocked
down to investigate its function in glucose metabolism pathway under ammonia-N exposure. When CHH was silenced, haemolymph glucose
increased significantly during 3-6 h, decreased significantly during 12-48 h and recovered to the control groups’ level at 72 h. After CHH
knock-down, dopamine (DA) contents reduced significantly during 3-24 h, which recovered after 48 h. Besides, the expressions of gua-
nylyl cyclase (GC) and DA1R in the hepatopancreas decreased significantly, while DA4R increased significantly. Correspondingly, the
contents of cyclic AMP (cAMP), cyclic GMP (cGMP) and diacylglycerol (DAG) and the expressions of protein kinase A (PKA), protein
kinase G (PKG), AMP active protein kinase a (AMPKa) and AMPKy were significantly down-regulated, while the levels of protein kinase
C (PKC) and AMPKp were significantly up-regulated. The expressions of cyclic AMP response element-binding protein (CREB) and GLUT2
decreased significantly, while GLUT1 increased significantly. Moreover, glycogen content, glycogen synthase and glycogen phosphoryl-
ase activities in hepatopancreas and muscle were significantly increased. Furthermore, the levels of key enzymes hexokinase, pyruvate
kinase and phosphofructokinase in glycolysis (GLY), rate-limiting enzymes citrate synthase in tricarboxylic acid and critical enzymes phos-
phoenolpyruvate carboxykinase, fructose diphosphate and glucose-6-phosphatase in gluconeogenesis (GNG) were significantly
decreased in hepatopancreas. These results suggest that CHH affects DA and then they affect their receptors to transmit glucose metabo-
lism signals into the hepatopancreas of L. vannamei under ammonia-N stress. CHH acts on the cGMP-PKG-AMPKa-CREB pathway through
GC, and CHH affects DA to influence cAMP-PKA-AMPKy-CREB and DAG-PKC-AMPKp-CREB pathways, thereby regulating GLUT, inhib-
iting glycogen metabolism and promoting GLY and GNG. This study contributes to further understand glucose metabolism mechanism of
crustacean in response to environmental stress.

Key words: Crustacean hyperglycaemic hormone: Litopenaeus vannamei: RNA interference: Neuroendocrine signalling
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Water environment is closely related to the growth and sur-
vival of organisms, especially for aquatic animals that provide
human with high-quality protein”. Aquaculture environment
has become increasingly prominent for the public to pay
attention to water pollution and sewage treatment along with
the development of aquaculture. As where aquatic animals
live, water is an interesting issue for investigating the relation-
ship between aquatic animals and water environment. High
concentration of ammonia-N (NHz/NH4") is a serious aqua-
culture water environmental issue in aquaculture, which
threatens the survival of aquatic animals®®, but usually it

was ignored in the aquaculture industry. Ammonia-N that
comes from the decomposition of residues and organic wastes
could lead to endocrine system disorder and physiological
dysfunction in hydrobios and cause reduction in aquaculture
output™®_ It limits the development of crustacean farming
because crustaceans are bottom-living and susceptible to
ammonia-N. Recently, some researchers have investigated
the effects of ammonia-N on the physiological functions of
crustaceans by focusing on immune defence”-®, osmoregula-
tion® and ammonia-N excretion'”’, while research on energy
metabolism is scarce.

Abbreviations: AMPK, AMP active protein kinase; CAMP, cyclic AMP; cGMP, cyclic GMP; CHH, crustacean hyperglycaemic hormone; CREB, cyclic AMP response
element-binding protein; DAG, diacylglycerol; FBP, fructose diphosphate enzyme; G6P, glucose-6-phosphatase; GC, guanylyl cyclase; GCS, glycogen synthase;
GFP, green fluorescent protein; GLY, glycolysis; GNG, gluconeogenesis; GP, glycogen phosphorylase; HK, hexokinase; PEPCK, phosphoenolpyruvate carbox-

ykinase; PFK, phosphofructokinase; PK, pyruvate kinase; TCA, tricarboxylic acid.
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Some studies have reported that environmental stress leads
to abnormal physiological metabolism in aquatic animals.
Disorders of haemolymph glucose level, TAG and other
indicators were observed in crustaceans after ammonia-N",
salinity’>'® and hypoxia stress'*. Haemolymph glucose
(a sort of monosaccharide) affects the energy supply of the body,
which is closely related to glycogen metabolism (synthesis and
decomposition), gluconeogenesis (GNG) and GLY. However,
the study on glucose metabolism in crustaceans under environ-
mental stress is limited. Glycogen synthase (GCS) and glycogen
phosphorylase (GP), the key enzymes of glycogen metabolism,
have been identified in crustaceans">'®. Previous study has
shown that crustacean hyperglycaemic hormone (CHH) was a
critical environmental stress response neuroendocrine factor,
with the capability to regulate the expression of GCS and GP
genes!!'” which indicated that the neuroendocrine factors
contributed to the glycogen metabolism regulation in crusta-
ceans. Moreover, it was reported in fish that dietary carbohy-
drate supplementation®, starvation stress''”, temperature
stress®” and hypoxia stress®" had impact on the expression
of rate-limiting enzymes in GLY including hexokinase (HK), pyr-
uvate kinase (PK) and phosphofructokinase (PFK) and critical
enzymes in GNG, such as phosphoenolpyruvate carboxykinase
(PEPCK), fructose diphosphate enzyme (FBP) and glucose-6-
phosphatase (G6P). In addition, several genes involved in GLY
and GNG in crustaceans were changed under salinity stress?223,
though no regulatory pathways have been reported yet. Still, lit-
tle is known about the metabolic pathways of glycogen metabo-
lism, GLY and GNG in crustaceans under ammonia-N stress.

White shrimp (Litopenaeus vannamei), an important aqua-
culture organism, contributes a considerable amount of produc-
tion to crustacean culture around the world. In 2018, the annual
output of white shrimp reached 4-9662 million tonnes, account-
ing for 82:71 % of the total output of crustaceans (FAO, 2020).
Therefore, to provide a reference for the healthy breeding of
crustaceans, many researchers have used L. vannamei as a
model to explore the physiological regulation mechanism under
water environmental stress. Previous studies have shown that
after environmental exposure (salinity, ammonia-N, dissolved
oxygen, etc.), neuroendocrine factors of shrimp changed sig-
nificantly before acting on the target cells to perform corre-
sponding physiological regulatory functions, such as CHH
and biogenic amines (dopamine, DA, serotonin, 5-HT; norepi-
nephrine, NE), 42425 CHH is one of the most important neuro-
endocrine hormones in crustaceans. According to whether it
has CHH precursor-related peptide, it can be divided into
two subgroups: CHH I (CHH) and CHH II (moult-inhibiting
hormone, vitellogenesis inhibitory hormone, gonad inhibition
hormone, etc.)®®, in which CHH, a type of critical environmen-
tal stress response neuroendocrine factor, also has different
subtypes. It has been shown that CHH has a variety of
physiological functions, including haemolymph glucose
regulation (GenBank number: HM748790, AY434016 and
AY167046)%72®  ammonia-N excretion (GenBank number:
HM748790)%” and immune regulation (GenBank number:
HM748790, AY434016 and AY167046)%72839 Besides, in the
studies of biogenic amines, DA was reported to be more effec-
tive than 5-HT and NE in the regulation of glucose in crustacean

haemolymph®!3?, For example, DA enhanced the level of hae-
molymph glucose in L. vannamei®®, Penaeus monodon®®,
Squilla mantis®, Astacus leptodactylus®> and Procambarus
clarkif®®. On the one hand, many studies suggested that DA
stimulated hyperglycaemia via the release of CHH, while on
the other hand, one report showed that DA inhibited the release
of CHH and caused hypoglycaemia without a significant
CHH effect in eyestalkless animals®>. Although CHH and
DA promote the haemolymph glucose content in shrimp, the
regulatory relationship between them and the signalling trans-
duction pathways are still not very clear. Moreover, studies on
the immune defence and ammonia-N excretion in crustaceans
have shown that CHH and DA act on the intracellular signalling
transduction pathways (second messengers — protein kinases —
nuclear transcription factors) by transferring signalling into tar-
get cells through their membrane receptors (membrane-bound
guanylyl cyclase, GC; DA receptors) to exert physiological
effects®®37:3%_ In addition, it has been reported in mammals
that the regulatory enzyme AMP active protein kinase (AMPK),
a central metabolic regulator with three subunits, including
AMPKa, AMPKf and AMPKy, not only controlled glucose
uptake and GLY through GLUT but also regulated glycogen
metabolism and GNG®4?_ Although it has been reported that
the three subunits of AMPK are involved in the regulation of
glucose metabolism, the relationship among the three subunits
in the process is still unclear. Furthermore, studies in verte-
brates have shown that nuclear transcription factor cyclic
AMP response element-binding protein (CREB) regulates gly-
cogen synthesis, glycogen decomposition and GNG in the
liver42 Two glucose transporters (GLUT1 and GLUT2) have
been identified in L. vannamei**?_ However, the information
on the regulatory mechanism of glucose metabolism in crusta-
ceans is still limited, and the signalling transduction pathways
of CHH and biogenic amines in glucose metabolism under
environmental stress have not been reported yet.

In this study, we used RNA interference technology to knock
down the CHH expression level of shrimp under ammonia-N
exposure to explore the physiological metabolism mechanism
of L. vannamei. Subsequently, the changes in critical factors
related to neuroendocrine system, hepatocyte membrane recep-
tors, intracellular signal transduction pathways, glycogen synthe-
sis and decomposition, GLY and GNG were detected. This study
analysed the regulatory pathways of CHH on glucose metabo-
lism in shrimp after ammonia-N exposure, and attempting to pro-
vide the reference for the exploration of physiological
metabolism regulation mechanism of crustaceans under envi-
ronmental stress.

Materials and methods

In this study, all experiments followed the guidelines on animal
experiments of Ocean University of China (The Animal Care and
Use Committee of Ocean University of China), under permit No.
SCXY-B20190122.

Experimental shrimp, experimental design and sampling

L. vannamei with average body length of 10-9 (SEM 1-1) cm and
average body weight of 16-1 (SEM 1-9) were obtained from a
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farm in Shazikou Town, Qingdao. Before formal experiment, all
the shrimp were acclimated in tanks (50 cm X 60 ¢cm X 40 cm)
containing aerated filtered seawater (salinity 31, pH 8-0, water
temperature 20-4-21-4°C) with an air pump for 1 week.
Shrimp during the intermolt stage were chosen in this study.
Seawater was renewed twice per day about 37! volume of the
water. During the acclimation period, the shrimp were given ori-
ented compound feed (crude protein 47-5 %, crude fat 8-3 %,
coarse fibre 3:3%, crude ash 11-2% and moisture 7-2 %;
Hengxing Group Co. Ltd) until 48 h before the formal
experiment.

Procedures and methods of the preparation of CHH
(GenBank number: HM748790) and green fluorescent protein
(GFP, GenBank number: SRR346404) dsRNA were described
in our previous work®. Briefly, the L. vannamei CHH and
GFP (as a non-specific dsRNA control) dsRNA were obtained
by a T7 RiboMAX Express RNAi Kit (Promega). The primers were
designed with Primer premier 5.0 in online Supplementary
Table 1. The dsRNA products were stored at —80°C. In this study,
dsCHH and dsGFP were dissolved in shrimp normal saline (NaCl
0-40 mol/1, CaCl,-2H,0 0-01 mol/l, Na,HPO4-12H,O 0-0004 mol/
1, KCI 0-009 mol/l, MgCl,-6H,O 0-02 mol/I, TRIS 0-035 mol/l, pH
7-45, osmolality 780 mOsm/kg). The pre-experiment was per-
formed in the normal seawater (20 pg dsRNA dissolved in 50
pl saline, tail ganglion muscle injection; three groups: dsCHH,
dsGFP and saline) before the formal experiment. The interfer-
ence efficiency of dsCHH was measured as described in section
RNA extraction, cDNA synthesis and quantitative PCR analysis.

In the formal experiment, L. vannamei were randomly di-
vided into three groups including Saline group, GFP-dsRNA
group and CHH-dsRNA group, which were cultured under 20
mg/l ammonia-N stress according to previous studies®?>.
Ammonia-N concentration was measured every 12 h when water
was changed and adjusted by NH4CI stock solution (10 g/D.
During the experiment, no shrimp died. According to the results
of pre-experiment, 20 pg CHH dsRNA was injected into shrimp
by 1 ml sterile injection syringe and dsGFP and shrimp saline
were injected as two control groups. The tissues of shrimp hep-
atopancreas and muscle were sampled at 0, 3, 6, 12, 24, 48 and
72 h after injection, and haemolymph was collected by 1 ml ster-
ile injection syringe with shrimp anticoagulant (450 mmol/l
NaCl, 10 mmol/l KCl, 10 mmol/l EDTA-Na, and 10 mmol/]
HEPES, pH 7-45, 780 mOsm/kg) in a 1:1 ratio from the shrimp
ventral sinus at the same time points. Six replicates with ten
shrimp per replicate in every treatment and nine shrimp per rep-
licate were sampled and numbered at each time points.
Hepatopancreas and muscles were frozen by liquid N, and
stored at —80°C. After sampling, the haemolymph was immedi-
ately centrifuged for 10 min (4°C, at 700 g) and then plasma was
also numbered and stored at —80°C.

Determination of glucose level in plasma

Plasma glucose level was measured by a Glucose Assay kit
(Glucose oxidase method, No. A154-1-1, Nanjing Jiancheng
Bioengineering Institute, China). The experimental process
was carried out based on the manufacturer’s instruction. In brief,
10 pl plasma sample, 10 pl calibration solution and 10 pl distilled

water were mixed with 1000 pl working solution. Then, they
were reacted at 37°C for 10 min, and the absorbance was deter-
mined using a colorimetric cup (Optical path 1 cm) and adjusting
the blank tube to zero at the wavelength of 505 nm. The final
glucose concentration was calculated by the ratio of sample
absorbance:calibration solution absorbance and then multiplied
by the concentration of calibration solution (the concentration of
calibration solution is 555 mmol ™).

Determination of neuroendocrine factors concentration in
plasma

The concentrations of neuroendocrine factors (CHH and DA)
in shrimp plasma were measured as described previously®”.
CHH concentration was detected using ELISA method, and DA
concentration was determined using HPLC-Electrochemical
Detection method. Briefly, for the determination of CHH con-
centration, the titter of antibody was measured and the standard
curve was finished after the preparation of CHH (GenBank num-
ber: HM748790) polyclonal antibody from rabbit and then the
CHH concentration was detected in combination with the stan-
dard curve. The preparation of CHH polyclonal antibody and the
detection method of CHH are described in our previous
report®”, In addition, for the determination of DA concentration,
solution (1000 pb), TRIS buffer (500 ul) and acidic alumina (10 mg)
were mixed, centrifuged and discarded the supernatant. Then,
ultra-pure water (1000 pD) was added and centrifuged, and the
precipitation was retained. Subsequently, perchloric acid (0-1 m,
500 pD) was added and centrifuged, and then the supernatant
was collected. Besides, DA standard curve was finished with
DA standard product. Moreover, DA concentration in the super-
natant was assayed (72 6) by HPLC-Electrochemical Detection and
then determined by comparing with the DA standard curve.

Determination of intracellular second messenger content
in hepatopancreas

Shrimp hepatopancreas was pestled in liquid N, and then
weighed 100 mg tissue, and PBS was added. Subsequently, sam-
ples were homogenised in ice bath and centrifuged (3000 rpm,
20 min), and then the supernatant was taken. The concentration
of cyclic AMP (cAMP), cyclic GMP (cGMP) and diacylglycerol
(DAG) in hepatopancreas was determined by shrimp cAMP
ELISA kit (BPE94058, Shanghai Lengton Bioscience Co. Ltd),
shrimp ¢GMP ELISA kit (BPE94048, Shanghai Lengton
Bioscience Co. Ltd) and shrimp DAG ELISA kit (BPE94095,
Shanghai Lengton Bioscience Co. Ltd), respectively. All of them
were detected based on the manufacturer’s instructions.

Determination of glycogen content

In this study, the contents of glycogen in hepatopancreas and
muscle were determined by anthrone colorimetry. In brief,
100 mg hepatopancreas or muscle was washed twice with
PBS; then, they were ground, ultrasonic-crushed and mixed well
with 500 pl deionised water. Then, 500 pl 30 % KOH was added,
reacted in water bath (100°C) for 10 min and cooled at room tem-
perature. Subsequently, 30 % KOH was added until reached to
5 ml and mixed well. Besides, 1-5 ml absolute ethanol was
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added, centrifuged (3000 rpm, 30 min) and retained the precipi-
tate. Moreover, 500 pl distilled water was added, shook and
mixed well, then 0-2 % anthrone was added (1000 pl, 100°C
for 15 min in water bath) and cooled under ambient condition.
Finally, the absorbance of glucose standard solution and sam-
ples was determined at 620 nm. The glucose concentration in
the sample was confirmed based on the glucose standard
curve, and then the glycogen content was calculated.

Analysis of glycogen synthase and glycogen
phosphorylase activities

The activities of GCS and GP in hepatopancreas and muscle
were investigated in this study. On the one hand, GCS activity
was determined by a GCS assay kit (Micro method, NO.
ml077003, Shanghai Enzyme-linked Biotechnology Co. Ltd)
and the operation process was carried out according to the man-
ufacturer’s instruction. Combined with the total protein content
of samples, the GCS activity of hepatopancreas and muscle was
determined. On the other hand, for the preparation of enzyme
solution, 100 mg hepatopancreas or muscle was homogenised
3 min with three times the volume of 200 mm TRIS-HCI buffer
(pH 7-4, include 5 mm f-mercaptoethanol), then they were cen-
trifuged at 4°C for 15 min and retained supernatant to determine
GP activity. Subsequently, 25 pl enzyme solution was added into
the 1 ml reaction mixture (every 1 ml containing 1 mg glycogen,
50 pm pH 7-4 phosphate buffer, 0-36 v NADP™, 0-5 Unit glucose
phosphate isomerase, 0-5 Unit 6-phosphate glucose dehydro-
genase, 25 pm MgCl,, 0-6 pm EDTA, 0-45 pm f-mercaptoethanol)
and immediately mixed well at 25°C, and then the absorbance at
340 nm (A340nm) was measured every 1 min for 10 min. Using
A340nm to graph the time, take the initial linear part of the reac-
tion, and then calculate the /\A340nm/min. Finally, the GP
activity of hepatopancreas or muscle was confirmed by combing
with the total protein content of corresponding sample.

In this study, total protein was measured based on Bradford’s
method® by a standard (bovine serum albumin solutions). All
absorbance values were determined by a Molecular Devices
Spectra Max 190 Plus microtitre plate spectrophotometer.

RNA extraction, cDNA synthesis and quantitative PCR
analysis

Total RNA from hepatopancreas were isolated by RNAiso Plus,
and cDNA was synthesised using a PrimeScript™ RT Reagent
Kit (TaKaRa) according to the manufacturer’s instructions.
RNA quantity was confirmed by electrophoresis, and optical
density absorption ratio was determined by a photometer at
260 and 280 nm (Bio-Rad). Every sample 1 pg high-quantity
RNA (A260/A280 > 1-8) was used for cDNA synthesis. Gene
expressions were determined using real-time quantitative
PCR, and these primers are shown in online Supplementary
Table 1. The quantitative PCR was carried out using SYBR®
PrimeScript™ RT-PCR Kit (TaKaRa). For each sample, quantita-
tive PCR was performed in triplicate on a CFX Real Time PCR
Detection System (Bio-Rad) in 25 pl of reactions, including
¢DNA (1 pD, SYBR Premix EX Taq (12-5 pD), each primer
(0-5 pD and ddH,O (10-5 pD. Moreover, the reaction without
c¢DNA or only added ddH,O as the negative control and blank

control, respectively. Both f-actin and elongation factor-1 a
(EFla) were used as reference genes in this study. According
to all standard curves, the primers amplification efficiencies
of all these investigates genes were 98-1-99-8% and
0-978 < R? < 0-998, respectively. All target genes were normal-
ised to two reference genes (geometric mean value of f-actin Ct
and EFla Cv), and expression levels were calculated using
2-AAC hathod“0).

Statistical analyses

The data were expressed as mean values with their standard
errors. Statistical analyses were performed using SPSS (version
22.0) statistical software (SPSS Inc.). One-way ANOVA was uti-
lised to examine the differences among control and treated
groups. Significant differences were considered at P < 0-05.
Duncan Multiple Range test was employed to recognise signifi-
cant differences among the treatments at the same time point.

Results

Effects of crustacean hyperglycaemic hormone RNA
interference on the level of plasma glucose in Litopenaeus
vannamei under ammonia-nitrogen stress

To investigate the effects of CHH on glucose metabolism of
L. vannamei under ammonia-N stress, plasma glucose level
was measured in dsCHH, dsGFP and Saline groups at different
time points during 72 h. The results showed that the concentra-
tion of glucose in haemolymph increased obviously at 3 h and
then decreased gradually during 6-24 h after ammonia-N expo-
sure (Fig. 1. Besides, the level of plasma glucose reached mini-
mum at 24 h before being returned to the initial level at 72 h
under ammonia-N stress (Fig. 1). Moreover, after CHH knock-
down, the haemolymph glucose level also increased to the
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Fig. 1. Effects of RNA interference knock-down of crustacean hyperglycaemic
hormone (CHH) on the concentration of haemolymph glucose in Litopenaeus
vannamei after ammonia-nitrogen exposure 72 h. Data (mean values with their
standard errors; n=6 x 9 shrimp per treat =54 shrimp) at the same exposure
time marked with *’ are significantly different (ANOVA, *P < 0-05, **P < 0-01,
***P<0-001). —=—, Saline; —s—, dsGFP; —a—, dsCHH. GFP, green fluorescent
protein.
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Fig. 2. Effects of RNA interference knock-down of crustacean hyperglycaemic hormone (CHH) on the concentration of CHH (a) and DA in haemolymph of Litopenaeus
vannamei after ammonia-nitrogen exposure 72 h. Data (mean values with their standard errors; n= 6 x 9 shrimp per treat = 54 shrimp) at the same exposure time marked
with different letters are significantly different (ANOVA, P < 0-05). 1, Saline; mml, GFP dsRNA; mm, CHH dsRNA. GFP, green fluorescent protein.

highest level at 3 h and then decreased gradually to the lowest
value at 24 h (Fig. 1). However, the haemolymph ammonia
concentration in CHH dsRNA group was significantly higher
than that in the two control groups during 3-6 h (P < 0-01, 3 h;
P<0-05, 6 h), but it was significantly lower during 12-48 h
(P<0-05, 12 h; P<0:001, 24 h; P<0-01, 48 h) and also
returned to the control groups’ levels at 72 h under
ammonia-N stress (Fig. 1).

Effects of crustacean hyperglycaemic hormone RNA
interference on the level of plasma crustacean
hyperglycaemic hormone and DA in Litopenaeus
vannamei under ammonia-nitrogen stress

As shown in Fig. 2(a), plasma CHH concentration significantly
increased during 3-12 h, reached the maximum at 3 h and
returned to the initial level after 24 h under ammonia-N stress.
Compared with the two control groups, CHH concentration in
plasma in CHH dsRNA group significantly decreased during
3-72 h after ammonia-N exposure and reached to the minimum
at 24 h (Fig. 2(a)). Similarly, DA content also increased in the two
control groups during 3—24 h and then returned to the initial level
at 48 h in plasma of L. vannamei under ammonia-N stress (Fig.
2(b)). After CHH RNA interference, the concentration of DA
decreased significantly compared with the two control groups
during 3-24 h and returned to the control level after 48 h (Fig.
2(b)). Moreover, no significant difference was observed in the
concentrations of CHH and DA between two control groups
in same time point during the whole experiment (Fig. 2).

Effects of crustacean hyperglycaemic hormone RNA
interference on the expressions of crustacean
hyperglycaemic hormone and DA receptors in
hepatopancreas of Litopenaeus vannamei under
ammonia-nitrogen stress

The expressions of CHH and DA membrane receptors GC, DA1R
and DA4R were detected on L. vannamei hepatopancreas. As
shown in Fig. 3(a), when CHH was knocked down, the level
of CHH membrane receptor GC down-regulated significantly
during 3-24 h, reached the minimum at 12 h and returned to
the control level after 48 h in hepatopancreas of L. vannamei
under 20 mg/l ammonia-N stress. Besides, in the CHH dsRNA
group, the level of DA receptor DAIR (type 1) reduced

significantly during 3—48 h and recovered to the control groups’
level at 72 h (Fig. 3(b)). However, the expression level of DA
receptor DA4R (type 2) was significantly higher after CHH
knock-down than that in Saline group and GFP dsRNA group
during 3-24 h (Fig. 3(c)). It reached to the highest level at 6 h
and then achieved stable state after 48 h with no significant
change compared with the two control groups (Fig. 3(c)).
Moreover, in this experiment, there was no significant change
in the levels of GC, DAIR and DA4R between Saline group
and GFP dsRNA group (Fig. 3).

Effects of crustacean hyperglycaemic hormone RNA
interference on changes of intracellular glucose
metabolism signalling pathway factors in hepatopancreas
of Litopenaeus vannamei under ammonia-nitrogen stress

In this study, intracellular signalling pathway factors related to
glucose metabolism, including second messengers, protein kin-
ases, regulatory enzyme AMPK, nuclear transcription factor and
glucose transporters, were detected in hepatopancreas of L. van-
namei after ammonia-N exposure (Figs. 4 and 5). The results
showed that the concentrations of cAMP, cGMP and DAG
increased after ammonia-N exposure from 3 to 24 h, and all
the highest values appeared at 6 h and then returned to the initial
level after ammonia-N exposure for 48 h (Fig. 4(a)). Besides,
CcAMP concentration in CHH dsRNA group was significantly
lower than that in the GFP dsRNA group and Saline group during
3-24 h and returned to the level of Saline control group after 48 h
in hepatopancreas of L. vannamei under ammonia-N stress (Fig.
4(a)). Similarly, the concentrations of cGMP and DAG in CHH
knock-down group were significantly lower than those in the
two control groups during 3-24 h after ammonia-N exposure,
and there was no significant change between two control groups
at 48 and 72 h (Fig. 4(b) and (c)).

Moreover, the expression levels of protein kinase A (PKA),
protein kinase C (PKC) and protein kinase G (PKG) were
detected (Fig. 5). The results showed that the level of PKA in
CHH dsRNA group was significantly reduced compared with
Saline group and GFP dsRNA group during 3-48 h with the low-
est value at 24 h, which was only 46-4 % of PKA expression in
Saline group, and then it recovered to the level of Saline group
72 h (Fig. 5). However, after ammonia-N exposure, the expres-
sion of PKC up-regulated significantly during 3-48 h in CHH
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Fig. 3. Effects of crustacean hyperglycaemic hormone (CHH) RNA interference
on the expression of CHH receptor GC (a), DA 1 type receptor (DA1R) (b) and
DA 2 type receptor (DA4R) (c) in the hepatopancreas of Litopenaeus vannamei
after ammonia-nitrogen exposure 72 h. The mRNA expression was normalised
to p-actin and EF1a genes, and the level of target gene mRNA expression in
saline group was set equal to 1.0. Data (mean values with their standard errors;
n=6x9 shrimp per treat=54 shrimp) at the same exposure time marked
with different letters are significantly different (ANOVA, P < 0-05). ——, Saline;
mm, GFP dsRNA; @, CHH dsRNA. GFP, green fluorescent protein.

dsRNA group, in which the maximum appeared at 12 h (its
expression level was 3-67 times of Saline group level), and
returned to the level of Saline group at 72 h (Fig. 5). In addition,
similar to the expression of PKA, the level of PKG in CHH dsRNA
group was significantly lower than those in two control groups
during 3-24 h and recovered to the level of Saline group after 48
h (Fig. 5).

In addition, this study detected the gene expression of intra-
cellular glucose metabolism regulatory enzymes-AMPK, includ-
ing AMPKa, AMPKf and AMPKy (Fig. 5). As shown in Fig. 5, the
expression of AMPKa in CHH interference group significantly
reduced compared with the Saline group during 3-24 h. The

Fig. 4. Effects of crustacean hyperglycaemic hormone (CHH) RNA interference
on the concentrations of second messenger cyclic AMP (cAMP), cyclic GMP
(cGMP) and diacylglycerol (DAG) in hepatopancreas of Litopenaeus vannamei
after ammonia-nitrogen exposure 72 h. Data (mean values with their standard
errors; n=6x9 shrimp per treat=54 shrimp) at the same exposure time
marked with different letters are significantly different (ANOVA, P < 0.-05).
[, Saline; mm, GFP dsRNA; mm@, CHH dsRNA. GFP, green fluorescent
protein.

lowest value of AMPKa appeared at 6 h which was only 0-36
times as the level of Saline group and then recovered to control
levels after 48 h in hepatopancreas of L. vannamei under
ammonia-N stress (Fig. 5). The level of AMPKf in CHH dsRNA
group was significantly increased at 3, 6 and 12 h, and the maxi-
mum value appeared at 6 h, which was 1-58 times higher than
that in Saline group. And there was no significant difference
among three groups after 24 h (Fig. 5). Moreover, after CHH
knock-down, the level of AMPKy down-regulated significantly
during 3-48 h and then returned to the level of Saline group
at 72 h (Fig. 5).

Similarly, the expression of CREB in CHH dsRNA group was
significantly lower than those in both Saline group and GFP
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Fig. 5. Effects of crustacean hyperglycaemic hormone (CHH) RNA interference on the expressions of protein kinase A (PKA), protein kinase C (PKC), protein kinase G
(PKG), AMPK a subunit (AMPKa), AMPK g subunit (AMPK), AMPK y subunit (AMPKYy), cyclic AMP response element-binding protein (CREB), GLUT1 and GLUT2in the
hepatopancreas of Litopenaeus vannamei after ammonia-N exposure 72 h. The mRNA expression was normalised to $-actin and EF1a genes, and the mean values of
target gene normalised transcript levels in each treatment were used to draw the heat map (n=6 x 9 shrimp per treat = 54 shrimp). Data at the same exposure time

marked with different letters are significantly different (ANOVA, P < 0-05).

dsRNA group during 348 h and reached the lowest value at 12 h,
which was only 37-4 % of the Saline group’, then it recovered to
the level of two control groups at 72 h (Fig. 5). Besides, expres-
sions of glucose transporters GLUT1 and GLUT2 were also mea-
sured in this study. The results showed that the absence of CHH
significant up-regulated the expression of GLUT1 from
3 to 48 h and reached the maximum at 6 h. While contrary to
GLUT1, the level of GLUT2 reduced significantly during 3-24
h and also reached the minimum at 6 h (Fig. 5). Moreover, after
CHH knock-down, GLUT1 returned to the control level at 72h
while GLUT2 48 h later (Fig. 5). In addition, during the experi-
ment, there was no significant difference between GFP dsRNA
group and Saline group in these indexes (Figs. 4 and 5).

Effects of crustacean hyperglycaemic hormone RNA
interference on glycogen synthesis and decomposition of
Litopenaeus vannamei under ammonia-nitrogen stress

Glycogen content, GCS activity and GP activity in hepatopan-
creas and muscle were detected in this study to understand
the glycogen synthesis and decomposition process in L. vanna-
mei under ammonia-N stress (Fig. 6). The results showed that
after ammonia-N exposure, the content of glycogen in hepato-
pancreas increased during 6-24 h (the maximum value at 12 h)
and returned to the initial level after 48 h, while muscle glycogen
content enhanced during 348 h (the highest value at 6 h) and
recovered to the initial concentration at 72 h (Fig. 6(a) and (b)).
When CHH was silenced, the levels of glycogen in both hepato-
pancreas and muscle were significantly higher than Saline
group’s during 6-48 h (Fig. 6(a) and (b)). Besides, in CHH
dsRNA group, the highest value of hepatopancreas glycogen
appeared at 12 h and the maximum of muscle glycogen at
6 h, and both returned to the level of Saline group at 72 h
(Fig. 6(2) and (h).

Moreover, it was shown that the activity of GCS in hepatopan-
creas decreased gradually after ammonia-N exposure, reached
the minimum at 12 h and then gradually returned to the initial
level after 48 h (Fig. 6(c)). After CHH knock-down, the activity

of GCS was significantly higher than that in Saline group during
6-48 h (the highest value at 24 h) and recovered to the control
level at 72 h in hepatopancreas of L. vannamei under ammonia-
N stress (Fig. 6(c)). Similarly, under ammonia-N stress, the
activity of GCS in the muscle decreased first and then gradually
recovered (the minimum value at 6 h) to the initial activity after
48 h (Fig. 6(d). However, in the CHH dsRNA group, muscle GCS
activity was significantly down-regulated at 3 h but significantly
up-regulated during 6-48 h compared with GCS activity in two
control groups (Fig. 6(d). Besides, the maximum value of
muscle GCS activity appeared at 12 h in the CHH dsRNA group
with no significant difference among the three groups at 72 h
(Fig. 6(d).

As shown in Fig. 6(e), GP activity increased gradually in hep-
atopancreas of L. vannamei under ammonia-N stress, reached
the maximum value at 24 h and returned to the initial activity
at 72 h (Fig. 6(e)). However, the muscle GP activity increased
during 3-24 h after ammonia-N exposure (peaked at 6 h) and
recovered to its original activity after 48 h (Fig. 6(f)). Under
ammonia-N stress, the activity of hepatopancreas GP was signifi-
cantly higher than that in the control group during 3-24 h after
CHH silence with no significant change among three groups at
72 h (Fig. 6(g)). While in the CHH dsRNA group, GP activity in
muscle increased significantly during 3-24 h (the highest activity
appeared at 6 h) and returned to the level of two control groups
after 48 h (Fig. 6(g)). In addition, no significant difference in gly-
cogen content, GCS activity and GP activity of hepatopancreas
and muscle between GFP dsRNA group and Saline group was
detected (Fig. 6).

Effects of crustacean hyperglycaemic hormone RNA
interference on the expression of glycolysis and
gluconeogenesis pathway factors in hepatopancreas of
Litopenaeus vannamei under ammonia-nitrogen stress

In this study, the expression of HK, PK and PFK in GLY, citrate
synthase in tricarboxylic acid (TCA) cycle and PEPCK, FBP and
GOP in GNG were detected in hepatopancreas (Fig. 7). The level
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Fig. 6. Effects of crustacean hyperglycaemic hormone (CHH) RNA interference on glycogen content in hepatopancreas (a), glycogen content in muscle (b), glycogen
synthetase (GCS) activity in hepatopancreas (c), GCS activity in muscle (d), glycogen phosphorylase (GP) activity in hepatopancreas (e) and GP activity in muscle (f) of
Litopenaeus vannamei after ammonia-nitrogen exposure 72 h. Data (mean values with their standard errors; n= 6 x 9 shrimp per treat = 54 shrimp) at the same exposure
time marked with different letters are significantly different (ANOVA, P < 0-05). ], Saline; mmm, GFP dsRNA; =1, CHH dsRNA. GFP, green fluorescent protein.

of HK in CHH dsRNA group was significantly lower than that in
two control groups from 3 to 24 h. The minimum value of HK
was 0-58 times of Saline group’s level at 12 h, but there was no
significant difference among three groups after 48 h (Fig. 7).
However, after CHH knock-down, the level of PK decreased
significantly during 6-24 h and the lowest level of PK also
appeared at 12 h, which was similar to the alteration of HK
(Fig. 7). Besides, the level of PFK decreased significantly from
3 h and reached the minimum at 12 h (45-4 % of Saline group’s
level) in hepatopancreas of L. vannamei under NH3-N stress,
then increased gradually and returned to the level of two con-
trol groups at 72 h (Fig. 7). Moreover, the expression of citrate
synthase was significantly decreased from 3 to 24 h in the CHH
dsRNA group, whose minimum was 0-436 times of Saline

group’s level at 6 h, recovering to the control level after
48 h (Fig. 7).

In addition, the expression pattern of GNG enzymes was
similar to the expression of GLY and TCA enzymes. After
CHH knock-down, the level of PEPCK, FBP and GO6P
decreased in varying degrees and returned to the Saline
group’s level at 48, 48 and 72 h, respectively (Fig. 7).
Among them, the expression of PEPCK in CHH dsRNA group
reached the lowest value at 3 h, which was significantly lower
than that in Saline group and GFP dsRNA group during 3-24 h
(Fig. 7). Similarly, after CHH interference, the expression of
FBP in hepatopancreas of L. vannamei decreased signifi-
cantly from 3 to 24 h and reached the minimum at 6 h, which
was 0-548 times as Saline group’s (Fig. 7). However, the level
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Fig. 7. Effects of crustacean hyperglycaemic hormone (CHH) RNA interference on the glycolysis (GLY), tricarboxylic acid cycle (TCA) and gluconeogenesis (GNG) in
hepatopancreas of Litopenaeus Vannamei after ammonia-nitrogen exposure, including the expressions of GLY rate-limiting enzymes hexokinase (HK), pyruvate kinase
(PK) and phosphofructokinase (PFK), TCA key enzymes citrate synthase (CS), and GNG critical enzymes phosphoenolpyruvate carboxykinase (PEPCK), fructose
diphosphate (FBP) and glucose-6-phosphatase (G6P). The mRNA expression was normalised to p-actin and EF1a genes, and the mean values of target gene nor-
malised transcript levels in each treatment were used to draw the heat map (n =6 x 9 shrimp per treat = 54 shrimp). Data at the same exposure time marked with different

letters are significantly different (ANOVA, P < 0-05).

of GOP in CHH silencing group decreased significantly during
3-48 h, and the minimum value appeared at 12 h (only 52-6 %
of Saline group’s level) (Fig. 7). In addition, the expression of
these critical enzymes in GLY, TCA and GNG did not change
significantly between Saline group and GFP dsRNA group
(Fig. 7).

Discussion

Effects of crustacean hyperglycaemic hormone on

neuroendocrine factors and hepatopancreas intracellular
glucose metabolism signalling transduction pathways of
Litopenaeus vannamei after ammonia-nitrogen exposure

Studies on the regulation mechanism of glucose metabolism in
crustaceans under environmental stress are limited, but
reports on immune and ammonia-N excretion indicate that
the regulatory pathway is the process by which neuroendo-
crine factors act on intracellular signalling transduction path-
ways (second messengers — protein kinases — nuclear
transcription factors) by binding to their corresponding cell
membrane receptors®?>3®_ Previous studies have confirmed
the function of neuroendocrine factors (CHH and biogenic
amines) on haemolymph glucose in crustaceans’4® while
the regulatory pathways are still unclear. The recent research
of our group showed that CHH (HM748790) significantly
increased the level of haemolymph glucose in L. vannamei”.
In this study, the level of haemolymph glucose increased after
ammonia-N exposure for 3 h. Similarly, it was found that the hae-
molymph glucose of shrimp increased significantly after acute
handling stress at 1 and 2 h®”. In Neobelice granulata, the con-
tent of glucose in haemolymph also increased significantly after
1 h salinity stress”. Moreover, the results of pre-experiment
showed that in the normal seawater, the interference efficiency
of dsCHH was 69-2 % at 24 h, but no significant changes in the
expressions of other related genes were detected. Previous stud-
ies have showed that the interference efficiency of dsCHH in
Scylla paramamosain was 55% at 24 h®® and 20 pg CHH
dsRNA also significant decreased haemolymph glucose

concentration at 24 h in Litopenaeus schmitti®P. Therefore,
our study indicates that dsCHH RNA significantly inhibits the
transcription level of CHH in L. vannamei. In addition, after
CHH knock-down, haemolymph glucose content increased
significantly in L. vannamei under ammonia-N stress, then
decreased remarkably compared with the two control groups
and returned to the original level at 72 h. These results suggest
that CHH affects the level of haemolymph glucose in L. van-
nameiunder ammonia-N stress, so in order to explore the glu-
cose metabolism signalling transduction pathways, the changes of
neuroendocrine factors, hepatopancreas signalling transduction-
related factors, glycogen metabolism, GNG and GLY were mea-
sured in this study.

Previous studies have confirmed that the increase in CHH and
biogenic amines after ammonia-N stress can significantly up-regu-
late the level of haemolymph glucose in crustaceans?>27:30:47),
Among the biogenic amines (DA, 5-HT and NE), DA has the
strongest function of regulating haemolymph glucose®!3?.
To explore the regulatory pathways of glucose metabolism
in L. vannamei after ammonia-N exposure, the contents
of neuroendocrine factors (CHH and DA) were detected.
Besides, the changes of CHH and DA cell membrane receptors,
second messengers, protein kinases/regulatory enzymes,
nuclear transcription factor and GLUT were measured in hepa-
topancreas which is the target organ of glucose metabolism. The
results showed that under ammonia-N stress, the levels of CHH
and DA increased significantly, while after CHH knock-down,
they were significantly lower than those of Saline and GFP
dsRNA groups. Our results showed that there is a similar trend
among the change patterns of CHH, DA and glucose in hae-
molymph (first increase, then decrease and recovery), sug-
gesting that the haemolymph glucose was regulated by the
neuroendocrine factors (CHH and DA) under ammonia-N
stress. Subsequently, the expressions of GC and DA mem-
brane receptors (DA1R and DA4R) in the hepatopancreas
were detected, which showed significant decrease in GC
and DAIR (type 1 receptor), compared with the obvious
increase in DA4R (type 2 receptor). Previous studies have
shown that these two types of DA receptors can be divided
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into promoting type receptor and inhibiting type receptor, in
which DA1R is promoting type receptor that activates CAMP to
transmit signalling in Marbled crayfish®, P. monodon®® and
Macrobrachium rosenbergii®? | while DA4R is inhibiting type
receptor that inhibits cAMP but activates DAG to transmit sig-
nalling in L. vannamei®**3®_The expression patterns of GC,
DAI1R and DA4R in haemocytes and gills of L. vannameiunder
salinity and ammonia-N stress were similar to this
study@®2529_ Besides, the contents of cAMP, ¢cGMP and
DAG in the hepatopancreas were increased after ammonia-
N exposure, while they were significantly down-regulated
post CHH-silenced. Correspondingly, the levels of protein
kinases (PKG and PKA), the downstream of second messen-
gers, were significantly decreased in the CHH dsRNA group,
while the level of PKC was significantly increased. Similarly,
the expression of CREB decreased significantly when CHH
was silenced. In crustaceans, previous reports showed that
CHH acted on cGMP-PKG-CREB signal transduction pathway
via GC, and DA worked on cAMP-PKA-CREB and DAG-PKC-
CREB pathways through affecting DATR/DA4R>>??, The results
of this study combined with these reports suggest that CHH and
DA can transmit glucose metabolism signals into hepatocytes
through the membrane receptors of L. vannamei under
ammonia-N stress. In addition, as a key regulatory enzyme of
glucose metabolism, AMPK is widely involved in this process
(glycogen synthesis and decomposition, GNG and GLY) and it
has been reported that there are three subunits AMPKa,
AMPKf and AMPKy in mammals and teleost®*1?. The sequences
of AMPK three subunits have also been reported in L. vannamei
(GenBank: KP272116, KP272117 and KP272118), but there are
few studies on their involvement in glucose metabolism. In
the present study, the expressions of AMPKa and AMPKy were
significantly down-regulated in CHH silenced group, while the
level of AMPKfS was significantly up-regulated. It has been
reported that PKA affects the physiological function via AMPK,
and several studies have found that AMPK can regulate the
expression of CREB®>®. Moreover, studies have shown that
PKC and PKG can also act on AMPK and then perform its physio-
logical functions®’=>?. Therefore, our results suggest that under
ammonia-N stress, CHH acts on the cGMP-PKG-AMPKa path-
way by the CHH receptor GC and then functions on CREB in
L. vannamei. And DA can also affect CREB through the
cAMP-PKA-AMPKy and DAG-PKC-AMPK/ pathways after affect-
ing DA receptors.

In addition, sodium-dependent glucose transporter and
facilitated diffusion GLUT have been reported in vertebrates,
and these two types of GLUT are important factors involved in
glucose transport©%%V_ It was found that the cAMP-PKA-CREB
pathway regulated glucose intake through GLUT1 and CREB
also participated in this process via GLUT3 in humans and

(414202 Besides, dietary carbohydrate supplemen-

mammals
tation significantly increased the expression of GLUT2 in
the hepatopancreas of turbot Scophthalmus maximus™®.
Currently, only two kinds of glucose transporters GLUT1
and GLUT2 have been reported in crustaceans. It was found
that salinity stress increased the expression of GLUT1 in
the hepatopancreas of L. vannamei, while hypoxia also

enhanced the expressions of GLUT1 and GLUT234463 1n

this study, after CHH interference, the expression of GLUT1
in the hepatopancreas of L. vannamei was significantly
up-regulated, while the level of GLUT2 was significantly
down-regulated, and both of them returned to the level of con-
trol groups at 72 h under ammonia-N stress. It indicates that
the functions of GLUT1 and GLUT2 may be different in
L. vannamei under ammonia-N stress. Thus, our results sug-
gest that GC activated by CHH can affect CREB to regulate glucose
metabolism via cGMP-PKG-AMPKa pathway in the hepato-
pancreas of L. vannamei under ammonia-N stress, while
DA influences cAMP-PKA-AMPKy and DAG-PKC-AMPKf
pathways involved in these processes after affecting DAIR/
DA4R. Subsequently, AMPK and CREB regulate glucose trans-
port by affecting the expression of CLUT to control haemo-
lymph glucose, in which AMPKa and AMPKy may act on
GLUT?2 via CREB, similarly, AMPKf may function on GLUT1
through CREB.

Effects of crustacean hyperglycaemic hormone on
glycogen metabolism, glycolysis and gluconeogenesis of
Litopenaeus vannamei after ammonia-nitrogen exposure

In order to better understand the glucose metabolism mecha-
nism of shrimp under ammonia-N stress, glycogen metabolism
(synthesis and decomposition) of hepatopancreas and muscles,
GNG and GLY of hepatopancreas were detected. The results
showed that both hepatopancreas glycogen and muscle glyco-
gen increased significantly after ammonia-N stress, and the con-
tent of hepatopancreas glycogen was always higher than muscle
glycogen during the whole experiment. Similarly, Racotta &
Hernindez-Herrera®® reported that high concentration of
ammonia-N induced a significant increase in glycogen content
in the hepatopancreas and muscle of Penaeus vannamei. In
addition, the GCS enzyme in the hepatopancreas and muscle
decreased before recovered, while glycogen-decomposing
enzyme GP first increased and then recovered. Combined with
the results of glycogen metabolism and haemolymph glucose, it
indicates that in the early stage of ammonia-N stress, the synthe-
sis of glycogen was inhibited and the decomposition of glycogen
was enhanced, which leads to an increase in haemolymph glu-
cose at 3 h. In addition, the increase in CHH and glucose levels in
the first hours in three groups could be due to the liberation of
stored CHH hormones from the sinus gland complex, or other
CHH subtypes which were not knocked down might also
increase the level of haemolymph glucose in L. vannamei.
Therefore, it is necessary to design experiments to further
explore the reasons for the increase of haemolymph glucose
in shrimp at the early stage of ammonia-N stress in the future.
Subsequently, in the middle and late stage, the content of glyco-
gen increased and the synthesis and decomposition of glycogen
were up-regulated simultaneously. Thus, the haemolymph glu-
cose level decreased during 12-48 h under ammonia-N stress. It
showed that instead of decomposing glycogen, shrimp maintain
the stability of haemolymph glucose by synthesising a large
amount of glycogen to adapt to the high ambient ammonia-N
in the middle and late stage. Therefore, the glucose level of hae-
molymph in the CHH interference group was significantly higher
than that in the Saline group at 3 h. These results suggest that
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CHH can affect glycogen and haemolymph glucose levels by
regulating the activities of GCS and GP. It was reported that
the activities of GCS and GP in the hepatopancreas increased
after eyestalk resection 2 d in Marsupenaeus japonicus"”,
which was consistent with the change pattern in this study.
Moreover, previous reports showed the ability of AMPKa to
inhibit the synthesis of glycogen®%®. In this study, AMPKa
decreased significantly after knock-down of CHH, while the
levels of GCS and glycogen increased significantly. Combined
with the results of signal transduction pathways in hepatopan-
creas, it suggests that CHH regulates glycogen metabolism
through the cGMP-PKG-AMPKa pathway or through the DAG-
PKC-AMPKp pathway by affecting DA. CHH inhibits glycogen
metabolism (both glycogen synthesis and glycogen decompo-
sition) in L. vannamei under ammonia-N stress, which also
shows that the regulation of glycogen metabolism by CHH
is not as simple as expected; further study needs to explore
how CHH inhibits both glycogen synthesis and glycogen
decomposition in L. vannamei.

The changes of glycogen and haemolymph glucose are
closely related to the process of GLY and GNG. In order to fur-
ther explore whether CHH regulates the GLY and GNG in
shrimp, we detected the expression levels of key enzymes
involved in these processes in the hepatopancreas. Previous
studies have shown that environmental stress induced significant
changes in the levels of GLY-related enzymes in the hepatopan-
creas of crustacean, including the decrease in HK and PK activ-
ities in Portunus trituberculatus® and L. vannamei®® under
low-temperature stress, the up-regulation of PFK in L. vannamei
under hypoxia stress©?, and the enhance of HK, PK and PFK in
L. vannamei under ammonia-N stress"'". Besides, environmen-
tal stress also affects CHH content in the haemolymph of crusta-
ceans, for example, the content of haemolymph CHH increased
significantly in L. vannamei after ammonia-N exposure®®.,
These results suggest that CHH may be involved in the regulation
of GLY in crustaceans. In this study, after CHH knock-down, the
levels of HK, PK and PFK decreased significantly in the hepato-
pancreas of L. vannamei under ammonia-N stress. And the
expression of citrate synthase in TCA was also significantly
down-regulated. The results of this study indicate that after
CHH silenced, the processes of GLY and TCA in the hepatopan-
creas of L. vannamei are inhibited under ammonia-N stress,
which combines with the increase in level of glycogen finally
led to the significant decrease in haemolymph glucose. Thus,
CHH can enhance the GLY and TCA of L. vannamei after
ammonia-N exposure. Therefore, this study confirms the com-
plexity of the regulation mechanism of physiological metabolism
in shrimp under ammonia-N stress, indicating that the energy
consumption of shrimp is increased in the early stage of ammo-
nia-N stress, and CHH promotes the processes of GLY and TCA
to enhance energy production, which may be used for ammonia-
N excretion and immune defence. With the adaptation to the
environment, energy consumption gradually recovered, causing
the key enzymes of GLY and TCA and haemolymph glucose lev-
els returned to the control group’s level at 72 h. Although the
upstream regulatory pathway of GLY has not been reported in
crustaceans, studies have shown that glucose will be rapidly
phosphorylated by HK and then activates PFK to realise the

GLY process when it is ingested into cells by GLUT in verte-
brates® 4, Besides, previous studies have shown that AMPK
activated PFK to regulate the GLY process in heart”, mono-
cytes® and cancer cells. In this study, the similar change
patterns of PKA, PKG, AMPKa, AMPKy, GLUT2 and PFK were
observed in the hepatopancreas of L. vannamei after CHH
was knocked down. Moreover, it was reported that in both
human oral squamous cell carcinoma and human hepatoma
cells, the process of GLY is regulated by the PKA-CREB path-
way 77D Therefore, combined with the results of signalling
transduction factors in the hepatopancreas, this study suggests
that CHH affects DA to regulate the GLY mainly through PKA-
AMPKy-CREB-GLUT2 pathway or participate in this process by
PKG-AMPKa-CREB-GLUT2 pathway in L. vannamei under
ammonia-N stress.

In addition, the expressions of PEPCK, FBP and GOP in the
hepatopancreas of L. vannamei decreased significantly at the
early stage of ammonia-N stress after CHH knock-down and
returned to the Saline group’s at 72 h. It indicates that CHH pro-
moted the GNG of L. vannamei after ammonia-N exposure.
Similarly, whether in winter or summer, the expression and activ-
ity of PEPCK in crabs (Chasmagnatbus granulata) were signifi-
cantly increased under hypertonic stress, and the GNG was also
significantly enhanced under hypoxia stress®?>7>7%, Besides,
hypoxia also induced the expressions of PFK and FBP in the hep-
atopancreas of L. vannamei”, and the GNG rate of L. vanna-
mei also increased significantly after sulphide exposure”®. In
catfish, the activities and protein levels of PEPCK, FBP and
GOP in the hepatopancreas were also significantly up-regulated
under high salinity stress””. While the expressions of PEPCK
and FBP did not change significantly in the hepatopancreas of
M. japonicus after eyestalk ablation!”. These results suggest
the complexity of glucose metabolism regulation in shrimp
under environmental stress. Combined with the change pattern
of haemolymph glucose, it can be inferred that CHH maintained
the haemolymph glucose level by promoting GNG of L. vanna-
mei under ammonia-N stress. Moreover, Kim et al.”® reported
that the cAMP-PKA-CREB-GLUT pathway promoted GNG in
mouse embryonic stem cells. Potthoff et al.”? also reported that
CREB regulated the changes in key GNG enzymes G6P and
PEPCK, thereby affecting the rate of GNG
Furthermore, several studies in mammalian showed that
AMPK was involved in the regulation of GNG“08%8D  For
example, it has been reported that AMPK controlled the
GNG by affecting the change in PEPCK in mice®?,
Combined with the change patterns of intracellular signalling
transduction factors, it suggests that CHH specifically affects
GC and then acts on cGMP-PKG-AMPKa-CREB pathway to
regulate GNG, while DA mainly affects through DAIR to act
on the cAMP-PKA-AMPKy-CREB pathway, or functions on
DAG-PKC-AMPKf-CREB pathway after affecting DA4R to play
a role in this process.

in mice.

Conclusion

In conclusion, this study confirmed that under ammonia-N
stress, CHH affects GC and DA affects DA1R and DA4R, thereby
transmitting glucose metabolism signals into the hepatopancreas

ssaud Aisianun abplquied Aq auluo paysliand /51001251 L£000S/2101°01/B10"10p//:sdny


https://doi.org/10.1017/S0007114521001574

o

British Journal of Nutrition

834 X. Zhang et al.

of L. vannamei. After CHH was knocked down, CHH (through
cGMP-PKG-AMPKa-CREB pathway) and DA (through cAMP-
PKA-AMPKy-CREB pathway and DAG-PKC-AMPKp-CREB path-
way) regulated glucose transporters (GLUT1 and GLUT?2), then
promoted glycogen synthesis and decomposition (glycogen
content, GCS and GP activities), inhibited GLY (HK, PK, PFK, cit-
rate synthase) and suppressed GNG (PEPCK, FBP and GGP).
Thus, they eventually led to an up-regulation of haemolymph
glucose synthesis at first and down-regulation subsequently
when CHH was silenced. In this study, shrimp showed high tol-
erance to ammonia-N stress and most of the indicators returned
to their initial levels at 72 h. Therefore, this study indicates that
CHH inhibits glycogen metabolism and promotes GNG and GLY
under ammonia-N stress. This study enriched the physiological
adaptation mechanism of shrimp under ammonia-N stress, espe-
cially the molecular regulation pathways of CHH on the glucose
metabolism in L. vannamei, which provided a foundation for
further exploring the physiological metabolic mechanism of
crustaceans under environmental stress.
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