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Abstract Hypoxia affects fish’s survival, growth,
and physiological metabolism processes. In this
study, turbot plasma glucose and cortisol contents,
hepatic glycolysis (hexokinase [HK], phosphofruc-
tokinase [PFK], pyruvate kinase [PK]) and lipoly-
sis (fatty acid synthetase [FAS], lipoprotein lipase
[LPL]) enzyme activities, anti-oxidant enzyme
(superoxide dismutase [SOD], catalase [CAT], glu-
tathione peroxidase [GSH-Px]) activities, malon-
dialdehyde (MDA), lactate and glycogen contents,
gill histological parameters (lamellar length [SLL],
width [SLW], interlamellar distance [ID]), respira-
tory frequency (RF), the proportion of the secondary
lamellae available for gas exchange (PAGE), and hifs
(hif-1a, hif-2a, hif-3a) expression were determined
during long-term hypoxia and reoxygenation. Results
showed that long-term hypoxia (3.34+0.17 mg L")
significantly elevated plasma cortisol and glucose
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contents; increased hepatic HK, PK, PFK, FAS, and
LPL activity; decreased hepatic glycogen, lactate
contents, and lipid drop numbers; and caused changes
of hepatocyte (vacuolation, pyknotic, and lytic
nucleus) after treatment for 4 weeks. Hepatic SOD,
CAT, GSH-Px activity, and MDA contents; lamel-
lar perimeter, SLL, ID, RF, and PAGE; and hepatic
hif-1a, hif-2a, and hif-3o manifested similar results.
Meanwhile, hif-1a is significantly higher than hif-2a,
and hif-3a. Interestingly, females and males demon-
strated no sex dimorphism significantly different from
the above parameters (except hepatic FAS, LPL activ-
ity, and lipid drop number) under hypoxia. The above
parameters recovered to normal levels after reoxygen-
ation treatment for 4 weeks. Thus, long-term hypoxia
promotes turbot hepatic glycogenolysis and lipolysis,
induces oxidative damage and stimulates hepatic anti-
oxidant capacity, and alters gill morphology to satisfy
insufficient energy demand and alleviate potential
damage, while hif-1a plays critical roles in the above
physiological process.

Keywords Hypoxia stress - Metabolism - Oxidative
stress - Gill histology - Turbot Scophthalmus
maximus. L

Introduction

Oxygen is essential for metabolism and physiological
functions due to its use in cellular energy production
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and cofactor/substrate for many enzymes in metazo-
ans including mammals and fishes (Semenza 2012;
Choudhry and Harris 2018; Wang et al. 2023). Oxy-
gen solubility in water is about 20 times lower than
the oxygen capacity of air, and thus sufficient dis-
solved oxygen (DO) concentration is essential for the
survival, growth, and development of aquatic organ-
isms. However, DO levels in aquatic environments are
affected and gradually decreased along with eutrophi-
cation (Levin and Breitburg 2015), global warming
(Tomasetti and Gobler 2020), water pollution (Sarkar
and Islam 2020), algal blooms (Bashir et al. 2020),
extreme weather conditions (Stevens et al. 2006), and
high-density aquaculture (Zhan et al. 2023). The level
of global DO content exhibits a continuous and rapid
declining trend, and the global hypoxic water area
has increased > 15-fold since the 1960s (Laffoley and
Baxter 2019). Numerous literatures reported that oxy-
gen-minimum zones have expanded 4.5 million km?
and more than 700 coastal sites can have oxygen con-
centrations below 2 mg L™! in the world (Breitburg
et al. 2018; Limburg et al. 2020; Baltazar-Soares et al.
2023). Fish as water-living animals are prone to expe-
rience hypoxic conditions and severe hypoxia causes
mass mortality and a decline in fishery production.
Thus, hypoxia has increasingly received considerable
attention during farming and fishing in the breeding
companies and the fisheries science communities.
Hypoxia could affect behaviors, growth, devel-
opment, physiological metabolism, and immune
responses and even lead to the death in different
fish species (Abdel-Tawwab et al. 2019; Saha et al.
2022; Jiang et al. 2023). Meanwhile, fish success-
fully evolved subtle regulator strategies to cope with
situations of low oxygen through various physiologi-
cal and biochemical changes (Zeng et al. 2020; Wang
et al. 2023). It has been identified that glucose trans-
porter contents and anaerobic glycolysis key enzyme
activities significantly increased under hypoxia stress
in large yellow croaker, golden pompano (Jiang et al.
2023), and other fish species (Abdel-Tawwab et al.
2019). Hypoxia was found to stimulate lipolysis and
enhance fatty acid f-oxidation in fish to metabolize
fat (Zhao et al. 2020). Fish could prevent and alleviate
oxidative cellular damage by enhancing the antioxi-
dant capacity to eliminate hypoxia-induced excessive
accumulation of intracellular oxygen-free radicals
which include superoxide anion (0?~) and H,0,. The
increasing of superoxide dismutase (SOD), catalase
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(CAT), and glutathione peroxidase (GSH-Px) activ-
ity was observed in large yellow croaker (Wang
et al. 2017; Yang et al. 2017), scaleless carp (Chen
et al. 2022), and black rockfish under hypoxia stress.
Numerous genes are involved in the regulation of the
hypoxia-induced physiological response and adap-
tion in fish, while the expression of these genes was
regulated by special transcription factors (Nikinmaa
and Rees 2005). Hypoxia-inducible factors (HIFs), as
a central regulator for detecting and adapting to cel-
lular oxygen levels, transcriptionally activate genes
modulating oxygen homeostasis and metabolic acti-
vation (Choudhry and Harris 2018). HIF-la is a
master transcriptional regulator for the expression of
genes involved in the response to hypoxia in mam-
mals and fish species (Kumar and Choi 2015; Xiao
et al. 2015; Wang et al. 2023). Our previous study
also found hifla as the core gene involved in the reg-
ulation of anaerobic glucose metabolism by activating
ldha under hypoxia stress in black rockfish. Thus, fish
exhibit varied adaptations to variable oxygen concen-
tration by a complex regulatory metabolism to main-
tain oxygen homeostasis.

Turbot is the most important cultured flatfish in
Europe and East Asia for its high-quality flesh and
rapid growth rate (Jia and Lei 2019). The annual pro-
duction of turbot in China has been maintained at
approximately 50,000 tons accounting for approxi-
mately 80% of the world’s total output of aqua-cul-
tured turbot. As typical benthic flatfish, turbots spend
most of their time on the bottom, and water DO fluc-
tuation could affect their growth and metabolism.
Long-term hypoxia exposure markedly depressed
the growth and feeding conversion ratio of the tur-
bot. Ma et al. (2023) found that acute hypoxia stress
(2.0+0.5 mg/L) for 24 h induces endoplasmic reticu-
lum stress, causes lipid peroxidation and liver injury,
and stimulates anaerobic glycolysis, whereas it sup-
presses lipid catabolism and protein synthesis in juve-
nile turbot. The differences in sex dimorphism for the
hematological and biochemical parameters, hepatic
antioxidant capacity, and gill histology under acute
hypoxia stress were observed in our previous studies
(Jia et al. 2021; Li et al. 2023). However, the detailed
information about the physiological response of tur-
bot under long-term hypoxia remained unknown.
Do male and female turbots share the same or differ-
ent regulating mechanisms to cope with long-term
hypoxia-induced physiological damage? Thus, the
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changes of anaerobic glycolysis, hepatic antioxidant
capacity, and histopathological alteration in gill, as
well as HIF-a (hif-1a, hif-2a, hif-3a) mRNA levels
of female and male turbot during long-term hypoxia
and reoxygenation, were investigated to elucidate the
possibly sex dimorphism differences of hypoxia tol-
erance mechanism in turbot. These findings will pro-
vide invaluable data to illustrate the underlying physi-
ological response and potential adoption mechanism
during long-term hypoxia stress, which will contrib-
ute to turbot effective management in captivity.

Materials and methods
Fish and feeding conditions

Turbots were purchased from Tianyuan Aquatic Co.,
Ltd. (Yantai, Shandong, China). The healthy simi-
lar sizes (190.16+7.3 g) of female and male fish
were divided into two groups and allowed to accli-
matize to the rearing conditions for 2 weeks. Water
temperature was maintained at 18+0.5 °C, salinity
ranged from 29 to 30%o, and the pH varied from 7.5
to 8.0. Ammonia nitrogen was lower than 0.1 mg/L.
The fish were fed commercial diets (Hai Do, Santong
Bio-engineering Weifang Co., Ltd., China) by an
automatic feeding machine (FishMom, South Korea)
twice a day. The commercial pellets, containing
48.85% protein, 14.38% lipid, and 9.28% moisture,
were fasted for 24 h prior to transfer to experimental
tanks. A total of 300 experimental male and female
fish were randomly distributed into 30 cylindrical
fiberglass tanks (100 L, 10 fish per tank).

Experimental protocol and sampling

Critical oxygen tension (Pcrit) is defined as the point
at which oxygen consumption rates are reduced
below the resting oxygen requirement, and the fish
has shifted to an oxy-conforming state (Timmerman
and Chapman 2004). Our previous study has identi-
fied the DO of Pcrit in turbot was 3.34+0.17 mg
L! (Jia et al. 2021). Thus, we select 3.34 +0.17 mg
L™' DO used for long-term hypoxia treatment. Six
tanks (three tanks female and three tanks male, 10
fish per tank) were provided with a continuous flow
of water (6.5 L/min) and continuous aeration to main-
tain dissolved oxygen (DO) at/or near saturation used

as the control group (7.21+0.13 mg L™"). Our pre-
liminary experiment found the physiological states
and growth performance of female and female tur-
bot demonstrated no significantly difference dur-
ing 8 weeks culture which maintained normal DO
(721+0.13 mg L7"). Thus, we select the begin-
ning group as the control group in the current study.
Twenty-seven tanks were used to carry out the long-
term chronic hypoxia and reoxygenation experiment.
Our preliminary experiment has found water flow
velocity could affect DO levels, the decrease of DO
level together with a decrease of water flow velocity.
Firstly, the aeration system of 27 tanks were closed
and filled with N, to reduce the DO concentration to
the level required for the experiment, then maintain
the DO level (3.34 +0.17 mg L™!) by regulating water
flow velocity. Subsequently, the DO level in the tank
water was monitored in real-time using a DO meter
(YSI Pro-ODO, Germany). After hypoxia treatment
for 2 and 4 weeks (T2W, T4W), the aeration system
was restored and water flow velocity was upregulated
to recover normal DO condition for 2 and 4 weeks
(R2W, R4W). Respiratory frequency (the number
of opercular movements per minute) of three fishes
per tank was counted three times at 5 min (a total of
nine times per group) throughout hypoxia and reoxy-
genation based on our previous study (Jia et al. 2021).
The survival rate of experimental fish was calculated
during hypoxia and reoxygenation. The scheme of
hypoxia stress and reoxygenation process, the rela-
tionship between DO and water flow velocity, and the
survival rate are shown in Fig. 1.

The fish handling procedures were conducted
according to the guidelines established by the Institu-
tional Animal Care and Use Committee of the Yellow
Sea Fisheries Research Institute, Chinese Academy
of Fishery Science. The fish samples were anesthe-
tized with 50 mg/L of tricaine methane sulfonate
(MS-222, Sigma, St. Louis, MO) to avoid handling
stress. Meanwhile, add 10 mg/L sodium bicarbonate
(NaHCO;) to combat the MS-222-induced water acid-
ity product. The fish were fully anesthetized within
5 min. Then, the blood samples of nine fish samples
in each group (n=9 from the control, T2W, T4W,
R2W, and R4W group) were obtained from their cau-
dal veins by using heparinized syringes. The blood
was subsequently centrifuged at 1000 g for 10 min at
4 °C to separate the plasma, which was collected and
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Hypoxia (3.34+0.17mg/L)

Two and four weeks
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Fig. 1 The scheme of hypoxia stress and reoxygenation in tur-
bot. A Treated low DO at 3.34+0.17 mg/L for 2 and 4 weeks
and reoxygenation at 7.21+0.13 mg/L for 2 and 4 weeks. B
Relationship between DO and water flow velocity. C Survival
rate of turbot during hypoxia and reoxygenation. Data are pre-

stored at—80 °C for the subsequent analysis of the
cortisol and glucose.

After collecting blood, the fish were sacrificed.
Tissues from the liver and gill were collected from
nine fish in each group. For each fish, we collected
three samples, and did triplicate technique repeats for
each sample. The specimens of the liver were divided
into three groups, one was snap-frozen in liquid nitro-
gen or preserved in RNAstore Reagent (Tiangen Bio-
tech, Beijing, China) and then stored at— 80 °C until
RNA extraction, and another was collected and stored
at— 80 °C to analyze hepatic HK, PFK, PK, G-6-Pase,
PEPCK, FAS, LPL, SOD, CAT, GSH-Px activity, and
lactate, glycogen, and MDA content; the remaining
liver was fixed in 4% paraformaldehyde overnight at
4 °C for histological observations, lipid droplet, and
glycogen assay via hematoxylin and eosin (HE), oil
red, and Periodic Acid-Schiff (PAS) staining method,
respectively. The second right gill arch (total includ-
ing three-gill arches in each gill) was fixed in 4%
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sented as means+SEM. Bars with different superscripts are
statistically different (P<0.05, n=9). DO, dissolved oxygen;
T2W, treated for 2 weeks; T4W, treated for 4 weeks; R2W,
reoxygenation 2 weeks; R4W, reoxygenation 4 weeks

paraformaldehyde overnight at 4 °C for morphologi-
cal observations.

Biochemical analysis and hepatic antioxidant status

Plasma cortisol levels were determined by radioim-
munoassay (RIA) using cortisol radioimmunoassay
(RIA) kits (Immunotech, Beckman Culture Company,
France). Data were expressed as nanograms per mil-
liliter. The plasma glucose levels were detected using
commercially available kits (Shenzhen Mindray Bio-
Medical Electronics Co., Ltd., Shenzhen City, China)
in an Auto Chemistry Analyzer (BS-200, Shenzhen
Mindray Bio-Medical Electronics Co., Ltd., Shen-
zhen City, China). Glucose levels were expressed as
millimoles per liter.

Liver samples were homogenized in an ice
bath by a liver and homogenate medium (pH 7.2,
phosphate-buffered saline consists of 1.5 mmol/L
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monopotassium phosphate, 8 mmol/L sodium
hydrogen phosphate, 135 mmol/L sodium chlo-
ride, 2.7 mmol/L potassium chloride) with a ratio of
1:5 (W:V) and then centrifuged at 4 °C for 10 min
(4000 rpm). The supernatant was collected immedi-
ately for the following analysis. Hepatic HK, PFK,
PK, G-6-Pase, PEPCK, FAS, LPL, SOD, CAT, GSH-
Px activity, lactate, glycogen, and MDA content
were measured using their corresponding commer-
cial detection kits (A077-3-1, H244-1-2, A076-1-1,
A027-1-1, A131-1-1, H231-1-1, A067-1-2, A001-
3-2, A007-1-1, A005-1-2, A020-2-2, A043-1-1,
A003-1-2) in accordance with the manufacturers’
instructions (Nanjing Jiancheng Bioengineering Insti-
tute, Nanjing, China). The HK, PFK, PK, G-6-Pase,
PEPCK, FAS, LPL, SOD, CAT, and GSH-Px activ-
ity were expressed as units per milligram of protein.
MDA content was expressed as millimoles per milli-
gram of protein. Glycogen and lactate were expressed
as milligrams per gram of tissue.

Histological examination

The paraformaldehyde-fixed liver and gill tissues
were washed three times with phosphate-buffered
saline (PBS, pH 7.4), dehydrated through a graded
ethanol series, cleared in xylene, and embedded in
the paraffin, and then Sects. (5 pm) were cut using a
microtome (RM2125, Leica). For HE staining, sec-
tions were deparaffinized in xylene (25 min) and
rehydrated through successive 1-min washes in
100%, 95%, 80%, and 70% ethanol. The slices were
then stained with hematoxylin (2 min); rinsed with
distilled water, 50% ethanol, and distilled water for
15 min; stained with eosin for 1 min; and rinsed again
with distilled water. The slides were then mounted
with coverslips. After HE staining, the histological
alterations were examined with a DP72 microscope
(Olympus, Tokyo, Japan). Three electron micro-
graphs from the liver per individual were randomly
chosen and analyzed. The morphological alterations
of hepatocytes were recorded as the percentage of
affected nucleus and assigned to the categories: nor-
mal, vacuolation, pyknotic nucleus, double nucleus,
Iytic nucleus, and enlarged nucleus based on a previ-
ous study (Xie et al., 2023).

Five primary filaments from the second right gill
arch per individual were randomly chosen, and 20

lamellae per filament were blindly selected and ana-
lyzed. The morphological alterations were recorded
as the percentage of affected secondary lamellae and
assigned to clubbing, hyperplasia, hypertrophy, and
edema based on a previous study (Jia et al. 2021). Gill
morphometric analysis was conducted using the pro-
tocol of Nero et al. (2006) and Li et al. (2023). Three
gill filaments per fish were measured for perimeter
SLL, SLW, ID, and ID using a free software program
(Measure IT, Olympus).

The proportion of the secondary lamellae available
for gas exchange (PAGE) was averaged for each fila-
ment of an individual and calculated as follows:

__ (SLD
PAGE = SLLLBET) "100

Three electron micrographs from the liver per indi-
vidual were randomly chosen and analyzed.

Oil red and PAS staining

Oil red and PAS staining were used to analyze the
hepatic lipid droplet and glycogen content. Briefly,
the paraformaldehyde-fixed liver tissue sections were
washed three times with phosphate-buffered saline
(PBS, pH 7.4), dehydrated in serial-graded ethanol,
made transparent in xylene, and embedded in paraffin.
The tissue was then sliced into 20-pm and 5 pm-thick
sections by a microtome (Leica RM2125 RTS, Ger-
man), respectively. The 20-pm and 5 pm-thick sec-
tions were stained following the protocol of the oil
red and PAS staining kit (Nanjing Jiancheng Bioen-
gineering Institute, China), respectively. The images
of slides were examined with a DP72 microscope
(Olympus, Tokyo, Japan). Image J software was used
to identify and quantify lipid droplets and glycogen.
Lipid droplets and glycogen were stained red and pur-
ple, respectively.

RNA extraction and real-time quantitative
polymerase chain reaction

A two-step, real-time quantitative polymerase chain
reaction (RT-PCR) was used to measure the hif-Ia,
hif-2a, and hif-3a. Total RNA was extracted from the
liver of three turbots by Trizol reagent (GIBCOBRL,
Carlsbad, CA, USA). Meanwhile, the total RNA
was treated with DNase I (Qiagen) for 30 min at 37
C to avoid contaminating the genomic DNA. Sub-
sequently, total RNA (1 pg) was reverse transcribed
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by a Thermo One-step RT-PCR kit according to the
manufacturer’s instructions. The mRNA expression
levels of hif-1a, hif-2a, and hif-3a were assessed by
real-time RT-PCR using TaKaRa RT-PCR Master
Mix reagent and ABI7500 Sequence Detection Sys-
tem (Applied Biosystems, Foster City, CA, USA).
The primer sequences and amplified length for above
genes were designed and are listed in Table 1. A
20-pL reaction volume for amplification contained
10 pL of SYBR® Premix Ex Taq™ (Takara Bio.,
China), 0.8 pL of each primer (10 pM), 0.4 pL of
ROX dye (50x%), 2 pL of cDNA sample (25 ng/
pL), and 6 pL of sterile distilled water. Initial dena-
turation was conducted at 95 °C for 10 s, followed
by 40 cycles at 95 °C for 5 s and at 60 °C for 30 s.
For normalization, four commonly used housekeep-
ing genes (glyceraldehyde-3-phosphate dehydroge-
nase (gapdh), beta-actin (f-actin), elongation fac-
tor 1-alpha (efl-a), and 18S ribosomal RNA (18 s))
were evaluated to compare the CT values of a subset
of samples. The evaluation revealed that f-actin was
the most constantly stable expressed housekeeping
gene (Supplemental data, S1). Thus, the expression
levels of hif-1a, hif-2a, and hif-3a gene were normal-
ized to f-actin and expressed as a folded change rela-
tive to the expression level in the control according to
the 2724CT method. The primers used for qRT-PCR
are listed in Table 1. All samples were amplified in
triplicates.

Statistical analysis

Shapiro-Wilk normality test and Bartlett test were
used to estimate whether the data complied or not
with normal distribution and homogeneity of vari-
ance, respectively (Faraway 2005). The data were
analyzed via two-way analysis of variance (ANOVA)
and Tukey’s multiple range tests using SAS 8.0 soft-
ware. All data are presented as the means + standard
error of the mean (mean + SEM). In all statistical tests
used, P <0.05 was considered significantly different.

Result

Survival rate and cortisol contents during hypoxia
and reoxygenation

The survival rate of female and male varied slightly
and remained high value during hypoxia and reox-
ygenation. The female and male turbot survival
rate is more than 90% at T2W and T4W, and then
decreases to 89% at R2ZW and R4W (Fig. 1C). How-
ever, no significant differences were found between
the male and female turbot at control, T2W, T4W,
R2W, and R4W (Fig. 1C, P>0.05). The plasma
cortisol levels varied significantly during hypoxia
and reoxygenation (Fig. 2A). The cortisol lev-
els significantly increased at T2W and T4W, with
the highest values observed at T4W, and then

Table 1 Primers for real-

Primer sequence (5' to 3")

Product
length (bp)

Efficiency (%)

time RT-PCR Genes Accession no
hif-la MH174960.1
hif-2a XM_035622740.2
hif-3a  XM_047337794.1
gapdh ~ DQB848904
PB-actin - AY008305
efl-a AF467776

18s EF126038

CCGATGATGTGAAGCCAGTG 109 98.2%
GCTTTCTCCTCCACCTCCTT
CCCAGGGAACCGTTATTT 110 97.9%
CTCCAGGGACAAGACCATC
GACGCCATCATTCCACTGAC 145 96.7%
GCATGACAGGGCTGAAGATG
GTATTGGCCGTCTGGTCCT 144 97.2%
GGGAGACCTCACCGTTGTAA
CATGTACGTTGCCATCCAAG 138 99.4%
ACCAGAGGCATACAGGGACA
CGGCCACCTGATCTACAAGT 123 97.5%
GCCTTCAGTTTGTCCAGCA
GTGGAGCGATTTGTCTGGTT 130 98.3%
CTCAATCTCGTGTGGCTGAA
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drastically decreased after the reoxygenation treat-
ment for 2 weeks (Fig. 2A, P <0.05). No signifi-
cant differences were found between the male and
female turbot at control, T2W, T4W, R2W, and
R4W (Fig. 2A, P>0.05). Meanwhile, turbot plasma
cortisol levels showed no significantly difference
between R4W and the control group (Fig. 2A,
P>0.05). Plasma cortisol levels were signifi-
cantly affected by treatment time but not by gender
(Fig. 2A, P<0.05). No significant interaction effect
of treatment time and gender on plasma cortisol was
observed (Fig. 2, P>0.05). Meanwhile, the water
amonia, nitrites, and nitrate content were lower than
0.1 mg/L in hypoxia tanks (Supplemental data, S2).
The growth performance manifested no significant
difference between control and treatment groups
during hypoxia and reoxygenation (Supplemental
data, S3).

Two-WayANOVA: Time  ** F
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The alteration of glycolysis and gluconeogenesis
during hypoxia and reoxygenation

The plasma glucose contents and hepatic HK,
PFK, and PK activity manifested similar patterns
to plasma cortisol, with the highest values at T4W
during hypoxia and reoxygenation (Fig. 2B-E).
Meanwhile, plasma glucose contents and hepatic
HK, PFK, and PK activity showed no significant
difference between R4W and the control group
(Fig. 2B-E P> 0.05). Hepatic lactate content sig-
nificantly decreased at T2W and T4W; the lowest
values were observed at T4W, and then drasti-
cally increased after the reoxygenation treatment
for 4 weeks (Fig. 2F, P <0.05). Hepatic glycogen
contents showed similar patterns to hepatic lactate,
significantly decreased at T2W, T4W, and R2W
(Fig. 2G, P<0.05). PAS staining results showed
a decrease in glycogen content for female fish
at T2W, T4W, and R2W, and male fish remained
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Fig. 2 Carbohydrate metabolism of turbot during hypoxia
stress and reoxygenation. A-B Changes in plasma cortisol glu-
cose. C-F Hepatic HK, PFK, and PK activity and lactate con-
tents. G Hepatic glycogen. H-I PAS staining and mean den-
sity of glycogen in liver. Data are presented as means + SEM.
Bars with different superscripts are statistically different

20 pm

(P<0.05, n=9). HK, hexokinase; PFK, phosphorfrutokinase;
PK, pyruvate kinase; PAS, Periodic Acid Schiff. T2W: treated
for 2 weeks; T4W: treated for 4 weeks; R2W: reoxygenation
2 weeks; R4W: reoxygenation 4 weeks. NS, non-significant at
P>0.05; **P<0.01
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unchanged at T2W and decreased at T4W and
R2W (Fig. 2H, I, P<0.05). No significant differ-
ences in hepatic HK, PK, and PFK activity, hepatic
lactate, glycogen, and plasma glucose contents
were found between the male and female turbot at
control, T2W, T4W, R2W, and R4W (Fig. 2B-H,
P>0.05). The aforementioned glycolysis and glu-
coneogenesis-related parameters demonstrated no
significant difference at R4W compared to the con-
trol group (Fig. 2, P> 0.05). There is no significant
interaction effect of treatment time and gender on
these parameters (Fig. 2, P> 0.05); only treatment
time significantly affects these parameters during
hypoxia and reoxygenation (Fig. 2, P <0.05).

The alternation of lipid metabolism during hypoxia
and reoxygenation

Hepatic FAS and LPL activity significantly increased
at T2W and T4W, with the highest values observed
at TAW (Fig. 3A, B, P<0.05), and then gradually
recover to normal levels after the reoxygenation treat-
ment for 12 h and 24 h (Fig. 3A, B, P>0.05). Female
hepatic FAS activity was significantly higher than
male hepatic FAS activity at T2ZW and T4W, whereas
female hepatic LPL activity was significantly lower
than male hepatic FAS activity at T2W (Fig. 3A,
B, P<0.05). No significant differences were found
between the male and female turbot at control, R2W,
and R4W. Oil red staining results showed signifi-
cantly fewer lipid droplets in the liver at T2W, T4W,
and R2W compared with the control group (Fig. 3C,
D, P<0.05). No significant difference was observed
between the female and male fish at control, T2W,

Two-WayANOVA: Time - Two-WayANOVA: Time wx Two-WayANOVA: Time o
Gender NS Gender NS Gender NS
Interaction NS 57 IteFactisi NS Interaction NS
4 N Female = EE Female
= Male T 4 c < Em Female mu Male
g S > 15
K] s b . Male < od
N N
s g
g P
z z 2 23 a A g a a
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Fig. 3 Lipid catabolism of turbot during hypoxia and reoxy-
genation. A-B Hepatic FAS and LPL activity. C-D The num-
ber of lipid droplet and Oil red O staining of hepatocyte. Data
are presented as means + SEM. Bars with different superscripts
are statistically different (P <0.05, n=9). FAS, fatty acid syn-
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thetase; LPL, lipoprotein lipase. T2W: treated for 2 weeks;
T4W: treated for 4 weeks; R2W: reoxygenation 2 weeks;
R4W: reoxygenation 4 weeks. NS, non-significant at P>0.05;
**P<0.01
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R2W, and R4W (Fig. 3A, B, C, P>0.05). Treatment
time and not gender significantly affected the num-
ber of hepatic lipid droplets, FAS, and LPL activity
(Fig. 3C, P<0.05). In addition, we observed no sig-
nificant interaction effect of treatment time and gen-
der on the hepatic lipid droplets, FAS, and LPL activ-
ity (Fig. 3, P>0.05).

Hepatic antioxidant capabilities and histological
analysis

In comparison with the control group, hypoxia
stress significantly increased the hepatic SOD,
GSH-Px, and CAT activity at T2W and T4W
(Fig. 4A-C, P <0.05). Meanwhile, hepatic MDA
contents significantly increased at T4W (Fig. 4D,
P <0.05). Histological observation manifested that

Two-Way ANOVA: Time
Gender

o
Conrol  TIN TIW  RW R4W Conral  TIW W RIW R4W

Fig. 4 Hepatic antioxidant parameters of turbot during
hypoxia and reoxygenation. A SOD activity. B GSH-Px activ-
ity. C CAT activity. D MDA levels. Data are presented as
means + SEM. Bars with different superscripts are statistically
different (P <0.05, n=9). SOD, superoxide dismutase; GSH-

: Control  T2W T4W RIW R2W Control 7w T4W R2W R4W

Two-Way ANOVA:

- Female
Male

Enlarged nucleus (number/cm?)

& 8

Comrol  TZW  TW  RIW  R4W & &S TS
& &

2
2
2

Fig. 5 Change in hepatic histopathology during hypoxia and
reoxygenation. Morphological change includes A vacuola-
tion, B pyknotic nucleus, C double nucleus, D lytic nucleus,
E enlarged nucleus and the percentage of each structure in F

hypoxia stress caused significantly higher areas of
vacuolation and numbers of pyknotic, double, lytic,
and enlarged nucleus in the female and male liver
compared to the control group, with the highest val-
ues observed at T4W (Fig. SA-E, P<0.05). Mean-
while, a significantly high percentage of vacuola-
tion, pyknotic nucleus, and lytic nucleus in the male
and female liver were observed at T4W (Fig. SF, G,
P <0.05). The above parameters returned to nor-
mal levels after reoxygenation treatment for 24 h in
female and male turbots, while male and female tur-
bots demonstrated no significant difference in these
parameters throughout hypoxia stress and reoxy-
genation (Fig. 5, P>0.05). Treatment time and not
gender significantly affected hepatic SOD, GSH-Px,
CAT activity, MDA contents, and histological alter-
nation (Fig. 4, Fig. 5A-E, P<0.05).

MDA content (nmol/mgprotein)

Comrol T2W  TAW  RIW  R4W Control  T2ZW  TAW  RIW  R4W

Px, glutathione peroxidase; CAT, catalase; MDA, malondial-
dehyde; T2W: treated for 2 weeks; TAW: treated for 4 weeks;
R2W: reoxygenation 2 weeks; R4W: reoxygenation 4 weeks.
NS, non-significant at P> 0.05; **P <0.01

nucleus (number/cm’)

Lytic

Control  T2W  TAW  RIW  R4W

entage of hepatic slices (%)

Perc

male and G female. Data are presented as means + SEM. Bars
with different superscripts are statistically different (P <0.05,
n=9)
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Gill histomorphology, respiratory frequency, and
PAGE

The changes of turbot gill histology were observed
during hypoxia and reoxygenation. The lamellar
perimeter, SLW, SLL, ID, and BET measurements
are shown in Fig. 6A. Lamellar perimeter, SLL, and
ID significantly increased at T2W and T4W (Fig. 6B,
D, and E, P<0.05) with the highest levels observed
at TAW. Then, the levels decreased at R2ZW and
returned to normal at R4W during hypoxia and reoxy-
genation. By contrast, SLW significantly decreased
at T2W and T4W, and the lowest value was obtained
at TAW (Fig. 6C, P<0.05). Subsequently, it drasti-
cally increased at R2ZW and recovered to nearly nor-
mal levels at R4W (Fig. 6C, P> 0.05). Interestingly,
the value of male SLL was significantly higher than
that of female SLL at T2W, T4W, and R2W, whereas
there was no significant difference between the con-
trol and R4W. Respiratory frequency and PAGE
manifested similar results to ID during hypoxia and

reoxygenation (Fig. 6F, G). Hypoxia stress signifi-
cantly increased the respiratory frequency and PAGE
at T2W, T4W, and R2W, the highest value observed
at T4W (Fig. 6F, G, P<0.05), and then recovered to
normal at R4W (Fig. 6F, G, P>0.05). The male and
female fish showed no difference in perimeter, SLL,
ID, respiratory frequency, and PAGE during hypoxia
and reoxygenation (Fig. 6A, D, E, F, G, P>0.05).
Treatment time significantly affected these param-
eters (Fig. 6B-G, P<0.05), and the significant inter-
action effect of treatment time and gender on SLW
and ID was observed during hypoxia and reoxygena-
tion (Fig. 6C, E, P <0.05). However, perimeter, SLL,
respiratory frequency, and PAGE were not affected by
gender (Fig. 6B, D, F, G, P>0.05). Lamellar club-
bing, hyperplasia, and hypertrophy were the main his-
tological alterations of gill filaments during hypoxia
and reoxygenation (Fig. 6H). The number of female
and male turbot gill filaments significantly increased
in terms of the percentage of lamellar clubbing hyper-
plasia hypertrophy at T2W and T4W, then gradually

o
Control  T2W

TaW

o
Control  T2W  T4W  RIW  R4W

Two-Way ANOVA: Ti
Gen

Interaction
== Female

Male

SLW (um)

o o
Control T2W T4W RIW R4W Control  T2W ~ T4W  R2W  R4W

Two-WayANOVA: Time

Two-WayANOVA: Time %
Gender NS
Interaction NS

- Female
Male

Control ~ TIW  TAW  RIW  RW Control ~ T2W  T4W  R2W  R4W

Edema

¢ f~5-f /8§

Female J Male

Percentage (%)

Control T2W  T4W  RIW  R4W Control T2W  T4W  RIW  R4W

Fig. 6 Gill histological alternation of turbot during hypoxia
and reoxygenation. A Normal gill histology. B-G Perim-
eter, SLW, SLL, ID, respiratory frequency, and PAGE. H-J
Histological alteration and proration of secondary gill fila-
ments of and female and male turbot. Data are presented as
means +SEM. Bars with different superscripts are statistically
different (P<0.05, n=9). SLL, secondary lamellar length;
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ID, interlamellar distance; SLW, secondary lamellar width;
BET, basal epithelial thickness; PAGE: The proportion of the
secondary lamellae available for gas exchange; T2W: treated
for 2 weeks; T4W: treated for 4 weeks; R2W: reoxygenation
2 weeks; R4W: reoxygenation 4 weeks. NS, non-significant at
P>0.05; ##P<0.01
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decreased at R2W, and recovered to nearly normal at
R4W (Fig. 61, J).

Gene expression

Compared with the control group, hypoxia stress
significantly increased the mRNA levels of hepatic
hifl-a, hif2-a, and hif3-a at T2W, T4W, and R2W, the
highest value obtained at T4W (Fig. 7A-C, P <0.05),
which returned to nearly normal levels at R4W
(Fig. 7TA-C, P> 0.05). In addition, hifl-a was signifi-
cantly higher than hif2-a and hif3-a at TAW (Fig. 7D,
P <0.05). No significant differences of hepatic hifl-a,
hif2-a, and hif3-a were found between the male and
female turbot at control, T2W, T4W, R2W, and R4W
throughout hypoxia and reoxygenation (Fig. 7A-C,
P>0.05).

Discussion

This study first represents the physiological response
of female and male turbot subject to long-term
chronic hypoxia stress and reoxygenation. Long-term
chronic hypoxia significantly increases the plasma
cortisol and glucose levels in the current study. Simi-
lar results were reported in turbot (Pichavant et al.
2002), crucian carp (Sula and Aliko 2017), Nile tila-
pia (Li et al. 2018), rainbow trout (Léger et al. 2021),
and golden pompano (Jiang et al. 2023) in response
to hypoxia stress. Hypoxia could activate anaerobic
glycolysis and break down glucose into pyruvate by
glycolytic key rate-limiting enzymes including HK,
PFK, and PK, which transported to the mitochon-
dria oxidized to acetyl CoA and entered the TCA
cycle and produced ATP (Lyssiotis and Kimmelman

Control  T2W  T4W  RIW  R4W

Fig. 7 Relative hif-1a, hif-2a, and hif-3a mRNA expression
levels in liver of turbot during hypoxia and reoxygenation.
A-C Hepatic hif-1a, hif-2a, and hif-3a mRNA in male and

e mRNA expression

. Control 1 T2W T4W R2W R4W

2017; Farhat et al. 2021). Meanwhile, glycogen as
an essential energy source was consumed to provide
sufficient glucose used for hypoxia-induced anaero-
bic metabolism in numerous fish species (Jiang
et al. 2023; Oliveira et al. 2004; Bacca et al. 2005).
Long-term chronic hypoxia stress significantly stim-
ulated turbot hepatic HK, PFK, and PK activity and
decreased the hepatic glycogen contents in the current
study. These results suggest hypoxia stress activate
turbot anaerobic glycolysis and stimulate glycogen
degradation to maintain energy supply. Lactate levels
are usually upregulated in a time-dose manners sub-
ject to hypoxia stress in fish (Pichavant et al 2002;
Weber et al. 2016; Yang et al. 2019). Interestingly,
turbot hepatic lactate content significantly decreased
under long-term chronic hypoxia stress treatment for
2 and 4 weeks in this study. Fagernes et al. (2017)
reported pyruvate dehydrogenase enzyme catalyzes
the conversion of pyruvate to acetaldehyde under
hypoxia conditions, and then alcohol dehydrogenase
undertakes the conversion of acetaldehyde to ethanol,
which is swiftly eliminated through the gills. There-
fore, we speculate turbot hepatic lactate could be
converted into ethanol by uncertain pathways and
avoid lactate acidosis under long-term hypoxia stress.
Meanwhile, no significant differences in sex dimor-
phism of these parameters were found throughout
long-term hypoxia stress in the current study. These
findings suggest female and male turbot take similar
anaerobic glycolysis mechanisms and provide suffi-
cient energy to cope with long-term hypoxia stress.
Lipids are also energy storage materials that sup-
ply energy to the body for the growth and develop-
ment of vertebrates (Jean-Michel 2011). FAS is the
main lipogenic enzyme that produces fatty acids, and
LPL hydrolyzes triglycerides in plasma lipoproteins

- Female
Male

Male 20
Two-WayANOVA: Time  **
Gender NS hif-la s
Interaction NS
Female
hif 3a
.
«
o

female turbot under hypoxia and reoxygenation. C Heatmap of
hif-1a, hif-2a, and hif-3a mRNA expression. Bars with differ-
ent superscript are statistically different (P <0.05, n=9)
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and supplies free fatty acids for storage or oxidation
(Salmerén, 2018). Lipid droplets (LDs) are intracel-
lular organelles specialized for the storage of energy
in the form of neutral lipids and are involved in lipid
metabolism (Welte and Gould 2017). In general, the
fatty acid synthesis pathway is inhibited, whereas
fatty acid fB-oxidation is increased to release ATP to
meet energy demands under long-term hypoxia status
(Wang et al. 2012; Zhao et al. 2020). In this study,
hypoxia stress significantly stimulates hepatic LPL
activity. The elevated LPL content indicated that the
oxidative energy supply of triglycerides was activated
during long-term hypoxia stress in turbot. In addition,
fewer lipid droplets were observed after turbot treat-
ment for 2 and 4 weeks. Female hepatic LPL activ-
ity and lipid droplets are lower than those of males,
but female hepatic FAS activity is higher than that of
males. These results suggest lipids were involved in
the long-term hypoxia-induced energy metabolism
process in turbot, males activate more lipolysis than
females. Li et al (2018) reported acute hypoxia stress
mainly stimulates glycolysis, and long-term hypoxia
stress increases lipolysis in Nile tilapia. However,
there is a decrease in lipolytic activity of common
carp. Thus, these results and glycolysis data sug-
gested both lipids and glucose metabolism are syn-
chronously involved in the regulation of the energy
supply process and guarantee efficiency enough to
produce energy during turbot long-term hypoxia
stress.

Hypoxia could induce and produce excessive ROS
and oxidative stress, impair the antioxidant oxida-
tive system, cause DNA damage, lipid peroxidation,
and severe damage to cellular structure (Wang et al.
2023). Fish’s defensive antioxidant system maintains
the dynamic balance of the production and elimina-
tion of intracellular free radicals, and protects cells
from oxidant stress by enhancing the antioxidant
capacity to actively respond to hypoxia stress (Lush-
chak et al. 2011). MDA is a strong biotoxin and
damages the cell structure and functions as the main
component of lipid peroxides. We found the percent-
age of hepatic MDA levels, vacuolation, pyknotic,
and lytic nucleus significantly increased during long-
term hypoxia stress in the current study. The appear-
ance of abnormal hepatocyte and MDA levels sug-
gests long-term hypoxia stress that resulted in the
hepatic oxidative damage of turbot. However, fish
have evolved “the preparation for oxidative stress”
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response strategy via activation of the antioxidant
system and attenuates the hypoxia-induced negative
effects (Welker et al. 2013). The activity of hepatic
SOD, CAT, and GSH-Px significantly increased after
hypoxia stress, indicating that the turbot-activated
antioxidant abilities cope with oxidative stress in the
current study. Similar results were reported in black
rockfish, large yellow croaker (wang et al. 2017),
and other fish species (Wang et al. 2023). Female
and male fish manifested similar results; all param-
eters returned to normal condition after reoxygena-
tion treatment for 4 weeks. Thus, long-term hypoxia
induces hepatic oxidative stress, alters antioxidant
capabilities, impairs hepatocyte structure, and affects
its physiological function in turbot, with no signifi-
cant differences in sex dimorphism.

Hypoxia stress significantly caused the gill mor-
phological alternation in numerous farming fish spe-
cies including black rockfish (Jia et al. 2021), scale-
less carp (Chen et al. 2022), and rohu Labeo rohita.
In the present study, lamellar clubbing, hypertro-
phy, hyperplasia, and edema occurred after hypoxia
treatment for 2 and 4 weeks, and their proportions
gradually decreased and nearly recovered to the nor-
mal state after reoxygenation for 4 weeks. Mallatt
(1985) reported lamellar hyperplasia could increase
the epithelial area for oxygen diffusion between the
blood and external medium as a defense mechanism.
Fishes could regulate their functional respiratory sur-
face area by changing a fraction of the total lamellar
area perfused with blood. Hypoxia stress can greatly
increase the respiratory surface area and stimulate
the capacity for oxygen uptake in crucian carp and
goldfish. Similar results have been found in hypoxia-
sensitive blunt snout bream and black rockfish (Jia
et al. 2021). Fish stimulate an immediate increase
in ventilation volume via an increase in ventilation
rate and/or amplitude in response to hypoxia stress
(Perry et al. 2009). Meanwhile, the fish will continue
branchial respiration by positioning their mouths to
skim the air/water interface, which is richer in oxy-
gen. In the current study, long-term hypoxia stress
significantly increased lamellar perimeters, SLL, ID,
respiratory frequency, and PAGE. These results indi-
cated that hypoxia stress induced lamellar morpho-
logical alternation, stimulated respiratory frequency
and PAGE, helped stimulate oxygen uptake capacity,
and alleviated hypoxia stress in turbot.
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The primary transcriptional regulator of oxygen
homeostasis in response to hypoxic stress is mediated
by the hypoxia-inducible factors (HIFs) in mammals
and teleost (Majmundar et al. 2010; Pelster and egg
2018; Luo et al. 2023). HIF-1a has been best char-
acterized and recognized as a master regulator of
hypoxic signaling in numerous fish species (Xiao
2015). Terova et al. (2008) found the hepatic hif-1a
mRNAs were significantly upregulated under both
acute (1.9 mg/L DO for 4 h) and chronic (4.3 mg/L
DO for 15 days) hypoxia situations in sea bass. Simi-
lar results were reported in Eurasian perch (Rimoldi
et al. 2012), largemouth bass (Sun et al. 2020), and
golden pompano (Jiang et al. 2023). In the present
study, hepatic hif-la, hif-2a, and hif-3a mRNAs
were significantly upregulated under long-term
hypoxia exposure; hif-la obtained the highest val-
ues, which returned to basal values after reoxygena-
tion 4 weeks. Meanwhile, the mRNA levels of female
hif-1a, hif-2a, and hif-3a are significantly higher
than those of males under long-term hypoxia stress.
These results suggested that hif-/a is the main iso-
form involved in the regulation of hypoxia-induced
metabolic adjustments and maintaining homeosta-
sis. Combining the above hepatic FAS, LPL activity,
and Oil red data, we speculate the different roles of
HIF-1a for male and female fish exist in the regula-
tion of genes involved in lipid metabolism. However,
the detailed mechanism needs to be further studied.

In summary, long-term hypoxia stress elevated
plasma cortisol and glucose contents; increased
hepatic HK, PK, PFK, FAS, and LPL activity;
decreased hepatic glycogen contents and lipid drop
numbers; caused pathological changes of hepatocyte
and oxidative stress; induced alterations in gill mor-
phology; stimulated respiratory frequency and PAGE;
and upregulated the transcription of hepatic hif-1a,
hif-2a, and hif-3a in turbot. The above parameters
recovered to normal levels after reoxygenation treat-
ment for 4 weeks. Interestingly, females and males
demonstrated no significantly difference of these
parameters (except hepatic FAS, LPL activity, and
lipid drop number) during hypoxia. These results
suggested turbot promotes hepatic glycogenolysis
and lipolysis, stimulates hepatic antioxidant capac-
ity, reversibly remodels the gill morphology, and
initiates a positive physiological response to satisfy
long-term hypoxia stress-induced energy demand and
alleviate potential damage. Furthermore, hif-Ia plays

key roles throughout the above physiological process
under hypoxia and reoxygenation in turbot. These
findings and our previous studies (Jia et al. 2021; Li
et al. 2023) provide more data for fully understanding
the mechanism of turbot hypoxia tolerance and help-
ing for guide us in the breeding of hypoxia-tolerant
species/strains.
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