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ABSTRACT

The large yellow croaker (Larimichthys crocea),
which is an economically important mariculture fish
in China, is often exposed to environmental hypoxia.
Reactive oxygen species (ROS) homeostasis is
essential for the maintenance of normal physiological
conditions in an organism. Direct evidence that
environmental hypoxia leads to ROS overproduction
is scarce in marine fish. Furthermore, the sources of
ROS overproduction in marine fish under hypoxic
stress are poorly known. In this study, we
investigated the effects of hypoxia on redox
homeostasis in L. crocea and the impact of impaired
redox homeostasis on fish. We first confirmed that
hypoxia drove ROS production mainly via the
mitochondrial electron transport chain and NADPH
oxidase complex pathways in L. crocea and its cell
line (large yellow croaker fry (LYCF) cells). We
subsequently detected a marked increase in the
antioxidant systems of the fish. However, imbalance
between the pro-oxidation and antioxidation systems
ultimately led to excessive ROS and oxidative stress.
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Cell viability showed a remarkable decrease while
oxidative indicators, such as malondialdehyde,
protein carbonylation, and 8-hydroxy-2
deoxyguanosine, showed a significant increase after
hypoxia, accompanied by tissue damage. N-
acetylcysteine (NAC) reduced ROS levels, alleviated
oxidative damage, and improved cell viability in vitro.
Appropriate uptake of ROS scavengers (e.g., NAC
and elamipretide Szeto-Schiller-31) and inhibitors
(e.g., apocynin, diphenylene iodonium, and 5-
hydroxydecanoate) may be effective at overcoming
hypoxic toxicity. Our findings highlight previously
unstudied strategies of hypoxic toxicity resistance in
marine fish.
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INTRODUCTION

Dissolved oxygen (DO), i.e., molecular oxygen dissolved in
water, is the primary source of oxygen for most aquatic
organisms. Unlike the terrestrial environment, hypoxia with
DO<2 mg/L occurs frequently in aquatic ecosystems (Diaz,
2001) due to contamination, high-density fish breeding, algal
blooms, and elevated temperatures (Mahfouz et al., 2015). Of
concern, both the frequency and severity of hypoxia in marine
environments are expected to increase under climate change
(Breitburg et al., 2018). Environmental hypoxia can disturb
homeostasis in fish, resulting in reduced food intake, growth
rate, and fertility, and even death (Martinez et al., 2011;
Schulte, 2014).

Stressors, including hypoxia, can induce the overproduction
of reactive oxygen species (ROS), such as hydrogen dioxide
(H,0,), superoxide anion (O,"), and hydroxyl radicals (*OH),
in aerobic organisms (Leonarduzzi et al., 2010). ROS are
produced by the mitochondrial electron transport chain (ETC)
(Sommer et al.,, 2010), cytochrome P450 system (Leung &
Nieto, 2013), heme protein auto-oxidation (Almeida et al.,
2015), NADPH oxidase (NOX) complex (DeCoursey, 2016),
xanthine oxidase (XO) (Meneshian & Bulkley, 2002), nitric
oxide synthases (NOS) (Pacher et al., 2007), and fatty acid -
oxidation within peroxisomes (Fransen et al, 2012). The
mitochondrial mechanism of ROS production involves
electrons escaping from the ETC and reacting with O, to
produce O, - (Brownlee, 2005; Jastroch et al., 2010). In
contrast, NOXs sequentially transfer electrons from NADPH to
flavin adenosine dinucleotide (FAD), heme groups, and then
to molecular oxygen, producing superoxide (Gimenez et al.,
2016). In higher animals, the ETC (Hernansanz-Agustin et al.,
2017) and NOX complex (Lu et al., 2012) are sources of
excess ROS under hypoxic stress. However, studies on the
origins of ROS in marine fish under environmental hypoxia
remain scarce.

Corresponding to ROS production, organisms possess
integrated antioxidant defense systems to help regulate
cellular ROS homeostasis. These defense systems consist of
enzymatic antioxidants, such as superoxide dismutase (SOD),
catalase (CAT), glutathione peroxidase (GPx), peroxidase
(POD), glutathione S-transferase (GST), and glutathione
reductase (GR), and non-enzymatic antioxidant molecules,
such as reduced glutathione (GSH), uric acid, ascorbic acid,
and carotenes (Guérin et al., 2001; Ming et al., 2019). If
excessive ROS are not counteracted by the antioxidant
defense system, they will promptly attack major cellular
macromolecules, including lipids, proteins, and DNA, resulting
in the production of malondialdehyde (MDA), protein carbonyls
(PCO), and 8-hydroxy-2 deoxyguanosine (8-OHdG), as well
as cell function loss, apoptosis, and necrosis (Holowiecki et
al., 2017; Klein & Ackerman, 2003).

The large yellow croaker (Larimichthys crocea) is an
economically and nutritionally important mariculture fish, with
an annual yield of 225 549 tons in China in 2019 (Fishery
Administration of the Ministry of Agriculture and Rural Areas et

al., 2020). However, the frequent occurrence of the “floating
head” phenomenon due to environmental hypoxia has
seriously reduced farming efficiency and become a major
constraint hindering the L. crocea fishery industry (Liu et al.,
2018). Thus, exploring the mechanism underlying hypoxic
stress-adaptation strategies in L. crocea is essential, starting
with  the redox homeostasis regulation mechanism.
Nevertheless, research on the redox regulatory system in L.
crocea in response to hypoxia is relatively scarce. We
previously showed that acute hypoxia enhances SOD and
CAT activity in L. crocea (Wang et al., 2017), indicating that
the enzymatic antioxidant system plays a crucial role in
hypoxia-stressed L. crocea. In the present study, we first
examined whether hypoxia induces excessive ROS production
and determined the main sources of ROS in L. crocea under
hypoxic conditions. Second, we tested the responses of the
antioxidant defense system to hypoxia-induced ROS
overproduction. Third, we identified organism/cell fate when
the redox homeostasis regulation system is insufficient to
withstand excessive ROS. Furthermore, we explored whether
ROS eliminators and inhibitors can reverse oxidative stress
and cell viability decline caused by hypoxia using an in vivo
hypoxia model. Our findings could be used to improve hypoxic
tolerance in marine fish.

MATERIALS AND METHODS

Fish experiments and sample collection

We obtained L. crocea (length 15.90+1.52 cm, body weight
63.61+6.63 g) from Fufa Aquatic Products Co., Ltd. (Ningde,
China). The fish were domesticated under normoxic conditions
(DO 8.0-8.5 mg/L) for two weeks prior to the experiment. A
total of 240 fish were randomly divided into six toughened
plastic tanks (800 L each). Three tanks were used as the
hypoxia-treated groups (HTGs) and three tanks were used as
the normoxia-control groups (NCGs). For the HTGs, the DO in
each tank was adjusted to 2.0 mg/L within 10 min of starting
the experiment by injecting nitrogen, and was then maintained
at 2.0£0.1 mg/L for 96 h. For the NCGs, treatment was
consistent with the domestication conditions. A HACH DO
probe system (HACH LDO Il, HACH, USA) was used to
monitor and maintain DO in real time. Samples were collected
at 0, 6, 24, 48, and 96 h after starting the experiment. At each
time point, three fish were taken from each tank and dissected
on an ice-covered tray. Dissected gill and liver samples were
frozen in liquid nitrogen and stored at —80 °C. The principles
and procedures of sampling were in strict accordance with the
requirements of the Governing Regulation for the Use of
Experimental Animals in Zhejiang Province (Zhejiang
Provincial Government Order No. 263, released 17 August
2009, effective from 1 October 2010) and were approved by
the Animal Care and Use Committee of Ningbo University.

Cell culture and hypoxic challenge

The large yellow croaker fry (LYCF) cell line was kindly
provided by Dr. You-Hua Huang, South China Agricultural
University. The LYCF cells were cultured in Leibovitz's-15
Medium (Gibco, USA) supplemented with 10% (v/v) fetal
bovine serum (Gibco, USA) and 200 pg/mL of penicillin-
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streptomycin (Gibco, USA) at 27 °C. For the normoxic
conditions, the cells were cultured in an incubator. For the
hypoxic treatments, the cells were cultured under hypoxic
conditions at 1% O, and 99% N, in a MIC-101 modular
incubator (Billups Rothenberg, USA) for 0, 1, 3, 6, 12, 24, and
48 h. For the ROS modification experiments, the functions and
concentrations of ROS scavengers (N-acetylcysteine (NAC)
and elamipretide Szeto-Schiller-31 (SS-31)) and inhibitors
(apocynin,  diphenylene  iodonium (DPI), and 5-
hydroxydecanoate (5-HD)) are shown in Table 1. The
following experimental groups were established: normoxia,
hypoxia, hypoxia+NAC, hypoxia+DPI, hypoxia+apocynin,
hypoxia+SS-31, hypoxia+5-HD, and hypoxia+apocynin+5-HD.
All modulators were added to the medium 1 h prior to hypoxic
stress.

Measurement of intracellular and mitochondrial ROS

The levels of intracellular ROS were determined using 2',7'-
dichlorofluorescein diacetate (DCFH-DA, Sigma, USA) and
dihydroethidium (DHE; Beyotime, China) detection as well as
H,0O, and superoxide assay kits (Beyotime). For fluorescence
probe DCFH-DA and DHE detection, we proceeded as
follows: (1) Diluted DCFH-DA and DHE to final concentrations
of 10 ymol/L and 0.5 pmol/L, respectively, with serum-free
medium; (2) Removed the cell culture and added 1 mL of
diluted fluorescence probe to one well of a six-well plate; (3)
Incubated the cells at 27 °C for 20 min; (4) Incubated the cells
with 1xHoechst 33342 (Beyotime) at 27 °C for 5 min to label
the nucleus; and (5) Photographed the cells with a laser
confocal microscope (LSM880, Carl Zeiss, Germany) and
measured fluorescence intensity with a FACSCalibur flow
cytometer (Becton Dickinson, USA) or a fluorescence
microplate reader (Varioskan Flash, Thermo Fisher Scientific,
USA). The H,0, assay kit was used to measure intracellular
H,O, levels in the cell lysate, culture supernatant, and liver
tissue supernatant. The superoxide assay kit was applied to
measure intracellular superoxide in the LYCF cells.

The MitoSOX Red mitochondrial superoxide indicator
(Yeasen, China) was used to trace mitochondrial ROS. The
procedure was the same as for fluorescence probe DCFH-DA
and DHE detection, except that the working concentration of
the MitoSOX Red mitochondrial superoxide indicator was 2.5
pmol/L and the incubation conditions were 20 min at 27 °C.

Detection of antioxidative indicators

To examine the responses of the antioxidant system in L.
crocea, we detected the total antioxidant capacity (T-AOC),
SOD, CAT, POD, GPx, GST, and GR enzyme activity, and
GSH and glutathione disulfide (GSSG) levels in vivo and in
vitro using appropriate assay and content detections kits for T-
AOC, total SOD, CAT, total GPx (Beyotime), GST, GR

(Solarbio, China), peroxidase (Nanjing Institute of
Bioengineering, China), GSH, and GSSG (Solarbio, China)
according to the manufacturers’ instructions. The fluorescent
probe naphthalene-2,3-dicarboxaldehyde (NDA) was used to
assess GSH levels in the LYCF cells. In brief, 1 mL of NDA
diluted with serum-free medium to a final concentration of 500
pmol/L was added to one well of a six-well plate and
incubated at 27 °C for 30 min. The cells were washed twice
with phosphate-buffered saline and then observed with a
confocal microscope or analyzed with a flow cytometer.

Determination of oxidative stress markers MDA, PCO, and
8-OHdG

The levels of lipid peroxide MDA, protein oxidative indicator
PCO, and DNA oxidative marker 8-OHdG were measured in
vivo and in vitro using an MDA kit (Nanjing Institute of
Bioengineering), PCO content detection kit (Solarbio, China),
and fish 8-OHdG ELISA kit (Chenglinbio, China), respectively,
in accordance with the manufacturers’ instructions.

Histological and cellular lesion analysis

For histological analysis, gill and liver tissue samples from fish
in the NCGs and HTGs were sampled at 96 h, cut into cubes,
and fixed for 24 h in Bouin’s fixative. Subsequently, the
samples were rinsed in 70% ethanol for 48 h, dehydrated in a
graded ethanol series, embedded into paraffin blocks,
sectioned at 5 pm thickness, stained with hematoxylin and
eosin, and then observed under an optical microscope
(Olympus BX51; Olympus, Japan). For ultrastructural analysis,
sample preparation and staining were performed according to
Or6 et al. (2016). The sections were examined and
photographed with a transmission electron microscope (TEM;
H-7650; Hitachi, Japan).

Cell viability assay

Cell viability was evaluated using a cell counting kit (CCK-8;
MedChem Express, USA) according to the manufacturer’s
instructions. In brief, cells were plated in 96-well plates at a
concentration of 1x10* cells per well. After treatment, 10 uL of
CCK-8 reagent was added to each well and allowed to react
for 2 h. Absorbance at 450 nm was measured with a
microplate reader (SPECTRA MAX 190; Molecular Devices,
USA).

Comparative transcriptome analysis

Total RNA was extracted from liver and gill tissues sampled at
0, 6, 24, 48, and 96 h after exposure to hypoxic stress using
TRIzol reagent (Invitrogen, China) according to standard
protocols. The integrity, purity, and concentration of each RNA
sample were validated, as described in our previous study
(Ding et al., 2020). Equal amounts of RNA isolated from the
livers and gills of six individuals at each time point were

Table 1 ROS modulators used in this study and their working concentrations

Modulator Function Working concentration (umol/L)
NAC ROS scavenger 1000

5-HD Mitochondrial ROS-specific inhibitor 100

SS-31 Mitochondrial ROS-specific scavenger 5

Apocynin Inhibitor of NOX-derived ROS, blocking assembly of NOX complexes 100

DPI Inhibitor of NOX-derived ROS, inhibiting activity of NOX subunits 1
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pooled and used for library construction. The cDNA libraries
prepared from gill and liver tissues of fish exposed to different
hypoxic durations were labeled Gi-Oh, Gi-6h, Gi-24h, Gi-48h,
Gi-96h, Li-Oh, Li-6h, Li-24h, Li-48h, and Li-96h, respectively.
Sequencing library construction and transcriptome sequencing
were conducted using the lllumina HiSeq 2500 platform at
Beijing BioMarker Technologies (China) following the
manufacturer’s instructions. Data filtering, reference genome
sequence mapping (accession No.: PRJINA354443), and
transcript expression calculation were conducted using
BMKCloud (www.biocloud.net).  Differential  expression
analysis was performed using the EBseq R package (Leng et
al., 2013). Significant differential expression thresholds were
set to P<0.05 and |log,(fold-change)|z1. The differentially
expressed transcripts (DETs) were aligned to the Nr, GO,
Swiss-Prot, KEGG, KOG, eggNOG, COG, and Nt databases.
Candidate DETs potentially associated with oxidative stress
and cellular redox regulation were identified based on
enrichment analyses, annotations, manual literature searches,
and real-time quantitative polymerase chain reaction (RT-
gPCR) experiments.

RT-gPCR

To validate the reliability of the expression data obtained from
transcriptome sequencing in L. crocea, we analyzed the
transcript expression patterns of 10 genes involved in redox
regulation based on RT-gPCR using a LightCycler 480
instrument (Roche, Switzerland). The primers used for RT-
gPCR are listed in Supplementary Table S1. cDNA synthesis
and RT-gPCR analysis were performed as described
previously (Luo et al., 2019).

Statistical analysis

Data are expressed as meantstandard error of the mean
(SEM). All statistical analyses were carried out using SPSS
v21.0 (IBM, USA). Significant differences between two groups
were determined using the two-tailed independent samples t-
test. Significant differences between three or more groups
were determined using one-way analysis of variance
(ANOVA), followed by Tukey’s post hoc test. For all line charts
and histograms, “*” indicates a significant difference (P<0.05)
compared with another set of data and “**” indicates an
extremely significant difference (P<0.01).

RESULTS

Hypoxia drives overproduction of ROS both in vivo and in
vitro

We used in vivo and in vitro hypoxia models to investigate
whether hypoxia can increase the level of ROS in large yellow
croaker cells. Results showed that the fluorescence intensities
of ROS (Figure 1A) and O, (Figure 1F) in LYCF cells were
markedly increased after hypoxia treatment. Mean
fluorescence intensity (MFI) of the ROS indicator increased
substantially after 12, 24, and 48 h of hypoxia treatment
(Figure 1C—E). Analogously, the MFI of the O, indicator
increased after 24 h of hypoxia treatment (Figure 1G).
Fluorescence microplate reader measurements also showed a
marked increase in DCFH-DA-labelled intracellular ROS levels
in LYCF cells exposed to hypoxia (Figure 1H). Intracellular

superoxide levels were elevated in a time-dependent pattern
(Figure 1l1). In addition, H,O, levels in the liver, LYCF cells,
and culture supernatant increased significantly following
environmental hypoxia treatment (Figure 1J—L).

Excessive ROS induced by hypoxia is mainly derived
from mitochondrial ETC and NOX complex pathways
There are multiple sources of ROS in cells under stress or
pathological conditions. To determine whether mitochondria
are the source of ROS in LYCF cells under hypoxic conditions,
we detected the levels of mitochondrial ROS in LYCF cells
and observed a time-dependent enhancement in the
fluorescence intensity of MitoSOX RED (Figure 2A). To verify
the sources of excessive ROS, we pretreated the cells with
NAC, SS-31, 5-HD, apocynin, and DPI separately or in
different combinations prior to hypoxia treatment.

Compared with the hypoxia group, ROS and superoxide
levels in the cells of the hypoxia+NAC, hypoxia+DPI,
hypoxia+apocynin, hypoxia+SS-31, and hypoxia+5-HD groups
were significantly lower, indicating that all five ROS regulators
could reduce ROS levels in LYCF cells under hypoxic stress.
In addition, although ROS and superoxide levels were
significantly lower in the hypoxia+apocynin and hypoxia+5-HD
groups compared to the hypoxia group, they were still
significantly higher than those in the normoxia group,
indicating that separate inhibition of ROS by the NOX complex
and mitochondrial ETC sources significantly reduced ROS and
superoxide levels in LYCF cells under hypoxic stress. The
levels of ROS and superoxide in the hypoxia+apocynin+5-HD-
treated cells did not differ significantly from levels in the
normoxia group, indicating that ROS and superoxide levels in
LYCF cells recovered to normoxia control levels after inhibition
of NOX complex- and mitochondrial ETC-derived ROS under
hypoxic stress (Figure 2B, C).

High-level ROS stimulates antioxidant system in vivo and
in vitro

In both liver and LYCF cells, T-AOC (Figure 3A, B) and SOD
(Figure 3C, D), CAT (Figure 3E, F), POD (Figure 3G, H), GPx
(Figure 3I, J), GST (Figure 3K, L), and GR activities (Figure
3M, N) were activated by hypoxia. In contrast, GSH was
depleted in a time-dependent manner (Figure 30, P),
accompanied by a gradual rise in GSSG levels (Figure 3S, T).
Correspondingly, the GSH/GSSG ratio was gradually
attenuated (Figure 3U, V). Data generated from the NAD
labeling experiments also showed a significant decrease in
intracellular GSH levels after 24 h of hypoxia treatment
(Figure 3Q, R).

RNA sequencing (RNA-seq) and RT-qPCR analyses
confirm initiation of redox regulatory system

To examine whether hypoxia affects the expression of genes
related to ROS homeostasis, we performed comparative
transcriptome analysis on the liver and gills of L. crocea
exposed to hypoxic stress for 0, 6, 24, 48, and 96 h. We
screened 536 DETs involved in cellular redox homeostasis
(Supplementary Table S2). Based on the functional
importance of the annotated DETSs, we generated a shortlist of
76 crucial transcripts encoding antioxidant enzymes
(Figure 4A), proteins related to ROS generation (Figure 4B),
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Figure 1 Hypoxia induces an increase in ROS levels

A: Representative fluorescence photomicrographs of ROS levels (green) in LYCF cells with/without hypoxia for 24 h. DIC: Differential interference
contrast. B-E: FACS analysis of ROS levels in LYCF cells with/without hypoxia for 0, 12, 24, and 48 h, respectively. MFI: Mean fluorescent
intensity. F: Representative fluorescence photomicrographs of O, levels (red) in LYCF cells with/without hypoxia for 24 h. G: FACS analysis of O,
levels in LYCF cells with/without hypoxia for 24 h. H: Fluorescence microplate reader measurement of changes in intracellular ROS levels
(fluorescence OD value) in LYCF cells with/without hypoxia. I: Superoxide assay of changes in intracellular superoxide levels in LYCF cells
with/without hypoxia. J-L: H,0, assay of changes in H,O, levels in LYCF cells, culture supernatant, and liver, respectively. ": P<0.05; ™: P<0.01.

and redox-regulatory factors (Figure 4C). After hypoxia
treatment, most transcripts encoding antioxidant enzymes
were up-regulated (Figure 4A), most transcripts encoding
ROS production-related proteins were moderately up-
regulated (Figure 4B), and most transcripts encoding redox-
regulatory factors were markedly down-regulated (Figure 4C).
The expression levels of 10 redox-related transcripts were
analyzed by RT-qPCR. Notably, among these 10 genes, the
expression levels of gpx3, mgst1, mgst2, and mgst3 were
significantly induced in the liver by hypoxia (Figure 4D). The
gene expression data obtained by RT-gPCR and the RNA-seq
data were highly consistent (Figure 4D) and strongly
correlated, with a Pearson correlation coefficient of 0.9228
(Figure 4E). These results confirmed the reproducibility and
reliability of the RNA-seq data.

Redundant ROS attack biomacromolecules, resulting in
histopathological changes and cellular lesions

To further verify the effects of excessive ROS, we evaluated
the MDA, PCO, and 8-OHdG levels using in vivo and in vitro
models. With increasing duration of hypoxic stress, MDA
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(Figure 5A, B), PCO (Figure 5C, D), and 8-OHdG (Figure 5E,
F) levels in both liver and LYCF cells increased markedly
compared with levels in the normoxia group. Histopathological
and ultrastructural analyses were performed to examine the
effects of environmental hypoxic stress on tissue and cell
morphology in L. crocea. Gill sections from the NCGs showed
typical structures, with secondary lamellae (SL) on the sides of
gill flaments arranged in parallel arrays with normal pillar cells
(PCs) and epithelial cells (EPs) (Figure 5G-J). After 96 h of
exposure to hypoxia, partial gill lesions were observed in the
HTGs, including vacuolation in some PCs, fewer hemocytes
(HCs) in the efferent and afferent branchial arteries (EBA and
ABA), detachment of EPs from SL, and partial fusion of SL
(Figure 5K-N). The NCG liver sections showed normal,
compactly arranged hepatocytes and vessels filled with
normally shaped HCs (Figure 50, Q). Following 96 h of
hypoxia treatment, the hepatic tissues showed some
pathological characteristics in several areas. For example,
HCs in some blood vessels were unevenly distributed and
stacked together; the shape of HCs and their nuclei changed
from rounded to elongated (Figure 5P); and the pancreas
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Figure 2 Hypoxia-induced excessive ROS is mainly derived from mitochondrial ETC and NOX pathways

A: Representative fluorescence photomicrographs of mitochondrial superoxide levels (red) in LYCF cells with/without hypoxia for 24 and 48 h. B:
Fluorescence microplate reader measurement of changes in intracellular ROS levels (fluorescence OD value) in LYCF cells with/without hypoxia
and/or NAC, DPI, apocynin, SS-31, 5-HD, or their combination for 24 h. C: Superoxide assay of intracellular superoxide levels in LYCF cells
with/without hypoxia and/or NAC, DPI, apocynin, SS-31, 5-HD, or their combination for 24 h. Different letters on bars represent statistically

significant intergroup differences.

partially swelled, and the number of HCs increased, showing
characteristics of congestion (Figure 5R). A normal hepatic
ultrastructure, characterized by clustered formation of
mitochondria with clear cristae and rounded and central nuclei
and nucleoli, was observed in the NCGs (Figure 5S, T).
Hepatocytes from the HTGs showed some pathological
characteristics, such as regressed mitochondrial cristae
(resulting in mitochondrial vacuolation), nucleus deformation,
and uneven chromatin distribution (Figure 5U, V).

NAC eliminates excessive ROS in LYCF cells and
alleviates oxidative toxicity

Given the oxidative effects of hypoxia-induced ROS, we
further explored whether ROS eliminator NAC can mitigate the
oxidative toxicity caused by hypoxia in LYCF cells. We found
that NAC effectively alleviated the reduction in cell viability
caused by hypoxia treatment, and the effect was most
pronounced at a concentration of 1 mmol/L NAC (Figure 6l).
The fluorescence intensity of ROS, O,™, and mitochondrial
superoxide in cells increased after hypoxia treatment, but the
effects were reversed by NAC pretreatment (Figure 6A).
Analogously, quantitative fluorescence-activated cell sorting
(FACS) analysis revealed that NAC pretreatment effectively
alleviated the increase in ROS and O, levels after 24 h of
hypoxia treatment (Figure 6B, C). As expected, the levels of
H,O, (Figure 6D), superoxide (Figure 6E), MDA (Figure 6F),
PCO (Figure 6G), and 8-OHdG (Figure 6H) in the
NAC+hypoxia group were lower than the levels in the hypoxia
group.

DISCUSSION

Whether hypoxia can induce ROS generation remains

controversial, as a decrease in ROS levels can be easily
explained by decreased substrate (oxygen) availability and an
increase in ROS during hypoxia seems counterintuitive
(Sommer et al., 2016). However, among the various studies
investigating this issue, most support the paradox that hypoxia
enhances ROS production (Balogh et al., 2019; Guzy et al.,
2005; Waypa et al., 2001). Studies on hypoxic stress-induced
overproduction of ROS have also been reported in fish. For
example, Rahman & Thomas (2011) detected a significant
increase in O, levels in the livers of Micropogonias undulatus
after 4 weeks of chronic hypoxic stress. Baldissera et al.
(2020) examined ROS levels in the gills of catfish
(Lophiosilurus alexandri) after 72 h of hypoxic stress using
DCFH-DA fluorescent probes and showed that ROS levels
were significantly higher than levels in the normoxia group.
These studies support the view that hypoxia induces
significant ROS production. Similarly, we examined ROS
levels in L. crocea liver samples and LYCF cells after hypoxic
stress using corresponding biochemical kit assays and
fluorescent probes. Results showed that H,O, levels in the
livers of the hypoxia group were significantly higher than those
in the normoxia group. The intracellular O, -, mitochondrial
0,7, H,0,, and superoxide levels in hypoxic LYCF cells were
also significantly higher than those in the normoxia group,
indicating environmental hypoxia induces the overproduction
of multiple ROS in L. crocea, thus favoring the paradox
mentioned above. However, the underlying mechanisms
require further investigation.

Studies in mammals have shown that the ETC and NOX
complex are the sources of excess ROS in organisms
exposed to hypoxic stress. Hernansanz-Agustin et al. (2017)
found that elevated O,™ in bovine aortic endothelial cells under

Zoological Research 42(5): 592—605, 2021 597



B £ = s
2 = Normoxia # Hypoxia [Liver] £ 1.0r = Normoxia = Hypoxia % 30p= Normoxia = Hypoxia Liver ‘%a: 50r = Normoxia = Hypoxia LYCF
s 1.8 s a a
0.8] sksk o 25 >
] B § . g F . E 40 ET]
21 - EO’S,:.M& Emm £
£ = 2 ’ 3
% 0o 5 04 g 10 2
£ - f 0.2 § 5 g 10
(5]
Qo o = 0 [z
X g 0 3 6 12 24 48 9% s 0
g 00— 6 12 24 48 9% £ 00 1 3_6 12 24 48 ke g 0 36 12 24 48
E Time (h) F Time (h) G Time (h) I:l Time (h)
'553 100; = Normoxia ‘HYPOXia* £ 10 = Normoxia = Hypoxia LYCF -5 507 = Normoxia # Hypoxia Liver ;‘—:T 140 = Normoxia = Hypoxia
s sk gk D % g s
4
§ 80 Hok § 8 wok § 0 Rk 5120 v ok g
2 6 S &% gy 3D * S 100 -
> > > > i !
2 2 4 Z 20 ) £ 80 +
g 4 g 2 S 10 S i T 60
i i a a
g g <] o
O 07536 12 24 48 o6 © O 6 4 3 6 2 22 a8 = O 0 35 6 12 24 48 95 = 06 1 3 6 12 24 48
I Time (h) J Time (h) K Time (h) L Time (h)
£ i i £ i i £ 16r = Normoxia = Hypoxia £ . i i
2 2100; = Normoxia = Hypoxia iver g 80r = Normoxia = Hypoxia g yp ] 1000r= Normoxia = Hypoxia
4 8 sk [ *k 13
; 1800 wx ¥ ; 60 ok ; 12| sk * Ok * ; 800 % s KX ok
E 1500 folol E * £ E
S sk 5 S 5 600 )
E 1200 * E 40 ’ J z 8 T £ o0 ) ]
£ 900r =—% 3 —4—3 Z EI £
S 600 g g g 200
x M » =
& 036 12 24 48 9% &5 O 5 & 12 27 5 © O3 % 12 24 48 96 9 O 0 1 3 6 12 24 48
M Time (h) N Time (h) O Time (h) P Time (h)
% 8- = Normoxia = Hypoxia ;E: = Normoxia # Hypoxia g 100; = Normoxia = Hypoxia Liver 'dé: 160; = Normoxia = Hypoxia
o *%k 9 16 S 3
g sk kok 2 sk 2 8o 8
& g sk s koo s 5 sk
o o ¥ oxx ° k% sk ok A% g 20 [ % x KF
£ E 19 £ 60 ; ; E :
o : 2, 2 0
3 3 8 3
3 2 k+ 08 8 20 & 40
© © T T
o
g 0 O 04 g 0 g 0
0 3 6 12 24 48 96 0 1 3 6 12 24 48 0 3 6 12 24 48 96 0 1 3 6 12 24 48
Time (h) Time (h) Time (h) Time (h)
Q R S T
s t 5 30 = Normoxia = Hypoxia £ 8 = Normoxia = Hypoxia LYCF
£ ]
8 [T —— a 24 g.
> [ve—y o o O
= 5 18 £ PR
— =
Normoxia H 2 12 2 4 Hok
HE=—= : S
S 2 3 o
2 o o
T (7}
10 & 0 g o
DA 0 3 6 12 24 48 9 © 0 1 3 6 12 24 48
1.5 U Time (h) V Time (h)
E 1.0 %%k 8 = Normoxia = Hypoxia @ 60r = Normoxia = Hypoxia
v 2 - ek ° *
£ o £ B g BE #k g 50 o P R
8 0. T =40 -
. o
Hypoxia & 3 4 é 30 )
o ]
0.0 % ‘% 20
2 2 2
o Qo"'\ © € 10
O\ S)
éo <& 0 0 3 6 12 24 48 96 0 0 1 3 6 12 24 48
Time (h) Time (h)

Figure 3 Increased ROS drives antioxidant system in L. crocea and LYCF cells under hypoxic conditions

A, B: T-AOC assay of changes in T-AOC in liver and LYCF cells with/without hypoxia. C, D: Total SOD activity assay of changes in SOD activity in
liver and LYCF cells with/without hypoxia. E, F: Changes in CAT activity in liver and LYCF cells with/without hypoxia. G, H: Changes in POD activity
in liver and LYCF cells with/without hypoxia. I, J: Changes in total GPx activity in liver and LYCF cells with/without hypoxia. K, L: Changes in total
GST activity in liver and LYCF cells with/without hypoxia. M, N: Changes in GR activity in liver and LYCF cells with/without hypoxia. O, P: Changes
in GSH level in liver and LYCF cells with/without hypoxia. Q: Representative fluorescence photomicrographs of GSH level (green) in LYCF cells
with/without hypoxia for 24 h. R: FACS analysis of GSH levels in LYCF cells with/without hypoxia for 24 h. S, T: Changes in GSSG levels in liver
and LYCF cells with/without hypoxia. U, V: Changes in GSH/GSSG ratio in liver and LYCF cells with/without hypoxia. ": P<0.05; ™: P<0.01.

hypoxic stress is dependent on the deactivation of
mitochondrial complex | in the ETC. In addition, Lu et al.
(2012) found that superoxide in rat hippocampal slices in
response to hypoxic stress is derived from the NOX complex.

Given that excessive ROS is a mediator of hypoxic oxidative
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toxicity, exploring the sources of ROS in an organism under
hypoxia may provide new insights to reduce hypoxic toxicity.
However, to the best of our knowledge, research on the
sources of excessive ROS induced by environmental hypoxia
in marine fish has not been reported. In the present study,
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Figure 4 RNA-seq and RT-qPCR analyses characterize dynamic expression patterns of numerous key redox-related genes
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factors. D: Expression levels (log,FC) of selected DETs determined by RT-qPCR and RNA-Seq. E: Correlation of log,FC between RT-qPCR assay

(x-axis) and RNA-seq (y-axis).

separate inhibition of ROS derived from the NOX complex and
mitochondrial ETC pathways significantly reduced the levels of
ROS and superoxide in the LYCF cells under hypoxic stress.
Furthermore, after blocking the NOX complex and
mitochondrial ETC pathways, the levels of ROS and
superoxide in the hypoxia group LYCF cells recovered to the
levels found in the normoxia control group. These findings

indicate that excessive ROS caused by hypoxia in LYCF cells
is mainly derived from mitochondrial ETC and NOX complexes
rather than other cellular systems. Thus, this study provides
new insight into the origins of excessive ROS in marine fish
under hypoxia. However, the sources of ROS overproduction
at the in vivo level in L. crocea under hypoxic stress need to
be further investigated.
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Figure 5 Excessive ROS leads to lipid peroxidation, protein carbonylation, DNA oxidation, histopathological changes, and cellular
lesions

A, B: Changes in MDA levels in liver and LYCF cells with/without hypoxia. C, D: Changes in PCO levels in liver and LYCF cells with/without
hypoxia. E, F: Changes in 8-OHdG levels in liver and LYCF cells with/without hypoxia. Light micrograph sections show histological structures of gills
from L. crocea under normoxic (G, H, I, and J) and hypoxic conditions (K, L, M, and N). NCGs show different components of gill filaments with
normal architecture, including cartilage tissue (CT), secondary lamellae (SL), pillar cell (PC), epithelial cell (EP), efferent branchial artery (EBA),
hemocyte (HC), and afferent branchial artery (ABA). HTGs show abnormal filaments; some PCs demonstrated vacuolation (green arrowhead); HCs
in ABAs and EBAs decreased (black arrowhead); PCs were shed from SL (red arrowhead); partial SL were fused (blue arrowhead). G, K, I, and M
show cross-section of gill filament; H, L, J, and N show vertical section of gill filament. Light micrograph sections show histological structures of L.
crocea livers under normoxia (O, Q) and hypoxia (P, R). Sections from NCGs (O, Q) show normal histology, compactly arranged hepatocytes, and
vessels filled with normally shaped HCs (arrow). Sections from HTGs (2.0 mg/L for 96 h; P, R) show HCs in some blood vessels are unevenly
distributed and stacked together (intermittent black elliptical circle). Shape of HCs and their nuclei changed from rounded to elongated (arrow).
Pancreas showed partial swelling (intermittent red elliptical circle) and number of HCs increased (asterisk). S, T: Hepatic ultrastructure in NCGs was
normal, exhibiting normal mitochondria with clear cristae, and rounded and centralized nuclei and nucleoli. U, V: Pathological changes were
observed in samples taken from HTGs, including regression of cristae in mitochondria, resulting in mitochondrial vacuolation (asterisk), deformed
nuclei, and uneven chromatin distribution (red arrow). N (nucleus); NO (nucleoli); M (mitochondria). Red-bordered boxes in O and P show
magnification of HCs. ": P<0.05; : P<0.01.
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Figure 6 NAC scavenges excessive ROS in LYCF cells exposed to hypoxia, alleviates oxidative toxicity, and promotes cell viability

A: Representative fluorescence photomicrographs of ROS (DCFH-DA, green), O, (DHE, red), and mitochondrial superoxide levels (MitoSOX RED,
red) in LYCF cells with/without NAC pretreatment or hypoxia for 24 h. B, C: FACS analysis of ROS and O, levels in LYCF cells with/without NAC
pretreatment or hypoxia for 24 h. D: H,0, assay of changes in H,O, levels in LYCF cells with/without NAC pretreatment or hypoxia for 24 h. E:
Superoxide assay of changes in intracellular superoxide levels in LYCF cell with/without NAC pretreatment or hypoxia for 24 h. F—-H: MDA, PCO,
and 8-OHdG levels in LYCF cells with/without NAC pretreatment or hypoxia for 24 h. I: Viability of LYCF cells with/without 1 mmol/L/200 pmol/L/40

umol/L NAC pretreatment or hypoxia for 24 h. ": P<0.05; ”: P<0.01.

ROS are recognized as essential “second messengers” in
many cellular signaling processes (Hansen et al., 2016; Tezel,
2006). However, excessive ROS production is a trigger for
oxidative damage to biomolecules. ROS can be neutralized by
enzymatic or non-enzymatic reactions (Nordberg & Arnér,
2001). In our study, the remarkable rise in SOD, CAT, GPx,
POD, GST, and GR activities induced by hypoxia
demonstrated that environmental hypoxia activates the
enzymatic antioxidant defense system in L. crocea. Similar
results have been reported in several other fish studies. Yang
et al. (2021) reported that SOD activity in Phoxinus lagowskii

liver is significantly elevated under hypoxic stress. Zhao et al.
(2020) reported that SOD and CAT activities first increase
then decrease in the gills and livers of Micropterus salmoides
exposed to environmental hypoxia. Yang et al. (2017) found
that CAT and GPx activities are significantly enhanced in the
liver and muscle of M. salmoides under acute hypoxic stress.
Zhang et al. (2016) reported that GR and GST activities in the
liver of Pelteobagrus vachelli are significantly increased under
acute hypoxic stress. In addition, in the current study, many
antioxidant genes, such as sod3, gpx3, gpx5, grx1, grx5,
prdx3, prdx4, prdx6, pxdn, txnrd1, txnrd2, txndc3, txndch,
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msrb1a, srxn1, and gsts, were identified as DETs in response
to hypoxia, further indicating that the enzymatic antioxidant
defense system was globally activated in L. crocea under
hypoxic stress. GSH is an important non-enzymatic
antioxidant in living organisms and plays a vital role in the
antioxidant defense system. Under stress conditions, GSH
reacts with H,O, in the presence of GPx to produce O, and
GSSG in an organism (Labunskyy et al., 2014). In addition,
GSSG is catalyzed by GR to produce GSH (Couto et al.,
2016). In the present study, the decreases in the GSH level
and GSH/GSSG ratio indicate that GSH was gradually
depleted as a reducing substrate during antioxidation.
Similarly, Wischhusen et al. (2020) reported that GSH levels
are significantly reduced in rainbow trout (Oncorhynchus
mykiss) fry under hypoxic stress.

The high levels of ROS observed in our in vivo and in vitro
hypoxia models indicated that the antioxidant defense system
did not successfully counteract super-abundant ROS. There is
no doubt that high levels of ROS adversely affect organisms,
with high levels of MDA, PCO, and 8-OHdG induced by
excessive ROS widely reported (Gong et al., 2017;
Gurunathan et al., 2020; Mukhopadhyay et al., 2012). In this
study, the high levels of MDA, PCO, and 8-OHdG indicate that
the hypoxia-induced excessive ROS impaired the plasma
membrane, proteins, and genome DNA, leading to oxidative
stress. Similar reports on oxidative stress caused by hypoxia
have been described in other fish species. For example, Zhao
et al. (2020) reported that under hypoxic stress, MDA levels in
the gill and liver of M. salmoides increase significantly;
Rahman & Thomas (2017) revealed that PCO levels are
significantly higher in the brains and livers of Atlantic croaker
fish collected from hypoxic regions than from normoxic
regions; Mustafa et al. (2011) found that the level of DNA
damage in erythrocytes of common carp (Cyprinus carpio L.)
is significantly increased after 24 h of hypoxic stress (1.8
mg/L); Lushchak et al. (2005) reported that the levels of lipid
peroxide thiobarbituric acid reactive substance (TBARS) are
significantly higher in the liver of common carp in response to
environmental hypoxia.

Kim et al. (2007) reported that an imbalance in ROS
homeostasis can lead to mitochondrial damage, resulting in
the production and release of ROS due to mitochondrial
dysfunction, forming a harmful cycle and inducing further
imbalance in intracellular ROS homeostasis. In the present
study, we observed mitochondrial vacuolization in many L.
crocea hepatocytes after hypoxic stress for 96 h. This may be
due to excessive ROS induced by hypoxic stress attacking the
mitochondria, with the damaged mitochondria producing more
ROS, thus exacerbating oxidative stress and eventually
leading to cell and tissue damage.

The above results demonstrate that redox balance is crucial
for the adaptation of L. crocea to hypoxia. Interventions
targeting ROS are a promising approach for improving
hypoxia tolerance. NAC, a cell-permeable precursor of GSH
(Viscomi et al., 2010), prevents GSH depletion and induces
GPx activity (Kigawa et al., 2000; Mani et al., 2006; Saxena et
al., 2019) and has been used as a generic antioxidant to
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reduce total ROS (Ezerina et al., 2018). In the present study,
we found that NAC effectively mitigated hypoxia-induced ROS
overproduction, reduced MDA, PCO, and 8-OHdG levels, and
enhanced cell viability. Thus, removal of excessive ROS could
effectively alleviate the oxidative toxicity caused by hypoxia.
Similar studies on the antioxidant effects of NAC have been
reported in fish cells. Chang et al. (2011) found that NAC pre-
treatment can significantly reduce ROS production induced by
red-spotted grouper nervous necrosis virus in a grouper fin
cell line in zebrafish. Selvaraj et al. (2012) found that NAC can
effectively block As,Os-induced intracellular ROS production
in Poeciliopsis lucida hepatocellular carcinoma line 1 (PLHC-
1) cells. Liu et al. (2017) found that NAC can lower ROS levels
in the epithelioma papulosum cyprini cells of carp after spring
viraemia of carp virus infection, which usually results in a time-
dependent increase in ROS generation.

In addition to NAC, there are many other ROS inhibitors,
such as apocynin, DPI, SS-31, and 5-HD. Apocynin and DPI
limit the production of ROS by inhibiting NOX activity;
apocynin inhibits NOX complex assembly (Drummond et al.,
2011; Suzuki et al., 2013) and DPI functions as a flavoprotein
inhibitor that reduces all NOXs (Lu et al., 2017). SS-31 targets
the mitochondrial inner membrane to reduce ROS in
mitochondria under physiological and pathological conditions
(Szeto, 2008; Zhao et al., 2004) and 5-HD is a specific
inhibitor of mitochondrial adenosine triphosphate-sensitive
potassium (mitoK ATP) channel, thus preventing mitochondrial
ROS production (Doughan et al., 2008). Datta et al. (2009)
reported that NAC, apocynin, and DPI all exert antioxidant
effects in Clarias batrachus. Domarecka et al. (2020) showed
that apocynin has antioxidant and anti-apoptotic properties in
zebrafish. In this study, the levels of ROS and superoxide
in the LYCF cells were significantly lower in the
hypoxia+apocynin,  hypoxia+DPI,  hypoxia+SS-31, and
hypoxia+5-HD groups compared with the hypoxia group,
indicating that apocynin, DPI, SS-31, and 5-HD can
significantly reduce the levels of ROS in LYCF cells under
hypoxic stress. Therefore, although cell viability and oxidative
stress indices of LYCF cells after apocynin, DPI, SS-31, and
5-HD treatment and hypoxic stress were not detected in this
study, we can still speculate that they may play a role in
antioxidation and assist in maintaining ROS homeostasis in
marine fish.

In conclusion, our findings demonstrated that environmental
hypoxia induced considerable ROS production via the ETC
and NOX complex pathways in L. crocea. Although the cellular
redox homeostasis regulatory system was initiated, the
amount of ROS exceeded its regulatory capability and induced
oxidative stress, which caused cellular lesions, decreased cell
viability, and histological damage. Modifiers targeting ROS,
such as NAC, apocynin, DPI, SS-31, and 5-HD, effectively
reduced ROS overproduction and alleviated its adverse
effects on cells (Figure 7). Consequently, appropriate use of
ROS scavengers (e.g., NAC and SS-31) or inhibitors (e.g.,
apocynin, DPI, and 5-HD) may be a potentially effective
strategy to enhance hypoxia tolerance in L. crocea. This study
provides insights into previously unstudied strategies for
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but fails to remove excessive ROS in time, which attacks proteins,
lipids, and DNA in the organism, triggering oxidative stress and
causing tissue and cell damage. Apocynin and DPI prevent ROS
production by inhibiting NOX complex. SS-31 enters mitochondrial
inner membrane to specifically scavenge mitochondrial ROS. 5-HD
inhibits production of mitochondrial ROS by specifically inhibiting mitoK
ATP.

overcoming hypoxic toxicity in marine fish and ways in which
to improve farming efficiency of economically valuable
species.
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