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The hypoxia signaling pathway is an evolutionarily conserved cellular signaling pathway present in animals ranging from
Caenorhabditis elegans to mammals. The pathway is crucial for oxygen homeostasis maintenance. Hypoxia-inducible factors
(HIF-1a and HIF-20) are master regulators in the hypoxia signaling pathway. Oxygen concentrations vary a lot in the aquatic
environment. To deal with this, fishes have adapted and developed varying strategies for living in hypoxic conditions. Investi-
gations into the strategies and mechanisms of hypoxia adaptation in fishes will allow us to understand fish speciation and breed
hypoxia-tolerant fish species/strains. This review summarizes the process of the hypoxia signaling pathway and its regulation,

as well as the mechanism of hypoxia adaptation in fishes.
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Approximately 2.5 billion years ago, photosynthesis led to
the accumulation of oxygen to levels that were likely toxic
to many obligate anaerobes. However, increased availability
of atmospheric O, led to the evolution of an extraordinarily
efficient system of oxidative phosphorylation. In this system,
chemical energy stored in the carbon bonds of organic mol-
ecules is transferred to the high-energy phosphate bond in
ATP, which is then used to power physicochemical reac-
tions in living cells [1]. Additionally, O, serves as the final
electron acceptor in oxidative phosphorylation, which is not
only required for energy production, but is also the direct
substrate of many enzymes. Thus, it is critical for the
growth, development, and reproduction of organisms. Con-
sequently, metazoans have evolved complicated systems of
cellular metabolism and physiology to maintain oxygen
homeostasis and have developed a biochemical response to
low oxygen levels [2]. There are a number of oxy-
gen-sensing pathways that promote hypoxia tolerance by
activating transcription and inhibiting translation: the ener-
gy and nutrient sensor mTOR, the unfolded protein re-
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sponse that activates the endoplasmic stress response, and
the nuclear factor (NF)- kB transcriptional response [3].
However, hypoxia-inducible factors (HIFs) are recognized
as master regulators of the cellular response to hypoxic
stress [4,5].

The hypoxia signaling pathway is evolutionarily con-
served from Caenorhabditis elegans to human beings and it
activates similar or homogenous gene expression, resulting
in similar physical and biochemical responses. Compared
with the terrestrial environment, oxygen concentrations vary
greatly in the aquatic environment [6]. Thus, compared with
most birds and mammals, fishes are tolerant of this varying
oxygen availability. Natural selection by oxygen concentra-
tion has facilitated the evolution of fishes with a range of
adaptations to variable oxygen concentration. Even in wa-
ters at the same latitude, closely related species or different
strains within a species exhibit varied adaptations to oxygen
concentration. Additionally, closely related fishes distribut-
ed in waters at different latitudes exhibit extensive variation
in their tolerance of hypoxia. Determining the mechanisms
of hypoxia adaptation in fishes will not only help us to un-
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derstand fish speciation and the evolution of the hypoxia
signaling pathway, but will also guide us in the breeding of
hypoxia-tolerant fish species/strains.

1 HIF and the regulation of the hypoxia sig-
naling pathway

HIF is a master regulator in the hypoxia signaling pathway
and is expressed by all extant metazoan species analyzed to
date. HIF is a heterodimer comprising an oxygen-labile
a-subunit (HIF-a) and a constitutively expressed B-subunit
(HIF-B or ARNT). Each unit contains the basic he-
lix-loop-helix-PAS (bHLH-PAS) domains, which mediate
the formation of heterodimers and DNA binding. HIF-p
dimerizes with other bHLH-PAS proteins and is stably ex-
pressed, but HIF-a determines HIF-1 transcriptional activity
[1,4,7].

Under normoxia (normal oxygen tension), either HIF-1a
or HIF-2a is hydroxylated on specific conserved proline
residues by prolyl-hydroxylase domains (PHDs), which
contain enzymes (including PHD1, PHD2, and PHD3;
PHD?2 is thought to be essential), using molecular oxygen as
a substrate [8]. In the reaction, one oxygen atom is inserted
into the prolyl residue; a second atom is inserted into the
co-substrate o-ketoglutarate, splitting it into CO, and suc-
cinate. Hydroxy-HIF-a is recognized by von Hippel-Lindau
tumor suppressor protein (pVHL) and is subsequently ubiq-
uitylated by the VBC ubiquitin-ligase complex, marking
HIF-a for degradation by the 26S proteasome [9]. However,
under hypoxic conditions, PHD catalytic activity is inhibit-
ed by the lack of oxygen and HIF-a is not hydroxylated,
thus, HIF-a is not recognized by the VBC complex, allow-
ing HIF-a to stabilize. Stable HIF-a is transferred into the
nucleus and heterodimerizes with stable HIF-1B. HIF het-
erodimers recognize and bind to hypoxia response elements
(HREs) in the genome with the consensus sequence
G/ACGTG to regulate the transcription of genes together
with co-activators such as CBP/p300, resulting in a series of
physical and biochemical responses (Figure 1) [1,4].

Because HIF-a plays such an important role in the hy-
poxia signaling pathway, HIF-a modulation is assumed to
be a major mechanism for the regulation of the hypoxia
signaling pathway. HIF-o. modulation includes transcription
regulation and post translation modulation (PTM). At pre-
sent, there are few reports on HIF-a transcription regulation.
Those available mainly focus on post translation HIF-a
modulation. NF-«B activates HIF-1a expression, linking
innate immunity to the hypoxic response [10]. HIF-a PTM
is exhibited in many pathways. Apart from VHL-mediated
HIF-o proteasomal degradation, HIF-a is modulated by
acetylation/deacetylation, phosphorylation/de-phosphoryla-
tion [11], sumoylation, and neddylation [12]. Histone
acetyltransferase p300/CBP enhances HIF-1a transcription-
al activity by interacting with the HIF-1a C-terminus [13].
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Figure 1 Hypoxia signaling pathway.

NAD+ dependent-deacetylase, Sirtl, Sirt3, Sirt6, and Sirt7
regulate HIF-a activity either positively or negatively,
playing important roles in cell metabolism, life span, tu-
morigenesis, and cardiovascular disease [14-21]. As re-
ported by Shao et al. [22] hypoxia stimulates an increase in
mRNA and SUMO-1 protein levels. SUMO-1 co-localize
with HIF-1a in the nucleus to induce HIF-1a sumoylation,
resulting in the stabilization and enhancement of HIF-1la
transcriptional activity [22-24].

Furthermore, even though some HIF-la and HIF-2a
interacting proteins cannot modify HIF-1a and HIF-2a, they
can regulate their stability and transcriptional activity either
positively or negatively via specific mechanisms. PKM?2
enhances HIF-1a transcriptional activity through recruiting
p300; PHD3 enhances PKM?2 activity as a co-activator by
hydroxylating PKM2 [25]. SHARP1 promotes HIF-o deg-
radation by serving as the HIF-presenting factor to the pro-
teasome [26]. EAF2 is a specific HIF-1a downstream target,
which interacts with HIF-1a but not HIF-2a, resulting in the
inhibition of HIF-1la transcriptional activity via preventing
p300 from binding to HIF-1a [27]. Other proteins do not
interact with HIF-a directly, but interact with other factors
that regulate HIF-a, e.g., pVHL and PHDs among others.
These proteins indirectly regulate HIF-a activity. E3 ligase
Siah2 affects cellular HIF-1a protein levels and mediates
the hypoxic response through regulating PHD protein sta-
bility [28]. E2-EPF UCP targets pVHL for degradation to
control the HIF-la stability [29]. PML inhibits HIF-la
translation through mTOR repression [30]. SENP3 is re-
sponsible for the enhancement of HIF-1 transactivation un-
der mild oxidative stress via de-sumoylation [31]. The
LIMDI protein bridges an association between the PHDs
and VHL to inhibit HIF-1 activity [32].

In summary, as a master regulator of the hypoxia signal-
ing pathway, the direct or indirect regulation of HIF-a plays
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key roles in the pathway. Moreover, HIF-a regulation is
currently an area of intense study [7].

2 Hypoxic adaptation strategies in fish

Oxygen concentration varies greatly in aquatic environ-
ments depending on the geographic location, season, com-
position, and water flow. Fishes have evolved different
adaptive strategies with the 20,000 extant species varying
greatly in hypoxia tolerance. Fishes that depend on aerobic
metabolism for rapid swimming, such as salmon and tuna,
are moderately to extremely sensitive to hypoxia, whereas
carp, eels, and hagfish can live comfortably in hypoxic con-
ditions [6]. Hypoxic adaptation in fishes can be attributed to
long-term adaptation and the acute response.

2.1 Fish adaptation strategies to long-term hypoxia

To adapt to varying oxygen levels in the long-term, fishes
usually undergo gene mutations that induce changes in
physical and biochemical responses, and tissue and organ
structure, resulting in three basic capabilities: (a) to de-
crease metabolic rate under hypoxia, (b) tolerance to in-
creased levels of metabolic by-products, and (c) to avoid
and/or repair cellular injury during re-oxygenation [6].

The first long-term hypoxia adaption strategy in fishes is
either to modify respiratory organs or develop accessory
organs in addition to gills. For example, loaches have de-
veloped the ability to breathe through the skin and intestine,
and eels through the mouth and epithelia of cavum larynges.

The second strategy is to modify the metabolic pathway.
The crucian carp (Carassius carassius) is the greatest ex-
treme hypoxia tolerant species, enduring months of hypoxia
at low temperatures [33]. Their cousins, common goldfish,
have half-lethal times of 45 h under anoxia at 5°C and 22 h
at 20°C. Under hypoxia, strong metabolic depression is key
to the survival of these Carassius species [34-36]. Under
anoxia, the crucian carp can metabolize anaerobically and
convert lactate to ethanol and CO,. These end products can
be excreted into the water through the gills. Unlike the
dormant turtles, the crucian carp remains active during both
hypoxia and anoxia [35]. The main reason is that crucian
carp can take advantage of large muscle and liver glycogen
reserves, reduced metabolism, and avoidance of lactic aci-
dosis by converting lactate to ethanol and CO, [34,37].

Yet another strategy is to increase the number of red
blood cells and promote the oxygen-carrying capabilities of
hemoglobin [38]. During their evolution, fishes have been
undergone genetic segregation many times, resulting in
huge diversity in the structure and function of genes related
to hypoxia adaptation. In carp, HIF-a is duplicated. Even
though one copy retains the ancient hypoxia response, a
second copy increases hypoxia-sensitivity. This phenome-
non indicates that HIF-a in carp has differentiated function-
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ally during speciation [39]. Furthermore, Chi et al. [40]
found different evolutionary patterns of HIF-a isoforms in
the basal branches of the Actinopterygii and Sarcopterygii.

2.2 The acute hypoxia stress response in fishes

Acute hypoxia stress occurs with temperature, seasonal, and
compositional changes in water, particularly in high-density
aquaculture situations. Fishes respond to acute hypoxia
strongly. First, they try to get more oxygen by breathing
directly through the mouth, this is usually referred to as
floating heads.

Second, they alter the shape and structure of the gill to
enhance oxygen exchange [41-46]. Some fishes alter the
cardiac K(ATP) channel, metabolic rate, and increase the
number of red blood cells [47,48].

Even though fishes can have an acute reaction to acute
hypoxia to maintain normal physical activity, a sudden lack
of oxygen will result in mortality. In aquaculture this is re-
ferred to as turning pond. The brain and cardiac cells of
fishes go through apoptosis under hypoxia, this is the main
cause of turning pond. Compared with other vertebrates,
some of the key factors in the hypoxia signaling pathway
control this physical process [49].

Elucidating the reasons and mechanisms of fish mortality
under acute hypoxia will help to prevent or diminish yield
losses in aquaculture.

2.3 The regulatory network of fish genes in response to
hypoxia

Because of their specific habits, investigating the hypoxia
signaling pathway and the key factors in its regulatory net-
work in different fish species is necessary. To date, some
key factors related to fish hypoxia adaptation and the hy-
poxia signaling pathway have been identified (Table 1).

2.3.1 Hypoxia-inducible factors

Fishes possess homologs of HIF-o and HIF-3, which paly
similar roles in mammals. The fish HIF-1a sequence, which
encodes a protein of 766 amino acids and includes
basic-helix-loop-helix, PAS, and ODD domains of HIF
a-subunits, was first reported from rainbow trout [50]. To
date, HIF-1a sequences have been reported in several fish
species, e.g., Atlantic croaker (Micropogonias undulatus)
[51], zebrafish (Danio rerio) [52], Wuchang bream (Mega-
lobrama amblycephala) [53], scale-less carp (Gymnocypris
przewalskii) [54], ruff (Gymnocephalus cernuus), flounder
(Platichthys flesus), perch (Perca fluviatilis), stickleback
(Gasterosteus aculeatus), Russian sturgeon (Acipenser
gueldenstaedtii) [55], sea bass (Dicentrarchus labrax) [56],
Indian catfish (Clarias batrachus) [57], and channel catfish
(Ictalurus punctatus) [58]. Additionally, HIF-2a has been
identified in zebrafish [52], Atlantic croaker [51], grass carp
(Ctenopharyngodon idella) [59], Indian catfish [57], and
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Table 1 Hypoxia signaling proteins in fishes

Gene name Fishes

Oncorhynchus mykiss
Micropogonias undulates
Danio rerio

Megalobrama amblycephala
Gymnocypris przewalskii
Gymnocephalus cernuus
Platichthys flesus

Perca fluviatilis

HIF-1a

Gasterosterus aculeatus
Acipencer gueldenstaedtii
Dicentrarchus labrax
Clarias batrachus

Ictalurus punctatus

Danio rerio

Micropogonias undulates
HIF-2a Ctenopharyngodon idellus
Clarias batrachus

Ictalurus punctatus

Danio rerio

Ictalurus punctatus

PHD
Salmo salar

Oreochromis niloticus

Danio rerio
FIH
Ictalurus punctatus

VHL Danio rerio

channel catfish [58].

Because of HIF-o’s important role in the hypoxia signal-
ing pathway, the relationship between HIF expression and
hypoxia has been investigated in several fishes. Eurasian
perch (Perca fluviatilis) is a hypoxia-sensitive fresh water
fish in which acute hypoxia can induce HIF-1a expression
in the brain and liver, whereas chronic hypoxia leads to a
significant change in HIF-1a expression in muscle [60]. The
Indian catfish is a hypoxia-tolerant species, in which
short-term exposure to hypoxia induces HIF-1a and HIF-2a
expression in the brain, liver, and kidney, whereas the
long-term exposure induces HIF-1a expression in the spleen
and HIF-2a expression in muscle [57]. Furthermore, in
channel catfish, another hypoxia-tolerant fish, HIF-a
mRNA expression decreases under hypoxia for the first 1.5
h and then increases after 5 h [42].

The prolyl hydroxylase (PHD) proteins belong to the
Fe(Il) and 2-oxoglutarate-dependent oxygenase superfamily,
whose activities are closely associated with oxygen levels.
Thus, they are considered oxygen sensors [61]. To date,
PHD sequences have been reported in some fish species,
such as Atlantic salmon, channel catfish, Nile tilapia, and
zebrafish [62]. Even though little is known about the func-
tion of fish PHDs, they are thought to act similarly to those
of other organisms, which play important roles in HIF-a
stability.
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2.3.2  Hypoxia-inducible factor asparaginyl hydroxylase
(FIH-1)

FIH-1, similar to PHD family members, is also a hydrox-
ylase. However, FIH-1 cannot cause HIF-a proteasomal
degradation after hydroxylating HIF-a. FIH-1 can inhibit
the recruitment of the transcriptional coactivators p300/CBP.
To date, FIH-1 sequences have been identified in zebrafish
[63] and channel catfish [58].

2.3.3 VHL

VHL belongs to a component of the VBC E3 ligase com-
plex, which acts as an E3 ligase. Under normoxia, pVHL
recognizes hydroxylated HIF-a and causes HIF-a pro-
teasomal degradation. Therefore, pVHL plays an important
role in the regulation of the hypoxia signaling pathway. To
date, zebrafish VHL is well studied. VHL-mutant zebrafish
have been identified through mutant screening. Similar to
that of pVHL-null mice, VHL-mutant zebrafish are embry-
onically lethal and develop erythrocytosis [64].

3 Hypoxia adaptation mechanisms in fishes

The key adaptation to long-term hypoxia is a reduction in
metabolic rate and demands. However, whether or not an-
oxic survival is associated with reductions in both ATP
production and use remains unclear. Protein synthesis con-
sumes a lot of ATP. For hypoxia-tolerant crucian carp, the
rate of protein synthesis decreases rapidly under both hy-
poxia and anoxia; however, in hypoxia-sensitive fishes, the
rate of protein synthesis remains constant. In this process,
AMPK might function as a sensor that regulates protein
synthesis under hypoxia. When intracellular AMP is in-
creased, AMPK is activated; whereas when intracellular
AMP is decreased, AMPK is inhibited. Moreover, AMPK is
also regulated by phosphorylation [65].

Adenosine is a low-oxygen signal. In the hypox-
ia-tolerant fishes, such as the crucian carp, adenosine has a
powerful depressant effect on protein synthesis and Na™-K*
ATPase activity [66]. Adenosine receptor blockade in the
crucian carp results in a threefold increase in ethanol release
[67]. Additionally, adenosine and adenosine receptor block-
ers have surprising impacts on cerebral blood flow. In the
crucian carp, cerebral blood flow increases 2.2-fold during
anoxia, and superfusing the brain with aminophylline abol-
ishes this increase. Thus, adenosine seems to be an im-
portant anoxic signal mediating vasodilation and cerebral
blood flow [68].

Tolerance of acidic metabolic end products is another
mechanism for fish hypoxia tolerance. The crucian carp can
use ethanol as an anaerobic end product. Under anoxia, they
maintain ion gradients in hepatocytes and convert lactate to
ethanol. Ethanol can be eliminated by diffusion across the
gills, avoiding lactic acid accumulation [69].

A most significant issue in low oxygen tolerance is the
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avoidance of free-radical-mediated injury during reoxygen-
ation. In some species, such as the crucian carp, the consti-
tutive expression of defense molecules is not remarkable; it
is increased only during hypoxia/reoxygenation [70]. Under
anoxia, antioxidant enzyme activity increases, whereas most
other enzyme activities, e.g., brain Se-GPX, liver catalase,
and G6PDH, do not [71]. After several hours of extreme
hypoxia, liver, brain, and gill superoxide dismutase (SOD)
activity increases in carp, Cyprinus carpio [72].

Identifying the HIF-a down-stream targets and deter-
mining their functions will elucidate hypoxia adaptation
mechanisms in fishes. Zhong et al. [73] have identified
some hypoxia induced genes, e.g., EROI-L, p53, CPO,
HO-1, MKP2, PFK-2, cystatin B, Glutl, BTG1, TGF-betal
and PGAMLI, in crucian carp blastulae embryonic cells by
suppression subtractive hybridization. Liao et al. [74] car-
ried out transcriptome analysis for crucian carp and found
hypoxia induced genes related to glycolysis/gluconeogene-
sis. Everett et al. [75] analyzed the effect of short-term hy-
poxic exposure on metabolic gene expression. Additionally,
Chen et al. [76] analyzed hypoxia-induced changes in the
zebrafish skeletal muscle proteome.

To date, many hypoxia-induced genes related to fish hy-
poxia adaptation have been identified and reported. GLUTs
(Glucose transporters) are hypoxia-induced, metabolic
genes that facilitate cellular glucose uptake. Under hypoxia,
GLUTs are induced to enhance glucose transport, resulting
in cellular energy demands. The full length cDNA of grass
carp GLUTI, which is highly expressed under hypoxia, has
been cloned [77]. When Atlantic cod were exposed to a
hypoxic challenge, GLUT1 expression in the gill was sig-
nificantly up-regulated [78]. Terova et al. [79] found
GLUT2 mRNA changes in response to hypoxia in sea bass,
a hypoxia-sensitive species, supporting the view that
GLUT?2 is involved in the hypoxia adaptation response.

Erythropoietin (Epo) is a hypoxia-induced gene related to
erythropoiesis, which is a glycoprotein hormone that con-
trols red blood cell production. The first Epo gene fish
cloned was that of the pufferfish (Fugu; Takifugu rubripes).
In Fugu, Epo is induced by hypoxia and is mainly expressed
in the heart [80-82]. However, in other teleost fishes, such
as rainbow trout, carp, and eel, Epo was expressed in the
kidney, the kidney is the major organ for erythropoiesis in
fishes [83].

VEGF is a hypoxia-induced gene related to angiogenesis,
which stimulates the proliferation of blood vessels to in-
crease oxygen supply. In the orange-spotted grouper (Epi-
nephelus coioides), hypoxia can induce VEGF expression,
which in turn increases oxygen delivery. Hypoxia also in-
duces VEGF expression in salmon [84,85].

Both different cell lines and the zebrafish model have
been employed to determine the function of hypox-
ia-induced genes. Wang et al. [86] cloned the hypox-
ia-induced HO-1 gene in the crucian carp. Using cell lines,
they found that HO-1 plays an important role against hy-

February (2015) Vol.58 No.2

poxia-induced cell death. Feng et al. [49] found that
zebrafish p53 can protect hypoxia-induced cell death by
suppressing BNIP3 expression, a hypoxia-induced cell
death gene. Additionally, HIF-la is crucial for early
zebrafish embryogenesis, particularly for neural crest
chemotaxis and the central nervous system [87,88].

Compared with the mouse model, gene knock-out assays
in zebrafish are difficult to perform due to lack of suitable
zebrafish embryonic stem cell lines. Thus, little is known
about the in vivo function of hypoxia-adaptation-related
genes in fishes. Recently, TALEN and CRISP/Cas9 tech-
niques have been established and rapidly developed, making
knocking out gene assays in zebrafish more convenient.
Therefore, information on the in vivo function of hypoxia-
adaptation-related genes in fishes is bound to be available in
the near future [89]. As a result of differing degrees of pol-
lution in aquaculture waters, protecting the aquatic envi-
ronment, intensive cultivation modes such as intensive pond
aquaculture, and industrial aquaculture have become fun-
damental to aquaculture in China. Avoiding water pollution
is the main means of increasing density and yield per unit of
water body. Because of the increase in aquaculture density
and yield, it is necessary to improve fish species/strains hy-
poxia tolerance capabilities.

To breed new fish species or strains with higher hypoxia
tolerance, we must first determine the mechanisms of hy-
poxia tolerance and adaptation in fish. Here are some basic
strategies: First, comparative omics, such as genomics,
transcriptomics, and proteomics to compare different hy-
poxia-tolerant fish species distributed in the same waters, or
closely related species distributed in different waters with
varying oxygen concentration. Second, microarray, tran-
scriptome sequencing, and proteomics to analyze the repre-
sentative hypoxia-sensitive and tolerant species following
hypoxia treatment. Subsequently, using bioinformatic
methods, the gene regulatory network for fish hypoxia ad-
aptation and tolerance can be constructed and the key genes
identified. By taking advantage of gene function analysis
approaches, the functions of key genes can be elucidated,
the gene’s contributions to fish hypoxia tolerance can be
estimated, and the molecular markers related to hypoxia
adaptation and tolerance can be screened. Based on these
data, we can breed new species or strains with higher hy-
poxia tolerance using either transgenic techniques or classic
hybridization.
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