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Nikinmaa, Mikko, and Bernard B. Rees. Oxygen-dependent gene expression
in fishes. Am J Physiol Regul Integr Comp Physiol 288: R1079-R1090, 2005;
doi:10.1152/ajpregu.00626.2004.—The role of oxygen in regulating patterns of
gene expression in mammalian development, physiology, and pathology has
received increasing attention, especially after the discovery of the hypoxia-induc-
ible factor (HIF), a transcription factor that has been likened to a “master switch”
in the transcriptional response of mammalian cells and tissues to low oxygen. At
present, considerably less is known about the molecular responses of nonmamma-
lian vertebrates and invertebrates to hypoxic exposure. Because many animals live
in aquatic habitats that are variable in oxygen tension, it is relevant to study
oxygen-dependent gene expression in these animals. The purpose of this review is
to discuss hypoxia-induced gene expression in fishes from an evolutionary and
ecological context. Recent studies have described homologs of HIF in fish and have
begun to evaluate their function. A number of physiological processes are known
to be altered by hypoxic exposure of fish, although the evidence linking them to
HIF is less well developed. The diversity of fish presents many opportunities to
evaluate if inter- and intraspecific variation in HIF structure and function correlate
with hypoxia tolerance. Furthermore, as an aquatic group, fish offer the opportunity
to examine the interactions between hypoxia and other stressors, including pollut-
ants, common in aquatic environments. It is possible, if not likely, that results
obtained by studying the molecular responses of fish to hypoxia will find parallels
in the oxygen-dependent responses of mammals, including humans. Moreover,
novel responses to hypoxia could be discovered through studies of this diverse and
species-rich group.
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THE ROLE OF OXYGEN in development, physiology, and pathology
is an area of long-standing biological interest (30). Consider-
able recent attention has focused on the molecular links be-
tween changes in oxygen tension and its consequences on
cellular or organismal function. Most of our understanding
about the role of oxygen in mechanisms and patterns of gene
expression in animals comes from studies on mammals or a
few, well-characterized model organisms, such as Caenorhab-
ditis elegans (40), Drosophila (2, 68), and zebrafish, Danio
rerio (75, 105). The context for many of these studies has been
human health and disease, where changes in oxygen tension
contribute to both normal physiological function and several
important pathologies (3, 29, 47, 64).

In contrast, ecologically meaningful fluctuations in oxygen
tensions and their effects on oxygen-dependent gene expres-
sion have been little studied (although see 22 and 95). Indeed,
studies on nonhuman mammals and other model systems rarely
take into account the organism’s natural environment in the
design of experiments and interpretation of results. For exam-
ple, although Caenorhabditis elegans lives in soil with rotting
vegetation and can thus be expected to regularly experience
hypoxic conditions, very few studies have investigated the
possible role of oxygen in the evolution and present biology of
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the species. Similarly, studies on zebrafish seldom consider its
natural tropical habitat and good hypoxia tolerance: it survives
2 kPa oxygen tension as adult (86) and can tolerate full anoxia
for 24 h as embryo (76).

Our purpose in this review is to discuss oxygen-dependent
gene expression in fishes from ecological and evolutionary
contexts. First, we introduce the aquatic environment with its
marked variation in the oxygen levels. Then, we present the
characteristics of fish that make them particularly suitable for
studying oxygen-dependent gene expression. Among these
characteristics are the pronounced differences in hypoxia tol-
erance and the diversity of morphological, behavioral, and
physiological responses to hypoxia among extant species. The
diversity suggests that variation in oxygen levels has acted as
an important selective agent during the long evolutionary
history of the group. This is followed by the major part of the
review, in which we summarize the paradigm of the hypoxia-
inducible factor (HIF) and oxygen-dependent gene expression
in mammalian cells and present evidence for the presence and
possible roles of this transcription factor in fish. Finally, we
suggest possible future directions for studies of oxygen-depen-
dent gene expression in this diverse and species-rich group.

OXYGEN IN THE AQUATIC ENVIRONMENT

The inherent properties of water, in combination with vari-
able rates of oxygen consumption and production, result in
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marked temporal and spatial heterogeneity in the oxygen con-
tent of the aquatic environment. The amount of oxygen con-
tained in a given volume of water is only 1/30th of the amount
contained in the same volume of air (11). At 20°C, for
example, 1 liter of pure water in equilibrium with air contains
~0.31 mmol, whereas 1 liter of air contains 9.35 mmol
oxygen. As temperature or the concentration of salts increases,
the amount of oxygen that can be dissolved in water decreases.
Moreover, the rate of diffusion of oxygen in water is 10,000
times slower than the rate in air. Consequently, even modest
oxygen consumption by biological or nonbiological processes
can rapidly decrease the oxygen tension in the aquatic envi-
ronment. The situation is exacerbated when the surface of the
water column is covered by ice or vegetation, limiting the
diffusion of oxygen from the atmosphere, or when the water
column is vertically stratified due to thermal or salinity gradi-
ents, limiting mixing of surface and deep water masses.
Therefore, areas of episodic or chronic hypoxia, and even
anoxia, occur in a variety of marine, estuarine, and freshwater
habitats. Generally, oceans are stable environments with rela-
tively high oxygen tensions. Frequently, however, oxygen
minimum zones occur between depths of 200 and 1,000 m
because oxygen consumption in this low-light habitat exceeds
photosynthetic oxygen production and diffusion of oxygen
from the surface (56). Marine benthic habitats are also com-
monly low in oxygen, due to high rates of biological and
nonbiological oxidation and limited oxygen diffusion from the
surface (12). Hypoxia is common in coastal areas, bays, and
estuaries. In many cases, eutrophication caused by human
impact increases the length or severity of hypoxia as in the
Baltic Sea (10), in the Gulf of Mexico (84) and Chesapeake
Bay (126). However, bouts of hypoxia also occur naturally for
example in areas where tidal conditions cause the generation of
shallow pools with high oxygen consumption by organisms
such as corals (72). In the freshwater environment, tropical
waters are especially prone to hypoxia due to the high respi-
ration rates, elevated levels of organic matter, and, in many
cases, presence of thickly vegetated surface (87). In most of
these cases, large diurnal fluctuations in oxygen tension occur.
In temperate areas, winter ice cover can lead to seasonal
hypoxia, especially in eutrophied waters with significant oxy-
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Fig. 1. Seasonal variation in the oxygen concentration at the bottom of a
temperate lake (Lake Herunen, Nurmijéirvi, Southern Finland). The oxygen
concentration in March and September from 1990 to March 2000 is given.
Data are from a report of Nurmijirvi Environmental Board on the Water
Quality of Lakes in Nurmijérvi.

OXYGEN AND GENE EXPRESSION IN FISH

gen consumption even at the prevailing low temperatures (Fig.
1).

WHY FISHES ARE PARTICULARLY SUITABLE TO STUDY
OXYGEN-DEPENDENT PHENOMENA?

With more than 25,000 species, occupying a variety of
habitats, fishes are the most diverse and species-rich group of
vertebrates (111). Fishes arose in the early Cambrian period,
~500 million years ago (98), and teleost fish, the largest group
of fishes, have evolved independently from the tetrapod lineage
of vertebrates for the last 350—400 million years (24). After the
split from tetrapods, teleost evolution has probably included at
least one genomewide duplication, as well as additional large-
scale gene duplications (125). Polyploidy, an extreme case of
gene duplication, is common among extant fishes (55). Con-
sequently, the genetic diversity in teleost fish is greater than
that in other vertebrate groups. This diversity constitutes the
raw material of evolutionary adaptation, including adaptation
to changes in environmental oxygen tension.

That variation in environmental oxygen availability has
played an important role in the evolution of fishes is suggested
by the variety of anatomic, behavioral, and physiological
strategies used by fishes to acquire oxygen and deliver it to
tissues. For example, air breathing has evolved several times
during fish evolution, presumably as an adaptation to stagnant,
often hypoxic, tropical waters. At present, 400-500 species of
fishes from various families show air breathing (24). In addi-
tion, several water-breathing fish species engage in aquatic
surface respiration, a behavior in which fish respire water in the
upper, well-oxygenated layer of the water column, or hold air
bubbles in their buccal cavity to aerate water that is passing
over the gills (50, 107). In terms of oxygen transport to the
tissues, fish display a remarkable diversity of hemoglobin
structure and function (35, 38, 82, 115). Compared with fish
from well-oxygenated habitats, the hemoglobins from several
hypoxia-tolerant species display amino acid substitutions in
functionally critical places that confer higher intrinsic oxygen
affinity upon the hemoglobin tetramer (35, 38). Fish have also
adapted to extreme hypoxia or anoxia by employing alternate
metabolic pathways for anaerobic energy production. Members
of the cyprinid genus, Carassius, are the only vertebrates that
are known to produce energy by fermentation of glucose to
ethanol and carbon dioxide (32, 97, 108).

In addition to diversity in the ambient oxygen tension
experienced by fish, their internal oxygen tensions (i.e., oxygen
levels experienced by the cells) vary more than in other
vertebrates. For example, while salmonids and other active fish
ventilate their gills continuously with arterial oxygen tensions
approaching that of the environment (ca. 15 kPa; 101), species
such as hypoxia-tolerant cyprinids breathe periodically in nor-
moxic water (33) and have low mean arterial Po, values (e.g.,
3 kPa in resting goldfish; 6). While cyprinid cells are often
confronted with low oxygen tensions, hyperbaric oxygen ten-
sions, up to 100 kPa, can be reached in the vicinity of the eye
of salmonids and swim bladder of the eel (77). Thus, although
hyperoxia is not considered further in this review, studies with
fish might also yield valuable information about cellular and
molecular responses to high oxygen tensions.

The diversity of fishes and their habitats indicates that fishes
have solved the problem of hypoxia tolerance in various
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interesting ways, and probably display a range of molecular
adaptations to hypoxia that is not paralleled in other vertebrate
groups. With regard to oxygen-regulated gene expression,
reviewed below, it is likely that the current state of knowledge
only scratches the surface.

MECHANISM OF OXYGEN-DEPENDENT GENE EXPRESSION
Oxygen-Dependent Gene Expression and the HIF in Mammals

In mammals, research over the past decade points to a
central role of the hypoxia-inducible factor (HIF) in the regu-
lation of gene expression during hypoxia. HIF was discovered
in studies of the regulation of erythropoietin (EPO) expression
in the mammalian Hep3B cell line (94). It is a heterodimeric
transcription factor comprised of HIF-a and HIF-f3 subunits,
both of which are members of the PAS-domain family of
transcription factors (named for the first members of the
family, Per, ARNT, Sim). Three forms of a-subunit have been
described, HIF-la, HIF-2a0 (123), and HIF-3ac (26). The
[B-subunit is the same as the previously described aryl hydro-
carbon receptor nuclear translocator (ARNT). In addition to its
role in hypoxic signaling, ARNT plays other roles in gene
regulation. For example, it dimerizes with the aryl hydrocarbon
receptor during xenobiotically induced gene expression, thus
playing a role in the response of cells to dioxins and other
hydrocarbon pollutants (27, 28). After the discovery of HIF
and its role in the hypoxic induction of EPO, HIF was found to
be expressed in a variety of cell types and to be involved in the
hypoxic regulation of a variety of genes (5, 83, 92, 118, 119).
Because of the widespread expression of HIF and the diverse
roles of HIF targets, this transcription factor has been likened
to a “master switch” of the molecular response to low oxygen
in mammals (92, 118).

The oxygen sensitivity of HIF-mediated gene expression is
conferred, in part, by the oxygen dependence of HIF-a protein
level: although the protein is made continuously, during nor-
moxia it is rapidly degraded. Degradation of HIF-« is mediated
by an oxygen-dependent degradation (ODD) domain, in which
specific conserved proline residues are covalently modified by
prolyl hydroxylase enzymes. When hydoxylated, HIF-a is
recognized by the von-Hippel-Lindau protein (pVHL), ubiqui-
tylated, and degraded via the proteasomal pathway. In hypoxia,
prolyl hydroxylation does not occur. The onset of hypoxia thus
leads to essentially instantaneous stabilization and accumula-
tion of HIF-a (39). HIF-« then travels to nucleus, dimerizes
with ARNT, and binds to hypoxia response elements (HREs)
in the promoter or enhancer region of hypoxia-inducible genes.
Together with the general transcriptional activator CBP/p300,
and possibly other accessory factors, HIF stimulates gene
transcription. Transactivation of gene expression also depends
upon oxygen tension because the interaction between HIF and
CBP/p300 is blocked by the oxygen-dependent hydroxylation
of a specific asparagine residue in the COOH terminus of
HIF-a. This hydroxylation event is catalyzed by an asparaginyl
hydroxylase, also known as factor inhibiting HIF-1 (FIH-1)
(59). Similar to prolyl hydroxylation, this modification requires
oxygen and is inhibited during hypoxia. Thus low oxygen
tension is permissive for the interaction between HIF and
CBP/p300. The sequence of events leading to increased gene
expression during hypoxia is summarized in Fig. 2. Further
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Fig. 2. Schematic representation of hypoxia-inducible factor (HIF) function.
A: normoxia. B: hypoxia. HIF-1a protein is produced both during normoxic
and hypoxic conditions. Interaction of the protein with heat shock protein 90
(HSP90) at PAS-B domain exerts a stabilizing influence on the protein. A: in
normoxia, conserved proline residues of HIF-1aw &rtf-space;are hydroxylated
by proline hydroxylase (PHD) enzymes, which enables interaction between
HIF-1a and von Hippel-Lindau (VHL) protein. As a result of this interaction,
HIF-1a protein is tagged for ubiquitination (UBI = ubiquitin) and consecutive
degradation via the proteasomal pathway. B: in hypoxia, the activity of PHDs
is decreased, and HIF-la is stabilized. HIF-la is then transported from
cytoplasm to nucleus, where it forms a dimer with aryl hydrocarbon receptor
nuclear translocator (ARNT). The dimer recruits further transcriptional acti-
vators and binds to the hypoxia response elements in the promoter or enhancer
regions of genes inducible genes. Ultimately, the production of mRNA for
hypoxia-induced genes is stimulated.
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details of HIF function (in mammals) can be found in a number
of recent reviews (19, 44, 63, 78, 91, 93, 118, 122).

HIFs in Fish

It now appears that fish possess homologs of HIF-a and -3,
which may play similar roles as those in mammals in hypoxic
gene expression. While ARNT had been characterized in fish

AJP-Regul Integr Comp Physiol « VOL 288 « MAY 2005 « WWW.ajpregu.org



Invited Review
R1082

in the context of pollutant stress in the 1990s (80), the sequence
of first fish HIF-a was reported from rainbow trout in 2001
(100). The cDNA encodes a protein of 766 amino acids and
includes regions recognizable as basic-helix-loop-helix, PAS,
and ODD domains of the a-subunits of HIF. Moreover, proline
and asparagine residues, which are the hydroxylation targets in
mammals, are conserved in the rainbow trout protein. Similar-
ity searches of the deduced amino acid sequence revealed this
protein to be most similar to HIF-1a from other vertebrates. In
the subsequent year, a second HIF-a was cloned and se-
quenced from the Kkillifish Fundulus heteroclitus (81). The
deduced protein is 873 amino acids long, contains domains and
specific amino acid residues thought to be functionally impor-
tant, and is most similar to HIF-2a from other vertebrates.

At the time of this writing, there are six fish HIFs available
in the Swiss-Prot and TTEMBL databases (accession numbers
Q98SW2, Q6STN7, Q8QGM4, Q6STN6, QO6EHI4 and
Q6EGRY). Phylogenetic analyses show that these proteins fall
into three discrete groups (Fig. 3). In addition to the deduced
rainbow trout protein (Q98SW2), putative HIF-1as have been
sequenced in grass carp, Ctenopharyngodon idella (Q6STNT7),
and zebrafish (Q6EHI4). The only fish HIF-2a described to
date is from killifish (Q8QGM4). The two remaining putative
HIF proteins are from grass carp (Q6STN6), and zebrafish
(Q6EGRY). These proteins are equally distantly related to
HIF-1a and HIF-2q, and they form a distinct group in phylo-
genetic analyses. Interestingly, they are not very similar to
mammalian HIF-3a, either, making their placement in a phy-
logenetic tree uncertain. From the limited data available, it is
unclear whether this last group of fish HIF-a subunits are
orthologs of mammalian HIF-3« or if they represent a distinct
gene, perhaps specific to fish. Indeed, although the zebrafish
protein has been named as HIF-3a, the grass carp protein has
tentatively been named HIF-4a.. More robust analyses, which
include a larger number of HIF-3a and potential HIF-4a
sequences from a broader distribution of fish and nonmamma-
lian tetrapod vertebrates, will be necessary to resolve the
relationship of these enigmatic HIF-« subunits.

HIF Stability, Function, and Expression in Fish

With regard to the oxygen dependence of fish HIF stability
and function, the only published studies to date have been done
on HIF-1a from salmonids (70, 100). The initial characteriza-
tion of this protein in primary cultures of rainbow trout hepa-
tocytes or cell lines derived from rainbow trout (RTG-2) or
chinook salmon (CHSE-214) showed that, although it was
often observed in normoxic conditions, both the level of
HIF-la and its DNA binding increase markedly during
hypoxic exposure (100). Interestingly, in both the RTG-2 and
the CHSE-214 cell lines (derived from rainbow trout gonadal
fibroblasts and chinook salmon embryonic epithelia, respec-
tively), maximum HIF-1a protein expression occurred at 5%
oxygen. Such oxygen levels commonly occur in venous blood
of salmonid fish kept in normoxic conditions (101). Typically,
the oxygen tension in tissues is similar to or lower than the
venous oxygen tension, suggesting that tissue oxygen tension
may be low enough to allow substantial accumulation of
HIF-1a protein even in normoxia (see Linking HIF, Oxygen,
and Gene Expression in Fish). However, when RTG-2 cells
were transiently transfected with a plasmid bearing an HRE,
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Fig. 3. A phylogram of predicted HIF-o amino acid sequences from fish and
representative other vertebrates. The SwissProt/TrEMBL accession numbers of
the sequences used are human HIF-la, Q16665; mouse HIF-la, Q61221;
chicken HIF-1a, Q9YIB9; Xenopus HIF-1a, QOI8A9; trout HIF-1a, Q98SW2;
grass carp HIF-la, Q6STN7; zebrafish HIF-la, Q6EHI4; human HIF-2c,
Q99814; mouse HIF-2a, P97481; chicken HIF-2a,, QOW7C6; killifish HIF-2a,
Q8QGM4; grass carp HIF-4a,, Q6STNG; zebrafish HIF-3a, QGEGRY; human
HIF-3a, Q9Y2N7; mouse HIF-3a, Q9Z2I5. Deduced amino acid sequences
were aligned with ClustalX, version 1.83, excluding positions with gaps.
Because of poor sequence alignments in the COOH-terminal half of the
proteins, only the NH»-terminal 376 amino acids were used for this analysis
(numbered according to human HIF-1a). The tree shown was the result of a
parsimony analysis of phylogenetic relatedness of the aligned HIF-a sequences
using PAUP 4.0. The horizontal lengths are proportional to the number of
amino acid differences among HIF-a sequences, with the scale bar indicating
50 amino acid changes. Concordant results were obtained from phylogenetic
analyses based upon distance methods.

reporter gene expression was maximal at 0.5% oxygen (B. B.
Rees, Y. I. Figueroa, B. Beckman, P. M. Schulte, unpublished
observations). In addition, whereas HIF-1a protein expression
occurs within 1-4 h (100), reporter gene expression peaks at
48 h of hypoxic exposure. These temporal and oxygen-level-
dependent differences between HIF-1a protein levels and re-
porter gene expression suggest that other steps in the pathway
between HIF-1a accumulation and gene expression may also
be oxygen dependent. These steps could include posttransla-
tional modifications, nuclear localization, dimerization, DNA
binding or transactivation of HIF-1a.
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Along these lines, the stability, DNA-binding ability, and
phosphorylation state of salmonid HIF-1a are influenced by
reagents that alter the reduction-oxidation (redox) status of
cells (70). Reagents that foster a reducing environment under
normoxic conditions lead to the accumulation of and DNA-
binding by HIF-1a in RTG-2 and CHSE-214 cells. Conversely,
oxidizing agents blunt the stabilization and activity of HIF-1a
normally associated with hypoxic exposure. Notably, mamma-
lian HIF-2a but not HIF-1a is similarly modulated by redox
reagents (52). This effect has been attributed to an amino acid
difference in the NH,-terminal portion of the protein: mam-
malian HIF-2a has a cysteine at position 25, which aligns with
a serine at position 28 in mammalian HIF-1a. In support of a
role for this amino acid in redox regulation, site-directed
mutagenesis of Ser28 of mammalian HIF-1a to Cys28 con-
ferred redox sensitivity to DNA binding (52). These observa-
tions are relevant in the present context, since rainbow trout
HIF-1a has a cysteine at position 28. Both serine and cysteine
are found among fish HIF-1as in the position aligning with
Ser28 of mammalian HIF-1a, suggesting species differences in
the redox sensitivity of DNA binding by HIF-1a in fish.

In addition to a potential role for Cys28, rainbow trout
HIF-1a contains several cysteine residues in the ODD domain.
It is possible that the reduction or oxidation of these residues
may also play a role in the redox sensitivity of salmonid
HIF-1a stability and DNA binding (70). Notably, grass carp
and zebrafish HIF-1as lack the numerous cysteines present in
the ODD of rainbow tout HIF-1a. Consequently, in these
species redox-sensitive sulthydryl modification cannot occur in
the vicinity of the conserved proline residues, which are the
substrates of the prolyl hydroxylases, determining the stability
of HIF-1a. Thus the HIF-1a stability of these hypoxia-tolerant
cyprinids may lack the redox sensitivity shown by rainbow
trout HIF-1a. It would be of considerable interest to determine
if these amino acid differences are correlated with interspecific
differences in HIF function and gene expression during hyp-
oxia. While speculative, such a correlation could explain, in
part, the difference in hypoxia tolerance of these species:
rainbow trout is relatively hypoxia intolerant, whereas grass
carp and zebrafish are relatively hypoxia tolerant. Such struc-
ture-function comparisons highlight the insights that can be
gained by studying a group of vertebrates as diverse as fish.

The few data that exist suggest that HIF-a subunits are
expressed in a broad range of fish tissues. Western blot anal-
yses indicate that HIF-1a protein is expressed in salmonid cells
derived from liver, gonad, and embryonic tissues (100). During
development of Baltic salmon (Salmo salar), HIF-1a protein
levels in embryonic tissues increase (Fig. 4). In adult mummi-
chog, HIF-2ae mRNA is present during normoxia in liver,
spleen, heart, brain, gonads, intestine, gill, and kidney (81).

Fig. 4. An increase in the HIF-1a protein level during development of Baltic
salmon (Salmo salar) as detected by an antibody against rainbow trout HIF-1a
(100) at 50, 85, 120, 155 and 190 accumulated temperature units (ATUs =
°C X days). Because the development of poikilothermic animals such as fish
depends both on the temperature and time, similarity of ATUs indicates that
embryos are in the same stage of development. Data from Vuori et al. (113).
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There are no published reports of the tissue expression pat-
terns, oxygen dependence, or function of other fish HIF-as,
including the novel HIF-3/4a subunits. In this regard, it would
be very interesting if fish HIF-3/4« subunits play an analogous
role to mammalian HIF-3«, certain forms of which act as
negative regulators of HIF-induced gene expression (60).

Evidence for HIF-Modifying Enzymes in Fish

As discussed above, the oxygen sensitivity of HIF-a stabil-
ity and activity requires specific residues, notably proline and
asparagine residues (which are conserved in fish HIF-a), and
the proteins that modify and interact with them. Several lines
of evidence point to the existence and functionality of these
other proteins in fish. First, HIF-a accumulates when salmonid
cells are incubated in the presence of proteasome inhibitors,
implying that degradation of fish HIF-a normally follows the
same pathway as in mammals (100). Second, although prolyl
hydroxylases have not been characterized in fish, multiple open
reading frames similar to human prolyl hydroxylases are
present in the genomes of zebrafish and the pufferfish. Further-
more, an asparaginyl hydroxylase (FIH-1) homolog has been
sequenced from zebrafish (Swiss-Prot P59723). Finally, and
perhaps most convincingly, RTG-2 cells transiently transfected
with a reporter gene bearing an HRE show hypoxia-inducible
reporter gene expression (see above). These observations sug-
gest that fish cells have all the components needed for the
reversible stabilization of HIF-a and the activation of gene
expression under hypoxia. The extent to which these compo-
nents vary among cells, tissues, and species is, at present,
unknown.

TARGETS OF OXYGEN-DEPENDENT GENE EXPRESSION

In mammals, several HIF target genes have been character-
ized, including genes involved in red blood cell production,
vascularization, apoptosis, and iron, catecholamine, and carbo-
hydrate metabolism (5, 83, 92, 118, 119). Numerous studies
suggest that oxygen-dependent gene expression is similarly
widespread among fishes. Below, we review /) studies that
focus on specific target genes or physiological processes, for
which there was an a priori expectation of a hypoxic response
(Table 1), and 2) recent studies that seek to elucidate broad-
scale, or global, patterns of gene expression under hypoxia.
Notably, most of these studies do not address the mechanism of
the observed effects of low oxygen. While it seems likely that
HIF is involved, the possibility that other mechanisms are
operative cannot be discounted. We conclude this section with
a brief consideration of the one fish gene for which a functional
HRE has been characterized.

Red Blood Cell Formation and Oxygen Transport

One of the hallmark responses of fishes to low oxygen is an
increase in hematocrit value (36). The possible mechanisms
that have been forwarded to account for this increase include
erythrocyte swelling, release of preformed red blood cells,
changes in plasma volume, plasma skimming, and new red
blood cell formation (18, 69, 71). In mammals exposed to
hypoxia, the hematocrit value is primarily regulated by forma-
tion of new red blood cells, signaled for by increased levels of
EPO, which in turn is transcriptionally regulated by HIF. In
fish, there is also evidence suggesting that red blood cell
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Table 1. Oxygen-dependent responses and evidence
for the role of HIF in fish

Erythropoiesis Fish homologs of EPO exist and the expression
of EPO has been measured in tissues of
pufferfish (8). Although hypoxia can
stimulate erythropoiesis in fish, the role of
HIF and EPO in this process has not been
characterized.

Reduced globin gene expression coincides with
aberrant HIF regulation in the early
mortality syndrome of Baltic salmon.

There is a correlation between reduced DNA
binding of HIF-1a, reduced VEGF protein
level and decreased capillary density in
Baltic salmon embryos suffering from early
mortality syndrome (113).

Hypoxic fish are characterized by a larger
surface area than normoxic ones (7, 90,
102). Apoptosis has been suggested as a
mechanism (102), but so far HIF has not
been conclusively linked to the process.

Several studies have demonstrated changes in
glycolytic enzyme activities or mRNAs
during hypoxia. A putative hypoxia response
element has been described in the LDH-B
gene of Fundulus heteroclitus (85).

Hypoxia-sensitive glucose transporter from
grass carp Ctenopharyngoden idella has
been characterized (124).

cDNA microarray data on Gillichthys mirabilis
and G. seta indicate hypoxic upregulation of
genes involved in growth suppression (22).
In hypoxic zebrafish embryos, genes
involved in translation and cell cycle
progression were inhibited (105).

Hemoglobin synthesis

Angiogenesis

Changes in gill
surface area

Glycolysis

Glucose transport

Growth suppression

HIF, hypoxia-inducible factor; EPO, erythropoietin; VEGF, vascular endo-
thelial growth factor.

production is EPO sensitive. Injection of human EPO stimu-
lates red blood cell production in fish (69, 103). Proteins (121)
and mRNA (96) from rainbow trout cross-react with probes
against mammalian EPO. Furthermore, a search of the
SwissProt and TrEMBL databases reveals three putative EPO
sequences from fish, two from the Japanese pufferfish,
Takifugu rubripes (Q6JV22, Q6JV23) and one from the green
puffer, Tetraodon nigriviridis (QOUAM]I). Studies of the reg-
ulation of Takifugu rubripes EPO in cell culture found that the
promoter of this gene could not confer hypoxic regulation of
reporter gene expression in cell culture, although mRNA splic-
ing appeared to be sensitive to hypoxia (8). Thus fish appear to
possess homologs of EPO, and EPO can influence red blood
cell production, but the role of hypoxia and HIF in the expres-
sion and function of EPO in fish remain virtually unexplored.
Interestingly, the EPO gene of pufferfish does not have a
flanking HRE (8).

Hemoglobin is the circulating oxygen-transport protein in
fishes as in other vertebrates. Teleost fish display a greater
diversity of different hemoglobin components within the eryth-
rocytes of one individual than other vertebrate groups (35,
114), presumably due to selection pressures, including low
oxygen concentration. The effects of acute or chronic exposure
to hypoxia on globin gene expression at the individual level,
however, are less clear. Some studies suggest that the globin
chain expression pattern of erythrocytic hemoglobin is influ-
enced by hypoxic exposure of the fish (61), whereas other
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studies have failed to see a response (37). Naturally, it is
possible that the responses are species specific. However, even
if the pattern of erythrocytic hemoglobin expression were influ-
enced by hypoxia, at present the mechanisms and pathways for
the hypoxia responses are completely unknown. Interestingly,
developmental disturbances and death of offspring from natu-
rally spawning Baltic Sea salmon are associated with reduced
expression of globin genes involved in the formation of eryth-
rocytic hemoglobin (K. A. M. Vuori and M. Nikinmaa, unpub-
lished data). The same developmental anomalies are associated
with aberrant HIF regulation (113), suggesting a possible link
between globin gene expression and HIF.

Development of Circulatory and Respiratory Structures

In mammals, HIF signals for an increase in vascular endo-
thelial growth factor (VEGF), which in turn stimulates the
growth of blood vessels. VEGF has been sequenced from
zebrafish (SwissProt 073682), and multiple splice variants
have been characterized (20). VEGF and its receptors play a
role in the vascular development in zebrafish (54, 74). Further-
more, a recent study on developmental defects in Baltic salmon
demonstrates a correlation between HIF function, VEGF ex-
pression, and vascular development (113). Briefly, a large
proportion of Baltic salmon suffer from a syndrome known as
M74, characterized by high levels of mortality in yolk-sac
stage fry. Normal development is associated with a marked
increase in HIF-1aa DNA binding, which remains constant or
decreases in M74 affected individuals (113). There is a corre-
sponding decrease in VEGF protein levels and capillary den-
sity in tissues from M74 fry. On the basis of these correlations,
it is reasonable to speculate that HIF regulates vascular devel-
opment during normal development, presumably by modulat-
ing VEGF levels, as in mammals. Mammalian fetuses lacking
HIF-1ae die at midgestation (34), and disturbances in the
development of vasculature, heart, and neural tube are ob-
served (9, 48, 89).

Oxygen uptake is facilitated both by effective circulation
and by an increase in the area of respiratory surfaces. Hypoxia
appears to regulate the functional area of fish gills. The total
respiratory area of sea bass (Dicentrarchus labrax) gills was
inversely proportional to the oxygen concentration during
3-mo cultivation (90). In the African cichlid Pseudocrenila-
brus multicolor victoriae, total gill area is greater in individuals
from source populations that regularly encounter hypoxia in
their environment than in those from populations seldom ex-
periencing hypoxia (7). Similarly, in laboratory experiments,
specimens exposed to hypoxia (1 mg oxygen/l, 5 mo) dis-
played larger gill surface areas than fish raised in normoxic
(7.5 mg oxygen/l) conditions, although the morphological
components of the increase differed in natural vs. laboratory
populations (7). In crucian carp (Carassius carassius), 1 wk of
hypoxic exposure causes a dramatic increase in gill surface
area, mainly because secondary lamellae develop (Fig. 5). The
appearance of secondary lamellae is associated with a twofold
decrease in the number of cells between lamellae, possibly as
a result of programmed cell death (apoptosis) of interlamellar
cells (102). If apoptosis is under the control of HIF as it is in
hypoxia-exposed mammalian cells (19), this would provide a
molecular link between hypoxia and gill development.
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Fig. 5. Scanning electron micrographs of crucian carp (Carassius carassius)
gills in normoxia (A; >10 mg oxygen/l) and after 7-day hypoxia (B; 0.75 mg
oxygen/l). Reproduced from Sollid et al. (102) by permission of the authors
and Company of Biologists Ltd.

Energy Metabolism

During severe hypoxia, even the above adjustments to in-
crease oxygen delivery may not be sufficient to meet the tissue
needs for energy production via aerobic metabolism, and a
variety of fish rely upon increased anaerobic carbohydrate
metabolism for energy production (14, 25, 51, 112). One way
to increase the rates of uptake and utilization of carbohydrates
is to increase the amounts and activities of transport and
enzyme proteins catalyzing these processes. In mammalian
systems, the transcription of glucose transporters and a number
of glycolytic enzymes increase during hypoxia (16, 92, 118,
119), leading to speculation that such coordinated regulation is
widely distributed among animals (117).

Among fish, few studies have measured transcriptional reg-
ulation of glycolytic enzymes during hypoxia, although there
are many reports of enzyme activities in tissues from fish
exposed to low oxygen. Results from these studies, however,
are mixed: glycolytic enzyme activities can increase, decrease,
or remain unchanged during hypoxia (1, 13, 25, 57, 109). In
cases where multiple tissues and enzymes were analyzed, the
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effects of hypoxia were invariably tissue specific and were
restricted to a subset of the enzymes analyzed. Data supporting
a concerted upregulation of glycolytic enzyme gene expression
come from studies of “global” gene expression in fish exposed
to hypoxia (22, 105). As described below, mRNA levels for
multiple glycolytic enzymes increased in both studies, even
though different species and developmental stages were exam-
ined. As observed for measures of enzyme activity, however,
the changes in transcript levels were tissue specific and not
observed for all glycolytic enzymes. Consequently, while hyp-
oxia might induce certain glycolytic enzymes, the effects are
not uniformly observed among species, tissues, or enzymes.
Differences may reflect, in part, differences in experimental
conditions (severity and duration of hypoxia) but could also
reflect diverse strategies used by fish to deal with hypoxia.
Notably, many species suppress metabolism during hypoxia
rather than maintain high rates of energy metabolism (see
below).

Another response to hypoxia documented in tissues of fish is
a change in the isozyme pattern of lactate dehydrogenase
(LDH), the terminal enzyme of anaerobic carbohydrate metab-
olism. The two predominant isozymes, LDH-A and LDH-B,
differ in their kinetics in the forward and reverse reactions.
LDH-A is better suited for converting pyruvate into lactate,
whereas LDH-B is more efficient in converting lactate to
pyruvate (62). The proportions of LDH-A and LDH-B vary
between tissues, but the LDH-A/LDH-B ratio also correlates
with environmental oxygen availability (1). In the South Amer-
ican cichlid, Cichlasoma amazonarum, LDH-A is expressed in
hearts from fish from hypoxic habitats, whereas LDH-B is the
predominant isozyme in hearts from fish sampled from nor-
moxic habitats. In the same species, laboratory acclimation to
low oxygen led to a decrease in LDH-B expression in muscle
and brain, but an increase in liver. Hypoxic exposure of the
gobies, Gillichthys mirabilis and G. seta, led to increased
expression of LDH-A mRNA in liver, although the level of this
transcript remained unchanged in skeletal and cardiac muscle
(22). These results suggest that oxygen tension may be in-
volved in regulating the expression of the genes encoding these
isozymes, although tissue-dependent and perhaps species-de-
pendent factors appear to influence the effects of oxygen.

In addition to glucose utilization, there is evidence that the
uptake of glucose by fish tissues is influenced by hypoxia.
Recently, the sequence and hypoxia sensitivity of a class |
glucose transporter has been reported from grass carp (124).
Both short-term (4 h) and long-term (4-7 days) hypoxic
exposure of live fish resulted in an increased expression of
mRNA for this transporter in kidney, eye, and gill. Expression
in other tissues was unaffected by the degree and duration of
hypoxia studied. These results demonstrate that, at least in
certain tissues, the capacity for glucose uptake may be en-
hanced during hypoxia, as observed in certain mammalian cell
lines and tissues (16).

Global Measures of Gene Expression

Recent technological developments have enabled the mea-
surement of broad-scale or “global” patterns of gene expres-
sion (21). Using these approaches, some investigations have
examined the gene expression pattern in fish exposed to hyp-
oxia. Gracey et al. (22) used cDNA microarray technology to
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examine gene expression in liver, brain, skeletal muscle and
heart from adult gobies (G. mirabilis and G. seta) exposed to
hypoxia for 6 days. In liver, genes involved in glycolysis, iron
metabolism, amino acid metabolism, and growth suppression
were upregulated. In both skeletal muscle and heart, the pre-
dominant effect was a downregulated expression of some
genes involved in protein translation and muscle contraction,
although fewer genes appeared to be affected in the heart than
skeletal muscle. Ton et al. (105) used similar approach to
assess the effects of 24-h hypoxic exposure on gene expression
patterns of zebrafish embryos. In whole embryos, hypoxia
increased the expression of some glycolytic genes, whereas
genes involved in oxidative carbohydrate metabolism, muscle
contraction, translation, and cell cycle progression were sup-
pressed. Despite the use of distinctly different species and
developmental stages, both studies support the idea of a met-
abolic reorganization in hypoxia that reduces energetically
expensive processes and augments anaerobic ATP production.
Moreover, HIF-lao. mRNA was induced by hypoxia in ze-
brafish embryos (105), and although it was not identified in
hypoxic gobies, many of the genes affected are targets of HIF
regulation in other systems (22). Another important similarity
was that both studies measured increases in the expression of
unidentified genes, suggesting additional, potentially novel,
responses to hypoxia in these fish.

The application of cDNA microarray technology provides
extremely valuable information regarding the transcriptional
control of a wide range of genes. However, the response of the
cell and organism depends upon the expression and the post-
translational modifications of proteins. Therefore, measures of
broad-scale patterns of protein expression can complement and
extend results from cDNA microarrays. Using 2-dimensional
gel electrophoresis, Bosworth et al. (4) found only minor
changes in patterns of protein expression in white skeletal
muscle from normoxic and hypoxic adult zebrafish. The effects
of hypoxia were restricted to a small number of low-abundance
proteins, one of which, observed only in tissues from hypoxic
zebrafish, had a molecular weight and isoelectric point similar
to those predicted for fish HIF-a subunits (81, 100). Under the
conditions of this study, however, there were no indications of
a broad reorganization of metabolism. The difference between
results obtained from cDNA arrays and techniques based upon
proteins illustrates the need to integrate both approaches for a
more complete understanding of the effects of hypoxia on
patterns of gene expression in fish.

Definition of a Functional Fish HRE

Although evidence is accumulating that hypoxia can affect
the expression of a wide array of fish genes, a functional HRE
has been characterized only for the LDH-B gene from Fundu-
lus heteroclitus. In mammals, the minimal HRE corresponds to
(A/G)CGTG and has been found in the promoter or enhancer
regions of a variety of genes (46, 119). Based upon sequence
similarity to the mammalian HRE, a putative HRE was iden-
tified in intron 2 of the LDH-B gene from F. heteroclitus (85).
Functional studies, however, indicated that the promoter of the
LDH-B, rather than intron 2, conferred oxygen sensitivity on
reporter gene expression (B. B. Rees, Y. G. Figueroa, B. S.
Beckman, P. M. Schulte, unpublished observations). Further-
more, the putative HRE in this promoter is different from the
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canonical mammalian HRE, but identical to that found in
mammalian aldolase-A (46) . Given the diversity of HIF in fish
and other vertebrates (see above), it will be important to
determine the ability of other forms of HIF to interact with this
HRE and those which will undoubtedly be identified in other
fish genes.

FUTURE DIRECTIONS

In the preceding pages, we have attempted to lay out the
current state knowledge on the effects of hypoxia on gene
expression in fishes, both in terms of HIF-based mechanisms
and targets of oxygen-dependent gene expression. We close by
calling attention to a number of unanswered questions that may
serve as a foundation of several areas of potentially fruitful
future research.

Linking HIF, Oxygen, and Gene Expression in Fish

Clearly, a more complete description of HIF and its targets
of regulation in fishes are necessary. The first fish homolog of
HIF-1a was described in 2001. Since then, there has been one
published report of another HIF-«, along with a number of
unpublished and partial HIF-a sequences. Future research with
fish will help to resolve the number of HIF-a forms and their
relationships to one another and to other vertebrate HIFs.
Research to date suggests an important role not only for
oxygen, but also for cellular redox state, in HIF stability and
function. Whether the different forms of HIF-a show different
sensitivities to oxygen and cellular redox state remains unex-
plored. Answers to these questions may help illuminate why
fish species differ in their hypoxia tolerances. In addition,
HIF-1a protein levels, as assessed by Western blot analyses of
fish tissue, are often considerable in normoxic conditions (H.
Numminen, E. Rissanen, and M. Nikinmaa, unpublished data),
suggesting that HIF-1a may have oxygen-independent roles in
the physiology of fish. The normoxic levels, furthermore, show
marked individual differences (H. Numminen, E. Rissanen,
and M. Nikinmaa, unpublished data). Whether interindividual
variation in normoxic levels of HIF is correlated with other
aspects of the life history or physiology of fish is another
fascinating question.

A number of studies suggest a diversity of potential targets
of low-oxygen mediated gene regulation in fish. These poten-
tial targets include several which are known to be affected by
hypoxia in mammals, such as vascularization and carbohydrate
metabolism. However, although there are a number potential
genes regulated by hypoxia in fish, data in support of a direct
role of HIF in the hypoxia-induced changes are extremely
limited. Accordingly, it will be important to identify HREs in
these genes and demonstrate a functional interaction with HIF
in vitro and, ultimately, in vivo. It is possible that subtle
variation in the sequence of HREs from target genes could lead
to large differences in the effects of hypoxia on gene expres-
sion in different species of fish. Indeed, changes in the regu-
latory region of genes may be a more important force in the
evolution of gene expression than changes in the coding region
(104). Because of the diversity of fish, with closely related
species, or populations within a given species, occurring in
habitats of differing oxygen availability, there are numerous
opportunities for “natural experiments” evaluating the relation-
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ships between gene regulation, hypoxia tolerance, and ecolog-
ical distribution.

More research is also needed on “traditional” oxygen-regu-
lated processes for which the possible link to HIF has not been
investigated. For example, the role of catecholamines in hyp-
oxia responses in fishes has been intensively studied. Cat-
echolamines regulate ventilation (73), influence red blood cell
pH and hematocrit value (69), and play a role in the activation
of gluconeogenesis (110) in hypoxia. Given that there is an
interaction between the transcriptional activity of HIF and
cAMP, the second messenger involved in (3-adrenergic re-
sponses (53), and that the expression of a-adrenergic receptors
is HIF regulated (65) in mammals, it would not be surprising to
find HIF-dependent regulation of adrenergic responses in fish.

With respect to novel oxygen-regulated processes, studies of
global patterns of gene expression in fish under hypoxia hold
much promise (22, 105). Targets of oxygen-dependent gene
expression revealed in such studies may reflect specializations
of fish to aquatic habitats. Alternatively, these genes may be
important also in the hypoxic response of mammals but have
simply been overlooked because of their tissue, oxygen, or
temporal dependence.

One understudied area in the hypoxic responses of fish is the
mechanism of gene downregulation. Many fish demonstrate
reduced rates of metabolism, protein synthesis, and growth
when facing reduced oxygen availability (99). However, the
mechanism of this suppression, its oxygen dependency, and its
possible links to HIF are unknown.

Ultimately, measurements of HIF, its activity, and the ex-
pression of its targets need to be made in fish exposed to levels
of oxygen and lengths of hypoxia that are environmentally
relevant. Since fish occur in habitats ranging widely in their
oxygen concentrations, information from field measurements
of oxygen should be incorporated into the design of laboratory
experiments. Naturally occurring hypoxia is often cyclical,
varying diurnally, tidally, or seasonally. Thus studies with
hypoxia should include both cyclical and continuous hypoxia,
which may cause different responses, as described for carp
erythrocyte function (58, 116). In addition, ecologically rele-
vant hypoxia normally occurs in concert with elevated carbon
dioxide tension in freshwater (37) or with elevated hydrostatic
pressures in the oxygen minimum zones of oceans. Thus
studies of HIF function should take into account these addi-
tional environmental variables.

Potential Interactions Between Hypoxia and Other
Environmental Stressors

Aquatic hypoxia is frequently associated with changes in
temperature, food availability, or pollutant exposure, each of
which may interact with oxygen-dependent responses in fish.
Hitherto, temperature effects on HIF function have been little
studied, since most of the work on HIF relates to homeother-
mic organisms. However, HIF is required for heat acclimation
in Caenorhabditis elegans (106), indicating that in poikilother-
mic animals HIF function may also be related to temperature.
The molecular details of the effect of temperature on HIF are
presently unknown. Notably, however, a heat shock protein,
HSP90, interacts with HIF-« and affects its function (66). It
appears that HSP90 binds to PAS-B domain of HIF-a and
exerts a stabilizing influence on the protein (43).
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Fish exposed to hypoxia grow more slowly than fish in well
oxygenated environments, primarily due to decreased intake of
food (17). Two observations suggest that the nutritional status
and HIF-dependent responses may interact. First, glucose lev-
els affect HIF-mediated gene expression in cell culture (45),
and, second, the effects of insulin may be transmitted via a
pathway that shares elements of the HIF-dependent pathway of
gene expression (88).

Human activity may affect both temperature and food cy-
cles, but, in addition, causes pollution of the aquatic environ-
ment. In addition to their direct effects on biological function,
several pollutants could also potentially interact with HIF-
mediated processes. Pollutants such as dioxin and other halo-
genated hydrocarbons affect gene expression via binding to the
aryl hydrocarbon receptor (AHR), which dimerizes with
ARNT to affect gene expression (23). Because HIF-« subunits
also dimerize with ARNT, it is possible that hypoxia-induced
gene expression might be lessened due to competition for this
transcription factor or accessory factors (although see Ref. 79).
In rats, Hofer et al. (31) observed interaction between dioxin
and carbon monoxide exposure, the latter being a treatment
that induces physiological hypoxia. Kraemer and Schulte (49)
showed that prior exposure of Fundulus heteroclitus to
3,3’ ,4,4'-tetrachlorobiphenyl suppressed the induction of gly-
colytic enzymes during hypoxia. Another current concern is
the presence of estrogenic substances in aquatic environments
(41, 42, 120). Recent reports suggest that estrogen analogs
interfere with the function of HIF (15, 67). Finally, HIF
function in fish may be sensitive to the redox state of the cells
(70), whereby anthropogenic influences on the environment
that cause oxidative stresses, such as increased ultraviolet
radiation and metal contamination, may disturb HIF function.
Thus oxygen-dependent gene expression, and possibly hypoxia
tolerance, in fish may be impacted by all the above forms of
pollution.

Fish are ideally suited for investigating the interactions
between low oxygen and these other environmental stressors.
Results from such studies may indicate unexpected ramifica-
tions of these stressors on fish physiology and ecology. In
addition, results with fish may find parallels in the oxygen-
dependent responses of mammals, including humans. By
studying the molecular responses of fish to hypoxia, therefore,
we can better understand this diverse and important group of
vertebrates, and in the process, we can learn more about
ourselves.
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