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Hypoxia inducible factors (HIFs) are master-regulators of
cellular responses to hypoxia, and thus are crucial for
survival. HIFs also play a role in regulating cellular pro-
cesses in B-cells, liver, muscle, and adipose tissue, have
effects on the regulation of weight, and play a role in
type 2 diabetes (T2D). Indeed, in people with T2D the HIF
pathway is dyregulated in major metabolic tissues in-
volved in the pathogenesis of diabetes. This review
covers the contrasting, complementary and conflicting
effects of decreasing and increasing HIFs in various
tissues, and shows that a delicate balance exists be-
tween HIF levels and optimal metabolic function. We
propose that increasing the activity of HIFs might be a
potential therapeutic strategy for treating T2D.

HIFs

Oxygen is essential to the survival of all multicellular
organisms. It is a prime substrate in the generation of
ATP, the major energy source, but in excess, oxygen leads
to the formation of reactive oxygen species (ROS) and
oxidative cellular damage. Therefore its homeostasis must
be finely tuned. Beyond whole-organism oxygen homeosta-
sis, reviewed in [1,2], recent emerging evidence suggests
that dysregulation of the HIF pathway has a role in the
pathophysiology of a range of diseases including metabolic
syndrome, diabetes, cancer, heart disease and pulmonary
vascular disease [3,4]. Several recent papers have reported
seemingly conflicting findings in tissue-specific HIF activ-
ity, and these make this a complex field. Here we review
the regulation of HIFs and their roles in the major meta-
bolic tissues involved in the pathogenesis of diabetes and
the metabolic syndrome.

The HIF family and their regulation

The HIF proteins coordinate at the transcriptional level
the cellular response to oxygen availability [2]. Since their
discovery 15 years ago remarkable progress has been made
in understanding the structure and function of these pro-
teins and their role in basic cellular physiology. There are
now hundreds of known HIF target genes, including genes
encoding proteins involved in angiogenesis, apoptosis, cell
cycle progression, glucose uptake, glycolysis, and lipid
metabolism [3]. As an indispensable component for normal
development, deletion of the family members ARNT (also
termed HIF-1B, see Glossary), HIF-1a, or HIF-2« in mice is
lethal before birth or perinatally, with the exception of one
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line of HIF-2a null mice with partial survival on a mixed
genetic background [1,5-9].

HIFs are heterodimeric transcription factors that be-
long to the basic helix-loop-helix Per—ARNT-Sim (bHLH-
PAS) family. HIF-1 is composed of two parts, namely
ARNT (also named HIF-1B) and HIF-1a, both of which
play interdependent roles in transcriptional regulation.
HIF-2 is composed of ARNT2 (also termed HIF-2B) and
HIF-2a, and similarly HIF-3 is made up of ARNTS (also
known as HIF-3B) and HIF-3a. The HIF « subunits are
tightly regulated at the protein level [1,10], as depicted in
Figure 1la.

HIFs are rapidly hydroxylated, ubiquitinated and
destroyed by proteolysis, giving a half life of minutes.
Hydroxylation is carried out by prolyl hydroxylases (PHDs)
and an asparagine hydroxylase named FIH1 (factor inhi-
biting HIF). Once hydroxylated, HIF « subunits associate
with the von Hippel-Lindau (VHL) protein, which forms
part of an E3 ubiquitin ligase complex. This ubiquitinates
HIFs and targets them for proteolysis. The hydroxylases
require oxygen, iron and 2-oxoglutarate (also known as a-
ketoglutarate) as cofactors. Thus, hypoxia, iron depletion,
or decreased 2-oxoglutarate inhibit proteolysis and HIF
activity increases. Mutations in the human VHL gene
cause a syndrome of the same name which is associated
with an increased risk of vascular tumors [11]. Mutations
affecting PHDs or FIH also increase HIF activity in people.

Glossary

Akt/PKB (protein kinase B): a serine/threonine-specific protein kinase that
plays roles in a variety of cellular processes including glucose metabolism, cell
proliferation and apoptosis.

AMP-activated protein kinase (AMPK): an enzyme expressed in several tissues
that plays a pivotal role in cellular energy homeostasis.

Aryl hydrocarbon receptor nuclear translocator (ARNT): a basic helix-loop-
helix protein required for the activity of the aryl hydrocarbon receptor (AhR).
ARNT also dimerizes with hypoxia-inducible factor 1 (HIF1), and this
heterodimer functions as a transcriptional regulator of the adaptive response
to hypoxia.

db/db: a mouse model of T2D that lacks the leptin receptor.

Factor inhibiting HIF (FIH): an asparagine hydroxylase that inhibits the function
of the HIF a-subunits. It requires iron, oxygen and 2-oxoglutarate for function.
Hypoxia-inducible factors (HIFs): heterodimeric transcription factors, with an
oxygen-sensitive a subunit.

Non-alcoholic fatty liver disease (NAFLD): steatosis of the liver not caused by
alcohol consumption.

PHDs: prolyl hydroxylase domain enzymes (PHDs) that hydroxylate (and
thereby regulate) the HIF transcription factors.

TallyHo: mouse model of T2D with diabetes susceptibility loci on chromo-
somes 7, 13, 15, and 19.

Von Hippel-Lindau (VHL): a protein that forms part of an E3 ubiquitin ligase
complex, and is responsible for ubiquitination and proteosomal degradation of
HIFs.
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Figure 1. Regulation of HIF protein and the role of HIFs in various tissue types. (a) Under normoxic conditions HIF « subunits are hydroxylated, ubiquitinated, and targeted
for proteosomal degradation. A small amount escapes degradation and binds to ARNT to regulate target genes. Under hypoxic conditions, HIF a subunits are unable to be
hydroxylated by the oxygen-dependent hydroxylases and thus escape degradation. The iron chelator deferoxamine is able to stabilize HIF-1a because the hydroxylases also
require iron to function. (b) HIFs are present in several tissue types and the effects of reducing or increasing HIFs from previous studies are summarized. Upward arrows
indicate an increase, and downward a decrease. Abbreviations: ARNT, aryl hydrocarbon receptor nuclear translocator; HIF, hypoxia inducible factor; VHL, von Hippel-

Lindau; KO, knockout.

HIFs, diabetes and metabolic syndrome

Diabetes has become a problem of global proportions. The
two major risk factors for T2D are insulin resistance
and B-cell dysfunction. Recent research suggests that

disturbances in HIF-1 signaling may play a detrimental
role at several stages in diabetic pathogenesis, including
the innate failure of B-cells to secrete sufficient insulin
[12,13], insulin resistance [14,15], adipocyte dysfunction,
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and inflammation [16-18]. For example, hyperglycemia HIF-1 and B-cell function

interferes with protein stabilization, although the mecha- B-Cell dysfunction leads to inadequate insulin secretion. In
nisms are not fully understood [12,13]. Conversely, insulin normal B-cells, rising glucose levels lead to its increased
and other growth factors may stabilize HIF-1« [14]. uptake and metabolism through glycolysis, the Krebs cycle,
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Figure 2. Hypoxia inducible factor (HIF) and pathways in B-cell dysfunction in diabetes. (a) Under normal conditions, glucose is taken up and broken down by glycolysis to
provide substrates for the TCA cycle and the electron-transport chain. An increase in the ATP:ADP ratio closes the ATP-dependent potassium channels, leading to
membrane depolarization, opening of the voltage-gated calcium channels and increase in intracellular calcium. This subsequently results in insulin exocytosis.
(b) Decreased HIF-1 leads to decreases in genes associated with glucose sensing, glycolysis, and the electron-transport chain, ultimately leading to a decrease in ATP
generation. A decrease in insulin secretion is a direct result of a decrease in the ATP:ADP ratio.
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and then in the mitochondrial electron-transport chain
(Figure 2a). Metabolism of glucose leads to generation of
ATP from ADP. The ATP-sensitive potassium channels
close, leading to membrane depolarization and insulin re-
lease. Thus, impaired glucose uptake can impair glucose-
stimulated insulin release (GSIS).

Islets isolated from people with T2D have a 90% de-
crease in ARNT expression (mRNA) compared to glucose-
tolerant donors [12]. Mice with B-cell-specific knockout of
ARNT (B-ARNT) had reduced glucose tolerance and im-
paired in vivo and in vitro GSIS, and similar changes in
gene expression to those seen in T2D islets, including
decreased HNF4q, insulin receptor, aldolase, phosphofruc-
tokinase and others [12]. Cellular studies examining
ARNT knockdown in three different 3-cell culture models
(MING, primary islets and 832/13) show consistent results,
with significantly impaired insulin secretion, reduced gly-
colytic enzyme expression, and dysregulation of metabolic
pathways [12,19]. These findings suggest that ARNT plays
an important role in B-cell function. Another recent cellu-
lar study has identified carbohydrate-responsive element-
binding protein (ChREBP) as a negative regulator of ARNT
and has suggested that ChREBP-mediated repression of
the HIF complex might contribute to glucotoxicity-induced
B-cell dysfunction [20].

HIF-1q, the heterodimeric partner of ARNT, plays an
important role in insulin secretion, because insulin secre-
tion is impaired in mice with B-cell-specific knockout of
HIF-1a and in MING6 cells with siRNA knockdown of HIF-
la [21]. As with B-ARNT knockout mice, these mice had
decreased expression of glycolytic genes including glucoki-
nase and phosphofructokinase, key components of the B-
cell glucose-sensing machinery [21] (Figure 2b).

Consistent with impaired glycolytic gene expression, B-
HIF-1a null mice had severely reduced glucose-stimulated
ATP generation and therefore impaired insulin release
(Figure 2b). This provides a mechanism by which a tran-
scription factor can regulate insulin secretion. Further link-
ing these components is the observation that the uptake and
metabolism of glucose by the electron-transport chain in a 3-
cell model was shown to deplete oxygen. Oxygen depletion
induces HIF-1a and increased glycolysis [22].

VHL is required for HIF proteolysis, and thus deletion
or inactivating mutations increase HIF protein. Interest-
ingly, mice with B-cell deletion of VHL have markedly
impaired insulin secretion and glucose intolerance [23-
26]. Therefore, both depletion of ARNT or HIF-la and
excess of HIF-1a and HIF-2a (with are both increased with
VHL deletion) impair B-cell function, suggesting an ‘in-
verse-U’ relation.

Because hydroxylation and concomitant degradation of
HIFs requires iron, iron chelators induce modest increases
in HIF protein levels. Use of iron chelators resulted in
improved insulin secretion and normalized ARNT mRNA
and downstream gene expression in islets from people with
T2D [21]. The B-cell benefits of iron chelation are HIF-1a-
dependent because iron chelators did not affect B-cell
function in mice lacking HIF-1a in B-cells. Collectively,
these data suggest that iron chelators might have thera-
peutic potential. Consistent with the inverse U-relation,
deletion of FIH, which causes relatively modest increases
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in HIFs, also results in improved glucose tolerance in mice
challenged with high-fat diet (HFD) [27].

The various effects in HIF-1 dyregulation of B-cells are
shown in Figure 1, and the effects on B-cell glucose-sensing
are shown in Figure 2b. Smaller increases such as those seen
with iron chelation or FTH deletion are beneficial for B-cell
function and survival [28-30]. Mice on a HFD with the
addition of an iron chelator (deferasirox) have better glucose
tolerance than mice on a HFD alone. Beneficial effects on 3-
cell function were not limited to mice because human islets
treated with the iron chelator deferoxamine had improved
glucose-stimulated insulin secretion and ARNT mRNA ex-
pression was restored [28]. Deferoxamine improves islet
survival following the hypoxic insult ofislet transplantation
[29]. Mice were cured of diabetes with a lower number of
transplanted islets when islets were pretreated with defer-
oxamine. Deferoxamine-treated islets had increased anti-
apoptotic gene expression and decreased apoptosis [29].

The available evidence suggests that HIF-1a activity
operates on a spectrum, with the two extremities of too
little and too much HIF-1a causing detrimental effects on
B-cell function. In this context it is interesting that where-
as homozygous B-cell deletion of VHL is very clearly dele-
terious for B-cell function, heterozygous mutations in
people with VHL syndrome do not appear to be associated
with diabetes. In fact, there may be a decrease in diabetes
risk after partial pancreatectomy in people with VHL
syndrome (discussed in [28]). Our belief is that there is
an optimal point for HIF-1a for B-cell function, with ‘nor-
mal’ probably being below that level of HIF-1a. Then, if
HIF-1a is modestly increased, such as with iron chelation,
B-cell function will improve.

Consistent with that concept, human islets from people
with T2D have decreased expression of both HIF-1a and
ARNT, and increasing HIF-la with iron chelation im-
proved human islet function and gene expression [28]. Iron
chelators are currently approved for human use for treat-
ment of iron overload and it will be of great interest to
determine the effects in human diabetic patients in clinical
trials.

HIFs and liver

In the liver, the highest oxygen concentrations are in the
periportal regions and the lowest in the centrilobular area.
Periportal hepatocytes specialize in oxidative metabolism
and the synthesis of bile. Centrilobular cells have lower
oxygen tension, higher HIF protein levels, take up more
glucose, synthesize glutamine, and metabolize xenobiotics
— functions related to the activity of ARNT and HIFs.
Xenobiotic metabolism is regulated by ARNT plus Aryl
hydrocarbon receptor (AhR) [31,32]. The liver is sensitive
to hypoxia and to reperfusion injury: apneic episodes in
people who have obstructive sleep apnea can induce acute
elevation of liver enzymes [33,34].

Liver dysfunction is a key component of T2D and is both
affected by and contributes to the condition [35-38]. Car-
dinal features include increased and inappropriate hepatic
glucose production (HGP) [39,40] and reduced hepatic
insulin sensitivity [41]. Non-alcoholic fatty liver diseases
(NAFLD) are common in T2D and further exacerbate
metabolic dysfunction [42—48].
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Perturbations of the HIF proteins have been demon-
strated to play a role in these processes in animal models.
It has been shown that feeding mice with a high-fat/sucrose
diet that causes fatty liver also causes upregulation of
hepatic HIF-1a [49] via an unknown mechanism. However,
HFD is a metabolic stress with well-established effects on
glucose and energy homeostasis. When mice with a hepa-
tocyte-specific HIF-1a deletion were fed this diet, they
exhibited more severe impairment of glucose tolerance
and peripheral insulin-resistance than control littermates
[49].

Consistent with the decrease in ARNT mRNA in T2D
islets, ARNT mRNA and protein are also reduced in hu-
man T2D livers [50]. Short-term hepatic ablation of ARNT
in mice using adenovirus—cre injection increased HGP and
impaired glucose tolerance [50]. Conversely, deletion of
hepatocyte VHL substantially increased hepatic HIF-1a
and HIF-2a proteins and caused life-threatening hypogly-
cemia and reduced ketones [51]. This phenotype was
rescued by hepatic ARNT inactivation [51]. Hepatocyte
VHL-null mice developed fatty liver, as did VHL*'~ (het-
erozygous) mice [52]. Further studies reported that this
effect is HIF-2a-dependent [53]. It is interesting that VHL
knockout in B-cells results in impaired glucose tolerance
whereas its specific knockout in the liver leads to hypogly-
cemia. The data from HIF-1la, ARNT and VHL deletion
suggest that in the liver there is also an inverse-U relation,
and both deletion and excess of HIF activity are deleteri-
ous. Similarly to in B-cells, this suggests that balanced HIF
activity is crucial for optimal metabolic health.

As discussed in the B-cell section, the use of iron chela-
tion in the form of deferoxamine may be beneficial to
hepatic insulin sensitivity. In HepG2 hepatoma -cells,
deferoxamine upregulated the glucose transporter Glutl
and the insulin receptor. The latter was ARNT-dependent
[54]. Rats treated with deferoxamine displayed improved
insulin sensitivity with the upregulation of hepatic insulin
receptor and Akt/PKB.

HIFs and muscle

Skeletal muscle is faced with the challenge of matching
energy production with demand under widely-ranging cir-
cumstances, from resting to intense exercise. The ability of
muscle to switch rapidly between aerobic and anaerobic
energy production is an important characteristic [55,56].
HIF-1 plays a role in this dynamic process by regulating
glycolytic and oxidative pathways of energy production,
mitochondrial respiration and muscle fiber composition
[55,57]. Its role is suggested by three observations: expres-
sion is higher in fast-twitch muscles that rely on glycolysis
[58] and is upregulated during bursts of activity [57] and in
chronic hypoxia [59].

Mice with muscle-specific HIF-1a deletion are initially
able to exercise for longer due to reduced lactate accumu-
lation [60]. Lactate accumulation causes muscle pain,
hence decreased lactate associates with improved exercise
tolerance. However, the mice lack the ability to change
fiber-type between fast- and slow-twitch types, and have a
decreased capillary:fiber ratio, making the muscle less able
to adapt [55]. They develop muscle damage and fibrosis,
eventually resulting in reduced exercise capacity [60].
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Conversely, muscle HIF-la overexpression in rats in-
creased fiber size and conversion to faster fibers [57].

In humans, a HIF-1la polymorphism (Pro582Ser) is
more commonly found in elite athletes versus controls,
suggesting that it may improve physical performance
and muscle function [61]. However, the mechanism is
unknown. In a subset of skaters who had muscle biopsies,
this polymorphism was associated with a predominance of
fast-twitch fibers. Increased fiber size and fast-twitch
fibers would improve strength and performance in tasks
requiring speed, and therefore some have suggested that
muscle HIF may one day constitute a form of doping [62].
The effects of iron chelators would be very interesting to
examine in the context of human athletic performance and
muscle function.

We have found two studies examining the direct role of
muscle HIF-1 in glucose homeostasis. In the first study
HIF-1a upregulated GLUT4 mRNA after 10 min of
electrically-induced contraction of isolated soleus muscle.
Thus HIF-1a might facilitate glucose transport following
contraction [63]. Another study showed that insulin-
dependent upregulation of glucose transporters was
dependent on the HIF-1o/ARNT transcriptional complex
[64]. Interestingly, basal and insulin-induced expression
of Glutl, Glut3, aldolase, phosphoglycerate kinase, and
VEGF were reduced in ARNT-defective cells.

The characteristic features of skeletal muscle in sub-
jects with insulin resistance, namely reduced oxidative and
increased glycolytic activities and altered fiber composition
[65], may imply a potential regulatory role for HIF-1.
However, direct assessment of glucose homeostasis in
animal models will be needed to test this possibility.

HIFs, fat and inflammation

Since the discovery of leptin it has been recognized that
adipose tissue represents a dynamic organ that produces
adipokines and has roles in energy balance, glucose me-
tabolism, inflammation and immunity [66,67]. Obesity is
the strongest acquired risk factor for T2D: it gives a 10-fold
higher risk in men and 30-fold higher risk in women
[68,69].

Three recent reviews have discussed the various links
between obesity and insulin resistance [67,70,71]. In insu-
lin-resistant obesity there is adipose tissue hypoxia, and
this appears to drive an inflammatory response [72,73]. In
cultured adipocytes and preadipocytes, HIF-1a expression
is upregulated by exposure to hypoxia or cobalt(II) chloride
(a heavy metal poison which inhibits mitochondrial func-
tion and increases HIF's), and exposure increased levels of
the inflammatory mediators IL-6 and monocyte migration
inhibitory factor, and raised leptin and reduced adiponec-
tin levels [74]. In obese mice, regional fat hypoxia coloca-
lized with macrophage and T cell infiltration [75,76].

In obese humans, reduced oxygen pressures within
abdominal fat associate with greater macrophage infiltra-
tion [77]. Collectively, these observations suggest that (i)
adipose tissue hypoxia is deleterious and (ii) that defects in
the adipocyte response to hypoxia may contribute to the
pathogenesis of insulin resistance and diabetes. This con-
cept was also suggested by a study in which gene expres-
sion analysis of cultured adipocytes taken from diabetic



db/db and TallyHo mice demonstrated that these cells
were unable to respond efficiently to hypoxia [78].

Compelling evidence that HIF-1 plays a crucial role in
adipocyte function emerges from genetically engineered
models. In mice overexpressing constitutively active HIF-
la in white adipose tissue (WAT), inflammation, glucose
intolerance and decreased liver sensitivity were observed
both on normal chow and on a HFD [16]. Also, as seen in -
cells, constitutively active, unregulatable HIF is deleteri-
ous [28].

Studies examining adipocyte-specific HIF-1a and adi-
pocyte-specific ARNT knockout mice report the protection
of these mice from the consequences of HFD. Specifically,
these mice were resistant to weight gain, and had sub-
stantially better glucose tolerance and insulin sensitivity
[17,18]. Increased insulin-stimulated Akt phosphoryla-
tion was seen in WAT, liver and muscle in adipocyte-
specific HIF-1a knockout mice [17], suggesting crosstalk
between adipose tissue and other sites. These mice also
displayed central effects with an increase in core temper-
ature and energy expenditure [17,18]. Adipocyte-specific
ARNT knockout mice were lean, had smaller adipocytes,
and were protected from age-related effects on glucose
homeostasis [79]. In these studies, adipocyte specific
ARNT and HIF-la mice were created using the aP2
(Fabp4)—cre strain. The presence of aP2—cre causes selec-
tive deletion of a ‘floxed’ gene in cells expressing aP2
(adipocyte protein 2/fatty acid binding protein 4) — which
include macrophages and potentially some cells in the
central nervous system (CNS) [80]. Deletion in macro-
phages may contribute to the fascinating metabolic phe-
notype because macrophage accumulation and activity are
linked to obesity [81].
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By contrast, another mouse model of adipocyte-specific
HIF-1a inhibition resulted in entirely different effects [82].
In response to HFD, these mice gained more weight, had
worse glucose tolerance and insulin sensitivity, and im-
paired mitochondrial biogenesis. The reason for the opposite
responses is unclear. In these mice a dominant negative
mutant of human HIF-1a lacking the DNA-binding domain
was overexpressed in adipocytes, and there was also sub-
stantially increased expression in brown adipose tissue
(BAT). In contrast to ‘normal’ adipose tissue, the primary
function of BAT is not to store energy, but to consume energy
in thermogenesis. Thus, some of the effects reported in this
paper may relate to preferentially decreased HIF-1a func-
tion in BAT. Moreover, aP2—-cre also deletes in BAT, and
therefore in the genetic deletion models discussed above
there would also have been HIF-1a deletion in BAT.

Deletion of VHL from adipocytes, also using aP2-cre
mice, caused brain hemorrhages and lethality, reflecting
aP2-cre expression in the embryonic CNS [80]. This raises
the additional possibility that some of the beneficial effects
seen in aP2-cre ARNT and aP2-Hifla mice may relate to
CNS effects.

The findings from another mouse model further compli-
cate the interpretation. Mice lacking FIH have greater HIF
activity in fat and are protected from the effects of HFD,
with decreased weight gain, decreased fat accumulation,
and improved insulin sensitivity [30]. Many of the effects in
the FIH null mice were recapitulated by selective deletion
in the CNS [30].

An intriguing finding of these papers is that peripheral
knockout of HIF-1a can alter central control of metabolism.
Changes in the metabolic rate, as assessed by indirect
calorimetry (that measures heat production based on
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Figure 3. Roles of HIF-1a in adipocyte dysfunction and impaired glucose homeostasis. In obese individuals, hypoxia of adipose tissue leads to a chain of local events set off
by dyregulation of the HIF-1 pathway in adipocytes, including inflammation and macrophage infiltration. More distant effects include disturbances in 3-cell function and the
central control of metabolism, all of which ultimately lead to glucose intolerance, insulin resistance, and further weight gain. The main evidence for this model comes from
transgenic mouse studies; whether this takes place in humans under typical pathophysiological conditions is not yet clear. Abbreviations: HIF, hypoxia inducible factor;
WAT, white adipose tissue.
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oxygen consumption), and changes in core body temperature
in adipocyte-specific models, support this possibility
[20,21,81]. A recent study focusing on the hypothalamus
examined this issue [83]. Neurons in the mediobasal hypo-
thalamus express HIFs, particularly HIF-2«, and this pro-
tein was upregulated in response to glucose, suggesting that
HIF-2a regulates hypothalamic glucose-sensing. HIF acti-
vation upregulated expression of pro-opiomelanocortin, an
anorexigenic neuropeptide that is essential in the control of
body weight. Conditional loss-of-function of HIF signaling in
pro-opiomelanocortin hypothalamic neurons exacerbated
dietary obesity. Delivery of HIF-2o/ARNT or HIF-1o/ARNT
via lentiviral coexpression in the mediobasal hypothalamus
protected these mice from the effects of a HFD. Favorable
effects of both HIF-1a and -2a were attributed to reduced ad
libitum food intake [83].

How do we incorporate these findings into a unifying
explanation of the role of HIFs in adipocyte function,
energy regulation, and glucose homeostasis? First, the
local upregulation of HIF-1a in adipocytes in obese indi-
viduals with hypoxic WAT is associated with inflammation
and peripheral insulin-resistance. This is corroborated by
similar findings from a mouse model which overexpresses
HIF-1a in adipocytes. On the other hand, deletion of HIF-
la in adipocytes appears beneficial, conferring protection
from disturbances of glucose homeostasis and energy reg-
ulation following a HFD. These concepts are depicted in
Figure 3. Excess HIF-1«, induced by hypoxia, is deleteri-
ous, and deficit appears to be beneficial. However, expres-
sion of a dominant negative form of HIF-1a adipocytes is
deleterious [82]. Second, whole-body FIH deletion, which
modestly increases HIF, is beneficial. Together, this sug-
gests that in adipocytes the relation is more complex than
the apparent inverse-U-shape in other tissues. It remains
unclear why the relation in adipose tissue is different.

HIF and diabetes complications

The complications posed by diabetes lead to significant
morbidity and mortality and a substantial financial burden
to the community. Hypoxia is a key feature of these com-
plications whether they occur at a macrovascular (i.e.,
coronary artery, peripheral and cerebral vascular diseases)
or microvascular level (i.e., neuropathy, retinopathy, ne-
phropathy).

Mechanisms by which hyperglycemia results in the
degradation of HIF-1a have been described [84], possibly
linking the increase in myocardial infarct size amongst
rats exposed to hyperglycemia with the reported reduction
in HIF-1a [85]. More directly, overexpression of HIF-1a
leads to improvement of myocardial circulation and inhi-
bition of cardiac hypertrophy and fibrosis following myo-
cardial injury in diabetic mice [86]. These effects probably
take place at the basic level of endothelial function and
thus oxygen and nutrient supply, as suggested by the
upregulation of VEGF by HIF-1a in these mice.

Biopsies taken from the foot ulcers of human subjects
with diabetes displayed significantly lower HIF-1a levels
than biopsies taken from venous ulcers, suggesting a role
for hyperglycemia rather than hypoxia alone in diabetic
peripheral vascular disease [84]. Young db /db (obese) mice
with large wounds display reduced HIF-1a production, and
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Box 1. Outstanding questions

e How does a local imbalance in HIF-1 levels facilitate crosstalk
between remote organ systems? For example, adipocyte-specific
knockout mice display increased body temperature and energy
expenditure, usually under the control of the hypothalamus.

A better understanding of the complexities of HIF-1 regulation
may help to explain some of the discordant findings of various
mouse models with unregulated, increased HIF-1 activity. Also, by
contrast, when there is whole-body unregulated HIF-1, as in FIH
mice, why is this beneficial?

What are the effects on function of various metabolic tissues in
people with VHL syndrome: is their rate of diabetes altered? Do
they have an increased or decreased risk of fatty liver?

e What are the effects of mutations in the equivalents of FIH and
PHDs in humans? Again, do these people have a decreased risk of
diabetes? Are they protected from obesity as are the FIH mice?
How can we apply this evidence-base to the treatment of T2D and
metabolic syndrome?

genetic upregulation of HIF-1a in these mice accelerated
wound-healing and angiogenesis [87]. In another study,
the topical application of deferoxamine improved healing
of skin wounds in db / db mice and systemic administration
improved surgical skin-flap survival in streptozocin-
induced diabetic mice [88]. Further research is needed to
clarify the role of HIF-1 and its potential as a therapeutic
target in the management of these important conditions.

Concluding remarks
Collectively, the literature indicates important roles for
the HIFs in many tissues, with tissue crosstalk. Several
transgenic animal studies have reported effects of organ-
specific ARNT and HIF knockouts, raising the suggestion
that HIF-1-mediated crosstalk plays a role in the patho-
genesis of diabetes. Indeed, T2D is a disorder of seemingly
disparate phenomena, including defective B-cell function,
impaired insulin signaling within muscle, and increased
HGP. Each of these individual features can be induced or
repressed by manipulating ARNT and/or HIFs. Given the
known alterations in human tissues we speculate that
ARNT and HIFs may play a central role in these processes.
It is interesting to speculate whether HIF-related pertur-
bations in glucose homeostasis point to an underlying
problem in hypoxia-sensing or are hypoxia-independent.
There are also a number of outstanding questions posed by
this body of evidence (Box 1). In adipose tissue the hypoxia
model plausibly links together HIF-related maladaptive
responses to tissue hypoxia, with subsequent inflamma-
tion and peripheral insulin resistance. Likewise, vascular
complications in diabetes are characterized by tissue hyp-
oxia, with plausible evidence for a contributory role in the
dyregulation in the HIF-1 pathway. For the B-cell and liver
the distinction is less clear. It is likely that hypoxia-inde-
pendent factors play a role in HIF dyregulation in B-cells.
Interpreting these findings in a clinical context is chal-
lenging. Tissue-specific manipulation of the HIF pathway
is clearly difficult to translate to the whole human organ-
ism. However, overall, in most tissues, especially fat, hyp-
oxia is obviously deleterious for function. For B-cell
function, modest hypoxia, similar to the exposure in vivo
(5% oxygen), is not deleterious, but function is clearly
impaired at lower oxygen levels. Interestingly, in muscle,



intermittent hypoxia induced by exercise is beneficial, and
induces helpful adaptive responses, but chronic hypoxia is
deleterious.

Despite its limitations, this body of preclinical data
supports a vital role for HIF-1 in the regulation in mice
of glucose homeostasis, adipocyte function and the central
regulatory control of metabolism. In humans, significant
alterations in the expression of HIF-1a and/or ARNT in the
islets and liver cells of those with diabetes suggests that
HIF-1 pathway may also play similar roles in glucose
homeostasis to those demonstrated in mice. Together,
the body of animal research and the human data suggest
that modest stimulation of the HIF pathway may present a
viable therapeutic strategy in the management of T2D and
the metabolic syndrome.
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