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The hypoxia response pathway and β-cell function
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β-cells sense glucose and secrete appropriate amounts of insulin by coupling glucose uptake and glycolysis with quantitative ATP production
via mitochondrial oxidative pathways. Therefore, oxidative phosphorylation is essential for normal β-cell function. Multiple cell types adapt to
hypoxia by inducing a transcriptional programme coordinated by the transcription factor hypoxia-inducible factor (HIF). HIF activity is regulated
by the von Hippel–Lindau (Vhl) protein, which targets the HIFα subunit for proteasomal degradation in the presence of oxygen. Several recent
studies have shown that Vhl deletion in β-cells results in Hif1α activation, impaired glucose-stimulated insulin secretion (GSIS) and glucose
intolerance. This was found to be because of alterations in β-cell gene expression inducing a switch from aerobic glucose metabolism to
anaerobic glycolysis, thus disrupting the GSIS triggering pathway. Situations in which islets may become hypoxic are discussed, in particular islet
transplantation which has been reported to cause islet hypoxia because of an inadequate blood supply post-transplant. Aside from this principal
role for HIF in negatively regulating β-cell glucose sensing, other aspects of hypoxia signalling are discussed including β-cell differentiation,
development and vascularization. In conclusion, recent studies clearly show that hypoxia response mechanisms can negatively impact on
glucose sensing mechanisms in the β-cell and this has the potential to impair β-cell function in a number of physiological and clinical situations.
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The Hypoxic Response
Oxygen is critical to support multicellular life and the evolution of complex body plans correlates with a rapid rise
in atmospheric oxygen [1]. Oxidative phosphorylation greatly
increases the amount of energy that can be released from fuel
as oxygen acts as an electron acceptor for the respiratory chain,
enabling the redox-dependent coupling of fuel oxidation with
quantitative ATP production. Increased dependence on the
high energy yield from fuel oxidation has resulted in the evolution of molecular mechanisms to protect against a drop in
ambient oxygen tension (hypoxia). Although some specialist
cell/tissue types are able to sense oxygen as part of a specific
physiological function, such as the carotid body, many cell
types are equipped with a basic molecular response mechanism
to adapt to hypoxia. Central to this molecular mechanism is
the transcription factor hypoxia-inducible factor (HIF) which
has been well characterized over the past 17 years and implicated in regulating cellular metabolism in a number of cell
types, in particular during tumourigenesis. A role for HIF in
the regulation of systemic metabolism and glucose homeostasis
has recently been elucidated in tissues such as muscle [2–5],
liver [6,7] adipose tissue [8] and the β-cell [9–12], which is the
Correspondence to: James Cantley, Diabetes and Obesity Research Program, Garvan
Institute of Medical Research, Darlinghurst, Sydney NSW 2034, Australia.
E-mail: j.cantley@garvan.org.au

focus of this review. A number of HIF-independent signalling
pathways/networks are activated by hypoxia, which include
the unfolded protein response [13], AMP-activated protein
kinase and the regulation of mammalian target of rapamycin
(mTOR) activity [14]. However, this review mainly deals with
the hypoxia response pathways involving HIF.
For a human, hypoxia can be defined as a drop in the partial pressure of oxygen from that found in the atmosphere at
sea level (21.2 kPa/0.21 ATM/159 mmHg). Two definitions of
hypoxia could be used when considering the behaviour of cells
in a human or other complex organism. First, hypoxia could be
defined as the level at which mitochondrial metabolism (respiration) is compromised. This corresponds to about 1 mmHg
within the mitochondrion. Second, hypoxia could be defined as
a lower level of oxygen than that normally experienced by a particular type of cell. It is widely recognized that all mammalian
cells undergo very large adaptive changes in gene expression
in response to alterations in oxygenation in the range 15–50
mmHg, that is, well above that which has any direct effect on
mitochondrial respiration. From a physiological standpoint the
second definition is much more appropriate and will be used in
this review. However, there is some uncertainty about the precise oxygen concentration experienced by cells in normal tissues
or under standard culture conditions. What is clear is that some
tissues (e.g. the medulla of the kidney and cartilage) have lower
average levels of oxygen than others, such as cardiac muscle. It
is also clear that within a tissue such as the kidney or liver there
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are large gradients of oxygenation. Changes in oxygenation
will occur as part of a normal physiological or developmental
process, such as hypoxic gradients forming during embryonic
development (physiological hypoxia), or from a pathophysiological process such as tissue ischaemia because of stroke,
myocardial infarction or organ transplant (hypoxic stress).
Central to the hypoxic response is the transcription factor
HIF which was first identified as binding to the erythropoietin
gene enhancer during hypoxia [15], thereby providing a mechanism as to how erythropoeisis is increased during systemic
hypoxia. Since this discovery, hundreds of potential HIF target
genes have been identified and a large number (>70) have
been validated as possessing a functional hypoxia response
element (HRE) capable of binding HIF and activating transcription [16]. However, a much larger number of genes in the
genome have candidate HREs present in their enhancer region
suggesting that many genes have the potential to be regulated
by HIF at the level of expression, possibly in a cell-type-specific
or conditional manner. It is also clear that HIF influences gene
expression indirectly, for example, by increasing the expression
of transcriptional activators or repressors, and by interacting
with other transcription complexes. The majority of HIF target
genes validated to date are involved in diverse processes that
adapt the cell/tissue/organism to the hypoxic environment.
These principally include genes that adapt cellular metabolism
to anaerobic fuel use (such as lactate dehydrogenase), genes
that enhance the supply of blood oxygen (such as the proangiogenic vascular endothelial growth factor) and genes that
act to conserve energy (such as DNA-damage-inducible transcript 4). Some examples of classical HIF target genes are
given in figure 1. An additional number of genes modulate the
hypoxic response which include elements of the machinery regulating HIF stability and activity, signalling elements mediating
cross talk with other pathways and epigenetic modifier genes

Figure 1. HIF target genes. Examples of HIF target genes involved in
increasing oxygen supply and adapting cellular metabolism to anaerobic
conditions in various cell types. Over 70 genes, including those in this figure,
have been confirmed as HIF targets by DNA binding or reporter assays as
previously excellently reviewed [16]. HIF, hypoxia-inducible factor; Glut1,
glucose transporter 1; Gapdh, glyceraldehyde-3-phosphate dehydrogenase;
Vegfa, vascular endothelial growth factor a; Epo, erythropoeitin; iNOS,
inducible nitric oxide synthase; IGFBP1, insulin-like growth factor binding
protein 1; Ddit4, DNA-damage-inducible transcript 4.
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Figure 2. Cellular oxygen sensing. The transcriptional activity of HIF
is regulated by proteasomal degradation of HIFα in the presence of
oxygen. Prolylhydroxylases (PHD) use molecular oxygen to hydroxylate
HIFα, allowing recognition by the von Hippel–Lindau (VHL) protein,
polyubiquitination and proteasomal degradation. This is the core
mechanism controlling HIFα stability and therefore activation, although
there are several other known mechanisms that regulate/modulate the
activity of HIF which are discussed in the main article.

and microRNAs capable of modulating the hypoxic response
as recently reviewed elsewhere [17].
HIF activity is regulated by direct sensing of molecular
oxygen in the cell (figure 2). The active HIF transcription
factor dimer is composed of alpha and beta subunits. Aryl
hydrocarbon nuclear translocator (ARNT, otherwise known as
HIF1β) is not oxygen sensitive per se and is constitutively stable
in the cell and capable of binding HIFα subunits (as part of
the hypoxic response), the aryl hydrocarbon receptor (AHR)
or other ARNT/HIFβ subunits [18–20]. HIFα (used here as
the collective term for HIF1α/HIF2α/HIF3α gene products) is
the oxygen-sensitive component of the transcription factor
complex and confers the specificity and selectivity of the
hypoxic response. When oxygen is present, two proline residues
in the oxygen-dependent degradation domain of HIF1α
(Pro402 and Pro564 of human HIF1α) are hydroxylated,
using molecular oxygen, by the prolylhydroxylase enzymes
(PHD) [21]. These hydroxylated motifs allow capture by the
von Hippel–Lindau (VHL) protein that forms the recognition
component of an E3 ubiquitin ligase complex, which targets
the hydroxylated HIFα for polyubiquitination and proteasomal
degradation [22]. This elegant mechanism provides a succinct
explanation for the presence of highly vascularized tumours in
VHL patients: a mutation in the VHL gene predisposes patients
to constitutive HIF activation and tumourigenesis in a classic
Knudson two-hit manner [23]. In a normal cell, decreased
oxygen tension results in reduced hydroxylation enabling HIFα
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to escape VHL capture and proteasomal degradation, enabling
stabilized HIFα to dimerise with ARNT/Hif1β and bind the
HRE of HIF target genes. An additional level of regulation is
achieved by hydroxylation of a C-terminal asparagine residue
of HIF1α (Asn803 of human HIF1α) by factor inhibiting HIF
(FIH), a hydroxylase which blocks the binding of the CBP/p300
HIF co-factors and blunts the HIF transcriptional response. FIH
has a lower Km for oxygen than PHDs [4,24], therefore allowing
a second level of HIF activation with more severe hypoxia.

β-Cell Function and Diabetes
Normal β-cell function is crucial for glucose homeostasis.
β-cells sense glucose and secrete appropriate amounts of insulin
to stimulate glucose uptake in muscle and fat and inhibit hepatic glucose output. The canonical mechanism whereby β-cells
sense glucose and trigger insulin secretion has been well characterized [25] and is summarized as follows. Glucose is taken up
into the β-cell via the high Km /low affinity glucose transporter 2
(non-rate limiting), is phosphorylated by glucokinase (rate limiting) and enters glycolysis to produce pyruvate. Pyruvate enters
mitochondrial oxidative pathways, where it drives quantitative
ATP production. In turn, an increased ATP/ADP ratio closes
ATP-sensitive potassium channels (KATP channels) resulting in
membrane depolarization, opening of voltage-gated calcium
channels, calcium influx and insulin vesicle exocytosis. The
β-cell is an evolved glucose sensor and as such glucose-derived
metabolites are driven towards mitochondrial oxidative phosphorylation and ATP production, in part by suppression of
the pentose phosphate pathway [26] and low activity of lactate
dehydrogenase and monocarboxylate transporters [27]. The
dependence of this glucose sensor role on oxidative phosphorylation therefore means that hypoxia or mechanisms reducing
the aerobic capacity of the β-cell would probably have profound
effects on glucose-stimulated insulin secretion (GSIS).

Role of Hif1α in β-Cell Function
Three recently published studies from independent laboratories, including ours, investigated the effect of HIF activation on
β-cell function [9–11]. These studies utilized cre-loxP systems
to conditionally delete the Vhl gene in the β-cells or pancreas of
mice: notably, each study used different lines of cre-transgenic
mice to achieve gene deletion, thereby increasing our confidence in the results. Vhl deletion resulted in the activation
of Hif1α but not Hif2α in β-cells as shown by nuclear staining. This caused glucose intolerance because of postprandial
hypoinsulinaemia [9–11] and was completely reversed by additional deletion of floxed Hif1α [9,11]. Interestingly, deletion of
Hif1α alone in β-cells did not alter glucose homeostasis, arguing
that this factor is not required for β-cell function under normal
conditions [9,11]. We found that in vitro GSIS was not altered
from β-cell Hif1αKO islets; however, we did observe a slight
increase in basal insulin secretion suggesting a restraining role
of Hif1α on basal β-cell metabolism [9]. Vhl deletion/Hif1α
activation in the β-cell severely blunted islet GSIS and this was
accompanied by impaired NAD(P)H/FADH2 , ATP, membrane
depolarization and calcium levels in response to glucose [9,11]
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(figure 3). Lactate efflux was significantly elevated despite
normal oxygen levels [10,11]. Mitochondrial substrates were
found to elicit normal calcium and insulin secretory responses,
arguing for a mechanistic defect upstream of mitochondrial
metabolism [9].
Analysis of gene expression showed that Vhl null/Hif1α
active β-cells had altered the expression of genes involved
in glucose uptake, glycolysis and pyruvate utilization. Glut2
expression was decreased and Glut1 upregulated, which altered
the uptake rate of glucose into the cell [9,10]. Glucokinase
was slightly downregulated, possibly limiting the rate of glucose utilization further. Perhaps most importantly, a strong
induction of pyruvate dehydrogenase kinase 1 (Pdk1), lactate
dehydrogenase A (Ldha) and monocarboxylate transporter 4
(Mct4) was detected, which probably act in concert to direct
pyruvate away from mitochondrial oxidation and instead into
lactate (figure 3). These genes are normally barely detectable in
β-cells [27] as they oppose the coupling of GSIS: Pdk1 inhibits
pyruvate dehydrogenase, the rate limiting step of pyruvate entry
into oxidative pathways; Ldha converts pyruvate to lactate;
Mct4 will enable the export of lactate from the β-cells and into
the circulation thus supporting glycolytic flux. Forced overexpression of Ldha alone in the β-cell has been shown to impair
GSIS [29], whereas overexpression of PDK3 does not [30].
Although pyruvate dehydrogenase activity was not measured
in Vhl null/Hif1α active β-cells, the combination of Pdk1 with
Ldha expression may have an additive effect. These studies
clearly show that activation of Hif1α in the β-cell causes a switch
in metabolism from aerobic to anaerobic glycolysis, despite normal oxygen tension. This effect is akin to the Warburg effect
in cancer, where adequately oxygenated tumours preferentially
utilize anaerobic glycolytic pathways rather than aerobic respiration, which is thought to be due in part to HIF activation [31].
The three papers cited above clearly show that HIF1α activation impairs β-cell function by switching glucose metabolism
from aerobic oxidative phosphorylation to anaerobic glycolysis.
In contrast, a previous study has assessed the effect of deleting
the Hif1α binding partner Arnt in the β-cell [12]. These mice
were reported to have sexually dimorphic minor glucose intolerance and impaired GSIS. It is not clear from this study which
mechanism is responsible for the impaired GSIS; however, as
Arnt is constitutively stable (i.e. not regulated by oxygen per
se) and able to bind all three Hif1α subunits, the Ahr and other
Arnt proteins, it may potentially impact on a number of pathways. Accepting our results describing Hif1α activation and the
results of Gunton et al. describing deletion of Arnt/Hif1β, this
would imply that the effects of Arnt deletion on β-cell function
may be because of a Hif1α-independent pathway. The authors
also report that siRNA knock-down of Hif1α or Hif2α impairs
GSIS in mouse insulinoma cells (Min6). However, data recently
published by us and others [9–11] clearly show that Hif1α protein is not stabilized in the β-cells of normal wild-type mice
and that deletion of Hif1α does not alter glucose homeostasis
or GSIS [9,11] questioning the role of Hif1α under normal
physiological conditions. Furthermore, a number of observations suggest that in contrast to humans, mouse β-cells do not
express Hif2α. We were unable to detect the Hif2α protein following Vhl deletion [9] and another study found Hif1α but not
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Figure 3. Core gene expression changes with HIF activation and associated disruption of GSIS in the β-cell. This pattern of gene expression changes
is responsible for the disruption of glucose sensing and GSIS in mouse islets following HIF activation either because of Vhl deletion, pharmacological
HIF activation or hypoxic culture. (A) Gene expression changes in mouse islets cultured for 16 h under hypoxic (1% O2 ) conditions (J. C. and S. T. G.,
unpublished results). (B) The effect of HIF-induced gene expression changes on β-cell glucose sensing and GSIS: consensus model from Refs [9–11] as
previously outlined [28].

Hif2α to be stabilized in the mouse embryonic pancreas with
hypoxic culture or treatment with the PHD inhibitor/Hifα
activator dimethyloxalylglycine [32]. Furthermore, we have
been unable to detect the presence of the Hif2α transcript
using Affymetrix arrays of the Min6 mouse β-cell line (J. C.,
D. J. W, P. H. M and D. Shukla, unpublished results). In
addition, a publicly available online β-cell array database compiling consensus data from 19 published array studies lists
Hif2α (official gene symbol EPAS1) as present in human
and rat β-cells (p > 0.95) but absent from mouse β-cells
(http://www.t1dbase.org/page/Overview/display/gene id/2034).
As the majority of studies have failed to detect the Hif2α transcript, this indicates that Hif2α is not expressed in mouse
β-cells and islets. However, the results of the Gunton et al.
study cannot be simply written off as off-target effects; therefore, further experiments are required to conclusively test if
this gene is expressed in mouse β-cells and if it plays a role in
β-cell function or tumourigenesis.

HIF and Islet Angiogenesis
HIF is well known to promote pro-angiogenic gene expression
including VEGF and PDGF [33]. Therefore, it is perhaps
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not surprising that we observed an increase in islet vascular
density following Vhl deletion in the pancreas or β-cells of
mice (figure 4, [9]). This increase in vascularization could be
attributed to Hif1α activation as we were unable to detect
Hif2α, suggesting a different situation to that in the mouse
liver, where pro-angiogenic gene expression is predominantly
regulated by Hif2α [34].

HIF-independent Effects of Vhl Deletion
VHL interacts with a number of other proteins [23], some
of which may be involved in β-cell function. One potential HIFα-independent function of VHL is to ubiquitinate
calcium-independent protein kinase C isoforms [35,36], which
may contribute to the role of VHL as a tumour suppressor.
However, any functional implications of such interactions in
the β-cell are probably subtle, as the profound defect in GSIS
observed following Vhl deletion was completely rescued by concomitant deletion of the Hif1α gene [9,11]. The resulting mice
with Vhl and Hif1α null β-cells had normal glucose tolerance
and GSIS indicating that any potential HIF1α-independent
actions of VHL are not important for β-cell function under the
normal physiological conditions tested.
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Figure 4. CD31 staining of pancreatic sections from βVhlKO and PVhlKO mice. CD31 staining (brown HRP) shows increased vascularization of Vhl
null islets. Scale bar 100 micron. Image is reproduced from Ref. [9].

HIF, Pancreatic Development and β-Cell
Differentiation
Although the above studies show that Hif1α activation clearly
impairs GSIS coupling in β-cells, there are other potential
effects of hypoxia and HIF activation on β-cell development
and function. The role of physiological hypoxia in embryonic
development is well known as the mammalian embryo develops in a lower oxygen environment than adult tissues [37].
There are a number of studies demonstrating that Hif1α,
Hif2α or Arnt/Hif1β are required for normal development
of the placenta, heart and endochondrial bone formation, as
excellently reviewed elsewhere [37]. Therefore, there is potential for hypoxia and the Vhl/Hif system to regulate pancreatic
development.
Oxygen tension and Hif1α activity have recently been implicated in the repression of Ngn3 expression and inhibition of
embryonic β-cell differentiation [32]. However, studies with
β-cell-specific Vhl knock-out mice found normal β-cell mass
during adulthood indicating that Hif1α activation in β-cells
does not alter their state of differentiation or turnover per
se [9,11]. Aside from a direct role in maintaining β-cell differentiation, the study by Heinis et al. raises the possibility that pools
of β-cell progenitors are maintained in a proliferative state by
hypoxia and Hif1α activation during pancreatic development.
Moreover, it is plausible that the formation of hypoxic gradients
in the developing pancreas, proportionate to the distance from
the nearest blood vessel, would form a gradient of Hif1α activity
which may determine the degree of differentiation within the
developing organ. Our studies would suggest that such a progenitor would be a cell type other than pancreatic and duodenal
homeobox 1 (Pdx1)-positive, as Pdx1cre-mediated deletion of
Vhl resulted in Hif1α activation in all pancreatic cell types
and resulted in a normal β-cell mass at 12 weeks of age [9].
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However, when using the Pdx1cre mouse to delete Vhl, only
70% of β-cells at 12 weeks of age showed positive Hif1α staining suggesting that either cells from a Pdx1-negative progenitor
pool repopulate the islet during development, diluting out the
deleted cells to 70%, or the Pdx1cre transgene is only expressed
above the threshold required for loxP site recombination in
70% of β-cells during development and leading into adulthood.
Therefore, further studies are needed to directly test if such a
progenitor pool is regulated by hypoxia and Hif1α in vivo.
Another potential role for hypoxia response pathways in
pancreatic/islet development is via interaction with the Notch
signalling pathway. Hif1α can directly interact with the Notch
intracellular domain (activated Notch receptor) and potentiate
the transcription of Notch target genes thereby regulating cell
differentiation [38]. In addition, FIH is able to directly hydroxylate Notch in an oxygen-sensitive manner, which is thought
to regulate the availability of FIH for HIFα asparagine hydroxylation and therefore modulate the hypoxic response [39]. The
studies conducted by Heinis et al. clearly implicate the Notch
pathway as involved in the hypoxic suppression of Ngn3 and βcell differentiation, and therefore this aspect of HIF and Notch
signalling warrants further study in pancreatic development.

HIF and Islet Tumours
The role of the VHL protein as a tumour suppressor is well documented [23,40]. Indeed, the protein is named after independent descriptions by von Hippel (1904) and Lindau (1927) of a
rare hereditary cancer syndrome. VHL disease is a classic Knudson two-hit disease, whereby somatic inactivation of VHL in
certain tissues, in addition to an inherited mutant allele, results
in highly vascular tumours commonly found in the retina, central nervous system or kidney. In addition, endocrine tumours
of the adrenal gland and pancreatic islet (non-secreting) are
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well-recognized features of VHL disease [41]. It was studies of
renal clear cell carcinoma cell lines, isolated from VHL patients,
that led to the seminal finding that VHL regulates HIF1α
stability [22]. Therefore, it would be reasonable to predict that
Vhl deletion in the pancreas or β-cell may result in tumour formation. However, in three independent models of Vhl deletion
in the β-cell or pancreas, no evidence of tumour formation was
found [9–11]. There are several possible reasons for the absence
of tumours in these mice. First, there are species differences in
the site of VHL tumour formation in mice and humans; for
example, VHL liver hemangiomas are common in mice but rare
in humans, whereas renal tumours are common in humans but
rare in mice. Second, genetic background is known to influence
VHL tumour incidence in mice (as discussed below). Third, the
timing and site of deletion within the organ may be critical for
the initiation of tumour formation. Finally, the lack of tumour
formation may be because of the activation of Hif1α but not
Hif2α in Vhl null β-cells [9], as Hif2α expression is required
for the formation of malignant renal carcinomas (in humans)
or liver hemangiomas (in mice) during VHL disease [34,42]. As
discussed above, a number of studies suggest that mouse β-cells
do not express Hif2α. In contrast, we have recently performed
arrays on isolated human islets prepared for transplant and
found that the HIF2α/EPAS gene to be detected in all nine islet
preparations tested (J. C. and S. T. G., unpublished results).
However, it should be noted that this does not conclusively
prove that HIF2α is in human β-cells, as islets are composed of
multiple endocrine cell types, and also retain endothelial cells
and macrophages postisolation. If HIF2α is indeed in β-cells,
then this suggests that human β-cells/islets may be more prone
to tumour formation following VHL inactivation or other conditions leading to the activation of HIFα. This observation
also suggests that a cautious approach should be taken when
using pharmacological agents that may activate HIF2α in the
islet.
A recent study has reported that Vhl deletion in the pancreas
(using a Pdx1cre mouse) results in postnatal lethality of some
animals, but the cause of death could not be established upon
histological inspection of pancreata [43]. Of the few surviving mice, pancreatic cysts and a loss of exocrine tissue was
observed at 16–18 months of age. It is unclear as to why this
phenotype was present in these mice but not in our studies
using Pdx1cre mice to delete Vhl [9], although this may be
because of the following key differences between the studies.
First, genetic background is likely to be key: global Vhl heterozygote mice show no evidence of tumour formation when
bred on C57BL6/Sv129 mixed background [44], whereas when
bred on a BALB/C background the majority of mice develop
vascular abnormalities including liver hemangiomas [45]. Our
mice were maintained on a mixed C57BL6/Sv129 background,
whereas those of Shen et al. were produced on C57BL/6, A/J or
Balb/C and, intriguingly, markedly less lethality was observed
in the C57BL/6 background. Second, Shen et al. used a different Pdx1cre mouse [Tg(Pdx1-cre)89.1Dam] to our study
[Tg(Pdx1-cre)1Herr], which was generated using a different
length Pdx1 promoter and is known to be expressed slightly
earlier during development and to show a more complete
pattern of expression in the pancreas [46].
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Conditions Leading to HIF Activation
It is now clear that activation of HIF1α in the β-cell severely
compromises glucose sensing and insulin secretion, by altering
gene expression to favour a slower rate of glucose uptake and
a switch to predominantly anaerobic glycolysis, with pyruvate
shunted into lactate production rather than driving mitochondrial oxidative phosphorylation and the quantitative production of ATP. The next logical questions are what conditions lead
to the activation of HIF1α in the β-cell and does HIF1α activation play a role in β-cell dysfunction during type 2 diabetes? The
following paragraphs deal with a number of situations, both
reported and hypothetical, which may lead to HIF1α activation
in the β-cell. These include situations where the β-cell may be
under a hypoxic stress, as well as putative hypoxia-independent
stimuli that may lead to HIF1α activation.

Islet Graft Hypoxia
The most obvious and relevant situation in which the islet is
exposed to a severe hypoxic stress is during islet transplantation.
Islet grafts are known to have an insufficient blood supply after
transplant and to have a reduced oxygen tension prior to adequate revascularization [47], which may take up to 6 months
for vasculature to resemble a normal in situ islet [48]. It is also
unclear if the transplanted islets ever attain truly adequate vasculature, as the revascularization process requires the in-growth
of blood vessels, whereas an islet forming in the developing
pancreas will develop and grow in association with blood vessels [49]. In addition, the normal transplant site is the portal
vein of the liver which is perfused with relatively deoxygenated
blood compared to the oxygen-rich arterial blood supply of the
native pancreatic islet, potentially further compounding the
hypoxic stress that the transplanted islet is exposed to. It has
been reported that transplanted islets show activation of Hif1α,
particularly in the days following transplant, and this correlates
with impaired graft function [50]. These findings suggest that
the activation of HIF1α will impair GSIS and graft function,
and that inhibition of HIF1α activation or limiting its effect
on GSIS coupling may improve graft function and clinical
outcome. Furthermore, streptozotocin-induced diabetic rats
that received islet grafts showed improved glucose homeostasis following regular hyperbaric oxygen treatment [51], which
may act in part by inactivating HIF1α thereby improving islet
function and insulin secretion. Another study has reported that
following human islet transplantation to type 1 diabetic recipients, the postprandial c-peptide response negatively correlated
with the size of islets transplanted [52]. This observation that
larger islet grafts have impaired GSIS may be explained by
their probably reduced oxygen tension relative to smaller islets:
larger islets will require increased vascular growth and blood
oxygen to support their larger mass of cells, therefore assuming
the rate of angiogenesis to be equal per islet, larger islets may
have a reduced oxygen tension and increased HIF1α activation
which would impair GSIS. It is also plausible that HIF1α is
required for islet survival and revascularization, by altering βcell metabolism to favour survival in the hypoxic environment
at the expense of GSIS and increasing the expression of proangiogenic genes. However, it still remains to be established if
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the effects of HIF1α activation in the β-cell are transient and
reversible or if they result in permanently altered cell function.
It has previously been reported that hypoxia-regulated
genes are elevated in isolated human islets [53]. We have
recently performed Affymetrix arrays on human islets prepared
for transplant from nine donors as part of the Australian
Islet Transplant Consortium. These data were analysed by
comparison with a previously published array data set, from
the Marselli et al. study cited above, using in situ β-cells isolated
by laser capture microdissection [53]. We found a number
of HIF target genes to be increased in our isolated human
islets including PDK1, LDHA and MCT4, with a decrease
in glucokinase expression (J. C. and S. T. G., unpublished
results). Furthermore, we find after 4 weeks transplant
into immunodeficient RAG knock-out mice that this gene
expression profile did not normalize, suggesting impaired graft
function and a permanence of the hypoxia-like gene expression
profile (J. C. and S. T. G., unpublished results). Clearly, more
work is required to test the reversibility of hypoxia/HIF-induced
gene changes in the β-cell in response to hypoxia and drugs
that potentially lead to HIF activation in the islet.

In Situ Islet Hypoxia
A potential situation for hypoxic stress of the β-cell is during the
well-described compensatory increase in β-cell size and number that accompanies insulin resistance [54]. With an enlarging
islet mass it is plausible that the vascular density may become
insufficient to maintain adequate perfusion/oxygen delivery to
the islet. In this situation, regions of the islet may become
hypoxic and result in HIF activation and β-cell dysfunction. In
support of this hypothesis, it has been reported that islets from
Zucker diabetic fatty rats show an insufficient vascular density
with age, relative to obese non-diabetic control animals [55]
although in this study it is probably because of a loss of vasculature. Moreover, islets from these animals showed increased
expression of the HIF target gene Ldha, indicative of hypoxia
and HIF activation, which will probably act to impair aerobic
glucose metabolism and therefore GSIS as discussed earlier in
this review. Therefore, these findings warrant a more comprehensive investigation of models of β-cell hyperplasia to analyse
vascular density, oxygen tension and HIF activation, and to correlate these parameters with islet function. A similar observation has been made of the enlarged adipose tissue of obese mice
with a reduced vascular density and hypoxic regions stained
positive with pimonidazole [56,57]. Furthermore, a reduced
oxygen tension has been recorded in the subcutaneous fat tissue of obese humans [58] indicating that a rapid expansion of
a given tissue can lead to an imbalance between supply and
demand for oxygen, somewhat similar to solid tumour growth.
Another situation that may lead to β-cell hypoxia is during
hyperglycaemia, as islets consume greater amounts of oxygen
when exposed to high glucose [59], potentially leading to a
transient lowering of islet oxygen tension and Hif1α activation
if oxygen demand is greater than supply [60]. Rat insulinoma
cells (INS1) cultured under hyperglycaemic conditions showed
evidence for the activation of HIF target genes [60], although
it is unclear if this is because of transient hypoxia, hypoxiaindependent HIF activation or a mechanism not involving
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HIF. Results reported by us and others show that deletion
of Hif1α does not alter GSIS [9,11], which would tend to
argue against a role for this transient physiological hypoxia
in regulating β-cell function in a normal mouse. However,
this may become relevant if mice or islets are challenged with
persistent hyperglycaemia or in situations where the islet may
already have a restricted oxygen supply (such as following
transplantation or β-cell hyperplasia).
Several other clinical situations may result in systemic
hypoxia and thus reduce the islet oxygen tension, potentially
leading to HIF activation. These include chronic obstructive pulmonary disorder, sleep apnoea and ischaemic diseases
such as myocardial infarction. Interestingly, nocturnal intermittent hypoxia has been linked with type 2 diabetes risk
in humans [61], although this study did not investigate the
mechanism(s) involved.

Hypoxia-independent Activation of HIF
A number of hypoxia-independent mechanisms for HIF activation have been showed in other tissue/cell types, and therefore
these could potentially stabilize/activate HIF in the β-cell
leading to secretory dysfunction. It is known that hypoxia is
paradoxically accompanied by increased mitochondrial reactive oxygen species (ROS) and this has been shown to be
required for normal activation of HIF [62–64] possibly via
antagonizing prolylhydroxylase activity [65]. Therefore, conditions leading to excess ROS production and oxidative stress
may lead to HIF activation in the β-cell and secretory dysfunction. It is well known that exposure of β-cells to hyperglycaemia
results in oxidative stress and impaired GSIS [66], as well as
HIF target gene expression [60] and therefore this may involve
HIF activation.
It has been shown that Hif1α stability and transactivation
can be regulated in a redox-dependent manner in vitro by
the nitric oxide donor S-nitroso-N-acetylpenicillamine [67],
implicating conditions leading to nitric oxide production,
such as exposure to pro-inflammatory cytokines, as potentially leading to hypoxia-independent Hif1α activation. Furthermore, there is increasing evidence in the literature for
hypoxia-independent activation of Hif1α by pro-inflammatory
cytokines. In vitro experiments applying transforming nuclear
factor α or interleukin 1β to transformed cell lines resulted
in the NFκB-dependent stabilization of Hif1α [68,69]. Proinflammatory cytokines have long been known to cause β-cell
secretory dysfunction [70] as well as playing a pro-apoptotic
role in β-cell death. Therefore, when taken together, the above
studies suggest that Hif1α activation may be a previously
overlooked aspect of cytokine-induced β-cell dysfunction.
Iron chelators such as desferrioxamine or desferasirox are
used clinically to treat conditions such as haemochromatosis
and have the potential to activate Hif1α in a number of tissues,
including the β-cell, by antagonizing the PHD enzymes. In
addition, specific PHD inhibitors are currently being trialled for
the treatment of anaemia and ischaemia and these will probably
activate Hif1α in multiple tissues. Therefore, we suggest that
glucose homeostasis and in particular β-cell function should
be investigated in these patients, as if Hif1α is activated in
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the β-cell, or indeed muscle or liver tissues, this may have
unwanted effects on glucose homeostasis.

Conclusions
It is now clear that activation of HIF in the β-cell impairs glucose
sensing and GSIS. HIF activation alters β-cell gene expression
resulting in reduced glucose uptake and a switch from aerobic
glucose metabolism to anaerobic glycolysis, thereby blocking
the GSIS triggering signal. This indicates that conditions
resulting in islet hypoxia and/or HIF activation, such as islet
transplantation, will result in impaired GSIS. However, more
work is needed to investigate if HIF activation plays a role in
β-cell dysfunction during the progression of type 2 diabetes.
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