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Hypoxia-inducible factor-1α (HIF-1α) is a transcription factor that regulates cellular stress responses. While 
the levels of HIF-1α protein are tightly regulated, recent studies suggest that it can be active under normoxic 
conditions. We hypothesized that HIF-1α is required for normal β cell function and reserve and that dysregula-
tion may contribute to the pathogenesis of type 2 diabetes (T2D). Here we show that HIF-1α protein is present 
at low levels in mouse and human normoxic β cells and islets. Decreased levels of HIF-1α impaired glucose-
stimulated ATP generation and β cell function. C57BL/6 mice with β cell–specific Hif1a disruption (referred 
to herein as β-Hif1a-null mice) exhibited glucose intolerance, β cell dysfunction, and developed severe glucose 
intolerance on a high-fat diet. Increasing HIF-1α levels by inhibiting its degradation through iron chelation 
markedly improved insulin secretion and glucose tolerance in control mice fed a high-fat diet but not in 	
β-Hif1a-null mice. Increasing HIF-1α levels markedly increased expression of ARNT and other genes in human 
T2D islets and improved their function. Further analysis indicated that HIF-1α was bound to the Arnt pro-
moter in a mouse β cell line, suggesting direct regulation. Taken together, these findings suggest an important 
role for HIF-1α in β cell reserve and regulation of ARNT expression and demonstrate that HIF-1α is a potential 
therapeutic target for the β cell dysfunction of T2D.

Introduction
The transcription factor HIF-1α is important for a range of func-
tions, including cellular responses to hypoxia and other stressors, 
angiogenesis, and fetal development (1–6). It has strong antiapop-
totic effects (7–11) and is implicated in the pathogenesis of cardio-
vascular diseases and some cancers (12–20).

HIF-1α is a member of the bHLH-PAS family (reviewed in refs. 2, 
18, 21) and functions as an obligate dimer with other family mem-
bers, including aryl hydrocarbon receptor (AhR) nuclear transloca-
tor (ARNT). We previously reported that ARNT was decreased in 
islets isolated from patients with type 2 diabetes (T2D) and that 
decreasing ARNT in Min6 cells or disrupting it in mouse β cells 
caused changes in gene expression and glucose-stimulated insu-
lin secretion (GSIS) similar to those seen in islets isolated from 
humans with T2D (22). Recently, we reported a loss of ARNT 
expression in the livers of people with T2D, affecting dysregula-
tion of gluconeogenesis (23). Though the specific ARNT partner 
which is important for its actions in β cells (or liver) is not known, 
candidates include AhR, HIF-1α, HIF-2α, HIF-3α, and circadian 
rhythm molecules, e.g., BMAL.

Because of its role in the regulation of glycolysis and other bio-
logical processes in other tissues (24, 25), we hypothesized that (a) 
HIF-1α might be the important partner for ARNT in β cells, (b) 
that decreasing HIF-1α would impair β cell reserve and thus lead 
to diabetes under conditions of β cell stress, and (c) that increasing 
HIF-1α in a nontoxic way would improve β cell function.

Consistent with its role in regulating a number of important 
biological processes, HIF-1α protein is tightly regulated (reviewed 
in refs. 2, 17, 19, 21, 25, 26). In the basal state, it is hydroxylated 
on proline residues and becomes competent to associate with von 
Hippel-Lindau (VHL) protein, leading to ubiquitination and rapid 
proteolysis, giving a half-life of minutes (19, 27, 28). Oxygen, iron, 
and 2-oxoglutarate are required for hydroxylation (29–32). Thus, 
hypoxia inhibits degradation, leading to a rapid increase. In addi-
tion, HIF-1α protein can be increased by genetic inactivation of 
VHL or the hydroxylases, treatment with heavy metals such as 
cobalt chloride, or iron chelation with deferoxamine (DFO) or 
deferasirox (DFS) (20, 29). An additional layer of regulation is 
added by asparaginyl-hydroxylation, which inhibits association 
with transcriptional cofactors, including p300 (21).

Until recently, it was thought that HIF-1α did not function under 
normoxic conditions. However, the presence of HIF-1α protein in 
brain, kidney, liver, embryonic stem cells, trophoblastic cells, and 
others (5, 6, 33) is now recognized. It is stabilized by inflammation, 
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TGF, PDGF, EGF, and IL-1β (20, 34, 35) and by increased levels 
of ROS (36–38). Of potential relevance to β cells, insulin increases 
HIF-1α activity in liver, muscle, breast carcinoma, prostate carcino-
ma, and retinal epithelial-derived cells (39–42). PI3K-Akt pathway 
activation is required for the insulin-induced increase (43).

The role of HIF-1α in islets is not fully understood. Pancre-
atic islets are normally exposed to relatively low oxygen tension  
(20–37 mmHg) (44, 45) and to locally secreted insulin. These fac-
tors suggest a possible role for HIF-1α in islets and the possibility 
for decreased HIF-1α in the setting of insulin resistance.

This study found that targeted disruption of HIF-1α in β cells 
of C57BL/6 mice (referred to herein as β-Hif1a-null mice) led to 
glucose intolerance with impaired ATP generation and GSIS in 
isolated islets. Conversely, increasing HIF-1α using iron chelation 
with DFO or DFS caused significant changes in gene expression, 
which differed from severe hypoxia or VHL deletion (46–48). DFS 
significantly improved glucose tolerance in mice receiving a high-
fat diet (HFD) but had no effect in β-Hif1a-null mice, demonstrat-
ing that β cell HIF-1α was required for its effect. Importantly, 
DFO treatment of T2D islets normalized expression of ARNT 
and downstream genes and improved GSIS. HIF-1α bound to the 
ARNT promoter, as revealed by ChIP, and increasing HIF-1α levels 
increased ARNT expression. Taken together, these findings sug-
gest that decreased HIF-1α levels impair β cell reserve and that 
iron chelation, which increases HIF-1α activity in β cells, may be a 
therapeutic strategy for the treatment of human T2D.

Results
HIF-1α was present at low levels in islets and was decreased in humans with 
T2D. HIF1α levels were assessed using real-time PCR in isolated 
human T2D and control islets and using immunohistochemistry 
of pancreatic sections collected during partial pancreatectomy. 
HIF1A mRNA was decreased by 90% in T2D islets (P < 0.0001; Fig-
ure 1A). Immunohistochemistry revealed HIF-1α protein in some 
normal murine β cells (Figure 1B, horizontal arrows), and stain-
ing was present in blood vessels (Figure 1B, vertical arrows). In  
β-Hif1a-null islets, staining was present in vascular cells (Figure 1B, 
vertical arrows) but not β cells, demonstrating antibody specificity. 
In human partial pancreatectomy tissue, there was mild, diffuse 
HIF-1α staining, consistent with the operative procedure in which 
vessels are ligated prior to tissue removal, thus inducing hypox-
ia. Subjects with normal glucose tolerance showed more intense  
HIF-1α staining in islets than in the acinar pancreas (Figure 1C). 

In contrast, in T2D islets, HIF-1α staining was not higher than 
that in the acinar pancreas (Figure 1C).

HIF-1α associated with ARNT. To determine whether the HIF-1α in 
β cells and islets was associated with ARNT and therefore poten-
tially transcriptionally active in the basal (nonhypoxic) state, we 
used ARNT affinity purification and tandem MALDI-TOF mass 
spectrometry. The Coomassie-stained gel showed a band at the 
appropriate size for HIF-1α in the untreated nuclear fraction and 
in the DFO-treated positive control (Figure 1D, black arrow). Mass 
spectrometry revealed 4 peptide sequences derived from HIF-1α. 
HIF-2α was also associated with ARNT but only in DFO-treated 
cells. AhR protein was not detected.

To confirm that ARNT was bound to HIF-1α, we performed coim-
munoprecipitation studies in Min6 cells. Immunoprecipitation 
with ARNT antibodies revealed low levels of associated HIF-1α in 
the cytoplasm and nucleus, under normoxic conditions (Figure 1E). 
As expected, DFO treatment increased nuclear HIF-1α. The con-
verse was also true; immunoprecipitation with HIF-1α antibodies 
purified ARNT, under normoxic conditions (Figure 1F, left lane). 
AhR antibodies were able to “pull-down” ARNT from whole-cell 
lysates (Figure 1F, right lane). However, without exogenous ligand, 
AhR antibodies did not purify detectable amounts of ARNT from 
nuclear extracts, suggesting that it was not functionally active (data 
not shown). As shown in Figure 1G, ARNT immunoprecipitation 
and HIF-1α immunoblotting was performed in whole-cell lysates 
from primary mouse islets. Lanes 1 and 2 are islets from mice treated  
with DFO and then cultured in DFO. Lanes 3–8 were islets cultured 
in normal media. The Cre+ lane shows islets from a β-Hif1a-null 
mouse in which there was decreased HIF-1α.

β cell–specific Hif1α-null mice have impaired β cell function. Using the 
Cre-lox system, with Cre under control of the rat insulin promoter  
(RIP-Cre), and mice with a floxed Hif1a gene (floxed controls) 
(49), we generated β-Hif1a-null mice. HIF-1α immunostaining is 
shown in Figure 1B.

Importantly, in our colony, RIP-Cre mice have normal glucose tol-
erance (Figure 2A). β-Hif1a-null mice were fertile and did not differ 
in size or weight (data not shown). Fasting glucose did not differ 
among groups (Figure 2A); however, levels after glucose loading were 
significantly higher in β-Hif1a-null mice than in floxed control mice 
or in RIP-Cre mice. Disruption of HIF-1α in β cells did not alter 
fasting insulin. However, as shown in Figure 2B, β-Hif1a-null mice 
had significantly impaired first-phase GSIS. Consistent with these 
in vivo effects, islets isolated from β-Hif1a-null mice had impaired 
GSIS (>80% reduction at 3.3 and 11 mmol/l glucose; Figure 2C). The 
difference was not statistically significant at 22 mmol/l.

Gene expression was assessed in isolated islets using real-time 
PCR. In β-Hif1a-null islets, there was a more than 40% decrease 
in Glut2, glucokinase (Gck), glucose-6-phosphoisomerase (G6pi), 
phosphofructokinase (Pfk), hepatocyte nuclear factor 4α (Hnf4a), 
and others (Figure 2D). As expected, control islets had higher ATP 
content after exposure to high glucose (60% increase; Figure 2E). 
Islets from β-Hif1a-null mice had significantly lower basal ATP lev-
els (60% decrease) and the increase in ATP levels with 25 mmol/l 
glucose was severely blunted. This was despite similar islet insulin 
content (Figure 2F) and nonsignificant, higher β cell content in  
β-Hif1a-null mice (Figure 2G). No differences were observed for 
CD31 staining, indicating similar islet vascularity (data not shown).

Hif1a knockdown in Min6 cells impaired β cell function. To confirm 
the β-Hif1a-null mice results in a β cell line, we used RNAi in Min6 
cells. RNAi achieved approximately 70% knockdown of Hif1a 

Figure 1
HIF-1α is present in normoxic β cells, associates with ARNT, and is 
decreased in T2D. (A) HIF1A mRNA was decreased in islets of people 
with T2D (n = 6) compared with people with normal glucose tolerance 
(n = 12). ***P < 0.001. (B) HIF-1α protein was present in β cells in 
floxed control mice (horizontal arrows) but was decreased in β-Hif1a-
null mice. In both genotypes, HIF-1α was present in blood vessels 
(vertical arrows). Scale bar: 20 μm. (C) HIF-1α protein was higher than 
background in people with normal glucose tolerance (top panels) but 
was decreased in T2D pancreata (bottom panels). Scale bar: 50 μm. 
(D) HIF-1α protein (arrow) was associated with ARNT by affinity purifi-
cation. Cyto, cytoplasm; Nuc, nucleus; Prot, protein. (E) HIF-1α protein 
associated with ARNT in the basal state in Min6 cells, and nuclear 
HIF-1α increased with DFO. (F) ARNT protein associated with HIF-1α 
by coimmunoprecipitation. (G) HIF-1α protein was increased by DFO 
treatment of isolated mouse islets and was decreased in islets from a 
β-Hif1a-null mouse (Cre+).
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mRNA (Figure 3A). This was accompanied by markedly impaired 
GSIS (Figure 3B). There was a milder (approximately 25%) impair-
ment in KCl-stimulated insulin release (Figure 3B, right). In sepa-
rate experiments examining combined RNAi treatments, slightly 
more severe impairment occurred with Arnt RNAi and with Hif1a 
plus Hif2a plus AhR knockdown, suggesting small additional roles 
for Hif-2α and AhR (Figure 3C). KCl-stimulated insulin secretion 
was again impaired by approximately 25% (Figure 3C, right), sug-
gesting a partially glucose-specific effect.

Decreased expression of glucose transporter and glycolytic 
mRNAs was found, including Gck, Glut2, G6pi, Aldolase (AldoB), 
and Pfk (40%–60%; Figure 3, D and E). These changes were similar 
to those for β-Hif1a-null islets (Figure 2E). As shown in Figure 3F, 
Hif1a knockdown impaired ATP generation basally (25% decrease) 
and following glucose stimulation (only 90% of basal control).

Increasing HIF-1α improved glucose tolerance in HFD-fed C57BL/6 
mice. As noted above, β-Hif1a-null mice exhibited mild glucose 
intolerance, with preserved fasting glucose (Figure 2A). In a sepa-

rate cohort of mice (Figure 4A), we performed glucose tolerance 
testing (GTT) and replicated the finding of impaired glucose toler-
ance, with preserved fasting levels (P = 0.007, ANOVA for repeated 
measures). For β-Hif1a-null mice, weight was 24.7 ± 0.6 g, and for 
controls, weight was 25.2 ± 0.6 g.

To examine β cell compensation in the setting of insulin resis-
tance, we placed mice on a HFD (45% of calories from fat) for  
3 weeks. Weight increased to 29.4 ± 0.9 g for β-Hif1a-null mice and 
to 29.0 ± 0.8 g for controls. GTTs deteriorated in floxed controls 
(Figure 4B, dotted line) but more severely in β-Hif1a-null mice 
(Figure 4C, dotted line). AUCs are shown in Figure 4D (P = 0.047 
for floxed control HFD-fed versus β-Hif1a-null HFD-fed mice).

Following 3 weeks of HFD, all mice were changed to HFD admixed 
with DFS (HFD plus DFS) to increase HIF-1α. After 3 weeks, weight 
was 29.0 ± 0.8 g in β-Hif1a-null mice versus 29.0 ± 0.8 g in controls. 
As shown in Figure 4C, despite continuing HFD, floxed controls 
had highly significantly improved glucose tolerance. In contrast, 
there was no improvement in β-Hif1a-null mice, demonstrating that 

Figure 2
β cell deletion of Hif1a in mice causes glucose intolerance, impaired gene expression, ATP generation, and insulin secretion. (A) β-Hif1a-null mice 
were glucose intolerant compared with either floxed controls or RIP-Cre alone mice. n = 15, 15, and 12, respectively. (B) GSIS was decreased in 
β-Hif1a-null mice. (C) GSIS was decreased in isolated β-Hif1a-null islets. (D) Expression of several genes was decreased in β-Hif1a-null islets. 
(E) ATP concentrations were significantly decreased in β-Hif1a-null islets at both basal and high glucose levels. (F) Insulin content did not differ 
between floxed control and β-Hif1a-null islets. (G) β cell mass did not differ between groups. *P < 0.05, **P < 0.01, and ***P < 0.001.
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β cell HIF-1α was required for DFS to improve glucose tolerance. 
AUCs are shown in Figure 4D. Interestingly, β-Hif1a-null mice had 
69% greater β cell mass than controls at the end of the study (Fig-
ure 4E), despite worse glucose tolerance, suggesting attempted and 
unsuccessful β cell compensation.

There was some 4-hydroxynonenal staining in HFD-fed mice, 
consistent with increased ROS, but it was without obvious dif-
ferences between genotypes (data not shown). Similarly, β cell 
apoptosis did not differ, as assessed by cleaved caspase-3 staining. 

Apoptosis rates were less than 1% in both floxed 
control and β-Hif1a-null groups with this short-
term treatment (data not shown).

We confirmed the effects of DFS on HFD-induced 
glucose intolerance in a separate cohort of normal 
(not genetically modified) C57BL/6 mice fed HFD or 
HFD plus DFS for 26 weeks. Glucose tolerance was 
significantly better in mice receiving HFD plus DFS 
(Figure 4F, solid line) compared with mice receiving 
HFD alone (Figure 4F, dotted line). In this 26 week 
experiment, weight was lower in the HFD plus DFS–
fed group (HFD-fed, 38.8 ± 4.2 g versus HFD plus 
DFS–fed, 33.0 ± 3.2 g; P = 0.037), which may have 
contributed to the difference in GTTs. However,  
weight and fasting glucose were not significantly 
correlated (P > 0.13; Figure 4G) and neither were 
weight and AUC of GTTs (data not shown). Mul-
tivariate regression using weight and DFS as uni-
variate predictors showed that only DFS indepen-
dently predicted fasting glucose (P = 0.010 for DFS,  
P = 0.811 for weight) and AUC of GTTs (P = 0.039 
for DFS, P = 0.433 for weight). Mice were not ane-
mic (hemoglobin, 120 ± 7 mg/dl in DFS mice versus 
124 ± 3 mg/dl in controls; P > 0.6). Insulin tolerance 
testing (Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/
JCI35846DS1) showed that the HFD plus DFS–fed 
mice had similar percentages of decreases in blood 
glucose after insulin administration.

Increasing HIF-1α improved glucose tolerance in HFD-
fed Balb/c mice. Because the above experiments were 
all performed in C57BL/6 mice, we sought to con-
firm the effects in another mouse strain. Balb/c 
mice were weighed (20.8 ± 0.4 g), underwent GTT 
(Figure 4H, dashed line), and were placed on HFD. 
After 2 weeks, mice weighed 24.5 ± 0.5 g. Repeat 
GTT showed marked deterioration (dotted line). 
The diet was then changed to HFD plus DFS. After  

2 weeks, mice weighed 24.7 ± 0.4 g. GTTs were repeated and showed 
significant improvement (2.1 mmol/l in peak glucose), confirming 
an effect of DFS in another mouse line.

Increasing HIF-1α in human islets improved gene expression. Given 
the deleterious effects of β cell HIF-1α disruption and the benefi-
cial effects of DFS in vivo, we examined the effects of increasing  
HIF-1α with DFO upon cultured human islets and compared this 
with the effects of hypoxia. Islets were cultured with DFO at the 
doses shown (μmol/l) or at normoxia (21% oxygen) or hypoxia (1% 

Figure 3
Decreasing Hif1a by RNAi-impaired β cell function, 
gene expression, and ATP generation. (A) RNAi 
decreased Hif1a mRNA. (B) Hif1a RNAi decreased 
GSIS in Min6 cells and caused a small decrease in 
KCl-stimulated insulin release. (C) Combination RNAi 
treatment caused slightly more severe impairment in 
insulin release. (D) Hif1a RNAi decreased expression 
of genes from the MODY family and (E) glucose-uptake 
and glycolysis genes. (F) Hif1a RNAi decreased basal 
and glucose-stimulated ATP concentrations. *P < 0.05, 
**P < 0.01, and ***P < 0.001.
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oxygen). The human therapeutic dose is approximately 125 μmol/l. 
DFO caused dose-dependent increases in HNF4A, GLUT1, GLUT2, 
AKT2, and IRS2 mRNAs (Figure 5A). In contrast, hypoxia increased 
GLUT1 but not GLUT2, AKT2, or the other genes shown (Figure 5B). 
Interestingly, there was a small but significant increase in ARNT 
mRNA with DFO (Figure 5C), which was not seen with hypoxia 
(Figure 5D). There was a significant increase in GSIS at moderate 
hyperglycemia in DFO-cultured human islets compared with con-
trol-cultured islets from the same donors (Figure 5E). The approxi-
mately 60% increase at high glucose was usual for recently isolated 
human islets. As expected, GSIS was not improved in hypoxic 
human islets and declined with longer exposure (Figure 5F).

Hif1a regulated Arnt. Having observed a small increase in ARNT 
expression with DFO treatment in normal human islets, we exam-
ined the effects of manipulating HIF-1α upon Arnt expression. 
RNAi-mediated knockdown of Hif1a in Min6 cells caused a more 
than 80% decrease in Arnt expression (Figure 6A; P < 0.01), and 
islets from β-Hif1a-null mice had a 50% decrease in Arnt expres-
sion (Figure 6B; P < 0.01), which was similar to the reduction in 
Hif1a itself. This was paralleled by a decrease in ARNT protein in 
immunostained pancreas of β-Hif1a-null versus floxed control 
mice (Figure 6C, compare bottom and top panels). Together these 
experiments show that decreasing HIF-1α in islets and β cells led 
to decreased ARNT.

Figure 4
Lack of β cell HIF-1α leads to severe 
deterioration in glucose tolerance on a 
HFD and increasing HIF-1α levels with 
DFS improves glucose tolerance on a 
HFD. (A) β-Hif1a-null mice (n = 10) had 
worse glucose tolerance than floxed 
control littermates (n = 17). (B) On 
HFD, glucose tolerance deteriorated in 
floxed controls and improved following 
DFS. (C) On HFD, glucose tolerance 
deteriorated markedly in β-Hif1a-null 
mice, and there was no improvement 
with DFS. (D) Glucose tolerance AUC 
for mice at completion of the HFD and 
HFD plus DFS stages. (E) β cell mass 
was increased in β-Hif1a-null mice at 
study completion. (F) Glucose toler-
ance was significantly better in C57BL/6 
mice receiving HFD plus DFS versus 
mice receiving HFD alone (n = 10  
per group). (G) Weight and fasting glu-
cose were not significantly correlated 
in the mice. Rectangles indicate mice 
receiving HFD plus DFS, and triangles 
indicate mice receiving HFD alone. (H) 
Balb/c mice had deterioration in glu-
cose tolerance on HFD (dotted line) 
compared with chow (dashed line). 
Their glucose tolerance improved sig-
nificantly on HFD plus DFS (n = 12).  
*P < 0.05 and **P < 0.01.
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Increasing HIF-1α in human T2D islets increased ARNT, HNF4A, 
and G6PI expression. Human islets isolated from a new cohort 
of 3 people with T2D had significantly decreased HIF1A and 
ARNT expression (Figure 1A and Figure 6D). We examined the 
effect of culturing T2D islets with DFO. In this new group of 
T2D donors, we also found a more than 80% decrease in ARNT 
expression (Figure 6D). HNF4A and G6PI were also decreased, 
consistent with our previous report (Figure 6, E and F). Culture 
of islets from the same T2D donors with DFO increased ARNT 
to near-normal levels (Figure 6D; P < 0.01). DFO increased 
HNF4A and G6PI expression to near-normal levels (Figure 6, E 
and F; P < 0.01 for both genes). Similar results were also seen for 
AKT2 (data not shown).

To determine whether HIF-1α bound directly to the Arnt pro-
moter, we performed ChIP assays. In Min6 cells, HIF-1α antibodies 
pulled down the proximal Arnt promoter (Figure 6G). The ampli-
fied sequence (primers in Methods) contains a potential hypoxia-
response element, GCGTG.

Differential effects with different methods of 
increasing HIF-1α. We examined the effects of 
hypoxia, Vhl knockdown, and DFO in isolated 
islets and Min6 cells with hypoxia in order to 
examine the mechanisms behind the different 
effects of DFO/DFS compared with hypoxia 
and to investigate the different results com-
pared with those reported with Vhl knockouts 
(46–48). As shown in Figure 5F and Figure 7A, 
1% oxygen did not promote GSIS. In human 
islets (Figure 7B) and Min6 cells (Figure 7C), 
1% oxygen also did not increase expression 
of GLUT2 or AKT2. As expected, 1% oxygen 
increased Glut1 expression in Min6 cells. 
Interestingly, changes in gene expression dif-
fered between 5% oxygen and 1% oxygen. In 
cells exposed to 5% oxygen, Glut1, Glut2, and 
Akt2 increased (Figure 7D). RNAi-induced Vhl 
knockdown in Min6 cells decreased Vhl mRNA 
by 33%. This led to a small but significant 
increase in Glut2 (Figure 7E) and a nonsig-
nificant increase in GSIS (Figure 7F). By dou-
bling RNAi concentrations, approximately 5 
5% Vhl knockdown was achieved. This led to 
decreased Hnf4a and Akt2 expression, and the 
increase in Glut2 was lost (Figure 7G). This 
was accompanied by a nonsignificant impair-
ment in GSIS (Figure 7H).

Increasing HIF-1α levels by transfecting a pro-
line-to-alanine mutant caused significant impairment in GSIS (Figure 
7I). This was associated with the expected increases in Hif1a (>29-fold) 
and Glut1 (>3-fold). However, there was also a significant decrease in 
expression of Gck (Figure 7J). Interestingly, there was significantly 
decreased total insulin content in the mutant-HIF-1α–transfected 
cells (approximately 50% of vector transfected; Figure 7K).

Removing iron by chelation improved HIF-1α activity and β cell 
function. The effect of adding iron in the form of ferric citrate was 
studied. At high doses, there was obvious cell death. At lower doses, 
there were significant decreases in Hif1a, Hnf4a, Glut1, and Glut2 
expression (Figure 7L). This identifies iron as a potential regula-
tor of HIF1A in β cells. There was also significantly impaired GSIS, 
with only a nonsignificant 13% increase, following high glucose in 
iron-treated cells (P = 0.017 versus control high glucose).

DFO treatment at 16-times the therapeutic dose (2,000 μmol/l) 
also decreased GLUT2 by 34% (Figure 8). Changes in GLUT2 expres-
sion with various treatments are compiled in Figure 8. Glut2 gener-
ally corresponded to GSIS, with lower Glut2 expression and lower 

Figure 5
DFO improves gene expression and insulin secre-
tion from human islets. (A) DFO increased expres-
sion of several genes in isolated human islets. (B) 
Hypoxic culture increased GLUT1 expression but 
decreased that of HNF4A and AKT2. (C) DFO 
increased expression of ARNT and HIF1A. (D) 
Hypoxia did not alter ARNT or HIF1A expres-
sion. (E) DFO increased insulin secretion in iso-
lated human islets. (F) GSIS was not improved in 
hypoxic islets and declined with longer exposure. 
*P < 0.05, **P < 0.01, and ***P < 0.001.
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insulin secretion in β-Hif1a-null islets after HIF-1α knockdown 
with ferric citrate, reported for genetic VHL deletion (46, 47), and 
with toxic doses of DFO.

Discussion
People with T2D characteristically have pronounced impairment 
of first-phase insulin secretion (50–52). This defect is intrinsic, as 
it persists in isolated islets (53, 54) and is relatively glucose spe-
cific (54, 55) in the earlier stages of the disease. In previous stud-
ies, we demonstrated that T2D islets had decreased ARNT expres-
sion and, using gene inactivation approaches, showed that this 
could contribute to altered β cell function. In the present study, 
we show that T2D islets had decreased HIF-1α, which we show is 
also important for islet function. Deletion of HIF-1α in C57BL/6 
mice resulted in impaired ATP generation and impaired glucose 
tolerance, accompanied by altered gene expression. Similar results 
were found in Min6 cells using RNAi. The β cell defect was rela-
tively glucose specific, with only approximately 25% impairment 
in KCl-stimulated insulin release.

Although HIF-1α protein is tightly regulated, several methods of 
increasing it exist. These include hypoxia, decreasing VHL protein, 
mutation or decreased expression of the prolyl hydroxylases, treat-
ment with heavy metals such as cobalt chloride, and iron chelation. 
Severe hypoxia and cobalt chloride are toxic. Genetic modifica-
tion is not usually a therapeutic option for humans, although the 
future possibility exists with antisense RNA strategies. Thus, we 
studied the effects of iron chelation with DFS or DFO.

Treating mice made diabetic by high-fat feeding with DFS 
improved glucose tolerance. DFS was also effective in C57BL/6 
and Balb/c wild-type mice but was completely ineffective in mice 
lacking β cell HIF-1α, demonstrating that HIF-1α is required for 
the benefit. Our HFD had 45% of calories from fat, compared with 
12% in normal chow. While this is high, the average fat intake in 
the American diet is more than 30%. The top 20% of the popula-
tion consume 46% of calories from fat (56, 57). DFS was effective 
despite continuing the HFD, suggesting that it may be effective in 
people with T2D, in whom high fat-intake is common.

Surprisingly, DFO treatment normalized ARNT and other genes 
in T2D islets. HIF-1α is predominantly regulated at the protein 
level, and DFO treatment was apparently sufficient to normalize 
HIF-1α function, as assessed by expression of downstream genes. 
The magnitude of effect on ARNT, HNF4A, and G6PI was large 
in T2D islets (>10-fold), in which basal HIF-1α was low. This is 
the first time that a strong regulator of ARNT expression has been 
identified. In contrast, the change in ARNT expression in normal 
islets, in which HIF-1α was not low at baseline was modest. Hif1a 
itself was decreased by treatment with iron.

In other cell types, HIF-1α regulates PDK1 (10, 11), COX4.1, 
COX4.2, and LON protease changes associated with increased ATP 
(58). Consistent with these studies, we observed that decreasing 
HIF-1α decreased ATP. ATP generation is required in β cells for 
sensing of glucose, which in turn triggers insulin release. Further-
more, impaired ATP generation in our models was associated with 
impaired insulin release, consistent with HIF-1α being a regulator 
of β cell energy homeostasis and insulin release. Thus, decreased 
HIF-1α impaired glucose-stimulated ATP generation, providing 
the mechanism by which decreased availability of a transcription 
factor can cause β cell dysfunction.

Recently, 3 groups reported clear, adverse effects of homozygous 
deletion of VHL upon β cell function (46–48). In these models, 
there was a massive increase in HIF-1α protein. Disruption of VHL 
was accompanied by adverse gene expression changes, increased 
lactate, and severely impaired GSIS. These findings are interesting 
but were unexpected as heterozygous whole-body VHL knockout 
mice appeared grossly normal (59), with 5%–25% of mice develop-
ing abnormal vascular lesions in later life on some genetic back-
grounds (60). People with VHL syndrome may develop endocrine 
pancreatic tumors, pancreatic cysts, and occasional insulinomas 
(16, 61–63). However, less than 3% of patients are reported to have 
abnormal glucose tolerance, despite frequently requiring steroids 
and/or pancreatic surgery (16, 61, 62, 64). This suggests that a 
heterozygous germline mutation, as occurs in VHL patients, may 
not cause an increased risk of diabetes. Mutations in subunits of 
the succinate dehydrogenase complex (65, 66) and the HIF-1α pro-
lyl hydroxylases are also associated with increased HIF-1α protein, 
but there are no reported alterations in diabetes incidence.

Loss of VHL was associated with decreased Glut2 mRNA (46, 47). 
We also found decreased Glut2 with DFO at 16-times the therapeu-
tic dose, exposure to 1% oxygen, high-dose VHL RNAi, and supple-
mental iron. In contrast, therapeutic levels of DFO and 5% oxygen 
treatment both caused different changes in gene expression, and 
in particular, Glut2 was increased. The different changes in gene 
expression with different methods of increasing HIF-1α were in 
accordance with the changes in β cell function (Figure 8).

Thus, there appears to be a dose-response curve for HIF-1α (Fig-
ure 8). Deletion is deleterious in C57BL/6 mice and Min6 cells. 
Mild increases are beneficial for β cell function and glucose toler-
ance but very high levels, such as those achieved with homozygous 
VHL deletion, severe hypoxia, or overexpression of a degradation 
resistant mutant, are clearly deleterious for β cell function.

Hydroxylation and proteolysis of HIF-1α requires iron, which 
is chelated by DFO and DFS. Iron overload due to transfusion 
dependency or hemochromatosis can cause β cell dysfunction and 
increases diabetes incidence (67, 68). It is perhaps less widely recog-
nized that in the absence of transfusion-dependent iron overload 
or hemochromatosis, increases in serum ferritin or transferrin 
saturation are associated with increased risk of diabetes and the 
metabolic syndrome (69–74). High dietary iron intake is also asso-
ciated with diabetes (71, 75). Conversely, venesection and blood 
donation can improve β cell function in people with diabetes (70, 
76). Regular blood donation has been reported to protect against 
diabetes, as does a vegetarian diet (67, 70, 76). Disruption of the 
HIF-1α–partner ARNT in endothelial cells leads to pronounced 
iron accumulation in the liver (77), suggesting the intriguing 
potential for a vicious cycle of decreased HIF-1α, decreased ARNT, 
increased iron accumulation, and decreased HIF-1α. Based on our 
data and the absence of a DFS effect in mice lacking β cell HIF-1α, 

Figure 6
HIF-1α regulates expression of ARNT and downstream genes. (A) 
Hif1a RNAi in Min6 cells decreased Arnt expression. (B) β-Hif1a-null 
mice had decreased Arnt mRNA compared with floxed controls. (C) 
ARNT protein was decreased in β-Hif1a-null islets versus floxed con-
trols. Scale bar: 50 μm. (D) ARNT mRNA was decreased in islets from 
people with T2D. DFO increased ARNT expression to levels that did 
not differ significantly from normal. (E) HNF4A mRNA was decreased 
in islets from people with T2D and was increased by DFO. (F) G6PI 
expression was decreased in islets from people with T2D and was 
increased by DFO. (G) HIF-1α associated with the proximal Arnt pro-
moter by ChIP. **P < 0.01.
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we postulate that a decrease in HIF-1α may be a mechanism con-
tributing to the increased risk of diabetes with increased iron.

In summary, these studies demonstrate that β cell HIF-1α 
is important for β cell reserve, and increasing HIF-1α by iron 
chelation markedly improved glucose tolerance on a HFD. Increas-
ing HIF-1α normalized gene expression in T2D islets. Therefore, 
we propose that increasing HIF-1α by iron chelation may be a valid 
therapeutic strategy for the treatment of human T2D.

Methods
Human islet studies were approved by St. Vincent’s Clinical School Human 
Research Ethics Committee. All participants gave informed consent. Animal 
studies were approved by the Garvan Institute Animal Ethics Committee. 
Human islets were purified using the modified Ricordi method as previously  
described (22). RNA was isolated using Qiagen RNeasy kits. Gene expres-
sion was measured by real-time PCR using the Invitrogen RT-for-PCR kit. 
The second step was performed in an ABI Prism 7700 Sequence Detection 

Figure 7
The differing effects on gene expression and 
insulin secretion with increasing HIF-1α lev-
els using hypoxia or VHL RNAi. (A) Insulin 
secretion was not improved in human islets, 
mouse islets, or Min6 cells cultured under 
hypoxic conditions. (B) One percent oxy-
gen did not increase GLUT2 expression in 
human islets. (C) One percent oxygen did not 
increase Glut2 expression in Min6 cells. (D) 
Moderate hypoxia (5% oxygen) increased 
Glut2 expression. (E) Modest Vhl knockdown 
(35%) increased expression of Glut2 and was 
associated with a nonsignificant increase in 
insulin release (F). (G) High-dose Vhl knock-
down achieved a 55% decrease in Vhl and 
did not increase Glut2 expression. (H) High-
dose Vhl RNAi lowered insulin secretion non-
significantly. (I) Transfection with proline-to-
alanine mutant HIF-1α significantly impaired 
insulin secretion. (J) Hif1a expression was 
increased more than 29-fold and was accom-
panied by increased Glut1 expression and 
decreased Gck. (K) Total insulin content was 
decreased in the proline mutant HIF–overex-
pressing cells. (L) Ferric citrate treatment 
significantly decreased Hif1a expression and 
was accompanied by decreased expression 
of Hnf4a, Akt2, Glut1, and Glut2. *P < 0.05, 
**P < 0.01, and ***P < 0.001.
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System (Applied Biosciences) with LightCycler-RNA Master SYBR Green I 
(Roche). Primers are in Supplemental Table 1. Every plate included a con-
trol gene (TATA-box binding protein/TBP) for every subject.

Immunohistochemistry and antibodies. Slides were cut from paraffin-embed-
ded pancreata. Antibodies were purchased from Novus Biologicals (HIF-1α, 
HIF2α/EPAS1), Orbigen (AhR), Cell Signaling Technology (insulin), or BD 
Biosciences (ARNT). Primary antibodies were applied overnight at 4°C. Sec-
ondary antibodies were Cy2, Cy3, or Cy5 conjugated and applied for 1-hour 
at room temperature. Slides were viewed on a Zeiss inverted microscope and 
images were taken with AxioVision software. For each figure, the images were 
taken in the same session with identical camera settings. For each antibody, 
species-matched nonimmune immunoglobulin and secondary antibody 
alone were tested as negative controls. HIF-1α antibody specificity was addi-
tionally supported by the lack of β cell HIF-1α staining in knockout mice.

Generation of β-Hif1a-null mice. β-Hif1a-null mice were generated using the 
Cre-lox system. Mice, with floxed HIF-1α (49), were bred with mice express-
ing Cre-recombinase, under control of the rat insulin promoter (RIP-Cre 
mice). In our colony, RIP-Cre mice did not have abnormal glucose tolerance 
(Figure 2A). Recombination efficiency was estimated by semiquantitative 
PCR, using the genotyping primers (49) at 60%–80%. Anti-mouse and anti-
rabbit secondary antibodies were from Santa Cruz Biotechnology Inc. 
ARNT affinity purification was done by binding ARNT antibody (12 μg)  
to 1 ml of packed protein A/G beads in 5 ml columns. Unbound anti-
body was removed by washing with 20 ml of PBST. Min6 cells (a gift from  
J. Miyazaki, Physiological Chemistry, Osaka University, Osaka, Japan; ref. 
78) were grown to 80%–90% confluence, washed twice in PBS, and placed 
in serum-free high glucose DMEM for 4 hours with or without DFO. Cells 
were scraped into LID lysis buffer with protease inhibitors as previously 
described (79). Cytoplasmic extracts were collected after centrifugation. 
The nuclear-containing pellet was disrupted by sonication. Extracts were 
applied to columns, and the flow-through was reapplied twice to obtain 
maximal binding. After this, the columns were washed twice with 20 ml 
of LID buffer, followed by 2 washes with 20 ml of PBST. Bound proteins 
were eluted with reducing sample buffer and were size separated by 10% 
SDS-PAGE, followed by protein staining with Coomassie blue (Figure 1D).

For mass spectrometry, gel slices were digested with 5 ng/ml 
sequencing grade-modified trypsin (Promega) in 25 mM ammonium 
bicarbonate containing 0.01% n-octylglucoside for 18 hours at 37°C. 
Peptides were eluted from the gel slices with 80% acetonitrile and 1% 
formic acid. Tryptic digests were separated by capillary HPLC (C18, 75 
mM i.d.; Picofrit column, New Objective), using a flow rate of 100 nl/
min over a 3-hour reverse phase gradient, and analyzed using a LTQ 
linear Ion Trap LC/MSn system (Thermo Electron). Resultant MS/MS 
spectra were searched against the NCBI Refseq database (http://www.
ncbi.nlm.nih.gov/refseq/) (TurboSequest, BioWorks 3.1, Thermo 
Electron), with cross-correlation scores of greater than 1.5, 2.0, and 
2.5 for charge states U′, u′, and ℧, respectively, more than 30% frag-
ment ions, and a ranking of primary score (RsP) value of <3. Proteins 
were identified with more than 2 unique peptide matches.

Coimmunoprecipitation studies were performed using 2 μg of the 
indicated antibody and protein A/G beads and by incubating over-
night with the indicated cell lysate, followed by washing, elution with 
reducing sample buffer, and separation by 10% SDS-PAGE. Proteins 
were detected with the indicated antibody, followed by the appropri-
ate HRP-conjugated secondary antibody, and detection by enhanced 
chemiluminescence. For each antibody, species-matched nonimmune 
immunoglobulin and antibody-alone lanes were tested as negative 
controls to confirm antibody specificity.

Islet isolation from mice. Islets were isolated from mice as previously  
described (22). All mice except for the Balb/c mice were inbred C57BL/6 
for at least 12 generations.

DFO and hypoxia treatment. DFO treatment was at 125 μM for 4 hours, 
unless otherwise specified. Hypoxia treatments were for 2 hours, unless 
otherwise indicated. Hypoxia was achieved with a hypoxic chamber and an 
oxygen sensor to confirm levels.

Alanine HIF-1α mutant. Proline residues 402 and 577, in the murine HIF-1α  
cDNA, were mutated by site-directed mutagenesis to alanine and the con-
struct was cloned into the pcDNA3 vector and sequenced. The construct 
and the vector were transfected into Min6 cells using Lipofectamine 2000, 
according to the manufacturer’s instructions, and selected using geneticin 
for 1 week. Total insulin content was measured and corrected for total pro-
tein, which was measured by DC Bradford assay.

In vivo testing. GTTs, GSIS, in vitro GSIS, β cell mass, and mRNA expres-
sion in islets were assessed as previously described (22). AUC for the GTTs 
was calculated using the trapezoidal method. Insulin tolerance tests were 
performed by injecting insulin at 0.5 U/kg and measuring glucose at  
the times shown.

Measurement of intracellular ATP concentrations. ATP concentrations were 
measured in islets and in Min6 cells following basal culture in 1 mM glu-
cose for 1 hour, followed by washing and exposure to 1 mM or 25 mM glu-
cose for 15 minutes. Cells were then placed on ice, washed twice in ice-cold 
PBS, and lysed. ATP was measured using the Roche Bioluminescence kit. 
Results were corrected for total protein.

RNAi treatment of Min6 cells and insulin release. Using Min6 cells, HIF-1α, 
HIF-2α, AhR, and ARNT were decreased by treatment with smartpool RNAi 
(Dharmacon) and transfected using Lipofectamine 2000 (Invitrogen), 
according to the respective manufacturers’ protocols. Scrambled-sequence 
RNAi was used as a control in all experiments. Total RNAi concentrations 
were the same for the combination experiments (e.g., 3-times control ver-
sus HIF-1α plus AhR plus HIF-2α versus 2-times control plus HIF-1α). 
Cy3-labelled RNAi and FACS sorting were used to determine transfection 
efficiency, which was more than 75% (data not shown). Experiments were 
performed 48 hours after transfection. GSIS was assessed in triplicate wells 
in 3 separate experiments and corrected for total insulin content. In sepa-
rate experiments, RNA was isolated for real-time PCR.

Figure 8
Modest increases in HIF-1α improve insulin secretion. Changes in HIF-1α, 
which were associated with decreased GLUT2, were associated with impaired 
insulin secretion. *P < 0.05, **P < 0.01, and ***P < 0.001.
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HFD studies. Male floxed control (n = 17) or β-Hif1a-null mice (n = 10) 
had GTTs as described above. They were then placed on a HFD, based on 
Rodent Diet no. D12451 from Research Diets Incorporated, which con-
tained 45% of calories from fat (lard). DFS was thoroughly mixed into the 
vitamin mix during diet formulation to achieve a 30 mg/kg/d dose. This 
was calculated by measuring food intake of separate C57BL/6 mice on 
HFD (HFD [g]/mouse weight [g]/d) and calculating accordingly.

T2D culture with DFO. Islets were freshly isolated from 3 individuals with 
T2D. Islets were cultured overnight, in either control medium or control 
medium with 125 μM DFO, prior to RNA isolation.

ChIP. ChIP was performed using the Active Motif kit (Carlsbad), accord-
ing to the manufacturer’s instructions. The ARNT promoter primers were 
GCTTCCTAGCTCAGGCTTCC and AAGAGCCACTCCGCAGATTA, 
which produce a 250-bp band, which incorporates a GCGTG sequence.

Statistics. Statistics were calculated in Excel or in SPSS version 14. Unless 
otherwise specified, Student’s t test with unequal variance was used to 
compare groups. For all figures, error bars indicate ± SEM. P values of less 
than 0.05 were considered significant.
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