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targeting approaches in these conditions.

Introduction

Diabetes prevalence is rising rapidly. In 2017 it was estimated that
there were more than 450 million people with diabetes worldwide
(1). Diabetes is the major cause of preventable blindness, end-
stage renal failure, and preventable lower limb amputations (2). It
is also associated with increased cardiovascular disease risk and
decreased life expectancy (3).

Insulin is the major hormone produced from B cells in the pan-
creatic islets of Langerhans. It lowers blood glucose by stimulating
uptake into tissues including muscle and fat. Glucose transporter 4
(GLUT4) is responsible for most of this effect (4-6). In type 1 dia-
betes (T1D) and type 2 diabetes (T2D), there is not enough insulin
to regulate blood glucose. In T1D, B cells are lost as a result of auto-
immune-mediated destruction (7, 8). In T2D, B cells cannot release
enough insulin to control glucose due to loss of cells, poor function,
or both. Obesity increases risk for T1D (9) and T2D (10-12) in part by
reducing insulin sensitivity; that is, insulin does not produce a nor-
mal decrement in blood glucose.

Hypoxia can be defined as deficiency in the amount of oxy-
gen reaching target tissues. All mammals have processes to sense,
respond to, and correct hypoxia. The most important component of
this response is mediated by the hypoxia-inducible factors (HIFs).

Basic helix-loop-helix-PER-ARNT-SIM
transcription factors

HIFs are part of the basic helix-loop-helix-PER-ARNT-SIM
(bHLH-PAS) family. These transcription factors function as obli-
gate heterodimers with a class I plus a class Il family member (ref.
13 and Figure 1A). Class I members include HIF-1a, endothelial
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Hypoxia can be defined as a relative deficiency in the amount of oxygen reaching the tissues. Hypoxia-inducible factors (HIFs)
are critical regulators of the mammalian response to hypoxia. In normal circumstances, HIF-1a protein turnover is rapid,

and hyperglycemia further destabilizes the protein. In addition to their role in diabetes pathogenesis, HIFs are implicated in
development of the microvascular and macrovascular complications of diabetes. Improving glucose control in people with
diabetes increases HIF-1a protein and has wide-ranging benefits, some of which are at least partially mediated by HIF-1a.
Nevertheless, most strategies to improve diabetes or its complications via regulation of HIF-1a have not currently proven to
be clinically useful. The intersection of HIF biology with diabetes is a complex area in which many further questions remain,
especially regarding the well-conducted studies clearly describing discrepant effects of different methods of increasing HIF-
10, even within the same tissues. This Review presents a brief overview of HIFs; discusses the range of evidence implicating
HIFs in B cell dysfunction, diabetes pathogenesis, and diabetes complications; and examines the differing outcomes of HIF-

PAS domain protein 1 (EPASI; also called HIF-20 and member
of PAS superfamily 2 [MOP?2]), inhibitory PAS domain protein
(IPAS; previously called HIF-3a), aryl hydrocarbon receptor
(AhR), single-minded 1 and 2 (SIM1 and SIM2), circadian loco-
motor output cycles kaput protein (CLOCK), and neuronal PAS
proteins 1-3 (NPAS1-NPAS3). IPAS has inhibitory effects on
HIF-1o and HIF-2a and will not be discussed extensively in this
Review, as it has no known role in diabetes. Class II members
include aryl hydrocarbon receptor nuclear translocator (ARNT;
also called HIF-1p), ARNT2, and bone morphogenetic ARNT-
like 1 (BMAL1) and BMAL2.

Hypoxia-inducible factor 1a

The HIF-1 transcription factor is formed by heterodimerization of
HIF-1a and HIF-1B (14, 15). The first papers to describe the role of
HIF-1in hypoxic responses were the seminal 1992 and 1993 papers
by Wang and Semenza (16, 17). In Hep3B cells, they described a
nuclear factor with increased DNA-binding activity to the erythro-
poietin gene promoter after exposure to hypoxia.

Adequate oxygen is essential for numerous metabolic process-
es, including mitochondrial generation of energy from glucose
(stored as ATP) (18). HIF-1a is essential for normal development;
the whole-body knockout is embryonic lethal, with abnormal pla-
cental development and cardiac and vascular anomalies (19).

In the short term, humans respond to hypoxia by cells in the
carotid body sensing lower oxygen and driving increased respira-
tion. Carotid body function is reviewed in ref. 20. The heterozygous
HIF-lo-null mouse demonstrates that HIF-1 has a critical role in
carotid body development (21). HIFs are also the most important
factors in mediating medium- to long-term responses to hypoxia.

With its critical role in oxygen sensing and hypoxia respons-
es, it is not surprising that HIF-1a is regulated by many factors
(22-29). In unstressed cells, HIF-1a is synthesized, but the pro-
tein has a half-life of seconds to minutes (30). In the presence
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Figure 1. bHLH-PAS family and HIF-1 protein. (A) Basic helix-loop-helix-PER-ARNT-SIM (bHLH-PAS) family proteins work as heterodimers with a class
I'and a class Il member. (B) HIF-1a. protein is regulated by iron and oxygen availability. In the presence of adequate oxygen, iron, and 2-oxo-glutarate
(normoxia, left), little HIF-1a. escapes rapid hydroxylation (OH), ubiguitination (Ub) by von Hippel-Lindau protein (VHL), and proteolysis. With deficiency of
iron (middle) or oxygen (right), HIF-1o. protein accumulates and binds to HIF-1B, and then the dimer binds to hypoxia response elements (HREs) to regulate
gene expression. HIF, hypoxia inducible factor; AhR, aryl hydrocarbon receptor; SIM, single-minded; CLOCK, circadian locomotor output cycles kaput pro-
tein; NPAS, neuronal PAS protein; ARNT, aryl hydrocarbon receptor nuclear translocator; BMAL, bone morphogenetic ARNT-like.

of oxygen, iron, and 2-oxo-glutarate (a-ketoglutarate), HIF-1a is
hydroxylated on two proline residues (amino acids 402 and 564
of human HIF-1a) by prolyl hydroxylase domain (PHD) proteins,
also called P4H proteins (31). These PHDs function as oxygen
sensors to regulate HIF degradation (Figure 1B). Another layer of
regulation is provided by enzymatic asparagine hydroxylation by a
factor inhibiting HIF (FIH). Hydroxylated HIF-1o is bound by von
Hippel-Lindau (VHL) protein, leading to its ubiquitination and
proteolysis (32). That interaction is inhibited by cobalt. Absence of
sufficient oxygen, iron, or 2-oxo-glutarate inhibits hydroxylation
and thereby inhibits degradation. Similarly, lack of PHDs, FIH, or
VHL impairs HIF-1a degradation.

Unproteolyzed HIF-la binds to HIF-1p (Figure 1B), which
facilitates translocation to the nucleus, recruitment of transcrip-
tional coregulators, and regulation of gene expression.

HIF-1a and diabetes
Our work has found that HIFIB mRNA is decreased in islets from
people with T2D and is important for normal f cell function (33,
34). That work showed that the bHLH-PAS family could regu-
late insulin secretion. With the heterodimeric composition of the
active transcription factors, these findings led us to consider the
partner or partners that are important for f§ cell function. We dis-
covered that deletion of HIF-1a in B cells caused glucose intoler-
ance in mice due to impaired glucose-stimulated insulin secretion
(35). The role of HIF-1a in B cell function and survival was also
shown by observations of improved glucose tolerance in mice
fed a high-fat diet plus an iron chelator to increase HIF-1a protein
stability (36). Improved glucose tolerance was due to better § cell
function. There was no beneficial effect of iron chelation on  cell
function in mice with p cell-specific deletion of HIF-1a.

Islets, and more particularly  cells, “sense” glucose by metab-
olizing it to generate increased ATP. This sensing requires cellular
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glucose uptake followed by metabolism. Deletion of HIF-1a in f
cells decreased basal and glucose-stimulated ATP concentrations
(35). Lower ATP generation, even when glucose is elevated, pro-
vides a mechanism for impaired glucose-stimulated insulin secre-
tion with decreases in expression of the HIF-1 transcription factor.
Higher intracellular ATP leads to closure of the inwardly rectifying
potassium channel Kir6.2 and triggers the opening of voltage-de-
pendent calcium channels in B cells, especially L-type channels.
The resulting calcium influx stimulates insulin vesicle fusion with
the plasma membrane and insulin release.

First-phase insulin release is defined as release of insulin with-
in 10 minutes of a stimulus. The second phase of insulin release
occurs after 10 minutes. First-phase secretion is important for
maintenance of normal glucose tolerance. Loss of first-phase
release predicts future development of T1D and T2D (37-40).
Mice lacking HIF-1a in f cells have pronounced loss of first-phase
insulin release (35). Interestingly, loss of B cell HIF-1a increases
risk of T1D. NOD mice (a model of T1D) have low rates of diabe-
tes development after exposure to the f cell toxin streptozotocin
or to viruses associated with human diabetes (41). In NOD mice,
loss of HIF-1a in B cells makes B cells more susceptible to death,
increasing the risk of spontaneous T1D and the risk of T1D after
streptozotocin or coxsackievirus exposure (41).

Increasing HIF-1a has differing effects on glucose tolerance
depending on the method used, and these various outcomes are
discussed below.

Glucose metabolism and HIF-1o. Although prolyl hydroxylases
require 2-oxo-glutarate for activity, their regulation is more com-
plex; other tricarboxylic acid intermediates (succinate and fuma-
rate) compete with 2-oxo-glutarate for the binding pocket of PHDs
and inhibit their function (42), permitting HIF-1a stability. Pyru-
vate also inhibits PHD-mediated hydroxylation of HIF-1a, thereby
increasing protein availability (43).


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/10

The Journal of Clinical Investigation

REVIEW SERIES: HYPOXIA-INDUCIBLE FACTORS

IN DISEASE PATHOPHYSIOLOGY AND THERAPEUTICS

Diabetes =
Relative insulin Hyperglycemia Relative hypoxia in fat
deficiency and other tissues
Increased O, consumed
in cells with constitutive
glucose uptake
\"
Decreased HIF I Hypoxia

Inability to drive protective responses to hypoxia

Progression of § cell dysfunction
Increased insulin resistance
Micro- and macrovascular diabetes complications

Together, these effects might be predicted to increase HIF-
1a availability with hyperglycemia. However, the opposite occurs.
Once B cell dysfunction is present, glucose rises, and HIF-1a pro-
tein is destabilized (44). Destabilization of HIF-1a in diabetes is
reviewed in detail in ref. 45. Briefly, increases in 2-methylglyox-
al that accompany hyperglycemia stimulate HIF-1a degradation
and inhibit transcriptional activity. 2-Methylglyoxal inhibits HIF-
1a-HIF-1p dimer formation and recruitment of the p300/CBP
regulatory complex (45). Thus, overall, hyperglycemia reduces
HIF-1a activity.

Because lack of HIF-1a has been associated with decreased B
cell function and survival, glucose-induced inhibition of HIF-la
protein stability is also likely to hasten deterioration in § cell func-
tion and speed progression to diabetes (Figure 2).

Insulin signaling and HIF-1o. In addition to the effects of glu-
cose and its metabolites, insulin signaling upregulates HIF-1a via
PI3K and MAPK phosphorylation pathways. Insulin resistance is
present in at least 80% of people with T2D, and impaired insulin
signaling would therefore contribute to the decreased HIF-1a seen
in diabetes (35). Insulin deficiency associated with B cell dysfunc-
tion or death would further decrease HIF-1a in the setting of dia-
betic hyperglycemia.

Lipids and HIF-la and [ cell function. In addition to glucose
effects on P cell function (often called glucotoxicity) and HIF-la
protein stability, lipids affect both B cell function (lipotoxicity) and
HIF-1a (46). Metabolism of fatty acids, and particularly palmitate,
causes decreased succinate. Succinate inhibits prolyl hydroxylation
of HIF-10, so decreased succinate permits increased HIF-1o proteol-
ysis. This is also consistent with the hypothesis that glucolipotoxici-
ty accounts for the increased prevalence of diabetes seen in obesity.

HIF-1a in metabolically important tissues

In addition to changes in B cell function and gene expression seen
with B cell-specific deletion of HIF-1a and with HIF-1a knockdown
(35, 41), HIF-1a dysfunction is implicated in many of the metabol-
ically important tissues and in many chronic complications of dia-
betes, discussed below.

Obstructive sleep apena

Figure 2. Interactions between diabetes, obesity,
and HIFs. Insulin resistance and deficiency in diabe-
tes are associated with destabilization of HIF pro-
teins. While obesity exacerbates insulin resistance,
it also promotes tissue hypoxia as well intermittent
hypoxia through its association with sleep apnea.
These concurrent outcomes mediate complex effects
on diabetes progression and complications.

recurring hypoxia

HIF-1a in muscle. Muscle is the most important tissue in the
body for insulin-stimulated glucose uptake, and therefore muscle
plays an important role in developing insulin resistance (18, 47,
48). Insulin increases GLUT4 translocation to the myocyte cell
membrane (5, 6). Muscle contraction during exercise increases
oxygen utilization, leading to muscle hypoxia and HIF-1o protein
induction (49, 50).

Exercise and/or hypoxia in muscle increases glycolysis, and
chronic hypoxia can decrease mitochondrial content, with a larg-
er proportion of energy supply presumed to derive from glycoly-
sis (51). Together with muscle contraction, HIF-1a is important in
maintenance of muscle function and metabolism with hypoxia
(49). However, HIF-1p is apparently dispensable for normal mus-
cle fiber type determination and insulin sensitivity, suggesting
that an alternate HIF-1o partner is active in muscle (52).

Knockdown of HIF-1a in C2C12 cultured myocytes impairs
GLUT4 translocation and glucose uptake (53). Mice with mus-
cle-specific HIF-1a deletion have a shift from glycolysis with lac-
tate export during exercise toward full oxidation of glucose, but at
a long-term cost of extensive muscle damage (54). When young,
they have improved exercise capacity, but this reverses as muscle
damage sets in.

The MRL/Mpj strain of mice exhibits enhanced muscle func-
tion that is dependent on HIF-1a (55). In mouse models, increasing
HIFs by inhibiting PHDs improves the muscle response to exer-
cise-induced injury (56) and to cryoinjury (57). In humans, the
Pro582Ser polymorphism produces HIF-1a that is relatively degra-
dation-resistant, increasing HIF-1a activity. This polymorphism is
present atincreased frequency in athletes, particularly elite endur-
ance athletes (58).

Similar to observations in f cells, increasing HIF-1o with hypox-
ia or VHL deletion has deleterious effects on muscle, but increasing
HIF-1o with FIH or PHD deletion appears beneficial (59). Together,
the data indicate that myocyte HIF-1a is necessary for normal muscle
glucose uptake, insulin sensitivity, and prevention of muscle injury.
With those features, it is surprising that there appear to be few pub-
lished data describing HIF-1a levels in muscle in diabetes (Figure 3).
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Figure 3. HIF-10 and diabetes: effects and unknowns. Purple “OH” indicates hydroxylation of HIF-1a. on proline residues, and blue “OH” indicates
hydroxylation on asparagine residues. In the liver, HIF-2a rather than HIF-1a primarily mediates some effects, as indicated. Red arrows indicate primarily
deleterious effects of either increasing or decreasing hypoxia, green indicates beneficial effects, and “~" indicates neutral effects. Question marks indicate
unknowns and areas for potential future investigation. tWhole-body hypoxia is decreased on chow, but improved on high-fat diet. *Note that while
hypoxia is clearly a feature of macrovascular disease, hypoxic pre-exposure before the event (i.e., stroke or myocardial infarct) improves outcomes. Overall,

fully hydroxylated HIF and severe hypoxia are both deleterious.

HIF-1a and adipose tissue. Effects in adipose tissue suggest that
the relative hypoxia seen with obesity, which is associated with
increased HIF-1a protein, leads to increased fibrosis in fat (60,
61). Similar increases in fibrosis are seen with overexpression of a
constitutively active HIF-1a (62).

In one study, decreasing HIF-1a using a dominant-negative
HIF-1a mutant improved obesity on a high-fat diet (HFD) (63).
That study reported that the HIF inhibitor PX-478 improved fat
fibrosis and reduced HFD-induced weight gain. In contrast,
another group found that decreasing HIF-1a activity, also with
a dominant-negative HIF-lo mutant, increased obesity with
loss of normal brown adipocyte phenotype in the interscapular
brown fat pad (64). Both groups overexpressed HIF-1a with dele-
tion of the DNA-binding domain including amino acids 30-389,
and the reason for the different results remains unclear. Dele-
tion of HIF-1o in adipocytes using the Cre-lox system with aP2-
Cre causes mice to be resistant to weight gain, to have smaller
fat pads, and to display better insulin sensitivity (65).

The metabolic effects of increasing HIF-1a in adipose tissue
have also been examined (Figure 3). Mice with VHL deletion in
adipocytes (mediated by aP2-Cre) are nonviable, dying between
embryonic days 14.5 and 18.5 (66). Lethality is due to widespread
hemorrhages, including in brain, liver, and skin. VHL-deficient
embryos had increased expression of VEGF, which promotes
blood vessel formation. Using a B-galactosidase reporter, the
aP2-Cre driver has displayed strong embryonic expression in
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hindbrain and spine (66). This suggests that interpretation of
aP2-Cre-driven mice and dominant-negative aP2-driven over-
expression experiments could be complicated by its expression
outside of adipose tissue.

Complex effects of increasing HIF-1a

Data regarding the effects of increasing HIF-1a are complex and
will be discussed below. Some methods of increasing HIF-lo
appear beneficial for f cell function or metabolism, whereas oth-
ers clearly are deleterious (67).

Acute hypoxia. Acute altitude exposure causes relative hypox-
ia, and acute hypoxia impairs glucose tolerance in most people.
Oxygen is needed for glucose metabolism in B cells and therefore
for glucose sensing and insulin release. In people who usually
reside at low altitude, spending time at high altitude, with its rela-
tive hypoxia, impairs glucose tolerance (68). Continuous glucose
monitoring (CGM) assessed glucose in healthy people trekking
upward and found peak glucose levels after 6 days at 3600 m alti-
tude. After that, glucose homeostasis improved despite further
increases in altitude (69). C-peptide, which is secreted in equimo-
lar amounts compared to insulin, was reduced at 6 days, and then
returned to levels similar to baseline. Glucose-stimulated insulin
secretion was not measured.

The issue of B cell function in hypoxic conditions is complex;
people who normally live at high altitude have adaptations, and
in some cases polymorphisms, and maintain normal glucose at
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altitude (68, 70, 71). Counterintuitively, these people may show
worse glucose tolerance at sea level. It is interesting to speculate
that this might be because of destabilization of HIF-1a with great-
er oxygen availability.

In cultured B cells and islets, severe hypoxia increases stabi-
lization of HIF-1a protein, but the response is insufficient to pre-
vent apoptosis and cell death (72, 73). Hypoxia downregulates the
unfolded protein response independently of HIF-1a, and this may
contribute to hypoxia-related f cell death (74).

In contrast to very low oxygen tension (for example 1% or
less), at 5% oxygen, HIF-1o improves P cell gene expression and
insulin release (35). In vivo, compensation by increased respira-
tion rate and eventually increased red blood cell formation returns
overall oxygen toward normal (75). The residual smaller degree of
hypoxia would be more similar to the effects of milder degrees of
hypoxia and could be followed by changes in gene expression that
would promote glucose uptake and metabolism.

Separate from its effects on B cell function, altitude expo-
sure induces insulin resistance. Men living at sea level exhibit
increased insulin resistance after acute altitude increase. Insu-
lin resistance was worst 2 days after altitude exposure but had
not returned to baseline after 7 days (70). Effects of altitude on
insulin resistance appear to be longer lasting than those on p
cell function. In the CGM study above, insulin resistance cal-
culated by a homeostasis model remained worse throughout
the study even though glucose improved after 6 days (69). The
reverse condition was tested by the performing of clamp stud-
ies on men with chronic airway disease and hypoxia before and
after oxygen supplementation. Improving their oxygenation
(i.e., decreasing hypoxia) improved their insulin sensitivity
(76). Similar benefits are seen in people with obstructive sleep
apnea who commence therapy.

Heavy metals: cobalt and chromium. Heavy metals such as
cobalt and chromium also stabilize HIF-1a protein, at least partly
by interfering with the interaction between HIF-1a and VHL pro-
tein (32). In rats, cobalt causes deterioration in glucose tolerance,
but at higher concentrations, glucose tolerance starts to improve,
until toxicity is reached (77). Interestingly, chromium used to be
a commonly sold nutritional supplement advertised for diabe-
tes and lipids. However, serum chromium levels do not correlate
with metabolic features in women with gestational diabetes (78),
and randomized controlled trials of chromium supplementation
in people with abnormal glucose tolerance show no beneficial
effects on glucose homeostasis (79, 80), even with a documented
rise in serum chromium (79). Both of these trials used chromium
picolinate. A randomized controlled study of supplementation
with brewer’s yeast (which contains high amounts of chromium)
suggested beneficial effects (81), so the effects may depend on the
method of administration.

VHL protein. In mice, deletion of VHL protein worsens P cell
function in studies using either RIP-Cre or PDX1-Cre to mediate
B cell-specific deletion (82-84). Effects range from severe § cell
dysfunction (82) to normal glucose tolerance until 6 months of age
and, after that, improved hemoglobin Alc (HbAlc; a routine mark-
er of average blood glucose levels) and fasting glucose but wors-
ened peak glucose (84). Effects of B cell VHL deletion are amelio-
rated or abolished when B cell HIF-1a is also deleted.

There are surprisingly few data about diabetes in people with
VHL syndrome, a condition linked to tumor formation caused
by mutations in the VHL gene. One paper examining pancreatic
lesions reported that 2 of 17 patients with extensive pancreatic
lesions had diabetes (85). A series of 158 patients reported 3 cases
of diabetes, also occurring in conjunction with pancreatic lesions
(86). Five of 175 patients (2.9%) is a low diabetes prevalence for
average adult populations, but these patients were relatively
young, so it remains possible that diabetes is more common with
VHL syndrome than currently appreciated. A formal study testing
glucose tolerance would be interesting.

An Arg200Trp mutation in VHL is responsible for some cases
of Chuvash polycythemia, an autosomal recessive condition with
inappropriately high erythropoietin and red blood cellnumbers (87).
These people have increased GLUTI expression, and improved glu-
cose and HbAlc levels (88). Mice engineered with the same change
have substantially improved glucose tolerance tests (88). This muta-
tion demonstrates that absence (deletion) of VHL produces effects
different from those of mutations impairing its action.

Prolyl hydroxylase domain-containing proteins. As described
above, prolyl hydroxylase domain-containing proteins (PHDs)
function to hydroxylate HIF-lo on two important prolyl resi-
dues. PHD1, also known as Egl9 family hypoxia-inducible factor
2 (EGLN2), has no identified human mutations. In mice, PHD1
deletion impairs normal oxidative muscle performance, but pro-
tects myofibers in the setting of otherwise lethal ischemia (89).
On chow diet, whole-body PHD1-null mice have decreased weight
with worsened insulin sensitivity and glucose tolerance (90).
These mice gain more weight when eating HFD, but after 11 weeks
their glucose tolerance is significantly improved, accompanied by
lower serum insulin (90).

PHD?2, also known as EGLN1, hydroxylates proline residues in
HIF-1a. and HIF-2a. Mutations are responsible for some rare cases
of familial erythrocytosis type 3 (91, 92). No cases of diabetes have
been reported in individuals with this disorder. PHD2 deletion in
mice is embryonic lethal in mid-gestation. Heterozygous mice are
healthy and have decreased tumor spread (93) and better protec-
tion from limb ischemia (94) compared with WT mice. Small inter-
fering RNA-mediated knockdown of PHD2in 832/13 B cellshad no
effect on glucose-stimulated insulin secretion (95). Overall, these
results suggest no major role for PHD2 in glucose homeostasis.

There are no described human mutations in PHD3 (EGLN3),
and its role in diabetes has not been extensively investigated.
It suppresses insulin sensitivity in liver, and hepatic deletion
enhanced HIF-20 stability, and thereby Irs2/Akt2 signaling (96).
Cell-specific effects of PHD3 have been reported in abstract form
(97), and increased glycolysis and use of fatty acids for energy
were found. On normal diet, this had no deleterious effects, but
with HFD, mice developed glucose intolerance.

Asparagine hydroxylase. FIH (also called HIF-la inhibitor
[HIF1AN]) hydroxylates asparagine residue 803 of HIF-1a (98).
This inhibits HIF-1a transcriptional activity (99). FIH deletion in
mice improves glucose tolerance, insulin sensitivity, and weight
(59, 100). FIH can hydroxylate asparagine on other proteins,
including members of the ankyrin family (101). It is therefore
important to note that many effects of FIH deletion in murine
embryonic fibroblasts are lost with codeletion of HIF-1a. (59).
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Iron chelation and dimethyloxalylglycine. PHDs and FIH
require oxygen, iron, and 2-oxo-glutarate (o-ketoglutarate) to
enzymatically hydroxylate HIF on proline and asparagine resi-
dues, respectively. Decreasing iron availability increases HIF-1a
protein, improving P cell function in mice fed HFD and improv-
ing wound healing when topically applied in mice (35, 102,
103). Iron chelation also improved islet transplant outcomes by
increasing HIF-1a (36).

The competitive PHD inhibitor dimethyloxalylglycine
(DMOG) improves wound healing on topical application (103),
but it may impair functional f cell differentiation (104). Islet trans-
plantation has not been reported.

Overall, accumulation of hydroxylated HIF (as occurs with
VHL deletion) is deleterious, and accumulation of partially
hydroxylated HIF (as occurs with PHD or FIH deletion) appears
beneficial.

Overexpression of constitutively active HIF-la. Halberg et al.
increased HIF-1a in adipose tissue by expressing HIF-1a without
the oxygen degradation domain between amino acids 401 and 603
under control of the aP2 promoter (62). The effect was increased
weight gain on chow and on HFD. HFD-fed mice had worsened
glucose tolerance and increased liver lipid content. There were
increased adipose tissue fibrosis and inflammation (62).

Conclusions about increasing HIF-1a. These different methods
of increasing HIF-1a have widely varying outcomes, summarized
in Figure 3. Briefly: Hypoxia is deleterious because of insufficient
oxygen. VHL deletion is also deleterious, suggesting that accu-
mulation of hydroxylated HIF-lo causes metabolic deterioration.
The Arg200Trp mutation in VHL, however, improves glucose
tolerance. Accumulation of HIF that occurs with impaired pro-
line hydroxylation (as a result of deleting PHDs) is deleterious in
PHD1-null mice, and an abstract reports that PHD3 deletion is
deleterious for B cells. In contrast, inhibiting asparagine hydrox-
ylation improves glucose tolerance, adiposity, and muscle. Some
PHD inhibitors also inhibit FIH, and these are largely beneficial.

HIF-2a

Unlike HIF-1a, HIF-2a expression is confined to vertebrates (105).
The HIF-2 transcription factor is composed of HIF-20 and HIF-1p.
In mice, HIF-2a deletion is lethal as a result of impaired placental
development and fetal anomalies (106). HIF-2a shares only 48%
sequence homology with HIF-1o, but the DNA-binding sequences
are more highly conserved (107). Gain-of-function mutations are
associated with paraganglioma and pheochromocytoma (108-110).

There are relatively few papers reporting a role of HIF-2a in
diabetes. Gain-of-function changes in HIF-2a are associated with
better metabolic adaptation to altitude in Tibetans (71). These
variants promote glycolysis and are associated with increased
serum lactate. Individuals with HIF-2a variants have a decreased
diabetes risk at high altitude, with a seemingly paradoxical
increased risk of diabetes at sea level.

Brunt et al. overexpressed HIF-2a in pancreatic B cells (111)
using a PDX-Cre driver and found no change in glucose tolerance
or insulin sensitivity, suggesting that HIF-2a does not play a major
role in f cell function.

HIF-20 does regulate hepatic insulin sensitivity (112). In liver,
HIF-2a regulated insulin sensitivity via insulin receptor substrate
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2 (Irs2) and suppressed gluconeogenesis. In partnership with this
effect, HIF-2a also inhibits glucagon stimulation of gluconeogen-
esis after feeding (113). In contrast, HIF-1a regulated only hepatic
glycolysis, similar to its effects in B cells (112).

A recent paper reported an age-related decline in hypotha-
lamic HIF-2a levels that was associated with worsened weight
gain, adiposity, and insulin sensitivity in response to HFD (114).
The same paper reported that proopiomelanocortin (POMC) neu-
ron-specific deletion of HIF-2a increased fat mass and age-relat-
ed weight gain with mild impairment of glucose tolerance and
increased insulin resistance.

HIFs and microvascular complications of
diabetes

In addition to roles in the pathogenesis of B cell dysfunction, insu-
lin resistance, and obesity, HIFs play roles in the complications of
diabetes. The microvascular complications of diabetes (retinop-
athy, nephropathy, and neuropathy) occur in tissues with con-
stitutively active glucose transporters that lack substantial insu-
lin-mediated glucose uptake. Given the ability of hyperglycemia
to downregulate HIF protein, as discussed above, the role of HIF
in these complications is of interest.

HIFs and retinopathy. The retina experiences relative hypoxia
at high glucose levels due to glucose-induced destabilization of
HIF-1a. Intensive diabetes therapy and the consequent improve-
ment in glucose levels increase HIF-1a, which in turn facilitates
new blood vessel growth and short-term retinopathy progression
in experimental models (115) and in humans (116). It is import-
ant to note that despite increased short-term disease progression,
people with more intensive glucose control have better long-term
eye outcomes.

Cross-sectional data suggest that glucose variability, which
would be predicted to cause fluctuations in HIF-la protein, is
associated with increased retinopathy (117). Higher day-to-day
variation in fasting glucose prospectively predicts risk of retinop-
athy (118, 119). However, not all studies find significant associa-
tions (120). Perhaps because CGM is a relatively recently devel-
oped technology, prospective long-term data are not yet available.
Overall, a role for HIF and glucose variability is plausible; experi-
mental intermittent hypoxia causes more HIF-1a fluctuation than
continuous hypoxia of the same severity (121). Clinically, obstruc-
tive sleep apnea causes intermittent hypoxia and is associated
with increased retinopathy (122), and people with sleep apnea who
use their therapeutic masks more often have decreased retinop-
athy (123). However, compliance with sleep apnea therapy may
correspond with compliance with other therapies, so this does not
demonstrate causality.

HIF-1a is involved in the pathogenesis of retinopathy in the
animal model of hyperoxia-normoxia in neonatal rodents (124). In
humans, retinopathy occurs in premature newborns who are treat-
ed with high oxygen concentrations (retinopathy of prematurity).

Ocular HIF-1a protein and its transcriptional target VEGF
are increased in diabetic retinopathy (125). Neutralizing antibod-
ies directed against VEGF have markedly improved outcomes for
proliferative diabetic retinopathy and for “wet” macular edema
(126, 127), showing that this pathway is clinically important in
human retinopathy.
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PHD inhibition decreases retinopathy in a rat model (128).
Increasing HIF-1a in the eye by inhibiting PHDs with DMOG pre-
vents oxygen-induced retinopathy (129). The HIF-la Pro582Ser
polymorphism confers resistance to hyperglycemia-mediated
decreases in HIF-1o protein. This polymorphism associates with
decreased risk of retinopathy (130). Overall, some methods of
increasing HIF-1o are beneficial for retinopathy progression, and
this indicates an area with scope for further research, especially
related to conditions with relatively less vascular retinal disease,
e.g., “dry” macular edema, or already lasered retinas.

Nephropathy, diabetes, and HIFs. In many countries, diabetes is
the most common cause of end-stage renal failure. Renal tubular
fibrosis is an important contributor. Relative intrarenal hypoxia is
present (131, 132), and increased HIF-1o in kidneys associates with
increased renal fibrosis (131, 133). The relationship between HIF and
renal fibrosis is reviewed in ref. 134. Cellular communication network
factor 2 (CCN2; also called connective tissue growth factor [CTGF])
is a profibrogenic agent involved in nephropathy pathogenesis (135).
In hypoxia, CCN2 expression is directly regulated by HIF-1a (136).

SGLT?2 inhibitors are a relatively new class of diabetes drug
with major renoprotective effects in diabetes (137). Empagliflozin
and dapagliflozin are both renoprotective in animal models, and
both decrease renal HIF-1a (138, 139). Since inhibiting HIF-1a
ablated the protection (139), it is possible that the HIF-1a decrease
is indirect, via diminishing relative hypoxia.

Overexpression of HIF-1a by deletion of renal VHL causes
adverse renal outcomes (140). However, increasing HIF-1a with
cobalt chloride improves renal outcomes in diabetes models (141,
142). The Pro582Ser polymorphism in HIF-la that is associated
with decreased retinopathy (130) is also associated with decreased
nephropathy in human diabetes (143). These results suggest that
analogous to the situation in f cells, the method of increasing HIF-
1la controls renal outcomes. Heterozygous HIF-1a deletion exacer-
bates renal ischemia/reperfusion injury, and in WT mice stimula-
tors of HIF stabilization improve outcomes (144).

Neuropathy and HIFs. Peripheral neuropathy in diabetes is
associated with changes in the small blood vessels supplying
nerves. Hyperglycemia increases energy availability, which may
induce mitochondrial dysfunction and increase reactive oxygen
species. While there is transient HIF-1a induction following exper-
imental diabetes onset (145), mice with peripheral nerve-specific
HIF-1a deletion develop more severe nerve damage (146), consis-
tent with a protective role for HIF-1a.

Other than pain, the major consequence of peripheral neu-
ropathy is risk of foot ulcers. Diabetes is the most common cause
of preventable nontraumatic lower-limb amputations, causing
more than 100,000 amputations yearly in the United States (147).
There are several studies linking HIF to poor wound healing in
diabetes (102, 148, 149), and HIF-1a is decreased in chronic foot
ulcers (44). In diabetes, hyperbaric oxygen (which increases oxy-
gen availability) paradoxically increases HIF-1o protein (148) and
improves healing. Increasing HIF-la with topical iron chelators
stimulated experimental wound healing in mice. The benefit was
lost with myeloid cell-specific HIF-1a deletion (102).

Macrovascular complications of diabetes. Cardiovascular dis-
eases are the most common cause of death in people with diabetes
(150-152). Increased atherosclerosis, hypertension, and dyslip-

idemia all play roles. People with diabetes have worse outcomes
after cardiac events, with poorer collateral vessel development,
larger infarcts, and increased risk of heart failure (153). A num-
ber of hypoglycemic agents may decrease cardiac risk in T2D
(154, 155). Each hypoglycemic agent decreases blood glucose,
consistent with their original therapeutic intent, but the decrease
in adverse cardiovascular events is not proportional to changes
in HbAlc, indicating that non-glucose effects are important. For
example, canagliflozin and empagliflozin decrease death by more
than 30% within the study period but only decrease HbAlc by
0.5%-0.9%. Other agents with larger effects on glucose, such as
semaglutide, are also beneficial, but have similar or smaller mag-
nitude of effect on cardiac outcomes despite HbAlc benefits of
greater than 1.5%. The effects of these agents on HIF-lo protein
has not been reported.

HIF is important for normal remodeling in the cardiovascular
system, as reviewed in ref. 156. Cardiac-specific HIF-1a deletion
causes worsened cardiac function in nondiabetic animals (157).
Cardiac-specific deletion of HIF-1p in nondiabetic mice leads to
cardiomyopathy with impaired cardiac lipid metabolism (158).
Heterozygous whole-body deletion of HIF-la increases risk of
impaired cardiac function after diabetes induction (159).

Cardiac overexpression of HIF-lo improves cardiac function
and outcomes in a rodent diabetes model (160). Patients with VHL
syndrome, who have increased HIF-la, appear to have reduced
cardiovascular death, although this may be confounded by an
increase in premature death from cerebral hemangioblastomas
and malignancies (161).

Summary and conclusions

HIFs play arole in the pathogenesis of B cell dysfunction and diabe-
tes. Hyperglycemia destabilizes HIF-1a protein, causing impaired
hypoxia responses. HIF-1o plays a role in obesity and the ability of
adipose tissue to compensate for increased mass without excess
fibrosis and inflammation.

The complications of diabetes — both the macrovascular
and the microvascular ones — involve dysregulation of HIF-la.
Decreased HIF-1a activity is associated with most complications.
However, for proliferative retinopathy, inhibition of VEGF action
benefits vision outcomes by decreasing bleeding neovasculature
and retinal detachment. Deletion of HIF-la worsens most diabe-
tes complications, as well as p cell function itself.

Given the adverse effects of decreased HIF-1q, it seems logical
to consider whether increasing it is beneficial. So it is noteworthy
that increasing HIF-1a by decreasing VHL has adverse consequenc-
es in most tissues. In contrast, increasing HIF-1a by decreasing or
deleting FIH or the prolyl hydroxylases may have beneficial effects.

Severe hypoxia is harmful and cannot be fully compensated
for by HIFs and their downstream effects. Accumulation of fully
hydroxylated HIF-1a, as seen with VHL deletion, is also harmful.
In contrast, accumulation of partially hydroxylated or unhydrox-
ylated HIFs seen with modest hypoxia, PHD deletion, FIH dele-
tion, or PHD/FIH inhibition has some beneficial effects. Gene
expression studies suggest that different effects are observed with
VHL deficiency, indicating that fully hydroxylated HIFs have quite
different actions. Possibly, understanding these effects may help
with treating VHL syndrome.
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Areas of HIF biology remain that are not yet described or
are complicated by studies with conflicting results (Figure 3).
Because of the complex regulation involved in HIF pathways and
across various tissues, further research is needed to understand
whether any strategies for increasing HIF-1a protein may be used
to decrease diabetes development or reduce risk of diabetes
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