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Abstract

Hypoxia-inducible factor | alpha (HIF-10a), an essential transcription factor which mediates the
adaptation of cells to low oxygen tensions, is regulated precisely by hypoxia and hyperglycemia,
which are major determinants of the chronic complications associated with diabetes. The process
of HIF-la stabilization by hypoxia is clear; however, the mechanisms underlying the potential
deleterious effect of hyperglycemia on HIF-1a are still controversial, despite reports of a variety of
studies demonstrating the existence of this phenomenon. In fact, HIF-1a and glucose can some-
times influence each other: HIF-1a induces the expression of glycolytic enzymes and glucose
metabolism affects HIF-1a accumulation in some cells. Although hyperglycemia upregulates
HIF-Ia signaling in some specific cell types, we emphasize the inhibition of HIF-1a by high glucose
in this review. With regard to the mechanisms of HIF-1a impairment, the role of methylglyoxal in
impairment of HIF-1a stabilization and transactivation ability and the negative effect of reactive
oxygen species (ROS) on HIF-1a are discussed. Other explanations for the inhibition of HIF-1a by
high glucose exist: the increased sensitivity of HIF-1a to Von Hippel-Lindau (VHL) machinery, the
role of osmolarity and proteasome activity, and the participation of several molecules. This review
aims to summarize several important developments regarding these mechanisms and to discuss
potentially effective therapeutic techniques (antioxidants eicosapentaenoic acid (EPA) and
metallothioneins (MTs), pharmaceuticals cobalt chloride (CoCl2), dimethyloxalylglycine (DMOG),
desferrioxamine (DFO) and gene transfer of constitutively active forms of HIF-1a) and their
mechanisms of action for intervention in the chronic complications in diabetes.

Key words: Hypoxia-inducible factor 1 alpha (HIF-1a); Hyperglycemia; Prolyl hydroxylases
(PHDs); Methylglyoxal (MGO); Reactive oxidative species (ROS); Therapy.

An overview of HIF-1

Hypoxia-inducible factor 1 (HIF-1), which is a
heterodimeric transcription factor composed of two
subunits: HIF-1a and HIF-1pB, regulates a number of
essential pathways in the adaptive responses of cells
to hypoxic conditions [1]. These two subunits are both
basic helix-loop-helix (bHLH) proteins of the PAS

family (PER, AHR, ARNT and SIM family); however,
they display different responses to O concentrations:
HIF-1pB is a non-oxygen-responsive nuclear protein
and is constitutively expressed; while the levels and
activity of HIF-1a are tightly regulated by cellular O;
concentrations [1, 2]. Under normoxia, HIF-1a has an
extremely short half-life of less than five minutes,
being continuously synthesized and degraded [3]. The
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degradation of HIF-1a is mediated by the hydroxyla-
tion of two prolyl residues (402 and 564) in the oxy-
gen-dependent degradation domain (ODD) by the
specific prolyl hydroxylases (PHDs) [4], which require
oxygen and 2-oxoglutarate, as co-substrates, and iron
(Fe?*) and ascorbate, as co-factors [5, 6]. Prolyl hy-
droxylation of HIF-1a is required for binding of the
von Hippel-Lindau protein (VHL), which forms part
of the E3 ligase complex (a ubiquitin ligase complex)
that targets HIF-1a for polyubiquitination and sub-
sequent proteasomal degradation [7]. Besides this
canonical pathway, there is evidence to demonstrate
that the degradation of HIF-1a may also occur in ox-
ygen- or VHL- independent ways [8, 9]. While under
hypoxic conditions, the hydroxylation of prolyl resi-
dues is inhibited, thus HIF-1a evades VHL-mediated
proteasomal destruction leading to accumulation.

Apart from HIF-1a protein stability, its transac-
tivation ability also deserves extensive attention. This
function is related to two essential domains: the ami-
no-terminal transactivation domain (NTAD) and the
carboxy-terminal transactivation domain (CTAD),
which is the binding location of the transcriptional
co-activators p300/CREB binding protein (CBP) with
HIF-1a [10, 11]. The NTAD overlaps with the ODD;
therefore, NTAD transcriptional activity and HIF-1a
protein stability are coupled. In contrast to the NTAD,
regulation of the CTAD activity is connected with the
hydroxylation of a key asparagine residue (Asn-803)
through a reaction catalyzed by factor-inhibiting
HIF-1 (FIH-1) (another iron- and oxoglutarate- de-
pendent oxygenase), which impairs the association of
CTAD and p300/CBP [10]. Therefore, hydroxylation
depending on O; offers a direct mechanism by which
changes in the cellular O concentration can be
transduced to the nucleus as changes in the half-life
and transactivation function of HIF-1a [12].

Once the HIF-la pathway is activated, under
hypoxic conditions for example, the hydroxylation of
proline residues in the ODD ceases; consequently,
HIF-1a escapes proteasomal degradation and accu-
mulates and is translocated to nucleus, where it di-
merizes with HIF-1$ and binds to target genes at hy-
poxia response elements (HREs) [13, 14]. At the same
time, the hydroxylation of the key asparagine residue
in the CTAD is also inhibited, and p300/CBP interacts
with the CTAD [14, 15]. In fact, the binding of the
cysteine/histidine-rich (CH1) region of the coactiva-
tor p300 to HIF-1a CTAD is essential for HIF-1 tran-
scriptional activity [15]. HREs, which contain the core
pentanucleotide sequence 5-(A/G)CGTG-3" and are
often found in the promoter or enhancer sequences of
HIF-1a target genes, are defined by their function as
cis-acting elements sufficient for the mediation of a
transcriptional response to hypoxia after the binding

of HIF-1a [13, 16].

It has been demonstrated that hundreds of genes
are HIF-la regulated and over 90 genes are direct
HIF-1a targets through the functional demonstration
of a HRE [17, 18]. Furthermore, these genes have been
shown to be involved in a plethora of adaptation and
survival mechanisms, such as angiogenesis, wound
healing, anaerobic glucose energy metabolism,
erythropoiesis, and cell growth, proliferation, differ-
entiation, survival and apoptosis [19]. Among these,
several well-known genes include vascular endothe-
lial growth factor (VEGF), haem oxygenase 1 (HO-1),
nitric oxide synthase (NOS), endothelin, erythropoi-
etin (EPO), lactate dehydrogenase A (LDH-A), Glu-
cose transporter 1 (GLUT-1), Glucose transporter 3
(GLUT-3), C-X-C chemokine receptor type 4 (CXCR4)
and the CXCR 4-ligand stromal cell -derived factor-1
(SDF-1) and p53 [16, 19, 20-25].

HIF-1, also known as the aryl hydrocarbon re-
ceptor nuclear translocator (ARNT), plays an im-
portant role in maintaining glucose-stimulated insulin
secretion (GSIS) from pancreatic P cells [26]. Elevated
glucose concentrations can result in a repression of
HIF-1B, and this is consistent with the observation
that the levels of HIF-1p were reduced in islets and
livers obtained from patients with type 2 diabetes.
This contributed to the impaired secretion function of
beta-cells and increased hepatic gluconeogenesis, in-
creased lipogenic gene expression, and low serum
beta-hydroxybutyrate in human type 2 diabetes [27].
There has been a report that HIF-1a is vital for the
expression of HIF-13 and beta-cell function and re-
serve, indicating a functional as well as a structural
interaction between these two subunits [28].

The mutual relationship between glucose
and HIF-1a

Apart from hypoxia, glucose also affects the ex-
pression and activation of HIF-1a in human pharyn-
geal carcinoma and fibrosarcoma cells [29, 30]. In fact,
the relationship between glucose and HIF-1a is some-
times mutual. On the one hand, it has been shown
that HIF-1a regulates the expression of nearly all the
enzymes involved in the process of glycolysis and of
GLUT1 and GLUT3 which mediate cellular glucose
uptake [31]. On the other hand, glucose, glucose up-
take and glycolysis influence the stability and activa-
tion of HIF-1a in human pharyngeal carcinoma and
fibrosarcoma cells and rat cardiac myocytes [25, 29,
30].

Although glucose alone in the absence of hy-
poxia is not enough to activate the HIF-1a pathway,
normal glucose concentrations are critical for HIF-1a
protein expression and activation in response to hy-
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poxia [29]. The reduction of the glucose concentration
form 5.5 to 0.55 mM almost completely abolished
hypoxic HIF-1a accumulation in FaDu human phar-
yngeal carcinoma and HT 1080 human fibrosarcoma
cells [29]. Glucose metabolism also affects the expres-
sion of HIF-1a. The inhibition of glycolysis reduced
hypoxic HIF-1a protein accumulation in HT1080 cells,
which happened on a translational level but was in-
dependent of the activation of PHD [30]. It should be
noted that these two studies showing the importance
of glucose and glucose metabolism to HIF-la were
both tumor-related.

However, adverse conclusions have also been
reported. Malhotra et al. demonstrated that glucose,
glucose uptake and glycolysis as well as GLUT1
overexpression could promote the ubiquitination of
HIF-1a in hypoxic rat cardiac myocytes and thereby
enhanced its degradation by the ubiquitin pro-
teasomal pathway [25]. They indicated that this pro-
hibitive effect of glucose and glucose metabolism on
HIF-1a stability served as a feedback mechanism,
whereby HIF-1a accelerated the expression and acti-
vation of GLUT1 and induced glucose uptake and
glycolysis which in turn induced HIF-1a degradation
[25].

Hyperglycemia and impairment of the
HIF-1a pathway

There have been a mass of independent studies
of the reduced levels of HIF-1a in the cells or tissues
obtained from patients with diabetes or from animal
models of diabetes, and in cells cultured in high glu-
cose medium, which lead to a consensus that hyper-
glycemia is responsible for compromised HIF-la
protein levels and transactivation function. Although
the detailed molecular mechanisms underlying im-
pairment of HIF-1a in diabetes or in high glucose re-
main poorly understood, some recent studies envision
this inhibition pathway.

The negative effects of methylglyoxal

Methylglyoxal (MGO), a highly reactive
a-oxoaldehyde and dicarbonyl mainly formed as a
by-product of glycolysis, is increased in the setting of
high glucose-induced oxidative stress and forms sta-
ble adducts primarily with arginine residues of intra-
cellular proteins [32]. In detail, hyperglyce-
mia-induced superoxide formation leads to inhibition
of the glycolytic enzyme glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and subsequent upstream
triose phosphate glycolytic metabolite accumulation,
which produces more MGO [33]. Overexpression of
glyoxalase I (GLOL1), the rate-limiting enzyme of
MGO catabolism, reverses some of the negative ef-

fects of MGO on HIF-1a [34, 35]. The accumulation of
MGO in elevated glucose concentrations generates an
inhibition of HIF-1a stability and transactivation abil-
ity through three distinct ways.

Ceradini et al. showed that high glucose-induced
MGO led to the covalent modification of HIF-1a at
arginine 17 (Arg-17) and arginine 23 (Arg-23) of the
bHLH domain (the locus mediating the interaction of
HIF-1a and HIF-1p), which decreased its heterodimer
formation with HIF-1p and further inhibited HIF-1
binding to HRE of its target genes (Fig. 1A) [34]. The
impairment of HIF-1a by MGO resulted not only in
reduced transcription of SDF-1 (the endothelial pro-
genitor cells (EPCs) mobilizing chemokines) and
VEGF (a growth factor regulating growth and differ-
entiation of recruited EPCs) in hypoxic mouse fibro-
blasts, but also in decreased transcription of SDF-1
receptor CXCR4 and eNOS (an enzyme essential for
EPC mobilization) in hypoxic EPCs, which led to de-
fective ischemia-induced vasculogenesis in diabetic
mice [34].

Furthermore, Thangarajah et al. indicated that
MGO formed covalent interaction with p300, which
prevented its binding to CTAD, and it was this de-
creased interaction of CTAD and p300 as a result of
hyperglycemia that was responsible for the impaired
transcriptional activation function of HIF-1a (Fig. 1B)
[36, 37]. Experimental results demonstrating that the
impairment of HIF-1a transactivation was maintained
even when constitutive HIF-1a protein was overex-
pressed and when CTAD was unaffected by high
glucose exposure supported this conclusion. The
mutation of arginine 354 (Arg-354) of p300 prevented
the modification of p300 and rescued its interaction
with HIF-1a [36, 37]. High glucose-induced decreases
in transactivation of HIF-1 led to impaired VEGF
production in response to hypoxia, which resulted in
reduced neovascularization in cells obtained from
diabetic patients and impaired wound healing in is-
chemic diabetic animals [36, 37].

Moreover, Bento et al. demonstrated that
HIF-1a-modification by MGO caused its increasing
association with the molecular chaperone heat shock
protein 40/70 (Hsp40/70) which recruited the car-
boxyl terminus of the heat-shock cognate protein 70
(Hsc70)-interacting protein (CHIP), a ubiquitin ligase,
and led to polyubiquitination and proteasomal deg-
radation (Fig. 1C) [38]. This process, which was in-
dependent of the recruitment of pVHL and did not
require the hydroxylation of prolines, led to a dra-
matic decrease in HIF-1la transcriptional activity and
subsequent loss of the cell response to hypoxia under
conditions of high glucose. They pointed out that si-
lencing of endogenous CHIP could stabilize HIF-1
under hypoxia in the presence of high glu-
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cose-induced MGO [38].

Increased levels of MGO in hyperglycemia in-
duce HIF-1a and p300 modifications, which is suffi-
cient to disrupt the interaction between
HIF-1a/HIF-1p and HIF-1a/p300 and to cause pro-
teasomal degradation of HIF-1a mediated by CHIP
[34, 37, 38]. It is likely that these three mechanisms are
not inconsistent, considering that the reduced inter-
action of HIF-1a/p300 and HIF-1a/HIF-1p by MGO
promotes the number of modified and monomeric
HIF-1la available to be degraded through a
CHIP-mediated pathway [38]. Besides these three
pathways, Bento and colleagues showed that MGO
increased the levels of Ang?2 and decreased the levels
of HIF-1a and VEGEF secreted by retinal pigment epi-
thelial (RPE) cells, thus inducing an imbalance in the

might contribute to endothelial dysfunction in dia-
betic retinopathy (Fig. 1D) [35].

The role of reactive oxygen species (ROS)

As mentioned above, hyperglycemia augments
oxidative stress and induces the overproduction of
ROS [39], which modulates HIF-la regulation. A
study has demonstrated that ROS, especially super-
oxide (Oy) degrades HIF-1a at the post-transcriptional
level by activating a proline hydroxylase in the pres-
ence of iron and by increasing ubiquitin-proteasome
activity (Fig. 2C) [40]. Apart from this direct action
and the effects of MGO already discussed, there are
other ways in which ROS represses HIF-1a. Here, we
describe two key molecules that take part in this in-
fluential process: nitric oxide (NO) and Racl.

VEGF/Ang 2 ratio, which activated apoptosis, de-
creased proliferation of retinal endothelial cells and
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Fig 1. Possible mechanisms underlying the impairment of the HIF-1a pathway by hyperglycemia (1). A, B, C, D: the effects of MGO on
HIF-1a; A: The covalent modification of HIF-1a leads to decreased dimerization of HIF-1a and HIF-1(3, and further reduces the binding of HIF-1 and HRE;
B: The covalent modification of p300 leads to inhibition of the interaction of CTAD and p300, which decreases the transactivation ability of HIF-1a; C: The
covalent modification of HIF-l1a increases its association with HSP40/70, which recruits CHIP and leads to HIF-1a proteasomal degradation; D: The
exposure of RPE cells to MGO leads to destabilization of HIF-1a; E: Hyperglycemia increases the sensitivity of hydroxyl HIF-1a to VHL machinery; F:
Hyperglycemia suppresses CTAD and NTAD, and finally reduces the transactivation ability of HIF-1a; G: In HDF and HDMEC, osmolarity is one of the
mechanisms of hyperglycemia action; H: The impairment of HIF-1a stabilization by hyperglycemia is mediated by proteasomal degradation. CBP: CREB
binding protein; CHIP: carboxyl terminus of the Hsc70-interacting protein; CREB: cAMP-response element binding protein; CTAD: carboxy-terminal
transactivation domain; HDF: human dermal fibroblast; HDMEC: human dermal microvascular endothelial cells; HIF-1: hypoxia-inducible factor |; HREs:
hypoxia response elements; Hsc70: heat-shock cognate protein 70; Hsp40/70: heat shock protein 40/70; MGO: methylglyoxal; NTAD: amino-terminal
transactivation domain; OH: hydroxy; PHDs: prolyl hydroxylases; RPE: retinal pigment epithelial cells; Ub: ubiquitin; VHL: Von Hippel-Lindau protein.
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Hyperglycemia

%

HIF-1a

Fig 2. Possible mechanisms underlying the impairment of the
HIF-1a pathway by hyperglycemia (2). A, B, C: the roles of hyper-
glycemia-induced ROS; A: The reaction between O, and NO results in a
decrease in steady-state NO concentration and thereby reduces
NO-induced HIF-1a accumulation and activation; B: Racl contributes to
HIF-1a expression and transactivation; ROS inhibits HIF-1 expression
through repression of Racl expression; C: ROS degrade HIF-l1a by acti-
vating a proline hydroxylase in the presence of iron and by increasing
ubiquitin-proteasome activity; D: The inhibition of HIF-1a might be in-
volved in the role of TNF-a, angiotensin Il and the insulin pathway (insulin,
IGF-1, IGF-2). HIF-I: hypoxia-inducible factor |; IGF: insulin-like growth
factor; NO: nitric oxide; O, superoxide; PHDs: prolyl hydroxylases; ROS:
reactive oxygen species; TNF-a: tumor necrosis factor-a.

Bullock et al. reported that hyperglycemic brain
ischemia in superoxide dismutase (SOD2/*) mice
significantly suppressed HIF-la protein levels and
exacerbated brain damage in the ischemic core region
[41]. In detail, pre-ischemic hyperglycemia increased
the production of Oy [42], which accumulated dras-
tically because of the deletion of SODs which scav-
enged Oy [43]. Enhanced Oy levels reacted with NO,
resulting in a decrease in steady-state NO concentra-
tions and therefore altering the signaling response
mediated by NO [44]. While NO induced the accu-
mulation and activation of HIF-1a [45], diminished
NO caused the inhibition of HIF-1a [44], this is, a de-
cline in steady-state NO concentrations occurred
when increased O in high glucose reacted with NO,
which accounted for a proportional reduction in
HIF-1a levels (Fig. 2A).

Racl, a small GTPase of the Rho family, is con-

sidered as a key determinant of intracellular redox
status and plays an essential role in the induction of
HIF-1a protein expression and transcriptional activity
in response to hypoxia [46]. Impairment in HIF-1a
mRNA expression and in Racl mRNA expression
associated with an increase in infarct size in ischemic
hearts of diabetic rats and isolated ischemic rats under
conditions of high glucose was reported by Marfella
et al. [47]. These effects of high glucose could be pre-
vented by glutathione, a powerful antioxidant, which
suggested that prevailing oxidative stress played an
essential role in mediating the response of HIF-1 to
ischemia, with the help of Racl [47]. In other words,
the improved ROS levels in hyperglycemia inhibited
Racl expression and ultimately repressed HIF-1a ex-
pression (Fig. 2B).

Increased sensitivity to VHL machinery
and the inhibition of CTAD and NTAD

Botusan et al. demonstrated that hyperglycemia
destabilized HIF-1a in the primary fibroblasts and
wounds of db-/db- diabetic mice, and this effect of
high glucose was dependent on the increasing sensi-
tivity to VHL machinery (Fig. 1E). The observation
that hyperglycemia did not modulate HIF-1a in cells
lacking functional pVHL confirmed this decrease de-
pending on the VHL-mediated degradation mecha-
nism [48]. What is more, NTAD and CTAD, which
were critically significant for HIF-1a transactivation
function, were also inhibited by high glucose (Fig. 1F)
[48]. This article did not discuss the mechanism by
which NTAD and CTAD were suppressed by high
glucose; further studies were required to elucidate
this issue. In summary, both the protein expression
and transactivation activity of HIF-1a were impaired
in high glucose environments, which brought about
decreased expression of HIF-1 target genes and de-
layed wound healing in diabetes.

Participation of osmolarity and pro-
teasome activity

The interference with the hypoxia-dependent
stabilization and functional activity of HIF-1a against
proteasomal degradation by high glucose in human
dermal fibroblast (HDF) and human dermal micro-
vascular endothelial cells (HDMEC), which led to a
defective response of diabetic tissues to low oxygen
tension, was shown in a study by Catrina and collab-
orators [54]. Lower levels of HIF-1 were detected in
diabetic chronic foot ulcers compared with chronic
venous ulcers. Detailed interference mechanisms
were not described in this article, however, they
demonstrated inhibition in a dose-dependent manner
and confirmed the influence of two factors: osmolari-
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ty, in which the effect of hyperglycemia was mim-
icked by mannitol (Fig. 1G); proteasome activity,
based on the observation that MG132 (carboben-
zoxy-L-leucyl-L-leucyl-L-leucinal, a specific inhibitor
of proteasomal activity) abolished the inhibitory ef-
fects of high glucose or mannitol on HIF-1a (Fig. 1H)
[54].

Other possible mechanisms

Mace et al. indicated that HIF-1a protein levels
and mRNA expression of its target genes (VEGF,
HO-1 and NOS) were greatly decreased in diabetic
cells (primary fibroblasts) and wounds and that sus-
tained expression of HIF-1a following cobalt chloride
(CoCly) treatment or by gene transfer of a constitu-
tively active form of HIF-la (CMV-Hif-1a#0PD ex-
pression plasmid) restored the expression of HIF-1a
and significantly accelerated wound healing in a dia-
betic mouse model [49]. The recovery of HIF-1a ex-
pression under high glucose exposure was sufficient
to activate the downstream pathway, which was es-
sential for the adaptive responses of cells to reduced
oxygen availability and ischemia [11, 49]. As for the
specific mechanisms underlying this impairment,
further investigations were not described in this arti-
cle although the possible role of three factors (Tumor
necrosis factor-a (TNF-a), Angiotensin II (Ang II) and
Insulin pathway (Insulin, Insulin-like growth factor 1
(IGF-1), Insulin-like growth factor 2 (IGF-2) ) in the
reduction were mentioned (Fig. 2D) [50-53].

A summary of the above mechanisms

The studies above, conducted with precise ex-
periments, described the effects of hyperglycemia on
HIF-1a protein stability or its transactivation ability or
both, or on HIF-1a mRNA expression. However, these
reports do not constitute the whole story accounting
for the inhibition of the HIF-1a pathway activation by
high glucose; some other factors, such as advanced
glycation end products (AGEs), NO, prostaglandin E,
might be involved in this downregulation process [55,
56, 57]. Furthermore, these studies are not fully con-
sistent in some aspects. However, we should
acknowledge the existence of two facts that might
produce apparent discrepancies between these re-
sults: cell- and tissue-specific regulatory mechanisms
encountered in different animal models and different
cell culture conditions and systems [19]. It is likely
that several, or all of these are the true causes of the
negative effects of high glucose on HIF-1a pathway.
Therefore, further experimentation combining animal
models with cell culture systems are required to cor-
roborate the conclusions we have gathered and to
make novel discoveries.

Adverse aspects: activation of HIF-1a by
high glucose

We have discussed several mechanisms ex-
plaining the impairment of HIF-1a by hyperglycemia
in detail; however, there are also a number of studies
demonstrating that HIF-1a is elevated and activated
under conditions of high glucose through different
pathways. Xiao et al. showed that high glucose con-
centrations accelerated HIF-1a protein synthesis and
promoted its stability in cultured human retinal pig-
ment epithelial cells [58]. Yan et al. indicated that high
glucose upregulated HIF-la protein levels and in-
creased HIF-1a transcriptional activity in endothelial
cells, which played an important role in high glu-
cose-induced blood-brain barrier (BBB) permeability
[59]. We explore more molecules involved in the pos-
itive effects of high glucose on HIF-1a in the following
section.

It was reported that glucose stimulation of O
consumption in rat pancreatic beta-cells induced in-
tracellular hypoxia and activated HIF-la, which
played an important role in beta-cell adaptation to
increased insulin demand under physiological condi-
tions (physiological hypoxia) [60]. However, in dia-
betes, sustained activation of HIF-1a by hyperglyce-
mia tended to reduce GSIS with consequent devel-
opment of glucose intolerance [61]. Bensellam et al.
suggested that high glucose resulted in a high meta-
bolic demand and increased beta-cell O, consump-
tion; the following hypoxia and sustained HIF-1a ac-
tivation contributed to the slow deterioration of be-
ta-cell function [60].

There are three conserved E-box-like sequences
in the HIF-1a gene promoters, and the carbohydrate
response element (ChRE) is located in the proximal
E-box-like sequences [62]. Carbohydrate response
element binding protein (ChREBP), a glu-
cose-responsive sensor, is a transcriptional factor
binding to the ChRE; the binding of ChREBP to the
HIF-1a promoter in glomerular mesangial cells ex-
posed to high glucose mediates the upregulation of
the HIF-1a mRNA by high glucose [63]. Furthermore,
increased intracellular free calcium concentrations
(Ca?*) in response to hyperglycemia activate
CaM-dependent protein kinase II (CaMKII), which
initiates a signaling cascade resulting in the phos-
phorylation of the cAMP response element binding
protein (CREB); this phospho-activated CREB
(p-CREB) induces target gene expression [64]. High
glucose-induced HIF-la expression in cultured rat
retinal Miiller cells depends on intracellular free Ca2*
and activation of the CaMKII- CREB pathway [64].

The effect of hyperglycemia on HIF-1 through
the action of ROS is complicated: apart from the neg-
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ative role that ROS induced by high glucose plays in
HIF-1a levels [40, 41, 47], HIF-1a accumulation due to
an inhibition of PHD activity by ROS has been re-
ported by Kohl and colleagues [65]. This group pos-
tulated this concentration-dependent inhibition was
associated with oxidation of the active site Fe2*, which
was closely connected with cellular redox status [65].
What is more, Guo et al. demonstrated that high glu-
cose promoted HIF-1a stabilization through regula-
tion of the redox status in primary neurons exposed to
hypoxia [66]. They showed that high glucose sup-
pressed the generation of Oy and H>O; and that ROS
induced the degradation of HIF-1a in hypoxic neu-
rons [66].

Marfella et al. observed an increase in basal
HIF-1a mRNA expression in rat hearts, which sug-
gested a pseudohypoxic state caused by hyperglyce-
mia under non-hypoxic condition [47]. In spite of
normal tissue PO,, the metabolic imbalances caused
by hyperglycemia increased the cytosolic ratio of free
NADH to NAD*. It was this increased ratio that led to
pseudohypoxia [67]. The increased HIF-1a induced by
hyperglycemic pseudohypoxia was associated with
the role of NO [67], since hyperglycemic pseudohy-
poxia brought about an increased production of NO,
and NO augmented HIF-1a accumulation [45].

We have discussed a number of mechanisms
accounting for the effect of high glucose on the HIF-1a
pathway; however, two questions remain to be an-
swered: in a specific cell or tissue type under condi-
tions of hyperglycemia, whether HIF-1a is impaired
or enhanced and which mechanisms play a role in this
process. To resolve these two questions, first, we have
to acknowledge one premise: that the responses are
various according to different types of cells and dif-
ferent conditions and second, more studies must be
undertaken to explore the unknown scientific world.
In this review, our emphasis is laid on the inhibition
of HIF-1a pathway by high glucose; therefore, the
therapies discussed below are targeted at the im-
pairment of HIF-1a by hyperglycemia. We are dedi-
cated to identifying measures to restore the expres-
sion and transactivation ability of HIF-1a under con-
ditions of high glucose or diabetes.

Possible therapies

In fact, the ultimate significance of identifying
the true mechanisms underlying the impairment of
HIF-1a by high glucose is to find possible therapeutic
approaches for the diseases associated with HIF-1a
inhibition by hyperglycemia. Pharmacological inter-
vention, gene transfer-based stabilization of HIF-la
and antioxidants such as eicosapentaenoic acid (EPA)
and metallothioneins (MTs) are able to reverse HIF-1a
defects in high glucose environments, and are likely

to be of great clinical significance.

Local wound application of CoCl; can correct the
deficiencies in the levels of HIF-1a protein and VEGF
mRNA and protein under conditions of hyperglyce-
mia and increase HIF-la DNA-binding activity. The
effects of Co?* appear to prevent prolyl and aspar-
aginyl hydroxylases by exchanging with Fe?* at the
catalytic site [49, 68]. In addition, cobalt can replace
the iron in heme [69], and there have also been studies
demonstrating that Co?* can be a substrate for fer-
rochelatase, the enzyme responsible for the incorpo-
ration of iron into protoporphyrin IX to make heme
[70]. This causes the prevention of the oxygen signals
and leads to chemical hypoxia [69]. There has been a
study showing that cobalt reduces proteinuria and
histological kidney injury in type 2 diabetic rats with
nephropathy, which is attributed to the upregulation
of HIF and HIF-regulated genes [71].

Desferrioxamine (DFO) and dimethyloxalylgly-
cine (DMOG) both stabilize and activate HIF-1a by
inhibiting hydroxylases via two mechanisms: com-
petitive antagonism of a-ketoglutarate and iron che-
lators [72]. Both DMOG and DFO treatment improve
angiogenesis and the healing process in diabetic ani-
mals [48]. However, in contrast to DMOG, DFO af-
fects HIF-la by scavenging hydroxyl radi-
cal-generating free iron generated by high-glucose
induced oxidative stress. Through decreasing genera-
tion of ROS and preventing MGO modification of
p300, DFO improves the HIF-1a/p300 interaction,
augments HIF-1 transactivation and VEGF expression
in response to high glucose exposure and thus en-
hances wound and ulcer healing and new vessel for-
mation in diabetic ischemic tissues [37, 73].

In addition to the pharmacological usage men-
tioned above, recent studies have also begun to assess
the therapeutic potential of gene therapy in diabetic
animal models. Kajiwara et al. demonstrated that the
usage of adenoviral vectors expressing a constitu-
tively active HIF-1a hybrid (Ad2/HIF-1a/VP16) in-
creased collateral development in a diabetic rat model
[36]. Delivery of AACA5 (an adenovirus encoding a
constitutively active form of HIF-1a) was effective in
blocking hyperglycemia-reduced VEGF protein ex-
pression and ameliorating maternal diabetes-induced
embryonic vasculopathy [74]. In the leptin receptor
deficient mouse (Leprd>/-) model of type II diabetes,
HIF-la overexpression through introduction of a
CMV-Hif-1a20PP expression plasmid restored HIF-1a
stabilization and significantly accelerates tissue repair
[49].

Furthermore, since ROS leads to the impairment
of HIF-1a pathway, the application of some kind of
antioxidant (EPA and MT) could also ameliorate dis-
eases related to HIF-1a defects. EPA, an n-3 polyun-
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saturated fatty acid abundant in fish oil, upregulates
local HIF-la expression and augments the HIF-la
response in diabetic kidney disease by suppressing
ROS generation and mitochondrial apoptosis and
thereby ameliorating hyperglycemia-induced renal
tubular injury and dysfunction [75]. MT is a small
protein, with high cysteine content that protects cells
or tissues from diabetic-induced oxidative damage
due to its powerful antioxidant defense against ROS
and/or reactive nitrogen species (RNS) [76]. Feng et
al. showed that MT relieved the high glucose sup-
pression of HIF-1a activity and rescued HIF-1a tran-
scriptional activity in cardiomyocytes under diabetic
conditions [77]. Cai et al. concluded that MT could
attenuate cardiac cell death and prevent diabetic car-
diomyopathy [76].

The overexpression of SOD or GLO1 as a therapy
is also worthy of consideration. SOD scavenges ROS
(especially Ox) and GLO1 increases detoxification of
MGO, thereby enhancing the stability and function of
HIF-1a [19, 34]. It has been reported that GLO1 ex-
pression can prevent MGO-induced impairment of
the HIF-1a pathway in response to hypoxia and high
glucose levels and thus, enhance neoangiogenesis and
wound healing in diabetes [19, 34, 35, 37, 38]. How-
ever, it should be noted that GLO1 overexpression in
high glucose environments requires a concomitant
increase in glutathione (GSH) levels in cells, because
GLO1 is a GSH-dependent enzyme and GSH is defec-
tive in diabetic tissues [78, 79]. Otherwise, it is likely
that GLO1 function is compromised in diabe-
tes.Perspectives

This review summarizes recent studies of the
normal physiological regulation of HIF-1a, the mutu-
al relationship between glucose and HIF-1a and the
mechanisms underlying the impairment and en-
hancement of HIF-1a mRNA expression, protein sta-
bility and transactivation ability by hyperglycemia.
Furthermore, the potential therapeutic strategies for
complications of diabetes related to HIF-1a defects are
discussed. Some of these mechanisms remain to be
confirmed. Moreover, the mechanisms discussed in
this review do not form a comprehensive picture ex-
plaining all questions proposed in this area. There-
fore, further research involving a variety of cell types
and in both cell-based systems and animal models
and in tissues from patients with diabetes are re-
quired in order to identify more effective therapies for
ischemic and hypoxic diseases in diabetes [19]. In fact,
the key target of therapies is the overexpression of
HIF-1a in high glucose environment. Therefore, the-
oretically, all means that are sufficient to reverse hy-
perglycemia-induced HIF-la deficiencies could be
used as therapies: whether these approaches function
by decreasing inhibited elements (PHD, ROS, MGO)

or overexpressing contributing factors (GLO1) and
HIF-1a per se (gene transfer). However, in practice, all
strategies require strict confirmation of pharmacology
and clinical trials before representing essential signif-
icance to patients with diabetes.
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