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OBJECTIVEdHypoxia plays a major pathogenic role in diabetic nephropathy (DN). We have
investigated in this study the effect of hypoxia-inducible factor 1 a subunit (HIF1A) genetic
polymorphisms on the development of DN.

RESEARCHDESIGNANDMETHODSdIn 1,165 American type 1 diabetic patients with
and without DN selected from the Genetics of Kidneys in Diabetes (GoKinD) study, the HIF1A
genetic polymorphisms were genotyped with TaqMan allelic discrimination. The regulation of HIF-
1a in the kidneys of diabetic mice was appreciated by immunohistochemistry, and the effectHIF1A
Pro582Ser polymorphism on HIF-1a sensitivity to glucose was evaluated in vitro.

RESULTSdWe identified a protective association between HIF1A Pro582Ser polymorphism
and DN in male subjects. We also provided mechanistic insights that HIF-1a is repressed in the
medulla of diabetic mice despite hypoxia and that Pro582Ser polymorphism confers less sensi-
tivity to the inhibitory effect of glucose during a hypoxic challenge.

CONCLUSIONSdThe current study demonstrates for the first time that HIF1A Pro582Ser
polymorphism has an effect on DN, possibly by conferring a relative resistance to the repressive
effect of glucose on HIF-1a.

Diabetes Care 36:415–421, 2013

D iabetic nephropathy (DN) is the
most common cause of end-stage
renal disease (ESRD) and accounts

for a high mortality rate in patients with
diabetes (1). The role of genetic suscepti-
bility in the development of DN has been
known for many years. Identification of
protective or risk genes may provide use-
ful information about the pathogenesis of
DN and permit the development of novel
therapeutic approaches for this devastat-
ing complication (2).

Hypoxia has been proposed to have a
central pathogenic mechanism for the
development of DN (3). Hypoxia can be
detected by magnetic resonance imaging
(MRI) in the outer medulla of diabetic an-
imals very early in the development of the

disease, pointing out its primary patho-
genic role (4). Renal hypoxia in diabetes
is due to a reduction of oxygen delivery
(5) and also to an increase in oxygen con-
sumption at least partially secondary to an
increase of respiratory uncoupling (6).

Hypoxia-inducible factor-1 (HIF-1) is
the key mediator in cellular oxygen ho-
meostasis that facilitates the adaptation to
oxygen deprivation by regulating expres-
sion of gene products that are involved in
cellular energy metabolism and glucose
transport, angiogenesis, and erythropoiesis,
among others (7). HIF-1 is a heterodimeric
transcription factor composed of two sub-
units, HIF-1a and HIF-1b, both constitu-
tively expressed in mammalian cells.
Regulation of HIF-1 activity is critically

dependent on the degradation of the
HIF-1a subunit in normoxia. The molec-
ular basis of its degradation is oxygen-
dependent hydroxylation of at least one
of the two proline residues (8) that makes
HIF-1a accessible to the vonHippel-Lindau
tumor-suppressor protein that acts as an
E3 ubiquitin ligase and targets HIF-1a for
proteasomal degradation (recently re-
viewed by Semenza [7]). Under hypoxic
conditions, HIF-1 is transactivated and
translocated to the nuclei where it binds
to hypoxic responsive elements (HRE)
and upregulates a series of genes essential
for adaptation of the tissues to hypoxia (7).
Diabetes has a complex repressive effect
on the stabilization and transactivation of
HIF-1a (9) precluding its optimal reaction
to hypoxia, as recently reviewed (10).

HIF1A (for HIF-1a) genetic polymor-
phisms are associated with different re-
sponses to hypoxic injuries. For example,
single nucleotide polymorphisms (SNPs) in
the HIF1A gene are associated with differ-
ent clinical outcomes (11) and collateral de-
velopment (12) in subjects with coronary
artery disease. Moreover, the prognosis af-
ter acute kidney injury is associated with a
polymorphism in HIF1A (13). However,
whether any HIF1A genetic polymor-
phisms are associatedwithDN is unknown.

In the current study, we conducted a
genetic association study of the HIF1A
gene in type 1 diabetic (T1D) patients
with and without DN. Moreover, we
investigated the modulation of renal
HIF-1a in a mouse model of DN (db/db)
and studied the functional relevance of
HIF1A polymorphism (Pro582Ser) in
the context of a combined challenge with
hyperglycemia and hypoxia. We provide
the first evidence indicating the effect of
the SNPs in the HIF1A gene on the devel-
opment of DN by its relative resistance to
the repressive effect of hyperglycemia.

RESEARCH DESIGN AND
METHODS

Diabetic patients with and
without DN
The samples included 1,165 American
T1Dpatientswith andwithoutDN selected
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from the Genetics of Kidneys in Diabetes
(GoKinD) study (11). All patients were of
European descent, diagnosed before age 31
years, and treatedwith insulinwithin1 year
of diagnosis. The 571 T1D patients (case
subjects) with DN (260 women, 311
men) had persistent proteinuria, defined
by a urinary albumin-to-creatinine ratio
#300 mg/mg in two of the last three mea-
surements taken at least 1 month apart, or
end stage renal disease (ESRD).Within case
subjects, a subset of DN subjects had
reached ESRD (n = 403; 188 women, 215
men) and formed the T1D-with-ESRD
group. T1D patients without DN (control
subjects, n = 594; 354 women, 240 men)
had T1D for at least 15 years and normoal-
buminuria, defined by an albumin-to-
creatinine ratio ,20 mg/mg in two of the
last three measurements taken at least 1
month apart, without ever having been
treated with ACE inhibitors or angioten-
sin-receptor blockers. They were not being
treated with antihypertensive medication at
the time of recruitment into the study. Clin-
ical parameters of all subjects in theGoKinD
population are summarized in Table 1.

All subjects were informed and con-
sented to take part in the study. The
procedures followed were in accordance
with the Declaration of Helsinki II and
approved by the local ethics committees.
The material transfer agreements for the
cohort of the GoKinD study were signed
before experiments were performed. The
study was approved by the local ethics
committees.

SNPs selection and genotyping
Selection of SNPs in the HIF1A gene were
done based on the information from the

HapMap (http://www.hapmap.org/),
dbSNP (http://www.ncbi.nlm.nih.gov/
projects/SNP/), and previous genetic
studies (13–15). Four nonsynonymous
polymorphisms, including Pro582Ser,
Thr588Ala, and Ile418Thr, in the HIF1A
were included into the genotyping ex-
periments. Genotyping experiments were
carried out with TaqMan Allelic Discrim-
ination assays by using ABI 7300 system
(Applied Biosystems, Foster City, CA).
For genotyping quality control, the sub-
jects’ samples were distributed randomly
across plates with the case and control
subjects per PCR plate. Negative controls
(Universal-mixture blanks) were in-
cluded on each plate. A subset of ran-
domly selected samples representing
;20% of the study subjects was repeated.

Immunohistochemistry staining
and evaluation
The hypoxia level and HIF-1a expression
were evaluated in kidneys from C57BL/
KsJm/Leptdb (db/db) mice and from their
normoglycemic heterozygous littermates
(16 weeks old) on formalin-fixed, paraffin-
embedded sections (5 mm). Both stainings
were performed after the slides were de-
paraffinized and rehydrated.

For HIF-1a staining, the slides were
pretreated by microwave heating (800 W
for 20 min) in citrate buffer, followed by
endogenous peroxidase blocking (20 min
at room temperature) and blocking with
normal goat serum. The incubation with
the primary antibody (NB: 100–123, No-
vus Biologicals; 1:100) was performed
overnight at 48C, followed by exposure
to the secondary biotinylated antibody
(goat anti-mouse) for 10 min at room

temperature. The reaction was developed
using an ABC kit (Vector Laboratories)
and subsequent DAB treatment. Matched
IgG isotype controls were included.

Hypoxia was evaluated using the
Hypoxiprobe kit (Natural Pharmacia
International, Burlington, MA) follow-
ing the manufacturer’s instructions. The
extent of hypoxic areas and of HIF-1a pos-
itive areas was quantified by computer-
assisted image analysis and was expressed
as the percentage of positive stained area
versus total tissue area.

Plasmid constructs
Plasmid encoding FLAG-fused mouse
HIF-1a in which Proline 583 (which is
the mouse equivalent of the human Pro-
line 582) was mutated to serine (pFLAG/
mHIF-1a [P/S]) was generated using
QuikChange site-directed mutagenesis
kit (Stratagene) according to the manu-
facturer’s instructions, and positive mu-
tants were screened by sequencing using
DYEnamic sequencing kit (Amersham
Biosciences). The Renilla luciferase reporter
vector (pRL-TK) was obtained from
Promega. Plasmids encoding FLAG-
fused wild-type mouse HIF-1a (pFLAG/
mHIF-1a) and hypoxia response element
(HRE)-driven firefly luciferase reporter
(pT81/HRE-luc) have been described pre-
viously (14,15).

Cell culture
Human embryonic kidney (HEK) 293A
cells were maintained in a 1:1 mixture of
DMEM and F-12 medium. Media were
supplemented with FCS (10%), penicillin
(50 IU/mL), and streptomycin sulfate
(50 mg/mL). Medium and other products

Table 1dClinical characteristics of the GoKinD population

T1D with DN T1D without DN

All Female Male All Female Male
N = 571 n = 260 n = 311 N = 594 n = 354 n = 240

Age (years) 44 6 6 44 6 7 45 6 6 40 6 8 40 6 9 40 6 8
Duration (years) 32 6 8 32 6 8 32 6 8 26 6 8 26 6 8 26 6 8
HbA1c (%) 7.4 6 1.9 7.4 6 2.1 7.4 6 1.7 7.5 6 1.1 7.5 6 1.1 7.4 6 1.1
BMI (kg/m2) 25.7 6 5.3 25.2 6 5.7 26.1 6 4.9 26.0 6 4.4 25.7 6 4.7 26.6 6 3.7
Creatinine (mg/dL) 2.1 6 1.9 1.9 6 1.6 2.3 6 2.0 0.9 6 0.2 0.8 6 0.1 1.0 6 0.1
Cystatin (mg/L) 2.2 6 1.7 2.2 6 1.6 2.4 6 1.7 0.8 6 0.1 0.8 6 0.1 0.8 6 0.1
Cholesterol (mg/dL) 186.3 6 45.9 190.3 6 47.3 183.0 6 44.6 185.0 6 31.3 188.7 6 30.9 179.7 6 31.2
HDL (mg/dL) 53.6 6 17.3 59.3 6 18.2 48.9 6 15.1 59.1 6 15.9 64.8 6 15.5 51.0 6 12.4
Blood pressure (mmHg)
Systolic 131 6 19 130 6 20 133 6 18 118 6 12 116 6 12 122 6 12
Diastolic 74 6 11 72 6 11 75 6 11 71 6 8 70 6 7 74 6 8

All data are means 6 SD.
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for cell culture were purchased from
Invitrogen. Cells were cultured at 378C
under normoxic (21% O2) or hypoxic
(1% O2) conditions.

Transient transfections
Transient transfections in 293A cells were
performedusing Lipofectamine (Invitrogen)
according to the manufacturer’s in-
structions. One microgram of plasmids
pFLAG/mHIF-1a or pFLAG/mHIF-1a
(P/S) were transfected into 293A cells
to detect their expression level. In the
dual-luciferase reporter assay (Promega),
293A cells were cotransfected with pT81/
HRE-luc (300 ng), pRL-TK (30 ng),
pFLAG/mHIF-1a, or pFLAG/mHIF-1a
(P/S; 100 ng), and pCMX empty vector
(570 ng). At 16 h after transfection, the
cells were cultured in media containing
different concentrations of glucose and ex-
posed to normoxia (21% O2) or hypoxia
(1% O2), as indicated. The cells were
lysed in passive lysis buffer (Promega)
48 h later, and the luciferase activity was
measured according to the manufacturer’s
instructions. The relative luciferase activ-
ity was calculated as the HRE-driven fire-
fly luciferase activity-to-Renilla luciferase
activity.

Protein extraction and
immunoblotting assays
Protein extraction and immunoblotting
assays were performed as described be-
fore (16). Briefly, cells were washed with
PBS, collected by centrifugation, and
lysed by sonication in a buffer containing
50mmol/L Tris-HCl (pH7.4), 180mmol/L
NaCl, 0.2% NP-40, 20% glycerol, 0.5
mmol/L phenylmethylsulfonyl fluoride, 5
mmol/L b-mercaptoethanol, and prote-
ase inhibitor mix (Complete-Mini; Roche
Biochemicals). The lysates were then
cleared by centrifugation for 30 min at
14,000 rpm at 48C. The whole-cell ex-
tracts were separated by SDS-PAGE and
blotted onto nitrocellulose membranes.
Blocking was performed in TBS buffer
(50 mmol/L Tris [pH 7.4], 150 mmol/L
NaCl) containing 5% nonfat milk, fol-
lowed by incubation with anti-FLAG M2
(F3165, Sigma) or anti–b-actin (ab6276,
Abcam) antibodies in TBS buffer contain-
ing 1% nonfat milk. After several washes
with TBS buffer containing 0.5% Tween-
20, the membranes were incubated with
anti-mouse or anti-rabbit IgG-horseradish
peroxidase conjugate (Amersham Bio-
sciences) in TBS buffer containing 1%
nonfat milk. After several washes, pro-
teins were visualized using enhanced

chemiluminescence (Amersham Bioscien-
ces) according to the manufacturer’s rec-
ommendations.

Statistical analyses
To evaluate the genotype distribution,
deviation for genotyped SNP from
Hardy-Weinberg equilibrium (HWE)
was assessed using the Pearson x2 test.
Case and control subject analyses were
performed initially in T1D patients with
DN (case subjects) and without DN (con-
trol subjects). To assess for the association
with ESRD, a subset group (T1D with
ESRD) composed of case subjects was
contrasted with control subjects in suc-
cession. Odds ratios (OR) and 95% CI
were calculated to test the relative risk
for association. Statistical powers were
calculatedusing PS2.1.31 software (Power-
SampleSize, http://biostat.mc.vanderbilt.
edu/wiki/Main/PowerSampleSize). Tests
for association between genotypes and
quantitative traits were performed by using
ANOVA for normally distributed traits.
Kruskal-Wallis analysis of ranks was alter-
natively used for traits with nonnormal dis-
tributions. Normal probability plots were
created and parameter distributions were
transformed to natural logarithm when
needed to improve the skewness and for
obtaining a normal distribution before per-
forming statistical analysis of the relevant
phenotypes. Data are given as the means6
SD. The Student t test was used to analyze
the difference between two samples in gene
expression and biological experiments.
A value of P, 0.05 was considered signif-
icant. All data were analyzed using IBM
SPSS Statistics 20 software (IBM Corpora-
tion, Armonk, NY).

Differences between immunohisto-
chemistry results were computed using
two-tailed t test analysis between groups,
and the differences between reporter gene
results were computed using one-way
ANOVA with Bonferroni post hoc test.
P , 0.05 was considered statistically sig-
nificant.

RESULTS

Genetic association of HIF1A
with DN
Webegan with a genetic association study
of three SNPs (Pro582Ser, Thr588Ala,
and Ile418Thr) selected from the HIF1A
gene in the GoKinD population. Geno-
type distribution of all studied SNPs
in this population was satisfied in the
HWE assumption. Minor allele frequen-
cies of all studied SNPs are summarized
in Table 2.

We analyzed the possible association
of HIF1A polymorphisms with DN in the
GoKinD population. Data indicated that
there was an association of Pro582Ser
polymorphism in the HIF1A gene (OR
0.758 [95% CI 0.590–0.973], P = 0.029;
Table 3) but no significant association
with DN of the other two studied poly-
morphisms was found (data not shown).
We further analyzed sex stratification for
this association and found that the asso-
ciation of this Pro582Ser polymorphism
in the HIF1A gene with DN (0.613
[0.422–0.888], P = 0.009; Table 3) and
ESRD (0.611 [0.404–0.924], P = 0.018;
Table 3) wasmaintained inmen but not in
women.

HIF regulation in DN
To understand the biological relevance of
the above genetic association, we investi-
gated themodulation of HIF in the kidney
of db/dbmice, a well-established model of
DN (17). The expression of HIF-1a was
analyzed in the context of the hypoxia
level (as evaluated by pimonidazole stain-
ing), which is an established pathogenic
factor for DN and the principal regulator
of HIF. Indeed, we noticed an increase of
the hypoxia in the medulla of the diabetic
animals, as evaluated by pimonidazole
adduct formation (Fig. 1A). However,
the HIF-1 levels did not mirror the oxy-
gen levels (Fig. 1B), being even inappro-
priately repressed in the medulla of the
diabetic animals compared with the

Table 2dMinor allele frequencies of the HIF1A polymorphisms in the GoKinD population

Gene
symbol dbSNP rsID SNP type

Chromosome
position*

MAF all
(female/male)

HIF1A rs11549465 Y = C/T Pro582Ser Chr14, 42257827 T 0.122 (0.128/0.115)
rs11549467 R = A/G Ala588Thr Chr14, 42257845 A 0.016 (0.016/0.015)
rs41508050 Y = C/T Ile418Thr Chr14, 42255074 T 0.028 (0.032/0.024)

MAF, minor allele frequency; R, adenine or guanine; S, cytosine or guanine; Y, cytosine or thymine. Y, R, and
S are International Union of Pure and Applied Chemistry (IUPAC) codes used in FASTA sequences at the SNP
position. *References: NW_925561.1 (HIF1A) and NW_924884.1 (HIF1AN).
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medulla of the normoglycemic heterozy-
gote animals (Fig. 1C).

Biological effects of HIF1A Pro582Ser
polymorphism
Having in account the pathological re-
pression of HIF in diabetic kidneys, we
have further investigated the potential
functional relevance of Pro582Ser

polymorphism in the reaction of the cells
to hypoxia and hyperglycemia that are
essential pathogenic mechanisms for DN.
By using FLAG-tagged HIF-1a con-
structs, wild-type or mutated at the
equivalent mouse proline (Pro/Ser), we
first followed the effect of the polymor-
phism on HIF stability. Wild-type HIF-1a
and HIF-1a (Pro/Ser) have a similar

expression level at normoxia and hypoxia,
suggesting that the polymorphism is not
crucial for HIF stabilization in hypoxia
(Fig. 2A). We next investigated if
hyperglycemia affects the stability of
HIF-1a (P/S) as it does for wild-type
HIF-1a (9,16) by exposing the transfected
cells to different glucose concentrations
and found that indeed hyperglycemia de-
stabilizes HIF-1a (P/S) as well (Fig. 2B).

We further assessed the relevance of
the polymorphism on HIF-1a transcrip-
tional activation using HRE-reporter gene
in HEK 293A cells cultured in different
concentrations of glucose in normoxia
or hypoxia (Fig. 2C). Wild-type HIF-1a
and HIF-1a (P/S) both activate the HRE-
reporter gene at the similar level in normal
glucose concentration (5.5 mmol/L) in
normoxia or when activated by hypoxia.
In hypoxia, however, HIF-1a (P/S)
showed significantly higher activity than
wild-type HIF-1a when the cells were
cultured in high glucose concentrations.
In normoxia, no difference was noted
between wild-type HIF-1a and HIF-1a
(P/S) when the cells were exposed to high
glucose concentrations. Results indicated
that Pro582Ser polymorphism confers rel-
ative resistance to the repressive effect of

Table 3dAssociations of the HIF1A Pro582Ser polymorphism with DN and ESRD in the
GoKinD population

Genotype, N

T1D group Sex CC CT TT MAF OR (95% CI) P

With ESRD All 321 79 3 0.105 0.747 (0.565–0.987) 0.039
Female 145 41 2 0.120 0.899 (0.615–1.315) 0.583
Male 176 38 1 0.093 0.611 (0.404–0.924) 0.018

With DN All 453 114 4 0.107 0.758 (0.590–0.973) 0.029
Female 199 58 3 0.123 0.928 (0.660–1.305) 0.667
Male 254 56 1 0.093 0.613 (0.422–0.888) 0.009

Without DN All 439 148 7 0.136
Female 265 85 4 0.131
Male 174 63 3 0.144

MAF, minor allele frequency; N, number of genotyped samples. P values and ORs are tested by comparison
analyses for T1D with DN or T1D with ESRD vs. T1D without DN. CC, CT, and TT are the genotypes of
HIF1A Pro582Ser polymorphism.

Figure 1dHIF-1a is repressed in diabetic kidneys medulla despite hypoxia. A: The kidney medulla of the diabetic animals (db/db) (A2) is more
hypoxic than in normoglycemic heterozygote control mice (A1), as evaluated by pimonidazole adduct formation. B: HIF-1a expression in the
medulla of the diabetic mice (db/db) (B2) is lower than in normoglycemic control mice (B1). C: The ratio between areas positive for HIF-1a and
hypoxic areas (evaluated by pimonidazole) is lower in the medulla of diabetic animals compared with normoglycemic control mice.*P, 0.05. (A
high-quality digital representation of this figure is available in the online issue.)
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hyperglycemia on HIF-1a when chal-
lenged by hypoxia.

CONCLUSIONSdWe have identified
for the first time an association between
DN and the HIF1A Pro582Ser poly-
morphism. Moreover, we showed that
this functional variant has a specific
potential mechanistic role by confer-
ring a relative resistance for the kidney
to hypoxic insult in the presence of
hyperglycemia.

Hypoxia has a central pathogenic
mechanism for DN being recorded early
during evolution of the disease, especially
in themedulla (18). HIF plays an essential
role in modulating the reaction of the tis-
sues in hypoxia (7). Its function, however,
is repressed in diabetes (9) and contrib-
utes to an inappropriate reaction of the
tissues to hypoxic injury (10). We
observed a similar inappropriate reaction
of HIF to hypoxia (Fig. 1) in the medulla
of db/db mouse kidney, an established
animal model for DN (17). The HIF re-
pression in diabetic kidney (19) is
pathogenically relevant because HIF in-
duction by CoCl2 treatment reduces the
progression of DN (20). It is therefore
probably with minor functional conse-
quences the paradoxical activation of
HIF observed in diabetic kidneys in

isolated cells (i.e., mesangial cells [21]
and podocytes [22]).

In this context, the association between
Pro582Ser polymorphism of HIF-1a
and the risk that DN will develop is not
surprising. The same Pro582Ser poly-
morphism is associated with stable exer-
tional angina but not with acute
myocardial infarction as the first manifes-
tation of coronary arterial disease (23),
conferring the same protective phenotype
that we found in DN. It is therefore expec-
ted that the same polymorphism confers a
worse prognosis in clinical situations
where HIF has deleterious effects, as in
cancer (24). A worse prognosis is con-
ferred by Pro582Ser after acute kidney in-
jury (13), even though it is unclear what
role HIF-1 plays in this clinical situation.
An association of this polymorphism to
type 2 diabetes was reported in a Japanese
population (25), which is not surprising
because overexpression of HIF-1a in
b-cells has deleterious effect on glucose
tolerance (26,27).

The protective effect of Pro582Ser for
DN was observed just in male subjects. A
sexual dimorphism for this functional
SNP has been also reported for cancer
(24). Functional studies show that testos-
terone induces HIF function in rats,
with a protective effect in myocardial

infarction (28), whereas estrogens have
repressive effects for HIF in adipose tis-
sue (29), which adds a possible mecha-
nistic explanation to our results. We
have, moreover, demonstrated that
Pro582Ser confers a functional advantage
against the repressive effect of glucose on
HIF function. Two Proline residues
(Pro402 and Pro564) are essential for
HIF-1a degradation in normoxia (8,30).
However, Pro582 has no essential role in
HIF-1a stability because its mutation
with serine does not affect HIF-1a levels,
neither in normoxia nor hypoxia (Fig.
2A), which is in perfect agreement with
previous observations (31). Moreover
Pro582Ser does not have a central role
in the destabilizing effect of glucose on
HIF-1a (9) because we observed a clear
destabilization of the Pro582Ser con-
struct in hyperglycemia (Fig. 2B). How-
ever, Pro582Ser has a profound effect for
the sensitivity of HIF-1a to hyperglyce-
mia at the transactivation levels (Fig. 2C),
which offers the functional explanation
for its protective effect for DN. Some
other residues (L556A/L558A and
M560/L561) (32), including Pro582
(33), were identified to modulate the
transactivation but not stability of HIF
in hypoxia in other experimental condi-
tions. However, the special sensitivity to

WT PS WT PS

αα-FLAG

α-β-actin

N H

100kDa

37kDa

α-FLAG

α-β-actin

5.5 30 5.5 30
N H

100kDa

37kDa

Glucose (mM)

A

B

C

Figure 2dEffects of HIF1A Pro582Ser polymorphism in glucose levels. A: Wild-type HIF-1a and HIF-1a (P/S) have similar expression level
in normoxia and hypoxia. HEK293A cells were transfected with pFLAG/mHIF-1a (wild-type [WT]) or pFLAG/mHIF-1a (P/S), and were
exposed to normoxia (N) or hypoxia (H) for 6 h before harvest. The expression of HIF-1a and mutant was detected by immunoblotting using
anti-FLAG antibody. B: HIF-1a (P/S) protein is downregulated by 30 mmol/L glucose. HEK293A cells were transfected with pFLAG/mHIF-1a
(P/S). The cells were then cultured in media containing 5.5 or 30 mmol/L glucose for 48 h and were exposed to normoxia (N) or hypoxia (H) for
6 h before harvest. The expression of HIF-1a (P/S) was detected by immunoblotting using anti-FLAG antibody. C: HIF-1a (P/S) is more active
than wild-type HIF-1a under conditions of combined hyperglycemia and hypoxia. In a dual-luciferase reporter assay, HEK293A cells were
transfected with pFLAG/mHIF-1a or pFLAG/mHIF-1a (P/S) together with reporter plasmids. The cells were then cultured in media containing
5.5, 10, 20, and 30 mmol/L glucose and exposed to normoxia (N) or hypoxia (H) for 48 h. The activity of wild-type HIF-1a (WT) and HIF-1a
(P/S) is presented as mean 6 SD. *P , 0.05 comparing the activity of WT and P/S at indicated concentration of glucose under hypoxic
conditions.
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glucose of HIF (P/S) transactivation in
hypoxia is unique to our knowledge,
suggesting a specific role in diabetes.

In conclusion, our study provides the
first evidence for a protective polymorphism
of the HIF1A gene for DN and provides
the mechanistic explanation for it. It is of
high interest to investigate the potential
association of this polymorphism with
other clinical conditions in which diabetes
has deleterious effects on outcome at least
partially through HIF-1 repression (i.e.,
myocardial infarction, diabetic nonheal-
ing foot ulcers, etc.).

AcknowledgmentsdThe GoKinD collection
was supported by the Juvenile Diabetes Re-
search Foundation in collaboration with the
Joslin Diabetes Center and George Wash-
ington University, and by the United States
Centers for Diabetes Control and Prevention.
The study was supported by grants from
Family Erling-Persson Foundation, Swedish
Research Council, Stig and Gunborg West-
mans Foundation, von Kantzow Foundation,
and Stockholm County Council.
No potential conflicts of interest relevant to

this article were reported.
H.F.G. and S.-B.C. analyzed data, designed

the research, and wrote the manuscript. X.Z.
and I.R.B. performed research and analyzed
data. N.A.S., T.G., V.G.S., and E.F.L. per-
formed research. K.B. reviewed the manu-
script. S.-B.C. is the guarantor of this work
and, as such, had full access to all the data in
the study and takes responsibility for the in-
tegrity of the data and the accuracy of the data
analysis.
The authors thank all subjects in the

GoKinD population for their participation
and thank Stina Lindberg, Department of
Molecular Medicine and Surgery, for excellent
technical and laboratory assistance.

References
1. Weil EJ, Curtis JM, Hanson RL, Knowler

WC, Nelson RG. The impact of disad-
vantage on the development and pro-
gression of diabetic kidney disease. Clin
Nephrol 2010;74(Suppl. 1):S32–S38

2. Thomas MC, Groop PH, Tryggvason K.
Towards understanding the inherited
susceptibility for nephropathy in diabetes.
Curr Opin Nephrol Hypertens 2012;21:
195–202

3. Tanaka T, Nangaku M. The role of hyp-
oxia, increased oxygen consumption,
and hypoxia-inducible factor-1 alpha in
progression of chronic kidney disease.
Curr Opin Nephrol Hypertens 2010;19:
43–50

4. Ries M, Basseau F, Tyndal B, et al. Renal
diffusion and BOLD MRI in experimen-
tal diabetic nephropathy. Blood oxygen

level-dependent. J Magn Reson Imaging
2003;17:104–113

5. Palm F, Hansell P, Ronquist G,
Waldenström A, Liss P, Carlsson PO.
Polyol-pathway-dependent disturbances
in renal medullary metabolism in experi-
mental insulin-deficient diabetes mellitus
in rats. Diabetologia 2004;47:1223–
1231

6. Persson MF, Franzén S, Catrina SB, et al.
Coenzyme Q10 prevents GDP-sensitive
mitochondrial uncoupling, glomerular
hyperfiltration and proteinuria in kid-
neys from db/dbmice as a model of type 2
diabetes. Diabetologia 2012;55:1535–
1543

7. Semenza GL. Oxygen homeostasis. Wiley
Interdiscip Rev Syst Biol Med 2010;2:
336–361

8. Ivan M, Kondo K, Yang H, et al. HIFalpha
targeted for VHL-mediated destruction by
proline hydroxylation: implications for
O2 sensing. Science 2001;292:464–468

9. Catrina SB, Okamoto K, Pereira T, Brismar
K, Poellinger L. Hyperglycemia regulates
hypoxia-inducible factor-1alpha protein
stability and function. Diabetes 2004;53:
3226–3232

10. Bento CF, Pereira P. Regulation of hypoxia-
inducible factor 1 and the loss of the cel-
lular response to hypoxia in diabetes.
Diabetologia 2011;54:1946–1956

11. Mueller PW, Rogus JJ, Cleary PA, et al.
Genetics of Kidneys in Diabetes (GoKinD)
study: a genetics collection available for
identifying genetic susceptibility factors
for diabetic nephropathy in type 1 di-
abetes. J Am Soc Nephrol 2006;17:1782–
1790

12. Resar JR, Roguin A, Voner J, et al. Hypoxia-
inducible factor 1alpha polymorphism
and coronary collaterals in patients with
ischemic heart disease. Chest 2005;128:
787–791

13. Kolyada AY, Tighiouart H, Perianayagam
MC, Liangos O, Madias NE, Jaber BL.
A genetic variant of hypoxia-inducible
factor-1alpha is associated with adverse
outcomes in acute kidney injury. Kidney
Int 2009;75:1322–1329

14. Carrero P, Okamoto K, Coumailleau P,
O’Brien S, Tanaka H, Poellinger L. Redox-
regulated recruitment of the transcrip-
tional coactivators CREB-binding protein
and SRC-1 to hypoxia-inducible factor
1alpha. Mol Cell Biol 2000;20:402–415

15. Ruas JL, Poellinger L, Pereira T. Func-
tional analysis of hypoxia-inducible
factor-1 alpha-mediated transactivation.
Identification of amino acid residues
critical for transcriptional activation and/
or interaction with CREB-binding pro-
tein. J Biol Chem 2002;277:38723–
38730

16. Bento CF, Fernandes R, Ramalho J, et al.
The chaperone-dependent ubiquitin li-
gase CHIP targets HIF-1a for degradation

in the presence of methylglyoxal. PLoS
ONE 2010;5:e15062

17. Tesch GH, Lim AK. Recent insights into
diabetic renal injury from the db/dbmouse
model of type 2 diabetic nephropathy. Am
J Physiol Renal Physiol 2011;300:F301–
F310

18. Miyata T, de Strihou CY. Diabetic ne-
phropathy: a disorder of oxygen metabo-
lism? Nat Rev Nephrol 2010;6:83–95

19. Rosenberger C, Khamaisi M, Abassi Z,
et al. Adaptation to hypoxia in the diabetic
rat kidney. Kidney Int 2008;73:34–42

20. Ohtomo S, Nangaku M, Izuhara Y,
Takizawa S, Strihou CY, Miyata T. Cobalt
ameliorates renal injury in an obese, hy-
pertensive type 2 diabetes rat model.
Nephrol Dial Transplant 2008;23:1166–
1172

21. Isoe T, Makino Y, Mizumoto K, et al. High
glucose activates HIF-1-mediated signal
transduction in glomerular mesangial
cells through a carbohydrate response el-
ement binding protein. Kidney Int 2010;
78:48–59

22. Makino H, Miyamoto Y, Sawai K, et al.
Altered gene expression related to glo-
merulogenesis and podocyte structure in
early diabetic nephropathy of db/db mice
and its restoration by pioglitazone. Di-
abetes 2006;55:2747–2756

23. Hlatky MA, Quertermous T, Boothroyd
DB, et al. Polymorphisms in hypoxia in-
ducible factor 1 and the initial clinical
presentation of coronary disease. Am
Heart J 2007;154:1035–1042

24. Zhao T, Lv J, Zhao J, Nzekebaloudou M.
Hypoxia-inducible factor-1alpha gene
polymorphisms and cancer risk: a meta-
analysis. J Exp Clin Cancer Res 2009;28:
159

25. Yamada N, Horikawa Y, Oda N, et al.
Genetic variation in the hypoxia-inducible
factor-1alpha gene is associated with type
2 diabetes in Japanese. J Clin Endocrinol
Metab 2005;90:5841–5847

26. Cantley J, Selman C, Shukla D, et al. De-
letion of the von Hippel-Lindau gene in
pancreatic beta cells impairs glucose ho-
meostasis in mice. J Clin Invest 2009;119:
125–135

27. Puri S, Cano DA, HebrokM. A role for von
Hippel-Lindau protein in pancreatic beta-
cell function. Diabetes 2009;58:433–441

28. Chen Y, Fu L, Han Y, et al. Testosterone
replacement therapy promotes angiogen-
esis after acute myocardial infarction by
enhancing expression of cytokines HIF-
1a, SDF-1a and VEGF. Eur J Pharmacol
2012;684:116–124

29. Xu J, Xiang Q, Lin G, et al. Estrogen im-
proved metabolic syndrome through
down-regulation of VEGF and HIF-1a to
inhibit hypoxia of periaortic and intra-
abdominal fat in ovariectomized female
rats. Mol Biol Rep 2012;39:8177–8185

30. Jaakkola P, Mole DR, Tian YM, et al.
Targeting of HIF-alpha to the von

420 DIABETES CARE, VOLUME 36, FEBRUARY 2013 care.diabetesjournals.org

HIF1A polymorphism protects against DN



Hippel-Lindau ubiquitylation complex
by O2-regulated prolyl hydroxylation.
Science 2001;292:468–472

31. Percy MJ, Mooney SM, McMullin MF,
Flores A, Lappin TR, Lee FS. A common
polymorphism in the oxygen-dependent
degradation (ODD) domain of hypoxia in-
ducible factor-1alpha (HIF-1alpha) does

not impair Pro-564 hydroxylation. Mol
Cancer 2003;2:31

32. Pereira T, Zheng X, Ruas JL, Tanimoto K,
Poellinger L. Identification of residues
critical for regulation of protein stability
and the transactivation function of the
hypoxia-inducible factor-1alpha by the von
Hippel-Lindau tumor suppressor gene

product. J Biol Chem 2003;278:6816–
6823

33. Tanimoto K, Yoshiga K, Eguchi H, et al.
Hypoxia-inducible factor-1alpha poly-
morphisms associated with enhanced
transactivation capacity, implying clinical
significance. Carcinogenesis 2003;24:1779–
1783

care.diabetesjournals.org DIABETES CARE, VOLUME 36, FEBRUARY 2013 421

Gu and Associates


