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Abstract

Aims/hypothesis. Substantial evidence suggests an
important role for the expression of GLUT4 in adipo-
cytes, in the pathogenesis of insulin resistance and
Type II (non-insulin-dependent) diabetes mellitus.
We investigated whether oxidative stress decreases
GLUTH4 expression by impairing DNA binding of nu-
clear proteins to the insulin responsive element in the
GLUT4 promoter.

Methods. 3T3-L1 adipocytes were exposed to micro-
molar H,O, concentrations and GLUT4 expression
and binding of nuclear proteins to defined DNA se-
quences were assessed.

Results. GLUT4 mRNA was decreased after at least
4 h exposure to H,O,, without a major change in the
stability of GLUT4 transcripts. Nuclear protein ex-
tracts prepared from oxidized cells showed decreased
binding to the insulin responsive element of the
GLUT4 promoter but not to other DNA sequences.

The direct effect of oxidation on the binding to the in-
sulin response element was shown by the observation
that in vitro oxidation of nuclear extracts with H,O,,
N-ethylmaleimide or diamide decreased protein-
DNA complex formation. This, and decreased bind-
ing capacity observed in nuclear extracts from oxi-
dized cells, were partly reversible by subsequent
treatment with a reducing agent. Protein binding to
a consensus DNA sequence for nuclear factor 1 tran-
scription factors was decreased 16 % by oxidation,
whereas no change was observed in the protein con-
tent of several isoforms of these proteins.
Conclusion/interpretation. Oxidative stress causes de-
creased GLUTH4 expression, associated with impaired
binding of nuclear proteins to the insulin responsive
element in the GLUT4 promoter. [Diabetologia
(2001) 44: 2156-2164]

Keywords Nuclear factor 1, insulin resistance, adi-
pose tissue, hydrogen peroxide.

Accumulating experimental evidence suggests that
the expression of the insulin responsive glucose trans-
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porter GLUT4 could be central in determining pe-
ripheral insulin sensitivity and thus could be an im-
portant factor in the pathogenesis of Type II (non-in-
sulin-dependent) diabetes mellitus [1, 2]. Various
groups have shown that GLUT4 expression in adi-
pose tissue is reduced in obese, non-diabetic subjects,
and more so in Type II diabetic patients [3, 4]. Studies
in animal models of diabetes have also measured
GLUT4 mRNA content and its transcription rate in
adipose tissue, mostly showing a role for transcrip-
tional regulation of the GLUT4 gene [5-8]. More-
over, a causative role for decreased adipose tissue
GLUT4 expression in the diabetic phenotype has
been suggested. Disruption of a single allele of the
GLUT4 gene caused a decrease in adipocyte
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GLUT4 protein content and was shown to result in
the development of a Type II diabetes -like pheno-
type [9]. Over-expression of GLUT4 using a fat-spe-
cific promoter protected against the development of
insulin resistance that was associated with diabetes
induced by streptozotocin [10]. Adipose-specific ab-
lation of the GLUT4 gene resulted in insulin resist-
ance, also in the liver and in skeletal muscle [11].
Moreover, despite evidence suggesting normal
GLUT4 expression in skeletal muscle of diabetic pa-
tients [12, 13], GLUT4 expression could be selective-
ly decreased in slow twitch fibres of skeletal muscle
from diabetic patients [14]. These data outline the po-
tential importance of decreased GLUT4 expression
in the development of insulin resistance and Type II
diabetes.

Based on these data, it is surprising that the un-
derstanding of mechanisms controlling GLUT4
gene expression in adipocytes under physiological
and pathophysiological conditions is limited [15,
16]. For example, the GLUT4 gene is activated as
part of the adipocyte differentiation program, large-
ly controlled by PPARy [17]. Yet a PPARy binding
site (PPRE) has not been identified in the GLUT4
promoter, suggesting that perhaps other transcrip-
tion factors, like members of the C/EBPs family, are
likely to mediate the activation of the GLUT4 gene
[18, 19]. Accordingly, repression of GLUT4 tran-
scription by TNFalpha has been shown to occur in
3T3-L1 adipocytes through alterations in the binding
of C/EBPs to the GLUT4 promoter [20, 21]. Recent-
ly DNA sequence in the GLUT4 promoter spanning
between nucleotides —676 and 706, has been sug-
gested to mediate the reduction in GLUT4 tran-
scription by chronic insulin and a cAMP analogue
[22, 23]. This sequence, termed insulin responsive
element (IRE), was shown to be required and suffi-
cient for GLUT4 gene repression under these condi-
tions in 3T3-L1 adipocytes. This IRE sequence in
the GLUT4 promoter, was suggested to bind tran-
scription factors of the NF1 family as well as addi-
tional, as yet unidentified, proteins [24]. DNA bind-
ing of NF1 transcription factors depends on con-
served cysteins in their DNA binding domain [25],
which could lead to high sensitivity of their DNA
binding capacity in vivo to reactive oxygen species
[26]. Oxidative stress is increasingly reported to oc-
cur in diabetes and was suggested to play a patho-
genic role in various aspects of the disease and its
complications [27, 28]. Exposure of cultured cells to
low micromolar H,0O, concentrations does result in
insulin resistance [29-32]. In 3T3-L1 adipocytes, pro-
longed exposure to oxidative stress decreases
GLUT4 protein and mRNA level [29, 33], contribut-
ing to the impairment in insulin-stimulated glucose
uptake activity. Thus, we assessed whether the re-
duction in GLUT4 mRNA following prolonged oxi-
dative stress is associated with decreased binding to
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the IRE sequence of the GLUT4 promoter and
whether it involves impaired binding of NF1 tran-
scription factors.

Materials and methods

Materials. Tissue culture medium, serum, and antibiotic solu-
tions were obtained from Biological Industries (Bet Ha’emek,
Israel). Recombinant human insulin was from Novo Nordisk
(Bagsvaerd, Denmark). Peroxidase-conjugated anti-rabbit
IgG, anti-mouse IgG, [y ¥P]ATP and 2-Deoxy-[*H]glucose
were from Amersham Life Sciences (Buckingham, UK).
Anti-GLUT4 antibodies were from Chemicon International
(Temecula, Calif., USA) and anti-NF1 from Santa Cruz Bio-
technology (Santa Cruz Calif., USA). DNA probes were ob-
tained from Sigma Genosys (Cambridgeshire, UK). All other
chemicals were obtained from Sigma Chemical (St. Louis,
Mo., USA).

Cell culture and treatment. 3T3-L1 pre-adipocytes (American
type culture collection) were grown to confluence and were in-
duced to differentiate in DMEM [30]. Cells were used 12 to
14 days after differentiation induction. H,O, was generated
by adding 12 mU/ml glucose oxidase [type II from Aspergillus
niger, 20000 unit/g solid in non-oxygen-saturated conditions,
Sigma Chemical (St Louis, Mo.)], to serum free DMEM sup-
plemented with 0.5 % radioimmunoassay grade bovine serum
albumin (BSA).

Northern blot analysis. Total cellular RNA was extracted using
Tri-Reagent (Molecular Research Center, Cincinnati, Ohio,
USA). Northern blot analysis was carried out as described pre-
viously [29, 34].

Preparation of nuclear extracts. Nuclear extracts were prepared
as previously described [21]. After the indicated treatments, ad-
ipocytes (ten dishes/treatment) were washed three times and
scraped in PBS, after which cells were pelleted by centrifuga-
tion (10 min, 3000 g at 4°C). The pellet was re-suspended in
five volumes of buffer A (10 mmol/l HEPES pH 7.9, 10 mmol/l
K(l, 0.75 mmol/l spermidine, 0.15 mmol/l spermine, 0.1 mmol/
1 EDTA, 0.1 mmol/l EGTA), followed by centrifugation
(10 min, 3000 g at 4°C). The supernatant was discarded and
the pellet was re-suspended in two volumes of buffer A, then
homogenized by ten strokes in a ground-glass homogenizer.
The lysate was centrifuged (10 min, 3000 g at 4 °C) and the pellet
was re-suspended in two volumes of buffer A and centrifuged
again as described above. The nuclei (pellet) were re-suspended
in nine volumes of buffer containing 0.3 mol/l NaCl, 1 % Noni-
dat P40, 1 mol/l urea, 25 mmol/l HEPES pH 7.6 and 1 mmol/l
dithiothreitol (DTT), vortexed, after which nuclei were allowed
to swell on ice for 15 min. The chromatin was pelleted by cen-
trifugation (10 min, 10000 g at 4 °C). The fat-chromatin precipi-
tate was removed and the nuclear extracts were frozen and
stored at —80°C.

Electrophoretic mobility shift assay (EMSA). The double-
stranded oligonucleotides were radio-labelled using [y-
32P]ATP and a T4 polynucleotide kinase (New England Biol-
abs, Beverly, Mass., USA). The following DNA probes were
used: The IRE probe was an oligonucleotide corresponding to
bases —710 to —674 of the GLUT4 promoter, (5-CAC-
CTGTCCCTTGGGTCCCCTCCAAGAACCAGTGTAG-

GATC-3), [22]. The NF1 probe constituted A 27 bp oligonu-
cleotide containing the NF1 binding site from adenovirus 2
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Fig.1. Effect of oxidative stress on intracellular GSH,
GLUT4 mRNA, GLUT4 protein and insulin-stimulated glu-
cose transport activity. 3T3-L1 adipocytes were exposed to ox-
idative stress (H,0,) by adding glucose oxidase to the medium,
as described in Methods. A H,O, concentration () was mea-
sured in the medium and gluthatione (GSH) () in cell ex-
tracts. Shown are the results of four experiments, carried out
in duplicates. B 20 ug of total RNA was separated and
GLUT4 mRNA was analysed by northern blot analysis. Shown
is a representative blot, done four additional times indepen-
dently. C GLUTH4 protein was analysed in total cell lysates.
Shown is a blot representative of three independent experi-
ments. D Untreated 3T3-L1 adipocytes and cells treated with
H,0, for 4h (H,0,) were incubated with or without 100
nmol/l of insulin for additional 20 min. 2 deoxyglucose trans-
port was measured and presented as means + SE of three inde-
pendent experiments done in duplicate.

(5-TTTTGGATTGAAGCCAATATGATAAAA-3")  [24].
The PPRE probe was an oligonucleotide containing the classic
PPRE from the promoter of the fatty acyl-CoA oxidase gene
[35] (5-AATTTCGAGAACGTGACCTTTGTCCTGGT-
CCAGCT-3’). The oligo for API was composed of four re-
peats of the AP1 consensus binding site [36] (5’-TGACTCAT-
GACTCATGACTCATGACTCA-3’). EMSA was carried out
as described in [21], with some modifications. Briefly, 7 or
10 ug of nuclear extracts (as indicated) and 1 - 10° cpm 3?P-la-
belled oligonucleotide, were incubated at room temperature
for 60 min in reaction buffer (0.33 mol/l urea, 0.1 mol/l NaCl,
0.33 % Nonidat P40, 25 mmol/l HEPES pH 7.9, 10 % glycerol,
5 ug of acetylated BSA, 3 mg of poly[dIdC], 10 mmol/l DTT, fi-
nal volume 30 pl). Then, the reaction mixture was electropho-
resed on 7% or 5% non-denaturing polyacrylamide gels. The
gels were dried and exposed to X-ray film overnight and quan-
tified by laser densitometry. Specifity of binding was ascer-
tained by competition with a 250-fold molar excess of the re-
spective unlabelled oligonucleotide.

Other measurements. 2-deoxyglucose uptake, and western blot
analysis were done as described previously [33]. GSH was
measured spectrophotometrically by the DTNB-GSSG reduc-
tase recycling assay, as described [37]. Medium H,O, concen-
tration was measured by a method published previously [38].

Measurements of protein concentration were done using the
Bio-Rad Bradford reagent.

Statistical analysis. Data are expressed as means + standard er-
ror (SE). Each treatment was compared to control, and statisti-
cal significance between the two groups was evaluated using
the Student’s ¢ test. The criterion for significance was set at a
p value of less than 0.05.

Results

Oxidative stress decreases GLUT4 expression. To as-
sess the effect of prolonged, low-grade oxidative
stress on GLUT4 expression, glucose oxidase was
added to serum deprived medium of fully differenti-
ated 3T3-L1 adipocytes. The medium H,O, concen-
trations and cellular GSH concentrations when
12 mU/ml glucose oxidase was added to the medium
are shown (Fig.1A). H,O, concentrations rapidly
reached a steady state of about 11 umol/l, which re-
mained stable over the 8 h incubation period. Con-
comitantly, cellular GSH progressively decreased.
These conditions were not associated with a notice-
able loss of cell viability, as assessed by both protein
recovery and MTT assay.

To determine the effect of low grade, prolonged
oxidative stress on GLUT4 expression, GLUT4
mRNA content was assessed using northern blot
analysis. The decrease in cellular GLUT4 mRNA
over the 8 h incubation period is shown (Fig. 1B). De-
creased GLUT4 mRNA could be observed as early as
after 4 h exposure to oxidative stress. The down-regu-
lation in GLUT4 mRNA was reflected in 40 + 10 and
63 + 15 % reduction of GLUT4 protein content after
8h and 18h exposure to H,0,, respectively
(Fig.1C). After 4 hours exposure to oxidative stress,
only a non-significant reduction (p = 0.21) in insulin
stimulated glucose transport (ISGT) was evident
(Fig.1D) and was accompanied by increased basal
glucose transport. The reduction in ISGT has been
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Fig.2. The effect of prolonged oxidative stress on GLUT
4 mRNA stability. Total RNA was isolated from 3T3-L1 adipi-
cytes exposed to either actinomycin D (5 pg/ml) alone (A) or
to actinomycin D in the presence of ~ 11 umol/l H,O, generat-
ed as described above (B), for the indicated times. 20 ug of to-
tal RNA were electrophoresed and analysed by northern blot
analysis. 18S ribosomal RNA was used as a standard. The hy-
bridization pattern was analysed by densitometric scanning,
the data plotted as fold of the mRNA band intensity in time
0, and the t,,, of the GLUT4 mRNA degradation was calculat-
ed. Shown is a representative experiment carried out two times

shown to become more pronounced when extending
the incubation period to 18 h exposure [29, 33]. To
gain further insight on the cellular mechanism re-
sponsible for the decrease in GLUT4 mRNA induced
by oxidative stress, the stability of the GLUT4 tran-
script was assessed using the transcription inhibitor
actinomycin D. Two independent experiments, of
which one representative is shown in Figure 2, result-
ed in only a minor decrease in GLUT4 mRNA stabil-
ity after oxidative stress (from 12.3 to 10.3 h in con-
trol and H,O, treated cells, respectively). Since this
degree of reduction in mRNA stability could not
quantitatively explain the reduction in steady state
GLUT4 mRNA, transcriptional repression of the
GLUT4 gene appears as a major mechanism by
which oxidative stress decreases the steady state con-
tent of GLUT4 mRNA.

The effect of oxidative stress on binding capacity of
nuclear proteins to the insulin responsive element
(IRE) in the GLUT4 promoter. We assessed whether
the decreased GLUT4 mRNA is associated with re-
duced DNA binding capacity of nuclear proteins to
the IRE sequence in the mouse GLUT4 promoter, a
major regulatory element of GLUTH4 transcription.
Nuclear protein extracts were prepared from 3T3-L.1
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adipocytes exposed to oxidative stress and subse-
quently incubated with a radio-labelled oligonucle-
otide corresponding to the —676 to —706 sequence in
the mouse GLUT4 gene. Nuclear protein extract
from cells exposed for 4 h to about 11 umol/1 H,O, dis-
played a decreased capacity to bind to the IRE oligo as
assessed by EMSA (Fig.3A). The specificity of the
binding reaction to the IRE oligo was shown using
complete inhibition of protein-DNA complex forma-
tion by a 250-fold excess of unlabelled IRE oligo to
the binding reaction (lane U). An unrelated oligo
showed no similar capacity to compete with the bind-
ing to the IRE sequence (not shown). The graph sum-
marizes densitometry analyses of the band derived
from seven independent experiments and shows a
40% (p = 0.001) reduction in its intensity. This reduc-
tion was apparent after 1h exposure to oxidative
stress and was maximal at 4 h (data not shown). Expo-
sure for 4 h to less than 4umol/l H,O, did not have a
meaningful effect on IRE binding (data not shown).
To exclude the possibility that the reduction in binding
to the IRE sequence was caused by a non-specific tox-
ic effect of the oxidative stress conditions used, bind-
ing to other DNA sequences was assessed. Using the
consensus DNA sequence for the binding of transcrip-
tion factors of the peroxisome proliferator activator
receptor (PPAR) family no significant decrease
(p = 0.18) in nuclear protein binding capacity could
be detected following oxidative stress (Fig.3B).
When an AP-1 binding sequence was used, increased
binding of nuclear proteins was observed in cells ex-
posed to oxidative stress (Fig.3C), confirming that
the conditions used induced a known biological re-
sponse to oxidative stress. Together, these EMSA
studies suggest that oxidative stress induced a specific
decrease in the DNA binding capacity to the IRE se-
quence in the GLUT4 promoter.
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Fig.3. Oxidative stress impairs the binding capacity of nuclear
proteins to the insulin responsive element (IRE) sequence in
the GLUT4 promoter. 7 ug of nuclear extract from untreated
3T3-L1 adipocytes (C) and from oxidized cells (H,O, for 4 h)
(0O), were used for EMSA with either the IRE (A), PPRE (B)
and AP-1 (C) radio-labelled oligonucleotide, as described in
Methods. A 250-fold excess of the respective unlabelled oligo-
nucleotide (U) was added as a competitor. The upper panels
show auto-radiographs representative of seven independent
experiments, whereas the graph below each picture represents
the means + SE of densitometry analysis. All values are ex-
pressed as fold of the intensity of the band observed in non-ox-
idized cells. *p = 0.0011 vs control *p = 0.0003 vs control

The involvement of SH groups in mediating the effect
of oxidative stress on binding of nuclear proteins to
the IRE sequence. To further establish the role of oxi-
dative stress and of critical sulthydryl groups in caus-
ing the decreased binding of nuclear proteins to the
IRE sequence, in vitro oxidation of nuclear extracts
was done. Nuclear protein extracts from control cells
were oxidized using either the SH alkylating reagents
N-ethylmaleimide (NEM), diamide, or H,0O,. Subse-
quently, the extracts were treated with or without
DTT, a reducing agent. The binding capacity to the
IRE was then assessed (Fig.4A). In vitro oxidation
of nuclear extracts using diamide or NEM completely
inhibited the binding capacity to the IRE oligo. In vit-
ro oxidation with 2.5 mmol/l H,O, also resulted in de-
creased binding to the IRE sequence, though to a
much lesser degree than seen for the other SH re-
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agents. These decrements in the binding to the IRE
oligo were reversible by DTT treatment. Following
diamide and H,0,, a full reversibility of the IRE
binding capacity could be shown after DTT but only
minimally when the extracts were treated with
NEM. To assess whether in vivo oxidation also affect-
ed IRE binding as a result of a reversible, SH-depen-
dent process, 3T3-L1 adipocytes were treated with
glucose oxidase and nuclear extracts were prepared
and treated in vitro with or without DTT. For this set
of experiments, the DNA binding reaction of the nu-
clear protein extract was carried out either in the
complete absence or presence of 60 mmol/l DTT.
The complete absence of DTT in the binding reaction
resulted in a dramatic reduction in IRE binding of
nuclear proteins prepared from oxidized cells (Fig
4B, lanes O — compared to C-), exceeding the 40 %
decrease shown in Figure 2A. Whereas the addition
of DTT to the binding reaction had no effect on IRE
binding of nuclear extracts prepared from control
cells, it partially but significantly (p < 0.01 densitome-
try values) reversed the decrease in binding induced
by in vivo oxidation. These data suggest that the
DNA binding capacity of nuclear proteins to the
IRE sequence is sensitive to oxidation, partially re-
versible, and depends on the presence of critical SH
groups.

Since the IRE sequence contains a putative bind-
ing element for NF1 transcription factors, we as-
sessed NF1 protein content and DNA binding to the
consensus sequence for NF1 binding. A Western
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Fig.4. Reversibility by DTT of the decreased DNA binding of
nuclear extracts to the IRE sequence following in vitro and in
vivo oxidation. A 7 ug of nuclear extract from untreated 37T3-
L1 adipocytes was incubated without (C) or with either
0.1 mmol/l diamide, 0.2 mmol/l NEM, or 2.5 mmol/l H,0, for
5 min on ice, followed by another 5 min incubation with or
without 60 mmol/l DTT. U designates untreated nuclear ex-
tracts in which a 250-fold excess of unlabelled IRE oligonucle-
otide was added as a competitor. Shown is an auto-radiograph
representing two additional experiments yielding similar re-
sults. B, C 7 ug of nuclear extract from untreated 3T3-L1 adi-
pocytes (C) and from oxidized cells treated with H,O, for 4 h
(0O), were incubated in the presence or absence of 60 mmol/l
DTT for 5 min on ice. EMSA was then done without adding
any additional DTT to the binding reaction and auto-radio-
graphs after either 18 h exposure (left) or 48 h exposure (right)
are shown. This experiment was done two times with identical
results
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blot analysis of cell lysates using a commercial NF1
antibody is shown (Fig SA). This antibody recognises
proteins with molecular weights of 33, 54 and 120
kDa, which correspond to two of the known isoforms
of NF1 proteins and a potential dimer, respectively.
Exposure of the cells to oxidative stress did not result
in a pronounced change in any of these bands, sug-
gesting that decreased content of the NF1 proteins
recognised by this antibody could not explain the re-
duced binding to the IRE sequence. When the capac-
ity of nuclear proteins to bind the consensus sequence
for NF1 binding was measured, a 16+23%
(p = 0.0013) reduction in protein-DNA complex for-
mation was observed in the oxidized cells (Fig.5B).
The specificity of the binding to the consensus bind-
ing sequence for NF1 was established using a 250-
fold excess of unlabelled probe (lane U).
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Fig.5. The effect of oxidation on NF1 protein content and
binding to a consensus binding DNA sequence for NF1. A
Western blot analysis of NF1 proteins in cell lysates from ei-
ther control (C) or oxidized (O) 3T3-L1 adipocytes using anti-
NF1 (N-terminus) antibodies. Shown is a blot representing
three independent experiments. B 10 ug of nuclear extract
from control 3T3-L1 adipocytes (C) and from cells treated
with H,O, for 4h (O) were used for EMSA using radio-la-
belled oligonucleotide which contains the consensus NF1 bind-
ing sequence. A 250-fold excess of unlabelled NF1 oligonucle-
otide (U) was added as a competitor. Shown is a an auto-radio-
graph representing six independent experiments

Discussion

This study found decreased DNA binding of nuclear
proteins from 3T3-L1 adipocytes to the IRE se-
quence in the GLUT4 promoter following exposure
to oxidative stress. This finding could provide a puta-
tive mechanism by which prolonged, low-grade oxi-
dative stress induces decreased GLUT4 mRNA con-
tent, resulting in lower GLUT4 protein content which
contributes to the induction of impaired insulin-stim-
ulated glucose uptake.

The biological responses of various cultured cells to
insulin have been shown to be impaired by micromo-
lar H,0, concentrations [29-32,39]. In cells represent-
ing the metabolic target tissues of insulin such as 3T3-
L1 adipocytes, this effect of oxidative stress causes in-
sulin resistance, including impaired insulin-stimulated
glucose uptake activity [29, 30, 39]. The mechanisms
underlying this phenomenon appear to be complex
and depend on the duration and intensity of the oxida-
tive insult. For example, 2 h incubation with H,O,
generating system has been shown to impair GLUT4
translocation by interfering with normal activation of
the insulin-signalling cascade [30, 40]. When longer in-
cubation periods were used, a reciprocal effect on the
expression of the two glucose transporters in these
cells has been noted, with GLUT1 being up-regulated
while GLUT4 down-regulated, at both the protein
and mRNA levels [29]. We therefore aimed to gain
further insight on the mechanisms responsible for de-

creased GLUT4 mRNA content by oxidative stress.
Decreased steady state mRNA content could in prin-
ciple result from either transcriptional repression of
the GLUT4 gene, and/or increased degradation of
the GLUT4 mRNA transcripts. Multiple inducers of
insulin resistance in 3T3-L1 adipocytes, including
chronicinsulin [22, 24], TNF alpha [20, 41], arachidon-
ic acid [35, 42], and cAMP [23], have also been shown
to make use of these two basic mechanisms in inducing
decreased GLUTH4 expression. Oxidative stress had
only a minor effect on the stability of preformed
GLUT4 mRNA transcripts (Fig.2), which could not
explain the reduction in its content (Fig.1B). There-
fore we evaluated possible mechanisms for transcrip-
tional repression of the GLUTH4 gene.

The notion that oxidative stress could affect DNA
binding of transcription regulating factors is well es-
tablished, and could be caused by diverse mechanisms
[43,44]. Both direct oxidation of specific moieties such
as SH groups in domains critical for transcription fac-
tors’ function (like the DNA binding domain), de-
creased expression, and alteration in the phosphoryla-
tion state, have all been documented. The in vitro
studies reported herein, show that oxidation of nucle-
ar protein extracts by either H,O,, the SH alkylating
agent NEM, or diamide, result in decreased protein-
DNA complex formation. This finding suggests that
oxidative stress could directly affect DNA binding ca-
pacity of preformed nuclear proteins (Fig.4A). The
fact that the reducing agent DTT could reconstitute
at least partly the reduction in DNA binding of nucle-
ar proteins extracted from oxidized cells (Fig.4B),
also supports the notion that the direct oxidation of
transcription factors occurs in these cells.

The relevance of these findings to GLUT4 repres-
sion is suggested in that oxidative stress impaired
DNA binding to the IRE sequence in the GLUT4
promoter. This effect was sequence-specific, as no
similar decrease in protein-DNA complex formation
could be observed with the consensus sequence for
either PPARy or AP1 binding (Fig.3A-C). The IRE
is a cis-element located about 700 kb upstream of
the transcription initiation site of the murine
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GLUT4 gene and a sequence with 74 % homology
was identified in the human GLUT4 promoter [22].
This sequence was recently identified to mediate
GLUT4 repression in response to chronic insulin
and 8-Br-cAMP using promoter-reporter studies and
DNasel footprinting [22, 23]. The proteins that bind
to the IRE sequence and how GLUT4 repressors al-
ter their function, have only been partly character-
ized. In 3T3-L1 adipocytes, members of the NF1 tran-
scription factor family bind an element within the
IRE, which resembles their consensus DNA binding
sequence [23, 24]. However, additional, as yet uniden-
tified proteins, also seem to contribute to the DNA-
protein complexes observed in EMSA [24]. In addi-
tion to the identity of the proteins that bind IRE, it
is not clear how transcriptional regulation occurs uti-
lizing this regulatory sequence. Insulin and 8-Br-
cAMP, while utilizing the IRE in down-regulating
GLUT4 transcription, do not induce decreased
DNA binding to this sequence as assessed by
EMSA. This disparity between DNA binding capaci-
ty and transcriptional control suggests other mecha-
nisms that affect the activity of transcription factors.
In GLUTH4 repression by insulin, the NF1 transcrip-
tion factors have been implicated and were shown to
undergo rapid and transient phosphorylation [24]. In
contrast, we show decreased nuclear protein binding
to the IRE sequence after oxidative stress as assessed
by EMSA (Fig.3A, and Fig.4B), which was partially
reversible when the nuclear proteins were treated in
vitro with the reducing agent DTT (Fig.4B). Since
the DNA binding capacity of NF1 transcription fac-
tors has been shown to be highly sensitive to oxida-
tive stress [25], the possibility that a decreased NF1-
IRE association could explain the impaired protein-
DNA complex formation after oxidative stress was
raised. Nuclear proteins of oxidized cells showed
only a mild (16 %), albeit significant (p = 0.04), de-
crease in binding to the consensus DNA binding se-
quence for NF1, which could not be explained by a
decreased expression of at least three of its known
isoforms. These data suggest that decreased NF1
binding to the IRE could contribute but can not fully
explain, the full extent of the decrease in DNA bind-
ing to this regulatory sequence in the GLUT4 pro-
moter. Therefore, the identity of additional IRE
binding proteins that are affected by oxidative stress
has yet to be determined. Moreover, as various post-
translational modifications of transcription factors
are described [45], the full contribution of NF1 pro-
teins in mediating GLUT4 repression by oxidative
stress has yet to be clarified.

In conclusion, this study found that prolonged oxi-
dative stress results in decreased GLUT4 mRNA, as-
sociated with decreased DN A binding of nuclear pro-
teins to the IRE sequence of the GLUT4 gene pro-
moter. This could be caused by direct and reversible
oxidation of oxidation-sensitive moieties in transcrip-
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tion factors, ultimately contributing to the induction
of insulin resistance.
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