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Abstract

Our recent studies demonstrated a critical role of enhanced transcriptional activity of early growth response factor-1 (Egr-1) in
early stages of cysteamine-induced duodenal ulcer in rats. Since cysteamine is also a reducing agent, the aims of this study were to
determine the effect of cysteamine on proximal duodenal mucosa: (a) redox status, (b) mucosal oxygenation, (c) expression of
hypoxia-inducible factor 1 (HIF-1a)) and its binding to DNA, and (d) HIF-1a interaction with Egr-1 and other redox-sensitive
transcription factors. Here we demonstrate for the first time that cysteamine treatment reduced the duodenal oxygenation by 19%
(vs. baseline) and markedly increased the redox status in duodenal mucosa (p < 0.05). Cysteamine increased HIF-1a expression, its
binding to DNA, and enhanced the HIF-1a interactions with Egr-1 and other transcription factors (e.g., AP-1, AP-2, L-III BP, NF-
El, NF-E2, STAT4, and MRE), their binding to DNA. Thus, these data demonstrate the involvement of the redox-dependent
regulatory mechanisms in the early stages of duodenal ulceration.
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Oxidative stress through the changes in the intracel-
lular environment and generation of free radicals such
as superoxide, hydrogen peroxide (H,0;), hydroxyl free
radical or singlet oxygen can lead to lipid peroxidation,
protein damage, and mutations in DNA. The redox
signaling in the cells constitutes a complex system which
serves both defensive mechanisms and the response to
oxidative stress.

The duodenal ulcerogen cysteamine (HS-CH,-CH,-
NH,, B-mercaptoethylamine) is a reducing aminothiol
which induces perforating ulcers in the rat proximal
duodenum within 24-48h [1-3]. In vitro studies dem-
onstrated that the cytotoxic effect of cysteamine in va-
riety of cells depends on the generation of H,O, and the
oxidation of cysteamine to its corresponding disulfide
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[4-6]. The thiol-derived H,O, reacts with the reducing
transition metals and produces the hydroxyl radical via
the Fenton reaction. These radicals are the final medi-
ators of cysteamine toxicity [7,8] as evidenced by the fact
that catalase completely inhibits the cysteamine toxicity
[4,9]. Thiol-disulfide exchange reactions via redox active
disulfides are essential in the control of protein function
via the redox state of structural SH groups. This
mechanism of thiol-redox control [10] is a major regu-
latory mechanism in cell and tissue signaling, since re-
active oxygen species oxidizing protein thiols have a
wide range of functions in cellular physiology and
pathological conditions.

In vivo studies in rats demonstrated that cysteamine
causes a local release of endothelin-1 (ET-1) [11] (a po-
tent vasoconstrictor that causes tissue ischemia and
hypoxia [12]) and decreases duodenal blood flow within
5-15min after administration [13]. The antioxidant
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ebselen or catalase inhibits the ulcerogenic effect of
cysteamine [14]. We also demonstrated that cysteamine
causes a rapid induction of hypoxia-associated early
growth response factor-1 (Egr-1) [15] which was fol-
lowed by elevation of growth factor production includ-
ing VEGF [16]. Recently we showed that in the
duodenal mucosa Egr-1 function is dependent upon the
interaction with other redox-sensitive transcription
factors (AP-1, AP-2, NFATc, Egr-2, Spl, PAX-5,
MRE, ¢-Myb, and CREB), and that cysteamine in-
creases Egr-1 expression and Egr-1/DNA binding
through interaction with thioredoxin (Trx) and redox
factor (Ref-1)—redox system in early, pre-ulcerogenic
stages of duodenal ulceration [14].

Cellular adaptation to hypoxic condition involves
also a transcriptional response pathway mediated by
hypoxia-inducible factor 1 (HIF-1) [17-20], a heterodi-
meric complex of HIF-1ao and HIF-1§ subunits [19,20].
Under normal oxygenation, HIF-1p protein is relatively
stable, whereas, HIF-1a is continuously produced but
rapidly degraded [21]. Hypoxia stabilizes the HIF-1o
protein, induces its translocation to the nucleus, and
leads to the formation of the complex with hypoxia-re-
sponsive element of target genes involved in angiogen-
esis (e.g., VEGF), erythropoiesis, and glycolysis [22-24].
The regulation of HIF-1 activity in some cells involves
redox-dependent stabilization of HIF-la protein [25].
Pre-exposure of Hep3B cells to H,O, selectively pre-
vented hypoxia-induced HIF-1 binding by blocking ac-
cumulation of HIF-la protein, whereas treatment of
hypoxic cell extracts with H,O, had no effect on HIF-1
binding [25]. These observations suggest that an intact
redox-dependent signaling pathway is required for de-
stabilization of the HIF-la protein. In hypoxic cells,
HIF-1 DNA binding was reversibly abolished by SH
oxidation [25]. Furthermore, the addition of reduced
Trx to cells enhanced HIF-1oo DNA binding. Consistent
with these results, overexpression of Trx and Ref-1 sig-
nificantly potentiated hypoxia-induced expression of a
reporter construct containing the wild-type HIF-1-
binding site.

In this study we tested the hypothesis that cysteamine
affects the regional redox status, reduces tissue oxygen-
ation, modifies HIF-1a transcriptional activity, and al-
ters its interaction with Egr-1 and other redox-sensitive
transcription factors.

Materials and methods

Animal experiments. This study was approved by the Animal Study
Subcommittee of the VA Medical Center in Long Beach. Duodenal
ulcers were induced in female Sprague-Dawley rats (180-210g) by
intragastric administration of cysteamine—HCI (Aldrich, Milwaukee,
WI). Rats had unlimited access to food and water. Randomized groups
of rats (n = 7) were given either saline or cysteamine-HCI 25 mg/100 g
by gavage once and euthanized 0.5, 1, 2 or 6h later. In other groups

cysteamine was given three times in 4h intervals and rats were eu-
thanized 12h after the first dose of cysteamine. The size of duodenal
ulcers was measured in mm?. Mucosal scrapings of proximal duode-
num (2.5cm) were frozen and kept at —80°C.

Redox state and tissue oxygenation. Animals were treated with sa-
line or cysteamine as described above. Thirty minutes or 2 h later rats
were anesthetized using isoflurane (Abbott Laboratories, Chicago, IL)
inhalation and after laparotomy the duodenal mucosal oxygenation
and redox status were measured using oxygen and redox electrodes
(Lazar Research Lab., Los Angeles, CA). The microelectrodes were
placed onto gastric or proximal duodenal mucosa through small in-
cisions in the forestomach.

Western blotting. Nuclear proteins were extracted from duodenal
mucosa using the Nuclear Extraction Kit (Panomics, Redwood City,
CA). Protein concentration in all samples was measured by the
Bradford assay (Bio-Rad Laboratories, Hercules, CA). Equal amounts
of proteins (100 png) were subjected to SDS-PAGE analysis. Proteins
were transferred onto Hybond-ECL nitrocellulose membranes
(Amersham, Buckinghamshire, England) and then incubated for 3h at
20 °C with mouse monoclonal anti-HIF-1a antibody (Novus Biologi-
cals, Littleton, CO). Blots were treated with secondary antibody and
visualized using the ECL detection system (Amersham, Buckingham-
shire, England). The density of protein bands in Western blots was
assessed by a digital imaging system, Eagle Eye II (Stratagene, Austin,
TX). Each experiment was repeated four times.

HIF-1o transcriptional activity. HIF-1a binding to the DNA con-
sensus binding sequences of HIF-1a was detected using BD Mercury
Transfactor Kit (BD Biosciences Clontech, Palo Alto, CA) according
to the manufacture’s manual. This assay is an enzyme-linked immu-
nosorbent assay (ELISA)-based 96-well format containing the con-
sensus binding sequences for HIF-1 coated on the wells. When nuclear
tissue extracts containing the transcription factor are incubated in the
wells, the transcription factor binds to its consensus sequence. Bound
transcription factor is then detected by a specific mouse monoclonal
anti-HIF-1a antibody (Novus Biologicals, Littleton, CO). A horse-
radish peroxidase-conjugated secondary antibody is then used to de-
tect bound primary antibody. The enzymatic product was measured
with microtiter plate reader.

Transcription factor interaction assay. To determine the changes in
Egr-1 transcriptional activity in rat duodenal mucosa induced by
cysteamine we used the TranSignal TF-TF Interaction Array Kit
(Panomics, Redwood City, CA). Nuclear extracts from duodenal tis-
sues were incubated with the kit’s biotin-labeled oligonucleotides,
which represent a library of cis-elements, and then the HIF-1a proteins
were immunoprecipitated with mouse monoclonal anti-HIF-1o anti-
body (Novus Biologicals, Littleton, CO). After washing of the free cis-
elements and non-specific-binding proteins, eluted labeled cDNA
probes were hybridized to the TranSignal Protein/DNA Array mem-
branes. The spot signals of DNA probes were visualized according to
manufacturer’s protocol. The density of each hybridized dot was
measured by the Eagle Eye II.

Statistical analysis. Statistical significance of changes was deter-
mined by the non-parametric Mann—Whitney U test. Differences re-
sulting in p value <0.05 were considered to be statistically significant.

Results

The effect of cysteamine on redox potential and tissue
oxygenation in rat proximal duodenum

The redox potential was decreased from baseline value
of 1342.5+22.98 to 1089.3 +45.61 and to 1082 £ I1 mV
in duodenal mucosa at 0.5 and 2h after cysteamine
administration, respectively (p < 0.05) (Fig. 1A). The
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Fig. 1. Effect of the duodenal ulcerogen cysteamine on redox potential
(A) and oxygen concentration (B) in duodenal and gastric mucosa. The
measurements were performed using the microelectrodes, 0.5 and 2h
after treatment of rats with saline or cysteamine. * p < 0.05 vs. saline-
treated animals (control).

duodenal tissue oxygenation was stable at the baseline
and was reduced by 17% and 19% (p < 0.05) at 0.5 and
2h after cysteamine administration, respectively. In
gastric mucosa cysteamine did not induce any changes
in tissue oxygenation (Fig. 1B). Cysteamine decreased
the redox potential in gastric mucosa from
1338.6 £24.12 to 1130+ 53.15mV (p < 0.05) 0.5h after
administration and the values returned to the control
level 2h after cysteamine treatment (Fig. 1A). The
decrease in redox potential reflects the elevation of
redox state in rat duodenal mucosa after cysteamine
administration.

The distribution of expression HIF-1o protein in nuclear
and cytoplasmic fractions of duodenal mucosa

Rats treated with cysteamine exhibited an increase in
HIF-1a protein expression in the proximal duodenal
mucosa. Western blot analysis of nuclear and cytoplas-
mic extracts showed a cysteamine-induced redistribution
of HIF-1a protein from the cytoplasm into the nucleus
within 12h of cysteamine treatment. Two hours after
cysteamine, the expression of HIF-1a in nuclear fraction

was increased by 42% and at 12h by 77% compared to
controls. Cytoplasmic distribution of HIF-la was
decreased in a time-dependent manner except a slight
elevation at 6 h after cysteamine (Fig. 2).

HIF-1o transcriptional activity

The DNA-binding activity of HIF-1o nuclear protein
does not always correlate with HIF-1a expression level.
To determine whether an increase in HIF-1a transcrip-
tional activity accompanies the increase in its expres-
sion, we performed the HIF-la transcription activity
assay which is more sensitive than electrophoretic mo-
bility shift assay (EMSA). The results showed that 0.5h
after cysteamine administration, the level of HIF-1a
protein binding to DNA increased vs. control (Fig. 3),
independently from nuclear HIF-1a protein expression
(Fig. 2), which was not affected by cysteamine. The el-
evation of the HIF-1a/DNA binding reached more than
33% at 2h after cysteamine treatment and declined
within 12 h of cysteamine exposure.

HIF-1o transcriptional interactions with other transcrip-
tion factors

To determine the changes of HIF-1a binding to its
DNA consensus sequence in duodenal mucosa after
cysteamine administration and to detect the possible
HIF-1a transcription interactions with other nuclear
proteins we used the TranSignal TF-TF Interaction
Array Kits from Panomics. These arrays contain the
HIF-1 specific DNA cis-elements, which are able to
activate ET-1 promoter activity (HIF-1: AGCTTGC
CCTACGTGCTGTCTCAGA) [26], and two other
HIF-1-binding sites (HBS: CAGTGCATACGTGGGC
TCCA) with its downstream HIF-1 ancillary sequence
(HAS: GCTCCAACAGGTCCTCTTCCT) identified pre-
viously as HIF-1 induced VEGF promoter activity by
hypoxia [27]. The membrane was spotted with 96 different
consensus sequences. The results demonstrated that in
control duodenal mucosa HIF-1o binds to HIF-1 and
HBS/HAS sequences and cysteamine increased this
binding at 0.5 and 2 h after treatment (Fig. 4). However,
HIF-1a did not bind to HBS or HAS sequences located
separately on the membrane. The prominent HIF-1a
binding with upstream stimulating factor (USF), which
binds to the L-I1I BP oligonucleotide (binding element I11
for pyruvate kinase L gene), occurred. Cysteamine
treatment increased HIF-lo binding to transcription
factors that recognize the cis-elements such as XRE,
ADRI, AhR/Arnt, RREBy, 5, Pax-4, GATA, MT-Box,
and c-Rel (Fig. 4).

To determine the possible transcriptional interaction
between HIF-loo and Egr-1 we used another array,
containing oligonucleotides for the detection of redox-
sensitive transcription factors. The results demonstrate
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Fig. 2. Western blots for detection of HIF-1la in nuclear and cytoplasmic fractions of duodenal mucosa after administration of saline (control)
or cysteamine at different times (0.5-12h) in rats. These time points precede development of duodenal ulceration, which occurs at 24-48 h after

cysteamine treatment.
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Fig. 3. Effect of cysteamine on HIF-1 binding to DNA in the proximal
duodenal mucosa in rats. This assay is an ELISA-based 96-well format
containing the consensus binding sequences for HIF-1 coated on the
wells. Values are means + SEM of duplicate determinations from four
separate experiments. *p < 0.05 vs. saline treated animals.

that HIF-la transcription factor binds strongly to
Egr-1in normal duodenal mucosa, and the binding was
increased by cysteamine at 0.5 and 12h after its
administration. HIF-loo was also able to form the
complexes with redox-sensitive transcription factors
such as AP-1, AP-2, STAT4, MRE, c-Myb, GATA, and

Pax-5 (Fig. 5) and cysteamine treatment co-activated
their binding.

Discussion

This study demonstrates for the first time that treat-
ment with cysteamine increases the redox status and
reduces the tissue oxygenation of duodenal mucosa at
early stage, before ulcer development. Cysteamine
treatment increased HIF-1o expression, its binding to
DNA, and enhanced the HIF-la interactions with
transcription factors (e.g., AP-1, AP-2, L-III BP, NF-
El, NF-E2, STAT4, and MRE) as well as their binding
to DNA. Another important finding of this study is that
cysteamine enhances transcriptional interaction in duo-
denal mucosa between HIF-1a and Egr-1, which is also
redox-sensitive and hypoxia-inducible transcription
factor.

Diverse mechanisms are involved in the activation of
transcription factors in response to specific environ-
mental signals. There is growing evidence that hypoxia
and redox-signaling regulate transcription of a broad
spectrum of genes through a common mechanism of O,
sensing [28]. Moreover, redox chemistry appears to play
a critical role in the trans-activation of genes involved in
a protective or reparative cellular response to the
damaging effects of oxidative stress and in promoting
angiogenesis and cell survival [29].
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Fig. 5. TranSignal TF-TF Interaction Assay I: detection of changes in HIF-loa/redox transcription factor interactions in nuclear fraction of rat
duodenal mucosa after administration of saline or cysteamine (0.5 and 12h). The genes on the array are spotted in duplicate: the first row is DNA
spotted normally, the second row is DNA diluted 1:10. HIF-1a forms the complex with redox-sensitive transcription factors such as Egr-1, AP-1, AP-
2, STAT4, NFkB, MRE (mineralocorticoid response element), c-Myb, GATA, Pax-5, USF-1, MEF-1, Brn, and cysteamine co-activated their
binding.

Cysteamine alters the reduction/oxidation to reduc-
tion state in the proximal duodenal mucosa in the early,
pre-ulcerogenic stage. Such alterations in the redox
balance might lead to the reduction of protein disulfide
groups and increased formation of proteins that contain
the free sulfhydryls. At the same time, cysteamine sig-
nificantly decreases the oxygen content in duodenal
mucosa leading to generation of the reactive oxygen
radicals. We performed the measurement of tissue oxy-
genation and redox state 0.5 and 2h after a single dose
of cysteamine. However, in our model we need to give
cysteamine three times in 4h intervals to induce the

perforating duodenal ulcer. Thus, our dose was only
33% of ulcer inducing dose. Cysteamine does not induce
gastric ulcers, and in our present study cysteamine did
not change the level of oxygenation in the gastric mu-
cosa and only slightly decreased the redox state in the
rat stomach.

Our work further demonstrates the role of hypoxia in
the pathogenesis of duodenal ulceration and explains its
association with significant redox potential changes in
the proximal duodenal mucosa. The best characterized
mechanism triggering adaptation to hypoxia involves
the transcriptional regulator HIF-lo. Activation of



126 T. Khomenko et al. | Biochemical and Biophysical Research Communications 317 (2004) 121-127

HIF-1a by low oxygen tension results in expression of
genes which activate metabolic and other cellular pro-
cesses that enhance cell survival, angiogenesis, and
healing [22,24,30]. The activation of HIF-la and re-
sulting induction of VEGF expression was demon-
strated during gastric and esophageal ulceration [31,32].
Cysteamine induced VEGF expression, increased ET-1
release and synthesis in our previous studies [11,16],
which might be related to the cysteamine-enhanced
HIF-1a transcriptional activity in duodenal mucosa.

Although HIF-la is critical for restoring cellular
homeostasis under hypoxia, the molecular events trig-
gered by hypoxia extend beyond HIF-la. Our study
demonstrated that cysteamine-induced hypoxia and in-
creased redox state in proximal duodenal mucosa lead
to activation of complex interactions between hypoxia-
related transcription factors such as Egr-1, AP-1, AP-2,
L-1IT BP, NF-El, NF-E2, STAT4, MRE, and others.
Another report characterized HIF-1-binding site in the
human ET-1 promoter which activates of ET-1 expres-
sion in endothelial cells [26]. However, the HIF-1-
binding site alone is not sufficient for the response to
hypoxia and requires an additional 50 bp of flanking
sequence that includes binding sites for the factors such
as activator protein-1 (AP-1), GATA-2, and CAAT-
binding factor (NF-1). These results suggest an essential
role for AP-1, GATA-2, and NF-1 in stabilizing the
binding of HIF-1 and promoting recruitment of p300/
CBP to the ET-1 hypoxia response complex. Site-di-
rected mutational analysis of VEGF gene promoter re-
vealed that an HIF-1-binding site (HBS) and its
downstream HIF-1 ancillary sequence (HAS) within
hypoxia response element are required as cis-element for
transcriptional activation of VEGF by hypoxia [27], and
that the AP-1 site is required for its optimal response
[33]. The response of c-jun/AP-1 to chronic hypoxia is
also HIF-1a dependent [34].

Recently we demonstrated that the cysteamine-in-
duced increase in Ref-1 and Trx expression might acti-
vate the transcriptional activity of Egr-1 in the duodenal
mucosa [16]. Both of these proteins, Ref-1 and Trx, were
identified as reductive activators of redox-sensitive
transcription factors. Other investigators showed that
Trx-1 increases hypoxia-induced HIF-1a transcriptional
activity [25]. Trx-1 transfection also caused a significant
increase in the protein products of hypoxia-responsive
genes, including VEGF [35]. Transfection of a redox-
inactive Trx-1 markedly decreased levels of HIF-1a
protein, HIF-1 transactivating activity, and VEGF
protein in MCF-7 cells compared with empty vector
controls [35].

Thus, this is the first demonstration that the duodenal
ulcerogen cysteamine reduces duodenal mucosal oxy-
genation, causes profound changes in the redox balance
and activates HIF-1a in the proximal duodenum. These
changes trigger a cellular defensive response leading to

the activation of redox-sensitive transcription factors
and are essential for growth, differentiation, angiogen-
esis, and healing. These defensive responses include not
only the transcriptional activation of hypoxia-inducible
transcription factors HIF-1o and Egr-1, but also tran-
scriptional interaction of these proteins with other re-
dox-sensitive transcription factors in the duodenal
mucosa prior to ulcer development.
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