
Introduction

Hypoxia-inducible factor-1 (HIF-1) was identified for
the first time for its role in regulating the transcription

of the erythropoietin (EPO) gene in 1992 [1]. This
transcription factor is now recognized as a master
regulator of cellular and systemic oxygen homeosta-
sis. It consists of the HIF-1� and HIF-1� (or ARNT,
aryl hydrocarbon nuclear receptor translocator) sub-
units [2, 3] and is expressed in many cell types [4].
HIF-1� is constitutively expressed and unaffected by
hypoxia or normoxia [5, 6]. HIF-1� is continuously
synthesized and destroyed in normoxia as a result of
its ubiquitination and the subsequent degradation by
the proteasomal system after hydroxylation [2, 4].
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Abstract

Transferrin and transferrin receptor are two key proteins of iron metabolism that have been identified to be
hypoxia-inducible genes. Divalent metal transporter 1 (DMT1) is also a key transporter of iron under physio-
logical conditions. In addition, in the 5' regulatory region of human DMT1 (between –412 and –570), there
are two motifs (CCAAAGTGCTGGG) that are similar to hypoxia-inducible factor-1 (HIF-1) binding sites. It
was therefore speculated that DMT1 might also be a hypoxia-inducible gene. We investigated the effects of
hypoxia and hypoxia/re-oxygenation on the expression of DMT1 and the content of HIF-1alpha in HepG2
cells. As we expected, a very similar tendency in the responses of the expression of HIF-1�, DMT1+IRE (iron
response element) and DMT1–IRE proteins to chemical (CoCl2) or physical hypoxia was observed. A highly
significant correlation was found between the expression of DMT1 proteins and the contents of HIF-1� in
hypoxic cells. After the cells were exposed to hypoxia and subsequent normoxia, no HIF-1� could be detect-
ed and a significant decrease in DMT1+IRE expression (P<0.05), but not in DMT1–IRE protein (versus the
hypoxia group), was observed. The findings implied that the HIF-1 pathway might have a role in the regula-
tion of DMT1+IRE expression during hypoxia.
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Under hypoxic conditions, the degradation of HIF-1a
is inhibited, thus allowing the protein to accumulate
in cells. HIF-1a then heterodimerizes with HIF-1b [7]
and relocates to the nucleus. The heterodimer can
then bind to a specific DNA consensus sequence
hypoxic-response elements (HRE), which is con-
tained in the promoter regions of the target genes [2,
8, 9], to increase their expression. Genes regulated
by HIF-1 broadly include those involved in oxygen
homeostasis and glucose-energy metabolism and
mediate adaptive physiological responses [4, 10, 11].
To date, nearly 100 genes operated in all cells have
been identified as regulated by HIF-1 in response to
hypoxia [12, 13].

Iron is a transition metal that is essential for oxy-
gen transport, cell growth and cell survival. It has
been known for a long time that transferrin (Tf) and
transferrin receptor (TfR) are two key proteins which
are involved in iron metabolism under physiological
conditions [14]. The Tf-bound iron is the major form
of iron transport and iron uptake by mammalian cells
and is mainly mediated by TfR. In addition, recent
studies have shown that divalent metal transporter 1
(DMT1, previously known as Nramp2 or DCT1) is an
essential protein of iron homeostasis [15, 16]. DMT1
exists in at least four distinct isoforms, two of which
are transcribed from alternative promoters encoding
that differ in N-terminus (termed exon 1A and exon
2). Transcripts of both exon 1A and exon 2 can exist
in two splice variants differing in the 3� end which
results in different C-terminal sequences [17, 18].
One of the two variants of the C-form possesses an
IRE in the 3� untranslated region of the message
(termed +IRE) while the other does not (termed, 
–IRE). It has been well documented that DMT1 plays
a physiological role in iron transport into the entero-
cyte [15, 16]. Also, this protein is required not only for
the accumulation of non-Tf-bound iron (Fe2+) by
mammalian cells but also for the iron transport
across endosome, and then its entrance into cytosol
after the release of iron from Tf in the endosome [19].

Previous studies have demonstrated that hypoxia
can increase iron uptake by cells as well as the
expression of Tf and TfR. Both Tf and TfR have been
identified to be hypoxia-inducible genes [20, 21].
Like Tf and TfR, DMT1 is also a key transporter of
iron under physiological conditions. In addition, it has
been reported that there are two motifs (CCAAAGT-

GCTGGG) that are similar to HIF-1 binding sites in
the 5' regulatory region of human DMT1 (between

–412 and –570) [17]. Therefore, it is reasonable to
speculate that DMT1 might also be a hypoxia-
inducible gene. In a recent study, Lis et al. [22] has
demonstrated that hypoxia selectively increases
expression of exon 1A, which contains species of
DMT1, with lesser increases in either the +IRE or 
(–IRE isoforms of this transporter in rat pheochromo-
cytoma (PC12) cells. This provides important evi-
dence for the hypothesis. However, more investiga-
tions are needed in order to reach a final conclusion
on whether DMT1 is a hypoxia-inducible gene. In the
present study, we therefore investigated the effects of
chemical (CoCl2) and physical (hypoxia chambers)
hypoxia, as well as hypoxia/ re-oxygenation on the
expression of DMT1 (+IRE and –IRE) and the con-
tent of HIF-1� in the human hepatoma HepG2 
cells. Correlation analysis between the expression 
of DMT1 proteins and the content of HIF-1� was 
also conducted.

Materials and methods

Reagents

Cobalt chloride (CoCl2), Poly-L-Lysine and anti-�-actin
antibody were bought from Sigma Chemical Company, St.
Louis, MO, USA. Anti-HIF-1� polyclonal antibody was pur-
chased from Santa Cruz Biotechnology, CA, USA and anti-
DMT1 antibodies (with and without IRE) were from ADI,
San Antonio, TX, USA. The specificity of the anti-DMT1
antibodies was confirmed by a peptide competition test
(the peptide was purchased from ADI). Secondary antibod-
ies (HRP-conjugated goat anti-rabbit IgG and goat anti-
mouse IgG) were from Pierce, Rockford, IL, USA. Goat
anti-rabbit conjugated to Alexa fluor 568 was purchased
from Molecular Probes, Eugene, OR, USA.

Cell culture and treatment of hypoxia

or hypoxia/re-oxygenation

Human hepatoma HepG2 cells were used in this study
because they had been widely used to study the response
of the liver gene expression to hypoxic stress [35]. HepG2
cells (HB 8065; American Type Culture Collection,
Rockville, Maryland, USA) were cultured in a poly-L-Lysine
coated 50 cm2 flask (Corning, USA) in RPMI 1640 medium
(Gibco, Grand Is., NY, USA) supplemented with 10% foetal
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bovine serum, 100 units/ml penicillin and 100 (mg/ml
streptomycin in a humidified 95% air 5% CO2 incubator
(NAPCO 5400) at 37°C. The cells were suspended and
forced ten times through a needle to form single-cell sus-
pension. After the HepG2 cells had been grown to 80%
confluence in the flask, the cells were treated by CoCl2
(0, 0.05, 0.125, 0.5 or 1 mM) for 4 hrs, or exposed to
hypoxia (1% O2) for 0 (normoxia), 1, 3, 6, 12 or 24 hrs in
an incubator (NAPCO 7101FC-1) humidified with 1%O2,
94% N2 and 5% CO2 at 37°C. The cells were still viable
after 24 hrs at 0.1% O2 (98.3% viability). To investigate
the effect of hypoxia/ re-oxygenation on the expression 
of DMT1 in HepG2 cells, the cells were exposed to
hypoxia (1% O2) for 6 hrs, then exposed to nomoxia
(21% O2) for 24 hrs.

Western blot

The cells were washed twice with ice-cold phosphate-
buffered saline (PBS) and harvested in a 100–200 µl cold
lysis buffer [10 mmol/l Tris-HCl with pH 7.6, 1.5 mmol/l
MgCl2, 10 mmol/L KCl, 2 mmol/l DL-dithiothreitol (DTT),
0.4 mmol/l phenylmethanesulfonyl fluoride (PMSF)] 
(Sigma Chemical Company, St. Louis, MO, USA), 2 mg/L
Aprotinin (Roche Diagnostica GmbH Mannheim, Germany),
2mg/l Leupeptin (Boehringer Mannheim GmbH, Germany),
and 2 mg/l Pepstain (Boehringer Mannheim Corp. USA).
Lysates were kept in ice for 30 min, sonicated for 10 sec
using Soniprep JY92-2D (Ningbo, China). After centrifuga-
tion at 12,500 � g for 10 min at 4°C, the supernatant was
collected and the protein content was determined using a
modified Lowry method. Equivalent amounts of protein 
(30 µg) were loaded in each well and separated by 10%
SDS-polyacrylamide gels, then transferred to the
polyvinylidene difluoride (PVDF) membranes (Bio-Rad,
Hercules, CA, USA) previously blocked with 5% non-fat
milk in TBS-T (100 mM Tris, pH 7.5, 150 mM NaCl, 0.1%
Tween-20), and incubated overnight at 4°C with the indicat-
ed primary antibodies (DMT1+IRE, 1:1000; DMT1-IRE,
1:1000; HIF-1�, 1:200; �-actin; 1:10000), and then incubat-
ed with the secondary antibodies for 2 hrs at room temper-
ature [38–40]. After washing, the complexes were visual-
ized by the enhanced chemiluminescence (Pierce,
Rockford, IL, USA) and exposed to X-ray film (Kodak,
USA). The intensity of each band was scanned and quan-
tified with the Shine-tech Image System (Shanghai, China).

Immunocytochemical experiment

HepG2 cells were seeded in 24-well plates pre-coated with
Poly-L-Lysine at 1x104 cells per well. Two days later, the
cells were subsequently fixed with 100% methanol for 7 min

at –20°C, permeabilized with fresh 4% paraformaldehyde
for 20 min at room temperature, blocked with blocking
buffer (10% goat serum in PBS including 0.3% Triton X-100
and 0.03% NaN3) for 2 hrs at room temperature, and incu-
bated overnight at 4°C with the primary antibody diluted
(DMT+IRE, 1:1000; DMT1-IRE, 1:1000; HIF-1�, 1:200) in
the blocking buffer. The cells were washed with PBS and
incubated for 2 hrs with the secondary antibody (goat anti-
rabbit conjugated to Alexa fluor 568) diluted (1:1000) in the
blocking buffer at room temperature, and were then viewed
under a confocal laser microscope (Leica, Germany).

Statistical analysis

Data are expressed as the means ± standard error of 
mean (SEM). All statistical evaluations were performed
using a two-tailed Student's t-test and the data were 
analyzed using the computer program SPSS (Version
11.0). A probability level of P<0.05 was considered to 
be significant.

Results 

Effects of CoCl2 on the expression of

DMT1 proteins and the content of HIF-1�

CoCl2 have been shown to mimic the hypoxic state in
several hypoxia-inducible genes [23]. So we first
investigated the effect of CoCl2 on the expression of
DMT1 and the content of HIF-1�. As we expected, a
very similar tendency in the responses of the expres-
sion of DMT1+IRE and DMT1-IRE proteins and the
level of HIF-1� to the CoCl2 treatment was observed.
The content of HIF-1� protein increased with the
increase in the concentration of CoCl2, so did the
expression of the two isoforms of DMT1 proteins
(Fig. 1). The expression of the two isoforms of DMT1
proteins reached the peak when the cells were treated
with 0.5 mM CoCl2 for 4 hrs, while the HIF-1�
showed the highest level when they were treated with
1 mM CoCl2 for 4 hrs. Although the expression of the
two isoforms of DMT1 proteins was slightly lower in
the cells treated with 1 mM than that with 0.5 mM
CoCl2 for 4 hrs, it was still significantly higher than
that of the control. Also, no difference in the expres-
sion of the two isoforms of DMT1 proteins was found
between the cells treated with 1 mM and those with
0.5 mM CoCl2 for 4 hrs.
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Effects of hypoxia on the expression of

DMT1 proteins and the content of HIF-1�

We then examined the effects of physical hypoxia
(1% O2, 5% CO2, 94% N2) on the expression of
DMT1 proteins and the content of HIF-1�. After the
HepG2 cells were exposed to hypoxia for 0, 1, 3, 6,
12 or 24 hrs, western blot was performed to detect
the expression of DMT1 proteins and the level of
HIF-1�. The results demonstrated that both the level
of HIF-1� and the expression of the two isoforms of
DMT1 proteins were significantly affected by the
hypoxia treatment (Fig. 2).The responses of the HIF-1�
content to hypoxia were very similar to that of the two
isoforms of DMT1 expression. All three proteins
increased with the time of hypoxia, reached the high-
est at 3 hrs (HIF-1�) or 6 hrs (DMT1+IRE and DMT1-
IRE), and then decreased gradually with the time of
hypoxia (Fig. 2).

Correlation analysis

The relationship between the expression of DMT1
proteins and the content of HIF-1� in the HepG2
cells treated with chemical (different concentrations
of CoCl2) and physical hypoxia (different durations)
was determined by plotting the values for these two
indicators against one another (Table 1). Highly sig-
nificant correlations were found in the cells treated
with chemical hypoxia (DMT1+IRE: R2 = 0.6266,
P<0.01; DMT1-IRE: R2 = 0.8621, P<0.001) as 
well as physical hypoxia (0–6 hrs period: DMT1+
IRE, R2 = 0.764, P<0.005; DMT1-IRE, R2 = 0.6978,
P<0.05, and 3-24 hrs period: DMT1+ IRE: R2 =
0.7056, P<0.05).
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Fig. 1 Expression of DMT1+IRE and DMT1–IRE pro-
teins and the content of HIF-1� in HepG2 cells treated
with or without CoCl2. HepG2 cells were cultured as

described in Material and methods. After being grown to
80% confluence in a flask, the cells were treated with
CoCl2 (0, 0.05, 0.125, 0.5 or 1 mM) for 4 hrs, and then
Western blot analysis was performed to determine the
levels of HIF-1� (A, B), DMT1+IRE (C, D) and
DMT1–IRE (E, F) in HepG2 cells. (A, C and E): A repre-
sentative experiment of Western blot of HIF-1� (A),
DMT1+IRE (C) and DMT1–IRE  (E); (B, D and F):
Quantification of expression of HIF-1� (B), DMT1+IRE
(D) and DMT1–IRE (F) protein in HepG2 cells.
Expression values were normalized for �-actin and the
data were presented as mean ± SEM (n = 3). *P<0.05,
**P<0.01 versus the control (0 mM CoCl2).
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Effects of Hypoxia/re-oxygenation 

on the expression of DMT1 proteins

and the content of HIF-1�

We also investigated the effect of hypoxia/re-oxy-
genation on the expression of DMT1 proteins and the
content of HIF-1� in the HepG2 cells. We exposed
the HepG2 cells to hypoxia (1% O2, 5% CO2, 94%
N2) for 6 hrs, then exposed them to nomoxia (21%
O2) for 24 hrs. Our data showed that no HIF-1� could
be detected after the HepG2 cells were treated with
hypoxia/re-oxygenation (Fig. 3). The treatment of
hypoxia/re-oxygenation induced a significant decrease
in the expression of DMT1+IRE (P<0.05 versus
hypoxia group). However, no significant difference
was found in the expression of DMT1–IRE protein
between the hypoxia/ re-oxygenation and the hypox-
ia groups (P>0.05).

Effect of hypoxia on the distribution of

HIF-1� and DMT1 proteins

Our data showed that hypoxia could significantly
affect the expression of the two isoforms of DMT1
proteins. However, it was unknown whether hypoxia
could affect the distribution of the DMT1 in the
HepG2 cells. Therefore, we also investigated the
effects of hypoxia on DMT1 distribution in cells using
immunofluorescent staining. The data (Fig. 4)
revealed that the HepG2 cells were spindle-shaped.
There was almost no expression of HIF-1a. The two
isoforms of DMT1 were located in both the nucleus
and the cytoplasm as found in the astrocyte and the
astrocytomas [24] under nomoxia. After being
exposed to hypoxia for 6 hr, the shape of the HepG2
cells changed to an ellipse. Moreover, HIF-1�
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Fig. 2 Expression of DMT1+IRE and DMT1–IRE pro-
teins and the content of HIF-1� in HepG2 cells treated
with or without physical hypoxia. HepG2 cells were cul-
tured as described in Material and methods. After grown

to 80% confluence in a flask, the cells were exposed to
hypoxia (1% O2) for 0, 1, 3, 6, 12 or 24 hrs in stainless
steel hypoxia chambers. Western blot analysis was then
performed to determine the levels of HIF-1� (A, B),
DMT1+IRE (C, D) and DMT1–IRE (E, F) in HepG2 cells.
(A, C and E): A representative experiment of Western
blot of HIF-1� (A), DMT1+IRE (C) and DMT1–IRE (E);
(B, D and F): Quantification of expression of HIF-1� (B),
DMT1+IRE (D) and DMT1–IRE (F) protein in HepG2
cells. Expression values were normalized for �-actin and
the data were presented as mean ± SEM (n =
3).*P<0.05, **P<0.01 versus the control (0h hypoxia).
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became distinctly expressed in the nucleus while
DMT1+IRE became concentrated in the cytoplasm.
Hypoxia resulted in the majority of DMT1–IRE clus-
tering closer to the outer cellular membrane with lit-
tle changes in the nucleus.

Discussion

It has been demonstrated that Tf and TfR are hypox-
ia-inducible genes [20, 21]. Hypoxia can significantly
affect the expression of these two proteins as well as
some other proteins which are involved in iron home-
ostasis, including ferritin, cerruloplasmin, EPO, duo-
denal cytochrome B (Dcytb) and  ferroportin 1 (Ireg1)
[20, 21, 25–28]. The hypoxia-induced changes in the
expression of these proteins are compensatory to
the low oxygen environment and presumably restore
metabolism towards normal or functionally accept-
able homeostatic conditions which are required for
cell survival [4, 13].

DMT1, like Tf and TfR, is a key transporter of iron.
In addition, it has been reported that there are 
two putative HIF-1 recognition sequences in the 5�
regulatory region of human DMT1 [17].Therefore, DMT1
might also be a hypoxia-inducible gene. In the present
study, we first investigated the effects of chemical

(CoCl2) and physical (hypoxia chambers) hypoxia on
the expression of DMT1 as well as the content of
HIF-1� in the human hepatoma HepG2 cells. These
cells were used in this investigation because they
had been widely used to study the response of the
liver gene expression to hypoxic stress [5].
We demonstrated that hypoxia was able to increase
the expression of DMT1 as well as to accumulate the
contents of HIF-1� in the HepG2 cells. The tendency
in the hypoxia- and CoCl2-induced changes in the
content of HIF-1� was very similar to that in the
expression of DMT1 protein. Our correlation analysis
provided evidence for the first time for the existence
of a highly significant correlation between the level of
HIF-1� and the expression of DMT1 protein in cells
during the process of physical as well as chemical
hypoxia. These data suggested that the increased
expression of DMT1 might be partly due to the accu-
mulation of HIF-1�. In other words, the HIF-1 path-
way might play a role in the regulation of DMT1
expression during hypoxia.

We also investigated the effects of hypoxia/ re-
oxygenation on the expression of DMT1 as well as
the content of HIF-1� in the cells. We found that
treatment of the HepG2 cells with hypoxia for 6 hrs
and subsequently normoxia for 24 hrs (hypoxia/re-
oxygenation) induced a significant decrease in the
expression of DMT1+IRE, but not in the expression

© 2008 The Authors
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Table 1 Correlation analysis of the relationship between expression of HIF-1� and DMT1 proteins in HepG2 cells treat-
ed with CoCl2 (different concentrations) and hypoxia (Different durations of times)

y R2 P

CoCl2 (0-0.5mM)

DMT1+IRE 0.5177x + 1.0266 0.6266 <0.01 (=0.708)

DMT1–IRE 0.6362x + 0.86 0.8621 <0.001 (=0.823)

Hypoxia (0-6 h)

DMT1+IRE 0.5649x + 1.4167 0.764 <0.005 (=0.750)

DMT1–IRE 0.5484x + 1.452 0.6978 <0.005 (=0.576)

Hypoxia (3-24 h)

DMT1+IRE 0.7814x + 1.1127 0.7056 <0.005 (=0.576)

DMT1-IRE 0.229x + 1.8766 0.1495 >0.05

n=12-2=10
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of DMT1–IRE protein (versus hypoxia group). No
HIF-1� could be detected after the HepG2 cells were
exposed to hypoxia/re-oxygenation. Similar tenden-
cies in the hypoxia/ reoxygenation-induced changes
in the content of HIF-1� and the expression of
DMT1+IRE protein suggested that HIF-1� might
have a role to regulate the expression of DMT1+IRE
instead of DMT1–IRE. Further studies are needed to
precisely define the interaction between HIF-1� and
the DMT1+IRE DNA.

It is generally accepted that cobalt exposure can
induce hypoxia-like stress by the activation of HIF-1�
and hypoxia-inducible genes [29, 30], although the
relevant mechanism is not fully understood [31]. The
results obtained from the present study showed that
CoCl2 treatment induced a significant increase in the
contents of HIF-1 � as well as the expression of
DMT1 protein. Although it is possible that the
increased expression of the DMT1 protein is due to
the increased contents of HIF-1� by CoCl2 as we
proposed, it is also highly likely that it is the result of
the direct role of CoCl2. In addition, it has been well
determined that DMT1 is a protein which transports
a number of divalent metals including Fe2+, Mn2+,
Zn2+, Co2+, Cd2+, Cu2+, Ni2+ and Pb2+ [15, 16] and
that the 5' regulatory region of human DMT1 con-
tains five potential metal response elements (MRE's)
(17).The increased concentration of Co2+ outside the
cells itself might have a direct effect to increase
responsively the expression of the DMT1 protein. A
decreased Fe2+ uptake induced by the increased
extracellular Co2+ (a competitive inhibition) might
also be one of the causes for the increased expres-
sion of the DMT1 protein.

In addition to the potential role of HIF-1�, hep-
cidin, a newly identified peptide and a key player in
iron metabolism [32–34], might also be responsible
for the increased expression of the DMT1 protein
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Fig. 3 Effect of hypoxia/re-oxygenation on the expres-
sion of DMT1 proteins and the content of HIF-1� in
HepG2. HepG2 cells were cultured as described in
Material and methods. After being grown to 80% conflu-
ence in a flask, the cells were exposed to hypoxia (1%
O2) for 6 hrs (H: Hypoxia only) or hypoxia (1% O2) for 

6 hrs and then exposed to nomoxia (21% O2) for 24 hrs
(H/R: hypoxia/re-oxygenation). Western blot analysis of 
HIF-1�, DMT1+IRE and DMT1–IRE was then conduct-
ed. (A and C): A representative experiment of Western
blot of HIF-1�, DMT1+IRE and DMT1–IRE; (B and D):
Quantification of expression of HIF-1�, DMT1+IRE and
DMT1–IRE proteins in HepG2 cells. Expression 
values were normalized for �-actin and the data were
presented as mean ± S.E.M. (n = 3). *P<0.05 versus
Hypoxia only.
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during the process of hypoxia. It was recently demon-
strated that hypoxia was able to reduce the level of
hepcidin transcripts in vitro in the human HepG2 and
Hep3B hepatoma cells and in vivo in mice housed in
hypobaric hypoxia chambers [35]. It was also report-
ed [36] that normal mice which were exposed to
hypoxia for 3 days exhibited a two-to threefold increase
in iron absorption. It had been hypothesized that the
increase in intestinal absorption seen in hypoxia [36,
37] was due to the decreased expression of hepcidin
[33]. At the same time, the decrease in hepcidin

expression induced by hypoxia might also result in an
increase in the DMT1 expression in the HepG2 cells.

Our immunocytochemical experiments clearly
demonstrated that under normoxia, the two isoforms
of DMT1 were located in both the cytoplasm and the
nucleus in the HepG2 cells. Under hypoxia, almost all
of the DMT1+IRE were concentrated in the cyto-
plasm, while DMT1–IRE was not remarkably altered
by hypoxia. Hypoxia only resulted in the majority of
DMT1–IRE in the cytoplasm clustering closer to the
outer cellular membrane with little changes in the

© 2008 The Authors
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Fig. 4 Distribution of the two isoforms of DMT1 proteins
and HIF-1� in HepG2 cells under normoxia and hypox-
ia. HepG2 cells were exposed to normoxia or hypoxia for
6 hrs, then stained by primary antibodies recognizing
DMT1+IRE (A), DMT1–IRE (B) or HIF-1� (C), followed
by the second antibodies conjugated to Alexa fluor 568.
Images were obtained using a Leica SP2 confocal laser
microscope. N: Normoxia. H: Hypoxia. a: confocal image
and b: differential scanning image.
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nucleus. These results might imply that the two iso-
forms of DMT1 have different functions.

In summary, our studies demonstrated that expo-
sure to physical and chemical hypoxia could signifi-
cantly increase the level of HIF-1� and the expres-
sion of the two isoforms of DMT1 in the HepG2 cells.
Correlation analysis provided evidence for the exis-
tence of a highly significant correlation between the
level of HIF-1� and the expression of DMT1 proteins
in the cells during hypoxia. Hypoxia/re-oxygenation
experiments showed that the tendency in the
changes of HIF-1� content is similar to that of the
expression of DMT1+IRE protein. The findings are in
favour of the hypothesis that HIF-1� might play a
direct role in the regulation of DMT1+IRE expression
during hypoxia. However, it should be pointed out
that the increased expression of DMT1 in the hypox-
ic cells might be due to multiple factors, and the
potential involvement of HIF-1 as discussed in the
preceding paragraph is not the only one. Hypothesized
mechanisms for the regulation of DMT1 expression
in the hypoxic HepG2 cells are proposed in Figure 5.
To conclude whether DMT1 is a hypoxia-inducible
gene, transfection analysis is absolutely needed 
to determine the putative HRE in the regulatory
regions of DMT1' and direct evidence for the 
binding of HIF-1 to the DNA of DMT1 using EMSA
(electrophoretic mobility shift assay) is also absolute-
ly necessary.

Acknowledgements

The studies in the laboratories were supported by National
Natural Science Foundation of China (30570675), Natural

Science Project of University in Jiangsu (04KJB310113),
Jiangsu Natural Science Foundation (05-BK2005430), the
Competitive Earmarked Grants of The Hong Kong
Research Grants Council (CUHK466907-KY), Shenzhen-
Hong Kong Joint Research Scheme, Research Grants
from Nantong University, The Chinese University of Hong
Kong Faculty of Medicine (Direct grant: 4450226), The
Hong Kong Polytechnic University (I-BB8L and GU-384)
and National Key Laboratory of Chinese Medicine and
Molecular Pharmacology (Shenzhen). We declare that we
have no financial interests.

References

1. Semenza GL, Wang GL. A nuclear factor induced by
hypoxia via de novo protein synthesis binds to the
human erythropoietin gene enhancer at a site
required for transcriptional activation. Mol Cell Biol.
1992; 12: 5447–54.

2. Wang GL, Semenza GL. Purification and character-
ization of hypoxia-inducible factor 1. J Biol Chem.
1995; 270: 1230–7.

3. Jiang BH, Semenza GL, Bauer C, Marti HH.

Hypoxia-inducible factor 1 levels vary exponentially
over a physiologically relevant range of O2 tension.
Am J Physiol. 1996; 271: C1172–80.

4. Lahiri S, Roy A, Baby SM, Hoshi T, Semenza GL,

Prabhakar NR. Oxygen sensing in the body. Prog
Biophys Mol Biol. 2006; 91: 249–86.

5. Bunn HF, Poyton RO. Oxygen sensing and molecu-
lar adaptation to hypoxia. Physiol Rev. 1996; 76:
839–85.

6. Semenza GL. HIF-1: mediator of physiological and
pathophysiological response to hypoxia. J Appl
Physiol. 2000; 88: 1474–80.

7. Jewell UR, Kvicukova T, Scheid A, Wenger RH,

Gassmann M. Induction of HIF-1� in response 
to hypoxia is simultaneous. FASEB J. 2001; 15:
1312–4.

8. Huang LE, Gu J, Schau M, Bunn HF. Regulation of
hypoxia-inducible factor 1a is mediated by an O2-
dependent degradation domain via the ubiquitin-pro-
teasome pathway. Proc Natl Acad Sci USA. 1998; 95:
7987–92.

9. Kallio PJ, Wilson WJ, O'Brien S, Makino Y,

Poellinger L. Regulation of the hypoxia-inducible
transcription factor 1a by the ubiquitin-proteasome
pathway. J Biol Chem. 1999; 274: 6519–25.

10. Peyssonnaux C, Datta V, Cramer T, Doedens A,

Theodorakis EA, Gallo RL, Hurtado-Ziola N, Nizet

V, Johnson RS. HIF-1� expression regulates the
bactericidal capacity of phagocytes. J Clin Invest.
2005; 115: 1806–15.

© 2008 The Authors
Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

Fig. 5 Hypothesized mechanisms for regulation of
DMT1 protein expression in the hypoxic HepG2 cells.



578

11. Zarember KA, Malech HL. HIF-1�: a master regula-
tor of innate host defenses? J Clin Invest. 2005;
115:1702–4.

12. Maxwell PH. Hypoxia-inducible factor as a physio-
logical regulator. Exp Physiol. 2005; 90: 791–7.

13. Schumacker PT. Hypoxia-inducible factor-1 (HIF-1).
Crit Care Med. 2005; 33: S423–5.

14. Qian ZM, Tang PL, Wang Q. Iron crosses the endo-
somal membrane by a carrier-mediated process.
Prog Biophys Mol Biol. 1997; 67: 1–15.

15. Gunshin H, Mackenzie B, Berger UV, Gunshin Y,

Romero MF, Boron WF, Nussberger S, Gollan JL,

Hediger MA. Cloning and characterization of a mam-
malian proton-coupled metal-ion transporter. Nature.
1997; 388: 482–8.

16. Fleming MD, Trenor CC 3
rd

, Su MA, Foernzler D,

Beier DR, Dietrich WF, Andrews NC, Dietrich WF,

Andrews NC. Microcytic anaemia mice have a muta-
tion in Nramp2, a candidate iron transporter gene.
Nature Genet. 1997; 16: 383–6.

17. Lee PL, Gelbart T, West C, Halloran C, Beutler E.

The Human Nramp2 Gene: Characterizaton of the
Gene Structure,Alternative Splicing, Promoter
Region and Polymorphisms. Blood Cells Mol Dis.
1998; 24: 199–215.

18. Hubert N, Hentze MW. Previously uncharacterized
isoforms of divalent metal transporter (DMT)-1:
implications for regulation and cellular function. Proc
Natl Acad Sci USA. 2002; 99: 12345–50

19 Fleming MD, Romano MA, Su MA, Garrick LM,

Garrick MD, Andrews NC. Nramp2 is mutated in the
anemic Belgrade (b) rat: evidence of a role for
Nramp2 in endosomal iron transport. Proc Natl Acad
Sci USA. 1998; 95: 1148–53.

20. Lok CN, Ponka P. Identification of a hypoxia
response element in the transferrin receptor gene. J
Biol Chem. 1999; 274: 24147–52.

21. Tacchini L, Bianchi L, Bernelli-Zazzera A, Cairo G.

Transferrin receptor induction by hypoxia HIF-1-medi-
ated transcriptional activation and cell-specific post-
transcriptional regulation. J Biol Chem. 1999; 274:
24142–6.

22. Lis A, Paradkar PN, Singleton S, Kuo HC, Garrick

MD, Roth JA. Hypoxia induces changes in expres-
sion of isoforms of the divalent metal transporter
(DMT1) in rat pheochromocytoma (PC12) cells.
Biochem Pharmacol. 2005; 69: 1647–55.

23. Goldberg M, Dunning S, Bunn H. Regulation of the
erythropoietin gene: evidence that the oxygen sensor
is a heme protein. Science. 1988; 242: 1412–5.

24. Lis A, Barone TA, Paradkar PN, Plunkett RJ, Roth

JA. Expression and localization of different forms of
DMT1 in normal and tumor astroglial cells. Mol Brain
Res. 2004; 122: 62–70.

25. Ratcliffe PJ, O'Rourke JF, Maxwell PH, Pugh CW.

Oxygen sensing, hypoxia- inducible factor-1 and the
regulation of mammalian gene expression. J Exp
Biol. 1998; 201: 1153–62.

26. Latunde-Dada GO, Van der Westhuizen J, Vulpe

CD, Anderson GJ, Simpson RJ, McKie AT.

Molecular and functional roles of duodenal
cytochrome B (Dcytb) in iron metabolism. Blood Cells
Mol Dis. 2002; 29: 356–60.

27. Schneider BD, Leibold EA. Effects of iron regulato-
ry protein regulation on iron homeostasis during
hypoxia. Blood. 2003; 102: 3404–11.

28. Takeuchi K, Bjarnason I, Laftah AH, Latunde-

Dada GO, Simpson RJ, Mckie AT. Expression of
iron absorption genes in mouse large intestine.
Scand J Gastroenterol. 2005; 40: 169–77.

29. Salnikow K, Davidson T, Costa M. The role of
hypoxia-inducible signaling pathway in nickel 
carcinogenesis. Environ Health Perspect. 2002; 110:
831–4.

30. Maxwell P, Salnikow K. HIF-1: an oxygen and metal
responsive transcription factor. Cancer Biol Ther.
2004; 3: 29–35.

31. Templeton DM, Liu Y. Genetic regulation of cell func-
tion in response to iron overload or chelation.
Biochim Biophys Acta. 2003; 1619: 113–24

32. Nicolas G, Bennoun M, Devaux I, Beaumont C,

Grandchamp B, Kahn A, Vaulont S. Lack of hep-
cidin gene expression and severe tissue iron 
overload in upstream stimulatory factor 2 (USF2)
knockout mice. Proc Natl Acad Sci USA. 2001; 98:
8780–5.

33. Nicolas G, Chauvet C, Viatte L, Danan JL, Bigard

X, Devaux I, Beaumont C, Kahn A, Vaulont S. The
gene encoding the iron regulatory peptide hepcidin is
regulated by anemia, hypoxia, and inflammation. J
Clin Invest. 2002; 110: 1037–44.

34. Pigeon C, Ilyin G, Courselaud B, Leroyer P, Turlin

B, Brissot P, Loreal O. A new mouse liver specific
gene, encoding a protein homologous to human
antimicrobial peptide hepcidin, is overexpressed 
during iron overload. J Biol Chem. 2001; 276: 7811–9.

35. Nicolas G, Bennoun M, Porteu A, Mativet S,

Beaumont C, Grandchamp B, Sirito M, Sawadogo

M, Kahn A, Vaulont S. Severe iron deficiency ane-
mia in transgenic mice expressing liver hepcidin.
Proc Natl Acad Sci USA. 2002; 99: 4596–601.

36. Raja KB, Duane P, Peters TJ. Effects of turpentine-
induced inflammation on the hypoxic stimulation of
intestinal Fe3+ absorption in mice. Int J Exp Pathol.
1990; 71: 785–9.

37. O'Riordan DK, Sharp P, Sykes RM, Srai SK,

Epstein O, Debnam ES. Cellular mechanisms
underlying the increased duodenal iron absorption in

© 2008 The Authors
Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



rats in response to phenylhydrazine-induced haemolyt-
ic anaemia. Eur J Clin Invest. 1995; 25: 722–7.

38. Ke Y, Chen YY, Chang YZ, Duan XL, Ho KP, Jiang

D, Wang K, Qian ZM. Post-transcriptional expression
of DMT1 in the heart of rat. J Cell Physiol. 2003; 196:
124–30.

39. Ke Y, Chang YZ, Duan XL, Du JR, Zhu L, Wang K,

Yang XD, Ho KP, Qian ZM. Age-dependent and iron-

independent expression of two mRNA isoforms of
divalent metal transporter 1 in rat brain. Neurobiol
Aging. 2005; 26: 739–48.

40. Roth JA, Horbinski C, Feng L, Dolan KG, Higgins

D, Garrick MD. Differential   localization of divalent
metal transporter 1 with and without iron response
element in rat PC12 and sympathetic neuronal cells.
J Neurosci. 2000; 20: 7595–601.

J. Cell. Mol. Med. Vol 12, No 2, 2008

579© 2008 The Authors
Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd


