
Increased duodenal iron uptake and transfer in a rat model of chronic hypoxia is 
accompanied by reduced hepcidin expression  
 
1Po Sing Leung, 2Surjit K Srai, 2Monica Mascarenhas, 3Linda J Churchill and 3Edward S 
Debnam. 
1Department of Physiology, Faculty of Medicine, The Chinese University of Hong Kong, 
Shatin, N.T., Hong Kong, P.R. China. 
2Department of Biochemistry & Molecular Biology, Royal Free & University College 
Medical School, Rowland Hill St, London, NW3 2PF, UK. 
3Department of Physiology, Royal Free & University College Medical School, Rowland 
Hill Street, London, NW3 2PF, UK. 
 
Address for Correspondence: 
Dr. E S Debnam, Department of Physiology, Royal Free & University College School of 
Medicine, University College London (Hampstead Campus), Rowland Hill Street, London, 
NW3 2PF.  
email: edebnam@medsch.ucl.ac.uk 
 
 

Keywords: Iron; small intestine; hypoxia; erythropoiesis; hepcidin 
 
 
 

 Gut Online First, published on May 24, 2005 as 10.1136/gut.2004.062083

Copyright Article author (or their employer) 2005. Produced by BMJ Publishing Group Ltd (& BSG) under licence. 

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gut.2004.062083 on 24 M

ay 2005. D
ow

nloaded from
 

http://gut.bmj.com/


 2

ABSTRACT 
Background: Despite the requirement for increased iron delivery for erythropoiesis during 
hypoxia, there is very little information on how duodenal iron uptake and its transfer to the 
blood adapts to this condition. 
Aims: To assess the effects of 30 days chronic hypoxia in rats on luminal iron uptake and 
transfer of the metal to the blood together with gene expression of hepcidin, a proposed 
negative regulator of iron transport.  
Methods:  59-Fe uptake by isolated duodenum and its transfer to the blood by in vivo 
duodenal segments was measured after exposure of rats to room air or 10% oxygen for four 
weeks. Liver hepcidin expression was measured by real-time RT-PCR.  The effect of 
exposing HepG2 cells to hypoxia on gene expression of hepcidin was also determined.  
Results: Hypoxia did not affect villus length but enhanced (+192.6%) luminal iron uptake 
by increasing the rate of uptake by all enterocytes, particularly those on the upper villus.   
Hypoxia promoted iron transfer to the blood but reduced mucosal iron accumulation in vivo 
by 66.7%.  Hypoxia reduced the expression of hepcidin mRNA in both rat liver and HepG2 
cells.  
Conclusions:  Prolonged hypoxia enhances iron transport from duodenal lumen to blood 
but the process is unable to fully meet the iron requirement for increased erythropoiesis.  
Reduced secretion of hepcidin may be pivotal to the changes in iron absorption. The 
processes responsible for suppression of hepcidin expression are unknown but are likely to 
involve a direct effect of hypoxia on hepatocytes.  
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INTRODUCTION 
The control of intestinal iron uptake is necessary to maintain body iron status since there is 
no established route for regulating iron excretion.  The increased rate of erythropoiesis that 
occurs during hypoxia requires a greater supply of iron for haem synthesis, and an 
increased intestinal iron uptake occurs in the adaptation of man to high altitude.[1]  Animal 
studies have shown that 3-day hypoxia stimulates duodenal iron absorption by processes 
involving an increased rate of iron uptake across the brush border membrane.[2][3][4]   The 
systemic signals that trigger the intestinal response to hypoxia are unknown.  However, 
there is growing evidence that the liver-derived peptide hepcidin, originally identified as an 
antimicrobial peptide, functions as a negative regulator of duodenal iron absorption and is 
released in response to the level of liver iron.[5][6][7][8]   Recent findings that treatment of 
mice with synthetic hepcidin decreased iron transfer to the blood,[9] and that the peptide 
rapidly reduced iron uptake in an intestinal cell line,[10] further suggest a key role for the 
peptide in the regulation of intestinal iron uptake. Our present work has for the first time, 
used an animal model of chronic hypoxia, equivalent to the partial pressure of inspired 
oxygen at an altitude of 5000 m above sea level, to study changes in iron uptake from the 
duodenal lumen and its transfer to the blood.  We have also assessed the involvement of 
hepcidin in the response to hypoxia by measuring levels of hepcidin mRNA in rat liver, and 
in a human hepatoma-derived cell line before and after direct exposure to reduced oxygen.   
 
METHODS 
Iron uptake across rat duodenum. 
Sprague-Dawley rats (initial weight 90-100 g) supplied by the Animal Services Centre of 
the Chinese University of Hong Kong, were exposed for 4 weeks to room air mixed with 
nitrogen to reduce oxygen concentration to 10%, or room air alone.[11]  Briefly, cages 
containing four rats were kept in sealed Perspex chambers with inflow and outflow ports 
for inspired normal or hypoxic air.  Water and rat chow were supplied ad libitum to the 
hypoxic group and the weight of chow consumed was closely monitored so that the same 
amount of chow was also supplied to the normoxic group. Animals were weighed twice-
weekly.  All experimental procedures were approved by the Animal Experimentation 
Ethics Committee of the Chinese University of Hong Kong.  

At the end of the four week period, animals were anaesthetized with pentobarbitone sodium 
(90 mg.kg, i.p) and blood samples were removed by cardiac puncture and sent to a 
commercial laboratory (Hong Ning X-ray & Laboratory Company Ltd, Kowloon, Hong 
Kong) for determination of haemoglobin level, haematocrit and red blood cell count.  Liver 
samples were removed for determination of hepcidin mRNA expression and these were 
snap-frozen in liquid nitrogen.  For mucosal iron uptake experiments, 3 cm isolated 
duodenum was everted, mounted on a glass rod and pre-incubated for 5 minutes at 370C in 
Hepes buffer containing 10 mM glucose.  The tissue was then exposed for 5 minutes to pre-
incubation buffer with 0.2 mM 59-Fe2+ (Perkin Elmer, Boston, Ma., USA, final specific 
activity 9.25 MBq/µmole) complexed with 4 mM ascorbate (final buffer pH 6.5).  The 
tissue was then washed free of surface bound iron using a solution containing 2 mM 
unlabelled iron, fixed in formaldehyde-saline and weighed.  The 59-Fe activity of tissues 
was determined by gamma-counting (Packard 5003, Cobra II Auto-Gamma, Global 
Medical Instrumentation, Inc., Minnesota, USA), and they were then processed for 
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histology and autoradiography.[4] Grain counts of developed autoradiographs were carried 
out using a full width 50 µm area moving from the villus base to tip. 

Other animals were used to measure the rate of transfer of 59-Fe from duodenal lumen to 
the blood.[12]  Rats were anaesthetized as described above and the duodenum, 0.5 cm from 
the stomach to the ligament of Treitz, was washed through with warm 0.15M NaCl 
followed by air.  The lower end was tied off and 1 ml of uptake buffer (see above) was 
instilled proximally from a tied-in syringe.  Blood samples (0.5 ml) were removed via a 
carotid cannula at 10, 20 and 30 minutes, during which time animal body temperature was 
maintained at 370C.  The duodenal segment was then removed from the animal, its lumen 
flushed thoroughly with buffer containing 2 mM unlabelled iron, followed by 0.15 M NaCl, 
and the length was measured.  The mucosal layer was scraped off and weighed and, 
together with weighed blood samples, was gamma-counted for determination of 59-Fe 
activity. 

Hepcidin mRNA 
Frozen rat liver sections were ground to powder using a pestle and mortar.  RNA isolation 
was performed using Qiagen RNAeasy kit (Qiagen, Sussex, UK), and 1µg of total RNA 
was used for cDNA synthesis with the Abgene Reverse-iT 1st Strand Synthesis Kit 
(ABgene, Surrey, UK). RNA concentration and purity were determined by 
spectrophotometry.  The resulting cDNA transcripts of liver mRNA were used for real-time 
PCR amplification using the Roche Lightcycler (Roche diagnostics, Germany) and 
QuantiTect SYBR® Green PCR kit (Qiagen, Sussex, UK) according to the manufacturers 
protocol.  Specific primers were designed from the rat sequences for hepcidin and the 
constitutively expressed gene, actin:  
 
Hepcidin: FORWARD  CACGAGGGCAGGACAGAAGGCAAG 

REVERSE  CAAGGTCATTGCTGGGGTAGGACAG  
Actin:  FORWARD  GACGGCCAAGTCATCACTATT 

REVERSE  CCACAGGATTCCATACCCAAGA  
 
To quantify hepcidin mRNA expression, standard curves were generated with known 
amounts of each gene product. A ratio of relative abundance of the hepcidin gene to actin 
was calculated by the Lightcycler Relative Quantification software version 1.0 (Roche 
Diagnostics, Germany).  Melting curve analysis was carried out to ensure primer 
specificity.  PCR products were also analyzed by gel electrophoresis and visualized using a 
Bio-Rad multi-imager (Bio-Rad, Herts, UK). 
 
Hypoxic exposure of HepG2 cells 
HepG2 cells were cultured in RPMI1640 medium (Sigma) containing L-Glutamine 
(Sigma), antibiotics and 10% FCS (Sigma) and maintained in 5% CO2 at 37oC.  The cells 
were seeded in 5cm2 wells until confluent.  Cells were then subjected to hypoxia by placing 

them in stainless steel chambers as described previously.[13]  The chambers were 
evacuated until the desired oxygen partial pressure, deduced by measuring the pressure with 
an electronic pressure sensor (SMC digital pressure sensor; SMC Corporation, Tokyo, 

Japan) was reached. The chambers were then refilled with a gas mixture containing 5% CO2 
and 95% N2. A final oxygen concentration of 1%, was used. The chambers were then 
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placed in an incubator at 37°C.  After 24 or 48 hours, cells were used for determination of 
hepcidin mRNA.  All procedures for RNA isolation, cDNA synthesis, PCR amplification 
and quantification of human hepcidin mRNA expression were performed as above for rat 
hepcidin mRNA.  The primers used for HepG2 cDNA studies were designed for the 
sequences of human hepcidin, and the housekeeping genes GAPDH and HPRT 
(hypoxanthine phosphoribosyl transferase) as follows 
 
Hepcidin:  FORWARD, CTGCAACCCCAGGACAGAG   

REVERSE,    GGAATAAATAAGGAAGGGAGGGG 
GAPDH: FORWARD, TGGTATCGTGGAAGGACTC 
  REVERSE, AGTAGAGGCAGGGATGATG 
HPRT:  FORWARD, TTGTAGCCCTCTGTGTGCTCAAG 
  REVERSE, GCCTGACCAAGGAAAGCAAAGTC 

Statistics 
Values of all data are given as means ± S.E.M.  Statistical significance was determined by 
an unpaired Students t-test with p<0.05 taken as being significant.  
 
RESULTS 
Four weeks of hypoxia was without effect on animal body weight but caused significant 
increases in blood haemoglobin concentration, haematocrit and erythrocyte count (table 1).   
 
Table 1.  Effects of hypoxia on final body weight, haemoglobin concentration, haematocrit 
and red blood cell count.  Rats were exposed for 30 days to either air containing 10% 
oxygen or room air.   

 Final body 
weight (g) 

Haemoglobin   
      (g/dL) 

Haematocrit Red blood cell 
count (x 1012/L)  

  Control 210.4±5.6 (18)      12.72±0.41 (5)     0.41±0.01 (5)   7.33±0.48 (5) 

  Hypoxic 223.6±6.2 (21) *18.71±0.59 (7) *0.60±0.02 (7) *9.43±0.18 (7) 

Data are means ± S.E.M for (n) animals. *p<0.001 compared to control. 
 

Hypoxia enhanced significantly (+192.6 %) the rapid unidirectional uptake of 59-Fe across 
the brush border membrane of isolated duodenum (fig 1).  Autoradiographic analysis of this 
tissue revealed silver grains overlying the villus (fig 2).  The expected pattern of lower rates 
of uptake at the base and tip of the villus, due to increasing cell maturation and apoptosis 
respectively, and maximal uptake in the mid-villus region (fig 2) was seen.  Hypoxia was 
without effect on this pattern of iron uptake but increased significantly the rate of uptake 
into enterocytes along the entire villus length, the differences being more significant at the 
upper region.  Villus length was unaffected by hypoxia (mean±S.E.M: control 602.8±26.3, 
hypoxic 550.9±11.5 µm).  

Hypoxia promoted the rate of appearance of 59-Fe in blood at 20 and 30 minutes after 
instillation of buffer containing the radionucleotide into the duodenal lumen (fig 3).  After 
removal of the 30 minute blood sample, the duodenum was isolated, and its mucosa was 
removed and gamma-counted.  59-Fe accumulation in the exposed duodenal mucosa was 
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significantly reduced by hypoxia (mean±S.E.M, control: 0.81±0.20, hypoxic: 0.27±0.06 
pmole/mg wet wt mucosa, p<0.05, n=8 per group). 
The increased iron uptake by isolated tissue and in vivo during hypoxia was accompanied 
by reduced hepatic expression of hepcidin mRNA (fig 4).  Hypoxia was without effect on 
expression of the housekeeping gene, actin (data not given).   
To examine whether the reduced hepcidin mRNA was due to a direct effect of hypoxia on 
rat liver, levels of hepcidin mRNA of HepG2 cells were determined after exposing these 
cells to 1% oxygen for up to 48 hours.  Results showed that expression of hepcidin mRNA, 
when compared to the housekeeping gene GAPDH, was reduced by 24.8% and 50.0% after 
24 and 48 hours of hypoxia respectively, the value at 48 hours being significantly different 
to the control value (fig 5).  This action of hypoxia was not due to altered expression of the 
glycolytic enzyme GAPDH since GAPDH/HPRT ratios were unaffected by hypoxia 
(control: 4.02±0.45, p>0.5; 24 hour hypoxia: 2.57±0.38, p>0.5; 48 hour hypoxia: 
3.68±0.49, p>0.5).   

 
DISCUSSION 
The erythropoietic demands imposed by chronic hypoxia require a supply of iron to the 
erythroid marrow that cannot be achieved by available body stores of the metal.  Our study 
provides the first detailed analysis of the effects of chronic hypoxia on duodenal iron 
transport and shows that increased entry of iron into the body during hypoxia occurs by 
both stimulation of iron entry across luminal membrane into the enterocyte and enhanced 
iron transfer across the basolateral membrane into the perfusing blood. These changes are 
independent of villus length implying altered function of individual enterocytes.  Our 
previous studies on the response to acute hypoxia make it likely that increased iron 
movement across the brush border is due in part to an increased electrical driving force for 
proton -mediated iron transport across this membrane.[12]   An important observation in 
our present study is that, despite higher iron uptake by isolated duodenum, we found 
significantly lower levels of absorbed iron in hypoxic mucosa following the in vivo transfer 
study.  This implies a proportionally greater effect of hypoxia on iron transfer across the 
basolateral membrane to the blood. 

There is growing evidence that intestinal iron transport is under hormonal control.  Early 
studies suggested a humoral effect on iron transport that was linked to an inflammatory 
response.[14] Hepcidin has since been identified as an antimicrobial peptide synthesized in 
the liver,[15][16] that has a central role in body iron homeostasis by acting as a negative 
regulator of duodenal iron transport.  The strength of the evidence linking this 20-25 
amino-acid peptide to iron transport is now so great that it has acquired the status of a 
regulatory peptide.  For example, there is a reciprocal relationship between the rate of iron 
transport and expression of hepcidin in a variety of clinical and experimental conditions,[7] 
[17] and work using knockout mice have shown that deletion of the hepcidin gene results in 
body iron overload.[17]  Our recent studies showing that treatment with hepcidin decreases 
iron transport in mouse duodenum,[9] and an intestinal cell line [10] supports the 
conclusion of many others that the peptide has a direct inhibitory effect on enterocyte iron 
transport.[5][6][7][8] [17][18][19]   

It is likely that the increased iron transport seen in our present study is due, at least in part, 
to reduced expression of hepcidin, perhaps a consequence of a depleted level of liver iron 

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gut.2004.062083 on 24 M

ay 2005. D
ow

nloaded from
 

http://gut.bmj.com/


 7

following mobilization of the metal to the erythroid marrow.  The fact that increased iron 
uptake occurred after a four week period of hypoxia is significant in that it indicates a 
continuing high iron demand despite a 47% increased blood haemoglobin level.  The only 
other study on the effects of hypoxia on hepcidin expression reported consistently 
decreased expression in mice after 4 days hypoxia but equivocal data after 12 days.[5]    

We further studied the effects of hypoxia on hepcidin expression using human hepatoma-
derived HepG2 cells. These were chosen for the study since they have pathways for 
obtaining iron from transferrin,[20] and hence are suitable for studying the hepatic control 
of iron metabolism.  Our data imply that at least part of the response to hypoxia in rats is 
due to a direct action of low oxygen partial pressure on hepatocytes.  HepG2 cell 
experiments used a lower level of oxygen (approximately 7.6 mm Hg partial pressure), than 
that used in the rat study because, even under normal conditions, the partial pressure of 
oxygen in blood supplying hepatocytes is considerably lower than the value present in 
systemic blood since a large proportion of hepatic blood has undergone partial 
deoxygenation during its passage through the mesenteric circulation.  The level of oxygen 
in blood supplying hepatocytes in rats breathing normal or 10% oxygen is unknown.  
Whether the direct action of hypoxia on hepcidin expression involves the binding of the 
transcription factor HIF-1 to a hypoxia response element on hepcidin mRNA is unclear at 
the present time. However, evidence suggests that HIF-1 is involved in most of, if not all, 
the cellular response to hypoxia.[21] 

With regard to the action of hepcidin on enterocyte iron transport, studies show that the 
peptide downregulates expression of both DMT1 and DcytB at the brush border and has 
either no effect,[9][10] or decreases,[7] [22] basolateral iron transfer and expression of 
Ireg1, the iron transporter at this membrane.  It is clear that the effect of hepcidin on iron 
exit from the enterocyte is complex and that the peptide may act in concert with other 
regulatory factors, particularly in response to chronic effects on iron transport.   Hypoxia 
stimulates the secretion of erythropoietin (Epo) and preliminary studies have shown that 
Epo promotes iron uptake in an intestinal cell line.[23]  The relation of Epo to the increased 
iron uptake seen in this present work, or to the action of hepcidin, is however unknown.    

Our autoradiographic findings show that hypoxia stimulates iron uptake by both mature 
enterocytes at the upper villus as well as newly differentiated cells at the base of the villus.  
Since hepcidin may have a direct action on mature enterocytes, [17] an important issue to 
be addressed when a suitable antibody to the hepcidin receptor becomes available is how 
hypoxia-induced changes in transport along the villus relate to the distribution profile of 
this receptor.  

In conclusion, our demonstration of stimulatory effects of chronic hypoxia on iron uptake 
from the lumen and its transfer to the blood is relevant not only to body iron homeostasis at 
high altitude, but to clinical conditions that chronically reduce oxygen intake or its delivery 
to peripheral tissues.  Suppression of hepcidin expression is likely to be relevant to the 
increased iron uptake. The events that culminate in reduced expression of the peptide are 
unknown but may be initiated by a direct effect of low oxygen on hepatocytes and involve 
the transcription factor HIF.  Recent work suggests that changes in hepcidin synthesis and 
secretion in response to an altered level of body iron may also involve the hepatic detection 
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of blood transferrin saturation by a process involving the two transferrin receptors TfR1 
and TfR2, together with HFE protein.[17] [24]    
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LEGENDS TO FIGURES 
 
Figure 1.  Effects of hypoxia on duodenal iron uptake. 59-Fe2+ uptake by isolated everted 
duodenum after incubation of the tissue in iron-containing buffer for 5 minutes.  Iron was 
present in the uptake buffer at a concentration of 0.2 mM. Data are the means+S.E.M: n=6 
and 7 for control and hypoxia respectively, *p<0.05. 
 
Figure 2.  Autoradiography of iron uptake.  Autoradiographs (upper panel) show rat 
duodenal villi in tissue from control (A & B) and hypoxic (C & D) rats.   Intestinal sections 
were mounted on slides, dipped in photographic emulsion and developed 1 day later. The 
underlying tissue was stained with Light Green. Silver grains representing iron uptake are 
most clearly seen using dark field photography (B & D).  Light fields (A & C) show 
underlying tissue histology.  The lower panel shows the positional dependence of 59-Fe2+ 
uptake by villus-attached enterocytes in control (open columns) and hypoxic (closed columns) 
conditions.  Data were obtained from 18 villi (3 villi from each of 6 control or hypoxic rats). 
Values are means+S.E.M; *p<0.05, **p<0.001.  Scale bar = 50 µm. 
 
Figure 3.  The time course of 59-Fe2+ appearance in the blood after instillation of buffer 
containing 59-Fe2+ into closed duodenal loops.  Iron was present in the uptake buffer at a 
concentration of 0.2 mM. Open and closed columns represent control and hypoxic data 
respectively.  Data are the means+S.E.M: n=8 per group, *p<0.05 compared to control 
values 
 
Figure 4.  Effects of hypoxia on the expression of liver hepcidin mRNA.  Real-time PCR 
analysis of total RNA isolated from liver samples removed from control and hypoxic rats. 
Data have been normalized to levels of actin, expressed as arbitrary units (AU). 
Means+S.E.M. of liver samples from each of 3 (control) and 4 (hypoxic) animals, *p<0.01.   
 
Figure 5.  The effects of 24 or 48 hour hypoxia on expression of hepcidin mRNA in HepG2 
cells, normalized to GAPDH, expressed as arbitrary units (AU).  Means+S.E.M. of samples 
from each of 3 (control and 24 hour hypoxia) and 4 (48 hour hypoxia) cells, *p<0.02.   
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