
according to the iron nutrition in humans, with intense 
staining of transferrin receptor observed in iron deficient 
subjects. 

CONCLUSION: It is concluded that the intestine takes 
up iron through a sequential transfer involving interaction 
of luminal transferrin, transferrin-transferrin receptor and 
ferritin. 

© 2007 The WJG Press. All rights reserved.
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INTRODUCTION
Iron homeostasis is accomplished by regulating absorption 
in the proximal small intestine and is regulated according 
to the body’s needs. Failure to maintain this equilibrium 
leads to pathological conditions resulting in either iron 
deficiency or iron overload. Iron deficiency anemia remains 
the most important micronutrient deficiency world wide. 
Iron is essential because of  its unique ability to serve as 
both an electron donor and acceptor. Because of  iron’s 
virtual insolubility and potential toxicity under physiological 
conditions, special molecules have evolved for its acquisition, 
transport and storage in soluble, nontoxic form. In humans, 
heme iron is absorbed more efficiently than non-heme 
iron[1]. Recent studies demonstrate that non-heme iron 
is transported into the cell in the ferrous [Fe (Ⅱ)] form, 
mainly by carrier divalent metal transporter 1 (DMT1)-also 
known as natural resistance associated macrophage protein 
2 (Nramp2) or divalent cation transporter 1 (DCT1)[2] . 
However, iron absorption is not impaired by mutation of  
DMT-1, suggesting that DMT-1 is not the only transporter 
operating within the endosomes of  crypt cells. Studies of  
Conrad et al[3], showed that ferric iron is absorbed by β3 
integrin and mobilferrin pathway which is shared with other 
nutritional metals .

In last few decades, several candidate proteins involved 
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Abstract
AIM: To elucidate the sequential transfer of iron 
amongst ferritin, transferrin and transferrin receptor 
under various iron status conditions.
 
METHODS: Incorporation of 59Fe into mucosal and 
luminal proteins was carried out in control WKY rats. The 
sequential transfer of iron amongst ferritin, transferrin 
and transferrin receptor was carried out in iron deficient, 
control and iron over loaded rats. The duodenal 
proteins were subjected to immunoprecipitation and 
quantitation by specific ELISA and in situ  localization 
by microautoradiography and immunohistochemistry in 
tandem duodenal sections. Human duodenal biopsy (n  
= 36) collected from subjects with differing iron status 
were also stained for these proteins. 

RESULTS: Ferritin was identified as the major protein 
that incorporated iron in a time-dependent manner in 
the duodenal mucosa. The concentration of mucosal 
ferritin was significantly higher in the iron excess group 
compared to control, iron deficient groups (731.5 ± 
191.96 vs  308.3 ± 123.36, 731.5 ± 191.96 vs  256.0 
± 1.19, P < 0.005), while that of luminal transferrin 
which was significantly higher than the mucosal did not 
differ among the groups (10.9 ± 7.6 vs  0.87 ± 0.79, 
11.1 ± 10.3 vs  0.80 ± 1.20, 6.8 ± 4.7 vs  0.61 ± 0.63, 
P < 0.001). In situ  grading of proteins and iron, and 
their superimposition, suggested the occurrence of 
a sequential transfer of iron. This was demonstrated 
to occur through the initial binding of iron to luminal 
transferrin then to absorptive cell surface transferrin 
receptors. The staining intensity of these proteins varied 
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in the transmembrane transport of  iron have been 
identified[4] . Several years ago, Granick et al demonstrated 
that ferritin sequesters iron and provides the block to 
iron uptake. Although this model remains unproven, the 
hypothesis that the amount of  mucosal ferritin dictates the 
extent of  iron absorbed by the enterocytes is still intriguing. 
It has been postulated that iron absorption was the primary 
method of  maintaining body iron homeostasis and was 
regulated by a mucosal receptor that blocked iron absorption 
when it became satiated with iron. For two decades, it was 
believed that ferritin was the receptor that regulates iron 
absorption, and that apoferritin enhances iron absorption 
while holoferritin blocks iron uptake. This hypothesis was 
disproved by immunological studies showing that there was 
little or no apoferritin in the absorptive cells of  iron deficient 
animals[5]. Despite the close relationship between ferritin 
levels and intestinal iron absorption[6] it is not clear whether 
this protein plays a passive or active role in transport 
regulation.

There are studies to argue for[7-11] and against[12-14] the 
view that transferrin (Tf) is an important mediator of  iron 
absorption. The proposal that mucosal Tf  acts as a shuttle 
protein for iron absorption was suggested by Huebers  
et al[15]. Selective localization of  transferrin in the duodenal 
epithelium in rat[16,17] and in human[17] , and the co-localization 
of  transferrin receptor (TfR) and transferrin in coated pits 
on the basal and lateral membranes of  crypt cells in mouse 
have been demonstrated[18]. However, an ultrastructural 
study of  Parmley et al[19] failed to identify TfR on the surface 
of  enterocyte microvilli. Thus, the role of  transferrin 
and transferrin receptor in the duodenal uptake was not 
identified with certainty. In 1983, it was postulated that 
transferrin was secreted into the intestinal lumen to bind iron 
and enter the absorptive cell as a transferrin iron complex in 
a manner similar to non-intestinal cells[15]. Recent studies of  
transferrin receptor knockout mice (TfR-/-) provide new 
insights regarding the physiologic role of  the transferrin/
transferrin receptor cycle. Homozygous TfR-/- animals 
die in utero with impaired erythropoiesis and defective 
neurological development. Thus, the TfR-/- mice provide a 
convincing demonstration that the transferrin/transferrin 
receptor cycle plays a central role in the maintenance 
of  normal iron metabolism. Whether transferrin is 
associated with receptor and whether it plays any role in 
iron absorption at this site is yet to be determined. A protein 
called hereditary hemochromatosis (HFE) has been shown 
to interact with transferrin receptor 1 (TfR1)[20] to influence 
the rate of  receptor mediated uptake of  transferrin-bound 
iron[21-24] . Thus, these investigations of  exact localization 
of  mucosal transferrin and transferrin receptor, inside 
or outside the enterocytes, are conflicting. Therefore, an 
attempt was made to describe the sequential movement 
of  iron across intestine. The events were sequenced by 
in situ localization of  iron by microautoradiography and 
immunohistochemistry of  ferritin, transferrin and transferrin 
receptor in serial sections of  intestine.

MATERIALS AND METHODS
Radioactive 59FeCl3 (sp.act 4.0 Ci/g iron in 0.01 mol/L  
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HCl) was obta ined from BRIT (Mumbai , India) . 
Photographic emulsion LM-1 was obtained from 
Amersham (Amersham International plc, UK). SIH 
universal anti-rabbit kit, human and rat serotransferrin was 
obtained from Sigma Aldrich Co (St. Louis, USA). Ferritin, 
transferrin antisera against purified proteins were produced 
in New Zealand white rabbits. Polyclonal antiserum against 
rat placental transferrin receptor was a gift from James D. 
Cook, M.D (University of  Kansas Medical Center, Kansas 
City, USA). All other chemicals used were of  analytic grade 
and procured locally.

Studies in rats
Rats from National Centre for Laboratory Animal Sciences 
(National Institute of  Nutrition, Hyderabad) were used for 
the study. All animal experiments were approved by the 
institutional animal ethics committee. 

Incorporation of  radioactive iron into various iron 
binding protein was carried out in Wistar/Kyoto (WKY) 
adult male normal rats (body weight 200 g). Food was 
withheld for 16-18 h before administering 1 mL of  
7-10 μci of  59FeCl3 in 0.01N HCl by gavage. Rats were 
sacrificed at various time intervals starting at 15, 30 min, 1, 
2, 4 and 12 h to study the time-dependent incorporation 
of  iron into luminal and mucosal proteins of  various 
segments. All the subsequent operations were carried 
out on ice. The luminal content was collected by flushing 
with 5-10 mL of  saline containing protease inhibitors. 
The mucosal scrapings were obtained by scrapping off  
the everted segments with a glass slide. The intestinal 
contents obtained from three rats from each group were 
pooled together for each time point. The contents were 
homogenized in 1:4 v/v of  saline containing a cocktail 
of  protease inhibitors (PMSF 75 μg/mL, leupeptin 1 
μg/mL and iodoacetate186 μg/mL), and subjected to 60% 
ammonium sulphate fractionation. A clear supernatant was 
prepared for subsequent analysis. 

Further to explore the specific role of  duodenal 
transferrin and ferritin during iron absorption, time-
dependent (5 min-4 h) incorporation of  radioactive iron 
into these proteins, along with quantitation by specific 
ELISA and immunoprecipitation techniques for ferritin 
and transferrin, was carried out in control, iron-deficient, 
and excess iron fed rats. For this, 74 WKY male weanling 
rats (body weight 37.5 ± 7.63) were randomly selected and 
housed individually into iron deficient (n = 30), control (n 
= 24) and iron excess (n = 24) groups. They were allowed 
to have free access to food and water for 7 weeks. The 
rats were placed on one of  the three diets each containing 
identical protein, fat, carbohydrate, and complete vitamin 
and fiber supplements. The diets were produced in 
accordance with the recommendations of  American 
Institute of  Nutrition (AIN93)[25]. The diet also contained 
a balanced mineral mix, differing only in the iron content. 
The deficient group received iron deficient semi-synthetic 
diet containing < 10 mg iron/kg diet, while the iron 
adequate and excess groups received diet containing 35 
and 250 mg/kg diet, respectively. At the end of  this period 
rats were administered 7-10 μCi of  radioactive iron and 
sacrificed at different time points. Duodenal segments 



of  intestine were collected at 5, 15, 30 min, 1, 2, 4 h and 
processed. Homogenates of  luminal and mucosal contents 
were analyzed for ferritin and transferrin by specific 
sandwich ELISA. Incorporation of  radiolabelled iron into 
these proteins was studied by imunoprecipitation with 
specific antibodies.

Finally, studies were carried out to understand the 
sequential movement of  iron across intestine under various 
iron status conditions. WKY male weanling rats (body 
weight 36.8 ± 6.56) were equally (n = 8) distributed into 
iron deficient, control and iron overload groups. For iron 
overloading, in addition to iron excess diet as mentioned 
above, we gave 4 intra-peritonial injections of  1 mL of  
imferon, an iron sorbitol citric acid complex in water 
(50 mg of  iron/mL, Rallies India Ltd, Mumbai, India) at 
weekly intervals. After 7 wk, rats were fasted overnight 
and given 100 μCi of  59FeCl3 with 0.25 mg of  carrier 
iron as ferrous sulphate by gavage. Duodenal segment 
of  intestine were collected at 5, 15, 30 min, 1, 2, 4, 16 h. 
The segments were flushed with formalin, cut opened 
longitudinally and fixed in 10% neutral formalin for 12 h. 
These intestinal segments were rolled longitudinally (Swiss-
roll), and further processed for microautoradiography and 
immunohistochemistry. 

Western blotting and autoradiography 
The protein content was estimated by the method of  
Bradford[26]. Both luminal and mucosal proteins (100 μg) 
were subjected to 4%-20% PAGE along with rat liver 
ferritin as a marker. The separated protein bands were 
visualized by autoradiography and probed with ferritin 
antibody. 

ELISA of ferritin and transferrin 
Ferritin and transferrin proteins in the luminal and mucosal 
contents were quantified using a specific sandwich ELISA 
system developed by us. 

Immunoprecipitation 
In order to understand the role of  different iron binding 
proteins during absorption, luminal contents and mucosal 
proteins were lyophilized. Duodenal mucosal and luminal 
proteins obtained at initial time points (5, 15, 30 min) were 
reconstituted and subjected to immunoprecipitation with 
ferritin and transferrin antisera. Equal volumes (1 mL) of  
duodenal mucosal and luminal proteins (2-4 mg) and 1:32 
diluted ferritin and transferrin antisera were incubated 
at 37℃ for 1 h and at 4℃ overnight. The specificity of  
ferritin and transferrin antisera was demonstrated by 
replacing immune serum with non-immune serum in the 
immunoprecipitation protocol. The immunoprecipitate 
was collected and washed three times with PBS. 59Fe 
radioactivity in the fraction was counted in a gamma 
counter (Packard Autogamma, Cobra Ⅱ). A known activity 
of  59FeCl3 was run with samples to correct for decay and 
counting efficiency of  the gamma counter. 

Preparation of intestinal sections for microautoradi-
ography and immunohistochemistry
An automatic tissue processor (Shandon, Processor 

2LE) using ascending grades of  isopropyl alcohol and 
chloroform was used. The processed tissue samples 
were embedded in paraffin (58-60℃) using a Leica 
tissue-embedding unit. A set of  10 serial sections of   
4 μ thickness were taken from each block using Reichert-
Jung 2030 rotary manual microtome. The sections were 
mounted on chromalum-gelatin coated glass slides 
and further processed for immunohistochemistry and 
microautoradiography according to standard procedures. 

Microautoradiography 
In situ localization of  radiolabelled iron was carried out 
in dehydrated sections. The sections were processed with 
photographic emulsion according to the manufacturer’s  
guidelines (Amersham LM-1, Amersham UK). These 
sections were stained with hematoxylin, dehydrated and 
mounted with DPX mounting medium. For signals, 
the sections were viewed under light microscope (Leitz 
Ortholux) and photographed.

Immunohistochemistry
Serial sections were used for immunohistochemical 
localization of  transferrin, transferrin receptor and 
ferritin, using respective antisera. The binding of  each 
antiserum to their respective proteins was done using 
Sigma SIH kit. Counter-staining was done with Mayer’s 
hematoxylin. Control slides were layered with non-immune 
serum instead of  primary antiserum. The localization 
of  the antigen was done using goat anti-rabbit HRPO 
conjugate. The comparison of  staining intensity and 
the quantification of  positively stained cells was carried 
out under light microscope with the magnification set at  
10 ×, 25 × or 40 ×. In addition, the distribution of  
intestinal mucosal ferritin, transferrin and transferrin 
receptor in relation to iron status was evaluated in human 
biopsy specimens. 

Human duodenal mucosal biopsy 
Endoscopic intestinal (duodenal) biopsy specimens were 
collected by a gastroenterologist from 30 males and 6 
females attending the Gastroenterology Department 
of  Gandhi Hospital (Secunderabad, India) for various 
upper GI tract related ailments. Informed oral consent 
was obtained from all the subjects. All the subjects were 
classified based on their hematological and iron status 
parameters. Accordingly, a cut off  value of  hemoglobin  
< 13 g/dL for male and < 12 g/dL for female was 
classified as anemia, while anemia with serum ferritin 
< 12 μg/L as iron deficiency anemia. Biopsy specimens 
of  3-4 mm were collected and immediately spread on a 
wire mesh. These specimens were then immersed in 10% 
neutral buffered formalin solution and processed for 
immunohistochemistry of  ferritin, transferrin and transferrin 
receptor, as described earlier.

Haematological and iron status indicators 
Fasting blood samples were collected from rats and 
human subjects to estimate haemoglobin and iron status  
parameters. Hemoglobin was estimated by an automated 
hematology counter (Serono system 9000 Rx). Quantitation 
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of  human and rat serum ferritin, rat mucosal, and luminal 
ferritin and transferrin was estimated by homologous 
sandwich ELISA systems developed by us. Liver iron was 
estimated by dry ashing followed by an estimation of  iron in 
the mineral solution by bathophenathroline method[1]. 

RESULTS
Initially, a kinetic study was carried out to understand the 
in vivo time course of  iron absorption of  59Fe given by oral 
gavage to rats with normal iron status condition. Specific 
activity of  duodenal mucosa was found to be highest, 
followed by jejunum, ileum and stomach at all time points 
studied. The specific activity of  59Fe was found to increase 
with time and attained a peak at 30 min in duodenal 
mucosa (data not shown). 

Ferritin takes up radio-labelled iron in a time dependent 
manner and has a direct role in iron absorption
In order to understand the role of  ferritin in iron 
absorption, an autoradiogram was performed with proteins 
obtained from 60% ammonium sulphate precipitation of  
luminal and mucosal fractions after oral administration 
of  59Fe. As shown in Figure 1, upper panel, rats with 
normal iron status showed a single radioactive protein 
band identical to purified rat liver ferritin. The intensity 
of  the radioactive band associated with ferritin increased 
with time and showed maximal band intensity at 30 min 
and decreased subsequently with no change in the ferritin 
protein band intensity (Figure 1, lower panel). These 
results suggested that intestinal ferritin is an important 
component of  the intestinal iron transport system and 
seems to take up iron and facilitate its transfer across the 
mucosal cells. Thus these results demonstrate that ferritin 
is not just a sink but takes up iron and releases it in a time-
dependent manner during the absorptive process. 

To determine the specific role of  iron binding proteins 
like ferritin, transferrin and transferrin receptor, rats were 
given different amounts of  iron. Haematological and 
iron status parameters indicated the induction of  iron 
deficiency and iron overloading in respective groups (data 
not shown). Table 1 shows the ferritin and transferrin 
concentrations in the intestinal luminal and mucosal 
contents of  rats with various iron status parameters. The 
concentration of  ferritin was higher in mucosa than in 
the lumen of  duodenum in all the groups. In iron excess 

group, there was a significantly higher concentration 
of  ferritin, both in lumen and mucosa, compared to 
deficient and control groups. In contrast, the transferrin 
concentration was significantly higher in lumen than in 
mucosa within the group and was similar between the 
groups. 

Reciprocal relationship between luminal transferrin and 
mucosal ferritin iron
To understand the interaction between luminal transferrin 
and mucosal ferritin after oral administration of  59Fe, rats 
were sacrificed at 5, 15 and 30 min. As shown in Figure 2A 
the percentage of  radioactive iron in duodenal lumen was 
found to decrease with time. The highest luminal specific 
activity was seen in iron-deficient rats followed by control 
and iron excess fed rats. In deficient and control rats, there 
was a progressive increase in specific activity while in the 
excess iron fed group, the radioactivity was retained at 
the site of  absorption (Figure 2B). This was supported by 
the findings on luminal and mucosal radioactivity, which 
showed a faster transit of  iron from lumen to mucosa in 
iron-deficient and control rats. On the other hand, in the 
iron excess fed rats luminal radioactivity showed slower 
transit as indicated by increase in the radioactivity from 30 
min onwards. The plasma radioactivity during the same 
time periods reflected the slower transit of  duodenal iron 
in iron excess fed rats (plasma specific activity of  150 ± 
20 dpm/mL during 15-60 min) which showed no peak in 
plasma iron as compared to the iron-deficient and control 
groups (plasma specific activity of  700 ± 50 and 400 ±
50 dpm/mL, respectively). The luminal transferrin iron 
declined with time in all the groups while that of  mucosal 
ferritin increased only in deficient and sufficient groups 
during the 5-30 min of  iron uptake (Figure 2). As shown 
in Figure 2B percentage of  ferritin bound iron reached a 
peak and showed a decline confirming the release of  iron 
from ferritin in deficient and control groups. In the iron 
excess group the percentage ferritin-bound iron did not 
change with time, confirming the blockage of  iron in this 
group. 

Microautradiography demonstrate the sequential transfer 
of radiolabelled iron 
In order to study the in vivo translocation of  iron after 
oral administration of  radiolabelled iron, duodenal 

Autoradiography

Western blot

59Fe bound to ferritin

Ferritin

15 min      30 min        1 h

Figure 1  Ferritin takes up radiolabelled iron in a time dependent manner and has 
a direct role in iron absorption: Upper panel: Autoradiogram of duodenal proteins. 
Duodenal mucosal proteins (100 μg) obtained after 15 min, 30 min, 1 h after an 
oral dose of 7-10 μCi of 59FeCl3 were subjected to 4%-20% PAGE and dehydrated. 
The radioactive bands were developed on X-ray film. As shown in the figure, one 
radioactive band corresponding to ferritin whose intensity was maximal at 30 min 
and then decreased with time. Lower panel: These proteins were subjected to 
western blot with ferritin antibody.

Table 1  Ferritin and transferrin concentrations in rat duodenum 
under various iron status conditions

Parameter Control Iron deficient Iron excess

Ferritin (ng/mg protein)
Lumen    126.0a ± 61.42   105.8a ± 35.81 228.8c ± 73.54
Mucosa      308.3c ± 123.36 256.0c ± 1.19   731.5e ± 191.96

Transferrin (μg/mg protein)
Lumen 10.9b ± 7.6   11.1b ± 10.3 6.8b ± 4.7
Mucosa   0.87d ± 0.79   0.80d ± 1.20 0.61d ± 0.63

Values with different superscript letters within each column and row are 
significantly different at a,c,eP < 0.005 for ferritin and b,dP < 0.001 for transferrin 
by one way ANOVA (n = 5).
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segments were processed for microautoradiography under 
various iron status conditions. Table 2 shows the grading 
of  staining intensities of  radiolabelled iron, ferritin, 
transferrin/transferrin receptor in the iron deficient and 
iron excess groups. The radioactivity at 5 min was localized 
on the surface of  the villi in the iron deficient group 
(top left panel ID, 5 min) (Figure 3). Subsequently, the 
radioactivity was present in the columnar epithelial cells 
(absorptive cells) at the tip of  the villi between 15 min to 
1 h in iron deficient (top right, panel ID, 15, 30 min, 1 h, 
and Table 2). At 2 and 4 h most of  the radioactive iron 
was seen inside the villi in the lamina propria. A similar 
trend was observed in the control group (middle, panel C, 
5 min and 15, 30 min, 1 h). However, in iron-overloaded 
intestine, high intensity radioactivity was noticed at 5 min 
on the surface (bottom left, panel OL, 5 min) but was 
minimal signals at 15 and 30 min (bottom right panel OL, 
15 min and Table 2). The radioactive signals at 15 and 30 
min associated with iron were maximal intraepithelially 
in iron-deficient rats and plasma radioactivity indicated 

maximum absorption. In iron-overloaded rats the signal 
was maximal at 5 min and seen only at the absorptive 
surface and retained at the site of  absorption (Table 2). 

Ferr i t in appears in the epi thel ia l cel ls af ter oral 
administration of iron
Immunoh i s tochemi s t r y w i th f e r r i t i n an t i body 
demonstrated that at 5 min, ferritin staining was maximal 
intraepithelially in iron-deficient intestine (Figure 4), 
while intense staining was seen both intraepithelially and 
intravascularly, in iron-overloaded intestine (Figure 4 top 
right, panel OL, 5 min Fe). The intensity of  staining within 
the villi at 1 h (bottom left panel ID-1 h, Fe) was minimal 
and similar to that seen at basal status in iron deficient 
intestine. On the other hand, the staining intensity was 
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Figure 2  Reciprocal relationship between luminal transferrin and mucosal ferritin. A: Luminal and mucosal proteins collected after oral administration of 59Fe after various 
time intervals were subjected to immunoprecipitation with ferritin and transferrin antibodies. The bar graph represents percentage incorporation of 59Fe in luminal transferrin 
(crossed bars) and mucosal ferritin (open bars) of duodenum; B: Percentage of ferritin bound iron out of total protein bound iron with time, in various iron status conditions.
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Table 2  Summary of in situ  grading of sequential autoradi-
ographic and immunohistochemical staining signals

Radioactive 
iron/protein

Iron status Basal 5 min 15 min 30 min 2h

59Fe ID      - SUR+ IE+++ IE+++ -
OL      - SUR+++ IE± IE± -

Tf ID IV± IV++ IE+++ IE+
IV++ IV++

OL IV± IE± IE±
IV± IV±

TfR ID   SUR± SUR++ IE++ IE+ SUR±
OL   SUR± SUR++ SUR+ - -

Fe ID   IE± IE±
  IV± - -

OL   IE± - IE± IE±
IV+++

Tf: transfferin; TfR: Transferrin receptor; Fe: Ferritin; ID: Iron deficient; OL: 
Iron overload; IE: Intra epithelial; IV: Intra vascular; SUR: Surface; Grading +:  
minimal staining; ++: good; +++: intense; –: nil.

5 min after oral 
administration of iron

15 min-1 h after oral 
administration iron

Iron 
deficient

Control

Iron 
overload

59Fe59Fe

59Fe
59Fe

59Fe
59Fe

Figure 3  Microautoradiography demonstrated the sequential transfer of iron: 
Microautoradiography of duodenal sections of intestine obtained after oral  
administration of 100 μCi of 59FeCl3 and 250 g of carrier iron in iron deficient top 
panel (ID), control middle panel (C) and iron overload bottom panel (OL) rats. 
These photographs illustrate the progressive transfer of iron into the villi (25 x).
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lower in iron-loaded intestine after 15 min indicating the 
presence of  holoferritin and blocking of  iron absorption 
(Table 2).

Microautoradiography and immunohistocheminstry with 
transferrin and transferrin receptor demonstrates the in 
vivo uptake of iron through transferrin receptor
The in situ localization of  radioactive iron in the iron 
deficient group indicated its presence on the cell surface  
(5 min) and then intraepithelially (15, 30 min) in the villi 
(Table 2). The intensity of  transferrin staining was found to 
be maximal at the tip of  the epithelial cells at 15 min (Figure 5,  
left panel ID 15 min Tf) and subsequently decreased to 
basal status. Staining of  the blood vessels for transferrin 
started to appear from 2 h onwards in ID (bottom left 
panel ID, 2 h Tf). The staining for transferrin at 15 min 
within the epithelial cells was not observed in iron-overload 
group (Table 2). In the iron-overload group, staining due 
to transferrin was minimal at 5-30 min (Figure 5B, top 
left panel Tf, OL 30 min). In both groups, the transferrin 
receptor was localized mainly on the surface of  the duodenal 
villi, thus demonstrating margination of  transferrin receptor 
after oral administration of  iron (right top panel Figure 5A, 
TfR, Basal). This, however, at 15 min was internalized at 
the tip of  the epithelial cells along with iron and transferrin 
(Figure 5A). After 2hr TfR reappeared on the surface of  the 
villi in the iron deficient (Figure 5A, middle right panel, TfR, 
ID, 15 min, 2 h) demonstrating the in vivo receptor recycling. 
In contrast, in the iron-overload group TfR was seen only 
at the surface even at 30 min and 1 h (Figure 5B, bottom 
panel, TfR, OL, 15 min, 1h) showing no internalization of  
receptor. 

The radioactive signals at 15 min were maximal 
intraepithelially in the iron deficient group. During this 
time period, transferrin and its receptor were also co-
localized maximally within the epithelial cells (Figure 5C).  
The intensities of  both these proteins subsequently 

diminished and minimal staining was seen at the margin 
of  the absorptive surface. The intensity of  transferrin 
receptor staining was maximal along the entire margin 
during different time points in the iron-overloaded 
intestine. This was a striking difference between the two 
extreme conditions. Microautoradiography along with the 
immunohistochemistry of  ferritin and the transferrin/
transferrin receptor demonstrated the in vivo internalization 
of  transferrin and its receptor along with radiolabelled iron 
and recycling of  the receptor to the surface. This clearly 
shows a transferrin-mediated iron uptake at the absorptive 
surface of  the rat intestine. 

Staining intensity of ferritin, transferrin/ transferrin 
receptor in human duodenal biopsy under different iron 
nutritional status
In addition, we have performed immonohistochemistry 
of  ferritin, transferrin/transferrin receptor in human 
duodenal biopsy specimens collected from various iron 
status conditions. All the subjects were classified according 
to their indicators of  iron status such as haemoglobin, 
serum ferritin (Table 3). According to these parameters, 13 
of  them belonged to normal group, 6 had iron-deficient 
anemia, 14 anemia, one each had blood transfused, iron 
injected and iron given orally as supplement. Representative 
immunohistochemical images for ferritin, transferrin and 
transferrin receptor of  duodenal biopsy from normal, iron 
deficient anemia and blood transfused are given in Figure 6.  
The staining intensity for ferritin varied according to iron 
status and thus staining was +++ normal (top left), ± 
iron deficient (middle left panel Fe ID) and ++ in blood 
transfused (Figure 6 bottom left panel Fe BT) subjects. 
The intensity of  transferrin staining was also similar to that 
of  ferritin staining in normal, iron-deficient and in blood 
transfused subjects (center top, middle and bottom panels 
respectively). The transferrin receptor on the other hand, 
stained more intensely with a grading score of  (+++) in 

Ferritin-iron deficient Ferritin-iron overload

5 min after oral
administration 
of iron

1 h after oral 
administration 
of iron

Figure 4  Ferritin appears in the epithelial 
cells after oral administration of 59Fe: 
Immunohistochemical localization of 
ferritin (Fe) in the duodenal sections 
of intestine of iron deficient left panel 
(ID) and iron overload right panel (OL) 
rats at various time points after oral 
administration of radioactive iron (25 X).

Ferritin

Ferritin

Ferritin Ferritin
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Transferrin -Tf  iron deficient Transferrin receptor-TfR
iron deficient

Basal

15 min after oral 
administration of iron

2 h after oral 
administration of iron

A

Tf

Tf

Tf

TfR

TfR

TfR

Transferrin- 
Tf basal

Transferrin 
receptor-TfR
30-1 h

Tf

TfR

B C            Iron overload         59Fe-iron                Transferrin-Tf      Transferrin receptor-TfR
59Fe

Tf TfR

10X 10X 25X

          Iron deficient -15 min after oral administration

Figure 5  Microautoradiography and immunohistocheminstry with transferrin and transferrin receptor demonstrates the in vivo uptake of iron through transferrin receptor. 
A: Immunohistochemical localization of transferrin left panel (Tf) and transferrin receptor right panel (TfR) in the duodenal sections of intestine of iron deficient rat (ID); B:  
transferrin stain in iron over loaded rat (top panel) (OL)at basal status and tranferrin receptor on the surface of the epithelial cells showing no internalization(bottom panel) 
in iron overloaded condition after oral administration of radioactive iron (10X); C: Co-localization of iron, transferrin and transferrin receptors in the duodenal sections of 
intestines of iron deficient rats obtained 15 min after oral administration of radioactive iron. Microautoradiographic localization of iron immunohistochemical localization of 
transferrin transferring receptor.
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the iron-deficient subjects (Figure 6 middle right panel ID 
TfR) compared to + in normal (top right panel, TfR) and 
blood transfused subjects (bottom right panel BT TfR). 

DISCUSSION
Ferritin, transferrin and transferrin receptor are the 
important proteins that regulate iron homeostasis in almost 
all the cells. However, the actions of  these proteins in the 

absorptive cells remain unclear. Data on the role of  these 
proteins were obtained mainly by studying one protein at 
a time. By attempting to sequence serially the role of  these 
proteins together, during intestinal uptake, we were able to 
provide evidence for in vivo receptor mediated uptake of  
iron.

 The radioactive signals at 15 to 30 min associated with 
iron were maximal intraepithelially in iron deficient rats. 
Along with iron, both transferrin and transferrin receptor 

Table 3  Classification of human subjects according to iron status indicators

Sex No Age (yr) Hb (g/dL) PCV RBC M/cu mm Serum ferritin (μg/L)

Normal M 12 36.5 ± 10.6 14.8 ± 0.9 44.5 ± 3.3 5.8 ± 0.7   43 ± 22.1
F   1     7.2 12.4     36 4.5 71.7

Iron deficient anemia M   4 24.5 ± 20.9  7.4 ± 2.6 23.3 ± 9.0 4.1 ± 1.7 7.2 ± 4.0
F   2   20.5   7.3      26.5 3.5   6.5
M 10 44.3 ± 16.5  11.1 ± 1.64 33.6 ± 5.2 4.5 ± 1.4 75.3 ± 32.2

Anemia F   4  21 ± 6.6  6.8 ± 3.0 20.8 ± 9.0 2.1 ± 1.2 57.4 ± 13.4

Iron supplements F
Blood transfusion M   1 32   9.5 29 4.7      28.6
Iron injection F   1 32   8.4 27 4.3 101
Oral iron F   1 20   9.7 30               3   38

Values are mean ± SD. Cut off values for defining deficiency, Hb: Male < 13 g/dL, Female < 12 g/dL, serum ferritin < 12 μg/L.

Normal

ID

BT

Fe

Fe

Fe

Tf

Tf

Tf

TfR

TfR

         Ferritin-fe            Transferrin-Tf           Transferrin receptor-TfR

Figure 6  Staining intensity of ferritin, transferrin and transferrin receptor in human duodenal biopsy under different iron nutritional status: Immunohistochemical localization 
of ferritin (Fe), transferrin (Tf) and transferrin receptor (TfR) in the duodenal biopsy sections of normal (top panel, N), iron deficient (middle panel, ID) and blood transfused 
(bottom panel, BT) human subjects. Staining intensity; ± represents Light, + normal, ++ good, +++ intense.
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were co-localized at this time. The intensities of  both 
these proteins were subsequently decreased and minimal 
amounts were seen at the margin of  absorptive surface 
in iron deficient intestine. In addition, ferritin appeared 
intraepithelial in iron deficient and control groups, 
suggesting its modulation during the absorptive phase. 
Presence of  most of  the radiolabelled signal only on 
absorptive surface at 5 min and beyond in iron-overloaded 
rats suggest its restricted entry into the duodenum due to 
the presence of  mucosal holo ferritin. This is supported 
by the intense ferritin staining seen both intraepithelial 
and intravascular in iron overloaded intestine, especially 
during absorptive phase and beyond. Further, the presence 
of  transferrin receptor along the entire margin during 
different phases of  iron uptake suggests no internalization 
of  transferrin receptor in iron excess condition. 

It is interesting to note that the concentration of  
mucosal ferritin and the iron associated with it was similar 
in control and iron deficient groups, and was significantly 
lower than that seen in the excess iron fed group. This 
could be due to the regulatory role of  mucosal ferritin at 
the site of  adsorption in the case of  iron excess, while in 
the case of  normal and iron deficient duodenum it could 
release the incorporated iron. 

A positive relationship between in situ localization of  
ferritin and better iron status was demonstrated in rats and 
humans. The results on autoradiography of  rat duodenal 
mucosal and luminal preparations suggests that intestinal 
ferritin takes up iron and releases it in a time dependent 
manner during the absorptive process. This is supported 
by the findings on localization of  iron in the duodenal 
mucosa during absorption which showed a positive 
relationship, with better iron status at 5 min and a negative 
relationship at 15 min-1h. Similarly in human subjects, the 
intensity of  ferritin staining was lowest in iron deficient 
subjects, highest in normal subjects and in between in the 
case of  the blood transfused subjects. These observations 
suggest that mucosal ferritin is an important component 
of  the intestinal iron transport system which takes up iron 
and facilitates its transfer across the mucosal cells

The studies of  Miyoshi et al[27] support the presence of  
ferritin in duodenum. Their studies showed accumulation 
of  iron in the apical area of  duodenal villous cells with 
in ferritin. The presence of  maximal 55Fe radioactivity 
at 5 min over the brush border and terminal web was 
demonstrated by Bedard et al[28]. They observed that during 
the next 3 h, radioactivity was present almost exclusively 
in absorptive cells and in lamina propria. In contrast, 
Conrad and Crosby[29] observed very little radioactivity 
in the small intestinal mucosa of  iron-depleted and iron 
overload rats from 2-48 h after gastric administration of  
59Fe. This discrepancy may be due to the fact that they did 
not included time points earlier than 2 h. Because it is an 
inducible protein, it is possible that ferritin expression at 
the sites of  absorption may be related to the iron status. 
This suggests that iron absorption is probably dependent 
on the relative concentrations of  mucosal apo and holo 
ferritins, and is inhibited in conditions of  iron overload 
and enhanced in iron deficiency.

Quantitatively, the amount of  transferrin in the 
lumen is 10 times higher than that of  mucosa and is 
not dependent on iron nutritional status (Table 1). The 
observation on identical amounts of  luminal transferrin, 
irrespective of  iron nutritional status, implies that this 
protein may be presenting equal amount of  iron for 
absorption. The net amount of  iron, which is taken up 
by the mucosa, thus depends on mucosal transferrin 
receptors. Duodenal mucosal transferrin receptor showed 
reciprocal relationship with iron status. The significance 
of  this may be to present equal amounts of  iron for 
absorption through binding to luminal transferrin. 
Consequently, the amount of  iron absorbed by the mucosa 
may depend only on the mucosal transferrin receptor 
which has inverse relationship with better iron status.

Huebers et al[8,15] suggest that luminal transferrin acts as 
a shuttle protein for iron uptake. Autoradiographic studies 
by Conrad and Crosby[30] and Bedard et al[28] also suggest 
that intestinal crypt cells are able to take up transferrin-
bound iron from circulation. According to some other 
investigators, however, transferrin is unlikely to be a 
major transporter of  iron from lumen to the baso-lateral 
membrane[31-33]. According to Idzerda[34], the transferrin 
gene is not expressed in the intestine and, therefore, 
cannot be synthesized. Thus, it is possible that the luminal 
transferrin may be imported from plasma, as hypothesized 
by Parmley et al[19] . 

Although the receptor mediated cellular uptake of  
iron is well known and takes place in all dividing cells, 
such a mechanism operating in the intestine has not 
been documented earlier. The results of  this study, in 
conjunction with earlier observations[5,35-37], allow us to 
propose a model for intestinal iron absorption whereby., 
the recycling of  transferrin and transferrin receptors 
enables luminal transferrin bound iron to enter the 
enterocytes. The receptor density at the absorptive surface, 
which is inversely proportional to better iron nutritional 
status, might regulate this iron uptake process. 

The presence of  transferrin and its receptor on the 
margin during basal condition, and the appearance of  both 
the receptor and the ligand at 15 min intraepithelially along 
with the radiolabelled iron in iron depleted rat intestine, 
support the above model. The appearance of  TfR after 2 
h on the margin of  villi suggests that the receptor protein 
returned to the surface after releasing iron. In contrast, 
there was no evidence of  intraepithelial transferrin and 
transferrin receptor in iron overloaded intestine, as 
evidenced by the presence of  receptor on the margin even 
at 30 min. 

Though the staining intensity of  transferrin in 
duodenal section was high in control subjects, there was 
no obvious difference between iron deficient subject and 
blood transfused subjects. Staining for transferrin was 
intense in the apical portion and blood vessels, while 
that of  transferrin receptor was more concentrated at 
the epithelial lining of  duodenum (Figure 6). The higher 
intensity of  transferrin receptor in iron deficient subjects 
and minimal in control and blood transfused subjects 
suggests a role for it in iron absorption. This is supported 
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by the reciprocal relationship observed between transferrin 
receptor and ferritin staining. Similar finding on TfR 
staining at the margin of  the villi was observed by Banerjee 
et al[36] . The ultrastructural studies of  Levine et al[31] have 
shown that transferrin receptor and transferrin are co-
localized in coated pits on the basal and lateral membranes 
of  crypt cells. Further, Anderson et al[35] confirmed that 
the TfR is a prominent protein on the basal and lateral 
membranes of  intestinal epithelial cells. 

The above findings, along with earlier observation, 
suggest that luminal transferrin must be presenting equal 
amount of  iron for absorption since this protein does 
not respond to iron status. The net amount of  iron taken 
up by mucosa depends on mucosal transferrin receptors, 
which respond reciprocally with better iron status. These 
results suggest that mucosal ferritin, luminal transferrin 
and mucosal cell surface transferrin receptors are closely 
related to iron status and interact with each other in 
carrying iron across the intestinal mucosa.
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