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Abstract

In order to understand better the molecular mechanisms involved in the pathogenesis of anaemia of inflammation, we carried out a time-

course study on the effects of turpentine-induced acute and chronic inflammation on duodenal proteins involved in Fe absorption in mice.

Expression levels of these proteins and hepatic hepcidin and serum Fe levels were determined in inflamed mice. In acutely inflamed mice,

significantly increased expression of ferritin was the earliest change observed, followed by decreased divalent metal transporter 1

expression in the duodenum and increased hepcidin expression in the liver. Ferroportin expression increased subsequently, despite

high levels of hepcidin. Hypoferraemia, which developed at early time periods studied, was followed by increased serum Fe levels at

later points. The present results thus show that acute inflammation induced several changes in the expression of proteins involved in duo-

denal Fe absorption, contributing to the development of hypoferraemia. Resolution of inflammation caused attenuation of many of these

effects. Effects in chronically inflamed mice were less consistent. The present results also suggest that inflammation-induced increases in

ferritin appeared to override the effects of hepcidin on the expression levels of ferroportin in enterocytes.
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Sequestration of Fe and subsequent hypoferraemia have been

postulated to confer relative resistance to infection and allevi-

ate the inflammatory condition(1). Anaemia of inflammation

(AI), also called anaemia of chronic disease, commonly devel-

ops in such a situation and also in conditions of trauma,

malignancies or autoimmune diseases(2). In AI, hypoferraemia

occurs very quickly after the onset of inflammation, leading

to the development of Fe-restricted erythropoiesis and

anaemia(3,4). A liver-derived peptide, hepcidin, plays a central

role in this process, as it restricts Fe entry into the circulation

by reducing both intestinal Fe absorption and Fe release from

monocytes/macrophages(3,5,6). Hepcidin brings about these

effects by binding to ferroportin, the only known Fe exporter

in mammalian cells, found on the surface of enterocytes and

macrophages, thereby promoting its internalisation and degra-

dation(7). Inflammation has been shown to induce hepcidin

expression in the liver; this has been shown to occur in

response to the secretion of IL-6, mainly by macrophages(3,8).

Studies have shown that pro-inflammatory cytokines affect

many aspects of Fe homeostasis. They activate an endo-

plasmic reticulum stress response, which in turn modulates

hepcidin expression during inflammatory responses(9,10).

Cytokines, such as TNF-a, IL-1 or IL-6, also directly stimulate

the transcription and translation of ferritin(11,12). In addition,

interferon-g and lipopolysaccharide have been reported to

decrease ferroportin expression, independent of hepcidin-

mediated down-regulation, thereby reducing Fe release(13–15).

Several studies(6,8,16–19) have reported the effects of inflam-

mation (produced by different agents) on proteins involved

in Fe homeostasis. Hepcidin expression is elevated in

mice treated with lipopolysaccharide or turpentine(6,8,17,18).

Sheikh et al.(18) have shown that the acute-phase response

modulated many of the genes involved in Fe homeostasis,

namely divalent metal transporter 1 (DMT1), duodenal

cytochrome b (dcytb), ferroportin, hephaestin, transferrin

receptor 1 (TfR1), ferritin (heavy chain) and Fe regulatory pro-

teins 1 and 2 (IRP1/2) in various organs, including the small

intestine(18). However, most of these studies have studied
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the effects only up to 24 h after induction of inflammation. At

the time that the present study was initiated, there were hardly

any reports on the effects of longer-term inflammation on

proteins involved in duodenal non-haem Fe absorption.

Subsequently, a few studies have shown increases in the

levels of hepcidin in chronic inflammation(16,19). In addition,

Theurl et al.(19) have shown, in chronically inflamed arthritic

rats, that such an increase was associated with a concomitant

reduction in the expression of ferroportin in the duodenum

and macrophages. Expression levels of DMT1 and TfR1

were, however, not significantly altered in these animals.

There is little information on how chronic inflammation affects

other proteins involved in Fe absorption and whether

these effects differ from those seen in response to acute

inflammation. The present study was a detailed time-course

investigation to determine the effect of inflammation on

proteins involved in duodenal Fe absorption, in an attempt

to better understand the molecular events involved.

Materials and methods

Antibodies against ferroportin, dcytb and hephaestin were

obtained from Alpha Diagnostic International, while those

against DMT1, ferritin (heavy chain), TfR1, IRP1 and IRP2

were purchased from Santa Cruz. An antibody against

b-actin, turpentine oil and TRI reagent was purchased from

Sigma. Secondary antibodies and ECL West Dura substrate to

develop Western blots were purchased from Thermo Scientific.

ELISA kits for the estimation of IL-6 were purchased from BD

Biosciences. The reverse transcription core kit, quantitative

PCR Mastermix Plus SYBRw Green No-ROX kit and gene-

specific primers used were obtained from Eurogentec. Absolute

alcohol was purchased from Hayman. All chemicals used were

of analytical grade.

Animals

Male Swiss albino mice (inbred strains obtained from the insti-

tutional animal house facility), which were 12 weeks of age

and weighed between 25 and 35 g, were used for all the

experiments. Such mice have been used in many studies

involving Fe(20–22). Animals were allowed access to food

and water ad libitum. They were fed standard rodent chow

purchased from VRK Nutritional Solutions. The Fe content of

the diet was 127 mg/kg. Approval for use of the animals was

obtained from the institutional animal ethics committee and

was in accordance with the guidelines of the Committee for

the Purpose of Control and Supervision of Experimentation

on Animals, Government of India.

Experimental protocol

Acute inflammation. Acute inflammation was induced in

mice by a single subcutaneous injection of turpentine oil

(0·1 ml/20 g body weight) into the inter-scapular fat pad of

the animals(6). Control animals received injections of sterile

saline. The animals were killed at various time periods

(ranging from 6 h to 7 d) after the turpentine injection.

Chronic inflammation. Chronic inflammation was induced

in a separate group of mice by subcutaneous injections of

turpentine oil (0·1 ml/20 g body weight) into the inter-scapular

fat pad of the animals(6). Control animals received injections

of sterile saline. Mice received three injections of turpentine

oil in all, given at weekly intervals, and were killed at various

time periods (2 d and 1, 2, 3 and 4 weeks) after the last

injection.

When mice were killed, blood was collected by cardiac

puncture and the duodenum and liver were harvested. The

duodenum was opened along its anti-mesenteric border and

the mucosa was scraped using a sterile glass slide. The duode-

nal mucosal scrapings and the liver were snap-frozen and

stored at 2708C until further use.

Measurement of IL-6 in serum and duodenal homogenates

Levels of IL-6 in serum and duodenal homogenates were

determined in the experimental animals, using a commercially

available ELISA kit (BD Bioscience). The assay was carried out

according to the manufacturer’s instructions.

Isolation of total RNA, reverse transcription and real-time
PCR assays

RNA was isolated from snap-frozen tissues of the control and

inflamed animals using TRI reagent, according to the manufac-

turer’s instructions. RNA (1mg) obtained was reverse tran-

scribed into complementary DNA. The complementary DNA

obtained was used for real-time PCR assays. The reaction con-

ditions used are shown in Table S1 of the supplementary

material, available online (http://www.journals.cambridge.

org/bjn). Primer sequences used for the genes of interest

were obtained from previously published work(23–26). All

reactions were carried out in triplicate. The relative

expressions of the various genes of interest were determined

in the control and inflamed animals by normalisation to

b-actin, which was used as the housekeeping gene.

Preparation of protein extracts for Western blotting

Membrane and cytosolic protein extracts were prepared from

duodenal tissue(27). Protein concentrations in all the extracts

were determined(28). Membrane fractions were used for

Western blotting of all proteins except ferritin (heavy chain),

IRP1 and IRP2, for which cytosolic fractions were used. The

protein extracts were subjected to SDS-PAGE using a 10 %

gel for DMT1, dcytb, ferroportin and TfR1. A gradient gel

(between 4 and 20 %) was used to separate hephaestin, 8 %

gels for IRP1 and IRP2 and 12 % gels for ferritin. The proteins

were transferred to polyvinylidene fluoride membranes at 25 V

over 16 h for DMT1, ferroportin, dcytb, TfR1, IRP1 and IRP2,

20 h for hephaestin and 12 h for ferritin. The membranes

were incubated with blocking solution (0·02 % Tween 20,

5 % skimmed milk in PBS) for 2 h at room temperature,

followed by incubation with primary antibodies for 16 h

at 48C. The primary antibodies were used at the following

dilutions: anti-DMT1 (1:300), anti-dcytb (1:200), anti-ferroportin
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(1:200), anti-hephaestin (1:200), anti-ferritin (1:300), anti-IRP1

(1:200), anti-IRP2 (1:100), anti-TfR1 (1:100) and anti-b-actin

(1:5000). Incubation with primary antibodies was followed

by incubation with peroxidase-labelled secondary antibodies

(1:1000). The bands obtained were visualised by use of ECL

West Dura substrate and quantified using a chemiluminescent

imaging system (FluorCheme SP; Alpha Innotech). The inten-

sities of the bands of the proteins of interest were normalised

with those of b-actin.

Measurement of serum iron levels

Serum levels of Fe were estimated as described previously(29),

with a few modifications. Briefly, 20ml of serum were incu-

bated with 20ml of acid reagent (3 M-HCl and 10 % TCA) for

5 min. An aliquot of the supernatant from this (20ml) was

made up to 0·1 ml with chromagen reagent (7 M-sodium acet-

ate, 0·01 % bathophenanthroline disulphonic acid and 0·1 %

thioglycollic acid), and absorbance was measured at 540 nm

using a microplate scanner, and compared with a standard

solution of Fe treated identically.

Statistical analysis

Statistical analysis of data obtained was carried out using

the SPSS software package, version 16. All parameters in

the study were tested for normal distribution using the

one-sample Kolmogorov–Smirnov test. They were analysed

by ANOVA. A P value of less than 0·05 was taken to indicate

statistical significance in all cases.

Results

Induction of inflammation

Acute model. Serum IL-6 levels were increased significantly

several fold between 6 and 48 h after the turpentine injections

when compared with those in control mice. The levels tended

to be higher than the control values at 3 d later as well, but the

increases were not statistically significant (Fig. 1(A)). These

results confirmed that inflammation had been successfully

induced in the experimental animals.

Chronic model. Levels of IL-6 were found to progressively

increase from 48 h after the last turpentine injection up to

2 weeks later. The increase at 48 h was not statistically signifi-

cant but those at 1 and 2 weeks were significant (Fig. 1(B)).

Subsequently, these levels fell close to the control levels.

Levels of IL-6 in the duodenal homogenates of inflamed

mice were not significantly different from those in control

mice at any of the time periods studied (Fig. 1(C)).

Effects of acute inflammation on proteins of interest in the
duodenum

There were significant decreases in the protein levels of DMT1

in the acutely inflamed animals, at 24 h, 3 and 5 d after the tur-

pentine injection (Fig. 2(A) and (B)). Ferroportin expression
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Fig. 1. Effect of inflammation on serum and duodenal IL-6 levels. Fold change in IL-6 levels in serum ((A) acute inflammation and (B) chronic inflammation) and

duodenal homogenates ((C) chronic inflammation) from saline ( )- and turpentine ( )-treated mice (n 3–4 in all groups in each category) at various time periods

of the study. Fold changes were calculated for each time period relative to corresponding saline-treated values. Data from saline-treated mice in each panel rep-

resent the mean of combined values from all the time periods of the study. Values are means, with standard deviations represented by vertical bars. * Mean values

were significantly different (P#0·05). w, Weeks.
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was unaffected between 6 and 48 h. This was followed by

significantly higher expression levels between 3 and 7 d

(Fig. 2(C) and (D)). Dcytb protein levels were significantly

up-regulated between 24 h and 7 d (Fig. 2(E) and (F)). There

were no consistent effects seen on the protein levels of

hephaestin (Fig. 2(G) and (H)). Protein levels of ferritin

(heavy chain) were significantly higher at 12 h and at 3 and

5 d (Fig. 2(I) and (J)). TfR1 protein in the duodenum was

not detectable by Western blotting. However, this protein

was detectable in liver homogenates from the same mice,
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Fig. 2. Effect of acute inflammation on the expression of iron-related proteins in the duodenum. Protein levels of (A) divalent metal transporter 1 (DMT1), (C) ferro-

portin, (E) duodenal cytochrome b (dcytb), (G) hephaestin, (I) ferritin and (K) iron regulatory protein 1 (IRP1) in acutely inflamed mice, expressed relative to levels
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from all the time periods of the study. The values for saline-treated mice were normalised to 1, which are shown in the figures. Values are means, with standard

deviations represented by vertical bars. * Mean values were significantly different (P#0·05). (B, D, F, H, J and L) Representative blots for each protein for each

time period studied. , Turpentine oil. c, Control; t, test; H, heavy.
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using the same methodology (data not shown), indicating that

the protocol used was appropriate and that the expression of

TfR1 in the duodenum was too low to be detected. Protein

levels of IRP1 were unaffected at most of the time periods stu-

died except for a significant increase on day 7 (Fig. 2(K) and

(L)). The findings were similar for IRP2 (data not shown). Res-

olution of inflammation was associated with attenuation of

many of the effects seen. The effects of inflammation on the

levels of mRNA for the proteins of interest did not show any

consistent pattern (see Fig. S1(A)–(F) of the supplementary

material, available online at http://www.journals.cambridge.

org/bjn).

Effects of acute inflammation on hepcidin expression
in the liver

In acutely inflamed mice, hepatic hepcidin mRNA expression

tended to be higher than that in control mice from 6 h

onwards, with the increases being statistically significant at

3 and 5 d after the turpentine injection (Fig. 3(A)).

Effects of acute inflammation on serum iron levels

In acutely inflamed animals, serum Fe levels tended to be

lower at the early time periods studied and rose progressively

over time to higher levels at the later time points (Fig. 3(B)).

However, these changes were not found to be statistically

significant.

Effects of chronic inflammation on the proteins of interest
in the duodenum

It was found that protein levels of DMT1 (see Fig. S2(A) and (B)

of the supplementary material, available online at http://www.

journals.cambridge.org/bjn) and ferroportin did not show any

consistent changes in chronically inflamed mice (see Fig.

S2(C) and (D) of the supplementary material, available

online). Protein levels of dcytb were significantly decreased at

weeks 2 and 4 (see Fig. S2(E) and (F) of the supplementary

material, available online), while those of hephaestin were sig-

nificantly lower at week 1 only (see Fig. S2(G) and (H) of the

supplementary material, available online). Ferritin protein

expression was significantly higher at 4 weeks (see Fig. S2(I)

and (J) of the supplementary material, available online). Protein

levels of TfR1 were not detectable by Western blotting. IRP1

expression was initially significantly higher 48 h after the tur-

pentine injections. This was followed by significant reductions

in its levels at 1 and 4 weeks (see Fig. S2(K) and (L) of the sup-

plementary material, available online). There were no signifi-

cant changes in the levels of IRP2 at any of the time points

studied (data not shown). mRNA levels for the various proteins

of interest were unaffected in mice except for the increased

levels of mRNA for DMT1, ferroportin, dcytb, TfR1 and ferritin

at 4 weeks. (see Fig. S3(A)–(F) of the supplementary material,

available online). Levels of TfR1 mRNA, which generally corre-

late with TfR1 protein, showed an increase at 2 weeks as well.

Effects of chronic inflammation on hepcidin expression
in the liver

In chronically inflamed mice, hepcidin expression was signifi-

cantly elevated at 2 and 3 weeks after the last turpentine injec-

tion (Fig. 4(A)).

Effects of chronic inflammation on serum iron levels

In chronically inflamed mice, serum Fe levels tended to be

lower at the early time points studied but were not signifi-

cantly different; however, they were significantly higher at

week 4 (Fig. 4(B)).

Discussion

The duodenum is the main site of absorption of dietary Fe

from the gastrointestinal tract. In the present study, the effects

of acute and chronic inflammation on the expression of mol-

ecules involved in the uptake of non-haem Fe in the duode-

num were investigated over the periods that ranged from 6 h

up to 4 weeks of inflammation. In acutely inflamed mice, duo-

denal ferritin levels were found to be significantly elevated at

12 h and 3 and 5 d after the turpentine injection. This suggests

accumulation of Fe in the duodenum in response to the

inflammation. The elevations seen in ferritin levels, without

significant effects on the expression of hepcidin and ferroportin,

are likely to be due to the action of pro-inflammatory cytokines

in increasing ferritin expression in cells(12,30). It has been shown

that IL-1b enhances ferritin (heavy-chain) expressionbybinding

to 50 leader sequences present on ferritin (heavy chain) in both
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human hepatoma cells (HepG2 cells) and primary human umbi-

lical vein endothelial cells(30). It is likely that such a mechanism

may be operational in the present study as well, as various

cytokines are known to be elevated in response to turpen-

tine(18). Wessling-Resnick(1) has suggested that the down-

regulation of ferroportin and the up-regulation of ferritin,

during states of inflammatory stress, occur simultaneously to

induce Fe retention and sequestration. Such accumulation of

Fe in the enterocytes would account for the tendency towards

lowered serum Fe levels at the initial time periods, in both

acute and chronic models of inflammation in the present study.

Yeh et al.(31) have shown reduced expression of duodenal

ferroportin in rats between 12 and 36 h after administration

of lipopolysaccharide and increased expression at 48 h. In

the present study, the expression of ferroportin was increased

between days 3 and 7, despite elevated levels of serum IL-6

and hepatic hepcidin. This was followed by increased levels

of ferritin in the duodenum. We postulate that this is likely

to be a response to high levels of Fe accumulating in the enter-

ocytes. Vanoaica et al.(32) have reported that ferritin levels in

the enterocytes may have a regulatory role to play in the

absorption of dietary Fe. Their work on mice with an intestinal

ferritin heavy-chain gene deletion has shown that increases in

the free Fe pool in the enterocytes resulted in increases in the

expression of ferroportin, even in the presence of an

increased induction of hepcidin in the liver. We hypothesise

that the increase in the expression of ferroportin seen in the

present study was likely to be secondary to the increases in

the levels of Fe retained in the enterocytes. Thus, the effect

of the increased levels of Fe in the enterocytes seemed to

override that of hepcidin on ferroportin expression. Increased

ferroportin expression would result in Fe being exported into

the circulation. This probably contributes to the progressive

increases seen in serum Fe levels at the later time periods stu-

died, in both acutely and chronically inflamed mice. In such a

setting, it would have been useful to determine the serum

levels of hepcidin in our models. However, we were unable

to measure this in the mice studied due to the non-availability

of commercially available reagents for this assay. This is a limi-

tation of the present study, as such information would have

enabled us to make a better correlation between the serum

levels of hepcidin and its effects on the enterocytes.

The expression of DMT1, which is responsible for entry of

Fe from the intestinal lumen, was found to be significantly

lower in acutely inflamed mice. We postulate that the decrease

in DMT1 expression in these cells is possibly secondary to

increased Fe content within the enterocytes and also by hep-

cidin, as the expression of this protein is known to be regu-

lated by both factors(33–37). The expression of dcytb was

found to be significantly increased in response to acute

inflammation. The effects on hephaestin expression were

less consistent. Sheikh et al.(18), in their study in rats extending

up to 24 h after turpentine injections, have reported both

increases and decreases in the expression of dcytb and

hephaestin. However, the dose used in their study (10 mg tur-

pentine oil/kg body weight) was much less than that used in

the present study (4·3 g turpentine oil/kg body weight), and

was administered into the limbs of the experimental rats.

These differences and the different species used make it diffi-

cult to make direct comparisons between the effects seen in

these studies. It is possible that there may be other signalling

events, involved in the processes of acute inflammation,

which influence the expression of these molecules.

The magnitude of the effects seen in the present study was

greater in acutely inflamed mice. Fold increases seen in serum

levels of IL-6 were higher in acutely inflamed mice than in

those with chronic inflammation, and were associated with a

higher degree of induction of hepcidin. In the chronic

model, hepcidin induction was significantly elevated only at

the later time points studied (weeks 2 and 3), despite signifi-

cant fold increases in serum IL-6 levels at earlier time points.

We postulate that this is likely to be due to the lower serum

levels of IL-6 in chronically inflamed mice compared with

levels in acutely inflamed mice. A previous study using

mouse primary hepatocytes has shown that IL-6 at 20 ng/ml

stimulated hepcidin expression in vitro (38). In the present

study, the expression of hepcidin was increased at serum

levels of IL-6 that were less than 2 ng/ml (data not shown).

The concentrations of IL-6 in vivo, which the hepatocytes in

the present study were exposed to, are not known. Hence,

it would be difficult to make accurate correlations with

regard to this. It is likely that multiple signalling events may

be involved in regulating hepcidin induction during inflamma-

tory stress in vivo.
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The lower degree of induction of hepcidin in the chronic

model may account for less marked effects seen in the mol-

ecules involved in Fe uptake in these animals. Serum IL-6

levels in these mice were many fold lower than those seen

in acutely inflamed mice. Thus, the degree of inflammation

appears to influence the magnitude of changes seen. We

have previously shown that IL-6 levels in duodenal homo-

genates from acutely inflamed mice were significantly higher

than in those from corresponding control animals at all the

time periods studied(39). The lack of significant inflammation

in the duodenum (as indicated by the lack of significant

elevation of IL-6 levels in tissue homogenates) in chronically

inflamed mice, in contrast to what was seen in acutely

inflamed mice(39), may also contribute to these observations.

The present data thus indicate that high levels of inflammation

(both systemic and localised) appear to be necessary to pro-

duce significant changes in the proteins involved in Fe

homeostasis. This may explain the improvement seen in AI

with attenuation of inflammation(2).

In addition, intestinal epithelial cells undergo constant

turnover. Cells from the intestinal crypts migrate to the tip of

the villus and are eventually sloughed off. These events

usually take place over 1 to 2·5 d in the mouse duodenum(40).

Intestinal crypt cells express ferritin but not dcytb, DMT1,

ferroportin and hephaestin(41). The expression levels of the

latter proteins increase as the crypt cells transit through the

middle cells to become mature villus enterocytes. Ferritin

levels are thus likely to be affected by inflammation even

before full maturation to villus enterocytes, while the changes

seen in the expression levels of the other Fe-related proteins

in the present study would have occurred in differentiated

enterocytes. The turnover time of the intestinal epithelial

cells is likely to account for the finding that the effects seen

were more marked in acutely inflamed mice than in those

which were chronically inflamed. It would also explain why

the effects waned with passage of time, as the degree of

inflammation decreased. Hence, the turnover of intestinal epi-

thelial cells was likely to have influenced inflammation-

induced changes seen in the expression levels of the duodenal

proteins of interest in the present study. It thus appears likely

that sustained inflammation would be necessary for the effects

seen to persist.

In addition to the time points studied, it would also have

been useful to study the expression of these proteins between

the first and last injections of turpentine that were used to pro-

duce the chronic model, as such data may contribute to a

better understanding of the interplay between acute and

chronic inflammation. We hope to be able to address this

issue in a future study.

In human subjects, acute inflammation has been shown to

rapidly increase the levels of urinary hepcidin and decrease

the levels of serum Fe(8). However, the expression of Fe-related

duodenal proteins involved in Fe absorption has not been

studied in this setting. In the present study, acute inflammation

resulted in hypoferraemia, which was associated with an

increased expression of hepcidin in the liver and ferritin in the

duodenum. We postulate that, in response to acute inflam-

mation, similar changes may occur in Fe-related proteins in

human subjects as well. Such changes in these proteins would

result in decreased Fe absorption and increased sequestration

of Fe within the intestinal cells, which are known to occur in

response to inflammation(1).

It must be kept in mind that the number of animals used for

the studies in each time period was small (n 6 for mRNA

expression studies and n 3 for Western blotting). It is possible

that changes of small magnitude that may have occurred in the

turpentine-treated group may not have been detected because

of the small sample sizes in the study.

In conclusion, the present study provides data, over a pro-

longed time period, on the effects of inflammation on the pro-

teins involved in non-haem Fe uptake in the duodenum.

There are very few studies that have investigated such effects

over such a wide range of time periods. States of acute and

chronic inflammation were found to significantly affect the

expression of proteins involved in non-haem Fe uptake in

the duodenum. The overall effects in both states were similar,

with acute inflammation producing more marked effects than

chronic inflammation. Resolution of inflammation was associ-

ated with attenuation of many of these effects. The present

data also support the postulate that ferritin levels in entero-

cytes may have a role to play in regulating duodenal Fe

absorption. The cumulative effect of these alterations are

likely to cause decreased absorption of dietary Fe, leading to

hypoferraemia and contributing to the development of AI.
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