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Abstract.On the grounds of clinical, in vitro and in vivo studies,
tumour necrosis factor (TNF) is considered to be one of the
inflammatory cytokines that contributes to to the generation
of hypoferraemia and anaemia of inflammation (AI). We used
a recently described murine model for Al and hypoferraemia,
based on sublethal caecal ligation and puncture (CLP) with
ensuing protracted peritonitis, to investigate the contribution
of TNF to the generation of hypoferraemia. During the early
inflammatory response to CLP, a marked decrease in serum
iron concentration occurs within 8 h. To determine whether
TNF contributes to the generation of hypoferraemia at this time
point, we studied TNF-deficient mice and wild-type mice that
underwent CLP. The serum iron concentration was decreased
in wild-type mice whereas TNF-deficient mice maintained
normal serum iron levels following CLP. Hypoferraemia in
wild-type mice was accompanied by the downregulation of
ferroportin 1 (Fpl) in macrophages. In the macrophages of
TNF-deficient mice, Fpl was not downregulated following
CLP. The initial expression of hepcidin was detectable at the
mRNA level but not at the protein level by immunohisto-
chemistry in wild-type and TNF-deficient mice. Therefore,
hepcidin does not appear to be involved in the regulation of
early hypoferraemia. TNF appears to regulate the expression
of Fpl by transcriptional control. Our results demonstrate that
TNF mediates hypoferraemia during the early inflammatory
response by regulating the expression of Fpl in macrophages.
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Introduction

Hypoferraemia is part of the inflammatory response (1).
It is considered to be a defence mechanism of the host that
prevents pathogenic organisms from gaining access to iron (2).
Tumour necrosis factor (TNF) has been viewed as being one
of the inflammatory cytokines that contributes considerably
to the generation of hypoferraemia and anaemia of inflam-
mation (AI). TNF has been shown to affect iron metabolism
in murine models, in humans and in vitro. The experimental
administration of TNF reportedly induced hypoferraemia (3)
and anaemia with low serum iron and preserved iron stores
in mice (4). A combination of interferon-y (IFN-y) and TNF
was found to induce hypoferraemia, decrease transferrin and
soluble transferrin receptor levels and increase ferritin levels
in the sera of cancer patients treated with these cytokines by
isolated limb perfusion (5). Iron release from macrophages
was reported to be inhibited by TNF in vitro (6). Previous find-
ings demonstrated that TNF regulates key molecules engaged
in iron import and export in the small bowel independently
of hepcidin (3,7). TNF stimulation was found to upregulate
the cellular iron import protein divalent metal transporter 1
(DMT1) and reduce the iron exporter ferroportin 1 (Fpl) in
a human monocytic cell line (8), resulting in increased iron
sequestration.

The reported findings demonstrate that TNF, by regulating
several molecules crucial to iron absorption and iron recy-
cling, has a considerable impact on iron metabolism. In this
study, we investigated whether TNF contributes to the genera-
tion of hypoferraemia during the early inflammatory response
in a murine model of protracted peritonitis in vivo. For this
purpose, we studied TNF-deficient and wild-type mice under-
going caecal ligation and puncture (CLP).

Materials and methods
Mice. Female or male C57/BL6 mice (25-30 g) were bred at

the animal facility of the University of Regensburg, Germany.
TNF-deficient mice were generated by Korner et al (9),
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raised at the University of Erlangen, Germany, and provided
by H. Korner. The animals were kept under standard condi-
tions at the animal facility of the University of Regensburg.
Experiments were performed according to federal guidelines
for animal experimentation. Animals in the control and treated
groups were age- and gender-matched.

CLP. The mice were anaesthetised by i.p. injection of 75 mg/
kg Ketanest® (Parke, Davis & Co., Munich, Germany) and
16 mg/kg Rompun® (Bayer AG, Leverkusen, Germany).
The caecum was exteriorised and its distal end was ligated
and punctured to achieve a sublethal CLP as described in a
previous study (10).

Serum iron measurement and histology. The serum iron
concentration was measured using the ADVIA™ 1650 chem-
istry system (Bayer Diagnostics, Fernwald, Germany). To
obtain serum, groups of mice (n=5) were anaesthetised and
blood was drawn 8 h after CLP. The mice were subsequently
sacrificed by cervical dislocation and the spleen, liver and
small bowel were either harvested for histological analysis or
snap frozen in liquid nitrogen. For histology, mouse tissue was
fixed in 4% buffered formalin overnight. Formalin-fixed tissue
was dehydrated and embedded in paraffin. Paraffin sections
of 3-5 ym were mounted on SuperFrost Plus slides, heated
for 20 min at 72°C, deparaffinised and rehydrated. Following
antigen retrieval in a citrate buffer (pH 7.3) with microwave
irradiation for 30 min at 240 W, the slides were rinsed and
endogenous peroxidase activity was blocked with methanolic
peroxide. The slides were rinsed again and primary monoclonal
antibodies against hemoxygenase 1 (Abcam, Cambridge, UK),
NRAMP (Alpha Diagnostic International, San Antonio, TX,
USA) or ferritin (Abcam), respectively, were applied in a
dilution of 1:100. The slides were incubated using a Ventana
machine (Ventana Medical Systems basic DAB detection
kit; Ventana Medical Systems Inc., Tucson, AZ, USA). The
streptavidin-biotin-peroxidase method was used for visu-
alisation. Immunohistochemical stainings for hepcidin (Alpha
Diagnostic International) and Fpl (provided by M. Knutson)
were applied in a dilution of 1:200 following antigen retrieval
in a citrate buffer. To evaluate iron stores, the sections were
stained by Perls' acid ferrocyanide reaction.

Isolation of RNA. Total cellular RNA was isolated using the
RNeasy Mini kit including an RNase-free DNase set according
to the manufacturer's instructions (Qiagen, Hilden, Germany).
RNA was quantified using a fluorescence microplate reader
and by following the instructions of the RiboGreen® RNA
quantitation reagent and kit (Mobitec, Gottingen, Germany).

Quantification of mRNA expression by real-time PCR.
One-tenth of the RNA recovered from RNeasy spin columns
(Qiagen) was used for reverse transcription PCR. cDNA
fragments of hepcidin and Fpl were amplified using the
primers designed by Laftah er al (3). Reverse transcription
was performed in a 20 ul reaction mix of 5 ul RNA, 4 ul
5X SuperScript™ buffer (Invitrogen, Carlsbad, CA, USA),
2 ul DTT (0.1 M), 1 ul antisense dN6 primer (1 pg/ul), 1 ul
dNTPs (10 mM) and 1 ul reverse transcriptase (SuperScript™,
Invitrogen). The mixture was incubated at 46°C for 45 min
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followed by 10 min at 70°C and RNase A digestion at 37°C
for 30 min. To precisely quantify the expression of mRNA,
the real-time PCR LightCycler® system (Roche Diagnostics,
Mannheim, Germany) was used. For PCR, 1-3 ul cDNA
preparation, 2.4 ul 25 mM MgCl,, 0.5 uM of forward and
reverse primer and 2 ul of SYBR Green LightCycler® Mix in
a total of 20 ul were applied. The following PCR programme
was performed: 60 sec at 95°C (initial denaturation); 20°C/sec
temperature transition rate up to 95°C for 15 sec, 10 sec at 58°C,
22 sec at 72°C and 10 sec at 82°C (acquisition mode single),
repeated 40 times (amplification). The MgCl, concentration
and annealing temperature were optimised for each primer set.
The PCR was evaluated by melting curve analysis following
the manufacturer's instructions and checking the PCR products
on 1.8% agarose gels. Each quantitative PCR was performed at
least in duplicate for two sets of RNA preparations.

ELISA assay. The sera of 4 animals per time point were pooled
and maintained at -20°C until analysis. TNF concentrations
were tested using a sandwich ELISA assay (R&D Systems,
Wiesbaden, Germany). Absorption was measured at 405 nm
and evaluated using SoftMax® software.

Statistical analysis. P-values were determined using the
Student's t-test. P<0.05 was considered to indicate a statisti-
cally significant result.

Results

The serum concentration of TNF peaks 8 h after CLP. The
serum concentration of TNF in wild-type mice was measured
over a period of 24 h after CLP. The TNF concentration
increased rapidly within the first few hours and peaked 8 h
after CLP. The TNF concentration subsequently decreased to
almost baseline levels (Fig. 1).

Hypoferraemia does not develop in TNF-deficient mice 8 h
after CLP. To test the role of TNF in the development of hypo-
ferraemia, TNF-deficient mice were used to study the serum
iron concentration following CLP. Wild-type mice showed
a significant decrease in serum iron concentration 8 h after
CLP (Fig. 2). The serum iron concentration of CLP-treated
TNF-deficient animals did not differ significantly from
the serum iron concentrations of the untreated control and
untreated TNF-deficient animals.

Hypoferraemia is accompanied by the downregulation of
Fpl in wild-type mice. Immunofluorescent staining of hepatic
and splenic tissue revealed that the iron exporter Fpl was
downregulated in Kupffer cells and splenic macrophages in
wild-type mice 8 h after CLP, whereas in enterocytes of the
duodenum, the membrane staining pattern for Fpl was unaf-
fected (Fig. 3). In agreement with this finding, the mRNA
level of Fpl was decreased in mice following CLP compared
with untreated animals (Fig. 4A). These changes were
accompanied by an increase in cytoplasmic ferritin expres-
sion in Kupffer cells and macrophages after CLP as revealed
by the immunohistochemical analysis (data not shown).
Immunohistochemical analysis for DMT1 and hemoxygenase
1 did not reveal any differences between the treated and
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Figure 1. TNF serum concentrations markedly increased within the first
8 h after CLP. TNF serum concentrations in the wild-type mice after CLP
were determined at the indicated time points by ELISA. Pooled serum
from 4 animals was analysed per time point. TNF, tumour necrosis factor;
CLP, caecal ligation and puncture.

untreated animals or between the wild-type and TNF-deficient
mice (data not shown).

Fpl is not downregulated in the absence of TNF-activity
following CLP. In TNF-deficient mice, immunofluorescent
staining for Fpl after CLP exhibited membrane patterns
similar to those of untreated mice (Fig. 3). Consequently, no
changes in Fpl mRNA expression were observed. Fpl mRNA
levels were equally increased in the untreated TNF-deficient
mice and in the TNF-deficient mice after CLP compared with
the wild-type mice (Fig. 4A).

No differences were found in the expression of Fpl mRNA
in the liver between the treated and untreated or wild-type and
TNF-deficient mice (Fig. 4B).

Hepatic hepcidin expression is not increased 8 h after CLP in
either wild-type or TNF-deficient mice. The splenic and hepatic
hepcidin expression was determined in untreated wild-type and
TNF-deficient mice 8 h after CLP by quantitative RT-PCR. An
initial increase in the splenic hepcidin expression was observed
in wild-type and TNF-deficient mice following CLP (Fig. 5A).
The hepcidin mRNA levels were not increased 6 h after CLP
(data not shown). Hepatic hepcidin expression was equally low in
all groups 8 h after CLP, indicating that hepatic hepcidin had not
increased (Fig. 5B). Immunohistochemically stained sections
of the liver revealed that hepcidin peptide was not detectable in
hepatocytes, Kupffer cells or the spleen (data not shown).

Discussion

Various effects of TNF on iron metabolism have been
described in the literature. TNF, as a mediator of inflamma-
tion, is thought to affect iron metabolism, similar to IL-6 and
other cytokines, in order to deprive pathogens of access to
iron. However, the precise mechanism by which TNF impacts
iron metabolism and the phase of inflammation in which this
occurs are unknown.

Experimental administration of TNF to animals results in a
blockade of iron recycling, iron absorption and hypoferraemia.
High concentrations of TNF achieved by the administration of
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Figure 2. Hypoferraemia develops in wild-type but not TNF-deficient mice
8 h after CLP. Wild-type mice developed marked hypoferraemia 8 h after
CLP compared with the untreated control mice (p<0.00001). The serum iron
concentration of TNF-deficient mice after CLP did not decrease compared
with the untreated wild-type and TNF-deficient mice. Results are given as
mean (+ SD, n=5). TNF, tumour necrosis factor; CLP, caecal ligation and
puncture; wt, wild-type. "P<0.05 compared to wt control mice.

TNF-secreting tumour cells were found to induce anaemia, with
a low serum iron concentration, and preserved iron stores in
nude mice (4). The induction of hypoferraemia using low doses
of TNF in mice has also been described by other authors (6,11).
Laftah et al demonstrated that the administration of TNF
causes hypoferraemia associated with reduced intestinal iron
absorption in mice (3). The concentrations used in this study
equal the serum concentrations of TNF that we measured after
CLP (Fig. 1). After CLP, we observed a rapid increase in TNF
serum levels, peaking 8 h after CLP. At the same time point,
marked hypoferraemia was observed in wild-type mice. To
test whether hypoferraemia was mediated by TNF, we studied
TNF-deficient mice following CLP. The data demonstrated
that TNF-deficient mice did not develop hypoferraemia
during the early inflammatory response. During CLP-induced
hypoferraemia in wild-type mice, the expression levels of the
iron importer DMT1 and hemoxygenase 1 were unchanged
compared with those of the untreated animals. The membrane
expression of the iron exporter Fpl in splenic macrophages and
Kupffer cells was reduced in wild-type mice following CLP
whereas in the TNF-deficient mice, the membrane staining
pattern of the macrophages was maintained. Fpl membrane
expression was not reduced in the duodenum of either the
wild-type or TNF-deficient mice. These findings indicate that
hypoferraemia is achieved by a TNF-induced downregulation
of Fpl, the only known iron exporter protein in macrophages.
It has previously been reported that hepcidin, an iron regu-
latory peptide, regulates the degradation of Fpl (12). During
inflammatory conditions, hepcidin is produced in the liver
and secreted into the blood. It binds to Fpl located in the cell
membranes of macrophages and enterocytes. Subsequently,
Fpl is internalised and degraded (12). The decrease of Fpl in
macrophages and enterocytes results in reduced iron efflux and
the blockade of iron recycling as well as iron resorption (13).
Macrophages and polymorphonuclear leukocytes constitute
other sources of hepcidin (14). The endogenous expression of
hepcidin in macrophages is mediated by TLR-4 and causes the
internalisation of Fpl in an autocrine manner (14). Hepcidin
expression in wild-type and TNF-deficient mice after CLP was
studied to determine whether the TNF-induced downregulation
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Figure 3. In the absence of TNF activity, Fpl membrane expression is not reduced during the early inflammatory response following CLP. Sections of
splenic tissue and duodenum (original magnification, x40) from the untreated control mice (C wt) and untreated TNF-deficient mice (C TNF-/-) with marked
membrane staining of macrophages or enterocytes for Fpl. Following CLP, wild-type mice (CLP wt) showed a reduction of membrane staining of the splenic
macrophages but not duodenal enterocytes. In TNF-deficient mice after CLP (CLP TNF-/-), the staining intensity for Fpl of splenic macrophages in the red
pulp was not decreased. TNF, tumour necrosis factor; Fpl, ferroportin 1; CLP, caecal ligation and puncture; wt, wild-type.
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Figure 4. Expression of Fpl mRNA is increased in the spleens of
TNF-deficient mice and is not downregulated by acute inflammation in the
absence of TNF activity. (A) Expression of Fpl was determined in RNA iso-
lated from the splenic tissue of the untreated and CLP-treated wild-type and
TNF-deficient mice by quantitative RT-PCR. Untreated TNF-deficient mice
and TNF-deficient mice undergoing CLP exhibited an increased level of Fpl
mRNA compared with wild-type mice ("p<0.05 and p<0.05, respectively).
(B) Expression of Fpl in the liver is not regulated by the early inflammatory
response following CLP. The relative expression of Fpl in the liver tissue of
untreated and CLP-treated wild-type and TNF-deficient mice was measured
by quantitative RT-PCR. Fpl, ferroportin 1; TNF, tumour necrosis factor;
CLP, caecal ligation and puncture; wt, wild-type.

of Fpl is mediated by hepcidin. It appears unlikely that systemi-
cally available hepcidin causes the downregulation of Fpl since
the hepatic expression of hepcidin did not increase after CLP.
Furthermore, the internalisation of Fpl was not observed in
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Figure 5. Expression of hepcidin mRNA is equally increased in the spleens
of wild-type and TNF-deficient mice and is not upregulated in the liver 8 h
after CLP. (A) Hepcidin mRNA was increased following CLP in wild-type
and TNF-deficient mice ("‘p<0.001 and p<0.01, respectively). The expression
of hepcidin was determined in RNA isolated from the splenic tissue of the
untreated and CLP-treated wild-type and TNF-deficient mice by quantita-
tive RT-PCR. (B) No difference was found in the hepatic hepcidin mRNA
expression following CLP in wild-type and TNF-deficient mice compared
with the untreated mice. A relative expression of hepcidin in liver tissue was
measured by quantitative RT-PCR. TNF, tumour necrosis factor; CLP, caecal
ligation and puncture; wt, wild-type.

duodenal enterocytes, indicating that the autocrine production
of hepcidin may be the cause of hypoferraemia rather than a
systemic hepcidin effect. The expression of hepcidin in splenic
macrophages and Kupffer cells 8 h after CLP was detectable at
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the mRNA level but not at the protein level, negating the possi-
bility that hepcidin is involved in mediating the downregulation
of Fpl by TNF. No difference was observed in hepcidin expres-
sion between the wild-type and TNF-deficient mice. TNF has
marked hepcidin-independent effects on iron metabolism.
Laftah et al reported that the application of TNF suppresses
rather than stimulates hepcidin expression in the spleens and
livers of CD1 mice and that TNF induces iron sequestration in
the spleen and inhibits duodenal iron transfer independently of
hepcidin (3). The same authors described a direct effect of TNF
on the iron import and export of enterocytes, which was associ-
ated with a decrease in DMT1 and Fpl expression (7). The rapid
action of TNF on serum iron levels within 3 h after application
reported by Laftah et al (3) apparently mediates hypoferraemia
in the early inflammatory response before hepcidin production
in the liver increases (Fig. 4). Moreover, for other models of
inflammation it has been reported that hepcidin expression in
the liver is not increased at this time point (15), indicating that
it is unlikely that systemically available hepcidin is a mediator
of hypoferraemia during the early inflammatory response.
This is in line with our data, indicating that the TNF-induced
immediate hypoferraemia following CLP is not mediated by
hepcidin and that the downregulation of Fpl must be achieved
by a different mechanism.

In untreated and CLP-treated TNF-deficient mice, an
enhanced Fpl expression was observed at the mRNA and
protein levels compared with wild-type mice, indicating that
TNF regulates the Fpl expression by transcriptional control.
In wild-type mice, a decrease of Fpl mRNA was observed
after CLP. Downregulation of Fpl by TNF was previously
reported in human endothelial cells (16). LPS, a potent
stimulator of TNF production, also suppresses Fpl expres-
sion in macrophages, cultured splenic cells and in the mouse
spleen (8,17,18). The enhanced expression of Fpl in untreated
mice in the absence of TNF suggests that TNF regulates the
transcription of Fpl not only during inflammation, but also
under physiological conditions.

Previously, we investigated the contribution of TNF to
the different aspects of Al in vivo in the CLP model (19). Our
results demonstrated that AI may develop during protracted
inflammation in the absence of TNF two weeks after CLP.
The role of TNF in the mediation of the chronic phase of Al
is therefore questionable. Since TNF does not induce hepcidin
production (3), it is unlikely that TNF is a mediator of hypo-
ferraemia in the later inflammatory phase which is typically
regulated by IL-6 and hepcidin (20). This explains the reason
for hypoferraemia and Al developing in the absence of TNF
during the chronic phase of inflammation. However, in the early
inflammatory response TNF appears to exert its well-described
effects on iron metabolism and is necessary for the induction of
hypoferraemia prior to the onset of hepcidin production.

In summary, our findings suggest that TNF is a mediator
of hypoferraemia during the early inflammatory response by
regulating the expression of Fpl in macrophages indepen-
dently of hepcidin.
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