
*These authors contributed
equally to this work.

Funding: this study was 
supported by grants from the
Austrian Research Funds FWF 
(P-19964, TRP-188) (G.W.), 
the “Verein zur Förderung von
Forschung in Infektiologie und
Immunologie, Innsbruck “, a
research fund from the Medical
University of Innsbruck MFI
(2007-416) (I.T.) and 
a research fund from 
the OENB (14182) (I.T.)

Manuscript received on
June 3, 2011. Revised
version arrived on July 20, 
2011. Manuscript accepted 
on August 16, 2011.

Correspondence: 
Guenter Weiss, MD and Igor
Theurl, MD, Medical University,
Department of Internal Medicine
I, Clinical Immunology and
Infectious Diseases, Anichstr. 35;
A-6020 Innsbruck, Austria. 
Phone: international  
+43.512.50423255. 
Fax: international  
+43.512.50425607.
E-mail: guenter.weiss@i-
med.ac.at or  igor.theurl@i-
med.ac.at

The online version of this article
has a Supplementary Appendix.

Background
Increased levels of hepcidin, the master regulator of iron homeostasis, contribute to the diver-
sion of iron underlying the anemia of chronic disease. Yet hepcidin levels are low in anemia of
chronic disease with concomitant true iron deficiency. Here we clarify the different underlying
pathways regulating hepcidin expression under these conditions in vivo.

Design and Methods
We used rat models of iron deficiency anemia, anemia of chronic disease and anemia of chronic
disease with concomitant true iron deficiency and investigated upstream signaling pathways
controlling hepcidin transcription in the liver. Protein and mRNA levels of iron metabolism
genes and genes involved in SMAD1/5/8 and STAT3 signaling were determined by RT-PCR,
Western blotting and immunohistochemistry.

Results
SMAD1/5/8 phosphorylation and in parallel hepcidin mRNA expression were increased in ane-
mia of chronic disease but significantly down-regulated in anemia of chronic disease with con-
comitant iron deficiency, either on the basis of phlebotomy or dietary iron restriction. Iron defi-
ciency resulted in reduced bone morphogenetic protein-6 expression and impaired SMAD1/5/8
phosphorylation and trafficking, two key events for hepcidin transcription. Reduced
SMAD1/5/8 activity in association with phlebotomy was paralleled by increased expression of
the inhibitory factor, SMAD7, dietary iron restriction appeared to impair hepcidin transactivat-
ing SMAD pathways via reduction of membrane bound hemojuvelin expression.

Conclusions
This study evaluated hepcidin signaling pathways in anemia of chronic disease with/without
concomitant iron deficiency in vivo. While iron deficiency in general decreased bone morpho-
genetic protein-6 expression, phlebotomy or dietary iron restriction inhibited inflammation
driven SMAD1/5/8 mediated hepcidin formation by different pathways, indicating alternate
hierarchic signaling networks as a function of the mode and kinetics of iron deficiency.
Nonetheless, iron deficiency inducible regulatory pathways can reverse inflammation mediated
stimulation of hepcidin expression.

Key words: anemia of chronic disease, iron deficiency, hepcidin, inflammation, bone morpho-
genetic proteins, SMAD.
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Introduction

Anemia of chronic disease (ACD, or anemia of inflam-
mation) is the most prevalent anemia in hospitalized
patients 1-3 and develops in subjects with diseases involving
acute or chronic immune activation, such as infections,
malignancies or autoimmune disorders.1 At least three
major immunity driven mechanisms contribute to ACD
among which the retention of iron within the mononuclear
phagocytic system with subsequent development of hypo-
ferremia, along with a limited availability of iron for ery-
throid progenitor cells, are of pivotal importance.1,4 This
diversion of iron traffic is induced via regulatory effects of
cytokines on iron uptake and release by macrophages5,6 and
by the activity of the iron and cytokine inducible liver
derived peptide hepcidin.7 Hepcidin affects cellular iron
homeostasis after binding to the only known iron export
protein ferroportin, resulting in its degradation and block-
age of iron transfer from monocytes/macrophages to the
circulation.8-10 This effect is further aggravated in inflamma-
tory macrophages/monocytes by the autocrine formation
of hepcidin.11,12
The role of hepcidin in the pathogenesis of human ACD

is supported by the finding that hepcidin levels: i) are signif-
icantly increased in patients with ACD7,13 and in subjects
injected with LPS;14 ii) are correlated to iron retention in
monocytes/macrophages in vivo;15 and iii) by the observa-
tion that administration of anti-hepcidin antibodies amelio-
rates the therapy of anemia in mice suffering from brucel-
losis.16 However, a significant number of patients with ACD
suffer from concomitant true iron deficiency anemia (IDA)
as a consequence of chronic blood loss (ACD/IDA).1,17-18
The differentiation between ACD and ACD/IDA is of

clinical importance because ACD and ACD/IDA patients
may need contrasting therapies in terms of iron substitu-
tion.1 When investigating patients suffering from ACD and
ACD/IDA, we found that ACD/IDA patients had signifi-
cantly lower serum hepcidin levels than subjects with ACD,
although the degree of inflammation was comparable.13
This observation was confirmed in a rat model of ACD and
ACD/IDA13 and in a mouse model of critical illness associ-
ated anemia,19 showing significantly decreased Hamp
mRNA expression in livers of animals with ACD/IDA com-
pared to animals with ACD alone. This indicates contrast-
ing signaling networks for hepcidin expression in ACD and
ACD/IDA.
Several pathways are involved in the regulation of hep-

cidin expression in the liver. The inflammatory cytokine IL-
6 induces hepcidin expression via induction of STAT3 phos-
phorylation.20-22 Iron mediated induction of hepcidin expres-
sion is affected by the membrane bound peptide hemoju-
velin (mHJV)23 which has been characterized as a bone mor-
phogenetic protein (BMP) co-receptor.24 Recently, the mem-
brane bound serine protease TMPRSS6 (Matriptase 2) has
been shown to degrade membrane anchored HJV,25-27 there-
by reducing hepcidin expression.
In addition, BMPs were characterized as potent inducers

of hepcidin formation,28,29 and genetic ablation of BMP6
resulted in tissue iron overload as a consequence of reduced
hepcidin expression.30,31
The interactions of BMPs with BMP receptors result in

phosphorylation of a subset of SMAD proteins (SMAD1,
SMAD5 and SMAD8) and subsequent formation of a het-
eromeric complex with SMAD4 which translocates to the
nucleus and induces the transcription of target genes32, 33 The

activation of BMP signaling through the SMAD1/5/8 path-
way is negatively affected by the inhibitory SMADs,
SMAD6 and SMAD7, and proteins such as TOB1 and
TOB2.34
In addition to iron and inflammation, the expression of

hepcidin is controlled by hypoxia, endoplasmatic reticulum
stress, erythropoietic activity and erythropoiesis driven sig-
nals.25,35-40 Interestingly, STAT3 mediated transcriptional
hepcidin activation is decreased in LPS treated mice
exposed to erythropoietin41 pointing to a hierarchy of differ-
ent signals for hepcidin induction. However, so far no data
are available on the regulatory networks controlling hep-
cidin expression in inflammatory anemia and how they are
affected by concomitant iron deficiency in vivo. 

Design and Methods

Animals
Female Lewis rats (Charles River Laboratories, Sulzfeld,

Germany) were kept on a standard rodent diet (180 mg Fe/kg,
C1000 from Altromin, Lage, Germany) until they reached an age
of 8-10 weeks. The animal experiments were approved by the
Medical University of Innsbruck and the Austrian Federal Ministry
of Science and Research (BMWF-66.011/0146-11/10b/2008 and
BMWF-66.011/0074-11/10b/2008).
In a first set of experiments, rats were inoculated on day 0 with

an i.p. injection of PG-APS (group A streptococcal peptidoglycan-
polysaccharide) (Lee Laboratories, Grayson, GA, USA) suspended
in 0.85% saline with a total dose of 15 mg rhamnose/g body weight
which has been shown to induce chronic arthritis and anemia in
rats.13 Carrier-immunized control rats received i.p. injections of
sterile 0.85% saline.
One group of PG-APS treated and one group of carrier-immu-

nized rats was phlebotomized, starting one week before sacrifice;
1.8 mL of blood were taken daily for five consecutive days. Each
group consisted of 6 rats. Three weeks after PG-APS administra-
tion, rats were euthanized and tissue was harvested for RNA and
protein extraction. In Lewis rats, total body iron is 4-5 mg/100 g
body weight. We used rats with 200-250 mg body weight. During
the experiment 9 mL of whole blood were taken. This corresponds
to a loss of 4.5 mg iron. Thus phlebotomized rats lose approxi-
mately 30-50% of total body iron during the phlebotomy period.
In a second set of experiments, one group of PG-APS treated rats

was put on an iron deficient diet (5.2 mg Fe/kg; C1038 from
Altromin) one week before PG-APS administration and kept on
the iron deficiency diet during the entire observation period. Each
group consisted of 6 rats. Again, three weeks after PG-APS admin-
istration, rats were euthanized and tissue was harvested for RNA-
and protein extraction.

RNA preparation from tissue, reverse transcription 
and quantitative real-time PCR 
Total RNA preparation from nitrogen-frozen rat tissue, reverse

transcription of 4 mg RNA and TaqMan or SYBR Green PCR were
performed as previously described.13 TaqMan and SYBR Green
PCR primer and probes:
Hamp: 5'- TGAGCAGCGGTGCCTATCT -3', 5'- CCATGC-

CAAGGCTGCAG -3', 
FAM-CGGCAACAGACGAGACAGACTACGGC -BHQ1); 
Gusb(beta-glucoronidase): 5'-ATTACTCGAACAATCGGTTG-

CA-3', 
5'- GACCGGCATGTCCAAGGTT-3', 
FAM-CGTAGCGGCTGCCGGTACCACT-BHQ1; 
BMP2: 5'-ATCACGAAGAAGCCATCGAGGAAC-3', 5'-
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GGACAGAACTTAAATTGAAGAAGAAGCGTC-3'; 
BMP4: 5'-GTTTGTTCAAGATTGGCTCCCAA-3', 5'-

GCATTCGGTTACCAGGAATCATG-3';
BMP6: 5'-TGGTCATGAGCTTTGTGAACCTGG-3', 5'-

CTGCCTCACCCTCGGGAATCT-3'; 
BMP7: 5'-CAGTGTGGCAGAAAACAGCAGCA-3', 5'-TGC-

GATGATCCAGTCCTGCCAG-3'; 
BMP9: 5'-CGGAGCCACCCCAGTACATGAT-3', 5'-GCT-

GTCGATATAGCATCTTCCACGC-3'
HJV: 5'-CCACCATCCGGAAGATCACTATC -3', 5'-

TTCAAAGGCTGCAGGAAGATTG-3'
SMAD7: 5'-AAATCCATCGGGTATCTGGAG -3', 5'-
TGCTGTGAATCTTACGGGAAG-3'

Western blotting
Cytosolic protein extracts were prepared from nitrogen frozen

tissue as previously described.12 Nuclear extracts were prepared
from freshly isolated tissue using a commercially available Kit (NE-
PER, Thermo Scientific, Rockford, USA). Membrane protein
extracts were prepared from nitrogen frozen tissue as previously
described.42 Western blotting of cellular extracts was performed as
described.12

STAT3-antibody (final concentration 0.1 mg/mL), phospho-
STAT3 (Ser727)-antibody (0.1 mg/mL), phospho-
SMAD1/SMAD5/SMAD8-antibody (0.1 mg/mL), SMAD5-anti-
body (0.1 mg/mL), SMAD4-antibody (0.1 mg/mL, all five from Cell
Signaling Technology, Inc., Danvers, USA), SMAD6-antibody (0.5
mg/mL), SMAD7-antibody (0.5 mg/mL, both from Acris
Antibodies, Herford, Germany), hemojuvelin-antibody (1:100),43

TOB1-antibody (0.5 mg/mL) and TOB2-antibody (0.5 mg/mL, both
from Santa Cruz Biotechnology, Heidelberg, Germany), rat/HRP-
antibody (0.1 mg/mL, Dako, Glostrup, Denmark) or b-actin-
antibody (2 mg/mL, Sigma, Munich, Germany) were used as
described.13 Protein levels were quantified by densitometry using
Quantity One Basic software (Bio-Rad, CA, USA). Online
Supplementary Figures S1 and S2 show the detailed blots used for
densitometric quantification. 
Information from the manufacturer confirms that all antibodies

are specific for the respective rat antigen. As an additional control,
we also performed blocking experiments with the antibodies used
in our study to ensure their specificity. 

Immunohistochemistry
Analyses were performed as described.44 In brief, formalin fixed

sections of paraffin-embedded tissues were mounted on glass
slides. Antigen retrieval was performed by incubating tissue sec-
tions with trypsin (1 mg/mL) for 8 min at 37°C. Endogenous per-
oxidase activity was quenched by incubating specimens with
Dako REAL Peroxidase Blocking Solution (Dako, Glostrup,
Denmark). To inactivate unspecific avidin/biotin binding the slides
were blocked with Biotin/Avidin Blocking System (Dako,
Glostrup, Denmark). Tissue sections were then blocked with nor-
mal horse blocking serum (Vector Laboratories, Burlingame, CA,
USA) for 1 h at room temperature and incubated overnight at 4°C
with the primary anti-BMP6 (N-19) antibody (1:100; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) diluted in PBS/1% BSA/1%
FCS. A biotin anti-goat antibody (1:300; Vector Laboratories,
Burlingame, CA, USA) diluted in PBS/1% BSA was used as a sec-
ondary antibody and incubated for 30 min at room temperature.
Immunohistochemical staining was performed using a
Streptavidin/HRP antibody (1:300; Vector Laboratories,
Burlingame, CA, USA) diluted in PBS/1% BSA for 30 min at room
temperature, Vectastain ABC Kit (Vector Laboratories, Burlingame,
CA, USA) and peroxidase substrate Kit AEC (Vector Laboratories,
Burlingame, CA, USA) according to the manufacturer’s instruc-

tions. Sections were counterstained with hematoxylin (Vector
Laboratories, Burlingame, CA, USA). A Zeiss Axioscope 40 micro-
scope with a 40x lens and an AxioCam MRc5 was used for evalu-
ation. Representative fields were photodocumented using a pix-
ellink® system.

Immunofluorescence staining
Fresh tissue was embedded in OCT compound (TISSUE-TEK®,

Sakura Finetek), snap-frozen in liquid nitrogen and then sliced into
5 mm sections. Slides were incubated using a hemojuvelin antibody
(1:100) which had been previously shown to cross react with rat
hemojuvelin43 for 30 min at 37°C. For fluorescence microscopy,
slides were incubated with the appropriate goat anti-rabbit anti-
body (Alexa 488; 1:200; Invitrogen) diluted in PBS-/1% BSA for 30
min at 37°C.43 A Zeiss Axioscope 40 microscope with a 40x lens
and an AxioCam MRc5 was used for evaluation. Representative
fields were photodocumented using a pixellink® system.

Data analysis
All parameters were tested for normality by the Kolmogorov-

Smirnov test. Calculations for statistical differences between the
various groups were carried out by ANOVA with Bonferroni’s cor-
rection for multiple tests. Spearman’s-rho test was used for correla-
tion analyses. A value of P<0.05 was considered statistically signif-
icant. All statistical analyses were carried out using the Statistical
Package for the Social Sciences (SPSS) software package version
15.0 (SPSS Inc., Chicago, IL, USA).

Results

Based on our previous observation of increased hepcidin
expression in humans and rats suffering from ACD, and of
reduced hepcidin levels in ACD individuals with concomi-
tant true iron deficiency (ACD/IDA),13 we aimed to clarify
the pathways underlying contrasting hepcidin expression
under these conditions. We used rats injected with PG-APS
which resulted in the development of a chronic arthritis
associated with a chronic persisting inflammatory anemia,
bearing the typical features of ACD.13 Additional iron defi-
ciency was induced by phlebotomy (ACD/IDA) (see Design
and Methods section). To study differences in hepcidin
upstream signaling pathways between ACD and ACD/IDA
animals, we first investigated the inflammation inducible
STAT3 pathway in rat liver (Figure 1A and C). We found
that STAT3 phosphorylation (pSTAT3) was significantly
increased in the livers of ACD (P<0.001) and ACD/IDA
(P<0.001) rats when compared to control and IDA rats. In
contrast, we observed no significant difference in STAT3
activation between ACD and ACD/IDA animals (Figure 1A
and C).
We then analyzed the signaling activity via the

SMAD1/5/8 pathway (Figure 1B and D). We found that
SMAD1/5/8 phosphorylation (pSMAD1/5/8) was lower in
IDA than in control animals. In contrast, we observed sig-
nificantly increased SMAD1/5/8 phosphorylation in rats
with ACD compared to control (P=0.001) and ACD/IDA
rats (P<0.001) (Figure 1B and D). The differences in
pSMAD1/5/8 mirrored the relative changes in HampmRNA
expression between the various anemia groups.13
Accordingly, we found a significant correlation of
SMAD1/5/8 activity with liver Hamp mRNA expression
(r=0.753, P<0.001), as determined by means of Spearman’s
rank correlation coefficient (Table 1). This correlation was
not found for STAT3 phosphorylation (Table 1). However,
when analyzing the phlebotomized subgroup, including

Regulation of hepcidin expression in anemia
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IDA and ACD/IDA rats, and the PG-APS treated inflamma-
tion subgroups, including ACD and ACD/IDA, separately,
we found that in the phlebotomized group changes in
STAT3 phosphorylation showed a very good correlation
with alterations of Hamp mRNA expression (r=0.745,
P=0.008) while no association between SMAD1/5/8 phos-
phorylation and HampmRNA expression was found (Table
1). In contrast, when analyzing rats with ACD and
ACD/IDA, individual Hamp mRNA expression levels did
not correlate to STAT3 phosphorylation (r=0.524, P=0.183)
but were strongly associated with SMAD1/5/8 phosphory-
lation (r=0.857, P=0.007) (Table 1). These results suggest
that under inflammatory conditions Hamp mRNA expres-
sion is influenced rather by alterations in SMAD1/5/8 phos-
phorylation than by STAT3 phosphorylation.
To further investigate the mechanisms causing differ-

ences in hepatic SMAD1/5/8 phosphorylation between
ACD and ACD/IDA rats, we analyzed known pathways
affecting SMAD1/5/8 phosphorylation and its nuclear traf-
ficking. While there was no significant difference in BMP2,
4 and 9 mRNA levels between the various groups (data not
shown), BMP6 mRNA concentrations were significantly
lower in IDA (P<0.05) and ACD/IDA (P<0.001) rats com-
pared to control and ACD animals (Figure 2A). BMP7
mRNA levels were found to be significantly decreased in
association with inflammation in ACD (P<0.001) and
ACD/IDA (P<0.001) rats when compared with control rats,
but no difference was observed between ACD and
ACD/IDA rats (Figure 2B).
Because the co-SMAD SMAD4 forms a complex with

pSMAD1/5/8 before translocating to the nucleus, we deter-
mined SMAD4 levels in the different anemia groups.
SMAD4 protein expression was induced in ACD (P<0.001)
and ACD/IDA (P=0.001) as compared to controls, while no
differences were observed between ACD and ACD/IDA
(Figure 3A and F).
Next, we analyzed the expression of SMAD6 and

SMAD7; two inhibitory proteins in the BMP/SMAD signal
transduction pathway. While no statistically significant dif-
ferences in SMAD6 expression were found between the
different groups (Figure 3B and F), SMAD7 protein expres-

sion was significantly lower in ACD than in control rats
(P<0.05). In contrast, ACD/IDA animals presented with sig-
nificantly higher SMAD7 levels than ACD rats (P<0.05)
(Figure 3C and F).
The expression of TOB1 and TOB2, two additional neg-

ative regulators of the BMP signaling pathway, was lower in
ACD and ACD/IDA when compared with control or IDA
rats, respectively. However, no significant differences were
found when comparing ACD with ACD/IDA animals
(Figure 3D-F) pointing to a modulation of TOB1 and TOB2
expression by inflammation.
There was a significant difference in both BMP6 mRNA

expression and in SMAD7 protein levels between ACD and
ACD/IDA rats. These parameters were significantly corre-
lated to Hamp mRNA levels in the liver (r=-0.738, P=0.037
for SMAD7; r=0.857, P=0.014 for BMP6). However, using
the phlebotomy model to induce ACD/IDA we could not
establish whether the alterations in BMP6 and SMAD7
expression are caused by changes in liver iron concentra-
tions or erythropoietic activity, although there was no dif-
ference in hemoglobin levels between ACD and ACD/IDA
animals.13 As a surrogate for erythropoietic activity, we
determined serum erythropoietin levels which were of
interest because erythropoietin has previously been demon-
strated to inhibit hepcidin formation.10,37,40 As shown in
Table 2, SMAD7 levels correlate positively (r=0.818,
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Table 1. Correlation of pSTAT3 and pSMAD1/5/8 levels with Hamp mRNA
liver expression during inflammation, phlebotomy and under both conditions.
Correlation analyses were carried out using Spearman’s-rho test. Correlation
coefficients and two-sided P values are reported. 

Inflammation Phlebotomy Overall
(N=11) (N=12) (N=23)

(ACD, ACD-IDA) (IDA, ACD-IDA)
Spearman’s-rho P value Spearman’s-rhoP value Spearman’s-rho P value

pSTAT3

Hamp 0.524 0.183 0.745 0.008 0.398 0.083
pSMAD158
Hamp 0.857 0.007 0.427 0.190 0.753 <0.001

Figure 1. Changes in liver STAT3 and SMAD1/5/8
phosphorylation in different anemia groups. ACD
was induced by i.p. injection of PG-APS (n=6) as
detailed in the Design and Methods section; con-
trols received solvent injections (n=6). One group
of PG-APS treated (n=6) and one of solvent treated
(n=6) rats was phlebotomized, starting one week
before sacrifice, to create a combination of ACD
and iron deficiency anemia (ACD/IDA) or IDA
alone, respectively. Liver nuclear cell extracts were
immunoblotted with antibodies against pSTAT3 (A
and C) and pSMAD1/5/8 (B and D). Blots were
stripped and reprobed with antibodies directed
against STAT3 and SMAD5. Protein levels were
quantified by densitometry and results are
expressed as ratios of phospho-protein/total pro-
tein (A and B). Data are depicted as lower quartile,
median and upper quartile (boxes) and mini-
mum/maximum ranges (whiskers). Statistic out-
liers are displayed as circles. Calculations for sta-
tistical differences between the various groups
were carried out by ANOVA technique and
Bonferroni’s correction for multiple tests. 
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P=0.002) and BMP6 expression inversely with serum EPO
levels (r=-0.731, P=0.016), while the opposite was true for
correlations between liver iron concentrations with BMP6
(r=0.782, P=0.008) or SMAD7 (r=-0.636, P=0.035) expres-
sion, mirroring the differences in serum iron concentra-
tions.13 We could not estimate to what extent alterations in
SMAD7 and BMP6 expression can be related to either
changes in erythropoietic activity or in hepatic iron avail-
ability. Therefore, we then compared rats with inflammato-
ry anemia and two different forms of concomitant iron defi-
ciency, i.e. ACD rats undergoing phlebotomies versus ACD
rats with dietary iron restriction. When inflammatory ane-
mia was induced in animals kept on an iron deficient diet,
the relative changes in HampmRNA expression and the cor-
responding changes in SMAD1/5/8 activity observed three
weeks after PG-APS injection were exactly the same as in
the ACD group undergoing phlebotomy (Figure 4 A, B and
H). BMP6 mRNA and protein levels were reduced in both
groups of true iron deficient ACD animals compared to
ACD rats (Figure 4C and I a-c). In contrast, SMAD7 protein
levels were differently affected upon phlebotomy or iron
deficient diet. While regular phlebotomy significantly
increased SMAD7 protein levels (P<0.05), dietary iron
restriction decreased SMAD7 expression in ACD rats
(P<0.001) (Figure 4D and H). Interestingly, we found
SMAD7 mRNA levels to be significantly decreased in rats
treated with phlebotomy (P<0.05) and on an iron restricted
diet (P<0.001) (Figure 4E). This indicates that the reported
differences in SMAD7 protein levels as a function of alter-
native iron replacing strategies, and phlebotomy versus
dietary iron restriction, respectively, are likely due to a post-
transcriptional regulation of SMAD7 in an iron independent
manner, since there was no difference in liver iron levels
between the two iron deficient groups (data not shown).
However, we found significantly elevated serum EPO levels
in the phlebotomized group compared to the group receiv-
ing an iron deficient diet (P<0.001; Online Supplementary
Table S1).
As TMPRSS6 protein expression has been reported to be

rapidly induced by oral iron deprivation,45 we analyzed
TMPRSS6 in ACD rats with true iron deficiency due to
phlebotomy or an iron deficient diet. In accordance with
previous data,45 we found no changes in hepatic TMPRSS6
mRNA expression between the different anemia groups
(data not shown). Unfortunately, no commercially available
TMPRSS6 antibody works with rat samples, therefore, we
were not able to analyze TMPRSS6 protein expression.
However, as a surrogate for TMPRSS6 activity we investi-

gated mHJV expression using liver membrane fractions. In
phlebotomized rats, only a trend toward lower hepatic
mHJV expression was found (Figure 4F, H and I), while a
significantly reduced mHJV expression was observed in
ACD rats on an iron deficient diet (Figure 4F, H and I d-e) as
compared to ACD rats. In contrast, neither phlebotomy nor
an iron deficient diet significantly changed HJV mRNA
expression (Figure 4G).

Discussion

We and others reported increased hepcidin expression in
patients suffering from ACD and in mammalian models
mimicking ACD.7,13,14,19
In contrast, serum hepcidin levels and/or liver Hamp

mRNA expression were significantly lower in patients and
mammals suffering from ACD with true iron deficiency
(ACD/IDA) when compared with ACD alone,13,19 indicating
different signaling pathways and hierarchies between
inflammatory anemia (ACD) and inflammatory anemia
with associated true iron deficiency (ACD/IDA). 
In agreement with a previous observation made in LPS

challenged mice,41 we observed increased STAT3 phospho-
rylation in ACD rats which was not altered by concomitant
true iron deficiency after phlebotomy. When analyzing the
BMP/SMAD pathway, we found increased SMAD1/5/8
phosphorylation in inflammatory anemia (ACD) compared
to controls while, most interestingly, SMAD1/5/8 activation
significantly decreased with concomitant iron deficiency
(ACD/IDA). This is in accordance with data showing that
STAT3 inducible hepcidin expression is influenced by BMP
dependent SMAD activation but not vice versa46 and with
data indicating that SMAD1/5/8 phosphorylation is affect-
ed by iron status.47 In addition, transcriptional activation of
hepcidin is not only abrogated in SMAD4-deficient hepato-
cytes in response to iron overload and BMPs, but also in
response to IL-6,48 indicating that the BMP/SMAD pathway
is able to modulate the IL-6 inducible STAT3 pathway. In
ACD, STAT3 and SMAD1/5/8 phosphorylation as well as
SMAD4 expression were increased. However, while STAT3
phosphorylation and SMAD4 expression were also high in
animals with ACD/IDA, SMAD1/5/8 phosphorylation was
reduced in the latter. This suggests that during inflammato-
ry anemia a concomitant true iron deficiency (ACD/IDA)
reduces pSMAD1/5/8 mediated transcriptional activation
leading to lower hepcidin levels despite massive STAT3
activation.
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Figure 2. Liver BMP mRNA expression in different ane-
mia groups. ACD was induced by i.p. injection of PG-APS
(n=6) as detailed in the Design and Methods section;
controls received solvent injections (n=6).  One group of
PG-APS treated (n=6) and one of solvent treated (n=6)
rats were phlebotomized, starting one week before sac-
rifice, to create a combination of ACD and iron deficiency
anemia (ACD/IDA) or IDA alone, respectively. BMP 6 and
7 mRNA (A and B) expression was determined by quan-
titative RT-PCR and normalized to the mRNA expression
level of the housekeeping gene b-glucoronidase (Gusb)
(A and B). Data are depicted as lower quartile, median
and upper quartile (boxes) and minimum/maximum
ranges (whiskers). Calculations for statistical differences
between the various groups were carried out by ANOVA
technique and Bonferroni’s correction for multiple tests. 
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Consecutively, we studied the mechanisms underlying
contrasting SMAD1/5/8 phosphorylation in ACD and
ACD/IDA. We found that the hepatic BMP6 expression
was significantly lower in ACD/IDA than in ACD rats.
These changes showed a significant correlation to
SMAD1/5/8 phosphorylation and Hamp mRNA levels but
were inversely mirrored by changes in SMAD7 expression.
Interestingly, BMP7, which has been reported to be the
strongest inducer of hepcidin transcription in vitro,29 was
decreased in ACD and ACD/IDA suggesting that this BMP
plays no essential role in hepcidin formation in ACD in vivo.
SMAD7 has recently been found to inhibit HampmRNA

expression by triggering the dephosphorylation and degra-
dation of BMP receptors and by blocking phosphorylation
of SMAD1/5/8.34 Also, SMAD7 binds to the hepcidin pro-
moter thus preventing the attachment of the SMAD4 con-
taining activator complexes.34 While we found SMAD7
expression to be up-regulated by phlebotomy, the expres-
sion levels of other negative regulators of SMAD1/5/8
phosphorylation, such as TOB1 and TOB2, remained
unchanged. However, as dietary iron restriction has previ-
ously been reported to decrease SMAD7 expression,47 we

concluded that other factors induced by phlebotomy may
stimulate SMAD7 expression in addition to changes in iron
status. We, therefore, analyzed the effects of two forms of
true iron deficiency on Hamp transcription and SMAD sig-

Table 2. Correlation of SMAD7 protein and BMP6 mRNA expression in
the liver with hepatic iron concentrations and serum EPO levels in ACD
and ACD/IDA. Correlation analyses were carried out using
Spearman’s-rho test. Correlation coefficients and two-sided P values
are reported (n=11).
                                                  Spearman’s-rho               P value

SMAD7                                                                                                        
BMP6                                                            -0.770                              0.009

EPO                                                               0.818                               0.002
Liver iron                                                     -0.636                              0.035

BMP6                                                                                                          
SMAD7                                                         -0.770                              0.009

EPO                                                              -0.731                              0.016

Liver iron                                                     0.782                               0.008

Figure 3. Hepatic levels of SMAD proteins and inhibitors of SMAD expression. ACD was induced by i.p. injection of PG-APS (n=6) as detailed
in the Design and Methods section, controls received solvent injections (n=6). One group of PG-APS treated (n=6) and one of solvent treated
(n=6) rats were phlebotomized, starting one week before sacrifice, to create a combination of ACD and iron deficiency anemia (ACD/IDA) or
IDA alone, respectively. Liver tissue samples were subjected to immunoblot analysis using antibodies against (A) SMAD4, (B) SMAD6, (C)
SMAD7, (D) TOB1 and (E) TOB2. Protein levels were quantified by densitometry. Expression levels were normalized to the housekeeping gene
b-actin. Data are depicted as lower quartile, median and upper quartile (boxes) and minimum/maximum ranges (whiskers). Statistic outliers
are displayed as circles. Calculations for statistical differences between the various groups were carried out by ANOVA technique and
Bonferroni’s correction for multiple tests. Representative blots for each protein are shown in panel (F). For blots used for quantification by
densitometry please see Online Supplementary Figure S1.
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Figure 4. Differential regulation of Hepcidin transcription in various ACD groups. ACD was induced in Lewis rats by i.p. injection of PG-APS
as detailed in the Design and Methods section and animals were divided into three groups. One group of PG-APS treated rats was phle-
botomized (ACD/phlebotomy; n=6), starting one week before sacrifice, whereas another group of rats was put on an iron deficient diet one
week before PG-APS administration (ACD/ID; n=6). Liver (A) Hamp, (C) BMP6, (E) SMAD7 and (G) HJV mRNA expression were determined
by quantitative RT-PCR and normalized to the expression of the housekeeping gene b-glucoronidase (Gusb) (A, C, E, and G). Liver nuclear
cell extracts were immunoblotted with an antibody against pSMAD1/5/8 (B and H). Liver cytoplasmatic extracts were subjected to
immunoblot analysis using antibodies against (D and H) SMAD7 and (F and H) mHJV. Protein levels were quantified by densitometry (B, D
and F). A representative blot is shown in panel (H). The blots used for quantification by densitometry are shown in the Online Supplementary
Figure S2. Data are depicted as lower quartile, median and upper quartile (boxes) and minimum/maximum ranges (whiskers). Statistic out-
liers are displayed as circles. Calculations for statistical differences between the various groups were carried out by ANOVA technique and
Bonferroni’s correction for multiple tests. Immunohistochemical determination of liver BMP6 expression in ACD rats (I a), in phlebotomized
ACD rats (I b) and in ACD rats on an iron deficient diet (I c) using affinity purified BMP6 antibody.43 Tissue distribution of mHJV in liver deter-
mined by immunoflourescence technique in (I d) ACD rats, (I e)  phlebotomized ACD rats, and (I f) ACD rats on an iron deficient diet, using
affinity purified mHJV antibody.43 A Zeiss Axioscope 40 microscope with a 40x lens and an AxioCam MRc5 was used for evaluation.
Representative fields were photodocumented by a pixellink® system. The fluorescent pictures were taken under the same conditions.
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