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Summary

Hepcidin, a key regulator of iron metabolism, plays a crucial role
in the pathogenesis of anemia of chronic disease. Although it is
produced mainly in the liver, its recently described expression in
adipose tissue has been shown to be enhanced in massive
obesity due to chronic low-grade inflammation. Our objective was
to study the changes in hepcidin expression in adipose tissue
during acute-phase reaction. We measured hepcidin  mRNA
expression from isolated subcutaneous and epicardial adipose
tissue at the beginning and at the end of the surgery. The
expression of mRNAs for hepcidin and other iron-related genes
(transferrin receptor 1, divalent metal transporter 1, ferritin,
ferroportin) were measured by real-time RT-PCR. Hepcidin
expression significantly increased at the end of the surgery in
subcutaneous but not in epicardial adipose tissue. Apart from the
increased levels of cytokines, the parameters of iron metabolism
showed typical inflammation-induced changes. We suggest that
acute inflammatory changes could affect the regulation of
hepcidin expression in subcutaneous adipose tissue and thus
possibly contribute to inflammation-induced systemic changes of

iron metabolism.
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Introduction

Inflammation is known to interfere with iron
metabolism and erythropoiesis causing anemia of chronic
disease (ACD) also known as anemia of inflammation
(Weiss and Goodnough 2005, Adamson 2008). It
accompanies inflammatory and autoimmune diseases,
acute and chronic infections, malignancies, chronic
kidney disease, but it can develop rapidly as anemia of
critical illness (Corwin and Krantz 2000). Dysregulation
of iron metabolism, iron sequestration in reticulo-
endothelial
erythropoiesis contribute to the development of this

system and its limited availability for

anemia.

Hepcidin, a key regulator of iron metabolism,
was shown to modulate iron distribution changes in ACD
(Weinstein ef al. 2002). It is a small peptide of 25 amino
acids produced mainly by hepatocytes; it inhibits iron
absorption in the duodenum and its release from
macrophages (Ganz 2007). Its expression is stimulated by
iron (Pigeon et al. 2001), anemia and hypoxia (Nicolas et
al. 2002), erythropoiesis (Vokurka et al. 2006, Pak et al.
2006), and 2002).
Interleukin-6 (IL-6) was demonstrated as a powerful

inflammation (Nicolas et al

stimulator of hepcidin liver production and hepcidin is
supposed to be a type II acute phase reactant (Nemeth et
al. 2003). Molecular mechanisms of its regulation in the
liver have been partially revealed (Kemna et al. 2008,
Fleming 2008).

Recently, hepcidin expression in adipose tissue
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has been described and shown to be increased in patients
with severe obesity (Bekri et al. 2006). This finding is in
accordance with earlier studies that showed which
adipose tissue of obese patients produced increased
amount of proinflammatory cytokines contributing to the
development of a low-grade systemic inflammation in
these patients (Dandona et al. 2004). Adipose tissue is a
very active endocrine organ secreting numerous
hormones and cytokines associated with important
systemic effects on different metabolic processes (Havel
2002, Haluzik et al. 2004). Moreover, obesity has been
associated with low-serum iron concentrations (Wenzel et
al. 1962), while the etiology of this hypoferremia is rather
uncertain and it could probably be attributed to
inflammation and the regulation of hepcidin expression
(McClung and Karl 2009).

We have

expression of several

previously described increased
proinflammatory factors in
epicardial and subcutaneous adipose tissue of patients
after elective cardiac surgery operation (Kiemen et al.
2006). These adipokines may have systemic effects and
contribute to the development of insulin resistance (Havel
2002). Here we tested the hypothesis that mRNA
expression of hepcidin in adipose tissue can be changed
during the surgery. To this end, we measured mRNA
expression of hepcidin and other genes in subcutaneous
and epicardial adipose tissue of patients at the beginning
and at the end of elective cardiac surgery. We observed
an increase of hepcidin expression in subcutaneous but
not in epicardial adipose tissue after the surgery. We
propose that adipose tissue could contribute to the
systemic production of hepcidin in inflammatory
conditions and in turn lead to the subsequent systemic

changes of iron metabolism.
Methods

Human study subjects

Twelve patients from previously studied group —
8 men and 4 women, mean age 60.5 years (39-81), mean
body mass index 27.2 kg/m* (19.7-36.8) who underwent
major elective cardiac surgery (aortocoronary bypass,
valvular plastique) were included in this study (Kfemen
et al. 2006). None of the patients had malignant tumor, or
acute infectious disease. The patients signed written
informed consent. The study was approved by the Human
Ethical Review Committee, First Medical Faculty, and
General University Hospital, Prague, Czech Republic.

Sampling and assays

Blood samples were taken at basal state (before
the start of anesthesia) and at the end of surgery. Samples
of the subcutaneous and epicardial adipose tissue were
taken at the beginning and before the end of surgery.
Subcutaneous samples were taken from thoracic region
and were immediately stored at —70 °C in RNALater
reagent (Qiagen, Hilden, Germany). The average time
between the withdrawal of the sample at the beginning
and at the end of surgery was 252427 min. Measurements
of blood count and blood iron parameters (concentration
of iron, transferrin, ferritin in serum and transferrin
saturation) were done in routine biochemical laboratory
by standard procedures. Determination of serum
cytokines and RNA extraction from human adipose tissue
and reverse transcription were described previously

(Kfemen et al. 2006).

Real-time quantitative PCR

mRNA expression levels of genes studied were
determined by real-time PCR on a Roche LightCycler
instrument, using LightCycler FastStart DNA Master
SYBR Green 1 kit (Roche GmbH,
Mannheim, Germany) as described previously (Vokurka

Diagnostics

et al. 2006). Primers were synthetized by Generi Biotech
(Czech Republic). All analyses were carried out in
triplicate. The increase of fluorescence was measured in
real time, data were obtained as threshold cycle Cr value.
To correct for the different amounts of cDNA present in
the sample at the start of the LightCycler run, the
obtained crossing points for the target mRNAs were
normalized to reference gene mRNA (2-microglobulin):
for each sample, the difference between target mRNA
crossing point and reference gene mRNA crossing point
was calculated, resulting in a reference gene normalized
crossing point. The normalized crossing point for the
sample from the end of the surgery was then subtracted
from the normalized crossing point for the sample taken
at the beginning, giving the final difference (n) in cycle
numbers between the two samples. The values were
obtained using 2" formula and represented as the amount
of target mRNA relative to B2-microglobulin.

Statistical analysis

Statistical analysis was performed on GraphPad
Prism 4, the Shapiro-Wilk W test was used in testing for
normality (STATISTICA Base, StatSoft). The results are
expressed as means  S.E.M. Changes of hematological
parameters in humans were evaluated using paired #-test,



2010

Hepcidin in Adipose Tissue during Surgery 395

Table 1. Changes in hematological indices at the beginning (start) and before the end (end) of the surgery or the next day after (*);

n=12.
Start End p

Hematocrit (%) 420%1.0 29.7 £ 1.2%* <0.0001
Ferritin (ug/l) 238+ 73 372 +52 0.0486
Serrum iron (umol/l) 125+1.4 83+14 0.0218
Transferrin (g/l) 1.97£0.10 1.57£0.11 0.0104
Transferrin saturation (%) 274+2.6 25.8%5.6 NS
Interleukin-6 (pg/ml) 7.62+4.20 165.10 £70.31 0.002
Tumor necrosis factor o (ng/ml) 1.88 £0.47 4.22+0.80 0.02

% %
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Fig. 1. Changes in hepcidin expression in adipose tissue at the
beginning (start) and before the end of the surgery. SCAT -
subcutaneous, VAT — visceral (epicardial) adipose tissue. Data
presented as mean + S.E.M. * p<0.05 ** p<0.01.

the expression of studied genes in human adipose tissue
was evaluated by Wilcoxon matched pair test. Spearman
correlation test was used for correlation coefficient
calculations.

Results

Serum iron and inflammatory parameters in patients that
underwent surgery

Iron metabolism parameters and
proinflammatory cytokines (IL-6, tumor necrosis factor —
TNFo) were measured in serum at the beginning and at
the end of the surgery as well. While serum ferritin
concentration increased after the surgical operation, the
levels of serum iron and transferrin concentration

decreased. However, there was no change in serum

transferrin saturation. The concentrations of both IL-6
and TNFa increased (Table 1).

Changes of mRNA expression of hepcidin and other iron-
related genes in adipose tissues at the beginning and at
the end of the surgery

Baseline expression of hepcidin was higher in
epicardial visceral adipose tissue (VAT) than the
subcutaneous adipose tissue (SCAT). However, during
the surgery, significant increase of hepcidin expression in
SCAT was observed, while the changes in visceral tissue
were not significant (Fig. 1).

Transferrin receptor 1 (TfR1) mRNA expression
was comparable in both tissues before surgery, and
increased in both tissues during the surgery. While initial
(FPN) mRNA
significantly higher in visceral tissue, significant decrease

basal ferroportin expression was
was observed in both adipose tissue depots after surgery.
On the other hand, the mRNAs for divalent metal

transporter 1 (DMT1) and ferritin did not change (Fig. 2).

Correlation of hepcidin expression with body mass index
(BM]I) and cytokines

Hepcidin mRNA expression was correlated with
BMI and concentration and expression of several
cytokines measured previously (Kfemen et al. 2006).
Hepcidin mRNA expression at the beginning of the
surgical operation did not correlate with BMI either in
subcutaneous, nor in epicardial adipose tissue. Hepcidin
mRNA level in epicardial VAT correlated negatively
with serum IL-6 and TNFo concentrations (Figs 3A and
3B). In subcutaneous but not epicardial adipose tissue it
correlated positively with TNFoo mRNA expression
(Figs 3C and 3D). The other cytokines measured did not
exert any significant correlation with hepcidin expression.
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Fig. 2. Changes in iron metabolism genes
expression in adipose tissue at the
beginning (start) and before the end of
the surgery. TfR1 - transferrin
receptor 1, FPN — ferroportin, DMT1 -
divalent metal transporter 1. SCAT -
subcutane-ous, VAT — visceral (epicardial)
adipose tissue. Data presented as mean +
S.E.M. * p<0.001 ** p<0.03 t p<0.05.
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Fig. 3. Correlation between hepcidin mRNA expression and serum concentrations or mRNA expression of IL-6 and TNFc. Correlation of
serum concentrations of IL-6 — sIL-6 (A) and TNFo. — sTNFa (B) to the mRNA levels of hepcidin (hepc) in subcutaneous (SCAT) and
epicardial (visceral VAT) adipose tissue. Correlation of hepcidin expression in subcutaneous (C) and epicardial (D) adipose tissue with

IL-6 and TNFo. mRNA levels.
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Discussion

The present study demonstrated an increase of
hepcidin mRNA expression in human subcutaneous
adipose tissue after the major elective cardiac surgery.
Hepcidin mRNA expression increases in subcutaneous
but not epicardial adipose tissue after acute surgical
procedure. It is the first demonstration of acute changes
of hepcidin expression, and to our knowledge also the
first demonstration of the changes of mRNA levels of
several iron-related genes in the adipose tissue after
surgery.

Hepcidin is a mediator of iron metabolism in
anemia of chronic disease (Weinstein et al. 2002). ACD
is a frequent immune driven anemia occurring in
inflammations, infections, malignancies and acute critical
illnesses. Routine hepcidin determination is not yet
largely available and different methods including
antibodies, mass spectrometry, mRNA measurement or
determination of hepcidin precursor prohepcidin have
been used to reveal its role in pathophysiology of various
diseases (Kemna et al. 2008).

Recently, two reports described changes of
hepcidin or prohepcidin serum concentration in acute
heart surgery. Hoppe ef al. (2009) described changes in
iron metabolism and serum hepcidin concentration in
patients after heart surgery. Increased serum
concentrations of prohepcidin preceded that of hepcidin
in the patients. Prohepcidin but not hepcidin was also
measured during the large cardiac surgery in relation to
IL-6 and other inflammatory parameters by Maruna et al.
(2008). Prohepcidin level responded as a negative acute
phase reactant during systemic inflammatory response
associated with cardiac surgery.

The possible role of adipocytes in hepcidin
production was first demonstrated by Bekri et al. (2006).
Although hepcidin is mainly hepatocyte-derived peptide,
its extrahepatic expression has been demonstrated in
several other organs (Pigeon ef al. 2001). Apart from
adipose tissue, hepcidin expression has been shown in
pancreas (Krijt ef al. 2004), myocardium (Merle et al.
2007, Krijt et al. 2007), macrophages (Sow et al. 2007,
Theurl et al. 2008), and pancreatic beta cells (Kulaksiz et
al. 2008).

Hepcidin mRNA expression in these tissues is
much lower than that in the liver and its possible
further

some

significance is not clear and requires
investigation. Hepcidin could possibly exert

paracrine or autocrine functions or act locally as

antimicrobial peptide if it reaches appropriate
concentration locally. Hepcidin release from the adipose
tissues, as well as cytokines and adipokines, could
contribute significantly to the systemic concentrations
because of the large mass of the tissue. However, this
hypothesis needs further evaluation and the analysis of
serum hepcidin levels.

In fact, several observations suggest the possible
role of adipose tissue in controlling iron metabolism.
Low-serum iron concentrations were observed in obese
subjects (Wenzel et al. 1962). Recently, fat mass was
described as a significant negative predictor of serum iron
and this hypoferremia seemed not to be explained by
differences in iron intake (Menzie et al. 2008). This could
be due to
inflammatory-mediated functional iron deficiency in
ACD (Yanoff et al. 2007) which might be mediated by

hepcidin. Overweight and obesity were associated with

iron deficiency anemia and due to

changes in iron metabolism parameters that would be
expected to occur under the conditions of chronic
systemic inflammation (Ausk and Ioannou 2008).
Furthermore, adiposity in young women predicted not
only lower iron absorption but also reduced response to
iron supplementation, possibly due to increased hepcidin
production (Zimmermann ef al. 2008).

In insects, most antimicrobial peptides like
hepcidin are synthesized in the fat body (Park et al.
2001), an organ analogous to the liver of vertebrates. The
fat body of Drosophila incorporates the mammalian
homologues of the liver and hematopoietic and immune
systems (Sondergaard 1993), and is recognized also as
the equivalent of mammalian adipose tissue (Tong et al.
2000). Defensin-like peptide drosomycin similar to
hepcidin is synthesized in the fat body (Verga Falzacappa
and Muckenthaler 2005). The liver and the adipose tissue
thus maintained their developmental heritage sharing an
architectural organization in which the metabolic cells are
in close contact to immune cells, mainly macrophages,
and to blood vessels (Hotamisligil 2006).

Apart from hepcidin production by adipose
tissue, another possible interaction between adipose
tissue, inflammation and hepcidin was suggested by
Chung et al. (2007). Leptin, an important adipose tissue-
derived cytokine, induced hepcidin expression in human
hepatoma cells. However, in the previous study we did
not observe increased serum leptin concentration at the
end of the surgery (Kiemen et al. 2006).

The regulation of hepcidin in adipose tissue
remains unknown and may be similar to other adipokines
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in subcutaneous and epicardial adipose tissues.
Inflammation-induced hepcidin stimulation is mediated
through IL-6/STAT3 pathway (Wrighting and Andrews
2006, Verga Falzacappa et al. 2007) which was described
also in adipose tissue (Bendinelli et al. 2000) as well as
LPS-induced expression of inflammatory cytokines
(Creely et al. 2007). On the other hand, mRNA for
hemojuvelin, a surface molecule important for iron
sensing and hepcidin production in the liver (Lin et al.
2006), was not detected in adipose tissue in our
experiments. Hepcidin expression in adipose tissue is
thus stimulated rather by inflammatory stimuli than by
iron. However, hepcidin expression in epicardial adipose
tissue showed a negative correlation with serum IL-6 and
TNFa, in contrast to a positive correlation with TNFo
mRNA expression in subcutaneous adipose tissue. The
limited number of patients and interaction of many
complex regulations during the surgery should be taken
into consideration in interpreting these findings.
Unfortunatelly, serum hepcidin concentrations
were not measured. On the other hand, we could not
simply deduce from hepcidin serum concentration its
expression in different tissues and their contribution to its
systemic effects. In contrast to adipose tissue, hepcidin
expression in the liver reacts not only to inflammation but
also to iron metabolism, anemia and erythropoiesis.
Adipose tissue is not the main organ of hepcidin
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