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Abstract

Purpose Kawasaki disease (KD) is a systemic febrile vascu-
litis complicated by coronary artery lesions (CAL). Anemia is
common in patients with KD and is associated with a pro-
longed duration of active inflammation. Hepcidin is a central
modulator of inflammation-associated anemia, acting via con-
trol of iron absorption and a direct inhibitory effect on eryth-
ropoiesis. The aims of this study were to investigate the role of
inflammation-induced hepcidin in the development of anemia,
the occurrence of CAL formation, and IVIG treatment re-
sponse in patients with KD.

Methods Eighty-six KD patients and 30 febrile controls were
enrolled. Levels of interleukin (IL)-6 and serum hepcidin were
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measured in sera by enzyme-linked immunosorbent assay.
Hemoglobin and serum iron levels were also measured.

Results Hemoglobin and iron levels were lower in KD patients
than in controls (»p<0.001 and p=0.009, respectively). Serum
hepcidin and IL-6 levels were higher in KD patients than in
controls (both p<0.001) before intravenous immunoglobulin
(IVIG) treatment. After IVIG treatment, serum hepcidin, IL-6,
and hemoglobin levels decreased significantly (all p<0.001). In
addition, the serum hepcidin levels before IVIG treatment were
negatively correlated with hemoglobin levels after IVIG treat-
ment (R=—0.188, p=0.046) and positively correlated with the
changes of hemoglobin levels after IVIG treatment (R=0.269,
p=0.015). Furthermore, serum hepcidin levels were negatively
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correlated with serum iron levels (R=-0.412, p=0.002), which
were positively correlated with hemoglobin levels (R=0.210,
p=0.045). Additionally, the change of hepcidin levels was
associated with IVIG treatment response and the occurrence
of CAL formation.

Conclusions Inappropriately raised hepcidin levels impair
iron metabolism and are associated with decreased hemoglobin
levels in KD patients. Inflammation-induced hepcidin is asso-
ciated with the development of anemia and disease outcomes
in patients with KD.

Keywords Coronary artery lesion - hemoglobin - hepcidin -
IL-6 - iron - Kawasaki disecase

Kawasaki disease (KD) is an acute vasculitis syndrome of
unknown etiology affecting multiple systems and is compli-
cated by coronary artery lesions (CAL). It occurs mostly in
children under the age of 5 years and is characterized by
prolonged fever, conjunctivitis, diffuse mucosal inflamma-
tion, polymorphous skin rashes, indurative edema of the
hands and feet associated with peeling of finger tips, and
non-suppurative lymphadenopathy [1]. In addition to the
diagnostic criteria, a broad range of nonspecific clinical fea-
tures can also manifest including irritability, uveitis, aseptic
meningitis, cough, vomiting, diarrhea, abdominal pain, gall-
bladder hydrops, urethritis, arthralgia, arthritis, hypoalbumi-
nemia, liver function impairment, anemia, and heart failure
[2]. Anemia is not an infrequent finding in patients with KD
and is associated with a more prolonged duration of active
inflammation [3—6]. Severe hemolytic anemia requiring trans-
fusions is rare and may be related to intravenous immuno-
globulin (IVIG) infusion [4, 5, 7]. However, the underlying
molecular mechanism of anemia in KD is still unknown [5, 6].

Hepcidin plays an important role in iron metabolism and in
the pathogenesis of anemia of inflammation. Hepcidin is
induced during infections and inflammation and then acts by
binding to ferroportin, which is an iron exporter present on the
absorptive surface of duodenal enterocytes, macrophages, and
hepatocytes [8]. After hepcidin and ferroportin interact, ferro-
portin is internalized and degraded, consequently leading to
intracellular iron sequestration and decreased iron absorption
[9]. Hepcidin not only controls iron absorption, but also has a
direct inhibitory effect on erythropoiesis [10]. Immune system
activation is a central feature of KD, and several studies have
shown evidence of consistently elevated levels of serum and
urinary interleukin (IL)-6 in patients with KD [11-13]. The
pathogenesis of anemia of inflammation is thought to be
cytokine-mediated due to the typical overexpression of IL-6,
which is a major inducer of hepcidin production, leading to
hypoferremia [14]. Although hepcidin plays a key role in
anemia of inflammation, the clinical relevance of hepcidin
has not been well established in patients with KD. Therefore,

the first aim of this study was to investigate the role of
hepcidin as an inducer of anemia of inflammation in patients
with KD and the resultant alterations in iron metabolism. The
second aim was to investigate the role of hepcidin in CAL
formation and IVIG treatment response.

Methods
Patients Studied

Eighty-six patients with KD and 30 age-matched febrile con-
trols were enrolled. All patients were initially treated with a
single dose of IVIG (2 g/kg) during a 12-h period. This study
was approved by the Institutional Review Board of Chang
Gung Memorial Hospital, and informed consent was obtained
from the parents or guardians. Blood samples were collected
both before (within 24 h before IVIG treatment, pre-IVIG)
and after IVIG treatment (within 3 days after IVIG treatment,
post-IVIG). Patients whose symptoms did not fit the diagnos-
tic criteria for KD, had had an acute fever for less than 5 days,
or incomplete collection of pre- and post-IVIG blood samples
were excluded from the study. A CAL was defined by the
internal diameter of the coronary artery being at least 3 mm
(or 4 mm if the subject was over 5 years of age) or the internal
diameter of a segment being at least 1.5 times that of an
adjacent segment as observed in echocardiography [15, 16].
IVIG responsiveness was defined as defervescence 48 h after
the completion of IVIG treatment and no fever (defined as a
temperature >38°C) recurrence for at least 7 days after IVIG,
with marked improvement or normalization of inflammatory
signs [6, 17]. Blood samples from the febrile control patients,
who were admitted for upper and/or lower respiratory tract
infections (including acute bronchiolitis, acute pharyngitis,
acute bronchitis, croup, and acute tonsillitis), were used
for comparison. Blood samples were placed in heparin-
containing tubes immediately, and the remaining aliquots of
serum were stored at —80°C until assay. Hemoglobin levels
were determined as part of standard hospital care.

Laboratory Measurements

Measurement of Cytokines by Enzyme-Linked Immunoassay
(ELISA)

We used ELISA to measure IL-6 (human IL-6, Catalog num-
ber: DY206, R&D Systems, Minneapolis, MN, USA) and
serum iron levels (QuantiChrom™ Iron Assay Kit, Catalog
number: DIFE-250, BioAssay Systems, Hayward, CA, USA)
according to the manufacturers’ instructions. The ELISA we
used for hepcidin-25 amino acid is a commercially available
and competitive assay using synthetic hepcidin (Catalog num-
ber: S-1337, Bachem Biosciences, St. Helens, UK, range
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0-25 ng/ml) for standardization, and the methodology and
performance characteristics have been previously described
[18]. Briefly, the hepcidin ELISA kit is a solid-phase type
based on the principle of competitive binding. The microtiter
wells were coated with a monoclonal antibody directed to-
ward the antigenic site of the bioactive hepcidin-25 molecule.
The endogenous hepcidin in a patient sample then competes
with the added hepcidin biotin conjugate to bind to the coated
antibody. After incubation, the unbound conjugate was
washed off, followed by incubation with a streptavidin—per-
oxidase enzyme complex and a second washing step. Sub-
strate solution was added, resulting in color development that
was stopped after a short incubation period. The color inten-
sity that developed was reversely proportional to the hepcidin
concentration in the patient samples.

Statistical Analysis

All data are presented as mean + standard error. Quantitative
data were analyzed using Student’s ¢ test or by one-way
analysis of variance when appropriate. The least significant
difference test was used for post hoc testing where appro-
priate. Changes in the data before and after IVIG treatment
were tested by the paired sample ¢ test. Correlations between
quantitative variables were assessed using Pearson’s coeffi-
cient or the Spearman rank test (for non-Gaussian variables).
Group comparisons were calculated by x* test. Two-sided p
values less than 0.05 were considered statistically significant.
All statistical tests were performed using SPSS version 13.0
for Windows XP (SPSS, Inc., Chicago, USA).

Results

Hemoglobin, IL-6, and Hepcidin Levels in KD Patients
and Controls

As shown in Fig. la, KD patients had lower hemoglobin
levels than the controls (11.2+0.1 and 12.1£0.2 g/dl,

respectively, both p<0.001), which is consistent with our
previous findings [6]. In addition, hemoglobin levels were
significantly decreased after IVIG treatment (10.8+0.1 g/dl,
»<0.001). We measured serum IL-6 hepcidin expressions in
KD patients and controls using ELISA kits. As shown in
Fig. 1b, ¢, we found higher IL-6 (72.4+£14.2 and 9.4+
2.6 pg/ml, respectively, both p<0.001) and hepcidin
(244.1+22.1 and 144.2+16.1 ng/ml, respectively, both
p<0.001) levels in KD patients than in the controls. The
IL-6 and hepcidin levels were greatly decreased after IVIG
treatment (8.34+2.2 pg/ml and 133.84+29.9 ng/ml, respec-
tively, both p<0.001). Furthermore, there was no statistical
significance between hepcidin levels and age (p=0.707).

Association Between IL-6 Levels and Hepcidin Levels
in KD Patients and Controls

To explore the degree of preservation of the homeostatic control
of hepcidin by IL-6, we performed a set of general linear
models in the KD patients and febrile controls. Univariate
analysis showed that the serum hepcidin levels were positively
and significantly correlated with 1L-6 levels (R=0.381,
p<0.001) (Fig. 2a). Furthermore, when all patients were strat-
ified into febrile control (blue), KD-pre-IVIG (green), and KD-
post-IVIG (red) groups, there were positive and significant
correlations between hepcidin and IL-6 levels in all groups
(R=0.760, 0.477, and 0.389, respectively, all p<0.001)
(Fig. 2b). This suggests that there was a relative preservation
of control of hepcidin expression by IL-6 in the febrile controls
and KD patients.

Association Between Hemoglobin Levels and Hepcidin
Levels in KD Patients

To examine the ability of hepcidin to predict the hemoglobin
concentration in KD patients, we investigated the associa-
tion between the hemoglobin levels and hepcidin. Univari-
ate analysis showed that the pre-IVIG hepcidin levels were
negatively correlated with the post-IVIG hemoglobin levels
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Fig. 1 Comparison of hemoglobin (a), IL-6 (b), and hepcidin levels (¢) by ELISA between febrile controls (N=30) and patients with KD (N=86) before
intravenous immunoglobulin (KD-pre-IVIG) and after IVIG treatment (KD-post-IVIG). Data are presented as mean + standard error
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Fig. 2 Correlation plots between serum IL-6 and hepcidin levels
(logarithmic scale). a All febrile controls (N=30) and patients with
KD (N=86). b All patients were stratified into three groups: febrile

and positively correlated with the differences of hemoglobin
level (pre-IVIG levels minus post-IVIG levels) after IVIG
treatment (R=—0.188, p=0.046 and R=0.269, p=0.015, re-
spectively) (Fig. 3). However, no statistically significant
correlation was demonstrated between pre-IVIG hepcidin
and hemoglobin levels (p=0.537) or post-IVIG hepcidin
and hemoglobin levels (p=0.311).

Association Between Hepcidin Level and Serum Iron in KD
Patients and Controls

The hepcidin levels were significantly higher and hemoglobin
levels were significantly lower in the patients with KD com-
pared with the febrile controls. To investigate the direct inhib-
itory effect of hepcidin on erythropoiesis via control of iron
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Fig. 3 Correlation between serum hepcidin and hemoglobin levels.
Linear regression modeling showed that a hepcidin levels of KD patients
(N=86) before IVIG treatment (pre-IVIG) were negatively correlated
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controls (blue), patients with KD before intravenous immunoglobulin
(KD-pre-1VIG, green), and patients with KD after IVIG treatment
(KD-post-IVIG, red)

absorption in KD patients, we examined serum iron levels
using ELISA. As shown in Fig. 4a, lower serum iron levels
were observed in the pre-IVIG KD patients than in the febrile
controls (»p=0.009). In agreement with this, linear regression
modeling confirmed that the serum iron levels were positively
correlated with the hemoglobin levels and negatively corre-
lated with the serum hepcidin levels (R=0.210, p=0.046 and
R=-0.412, p=0.002, respectively) (Fig. 4b, c).

Changes in Serum Hepcidin Levels Were Associated
with CAL Formation and IVIG Treatment Response in KD
Patients

Extensive inflammation is related to the development of CAL in
KD. Hepcidin is also a key marker of acute inflammation

b

° R=0.269, p=0.015

Hemoglobin difference (g/dl)

T T T T T T T
0.00 20000 40000 600.00 800.00 100000 1200.00
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with hemoglobin levels after IVIG treatment (post-IVIG) and b positively

correlated with the differences of hemoglobin levels (pre-IVIG levels
minus post-IVIG levels) after IVIG treatment
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Fig. 4 Comparison of serum iron and correlation plots between serum
iron, hepcidin, and hemoglobin levels in febrile controls and patients with
KD. a Lower serum iron levels were observed in patients with KD before
intravenous immunoglobulin treatment than in the febrile controls. Linear

[19-21]. To show the changes in hepcidin levels after IVIG
treatment on CAL formation and IVIG treatment response, we
divided the KD patients into two groups for comparison. Six
(7.0%) KD patients had higher post-IVIG hepcidin levels than
pre-IVIG levels, and the change of levels was less than the total
average in 27 (31.3%) KD patients. Higher post-IVIG hepcidin
levels were associated with resistance to IVIG treatment
(Table I) (odds ratio=45.000, p<0.001). Additionally, we found
that changes of hepcidin levels less than the total average were
associated with resistance to IVIG treatment (Table I) and the
occurrence of CAL formation (Table II) (odds ratio=13.182,
»=0.004 and odds ratio=6.477, p=0.017, respectively).

Discussion

To the best of our knowledge, this is the first study to report
that hepcidin is markedly increased in patients with KD.
Anemia is a frequent finding in patients with KD and is
associated with a more prolonged duration of active inflam-
mation. However, the underlying molecular mechanism of the
development of anemia in patients with KD has not previously
been elucidated. The results of this study provide, for the first
time, a mechanism to explain the observed anemia in patients
with KD, and that this mechanism is related to markedly
increased hepcidin expressions resulting in functional iron
deficiency. Additionally, this study also provides a novel
observation that the lower decrease in hepcidin levels after

regression modeling confirmed that b the serum iron levels were signif-
icantly positively correlated with the hemoglobin levels and ¢ negatively
correlated with serum hepcidin levels. N indicates the sample size. Data
are presented as mean + standard error

IVIG treatment is associated with the occurrence of CAL
formation and resistance to IVIG treatment.

Pietrangelo et al. first demonstrated an IL-6-induced
increase in hepcidin expression through a complex of the
IL-6 receptor and gpl130 dependence and subsequent
induction of promoter binding of signal transducer and
activator of transcription 3 [22] to drive hepcidin expres-
sion. In agreement with previous findings [23, 24], we
also found increased IL-6 levels in the patients with KD
compared to febrile controls and decreased IL-6 levels after
IVIG treatment. Likewise, we also found that hepcidin levels
were positively correlated with IL-6 levels in the febrile con-
trols and KD patients.

Hepcidin plays an important role in orchestrating both iron
metabolism and the pathogenesis of anemia of inflammation.
High levels of hepcidin result in low serum levels of iron and a
limited availability of iron for erythropoiesis. Hepcidin not
only plays a key role in anemia of chronic inflammation [25],
but it is also associated with anemia of acute disease [26]. It
has been documented in patients with trauma that hepcidin
levels rise to extremely high values and are positively corre-
lated with injury severity and duration of anemia and nega-
tively correlated with hypoxia [26]. Inappropriately high
levels of hepcidin have also been observed in anemia associ-
ated with inflammatory disorders, such as infections [19, 27],
autoimmune diseases [20, 28], critical illnesses [26, 29], and
obesity [30]. Kemna et al. demonstrated temporal associations

Table I The changes in serum

hepcidin levels in the 86 patients Hepcidin Resistant (%) (n=6) Responsive (%) (n=80) Odds ratio (95% CI) p value
with Kawasaki disease respond-
ing or not responding to Post-IVIG > pre-IVIG
intravenous immunoglobulin Yes 5(83.3) 8 (10.0) 45 (4.659-434.651) <0.001
(IVIG) treatment No 1(16.7) 72 (90.0) 1
Change of hepcidin levels less than total average
Yes 5(83.3) 22 (27.8) 13.182 (1.457-119.253) 0.004
No 1(28.6) 58 (72.2) 1
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Table II The changes in serum
hepcidin levels in the 86 patients Hepcidin CAL (%) (n=7) Without (%) (n=79) Odds ratio (95% CI) p value
with Kawasaki disease with
or without coronary artery Post-IVIG > pre-IVIG
lesion (CAL) formation Yes 1 (14.3) 12 (15.1) 0.931 (0.103-8.435) 0.949
No 6 (85.7) 67 (84.9) 1
Change of hepcidin levels less than total average
Yes 5(71.4) 22 (27.8) 6.477 (1.169-35.885) 0.017
No 2 (28.6) 57 (72.2) 1

between plasma cytokines, hepcidin levels, and serum iron
parameters in ten healthy individuals after lipopolysaccharide
injection [21]. IL-6 was dramatically induced within 3 h after
injection, and urinary hepcidin peaked within 6 h, followed by
a significant decrease in serum iron. In our patients, we found
that the pre-IVIG hepcidin levels were negatively correlated
with the post-IVIG hemoglobin levels and positively correlat-
ed with the differences of hemoglobin levels. To the best of
our knowledge, this is the first study to report such findings.
Additionally, lower serum iron levels were observed in the
pre-IVIG KD patients than in the febrile controls. In line with
these findings, serum iron levels were positively correlated
with hemoglobin levels and negatively correlated with serum
hepcidin levels, reflecting a delayed effect on erythropoiesis in
patients with KD. Moreover, hepcidin has also been shown to
have a direct effect on erythroid precursor proliferation and
survival as erythroid colony formation [31], which is in ac-
cordance with the observation of a transient erythroblastope-
nia in bone marrow aspiration in patients with KD [32]. In our
patients, hemoglobin levels still decreased significantly after
IVIG treatment, suggesting that bone marrow suppression in
patients with KD does not reverse rapidly after IVIG treat-
ment. A previous study found that urinary levels of hepcidin
were strongly elevated and associated with iron maldistribu-
tion as well as antimalarial treatment results in a rapid decrease
in urinary levels of hepcidin and reversal of hypoferremia
[27]. In addition, a reticulocyte response within 3—5 days after
the start of antimalarial treatment has been noted [33], as well
as markedly increased hemoglobin levels by week 4 after
treatment initiation [27]. However, it is still unknown how
long anemia persists in patients with KD.

Elevated inflammatory markers and IVIG nonresponsive-
ness may be associated with the development of CAL in KD
[34]. Our study demonstrated that a lower decrease in hep-
cidin levels after IVIG treatment was associated with the
occurrence of CAL and resistance to IVIG treatment. Re-
cently, it has been shown that hepcidin can be considered to
be a key inducer of anemia of inflammation in patients with
rheumatoid arthritis, and this inflammation has been proven
to be directly linked to coronary artery atherosclerosis [20].

Additionally, pharmacological suppression of hepcidin
increases macrophage cholesterol efflux and reduces foam
cell formation and atherosclerosis [35]. Therefore, the pres-
ent data are consistent with the hypothesis that the inflam-
matory process may be involved in the development of CAL
in KD.

This study has potential limitations. First, the cross-
sectional nature of the present study hindered assessment
of the causal relationship between hepcidin level and anemia
among KD patients, and this should be ascertained through
longitudinal studies to elucidate the time-dependent changes
in hemoglobin, hepcidin, and cytokine levels, especially
during the convalescent stage of KD. Second, we did not
measure other iron biochemical parameters such as ferritin,
total iron binding capacity, transferrin saturation, or soluble
transferrin receptor, all of which require further investiga-
tion. Third, we cannot exclude the possibility that the higher
hepcidin levels in KD patients compared to the febrile con-
trols were due to a longer duration of fever in KD patients
than in the febrile controls.

Conclusions

Hepcidin levels rose to extremely high levels in patients with
KD compared to the febrile controls. High hepcidin levels
were positively correlated with IL-6 levels and negatively
correlated with serum iron and hemoglobin levels. Hepcidin
may play a key role in the impairment of erythropoiesis and be
a marker of the occurrence of CAL in KD patients. Further
studies are warranted to investigate the pathophysiologic basis
for these findings in KD.
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