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Heterogeneous expressions of hepcidin isoforms
in hepatoma-derived cells detected using simultaneous

LC-MS/MS
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Hepcidin, a key regulator of iron homeostasis, is known to have three isoforms: hepcidin-20, Received: June 3, 2009
-22, and -25. Hepcidin-25 is thought to be the major isoform and the only one known to be Revised: July 13, 2009
involved in iron metabolism; the physiological roles of other isoforms are poorly understood. Accepted: July 17, 2009
Because of its involvement in the pathophysiology of hereditary hemochromatosis and the

anemia of chronic disease, the regulatory mechanisms of hepcidin expression have been

extensively investigated, but most studies have been performed only at the transcriptional

level. Difficulty in detecting hepcidin has impeded in vitro research. In the present study, we

developed a novel method for simultaneous quantification of hepcidin-20, -22, and -25 in the

media from hepatoma-derived cell lines. Using this method, we determined the expression

patterns of hepcidin isoforms and the patterns of responses to various stimuli in human

hepatoma-derived cultured cells. We found substantial differences among cell lines. In

conclusion, a novel method for simultaneous quantification of hepcidin isoforms is presen-

ted. Heterogeneous expressions of hepcidin isoforms in human hepatoma-derived cells were

revealed by this method. We believe our method will facilitate quantitative investigation of the

role hepcidin plays in iron homeostasis.
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Hepatocyte / Hepcidin antimicrobial peptide / Iron metabolism / LC-MS/MS
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Hokkaido 078—8951 0, JSpArs . 9 Hepcidin is a small peptide mainly produced by the liver, and

E-mail: ikuta@asahikawa-med.ac.jp it is thought to be the key regulator in iron homeostasis [1, 2].
Fax: +81-166-68-2469 Hepcidin binds to ferroportin, the mammalian iron exporter
expressed on the basolateral side of enterocytes and on the
cell surface of macrophages, thereby causing the inter-
nalization and degradation of ferroportin [3]. Hepcidin thus
inhibits iron uptake from the gastrointestinal tract and iron
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EMEM, Eagle’s minimum essential medium; FAC, ferric ammo-
nium citrate; HAMP, hepcidin antimicrobial peptide; holo-Tf,
holo-transferrin; IL-1p, interleukin-1f; IL-6, interleukin-6; LPS,

lipopolysaccharide; QC, quality control; gRT-PCR, quantitative release from reticuloendothelial cells, so that iron balance of

RT-PCR; SRM, selected reaction monitoring the body is negatively regulated by hepcidin [1, 2]. Increased
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hepcidin expression therefore leads to iron deficiency while
decreased hepcidin expression causes iron overload.

Hepcidin is involved in several diseases, such as heredi-
tary hemochromatosis and the anemia of chronic disease. In
hereditary hemochromatosis, various mutations occur
in genes such as HFE, hemojuvelin, and transferrin receptor
2, leading to decreased hepcidin expression despite gener-
alized iron overload [4-6). In contrast, in anemia of chronic
disease, inflammatory cytokines such as interleukin-6 (IL-6)
[7, 8] and interleukin-1B (IL-1B) [9, 10] upregulate hepcidin
expression and thus cause iron-deficiency anemia.

Recently, the regulation of hepcidin expression has been
intensively studied to reveal pathophysiological mechanisms
involved in diseases in which iron metabolism is altered. For
instance, the cytokine IL-6 increases hepcidin synthesis utilizing
signal transducers and activators of transcription-3 during
inflammation such as caused by systemic infections [11]. The
bone morphogenic proteins (BMPs) are members of the
transforming growth factor B superfamily, and BMPs have been
proposed to be involved in hemojuvelin-mediated regulation of
hepcidin synthesis [12]. However, almost all research on the
regulation of hepcidin expression has been restricted to study-
ing changes in transcription of the hepcidin antimicrobial peptide
(HAMP) gene utilizing RT-PCR under various conditions.

Hepcidin is produced mainly by hepatocytes expressing
the HAMP gene located on chromosome 19. The transcript of
this gene is believed to produce a prepropeptide of 84 amino
acids, and then the peptide is digested by furin, the inter-
cellular convertase, and finally the mature form of hepcidin
appears in the peripheral blood [13]. However, there is little
information about the ratios of serum prohepcidin to mature
hepcidin, and the secreted fraction of hepcidin to hepcidin
retained intracellularly. In addition, kidney cells have been
shown to produce hepcidin independently of the liver [14].
Therefore, there is no proof that HAMP transcript levels of
the liver reflect total body secretion of hepcidin-25. Conse-
quently, it is desirable that hepcidin be determined from
peptide levels in the serum, in addition to transcriptional
levels of the liver and other organs.

Three isoforms of mature hepcidin are known. A 25-amino
acid peptide (hepcidin-25) is thought to be the major isoform
[15], but other forms of hepcidin such as hepcidin-20 and -22
have been detected in human urine [16]. Only hepcidin-25 has
been shown to cause the internalization and degradation of
ferroportin. However, the possibility arises that hepcidin-20
and -22 have different physiological roles in homeostasis and
their expressions are regulated independently from hepcidin-
25. It is therefore desirable that hepcidin-20, -22, and -25 be
separately quantified.

The first method for measuring prohepcidin, using
ELISA, was reported by Kulaksiz et al. [17]. That method has
been applied for the analysis of hepcidin expression levels,
but there is little information about how and whether
hepatocytes secrete prohepcidin into the blood [17]. Several
groups have developed antibodies to detect and measure
hepcidin, but difficulties for differentiation of hepcidin-20,

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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-22, and -25 [18] persist. MS-based modalities have been
used in recent years for measuring hepcidin. For instance,
SELDI-TOF-MS has been used for semi-quantification
[19, 20], and LC-MS/MS has been employed for quantifica-
tion of hepcidin [21, 22]. These methods are applicable to
assaying clinical samples such as blood and urine. Most
recently, Ganz et al. reported development of an ELISA
system for quantification of human serum hepcidin that is
expected to be a powerful tool for clinical samples [23].

Experiments in vitro would also be valuable for investi-
gating the complex molecular mechanisms regulating
hepcidin expression. Detection and quantification of hepci-
din in cell culture media has been difficult, probably due to
its low concentration.

We therefore aimed to develop a sensitive new method
for measuring hepcidin that can simultaneously measure
hepcidin-20, -22, and -25 secreted in culture media by
hepatoma-derived cells. We now report such a method,
improving the MS-based modality that we previously
reported [22]. We also determined the characteristics of
hepcidin expression of various hepatoma cell lines using the
new method, which can be applied to analyzing differences
among hepatoma cells of varying lineage.

2 Materials and methods
2.1 Hepcidin standards

Human hepcidin-25 was obtained from the Peptide Institute
(Osaka, Japan). Hepcidin-20, -22, and [**Cy, **N;]-hepcidin-
25 were synthesized at the Peptide Institute.

2.2 Chemicals

BMP2 and holo-transferrin (holo-Tf) were purchased from
R & D Systems; IL-6 was obtained from Wako Pure Chemical
Industries, Osaka, Japan. FBS was purchased from Japan
Bioserum; Eagle’s minimum essential medium (EMEM),
DMEM, RPMI-1640 medium, r-glutamine, and sodium
bicarbonate were purchased from Sigma-Aldrich. Peni-
cillin—streptomycin solution were bought from Invitrogen.
IL-1B was purchased from Wako Pure Chemical Industries;
desferrioxamine (DFO), ferric ammonium citrate (FAC),
lipopolysaccharide (LPS), and cobalt chloride were obtained
from Sigma-Aldrich. Decanoyl-RVKR-CMK (furin inhibitor I
was purchased from Calbiochem (Darmstadt, Germany). All
other chemicals and solvents were of analytical reagent grade.

2.3 Cell cultures
Human hepatoma-derived cell lines used in this study were

HepG2, HuH-1, HuH-2, HuH-4, HuH-6, HuH-7, WRLG6S,
HBG611, Hep3B, HLE, HLF, SK-HEP-1, and human primary
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hepatocytes derived from normal liver (Applied Cell Biology
Research Institute).

HuH-4, HB611, and HuH-6 cells were incubated with
RPMI1640; HuH-7 cells were incubated with DMEM. Other
cells were incubated with EMEM. Those medium were
supplemented with 10% FBS, 100U/mL penicillin, and
100 pg/mL streptomycin. All cells were cultured at 37°Cin a
humidied incubator with 5% CO,. In some experiments,
FBS-free UltraCulture medium (Lonza, MD, USA) supple-
mented with 2 mM r-glutamine was used. HepG2 cells could
survive in this serum-free medium for more than 3 days.

Cells at the density of 1 x 10°cells/mL were grown in
6-well plates for 24h to almost 80% conuency in 2mL of
culture medium. Medium in each well was replaced by 2mL
of culture medium containing various stimulants and then
incubated for 48 h. All cell lines were maintained with 20ng/
mlL IL-6 or 30 uM holo-Tf or no additives for control cells.

After 48 h, culture media were collected and analyzed for
hepcidin-20, -22, and -25 concentrations as follows: 50 uL of
4% trichloroacetic acid solution containing 200ng/mL
[**Cys, °NjJ-hepcidin-25 as internal standard was added to
an equal amount of each culture medium, mixed vigorously,
and centrifuged. A 20-uL aliquot of the resulting super-
natant was analyzed quantitatively by LC-MS/MS. Cells
were lysed with 0.1% Triton X-100 for protein assay, or by
Sepazol™ (Nacarai Tesque, Japan) for RT-PCR studies.

HepG2 cells were also treated with various reagents
instead of IL-6 or holo-Tf, such as 200 pg/mL IL-1p, 100 pM
DFO, 100uM FAC, 1pug/mL LPS, 50 uM CoCl,, or 50 uM
furin inhibitor I. After 48 h, culture media were collected for
quantification of hepcidin isoforms, and cells were lysed for
measuring protein concentrations.

Each treatment was performed in triplicate, and data
presented as mean and SD.

2.4 LC/ESI-MS/MS analysis

LC/ESI-MS/MS was performed using an API4000QTRAP
(Applied Biosystems, Foster City, CA, USA) equipped with a
UPLC ACQUITY™ systems (Waters). The turboionspray
was operated in the positive ion mode at 5500V for the ion
spray voltage. Analytical chromatography of human hepci-
din-20, -22, and -25 was accomplished on a PLRP-S column
(5um, 300A, 150mm x 2.0mm id; Polymer Laboratories,
Shropshire, UK). Instrument control and data processing
were with Analyst'™ software version 1.4 (Applied Biosys-
tems).

2.5 Quantitative analysis of human hepcidin-20, -22,
and -25

Selected reaction monitoring (SRM) transitions were as
follows: human hepcidin-20, m/z 548.85—119.80; human
hepcidin-22, m/z 610.14 - 119.80; human hepcidin-25, m/z
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558.80 — 120.07; [‘3C18, 15N;]-hum;m hepcidin-25, m/z
563.11—109.60. The declustering potential for human
hepcidin-20, -22, -25, and [**C;g, "*N3J-human hepcidin-25
were 50, 50, 81, and 81V, respectively. The turboionspray
source was maintained at a temperature of 600°C. Collision
energies for human hepcidin-20, -22, -25, and [°Cyg, "°N;}-
human hepcidin-25 were 52, 59, 73 and 75V, respectively.
The collisional activation dissociation gas was set at 4.
Mobile phase A was 0.1% aqueous formic acid, and mobile
phase B was 0.1% formic acid in ACN. Gradient conditions
were as follows: B 20% (0min, 0.3mL/min)—20%
(2.01 min, 0.3mL/min)—25% (5.00min, 0.3 mL/min)—
25% (10.00min, 0.3mL/min)—90% (10.01min, 0.3
mL/min)—90% (12.00 min, 0.3 mL/min) —20% (12.01 min,
0.3 mL/min)—20% (14.00 min, 0.3 mL/min).

Analysis of hepcidin-25 in the BMP2-stimulated HepG2
culture medium was performed on the 6520 quadrupole-
TOF/MS (Agilent Technologies).

2.6 RNA isolation and quantitative RT-PCR

Total RNA was isolated and quantitative RT-PCR (qRT-PCR)
was performed in a reaction mix containing TaqMan
Universal PCR Master Mix No AmpErase UNG (Applied
Biosystems), specific human HAMP primers, and probe
(pre-validated Taqman gene expression assay, Applied
Biosystems), and 100ng of cDNA. All reactions were
multiplexed with the housekeeping gene 18S, provided as a
pre-optimized control probe (Applied Biosystems) enabling
data to be expressed as delta threshold cycle (ACt) values
(where ACt=Ct of 18s subtracted from Ct of gene of
interest). Reactions were as follows: 50°C for 2 min, 95°C for
10 min; then 60 cycles of 95°C for 15s and 60°C for 1 min.
All measurements were performed in triplicate, and relative
HAMP mRNA expression was expressed as fold expression
over the average of HAMP mRNA expression corresponding
to the HepG2 cells.

2.7 Cellular protein assay

Cell were lysed with 0.1% Triton-X and total protein
concentrations were determined using the Bradford reagent
(BioRad, Hercules, CA, USA), following the manufacturer’s
instructions.

3 Results

3.1 Establishment of quantitative measurement of
hepcidin isoforms

To improve further the method for quantifying small

peptides by LC-MS/MS, we developed a quantitative and
simultaneous method for hepcidin-20, -22, and -25 in
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biological fluids. Upon optimization of SRM conditions, the
most intense precursor ions were selected in each mass
spectrum to detect hepcidin isoforms. Product ions were
selected to maximize sensitivity and selectivity. Using
EMEM supplemented with 10% FBS as matrix, various
concentrations of synthetic hepcidin isoforms were spiked,
and analyzed by LC-MS/MS. Isoform peaks were not
interfered with by a blank matrix, indicating the method has
good selectivity.

Our method was validated by specificity, linearity, lower
limit of quantification, intra-assay precision, and accuracy.
Calibration curves were constructed over the range
2-1000 ng/mL in the above matrix. Five replicates of 2, 5, 50,
500, and 1000 ng/mL of each isoform quality control (QC)
samples were prepared and analyzed by LC-MS/MS.

There was no interference peak at retention time of each
isoform, confirming good specificity (Fig. 1A). Linearity of
the calibration curves by weighted (1/x%) linear regression
was excellent (correlation coefficient: r=0.9974 for hepci-
din-20, r=0.9937 for hepcidin-22, r=0.9950 for hepcidin-
25; Fig. 1B). Accuracies of the back-corrected concentrations
were within 87.4-109% for hepcidin-20, 80.1-110% for
hepcidin-22, and 80.5-109% for hepcidin-25. The lower
limits of quantification for each hepcidin isoform was 2ng/
mL. Coefficients of variance in intra-assay QC samples were
1.2-8.6% for hepcidin-20, 3.1-5.7% for hepcidin-22, and
1.5-7.0% for hepcidin-25. Accuracies for QC samples were
99.7-122.1% for hepcidin-20, 102.6-132.5% for hepcidin-22,
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and 99.1-141.2% for hepcidin-25. These results indicate that
the method is adequate for quantifying hepcidin isoforms in
culture media.

3.2 Detection of hepcidin isoforms in HepG2 media

In the SRM chromatogram of HepG2 medium analyzed by
LC-MS/MS, peaks corresponding to the retention time of
synthetic hepcidin-22 and -25, but not hepcidin-20, were
detected. Peaks corresponding to hepcidin-22 and -25 were
also detected and up-regulated in 100 ng/mL BMP2 stimu-
lated HepG2 medium (Fig. 2A). No peaks corresponding to
hepcidin-20 were founded in the chromatogram of HepG2
media at any tested conditions.

We tried to identify the component of the corresponding
peak for hepcidin-25 in HepG2 medium. For that purpose,
BMP2 medium was prepared because it contained a rela-
tively high concentration of putative hepcidin-25, (65.9ng/
mL). Synthetic hepcidin-25 and BMP2 medium were
analyzed by quadrupole-TOF/MS. The major precursor ions
of synthetic hepcidin-25 ranged from m/z = 558.4-559.0. At
the same retention time, precursor ions from BMP2
medium showed a similar distribution (Fig. 2B). Mass
spectra of product ions were also similar. Several major
common product ions were observed (Fig. 2C). Overall,
synthetic hepcidin-25 and HepG2-derived peak components
are similar in retention time and mass spectra of the

Figure 1. (A) Representative LC-MS/MS
chromatograms of hepcidin-20, -22, -25, and
blank isotopic hepcidin-25 sample. (B) The
calibration curves of hepcidin-20, -22, and -25
in the culture medium are linear in the range
of 2-1000 ng/mL. The correlation coefficients
of calibration curves are as follows: hepcidin-

20, r=10.9974; hepcidin-22, r=0.9937; hepci-
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Figure 2. (A) Detection of hepcidin isoforms in BMP2-stimulated HepG2 medium. (B) MS spectra of synthetic hepcidin-25 and derived peak
from BMP2-stimulated HepG2 medium showing similar patterns. (C) MS/MS spectra of synthetic hepcidin-25 and derived peak from
BMP2-stimulated HepG2 medium showing similar patterns. Arrows show common fragments.

precursor ions and product ions, verifying that the peak
detected in the culture medium represents hepcidin-25.

3.3 HAMP gene expressions in hepatoma-derived
cell lines

We aimed at first to determine qualitatively whether cell
lines derived from hepatocellular carcinomas express the
HAMP gene as assayed by RT-PCR. Expression levels of
HAMP mRNA differed among cell lines (Fig. 3A). HepG2,
HuH-1, and HuH-7 cells showed relatively high HAMP
mRNA expressions, but other cells exhibited only slight
expressions. qRT-PCR was then performed (Fig. 3B).
HepG2, HuH-1, and HuH-7 cells expressed high levels of
HAMP mRNA, compatible with the results of qualitative
RT-PCR. Only slight or moderate HAMP mRNA expression
was found in other cells.

3.4 AQuantification of hepcidin isoforms in the
culture medium of various hepatoma-derived
cell lines

HLE, HLF, SK-Hepl, and human primary hepatocytes did
not show any detectable hepcidin isoforms in their culture
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media (data not shown). We could observe hepcidin
isoforms in culture media from other cell lines. We also
found that hepatoma-derived cell lines exhibited different
patterns of hepcidin isoform expression and changes
induced by various stimulations. Even among cell lines that
secrete detectable hepcidin isoforms, four distinct patterns
were discerned.

HepG2 cells expressed hepcidin-22 and -25, but not
hepcidin-20. IL-6 significantly upregulated the expression of
both isoforms, but holo-Tf suppressed hepcidin-25 expres-
sion (Fig. 4A).

WRLG8 cells showed expression of hepcidin-20 and -22
even in control conditions, and holo-Tf stimulation
increased both expressions significantly (Fig. 4B).

HuH-1 and HuH-7 cells expressed only hepcidin-25. IL-6
significantly increased the expression of hepcidin-25 in both
cell lines. Addition of holo-Tf to the medium did not change
the level of hepcidin-25 in HuH-1 cells, and even decreased
hepcidin-25 in HuH-7 cells (Fig. 4C).

HB611, Hep3B, HuH-2, HuH-4, and HuH-6 showed
expression of only hepcidin-20, but when holo-Tf was added,
hepcidin-22 appeared (Fig. 4D).

We observed that some cell lines respond to holo-Tf by
increasing the secretion of hepcidin-20 or -22. Although Lin
et al. have reported HAMP mRNA expressions to be
increased in mouse primary hepatocytes stimulated with
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Figure 3. Expressions of HAMP mRNA in hepatoma-derived cell
lines determined by gRT-PCR. (A) Qualitative RT-PCR showed
that the expressions of HAMP mRNA were quite different among
hepatoma-derived cell lines. (B) The expression levels of HAMP
mRNA were standardized by 18S rRNA. Relative HAMP mRNA
expression levels are shown as fold expression over the average
of HAMP mRNA of HepG2 cells. HepG2, HuH-7, and HuH-1 cells
highly express HAMP mRNA, while other cell lines exhibits only
slight or moderate HAMP mRNA expressions.

human holo-Tf [24]] we believe ours is the first study
showing upregulation of hepcidin at the peptide level by
human holo-Tf in human cells. The physiological function
of this effect is, however, not apparent since only hepcidin-
25 is known to be involved in iron metabolism.

3.5 Determination of the changes of hepcidin
expression in responses to various stimulations
of HepG2 cells

The HepG2 cell line is one of the most frequently used
hepatoma-derived lines for research and secretes mainly
hepcidin-25, the only isoform reported to interact with
ferroportin, into the culture medium.

Hepcidin expression has been reported to be regulated by
inflammatory cytokines such as IL-6 and IL-1B; hence,
HepG2 cells were stimulated with these cytokines. As
shown in Fig. 5A, IL-6 significantly upregulates hepcidin-25,
in agreement with earlier reports. A slight increase of
hepcidin-22 was observed with IL-1B stimulation, but no
obvious upregulation was seen in hepcidin-25. Iron overload
has been reported to upregulate hepcidin expression in vivo,
but addition of holo-Tf and FAC in the medium suppressed
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the expression of hepcidin-25. These results conflict with
those of some in vivo investigations, but other transcrip-
tional studies showed similar data to ours. Reasons for these
discordances are still unknown.

Of interest, FAC increased hepcidin-22 expression by an
unknown mechanism. DFO suppressed hepcidin-25
expression as expected change, but hepcidin-22 expression
was increased. To investigate the effects of bacterial infec-
tions, LPS was added to media, and it significantly increased
both hepcidin-22 and -25. Hypoxia is also reported to
decrease hepcidin expressions [25], while in our studies
CoCl, increased expression of both hepcidin-22 and -25. The
furin inhibitor decreased hepcidin-25, but surprisingly
hepcidin-22 was increased.

We then determined whether the inclusion of FBS
influenced expressions of hepcidin types. Expressions of
hepcidin-22 and -25 increased as higher concentrations of
FBS were provided in the culture media, an effect that may
have been due to the presence of cytokines in the FBS.
HepG2 cells were then studied with various stimulants in
FBS-free media. As shown in Fig. 5B, hepcidin expression
levels were all lower than those determined in FBS-
containing medium, and were almost at the limit of
measurement by our method, but IL-6 upregulated hepci-
din-25 expression. Holo-Tf and FAC depressed both hepci-
din-22 and -25, as did the furin inhibitor. The finding that
inclusion of FBS significantly influenced the expression of
hepcidin deserves consideration from in vitro research using
cultured cells.

4 Discussion

First developed for assaying prohepcidin [17], studies have
used ELISA for measuring hepcidin in serum and urine.
Lack of information about the physiological properties and
importance of prohepcidin in clinical samples makes
interpretation of these studies difficult. The main active
isoform of hepcidin is believed to be hepcidin-25, but little
information is available about how much translated
prohepcidin in hepatocytes is released intact. In fact, Valore
and Ganz have pointed out recently that most hepcidin
released from the cells is the mature 25-residue form
produced by furin [13]. Most recently, Ganz et al. developed
a novel ELISA system for human serum hepcidin and it is
expected that this method will be a powerful tool for clinical
investigations, but it is unclear whether this method can be
applied for in vitro research [23].

Methods utilizing MS-based modalities such as SELDI-
TOF-MS have been widely used for measuring hepcidin in
serum and urine samples [19]. However, the reliability of
SELDI-TOF-MS for quantifying multiple molecules such as
hepcidin isoforms is still unclear.

We recently developed a method utilizing LC/ESI-MS/
MS for quantification of hepcidin [22]. We aimed to improve
and extend this method to apply it for measurement of
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hepcidin secreted in culture media by hepatoma-derived cell
lines. Our present assay, using MS with trichloroacetic acid
precipitation, succeeds in this. Moreover, the new method
can simultaneously detect and distinguish hepcidin-20, -22,
and -25. The linear relationship between the peak area and
hepcidin concentration provides simultaneous quantifica-
tion of hepcidin-20, -22, and -25 isoforms. To our knowl-
edge, this is the first report for simultaneous and
quantitative measurement of hepcidin isoforms, applicable
to evaluating hepcidin levels and their response to various
stimulations for research using cultured cells. We believe
that this method can be applied to clinical as well as
research studies, thereby providing new information about
hepcidin isoforms levels in serum. Determination of
hepcidin isoforms may also be a biomarker for differential
diagnosis and evaluation of disease activity in clinical
studies, although further investigation is needed.

One advantage of our method is that it does not depend
upon an antibody against hepcidin. Specificity of antibodies
used for quantification of hepcidin requires validation to
exclude the possibility that they recognize two or three
isoforms of hepcidin simultaneously. Our method can also
measure many samples in a relatively short time, so that it is
useful for clinical samples and samples from in vitro
research. However, it does require internal standards of
hepcidin isoforms and mass spectrometers but still may be
of interest in diverse laboratories.

We found differences in expression of HAMP mRNA
among cell lines derived from hepatocytes. This finding
indicates that such differences must be considered in using
these cell lines for research in hepcidin expression.

HLE, HLF, and SK-HEP-1 cells exhibited low HAMP
mRNA expression in qRT-PCR and did not secrete detect-
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of hepcidin isoforms were
different among cell lines,
and divided into four
groups. (A) HepG2 cells, (B)
WRL68 cells, (C) HuH-1 and
HuH-7 cells, and (D) HB611,
Hep3B, HuH-2, HuH-4, and

HuH-6  cells. *p<0.05,
**p<0.01, n.d.: not detec-
ted.

able hepcidin. They may have lost some physiological
functions common to hepatocytes.

There were unexpected differences of secretion and
response to various stimulations of hepcidin isoforms
among cell lines. The cell lines that secreted detectable
hepcidin in our study can be divided into at least four
groups, suggesting that hepatocytes in the liver in vivo
might possess different characteristics from each other. We
believe this is the first report of the variety of hepcidin
isoforms’ expression patterns in hepatoma-derived cell lines.
Possibly, one subset of hepatocytes is involved in only iron
metabolism, while another line is involved in both iron
metabolism and the antimicrobial system.

Care should be taken in evaluating hepcidin expression
from transcriptional levels because we did not find any
obvious correlation between HAMP mRNA expression and
hepcidin secretion (Figs. 3 and 4). Moreover, different cell
lines exhibit different patterns of hepcidin isoforms’ secre-
tion. Our data indicate that HuH-7 cells and Hep3B cells
each express an mRNA of the HAMP gene as determined by
RT-PCR. However, HuH-7 cells secrete only hepcidin-25
into the culture medium, and Hep3B cells secrete hepcidin-
20 but no detectable hepcidin-25. These observations indi-
cate a risk of misinterpretation if only transcriptional studies
are performed for investigation of hepcidin expression,
especially for in vitro research.

In this study, we subjected HepG2 cells to various
stimulations, and observed changes of hepcidin-22 and -25
levels in culture media. The changes of hepcidin-22 and -25
were not parallel; therefore, again the determination of only
HAMP mRNA might lead to misinterpretation, so simul-
taneous determination of hepcidin isoforms is strongly
recommended. We observed changes of hepcidin-25 that are
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consistent with data previously reported elsewhere so that
our method for quantification of hepcidin isoforms would
be useful for investigating responses of hepatocytes to
various stimulations. Observed changes that remain unex-
plained indicate a need for further investigation of the
responses of hepatocytes to various stimulations in their
expression of hepcidin isoforms.

We realize that varying concentrations of FBS might lead
to different results even in the presence of identical stimula-
tions. For example, the furin inhibitor decreased hepcidin-25
while hepcidin-22 was increased (Fig. 5A) in the presence of
FBS. This suggests that the pathway for producing hepcidin-
22 was activated when the pathway for producing hepcidin-25
was inhibited by furin inhibitor, thereby maintaining the total
concentration of hepcidin although skewing the balance
between isoforms. However, the precise mechanism of the
effect is not known. Both hepcidin-22 and -25 were suppres-
sed when cells were treated with furin inhibitor in FBS-free
conditions (Fig. 5B), and this is contrary to the result observed
in the presence of FBS. We speculated that the absence of FBS
may stress the cells, increasing the sensitivity to furin inhi-
bitor. We recognize that furin is a proprotein convertase
acting on hepcidin expression at the posttranslational level
[13], so that its inhibition should not be selectively affected by
FBS. Itis also possible, however, that unknown factors in FBS
might upregulate hepcidin-22, since its concentration in FBS-
free conditions could not be increased in our study. It may be
advisable, therefore, to provide precisely controlled concen-
trations of FBS in further studies of expression of hepcidin
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Figure 5. (A) Changes of hepcidin isoforms’
expressions induced by various stimulations
in the HepG2 cells. IL-6 (20 ng/mL), IL-18 pg/
mL, holo-Tf (30uM), FAC (100pM), DFO
(100 uM), CoCl, (50 uM), LPS (1ug/mL), and
furin inhibitor (50uM) were added to the
culture media of HepG2 cells as indicated. In
addition, the effect of the concentrations of
FBS on the expressions of hepcidin isoforms
was determined. (B) HepG2 cells were incu-
bated with serum-free medium UltraCulture.
Hepcidin expression levels were all lower
than those observed in FBS-containing
medium. IL-6, IL-18, holo-Tf, FAC, DFO,
CoCly, LPS and furin inhibitor were also
added to observe their effects on hepcidin
isoforms’ expressions. *p<0.05, **p<0.01,
n.d.: not detected.
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isoforms in vitro, since FBS may already contain stimulants of
hepcidin expression.

In conclusion, we have devised a method for simulta-
neous quantification of hepcidin-20, -22, and -25 in culture
media by hepatoma-derived cell lines. Using this method,
we determined the expression patterns of hepcidin isoforms
and their responses to various stimulations in cultured cells,
and we found that there are substantial differences among
cell lines. We also found no obvious correlation between
HAMP mRNA expressions and hepcidin isoforms’ secre-
tion. Levels of prohepcidin in the culture medium were too
low to be detected by ELISA, indicating the necessity of
directly measuring hepcidin instead of estimating it from
prohepcidin measured by ELISA, especially in vitro studies.
We believe that our method can contribute to in vitro
research on the regulation of hepcidin expression, needed
because the regulation of hepcidin expression is complex
and difficult to investigate precisely in vivo.
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manuscript.
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Lipin-1 is a multifunctional metabolic regulator, involving in triacylglycerol and bioactive glycerolipids
synthesis as an enzyme, transcriptional regulation as a coactivator, and adipogenesis. In obesity, adipose
lipin-1 expression is decreased. Although lipin-1 is implicated in the pathogenesis of obesity, the mech-
anism is still not clear. Since TNF-a is deeply involved in the pathogenesis of obesity, insulin resistance,

ﬁ?’i‘;{vords" and diabetes, here we investigated the role of TNF-a on lipin-1 expression in adipocytes. Quantitative PCR
Obesity studies showed that TNF-a. suppressed both lipin-1A and -1B isoform expression in time- and dose-
TNF-o. dependent manners in mature 3T3-L1 adpocytes. A Jak2 inhibitor, AG490, reversed the suppressive effect

Jak2 of TNF-ot on both lipin-1A and -1B. In contrast, NF-kB, MAPKs, ceramide, and p-catenin pathway tested

Adipocytes were not involved in the mechanism. These results suggest that TNF-o could be involved in obesity-
induced lipin-1 suppression in adipocytes and Jak2 may play an important role in the mechanism.

© 2009 Elsevier Inc. All rights reserved.

Introduction in lipin-1B than -1A. Similar studies were reported that the expres-

Lipin-1 was identified as a responsive mutant gene in fatty liver
dystrophy (fld) mouse at the year of 2001 and acts as phosphatidic
acid phosphatase-1 which is involving in a synthesis of triacylglyc-
erol [1,2]. The member of mammalian lipin family has been classi-
fied into lipin-1A, -1B, -2, and -3 with distinct tissue expression
patterns [2,3]. Lipin-1 is predominantly expressed in adipose tissue
and skeletal muscle. Transient overexpression of lipin-1A or -1B in
mouse embryonic fibroblasts showed that lipin-1A is required for
adipogenesis, whereas lipin-1B induces lipogenic genes [3,4]. In li-
ver, lipin-1 is working as a transcriptional coactivator for peroxi-
some proliferator-activated receptors (PPARs) and PPAR-y
coactivator-1 thereby controlling of hepatic lipid metabolism [5].
Lipin-1 may also act on the assembly and secretion of hepatic very
low density lipoproteins [6]. From these findings, lipin-1 should be
considered as a multifunctional metabolic regulator instead of a li-
pid-regulating enzyme (reviewed in [7,8]).

In human studies, Yao-Borengasser et al. [9] showed that the
expression level of lipin-1 in subcutaneous white adipose tissue
is decreased in patients presenting impaired glucose tolerance
and is inversely correlated to the body mass index more strongly

* Corresponding author. Fax: +81 166 68 2846.
E-mail address: ntkhs@asahikawa-med.ac.jp (N. Takahashi).

0006-291X/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2009.03.021

sion level of lipin-1 in subcutaneous white adipose tissue is de-
creased in obesity or the patients representing metabolic
syndrome and the decrease is recovered by weight reduction
[10,11]. In contrast, adipocyte specific lipin-1 transgenic mice
showed obesity phenotype but strikingly amelioration of insulin
resistance [12]. Although these findings suggest that the expres-
sion level of adipose lipin-1 contributes to adipocyte functions, lit-
tle is known about the mechanism of decreased lipin-1 expression
in obesity. To elucidate the precise molecular mechanism of atten-
uated adipose lipin-1 expression in obesity will clue to a therapeu-
tic target for obesity and insulin resistance.

Obesity triggers a chronic inflammatory state and cytokine re-
lease from either adipocytes or macrophages infiltrating adipose
tissue [13,14]. Since TNF-o is addressed to a key cytokine for alter-
ing metabolic function of adipocytes, we made a hypothesis that
TNF-o plays a role in decreased adipose lipin-1 expression in obes-
ity. To clarify the above hypothesis, we investigated here a role of
TNF-a on lipin-1 mRNA expression in 3T3-L1 adipocytes.

Materials and methods

Chemicals. TNF-oo and desipramine hydrochloride were pur-
chased from Sigma (St. Louis, MO). SN50 and C,-Ceramide were
purchased from Biomol (Plymouth Meeting, PA). U0126,
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S$B202190, SP600125, GSK-3B inhibitor VIII, and AG490 were pur-
chased from Calbiochem (San Diego, CA) and were dissolved in di-
methyl sulfoxide (DMSO) with a final concentration of 0.1% DMSO
in culture medium. Bovine serum albumin (BSA) used was free
fatty acid-free grade (Sigma).

Cell culture. 3T3-L1 fibroblasts were purchased from the Amer-
ican Type Culture Collection (Manassas, VA) and maintained in
Dulbecco’'s modified Eagle’s medium (DMEM, Sigma) with 4.5 g/
| glucose supplemented with 10% bovine serum (Invitrogen,
Carlsbad, CA). Before adipocytic induction, confluent fibroblasts
were cultured to DMEM supplemented with 10% fetal bovine ser-
um (FBS, Invitrogen) for 2 days. Differentiation of 3T3-L1 preadi-
pocytes was induced by exposing the confluent cells to insulin
(2 uM), 3-isobutyl-methyl-xanthine (0.5 pM), and dexametha-
sone (1 uM) for 2 days, and then to insulin (2 pM) alone for an
additional 2 days. After incubation with these reagents, the med-
ium containing 10% FBS was replenished every other day. Cells
were used 13-14days after differentiation induction when
exhibiting more than 95% adipocytes phenotype. Before exposing
TNF-o or each reagent indicated in the text, differentiated adipo-
cytes were serum-starved in serum-free DMEM containing 0.1%
BSA for 12 h.

Quantitative real-time reverse transcription-PCR analysis. Total
RNA was extracted from 3T3-L1 adipocytes using TRIzol reagent
(Invitrogen). Complimentary DNA was synthesized with random
primers using High Capacity cDNA Reverse Transcription Kit (Ap-
plied Biosystems, Foster City, CA). Quantitative real-time RT-PCR
analysis was performed with an Applied Biosystems 7300
Sequence Detection System using TagMan Gene Expression master
mix according to the manufacturer's specifications (Applied
Biosystems). Validated TagMan Gene Expression Assays containing
gene specific TagMan probes and primers for mouse lipin-1A (Assay
Identification No. MmO00522205_m1 corresponding to GenBank
Accession No. NM_172950), mouse lipin-1B (Mm01276800_m1,
NM_015763) were used for assay-on-demand gene expression
products (Applied Biosystems). To normalize the relative expres-
sion of the genes of interest, the Eukaryotic 18S rRNA
(Hs99999901_s1, X03205.1) gene was used as an endogenous con-
trol. All experiments were performed at least in triplicate. Amplifi-
cation data were analyzed by comparative threshold cycles (CT)
method with a Sequence Detection Software version 1.4 (Applied
Biosystems). The 2-AACT method was used to calculate the relative
mRNA expression [15].

Statistical analysis. Data are expressed as the means * SE. Statis-
tical analysis was performed by analysis of variance and subse-
quent Newman-Keuls multiple comparison tests using GraphPad
Prism Software Version 4. P<0.05 was considered statistically
significant.

Results

First, we made to elucidate whether murine TNF-a suppresses
lipin-1 mRNA expression in fully differentiated 3T3-L1 adipocytes. As
demonstrated in Fig. 1A-D, TNF-a suppressed both lipin-1A and -1B
mRNA expression in dose- and time-dependent manners.

To elucidate a possible mechanism by which TNF-o-induced
lipin-1A and -1B gene suppressions, we examined if intracellular
TNF-a signaling molecules such as nuclear factor-kappa B (NF-
kB), mitogen-activated protein kinases (MAPKs), ceramide, and
B-catenin/TCF pathway, may be implicated in the mechanism.
To evaluate the effect of NF-kB, SN50, a cell-permeable peptide
which inhibits translocation of the NF-xB active complex into
nucleus [16], was tested. As illustrated in Fig. 2A and B, SN50
did not reverse the effect of TNF-o0 on lipin-1 expression. Mito-
gen-activated protein kinases (MAPKs) are a family of three dis-
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Fig. 1. Effect of TNF-o on mRNA expression of lipin-1A and lipin-1B in 3T3-L1
adipocytes. Serum-starved 3T3-L1 adipocytes (Day 14) were used. Dose-response
effects of TNF-c (0.2 nM, 8 h) on lipin-1A and -1B mRNA expression (A,B) and time-
course change of lipin-1A and -1B mRNA expression by TNF-a in a dose of 0.2 nM
were shown (C,D). The culture medium contained 0.1% DMSO in order to be same
condition throughout the experiments. At the end of the treatment, specific mRNA
was quantified by real-time RT-PCR. Data are normalized relative to the mRNA
levels of 18S rRNA and expressed as the mean + SE (n=3). 'P<0.05, "P<0.01 vs.
vehicle alone (A,B) or a group of time 0 (C,D).
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Fig. 2. Effects of NF-kB or MAPK inhibitor on TNF-a-induced lipin-1A and -1B gene
suppression. Serum-starved 3T3-L1 adipocytes (Day 14) were cultured in the
presence of SN50 (SN, 18 uM) (A,B), U0126 (U, 10 pM), SB202190 (SB, 10 uM), or
SP600125 (SP, 20 uM) (C,D) for 1 h before TNF-ot (TNF, 0.2 nM, 8 h) was added. At
the end of the treatment, specific mRNA was quantified. Data are calculated by fold
change vs. DMSO control and expressed as the mean + SE (n=3-4). “P<0.01 vs.
DMSO; 'P<0.05, ""P<0.01 vs. SN alone.
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tinct protein kinases termed MEK-ERK1/2, p38, and c-Jun N-ter-
minal kinase (JNK) and involving in the intracellular signaling
of TNF-a. To clarify whether each MAPK signaling is involved
in the reduced expression of lipin-1 mRNA by TNF-o, we exam-
ined the effects of each kinase inhibitor for MEK (U0126), p38
(SB202190), or JNK (SP600125) on the inhibition of mRNA
expression of lipin-1 by TNF-a in 3T3-L1 adipocytes. As demon-
strated in Fig. 2C and D, pretreatment with each MAPK inhibitor
failed to block the suppression of lipin-1A and -1B mRNA by
TNF-o.

To examine a role of ceramide signaling, the cells were exposed
to C,-Ceramide, a cell-permeable ceramide analog, at a concentra-
tion of 50 or 100 uM for 8 h. C,-Ceramide did not affect on both the
lipin-1A and -1B mRNA expression (Fig. 3A and B). Because cera-
mide is synthesized from sphingomyelin by sphingomyelinase,
we additionally examined the effect of desipramine, a sphingomy-
elinase inhibitor, on the reduced expression of lipin-1 mRNA by
TNF-o.. As shown in Fig. 3C and D, TNF-a significantly inhibited
mRNA expression of lipin-1A and -1B in 3T3-L1 adipocytes that
had been pretreated with desipramine. To test the involvement
of a B-catenin/TCF pathway in the TNF-a-induced lipin-1 suppres-
sion, we used an inhibitor for glycogen synthase kinase-3p (GSK-
3B), which inhibits p-catenin by phosphorylation and degradation.
Fig. 3E and F showed that GSK-3p inhibitor VIII did not affect on
both the lipin-1A and -1B gene expression either in the absence
or presence of TNF-oL.

Since TNF-a induces the tyrosine phosphorylation and activa-
tion of the intracellular Janus tyrosine kinase-2 (Jak2) in 3T3-L1
adipocytes [17], we next investigated whether Jak2 could be in-
volved in the suppressive effect on lipin-1 expression by TNF-oL.
As seen in Fig. 4A and B, AG490 (50 uM), a Jak2 inhibitor [18], com-
pletely blocked the reduced expression of lipin-1A, while partly
blocked that of lipin-1B.

A B .
< 1.0 1.0
z 1.07 Z 1.0
E E
< [+1]
T 0.5 £ 0.5 -
a 4 .a. 97:";:'5
3 ] ] -
004 1% ' ool o
0 v
29§ 295
o 3] e 3]
E
g
4
(4
E
=
é <
3§ 05
-t ]
DMSO + - - + - -
TNF(02nM) - = - + + +
GSK3Bi (uM)- 05 1 - 05 1

Lipin-1A mRNA

Y. Tsuchiya et al./ Biochemical and Biophysical Research Communications 382 (2009) 348-352

A B

<« 1.0 < 1.0-

& z

E ;/é £

3 05 % € os-

. A | [

= % a

- ?/, 5

0.0- ; 00l

DMSO + + - - - -  DMSO + + - =- - -
TNF(0.2nM) - + + + + - TNF - + + + + -~
AG490 (uM) - - 10 30 50 50 AG490 - - 10 30 50 50

Fig. 4. Effects of AG490, a Jak2 inhibitor, on TNF-a-induced lipin-1A and -1B gene
suppression. Serum-starved 3T3-L1 adipocytes (Day 14) were cultured in the
presence or absence of AG490 (10-50 uM) for 1 h before TNF-o. (TNF, 0.2 nM, 8 h)
was added. At the end of the treatment, specific mRNA was quantified (A,B). Data
are calculated by fold change vs. DMSO control and expressed as the mean + SE
(n=3-4). Similar results were obtained from three independent experiments.
“P<0.01 vs. DMSO; 'P<0.05, "P<0.01 vs. TNF-o. alone; ‘P<0.05 vs. AG490
(50 uM) alone.

Discussion

Lipid-regulating enzymes often affect whole body metabolism
in addition to lipid metabolism. For examples, acyl CoA:diacylglyc-
erol acyltransferase 1 or mitochondrial acyl-CoA:glycerol-sn-3-
phosphate acyltransferase 1 knockout mice exhibited increased
insulin sensitivity [19,20]. Moreover, we have recently reported
that diacylglycerol kinase might be involved the glucose transport
in muscle cells [21]. Here we focused on lipin-1, one of lipid-regu-
lating enzymes, which works as phosphatidic acid phosphatase-1
to convert phosphatidic acid into diacylglycerol [2]. In obesity, adi-
pose lipin-1 expression is decreased in agreement with several re-
ports [9-11]. In contrast, adipose specific overexpression of lipin-1
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Fig. 3. Effects of ceramide signaling and GSK-38 inhibitor on TNF-a-induced lipin-1A and -1B gene suppression. Serum-starved 3T3-L1 adipocytes (Day 14) were used. For
evaluating ceramide signaling, cells were treated in the presence of C;-Ceramide (C2, 50 or 100 uM) for 8 h (A,B) or desipramine (DES, 20 uM) for 1 h before TNF-o (TNF, 0.2
nM, 8 h) was added (C,D). In another sets, cells were cultured in the presence of GSK-3p inhibitor VIII (GSK-3B 1, 0.5 or 1 uM) for 1 h before TNF-o (TNF, 0.2 nM, 8 h) was added
(EJF). At the end of the treatment, specific mRNA was quantified. Data are calculated by fold change vs. DMSO control and expressed as the mean + SE (n=3-4), "P<0.01vs.

DMSO; P < 0.01 vs. each vehicle.
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in mice revealed obesity phenotype but amelioration of insulin
resistance [12]. These results suggest that expression levels of li-
pin-1 in adipocytes closely and positively correlate with whole glu-
cose metabolism. To elucidate the mechanism by which obesity-
related lipin-1 suppression in adipose tissue may become a clue
to a new target for treating obesity and insulin resistance.

Since TNF-o plays pivotal and exacerbating roles in adipocytes
functions in obesity [14], we made to elucidate whether TNF-a
may be implicated in decreased lipin-1 expression in adipocytes.
We used fully differentiated 3T3-L1 adipocytes as a model of adi-
pocytes in the present study. Since there are functional differences
between lipin-1A and -1B [3,8], we analyzed both lipin-1A and -1B
isoforms throughout in this study. As clearly demonstrated in this
study, TNF-o decreased lipin-1A and -1B expression in 3T3-L1 adi-
pocytes in dose- and time-dependent manners. Very recently, Lu
et al. [22] have reported in harmony with our result that TNF-o de-
creased lipin-1 expression in 3T3-L1 adipocytes. However, they
have not mentioned the mechanism by which TNF-o decreased li-
pin-1 expression. Therefore we next tried to clarify the molecular
mechanism by which TNF-a decreased lipin-1 expression in 3T3-
L1 adipocytes.

Nuclear factor-kappa B (NF-kB) acts as a key transcription fac-
tor for many biological actions induced by TNF-o [14]. TNF-ot sup-
presses various genes in 3T3-L1 adipocytes including insulin signal
molecules. Ruan et al. [23] demonstrated that inactivation of NF-
kB abolished the suppression of >98% of the genes normally sup-
pressed by TNF-a through the expression of a non-degradable mu-
tant of NF-kB inhibitor, IkBo-DN. We therefore tried to find the
possibility that NF-xB could be involved in the suppressive effect
of TNF-at on lipin-1 expression by using SN50, a cell-permeable
inhibitory peptide for NF-kB. SN50 failed to block the inhibition
of lipin-1 mRNA expression by TNF-a, indicating that NF-xB dose
not play a role in the mechanism.

MAPKSs are activated by TNF-a in phosphorylation cascades and
will eventually phosphorylate and activate distinct sets of kinases
and transcription factors [14]. Therefore, we tested the possibility
that MAPKs influenced decreased lipin-1 expression by TNF-o.
The possibility is unlikely because each MAPK inhibitor did not
block the suppressive effect of TNF-o on lipin-1 mRNA expression.

Ceramide is an intracellular lipid and acts as an intermediate
molecule linking TNF-a to cellular insulin resistance by inhibiting
insulin signalings [24]. Because TNF-o is known to increase intra-
cellular ceramide, we hypothesized that ceramide may be involved
in the decreased lipin-1 expression by TNF-oa. We also used desi-
pramine to evaluate an intrinsic sphingomyelin-ceramide signal-
ing. The present results provided that C,-Ceramide itself did not
decrease both the lipin-1 expression and desipramine did not re-
verse the suppressive effect of TNF-o on the lipin-1 expression,
suggesting ceramide pathway is not involved in the TNF-a action
on lipin-1 expression.

Recently, canonical Wnt/B-catenin/TCF4 signaling has been in-
volved in the inhibition of adipogenesis by TNF-a [25]. We applied
the concept that TNF-o affects B-catenin signaling to make a
hypothesis that this signaling might play a role in TNF-o-induced
lipin-1 mRNA suppression. Because GSK-3B phosphorylates p-cate-
nin and targets it for ubiquitin-mediated degradation, inhibition of
GSK-3B enhances B-catenin/TCF4 pathway through accumulation
of B-catenin [26]. If this pathway is involved in the inhibitory ac-
tion of TNF-a on lipin-1 expression, inhibition of GSK-3f reduces
lipin-1 expression similarly to the action of TNF-o, or may enhance
the action of TNF-a.. As demonstrated in this study, inhibition of
GSK-3p alone or in combination with TNF-a did not affect the li-
pin-1 expression, suggesting that B-catenin pathway is not in-
volved in the suppressive effect of TNF-a on lipin-1 expression.

Janus tyrosine kinase (Jak) family including Jak1, Jak2, Jak3 and
Tyr2 is a receptor associated kinase and has been activated by
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various cytokines (e.g., erythropoietin, interleukin (IL)-3, and inter-
feron (IFN)-y). In 3T3-L1 adipocytes, Guo et al. [17] reported that
murine TNF-o induces tyrosine phosphorylation and activation of
the intracellular Jak1, Jak2 and Tyr2. Because TNF-o affects mostly
on Jak2 in the report, we investigated whether Jak2 could be in-
volved in the lipin-1 suppression by TNF-o.. The present study
showed that AG490, a Jak2 inhibitor, clearly reversed the TNF-o-in-
duced suppression of both the lipin-1A and -1B expression (Fig. 4A,
B). Lu et al. [22] have reported that IL-1p and IFN-y in addition to
TNF-o suppressed lipin-1 expression in adipocytes. Because IFN-y
activates Jak2 signaling [27], involvement of Jak2 as showed in this
study should be a pivotal role in the mechanism. The recovery level
of lipin-1B was weaker than that of lipin-1A. There might be some
additional signals involving in the suppression of lipin-1B. Because
lipin-1A and -1B are produced from same lipin-1 gene by alterna-
tive splicing, such lipin-1B specific signals might affect lipin-1 gene
expression including mRNA splicing mechanism.

The precise roles of Jak2 in glucose and lipid metabolism have
not been elucidated, although Jak is known as the intracellular sig-
naling molecule under stimulation of leptin [28] and growth hor-
mone [29]. Thirone et al. [30] reported that siRNA-mediated gene
knock-down for Jak2 in L6 skeletal muscle cells relieves insulin
resistance induced by ceramide or knock-down for insulin receptor
substrate-1. The report concluded that inhibition of Jak2 might be
useful strategy to relieve insulin resistance of metabolic outcomes.
Because amelioration of insulin resistance is thought to be ob-
tained by the recovery of TNF-a-induced lipin-1 suppression by
inhibiting Jak2 revealed in this study, there is a same metabolic
direction between our and their results in the meaning of Jak2 to
insulin resistance.

Activation of Jak2 by TNF-a is accompanied by the tyrosine
phosphorylation of members of the STAT (signal transducers and
activators of transcription) family of transcription factors and the
induction of STAT DNA-binding activity [27]. This raises the possi-
bility that STAT may be involved in the reduced lipin-1 expression
by TNF-o at transcriptional level. Further investigation is needed to
be elucidated the precise involvement of Jak/STAT pathway in this
mechanism.

Great majority of the suppressed genes by TNF-o. have been
mediated by NF-kB [23]. In this regard, mediation of Jak2 not
NF-kB pathway for the suppression of lipin-1 gene expression by
TNF-at is considered as a rare pathway among the overall gene sup-
pressing effects of TNF-o. This rarity may take advantage of quest
for specific means to recover lipin-1 expression in terms of not
interfering with other common signalings of TNF-at.

In summary, our data showed that an obesity-related cytokine,
TNF-a, reduces both the lipin-1A and lipin-1B mRNA expression.
Our novel findings are Jak2 signaling could be involved in de-
creased lipin-1A and -1B mRNA expression induced by TNF-c.
These findings suggest that Jak2 signaling could be a target for pre-
venting adipose lipin-1 depletion, connecting to the new treatment
for obesity.
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Abstract Iron is an essential metal for the body, while
excess iron accumulation causes organ dysfunction through
the production of reactive oxygen species. There is a
sophisticated balance of body iron metabolism of storage
and transport, which is regulated by several factors
including the newly identified peptide hepcidin. As there is
no passive excretory mechanism of iron, iron is easily
accumulated when exogenous iron is loaded by hereditary
factors, repeated transfusions, and other diseased condi-
tions. The free irons, non-transferrin-bound iron, and labile
plasma iron in the circulation, and the labile iron pool
within the cells, are responsible for iron toxicity. The
characteristic features of advanced iron overload are failure
of vital organs such as liver and heart in addition to
endocrine dysfunctions. For the estimation of body iron,
there are direct and indirect methods available. Serum
ferritin is the most convenient and widely available
modality, even though its specificity is sometimes prob-
lematic. Recently, new physical detection methods using
magnetic resonance imaging and superconducting quantum
interference devices have become available to estimate iron
concentration in liver and myocardium. The widely used
application of iron chelators with high compliance will
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resolve the problems of organ dysfunction by excess iron
and improve patient outcomes.
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1 Introduction

Iron is an essential metal for hemoglobin synthesis of
erythrocytes, oxidation-reduction reactions, and cellular
proliferation, whereas excess iron accumulation causes
organ dysfunction through the production of reactive
oxygen species (ROS). The total amount of body iron is
approximately 3—4 g, two-thirds of which is composed of
red blood cell (RBC) iron and recycled iron by RBC
destruction; the remainder is stored in ferritin/hemosiderin,
while only 1-2 mg of iron are absorbed in the intestinal
tract and circulated in the blood [1]. Body iron metabolism
is a semi-closed system, and is critically regulated by
several factors including the newly identified peptide
hepcidin. In the circulation, iron is usually bound to
transferrin (Tf), and most of the Tf-bound iron is utilized
for bone marrow erythropoiesis [1]. As there is no active
mechanism to excrete iron from the body, a progressive
accumulation of body iron easily occurs as a result of
long-term transfusions in patients with anemia of genetic
disorders such as thalassemia, sickle cell disease (SCD),
and Diamond Blackfan syndrome, and of bone-marrow
failures such as aplastic anemia (AA) and myelodysplastic
syndromes (MDS). In order to consider pathophysio-
logical mechanisms of organ injury by iron overload, an
understanding of molecular mechanisms of body iron
metabolism is essential.
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