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Background and purpose: The macrophage-derived chemokine (MDC/CCL22) is a prototypic Th2-type chemokine inti-
mately involved in Th2-skewed allergic diseases, such as atopic dermatitis and asthma. The statins (3-hydroxy-3-methyl glutaryl
coenzyme A reductase inhibitors) have been demonstrated to relieve allergic inflammation. However, the immunological
effects and mechanisms of statins against atopic dermatitis remain unknown, at least in vitro. This study aimed to define how
different statins affect MDC expression in HaCaT cells, a human keratinocyte cell line.

Experimental approach: To measure the effects of statins on MDC expression in HaCaT cells, we used a cell viability assay,
reverse transcription-polymerase chain reaction, enzyme-linked immunosorbent assay and Western blotting analyses.

Key results: Fluvastatin, but not atorvastatin or simvastatin, inhibited MDC expression induced by interferon (IFN)-y and NF-xB
activation. A NF-xB inhibitor, but not a STAT1 inhibitor, suppressed MDC expression in HaCaT cells. Further, inhibition of p38
mitogen-activated protein kinases (MAPKs) significantly suppressed IFN-y-induced MDC expression and NF-xB activation.
Interestingly, fluvastatin suppressed IFN-y-induced NF-kB activation in parallel with p38 MAPK phosphorylation.
Conclusions and implications: These results indicate that fluvastatin inhibited expression of the CC chemokine MDC induced
by IFN-y in HaCaT cells, by inhibiting NF-xB activation via the p38 MAPK pathway. This blockade of a Th2 chemokine by
fluvastatin may suppress the infiltration of Th2 cells into skin lesions and lessen the skin inflammation seen in atopic dermatitis,
suggesting a potential therapeutic use of fluvastatin for this condition.
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Introduction

Macrophage-derived chemokine (MDC/CCL22) is one of the
CC chemokines that binds to the CC chemokine receptor 4
(CCR4), expressed selectively on Th2 cells. The interaction
between MDC and CCR4 plays an important role in the
migration of Th2 cells into inflamed tissue (Imai et al., 1998;
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Yoshie et al., 2001). Previous studies showed that serum or
plasma levels of MDC were increased significantly in patients
with atopic dermatitis (AD), and the increased levels of MDC
correlated with the severity of AD (Kakinuma et al., 2002;
Shimada et al., 2004; Hashimoto et al., 2006). Accordingly,
keratinocytes express MDC in lesioned skin, but not in
normal skin, of AD patients (Horikawa et al., 2002). The
HaCaT (human adult low-calcium high-temperature) cell, a
spontaneously transformed human keratinocyte cell line
(Boukamp et al., 1988), has been commonly used as an in vitro
model for proliferative epidermis (Lehmann, 1997). Cultured
normal human Kkeratinocytes and human HaCaT Kkerati-
nocytes secrete MDC upon stimulation with interferon
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(IFN)-y (Horikawa etal., 2002; Fujii-Maeda etal., 2004).
Together, these data hinted that MDC released from kerati-
nocytes might be importantly involved in the pathogenesis
of AD, suggesting a promising therapeutic target in AD.
Although immunosuppressive drugs such as glucocorticoids
are temporarily effective against AD, prolonged use of these
drugs incurs many adverse effects because of non-specific
immune modulation (Kakinuma et al., 2001; Furukawa et al.,
2004). With the increasing incidence of AD, a better targeted
therapeutic agent for AD is urgently needed.

Of many possible treatments, statins [inhibitors of 3-
hydroxy-3-methyl glutaryl coenzyme A (HMG-CoA) reduc-
tase] have shown some signs of immune modulation (Zamvil
and Steinman, 2002). For instance, statins inhibit expression
of class II major histocompatibility complex (MHC II) and
modulate macrophage, monocyte and lymphocyte functions,
implying that statins possess anti-inflammatory effects (Rothe
et al., 1999; Kwak et al., 2000; Musial et al., 2001; Hillyard et al.,
2002). Furthermore, simvastatin exerts anti-inflammatory
effects in a murine model of allergic asthma (McKay et al.,
2004). Several lines of in vitro evidence showed that statins
significantly inhibited chemokine release from endothelial
cells (Mach, 2002) and that fluvastatin suppressed the produc-
tion of interleukin-8 in human vascular smooth muscle cells
(Ito et al., 2002) as well as tumour necrosis factor (TNF)-a in
human endothelial cells stimulated by C-reactive protein
(Wang et al., 2005). Emerging data (Samson et al., 2006) show
that fluvastatin suppressed the production of Th2-related
chemokine TARC and Th1-related chemokine IP-10 in periph-
eral blood mononuclear cells from patients with allergic
asthma. Furthermore, statins down-regulated the expression of
Thl-type chemokine receptors, CCRS and CXCR3, on T
cells (Neuhaus et al., 2002). These preclinical and clinical data
strongly suggest that statins could affect the immune response
in Th1l- or Th2-skewed diseases respectively. However, the
immunological effects and mechanisms of statins against AD
have not been previously elucidated. While the Th2 regulatory
action of statins has been sparsely reported in some cell types,
the effects of statins on the Th2-related chemokine MDC in
keratinocytes remain unknown.

The aim of this study was to define how different statins
(atorvastatin, fluvastatin and simvastain) affect MDC expres-
sion in HaCaT cells by using a cell viability assay, reverse
transcription-polymerase chain reaction, enzyme-linked
immunosorbent assay (ELISA) and Western blotting analyses.
Here we describe how, of the statins tested, only fluvastatin
inhibited IFN-y-induced MDC expression in HaCaT cells by
inhibiting NF-xB activation via the p38 mitogen-activated
protein kinase (MAPK) pathway.

Methods

Cell culture

The human keratinocyte cell line, HaCaT (ATCC, Manassas,
VA, USA), was cultured with RPMI 1640 medium (BioWhit-
taker Inc., Walkersville, MD, USA) containing 10% fetal bovine
serum (BioWhittaker Inc., Walkersville, MD, USA), 100 U-mL™
penicillin and 100 ug-mL™ streptomycin (BioWhittaker Inc.,
Walkersville, MD, USA) at 37°C in a 5% CO, incubator. Before
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performing experiments described below, the growth medium
was exchanged for serum-free RPMI 1640 medium.

Cell viability assay

Cell viability was assessed by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) assay. Briefly, HaCaT
cells were seeded into 96-well microtiter plates at a density of
1 x 10* cells per well (200 uL) and incubated in complete
medium. After 24 h, the medium was replaced with serum-
free medium containing various concentrations of statins,
with RPMI 1640 as the negative control. After incubating for
24 h, cells were treated with 20 uL. MTT (5 mg-mL™) (Sigma-
Aldrich Co.) for 4 h. The formazan precipitate was dissolved
in 200 uL of dimethyl sulphoxide (DMSO), and the absor-
bance at 570 nm was detected with an automated microplate
reader. The percentage of cell viability was calculated by the
following formula: cell viability (%) = (mean absorbency in
test wells)/(mean absorbency in control wells) x 100.

ELISA

The HaCaT cells (1 x 10° cells per well) were seeded into
six-well plates in 1 mL medium with 10% fetal bovine serum.
After reaching confluence, the cells were washed and incu-
bated with 1 mL serum-free medium containing the indicated
concentration of IFN-y for 24 h. The culture supernatants
were analysed for MDC by ELISA (R&D Systems) according to
the manufacturer’s instructions. In some experiments, the
HaCaT cells were incubated with statins or pharmacological
inhibitors together with IFN-y.

Reverse transcription-polymerase chain reaction

The HaCaT cells were incubated as above for 12 h to analyse
the mRNA expression of MDC. Total RNA was isolated using
the TRI reagent (Molecular Research Center Inc., Cincinnati,
USA). The quantity and purity of RNA was verified by mea-
suring A260 and A280. cDNA was synthesized from total RNA
(2 ng) and oligo (dT),s primers (0.5 ug) using Prime RT Premix
(GeNet Bio, Korea) according to the manufacturer’s instruc-
tions. The cDNA obtained was then amplified. The primers
used in this study were as follows: MDC (forward) 5-AGG
ACA GAG CAT GGC TCG CCT ACA GA-3, (reverse) 5-TAA
TGG CAG GGA GGT AGG GCT CCT GA-3; and GAPDH
(forward) 5-ACC ACA GTC CAT GCC ATC AC-3/, (reverse)
5’-TCC ACC ACC CTG TTG CTG TA-3". GAPDH primers were
used as an internal control. All samples were pre-denatured
for 5 min at 94°C. Conditions of polymerase chain reaction
amplification were as follows: MDC, 94°C for 30 s, 65°C for
305, 72°C for 30 s for a total of 32 cycles; GAPDH, 94°C for
305, 56°C for 30s, 72°C for 30 s for a total of 30 cycles.
Following these cycles of polymerase chain reaction amplifi-
cations, the amplified cDNAs were further extended by addi-
tional extension at 72°C for 7 min. Amplified products were
subjected to electrophoresis on 2% agarose gels and visualized
by staining with ethidium bromide.

Whole-cell and nuclear fractionation
The preparation of whole-cell and nuclear extracts were per-
formed using the Nuclear Extract Kit (Active Motif, Carlsbad,



CA). Briefly, HaCaT cells (2 x 107) were washed twice with
3 mL ice-cold phosphate-buffered saline containing phos-
phatase inhibitors, centrifuged 5 min at 500x g. at 4°C, lysed
in 300 uL complete lysis buffer, mixed completely and centri-
fuged at 14 000x g. for 20 min at 4°C, and then supernatants
(whole-cell extracts) were stored at —80°C until further use.
For nuclear extracts, after washing, cells were lysed in 500 pL
hypotonic buffer and then centrifuged at 14 000x g for 30 s
at 4°C. After removing the supernatant, pellets were resus-
pended in 50 uL complete lysis buffer and centrifuged at
14 000x g for 10 min at 4°C. Supernatants (nuclear fraction)
were then stored at —80°C until further use. Protein concen-
trations were determined using the Bio-Rad Protein Assay
(Bio-Rad Laboratories, CA).

Western blotting analysis

HaCaT cells were treated with medium alone or with IFN-yin
the presence or absence of drugs for the indicated time. Pro-
teins (40 pg) were separated on SDS-PAGE and transferred onto
nitrocellulose membranes. Membranes were then blocked
with 5% non-fat milk, washed briefly, incubated with primary
antibodies at 4°C overnight, and then incubated with corre-
sponding horseradish peroxidase-conjugated secondary anti-
bodies for 1h at room temperature. Protein bands were
visualized by incubating membranes with chemiluminescence
reagents before exposure to X-ray film. The quantitation of the
chemiluminescent signal was analysed using Image-Pro Plus
version 6.0 (Media Cybernetics, MD, USA).

Statistical analysis

Comparisons between two groups were analysed using the
Student’s t-test. All data are presented as the mean *= SEM of
three separate experiments. A P value less than 0.05 was
considered to be statistically significant.

Materials

Atorvastatin  [calcium salt, (Cs3H3,FN,Os5),Cae3H,0] was
obtained from Pfizer (Groton, CT, USA). Fluvastatin (sodium
salt, C,4sH,sFNNaO,), simvastatin (sodium salt, C,sH30Os®Na),
Bay11-7082, AG490, Janus-activated kinase (JAK) inhibitor I,
SB203580, PD98059 and SP600125 were purchased from
Calbiochem (La Jolla, CA, USA). Mevalonic acid and 5’-deoxy-
5’-(methylthio)-adenosine (MTA) were purchased from
Sigma-Aldrich Co. (St. Louis, MO, USA). Recombinant human
IFN-y was from Abcam Inc. (Cambridge, MA, USA). ELISA
reagent for human MDC/CCL22 was obtained from R&D
Ssystems (Minneapolis, MN, USA). Antibodies for p38 MAPK,
phospho-specific p38 MAPK, NF-xB p65, poly(ADP-ribose)
polymerase, and horseradish peroxidase-conjugated goat anti-
rabbit IgG were from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). An enhanced-chemiluminescence Western blotting
detection system was obtained from Amersham Pharmacia
Biotech (Tokyo, Japan). The stock solution of atorvastatin was
made in methanol, while stock solutions of fluvastatin, simv-
astatin and pharmacological inhibitors were made in DMSO.
Before use, these stock solutions were diluted in culture
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medium at the indicated concentrations, and the maximum
concentrations of methanol or DMSO were not more than
0.1%, and did not affect cell viability.

Results

Cell viability

The effects of statins on the viability of HaCaT cells were
assessed by MTT assay. As shown in Figure 1, low concentra-
tions of atorvastatin (0.1-2 uM), fluvastatin (0.1-4 uM) and
simvastatin (0.1-2 pM) had minimal effects on the viability of
HaCaT cells, although all these statins significantly reduced
the viability at higher concentrations of 4-16 uM (atorvasta-
tin and simvastatin) or 8-16 uM (fluvastatin) after 24 h incu-
bation. Therefore, 2uM was chosen as the maximum
concentration of statins for use throughout the following
experiments.

Fluvastatin, but not atorvastatin or simvastatin, inhibited
IFN-yinduced MDC expression in HaCaT cells

We compared the effects of statins on MDC expression (after
24 h incubation) in HaCaT cells stimulated with IFN-y
(10 ng-mL™). Figure 2B shows that IFN-y markedly stimulated
MDC release from HaCaT cells and that this release was
reduced by treatment of fluvastatin at 1 and 2 uM. Interest-
ingly, the inhibition of MDC release by treatment with fluv-
astatin (2 uM) was significantly reversed by treatment with
mevalonic acid (100 uM) (P < 0.01). Similarly, fluvastatin
(2 uM) markedly suppressed IFN-y-induced mRNA expression
of MDC as compared with control cells stimulated by
IFN-y alone (Figure 2D). Conversely, neither atorvastatin (0.1-
2 uM) nor simvastatin (0.1-2 uM) affected IFN-y-induced
MDC expression in the presence or absence of mevalonic acid
(Figure 2A and C). Consequently, we next explored the
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Figure 1 Effect of statins (atorvastatin, fluvastatin and simvastatin)

on the viability of HaCaT cells. Cells were incubated with various
concentrations of statins for 24 h and RPMI 1640 media were used as
a negative control. Cell viability was then determined by an MTT
assay. All values are presented as mean = SEM of three experiments
conducted in duplicate, *P < 0.05, **P < 0.01, ***P < 0.001 versus
control cells incubated with medium alone.
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Figure 2 Effects of statins on release and mRNA expression of macrophage-derived chemokine (MDC) in HaCaT cells. Cultured cells were
incubated with medium alone or with interferon (IFN)-y (10 ng-mL™) in the presence or absence of indicated concentrations of atorvastatin
(A), fluvastatin (B) or simvastatin (C). In some experiments, mevalonic acid (100 uM) was added. At 24 h, MDC release was analysed by ELISA.
Data are presented as mean = SEM of three experiments conducted in duplicate, **P < 0.01, ***P < 0.001 versus IFN-y alone. (D) Cells were
incubated with medium alone or with IFN-y (10 ng-mL™") in the presence or absence of 2 uM statins — atorvastatin (Ato), fluvastatin (Flu) and
simvastatin (Sim). At 12 h, MDC and GAPDH mRNA levels were analysed. Representative results from three separate experiments are shown.
The lower panel shows the signal intensity ratio between MDC and GAPDH. The ratio in IFN-y-stimulated cells was set as 100%. Data are
presented as mean * SEM of three separate experiments, ***P < 0.001 versus IFN-y alone.

signalling pathway by which fluvastatin inhibited MDC
expression in HaCaT cells.

Involvement of NF-xB in IFN-y-induced MDC expression in
HaCaT cells

The MDC promoter contains STAT- and NF-«kB-binding
sequences and these transcription factors may mediate the
transcription of this gene (Nakayama et al., 2004). Moreover,
IFN-y increases the transcriptional activities of STAT1 and
NF-xB in keratinocytes (Kanda et al., 2007). We thus exam-
ined whether these transcription factors were involved in
[FN-y-induced MDC release by using a STAT1 inhibitor,
MTA (Mowen et al., 2001; Shen and Lentsch, 2004) or a
NF-xB inhibitor, Bay11-7082. As shown in Figure 3A, IFN-y
(10 ng-mL™") induced an increase in the basal MDC release
after 24 h incubation and this increase was markedly reduced
following treatment with Bay11-7082 (10 uM) (P < 0.01). In
contrast, MTA (100 uM) had minimal effect on MDC release
as compared with control cells stimulated with IFN-y alone.
We next examined whether treatment with Bay11-7082
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would reduce MDC expression at the transcriptional level.
The results showed that treatment with 10 uM Bay11-7082
strongly suppressed mRNA expression of MDC after 12 h
treatment with [FN-y (Figure 3B).

Fluvastatin inhibits IFN-yinduced NF-kKB activation

in HaCaT cells

Because fluvastatin blocked MDC expression in HaCaT cells
(Figure 2), we next examined whether fluvastatin affects
NF-xB activation that is involved in MDC expression
(Figure 3). As the p6S subunit is the primary component of
activated NF-xB, the activation of NF-xB in IFN-y-stimulated
HaCaT cells was studied by measuring the nuclear transloca-
tion of NF-kB subunit p65 by Western blot. [FN-y significantly
increased the nuclear translocation of NF-xB p65 at 30 min.
Fluvastatin (2 uM) decreased the nuclear levels of NF-kB p65
by approximately 70% in IFN-y-stimulated HaCaT cells (P <
0.01) (Figure 4A), which indicated the inhibition of IFN-y-
induced activation of NF-xB by fluvastatin in HaCaT cells. In
a manner similar to that of fluvastatin, the NF-xB inhibitor,
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Figure 3 Effects of MTA and Bay11-7082 on MDC release (A) and
mRNA expression (B) in HaCaT cells. (A) Cultured cells were incu-
bated with medium alone or with interferon (IFN)-y (10 ng-mL™") in
the presence or absence of MTA (100 uM) or Bay11-7082 (10 uM)
for 24 h. MDC release into culture medium was analysed by ELISA.
Data are presented as mean * SEM of three experiments conducted
in duplicate, **P < 0.01 versus IFN-y alone. (B) Cells were incubated
as above. At 12 h, MDC and GAPDH mRNA levels were analysed.
Representative results from three separate experiments are shown.
The lower panel shows the signal intensity ratio between MDC and
GAPDH. The ratio in IFN-y-stimulated cells was set as 100%. Data are
presented as mean *= SEM of three separate experiments, ***P <
0.001 versus IFN-y alone. MDC, macrophage-derived chemokine;
MTA, 5’-deoxy-5-(methylthio)-adenosine.

Bay11-7082 (10 uM), suppressed IFN-y-induced nuclear trans-
location of NF-«B by approximately 65% (Figure 4B).

Involvement of the p38 MAPK pathway in IFN-yinduced MDC
expression and NF-xB activation in HaCaT cells

IFN-y activates receptor-associated JAKs or MAPKs depending
on the cell type (Goh et al., 1999; Nguyen et al., 2000). We
thus examined the involvement of these signalling kinases in
IFN-y-increased MDC expression in HaCaT cells. As illustrated
in Figure SA. the IFN-y-induced MDC release was significantly
reduced by treatment of cells with the p38 MAPK inhibitor,
SB203580 (10 uM) (P < 0.01), but not by treatment with JAK
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Figure 4 Effect of fluvastatin and Bay11-7082 on nuclear transloca-
tion of NF-xB in interferon (IFN)-y-stimulated HaCaT cells. Cells were
incubated with medium alone or with IFN-y (10 ng-mL™) in the
presence or absence of fluvastatin (Flu, 0-2 uM) (A), or Bay11-7082
(10 uM) (B). After 30 min, the nuclear proteins were extracted. Equal
amounts of protein (40 ug per lane) were subjected to Western
blotting using an antibody against NF-kB p65. As a nuclear protein
loading control, the membrane was blotted with anti-poly(ADP-
ribose) polymerase (PARP) antibody. Nuclear levels of NF-kB p65 in
IFN-y-stimulated cells were set as 100%. The dashed line represents
the nuclear level of NF-kB p65 in resting cells. Data are presented as
mean = SEM of three separate experiments, **P < 0.01, ***P < 0.001
versus IFN-y alone.

inhibitor I, AG490, PD98059 or SP600125, inhibitors of JAK1/
2/3, JAK2, ERK or JNK respectively. Consistent with this
finding, IFN-y-induced mRNA expression of MDC was also
greatly suppressed by SB203580 (Figure 5B).

We subsequently examined whether p38 MAPK is involved
in IFN-y-induced activation of NF-xB. The activation of NF-xB
was examined by measuring the nuclear translocation of
NEF-«B subunit p65 as described above. IFN-y-induced nuclear
translocation of NF-xB p65 was significantly suppressed by
treatment with SB203580 at 10 uM (P < 0.01) (Figure 6).
Together, both MDC expression and NF-xB activation were
inhibited by treatment with SB203580 in IFN-y-stimulated
HaCaT cells.

British Journal of Pharmacology (2009) 157 1441-1450
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Figure 5 Effects of inhibiting various signalling pathways on the
release and mRNA expression of macrophage-derived chemokine
(MDCQ) in interferon (IFN)-y-stimulated HaCaT cells. (A) Cultured cells
were incubated with medium alone or with IFN-y (10 ng-mL™) in the
presence or absence of JAK inhibitor | (JA, 10 uM), AG490 (AG,
10 uM), PD98059 (PD, 10 uM), SB203580 (SB, 10 uM) or SP600125
(SP, 10 uM) for 24 h. MDC release into culture medium was analysed
by ELISA. Data are presented as mean * SEM of three experiments
conducted in duplicate, **P < 0.01 versus IFN-y alone. (B) Cells were
incubated as above. At 12 h, MDC and GAPDH mRNA levels were
analysed. Representative results from three separate experiments are
shown. The lower panel showed the signal intensity ratio between
MDC and GAPDH. The ratio in IFN-y-stimulated cells was set as
100%. Data are presented as mean = SEM of three separate experi-
ments, ***P < 0.001 versus IFN-y alone.

Fluvastatin inhibits activation of p38 MAPK stimulated by IFN-y
in HaCaT cells

Finally, we examined the effect of fluvastatin on the activa-
tion of p38 MAPK by IFN-y stimulation in HaCaT cells. The
activation of p38 MAPK results in phosphorylation at threo-
nine and tyrosine residues of this kinase (Morel et al., 2002).
In the present study, the phosphorylation of p38 MAPK was
induced as early as 10 min following incubation with IFN-y
(10 ng-mL™), and this phosphorylation was greatly inhibited
by fluvastatin (2 uM) treatment. Further, a significant inhibi-
tion was also observed at the 30 min time point (Figure 7).
The inhibitory effect of fluvastatin on phosphorylation of p38
MAPK was lost after 60 min of stimulation by IFN-y. Although
there was no significant inhibitory effect at this time point,
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Figure 6 Effect of SB203580 on nuclear translocation of NF-xB in
interferon (IFN)-y-stimulated HaCaT cells. Cells were incubated with
medium alone or with IFN-y (10 ng-mL™") in the presence or absence
of SB203580 (10 uM). After 30 min, the nuclear proteins were
extracted. Equal amounts of protein (40 ug per lane) were subjected
to Western blotting using an antibody against NF-xB p65. PARP was
used as a loading control. Nuclear levels of NF-kB p65 in IFN-y-
stimulated cells were set as 100%. The dashed line represents the
nuclear level of NF-kB p65 in resting cells. Data are presented as
mean = SEM of three separate experiments, **P < 0.01, ***P < 0.001
versus IFN-y alone.
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Figure 7 Effect of fluvastatin on the phosphorylation of p38
mitogen-activated protein kinases (MAPKs) in interferon (IFN)-y-
stimulated HaCaT cells. (A) HaCaT cells were untreated or pretreated
with 2 uM fluvastatin (Flu) for 12 h and then treated with 10 ng-mL™
IFN-y for the indicated times. Whole-cell extracts were prepared and
analysed by Western blotting using antibodies against phospho-p38
MAPK or p38 MAPK. (B) The phosphorylation levels of p38 MAPK
were evaluated by the ratio between phosphor-p38 MAPK and p38
MAPK. Data are presented as mean * SEM of three separate experi-
ments, *P < 0.05 versus IFN-y alone.



fluvastatin decreased the relative phosphorylation of p38
MAPK after 60 min of stimulation with IFN-y when compared
with control cells incubated with IFN-y alone (Figure 7B).

Discussion

Convincing evidence from both in vitro and mouse model data
suggest that statins could counteract Th2 immune responses
against Th2-skewed diseases such as asthma (Samson et al.,
2006; Kim et al., 2007), but the effects of statins on the Th2-
related chemokine MDC expression in keratinocytes have
been less clear. To clarify this issue, we examined whether
different statins (atorvastatin, fluvastatin and simvastain)
could inhibit MDC expression in HaCaT cells. Prior to the assay
of MDC expression, the optimal concentrations of three dif-
ferent statins were determined and 2 uM was established as the
maximal concentration for statins used throughout the follow-
ing experiments (Figure 1). Unexpectedly, we found that fluv-
astatin, but neither atorvastatin nor simvastatin, suppressed
Th2-type chemokine MDC release and mRNA expression in
IFN-y-stimulated HaCaT cells in a dose-dependent manner
(Figure 2). We also demonstrated that fluvastatin inhibited
IFN-y-induced MDC expression in HaCaT cells by inhibiting
NEF-xB activation via the p38 MAPK pathway.

Although all statins effectively lower cholesterol, the pleio-
tropic effects of individual statins may well differ. In particu-
lar, lipophilic statins, such as atorvastatin, fluvastatin and
simvastatin, may have different anti-inflammatory functions
depending on stimulation and organ/cell types. For example,
fluvastatin may induce production of TNF-o, IFN-y and IL-18
(Rosenson et al., 1999; Takahashi et al., 2005), whereas atorv-
astatin and simvastatin inhibit production of TNF-o (Ikeda
and Shimada, 1999; Ferro etal., 2000; Grip etal., 2002;
Wagner et al., 2002) in monocytes stimulated by lipopolysac-
charide. Thus, different types of lipophilic statins may have
dissimilar anti-inflammatory activities (Hothersall etal.,
2006). In light of the potency of lipophilic statins, recent data
showed that lipophilic statins inhibited both proliferation
and invasion of human saphenous vein smooth muscle cells
with the same order of lipophilic potency (fluvastatin > ator-
vastatin > simvastatin) (Turner et al., 2007). These different
potencies of lipophilic statins might also partially explain the
greater inhibition of MDC by fluvastatin over other statins in
this study.

A growing body of evidence shows that fluvastatin inhibits
the production of pro-inflammatory cytokines and chemok-
ines in peripheral blood mononuclear cells in patients with
allergic asthma (Samson et al., 2006), and decreases the serum
concentration of inflammatory markers including C-reactive
protein and TNF-o in patients with acute coronary syndrome
(Yang etal., 2006). Furthermore, fluvastatin has been
demonstrated to down-regulate signalling by inflammatory
mediators in HaCaT Kkeratinocytes (Alaei et al., 1996). These
preclinical and clinical studies suggest the possibility of
down-regulation of inflammation by fluvastatin. Even though
our data validate this hypothesis in an in vitro keratinocyte
model, there remain some limitations to this study, including
an absence of proof regarding selective inhibition exerted by
fluvastatin on the Th2 chemokine profile and use of an in vitro
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cell line system instead of primary human keratinocytes or an
in vivo AD model. Despite these drawbacks, to the best of our
knowledge, this study is the first to show that fluvastatin
inhibits IFN-y-induced MDC expression in HaCaT cells.

We subsequently explored the signalling pathways involved
in fluvastatin-induced inhibition of MDC expression in HaCaT
cells. The MDC promoter contains one STAT site and two
NF-xB sites (Nakayama et al., 2004), and the transcriptional
activities of STAT1 and NF-xB are increased by IFN-y in kerati-
nocytes (Kanda and Watanabe, 2007), so these transcription
factors may be involved in the mediation of MDC. We found
that IFN-y-induced MDC expression at the transcriptional and
post-transcriptional levels were significantly inhibited by the
NF-kB-specific inhibitor, Bay11-7082, but not by a STAT1
inhibitor, MTA, strongly suggesting that NF-xB is involved in
MDC expression in IFN-y-stimulated HaCaT cells. Moreover,
fluvastatin significantly reduced the nuclear levels of NF-xB
p65 in IFN-y-stimulated HaCaT cells (Figure 4A), indicating
that fluvastatin dose-dependently inhibits IFN-y-induced
NEF-xB activation in HaCaT cells. Based on these data, we
deduced that fluvastatin may inhibit MDC expression by
blocking NF-xB activation in IFN-y-stimulated HaCaT cells.
Many studies have documented that statins can block NF-xB
activation induced by a diverse array of stimuli, such as angio-
tensin II, TNF-o, oxidized low-density lipoprotein and
C-reactive protein in cell systems in vitro, such as vascular
smooth muscle, mononuclear cells, human primary mono-
cytes and human endothelial cells (Bustos et al., 1998; Zelvyte
et al., 2002; Wang et al., 2005). A mechanism by which statins
inhibit NF-kB activation has previously been suggested. Statins
inhibit HMG-CoA reductase and thus inhibit the production of
mevalonate and its metabolites, subsequently decreasing the
availability of farnesylated metabolites, and thereby lowering
efficacy in post-transcriptional modification of Ras or Rho
family proteins. The reduced activities of small GTPases, such
as Ras or Rho proteins, may result in the inhibition of NF-xB
activation via its upstream molecules, such as MAP kinases
(Yang et al., 2000; Haloui et al., 2003; Sakoda et al., 2006; Kim
et al., 2007). This scheme might partly explain our results that
fluvastatin-induced inhibition of MDC release was signifi-
cantly blocked by addition of mevalonic acid (Figure 2B).
However, the actual effect of fluvastatin on GTPase activities
remains to be settled as we did not directly measure the Ras or
Rho activities.

IFN-y activates JAK1/2 and the p38 MAPK pathways in kera-
tinocytes (Kanda and Watanabe, 2007; Kanda et al., 2007), the
ERK pathway in hepatocytes (Nguyen et al., 2000) or the ERK
and JNK pathways in murine macrophages (Rose et al., 1997).
As a corollary, these pathways may be involved in the regu-
lation of pro-inflammatory cytokines or chemokines in kera-
tinocytes. We found that the p38 MAPK inhibitor SB203580
significantly inhibited MDC expression in IFN-y-stimulated
HaCaT cells, indicating the involvement of p38 MAPK in
mediation of MDC expression, a finding that is in agreement
with a previous study using human B cells (Nakayama et al.,
2004). In contrast, JAKs, MEK/ERK or JNK had minimal effect
on MDC expression induced by IFN-y in HaCaT keratinocytes.

Consistent with this result, the p38 MAPK inhibitor,
SB203580, markedly reduced the activation of NF-xB in
HaCaT cells (Figure 6). A role for p38 MAPK in enhancing
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NF-xB activation, as observed in this study, is supported by a
recent report that IFN-y-induced activation of NF-xB was
blocked by SB203580 in human neonatal foreskin kerati-
nocytes (Kanda et al., 2007). Furthermore, fluvastatin (1 pM)
completely inhibited p38 MAPK activation induced by
hypoxia in pulmonary artery fibroblasts via inhibition of
protein geranylgeranylation (Carlin etal., 2007). Despite
using a different assay system, our result may reinforce the
notion that fluvastatin selectively inhibits the activation of
the p38 MAPK pathway in HaCaT cells (Figure 7). Taken
together, these data suggest that fluvastatin could inhibit IFN-
v-induced MDC expression by way of inhibiting the activa-
tion of NF-«xB via the p38 MAPK pathway in HaCaT cells.

Although some reports showed that atorvastatin or simvas-
tatin influences p38 MAPK or NF-kB signalling, the effects
might be organ- or cell type-specific. For instance, atorvasta-
tin decreased diabetes-induced p38 MAPK phosphorylation
by 3.2-fold (Van Linthout et al., 2007), while it increased the
phosphorylation of p38 MAPK in Langendorff-perfused
mouse hearts (Efthymiou et al., 2005) and in cardiac myocytes
(Nakajima et al., 2006). Simvastatin inhibited p38 MAPK acti-
vation in the lung following lipopolysaccharide (LPS) stimu-
lation (Ou et al., 2008) and in the myocardium of bradykinin
B, receptor knockout mice, but did not affect p38 MAPK
activation in wild-type mice (Osorio et al., 2008), oesophageal
adenocarcinoma cell lines such as OE33 and BIC-1 cells
(Ogunwobi and Beales, 2008), and LPS-stimulated U937
mononuclear cells (Sundararaj et al., 2008). On the other
hand, atorvastatin and simvastatin both decreased NF-«B acti-
vation induced by oxidative stress by around 50% in both
vascular smooth muscle cells and monocytic cells (THP-1)
(Ortego et al., 2005), whereas another study showed that sim-
vastatin inhibited LPS-stimulated nuclear AP-1, but not NF-xB
activity in U937 mononuclear cells (Sundararaj et al., 2008).
Taken together, the evidence suggests that individual
members of the lipophilic family of statins might have differ-
ent influences on inflammatory signalling pathways depend-
ing on organs or cell types and stimulus. This idea is further
supported by our results showing that fluvastatin, but not
atorvastatin or simvastatin, suppressed MDC expression in
our system. Despite uncovering part of the signalling pathway
by which fluvastatin inhibits this expression in HaCaT cells,
further assays using siRNA and overexpression techniques will
be required to more completely determine the mechanism of
drug action.

In summary, our results indicate that fluvastatin inhibits
IFN-y-induced MDC expression in HaCaT cells by inhibiting
NF-xB activation via the p38 MAPK pathway. Block of the
formation of a Th2 chemokine by fluvastatin may suppress
the infiltration of Th2 cells into skin lesions and lessen the
skin inflammation, as seen in AD, suggesting that fluvastatin
might be used clinically as a therapeutic agent for AD. Further
elucidation of the signalling pathways involved in blocking
release of this Th2 chemokine by fluvastatin could provide
insight into the design of novel targeted therapeutic agents
for AD. However, additional studies using an in vivo model
of human skin inflammation are necessary to investigate
the possibility that fluvastatin could be used for treatment
of chronic skin inflammation involving the chemokine
MDC/CCL22.
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