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Simvastatin acts as an inhibitor of interferon gamma-induced
cycloxygenase-2 expression in human THP-1 cells, but not in

murine RAW264.7 cells
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ABSTRACT: Cyclooxygenase-2 (COX-2) is a key inflammatory response molecule, and associated with
many immune functions of monocytes/macrophages. Particularly, interferon gamma (IFNy)-induced COX-2
expression appears in inflammatory conditions such as viral infection and autoimmune diseases. Recently,
statins have been reported to show variable effects on COX-2 expression, and on their cell and species type
dependences. Based on the above description, we compared the effect of simvastatin on IFNy-induced COX-
2 expression in human monocytes versus murine macrophages. In a result, we found that simvastatin sup-
presses [FNy-induced COX-2 expression in human THP-1 monocytes, but rather, potentiates IFNy-induced
COX-2 expression in murine RAW264.7 macrophages. However, signal transducer and activator of transcrip-
tion 1/3 (STAT1/3), known as a transcription factor on COX-2 expression, is inactivated by simvastatin in
both cells. Our findings showed that simvastatin is likely to suppress IFNy-induced COX-2 expression by
inhibiting STAT1/3 activation in human THP-1 cells, but not in murine RAW264.7 cells. Thus, we concluded
that IFNy-induced COX-2 expression is differently regulated by simvastatin depending on species specific

mechanism.

Introduction

Cyclooxygenase-2 (COX-2) is the rate limiting en-
zyme in the conversion of arachidonic acid into
prostanoids. In monocytes and macrophages, prostaglan-
dins E2 and thromboxane A2, the major products of COX-
2, modulate inflammatory signs. Therefore, COX-2 is
highly expressed in inflamed tissues and is considered as
a key molecule in inflammatory environments. For
COX-2 expression, the NF-«kB and signal transducer and
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activator of transcription (STAT) binding elements of
COX-2 gene promoter are known to participate in tran-
scription (Inoue and Tanabe, 1998; Xuan et al., 2003).

Statins, 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase inhibitors, are used to treat hy-
percholesterolemia, and are known to have beneficial
effects on vascular atherosclerosis, stroke, heart trans-
plantation, and Alzheimer disease patients (Liao, 2004;
Tunon et al., 2007; Kobashigawa, 2004; Miller and
Chacko, 2004). Recent studies have shown that statins,
like simvastatin, have immuno-modulatory and anti-in-
flammatory effects (Chello et al., 2007; Chen et al.,
2007; Greenwood and Mason, 2007). Several groups
have suggested that statins have anti-inflammatory ef-
fects, for example, they inhibit the productions of pro-
inflammatory cytokines and the expressions of major
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inflammatory molecules (Grip et al., 2000; Ortego et
al., 1999). Furthermore, it has been reported that the
lovastatin and fluvastatin inhibit inducible nitric oxide
synthase (iNOS) expression by blocking NF-xB and
STAT signaling in murine macrophages (Huang et al.,
2003). It has also been reported that simvastatin inhib-
its IFNy-induced major histocompatibility complex class
IT (MHC-II) molecules that are expressed on the sur-
faces of various cells (Ghittoni et al., 2006), and an-
other report found that simvastatin suppresses IFNy-in-
duced CD40 expression in murine macrophages (Lee
et al., 2007). These anti-inflammatory effects of statins
usually depend on the reduction of mevalonate (the di-
rect product of HMG-CoA reductase) and mevalonate-
derived isoprenoids, such as farnesyl pyrophosphate and
geranylgeranyl pyrophosphate.

Recently it has been reported that simvastatin blocks
COX-2 expression in human monocyte U937 cells in a
Rac and NF-xB dependent manner (Habib et al., 2007).
However, mevastatin and lovastatin were found to increase
COX-2 expression by inhibiting Rho A in human aortic
smooth muscle cells (Degraeve et al., 2001; Monick MM
et al., 2003), and furthermore, fluvastatin, atorvastatin
and lovastatin were also found to induce COX-2 expres-
sion via a MAPK cascade dependent pathway in murine
macrophages (Chen et al., 2004). Thus, statins appear to
have capricious effects on COX-2 expression.

In the present study, to elucidate the effect of
simvastatin on [FNy-induced COX-2 expression in hu-
man monocytes and murine macrophages, we per-
formed experiments on THP-1 cells (human mono-
cytes) and RAW264.7 cells (murine macrophages). It
was found that in [FNy-stimulated human THP-1 cells,
simvastatin inhibits COX-2 expression inducing sup-
pressor of cytokine signaling 1/3 (SOCS1/3) which
prevents STAT1/3 activation. However, paradoxically,
simvastatin potentiated COX-2 expression in IFNy-
stimulated murine RAW264.7 cells, despite inducing
SOCS1/3 and inhibiting STAT1/3 activation. These
findings suggest that the effects of simvastatin on
IFNy-induced COX-2 expression may vary depending
on cell and/or species type.

Materials and Methods
Reagents and materials
Simvastatin, which was purchased in the inactive

lactone, was hydrolyzed to its active hydroxyacid as
described below. This form is referred to throughout
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as simvastatin. Simvastatin was prepared as a 20 mM
stock solution, by dissolving 8.37 mg of the inactive
lactone in 100 pl of ethanol and 150 nl of 0.1 N NaOH
and incubating at 50°C for 2 h. The pH was then ad-
justed to 7.0, and the total volume was made up to 1
ml. This simvastatin stock solution was diluted with
sterile phosphate buffer-saline immediately before use.
In all experiments, we used simvastatin at 2 uM. Re-
combinant human IFNy was purchased from Biosource
International (CA, USA) and used at 50 ng/ml.
Antibodies against COX-2 and inducible nitric oxide
synthase (iNOS) were purchased from ABcam (Cam-
bridge, UK), and antibodies against actin, Tyr-701-
phosphorylated STAT1, and Tyr-705-phosphorylated
STAT3 were purchased from Santa Cruz Biotechnol-
ogy (CA, USA).

Cell lines and primary macrophage culture

THP-1 cells (a human monocytic leukemia cell
line) were cultured in RPMI 1640 medium supple-
mented with 5% fetal bovine serum at 37°C and 5%
CO,, whereas RAW 264.7 cells (a murine macroph-
age cell line) and BV2 cells (a murine microglia cell
line) were maintained in DMEM supplemented with
10% fetal bovine serum at 37°C and 5% CO,. For ex-
periments using primary murine macrophages, primary
peritoneal cells were obtained from C57BL6 male
mice. Briefly, mice were injected with 1 ml of 3%
thioglycolate media intraperitoneally (i.p.), and 4 days
later thioglycolate elicited peritoneal cells were har-
vested by lavage with 10 ml of phosphate buffer-sa-
line. Cells were plated on 60 mm dishes in RPMI11640
medium containing 10% fetal bovine serum at 37°C
and 5% CO, and incubated for 4 h. Dishes were then
washed with phosphate buffer-saline to remove
nonadherent cells and the adherent cells so obtained
were used as peritoneal macrophages.

Cell cytotoxicity assays

They were performed using the Cell Counting Kit-
8, as described by the manufacturer (DOJINDO, To-
kyo). Briefly, THP-1 and RAW264.7 cells (0.5x10* cells)
were seeded in 96-well culture plates and incubated for
24 h at 37°C and 5% CO, Then, cells were incubated
with simvastatin indicated dosage or time. Finally, CCK-
8 solution was added to each well of plate for 4 h, then,
we measured the absorbance at 450 nm using a
microplate reader.
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Western blot analysis

Cells were washed twice with cold PHOSPHATE
BUFFER-SALINE, and then lysed in ice-cold modi-
fied RIPA buffer (50 mM Tris-HCI, pH 7.4, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 150 mM
NaCl) containing protease inhibitors (2 mM phenyl-
methylsulfonylfluoride, 10 pg/ml leupeptin, 10 pg/ml
pepstatin, 0.5 mM Na,VO,, 2 mM EDTA and 1 mM
NaF). Lysates were centrifuged at 13,000 rpm for 20
min at 4°C, and supernatants were collected. Proteins
in lysates were separated by SDS-PAGE and transferred
to nitrocellulose membranes. Membranes were incu-
bated with primary antibodies, washed, treated with
peroxidase-conjugated secondary antibodies, rewashed,
and then visualized using an Amersham ECL system
(NJ, USA). COX-2 bands were quantified and normal-

ized versus actin bands using ImagelJ version 1.35d
(National Institute of Health Imaging software).

Reverse transcription-polymerase chain reaction (RT-
PCR)

Total RNA was extracted from cell lysates using
Easy-BLUE (iNtRON, Seoul), and cDNA was prepared
using a Maxime RT-premix (iNtRON, Seoul), accord-
ing to the manufacturer’s instructions. PCR was per-
formed over 30 cycles of 94°C for 60 s, 60°C for 60 s,
and 72°C for 120 s. Oligonucleotide primers were pur-
chased from Bioneer (Seoul). Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) was used as a control
“housekeeping gene”. PCR products were separated
by electrophoresis in 1% agarose gels and detected
under UV light. PCR primer sequences are detailed in
Table 1.

TABLE 1.

Sequences of RT-PCR oligonucleotide primers.

Primer Direction Sequence Size (bp)
human forward 5'-CACAAGCCACGCCTCCCTGAACCTA-3'
ICAM-I reverse 5-TGTGGGCCTTTGTGTTTTGATGCTA-3' 458
human forward 5'-TGCCAGCCAGGACAGAAACT-3'
CD40 reverse 5'-GGGACCACAGACAACATCAG-3' 444
human forward 5'-TCTTTGTGATGGCCTTCCTG-3'
CD86 reverse 5'-CTTCCCTCTCCATTGTGTTG-3' 836
human forward 5'-CACGCACTTCCGCACATTCC-3'
SOCS1 reverse 5'-TCCAGCAGCTCGAAGAGGCA-3' 299
human forward 5'-"TCACCCACAGCAAGTTTCCCGC-3'
SOCS3 reverse 5'-GTTGACGGTCTTCCGACAGAGATGC-3' 590
Mouse forward 5'-CGGACTTGAACAACCAGACTCC-3'
CD86 reverse 5-TCTTCTTAGGTTTCGGGTGACC-3' 563
mouse forward 5'-CAGGTGGCAGCCGACAATGCGATC-3'
SOCS1 reverse 5'-CGTAGTGCTCCAGCAGCTCGAAAA-3' 450
mouse forward 5'-CCGGCTAGCATGGTCACCCACAGCAAG-3'
SOCS3 reverse 5'-TTTGGATCCTTAAAGTGGAGCATCATA-3' 690
GAPDH forward 5'-CCATGGAGAAGGCTGGGG-3'
reverse 5'-CAAAGTTGTCATGGATGACC-3' 194
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Results

Simvastatin suppresses the expression of COX-2 and co-
stimulatory molecules in IFNy-stimulated THP-1 cells

Prior to examining the effect of simvastatin on
IFNy-induced COX-2 expression, we investigated the
cytotoxic effect of simvastatin on THP-1 and RAW264.7
cells. However, simvastatin was found to have no cyto-
toxicity effect after 24 h at concentrations of 0.1-2 uM.
To examine its effect versus time, simvastatin was treated
at 2 UM for indicated time, but no effect was observed
at48 hboth THP-1 (Fig. 1A) and RAW264.7 cells (data
not shown). Then, to investigate the effect of simvastatin
on [FNYy-induced COX-2 expression, THP-1 cells were
pre-treated for 6 h with simvastatin and treated with 50
ng/ml IFNy for 18 h. Cell lysates were subjected to
Western blot analysis to determine COX-2 protein lev-
els. The results obtained showed that simvastatin sup-
pressed COX-2 expression in these IFNy-stimulated
cells (Fig. 1B). Next, we tested immunomodulatory ef-
fect of simvastatin in [IFNy-stimulated THP-1 cells be-
cause statins are known to have inhibitory effect on the
expression of cell surface molecules such as ICAM-I,

CHANG SEOK LEE et al.

CD40 and CD86 (Chung et al., 2002; Ghittoni et al.,
2006; Lee et al., 2007; Kuipers et al., 2005; Sadeghi et
al., 2001). THP-1 cells were pre-treated for 6 h with
simvastatin and then treated with 50 ng/ml IFNYy for 12
h. We isolated total RNA from cell lysates, and I[CAM-
I, CD40 and CD86 transcripts are detected by RT-PCR
analysis. Undoubtedly, ICAM-I, CD40 and CD86
mRNA levels are decreased by simvastatin in [FNvy-
stimulated THP-1 cells (Fig. 1C).

Simvastatin potentiates IFNy-induced COX-2 expression
in RAW264.7 cells, primary peritoneal macrophages and
BV2 cells

To test the effect of simvastatin on IFNy-induced
COX-2 expression in murine macrophages, RAW264.7
cells were pretreated for 6 h with simvastatin and then
incubated for 18 h with 50 ng/ml IFNY. Cell lysates were
then western blotted to determine COX-2 protein lev-
els. Based on previous data, we expected to find that
simvastatin reduced COX-2 expression. However, IFNy-
induced COX-2 expression was not inhibited by
simvastatin, in fact its expression was augmented (Fig.
2A). Furthermore, we confirmed the up-regulation of

A B
IFNy - + +
Sim = +
120 e COX-2
FIGURE 1. For dosage testing, THP-1 cells
E:‘f 100 — e |ACTIN were first treated with simvastatin for 24 h
E: 80 c at 0.1-2 uM; no cytotoxic effect was ob-
= -g 6 served (data not shown). To examine its
o 60 - temporal effect on cell viability, cells were
> 40 ag4 incubated with 2 pM simvastatin for the in-
E b = dicated times (A). Again, simvastatin was
20 g2 found to have no effect. Cell counting was
0 = performed by Cell Counting Kit-8 as de-
0 24 36 48 (h) = o NN EE-_m—__ scribed materials and methods. (B) To de-
simvastatin 2uM _ . * SimT tect the COX-2 expression in IFNy-stimu-

IFNy - + +
Sim

lated THP-1 cells, THP-1 cells were
pre-incubated with simvastatin for 6 h and
were treated with 50 ng/ml IFNy for 18 h.
Protein extracts were subjected to western
blotting using antibodies against COX-2 and
actin (loading control). To determine rela-
tive protein expressions, a densitometry
graph was drawn using the ImageJ pro-
gram. (C) Cells were pre-incubated with
simvastatin for 6 h and were treated with
50 ng/ml IFNy for 12 h. Then, mRNA levels
were detected by RT-PCR analysis, which
was performed using the primers as de-
scribed in Table 1.
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COX-2 by simvastatin in [FNYy-stimulated murine pri-
mary macrophages (Fig. 2B) and BV2 murine micro-
glia cell line (Fig. 2C).

Simvastatin inhibits IFNY- induced STAT1/3 activation
and increases SOCS1/3 transcripts in THP-1 and
RAW264.7 cells

IFNy stimulation activates Jak-1 and Jak-3 and then
STATs, especially STAT1 or STAT3 (Qing and Stark,
2004). IFNy-activation site (GAS) elements, which are
STATs-binding DNA sites, are known to interact with
phospho-STATs prior to COX-2 transcriptional activa-
tion (Decker et al., 1997). Thus, STAT1 and STAT3 are
important transcription factors for IFNy-induced COX-
2 expression. A previous report demonstrated that
simvastatin inhibits [FNy-induced STAT1 activation in
murine macrophage RAW264.7 cells (Lee et al., 2007),
whereas another found that IFNy-induced STAT1 phos-
phorylation (activation) is not affected by simvastatin
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in human microvascular endothelial cells (Sadeghi et
al., 2001). Thus, we examined whether simvastatin in-
hibits the activations of STAT1 and STAT3 in IFNy-
stimulated THP-1 cells (Fig. 3A). Simvastatin was found
to suppress STAT1/3 activations, indicating that
simvastatin had negative effects on STAT1/3 activations
in [FNy-stimulated THP-1 cells. In addition, because
STAT1/3 activation has been reported to be blocked by
SOCS1/3 up-regulation (Yasukawa et al., 2000), we
tested whether simvastatin induces SOCS1 and SOCS3
transcripts. The result obtained showed that simvastatin
up-regulates both SOCS1 and 3 mRNAs (Fig. 3A).
These findings suggested that simvastatin is likely to
suppress [FNy-induced COX-2 expression by blockad-
ing STAT1/3 activations by up-regulating SOCS1/3 tran-
scription in human THP-1 cells.

Oppositely, to determine whether simvastatin acti-
vates molecules up-stream of COX-2 gene expression
in RAW264.7 cells because of increased COX-2 expres-
sion, we examined its effect on [FNy-induced STAT1/3

* +
- - +
e/ COX-2

ACTIN

+ IFNy
+ Sim

FIGURE 2. The effect of simvastatin on COX-2 expres-
sion was showed in IFNy-stimulated Raw264.7 cells (a
murine macrophage cell-line) (A), primary peritoneal
macrophages (B) and BV2 cells (a murine microglia cell-
line) (C). Cells were pre-treated with simvastatin for 6 h
and then treated with 50 ng/ml IFNy for 18 h. COX-2 pro-
tein expression was detected by western blotting as de-
scribed in Fig. 1; expression levels were normalized us-
ing the ImagedJ program.
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activation. Unexpectedly, the results obtained showed
that STAT1/3 activation is inhibited by simvastatin in
IFNy-stimulated RAW264.7 cells, as in THP-1 cells,
despite its increasing COX-2 protein levels (Fig. 3B).
SOCS1/3 mRNA levels are also increased by simvastatin
in RAW264.7 cells (Fig. 3B). Furthermore, we investi-
gated whether the contrary effect of simvastatin on IFNYy/
STATs-induced gene expression, as well COX-2 gene
expression, is detected in between THP-1 cells and
RAW264.7 cells. Thus, we tested the effect of
simvastatin on IFNY/STATs-induced CD86 and induc-
ible nitric oxide synthase gene expression, known to be
mediated by STATSs activation. The results showed that
CDS86 transcripts are decreased by simvastatin in both
IFNy-stimulated THP-1 (Fig. 1C) and RAW264.7 cells
(Fig. 4A). However, inducible nitric oxide synthase ex-
pression was not inhibited by simvastatin in [FNy-stimu-
lated RAW264.7 cells (Fig. 4B) and BV2 cells (data
not shown), rather, was enhanced slightly. In THP-1
cells, inducible nitric oxide synthase expression was not
detected by IFNYy. In these data, we showed that
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simvastatin has a contrary effect on the expression of
inflammatory molecules including COX-2, depending
on their target proteins and species in inflammatory
conditions.

Taken together, these findings suggest that
simvastatin is likely to inhibit COX-2 expression by
preventing STAT1/3 activation by inducing SOCS1/3
in IFNy-stimulated THP-1 cells, but enhances COX-2
expression in IFNy-stimulated murine macrophages
despite this SOCS1/3-induced STAT1/3 inactivation,
furthermore, these different effects of simvastatin seem
to be species and/or target proteins dependent (Fig. 5).

Discussion

Six commercially available statins reduce serum
cholesterol levels, i.e., three natural statins (simvastatin,
lovastatin and pravastatin) and three synthetic statins
(atorvastatin, cerivastatin and fluvastatin). Moreover,
recent reports indicate that the effects of the above statins

pY-STAT1

—— ——|pY-STAT3

FIGURE 3. THP-1 cells (A) and RAW264.7

cells (B) were pre-incubated with simvastatin

A B
IFNy - +  + IFNy -  +
Sim - - + Sim - -
" E | pY-STAT1 —_—
— — pY-STAT3
- e sse ACTIN - e s | ACTIN
Sim - + Sim - +
A B
IFNy - + + IFNy - + +
Sim

for 6 h and then treated for 1 h with 50 ng/
ml IFNy. Western blot analysis was per-
formed by using antibodies against Tyr-
701—phosphorylated STAT1 and Tyr-705-
phosphorylated STAT3. To detect SOCS1/
3 transcripts, cells were incubated for 6 h
with simvastatin and then total RNA was
isolated. RT-PCR was performed using the
primers shown in Table 1.

FIGURE 4. CD86 transcripts using RT-
PCR (A) and inducible nitric oxide syn-
thase (iINOS) expression level using
western blot (B) were detected in
RAW264.7 cells. Cells were pre-treated
with simvastatin (SIM) for 6 h and then

treated with 50 ng/ml IFNy for 12 h (RT-
PCR) or 18 h (western blot). RT-PCR was

performed using the primers as described
in Table 1 and western blot analysis was

performed by using antibodies against
inducible nitric oxide synthase antibody.
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differ under inflammatory conditions (Huang et al.,
2003; Habib et al., 2007; Degraeve et al., 2001; Chen
et al., 2000; 2004). Furthermore, although statins have
been shown to have anti-inflammatory effects, many
studies have shown that statins may also have pro-in-
flammatory effects, for example, they may induce in-
ducible nitric oxide synthase or pro-inflammatory
cytokines (Chen et al., 2000; Kiener et al., 2001). Col-
lectively, these results indicate that the effects of statins
are dependent on statin, cell, and species types, and tis-
sue conditions.

In the present work, we focused on the effect of
simvastatin on COX-2 expression in I[FNy-stimulated
THP-1 and RAW264.7 cells, because [FNy-induced
COX-2 expression is a known major inflammatory re-
sponse. Previous studies have failed to clarify the ef-
fects of simvastatin on COX-2 expression in the inflam-
matory state in human and murine cells, and no previous
study has demonstrated the effect of simvastatin on the
IFNY/STATs/COX-2 inflammatory signaling pathway.
The present study demonstrates that simvastatin sup-
pressed IFNy-induced COX-2 expression by up-regu-
lating SOCS1/3 mRNA expression and thus inhibiting
STAT1/3 activation in IFNy-stimulated human THP-1
cells. On the other hand, in IFNYy-stimulated murine
RAW264.7 cells, murine primary macrophages, and
BV2 cells, simvastatin was found to have no inhibitory
effect on IFNy-induced COX-2 expression despite in-
ducing SOCS1/3 mRNA and preventing STAT1/3 acti-
vation, in fact, it tended to enhance IFNy-induced COX-
2 expression. Based on these current findings, we
suggest that the modulatory effect of simvastatin on
IFNYy-induced COX-2 expression is species dependent
under inflammatory conditions. However, the different
mechanisms involved are beyond our speculation. We
can only suppose that the different effects of simvastatin
on IFNy-induced COX-2 expression are related to the
balance between the strengths of the negative and posi-

IFNy

— inhibition
—> activation

STAT1/3 simvastatin

COX-2
Down-regulation

Human THP-1 monocyte

C/EBP ? MAPK ?)

Up-regulation

Murine RAW264.7 macrophage
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tive effect of simvastatin on COX-2 expression signal-
ing in different cellular backgrounds. In terms of the
positive signaling mechanism induced by statins on
COX-2 expression, a recent study demonstrated that this
requires the binding of transcription factors to the C/
EBPf and CRE elements on COX-2 promoter (Chen et
al., 2004). Another report suggested that statins induce
COX-2 expression and increase intracellular 15-deoxy-
delta-(12, 14)-prostaglandin J2 (15d-PGJ2) levels via
ERK1/2 and p38 MAPK-dependent pathways (Yano et
al., 2007). Conversely, others have shown that statins
inhibit COX-2 expression via NF-kB suppression
(Habib et al., 2007; Kim et al., 2007).

In addition to the effect of simvastatin on IFNy-
induced COX-2 expression, it was interesting to find
that STAT1/3 inactivation resulted from SOCS1/3 tran-
script up-regulation in both THP-1 and RAW264.7 cells.
A previous study reported that lovastatin or fluvastatin
induce SOCS3 gene expression in RAW264.7 cells, and
that this is dependent on decreased intracellular levels
of mevalonate products (Huang ef al., 2003). Thus, we
suggest that SOCS1/3 induction by simvastatin may also
involve reductions in the levels of mevalonate pathway
products such as mevalonate, farnesyl pyrophosphate
and geranylgeranyl pyrophosphate.

Most importantly, we need to identify the differ-
ent mechanisms by which statins affect COX-2 expres-
sion in different cells, species, and tissues, because
statins are now used clinically, and because COX-2 is
viewed as an important molecule in the context of can-
cers and inflammatory diseases. Simvastatin appears
to be a potential anti-inflammatory agent and a poten-
tial treatment for COX-2 mediated-inflammatory dis-
eases in a human system. At this stage of study, it ap-
pears that the various actions of simvastatin on COX-2
require more specific experimentation, and compara-
tive studies on its in vivo effects on both human versus
murine systems.

FIGURE 5. Proposed model of the con-
trary effects by simvastatin on IFNy-
induced COX-2 expression in human
monocytes (THP-1) and in murine
macrophages (Raw264.7 cells).
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