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Abstract

Heme oxygenase-1 (HO-1) is the rate-limiting enzyme in heme catabolism, which confers cytoprotection against oxidative injury and
provides a vital function in maintaining tissue homeostasis. HMG—CoA reductase inhibitors (statins) possess several anti-inflammatory
mechanisms and may be beneficial in the treatment of inflammatory diseases. Our previous study has shown that statins can inhibit iNOS
gene expression in murine RAW264.7 macrophages. In this study, we showed that lovastatin, fluvastatin, atorvastatin, simvastatin,
mevastatin and pravastatin are able to upregulate the mRNA expression of HO-1 gene. This effect of lovastatin was attenuated by farnesyl
pyrophosphate (FPP), geranylgeranyl pyrophosphate (GGPP), a protein kinase G (PKG) inhibitor (KT5823), a soluble guanylyl cyclase
inhibitor (ODQ), a p38 MAPK inhibitor (SB203580), and MEK inhibitors (U0126 and PD98059), but not by inhibitors of protein kinase C
(PKCQ), protein kinase A (PKA), c-jun N-terminal kinase (JNK) and Rho kinase. Consistent with this notion, our previous study has reported
the ability of statins to activate ERK and p38 MAPK in RAW264.7 macrophages. Here we further found the participation of cyclic guanosine
monophosphate (cGMP)/PKG pathway for ERK activation in cells stimulated with statin and the ability of statin to induce AP-1 activity,
which is an essential transcription factor in the regulation of HO-1 gene expression. In addition, a Ras inhibitor (manumycin A) treatment
also caused a marked induction of HO-1 mRNA followed by a corresponding increase in HO-1 protein; instead, inhibition of Rho activity by
toxin B only led to a transient and weak induction of HO-1. The involvement of signal pathways in manumycin A-induced HO-1 gene
expression was associated with p38 MAPK, JNK and ERK activation. Taken together, these results demonstrate for the first time that statins
might activate PKG to elicit activations of ERK and p38 MAPK pathways and finally induce HO-1 gene expression, which provides a novel
anti-inflammatory mechanism in the therapeutic validity.
© 2005 Published by Elsevier Inc.
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Abbreviations: AP-1, Activator protein 1; 8BrcGMP, 8-Bromo-cyclic
guanosine monophosphate; dbcgmp, Dibutyryl 3',5'-cyclic guanosine
monophosphate; CO, Carbon monoxide; ERK, Extracellular signal-
regulated kinase; FPP, Farnesyl pyrophosphate; GGPP, Geranylgeranyl
pyrophosphate; HMG—CoA, 3-Hydroxy-3-methylglutaryl—coenzyme A;
HO-1, Heme oxygenase-1; iNOS, Inducible nitric oxide synthase; JNK, c-
jun N-terminal kinase; LPS, Lipopolysaccharide; MAPK, Mitogen-acti-
vated protein kinase; MEK, Mitogen-activated protein/ERK kinase; NO,

1. Introduction

Heme oxygenase (HO) is the rate-limiting enzyme in the
oxidative degradation of heme into bilirubin, iron, and
carbon monoxide (CO). While HO-2 and HO-3 are
constitutively expressed, HO-1 is the inducible form. HO-

Nitric oxide; ODQ, 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one; PDE,
Phosphodiesterase; PKA, Protein kinase A; PKC, Protein kinase C; PKG,
Protein kinase G; RT-PCR, Reverse transcription-polymerase chain
reaction; sGC, Soluble guanylyl cyclase; SNP, Sodium nitroprusside.
* Corresponding author. Tel.: +886 2 23123456x8315; fax: +886 2
23915297.
E-mail address: wwl@ha.mc.ntu.edu.tw (W.-W. Lin).

0898-6568/$ - see front matter © 2005 Published by Elsevier Inc.
doi:10.1016/j.cellsig.2005.03.016

1 is expressed with low level under basal conditions and can
be highly induced in response to various agents causing
oxidative stress including hyperthermia, UV irradiation [3],
hydrogen peroxide [3], heavy metals [3], inflammatory
cytokines [4], endotoxin [5], hypoxia [6], hyperoxia [7], and
nitric oxide (NO) [8,9]. HO-1 induction provides cytopro-
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tection against oxidative stress and apoptosis and preserves
cellular homeostasis [1,2]. This action is demonstrated not
only in cultured cell systems [10] but also in in vivo studies
[11,12]. Although the mediators and mechanisms by which
HO-1 provides protection are not clear and depend on cell
types and stimuli, accumulating lines of evidence point the
important role of CO [13,14]. A low concentration of CO
can exert protection through a soluble guanylyl cyclase
(sGC) and cyclic guanosine monophosphate (¢cGMP) path-
way [15].

Statins are inhibitors of the 3-hydroxy-3-methyl-glu-
taryl—coenzyme A (HMG-CoA) reductase and are widely
used as lipid-lowering agents [16]. Besides the therapeutic
use in hyperlipidemia, the anti-inflammatory and immuno-
modulatory benefits of statins have been recently reported in
many aspects, although mechanisms are not yet completely
defined [17]. Most identified anti-inflammatory benefits of
statins rely on the reduction of cellular levels of mevalonate,
the direct product of HMG—CoA reductase, and mevalo-
nate-derived isoprenoids, farnesyl pyrophosphate (FPP) and
geranylgeranyl pyrophosphate (GGPP), which are involved
in post-translational modification of several small G
proteins, such as Rho, Rac, Cdc42, and Ras [18,19].

Since the understanding and evaluation of the pharma-
cological effects of statins are increasing and accelerating
their clinical importance and validity, in this study we
intended to identify the action of statins on HO-1 gene
expression in murine RAW264.7 macrophages. Using this
cell type we previously have demonstrated the abilities of
statins to block inducible nitric oxide synthase (iNOS)
induction caused by lipopolysaccharide (LPS) and inter-
feron-y [20]. Intriguingly in the present study we demon-
strated that statins are capable of inducing HO-1 gene
transcription in murine RAW264.7 macrophages and
elucidated the mechanisms involved.

2. Materials and methods
2.1. Materials

Dulbecco’s modified Eagle’s medium (DMEM), fetal
bovine serum  (FBS), penicillin, and streptomycin were
obtained from Gibco BRL (Grand Island, NY). Rabbit
polyclonal antibodies specific for HO-1, p-actin, ERK, JNK
and p38 mitogen activated protein kinase (MAPK) were
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Antibodies specific to the phosphorylated ERK, JNK
and p38 MAPK were purchased from Cell Signaling
Technology (Beverly, MA). The ECL detection agents were
purchased from Amersham Biosciences (Piscataway, NIJ).
Toxin B from Clostridium difficile was obtained from
Calbiochem (San Diego, CA). The Ras inhibitor manumy-
cin A, lovastatin, phenol-extracted LPS (L8274) from E.
coli, farnesyl pyrophosphate (FPP), geranylgeranyl pyro-
phosphate (GGPP), KT5720, KT5823, Y27632, 1H-

[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ), anisomy-
cin, 8-bromo-cyclic guanosine monophosphate (8BrcGMP),
dibutyryl 3’,5’-cyclic guanosine monophosphate ({BcGMP)
and other chemicals were purchased from Sigma Aldrich
(St. Louis, MO). GF109203X, SB203580, Ro 31-8220,
U0126, PD98059 and mevastatin were purchased from
Calbiochem (San Diego, CA). SP600125 was obtained from
Tocris Cookson (Ellisville, MO). Atorvastatin, fluvastatin,
pravastatin and simvastatin were respectively provided by
Pflizer Inc. (NY), Novartis (Basel, Switzerland), Sankyo
Co., Ltd. (Tokyo, Japan) and Merck and Co., Inc. (NJ). The
AP-1 luciferase construct was provided by Dr. G. Hageman
(Flanders Interuniversity Institute for Biotechnology and
University of Gent, Gent, Belgium). All materials for
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) were obtained from Bio-Rad (Hercules, CA).

2.2. Cell culture

Murine RAW264.7 macrophages obtained from Ameri-
can Type Culture Collection (Manassas, VA, U.S.A.) were
grown at 37 °C in 5% CO, using DMEM containing 10%
FBS, 100 U/ml penicillin and 100 pg/ml streptomycin.

2.3. Protein preparation and Western blotting

After stimulation, cells were rinsed twice with ice-cold
PBS and 100 pl of cell lysis buffer (20 mM Tris—HCI,
pH7.5, 125 mM NaCl, 1% Triton X-100, 1 mM MgCl,, 25
mM p-glycerophosphate, 50 mM NaF, 100 pM Naz;VO,, 1
mM PMSF, 10 pg/ml leupeptin, 10 ug/ml aprotinin) was
then added to each plate. Protein was denatured in SDS,
electrophoresed on 10% SDS/polyacrylamide gel, and
transferred to nitrocellulose membrane. Nonspecific binding
was blocked with TBST (50 mM Tris—HCI, pH7.5, 150
mM NaCl, 0.1% Tween 20) containing 5% non-fat milk for
1 h at room temperature. After incubation with the
appropriate first antibodies, membranes were washed three
times with TBST. The secondary antibody was incubated for
1 h. Following 3 washes with TBST, the protein bands were
detected with the ECL reagent.

2.4. Reverse transcription-polymerase chain reaction

(RT-PCR)

To amplify HO-1 mRNA, the specific primers for RT-
PCR analysis were synthesized. Macrophages treated with
indicated agents were homogenized with 1 ml of RNAzol B
reagent (Gibco) and total RNA was extracted by acid
guanidinium thiocyanate-phenol-chloroform extraction. RT
was performed using StrataScript RT-PCR Kit and 10 pg of
total RNA was reverse transcribed to cDNA following the
manufacturer’s recommended procedures. RT-generated
cDNA encoding HO-1 and p-actin genes were amplified
using PCR. The oligonucleotide primers used correspond to
the mouse HO-1 (5'-GAG AAT GCT GAG TTC ATG-3¥
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and 5'-ATG TTG AGC AGG AAG GC-3') and mouse (-
actin (5'-GAC TAC CTC ATG AAG ATC CT-3' and 5'-
CCA CAT CTG CTG GAA GGT GG-3"). PCR was
performed in a final volume of 50 pl containing: Taq
DNA polymerase buffer, all four dNTPs, oligonucleotide
primers, Taq DNA polymerase, and RT products. After an
initial denaturation for 2 min at 94 °C, 35 cycles of
amplification (94 °C for 45 s, 65 °C for 45 s, and 72 °C for 2
min) were performed followed by a 10-min extension at 72
°C. PCR products were analyzed on 2% agarose gel. The
mRNA of p-actin served as an internal control for sample
loading and mRNA integrity.

2.5. Transfection and AP-1-luciferase assays

Using electroporation (280 V, 1070 pF, 30 ms time
constant), cells (2 x 107 cells/cuvette) were cotransfected
with 1 pg of AP-1 promoter construct and 1 pg p-
galactosidase expression vector (pCR3lacZ; Pharmacia,
Sweden). After electroporation, cells were cultured in 24-
well plate at 2 x 10° cells/well. After 24-h incubation, cells
were incubated with the indicated concentrations of agents.
After another 24-h incubation, the media were removed and
the cells were washed once with cold PBS. To prepare
lysates, 100 ul of reporter lysis buffer (Promega) was added
to each well and cells were scraped from dishes. The
supernatant was collected after centrifugation at 13,000 rpm
for 30 s. Aliquots of cell lysates (5 pl) containing equal
amounts of protein (10—20 ng) were placed into the wells of
an opaque, black 96-well microplate. An equal volume of
luciferase substrate (Promega) was added to all samples and
the luminescence was measured in a microplate luminom-
eter (Packard, Meriden, CT). Luciferase activity values were
normalized to transfection efficiency monitored by [3-
galactosidase expression and was presented as the percent-
age of luciferase activity in control group without statin
treatment.

2.6. Statistical evaluation

Values were expressed as the mean+S.E.M. of at least
three experiments, which was performed in duplicate.
Analysis of variance (ANOVA) was used to assess the
statistical significance of the differences and a “p” value

less than 0.05 is considered statistically significant.

3. Results

3.1. Statins transcriptionally induce HO-1 gene expression
in murine RAW264.7 macrophages

Murine RAW264.7 macrophages were chosen to inves-
tigate the signal pathways of statin in HO-1 expression, an
anti-inflammatory gene. Treatment with lovastatin, fluvas-
tatin and simvastatin (each at 30 uM) induced HO-1

protein expression. At basal state, a weak immunoreactiv-
ity of HO-1 protein was detected. The stimulating action of
30 uM lovastatin and fluvastatin displayed the time-
dependency, occurring after 3 h exposure, peaking at 12
h and maintaining for up to 24 h (Fig. la). The HO-1
expression induced by simvastatin also occurred after 3 h
exposure but peaked at 6 h and then disappeared. Next
concentration-dependency of this action of six statins was
examined. Cells were incubated with indicated concen-

a Control Lovastatin (30 uM)
3 6 12 24 3 6 12 24 (h)
HO-1 —-| — — —l
@ (0 (0 (0) (6#3)  (635)  (100)  (49:6)
B—actin—-|— — — s, cvse mmms — _l
Fluvastatin (30 pM) Simvastatin (30 uM)
3 6 12 24 3 6 12 24 (h)
HO-1 —’| — TP — it I
(912) (72¢4) (9942) (51£3) (1445) (1943) {1¢1) (0)
B—actin——|_ T S p— _—]
b Lovastatin Fluvastatin Atorvastatin
= 1 3 10 30 1 3 10 30 1 3 10 30 (uM)
HO-1—~| —---"——--"—--I
{3#1)  (3683) (60#5) (73=2) (100) (1B+3) (49:3) (77:5) (B624) (10+5) (20:7) (63+2) (7125)
T O e e p—————
Simvastatin Mevastatin Pravastatin
01 03 1 01 03 1 30 100 (uM)
HO-1 _.| e e
(42) (3846) (4645) (B+1) (39+5) (4547) (3+2) (38+7)
B-8CtN + [ e e e e e e ]|
c Lovastatin (30 uM)
= 0.5 1 2 3 4 (h)
HO-1 —
©) (6744) (100)  (92+5)  (83:6)  (78+3)
pactn — (]
d Lovastatin (90 min)
—_ 1 3 10 30 (uM)
HO-1 —

© @15 (67:8) @23 (100)
Bractin — e —

Fig. 1. Time- and dose-dependent effects of statins on the gene transcription
of HO-1. (a, c¢) Cells were treated with statins at concentrations indicated for
different periods. (b, d) Cells were treated with different concentrations of
statins for 6 h (b) or 90 min (d). After stimulation, cell lysate or RNA was
prepared respectively for determining HO-1 and P-actin proteins with
immunoblotting (a, b) or for determining mRNA levels with RT-PCR (c, d).
The P-actin level was considered as an internal control. Data on HO-1
protein and mRNA levels were measured by densitometry, normalized to
the level of B-actin, and calculated as percentages of the maximal response
of lovastatin (30 uM). Traces shown are representative of three separate
experiments and the mean+S.E.M. was shown in parentheses.
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a FPP GGPP  FPP + GGPP
Lovastatin (30 pM) _— + = F + = +
HO-1— |- el = - o= - ——-—-‘
(4£2) (100) (2143)  (62+5) (11£2) (75:6) (27+4) (4346)
b
FPP GGPP  FPP + GGPP
SNP (300 pM) = + = + = + = +
HO-1— | - - - e - --—--‘
(7£3)  (100)  (21%3) (S0z4) (13+1) (94x2) (30z6)  (B6id)
¢ FPP GGPP  FPP + GGPP
dBecGMP (200pM) —  + - + - 2+ - +
HO-1— —--—-—-——-—‘

(7£3) (100) (2916) (8945) (1612) (9613) (41+1)  (9514)

Fig. 2. HO-1 induction by statins was reversed by GGPP and FPP. GGPP
(30 pM) and/or FPP (30 uM) was pretreated for 30 min prior to the
incubation of lovastatin (30 uM, a), SNP (300 pM, b), or dBcGMP (200
1M, c) for 6 h. The protein levels of HO-1 were measured in the cell lysates
by Western blot and calculated as percentages of the control response of
each stimulus. The results are representative of three separate experiments
and the mean+S.E.M. was shown in parentheses.

trations of statins for 6 h and all of them were compared
and showed different potencies (Fig. 1b). Lovastatin,
fluvastatin and approximately atorvastatin induced com-
parable extents of HO-1 protein induction within similar
concentration range of 1-30 pM. Pravastatin did not
stimulate HO-1 protein expression until 100 uM. Due to
moderate cell toxicity for simvastatin and mevastatin with
10 uM (data not shown), we used lower concentrations
(0.1-1 uM) of both agents. Results indicated that HO-1
induction by 0.3 pM simvastatin and mevastatin was
comparable to that of 1 uM lovastatin and maximal
response was almost achieved around 1 uM.

Since HO-1 is an inducible gene product, we determined
whether the effect of statin results from increased gene
transcription. Using RT-PCR analysis, we found that HO-1
mRNA was time- and concentration-dependently increased
by 30 uM of lovastatin (Fig. le,d). The incubation period as
short as 30 min was sufficient for lovastatin (30 uM) to
increase HO-1 mRNA level, which was further increased
and maintained for at least for 4 h.

3.2. HO-1 stimulation by statin is dependent on protein
prenylation

To further identify the product of HMG—CoA reductase
reaction necessary for the effect of statins, we incubated
cells with FPP and/or GGPP in the presence of lovastatin.
FPP and GGPP are involved in farnesylation and geranyl-
geranylation of small G proteins, respectively. Fig. 2a
showed that FPP (30 pM) as well as GGPP (30 pM)
partially reversed the effect of lovastatin on HO-1 induction
and simultaneous presence of FPP and GGPP led to an
additive inhibition on HO-1 protein expression. These
observations suggest that the effect of statins on HO-1
expression is ascribed to the reduction of protein isopreny-
lation, which negatively regulates HO-1 gene expression.

As mentioned previously, HO-1 was a c¢cGMP-inducible
protein [8] and sodium nitroprusside (SNP) could induce
HO-1 protein expression in murine RAW264.7 macro-
phages [9]. To examine whether protein prenylation is
involved in the sGC/cGMP-mediated HO-1 induction, we
pretreated murine RAW264.7 macrophages with FPP and/or
GGPP (each at 30 uM) for 30 min. We found that both
isoprenoids did not reverse SNP or dBcGMP-induced HO-1
protein levels (Fig. 2b,c).

3.3. Ras and Rho inhibition are involved in the upregulation
of HO-1 expression

To further verify the involvement of reduced isopreny-
lation of signaling proteins in statin-induced HO-1 expres-
sion, we studied the effects of manumycin A. Manumycin A
is a potent and selective inhibitor of farnesyltransferase
(IC50=5 uM) compared to geranylgeranyltransferase
(IC50=180 pM) and acts as an inhibitor of Ras function
[21,22]. Our results showed that manumycin A (10 or 30
uM) caused HO-1 protein induction in a time- and
concentration-dependent manner (Fig. 3a,b). Likewise direct
inhibition of Rho family proteins with toxin B (400 pM)
caused HO-1 protein expression, while this action was slight
and transient (Fig. 3a). Because of cytotoxicity occurrence
at 100 uM manumycin A, we did not further determine the
HO-1 response of manumycin A at higher concentrations.

3.4. Signaling pathways of statin- and manumycin A-
induced HO-1 expression

Numbers of pathways have been implicated in trans-
mitting the extracellular signals to the nuclei for HO-1
gene expression. To investigate the signal transduction
pathway(s) involved in regulating HO-1 expression in
response to statin and manumycin A, we examined the

a toxin B Fluva
MA (10 uM) MA (30 uM) (400 pM) (30 M)
- 3 6 12 3 6 12 5 9 12 (h)
HO-1*‘ — o — — D - - —— = —
(0) (61+5)  (140+7) (O)  (173%6) (208#5) (4723)  (75:3)  (24%5)  (100)
b MA
- 1 3 10 30 (uM)
HO-1— | m—— -

©) {1:2) (5:4)  (65:8)  (100)

Fig. 3. Manumycin A and toxin B mimic statins’ effect on HO-1 induction.
(a) Murine RAW264.7 macrophages were treated with manumycin A (10
and 30 uM), toxin B (400 pM) or fluvastatin (30 uM) for the indicated time
periods. (b) Murine RAW264.7 macrophages were treated with different
concentrations of manumycin A for 6 h. Protein levels of HO-1 were
measured in the cell lysates by Western blot and calculated as percentages
of the response of fluvastatin (30 uM, a) or manumycin A (30 uM, b). The
results are representative of three separate experiments and the mean+
S.E.M. was shown in parentheses.
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a Lovastatin (30 uM)
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MA (30 M)
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> S P - e &F & & &
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&, EE L& S r&mﬁeéb&g
HO-‘]—-‘ -—--——:-—-—-——'

HO-1 induction (%)

& oo F @
FELE S FES LS

* * *® * *
100 95t4 553 4242 101+6 105+7 11+2 92+6 G1+6 7548 3243

Lovastatin (30 pM)
Manumycin A (30 tM) 100 9443 106+5 9846 10943 9547 5342 6343 8548 4543 3945

b Lovastain
(30 pM)
zaprinast (100 pM)  — + — +

HO-1 — | — - =

(10£2)  (62£3) (100)  (132¢5)

Fig. 4. Effects of protein kinase inhibitors on lovastatin- and manumycin A-
induced HO-1 expression. Cells were pretreated with KT5720 (1 puM),
KT5823 (3 uM), ODQ (1 pM), Y27632 (30 uM), GF109203X (3 pM),
SB203580 (10 pM), SP600125 (10 uM), Ro 31-8220 (3 uM), U0126 (1
pnM) or PD98059 (30 pM) for 30 min, then stimulated with lovastatin (30
puM) or manumycin A (30 pM) for 6 h. Protein levels of HO-1 were
measured in the cell lysates by Western blot. Data on protein levels were
measured by densitometry and calculated as percentages of the respective
basal response of lovastatin or manumycin A (lane 2). Traces shown are
representative of three separate experiments and the mean+S.E.M. was
shown in a table. Asterisks are used to indicate the significance of these
effects. In (b), zaprinast (100 pM) and lovastatin (30 uM) were treated as
indicated for 6 h and HO-1 protein level was measured and quantified from
three individual experiments.

effects of chemical inhibitors of signaling intermediates on
HO-1 protein levels. As shown in Fig. 4, we found that
treatment of cells with the PKG inhibitor (KT5823), the
sGC inhibitor (ODQ), two MEK inhibitors (PD98059 and
U0126), and the p38 MAPK inhibitor (SB203580) reduced
lovastatin-induced HO-1 induction. In contrast to the
inhibition on lovastatin response, KT5823 and ODQ failed
to change the response of manumycin A. Otherwise,
inhibitors of MAPKSs, including U0126, PD98059,
SB203580 and the JNK inhibitor (SP600125), inhibited
manumycin A-induced HO-1 expression. KT5720 [a
protein kinase A (PKA) inhibitor], Y27632 (a Rho kinase
inhibitor), Ro 31-8220 and GF109203X [two protein
kinase C (PKC) inhibitors] did not have any effects. These
results suggest the participation of PKG, ERK and p38
MAPK, but not JNK, PKC, PKA, Rho kinase or PI3K, in
HO-1 expression in cells treated with statins, while the
action of manumycin A is dependent on ERK, JNK and
p38 MAPK. To further understand the involvement of
intracellular ¢cGMP, we conducted experiments using
phosphodiesterase (PDE) inhibitor zaprinast. As shown in

Fig. 4b, zaprinast (100 pM) is able to induce HO-1 and
enhance the response of lovastatin.

3.5. Manumycin A mediates phosphorylation of p38 MAPK,
JNK and ERK

Since in previous study conducted in the same cell line
we have demonstrated that statin is able to cause ERK and
p38 MAPK activation [23], we attempted to further confirm
the crucial roles of three MAPKs in HO-1 expression by
manumycin A. As shown in Fig. 5, treatment of murine
RAW264.7 macrophages with 30 pM manumycin A
resulted in a time-dependent phosphorylation of p38
MAPK, JNK and ERK. Compared with the rapid onset of
anisomycin for these events seen at 5 min, manumycin A-
induced p38 MAPK phosphorylation occurred after 60 min
of incubation and then declined to basal level at 180 min
(Fig. 5a). Furthermore, immunoblotting to reflect JNK
activation indicated a delayed but significant response after
120 min of stimulation and the response continued until 180
min (Fig. 5b). In contrast to the delayed action on p38
MAPK and JNK, the manumycin A-induced increase in

ERK phosphorylation began at 5 min, peaked at 60—120
a Anisomycin
MA (30 uM) (1 uM)
— 5 30 60 120 180 240 5 30 (min)
PP38 —=| - - - - -— = = — e--

(1825) (17£3) (20%2) (3725) (2027) (19=1) (17+3) (67+7) (100)

P | e e e e - e - - -
b Anisomycin
MA (30 uM) (1 uM)
— 5 30 60 120 180 240 5 30 (min)
— — -_— -
p-JNK_ - -— -
© (@ (0 (0 (2245 (15£2) (63) (8748) (100)

JNK — o our o eus o e e o o

c Anisomycin
MA (30 uM) (1 uM)
— 5 30 60 120 180 240 5 30 (min)
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Fig. 5. Manumycin A activates p38 MAPK, JNK and ERK. Cell lysates
prepared from cells following manumycin A (30 M) or anisomycin (1 uM)
stimulation for different periods were immunoblotted with antibody specific
for total or phosphorylated p38, JNK and ERK. Data on protein levels were
measured by densitometry and calculated as percentages of the 30-min
response of anisomycin. The results are representative of three separate
experiments.
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min and then declined at 240 min (Fig. 5¢). The protein
levels of p38, JNK and ERK were not affected by
manumycin A treatment.

3.6. GC/cGMP pathway mediates statin-induced ERK
activation

Since p38 MAPK, ERK and PKG activation have been
implicated for lovastatin-induced HO-1 gene expression, we
used immunoblotting to verify the possible signaling
cascades underlying the action of statin. To test whether
cGMP pathway is upstream for p38 MAPK and ERK
activation, we treated murine RAW264.7 macrophages with
dBcGMP and 8BrcGMP, analogues of c¢cGMP. Fig. 6a
showed the stimulating effects of dBcGMP (200 pM) on
ERK phosphorylation. dBcGMP treatment for a period as
short as 5 min was sufficient to activate ERK and this action
lasted at least for 4 h. In contrast, dBcGMP failed to alter the
phosphorylation of p38 MAPK and JNK (data not shown).
dBcGMP and 8BrcGMP, each at 200 uM, had the similar
efficacy to induce ERK activation at 30 min (Fig. 6b). Next
to further understanding the role of PKG, we examined the
effect of PKG inhibitor. Fig. 6b showed KT5823 incubation
indeed could block the ERK activation in response to
dBcGMP, 8BrcGMP and statin, but not to manumycin A.
These results suggest that cGMP/PKG-dependent signaling
pathway is involved in statin-induced ERK activation.

3.7. Statin induces AP-1 transactivation

Since AP-1 was shown as the major transcription factor
involved in HO-1 gene transcription [5,24—26], we

& dBcGMP (200 uM)
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Fig. 6. cGMP/PKA pathway mediates ERK activation. Cells were
stimulated with dBcGMP (200 uM) for different periods (a) or pretreated
with KT5823 (3 uM) for 60 min, followed by the stimulation with
dBcGMP (200 pM), 8BrcGMP (200 pM), lovastatin (30 pM) or
manumycin A (30 pM) for 5, 30 or 60 min (b). Cell lysates were
immunoblotted with antibody specific for total or phosphorylated ERK.
Data on protein levels were measured by densitometry and calculated as
percentages of the control response. Results are representative of three
independent experiments and the mean+S.E.M. was shown in parentheses.
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Fig. 7. AP-1 activation by lovastatin. Cells transfected with the AP-1
reporter gene and P-gal-lacZ plasmid were pretreated with different
concentrations of lovastatin (left) or pretreated with each pharmacological
inhibitor for 30 min (3 M KT5328, 1 uM ODQ, 10 uM SB203580, 1 uM
U0126, 30 uM PD98059, 10 uM SP600125) followed by lovastatin (30
puM) stimulation for 24 h. The luciferase activity derived from AP-1
activation was normalized to the transfection efficiency with B-gal-lacZ.
The data represent the mean+S.E.M. from at least 3 independent experi-
ments. *p<0.05, indicating the significant activation by lovastain.
#p<0.05, indicating the significant inhibition of lovastatin response.

explored the effect of lovastain on the transactivity of AP-
1. As assessed by transfection with reporter gene driven by
AP-1 binding, we found lovastatin within 1-30 pM was
able to increase AP-1 activation in a concentration-depend-
ent manner (Fig. 7). Furthermore, the stimulating effect of
lovastatin was inhibited by KT5823, ODQ, SB203580,
U0126 and PD98059, but not by SP600125.

4. Discussion

Accumulating evidence has indicated HO-1 functions as
a “therapeutic funnel”. Induction of HO-1 is suggested to
have cytoprotective effect against oxidative injury and have
the potent anti-inflammatory properties. Modulation of gene
transcription is the principal mechanism by which HO-1 is
regulated. Based on these results, induction of HO-1 is a
therapeutic strategy for treating inflammatory diseases. In
this aspect, animal studies and cell cultures have implicated
the anti-inflammatory benefits of HO-1 expression in
atherosclerosis, now considered as a kind of chronic
inflammatory process [27—31]. In order to investigate new
strategies to modify the pathophysiology of atherosclerosis,
we have tested whether HMG—CoA reductase inhibitors
could regulate the expression of HO-1 and have explored
the signal pathway involved in this regulation in RAW264.7
macrophages. In this study we unexpectedly found the
ability of statins to induce HO-1 expression in macrophages
and this action is mediated by impeding prenylation of small
G proteins, for example Ras protein in particular. Further-
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more, we suggest that p38 MAPK, ERK, PKG and AP-1
activation are required for statins-induced HO-1 regulation
in murine RAW264.7 macrophages. However, in our
preparation of this manuscript one recent study reported
similar HO-1 induction by simvastatin in human and rat
aortic smooth muscle cells [32].

Our observation that the inductive effect of statin was
overcome by FPP and GGPP demonstrated the specificity of
the HMG—CoA reductase inhibition. FPP and GGPP are
metabolites of HMG—CoA reductase and substrates for
protein isoprenylation, which takes place during C-terminus
processing of small G proteins and is essential for their
coupling with multiple effector systems to activate distinct
physiological responses. Thus, reversal effect of FPP and
GGPP on statin-elicited HO-1 induction suggests impeding
small G protein functions are involved. Alternatively, we
predict one or more small G proteins are exerting a negative
role in HO-1 gene expression in basal condition of macro-
phages and this intracellular balanced environment is altered
by statins. To clarify this notion, we determined whether
inhibition of Ras isoprenylation by manumycin A, an
inhibitor of Ras farnesyl transferase [21,22], could mimic
HO-1 expression. As a result, manumycin A indeed induced
HO-1 protein expression in a time- and concentration-
dependent manner. Like the necessity of isoprenylation of
Ras superfamily to achieve molecular function, Rho
proteins acting as molecular switches to control cellular
processes also require the attachment of geranylgeraniol, an
isoprenoid intermediate of the cholesterol biosynthesis
pathway. The fact that lovastatin blocks geranylgeraniol
synthesis also prompts us to propose the notion that Rho
proteins are possibly involve in the signaling regulation of
HO-1 expression. We examined clostridial toxin B, which is
a non-selective inhibitor of Rho proteins, Rho, Rac and
Cdc42 [33,34] and observed a weak, transient but signifi-
cant induction of HO-1. These results together suggest that
interruption of the cellular activity of Ras in primary and
Rho proteins, to a lesser extent, is involved to initiate
stimulating signals for HO-1 protein expression in macro-
phages. Except Ras and Rho family proteins, whether
additional G proteins are involved in the regulation of HO-1
gene expression needs future investigation.

In general, HO-1 gene expression is induced by stimuli
that activate MAPKSs [26,35]. Three major subgroups of the
MAPK family identified to date include ERK, JNK and p38
MAPK. Depending on the stimuli specificity, contradictory
results on the regulatory role of different MAPK pathways
for HO-1 gene expression were observed. In this aspect
recent mechanistic studies on HO-1 induction have pointed
the critical intermediacy of the p38 MAPK cascade but not
ERK in the regulation of HO-1 expression by TGF-p [4],
hypoxia [6], cadmium [36], IL-10 [37], and 15dPGJ, [38].
In contrast, both ERK and p38 MAPK pathways medicate
HO-1 gene transcription by sodium arsenite [39—41] and
NO [42]. Instead JNK mediates the induction of HO-1 gene
expression by the glutathione depletor phorone [43]. On the

other hand, HO-1 gene transcription after ischemia—
reperfusion involves ERK, JNK, and p38 MAPK pathways
[35]. In this study we found the effect of lovastatin on HO-1
induction is dependent on p38 MAPK and ERK, but not on
JNK. These observations are in line with our previous study
to show ERK and p38 MAPK activation by statin in
RAW264.7 macrophages [23]. Nevertheless, activation of
three MAPKSs is involved in the action of manumycin A.
The discrepancy between both stimuli is possibly resulting
from the net outcome through the diverse effects of statins
on multiple isoprenylated proteins.

Confirming previous findings showing intracellular sec-
ond messenger cGMP as an intermediate to enhance HO-1
expression [8,9,42,44], the present investigation also
observed such phenomena in murine RAW264.7 macro-
phages. We found dBcGMP, SNP (a direct sGC activator via
NO release) and zaprinast (a PDE inhibitor) could induce
HO-1 and ODQ (an inhibitor of sGC) could inhibit HO-1
response of lovastatin, suggesting the contribution of cGMP
signaling in this event. In addition, our data provide new
insight into the participation of PKG in this event, as in this
study we observed PKG inhibitor could attenuate HO-1
induction in response to lovastatin. However, in contrast to
lovastatin action, both sGC and PKG inhibitors did not
prevent the action of manumycin A, suggesting that differ-
ential signaling pathways are exerted by both HO-1 inducers.
Moreover, in this study we further provide new insight that
PKG-mediated ERK signaling pathway plays a crucial role
for HO-1 expression by statin. Even though PKG-dependent
ERK activation was reported to participate in various cell
functions [45,46], this signal cascade is for the first time
shown in the present study to regulate HO-1 induction. In
agreement with previous study detecting the ability of statins
to stimulate cGMP formation in PCI12 cells [47], our data
with the use of pharmacological inhibitors point the essential
role of cGMP/PKG in statin’s action. To confirm this notion,
experiment in the measurement of intracellular cGMP level
was taken. Unfortunately we cannot detect significant cGMP
change in cells following lovastatin incubation for different
periods in macrophages (data not shown). Thus we speculate
that, despite no increase of intracellular cGMP, the basal
activity of PKG is sufficient to play a role in the modulation
of HO-1 induction. In addition, the differential dependency
of PKG pathway in statin- and manumycin A-mediated HO-
1 response again strengthens the distinct action mechanisms
underlying the HO-1 induction by these two inducers,
despite some mechanisms, for example ERK, that might be
in common.

A number of response elements in the mouse HO-1
promoter and 5'-flanking region have been identified. The
mouse HO-1 gene contains two inducible enhancers, E1 and
E2. El contains three stress response elements that
encompass the consensus motifs for AP-1 proteins. Deletion
and mutational analyses of regulatory element of HO-1 gene
indicate that AP-1 binding site plays an important role in
mediating HO-1 gene regulation and is a commonality in
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476 response to multiple agents in the activation mechanism of
477 HO-1 [5-7,24-26,48]. Thus far, even though the response
478 elements mediating cGMP-dependent transcriptional acti-
479 vation of HO-1 are poorly defined, one previous study has
480 pointed the importance of AP-1 in cGMP-mediated HO-1
481 induction in rat hepatocytes [25]. Consistent with previous
482 studies showing the ability of statins for AP-1 activity
483 [49,50], our current data demonstrated that HMG-CoA
484 reductase inhibitors indeed could induce AP-1 activation in
485 macrophages, which, as previously indicated with strong
486 evidence, leads to the induction of HO-1 gene transcription.
487 Furthermore, pharmacological approaches coincidentally
488 indicated the upstream signaling pathways of cGMP/PKG,
489 ERK and p38 MAPK for AP-1 activation.

490 In conclusion, we are presenting novel data showing that
491 HMG-CoA reductase inhibitors and manumycin A are able
492 to induce HO-1 gene expression in murine RAW264.7
493 macrophages. This effect of statins is mediated through p38
494 MAPK, ERK, PKG pathways and involves AP-1 activation.
495 Since it is conceivable that an ideal inducer of HO-1 activity
496 being an appropriate therapeutic intervention, our data
497 strongly support the protective effects of statins in the
498 therapy of disorders associated with inflammation and
499 oxidative injuries.
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