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Abstract

This study explores the role of mevalonate inhibitors in the
activation of NF-kP and the induction of inducible nitric
oxide synthase (iNOS) and cytokines (TNF-«, IL-1B, and
IL-6) in rat primary astrocytes, microglia, and macro-
phages. Lovastatin and sodium phenylacetate (NaPA) were
found to inhibit LPS- and cytokine-mediated production of
NO and expression of iNOS in rat primary astrocytes; this
inhibition was not due to depletion of end products of meva-
lonate pathway (e.g., cholesterol and ubiquinone). Reversal
of the inhibitory effect of lovastatin on LPS-induced iNOS
expression by mevalonate and farnesyl pyrophosphate and
reversal of the inhibitory effect of NaPA on LPS-induced
iNOS expression by farnesyl pyrophosphate, however, sug-
gests a role of farnesylation in the LPS-mediated induction
of iNOS. The inhibition of LPS-mediated induction of iNOS
by FPT inhibitor II, an inhibitor of Ras farnesyl protein
transferase, suggests that farnesylation of p21™ or other
proteins regulates the induction of iNOS. Inhibition of LPS-
mediated activation of NF-kp by lovastatin, NaPA, and
FPT inhibitor II in astrocytes indicates that the observed in-
hibition of iNOS expression is mediated via inhibition of
NF-kp activation. In addition to iNOS, lovastatin and NaPA
also inhibited LPS-induced expression of TNF-o, IL-13, and
IL-6 in rat primary astrocytes, microglia, and macrophages.
This study delineates a novel role of the mevalonate path-
way in controlling the expression of iNOS and different cyto-
kines in rat astrocytes, microglia, and macrophages that
may be important in developing therapeutics against cytokine-
and NO-mediated neurodegenerative diseases. (J. Clin. In-
vest. 1997. 100:2671-2679.) Key words: lovastatin « phenyl-
acetate « astrocytes  cytokines « iNOS

Introduction

Nitric oxide (NO),' a vascular and neuronal messenger and a
cytotoxic and cytostatic agent, is synthesized from L-arginine
by the enzyme nitric oxide synthase (NOS) (1). Basically, the
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NOS are classified into two groups. One type, constitutively
expressed (cNOS), is regulated predominantly at the posttran-
scriptional level in several cell types (e.g., neurons, endothelial
cells) by calmodulin in a calcium-dependent manner (1, 2). In
contrast, the activity of the inducible isoform (iNOS), ex-
pressed in response to different stimuli in various cell types in-
cluding macrophages, hepatocytes, keratinocytes, neutrophils,
and endothelial cells, is independent of calcium. Recently,
astrocytes, the predominant glial component of the brain, have
also been shown to induce iNOS in response to a series of pro-
inflammatory cytokines, including IL-1B, TNF-a, IFN-y, and
bacterial LPS (3, 4). NO derived from astrocytes, macrophages,
and microglia under the influence of proinflamatory cytokines
is assumed to contribute to oligodendrocyte degeneration in
demyelinating diseases and neuronal death during neuronal
degenerating conditions, including brain trauma (4-8).

LPS or cytokines induce an array of genes in astrocytes,
macrophages, or microglia. The signaling pathways leading from
LPS to the induction of iNOS and cytokines are only partially
understood. Inhibition of LPS-induced expression of iNOS
and cytokines by antioxidants and tyrosine kinase inhibitors
suggests the possible involvement of reactive oxygen species
and tyrosine phosphorylation in the signaling process (9-11).
Recent reports have identified the activation of Ras/Raf/MEK/
MAP kinase cascade after LPS stimulation (12). Although the
direct involvement of this cascade in the induction of iNOS is
not established so far, activation of NF-kp by Raf (13), the
presence of NF-kB binding site in the promoter region of iNOS,
and activation of NF-k@ in LPS-induced iNOS induction, sug-
gests a role of Raf/MAP kinase cascade and NF-kB activation
in the LPS-mediated induction of iNOS (14, 15).

Mevalonate metabolites, particularly farnesyl pyrophos-
phate (FPP), are involved in posttranslational modification of
some G-proteins, including Ras (16, 17). The inhibition of iso-
prenylation of Ras proteins by inhibitors of mevalonate path-
way and their membrane association and transduction of sig-
nal from Ras to Raf/MAP kinase cascade (18) suggests a role
of mevalonate metabolites in the transduction of signal from
receptor tyrosine kinases to Raf/MAP kinase cascade. Two en-
zymes that control the rate-limiting steps of the mevalonate
pathway are 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase, which catalyzes the formation of mevalonate
from acetyl-CoA, and mevalonate pyrophosphate decarbox-
ylase, which controls the use of mevalonate within the cell by
converting 3-phospho-5-pyrophospho-mevalonate to isopente-
nyl pyrophosphate. Lovastatin, a potent inhibitor of HMG-
CoA reductase, and sodium salt of phenylacetic acid (NaPA),
an inhibitor of mevalonate pyrophosphate decarboxylase, are

1. Abbreviations used in this paper: iNOS, inducible isoform of nitric
oxide synthase; FPP, farnesyl pyrophosphate; FPT, farnesyl protein
transferase; HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A;
NaPA, sodium salt of phenylacetic acid; NO, nitric oxide.

2671



known to reduce the level of cellular isoprenoids (19, 20). The
prerequisite of Ras farnesylation in transduction of signals
from receptor tyrosine kinase to Raf/MAP kinase cascade sug-
gests a possible role of metabolites of mevalonate pathway in
the modulation of iNOS induction.

This study was undertaken to investigate cellular regula-
tion of the induction of iNOS and cytokines by lovastatin and
NaPA in rat primary astrocytes, microglia, and macrophages.
We herein report first evidence that the induction of iNOS and
cytokines (TNF-o, IL-1B, and IL-6) gene expression is uniquely
sensitive to lovastatin and NaPA in astrocytes, glial cells, and
macrophages. Reversal of lovastatin-mediated inhibition of
iNOS induction by mevalonate and FPP, reversal of inhibitory
effect of NaPA by FPP, and inhibition by an inhibitor of Ras
farnesyl protein transferase (FPT inhibitor II), demonstrate
farnesylation reaction as a key step in the regulation of LPS-
mediated induction of iNOS and production of NO and cyto-
kines. A complete understanding of the cellular mechanisms
involved in the induction of iNOS and cytokines should be
able to identify novel targets for therapeutic intervention of
NO-mediated pathophysiology in inflammatory diseases.

Methods

Reagents. Recombinant rat IFN-y, DMEM/F-12 medium, FBS, and
HBSS were from GIBCO-BRL (Gaithersburg, MD). Human IL-18
was from Genzyme Corp. (Boston, MA). Mouse recombinant TNF-«
was obtained from Boehringer Mannheim (Mannheim, Germany).
Lovastatin, mevastatin, and farnesyl pyrophosphate were from BIO-
MOL Res. Labs Inc. (Plymouth Meeting, PA). Mevalonate, choles-
terol, ubiquinone, arginase and LPS (Escherichia coli, serotype 0111:B4)
were from Sigma Chemical Co. (St. Louis, MO). N°-methyl-L-argi-
nine (L-NMA), FPT inhibitor II, and antibodies against mouse mac-
rophage iNOS were obtained from Calbiochem Corp. (La Jolla, CA).
Immunoassay kits for TNF-a, IL-13, and IL-6 were obtained from
R&D Systems, Inc. (Minneapolis, MN). NF-k3 DNA binding protein
detection kit was from GIBCO-BRL. [y-**P]JATP (3,000 Ci/mmol)
was from Amersham Corp. (Arlington Heights, IL). [2-"“Clacetate
was purchased from ICN Biomedicals Inc. (Irvine, CA). NaPA was
prepared from phenylacetic acid (Sigma Chemical Corp.) and NaOH
as described (21).

Induction of NO production in rat astrocytes, microglia, and Cg
glial cells. Astrocytes were prepared from rat cerebral tissue as de-
scribed by McCarthy and DeVellis (22). Cells were maintained in
DMEM/F-12 medium containing 10% FBS. After 10 d of culture, as-
trocytes were separated from microglia and oligodendrocytes by
shaking for 24 h in an orbital shaker at 240 rpm. To ensure complete
removal of the oligodendrocytes and microglia, the shaking was re-
peated twice after a gap of 1 or 2 d. Cells were trypsinized, subcul-
tured, and stimulated with LPS or different cytokines in serum-free
DMEM/F-12 medium. Microglial cells were isolated from mixed glial
cultures according to the procedure of Guilian and Baker (23). In
brief, on days 7-9 the mixed glial cultures were washed three times
with DMEM/F-12 and subjected to a shake at 240 rpm for 2 h at 37°C
on a rotary shaker. The floating cells were washed, seeded onto plas-
tic tissue culture flasks, and incubated at 37°C for 2 h. The attached
cells were removed by trypsinization and seeded onto new plates for
further studies. 90-95% of this preparation was found to be positive
for nonspecific esterase, a marker for macrophages and microglia.
For induction of NO production, cells were stimulated with LPS or
cytokines in serum-free condition. C6 glial cells obtained from Amer-
ican Type Culture Collection (Rockville, MD) were also maintained
and induced with different stimuli as indicated above.

Isolation of rat macrophages and induction of NO production.
Resident macrophages were obtained from rat by peritoneal lavage
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with sterile RPMI 1640 medium containing 1% FBS and 100 wg/ml
gentamicin. Cells were washed three times with RPMI 1640 at 4°C,
and were maintained at 37°C in a humified incubator containing 5%
CO, in air. Macrophages at a concentration of 2 X 10%ml in RPMI
1640 medium containing L-glutamine and gentamicin were added in
volumes of 800 wl to a 35-mm plate. After 1 h, nonadherent cells were
removed by washing, and 800 wl of serum-free RPMI 1640 medium
with various stimuli was added to the adherent cells. After 24 h the
culture supernatants were transferred to measure NO production.

Cell viability. Cytotoxic effects of the inhibitors were determined
by measuring the cell viability by Trypan blue exclusion.

Assay for NO synthesis. Synthesis of NO was determined by as-
say of culture supernatants for nitrite, a stable reaction product of
NO with molecular oxygen. In brief, 400 wl of culture supernatant
was allowed to react with 200 pl of Griess reagent (24, 25), and was
incubated at room temperature for 15 min. The optical density of the
assay samples was measured spectrophotometrically at 570 nm. Fresh
culture media served as the blank in all experiments. Nitrite concen-
trations were calculated from a standard curve derived from the reac-
tion of NaNQ, in the assay. Protein was measured by the procedure
of Bradford (26).

Incorporation of ['*C]acetate into cholesterol. Astrocytes grown
in 100-mm plates (~ 80% confluency) and preincubated in serum-
free media with lovastatin or NaPA for 8 h received [2-“CJacetate (10
wCi/plate). After 3 h, the cells were washed twice with PBS and
scraped off. The lipids were extracted with 1 ml 75% ethanol, and the
ethanol extract was saponified with 1 ml of 20% ethanolic KOH at
room temperature. To this, 2 ml of water was added, mixed, and ex-
tracted twice with 2 ml of hexane. The hexane extracts were dried un-
der nitrogen, dissolved in 50 pl of CHCl;/MeOH (1:1), spotted on a
TLC plate along with standard [*H]cholesterol, and run with hexane/
ether/acetic acid (70:30:1). The plate was then exposed to a photo-
graphic film that was stored at —20°C and developed after 2 d. The lanes
corresponding to standard cholesterol were scraped and counted in
5 ml of scintillation fluid.

Immunoblot analysis for iNOS. After a 24-h incubation in the
presence or absence of different stimuli, cells were scraped off,
washed with Hank’s buffer, and homogenized in 50 mM Tris-HCl
(pH 7.4) containing protease inhibitors (1 mM PMSF, 5 pg/ml apro-
tinin, 5 pg/ml pepstatin A, and 5 wg/ml leupeptin). After electro-
phoresis the proteins were transferred onto a nitrocellulose mem-
brane, and the iNOS band was visualized by immunoblotting with
antibodies against mouse macrophage iNOS and ['*I]-labeled pro-
tein A (25).

RNA isolation and Northern blot analysis. Cells were taken out
from culture dishes directly by adding Ultraspec-II RNA reagent (Bio-
tecx Laboratories Inc., Houston, TX), and total RNA was isolated ac-
cording to the manufacturer’s protocol. For Northern blot analyses,
20 pg of total RNA was electrophoresed on 1.2% denaturing formal-
dehyde—-agarose gels, electrotransferred to Hybond-Nylon Membrane
(Amersham Corp.), and hybridized at 68°C with *P-labeled cDNA
probe using Express Hyb hybridization solution (Clontech, Palo
Alto, CA) as described by the manufacturer. The cDNA fragment for
iNOS was amplified by PCR using two primers (forward primer: 5'-
CTC CTT CAA AGA GGC AAA AAT A-3'; reverse primer: 5'-
CACTTC CTC CAG GAT GTT GT-3'), and was cloned in pGEM-T
vector (25, 27). The clone was confirmed by DNA sequencing, and
the insert was used as probe. After hybridization, filters were washed
two to three times in solution I (2X SSC, 0.05% SDS) for 1 h at room
temperature, followed by solution II (0.1X SSC, 0.1% SDS) at 50°C
for another hour. The membranes were then dried and exposed with
x-ray films (Eastman Kodak Co., Rochester, NY). Same filters were
stripped and rehybridized with probes for GAPDH. The relative mRNA
content for iINOS was measured after scanning the bands with a Bio-
Rad (Model GS-670; Richmond, CA) imaging densitometer.

Nuclear run-on assay. For the measurement of gene transcrip-
tion, nuclei were prepared, and in vitro transcriptional activity was
measured with nuclei (25 X 10° nuclei per assay) using 30 nCi of [a-*?P]-



UTP (400 Ci/mmol) as described by Caira et al. (28). In brief, the fil-
ters were prehybridized in 1 ml of hybridization buffer (50% form-
amide, 5X SSC, 1% SDS, 15% dextran sulfate, 1X Denhardt’s solu-
tion, and 50 pg/ml heparin). After 24 h of prehybridization in the
above buffer, hybridization was carried out with the labeled RNAs
(1.3 X 10° cpm) at 42°C for 60 h to 3 pg of the immobilized plasmid
pGEM-T as a control, or to plasmids containing inserts of rat glyc-
eraldehyde-3-phosphate dehydrogenase, rat actin, and human iNOS
cDNAs. The filters were washed twice in 2X SSC, 0.1% SDS for 15
min at 42°C, and twice in 0.5X SSC, 0.1% SDS for 15 min. Then the
filters were treated with RNase buffer (300 mM NaCl, 10 mM Tris-
HCI, pH 7.4,40 mM EDTA, 10 pg/ml RNase A, and 350 U/ml RNase
T1) at 37°C for 30 min, in the same buffer without RNases for another
30 min, and were then autoradiographed.

Determination of TNF-«, IL-1B, and IL-6 in culture superna-
tants. Cells were stimulated with LPS in serum-free media for 24 h in
the presence or absence of lovastatin or NaPA, and concentrations of
TNF-a, IL-1B, and IL-6 were measured in culture supernatants by us-
ing high-sensitivity enzyme-linked immunosorbent assay (R&D Sys-
tems, Inc.) according to the manufacturer’s instructions.

Preparation of nuclear extracts and electrophoretic mobility shift
assay. Nuclear extracts from stimulated or unstimulated astrocytes
(1 X 107 cells) were prepared using the method of Dignam et al. (29)
with slight modifications. Cells were harvested, washed twice with
ice-cold PBS, and lysed in 400 .l of buffer A (10 mM Hepes, pH 7.9,
10 mM KCl, 2 mM MgCl,, 0.5 mM DTT, 1 mM PMSF, 5 pg/ml apro-
tinin, 5 pg/ml pepstatin A, and 5 pg/ml leupeptin) containing 0.1%
Nonidet P-40 for 15 min on ice, vortexed vigorously for 15 s, and cen-
trifuged at 14,000 rpm for 30 s. The pelleted nuclei were resuspended
in 40 pl of buffer B (20 mM Hepes, pH 7.9, 25% [vol/vol] glycerol,
0.42 M NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM DTT, 1 mM
PMSF, 5 pwg/ml aprotinin, 5 wg/ml pepstatin A, and 5 wg/ml leupep-
tin). After 30 min on ice, lysates were centrifuged at 14,000 rpm for 10
min. Supernatants containing the nuclear proteins were diluted with
20 pl of modified buffer C (20 mM Hepes, pH 7.9, 20% [vol/vol] glyc-
erol, 0.05 M KCl, 0.2 mM EDTA, 0.5 mM DTT, and 0.5 mM PMSF)
and stored at —70°C until use. Nuclear extracts were used for the
electrophoretic mobility shift assay using the NF-kp DNA binding
protein detection system kit (GIBCO/BRL) according to the manu-
facturer’s protocol.

Results

Inhibitors of mevalonate pathway inhibit LPS-induced expres-
sion of iNOS in primary astrocytes. Both HMG-CoA reduc-
tase and mevalonate pyrophosphate decarboxylase are the
rate-limiting enzymes of the mevalonate pathway (16, 19). We
examined the effect of inhibitors of HMG-CoA reductase
(lovastatin and mevastatin) and mevalonate pyrophosphate
decarboxylase (NaPA) on the induction of iNOS and produc-
tion of NO. Results in Table I show that bacterial LPS at a
concentration of 1.0 wg/ml induced the production of NO by
about eightfold. Inhibition of NO production by arginase, an
enzyme that degrades the substrate (L-arginine) of NOS and
L-NMA, a competitive inhibitor of NOS, suggests that LPS-
induced NO production in astrocytes is dependent on NOS-
mediated arginine metabolism (Table I). Lovastatin or meva-
statin alone was neither stimulatory nor inhibitory to nitrite
production in control astrocytes. Both the inhibitors, however,
when added 8 h before the addition of LPS, potentially inhib-
ited LPS-mediated induction of nitrite production in astrocytes.
Only 25% inhibition in LPS-induced NO production was found
when lovastatin was added to the cells along with LPS, how-
ever, the degree of inhibition increased with the increase in
time of preincubation, with lovastatin reaching ~ 90% inhibi-
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Table I. Inhibition of LPS-induced NO Production in Rat
Primary Astrocytes by Lovastatin and Mevastatin

Stimuli Nitrite % Inhibition
nmol/mg/24 h
Control 2.9x0.5 —
LPS 253+3.2 —
LPS + arginase 5.9+0.8 87
LPS + L-NMA 5.5+0.7 88
Lovastatin 2.9+0.3 —
Mevastatin 2.8+0.4 —
LPS + lovastatin 5.2=*0.5 90
LPS + mevastatin 55%0.5 88

Astrocytes were cultured for 24 h in serum-free DMEM/F-12 with the
listed reagents; nitrite concentration in the supernatants was measured
as described in Methods. Arginase (100 U/ml) and L-NMA (0.1 mM)
were added to the cells together with LPS (1.0 pg/ml), however, cells
preincubated with lovastatin (10 pM) or mevastatin (10 uM) for 8 h re-
ceived LPS. Data are mean*SD of three different experiments.

tion of NO production within 8-10 h of preincubation (data
not shown). Previous studies have shown that treatment of
MEL cells with lovastatin for several hours results in accumu-
lation of unmodified (nonisoprenylated) proteins in the cyto-
plasm (30). Similar to lovastatin, NaPA also inhibited the in-
duction of NO production in rat primary astrocytes (Fig. 1). To
understand the mechanism of inhibitory effect of these inhibi-
tors on LPS-mediated nitrite production, we examined the ef-
fect on protein and mRNA levels of iNOS. Western blot analy-
sis with antibodies against murine macrophage iNOS and
Northern blot analysis for INOS mRNA analysis of LPS-stim-
ulated astrocytes clearly showed that both lovastatin and
NaPA significantly inhibited the LPS-mediated induction of
iNOS protein (Fig. 1 B) and mRNA (Fig. 1 C). A combination
of lovastatin and NaPA at a dose lower than the one used indi-
vidually almost completely inhibited LPS-induced production
of NO and expression of iNOS. To gain further insight into the
mechanism of the inhibitory effect of lovastatin and NaPA on
LPS-mediated expression of iNOS mRNA, we examined the
influence of lovastatin and NaPA on the rate of iNOS gene
transcription, as measured by nuclear run-on assays. Fig. 2
shows that LPS induced the transcription of the iNOS gene in
astrocytes, and that preincubation of cells with lovastatin or
NaPA inhibited LPS-induced transcription of the iNOS gene.
Consistent with the inhibition of LPS-induced expression of
mRNA, protein and activity of iNOS by lovastatin and NaPA,
the combination of lovastatin and NaPA completely inhibited
the transcription of iNOS gene. These results clearly suggest
that lovastatin and NaPA inhibit LPS-induced expression of
iNOS mRNA, protein and activity by inhibiting transcription
of the iNOS gene.

Sinensky et al. (31) observed no suppression of isopren-
ylated protein maturation in vitro by lovastatin treatment that
produced 50% inhibition of sterol biosynthesis. The 1Cy, for
inhibition of sterol synthesis is 10 nM, whereas the 1Cy, for in-
hibition of conversion of pro-p21* to mature-p21™* is maximal
at 2.6 puM (31). The pharmacologically attainable concentra-
tion for NaPA, however, is 1 to 5 mM (32). To determine if
the synergistic inhibitory effect of lovastatin and NaPA on LPS-
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Figure 1. Inhibition of LPS-induced expression iNOS by lovastatin
and NaPA in rat primary astrocytes. Cells preincubated in serum-free
media with different concentrations of lovastatin (5 or 10 uM) or
NaPA (2 or 5 mM) or a combination of 2 uM lovastatin and 2 mM
NaPA for 8 h received 1.0 pg/ml of LPS. (A) After 24 h, supernatants
were used for nitrite assay as mentioned in Methods. Data are
mean=SD of three different experiments. (B) Cell homogenates
were electrophoresed, transferred onto nitrocellulose membranes,
and immunoblotted with antibodies against mouse macrophage iNOS
as mentioned in Methods. (C) After 5 h of incubation, cells were
taken out directly by adding ultraspec-II RNA reagent (Biotecx
Laboratories Inc.) to the plates for isolation of total RNA, and
Northern blot analysis for INOS mRNA was carried out as described
in Methods.

induced iNOS expression in astrocytes could be explained
solely by inhibition of the mevalonate pathway, we examined
the incorporation of [2-“CJacetate into cholesterol. Cells pre-
incubated with lovastatin or NaPA for 8 h received [2-4C]ace-
tate for 3 h. Lovastatin (10 wM) and NaPA (5 mM) inhibited
the synthesis of cholesterol by 73+6.2 and 64*+5.3%, respec-
tively. The combination of lovastatin (2 wM) and NaPA (2
mM), however, caused 93+4.2% inhibition, indicating that lov-
astatin and NaPA affect cholesterol synthesis in an additive
fashion. Therefore, absence of complete inhibition of iNOS
mRNA or protein by lovastatin or NaPA could be due to the
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absence of complete inhibtion of the mevalonate pathway and
depletion of mevalonate metabolites.

Inhibition of LPS- and cytokine-induced production of NO
by lovastatin in rat primary astrocytes. Similar to LPS, differ-
ent cytokines and their several combinations are known to in-
duce the expression of iNOS (2, 6-9). To examine whether cy-
tokine-induced NO production is also inhibited by lovastatin,
primary astrocytes were stimulated with different combina-
tions of LPS, TNF-qa, IL-1B3, and IFN-y for 24 h, and the pro-
duction of NO was measured. All the combinations of LPS and
cytokines significantly induced production of NO, however,
addition of 10 pM lovastatin to astrocytes potently inhibited
NO production (Fig. 3 A) and induction of iNOS protein (Fig.
3 B), suggesting that similar to LPS, cytokine-mediated expres-
sion of iNOS also involves the mevalonate pathway. Under
similar conditions, lovastatin was also found to inhibit LPS-
and cytokine-induced NO production in rat C6 glial cells (data
not shown).

Inhibition of LPS-induced activation of NF-kB and expres-
sion of iNOS by lovastatin and NaPA, and its reversal by farne-
syl pyrophosphate in rat primary astrocytes. Since activation of
NF-kB is necessary for induction of iNOS (14, 15, 25), to un-
derstand the basis of the inhibition of iNOS, we examined the
effect of these inhibitors on LPS-induced activation of NF-kf
in astrocytes by gel-shift DN A-binding assay. Treatment of as-
trocytes with 1.0 wg/ml of LPS resulted in activation of NF-kf
(Fig. 4). This gel shift assay detected a specific band in re-
sponse to LPS that was competed off by an unlabelled probe
(Fig. 4 A). Lovastatin or NaPA alone at different concentra-
tions failed to induce NF-kB. Both lovastatin and NaPA, how-
ever, markedly inhibited LPS-induced activation of NF-k3 (Fig.
4 B), suggesting that inhibition of iNOS expression by lova-
statin and NaPA is possibly due to inhibition of NF-kB. We
have demonstrated earlier that activation of NF-kB is neces-
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Figure 2. Lovastatin and NaPA inhibit the relative rate of nuclear
transcription of the iNOS gene in LPS-stimulated rat primary astro-
cytes. Cells preincubated in serum-free media with 10 uM lovastatin
or 5 mM NaPA, or a combination of 2 uM lovastatin and 2 mM
NaPA for 8 h received 1.0 pg/ml of LPS. After 4 h cells were taken
out, and nuclei were collected for nuclear run-on assays. *’P-labeled
mRNA was transcribed in vitro from isolated nuclei, and 1.3 X 10°
cpm of run-on products were hybridized to each blot as described in
Methods. The plasmids used were pGEM-T without any insert (nega-
tive control) or containing iNOS, glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), or actin cDNA inserts.
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Figure 3. Inhibition of LPS- and cytokine-induced expression of
iNOS in rat primary astrocytes by lovastatin. Cells preincubated in se-
rum-free media with 10 pM lovastatin for 8 h received different com-
binations of LPS and cytokines. After 24 h of incubation, production
of nitrite was measured in supernatants (A) as mentioned earlier.
Data are mean=SD of three different experiments. Cell homoge-
nates were analyzed for iNOS protein by immunoblotting technique
(B) as described before. Concentration of different stimuli were as
follows: LPS, 0.5 pg/ml; TNF-a, 20 ng/ml; IL-1B, 50 ng/ml; IFN-y,
50 U/ml.

sary for iNOS expression in rat primary astrocytes, and that
cAMP derivatives inhibit the expression of iNOS by inhibiting
the activation of NF-kB (25). To evaluate the possible mecha-
nism of the effect of lovastatin and NaPA, or to determine
whether reduced concentrations of end products as opposed to
intermediate products of the mevalonate pathway were re-
sponsible for the effects of lovastatin and NaPA, we per-
formed rescue experiments with cholesterol, ubiquinone,
mevalonate, and FPP. Addition of 10 uM ubiquinone or cho-
lesterol to astrocytes did not prevent the inhibitory effect of
lovastatin and NaPA (data not shown). These observations
support the possibility that depletion of intermediary products
rather than end products of mevalonate pathway is responsible
for the observed inhibitory effect of lovastatin or NaPA on
LPS-induced iNOS expression. On the other hand, meva-
lonate or FPP substantially reversed the inhibitory effect of
lovastatin on iNOS expression and NF-k@ activation (Fig. 5).
FPP, however, but not mevalonate, reversed the inhibitory ef-
fect of NaPA, suggesting that the use of mevalonate rather
than its synthesis is the prime target of the NaPA.

An inhibitor of Ras farnesyl protein transferase (FPT inhib-
itor 11) inhibits L PS-induced expression of iNOS and activation
of NF-k in rat primary astrocytes. Inhibition of LPS-induced
expression of iNOS and activation of NF-k3 by NaPA and its
reversal by FPP, but not by mevalonate, suggests a possible in-
volvement of the farnesylation reaction in activation of NF-k3
and induction of iNOS. Since farnesylation is a necessary step
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Figure 4. Inhibition of LPS-induced activation of NF-kf by lovastatin
and NaPA in rat primary astrocytes. (A) Cells incubated in serum-
free media received 1.0 pwg/ml of LPS. After 1 h of incubation, cells
were taken out to prepare nuclear extracts, and nuclear proteins were
used for the electrophoretic mobility shift assay of NF-kf as de-
scribed in Methods. Lanes /-4 represent control, LPS, LPS-treated
nuclear extract with 25-fold excess of unlabeled probe, and LPS-
treated nuclear extract with a 50-fold excess of unlabeled probe, re-
spectively. (B) Cells preincubated in serum-free media with 10 uM of
lovastatin or 5 mM of NaPA for 8 h received 1.0 pg/ml of LPS. The
upper arrow in both figures indicates the induced NF-k, whereas the
lower arrow in both figures indicates the unbound probe.
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Figure 5. Effect of mevalonate and farnesyl pyrophosphate on the in-
hibition of lovastatin and NaPA. Cells preincubated in serum-free
media with 10 uM of lovastatin or 5 mM of NaPA for 8 h received 1.0
png/ml of LPS along with 100 wM mevalonate or 200 wM farnesyl py-
rophosphate. (A) After 24 h, supernatants were used for nitrite assay
as mentioned in Methods. Data are mean=SD of three different ex-
periments. (B) After 5 h of incubation, cells were analyzed for iNOS
mRNA by Northern blotting technique as described earlier. (C) Af-
ter 1 h of incubation, cells were taken out to prepare nuclear extracts,
and nuclear proteins were used for the electrophoretic mobility shift
assay of NF-kp as described in Methods. The upper arrow indicates
the induced NF-k3, whereas the lower arrow indicates the unbound
probe.

for activation of p21™, the central molecule upstream of the
Raf/MAP kinase cascade, we examined the effect of FPT in-
hibitor II, an inhibitor of Ras farnesyl protein transferase, on
LPS-mediated expression of iNOS and activation of NF-k in
rat primary astrocytes. FPT inhibitor II selectively inhibits ras
farnesyl protein transferase with the I1Cs, of 75 nM. In whole
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cells, however, 25-250 wM of FPT inhibitor II inhibits farnesy-
lation of p21™ by ~ 90% (33). Fig. 6 shows that preincubation
of cells for 1 h with 100 or 200 uM FPT inhibitor II potentially
inhibited LPS-induced activation of NF-kB, expression of
iNOS, and production of NO, demonstrating the importance
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Figure 6. Inhibition of LPS-induced expression of iNOS and activa-
tion of NF-kB by an inhibitor of Ras farnesyl pyrophosphate-S-trans-
ferase in rat primary astrocytes. Cells preincubated in serum-free me-
dia with 100 uM or 200 uM FPT inhibitor II for 1 h received 1.0 pug/ml
of LPS. (A) After 24 h of incubation, supernatants were used for ni-
trite assay as described in Methods. Data are mean=SD of three dif-
ferent experiments. (B) After 5 h of incubation, cells were analyzed
for iNOS mRNA by Northern blotting technique as described earlier.
(C) After 1 h of incubation, cells were taken out to prepare nuclear
extracts, and nuclear proteins were used for the electrophoretic mo-
bility shift assay of NF-kB as described in Methods.



Table I1. Inhibition of LPS-induced Production of NO,
TNF-a, IL-1B, and IL-6 in Rat Primary Astrocytes, Microglia,
and Macrophages by Lovastatin and NaPA

Treatments

Production of LPS + LPS +

Cells NO or cytokines LPS only lovastatin NaPA
Astrocytes NO 253%32  52x04 5.4x0.6

TNF-a 53*0.8 0.3%0.05 0.4=0.06

IL-1B 10.4x1.5 0.8%0.1 1.1£0.2
IL-6 136.5£16.8 6.9+0.9 7.6%0.8
Microglia NO 81.2x69  59x04 6.9%+0.9
TNF-a 14.5+£2.1 0.9+0.1 1.3*£0.2
IL-1B 28.2*3.4 2.1+0.3 24+0.2
IL-6 295.6+335 7.8*1.1 9312
Macrophages NO 1185125 7.2+09 9.5+0.7
TNF-a 18.6%2.3 1.2x0.1 1.7+0.2
IL-1B 34645  2.3%03 3.1x+0.4
IL-6 350.0£27.6 8.3%*0.6 10.2x1.4

Cells preincubated with 10 wM lovastatin or 5 mM NaPA for 8 h in se-
rum-free condition was stimulated with 1.0 pg/ml of LPS. After 24 h of
incubation, concentrations of NO, TNF-«, IL-1B, and IL-6 were mea-
sured in supernatants as mentioned in Methods. NO is expressed as
nmol/24 h/mg protein whereas TNF-«, IL-1B, and IL-6 are expressed as
ng/24 h/mg protein. Data are expressed as the mean*SD of three differ-
ent experiments.

of p21™ farnesylation in LPS-mediated activation of NF-kB
and induction of iNOS in astrocytes.

Lovastatin and NaPA inhibit the LPS-induced expression
of TNF-a, IL-1B, and IL-6 in rat primary astrocytes. Activated
astrocytes, the major glial cell population of brain, are re-
ported to secrete TNF-a, IL-1B, and IL-6 (34). Since lovastatin
and NaPA inhibited LPS-induced expression of iNOS in astro-
cytes, we examined the effect of these two inhibitors on LPS-
induced expression of TNF-«, IL-1B, and IL-6. Astrocytes pre-
incubated with lovastatin or NaPA were stimulated with LPS.
Concentrations of TNF-a, IL-1B, and IL-6 were measured in
the supernatants after 24 h of incubation (Table II), and the
mRNA expression of these cytokines was examined in the
cells after 5 h of LPS stimulation (Fig. 7). Bacterial LPS mark-
edly induced the mRNA expression and production of respec-
tive cytokines in astrocytes. Although lovastatin or NaPA alone
had no effect on the production of cytokines, however, these
two compounds strongly inhibited LPS-induced production of
TNF-a, IL-13, and IL-6 in the supernatants (Table IT). The de-
crease in cytokine production was also accompanied by an in-
hibition of their mRNA expression (Fig. 7), demonstrating
that lovastatin and NaPA downregulate expression of all the
inflamatory mediators (iNOS, TNF-«, IL-1B, and IL-6) in as-
trocytes.

Inhibition of LPS-induced production of NO, TNF-o, IL-
1B, and IL-6 in rat primary microglia and macrophages by lov-
astatin. Both macrophages and microglia, important sources
of NO and cytokines, actively participate in the pathophysiolo-
gies of different inflamatory disorders. Since lovastatin and
NaPA inhibited the LPS-induced production of NO, TNF-,
IL-1B, and IL-6 in astrocytes, we also examined the effect of
these two compounds on LPS-stimulated production of NO,
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TNF-a, IL-1B, and IL-6 in rat primary microglia and macro-
phages (Table IT). The rate of production of NO and cytokines
after LPS stimulation was much higher in both macrophages
and microglia than in astrocytes. Similar to astrocytes, lova-
statin or NaPA alone had no effect on the production of NO
and cytokines in macrophages and microglia (data not shown).
Both of these compounds, however, strongly inhibited the
LPS-induced production of NO, TNF-«, IL-1B, and IL-6 in
macrophages and microglia (Table II). These studies demon-
strate the importance of the mevalonate pathway in the LPS-
induced production of NO, TNF-«, IL-1B, and IL-6 in astro-
cytes as well as in microglia and macrophages (Table II).

The inhibitors (lovastatin, mevastatin, or NaPA), cytokines
(TNF-«, IL-1B, and IFN-y), or LPS used under these experi-
mental conditions had no effect on the viability of astrocytes,
microglia, or macrophages, measured by Trypan blue exclu-
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Figure 7. Inhibition of LPS-induced expression of TNF-a, IL-1, and
IL-6 by lovastatin and NaPA in rat primary astrocytes. Cells preincu-
bated in serum-free media with different concentrations of lovastatin
(5 or 10 wM) or NaPA (2 or 5 mM), or a combination of 2 uM of lov-
astatin and 2 mM of NaPA for 8 h, received 1.0 pg/ml of LPS. After
5 h of incubation, cells were analyzed for TNF-a, IL-13, and IL-6
mRNAs by Northern blotting technique as described earlier.
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sion. Therefore, the conclusion drawn in this study is not due
to any change in viability of the cells.

Discussion

Several lines of evidence presented in this manuscript clearly
support the conclusion that inhibitors of HMG-CoA reductase
(lovastatin or mevastatin) and NaPA reduce the induction of in-
flammatory mediators (iNOS, TNF-, IL-1B3, and IL-6) in rat
astrocytes, microglia, and macrophages, demonstrating the
involvement of mevalonate metabolite(s) and farnesyl pyro-
phosphate in the induction of inflammatory mediators. This
conclusion was based on the following observations: first,
LPS-induced expression of iNOS, TNF-, IL-13, and IL-6, and
activation of NF-kB, was inhibited by lovastatin and NaPA;
second, inhibitory effects of lovastatin and NaPA on LPS-medi-
ated induction of iNOS and cytokines was not reversed by cho-
lesterol and ubiquinone, end products of mevalonate pathway,
suggesting that this inhibitory effect of lovastatin was not due to
depletion of end products of mevalonate pathway; third, the re-
versal of inhibitory effect of lovastatin by mevalonate and FPP
and that of NaPA by only FPP, but not by mevalonate, indi-
cates that mevalonate and FPP are necessary compounds for
LPS signal transduction; fourth, inhibition of LPS-induced ac-
tivation of NF-kf and induction of iNOS by FPT inhibitor II,
an inhibitor of Ras farnesyl protein transferase, suggests that
farnesylation of p21™* or other proteins is required for signal
transduction in the LPS-induced expression of iNOS. Since
iNOS, TNF-a, IL-1B, and IL-6 have been implicated in the path-
ogenesis of demyelinating and neurodegenerative diseases
(6-8), our results provide a potentially important mechanism
whereby inhibitors of HMG-CoA reductase and mevalonate
pyrophosphate decarboxylase may ameliorate neural injury.
The LPS-induced signal transduction pathways are not
very well understood so far. LPS is shown to bind cell-surface
receptor (CD 14) (35), and LPS-responsive elements (LRE)
have also been identified in promoter regions of several immedi-
ate early genes, including MuRantes and crg-2 (36). Although
the LRE has not been identified in the promoter region of iNOS,
several evidences clearly indicate that LPS induces iNOS via
activation of NF-kf (14, 15, 25). Inhibition of LPS-induced
NF-kB activation and iNOS expression by lovastatin, NaPA,
and FPT inhibitor II indicates that the observed inhibition of
iNOS expression is due to inhibition of NF-kB activation. Pre-
vious studies of Law et al. (37) demonstrating the inhibition of
NF-kB activation by mevinolin and 5'-methylthioadenosine
suggested a role of protein farnesylation and carboxyl methyl-
ation reactions in the activation of NF-kB. The Ras protoonco-
gene proteins, a family of GTP-binding proteins, function by
binding to the cytoplasmic surface of the plasma membrane.
This membrane localization of p21™ involves prenylation of
cysteine in the CAAX motif present at the COOH terminus,
proteolytic removal of AAX tripeptide, and then carboxy-
methylation of COOH-terminal cysteine (38). The activation
of p21™ by receptor tyrosine kinase occurs through conversion
of the GDP-bound inactive form to the GTP-bound active
form by Sos and Grb2, and then through transduction of signal
to downstream effector molecules (39). One such candidate is
Raf-1 (serine-threonine kinase). p21™ interacts directly with
Raf-1, and is believed to function by positioning Raf-1 at the
plasma membrane in the vicinity of its activator; tyrosine phos-
phorylation of Raf-1 seems to be essential for p21"™-induced

2678  Pahan et al.

activation of Raf-1 (40). Raf-1 in turn phosphorylates and acti-
vates MEKs and ERKs (members of MAP kinase cascade).
Since mevalonate availability regulates the posttranslational
isoprenylation of many intracellular signaling proteins includ-
ing p21™ (16), the observed inhibition of NF-k@ activation and
induction of iNOS by lovastatin and NaPA may be due to the
decrease or lack of the isoprenylation of p21™, that in turn
leads to the lack of or abnormal signal transmission from re-
ceptor tyrosine kinase to Raf/MAP kinase cascade, activation of
NF-k, and induction of iNOS.

NO, a diffusible free radical, plays many roles as a signaling
and as an effector molecule in diverse biological systems in-
cluding neuronal messenger, vasodilation, and antimicrobial
and antitumor activities (1, 2). In the nervous system, NO
appears to have both neurotoxic and neuroprotective effects,
and may have a role in the pathogenesis of stroke and other
neurodegenerative diseases, and in demyelinating conditions
(e.g., multiple sclerosis, experimental allergic encephalopathy,
X-adrenoleukodystrophy) associated with infiltrating macro-
phages and production of proinflamatory cytokines (6-8, 41).
NO and peroxynitrite (reaction product of NO and O,”) are
potentially toxic molecules to neurons and oligodendrocytes
that may mediate toxicity through the formation of iron-NO
complexes of iron-containing enzyme systems (42), oxidation
of protein sulfhydryl groups (43), nitration of proteins, and ni-
trosylation of nucleic acids and DNA strand breaks (44). Al-
though monocytes/macrophages are the primary source of
iNOS in inflammation, LPS and other cytokines induce a simi-
lar response in astrocytes and microglia (3, 4). NO derived
from macrophages, microglia, and astrocytes has been impli-
cated in the damage of myelin-producing oligodendrocytes in
demyelinating disorders like multiple sclerosis and neuronal
death during neuronal degenerating conditions including brain
trauma (3-8). The studies described in this manuscript suggest
that lovastatin and NaPA, alone or in combination, may repre-
sent a possible avenue of research for therapeutics directed
against cytokine- and nitric oxide-mediated brain disorders,
particularly in demyelinating conditions.
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