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Inhibition of Rho Family GTPases Results in Increased TNF-␣
Production After Lipopolysaccharide Exposure1
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umor necrosis factor-␣ is an important inflammatory mediator that has a wide array of immunoregulatory functions (1). TNF-␣ has been linked to leukocyte migration,
tissue resorption, acute phase responses, fever, and bacterial killing
(2). An overabundance of TNF-␣ is correlated with the development of septic shock (overwhelming response to systemic infection), but an appropriate amount of TNF-␣ is required for bacterial
clearance. Because of both the positive and negative effects of
TNF-␣ on the health of the organism, its production is regulated at
multiple levels, including transcriptional effects, mRNA stability,
translation and protein stability (1, 3–14). Endotoxin (LPS) from
Gram-negative bacteria induces TNF-␣ in macrophages. LPS
binds to the surface receptor CD14, which transmits a signal to
Toll-like receptor 4. This results in the intracellular accumulation
of a complex including myeloid differentiation factor 88, Toll/
IL-1R domain-containing adaptor protein, and IL-1R-associated
kinase, leading to the activation of inflammation-linked transcription factors, including NF-B and AP-1 (1). In addition, LPS exposure results in activation of a number of signaling pathways that
are involved in cytokine mRNA stability and protein translation
and stability.
The Ras family of small GTPases are involved in regulation of
a variety of cellular functions, including cytoskeleton changes and
responses to stress (15, 16). The best described of these include
Ras, RhoA, RhoB, Cdc42, and Rac. Activation is via guanine exchange factors that facilitate the exchange of GTP for GDP. Inac-
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tivation is via the action of GTPase-activating proteins that induce
the intrinsic GTPase activity of small GTPases. Another important
Ras family checkpoint is posttranslational lipid modification (prenylation) of the proteins. Prenylation occurs when either farnesyl
diphosphates (FPP)3 (Ras subgroup) or geranylgeranyl diphosphates (GGPP) (Rho subgroup) are added to a cysteine at the C
termini of target proteins. This happens via the actions of farnesyl
or geranylgeranyl transferases (FTs and GGTs). Both of these enzymes modify cysteines in a CAAX motif (A ⫽ an aliphatic amino
acid, X is any amino acid, FT prefers X as a serine or methionine
and GGT prefers X as a leucine) at the C termini of target proteins
(16). The result of this lipid modification is an alteration in the
subcellular localization of the protein. These location changes are
linked to biological activity.
The lipid moieties that become attached to Ras family proteins
(this includes both Ras and Rho families) (FPP and GGPP) are a
product of the mevalonate pathway and as such are susceptible to
inhibition by the statin class of drugs, including lovastatin (17).
Statins are widely used in the treatment of hypercholesteremia.
They function via inhibition of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase (Fig. 1). Inhibition of HMG-CoA
reductase prevents the conversion of HMG-CoA to mevalonate,
blocking the eventual production of cholesterol (17). However by
inhibiting cholesterol synthesis above the production of mevalonate, statins also prevent the production of both FPP and GGPP.
This will block prenylation of small GTPases, preventing both
appropriate cell localization and biological activity. One result of
these other statin effects is an effect on inflammation. Several
experimental systems have shown both antiproliferative and antiinflammatory effects of statins (18 –21). Down-regulation of
inflammation has also been seen in patient studies (22, 23). An
important player in the inflammatory response is the cytokine
TNF-␣. TNF-␣ is involved in multiple responses including bacterial killing, leukocyte migration, fever, and acute phase responses
(24). TNF-␣ is produced mainly by cells of the mononuclear
3
Abbreviations used in this paper: FPP, farnesyl diphosphate; GGPP, geranylgeranyl
diphosphate; HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; FT, farnesyl
transferase; GGT, geranylgeranyl transferase; ERK, extracellular signal-regulated kinase; MAP, mitogen-activated protein; Ct, threshold cycle; HPRT, hypoxanthine
phosphoribosyltransferase; iNOS, inducible NO synthase.
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These studies demonstrate that treatment of macrophages with lovastatin, a cholesterol-lowering drug that blocks farnesylation
and geranylgeranylation of target proteins, increases LPS-induced TNF-␣ production. This is reversed by the addition of mevalonate, which bypasses the lovastatin block. Examination of membrane localization of RhoA, Cdc42, Rac1, and Ras demonstrated
decreased membrane localization of the geranylgeranylated Rho family members (RhoA, Cdc42, and Rac1) with no change in the
membrane localization of farnesylated Ras. LPS-induced TNF-␣ production in the presence of the Rho family-specific blocker
(toxin B from Clostridium difficile) was significantly enhanced consistent with the lovastatin data. One intracellular signaling
pathway that is required for TNF-␣ production by LPS is the extracellular signal-regulated kinase (ERK). Significantly, we found
prolonged ERK activation after LPS stimulation of lovastatin-treated macrophages. When we inhibited ERK, we blocked the
lovastatin-induced increase in TNF-␣ production. As a composite, these studies demonstrate a negative role for one or more Rho
family GTPases in LPS-induced TNF-␣ production. The Journal of Immunology, 2003, 171: 2625–2630.
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RNA quantitation. cDNA were made using RETROscript (1710) from Ambion (Austin, TX). PCR amplifications were performed using dNTPs,
MgCl2, and Platinum Taq from Invitrogen (Carlsbad, CA) and oligos from
IDT (Coralville, IA). Real-time PCR was performed using SYBR green
(S-7567) from Molecular Probes.

Cell culture
RAW cells were subcultured every 2–3 days. Cell lines were discarded
after 10 passages. Experiments were performed at a concentration of 1
million cells per milliliter. Protein for Westerns was collected from 3 ml (3
million cells) cultured in a six-well dish. RNA and supernatants for ELISA
were collected from 1 ml (1 million cells) cultured in a 24-well plate.

Isolation of whole cell extracts

FIGURE 1. Mevalonate pathway showing the main intermediates and
the pharmacological inhibitors (inside boxes) used in this study. Ac-CoA,
acetyl coenzyme A; PP, diphosphate.

Western analysis
Western analysis for the presence of particular proteins or for phosphorylated forms of proteins was performed on whole cell proteins from RAW
264.7 experiments. Protein (30 – 80 g) was mixed 1/1 with 2⫻ sample
buffer (20% glycerol, 4% SDS, 10% 2-ME, 0.05% bromophenol blue, and
1.25 M Tris, pH 6.8) heated to 95°C for 5 min and loaded onto a 10%
SDS-PAGE gel and run at 100 V for 90 min. Cell proteins were transferred
to nitrocellulose using semidry transfer (Bio-Rad). Equal loading of the
protein groups on the blots was evaluated using Ponceau S, a staining
solution designed for staining proteins on nitrocellulose membranes or, in
the case of phosphorylation-specific blots, by stripping and reprobing with
Abs to the total protein. The nitrocellulose was blocked with 5% milk in
TTBS (TBS with 0.1% Tween 20) for 1 h, washed, and then incubated with
the primary Ab overnight. The blots were washed four times with TTBS
and incubated for 1 h with HRP-conjugated anti-rabbit or mouse IgG Ab.
Immunoreactive bands were developed using a chemiluminescent substrate
(ECL Plus). An autoradiograph was obtained, with exposure times of 10 s
to 2 min.

Cytokine release
Cells were cultures as specified in figure legends. After the culture period,
the supernatants were harvested and stored at ⫺70°C until assayed. Quantities of TNF-␣ in the supernatant were measured by ELISA.

Isolation of RNA

Materials and Methods
Materials
General chemicals were obtained from Sigma-Aldrich (St. Louis, MO).
RAW 264.7 (TIB-71) cells were obtained from American Type Culture
Collection (Manassas, VA) and maintained in DMEM (11965-092) from
Life Technologies (Grand Island, NY) with 10% FBS and gentamicin (40
g/ml) in Costar tissue culture dishes (Corning, NY). LPS (301) was obtained from List Biological Laboratories (Campbell, CA). The lovastatin
(438185), toxin B (616377) from Clostridium difficile and ERK inhibitor,
U0126 (662005) were obtained from Calbiochem (La Jolla, CA). GGPP
(G-225) was obtained form Biomol (Plymouth Meeting, PA). Mevalonic
acid (69761) was obtained from Fluka (Sigma-Aldrich). TNF-␣ was measured with the DuoSet ELISA kit (DY410) from R&D Systems
(Minneapolis, MN).
Protease inhibitors (1 836 170) were obtained from Roche (Indianapolis,
IN). Phosphatase inhibitor mixture set II (524625) was obtained from Calbiochem. Nitrocellulose (RPN68D) and ECL Plus (RPN2132) were obtained from Amersham (Arlington Heights, IL). Bradford protein assay
reagent (500-0006) was obtained from Bio-Rad (Hercules, CA). Ponceau S
(P-7170) was obtained from Sigma-Aldrich. Abs were obtained from various sources. The phosphorylation-specific Ab to ERK (9101) was from
Cell Signaling (Beverly, MA). Abs to ERK (sc-154) and HRP-conjugated
anti-rabbit (sc-2004), or mouse (sc-2031) Ig-developing Ab were from
Santa Cruz Biotechnology (Santa Cruz, CA). Rho (06-770), Ras (05-516),
Rac (05-398), and Cdc42 (05-542) Abs were obtained from Upstate Biotechnology (Lake Placid, NY). The Absolutely RNA miniprep kit (400800)
from Stratagene (La Jolla, CA) was used for RNA isolation and the Ribogreen Kit (R-11491) from Molecular Probes (Eugene, OR) was used for

Total RNA was isolated using the Absolutely RNA RT-PCR Miniprep kit
and was quantitated using the RiboGreen Kit according to manufacturer’s
directions. RNA samples were stored at ⫺70°C.

RT-PCR detection of TNF-␣ mRNA
One microgram of total RNA was reverse-transcribed to cDNA using the
RETROscript RT-PCR kit. Ten percent of the cDNA synthesis reaction
was subjected to PCR as follows. In a 0.2-ml PCR tube (Bio-Rad), 2 l of
cDNA was added to 48 l of PCR mixture containing 160 M each dNTP,
1.5 mM MgCl2, 1/15,000 SYBR Green I DNA Dye, 0.2 M of each sense
and antisense primer, and 2.5 U of Platinum TaqDNA. Amplification was
then performed in an iCycler iQ Fluorescence Thermocycler (Bio-Rad) as
follows: 3 min at 95°C, followed by 45 cycles of 20 s at 95°C, 20 s at 59°C,
20 s at 72°C, and 10 s at 81°C. Fluorescence data was captured during the
dwell at 81°C. Data were collected and recorded by iCycler iQ software
(Bio-Rad) and expressed as a function of threshold cycle (Ct), the cycle
at which the fluorescence intensity in a given reaction tube rises above
background. Primers for murine TNF-␣ and hypoxanthine phosphoribosyltransferase (HPRT) genes are as follows (5⬘ to 3⬘): TNF-␣ sense,
AACTTCGGGGTGATCGGTCC; TNF-␣ antisense, CAAATCGGCTGA
CGGTGTGGG; HPRT sense, CCTCATGGACTGATTATGGAC; HPRT
antisense, CAGATTCAACTTGCGCTCATC. PCR conditions and data
collection dwell temperature are based on melting curve analysis of each
amplimer generated by the primers listed above. Data was captured at 3°C
below the lowest melting temperature among all amplimers assayed to
ensure that primer-dimers were not contributing to the fluorescence signal
generated with SYBR Green I DNA Dye. Specificity of the amplification
was confirmed using melting curve analysis.
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phagocytic lineage, including macrophages, osteoclasts and myeloid dendritic cells. Although the important role of the inhibitor of
B kinase␤/NF-B pathway in TNF-␣ production is well-described, the effect of other signaling pathways is less clear. In
particular, little is known of the role of Ras family small GTPases
in LPS-induced TNF-␣ in macrophages.
In this study, we used lovastatin as a way of modulating small
GTPase activity and evaluated the effect of those changes on macrophage baseline and LPS-induced TNF-␣ production. We found
that lovastatin alone produced low levels of TNF-␣. To a much
greater degree, we found that lovastatin increased macrophage production of TNF-␣ in response to LPS. When we evaluated a mitogen-activated protein (MAP) kinase linked to TNF-␣ production
(extracellular signal-regulated kinase (ERK)), we found that lovastatin pretreatment caused extended ERK activation and that
blocking ERK removed the statin-induced TNF-␣ increase. These
studies suggest that one possible mechanism of statin-induced immunosuppression may be the induction of TNF-␣ tolerance subsequent to statin-induced TNF-␣ and/or an increased response
to LPS.

RAW cells were cultured in various conditions. Whole cell protein was
obtained by lysing the cells on ice for 20 min, in 500 l of lysis buffer (0.05
M Tris, pH 7.4, 0.15 M NaCl, 1% Nonidet P-40, plus protease and phosphatase inhibitors). The lysates were then sonicated for 20 s, kept at 4°C for
30 min, spun at 15,000 ⫻ g for 10 min, and the supernatant saved. Protein
concentrations were determined using the Bradford assay. Cell lysates were
stored at ⫺70°C until use.

The Journal of Immunology
Quantitation of TNF-␣ mRNA
Relative quantitative gene expression was calculated as follows. For each
sample assayed, the Ct for reactions amplifying TNF-␣ and HPRT were
determined. The TNF-␣ Ct for each sample was corrected by subtracting
the Ct for HPRT (⌬Ct). Untreated controls were chosen as the reference
samples, and the ⌬Ct for all LPS-treated experimental samples were subtracted by the ⌬Ct for the controls samples (⌬⌬Ct). Finally, LPS-treated
TNF-␣ mRNA abundance, relative to control TNF-␣ mRNA abundance,
was calculated by the formula 2⫺(⌬⌬Ct). Validity of this approach was
confirmed by using serial 10-fold dilutions of template containing TNF-␣
and HPRT genes. Using this set of template mixtures, the amplification
efficiencies for TNF-␣ and HPRT amplimers were found to be identical.

Statistical analysis
Statistical analysis was performed on densitometry data, ELISA results,
and real-time PCR data. Significance was determined by Student’s t test.

Results

Lovastatin increases LPS-induced TNF-␣ production via an
effect on the mevalonate pathway

FIGURE 2. Lovastatin pretreatment increases LPS-induced TNF-␣. A,
RAW 264.7 cells were cultured at an initial concentration of 106 cells/ml
in 24-well tissue culture plates (1 ml/well). Lovastatin at 10 M (predetermined optimal dose) was added for various time points before addition
of LPS (100 ng/ml). Supernatants were collected 5 h after addition of LPS
and TNF-␣ measured by ELISA. B, RAW 264.7 cells were pretreated with
10 M lovastatin for 12 h before addition of LPS (0.01–100 ng/ml). Supernatants were harvested and TNF-␣ measured as in A.

the increased TNF-␣ was due to intracellular changes. The role of
the mevalonate pathway in the increased TNF-␣ was examined by
replacing the mevalonate in the lovastatin-treated cells. Lovastatin
blocks HMG-CoA reductase leading to decreased cholesterol and
to a block in protein lipid modifications (farnesylation and geranylgeranylation). The inhibition of prenylation can be bypassed by
adding mevalonic acid. When we treated cells with lovastatin in
the presence of mevalonic acid, we completely reversed the lovastatin-induced increases in TNF-␣, both at the protein and at the
mRNA level (Fig. 3). Mevalonic acid alone had no effect on
TNF-␣ release (data not shown). These data suggest that lovastatin
(via inhibition of the mevalonate pathway) increases LPS-induced
TNF-␣.
Lovastatin alone increases TNF-␣
We evaluated the effect of lovastatin alone on TNF-␣ release by
measuring supernatant levels of TNF-␣ in cells treated with lovastatin. We found low, but significant, TNF-␣ production with lovastatin treatment (Fig. 4). As a composite, these data suggest that
Downloaded from http://www.jimmunol.org/ by guest on June 27, 2019

All experiments in this study were performed in RAW 264.7 cells
(macrophages), a murine macrophage cell line. RAW 264.7 cells
resemble human macrophages in their response to LPS, both in
terms of signaling and in terms of cytokine release (25). Initially,
macrophages were cultured with lovastatin for varying amounts of
time before the addition of LPS. TNF-␣ production was evaluated
5 h after LPS. We found that lovastatin exposure before adding
LPS increased TNF-␣ production significantly in a time-dependent
manner (Fig. 2A). The effect of lovastatin on low dose LPS exposures was evaluated by examining responses to LPS ranging from
0.01 to 100 ng/ml. Lovastatin caused a significant increase in
TNF-␣ production at all levels tested (Fig. 2B). There was no
change in the number of cells after lovastatin exposure (control,
2.3 ⫾ 0.1 compared with lovastatin, 2.4 ⫾ 0.05), suggesting that
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FIGURE 3. Lovastatin pretreatment increases LPS-induced TNF-␣ via
alterations in the mevalonate pathway. A, RAW 264.7 cells were pretreated
with either lovastatin alone (10 M) or with lovastatin and mevalonic acid
(100 M) for 12 h. Cells were then treated with LPS (100 ng/ml) for 5 h,
supernatants harvested, and TNF-␣ measured. All experiments were done
in triplicate. B, RAW 264.7 cells were cultured at an initial concentration
of 106 cells/ml in six-well tissue culture plates (5 ml/well). Lovastatin at 10
M or lovastatin and mevalonic acid (100 M) was added for 12 h before
addition of LPS (100 ng/ml). After 3 h (optimal LPS-induced TNF-␣
mRNA time point), cells were harvested and RNA was isolated as described in Materials and Methods. Relative mRNA levels (compared with
control) were determined by real-time RT-PCR. ⴱⴱ, p ⬍ 0.01 (LPS ⫹
lovastatin compared with LPS alone).
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treated with LPS, and TNF-␣ production was analyzed. Fig. 5C
demonstrates that the addition of geranylgeranyl pyrophosphate to
lovastatin-treated cells reversed the lovastatin-induced increases in
TNF-␣. As a composite, these data suggest that it is a negative
effect on Rho family geranylgeranylation that is responsible for the
lovastatin-induced increases in TNF-␣.
Lovastatin-induced sustained activation of the ERK MAP kinase
is linked to TNF-␣ increases

FIGURE 4. Lovastatin alone (without LPS) induces TNF-␣. RAW
264.7 cells were treated with lovastatin (10 M) or lovastatin and mevalonic acid (100 M) for 12 h. Supernatants were harvested and TNF-␣ was
measured. The experiments were done in triplicate. ⴱⴱ, p ⬍ 0.01 (lovastatin
compared with control).

Lovastatin-induced alterations in TNF-␣ production are linked
to the Rho family of small GTPases
When we evaluated membrane localization of small GTPases, we
found that 12 h of lovastatin had little effect on membrane localization of Ras (downstream of FPP), while there was an ⬃50%
decrease in the membrane-bound form of Rac, RhoA, and Cdc42
(Fig. 5A). To evaluate the effect of alterations in Rho family GTPases on LPS-induced TNF-␣, macrophages were treated with the
Rho-specific inhibitor, toxin B (from C. difficile), and LPS-induced
TNF-␣ protein release was measured. Toxin B, like lovastatin,
induced low levels of TNF-␣ and significantly increased LPS-induced TNF-␣ (Fig. 5B). Rho family GTPases are distinguished
from Ras by a geranylgeranyl lipid modification as compared with
a farnesyl modification. Another means of analyzing the effect of
Rho family GTPases vs Ras is to replace only the geranylgeranyl
arm of the mevalonate pathway (26 –28). Macrophages were cultured in lovastatin with and without geranylgeranyl pyrophosphate,

FIGURE 5. Lovastatin alters TNF-␣ production via an effect on Rho family GTPases.
A, RAW 264.7 cells were cultured with 10 M
lovastatin for 12 h. Cells were harvested, pelleted, and cytosol/membrane protein fractions
were isolated as described in Materials and
Methods. Western analysis was performed for
Ras, RhoA, Cdc42, and Rac1. B, RAW 264.7
cells were cultured at 106/ml in 24-well tissue
culture plates. Toxin B (from C. difficile, 400
pM) was added 1 h before a 5-h LPS (100 ng/
ml) exposure. Supernatants were harvested and
TNF-␣ was measured by ELISA. All experiments were done in triplicate. ⴱⴱ, p ⬍ 0.01
(LPS ⫹ toxin B compared with LPS alone. C,
RAW 264.7 cells were pretreated with either
lovastatin alone (10 M) or with lovastatin and
GGPP (5 M) for 12 h. Cells were then treated
with LPS (100 ng/ml) for 5 h, supernatants
were harvested, and TNF-␣ was measured. All
experiments were done in triplicate. ⴱⴱ, p ⬍
0.01 (experimental groups compared with LPS
alone).

Discussion
In this study, we evaluated the effect of lovastatin, an HMG-CoA
reductase inhibitor, on baseline and LPS-induced TNF-␣. We
found that lovastatin pretreatment resulted in a dose-dependent
increase in the amount of TNF-␣ produced subsequent to LPS
exposure. Lovastatin alone also caused an increase in TNF-␣. The
lovastatin effect was dependent on Rho family small GTPases as it
was mimicked by toxin B and reversed by GGPP, suggesting that
the effect of lovastatin on geranylgeranylation of Rho family proteins was primary in the lovastatin-induced increases. This is consistent with the decreased membrane localization of RhoA, Cdc42,
and Rac1 we found after lovastatin pretreatment. When pathways
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lovastatin increases macrophage TNF-␣ production via two distinct mechanisms: 1) low level induction of TNF-␣ by lovastatin
alone, and 2) increased TNF-␣ production in response to LPS.

We have shown that the ERK MAP kinase is necessary for optimal
release of TNF-␣ after LPS (1, 11, 25, 29). To evaluate the effect
of lovastatin on ERK activation, macrophages were cultured with
and without lovastatin for 12 h and then treated with LPS for 15
min, 1 h, and 3 h. Whole cell lysates were obtained and ERK
activation was analyzed using an Ab specific for activated ERK
(phosphorylation on threonine 202 and tyrosine 204). Fig. 6A demonstrates that lovastatin pretreatment causes a prolonged activation
of ERK after LPS exposure. Blocking ERK activation (U0126)
decreased lovastatin ⫹ LPS-induced TNF-␣ (Fig. 6B). This finding was not only true of the lovastatin ⫹ LPS observation, but also
of the production of TNF-␣ after lovastatin alone. Fig. 6C demonstrates the ERK dependence of lovastatin alone produced
TNF-␣. This suggests lovastatin activation of ERK in macrophages and lovastatin-induced ERK activity can be seen in the
lovastatin alone band in Fig. 6A. These data suggest that the increase in TNF-␣ by both lovastatin alone and LPS ⫹ lovastatin is
at least partially due to an effect on the ERK MAP kinase.
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FIGURE 6. Lovastatin alters ERK activation,
contributing to the increase in TNF-␣. A, RAW
264.7 cells were cultured with and without lovastatin (10 M) for 12 h. LPS followed this for 15,
60, or 180 min. Whole cell lysates were obtained
and Western analysis was performed for activated
ERK (phosphorylated Thr202/Tyr204). B, RAW
264.7 cells were cultured at 106/ml in a 24-well
plate. Lovastatin (10 M) was added for 12 h before 5 h of LPS (100 ng/ml). The ERK inhibitor,
U0126 (10 M) was added after 11 h of lovastatin
and 1 h before the addition of LPS. Cells were exposed to LPS for 5 h, supernatants were harvested,
and TNF-␣ was analyzed by ELISA. All experiments were done in triplicate. C, RAW 264.7 cells
were cultured at 106/ml in a 24-well plate. Lovastatin (10 M) was added with and without U0126
(10 M). Cells were cultured for 12 h, supernatants
were harvested, and TNF-␣ was analyzed by
ELISA.

sulted in ERK activation in fibroblasts. Our data demonstrate that
ERK activation is required for LPS-induced TNF-␣ and lovastatininduced TNF-␣. It is probable that some of the LPS combined with
lovastatin increases in TNF-␣ are due to immodulatory effects independent of ERK. However, the sustained ERK activation is a
strong candidate for a partial role in this observation.
It is beyond the scope of this paper to sort out which one or ones
of the prenylated small GTPases are responsible for inhibition of
TNF-␣ production. RhoB is one possible target for our ERK observation as RhoB has been shown to inhibit constitutive activation
of ERK in a model of malignant transformation (39). However,
other studies suggest other possibilities. In a study by Welsh et al.
(40), it was discovered that RhoA contributed to sustained activation of ERK and production of cyclin D1 via an inhibition of
Rac/Cdc42. Opposite data was found in a study on the urokinasetype plasminogen activator. In this study by Jo et al. (41), they
found that inhibiting Rho kinase (activated by RhoA) increased
ERK phosphorylation. The composite of these studies suggests
that our finding (lovastatin-induced TNF-␣ increases) could be due
to effects on a number of interacting small GTPases.
One possible explanation for our lovastatin-dependent responses
is an inhibition of phosphatases. A study by Skaletz-Rorowski (31)
on basic fibroblast growth factor stimulation of smooth muscle
cells showed sustained ERK activation with lovastatin treatment.
The increase in ERK duration was comparable to what was seen
with calyculin A, an inhibitor of PP1 and PP2A phosphatases.
These authors suggest that lovastatin effects basic fibroblast
growth factor-induced ERK via an effect on PP1 and PP2A. This
data is not inconsistent with our observation of extended ERK
activity after LPS. However, an opposite effect on phosphatases,
leading to decreased activity of potential ERK inhibitors such as
p38 and Akt, is also not inconsistent with our data. Future studies
will sort out these possibilities.
In conclusion, we found that lovastatin and the Rho family inhibitor, toxin B (from C. difficile) both induced low levels of
TNF-␣ protein and increased macrophage responses to LPS. The
effect was at both the mRNA and protein levels and was associated
with induction and increased duration of the ERK MAP kinase.
The increase in TNF-␣ was blocked by mevalonic acid, suggesting
that the effect was due to alterations in the prenylation of one or
more small GTPases.
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that might affect LPS-induced TNF-␣ were examined, we found
that lovastatin pretreatment resulted in sustained activation of the
ERK MAP kinase after LPS. In addition, lovastatin alone induced
a low level of ERK activity. When ERK activity was inhibited by
blocking the upstream kinase MAP/ERK kinase, both lovastatin
alone and lovastatin ⫹ LPS increases in TNF-␣ were decreased.
These data suggest that lovastatin induces TNF-␣ production in
macrophages and enhances the ability of LPS to generate TNF-␣.
These effects are the result of decreased geranylgeranylation of
Rho family GTPases subsequent to the lovastatin-induced block of
the mevalonate pathway.
The increase in TNF-␣ production that we saw was reversed by
the addition of mevalonic acid or GGPP, suggesting an effect on
Rho family proteins. Though there are a number of studies suggesting that statins are immunosuppressive (18, 20, 21, 23, 30, 31),
this is not the first study to demonstrate a proinflammatory effect
of statins. The best studied of the statin-linked immune modulators
is inducible NO synthase (iNOS). A study by Finder et al. (32) in
pulmonary artery smooth muscle cells showed that a GGT inhibitor increased IL-1␤-induced iNOS. At the same time, they found
that a FT inhibitor inhibited IL-1-induced iNOS. Lovastatin had
the same effect as the GGT inhibitor. This study suggests that the
effects of lovastatin on FPP- and GGPP-modified proteins are complex. A study by Muniyappa et al. (33) found increased iNOS
induction in smooth muscle cells. They found that toxin B (from C.
difficile) increased iNOS. Other studies in fibroblasts and airway
epithelial cells have also demonstrated a statin-induced increase in
iNOS (34, 35). A study in monocytes by Kiener et al. (36) found
both statin-induced cytokines (monocyte chemoattractant protein-1, IL-8, TNF-␣, and IL-1␤) and a sensitization to subsequent
inflammatory stimuli. Our study is unique in the negative link
shown between Rho family GTPase membrane expression, increased ERK signal and macrophage TNF-␣ production, both with
and without LPS. These data suggest that Rho GTPases exert a
negative effect on TNF-␣ production by tonic inhibition of ERK
activity and duration.
Sustained ERK activation in other systems is qualitatively different from transient activation. In vascular smooth muscle cells,
transient ERK activation leads to mitosis and sustained activation
leads to differentiation (37). A study by Zugasti et al. (38) found
that decreases in the GTP-bound forms of Rac1 and Cdc42 re-
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In human studies on patients using the statin class of drugs, there
is documented immunosuppression (18, 42). One possible explanation of the dichotomy between our observation (increased macrophage production of TNF-␣ with lovastatin) and the patient phenotype (immunosuppression) is the induction of tolerance
subsequent to the lovastatin-induced TNF-␣ production. However,
this is only one possible explanation and future studies in an animal model will be needed to sort out this question. It is also
possible that the acute effects of lovastatin are very different from
the long term effects. Our study has demonstrated that alterations
in the localization of small GTPases have the immediate effect of
increasing macrophage production of TNF-␣ both at baseline and
after LPS exposure.
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