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SUMMARY: The beneficial effects of statins on the reduction of cardiovascular events has been partly attributed to their
anti-inflammatory properties. In the complex of the different pathogenetic events leading to atherosclerosis, recent data suggest
a central role of monocyte chemotactic protein-1 (MCP-1), because mice knock-out for MCP-1 or its receptor CC-chemokine
receptor 2 were considerably resistant to plaque formation. In this study we investigated the effect of different statins on in vitro
and in vivo production of MCP-1. Lovastatin and simvastatin caused a dose-dependent inhibition of MCP-1 production in
peripheral blood mononuclear cells exposed to lipopolysaccharide or inactivated Streptococcus hemoliticus and in human
endothelial cells exposed to interleukin-1b. The addition of mevalonate overrode the inhibitory effect of statins indicating that
mevalonate-derived products are important for chemokine production. The in vivo anti-inflammatory effect of statins was
investigated using the mouse air-pouch model of local inflammation. Lovastatin and pravastatin were orally administered to mice
according to a treatment schedule that significantly inhibited the hepatic 3-hydroxy-3-methylglutaryl coenzyme A reductase
activity without affecting total blood cholesterol. At the dose of 10 mg/kg, lovastatin and pravastatin reduced by approximately
50% the lipopolysaccharide-induced leukocytes recruitment and the exudate MCP-1 production. In conclusion, statins, by
inhibiting mevalonate-derived products, reduced both in vitro and in vivo the production of chemokines involved in leukocyte
migration, and this effect is unrelated to their cholesterol-lowering action. (Lab Invest 2000, 80:1095–1100).

T he enzyme 3-hydroxy-3-methylglutaryl coen-
zyme A (HMG-CoA) reductase catalyzes the

conversion of HMG-CoA to mevalonic acid, represent-
ing the rate-limiting step in the biosynthetic production
of cholesterol (Goldstein and Brown, 1990). Statins,
inhibiting HMG-CoA reductase activity, lower choles-
terol by decreasing the production of low-density
lipoproteins (LDL) and up-regulating the expression of
LDL-receptor (Goldstein and Brown, 1990). These
drugs are widely used in primary and secondary
prevention of coronary artery diseases because of
their efficacy in reducing cardiovascular morbidity and
mortality (Anonymous, 1998; Anonymous, 1994; Mac-
Mahon et al, 1998). Recent trials demonstrated that
statin therapy has a beneficial effect also in patients
with normal or low cholesterol levels (Downs et al,
1998; Ridker et al, 1998), suggesting that these drugs
may also act on nonlipid determinants involved in the
inflammatory-fibroproliferative phenomenon that ac-
companied the atherosclerotic process (Vaughan et al,
1996).

Increasing evidence suggests that statins, by inhib-
iting mevalonate-derived products synthesis, limit also
the production of molecules playing important roles in
the inflammatory process associated with plaque for-
mation and stabilization (Kluft et al, 1999; Rosenson et
al, 1999; Vaughan et al, 1996). Experimental evidence
supports this, by showing that the in vitro inhibition of
mevalonate synthesis induced apoptosis of rat vascu-
lar smooth muscle cells (Guijarro et al, 1998) and
decreased the proliferation of rat mesangial cells
(O’Donnell et al, 1993). Moreover, the inhibition of
isoprenoid synthesis reduced the production of inter-
leukin (IL)-8 and IL-6 in THP-1 cells, a myeloid leuke-
mia cell line with a mature monocyte phenotype,
treated with lipopolysaccharide (LPS) or phorbol my-
ristate acetate (Ikeda and Shimada, 1999; Terkeltaub
et al, 1994). The production and expression of mono-
cyte chemotactic protein-1 (MCP-1) in response to
fetal bovine serum was also inhibited by lovastatin in
fetal human mesangial cells (Kim et al, 1995) and in
vivo in nephrotic rats (Park et al, 1998).

Monocyte recruitment is an early step in the initia-
tion of atherosclerotic process. Several lines of evi-
dence implicated MCP-1, a CC chemoattractant pro-
tein playing an important role in monocyte recruitment
(Rollins, 1997; Sozzani et al, 1996), in the pathogene-
sis of atherosclerosis (Reape and Groot, 1999; Takeya
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et al, 1993). In particular, mice with genetic inactiva-
tion of MCP-1 or its CC-chemokine receptor 2 (CCR2)
were reported to be considerably resistant to the
development of atherosclerosis (Boring et al, 1998; Gu
et al, 1998; Reape and Groot, 1999). These observa-
tions prompted us to investigate whether statins affect
in vitro the MCP-1 production using human endothe-
lial cells and peripheral blood monocytes. The ability
of statins to affect leukocyte migration and chemokine
production in vivo was also investigated by using the
mouse air-pouch model of local inflammation. The
data obtained here indicate that mevalonate-derived
products are required, both in vitro and in vivo, for
chemokine production.

Results and Discussion

The effect of HMG-CoA reductase inhibitors on che-
mokine production was investigated here using cells
actively involved in the atherogenic process, such as
circulating monocytes and endothelial cells (Ross,
1993). To this end, human peripheral blood mononu-
clear cells (PBMC) and human endothelial cells (EC)
were treated for 24 hours with increasing concentra-
tions of lipophilic inhibitors of HMG-CoA reductase,
lovastatin or simvastatin (0.1–40 mM), before the ex-
posure to inflammatory stimuli. Pravastatin, a hydro-
philic statin, was not considered for these studies
because of its reported lack of activity in vitro on
smooth muscle cell migration, proliferation, and apo-
ptosis (Corsini et al, 1995b, 1998; Guijarro et al, 1998)
and for its weaker inhibitory effect on sterol synthesis
(Kurakata et al, 1996; van Vliet et al, 1996). As shown
in Figure 1A, lovastatin and simvastatin, at 10 and 40
mM, significantly reduced MCP-1 production induced
in PBMC by 100 ng/ml LPS (p # 0.01, Student’s t test)
or 0.005 KE/ml inactivated Streptococcus hemoliticus
(p # 0.01, Student’s t test), whereas doses below 10
mM were ineffective. The effect of statins on EC
exposed to 1 ng/ml IL-1b was more pronounced: a
significant inhibition of MCP-1 production was seen

for concentrations $ 0.6 mM for lovastatin and $ 0.3
mM for simvastatin (Fig. 1B). In fact, the ED50 values
calculated for PBMC and EC were 14.2 and 0.79 mM,
respectively, for lovastatin, and 7.2 and 0.56 mM,
respectively, for simvastatin, showing a higher activity
of simvastatin compared with lovastatin on chemokine
production by human cells in vitro. Simvastatin was
reported to be more active than lovastatin in inhibiting
microsomal HMG-CoA reductase from rat, hamster, or
dog liver, and from the human hepatoma cell line
HepG2 (Corsini et al, 1995a).

The results obtained in this study indicated that the
effective dose of statins depends on the type of target
cells (Kluft et al, 1999; van Vliet et al, 1996), and was
in accordance with previous data showing that cyto-
kine production (IL-6 and IL-8) in the myeloid leukemia
THP-1 cell line was inhibited at lovastatin and fluva-
statin concentrations of 10 mM (Ikeda and Shimada,
1999; Terkeltaub et al, 1994), whereas MCP-1 produc-
tion by human fetal mesangial cells, vascular smooth
muscle cells, or U937 cells (Kim et al, 1995; Ortego et
al, 1999) was inhibited at a concentration of 1 mM.

There are no data on the effectiveness of statins in
inhibiting HMG CoA-reductase activity in human EC:
Table 1 shows a dose-dependent reduction in cellular
enzyme activity after treatment with lovastatin. Inter-
estingly, the lowest concentration able to significantly
inhibit the HMG-CoA reductase activity (0.6 mM, Table
1) corresponded to the minimal dose of lovastatin
required to significantly (p # 0.01) inhibit MCP-1
production (Fig. 1B), strongly suggesting that the
inhibition of this enzymatic pathway is relevant for
MCP-1 synthesis.

To determine whether the ability of statins to reduce
chemokine production depends on their capacity to
inhibit mevalonate synthesis, cells were treated with
lovastatin or simvastatin in the presence of meval-
onate (from 25 to 100 mM). As shown in Figure 2, the
addition of mevalonate at 50 and 100 mM overrode the
inhibitory effect of both statins in EC exposed to IL-1b,

Figure 1.
In vitro inhibition of monocyte chemotactic protein-1 production by statins. Cells were exposed to lovastatin or simvastatin (0.1–40 mM) for 24 hours. Controls
received medium alone. After washing, cells were cultured for an additional 24 hours with or without statin, in the presence or the absence of stimuli.
Lipopolysaccharide (LPS) at 100 ng/ml or Streptococcus hemoliticus at 0.005 KE/ml were used as stimuli for peripheral blood mononuclear cells (PBMC) (A), whereas
1 ng/ml of IL-1b was used for endothelial cells (EC) (B). Monocyte chemotactic protein-1 (MCP-1) production in cellular supernatants was measured by ELISA, as
described in the Materials and Methods section, and expressed as a percentage of control. Values are the mean 6 standard error of at least four experiments.
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whereas the 25 mM concentration was inactive (data
not shown). Mevalonate also restored MCP-1 produc-
tion induced in PBMC by exposure to LPS or Strep-
tococcus hemoliticus (data not shown), indicating that
mevalonate-derived products are relevant for chemo-
kine production.

To determine whether the inhibition of MCP-1 by
HMG-CoA reductase inhibitors was mediated through
a reduction of mRNA accumulation, a Northern blot
analysis of PBMC stimulated with Streptococcus
hemoliticus was done. Depending upon the dosage,
lovastatin was observed to suppress the mRNA levels
for MCP-1 (Fig. 3), indicating that HMG-CoA reduc-
tase inhibitors can affect chemokine expression.

Based on these observations, we investigated
whether the inhibition of mevalonate synthesis affects
leukocyte functions in vivo. For this study we used
lovastatin, as a prototype of a lipophilic inhibitor of
HMG-CoA reductase activity, and pravastatin, which,
because of their different chemical structures, exhibit
in vivo diverse pharmacological properties (Bhatnagar,
1998; Pan et al, 1990; Rosenson et al, 1999). The
effect of these statins on leukocyte migration and

chemokine production was investigated by applying
the mouse air-pouch model of local inflammation
(Romano et al, 1997). To differentiate the hypolipi-
demic effect of statins from their anti-inflammatory
potential, we focus our attention on the identification
of a short-term treatment schedule that significantly
lowered hepatic HMG-CoA reductase activity without
affecting total blood cholesterol. Based on the results
of preliminary experiments in which different doses of
statins (1–20 mg/kg) were applied to mice according
to the dose-range generally applied to rodents (Kita et
al, 1980; Ness et al, 1994; Park et al, 1998), we defined
the dose of 10 mg/kg 3 3 as the optimal one. At this
dose, both lovastatin and pravastatin significantly re-
duced approximately 50% of the hepatic activity of
HMG-CoA reductase without affecting the circulating
cholesterol levels (Table 2). Under these conditions,
lovastatin and pravastatin similarly reduced the num-
ber of total leukocytes recruited in the pouch by 0.2
mg/mouse of LPS and inhibited the levels of MCP-1 in
the exudate (Table 2). The composition of the cellular
infiltrate (polymorphs 88.2% 6 2.6 and monocytes
10.2% 6 5.6) was not modified by the lovastatin
treatment (polymorphs 87.9% 6 5.3 and monocytes
11.7% 6 2.6).

The data reported here indicate that the inhibition of
HMG-CoA reductase activity, affecting the meval-
onate pathway, altered both in vitro and in vivo the
generation of MCP-1. This CC chemokine is produced
by a variety of cell types, including monocytes,
smooth muscle cells, and endothelial cells, all involved
in the synthesis of the plaque and the promotion of its
instability (Mantovani et al, 1997; Rollins, 1997;
Takeya et al, 1993). Recently it was reported that
MCP-1 and its receptor CCR2 are actively involved in
the progression of atherogenesis (Boring et al, 1998;
Gu et al, 1998). Therefore, the ability of statins to
inhibit MCP-1 production may represent an additional,

Table 1. Effect of Lovastatin on HMG-CoA Reductase
Activity in EC Cellsa

Lovastatin
(mM)

HMG-CoA reductase
(pmol/min/mg protein)

0 40.50 6 2.81
0.3 37.18 6 4.00
0.6 30.91 6 2.62**
1.2 27.03 6 4.01**

a Endothelial cells (EC) were exposed for 3.5 hours to 0.3–1.2 mM of
lovastatin. At the end of incubation, the medium was removed, cells were
scraped, and the activity of HMG-CoA reductase was determined as described
in the Materials and Methods section. Values are the mean 6 standard
deviation of at least 6 different samples.

** p # 0.01 vs untreated cells.

Figure 2.
Recovery of statin-induced inhibition of monocyte chemotactic protein-1
production by mevalonate. Endothelial cells (EC) were exposed for 24 hours to
0.6 mM of lovastatin and 0.3 mM of simvastatin. After washing, cells were
cultured for an additional 24 hours, with or without statins, in the presence of
IL-1b (1 ng/ml) alone or IL-1b plus mevalonate (50–100 mM). MCP-1
production in cellular supernatants was measured by ELISA, as described in
the “Materials and Methods” section, and expressed as a percentage of
control. Values are the mean 6 standard error of at least three experiments.
p # 0.01 versus lovastatin or simvastatin alone.

Figure 3.
Effect of lovastatin on monocyte chemotactic protein-1 mRNA expression.
PBMC (30 3 106 cells) were cultured for 24 hours with 10 or 40 mM of
lovastatin. Controls received medium alone. After washing, cells were cultured
for an additional 4 hours with or without lovastatin, in the presence or absence
of Streptococcus hemoliticus at 0.005 KE/ml. Total RNA was collected,
electrophoresed, blotted and hybridised to MCP-1 specific probe, as described
in the “Materials and Methods” section. An autoradiograph is shown. Below
the Northern blot is an ethidium bromide-stained 1% agarose gel that
contained the total RNA, before blotting analysis for mRNA.
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lipid-unrelated mechanism important for their effect on
the reduction of atherosclerotic lesions and
cardiovascular-related mortality. Moreover, the
present data confirming the anti-inflammatory proper-
ties of statins reinforce the hypothesis that MCP-1
inhibitors, acting by inhibiting either agonist produc-
tion or receptor expression, may also represent inno-
vative pharmacological tools for the prevention of
cardiovascular-related diseases in normolipidemic pa-
tients.

Materials and Methods

Reagents

Reagents used were as follows: RPMI 1640 and M 199
medium (Biochrom KG, Berlin, Germany); penicillin
and streptomycin for clinical use (Pharmacia, Nervi-
ano, Italy); Ficoll-Hypaque (Biochrom KG, Berlin, Ger-
many); fetal calf serum (FCS) (Hyclone Laboratories,
Logan, Utah), IL-1b (Dompè, L’Aquila, Italy) with a
specific activity of 107 U/mg. All the reagents con-
tained less than 0.125 EU/mL of endotoxin (Limulus
Amebocyte Lysate assay; Microbiological Associates,
Walkersville, Maryland). Lipopolysaccharide (LPS,
from Escherichia coli 055:B5) was from Difco (Detroit,
Michigan) and a lyophilised preparation of attenuated
strain Su of Streptococcus hemoliticus (Group A, Type
3) was from Chugai Pharmaceuticals Company, Ltd.
(Tokyo, Japan). Lovastatin and simvastatin were a gift
of Merck Research Laboratories (Rahway, New Jer-
sey) and was converted to the active compound as
described (Kita et al, 1980). Pravastatin was obtained
from Menarini Laboratories (Florence, Italy) and dis-
solved in NaCl 0.9%.

Mevalonate and mevalonolactone-5-[3H] (ethanol
solution; specific activity 10–40 Ci/mmol) were from
Sigma Chemicals Company (St. Louis, Missouri).
3-Hydroxy-3-methyl[3-14C]glutaryl-coenzyme A (buff-
ered aqueous solution; specific activity 50–62 mCi/
mmol) and RS-[2-14C]mevalonolactone (toluene solu-
tion; specific activity 50–62 mCi/mmol) were from
Amersham (Milan, Italy). Rhodamine G was from
Merck (Darmstadt, Germany). All other reagents were
from Sigma.

Endothelial Cells

Human EC were obtained from umbilical veins and
cultured as described (Romano et al, 1997). We used
routinely confluent cells at 2nd to 6th passage. Cells at
the concentration of 1.5 3 104/0.2 ml were cultured for
24 hours in flat-bottomed 96 well plates (Falcon,
Cockeysville, Maryland) in M 199 medium with 20%
FCS, supplemented with 50 mg/ml of Endothelial Cell
Growth Supplement (Collaborative Research Inc.,
Lexington, Massachusetts) and 100 mg/ml of heparin.
The medium was replaced with fresh M 199 with 20%
FCS, and statins, alone (0.1–2.5mM) or with meval-
onate (25–100 mM), were added overnight. EC were
then exposed to 1 ng/ml of IL-1b. After 24 hours,
supernatants were harvested and kept at 220° C until
use. For the evaluation of HMG-CoA reductase activ-
ity, EC (confluent monolayer in the 6 well plates) were
exposed to different concentrations of lovastatin for
3.5 hours. Then cells were washed and scraped.
HMG-CoA reductase activity was evaluated as de-
scribed below.

Peripheral Blood Mononuclear Cells

Buffy coats from healthy blood donors (courtesy of
Centro Trasfusionale, Ospedale Sacco, Milan, Italy)
were used as a source of PBMC, which were isolated
by Ficoll-Hypaque gradient. Cells, at 2 3 105 cells/0.2
ml, were cultured in RPMI 1640 with 5% FCS. Cells
were incubated with statins alone (0.1–50 mM) or
statins (10 mM) plus 100 mM mevalonate for 24 hours,
placed in round-bottomed 96 well plates (Costar Cor-
poration, Cambridge, Massachusetts), and exposed
to 100 ng/ml of LPS or 0.005 KE/ml of Streptococcus
hemoliticus. After 24 hours, supernatants were har-
vested and kept at 220° C until use.

Northern Blot Analysis

Northern blot analysis was conducted on PBMC
treated for 24 hours with 10 or 40 mM lovastatin and
then exposed to 0.005 KE/ml of Streptococcus hem-
oliticus for an additional 4 hours. RNA preparations
were performed according to standard procedures.
The MCP-1 probe was prepared and used as already

Table 2. Effect of Statins on Lipid Profile, Pouch Leukocyte Recruitment, and Exudate MCP-1 Productiona

Treatment
Serum cholesterol

(mg/dl)

Hepatic HMG-CoA
reductase

(pmol/min/mg prot.)
Leukocytes

(3 106 cells)
MCP-1
(ng/ml)

CMC 144.8 6 10 6.3 6 0.3 0.50 6 0.10 2.1 6 0.35
LPS 134.4 6 12 7.0 6 0.7 8.24 6 1.09 7.5 6 0.45
Lovastatin 1 LPS 132.1 6 15 3.5 6 0.4** 4.25 6 0.91* 5.7 6 0.90**
Pravastatin 1 LPS 164.8 6 37 4.4 6 0.3** 4.20 6 0.60* 4.5 6 0.95**

a Subcutaneous dorsal pouches were created in male CD1 mice as described in the Materials and Methods section. Inflammation was induced on Day 6 by injecting
0.2 mg/mouse of lypopolysaccaride (LPS) in 1 ml of 0.5% carboxymethylcellulose (CMC). Controls received CMC alone. Lovastatin or pravastatin, at the dose of 10
mg/kg, was orally administered to mice 20 hr, 12 hr, and 15 min before LPS. Four hours after LPS, mice were killed, the blood collected, and liver was excised. Total
serum cholesterol and the hepatic activity of HMG-CoA reductase were determined. Total leukocytes recruited in pouches were counted, and MCP-1 level was
determined in the pouch exudate. Values are the mean 6 standard deviation of at least 8 different animals.

* p # 0.05, ** p # 0.01 for statin 1 LPS vs LPS.
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described (Sironi et al, 1996). RNA transfer to mem-
branes was checked by UV irradiation, as shown in
Figure 3.

Animals

Male CD1 mice, 18 to 20 g body weight (Charles River,
Como, Italy), were used. The animals were housed at
a constant temperature (20 6 1° C) and relative hu-
midity (60 6 10%) and supplied ad libitum with water
and a standard diet. Procedures involving animals and
their care were conducted in conformity with national
and international laws and policies (EEC Council Di-
rective 86609, OJ L358, 1, 12 December 1987; Italian
Legislative Decree 116/92, Gazzetta Ufficiale della
Repubblica Italiana n0.10, 18 February 1992; Guide
for the Care and Use of Laboratory Animals, U.S.
National Research Council, 1996).

Air-Pouch Model

Subcutaneous dorsal pouches were created by injec-
tion of 5 ml of air followed, 3 days later, by a reinjection
of 3 ml of air. On Day 6, 0.2 mg/mouse of LPS in 1 ml
of 0.5% carboxymethylcellulose (CMC) was injected
into the pouch. Controls received the vehicle alone.
Lovastatin or pravastatin, at 10 mg/kg, was orally
administered to mice 20 hours, 12 hours, and 15
minutes before LPS injection. Four hours after LPS,
animals were anesthetized, blood was collected from
the retroorbital plexus, mice were killed by cervical
dislocation, and livers were collected. The pouches
were washed with 1 ml of saline, the lavage fluids
cooled on ice, and volumes recorded; 50 ml were used
for cell counting after staining with erythrosin B. Exu-
dates were centrifuged, and supernatants were col-
lected and stored at 220° C until use.

Chemokines

MCP-1 levels in cellular supernatants were measured
by a specific ELISA, as described (Sironi et al, 1997).
MCP-1 levels in pouch exudate were evaluated using
a specific sandwich ELISA (Benfer-Scheller, Milan,
Italy) with a sensitivity limit of 40 pg/ml.

Cholesterol and HMG-CoA Reductase Activity

Serum total cholesterol was assayed using a standard
enzymatic method (Sigma). Protein concentration in
liver and EC samples was determined using a Bio-Rad
Protein assay (Bio-Rad Laboratories, Munich, Germa-
ny). The activity of HMG-CoA reductase was deter-
mined as described by Kita et al (1980). Briefly, liver or
cellular homogenates, resuspended in a 20 mM imida-
zole solution, pH 7.4, containing 5 mM dithiotreitol and
5 U alkaline phosphatase, were incubated for 30
minutes at 37° C. Then 87 mM of [14C]HMG-CoA in a
40 mM D-glucose-6-phosphate solution containing 12
mM dithiothreitol, 4 mM NADPH, and 10 mM EGTA
were added, and samples were incubated for 60
minutes at 37° C. The reaction was stopped with
18.5% HCl, and after the addition of 29 mM [3H]meva-

lonolactone as internal standard, samples were incu-
bated overnight at 4° C. After centrifugation at 3000
rpm for 20 minutes, [3H]mevalonolactone and
[14C]mevalonolactone were co-purified from each
sample by elution on a 20 3 20 mm Kiesegel plate
(Merck), using acetone:toluene (1:1, v/v) as mobile
phase, and identified using Rhodamine G. The Rf
value of the band was assessed by a parallel run of an
unlabeled standard mevalonolactone. The [3H]meval-
onolactone and [14C]mevalonolactone radioactivity
was counted using a b-counter scintillator, and the
activity of HMG-CoA reductase was calculated and
expressed as pmol[14C]mevalonolactone formed/min-
utes/mg protein.

Statistical Analysis

Statistical significance was determined by Dunnett’s
test.
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