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Abstract Since contradictory findings have been reported on
potential effects of statins in modulating the inflammatory
response, we have analysed the biological activity of lovastat-
in both in vitro using the Raw 264.7 murine macrophagic cell
line and in vivo using BALB/c mice. When added to Raw
264.7 cells in combination with lipopolysaccharide, lovastatin
significantly potentiated the release of interleukin-1β,
interleukin-6 and interleukin-12 with respect to lipopolysac-
charide alone and showed an additive effect on the release of
nitric oxide. Similarly, when lovastatin was intraperitoneally
administrated to BALB/c mice, it did not induce any pro-
inflammatory effect when used alone, but it significantly
potentiated the pro-inflammatory activity of lipopolysaccha-
ride, in terms of number of intraperitoneal cells and serum
levels of serum amyloid A, interleukin-1β, interleukin-6 and
interleukin-12. A potential clinical implication of our study is
that lovastatin might exert a pro-inflammatory activity in
subjects affected by inflammatory processes, with clinically
evident or subclinical infections.
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Introduction

Statins are 3-hydroxy-3-methylglutaryl coenzyme A reduc-
tase (HMG-CoA) inhibitors, which act on the rate-limiting
step of the cholesterol pathway in which HMG-CoA is
converted to mevalonate [1] (Fig. 1). In clinical practice,
statins represent the elective treatment for the reduction of
cholesterol blood levels in hyperlipidemic patients [2]. In the
last years, numerous pleiotropic properties of statins have
been described, beyond their well-known lipid lowering func-
tion, such as the improvement of the endothelial function, the
capacity to maintain plaque stability and the ability to prevent
thrombus formation [3]. These pleiotropic effects are of clin-
ical relevance and may largely depend on the individual
patient response [4]. In addition, statins trigger apoptosis in
a variety of tumour cells in vitro [5], and this pro-apoptotic
activity has been ascribed to the depletion of geranylgeranyl
pyrophosphate and, thus, to the consequent inhibition of pro-
tein prenylation [6], a biological activity which might have
impact on the inflammatory response of these cells. Other
groups of investigators reported anti-inflammatory properties
of statins, such as the downregulation of leukocyte functional
antigen and the inhibition of the release of pro-inflammatory
cytokines [7]. Nevertheless, this last issue is controversial
since other studies have shown that, under certain circum-
stances, statins may induce a strong pro-inflammatory re-
sponse [8–10]. It should be noticed, however, that different
drug concentrations and models used to test the effect of
statins produced quite discordant results consistent with these
conflicting data on the interplay between statins and inflam-
mation, and patients in treatment with statins sometimes
showed adverse reactions [11].

On these bases, the objective of our study was to investigate
both in vitro and in vivo the effect of statins in a well-
established cellular model (Raw 264.7), and in an animal
model (BALB/c mice) of LPS-induced systemic inflammation.
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Materials and Methods

Reagents

For in vitro and in vivo treatments, the following reagents
were used: lipopolysaccharide (LPS; Escherichia coli-sero-
type 055:B5) and lovastatin-LPS free (Lova), both purchased
from Sigma-Aldrich (St. Louis, MO, USA).

In Vitro

The murine macrophagic cell line Raw 264.7 was obtained
from Sigma-Aldrich (St Louis, MO, USA). Cells were rou-
tinely cultured in DMEM+10 % FBS and exposed for 48 h to
Lova (at concentrations ranging between 0.1 and 80 μM),
and consequently analysed for cell viability and evaluation
of the levels of cytokines released in the culture superna-
tants. In additional experiments, after 24 h of treatment
with Lova, cells were exposed to LPS (10 μg/mL) for
additional 24 h. Time and dose of LPS were decided
according to previous studies conducted in our laboratories
[12, 13].

Evaluation of Cell Viability

The cytotoxicity of the treatments with Lova, used either alone
or in combination with LPS, was monitored by double stain-
ing with annexin V-FITC and propidium iodide (Apoptosis
Detection Kit, Immunostep, Salamanca, Spain) and flow

cytometric analysis, according to manufacturer’s instructions.
Fluorescence was acquired with a FACScan Cytometer
and CellQuest software (Becton Dickinson, Franklin
Lakes, NJ, USA) and then analysed with FlowJo software
(version7.6, TreeStar Inc., Ashland, OR, USA). This tech-
nique was used to assess the effects of treatments on cells
viability. Debris were excluded from the plot based on the
scatter (FSC vs. SSC), and apoptotic (annexin V positive
(A+), propidium iodide negative (PI−) and positive (PI+))
and necrotic (annexin V negative (A−) and propidium
iodide positive (PI+)) cells were characterized based on
the fluorescence emitted.

Biochemical Measurements on Raw 264.7 Cell Cultures

Nitric oxide production was assayed on supernatants using
Griess Reagent (Sigma-Aldrich). Levels of free cholesterol in
total cell lysates were determined with the Amplex red cho-
lesterol assay kit (Molecular Probes, Invitrogen, Carlsbad,
CA, USA). The assays were performed following manufac-
turers’ indications.

In Vivo

BALB/cmale mice (Harlan, Udine, Italy) aged 6–8 weeks and
weighing between 25 and 30 g, were used for this study. Mice
were housed in standard cages with a 12-h light/dark cycle,
with free access to tap water and pellet food. Environmental
temperature was constantly maintained at 21 °C and the mice

Fig. 1 Mevalonate pathway.
Schematic representation of
mevalonate pathway. Compounds
used in the experiments are
indicated along the pathway in
bold characters : Lova lovastatin
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were kept under pathogen-free conditions. Experiments were
carried out in accordance with institutional guidelines in com-
pliance with international and Italians laws (EEC Council
Directive 86/609, OJL 358, December 1987 and Italian Min-
istry of Health registration number 62/2000-B, October 6,
2000), upon approval by institutional ethical Committee (per-
mit number 7–2.10.2006). Briefly, mice were randomly di-
vided in groups of six animals each: groups 1, controls
(saline); 2, Lova (10–50–100 mg/kg) on day 1; 3, Lova (10–
50–100 mg/kg) on day 1 and LPS 100 μg/kg on day 3; 4, LPS
100 μg/kg on day 3 (Fig. 2). All the solutions were adminis-
tered by intraperitoneal (i.p.) route. After 2 h of LPS stimula-
tion, blood was collected directly into test tubes. Dose
and time of LPS treatment were decided according to
the literature and to previous studies conducted in our
laboratory [14, 15]. Serum was recovered by centrifuga-
tion at 2,000×g at 4 °C and then stored at −80 °C until
biochemical analysis. Moreover, immediately after the
mice were killed, 2 mL of PBS+0.1 % BSA were
injected into the peritoneal cavity, and the cavity was
massaged for 4 min. The i.p. fluid was recovered using
a syringe and the number of cells was counted by using
a Bürker chamber.

Biochemical Measurements on BALB/c Mouse Sera

The serum amyloid A (SAA) was assayed using a specific
ELISA kit (Biosource, Camarillo, CA). Serum total cholester-
ol was analysed by an enzymatic colorimetric method (Chol-
DAP; Roche Diagnostic, GmbH, Mannheim, Germany). All
samples were assessed in duplicate and according to the
manufacturers’ instructions.

Measurement of Cytokines in Cell Culture Supernatants
and in Mice Sera

Cytokine levels were measured both in Raw 264.7 cell culture
supernatants and in BALB/c mouse serum samples by
performing a bead-based multiplex immunoassay (23
mouse-Bio-Plex assay; BioRad Laboratories, Milan, Italy),
following manufacturer’s instructions. Samples were assessed
in duplicate, using the Bio-Plex 200 reader (Bio-Rad, Hercu-
les, CA, USA) equipped with the Bioplex Manager software,
using a five-parameter nonlinear regression formula to com-
pute sample concentrations from standard curves.

Statistical Analyses

Results are expressed as the mean±standard deviation (SD).
Statistical significance was calculated using one-way analysis
of variance (ANOVA), followed by the Bonferroni multiple
comparison test. Statistical analysis was performed using
GraphPad Prism software, version 5 (GraphPad Software, San
Diego, CA). Statistical significance was defined as p <0.05.

Results

Lova Inhibits Cholesterol Synthesis in Raw 264.7
Macrophagic Cells in a Range of Concentrations, Showing
Limited In Vitro Cytotoxicity

The effect of the exposure to a wide range of Lova concentra-
tions (0.1–1–5–10–20–40–60–80 μM) was initially tested in
the Raw 264.7 murine macrophage cell line to find the optimal

Fig. 2 In vivo experimental
design. Forty-eight male Balb/c
were divided into the
experimental groups. Untreated:
saline on days 1 and 3 (group 1,
n =6); Lova : lovastatin on
day 1—10 (group 2a, n =6), 50
(group 2b, n =6) and 100 mg/kg
(group 2c, n=6) and saline on
day 3; Lova+LPS: lovastatin on
day 1—10 (group 3a, n =6), 50
(group 3b, n =6) and 100 mg/kg
(group 3c, n=6) and
LPS—100 μg/kg on day 3;
LPS : saline on day 1 and
LPS—100 μg/kg on day 3 (group
4, n =6). All compounds have
been injected via intraperitoneal
route
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concentrations able to significantly decrease the levels of free
cholesterol, which represents the major therapeutic target of
statins. As shown in Fig. 3, Lova induced a significant decrease
in free cholesterol, starting from concentrations of 5 μM on-
wards. For the purpose of this study, it is noteworthy that the
ability of Lova to lower the level of free cholesterol was
observed also when Raw 264.7 cells were simultaneously
treated with Lova plus LPS (Fig. 3). Conversely, significant
cytotoxic effects of Lova, evaluated in terms of both apoptosis
and necrosis over the background level, were observed only at
the highest concentrations used (60–80 μM) (Fig. 4).

Moreover, LPS maintained the effects of lovastatin on the
cellular cytotoxicity consistent, even if at higher levels, com-
pared with lovastatin treatment alone. Indeed, the two groups
follow the same increasing trend at all the different concentra-
tions (Fig. 4). Therefore, most of the following experiments
were carried out using a range of Lova concentrations (5–10–
20–40μM), which significantly inhibited cholesterol synthesis
with minimal (<20 %) cytotoxicity in Raw 264.7 cells.

Lova Alone Induces Nitric Oxide Release But Does Not
Affect Pro-inflammatory Cytokines, While It Potentiates
the LPS-Mediated Release of Nitric Oxide and of IL-6,
IL-12p40 and IL-1β by Raw 264.7 Cells

To evaluate the effect of lovastatin on inflammatory media-
tors, we evaluated the effect of Lova used alone or in associ-
ation with LPS on several markers of inflammation, such as
nitric oxide (NO) production, and on the secretion of IL-6, IL-
12p40 and IL-1β. Lova alone dose-dependently increased NO
production by Raw 264.7 cells (p <0.05), whereas it showed
negligible effects on the release of pro-inflammatory cyto-
kines at any concentration investigated (Fig. 5). When used
in association with LPS, Lova significantly (p <0.05) and
dose-dependently potentiated the ability of LPS to promote
the release not only of nitric oxide, but also of all the pro-
inflammatory cytokines investigated (Fig. 5).

Lova Enhances the Pro-inflammatory Activity of LPS Also
In Vivo, in BALB/c Mice

In the next group of experiments, we sought to investigate
whether the data obtained in vitro on the Raw 264.7 cell model
could have a correspondence in a more relevant in vivo in-
flammation model. For this purpose, BALB/c mice were

Fig. 3 Cholesterol levels after lovastatin treatment on Raw 264.7-cells.
Raw 264.7 cells (murine monocyte/macrophage cell line) were incubated
with (0/0.1/1/5/10/20/40/60/80 μM) lovastatin for 20 h alone or with the
addition of 10 μg/mL LPS for further 24 h. The bars represent the means

of three independent experiments±SD. Analyses were performed with
one-way ANOVA and Bonferroni post-test. *p <0.05; **p <0.01; ***p <
0.001 vs. 0 μMLova (white bars); §p <0.05; §§p <0.01, §§§p<0.001 vs.
LPS+0 μM Lova (grey bars)

Fig. 4 Apoptosis and necrosis in Raw 264.7 lovastatin-treated cells. Raw
264.7 cells (murine monocyte/macrophage cell line) were incubated with
(0/0.1/1/5/10/20/40/60/80 μM) lovastatin for 20 h alone or with the
addition of 10 μg/mL LPS for further 24 h. Apoptosis and necrosis were
measured as reported in the “Materials andMethods”. The bars represent
the means of three independent experiments±SD. Percentage of necrotic
cells are represented by the black portion of each bar. Analyses were
performed with one-way ANOVA and Bonferroni post-test. *p<0.05;
**p <0.01; ***p<0.001 vs. 0 μM Lova (white bars); §p <0.05; §§p <
0.01; §§§p <0.001 vs. LPS+0 μM Lova (grey bars)
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treated for three days with Lova, LPS or with a combination of
Lova+LPS. As expected, the range of Lova concentrations
used in these in vivo experiments dose-dependently lowered
the amount of free serum cholesterol, and the simultaneous
addition of LPS did not hamper the effect of Lova (Lova vs.

Lova+LPS p >0.05 at all concentrations) (Fig. 6). As markers
of inflammation, we analysed the number of cells in the
peritoneal exudate on the third day, a time required to obtain
the maximum increase of inflammation. In parallel, we mea-
sured the serum levels of SAA, IL-6, IL-12p40 and IL-1β. As

Fig. 5 Inflammation marker in
Raw 264.7-treated cells. Cells
were incubated with (0/5/10/20/
40 μM) lovastatin for 20 h alone
or with the addition of 10 μg/mL
LPS for supplementary 24 h.
Bars represent the mean values of
NO (in micromolars), IL-1β, IL-6
and IL-12p40 (pg/ml) of three
independent experiments±SD.
Analyses were performed with
one-way ANOVA and Bonferroni
post-test. *p<0.05; **p <0.01;
***p <0.001 vs. 0 μM Lova
(white bars); §p <0.05; §§p <
0.01; §§§p <0.001 vs. LPS+
0 μM Lova (grey bars)

Fig. 6 Lovastatin improves the inflammation markers in BALB/c mice.
BALB/cmice were randomly divided in groups of six animals as reported
in “Materials and Methods”. Values of cholesterol concentration (in
micromolars), PEC (×104cells/mL), and SAA (in microgrammes per
millilitre), IL-1β, IL-6, IL-12p40 (in picogrammes per millilitre) are

reported as means of three independent experiments±SD. Analysis was
carried out with one-way ANOVA and Bonferroni post-test. *p<0.05;
**p <0.01; ***p<0.001 vs. mice 0 mg/kg Lova (white bars); §p<0.05;
§§p <0.01; §§§p <0.001 vs. LPS (100 μg/kg)+0 mg/kg Lova (grey bars)
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expected, both the number of peritoneal cells and the serum
markers of inflammation significantly increased in response to
i.p. injection of LPS (Fig. 6). Although Lova alone did not
significantly modulate the levels of any inflammatory marker,
Lova+LPS showed a greater induction of SAA as compared
with LPS alone. Finally, all the three cytokines with higher
levels in the culture supernatants of Raw 264.7 cells (IL-1β,
IL-6 and IL-12p40) also had increased levels in the serum of
mice treated with LPS alone. Again, the combination of
Lova+LPS was superior in increasing the circulating levels
of all cytokines if compared to LPS alone (Fig. 6).

Discussion

Statins are a class of hyperlipidemic blockbuster drugs rou-
tinely used for reducing serum cholesterol in the treatment and
prevention of hypercholesterolemia and other cardiovascular
conditions [2]. Beyond this main effect, several other effects
of statins have been described. In particular a controversial
role of statins in modulating the inflammatory response has
been reported [7–10]. In this study, we first established a range
of concentrations for which Lova was able to lower the
production of free cholesterol in Raw 264.7 cells, whereas
promoting minimal cytotoxicity (5 to 40 μM). When used
alone, Lova promoted the release of nitric oxide by Raw 264.7
cells but it did not significantly induce cytokine release.When
associated with LPS, Lova showed a synergistic effect on the
release of IL-6, IL-12p40 and IL-1β and an additive effect on
the release of nitric oxide in the culture supernatants.

Using the same experimental conditions described in a
previous paper by our group [16] with BALB/c male mice
[17], the combination of LPS+Lova increased different
markers of inflammation, such as SAA and PEC in vivo, and
increased the serum levels of the same cytokines (IL-6, IL-
12p40 and IL-1β) found to be increased in the culture super-
natants of Raw 264.7 cells. Concerning the potential mecha-
nism implicated in the ability of lovastatin to promote nitric
oxide release, previous studies have shown that statins up-
regulate the expression of inducible NOS inhibiting small G
proteins of the Rho family in various cell types [18, 19]. In
addition, inhibition of isoprenoid production by statins has been
shown to increase NOS expression and activity in cultures,
while the restoration of the mevalonate pathway with exoge-
nous isoprenoids leads to a decrease in NO production [13].

With respect to the ability of lovastatin to potentiate LPS in
promoting the release of IL-6, our current data are in contrast
with a previous study describing the ability of statins to reduce
the amount of IL-6 [20]. Even though we are not able at
present to explain these discrepancies, it is of interest to note
that IL-6 seems to be up-regulated in the liver and it could be
suggested that an increased production of this cytokine might
contribute to explain the liver dysfunction [21] and the deep

vein inflammation [22], which can occur in patients under
prolonged statin therapy. With respect to the increase of IL-
12p40 observed both in vitro and in vivo in response to the
Lova+LPS combination, it is remarkable that IL-12 is a key
cytokine involved in the inflammatory process [23, 24], and
results higher in patients with heart failure. Thus, the IL-12
increase might contribute to explain the major adverse reac-
tion to statins, represented by rhabdomyolysis [25]. Our data
on IL-12p40 production in response to Lova+LPS are in line
with the data of other authors [26] which attributed the pro-
duction of pro-inflammatory cytokines (IL-12p40 and IL-6) to
the statin-mediated repression/activation of proto-oncogene c-
Fos/c-Jun respectively, whose repression induce an increase of
pro-inflammatory cytokine production. Moreover, in the same
study, Matsumoto et al. have highlighted the role of binding
site of IL-12p40 promoter (Ap-1) to increase the cytokine
production simvastatin–mediated [26].

The last cytokine analysed, IL-1β, is an important protein
that mediates many of the damaging consequences of inflam-
matory process synergies with other pro-inflammatory cyto-
kines such as IL-6 and IL-12, allowing the adaptive immune
response to feed-back and amplify innate immunity [27]. In
this respect, it has been shown that pharmacological inhibitors
of the mevalonate pathway activate pro-IL-1β processing and
IL-1β release by human monocytes [28].

Statins act on the first enzyme of the mevalonate pathway,
leading to a decrease of intracellular cholesterol and lack of
mevalonate-derived isoprenoids. By inhibiting the biosynthe-
sis pathway of isoprenoids, the levels of several regulatory
proteins, essential for the prenylation, decrease. Since in vitro
studies [29] reported the ability of natural isoprenoid com-
pounds to induce anti-inflammatory effects when the
mevalonate pathway is blocked, it will be interesting to inves-
tigate in future studies the role of exogenous isoprenoids in
restoring the mevalonate pathway in the presence of statins.

At present no theories have been proposed about the pro-
inflammatorymechanism generated by statins. Our aimwas to
identify the role of isoprenoids in this mechanism, as the lack
of these compounds contributes to a higher susceptibility to
the inflammatory phenotype.

As controversial data are present in the literature concerning
the safety of statin therapy in septic patients [30, 31], our current
data add a cautionary note on the use of lovastatin in septic
experimental conditions, both in vitro and in vivo, owing to the
potential increase of the pro-inflammatory activity of statins in
the presence of high levels of endotoxin. In conclusion, we
describe evidences for a dose-dependent pro-inflammatory role
of Lova in association with LPS on cellular and animal models.
Further experiments, even if preliminary, using simvastatin and
atorvastatin are currently ongoing with promising results.

We believe such evidence might be useful in clinical prac-
tice, for the use of statins in patients affected by clinically
evident or subclinical infections.
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