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Summary

Statins are 3-hydroxy-3-methylglutaryl-co-enzyme A reductase inhibitors of
cholesterol biosynthesis, and have been reported to exert pleiotropic effects on
cellular signalling and cellular functions involved in inflammation. Recent
Medicine, Oita, Japan reports have demonstrated that previous statin therapy reduced the risk of
pneumonia or increased survival in patients with community-acquired
pneumonia. However, the precise mechanisms responsible for these effects are
unclear. In the present study, we examined the effects of statins on cytokine
production from lipopolysaccharide (LPS)-stimulated human bronchial epi-
thelial cells (BEAS-2B). Interleukin (IL)-6 and IL-8 mRNA expression and
protein secretion in LPS-stimulated cells were inhibited significantly by the
lipophilic statin pitavastatin and the hydrophilic statin pravastatin. As these
inhibitory effects of statin were negated by adding mevalonate, the anti-
inflammatory effects of statins appear to be exerted via the mevalonic cascade.
In addition, the activation levels of Ras homologue gene family A (RhoA) in
BEAS-2B cells cultured with pitavastatin were significantly lower than those
without the statin. These results suggest that statins have anti-inflammatory
effects by reducing cytokine production through inhibition of the mevalonic
cascade followed by RhoA activation in the lung.
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levels of proinflammatory cytokines in patients with hyper-
lipidaemia [20-22]. Recently, Wang etal. [23] reported
statins to have an anti-inflammatory effect on primary

Introduction

Statins are 3-hydroxy-3-methylglutaryl co-enzyme A

(HMG-CoA) reductase inhibitors, which potently inhibit
cholesterol biosynthesis and are used extensively in the treat-
ment of patients with hypercholesterolaemia [1,2]. Statins
also have anti-inflammatory and immunomodulatory prop-
erties in patients with cardiovascular disease [3]. Recent
reports have shown that these effects contribute to protec-
tion against cardiovascular events [4,5], cerebrovascular
disease [6] and kidney disease [7]. In addition, human obser-
vational studies demonstrated that statins prevent the mor-
tality and deterioration associated with sepsis [8,9] and that
previous statin therapy reduces the risk of pneumonia
[10,11] or increases survival in patients with community-
acquired pneumonia [12-16]. Although the mechanisms of
beneficial effects of statins on patients with sepsis or pneu-
monia remain controversial, experimental studies have
shown that statins decrease the release of proinflammatory
cytokines from mononuclear cells or monocytes [17-19].
Clinical studies have also shown that statins decrease serum
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human nasal epithelial cells exposed to ambient air particles.
However, to our knowledge there have been no studies
examining the effects of statins on the human respiratory
tract in infectious states such as pneumonia. In this study,
therefore, we evaluated the effects of both lipophilic and
hydrophilic statins on cytokine production from human
bronchial epithelial cells and their effects on intracellular
signalling pathways.

Materials and methods

Reagents

Pitavastatin (lipophilic statin) and pravastatin (hydrophilic
statin) were kindly provided by Kowa Co. Ltd (Nagoya,
Japan) and Daiichi-sankyo Co. Ltd (Tokyo, Japan),
respectively. Pitavastatin and pravastatin were dissolved
in dimethylsulphoxide (DMSO; Wako Pure Chemical
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Industries Ltd, Osaka, Japan), and were maintained at con-
centrations of 100 nM, 10 nM and 1 nM and 10 uM, 1 uM
and 100 nM, respectively. The final concentration of DMSO
added to cells was < 0-2%. Mevalonate was purchased from
Sigma-Aldrich (St Louis, MO, USA).

Cell culture

The bronchoepithelial cell line BEAS-2B (human bronchial
epithelium, ECACC 95102433) was obtained from the Euro-
pean Collection of Cell Cultures (Porton Down, Salisbury,
Wiltshire, UK). BEAS-2B cells (1 x 10* cells per well) were
placed in 24-well plates (Nunc, Roskilde, Denmark) and
were cultured in bronchial epithelial cell growth medium
(BEGM) without hydrocortisone, with or without statins
under a 5% CO, humidified atmosphere at 37°C. The
medium was replaced every 3 days. After the 6 days of
culture, the cells were stimulated using lipopolysaccharide
(LPS) from Pseudomonas aeruginosa (Sigma Chemical Co.,
St Louis, MO, USA) at a concentration of 100 ng/ml.

Real-time polymerase chain reaction (PCR)

After incubation with LPS for an additional 3 h, RNA
was isolated from harvested BEAS-2B cells using TagMan
Gene Expression Cells-to-Ct™ Kit (Ambion Inc., RNA
Company, Austin, TX, USA), according to the manufactur-
er’s instructions. Cytokine mRNA levels [interleukin (IL)-6,
IL-8 and granulocyte-macrophage colony-stimulating factor
(GM-CSF)] were determined using the StepOnePlus™ Real-
Time PCR System (Applied Biosystems Inc., Foster City, CA,
USA). Results were normalized against the expression of an
internal control [glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH)], and relative gene expression levels were
calculated using the AACt-method.

Enzyme-linked immunosorbent assay (ELISA)

After incubation with LPS for an additional 24 h, IL-6, IL-8
and GM-CSF levels in supernatants from BEAS-2B cells were
measured by Multiscan JX (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) using an ELISA kit (Quantikine; R&D
Systems, Minneapolis, MN, USA).

Treatment with mevalonate

The effects of statins are related to their ability to competi-
tively block HMG-CoA reductase and decrease the produc-
tion of multiple intermediates in the cholesterol biosynthetic
pathway [24]. Mevalonate is the initial product of HMG-
CoA reductase, and the levels of mevalonate are reduced by
statin therapy. To determine whether pitavastatin acts
through an HMG-CoA reductase-dependent pathway
(mevalonic cascade), BEAS-2B cells were cultured in BEGM
with pitavastatin (10 nM) plus mevalonate (10 mM) under

© 2012 The Authors

The effect of statins on airway inflammation

the same conditions as described above for 1 week before
LPS stimulation. The culture duration was established in line
with the criteria used in previous reports, with the cells being
subjected to the same length of culture as that for both
statins and mevalonate [25,26].

Ras homologue gene family A (RhoA) activation assay

Inhibition of mevalonate synthesis by statins also prevents
the synthesis of other important isoprenoid intermediates
on the cholesterol biosynthetic pathway, such as farnesyl-
pyrophosphate and geranylgeranylpyrophosphate. These
intermediates serve as important lipid attachments for the
post-translational modification of various cell-signalling
proteins, such as Rho GTPases. To assess the signalling path-
ways of downstream of the mevalonic cascade, LPS-induced
activation of RhoA was analysed. BEAS-2B cells (0-3 x 10*
cells per well) were cultured with or without pitavastatin
(100 nM). Medium was replaced every 2 days. After 5 days of
culture, the cells were stimulated with LPS. After incubation
with LPS for an additional 3 min, whole cell lysates were
collected using the lysis buffer provided by ELISA-based
RhoA activity assay (G-LISA; Cytoskeleton, Denver, CO,
USA). Lysates were incubated in microwells to which the
rhotekin binding domain peptide was bound, and active
RhoA was measured using indirect immunodetection fol-
lowed by a colorimetric reaction at 490 nm.

Statistical analysis

Comparisons of data were made utilizing the unpaired ¢-test.
Two-tailed P-values of less than 0-05 were considered to be
statistically significant.

Results

Inhibitory effects of pitavastatin

IL-6, IL-8 and GM-CSF mRNA expression in LPS-
stimulated BEAS-2B cells was inhibited significantly by
pitavastatin (1 nM, 10 nM and 100 nM) in a dose-dependent
manner (Fig. la,c,e). IL-6 and IL-8 secretion by LPS-
stimulated BEAS-2B cells was also reduced significantly by
pitavastatin in a dose-dependent manner (Fig. 1b,d).

Inhibitory effects of pravastatin

IL-6 and IL-8 mRNA expression in LPS-stimulated BEAS-2B
cells was inhibited significantly at various concentrations of
pravastatin (Fig. 2a,c). IL-6 and IL-8 secretion by LPS-
stimulated BEAS-2B cells was also reduced significantly
by pravastatin in a dose-dependent manner (Fig.2b,d).
GM-CSEF secretion was reduced only by a high dose of prav-
astatin (Fig. 2f).
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Fig. 1. The inhibitory effects of pitavastatin 0 0
(PTV) on inflammatory cytokine production. PTV(-) 1nM 10nM 100nM PTV(-) 1nM 10nM 100nM
Interleukin (IL)-6, IL-8 and granulocyte—
macrophage colony-stimulating factor (GM- @ ®) (pg/ml)
CSF) mRNA expression in lipopolysaccharide 1.0 B
(LPS)-stimulated BEAS-2B cells was inhibited < 1 T 40F
significantly by PTV (1 nM, 10 nM, 100 nM) in % r
a dose-dependent manner (a,c,e). IL-6 and IL-8 IS 0-8f * % 30 : [
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stimulated BEAS-2B cells was also reduced sig- LEI) 0-4f * O C
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(b,d,f); *P < 0-05, **P < 0-001, compared with 0 0
the cells cultured without PTV (white column). PTV(-) 1nM 10nM 100nM PTV(-) 1nM 10nM 100nM

Reverse effects of exogenous mevalonate

All the inhibitory effects of pitavastatin on IL-6, IL-8 and
GM-CSF cytokine mRNA expression and/or production, as
shown in Fig. 1, were negated by treatment with mevalonate
(Fig. 3), indicating that the inhibitory effects of statins act
via the mevalonic cascade. The levels of LPS-induced
GM-CSF protein secretion were very low (0-30 pg/ml in
Fig. 1), and there were no significant inhibitory effects of
pitavastatin (even at the high concentration of 100 nM
pitavastatin). Therefore, the results for the GM-CSF protein
were omitted from the analysis.

Reduction of RhoA activation by pitavastatin

The LPS-induced activation levels of RhoA in BEAS-2B cells
cultured with pitavastatin were significantly lower than those
without the statin (Fig. 4).

Discussion

The present study demonstrated that both lipophilic and
hydrophilic statins inhibited the inflammatory response of
BEAS-2B cells by suppressing the production of cytokines,
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independent of the cholesterol synthesis pathway. It is
certain that the anti-inflammatory effects of statins are
exerted via the mevalonic cascade, as the inhibition of
cytokine production was blocked by addition of meva-
lonate. Previous studies have shown that statins alter the
expression of various cytokines in monocytes, macrophages
or vascular endothelial cells [17,19,27,28]. Wang et al. [23]
have recently reported the expression of CCL5, CCL11 and
IL13RA in the nasal epithelial cells, which were obtained
from patients with chronic rhinosinusitis, exposed to
ambient air pollution particulates, was inhibited by statins.
However, this is the first study to show that statins also alter
the expression of cytokines in bronchial epithelial cells,
although the hydrophilic statin required a higher dose to
exert similar effects as the lipophilic statin. In the clinical
setting, the concentrations (Cp.x) of pivastatin in the blood
are 16-8-26-1 ng/ml (2-mg single administration) and are
16-5 = 6:9 ng/ml (10-mg single administration) for pravas-
tatin. Therefore, the concentrations of pravastatin used in
our experiments were higher than those achieved in the
clinical setting. Although the actual concentration of these
agents in the human airway is unclear in the clinical
setting, this is one of the limitations of our in-vitro
experiment.
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In this study, to test the effects of statins on the human
respiratory tract in infectious states such as pneumonia, we
examined the expression and production of IL-6, IL-8, and
GM-CSF from BEAS-2B cells stimulated with LPS. IL-6 is a
pleiotropic cytokine, and also a critical inflammatory media-
tor in inflammatory lung diseases, including bacterial
pneumonia. IL-8 is known to be a potent activator of
neutrophils. In addition, GM-CSF is known to prime leuco-
cytes for inflammatory stimuli in vitro, and a previous study
[29] suggested that GM-CSF represents an endogenous
enhancer of LPS-induced organ injury by potentiating
the release of proinflammatory cytokines. The IL-8 and
GM-CSF mRNA levels appeared to be increased by pravas-
tatin in a dose-dependent manner in this study (Fig. 2),
although they were not found to be statistically signifi-
cant increases compared with the cells cultured without
pravastatin. This phenomenon was not seen in the experi-
ment using pitavastatin (Fig. 1). Lipophilic statins (e.g.
pitavastatin) have higher cell permeabilities and better
stabilities in terms of their pharmacological efficacy, in
comparison to hydrophilic statins (e.g. pravastatin) [30].
Although the clear mechanism is unknown, especially in the
circumstances of the airway, there is a possibility that the
lower cell membrane permeability and instability of pravas-
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tatin might cause the discrepancy between mRNA and
protein inhibition concerning IL-8 and GM-CSE.

Several clinical studies have shown that previous use of
statins is able to reduce the risk of pneumonia or increase
survival rate in patients, particularly those with severe
community-acquired pneumonia [10-16]. Although the
precise mechanisms are unknown, some biological mecha-
nisms of statins that modify the humoral immune response
and inhibit endothelial cell dysfunction may contribute to
achieving beneficial outcomes [16]. A previous cohort study
showed that C-reactive protein levels at admission tend to be
lower in statin users than in non-users, and this may be due
to the anti-inflammatory effects of statins [16]. In fact, our
study demonstrated that statins inhibited the production of
IL-6, which plays a role in the production of C-reactive
protein. C-reactive protein is involved in organ dysfunction
and death in critically ill patients [24], thus the inhibition of
IL-6 production may be a mechanism to reduce the risk of
pneumonia.

When bacteria invade the alveolar space, pneumonia
is accompanied by inflammation induced by various
inflammatory cytokines, which are produced by bronchial
epithelial cells or alveolar macrophages in order to attract
or activate inflammatory cells such as neutrophils or
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Fig. 4. The reduction of Ras homologue gene family A (RhoA)
activation by pitavastatin. The lipopolysaccaride (LPS)-induced
activation levels of RhoA in BEAS-2B cells cultured with pitavastatin
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mortality associated with the sepsis [24]. As in our study,
statins inhibit the secretion of IL-8, a neutrophil chemoat-
tractant from bronchoepithelial cells, and this effect might
lead to the suppression of severe inflammation by neutro-
phils, followed by protecting severe pneumonia with bacter-
aemia or sepsis.

In innate immunity, Toll-like receptors (TLRs) play a
crucial role by recognizing and reacting to microbial
pathogens. LPS is the major component of the outer mem-
brane of Gram-negative bacteria and is recognized by TLR-4.
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TLR-4 activation by LPS is followed by signal pathways
dependent upon/independent of myeloid differentiation
factor, which elicits the activation of nuclear factor (NF)-
kappa B or activating protein 1 (AP-1) in inflammatory
pathways [32]. AP-1 activation in TLR signalling is mediated
mainly by mitogen-activated protein kinases (MAPKs), such
as c-Jun N-terminal kinase, p38 and extracellular signal-
regulated kinase [32]. Conversely, Rho-dependent signalling
pathways are also considered to be part of TLR-4 signalling
pathways, and may regulate MAPKs [33]. Moreover, the Rho
signal transduction pathway is downstream of the mevalonic
pathway [26]. As the inhibition of HMG-CoA reductase
leads to a decrease in farnesylated and geranylgeranylated
small G-proteins such as Rho, its inhibition subsequently
blocks Rho signalling [26]. In this study, the level of RhoA
activation in the LPS-stimulated BEAS-2B cells was
decreased by adding statin, therefore the anti-inflammatory
effects of statins may be related in part to the Rho-dependent
signalling pathway. In addition, mevalonate itself appeared
to increase the cytokine expression and production by
BEAS-2B cells (Fig. 3). Assuming that the LPS-induced
cytokine production from the cells is partly involved in the
mevalonic cascade, there is a possibility that mevalonate
directly accelerated this pathway and stimulated the produc-
tion of farnesylated and geranylgeranylated pyrophosphates
such as Rho, and subsequently increased the cytokine pro-
duction from the cells.

In conclusion, this study indicates the anti-inflammatory
effects of statins by reducing cytokine production through
inhibition of the mevalonic cascade in human bronchial epi-
thelial cells. These effects possibly contribute, at least in part,
to the decrease in mortality of patients with severe pneumo-
nia, and suggest that statins could be another strategy in the
treatment of critically ill patients with severe inflammation.
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