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The dose–response of the pleiotropic effects of statins on airway inflammation has not yet been established and
may differ from that of their cholesterol-lowering effects. High oral doses of statinsmay have adverse effects, and
itmay be possible to overcome the side effects and low clinical efficacy by administering statins via inhalation. In
this study, we hypothesize that simvastatin is a potential anti-inflammatory drug with biological and pharmaco-
kinetic properties suitable for delivery by the inhaled route. Mice were immunized with ovalbumin (OVA) and
then challenged with aerosol OVA. Simvastatin was locally delivered by inhalation (i.h.) and intratracheal injec-
tion (i.t.) or systematically delivered by intraperitoneal injection (i.p.) and gavage (i.g.) during the OVA chal-
lenge. In a mouse model of asthma, i.h. simvastatin significantly and dose-dependently attenuated airway
inflammation, remodeling and hyperresponsiveness in a RhoA-dependent pathway. Upon comparing the
pharmacodynamics, i.h. simvastatin had a more potent effect than that of i.g. and i.p. simvastatin, and the i.h.
or i.t. delivery routes led to a higher drug concentration in local lung tissue and a lower drug concentration
in the plasma than that obtained by the i.g. These results suggest that simvastatin is a potential anti-
inflammatory drug for airway inflammatory diseases with properties suitable for delivery by inhalation, which
will probably reduce the side effects and increase clinical efficacy.

© 2012 Published by Elsevier B.V.
1. Introduction

Statins, which are inhibitors of 3-hydroxy-3-methyl-3-glutaryl coen-
zyme A reductase, not only reduce cholesterol but also have several
other pharmacological actions thatmight be beneficial in airway inflam-
matory diseases, including anti-oxidant, anti-inflammatory, and immu-
nomodulatory effects. Many of these pleiotropic effects of statins are
mediated by the inhibition of the isoprenylation of small GTP-binding
signalingmolecules, such as Rho, Ras, and Rac [1]. McKay and colleagues
showed for the first time that simvastatin treatment, either orally or by
intraperitoneal injection (i.p.), effectively suppresses acute eosinophilic
airway inflammation and Th2 cytokine secretion in a mouse asthmatic
model [2]. Both oral and i.p simvastatin treatment reduced the
ovalbumin-specific IgE levels; the number of total inflammatory cells,
macrophages, neutrophils, and eosinophils in the bronchoalveolar
lavage fluid; the expression of CD40, CD40 L and VCAM-1; the mRNA
and protein levels of interleukin (IL)-4, IL-13 and tumor necrosis factor
(TNF)-α; the number of goblet cells; and the activity of matrix
@zju.edu.cn (Q. Xie).
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metalloproteinases (MMPs); and induced the activity of small G
proteins, MAP kinases and NF-kappaB activities in bronchoalveolar
lavage cells and lung tissues in ovalbumin-induced allergic asthma in
mice [3]. Cotreatment with mevalonate and simvastatin reversed the
anti-inflammatory effects observedwith simvastatin alone. Themevalo-
nate pathway appears to modulate allergic airway inflammation,
whereas the beneficial effects of simvastatin on lung compliance and
airway hyperreactivity may be independent of themevalonate pathway
[4]. In the clinic, the published data are controversial. Oral statin treat-
ment is associated with reduced hospitalization from asthma attacks
in patients with asthma [5] and the prevention of chronic rhinosinusitis
and pulmonary exacerbation of obstructive airway diseases [6], sug-
gesting possible applications of statins in patients with asthma and
other airway inflammatory diseases. Furthermore, oral statin treatment
enhances the anti-inflammatory effect of an inhaled corticosteroid in
asthmatic patients, which was mediated by the reduction of sputum
macrophage counts and the alteration of the activity of indoleamine 2,
3-dioxygenase (IDO), a tryptophan-degrading enzyme, inmacrophages
[7,8]. In asthma, there are theoretical reasons as to how statins might
exert their therapeutic effects. In human tissue, statin actions include
reducing both the proliferation and activation of T cells and the migra-
tion of leucocytes [9]; inhibiting the adhesion of eosinophils [10], the
degranulation of mast cells [11], and the proliferation, synthesis and
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secretion of extracellular matrix proteins by the human airway smooth
muscle cells [12,13]; and enhancing inflammatory cell apoptosis [14].
However, there are three clinical studies of statins in asthma that have
not demonstrated important differences between statin treatment
and placebo for the spirometry or airway hyperresponsiveness (AHR)
symptoms [15,16], although the sputum leukotriene B4 and macro-
phages decreased significantly with statin treatment [17]. The adminis-
tered dose in the three clinical studies was 40 mg oral atorvastatin or
simvastatin daily, so we cannot exclude the possibility that the lack of
clinical effects may have been because the dose of simvastatin was too
low. Prospective, controlled trials are needed to establish if statins
have a beneficial effect in patients with asthma and chronic obstructive
pulmonary disease, especially those with systemic complications and
comorbidities. The dose response for the pleiotropic effects of statins
has not yet been established and may differ from the cholesterol-
lowering effects. High oral doses of statins may have adverse effects,
particularly on skeletal muscles [17], so it would be important for
statins to be delivered by the inhaled route [18]. Inhaled aerosol drug
delivery provides a unique opportunity for the topical treatment of
the lungs. Ideally, this allows for high pulmonary concentrations of
medication to be attained without high systemic levels, providing effi-
cient and effective therapies that spare patients from the unwanted
side effects. The object of this study was to determine if simvastatin
delivered as an aerosol to the local airway of a murinemodel of asthma
could reduce airway inflammation and AHR while maintaining a low
systemic drug delivery by evaluating the concentrations in the blood
and lung tissue after the aerosol and oral administration of simvastatin.

2. Materials and methods

2.1. Animals

Inbred, female, specific pathogen-free BALB/c mice (weighing 20±
2 g, 6 weeks old) were purchased from the Shanghai Slac Laboratory
Animal Co. Ltd. (Certificate No. SCXK 2007–0005, Shanghai, China). The
animals were housed in a room maintained at 23±2 °C with 50±10%
humidity and a 12-h light/12-h dark cycle (lights on from 8:00 a.m. to
8:00 p.m.). The animalswere allowed free access to tapwater and regular
rodent chow. Rodent chowwas withheld for 8 h before the experiments.
All the animal care and handling procedures were approved by the Insti-
tutional Animal Care and Use Committee of Zhejiang University.

To sensitize the mice, 100 μg ovalbumin (Grade V, Sigma Chemical
Co., St. Louis, MO) adsorbed on a 2-mg aluminum hydroxide gel as an
adjuvant was subcutaneously injected on days 0 and 14. On day 14, a
booster of 50 μg ovalbumin and 2 mg aluminum hydroxide was intra-
peritoneally injected into mice as previously described [19,20].
Fig. 1. Experimental procedure.Micewere subcutaneously (s.c.) sensitized twicewith 100 μg o
mice (control group) were injected with 2 mg aluminum hydroxide adjuvant alone by the sa
antigen via the airwayswith aerosolizedOVA allergen (1% in saline) or an equal volume of salin
ment was started from day 21 to 28.
Control mice were injected with aluminum hydroxide gel following
the same protocol as in Fig. 1. All protocols described in this study
were approved by the University of Zhejiang Committee for Animal
Experimentation.

2.2. Study design

2.2.1. Experiment 1
To estimate the inhibitory potency on airway inflammation

produced by simvastatin administered by the different routes, the
mice were divided into six groups. The treatment groups of mice were
placed in a plastic box and administered simvastatin (Zhejiang Jingxin
Pharmaceutical Co., Ltd., China; dissolved in 100% ethanol) by inhala-
tion (i.h.) with 5 mg/mL (dissolved in 20% ethanol and 80% saline) by
a jet nebulizer (BARI Co. Ltd., Germany), by intratracheal injection (i.t)
with 20 μl/10 g body weight (2 mg/kg), by intragastric injection (i.g)
with 40 mg/kg, and by intraperitoneal injection (i.p) with 40 mg/kg.
The treatments were repeated daily from day 21 to day 28. One hour
after the treatment, the mice were placed in a plastic box and chal-
lenged with aerosolized ovalbumin (10 mg/ml in saline) in the jet
nebulizer for 30 min, which was also repeated daily from day 21 to
day 28. An equal volume of inhaled ethanol was substituted for the
simvastatin in the vehicle-OVA group (model) and the control group.
Y-27632, a Rho-A kinase inhibitor, at 10 mg/kg by intranasal adminis-
tration (i.n.) and 1 mg/kg i.g. dexamethasone were used as reference
drugs for comparison and given once a day for 7 days [21].

2.2.2. Experiment 2
To investigate the dose–effect relationships in airway hyperrespon-

siveness, inflammation and remodeling, the treatment groups were
administered simvastatin at 1, 5 and 20 mg/mL i.h. by a jet nebulizer
(BARI Co. Ltd., Germany), and the treatment was repeated daily from
day 21 to day 28. An equal volume of ethanol inhalationwas substituted
for the simvastatin in the vehicle-OVA group and control group, respec-
tively. One hour after the treatment, the mice were placed in a plastic
box and challenged daily from day 21 to day 28 with aerosolized oval-
bumin (10 mg/ml in saline) in the jet nebulizer for 30 min.

2.2.3. Experiment 3
To determine the plasma and lung tissue drug concentrations of

simvastatin administered by intratracheal injection (i.t.), inhalation
(i.h.) and intragastric injection (i.g.), to compare the potential advan-
tages and disadvantages of the different delivery routes and modes,
and to discuss how to select a better delivery route and mode that
meets the needs of asthma patients, the mice were placed in a plastic
box and administered simvastatin as follows: a single dose of 5 mg/
valbumin allergen emulsified in 2 mg aluminumhydroxide adjuvant. The negative control
me protocol. After 21 days, all animals were placed in a plastic box and challenged with
e (control group) in a jet nebulizer for 30 min, daily, for 7 consecutive days. The drug treat-
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mL via a jet nebulizer for 10 min for inhalation (i.h.), a single dose of
2 mg/kg (20 μl/10 g body weight) by intratracheal injection (i.t), or a
single dose of 100 mg/kg by intragastric injection (i.g).
2.3. The preparation of the bronchoalveolar lavage fluids

Seven days after the ovalbumin challenge, the mice were anesthe-
tized with urethane (2 g/kg, i.p.). The bronchoalveolar lavage fluids
were obtained by cannulating the trachea and lavaging with phos-
phate buffer solution (PBS) containing 1% bovine serum albumin
and 5000 IU/L heparin. The bronchoalveolar lavage fluids were centri-
fuged at 500×g for 10 min at 4 °C. The supernatant was stored at
−80 °C. The pelleted bronchoalveolar lavage fluid cells were resus-
pended in PBS, and the total number of leucocytes was counted in a
Neubauer chamber. Two hundred cells from the bronchoalveolar lavage
fluids stained withWright-Giemsa were identified under a light micro-
scope. The total number of each cell type was determined by multiply-
ing the percentage of each cell type by the total number of cells. The
results were expressed as the number of each cell type in 1 L of bronch-
oalveolar lavage fluids.
2.4. The measurement of airway hyperresponsiveness

The changes in airway resistance (RL) and lung dynamic compliance
(Cdyn)were used to evaluate the changes in airway function after the in-
travenous administration of methacholine (Sigma, St. Louis, USA). The
anesthetized and tracheostomized mice were assessed as previously
described [20–22]. Each anesthetized mouse was placed supine inside
a Plexiglas whole-body plethysmograph. The flow rate was monitored
with a Fleisch tube connected to the airway in a pressure transducer.
The changes in the lung volume were measured by detecting the pres-
sure changes in the plethysmographic chamber through a port in
the connecting tube with a pressure transducer. To measure pleural
pressure, a No. 12 needle with a multiholed tip was directly inserted
into the pleural cavity (between the fourth and fifth rib at the left
thorax) through a port in the connecting tube with a differential pres-
sure transducer. The transpulmonary pressure was calculated as the
difference between the mouth and pleural pressures. The signals of all
the pressure transducers were continuously computed (MedLab,
Nanjing Biotech Instruments, China) by fitting the flow, volume, and
pressure values to an equation of motion. The cumulative dose–effect
curves were established, and the provocation doses (PDs) ofmethacho-
line that produced a 100% increase in lung resistance (PD100) or a 25%
decrease in lung dynamic compliance (PD25)were determined for each
animal. These values were used as the indices of airway responsiveness.
The cumulative doses of 0.0125–0.25 mg/kgmethacholinewere admin-
istered i.v. via the jugular vein cannula for a period of 5 min per dose
with lung function measurements taken between each dose.
Table 1
The gene primers (5′–3′), annealing temperature and cycle.

Subjects Gene primers

CCL-11 Forward-AGAGGCTGAGATCCAAGCAG
Reverse-ACAGATCTCTTTGCCCAACCT

IL-4 Forward-ACGGCACAGAGCTATTGATG
Reverse-ATGGTGGCTCAGTACTACGA

IL-5 Forward-ATGACTGTGCCTCTGTGCCTGGAGC
Reverse-CTGTTTTTCCTGGAGTAAACTGGGG

IFN-γ Forward-CCTCAGACTCTTTGAAGTCT
Reverse-CAGCGACTCCTTTTCCTCTT

β-actin Forward-CTGTCCCTGTATGCCTCTG
Reverse-ATGTCACGCACGA TTTCC
2.5. Reverse transcriptase polymerase chain reaction

The total RNA was extracted from lung homogenates in 1 ml TRIzol
(Takara Bio, Dalian, China) as per the manufacturer's instructions. One-
microgram aliquots of the total RNA were reverse transcribed to cDNA
using moloney murine leukemia virus reverse transcriptase (M-MLV
RTase, Takara Bio, Dalian, China) according to the manufacturer's
instructions. The PCR amplification was performed with 1.25 U of LA
Taq DNA polymerase (Takara, JP), 0.2 μM sense and antisense primers,
and 400 μM each of dATP, dTTP, dGTP and dCTP in a total volume of
25 μl. All PCR the reactions were performed in a gradient thermal cycler
PCR machine (Eppendorf, Germany). The mouse-specific sense and
antisense primers used for the PCR amplifications are shown in
Table 1. The PCR samples and markers were separated in 1.5% agarose
gels containing 0.5 μg/ml ethidium bromide. The photographs of the
UV-transilluminated ethidiumbromide-stained agarose gels were visu-
alized with an imaging system (UVP Company Limited, England). The
results were expressed as the ratio of the OD signal of CCL-11 and the
cytokines to that of β-actin. All the primers were checked against
GenBank for selectivity.

2.6. Enzyme-linked immunosorbent assay (ELISA)

The frozen bronchoalveolar lavagefluidswere thawed on ice and cen-
trifuged at 2000×g for 60 min at 4 °C. The concentrations of CCL-11, IL-4,
IL-5 and IFN-γ in the bronchoalveolar lavage fluid supernatants were
measured by sandwich ELISA using pair matched antibodies according
to the manufacturer's instructions. The ELISA kits were obtained from
eBioscience (San Diego, CA) and R&D (Minneapolis, MN).

2.7. Western blot analyses

The preparation of the protein samples from the lung tissues and the
Western blot analyses were performed as described by Chiba et al. [23]
with some improvements. The lung tissueswere removed and immedi-
ately frozen with liquid nitrogen, and the tissuewas crushed to powder
with a mortar. The tissues were homogenized using a high-speed
disperser in RIPA buffer (Biyuntian Biotechnology, Haimen, China)
containing 1% PMSF (Haoxin Biotechnolgy, Hangzhou, China). After
homogenization and centrifugation at 12,000 rpm at 4 °C for 15 min,
the resulting supernatant was collected. The protein samples (30 μg)
were subjected to 13% (w/v) sodium dodecyl sulfate polyacrylamide
gel electrophoresis at 80–120 V for 2 h and then transferred to 0.45-
μm nitrocellulose membranes at 70 V for 1.5 h. The membranes were
blocked by 5% fat-free milk and then incubated with the rabbit mono-
clonal antibody against RhoA (21 kDa) (Cell Signaling Technology; 1/
1000) or the rabbit monoclonal antibody against β-actin (43 kDa)
(Cell Signaling Technology; 1/1000) in Tris-buffered saline with
Tween-20 overnight at 4 °C. After washing, the membranes were incu-
bated with the goat anti-rabbit 800 antibodies (1:5000) for 2 h at room
Annealing temperature
(°C)

Cycle

61 32

55 35

61 35

58 35

55 32
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temperature. After the final washes, the membranes were scanned
using the Odyssey™ Infrared Imager (169 μm resolution, 0.5 mm offset
with medium quality). The integrated density values were analyzed
with a computerized image analysis system (Quantity One 4.5, Bio-
Rad). The RhoA expression levels were given as the ratio of the OD
signal for RhoA to that for β-actin.
2.8. Tissue processing and histological analysis

The right lungs were taken from mice under terminal anesthesia,
inflated with 10% formalin, and immersed in the same solution before
processing in paraffin-embedded blocks. Five-micrometer sections
were stained with H&E, periodic acid-Schiff (PAS) and Masson-
trichrome to evaluate the general morphology. To determine the peri-
bronchial cell counts and severity of the infiltration of the inflamma-
tory cells, the assays for the mucus-secreting goblet cells and
subepithelial fibrosis were performed based on the 5-point scoring
system described in our previous papers [20,24]. The analyses were
performed in a blind fashion, and the slides were presented in a
random order for each examination.
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2.9. The analysis of the simvastatin concentration in the plasma and lung
tissues of mice

The method previously described by Otaegui et al. [25] and
Koitabashi et al. [26] was usedwith improvements. Briefly, simvastatin
was dissolved in a mixture of PEG, ethanol and water. The mice were
grouped into 3 mice per treatment and administered a single dose of
simvastatin at 40 mg/kg i.t., 40 mg/kg i.g. or 5 mg/ml i.h. for 10 min.
At the predefined time points (0.5, 2 and 6 h), the mice were anesthe-
tized by ether, and blood samples were collected by cardiac puncture.
The blood sampleswere centrifuged for 10 min at 2000 rpm to separate
the plasma, which was kept frozen at −80 °C until analysis by high
performance liquid chromatography (HPLC). In addition, the lungs
were removed from the mice. Liquid–liquid extraction was used for
the sample preparation. To a 150-μl aliquot of plasma sample, 150 μl
acetonitrile was added. The samples were stirred for 10 min and centri-
fuged at 12,000 rpm for 10 min. After centrifugation, the upper organic
layer was removed, and 50 μl of the obtained solution was injected into
the HPLC system (Agilent 1100). The lung tissue samples were accu-
rately weighed, and 500 μl acetonitrile was added per 100 mg tissue
and homogenized. The tissue homogenates were processed in a similar
manner as the plasma samples and analyzed by HPLC using a C18
column (Agilent Hypersil ODS 5 μm, 4.0×250) as the stationary phase
and an acetonitrile: water: acetic acid (70: 30: 0.1, V/V) mixture as
the mobile phase. The flow rate was 1.0 mL/min. The simvastatin levels
were quantified by UV at 238 nm with a limit of quantification in the
range of 5–2000 ng/ml. The pharmacokinetic analyses were performed
using the data of the plasma and lung tissue concentrations as described
by Chapman [27].
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Fig. 2. The effects of simvastatin delivered via the different routes on the airway
inflammatory cells in the BALF. The mice were treated as described in Fig. 1, and the
bronchoalveolar lavage fluid was harvested 24 h after the final ovalbumin challenge.
The data are expressed as the mean±S.E.M. n=9–10 for each group. ##Pb0.01 versus
the control group; *Pb0.05, **Pb0.01 versus the OVA-vehicle group; †Pb0.05 versus
the Sim 40 mg/kg (i.g.)-OVA group. The treatments were as follows: simvastatin at
5 mg/ml via inhalation (i.h.) for 10 min, 2 mg/kg by intratracheal injection (i.t.),
40 mg/kg by intragastric injection (i.g), or 40 mg/kg by intraperitoneal injection
(i.p.); dexamethasone (Dex) at 1 mg/kg by intragastric injection (i.g.) and Y-27632 at
10 mg/kg by intranasal administration (i.n.), daily, for 7 consecutive days.
2.10. Data analysis

The numerical data are presented as the means±S.E.M. The statis-
tical calculations were performed using SigmaStat software (Sigma-
Stat 2.0, SPSS Inc., Chicago, IL, USA). ANOVA and the Student–
Newman–Keuls multiple comparisons test were used for evaluating
the differences in respiratory function, the number of inflammatory
cells, the cytokine mRNA expression in the lungs and the cytokine
levels in the bronchoalveolar lavage fluid in each group. The signifi-
cance was assessed at a level of Pb0.05. The experiments were per-
formed independently at least twice; the results were qualitatively
identical.
3. Results

3.1. The effects of the different delivery routes of simvastatin on airway
inflammatory cells

The total number of inflammatory cells in the bronchoalveolar
lavage fluid (BALF) of the vehicle-ovalbumin-treated mice was 6.8-
fold greater than that in controlmice. Simvastatin delivered by different
routes (5 mg/mL i.h. for 10 min, 2 mg/kg i.t., 40 mg/kg i.g., and 40mg/
kg i.p.), the reference drug Y-27632 (10 mg/kg i.n.) and dexamethasone
(1 mg/kg i.p.) all significantly inhibited the accumulation of the inflam-
matory cells in the airways. The eosinophils in the BALF in the vehicle-
OVA-treatedmice increased 125-fold compared to that in saline-vehicle
mice (Fig. 2). The pretreatment of the mice sensitized and challenged
with ovalbumin with simvastatin by all routes and the reference drug
for 7 days significantly decreased the number of eosinophils. However,
simvastatin at 5 mg/ml i.h. and 2 mg/kg i.t. had amore potent inhibitory
effect on the accumulation of the total number of inflammatory cells
and eosinophils in the airways compared to that of simvastatin at
40 mg/kg i.g. and 40 mg/kg i.p. (Pb0.05). Simvastatin at 5 mg/ml i.h.
and 2 mg/kg i.t. had similar potent effects as that of dexamethasone at
1 mg/kg i.p.
3.2. The dose–response of i.h. simvastatin on the inflammatory cells in
the BALF

The total number of inflammatory cells in the BALF of vehicle-OVA
mice was 7.2-fold greater than that in the control mice. The inhalation
pretreatment with simvastatin at 1, 5 and 20 mg/ml significantly inhib-
ited the infiltration of the inflammatory cells in a dose-dependent
manner. The classification of these inflammatory cells indicated that in
the vehicle-OVA treated mice, the number of eosinophils, lymphocytes,
macrophagocytes and neutrophils in the BALF increased 273.6-, 3.2-,
2.1- and 17.1-fold, respectively, compared to the control mice (Fig. 3).
The pretreatment of the mice sensitized and challenged with ovalbumin
with varying doses of simvastatin for 7 days significantly decreased the
number of eosinophils, lymphocytes, macrophagocytes and neutrophils
in a dose-dependentmanner, but not simvastatin at 1 mg/ml significantly

image of Fig.�2


##

**

**

##

**
**

***

#
*#

* * * **
#

0

20

40

60

80

100

120

Control vehicle-
OVA

Sim 1-
OVA

Sim 5-
OVA

Sim 20-
OVA

total leukocytes
eosinophils
lymphocytes 
macrophages
neutrophils

C
el

l N
um

be
r 

(×
10

7 /
L

)

Fig. 3. The dose–response of simvastatin delivered via inhalation on the inflammatory
cells in the BALF. The mice were treated as described in Fig. 1, and the bronchoalveolar
lavage fluid was harvested 24 h after the final ovalbumin challenge. The data are
expressed as the mean±S.E.M. n=10 for each group. ##Pb0.01 versus the control
group; *Pb0.05, **Pb0.01 versus the OVA-vehicle group.

##

##

#

*

*

*

**

*

*

*

0

50

100

150

200

250

300

350

400

%
 in

cr
ea

se
 o

f 
R

L

Control
Vehicle-OVA
Sim 1mg/ml(i.h)-OVA
Sim 5mg/ml(i.h)-OVA
Sim 20mg/ml(i.h)-OVA
Y-27632 10mg/kg(i.n)-OVA

*
*

**

#

##

##

*

*

*

*

0

10

20

30

40

50

60

70
0 0.05 0.1 0.15 0.2 0.25

Methacholine mg/kg(i.v) 

%
 d

ec
re

as
e 

of
 C

dy
n
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10 mg/kg Y-27632 or vehicle once a day for 7 days. Fifteen minutes after the aerosol
administration of Sim and vehicle or Y-27632 i.n., the mice were challenged with aero-
solized antigen or normal saline (NS) for 30 min daily. Twenty-four hours after the
final ovalbumin challenge, the RL and Cdyn against the intravenous application of
methacholine was determined as described in the Materials and methods. The data
are expressed as the mean±S.E.M. n=9–10 for each group. #Pb0.05, ##Pb0.01 versus
the control mice; *Pb0.05, **Pb0.01 versus the OVA-vehicle group.
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inhibited the accumulation of the total number of inflammatory cells,
eosinophils and neutrophils in airways.

3.3. The allergen-induced airway hyperresponsiveness to methacholine

The airway responsiveness to intravenous methacholine treatment
at the doses of 0, 0.05, 0.1, 0.15, 0.2 and 0.25 mg/kg was assessed 24 h
after the final challenge. The responsiveness of the control mice to
methacholine was observed as a weak change in airway resistance
(RL) and lung dynamic compliance (Cdyn). However, the vehicle-OVA-
treated mice had obvious airway responsiveness with a significant
and dose-dependent increase in RL and decrease in Cdyn compared to
the control mice (Fig. 4 and Table 2). The aerosol pretreatment with
simvastatin at the doses of 1, 5 and 20 mg/ml significantly and dose-
dependently reduced the airway responsiveness provoked by metha-
choline. Additionally, the reference drug Y-27632 at 10 mg/kg i.n. had
a significant inhibitory effect on the airway responsiveness. The inhibi-
tory effect of simvastatin at the dose of 5 mg/ml i.h. was comparable to
that of Y-27632 at 10 mg/kg i.n.

3.4. CCL-11, IL-4, IL-5 and IFN-γ mRNA expression in the lung tissues

To measure the CCL-11, IL-4, IL-5 and IFN-γ mRNA expression in
vivo, the lung tissues were harvested and tested 24 h after the last
ovalbumin challenge. As shown in Fig. 5, the vehicle-OVA-treated
Table 2
Effects of simvastatin and Y-27632 on methacholine -induced increase of airway resis-
tance (PD100) and reduction of lung dynamic compliance (PD25) in actively sensitized
mice. Sensitized mice react at smaller doses of intravenous methacholine, indicating
airway hyperresponsiveness. Data are given as mean (95% confidence limits).

Groups n RL PD100 (95% CI)
mg/kg, i.v.

Cdyn PD50 (95% CI)
mg/kg, i.v.

Control (vehicle i.h) 10 0.148(0.112–0.196) 0.182(0.126–0.246)
vehicle-OVA (i.h) 10 0.079(0.059–0.1120) # 0.072 (0.051–0.101) #

Sim 1 mg/ml-OVA (i.h) 9 0.127(0.114–0.143) 0.089(0.062–0.105)
Sim 5 mg/ml-OVA (i.h) 10 0.103(0.096–0.134)⁎ 0.125(0.098–0.168)⁎

Sim 20 mg/ml-OVA (i.h) 9 0.121(0.107–0.156)⁎⁎ 0.162(0.127–0.211)⁎⁎

Y-27632 10 mg/kg-OVA (i.n) 9 0.098(0.078–0.129)⁎ 0.118(0.096–0.158)⁎

# Pb0.05, versus control group.
⁎ Pb0.05.
⁎⁎ Pb0.01, versus vehicle-OVA.
mice showed an obvious up-regulation in the CCL-11, IL-4 and IL-5
mRNA expression compared to the control mice, and the aerosol pre-
treatment with simvastatin at the doses of 1, 5 and 20 mg/ml signifi-
cantly inhibited this up-regulation, with the inhibition of CCL-11 and
IL-4 up-regulation occurring in a dose-dependent manner. The inhib-
itory effect of simvastatin at 5 mg/ml i.h. was comparable to that of Y-
27632 at 10 mg/kg i.n.
3.5. CCL-11, IL-4, IL-5 and IFN-γ levels in the BALF

The levels of the CCL-11, IL-4, IL-5 and IFN-γ proteins were mea-
sured by ELISA. As shown in Fig. 6, in the vehicle-OVA-treated mice,
the levels of CCL-11, IL-4 and IL-5 in the BALF increased 1.2-, 3.3- and
3.9-fold, respectively, and the IFN-γ level did not decrease, compared
to the control mice. The aerosol pretreatment with simvastatin signifi-
cantly and dose-dependently inhibited the up-regulation of the CCL-
11, IL-4 and IL-5 levels in the BALF. The effect of simvastatin at 5 mg/
ml i.h. was comparable to that of Y-27632 at 10 mg/kg i.n. Simvastatin
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at 5 and 20 mg/ml i.h. and Y-27632 at 10 mg/kg i.n. increased the IFN-γ
level compared to the control or vehicle-OVA mice.

3.6. Eosinophil infiltration, mucus production and collagen deposition in
lung tissues

The lung tissue was harvested 24 h after the final ovalbumin chal-
lenge. The vehicle-OVA-treated mice showed an obvious infiltration
of the inflammatory cells into the peribronchiolar and perivascular
connective tissues. Goblet cell hyperplasia and mucus hypersecretion
within the bronchi of the lungs were also observed. There was a dra-
matic increase in both the extent of collagen deposition and the
intensity of staining compared with control mice. Simvastatin at 5
or 20 mg/ml i.h. and Y-27632 at 10 mg/kg i.n. markedly attenuated
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Fig. 6. The effects of simvastatin (Sim) and Y-27632 on the protein level of CCL-11, IL-4, IL-5
and IFN-γ in the BALF of asthmatic mice. The mice were processed and treated as described
in Fig. 1, and the bronchoalveolar lavage fluid was harvested 24 h after the final ovalbumin
challenge. The levels of CCL-11, IL-4, IL-5 and IFN-γ in the BALF were analyzed by ELISA.
n=8 for each group. The results are shown as themean±S.E.M. #Pb0.05, ##Pb0.01 versus
the control group; *Pb0.05, **Pb0.01 versus the OVA-vehicle group.
the ovalbumin-induced eosinophil infiltration, mucus production
and collagen deposition in the lung tissues compared with the
vehicle-OVA group (Figs. 7A and B). However, simvastatin at 1 mg/
ml i.h. did not have a significant effect on eosinophil infiltration,
mucus production or collagen deposition in the lung tissues.

3.7. RhoA protein expression

The lung tissue was harvested 24 h after the final ovalbumin chal-
lenge. The vehicle-OVA-treated mice showed a significant up-regulation
of RhoA protein expression compared to the control mice, and aerosol
pretreatment with simvastatin at 5 and 20 mg/ml and Y-27632 at
10 mg/kg i.n. significantly inhibited the up-regulation of RhoA protein
expression (Fig. 8).

3.8. The lung and plasma concentrations of the simvastatin delivered via
different routes

To estimate the relative contribution of the systemically absorbed
drug to the biological activity when simvastatin was delivered topi-
cally to the lungs, a series of pharmacokinetic and biological studies
were performed. Table 3 shows the drug concentrations in the lung
tissue and plasma after i.h, i.t and i.g simvastatin administration. To
assay the drug concentration of the lung tissue and plasma after
simvastatin was delivered by the i.g route, the mice were treated with
a high dose (100 mg/kg) of simvastatin. The results show a lower con-
centration of drug in the lung tissue following the high-dose treatment
compared to that following simvastatin treatment at 5 mg/ml i.h. for
10 min. The plasma concentration 0.5, 2 and 6 h after the i.h. adminis-
tration was only 5-, 1.9- and 2.7-fold, respectively. However, the lung
concentration was 25.8-, 5.5- and 4.8-fold of the levels following the
i.g. treatment, respectively. After 0.5, 2 and 6 h of simvastatin treatment
at 40 mg/ml i.t., the plasma levels were only 25-, 5.5- and 5.0-fold of the
levels following the i.g. treatment, respectively, and were increased
more than twenty-thousand-fold in the lung tissues.

4. Discussion

This study describes the pharmacology of simvastatin, which has a
biological and pharmacokinetic profile ideal for delivery as an inhaled
drug. Simvastatin is a potent inhibitor of 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase and has been widely prescribed to
treat hyperlipidemia. Statins have several other pharmacological
actions that might be beneficial in airway inflammation disease, in-
cluding anti-inflammatory, anti-oxidant, and immunomodulatory
effects. Many of these pleiotropic effects of statins are mediated by
the inhibition of the isoprenylation of small GTP-binding signaling
molecules. However, the dose response of the pleiotropic effects of sta-
tins has not yet been established and may differ from that of the
cholesterol-lowering effects. High doses of oral statins may have
adverse effects, particularly on skeletal muscles, so it is important for
statins to be delivered by inhalation [18]. In this study, i.h. simvastatin
attenuated airway inflammation, remodeling and hyperresponsiveness
by inhibiting the RhoA pathway in a dose-dependent manner in the
mouse model of asthma. Simvastatin is active when administered by
inhalation but is weakly active when administered orally. These results
are consistent with the pharmacokinetic properties of simvastatin,
which show low plasma levels after oral administration but dose-
dependent increases in efficacy after inhalation.

The selection of simvastatin as an appropriate compound for inhala-
tion was based upon several important pharmacokinetic factors. First,
simvastatin has low oral bioavailability. In pharmacokinetic studies
with simvastatin at 40 mg/kg p.o., the calculated oral bioavailability was
5%. Low oral bioavailability is a critical factor for inhaled drugs that
have the potential for adverse side effects when absorbed systemically
[28]. This rationale has been successfully used for the inhaled
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corticosteroids and long-acting muscarinic antagonists [28,29]. The very
low bioavailability of inhaled or oral simvastatin is probably due to its
poor absorption, which significantly limits its systemic exposure to
cause adverse side effects. Second, simvastatin is highly protein-bound
(94%–98% plasma protein binding in human blood), which further limits
the systemic exposure to the free drug following inhalation [30]. Finally,
simvastatin has a good lipophilicity, which is suitable for inhaled delivery
as a dry powder systemor apressuremetered-dose inhaler; this rationale
has also been successfully used for inhaled corticosteroids [31]. The selec-
tion of simvastatin for the development as an inhaled compoundwas also
based upon important biological information. In the present study, i.h. or
i.t. simvastatin have an extremely potent anti-inflammatory effect in
vivo, which is between 20- and 100-fold greater than the effect observed
by the i.p. or i.g. routes. The potency of simvastatin was reduced in the
presence of human serum. This probably reflects the binding of simva-
statin to the plasma proteins in addition to its poor absorption. In the
present study, we compared the pharmacokinetic parameters of the
lung tissues and plasma following the i.h. and i.t. administration of simva-
statin in mice, which aimed to determine how much i.h. simvastatin is
absorbed as compared to the 100% absorption by the i.t administration.
The results showed that the lung tissue and plasma concentration fol-
lowing i.h. delivery was only 3% to 4% compared to that following i.t.
administration. However, in rat, these values were 8% to 10%, and a
healthy volunteer study showed a 55% to 60% increase in the pattern
of deposition within the lung due to treatment with an HFA-
beclomethasone metered-dose inhaler [32]. As discussed above, these
results may suggest that simvastatin is a potential anti-inflammatory
drug that has pharmacological and pharmacodynamic properties suit-
able for delivery via inhalation.

Although i.g. and i.p. simvastatin have shown good efficacy in pre-
clinical models [2–4,6,33,34], it is not clear if i.h. simvastatin influences
the proinflammatory factors and remodeling. In the present study, i.h.
simvastatin significantly decreased the levels of CCL-11, IL-4 and IL-5
mRNA in lung tissue and their protein concentrations in the BALF and
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increased IFN-γ mRNA in lung tissue and its protein concentrations in
the BALF; these cytokines play a central role in Th1 and Th2 allergic
inflammation and AHR (Figs. 5 and 6). CCL-11, IL-4 and IL-5 are
known to enhance AHR, whereas IL-4 maintains the allergic response
via its effects on T and B lymphocytes and IgE. CCL-11 and IL-5 play a
critical role in the expansion of eosinophil pools in both the bone
marrow and blood in response to allergen provocation of the airways
[34]. IL-4 probably acts by activating eosinophil-specific adhesion path-
ways and by regulating the production of IL-5 and CCL-11 in the lung
compartment. IL-5 and CCL-11 co-operate locally in pulmonary tissues
to selectively and synergistically promote eosinophilia. Thus, IL-5 acts
systemically to induce eosinophilia and within tissues to promote
local chemotactic signals. The regulation of the IL-5 and CCL-11 levels
within the lung by IL-4 and IL-13 allows the Th2 cells to elegantly co-
ordinate tissue and peripheral eosinophilia. Whereas the inhibition of
either the IL-4/IL-13 or IL-5/eotaxin pathways resulted in the abolition
of tissue eosinophils and AHR, only the depletion of IL-5 and CCL-11
concurrently results in the marked attenuation of pulmonary inflam-
mation, AHR [35] and airway remodeling [36].

The beneficial effects of i.h. simvastatin on AHR may be due to the
inhibition of these key cytokines. Chiba and colleagues showed that
Table 3
Comparison of plasma and lung concentration of simvastatin following doses adminis-
tered by inhalation, intragastric injection or intratracheal injection. Data are expressed
as mean±S.E.M. n=5 (each group).

Routes
(doses)

Time
(h)

Conc. of plasma
(μg/ml)

Conc. of lung
(μg/g tissue)

Ratio of
Lung/plasma

i.h
(5 mg/ml, 10 min)

0.5 0.282±0.055 6.850±0.244 24.3
2 0.261±0.031 1.838±0.121 7.1
6 0.260±0.059 1.258±0.099 4.8

i.g
(100 mg/kg)

0.5 0.057±0.006 0.270±0.043 10.0
2 0.139±0.013 0.335±0.067 2.4
6 0.094±0.028 0.262±0.053 2.7

i.t
(2 mg/kg)

0.5 0.267±0.042 186.3±21.28 697.8
2 0.578±0.137 170.4±26.74 294.8
6 0.467±0.034 139.5±15.31 298.7
IL-4 and IL-13 up-regulate the small G protein RhoA, thereby resulting
in increased bronchial smooth muscle cell hyperresponsiveness in a
mouse model of allergic inflammation [23,37]. Moreover, the CCL11-
induced migration is also fully dependent on both RhoA and ROCK
[38]. Simvastatin may work through multiple mechanisms: first, by
reducing CCL11, IL-4 and IL-13 production (or by inhibiting the cells
that make these cytokines); and second, by depleting mevalonate and
geranylgeranyl pyrophosphate (GGPP) [4], thereby preventing the acti-
vation of RhoA signaling. In the present study, we studied the functional
relevance of RhoA expression in lung tissues using the ROCK inhibitor
Y-27632 by i.n. and simvastatin by i.h. Allergen exposure activates
RhoA in lungs, and i.n. Y-27632 and i.h. simvastatin significantly inhib-
ited inflammation and RhoA expression. Similarly, Schaafsma and
colleagues showed that allergen challenge increases the role of Rho-
kinase in airway smooth muscle (ASM) contraction. The basal tone
in the preparations from both the control and OVA-sensitized animals
was strongly decreased in the presence of the Rho-kinase inhibitor
Y-27632. The expression of RhoA, an upstream activator of Rho-
kinase, was significantly increased (2.6-fold) in the lung homogenates
of the OVA-sensitized animals compared to the control animals, as
determined by Western analysis [39]. The contribution of Rho-kinase
to the contractile airway responsiveness, both in vivo and ex vivo, is
augmented after active allergic sensitization, presumably as a conse-
quence of the increased expression of RhoA. Henry and colleagues
showed that Y-27632 inhibits pulmonary eosinophilia, bronchocon-
striction and airway hyperresponsiveness in allergic mice [21]. There-
fore, the inhibition of the RhoA/Rho-kinase pathway may be
considered to be a useful pharmacotherapeutical target for the treat-
ment of allergies and asthma.

In conclusion, our study demonstrates that i.h. simvastatin attenu-
ates the allergic airway inflammation in a RhoA-dependent manner,
inhibits the mRNA expression or protein release of Th2 cytokines and
chemokines, and improves airway remodeling and lung function.
These data demonstrate for the first time that the inhalation of simva-
statin caused a higher drug concentration in the local lung tissue, a
more potent anti-inflammatory action, and a lower drug concentration
in the plasma and therefore fewer potential side effects than that of oral
simvastatin. These results suggest that simvastatin is a potential anti-
inflammatory drug for airway inflammatory diseases with properties
suitable for delivery by inhalation, which will probably overcome the
side effects and low clinical efficacy of large oral doses of simvastatin.
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