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ABSTRACT

Purpose This study was undertaken to evaluate the biophar-
maceutical properties of cyclosporine A (CsA)-loaded nano-
matrix particles for inhalation.

Methods Nano-matrix particles of CsA with mannitol
(nCsAm) were prepared by a flash nano-precipitation tech-
nique employing a multi-inlet vortex mixer and evaluated in
terms of physicochemical properties, anti-inflammatory effect
in the rat model of airway inflammation, pharmacokinetic
behavior, and distributions of CsA to side-effect-related or-
gans after intratracheal administration.

Results In nCsAm, spherical nano-particles of CsA were cov-
ered with mannitol and the mean particle size was 1.3 pm.
The in vitro Next Generation Impactor analysis demonstrated
fine inhalation performance with a fine particle fraction value
of 65.8%. Intratracheal nCsAm (100 pg-CsA/rat) significant-
ly attenuated the recruitment of inflammatory cells into the
airway in the rat model of airway inflammation, followed by
suppression of the inflammatory biomarkers. After
intratracheal nCsAm at a pharmacologically effective dose
(100 pg-CsA/rat), there was a 42—47-fold decrease in the dis-
tribution of CsA to side-effect-related organs such as the kid-
ney and liver compared with oral CsA at a toxic dose (10 mg-
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CsA/kg), potentially leading to avoidance of systemic side-
effects of CsA.

Conclusion Upon these findings, nCsAm prepared with the
flash nano-precipitation technique could be a novel dosage
form of CsA for inhalation therapy of airway inflammation
with a better safety margin.

KEY WORDS anti-inflammatory effect - cyclosporine A -
inhalation - nano-matrix particles - pharmacokinetic control

ABBREVIATIONS

BALF Bronchoalveolar lavage fluid

COPD  Chronic obstructive pulmonary disease
CsA Clyclosporine A

DLS Dynamic light scattering

DSC Differential scanning calorimetry
FPF Fine particle fraction
HPLC  High performance liquid chromatography

IL Interleukin

MIVM  Mult inlet vortex mixer

MPO  Myeloperoxidase

NCsAm  Nano-matrix CsA particles with mannitol
NGl Next generation impactor

OVA Ovalbumin

PXRD  Powder X-ray diffraction

SEM Scanning electron microscopy
INTRODUCTION

Cyclosporine A (CsA) has been widely used for the prevention
of allograft rejection in various organ transplantations and the
treatment of autoimmune diseases owing to its inhibition of
various T-lymphocyte functions, especially the production of
interleukin-2 (IL-2) (1-3). The orally-dosed CsA could be a
promising dosage option for the treatment of lung transplant
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patients who do not tolerate tacrolimus (4). There have been a
number of reports on the application of CsA to the treatment
of airway inflammation associated with asthma and chronic
obstructive pulmonary disease (COPD) model animals, since
T-cells can be key effector cells in the pathologies of these
inflammatory diseases (5—7). In spite of the attractive thera-
peutic potential of CsA, the application of oral formulations to
the treatment of respiratory diseases would be challenging due
to the risk of high systemic exposure after oral administration
and subsequent severe adverse side-effects including nephro-
toxicity, hepatotoxicity, hypertension, and neurotoxicity (8,9).
Lung-specific delivery of a sufficient amount of CsA can hard-
ly be controlled by oral administration because of the high
variability of oral bioavailability caused by its high molecular
weight, high lipophilicity, and low intestinal permeability (10).
Pulmonary administration would be a promising strategy for
the treatment of respiratory diseases since it could deliver an
efficacious drug level to the affected area and minimize sys-
temic exposure of the drug after administration (11-13). A
number of clinical trials have been carried out to evaluate
the effects of inhaled CsA in lung transplant recipients
(14,15), and the clinical application of inhaled CsA formula-
tion has been desired for many years.

The dry powder inhaler (DPI) is the preferred delivery
system for pulmonary drug administration since device is por-
table and compact, no propellant is required, and the ease of
administration increase patient compliance (16). Although a
DPI delivery system is desirable for the treatment of respira-
tory diseases, it would be challenging to achieve a particle
design with desirable aerodynamic properties such as particle
size, shape, flowability, and density to deposit efficiently from
the trachea to the lung periphery (17). Even after reaching the
respiratory tract, poorly water-soluble particles tend to be
eliminated by innate mechanisms such as phagocytosis by al-
veolar macrophages and mucociliary clearance in the lung
(18,19). A specific range of aerodynamic particle sizes (1—
5 um) is optimal for efficient pulmonary delivery of drug
(20). Enhanced solubility of CsA could be a key consideration
in avoiding clearance of the drug particles from the lung. Fine
particles with a high specific surface area lead to improved
solubility and dissolution; however, these small particles are
generally cohesive, so they aggregate and demonstrate poor
dispersibility of the powders. To overcome these drawbacks, a
number of pharmaceutical technologies have been developed
to achieve effective pulmonary delivery. DPI systems of CsA
have been produced with wet-milling technique (7), spray-
drying (21) and spray freeze-drying (22). Micron-sized aggre-
gates of nano-particles defined as nano-matrix particles with
desirable inhalation properties have been produced by the
combination use of a nano-precipitation technique and
spray-drying (23,24). In the previous report, the flash nano-
precipitation method using a multi inlet vortex mixer (MIVM)
was applied to the production of inhalable nano-matrix
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particles of CsA (nCsAm). The process was demonstrated to
be rapid, precisely controlled, and scalable; and the particles
produced had the required physicochemical properties for
inhalation (24). These observations prompted us to evaluate
the therapeutic potential and pharmacokinetic behavior of
CsA after intratracheal administration of nCsAm.

The main purpose of the present study was to evaluate the
biopharmaceutical properties of nCsAm as an inhalable for-
mulation for the treatment of airway inflammation. In this
study, nanoformulations of CsA with mannitol matrices,
nCsAm were prepared by combination of the flash nano-
precipitation technique and spray-drying. The physicochem-
ical properties of the powder were characterized in terms of
morphology, crystallinity, and in vitro inhalation. The anti-
inflammatory effect of nCsAm was evaluated using an oval-
bumin (OVA)-sensitized asthma/COPD animal model. The
systemic exposure and tissue distributions of CsA in side-
effect-related tissues such as the liver and kidney were also
assessed to clarify the risk of side-effects after oral and
intratracheal administration of CsA samples.

MATERIALS AND METHODS
Materials

CsA was purchased from Changzhou An-Yuan Import and
Export Corporation (Changzhou, China); soy bean lecithin
from Cargill Texturizing Solutions (Wayzata, USA); a-
lactose monohydrate from Friesland Campina Domo
(Amersfoort, Netherlands); Slipicone®, silicone release spray,
from DC Products (Mount Waverly, Australia); and mannitol
was kindly supplied by Pharmaxis (Frenchs Forest, Australia).
All other chemicals were purchased from commercial sources.

Preparation of Nano-matrix CsA Particles

A nano-suspension of CsA was produced by the flash nano-
precipitation method using a four-stream MIVM as reported
previously (24). The mixer consisted of four inlets through
which liquid reactants were pumped at controlled flow rates.
Briefly, CsA was dissolved in absolute ethanol at a concentra-
tion of 50 mg/mL (Solution I). Lecithin and lactose were
dissolved in water at 0.0125% w/v and 0.5% w/v, respectively
(Solution II). Solution I was loaded into two syringes and
solution IT was also loaded into two other syringes at the same
volume. All four syringes were connected to the MIVM with
each dispensing 20 mL at 30 mL/min. Micro-mixing and
nano-particle precipitation occurred inside the mixing cham-
ber. The product was collected from the outlet into a beaker
with 400 mL of deionized water stirred by a magnetic stirrer.
Mannitol was put into the suspension with a mass loading
equal to the CsA in the nanoparticles. The suspension was
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refrigerated for at least 2 h and then spray-dried using a Biichi
Mini Spray-Dryer B-290 (Biichi Labortechnik, Flawil,
Switzerland) connected to a Biichi Dehumidifier B-296 (in
open loop, blowing mode) under the following conditions:
inlet temperature of 120°C, outlet temperatures of 70-89°C,
aspiration rate of 100%, atomizing air flow at 819 NL/h and
liquid feed rate of 3.5 mL/min. In all cases, the powder from
the collector was transferred to separate sealed containers and
stored with silica gel desiccant at 22°C until further analysis
and processing.

Dynamic Light Scattering

The particle size of nano-particles prepared with MIVM was
measured by dynamic light scattering (DLS) (Malvern
Zetasiser Nano ZS, Malvern, Worcestershire, UK). The mea-
surement parameters were as follows: the particle and disper-
sant refractive indices were 1.578 and 1.338, respectively. The
absorption value of CsA was 0.1 and the dispersant viscosity
was 1.367 mPa ¢ s. The samples were measured in a dispos-
able cuvette at 20°C in triplicate.

Scanning Electron Microscopy

The surface morphology of CsA samples was characterized by
scanning electron microscopy (SEM) using a secondary detec-
tor at 5 kV (Zeiss Ultra Plus, Carl Zeiss SMT AG,
Oberkochen, Germany). Prior to imaging, samples were dis-
persed onto sticky carbon tape, mounted on SEM stubs, and
sputter coated with approximately 15 nm thick gold using a
K550X sputter coater (Quorum Emitech, Kent, UK).

Laser Diffraction

The particle size distribution of nCsAm was determined by
diffraction through a Scirocco 2000 dry powder feeder
(Malvern Instruments, Worcestershire, UK). Samples of pow-
der (approximately 10 mg) were dispersed in triplicate at
4 bar. Measurement parameters were as follows: obscuration
of 0.3—10%, particle refractive index and absorption of 1.575
and 0.1, respectively; and the dispersant refractive index for
air was 1.000. The data were expressed as D¢, D50, and Dy
which are the equivalent spherical volume diameters at 10, 50,
and 90% cumulative volume, respectively. The span, which is
the breadth of the particle size distribution, is defined as (Dyo—
D)/ Dsy.

Differential Scanning Calorimetry and Powder X-ray
Diffraction

Differential scanning calorimetry (DSC) thermograms of the
CsA samples were obtained using a Model 823e DSC (Mettler
Toledo, Canton, USA). Each sample (3 + 1 mg) was heated

from 20 to 400°C at a rate of 10°C./min under constant ni-
trogen purge. Powder X-ray diffraction (PXRD) patterns
were recorded using an X-ray diffractometer (Model XRD-
6000, Shimadzu Corporation, Kyoto, Japan) with Cu Ka
radiation at 40 kV and 30 mA. The experiment was carried
out under ambient conditions and the data were collected
with angular increments of 0.02°/s per step covering a 26
range of 5—40°.

Next Generation Impactor

The n vitro aerosol performance of nCsAm was characterized
using a Next Generation Impactor (NGI) impactor (Copley
Scientific, Nottingham, UK). Each impactor stage was
sprayed with Slipicone™ silicone prior to experiments to min-
imize particle bounce and re-entrainment, and the solvent was
allowed to evaporate before the unit was re-assembled. An
Aerolizer®™ (Novartis Australia Pty. Ltd., North Ryde,
Australia) inhaler was loaded with an empty capsule and fitted
with a rubber adapter to a calibrated flow meter (TSI 3063,
TSI Instruments Ltd., Shoreview, USA) to check and adjust
the total flow rate to 100 L/min. Samples of nCsAm (5
+0.2 mg) were manually filled into size 3 hydroxypropyl
methylcellulose capsules (Capsugel, West Ryde, Australia).
Each run dispersed one capsule using air drawn through the
impactor at 100 L/min for 2.4 s, and was repeated in tripli-
cate. After dispersion, drug that deposited on the device, cap-
sule, adaptor, and each impactor stage were exhaustively
washed with 5 mL of methanol/water solution (volumetric
ratio 85:15) except for Stage 1 which was washed with
15 mL of the same solution. The CsA concentration was de-
termined using high performance liquid chromatography
(HPLC). The mobile phase consisted of acetonitrile, metha-
nol, water, and phosphoric acid in 360/90/50/2.5% v/v. The
HPLC system consisted of a SPD-20A UV-VIS detector (de-
tection wavelength: 210 nm), LC-20AT pump, and SIL-20A
HT Autosampler controlled by LC Solution software
(Shimadzu Scientific Instruments, Kyoto, Japan). Samples
were injected (50 pL) into an Altima® C18 5 pm
4.6 X250 mm column (Alltech Associates, Deerfield, USA)
at a flow rate of 1.5 mL/min (retention time of CsA: 7 min).
The fine particle fraction (FPF) percentage was defined as the
mass fraction <5 pm with respect to the recovered dose. This
cumulative mass fraction was obtained by interpolation be-
tween the two cumulative mass fractions corresponding to
the cutoff diameters for Stages 2 and 3 at 100 L/min.

Animals and Drug Inhalation
Male Sprague—Dawley rats (8—11 weeks of age; Japan SLC,
Shizuoka, Japan) were housed three per cage in the laboratory

with free access to food and water. The laboratory condition
was maintained on a 12 h dark/light cycle in a room with

@ Springer



2110

Sato et al.

controlled temperature (24 + 1°C) and humidity (55 £ 5%).
Animals were fasted for 12 h before experiments. All proce-
dures used 1n the present study were conducted according to
the guidelines approved by the Institutional Animal Care and
Ethical Committee of University of Shizuoka.

To induce the airway inflammation, sensitization and air-
way challenge with OVA were performed as described previ-
ously (25). The rats were sensitized on days 0 and 14 by intra-
peritoneal injection of 100 pg of OVA with 5 mg of aluminum
hydroxide. After the last sensitization of OVA at 24 h, they
were anesthetized with sodium pentobarbital (50 mg/kg, 2.p.)
and received an airway challenge by intratracheal administra-
tion of OVA respirable powder (100 pg-OVA/rat) using a
Penn Century powder insufflation delivery device (DP-4,
INA Research Inc., Nagano, Japan). At 1 h before the
intratracheal sensitization, nCsAm (100 pg-CsA/rat) or vehi-
cle (lactose powder) was administered via intratracheal insuf-
flation. A bolus of air (2 mL) from an attached syringe was
used to deliver the preloaded powder from the chamber of the
insufflator into the rat airways. At 24 h after OVA challenge,
rats were exsanguinated via the descending aorta under anes-
thesia with sodium pentobarbital (50 mg/kg, #.p.) to obtain the
bronchoalveolar lavage fluid (BALF) and lung tissue.

Inflammatory Cells and Biomarkers in the BALF

To obtain the BALF, phosphate buffered saline (PBS) (5 mL)
was infused into the lung and withdrawn through tracheal
cannulation five times after exsanguination. BALF was pooled
and immediately centrifuged at 112Xg for 5 min. The super-
natant was removed and the cells were resuspended with PBS
(1 mL). The number of total cells in BALF was counted using
an automated cell counter TC20 (Bio-Rad Laboratories Inc.,
Tokyo, Japan) after the addition of an equal amount of 0.2%
trypan blue. The collected BALF samples were stained by the
Wright-Giemsa stain method to identify the type of inflam-
matory cells. The supernatant obtained from BALF was
stored at —20°C for biochemical analysis.

Enzymatic detection of myeloperoxidase (MPO) activity in
BALF was performed according to the previous report with
minor modifications (26). In brief, assay mixtures consisted of
40 pL. HyO, (final concentration 0.3 mM) in 80 mM sodium
phosphate buffer (pH 5.4) and 50 pLL BALF. The reaction was
initiated by addition of 10 pL 3,5',5,5"-tetramethylbenzidine
(final concentration 1.6 mM) in dimethyl sulfoxide at 37°C,
and stopped after 2 min by the addition of 0.18 M HySO,.
After the reaction, optical density was determined at 450 nm
by UV-VIS spectrophotometer.

Collagen Synthesis

The collagen content in the lung tissues was determined by
Sircol collagen assay (Biocolor Ltd., Belfast, Northern Ireland,
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UK) in accordance with the manufacturer’s instructions. The
sircol collagen assay has been demonstrated to quantify the
collagen content in biological tissues in previous studies (27).
Briefly, the right middle lobe (ca. 0.2 g) of the lung was re-
moved after BALF, and then the lung was homogenized in
1 mL of PBS and centrifuged (10,000Xg) for 10 min at 4°C.
The pellets were washed with 1 mL of PBS and centrifuged
(10,000%g) for 10 min at 4°C two times. Collagen was solubi-
lized in 0.5 M acetic acid. Extracts were incubated with Sirius
red dye and absorbance was measured at 540 nm using a
microplate reader (Safire; Tecan, Mannedorf, Switzerland).
The amount of collagen 1s expressed in units of pg/g of wet
tissue.

Systemic Exposure of CsA After Intratracheal or Oral
Administration

Blood samples (volume of 200 pL) were taken from the tail
vein at the indicated times after oral administration of
Neoral®™ (10 mg-CsA/kg) or intratracheal administration of
nCsAm (100 pg-CsA/rat). The blood samples were centri-
fuged at 10,000Xg to obtain plasma samples which were then
kept frozen below —20°C until chemical analysis. The con-
centrations of CsA in plasma were determined by an internal
standard method using UPLC/ESI-MS. Briefly, 100 uL of
acetonitrile and 5 pL of internal standard (tamoxifen,
500 ng/mL) were added to 50 puL of plasma sample and
centrifuged at 2,000Xg for 5 min. The supernatants were fil-
tered through a 0.20-pm filter and then analyzed by
UPLC/ESI-MS. The column temperature was maintained
at 65°C, and the standard and samples were separated using
a gradient mobile phase consisting of acetonitrile (A) and
5 mM ammonium acetate (B) with a flow rate of 0.25 mL/
min. The gradient method of analysis was 0—1.0 min, 50% A;
1.0-2.5 min, 70% A; 2.5-3.0 min, 84% A; 3.0-3.5 min, 95%
A; and 3.5-4.0 min, 50% A. Peaks for internal standard and
CsA were detected at retention times of 2.00 and 2.31 min,
respectively. The pharmacokinetic parameters for CsA were
calculated by means of noncompartmental methods using the
WinNonlin program (Ver. 4.1, Pharsight Corporation,
Mountain View, CA).

Tissue Distributions of CsA

The tissue accumulation of CsA in organs including the liver
and kidney were estimated at 7, after oral administration of
Neoral®™ (10 mg-CsA/kg) or intratracheal administration of
nCsAm (100 pg-CsA/rat). Rats were sacrificed by obtaining
blood from the descending aorta under temporary anesthesia
with diethyl ether, and then the liver and kidney were carefully
excised. The liver and kidney tissues were homogenized in
3 mL of saline using a Polytron PT 10-35 (Kinematica,
Medfield, MA, USA). The homogenates were transferred into
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test tubes. The tubes used for homogenizing had 1 mL of
saline added to them for washing, and then the suspensions
were transferred into stoppered test tubes. The stoppered test
tubes had 4 mL of ethyl acetate added to them, followed by
extraction on a shaker. After centrifugation (2,000Xg, 5 min),
the organic phases were collected into disposable glass tubes.
This liquid-liquid extraction was repeated three times and all
organic phases were pooled with each tissue and evaporated
to dryness under a stream of nitrogen gas. The residues were
dissolved in 1 mL of 70% acetonitrile. After centrifugation at
2,000Xg for 5 min, 200 pL of acetonitrile and internal stan-
dard were added to 100 pL of samples. The supernatants
were subjected to UPLC/ESI-MS analysis as described in
the previous section.

Statistical Data Analysis

For statistical comparisons, one-way analysis of variance with
pairwise comparison by Fisher’s least significant difference
procedure was used. A p value less than 0.05 was considered
significant for all analyses.

RESULTS AND DISCUSSION
Physicochemical Properties of nCsAm

In the present study, nCsAm was prepared with the combina-
tion use of a flash nano-precipitation technique via MIVM
and spray-drying. Although numerous pharmaceutical tech-
niques based on bottom-up processes have been reported for
manufacturing nano-particles, it has been challenging to con-
trol the nucleation and crystallization of drug compounds for
the generation of uniform nano-particles (28). In the MIVM,
intense mixing of the organic solvent solution containing the
hydrophobic compound with water could induce a supersat-
urated state in times on the order of milliseconds to initiate
rapid nano-precipitation, producing uniform nano-particles
with a narrow size distribution (29,30). Lecithin was added
to the sample solution as a dispersant, which coats the growing
nanocrystals and stops aggregation to control the ultimate
nanoparticle size. The hydrophobic tail of lipids adsorb onto
the hydrophobic CsA surface and the hydrophilic head group
extends into the external aqueous environment to provide
both electrostatic and steric stabilization (31). The D5, of pri-
mary particles in the nano-suspension prepared with MIVM
was 170.0 £ 5.4 nm before spray-drying. From the SEM ob-
servations, untreated CsA powder was composed of irregular
shaped particles with diameters of 50-100 pm (Fig. 1a). The
primary particle size of CsA nano-particles without mannitol
was approximately 100-200 nm (Fig. 1b), which is consistent
with the result of DLS analysis. In contrast, in nCsAm, CsA
nano-particles dispersed in mannitol to form micron-sized

aggregates during the spray-drying process (Fig. 1c). It has
been reported that the addition of mannitol as a matrix for-
mer enhances the dissolution behavior of CsA due to improve-
ments in dispersibility and wettability of CsA nano-particles
(24). PXRD and DSC analysis for the evaluation of crystallin-
ity demonstrated the amorphous state of CGsA within the for-
mulation (data not shown). From a physicochemical perspec-
tive, the amorphous form would be more readily soluble com-
pared with the crystalline form due to its high energy state.
The combination of the high energy amorphous solid form
and the particles with nanometer size could lead to improve-
ment of the dissolution behavior of CsA.

A drug must be adequately delivered to the affected area
for efficacious therapy of respiratory diseases since its delivery
might have major impact on the clinical outcomes, therapy
cost, and medication compliance (32). Laser diffraction anal-
ysis with the dry system showed a volume median diameter of
nCsAm around 1.3 pm and span value of 1.35 (Fig. 2a), sug-
gesting well-controlled manufacturing of inhalable particles.
The deposition pattern and acrodynamic behavior of inhaled
nCsAm in the respiratory site were estimated using the NGI
(Fig. 2b). As can be seen from the results of NGI analysis,
nCsAm demonstrated a desirable inhalation profile as evi-
denced by the FPF value of 65.8% calculated with cut off
diameter <5 pm. CsA was mainly deposited at stage 3 and 4
in NGI system, indicating the potential of nCsAm to reach the
deep lung. The majority of acrosol particles with acrodynamic
diameter of about 1-2 pm could be deposited in the periph-
eral regions of lung, if slowly and deeply inhaled (33).
Although such fine particles are typically cohesive and likely
to disperse poorly owing to their large surface area and low
flowability, the nCsAm indicated a high emitted fraction and
FPF value without the addition of coarse carrier particles. The
surface morphology of the particle can significantly affect the
aerosol performance of powders (34). In a previous report,
surface roughness improved the dispersibility of powders (23)
and the surface morphology of the nano-matrix particles in
this study were similarly rough, as demonstrated by the SEM
images (24). The nCsAm were found to be appropriate parti-
cles for effective delivery to the lung airways.

Anti-inflammatory Effect of nCsAm in Rat Model
of Airway Inflammation

Inhalable formulations of CsA have provided potential thera-
peutic effects for lung transplant patients and corticosteroid-
dependent asthma in previous reports (35-37). These thera-
peutic effects were accompanied by suppression of the serum
levels of soluble IL-2 receptor and IL-2 receptor-binding
CD4" T lymphocytes (38). These findings support the hypoth-
esis that the therapeutic effect of CsA on airway inflammation
is mediated by the inhibition of T cell activation. Local ad-
ministration of CsA to the respiratory system can limit
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Fig. I Scanning electron
microscopy of CsA samples. (a)
untreated CsA, (b) CsA nano-
particles prepared by flash nano-
precipitation method without
mannitol, and (c) nCsAm. White
and black bars represent 50 um and
2 um, respectively.

systemic exposure and enhance the topical anti-inflammatory
effect. To assess the therapeutic potential of nCsAm for airway
inflammation, the anti-inflammatory effect was evaluated
using OVA-sensitized asthma/COPD model rats (25). This
OVA-sensitized animal has been widely used as an airway
inflammation model, since repeated exposures of aerosolized
OVA to actively immunized rats can induce the production of
OVA-specific IgE, airway hyperresponsiveness, peribronchial
inflammation, and an increase in BALF eosinophilia and
neutrophilia (39). In the antigen-sensitized rat with
intratracheal administration of the vehicle formulation, the
total numbers of inflammatory cells and neutrophils in
BALLF significantly increased by ca. 5- and 10-fold, respective-
ly (Table I). The OVA challenge in the airway induced pul-
monary neutrophilia in rats, eventually injuring the epitheli-
um and underlying basement membrane in pulmonary tissues
(25). There were also slight increases in the numbers of eosin-
ophils and macrophages after the antigen sensitization. These
inflammatory cells could damage the pulmonary tissues due to
the production of various cytokines and reactive oxygen free
radicals (40). In contrast, there was significant suppression of
the increase in total inflammatory cells and neutrophils re-
cruitment in the nCsAm pre-treated group, showing 49.8%
and 31.1% decreases, respectively. MPO i1s known to be the
inflammatory cytokine released from neutrophils and macro-
phages driving inflammatory reactions and oxidative stress
damage, and might be a potential target for some inflamma-
tory diseases (41). The production of collagen within the lung
tissue is a pathognomonic feature of fibrosis and remodeling of
the lung tissues in COPD and chronic asthma (42). In vehicle-
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treated rats, OVA-induced increases in the MPO activity and
production of collagen were observed due to the airway
neutrophilia. In contrast, pretreatment of OVA-sensitized rats
with nCsAm resulted in as much as 63.3% attenuation of
MPO activity in BALF and 71.0% reduction of collagen pro-
duction in the lung tissue (Fig. 3a and b). The results were also
indicative of suppressing the neutrophilia in the airway system,
suggesting the therapeutic potential of nCsAm for treatment
of pulmonary inflammatory diseases.

Pharmacokinetic Study

In spite of the numerous reports about application of CsA to
the treatment of respiratory inflammation, clinical and exper-
imental trials through the oral route delivery have been limit-
ed due to concerns about various side-effects, including neph-
rotoxicity, hepatotoxicity, cardiotoxicity, and hypertension
caused by high systemic exposure to the drug (9,43—45). An
inhalable formulation could be a promising strategy to achieve
site-specific delivery and thereby a safe and efficacious therapy
for airway inflammation. A pharmacokinetic study on
intratracheal and oral administration of CsA samples in rats
was carried out to validate the advantage of inhalable CsA
formulation. The present study demonstrated the plasma
concentration-time profiles of CsA 1in rats after intratracheal
administration of a therapeutic dose (0.1 mg-CsA/rat, «.t.) and
oral administration of a toxic dose (10 mg-CsA/kg, p.o.) (46).
The intratracheal nCsAm resulted in significantly lower sys-
temic exposure to CsA compared with the oral CsA formula-
tion with a nephrotoxic dose as evidenced by the ., and
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Fig. 2 In vitro inhalation properties of nCsAm. (a) Particle size distribution of
nCsAm as determined by laser diffraction. The nCsAm was dispersed by dry
air at 4 bars of pressure. Dotted line indicates the cumulative distribution of
nCsAm particles. (b) In vitro aerosol performance evaluated by dispersing
powder using an Aerolizer® inhaler through a Next Generation Impactor at
an airflow rate of 100 L/min. The numbers in parentheses indicate aerody-
namic cut off diameters for each stage.

AUC( g4 values of 225.5 ng/mL and 33,800 ng ¢ h/mlL,
respectively (Fig. 4a and Table II). These observations would
suggest that intratracheal nCsAm might be efficacious for
avoldance of systemic side-effects because of reduced dosage
amount upon topical administration. Further toxicity studies
on nCsAm are needed to clarity the safety concern under

Table I  Inflammatory Cell Recruitment in BALF

Recoverable cells in BALF (X 10° cells/mL)

OVA-sensitized

Control Vehicle nCsAm
Total cells 213£29" 101.1 £ 14.9 50.4 =78
Macrophages 132%22 24824 245=*3.6
Neutrophils 74107 735=12.2 243+49"
Eosinophils 08=+04 28+05 [.6=0.5

Data represent mean = SE of 4 experiments

#*p < 0,01, *p < 0.05 with respect to vehicle group
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Fig. 3 Anti-inflammatory effects of nCsAm after intratracheal administration
in rat model of acute airway inflammation. (@) MPO activities in BALF Each
value represents mean = S.E. of 6 rats. (b) Collagen production in the lung
tissue. Each value represents mean =+ S.E. of 6 rats. ** p < 0.01, * p < 0.05
with respect to vehicle group.

chronic use. Local distributions of CsA in side-effects-related
organs such as the kidney and liver were quantified at 7,
after intratracheal and oral administration of CsA samples.
Compared with orally-treated rats at a toxic dose, the tissue
distributions of CsA within both the liver and kidney were
lower in intratracheally-nCsAm-treated rats by 42- and 47-
fold, respectively (Fig. 4b). The local renal accumulation of
CsA could contribute significantly to chronic nephrotoxicity
since the concentration of CsA is correlated with decline of
renal function and increased histologic damage in the kidney
(47). The CGsA-induced acute renal dysfunction can be accom-
panied by the direct contraction of blood vessels and changes
in various vasoconstrictor factors in the kidney (8,48,49).
Excessive systemic exposure of CsA can induce free radical
formation leading to acute renal and liver dysfunction
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Fig. 4 Pharmacokinetic behavior of CsA samples after oral (10 mg-CsA/kg)
and intratracheal (100 ug-CsA/rat) administration in rats. (@) Systemic expo-
sure of CsA in plasma. o, intratracheal nCsAm; and m, oral Neoral®. Each
value represents mean = S.E. of 6 rats. (b) Tissue accumulation of CsA in the
liver and kidney. Each value represents mean = S.E. of 4-5 rats. **p < 0.01
with respect to Neoral®-administrated group.

(45,49). Intratracheal nCsAm could reduce such systemic ex-
posure as well as the limited local distributions of CsA, poten-
tially leading to the avoidance of systemic side-effects. In a
previous report, the systemic exposure after inhalation of a
20 mg dose was much lower than that achieved after admin-
istration of a 3 mg oral dose, suggesting a better safety margin
with a higher therapeutic potential of inhalation (50). A num-
ber of inhalable CsA formulations have been developed to

overcome the disadvantages, e.g., nebulizer formulation and
metered-dose inhaler formulation (ADI628) (50,51). In previ-
ous clinical trials on inhalable CsA formulation, nebulized
CsA exhibited beneficial effects in the lung transplant recipi-
ents in terms of pharmacokinetic behavior of CsA (14). Using
inhalation system, adequate amount of CsA can be delivered
to the pulmonary tissues of lung transplant patients without
excessive systemic exposure of CsA (52). However, the liquid
formulations contain organic solvents and surfactants such as
ethanol, polyethylene glycol and propylene glycol as a
solubilizer of CsA. These solvents are potential irritants, so
that the liquid formulation of CsA aerosol is limited due to
the risk of its local irritations. Therefore, DPI system like
nCsAm would be a desirable option for the direct delivery of
the drug to the respiratory systems, with no use of irritant
ingredients.

It is possible to vary the pharmacokinetic behaviors of a
concomitant drug owing to the inhibition of P-glycoprotein
by systemic exposure of CsA. P-glycoprotein is expressed at
the apical side of tubular epithelial cells and liver cells and is
responsible for the excretion of various drugs. With respect to
the metabolism, CsA undergoes extensive hepatic metabolism
and can suppress the function of the cytochrome P450 system,
leading to variations in the pharmacokinetic behaviors of the
co-existing drugs that are substrates of P450, especially the
3A4 genotype. From these perspectives, excessive systemic
exposure to CsA could induce higher blood concentrations
of the concomitant drugs than single use, resulting in en-
hanced drug effects and subsequently adverse side-effects re-
lated to excessive drug exposure. The inhalable CsA formula-
tion could also be beneficial in suppressing the risk of the drug-
drug interaction due to the limited systemic exposure of CsA.

CONCLUSION

In the present study, nCsAm was successfully prepared with a
flash nano-precipitation technology employing MIVM for in-
halation therapy of airway inflammation. The @ vitro inhala-
tion properties and dispersibility of nCsAm were found to be
efficient for desirable pulmonary delivery. Insufflated nCsAm
suppressed antigen-evoked pulmonary inflammation in rats
and minimize the systemic exposure and distribution to side-
effect-related organs. These findings indicate that nano-
matrix particles prepared with MIVM could be a viable

Table Il Pharmacokinetic
Parameters of CsA Formulations

Crnax (Ng/mL) Tenax () Tin () AUCo 24 (ng * h/mL)
nCsAm (0.1 mg-CsAvrat, i.t.) 382+56 - 46+12 256 + 58.8
Neoral (10 mg-CsAkg, p.0.) 3,190 = 174 23+06 56+06 33,800 = 2410

Crnax Maximum concentration, Ta, time to maximum concentration, T, half life, AUC, 54 area under the curve of
blood concentration vs. time from 0 to 24 h after administration. Data represent mean = S.E. of 6 experiments
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delivery option for the treatment of respiratory discases with a

better safety margin relative to orally administered drug.
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