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Intratracheal budesonide-poly(lactide-co-glycolide)

microparticles reduce oxidative stress, VEGF expression,

and vascular leakage in a benzo(a)pyrene-fed mouse

model

Nagesh Bandi, Surya P. Ayalasomayajula, Devender S. Dhanda,

Jun Iwakawa, Pi-Wan Cheng and Uday B. Kompella

Abstract

The purpose of this study was to determine whether intratracheally instilled polymeric budesonide

microparticles could sustain lung budesonide levels for one week and inhibit early biochemical

changes associated with benzo(a)pyrene (B[a]P) feeding in a mouse model for lung tumours.

Polymeric microparticles of budesonide-poly (DL-lactide-co-glycolide) (PLGA 50:50) were prepared

using a solvent evaporation technique and characterized for their size, morphology, encapsulation

efficiency, and in-vitro release. The microparticles were administered intratracheally (i.t.) to B[a]P-

fed A/J mice. At the end of one week drug levels in the lung tissue and bronchoalveolar lavage (BAL)

were estimated using HPLC and compared with systemic (intramuscular) administration. In addition,

in-vivo end points including malondialdehyde (MDA), glutathione (GSH), total protein levels and

vascular endothelial growth factor (VEGF) in BAL, and VEGF and c-myc mRNA levels in the lung tissue

were assessed at the end of one week following intratracheal administration of budesonide micro-

particles. Budesonide-PLGA microparticles (1–2�m), with a budesonide loading efficiency of 69–94%,

sustained in-vitro budesonide release for over 21 days. Compared with the intramuscular route,

intratracheally administered budesonide-PLGA microparticles resulted in higher budesonide levels in

the BAL and lung tissue. In-vivo, B[a]P-feeding increased BAL MDA, lung VEGF mRNA, lung c-myc

mRNA, BAL total protein, and BAL VEGF levels by 60, 112, 71, 154, and 78%, respectively, and

decreased BAL GSH by 62%. Interestingly, intratracheally administered budesonide-PLGA particles

inhibited these biochemical changes. Thus, biodegradable budesonide microparticles sustained bude-

sonide release and reduced MDA accumulation, GSH depletion, vascular leakage, and VEGF and c-myc

expression in B[a]P-fed mice, indicating the potential of locally delivered sustained-release particles for

inhibiting angiogenic factors in lung cancer.

Introduction

Lung cancer is the second most common cancer in the United States, accounting for
approximately 28% of cancer deaths (Giovino 2002; Nelson & Kelsey 2002).
Significant progress has been made in the last decade in understanding the pathogen-
esis of lung cancer. Abnormalities of proto-oncogenes, genetic and epigenetic changes
of tumour suppressor genes, and tumour angiogenesis are some of the important
factors that underlie the pathogenesis of lung cancer. The involvement of tumour
angiogenesis in the initiation and/or progression of lung cancer is supported by a
plethora of evidence (Giatromanolaki 2001).

Angiogenesis, defined as new blood vessel growth, is an important biological
process that governs the nourishment and/or development of a variety of tumours
including those of the lung (Kerbel et al 1998; Bunn et al 2000; Herbst & Fidler 2000).
Although multiple factors are likely responsible for the tumour angiogenesis in lung
cancer, substantial evidence suggests a key role for vascular endothelial growth factor
(VEGF), a potent 42-kDa endothelial specific mitogen. Evidence indicates that VEGF
expression is four to six times greater in lungs with tumours compared with normal



lungs (Koukourakis et al 2000). Also, a correlation exists
between elevated lung VEGF expression and vascular
hyper-permeability in lung tumours (Karmpaliotis et al
2002). VEGF, through its ability to bind to its receptor,
VEGF-R2/fetal liver kinase (flk), induces capillary leak-
age, fluid accumulation, and hence oedema (Karmpaliotis
et al 2002). In addition, VEGF induces endothelial cell
proliferation and formation of vasculature, tumour inva-
sion, and metastasis. Thus, inhibition of lung VEGF
expression has been identified as an attractive therapeutic
strategy to treat lung cancer (Bunn et al 2000; Cox et al
2000). To this end, new treatment approaches directed
against VEGF and its receptors are under development
for treating lung cancer as well as other cancers. It is
noteworthy that recently an anti-VEGF antibody
(Avastin, Genentech) has been approved for the treatment
of colorectal cancer.

Budesonide is being investigated as a potential candi-
date for inhibiting VEGF expression in lung cancer.
Budesonide (MW 430.5Da; log P¼ 3.2), a potent non-
halogenated corticosteroid, is currently in clinical use for
treating asthma, allergic rhinitis, and inflammatory bowel
disease. Budesonide reduces VEGF expression in respira-
tory (airway and alveolar) and ocular (retinal pigment)
epithelial cells (Bandi & Kompella 2001; Kompella et al
2003). Budesonide is known to prevent lung tumours
(adenomas) induced by vinyl carbamate (Pereira et al
2002; Tao et al 2002) and benzo[a]pyrene (Wattenberg &
Estensen 1997; Wattenberg et al 1997, 2000) in A/J mice.
Although these studies indicated that budesonide pre-
vented lung tumour formation, its ability to inhibit
VEGF expression was not addressed. If budesonide is
capable of inhibiting VEGF expression in lung tumours,
potentially it can be used as an adjuvant to potentiate the
effects of cytotoxic drugs (Eskens 2004). Clinically, regio-
nal chemotherapy has been useful in selected situations for
treating colon cancer, melanoma, ovarian cancer, carcino-
matous meningitis, and superficial bladder cancer
(Ghussen & Kruger 1989; Markman 1996, 1999;
Kemeny et al 1999). Using a regional therapy approach,
Wattenberg et al (1997, 2000) demonstrated that nasal
administration of budesonide as an aerosol at a low dose
(72�g kg�1, six times a week for 16 weeks) was as potent
as a high dose dietary budesonide (300�g kg�1, adminis-
tered in the feed for 16 weeks) in preventing pulmonary
tumour formation in benzo(a)pyrene (B[a]P)-fed female
A/J mice. Therefore, this study assessed inhibition of
VEGF expression in response to regional budesonide
delivery. Although budesonide has been delivered by the
inhalation route to prevent lung tumour formation
(Wattenberg et al 1997, 2000), no attempts have been
made to sustain the respiratory delivery of budesonide in
a lung tumour model. Colloidal drug delivery systems
including liposomes and polymeric particles are useful in
sustaining drug delivery to the lungs (Lai et al 1993;
Suarez et al 2001; Konduri et al 2003). This study used a
biodegradable polymeric particulate system to sustain
lung delivery of budesonide, because such a system allows
efficient encapsulation and sustained release ranging from
weeks to months.

The B[a]P-fed mouse is a widely used model to examine
the molecular and cellular mechanisms governing the
pathogenesis of lung cancer. Upon inhalation and/or
ingestion, B[a]P is metabolized to mutagenic derivatives,
which form DNA adducts within the target cells.
Considerable experimental evidence has suggested that
B[a]P induces oxidative stress, as indicated by an increase
of lipid peroxidation end products such as malondialde-
hyde (MDA) and a decrease of antioxidants such as
glutathione (GSH) (Yuan et al 1994; Garcon et al 2001).
The induced oxidative stress can act as a potent stimulus
for the upregulation of the expression of a variety of
proto-oncogenes such as c-myc (Li & Spector 1997) and
angiogenic genes such as VEGF (Maulik & Das 2002;
Ruddell et al 2003). In addition, B[a]P-fed A/J mice exhi-
bit K-ras oncogene mutations (Gray et al 2001), which
are associated with VEGF gene expression (Konishi et al
2000). Possibly due to these biochemical changes, B[a]P-
fed mice develop lung tumours (Wattenberg & Estensen
1997; Wattenberg et al 2000). Thus, the purpose of this
study was to prepare biodegradable polymeric micropar-
ticles of budesonide and to assess their ability to reduce
early biochemical changes including MDA formation,
GSH depletion, VEGF and c-myc expression, and vas-
cular leakage in a B[a]P-fed mouse model of lung
tumour.

Materials and Methods

Chemicals

RT-PCR kit was obtained from Promega Corporation
(Madison, WI, USA) and the primers for VEGF, c-myc,
and 18S rRNA were custom synthesized (DNA Core
Facility, University of Nebraska Medical Center,
Omaha, NE, USA). Budesonide and polyvinyl alcohol
(PVA) were obtained from Sigma Chemical Co. (St Louis,
MO, USA). Poly (lactide-co-glycolide) (50:50) (PLGA) of
intrinsic viscosities 0.17 and 0.66dLg�1 were obtained from
Birmingham Polymers, Inc. (Birmingham, AL, USA). The
HPLC grade methylene chloride and acetonitrile were
obtained from Fisher Scientific (Pittsburgh, PA, USA).

Budesonide-PLGA particle formulation

Polymeric-budesonide microparticles were formulated
using a solvent evaporation method using PLGA (50:50)
of intrinsic viscosity 0.17 dL g�1 (formulation 1, F1) or
0.66 dL g�1 (formulation 2, F2). Budesonide and the poly-
mer were dissolved in 1mL dichloromethane and this
solution was added to 10mL aqueous PVA (2% w/v)
solution. The resulting mixture was sonicated for 1.5min
at 20W using a probe sonicator (Misonix Inc.,
Farmingdale, NY) to obtain an oil/water emulsion. The
oil/water emulsion was immediately added drop-wise to
100mL aqueous PVA (2% w/v) solution. The contents
were stirred overnight at room temperature to evaporate
the methylene chloride, allowing the formation of a turbid
particulate suspension. The microparticles were separated
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using centrifugation (1000 g for 30min). The pellets were
washed twice, re-suspended in de-ionized water, and
freeze-dried to obtain lyophilized particles.

Electron microscopy of budesonide-PLGA

particles

The morphology of the budesonide-PLGA microparticles
was analysed using scanning (SEM) and transmission
(TEM) electron microscopes.

SEM
A small quantity of microparticles were layered on the
SEM stubs and coated with gold-palladium under an
argon atmosphere using a gold sputter module in a high
vacuum evaporator. Samples were then observed for their
surface morphology with a Phillips SEM 51S scanning
electron microscope set at 10KV.

TEM
Initially, carbon-coated grids were floated on a droplet of
the microparticles suspension on Parafilm, to permit the
adsorption of the particles onto the grid. After blotting the
grid with a filter paper and air-drying for 5min, the grid
was transferred onto a drop of the negative stain.
Following this, the grid was blotted with a filter paper
and air-dried for 5min. Ammonium molybdate was used
as a negative stain in these experiments. Finally, the sam-
ples were examined with an EM410 Phillips electron
microscope set at 60 kV.

Zeta potential measurements

The zeta potential of the microparticles was measured
using a zeta plus instrument (Brookhaven Instruments
Corporation, Huntsville, NY, USA) in the zeta potential
analysis mode. A sample of microparticles weighing
1.5mg was suspended in 5mL distilled water. The sus-
pended particles were then sonicated for 60 s and the zeta
potential was measured using palladium electrodes.

Particle size and drug loading measurement of

budesonide-PLGA particles

Size
The particle size of budesonide-PLGA microparticles was
determined using a particle size analyser (Brookhaven
Instruments Corporation, Huntsville, NY) set at an
angle of detection of 900. A 0.5-mg sample of polymeric-
budesonide particles was suspended in 5mL distilled
water and the diluted suspension was then subjected to
particle size measurement.

Drug loading
The loading efficiency of budesonide in F1 and F2 was
determined by extracting and quantifying the encapsu-
lated budesonide. Budesonide-polymeric particles (2mg)
were dissolved in 2mL methylene chloride and the result-
ing solution was evaporated to dryness under nitrogen.

The dried residue was reconstituted with 1000�L acetoni-
trile:water mixture (70:30). This reconstituted solution
was vortexed for 1min, centrifuged at 12 000 g for 5min,
and 100�L supernatant was injected onto the HPLC col-
umn. Drug recovery in this method was >93%.

In-vitro drug release

The in-vitro release of budesonide from F1 and F2 was
carried out at 37�C using dialysis membrane bags (mole-
cular weight cut-off: 10 000, Spectrum Laboratories,
Rancho Dominiguez, CA, USA) (Kompella et al 2003).
A 0.5-mL suspension of budesonide-PLGA particles con-
taining 160�g budesonide was taken into the dialysis bag
and the unit was allowed to float in 40mL release medium
(phosphate-buffered saline (PBS; pH 7.4) containing
0.025% sodium azide as a preservative). At various time
points up to 21 days, 1.5mL of the release medium was
removed and replaced with fresh release medium. A 100-�L
sample was directly analysed using an HPLC assay.

Tissue levels of budesonide

Female A/J mice (Jackson Laboratories, Bar Harbor,
ME, USA; approximately five-weeks old and 20–25 g)
were used in all experiments. The A/J mice carry lung
cancer susceptibility genes (Stoner & Shimkin 1991).
Lung adenomas in this mouse progress to adenocarcino-
mas, with some metastasis. These adenocarcinomas are
morphologically similar to alveolgenic carcinomas in
man. Female mice were chosen for this study because
they exhibit greater lung tumour incidence/multiplicity
and develop tumours more rapidly compared with the
male A/J mice following B[a]P administration. This is
possibly due to lower levels of detoxifying enzymes such
as glutathione S-transferase isoenzymes in the female mice
(Singh et al 1998).

The animals were fed a normal diet (Purina, Inc.,
Richmond, IN, USA). The mice were housed in a constant
temperature facility with controlled lighting: lights on at
0600 h and off at 1800 h. The mice were given the first of
three administrations of 2mg B[a]P in 0.2mL cottonseed
oil. The time interval between the first and second doses
was four days and that between the second and third doses
was three days. Budesonide administration was made one
week following the last dose of B[a]P. The mice were
randomized into three groups of five each. Group 1:
B[a]P-fed mice administered with single intratracheal
instillation of budesonide-PLGA particles (budesonide
dose: 150�g); group 2: B[a]P-fed mice administered with
single intramuscular injection of budesonide suspension
(budesonide dose: 500�g); and group 3: B[a]P-fed mice
administered with single intramuscular injection of bude-
sonide-PLGA particles (budesonide dose: 500�g). The
animals were killed at the end of one week of budesonide
treatment and the lungs were isolated. In all the in-vivo
studies, particles from formulation F1 were used. The
protocol for the various animal studies was approved by
the Institutional Animal Care and Use Committee at the
University of Nebraska Medical Center.
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Intratracheal instillation
After anaesthetizing the animals using an intraperitoneal
injection of avertin (5mg/20 g), each mouse received an
intratracheal instillation of budesonide-PLGA particles
(containing 150�g budesonide) suspended in sterile saline.
The budesonide-PLGA particle suspension was delivered
to the trachea by bolus injection using a 27-gauge, 0.75-in
angiocath (Becton Dickinson Infusion Therapy Systems
Inc., Sandy, UT) (Yanagihara et al 2001).

Intramuscular administration
After anaesthetizing the animals using an intraperitoneal
injection of avertin (5mg/20 g), one group of mice received
an intramuscular injection of budesonide suspension
(500�g budesonide) and the other group received an
intramuscular injection of budesonide-PLGA particles
(500�g budesonide) suspended in sterile saline. Both
forms of budesonide (100�L) were administered intra-
muscularly into the tibial cranial muscle, longitudinally,
using a 27-gauge needle.

Isolation of bronchoalveolar lavage (BAL) and lung
tissues
After killing the animal, the trachea was cut at the oeso-
phageal region and the lung lobes were isolated along with
the trachea (Yanagihara et al 2001). Following isolation, a
small incision was made on either of the lung lobes and
1mL sterile PBS was perfused through the trachea using a
27-gauge needle and the lavage fluids were collected. Using
the collected lavage, the procedure was repeated three times
and the recovered fluids were pooled. Samples of the BAL
were immediately processed for GSH, MDA, total protein,
and VEGF protein estimations. Part of the lung tissue was
immediately extracted for total RNA and the RNA was
stored at �80�C for RT-PCR analysis within two days.
Parts of BAL and tissue were stored at �80�C and used
within a week for drug analysis.

HPLC assay of budesonide

The amount of budesonide in samples obtained from
in-vitro release, drug loading measurement studies, and
lung tissue and BAL obtained in disposition studies was
determined using a previously reported HPLC assay
(Chanoine et al 1991). Samples from in-vitro release and
drug loading measurement studies were directly injected
after processing as described above. For drug analysis in
lung tissue, the isolated lung tissue was homogenized in
200�L PBS buffer (Tissue Tearor, Fisher Scientific,
Pittsburgh, PA). To the homogenate, 2.5�L 40�gmL�1

solution of celecoxib was added as an internal standard
and mixed thoroughly. To this, methylene chloride (2mL)
was added and mixed thoroughly at room temperature for
5min. The resulting extract was evaporated to dryness
under nitrogen and the dried residue was reconstituted
with 150�L acetonitrile:water (70:30) mixture. This recon-
stituted solution was vortexed for 1min, centrifuged at
12 000 g for 5min, and 100�L supernatant was injected
onto a Waters HPLC equipped with a pump (Waters TM
616), a controller (Waters 600S), an autoinjector (Waters

717 plus), and a PDA detector (Waters 996). For the BAL,
an appropriate concentration of internal standard was
added and a similar extraction procedure was followed.
The drug was separated isocratically on a 25-cm long
Discovery C-18 column (Supelco, Emeryville, CA) with a
particle diameter of 5�m and a pore size of 100 Å, using a
mobile phase consisting of acetonitrile and aqueous buffer
mixture (70:30 v/v). The buffer was 0.1% acetic acid in water
at pH 3. The mobile phase flow rate was set at 1mLmin�1

and the drugs were detected using a photodiode array detec-
tor set at 250nm. The peak areas were integrated using
Millennium software (Version 2.15.01). The limit of detec-
tion of the HPLC assay was 1ng and the budesonide
recovery from the tissues with the above extraction pro-
cedure was >95%.

In-vivo effect study

For this study, the mice were randomized into three
groups of four each. Group 1: untreated mice; group 2:
B[a]P-fed mice; group 3: B[a]P-fed mice administered with
single intratracheal instillation of budesonide-PLGA par-
ticles (budesonide dose: 150�g). The animals were killed
at the end of one week of budesonide treatment and the
lungs were isolated. In all the effect studies, particles from
formulation F1 were used. The B[a]P treatment for all the
mice was similar to that described for the disposition
study.

Measurement of biological end points after

budesonide administration

BAL malondialdehyde (MDA) levels
BAL levels of MDA, the end product of lipid peroxida-
tion, were determined using a TBARS (thiobarbituric
acid reacting substances) assay (Janero 1990). MDA
reacts with TBA to produce a fluorescence product,
which can be measured using a spectrofluorometric
assay. For this analysis, BAL was centrifuged at 1000 g
for 10min to remove cells, which were likely to interfere
with the measurement. The supernatant was separated
and treated with 10% trichloroacetic acid (TCA) to
precipitate the proteins that were likely to interfere
with the assay. MDA was measured in the supernatants
(100�L) of the TCA-treated samples. 1,1,3,3-
Tetramethoxypropane was used as the standard and
MDA was estimated at excitation and emission wave-
lengths of 525 and 547 nm, respectively.

BAL glutathione (GSH) levels
GSH level in BAL, a measure of antioxidant status,
was determined using a spectrofluorometric method
described by Ayalasomayajula & Kompella (2002).
The assay is based on the reaction of GSH with
O-phthalaldehyde to form a fluorescence product. The
samples for the assay were prepared as described above
for MDA analysis. GSH reaction product in the super-
natants of the TCA-treated BAL was measured at exci-
tation and emission wavelengths of 350 and 420 nm,
respectively.
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BAL protein
The isolated BAL was centrifuged at 1000 g for 10min to
separate any cells. The pellet was discarded and the super-
natant was used for protein analysis. Determinations were
performed using the bicinchoninic acid microassay
method (Pierce Chemical, Rockford, IL, USA) according
to the manufacturer’s instructions.

Semi-quantitative analysis of VEGF mRNA
TotalRNAwas extracted from the isolated lungs usingRNA
STAT-60RNA isolationkit (TEL-TEST,Friendswood,TX,
USA). The RNA pellet was dissolved in autoclaved water,
quantified for RNA and a volume equivalent to 3�g was
taken to amplify VEGFmRNA using access RT-PCR kit as
describedbyAyalasomayajula&Kompella (2003). ThePCR
was done for 30 cycles at 94�C for 30 s, 58�C for 30 s, and
72�C for 90 s. Finally an extension step at 72�C was carried
out for 5min. The VEGF mRNA expressions were normal-
ized to 18S rRNA, used as internal control. The products
were separated by electrophoresis on a 2% agarose gel and
quantified using densitometric analysis (Nucleovision
Imaging System, Nucleotech, San Mateo, CA). A plot of
band intensities of VEGF or 18S rRNA genes vs number of
PCR cycles (10, 20, 30, 35, and 40 cycles) indicated that the
products obtained at 30 cycles were in the linear range (r2

values for VEGF and 18S rRNAwere 0.98 and 0.92, respec-
tively). The forward and reverse primer sequences for VEGF
analysis were GACCCTGGTGGACATCTTCCAGGA
and GGTGAGAGGTCTAGTTCCCGA, respectively.
The forward and reverse primer sequences for 18S rRNA
analysis were GGACCAGAGGCAAAGCATTTGCC and
TCAATCTCGGGTGGCTGAACGC, respectively. The
DNA sequencing of PCR products followed by a Blast
sequence search (Genebank database Accession #:
NM_03186.1) confirmed VEGF188 (514bp), VEGF164

(462bp), VEGF120 (330bp), and 18S rRNA (495bp).

Semi-quantitative analysis of c-myc mRNA
RTPCR was performed using 3�g RNA using a method
described by Tao et al (2002). The amplification was done
for 30 cycles at 95�C for 1min, 57�C for 1min, and 72�C for
6min. Finally an extension step at 72�C was carried out for
5min. The c-myc mRNA (393bp) expression was normal-
ized to 18S rRNA. A plot of band intensities of c-myc or 18S
rRNA genes vs number of PCR cycles (10, 20, 30, 35, and 40
cycles) indicated that the products obtained at 30 cycles were
in the linear range (r2 values for c-myc and 18S rRNA were
0.98 and 0.92, respectively). The DNA sequencing of the
PCR product of 393bp followed by Blast sequence search
(Genebank database Accession #: Z38066) identified the pro-
duct as c-myc. The forward and reverse primer sequences for
c-myc analysis were TGACGAGACCTTCGTGAAGA and
ATTGATGTTATTTACACTTAAGGGT, respectively.

BAL VEGF levels
The VEGF protein levels in 50�L BAL samples were esti-
mated using an ELISAmethod according to manufacturer’s
recommendations (R & D systems, New Jersey). The kit
measured VEGF164 and VEGF120 isoforms of VEGF.

Statistical analysis

Unless otherwise stated the results were expressed as
mean� s.d. Mean values between the different treatments
were compared using analysis of variance followed byTukey’s
posthocanalysisusingSPSS(version8.0)software.Differences
were considered statistically significant atP<0.05.

Results

Particle morphology, particle size, and

encapsulation efficiencies of budesonide-PLGA

particles

Particle morphology
The microscopy pictures indicated mostly spherical parti-
cles with smooth surfaces.

Particle size and zeta potential
The mean particle size of formulations F1 and F2 were
0.93� 0.03 and 2.3� 0.02�m, respectively (Table 1). The
zeta potentials of the particles were �32� 3.2 and
�21� 1.6mV, respectively. The significant variation in
zeta potential could be explained by the differences
in polymer molecular weight, which was inversely related
to the number of carboxylate end groups in the polymer.
Thus, the F1 employing a lower molecular weight (12 000)
polymer gave a higher zeta potential compared with F2
with a higher molecular weight (66 000) polymer. The zeta
potential was not significantly different between the for-
mulations with and without the drug, indicating potential
lack of interference of surface drug with zeta potential and
encapsulation of the drug.

Encapsulation efficiency
Budesonide encapsulation studies indicated that the
encapsulation efficiency of budesonide in F1 and F2
were 69� 7 and 94� 3%, respectively.

In-vitro drug release

The release of budesonide from F1 and F2 formulations
into PBS was measured in-vitro at 37�C (Figure 1). For
F1, following an initial burst release of 17% budesonide,
the drug release was sustained over the three-week period.
The cumulative budesonide release at the end of three

Table 1 Theparticle size and zetapotential ofpoly(lactide-co-glycolide)

microparticles

Formulation 1

(with drug)

Formulation 1

(without drug)

Formulation 2

(with drug)

Formulation 2

(without drug)

Particle

size (�m)

0.93� 0.03 0.85� 0.04 2.3� 0.02 1.23� 0.05

Zeta

potential

(mV)

�32� 1.2 �34� 1.9 �21� 1.6 �24� 3.1

Mean� s.d. is indicated for n¼ 3.
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weeks was �53% of the initial drug loading. Budesonide
release from F2 was devoid of any significant burst (�4%
at the end of day 1). The budesonide release was also
sustained over the three-week study period and the cumu-
lative budesonide release at the end of three weeks was
35% of the initial drug loading. A Higuchi plot (cumula-
tive amount released vs square root of time) was linear for
formulations F1 (r2¼ 0.99) and F2 (r2¼ 0.99) unlike the
plain budesonide suspension (r2¼ 0.86), indicating that
budesonide was entrapped within the PLGA matrix.
Budesonide-PLGA microparticles with 0.93�m diameter
(F1) were further assessed for budesonide delivery and
effect in-vivo in B[a]P-fed A/J mice.

Budesonide levels in BAL and lung tissue

Budesonide levels in BAL and lung tissue were compared
following a single intratracheal instillation of budesonide-
PLGA particles (150�g budesonide), or single intramus-
cular injection of budesonide suspension (500�g budeso-
nide), or single intramuscular injection of budesonide-
PLGA particles (500�g budesonide) at the end of one
week (Table 2). In the lung, budesonide levels were

225� 22, 6� 1, and 16� 4 ng (mg tissue)�1 (mg dose)�1,
for the intratracheal particle, intramuscular suspension,
and intramuscular particle groups, respectively. In the
BAL, budesonide levels were 61� 21 and 23� 10ngmL�1

for the intratracheal particles and intramuscular particles
groups, respectively. Budesonide was below the detection
limit in the BAL for the budesonide suspension group.

Efficacy of intratracheal budesonidemicroparticles

in B[a]P-fed mice

Budesonide-PLGA microparticles reduced MDA
accumulation
The levels of MDA, an end product of lipid peroxidation,
indicate oxidative stress in a biological system. B[a]P admin-
istration significantly increased MDA levels in BAL.
Treatment with intratracheal budesonide microparticles sig-
nificantly reduced this MDA accumulation (Figure 2A).

Budesonide-PLGA microparticles reduced GSH
depletion
Since B[a]P-induced biological effects are associated with
depletion of intracellular GSH, intracellular GSH levels in
BAL were estimated with and without budesonide treat-
ment. Compared with untreated controls in group 1,
B[a]P-fed mice in group 2 exhibited significantly lower
BAL GSH concentration. Treatment with intratracheal
budesonide microparticles significantly inhibited this
GSH depletion in B[a]P-fed mice (Figure 2B).

Budesonide-PLGA microparticles reduced capillary
leakage
Protein content in BAL was used as a measure of capillary
leakage. Compared with untreated controls in group 1,
B[a]P-fed mice in group 2 indicated a significant increase
in BAL protein content. Treatment of B[a]P-fed mice with
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Figure 1 A. Percent budesonide released from microparticle formu-

lations and budesonide suspension. Data are expressed as mean� s.d.

for n¼ 4. B. Percent budesonide released vs square root of time plot

for various budesonide formulations. ~, PLGA 50:50 (intrinsic visc-

osity: 0.17dLg�1) microparticles; �, PLGA 50:50 (intrinsic viscosity:

0.66 dLg�1) microparticles; ., budesonide suspension.

Table 2 Budesonide levels in the lung tissue and BAL following single

dose administration of budesonide-PLGA 50:50 (intrinsic viscosity:

0.17dLg�1) microparticles or budesonide suspension toB[a]P-fedmice.

Drug levels were quantified at the end of one week following drug

administration

Drug levels Intramuscular

suspension

Intramuscular

microparticles

Intratracheal

microparticles

Lung tissue (ngmg�1

(mg dose)�1)

6.14� 0.94 15.76� 4.30 224.93� 21.65*

Bronchoalveolar

lavage (ngmL�1)

n.d. 22.91� 20.15 60.65� 20.85*

Budesonide was administered at a dose of 150, 500, and 500�g for

intratracheal microparticle, intramuscular suspension, and intramus-

cular microparticle groups, respectively. *P<0.05, significance

between intratracheal and intramuscular groups. Data are expressed

as mean� s.d. for n¼ 5 for lung tissue, n¼ 3 for BAL with

intramuscular suspension, n¼ 4 for BAL with intratracheal and

intramuscular microparticles. n.d. indicates drug levels were below

detection limits in the intramuscular suspension group.
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intratracheal budesonide microparticles significantly
reduced this elevated BAL protein content (Figure 2C).

Budesonide-PLGA microparticles reduced BAL
VEGF levels
B[a]P treatment significantly increased BAL VEGF levels
from 69.6� 13 to 124� 32pgmL�1 (mg protein)�1 (Figure
2D). Intratracheal administration of budesonide-PLGA
microparticles significantly reduced the elevated BAL
VEGF levels to 72.4� 8.2pgmL�1 (mg protein)�1. For
BAL VEGF estimations, in addition to the above groups,
we assessed the effect of intratracheal budesonide suspension
in B[a]P-fed mice (n¼ 4). However, intratracheal administra-
tion of budesonide suspension did not reduce theBALVEGF
levels significantly (99.1� 45.8pgmL�1 (mg protein)�1).

Lung VEGF mRNA expression
VEGF mRNA expression in mouse lung tissues indicated
bands at 514, 462, 330, and 495bp corresponding to
VEGF188, VEGF164, VEGF120, and 18S rRNA, respec-
tively (Figure 3). Compared with group 1 mice, B[a]P-fed
mice in group 2 indicated 112% increase in VEGF
mRNA expression and this effect was statistically signifi-

cant (P<0.05). Treatment of B[a]P-fed mice with intra-
tracheal budesonide microparticles (group 3) significantly
inhibited VEGF mRNA elevation in group 2, suggesting
the ability of budesonide microparticles to inhibit ele-
vated VEGF mRNA expression in-vivo (P<0.05).

Lung c-myc mRNA expression
c-myc mRNA expression in mouse lung tissues was
reflected as an RTPCR band at 393 bp (Figure 3).
Compared with group 1 mice, B[a]P-fed mice in group 2
showed a 71% increase in c-myc mRNA expression and
this effect was statistically significant (P<0.05).
Treatment of B[a]P-fed mice with intratracheal budeso-
nide microparticles (group 3) significantly reduced the
elevated c-myc mRNA in group 2, indicating the ability
of budesonide to inhibit elevated c-myc mRNA expression
in a B[a]P mouse model for lung tumours (P<0.05).

Discussion

Local delivery of budesonide to the lungs is a desirable
method to inhibit VEGF expression in lung tumours
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because oral administration of budesonide results in
extensive hepatic first-pass metabolism (�85%) and
because local delivery minimizes the systemic side effects
of corticosteroids (Clissold & Heel 1984). Use of sustained
release microparticle aerosols reduces the dosing fre-
quency, which might be particularly useful in severely ill
patients.

In this study, PLGA microparticles were used to sustain
budesonide release. PLGA is used in the fabrication of
several FDA-approved sustained-release injectable products
including Trelstar Depot, Nutropin Depot, and Sandostatin
LAR (Jain 2000), due to its biodegradability, biocompat-
ibility, and formulation flexibility. When compared with
small microparticles (F1), large microparticles (F2)
resulted in lower burst release of the drug (Figure 1).

This was consistent with the lower surface area and sur-
face drug present in the larger particles. When encapsu-
lated in polymers, budesonide loses its crystallinity
(Kompella et al 2001). Despite any increase in drug solu-
bility due to loss of crystallinity, budesonide release was
sustained (Figure 1), indicating that the drug was
entrapped in the polymeric matrix.

Following administration of budesonide-PLGA micro-
particles (F1) in A/J mice, the BAL and lung budesonide
concentrations were higher with the intratracheal budeso-
nide microparticles compared with the intramuscular
microparticles, indicating the superiority of regional
administration for budesonide delivery to the lungs
(Table 2). At one week following intramuscular adminis-
tration, microparticles resulted in higher drug levels com-
pared with the drug suspension, consistent with the ability
of microparticles to better sustain drug delivery. In other
studies using CD1 mice, we observed that intratracheal
administration of budesonide-poly(lactide) microparticle
suspension resulted in 10-fold drug levels compared with
budesonide suspension or budesonide-hydroxypropyl �-
cyclodextrin solution administered by the same route
(unpublished data). A human study indicated that the
plasma half-life of plain budesonide micro- and nano-
suspensions administered to lungs via nebulizers was
approximately five to six hours, with a tmax value of
14min for micro-suspension and 8min for nano-suspension
(Kraft et al 2004). These absorption profiles were likely
reflective of lung tissue levels as well. Based on such lung
disposition, budesonide particles are administered once or
twice daily. The polymeric system proposed in our study
would probably allow less frequent administrations.
Therefore, intratracheally administered budesonide-
PLGA microparticles were assessed for their ability to
inhibit oxidative stress, VEGF and c-myc expression, and
BAL protein levels in a B[a]P-fed A/J mouse model for
lung tumours.

We observed a significant reduction of GSH and a
concomitant increase in MDA in the BAL of B[a]P-fed
mice (Figure 2A, B). These changes indicated an elevation
of oxidative stress in the lung tissues. In-vitro studies have
suggested that the GSH S-tranferase (GST)-catalysed
GSH conjugation is an important mechanism for the
detoxification of (þ)-anti-7,8-dihydroxy-9,10-epoxy-
7,8,8,10-tetrahydrobenzo(a)pyrene ((þ)-anti-BPDE),
which is the activated form of B[a]P (Srivastava et al
2000). Budesonide microparticles reduced GSH depletion
and MDA concentration in BAL at one week post-dosing,
suggesting their ability to reduce oxidative stress in
the B[a]P-fed mouse model (Figure 2A, B). This protective
effect of budesonide may be beneficial in detoxifying
carcinogens such as B[a]P. In the B[a]P-fed mice, elevated
oxidative stress was associated with an elevation
in lavage fluid protein (Figure 2C), which was inhibited
by budesonide-PLGA microparticle treatment. Elevated
BAL protein can be explained by vascular leakage, which
can be anticipated if VEGF expression in the lung tissue
is upregulated in B[a]P-fed mice.

Inhibition of oxidative stress by budesonide-PLGA
microparticles is particularly advantageous in treating
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tumours. Oxidative stress, identified as an imbalance
between oxidants and antioxidants, is a potent stimulus
for the expression of several pro-inflammatory and
tumour-inducing genes such as VEGF and c-myc.
Although previous studies observed elevated lung expres-
sion of several pro-inflammatory genes including TNF-�,
IL-1�, and iNOS mRNA in the B[a]P-fed mouse model
(Garcon et al 2001), there were no reports of VEGF
expression in this model. This is the first study to report
the elevation of lung VEGF expression in a B[a]P-fed
mouse model for lung tumours (Figure 3). Previous stu-
dies in a vinyl carbamate-fed mouse model (34 weeks) and
the B[a]P-fed mouse model (24 weeks) indicated alteration
in tumour-modifying genes (c-myc, p21, and p27) (Pereira
et al 2002; Tao et al 2002). However, there were no reports
of c-myc expression after short-term administration in the
B[a]P-fed mouse model. Interestingly, budesonide-PLGA
microparticle treatment significantly reduced the elevated
lung expression of VEGF and c-myc (Figure 3). The pos-
sible mechanisms of budesonide action could be inhibition
of transcriptional factors (Jonat et al 1990) or remethyla-
tion of DNA (Tao et al 2002).

To confirm the reduction of VEGF expression by
budesonide-PLGA microparticles, we observed that
these microparticles reduced VEGF levels in the B[a]P-
fed mice (Figure 2D). Plain drug suspension of an equal
dose did not result in a significant reduction of BAL
VEGF levels, indicating the advantage of sustaining bude-
sonide delivery for inhibiting lung VEGF expression.
Evidence from previous studies and results from this
study indicated that B[a]P treatment induced the cellular
and/or tissue expression of pro-angiogenic cytokines
(Garcon et al 2001) including VEGF. The elevated
VEGF was likely responsible for vascular hyper-perme-
ability and hence, elevated BAL protein levels observed in
this study. Together, these observations confirmed that A/
J mice developed inflammatory and/or pro-angiogenic
responses to B[a]P, which could be inhibited by budesonide-
PLGA microparticles.

Since VEGF contributes to the vascular complications
of lung cancer including angiogenesis (Koukourakis et al
2000), budesonide-PLGA particles capable of inhibiting
VEGF expression would serve as a useful chemotherapeu-
tic adjuvant. Budesonide-PLGA microparticles potentially
could be combined with sustained release systems for cyto-
toxic drugs such as paclitaxel to potentiate the cytotoxic
effects and minimize the side effects of the paclitaxel by
allowing dose reduction (Marchetti et al 2002). Thus, lung
delivery of drug encapsulating polymeric microparticles
could be an effective approach for inhibiting VEGF expres-
sion and possibly lung tumours. Such drug delivery
approaches might provide an alternative to daily systemic
therapy, with the potential to reduce toxicity and improve
patient compliance in lung cancer therapy.

Conclusions

Budesonide-PLGA microparticles sustained drug release
in-vitro and following intratracheal administration in-
vivo. This is the first study to have demonstrated the

delivery of budesonide to the lung tissue using polymeric
microparticles. Furthermore, this is the first study to have
demonstrated the ability of the budesonide-PLGA micro-
particles to normalize oxidative stress (accumulation of
MDA and depletion of GSH), VEGF and c-myc expres-
sion, and vascular permeability in a B[a]P-fed mouse
model for lung tumours. Since budesonide-PLGA micro-
particles inhibited the expression of VEGF as well as its
potent stimulus, oxidative stress, they are of potential
value in inhibiting angiogenesis and tumour growth in
the lung.
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