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Abstract
Purpose—To determine the in vivo anti-tumor effect of aerosolized Celecoxib (Cxb) in
combination with i.v Docetaxel (Doc) and compare the anti-tumor effect with oral Cxb combined
with i.v Doc in human orthotopic non-small cell lung cancer (NSCLC) xenograft model.

Materials and Methods—Female Nu/Nu mice were implanted with orthotopic tumors by
injecting A549 cells into the lung parenchyma. Seven day after tumor implantation the mice were
treated with aerosolized Cxb (30 min exposure/day, 5 mg/ml solution) + i.v Doc (10 mg/kg) and the
effect was compared with oral Cxb (150 mg/kg/day) + i.v Doc (10 mg/kg), for 28 days. Small-animal
nose only inhalation chamber (CH Technologies, Westwood, NJ) was utilized for aerosol exposure.
Therapeutic activity of Cxb (aerosol/oral) + Doc was estimated by differences in lung weight, tumor
area and animal body weight. Lung tumor samples isolated from mice were analyzed for (a) PGE2
levels by enzyme immunoassay (EIA) (b) expression of Fas and Factor VIII by
immunohistochemistry (c) IL-8 expression using EIA kits and (d) mRNA expression for caspase-3
by Real-Time PCR.

Results—Mice treated with Cxb (aerosol/oral) + Doc showed significant reduction (P < 0.001) in
lung weight and tumor area as compared to Cxb or Doc treatments. Cxb (aerosol/oral) + Doc showed
increased apoptosis mediated via increased Fas and caspase-3 (P < 0.001) expression as compared
to untreated control. Further, the combination treatment showed antiangiogenic effect as
demonstrated by reduced expression of Factor VIII, IL-8 (P < 0.001) and PGE2 (P < 0.001) in lung
tumors as compared to untreated control. Aerosolized Cxb at a significantly lower therapeutic dose
(4.56 mg/kg/day) demonstrated comparable anti-tumor efficacy to orally administered Cxb (150 mg/
kg/day).

Conclusion—Cxb was formulated and effectively delivered via aerosolization to treat orthotopic
lung tumors in combination with i.v Doc. Cxb when administered by aerosol produced same
therapeutic effect as oral Cxb, but at lower therapeutic dose and thus shows promise for the treatment
of lung cancer.
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INTRODUCTION
Lung cancer is the leading cause of cancer death in both men and women in the United States
causing 28% of all cancer deaths. Non-small cell lung cancer (NSCLC) patients represent 80%
of patients diagnosed with lung cancer. Despite recent advances in chemotherapy, response
rates in NSCLC remain < 50% and a third of patients with stage IV disease have a two-year
survival rate of < 20% (1). Failure of the current treatment avenues has prompted the need for
new drug delivery and therapeutic options for the prevention and treatment of lung cancer. It
is significant for the treatment of lung cancer that the therapeutic agent be administered
locoregionally and continuously in high enough concentrations in order to eradicate tumors
more effectively with minimal systemic side effects (2).

Inhalation drug delivery represents a novel and potential delivery route for the treatment of
lung cancer. Several investigators have demonstrated the therapeutic potential of aerosol
delivery for lung cancer. Tatsumura and Kagamimori (3) demonstrated that dogs treated with
nebulized 5-fluorouracil (5-FU) achieved high concentrations of 5-FU in the trachea, bronchi
and lymph nodes and the retention time of inhaled 5-FU was considerably longer in tumor
tissues than in other parts. The results showed potent antitumor activity of inhalation therapy
with absence of any significant adverse effects. Nebulized liposome formulations of 9-
nitrocamptothecin (9-NC) have been studied for the treatment of lung cancer in animal models
(4). The aerosolized liposomes with estimated pulmonary deposition of 76.7 μg/kg 9-NC were
found to significantly (P < 0.0001) reduce the mean tumor growth when compared to oral
treatment (100 μg/kg 9-NC per day) in human lung cancer xenograft growing over the thorax
in nude mice. Encapsulation of paclitaxel into lipid vehicles and administration by continuous
aerosolization into mice bearing pulmonary renal carcinoma metastases (5) showed that the
tumor growth was significantly reduced and survival time was increased when compared to
control mice inhaling placebo liposome suspension. The total estimated deposited dose of
paclitaxel by liposome aerosol treatment was 5 mg/kg, which is substantially lower than doses
used for intravenous administration (> 20 mg/kg). Further improvement in the respiratory
deposition of anticancer drugs, camptothecin and paclitaxel, was achieved using 5% CO2
enrichment of air. The increased pulmonary drug concentrations have been attributed to the
changed respiratory patterns (6). Recently, the efficacy of aerosol vs. i.p gemcitabine was
compared using 0.5 mg/kg dose of gemcitabine given three times weekly for 3.5 weeks (7).
The number of metastases in the lung was significantly reduced only in mice receiving aerosol
gemcitabine compared to control group (P < 0.05). However, gemcitabine administered i.p
was not as effective (P > 0.05 vs. control) as aerosol therapy. Nebulized cyclosporine plus
paclitaxel liposomes were demonstrated to be suitable for aerosol treatment of renal cell
carcinoma pulmonary metastases in mice (8). Tumor surface areas were significantly smaller
in cyclosporine-paclitaxel treated animals when compared to untreated control and paclitaxel
or cyclosporine treated animals (P < 0.01).

COX-2 has emerged therapeutic target for the prevention and treatment of various types of
cancers (9). COX-2 inhibitors have been found to reduce the tumor growth rate by themselves
and exert potent synergistic cytotoxic effect with anticancer drugs in experimental lung cancer
models (10). In order to obtain optimum therapeutic outcome of the combined use of
cyclooxygenase inhibitors with anticancer drugs, it may be more effective if the
cyclooxygenase inhibitor is delivered by inhalation and the anticancer drugs are delivered by
their established route of administration. This assumes to be a more viable approach due to the
non-specific deposition with undesirable toxicity following inhalation delivery of anticancer
agents (8).

Previous investigations in our lab have shown the potential of inhalation delivery of COX-2
inhibitors for the enhancement of cytotoxic activity of drugs used in the treatment of lung
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cancer. For this purpose, aerosolized nimesulide in combination with doxorubicin was used as
a model for proof-of-principal of this concept (11). Nimesulide-MDI (40 shots) in combination
with doxorubicin (0.01 μg/ml) showed a cell kill of more than 60%, which was significantly
higher (P < 0.01) than individual treatments. TUNEL staining showed apoptosis in over 30%
of A549 cells treated with aerosolized nimesulide and doxorubicin combination vs. negligible
as seen in cells treated individually with nimesulide and doxorubicin. Further, Celecoxib (Cxb)
was formulated as a metered dose inhaler formulation (12) and had a medication delivery of
231.3 μg/shot, MMAD 1.4 μm and GSD 1.9 and respirable fraction of 50.7%. Aerosolized Cxb
was found to significantly enhance the in vitro cytotoxicity and apoptotic response of Docetaxel
(Doc) against A549 and H460 cells which was mediated via increased expression of PPAR-γ
and p-53 as well as activation of caspase pathway. These findings showed promise and
prompted in vivo evaluation of aerosolized Cxb for the treatment of NSCLC. The in vivo
evaluation of aerosol Cxb generates more interest and significance due to the recent reports of
Cxb inducing heart attacks and strokes in the Phase III cancer studies (13). We hypothesized
that targeted delivery of Cxb to the lungs via aerosol may yield a higher drug concentration in
the lungs and offer a novel therapeutic option for the use of Cxb in lung cancer. Further, in the
present study, Doc is used as chemotherapeutic agent. It is the first and only chemotherapeutic
agent approved by the FDA for treating both newly diagnosed NSCLC, in combination with
cisplatin, and previously treated advanced NSCLC, as a single agent. Doc is also reported to
improve survival and decrease in cancer-related symptoms in patients with NSCLC who had
failed platinum-based first-line chemotherapy (14). Recent reports have demonstrated the
efficacy of Doc in combination with irinotecan and Cxb in patients with NSCLC (Phase I
studies) (15).

The objectives of this study are: (a) To study the potential inhalation delivery of Cxb in
orthotopic NSCLC xenograft model. (b) To determine the in vivo anti-tumor effect of
aerosolized Cxb in combination with i.v administration of Doc and compare the anti-tumor
effect with orally administered Cxb combined with i.v Doc (c) To study the underlying
mechanisms involved in the cytotoxicity of the combination treatment.

MATERIALS AND METHODS
Materials

Docetaxel and Celecoxib were provided as generous gifts from Sanofi-Aventis (Collegeville,
PA) and Pfizer (Skokie, IL), respectively. All tissue culture chemicals were obtained from
Sigma Chemical Company (St. Louis, MO). Vitamin E TPGS was procured from Eastman
chemical company (Kingsport, TN). All other chemicals were of reagent grade. The human
lung tumor cell line A549 was obtained from American Type Culture Collection (Rockville,
MD). A549 cells were grown in F12K medium supplemented with 10% fetal bovine serum.
All the tissue culture media contained penicillin (50,000 U/ml), streptomycin (0.1 mg/ml) and
neomycin (0.2 mg/ml). The tumor cells were grown in standard tissue culture conditions,
passaged at 80–90% confluence and cytotoxicity experiments were performed between 2–20
passages.

Nu/Nu mice and BALBc mice were purchased from Harlan Inc. (Indianapolis, IN) and housed
in standard cages with food and water provided ad libitum. All experiments were performed
with the approval of the Institutional Animal Care and Use Committee, Florida A&M
University.

Orthotopic Tumor Implantation (16,17)
Female Nu/Nu mice were anesthetized and a 5 mm skin incision was made to the left chest,
~5 mm from scapula. On observing left lung motion through the pleura, a 28-gauge needle
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attached to a 0.1 ml Hamilton syringe was directly inserted through the sixth intercostal space
into the lung to a depth of 3 mm. A549 tumor cells (1 million per mice) suspended in PBS (pH
7.4) were injected into the lung parenchyma. Wounds were closed with a surgical skin clip. A
pilot study showed that all the nude mice develop lung tumors at 1–2 weeks after
intrapulmonary injection of tumor cells.

Aerosol Drug Delivery
Aqueous formulation of Cxb suitable for nebulization was prepared by partly dissolving Cxb
(50 mg) in 0.5 ml ethanol and 0.5 ml PEG 400. The mixture was finally mixed with 500 mg
of molten Vitamin E TPGS and slowly dispersed into 8.5 ml distilled water to achieve a solution
with final concentration of 5 mg/ml. The solution was freshly prepared and aerosols were
generated by nebulization at room temperature with a PARI LC STAR jet nebulizer using dry
compressed air at a flow rate of 4.5 l/min. Female Nu/Nu mice (22 ± 2 g) were constrained in
the cone ended plastic animal holders which are designed in such a way that only the nose of
the mice were exposed to the aerosol cloud. Each tube was tapered at one end to approximately
fit the shape of the animal’s head and the diameter of the cylindrical portion of the cone was
such that the animal could not turn in the cone. Small animal exposure inhalation chamber (CH
Technologies, Westwood, NJ) consisting of 12 ports located peripherally around a central
delivery plenum was utilized for aerosol exposure. The downstream side of the chamber was
connected to the jet nebulizer that produced aerosol. The nose-only exposure system allows a
fresh supply of the test atmosphere to each animal, independent from other animals. A
schematic illustration of nose-only aerosol exposure system is shown in Fig. 1. The estimated
total deposited amount of inhaled Cxb (D) for the ambient air was calculated by the following
formula: D = C × V × DI × T; (8) where C (concentration of Cxb in aerosol volume) = Amount
of Cxb collected in each port of inhalation chamber (5.7 mg)/Total volume of air withdrawn
in 30 min (30 min × 4.5 liters/number of ports 12 = 11.25 l) = 507.5 μg/l, V = volume of air
inspired by the animal during 1 min [for mice, V = 1.0 l-min/kg], DI = estimated deposition
index [fraction of inhaled dose deposited throughout the respiratory tract (for mice DI = 0.3)]
(7,8); T = Duration of treatment in min (T = 30 min). Under these experimental conditions the
estimated total deposited dose of Cxb during 30-min treatment was 4.56 mg/kg/day.

Aerosol Characterization
To determine aerosol concentrations, measured volumes of aerosol were drawn through filters,
which were subsequently were analyzed for Cxb by a UV-visible method (λ = 250 nm). To
determine particle size, aerosol was drawn through Mercer-type cascade impactor (In Tox,
Albuquerque, NM) equipped with filters on each stage and a backup filter. The individual filters
were analyzed for Cxb and the MMAD and GSD were calculated from the data using Battelle
software.

Inhalation/Oral Delivery of Cxb with i.v Doc in Mice with Orthotopic Lung Tumors
Seven days after tumor implantation, the animals were randomly divided into following groups
to receive Cxb and Doc formulations. One group of mice was left untreated, the second group
received aerosolized Cxb + i.v. Doc (n = 10), the third group received oral Cxb + i.v. Doc (n
= 10), the fourth group received only i.v. Doc (n = 10), the fifth group received only aerosolized
Cxb (n = 10) while the sixth group received only oral Cxb (n = 10). Treatment of mice with
aerosol (30 min exposure/day, 5 mg/ml aqueous Vitamin E TPGS solution) was performed as
described before up to 28 days. Cxb was administered orally (150 mg/kg/day) as a 2% w/v
solution in ethanol: PEG 400: water (22.2:66.6: 11.2, v/v). Doc infusion concentrate (20 mg
in 0.5 ml of polysorbate 80) was diluted in 1.5 ml of 13% ethanol which was further diluted
with sterile saline to a final concentration of 2.5 mg/ml was given intravenously (10 mg/kg,
on day 14, 18 and 22) (18). Therapeutic activity of Cxb (aerosol/oral) + Doc treatment was
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estimated by differences in lung weight, tumor area and animal body weight. The tumor
dimensions were measured using a linear caliper and the tumor volume was calculated using
the equation V (mm3) = a × b2/2, where a is the largest diameter and b is the smallest diameter.

Immunohistochemistry of Orthotopic Lung Tumor Tissues
Tissues were formalin fixed, paraffin embedded and 5 μm sections were prepared for control
and all other treatments. Peroxidase method was used for the immunostaining of Fas and Factor
VIII. Briefly, the 5 μm sections were cleared in xylene and hydrated in different grades of
alcohol. Next, the endogenous peroxidase activity was quenched by incubating the slides in
3% H2O2 solution. Further, the slides were washed again three times with PBS and were
incubated with primary antibodies Fas and Factor VIII for overnight at 4°C. Location of the
primary antibodies was achieved by the application of horseradish peroxidase-conjugated
secondary antibodies for 30 min at room temperature and diamino benzidine substrate. The
slides were counterstained with hematoxylin. Specific staining for each protein was categorized
as either positive or negative based on the presence of brown colored staining. Clear staining
of the cytoplasm and cell membrane was the criterion for a positive reaction. All the
immunostaining slides were observed under an Olympus BX40 light microscope equipped
with computer controlled digital camera and imaging software.

Caspase 3 Gene Expression in Orthotopic Lung Tumor Tissues
The lung tumor tissues collected at the end of the study were processed to isolate total RNA
using the RNeasy Protect Mini kit (Qiagen Inc., Valencia, CA). Total RNA was quantified and
100 ng of the RNA was reverse transcribed using TaqMan reverse transcription reagents at 48°
C for 30 min. The cDNA was then amplified using TaqMan Universal PCR master mix and
Assay on Demand primer probe sets for caspase-3 and internal control 18s RNA in a Real-time
PCR system 7300 (Applied Biosystems, Foster City, CA). Data was collected at the end of 40
cycles and analyzed using the RQ Study software v1.3 (Applied Biosystems, Foster City, CA).

IL-8 (CXC8) Levels in Orthotopic Lung Tumor Tissues
Lung tumor tissues, from control and different treatments were cut into small pieces and
homogenized in PBS. The homogenate was centrifuged at top speed for 10 min to sediment
the tissue fragments. Next, the lysis buffer (25 mM HEPES, Triton-X 0.1%, NaCl 300 mM,
b-glycerophosphate 20 mM, MgCl2 1.5 mM, EDTA 0.2 mM, DTT 25 mM) with protease
inhibitors (sodium orthovanadate 4 mM, sodium fluoride 400 mM, benzamidine 20 mM,
Leupeptin 2 mg/ml, Aprotinine 4 mg/ml, PMSF 500 mM) were added. Samples were vortexed,
incubated on ice for 30 min, centrifuged again and the supernatant was stored at −80°C until
further analysis.

The lung tissue samples were subjected to quantitative analysis using EIA kits for IL-8 (Pierce
Endogen, Rockford, IL) according to the manufacturer’s protocol. Each sandwich EIA kit used
a polyclonal antibody to bind the target protein in the sample. After a short incubation, the
excess sample was washed out and a secondary antibody labeled with the enzyme horseradish
peroxidase was added. The labeled antibody was attached to the specific protein of interest and
captured on the plate. Next, the excess-labeled antibody was washed out and the substrate was
added. The substrate reacted with the labeled antibody bound to the sample protein and the
color was read at 450 nm with correction at 550 nm in a microquant plate reader (Biotek
Instruments Inc, Winooski, VT).

Determination of PGE2 Levels in Orthotopic Lung Tumor Tissues
PGE2 content in tumor samples were determined using the method suggested by Trifan et al.
(19) and analyzed using a colorimetric enzyme immunoassay method. Briefly, the tumor tissues
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were homogenized in prostaglandin extraction buffer [70% ethanol and 30% of 0.1 M sodium
phosphate (pH 4.0)] and incubated on wet ice for 30 min. The samples were centrifuged and
the supernatant was collected. A known volume of supernatant (about 250 μl) was dried under
nitrogen and resuspended in assay buffer and was analyzed as per manufacturer’s
recommendations (Assay Designs, Ann Arbor, MI).

Statistical Analysis
Differences in lung weight and tumor volume between various treatment groups were analyzed
by non-parametric Mann-Whitney Test. One-way ANOVA followed by Tukey’s Multiple
Comparison Test was performed to determine the significance of difference in the expression
of caspase-3, IL-8 and PGE2. The statistical analysis was performed using GraphPad PRISM
version 2.0 software (San Diego, CA).

RESULTS
Aerosol Characteristics

Cxb aqueous formulation suitable for nebulization was developed at a concentration of 5 mg/
ml (concentration of Cxb in aerosol volume for 30 min exposure = 507.5 μg/l). The MMAD
and GSD values for aerosolized Cxb solution were 1.68 μm and 1.36, respectively. Aerosol
particles with these characteristics are well suited for pulmonary deposition throughout the
respiratory zone (7). Using this aerosol, the estimated total deposited dose of Cxb during the
30-min treatment period was found to be 4.56 mg/kg/day as described in Materials and
Methods.

Anti-Tumor Effect of Cxb (aerosol/oral) + Doc Combination against A549 Orthotopic Tumors
Initial pilot studies showed that nude mice implanted with 1 million A549 cells develop fairly
uniform tumors in 1–2 weeks. After 7 days of tumor inoculation the average lung weight and
tumor volume were 250 ± 18.45 mg and 200 ± 24.34 mm3, respectively. Treatment was given
for 28 days, starting 7 days after tumor inoculation for a total of 21 days. Figure 2 shows the
photo micrographic view of orthotopic lung tumors at the end of study schedule. As evident,
Cxb (aerosol/oral) + Doc treatments significantly inhibited the growth of A549 orthotopic
tumors in the lungs. Treatment response in terms of mean lung weights is shown in Fig. 3A.
Mice receiving Cxb (aerosol/oral) + Doc & Doc alone had significantly lower lung weight
(P < 0.001) than untreated animals. The average weight of mouse lung is 150–200 mg. At the
end of 28 days, there was almost a five-fold increase in the lung weight in untreated animals
(approximately 1.0 g) due to orthotopic lung tumors. Treatment groups, Cxb (aerosol/oral) +
Doc and Doc alone, however showed 2–3 fold increase in lung weight. In comparison, Fig. 3B
shows the tumor volume-time data profile of Cxb (aerosol/oral) + Doc, Doc alone and Cxb
(aerosol/oral) alone as compared to untreated control. It is evident from Fig. 3B that in the
A549 tumors, the combination of Cxb (aerosol/oral) + Doc produced a greater antitumor effect
as compared to Cxb (aerosol/oral) or Doc treatments. At 28 days post tumor implantation, the
tumor volumes were found to be 1,362.4 ± 322.87, 1,248.36 ± 326.82, 1,292.38 ± 268.38,
945.78 ± 164.73, 622.64 ± 96.19 and 539.66 ± 107.28 mm3 (expressed as mean ± SD) in
untreated, Cxb oral, Cxb aerosol, Doc, Cxb oral + Doc and Cxb aerosol + Doc treated mice,
respectively. These results indicate that there was 61 and 54% reduction in the tumor volume
following Cxb aerosol + Doc and Cxb oral + Doc treatments, respectively, as compared to
control. Figure 3C shows the body weight of mice during 28-day treatment schedule with
various combinations of Cxb and Doc treatments. Cxb (aerosol/oral) + Doc and Doc alone
treated mice weighed significantly (P < 0.05) less than untreated control.
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Effect of the Combination of Cxb (Aerosol/Oral) with Doc on Fas Expression
Fas expression was examined in A549 orthotopic xenograft tumors treated with various
combinations of Cxb and Doc. Fas expression (brown-stained areas) was negligible in
untreated tumors whereas it was up regulated in animals treated with Cxb (aerosol/oral) + Doc
and Doc alone (Fig. 4). This upregulation of the Fas expression was parallel to the expression
in normal lungs.

Induction of Apoptosis in A549 Orthotopic Tumors by the Combination of Cxb (Aerosol/Oral)
with Doc

It is evident from Fig. 5 that the expression of caspase-3 in A549 tumors treated with aerosol/
oral Cxb + Doc was significantly increased in comparison to untreated control (P < 0.001).
However, Cxb or Doc alone did not show any statistically significant difference than untreated
control (P > 0.05). Further, the caspase-3 expression in A549 tumors treated with aerosol Cxb
+ Doc was significantly higher in comparison to oral Cxb + Doc treatment (P < 0.01). Thus
aerosol Cxb with Doc showed enhanced apoptotic response than oral Cxb with Doc treatment.

Cxb (Aerosol/Oral) + Doc Combination Inhibits Angiogenesis in Orthotopic A549 Xenografts
To determine whether Cxb-Doc combination exhibits antiangiogenic potential contributing to
tumor growth inhibition, we evaluated the expression of Factor VIII in orthotopic A549 tumor
tissue sections. Figure 6 shows the results of immunohistochemical analysis of tumors with
Factor VIII antibody. There was significant increase in the expression of Factor VIII in tumor
tissues harvested from untreated mice. Treatment with Cxb (aerosol/oral) + Doc showed a
marked decrease in the expression of Factor VIII indicative of antiangiogenic potential of the
combination treatment. It is also evident from Fig. 6 that Doc alone also showed a marked
decrease in Factor VIII expression, whereas Cxb (aerosol/oral) did not produce any significant
decrease in Factor VIII expression.

The antiangiogenic potential was further supported by the significant down regulation of IL-8,
which mediates angiogenic activities by stimulating the proliferation and migration of
endothelial cells. As shown in Fig. 7, the IL-8 levels were significantly (P < 0.01) down
regulated due to treatment with Cxb aerosol + Doc (339.50 ± 43.17 pg/ml), Cxb oral + Doc
(364.80 ± 11.98 pg/ml) and Doc (490.33 ± 24.29 pg/ml) as compared to untreated control
(719.74 ± 13.45 pg/ml).

Prostaglandin E2 Measurements
The production of PGE2 after various treatments was determined in A549 orthotopic xenograft
tumors (Fig. 8). The tumors obtained from untreated control mice expressed very high levels
(434.51 ± 84.17 pg/mg) of PGE2. In comparison, the levels of PGE2 in tumors obtained from
mice treated with the combination of Cxb (aerosol/oral) + Doc and Doc alone were significantly
reduced to 190.50 ± 12.02 (P < 0.001), 230.00 ± 12.72 (P < 0.001) and 266.00 ± 22.62 (P <
0.01) pg/mg, respectively. This indicates that intratumor PGE2 levels were reduced by 56.15,
47.06 and 38.70% in mice treated with Cxb (aerosol/oral) + Doc and Doc alone, respectively.
Cxb (aerosol/oral) alone did not show any significant effect in reducing the PGE2 production.

DISCUSSION
One of the major limitations in the treatment of lung cancer is the inability to deliver adequate
concentrations of the drug to the tumor without any major systemic side effects. Lungs are not
the main organs for drug deposition with the conventional routes of drug delivery. Promising
results have been obtained when the aerosol/inhalation route was used to treat lung tumors in
several animal studies and clinical trials (20–23). A major problem with the administration of
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aerosol to animals is the contribution of systemic dosage of particles deposited in the respiratory
tract above the lungs. It is difficult to deliver aerosol to mouse lungs without its deposition in
the nose and gastrointestinal tract. The smaller tidal volumes of mice also result in lower aerosol
deposition compared to humans. Deposition of aerosols in mice depends upon particle size,
delivery device and formulation parameters. In mice, about 30% of inhaled particles within
the diameters of 1–2 μm deposit in the respiratory tract but less than 10% penetrate to the lung
parenchyma (24). This amount varies with the duration of treatment and method of aerosol
exposure. Different types of inhalation chambers are available for aerosol exposure. In whole-
body exposure chambers, aerosol is delivered into a box where mice are allowed to inhale with
their body immersed in aerosol cloud. This results in large deposition of drug all over the
animal’s body leading to ingestion by mouth and unwanted toxic responses. Animals also tend
to avoid aerosol exposure by covering their noses with fur. In the present study, nose-only
inhalation exposure chamber was used for aerosol exposure. The procedure and system is
simple, does not require anaesthetization and a large number of animals can be exposed to
aerosol at once. Knight et al. (4) previously demonstrated the efficacy of 9-nitrocamptothecin
liposome aerosol delivered via nose only method in mice bearing human lung cancer
xenografts. Their results showed that the mean tumor growth rate in the aerosol treatment group
was seven times slower than in untreated animals (57.9 vs. 441 mm3) at the end of 28-day
treatment schedule. Isotretinoin administered as aerosol by nose-only exposure system
demonstrated effective chemopreventive properties even at low doses against urethane induced
lung cancer in A/J mice (25). The calculated daily pulmonary dose of isotretinoin following
nose-only exposure varied from 0.034–12.4 mg/kg per 45-min exposure. In comparison, orally
administered isotretinoin at a much higher dose (>40 mg/kg daily) failed to prevent lung cancer
in A/J mice. Our results demonstrate potent anti-cancer efficacy of Cxb aerosol administered
by nose-only exposure system. The MMAD and GSD of Cxb aerosol generated by PARI LC
Star Jet nebulizer in our studies were found to be 1.68 μm and 1.36, respectively. Aerosol
particles with these characteristics are well suited for pulmonary deposition throughout the
respiratory zone (7). In the nose only inhalation chamber, aerosol particles were collected from
positions where mice inhale and therefore the data represents the particle size distribution of
Cxb aerosol actually inhaled by mice. Previous studies using gemcitabine aerosol (7) (MMAD
= 0.8 μm and GSD = 2.1), cyclosporine aerosol (8) (MMAD = 1.6 μm and GSD = 1.9) and
paclitaxel aerosol (8) (MMAD = 2.2 μm and GSD = 1.9) have demonstrated potent anticancer
activities with estimated deposited dose of inhaled drug ranging from 0.5–10 mg/kg/day. As
described above, the estimated deposited dose of Cxb in lungs in our studies was 4.56 mg/kg/
day and is within the limits demonstrated in previous studies using other aerosolized drugs.
Raabe et al. (26) studied quantitative deposition of aerosols of different sizes (0.05 to 3.0 μm)
in the respiratory airways in rats. Accordingly the mean percentage deposition of aerosol
particles with aerodynamic diameter 2.09 μm was found to be 17.9 ± 4.5% in the Naso-pharynx
region. In the present study Cxb aerosol administered to mice had MMAD of 1.68 μm. Thus
we anticipate naso-pharynx deposition close of 17% with Cxb aerosol employed in this study.

Aerosolization of poorly water-soluble drugs via nebulization and the consequent aerosol
exposure to mice pose difficulties in the proof-of-concept studies such as the current study.
Dahl et al. (25) used ethanolic solutions of 13-cis Retinoic acid for chemoprevention in A/J
mice which showed reductions of tumor multiplicity ranging from 56 to 80% (P < 0.005). In
the present study, attempts were made to formulate Cxb as an aqueous formulation using
ethoxylated derivative of Vitamin E viz TPGS, suitable for inhalation delivery with a nebulizer.
Vitamin E TPGS is available commercially and has been used to enhance solubility and
permeability of oral formulations (27,28). Previously, corticosteroids have been formulated as
aqueous solutions using Vitamin E TPGS, which were administered either nasally or by
inhalation. The use of Vitamin E TPGS in corticosteroid formulations was found particularly
advantageous due its ability to solubilize corticosteroids and form stable micellar solutions
suitable to be administered by inhalation (29). Somavarapu et al. (30) demonstrated the utility
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of Vitamin E TPGS as a matrix material blended with poly (caprolactone) for nasal
immunisation with diphtheria toxoid. Similar attempt has been made in the present study to
solubilize Cxb and to form a stable micellar solution upon dilution in a aqueous phase that can
be administered by inhalation.

Recent reports from clinical trials have shown that Cxb induces heart attacks and strokes in
the Phase III cancer studies (13). This is primarily attributed to the high oral dose of Cxb (400
mg, twice daily) employed in these studies. Data from our present study has showed that
targeted delivery of Cxb by inhalation produced significant therapeutic activity at a very low
therapeutic dose. The estimated deposited dose of aerosol Cxb was calculated to be 4.56 mg/
kg per exposure period of 30 min. Under similar conditions, other researchers have shown the
estimated total deposited dose of inhaled paclitaxel (5), cyclosporine (8) and gemcitabine (7)
to be 7.8, 6.1 and 0.5 mg/kg, respectively. As described above, the combination of aerosolized
Cxb (4.56 mg/kg/day) + i.v Doc (10 mg/kg) produced potent inhibition of the orthotopic lung
tumor growth as compared to the other treatments. Superior efficacy of aerosol delivery as
compared to conventional systemic delivery has been demonstrated by other researchers as
well. Jia et al. (31) demonstrated that intranasal instillation of gemcitabine at a dose lower than
the typical intravenous dose was more effective at inhibiting osteosarcoma lung metastases
than systemic gemcitabine. Koshkina et al. (5) showed in their studies with camptothecin that
biodistribution and pharmacokinetics of aerosolized drug were different than systemic
administration in favor of pulmonary administration. Knight et al. (4) also demonstrated that
nude mice with subcutaneous xenograft of human cancer did not respond to oral treatment with
liposomal 9-nitrocamptothecin while the same dosage given by aerosol was highly effective.
It is primarily reasoned that during aerosol treatment the inhaled drug is processed through the
lungs before it gets into systemic circulation, whereas the drug administered systemically is
first diluted in the blood before it reaches the lung. Further, direct lung delivery is not likely
to produce any major cardiovascular problems primarily because very low amount of Cxb (as
compared to oral administration) is required to be deposited in the lungs for anticancer effect.
In general, the plasma concentrations following aerosol delivery are found to be less than 1/10th
of maximum plasma concentrations after i.v administration (32). Further studies are however
warranted to understand the cardiovascular safety of inhaled Cxb.

In the present study, we examined the effect of combination treatment of aerosol Cxb + i.v.
Doc against oral Cxb + i.v. Doc, in vitro and in vivo. The intrabronchial tumor cell implantation
in nude mice is demonstrated to resemble natural progression pattern of human lung cancer
(33) and is therefore considered for in vivo testing of aerosolized Cxb with i.v Doc combination.
Our previous research reports have demonstrated that Cxb interacts synergistically and exhibits
a dose-dependent potentiation of Doc activity against A549 and H460 cells as measured by
Combination index (CI) values following isobologramic analysis (34). The method takes into
consideration the potency of each drug and shape of their dose-effect curves to quantitate the
synergism or antagonism at different concentrations and at different effect levels (50 or 70%
inhibition). The CI values at different concentrations of Cxb and Doc ranged from 0.4 to 1.1
indicative of synergistic to additive interaction. In a recent study, Nakata et al. (35)
demonstrated that Cxb enhanced response of A431 human tumor xenograft in nude mice to
the chemotherapeutic agent Doc by an enhancement factor (EF) of 2.07. Cxb also enhanced
tumor response when added to the Doc plus radiation treatment (EF = 2.13). The EF is
calculated by dividing the TCD50 value (tumor control dose 50, defined as the dose yielding
tumor control in 50% of animals) of single treatment group by TCD50 value of combined
treatment group.

In the current study, the combination of oral Cxb (150 mg/kg/day) with i.v Doc (10 mg/kg)
showed slightly less inhibition of tumor growth as compared to the aerosol Cxb + i.v Doc
combination. However, the oral Cxb with i.v Doc showed greater anti-tumor effect as compared

Fulzele et al. Page 9

Pharm Res. Author manuscript; available in PMC 2010 July 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



to oral Cxb, aerosol Cxb and i.v Doc alone treatments even in an orthotopic lung tumor model
employed in the current study. These results are in agreement with our previous data using the
same combination in s.c A549 xenografted tumor model (18). In both the studies, we used oral
Cxb at 150 mg/kg/day, which is below its maximum dose (250 mg/kg/day) employed by
Zweifel et al. (36) and Davis et al. (37) in human head and neck squamous cell carcinoma, Col
26 murine carcinoma and HT-29 human colon carcinoma xenograft models. Our previous
report also acknowledged that oral Cxb employed at 150 mg/kg/day or higher dose was
effective in inhibiting lung tumors in combination with Doc (18). In a separate study
(unpublished data) following single oral dose in a solution, Cxb (150 mg/kg) administered to
BALBc mice, reached maximum pulmonary deposition of 8.4 ± 1.24 mg/kg following 1 h of
administration. Similarly, Cxb aerosol (30 min exposure, 5 mg/ml Vitamin E TPGS solution)
exposure to BALBc mice produced maximum pulmonary deposition of 3.57 ± 0.84 mg/kg
following 1 h of starting aerosol exposure. Briefly, after sacrificing the animals 1 h after oral
administration/aerosol exposure, lung tissue samples were removed and the right and left lobes
of the lungs were quickly frozen in liquid nitrogen and stored at −20°C, before analysis. Cxb
lung content was estimated following tissue homogenization on a mini-bead beater (Wig-L.
Bug, Model 3110B, Crescent Dental MFR. Co., Lyons, IL). The tissue samples were
homogenized with methanol, and the tissue homogenate was centrifuged at 16,000 rpm for 5
min at 5°C. The supernatant fraction was evaporated and reconstituted in the mobile phase,
sonicated in the water bath and centrifuged at 1,000 rpm for 10 min. Supernatant fractions were
analyzed by HPLC. Acetonitrile: water–acetic acid (60:40) with 0.05% glacial acetic acid was
used as mobile phase and pumped at a flow rate of 1 ml/min. A 10 cm × 4.6 mm ID C18
analytical column packed with 5-μm reversed-phase particles and a Novo-Pak C8 guard
column was used for chromatographic separation. The calculated amount of Cxb deposition
following 1 h of exposure was close to the predicted value (4.56 mg/kg/exposure). However
such estimations are compounded by factors such as efficiency of drug extraction and
contribution from blood flow in the lungs when the animal is sacrificed. Similar reasonable
agreement between the experimental deposition and mathematical data was demonstrated by
Nadithe et al. (38) for 99m Tc-labeled human serum albumin aerosol deposition in mouse lungs.
However, further studies are being conducted in our laboratory to fully characterize the
pulmonary kinetics of inhaled Cxb.

Efficiency of oral/aerosol Cxb alone and in combination with Doc was demonstrated in the
present study against A549 orthotopic lung tumors. Several different models have been
developed to study human lung cancer. Various techniques (intrathoracic, intrapleural and
intrabronchial) have been used to introduce tumor cells into the lung parenchyma. However,
the histological characteristics of orthotopic tumor models are found to be consistent with the
clinical tumor from which the cell lines are derived (39,40). Furthermore, when the cells are
implanted intrabronchially, tumor is predominantly grown in the lung parenchyma in contrast
to intrathoracically implanted tumors that are frequently located in the chest wall or pleural
space. In view of these potential advantages, we considered the intrabronchial orthotopic model
for in vivo testing of aerosolized Cxb. Further, the procedure is safe with low procedure related
mortality (33).

We have previously reported the molecular mechanisms associated with the antiproliferative
effect of the combination of Cxb with Doc in s.c. A549 tumors (18) and the combination of
aerosolized Cxb with Doc in vitro in lung cancer cell lines (12). We observed that the
combination of Cxb with Doc significantly improves the apoptotic response, inhibits
angiogenesis and alters the expression of various proteins involved in the prostaglandins
pathway (cPLA2 and mPGES) without altering the expression of COX-1 and COX-2. In the
present study, we evaluated the role of fatty acid synthase (Fas) and FAS ligand (FasL) death
receptor pathway in the increased anti-tumor effect of aerosolized Cxb with Doc. This pathway
has been implicated in the apoptosis induced by Doc (41) and other chemotherapy-induced
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apoptosis in leukemia and several solid tumors (42). FasL is constitutively expressed in the
lung tissue, hence over expression of Fas causes the activation of death receptor pathway
leading to apoptosis. As shown in Fig. 4, Fas expression was significantly increased in lungs
from mice treated with aerosolized/oral Cxb with Doc. Recently, Fas pathway has been shown
to contribute to the therapeutic effect of aerosol gemcitabine (7). Along with the increase in
Fas expression we also looked at caspase-3 expression. Caspases prove to be one of the key
mechanisms in the induction of apoptosis, as they are involved in the downstream of several
apoptotic pathways. It is known that procaspase 8 leads to caspase-8 formation, which can
trigger caspase-3 release leading to apoptosis. Our earlier in vitro studies using aerosol Cxb
demonstrated induction of apoptosis and decrease in pro-caspase 3 (12). In the current study
as well we found significant increase in caspase-3 gene expression as a result of Cxb (aerosol/
oral) + Doc treatments (Fig. 5). Moreover, aerosolized Cxb + Doc significantly enhanced
caspase-3 expression as compared to oral Cxb + Doc and that too at a much lower therapeutic
dose of Cxb. Therefore our results suggest that the enhanced anti-tumor effect of the
combination of aerosolized Cxb with Doc is mediated via apoptosis. Ming et al. (43)
demonstrated similar involvement of caspase-3 activation in apoptosis assessed in HepG2 cell
treated with 20 μM troglitazone. Studies with malignant astrocytes and human liver cancer
showed that PPAR-γ activation leads to increase in caspase 3 activity resulting in induction of
apoptosis.

Another important rate limiting step in tumor development is angiogenesis. Avascular tumors
are limited in size by the diffusion distance of oxygen, nutrients, and cellular waste through
the interstitium. Although tumors often utilize the existing vasculature, a factor acting as a
switch for the angiogenic surge is required for the tumor propagation, invasion and metastasis
(44). We demonstrated in our study that in the lungs of mice treated with Cxb (aerosol/oral)
and Doc, there was reduced expression of Factor VIII compared to untreated control (Fig. 6).
Factor VIII is an endothelial cell marker and decrease in its expression can be correlated with
reduction in blood vessel density, leading to reduced angiogenesis. There are varieties of factors
that modulate angiogenesis. Amongst these are a family of CXC chemokines such as IL-8
(CXCL8), ENA78 (CXCL5), and Gro-α (CXCL1). Previous studies have established the
involvement of CXC chemokines in human NSCLC (45). Hence in our study, with the decrease
in Factor VIII expression, we looked at the IL-8 levels. We found that the Cxb (aerosol/oral)
and Doc treatments significantly reduced IL-8 levels (Fig. 7) confirming that the combination
treatments showed antiangiogenic property contributing to reduced tumor growth. We have
previously demonstrated the inhibition of vascular endothelial growth factor (VEGF)
expression in the combined treatment of Cxb with Doc in s.c A549 tumors (18). Based on this
and the current study, it may be said that the combined treatment of Cxb with Doc results in
reduced expression of both VEGF and Factor VIII.

The induction of COX-2 and its associated production of PGE2 from arachidonic acid are
thought to play a role in the initiation and maintenance of cancer cell survival and growth
(46). Phase II clinical data on the use of Cxb along with Doc in lung cancer patients indicated
that PGE2 levels were significantly reduced in lung tumor biopsies (47). Earlier in vitro studies
in our laboratory, using A549 and H460 cells, also indicated that Cxb and Doc combination
significantly inhibited PGE2 levels compared to untreated controls (12). In our present in
vivo study using the aerosol and oral Cxb in combination with Doc, we looked for lung tumor
PGE2 levels as an indicator of the role of PGE2 in mediating the angiogenesis in lung tumors.
Consistent with our previous observations of reduced intratumor PGE2 levels using COX-2
inhibitors like nimesulide and Cxb (11,12), we found that PGE2 levels in the lungs were
significantly lowered as a result of Cxb (aerosol/oral) and Doc treatments (Fig. 8). Our results
indicate that the combination of aerosol/oral Cxb with Doc produces significant anti-tumor
effect, which is mediated via reduced PGE2 and IL-8 levels, leading to reduced angiogenesis
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(as indicated by reduced Factor VIII expression) and increased apoptosis mediated via Fas
pathway.

CONCLUSIONS
These studies indicate the potential of inhalation delivery of Cxb for the treatment of lung
cancer. Aerosolized Cxb at a much lower therapeutic dose than oral Cxb in combination with
Doc showed significant inhibition of tumor progression, which was mediated via increased
apoptosis and reduced angiogenesis. Although the development of a proper inhalation device
in lung cancer patients is essential, further preclinical studies are needed to evaluate and explore
the advantages associated with inhalation delivery of Cxb.
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Fig. 1.
Schematic illustration of Cxb aerosol generation and nose-only exposure to mice.
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Fig. 2.
Effect of Cxb (aerosol/oral) and Doc treatments on A549 orthotopic lung tumors. Nude mice
with orthotopic tumors received various treatments for 28 days starting at day 7 following
tumor inoculation. Representative lungs with tumors are shown from untreated mice and
various treatment groups.
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Fig. 3.
Cxb (aerosol/oral) and Doc reduced tumor growth when administered separately or together.
A549 cells at 1 × 106 cells/mouse were implanted into the lung parenchyma of Nu/Nu mice.
Seven days after tumor implantation, mice were divided into various groups and received
treatments upto 28 days. Therapeutic activity of treatments was estimated by differences in
(A) lung weight (B) tumor volume and (C) animal body weights. ★ P < 0.001 vs. control.
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Fig. 4.
Fas expression in A549 lung tumors in mice following treatment with Cxb (aerosol/oral) and
Doc. Lungs were resected from mice at the end of treatment, fixed in 10% formalin buffer and
paraffin embedded. Sections were prepared and stained as described in Materials and Methods
section. Anti-Fas immunoreactivity is shown as the brown stained areas. Counterstaining was
done by hematoxylin. Original magnification ×40.
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Fig. 5.
Caspase-3 gene expression as measured by enzyme immunoassay in tumors harvested at 28
days from untreated control and various treatment groups. Statistical significance of the
difference in caspase-3 with respect to control: ★ P < 0.001; • P < 0.01 vs. Oral Cxb + Doc;
Data presented are means ± SE (n = 6).
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Fig. 6.
Factor VIII expression in A549 lung tumors in mice following Cxb (aerosol/oral) treatment
with Doc. Lungs were resected from mice at the end of treatment, fixed in 10% formalin buffer
and paraffin embedded. Sections were prepared and stained as described in Materials and
Methods section.
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Fig. 7.
IL-8 (CXC8) levels in tumors harvested at 28 days from untreated control and various treatment
groups. Statistical significance of the difference in IL-8 with respect to control: ★ P < 0.01.
Data presented are means ± SE (n = 6).
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Fig. 8.
PGE2 levels as measured by enzyme immunoassay in tumors harvested at 28 days from
untreated control and various treatment groups. Statistical significance of the difference in
PGE2 with respect to control: ★★ P < 0.001; ★ P < 0.01. Data presented are means ± SE (n =
6).

Fulzele et al. Page 23

Pharm Res. Author manuscript; available in PMC 2010 July 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


