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ABSTRACT
Purpose Evaluation of in-vivo anticancer activity of aerosolized
Celecoxib encapsulated Nanolipidcarriers (Cxb-NLC) as a sin-
gle therapeutic agent and combined with intravenously admin-
istered Docetaxel (Doc) against non-small cell lung cancer.
Methods Cxb-NLC were prepared by high-pressure homog-
enization and were characterized for its physicochemical char-
acteristics. Metastatic A549 tumor model in Nu/Nu mice was
used to evaluate response of aerosolized Cxb-NLC & Doc.
Isolated lung tumor samples were analyzed for: a) DNA frag-
mentation and cleaved caspase-3 by immunohistochemistry, b)
apoptotic and angiogenic protein markers by western blot, c)
global proteomic alterations by an isobaric labeling quantitative
proteomic method and d) toxicity studies of NLC.
Results The particle size of Cxb-NLC was 217±20 nm, while
entrapment efficiency was more than 90%. Cxb-NLC and Doc
alone and in combination showed 25±4%, 37±5%, and 67±
4% reduction in tumor size respectively compared to control.
Proteomic analysis with combination treatment further revealed
significantly decreased expression of multiple pro-survival and
pro-metastasis proteins as well as tumor invasion markers and
the expression of S100 family proteins, such as S100A6 and
S100P were decreased by 2.5 and 1.6 fold.
Conclusions Combination therapy with Cxb-NLC and Doc
showed significant reduction in tumor growth which was further
confirmed by proteomic analysis.

KEY WORDS celecoxib . inhalation delivery . lipid
nanoparticles . lung targeting . nanoparticles toxicity

INTRODUCTION

Lung is a mostly common site of primary malignancy for
metastasis from other primary tumors such colon, breast,
prostate, etc. Despite advances in lung cancer treatment, effec-
tiveness of anticancer treatment is relatively low in non-small
cell lung cancer (NSCLC) patients (1). Non-localized drug
delivery has low success rate and poor clinical outcome be-
cause of a sub-therapeutic concentration of therapeutic agent
reaches the desired site of action. Also, most of the chemo-
therapeutic drugs administered by conventional route (i.e. oral
or parenteral) also exert the cytotoxic effect on normal healthy
cells inhibiting their growth and thereby resulting in toxic
adverse effects (2). Because of its advantages localized inhala-
tion drug delivery has generated interest among scientists as a
strategy to achieve better activity of chemotherapeutic drugs
for treatment of lung cancer (3).

Cyclooxygenase-2 enzyme is responsible for the progression
and growth of NSCLC and is also found to be up-regulated
among various cancers (4,5). Docetaxel (Doc) has been ap-
proved by FDA for NSCLC therapy. Several studies have
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shown that the Doc combined with other anticancer agents,
improved anticancer activity compared to Doc alone in the lung
cancer treatment (5–8). The aerosolized celecoxib (Cxb) solution
at 4.56 mg•kg-1•day−1 has been shown to exert synergistic
anticancer activity (61% tumor size reduction) when used in
combination with anticancer agents such as docetaxel (Doc) (9).
However, the aerosolized Cxb solution at 4.56 mg•kg−1•day−1

showed non-significant anticancer activity similar to that of
orally administered Cxb solution at 150 mg•kg−1•day−1. We
have investigated the pharmacokinetic parameters of aerosol-
ized Cxb solution at 4.82 mg•kg−1•day−1 to elucidate the Cxb
concentration in lung tissues in Balb/cmice (10).We have found
that the non-siginificant (p<0.01) anticancer activity of aerosol-
ized solution was a result of faster clearance of Cxb from lung
tissues. The aerosolized Cxb solution was cleared faster from the
lungs with 4.9% of administered Cxb was retained in the lungs
after 6 h of nebulization and at 12 h, Cxb concentrations were
below the detection limits in lung tissue. Our pharmacokinetic
results with aerosolized Cxb solution demonstrated a need for
increasing the lung residence time of Cxb in order to explore its
anticancer potential.

Excipients are commonly used to stabilize the formula-
tions of hydrophobic agents and frequent use of these exci-
pients (surfactants & co-solvents) causes inflammation in
lungs (11). Encapsulation of hydrophobic compounds within
nanoparticles imparts the stability to drug against degrada-
tion and allows prolonged release of the encapsulated drug
in a controlled manner (12,13). This will increase the lung
residence time of drug as well as enhanced anticancer ac-
tivity compared to drug solution. The nanostructured lipid
carriers (NLC) has been explored for delivery of hydropho-
bic therapeutic agent (12). NLC are made of solid outer
layer entrapping oil core, which allows higher payload of
lipophilic drugs (14). Considering the faster clearance of
aerosolized Cxb solution from lungs we have prepared
Cxb-NLC in order to enhance the lung residence time of
Cxb. Our earlier studies demonstrated that encapsulation of
Cxb (a lipophilic COX-2 inhibitor) in the NLC and aero-
solized delivery of Cxb-NLC (1.47 mg•kg-1•day-1) resulted
in the enhanced lung residence time compared to the solu-
tion formulation (10). The plasma concentration vs time
profile of aerosolized Cxb-NLC showed 4 fold higher
AUC at 4 fold reduced dose of Cxb compared to aerosol-
ized Cxb solution, which warrants further evaluation of in
vivo effectiveness of Cxb-NLC in an lung cancer tumor
model. Therefore, we hypothesize that the increase in the
lung residence time of Cxb using aerosolized delivery of
Cxb-NLC will significantly inhibit the NSCLC tumor
growth in-vivo as a single therapeutic agent and combined
with Doc. Our approach of using aerosolized delivery of
Cxb-NLC will overcome the limitation associated with Cxb
solution by significantly increasing the Cxb lung residence
time and will inhibit the lung tumor growth.

Our earlier studies with aerosolized Cxb solution in
combination with Doc has utilized an orthotopic lung can-
cer xenograft model (9). In the current study, we evaluated
Cxb-NLC as a novel carrier system for in-vivo anticancer
activity in lung tumor metastasis model using Nu/Nu mice
and investigated the underlying mechanism of action using
Western blotting, immunohistochemical techniques and
proteomic analysis. The evaluation of anticancer activity of
aerosolized Cxb-NLC as a single therapeutic agent and
combined with Doc in the lung tumor metastasis model
and proteomic evaluation will elucidate the effectiveness of
our approach and help to further identify suitable targets.
Furthermore, we have also determined the toxicity profile of
inhaled Cxb-NLC in healthy Balb/C mice using tissue
myeloperoxidase (MPO) activity measurement to assess the
safety of nanoparticles.

MATERIALS AND METHODS

Materials

Doc and Cxb were given by Sanofi-Aventis (Pennsylvania,
USA) and Pfizer Inc. (Illinois, USA), respectively. MCT oil
(Miglyol 812N) and Glycerol dibehenate EP-glyceryl behen-
ate NF (Compritol 888 ATO) were free samples from Sasol
GmbH (Witten, Germany) and Gattefosse (Saint Priest,
France). All other material or chemicals were analytical
grade and purchased from VWR international, USA.
NSCLC cell line A 549 was purchased from American Type
Culture Collection (Rockville, MD) and were cultivated in
F12K medium supplemented with 10% fetal bovine serum
and antibiotic mix PSN (Gibco® Invitrogen, USA) containing
Penicillin, Streptomycin and Neomycin.

Animals

Nu/nu mice (4–6 weeks old) for anticancer activity studies
and Balb/c mice (4–6 weeks old) for the NLC lung toxicity
studies were purchased from Charles River Laboratories.
The animal protocol was approved by Institutional Animal
Care and Use Committee (IACUC) of Florida A&M Uni-
versity. Before starting the experiments, animals were
housed in controlled environment (25±1°C & 40–60%
humidity) for 1 week. To acclimatize animals for inhalation
studies and to prevent any discomfort during experiments,
animals were trained for 4–5 days prior to start of experiment
by nebulizing water for 30 min.

NLC Preparation and Characterization

Cxb-NLC were made using Cxb, Compritol (solid lipid),
Miglyol (liquid lipid) and sodium taurocholate (surfactant)
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by hot melt homogenization technique as described previ-
ously (12). Blank NLC (without drug) were used as control
for comparison. The physicochemical properties such as
size, charge of NLC were analyzed with Nicomp Particle
sizer (USA). An drug assay and percent drug entrapped
were analyzed as described previous (10).

Effectiveness of Cxb-NLC and Doc Against A549 Cells

Effect of Cxb-NLC in combination with Doc against A549
cell line was measured as mentioned earlier literature (15).
In brief, the A549 cancer cells were cultured in 96-well
plates (104 cells/well) and incubated with different treat-
ment groups for different time points. Doc in the range of
0.20–52.0 nM was used with or without presence of Cxb
solution or Cxb-NLC (6 and 12 μM). The plates were incu-
bated at 37±0.2°C and cell viability was determined at 48
and 72 h by crystal violet assay (15). The isobolographic
analysis was used to measure the extent of interactions of
Doc combined with Cxb (Cxb solution and Cxb-NLC) (16).
The combination index (CI) values were calculated based on
IC50 values as described previously (15).

Anticancer Activity of Aerosolized Cxb-NLC

The A549 cells (2 million cells/mice) were injected to the
Nu/nu mice via tail vein to develop the lung metastatic
tumor model. A pilot study showed that lung tumors were
developed after 1–2 weeks of tumor cell injection. Ten days
post cancer cell inoculation, the animals were randomly
grouped into four groups. The mice were grouped (n=8)
and treated with i) aerosolized blank NLC, ii) i.v. Doc, iii)
aerosolized Cxb-NLC, and iv) aerosolized Cxb-NLC + i.v.
Doc. Cxb-NLC was given to mice (30 min exposure/day) by
nebulization for up to 28 days (17). The i.v. Doc treatment
at 10 mg•kg−1 was administered to mice on 14th, 18th, and
22nd post tumor inoculation days (17). Cxb-NLC were
nebulized for 30 min using Inexpose™ (SCIREQ Scientific
Respiratory Equipment Inc, Montreal, QC) as described
previously (17). Mice were euthanized and lung tumor tissues
were collected at end of the study. Therapeutic activity of
aerosolized Cxb-NLC as a single therapeutic agent and com-
bined with Doc were evaluated in terms of tumor weight and
volume. Tumor tissues were fixed in formalin for immunohis-
tochemistry (IHC), TUNEL, Hematoxylin & Eosin staining
and for western blotting tissues were stored in −80°C.

Western Blot Analysis of Tumor Tissues

Tumor tissues were processed and western blot analysis was
perfomed as per previously described method (17). Briefly,
RIPA buffer with protease inhibitor cocktail was used to
extract proteins. Proteins (50 μg) were subjected to SDS-

PAGE and immunoblotting. The blots were incubated with
different antibodies, such as Bax (1:500), cleaved caspase-3
(1:500), Bcl-2 (1:500), vimentin (1:500), caspase-9 (1:500)
and β-actin (1:500). Primary antibodies incubation was fol-
lowed with HRP conjugated secondary antibodies (1:1000)
using chemiluminescent reagent (Pierce, Rockford, IL) and
X-ray film development. Expressions of different protein
were measured using ImageJ software (v1.33u, NIH, USA).

TUNEL Assay and Immunohistochemistry (IHC)
for Cleaved Caspase-3

TUNEL assay was performed according to manufacturers
protocol using DeadEnd™ Colorimetric Assay kit (Prom-
ega, Madison, WI) (17) on paraffinized tumor tissue sections.
Similarly, the manufacturers recommended protocol was
followed using SignalStain™ Cleaved Caspase-3 (Asp 175)
IHC Cell Signaling assay kit (Beverly, MA) (17) for IHC.
Microscopic analysis was performed using digital camera
(DP71, Olympus Center Valley, PA, USA) connected to
an Olympus IX71 microscope. Positive staining was recog-
nized as brown staining.

Protein Lysis and Purification

Protein lysates were generated by RIPA lysis buffer (50 μL,
PBS pH7.4, 0.1%w/v SDS, 0.25%w/v sodium deoxycho-
late) containing EDTA-free protease inhibitor and phospha-
tase inhibitor. Samples were sonicated for 20 s on ice using a
Status US70 sonicating probe (Philips Harris Scientific,
U.K.) followed by centrifugation (13,400 rpm for duration
of 20 min; 4°C) and the resultant liquid phase extracted to
new tubes. Urea lysis buffer (50 μL, 7 M urea; 2 M thiourea;
4%w/v CHAPS; 50 mM DTT in PBS) containing EDTA-
free protease inhibitor and phosphatase inhibitor (Thermo-
Fisher) was mixed with the pellet and incubated for 30 min
with constant vortexing. The samples were sonicated and
centrifuged as described above. The liquid phase was
extracted and combined with the RIPA buffer protein ex-
tract. The urea lysis step was then repeated on the residual
pellet giving a total extract of approximately 150 μL. Brad-
ford assay was performed to estimate protein concentration.
Protein lysates were prepared for proteomic analysis by first
performing a TCA-DOC/Acetone cleanup procedure.
Briefly, lysates were incubated with Na deoxycholate (final
concentration=0.02%) for 30 min at room temperature.
Trichloracetic acid was mixed with a final concentration of
10% and reaction was continued for an additional 2 h.
Reactions were then centrifuged to pellet proteins. Pellets
were air-dried and then ice-cold acetone was added, reac-
tion was mixed and incubated at −20°C for 12 h. Reactions
were then spun at max speed in a microfuge at 4°C for
10 min. Pellets were re-suspended in a modified RIPA
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buffer (50 mM Tris; pH7.2; 150 mM NaCl; 2 mM EDTA;
1.0% Triton X-100; 1.0% Na deoxycholate; 0.1% SDS,
1 mM Phenylmethanesulfonyl fluoride, 1× Halt Protease
and Phosphatase Inhibitor). The protein concentrations
were measured by BCA assay.

Tandem Mass Tags Labeling

Tandem mass tags TMT6 (Thermo Sci.) with different
molecular weights (126~131) were used for relative and
absolute quantification as isobaric tags. Two 150 ug aliquots
of each cleaned up protein lysate was reduced, alkylated and
digested with trypsin (sequencing grade) as per protocol
from the TMT Isobaric Mass Tagging kit (Thermo Sci.
#90060). Samples were labeled for 1 h with TMT6 reagents
as follows: Aliquots of 150-μg digested peptides were each
labeled with a different isobaric tag. The control samples
(two 150-μg aliquots) were labeled with 126 and 127 mass
tag; the combination treated samples (two 150-μg aliquots)
were labeled with 128 and 129 mass tags; the single agent
treated samples (two 150-μg aliquots) were labeled with 130
and 131 mass tags. The hydroxylamine (5%) was used to
stop labeling reaction. The samples were pooled for
analysis as: Cxb/control, Dox/Control, Cxb/combo
and Dox/combo. Finally the mixed samples were
desalted over a C18 SPE column according to the
manufacture’s direction.

LC-MS/MS Analysis

LTQ-Orbitrap XL instrument (Thermo Scientific, San
Jose, CA) was attached to an Ultimate 3000 Dionex nano-
flow LC system (Dionex, Sunnyvale, CA) for analysis of
peptides as mentioned earlier (18,19). Briefly, peptide de-
tection was carried out at high mass resolution and for
reporter ion quantification high energy collision dissociation
was employed. Samples were processed for concentration
and desalting and peptides were eluted from the analytical
column using trap cartridge. Six MS/MS scans (centroid
mode) were performed following full MS scan (profile mode)
at 60,000 resolving power and three most copious molecular
ions were dynamically selected and fragmented. Monoiso-
topic precursor selection, Charge state screening, FT master
scan preview mode and Charge state rejection were enabled
for selection of only 2+, 3+ and 4+ ions and they were
fragmented by CID and high energy collision dissociation.
Database search and TMT quantification was carried out as
mentioned in literatures (18,19)

NLC Lung Toxicity

The normal Balb/c mice were given blank NLC and Cxb-
NLC for 30 min using Pary LC star nebulizer as described

earlier (10). The mice were given NLC each day for 28 days
and animals were euthanized at 24 h following of final day
of exposure. Neutral buffered formalin (10%v/v) was used
to fix the tissues and processed for sectioning. Tissue sections
were processed for hematoxylin and eosin staining. Further
lung toxicity was evaluated by; 1) acute lung injury assay: To
evaluate the edema of lungs, the lung tissues were dried at
60°C for 48 h and wet to dry lung weight ratio was deter-
mined; 2) myeloperoxidase (MPO) assay: The myeloperox-
idase activity marker was determined using reported
method (20,21) to estimate the neutrophil count in the lung
parenchyma. In brief, the normal and NLC treated lungs
were homogenized. The tissues were centrifuged and pellets
were re-suspended in HETAB solution. A 0.1 ml aliquot of
sample and 2.9 ml MPO assay reagent were mixed and
absorbance was measured at 460 nm using Tecan® infinite
m200 spectrophotometer (Tecan, USA). The MPO activity
was calculated.

Statistical Analysis

The significance of difference in treatment groups was
determined using one-way ANOVA and Tukey’s Multiple
Comparison Test using GraphPad prism version 5.0 (San
Diego, CA), where value of p<0.05 between the groups was
considered as statistically significant difference between
these groups. Proteomics statistical analysis was performed
in Excel (Microsoft, Redmond, WA) to determine signifi-
cantly altered proteins. Two parameters determined signif-
icance, 1) p-value of <0.05 and 2) the ratio value. For all the
ratios in the control sample the standard deviation (SD) was
determined and then significance was defined as (+/−
2*SD) (22–24).

RESULTS

Nanoparticles (NLC) Characterization

Inhalable Cxb-NLC nanoparticles were prepared using tri-
glycerides. The size and polydispersity of Cxb-NLC was
found to be 211±22 nm and 0.22, respectively. The net
charge on blank NLC was − 27.38 mV, whereas, Cxb-NLC
had−25.30 mV. Cxb content was approximately 1.8 mg/ml
with entrapment efficiency (EE) of 95.6% and drug loading
of 4% w/w. To determine the aerodynamic properties of
Cxb-NLC the Anderson Mark-II cascade impactor was used
and “Fine Particle Fraction” (FPF), “Mass Median Aerody-
namic Diameter” (MMAD) and “Geometric Standard De-
viation” (GSD) were found to be 76.2±5.1%, 1.58±
0.14 μm and 1.26±0.32, respectively. Dv50 of 2.71 μm
and FPF of 81.12±0.73% indicate that more than 75% of
aerosolized Cxb-NLC were below 5 μm indicating the
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optimal aerodynamic properties of Cxb-NLC that required
for inhalation delivery (25).

Effect of Cxb-NLC on A549 Cells

The IC50 values of Cxb-NLC were 252.02 (± 29.6) μg/ml at
24 h; 102.31 (± 5.4) μg/ml at 48 h; and 27.36 (± 2.2) μg/ml at
72 h. IC50 values for Doc were 0.036 (± 0.005) μg/ml at 24 h,
0.028 (± 0.004) μg/ml at 48 h and 0.015 (± 0.004) μg/ml at
72 h. The isobolographic analysis was used to see the effect of
Doc andCxb-NLC combination on cell proliferation. Figure 1
shows the isobologram of the interaction between Doc and
Cxb-NLC in A549 NSCLC cell line. The Cxb-NLC and Doc
combination showedCI values of 0.63 at 48 h and 0.72 at 72 h
of treatment which suggests the moderate synergistic activity.

Effect of Aerosolized Cxb-NLC Against A549
Metastatic Tumors

Treatment was given starting 10 days after tumor inoculation
for 28 days. Figure 2 show the therapeutic effectiveness to the
treatment by changes in tumorweight and volume.Mice treated
with Cxb-NLC + Doc and Doc i.v. showed significantly lower
lung weight than untreated animals. There were 25±4%, 37±
5%, and 67±4% decrease in the tumor volume following Cxb-
NLC,Doc i.v. andCxb-NLC+Doc i.v. treatedmice respectively
compared to control. Figure 1c shows the non-significant de-
crease (p>0.05) in body weight of mice treated with Cxb-NLC,
Cxb-NLC+Doc and Doc i.v. compare to control.

Effect on Pro-apoptotic, Angiogenic and Cell Survival
Proteins

The mechanism responsible for the effect of Cxb-NLC as a
single therapeutic agent and combined with Doc, we evaluated

several angiogenic, survival, growth inhibitory and apoptotic
proteins in tumor lysates (Fig. 3). Cxb-NLC treatments signifi-
cantly (P<0.001) down regulated Bcl-2 and up regulated Bax,
cleaved caspase-9, and cleaved caspase-3 expression compared
to the control group (Fig. 3). The Bax/Bcl-2 ratio was increased
to 1.5 with Cxb-NLC treated tumors compare to control. Cxb-
NLC+Doc treatment significantly increased expression of Bax,
cleaved caspase-9, cleaved caspase-3 proteins and decreased
expression of Bcl-2 compared to Cxb-NLC and Doc alone
treated group. Cxb-NLC, Doc and combination treatment
reduced VEGF expression in regressed tumor by 0.27, 0.44
and 0.65 fold, respectively, compared to control (Fig. 3). The
expression of survivin protein was also significantly reduced by
0.63 fold (*, P<0.01) and 0.42 fold (*, P<0.05) withCxb-NLC+
Doc and Doc alone treatment compared to control (Fig. 3).

TUNEL Assay and Immunohistochemistry (IHC)
for Cleaved Caspase-3

TUNEL assay showed that apoptosis was negligible in untreat-
ed tumors compare to treated with Cxb NLC, Cxb-NLC +
Doc (Fig. 4). The Cxb-NLC + Doc treatment showed a
significantly higher number of apoptotic cells compared to
Doc treatment. The specific cleaved caspase-3 activity in
tumors treated with Cxb-NLC, Doc and Cxb-NLC + Doc
were significantly higher than untreated control (P<0.001).
Furthermore, combination showed higher cleaved caspase-3
activity in A549 tumors compare to single treatment (P<0.01).

Quantitative Proteomic Analysis Reveals Significant
Down Regulation of Multiple Proteins in Cxb-NLC
and Doc Treated Lung Cancer Tissues

To further investigate the mechanisms of Cxb-NLC and
Doc action against lung cancer we performed global

Fig. 1 Isobolograms (a) and (b) Combination Index (CI) values of the interaction between Cxb with Doc against human lung cancer cells. Different
concentrations of Cxb were employed to study the effect on IC50 of Doc. Variable ratios of drug concentrations and mutually non-exclusive equations were
used to determine the CI. The CI values represent mean of four experiments. CI >1.3: antagonism; CI 1.1–1.3: moderate antagonism; CI 0.9–1.1:
additive effect; CI 0.8–0.9: slight synergism; CI 0.6–0.8: moderate synergism; CI 0.4–0.6: synergism; CI 0.2–0.4: strong synergism.
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proteomic analysis of the drug-treated vs. control lung can-
cer tissues from tumor bearing mice. Three post treatment
tumor tissue samples were analyzed: Cxb-NLC treated, Doc
treated, and Cxb-NLC+Doc treated. Quantitative data of
proteomic fold changes were obtained using a tandem mass
tag (TMT) labeling method. The results are summarized in
Supplementary Material Tables S1–3 where all identified
and quantified proteins are listed with fold changes and
statistical significance (p) values. Of particular interests are
the proteomic findings of significant downregulation of mul-
tiple proteins in both single treatment (Cxb-NLC or Doc) and
combination treatment that have been previously implicated in
promoting tumor growth and metastasis (Table I). The expres-
sions of seven S100 family proteins were found prominently
reduced in all treatments with various degrees of synergy in the
combined therapy. For example, the metastasis associated pro-
teins S100A6 (26) and S100P (27,28) were downregulated in
the Doc treated lung tumors by 1.6 and 1.2 fold, respectively.
After combination treatment, the protein levels went further
down by 2.5 and 1.6 fold, respectively, indicating the synergy
between Cxb and Doc. The protein anterior gradient 2 (29)
was markedly down in tumors treated with Cxb (5 fold,
p=0.0001), Doc (2.7 fold, p=0.0001) and Cxb+Doc (5.7
fold, p=0.0006), demonstrating the enhanced anticancer ac-
tivity of the combo treatment compared to Doc treatment
alone. Vimentin, the marker protein of epithelial to mesen-
chymal transition (EMT) in cancer invasion and metastasis,
was seen dramatically downregulated by 3.1, 1.4, and 3.0 fold
in Cxb, Doc, and combination treated samples, respectively.
Expression levels of other important marker proteins associat-
ed with poor prognosis and tumor progression such as trefoil
factor 1, galectin-1, and protein DJ-1 were all lowered signif-
icantly after treatment with Cxb and Doc either alone or in
combination (Table I). To validate proteomic alterations as a
result of Cxb-NLC and Doc treatment, we chose vimentin, a
hallmark of EMT in cancer progression for Western analysis.
As shown in Fig. 3, compared to the control group, vimentin

was down-regulated in tumors treated with Cxb-NLC alone
(p<0.05), Doc alone (p<0.05), and Cxb-NLC+Doc (p<0.05).
Also, vimentin was significantly (p<0.05) down-regulated in
combination treatment compared to single agent treatment
(Fig. 3). In contrast, Cxb alone or the combination treatment
proteomics results showed similar ~3-fold down-regulation of
vimentin (Table I). While the vimentin down-regulation results
by western blot and proteomic method were varied, the overall
trend of decreased expression of vimentin as a result of three
treatment strategies was confirmed by these studies.

NLC Lung Toxicity

The safety of the NLC was analyzed based on the lung edema
[wet to dry lung weight ratio (WDR)] and inflammatory
responses by performing the MPO assay. The WDR of 4.51
±0.47 and 4.42±0.29 was found in the non-tumor bearing
mice treated with blank NLC and Cxb-NLC. In the tumor
bearing mice treated with Cxb-NLC the WDR was 4.67±
0.10. The treatment groups showed non-significant (p>0.05)
difference in the WDR. Similarly, the MPO activity showed
non-significant difference among the different treatment
groups. The non-tumor bearing mice treated with Cxb-
NLC showed MPO activity value of 98.98±5.52. The MPO
activity with non-tumor bearing mice treated with blank NLC
and tumor bearing mice treated with blank NLCwas found to
be 100.24±3.56 and 97.78±3.7, respectively.

DISCUSSION

Localized delivery of anti-cancer drugs directly to the tumor
site may be a novel treatment option for patients with lung
cancer. Due to increased dose of Cxb (400 mg orally, twice
daily) used in phase III clinical trials, patients were showing
symptoms of Cxb induced heart attacks and strokes (30).
Our previous studied evaluated the anticancer potential of

Fig. 2 Effects of Cxb-NLC and Doc on metastatic A549 lung tumor weight (a); metastatic A549 lung tumor volume (b); mice body weight (c). A549 cells
(2×106) were injected into the nude mice by tail vein. Tumors were established for 7 days before therapy. Tumors from animals treated with Cxb-NLC
aerosol (3 times a week), 10 mg/kg Doc (days 14, 18, 22), or combination were harvested after 28 days. Lung weights and tumor volumes were
determined for measurement of therapeutic activity of the treatments. One-way ANOVA followed by post Tukey test was used for statistical analysis. P<
0.05 (*, significantly different from untreated controls; **, significantly different from single treatments). Data presented are means ± SD (n=8).
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Fig 3 Western blotting of tumor
tissue lysates to determine (a)
expression of Bax, Bcl2, caspase-
3, caspase-9, VEGF, Survivin and
Vimentin proteins in tumor
lysates by western blotting and (b)
quantitation of apoptotic protein
expression. Tumor tissue lysates
harvested tumor tissues from
control-untreated and treated
groups were analyzed by western
blotting for protein expressions.
Lane 1 = control; Lane 2 = Cxb-
NLC; Lane 3=Doc i.v.; Lane 4=
Cxb-NLC + Doc i.v. Protein ex-
pression levels (relative to β-actin)
were determined. Mean ± SE for
three replicate determinations.
One-way ANOVA followed by
post Tukey test was used for sta-
tistical analysis. P<0.01 (*, signifi-
cantly different from untreated
controls; **, significantly different
from single treatments).
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aerosolized Cxb solution at 4.56 mg•kg−1•day−1 as a single
therapeutic agent and combined with Doc compared to that
of orally administered Cxb at 150 mg•kg−1•day−1. We ob-
served that neither aerosolized Cxb solution alone at
4.56 mg•kg−1•day−1 nor orally administered Cxb solution
alone at 150 mg•kg−1•day−1 were effective (P>0.01) in
inhibition of lung tumor growth (9). However, aerosolized
Cxb solution + i.v. Doc showed synergistic anticancer ac-
tivity (9). The potential of this combination could be further
improved if Cxb could be retained in the lungs for longer
duration of time. Our pharmacokinetic studies with aero-
solized Cxb solution showed that the Cxb was cleared faster
from both lung and plasma. Furthermore, the use of aero-
solized Cxb-NLC resulted in the increased lung residence
time of Cxb compared to aerosolized Cxb Solution (10).
Thus, we have investigated the effect of increased lung
residence time by aerosolized Cxb-NLC as a single thera-
peutic agent and combined with Doc on in vivo activity in
lung tumor metastasis model.

We have evaluated the effectiveness of Cxb-NLC as a
single therapeutic agent and combined with Doc in-vitro
against A549 NSCLC cells. Cxb-NLC formulations showed

moderate synergistic effects, whereas Cxb-Solution when
given in combination with Doc showed a slight improve-
ment in synergism (CI values of 0.63 at 48 h and 0.72 at
72 h of treatment, respectively). The higher CI index value
of Cxb-NLC was due to association of Cxb with the nano-
particles and low amount of free Cxb was available to
inhibit the tumor cell growth when given in combination
with Doc. Our previous studies strongly support this obser-
vation where the IC50 values for Cxb-NLC were well cor-
related with the in vitro drug release data (10).

Followed by in-vitro analysis of Cxb-NLC +Doc treatment,
the efficacy of aerosolized Cxb-NLC as a single therapeutic
agent and combined with Doc against A549 metastatic lung
tumors were evaluated. In the present study, the aerosolized
delivery of Cxb-NLC (1.47 mg•kg−1) combined with Doc
(10 mg•kg−1) showed significant (p<0.01) reduction in tumor
growth compared to the single agent treatment (Fig. 2). The
aerosolized Cxb-NLC (1.47 mg•kg−1) alone showed signifi-
cant (p<0.01) inhibition of lung tumor growth compared to
control. In contrast, oral Cxb (150 mg•kg−1) and aerosolized
Cxb solution (4.87 mg•kg−1) demonstrated a non-significant
(p>0.01) inhibition of orthotopic lung tumors (9). Cxb-NLC

Fig. 4 Immunohistochemical staining of lung tumor tissues for induction of apoptosis using TUNEL assay (a); for expression of cleaved caspase-3 (b);
quantitation of apoptotic cells from TUNEL staining (c); and quantitation of caspase-3 positive cells apoptotic cells (d). Percentages of TUNEL-positive and
cleaved caspase 3-positive cells were quantitated by counting 100 cells from 6 random microscopic fields. Data are expressed as mean+SD (N=6). One-
way ANOVA followed by post Tukey test was used for statistical analysis to compare control and treated groups. P<0.01 (*, significantly different from
untreated controls; **, significantly different from single treatments). Original magnification ×40 (Micron bar = 100 μm).
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was found to be highly effective at reduced dose compared to
oral Cxb (150 mg•kg−1) and aerosolized Cxb solution
(4.87 mg•kg−1) respectively. The enhanced anticancer activity
of aerosolized Cxb-NLC compared to aerosolized Cxb solu-
tion was very well correlated with increased lung residence
time of Cxb as shown in our previous studies (10). The
aerosolized Cxb-NLC combined with Doc showed significant
reduction of tumor growth compared to that of reported oral
Cxb + Doc and aerosolized Cxb solution + Doc treatment.
Furthermore, the aerosolized Cxb-NLC, Doc and combina-
tion treatment showed non-significant change in weight loss
suggesting favorable toxicity profile of Cxb-NLC and Doc at
doses used in this study (Fig. 1c). Effectiveness of pulmonary
delivery against conventional systemic delivery with various
formulations has been showed by various scientists. Such as,
Verschraegen et al. (31) showed that aerosol administration of
liposomal 9-nitro-20(s)-camptothecin (13.3 μg•kg−1•day−1) in
primary or metastatic lung cancer patients was effective and
safe. In another study with a renal carcinoma lung metastasis
model, administration of paclitaxel liposome aerosol resulted
in non-significant difference in lung weights (P>0.05) (32).
Hirokazu et al. (33) showed that inhalation delivery of Chito-
san–interferon-β gene complex powder (a dose of 1 μg) in lung

metastatic mice model significantly increased survival time of
mice compared to control. Zhang et al. (34) also showed
decreased lung metastases in melanoma mice models follow-
ing inhalation delivery of 10-Hydroxycamptothecin. Olga B.
Garbuzenko et al. (35) also effectively delivered doxorubicin
liposomes and siRNA by inhalation and showed decrease in
tumor cell by 45% compare to control tumor. Also, our study
shows that localized delivery of aerosolized Cxb-NLC as a
single therapeutic agent and combined with Doc resulted in
significant anti-tumor activity at a reduced dose compared to
aerosolized Cxb solution and oral Cxb dose (9).

Previous studies has shown the molecular mechanisms in-
volved with the anti-proliferative effect, apoptotic response,
inhibition of angiogenesis and alteration of various proteins
expression related to the prostaglandins pathway of Cxb with
Doc under in vitro settings, xenograft A549 tumors, and ortho-
topic A549 tumors (5,9). In this study, we further elucidated the
underlying mechanism of action of Cxb-NLC + Doc treat-
ments. We observed that Cxb-NLC + Doc activated initiator
caspases, such as caspase-9 followed by activation of caspase-3.
Furthermore, expression level of DNA fragmentation and
cleaved caspase-3 was significantly increased in treatments
compared to control showing the anticancer activity through

Table I Significantly Downregulated Proteins in Metastatic Lung Tumors After Treatment of Celecoxib, Docetaxel, or in Combination

Accession #
AAs

MW
[kDa]

calc.
pI

Description Fold change
Cxb/Ctrl

t-test
(p values)

Fold change
Doc/Ctrl

t-test
(p values)

Fold change
Combo/Ctrl

t-test
(p values)

IPI00013895 105 11.7 7.12 Protein S100-A11 −2.00 0.001192 −2.06 0.00019 −1.67 0.00504

IPI00016179 98 11.5 6.16 Protein S100-A13 −1.56 0.013084 −1.36 0.00619 −1.74 0.00655

IPI00010214 104 11.7 5.24 Protein S100-A14 −2.06 0.001781 −1.27 0.00924 −1.52 0.01095

IPI00062120 103 11.8 6.79 Protein S100-A16 −2.35 0.000120 −2.98 0.00007 −1.81 0.02407

IPI00032313 101 11.7 6.11 Protein S100-A4 −3.22 0.000637 −2.95 0.00050 −2.47 0.00250

IPI00027463 90 10.2 5.48 Protein S100-A6 −2.14 0.000582 −1.57 0.00132 −2.46 0.00229

IPI00017526 95 10.4 4.88 Protein S100-P −1.42 0.006295 −1.18 0.11675 −1.59 0.01736

IPI00008527 114 11.5 4.32 60S acidic ribosomal
protein P1

−6.33 0.001264 −6.67 0.00181 ND

IPI00008529 115 11.7 4.54 60S acidic ribosomal
protein P2

−1.50 0.000109 −1.32 0.01327 −1.36 0.00631

IPI00942032 175 20.0 9.00 AGR2 −4.95 0.000125 −2.66 0.00014 −5.65 0.00062

IPI00554648 483 53.7 5.59 Keratin, type II cyto-
skeletal 8

−4.78 0.000106 −2.97 0.00009 −3.52 0.00140

IPI00418471 466 53.6 5.12 Vimentin −3.09 0.000144 −1.44 0.00003 −3.02 0.00128

IPI00219219 135 14.7 5.50 Galectin-1 −2.82 0.002144 −1.50 0.00012 −1.16 0.05178

IPI00012011 166 18.5 8.09 Cofilin-1 −2.79 0.000365 −1.79 0.00038 −2.05 0.01166

IPI00645674 108 12.5 4.82 Glutathione S-
transferase A3

−2.31 0.009014 −1.19 0.03458 ND

IPI00550363 199 22.4 8.25 Transgelin-2 −2.01 0.000376 −1.32 0.00053 −1.64 0.00419

IPI00022283 84 9.1 4.35 Trefoil factor 1 −1.68 0.005099 −1.91 0.00447 −1.22 0.01276

IPI00015894 356 38.0 5.19 Cdc42 effector
protein 4

−1.36 0.041237 −1.14 0.01753 ND

IPI00298547 189 19.9 6.79 Protein DJ-1 −2.14 0.000770 −1.38 0.00090 −2.01 0.00111

IPI00917753 265 31.0 4.23 SET nuclear oncogene −3.28 0.000058 −0.99 0.92124 −1.92 0.01838
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apoptosis (Fig. 4). Our in vivo studies showed that Doc, Cxb-
NLC, and Cxb-NLC + Doc treatment increased Bax expres-
sion and decreased survival (Bcl2) proteins (Fig. 3).

Studies have shown levels of VEGF mRNA and protein
levels are associated to COX-2 expression (36,37) and
VEGF levels in tumors were found to be down regulated
by COX-2 inhibitors (38). Furthermore, we observed that
Cxb-NLC + Doc treatment inhibits VEGF (Fig. 3) in
tumors compared to single agent and control. The expres-
sion of survivin was found to be decreased in the Cxb-NLC,
Doc and Cxb-NLC + Doc treatment (Fig. 3). The down-
regulation of survivin (negative regulator of apoptosis) ex-
pression may result in induction of apoptosis in tumor cells
by activation of caspases.

Furthermore, proteomic analysis of the Cxb-NLC and
Doc treated lung tumors provided additional support to
synergistic actions of these agents. S100 proteins are often
upregulated in various solid tumors and are associated with
tumor progression (39). The observation of marked down-
regulation of these proteins in the treated lung tumor tissues
in vivo confirms the drug mechanism in suppressing tumor
growth and metastasis. Kimura et al. showed in patients with
NSCLC that S100A4-negative/alpha-catenin-positive ex-
pression was responsible for higher survival in patients than
S100A4-positive expression (40). Indeed, a recent study
revealed that genetic exhaustion of S100A4 results in signif-
icant reduction of the metastatic potential in lungs of
PyMT-induced mammary tumors (41). Increased expression
of S100A11 in NSCLC is related to higher tumor-node-
metastasis stage as well as positive lymph node status (42),
suggesting that the downregulation of this protein might be
an important prognostic marker in monitoring the invasive
and metastatic potential of NSCLC patient treated with
Doc or combination regiment. The protein S100P has been
reported to predict distant metastasis and survival in non-
small cell lung cancer (39,43), again confirming the signifi-
cance of its diminished expression in Cxb-NLC and Doc
treated lung tumor tissues.

In addition to the S100 family proteins, other significantly
downregulated proteins also provided important evidence to
the synergistic drug activity of anti-metastasis and pro-apoptosis.
For example, AGR2 is an important tumor biomarker and
negative prognostic factor for both hormone dependent and
independent cancers including NSCLC (29, 45–47). In our
study, AGR2 was one of the most prominently downregulated
protein, exhibiting over 5-fold decrease in post combination
treatment lung tumor tissues. While the mechanism of AGR2
involvement in mediating tumor invasion and metastasis is not
fully understood, our results clearly demonstrate the prognostic
value of AGR2 that could be clinically exploited for NSCLC
patients undergoing chemotherapy. Another interesting obser-
vation was the alteration of protein DJ-1, whose expression was
consistently reduced across the three drug-treated tumor

samples (Table I). DJ-1 expression was increased compared to
paired non-neoplastic lung tissue, and correlated positively with
relapse incidence (44). It is believed that DJ-1 is a key negative
regulator of PTEN which antagonizes the PI3K signaling path-
way and suppresses cell survival. Thus downregulation of DJ-1
leads to decreased phosphorylation of PKB/Akt. Furthermore,
some studies showed that Cxb also acts through PI3K/Akt-
dependent, survivin and Bcl2 related mechanisms, which may
be COX-2-independent. The proteomic analysis was further
confirmed with western blot data using vimentin as a model
marker which showed a similar profile. Taken together, the
proteomic findings of significant downregulation of multiple
proteins and Western blot data reflecting decreased expression
of survivin, caspase-3, and vimentin suggest that combination
treatment leads to tumor remission by suppressing survival
signaling, activating apoptotic pathway, and inhibiting EMT.
Our proteomic studies suggest that S100, AGR2, and DJ-1
proteins may be explored as viable targets for lung cancer
treatment. Further investigation for non-apoptotic signaling
pathways involved in anti-cancer activity is in progress to gain
more insights.

Even though lipids used in making NLC are biodegrad-
able we do not know safety profile of NLC delivered via
inhalation, thus we evaluated NLC for its toxicity following
anti-tumor activity. The WDR was used to assess lung
edema and results showed that aerosolized Cxb-NLC has
WDR < 6.5. Where, normal mice have aWDR in the range
of 4 to 6.5 and in case of severe lung edema a value increases
significantly (>6.5) (21,45,46). Hence, it appears that aero-
solized Cxb-NLC did not cause any pulmonary edema.
Non-significant difference was observed in the MPO activity
in non-tumor bearing mice on treatment with blank-NLC
and Cxb-NLC showing that the Cxb-NLC did not cause
lung inflammation. The tumor bearing mice treated by the
Cxb-NLC showed decrease in MPO activity, which may be
due to the anti-inflammatory effect of Cxb. These results
show that pulmonary delivery Cxb-NLC and NLC are safe
to use for localized delivery. In addition, the evaluation of
lung tissues at the end of the study period demonstrated
normal lung architecture, indicating no significant pulmo-
nary impacts to following particle exposures.

CONCLUSION

In conclusion, this study shows the effectiveness of aerosolized
Cxb-NLC +Doc therapy against a murine lung cancer model.
The aerosolized Cxb-NLC showed significant inhibition of
tumor growth as a result of increase in lung residence time.
The therapeutic activity of Doc was improved by aerosolized
Cxb-NLC through various mechanisms in lung cancer. Thus
the use of aerosolized Cxb-NLC + Doc therapy may be a
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promising remedial stratagem for the treatment for lung cancer
that allows use of reduced dose resulting in fewer side effects.
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