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Abstract
The purpose of the present study was to evaluate the effect of Telmisartan (Tel) and Losartan
(Los) on nanoparticle intratumoral distribution and anticancer effects in lung cancer. A549 lung
tumor cells were orthotopically and metastatically administered to Nu/nu mice. Fluorescent
polystyrene nanoparticles (FPNPs, size ~200 nm) beads were used to study their intratumoral
distribution after Tel and Los treatments. Animals were administered with FPNPs and after 2h,
FPNPs intratumoral distribution was studied by fluorescent microscopy. Tel (~1.12 mg/kg) and
Los (~4.5 mg/kg) was administered by inhalation delivery at alternative days for 4 weeks to tumor
bearing animals. Collagen-1, transforming growth factor beta 1 (TGF-β1), cleaved caspase-3,
Vimentin and E-Cadherin expressions were studied by western blotting. To correlate the AT1
receptor blockage to anticancer effects, VEGF levels and microvessel densities (MVD) were
quantified. Los and Tel treated group resulted in the 5.33 and 14.33 fold increase respectively in
the FPNPs intratumoral distribution as compared to the controls. Tel treatment attenuated 2.23 and
1.70 fold Collagen 1 expression compared to untreated control and Los groups, respectively.
Further, in Tel and Los treated groups, the TGF-β1 active levels were significantly (p<0.05)
decreased. Tel (at four times less dose) was 1.89 and 1.92 fold superior in anticancer activity to
Los respectively in A549 orthotopic and metastatic tumor models (p<0.05) when given by
inhalation route. Tel, by virtue of its dual pharmacophoric nature could be an ideal candidate for
combination therapy to improve the nanoparticle intratumoral distribution and anticancer effects.
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1. Introduction
Non-small cell lung carcinoma (NSCLC) is a highly heterogeneous disease and the most
common cause of cancer mortality worldwide with a 5-year survival rate of only 15%.
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Despite recent advances in cancer treatments, the clinical outcome among NSCLC patients
is not impressive [1–2]. Chemotherapeutic drugs are rarely successful due to limited amount
of the drug reaching the lung tumor cells, resistance development and the associated adverse
side-effects [3]. Some of the biopharmaceutical and formulation hurdles in the anticancer
drug delivery have been successfully overcome by novel drug delivery systems including
nanoparticle approach [4–5]. Cancer chemotherapy that uses nanocarriers has been
developed to improve the clinical treatment of solid tumors by obtaining selective high
accumulation of drugs in tumor tissues with limited accumulation in normal tissues [6–7].
Cell penetrating peptides, monoclonal antibodies and tumor cell specific nanoparticles can
induce targeted delivery of chemotherapeutic agents to tumor cells [4, 8]. However,
irrespective of the targeting nature of the nanoparticles, their intratumoral distribution is
hindered by dense collagen network and highly fibrous interstitium observed in the solid
tumors [9–11]. Solid tumors are characterized by pathologic desmoplasia resulting in
increased extracellular matrix (ECM) deposition and tumor fibrosis [11–12]. The ECM is
mainly composed of collagen networks and is responsible for the compartmentalization of
tumors [12]. Increased ECM remodeling and stiffening by collagen and fibronectin enhances
tumor cell survival and proliferation [13–14]. Tumor fibrosis correlates with the progression
and invasion of various cancer types [14]. The increased ECM deposition directly
contributes to tumor growth by stimulating tumor cell proliferation, increasing angiogenesis,
and promoting invasion [15]. In addition to tumor progression, tumor fibrosis also plays
crucial role in the intratumoral delivery and distribution of macromolecules. High interstitial
fluid pressure, found in various types of tumors is associated with vessel leakiness, lymph
vessel abnormalities, and perivascular fibrosis, leading to matrix rigidity and fibroblast
contractility and resulting in increased fiber tension. This leads to decreased transcapillary
transport and limiting the chemotherapeutic drug delivery to tumors [15].

Use of antifibrotic agents has been reported to decrease tumor interstitial fibrosis and
promote nanoparticle intratumoral distribution [6, 10]. The role of transforming growth
factor beta (TGF-β1), a multifunctional cytokine in tumor fibrosis has been well documented
and plays a pivotal role in regulation of progression of cancer through effects on tumor
microenvironment as well as on cancer cells [16–17]. TGF-β system acts as a tumor
suppressor in early stages and as a tumor promoter in late stages of tumor progression. Most
lung cancers have intact TGF-β signaling but develop resistant mechanisms against TGF-β
mediated growth inhibition, suggesting the tumor-promoting role of TGF-β. Expression of
TGF-β is frequently upregulated in NSCLC and many other cancers and is correlated with
enhanced invasion and metastasis [18]. TGF-β inhibitors have recently been shown to
prevent the growth and metastasis of certain cancers [19–20]. Improvement of nanocarriers
cancer-targeting therapy by inhibition of TGF-β signaling was also reported in intractable
solid tumors [21]. Peroxisome Proliferator-Activated Receptor-γ (PPAR γ) activation also
inhibited the tumor metastasis by antagonizing TGF-β and Smad3 [18, 22]. A recent study
demonstrated that AT1 receptor blocker Los through TGF-β inhibition improved the
penetration and therapeutic efficacy of drug loaded nanoparticles [10]. Tel, another AT1
blocker also demonstrated PPAR γ activity and several studies demonstrated the beneficial
effects of Tel over other AT1 blockers [23–25]. Previous studies have also suggested the role
of Tel in controlling diabetes associated cardiovascular complications by virtue of its
additional PPAR γ agonistic activity [26]. Further, Tel has also been reported to reduce
TGF-β induced ECM production in various disease conditions [23, 27]. The combined
antifibrotic effects of PPAR γ activators and AT1 receptor blockers (ARB) may be more
beneficial in ameliorating tumor fibrosis which could be successfully used with Tel [28–30].

Angiotensin II (Ang-II) is the biologically active peptide of the renin-angiotensin system
(RAS) involved in blood pressure control, tissue remodeling and angiogenesis as well as in
vascular and inflammatory pathologies. However, compelling evidence indicates that the
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Ang-II peptides also play a role in cell proliferation and metastasis [31]. Ang-II is a
vasoconstrictor, a mitogen, and an angiogenic factor, while angiotensin (1–7) has
vasodilator, anti-proliferative, and anti-angiogenic properties [32–35]. Major functions
attributed to Ang-II (inflammation, angiogenesis and migration) are also related to cancer
progression [31]. Most components of the RAS including angiotensinogen, angiotensin
converting enzyme (ACE) and angiotensin receptors are expressed locally in a wide variety
of tumors [31, 36]. Angiogenesis is essential for tumor growth and metastasis and vascular
endothelial growth factor (VEGF) is the most potent angiogenic factor identified to date and
is produced by RAS through AT1 receptor activation [37]. TGF-β1 acts as an indirect
angiogenic agent by regulating the VEGF production [38]. Recently various reports have
demonstrated the anticancer effects of angiotensin receptor (AT1) blockers (ARBs) and AT2
receptor activators and Ang 1–7 peptides [13, 34, 39–41]. Considering the important role of
AT1 receptors in tumor development and metastasis, and signal cross talk between TGF-β1,
AT1 receptors in tumor fibrosis [42], the current study has been designed to study the
antifibrotic effects of Los and Tel in Lung cancer models [42]. Tumor fibrosis nature was
characterized by estimating collagen levels and masson trichrome staining. Role of TGF-β1
in collagen induced tumor fibrosis was studied by quantifying the TGF-β1 levels. The
mechanism of anticancer effects induced by Los and Tel were characterized by analyzing
the apoptosis (cleaved caspase 3) and MMP-9 expressions. The role of ARBs on tumor
angiogenesis was studied by VEGF and microvessel density (MVD) levels. Further, the
antimetastatic effects of Los and Tel were studied by Vimentin, E-Cadherin and MMP-9
expressions.

In this study, we have proposed to treat the lung tumors with Los and Tel by inhalation route
prior to administering the nanoparticles to solid lung tumors. We hypothesize that prior
treatment with Tel will make poorly penetrable fibrous tumors into easily nanoparticle
penetrable loose interstitial networks allowing for better intratumoral distribution of the
nanotherapeutics leading to their superior anticancer effects.

2. Materials and methods
2.1. Materials

Tel, Los were purchased from Alpha Aesar (MA 01835), and Fluorescent polystyrene
sulphate modified Latex beads (L9902-1 ML) were procured from Sigma Aldrich (St. Louis,
MO 63178). Human non-small cell lung cancer cells (A549 and H1650) and normal lung
fibroblasts WI-38 were procured from ATCC. The antibodies (TGF-β1 was from R&D
systems MN 55413), Collagen-1, Cleaved caspase-3, CD31, E-cadherin, AT1 receptor (F-3)
Vimentin and MMP-9 were procured from Santa Cruz Biotechnology Inc (CA 95060).
VEGF kit was purchased from Thermo Fisher scientific Inc (IL 61101). TGF-β1 ELISA kit
was purchased from R&D systems (MN 55413). Masson trichrome staining kit was
purchased from Polysciences Inc (PA 18976).

2.2. In vitro anticancer effects of Los and Tel
Non-small cell lung cancer cell lines A549 and H1650 were plated in 96 well plates at
10,000 cells/well density. After 24h, cells were treated with various concentrations of Tel
and Los, 0.1 % DMSO treated cells were considered as control cells. After 72h the
treatment, cells were fixed in 0.25% gultaraldehyde and stained with 0.05% crystal violet
staining. Percent of cell viability or cell kill was calculated by considering DMSO treated
control cells as 100% viable (zero % cell kill).
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2.3. Effect of Los and Tel on normal lung fibroblasts
To study the effect of Tel on normal lung fibroblast cells (WI-38), dose dependent cytotoxic
effects were studied. 10,000 cells/well were plated in 96 well plates and allowed to attach
and grow for 24h, then cells were treated with different doses of Los and Tel (in DMSO).
After 72h of treatment, cytotoxicity was studied by crystal violet staining method. Percent of
cell viability or cell kill was calculated by considering DMSO treated control cells as 100%
viable (zero % cell kill).

2.4. Aerodynamic size distribution analysis
Particle size distribution was measured using an 8-stage Anderson cascade impactor, Mark
II connected to the PARI LC STAR jet nebulizer mouth piece. The impactor plates were
coated with 10% Pluronic L10 in ethanol solution to prevent particle bounce. The aqueous
formulation or solution was nebulized using PARI LC STAR jet nebulizer using dry
compressed air for 5 min into the cascade impactor which was operated at a flow rate of
28.3 L/min according to USP guidance [43]. To determine the aerodynamic properties of
Los and Tel, the inhaled aerosol on the nebulizer, throat, jet stage, plates on impactor stages
0–7, and filter was collected by washing with 5 ml of HPLC grade water. The analysis of
Los and Tel was performed on a Waters HPLC system using a Symmetry C18 column (5
µm, 4.6 × 250mm) with a Nova-Pack C8 guard column at corresponding wavelengths and
flow rate of 1 ml/min. The HPLC system consisted of a Waters autosampler (model 717
plus), Waters binary pump (model 1525), and Waters UV photodiode array detector (model
996). All samples were analyzed in triplicate. The mass median aerodynamic diameter
(MMAD) and geometric standard deviation (GSD) was obtained from impactor data using
established software. Impactor experiments were repeated at least two times. Data was
expressed as the percentage of the total drug deposited on all stages of the impactor
including actuator and throat and represent mean ± sem (n=3).

2.5. Inhalation delivery of Tel and Los
Water soluble Los was dissolved in Phosphate buffer saline. Aqueous formulations of Tel
suitable for nebulization were prepared by dissolving the drug in Hydroxyl propyl beta-
cyclodextrin solution. These solutions were used for in vitro characterization and for animal
inhalation studies. The total amount of Los and Tel deposited into each mouse was
calculated based on the earlier reported method [43]. The estimated total deposited amount
of inhaled Los and Tel (D) for the ambient air was calculated by the following formula:

(1)

Where; C = concentration of Los (500 µg/ml) or (Tel 125 µg/ml) in aerosol volume, 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)], T = Duration of treatment in min (T = 30 min).

One week after the tumor cell injections, animals were grouped into control, Tel, Los,
FPNPs, Tel+FPNPs and Los+FPNPs. All the Tel and Los group animals were exposed to
aerosolized form of Tel (125 µg/ml) and Los (500 µg/ml) with a PARI LC STAR jet
nebulizer using dry compressed air at a flow rate of 4.5 L/min for 30 min by nose only
inhalation exposure system. Mice were restrained in animal holders and placed in an
inhalation chamber (SCIREQ, Montreal, Canada), such that only the nose of each mouse
was exposed to the aerosol cloud. The nebulizer was connected to the top part of the
inhalation chamber from which the generated aerosol flowed down the central tower to the
12 mice peripherally arranged. Inhalation was performed every alternative day for 2 weeks.
After the last inhalation dose, fluorescent nanoparticles were given i.v. via tail vein. Animals

Godugu et al. Page 4

J Control Release. Author manuscript; available in PMC 2014 November 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were sacrificed by high dose of CO2 and tumors along with lungs were isolated and used for
the microscopic studies to analyze nanoparticle intratumoral distribution. Alternatively,
some tissues were either stored in −80°C for western blotting or fixed in formalin saline for
Immunohistochemistry, histopathology and masson trichrome staining. In separate set of
animals, inhalation delivery was continued for 4 weeks to study the anticancer effects of Tel
and Los in orthotopic and metastatic tumor models.

2.6. Animals
The laboratory murine model has been used extensively in lung cancer research. Female, 6-
week old, athymic Nu/nu mice were purchased from Harlan Inc. (Indianapolis, IN). The
mice were housed and maintained in specific pathogen-free conditions in a facility approved
by the American Association for Accreditation of Laboratory Animal Care. Food and water
were provided ad libitum to the animals in standard cages. Animals were maintained at
standard conditions of 37°C and 60% humidity. All experiments were done in accordance
with the guidelines of the Institutional Animal Care and Use Committee (IACUC) at Florida
A&M University. Animals were acclimatized for 1 week prior to the tumor studies.

2.7. Orthotopic and Metastatic tumor models
A549 cells were grown in F12K Media containing 10% FBS and standard antibiotic mix at
5% CO2 and 37°C. For orthotopic lung tumor model, mice were anesthetized with
Isoflurane and a 5 mm skin incision was made to the left chest, 5 mm below the scapula.
Hamilton syringes (1 ml) with 28-gauge hypodermic needles were used to inject the cell
inoculums through the sixth intercostal space into the left lung. The needle was quickly
advanced to a depth of 3 mm and quickly removed after the injection of the A549 cells (2
million per mouse) suspended in 100 µL PBS (pH 7.4) into the lung parenchyma. Only cell
suspensions of >95% viability as determined by tryphan blue exclusion were used. Wounds
from the incisions were closed with surgical skin clips. Animals were observed for 45 to 60
min until fully recovered. These animals develop lung cancer within 14 days after the cell
inoculation. Female athymic nude mice (six week-old) were used for metastatic lung cancer
model by administering A549 cells (2 million per mice) intravenously by tail vein
administration. Untreated mice were used as control and other groups were treated either by
inhalation delivery of Tel, Los or FPNPs or both nanoparticles according to the study
design.

2.8. Intratumoral distribution of Nanoparticles
After last dose of inhalation administration of Tel or Los, animals were intravenously
administered with 100 µL of FPNPs. After 2h, animals were sacrificed and lungs along with
tumors were collected. Part of the tumors was fixed in formalin solution for histopathology
and immunohistochemical studies. Frozen tissues were embedded in OCT medium and
cryosectioned. 10 µm sections were mounted on the microscopic slides, the red fluorescence
generated from FPNPs was visualized and qualitative nanoparticle intratumoral distribution
was analyzed by ImageJ software. Average of 10 fields was studied for each slide. For each
tissue, three slides were prepared and for each group 3 tissues were analyzed.

2.9. Western blot analysis
Protein was extracted from tumor tissues collected from control-untreated and treated
tumors using RIPA lysis buffer (50mM Tris-HCL, pH 8.0, with 150 mM sodium chloride,
1.0% Igepal CA-630 (NP-40), 0.5% sodium deoxychlorate, and 0.1% sodium dodecyl
sulfate) with protease inhibitor and 500 mM phenylmethylsulfonyl fluoride. Protein content
was measured using BCA Protein Assay Reagent Kit (PIERCE, Rockford, IL). Equal
amounts of supernatant protein (50 µg) from the control and different treatments were
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denatured by boiling for 5 min in SDS sample buffer, separated by 10% SDS-PAGE,
transferred to nitrocellulose membranes for immunoblotting. Membranes were blocked with
5% skim milk in Tris-buffered saline with Tween 20 [10mM Tris-HCL (pH 7.6), 150 mM
Nacl, and 0.5% Tween 20] and probed with antibodies against Collagen 1 (COL-1) (1:500),
TGF-β1 (1:500), E-Cadherin(1:500), Vimentin(1:500), AT1 receptor (1:500) and β-actin
(1:1000). Horseradish peroxidase-conjugated secondary antibodies (Santa Cruz
Biotechnology, Santa Cruz, CA) were used. Proteins were visualized using enhanced
chemiluminescent solution (Pierce, Rockford, IL) and exposed to Kodak X-OMAT AR
autoradiography film (Eastman Kodak, Rochester, NY).

2.10. Histopathology and Masson trichrome staining
Both orthotopic and metastatic lung tumors were processed for normal histopathological
procedures and 5–10 µm sections were made. After deparaffinization and rehydration,
sections were stained with Hematoxylin and Eosin for normal histological evaluation.
Masson trichrome staining was performed to localize the collagen distribution in the tumors.
Collagen staining was performed according to the manufacturer’s kit procedures
(Polysciences, lnc). The blue color staining indicates the presence of collagen fibers in the
tumor.

2.11. Assessment of anticancer efficacy
The general physiological behavior and body weight profiles of mice were recorded during
the study. Animal survival rates were recorded. At the end of studies (five weeks post tumor
implantation or injection), all mice were sacrificed and the lung weight, tumor weight, tumor
volume, number and volume of tumor foci (central, mid and peripheral region) were
determined; excised lung and tissue samples were stored at –80°C for further analysis by
western blotting and immunohistochemistry (IHC).

2.12. IHC for Cleaved caspase 3, Microvessel density (MVD) and MMP-9
Formalin fixed tumors were processed for automatic histopathological procedures. Tissue
sections were dehydrated by immersing in increasing concentrations of alcohol and
embedded in paraffin. Paraffin embedded specimens were cut into thin sections (5–10 µm).
Tissue sections (4–5 µm thick) mounted on poly-L-lysine–coated slides and sections were
deparaffinized with xylene and rehydration through graded concentrations of alcohol, then
incubated with 3% hydrogen peroxidase for 20 min to block endogenous peroxidase activity.
Antigen retrieval for Cleaved caspase-3, CD31 and MMP-9 staining was carried out for 10
min in 0.01 M sodium citrate buffer (pH 6), heated at 95°C in a steam bath followed by
cooling for 30 min. Endogenous peroxidase was blocked by 3% hydrogen peroxide in PBS
for 10 min. The slides were washed with PBS and incubated for 1 h at room temperature
with a protein blocking solution. Excess blocking solution was drained, and the samples
were incubated overnight at 4°C with cleaved caspase-3, CD31 and MMP-9 antibodies or
incubated with biotinylated secondary antibody followed by streptavidin. The color was
developed by exposing the peroxidase to a substrate-chromagen, which forms a brown
reaction product. The sections were then counterstained with hematoxylin. Cleaved
caspase-3, CD31 and MMP-9 expression was identified by the brown cytoplasmic staining.
Numbers of positive cells per filed was quantified by counting 10 different fields from each
section.

2.13. Quantification of VEGF and TGF-β1 by ELISA
VEGF and TGF-β1 levels were estimated in plasma, tumor tissue homogenates and in vitro
cell culture supernatant samples from sub-confluent A549 cell cultures by ELISA. Tumors
were homogenized in RIPA lysis buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Triton
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X-100) containing proteinase inhibitors (Complete Proteinase Inhibitor Cocktail Tablets,
Roche, Indianapolis. IN). Tissue debris was pelleted and the resulting supernatant was used
in subsequent analysis. Total protein concentration was determined with a BCA protein
assay (Pierce, Rockford, IL). For in vitro estimations, media was collected 48h after the
treatments. VEGF concentrations were determined according to the manufacturer’s
instructions. Total and active TGF-β1 levels were measured by TGF-β1 Quantikine® ELISA
kit according to the manufacturers protocol (R&D Systems, Minneapolis, MN). A
monoclonal antibody specific for TGF-β1 was pre-coated onto microplates. To activate
latent TGF-β1 to immunoreactive active TGF-β1 recommended protocol was followed. The
TGF-β1 levels estimated in native samples indicated the active form. The difference in the
TGF-β1 levels between activated and native samples indicate the total TGF-β1 levels. A
minimum of 4 tumors per group were analyzed in duplicate.

2.14. Tumor size and volume analysis
The lung weights and tumor volume were used for assessment of therapeutic activity of the
treatments. We also evaluated efficacy of therapy in different areas by determining average
number of tumor nodules in central, mid and peripheral region of lungs harvested from
metastatic control and treated groups. Tumor nodules of 2–10 mm3 in volume were counted
using photo microscope (ProgRes C10 plus, Olympus, USA).

2.15. Statistics
All data are presented as the mean ± standard error of the mean (sem). Statistical differences
were evaluated by Student’s t-test or one way analysis of variance (ANOVA) followed by
Tukey’s test. The criterion for statistical significance was set at p<0.05.

3. Results
3.1. In vitro anticancer effects of Tel and Los

The IC50 values for Tel and Los with A549 cells were 80.37±10.64 µM and 210.46±15.67
µM, respectively. Similar pattern of activity was observed in H1650 cells, IC50 values for
Tel and Los being 60.71±5.82 µM and 224.65±16.83 µM, respectively (Figure 1A). The cell
proliferation assays revealed that both Tel and Los inhibited the cell proliferation dose
dependently; further Tel exhibited increased inhibition on cell proliferation compared to Los
(Figure 1B). Both Tel and Los up to 200 µM concentration did not exhibit significant
cytotoxic effects with human normal lung fibroblasts, WI-38 (Figure 1C).

3.2. Aerodynamic size distribution analysis for inhalation characterization and lung
deposition

Assessment of size and shape characteristics of Tel and Los aerosolized formulations were
assessed by determining their mass median aerodynamic diameter (MMAD), fine particle
fraction (FPF) and geometric standard deviation (GSD) using Anderson Mark-II cascade
impactor. Tel formulation yielded FPF of 71.6 ± 4.6%, MMAD of 1.8 ± 0.23 µm and GSD
of 1.5 ± 0.27. Similarly, Los formulation yielded FPF of 69.7 ± 5.9%, MMAD of 1.6 ± 0.31
µm and GSD of 1.8 ± 0.19. With Spraytec, the Tel formulation showed Dv50 of 2.51 µm
with FPF of 73.84 ± 3.64% indicating that the aerodynamic values are well in agreement
with that of cascade impactor values and more than 70 % of aerosolized droplets were below
5 µm. Based on initial experiments, the concentrations of solutions used for inhalation
exposure were 0.5 mg/ml for Los and 0.125 mg/ml for Tel. The in vitro theoretical lung
deposition experiments suggested that total amount of Los and Tel deposited into each
mouse was 4.5 mg/kg and 1.12 mg/kg, respectively. Therefore, the doses used for the
inhalation studies were fixed as 4.5 mg/Kg for Los and 1.12 mg/Kg for Tel.
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3.3. Effect of Tel and Los Inhalation delivery on Intratumoral distribution of Nanoparticles
In control tumors, the nanoparticle intratumoral penetration was limited and confined to
areas around blood vessels (Figure 2A). Administration of Los and Tel by inhalation for 2
weeks, significant increase in the distribution of FPNPs was evidenced by observed intense
and uniform distribution of nanoparticles in treated groups (Figure 2A). The quantitative
fluorescent data indicated significant improvement in the intratumoral distribution in Tel
group compared to Los and untreated control groups. When compared to control tumors,
Los and Tel treated group resulted in the 5.33±0.21 and 14.33±1.87 fold increase
respectively in the nanoparticle intratumoral distribution. Interestingly, Tel showed 2.7±0.34
fold increase in the nanoparticles intratumoral distribution compared to Los (Figure 2D).
When studied the FPNPs distribution in 6 weeks inhalation exposed animals, similar type of
significant increase in the nanoparticle intratumoral distribution was observed
(supplementary data SIII B).

3.4. Effect of tumor fibrosis on nanoparticle intratumoral distribution and effect of Tel and
Los on tumor fibrosis

The fibrous nature of lung tumor was studied by estimating the tumor Collagen 1 levels.
Since, TGF-β1 is responsible for the synthesis of Collagen 1, the role of TGF-β1 levels in
tumor fibrous nature and effect of Tel and Los were studied. Collagen 1 levels were
quantified by western blot and densitometric analysis suggested that compared to untreated
control, Los treatment significantly reduced the tumor Collagen 1 expression by 1.31 fold in
orthotopic tumors. Further, Tel treatment significantly attenuated Collagen 1 expression
(2.23 and 1.70 fold) compared to untreated control and Los groups, respectively (Figure
3A). Further, in metastatic tumors, Tel produced superior collagen1 inhibition than the Los
(Figure 3B). Western blot analysis of active TGF-β1 expressions suggested that activated
forms of TGF-β1 levels were over expressed in orthotopic lung tumors and Tel and Los
treatment resulted in its significant reduction (Figure 3C). Further, the active and latent
forms of TGF-β1 levels analyzed by ELISA method revealed that the increased levels of
active form (Phosphorylated) were detected in untreated A459 cell culture supernatants.
Total TGF-β1 levels were found to be not significantly different except in Tel 30 µM treated
A549 cells. Further Los and Tel (10 and 30 µM) resulted in significant reduction in the
activeTGF-β1 levels suggesting that both Los and Tel inhibit the TGF-β1 activation (Figure
3D). Significant increase in the active TGF-β1 levels were found in lung tumor lysates and
plasma collected from untreated control animals compared to Tel and Los groups. The total
amount of TGF-β1 was found to be unaltered in the control and Los groups, whereas in Tel
treated group significant reduction in the total TGF-β1 levels were found (Figure 3E&F).
These results indicating that Los by inhibiting the TGF-β1 activation and Tel by decreasing
the TGF-β1 expression as well as activation may leads to collagen synthesis inhibition.
TGF-β1 active levels were significantly decreased in Los (p<0.05) and Tel (p<0.001) treated
groups, indicating the crucial role of TGF-β1 activation in tumor fibrosis and the antifibrotic
effects of Tel and Los observed to be through inactivation of TGF-β1, in turn leading to
reduction in the tumor collagen levels.

3.5. Histopathology and Masson trichrome staining
Histological evaluation of tumor sections by H&E staining showed the presence of dense
fibrillar networks distributed intratumorally. These extracellular networks divided the tumor
into several compartments (red arrows). Whereas in Tel and Los treated tumors, these
extracellular networks disappeared (Figure 4). The extracellular matrixes are made up of
collagen was measured by collagen specific masson trichrome staining. Significant amount
of collagen was deposited in both orthotopic and metastatic lung tumors (Figure 5A). The
compartmentalization seen in H&E stained control tumor sections was also further
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demonstrated by collagen staining in orthotopic tumors, which clearly indicated the role of
collagen in the tumor fibrosis. Inhalation treatment with Tel and Los significantly reduced
collagen distribution in the tumors. The quantitative analysis of collagen expression in
orthotopic and metastatic tumor models revealed that Los produced 2.71 and 2.60 fold
reduction, respectively. Compared to untreated controls, Tel treatment showed 4.35 and 5.44
fold reduction in the collagen expression in orthotopic and metastatic tumor models,
respectively. Further, Tel produced 1.60 and 2.08 fold reduction in the collagen levels in
orthotopic and metastatic tumor models, respectively compared to Los treated groups
(Figure 5B); this observation confirms the superior effects of Tel over Los in controlling the
tumor collagen expression.

3.6. Effect of Tel and Los inhalation delivery in orthotopic and metastatic lung tumors
The inhalation delivery of Tel and Los on alternative day exposure for 4 weeks showed
significant reduction in the lung weights in orthotopic and metastatic tumor models. In
orthotopic models, lung weights together with tumor were 519.51±55.13 mg in untreated
control groups, whereas in Los and Tel treated animals the lung weights were found to be
359.58±36.82 and 246.48±15.25 mg, respectively (Figure 6A). Similarly, in metastatic
tumor models also lung weights were significantly reduced with Los and Tel treatment
(Figure 6A). The lung tumor volumes in control, Los and Tel treated groups were
578.50±55.5 mm3, 391.5±39.0 and 231.25±37.64 mm3, respectively (Figure 6B). Tel
treated lung weights were significantly lower (1.89 and 1.92 fold, in orthotopic and
metastatic models, respectively) than the Los groups, clearly indicating that Tel has superior
anticancer effects than Los.

Further, number of tumor nodules was counted in central, mid and peripheral lobes from
metastatic tumor models to analyze the metastatic nature of the lung tumors. In all three
lobes, the number of tumor nodes was found to be significantly decreased in Los and Tel
treated groups compared to untreated control animals, suggesting that both Los and Tel
exhibit antimetastatic anticancer effects (Figure 6C). Further, Tel produced superior
anticancer effects than Los in both orthotopic and metastatic tumor models (Figure 6A–C).
The survival rates of orthotopic and metastatic tumor bearing animals were increased in Los
and Tel treated groups. In orthotopic lung tumor animals the survival rates were found to be
33.33% for untreated control groups, further, Los and Tel treatment resulted in the increase
in the survival to 66.66 and 83.33%, respectively. Similarly, the survival rates in metastatic
tumor bearing animals were also increased from 33.33% (in control) to 83.33% in Los
treated animals, whereas in Tel treated animals 100% survival rate was recorded (Figure
6D). There was no significant change in the body weights were observed in both the tumor
models treated with Los and Tel, suggesting the safety of the inhalation delivery of Los and
Tel (Figure 6E&F). Our extended inhalation exposure of Los and Tel for 6 weeks also
resulted in significant reduction in the lung tumor weights; however, even the maximum
possible duration of inhalation exposure in our models (6 weeks) did not eradicate the lung
tumors completely, suggesting that Los or Tel treatment only decrease the tumor weights up
to some extent, however, the complete eradication of tumors with these treatments is not
possible (Supplementary data SIII).

3.7. Effect of Tel and Los treatment on apoptosis, VEGF levels and microvessel density
(MVD)

Since Ang-II receptor blockers, ARB Los and Tel showed anticancer effects in lung cancer
models, the role of apoptosis, angiogenesis and VEGF in ARB induced anticancer activity
was studied. IHC analysis of lung tumor sections suggested that Los and Tel treatment
resulted in significant increase in the cleaved caspase 3 positive apoptotic cells (Figure 7A),
indicating the role of apoptosis. IHC analysis of lung tumor sections showed that MVD was
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significantly increased in untreated control lung tumors. Treatment with Tel and Los
resulted in the significant reduction (1.75 and 3.85 fold) in the MVD (Figure 7B) in the
orthotopic model while, in case of In metastatic tumor models, Los and Tel produced 1.47
and 1.82 fold reduction in the MVD compared to control groups. Tel produced superior
reduction in the vessel density compared to Los and control groups (Figure 7B and 8C).
Significant reduction in the MVD was noticed in Los and Tel treated tumors. These
observations imply that Tel and Los through angiotensin II receptor blockage exhibit
antitumor effects. MMP-9 levels were also significantly reduced in Los and Tel treated
groups compared to control orthotopic tumors, indicating the possible role of MMP-9 in
tumor fibrosis and progression (Figure 8A).

VEGF levels secreted into the cell culture supernatant was significantly reduced (p<0.01) in
Los and Tel groups compared to control cells. Both Los and Tel dose dependently reduced
the VEGF levels. Tel produced significant reduction in VEGF levels at 10 and 30 µM,
compared to corresponding concentrations of Los (Figure 9A). The increased levels of
VEGF observed in untreated control (151.10±25.02 pg/ml) tumors were significantly
alleviated in Los (98.01±7.35 pg/ml) and Tel (64.03±7.44 pg/ml) groups, indicating that
ARBs through VEGF inhibition exert anticancer effect (Figure 9B). Similarly, in plasma
also VEGF levels were significantly decreased upon treatment with Los (216.50±18.48 pg/
ml) and Tel (100.13±16.92 pg/ml) when compared with control plasma (338.25±42.58 pg/
ml) (Figure 9B).

3.8. Effect of Tel and Los treatment on Epithelial and mesenchymal Transition (EMT)
The role of Tel and Los on tumor EMT was studied by western blotting. Los and Tel
treatment resulted in the significant reduction in the Vimentin expression. Los reduced 4.56
fold and Tel treatment resulted in 5.77 fold reduction in the Vimentin expression. Another
EMT marker E-Cadherin significantly increased in Tel treated group compared to untreated
control groups (Figure 9 C&D). The AT1 receptor expression was significantly down
regulated in Tel treated groups compared to control and Los (Figure 9E). This could be
possible through PPAR γ activation of Tel.

The toxicity profile in healthy lung tissue surrounding the lung tumors after the long term
(4–6 weeks) inhalation exposure of Los and Tel was found to be normal, The fibrolytic
effects of Los and Tel did not alter the collagen expression in the normal lung tissues
(Supplementary data SI&SII).

4. Discussion
This is the first study to report the antifibrotic effects of Tel and Los in lung cancer models
to improve the nanoparticles distribution. In addition, inhalation delivery of Tel and Los per
se exhibited potential anticancer effects. The uniqueness of the current study is the
inhalation based selective delivery of the fibrolytic agents to lung tumors without unwanted
systemic exposure. Schematic representation of our inhalation approach to reduce lung
tumor fibrosis is shown in figure 10.

Though the role of fibrosis in nanoparticle distribution has been reported in various tumors
types, it was thought that fibrosis originates mostly from the cancer associated fibroblasts
(CAF) [44–45]. Howe ver, our in vitro studies with NSCLCs suggest that in addition to
CAFs, tumor cells are also involved in the TGF-β1 induced tumor fibrosis [44]. Previous
reports suggest that increased extracellular matrix accumulation plays crucial role in tumor
metastasis. Furthermore, recent studies also suggest that macromolecular distribution of
nanoparticles into the tumor was greatly influenced by the fibrous nature of the tumors [11,
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46–47]. This could be one of the main reasons why nanoparticles based anticancer drug
formulations have not demonstrated significant benefits upon clinical use.

For inhalation delivery, based on the solubility of the compounds, Los was dissolved in
PBS, while Tel was dissolved in water by using hydroxyl propyl β cyclodextrin. MMAD of
0.5–5um and GSD of less than 1.22 are considered optimal for aerosolized drug particles.
Thus, relatively respirable polydisperse particles were obtained after nebulization of Tel and
Los and adequate deposition was achieved in the lung of mice to exert their antifibrotic and
anticancer effects.

Intratumoral distribution studies indicated that in untreated tumors, FPNPs penetration was
not uniform and the distribution was confined to only around leaky vasculature. Whereas, in
Los and Tel treated tumors, increased penetration and uniform intratumoral distribution of
FPNPs was observed. TGF-β1 plays a pivotal role in regulation of progression of cancer
through effects on tumor microenvironment as well as on cancer cells and there is a strong
correlation between tumor collagen levels and TGF-β1 activation [6, 21]. The increased
TGF-β1 activity in in-vitro experiments with A549 cells suggested that tumor cells are also
involved in the TGF-β1 induced increased collagen synthesis and tumor fibrosis [6]. Our
findings were further supported by a recent study which demonstrated the anticancer and
antifibrotic effects of TGF-β1 inhibitors in breast cancer models. Inhibition of TGF-β by
soluble receptors or neutralizing antibodies resulted in significant increase in nanoparticle
intratumoral distribution and improved nanotherapeutic efficacy [6]. In another study, upon
TGF-β blockade, improved nanoparticle extravasation and penetration was reported in
pancreatic and other cancers [21, 48]. Our results demonstrated that, despite the dose of Tel
(1.12 mg/kg) was 4 times less than Los (4.5 mg/kg), Tel significantly decreased the
Collagen 1 levels in orthotopic and metastatic lung tumor models (Figure 4). Activated
TGF-β1 level was significantly decreased in Tel treated animals compared to untreated
control and Los groups (Figure 4). A recent study demonstrated that Los dose-dependently
reduced the stromal collagen in desmoplastic models of human breast, pancreatic, and skin
tumor models and improved the penetration and therapeutic efficacy of drug loaded
nanoparticles [10]. The Los doses used in the reported studies were 10–60 mg/kg, while
corroborating those findings; we observed that Los at the dose of 4.5 mg/kg by inhalation
route produced improved nanoparticle distribution. Further Tel when given by inhalation
route at a minimal dose of 1.12 mg/kg produced significant fibrolysis and enhanced
intratumoral distribution of nanoparticles in lung tumors. Due to selective delivery to lung
tumors, the doses required for both Los and Tel are 5–10 fold lesser than the reported studies
[10]. Our demonstrated antifibrotic effects with Tel suggest that this approach can be
applied to a variety of other tumor types for enhancing nanoparticle delivery and
distribution.

Further, during our inhalation studies, we found that after 2 weeks of inhalation delivery
(alternative days) of Tel, there was significant reduction in the lung tumor weights compared
to vehicle treated control groups, suggesting that there are additional anticancer effects while
trying to reduce the tumor fibrosis. Further, estimation of VEGF levels suggested that both
Tel and Los reduced VEGF levels. Several reports have suggested the role of Tel as a PPAR
γ agonist [28] and it is our hypothesis that this additional mechanism resulted in significant
reduction of VEGF levels compared to Los groups. Further, the role of PPAR γ in VEGF
and anticancer effects was confirmed from the PPAR γ antagonist GW9662; in presence of
this antagonist the anticancer effects and VEGF levels were comparable to Los group (data
not shown). These findings suggest that both Los and Tel through AT1 inhibition reduced
VEGF levels which are involved in tumor angiogenesis. Therefore, Tel induced inhibition of
tumor cell proliferation observed in our study is mediated through PPAR γ activation [49].
Our in vivo studies further demonstrated significant reduction in the VEGF levels in tumor
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homogenates from Tel treated animals compared to vehicle treated control and Los treated
animals. Further supporting the data from immunohistochemical analysis showed that
cleaved caspases-3 expression was found to be significantly increased in Los and Tel treated
animals, suggesting the promising anticancer effects of these agents upon inhalation
delivery. The decreased MVD and VEGF levels confirm the anti-angiogenic effects of Los
and Tel. The decreased MMP-9 levels further support the antifibrotic effects of these drugs
because MMP-9 is one of the important components in the extracellular matrix and is also
involved in tumor fibrosis. Therefore, use of FDA approved drugs like Los and Tel currently
on the market with strong safety profiles could be beneficial to improve the cancer therapy
[32]. Moreover Tel has superior activity over Los possibly through PPAR γ activation. This
is supported by the hypothesis that since TGF-β is involved in tumor fibrosis, use of ARBs
with additional PPAR γ agonistic activity may show beneficial effects in abrogating the
tumor fibrosis which in turn may increase the intratumoral distribution of nanotherapeutics
[22]. Although, Los showed significant improvement in nanoparticle distribution and
reduction in the lung tumor weights, due to lack of its PPAR γ activation ability, these
effects were inferior to Tel. However, if both the active metabolites of Losartan EXP3179
(PPAR γ activator) and EXP 3174 (AT1 blocker) are combined the similar comparable to
Tel results might be possible.

High fibrous nature is also one of the reasons for tumor progression and metastasis.
Because, tumor collagen modulates E-Cadherin mediated cell-to-cell contact to increase
tumor invasiveness and metastases [15], there is a strong relationship between tumor fibrosis
and aggressive nature of that particular tumor [12]. Further, TGFβ1 plays a role in the
Epithelial-mesenchymal transition (EMT) process, which is crucial in tumor cell migration
and metastasis. Our studies suggested that both drugs inhibit the EMT process by down
regulating Vimentin and up regulating the E-Cadherin levels. Further, the role of EMT in
tumor fibrosis is also well documented. Therefore, inhibition of TGFβ1, EMT, collagen
synthesis pathway by Los and Tel suggest the promising use of these agents in tumor
metastasis and fibrosis. The superior effects of Tel to inhibit EMT process can be attributed
to its PPAR γ mediated EMT inhibition [18, 50]. Recent clinical data analysis indicated the
possible carcinogenic effect of Tel upon chronic use when used for cardiovascular problems.
The report suggested that there was a significant increase in the cancer risk in Tel treated
patients [51]. This is a very controversial report with several other reports refuting this claim
and in contrast to those reports we used Tel (in very low doses) by inhalation for shorter
periods (2–4 weeks) to disrupt the tumor extracellular matrix. Our studies clearly
demonstrate that Tel exhibits anticancer effects through several mechanisms and has no role
in inducing cancers as reported. Since both Los and Tel are safe drugs and dose used for the
inhalation studies were very low, no visible signs of toxicity were observed. The H&E and
Masson trichrome staining in the healthy tissues suggested that, upon inhalation of Los or
Tel did not alter the normal tissues (Supplementary data SI and SII).

Though the current study is addressing the problems associated with nanoparticle
intratumoral distribution in high collagen containing fibrous tumors, similar kind of
increased tumor fibrosis is possible in several other non-fibrous tumors. Further, even if the
tumor is not fibrotic in nature, it was reported that radiation therapy increases tumor fibrosis
[52]. Further it is also speculated that AT1 receptors are also involved in radiation induced
fibrosis and in such conditions use of AT1 receptor blockers may efficiently reduce tumor
fibrosis. Our results support the concept that angiotensin receptor blockers with additional
PPAR γ activation may be beneficial for controlling TGFβ1-induced tumor fibrosis and
metastasis, because PPAR γ also regulates the tumor TGFβ1 expression as well as its
activation [22].
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5. Conclusions
Tel and Los showed significant anticancer effects in orthotopic and metastatic lung tumor
models. Inhalation delivery of Tel produced better antifibrotic effect than Los. Tel, by virtue
of its dual pharmacophoric nature could be an ideal candidate for combination therapy to
improve the nanoparticle intratumoral distribution and anticancer effects. Tel induced
antifibrotic strategy could be used for variety of tumors to improve the efficacy of
nanotherapeutics.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
In vitro anticancer effects: (A) Cytotoxicity of Losartan and Telmisartan on A549 and
H1650 NCCLCs 72 h after the treatment, IC50 values were calculated. (B) Effect of Los and
Tel on proliferation of A549 cells. (C) Effect of Los and Tel on proliferation of normal lung
fibroblasts WI-38. Each data point is represent as mean ± sem (n=6–8). *P<0.05, #P<0.01
and @P<0.001 Vs respective controls.
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Figure 2.
Nanoparticles intratumoral distribution: Effect of inhalation treatment of Los and Tel on
intratumoral distribution of FPNPs in (A) Control tumor (B) Losartan (C) Telmisartan and
(D) Quantitative analysis of nanoparticles distribution in arbitrary units. Values were
expressed as mean ± sem (n=3). @ P<0.001 a Vs control and b Vs Los group.
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Figure 3.
Effect of inhalation delivery of Los and Tel on tumor collagen and TGF-β expression:
Western blot images and densitometric analysis of tumor collagen 1 expression in (A)
orthotopic tumors (B) metastatic tumors. (C) Western blot analysis of active TGF-β1
expression in orthotopic tumors. (D) Quantification of TGF-β1 total and active levels in
invitro cell culture supernatants after treatment with Los and Tel 10 and 30 µM. (E) TGF-β1
total and active levels in plasma and (F) TGF β1 total and active levels in tumor lysates
estimated by ELISA method. Each data point was represented as mean ± sem (n=3).
*P<0.05, #P<0.01 and @P<0.001 a Vs control and b Vs Los group.
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Figure 4.
Representative microscopic images of histopathological analysis of orthotopic tumors at
10X and 40X magnification. Red solid arrows indicate the collagen induced
compartmentalization of Lung tumors, which are significantly decreased in Los and
disappeared in Tel treated groups.
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Figure 5.
Masson trichrome staining: (A) Effect of Los and Tel on collagen expression in orthotopic
and metastatic lung tumor sections, blue color staining indicates the collagen expression. As
observed in histopathology, blue color staining forming compartments suggest that collagen
is involved in the tumor compartmentalization (Solid arrows). (B) Quantification of Masson
trichrome stained collagen expression, collagen expression was significantly decreased in
Los and Tel treated groups. Each data point was represented as mean ± sem (n=3). *P<0.05,
#P<0.01 and @P<0.001 a Vs control and b Vs Los group.

Godugu et al. Page 21

J Control Release. Author manuscript; available in PMC 2014 November 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Anticancer effects of Los and Tel upon inhalation delivery: (A) Lung tumor weights in
orthotopic and metastatic models. (B) Effect of Los and Tel on tumor volumes in orthotopic
tumors. (C) Effect of Los and Tel on lung tumor nodule number in metastatic lung tumor
model. (D) Survival rates of orthotopic and metastatic tumor bearing animals during 5
weeks, upon inhalation treatment with Los and Tel. Body weight changes in inhalation Los
and Tel treated orthotopic (E) and metastatic (F) tumor models. Each data point was
represented as mean ± sem (n=3). *P<0.05, #P<0.01 and @P<0.001 a Vs control and b Vs
Los groups.
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Figure 7.
Immunohistochemical analysis of tumor sections: Representative microscopic images of
immunohistochemical analysis of Cleaved caspase 3 and CD31 based microvessel density
(MCD) expression in orthotopic and metastatic tumor models treated with Los and Tel by
inhalation route. (A) In cleaved caspase 3, decreased brown colored apoptotic cells were
noticed in Los and Tel treated groups, suggesting the role of apoptosis in anticancer effects.
(B) In CD31 based MVD analysis suggests that large numbers of microvessel are observed
in untreated control tumors.
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Figure 8.
Immunohistochemical analysis of tumor sections: (A) Representative microscopic images of
Immunohistochemical analysis of MMP-9 in orthotopic tumor model treated with Los and
Tel. Vast number of MMP-9 positive cells (Brown colored) was observed in untreated
control tumors. Quantitative IHC analysis of (B) Cleaved caspase 3, (C) MVD and (D)
MMP-9 expressions in various groups after treatment with Los and Tel. The averages of 10
fields per slide, 3 slides from each group were studied for the IHC analysis. Each data point
was represented as mean ± sem (n=3). #P<0.01 and @P<0.001 a Vs control and b Vs Los
group.
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Figure 9.
Quantification of VEGF levels by ELISA method: (A) Effect of Los and Tel on VEGF
expression in invitro A549 cells. (B) VEGF levels in tumor lysates and plasma after
inhalation treatment with Los and Tel. Western blot images and densitometric analysis in
orthotopic lung tumors treated with Los and Tel, (C) Vimentin (D) E-Cadherin and (E) AT1
receptors expressions. Each data point was represented as mean ± sem (n=3). *P<0.05,
#P<0.01 and @P<0.001 a Vs control and b Vs Los group.
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Figure 10.
Schematic representation of inhalation use of Tel to reduce tumor fibrosis and increase
nanoparticle intratumoral distribution.
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