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A B S T R A C T

Globally, prostate cancer remains a challenging health burden for men as it is the second leading cause of cancer
death in men and about one in nine will be diagnosed with prostate cancer in his lifetime. Enhanced expression
of COX-2 and Glut-1 proteins are reported as major factors leading to the origin and progress of prostate cancer
through modulating the associated signaling pathways. In this study, we have synthesized a multifunctional
liposomal system containing celecoxib and genistein drugs. The combinatorial effect of these drugs leads to the
selectively induce the apoptosis of prostate cancer cells than normal fibroblast cells. The mechanistic study
suggests that enhanced reactive oxygen species (ROS) formation and a decrease in cellular GSH concentration,
along with inhibition of COX-2 synthesis and Glut-1 receptors are the key processes behind the inhibition of
prostate cancer cells. Overall, these results provide strong evidence for the role of COX-2 and Glut-1 proteins for
the progression of prostate cancer and highlighting the potential of celecoxib and genistein as a useful and
combinatorial pharmacological agent for chemotherapeutic purposes in prostate cancer.

1. Introduction

Although there has been tremendous progress in the development of
novel strategies for prostate cancer treatment, however, it still remains
as one of the most challenging health burdens for men globally. As per
the statistics of the year 2012, there were over 1 million new prostate
cancer patients, accounting for 8% of all the new cancer cases world-
wide [1]. In recent past, there has been a significant development in the
realm of molecular biology, immunology, and target identification,
which have produced a rich library of new targets, signaling pathways,
and antibodies for immunotherapies. Additionally, investigations in the
domain of new drug development have led to the identification of novel
anticancer drugs. However, despite utilizing these tools, the successful
handling of prostate cancer has not been realized so far. Although it is
well known that the possible major obstacle is the early detection of
prostate cancer biomarkers, however, target-dependent delivery of
anticancer agents remains at the top of the list.

Among several anticancer drugs developed for inhibition of prostate
cancer progression, celecoxib is one of the key drug types, which has
shown excellent results in several studies [2–7]. Celecoxib is a cy-
clooxygenase (COX-2) dependent nonsteroidal anti-inflammatory drug

(NSAID) generally prescribed to reduce pain and inflammation. As an
inducible enzyme, COX-2 modulates the production of prostaglandin E2
and thus reported to be overexpressed in different types of cancers in-
cluding breast, colon, lung, melanoma, and prostate [2,3]. In prostate
cancer cells, COX-2 has been considered as a key target, which plays an
important role in the development of 50–70% of prostate tumors [8,9].
Celecoxib is known to inhibit COX-2 expression, which leads to the
reduction in the cellular prostaglandin E2 leading to the compensatory
increase in COX-2 protein concentration in cells [2,10]. The role of
prostaglandin E2 has been linked with proliferation, invasiveness, an-
giogenesis, avoiding apoptosis, and production of tumor-inducing ei-
cosanoids [11,12]. Further, it has been reported that in human studies
the effect of celecoxib is limited, which could be due to its efficacy
variation from androgen dependence to independence. A study re-
ported by Zheng et al. revealed that the xenografted tumors generated
from androgen-dependent LNCaP cells, upon treatment with celecoxib,
regressed initially, however, tumors eventually progressed androgen
dependence and thus started to develop further [13]. Despite the broad
spectrum use of celecoxib in many cancer types, its administration is
limited due to the safety concerns, potentially to serious toxicity to
healthy individuals including increased risk of cardiovascular events
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including myocardial infarction [14,15]. When compared with other
NSAID, celecoxib, at dosages greater than suggested clinically, showed
a lower incidence of symptomatic ulcers and related complications
along with other clinically important toxic effects [16]. Therefore, it
may be suggested to use the lowest possible concentrations of celecoxib
for prostate cancer treatment.

It is well documented that cancer cells have rapid metabolism with
high glucose consumption to fuel the metabolism. Considering this
characteristic, cancer tissues are imaged by PET (Positron Emission
Tomography), where a radiolabelled (18F)-2-Fluoro-2-deoxy-D-glucose
(FDG) is used. This glucose analog is rapidly taken up by cancer cells,
which are identified using radioactive signals. The rapid glucose
transport in cancer cells is facilitated by glucose transporter (Glut)
proteins, spanning across the cell membrane. Although there are several
types of Glut proteins, Glut-1 proteins have been considered to be in-
volved in glucose transport among cancer cell membrane. Further, to
investigate the role of Glut-1 receptors over glucose uptake, Singh et al.
[17] have developed two types of gold nanoclusters coated with BSA
and glucose and followed the pattern of internalization of these probes
in cancerous and noncancerous skin cells. They reported that glucose
coated nanoclusters were not taken up by noncancerous (HaCaT) cells,
however, specifically taken up by cancerous (A431) cells through Glut-
1 receptors. It was also found that the uptake of glucose coated na-
noclusters was cell membrane potential independent while BSA coated
nanoclusters were found internalize by membrane potential dependent
manner. Studies involving humans suggest that high levels of Glut-1
expression in tumors are associated with poor survival [18]. Hypoxia is
also reported to increase Glut-1 levels and thus glucose uptake. Further,
Chandler et al. have reported that Glut-1 receptors are highly expressed
in human prostate cancer cells and are associated with the Golgi body,
possibly offering glucose supply to Golgi for by-product incorporation
into the prostate secretion [19]. Thus targeting Glut-1 could be a novel
strategy for detection and treatment of prostate cancer. Genistein is a
well-known inhibitor of the Glut-1 protein, and thus induce the for-
mation of ROS and association with AMPK signaling pathway activa-
tion. Considering the above discussion, genistein could be considered as
a novel chemotherapeutic agent for prostate cancers. Although genis-
tein alone may not be able to induce significant suppression to prostate
cancer progression, however, combined with some known anti-prostate
cancer agent could offer excellent results. Hwang et al. have reported
that genistein combined with 5-Fluorouracil can effectively inhibit the
progression of colon cancer cells, where genistein acts as cell sensitizer
supporting 5-Fluorouracil to abolish the up-regulated COX-2 and
prostaglandin secretion [20].

Traditional methods of cancer treatment involve single anticancer
agent prescribed to patients and that have realized to have limited
success due to the toxicity to healthy cells and resistance to cancer cells.
Such obstacles are more pronounced due to the administration of a high
dose of anticancer agents in order to achieve enhanced efficacy. A well-
known example is a use of Vemurafenib (PLX4032) for the treatment of
melanoma. Although the drug showed excellent melanoma regression
activity, however, the long-term use eventually led to the resistance in
melanoma cells [21]. Further investigation revealed that repeated ex-
posure of a drug led to the development of an alternative survival
pathway and thus express suitable cell surface receptors. Such events
are common in the strategies involving single drug treatment because
targeting individual signaling pathway of cancer cell survival may not
be enough to achieve high therapeutic efficacy. Owing to the multi-
gene abnormality, the survival of cancer cells is regulated by multiple
signaling pathways, therefore, formulations containing multiple drugs
(targeting multiple pathways) could be the strategy for cancer treat-
ment with better results.

Nanomaterials, such as nanoliposomes, micelles, polymeric, me-
tallic, and other nanostructures, have shown excellent results in en-
capsulating multiple anticancer agents and delivering them at the de-
sired tumor site [22–26]. Nanomaterials-based drug delivery agents

also offer the controlled release of drugs in the desired ratio and long-
term circulation in the blood, which further enhances the treatment
efficacy. Drug delivering nanocarriers offer better therapeutic efficacy
due to the “Enhanced Permeable and Retention” (EPR) effect exhibited
by nanomaterials of ∼100 nm diameter. This passive targeting is
mainly facilitated by leaky vasculature in cancer tissues, which unlike
normal healthy vessels, have ∼600–800 nm wide gaps among adjacent
endothelial cells. Such faulty vascular system with poor lymphatic
drainage enables drug delivering nanomaterials to extravasate into the
extravascular space and accumulate in tumor tissues [27,28]. It has
been reported that due to EPR effect ∼10 fold increase in drug reten-
tion occurs in tumor region compared to free drugs [29]. PEGylation
(stealthing) of the nanoparticles are suggested to make them “invisible”
to the macrophages and phagocytes leading to the long circulation time
in blood [30,31].

Approaches using co-delivery strategy for prostate cancer treatment
are limited and have used non-specific drugs. Patil et al. have reported
the co-encapsulation of mitomycin C and doxorubicin in liposome
conjugated with folate receptors. This formulation showed enhanced
toxicity to LNCaP prostate cancer cell line and KB cells [32,33]. Another
study reported the use of a combination of doxorubicin and chloroquine
(as chemosensitizer). Their result showed that the prostate tumor
growth was arrested during the three-week administration period
without any pervasive side effects [34]. Recently, there have been in-
creasing attention towards the development of multifunctional nano-
carriers which can combinatorially deliver the chemotherapeutic agents
and produce maximum therapeutic efficiency. Such strategies using
selected drugs can overcome multidrug resistance as well as inhibit the
anti-apoptotic property of cancer cells and achieve synergistic antic-
ancer effects.

In this work, we report the synthesis of a multifunctional liposome-
based nanocarrier system encapsulating celecoxib and genistein. The
prostate cancer cell-based assays suggest the inhibition of proliferation
of cancer cells and no effect to normal fibroblasts cells. The mechanistic
investigation revealed that both of these drugs deregulate the key sig-
naling pathways of prostate cancer cells needed for their growth and
metastasis. Inhibition of the expression of COX-2 and Glut-1 receptors
thereby decreased glucose intake were some of the vital processes,
which induce the prostate cancer cell apoptosis.

2. Materials and experimental methods

2.1. Preparation of liposomes containing celecoxib and genistein

The synthesis of nanoliposomes was performed by following a
method described by Gowda et al. [25] with slight modification.
Briefly, the liposomes were prepared by using L-α-phosphatidylcholine
(eggPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] ammonium salt (DPPE-PEG-
2000) in chloroform at 95:5 mol % with 25mg/mL total lipid con-
centration (Avanti Polar Lipids). Chloroform from the lipid mixture was
removed by blowing N2 gas and the so obtained lipid film was sus-
pended in sterile saline solution or water with intermittent vortexing at
60 °C. This process was continued for about 30min, followed by soni-
cation and extrusion through a 100 nm polycarbonate membrane at
60 °C using Avanti Mini-Extruder (Avanti Polar Lipids). The above-
mentioned process was used to prepare empty liposomes (EL). The li-
posomes encapsulating celecoxib (CL), genistein (GL) and celecoxib
with genistein (CGL) were also followed the same preparation process
except for the drugs (celecoxib with genistein) were mixed with lipids
during the drying process.

2.2. Physicochemical characterization of liposomes

Zeta potential and hydrodynamic size of above-prepared liposomes
were estimated using Dynamic Light Scattering (DLS) (Zeta sizer nano,
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Malvern Instruments, Malvern, United Kingdom) operating with a laser
of 633 nm wavelength. Typically, 50 μL of different liposomes (EL, CL,
GL, and CGL) were suspended in 950 μL of Milli-Q water followed by
gentle vortexing. The resultant suspension by used for zeta potential
and hydrodynamic size measurement. The size and shape of liposomes
were also measured by transmission electron microscope (TEM) (JEOL
JEM1400), by negatively staining of the liposomes. Briefly, different
liposomes were drop casted on a Cu-coated TEM grid followed by
overnight drying at ambient conditions. For negative staining of lipo-
somes, 10 μL of uranyl acetate was flushed on liposome containing TEM
grid for 45 s. Next, the stained liposomes were gently washed with
excess of deionized water followed by drying in a desiccator for 6 h
(uranyl acetate was diluted with 1:3 ratio using deionized water).

2.3. Drug encapsulation and release kinetics

Encapsulation of celecoxib and genistein drugs, either alone or in
combination (10:1 ratio) in liposomes was determined by UV–Visible
spectrophotometer. In order to remove the un-incorporated drugs from
the prepared liposomes were removed by centrifugation (4000 rpm,
15min) of liposomes with 10 kDa Amicon filter tube (Millipore).
Further, 1 mL of separated liposomes were mixed with an equal volume
of chloroform and methanol followed by vigorous vortexing. This
process breaks the liposomes and thus release the encapsulated drugs in
the solution. Further, the lipid molecules are separated by centrifuging
the suspension at 10,000 rpm for 30min. The so obtained supernatant
was used for the estimation of celecoxib, genistein drug concentration
encapsulated in liposomes either alone or in combination. To obtain the
accurate concentration of drugs, a standard curve of both the drugs
were also made ranging from 0.01 to 1mg/mL. Drug encapsulation
percentage was calculated as the free drug(s)/total drug (s) X 100. To
quantitatively estimate the release kinetics of the encapsulated drugs,
the representative liposomes were dialyzed at room temperature using
a 25 kDa molecular weight cutoff cellulosic dialysis membrane. A 5mL
of liposomal suspension was placed in the dialysis membrane which
was placed in saline or water (1 L) containing 10mM glutathione. A
sample of 50 μL of liposome was removed from the dialysis bag at
different time intervals and upon digestion of liposomes (method de-
scribed above), the released amount of respective drugs were monitored
by UV–vis spectrophotometer.

2.4. Assessment of prostate cancer cell viability

Typically, in a 96-well plate prostate cancer cell culture models (PC-
3 and LNCaP cells) and normal fibroblasts (FF2441) were seeded
(1× 104 cells/well) and incubated overnight. Each cell lines were ex-
posed with EL (control), CL (100 μM), GL (10 μM), and CGL (100 μM
celecoxib and 10 μM genistein) for 24, 48, and 72 h followed by cell
viability assessment using MTT assay method. The developed formazan
crystals were solubilized in 100 μL of DMSO followed by cell viability
estimation by measuring the absorbance at 590 nm in a multi-well plate
reader.

2.5. Cell migration assay

In a 6-well cell culture plate, about 2× 106 PC-3 cells were seeded
and incubated overnight. Using a 1mL pipette tip, a linear scratch was
created across the cell monolayer in each well. After creating the
scratch, the cell monolayer was washed with the cell culture media to
remove the scratched cells and cell debris. Next, the cells were treated
with EL (control), CL (100 μM), GL (10 μM), and CGL (100 μM celecoxib
and 10 μM genistein) for 24 and 48 h followed by image acquisition.

2.6. ROS generation assay

A fluorescence dye (H2DCFDA, 2, 7-dichlorofluorescein diacetate)

was used to estimate the produced ROS in PC-3 and LNCaP and fibro-
blast cell culture models. These cells (1.0× 104) were seeded in a black
bottom 96-well plate followed by 24 h of incubation. Cells were treated
with different liposomal formulations for EL (control), CL (100 μM), GL
(10 μM), and CGL (100 μM celecoxib and 10 μM genistein) 48 h. After
the exposure period, media was discarded and cells were washed twice
with PBS followed by addition of 100 μL of H2DCFDA dye (20 μM) in
each well and incubated for another 30min at 37 °C under dark con-
dition. Finally, the dye solution was removed and cells were washed
twice with PBS followed by fluorescence intensity (Ex/Em=485 and
528 nm) measurement from each well using a multiwell plate reader.

2.7. Glutathione estimation

The GSH concentration was estimated by using Glutathione esti-
mation kit (Cayman, 703002) and the obtained quantity was expressed
as μmole/mg of protein. Briefly, 2.0× 105 cells/well were seeded in a 6
well cell culture plate followed by overnight incubation. Next, cells
were exposed to EL (control), CL (100 μM), GL (10 μM), and CGL
(100 μM celecoxib and 10 μM genistein) for 24 h. Further, the cells were
washed twice with PBS followed by scraping and collection in 0.5mL
MES buffer already included in the kit. Next, cells were sonicated for
5min (10 s ‘on’, 5 s’ off’) at 30% amplitude in iced MES buffer followed
by centrifugation (11,000 g at 4 °C for 20min). The so obtained super-
natant containing GSH was used for quantitative estimation. A 50 μL
volume of the so obtained supernatant from each sample was taken in a
separate 96 well plate followed by addition of 150 μL of the reaction
mixture [cofactor mixture, enzyme mixture, 5,5′-dithiobis-(2-ni-
trobenzoic acid) (DTNB)]. Next, the plate was incubated for 30min in
dark at room temperature and finally, the absorbance of the reaction
mixture was recorded at 405 nm using a spectrophotometer. Protein
concentration in each sample was quantified by the Bradford assay.

2.8. Glucose uptake estimation

The glucose uptake in cells was measured by considering a fluor-
escent analog (2-NBDG) of glucose. About 2.0×105 cells/well were
seeded in a 6 well cell culture plate and incubated for 24 h. Further, the
cells were exposed to different liposomal formulations for 24 h. Next,
the media was removed and cells were washed twice with PBS. Next,
cells were incubated with PBS solubilized NBDG (1mL, 100 μM) at
37 °C for 20min. Upon incubation, the NBDG solution was removed and
cells were washed twice with PBS followed by trypsinization and re-
covery of cells. The so obtained cell pellet was washed again with PBS
and finally suspended in 0.5 mL of PBS. The result was acquired using
flow cytometer under the green channel to obtain the signatures of 2-
NBDG in cells.

2.9. Western blotting

In a 6 well cell culture plate, about 2.0×106 cells/well were seeded
and incubated overnight. Next day, the cells were exposed to EL (con-
trol), CL (100 μM), GL (10 μM), and CGL (100 μM celecoxib and 10 μM
genistein) for 24 h. Next, the cells were washed twice with PBS followed
by lysis with (200 μL) of CelLytic MT cell lysis reagent (Sigma). Further,
the cells were broken down by sonication at 25% amplitude (10 s ‘on’,
5 s ‘off’) for 3min followed by centrifugation at 12000 rpm for 25min
the so obtained supernatant was isolated and the concentration of
protein for each sample was quantified by the Bradford assay. A 12%
SDS polyacrylamide gel electrophoresis (PAGE) was considered to re-
solve the isolated protein (25 μg) and later transferred onto a poly-
vinylidene difluoride (PVDF) membrane using 300mV for 2 h. The
protein containing membrane was blocked by using 5% skim milk
dissolved in TBST (tween-tris buffer saline) buffer for 3 h followed by
washing thrice using TBST (10min wash cycle). The blot was further
incubated with protein-specific primary antibodies (Abcam, Cambridge,
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UK) [GAPDH, COX-2, Glut-1, TrxR, Prx-6, and Cleaved caspase-3) in a
1:2000 dilution in TBST and the antibodies are incubated overnight at
4 °C. Next, the blot was washed thrice with TBST followed by incuba-
tion with the suitable secondary antibody (1:5000 dilution) for 3 h.
Finally, the blot was washed thrice with TBST and developed using
chemiluminescence (Super Signal West Femto chemiluminescent re-
agent, Pierce, Rockford, IL) and analysed through ImageQuant LAS500
software (GE Healthcare Bio-Sciences AB, Sweden). Finally, the ob-
tained protein bands were quantified by using densitometry analysis
using Image-J.

2.10. Real-time polymerase chain reaction

About 2.0×105 cells were seeded in a 6 well cell culture plate
followed by incubation for 24 h. Next, the cells were treated with dif-
ferent liposomal formulations for 24 h. Next, the culture media was
aspired followed by washing of cells with PBS. The Trizol method was
used for isolation of total RNA from the treated cells. A 500 μL of Trizol
reagent was mixed with cells followed by addition of 100 μL of chilled
chloroform. This mixture was vortexed and mixed followed by cen-
trifugation at 12000g for 20min at 4 °C. The so obtained three layers
were seen and the clear aqueous layer containing RNA was isolated and
quantified by UV–Visible spectrophotometer by following the absor-
bance at 260 nm. The cDNA was synthesized by using a cDNA synthesis
kit (Thermofisher). The purified RNA (0.5 μg) was taken as a template
and the genes of interest were amplified using specific primer sets with
SYBER green dye. A 20 μL of PCR reaction containing cDNA template
(2 μL), SYBR green dye (10 μL) and gene-specific primers (1 μL each of
forward and reverse primers) (COX-2, Glut-1, TrxR, Prx-6, and Cleaved
caspase-3) and experiment was performed using Quant qRT-PCR
(QuantStudio™ 5 System, Thermofischer). The program details are as
follows, 95 °C, 10min, followed by 95 °C, 15 s; 60 °C, 30 s; 72 °C, 30 s
(40 cycles). The relative expression levels of each gene were calculated
considering comparative CT values. The CT value of the gene was
normalized with the CT value of GAPDH considering its intensity re-
mains constant in treated cells than untreated control cells.

3. Results and discussion

3.1. Synthesis and characterization of nanoliposomes encapsulating
celecoxib and genistein

Recently, liposomes-based nanoparticles (nanoliposomes) have
shown tremendous success towards improved therapies including de-
livery of therapeutic drugs/genes at the targeted site, with minimum
obstacles to tissue uptake and improved pharmacokinetics and phar-
macodynamics. Considering these advantages, several liposome-based
strategies are already approved for clinical trials [35]. However, most
of these strategies are based on single-agent delivery, which still faces
some of the limitations associated with free drugs such as high ther-
apeutic concentration and thus drug resistance. Therefore, in this study,
we have prepared a nanoliposome system which encapsulates two
drugs, celecoxib, and genistein, either alone or together in the desired
ratio. These nanoliposomes were imaged under TEM (Fig. 1), which
suggest that the morphology of EL (A), CL (B), GL (C), and CGL (D)
varies from spherical to quasi-spherical with average particle size dis-
tribution 110, 90, 90, and 85 nm, respectively (inset). The TEM image
of CGL clearly shows a dense layer at the surface, which could be as-
cribed to the lipid layer, however, the amorphous core could be due to
the encapsulated drugs. The average particle size distribution pattern
advocates that the incorporation of celecoxib and genistein drugs offers
a decrease in the size of CGL, which could be due to the improved
complexation of drugs with the components of the liposomes. The hy-
drodynamic diameter of above-prepared nanoliposomes dispersed in
PBS (E) and water (F) was also investigated. The hydrodynamic size of
EL, CL, GL, and CGL was found to be 112, 108, 98, and 92 nm, which

matches well with the diameter trend obtained from TEM image. The
minor increase in diameter could be due to the hydrodynamics of na-
noliposomes dispersed in PBS. Further, the nanoliposomes were also
dispersed in water and their stability was monitored by following the
variation in their hydrodynamic size. As expected, there was no sig-
nificant change in the hydrodynamic size of nanoliposomes when
compared with the nanoliposomes dispersed in PBS. Additionally, the
zeta potential measurement of PBS dispersed nanoliposomes showed
nearly zero values (a range between −2.0 and −0.6 mV), whereas,
water dispersed nanoliposomes showed high negative values (−50 to
−46mV). Fig. 1G represents a schematic diagram of a possible ar-
rangement of PEG, celecoxib, and genistein in prepared nanoliposomes.
It is expected that both the drugs are entrapped in the hydrophobic core
of the nanoliposomes.

The loading of celecoxib and genistein drugs within nanoliposomes
was quantified by monitoring the absorbance intensity at 255 and
382 nm, respectively. Free drugs, not encapsulated in nanoliposomes,
were removed using 10 kDa Amicon tubes centrifuged at 4000 rpm. The
so obtained purified nanoliposomes were disrupted by chloroform and
methanol, which released out the drug/s from the nanoliposomes. The
quantification of each drug encapsulated within the liposomes was
calculated from the standard curve of celecoxib or genistein ranging
from 10 μg–100 μg/mL. The quantification results suggest that ∼91.7%
celecoxib is encapsulated in CL, whereas, GL showed ∼68.9% of gen-
istein loading (Fig. 2A). However, the encapsulation of celecoxib and
genistein in CGL was found to be 78.7 and 63.5%, respectively. Further,
the celecoxib and genistein release kinetics (Fig. 2B) from CGL revealed
almost similar release pattern in 10mM glutathione medium over 50 h.
This observation suggests that a constant concentration of both the
drugs could be maintained for a longer period when a desired ratio of
drugs is encapsulated in nanoliposome form.

3.2. Nanoliposomes encapsulating celecoxib and genistein induce cell death
in prostate cancer cells but not to the fibroblasts

One of the major reasons for the development of drug resistance and
side effects associated with the use of anticancer agents is the re-
quirement of high concentration of the drug. It is well established that
mechanistically anticancer drugs induce the blockage of the signaling
pathways needed for cancer cell proliferation. In this context, it be-
comes vital that if multiple drugs are combined together, need much
lesser concentration to produce the desired efficacy than individual
drugs because multiple drugs could target multiple key pathways to
inhibit the progression of cancer cells. Therefore, to demonstrate that
the developed CGL formulation selectively inhibits the cancer cell
proliferation, we used two prostate cancer cell culture models, PC-3 and
LNCaP, and followed the cell viability using MTT assay (Fig. 3). As
clearly evident from Fig. 3 that CL and GL induce∼20–22% decrease in
cell viability of PC-3 cells, however, CGL induced ∼75% decrease in
viability when exposed to for 24 h (A). Further incubation of CL and GL
to PC-3 cells for 48 (B) and 72 (C) hrs did not induce any significant
improvement in cell viability inhibition. Interestingly, 72 h exposure of
CGL to PC-3 cells lead to ∼85% decrease in cell viability suggesting
that the combined effect of celecoxib and genistein is improved over a
longer period of time. Considering the release kinetics of celecoxib and
genistein from CGL, it can be concluded that both of these drugs
maintain sufficient concentrations in the glutathione medium which is
enough to inhibit the PC-3 cells viability. We also investigated the effect
of CL, GL, and CGL on LNCaP (Fig. 3D, E, and F). Although 24 h ex-
posure of CGL induced ∼60% decrease in cell proliferation but the CL
and GL exposure could lead to only∼20% decrease. The exposure of Cl,
GL, and CGL for 48 and 72 h did not show any significant improvement
in the decrease of LNCaP cell viability than 24 h exposure. This ob-
servation suggests that the CGL formulation is more effective in PC-
3 cells than LNCaP. This effect can be explained by considering the fact
that PC-3 and LNCaP cell lines show some fundamental differences,

J. Tian et al. Cancer Letters 448 (2019) 1–10

4



such as former are androgen-insensitive while latter are androgen-
sensitive. Further, this sensitivity has been well co-related with the
expression of Glut protein expression levels in the literature [36]. The
insensitive cell lines (PC-3) are shown to express more Glut-1 receptors
than insensitive (LNCaP) cells. Since our nanoliposomal formulation
contains Genistein (an inhibitor of Glut protein expression), the high
Glut-1 protein expression cells (PC-3) were more affected than low
expression LNCaP cells. Further, we also investigated the effect of CL,
GL, and CGL on the proliferation of fibroblast cells (Fig. 3G, H, and I).
As expected, these formulations did not show any significant decrease
in cell viability. Although CGL showed a minor decrease in cell viability
(< 10%) but at extended (48, and 72) hrs of exposure.

3.3. Metastatic potential of prostate cancer cells is inhibited by
nanoliposomes encapsulating celecoxib and genistein

Cancer metastasis is predominantly controlled by migration and
invasion potential of tumor cells [37,38]. It is reported that PC-3 cells
exhibit highly metastatic potential [39]. Therefore, to evaluate the ef-
fect of CGL over the migration capacity of PC-3 cells, we performed the
well-known wound healing assay. As clearly depicted in Fig. 4, the
healing of wound was quick when exposed to EL for 0 (A), 24 (E), and
48 (I) hrs, suggesting that the components of nanoliposomes do not
exert any inhibition to normal wound healing process. Further, ex-
posure of CL to wound revealed that the healing was slow for 0 (B) and
24 (F) hrs but after 48 h (J) the healing was almost as similar as EL. This
trend of wound healing suggests that the effect of celecoxib was only for
24 h and became ineffective during the later exposure time. Exposure of

wound to GL for 0 (C), 24 (G) and 48 (K) hrs showed persistent in-
hibition of healing potential of PC-3 cells at all the time points. How-
ever, it can be seen that at 24 h of exposure, cells did show some
healing, similar to CL, but at 48 h, increase in cell population was ob-
served while the wound area remains to widen. Interestingly, when CGL
was exposed to the wound, clear inhibition of migration of PC-3 cells
towards wound area was observed at all the time points, 0 (D), 24 (H),
and 48 (L) hrs. It can also be seen that the cell population in the nearby
area of the wound is decreased after 24, and 48 h of exposure. Ad-
ditionally, at 48 h, it is clearly seen that cells are of spherical mor-
phology, suggesting dead cells. Thus, from the migration assay, it can
be concluded that CL and GL are effective for short-term inhibition of
metastatic capacity of PC-3 cells, however, the combination of cel-
ecoxib and genistein (CGL) may lead to long-term suppression of PC-
3 cells in vitro.

3.4. Investigation of the levels of cellular markers in PC-3 cells

It is well established with most of the drug-mediated anticancer
activity involves the activation of mechanisms which lead to the gen-
eration of reactive oxygen species in cancer cell cytoplasm. It has been
reported that cancer cells are more sensitive than normal cells to the
cellular accumulation of excessive ROS [40–42]. This opportunity
window has been exploited to create novel strategies to selectively kill
cancer cells without affecting normal cells. For example, use of pacli-
taxel has been reported to impart anticancer activity by enhancing the
production of ROS by nitric oxide synthase activation [43,44]. Simi-
larly, celecoxib drug is also reported to modulate the ROS levels in PC-

Fig. 1. Study of shape, size and hydrodynamic diameter of nanoliposomes containing celecoxib, genistein and both celecoxib and genistein drugs. TEM image of EL
(A), CL (B), GL (C), and CGL (D) drugs containing liposomes, inset shows the average diameter of liposomes. Hydrodynamic diameter and zeta potential of EL, CL, G,
and CGL dispersed in PBS (E) and water (F). Data represent the average and standard deviation calculated from the three independent experiments. A schematic
diagram predicting the possible location of celecoxib and genistein drugs within the liposomes (G).

Fig. 2. Drug release profile and stability of nanoli-
posomes. Nanoliposomes containing celecoxib alone
(CL), genistein alone (GL), or the combination (CGL),
celecoxib encapsulation alone was ∼91.7%, genis-
tein encapsulation alone was ∼68.9%, and the en-
capsulation of both agents was ∼78.7% and
∼63.5%, respectively (A). Data represent averages
of at least three independent experiments. Drug re-
lease kinetics of celecoxib and genistein from CGL
showed ∼82% of celecoxib and 79% of genistein
was released from CGL over 48 h in 10mM glu-
tathione medium. Data represent averages of at least
three independent experiments (B).
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3 cells to induce apoptosis by the COX pathway [25,45]. Therefore, we
also investigated the level of free radicals after the exposure of our
nanoliposome formulations to prostate cancer cells. As it is clearly
evident from Fig. 5, the exposure of EL, CL, and GL did not induce much
of ROS generation in PC-3 cells, however, cells exposed to CGL leads to
the significant (3 folds) production of ROS (Fig. 5A). This observation
suggests that PC-3 cells exposed to the combination of celecoxib and
genistein lead to the activation of signaling pathways which induce the
high production of ROS. Further, these excessive ROS level cause da-
mage to the PC-3 cells, as observed by our cell viability data. Next, we
also studied that ROS levels in LNCaP cells exposed to different

nanoliposomes. Data from Fig. 5B indicate that the trend of ROS pro-
duction was similar to PC-3 cells, however, the amount of ROS pro-
duced due to CGL exposure to LNCaP cells was much lower (∼1.6
folds) than PC-3 cells (∼3 folds). Considering our data with cell via-
bility assay, the developed CGL formulation showed better inhibition to
PC-3 cells than LNCaP, which is in agreement with our ROS generation
data, suggesting that ROS play a major role in CGL mediated killing of
prostate cancer cells. Additionally, we also studied the effect of these
nanoliposomes over the normal cells, considering fibroblasts as in vitro
model system (Fig. 5C). The results showed that EL, CL, GL, and CGL
did not induce any significant enhancement in ROS generation in

Fig. 3. Comparison of efficacy of CGL with the individual drugs and empty liposomes in prostate cancer cell culture models. The different nanoliposomal for-
mulations were exposed to PC-3 cells for 24 (A), 48 (B), and 72 (C) hrs, LNCaP cells for 24 (D), 48 (E), and 72 (F) hrs, and Fibroblasts cells for 24 (G), 48 (H), and 72
(I) hrs. Data represent averages of at least three independent experiments; bars represent standard deviation.

Fig. 4. CGL reduce prostate cancer cells migration in vitro. Wound/scratch created PC-3 cells were exposed to EL, CL, GL, and CGL for 48 h and the microscopic
(100X) pictures were captured at day 0 (A, B, C, D), 1 (E, F, G, H), and 2 (I, J, K, L) and wound closure was analysed.
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fibroblasts compared to untreated cells. This observation suggests that
lower concentrations of celecoxib and genistein did not induce any
significant inhibition in either prostate cancer cells or normal fibro-
blasts cells, however, when combined together (in CGL), cause sig-
nificant killing to prostate cancer cells but not to fibroblasts cells. This
could be further hypothesized that the CGL target selective signaling
pathways expressed in cancer cells but not in normal cells, which lead
to this targeted action of our anticancer formulation. Singh et al. have
reported that the inhibition of drug resistance and induction of apop-
tosis in skin cancer model when a mixture of doxorubicin and celecoxib
was combined in a liposome form. This formulation showed excellent
anticancer activity compared to individually encapsulated liposomes
due to the better inhibition of key proteins (AKT and COX-2), over-
expressed in melanoma, thus offering synergistic inhibit multiple key
signaling pathways [24].

Glutathione (GSH), is one of the prominent cellular thiol molecules,
which plays a major role in redox balance in the cytoplasm, which is
critical to cellular ROS, cell growth, cell signaling, proliferation, dif-
ferentiation, and apoptosis [46]. Therefore, we also estimated the al-
teration in cellular GSH levels in response to CGL treatment of prostate
cancer cells (Fig. 5D and E). As evident from the data, PC-3 cells ex-
posed to EL, and CL did not show any significant increase or decrease in
GSH levels with respect to untreated control cells (Fig. 5D). However,
PC-3 cells exposed to GL and CGL undergo ∼30% and ∼90%, respec-
tively drop in GSH synthesis in cells, suggesting that CGL also inhibits
the GSH synthesis mechanism of cells, which could lead to the high ROS
production in cells. Additionally, LNCaP cells showed ∼10% decrease

in GSH production when exposed to EL, CL, and GL, whereas CGL ex-
posure leads to ∼90% decrease (Fig. 5E). We also extended the in-
vestigation of changes in GSH levels after EL, CL, and GL, and CGL
treatment to fibroblasts cells. As expected, fibroblasts cells did not show
any significant drop in cellular GSH concentration even after the
treatment of nanoliposomal formulations (Fig. 5F). Therefore, it can be
concluded that CGL offers similar levels of decrease in GSH synthesis in
cells, however, LNCaP cells are more tolerant to cellular GSH and hence
ROS production is limited than PC-3 cells.

Glut-1 proteins are present in the plasma membrane of mammalian
cells, which play important role in the transport of glucose across the
cell. In cancer cells, to meet the high metabolism, Glut-1 proteins fa-
cilitate the rapid transport of glucose. Due to this need, cancer cells
have adapted to overexpress the Glut-1 receptors on their cell mem-
brane, and this has also correlated with poor survival of patients in
human studies [18]. Considering this, we investigated the levels of
glucose transport in PC-3 (Fig. 6A) and LNCaP (Fig. 6B) cells. The ob-
tained data suggest that in both the cell lines the transport of glucose
was inhibited for about 60% when exposed to GL and CGL. It must be
mentioned here that both of these cell lines are reported to overexpress
the Glut-1 receptors, but to different extent, which facilitate the glucose
transport. It is reported that PC-3 cells show more Glut-1 receptor ex-
pression than LNCaP, however, we observed a similar pattern of de-
crease of glucose uptake in both of these cell lines. This could be due to
the fact that the release genistein from nanoliposomes is present in
excess and therefore, it would inhibit the Glut-1 receptors in similar
extent to both the cell lines. Thus, it does not really correlate with the

Fig. 5. Estimation of ROS generation and GSH levels in prostate cancer cells. CL, GL, and CGL can efficiently induce the ROS generated inside PC-3 (A), LNCaP (B) but
not in Fibroblasts (C). The intracellular level of GSH was also estimated after the 24 h exposure of CL, GL, and CGL in PC-3 (D), LNCaP (E), and Fibroblasts (F) cells.
Data expressed as standard error (SE) calculated from three (n= 3) independent experiments.

Fig. 6. Estimation of glucose uptake in prostate
cancer cells. The glucose uptake assay was monitored
by recording fluorescence intensity of NBDG uptake
in flow cytometer after exposure of CL, GL, and CGL
to PC-3 (A), and LNCaP (B) cells. Data expressed as
standard error (SE) calculated from three (n= 3)
independent experiments.
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number of Glut-1 receptors present on the cell surface, which subse-
quently results into a similar pattern of glucose uptake in PC-3 and
LNCaP cells. Additionally, genistein is a well-known inhibitor of Glut-1
receptors, while celecoxib is not.

Therefore, it can be concluded that due to the low glucose uptake,
the metabolism of PC-3 and LNCaP cells might have significantly de-
creased and simultaneously celecoxib inhibits the COX-2 pathway. Both
of these events simultaneously imparting the inhibition of prostate
cancer cells.

3.5. Nanoliposomes encapsulating celecoxib and genistein oversee the
expression of key signaling pathways to inhibit the growth of prostate cancer
cells

Considering our selected anticancer agents, celecoxib, and genis-
tein, for the preparation of CGL, we investigated the expression of COX-
2 and Glut-1 proteins (Fig. 7A and B). It was expected that inhibition of
two key processes, the COX-2 pathway (by celecoxib) and Glut-1 pro-
tein expression (by Genistein), the proliferation of prostate cancer cells
can be inhibited. Surprisingly, in our investigation, the expression of
COX-2 was significantly increased in PC-3 cells when exposed to CL and
CGL. This trend could be attributed due to the inhibition of COX-2
signaling pathway by celecoxib drug, which in turn increases the COX-2
protein level but this is purely hypothetical. Such trend has been re-
ported by several groups and suggests that although binding of cel-
ecoxib to COX-2 leads to the inhibition of COX activity, there is a
compensatory increase in corresponding protein expression to alleviate
the inhibition [47–49]. Genistein is well known to inhibit the expres-
sion of Glut-1 receptors, therefore, in our investigation too, we observed
that the expression of Glut-1 was unaffected when PC-3 cells are ex-
posed with EL, and CL, however, GL, and CGL exposure leads to the
significant decrease (∼90%) of Glut-1 protein expression. Further, the
decrease in Glut-1 protein expression was more in cells treated with
CGL than GL (specific inhibitor). This could be due to the combination
effect of celecoxib and genistein (from CGL), where former can also
have some non-specific inhibitory effect on Glut-1 receptors along with
the specific inhibitor genistein, therefore, we observe better Glut-1 re-
ceptor inhibition after CGL treatment. This observation further trans-
lates into the cell viability results, which shows better cell growth in-
hibition when used CGL. Thus, this observation suggests that Glut-1
inhibition could have decreased the glucose uptake in PC-3 cells, thus
inhibition to the cell proliferation. Since, we observed that (Fig. 5A, and
B) exposure of CL, GL and CGL to prostate cancer cells leads to the
generation of excessive ROS, we also investigated the expression of
proteins involved in the oxidative stress defense, thioredoxin reductase
(TrxR) and peroxiredoxin-6 (Prx-6). The expression level of Prx-6 de-
creases significantly upon exposure to CGL. Since unlike other Prxs
(1–5), Prx-6 uses GSH as a physiological reluctant, therefore, it is ex-
pected that the expression of Prx-6 would be controlled by cellular GSH
[46,50,51]. As our GSH expression results also revealed that after CGL

treatment the GSH level decreases significantly, thus the level of Prx-6
must also decrease. Additionally, TrxR was also considered as a general
marker for cellular oxidative stress. TrxR is a selenoprotein, containing
a C-terminus cysteine-selenocysteine redox pair, involved in regulating
the redox status of (oxidized/reduced environment) of the cells [52,53].
As expected, PC-3 cells exposed to CL, GL, and CGL triggered an in-
crease in TrxR protein expression compared to EL treated cells. Among
them, CGL induced ∼8 fold increase in TrxR expression than CL (∼2
fold), and GL (2.3 fold). The observed trend is in agreement with the
ROS generation in PC-3 cells (Fig. 5A). Further, in order to establish the
prostate cancer cells death due to apoptosis, we studied the expression
of cleaved caspase-3. As expected, the cleaved caspase-3 expression was
significantly increased in PC-3 cells exposed to CL (20 fold), and CGL
(23 fold). This observation suggests that CGL exposure leads to the
induction of apoptosis in prostate cancer cells.

Additionally, mRNA expressions for COX-2, Glut-1, Prx-6, PrxR, and
cleaved caspases-3 in PC-3 cells exposed to EL, CL, GL, and CGL was
also studied (Fig. 8). The results show that COX-2 mRNA expression
decreases significantly when PC-3 cells are exposed to CL, GL, and CGL,
suggesting that celecoxib inhibits the COX-2 pathway (Fig. 8A). Con-
sidering the western blotting data, where CL and CGL induce the high
expression of the COX-2 protein, it can be suggested that although new
COX-2 proteins are not synthesized, however, the synthesized proteins
are not degraded. Further, the mRNA expression of the Glut-1 protein
was investigated (Fig. 8B), results show that GL and CGL significantly
inhibit the mRNA synthesis. This observation is in agreement with our
western blot data. Further, it was surprising to observe that CL exposure
also inhibits the mRNA synthesis of Glut-1. It has been reported that in
endometrial cancer the expression of COX-2 and Glut-1 are strongly
correlated [54]. The mRNA expression of Prx-6 showed an increase of
the synthesis on PC-3 cells exposed to CL, GL, and CGL, suggesting the
inverse correlation with cellular GSH concentration (Fig. 8C). This
observation could be ascribed due to the absence of functional Prx-6
protein, in absence of GSH, which may act as a trigger to synthesize
more Prx-6 mRNA. Considering the enhanced ROS level in PC-3 cells
upon CL, GL, and CGL exposure, the mRNA of TrxR is expected to in-
crease (Fig. 8D). Thus, this observation is in agreement with our results
of ROS and western blotting data. Further, to support the observation in
western blotting data, we also investigated the mRNA synthesis of
cleaved caspase-3. The data suggest that there was a significant increase
in mRNA level in PC-3 cells exposed to CL, GL, and CGL (Fig. 8E). The
highest expression in CGL exposed PC-3 cells suggests that this for-
mulation was able to induce the maximum apoptosis. Considering our
cell proliferation data it can be concluded that since CL and GL could
also impart little inhibition to PC-3 and LNCaP cells proliferation, a
similar trend was also observed in mRNA expression.

4. Conclusion

In this study, we have developed celecoxib and genistein

Fig. 7. Expression level of antioxidant proteins ana-
lysis by western blotting in PC-3 cells. The protein
involved in maintaining cellular antioxidant system
(TrxR, Prx-6, Glut-1, COX-2, and caspase-3) were
monitored by western blotting (A). The corre-
sponding densitometry analysis of expressed proteins
were normalized to GAPDH and expressed in fold
change (B).
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encapsulating nanoliposomes, which represent a unique class of antic-
ancer agent with the potential of being used to treat several types of
cancer including prostate. The prepared nanoliposomes are ∼100 nm
in diameter, which is considered as preferred size to be readily inter-
nalized by cancer cells. The encapsulated drugs, celecoxib, and genis-
tein retain their anticancer properties and in fact, work synergistically
to decrease the proliferation of prostate cancer cells. In this context, it
may be argued that the similar release kinetic profile of both of these
drugs could facilitate the optimum concentration at the targeted site.
Although the CGL could inhibit the prostate cancer cell proliferation up
to 90%, whereas this formulation was not any significant toxicity to
normal fibroblast cells, suggesting that the concentration of celecoxib
and genistein needed to kill prostate cancer cells is non-toxic to normal
cells. The migration and invasion property of prostate cancer cells was
also observed to be completely inhibited by the CGL formulation.
Mechanistically, it was found that the nanoliposomal formulation
containing a combination of celecoxib and genistein drugs could induce
the ROS generation, a significant decrease in cellular GSH concentra-
tion, and inhibition of glucose uptake. Taken together, these events
successfully inhibit the proliferation of prostate cancer cells. The pro-
teomic analysis of multiple pathways suggests that inhibition of COX-2
signaling pathway, decrease in Glut-1 proteins, decrease in Prx-6 pro-
teins, and increase in TrxR and caspase-3 levels. Further, considering
the results of mRNA expression of these proteins suggest that collec-
tively these events negatively regulate the cell proliferation of prostate
cancer cells. On the basis of the observed results, it can be concluded
that the combination of celecoxib and genistein offer a unique me-
chanism of action by simultaneously targeting several key pathways
essential for the development of prostate cancer cells. Although the
developed nanoliposomes exhibited excellent in vitro results and thus
hold potential to be developed further for cancer treatment applica-
tions, more comprehensive studies are needed to realize the full po-
tential of this formulation for the management of prostate and other
cancer types.
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