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Prostaglandin E2, the major COX-2 product, acts via 4 functionally distinct prostanoid receptors, EP(1–4). PGE-2,
through its receptors, feeds back to positively increase COX-2 expression augmenting its own synthesis thereby driving
angiogenesis, while suppressing apoptosis and innate immunity. In addition to the well characterized PGE2/EP4/cAMP/
PKA/CREB, EP4 activation increases GSK3 phosphorylation via PI3K and Akt consequently reducing b-catenin
phosphorylation. EP4 induces angiogenesis by enhancing VEGF production via ERK activation. These effects of EP4 are
asserted either directly or via EGFR transactivation depending on the type of cancer. In view of the safety concerns
regarding long term use of COX-2 inhibitors and to find more effective alternatives, we evaluated the potential of EP4
prostanoid receptor as a target for treating cancer progression using a highly selective EP4 antagonist, 4-(4,9-diethoxy-
1,3-dihydro-1-oxo-2H-benz[f]isoindol-2-yl)-N-(phenylsulfonyl)-benzeneacetamide. Oral administration of GW627368X
showed significant tumor regression characterized by tumor reduction and induction of apoptosis. Reduction in
prostaglandin E2 synthesis also led to reduced level of VEGF in plasma. Regulation of multiple pathways downstream of
EP4 was evident by down regulation of COX-2, p-Akt, p-MAPK and p-EGFR. Considering wide distribution of the EP4
prostanoid receptor in major organs and the array of physiological processes it contributes to, the safety profile of the
drug was analyzed. No major organ toxicity, immunosupression, behavioral change or change in blood parameters
attributable to the drug was observed. The results assert the significance of EP4 prostanoid receptor as a therapeutic
target as well as the safety of EP4 blockade by GW627368X.

Introduction

The association of inflammatory mediator, Cylooxygenase-2
with cancer progression and metastasis has been well established
over the years by a series of elegant studies. Higher COX-2
expression tends to promote metastasis in breast cancer.1 COX-2

overexpression also contributes to poor prognosis, parametrial
invasion and lymph node metastasis in cervical cancer. Chronic
use of nonsteroidal anti-inflammatory drugs inhibiting the pro-
duction of COX mediated prostaglandins lowers the incidence of
a number of cancer types including colon cancer, aggressive
breast cancer and cervical cancer.2 COX-2 exerts its influence by
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producing a group of lipid mediators called prostanoids. How-
ever, induced by inflammatory mediators like TNF-a and IL-1b,
COX-2 does not lead to up-regulation of all its products but
tends to drive selective overproduction of its major product
PGE-2.3 PGE-2 is involved in cancer progression where as other
products like prostacyclins have cardioprotective roles.4 Inhibi-
tion of COX-2 in blood vessels leads to reduced production of
prostacyclins which are responsible for prevention of platelet
aggregation and vasoconstriction.4 Its inhibition can therefore
result in clot formation and increased blood pressure, thereby
increasing the risk of cardiac failures.

PGE-2, a bioactive lipid, exerts diverse biological effects asso-
ciated to inflammation and cancer ranging from cell prolifera-
tion, apoptosis, angiogenesis and immune surveillance.5 PGE-2,
similar to hormones, mediates a wide array of physiological roles
in autocrine or paracrine fashion.3,5 It acts via a family of 4 struc-
turally related but functionally distinct G protein coupled prosta-
noid receptors, EP(1–4). Of the 4 receptors, EP2 and EP4 are
known to be associated with malignant transformations.2 EP2/
EP4 signaling stimulates angiogenesis by promoting VEGF pro-
duction6,7 and also up-regulates COX-2 by amplifying PGE-2
production.7 PGE-2, through its receptors, feeds back to posi-
tively increase COX-2 expression further augmenting its own
synthesis thereby driving angiogenesis, while suppressing apopto-
sis and innate immunity.8 Since direct targeting of COX-2 leads
to undesirable side effects because of hindrance in synthesis of
other COX-2 products, downstream effectors appear as viable
targets against inflammation driven carcinogenesis. Therefore, in
view of the safety concerns regarding long-term use of COX-2
inhibitors and to find more effective alternatives, inhibition of
downstream targets like prostanoid receptors would be effective
in limiting global prostaglandin synthesis.

Prostaglandin E2 or PGE-2 is widely produced in body and
broadly distributed throughout the animal species.8 It is involved
in a number of pathophysiological responses and whose cellular
effects within tumors are exerted via a family of 4 prostanoid
receptors, EP(1–4).9 Though the receptors are similar in their
structure and sequence, they differ significantly in the intracellu-
lar pathways they are associated with. The role of E series of pros-
taglandin receptors in cancer progression is complex and has not
been fully deciphered yet. All PGE receptors classically couple to
Gsa, stimulate adenylyl cyclase (AC) and cAMP production.9

EP1 leads to elevation of intracellular calcium level via phospho-
lipase C activation. EP3 has been associated with decrease in
intracellular cAMP, however reverse has been observed for a
splice variant of the same.9 EP2 and EP4 are coupled to protein
kinase A or adenyl cyclase, thus elevating the intracellular cAMP
level.9 Of all the prostanoid receptors, EP4 is the most recently
discovered, identified in piglet saphenous vein.10

Interestingly, EP4 has been found to have unique pathways and
biological functions. EP4 receptors have been found to be
expressed in a large number of tissues and cells including immune,
osteoarticular, cardiovascular, gastrointestinal and respiratory sys-
tem and overexpressed in cancer cells. Intense studies with sys-
temic null EP4 deficient mice in 1999 revealed that EP4 signaling
plays multiple roles not only via cAMP pathways but via other

pathways as well.11 Along with Gsa, EP4 is also associated with
Gia, PI3K, b-arrestin and b-catenin. It activates extracellular
signal-regulated kinase ERK1 and ERK2 by way of phosphati-
dylinositol 3-kinase.11 Characterization of the E series of prosta-
glandin receptors and their implication in carcinogenesis is
relatively new and much of the information has been derived
from animal models of colon carcinoma.12 These findings have
made the implications of EP4 as potential therapeutic target
clearer.9

In past few years, there have been number of studies exerting
the importance of EP-4 receptor in carcinogenesis.9 Extensive
studies have been conducted on animal models of colon can
cer12-14 and various studies also support its role in breast cancer
metastasis.15-18 However, very few highly potent antagonists are
presently available for preclinical and clinical assessment. The
present study aims at evaluating the potential of EP4 prostanoid
receptor as a target for treating cancer progression using a highly
selective EP4 receptor antagonist, 4-(4,9-diethoxy-1,3-dihydro-
1-oxo-2H-benz[f]isoindol-2-yl)-N-(phenylsulfonyl)-benzeneace-
tamide (Fig. 1A), GW627368X and assessment of its safety
issues on mice sarcoma model. GW627368X has been found to
remarkably inhibit the proliferation and invasion of human
inflammatory breast cancer cells in vitro.15 A similar selective
EP-4 antagonist, RQ0015986, has been described as an orally
active drug for protecting natural killer cells from PGE-2 medi-
ated immunosupression and inhibition of breast cancer metasta-
sis.5 In this study, we demonstrate the safety and efficiency of
GW627368X as an orally administered, anti-tumor and anti-
metastatic agent in a murine sarcoma model.

Results

Clinical observations
No signs of clinical illness like discolouration and change in

texture of skin, fur shedding or decrease in activity or appetite
were observed in any of the test groups. The animals only
tended to avoid food for a brief period after treatment. All
major organs were drained on filter paper and weighed. No sig-
nificant change in weight or appearance of the organs was
observed. Only slight enlargement of spleen in the treatment
groups was suspected. To confirm, spleenocyte proliferation
assay was further performed.

GW627368X displayed anti-tumor and anti-proliferative
potential in sarcoma 180 bearing mice

The final volume and weight of solid tumor in all treatment
groups were significantly low with respect to the control group
(Fig. 1B–F). The tumor volume in the highest treatment group
regressed to 202.333 § 18.800 mm3 as opposed to 8148.333 §
76.979 mm3 in control group. Increase in DNA fragmentation,
a marker of apoptosis, was observed by in the tumor sections by
TUNEL assay in a dose dependent manner (Fig. 2C i.). Mean
fluorescent intensity from each tumor section was calculated
using Image J software and was found to increase significantly
from 1.588 § 0.4363 in control to 36.34 § 4.047 in the highest
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treatment group (Fig. 2C ii). On cell cycle analysis, an increase
in percentage of apoptotic cells from 2.7% in control to 9.8% in
highest treatment group was observed in intraperitoneally treated
animals which asserts the apoptotic potential of the drug

(Fig. 2D). In antigen specific immunohistochemical analysis of
the tumor sections, a significant decrease in expression of Ki67
(Fig. 1G.) and CD31(Fig. 1G.), markers for cell proliferation
and angiogenesis respectively, was observed.

Figure 1. Anti-cancer potential of GW627368X. (A) Molecular structure of GW627368X. 4-(4,9-diethoxy-1,3-dihydro-1-oxo-2H-benz[f]isoindol-2-yl)-N-
(phenylsulfonyl)-benzeneacetamide (C30H28N2O6S). Molecular weight 544.6; lmax: 21, 229, 295, 35 (B) Tumor bearing animals representative of each test
group, (C) Excised tumor from each test group, (D) Bar graph depicting average body weight of each test group taken on day 0, 7 and 14. (E) Graph rep-
resenting change in tumor volume (group average) in each test group measured every 7 days, (F) Bar graph showing average tumor mass of each test
group at the end of 28 days study period. Data mean § SD, representative of 10 animals. P < 0.05(t test), (G) Immunohistochemical analysis for expres-
sion of a) Proliferation marker, Ki67; b) Angiogenesis marker, CD31. Representative pictures taken at 20X magnification.

924 Volume 16 Issue 6Cancer Biology & Therapy



Western blot analysis revealed up regulation of apoptotic
proteins and down regulation of anti-apoptotic proteins

Expression profile of apoptotic proteins was studied by west-
ern blot analysis. A significant increase in expression level of apo-
ptotic proteins AIF and Bax and decrease in expression level of
anti-apoptotic proteins Mcl-1 and Bcl-2 were observed with
increase in drug dosage which further confirms the apoptotic
potential of the drug (Fig. 2A, B).

GW627368X inhibited tumor proliferation via PGE-2/EP4/
Cox-2, Akt and MAPK pathways

To evaluate the effect of GW627368X on signaling within
tumor environment, the expression profile of various phosphory-
lated and non-phosphorylated proteins were studied by immuno-
histochemistry and western blotting (Fig. 3). A significant
decrease in phosphorylation level of signaling mediators like

EGFR, VEGFR, Akt, MAPK etc was observed with increase in
dose of the drug while the total proteins seemed to remain equal
in all the sets (Fig. 3D). In addition, highly significant down regu-
lation of COX-2 and EP4 was observed (Fig. 3A). The key player
of the cascade, Prostaglandin E2 in plasma and tissue was quanti-
fied using enzyme immune assay. The plasma and tissue levels of
prostaglandin E-2 drastically reduced from 720.7 § 11.11pg/ml
in control group to 200 § 0.7076 pg/g in high treatment group
vs. 248.8 § 16.40 pg/ml in normal mice (Fig. 3C). The effect
was highly significant. To further confirm the effect, its down-
stream molecule, VEGF was quantified using ELISA (Fig. 3C).
Lipid mediator, prostaglandin E2 is a major regulator VEGF
expression which correlates with angiogenesis within tumor. A
marked reduction in plasma VEGF from 482.1 § 17.57 pg/ml to
250.5 § 14.62 pg/ml was observed which was slightly lower com-
pared to plasma VEGF of healthy animal (177.3 § 14.97).

Figure 2. Induction of apoptosis within tumor by GW627368X. (A) Western blot analysis of apoptotic (AIF and Bax) and anti-apoptotic (Mcl¡1 and Bcl¡2)
proteins in subcutaneous tumor tissue of different test groups. (B) Densitometric analysis of Mcl¡1, Bcl¡2, AIF and Bax expression from protein blots.
Each bar representative of 3 independent experiments, P < 0.05 (t test). (C) TUNEL staining of tumor sections for detection of apoptosis in all test groups
i) Fluorescent micrographs representative of each test group ii) Bar graph representing mean fluorescence intensity of each micrograph. (D) In vivo cell
cycle phase distribution study by flow cytometry. Cells were isolated from ascitic tumor bearing mice of each test group were subjected to cell cycle anal-
ysis following PI staining.

www.tandfonline.com 925Cancer Biology & Therapy



Toxicity studies
The safety profile of GW627368X

was illustrated by performing organ spe-
cific biochemical tests which assured the
proper functioning of all major organs.
Serum glutamic pyruvic transaminase
(SGPT), Serum glutamic oxaloacetic
transaminase(SGOT) and serum alkaline
phosphatase (ALP) are enzymes com-
monly expressed in liver and heart. The
level of SGPT, SGOT, ALP (Fig. 4A)
and conjugated and unconjugated biliru-
bin in different test groups was found to
be almost equal and close to normal
indicating no hepatic toxicity (Fig. 4E).
A stable level of creatinine, inorganic
phosphate assured normal renal activity
(Fig. 4C). However, there seems to be
slight gradual decrease uric acid level
with increase in drug dosage (Fig. 4C).
Selective COX-2 inhibitors are usually
known to be associated with cardiac tox-
icity and ulceration in stomach. Sections
of heart and stomach were H&E stained
to look for any visible damage. The heart tissue seemed normal in
the low dose test group but the muscle fiber architecture in heart
sections of moderate and high treatment group appeared slightly

less clear (Fig. 4J). To evaluate its cardiosaftey, blood troponin
level of all test groups was performed. Absence of troponin expres-
sion in blood of all the test groups confirmed its cardiosaftey

Figure 3. PGE-2 via EP-4 signaling, feeds
back to positively increase COX-2 expres-
sion further augmenting its own synthesis,
thereby driving angiogenesis via VEGF
upregulation. In addition to PGE-2/cAMP/
PKA pathway, EP-4 acts via PI3K/Akt path-
way. It induces angiogenesis via ERK acti-
vation. These effects are asserted either
directly or via EGFR transactivation. (A)
Expression profile of EP4 and COX-2 pro-
tein in subcutaneous tumor tissue by
western blot analysis. (B) Densitometric
analysis of EP4 and COX-2 expression on
protein blots. Each bar representative of 3
independent experiments, P < 0.05 (t
test). (C) Prostaglandin E2 quantification
by ELISA in (i) Subcutaneous tumor tissue
(ii) Serum of non-cancerous, tumor bear-
ing control and test group animals. (D)
VEGF quantification by ELISA in plasma of
non-cancerous, tumor bearing control and
test group animals. The bars are represen-
tative of 3 independent experiments. P <

0.05 (t test). (E) Immunohistochemistry of
GW627368X treated S180 mouse sac-
rcoma tissue. Paraffin-embedded sections
of S180 tumors in swiss albino mice were
processed and expression level of the key
proteins, COX-2, pEGFR, EGFR, pMAPK,
MAPK, pAkt and Akt was studied by immu-
nohistochemistry. Representative pictures
were taken at 20X magnification
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(Fig. 4G). However, slight ulceration in stomach sections of mod-
erate and high treatment groups was observed (Fig. 4J). The levels
of serum sodium, potassium, triglycerides, cholesterol, albumin
and globulin were found to be unaffected by drug treatment
(Fig. 4B, D, F). All blood parameters like hemoglobin, platelet
count, leucocyte count, reticulocyte count were found to be nor-
mal in all test groups (Table 2). To check for the activity of the
spleen, spleenocytes were cultured ex vivo on a 6 well plate fol-
lowed by crystal violet staining (Fig. 4I). Viability of the cells
seemed to be uniform which was further confirmed by in vivo

spleenocyte proliferation assay (Fig. 4H). A slight increase in
spleenocyte proliferation was observed in low and moderate treat-
ment groups, however in high treatment group it was close to the
control group.

Discussion

An increased level of prostaglandin E2 or PGE-2, the major
COX-2 product, has often been regarded as the culprit in

Figure 4. 28 days toxicity profile of GW627368X in mice. Bar graphs showing the levels of (A) Serum glutamic pyruvic transaminase(SGPT), Serum gluta-
mic oxaloacetic transaminase(SGOT) and serum alkaline phosphatase(ALP) (B) Serum sodium, serum potassium (C) Serum creatinin, total uric acid, inor-
ganic phosphate (D) Serum tryglicerides, total cholesterol (E) Conjugated and unconjugated bilirubin (F) Serum total protein, Globulin, albumin (G)
Troponin in different test groups. Results represented as mean § SD. Each bar is representative of 3 independent experiments. (H) Ex vivo spleenocyte
proliferation assay. Spleenocytes isolated from animals of each test group was seeded into 96 well plate and MTT assay was performed. (I) Ex vivo culture
of spleenocytes isolated from animal of each test group followed by crystal violet staining. (J) H&E stained sections of stomach and heart of animals
from each test group.
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inflammation driven carcinogenesis. Owing to its wide array of
physiological functions, it is thought that inhibition of PGE-2
rather than global prostaglandin synthesis would be useful. Inter-
vention of downstream targets rather than COX-2 is also justified
by the fact that in most of the cancers PGE-2 levels can also be
contributed by COX-1, the housekeeping cyclooxygenases.19

Studies reveal that deficiency of either COX-2 or COX-1 causes
similar decrease in intestinal polyps in mice.19 The total prosta-
glandin level in local environment is responsible for cancer
progression.

Our study provides a preclinical evidence of the anti-tumor
and anti-proliferative potential of GW627368X as an orally
administered drug within effective and safe range of 5–15 mg/kg
of body weight of mice bearing sarcoma 180. This highly selec-
tive prostanoid receptor antagonist holistically inhibits multiple
aspects of cancer progression. Being associated with multiple
pathways downstream, the prostanoid receptor EP-4 is

functionally complex. Blockade of EP-4 using a highly potent
antagonist, GW627368X, dramatically reduced the plasma and
tissue levels of prostaglandin E2 and VEGF consistent with the
down regulation of EP4 and COX-2 expression. These observa-
tions were due to the interruption of the EP-4 induced feedback
loop which further augments the synthesis of inflammatory
mediators. Reduction of PGE-2 directly correlates with reduced
cancer proliferation since it is itself known to promote prolifera-
tion and metastasis.16 EP4 activation also leads to activation of
ERK pathway further inducing VEGF production, thereby
inducing angiogenesis. These effects of EP4 are asserted either
directly or via EGFR transactivation depending on the type of
cancer.1,5,7,9,16 Induction of angiogenesis is the main role of
VEGF in tumor growth. It regulates the differentiation, migra-
tion and proliferation of endothelial cells by interacting with its
receptors.20 Recently, it has been discovered that VEGF serves as
a survival factor for both endothelial as well as tumor cells
through induction of Bcl¡2 expression.20,21 A highly significant
decrease in level of Bcl¡2 was also observed by western blot anal-
ysis. A strong correlation between VEGF and Bcl¡2 expression
exists since even Bcl¡2 has been shown to induce VEGF expres-
sion in different tumor histotypes.22 EP4 signaling stimulates
angiogenesis by VEGF production and upregulates COX-2 pro-
duction by amplifying PGE-2 production. A decreased tumor
vasculature and reduced proliferative potential is also evident
from CD31 and Ki67 staining respectively. A down regulation of
phosphorylated Akt levels on drug treatment by immunohis-
tochemistry suggests a probable reduction of transcriptional
activity by b-catenin via GSK3.Tumor regression by
GW627368X can be attributed to inhibition of amplified tran-
scription by nuclear factors, b-catenin and CREB via PI3K/Akt
and cAMP/PKA pathways respectively and reduced tumor angio-
genesis via ERK pathway.

The major limitation in usage of any anti-cancer agent is their
undesirable side effects on normally proliferating cells of the

Table 1. Experimental plan. Animals were randomized into five test groups
(Control, Low, Moderate, High, Recovery; n D 10) and one intraperitoneal
treatment group (N D 20; subdivided into four groups (Control,Low,Moder-
ate,High;n D 5)). While the control group was treated with polysorbate dis-
solved in deionized water, the treatment groups were treated with drug
dissolved in water every alternate day for 28days with an oral gavage

Test groups Dosage(mg/kg of body weight)

Group 1 n D 10 Control 0
Group 2 n D 10 Low 5
Group 3 n D 10 Moderate 10
Group 4 n D 10 High 15
Group 5 n D 10 Recovery 15
Group 6 ND 20 Intraperitoneal

a) Control (nD 5)
b) Low (n D 5)
c) Moderate (n D 5)
d) High (n D 5)

0
5
10
15

Table 2. Hematological parameters. Blood samples from each test group were collected in separate tubes containing EDTA-2K and the hematological
parameters ie. red blood cell (RBC) count, hemoglobin (HB) concentration, hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular hemoglo-
bin (MCH), mean corpuscular hemoglobin concentration (MCHC), platelet (PLT) count, reticulocytes (Rt), white blood cell count (WBC) and WBC differential
counts (lymphocyte, monocyte and granulocyte) were examined. Data mean §SE

Blood parameters Control Low Moderate High

Haemoglobin 10.5 § 0.2gm/dl 10.1 § 0.5gm/dl 12.6 § 0.4gm/dl 10.2 § 0.1gm/dl
Total count
i)Platelet
ii) Leucocyte

8,30,000 § 1000/Cu mm
10200 § 120/Cu mm

6,50,000 § 1030/Cu mm
40200 § 300/Cu mm

5,40,000 § 870/Cu mm
10800 § 100/Cu mm

6,80,000 § 1100/Cu mm
22800 § 260/Cu mm

Diff. leucocyte count
Neutrophil
Lymphocyte
Monocyte
Eosinophil
Basophil

39 § 1%
58 § 2%
02 § 0.03%
01 § 0.1%
00%

57 § 0.5%
38 § 1%
03 § 0.01%
02 § 0.06%
00%

41 § 3%
54 § 0.8%
01 § 0.005%
04 § 0.08%
00%

52 § 2%
43 § 1%
3 § 0.007%
02 § 0.2%
00%

P.C.V 31.0 § 0.8% 30.0 § 1% 38.0 § 0.5% 31.0 § 0.7%
M.C.V 88.6 § 2 fl 96.8 § 4 fl 90.5 § 10 fl 96.9 § 1 fl
M.C.H 30.0 § 0.5 pg 30.6 § 1.2 pg 30.0 § 0.6 pg 31.9 § 5 pg
M.C.H.C 33.9 § 0.7% 33.7 § 0.1% 33.2 § 0.5% 32.9 § 0.3%
Reticulocyte count 0.2 § 0.005% 0.3 § 0.01% 0.2 § 0.007% 0.2 § 0.02%
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body and physiological processes. Most of the COX inhibitors
are associated with gastrointestinal, renal and cardiotoxicity
which could be due to deregulation of protective prostaglandins
like prostacyclins.4 EP4 is also known to have many physiological
roles. It is widely distributed in various tissues of the circulatory
system, most strongly expressed in cardiomyocytes.4 They are
also reported to be expressed in the renal system and immune sys-
tem.18,23 To analyze the safety profile of GW627368X as a drug,
various biochemical tests were performed. In animals with solid
subcutaneous tumors, normal activity and movement are
restricted because of the asymmetric tumor outgrowth. Inspec-
tion of changes in respiratory, circulatory, autonomic, central
nervous system, somatomotor activity, and behavior in such cases
becomes complicated. To overcome this, ascitic tumor was
induced in a group of 20 animals by intraperitoneal tumor injec-
tion and further subdivided into treatment groups and treated
similar to the other test groups (Table 1). No behavioral, respira-
tory, circulatory, autonomic, central nervous system or somato-
motor abnormality was observed except a slightly lowered
appetite following drug treatment. SGPT, SGOT and ALP, indi-
cators of liver and heart health did not show any variation within
the test groups. Though slight change in cardiac muscle architec-
ture was noticed, troponin expression was negative in all test
groups indicating no cardiac toxicity. Other parameters of overall
health like bilirubin, uric acid, serum sodium and potassium, tri-
glycerides were normal in all test groups. Blood parameters also
did not show any significant variation. No fluid retention or
nephrotoxicity was observed till 15 mg/kg of drug treatment.
PGE-2 is also known to effect immune functions eg. by affecting
natural killer cell function.5 Macrophages are also known to pro-
duce prostaglandin E2 in large quantities.16 The released PGE-2
then acts on the macrophages themselves by exerting an inhibi-
tory effect on early and late stage activation.16 Spleen activity is
an indicator of immune response. Splenocyte proliferation assay
showed a slight increase in proliferation rate in lower doses com-
pared to the control group but seemed to normalize in the high-
est treatment group. However, slight ulceration of stomach in
moderate and high treatment groups.

Conclusion

The current work elucidates the role of GW627368X, a
highly selective prostanoid EP4 receptor antagonist, in inhibiting
tumor progression in S180 mice sarcoma model at the same time
testing its safety profile as an orally administered drug. Though
detailed insight of the mechanism of action in specific cancer is
required for any conclusive remark, this current study demon-
strates the anti-cancer potential and preclinical safety of
GW627368X in an in vivo rodent model. It affirms the potential
of EP4 prostanoid receptor as a therapeutic target for cancer.
Cancer being a multi factorial disease needs multiple targeting.
Inflammation and angiogenesis are 2 closely related aspects which
need to be exploited. Co-administration of EP4 with conven-
tional therapies might prove useful. Multiple targeting not only
enhances therapeutic potential by affecting different aspects of

tumor progression but also minimizes overall toxicities by reduc-
ing dosages of individual drugs.

Materials and Methods

GW627368X (Cayman Chemical Item Number 10009162,
CAS 439288-66-1) was procured from Cayman chemicals, Ann
Arbor, Michigan. For Western blot analysis and immunohis-
tochemistry, the following antibodies were used: rabbit monoclo-
nal anti-COX-2, anti-AIF, anti-Bax, anti-Bcl¡2,anti- VEGFR,
anti-p-VEGFR, anti-EGFR, anti-p-EGFR, anti-Akt, anti-p-Akt,
anti-MAPK, anti-p-MAPK,anti-Ki67, anti-CD31(Cell Signaling
Technology, Beverly, MA, USA), mouse monoclonal anti-
b-actin, anti-MCL¡1 (Cell Signaling Technology, Beverly, MA,
USA) and goat monoclonal anti-EP4 (Imgenex, India), horserad-
ish peroxidase conjugated goat anti-rabbit IgG and goat anti-
mouse IgG (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Chemiluminescent peroxidase substrate, Propidium Iodide (PI),
CelLyticTM cell lysis reagent for mammalian tissue and 3-(4,5-
dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT)
(Sigma Aldrich, St. Louis, MO, USA) ApopTag in situ Apoptosis
detection kit (Promega, Madison, WI, USA), Fetal bovine serum
(FBS) (Gibco-BRL, Invitrogen Corporation, CA, USA) were
purchased from the corresponding company. Stock solutions of
PtdIns and MTT were prepared by dissolving 1 mg of each com-
pound in 1 ml PBS. The solution was protected from light,
stored at 4�C, and used within 1 month. Stock concentrations of
10 mg/ml RNase A (Sigma Aldrich, St. Louis, MO, USA) was
prepared and kept at ¡20�C. PGE2 immunoassay kit (Imgenex,
India), mouse VEGF quantikine ELISA kit (R&D systems, Min-
neapolis, MN, USA) and IHC detection system (Biogenex, Fre-
mont, CA, USA) were procured from respective companies.

Animal maintenance
6 to 8 weeks old male and female Swiss albino mice were

housed in the institutional animal facility, Indian Institute of
Technology, Kharagpur, India. Mice were acclimatized in patho-
gen free environment at institute animal facility for 1 week prior
to injection with S180 mouse sarcoma cells. The animals were
grouped and housed in wire cages with not more than 5 animals
per cage, under good laboratory conditions (temperature 25 §
2�C; relative humidity 50 § 20%) with dark and light cycle (12/
12 hr). After the acclimatization period only healthy animals
were assigned for the study. The animals had access to standard
balanced diet and water ad libitum. The study was approved by
the Department of Biotechnology (DBT), INDIA under the
project number: E-1/MM-SMST/14, at Indian Institute of Tech-
nology Kharagpur, INDIA and the mice were maintained in
accordance with the institute animal ethical committee (IAEC)
guidelines approved by Indian Council of Medical Research
(ICMR), New Delhi.

Induction of tumor and treatment regimen
Exponentially growing S180 cells were harvested and a tumor-

igenic dose of 3 £ 106 cells was injected subcutaneously in the
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right flank of mice. Solid tumors were allowed to grow in the
mice for 7 days and the animals were randomized into 5 treat-
ment groups (10 mice per group), 1.Control (Vehicle), 2.Low
(5 mg/kg), 3.Moderate (10 mg/kg), 4.High (15 mg/kg) and 5.
Recovery (15 mg/kg) doses (Table 1). In another group of 20
animals ascetic tumor was developed by injecting tumorigenic
dose of 3 £ 106 S180 cells intraperitoneally (Table 1). This
group was introduced to confirm the anticancer potential of the
drug in solid as well as ascetic model and to study the physical
and behavioral changes subsequent to drug treatment. The drug
was suspended in deionized water. While the control group was
treated with polysorbate dissolved in deionized water, the treat-
ment groups were treated with drug dissolved in water, orally by
an oral gavage, every alternate day for 28 d. The tumor volume
was measured regularly using a side caliper and the animals were
weighed on day 0, 14 and 28. Body weight and size were moni-
tored regularly. After 28 days of treatment, the animals were sac-
rificed. The tumors were excised, weighed and preserved in 10%
formalin for immunohistochemical analysis. Blood was collected
immediately in separate vials with and without EDTA for analy-
sis of various biochemical and hematological parameters. The
major organs, liver, heart, kidney and stomach were dissected,
weighed and preserved for H&E staining. The spleen was excised
and immediately processed for spleenocyte proliferation assay.
From the animals bearing ascetic tumor, cells were harvested
and processed for flow cytometric analysis. For western blot
analysis, tumor tissues were excised from each test group and
stored in ¡80�C. For quantification of tissue and plasma levels
prostaglandin E2, tissues were snap-frozen in liquid nitrogen
and stored in ¡80�C. To check the reversibility of any possible
toxicity and development of any post treatment toxic symptom,
the recovery group was observed for 8 days after withdrawal of
treatment.

Anti-carcinogenic potential of GW627368X

TUNEL assay
Tumor sections of each test group were dewaxed and rehy-

drated. The tissue sections were permeabilized with 20 mg/ml of
proteinase K in 10 mM Tris (pH 7.5) and 5 mM EDTA for 15–
20 mins. The slides were rinsed with PBS and stained with
TUNEL cocktail as per manufacturer’s protocol. The slides were
incubated in humidified chamber in dark at 37�C for 60 mins.
The slides were gently washed with PBS dried and mounted.24

Images were obtained at appropriate wavelength with Confocal
Laser scanning microscope(Olympus Fluoview FV100, Version
1.7.1.0, Shiyunku, Tokyo, Japan and images captured using
FLUOVIEW 1000(version 1.2.4.0) imaging software(Olympus,
Tokyo, Japan).

Flowcytometry
Cells isolated from animals bearing intraperitoneal tumor

were fixed in 70% ethanol and stored in ¡20�C. Later they were
stained with propidium iodide and cell cycle analysis was per-
formed using BD FACS Aria III and the data analyzed using BD
FACS DIVA software.25

Western blot and Immunohistochemistry
Tissue samples stored at ¡80�C were homogenized in liquid

nitrogen using mortar and pestle and lysed in CelLyticTM MT
mammalian tissue lysis/extraction reagent for 4–5 h at 4�C with
regular vortexing. The lysate was centrifuged at 10,000 rpm for
10 mins at 4�C. The supernatant was collected and protein con-
centration was estimated by Bradford’s method. Tissue extracts
containing 50 mg of protein were separated on a sodium dodecyl
sulfate-polyacrylamide electrophoretic gel and transferred to
nitrocellulose membranes, which were blocked in 3% bovine
serum albumin for 2 h. After blocking, the membranes were
incubated with primary antibodies overnight at 4�C and then
with horseradish peroxidase-conjugated secondary antibody for
2 h at room temperature. Proteins were visualized by exposing
the chemiluminescence substrate (Sigma) to X-OMAT AR auto-
radiography film (Eastman Kodak, Rochester, NY, USA). For
immunohistochemical analysis, tissue sections were deparafinized
followed by antigen retrieval. IHC for specific proteins were car-
ried out on tumor tissue sections using Biogenex IHC detection
system according to manufacturer’s guidelines.24,25

Prostaglandin E2 and VEGF quantification by ELISA
Snap frozen tissue samples preserved in ¡80�C were pulver-

ized in presence of ethanol and level of prostaglandin E2 in tissue
and serum were quantified by ELISA using IMGENEX PGE2
EIA kit according to manufacturer’s protocol.15 For serum pros-
taglandin levels, serum separated from blood and stored in
¡80�C was purified and PGE-2 was quantified using IMGE-
NEX PGE2 EIA kit. Sample preparation, purification and recov-
ery were done in accordance with kit guidelines. From the stored
sample, level of VEGF in serum of treated and untreated groups
were quantified using VEGF quantikine ELISA kit, R&D sys-
tems according to kit guidelines.25

Toxicological study

Gross behavioral examination
All animals were inspected twice a day during the course of the

study and monitored carefully during weighing/feeding period.
Animals were observed for reaction to treatment such as changes in
skin, fur, eyes, and mucous membranes. Respiratory, circulatory,
autonomic, central nervous system, somatomotor activity, and
behavior patterns were also monitored along with any other signs
of ill health. These evaluations required examination for general
appearance, respiration, abnormalities for behavior and movement,
and included external organs, skin, and any lesion.26-29 The
unfasted body weight of each animal was recorded prior to its
assignment to the relevant group. Each animal was again weighed
on day 7, 14 and 28 prior necropsy. The food intake of each ani-
mal was monitored daily during the study period.

Serum biochemistry
For clinical biochemistry, blood was collected in tubes with-

out anticoagulant. Blood was allowed to coagulate at room tem-
perature for 30 minutes, centrifuged at 3,000 rpm for
10 minutes and serum was separated. Biochemical tests for total
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protein (TP), blood urea nitrogen(BUN), serum glutamate pyru-
vate transaminase (SGPT), serum glutamate oxaloacetate trans-
aminase (SGOT), and alkaline phosphatase (ALP), troponin,
cholesterol, creatinin, uric acid, bilirubin, serum sodium, serum
potassium, serum inorganic phosphate and triglycerides were per-
formed at Medilab, Clinical pathology laboratory, Kolkata, India

Spleenocyte proliferation assay
The spleen was dissected and immediately suspended in sterile

PBS. The cell strainer was placed on a petridish and the spleen
along with 1 ml of PBS was placed directly on to the strainer.
The plunger from a 2 ml syringe was removed and with the rub-
ber end, the spleen was gently mashed with periodic perfusions
with PBS till only white connective tissue of the spleen was left
on the strainer. The cell suspension was transferred into a univer-
sal tube and centrifuged at 400 g for 10 mins at room tempera-
ture. The cell pallet was resuspended in 2 ml of PBS and
appropriate amount of ammonium chloride lysing reagent was
added and left in dark at room temperature for 15 mins. The sus-
pension was centrifuged at 400 g for 5mins and supernatant dis-
carded. Following another wash with PBS the spleenocytes were
seeded in RPMI medium in 96 well (3,000cells/well) and 6 well
(5 £ 105 cell/well) plates for MTT assay25 and crystal violet
staining respectively.

Histopathology
After sacrificing the animals by cervical decapitation, samples

of major organs, liver, kidney, lung, stomach and heart were col-
lected for histological examination. Organs were blotted on filter
paper and weights noted. Organs were immediately fixed in neu-
tral, phosphate-buffered 10% formalin. They were then paraffin
embedded after routine processing and sectioned (2 mm). Hema-
toxylin-eosin staining of heart and stomach sections was per-
formed, dried, mounted and visualized under compound
microscope (1:10 scale).

Hematology
Blood of overnight fasted animals was collected by orbital

sinus venipuncture from retro orbital sinus of mice by capillary
tube. Blood samples from each test group were collected in sepa-
rate tubes containing EDTA-2K and analyzed. Hematological
parameters ie. red blood cell (RBC) count, hemoglobin (HB)
concentration, hematocrit (HCT), mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH), mean corpuscu-
lar hemoglobin concentration (MCHC), platelet (PLT) count,
reticulocytes (Rt), white blood cell count (WBC) and WBC dif-
ferential counts (lymphocyte, monocyte and granulocyte) were
examined (Table 2).

Statistical analysis
Statistical analyses were performed by comparing the values

obtained in the control group and the treatment groups. All data
were subjected to paired t test using graph pad, prism 5 software.
Data was presented as mean § standard deviation (SD). Level of
significance in all tests were taken as P < 0.05
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