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Review

A map describing the association between effective components
of traditional Chinese medicine and signaling pathways in cancer
cells in vitro and in vivo

Jufeng Xia', Jialu Chen’, Zhongmin Zhang’, Peipei Song', Wei Tang"*, Norihiro Kokudo'

' Hepato-Biliary-Pancreatic Surgery Division, Department of Surgery, Graduate School of Medicine, The University of Tokyo, Tokyo,
Japan;
* Department of Chemistry, Fudan University, Shanghai, China.

Summary Cancer is the second leading cause of death by disease in the world. Chemotherapy is one
of three major therapeutic methods for cancer treatment, but cancer cells gradually evolve
resistance to chemotherapeutic reagents. For centuries, traditional Chinese medicine
(TCM) was used to fight against cancer. In recent years, a number of effective component
mechanisms of TCM have been increasingly illuminated. As we know, chemical structures
of reagents decide or affect their activities on target pathways. Thus, we classified some
antitumor-related TCM components reported in the last five years into thirteen groups
by their chemical structures, such as, alkaloids, diterpenoids, triterpenes, sesquiterpenes,
anthraquinones, benzoquinones, flavonoids, berbamines, xanthones, saponins, steroids,
polysaccharides, and glycosides. In various cancer cell lines, these constituents target
dozens of signaling pathways in vitro and in vivo. Among these components, there are three
sets: 7) mainly apoptosis-related groups, such as, alkaloids, diterpenoids, anthraquinones,
berbamines, and xanthones, target pathways like the mitochondrial pathway, NF-kB
pathway, pS3 pathway and so on; ii) mainly proliferation, invasion and metastasis-related
groups, such as, triterpenes, sesquiterpenes, polysaccharides, and glycosides, target pathways
like the mTOR pathway, B-catenin pathway, ERK pathway and so on; iii) both apoptosis and
proliferation, invasion and metastasis-related groups, such as benzoquinones, flavonoids,
saponins, and steroids, target the pathways in /) and ii) synchronously. These will provide
association information between TCM components and signaling pathways to promote
studies on mechanisms of effective constituents, target drug development, and combinational
chemotherapy. TCM could be alternative medicine for cancer treatment in the future.

Keywords: Traditional Chinese medicine, signaling pathway, chemical structure, alternative
medicine, combination therapy

1. Introduction

In 2008, approximately 12.7 million cancers were
diagnosed (excluding non-melanoma skin cancers and
other non-invasive cancers) (/), and in 2010 nearly
7.98 million people died. Cancers as a group account

*Address correspondence to:

Dr. Wei Tang, Hepato-Biliary-Pancreatic Surgery Division,
Department of Surgery, Graduate School of Medicine, The
University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-
8655, Japan.

E-mail: tang-sur@h.u-tokyo.ac.jp

for approximately 13% of all deaths each year with the
most common being: lung cancer (1.4 million deaths),
stomach cancer (740,000 deaths), liver cancer (700,000
deaths), colorectal cancer (610,000 deaths), and breast
cancer (460,000 deaths) (2). This makes invasive cancer
the leading cause of death in the developed world and the
second leading cause of death in the developing world.
Over half of the cases occur in the developing world.
Chemoprevention is one of the major approaches for
decreasing cancer morbidity and mortality (3). However,
resistance to chemotherapy and molecular target
therapies is becoming a big barrier for current cancer
research. Because of the high cost of developing novel
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chemotherapeutic or targeted drugs, there is an emergent
requirement for alternative medication.

It was reported that traditional Chinese medicine
(TCM) had been widely applied for cancer care in
China and there has been a great number of controlled
clinical studies reported in Chinese papers (4). TCM
uses a combinational medication of different natural
components. To better understand the therapeutic effects
of TCM, many efforts have been made to identify the
constituents of TCM and to lift the veil of molecular
mechanisms from it.

In recent years, a few reports suggested that certain
kinds of chemical structures may relate to some
corresponding cellular signaling pathways (5). Thus,
we summarized the last five years' studies on TCM
components functions on cancer cell signaling pathways

and aimed at looking for association between chemical
structure of TCM constituents and cancer cell signaling
pathways.

2. Association between chemical structure of TCM
constituents and cancer cell signaling pathways

Based on the last five years' papers on TCM components
related cellular signal pathway research, the chemical
structure of dozens of TCM constituents have been
analyzed and relationships to signal pathways has been
summarized (Table 1).

2.1. Alkaloid

Alkaloids are a group of naturally occurring chemical

Table 1. Components of TCM commonly used in cancer treatment

Components Cell lines Animals Pathways Ref.
Alkaloid 9KB, L1210, HeLa, MCF-7,HCT116, Mice mTOR, NF-«xB, p53, HIF-10,FOXO3a, 6-19
A549, MNNG/HOS,M21,A375, 95D mitochondria,
Diterpenoid B-TC-6,SGC996, NOZMDA-MB-231, SW620  Mice PI3K/Akt,FAK,p38 MAPK, NF-kB,HIF-1a, 20-29
mitochondria
Triterpene HeLa,T24, HepG2, MDA-MB-231, HEK293, Mice NF-«kB, angpt2/tie2, STAT3, B-catenin, EGFR, 30-39
HCT15, COl115 Zebrafish ~ FAK-SRC-Paxillin
Sesquiterpene HUVECs, MCF-7, MKN-45, A2780/ Mice Akt/GSK3B, mTOR, Smad3,JNK,Notch-1,Snail/  40-44
CP70,MCAS E-cadherin,
Anthraquinone MCF-7,HeLa,MDA-MB-231,HepG2,U87 NPC- Mice NF-kB, p53, MAPK, mitochondria, 45-50
TW-039, NPC-TW-076
Benzoquinone HeLa,AGS,BXPC-3, PANC-1, ASPC-1, Mice NF-xB, PI3K/Akt, ERK1/2, mitochondria 51-58
A549 NTHY-0RI 3-1 CL1-0, CL1-5, DU145,
Flavonoid MDA-MB-231, MCF-7, T24, US87MG, Mice NF-kB, mTOR, p38 MAPK,mitochondria, ROS, 59-74
U251MG, MHCC97H, AGS, A549, PC-3, A431, TGF-B, ERK, p53, Racl
SKBr3, BGC-823, HT-29, 5637, A2780/CP70,
OVCAR-3,
Berbamine HepG2, PLC/PRF/S, SK-Hep-1, SNU398, Bxpc- Mice NF-«kB,TGF-p/Smad, STAT3, JNK, mTOR, HIF- 75-80
3, Panc-1, A2058, A375, G361, SK-MEL-28, lo
U87, SK-MEL-5, Raji, L428, Namalwa, Jurkat,
HCT116, HCT8, MCF-7, HUVECs
HepG2,Hep3B, Huh-7,Bel7404, BGC-823, Mice STAT3, ERK, JNK, mitochondria 81-86
Xanthone SGC-7901, SK-Hep-1, MIAPaCa-2, BxPC-3,
PC-3
HL-60,T47D,HeLa, MDA-MA-231, MDA- Mice INK, p38 MAPK, mitochondria, mTOR, AIF, &87-95
Saponin MB-453, NCI-H157, SKOV3, NCI-H460, ROS, p53/p21, B-catenin
A549, MCF-7, SPCA-1, H1975, NCI-H446,
NCI-H292, NCI-H69, HO-8910PM
HCCLM3, HepG2, A549, MDAMB- Mice Met/PI3K/Akt, STAT3, NF-xB, AKT/GSK3p/ 96-104
Steroid 231,LNCaP,DU145,PC3,HL-60,MG¢-803, B-catenin, FAK/Racl, MAPK
SW620, HeLa, 4T1
Polysaccharide HT-29, LOVO, CL1-5,A549, Hca-F, 4T1, HL- Mice ErbB, IGF-1R, TGFR/Smad7, NF-xB, ERK, death 105-113
60, U-2 receptor,B-catenin, mitochondria
Glycoside TEU-2, A549, H22, MCF-7, YD-10B Mice mTOR, MAPK, ERK, NF-«kB, Racl, B-catenin, 1/4-119

mitochondria
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compounds (natural products) that contain mostly basic
nitrogen atoms. Alkaloids are produced by a large
variety of organisms including bacteria, fungi, plants,
and animals. They often have pharmacological effects
and are used as medications, as recreational drugs, or in
entheogenic rituals (6). The following are some TCM
components which were reported in recent years.

Camptothecin, which is extracted from Camptoteca
acuminata Decne, and its derivatives can inhibit cancer
cell proliferation by suppressing DNA topoisomerase
I by stabilizing certain intermediate complexes during
DNA synthesis (7). It has been applied to 9KB (human
oral epidermoid carcinoma cell line) and L1210 (human
leukemia cell line). It also can induce p53-dependent
DNA damage in renal cell carcinoma (8). In another
report, camptothecin induces apoptosis through the
hypoxia-inducible factor-1o (HIF-1a) pathway in
HeLa (human cervix adenocarcinoma cell line) (9). In
the HCT116 coloretctal cancer cell, camptothecin can
induce apoptosis through the AMPK-TSC2-mTOR
pathway (10).

Vinblastine, which is derived from Vinca rosea L.,
can arrest the cell cycle through inhibiting assembly
of microtubules and binding to subunits of tubulin in S
phase. Anticancer activity was assayed against MCF-7
(human breast cancer cell line) (/). An in vitro and in
vivo study suggests a synergistic anticancer activity of a
nanoliposomal C6-ceramide and vinblastine combination,
potentially lead by an autophagy mechanism (/2).

Berberine is a natural product extracted from roots
of Coptis chinensis Franch which has been shown to
have anticancer activities. In HCT116 (human colon
cancer cell line), it suppresses proliferation via AMPK
dependent inhibition of mTOR activity and induces
apoptosis by AMPK dependent inhibition of NF-«xB.
In vivo, it also inhibits mTOR and activates caspase-3
cleavage (/3). In A549 (human lung adenocarcinoma
cell line), berberine inhibits proliferation and induces
apoptosis of adenocarcinoma cells by activating the
p38a MAPK signaling pathway followed by inducing
p53 and FOXO3a (14).

Oxymatrine, the main constituent in the traditional
Chinese herbal medicine Sophora japonica, has been
reported to have antitumor properties. In human
osteosarcoma MNNG/HOS cell line, oxymatrine
induces mitochondria dependent apoptosis by inhibiting
the PI3K/Akt pathway (/5). In an in intro and in vivo
experiment, oxymatrine shows an antiangiogenic effect
on pancreatic cancer through inhibition of the NF-«xB-
mediated VEGF signaling pathway (/6).

Matrine is a major active component in traditional
Chinese medicine Sophora flavescens. It has been
reported that matrine induces growth inhibition and
apoptosis of M21 and A375 (human melanoma cell
lines) by activating the PTEN pathway (/7). Matrine
also induces apoptosis of A549 and 95D (human lung
cancer cell lines) via the PI3K/Akt/mTOR signaling

pathway and down-regulation of inhibitor of apoptosis
proteins (/8). Another study reports that matrine
inhibits the invasive activities of human osteosarcoma
cells through down-regulation of the ERK/NF-«kB
pathway in intro and in vivo (19).

These alkaloid components can suppress
proliferation, invasion, or apoptosis of cancer cells by
the following pathways: i) AMPK/mTOR pathway;
it) MAPK/Akt/mTOR pathway; iii) NF-kB pathway;
iv) p53 apoptosis pathway; v) HIF-la pathway; vi)
mitochondria-dependent pathway; and vii) FOXO3a
pathway. The first three pathways are major signaling
pathways activated by alkaloids from TCM.

2.2. Diterpenoid

The terpenoids are a large and diverse class of naturally
occurring organic chemicals similar to terpenes, derived
from five-carbon isoprene units assembled and modified
in thousands of ways. Most are multicyclic structures
that differ from one another not only in functional
groups but also in their basic carbon skeletons. These
lipids can be found in all classes of living things,
and are the largest group of natural products (20).
Diterpenoids, a member of the terpenoid family, with
their twenty-carbon backbone constitute roughly a
fourth of all known plant terpenoids, which currently
are more than 12,000 (and counting) structures known.
The followings are some TCM-derived diterpenoid
components.

Androgarpholide is a diterpenoid lactone derived
from Andrographis paniculata. The combination of
androgarpholide and taxifolin inhibit proliferation and
trigger apoptosis of breast cancer cells by disrupting
microtubule dynamics and acitivating the spindle
assembly checkpoint (SAC) (27). In other studies,
androgarpholide alone can inhibit proliferation of breast
cancer cells and non-small cell lung cancer (NSCLC)
cells by downregulating the PI3K/Akt pathway (22,23).
NSCLC cells also can be suppressed by androgarpholide
through the HIF-1a pathway (24). In the B-TC-6 (human
insulinoma cell line), androgarpholide suppress growth
of cancer cells through inhibition of the TLR4/NF-xB
signaling pathway in intro and in vivo (25).

Oridonin is isolated from the plant Rabdosia
rubescens. It can inhibit growth of prostate cancer cells
by suppressing the NF-kB signaling pathway in intro
and in vivo (26). In human gallbladder cancer cell lines
SGC996 and NOZ, oridonin induces apoptosis and cell
cycle arrest via the mitochondrial pathway (27). It is
also reported to suppress invasion and metastasis of
human breast cancer cell line MDA-MB-231 in vitro by
decreasing the expression of MMPs and regulating the
Integrinf/FAK pathway in vitro (28).

Diterpenoid C is isolated from Radix Curcumae
which is the dry root of Curcuma wenyujin. In a study
on human colon adenocarcinoma cell line SW620,
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diterpenoid C functions as an inhibitor of proliferation
and inducer of apoptosis through the MAPK signaling
pathway (29).

The diterpenoids can induce apoptosis and inhibit
invasion of cancer cells via the following pathways: 7)
PI3K/Akt pathway; ii) p38 MAPK pathway; iii) NF-
kB pathway; iv) HIF-1a pathway; v) mitochondria-
dependant pathway; vi) FAK pathway; and vii) disrupting
microtubule dynamics and acitivating SAC. The first
three pathways are affected by most diterpenoids above
and they have crosstalk between each other.

2.3. Triterpene

Triterpenes are terpenes consisting of six isoprene units
and have the molecular formula C;,H,,. The pentacyclic
triterpenes can be classified into lupane, oleanane
or ursane groups. A notable pentacyclic triterpene is
Boswellic acid.

Ganoderic acid is a triterpene derived from
Ganoderma lucidum. It induces mitochondria-
dependent apoptosis in human cervical carcinoma
HeLa cells in vitro (30). Ganoderic acid can also inhibit
growth and angiogenesis of human breast cancer cell
line MDA-MB-231 by modulating the NF-kB signaling
pathway (37). On the other hand, ganoderic acid can
enhance chemosensitivity of human hepatocellular
carcinoma (HCC) cell line HepG2 to cisplatin by
inhibiting the JAK-STAT3 signaling pathway (32). This
suggests that ganoderic acid can be used in combination
with chemotherapeutic agents for cancer treatment.

Ursolic acid is a triterpene compound isolated
from certain traditional medicinal plants, such as
Mirabilis jalapa. Ursolic acid was proved to suppress
the proliferation of colon cancer cell line HEK293 by
promoting degradation of B-catenin (33). In Enrlich
ascites carcinoma cell line, ursolic acid acts as an
inducer of apoptosis through the mitochondrial signaling
pathway in intro and in vivo (34), and in T24 human
bladder cancer cells, it induces apoptosis via the Akt/
NF-kB pathway (35). Ursolic acid also can induce cell
death and modulate autophagy by the JNK pathway in
the apoptosis-resistant human colon carcinoma cell line
HCT15 and CO115 (36).

Ganoderiol A is a natural product isolated from
traditional Chinese medicine Ganoderma lucidum. It
inhibits migration and adhesion of highly metastatic
breast cancer cell line MDA-MB-231 by suppressing the
FAK-SRC-Paxillin cascade pathway (37).

The fruit of Poncirus trifoliate has been
used as traditional medicine for many years, and
25-Methoxyhispidol A is derived from it. In MDA-
MB-231 breast cancer cells, 25-Methoxyhispidol A
suppresses cell growth through modulation of the
EGFR/c-Src signaling pathway in vitro (38).

Friedelan-3-one and 29-hydroxyfriedelan-3-one
are exacted from Tripterygium wilfordii which has

been traditionally used as folk medicine for treatment
of inflammatory diseases. They show antiangiogenic
activity against vessel formation in the zebrafish model
by inhibiting the angpt2/tie2 signaling pathway. (39)

The triterpenes above mainly fight against cancer
cells via the following pathways: /) mitochondria
pathway; ii) NF-kB pathway; iii) angpt2/tie2 signaling
pathway; iv) JAK-STAT3 pathway; v) B-catenin
pathway; vi) FAK-SRC-Paxillin cascade pathway; and
vii) EGFR/c-Src pathway. The first three pathways are
affected by more than two components.

2.4. Sesquiterpene

Sesquiterpenes are a class of terpenes that consist of
three isoprene units and have the molecular formula
C,sH,,. Like monoterpenes, sesquiterpenes may be
acyclic or contain rings, including many unique
combinations.

Dehydrocostus lactone is a TCM component
derived from Saussurea costus (Falc.) Lipschitz. In
human umbilical vein endothelial cells (HUVECS), it
suppresses angiogenesis by inhibiting Akt/GSK3 and
mTOR signaling pathways in intro and in vivo (40).

B-Elemene, a naturally occurring component
isolated from Curcumae Radix, has been used as an
antitumor drug for various cancers in China. It has been
reported to be able to block epithelial-mesenchymal
transition (EMT) in MCF-7, a human breast cancer cell
line, by Smad3-mediated down-regulation of nuclear
transcription factors (SNAIL, SNAI2, TWIST and
SIP1) (41). In the same cell line, other research proves
that B-clemene decreases cell invasion through up-
regulation of E-cadherin expression (42). In research on
gastric cancer stem-like cells, B-elemene is effective in
attenuating angiogenesis by targeting Notch-1 in intro
and in vivo (43). A study on a combination of f-elemene
and cisplatin suggests that in resistant ovarian
carcinoma cells B-elemene increases susceptibility to
cisplatin by inactivating the JNK pathway (44).

These sesquiterpenes block proliferation and
invasion of cancer cells by some different pathways as
follows: i) Akt/GSK3p pathway; ii) mTOR pathway;
ii) Smad3 pathway; iv) Snail/E-cadherin pathway; v)
Notch-1 pathway; and vi) INK pahway.

2.5. Anthraquinone

Anthraquinone, also called anthracenedione or
dioxoanthracene, is an aromatic organic compound with
formula C,,H;O,. Several isomers are possible, each of
which can be viewed as a quinone derivative. The term
anthraquinone, however, almost invariably refers to one
specific isomer, 9,10-anthraquinone wherein the keto
groups are located on the central ring.

Emodin, a naturally occurring anthraquinone
component derived from Polygoni cuspidati radix, has
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been reported to have anti-cancer and anti-inflammatory
activities. In MCF-7 and MDA-MB-231 human breast
cell lines, emodin leads to inhibition of proliferation
through the ERa-MAPK/Akt-Cyclin D1/Bcl-2
signaling pathway (45). Emodin induces apoptosis
of the HeLa human cervical cell line by activation of
the mitochondria apoptotic pathway (46). Cancer cell
apoptosis also can be induced by emodin in the HepG2
human HCC cell line through activation of the p53
pathway and inhibition of the NF-kB/p65 pathway (47).

Aloe emodin, one of the active compounds isolated
from Aloe vera leaves, plays an important role in the
regulation of cell growth and death. It induces cell cycle
arrest and apoptosis via the mitochondria dependent
signaling pathway in human U87 malignant glioma
cells (48). Another study proved that aloe emodin
induces invasive inhibition of NPC-TW 039 and NPC-
TW 076 human nasopharyngeal carcinoma cell lines
by decreasing expression levels of MMP-2 through the
p38 MAPK/NF-kB signaling pathway (49).

2-methyl-1,3,6-trihydroxy-9,10-anthraquinone is
one of the major constituents derived from the TCM
Rubia yunnanensis which exhibits inhibitory activity
of proliferation of several human cancer cell lines. In
the HeLa human cervical cancer cell line, 2-methyl-
1,3,6-trihydroxy-9,10-anthraquinone was demonstrated
to induce cell cycle arrest and apoptosis of cancer cells
through the p53/p21/Cdc2-cyclin B1 signaling pathway
(50).

These anthraquinones above show antitumor
activities through several pathways: i) mitochondria-
dependent pathway; ii) NF-xB pathway; iii) MAPK/
Cyclin D1/Bcl-2 pathway; iv) p53 pathway; and v)
Cdc2/Cyclin B1 pathway. The first two pathways play a
role as frequent targets.

2.6. Benzoquinone

Benzoquinone is a quinone with a single benzene ring, of
which there are only two members: i) 1,4-Benzoquinone,
most commonly; and /i) 1,2-Benzoquinone, less
commonly.

Rhinacanthone, a main bioactive component
derived from Rhinacanthus nasutus KURZ, has been
reported to possess antitumor activities. Recent research
demonstrates that rhinacanthone leads to apoptosis
of HelLa human cervical carcinoma cells through the
mitochondria-dependent signaling pathway.

Shikonin, a natural product derived from the
Chinese medical herb Lithospermum erythrorhizon, has
been widely used as a traditional Chinese medicine for
thousands of years. In the BXPC-3 human pancreatic
carcinoma cell line, it promotes autophagy through
the PI3K/Akt signaling pathway (57). In another
human pancreatic carcinoma study, PANC-1, BXPC-
3, and ASPC-1 cell lines were employed. Shikonin
is combined with gemcitabine, a nucleoside analog

used as chemotherapy, and the combination group is
demonstrated to suppress tumor growth in vitro and
in vivo through the NF-kB pathway (52). In a human
gastric cancer study, shikonin induced cell cycle arrest
of the AGS cell line by the early growth response
1 (Egrl)/p21 signaling pathway (53). In A549 lung
cancer cell line, Shikonin attenuates adhesion of cells to
extracellular matrix and metastasis through inhibition
of the ERK1/2 signaling pathway (54). In the NTHY-
ORI 3-1 human papillary thyroid carcinoma cell line,
shikonin plays a role in inducing apoptosis through the
mitochondrial pathway (55).

Tanshinone I, a bioactive constituent of Salvia

miltiorrhiza Bunge, has been used in China for
thousands of years to treat various diseases, such as
heart disease, hepatitis, and cancer. In A549, CL1-
0, and CL1-5 cell lines, tanshinone I inhibits cancer
progress by blocking the cell cycle pathway and VEGF
protein in vitro and in vivo (56). In the DU145 human
prostate cancer cell line, tanshinone I induces apoptosis
of cancer cells by activating the mitochondrial pathway
(57). In a paper published in 2008, Tanshinone I was
reported to suppress proliferation of NSCLC cells
through the NF-«B pathway (58).
These benzoquinones target several pathways: i)
mitochondrial pathway; ii) NF-xB pathway; iii) PI3K/
Akt pathway; iv) ERK1/2 pathway; and v) cell cycle
pathway. The first two pathways are targets of all of
these benzoquinones.

2.7. Flavonoid

Flavonoids are a class of plant secondary metabolites.
Flavonoids were referred to as Vitamin P from the mid-
1930s to early 50s, but the term has since fallen out of
use. Chemically, they have the general structure of a
15-carbon skeleton, which consists of two phenyl rings
(A and B) and a heterocyclic ring (C). This carbon
structure can be abbreviated C6-C3-C6. Flavonoids
have been reported to possess various therapeutic
effects for inflammation, cancer, and cardiovascular
diseases.

Baicalein (5,6,7-trihydroxyflavone) is a flavone, a
type of flavonoid, originally isolated from the roots of
Scutellaria baicalensis. 1t has been reported to inhibit
migration and invasion of human gastric cancer cells
by suppressing the TGF-B signaling pathway (59). In
the human breast carcinoma cell line MDA-MB-231,
baicalein shows its ability to induce autophagic cell
death via activation of the AMPK/ULK1 pathway and
inhibition of the mTOR pathway (60). Baicalein also
can lead to apoptosis of MCF-7 human breast cancer
cells and T24 human bladder cancer cells through
a decrease of the reactive oxygen species (ROS)-
dependent apoptosis pathway and mitochondrial-
dependent caspase activation pathway respectively
(61,62). A study on invasion of glioma cells shows
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that baicalein attenuates the invasion of US§7MG and
U251MG cell lines by inhibition of the activity of the
p38 MAPK signaling pathway (63). Through MAPK
family pathways, baicalein also is reported to suppress
the invasion and metastasis of the MHCC97H human
HCC cell line via down-regulation of the ERK signaling
pathway (64).

Quercetin, a flavonol, is a flavonoid, in other words,
a plant pigment with a molecular structure like or
derived from flavone. In AGS human gastric cancer
cells, quercetin induces apoptosis through inhibition of
the p38 MAPK signaling pathway (65). In combination
with trichostatin A, a eukaryotic cell cycle inhibitor,
quercetin enhances treatment effects by inhibiting
proliferation of A549 human NSCLC cells through the
pS3 signaling pathway in vitro and in vivo (66). In a
study on human prostate tumors, quercetin was shown
to inhibit angiogenesis by targeting the VEGFR-2
mediated mTOR signaling pathway in vitro and in vivo
(67). Quercetin has been reported to induce apoptosis of
human prostate cancer PC-3 cells through endoplasmic
reticulum (ER) stress and the mitochondrial apoptotic
signaling pathway (68).

Icariin is a flavonol glycoside, a type of
flavonoid. It is the 8-prenyl derivative of kaempferol
3,7-0O-diglucoside. The compound is derived from
several species of plants belonging to the genus
Epimedium Berberidaceae. It induces apoptosis of
A431 human epidermoid carcinoma cells by inhibiting
the EGFR pathway (69). Similarly, other research
also proves that icariin inhibits proliferation of SKBr3
breast cancer cells via the EGFR-MAPK signaling
pathway (70). In the BGC-823 human gastric cancer
cell line, icariin exterts negative effects on invasion and
migration through the Racl pathway (71).

Kaempferol is a natural flavonol, a type of
flavonoid, that has been isolated from tea, broccoli,
Delphinium, Witch-hazel, grapefruit, grapes, and other
plant sources. It promotes apoptosis of HT-29 human
colon cancer cells through activating cell surface death
receptors and the mitochondrial pathway (72). In a
recent paper, it was revealed that kaemperol attenuates
the growth of 5637 and T24 human bladder cancer
cells by inhibition of the c-Met/p38 MAPK signaling
pathway in vitro and in vivo (73). The antitumor activity
of kaempferol also has been shown in OVCAR-3
and A2780/CP70 human ovarian cancer cell lines, it
suppresses expression of VEGF and angiogenesis by
inhibiting the ERK-NF-kB pathway (74).

The above flavonoids play an efficient role against
cancer cells by targeting various pathways: /) mTOR
pathway; ii) mitochondrial pathway; iii) p38 MAPK
pathway; iv) NF-kB pathway; v) TGF-$3 pathway; vi)
ROS-dependant pathway; vii) ERK pathway; viii)
p53 pathway; and ix) Racl pathway. MAPK pathway,
mTOR pathway, the mitochondrial pathway, and NF-
kB pathway all are inhibited by at least half of the

listed flavonoids. That may suggest there is a certain
association between these signaling pathways and
flavonoids.

2.8. Berbamine and its structural analogues

Berbamine is a natural bisbenzylisoquinoline product
derived from traditional Chinese herbal medicine
Berberis amurensis and has been used to treat
inflammatory and other diseases for centuries. In
HepG2, PLC/PRF/5, SK-Hep-1, and SNU398 cells,
berbamine plays a role in blocking the Ca*" channel
through inhibition of Ca’"/calmodulin-dependent
protein kinase II (introduction). In Bxpc-3 and Panc-
1 human pancreatic cancer cell lines, berbamine can
enhance antitumor activity of gemcitabine through
activating the TGF-f/Smad pathway (75). A derivative
of berbamine is reported to induce apoptosis of A2058,
A375, G361, SK-MEL-28, and SK-MEL-5 human
melanoma cell lines via inhibition of the jak2/STAT3
signaling pathway (76). Another berbamine derivative
was proved to inhibit cell viability and lead to apoptosis
of the U87 human glioblastoma cell line through up-
regulation of the miRNA-4284 and JNK/AP-1 signaling
pathway (77). 4-Chlorobenzoyl berbamine, a derivative
of berbamine, was demonstrated to inhibit proliferation
and induce apoptosis of Raji, L428, Namalwa, and
Jurkat lymphoma cell lines through the PI3K/Akt and
NF-«xB pathway (78).

Dauricine, a natural product isolated from the
rhizome of Menispermum dauricum DC, has been found
to have antiarrhythmic and anti-inflammatory effects.
It was proved to suppress proliferation and invasion
and induce apoptosis of HCT116 and HCT8 human
colon cancer cells by blocking the NF-«kB signaling
pathway (79). In the MCF-7 human breast cancer line
and HUVECs human umbilical vein endothelial cells,
dauricine plays a role in inhibiting angiogenesis of
cancer cells by blocking the PI3K/Akt/mTOR pathway
and HIF-1a pathway (80).

In brief, berbamine, its derivatives, and its
analogues stand up to cancer cells through the following
pathways: i) TGF-B/Smad pathway; ii) jak2/STAT3
pathway; iii) INK/AP-1 pathway; iv) PI3K/Akt/mTOR
pathway; v) NF-kB pathway; and vi) HIF-1a pathway.
The PI3K/Akt/mTOR pathway and NF-kB pathway are
both targeted by these components.

2.9. Xanthone

Xanthone is an organic compound with the molecular
formula C13H802. It can be prepared by the heating of
phenyl salicylate. Up to now, over 200 xanthones have
been identified.
1,3,5-Trihydroxy-13,13-dimethyl-2H-pyran [7,6-b]
xanthone (TDP), is isolated from the traditional Chinese
medicinal herb Garcinia oblongifolia. Research on
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this component is focused on human hepatocellular
carcinoma. In this research, TDP is reported to induce
apoptosis of cells by targeting the heat shock protein
27 (Hsp27) related signaling pathway (87). In another
study, TDP was proved to lead to apoptosis of cells
through activation of the mitochondrial signaling
pathway (82).

o-Mangostin, a main xanthone component isolated
from the pericarp of mangosteen (Garcinia mangostana
Linn), possesses unique biological activities, including
antioxidant, antitumor and anti-inflammatory
effects. It has been identified to be able to increase
apoptosis of BGC-823 and SGC-7901 human gastric
adenocarcinoma cell lines by blocking the STAT3
siganaling pathway (83). In human hepatoma SK-Hep-1
cells, o-mangostin leads to mitochondrial dependent
apoptosis via inhibition of the p38 MAPK signaling
pathway (84). In MIAPaCa-2 and BxPC-3 human
pancreatic cancer cell lines, a-mangostin can suppress
the invasion and metastasis of pancreatic cancer cells by
decreasing MMP-2 and MMP-9 expression, increasing
E-cadherin expression and inhibiting the ERK signaling
pathway (85). In the PC-3 human prostate carcinoma
cell line, a-mangostin can also inhibit metastasis of
cancer cells through inhibition of MMP-2 and MMP-9
via the JNK signaling pathway (86).

These xanthones mainly target the following
pathways: i) mitochondrial pathway; ii) STAT3
pathway; iii) ERK pathway; and iv) JNK pathway. The
mitochondrial pathway is targeted more frequently.

2.10. Saponin

Saponins are a class of chemical compounds found
in particular abundance in various plant species.
More specifically, they are amphipathic glycosides
grouped phenomenologically by the soap-like foaming
they produce when shaken in aqueous solutions,
and structurally by having one or more hydrophilic
glycoside moieties combined with a lipophilic triterpene
derivative.

Dioscin, a plant steroidal glycoside isolated
from Polygonatum zanlanscianense pump, exhibits
cytotoxicity against a number of human malignant
cell lines. In human myeloblast leukemia HL-60 cells,
dioscin induces apoptosis of cancer cells by activating
p38 MAPK and JNK through the caspase dependent
mitochondrial signaling pathway (87). In MDA-
MA-231, MDA-MB-453, and T47D human breast
cancer cell lines, dioscin induces cell death through the
apoptosis inducing factor (AIF) signaling pathway (88).

Ophiopogonin B (OP-B) is a bioactive component
of Radix Ophiopogon Japonicus, which is often used in
Chinese traditional medicine to treat pulmonary disease.
In a paper published in Chinese, OP-B was proved to
increase the autophage of human HeLa cells through
repression of the Akt/mTOR signaling pathway (89).

In human NSCLC cell lines NCI-H157 and NCI-H460,
OP-B was proved to induce autophage of cancer cells
via inhibition of the PI3K/Akt signaling pathway (90).

Saikosaponin, a naturally occurring compound
isolated from Bupleurum radix, has been shown to
exert anti-cancer activity in several cancer cell lines.
In HeLa and Siha cervical cancer cell lines, SKOV3
ovarian cancer cell line, and A549 NSCLC cell line,
combination administration of saikosaponin and
cisplatin can sensitize cancer cells to cisplatin through
the ROS-mediated apoptotic pathway (9/). In MDA-
MB-231 and MCF-7 human breast cancer cells,
saikosaponin increases apoptosis through the p53/021
dependant pathway (92).

Periplocin is a natural product derived from Cortex
periplocae. 1t is demonstrated to suppress proliferation
and induce apoptosis of SW480 human colon
carcinoma cells through the B-catenin/Tcf signaling
pathway in vitro and in vivo (93). In human lung
cancer cell lines A549, SPCA-1, H1975, NCI-H446,
NCI-H460, NCI-H292 and NCI-H69, periplocin can
inhibit proliferation and induce apoptosis of cancer
cells by the Akt and ERK signaling pathway in vitro
and in vivo (94).

Polyphyllin I, a component derived from Rhizoma
Paridis Chonglou, was proved to suppress proliferation
and metastasis of human ovarian cancer cell line HO-
8910PM by activating the JNK signaling pathway (95).

Collectively, the above saponins fight against
cancers by targeting the following pathways: 7) p38
MAPK pathway; ii) JNK pathway; iii) mitochondrial
pathway; iv) AIF pathway; v) mTOR pathway; vi)
ROS dependant pathway; vii) p53/p21 pathway; viii)
[-catenin/Tcf pathway; and ix) ERK pathway

2.11. Steroid

A steroid is a type of organic compound that contains
a characteristic arrangement of four cycloalkane rings
joined to one another.

Bufalin is a major bioactive component of Venenum
Bufonis, a traditional Chinese medicine obtained from
the skin and parotid venomglands of toads. In a EGFR
mutant lung cancer cell line, it was proved to reverse
HGF-induced EGFR-TKIs resistance by blocking
the Met/PI3K/Akt signaling pathway (96). In human
hepatoma cell lines HCCLM3 and HepG2, bufalin plays
a role in suppressing proliferation, migration, invasion
and adhesion of hepatoma cells inhibition of the AKT/
GSK3p/p-catenin/E-cadherin signaling pathway (97).
There are a number of research reports on the apoptosis
effect of bufalin. In lung cancer cells, breast cancer
cells, prostate cancer cells, hepatocellular carcinoma
cells, gastric cancer cells, and leukemia cells, bufalin
was demonstrated to induce apoptosis through the NF-
kB pathway and mitochondrial pathway (98). Bufalin
was also proved to increase apoptosis of SW620 human
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colon cancer cells via inhibition of the jak/STAT3
signaling pathway (99).

Bufotalin, a major compound in toad venom, was
demonstrated to sensitize the death receptor-induced
apoptosis of HeLa cells by the STAT1-dependent
signaling pathway (100).

Bufadienolide, a major class of biologically active
compounds derived from the traditional Chinese
medicine ChanSu, was proved to be a sensitizer of death
receptor TRAIL through inhibition of the STAT3/Mcl-
1 pathway (101). Arenobufagin, a natural bufadienolide
from toad venom, increases apoptosis and autophagy
of HepG2 human hepatocellular carcinoma cells by
inhibiting the PI3K/Akt/mTOR signaling pathway
(102).

Cucurbitacin E, a natural compound derived from

the climbing stem of Cucumis melo L., was previously
shown to have antioxidant and antitumor activities.
In MDA-MB-231 and 4T1 human breast cancer cells,
cucurbitacin E suppresses breast tumor metastasis via
inhibition of the Src/FAK/Racl/MMP pathway (/03). In
PC3 and HUVEC cells, cucurbitacin E restrains tumor
angiogenesis via inhibition of VEGFR2-mediated Jak/
STAT3 and MAPK signaling pathways (/04).
These steroids are able to suppress proliferation or
induce apoptosis of cancer cells by signaling pathways
as follows: i) Met/PI3K/Akt pathway; ii) AKT/GSK3p/
B-catenin/E-cadherin pathway; iii) NF-kB pathway; iv)
mitochondrial pathway; v) STAT3 pathway; vi) STAT1
pathway; vii) Src/FAK/Racl/MMP pathway; and viii)
MAPK pathway. Based on this research, the main effect
of steroids is to induce apoptosis of cancer cells.

2.12. Polysaccharide

Polysaccharides are polymeric carbohydrate molecules
composed of long chains of monosaccharide units
bound together by glycosidic linkages and on
hydrolysis give the constituent monosaccharides or
oligosaccharides. They range in structure from linear to
highly branched.

Laminarin, a storage glucan (a polysaccharide of
glucose) found in brown algae Laminaria digitata, is
used in traditional Chinese medicine, and has been
shown to have several biological activities, including
anticancer activities. In HT-29 human colon cancer
cells, it suppresses tumor cell proliferation through
the ErbB signaling pathway (/05). In human colon
cancer LOVO cells, laminarin reveals an effect on
induction of apoptosis through the mitochondrial
signaling pathway (/06). In another human colon cell
line HT-29, laminarin was proved to induce apoptosis
of cancer cells by regulating the insulin-like growth
fator-IR (IGF-1R) signaling pathway (/07). In the
same cell line LOVO, laminarin was demonstrated by
another research group to increase apoptosis of cancer
cells by activating the death receptor (DR) signaling

pathway(/08).

Fucoidan is a sulfated polysaccharide found mainly
in various species of brown algae and brown seaweed.
In human NSCLC cell lines CL1-5 and A549, fucoidan
decreases tumor proliferation via the TGFR/Smad7/
Smurf2 pathway. Meanwhile, fucoidan reduces tumor
size in LLC1-xenograft male C57BL/6 mice (109).
In mouse hepatocarcinoma Hca-F cells, fucoidan
can suppress tumor cell growth, adhesion, invasion,
and metastasis through the NF-xB pathway and ERK
pathway in vitro and in vivo (110). In 4T1 mouse breast
cancer cells, fucoidan was proved to inhibit cancer cell
growth by blockage of the Wnt/B-catenin signaling
pathway in vitro and in vivo (111).

Blazei polysaccharides, polysaccharides extracted
from the fungus Agaricus blazei, was demonstrated to
induce apoptosis of human leukemia HL-60 cells via
the mitochondrial signaling pathway (//2). Another
polysaccharide from pomegranate peels also induces
apoptosis of U-2 human osteosarcoma cells through the
mitochondrial signaling pathway (/73).

These polysaccharides stand up to cancers by
targeting the following pathways: i) mitochondrial
pathway; ii) ErbB pathway; iii) IGF-1R pathway; iv)
DR pathway; v) TGFR/Smad7/Smurf2 pathway; vi) NF-
«B pathway; vii) ERK pathway; and viii) Wnt/p-catenin
pathway. The mitochondrial pathway is the main target
for polysaccharides.

2.13. Glycoside

Glycoside is a molecule in which a sugar is bound
to another functional group via a glycosidic bond.
Glycosides play numerous important roles in living
organisms. Many plants store chemicals in the form of
inactive glycosides. These can be activated by enzyme
hydrolysis, which causes the sugar part to be broken
off, making the chemical available for use.

Salidroside (Rhodioloside) is a glucoside of tyrosol
found in the plant Rhodiola rosea. In TEU-2 human
bladder epithelial cells, salidroside inhibits the growth
of cancer cells by the blockage of the mTOR pathway
(114). In the A549 NSCLC cell line, salidroside
decreases tumor cell proliferation via inhibition of the
ROS/p38 signaling pathway (/15).

Gastrodin, a natural product isolated from Gastrodia
elata Blume, was demonstrated to repress the growth
of H22 murine ascetic hepatoma cells by inhibiting the
NF-«B signaling pathway (//6). Stevioside, a diterpene
glycoside found in the leaf of Stevia rebaudiana,
was reported to induce ROS-mediated apoptosis of
MCF-7 cells via the mitochondrial pathway (/17).
Fomitoside-K, a biologically active component
isolated from a mushroom Fomitopsis nigra, also can
increase apoptosis of YD-10B human oral squamous
cells through the mitochondrial pathway (//8). In
A549 lung cancer cells, oleifolioside B, a cycloartane-
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Figure 1. The typical chemical structures of TCM components.
type triterpene glycoside isolated from Dendropanax Summarily, these glycosides functions on cancer cells

morbifera Leveille, promotes apoptosis through through signaling pathways as follows: i) mitochondrial
targeting the nuclear factor erythroid 2-related factor 2 pathway; ii) mTOR pathway; iii) MAPK pathway;
(Nrf2) signaling pathway which can antagonize the NF- iv) ERK pathway; v) NF-kB pathway; vi) B-catenin
kB pathway (/79). Periplocin and icariin which were pathway; and vii) Racl pathway. The mitochondrial
mentioned above also belong to the glycoside family. pathway is more common as a therapeutic target.
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2.14. Planar conformation and cell cycle arrest

Based on several recent papers, a planar conformation
could enhance the potency of the compound to
intercalate into free DNA, and subsequently prevent
DNA cleavage by DNA topoisomerase I (P1245) (120).
For example, camptothecin has a planar pentacyclic ring
structure that contains a pyrrolo [3,4-B]-quinoline moiety,
conjugated pyridone moiety and one chiral center at
position 20 within the alpha-hydroxy lactone ring with (S)
configuration. Its planar structure is considered to be one
of the most important factors in topoisomerase inhibition
(P3,6) (9).

Among the TCM components mentioned above,
many of them possess a planar conformation: aloe
emodin, 2-methyl-1,3,6-trihydroxy-9,10-anthraquinone,
shikonin, tanshinone I, 1,3,6,7-tetrahydroxyxanthone,

1,3,5-trihydroxy-13,13- dimethyl-2H-pyran [7,6-b]
xanthone, and camptothecin.

3. Conclusion

In recent times, cancers have had the second highest
mortality among all diseases. Although chemotherapy is
acknowledged as one of the most effective therapeutic
methods for cancers, it faces serious side effects and
increasing drug resistance. For centuries, traditional
Chinese medicine (TCM) was used to treat cardiac
disease, diabetes, inflammation, cancer and so on. As the
mechanisms of TCM remain poorly understood, more
and more studies focus on research of the mechanisms of
TCM in vitro and in vivo. Here, the components isolated
from TCM are classified into several groups by their
chemical structure (Figure 1) and corresponding cellular

wao3h

Benzo

FREIN

. Alkaloid () Diterpenoid o Triterpene

quinane iFlavonoid .Berbamlne .Xanthone .Saponln

A Glycoside

Sesquiter
pene

@ Anthraquinone

Figure 2. A map of association between TCM components and signaling pathways of cancer cells. In this map, the net of
signaling pathways, which were reported to be affected by TCM components, are described and components are put around
corresponding elements in the form of particles with various colors and shapes.
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signaling pathways are summarized (Figure 2).

Based on the summary above, the veil over some
characteristics has been lifted. First, the polysaccharide
group mainly targets the cell surface receptors and
induces a wider intracellular response, such as the ErbB
pathway, IGF-1R pathway, DR pathway, TGF-f pathway,
EGFR pathway, and angpt2/tie2 pathway. Second, the
mitochondrial pathway and NF-kB pathway are the
major targets for almost all of the groups. Targeting
these two pathways leads to apoptosis of cancer cells.
Meanwhile, apoptosis effects can be induced by other
pathways, like the p53 pathway, HIF-1a pathway, ROS
pathway, p38 MAPK pathway, FOXO3a pathway, DR
pathway and so on. Maybe the combination of these
different pathways can avoid drug resistance and make
TCM a potential alternative medicine. Third, the mTOR
signaling pathway is targeted by half of the component
groups to inhibit proliferation, invasion and metastasis
of cancer cells. There also are alternative pathways,
such as the ERK pathway, B-catenin pathway, FAK
pathway, Smad pathway, and so on. Fourth, in several
studies, a combination of TCM components and existing
chemotherapeutic agents could yield a better antitumor
effect, such as vinblastine and nanoliposomal C6-
ceramide, androgarpholide and taxifolin, ganoderic
acid and cisplatin, B-elemene and cisplatin, shikonin
and gemcitabine, quercetin and trichostatin A, and
saikosaponin and cisplatin. Fifth, various component
groups are oriented towards different pathways. Some
of them focus more on apoptosis-related pathways, such
as alkaloids, diterpenoids, anthraquinones, berbamines,
and xanthones. While some of them concern more
proliferation, invasion and metastasis-related pathways,
such as triterpenes, sesquiterpenes, polysaccharides, and
glycosides. Other components focus on both aspects,
such as benzoquinones, flavonoids, saponins, and
steroids. The more targets the components can attack,
maybe the better antitumor effects they can achieve.

From the information above, it suggests there may be
a certain association between some chemical structures
and specific signaling pathways. However, there still are
some uncertainties. First, although some components
share the same core ring structure, various modifications
make for different targeting pathways and cellular
activity changes. Second, most research groups focus
on several major signaling pathways, and association
between TCM components and other pathways is
short of enough data support. Third, information
about chemical structural association between TCM
components and targets is in short supply. In spite of this,
studies on associations between TCM components and
signaling pathways will shed light on future medicine
development and administration. In the first place, the
research mechanism of components will help identify the
mechanisms of TCM. Secondly, associations between
TCM components and pathways will provide some clues
for target drug development. Third, this will provide a big

picture of association between components and pathways
for antitumor TCM studies. Finally, this research will
provide evidence for combinational therapies using
TCM and clinical chemotherapeutic drugs. Based on
the advantages above, TCM could be widely used as
alternative medicine for cancer therapies.
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Summary

Hepatocellular carcinoma (HCC) is a severe form of liver cancer that is found worldwide.
Treatments such as liver transplantation and surgical resection and local-regional
therapies such as transarterial chemoembolization have progressed considerably and
play a prominent role in HCC management. After those treatments, though, systematic
drug intervention is required to deal with tumor metastasis in its early stages and the high
frequency of tumor recurrence and/or metastasis. The approval of sorafenib, an agent that
targets receptor tyrosine kinases (RTKSs), as the first effective drug for systemic treatment
of HCC represents a milestone in the treatment of this disease. In addition to sorafenib, a
number of agents that target various RTKSs or intracellular signal transduction molecules,
such as mTOR, are currently being investigated as monotherapy or combination therapy
for HCC. This article reviews advances in the study of molecularly targeted agents to treat

HCC.

Keywords: Hepatocellular carcinoma, molecularly targeted agents; VEGFR, EGFR, c-MET

1. Introduction

Hepatocellular carcinoma (HCC) is the fifth most
common cancer in men, the seventh most common
cancer in women, and the third most common cause
of cancer deaths worldwide. HCC resulted in 696,000
deaths worldwide in 2008 (/). The condition has
distinct geographical variation, with the vast majority
of cases (85%) occurring in countries in East Asia
and sub-Saharan Africa and lower incidence rates
in Australia, Northern Europe, and the US (2). The
pathogenesis of HCC is complex and not completely
understood. Hepatocarcinogenesis is a multistep process
involving inflammation, hyperplasia, and dysplasia that
finally leads to malignant transformation. The specific
sequence of genetic events that mediate these steps is
only partially known (3). Chronic hepatitis B (HBV)
infection and chronic hepatitis C (HCV) infection play

*Address correspondence to:

Dr. Jianjun Gao, Department of Surgery, Graduate School of
Medicine, The University of Tokyo, 7-3-1 Hongo, Bunkyo-
ku, Tokyo, Japan.

E-mail: gao-tky@umin.ac.jp

a key role in the onset and development of HCC; HBV
is responsible for approximately half of the cases of
HCC. HBV is responsible for the majority of cases in
China and Africa while HCV is the major cause of HCC
in Japan, the US, and parts of Europe. Other risk factors
include toxins (aflatoxin B1 and alcohol), metabolic
diseases (non-alcoholic fatty liver disease and diabetes),
hereditary diseases (hemochromatosis), and immune-
related diseases (autoimmune hepatitis and primary
biliary cirrhosis) (4,5). In addition, cirrhosis is present
in 67% to 80% of patients with HCC, making HCC a
highly complicated disease (6,7).

Treatments for HCC include resection, liver
transplantation, percutaneous ethanol injection (PEI),
radiofrequency ablation (RF), transcatheter arterial
chemoembolization (TACE), and sorafenib depending
on the Barcelona Clinic Liver Cancer (BCLC) stage of
HCC (8). However, the asymptomatic nature of early
disease and the limited use of surveillance result in the
disease often being diagnosed in its advanced stages in
which systemic drug intervention is required. To date,
sorafenib (a small-molecule kinase inhibitor) is the only
standard drug therapy for patients with advanced HCC,
with modest effectiveness at prolonging patients' overall
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survival (OS) for around 2-3 months (9). However, the
mechanism by which sorafenib treats advanced HCC is
not well known, and no biomarkers have been identified
to predict the effectiveness of sorafenib in patients
with HCC. In addition, the tolerance and resistance to
sorafenib in some patients with HCC further limit the
clinical efficacy of sorafenib.

Given the modest efficacy of sorafenib, there is still
a need for a treatment of advanced HCC. The efficacy of
systemic chemotherapy therapies is limited in patients
with HCC because of their cirrhotic liver, potentially
poor hepatic reserve, and the chemoresistance of the
tumor (/0). Recently, molecularly targeted drugs to treat
HCC have been extensively studied. Multiple molecular
pathways implicated in HCC pathogenesis, including
vascular endothelial growth factor receptor (VEGFR),
fibroblast growth factor receptor (FGFR), platelet-
derived growth factor receptor (PDGFR), epidermal
growth factor receptor (EGFR), mesenchymal-epithelial
transition factor (c-MET), and the mammalian target
of rapamycin (mTOR) pathways, may act as potential
targets for therapeutic interventions (Figure 1) (/7).

This review describes the study of current kinase
inhibitors besides sorafenib and their combination
with other agents to treat HCC, and preclinical
data and clinical data are presented (Table 1, Table
S1 and S2) (http://www.ddtjournal.com/docindex.
php?year=2014&kanno=4). A retrospective analysis
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of these studies could provide a clearer understanding
of the study of kinase inhibitors in HCC and facilitate
further progress in the study of new kinase inhibitors.

2. Antiangiogenic agents

HCC is a highly vascularized tumor. VEGF is an
angiogenic growth factor and its elevated expression is
found in surgical specimens of HCC compared to non-
tumoral liver tissue (/2). Thus, one approach to treatment
of HCC is to target angiogenic factors, such as VEGF,
PDGFR, and FGFR. Sorafenib has already been approved,
but many VEGFR TKIs are also being investigated, such
as sunitinib, linifanib, and brivanib. Three multikinase
inhibitors (sunitinib, brivanib, and linifanib) have been
studied as first-line therapies in comparison to sorafenib,
but all failed to achieve their primary endpoints.

2.1. Sorafenib

Sorafenib is an oral multi-kinase inhibitor that blocks
multiple growth factor pathways including VEGFR-1,
-2, -3, PDGFR-B, Raf, RET, and FLT-3 (/3,14). To date,
sorafenib is the only drug approved for the treatment of
unresectable HCC, based on the results of the SHARP
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prolonged the median OS of patients with advanced
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Figure 1. Signal transduction pathways implicated in HCC pathology and molecularly targeted agents that are currently

being investigated.
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HCC from 7.9 months to 10.7 months (p < 0.001) and
the median time to progression (TTP) from 2.8 months
to 5.5 months (p < 0.001) (9). In the Asia-Pacific trial,
the median OS and TTP were prolonged from 4.2
months to 6.5 months (p = 0.014) and from 1.4 months
to 2.8 months (p = 0.0005), respectively. In both trials,
the median OS of patients with advanced HCC was
prolonged, but the shorter median OS in the Asia-
Pacific trial may be due to differences in the state of the
liver of patients in varied regions. In the Asia-Pacific
trial, 73.0% of patients had baseline HBV infection
compared to 12.0% in the SHARP study, whereas 8.4%
of patients in the Asia-Pacific trial had baseline HCV
infection compared to 30% in the SHARP trial (75).

However, the mechanism of sorafenib is still unclear
and no biomarker has been identified to predict suitable
patients for sorafenib treatment or the prognosis of
those patients.

2.2. Sunitinib

Sunitinib is a multi-targeted receptor tyrosine kinase
inhibitor of VEGFR, PDGFR, and ¢-KIT that was
already approved for the treatment of renal cell
carcinoma (RCC) and imatinib-resistant gastrointestinal
stromal tumors (GIST) (/6,17). In comparison to
sorafenib, sunitinib has no activity against Raf but
is about 10 times more active against most receptor
tyrosine kinases present on the cell surface (including
VEGFRs and PDGFR-B) (/8). In two phase II studies
of sunitinib in patients with advanced HCC, patients
received 50 mg/d of sunitinib orally, 4 weeks on and 2
weeks off (19,20). Both studies found that sunitinib had
a high toxicity, with treatment-related deaths occurring
in 10% of patients (4, n = 37) in one study and grade
3/4 adverse effects (AEs) occurring in 80% of patients
in the other study. The fact that sunitinib targets many
different receptors may explain the high incidence of
severe adverse events (SAEs) such as the classic hand-
foot syndrome, stomatitis, and other dermatologic
toxicities. In addition, a phase II study with continuous
sunitinib treatment (37.5 mg daily) yielded promising
results, with a progression-free survival at 12 weeks
(PFS-12) of 33.3% (21). However, a phase III study
of sunitinib malate versus sorafenib in patients with
advanced HCC (patients were given 37.5 mg of
sunitinib orally once a day or 400 mg of sorafenib twice
a day) was terminated in 2010 because of a higher
incidence of SAEs in the sunitinib arm and the fact that
sunitinib did not prove to be either superior or non-
inferior to sorafenib in terms of the OS of patients with
advanced HCC (22). Due to the failure of the phase
III trial, sunitinib is not considered as a therapeutic
option for HCC anymore. Nevertheless, it may have
anti-angiogenic and anti-fibrotic properties that may
occasion its reuse at a lower dose to treat cirrhosis or
advanced fibrosis (23).

2.3. Brivanib

Brivanib is the alanine ester of BMS-540215 and is
hydrolyzed to the active moiety BMS-540215 in vivo.
BMS-540215 has potent and selective inhibition of
VEGFR and FGFR, with a high selectivity for VEGFR-2
and -3 (24). Preclinical studies have shown that brivanib
has broad-spectrum in vivo antitumor activity at multiple
dose levels (25).

A number of studies on brivanib to treat HCC
have recently been conducted, and 3 relevant phase III
studies yielded negative results. The phase III BRISK-
PS Study involved 395 patients with advanced HCC
whose condition progressed after sorafenib or who
were intolerant to sorafenib (26). The patients were
randomly assigned (2:1) to receive 800 mg of brivanib
orally once a day plus best supportive care (BSC) or a
placebo plus BSC. The median OS was 9.4 months for
patients given brivanib and 8.2 months for those given
the placebo (p = 0.3307), so there was little difference.
Exploratory analyses revealed some differences between
the two arms in terms of the median TTP (4.2 months
for patients given brivanib vs. 2.7 months for patients
given the placebo) and overall response rate (ORR, 10%
for patients given brivanib vs. 2% for patients given
the placebo). Notably, hyponatremia, an AE that was
frequently reported in this study (occurring in 11% of
patients as a grade 3 to 4 AE), has not been reported with
other targeted agents, suggesting that this AE may be
relatively specific to brivanib.

The phase III BRISK-FL Study tested the efficacy of
brivanib versus sorafenib (27). In the study, patients with
advanced HCC who had no prior systemic therapy were
randomly assigned (1:1) to receive 400 mg of sorafenib
orally twice a day (n = 578) or 800 mg of brivanib orally
once a day (n = 577). The study did not meet its primary
endpoint of OS noninferiority for brivanib versus
sorafenib, with a median OS of 9.9 months for patients
given sorafenib and 9.5 months for patients given
brivanib. The two arms had a similar TTP and ORR. The
incidence of SAEs (sorafenib:brivanib = 11.7%:11.3%)
indicates that brivanib is less well-tolerated than
sorafenib.

In these two phase III trials, brivanib failed to
improve the OS for patients with advanced HCC but
it did improve TTP and ORR, indicating that brivanib
does have potential antitumor activity. Why it failed
to improve the OS in both trials warrants further
investigation.

In addition, the phase III Trans-Arterial Chemo-
Embolization (TACE) Adjuvant HCC (BRISK TA)
trial was terminated when 2 other phase III studies of
brivanib in patients with advanced HCC failed to meet
their OS objectives (28). In the trial, 502 patients were
randomized to receive TACE + 800 mg of brivanib daily
(n = 249, brivanib was stopped 2 days before a TACE
session and restarted between day 3 and day 21 following
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TACE) or TACE + a placebo (7 = 253). However, the OS
of both groups did not differ (26.4 months for patients
given brivanib vs. 26.1 for patients given the placebo).

2.4. Linifanib

Linifanib is a multi-targeted receptor tyrosine kinase
inhibitor that can inhibit members of VEGFR and
PDGFR families with minimal activity against
unrelated kinases (29,30). In a phase II trial of linifanib,
44 patients with advanced HCC who had received < 1
prior systemic therapy were given linifanib orally at a
dose of 0.25 mg/kg (31). The progression-free rate at 16
weeks (PFR-16) was 31.8%, with secondary endpoints
of an ORR of 9.1%, TPP of 3.7 months, and OS of 9.7
months. The incidence of grade 3/4 AEs was 59.1%,
with fatigue (13.6%) and hypertension (25.0%) being
the most common. Results indicated that single-agent
linifanib was clinically active in patients with advanced
HCC with an acceptable safety profile. However, a
phase III study of the efficacy and tolerance of linifanib
versus sorafenib in advanced HCC was terminated in
2012 for unexplained reasons (32).

2.5. Other kinase inhibitors

Antiangiogenic agents have been described thus far,
though other kinase inhibitors that target VEGFR are
also being tested to treat advanced HCC. Cediranib,
a VEGFR inhibitor, has completed a phase II trial
involving advanced HCC, with results shown in
Table S1 (http://www.ddtjournal.com/docindex.
php?year=2014&kanno=4) (33). Pazopanib, an
inhibitor that targets VEGFR and PDGFR and that
has already been approved by the FDA to treat
advanced RCC and advanced soft tissue sarcomas,
has completed a phase I trial involving patients with
HCC (Table S1) (http://www.ddtjournal.com/docindex.
php?year=2014&kanno=4) (34). Orantinib, a receptor
kinase inhibitor that targets VEGFR, PDGFR, and
FGFR, has finished a phase I/II trial involving patients
with advanced HCC and a phase II trial where it
was combined with TACE and displayed promising
antitumor ability (Table S1) (http://www.ddtjournal.
com/docindex.php?year=2014&kanno=4) (35,36).

3. c-Met inhibitors

The hepatocyte growth factor (HGF)/c-MET signaling
pathway plays a pivotal role in the development of
several solid tumors, including HCC. Stimulation
of the HGF/c-MET signaling pathway leads to the
cascade reaction of Ras/Raf/MEK/ERK and PI3K/
AKT, promoting tumor cell growth and invasion (37).
In HCC, activation of the HGF/c-MET pathway is
associated with an aggressive phenotype and poor
prognosis (38).

3.1. Tivantinib (ARQ 197)

Tivantinib (ARQ 197) is a selective, non-ATP
competitive, small-molecule ¢c-MET inhibitor that
inhibits growth and induces apoptosis in human tumor
cell lines expressing c-MET (39). In a phase II study
of tivantinib as a second-line treatment for advanced
HCC, patients with advanced HCC and Child-Pugh
class A cirrhosis who had progressed on or were unable
to tolerate first-line systemic therapy were treated with
tivantinib or a placebo (40). In the study, 71 patients
were randomly assigned to receive tivantinib and 36
patients were randomly assigned to receive a placebo.
Patients with tumors expressing high levels of c-MET
(> 2+ in > 50% of tumor cells) had a longer median
TTP when given tivantinib than when given a placebo
(2.7 months for 22 patients with high levels of c-MET
given tivantinib vs. 1.4 months for 15 patients with high
levels of c-MET given a placebo). The encouraging
results indicated that tivantinib is effective as a second-
line treatment for patients with HCC expressing high
levels of c-MET. Furthermore, c-MET expression
may be a promising biomarker in patients with HCC.
A pivotal phase III study of patients with advanced
HCC expressing high levels of ¢-MET after sorafenib
failure is currently underway (47/). However, some
researchers have, based on in-vitro studies, suggested
that tivantinib is not only a c-MET inhibitor but also an
antimitotic agent that kills tumor cells independently of
c-MET, contradicting the results of other studies (42,43).
Further studies to clarify the mechanisms of the anti-
HCC action of tivantinib are warranted.

3.2. Cabozantinib (XL184)

Cabozantinib (XL184) is an oral small-molecule
tyrosine kinase inhibitor that blocks phosphorylation
of ¢c-MET and VEGFR-2 and that also has activity
against AXL, RET, and KIT (44). Recently, HCC cell
and mouse xenograft experiments measuring total MET
and phosphorylated MET (p-MET) have indicated that
high levels of p-MET are associated with resistance to
adjuvant sorafenib treatment and that cabozantinib has
significant antitumor activity against HCC (45). In a
phase II randomized discontinuation trial, 41 patients
with Child-Pugh class A advanced HCC received up
to one round of prior systemic treatment before being
treated with cabozantinib at a dosage of 100 mg/day for
12 weeks. The median PFS was 4.4 months, median OS
was 15.1 months, and AFP response was 35% (reduction
of > 50%). In the trial, cabozantinib had encouraging
clinical activity against HCC (46).

4. mTOR inhibitors

Over the past few years, several molecular pathways
have been identified as contributing to the molecular
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pathogenesis of HCC; the PI3K/AKT/mTOR pathway
in particular plays a critical role (47,48). Upregulation
of mTOR signalling has been observed in 40-45% of
patients with HCC and a cell experiment indicated that
elevated levels of phosphorylated mTOR were correlated
with increased cell proliferation (49,50). Preclinical
studies have demonstrated that mTOR inhibitors were
effective at inhibiting cell proliferation, tumor growth,
and metastasis in HCC tumor models (57,52).

4.1. Rapamycin (sirolimus)

Rapamycin (sirolimus) is an immunosuppressant and
is used to prevent rejection in organ transplants, and
especially in kidney transplants. Recently, the drug has
been found to be effective at inhibiting mTOR and is
being studied as a treatment for HCC (52). In a phase
IT study of sirolimus in treatment-naive patients with
advanced HCC, 25 patients were treated with sirolimus
20 mg/week for 1 month and then 30 mg/week (53).
The median TTP was 3.8 months, the OS was 6.6
months, and the ORR was 8%. These data suggest that
sirolimus has antitumor action against advanced HCC,
and further study is needed to investigate the efficacy
of rapamycin in patients with advanced HCC.

4.2. Everolimus

Everolimus is a derivative of rapamycin and is also an
mTOR inhibitor. Preclinical studies have indicated that
everolimus inhibits tumour growth in xenograft models
of human HCC (54). A phase I/II study of everolimus
in advanced HCC has tested the toxicity and efficacy of
everolimus in patients with advanced HCC and adequate
hematologic, hepatic, and renal function (55). In the
study, 3 patients were treated with everolimus at 5 mg/
d and 25 patients were treated with everolimus at 10 mg/
d. The median PFS and OS for the latter group were
3.8 months and 8.4 months, respectively. The estimated
PFS at 24 weeks was 28.6%. A phase III study named
the EVOLVE-1 study tested the effect of everolimus
on survival in patients with advanced HCC after failure
of sorafenib (56). In the study, 362 patients were
randomized to receive everolimus 7.5 mg/d and 184
patients received a placebo. Both groups also received
BSC. Results indicated that everolimus did not improve
OS in patients with advanced HCC whose disease
progressed during or after receiving sorafenib or who
were intolerant of sorafenib. Despite preemptive antiviral
therapy in the EVOLVE-1 study, HBV reactivation
based on central laboratory findings occurred in 37.0%
of patients given everolimus and 22.7% of patients
given the placebo who were HBV-DNA or HBsAg-
positive (or both) at the baseline. The limitation of the
EVOLVE-1 study was believed to be because the study
was not designed to identify a molecularly or clinically
selected population that would potentially benefited

from everolimus. Furthermore, mTOR inhibitors have
immunosuppressive and antitumor actions, so the
potential benefits of this class of agents in the adjuvant
setting are being assessed in a phase III trial of sirolimus
for patients with HCC after liver transplantation (57).

5. MEK inhibitors

The Ras/Raf/MEK/ERK signaling pathway plays a
pivotal role in the regulation of many cellular processes,
including proliferation, survival, differentiation,
apoptosis, motility, and metabolism (58). A study
noted activation of this pathway in half of patients
with HCC; this pathway may be involved in multistep
hepatocarcinogenesis, and especially in the progression
of HCC (59). MEK inhibitors can inhibit the mitogen-
activated protein kinase enzymes MEK1 and/or MEK2.
Hence, MEK inhibitors have potential as a treatment
for HCC.

Selumetinib is a selective, non-ATP-competitive
small-molecule inhibitor of MEK1/2 (60). A phase II
study of selumetinib administered 100 mg of selumetinib
to 19 patients twice a day for 21 days, but the study
was terminated midway through since no response was
radiographically evident in this group. The short TTP
and no ORR indicated the minimal effectiveness of
selumetinib in treating advanced HCC (61).

6. Combined therapy

Drug resistance frequently occurs with molecularly
targeted cancer therapy. An important mechanism of
resistance is the compensatory activation of related
signaling pathways (62). To date, several molecular
pathways have been identified as contributing to the
molecular pathogenesis of HCC. Of these, the PI3K/
AKT/mTOR and Ras/Raf/MEK/ERK pathways
have been studied the most extensively. These two
pathways may be activated by multiple upstream
receptors (e.g., VEGFR and ¢-MET) and inhibition of
specific upstream receptors may lead to compensatory
activation via other pathways. Various inhibitors must
be combined with other therapies to more effectively
treat HCC.

6.1. Combination of sorafenib and TACE

Combinational therapies with sorafenib have the
potential to further improve therapeutic options for
patients suffering from advanced HCC. TACE is the
standard therapy for patients with HCC who are not
eligible for surgery (63). The hepatic artery is embolized
by selectively injecting small embolic particles coated
with chemotherapeutic agents. Molecular biology
studies have shown that plasma VEGF levels usually
increase after TACE treatment, providing a rationale for
the combination of TACE and sorafenib (64).
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In a trial involving patients with HCV-related
intermediate-stage HCC, 62 patients with Child-Pugh
class A disease were randomized (1:1) to receive 400
mg of sorafenib twice a day or a placebo 30 days after
TACE (30 mg of doxorubicin and 10 mg of mitomycin
C with 10 mL of iodinated nonionic contrast media
and 20 mL of iodinated oil) (65). The median TTP was
9.2 months in the sorafenib group and 4.9 months in
the placebo group (p < 0.001). Results indicated that a
conventional TACE procedure followed by sorafenib
treatment resulted in a significantly longer TTP for
patients with intermediate-stage HCV-related HCC.

However, another study revealed conflicting results.
In a phase III study of sorafenib after TACE in Japanese
and Korean patients, 458 patients with unresectable HCC,
Child-Pugh class A cirrhosis, and > 25% tumor necrosis/
shrinkage 1-3 months after 1 or 2 TACE sessions were
randomized at a ratio of 1:1 to receive 400 mg sorafenib
twice a day or a placebo (> 50% of patients started
sorafenib > 9 weeks after TACE) (66). The median TTP
was 5.4 versus 3.7 months (p = 0.252), and the 1-year and
2-year survival rates were 94.6% vs. 94.1% and 72.1% vs.
73.8%, respectively. This trial found that sorafenib did not
significantly prolong TTP in patients who responded to
TACE. Moreover, the researchers attributed their findings
to the delay in starting sorafenib after TACE and/or low
daily sorafenib doses.

In a propensity score matching study involving
Chinese patients with advanced HCC, 198 patients
were treated with TACE alone (1:1 ratio of cisplatin and
iodized oil), and 82 were treated with a combination
therapy of TACE and sorafenib (combined therapy
group) (67). In addition, the 82 patients were matched
using propensity-score matching at a 1:2 ratio with 164
patients who received TACE monotherapy. The median
OS and TTP were 7.0 months vs. 4.9 months (p = 0.003)
and 2.6 months vs. 1.9 months (p = 0.001), respectively.
In a phase II, prospective single-arm multinational
study, 192 patients with intermediate-stage, unresectable
HCC received doxorubicin-based TACE (an emulsion
of lipiodol 5-20 mL and doxorubicin 30-60 mg) with
interrupted dosing of sorafenib (sorafenib discontinued
for 3 days before and 4-7 days after TACE) and TACE/
sorafenib cycles were repeated every 6-8 weeks (66).
Combined TACE/sorafenib was well-tolerated, with
SAEs occurring in 27.1% of patients. Median PFS and
TTP were 12.8 and 13.8 months, respectively. These
two studies showed that the combination of TACE and
sorafenib is well-tolerated and more effective than TACE
monotherapy.

Overall, the combination of TACE and sorafenib
seems to be more effective than TACE monotherapy
(Table S2) (http://www.ddtjournal.com/docindex.
php?year=2014&kanno=4) (69-71). Randomized
controlled trials are still needed to further confirm this
effectiveness, characterize the optimal schedule of
sorafenib administration and TACE, and determine which

patients are most likely to benefit from this treatment.
Moreover, similar combinational strategies could be
investigated with other locoregional treatments (e.g.
radioembolization plus sorafenib and radiofrequency
ablation plus sorafenib).

6.2. Combination of bevacizumab and erlotinib

EGFR is a member of the RTK family and a potent
regulator of the activity of the Ras/Raf/MEK/ERK
cascade (72). EGFR is highly expressed in human
hepatoma cell lines, and the high expression of EGFR is
associated with higher cell proliferation (73). Erlotinib
is an EGFR inhibitor that inhibits the formation of
phosphotyrosine residues in EGFR and the initiation
of signal cascades by binding to the ATP binding site
of the receptor in a reversible fashion (74). However,
several phase II trials of erlotinib to treat advanced
HCC have indicated that single agent erlotinib provided
a modest clinical benefit (75,76), and a phase III trial of
erlotinib monotherapy to treat HCC was not conducted.

As a matter of fact, the multiplicity and complexity
of molecular aberrations in HCC necessitate a multi-
targeted approach combined with EGFR inhibitors.
Recently, several trials of erlotinib plus bevacizumab,
a recombinant humanized monoclonal antibody that
binds to VEGF in patients with advanced HCC, have
yielded results, although some are controversial.

A phase 1I trial of the combination of bevacizumab
and erlotinib involved 40 patients with advanced HCC
who received bevacizumab 10 mg/kg every 14 days
and 150 mg of oral erlotinib daily in a 28-day cycle
(77). The primary endpoint of PFS at 16 weeks was
62.5%. The median PFS was 9.0 months and OS was
15.65 months. Another phase II trial of bevacizumab
and erlotinib involving 59 patients with unresectable
HCC administered 150 mg of oral erlotinib daily
and 10 mg/kg of bevacizumab every 14 days in a 28-
day cycle. The PFS at 16 weeks was 64% and SAEs
occurred in 30.51% of patients (78). Both trials showed
that the combination of bevacizumab and erlotinib
had significant antitumor activity in patients who had
advanced HCC.

However, other trials had conflicting results. A
phase II study of bevacizumab plus erlotinib in patients
with advanced HCC has been conducted (79). In 27
patients treated with 150 mg of erlotinib daily and
10 mg/kg of bevacizumab on days 1 and 15 every 28
days, one patient had a confirmed partial response
and 11 (48%) had stable disease. Median TTP was 3.0
months and OS was 9.5 months. In addition, a phase
II study of bevacizumab and erlotinib in the treatment
of patients with advanced HCC not responding to
sorafenib administered 10 mg/kg of bevacizumab
every 2 weeks and 150 mg of erlotinib daily for a
maximum of 6 cycles (80). With 10 patients recruited,
the trial was halted in the first stage according to
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pre-set statistical criteria. Of these 10 patients, none
responded or had stable disease. The median TTP was
1.81 months and OS was 4.37 months. A phase I trial
of 21 patients with metastatic or inoperable HCC who
had not received local or systemic therapy administered
15 mg/kg of bevacizumab every 3 weeks and 150 mg
of oral erlotinib daily. The PFS at 27 weeks was 23.8%
(73). These trials showed that erlotinib combined with
bevacizumab had minimal activity in patients with
advanced HCC or in an unselected population with
sorafenib-refractory advanced HCC.

Furthermore, a phase IlI trial is underway to evaluate
the clinical benefit of 400 mg of sorafenib twice a day
and 150 mg of erlotinib once a day versus 400 mg
of sorafenib twice a day and a placebo once a day in
patients with advanced HCC (87). The combination of
bevacizumab and erlotinib warrants additional evaluation
in randomized controlled trials.

In addition to the studies discussed thus far, some
in-vitro studies have provided a rationale for the
combination of EGFR TKIs and IGF-1R TKIs. In terms
of its mechanism of action, anti-IGF-1R therapy may
cause acquired resistance via the activation of HER3,
which EGFR TKIs may inhibit (8§2,83).

7. Conclusion and prospects for the future

Up to now, sorafenib has been the only standard therapy for
advanced HCC, with most phase III trials failing to reach
their primary endpoints. The failure of other molecularly
targeted drugs may be due to several reasons.

First, HCC is quite complex with a pathogenesis
including hepatitis B and C, and HCC is always
associated with liver cirrhosis. The heterogeneity of
hepatoma cells makes therapy much more complicated
and affects the performance of targeted drugs to treat
HCC. Therefore, effective treatment of HCC would
require the simultaneous treatment of three distinct
diseases: hepatitis, cirrhosis, and cancer. In addition,
many carcinogenic pathways are activated as HCC
develops, but no single pathway has been identified as
the most important (84). Second, most phase III trials
have shown that surrogate endpoints such as TTP, PFS,
and ORR inconsistently predict OS. Both the selection of
eligible patients and determination of primary endpoints
may affect the outcome of trials. However, there are
no yet known biomarkers that can predict whether
patients are sensitive to sorafenib or other molecularly
targeted drugs. In the absence of well-characterized
and validated predictive biomarkers, targeted agents
will likely continue to have a high risk of failure if
phase III trials are conducted in unselected populations.
Relevant biomarkers that may predict clinical outcome
in patients receiving everolimus are being assessed in
the EVOLVE-1 population (56). Third, the existing
TKIs used in trials to treat HCC are primarily agents
optimized for the treatment of other cancers and thus

may not exhibit the best kinase inhibitory profile
to counteract the signaling abnormalities that are
characteristic of HCC. This limitation, coupled with the
likely involvement of multi-genic lesions in HCC, may
affect the performance of targeted therapies in treating
HCC (85). Future studies of targeted agents to treat
HCC should focus on answering these questions and
particularly on identifying patient populations based on
molecular classification and predictive biomarkers.
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Design of amphiphilic oligopeptides as models for fine tuning
peptide assembly with plasmid DNA

Geetha N. Goparaju, Pardeep K. Gupta™

Department of Pharmaceutical Sciences, University of the Sciences in Philadelphia, Philadelphia, PA, USA.

Summary We discuss the design of novel amphiphilic oligopeptides with hydrophobic and cationic
amino acids to serve as models to understand peptide-DNA assembly. Biophysical and
thermodynamic characterization of interaction of these amphiphilic peptides with plasmid
DNA is presented. Peptides with at least +4 charges favor stable complex formation.
Surface potential is dependent on the type of hydrophobic amino acid for a certain charge.
Thermodynamically it is a spontaneous interaction between most of the peptides and plasmid
DNA. Lys, and Tyr peptides with +4/+5 charges indicate cooperative binding with pDNA
without saturation of interaction while Val,-Gly-Lys,, Val-Gly-Lys;, and Phe-Gly-Lys; lead to
saturation of interaction indicating condensed pDNA within the range of N/Ps studied. We
show that the biophysical properties of DNA-peptide complexes could be modulated by design
and the peptides presented here could be used as building blocks for creating DNA-peptide
complexes for various biomedical applications, mainly nucleic acid delivery.

Keywords: Plasmid DNA, amphiphilic peptides, hydrodynamics, thermodynamics, zeta potential

1. Introduction

Cationic peptides for non-viral gene delivery are being
explored for a long time (/-4). Planck et al. (5), showed
that the short-chain oligolysines - DNA complexes
rather than polylysine is a better choice for receptor-
mediated gene delivery due to minimal activation of
the complement system. It was also shown that the
compacting ability of arginyl (Arg) peptides > lysine
(Lys) peptides > ornithyl peptides. However, complement
activation by octaarginyl peptides was stronger than that
induced by an octalysyl peptide. In-vitro gene delivery
studies suggested that a minimum chain length of six
to eight cationic amino acids is required to compact
DNA into structures active in receptor-mediated gene
delivery (3,6). Our studies showed that amphiphilic
peptides with smaller hydrophobic domain form smaller
complexes and their stability in solution depends on
the nature of the hydrophobic amino acid (7). A short
hydrophobic N-terminal of the peptide showed better
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Dr. Pardeep K. Gupta, Department of Pharmaceutical Sciences,
University of the Sciences in Philadelphia, 600 S 43rd Street,
Philadelphia, PA 19104, USA.

E-mail: p.gupta@usp.edu

condensing abilities compared with the peptides with
larger hydrophobic N-terminal (8). In a recent study,
factors like the presence of tryptophan and the overall
hydrophobicity of the peptides as well as colloidal
stability of the peptide-DNA complexes was analyzed (9).
Such studies highlight the importance of understanding
structure-stability relationships in development of
novel nucleic acid delivery vectors. This work presents
rational design of amphiphilic oligopeptides with
distinct hydrophilic and hydrophobic domains that can
confer confinement of interaction and bring different
hydrodynamic properties and thermodynamics upon
interaction with plasmid DNA.

2. Materials and Methods
2.1. Materials

Plasmid DNA (pDNA) used in this study was the 5.757
kb gWiZ GFP plasmid (obtained from Genlantis, San
Diego, CA, USA). Reagents and protected amino acid
residues for peptide synthesis were purchased from
American Peptide Company (Sunnyvale, CA, USA).
All the other materials such as ethidium bromide,
monobasic sodium phosphate, sodium hydroxide, N,N-
diisopropylcarbodiimide (DIC), 1-hydroxybenzotriazole
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hydrate (HOBT), piperidine, dichloromethane (DCM),
methanol, hexane, trifluoroacetic acid (TFA), thianisole
(TIS), dimethylformamide (DMF) and ether were
obtained from Fisher Scientific Co (Fair Lawn, NJ,
USA) or Sigma Chemical Co (St Louis, MO, USA) and
were used without further purification.

2.2. Peptide synthesis

All the peptides used in the study were synthesized by
solid phase peptide synthesis (/0). The starting material
was 1.653 g of Lys-wang resin with a resin load of 0.6
mEq/g. Lysine was deprotected with 20% piperidine
solution in DMF. Fmoc amino acids (three equivalents
excess relative to the resin) were activated using HOBt
and DIC. The activated amino acids were then added
to the deprotected resin and stirred for 1.5 h. 1.396,
0.884, and 1.009 g of lysine (Lys), glycine (Gly), and
valine (Val) were activated for peptides containing
valine. 1.173, 0.743, and 0.848 g of lysine, glycine
and phenylalanine (Phe) were activated for peptides
containing phenylalanine. The activated amino acids
were then added to the deprotected resin and stirred
for 1.5 h. Following the reaction, the peptide-resin
slurry was drained and washed five times with DMF.
After this step, the final peptide was recovered or the
next amino acid was added after deprotection. After
addition of the last amino acid, the resin was finally
washed with DMF, DCM, methanol and hexane and
dried. The peptides from the dry resins were cleaved by
adding TFA/TIS (thioanisole)/water (95 mL/2.5 mL/2.5
mL) and stirring for 2 h. The peptides were collected
and purified by repetitive washing and precipitation in
cold ether until a white precipitate was obtained (24).
The molecular weight of the peptides was determined
by mass spectroscopy by direct injection of a 10 pL
peptide solution (20 pg/mL) in methanol using 1,200
L Quadrupole MS/MS system (Varian Inc., Weston
Parkway, Cary, NC, USA). Peptide solutions were
dialyzed overnight against 10 mM phosphate buffer
using dialysis membranes of MWCO 500.

2.3. Dynamic light scattering (DLS)

Hydrodynamic size and zeta potential of the complexes
was determined by DLS. All peptide solutions and DNA
were pre dialyzed using 500 and 3500 MWCO dialysis
membranes respectively against 10 mM phosphate
buffer for 12-8 h prior to preparing the complexes.
DNA and peptide working solutions were mixed in
predetermined proportions to obtain complexes at
various N/P or +/- (i.e., the ratio of positive charges
from nitrogen of peptides to negative charges from the
phosphate groups of DNA). The final concentration of
DNA was maintained at 50 pg/mL for all the samples.
The concentration of the peptides in these samples
varied from 12.5 pg/mL to 500 pg/mL depending on the

N/P ratio of the sample. These samples were vortexed
for 10-15 sec and were kept at room temperature for 30
min for the complexes to be completely formed. Ten
mM phosphate buffer of pH 7.4 that was used for this
analysis was filtered through 0.45-micron filters. The
size and zeta potential of peptide-DNA complexes as a
function of N/P ratio were analyzed by DLS using Zeta
Sizer Nano (Malvern Instruments, Westborough, MA,
USA). The instrument was initially validated using
the standards for size and zeta potential (ZP) provided
by the manufacturer. Standard of 60 nm for size and
—15mV for zeta potential were used for validation.
Size and zeta potential of pDNA were also determined.
Refractive index for these measurements was set at
1.335. Polydispersity index (PDI) of the samples was
also estimated during size analysis. The size data
from cumulant analysis and volume distribution has
been compared to make final conclusions about size.
Z-average diameter for peptide-DNA complexes has
been reported in this study. The zeta potential was
measured from the electrophoretic mobility of the
samples. All the data has been expressed as mean +
standard deviation. Size analysis of peptide solutions (1
mg/mL) without pDNA was performed under similar
conditions.

2.4. Isothermal titration calorimetry (ITC)

Thermodynamic analysis of complexation was
performed by ITC (Microcal, Westborough, MA,
USA). Plasmid DNA solution was diluted to get a
concentration of 0.1 mg/mL using the dialysate (10
mM phosphate buffer, pH 7.4). Peptide solutions
were dialyzed against 10 mM phosphate buffer, pH
7.4. Both DNA and peptide solutions were degassed
before use. The buffer solution used for dilution was
filtered through 0.45 micron filter. The sample cell of
ITC was carefully washed with detergent solution and
water. It was further rinsed with the dialysate buffer.
A blank titration was performed for each peptide with
the buffer in the sample cell and the peptide solution in
the syringe. Final titrations were performed with DNA
solution in the sample cell and the peptide solution in
the syringe. Each titration was done thrice using the
following ITC parameters — 20-25 injections were
performed with 10 pL of peptide solution per injection.
The injection duration was 12 sec and the time between
injections was 120 sec. The stirring speed was set at
400 rpm. Two hundred and fifty pL syringe was used
and the experiment was performed at 25°C (/7). Data
were analyzed to obtain the stoichiometry of binding,
binding constant and change in enthalpy using the ITC
software (MCS Origin 3.1) provided by Microcal.

3. Results and Discussion

This study involves analysis of interaction of DNA
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and amphiphilic oligopeptides. Amphiphilicity was
introduced by replacing some of the lysines with
hydrophobic aminoacids so that the basic design of
these peptides is X;.;,~Gly-Lys;.sy where X is valine/
phenylalanine/tyrosine. The presence of glycine
between the charged and the hydrophobic domains
gives flexibility to the peptide. Attaching neutral
hydrophobic amino acids will preserve the existing
positive charge of the peptide while altering the
hydrophobicity. The hydrophobicity index values of
valine, phenylalanine and tyrosine are 4.2, 2.8, and
—1.3 kcal/mole respectively (/2). The net charge on
the peptides is +1/+3/+5. Lys, is the basic cationic
peptide that served as a control. The peptide sequences,
molecular weight, net charge are shown in Table 1.
Based upon the hydrophobic nature of the attached
amino acids, these peptides can be arranged in
decreasing order of hydrophobicity, as shown below:
Val,-Gly-Lys; > Phe;-Gly-Lys, > Val,-Gly-Lys, > Phe,-
Gly-Lys, > Val-Gly-Lyss > Tyr;-Gly-Lys; > Phe-Gly-
Lys; > Tyr,-Gly-Lys, > Tyr-Gly-Lyss > Lys,
Hydrodynamic size analysis of peptides by DLS
indicates both monomodal and bimodal distribution
depending on the peptide composition. Lys, that lacks
hydrophobic amino acids forms smaller aggregates of
1.03 nm. It is very interesting to see that all the peptides
with a single hydrophobic amino acid such as Val-Gly-
Lyss, Phe-Gly-Lys;, Tyr-Gly-Lys;, show a monomodal
distribution of 219.0, 257.0, and 224.0 nm respectively.
Val,;-Gly-Lys;, which is the most hydrophobic peptide,
also shows a monomodal distribution of size of 11.8
nm. All the other peptides show bimodal distribution.
We believe that the propensity to form aggregates
depends on the amino acid composition. The size and
type of aggregates formed are the result of interplay
between interactions within a single chain and
interaction between different chains. The simultaneous
presence of distinct interactions (e.g., hydrogen
bonding, electrostatic, and hydrophobic interactions)
in the system leads to rich and subtle molecular self-
assembly. In this study, it is important to understand
the aggregation of these peptides, as it influences their
interaction with pDNA and the colloidal stability of the

Table 1. Properties of oligopeptides used in the study

complexes.

Some peptide-pDNA complexes show precipitation
or turbidity at certain N/P (nitrogens from peptide/
phosphates from pDNA) ratios. The time taken to
precipitate and turbidity are discussed here along with
the hydrodynamic size and zeta potential. Samples that
were turbid or precipitated were not suitable for DLS
measurements. In such cases, the supernatant solution
of such samples was used to measure zeta potential.
The hydrodynamic size and zeta potential of pDNA
under the studied conditions are approximately 20 nm
and =55 mV respectively.

DNA complexes of Val; ,,~Gly-Lys 5, type peptides
exhibit a similar trend in change in size and PDI (Figure
1A-1C). DNA-(Val;-Gly-Lys;) complexes show a
maximum size of 312.9 nm and a PDI of 0.9 at N/P 0.65
and 0.98 respectively (Figure 1A). Both size and PDI
decrease gradually at higher N/P values. At N/P > 5.23
the solution of these complexes shows precipitation.
At N/P 10.46 and 13.08 the sample looks turbid when
prepared. The turbidity disappears when shaken and
reappears with time. DNA complexes of (Val,-Gly-
Lys,) (Figure 1B) show maximum PDI of 0.7 at N/P
3.36 and decreases drastically to 0.14 at N/P 6.72. The
size increases gradually from N/P 1.26 to N/P 6.72.
Precipitation is seen at N/P 10.0. These complexes do
not show precipitation or visible aggregation between N/
P 10.8 and16.8. However they are not stable in solution.
The size of DNA-(Val-Gly-Lys,) complexes remain
almost stable between 100-150nm between N/P of 0.51
and 2.02 (Figure 1C). Then there is a drastic increase in
the size to 320 nm at N/P 4.05. PDI of these complexes
falls down from 0.59 to 0.39. Precipitation occurs at N/
P 4.4. Val-Gly-Lyss—DNA complexes show aggregation
and precipitation within 15 min after preparation at
N/P 16 and 20.5. Figure 2A shows zeta potential of
DNA-Valine based peptides. At low N/P upto 4.0 the
change in zeta potential is proportional to the charge of
peptide. However, after the N/P at which the complexes
show precipitation or turbidity, the clear supernatant
was studied for zeta potential. At N/P > 5, ZP of DNA
complexes of Lys, > (Val-Gly-Lys;) > (Val, Gly-Lys,) >
(Val;-Gly-Lys;). We can say that for Val; ,,~Gly-Lys; 5,

Oligopeptides Molecular weight (Calculated)  Net charge  Hydrodynamic Size (nm) Molecular weight peak from mass spectroscopy
Val;-Gly-Lys, 757 +3 11.8 (99.0%) 756
Val,-Gly-Lys, 786 +4 42.9 (42.8%), 317.0 (57.2%) 786
Val-Gly-Lys, 815 +5 219.0 (100%) 814
Phe,-Gly-Lys, 901 +3 149.0 (12.1%), 880.0 (73.0%) 900
Phe,-Gly-Lys, 882 +4 85.0 (19.3%), 391.0 (73.6%) 881
Phe-Gly-Lys, 863 +5 257.0 (92.1%) 862
Tyry-Gly-Lys, 949 +3 267.0 (25.3%), 26.1 (70.0%) 948
Tyr,-Gly-Lys, 914 +4 95.7 (30.9%), 341.0 (62.9%) 913
Tyr-Gly-Lys, 879 +5 224.0 (100%) 878
Lys, 914 +7 1.0 (99.00%) 913

Numbers indicated in the parenthesis for hydrodynamic size are the % volume distribution.
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Figure 1. Hydrodynamic size and polydispersity index of plasmid DNA-peptide complexes as a function of charge.
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Figure 2. Change in zeta potential of plasmid DNA—peptide complexes as a function of charge.

type peptides, the size of the complexes is predominantly
influenced by composition and the surface charge by
charge of the peptide.

Phe;-Gly-Lys;—DNA complexes (Figure 1D) show
a similar trend in size (100-150 nm) and PDI (0.5-0.65)
between N/P 0.27 and 2.20. DLS measurements could not
be made after N/P 2.20 due to turbidity that disappears by
mixing but eventually returns. Precipitation is seen when
the samples are left standing overnight. AH of 21.39 + 6.04
cal/mole of Phe;-Gly-Lys;-DNA indicates predominance of
hydrophobic interactions. Phe,-Gly-Lys,-DNA complexes
(Figure 1E) show a size between 100-200 nm from N/P 0.37
to 2.99. PDI ranges between 0.5-0.7. The PDI was very
high after N/P 1.50 making the sample unsuitable for DLS
measurements indicating heterogenous sample. At higher
N/P values, immediate precipitation of the complexes is
seen. Phe-Gly-Lyss—DNA complexes (Figure 1F) show
a size between 100-200 nm from N/P 0.48 to 1.91. PDI
ranges between 0.4-0.6 within the studied N/P. At N/P >
2, the samples are very turbid making DLS measurements
impossible. Figure 2B shows zeta potential of DNA and
Phe; ,~Gly-Lys;. s, type peptide complexes. Again, at low
N/P the change in zeta potential is directly proportional to
the charge of the peptide. DNA complexes of Phe,-Gly-
Lys; precipitate completely at N/P 2.0 and the solution is
unsuitable for any further study. Though the net charge of

Phe,-Gly-Lys, is only +4, DNA-Phe2-Gly-Lys4 complexes
reach near 0 zeta potential but this does not happen with
Lys,. This indicates that the surface charge and size of
the DNA complexes depends on both the charge and
composition of Phe; ;~Gly-Lys,; 5, type peptides.

DNA complexes of 290 nm are formed at N/P 0.26
with Tyr;-Gly-Lys; (Figure 1G) and it decreases to 141
nm at N/P 0.52 and then increases to 300 nm at N/P
2.09. The PDI increases from 0.46 to 0.6 and falls down
at N/P 2.09. Samples show immediate precipitation
at higher N/P values. DNA-Tyr,-Gly-Lys, complexes
show a maximum size at N/P 1.08 (Figure 1H). The
PDI varies between 0.3 and 0.6 within the range
studied. Tyr,-Gly-Lys,~DNA complexes, precipitate
very slowly. Complete precipitation is seen after 60-75
min. Tyr-Gly-Lys,—DNA complexes (Figure 1I) show
a size of 100-150 nm between N/P 0.47 and 1.41 and
drastically increase to 300 nm at N/P 1.88. The PDI
also remains almost similar within N/P 0.47 and 1.88
and the complexes precipitate thereafter. DNA-Tyr;-
Gly-Lys; complexes even show a positive ZP after N/
P 10.43. Figure 2C shows ZP of DNA and Tyr; ,,~Gly-
Lyss.s type peptides. At very low N/P between 0.025
and 0.25, the zeta potential of DNA complexes of Lys,
> (Tyrs-Gly-Lys;) = (Tyr,-Gly-Lys,) > (Tyr-Gly-Lys;).
A similar trend is seen until N/P 6.0 and thereafter, the
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zeta potential of DNA complexes of (Tyr;-Gly-Lys,)
> (Tyr,-Gly-Lys,) = (Tyr-Gly-Lyss) > Lys,. We can
say that though the charge of the peptide influences
ZP at lower concentrations of peptides, but the overall
composition takes over at somepoint. This also suggests
that peptide-peptide interactions play a very importnt
role in modulating the properties of the complexes.
Lys,-DNA complexes have a size bwteen 150-200
nm and PDI between 0.4 and 0.65 within the studies
N/P values. Lys,-DNA complexes (Figure 1J) show
turbidity at N/P 7.22 immediately after preparation
and precipitation is seen within 15-20 min after
preparation between N/P 10 and 20. This indicates, that
the presence of the hydrophobic aminoacids aids in
keeping the complexes in solution as soluble aggregates
due to peptide aggregates that might serve as surfactant
micelles. This probably is the reason why there are
soluble aggregates with peptides having hydrophobic
amino acids. Zeta potential measurements serve as
good starting point to understand this phenomenon.
These differences in zeta potential combined with size
analysis, of different peptides at different charge ratios
suggest differing morphologies and composition of the
complexes. At a very low concentration of the peptide,
the complexes formed are not compact and are very
heterogeneous. As the peptide concentration increases,
the surfaces charge of the complexes increases, but at
the expense of colloidal stability. There is an interplay
between electrostatic repulsive forces and vander Waals
attractive forces in colloidal stability. Assuming the
attractive forces stay constant, if the electric repulsive
forces are minimized by neutralization of charges on
the surface of the particle, then the balance shifts in
favor of net attraction and aggregation results (/3).
At low concentration of the peptide (when +/- charge
ratio is less than 1), water soluble nonstoichiometric
complexes form in which the content of the peptide
units is lower than that of the DNA units, and that
contain a net negative charge. Under these conditions
the peptide chains are usually distributed among
the DNA molecules. Initial AH of interaction of all
the peptides with DNA (except Phe,;-Gly-Lys;) is
negative indicating electrostatic interaction. AH of
interaction of most of the peptides is negative and
ranges between -186.3 and -65.38 cal/mole indicating
the predominance of electrostatic interactions (Table 2).
The charge of the complex elevates with an increase in
the peptide content, which in turn results in the amount
of hydrophobic sites. At some point the complex
reaches a critical composition, and the hydrophobicity
increases to such an extent that further binding of the
peptide should lead to precipitation of the complex.
Under these conditions uneven distribution of the
peptide molecules among DNA molecules occurs. This
is called the disproportionation phenomenon. There
is simultaneous formation of two types of complexes
(non-stoichiometric and stoichiometric) that differ in

Table 2. Change in enthalpy for plasmid DNA-peptide
interaction in pH 7.4 phosphate buffer.

Peptide AH Cal/ mole

(Val);-Gly-(Lys)s -157.88 + 14.02

(Val),-Gly-(Lys), -279.00 +£29.07
(Val)-Gly-(Lys)s -148.83 + 6.46
(Tyr);-Gly-(Lys), -65.38 £2.52
(Phe);-Gly-(Lys), 21.39 + 6.04
(Phe),-Gly-(Lys), -115.44 £ 8.18
(Phe)-Gly-(Lys)s -186.30 +5.09

the composition and solubility. At this stage, the surface
charge is dependent on the interplay of the hydrophobic
interactions due to Tyr/Phe/Val among peptides and
with DNA. The non-stoichiometric complexes with a
favorable charge composition remain in solution and
the stoichiometric complex becomes insoluble because
of higher content of the peptide in composition. This
is evident from the precipitation seen in the peptide-
DNA complexes. In the stoichiometry complex, the
negative charge of the DNA is completely compensated
(14,15). As the concentration of the peptide further
increases, the portion of the stoichiometry complex
grows, while the non-stoichiometric complex falls
down. This is evident from precipitation and possibility
of zeta potential measurement in the supernatant of the
same sample for complexes at higher ratios. At higher
N/P > 6.0, (Figure 2D-2F), Tyr peptides with +3/+5
charge have greater effect on zeta potential than Lys7
while those possessing +4 charge do not have a similar
effect. Among peptides having +4 charges, Phe and
Val containing peptides show greater impact than Lys;
followed by Tyr peptide (Figure 2D-2F). Change in zeta
potential is mainly related to neutralization of negative
charges on pDNA. Zeta potential data shows that the
interaction of the peptides with pDNA is dependent
on both the charged and hydrophobic residues after a
certain DNA-peptide composition is reached. At low
concentration of the Tyr peptides, +3/+4 charges are
favorable in neutralizing the positive charge on pDNA
while at higher concentration of the peptides +3/+5
charge seems to be favorable. For peptides with +5
charges, presence of Phe and Val seems to be more
favorable in neutralizing the charge on pDNA. This
could be due to the differences in interaction of the
hydrophobic amino acids with pDNA. This leads to an
important conclusion that the though initial interaction
of the peptide with pDNA is cationic charge dependent,
eventually the orientation and interaction of the
hydrophobic part of the peptide with pDNA controls the
complex formation and its stability in solution.

Zeta potential was also studied at very low N/P
between 0.025 and 0.25 (data not presented here). At
a very low concentration of peptides, the interaction
is mostly guided by the positive charge of the peptide.
Lys,-DNA complexes show maximum increase in
zeta potential compared to all the other peptides. At
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Table 3. Thermodynamic parameters of peptide-pDNA interaction

Thermodynamic parameters (Val),-Gly-(Lys),

(Val)-Gly-(Lys)s (Phe)-Gly-(Lys)s

N 1.22+£0.23 (12.98)

K (M7 2.88 x 10* £ 2042.06 (7.09)
AH (Cal-Mole™) -2.79 x 10>+ 2.07 (10.43)
AG (Cal-Mole™) -6.08 x 10° + 41.38 (0.68)
AS (Cal-Mole™-K™) 19.5+0.202 (1.039)

1.67 £ 0.23 (13.91)

2.12 x 10"+ 251.66 (1.18)
-1.48 x 107 + 6.46 (4.34)
-5.90 x 10° + 7.05 (0.12)
19.3 +0.035 (0.182)

1.39 £ 0.04 (3.05)

2.01 x 10* +3394.1 (16.87)
-1.86 x 10* £ 5.09 (2.73)
-5.87 x 10° + 100.46 (1.71)
19.1 +0.354 (1.86)

Standard deviations given in parenthesis.

such low N/P values, when compared to peptides with
similar charges, DNA complexes show the following
trend in zeta potential: Lys; > Tyr;-Gly-Lys; > Phe,-
Gly-Lys; > Val,-Gly-Lys;; Lys, > Tyr,-Gly-Lys, > Val,-
Gly-Lys, > Phe,-Gly-Lys,; Lys, > Val-Gly-Lys; = Phe-
Gly-Lyss > Tyr-Gly-Lys;. Below N/P 0.25, it can be
seen that Lys7 dominates all the other peptides due to
maximum cationic charge density. Among peptides
having +3/+4 charges, Tyr peptides show the maximum
effect on zeta potential while the presence of Tyr in
+5 charged peptides leads to minimal effect on zeta
potential. This indicates that the initial interaction of Tyr
peptides possessing +3/+4 charges with pDNA is highly
electrostatic and is favorable in neutralizing the charge.

ITC performed below the N/P of precipitation of
Val;-Gly-Lys,, Phe;-Gly-Lys;, Phe,-Gly-Lys,, Tyr;-
Gly-Lys; do not show any indication of saturation of
interaction with DNA. Titration of Tyr,-Gly-Lys, Tyr-
Gly-Lys; and Lys,, into pDNA solution, shows varying
binding heats indicating probability of cooperative
binding. A further increase in peptide concentration
results in involvement of most of the nucleic acid chains
in complex formation. The AG values of interaction are
negative indicating spontaneity of interaction and is
similar for all the three peptides. The binding affinity
(K) of Val,-Gly-Lys, > Val-Gly-Lys; > Phe-Gly-Lys;.
The binding constants were found to be in the order of
10*. This value represents moderate binding affinity.
The stoichiometry for this interaction ranges from 1.22-
1.67 amino group/phosphate. The change in entropy is
positive. AS of interaction of these peptides with DNA
is around 19 cal-mole K™ (Table 3). Stoichiometry (N)
of interaction, binding constant (K), AG of interaction
and AS were calculated for Val,-Gly-Lys,, Val-Gly-Lys;
and Phe-Gly-Lys; (Table 3). Stoichiometry (N) ranges
between 1.22 and 1.67. Negative AH and positive AS
indicate a significant contribution of enthalpy and
entropy towards free energy indicating the significance
of both electrostatic and hydrophobic interactions in
condensation of pDNA. Binding constants (K) of these
peptides with pDNA are in the order of 2.01 to 2.88 x
10* indicating moderate interaction.

Conclusions

Amphiphilic peptides studied interact with pDNA to
form complexes of 100-300 nm with varied stability in

solution. Val and Phe peptides with +4 charges and Tyr
peptides with +3/+5 charges could modulate surface
potential of the peptide-pDNA complexes much better
than Lys,. Thermodynamic analysis shows spontaneous
interaction between all the peptides and pDNA.
Lys, and Tyr peptides with +4/+5 charges indicate
cooperative binding with pDNA without condensation
while Val,-Gly-Lys,, Val-Gly-Lys;, and Phe-Gly-Lys;
showed condensation of pDNA within the range of N/
Ps studied. This study shows that separation of cationic
and hydrophobic domains with a spacer amino acid can
be used as a design strategy to modulate and fine-tune
the hydrodynamic and thermodynamic properties of the
resultant DNA complexes.
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Summary

This study aimed to clarify the expression profile of KL.-6 mucin in intraductal papillary
mucinous neoplasm (IPMN) and its relation to tumor malignancy. Expression of KL-6
mucin in 38 IPMNs (intraductal papillary mucinous adenoma (IPMA), 24 cases; minimally
invasive intraductal papillary mucinous carcinoma (MI-IPMC), 8 cases; invasive carcinoma
originating from IPMC (IC-IPMC), 6 cases) and 66 pancreatic ductal adenocarcinomas
(PDACs) was evaluated immunohistochemically. IC-IPMCs and MI-IPMCs had positive
staining of KL-6 mucin whereas 58% of IPMAs tested negative. Subcellular localization of
KL-6 mucin varied among IPMNs whereas all of the PDAC had positive expression in the
circumferential membrane and cytoplasm of cancer cells. IC-IPMCs and MI-IPMCs had a
higher frequency of circumferential membrane and cytoplasmic localization of KL-6 mucin
than did IPMAs. These results suggest that localization of KL-6 mucin could be used to
predict the malignancy of IPMN.

Keywords: KL-6 mucin, intraductal papillary mucinous neoplasm, invasion

1. Introduction

A dramatic change in sialoglycoconjugate expression
on the surface of cancer cells is considered to play an
important role in tumor progression (/,2). In particular,
overexpression of MUCI1 mucin, a transmembrane
mucin glycoprotein with sialo-oligosaccharides in its
extracellular tandem repeat domain (3), was frequently
detected in various gastrointestinal cancers and suggested
an association with the invasive and metastatic capacity
of those adenocarcinomas (4-7). MUCI mucin is also
frequently detected in pancreatic ductal adenocarcinoma
(PDAC) and may be related to its aggressive behavior
and poor outcomes (8,9). However, MUCI1 comes in
many forms because of the variation of its carbohydrate
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components, and each form may have a different effect
on cancer progression (9).

Aberrant expression or localization of KL-6 mucin,
a MUCI1 detected by KL-6 monoclonal antibody
(mAb), was observed in various cancers of the
digestive organs (/0-12). Clinicopathological analyses
suggested that subcellular localization of KL-6 mucin
in the circumferential membrane and/or cytoplasm of
cancer cells was significantly related to the malignant
behavior of cancer, such as the presence of cancer cell
invasion and metastasis. In pancreatic cancer tissue,
positive KL-6 staining was detected in the cytoplasm
and luminal surface of cancer cells in all tested cases
(13). In addition, that study also noted positive KL-6
staining in 1 of 5 intraductal papillary mucinous
neoplasms (IPMNs). However, IPMNs have several
stages of malignancy based on the morphology and
invasive characteristics of tumor cells, and subcellular
localization of KL-6 mucin in IPMNs and its relation to
tumor malignancy are still unclear because of the small
number of patient in the previous study. In the present
study, the subcellular localization of KL-6 mucin was
evaluated in several histological types of IPMNs and
PDAC:S.

www.ddtjournal.com



174 Drug Discoveries & Therapeutics. 2014, 8(4):173-177.

2. Patients and Methods
2.1. Patients

Tissue samples of IPMNs and PDACs were respectively
collected from 38 and 66 patients who underwent
pancreatoduodenectomy or distal pancreatectomy
from 1994 to 2007 at the Department of Surgery of
the University of Tokyo Hospital (Table 1). Patients
consisted of 24 men and 14 women ages 42 to 77 years
(mean + SD, 65.9 + 7.8). Pathological diagnosis of
IPMN was classified as intraductal papillary mucinous
adenoma (IPMA, n = 24), minimally invasive intraductal
papillary mucinous carcinoma (MI-IPMC, n = 8), or
invasive carcinoma originating from IPMC (IC-IPMC,
n = 6). Pathological characteristics were evaluated
according to the Japanese classification of pancreatic
cancer from the Japan Pancreatic Society (/4).

2.2. Immunohistochemistry

Sections (5 pm thick) were cut from archival formalin-
fixed paraffin-embedded tissue blocks, deparaffinized,
and rehydrated through a graded series of ethanol.
Endogenous peroxidase activity was quenched with
0.3% hydrogen peroxidase/methanol. After incubation
with 5% normal goat serum for 30 min at room
temperature, the sections were then incubated with
KL-6 mAb (1:200 dilution; Eisai, Tokyo, Japan)
for 60 min at room temperature. After the sections
were incubated with biotin-conjugated secondary
antibody, the biotin-streptavidin-peroxidase complex
method was performed using a commercial kit per
the manufacturer's instructions (Nichirei Corp.,
Tokyo, Japan). 3,3'-Diaminobenzidine was used
as the chromogen and haematoxylin was used as a
counterstain. Negative control sections were treated
without the primary antibody. Staining of KL-6 mucin
in 10 random microscopic fields (or in the whole
section if the slide contained < 10 fields) was observed,
and tumor tissues in which > 10% of the cells displayed

Table 1. Characteristics of patients with IPMNs

Characteristics n (%)
Age

> 65 22 (58)

<65 16 (42)
Gender

Male 24 (63)

Female 14 (37)
Location of IPMN

Pancreatic head 22 (58)

Pancreatic body/tail 16 (42)
Pathological diagnosis of IPMN

Adenoma (IPMA) 24 (63)

Minimally invasive carcinoma (MI-IPMC)
Invasive carcinoma (IC-IPMC)

8(21)
6(16)

brown granules in subcellular structures were defined
as positive. Subcellular staining patterns of KL.-6 mucin
were evaluated using the apical membrane, surrounding
membrane, and cytoplasm, as described elsewhere
(12,15).

2.3. Statistical analysis

A ¥’ test was used to evaluate the relationship between
the expression of KL-6 mucin and clinicopathological
parameters. Differences of P < 0.05 were considered
significant. StatView 5.0J (Abacus Concepts, Berkeley,
CA) statistical software was used for data analyses.

3. Results

3.1. Subcellular localization of KL-6 mucin in pancreatic
tumor tissue

Positive staining with KL-6 mAb was observed in 24
IPMNs (63%) and 66 PDACs (100%) (Figure 1). As
previously noted, the expression of KL-6 mucin was
categorized on the basis of subcellular localization.
This varied subcellular localization of KL-6 mucin was
observed in IPMNs (Figure 2). Twenty two IPMNs
(58%) had positive staining in the apical surface

Figure 1. Typical examples of the expression profile of KL-6
mucin in PDACs (A) and non-malignant pancreatic tissue (B).
Circumferential membrane and cytoplasmic localization of KL-6
mucin was frequently detected in cancer cells but not in normal
pancreatic tissue. Original magnification: x100.
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Figure 2. Typical examples of the expression profile of KA—6 mucin in non-invasive and invasive types of IPMN. IPMAs
tested negative for subcellular localization of KA—6 mucin (A), the apical surface of the membrane tested positive (B), and the
apical membrane and cytoplasm tested positive (C). In IPMNs in the form of carcinoma, the apical surface of the membrane,
circumferential membrane and/or cytoplasm in cancer cells tested positive (D, E) but the extent varied among tissue. Original

magnification: x100.

of membrane, 9 (24%) had positive staining in the
circumferential membrane, and 13 (34%) had positive
staining in the cytoplasm of tumor cells. All PDACs
had positive staining in the circumferential membrane
and cytoplasm of cancer cells (Figure 1).

3.2. Pathological significance of subcellular localization
of KL-6 mucin in IPMNs

The relationship between subcellular localization of
KL-6 mucin and pathological diagnosis of IPMN is
summarized in Table 2. All IC-IPMCs and MI-IPMCs
had positive staining of KL-6 mucin. All 6 IC-IPMCs
and 7 MI-IPMCs (88%) had positive staining in the

Table 2. Subcellular localization of KL-6 mucin in IPMNs

Subcellular localization IPMA MI-IPMC  IC-IPMC
of KL-6 mucin (n=24) (n=23) (n=16)
Negative 14 (58%) 0 (0%) 0 (0%)
Apical surface 9 (38%) 7 (88%) 6 (100%)
Circumferential membrane 1 (4%) 3 (38%) 5(83%)
Cytoplasm 2 (8%) 5(63%) 6 (100%)

IC-IPMC, invasive carcinoma originating from intraductal papillary
mucinous carcinoma; IPMA, intraductal papillary mucinous
adenoma; MI-IPMC, minimally invasive intraductal papillary
mucinous carcinoma.

apical surface of tumor cells. Six IPMAs (40%) had
positive staining in the apical surface of tumor cells. Five
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IC-IPMCs (83%) and 3 MI-IPMCs (38%) had positive
staining in the circumferential membrane of tumor cells
but only 1 IPMA (4%) tested positive. All 6 IC-IPMCs
and 5 MI-IPMCs (63%) had positive staining in the
cytoplasm of tumor cells but only 2 IPMAs (8%) tested
positive. The rate of positive KL-6 mucin localization
in the circumferential membrane or cytoplasm of tumor
cells gradually increased in accordance with the invasive
malignancy of the IPMN, and the rate of positive KL-6
mucin localization was significantly higher in IC-IPMC
and MI-IPMC compared to IPMA (Table 2, p < 0.0001).
In addition, 2 IC-IPMCs were positive for lymph node
metastasis. Staining of KL.-6 mucin in the circumferential
membrane and cytoplasm of tumor cells was particularly
intense. Age, gender, and location of IPMN were not
significantly related to the subcellular localization of
KL-6 mucin.

4. Discussion

This study focused on the subcellular localization of
KL-6 mucin in IPMNs and PDACs and it found that MI-
IPMC and IC-IPMC frequently had positive KL-6 mucin
expression in the circumferential membrane or cytoplasm
of tumor cells. In addition, all PDACs tested positive for
KL-6 mucin expression in the circumferential membrane
and/or cytoplasm of cancer cells. These results suggested
that aberrant expression of KL-6 mucin is associated
with the malignancy of IPMN.

KL-6 mAb was originally established from BALB/c
mouse splenocytes immunized with a human pulmonary
adenocarcinoma cell line, and the overexpression of
KL-6 mucin has frequently been detected in this type
of cancer tissue (/6). Recent studies have also noted
the aberrant expression of KL-6 mucin in various
gastrointestinal cancer tissues and demonstrated
its usefulness in clinicopathological diagnosis
(12). Subcellular localization of KL-6 mucin in the
circumferential membrane and/or cytoplasm of cancer
cells is significantly associated with deeper invasion,
lymphatic invasion, venous invasion, and lymph node
metastasis (/7,17). Therefore, KL-6 mucin may serve
as a predictable marker of worse tumor behavior.
Furthermore, overexpression of KL-6 mucin in the
circumferential membrane and/or cytoplasm of cancer
cells at the invasive front of gastric cancer tissue is
significantly related to a higher incidence of metastasis
and worse survival for patients (/8). These studies
suggested that aberrant localization of KL.-6 mucin in the
circumferential membrane and/or cytoplasm of cancer
cells plays a significant role in cancer cell invasion. In
the present study, localization of KL-6 mucin in the
circumferential membrane and cytoplasm of tumor cells
was frequently detected in MI-IPMCs or IC-IPMCs but
not in IPMAs (Table 2). In addition, all PDACs that had
highly invasive and metastatic characteristics had this
localization of KL-6 mucin. These results suggest that

localization of KL-6 mucin in tumor cells is associated
with progression of IPMN.

The relationship between the expression of MUCI1
and pancreatic tumor behavior has been investigated.
Expression of MUC1 was clarified to depict different
profiles based on the pathology of pancreatic tumors
and the glycoform of MUCI (9). Although PDACs
had frequent expression of various forms of MUCI,
hyperglycosylated or sialylated MUC1 was detected
in the tissue of IPMNs but hypoglycosylated MUCI1
was not (/9). Furthermore, MUC1 expression was
detected in invasive areas of IPMNs but not in non-
invasive areas (20). Expression of specific types of
MUCI may be related to the invasive characteristics of
IPMN. Therefore, the detection of MUCI is considered
to be an effective way to diagnose the behavior of
IPMN, but there is little evidence on IPMNs based
on invasive properties and KL-6 mucin. The present
study is the first to show that the rate of detection of
malignant KL-6 mucin localization increased gradually
in accordance with the invasive characteristics of tumor
cells in IPMNs. IC-IPMCs with lymph node metastasis
had particularly strong recognition by KL-6 mAb.
These results suggest a relationship between the invasive
properties of pancreatic tumor cells and expression of
MUCI detected by KL-6 mAb. Cell lines derived from
Mucl-null tumors had diminished invasion in vitro (21),
but the role for glycoforms of MUCI in cancer cell
behavior is still unclear. Further studies should clarify
the molecular biological importance of KL-6 mucin
expression in IPMN cells.

In conclusion, all MI-IPMCs and IC-IPMCs had
malignant localization of KL-6 mucin while 58% of
IPMAs tested negative. The frequency of positive
localization of KL-6 mucin gradually increased in
accordance with the invasiveness of IPMNs. The
surgical outcomes for IPMNs reportedly depend on
their invasive characteristics (22,23). Precise evaluation
of the invasive malignancy of IPMN is therefore crucial
to a better prognosis for patients and determination
of surgical strategy. Although further studies should
include a larger number of patient, KL-6 mucin could
help to distinguish an invasive type of IPMN from a
noninvasive or minimally invasive type of [IPMN.
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Summary

Dexibuprofen, is a practically water-insoluble nonsterodial anti-inflammatory drug which
has a better anti-inflammatory effect than ibuprofen. A mixed hydrotropic solubilization
technique was applied in order to improve the aqueous solubility and dissolution rate of
dexibuprofen. Nine formulae were prepared using different concentrations of hydrotropic
agents (sodium citrate dihydrate and urea). The prepared formulae were inspected
visually for color and odor. Hygroscopicity, micromeretic properties, solubility, and pH
for 1% aqueous solutions were determined. In-vitro dissolution studies of the different
prepared formulae were performed adopting the USP XXII dissolution method type I
basket apparatus method. The prepared formulae were characterized by infrared (IR)
spectroscopy and differential scanning calorimetry (DSC). The prepared formulae were a
white color, odorless, slightly hygroscopic and exhibited good flow properties. Formulae
containing higher amounts of hydrotropic agents exhibited an increase in the pH, solubility,
rate and amount of dexibuprofen released from the dissolution medium. The highest
dissolution rate was achieved from the F9 formula at drug:sodium citrate dihydrate:urea
ratio (1:3:7.5). IR and DSC thermograph of dexibuprofen, hydrotropic agents and
prepared formulae indicated the presence of intermolecular interaction between drug and
hydrotropic agents which increased solubility and dissolution rate of drug, also, there is no

chemical interaction confirming the stability of the drug with hydrotropic agents.

Keywords: Solubility, dexibuprofen, hydrotropic agents, formulae

1. Introduction

Dexibuprofen ((S)-(+)-ibuprofen), which has better
anti-inflammatory effects than ibuprofen and less gastric
damage belongs to class II of the Biopharmaceutical
Classification System (BCS) having low water
solubility which is the rate limiting step in absorption
of drug (7,2).

Poor solubility manifests many in vivo limitations
like incomplete release, poor bioavailability, food
effects, and higher inter-subject variability. However,
different efforts have been demonstrated to improve
bioavailability by increasing dissolution rate, for
example: formulation of solid dispersions, solid

*Address correspondence to:

Dr. Hussien Mohamed El Messiry, Department of Pharma-
ceutics, National Organization of Drug Control and Research,
51Wezaret El-Zeraa street, Dokki, Giza, Egypt.

E-mail: hussienelmessiry@hotmail.com

solutions, micronization, nanosuspension, cocrystal
molecular encapsulation with cyclodextrin, co-solvency,
hydrotropy, spray drying, solubilization with surfactant,
microemulsion, salt formation, polymorphism and
combinations of effects (3).

Hydrotropy is the term originally put forward by
Neuberg (4), to describe the increase in the solubility of
a solute by the addition of fairly high concentrations of
alkali metal salts of various organic acids. However, the
term has been used in the literature to designate non-
micelle-forming substances, either liquids or solids,
organic or inorganic, capable of solubilizing insoluble
compounds. The hydrotropic solubilization process
involves cooperative intermolecular interaction with
several balancing molecular forces, rather than either
a specific complexation event or a process dominated
by a medium effect, such as co-solvency or salting-
in. Hydrotropic agents have been observed to enhance
the aqueous solubility of poorly water-soluble drugs
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(5,6). The aim of our work is to prepare a soluble form
of dexibuprofen which can be used in various dosage
forms.

2. Materials and Methods
2.1. Materials

Dexibuprofen ((S)-(+)-ibuprofen) standard was
purchased from Sigma-Aldrich (St. Louis, MO,
USA). Dexibuprofen raw material was a gift from
Future Pharmaceutical Industries (FPI) (Badr city,
Cairo, Egypt). Distilled water was prepared in Central
Nervous System (CNS) lab, National Organization of
Drug Control and Research (NODCAR) (Dokki, Giza,
Egypt). Methanol was purchased from Sigma-Aldrich
(Taufkirchen, Germany). Sodium citrate dihydrate and
urea were purchased from Medex (Medical Export Co
Ltd, Near Naseby, Northamptonshire, UK).

2.2. Equipment

Analytical balance (Sartorius AG, Goettingen,
Germany). Dissolution Test Station (Hanson
Research, SR8 Plus, Chatsworth, USA). Drying Oven
Digit (Raypa - R. Espinar, S.L., Barcelona, Spain).
Differential scanning calorimetry (DSC) calorimeter
(Shimadzu DSC-50, Nakagyo-ku, Kyoto, Japan).
Hot plate and stirrer (Jenway, Dunmow, Essex, UK).
Infrared spectrophotometer (IR Prestige-21, Shimadzu,
Nakagyo-ku, Kyoto, Japan). pH meter (Jenway,
Dunmow, Essex, UK). Ultrasonic water bath (Crest
Ultrasonics Shanghai Ltd., Song Jiang, Shanghai,
China). UV-VIS spectrophotometer (UV-2450,
Shimadzu, Nakagyo-ku, Kyoto, Japan).

2.3. Preparation of formulae

Nine formulae were prepared using different
concentrations of hydrotropic agents (sodium citrate
dihydrate and urea) (Table 1). Urea and sodium citrate
were accurately weighed. A minimum (possible)
quantity of distilled water at 80-85°C contained in a 250
mL beaker was used to dissolve the urea and sodium
citrate for quick dissolution. Then, dexibuprofen was

Table 1. Composition of the prepared formulae

Formula Dexibuprofen:Sodium citrate:Urea
F1 1:1:2.5

F2 1:2:2.5

F3 1:3:2.5

F4 1:1:5

F5 1:2:5

F6 1:3:5

F7 1:1:7.5

F8 1:2:7.5

F9 1:3:7.5

added at 30-40°C and a teflon coated magnetic bead
was dropped in it. Stirring of magnetic bead in beaker
was started using a magnetic stirrer, maintaining the
temperature at 30-40°C. Dexibuprofen was completely
solubilized. Stirring was continued until a semisolid
mass was obtained in the beaker (after evaporation of a
large quantity of water). The semisolid mass obtained
was spread on several watch glasses in thin layers
for quick drying. The watch glasses were kept in an
oven, maintained at 40°C for drying. When the mass
became pulverizable, it was triturated with the help of
mortar and pestle and again kept in oven for drying.
After almost complete drying, the powder of the solid
dispersion was passed through sieve #100 and was
kept for 6 days in a desiccator containing silica gel and
stored in air-tight containers.

2.4. Evaluation of the prepared formulae
2.4.1. Visual inspection

The prepared formulae were inspected visually for
color and odor.

2.4.2. Determination of loading efficacy

A weighed amount of each of the prepared formulae
equivalent to a theoretical content of 100 mg drug
was accurately weighed and allowed to disintegrate
completely in 100 mL distilled water, by sonicating for
20 min so as to dissolve drug and hydrotropic agents.
One mL of each solution was diluted to 100 mL with
distilled water, the absorbance of the solution was
measured spectrophotometrically at A, 222 nm using
distilled water as blank. The concentration of the drug
was calculated. Each sample was assayed in triplicate
and an average of three determinations was calculated.

2.4.3. Solubility and pH

Solubility was determined by taking an excess quantity
of prepared formulae in fixed volumes of solvent
(distilled water). The resulting solution was placed
on a water bath sonicator for 24 h. After equilibrium
the samples were centrifuged and then supernatant
was filtered through a 0.45 pm filter membrane and
the concentration of drug in the saturated solution
in formulae under investigation was determined
spectrophotometrically at A, 222 nm after appropriate
dilution of the filtrate using distilled water as a blank (3).
Each experiment was done in triplicateand an average
of three determinations was calculated. The pH for 1%
aqueous solution was determined.

2.3.4. Hygroscopicity

Hygroscopicity was measured for 10 g powder (m,)
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stored on a watch glass at 25°C, 80% R.H. for 24 h
and the mass gain (m,) was recorded (7). The percent
mass gain (% m/m) was calculated from the following
equation: (m,/m;) x 100.

2.3.5. In vitro dissolution studies

In vitro dissolution studies of the different prepared
formulae were performed adopting the USP XXII
dissolution method type I basket apparatus method.
The samples were separately encapsulated in
transparent hard gelatin capsules. Five hundred
mL of distilled water was used as dissolution
media at 37 + 0.5°C maintaining stirring speed at
50 rpm. The samples were withdrawn at specified
time intervals and replaced with an equivalent
volume of fresh dissolution medium at different
time intervals to keep the volume constant and
estimated spectrophotometrically at A,,, 222 nm for
dissolving drug using distilled water as a blank (§). All
dissolution tests were performed in triplicate and an
average of three determinations was calculated.

2.3.6. Micromeritic properties

The prepared formulae were characterized by their
micromeretic properties such as bulk and tapped
densities, Hausner ratio, % compressability and angle
of repose.

Determination of bulk and tapped densities: Five
grams powder (m) in 250 mL graduated cylinder and
the volume occupied (bulk volume v,) recorded. The
graduated cylinder was tapped till constant volume
was obtained and the volume of powder (true or tapped
volume v,) was then recorded. The bulk density (P,)
and tapped density (P,) were calculated in g/mL by
dividing the weight over the corresponding volume.
Hausner ratio and % compressability (Carr’s index)
were calculated using measured values for bulk
density (P,) and tapped density (P,) according to the
following equations (9): Hausner ratio = P/P,, Ci % =
[(P,— P,)/P] x 100. Ci% is the % compressability of
the powder. Each value reported is an average of three
determinations. Determination of powder flowability:
The fixed highet cone method was adopted. A cut-stem
glass funnel having an internal diameter of 0.6 cm was
used. The funnel was held at 2.5 cm height (h) over a
flat surface. The powder sample (prepared formulae)
was allowed to flow gently through the funnel until the
cone was formed and reached the funnel surface orifice,
powder flow was stopped and the average diameter of
the formed cone (D) was determined. The area of base
of cone was taken as a measure of internal friction
between particles. The angle of repose was calculated
by the equation (/0): tan (o) = 2h/D. The micromeritic
properties were done in triplicate and an average of
three determinations was calculated.

2.3.7. Fourier transform infrared spectroscopy (FTIR)

An amount of 2-3 mg of dexibuprofen, sodium citrate
dihydrate, urea, and prepared formulae were mixed
separately with 400 mg of dry potassium bromide
powder, compressed into transparent discs and their
IR spectra was recorded in the wave length region of
4,000-400 cm .

2.3.8. DSC

DSC was used to evaluate changes of dexibuprofen
characteristic peak and heat enthalpy that might occur
after mixing with hydrotropic agents. Thermograms of
dexibuprofen, sodium citrate dihydrate, urea, and best
formula that showed highest dissolution were recorded
using Shimadzu DSC-50 calorimeter. The instrument
was calibrated using purified indium (99.99%). Samples
of (2-4 mg) of each substances as well as the best
formula were heated under a nitrogen atmosphere as a
carrier gas on an aluminum pan at a flow rate 25 mL/min
and a heating rate of 10°C/min over a temperature range
of 20 to 300°C.

3. Results and Discussion
3.1. Visual inspection

The prepared formulae were white in color and
odorless.

3.2. Determination of loading efficacy

The entrapment efficacy (EE) of drug loading in the
prepared formulae are presented in Table 2. It ranged
from 96.67 to 99.79% indicating that there is no effect
of hydrotropic agents on the drug.

3.3. Solubility and pH
Table 3 shows the phase solubility study and pH for
1% aqueous solution of the prepared formulae. It was

noticed that increasing the amount of sodium citrate
dihydrate and urea lead to increasing the solubility.

Table 2. Entrapment efficiency of the prepared formulae

Formula Theoretical percent of Entrapment efficiency (%)
dexibuprofen (%)
F1 22.22 96.67
F2 18.18 94.61
F3 15.38 98.31
F4 14.28 98.67
F5 12.5 97.76
F6 11.11 96.49
F7 10.53 99.62
F8 9.52 99.79
F9 8.69 99.42
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Table 3. Phase solubility, pH (1% solution) and percent
mass gain of the prepared formulae

Formula  Solubility (g/100mL) pH Percent mass gain
for dexibuprofen in (1% solution) (%m/m)
the prepared formulae

Fl1 0.287 6.4 0.328%

F2 0.598 6.8 0.568%

F3 0.619 7.0 0.357%

F4 0.753 6.5 0.161%

F5 1.885 6.9 0.346%

F6 2.247 7.1 0.421%

F7 2.354 6.5 0.344%

F8 3.091 6.8 0.293%

F9 4.182 7.8 0.431%

This is due to increasing the concentrations of alkali
metal salts of various acids (4), and it is concluded that
the solubility of dexibuprofen increases synergistically
by mixed hydrotropy. The improvement of solubility
may be due to changing the crystal forms, different
habit, structure and surface modification (/7). The pH
for 1% aqueous solution ranges from 6.4 to 7.8 and that
increasing the amount of sodium citrate and urea lead
to increasing the pH. The solubility of dexibuprofen
increases slightly with an increase in pH, which may
be due to the acidic nature of dexibuprofen. Thus, it
can be said that, the solubility enhancement of drug by
hydrotropes is not entirely due to a pH effect, but it is
largely due to hydrotropy (/2).

3.4. Hygroscopicity

The % mass gain of the prepared formulae is presented
in Table 3. It ranges from 0.161 to 0.568 so the prepared
formulae are described as slightly hygroscopic (7).

3.5. In vitro dissolution studies

The dissolution profiles of dexibuprofen from
the prepared formulae were done and graphically
represented in Figures 1, 2, and 3. Table 4 shows the
percent dexibuprofen dissolved from different formulae.
Dissolution of drug depends on physicochemical and
physicotechnical properties of drug particle. These
forms directly affect the absorption kinetics of drug
and bioavailability of formulae. This assumes greater
importance for a drug exhibiting low solubility that
makes absorption to be dissolution rate limited. It is
established that the modification of the polymorphic
state of a compound can bring an increase in solubility
(13). 1t is obvious that the percent drug dissolved from
the prepared formulae containing higher amounts of
sodium citrate dihydrate and urea (F7, F8, and F9)
(92.46, 92.67, and 97.57% after 10 min) which is higher
than the percent drug dissolved from the prepared
formulae containing lower amounts of sodium citrate
dihydrate and urea (F1, F2, and F3) (53.47, 54.83, and
65.97% after 20 min). The improvement of dissolution
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Figure 1. In vitro release profile of dexibuprofen from
F1, F2, and F3 formulae. 500 mL distilled water was
used as dissolution media at 37 + 0.5°C while maintaining
stirring speed at 50 rpm. Samples were estimated
spectrophotometrically at A, 222 nm for dissolving drug
in triplicate and an average of three determinations was
calculated.
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Figure 2. In vitro release profile of dexibuprofen from
F4, F5, and F6 formulae. 500 mL distilled water was
used as dissolution media at 37+ 0.5°C while maintaining
stirring speed at 50 rpm. Samples were estimated
spectrophotometrically at A,,,, 222 nm for dissolving drug
in triplicate and an average of three determinations was
calculated.
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Figure 3. In vitro release profile of dexibuprofen from
F7, F8, and F9 formulae. 500 mL distilled water was
used as dissolution media at 37+ 0.5°C while maintaining
stirring speed at 50 rpm. Samples were estimated
spectrophotometrically at A,,,, 222 nm for dissolving drug
in triplicate and an average of three determinations was
calculated.
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Table 4. In-vitro release of dexibuprofen from the prepared formulae

Percentage (% w/w) of dexibuprofen released after the following time intervals in minutes

Formula 3 5 7 10 12 15 17 20
F1 12.82 26.97 34.95 48.75 49.23 53.04 533 53.47
F2 12.70 26.8 36.99 53.1 54.39 54.64 54.83 54.83
F3 16.82 39.45 58.24 62.46 64.49 65.81 65.85 65.97
F4 34.85 49.49 67.74 72.86 73.83 76.28 77.02 77.19
F5 34.22 56.93 68.66 73.12 75.26 77.72 78.68 78.71
F6 36.64 59 66.64 77.52 85.98 88.03 89.14 89.24
F7 57.14 92.36 92.38 92.46

F8 63.4 92.43 92.6 92.67

F9 72.63 97.33 97.36 97.57

Table 5. Micromeritic properties of the prepared formulae

Formula Bulk volume  Tapped volume  Bulk density ~ Tapped density =~ Hausner ratio ~ Compressibility ~Tan0  Angle of repose
(mL) (mL) (g/mL) (g/mL) (%) (degrees)
F1 228 202 0.44 0.50 1.13 11.40 0.50 31.30
F2 227 198 0.44 0.51 1.15 12.78 0.54 34.42
F3 223 197 0.45 0.51 1.13 11.66 0.50 31.30
F4 233 207 0.43 0.48 1.13 11.16 0.51 32.27
F5 235 208 0.43 0.48 1.13 11.49 0.53 33.26
F6 224 199 0.45 0.50 1.13 11.16 0.51 32.27
F7 229 203 0.44 0.49 1.13 11.35 0.50 31.30
F8 222 196 0.45 0.51 1.13 11.71 0.51 32.27
F9 225.5 200.5 0.44 0.50 1.12 11.09 0.50 31.30

behavior could be attributed to solubilization of the
drug using hydrotropic agents (8). The faster dissolution
could be due to better solubility of the prepared
formulae that contains higher amounts of hydrotropic
agents because increasing the amount of hydrotropic
agents in the formulae leads to increased solubility and
dissolution rate.

3.6. Micromeritic properties

The results of micromeretic properties of the prepared
formulae are shown in Table 5. Bulk densities ranged
from 0.43 to 0.45 g/mL and tapped densities ranged
from 0.48 to 0.51 g/mL. Hausner ratio values ranged
from 1.13 to 1.15 indicating low to moderate inter-
particle friction and thus good flow properties (/4).
They showed good flow with respect to average %
compressibility which ranged from (11.09 to 11.71%).
Also, the angle of repose ranged from 31.30° to 34.42°
indicating good flow properties (135).

3.7. Fourier transform infrared spectroscopy (FTIR)

The collected FTIR of plain dexibuprofen drug, sodium
citrate dihydrate, urea and the prepared formulae are
shown in (Figure 4). The main peaks characteristic of
the drug are identical and well identified in the prepared
formulae. This can be summarized: prominent peaks
at 3,087, 1,707, 1,406, 1,050 cm corresponding to
O-H stretching, C=0 stretching, C-C stretching, O-H

bending respectively. The FTIR showed no changes
occurred in the chemical nature of drug indicating
absence of chemical interaction between drug and
hydrotropic agents and so, confirming drug stability.
From these results, it can be speculated that a drug-
hydrotropic agent hydrogen bond existed in this
formula and caused reduced drug recrystallization
(16), also intermolecular interaction between drug and
hydrotropic agents occurred (35, 06).

3.8.DSC

DSC pattern of plain dexibuprofen, sodium citrate
dihydrate, urea and the F9 formula are recorded in
Figure 5. It is clear that, the DSC of plain dexibuprofen
drug showed an endothermic peak at onset of 47.25°C
reaching a peak at 56.51°C, an endset of 66.49°C and
the enthalpy was 210.40 J/g while hydrotropic agents;
sodium citrate and urea showed an endothermic peak at
169.8°C and 138.53°C, respectively. The endothermic
peak of drug is related to its melting point. There was
a slight difference in melting endotherms of selected
formulae as well as decreasing intensity and loss
of sharpness compared to that of pure drug (drug
= 62.52°C, sodium citrate dehydrate = 143.65°C,
urea = 103.05°C). These results might be explained
in terms of a presence of intermolecular interaction
between drug and hydrotropic agents. Basically the
thermal process of any mixture is the sum of individual
components. However, there was invariably very little
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Figure 4. IR spectroscopy for dexibuprofen (1), sodium citrate dihydrate (2), urea (3) and formulae (4). An amount of 2-3
mg of dexibuprofen, sodium citrate dihydrate, urea, and prepared formulae were mixed separately with 400 mg of dry potassium
bromide powder, compressed into transparent discs and their IR spectra was recorded in the wave length region of 4,000-400
cm ' (a) IR spectroscopy for dexibuprofen, sodium citrate dihydrate, urea, and F1. (b) IR spectroscopy for dexibuprofen, sodium
citrate dihydrate, urea and F2. (¢) IR spectroscopy for dexibuprofen, sodium citrate dihydrate, urea, and F3. (d) IR spectroscopy
for dexibuprofen, sodium citrate dihydrate, urea, and F4. (e) IR spectroscopy for dexibuprofen, sodium citrate dihydrate, urea, and
F5. (f) IR spectroscopy for dexibuprofen, sodium citrate dihydrate, urea and F6. (g) IR spectroscopy for dexibuprofen, sodium
citrate dihydrate, urea, and F7. (h) IR spectroscopy for dexibuprofen, sodium citrate dihydrate, urea, and F8. (i) IR spectroscopy

for dexibuprofen, sodium citrate dihydrate, urea, and F9.
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Figure 5. DSC for dexibuprofen, sodium citrate dihydrate,
urea, and F9 formula. (1) dexibuprofen, (2) sodium citrate
dihydrate, (3) urea, (4) F9. The instrument was calibrated
using purified indium (99.99%). Samples of (2-4 mg) of each
substance as well as the best formula were heated under a
nitrogen atmosphere as a carrier gas on an aluminum pan at
flow rate 25 mL/min and a heating rate of 10°C/min over a
temperature range of 20 to 300°C.

change in transition temperature when mixing two or
more components. When two substances are mixed,
the purity of each may be reduced and generally very
slight lower melting endotherms may result (/7). This
explains the very slight shift drug hydrotropic agent
peak. Previous work (/8), accepts small events and
considers them to not represent any determinable
interaction. This could be due to differences in moisture
content of samples (/9). Also, some changes in the peak
shape and height to width ratio can be seen because of
possible differences in the mixture sample geometry
(20). The observed change in enthalpy indicates a
change in crystallinity of the drug (27), resulting in an
increase in dissolution rate.

In conclusion, the mixed hydrotropic solubilization
technique significantly influenced solubilization of
dexibuprofen which is practically insoluble thus
contributing to dissolution improvement. Increasing the
amount of hydrotropic agents leads to an increase in
pH, solubility, rate and amount of dexibuprofen release
from the dissolution medium. The highest dissolution
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rate was achieved from F9 formula at drug: hydrotropic
agent ratio 1:3:7.5. The prepared formulae are slightly
hygroscopic and show good flow properties. Drug
stability with hydrotropic agents and intermolecular
interaction between them has been confirmed by FTIR
and DSC results.
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Summary

The purpose of this research was to develop a matrix-type transdermal therapeutic system
containing drug heparin sodium with different ratios of hydrophilic polymeric systems
by the solvent evaporation technique by using 30% (w/w) of PEG 400 LR to the dry
polymer weight, incorporated as plasticizer. Different concentrations of oleic acid and
isopropyl myristate were used to enhance the transdermal permeation of heparin sodium.
The physicochemical compatibility of the drug and the polymers studied by differential
scanning calorimetry and infrared spectroscopy suggested absence of any incompatibility.
Formulated transdermal films were physically evaluated with regard to thickness, weight
variation, drug content, flatness, tensile strength, folding endurance, percentage of moisture
content and water vapour transmission rate. All prepared formulations indicated good
physical stability. In-vitro permeation studies of formulations were performed by using
diffusion cell apparatus. Formulation prepared with hydrophilic polymer containing
permeation enhancer showed best in-vitro skin permeation through Wistar albino rat skin
as compared to all other formulations. Formulation F9 showed highest flux among all the
formulations and 1.369-fold enhancements in drug permeation. These results indicate that
the formulation containing 10% of oleic acid with 10% isopropyl myristate give better

penetration of heparin sodium through rat skin.

Keywords: Heparin sodium, transdermal patch, permeation enhancer, in-vitro permeation study

1. Introduction

Transdermal drug administration generally refers to
topical application of agents to healthy intact skin either
for localized treatment of tissues underlying the skin or
for systemic therapy. For transdermal products the goal
of dosage design is to maximize the flux through the
skin into the systemic circulation and simultaneously
minimize the retention and metabolism of the drug
in the skin (/). Transdermal drug delivery has many
advantages over the oral route of administration such
as improving patient compliance in long term therapy,
bypassing first-pass metabolism, sustaining drug
delivery, maintaining a constant and prolonged drug
level in plasma, minimizing inter- and intra patient
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Dr. Rakesh P. Patel, Pharmaceutics & Pharmaceutical
Technology Department, S. K. Patel College of Pharmaceutical
Education and Research, Ganpat University, Ganpat
vidyanagar-384012, Gujarat, India.

E-mail: raka 77us@yahoo.com

variability, and making it possible to interrupt or
terminate treatment when necessary (2,3).

Heparin sodium (HS) inhibits reactions that lead to
the clotting of blood and the formation of fibrin clots
both in-vitro and in-vivo. HS acts at multiple sites in the
normal coagulation system. Small amounts of heparin
in combination with antithrombin III (heparin cofactor)
can inhibit thrombosis by inactivating activated factor
X and inhibiting the conversion of prothrombin to
thrombin. Once active thrombosis has developed,
larger amounts of HS can inhibit further coagulation
by inactivating thrombin and preventing conversion of
fibrinogen to fibrin. HS also prevents the formation of
a stable fibrin clot by inhibiting the activation of the
fibrin stabilizing factor (4).

Intravenous or topical administration of HS
has many side effects including pain, swelling,
inflammation, irritation at the site of administration and
even frequent doses of drug can cause hemotosis which
can be avoided by preparing a transdermal patch. The
bioavailability of HS transdermal patch is 1-2% that
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of intravenous HS, with an elimination half life of 8 h
compared to 1.5 h for i.v. HS hence a transdermal patch
gives a sustained release profile which avoids severe
patient pain and frequent application of drug in the case
of topical gel.

There are reports describing the use of hydroxypropyl
cellulose (HPC), hydroxyethyl cellulose (HEC),
hydroxypropyl methylcellulose (HPMC) in transdermal
patches and ophthalmic preparations (5-7) and eudragit
RSPO transdermal delivery systems as well as other
dosage forms for controlled release of drugs (8-10).
HPC, HEC, and HPMC are freely water soluble, whereas
eudragit RSPO is hydrophobic. Transdermal delivery
systems were prepared using all of these methods to
study the effect of the hydrophilic and hydrophobic
nature of polymer on release of HS. A large number
of fatty acids and their esters have been used as
permeation enhancers. Oleic acid has been shown to
be effective as a permeation enhancer for many drugs,
for example increasing the flux of salicylic acid 28-fold
and 5-fluorouracil flux 56-fold, through human skin
membranes in-vitro (11,12). It has also been used for
ketoprofen (73), flurbiprofen (/4), 5-FU, estradiol ({/2),
zalcitabine, didanosine, zidovudine (/5), etc.

The aims of the present study were to (i) prepare
transdermal patches of HS wusing hydrophilic and
hydrophobic polymers; (if) optimize transdermal patch
formulation using 3° full factorial design; (iif) study the
in-vitro diffusion behavior of prepared transdermal patch
formulations in the presence and absence of penetration
enhancer, and (iv) study skin irritation of HS on Albino
Wistar rats. The purpose was to provide delivery of the
drug at a controlled rate across intact skin.

2. Materials and Methods
2.1. Materials

HS was received as a gift sample from Intas
Pharmaceutical Ltd., Ahmedabad, Gujarat, India. HPC
and HEC were a generous gift from Famycare Pvt.
Ltd., Ahmedabad, Gujarat, India and HPMC was a gift
from Acme Pharma Ltd., Ganpat Vidhyanagar, Gujarat,
Inida. Eudragit RSPO was purchased from Vikram
Thermo Ltd., Mehsana, Gujarat, India. Oleic acid (OA),
polyethylene glycol (PEG) 400 LR and Di-n-butyl-
phthalate (DBP) were procured from Sigma Chemicals
Ltd., Ahmedabad, Gujarat, India. Other materials used
in the study (chloroform, methanol, dichloromethane,
glycerol, potassium dihydrogen phosphate, etc.) were
of analytical grade. Milli-Q water was used throughout
the study.

2.2. Investigation of physicochemical compatibility of
drug and polymer

The physicochemical compatibility between HS

and polymers used in the patch was studied using
differential scanning calorimetry (DSC-Shimadzu 60
with TDA trend line software, Shimadzu Co., Kyoto,
Japan) and Fourier transform infrared (FTIR- 8300,
Shimadzu Co., Kyoto, Japan) spectroscopy.

In DSC analysis, the samples were weighed (5
mg), hermetically sealed in flat bottom aluminum pans,
and heated over a temperature range of 50 to 300°C
at a constant increasing rate of 10°C/min in a nitrogen
atmosphere (50 mL/min). The thermograms obtained
for HS, polymers, and physical mixtures of HS with
polymers were compared. The infrared (IR) spectra
were recorded using an FTIR by the KBr pellet method
and spectra were recorded in the wavelength region
between 4,000 and 400 cm'. The spectra obtained
for HS, polymers, and physical mixtures of ACF with
polymers were compared.

2.3. Preparation of transdermal films

Transdermal patches containing HS were prepared
by the solvent evaporation technique in cylindrical
glass molds with both sides open (/6). The backing
membrane was cast by pouring a 2% (m/V) polyvinyl
alcohol (PVA) solution followed by drying at 60°C
for 6 h. The drug reservoir was prepared by dissolving
polymer in Milli-Q water. PEG 400 LR 30% (w/w of
dry polymer composition) was used as a plasticizer.
Ten mg of the drug was added into the homogeneous
dispersion with slow stirring on a magnetic stirrer.
The uniform dispersion was cast on a PVA backing
membrane and dried at room temperature (Table 1).
The films were stored between sheets of wax paper in a
desiccator.

2.4. Physicochemical characterization of films
2.4.1. Thickness

The thickness of patches was measured at three
different places using a micrometer (Mitutoyo Co.,
Japan) and mean values were calculated (/6).

2.4.2. Weight variation

Mass variation of patches was measured by
individually weighing randomly selected patches. Such
determinations were carried out for each formulation

(7).
2.4.3. Drug content

Patches of specified area (1 cm?) were dissolved in 5
mL of Phosphate buffer pH 7.4 and the volume was
made up to 10 mL with the same buffer. A blank was
prepared using a drug-free patch treated similarly. The
solutions were filtered through a 0.45 pm membrane,
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Table 1. Composition of transdermal patches

Formulation code PVA HEC HPC HPMCK4 HPMCKI15 HPMCKIS: Oleicacid PEG4000 LR  Water
(backing membrane) RS 100
HS 1 2% 3.0% - - - - 0.2 mL q.s.
HS 2 2% 4.0% - - - - 0.2mL q.s.
HS3 2% - 3.0% - - - 0.2mL q.s.
HS 4 2% - 4.0% - - - 0.2 mL q.s.
HS 5 2% - - 2.0% - - 0.2mL q.s.
HS 6 2% - - 3.0% - - 02mL  30%w/v q.s.
HS7 2% - - 4.0% - - 0.2mL  oftotal ploymer qs.
HS 8 2% - - - 2.0% - 0.2mL  composition q.s.
HS 9 2% - - - 3.0% - 0.2mL q.s.
HS 10 2% - - - 4.0% - 0.2 mL q.s.
HS 11 2% - - - - 3:7 0.2mL q.s.
HS 12 2% - - - - 5:5 0.2mL q.s.
HS 13 2% - - - - 7:3 0.2mL q.s.

Note: * 30 % w/w of dibutyl phthalate to the polymer weight, incorporated as plasticizer.

diluted suitably and absorbance was read at 201 nm in a
double beam UV-Visible spectrophotometer.

2.4.4. Flatness

Three longitudinal strips were cut out from each film:
1 from the center, 1 from the left side, and 1 from
the right side. The length of each strip was measured
and the variation in length because of non-uniformity
in flatness was measured by determining percent
constriction, with 0% constriction equivalent to 100%
flatness (/8).

2.4.5. Folding endurance

Folding endurance was determined by repeatedly
folding one film at the same place until it broke. The
number of times the film could be folded at the same
place without breaking/cracking gave the value for
folding endurance (/9).

2.4.6. Tensile strength

In order to determine the elongation as tensile strength,
the polymeric patch was pulled by means of a pulley
system; weights were gradually added to the pan to
increase the pulling force till the patch was broken.
The elongation i.e. the distance traveled by the pointer
before break of the patch was noted with the help of
a magnifying glass on the graph paper, and tensile
strength was calculated as kg-cm™.

2.4.7. Percentage of moisture content

The films were weighed individually and kept in
desiccators containing activated silica at room temperature
for 24 h. Individual films were weighed repeatedly until
they showed a constant weight. The percentage of moisture
content was calculated as the difference between initial and
final weight with respect to final weight (20).

2.4.8. Water vapor transmission rate (WVTR)

WVTR is defined as the quantity of moisture transmitted
through a unit area of film in unit time (27). Glass cells
were filled with 2 g of anhydrous calcium chloride and
a film of specified area was affixed onto the cell rim.
The assembly was accurately weighed and placed in a
humidity chamber (80 + 5% RH) at 27 + 2°C for 24 h.

2.5. In-vitro skin permeation studies

In-vitro skin permeation studies were performed by
using a Diffusion Cell Apparatus (EDC-07) with a
receptor compartment capacity of 12 mL. Excised rat
abdominal skin (Wistar albino) was mounted between
the donor and receptor compartment of the diffusion
cell. The formulated patches were placed over the skin
and covered with paraffin film/or having backing layer.
The receptor compartment of the diffusion cell was
filled with phosphate buffer pH 7.4. The solution in the
receptor compartment was constantly and continuously
stirred using magnetic beads at 50 rpm; the temperature
was maintained at 37 £ 0.5°C. Samples were withdrawn
at different time intervals and analyzed for drug
content spectrophotometrically. The receptor phase was
replenished with an equal volume of phosphate buffer
pH 7.4 at each sample withdrawal. The cumulative
percentages of drug permeated per square centimeter of
patches were plotted against time.

2.6. Full factorial design

A 3% randomized full factorial design was used in the
present study. In this design two factors were evaluated,
each at 3 levels, and experimental trials were performed
at all 9 possible combinations. The amount of isopropyl
myristate (X,) and the amount of oleic acid (X,) were
selected as independent variables. Drug release at 10 h
was selected as dependent variable. The design layout
is depicted in Table 4.
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2.7. Permeation data analysis

The flux (ug-em™h™) of HS was calculated from the
slope of the plot of the cumulative amount of HS
permeated per cm” of skin at steady state against time
using linear regression analysis (22,23).

The steady state permeability coefficient (K,) of the
drug through rat epidermis was calculated by using the
following equation (24): Kp = J/C (1), where J is the
flux and C is the concentration of ACF in the patch. The
enhancing effect of penetration enhancer was calculated
in terms of enhancement ratio (ER), and was calculated
by using the following equation (25): ER = (Kp with
penetration enhancer)/(Kp without penetration enhancer)

).
2.8. Kinetic modeling of drug release

To analyze the mechanism of drug release from the
patches, the release data were fitted to the following
equations. Zero-order equation, Q = Kt (3), where O
is the amount of drug released at time ¢, and %, is the
release rate. First-order equation, In(100 — Q) = In100
— k,t (4), where Q is the percent of drug release at time
t, and k, is the release rate constant. Higuchi's equation,
0 = k,t"* (5), where Q is the percent of drug release at
time ¢, and k, is the diffusion rate constant.

2.9. Skin irritation study

The skin irritation test was performed on six rats, which
were divided into 3 groups (n = 2), to evaluate the irritant
properties of the drug HS. For this purpose, rats were
shaved and an aqueous solution of formalin 0.8% was
used as standard irritant. Drug reservoir patches of 2 cm’
were used as test patches. The patches were removed after
a period of 24 h with the help of an alcohol swab. The
skin response was examined for development of erythema
and edema for each rat at the end of 24 h, with respect to
appearance of redness, flare, wheals, and rashes. The area
was observed for 3 days. Finally, the application sites were
graded according to a visual scoring scale from 0 to 4 (26).

2.10. Stability study of optimized formulation

A stability study was carried out for optimized patch
formulation at 40°C temperature in a humidity chamber
having 75% RH for 3 months. After 3 months samples
were withdrawn and evaluated for physicochemical
properties and in-vitro diffusion studies.

3. Results and Discussion

3.1. Investigation of physicochemical compatibility of
drug and polymer

Differential scanning calorimetry enables the

quantitative detection of all processes in which energy
is required or produced (i.e., endothermic or exothermic
phase transformations). The thermograms of (A) HS
(B) HS with HPMC K15, and (C) HS with eudragit
RSPO/ammonio methaacrylate copolymer type B
are presented in Figure 1. The HS showed a melting
peak at 26.83°C. Peak of HS at 271.03°C was present
at the same position i.e. near to 269°C in the physical
mixture of drug with both HPMC and eudragit RSPO
patch formulation excipients. This confirmed the
physicochemical stability of drug with the formulation
excipient used in the study.

Drug-excipient interactions play a vital role with
respect to release of drug from the formulation among
others. FTIR techniques have been used here to study
the physical and chemical interaction between drug
and excipients used. Infrared (IR) spectra of HS (A),
physical mixture of HS + HPMC K15 (B), and physical
mixture of HS + HPMC K15 + eudragit RSPO/
ammonio methacrylate copolymer type B (C) are
shown in Figure 2. Infrared absorption spectroscopy
of HS showed a band at 1,230 and 1,040 cm ' due to
symmetrical and asymmetrical stretching of S-O in
SO; heparin groups, respectively. From the figure it
was observed that there were no changes in these main
peaks in IR spectra of mixture of drug and polymers,
which show there were no physical interactions because
of some bond formation between drug and polymers,
and that excipients are compatible with HS within the
formulation.

269.83 °C
(a) 7
0BT 271.03°C
(B) -
\ o Lot e
s
87.84°C
266.35 °C

(C)
SN T488aB°C
t

200.00
Temp (°C)

Figure 1. DSC thermogram of heparin sodium and its
physical mixture with different excipients. (A) Heparin
sodium. (B) Heparin sodium with HPMC K15. (C) Heparin
sodium drug with eudragit RSPO/Ammonio methaacrylate
copolymer type B.

100.00 300.00
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3.2. Physicochemical characterization of films

The results of the physicochemical characterization of
the patches are shown in Table 2. The thickness ranged

between 0.063 and 0.146 mm, which indicate that
they were uniform in thickness. The weights ranged
between 5.70 mg and 9.93 mg, which indicates that
different batches patch weights, were relatively similar.
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Figure 2. FTIR spectras of heparin sodium and its physical mixture with different excipients. (A): Heparin sodium. (B):
Physical mixture of heparin sodium + eudragit RSPO. (C): Physical mixture of heparin sodium + HPMC K15 + eudragit RSPO/
ammonio methacrylate copolymer type B.

Table 2. Evaluation of transdermal patch formulations of HS

Formulation Thickness Weight variation Drug content Folding Tensile strength ~ Moisture Moisture WVT
code uniformity (mm) test (mgs) (mcg/2 cm’) endurance (kg/em’) Content (%)  uptake (%) (mg/cm” hr)
HS 1 0.063 +0.011 5.93 +£0.94 9.9+0.25 156+9 2.0+0.5 10.66+02 1.05+0.25 6.0+0.45
HS 2 0.076 £ 0.005 5.70 £0.45 9.6 +£0.39 165+3 25+0.5 11.23+0.5 1824035 53+0.311
HS 3 0.065+0.015 6.09 +0.56 9.7+0.52 148 +5 25405 13.45+04 090+032 5.1£0.56
HS 4 0.086 + 0.005 6.96 + 0.66 9.8+£0.70 180+2 3.0+0.25 12.62+0.6 1.80+1.15 6.0+0.11
HS 5 0.113+£0.011 7.03£0.73 9.9+0.42 180+ 3 20+0.5 736+£0.78 1.48+0.57 6.6+0.26
HS 6 0.112 +0.01 7.00 +0.75 9.8+0.75 205+4 2.5+0.25 7.50+0.01 3.03+0.12 6.6+0.43
HS 7 0.116 +0.005 7.12+0.45 9.5+0.44 80+ 10 3.0+£0.75 7.71£0.78 1.02+0.65 6.1£0.5
HS 8 0.139+0.015 7.03 £0.95 10.1+0.43 135+4 2.0+0.25 891+£0.20 1.56+095 69+£0.15
HS 9 0.143 +0.01 7.93 +0.95 9.8+0.52 196 +2 35+1.0 9.03+045 2.09+089 52+045
HS 10 0.125+0.01 7.98 £0.70 9.9+0.29 92+5 3.5+0.5 876+0.26 2.12+0.59 5.3+0.31
HS 11 0.146 £0.015 8.10+0.54 9.7+0.93 204 +2 20+0.5 7.50+£0.40 321+0.15 49+0.11
HS 12 0.145+0.011 9.93 +0.41 9.8+0.42 201 +5 2.5+0.0 7.36+0.80 2.89+035 51+0.72
HS 13 0.144 £ 0.01 8.16 +0.32 9.7+0.36 194 +7 3.5+£0.5 724+£050 256+033 52+0.115

* mean £ SD (n = 3).
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Good uniformity of drug content among the batches
was observed with all formulations and ranged from
97.9 to 99.2%. The results indicate that the process
employed to prepare patches in this study was capable
of producing patches with uniform drug content and
minimal patch variability. The flatness study showed
that all the formulations had the same strip length
before and after their cuts, indicating 100% flatness.
Thus, no amount of constriction was observed; all
patches had a smooth, flat surface; and that smooth
surface could be maintained when the patch was applied
to the skin. Folding endurance test results indicated
that the patches would not break and would maintain
their integrity with general skin folding when applied.
Moisture content and moisture uptake studies indicated
that the increase in the concentration of hydrophilic
polymer was directly proportional to the increase in
moisture content and moisture uptake of the patches.
The moisture content of the prepared formulations
was low, which could help the formulations remain
stable and reduce brittleness during long term storage.
The moisture uptake of the formulations was also low,
which could protect the formulations from microbial
contamination and reduce bulkiness (27).

3.3. In-vitro skin permeation
The in-vitro release profile is an important tool that

predicts in advance how a drug will behave in-vivo
(28). The results of in-vitro skin permeation studies of
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Figure 3. Release profiles of HS from patches containing

different concentrations of HPC, HEC, HPMC, and
eudragit RSPO, mean £ SD (n = 3).

Table 3. Properties of transdermal patches containing HS

HS from transdermal patches are shown in Figure 3. In
the present study hydrophilic (HPC, HEC, and HPMC)
and hydrophobic (eudragit RSPO) polymers were used
to preparepatches. Formulation HS13 exhibited the
greatest, 93.25%, drug release value, while formulation
HSS5 exhibit the lowest, 64.72%, drug release value. The
cumulative amount of drug released from formulations
containing hydrophilic polymer released drug at a
faster rate than hydrophobic polymer. The cumulative
amount of drug released from formulations HS9, HS12
and HS13 were much higher than other formulations.
In addition to nature of polymer concentration of
polymer also affected drug release. The transdermal
drug delivery system HS9 (HPMC K 15 M alone)
showed drug release (88.16%), and lasted only for 8 h
but the transdermal drug delivery system HS13 (HPMC
K15:ammonio acrylate) showed the highest prolonged
drug release successfully for 10 h (93.25%). HS13
achieved a high cumulative amount of drug permeation
at the end of 10 h. Based on physiochemical and in-
vitro release experiments, HS13 was chosen for further
studies.

3.4. Full factorial design

3.4.1. Physicochemical properties of factorial design
batches

The results of the physicochemical characterization of
the patches are shown in Table 3.

3.4.2. In-vitro drug release study of factorial design batches

The cumulative percentage of drug permeated through
the rat epidermis from the patch containing different
concentrations of penetration enhancer is shown in Figure 4.

An increase in concentration of oleic acid leads to
an increase in Q,,, because the coefficient b, bears a
positive sign. Increasing the concentration of oleic acid
from 5 to 10% the Q,, value increased from 81.13%
to 88.14%. An increase in concentration of isopropyl
myristate leads to an increase in Q,,, because the
coefficient b, bears a positive sign. When increasing the
concentration of isopropyl myristate from 5 to 10% the

Formulation code Thickness (um) Weight variation (mg)

Drug content Folding endurance Tensile strength (kg-cm™)

HS 1 160 + 5.60 9.61 £0.57
HS2 168 £ 5.88 10.12+£0.38
HS 3 171 +5.95 10.23 £0.55
HS 4 158 £5.53 8.20 +£0.39
HS 5 166 £ 5.81 10.73 £0.37
HS 6 154 +5.39 9.97 +0.38
HS7 165 +5.77 8.21+0.29
HS 8 169 £ 5.61 10.87 £ 0.38
HS9 152 +5.28 10.52 £ 0.40

97.9+2.42 198 £6.93 2.554+0.50
98.6 +2.45 202 +7.07 2.58+0.25
97.5+2.41 215+7.52 3.00+0.75
96.9 +2.39 218 +7.63 2.00+0.50
98.8 +£2.45 201 +7.70 2.50+0.25
96.8 +3.52 200 +7.00 2.50+0.75
97.8+2.42 208 +7.28 3.00+0.50
98.6 +2.45 196 + 6.86 3.50+0.25
99.2 +1.51 220+7.42 3.50+1.00

* mean = SD (n = 3).
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Q,on value increased from 84.36% to 90.31%.

Here the coefficient of interaction terms showed a
negative value. The interaction term indicated that Q,,
was not significantly affected by interaction of two
penetration enhancers. This indicates that by changing
two factors at a time there was no effect on Q,,

The maximum amount (Q,,) of ACF that permeated
during the 10 h of the study was 93.06% from
formulation HS. The flux was calculated by dividing
the cumulative amount of drug which permeated per
cm’ of the skin with time. Thus the corresponding
flux of HS was 292.03 pg-cm™hr' from formulation
HS8. A marked effect of penetration enhancer on HS
permeation was observed when they were incorporated
in the patch in varying concentrations. The cumulative
percentage of HS that permeated over 10 h was found
to increase ranging from 67.91 to 93.06% for patches.
The corresponding flux values ranged from 208.50
to 292.03 pg-em”hr'. Formulation H8 shows highest
flux among all the formulations. This result indicated
that the formulation containing 10% oleic acid with
10% isopropyl myristate gave better penetration of HS
through rat skin (Table 4).
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Figure 4. Release profiles of HS having different
penetration enhancers, mean + SD (n = 3).

3.5. Regression analysis for Q,,,,

The significance levels of the coefficients b1, b2, b11,
b22 and b12 were found to be P = 6.570, 7.30, —0.540,
—3.732 and -2.057 respectively, so they were omitted
from the full model to generate a reduced model. The
coefficient b1 was found to be significant; hence,
it was retained in the reduced model. The reduced
model was tested in proportion to determine whether
the coefficients b1, b2, b11, 22, and b12 contribute
significant information to the prediction of Q,,. The
critical value of F for a = 0.05 is equal to 9.11 (df =
4.3). Since the calculated value (F = 2.50) is less than
the critical value (F = 9.11), it may be concluded that
the terms b1, b2, b11, b22 and b12 do not contribute
significantly to the prediction of Q10 and can be
omitted from the full model to generate the reduced
model.

3.6. Kinetic modeling of drug release

The cumulative amount of drug which permeated per
square centimeter of patches (H1 to H9) through rat skin
plotted against time was fitted to zero, first and Higuchi
kinetic models. The release profile of H followed
mixed zero-order and first-order kinetics in different
formulations. The release profile of patches H1, H2, H3,
H4, H5, H6, H7, HS8, and H9 as per Higuchi's equation
was 0.937, 0.966, 0.974, 0.960, 0.980, 0.985, 0.969,
0.994 and 0.990 respectively. However, the release
profile of the optimized formulation H8 (1* = 0.994 for
Higuchi) indicated that the permeation of the drug from
the patches was governed by a diffusion mechanism.

3.7. Skin irritation study

The skin irritation test of the transdermal formulation of
optimized batch HS13 and marketed formulation on the
rat gave a score less than the 1 scale for erythma as well
as 0 level scale for edema as compared to the standard

Table 4. 3’ full factorial design layouts for HS transdermal patches

Batch No. X, X, Qo release (%) Flux (J) (ug-em™hr')  Permeability co efficient (K;) (cm-hr')  Enhancement ratio (ER)
HS 1 -1 -1 68.95 208.50 4.17 1.04

HS 2 1 1 87.01 263.12 5.26 1.32

HS 3 0 1 88.87 268.74 5.37 1.34

HS 4 1 -1 69.84 211.20 4.22 1.06

HS 5 1 0 83.2 251.60 5.03 1.26

HS 6 0 0 82.76 250.27 5.01 1.25

HS 7 0 -1 69.51 208.50 4.17 1.04

HS 8 -1 0 96.57 292.03 5.84 1.46
HS9 -1 1 93.13 281.63 5.63 1.41
Translation of coded levels in actual units

Variables level Low (-1) Medium (0) High (+1)
Amount of isopropyl myristate (% W/W of drug) X, 5 10
Amount of oleic acid (% W/W of drug) X, 10 15
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Figure 5. Skin irritation studies. (A): Control group at 0
h, (B): Control group at 24 h, (C): Optimized batch HS13
at 0 h, (D): Optimized batch HS13 at 24 h, (E): Marketed
Formulation at 0 h, (F): Marketed Formulation at 24 h.

Table 5. Stability studies

Stability condition ~ Sampling time Folding Visual Drug

endurance appearance content

Clear film  99.5
Clear film  99.4

Room tempeartue
(30°C and 65% RH)

Initial ( 0 day) > 200
After 30 days  >200

Accelerated condition Initial (0 day) >200  Clear film  99.8
(40°C and 75% RH)  After 30 days 35 Hazy 99.1

formalin solution for 24 and 48 h after application
(Figure 5). According to Draize et al. (29), compounds
producing scores of 2 or less are considered negative
(no skin irritation). Hence, the developed transdermal
formulations are free of skin irritation.

3.8. Stability study

In order to determine the change in physicochemical
parameters and in-vitro release profile on storage, a
stability study was carried out. The physicochemical
parameters of the optimized formulation were not
significantly changed on storage. The in-vitro release
profile before and after storage is shown in Table 5. The
result indicates that the formulation was stable under
the required storage conditions.

4. Conclusion

The method of preparation of transdermal patches
of HS presented in this research work is simple. All
formulations also showed good physicochemical
properties like thickness, weight variation, drug

content, flatness, folding endurance, moisture content
and moisture uptake. The in-vitro release data showed
that drug release from the patch formulation were
affected by types of polymer and concentration of
polymer. Effect of penetration enhancer like oleic acid
and isopropyl myristate have been checked on in-vitro
permeation of drug. These studies indicated that as the
concentration of penetration enhancer increased drug
permeation was increased. The finding of this result
revealed that the problems of HS on i.v. administration
like pain, swelling, inflammation, and short half life can
be overcome by applying HS topically in the form of a
transdermal patch.
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