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Anti-tumor effects and cellular mechanisms of resveratrol

Guohua Han', Jufeng Xia', Jianjun Gao"’, Yoshinori Inagakil, Wei Tangl’*, Norihiro Kokudo'

' Hepato-Biliary-Pancreatic Surgery Division, Department of Surgery, Graduate School of Medicine, The University of Tokyo,

Tokyo, Japan;

? Department of Pharmacology, School of Pharmaceutical Sciences, Qingdao University, Qingdao, Shandong, China.

Summary

Resveratrol (3, 5, 4'-trihydroxystilbene) is a phytoalexin contained in a variety of plants,
such as grapes, berries and especially in the dried roots of Polygonum cuspidatum Sieb. et
Zucc. It has been shown to exhibit anti-oxidative and anti-inflammation activity, and to
reverse the effects of aging. Its ability to suppress cell proliferation, induce apoptosis and
suppress the metastasis and invasion in a number of cell lines has prompted a large interest
from people for its use as an anti-tumor component. In this review, evidence of resveratrol's
anti-tumor effects and molecular mechanisms are recapitulated. First, we present the anti-
apoptosis, anti-invasion/metastasis and anti-inflammation effect of resveratrol; second, the
main signaling pathways involved in these activities are described and summarized with
the studies of different tumors involved. Resveratrol not only induces apoptosis of tumor
cells through intrinsic/extrinsic pathways and cell cycle arrest, but also inhibits the invasion
and metastasis abilities of tumors via modulating collagen degradation-related molecular
targets. Altogether, the present findings suggest the anti-tumor potential of resveratrol

against various types of cancers.

Keywords: Resveratrol, anti-tumor, apoptosis, invasion, metastasis, molecular mechanism

1. Introduction

Resveratrol (3, 5, 4' -trihydroxystilbene) is a phytoalexin
contained in a variety of plants, such as grapes, peanuts,
berries and especially in the dried roots of a traditional
Chinese medicine Polygonum cuspidatum Sieb. et
Zucc (1,2). It exists as two geometric isomers: cis-
(Z) and trans-(E) (3), and the trans-form can undergo
isomerization to the cis- form when exposed to
ultraviolet irradiation (4).

Resveratrol has a protective effect in response to
stress, injury, ultraviolet irradiation and fungal infection
(1,2). Previous studies have demonstrated that resveratrol
has a number of biological activities and medicinal
uses. It has been shown to exhibit anti-oxidative and
anti-inflammation activity, and to reverse the effects of
aging in rats (5). It also has a cardio-protective effect (6)

*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

that regular moderate consumption of red wine confers
less risk of cardiovascular diseases due to its relatively
high resveratrol concentration (0.1-14.3 mg/L), widely
known as the "French Paradox" (7). There are also other
effects, which include phytoestrogen activity (8), neuro-
protective activity (9), and antidepressant activity (/0).
Importantly, as a natural compound, resveratrol has
been highly studied for not only the preventive effect for
the diseases mentioned above, but also the anti-tumor
effect against various cancers. Its ability to suppress cell
proliferation, induce apoptosis and suppress metastasis
and invasion in a number of cell lines makes resveratrol
a natural weapon in the war against cancer (/7). Cancer
is a multistep disease characterized by uncontrolled
cell growth and acquisition of metastatic properties
(12). In this process, the activation of oncogenes and/
or the inactivation of tumor suppressor genes lead to
cell cycle arrest and apoptotic pathway suppression.
Besides, malignant tumors gain metastasis and invasion
ability due to the up-regulation of the pro-metastasis
genes and pathways, such as Metalloproteinases
(MMPs), and down-regulation of anti-metastasis genes,
such as phosphatase and tensin homolog deleted on
chromosome ten (PTEN). Cancer cells are known to

www.ddtjournal.com
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have alterations in multiple cellular signaling pathways,
and because of the complex communications between
these signaling networks, cure of most human cancers
remains a great challenge (//). The multiple-target
regulating effect of resveratrol mentioned above is the
molecular basis for its anti-tumor potential.

The health threat brought by cancer is becoming
more severe. Cancer is the second leading cause of
death after cardiovascular disorders (//), and according
to World Health Organization (WHO), cancers figure
among the leading causes of morbidity and mortality
worldwide, with approximately 14 million new cases
and 8.2 million cancer related deaths in 2012. Among
various kinds of tumor types, the most common causes
of cancer death are cancers of: lung, liver, stomach,
colorectal, breast and esophageal cancer, and the
number of new cancer cases is expected to rise by about
70% over the next two decades.

In this situation, the use of natural compounds of
plants in preventing, suppressing or even curing the
initiation and progression of malignancy is gaining
attention rapidly. Not only because they can influence the
processes underlying all three stages of carcinogenesis
involving tumor initiation, promotion and progression
and suppress angiogenesis and metastasis through
regulating different molecular targets (/3), but also due to
their relatively low toxicity (/4) that are frequently found
in the therapy of surgery and chemotherapy. Resveratrol,
as one of the most studied dietary compounds, has been
demonstrated to interact with molecular targets affecting
(anti-) apoptosis (P53, Bax/Bcl-2, Survivin; Caspase-9,
8, 7, 3, PARP), cell cycle (P21, Cyclins, cdks), protein
kinases (MAPK, PI3K/AKT, JAK, Wnt), transcription
factors (NF-«kB, AP-1, Nrf-2), metastasis and invasion
(MMP-2, 7, 9, VEGF), and so on (/3). We discuss the
anti-tumor effect and molecular mechanisms (Figure 1)
of resveratrol against several cancers mentioned above
with the most cancer deaths and both in vitro and in
vivo studies (Table 1), advocating that resveratrol holds
enormous potential as an anti-tumor component.

2. Effects of resveratrol on cell proliferation and
apoptosis

Apoptosis is a cell death mechanism that may be
prompted by several molecular pathways, among
which the intrinsic and extrinsic (also known as "death
receptor pathway") pathways are the best known (/7).
As it is recognized that a genetically controlled program
governed commitment to and execution of apoptosis
in a wide range of multicellular organisms, research
in understanding the genes and biochemical events
responsible for the process of apoptosis have been
greatly enhanced (/6). The discovery of the apoptotic
program and the molecular pathways of it have led to
development of specific cell-death-targeting therapies,
which would allow the development of specific

approaches to influence cells by small molecular or
protein-based agents to target the apoptotic signaling
pathway (/5) to cure various related diseases including
tumors. Resveratrol, as previous studies revealed, is
generally a pro-apoptotic agent that could promote the
apoptosis process in series of cancers. Here, we separate
this part according to several different pathways
involved in resveratrol's pro-apoptotic effect.

2.1. Intrinsic pathway of apoptosis

The intrinsic pathway is also known as mitochondrial
pathway in which pro-apoptotic stimulus affects
molecular targets and finally results in an increase
of the release of free cytosolic cytochrome ¢, which
subsequently leads to apoptosome formation, caspase
sequence activation, cleavage of targeting proteins and
DNA fragmentation initiating and executing the process
of apoptosis (/6).

In the intrinsic pathway, Bcl-2 and Bax are of
great importance. Apoptosis regulator Bax promotes
apoptosis by binding to and antagonizing the Bcl-2
protein. The ratio of Bcl-2/Bax protein regulates the
sensitivity of cells to apoptosis: the higher this ratio
is, the less sensitive the cells are to apoptosis, and the
opposite statement is also correct. When stimulated
by the pro-apoptotic stimulus, the Bax protein could
directly or indirectly interact with and induce the
opening of the mitochondrial voltage-dependent anion
channel resulting in the release of cytochrome ¢ and
other pro-apoptotic factors to promote apoptosis (25).

In the MCF-7 breast cancer cell line treated with
10-5 M resveratrol, the reduction of the Bcl-2/Bax ratio
through enhancement of p53-dependent transcriptional
activity at least partially contributes to resveratrol's
pro-apoptotic activity in this research (/9). A similar
effect and mechanism could also be found in MCF-
7 and MDA-MB231 breast cancer cells treated with
resveratrol where the up-regulation of Bax and p21
resulted from the up- regulation of ASPP1 (apoptosis
stimulation protein of p53 1) (20). In the prostate cancer
cell line LNCaP, resveratrol (5, 10, and 25 pM) induced
apoptosis more strongly than other wine polyphenols
such as gallic acid, tannic acid and quercetin through
significant enhancement of caspase 3 and 7 activity
(21). It can be seen that the apoptosis of Caco-2
and HCT116 colon cancer cell lines was promoted
after treatment with resveratrol (23), accompanied
with a dose-dependent elevation of the expression
of pro-apoptotic proteins cleaved caspase 7, cleaved
caspase 9 and cleaved poly (ADP- ribose) polymerase
(PARP). The activation of caspase 9 and 7 are crucial
steps in apoptosis to induce the cleavage of PARP, a
marker of cell apoptosis, to be an early DNA damage
response. In other research also studied on these two
cell lines, increased Bax/Bcl-2 ratio was found (24),
suggesting the pro-apoptotic effect of resveratrol
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Figure 1. Anti-tumor effects and molecular mechanisms of resveratrol.

through influencing the intrinsic pathway. Treating
ASTC-a-1 cells of human lung adenocarcinoma
with 100 pM resveratrol (25) induced cell apoptosis
specifically by intrinsic pathway as proved by the
activation of caspase 3 and caspase 9 but not caspase 8
detected by fluorometric assay. A time-dependent loss
of mitochondrial membrane potential was detected in
combination with changes described above. Apoptosis-
inducing factor (AIF) translocation into the nucleus
was time-dependently elevated, and the knock down of
AIF diminished resveratrol induced apoptosis, showing
that in this research caspase 3 and 9 managed to induce
apoptosis via the activation of AIF.

In vivo studies are consistent with the results derived
from the in vitro studies. In an N-nitrosodiethylamine
(DEN) induced hepatocellular carcinoma (HCC) of male
Wistar rats (26), treatment with resveratrol either before
or after the formation of HCC (20 mg/kg body weight
for 15 days, from day 1 of DEN injection or the last two
weeks after DEN injection) resulted in a decrease of
a-fetoprotein and other known serum markers for HCC,
such as aminotransferases, phosphatases, gamma-GT,
and LDH. On the tissue level, H&E staining showed a

remarkable difference in the tissue architecture compared
to the untreated HCC model. Immunoblots showed that
resveratrol prompted PARP cleavage, cytochrome ¢
release, p53 expressioin and the conversion of procaspase
3 into active caspase 3 in HCC rat models. There was
also elevation of Bax expression and drop of Bcl-2
expression at both transcriptional and translational levels.
This research not only proved the equal effectiveness of
the administration of resveratrol at the early or advanced
stages of HCC, but also showed the relatively multilevel
effects of this treatment. In another study of resveratrol's
anti-cancer effect against HCC, the model was Sprague-
Dawley rats with a single injection of diethylnitrosamine
(DENA, 200 mg/kg) and subsequent promotion by
phenobarbital (0.05%), the pre-administration of
resveratrol (50, 100, 300 mg/kg body weight/day) dose-
dependently reduced the incidence, total number and
multiplicity of visible hepatocyte nodules (27). Mean
nodule volume and its percentage of liver volume
were also inhibited. Histopathological features were
ameliorated and immunohistochemical detection
revealed an increase of cell apoptosis. Bax expression
was up-regulated while Bcl-2 was down-regulated, and
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Table 1. Resveratrol against various types of cancer

Tumor types Cell lines Animal models Effects Related mechanisms Ref:
Breast MCEF-7, Apoptosist; P531; P211; Bax/Bcl-21; 19,20,38-40
cancer MDA-MB231; Cell cycle arrestt;
BT474;
4T1(BALB/C mouse model) Cell proliferation; Mitochondrial membrane potential |; 57,66,67,71
Cell invasion|; NF-«xB|;
Cell metastasis|; ERal;
EMT| MMP-9
Hepatocellular HepG2; Apoptosist; Intrinsic/extrinsic apoptosis pathway?; 18,26,27,
carcinoma Hep3B; Cell cycle arrestt; TIMP-1/21;
HA4IIE;
DENA-HCC model in SD rats Cell proliferation; MAPK|; 34-37,54,55,
Cell invasion|; NF-xB|; FOXO3A/; 59,64,80,81
Cell metastasis|; MMP-2/9;
Inflammation | Hsp70(; COX-2|
Colon HCT116; Apoptosist; Intrinsic/extrinsic apoptosis pathway1; 22-24,37,58,68,
cancer Caco-2; Autophagy?; P531; 79
HT-29; Cell cycle arrestt;
DLD-1;
SW480; Cell proliferation ; PI3K/AKT|; ERK1/2];
COLO201; Invasion|; Metastasis | ; Wnt/B-catenin | ;
Lovo Glucose consumption] MMP-7]
NO|; iNOS|
Prostate LNCaP; Apoptosis?; Intrinsic apoptosis pathway?1; 21,56,60,61,72
cancer C42B; Autophagy?; PTENT;
PC3; SIRT11;
DU145
Cell proliferation; p-AKT|(;
Invasion|; Metastasis | ; E-cadherin?
EMT| Androgen receptor (AR) |
Lung ASTC-a-1; Apoptosis?; TRAIL receptor1/27; 25,41,42,69,73
adenocarcinoma/  A549; Cell cycle arrestt; P531; P211;
NSCLC H460 Intrinsic apoptosis pathway?1;
Cell proliferation; NF-xB|; AP-1];
Invasion|; Metastasis | ; MMP-9|
EMT|
Gastric AGS; Cell cycle arrest?; P21, P167; 43,46
cancer BGC-823; Apoptosist; SIRT11;
SGC-7901 Senescence?;
Cell proliferation; Survivin|;
Invasion|; Metastasis| CyclinD1, CDK4,CDK6]
Esophageal EC109; Apoptosist; Intrinsic apoptosis pathway1; 47
cancer EC9706; Autophagy?; P531;
K562 Bax/Bcl-21
Cell proliferation ;

Invasion|; Metastasis |

they were demonstrated to be the mechanism of the anti-
tumor effect of resveratrol in this HCC model.

As a whole, resveratrol could induce apoptosis in a
variety of cancer types including HCC, breast cancer,
lung cancer, colon cancer and prostate cancer through
the intrinsic pathway of cell apoptosis, that is, some
sort of stimulus disrupts the mitochondria membrane
potential. This leads to the release of cytochrome ¢
activating the caspases, which result in a cleavage of
PARP and eventually, DNA fragmentation. Thus the
whole process of the intrinsic apoptosis pathway finally
causes cell apoptosis.

In order to improve the potency of resveratrol against

tumor proliferation, several analogs of resveratrol have
been synthesized. HS-1793, one of the analogs, showed
stronger antitumor activity than resveratrol (28). It acted
as a polyploidy inducer in prostate cancer LNCaP cells
at a dose at which resveratrol couldn't induce multi-
nucleation. During this process, caspase-3 degradation
was detected, indicating that HS-1793 reduced the
viability of LNCaP cells via the caspase-mediated
pathway. An increase of p53 expression level was also
detected in the polyploidy LNCaP cells. In a study about
the higher hydroxylated resveratrol analogs (HHRA) on
T cell leukemia Jurkat cells (29), the cytotoxic activity
of 3, 30, 4, 40-tetrahydroxy-trans-stilbene (M6), 3, 4,
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40, 5-tetrahydroxytrans-stilbene (M8) and 3, 30, 4, 40,
5, 50-hexahydroxy-trans-stilbene (M12) were compared
with that of resveratrol, with IC, values of 58.4 uM,
48.1 uM, 33.4 uM and 13.8 uM for Res, M6, M8,
M12, respectively. Analogs possessing ortho-hydroxyl
groups are stronger cytotoxic agents than compounds
without this structure. The cytotoxicity was associated
with the induction of oxidative stress in cancer cells. In
research about the synthetic cis-polymethoxystilbenes
(methylated analogs of cis-resveratrol) (30), they
inhibited the proliferation and motility of melanoma
cells with low micromolar specificity (IC5, < 10 pM) in
contrast with the fact that both frans- and cis-resveratrol
were ineffective at 10 uM. This effect was accompanied
by a decrease of B-tubulin, a marker of metastatic
melanoma cells. The increased anti-androgenic activity
brought by a methoxy group on the C-4' of resveratrol
and its analogs provided a more potent inhibition against
prostate cancer cell LNCaP proliferation (37). In earlier
studies about anti-androgen transcription, resveratrol was
used at a concentration of 50 uM or higher, whereas in
this study, the analogs were used at a concentration of
10 uM or less. Among them, 49-O-methylresveratrol (3,
5-dihydroxy-49-methoxystilbene) was the most effective
one. Its stronger inhibition on Akt phosphorylation,
which was related to androgen signaling was the
underlying mechanism.

As for the structure-activity relationship, some
studies were performed, demonstrating that the positions
and numbers of hydroxy and methoxy groups were
crucial for the inhibition effect of these components on
SW480 and HepG2 tumor cells (32). The presence of a
hydroxy group in a specific position and the presence
of an increased inhibitory effect brought by a methoxy
group were found in the analogs with an active tumor
inhibition effect. In addition, at least one phenolic group
was essential for the antitumor activity. These discoveries
provided clues for further synthesis and research about
resveratrol analogs against tumor cell proliferation.

2.2. Extrinsic pathway of apoptosis

The extrinsic pathway of apoptosis involves
transmembrane receptor-mediated interactions, which
are also called the TNF-induced (tumor necrosis
factor) model and the Fas-Fas ligand-mediated model,
both involving receptors of the TNF receptor (TNFR)
family coupled to extrinsic signals (33). Upon ligand
binding, cytoplasmic adapter proteins were recruited
and associated with procaspase-8 via dimerization of
the death effector domain, forming a death-inducing
signaling complex (DISC) and resulting in the auto-
catalytic activation of procaspase-8 (34). Downstream
of the extrinsic pathway are the caspase sequence,
separated as the initiator caspases, e.g. caspase 8, which
was mentioned above, and the effector caspases, such
as, caspase 3, 6, and 7. Effector caspases are activated

by the initiator caspases activated to conduct the cell
death program.

When H4IIE rat hepatoma cells are treated with 100
uM resveratrol for up to 24 h, activation of caspase 2
and 8/10 and consequently activation of caspase 3 were
seen. No alteration of caspase 9 was detected. DNA
fragmentation and formation of apoptotic nuclei were
detected which demonstrated the induction of apoptosis
by resveratrol in H4IIE cell line through the extrinsic
pathway (/8). In resveratrol treated colon cancer
cell line HT-29, a concentration of 150 uM induced
apoptosis in a time- dependent manner, and the activity
of caspase 8/caspase 3 was increased without alteration
of Bax or Bcl-2, which indicated that resveratrol
induced apoptosis may be mediated through the death
receptor pathway. The underlying mechanism is the
enhancement of autophagy induced by resveratrol via
increasing reactive oxygen species (ROS) production in
HT-29, which was proved by the reduction of caspase
8/caspase 3 levels when the blocking of autophagy via
3-MA is conducted (22). In research on the colon cancer
cell line of HCT116 and Caco2, resveratrol (100 pM)
significantly activated the extrinsic apoptotic markers,
caspase 3 and 8, with down-regulation of c-Myc and
leptin (24).

In summary, the extrinsic pathway of resveratrol
conducted on some cells express Fas or TNF receptors
and can lead to apoptosis via ligand binding and
protein cross-linking Finally, apoptosis is a coordinated
and often energy-dependent process that involves
the activation of a group of cysteine proteases called
"caspases" and a complex cascade of events that link
the initiating stimuli to the final demise of the cell (34).

2.3. Apoptosis led by cell cycle arrest: importance of p53
and p21

Tumor protein p53, also known as p53, is crucial in
multicellular organisms, where it regulates the cell cycle
and, thus, functions as a tumor suppressor, preventing
cancer. P53 has been described as "the guardian of the
genome" because of its role in conserving stability
by preventing genome mutation. It can activate DNA
repair proteins when DNA has sustained damage,
or initiate apoptosis — programmed cell death — if
DNA damage proves to be irreparable. Activated p53
binds DNA and activates expression of several genes
including microRNA miR-34a (35), WAF1/CIP1
encoding for p21, a member of cyclin-dependent kinase
inhibitor playing a crucial role in cell growth arrest (36),
and hundreds of other down-stream genes. P21 (WAF1)
binds to the G1-S/CDK (CDK1, CDK2 and CDK4/6)
complexes (responsible for the G1/S transition in
the cell cycle) inhibiting their activity. Many studies
demonstrated that the activation of p21 might be due to
a p53-dependent pathway (37) and p21 has been shown
to be essential for pS3-mediated G1/S boundary cell-

www.ddtjournal.com



6 Drug Discoveries & Therapeutics. 2015; 9(1):1-12.

cycle arrest and cellular senescence triggered by DNA
damage (38).

In HCC cell line HepG2 treated with 107 M
resveratrol, an up-regulation of endothelial nitric oxide
synthase (eNOS) transcription leads to the subsequent
activation of p53, causing a G1 and G2/M cell cycle
arrest that finally promoted the HepG2 cell apoptosis
(39). In this research, though not mentioned directly,
we can assume that the G1 phase arrest of cell cycle
was via the p21 activation induced by the activation
and elevation of p53 as the mechanisms described
previously. As for the cyclins that take control of cell
cycle progression, p53 is not the only factor to affect
them. For the HepG2 cells that were treated with 200
UM of resveratrol, a decrease in S phase associated
with a concomitant increase in G1 phase of cell
cycle distribution was found by flow cytometry (40).
Apoptosis was elevated and the survival pathways, such
as p38 MAPK, Akt and Pakl, were down-regulated
both in their expression and activity. This was found
to be the reason for the decrease of cyclin D1 either
by up-regulating p53 or directly influencing cyclin D1
expression and eventually inducing cell cycle arrest
and apoptosis, being the upstream regulators of p53
and cyclins. A similar result was also found in HepG2
cells treated with 10 or 20 pg/mL resveratrol for 24h
accompanied with an elevation of p21 expression
detected by ELISA (47), supporting our previous
suppositon. In HepG2 and HCT116 (colon cancer)
cells, resveratrol also caused p53 elevation and thus
increased apoptosis (42).

Some of the up and down-stream regulators of this
process have been revealed. In breast cancer cell line
MCF-7 and MDA-MB231, the elevation of ASPPI,
which was induced as the target gene of increased
E2F-1, might contribute to the up-regulation of p53
target genes Bax and p21, thereby sensitizing breast
cancer cells to resveratrol-induced apoptosis (20).
In an experiment treating MDA-MB231 cells with
resveratrol, the downstream p53-dependent pro-
apoptotic genes including p53, c-fos, c-jun, p21, PIG3,
and BAD induced by resveratrol were also confirmed
(43). Upstream of this molecular pathway was also
suggested to be resveratrol's binding to integrin avf33,
which caused subsequent activation of the ERK and/
or p38 kinase pathway to finally activate p53 (45). In
gastric cancer cells like SGC7901, resveratrol induced
survivin decrease could also lead to cell cycle arrest,
such as GO/G1 phase up-regulation and S, G2/M phase
distribution down-regulation (57).

As for the role of p53 as a transcription factor,
resveratrol could reduce the Bcl-2/Bax ratio through
regulating the Bcl-2 and Bax promoters by affecting
transcription factors p53 and NF-xB differently:
enhancing p53-dependent transcriptional activity and
reducing the NF-kB-dependent transcriptional activity
(19). In A549 non-small cell lung cancer (NSCLC) cells

treated with benzopyrene and/or resveratrol, resveratrol
down-regulated IKK and NF-kB, causing decrease in
the expression of cyclinD1, in which process the up-
regulation of p53 and p21 also contributed to it. This
finally resulted in G2/M cell cycle arrest and increase of
cell apoptosis (46).

Some experiments performed on tumor cells
revealed two new approaches for p53 and p21 in
inducing apoptosis: senescence and autophagy.
Resveratrol induced premature senescence was found
to be associated with increased expression of p53 and
p21 in NSCLC cells (47), suggesting that the activation
of the p53-p21 pathway may play an important role in
resveratrol induced senescence. The senescence was
also found to be related to the increase of NAPDH
oxidase-5 (NOX-5)-mediated ROS up-regulation,
from which we could suppose that it is the increase of
ROS induced p53 and p21 overexpression and resulted
in the latter effect: senescence. The inducement of
senescence by p21 was detected in the gastric cancer
cell AGS, too (48). Resveratrol inhibited cell viability
and clonogenic potential, as well as arrested cell
cycle in the G1 phase and led to senescence instead of
apoptosis. The underlying mechanisms of this effect
is the deregulation of the cell cycle and senescence
pathway molecularly, including cyclin D1, CDK4 and
6, p21 and pl6, since p21 and p16 signaling pathways
could participate in senescence progression mediated
by various kinds of stress as demonstrated by previous
studies (49,50). Treatment with resveratrol on the
esophageal squamous cell carcinoma cell line (52)
resulted in increase of autophagic response, marked
by significant elevation of LC3-II in autophagosomes,
up-regulation of multiple key autophagosome-
regulatory proteins, such as Beclin-1 and ATGS, and
the formation of acidic vesicular organelles (AVO),
which was consistent with the cell death effect of
resveratrol. This was induced through p53 regulation:
p53 target-damage-regulated autophagy modulator
(DRAM) may regulate autophagy by affecting the
fusion of autophagosomes and lysosomes as previously
described. This suggested another way of p53 to
control the cell apoptosis process.

There also exists some discussion about the dosage of
resveratrol leading to cell cycle arrest-related apoptosis.
In an experiment treating MDA-MB231 cells with
resveratrol, it was found that 10 uM of resveratrol could
reduce the percentage of proliferating cells to 33%, and
even at a concentration as low as 0.1 uM, resveratrol
could also induce more than a 50% decrease in cancer
cell numbers compared to control group, which was in
contrast to a previous study stating that the IC,, values
for inhibiting cell growth by resveratrol would be in the
range of 5 to 10 uM (43). In other research with 1C,,
of 60.5 uM to inhibit cell proliferation of MCF-7 cells
(44), when treated with 30 uM of resveratrol, cell cycle
showed a decrease of GO/G1 phase and G2/M phase
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accompanied with an increase in the S phase. When
elevating the dose up to 90 uM, there was a decrease
of S phase and an increase in G0/G1 phase distribution
compared with that of 30 uM, suggesting a biphasic
effect of resveratrol on this cell.

Some resveratrol analogs were found to have a
stronger growth inhibition effect than resveratrol by
inducing cell cycle arrest. Phoyunbene (PYB) (trans-3,
4'-dihydroxy-2', 3', 5-trimethoxystilbene) strongly
inhibited the growth of HepG2 cells with an IC;, of 37.1
UM compared with resveratrol (ICs,: 80.3uM) (48). The
inhibition effect was due to PYB's induction of G2/M
cell cycle arrest and apoptosis, which were associated
with its up-regulation of cyclinB1 and Bax, as well as
the down-regulation of Bcl-2. By the way, in a transwell
experiment, it was found that PYB inhibits the invasion
of HepG2 cells more strongly than resveratrol. These
results support the notion that structure modification of
resveratrol can increase its antitumor effects, though the
underlying mechanism was not elucidated.

2.4. Role of SIRTI in apoptosis

Mammalian ortholog of the yeast silent information
regulator 2 (SIRT1) is a NAD-dependent histone
deacetylase belonging to a multigene family of sirtuins
that contains 7 members with distinct and diverse
functions. SIRT1 can mediate cellular metabolism and
energy production through regulation of forkhead box
protein Ol (FOXOI) activity and insulin sensitivity
and modulate inflammatory responses through NF-xB
or cell growth through inhibition of mTOR activity.
Besides, SIRT1 can also protect cells from apoptosis in
response to genotoxic stress (54-58). In contrast, there
are some data which indicate that SIRT1 possesses
significant tumor suppressor activity. Increased
SIRT1 could delay some kinds of tumor progression
and protect the body or tissue from various diseases
including cancer, cardiovascular abnormalities and
metabolic syndrome-associated diseases as previous
studies indicated (59).

In glucose (2.8, 5.5, and 25 mM)-exposed HepG2
cells, resveratrol treatment (100 uM) suppressed cell
proliferation that could be induced by a high glucose
concentration of 25 mM (60). On the molecular level,
resveratrol induced the expression of SIRT1 that further
involved the effects of resveratrol on the suppression of
p-STAT3 and p-AKT as well as in the cell proliferation
of HepG2 under high glucose conditions. The down-
regulation of p-STAT3 and p-AKT caused decrease of
cyclinD1, VEGF and MMP-9 in this process. In Hep3B
cells stably expressing hepatitis B virus (HBV) treated
with resveratrol (100 uM), ectopic expression and
enhanced activity of SIRT1 were seen, which attenuated
JNK phosphorylation, a prerequisite for resistance to
oxidative stress-induced apoptosis (6/). On the other
hand, some research indicated that resveratrol might

not activate but inhibit SIRT1 signal in HepG2 cells.
The inhibition of SIRT1 increased p53 acetylation and
enhanced expression of p53 downstream target p21
and activation of caspase-3, finally resulting in the
increased S phase arrest of cell cycle and apoptosis.
The inhibitory effect of resveratrol on sirtuin 1,
which comes from the class III histone deacetylases
(HDAC:S), raised a question of how resveratrol affects
other HDAC classes. Research showed that resveratrol
functioned as a pan-HDAC inhibitor in HepG2 cells
and induced apoptosis.

In prostate cancer cell lines treated with resveratrol,
SIRT1 expression enhanced more in androgen-
independent prostate cancer cell lines (C42B, PC3,
and DU145) than in androgen-responsive (LNCaP)
or nontumorigenic prostate cells (RWPE-1), without
any significant effect on SIRT1 enzymatic activity
(62). Inhibition of SIRT1 using a shRNA promoted
cell proliferation and inhibited autophagy by down-
regulation of p-S6K and 4E-BP1. Resveratrol reversed
these effects suggesting that targeting the SIRT1/
S6K-mediated inhibition of autophagy represented an
effective strategy of prostate cancer prevention. In the
breast cancer cell line MCF-7, resveratrol, through
P38 MAPK phosphorylation, caused induction of
pS3 that recruited at the estrogen receptor o proximal
promoter to inhibit its expression both in mRNA level
and protein level (63). The detailed mechanisms were
as follows: a specific interaction of p53 and HDAC
was found and the latter one was phosphorylated. The
tripartite complex p53/Sin3A/HDACI together with
NF-Y was phosphorylated and enhanced and was
correlated with SP-1 and RNA polymerase II release,
resulting in the inhibition of cell transcriptional
activity including that of estrogen receptor a in breast
cancer. In this process, HDAC1 phosphorylation
could be critical for the formation of p53 and Sin3A-
HDACI1 complexes at the promoter site that involve
p53 binding. Also in colon cancer cell lines DLD-
1, SW480 and COLO201 treated with resveratrol,
SIRT1 was decreased via the elevated-miR-34a-
induced decrease of its downstream target gene E2F3,
accompanied by an inhibition of PI3K/Akt as the
upstream modulator of miR-34a (64). These resulted
in an induction of apoptosis in colon cancer cells. In
prostate cancer cell line DU145 and PC3M, resveratrol
inhibited the metastasis associated proteinl (MTAL1)/
HDAC unit that was indicated to be a negative
regulator of PTEN (67). Thus acetylated PTEN was
able to accumulate in the nucleus and rehabilitate
resulting in diminished p-Akt levels, which facilitated
inhibition of prostate cancer. The bilateral effect of
SIRT1, as a tumor promoter or a tumor suppressor,
need to be studied more to figure out the exact
mechanisms or prerequisites to determine which effect
SIRT1 performs, further supporting the anti-tumor
potential application in the future.
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2.5. Other molecular events inducing apoptosis

In the DENA-initiated hepatocarcinogenesis model
of SD rats, the decease of myosin light chain kinase
(MLCK) was found to be associated with the induction
of apoptosis by resveratrol (65), saying that MLCK
might be implicated in the formation of integrin-positive
adhesive structures. However, further studies are needed
to demonstrate how these kinases mediate integrin-
dependent functions. In prostate cancer cells PC3,
resveratrol-evoked cytosolic free Ca*" concentration
increases concentration-dependently by evoking
phospholipase C-independent Ca’* release from the
endoplasmic reticulum and Ca®* entry via protein kinase
C-regulated mechanisms (66). A low dose of resveratrol
(1-10 pM) caused Ca’* dependent cell proliferation,
while at higher concentration it caused cell death,
suggesting that in PC3 cells, resveratrol had a dual effect
on cell viability.

3. Effects of resveratrol on tumor metastasis and
invasion

3.1. Resveratrol affects the expression and activity of
MMPs

The invasion and metastasis of cancer cells involve
degradation of the environmental extracellular matrix
(ECM) and basement membrane. This process is
conducted through vatious proteolytic enzymes, such
as Matrix metallopeptidase (MMPs). Among these
enzymes, MMP-2 and MMP-9 are overexpressed in
various malignant tumors to modulate cell invasion and
metastasis (68). Both MMP-2 and MMP-9 enzymes are
activated and capable of degrading type IV collagen,
which is a major constituent of the basement membrane
to ease cell mobility. On the other hand, tissue inhibitor
metalloproteinase proteins (TIMPs) are a group of
proteins consisting of TIMP-1, -2, -3 and -4 acting as
natural MMP inhibitors (69). The effects of resveratrol
on these molecular targets are summarized.

When treated with resveratrol (0-50 pM), the
migration and invasion ability of phorbo-12-myristate
13-acetate (PMA)-treated HepG2 and Hep3B cell lines
of HCC were both reduced in a dose-dependent manner.
In HepG2 cells, the down-regulation of MMP-9 activity
and up-regulation of TIMP-1 protein expression were
found and in Hep3B cells, both the MMP-2 and MMP-9
activities were decreased accompanied with an increase
in the protein expression level of TIMP-2 (70). These
results suggested that resveratrol might exert anti-
invasive and anti-migratory ability against hepatoma
cells through regulation of MM-2, MMP-9, TIMP-
1 and TIMP-2 activity and expression. In the process
of regulating MMP-9, NF-kB was found to play an
important role. The TNF-treated HepG2 cells expressed
a high level of MMP-9, which was significantly

suppressed by resveratrol through down-regulation of
NF-«B expression resulting in downstream MMP-9
protein expression decrease and inhibition of invasion
ability of HepG2 cells (71).

In breast cancer cell line MDA-MB231, resveratrol
treatment (5 pM) inhibited the epidermal growth factor
(EGF)-induced elevation of cell migration as well as
expression of MMP-9. A subunit of the mammalian
mediator complex for transcription called MED2S,
the overexpression of which could increase migration,
was also reduced by resveratrol through the EGFR/
PI3K signaling pathway (72). The in vivo research of
breast cancer also confirmed the effect of inhibition of
MMP-9 in the anti-metastasis process. BALB/c mice
were injected with 4T1 cells with orally administered
various concentrations of resveratrol (0, 100, 200 mg/kg
body weight) (73). The numbers of pulmonary nodules
were significantly decreased with a decreased plasma
MMP-9 activity in response to the resveratrol treatment.
A similar result was found in colorectal cancer cells
LoVo and metastatic lung cancer cells A549 treated
with resveratrol, resulting in invasion and metastasis
inhibition (74,75). All together, resveratrol could inhibit
invasion and metastasis both in vitro and in vivo through
down-regulating the expression and activity of MMP-9.

3.2. Resveratrol affects EMT

Epithelial-to-mesenchymal transition (EMT) is thought
to be a pivotal event in the initial step of the metastatic
cascade allowing cells to acquire migratory, invasive
and stem cell-like properties (76). Resveratrol has a
significant effect on the process of EMT.

Resveratrol inhibits EGF induced EMT in breast
cancer cell line MCF-7 through repressing EGF
induced ERK activation (77), which resulted in the
failure of EGF altering cell morphology, motility
and EMT markers (Vimentin and N-cadherin) up-
regulation. Transcription factors (Slug, Zebl and
Zeb2) increased in EMT were also inhibited. Prostate
cancer cells PC3 and LNCaP also experienced an
EMT inhibition induced by resveratrol with a down-
regulation of glioma-associated oncogene homolog
1 (Glill), suggesting that the inhibition effect was
realized through the Hedgehog signaling pathway
(78). These provided a novel perspective on the role of
resveratrol in preventing cancer progression as an EMT
inhibitor. Experiments on the lung cancer cell line A549
also supported this conclusion (79).

Some studies suggested that we might not view the
MMPs expression and the EMT process as separated
parts. Over-expression of MMP-9 in A431-11I cells
might directly induce (or stimulate) EMT and the
transcriptional factor, Snail, could cooperatively
engage in this phenomenon as proved by using small
interference RNA and MMP inhibitors (70). The up-
regulation of MMP-2 and MMP-9 might initiate and
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maintain long-term EMT (80,81). Considering their
interactions and relationship, resveratrol's inhibition
effect of them could be placed as a more important
priority as an anti-cancer component.

4. Effects of resveratrol on inflammation

As previously mentioned, resveratrol has anti-
oxidation, and anti-inflammation effects. An expending
body of evidence suggests that inflammation-mediated
processes, including the production of cytokines,
chemokines, and reactive oxygen and nitrogen species
may contribute to malignant cell transformation (82,83).
A variety of studies have accumulated insights into
the role of inflammation and oxidation in initiation,
promotion and progression of cancers. In the process
of tumor promotion activity by inflammation,
components of the tumor microenvironment, such as
tumor cells, stromal cells and infiltrated inflammatory/
immune cells generate an inflammatory state through
proinflammatory expression and activation at an
abnormal level. Many proinflammatory mediators,
especially cytokines, and chemokines turn on the
angiogenic switches mainly controlled by vascular
endothelial growth factor, thus initiating inflammatory
angiogenesis. This ends up with tumor angiogenesis,
metastasis and invasion, upregulating the malignancy
level of tumors (82).

Resveratrol can inhibit the inflammation response
of colon cancer cell lines Caco-2 and SW480 induced
by lipopolysaccharide (LPS) via inhibition of the NF-
kB signaling pathway. Though the detailed mechanisms
still need to be studied, it can be supposed that
resveratrol inhibits NF-kB through a direct action on
the nuclear transcription factor via phosphorylation
inhibition, or by TLR-4 down-regulation (84).

The anti-inflammation effect of resveratrol was
supported by research in vivo as well. In the DENA
induced HCC model in SD rats, a 20-week administration
of resveratrol (50, 100, 300 mg/kg) was shown to inhibit
hepatocyte nodules in a dose-dependent manner (85)
through the down-regulation of HSP70 and COX-2
expression by attenuating the translocation of NF-kB
from the cytoplasm to the nucleus. In another study with
the same administered dose of resveratrol, it was also
found that the level and expression of hepatic TNF-a,
IL-1pB and IL-6 induced by DENA was reversed (86,87).
Thus resveratrol mediated an anti-tumor effect of rat
liver tumor via alteration of proinflammatory cytokines.

There was also research concerning resveratrol
analogs that showed more activity in inhibiting
inflammation. Polyhydroxy and polymethoxy substituted
analogs of resveratrol were synthesized and some
of them exhibited more potent anti-tumor and anti-
inflammatory effects, such as hexahydroxystilbene
(M8)'s down-regulating COX-2 and inducing apoptosis
with a much lower concentration than resveratrol (88).

A structure-activity study showed that increasing the
number of OH groups and their position on the phenol
ring could increase the ability of free radical scavenging,
and the orthosemiquinones formed during metabolism
or autoxidation enabled the analogs to have a stronger
cytotoxic effect.

5. Conclusions

The current evidence for anti-tumor effects of
resveratrol in certain types of cancers, including lung,
liver, stomach, colorectal, breast and esophageal cancer,
assessed with in vitro and in vivo research is reported.
Resveratrol exhibits the anti-tumor effect through
modulation of the apoptotic pathways, such as intrinsic
pathway, extrinsic pathway, cell cycle arrest pathway
and the pathways affecting SIRT, and also the pathways
regulating cell invasion and metastasis abilities. In
addition, the resveratrol anti-inflammatory effect is of
great significance in the inhibition of tumor initiation
and progression. The results obtained in the present
research, in which resveratrol was evaluated as an anti-
cancer natural component, are encouraging. However,
further study is needed to define the effectiveness of
resveratrol in the prevention and treatment of these
cancers. Pharmacokinetic studies of resveratrol have
revealed its poor bioavailability, which urge research
on resveratrol analogs that could improve the beneficial
effects. Research showed that proper structural change
of chemical groups, such as the OH group, might
increase the antitumor effect. These analogs have shown
enhanced ability of anti-proliferation, anti-invasion
and anti-inflammation. The anti-tumor effects of
resveratrol analogs and the studies about the structure-
activity relationship of them have brightened the future
of resveratrol's application in cancer therapeutics and
their transfer into clinical applications. Even if there are
still unknown facts and unsolved problems to be faced,
we can conclude that resveratrol holds promising anti-
tumor potential against various cancers and it deserves
further research and evaluation in the future.
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Summary

Oligonol is a phenolic product derived from lychee fruit extract containing catechin-type
monomers and oligomers of proanthocyanidins, produced by a manufacturing process
which converts polyphenol polymers into oligomers. These proanthocyanidins have been
reported to exhibit beneficial bioactivities in many studies, and so oligonol, a rich source of
polyphenol, is expected to show favorable effects on various chronic diseases. This article
summarizes recent work whether oligonol has an ameliorative effect on diabetic indices and
renal disorders associated with gluco-lipotoxicity-mediated oxidative stress, inflammation,
and apoptosis in db/db mice with diabetes. Oligonol was able to improve diabetic indices,
prevent the development of diabetic renal disease, and preserve renal cells and the renal
morphological structure via the attenuation of reduced nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase-induced oxidative stress, inhibition of advanced glycation
endproduct (AGE) generation, and prevention of apoptosis-induced cell death in db/db
mice, being independent of changes in the body weight or serum glucose levels. The present
study provides important evidence that oligonol exhibits a pleiotropic effect, representing
renoprotective effects against the development of diabetic complications in type 2 diabetic
db/db mice.

Keywords: Oligonol, type 2 diabetes, renoprotective effects

1. Introduction

The major biochemical alterations in diabetes are
hyperglycemia and dyslipidemia, leading to gluco- and
lipotoxicity, respectively, which directly or indirectly
account for diabetic complications in various organs
such as nonalcoholic fatty liver disease, chronic kidney
disease, pancreatic B-cell apoptosis, and diabetic
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Gofuku, Toyama 930-8555, Japan.

E-mail: yokozawa@inm.u-toyama.ac.jp

cardiomyopathy (/-4).

Hyperglycemia causes oxidative stress by two
mechanisms: firstly, by decreasing the regeneration of
the important cellular antioxidant, reduced glutathione
(GSH) from oxidized glutathione (GSSG), and, secondly,
by decreasing the availability of reduced nicotinamide
adenine dinucleotide phosphate (NADPH) (5).
Furthermore, hyperglycemia-induced reactive oxygen
species (ROS) stimulate the activation of protein kinase
C (PKC), formation of advanced glycation endproducts
(AGEs), and sorbitol accumulation. Also, an increase
in ROS leads to the activation of nuclear factor-kappa
B (NF-«B), and activated NF-kB can enhance the
expression of proinflammatory cytokines, chemokines,
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adhesion molecules, inflammatory receptors, and
inflammatory enzymes such as inducible nitric oxide
synthase (iNOS) and cyclooxygenase-2 (COX-2) (6-8).

Long-term hyperlipidemia, which is associated with
the abnormal expression of transcriptional factors such
as peroxisome proliferator-activated receptor (PPAR) a
or sterol regulatory element-binding protein (SREBP) in
the nucleus, increases non-esterified fatty acid (NEFA)
uptake and accumulations of triglycerides and cholesterol
in tissues such as the liver and kidney. In addition, critical
toxicity caused by dyslipidemia is due to oxidative
and carbonyl stress as a result of impaired antioxidant
defense systems and increased ROS generated by the
mitochondrial respiratory chain reaction, nonenzymatic
glycation, and glucose autoxidation (9-12).

There have been many studies to identify effective
therapeutic agents from natural sources for metabolic
disorders such as obesity, diabetes mellitus, and its
complications due to their absence of toxic and/or
side effects (/3). Currently, functional food and/or
dietary ingredients with health benefits are given much
attention due to the absence of adverse effects, abundant
production, and application to various commercial
products (/4). Polyphenol-rich foods, such as wine, tea,
coffee, and chocolate, have been receiving considerable
attention as dietary sources of antioxidants that are
valuable for human health. Polyphenols, including
catechins and their derivatives, resveratrol, and curcumin,
have attracted attention as functional foods with
various bioactivities, such as anticancer, antimutagenic,
antimicrobial, and antiviral activities (/5-17).

The lychee (Litchi chinensis, Sapindaceae) has been
consumed since ancient times in China and the southern
area of Southeast Asia. The lychee is rich in polyphenols;
Brat et al. (18) reported that its polyphenol content per
edible part is second only to strawberries. A particular
feature of lychee polyphenols is a phenolic product
containing catechin-type monomers and oligomers of

(Acidic
condition)

OH

Soluble and insoluble
polymers in fruits

HO Oy
: ;; “OR,

proanthocyanidins. Proanthocyanidins are structurally
characterized as polymers of catechin and have a high
molecular weight. However, their absorption in the
body is low when administered orally, and so their
in vivo activity is not as high as expected. Moreover,
proanthocyanidins with a high molecular weight are
practically insoluble in water and have an astringent taste,
binding to salivary proteins and mucous membranes
in the mouth (/9), and making them difficult to use in
the food industry. Tanaka et al. (20) were successful in
converting high-molecular-weight proanthocyanidin
into low-molecular-weight proanthocyanidin, which is
utilizable in the food industry. Therefore, in this review,
we summarize recent work on the effects of oligonol
on diabetic indices and renal disorders associated
with gluco-lipotoxicity-mediated oxidative stress,
inflammation, and apoptosis in db/db mice with diabetes.

2. Conversion to low-molecular-weight proanthocyanidin

For a prolonged period, a thiolysis method has been
used for the structural analysis of proanthocyanidin.
In this method, based on a nucleophilic reaction, a
compound possessing a thiol group binds to the end
unit of proanthocyanidin fragmented under acidic
conditions, and, accordingly, low-molecular-weight
proanthocyanidin is stably obtained. However, as
most compounds with a thiol group are not suitable
for consumption, their application to food products is
limited. Tanaka ef al. (20) developed a technique to
convert high-molecular-weight proanthocyanidins to
low-molecular-weight proanthocyanidins without using
thiol compounds, and have been successful in making
the technology practicable. This method involves
binding a compound possessing a phloroglucinol
ring structure (such as catechin) as a nucleophilic
compound to proanthocyanidin fragmented under
acidic conditions. As shown in Figure 1, catechin

Soluble oligomers

Tea catechins

Figure 1. A conceptual diagram showing the conversion of proanthocyanidin to a low molecular weight. Ref. (20).
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monomers are substituted at the C-4 position of
fragmented proanthocyanidins with a high molecular
weight and, as a consequence, low-molecular-weight
proanthocyanidins are stably generated.

3. Oligonol

Oligonol is produced by oligomerizing polyphenol
polymers derived from lychee fruit, as described
previously (217). Briefly, dried lychee fruits, one of the
richest sources of polyphenols, are extracted with 50%
(v/v) ethanol. The filtrate is evaporated and passed
through a DIAION HP-20 column, and eluted with
ethanol. The eluate is evaporated to dryness, yielding
a dark brown powder which contains a mixture of
proanthocyanidins. The lychee extract is mixed with
green tea extract, which provides an enriched source
of monomeric procyanidins, and citric acid in water.
The reaction mixture is heated at 60°C for 16 h, filtered
through a DIAION HP-20 column, washed with water,
and eluted with 40% (v/v) ethanol. Evaporation of
the eluate yields a reddish brown powder containing
the monomeric and oligomeric proanthocyanidin
mixture. Oligonol comprises a polyphenol mixture
of 15.3% monomers (including catechin) and 16.7%
dimers (including procyanidin and catechin), whereas
lychee fruit polyphenol comprises a mixture of 6.4%
monomers and 9.8% dimers (Table 1). Oligonol is
commercially available (Amino Up Chemical Co., Ltd.,
Sapporo, Japan). The safety of oligonol as a food or
dietary supplement and as a pharmaceutical additive
has already been confirmed (21,22).

4. Function of oligonol against diabetes-induced
renal damage in db/db mice

There is accumulating evidence that oligonol can exert
some biological effects in vitro and in vivo: anticancer

Table 1. Contents of oligonol and lychee fruit polyphenol

. Lychee fruit

Items Oligonol polyphenol
Monomers

(+)-Catechin/(-)-Epicatechin 6.9% 6.4%

(-)-Epicatechin gallate 1.4% n.d.

(-)-Epigallocatechin gallate 7.0% n.d.
Dimers

Procyanidin A1 6.2% 4.0%

Procyanidin A2 6.6% 3.3%

Procyanidin B1 0.4% 0.8%

Procyanidin B2 2.0% 1.7%

Catechin-epigallocatechin gallate 1.5% n.d.

Oligonol comprises a polyphenol mixture of 15.3% monomers
((+)-catechin, (-)-epicatechin, (-)-epicatechin gallate, and
(-)-epigallocatechin gallate) and 16.7% dimers (procyanidin Al, A2,
B1, B2, and catechin-epigallocatechin gallate), while lychee fruit
polyphenol comprises a mixture of 6.4% monomers and 9.8% dimers.
Ref (31).

(23) as well as antioxidant and anti-inflammatory effects
(24), beneficial activity for nitric oxide bioavailability
(25), and a regulatory effect on lipid metabolism (26,27).
Indeed, dietary feeding with proanthocyanidins,
which comprise oligonol, has been reported to induce
a significant attenuation of tissue fat levels, without
changing the total body mass of the animals compared
with non-proanthocyanidin-fed animals (28). Thus,
many beneficial physiological activities of oligonol
have been reported, and this review was focused that
oligonol has ameliorative effects on the kidney in type
2 diabetes.

Diabetic kidney damage is one of the most serious
complications of diabetes mellitus and has been the
most common cause of end-stage renal failure among
patients undergoing chronic hemodialysis therapy
since 1998 (29). Therefore, we proposed the effects of
oligonol on diabetic indices and renal damage in type 2
diabetic db/db mice, as reported previously (30,31).

4.1. Diabetic indices and renal histological examination

To investigate the effect of oligonol, db/db mice were
used. The spontaneous mutant strain C57BLKS/
J db/db mice have a db gene mutation, a splicing
mutation caused by a point mutation in the downstream
intron of the leptin receptor gene, and so they are
unresponsive to leptin. Leptin is a peptide hormone
secreted by adipocytes, and it is involved in eating
behavior and energy homeostasis. For this reason,
after birth, homozygous type 2 diabetic (db/db) mice
show unrepressed eating behavior, become obese,
and develop severe insulin resistance associated with
hyperinsulinemia and hyperglycemia (32). In this
study, db/db mice showed diabetic characteristics,
such as excessive body weight gain, increased food
and water intakes, hyperglycemia, hyperinsulinemia,
and hyperleptinemia, compared with homozygous
control (m/m) mice. However, oligonol administration
did not affect the body weight gain or serum glucose
and leptin concentrations in spite of elevated serum
insulin. In oligonol-administered db/db mice, the
cause of increased insulin secretion is unclear and
may be related to preservation of the pancreatic 3-cell
function by oligonol treatment. In addition, there were
significant reductions in the serum lipid concentration
(triglycerides, total cholesterol, and NEFA), ROS, and
lipid peroxidation, as well as improvements in renal
function parameters such as serum urea nitrogen and
creatinine. Serum adiponectin concentrations were
significantly higher in the oligonol-treated than in
the vehicle db/db group, as shown in Table 2. Low
adiponectin levels are associated with insulin resistance
in type 2 diabetic patients and experimental animals
(33). Unfortunately, we cannot measure the insulin
sensitivity regarding the influence on target tissues
such as muscle and fat. In addition to biofactors such
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Table 2. Hematological analyses

db/db

m/m
Items Veh o10 020
Glucose (mg/dL) 153 + 12%** 594 +29 571 +61 668 + 41
Insulin (ng/mL) 0.17 £ 0.08"** 1.77+0.18 1.71£0.22 2.86 +0.32**
Leptin (ng/mL) 3.0 £ 0.4 19.8+0.3 19.5+£0.2 193+0.4
Urea nitrogen (mg/dL) 31.5+£2.9* 444+24 404+2.4 28.6 £ 1.7%**
Creatinine (mg/dL) 0.23 +£0.02* 0.35+0.04 0.37+0.04 0.26 £ 0.02*
Triglyceride (mg/dL) 76 £ 6*** 220+ 18 197 +30 161 +20*
Total cholesterol (mg/dL) 76 £ 4% 157 +13 139+38 124 £ 7%
NEFA (mEq/L) 0.74 +£0.10** 1.41 +0.08 1.18 £0.13 1.10 £ 0.09*
Adiponectin (ng/mL) 6.12 £ 0.62*** 2424023 2.93 +0.20* 3.12£0.12%
ROS (fluorescence/min/mL) 171 £27* 321 +42 214 +24* 145 +24**
TBARS (nmol/mL) 5.7+0.2"* 149+1.3 13.4+1.1 7.1 +£0.3%

Values are mean + S.E.M. Significance: * p <0.05, ** p <0.01, *** p <0.001 vs. vehicle-treated db/db group. m/m, vehicle-treated m/m mice (n = 6);
db/db-Veh, vehicle-treated db/db mice (n = 10); db/db-010, oligonol 10 mg/kg body weight-treated db/db mice (n = 10); db/db-020, oligonol 20

mg/kg body weight-treated db/db mice (n = 10). Ref. (30).

Figure 2. H/E staining of renal tissue. Vehicle-treated m/m mice (A), vehicle-treated db/db mice (B), oligonol 10 mg/kg body
weight-treated db/db mice (C), oligonol 20 mg/kg body weight-treated db/db mice (D). Images are at 200x magnification. Ref. (31).

as the lipid profile and oxidative stress, kidney damage
was controlled under type 2 diabetic conditions with
oligonol administration. Figure 2 shows representative
microphotographs of renal hematoxylin and eosin (H/E)
staining. When compared with m/m mice (Figure 2A),
the marked glomerular enlargement observed in db/
db mice (Figure 2B) was clearly improved on oligonol
treatment (Figures 2C and 2D). These results indicate
that oligonol protects against renal injury induced in
type 2 diabetic db/db mice.

To investigate the effects of oligonol on renal
damage induced by hyperglycemia and abnormal
lipid synthesis, the influence of hyperglycemia and
hyperlipidemia in the kidneys of db/db mice was also
examined. The renal contents of triglycerides and
total cholesterol were significantly decreased by the
administration of oligonol. These results indicate that
the biological activities of oligonol in the serum of db/
db mice are associated with lipid metabolism, such as
synthesis or deposition for energy production.

Lipid homeostasis is regulated by a family of
membrane-bound transcription factors called SREBPs.
Up-regulations of SREBP-1 and SREBP-2 were
reported in leptin-resistant mice such as ob/ob and
FVB®* mice (34,35). In our study, the increase in
renal SREBP-1 and SREBP-2 in db/db mice was down-
regulated by the administration of oligonol. This was
probably related to the inhibition of renal triglyceride
and total cholesterol accumulation. Furthermore, PPARs,

with three isoforms (a, d, and 7y), are also involved in
the long-term regulation of lipid metabolism, and their
activity is modulated by endogenous lipid-derived
ligands. When PPARa is activated, it promotes fatty
acid oxidation, ketone body synthesis, and glucose-
sparing (36) and ameliorates diabetes, insulin resistance,
albuminuria, glomerular hypertrophy, and mesangial
expansion in db/db mice (37). The decreased renal
PPARa level in db/db mice was significantly increased
on oligonol administration. These results clarify the
effect of oligonol on regulations of both PPARa and
SREBP protein expressions.

4.2. Oligonol attenuates diabetes-induced renal damage
triggered by ROS-related pathway

Hyperglycemia and elevated NEFA levels result in
the generation of ROS, and, consequently, increase
oxidative stress. ROS not only directly damage cells
by oxidizing DNA, proteins, and lipids, but also
indirectly damage them by activating a variety of
stress-sensitive intracellular signaling pathways such
as NF-«xB, p38 mitogen-activated protein kinase
(MAPK), NH,-terminal Jun kinase/stress-activated
protein kinase, hexosamines, PKC, and AGE/receptor
for AGE (RAGE). Activation of these pathways
results in the increased expression of numerous gene
products that cause cellular damage and play a major
role in the etiology of later-stage complications of
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Table 3. Biomarkers associated with oxidative stress in the kidney

db/db

Items m/m

Veh 010 020
ROS (fluorescence/min/mg protein) 1057 + 94** 3069 + 327 1970 + 282* 764 + 1127
TBARS (nmol/mg protein) 1.11 £ 0.05** 1.51+£0.07 1.37+0.05 1.18 +£0.09*
GSH (umol/mg protein) 3.02+£0.18 2.95+0.09 3.23+0.33 3.08+0.17
GSSG (umol/mg protein) 1.40 +0.03** 1.63 +£0.04 1.47 +£0.05* 1.52+0.06
GSH/GSSG ratio 2.17+£0.13* 1.80 + 0.04 2.19+£0.18 2.05+£0.15

Values are mean + S.E.M. Significance: * p < 0.05, ** p < 0.01, *** p < 0.001 vs. vehicle-treated db/db group. m/m, vehicle-treated m/m mice (n = 6);
db/db-Veh, vehicle-treated db/db mice (n = 10); db/db-010, oligonol 10 mg/kg body weight-treated db/db mice (n = 10); db/db-020, oligonol 20

mg/kg body weight-treated db/db mice (n = 10). Ref. (30).

diabetes (38). Thus, the up-regulation of endogenous
antioxidative systems and suppression of oxidative
stress are important factors ameliorating diabetes and
its complications.

We investigated ROS generation and lipid
peroxidation, as biomarkers associated with oxidative
stress, and also measured GSH and GSSG as indicators
of an endogenous antioxidative system. Lipid
peroxidation leads to oxidant production from many
molecules, and, thus, amplifies oxidative damage (39).
Our results showed that the level of ROS generation and
that of lipid peroxidation in the serum and kidney were
increased in db/db mice, which suggests that these mice
show increased oxidative damage due to an elevation
of ROS generation induced by hyperglycemia and
hyperlipidemia. However, oligonol treatment exerted
antioxidant activity, promoting decreased serum ROS
and 2-thiobarbituric acid-reactive substance (TBARS)
levels with corresponding effects on renal tissue in
db/db mice (Tables 2 and 3). Regarding GSH/GSSG
ratios, the db/db vehicle group showed a significant
reduction compared with the m/m group, which resulted
from the marked increase in the GSSG concentration
in the kidney. However, oligonol treatment did not
significantly alter the renal GSH level and GSH/GSSG
ratio (Table 3). This suggests that the administration of
oligonol would ameliorate oxidative stress under type
2 diabetes through the inhibition of ROS generation
and lipid peroxidation, and, thus, it would result in the
improvement of renal disorders caused by oxidative
stress.

Many researchers have demonstrated that catechin
and its derivatives exhibited a favorable antioxidative
effect and attenuated oxidative stress under diverse,
chronic, degenerative conditions (40). Furthermore,
there is increasing evidence of the potential benefits
of polyphenols containing catechin in the regulation
of cellular processes such as redox control and the
inflammatory response based on established animal
models and clinical studies (47,42). Recently, our
studies have shown that epigallocatechin gallate
ameliorates glucose toxicity and renal injury, thereby
alleviating renal damage caused by abnormal glucose
metabolism-associated oxidative stress in diabetic
nephropathy (43). Since oligonol contained catechin-
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Figure 3. Renal p22”"* (A) and Nox-4 (B) protein
expressions. Values are mean + S.E.M. Significance: * p < 0.05,
*p<0.01, ** p <0.001 vs. vehicle-treated db/db group. m/m,
vehicle-treated m/m mice (n = 6); db/db-Veh, vehicle-treated
db/db mice (n = 10); db/db-010, oligonol 10 mg/kg body
weight-treated db/db mice (n = 10); db/db-020, oligonol 20
mg/kg body weight-treated db/db mice (n = 10). Ref. (31).

based oligomers, we assumed that it could attenuate
oxidative stress induced by chronic hyperglycemia and/
or direct NADPH oxidase-dependent ROS generation
in type 2 diabetes. In the kidney cortex of db/db mice,
protein expressions of NADPH oxidase-4 (Nox-4)
(NADPH oxidase homologs) and p22°"/p47"" (subunit
of NADPH oxidase) were increased, and Nox-4 was
a major source of renal ROS through the p38 MAPK-
dependent pathway (44). Our study demonstrated that
oligonol decreased the renal ROS concentration as well
as down-regulated the expression of NADPH oxidase,
as shown in Table 3 and Figure 3. These results suggest
that the attenuation of oxidative stress in renal tissue
by oligonol is associated with the reduction of NADPH
oxidase activity.

4.3. Oligonol acts as a regulator of diabetes-induced
renal damage through an AGE-related pathway

AGEs are elevated under chronic hyperglycemia and
excessive glucose uptake in tissues, and, furthermore,
their formation can be accelerated by increased
oxidative stress (45). Some polyphenols, including
green tea catechins and epicatechins, chlorogenic acids,
quercetin, and naringenin, could inhibit the absorption
of glucose from the intestine via the inhibition of
sodium-dependent glucose transporter (SGLT) 1 and
SGLT?2 (46). Glucose transporter isoform 2 (GLUT2)-
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mediated glucose transport was inhibited by apigenin,
quercetin, myricetin, and tea catechins (47,48).
Polyphenol also shows a wide range of target tissue
and is distributed in various organs, including the liver
and kidney. Our study shows that the increased glucose
concentration in the kidney of db/db mice is decreased
by oligonol treatment. Thus, the decreased renal
glucose concentration may be due to SGLT1, SGLT2,
and GLUT?2 inhibition.

AGEs are complex compounds formed via a
nonenzymatic reaction between reducing sugars and
amine residues on proteins, lipids, or nucleic acids
(49). The intracellular production and accumulation of
AGEs are closely linked to diabetic complications such
as neuropathy, retinopathy, and nephropathy (50,57).
Especially, there is a strong correlation between AGE
accumulation and the duration and degree of severity
of diabetic kidney disease (52). AGEs can interact with
certain receptors, such as RAGE, to induce intracellular
signaling, which leads to enhanced oxidative stress and
the production of key proinflammatory and prosclerotic
cytokines. Recently, attention has been focused on
the essential roles of AGEs, that is, AGEs alter the
structure and function of matrix tissue proteins,
and AGE-modified proteins stimulate a variety of
cellular responses via a specific cell surface receptor,
resulting in the expression and activation of pathogenic
mediators, e.g., the extracellular matrix, oxidative
stress, cytokines, and growth factors, implicated in
the development and stimulation of diabetic renal
diseases (53). We evaluated the protein expressions
of AGEs and receptors, such as pentosidine, N°-
(carboxymethyl)arginine (CMA), glycolaldehyde
(GA)-pyridine, N°-(carboxymethyl)lysine (CML),
N°-(carboxyethyl)lysine (CEL), and RAGE, in the
kidney. These products are not only derived from
intermediates of glucose metabolism and metabolites
of glycolysis, but also serve as general bio-markers
of oxidative stress resulting from carbohydrate and
lipid oxidation reactions (54). Pentosidine, a cross-link
between arginine and lysine, is a well-characterized
AGE (55). Recently, serum pentosidine concentrations
were shown to be closely associated with peripheral
arterial disease in type 2 diabetes mellitus patients
(56). Odani et al. (57) suggested that CMA was a new
marker of diabetic complications, and that its serum
concentration was increased in diabetic patients with
non-renal failure compared with a healthy control
group. CMA production increased in parallel with
the incubation time, and its yield was greater than
that of pentosidine (58). GA was formed either as a
fragmentation product in the Maillard reaction or as
a result of the myeloperoxidase-hydrogen peroxide-
chloride reaction (59,60). GA-pyridine, a specific GA-
derived AGE, has been described in foam cells and
in the extracellular matrix of human atherosclerotic
fibrotic lesions, and also reported to show mesangial

accumulation in human renal disease (6/7). The
hydroxy-amino acid L-serine is oxidized and converted
to reactive carbonyl compounds, such as GA which is
highly reactive with proteins, leading to the formation
of CML (60). Taking the above-mentioned studies
together, AGE formation, accumulation, and interaction
with RAGE were increased and aggravated under the
diabetic condition, consistent with our findings such
as the up-regulated expression of these proteins in the
kidney of type 2 diabetic mice. However, oligonol
administration effectively down-regulated AGE-related
protein expressions (RAGE, CMA, GA-pyridine, CML,
and CEL) (Figure 4). These results suggest that the
inhibitory activity of oligonol on AGE formation and its
receptor expressions shows clinical potential, including
its delay of AGE-related disorder development in
diabetes. The reno-protective effects of oligonol
against diabetes were not attributable to improved renal
glycemic adjustment alone, but also likely reflected
its antioxidant activity. The combined antioxidant
and reduction of the glycation reaction by oligonol
should be particularly advantageous and perhaps even
synergistic in preventing renal injury and other diabetic
complications.

4.4. Oligonol attenuates diabetes-induced renal damage
by ROS-sensitive pathway of inflammation and apoptosis

A possible pathway of ROS-associated apoptosis was
suggested by the observation that increased oxidative
stress activates c-Jun N-terminal kinase (JNK) and p38
MAPK through apoptosis signal-regulating kinase 1
(62). INK activation has been suggested to be involved
in the regulation of tumor necrosis factor-a. (TNF-a)-
induced c-Jun kinase and apoptosis (63). Otherwise,
the suppression of JNK and p38 MAPK mediated anti-
apoptotic signaling (64). We evaluated the expression
of pro-apoptotic cellular signal-related protein in
diabetic renal tissues. The renal protein expressions of
INK, phosphor-JNK (p-JNK), c-Jun, and TNF-o were
augmented in the diabetic db/db mice compared with
normal m/m mice. These up-regulated proteins were
markedly down-regulated by oligonol treatment, as
reported previously (37). This indicates that the down-
regulation of TNF-a or oxidative stress-mediated JNK
signaling affected the renal apoptotic response.
Therefore, we subsequently examined renal
apoptosis-related protein expression in the kidney of
db/db mice with oligonol administration. Podocyte
loss caused by detachment or apoptosis will lead to
a decrease in the density of podocytes. Reduction of
the podocyte density is an important determinant of
progressive diabetic nephropathy and precedes the
development of renal dysfunction and albuminuria
in diabetic patients and animal models of diabetes
mellitus (65). The marked increase in podocyte
apoptosis observed during the early stage of diabetes
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Figure 4. Renal RAGE (A), pentosidine (B), CMA (C), GA-pyridine (D), CML (E), and CEL (F) protein expressions.

Values are mean + S.E.M. Significance: * p < 0.05, ** p

< 0.01 vs. vehicle-treated db/db group. m/m, vehicle-treated m/m mice (n

= 0); db/db-Veh, vehicle-treated db/db mice (n = 10); db/db-O10, oligonol 10 mg/kg body weight-treated db/db mice (n = 10); db/
db-020, oligonol 20 mg/kg body weight-treated db/db mice (n = 10). Ref. (31).

in db/db mice is mediated to a large extent by the
activation of NADPH oxidase and its contribution to
the generation of ROS (65). Our results support the
idea that the decrease in NADPH oxidase expression
affected the proapoptotic protein expression. Oligonol
administration led to a significant increase in Bcl-2
and survivin and reduction of Bax, cytochrome ¢, and
caspase-3 protein in the renal tissue of db/db mice, as
shown in a previously report (3/). These data suggest
that the attenuation of diabetic renal apoptosis is
influenced by decreased NADPH oxidase-dependent
oxidative stress and/or JNK-related signaling.

Under type 2 diabetes, the redox-sensitive
intracellular signaling pathway is altered. In particular,
one major intracellular target of hyperglycemia and
oxidative stress is the transcription factor NF-kB. NF-
kB can be activated by a wide array of exogenous
and endogenous stimuli, including hyperglycemia,
elevated NEFA, ROS, TNF-a, interleukin-1f, other
proinflammatory cytokines, AGE-binding RAGE,
and p38 MAPK. The activation of NF-«B induces the
inflammation-related proteins COX-2 and iNOS, and
the subsequent production of prostaglandin and nitric
oxide (NO), respectively. NO reacts very rapidly with
superoxide to form peroxynitrite and other NO-derived
oxidants capable of damaging DNA and proteins (66).
There is a vicious cycle involving NF-«B, oxidative
stress, and inflammation under the diabetic condition.
Therefore, the inhibition of NF-«B transcription plays
a central role in regulating the pathophysiology of
diabetic complications. Elevated protein expressions of

NF-kBp65 and iNOS in the liver of db/db mice were
markedly down-regulated by oligonol administration
(31). Oligonol administration could adjust inflammation
through the inhibition of the NF-«kB pathway.

5. Conclusion

Oligonol, which is now available commercially as a
new dietary ingredient, is an optimized phenolic product
derived from lychee fruit polyphenols containing
catechin-type monomers and low-molecular-weight
oligomers (2/). Based on recent studies, there is
accumulating evidence that oligonol can induce some
physiological and biochemical alterations in vitro and in
vivo, such as the induction of apoptosis in cancer cells
(23), antioxidant and anti-inflammatory effects in mice
(24), and beneficial subjective effects on the feeling
of fatigue in young athletes (67). Moreover, the oral
administration of oligonol improves the regulation of
genes for adipokines in white adipose tissue of mice on
administering a high-fat diet (26). The dietary feeding of
proanthocyanidins, which comprise oligonol, has been
reported to induce the significant attenuation of tissue fat
levels, without changing the total body mass of animals
compared with non-proanthocyanidin-fed animals
(28). In this review, we summarize our recent work:
oligonol was able to improve diabetic indices, prevent
the development of diabetic renal disease, and preserve
renal cells and the renal morphological structure via
the attenuation of NADPH oxidase-induced oxidative
stress, inhibition of AGE generation, and prevention
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Figure 5. Predicted mechanism in renal tissues on administering oligonol against oxidative stress, AGE formation, and
apoptosis. Oligonol attenuated glucose and lipid accumulation, the regulation of transcription factors for lipid metabolism, and
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survivin), and apoptotic protein expressions (JNK, p-JNK, AP-1, Bax, cytochrome ¢, and caspase-3 proteins).

of apoptosis-induced cell death in db/db mice, being
independent of changes in the body weight or serum
glucose levels (Figure 5). Accordingly, oligonol may be
a promising dietary supplement for the prevention or
delaying of diabetic renal complications. With respect to
the current research, more clinical studies are needed on
the management of hyperglycemia and inflammation in
both healthy subjects and metabolic syndrome patients
and its pharmaceutical kinetics in order to develop
therapeutic agents.
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Summary

Ginseng, Panax ginseng (C. A. Mey.), is a well-known Chinese traditional medicine in
the Far East and has gained popularity in the West during the last decade. There is
extensive literature on the chemical constituents and bioactivities of ginseng. In this paper
we compiled the chemical constituents isolated and detected from ginseng including
polysaccharides, ginsenosides, peptides, polyacetylenic alcohols, fatty acids, ezc. Meanwhile
we summarized the biological activities of ginseng, which have been reported over the
past few decades, including: anti-aging activity, anti-diabetic activity, immunoregulatory
activity, anti-cancer activity, neuroregulation activity, wound and ulcer healing activity,
etc. Nevertheless, further studies to exploit other kinds of constituents and new biological
activities of ginseng are still necessary to facilitate research and development in the future.

Keywords: Panax ginseng (C. A. Mey.), chemical constituents, biological activities

1. Introduction

Ginseng, the roots and rhizomes of Panax ginseng C.
A. Mey. (Araliaceae), is widely distributed in northeast
China, the Korean peninsula, and Russia. According to
different processing technology, it is divided into three
categories, including fresh ginseng, white ginseng, and
red ginseng. Ginseng has always been a valuable and
important folk medicine for more than 2000 years in the
East Asian countries, such as China, Korea, and Japan.
Recently, along with the popularization of traditional
Chinese herbs as dictary supplement in Western
countries, Panax ginseng has been used more and more
in North America and Europe as well as other parts of the
world. Until now, a large amount of literature has been
reported on the chemical constituents and bioactivities
of ginseng. As listed in the literature, active constituents
found in ginseng mainly include polysaccharides,
ginsenosides, peptides, polyacetylenic alcohols, fatty
acids and so on. In addition, pharmacological effects
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Dr. Dongliang Wang, National Engineering Technology
Research Center of Glue of Traditional Medicine, Shandong
Dong-E-E-Jiao Co. Ltd, Dong'e 252201, Shandong, China.
E-mail: wangdljp@126.com

of ginseng have been demonstrated in cancer, diabetes
mellitus, cardiovascular system, immune system, central
nervous system, and so on (/-3).

In this review, we compile the major active
components isolated from the three main kinds of
ginseng over the past few decades. The biological
activities of the crude extract and its constituents are also
discussed.

2. Chemical constituents

Several classes of compounds have been isolated from
Ginseng, including polysaccharides, ginsenoside,
peptides, and ligans, efc. Some of their names, 1-85, are
collected in Table 1, and some of their structures, 1-85,
are shown in Figure 1. As can be seen, ginsenosides are
the predominant active constituents of ginseng.

2.1. Polysaccharides

Polysaccharides are the most abundant components of
ginseng. It has been reported that the polysaccharide
content in ginseng is nearly 40% (by weight). This class
of compounds was first isolated and documented in
1966 (4). The more biologically active carbohydrates
in ginseng are acidic polysaccharides, known as ginsan,
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which have the typical structure of pectin (35,6). In 2012,
several water-soluble ginseng oligosaccharides with
a degree of polymerization ranging from 2 to 10 were
obtained from a warm-water extract of ginseng roots,
among them, a-Glcp-(1-6)-a-Glcp, a-Glcp-(1-6)-a-
Glep-(1-4)-a-Glep, a-Glep-(1-6)-a-Glep-(1-6)-a-Glep-
(1-4)-a-Glep, and another six malto-oligosaccharides
(i.e., maltopentaose, maltohexaose, maltoheptaose,

Table 1. Chemical constituents of Panax ginseng C. A. Mey.

maltooctaose, maltononaose, maltodecaose) were
detected (7).

2.2. Ginsenosides
Ginsenosides, known as saponins, are considered to be

the major bioactive constituents of ginseng. The first
saponin isolated from ginseng could be traced back to

No. Name R, R, Reference
Protopanaxadiol ginsenosides

1 20S-ginsengoside Ra, -gle(2-1)gle -gle(6-1) ara(p) (4-1) xyl 11,12

2 20S-ginsengoside Ra, -gle(2-1)gle -gle(6-1) ara(f) (2-1) xyl 11,12

3 20S8-ginsengoside Ra; -gle(2-1)gle -gle(6-1) gle(3-1) xyl 13

4 20S-ginsengoside Ra, -gle(2-1)gle(6) Bu -gle(6-1) ara(p) (4-1) xyl 14

5 20S-ginsengoside Ra; -gle(2-1)gle(6) Ac -gle(6-1) ara(p) (4-1) xyl 14

6 20S8-ginsengoside Ra, -gle(2-1)gle(6) Bu -gle(6-1) gle 14

7 20S-ginsengoside Ra, -gle(2-1)gle(6) Bu -gle(6-1) ara(p) 14

8 20S-ginsengoside Rag -gle(2-1)gle(4) Bu -gle(6-1) ara(f) 14

9 20S8-ginsengoside Ra, -gle(2-1)gle(6)Bu -gle(6-1) ara(f) 14

10 20S-ginsengoside Rb, -gle(2-1)gle -gle(6-1) gle 12,15,16
11 20S-ginsengoside Rb, -gle(2-1)gle -gle(6-1) ara(p) 12,15,16
12 20S8-ginsengoside Rb, -gle(2-1)gle -gle(6-1) xyl 12,17

13 20S-ginsengoside Rc -gle(2-1)gle -gle(6-1) ara(f) 12,1516
14 20S-ginsengoside Rd -gle(2-1)gle -glc 12,1516
15 20S-ginsengoside Rg; -gle(2-1)gle -H 12,16,18
16 20R-ginsengoside Rg; -gle(2-1)gle -H 16

17 20R-ginsengoside Rh, -glc -H 19

18 20S-ginsengoside Rh, -glc -H 16

19 20S-ginsengoside Rs, -gle(2-1)gle(6) Ac -gle(6-1) ara(p) 12,14

20 20S-ginsengoside Rs, -gle(2-1)gle(6) Ac -gle(6-1) ara(f) 12,14

21 20S8-ginsengoside Rs; -gle(2-1)gle(6) Ac -gle(6-1) ara(f) 20

22 malonyl-20S-ginsengosideRa; -gle(2-1)gle(6) mal -gle(6-1) ara(3-1)xyl 21

23 malonyl-20S-ginsengosideRb, -gle(2-1)gle(6) mal -gle(6-1) gle 14,22

24 malonyl-20S-ginsengosideRb, -gle(2-1)gle(6) mal -gle(6-1) ara(p) 22

25 malonyl-20S-ginsengosideRc -gle(2-1)gle(6) mal -gle(6-1) ara(f) 22

26 malonyl-20S-ginsengosideRd -gle(2-1)gle(6) mal -glc 22

27 malonyl-20S-notoginsengosideR, -gle(2-1)gle(6) mal -gle(6-1) gle(6-1) xyl 23

28 20S-gypenosideXVII -gle -gle(6-1) gle 14

29 20S-notoginsenoside-Fe -glc -gle(6-1) ara(f) 24

30 20S-notoginsenoside R, -gle(2-1)gle -gle(6-1) gle(6-1) xyl 13,25

31 20S-pseudo-ginsenoside R, -gle(2-1)gle(6) Ac -gle 14

32 20S-quinquenoside R, -gle(2-1)gle(6) Ac -gle(6-1) gle 12,14

33 20S-vinaginsenoside R ¢ -gle(2-1)xyl -gle 14
Protopanaxatriol ginsenosides

34 20S8-ginsenoside Re -gle(2-1) rha -gle 12,16,26
35 20S-ginsenoside Re, -gle -gle(3-1) gle 27

36 20S-ginsenoside Re, -gle(3-1) gle -glc 27

37 20S-ginsenoside Re; -glc -glc(4-1) gle 27

38 20S-ginsenoside Re, -gle -gle(6-1) ara(f) 27

39 20S-ginsenoside Re, -glc -glc(6) Bu 27

40 20S-ginsenoside Rf -gle(2-1) gle -H 12,16,26
41 20S-ginsenoside Rg, -gle -gle 12,16,18,28
42 20S-ginsenoside Rg, -gle(2-1) rha -H 12,16,26
43 20R-ginsenoside Rg, -glc(2-1) rha -H 12,16,25
44 20-gluco-20S-ginsenoside Rf -gle(2-1) gle -gle 12,17

45 20S-ginsenoside Rh, -gle -H 16,18

46 20R-ginsenoside Rh, -glc -H 16

47 20S-koryoginsenoside R, -gle(6-1) Bu -gle 18,24,27
48 20S-notoginsenoside N -gle(4-1) gle -glc 27

49 20S-notoginsenoside R, -gle(2-1) xyl -gle 12,18,27
50 20S-notoginsenoside R, -gle(2-1) xyl -H 25,27

51 20S-yesanchinoside D -glc(6)Ac -glc 27
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Table 1 (continued). Chemical constituents of Panax ginseng C. A. Mey.

No. Name R, R, Reference
Protopanaxadiol and Protopanaxatriol ginsenosides with modified side chain

52 Ginsenjilinol I-2-1 -gle(2-1) gle -H 24

53 ginsenoside F, [-2-2 -gle(2-1) rha - 29,30
54 ginsenoside Re; 1-2-3 -gle(2-1) gle -H 27

55 ginsenoside Rf, 1-2-4 -glc(2-1) rha - 31

56 ginsenoside Rg; I-1-1 -gle(2-1) gle - 30,32,33
57 ginsenoside Rg, 1-2-5 -glc(2-1) rha - 30,34
58 ginsenoside Rh, 1-2-6 -glc - 30,35,36
59 ginsenoside Rk, I-1-2 -gle(2-1) gle -H 30,36
60 ginsenoside Rk, I-1-3 -glc -H 36

61 ginsenoside Rk, 1-2-7 -H -Ogle 30,36
62 ginsenoside Rs, I-1-4 -gle(2-1) gle(6)Ac - 30,37
63 ginsenoside Rs; I-1-5 -gle(2-1) gle(6)Ac -H 30,37
64 ginsenoside Rs; 1-2-8 -glc(6)Ac - 37

65 ginsenoside Rs;, 1-2-9 -H -gle(6)Ac 38

66 koryoginsenosideR, I-1-6 -gle(2-1) gle -gle(6-1)gle 18
Oleanane ginsenosides

67 ginsenoside Ro 1I-1 -glcUA(2-1)gle -gle 12,15
68 ginsenoside Ri 1I-1 -H -ara(f) 38

69 ginsenoside Romethyl ester 1I-1 -(6'-Me)glcUA(2-1)gle -gle 39

70 polyacetyleneginsenoside-Ro  1I-1 -(6'-PAE)glcUA(2-1)glc -gle 39
Alkaloids

71 N,-formylharman 40,41
72 ethyl B-carboline 40,41
73 perlolyrine 40, 41
74 1-carbobutoxy-p-carboline 42,43
75 1-carbomethoxy-f3-carboline 42,43
Glucosides

76 isomaltol-a-D-glucopyranoside 44, 45
71 ketopropyl-a-D-glucopyranoside 44, 45
78 adenosine 44, 45
Phenolic acids

79 maltol (3-hydroxy-2-methyl-4-pyrone) 46

80 salicylic acid 47

81 vanillic acid 47

82 p-hydroxycinnamic acid 47
Others

83 thiazole 43

84 gomisin N 48

85 gomisin A 48

1854 (3). Later, the chemical structures of several ginseng
saponins were characterized in the 1960s (8). Saponin
components are a type of triterpenoidal dammarane
glycosides, named ginsengosides Rx according to
their mobility on TLC plates, with polarity decreasing
from "a" to "h" (9). According to the positioning of
sugar moieties at carbon -3 and -6, ginsenosides can be
divided into protopanaxadiol type (protopanaxadiol type,
I-1 type) and protopanaxatriol type (protopanaxatriol
type, I-2 type); since the I-1 and I-2-type chiral carbon
C-20 position substituted poor isobutyl, and is further
divided into 20 (S) and 20 (R). To date, more than 70
ginsenosides, 1-70, have been isolated from the three
main kinds of ginseng, among them, ginsenosides Rb,
Rb,, Rec, Rd, Rgl, Rg,, and Re are major constituents of
white and red ginsengs, while ginsenosides Rg,, Rg,, and

Rg, are known to be unique constituents of red ginseng
(10). Names of the compounds and their corresponding
reference are compiled in Table 1, and structures of 1-70
are shown in Figure 1.

2.3. Alkaloids

In 1986, three B-carboline alkaloids were isolated
from the root of ginseng by Han ef al. for the first time
(40,41). In the following year, two other B-carboline
alkaloids were reported by Jong et al. (42,43). Their
structures, 71-75, are shown in Figure 1.

2.4. Glucosides

Based on spectral and chemical evidence, three
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Figure 1. The structure of chemical constituents of Panax ginseng C. A. Mey. (to continue)

glycosides isolated from red ginseng were characterized 2.5. Phenolic acid
as isomaltol-a-D-glucopyranoside (76), ketopropyl-a-D
-glucopyranoside (77) and adenosine (78). However,

these compounds are not found in white ginseng (44,45).

In 1979, maltol (3-hydroxy-2-methyl-4-pyrone) (79)
was isolated from ginseng (46). In 1981, another three
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Figure 1 (continued). The structure of chemical constituents of Panax ginseng C. A. Mey.

phenolic acids were obtained from the ether-soluble
acidic fraction of fresh ginseng, and they were identified
by chemical and spectrometric methods to be salicylic
acid (80), vanillic acid (81), and p-hydroxycinnamic
acid (82) (47).

2.6. Others

Besides all the constituents listed above, in 1988, a
thiazole (83) was isolated by Jong ef al. (43). In 1990,
two lingans were isolated from Korean red ginseng and
their chemical structures were elucidated as gomisin N
(84) and gomisin A (85) by spectrometric analysis (48).

3. Biological activities
3.1. Anti-aging activity

Ginseng, as a well-known traditional medicine and
tonic, has been used for a panacea or promoting
longevity. Abundant evidence suggested that oxidative
stress plays a central role in the process of biological
aging (49). Excessive oxidative stress leads to cell

death and mitochondrial dysfunction (50). Some
research indicated that ginseng extracts had been shown
to improve learning and memory in normal, aged or
brain-damaged animals (5/,52). In 1981, Han et al.
identified that salicylic acid (80) and vanillic acid (81)
had potent antioxidant activity in the liver of ethanol-
intoxicated mice, whereas p-hydroxycinnamic acid (82)
did not have the effect (47). In 1991, Bernhard et al.
reported that ginseng extract could enhance the age-
dependency of learning ability in the passive avoidance
test in female rats (53). In 1996, it was found that
maltol (79) was an antioxidant with little prooxidant
activity by comparing it with some antioxidant phenolic
compounds (54). It has been reported that several
ginsenosides have the function of ameliorating impaired
memory function. For example, ginsenosides Rb, (10)
and Rg, (41) have been shown to accelerate memory
acquisition of rats on a Y-maze task and they also
enhanced the cognitive function of mice in a Morris
water maze (55). Yamaguchi ef al. have also reported
that Rg, (41) improved the scopolamine-induced
impaired performance of rats in a radial-arm maze. Rb,
(10) and its metabolite M, were reported to improve
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memory disorders, axonal atrophy, and synaptic loss in
a mouse model of Alzheimers disease (AD) that was
induced by an i.c.v, injection of Ay,s 35, (56). In 2005,
Bao et al. indicated that ginsenosides Rg;(S) (15) Rg;
(56) and Rk, (59) significantly reversed the memory
dysfunction induced by ethanol or scopolamine, and
their neuroprotective actions against excitotoxicity may
be attributed to their memory enhancing effects (57).

3.2. Anti-diabetic activity

In 1990, ginseng had been reported to improve glucose
homeostasis and insulin sensitivity (58). In 2001,
Chung et al. reported that oral administration of ginseng
root to diabetic KKAy mice for 4 weeks reduced blood
glucose levels similar to that of an insulin sensitizer
(59). Rb, (11) was found to be the most effective
component of ginsenosides for streptozatocin-diabetic
rats (60). In 2004, it was reported that wild ginseng
ethanol extract could prevent type 2 diabetes mellitus
and possibly obesity in IRC mice through improving
the insulin resistance index and decreasing white and
brown adipocytes diameters (6/). In 2011, Lee et al.
reported that Rb, might inhibit palmitate-induced
gluconeogenesis via AMP-activated protein kinase
(AMPK)-induced small heterodimer partner (SHP) by
relieving estrogen receptor (ER) stress (62,63).

3.3. Immunoregulatory activity

Ginseng has been used for more than 2000 years in
oriental countries to enhance stamina and immune
function. In 1994, the antigenicity of the aqueous extract
of red ginseng (ARG) was evaluated in guinea pigs, the
results suggested that ARG has no antigenicity but it
was confirmed not to suppress immune reactions (64).
Ginsan, a polysaccharide isolated from ginseng, had
been shown to be a potent immunomodulator, producing
several cytokines (tumor necrosis factor-a (TNF-a),
interleukin-1p (IL-1p), interleukin-2 (IL-2), interleukin-6
(IL-6), interleukin-12 (IL-12), interferon-y (IFN-v),
granulocyte-macrophage colony-stimulating factor (GM-
CSF)) and stimulating lymphoid cells to proliferate (635).
In 2004, the mechanism of the immunomodulator activity
of ginsan was investigated, and the results showed that
ginsan at a dose of 100 mg/kg could cause marked
elevation (1.7-2 fold) of heme oxygenase (HO) activity,
decrease total hepatic cytochrome P-450 (CYP450)
levels (by 20-34%), and prolong zoxazolamine-induced
paralysis time (by 65-70%), and did not seem to cause
hepatic injury, since serum aspartate aminotransferase
(AST), alanineaminotransferase (ALT), and alkaline
phosphatase (ALP) activities and levels of total
bilirubin and albumin were not changed (66). In 2005,
ginsan was found to improve y radiation-induced
immunosuppression through inducing mRNA expression
of Thl and Th2 type cytokines, and restoring mRNA

expression of INF-y and Thl cytokines (67). In 2008, it
was reported that red ginseng acidic polysaccharide and
pidotimod had synergistic immunostimulating activity
against cyclophosphamide-induced immunosuppression
through stimulating splenic T cell and B cell proliferation
and increasing the nitric oxide from peritoneal
macrophages and natural killer cell (NK cell) activity
(68). In 2013, Wang et al. demonstrated that ginseng
acidic polysaccharide had potential therapeutic effects for
chronic fatigue syndrome by enhancing malondialdehyde
and lactate dehydrogenase levels in serum and lowering
superoxide dismutase and glutathione peroxidase in mice
in vivo (69).

3.4. Anti-cancer activity

Ginseng has been shown to have powerful anticancer
properties. Saponin and non-saponin compounds from
ginseng roots were reported to show cytotoxic activities
against various kinds of cancer cell lines in culture,
such as L1210, L5187Y, Hela cells, Sarcoma 180 cells,
A549, SK-OV-3, SK-Mel-2, P388, and K562 et al.
(70). In 1991, Kikuchi et al. reported that ginsenoside
Rh, (17/18) inhibited human ovarian cancer growth in
a nude mice model (77). In 2002, Lee et al. reported
that ginsenoside Rb, (10), Rc (13) and Re (34) could
act as a weak phytoestrogen in MCF-7 human breast
cancer cells by binding and activating the estrogen
receptors at both the mRNA and protein levels (72,73).
In 2004, it was found that ginsenoside Rg; (15/16) and
Rh, (17/18)-induced cell detachment and inhibition of
the proliferation of prostate cancer cells and might be
associated with modulation of three modules of MAP
kinases (extracellular signal-regulated kinase, p38
mitogen-activated protein kinase, and c-Jun N-terminal
kinase). Furthermore, the increase of LogP and
decrease of C-6 steric hindrance, which were caused by
deglycosylation by intestinal bacteria could increase anti-
androgen-independent prostate cancer activity (74,75). In
2005, compound K, ginsenoside metabolite, was found
to inhibit the growth of human monocytic leukemia
cells U937 through up-regulating of p2/ and activating
Jun N-terminal kinase in the G1 phase (76). Rg; (15/16)
was discovered to inhibit tumor cell proliferation and
induce cell apoptosis in mice with induced liver cancer
(77). In 2009, Fishbein et al. suggested a potential for
red ginseng as an adjuvant therapy in the treatment of
colorectal cancer, via a synergistic action (78). In 2011,
Rk, (59) was found to induce apoptosis in SK-MEL-2
human melanoma in vitro through up-regulation of Fas,
FasL, and Bax protein expression and down-regulation
of procaspase-8, procaspase-3, mutant p53 and bcl-2
protein expression (79).

3.5. Neuroregulation activity

In 1985, Kim et al. elucidated that supplement of the
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saponin fraction of ginseng could increase the amount
of norepinephrine and dopamine (DA) in mouse brain.
In 1997, it was reported that ginseng total saponin
(GTS) could modulate the methamphetamine-induced
striatal dopaminergic neuronal systems by inhibiting
methamphetamine-induced DA increase (80). In 1998,
Kim et al. reported GTS can modulate dopaminergic
activity at both presynaptic and postsynaptic dopamine
receptors (87). Furthermore, it was found that GTS
might be useful in the prevention and therapy of the
behavioral side effects induced by psychotropic agents
by attenuating the morphine-induced cAMP signaling
pathway (82). In 2004, ginsenoside Rh, (17/18) and
compound K were found to improve ischemic brain
injury (83). In 2008, ginsenosides Rb, (10), Rb, (11),
Rc (13), Rd (14), Re (34), Rf (40) and Rg, (41) were
found to regulate nociceptive processing induced by pro-
inflammatory cytokines (TNF-a, IL-10, and IFN-y) (84).
In 2009, it was reported that red ginseng extract could
modulate nerve growth factors (NGF) expression in the
steroid-induced polycystic ovary (POC) rat model by
decreasing ovarian concentrations of NGF protein and
NGF mRNA (85).

3.6. Lipid-regulating and antithrombotic activities

It was found that ginseng saponin, one of major
component of Panax ginseng had influence on lipid
metabolism. Saponin stimulated the absorption,
metabolism and transport of lipids (86). It had
been also reported that ginseng saponin decreased
plasma cholesterol and triglyceride levels and
inhibited aortic atheroma formation in animals with
hypercholesterolemia caused by long administration of
high cholesterol or feeding on a diet containing high
cholesterol (86). In 1984, it was reported that red ginseng
saponin showed no significant change of high-density
lipoproteincholesterol-cholesterol (HDL-cholesterol)
level but it lowered plasma levels of total cholesterol
and highly elevated those of triglyceride in Wistar male
rats fed on a diet high in cholesterol and triglyceride
(86). In 2006, it was identified that Rg; (15/16) might
be effective in metabolic syndrome (MetSyn) by
comparing the anti-MetSyn effect of vinegar-processed
ginseng radix and non-processed ginseng radix in a high
fat diet induced MetSyn ICR mouse model (87). In the
same year, it was reported that red ginseng had a potent
antithrombotic effect in vivo, which may be due to
antiplatelet rather than anticoagulation activity, and its
intake may be beneficial to individuals with high risk of
thrombotic and cardiovascular diseases (88).

3.7. Wound and ulcer healing activity
In 2002, it was reported that ginsenoside Rb, (11) could

enhance epidermal cell proliferation by upregulating
the expression of proliferation- related factors (89).

In 2006, Shin et al. reported that ginsenoside Rh,
metabolized from ginsenoside Rs (56) could improve
chronic dermatitis or psoriasis by the regulation of IL-
1B, TNF-a and IFN-y produced by macrophage cells
and Th cells (90). In 2003, Rb, (10) was found to
exhibit an anti-ulcer effect through increasing mucus
secretion (91,92).

3.8. Other activities

In 1986, Lee et al. reported that ginseng saponin could
interact directly with Na™-K'-ATPase before disruption
of membrane barriers of sarcolemmal vesicles,
however, it decreased the number of phosphorylation
sites (93). In 1996, it was reported that GTS could
modulate various cellular activities by inhibiting gap
junction channel reconstitution (94). In 2001, Ginseng
saponin had been reported to induce IP;-mediated Ca”"
release from ERs for the activation of Ca’'-activated
ClI- channel in Xenopus oocytes (95,96). Furthermore, it
was found that CaM could modulate ginseng saponin-
mediated Ca*"-activated CI" channel activation (97). In
2003, Rc (13) was found to enhance /;,;, in oocytes
expressing human GABA,, receptor in Xenopus oocytes
(98). In 2006, it was reported that tissue culture root
of wild Panax ginseng had feasibility as a therapeutic
agent for spermatogenic disorders (99).

4. Conclusions

Panax ginseng (C. A. Mey.) has been used as traditional
Chinese medicine for more than two thousand years.
More than a hundred compounds were isolated from
the root of ginseng, and a majority of them were
ginsenosides, which showed a broad range of biological
activities. Nevertheless, further studies to exploit other
kinds of constituents and new biological activities of
ginseng are still necessary to facilitate research and
development in the future.
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Summary

The search for new antibiotics or antifungal agents is crucial for the chemotherapies of
infectious diseases. The limited resource of soil bacteria makes it difficult to discover such
new drug candidate. We, therefore, focused on another bacterial resource than soil bacteria,
the microbial flora of insect species. In the present study, we isolated 40 strains of bacteria
and fungi from the mycangia of three species of stag beetle, Dorcus hopei binodulosus, Dorcus
rectus, and Dorcus titanus pilifer. We identified those species with their ribosomal DNA
sequences, and revealed that Klebsiella spp. are the most frequent symbiont in the stag beetle
mycangia. We examined whether these microorganisms produce antibiotics against a Gram-
negative bacterium, Escherichia coli, a Gram-positive bacterium, Staphylococcus aureus,
or a fungus, Cryptococcus neoformans. Culture supernatants from 33, 29, or 18 strains
showed antimicrobial activity against E. coli, S. aureus, or C. neoformans, respectively. These
findings suggest that bacteria present in the mycangia of stag beetles are useful resources for
screening novel antibiotics.

Keywords: Antimicrobial agents, Indigenous microorganisms, Dorcus species

1. Introduction

The discovery of antibiotics has greatly contributed
to the treatment of infectious diseases. Due to the
emergence of methicillin-resistant Staphylococcus
aureus and multi-drug resistant Pseudomonas, however,
further discovery of antibiotics with novel structures
or novel molecular actions is crucial (/). Furthermore,
even fewer antifungal agents are available than
antibacterial agents and only four lineages of polyenes,
azoles, candins, and flucytosines are in clinical use.
The search for new antifungal agents is therefore
also needed. Soil bacteria are a source for producing
antibiotics, but the discovery rate of antibiotics
from soil bacteria has decreased over the years (2).
Therefore, we continue to search for new microbial
sources of novel antibiotics.

Various species of microorganisms are present in
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all living organisms. Insect species are various and
comprise two-thirds of all animal species, but their
indigenous microorganisms as a source of antibiotics
have not been fully investigated. Thus, the indigenous
microorganisms of insects are promising biologic
resources. Raising various species of stag beetles is
a popular hobby in Japan and techniques for their
maintenance are well established (3), making stag-
beetles a promising biological resource. Female stag
beetles have a microbe-storage organ, named the
mycangium, that contains xylose-fermenting yeasts
closely related to Pichia spp. (4). Stag beetle larvae eat
xylose-rich rotting wood, and the utilization of xylose
by Pichia yeast is essential for the stag beetle larvae,
because stag beetles cannot directly utilize xylose
(4). The Pichia yeast in the mycangium are thought
to be attached to the surface of the eggs, enabling
vertical transmission from adult to larvae (4). In Musca
domestica, bacteria on the surfaces of the fly eggs
facilitate fly larvae growth by inhibiting the growth
of pathogenic fungi (5). Based on these findings, we
hypothesized that microorganisms other than Pichia
yeast exist in the mycangia of stag beetles, where they
produce antibiotics that inhibit the growth of pathogenic
microorganisms. In the present study we have revealed
the presence of bacteria in the mycangia of stag beetles,
and that they produce antimicrobial substances.
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2. Materials and Methods
2.1. Animals

Captive bred adults of Dorcus hopei binodulosus
were purchased from a breeder and bred. The larvae
were raised using a mycelium bottle (TSUKIYONO
KINOKOEN Ltd., Gunnma, Japan, http://www.
tsukiyono.co.jp) and the emerged females (n = 7) were
used for the study. A wild female Dorcus titanus pilifer
was collected from a dry riverbed at the Suzuka River
in the Mie prefecture in Japan in 2009, and its offspring
larvae were raised using mycelium bottles. Adult
females (n = 5) in the second generation were used for
the study. Dorcus rectus larvae were collected from
decayed woods in a dry riverbed at the Suzuka River
in the Mie prefecture in Japan in 2011. The larvae were
raised to adults and the females (n = 5) were used for
the study.

2.2. Isolation of microorganisms from mycangia

The stag beetle mycangia were excised according to the
method described by Tanahashi ef al. (4). The tissues
were dissected in saline using sterile scissors and the
samples were spread onto 1.5% agar plates of potato
nutrient broth (PNB; 24 g potato dextrose broth, 8 g
nutrient broth, 1 L water). The plates were incubated
at 23°C for at least 1 d. The developing colonies
were distinguished by their morphologies and then
aerobically cultured in liquid PNB for 5 d at 23°C.

2.3. Extraction of genomic DNA

Microbial cells in 2 ml of liquid culture were collected
by centrifugation at 204,00xg for 5 min. The cells were
lysed by vigorous vortex in lysis buffer (5 mM Tris-
HCI [pHS8.0], 0.5 mM ethylenediaminetetraacetic acid
(EDTA), 50 mM NaCl, 1% Triton-X 100, 0.5% sodium
dodecyl sulfate, 100 mg/mL glass beads, 50% buffered
phenol). The samples were centrifuged at 204,00xg for
5 min and each aqueous supernatant was mixed with 1
volume of 2-propanol and 0.1 volume of 3M sodium
acetate. The samples were then centrifuged at 204,00xg
for 10 min and the precipitates were washed with 70%
EtOH. The precipitated DNA samples were dried and
dissolved in Tris-EDTA buffer (10 mM Tris-HCI [pH
8.0], 1 mM EDTA).

2.4. Identification of microbial species

DNA fragments containing 16S rDNA were amplified
by PCR using oligonucleotide primers (Table 1) and
genomic DNAs was used as the template according
to a previous method (4). The PCR reaction mixture
was incubated at 94°C for 2 min and then for 30 cycles
(94°C, 15 s; 55 °C, 30 s; 68°C 2 min). When the DNA

fragments were not amplified, another amplification
for eukaryotic 18S rDNA was performed according to
a previous method (6). Each amplified DNA fragment
was sequenced and similar sequences were searched
using NCBI BLAST (http://blast.ncbi.nlm.nih.gov/
Blast.cgi). The rDNA sequences have been deposited
in GenBank (accession numbers; AB862496 to
AB862537).

2.5. Measurement of antimicrobial activity

S. aureus RN4220, E. coli IM109, and C. neoformans
H99 were cultured in Luria-Bertani broth, tryptic soy
broth, and potato dextrose broth, respectively. The
overnight cultures were diluted 5000 times with PNB
and poured into microplates. Two-fold serial dilutions
of the culture supernatants of the microorganisms
isolated from the mycangia were filtered using 0.22-um
polyvinylidene difluoride membranes and poured into
the microplates. The plates were incubated overnight
at 37°C and the growth of S. aureus, E. coli, or C.
neoformans was examined.

Table 1. Primers used in this study

Taget Name of primer  Sequence

16SDNA Ul CCAGCAGCCGCGGTAATACG
U2 ATCGGCTACCTTGTTACGACTTC
9F GAGTTTGATCCTGGCTCAG
1541R AAGGAGGTGATCCAGCC
U515F GTGCCAGCMGCCGCGGTAA
EI54IR AAGGAGGTGATCCANCCRCA
U1510R GGTTACCTTGTTACGACTT

18S rDNA 1TS4 TCCTCCGCTTATTGATATGC
1TSS GGAAGTAAAAGTCGTAACAAGG
LS1 AGTACCCGCTGAACTTAAG
NL4 GGTCCGTGTTTCAAGACGG

2.5%

Pectobacterium carotovarum

Enterchactariscoa 2.5%

bacterium SL1_M7 Raoultella omithinolytica
2.5%

Kluyvera cryocrescens

2.5%
Caphalotheca fomrara—\

Lactococ

7.5%
Escherichia colf

10%
Citrobacter spp.

Figure 1. Microbial species isolated from stag beetle
mycangia. Proportions of 40 microbial strains isolated from
stag beetle mycangia are presented. Numbers in graph represent
percentages against whole strains.
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3. Results

3.1. Identification of microbial species from the mycangia
of Dorcus hopei binodulosus, Dorcus rectus, and Dorcus
titanus pilifer

Myecangia of female Dorcus hopei binodulosus, Dorcus
rectus, and Dorcus titanus pilifer were excised and
their suspensions were scattered in saline. The samples
were spread on PNB agar plates and incubated at 23°C.

The appeared colonies were distinguished by their
morphologies, cultured in liquid PNB, and then their
genomic DNA was extracted. DNA fragments containing
16S rDNA or 18S rDNA were amplified by PCR and
sequenced. The most frequent bacterial species was
Klebsiella sp. and the second most frequent species was
Serratia marcescens (Figure 1). Other species were in
the genuses of Enterobacter, Escherichia, Lactococcus,
Citrobacter, Kluyvera, Raoultella, Pectobacterium,
or Scheffersomyces (Table 2). Scheffersomyces is a

Table 2. Antimicrobial activities in the culture supernatants of microbes isolated from stag beetle mycangia

Growth inhibitory activity®

Strain ID Source' Microbial species Similarity” (%)
E. coli S aureus C. neoformans

DCBM1 Dorcus hopei binodulosus ~ Klebsiella oxytoca 100 - - 2
DCBM2 Dorcus hopei binodulosus ~ Serratia marcescens 99 - 4 4
DCBM3 Dorcus hopei binodulosus  Scheffersomyces stipitis 99 - - -
DCBM4 Dorcus hopei binodulosus  Citrobacter koseri 100 >8 >8 -
DCBMS5 Dorcus hopei binodulosus — Scheffersomyces stipitis 100 - - -
DCBM6 Dorcus hopei binodulosus  Serratia marcescens 100 - 2 4
DCBM7 Dorcus hopei binodulosus — Enterobacteriaceae bacterium SL1_M7 99 4 2 -
DCBMS Dorcus hopei binodulosus  Serratia marcescens 100 8 2 -
DCBM9 Dorcus hopei binodulosus ~ Enterobacter aerogenes 99 2 2 -
DCBMI10  Dorcus hopei binodulosus ~ Cephalotheca foveolata 99 2 2 -
DCBMI11  Dorcus hopei binodulosus  Klebsiella oxytoca 99 8 4 -
DCBMI12  Dorcus hopei binodulosus  Klebsiella oxytoca 100 16 2 -
DCBMI13  Dorcus hopei binodulosus  Klebsiella oxytoca 99 8 4 -
DCBM14  Dorcus hopei binodulosus  Klebsiella oxytoca 99 8 4 -
DCBMI1S5  Dorcus hopei binodulosus ~ Enterobacter asburiae 100 2 -
DCBMI16  Dorcus hopei binodulosus  Escherichia coli 99 2 2 -
DRM1 Dorcus rectus Lactococcus lactis 100 ND 4 -
DRM2 Dorcus rectus Citrobacter sp. 99 2 4 -
DRM3 Dorcus rectus Pectobacterium carotovorum 99 8 - -
DRM4 Dorcus rectus Scheffersomyces stiptis 99 8 2 -
DRMS5 Dorcus rectus Lactococcus lactis 100 2 - -
DRM6 Dorcus rectus Citrobacter sp. A9IG 99 4 2 -
DRM7 Dorcus rectus Klebsiella oxytoca 99 32 - 2
DRMS Dorcus rectus Klebsiella sp. 99 8 - 4
DRM9 Dorcus rectus Klebsiella oxytoca 100 8 - 4
DRM10 Dorcus rectus Escherichia coli 99 2 -
DRMI11 Dorcus rectus Enterobacter gergoviae 98 16 2 4
DRMI12 Dorcus rectus Escherichia coli 99 4 2 2
DRM13 Dorcus rectus Lactococcus lactis 99 ND 2 2
DTPM1 Dorcus titanus pilifer Klebsiella oxytoca 100 8 - 4
DTPM2 Dorcus titanus pilifer Citrobacter farmeri 99 16 2 4
DTPM3 Dorcus titanus pilifer Serratia marcescens 99 16 2 4
DTPM4 Dorcus titanus pilifer Kluyvera cryocrescens 100 4 4 64
DTPMS5 Dorcus titanus pilifer Klebsiella oxytoca 100 4 2 4
DTPM6 Dorcus titanus pilifer Klebsiella oxytoca 100 8 - 4
DTPM7 Dorcus titanus pilifer Klebsiella oxytoca 99 8 4 -
DTPMS8 Dorcus titanus pilifer Serratia marcescens 99 8 2 4
DTPM9 Dorcus titanus pilifer Serratia marcescens 99 16 2 4
DTPMI10  Dorcus titanus pilifer Raoultella ornithinolytica 99 2 4 2
DTPMI11 Dorcus titanus pilifer Scheffersomyces stiptis 99 2 - -

""Source" indicates the stag beetle species used for isolating microorganisms. *"%" indicates the percent similarity of the isolated microorganisms
to the microbial species listed in "Microbial species". * Antimicrobial activities against S. aureus, E. coli, and C. neoformans were measured.
Numbers in the right three columns are reciprocals of dilutions of the culture supernatants that inhibited microbial growth. "-" means not detected.
ND means not determined.
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Figure 2. Isolation frequency of antibiotic-producing
microorganisms from three different stag beetles. Isolation
frequencies of microbial strains with growth inhibitory activity
against E. coli, S. aureus, and C. neoformans are shown
according to the stag beetle species.

Pichia yeast that is reported to be present in stag beetle
mycangia (4).

3.2. Antimicrobial activities in culture supernatants of
the mycangial microbes

We measured growth inhibitory activities of culture
supernatants of microbes isolated from the stag beetle
mycangia against E. coli, S. aureus, and C. neoformans.
Of 40 strains isolated from mycangia, 33, 29, or 18
strains showed growth inhibitory activities against E.
coli, S. aureus, or C. neoformans, respectively (Table 2).
Microbes that inhibit the growth of E. coli or S. aureus
were isolated at almost the same frequency from the
three stag beetle species (Figure 2). Many microbes that
inhibit the growth of C. neoformans were isolated from
Dorcus titanus pilifer, whereas few were isolated from
Dorcus hopei binodulosus (Figure 2).

4. Discussion

The present study demonstrated the existence of
microbes in stag beetle mycangia that produce
antibiotics against E. coli, S. aureus, and C. neoformans.
This finding clearly indicates that the microbial flora of
stag beetle mycangia comprise a promising source of
novel antimicrobial agents.

Antimicrobial activities against E. coli or S. aureus
were observed at almost the same frequency between
indigenous microorganisms from Dorcus hopei
binodulosus, Dorcus rectus, and Dorcus titanus pilifer.
Antifungal activities against C. neoformans were
frequently observed in microorganisms obtained from
Dorcus titanus pilifer, but rarely in those from Dorcus
hopei binodulosus. Larvae of Dorcus hopei binodulosus

preferred woods decayed by white-rot fungus, which are
often found in high positions of standing dead woods
with low moisture (7). Larvae of Dorcus titanus pilifer,
on the other hand, preferred woods decayed by brown-
rot fungus, which are often located in underground
positions of standing dead woods or in fallen trees
with high moisture (7). Larvae of Dorcus rectus
preferred both types of decayed woods (7). The humid
environment inhabited by larvae of Dorcus titanus
pilifer is assumed to contain more pathogenic fungi than
a drier environment. Therefore, larvae of Dorcus pilifer
may protect themselves against infection by antifungal
agents produced by the indigenous microorganisms.

Antifungal activities were frequently observed
in the culture supernatants of Klebsiella oxytoca
and Serratia marcescens isolated from stag beetle
mycangia (Table 2). Klebsiella oxytoca was present on
housefly eggs and inhibited fungal growth to promote
fly larvae growth (5). Thus, the role of Klebsiella
oxytoca, inhibition of fungal growth may be conserved
in insects, including houseflies and stag beetles. In
addition, Serratia marcescens was pathogenic to
various species of insects (8,9,10,11). The virulence
properties of Serratia marcescens against insects
differed from strain to strain, and some strains were
non-pathogenic (9). Such non-pathogenic Serratia
marcescens may have a role to protect the host animal
from fungal infection by producing anti-fungal agents.
The biological significance of the antibiotic-producing
indigenous microorganisms in the stag beetle requires
further investigation.
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Summary

Ectopic ossification occurs in a wide range of common and genetic diseases, but its molecular
mechanisms and effective therapeutic targets remain to be clarified. The aim of the study is
to investigate whether endoplasmic reticulum (ER) stress is involved in ectopic ossification
and ER stress inhibitor tauroursodeoxycholic acid (TUDCA) has potential to treat the
pathological conditions. In this study, inorganic phosphate (Pi)-induced NIH3T3 fibroblasts
induced osteogenesis and mineralization was used as an in vitro model for ectopic ossification.
Various concentrations of TUDCA (0.1, 1, 5, 10 pM) were added during osteogenic induction.
Osteoblast differentiation and minerlization were determined by RT-qPCR, alkaline
phosphatase (ALP) activity assay, Alizarin Red-S (AR-S) staining, and calcium deposition.
ER stress signalling components were detected by Western-blot analysis. We found ER
stress was activated by inorganic phosphate in NIH3T3 cells. During osteogenic induction,
TUDCA inhibited NIH3T3 cells ALP activity and mineral nodule formation. In addition,
TUDCA caused decreased expression of osteoblastic markers Runx2, Collal, ALP, OCN.
Mechanistically, TUDCA inhibited the ER stress response PERK-elF20-ATF4 pathway during
osteogenesis. In conclusion, TUDCA could inhibit fibroblasts mineralization via supressing
the ER stress response PERK-elF20-ATF4 pathway, and has potential pharmacologic and
therapeutic applications for treating ectopic ossification associated diseases.

Keywords: Endoplasmic reticulum stress, ectopic ossification, tauroursodeoxycholic acid, elF2a,
AFT4

1. Introduction

Common diseases for ectopic ossification include
diffuse idiopathic skeletal hyperostosis, ankylosing

Ectopic ossification is a complex process characterized
by the formation of ectopic bone or the deposition
of calcium phosphate complexes within muscles,
connective tissue, or nerves in aberrant locations
(1-4). The ossification processes may be caused
by heredity, surgical intervention or trauma (2,3).
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Dr. Jinxiang Han, Key Laboratory for Rare Disease Research
of Shandong Province, Key Laboratory for Biotech Drugs of
the Ministry of Health, Shandong Medical Biotechnological
Center, Shandong Academy of Medical Sciences, Ji'nan,
Shandong 250062, China.

E-mail: jxhan9888@aliyun.com

spondylitis, osteoarthritis, and other heritable disorders
of vascular and skin mineralization (2,4). The molecular
mechanism of ectopic ossification has always been a
concern, but the exact pathogenic mechanism remains
elusive. At present, in the surgical setting, the two most
common preventative modalities are radiotherapy and
indomethacin, a non-steroidal anti-inflammatory drug
(NSAID), but both treatment modalities carry the risk of
particular side effects (2), therefore, effective treatment is
extremely urgent.

The endoplasmic reticulum (ER) is a cellular
compartment that plays a critical role in protein synthesis,
folding, and transportation including important proteins
in osteoblast differentiation, such as osteocalcin and
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collagen (5). Efficient functioning of the ER is essential
for cellular function and survival. Once ER homeostasis
is disrupted in a number of cellular stress conditions,
such as UV, viral infection, nutritional deprivation
and others (6), unfolded and misfolded proteins will
accumulate in the ER lumen, resulting in ER stress, and
the unfolded protein response (UPR) occurs (7-12). The
ER stress response PERK-elF20-ATF4 pathway can be
activated. Zhang et al. (13) reported PERK was required
for prenatal and postnatal bone development. PERK was
responsible for highly phosphorylated elF2a, in Perk-
/- mice, and the secretory pathway in osteoblasts cannot
efficiently process and secrete procollagen, which caused
severe skeletal dysplasias. Wei et al. (/4) also found
PERK was essential for neonatal skeletal development
to regulate osteoblast proliferation and differentiation.
Perk-/- mice were severely osteopenic, which was caused
by a deficiency in the number of mature osteoblasts,
impaired osteoblast differentiation, and reduced type I
collagen secretion. Atsushi Saito ez al. (15) demonstrated
that ATF4 expression and function were influenced by
the loss of PERK in vivo and in vitro and confirmed
that ER stress during osteoblast differentiation activated
PERK-elF2a-ATF4 signaling followed by the promotion
of gene expression essential for osteogenesis such
as osteocalcin (OCN) and bone sialoprotein (BSP).
Numerous reports have suggested ER stress occurs and is
involved in osteoblast differentiation, however whether
ER stress is associated with ectopic ossification remains
uninvestigated.

TUDCA is a bile acid present in human bile at a
low concentration and has a very good safety profile,
and the normal concentration range in human plasma is
0.4-4 uM. It has been proved that TUDCA can enhance
ER folding ability to prevent protein aggregation and
thus protect cells against ER stress (/6). TUDCA has
been widely used in treatment of disease, such as,
cholelithiasis, cholestatic liver disease, diabetes mellitus,
obesity, and atherosclerosis, it works via preventing
ER stress, as a classical ER stress inhibitor (/7-22).
Studies have demonstrated that TUDCA could markedly
prevent Aortic valve (AV) calcification, and attenuate
AV osteoblastic differentiation in both rabbit and mouse
models of AV calcification via inhibition of ER stress
and could suppress oxidized low density lipoprotein
(oxLDL)-induced osteoblastic differentiation in cultured
valvular interstitial cells (VICs) (23) and could alleviate
advanced glycation end product-induced apoptosis
and osteoblastic differentiation of stromal cells via
alleviating ER stress (22,24).

In this study, we induced NIH3T3 cells mineralization
with 3 mM inorganic phosphate (NaPO,, Pi), treated
with different amounts of TUDCA (0.1, 1, 5, 10 uM),
examined the important indicators of osteoblastic
differentiation and mineralization and ER stress response
to investigate if ER stress is associated with ectopic
ossification and can TUDCA inhibit fibroblasts ectopic

ossification via supressing the ER stress response PERK-
elF2a-ATF4 pathway.

2. Materials and Methods
2.1. Cell culture and treatment

NIH3T3 cell line was acquired from the Cell Bank
of Type Culture Collection of the Chinese Academy
of Sciences (Shanghai, China), and cultured in
Dulbecco's modified Eagle's medium (DMEM) (Gibco,
Carlsbad, CA, USA) supplemented with 10% (v/v)
fetal bovine serum (Gibco, Carlsbad, CA, USA), 100
U/mL penicillin, and 100 pg/mL streptomycin in a
humidified 5% CO, atmosphere at 37°C. The cells were
cultured either in basic or osteogenic medium (OM)
supplemented with 3 mM inorganic phosphate (NaPO,,
Pi) (Sangon Biotech, Shanghai, China) as described
previously (25). Different concentrations (0.1, 1, 5,
10 uM) of TUDCA (Santa Cruz, USA) were added as
indicated.

2.2. Quantitative real-time polymerase chain reaction
(RT-qPCR) analysis

Total RNA was isolated from the cultures using
the TRIzol reagent (Invitrogen, USA) according
to the manufacturer's protocol. First-strand cDNA
was synthesized with ReverTra Ace qPCR RT kit
(Toyobo, Osaka, Japan). RT-PCR was performed with
THUNDERBIRD SYBR qPCR Mix (Toyobo, Osaka,
Japan) using LightCycler 480 thermocycler (Roche
Applied Science, Mannheim, Germany). Relative mRNA
levels of all genes were first normalized to the levels of
36B4 and then normalized to the average of negative
control group levels. The primer sequences for the
transcripts quantified by this method are shown (Table 1).

2.3. ALP avtivity assay
NIH3T3 cells were cultured with osteogenic medium

(OM) for 9 days and then treated with TUDCA at
given concentrations as described above in basic

Table 1. Quantitative real-time PCR was performed using
each specific primer set

Target genes Primer sequences

Runx2-fwd AGTAGCCAGGTTCAACGATCTGA
Runx2-rev GACTGTTATGGTCAAGGTGAAACTCTT
Collal-fwd CACCCCAGCCGCAAAGAGT
Collal-rev CGGGCAGAAAGCACAGCACT

ALP-fwd TGGCTCTGCCTTTATTCCCTAGT
ALP-rev AAATAAGGTGCTTTGGGAATCTGT
OCN-fwd TGCTTGTGACGAGCTATCAG

OCN-rev GAGGACAGGGAGGATCAAGT
36B4-fwd AAGCGCGTCCTGGCATTGTCT

36B4-rev CCGCAGGGGCAGCAGTGGT

fwd, forward; rev, reverse.
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medium for 24 hours, ALP activity was performed by
the standard protocols. Briefly, NIH3T3 cells were
washed with phosphate-buffered saline (PBS) (pH 7.4)
and lysed with non-denatured tissue/cell lysate, RIPA
(Solarbio, China). ALP activity was assayed using the
commercial kit (LabAssay ALP kit, Wako, Japan),
and protein content was determined with BCA protein
assay (Beyotime, Shanghai, China). ALP activity was
normalized by the protein content.

2.4. Mineralization analysis

For mineralization analysis, NIH3T3 cells were
cultured with osteogenic medium (OM) treated with
TUDCA at given concentrations as described above for
14 days. Mineralization was determined using Alizarin
Red-S (AR-S) staining kit (GENMED, USA) by the
standard protocols. For quantitation of mineralization
analysis, the stained cultures were incubated with 10%
(w/v) cetylpyridium chloride at 37°C for 1 h, optical
density of the supernatant was measured at 562 nm.

2.5. Quantification of calcium deposition

NIH3T3 cells were cultured with osteogenic medium
(OM) treated with TUDCA at given concentrations
as described above for 9 days. Calcium deposition
in the plates was quantified by the o-cresolphthalein
complexone method using a calcium colorimetric assay
kit (Sigma, USA) in accordance with the manufacturer's
instructions. Briefly, cells were washed with tris-
buffered saline and decalcified using 0.6 N HCI for 24
hours at room temperature, and the calcium content
of HCI supernatants was subsequently subjected to
calcium colorimetric assay. After decalcification,
each cell layer was washed with PBS and solubilized
with 0.1 N NaOH containing 0.1% SDS. The protein
concentration was measured with BCA protein assay
(Beyotime, Shanghai, China). The calcium content of
the cell layer was normalized to protein content.

2.6. Western blot analysis

Proteins were extracted from NIH3T3 cells under the
designated conditions using Western Blot-IP lysis
buffer (Beyotime, Shanghai, China). The lysates were
incubated on ice for 45 min. After centrifugation at
14,000 x g for 15 min, the soluble proteins in the
extracts were quantified. Protein-equivalent samples
were subjected to SDS-PAGE for Western blotting. The
following antibodies were used: anti-P-e[F2a (1:1,000,
CST, USA), anti-T-elF2a (1:1,000, CST, USA), anti-
ATF4 (1:1,000, PTG, China), anti-Runx2 (1:1,000,
Stan Cruz, USA), anti-B-actin (1:1,000, PTG, China).
Immunoreactivity was determined using enhanced
chemiluminescence (ECL) (Millipore Corporation,
Billerica, MA, USA) chemiluminescence reaction.

2.7. Statistics

Measurements in each experiment were run in triplicate.
For quantitative data, results are reported as the mean
+ S.D. To determine the differences between groups,
one-way analysis of variance (ANOVA) was carried out
using SPSS software (version 17.0), with significance
accepted at p < 0.05.

3. Results

3.1. Effects of TUDCA on the expression of osteoblast-
specific markers in Pi-induced NIH3T3 cells

RT-qPCR was performed to measure the expression of
osteoblast-specific markers including Runx2, Collal,
ALP and OCN. As shown in Figure 1, compared with
the osteogenic group, the mRNA expression of Runx2,
Collal, ALP and OCN significantly decreased at 24
hours or 9 days with treatment of various concentrations
of TUDCA (0.1, 1, 5, 10 uM) in a dose-dependent
manner. However, the osteogenic group mRNA
expression of ALP also decreased compared with the
negative control group at 9 days.

3.2. TUDCA inhibited ALP activity of NIH3T3 cells
induced by inorganic phosphate

ALP activity was assessed as an important indicator
of osteoblastic lineage to study the effect of TUDCA
on osteogenic differentiation. ALP activity was

A (24 hours)
15

B (24 hours)
25

2.0
1.5
1.0

Ratio of Runx2/36B4 of mRNA
Ratio of Collal/36B4 of mRNA

0.
3mMPi (=) =) ) +) ) )
0.1 1 5 10

TUDCA (uMy

C (9 days)
15

D (9 days)
20 *

Ratio of ALP/36BS of mRNA
Ratio of OCN/3684 of mRNA

TUDCA (uMy

TUDCA (M)

Figure 1. Effects of TUDCA on the expression of osteoblast-
specific markers in Pi-induced NIH3T3 cells. Cells were
cultured in osteogenic medium (OM) for 6 hours and then
treated with TUDCA in basic medium for 24 hours or in
osteogenic medium (OM) supplemented with TUDCA for 9
days. Total RNA was extracted and measured by RT-qPCR for
Runx2 (A), Collal (B), ALP (C) and OCN (D). All mRNA
expression levels were normalized to 36B4. (mean + S.D., n = 3).
* p <0.05, vs. negative control group; #p < 0.05, vs. osteogenic
induction group.
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determined at 10 days (osteogenic induction for 9 days
and treatment with TUDCA in basic medium for 24
hours). As shown in Figure 2, with osteoblast induction,
ALP activity increased, when treated with various
concentrations of TUDCA, ALP activity significantly
decreased in a dose-dependent manner (21%, 34.8%,
35%, and 37.2% decreases with 0.1, 1, 5 and 10 uM of
TUDCA, respectively). These data suggest that TUDCA
can significantly inhibit ALP activity during osteogenic
differentiation in NIH3T3 cells in a dose-dependent
manner.

3.3. TUDCA inhibited mineralization of NIH3T3 cells
induced by inorganic phosphate

To evaluate the effect of TUDCA on mineralization
in the NIH3T3 cells matrix, alizarin red staining was
performed at 14 days with osteogenic induction in the
presence or absence of TUDCA at given concentrations.
As is shown in Figure 3A, obvious matrix mineralization
can be observed, but mineralization decreases with

ALP pelative setiviesumits ul g Pry

TUDCA (pA)

Figure 2. TUDCA inhibited ALP activity of NIH3T3
cells induced by inorganic phosphate. NIH3T3 cells were
cultured in osteogenic medium for 9 days and then in basic
medium with TUDCA (0.1, 1, 5, 10 uM) for 24 hours. ALP
activity was assessed on day 10. (mean = S.D., n =3). *p <
0.05, vs. negative control group; #p < 0.05, vs. osteogenic
induction group.

V09D
0 01 1 5 0

TUDCA (uM) NC
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Mimeralized nodules per well

0
ImMPi (-} ) (8] 4] (7] )
.1 1 5 10
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Figure 3. TUDCA inhibited mineralization of NIH3T3
cells induced by inorganic phosphate. Observations for
mineralization (A) and quantitation of mineralization (B).
NIH3T3 cells were cultured in osteogenic medium (OM) with
TUDCA (0.1, 1, 5, 10 uM) for 14 days and incubated with 10%
(w/v) cetylpyridium chloride at 37°C for 1 h, optical density of
the supernatant was measured at 562 nm. (mean = S.D., n = 3).
* p <0.05, vs. negative control group; * p < 0.05, vs. negative
control group; #p < 0.05, vs. osteogenic induction group. NC:
negative control.

TUDCA treatment, the higher the concentration of
TUDCA the more obvious inhibition. The quantitation
of mineralization data (Figure 3B) suggests that TUDCA
can significantly inhibit mineralization of NIH3T3 cells
during osteogenic differentiation in a dose-dependent
manner (3.5%, 8.3%, 10.4%, and 12.6% decreases with
0.1, 1, 5 and 10 uM of TUDCA, respectively).

3.4. Effects of TUDCA on calcium deposition of NIH3T3
cells induced by inorganic phosphate

To further evaluate the effect of TUDCA on calcification
in NIH3T3 cells, quantification of calcium deposition
was examined at 9 days under different conditions. In
basic medium, NIH3T3 cells accumulated very little
calcium mineral, in contrast, in the presence of 3 mM
Pi, calcium deposition dramatically increased as shown
in Figure 4 (calcified group versus uncalcified control:
41.5), but calcium deposition in NIH3T3 cells decresaed
with TUDCA treatment (4.7%, 14%, 14.6%, and
32.6% decreases with 0.1, 1, 5 and 10 pM of TUDCA,
respectively).

3.5. ER stress is activated by inorganic phosphate in
NIH3T3 cells

To determine whether ER stress is activated by
inorganic phosphate in NIH3T3 cells compared to other
conditions, such as thapsigargin and tunicamycin (6),
the expression of total and phosphorylated elF2a in ER

0.04
0.03
0.02

0.01

Caleium depositionn (pgipg Pr)

0.00 -
ImM P (=) +) ) 0+ ) +)
il 1 5 1

TUDCA (M)

Figure 4. Effects of TUDCA on calcium deposition of
NIH3T3 cells induced by inorganic phosphate. NIH3T3
cells were cultured in osteogenic medium (OM) with TUDCA
(0.1, 1, 5, 10 uM) for 9 days. Cells were decalcified with 0.6 N
HCI for 24 hours. The calcium content was determined by the
o-cresolphthalein complexone method. After decalcification,
the protein of the cell layer was extracted. The calcium content
of the each cell layer was normalized to protein content. Data
were mean + S.D., n=3. " p <0.05, vs. negative control group;
#p < 0.05, vs. osteogenic induction group.
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Figure 5. ER stress is activated by inorganic phosphate
in NIH3T3 cells. NIH3T3 cells were cultured in osteogenic
medium for 0, 2, 6, 12, 24 hours. The proteins were extracted
for Western blot analysis of the expression of total and
phosphorylated elF2a (P-elF2a and T-elF2a).
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Figure 6. TUDCA inhibits the ER stress response PERK-
elF2a-ATF4 pathway in NIH3T3 cells induced by inorganic
phosphate. Cells were cultured in osteogenic medium (OM)
for 6 hours and then treated with TUDCA in basic medium for
24 hours. Proteins were extracted for Western blot analysis.

stress response mediated PERK-elF20-ATF4 signaling
was evaluated by Western blot analysis. In Figure 5,
inorganic phosphate (NaPO,, Pi) was shown to induce
phosphorylated elF2a, especially at 6 hours and 48
hours, while no significant change occurred in the level
of total elF2a. Western blot analysis revealed Pi could
stimulate ER Stress, like thapsigargin and tunicamycin.

3.6. TUDCA inhibits the ER stress response PERK-elF2o-
ATF4 pathway in NIH3T3 cells induced by inorganic
phosphate

To further address the mechanism by which TUDCA
inhibits Pi-induced NIH3T3 osteoblastic differentiation
and mineralization, we examined the levels of total
and phosphorylated elF2a and ATF4 in the ER stress
response PERK-elF2a-ATF4 pathway in NIH3T3
cells induced by inorganic phosphate. As depicted in
Figure 6, Western blot analysis demonstrated TUDCA
significantly attenuated phosphorylation of elF2a
and ATF4, while no significant changes in the level
of total elF2a. Runx2 occurred, as a master regulator
of osteoblast differentiation and bone formation, was
examined, as depicted, TUDCA also attenuated the
expression of Runx2. Together with other results,
these results indicate that TUDCA can inhibit NIH3T3
fibroblast mineralization via suppressing the ER stress
response PERK-elF2a-ATF4 pathway.

4. Discussion

NIH3T3 is a fibroblastic cell line with osteoblastic
potential similar to C3H10T1/2 cells and MC3T3 cells,
and can be induced into osteoblastic differentiation and
mineralization in vitro (26), although it does not retain
an ability to differentiate into osteoblast-like cells and
is often used as a negative control during the study
of osteoblastogenesis. As a mineralization inducer,
inorganic phosphate (NaPO,, Pi) has been widely used
to induce osteoblast differentiation and mineralization
(25,27), and Beck GR Jr et al. (25) has reported

inorganic phosphate (Pi), as an inducer, can induce
osteopontin expression in NIH3T3 cells in response
to increased phosphate levels similar to the effect
seen in MC3T3-E1 cells, namely, inorganic phosphate
(NaPO,, Pi) can induce osteoblastic differentiation and
mineralization in NIH3T3 cells. Therefore, in this study,
inorganic phosphate (Pi)-induced NIH3T3 fibroblasts
induced osteogenesis and mineralization was used as an
in vitro model for ectopic ossification.

Ectopic ossification occurs in a wide range of
common and genetic diseases, but its molecular
mechanisms and effective therapeutic targets remain to
be clarified. In this study, we first explored the effect
of TUDCA on the NIH3T3 fibroblast mineralization in
vitro model for ectopic ossification. Runx2 is a crucial
transcription factor, is expressed in the earliest stage of
osteogenic differentiation, and can trigger osteoblast
differentiation as well as bone ECM proteins collagen
type I (Collal) and osteocalcin (OCN) (28,29). ALP is
an early marker of osteogenic differentiation. Collal
is the key for extracellular matrix (30). OCN is an
osteoblast-specific marker for the late stage of osteoblast
differentiation (/5). Therefore, the expression of
important osteoblast-specific genes, Runx2, Collal, ALP
and OCN were assayed at 24 hours or 9 days. RT-qPCR
results demonstrated that TUDCA significantly inhibited
osteoblast-specific gene expression, and in addition,
ALP activity, as an important indicator of osteoblastic
differentiation also was assessed. Together with Alizarin
Red-S (AR-S) staining and quantitation of mineralization
and calcium deposition assays, all of these results
indicated TUDCA could play an inhibition role in a dose-
dependent manner in NIH3T3 cells during osteogenic
differentiation. Therefore, we can conclude that TUDCA
can inhibit ectopic ossification as a chemical chaperone.

A number of cellular stress conditions, UV, viral
infection, and nutritional deprivation can trigger ER
stress, and ER stress can also be induced by thapsigargin
and tunicamycin (6). In this study, we also further
demonstrated that ER stress could be activited by
inorganic phosphate (Pi) in NIH3T3 fibroblasts, like
thapsigargin and tunicamycin. Reports have suggested
ER stress was induced during osteoblast differentiation
and could activate ER stress response PERK-elF2a-
ATF4 pathways (/3-15). In the PERK-elF2a-ATF4
pathway, active PERK phosphorylates elF2a, specifically
promoting the translation of the activating transcription
factor 4 (ATF4). ATF4 has been proven to be a critical
transcription factor downstream of PERK signaling
branches of ER stress, ATF4 can not regulate osteocalcin
and bone sialoprotein transcription but also preserves
mature osteoblast function including the synthesis
of collagen, the most abundant extracellular protein
found in bones (/5). As a classical ER stress inhibitor,
TUDCA has been proven to decrease the expression of
phosphorylated elF2a and ATF4 (/6-22). In a recent
study, Zhejun Cai et al. (23), found that TUDCA
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protected against oxLDL-induced ER stress in VICs,
significantly suppressed osteoblastic differentiation
and protected against hypercholesterolemia-induced
AV calcification in animal models. Therefore, in our
study, we also investigated the effect of TUDCA on
ER stress response mediated PERK-elF2a-ATF4
pathway in an in vitro model for ectopic ossification,
found TUDCA significantly suppressed the expression
of phosphorylated elF2a and ATF4, and the result is
consistent with previous reports. Runx2, as a master
regulator of osteoblast differentiation and bone
formation, was examined, and TUDCA also attenuated
the expression of Runx2. Taken together, we conclude
ER stress is involved in ectopic ossification and TUDCA
can inhibit mineralization via alleviating ER stress.

In addition, the chemical chaperone TUDCA has
been proven to be protective in various diseases, such
as, diabetes mellitus, obesity, and atherosclerosis, via
prevention of ER stress. Previous reports show TUDCA
enhances the adaptive capacity of ER, increases insulin
sensitivity and reverses type 2 diabetes in obese mice
by decreasing ER stress in the hypothalamus (/6) and
can alleviate advanced glycation end product-induced
apoptosis and osteoblastic differentiation of stromal
cells via alleviating ER stress (22,24). It was also
discovered that TUDCA could decrease the lipid content
of adipocytes and reduce body mass in obese humans
by attenuation of ER stress (3/,32) and prevent both the
maturation of adipocytes from preadipocytes and weight
gain in ob/ob mice by decreasing ER stress (33,34).
Therefore, based on these facts, TUDCA might lead
to a novel therapeutic approach in ectopic ossification
associated diseases.

In conclusion, our results indicate that TUDCA can
inhibit fibroblast's mineralization via suppressing the
ER stress response PERK-elF2a-ATF4 pathway. These
findings provide novel insights into the mechanisms
of ectopic ossification and TUDCA has potential
pharmacologic and therapeutic applications for treating
ectopic ossification associated diseases.
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Summary

The clinical use of 5-fluorouracil (5-FU) is increasingly limited by low response rates,
adverse reactions, and toxicity. A drug combination offers a new strategy for appropriate
use of 5-FU. Bestatin, an aminopeptidase N (APN) inhibitor, has been used as an adjuvant
chemotherapy drug because of its actions to suppress tumorigenesis and invasion. The
current study evaluated the anticancer efficacy of 5-FU plus Bestatin at the cellular and
animal level. The combination killed more colonic cancer, hepatic carcinoma, and ovarian
cancer cells and fewer nonmalignant human embryonic kidney (HEK293) and Chinese
hamster ovary (CHO) cells than 5-FU or Bestatin alone. Moreover, 41.58% of ES-2 and
20.86% of PLC/PRF/S cell apoptosis was caused by the combination of the two, while 5-FU
caused apoptosis of 20.86% of ES-2 cells and 8.85% of PLC/PREF/S cells. The cell cycle
was arrested in the S and G0/G1 phases when a combination of the two was used. In an
experiment involving mice bearing tumors, a combination of the two had a rate of tumor
inhibition of 61.98%, while 5-FU alone had a rate of tumor inhibition of just 49.17%. In
addition, the combination of the two was safer than either drug alone and did not cause
weight loss or death. In conclusion, combining 5-FU and Bestatin could enhance the
anticancer activity of 5-FU and decrease its cytotoxicity. These results suggest that 5-FU
plus Bestatin has greater efficacy as a tumor therapy.

Keywords: Drug combination, APN/CD13 inhibitor, Bestatin, 5-FU, anticancer or antitumor action

1. Introduction

Chemotherapy is an important form of cancer treatment
that is widely used to treat malignant tumors in clinical
practice. Cytotoxic drugs such as ADM, 5-fluorouracil
(5-FU), cisplatin, and mitomycin are "star" drugs among
chemotherapeutics. 5-FU is commonly used in clinical
practice to treat oophoroma, breast cancer, neck and
head cancer, and gastrointestinal malignancies (/). 5-FU
inhibits cell proliferation and growth by pretending
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to be uracil, suppressing the activity of thymidylate
synthase (TS) (2). Cancer cells are damaged when the
synthesis of deoxyadenosine triphosphate (dTMP)
is disturbed. However, 5-FU alone results in a low
response rate, and adverse reactions to it and its toxicity
have gradually forced it out of the limelight. 5-FU has
been found to result in serious adverse reactions and
toxicity to the healthy body by causing conditions such
as myelo-suppression, nausea, emesis, and hand-foot
syndrome (3,4). In addition, its clinical use is highly
limited due to drug resistance. To overcome these
shortcomings, a novel strategy in the form of a drug
combination has been used to treat cancer using 5-FU.
A combination of 5-FU with other cytotoxic drugs,
such as oxaliplatin, or novel biological agents, such as
monoclonal antibodies, are less toxic because of the
reduced dose of each drug and can prolong survival
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(2,5-7). Murad et al. reported that a combination of
paclitaxel and 5-FU provided an effective and safe
regimen for the treatment of advanced gastric cancer
(8). Identifying more appropriate agents for use in
combination with 5-FU would improve the treatment of
cancer.

Bestatin, a commercially available APN/CD13
inhibitor, has been used as an adjuvant chemotherapy
drug because of its anticancer activity to suppress tumor
invasion and induce cell apoptosis. Bestatin also works
as an immunoenhancer in oncotherapy. It prolonged the
survival of patients with acute adult non lymphocytic
leukemia (9). Aminopeptidase N (EC 3.4.11.2, APN),
also known as CD13, is a zinc-dependent transmembrane
metallo-peptidase belonging to the M1 family; APN
degrades preferentially proteins with an N-terminal
neutral amino acid, such as Phe, Leu, and Gly (/0-12).
Widely expressed in various tissues (/3,/4), APN/CD13
plays important roles in various biological processes,
such as antigen presentation, signal transduction, and
angiogenesis (/5). APN/CD13 is overexpressed in
many tumor cells, including melanoma, thyroid cancer,
prostate cancer, pancreas cancer, and myeloid leukemia
(16,17), and APN/CD13 has been implicated in
angiogenesis and cancer progression (/8). It assists the
degradation of type IV collagen, possibly contributing to
tumor invasion and metastasis (/9,20). APN/CD13 has
been identified as promoting the generation of tumor
vasculature and other types of new blood vessels (27-24).
Therefore, APN/CD13 has been regarded as a significant
target for anticancer agent development (3).

5-FU is a well-known cytotoxic drug used in
chemotherapy, but its use is limited due to its low
response rates, adverse reactions, and considerable
toxicity. The APN inhibitor Bestatin could enhance
immunity and possesses antitumor activity to some
extent. Recently, Haraguchi et al. found that 5-FU plus
Bestatin strongly inhibited liver tumor growth in a NOD/
SCID mouse model (25). Haraguchi et al. noted that
APN/CDI13 was a therapeutic target in human liver
cancer stem cells (CSC). The treatment of liver cancer
may be improved by combining Bestatin and 5-FU to
disrupt APN/CD13" cells (CSC) by respectively up-
regulating the ROS level and inhibiting the proliferation
of general cancer cells. In additional, treatment with 5-FU
or doxorubicin could up-regulate APN/CD13 expression
on the surface of PLC/PRF/5 cells. Therefore, combining
the APN/CD13 inhibitor with a cytotoxic anticancer
drug may prolong patient survival and greatly reduce the
suffering of patients. A combination of 5-FU and Bestatin
could serve as an effective therapy to treat cancer with
a low level cytotoxicity. The current study evaluated the
pharmaceutical activity of 5-FU plus Bestatin in colonic
cancer, hepatic carcinoma, and ovarian cancer cell lines
and nonmalignant human embryonic kidney and Chinese
hamster ovary cell lines. The anticancer activity of the
two drugs was also assessed in animals. Results should

indicate whether this drug combination has potential as a
chemotherapy regimen.

2. Materials and Methods
2.1. Materials

5-FU was purchased from Hisun Pharmaceutical
(Zhejiang, China). Bestatin and 5-FU were dissolved in
DMSO and diluted with saline solution or cell culture
medium before use.

MTT [(3-[4, 5-dimethyl-2-thiazolyl]-2, 5-diphenyl-
2H-tetrazolium bromide)] and L-leucine-p-nitro-anilide
were from Solarbio (Beijing, China). PE anti-human
CD13 was from BD (New York, the USA). Hoechst
33342 and an Annexin-V/FITC and PI apoptosis
detection kit were purchased from Beyotime (Jiangsu,
China). Microsomal aminopeptidase from porcine
kidney microsomes was from Sigma-Aldrich (Shanghai,
China). Male Kunming mice were supplied by the
Experimental Animal Center of Shandong University.
The ratio of combination of the two drugs means the
molar concentration ratio.

2.2. Cell lines and culture

Cancer cells (HCT-116, HepG2, ES-2, and PLC/PRF/5
cells) were maintained in RPMI-1640 medium. In
addition, human embryonic kidney (HEK293) cells
were cultured in DMEM medium, and Chinese hamster
ovary (CHO) cells were cultured in DMEM:F-12 (1:1)
medium. All media were supplemented with 10% (v/
v) heat-inactivated fetal bovine serum, 100 IU/mL
penicillin, and 100 IU/mL streptomycin in a 5% CO2
humidified atmosphere at 37°C. Cells were harvested
with 0.25% EDTA-Trypsin.

2.3. Assay of enzyme activity

The enzyme activity of the drugs were determined using
L-leu-p-nitro-anilide as a substrate and microsomal
aminopeptidase from porcine kidney microsomes in
50 mM PBS buffer, pH 7.2, at 37°C. The mixture of
the APN/CD13 enzyme and drug compounds was
incubated at 37°C for 5 min. The substrate was then
added and the resulting mixture was incubated for
another 30 min at 37°C. The hydrolysis of the substrate
was measured by following the change in absorbance
monitored at 405 nm with a Micro-plate Reader
(ThermoFisher, Shanghai, China). The experiment was
repeated more than three times.

APN/CD13 activity on the surface of ES-2 cells was
estimated by measuring the hydrolysis of L-leucine-
p-nitro-anilide. A cell suspension (2.86 x 10°/mL) in
1x PBS buffer was added to a 96-well plate (70 pL)
containing 1~256 uM of 5-FU or 3.125~400 uM of the
combined drugs. Subsequently, L-leucine-p-nitro-anilide
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was added to a final concentration of 1.6 mM and the
mixture was incubated for 1 h in a thermostatic shaker at
37°C, 100 rpm. APN/CD13 activity was then estimated
by measuring the absorbance at 405 nm as described
before. The experiment was repeated more than three
times.

2.4. MTT assay

The cell viability of four cancer cell lines exposed
to drugs was evaluated using an MTT assay and 96-
well plates. HEK293 and CHO cells were chosen to
evaluate the toxicity of compounds with the MTT
assay. In brief, cells were seeded on 96-well plates at
4000/well. After incubation for 24 h, cells were treated
with Bestatin, 5-FU, or a combination of the two (the
ratio of the concentration of 5-FU to Bestatin was
1:1, 2.5:1, 5:1, and 10:1). After incubation for another
48h, 0.5% MTT was added to each well. Four hours
later, 200 uL DMSO was added and mixed for 10 min.
The absorbance values at 490 nm were then recorded
using the Micro-plate Reader (ThermoFisher). The
experiment was repeated more than three times.

2.5. Clonogenic assay

A clonogenic assay was performed to evaluate the
effect of the compounds on cancer cell growth over
a relatively long duration of exposure. PLC/PRF/S
and ES-2 cells, seeded on six-well plates (250 cells
per well), were exposed to 5-FU, Bestatin, and a
combination of the two (5-FU:Bestatin, 5:1) for two
consecutive weeks at 37°C. Cells were fixed with
fresh 4% paraformaldehyde at room temperature for
15 min and stained with Giemsa. Cell images were
captured using an inverted microscope (magnification
x4, Olympus, Beijing, China). The colonies (more than
50 cells) in each experimental group were counted and
were then compared to the control. The experiment was
repeated more than three times.

2.6. Assay of Hoechst 33342 staining

PLC/PRF/5 and ES-2 cells seeded on 6-well plates
(1 x 10° per well) were exposed to 5-FU (10 uM for
PLC/PRF/S, 4 uM for ES-2) and 5-FU plus Bestatin
(5:1, 10 uM for PLC/PRF/5, 4 uM for ES-2) for 24 h.
Cells were then stained with Hoechst 33342 at 37°C
for 15 min in the dark. The apoptotic cells were stained
blue and were observed using the Olympus inverted
microscope (magnification x20).

2.77. Flow cytometry
Flow cytometry was used to evaluate the expression of

APN/CD13 on cells. Cells were harvested and washed
with cold 1x PBS buffer. PE anti-human CD13 was

added to 1 x 10° cells in 100 uL 1x PBS. After incubation
for 15 min in 4°C, cells were washed and analyzed using
flow cytometry.

Cell apoptosis and cell cycles were determined using
flow cytometry. PLC/PRF/5 and ES-2 cells seeded on
6-well plates (1 x 10° per well) were treated with 5-FU
(2 uM) and Bestatin (2 uM) and 5-FU plus Bestatin
(5:1, 2 uM) for 48 h. Cells were harvested and washed
with cold binding buffer. Phosphatidylserine on the
surface of apoptotic cells was quantitatively detected
using an Annexin-V/FITC and PI apoptosis detection kit
in accordance with the manufacturer's instruction. Cell
cycles were detected using PI staining. Cell apoptosis
and cell cycles were analyzed using flow cytometry.

2.8. Animal experiment

All experiments concerning living laboratory animals
were performed the approval of the local ethics
committee. Mice were inoculated subcutaneously
with injections of 1 x 10”/mL H22 cells. When the
tumor was approximately 0.2 cm’ in size, mice were
divided randomly into five groups. A: Control group;
B: Combination group 1 treated with 5-FU (15 mg/kg/
day) plus Bestatin (7.5 mg/kg/day); C: Combination
group 2 treated with 5-FU (7.5 mg/kg/day) plus Bestatin
(3.65 mg/kg/day); D: Bestatin group (50 mg/kg/day);
and E: 5-FU group (15 mg/kg/day). 5-FU and Bestatin
were dissolved in DM SO and diluted with 1x PBS to the
appropriate concentration. Each mouse was administered
100 pL of the drug solution in the abdominal cavity
every time. All groups were treated with drugs for 2
weeks. Inhibition of tumor growth was calculated at the
end of the treatment to determine antitumor action.

3. Results

3.1. Expression of APN/ CD13 and inhibition of APN/
CD13 enzyme activity

The extent to which compounds inhibited APN/CD13
enzyme activity was estimated by quantifying the APN/
CD13 enzymatic cleavage of the substrate L-leucine-p-
nitro-anilide. As shown in Table 1, APN/ CD13 activity

Table 1. SAPN/CD13 enzymatic activity of 5-FU, Bestatin,
and a combination of the two

Compounds 1Cs, (UM, mean + S.D.)* IC,, of Bestatin®
5-FU >256

Bestatin 3.50+0.39 3.50
5FU:Bestatin (1:1) 9.35+£2.98 4.68
SFU:Bestatin (2.5:1) 19.3+3.94 5.51
SFU:Bestatin (5:1) 21.9+6.88 3.65
5FU:Bestatin (10:1) 37.5+6.99 3.41

"Data are expressed as mean values from three independent
experiments. " ICy, values for Bestatin were calculated from the
corresponding ICs, for Bestatin and 5-FU.
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was significantly inhibited in all groups treated with
Bestatin, as indicated by ICs, values at the micromole
level. 5-FU did not suppress APN/CD13 activity
because of its large 1C,, with respect to APN/CD13.
The four groups treated with a combination of Bestatin
and 5-FU had an IC,, like that for Bestatin alone,
indicating that 5-FU did not affect interaction between
Bestatin and APN/CD13.

Moreover, the influence of 5-FU on the binding of

HCT-116 5 Hepg?
B,

Figure 1. Level of APN/CD13 expression in various
cells. The expression of APN/CD13 on the cell surface was
evaluated using flow cytometry with PE anti-human CD13.
The left peak in each histogram represents negative cells and
the right represents APN/CD13-positive cells.

Table 2. APN/CD13 enzymatic activity on the cell surface
of cells treated with 5-FU, Bestatin, and a combination of
the two

Compounds 1Cs, (WM, mean + S.D.)* IC,, of Bestatin®
5-FU > 256

Bestatin 572458 57.2
5-FU:Bestatin (1:1) 98.9+16.5 49.4
5-FU:Bestatin (2.5:1) 112+£19.8 32.0
5-FU:Bestatin (5:1) 164 +£49.8 27.3
5-FU:Bestatin (10:1) 1051 £41.1 95.5

“Data are expressed as the mean values from three independent
experiments. " ICy, values for Bestatin were calculated from the
corresponding ICs, for Bestatin and 5-FU.

Bestatin to APN/CD13 was investigated at the cellular
level. First, flow cytometry was used to detect the level
of APN/CD13 expression in a panel of cells, including
PLC/PRF/5, HepG2, HCT-116, and ES-2 cells (Figure 1).
Over-expressing APN/CD13, ES-2 cells were selected
to evaluate the APN/CD13 activity on the cell surface in
groups treated with drugs. The results are shown in Table
2 and lead to a similar conclusion as before, i.e. that 5-FU
did not inhibit APN/CD13 activity and that it did not
influence the binding of Bestatin to APN/CD13.

3.2. In vitro assay of inhibition of proliferation and
cytotoxicity

To explore the effects of compounds on human cancer
cell lines and non-malignant cells in vitro, the 1Cy,
was assessed with an MTT assay using a panel of
human cancer cell lines, namely HCT-116 (colonic
cancer), HepG2 (hepatic carcinoma), ES-2 (ovarian
cancer), and PLC/PRF/5 (hepatic carcinoma). The ICj,
was also assessed with an MTT assay using a panel
of non-malignant cells, namely CHO and HEK293
cells. As shown in Table 3, combining Bestatin with
5-FU inhibited the growth of cancer cells at a lower
concentration than Bestatin or 5-FU alone. With high ICs,
values, Bestatin displayed little cytotoxicity to a panel
of cancer cells and non-malignant cells. 5-FU strongly
inhibited non-malignant CHO and HEK293 cells, but
5-FU plus Bestatin had relatively lower cytotoxicity
(Table 4). When the ratio of the concentration of 5-FU
to Bestatin was 5:1, the combination had a relatively
higher efficacy and lower toxicity. At a ratio of 10:1,
the combined drugs did not have a marked increase in

Table 3. The anti-proliferative action (IC;)) of Bestatin plus 5-FU in 4 strains of cancer cells and 2 strains of non-

malignant cells

Compds/ICs,(uM, mean + S.D.)*

Cells
1:1° 2.5:1° 5:1° 10:1° 5-FU Bestatin

HCT-116 20.9 + 4.81 16.7 £2.02 8.59+0.90 6.03+£2.5 22.3+£2.58 435+2.14
HepG2 17.3+1.65 16.5 +0.99 8.08 +0.32 10.0 +1.95 152 +4.47 64.4+£2.43
ES-2 24.5+0.85 18.2+2.83 9.76 £ 4.63 5.79+1.76 23.1+0.42 493 +£2.37
PLC/PRF/5 61.4+7.73 31.7+2.46 22.8+1.33 24.5+3.36 87.9 £ 14.2 769 + 38.8
HEK293 ND* ND¢ 33.45+9.50 18.8+6.79 7.70 +0.93 >200
CHO ND* ND* 38.17+9.22 20.0 £2.62 7.70 £ 0.70 >200

*Data from an MTT assay and the mean from 3 repetitions and the standard deviation.

detected.

®Ratio refers to the molar ratio of 5-FU and Besatin. ¢ Not

Table 4. The rate of tumor inhibition for 5-FU, Bestatin, and a combination of the two in a Kunming mouse model with

subcutaneous H22 tumor cells

Compounds Dose Survived/total mice Tumor weight (mean + S.D.) Inhibition rate” (%)
control PBS 717 242+094 ¢

5-FU 15 mg/kg/day 517 1.23+0.54 ¢ 49.2
Bestatin 50 mg/kg/day 77 1.68+0.89 g 30.6
5-FU:Bestatin (5:1) 7.5 mg/kg/day+3.65 mg/kg/day 717 1.20+0.66 g 50.4
5-FU:Bestatin (5:1) 15.0 mg/kg/day+7.5 mg/kg/day 717 092+047¢g 62.0

*The tumors were weighed after mice were sacrificed, and the inhibitory effect in each group was defined as a percentage of the control tumor

weight.
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anticancer but they did have greater cytotoxicity to non-
malignant cells. Therefore, the appropriate molar ratio of
5-FU to Bestatin was determined to be 5:1.

A colony assay revealed similar results, as shown
in Figure 2A. PLC/PRF/5 and ES-2 cells were chosen
for the colony-forming assay. The colony-forming
ability of cancer cells was effectively inhibited by
a combination of the two drugs. Bestatin plus 5-FU
inhibited cancer cells by 54.1% in PLC/PRF/5 cells and
92.8% in ES-2 cells, while 5-FU alone inhibited cancer
cells by 39.2% in PLC/PREF/5 cells and 95.2% in ES-2
cells. In contrast, Bestatin alone had no effect on colony
formation in the two cell lines, which may have been
due to its low concentration.

3.3. Induction of apoptosis and prevention of cell cycle
progression

Hoechst 3342 staining was performed to determine
whether 5-FU plus Bestatin induced cell apoptosis.
Significant morphological changes in PLC/PRF/5 and

ES-2 cells were observed after treatment with combined
drugs for 24 h. Cells with a bright blue nucleus after

A

PLC/PRF/5

ES-2

Hoechst staining are known to have cellular shrinkage
and nuclear fragmentation, which are typical features of
apoptotic cells. Figure 3 indicates that the combination
of Bestatin plus 5-FU resulted in more apoptotic cells
than 5-FU or Bestatin alone. To further measure the
percentage of apoptotic and necrotic cancer cells,
Annexin-V/PI staining was analyzed using flow
cytometry. Figure 4 shows the specific percentage of
PLC/PRF/5 and ES-2 cells. The combination of the two
drugs significantly induced cell apoptosis at a rate of
20.86% in PLC/PREF/5 cells and 41.58% in ES-2 cells,
while 5-FU or Bestatin alone resulted in relatively low
rates of apoptosis in both PLC/PRF/S cells (< 10%) and
ES-2 cells (< 30%). These results indicate that the drug
combination inhibited cell growth by greatly inducing
apoptosis.

The cell cycles of PLC/PRF/5 cells treated with 5-FU
or Bestatin alone or in combination were also examined.
Flow cytometry (Figure 5) revealed that 5-FU exposure
induced cells to remain in the S phase while Bestatin
increased the number of cells in the GO/G1 phase. The
results of the combination of the two drugs indicated that
the cell cycle was arrested in the GO/Gland S phase.

= 5-FU
mmmm Bestatin
=== 5-FU:Bestatin

Inhibition rate

0 L
PLC/PRF/5 ES-2

Figure 2. Colony formation by PLC/PRF/5 and ES-2 cells observed under an inverted microscope. A: PLC /PRF/5 and ES-2
cells were stained with Giemsa after treatment with drugs for two consecutive weeks, and images were captured using an inverted
microscope (magnificationx4). B: The inhibition rate was estimated by counting the number of colonies containing more than 50
cells. The ratio of the concentration of 5-FU to Bestatin was 5:1 in the colony-forming test.

control

PLC/PRF/5

control

ES-2

Figure 3. Hoechst staining of PLC/PRF/5 and ES-2 cells observed using fluorescence microscopy. Photos were taken after
PLC/PRF/5 and ES-2 cells were exposed to 5-FU (10 uM for PLC/PRF/5, 4 uM for ES-2) and Bestatin plus 5-FU (1:5; 10 uM
for PLC/PRF/S, 4 uM for ES-2) for 24 h (magnification x20). The brighter blue cells are apoptotic cells.
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w
w

. 1.16%
i / 0.67%
control

b

Bestatin

control 5-FU:Bestatin (5:1)

Figure 4. Cell apoptosis after PLC/PRF/5 and ES-2 cells were treated with drugs for 48h. Cells stained with annexin-V/
FITC and propidium iodide (PI) were analyzed using flow cytometry. (A) PLC/PRF/5 cells: control, Bestatin (2 uM), 5-FU (2
uM), 5-FU:Bestatin 5:1 (2 uM); (B) ES-2 cells: control, Bestatin (2 uM), 5-FU (2uM), 5-FU:Bestatin 5:1 (2 uM).

Bestatin (4uM) 5-FU-Bestatin (5:1)

[T
i PP TP PP TPPOY VS TR

GO/G1  68.30% GO/G1 __ 73.03% GO/G1  19.53% GO/G1  23.19%
S 19.82% S 20.74% S 78.47% s 73.79%
G2/M 11.88% G2/M 6.23% G2/M 2.01% G2/M 3.02%

Figure 5. PLC/PREF/S cells in different cells cycles in response to treatment with Bestatin and 5-FU alone or in
combination. Tables under the graphics indicate the percentage of cells in different phases of the cell cycle when treated with
Bestatin and 5-FU alone or in combination.

A

5-
Control [ S SR N 4, 0 T Bestatin

=semie 5.FU:Bestatin ?I:I,
- === = 5-FU:Bestatin (H)

5-FU+Bestatin (L)

5-FU+Bestatin (H)

Bestatin

5-FU

Figure 6. Data from an experiment with mice bearing H22 tumors. A: Picture of dissected H22 tumor tissues from Kunming
mice. The photo was taken with a camera once mice were sacrificed. B: The body weight of mice in each group was recorded for
two weeks.

3.4. Assay of antitumor activity in vivo subcutaneous H22 tumor cells using 5-FU and Bestatin

as the positive control. Figure 6A and Table 4 show that

To evaluate the antitumor action of 5-FU plus Bestatin
in vivo, a Kunming mouse model was established with

a combination of the two significantly inhibited tumor
growth in contrast to the control drugs. In comparison
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to 5-FU (15 mg/kg/day) alone, the combination of 5-FU
and Bestatin used half the dose of 5-FU (7.5 mg/kg/
day), but the two had similar rates of inhibition (about
50%). Bestatin inhibited the tumor by only ~30% at a
large dose (50 mg/kg/day). In contrast to 5-FU alone, a
combination of 5-FU and a low dose of Bestatin (7.5mg/
kg/day) increased the rate of inhibition from 49.2% to
62.0%. In addition, two mice in the 5-FU group died
while no mice in the other groups died, indicating the
substantial toxicity of 5-FU and its reduced toxicity
when used with Bestatin. The mean weight of mice in
each group is shown in Figure 6B. 5-FU resulted in
weight loss after three days of drug delivery while the
Bestatin group and the combination groups tolerated
the treatment well.

4. Discussion

Although 5-FU is commonly used as an anticancer
drug, its clinical use is increasingly limited due to
drug resistance, adverse reactions, and toxicity. A drug
combination provides a novel strategy to enhance its
efficacy and reduce its toxicity when treating cancer.
APN, also known as CD13, is a zinc-dependent
M,-class metalloprotease that is over-expressed in
cancer cells; APN plays important roles in various
biological processes, such as antigen presentation,
signal transduction, and angiogenesis (22,26). APN/
CD13 is considered to be an important target for
developing anticancer agents. Moreover, APN/CD13
has been found to be a biomarker of liver cancer stem
cells (27,28). Bestatin is widely used as an APN/CD13
inhibitor in adjuvant chemotherapy and it prolongs
patient survival.

The current study investigated the anticancer
activity of 5-FU plus Bestatin in vitro and in vivo. An
assay of enzyme activity at the protein and cell level
revealed that 5-FU did not disturb APN/CD13 activity
and that it did not influence the binding of Bestatin
to APN/CD13. This signals the possibility that 5-FU
and Bestatin could work along both lines. An assay
of inhibition of proliferation and cytotoxicity in vitro
revealed that a combination of 5-FU and Bestatin
had greater anti-proliferative action on human cancer
cells with a lower level of cytotoxicity in normal cells
than 5-FU or Bestatin alone. Moreover, Hoechst 3342
staining of PLC/PRF/5 and ES-2 cells revealed that
the combined drugs had greater activity in triggering
apoptosis. Flow cytometry revealed that the drug
combination resulted in 10% more apoptotic cells than
5-FU or Bestatin alone. In an analysis of cell cycles,
exposure to 5-FU and Bestatin induced cells to remain
in the S and GO/G1 phases. All of these results in vitro
indicate that the combined drugs had greater efficacy
than either drug alone. In an experiment involving
H22 tumor-bearing mice, 5-FU in combination with a
small quantity of Bestatin significantly inhibited tumor

growth. 5-FU killed two mice and resulted in weight
loss while the combination of the two resulted in no
deaths and no loss of weight. 5-FU plus Bestatin shines
because of its lower level of toxicity and superior
therapeutic action. A study in vivo revealed that
combining 5-FU and Bestatin ensured the survival rate
for mice and also significantly inhibited tumor growth.

In conclusion, this study has described the broad-
spectrum anticancer activity of 5-FU in combination
with the APN/CD13 inhibitor Bestatin. A combination
of 5-FU and Bestatin has superior anticancer action
and a lower cytotoxicity in normal cells than 5-FU or
Bestatin alone in vitro and in vivo. The preliminary
mechanisms for cell apoptosis and cell cycles induced
by this combination have been discussed as well.
The current results provide important information for
clinical cancer therapy. Combining Bestatin with 5-FU
therapy may improve the treatment of cancer.
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Summary

Anacardic acid is a major constituent of nutshell of cashew. In this study, we have isolated
it from the leaves of Anacardium Occidentale L. using polarity-based fractionation and
confirmed the structure using GC-MS, NMR and FT-IR. The main focus of this study is to
harness the molecular mechanism of anti-metastatic action of anacardic acid (A1). We have
used MCF-7, a weak metastatic and U-87, a highly metastatic, breast and glioma cell lines
respectively, for our study. We have shown that VEGF increases migration and invasion
activities of MCF-7 cells, upon overexpression of Twist and Snail genes. It is observed from
the current study that exposure of MCF-7 cells to A1l resulted in upregulation of epithelial
marker E-cadherin with a concomitant decrease in the expression of mesenchymal markers
Twist and Snail gene expression besides exhibiting a strong anti-migratory and anti-invasive
activity. In metastatic U-87 glioma cells, treatment with A1 decreased the phosphorylation
of MAP kinases, inhibited the translocation of Sp1 and down regulated VEGF and Flt-1
gene expression. Overall, the current findings demonstrate for the first time that anacardic
acid functions as a potent EMT inhibitor by targeting VEGF signaling pathway, providing a
novel template for drug discovery.

Keywords: Anacardium occidentale L., anacardic acid, epithelial to mesenchymal transition, anti-

metastatic, vascular endothelial growth factor

1. Introduction

Anacardium occidentale L., a member belonging
to Anacardiaceae family, has a great economic and
medicinal value (/). A. occidentale L. has been found to
have antibacterial, antiulcer, antitumor activity through
suppression of hypoxia and angiogenic factors (2).
Anacardium nut oil has been shown to have an apoptotic
effect on tumor cell lines like acute myeloblastic
leukemia, breast carcinoma, and cervical epithelial
carcinoma (3). Sheela et al. has shown that an ethanolic
extract of 4. occidentale L. leaves suppresses vascular
endothelial growth factor (VEGF) induced angiogenesis
of both in vivo and in vitro (4). Nevertheless, studies
either directly comparing non angiogenic role of VEGF
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**Address correspondence to:

Dr. Bharathi P Salimath, Department of Biotechnology,
University of Mysore, Manasagangotri, Mysore 560006, India.
E-mail: salimathuom@gmail.com

to A. occidentale L. or its antimetastatic activity has
not been well studied. In the present paper, an attempt
to understand the anti-metastatic efficacy of anacardic
acid (A1) in tumeriogenic but weakly metastatic breast
cancer cells (MCF-7) and highly metastatic brain tumor
cells, glioblastoma multiforme (U-87) is made.

Greater than 90% of deaths in breast cancer are
attributed to metastatic disease where the primary tumor
has invaded distant sites. To infiltrate host tissues,
carcinoma cells of primary tumor separate from the
tumor mass by breaking their basement membrane
and cell-cell contacts, known as adherens junctions (5-
7). Functional loss of E-cadherin has been reported
to induce epithelial-mesenchymal transition (EMT)
in several cancers (8,9). The resulting cells lose their
flexible structure and enhance migration through the
extracellular matrix (/0,77). Until now, many growth
factors including HGF, TGF-B, and EGF have been
found to induce EMT (72). Recent research suggests
that VEGF signalling is not limited to angiogenesis, but
plays an important role in breast cancer cell migration
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and invasion (/3). Most of the growth factors which
induce EMT activation and modulation of transcription
factors repress epithelial genes, such as those encoding
E-cadherin and cytokeratins, and activate transcription
programmes which specify fibroblast-like motility and
an invasive phenotype (/4,15). Transcription factors like
Twist, Snail basic Helix Loop Helix (bHLH) families,
two double zinc finger and homeodomain (ZEB) factors
trigger EMT (76). Previously it has been shown that
Twist and Snail transcription factors play key role during
EMT by repressing the E-cadherin, the major epithelial
cell adhesion molecule. However, it has recently been
shown that over-expression of Twist in breast cancer
animal model regulates EMT by promoting tumor cell
invasion. The ectopic expression of Twist resulted in
EMT and induced metastasis in cells.

Many studies have revealed that natural compounds
act as antiangiogenic and apoptotic agents against
human cancers. However, there is a continued search
for novel nontoxic components for treating metastatic
tumors. In the present study, an effort has been made
to elucidate the molecular mechanisms involved in
the anti-angiogenic and anti-metastatic effect of the
compound Al against breast cancer (MCF-7 cells) and
highly metastatic glioma, (U-87 cells). Moreover, in the
present study, MCF-7 cells are stimulated with VEGF,
to demonstrate that MCF-7 cells exhibit epithelial
phenotype with high expression of E-cadherin and less
expression of detectable mesenchymal markers. It is
also shown from the current studies that Al inhibits
proliferation, migration and invasion of MCF-7 breast
cancer cells. In addition, it is also shown from the
current research that the interplay of Al with EMT
regulators such as E-cadherin, Twist and Snail in order
to inhibit metastasis of MCF-7 cells. Further the cellular
and molecular mechanisms underlying the regulation of
EMT by VEGF, Twist, and Snail and signaling pathway
governing the same have been elucidated.

2. Materials and Methods
2.1. Cell culture

MCF-7 (non-metastatic breast cancer cell line), U-87
(most aggressive malignant primary brain cancer cell
line) and HEK?293 cells (Normal human embryonic
kidney cells) are obtained from National Centre for
Cell Science (NCCS); Pune, INDIA. Cells are cultured
in Dulbecco's modified Eagle's medium (DMEM;
Gibco, USA). Culture medium is supplemented with
10% Fetal Bovine Serum (FBS) and 100 units/ml
Streptomycin and Penicillin from GIBCO laboratories,
Grand Island, NY, USA). ['H] thymidine is procured
from the Baba Atomic Research Centre, Mumbai, India.
Mammalian transfection assay kits, luciferase, CAT and
B-galactosidase assay kits are from Promega, USA. All
other reagents used are of the highest analytical grade.

2.2. Processing of A. occidentale leaves and purification
of the active compound

The shade-dried leaves (1 kg) are powdered and
extracted using 5 L of methanol at room temperature
for 24 h. Polarity-based partial fractionation of the
methanol extract is carried out using solvents such as
hexane, ethyl acetate, and triple distilled water. The
solvents are evaporated by rotary evaporator and all
the fractions are verified for anti-angiogenic activity
using human umbilical vein endothelial cells (HUVECsS)
tube formation assay. The ethyl acetate extract which
exhibited positive activity, is further subjected to silica
gel column chromatography (Merck 60-200 mesh size)
and cluted with differential ratios of ethyl acetate:
methanol (100:0, 95:5, 90:10, 50:50, and 0:100). The
sub-fractions collected are subjected to TLC using ethyl
acetate: methanol as a solvent system. The fraction
EA 1 (ethyl acetate: methanol (100:0) that showed
the maximum inhibitory effect on tube formation by
HUVEC's is further subjected for purification (silica gel
column chromatography, Merck 60-200 mesh size) and
eluted with ethyl acetate: methanol (50:50 to 0:100) to
obtain seven sub fractions (EA 1.1 to EA 1.7); with EA
1.1 being the most active component. EA 1.1 is further
subjected to column chromatography using neutral
alumina (Grade 3) to remove unwanted pigments
(Scheme 1). The active compound thus obtained is
validated and structurally characterized.

2.3. High-performance liquid chromatography (HPLC)
and spectral studies

HPLC purification is carried out using a modular HPLC
instrument (Ultrasep ES 10 RP 18 6.0 pm, reverse
phase C18 column) (Tokyo, Japan). The mobile phase
is chloroform/ethyl acetate (80:20) at 1.80 mL/min;
absorbance is monitored at 280 nm. Each analysis is
carried out by dissolving 25 mg of sample in 5 mL of
ethyl acetate. The flow rate of the sample is 1 mL/min
and ran for 30 min.

GC-MS of the isolated compound is done in Thermo
LCQ Deca XP MAX (Bremen, Germany) (Range: m/z =
1 — 900). GC-MS recorded the retention time and mass
to charge ratio (m/z). These experiments are carried out
at Department of Chemistry, Indian Institute of Science,
Bangalore, Karnataka, India.

'H NMR spectrum is recorded on a Varian T-60
spectrometer and "C NMR spectrum is obtained on a
Bruker WH-270 (Chicago, USA) machine at a probe
temperature of 25°C. Spectra ('H NMR, "C NMR) are
recorded using 10 mg of the sample dissolved in 1 mL
of chloroform and chemical shifts are reported relative
to tetramethylsilane (TMS) in ppm and coupling
constants in hertz. These experiments are performed
at NMR research centre, Indian Institute of Science,
Bangalore, Karnataka, India. All solvents used are
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Scheme 1. General scheme followed for the extraction and purification of active substance from A. occidentale.

distilled prior to use.

The UV-visible absorption spectrum of the
active compound is measured using a Hitachi U3400
spectrophotometer (El Cajon, CA, USA). The compound
is dissolved in chloroform to a final concentration of
approximately 1 mg/mL and then filtered. The filtrate
is used for recording the spectrum. The spectrum is
recorded for two different portions for consistency.

The FT-IR spectrum of the active compound
is recorded using Bruker FT-IR Multiscan 15 Sf II
(Ettlingen, Germany) instrument employing the KBr
pellet technique. Approximately 0.2 mg of isolated
compound is thoroughly mixed with 300 mg of KBr to
prepare the sample pellet.

2.4. Endothelial cell tube formation assay

Tube formation of HUVECs is performed as per
manufacturer's instructions (/7). Briefly, a 96 well
plate is coated with 50 puL of matrigel which is allowed
to solidify at 37°C for 1 h. HUVECs (4 x 10" cells/
well) are seeded on the solidified matrigel and cultured
in EGM containing various concentrations of active
compound Al (0.01 g, 0.1 pg, 0.5 pg, 1 pg and 2 pg) for
24 h. VEGF (10 ng) is added to induce tube formation
to each well except for the control without VEGF. After
incubation at 37°C and 5% CO, the enclosed networks

of complete tubes from five randomly chosen fields are
photographed using an inverted microscope with an
attached CCD camera (Carl Zeiss, Germany).

2.5. Transient transfection and ectopic expression of
genes

To determine the effect of VEGF and/ or A1 on
proliferation, migration and invasion activities of MCF-
7 cells, cells are seeded in six well plates and cultured
to 60-70% confluency prior to transient transfection.
On the subsequent day, cells (MCF-7) are transfected
with pGL3 plasmid containing human gene construct of
E-cad -624bp or Twist -824 bp or Snail -900 bp using
calcium phosphate transfection kit (Promega, USA) as
per the manufacturers instruction. A similar protocol is
used to transfect U-87 or HEK293 cells. These cells are
transfected with pLUC plasmid containing human gene
construct of VEGF promoter site (-2,068 bp to +50 bp)
with a luciferase reporter gene. The transfected cells are
used for the following assays.

2.6. Cell proliferation assay
In vitro cell proliferation assay is carried out using

[’H] thymidine incorporation into DNA in rapidly
multiplying cells as described earlier (/8). The Twist
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or Snail gene transfected cells (1 x 10" cells/well)
are seeded on 12-well plates in DMEM media and
grown in 5% CO, at 37°C for 48 h. On the third day,
[’H] thymidine (1 pCi /mL medium) is added and the
effect of VEGF (10 ng) or Al (50 uM) is tested on
proliferation of transfected cells. After 48 h, the cells
are trypsinized and washed with phosphate-buffered
saline (PBS) and high molecular weight DNA is
precipitated using ice-cold trichloroacetic acid (10%).
Scintillation fluid (5 mL) is added to all the samples
and radioactivity is measured in a liquid scintillation
counter (Perkin Elmer Tri-Carb 2900 TR, Downer's
groove, IL, USA).

2.7. Transwell invasion assay

Invasion assay is performed as described earlier (19).
Twist or Snail gene transfected or untransfected MCF-7
(2 x 10* cells per well) cells are treated with mitomycin
C (10 ng/mL) for 2 h and seeded onto the top chamber
of transwell which is precoated with 0.1% gelatin.
The bottom chamber of transwell is filled with basal
media containing VEGF (10 ng/mL) or A1 (50 pM)
or VEGF and A1, followed by overnight incubation.
The non-migrated cells are swabbed using cotton bud
and gelatine coated transwells are fixed with 4% ice
cold paraformaldehyde and cells are stained using
haematoxylin. The cells are photographed under an
inverted microscope. The cells are measured using
Imagel (versionl.47).

2.8. Cell migration assay (scratch assay)

MCF-7 cells (1 x 10°) ectopically expressing either
Twist or Snail gene inserts are cultured to a confluent
monolayer. The assay is performed as described earlier
(20). The cells are serum starved overnight prior to
treatment with mitomycin-C (10 ng/mL) for 2 h. The
monolayer is wounded using 200 pL pipette tip. Fresh
basal media is added followed by treatment with or
without VEGF (10 ng) or Al (50 uM) and incubated
at 37°C and 5% CO,. The movement of cells in the
scratched area are photographically monitored at 0 and
24 h after the treatment using an inverted microscope.
The cells are measured using Image J (version1.47).

2.9. Gene (VEGF/E-cadherin/Twist/Snail) promoter
and luciferase reporter gene analysis

In order to determine the effect of A1 on regulation of
E-cadherin, Twist or Snail gene expression in MCF-7
cells and VEGF gene expression in U-87 and HEK293
cells; respective gene promoter-luciferase reporter
assays are performed. Cells are transiently transfected
as mentioned above. The transfected cells are incubated
for different time intervals either with or without VEGF
(10 ng) or A1 (50 uM) or VEGF and A1l. Cell extracts

were prepared and assayed for luciferase activity using
the luciferase assay Kkit.

2.10. Flt-1 gene promoter CAT enzyme reporter assay

U-87 and HEK293 cells are transiently transfected
with 2 pg of Flt-1 CAT reporter plasmid. After 24 h of
transfection, the cells are serum starved overnight and
treated with or without VEGF or A1 or VEGF+ Al
for 48 h. pRSV-B gal is co-transfected to serve as an
internal control for transfection efficiency. After 48 h of
transfection, cell extract are prepared and assayed for
CAT activity using CAT assay kit (Promega, USA).

2.11. Immunoblot analysis of JNK and ERK activity

The activity of ERK or JNK is measured by western
blotting. Briefly, U-87 cells are grown to confluency,
and serum starved for 24 h. Cells are incubated with or
without VEGF (10 ng/mL) or A1 (50 uM) for different
time intervals (0, 2, 5, 10, 15, 30, and 60 min). Cells
are washed with PBS, collected in modified cold radio
immune precipitation buffer (RIPA) and homogenized
on ice. Extracts are clarified at 10,000 g/30 min/4°C.
The proteins were separated on SDS PAGE and
transferred to a PVDF membrane. The membranes
are incubated with antibodies against anti-pJNK and
anti-pERK respectively. The membranes were then
developed using the Luminol reagent and analyzed
using phosphor image analyzer (Fujifilm, FLA5000,
Tokyo, Japan).

2.12. Electrophoretic mobility shift assay (EMSA)

Extraction of nuclear proteins and electrophoretic
mobility shift assay (EMSA) are performed. Briefly,
U-87 cells are grown to 80-90% confluency in petri
plates and are serum deprived for 12 h before treatment.
Cells are then treated with 50 pM of A1 with different
time intervals (4, 8, 16, 32, and 48 h). Nuclear extract
prepared from U-87 is used to examine the effect
of A1 on Spl-DNA binding activity using specific
oligonucleotide probe for Spl binding element in the
VEGF gene.

2.13. Statistical analyses

Unless stated otherwise, all experiments were
performed in triplicates. Wherever appropriate, the
data are expressed as mean and compared using one-
way analysis of variance. Statistical significance of
differences between control, A1, VEGF, VEGF and
Al treated cells are determined by Duncan's multiple
range test (DMRT). For all tests, p < 0.05 is considered
statistically significant. All of the analyses are
performed using the SPSS for Windows, version 13.0
(SPSS Inc.).
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Figure 1. Effect of different fraction of A. occidentale
extract on VEGF- induced tube formation. HUVECs (1
x 10* cells) cultured in EGM with 5 pg of different fractions
and sub-fractions were added to the matrigel coated 96 well
plate. After incubation for 8 hours at 37°C, capillary networks
were photographed and quantified (Magnification: 40x). All
data are presented as mean from different experiments with
triplicates and means of + SEM (n = 3).

3. Results

3.1. Isolation and characterization of the anti-angiogenic
compound from A. occidentale

The effect of hexane, ethyl acetate and water extracted
compounds on in vitro tube formation assay is shown
in Figure 1. In, VEGF induced formation of tube like
structures and the extracts per se did not have any
effect on the growth of endothelial cell-tubes. However,
ethyl acetate fraction (EA 1.1) showed positive
antiangiogenic activity against HUVECs ability to
form tube like structures; and ethyl acetate fraction is
selected for further purification (Figure 1). The active
fraction obtained after passing through alumina gel
column, when subjected to TLC, showed a single band
(Supplementary Figure la, http://www.ddtjournal.com/
docindex.php?year=2015&kanno=1) which is scraped
and used for further analysis.

3.2. HPLC and GC-MS profile of the active compound

In the HPLC analysis (Supplementary Figure
b, http://www.ddtjournal.com/docindex.
php?year=2015&kanno=1), the extracted compound
gave three peaks which are observed at retention
times of 5.45, 6.71, and 9.12 min with a ratio of the
integrated peak area of 3:1:2 respectively. Anacardic
acid isolated from natural cashew nut shell liquid
(CNSL) using supercritical carbon dioxide (scCO,) has

revealed a similar HPLC profile which showed three
peaks observed at retention times of 5.47, 6.69 and
9.23 min with a ratio of the integrated peak area 3:1:2
respectively (21).

In GC-MS analysis (Supplementary Figure
2, http://www.ddtjournal.com/docindex.
php?yvear=2015&kanno=1), the extracted compound
showed three major peaks with molecular ions of m/
z (mass/charge) = 343.104, 345.411, and 347.231,
matching the three peaks observed in HPLC analysis.
These three HPLC peaks correspond to anacardic acid
components with tri-, di- and monoene in their alkenyl
side chains with abundances of 51%, 18%, and 31%
respectively. In addition, a relatively weak peak with
a molecular ion of m/z = 351.436 is observed which
corresponds to the anacardic acid component with a
saturated side chain. Similar LC-MS analysis results
are reported for scCO, extracted anacardic acid which
showed three major peaks with molecular ions of m/e =
343.284, 345.304, and 347.327 respectively (22).

Fraction EA 1.1, extracted from the leaves of A4.
occidentale is eluted in mobile phase ethyl acetate/
methanol (9:1), detected by UV 254 nm.

HPLC purification carried out using a modular HPLC
instrument Ultrasep ES 10 RP 18 6.0 um reverse phase
C18 column. Mobile phase is chloroform/ethyl acetate
(80:20) at 1.80 mL/min; absorbance is monitored at 280
nm. Each analysis is carried out by dissolving 25 mg
of sample in 5 mL of ethyl acetate. The flow rate of the
sample is 1 mL/min and ran for 30 min.

3.3. Spectral analysis of the active compound

The UV-visible spectrum of the active compound showed
two major peaks (A,,) at 260 and 361 nm that are
contributed by the 2-hydroxybenzoic acid substructure
(Supplementary Figure 3a, http.//www.ddtjournal.com/
docindex.php?year=2015&kanno=1). This result is
analogous with the results obtained from the UV-visible
spectrum of the scCO, extracted anacardic acid which
showed two peaks at 246 and 314 nm (22).

The FT-IR spectrum of the extracted compound
(Supplementary Figure 3b, http.//www.ddtjournal.com/
docindex.php?year=2015&kanno=1) showed peaks:
3,377.1 (Ar-OH), 2925.8 and 2854.5 (aliphatic C-H),
1463.9 (aromatic CdC), 1375.2 (-COOH). (Aliphatic
CdC) nearly comparable result was reported for the FT-
IR spectrum of the scCO, extracted anacardic acid (22).

The '"H NMR results [CDCl,, 0 (ppm)] clearly
showed the substitution pattern of the aromatic ring
(Supplementary Figure 4, http://www.ddtjournal.com/
docindex.php?year=2015&kanno=1). The presence of
three aromatic protons observed at ¢ 6.791 (d), 6.833
(d), and 7.258 (t) indicates that the extracted material
contained only the trisubstituted benzene ring. The
presence of the alkyl side chain (one of the substitutes)
was indicated by alkenyl protons at J 0.862 (m, 3H,
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Figure 2. Chemical structure of Al.

-CH;), 0 1.310, 1.586, 2.026, 2.776, and 2.983 (m,
28H, -CH,.), 0 4.998 (m, mixed, 1H, -CHdCH-), and
0 5.354 and 5.819 (m, 4H, -CHdCH-). The phenolic
and carboxyl (the other two substitutes) protons are
assigned at ¢ 5.026 (m, mixed, 1H) and 11.026.

"C NMR showed the similar pattern for (CDCL,,
300MHz) 12.921 q, 14.101 q, 22.691 q, 23.916
q, 29.7 t, 35.121 t, 35.0 t, 36.135, 36.521, 37.107,
42.827, 43.181, 46.082, 70.023 t, 73.561 s, 76.0413 d,
81.321 d, 108.351 t, 132.253 d, 136.731 d, 150.081s.
The 'H NMR spectrum and "C NMR spectrum
of the compound is shown in (Supplementary
Figure 5, http://www.ddtjournal.com/docindex.
php?year=2015&kanno=1) Similar 'H and “C NMR
spectra are obtained for the scCO, extracted anacardic
acid (22).

All these analytical and spectral data appear to
confirm the compound to be CsH;' 6-[8(Z), 11(Z),
14-pentadecatrienyl] salicylic acid (anacardic acid)
(Figure 2). The molecular formula of the compound
obtained from the elemental analysis and the molecular
mass (343.248) by mass spectrometry is found to be
CyH;,0;.

3.4. Al inhibits VEGF-induced proliferation of Twist or
Snail expressing MCF-7 cells

The effect of Al on the proliferation of Twist or Snail
transfected or untransfected MCF-7 cells is investigated.
Cells are treated for 24 h with or without VEGF (10 ng)
or Al (50 uM) or VEGF plus Al and cell proliferation
rate is measured by *[H] thymidine incorporation
assay. The resulting data demonstrated that VEGF
increased proliferation of MCF-7 cells in which either
Twist or Snail genes were overexpressed by transient
transfection. Cell proliferation rate is increased by
84% and 72% in comparison with untransfected cells.
Addition of A1 along with VEGF significantly decreased
the proliferation rate of twist (62%) and snail (27%)
compared to transfected control cells. These results
suggest that A1 exhibits potent anti-proliferative activity
(Figure 3).

3.5. Al inhibits VEGF-induced cell migration in Twist
or Snail expressing cells

The migration of cells to heal the wound made on a
lawn of cells is measured at time zero and 24 hours.
Effect of Al is also studied on its ability to inhibit cell
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Figure 3. A1l inhibits VEGF-induced proliferation of
MCEF-7 cells. Effect of Al treatment on proliferation of
Untransfected and Twist or Snail transfected cells was
evaluated using thymidine incorporation assay. Cell
proliferation data shown is mean = SEM of three samples.
These results were similar in 3 independent experiments.

migration induced by Twist or Snail transfected cells in
the mechanically wounded area. Results clearly showed
that transfected cells when treated with VEGF filled
the scratch area more rapidly than the cells which are
treated with A1 or VEGF plus Al. Quantitative analysis
of migration assay showed that VEGF treated cells
ectopically expressing Twist or Snail effectively migrated
faster in closing of wound when compared to that of cells
treated with A1 alone or Alwith VEGF. These results
suggested that Twist or Snail increases the migration of
MCEF-7 cells and these transcription factors are down-
stream in VEGF signalling pathway in migrating MCF-7
cells (Figure 4)

3.6. Al inhibits VEGF-induced invasion in Twist or
Snail overexpressing cells

Epithelial to mesenchymal phenotype is an essential
component which confers invasion of cancer cells.
To obtain more conclusive evidence on the role of
VEGF and its target transcription factors Twist and
Snail in EMT, verification is done to understand if
forced expression of Twist or Snail enhances VEGF
triggered invasion of MCF-7 cells when compared to
the untransfected cells. A 46% and 38% increase is
seen in VEGF induced invasion, in Twist or Snail over
expressing cells respectively. As shown in Figure 5,
the result indicated that in the presence of VEGF the
invasion of Twist or Snail transfected cells into the
gelatin coated transwell membrane is more efficient
as compared to cells without the ectopic expression of
Twist and Snail. Whereas in A1 treated cells, significant
inhibition of invasiveness (63% and 52%) was evident.

3.7. Regulation of Twist, Snail and E-cadherin genes by
VEGF and Al

The results in Figure 6a indicate that in MCF-7 cells,
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Figure 4. Al inhibits VEGF-induced cell migration in Twist or Snail expressing cells. Effect of Al treatment on migratory
potential of Untransfected and Twist or Snail transfected cells was analyzed through wound healing assay. Representative
photographs of initial and final wounds are shown at 40x magnification. The number of cells migrated and the distance of

migration are shown as mean + SEM of three samples.

VEGF increases the expression of Twist and Snail
genes. When compared to the expression of Snail
gene, the expression of Tiwist gene is increased by two
folds by VEGF. However, VEGF at the concentration
used decreased E-cadherin expression. The data also
indicated that A1 inhibits VEGF induced expression of
both Twist and Snail genes and enhances the expression
of E-cadherin gene in control untransfected MCF-7
cells but not in either Twist or Snail-transfected cells.

3.8. Al increases expression of E-cadherin gene in cells
overexpressing Twist or Snail genes

In order to verify if A1l up-regulates E-cadherin gene
expression in MCF-7 cells in which Twist and Snail
genes are overexpressed, E-cadherin promoter-luciferase
reporter genes are co-expressed. The data on increased
reporter gene activity (Figure 6b) indicates that Al
induces the expression of E-cadherin in MCF-7 cells in
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Figure S. Al inhibits VEGF induced invasion activity of MCF-7 cells. Effect of Al treatment on the invasion potential of
untransfected and Twist or Snail transfected cells was evaluated using transwell migration chambers. Cell invasion data shown is
mean + SEM of three samples. These results were similar in 3 independent experiments.

context to overexpression of Twist or Snail genes. When
compared to the activity of luciferase reporter (100
relative light units), in control Twist or Snail transfected
cells, the activity is found in Al treated cells either in
presence or absence of VEGF which was 60 to 80%
higher.

3.9. Al down regulates VEGF gene expression

The effect of A1 on the transcriptional regulation of
the VEGF promoter in HEK293 (normal) and U-87
(highly proliferating) cells is investigated further. Cells
are transiently transfected with a VEGF promoter
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Figure 6. A1 inhibits, VEGF upregulates Twist, Snail, and E-cadherin genes in MCF-7 cells. Promoter reporter analysis (a-c);
CAT assay (d). (a) Regulation of Tiwist, Snail, and E-cadherin genes by VEGF and Al. MCF-7 cells were transiently transfected
with E-cadherin or Twist or Snail promoter luciferase reporter genes. The cells were treated with A1 alone, with and without VEGF.
After 48 hours of transfection cells were lysed and assayed for luciferase activity. 1-Control cells, 2-A1 alone, 3-VEGF, 4-VEGF
+ A1l. Values are mean of triplicate + SEM. (b) A1l increases expression of E-cadherin gene in cells over expressing Twist or Snail
genes. MCF-7 cells were transiently co transfected with E-cadherin/Twist or E-cadherin/Snail genes. The cells were treated with A1l
alone, with and without VEGF. Forty-eight hours after transfection cells were lysed and assayed for luciferase activity. 1-Control
cells, 2-Al alone, 3-VEGF, 4-VEGF + Al. Values are mean of triplicate + SEM. (¢) A1 down regulates VEGF gene expression.
HEK?293 and U-87 cells were transiently co-transfected with 2 pg of reporter plasmid pLuc 2068 and 2 pg of the f-galactosidase
expression plasmid RSV-f gal using calcium phosphate precipitation method. The cells were treated with A1 alone, with and without
10 ng of VEGF. After 48 hours transfection, cells were assayed for luciferase activity. 1-Control cells, 2-A1 alone, 3-VEGF, 4-VEGF
+ Al. Values are mean of triplicates + SEM. (d) Al promotes upregulation of F/z-1 gene. HEK293 and U-87 cells were transiently
co-transfected with 2 pg of plasmid Flt-1 CAT and 2 pg of the B galactosidase expression plasmid RSV [ gal. The cells were treated
with A1 alone and with or without 10 ng of VEGF. Forty-eight hours after transfection, cells were assayed for CAT enzyme activity.
1-Control cells, 2-A1 alone, 3-VEGF, 4-VEGF + A1. Values are mean of triplicates + SEM.

luciferase-reporter (-2,018 to +50) plasmid pLUC
-2,068bp. The results (Figure 6¢) indicated that VEGF
upregulated its gene nearly 5 folds in the untransformed
HEK293 cells. However, highly metastatic glioblastoma
(U87) cell showed less intense upregulation of VEGF
gene by VEGF per se. The data also indicated that Al
inhibits VEGF gene expression both in HEK293 and
U87 cell lines.

3.10. A1 promotes upregulation of Flt-1 gene

As VEGF regulates its own gene expression in both
U-87 and HEK293 cell lines, a further investigation of
the regulation of VEGF receptor Flt-1 gene expression
by transiently transfecting with Flt-1 promoter-CAT

reporter constructs is performed. The results in Figure
6d indicate that when compared to the expression of
VEGEF receptor gene (FIt-1) in HEK 293 cells, the
expression is significantly higher in U-87 cells. Upon
verification of the effect of A1 on VEGF receptor Fit-
1 gene expression in these cell lines, the data revealed
that A1 is a potent inhibitor of F/¢-/ gene.

3.11. A1 inhibits phosphorylation of JNK and ERK MAP
kinases

To delineate the molecular mechanism by which
A1 inhibits VEGF induced metastasis, the potential
involvement of MAP Kinases in transducing the
molecular metastatic signals by VEGF and amelioration
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Figure 7. Al inhibits VEGF-induced phosphorylation of
ERK and JNK in glioma cells. Whole cell extracts were
prepared from control and A1 treated U-87 cells. About 150 pg
of protein was resolved on SDS-PAGE (12.5%). Western blot
analysis was performed using antibodies against phospho JNK,
total JNK, phospho ERK and total ERK. C: control cells with
0 min incubation with VEGF, 1: 2 min, 2: 5 min, 3: 10 min, 4:
15 min, 5: 30 min, 6: 60 min, and 7: 120 min incubation with
VEGF.

of the same by Al is investigated by validating the
enzyme activity using immunoblotting. The results
in Figure 7 clearly indicate that VEGF activates both
extra cellular signal regulated kinase (ERK)1/2 and
phosphor-Jun NH2-terminal kinase (JNK) in a time-
dependent manner. Both the kinases are inhibited
by Al. However the control cells showed an initial
increase in kinase activity and whenever treated with
Al showed an inhibition. Interestingly, the total levels
of both the kinases are not affected by Al. These results
support a critical role of MAPK pathway in activating
VEGEF induced metastasis.

3.12. A1 inhibits translocation of Sp1

In highly metastatic U-87 cells, the transcription factor
Spl is detected in the nucleus. Since they rapidly
proliferate and multiply, Sp1 translocates from cytosol
to nucleus. When treated with A1, the translocation of
Spl is inhibited and is found in the cytosolic region
of the cells and this is confirmed by electrophoretic
mobility shift assay (EMSA) using nuclear extracts
prepared from control as well as Al treated U-87 cells
and oligonucleotides for Sp1l. The results indicated that
there is strong inhibition of binding of Sp1 transcription
factor to its cognate promoter sequence on VEGF gene
in Al treated U-87 cells. In contrast, in the nuclear
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Figure 8. Al inhibits binding of Sp1 to VEGF promoter site.
Nuclear extracts were prepared from U-87 cells treated with or
without A1. Spl DNA binding activity was assayed by EMSA
using Spl oligonucleotides (Lane 1: Labelled probe, Lane 2:
Labelled probe + control nuclear extract; Lanes 3-7: nuclear
extract of 4 h, 8 h, 16 h, 32 h, and 48 h time kinetics with 10 pg
of Al + labelled oligos; Lane 8: Supershift of Sp1).

extract of control U-87 cells, there is strong binding of
Spl to its promoter sequence (Figure 8).

4. Discussion

The data presented in the present study clearly
establishes the role of E-cadherin in tumor invasion and
metastasis. In this study two cell lines, MCF-7, which
is tumorigenic but weakly metastatic and U-87 glioma
cells which are highly metastatic are used. It is shown
that exogenous expression of either Twist or Snail in
MCEF-7 cells, confer on them better ability to migrate
and invade in vitro. Furthermore, the mechanisms
that might be responsible for this effect have been
elucidated.

Epithelial to mesenchymal transition is a crucial
process in embryogenesis (23) and tumor progression,
by which epithelial cells show loss of cell-cell adhesion,
reduced basal cell polarity and acquired fibroblastic
phenotype with increased cell motility, migration and
metastasis (24). The process is triggered by autocrine
and paracrine signals. Natural compounds with an anti-
cancer potential have to be endowed with benefits such
as, being non-toxic, cost-effective, physiologically bio-
available and have multiple molecular targets their use
in treating human cancers. Identification of mechanism-
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based naturally occurring inhibitors of tumour
invasion and metastasis holds promise for treatment of
metastatic tumors. Studies have identified diet derived
natural products such as garlic-derived chemicals (25),
soy constituent genistein (26,27), green tea polyphenols
(28) and vegetable constituent benzyl isothiocyanate
as natural product derived inhibitors of EMT in cancer
cells (29). It has been reported that herbal medicines
including 4. occidentale L. indicates a lack of clinical
efficacy for supporting their use in patients (30).
Although there are lot of importance of A. occidentale
and its major constituents in human health, little is
known about its anti-angiogenic and anti-metastatic
ability and the mechanism for its pharmacological
activities. We have reported that A. occidentale crude
extract inhibits in vivo angiogenesis by repression of
the cytokine VEGF gene expression (4).

Activity-guided (formation of tube like structures
by HUVEC's) fractionation of the leaves of 4.
occidentale L. using different solvents resulted in ethyl
acetate extract exhibiting maximum anti-angiogenic
efficacy by inhibiting tube formation by HUVEC's.
Isolation, purification, and characterization of the active
substance from ethyl acetate extract yielded us the
active compound which was further characterised using
LC-MS, UV-visible spectrum, FT-IR spectrum, 'H
NMR spectrum and “C NMR spectrum. Anacardic acid
isolated from natural CNSL using supercritical carbon
dioxide (scCO,) has revealed a similar HPLC profile,
LC-MS analysis results, UV-visible spectrum, FT-IR
spectrum, 'H NMR spectrum and “C NMR spectrum
(21). Analogous spectral results have been reported
during the isolation and identification of anacardic acid
derivatives from Brazilian propolis. Anacardic acid
obtained by CNSL has shown comparable spectroscopic
results. The combination of these spectroscopic and
chromatography results, with reference to the findings
reported in the literature, confirmed that the plant
extract (EA1.1) obtained and structurally characterized
was Anacardic acid (A1).

The data presented in the present study clearly
establishes the role of E-cadherin in tumor invasion
and metastasis. It is shown that exogenous expression
of either Twist or Snail in MCF-7 cells, confer on
them better ability to migrate and invade in vitro.
Furthermore, examination of the mechanisms that might
be responsible for this effect revealed that evidence
from previous reports indicate that pancreatic cancers
with the deregulated VEGFR-1 pathway possess a high
likelihood for local invasion, molecular alterations
and subsequent metastasis (37). Previous evidences
suggest that ectopic expression of Twist resulted in
breast cancer cells metastasis to lung in animal model
(17). This model also fits with the reported involvement
of Snail in local invasion and lymph node metastases
of breast tumor (/8,32). In this study, it is shown
that Twist or Snail transfected MCF-7 cells undergo

representative EMT, characterized by the acquisition of
mesenchymal phenotype upon treating the transfected
cells with VEGF. Current results clearly indicate that
VEGF treatment of Twist or Snail transfected cells
increased proliferation, migration and invasion when
compared with untransfected cells. Al significantly
inhibited cell proliferation, migration and invasion.
These results are consistent with the mechanistic role of
Twist and Snail signaling in the processes of EMT and
that the suppression of Twist and Snail signaling leads
to the reversal of EMT. Collectively, the current result
suggests that the suppression of VEGF induced Twist or
Snail gene by Al treatment strategies could be useful
for the reversal of EMT phenotype.

Over-expression of Twist and Snail in breast
cancer cells induces EMT via upregulation of VEGF
gene expression thus facilitating metastasis in high
grade tumor, but not in non-metastatic tumor (33,
34). Accordingly, the results presented have shown
that VEGF significantly increases Twist and Snail
gene expression and down-regulates E-cadherin gene
expression when compared to the expression of the
afore said genes in cells treated with Al. Because of
Al suppresses expression of Tivist and Snail gene and
increases transcription of E-cadherin, it is reasonable
to conclude that transcriptional repression of VEGF
induced Twist and Snail genes represent the mechanism
by which A1 inhibits EMT.

The present study determines that A1 has a role in the
prevention and /or treatment of metastatic tumors where
epithelial to mesenchymal transition is an underlying
mechanism. To the best of our knowledge this is the first
study that reveals the molecular mechanism of anti EMT
activity of Al. It is further shown that inhibition of VEGF
secretion could be due to inhibition of Spl translocation
to nucleus. Spl transcription factor regulates many
genes involved in tumor promotion, angiogenesis and
metastasis (35). Thus, it is becoming increasingly clear
that compounds that block Sp1 activation could be highly
useful for the treatment of cancer. This is confirmed by
electrophoretic mobility shift assay (EMSA) where Al
inhibited the binding of Spl transcription factor to its
promoter sequence on the VEGF gene in U-87 cells. In
the current molecular study, Al diminished ERK 1/2, and
INK phosphorylation in U-87 cells.

Current study systematically demonstrated and
revealed the molecular mechanism of action of Al as a
novel tumor metastatic inhibitor and an EMT inhibitor.
This confirms its pharmacological value with multiple
targets and contributes to drug development.
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Summary Cell cycle related molecules in mammalian cochleae could provide a new avenue to restore
hearing loss caused by a variety of genetic and environmental insults. CyclinA2 is one of
the most important regulators of cell cycle, but its role in the mammalian cochlea is still
unknown. So, it is necessary to construct an adenovirus vector carrying cyclinA2 gene
for clarifying its function in the cochlea. In this study, the cyclinA2 genes were cloned
into the shuttle plasmid pDC316-mCMV-EGFP to construct pDC316-CyclinA2-mCMV-
EGFP, which was co-transfected with the rescue plasmid pBHGloxAE1,3Cre into 293 cells
to obtain the recombinant adenovirus Ad.CyclinA2-EGFP. Then, the plasmid pDC316-
CyclinA2-mCMV-EGFP and recombinant adenovirus Ad.CyclinA2-EGFP were identified
by restriction enzymes and reverse transcription-polymerase chain reaction (RT-PCR). The
recombinant adenovirus vector was purified by CsCl banding, and was titrated. Finally, the
recombinant adenovirus vector carrying cyclinA2 gene was constructed and confirmed by
restriction enzyme analysis and RT-PCR. The titer of the recombinant adenovirus vectors
reached 2.5 x 10" v.p/mL. Thus, we had successfully established the Ad.CyclinA2-EGFP
vector, and it could express efficiently in various cells of cochlea. This study established the
foundation for the further research of cyclinA2 gene's function in the cochlea.

Keywords: cyclinA2, adenovirus construction

1. Introduction

In the last decade, a series of gene therapy within
the field of auditory neuroscience had undergone
tremendous development. The inner ear offers
several advantages for gene therapy: firstly, it is a
well-compartmentalized receptacle isolated within
the otic capsule, which is easily accessible through
retroauricular injection and with lower risk of
inoculating adjacent tissues. Secondly, it is composed
of cochlear endolymph and perilymph that permit
widespread diffusion of a locally introduced vector
(1,2). Until now, varieties of viral vectors, including
adenovirus, adeno-associated virus, retrovirus, and
lentivirus, had been evaluated as delivery vehicles in
gene therapy (3-7). Compared to the other viral vectors,
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adenovirus vectors hold a major advantage in that they
were not dependent on cell replication and had their
ability to transfect quiescent cells of the cochlea with
high efficiency. Therefore, adenovirus had become
among the most frequently used viral vectors in the
inner ear, and it was very useful to construct adenovirus
vectors for clarify functions of genes in the field of
inner ear.

So far, several cell cycles related molecules had
been determined to participate in the regulation of
mammalian cochlea function, such as p27*"*" and
RDb (8-10). These studies lead to the hypothesis that
gentamicin-induced hair cells loss may be reversed
by restarting cell cycle (/7). CyclinA2 is one of
the most important regulators of cell cycle, and it
regulates two critical progression transitions: the G1/S
transition into DNA synthesis and the G2/M entry into
mitosis (/2). Experimental data showed that cyclinA2
might promote the regeneration of cardiac muscle
cells, which are considered as terminal cells, by cell
cycle regulation (/3,7/4). But it is not sure whether it
provides insights into the regeneration of hair cells in
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mammalian. Therefore, it is very necessary to construct
an adenovirus vector harboring cyclinA2 gene for
clarifying its function in the cochlea.

In the current study, the adenovirus vector carrying
cyclinA2 gene was constructed base on the AdMax
vector systems. It would establish the foundation for
further research of cyclinA2 gene in the cochlea.

2. Materials and Methods
2.1. Cells, enzymes, bacteria, plasmids and vectors

Low-passage human embryonic kidney AD-293
cells and AdMax vector systems were obtained from
Microbix Biosystems Corporation (Ontario, Canada).
All cells were grown in Dulbecco's modified Eagle's
medium (DMEM) containing 10% fetal calf serum at
37°C in saturated humidified air with 5% CO,. The cells
were sub-cultured once every three days. Restriction
enzymes were purchased from New England Biolabs
(MA, USA) and used according to the manufacturer's
instructions. E. coli DH-50 was purchased from
GIBCO (CA, USA). Human cyclinA2 cDNA clonewas
purchased from OriGene Technologies (MD, USA).

2.2. Reverse Transcription-PCR Analysis

PCR was employed to amplify human cyclinA2
gene from cDNA clone. According to the sequence
of GeneBank, specific cyclinA2 gene primers were
designed and synthesized as following: F: 5'-ATTGC
GGCCGCATGCCGGGCACCTCGAGGCATT-3', R:
5'-GCCGATATC TCACACACTTAGTGTCTCTG-3'".
Notl and EcoRV sites were introduced into the sense
and antisense primers respectively. PCR was performed
in a total volume of 20 pL consisting of 0.4 pL each
primer, 1.6 uL each dNTP, 2 pL 10x polymerase
reaction buffer, 0.3 uL Pyrbest DNA polymerase and 1
pL DNA template. The PCR proceeded for 25 cycles of
94°C for denaturing, 55°C for annealing, and 72°C for
extension. The PCR products were electrophoretically
separated on a 1% agarose gel and were visualized by
ultraviolet light. PCR products were purified from the
agarose gel using DNA purification kit.

2.3. Construction and identification of homologous
recombinant adenoviral plasmid

The shuttle vector pDC316-mCMV-EGFP and antisense
fragment of the cyclinA2 gene were restriction digested
with Notl and EcoRV respectively. The digested
products were purified and ligated with T4 DNA ligase,
and then co-transformed into E.coli DH-5a cells.
Thus, the fragment of the cyclinA2 gene was cloned
into the shuttle plasmid pDC316-mCMV-EGFP, and
the homologous recombinant adenoviral plasmid was
generated. The pDC316-CyclinA2-mCMV-EGFP was

restriction digested with Notl and EcoRV to validate the
successful construction.

2.4. Generation and identification of the recombinant
adenovirus Ad.cyclinA2-EGFP

The monolayer of 293 cells was co-transfected with
pDC316-CyclinA2-mCMV-EGFP and adenovirus
DNA plasmid pPBHGIloxAE1,3Cre using Lipofectamine
2000 (Invitrogen, NY, America) and incubated for 7
days at 37°C as described in the manual. The 293 cells
were scraped off flasks with a rubber policeman, and
lysed for three consecutive freezing/thawing cycles.
The crude recombinant virusAd.CyclinA2-EGFP
was collected from the supernatant by centrifugation.
Virus was amplified once in 293 cells and subjected
to one round of plaque purification. Viral suspensions
in 3% sucrose were stored at —80°C until thawed for
subsequent experiments. After three cycles of freezing/
thawing, 5 puL of viral lysate were used for detection of
the cyclinA2 gene in adenoviral particles with RT-PCR
and its titer was determined.

3. Results and Discussion

We assumed that manipulating cell cycle related
molecules in mammalian cochleae could provide a
new avenue to restore hearing loss caused by a variety
of genetic mutations and environmental insults (/7).
Thus, it is very important to construct adenoviral vector
carrying cyclinA2 gene for a better understanding of the
roles of this critical factor in the cochlea, which would
provide insights into protection and therapy of hearing
impairment.

In the present study, we had successfully established
the Ad.CyclinA2-EGFP vector base on the AdMax
vector systems. First, we performed PCR amplification,
and the PCR product of the plasmid was a strip of about
1289bp in 1% agarose gel electrophoresis (Figure 1).
The expression of the cyclinA2 gene was verified by
gene sequence examination. Then, the shuttle vector

1289bp

Figure 1. PCR identification of cyclinA2 gene. Lane 1:
PCR products of cyclinA2 gene. Lane 2: negative control.
M1: DL200 Maker (2,000, 1,000, 750, 500, 250, 100 bp). M2:
DL15000 Maker (15,000, 10,000, 7,500, 5,000, 2,500, 1,000
bp).
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pDC316-CyclinA2-mCMV-EGFP was generated. As
shown in Figure 2, the cyclinA2 gene was released from
the recombinant shuttle vector pDC316-CyclinA2-
mCMV-EGFP by digesting with Notl and EcoRV.
The 5.8 kb and 1.2 kb strips were detected by 1%
agarose gel electrophoresis, representing the shuttle
vector pDC316-mCMV-EGFP and reversal fragment
of the cyclinA2 gene, respectively. Next, recombinants
Ad.CyclinA2 -EGFP was generated in AD-293 cells.
After recombinant adenoviral particles were transfected
into AD-293 cells with Lipofectamine 2000 for
seven days, the green fluorescence was monitored
under fluorescence microscopy. As shown in Figure
3, compare with normal 293 cells, the appearance
changes of 293 cells transfected with adenoviral
particles were included losing their normal spindle,
edema, grape-like, declining cell adhesion properties
and plaque formation. And the recombinant adenovirus
was prepared and purified by CsCl density gradient
ultracentrifugation, and its titer was 2.5 x 10" v.p/mL.

Ml M2 1

Figure 2. Digestion of pDC316-CyclinA2-CMV-EGFP
with NotI and EcoRV. M1: DL15,000 (15,000, 10,000, 7,500,
5,000, 2,500, 1,000 bp). M2: DL.2000 (2,000, 1,000, 750, 500,
250, 100 bp). Lane 1: pDC316- CyclinA2-CMV-EGFP.

Figure 3. Cytopathic changes of the AD-293 cells
transfected with adenoviral particles.

1289bp

Figure 4. RT-PCR identification of the recombinant
adenovirus. Lane 1: Ad.CyclinA2-EGFP stock solution. Lane
2: Ad.CyclinA2-EGFP stock solution diluted 10 times. Lane 3:
Ad.CyclinA2-EGFP stock solution diluted 100 times. Lane 4:
Positive control (pDC316-CyclinA2-mCMV-EGFP). Lane 5:
Negative control. M: DL2000 Marker (2,000, 1,000, 750, 500,
250, 100 bp).

Finally, this vector was confirmed by restriction enzyme
analysis and RT-PCR. Virus supernatant was collected
by centrifugation of AD-293 cells after consecutive
freezing/thawing cycles, and then was identified by RT-
PCR amplification. As shown in Figure 4, a fragment of
1289 bp was obtained, indicating the correct generation
of recombinant adenovirus.

With regard to gene therapy in the inner ear,
adenovirus vector is one of the best viral vectors, which
has ability to infect both dividing and non-dividing
cells. In AdMax packaging system, the homologous
recombination process was taken place in 293 cells,
but not in bacteria. This system had lots of advantages,
including easy operation, higher efficiency, and so on.
Compared to AdEasy system, it only took 2 to 4 weeks
to complete the recombination process with the greater
than 98% success rate (/35).

In conclusion, adenovirus vector harboring cyclinA2
gene would be used to clarify its roles in the cochlea,
including studies about hair cells regeneration. Our
study established the foundation for the further research
of cyclinA2 gene's function in the cochlea.
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Summary

The circadian time structure of serum 25 (OH) vitamin D (25-OHD), calcium (Ca) and
phosphorus (P) may prove to be helpful in prevention, efficacy and management of diabetes
mellitus. Ten newly diagnosed patients with type-2 diabetes mellitus (6 men and 4 women),
30-65 years of age, and 10 age-matched clinically healthy volunteers (7 men and 3 women)
were synchronized for one week with diurnal activity from about 06:00 to about 22:00
and nocturnal rest. Breakfast was served around 08:00, lunch around 13:30 and dinner
around 20:00. Drugs/nutraceuticals known to affect the vitamin D-calcium metabolism
and status were not taken. Blood samples were collected at 6-h intervals for 24 h under
standardized, 24-h synchronized conditions. Serum 25-OHD, Ca, P, Ca-P product and
Ca-P ratio were determined. A marked circadian variation was demonstrated for 25-OHD
in healthy volunteers (p = 0.030) and of borderline statistical significance in the diabetic
patients (p = 0.083) by population-mean cosinor analysis. Similarly, healthy volunteers
showed borderline significance for serum Ca, P and Ca-P ratio. The circadian acrophase of
Ca occurred later in the patients as compared to healthy controls. Mapping the circadian
rhythm (an important component of the broader time structure or chronome, which
includes a.o., trends with age and extra-circadian components) of vitamin D and calcium
is needed for exploring their role as markers in the treatment and management of diabetic
patients.

Keywords: Circadian rhythm, diabetes mellitus, serum vitamin D, calcium, phosphorus,
chronoprevention, marker rhythm

1. Introduction

Diabetes rates are increasing around the world, mainly
driven by increasing levels of obesity (/). Over the
past three decades, the number of people with diabetes
mellitus (DM) has more than doubled globally, making
it one of the most important public health challenges
to all nations. Type-2 diabetes mellitus (T2DM) and
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prediabetes are increasingly observed among children,
adolescents and younger adults. The causes of the
epidemic of T2DM are embedded in a very complex
group of genetic and epigenetic systems interacting
within an equally complex societal framework that
determines behavior and environmental influences.
Prevention of T2DM is a 'whole-of-life' task and
requires an integrated approach operating from the
origin of the disease. It affects more than 300 million
individuals in the world with significant morbidity and
mortality worldwide (2). In parallel to the increase in
the prevalence of DM, there has been a resurgence of
vitamin D (vit D) deficiency worldwide (3,4). Though
the most well-known role of vit D is the regulation of
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calcium (Ca) absorption and bone metabolism, it is
becoming clear that this hormone has pleiotropic effects
with possible role in human health including cancer,
autoimmune, infectious, respiratory, and cardiovascular
disease (5-9).

Hypovitaminosis D has recently emerged as one
of the factors contributing to the development of
both type-1 and type-2 DM (/0-13). Serum 25 (OH)
vitamin D (25-OHD) concentrations were reported to
be lower in patients with type-2 DM as compared to
non-diabetic controls (/4). Since then, many cross-
sectional and case-control studies have shown an
association between 25-OHD concentrations and type-
2 DM (10-13). Vit D is a steroid hormone that has a
crucial role in the modulation of bone homeostasis. It
has been described as a wonder vitamin because of its
possible benefits related to diverse health outcomes
including bone disease, coronary heart disease, and
type-2 diabetes (/5,16). 25-OHD is a circulating
metabolite used as a clinical indicator of vit D status.
Results from prospective epidemiological studies have
shown that low circulating 25-OHD concentrations are
associated with an increased risk of developing type-
2 diabetes (/5,17). Whether or not this association
is causal is unknown, however (/6), as it may be the
result of residual confounding, which is plausible
in observational studies of incident type-2 diabetes.
Measurements of confounders (e.g., physical activity)
are susceptible to errors and are not adequately
controlled for in epidemiological studies (/7). Although
results from clinical trials (/9,20) have shown no effect
of vit D supplementation on the incidence of type-2
diabetes, these findings require cautious interpretation
because of issues with doses, combination treatment
with calcium, compliance, and suitable conditions for
generalization (/5).

There is no mention in the available literature to our
knowledge regarding the circadian variation (A daily
cycle of biological activity based on a 24-h period and
influenced by regular variations in the environment,
such as the alternation of night and day) of serum 25-
OHD concentrations in diabetic patients. The present
study was planned to provide reference values for
circadian changes of serum vit D, Ca and Phosphorus (P)
in clinical health and to assess any deviation from such
norms in diabetic patients in an attempt to understand
the role of Ca and vit D in the management and
treatment of type-2 DM.

2. Materials and Methods

2.1. Study design

This study was carried out in the Department of
Biochemistry, Shri Guru Ram Rai Institute of

Medical & Health Sciences, Patel Nagar, Dehradun
in collaboration with the Department of Medicine,

Shri Guru Ram Rai Institute of Medical & Health
Sciences and Shri Mahant Indiresh Hospital, Patel
Nagar, Dehradun, India. Two groups of subjects were
investigated: a study group of 10 newly diagnosed
patients (6 men; 4 women), 30 to 60 years of age,
and a control group of 10 age matched clinically
healthy volunteers (7 men and 3 women). This study
was approved by Institutional Ethics Committee.
The patients were thoroughly examined to ensure the
absence of any other disease known to alter the status
and rhythm of the variables examined herein. Prior to
the collection of blood samples, participants refrained
from taking any drug preparation that would affect
or alter the Ca-vit D metabolism. All participants
were kept (synchronized) for 1 week to a schedule of
diurnal activity from about 06:00 to about 22:00 and
nocturnal rest. All subjects took their usual (although
not identical) meals three times daily: breakfast
around 08:30, lunch around 13:30 and dinner around
20:30, without any change in their fluid intake. At
06:00, 12:00, 18:00 and 00:00, 6 mL of blood was
collected from each subject in plain and sterile vials.
The serum was separated and analyzed for Ca, P and
25-OHD, using VTROS 5.1 FS (Fusion) chemistry
autoanalyzer and VITROS EciQ immunoassay analyzer
and commercial kits supplied from Ortho Clinical
Diagnostics, India - a division of Johnson & Johnson,
USA.

2.2. Statistical analysis

Data were evaluated by conventional statistical
analyses and by single and population-mean-cosinor
procedures (2/-23). Accordingly, the MESOR (Midline
Estimating Statistic of Rhythm, a rhythm-adjusted
mean), the circadian double amplitude (a measure of
the extent of predictable change within a day) and the
circadian acrophase (a measure of the timing of overall
high values recurring ecach day) were determined.
Furthermore, parameter tests were performed to
compare each variable between healthy subjects and
DM patients.

3. Results and Discussion

A circadian rhythm was demonstrated for serum vit
D in healthy volunteers (p = 0.030) by population-
mean cosinor analysis. Similarly, a circadian rhythm of
borderline statistical significance was also demonstrated
for vit D in patients (p = 0.083), and in healthy subjects
for Ca (p = 0.070), P (p = 0.102), and the Ca-P ratio (p
= 0.091) (Table 1). Serum 25-OHD concentration was
maximum at 12:00 and minimum at 06:00 in diabetic
patients as well as in healthy volunteers. Serum 25-
OHD concentrations were numerically lower at all
sampling times in patients in comparison to healthy
subjects. Whereas the MESOR was not statistically
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significantly different between the patients and the
healthy controls, the circadian double amplitude was
smaller in the patients (1.38 vs. 2.72). The circadian
acrophase of serum calcium occurred later in the
patients (19:12 vs. 11:15). The double circadian
amplitude of serum phosphorus was smaller in the
patients and the circadian acrophase occurred almost 14
h later in the diabetic patients in comparison to healthy
counterparts. The circadian double amplitude of the
Ca-P product was numerically larger in diabetic patients
and the circadian acrophase occurred later (at 19:12 vs.
06:39) as compared to healthy controls. The MESOR
of the Ca-P ratio was numerically higher in the patients,
while the circadian double amplitude was numerically
smaller. The circadian acrophase of Ca-P ratio occurred
statistically significantly later in the diabetic patients.
Parameter tests were performed to compare each
variable between healthy subjects and DM patients.
The tests were carried out in 3 ways: first, by using the
actual M, A, O estimates; second, by expressing the
amplitude as a percentage of the MESOR; and third, by
equating amplitudes to 1, thus restricting the test to be
an acrophase test (Table 2). Using the original rhythm
parameters, a difference in the (A, @) pair is found for
Ca (p = 0.029), the patients having a later phase and a
smaller amplitude. A similar difference in (A, @) pair
is also of borderline statistical significance for P (p =
0.084). Similar results are obtained after expressing the

amplitude as a percentage of the MESOR, with a (A,
¢) pair difference found for Ca (p = 0.026) and for P (p
= 0.083). In this case, a difference in (A, @) pair is also
of borderline statistical significance for the C-P product
(p = 0.072). Phase tests do not show any statistically
significant difference between the two groups, except
for the Ca/P ratio (p = 0.041).

A marked circadian variation in serum vit D
concentration in healthy volunteers (p = 0.030) with
a borderline statistical significance in patients (p =
0.083) was found. The MESOR and the circadian
double amplitude were lower in the patients who had
a similar circadian acrophase as the healthy subjects.
A lower MESOR and smaller circadian amplitude in
diabetic patients has not been previously reported to
our knowledge. However, hypovitaminosis D has been
reported in both type-1 and type-2 diabetic patients (/0-
13,14). A borderline statistically significant circadian
rhythm was also noticed for serum Ca, P and the Ca-P
ratio in healthy volunteers. Altered vit D and calcium
homeostasis may play a role in the development
of type-2 diabetes. Vit D and calcium intakes were
inversely associated with development of type-2
diabetes, and the benefits of the two nutrients appear to
be additive. For both vit D and calcium, intakes from
supplements rather than from diet were significantly
associated with a lower risk of type-2 diabetes (24). The

Table 1. Circadian variation of plasma calcium (mg/dL), phosphorus (mg/dL) and vitamin D (ng/mL) in patients with

type-2 diabetes mellitus and age-matched healthy controls

Variable PR » Clinical health PR » Diabetes mellitus

M+ CI 2A (%] M £ CI 2A (0]
Ca 66 0.07 8.38£0.93 0.96 -169° 68 0.29 8.42 +0.53 0.92 -288°
P 73 0.10 479 £0.51 0.64 -77° 65 0.50 442+ 1.17 0.50 -289°
Vit D 72 0.03 11.49 £1.59 2.72 -200° 76 0.08 10.44+247 1.38 -199°
CaxP 74 0.16 40.60 + 7.26 6.14 -100° 66 041 3830+12.75 10.64 -288°
Ca: P 65 0.09 1.82+0.21 0.44 -203° 84 0.74 2.05+0.32 0.90 -332°

Ca: Calcium; P: Phosphorus; Vit D: Vitamin D; CaxP: Ca-P product; Ca/P: Ca-P ratio; PR: percent rhythm, average proportion of variance accounted
for by fit of 24-h cosine curve to individual data series; p: p-value from zero amplitude (no-rhythm) test; M: MESOR, a rhythm adjusted mean value;
2A: double circadian amplitude, measure of extent of predictable change within a day; @: acrophase, measure of the timing of overall high recurring
each day, expressed in (negative) degrees with 360° = 24 h and 0° = 00:00; CI: 95% Confidence Interval.

Table 2. Comparison of rhythm parameters between healthy volunteers and DM patients

Test of equality parameters

Population No k M A (4} P
Parameters(S) DF F P

1. Ca:H 10 8.38 0.48 -169° 0.070 A0 2,34 3.95 0.028
Ca:DM 10 8.42 0.46 -288° 0.297

2. Vit D:H 10 11.49 1.36 -200° 0.030 A,Q 2,34 0.70 0.49
VitD:DM 10 10.44 0.69 -199° 0.083

3.P:H 10 4.79 0.32 -77° 0.10 A0 2,34 2.67 0.08
P:DM 10 4.42 0.25 -289° 0.50

4. CaxP:H 10 40.60 3.07 -100° 0.16 A0 2,34 2.10 0.13
CaxP:DM 10 38.30 5.32 -288° 0.40

5. Ca%P:H 10 1.82 0.22 -203° 0.091 A0 2,34 2.01 0.14
Ca%P:DM 10 2.05 0.04 -332° 0.74

K = number of subjects; DF: Degree of freedom; period: 24 h; p: p-value from the zero-amplitude test (left) and p-value from the test of equality of (A,

) pairs between the two groups (right).
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mechanisms by which vit D may affect the risk of type-
2 diabetes are not clear. Both insulin resistance and
impaired pancreatic -cell function have been reported
with vit D insufficiency (/7,25-28). These observations
together with the finding of vit D receptors in B-cells
(29) and the finding of impaired insulin secretory
capacity in mice lacking a functional vit D receptor (30)
indicate an important role for vit D in regulating -cell
function. Short term intervention studies with vit D
supplementation in patients with type-2 diabetes have
shown conflicting results (25,37). The mechanisms
by which calcium intake may alter diabetes risk are
speculative. Abnormal regulation of intracellular
calcium affecting both insulin sensitivity and insulin
release has been suggested as a potential mechanism to
account for the putative association between calcium
insufficiency and risk of diabetes (32). The active
form of vit D, 1a, 25-(OH)2D3, has been associated
with metabolism control, cell growth, differentiation,
antiproliferation, apoptosis, and adaptive/innate immune
responses, besides its functions in the integrity of
bone and calcium homeostasis. Therefore, insufficient
calcium absorption may be the culprit mechanism for
the observed associations in our study, either due to
vit D insufficiency (from low intake) or low calcium
intake. This hypothesis is further supported by data
indicating that calcium is essential in normalizing
glucose intolerance due to vit D deficiency in vivo (33).
An important role of la, 25-(OH) 2D3 has recently
been reported in the regulation of molecular clock (34).
The delayed circadian acrophase of serum Ca and P and
the lower MESOR and reduced circadian amplitude
of vit D in type-2 diabetic patients, as observed in the
present study, may play a role in the development of the
disease and become a responsible risk factor deserving
further investigation.
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angiosarcoma resistant to paclitaxel
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Summary

The prognosis of cutaneous angiosarcoma is very poor compared with that of other skin
malignancies. The main reason for this is the limited regimens of chemotherapy available
for angiosarcoma, because it is resistant to most common chemotherapeutic agents.
Therefore, there is an urgent need to identify new treatment options. Recently, S-1 and
docetaxel therapy was reported to be effective for advanced gastric cancer and metastatic
extramammary Paget's disease. Therefore, we treated paclitaxel-resistant angiosarcoma
patient with S-1/docetaxel chemotherapy. The progression-free survival was 5.0 months
although grade 3 adverse events such as diarrhea and neutropenia developed. Our data
need to be confirmed in a large number of patients, but S-1/docetaxel chemotherapy as
an additional regimen seems to be an effective treatment option for paclitaxel-resistant

angiosarcoma.

Keywords: Angiosarcoma, chemotherapy, paclitaxel, S-1, docetaxel

1. Introduction

Angiosarcoma is a rare sarcoma derived from
endothelial cells. The prognosis is poor because the
five-year survival rate is generally 12-24% (/). The
reported agents with efficacy against angiosarcoma
are paclitaxel (PTX) (2,3), docetaxel (DOC) (4,5),
gemcitabine (GEM) (6), bevacizumab (7) and sorafenib
(8). However, it is difficult to inhibit the disease
progressing to advanced angiosarcoma, which is
resistant to standard chemotherapy. Therefore, it is
necessary to identify new efficacious regimens. In
recent years, combination chemotherapy using S-1 and
DOC has demonstrated to have curative effects against
gastric cancer (9) and metastatic extramammary Paget's
disease (/0). S-1 and DOC combination therapy for
advanced gastric cancer is more effective than DOC
monotherapy in vitro (11). We speculated that the
efficacy of DOC monotherapy as second-line therapy
may be inadequate in PTX-resistant cases because

*Address correspondence to:

Dr. Ikko Kajihara, Department of Dermatology and Plastic
Surgery, Faculty of Life Sciences, Kumamoto University, 1-1-
1 Honjo, Kumamoto, Japan.

E-mail: kajiderma@gmail.com

both DOC and PTX are tubulin inhibitors. Thus, we
expected an enhanced therapeutic response resulting
from the combined use DOC with S-1. We herein report
PTX-refractory angiosarcoma patient who received S-1/
DOC treatment.

2. Method

S-1/DOC chemotherapy was used as second-line
therapy in patient with advanced angiosarcoma resistant
to PTX. PTX-resistant was defined as the incidence of
disease progression in angiosarcoma patients treated
with PTX therapy. The protocol was basically oral S-1
(80 mg/m’/day, day 1- dayl4) and intravenous DOC
(40 mg/m’, day 1) every four weeks in reference to a
past report (/0). The therapeutic efficacy was estimated
every one month by examining the clinical symptoms,
ultrasound (US) and/or computed tomography (CT)
and/or positron-emission tomography (PET) findings.
The progression-free survival (PFS) was evaluated
from the day when S-1/DOC therapy was started until
disease progress. Toxic effects were analyzed using
the National Cancer Institute's Common Terminology
Criteria version 4.0. When severe adverse events (more
than grade 3) were observed, the dose of both S-1 and
DOC was reduced by 20%. Institutional review board
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Figure 1. Purpura and purple nodules on the left cheek in
case 1. (A) Before S-1 and docetaxel therapy. (B) Two months
after the start of this regimen.

approval and written informed consent for this study
were obtained according to the Declaration of Helsinki.

3. Case report

A 70-year-old female was diagnosed as having
scalp angiosarcoma without lymph node or distant
metastasis. The patient received four cycles of tri-
weekly PTX therapy (175 mg/m’), surgery (margin
of 2 c¢m), radiation (total of 70 Gy) and eight cycles
of tri-weekly PTX therapy as adjuvant chemotherapy.
At the end of these treatments, the interval of the
PTX regimen was six weeks, in compliance with her
wishes, because US and PET indicated no recurrence.
However, after four months of this regimen, she
developed purpura and purple nodules on her left cheek
(Figure 1A). A histopathological examination showed
relapsed angiosarcoma. PET showed no metastasis in
the lymph nodes or distant organs. We thought that her
angiosarcoma cells developed tolerance to PTX. As a
second-line treatment, monthly S-1 (120 mg, 80 mg/m’)
/DOC (60 mg, 40 mg/m’) therapy was administered.
After one cycle, she developed grade 3 diarrhea and
neutropenia, so the dose of both agents was reduced
by 20%. Two months later, her eruptions had gradually
improved (Figure 1B). However, at five months after
the initiation S-1/DOC therapy, PET revealed metastasis
in the periauricular lymph nodes.

4. Discussion

To our knowledge, this study is the first report of the
use of S-1/DOC therapy in patients with PTX-resistant
angiosarcoma. We tried this regimen on the basis of the
findings of in vitro experiments and previous clinical
studies. First, both PTX and DOC essentially have the
anti-tumor action through blocking tubulin. Second, S-1
has the antineoplastic efficacy through the inhibition of
dihydropurimidine dehydrogenase activity (/2). Thirdly,
the combination chemotherapy with S-1 and DOC
increased anti-cancer effects of treatment compared

with DOC monotherapy in gastric cancer (9,117).
Finally, S-1/DOC therapy was reported to be successful
against metastatic extramammary Paget's disease (/0).
Taken together, we expected the synergy effect of S-1/
DOC therapy for PTX-resistant angiosarcoma.

Our patient achieved a partial response for five
months. Although that of GEM was 5.5 months in
19 taxane-exposed cutaneous angiosarcoma patients
(6), that of sorafenib was 1.8 months in superficial
angiosarcoma including chemotherapy-naive patients
(8). Our study may suggest that S-1/docetaxel therapy
may at least stabilize the disease.

With regard to severe toxicity (more than grade3),
there were severe adverse events observed in our case,
including neutropenia and diarrhea. Other adverse
events (all were only grade 1) included watering eyes
and malaise. We speculated that the reason for severe
toxicity may have been the functional decline of the
bone marrow due to the previous PTX therapy. It will
be necessary to adjust the initial dose for inextirpable
angiosarcoma in the future.

Taken together, the present findings indicate that
S-1/DOC therapy may be an alternative option for
patients with PTX-resistant angiosarcoma because there
were limited regimens for advanced angiosarcoma.
However, further studies of this treatment in a large
series of patients are needed to verify its efficacy and
safety.
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