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Abstract

Despite significant advances in medicine, liver cancer,
predominantly hepatocellular carcinoma remains a
major cause of death in the United States as well as
the rest of the world. As limited treatment options are
currently available to patients with liver cancer, novel
preventive control and effective therapeutic approaches
are considered to be reasonable and decisive measures
to combat this disease. Several naturally occurring
dietary and non-dietary phytochemicals have shown
enormous potential in the prevention and treatment of
several cancers, especially those of the gastrointestinal
tract. Terpenoids, the largest group of phytochemicals,
traditionally used for medicinal purposes in India and
China, are currently being explored as anticancer agents
in clinical trials. Terpenoids (also called “isoprenoids”)
are secondary metabolites occurring in most organisms,
particularly plants. More than 40000 individual terpe-
noids are known to exist in nature with new compounds
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being discovered every year. A large number of terpe-
noids exhibit cytotoxicity against a variety of tumor cells
and cancer preventive as well as anticancer efficacy in
preclinical animal models. This review critically examines
the potential role of naturally occurring terpenoids, from
diverse origins, in the chemoprevention and treatment
of liver tumors. Both /n vitro and in vivo effects of these
agents and related cellular and molecular mechanisms
are highlighted. Potential challenges and future direc-
tions involved in the advancement of these promising
natural compounds in the chemoprevention and therapy
of human liver cancer are also discussed.

© 2011 Baishideng. All rights reserved.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common
form of primary hepatic carcinoma and a pressing so-
ciomedical problem in several countries, particulatly in
Asia and sub-Saharan Africa®. HCC is currently the fifth
most common cancer and third leading cause of cancer-
related deaths in the world”. HCC has a poor prognosis
with the number of deaths almost equal to the number
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of cases being diagnosed annually (about 600000) and
the 5-year survival rate is below 9%, In the United
States, the incidence of HCC has been steadily rising
with a 70% increase registered in the last 25 years”. The
American Cancer Society[(’], estimated that in 2010 alone,
more than 24000 new cases and nearly 19000 deaths oc-
curred in the United States due to liver cancer (including
biliary cancers).

Major risk factors for HCC are well known and are
dependent on the geographic area. In Europe, the United
States, and Japan, the main risk factors are liver cirrhosis,
Hepatitis B virus (HBV) and Hepatitis C virus (HCV),
alcohol, and tobacco; in contrast, in Africa and Asia, the
etiological factors include HBV and HCV, tobacco use,
and aflatoxin exposurew’s]. Treatment for HCC has been
conventionally divided into curative and palliative. Cura-
tive treatments, such as resection, liver transplantation
and percutaneous ablation, induce complete responses
in a high proportion of patients and are expected to im-
prove survival. Palliative treatments are not aimed to cure,
but in some cases can obtain good response rates and
even improve survival”. In the west, curative treatments
are applied to 30%-40% of patients in referral centers'
whereas in Japan 60%-90% of patients benefit because
of widespread implementation of surveillance and a
broad application of treatments' "', There is no firm
evidence to establish the optimum first-line treatment for
patients who have a single small HCC and well-preserved
liver function'”. Resection and transplantation achieve the
best outcomes in well-selected candidates (5-yeat survival
60%-70%)""9, and compete as the first option from an
intention-to-treat perspectivem]. Percutaneous treatments
provide good results (5-year survival 40%-50%)""" but
have not been able to achieve response rates and out-
comes comparable to surgical treatments' "7, Liver trans-
plantation has been suggested as the best treatment for
patients with one tumor and decompensated cirrhosis or
multicentric small tumors'”.

HCC prognosis remains dismal despite many treat-
ment options. Overall, the cure rate among patients who
undergo resection is not very high and for those patients
who are not eligible for surgery or percutaneous pro-
cedures, only chemoembolization appears to improve
survival. The need thus arises to test novel agents in
large-scale randomized trials; these include intraarterial
injection of radiolabeled microsphere and new systemic
drugs, such as tyrosine kinase inhibitors, antivascular en-
dothelial growth factor (VEGF) antibody, and antiepithe-
lial growth factor receptorm. HCC is also widely consid-
ered to be a chemotherapy-resistant disease™. Sorafenib,
the only drug approved by the United States Food and
Drug Administration for the treatment of advanced
HCC, increases the median survival time by less than
3 mo®. However, this drug does not defer the symp-
tomatic progression of the disease, costs about $5400
per month for treatment””, and exhibits severe adverse
effects, including a significant risk of bleeding[23]. These
drawbacks necessitate the search for novel preventive and
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therapeutic approaches for this disease. Chemoprevention
has emerged as an ideal approach whereby the occur-
rence and progression of the disease can be prevented,
slowed, or reversed by the administration of one ot more
naturally occurring and/or synthetic compoundsm%}.
Phytochemicals, including those obtained from fruits,
vegetables, nuts and spices, have drawn a considerable
amount of attention due to their ability to selectively kill
tumor cells and suppress carcinogenesis in preclinical an-
imal models®™. A large number of these plant-derived
substances have been shown to significantly prevent or
delay cancer development in several high risk popula-

B30 Mounting evidence, based on 7 vitro experi-

tions
ments and studies involving animal models as well as hu-
mans, support potential chemopreventive and therapeutic
effects of diverse phytochemicals in liver cancer” ™,
This review delves into the current use of terpenoids,
the largest families of plant-derived natural products, for
either chemoprevention or therapy of hepatic cancer,
by examining an extensive number of studies conducted

both 2 vitro and in vivo.

TERPENOIDS

Terpenoids composed of “isoprenoid” units constitute

one of the largest group of natural products accounting
for more than 40000 individual compounds, with several
new compounds being discovered every yearm’m. Most
of the terpenoids are of plant origin; however, they are
also synthesized by other organisms, such as bacteria and
yeast as part of primary or secondary metabolism. Ter-
penoids are synthesized from two five-carbon building
blocks, i.e., the isoprenoid units. Based on the number
of building blocks, terpenoids are classified into several
classes, such as monoterpenes (e.g., carvone, geraniol,
d-limonene, and perillyl alcohol), diterpenes (e.g. retinol
and frans-retinoic acid), triterpenes [e.g., betulinic acid
(BA), lupeol, oleanic acid, and ursolic acid (UA)], and
tetraterpenes (e.g, a-carotene, 3-carotene, lutein, and ly-
copene)“s‘.

The diverse array of terpenoid structures and func-
tions has provoked increased interest in their commercial
use. Terpenoids have been found to be useful in the pre-
vention and therapy of several diseases, including cancer,
and also to have antimicrobial, antifungal, antiparasitic,
antiviral, anti-allergenic, antispasmodic, antihyperglyce-
mic, antiinflammatory, and immunomodulatory proper-
ties'™, In addition, terpenoids can be used as protective
substances in storing agriculture products as they are
known to have insecticidal propertiesm].

Epidemiological and experimental studies suggest
that monoterpenes may be helpful in the prevention and
therapy of several cancers, including mammary, skin,
lung, forestomach, colon, pancreatic and prostate carci-
nomas™ "7, Triterpenoids are the metabolites of iso-
pentenyl phosphate oligomers and constitute the largest
group of phytochemicals with more than 20000 known
compounds available in nature™. A large number of tri-
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terpenoids have been shown to suppress the growth of
a variety of cancer cells without exerting any toxicity in
normal cells””. Numerous preclinical efficacy studies
have provided extensive evidence that both naturally oc-
curring and synthetic derivatives of triterpenoids possess
chemopreventive and therapeutic effects against colon,
breast, prostate and skin cancer™ . These triterpe-
noids and their derivatives act at various stages of tumor
development, inhibit initiation and promotion of carcino-
genesis, induce tumor cell differentiation and apoptosis,
and suppress tumor angiogenesis, invasion and metastasis
through regulation of various transcription and growth
factors as well as intracellular signaling mechanisms"***.,
Currently, several phase I /I clinical trials have been
initiated to evaluate the chemopreventive as well as the
anticancer efficacy of a number of triterpenoids[%’(m. Al-
though several excellent articles provide an overview of
the cancer preventive and antitumor potential of terpe-
noids against various cancers, the use of these phytocon-
stituents for either chemoprevention or therapy of liver
cancer has not previously been discussed exclusively.

TERPENOIDS AND LIVER CANCER

The following sections of this review showcase the 7 vitro

and 7n vivo studies undertaken by a number of research-
ers around the world exploring the chemopreventive as
well as chemotherapeutic potential of terpenoids in liver
cancet.

In vitro studies

There are a number of 7z vitro studies that demonstrate
the cytotoxic effects of vatious terpenoids against prolif-
eration, growth and invasion of a variety of liver cancer

cell lines (Table 1).

Monoterpenes: Geraniol, an acyclic dietary monoter-
pene, represents the only monoterpene that has been
studied 77 vitro against liver cancer cells. Geraniol was
shown to inhibit the growth of HepG2 human hepatic
carcinoma cells by decreasing 3-hydroxymethylglutaryl
coenzyme A (HMG-CoA) reductase, the major rate-limit-
ing enzyme in cholesterol biosynthesis in mammals'®”,

Diterpenes: Andrographolide, a potential antiinflam-
matory diterpenoid lactone isolated from the traditional
medicinal plant Andrographis paniculata, demonstrated in-
hibitory effects against the growth of hepatoma-derived
Hep3B cells. Apoptosis as well as activation of the c-Jun-
N-terminal kinase (JNK) and mitogen-activated protein
kinase (MAPK) pathways were shown to play an im-
portant role in the cytotoxic effect exerted by androgra-
1109
pholide™.

Excisanin A, a diterpenoid compound purified from
Isodon macrocalyxin D, was tested on human Hep3B liver
cancer cells with positive results indicating growth inhi-
bition mediated by apoptosis through inhibition of the
AKT signaling pathwaywoj.
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Gnidimacrin, a daphnane-type diterpenoid, was suc-
cessfully shown to inhibit the growth of protein kinase
C BII gene-transfected human hepatoma HLE cells
through G2 phase arrest, not only by the suppression of
cdc2 activity, but also by the subsequent transcriptional
suppression of cdc2 itself. There was also an increase
in p21wrm/c1p1’ a potent and universal inhibitor of the
cyclin-dependent kinase-1 (cdk1)"".

Oridonin, a diterpenoid isolated from Rabdosia rubes-
cences, promoted cytotoxic activities against HepG2 cells
through an increase in the apoptotic cell death process
and reactive oxygen species (ROS) generation. Increase in
the tumor suppressor gene p53, apoptotic proteins, such
as caspase-3, and -9, cytochrome ¢ (cyt. ¢), and p38 pro-
tein expression with decrease in mitochondrial membrane
potential (AWm) were involved in the cytotoxic effects of
this compound.

Triterpenes: Actein is an active component from the
herb black cohosh [Actaea racemosa 1.. syn. Cimicifuga rac-
emosa (L) Nutt]. Recent studies indicate that black cohosh
may have chemopreventive and chemotherapeutic poten-
tial ™. Actein was found to inhibit the growth of p53-
positive HepG2 cells with an ICso value of 27 pg/ mL™,

Ardisiacrispin (A+B), a triterpenoid saponin mixture
in the fixed proportion 2:1 of ardisiacrispin A and ardi-
siacrispin B, is derived from Ardisia crenata. This mixture
exerted cytotoxic activity against Bel-7402 liver cancer
cells through pro-apoptotic, anti-proliferative, and micro-
tubule disruptive activities'”’

Astragaloside IV is the major active triterpenoid in
Radix astragali, a dietary supplement widely used in tra-
ditional Chinese medicine to prevent and treat vatious
cancers'”. This compound decreased the colonogenic
survival and inhibited anchorage-independent growth of
HepG2 cells possibly by decreasing the expression of on-
cogene Vav3.1 and increasing the stress proteins, namely
glucose-regulated protein BiP/GRP78, heat shock pro-
tein (HSP) 70, HSPA1A, and HSPAS".

Asiatic acid, a pentacyclic triterpene isolated from the
Brahmi plant, Centella asiatica, was successfully tested for its
apoptotic effects in HepG2 cells. This triterpene decreased
the viablility of HepG2 cells mediated by an increase in
intracellular calcium levels, which led to the increase in ex-
pression of the tumor suppressor gene p537,

BA, another pentacyclic triterpene, was significantly
effective in inducing cytotoxicity in hepatoblastoma cell
lines, namely HUHG6, HepT1 and HepT3. Apoptosis
through proteolytic cleavage of caspase-3 was found
to be the primary mechanism involved in the antihepa-
toblastoma effects of this natural compound. BA also
inhibited the phosphatidylinositol 3-kinase/AKT path-
way and target genes of hedgehog signaling, e.g. protein
patched homolog 1, insulin growth factor 2, and glioma-
associated oncogene homolog 1%, Deregulation of the
hedgehog signaling pathway plays a fundamental role in
an increasing number of malignancies[m’sz]. However, BA
failed to induce apoptosis in HepG2 cells (known to lack
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Table 1 /n vitro effects of natural terpenoids on various liver cancer cells

Terpenoids Compounds Cellular effects Mechanisms Conc. Ref.
Monoterpenes Geraniol Inhibited the growth of HepG2 cells IHMG-CoA reductase 50-400 pmol/L Polo et al*®
Diterpenes Andrographolide Inhibited the growth of Hep3B cells Tapoptosis; 1 MAPKSs; 1pJNK; 3-100 umol/L Ji et al®
1ERK1/2
Excisanin A Decreased viability of Hep3B cells Tapoptosis; |pAKT 1-32 pmol/L Deng et al””
Gnidimacrin Demonstrated tumor inhibition in 1G2; |cde2; 1p21WAF1/CIP1 0.00001- Yoshida
PKC pll-transfected HLE cells 0.1 ug/mL et al™
Oridonin Promoted cytotoxicity in HepG2 cells Tapoptosis; TROS; 1p53; 1p38; 10-50 umol/L Huang
lA¥Ym; Teyt. ¢; Tcaspase-3, -9 et al™
Triterpenes Actein Inhibited the growth of p53-positive 27 pug/mL [ICso] Einbond
HepG2 cells et al™
Ardisiacrispin Exhibited cytotoxicity against Bel-7402 Tapoptosis; | proliferation; 1-10 pg/mL Li et al™
(A+B) cells microtubule disassembly
Astragaloside Decreased colonogenic survival and | Vav3.1; 1HSP70; THSPA1A; 150-200 pg/mL Qi et al™
v inhibited anchorage-independent growth ~ THSPAS; 1BiP/GRP78
of HepG2 cells
Asiatic acid Decreased viability of HepG2 cells fapoptosis; 1Ca”; Tp53 10-100 pmol/L Lee et al™
Betulinic acid Displayed cytotoxicity against HUH6, Tapoptosis; fcaspase 3; |PI3K/AKT;  1-50 pg/mL Eichenmiiller
HepT1 and HepT3 cells |GLI1; |PTCH1; |IGF2 et al®
Failed to induce apoptosis against HepG2  fsurvivin; 1Bcl-2 0.1-50 pg/mL  Eichenmiiller
cells et al™
Cucurbitacin B Decreased the viability of HepG2 cells Tapoptosis; |Bcl-2; | pSTAT3 10 nmol/L- Zhang et al®”!
10 pmol/L
Exhibited growth inhibitory effects on Tapoptosis; LS; |cyclin D1; 0.01- Chan et al®"
Bel-7402 cells lede2; |c-Raf; TERK 1/2 1000 pmol/L
Cucurbitacin D Suppressed the growth of Hep3b cells Tapoptosis; Tcaspase-3; TpJNK 0-10 pmol/L Takahashi
et al™
Cucurbitacin D, I Displayed cytotoxicity against Bel-7402 <1 pumol/L [ICx] Meng et al™
cells
Echinocystic acid Exhibited antiproliferative effect against ~ fapoptosis; | Bcl-2; fcaspase-3, -9, -8; 15-100 umol/L  Tong et al®™
HepG2 cells TPARP cleavage; |A¥Ym; |cyt. ¢;
1p38; TINK
Escin Demonstrated inhibitory effects on cell Tapoptosis; L. G1/S; TAIF; Teyt. ¢; 10-60 pg/mL Zhou et al®®
viability of HepG2 cells Tbax; |Bcl-2; |cyclin-E/cdk2; | pRb;
|E2F
Ganoderic acid =~ Demonstrated an inhibition in the 1Gi/s 50-500 mg/mL Yang™

growth of BEL 7402 cells
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Ganoderiol F Displayed antiproliferative effects in L Gi; |DNA synthesis; [topo I and  0.1-60 umol/L  Chang et al®™”
HepG2 , Huh7 and Hep3B cells II; Tpl6; |p21; TpERK2
Ginsenoside-Rgl  Accelerated the growth of SK-Hep-1 cells  fcyclin E; fedk2 2.5-100 pmol/L Lee et al™
Ginsenoside-Rg5  Suppressed the growth of SK-Hep-1 cells 1 Gi/S; |cyclin E; [cdk2; 1 0.1-25 pmol /L Lee et al™
P21WAF1/CIP1; |cdc25A
Ginsenoside Inhibited DNA synthesis in SK-Hep-1 1 Gi/S; |cyclin E; 1p27kipl; 0.25-100 pmol/L  Lee et al™
Rh2 cells ledc25A
Induced cell-death in SK-Hep-1 cells Tapoptosis; fcaspase-3; TPARP 2-12 mg/mL Park et al™
Ginsenoside Inhibited the growth of HepG2 cells Tapoptosis; Tcaspase-3, -8; 12.5-100 pmol/L  Kim et al*
Rk1 |FADD; |telomerase activity
Exhibited antiproliferative effects on tautophagy; L G 0-100 pmol/L Ko et al™
HepG2 cells
Ginsenoside Displayed suppressive effects against the  fapoptosis; |cyclin E, A; Tp53; 0.1-25 pmol/L Kim et al™”
Rs3 growth of SK-Hep-1 cells Tp21WAF1/CIP1; |cdk2
Gypenosides Exhibited cytotoxicity and decreased Tapoptosis; 1Bax; 1Bak; 1Bcl-Xv; 0.1-400 mg/mL ~ Wang et al™
viability of Huh7, Hep3B and HA22T |Bcl-2; |Bad; fcyt. ¢; Tcaspase-3, -9,
cells -8
TH-901 Conferred antiproliferative effects against ~fapoptosis; Tcaspase-3, -8, -9; 1 10-60 umol/L Oh et al™
HepG2 cells PARP; fcyt. ¢
Inhibited the growth of SMMC7721 cells  fapoptosis; | Go/Gi; 1Bax; 1p53; 5-100 pmol/L Ming et al™™
Teyt. ¢; | pro-caspase-3, -9
Kalopana- Showed significant cytotoxicity against Tapoptosis 8.9-18.1 pmol/L.  Tian et al""™

xsaponins A, I
Keto- and acetyl-
keto-boswellic
acids

Lucidenic acid
ABC N

Lupeol

HepG2 and R-HepG2 cells
Exhibited antiproliferative effects in
HepG2 cells

Displayed antiproliferative and anti-
invasive effects against HepG2 cells
Exhibited growth inhibitory effects
against SMMC7721 cells
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Tapoptosis; | Gi; Tcaspase-3, -8, -9

|MMP-9; |ERK1/2; |NF-xB; | AP-1;

lc-Jun; |c-Fos

Tapoptosis; Tcaspase-3, -8; | DR3;

1FADD

25-200 umol /L

10-100 pmol/L

6.25-200 pmol /L

Liu et al™

Weng
et qlll0%104
Zhang

et al"™
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25-Metho- Showed antiproliferative effects against tapoptosis; L Go/Gs; |cyclin D1; 0.8-100 ymol/L.  Hong et al"*
xyhispidol A SK-Hepl1 cells |CDK4; |c-myc; |pRb; 1p21
Oleanolic acid Decreased the viability of HepG2, Hep3B, fapoptosis; |A¥m; Tcaspase-3, -8; 2-8 umol/L Yan et al"™
Huh7 and HA22T cells INa'"-K'- ATPase; |ICAM-1; | VEGF
Reduced the viability of Huh7 cells tapoptosis; |A¥m; 1Bax; |Bcl2; feyt.  20-100 umol/L  Shyu et al™®

Ursolic acid

Inhibited the proliferation of HepG2 and
R-HepG2 cells

¢; 1 caspase-3, -9; |NF-kB; | XIAP
tapoptosis; L G1/Go; |COX-2;
THSP105

3.125-100 pmol/L

Tian et al™

Suppressed the proliferation of HepG2 Tapoptosis; 1p53; |Bcl-2; |survivin; 5-80 umol/L Tang et al™
cells Tcaspase-3; |PI3K/ Akt
Decreased the viability of HepG2, Hep3B, fapoptosis; |A¥m; fcaspase-3, -8; 2-8 pmol/L Yan et al"”
Huh7 and HA22T cells INa*-K'- ATPase; |ICAM-1; | VEGF
Reduced the viability of Huh7 cells Tapoptosis; |AWm; 1Bax; |Bcl2; 20-100 umol/L  Shyu et al™™
Teyt. ¢; 1 caspase-3, -9; | NF-«B;
IXIAP
Waltonitone Conferred inhibitory effects on the growth fapoptosis; Jcaspase-3, -8, -9; 1Bax;  0.4-100 umol/L  Zhang et al™"
of BEL-7402 cells Teyt. ¢; 1Fas; 1FasL; Tapaf-1
Miscellaneous Induced reduction in the viability of 9.4-71.1 ymol/L. Wang et al™
HepG2 and Hep3B cells [ICs0]
Exhibited cytotoxicity against HepG2 cells fapoptosis; 1p53; L Gi/S 0.5-80 umol/L  Huang et al"™
Tetraterpenes ~ Astaxanthin, Suppressed the invasive characteristic of ~ Antioxidant mechanisms 2.5-20 ymol/L  Kozuki et al™™¥
p-Carotene AHI09A cells
Inhibited the migration of SK-Hep-1 cells 1-20 umol/L Huang et al™
Delayed the proliferation and improved  falbumin; 7fibrinogen; { 5 pmol/L Wojcik et al™
the differentiation of oval cells obtained ~ hapatoglobin
from neoplastic liver
Exerted genotoxic and cytotoxic effects in  fapoptosis; Tnecrosis; TBARS 4-8 umol/L Yurtcu et al"”!
HepG2 cells
Fucoxanthin Inhibited the growth of HepG2 cells 1 Go/G; |cyclin D1, D3; [cdk4; 10-50 ypmol/L. Das et al™®
IpRb
Exhibited antiproliferative effect against ~ Tapoptosis; | Go-G1; 1GJIC; 1Cx43; 1-20 pmol/L Liu et al™
SK-Hep-1 cells 1Cx32; |pJNK; |pERK; 1[Ca]"™
Lycopene Suppressed the invasive property of 0.1-20 pmol /L Kozuki et al™
AHI109A cells
Induced an inhibitory effect on the growth | Go/Gi; DNA damage 0.1-50 ymol /L. Park et al™
of Hep3Db cells
Displayed antimigration and anti-invasive Tnm23-H1 1-20 ymol/L  Huang et al™™
activity in SK-Hep-1 cells
Inhibited adhesion, invasion and migration |MMP-9, -2 0.1-50 pmol/L  Hwang et gl
of SK-Hep-1 cells
Inhibited SK-Hep-1 cell invasion IMMP-9; |NF-kB; 1IxBao; |Spl; 1-10 ymol/L ~ Huang et al™™
|IGF-1R; |[ROS
Sesquiterpenes o-Bisabolbol Induced cytoxicity in HepG2 cells Tapoptosis; Tcaspase-8, -9; Tcyt. ¢; 0.1-20 ymol/L. Chen et al™

1Bax; 1Bak; |Bcl-2; 1p53; INF-«B;
1Fas

Dehydro- Inhibited the proliferation of HepG2 and  fapoptosis; 1Bax; 1Bak; |Bcl-2; | Bcl- 1-40 pmol/L Hsu et al™
costuslactone PLC/PRF/5 cells Xv; Tcaspase-4, -9; 1AIF; 1Endo G;
1ER stress; | CHOP/GADD153; 1Bip;
TMAPK; 1pJNK; 1ERK1/2; 1p38
Furanodiene Inhibited cell growth of HepG2 cells tapoptosis; | G2/M; altered A¥m;  0.1-1000 umol/L  Xiao et al™™
Teyt. ¢; Tcaspase-3; 1pp38; | pERK1/2
HOBS1, Exhibited antiproliferative effects and 1 Gy; |AFP; |y-GT; |TAT 0.1-30 pg/mL Miao et al™!
HOBS2 induced redifferentiation in SMMC-7721
cells
Zerumbone Showed antiproliferative activity against ~ fapoptosis; |Bcl-2; TBax 3.45 pg/mL [ICs0] Sakinah et al™

HepG2 cells

AFP: o-fetoprotein; AIF: Apoptosis-inducing factor; AP-1: Activator protein-1; apapf-1: Apoptotic protease activating factor 1; Cd: Cadmium; COX-2:
Cyclooxygenase-2; Cx: Connexin; DR: Death receptor; cyt. ¢: Cytochrome c; GR: Glucocorticoid receptor; ICso: Inhibitory concentration 50%; ER: Endoplasmic
reticulum; ERoi: Estrogen receptor o; ERK: Extracellular signal-regulated kinase; FADD: Fas-associated death domain; GLI1: Glioma-associated oncogene
protein 1; GJIC: Gap junctional intercellular communication; y-GT: y glutamyl transferase; HMG-CoA: 3-hydroxy-3-methylglutaryl coenzyme A; HSP, heat
shock protein; ICAM-1: Intercellular adhesion molecule-1; IxB: Inhibitory kB; IKKa/B: IkB kinase o/ B; IL-1pB: Interleukin 1p; IL-6: Interlukin-6; IGF2: Insulin
growth factor 2; IGF-1R: Insulin growth factor-1 receptor; JAK1: Janus-activated kinase 1; JNK: c-Jun N-terminal kinase; MAPK: Mitogen-activated protein
kinase; MD: Mitochondrial dehydrogenase; MMP: Matrix metalloproteinase; mTOR: Mammalian target of rapamycin; NF-kB: Nuclear factor-«B; NO:
Nitric oxide; PARP: Polypeptide poly(ADP-ribose) polymerase; PGE2: Prostaglandin Ez; PhIP: 2-amino-1-methyl-6-phenylimidazol[4,5-b]pyridine; PI3K:
Phosphatidylinositol 3-kinase; PKC: Protein kinase C; PMA: Phorbol 12-myristate; Pop: Population; PTCHI: Protein patched homolog 1; Rb: Retinoblastoma
protein; ROS: Reactive oxygen species; Spl: Stimulatory protein-1; SULT-1: Sulfotransferase-1; STAT3: Signal transducer and activator of transcription 3;
TAT: Tyrosine-a-ketoglutarate transaminase; TPA: 12-O-tetradecanoylphorbol-13-acetate; TRAIL: Tumor necrosis factor-related apoptosis-inducing ligand;
uPA: Urinary plasminogen activator; VEGF: Vascular endothelial growth factor; A¥Ym: Mitochondrial membrane potential; XIAP: X-linked inhibitor of
apoptotic protein.
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activation of the hedgehog signaling pathway) but in-
creased the protein levels of survivin and anti-apoptotic
Bel-2*,

Cucurbitacins, a group of oxygenated triterpenes, are
characterized by the presence of the tetracyclic cucurbi-
tane skeleton. Cucurbitacin B, one of the most abundant
forms of cucurbitacins, was found to effectively decrease
the viability of HepG2 cells through apoptosis with a
simultaneous decrease in the levels of the pro-apoptotic
protein Bcl-2. Suppression of transcription factor sig-
nal transducer and activator of transcription-3 (STAT3)
phosphorylation was associated with the cell killing effect
of this natural compound[&ﬂ. Chan ef al™ were successful
in achieving similar growth inhibitory effects of cucurbit-
acin B in Bel-7402 cells. Treatment of Bel-7402 cells with
cucurbitacin B also induced S phase arrest and apoptosis
associated with down regulation of cyclin D1 and cdc-2.
Additional studies indicated cucurbitacin B mediated the
inhibition of c-Raf activation without any alteration of
the STAT3 phosphorylation. Cucurbitacin D, isolated
from Trichosanthes kirilowit, was shown to suppress the
growth of Hep3b cells by apoptosis through caspase-3
and phosphorylation of JNK proteinigs]. Meng e? al™
isolated cucurbitacins D and I from Elaeocarpus hainanensis
and reported strong cytoxic effects of these compounds
against Bel-7402 cells.

Echinocystic acid, a triterpene present in various
herbs, is used for medicinal purposes in many Asian
countries. This compound was shown to exhibit antip-
roliferative effects against HepG2 cells through typical
apoptosis mechanisms, characterized by DNA fragmen-
tation, activation of caspase-3, -8 and -9, polypeptide
poly(ADP-ribose) polymerase (PARP) cleavage, trunca-
tion of Bid, reduction of Bcl-2, loss of AWm, cyt. ¢ re-
lease and activation of JNK and p38 kinase!™.

HEscin, a mixture of triterpene saponins extracted
from Aesculus wilsonii Rehd., displayed its potency against
HepG2 cell viability through disruption of the Gi/S
phase of cell cycle progression and caspase-independent
cell death via apoptosis-inducing factor/cyt. ¢ transloca-
tion from the mitochondria to the nucleus"™.

Ganoderic acid, produced by the submerged culture
of Ganoderma lucidum, was effective in inhibiting the
growth of Bel-7402 cells by blocking the transition of
cells from Gi to S phase[ggl. Ganoderiol F, a tetracyclic tri-
terpene isolated from Ganoderiol amboinense, induced anti-
proliferative effects through senescence in HepG2, Huh7
and Hep3b. Ganoderiol F treatment in HepG2 and Huh7
cells resulted in inhibition of DNA synthesis and arrest
of cell cycle progression in G1 phase. The inhibition of
DNA synthesis in HepG2 cells was attributed to the sup-
pression of topoisomerases I and I ol

The triterpenoid ginsenoside-Rg1 failed to confer cy-
totoxicity against SK-Hep-1 cells and instead stimulated
its growth through an increase in cyclin E and cdk2 pro-
tein expressionm. Ginsenoside-Rg5, a new diol-contain-
ing ginsenoside, is isolated from red ginseng. This triter-
penoid saponin was found to suppress the growth of SK-
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Hep-1 cells through cell cycle arrest in the G1/S phase
associated with downregulation of cdk2 activity. This was

WAF1/CIP1 .
with a con-

caused by selective induction of p21
current decrease in cyclin E, cdk2 and cdc25A™,

Ginsenoside-Rh2 inhibited DNA synthesis in SK-
Hep-1 cells through cell cycle arrest in the G1/S phase
by selectively inducing p27kip1 expression consequently
downregulating cyclin E-dependent kinase activity™.
A similar study conducted by Park ez al” described an
inhibitory effect of ginsenoside-Rh2 on the growth of
SK-Hep-1 cells by apoptosis through Bcl-2-insensitive
activation of caspase-3 followed by proteolytic cleavage
of PARP.

Ginsenoside Rk1, obtained from heat-processed
Panax ginseng C.A. MEYER, suppressed the growth of
HepG?2 cells associated with a significant inhibition of
telomerase activity 48 h following the treatment. More-
over, this compound induced apoptosis through activa-
tion of caspase-8 and -3 with a decrease in Fas-associated
death domain expression[gs]. Interestingly, when HepG2
cells were incubated with ginsenoside Rk1 for 24 h, cell
growth inhibition, G1 cell cycle arrest and autophagy
were observed”’.

Kim et al”” reported the growth suppressive effects
of ginsenoside Rs3 in SK-Hep-1 cells by apoptosis, cell
cycle arrest in the G1/S phase and selective elevation of
the protein levels of p53 and p21\V'AF1/CIP1
rent dectease in the activities of cyclin E- and A-associat-

with a concur-

ed kinases.

Gypenosides, triterpenoid saponins present in the
extract from Gynostemma pentaphylium Makino, were found
to exhibit cytoxicity against HUH7, Hep3B and HA22T
cancer cell lines through the intrinsic cell death pathway
mediated by alteration of apoptosis-associated proteins,
such as Bax, Bak, Bcl-X1, Bcl-2, Bad, cyt. ¢, caspase-3, -9
and -8".,

IH-901, a novel metabolite of the ginseng saponin,
exhibited cytotoxicity against HepG2 cells with simulta-
neous induction of apoptosis #ia mitochondrial-mediated
pathway, which resulted in the activation of caspase-9
and subsequent mitochondrial pathway activation. Cas-
pase-8 was shown to cleave Bid which subsequently relo-
cated to the mitochondria and amplified the mitochon-
drial pathway activation””. TH-901 was also tested against
SMCC7721 cells with antiproliferative and apoptotic
effects via the mitochondrial-mediated pathway, which
resulted in activation of caspase-9 and subsequently cas-
pase-3 through release of cyt. P

Kalopanaxsaponins A and I are two oleanane triter-
pene saponins isolated from the seeds of Nigella glann-
lifera. Through apoptotic mechanisms, these triterpenes
displayed significant cyotoxicity against HepG2 as well as
drug-resistant HepG2 (R-HepG2) cells""",

Boswellic acids, natural compounds isolated from the
gum resin of Bosewellia serrata, have recently drawn atten-
tion because of their potential as chemopreventive and
therapeutic agents. Keto- and acetyl-keto-boswellic acids
exhibited antiproliferative effects against HepG2 cells,
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with apoptosis accompanied by activation of caspase-3,
-8 and -9 being the mechanisms by which the boswellic
acids exerted their liver cancer cell killing effects™

Lucidenic acids A, B, C and N were isolated from Gano-
derma lucidum, a well-known mushroom with pharmaco-
logical effects. These triterpenoid components exhibited
antiproliferative and anti-invasive effects against HepG2
cells as evidenced by lucidenic acid-mediated inhibition
of phorbol-12-myristate-13-acetate-induced matrix metal-
loproteinase-9 (MMP-9) activity!"™, Subsequent studies
from the same group demonstrated that the anti-invasive
effects of lucidenic acid B might be effected through
inhibiting the phosphorylation of extracellular signal-
regulated kinase (ERK) 1/2 and downregulating MMP-9
expression by suppressing activator protein-1- and nuclear
factor kB (NF-kB)-DNA binding activities' .

Lupeol, a novel dietary triterpene found in several
fruits and vegetables as well as in a number of medicinal
plants, greatly inhibited the growth of SMMC7721 cells
with apoptotic death through activation of caspase-3 me-
diated by the downregulation of death receptor 3",

25-Methoxyhispidol A, a novel triterpenoid isolated
from the fruit of Poncirus trifolata, was successfully shown
to display antiproliferative effects against SIK-Hep-1 cells.
Apoptosis and Go/Gt1 phase arrest were suggested as the
mechanisms of action. This correlated well with the down-
regulation of cyclin D1, CDK4, c-myc, and retinoblastoma
protein expressions, along with the upregulation of p21"",

The pentacyclic triterpene oleanolic acid (OA) proved
its beneficial chemotherapeutic properties against HCC
by inducing significant decrease in viability of various
liver cancer cell lines, namely HepG2, Hep3B, Huh7 and
HA22T. The observed elevation in caspase activities and
DNA fragmentation suggested apoptosis to be a key
mechanism in OA action. Concentration-dependent inhi-
bition of intercellular adhesion molecule 1 ICAM-1) lev-
els along with that of VEGE, a pro-angiogenic protein,
provided insight into specific targets of the anti-cancer
effects of OA against liver cancer"”. A similar study
also reported the antiproliferative effects of OA in Huh7
cells through apoptosis associated with alteration in Bel-2
family proteins and downregulation of NF-kB and the
X-linked inhibitor of apoptotic protein (XIAP) 1o,

UA, isolated from Aralia decaisneana, displayed anti-
hepatoma activity against HepG2 and R-HepG2 cells
through apoptosis and Go/Gu cell cycle arrest. UA-medi-
ated downregulation of cyclooxygenase-2 and upregula-
tion of HSP105 provided additional mechanisms'”. UA
was also found to exert antiproliferative effects against
HepG2 cells through activation of apoptosis accompa-
nied by a significant decrease in Bcl-2 and survivin ex-
pression[“o]. Two recent studies confirmed the anti-tumor
effects of UA using HepG2 as well as additional cell
lines, such as Hep3B, Huh7 and HA22T. Ancillary studies
revealed mitochondrial-mediated apoptosis and inhibi-
tion of ICAM, VEGE, NF-kB and XIAP as underlying
molecular mechanisms of UA action"”""”.

Waltonitone, a new pentacyclic triterpene isolated
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from Gentian waltonii Burkill, was found to inhibit the
growth of BEL-7402 human hepatic carcinoma cells
through apoptosis ziz the intrinsic and extrinsic cell
death pathways. Waltonitone was found to upregulate the
mRNA expressions of caspase-3, -8, -9, Bax, apoptotic
protease activating factor 1 (apaf-1), Fas and FasL in
BEL-7402 cells""".

Two new triterpenoid saponins along with five other
known triterpene compounds were extracted from Azn-
drosace umbellate and tested for their anti-tumor efficacies
in HepG2 and Hep3B cells. The new triterpenoid sa-
ponins, namely 3-O-{B-D-glucopyranosyl-(1—2)-B-D-
glucopyranosul-(1—4)-[3-D-glucopyranosyl-(1—2)-a-L-
arabinopyranosl}-3-B-hydroxy13f3,28-epoxy-16-oxo-
oleanan-30-al and 3-O-B-D-xylopyranosyl-(1—2)-B-D-
glucopyranosyl-(1—4)-o.-L- arabinopyranosl-33-hydroxy-
13f3,28-epoxy-16-oxo-oleanan-30-al, as well as the known
triterpene compounds [3-O-B-D-glucopyranosyl-(1—
2)-a-L-arabinopyranoslcyclamiretin A, primulanin, saxi-
fragifolin B, C and D were found to exert cytotoxity in
the aforementioned liver cancer cell lines although the
mechanisms of such effects were not elucidated"?. A new
triterpene compound, 20(R), 22(0), 24(S)-dammar-25(26)-
ene-3f, 6a, 12f, 20, 22, 24-hexanol, and three known
triterpenoids, B-D-glucopyranoside,(33,12f)-12,20-
dihydroxydammar-24-en-3-yl,6-acetate, 20(R)ginsenoside
Rgs, and 20(R)-ginsenoside Rha, isolated from the leaves
of Panax ginseng, exhibited various degrees of cytoxicity
against HepG2 cells through p53-mediated cell cycle ar-
rest and apoptosis vz activation of the caspase signaling

Tetraterpenes: The effect of carotenoids, including astax-
anthin and B-carotene, on the invasion of AHI109A rat
ascites hepatoma cells was investigated by co-culturing
the hepatoma cells with rat mesentery-derived meso-
thelial cells. Both carotenoids inhibited AH109A inva-
sion through antioxidant mechanisms!"*. Huang ez al™
showed that [B-carotene effectively inhibited cell migration
in SK-Hep-1 cell lines. The effects of astaxanthin and
[-carotene on the proliferation and differentiation of iso-
lated rat oval cells were investigated. Oval cells were isolat-
ed from the livers of rats subjected to partial hepatectomy
ot chronic diethylnitrosamine (DENA) treatment. Both
compounds decreased the proliferation and intensified the
differentiation of oval cells with increased expression of
albumin, hapatoglobin and ﬁbrinogen[“(ﬂ. Recently, Yurtcu
et al'"” reported the genotoxic and cytotoxic effects of
B-carotene in HepG2 cells as evidenced from increased
apoptosis and necrosis. A concurrent increased in thiobar-
bituric acid-reactive substances indicated elevated oxida-
tive damage of [-carotene-exposed cells.

Fucoxanthin, an oxygenated carotenoid present in
several types of edible seaweed, such as Laminaria ja-
ponica, Undaria pinnatifida and Hijikia fusiformis, was found
to suppress the growth of HepG2 cells with inhibition
of cell cycle arrest in the Go/Gi phase being the typical

mechanism of action. Other mechanisms observed were
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decrease in the cyclin proteins D1, D3 and cdk4 with
the inhibition of the phosphorylation of the retinoblas-
toma ™. A separate study by Liu ez al"™ described similar
antiproliferative effects of fucoxanthin against SK-Hep-1
cells. Apoptosis was induced in these cells as well as cell
cycle phase arrest at Go/G1. An upregulation of the con-
nexin genes 43 (Cx43) and 32 (Cx32) provided evidence
for the enhancement of gap junctional intercellular com-
munication resulting in an increase in intracellular cal-
cium concentrations. A decrease in the phosphorylation
of ERK and JNK was also associated with fucoxanthin
action.

Lycopene, the major carotenoid present in tomatoes
and tomato-derived products, was found to decrease the
invasive properties of AH109A rat ascites cells", Park
et al"™ demonstrated the inhibitory effect exerted by
lycopene in Hep3B cells through mechanisms involving
cell cycle arrest in the Go/G1 phase and DNA damage.
This tetraterpenoid also effectively displayed antimigra-
tion and anti-invasive properties against highly invasive
SK-Hep-1 cells which were associated with the increase
of the metastasis suppressor gene, nm23-H1"". The
study by Hwang and Lee!”" concluded with similar re-
sults displaying lycopene’s inhibitory effects on adhesion,
invasion and migration of SK-Hep-1 cells. Additionally,
these investigators showed a decrease in the activities of
MMP-2 and MMP-9. Additional studies by Huang ez al™®
demonstrated that lycopene strongly inhibited the inva-
sion of SK-Hep-1 cells and this effect was mediated by
inhibition of NF-kB and stimulatory protein-1 binding
activity leading to a decrease in the secretion of MMP-9.
Lycopene also decreased the level of ROS and insulin-

like growth factor-1 (IGF-1R), albeit to a lesser extent 7.

Sesquiterpenes: a-Bisabolbol, a sesquiterpene, was
found to induce cytotoxicity in HepG2 cells. Apoptosis,
through both the intrinsic and extrinsic pathway, was
identified as the mechanism of action exhibited by this
natural compound. Associated proteins of the apoptotic
pathways, namely caspase-3, -8, Bax, Bak, cyt ¢, p53 and
Fas were found to be increased with a concomitant de-
crease in the Bcl-2",

Dehydrocostuslactone (DHE), sesquiterpene lactone,
exhibits its antitumor activity against different human
hepatoma cell lines, namely HepG2 and PL.C/PRF/5,
through a wide variety of mechanisms. The anti-prolifer-
ative effects exerted by DHE in these cell lines involved
apoptotic death of liver cancer cells through the mito-
chondrial pathway mediated through increases in the pro-
apoptotic proteins, decreases in the anti-apoptotic pro-
teins, increases of caspase-3, -4, apoptosis-inducing factor
and endonuclease G. DHE also triggered endoplasmic
reticulum stress, as evidenced by changes in cytosol
calcium levels, double-stranded RNA-activated protein
kinase-like endoplasmic reticulum kinase phosphoryla-
tion, inositol-requiring protein 1 and CHOP/GADD153
upregulation, X-box transcription factor-1 mRNA splic-
ing and caspase-4 activation' ™",
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Furanodiene, a sesquiterpene compound isolated
from the essential oil of the Chinese medicinal plant
Curcuma wenynjin, was found to inhibit the growth of
HepG2 cells by causing cell cycle arrest at G2/M phase
and inducing apoptosis related to mitochondrial trans-
membrane depolarization, release of cyt. ¢, activation
of caspase-3 and cleavage of PARP. These effects were
associated with the activation of p38 and inactivation of
ERK1/2 MAPK signaling cascades™,

Antiproliferative effects along with redifferentiation
were induced in SMMC-7721 human hepatoma cells by
two highly oxygenated bisabolane-type sesquiterpenes,
namely HOBS1 and HOBS2, isolated from Cremantho-
dinm discoidenm. These sequiterpenes arrested cell growth
in the G1 phase of the cell cycle, increased tyrosine-o-
ketoglutarate transaminase activity, decreased o-fetoprotein
(AFP) level and y-glutamyl transferase activity",

Zerumbone (ZER), a cytotoxic component isolated
from the wild ginger, Zingiber zerumbet Smith, was shown
to induce significant antiproliferative activity against
HepG2 cells through mechanisms involving an elevation
of the apoptotic process with increase in the level of
pro-apoptotic protein Bax and decrease of anti-apoptotic
protein Bcl-2 without involving p53[127].

In vivo studies

Although the various aforementioned 7z vitro studies
demonstrated the antiproliferative and cytotoxic effects
of various terpenoids against a broad spectrum of liver
cancer cells, surprisingly very few compounds from these
studies have been further investigated for similar effects
in vivo. Nevertheless, a large number of other natural ter-
penoids have been tested iz vivo to show positive chemo-
preventive and antitumor potential against several animal
models of liver cancer, with a few studies describing the
lack of any beneficial effect produced by these com-
pounds (Table 2). Most studies have been conducted in
animals with chemically-induced liver tumors while other
studies were conducted using xenografted animal models
of liver cancer to test the potential beneficial effects of
these natural terpenoid compounds.

Monoterpenes: Auraptene, a citrus antioxidant, was
found to be effective in suppressing the DENA-induced
hepatocarcinogenesis in male F344 rats upon dietary
supplementation. A dose range of 100-500 ppm over a
period of 7 wk inhibited the development of DENA-in-
duced transforming growth factor (T'GF)-a-positive foci
and placental glutathione S-transferase (GSTp)-positive
foci through mechanisms that include increase in apopto-
sis and decrease in cell proliferationms].

Atleast two studies on the isoprenoid geraniol have
contributed to its chemopreventive effects against he-
patocarcinogenesis. Ong ef al™ found that oral geraniol
treatment (250 mg/kg) for 8 wk in Wistar rats, initiated
with DENA and promoted by 2-acetylaminofluorene
(2-AAF), decreased both hepatic remodeling and per-
sistent GSTp-positive preneoplastic lesions. A recent
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Table 2 /n vivo effects of natural terpenoids on development and growth of liver cancer

Terpenoids Compounds Effects Mechanisms Dose/duration Route Ref.
Monoter-  Auraptene  Suppressed DENA-induced TGF-a foci and Tapoptosis; |cell 100-500 ppm; Diet Sakata et al™™
penoids carcinoma in male F344 rats proliferation 7wk
Geraniol Decreased GSTp foci and nodules during |cell proliferation; 25 mg/100 g; po Ong et al™
DENA-initiated and 2-AAF-promoted Tapoptosis 8 wk
hepatocarcinogenesis in male Wistar rats
Inhibited liver carcinogenesis with decrease in Tapoptosis; |RhoA 25mg/100 g; po Cardozo
mean number of GSTp foci and nodule induced by activation 5wk et al™”
DENA and promoted by PB in male Wistar rats
d-Limonene Decreased the number of GSTp foci in 0.5%; 6 wk Diet Hirose et al™"

DENA-initiated and Glu-P-1-promoted
hepatocarcinogenesis in male F344 rats

Exhibited chemopreventive effects against DENA/ |cjun; |c-myc 5%;80d Diet  Giri et al™;
PB hepatocarcinogenesis in male AKR mice Parija et al™
Reduced the incidence, number and size of GSTp apoptosis; |cell 1%, 2%; 7 wk Diet Kaji et al™!

foci and neoplastic nodules induced by NNM in  proliferation
male Sprague-Dawley rats

Suppressed hepatic preneoplasia and tumor 1GJIC 3mL/kgperday; po Bodake et al™
growth induced by DENA in male WR rats 5 times/wk; 5.5 mo
Perillyl Inhibited liver tumor growth induced by DENA 1 apoptosis; {TGF; IM6P/ 1% w/w for 1wk Diet  Mills et al™
alcohol in male F344 rats IGFI R; {TTGFB type I, I,  and 2% w/w for
IR 18 wk
Diter- Andro- Suppressed the formation of BHC- induced 1GSH; 1GR; 1GPX; 1SOD; T 5-10 mg/kg per po  Trivedi et al™”
penoids grapholide  nodules in Swiss male albino mice CAT; |GGT; |GST day; 1-8 mo
Reversed histomorphological and ultrastructural 1G-6-Pase; {ATPase; 1SDH; 5,7 and 10 mg/kg; Diet Trivedi et al™®
changes during BHC-induced hepato- ISGPT; |SGOT; |ALP; |OCT; 1-8 mo
carcinogenesis male Swiss mice lACP
Epoxy Reduced incidence, multiplicity and size of |SGOT; |SGPT; |LDH; 10 mg/kg per day; po  Dhanasekaran
clerodane nodules induced by DENA in male Wistar rats 1SOD; 1CAT; |GST; |GGT; 8wk et al™!
diterpene 1GSH; 1GPX
Excisanin A Suppressed tumor growth in BALB/c nude mice |apoptosis; | pAKT 10-20 mg/kg; ip  Dengetal™
implanted with Hep3B cells 12d
Gerany- Reduced the incidence, number and size of |cell proliferation; | DNA 8-16 mg/kg per po de Moura
Igeraniol visible nodules and GSTp foci in DENA/2-AAF  strand break; |plasma day; 7 wk Espindola
hepatocarcinogenesis in male Wistar rats cholesterol; | NF-kB p65 et al™”
Triter- Bacoside A Delayed the development and growth of lipid peroxidation; TVit A; 15 mg/kg; 16 wk po Janani
penoids neoplastic nodules induced by DENA in male 1Vit E; 1GSH; |ROS; | AFP; et gl
Wistar albino rats |CEA; |5"-nucleotidase;

|ALT; |AST; |LDH; |ALP;
|GGT; 1SOD; 1CAT; 1GPX;
1GR; |MMP-2; |MMP-9

Cucurbitacin Decreased HepG2 tumor volume and inhibited 26-110 pg/kg per  po  Zhang et al™

B tumor growth in mice xenograft model day; 12d
Inhibited tumor growth in BEL-7402 xenografted 0.1-3 mg/kg; twice  po Chan et al'®
mice model per day for 26 d

Escin Demonstrated inhibitory effects on tumor growth 1.4-2.8 mg/kg; ip Zhou et al®™
in H22 tumor- bearing female Kunming mice 7d

Ginseng Inhibited AFBi-initiated and FB-promoted LALT; |AST; falbumin; 150 mg/kg; po  Abdel-Wahhab

extract hepatocarcinogenesis in female SD rats |TG; |cholesterol; |LDL; 1-12 wk et gl

THDL; |AFP, |CEA, MDA,
1TAG; |fibrosis

Glycyrrhizin  Decreased the incidence of nodules and HCC talbumin; TAST 2 mg/animal; im  Shiota et al™!

induced by DENA in BALB/c mice 3 d/wk for 12-32
wk

Reduced the size, volume and number of 0.1% 25 mg/kg; po Wan et al™”
preneoplastic liver lesions initiated by DENA and 1wk
promoted with 2-AAF in male SD rats

EC-2,EC4  Failed to show modifying effects against DENA- 1mg/kg;5timesa po  Karim et al™*
induced hepato-carcinogenesis in male F-344 rats week for 2-8 wk

Squalene Failed to exhibit chemoprevention against 1 plasma cholesterol 1-1.5 g/kg; 8 wk po Scolastici
DENA-initiated and 2-AAF- promoted et al™
hepatocarcinogenesis in male Wistar rats

Ursolic acid  Inhibited the growth of H22 hepatoma implanted 15-30 mg/kg; ip Tian et al""!
in male CD-1 mice 10d
Suppressed DENA-initiated and PB- promoted ~ |MDA; |PC; |membrane 20 mg/kg per day; po Gayathri
hepatocarcinogenesis in male Wistar rats damage; TNa'K" ATPase; 6 wk et al™

TMg™" ATPase; 1Ca”" ATPase

K
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Waltonitone Delayed the growth of tumors in athymic nude
BALB/c nu/nu mice implanted with BEL-7402 cells
a-Carotene  Decreased the number of hepatomas during sponta-
neous hepatocarcinogenesis in male C3H/He mice
Reduced the number of liver tumors in multi-
organ carcinogenesis in male and female B6C3F1
mice
B-Carotene  Failed to have an effect on the number and size
of preneoplastic liver foci induced by DENA /2-
AAF/PB in male Wistar rats
Failed to exhibit any effect on 2-NP- or DENA-
initiated hepato- carcinogenesis in male Wistar rats
Did not modify DENA-initiated and PCB-
promoted hepatocarcinogene-sis in female
Sprague-Dawley rats
Inhibited the development of preneoplastic foci
and nodules initiated with DENA and promoted
by 2-AAF in male Wistar rats
Reduced the generation of nodules and GGT foci
induced by DENA/2-AAF in male Wistar rats
Decreased the incidence and total number of GGT
foci and nodules in DENA-initiated and 2-AAF-
promoted hepatocarcinogenesis in male Wistar rats
Attenuated the development of GSTp foci in the
resistant hepatocyte model in male Wistar rats
Suppressed progression of hepatocarcinogenesis
induced by DENA in male Wistar rats
Exerted chemoprevention of initiation phage of
DENA-induced hepatocarcinogenesis in male
Wistar rats
Conferred a weak chemopreventive effect against
DMH-initiated hepatocarcinogenesis in male
Wistar rats
Decreased the incidence, number and size of
nodules induced by 2-AAF in male Sprague-
Dawley rats
Suppressed 3’-Met-DAB-induced nodulogenesis
in male Sprague-Dawley rats
Decreased DENA-initiated and PB-promoted
nodule incidence and area in male Sprague-
Dawley rats
Suppressed DENA-induced hepatic chromosomal
aberrations in male Sprague-Dawley rats

Reduced the incidence, total number, multiplicity
and size of nodules in DENA /PB hepato-
carcinogenesis in male Sprague-Dawley rats
Decreased the number and size of GSTp foci in
1Q-initiated and PB- promoted
hepatocarcinogenesis in male Fischer rats
Inhibited the development of GSTp foci and
HCC induced by EE in female Wistar rats
Reduced the development of GSTp foci in Glu-P-
1-induced hepato-carcinogenesis in male F344 rats
Inhibited carcinogen-DNA adduct formation
induced by IQ in male F344 rats

Reduced the number of liver tumors in multi-
organ carcinogenesis in male B6C3F1 mice

Reduced AFBi-induced hepato-carcinogenesis in
male Wistar rats

Decreased the number and volume of GSTp foci
initiated by AFB1 in male Wistar rats

Inhibited liver tumor formation induced by
DMBA in both male and female toads
Suppressed the formation of GSTp foci and
nodules initiated with DENA and promoted by
PB in male Sprague-Dawley rats

Reversed histomorphological changes during
DENA-induced hepatocarcinogenesis in male
Sprague-Dawley rats
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Tcleaved caspase-3, -9;
lpro-caspase-9

Remodeling of lesions

loval cell reaction
lcell proliferation

|cell proliferation; | DNA
damage; remodeling of
lesions

Teyt. b5; 1CYP; INADPH
cyt. c reductase; AHH;
|UDPGT; |GST

|GSH; |GGT; |GST; |GPX;
IGR; Vit A

IRBC protein damage;
lipid peroxidation;
1G-6-Pase; |SOD; |CAT
lfrequency of chromosomal
aberrations; | DNA chain
breaks

|GSH; |GGT; |GPX; 1CYP;
1GST

|CYP1A1; |CYP1A2

|GSH; |GST; 102

consumption

|DNA SSB; |K; 1Ca; |Mn;
|Fe; 1Cu; 1Zn; |Se

20-50 mg/kg; Once

in2dfor15d
0.005%-0.05%;
40 wk

0.4 mg/mouse;

three times a week

for 24 wk

300 mg/kg diet or
10 mg/kg bw (3
times/wk); 3 wk
300 mg/kg diet;
3wk

0.5%; 12 wk

70 mg/kg;
alternate d for
2-8 wk

70 mg/kg; 8 wk
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Carotenoids  Did not modify DENA/2-AAF/PB 300 mg/kg diet;  Diet Astorg et al™

(astaxanthin, hepatocarcinogenesis in male Wistar rats 3wk

B-apo-8'- Failed to exhibit any effect on 2-NP- or DENA- 300 mg/kg diet; Diet  Astorg et al™!

carotenal, initiated liver carcinogenesis in male Wistar rats 3wk

cantha- Attenuated the number and size of GSTp foci |DNA single strand breaks 300 ppm; 3 wk Diet Gradelet

xanthin) induced by AFB1/2-AAF in male Wistar rats et al™™
Reduced initiation of liver carcinogenesis by |AFB1-DNA binding; |DNA 300 mg/kg diet; Diet Gradelet
AFB1 in male Wistar rats single strand breaks; TAFB1 3 wk et gl

metabolism

B-Ionone Reduced the incidence, number and size of GSTp |cell proliferation; |plasma 80160 mg/kg; po de Moura
foci and nodules in the initial phase of DENA/2- cholesterol; [DNA damage 7 wk Espindola
AAF hepatocarcinogenesis in male Wistar rats et al™
Inhibited GSTp foci and nodules during lcell proliferation; 160 mg/kg; 5 wk po Cardozo
promotional phase of DENA/2-AAF JHMGCoA reductase et al™
hepatocarcino-genesis in male Wistar rats

Lutein Reduced the number and size of GSTp foci |DNA strand breaks 70 mg/kg per day; po  Toledo et al™
initiated by DENA and promoted with 2-AAF 8 wk
in male Wistar rats
Reduced the size of nodules during the |DNA damage 70 mg/kg; 2-6 wk  po Moreno
promotional phase of DENA/2-AAF et al™
hepatocarcinogenesis in male Wistar rats

Lycopene Failed to modify AFBi-induced 300 ppm; 3 wk Diet Gradelet
hepatocarcinogenesis in male Wistar rats et al"”
Exhibited no effect on the initiation of 300 mg/kg diet; Diet Gradelet
hepatocarcinogenesis induced by AFB1 in male 3wk et al"”™
Wistar rats
Failed to influence the risk of developing spon- 0.005% w/w; Diet Watanabe
taneous HCC in male Long-Evans Cinnamon rats 70 wk et al™
Decreased the volume of GGT and GSTp foci |CYP2E1 300 mg/kg diet; Diet Astorg et al™!
in DENA-initiated and 2-AAF-promoted liver 3wk
carcinogenesis in male Wistar rats
Attenuated the number and size of GSTp foci |DNA strand breaks 70 mg/kg per day; po  Toledo et al™
initiated by DENA and promoted with 2-AAF 8 wk
in male Wistar rats
Decreased the number of GSTp foci in DENA- 1%; 12wk Diet Tharappel
initiated and PCB-promoted hepatocarcinogenesis et al™

in female Sprague-Dawley rats
Inhibited DENA-initiated and NASH-promoted ~ |PCNA; |cyclinD1; [lipid 15 mg/kg per day; Diet Wang et al™
GSTp foci development in male Sprague-Dawley peroxidation; INrf2; THO-1; 6 wk

rats IpERK; |NF-kB p65
Tomato Reduced the number of GSTp foci initiated by I|PCNA; |cyclinD1; 250 mg/kg per Diet Wang et al™
extract DENA and promoted by NASH in male JTNF-o; [IL-1B; |IL-12; day; 6 wk
Sprague-Dawley rats lipid peroxidation;
|CYP2E1; | pERK; |NF-xB
Sesquiter- Dehydro- Inhibited tumor growth in nude mouse implanted fapoptosis; TpPERK; 10 mg/kg per day; ip Hsu et al™
penoids costus-lactone with PLC/PRF/5 cells TIRE-1 45d
Farnesol Suppressed the development of GSTp foci and |cell proliferation; | DNA 250 mg/kg; 8 wk po Ong et al™
nodules initiated with DENA and promoted damage; | plasma cholesterol;
by 2-AAF in male Wistar rats JHMG-CoA reductase
Zerumbone Reduced DENA/2-AAF- induced JALP; |ALT; |AST; |AFP; 15,30 or 60 mg/kg; ip Taha et al™*®
hepatocarcinogenesis in Sprague- Dawley rats lipid peroxidation; |GSH;  twice a week for
|PCNA; 1Bax; |Bcl-2 11 wk

2-AAF: 2-acetylaminofluorene; AFB-1: Aflatoxin B1; AFP: a-fetoprotein; AHH: Aryl hydrocarbon hydroxylase; AHF: Altered hepatic foci; ALA-S:
§-aminolevulinate synthetase; ALP: Alkaline phosphatase; ALT: Alanine transaminase; AST: Aspartate transaminase; BHC: Benzene hexachloride; CA:
Chromosomal aberrations; CAT: Catalase; CEA: Carcinoembryonic antigen; CYP: Cytochrome P-450; CYP2E1: Cytochrome P-450 2E1; DAB: 1,4,-dimethyl
aminoazobenzene; DENA: Diethylnitrosamine; DMH: 1,2-dimethylhydrazine; dw: Drinking water; EAF: Enzyme altered foci; EC-2: 3,4-Seco-83H-ferna-4-
(23),9(11)-dien-3-oic acid; EC-4: 3,4-Seco-oleana-4-(23),18-dien-3-oic acid; EE: Ethynlyestradiol; ERK: Extracellular signal-regulated kinase; FB: Fumonisin;
GGT: y-glutamyl transpeptidase; GJIC: Gap-junctional intercellular communication; Glu-P-1: 2-amino-6-methyldipyrido[1,2-a:3’,2’-d] imidazole; G-6-
Pase: Glucose-6-phosphatase; GPX: Glutathione peroxidase; GR: Glutathione reductase; GSTp: Glutathione S-transferase, placental form; GSH: Reduced
glutathione; HCC: Hepatocellular carcinoma; HDL: High-density lipoprotein; HO-1: Heme oxygenase-1; HMG-CoA: 3-hydroxy-3-methylglutaryl coenzyme
A; HTHQ: 1-O-hexyl-2,3,5-trimethylhydroquinone; IL: Interleukin; ip: Intraperitoneal; po: Per os; im: Injectio intramuscularis; sc: Subcutaneous route; 1Q:
2-amino-3-methylimidazo[4,5-f]quinoline; JNK: c-Jun N-terminal kinase; LDH: Lactate dehydrogenase; LDL: Low-density lipoprotein; MAPK: Mitogen-
activated protein kinase; MDA: Malondialdehyde; M6P/IGF I -R: Mannose 6-phosphate/insulin-like growth factor II receptor; 3'-Met-DAB: 3’-methyl-4-
dimethlyaminoazobenzene; MMP: Matrix metalloproteinase; MPE: Mango pulp extract; NASH: Nonalcoholic steatohepatitis; NF-kB: Nuclear factor kB;
NMDA: N-nitrosodimethylamine; NNM: Nitrosomorpholine; NMU: N-nitrosomethyl urea; 2-NP: 2-nitropropane; Nrf2: NF-E2-related factor 2; OCT: Ornithine
carbamoyltransferase; PB: Phenobarbital; PC: Protein carbonyl; PCB: 3,3' 4,4'-tetrachlorobiphenyl; PCNA: Proliferating cell nuclear antigen; RBC: Red blood
cell; ROS: Reactive oxygen species; sc: Subcutaneous; SD: Sprague-Dawley; SDH: Succinate dehydrogenase; SGPT: Serum glutamic pyruvic transaminase;
SGOT: Serum glutamyl oxalate transaminase; SOD: Superoxide dismutase; SSB: Single stranded breaks; SULT-1: Sulfotransferase-1; TAC: Total antioxidant
capacity; TAT: Tyrosine ketoglutarate; TG: Triglyceride; TGF: Transforming growth factor; TNF: Tumor necrosis factor; Vit: Vitamin; YY1: Ying Yang 1 protein.
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and similar study by Cardozo e a/™" observed the same
chemopreventive benefits of geraniol in male Wistar rats
initiated with DENA promoted by phenobarbital (PB).
Geraniol was found to suppress liver carcinogenesis by
inhibiting the promotion phase through induction of
apoptosis and reduction of hepatic membrane protein
RhoA.

A number of in vivo studies have been performed with
d-limonene showing its efficacy against HCC. From earli-
er studies, it has been shown that 0.5% d-limonene in diet
has been responsible for a 32% inhibition of the GSTp
foci in DENA-initiated and 2-amino-6-methyldipyrido
[1,2-0:3°,2’-d] imidazole (Glu-P-1)-promoted hepatocar-
cinogenesis in male F-344 rats'”". Later studies demon-
strated that d-limonene’s chemopreventive efficacy arises
from its capability to block alterations in the level of
oncogene expression both at the RNA and protein levels
brought about by DENA alone or along with PB in the
liver of AKR mice. Inhibition of the overexpression of
c-myc and c-jun proteins, the characteristics of DENA
hepatocarcinogenesis, is one mechanism by which 4-lim-
onene exhibits its anticarcinogenic effect!™. According
to a subsequent study, a potential role of J-limonene
might involve modulation of the ying yang 1 protein
which was found to be correlated with c-myc in DENA-
induced hepatocarcinogenesis“33]. Kaji ez al™ confirmed
d-limonene’s antitumor effect in Sprague Dawley rat
hepatocarcinogenesis induced by N-nitrosomorpholine.
d-Limonene was found to reduce the incidence, number
as well as the size of GSTp foci without the involve-
ment of p21Rr\S plasma membrane association. In 2002,
the chemopreventive effect of orange oil (containing
90%-95% d-limonene) was tested and proved by Bodake
et al™. Oral administration of orange oil for more than
5 mo following DENA treatment in male Wistar rats sig-
nificantly suppressed the growth of liver tumors with the
restoration of the normal phenotype and upregulation of
gap junctional complexes.

Significant inhibition of liver tumors through a marked
increase in the frequency of apoptosis was achieved by
perillyl alcohol upon treatment of F344 rats challenged
with DENA. In addition, the elevated expressions of
mannose G-phosphate/IGF receptor Il and TGF-B
type I, II and I receptors were also demonstrated as
underlying mechanisms of perillyl alcohol’s chemopreven-
tive activity' .

Diterpenes: The antihepatocarcinogenic effect exerted
by the antioxidant andrographolide extracted from Azx-
drographis panicnlata (Kalmegh) was demonstrated in male
Swiss-albino mice challenged with benzene hexachloride
(BHC). The oral administration of andrographolide re-
sulted in suppression of BHC-induced hepatic nodules.
Spectrometric analysis showed significant increases in
glutathione (GSH) and antioxidant enzyme activities
of glutathione reductase (GR), glutathione peroxidase
(GPX), superoxide dismutase (SOD) and catalase (CAT)

with concurrent decreases in y-glutamyl transpeptidase
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(GGT) and GST". A follow-up study confirmed the
potent anti-tumor activity possessed by andrographolide.
This study indicated a reversal of the histomorphological
and ultrastructural changes induced by BHC, along with
improved glycogenesis in the liver due to increased activi-
ties of glucose-6-phosphate and phosphorylase. Regen-
erative effects elicited by andrographolide were the result
of decreased activities of serum glutamate pyruvate trans-
aminase, serum glutamate oxalate transaminase, alkaline
phosphatase (AP), ornithine carbomoyl transferase and
acid phosphatase, all of which are markers of liver dam-
agems].

A recent investigation by Dhanasekaran ez al” on the
epoxy clerodane diterpene extracted from Tinospora cordi-
folia proposed increases in the hepatic antioxidant status
of Wistar rats administered with DENA to induce HCC.
Treatment for 8 wk at a dose of 8 mg/kg per day result-
ed in reduced incidence, multiplicity and size of hepatic
nodules. The treatment was instrumental in increasing
the level of detoxifying enzymes and bringing down the
clevated levels of serum transaminase and hepatic marker
enzymes to near normal.

Excisanin A, a diterpenoid compound extracted from
Isodon MacrocalyxinD, was found to be an effective and
potent tumor growth inhibitor in BALB/c nude mice
implanted with Hep3B cells. A daily intraperitoneal (ip)
injection of 10-20 mg/kg of excisanin A in this xeno-
grafted mouse model and the subsequent analysis of
the tumor samples after sacrifice established the inhibi-
tion of the AKT signaling pathway in tumor cells. Upon
performing the terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) assay on fro-
zen liver sections, TUNEL-positive cells were identified,
indicating apoptotic activity in the tumor cells™.

de Moura Espindola ez al"*" studied the anticarcino-
genic effects of geranylgeraniol and showed the potential
usefulness of this diterpenoid as a chemopreventive agent
in hepatocarcinogenesis. Geranylgeraniol treatment ad-
ministration to male Wistar rats subjected to DENA/2-
AAF regimen resulted in significant reduction of nodule
incidence and size. The antitumor activity of geranylgera-
niol was closely interlinked to decreases in cell prolifera-
tion and DNA damage. Decreases in the transcription
factor NF-kB and plasma cholesterol levels were also
interesting hallmarks of the chemopreventive activity
exhibited by geranylgeraniol in the initiation phase of he-
patocarcinogenesis.

Triterpenes: Bacoside A, a triterpenoid saponin isolated
from Bacopa monniera Linn., was studied for its chemopre-
ventive potential against rat liver carcinogenesis induced
by DENA. Treatment with bacoside A demonstrated the
delayed development and growth of neoplastic nodules.
The levels of AFP, carcinoembryonic antigen (CEA), as-
partate transaminase (AST), alanine transaminase (ALT),
ROS, lipid peroxides, GSH antioxidant enzymes, SOD
and CAT, vitamins A and E and MMP-2 and -9 were de-

creased in the bacoside A-treated rats'*"'*.
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Two groups of researchers have investigated the che-
mopreventive effects of cucurbitacin B using xenografted
mouse models of liver cancer. Zhang ¢ al”™ showed the
decrease in tumor volume along with tumor growth in-
hibition exerted by cucurbitacin B in mice xenografted
with HepG?2 cells, whereas Chan ez al™ demonstrated the
inhibitory activity of cucurbitacin B on the growth of
xenografted BEL-7402 tumor. Nevertheless, the in vivo
mechanisms of such antitumor effects of cucurbitacin B
were not studied.

Escin, a natural mixture of triterpene saponins, was
evaluated by Zhou ¢ al™ to determine its antitumor effi-
cacy against mice xenografted with H22 malignant HCC
cells. Therapy with escin at a concentration of 1.4 mg/kg
per day or 2.8 mg/kg per day for 7 d was conducted via
ip injections in these animals. The highest dose of escin
therapy was effective in significantly lowering the tumor
weights compared to the controls.

Korean ginseng is one of the most widely used me-
dicinal plants, particulatly in traditional oriental medicine,
and has a wide range of pharmacological and physiologi-
cal actions" ™', These along with other beneficial effects
prompted Abdel-Wahhab ez al'™™ to evaluate the chemo-
preventive effects of ginseng extract (GE) against pre-
cancerous lesions in female Sprague-Dawley rats treated
with aflatoxin B1 (AFB1) and fumonisin. A dose of 150
mg/kg of GE for 12 wk inhibited hepatocatcinogenesis
in these rats and decreased the levels of ALT, AST, CEA,
malondialdehyde, and AFP with concurrent increases in
serum albumin and high density lipoprotein levels com-
pated to the positive controls. This study concluded that
GE administration before or after treatment with my-
cotoxins could be effective in preventing hepatocellular
carcinogenesis.

Shiota e# al™*” earn the credit as the first group of re-
searchers to have used glycyrrhizin as a chemopreventive
agent against HCC in an experimental animal study. Their
work demonstrated that glycyrrhizin decreased nodule
incidence and HCC induced by DENA. Serum albumin
and AST, markers of liver function, were found to be
normalized following glycyrrhizin treatment. A later study
conducted by Wan ¢ al'*" evaluated the hepatoprotective
and antthepatocarcinogenic effects of glycyrrhizin. This
study reported the reduction in size, volume and number
of hepatic lesions initiated by DENA and promoted with
2-AAF in male Sprague Dawley rats.

In contrary to all the above studies on triterpenes, the
study conducted by Karim e# 2/'*" on two fernane-type
triterpenes, namely EC-2 and EC-4, did not observe any
modifying effects on DENA-induced liver cancer in rats.
No significant differences were observed in the number
and area/cm’ of GSTp-positive foci induced by DENA
between the treatment and control groups. Neither was
there any treatment-related variation in cell proliferation
as demonstrated by 5-bromo-2’-deoxyuridine (BrdU) la-
beling;

Squalene, a triterpenoid present in olive oil, also failed
to exhibit chemopreventive activities against DENA/2-
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AAF rat hepatocarcinogenesis model. Squalene induced
an increase in levels of plasma cholesterol in the treated
rats leading to hypercholesterolernia“49].

The in vivo chemotherapeutic efficacy of UA was first
demonstrated by Tian ¢z a/"” who used CD-1 mice im-
planted with H22 hepatoma cell lines. Results showed an
inhibition in the growth of hepatoma in UA-treated mice.
The drawback on using UA as a potential anti-hepatoma
agent, as presented in this study, was the poor water solu-
bility of UA which confines its potential use. A later study
evaluated UA’s efficacy in DENA-initiated and PB-pro-
moted hepatocarcinogenesis rats. Oral administration of
UA at 20 mg/kg per day for 6 wk suppressed hepatocel-
lular carcinogenesis and decreased lipid peroxidation and
protein carbonyls by about 52%, along with reversing the
membrane damage and elevated glycoprotein levels™.

Athymic nude BALB/c nu/nu mice implanted with
BEL-7402 cells was used to generate the HCC model
by Zhang et al"" in order to study the chemopreventive
characteristics exhibited by waltonitone, a new ursane-
type pentacyclic triterpene isolated from Gentian waltonii
Burkill. Results of this study showed a delay in tumor
growth and inhibition of tumor weight in waltonitone-
treated mice with HCC compared to the control. Western
blotting analysis of tumor tissue indicated an increase in
expression of proapoptotic proteins, such as cleaved cas-
pase-3 and caspase-9, suggesting the involvement of the
mitochondrial apoptotic pathway in the chemopreventive
effect of waltitonine.

Tetraterpenes: Tetraterpenes represent one of the most
widely studied classes of terpenes for the chemopreventive
and therapeutic treatment potential for HCC. Murakoshi
et al”" described a study evaluating q-carotene’s che-
mopreventive effects against spontaneous liver carcino-
genesis. Their study showed that a-carotene, obtained
from palm oil, significantly decreased the number of
hepatomas. a-carotene’s chemopreventive capability was
confirmed by Tsuda e @/ when they tested its effects
(0.4 mg/animal) in both male and female B6C3F mice
injected intraperitoneally with DENA and N-methyl-
N-nitrosourea to produce a multiorgan carcinogenesis
model. The results demonstrated that q-carotene reduced
the number of liver tumors in both sexes.

Astorg ef al"™"" demonstrated in two studies that
-carotene failed to exhibit any chemopreventive activity
against a variety of chemically-induced hepatocarcinogen-
esis models in rats. This includes absence of effects on
the number and size of prencoplastic foci in male Wistar
rats that were induced with DENA/2-AAF, DENA or
2-nitropropane (2-NP) to develop preneoplastic liver foci.
A similar study, conducted by Tharappel ez al™ using the
DENA hepatocatcinogenesis model in female Wistar rats,
showed that B-carotene treatment for 12 wk failed to pro-
duce any modifying effect, reiterating the results obtained
by the previous investigators. Contrary to these studies,
Morteno e al™ | have provided substantial evidence, over
two decades, on the chemopreventive as well as chemo-
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therapeutic efficacies of f-carotene. In one of the early
studies, a dose of 70 mg/kg of B-carotene for 2-8 wk
in the resistant hepatocyte model significantly reduced
the incidence, multiplicity as well as the total number
and size of hepatocyte nodules. B-carotene also attenu-
ated the number of foci, average focal area and percent-
age of liver parenchyma occupied by these foci. These
inhibitory effects were primarily exerted in the initiation
phase of the hepatocarcinogenic processm()]. In another
study, chronic administration of B-carotene throughout
the study resulted in a drastic reduction in hepatocyte
nodule incidence, total number of nodules and nodule
multiplicity as well as the number and size of GGT-
positive foci in DENA-initiated and 2-AAF-promoted
hepatocarcinogenesis in rats!™". A similar study described
decreases in the incidence and total number of hepato-
cyte nodules and GGT-positive foci upon treatment with
B-carotene during early promotional phase of DENA-
initiated 2-AAF-promoted hepatocarcinogenesis in rats.
Additionally, this study showed remodeling of persistent
hepatic lesions as a mechanism by which [-carotene ex-
hibited its chemopreventive activity!™, Along with the
initiated hepatocytes, another group of cells known as
“oval cells”, proliferate in the liver during rat and mouse
hepatocarcinogenesis“59]. Dagli ez al"® showed that
[-carotene was responsible for attenuating the develop-
ment of GSTp foci along with decreasing oval cell reac-
tion in Wistar rats submitted to the resistant hepatocyte
model of carcinogenesis. Motreno ¢z al'®" reported that
B-carotene treatment during progression of chemically-
induced liver cancer exhibited a lower of incidence of
neoplastic lesions with reduction in hepatic BrdU labeling
indexes indicating an inhibitory action of [-carotene on
cell proliferation. 3-Carotene’s chemopreventive activity
was further explored during the initial phases of DENA-
induced hepatocarcinogenesis in rats, with results show-
ing a decrease in cell proliferation and DNA damage in
conjunction with remodeling of GSTp-positive lesions
as likely mechanisms of action"”. In a study with the 1,
2-dimethylhydrazine-induced hepatocarcinogenesis rat
model, B-carotene in conjunction with anticancer drug,
5-azacytidine!' . Conferred only weak chemoprotective

effects. Studies by Sarkar and associates'**'""

using three
different chemically-induced hepatocarcinogenesis mod-
els added extensively to the existing knowledge on mech-
anism-based chemopreventive properties of [-carotene.
A treatment dose of B-carotene at 100-120 mg/kg per
day from 4 to 20 wk in all these studies notably decreased
nodulogenesis and hepatic chromosomal aberrations in
male Sprague Dawley rats. This group of researchers
provided extensive evidence of the antioxidant effects
of B-carotene as the underlying mechanism of action.
Decreases in hepatic DNA strand breaks, frequency of
chromosomal aberrations, red blood cell protein dam-
age and lipid peroxidation were observed. There were
also decreases in hepatic GSH, GGT, GST, GPX, GR,
SOD and CAT. Increased cytochrome bs, vitamin A and
glucose-6-phosphatase (G6Pase) levels also appeared
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as potential mechanisms by which -carotene exhibited
its chemopreventive activity. Bishayee ez al'® reported
[B-carotene to have a superior chemopreventive action to
that of retinoic acid. As described in this study, 3-carotene
greatly reduced the incidence and multiplicity of nodules
in DENA/PB hepatocarcinogenesis in rats with de-
creased levels of GSH, GGT, GPX and increased levels
of cytochrome P-450 (CYP) and GST. Several other
studies also demonstrated the chemopreventive efficacy
exerted by B-carotene based on reduced number and
size of GSTp foci. Interestingly, all these studies showed
positive results in several rat hepatocarcinogenesis model
induced by IQ, ethynlyestradiol or GLU-P-1"***>"",
Inhibition in the formation of IQ-DNA adducts with
decreases in CYPA1A2 protein expressions was a charac-
teristic effect of (-carotene treatment in male F344 rats
challenged with Q"™ Utilizing a multiorgan carcinogen-
esis model in B6C3F1 mice, Tsuda e a/"” were success-
ful in showing a reduction in the number of liver tumors
with B-carotene treatment. However, the results of this
study were only significant in male B6C31 mice and not
in the female mice model. Gradelet ez o> investigated
the chemopreventive effect of dietary [3-carotene during
initiation of AFBi-induced hepatocarcinogenesis in male
Wistar rats. They demonstrated a reduction in hepatocar-
cinogenesis as evidenced from a decrease in number and
volume of GSTp foci possibly due to deactivation of
AFB1 metabolism towards detoxification pathways. Re-
sults of an interesting study on toad liver carcinogenesis
suggested [-carotene inhibition in liver tumor formation
induced by 7, 12, dimethylbenz(a)anthracene in female
toads"". Chattopadhyay e /' """ conducted two simi-
lar studies that involved B-carotene treatment in male
Sprague-Dawley rats initiated with DENA. The authors
effectively proved [-carotene’s chemopreventive capabil-
ity as indicated by suppression in the formation of GSTp
foci along with reversal of hepatic histomorphological
changes in DENA-initiated animals'””. Mechanistic stud-
ies revealed that dietary supplementation of [(-carotene
decreased the levels of hepatic GSH, GST and DNA

117 “T'he latter study also investigat-

single strand breaks!'
ed various mineral levels following B-carotene treatment
and found that levels of calcium, copper and zinc were
increased while levels of manganese, iron, potassium and
selenium appeared to have decreased in the blood of
experimental animals'"”. Another interesting observation
from these studies was that anticarcinogenic micronutri-
ent vanadium!"”
ﬁ—carotenem5’17q.

Studies have been also been performed with various

was found to augment the effects of

carotenoid triterpenes, such as 3-apo-8’carotenal, astax-
anthin and canthaxanthin, to determine their possible
chemopreventive efficacies against liver cancer. However,
only two studies were successful in achieving any benefi-
cial effects exerted by these carotenoids. Astorg e al>>h
conducted two studies with canthaxanthin and astaxan-
thin, and did not observe any preventive effects exerted

by them against chemically-induced hepatocarcinogenesis
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in male Wistar rats. A dietary treatment regimen of either
carotenoid at 300 mg/kg for 3 wk did not modify the
number and size of GGT or GSTp foci in rats subjected
to DENA or 2-NP hepatocarcinogenic regimen. On the
contrary, two other studies! '™ demonstrated chemo-
preventive effects of dietary (3-apo-8’carotenal, astaxan-
thin and canthaxanthin against AFBi-initiated hepato-
carcinogenesis in rats as evidenced by a reduction in the
number and size of GSTp-positive preneoplastic foci. An
improved detoxification of AFB1 metabolism has been
proposed as the basis of the observed protective effects
of these carotenoids against rat liver carcinogenesis.

Dietary isoprenic derivatives, including 3-ionone, a
cyclic isoprenoid present in grapes and wine, represent
a promising class of chemopreventive agentsm&mm.
B-Ionone was found to inhibit hepatic preneoplastic le-
sions with a decrease in cell proliferation, inhibition of
plasma cholesterol and amelioration of DNA damage
during the initial phases of hepatocarcinogenesis initiated
with DENA and promoted by 2-AAF in rats'"*". A later
study conducted using a similar hepatocarcinogenesis
model documented the antihepatocarcinogenic effects of
B-ionone during the promotional phase with a concur-
rent inhibition of cell proliferation and modulation of
HMGCoA reductase™. These two studies warrant fut-
ther investigations into the chemopreventive efficacies of
[-ionone against liver cancer.

The carotenoid lutein was successfully shown to be an
effective chemopreventive agent against DENA-initiated
and 2-AAF promoted hepatocarcinogenesis by two stud-
ies in Wistar rats. Lutein when administered at 70 mg/kg
per day for 8 wk played an important role in reducing
the number and size of GSTp foci with a concurrent
decrease in DNA damage“sﬂ. Moteno ¢t al'™ however
showed that lutein presented its inhibitory actions during
promotional stage but not during the initiation phase of
hepatocarcinogenesis. During the initiation phase lutein
did not inhibit nor induce hepatic preneoplastic lesions
or DNA damage. However, treatment during the promo-
tional phase inhibited the size of nodules with reduced
DNA damage. Accordingly, lutein has been classified as a
suppressing agent.

Another carotenoid studied with great expectations
for its chemopreventive potential is lycopene. While sev-
eral laboratories reported potential beneficial effects, oth-
ers demonstrated the lack of effects exerted by lycopene.
Studies conducted by Gradelet ez a/'™'™ showed that di-
etary lycopene treatment failed to show any modifying ef-
fects, either on the initiation or on the promotional phases
of hepatocarcinogenesis induced by AFB1 in male Wistar
rats. Similar results were reported by Watanabe ez al™
indicating that lycopene failed to produce any chemopre-
ventive effect against spontaneous HCC in Long-Evans
Cinnamon rats. Few other studies conducted with dif-
ferent treatment regimens of lycopene artived at conclu-
sions that were contrary to the aforementioned studies.
Astorg et al™" showed significant decreases in GSTp
foci including decrease in liver volume occupied by the
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foci. They also concluded that lycopene’s chemopreven-
tive effects were due to its modulating effect on the liver
enzyme activating DENA, namely CYP2E1. Three other
research groups“55’181’184]
eral chemical hepatocarcinogenesis model and observed
similar end points as Astorg e/ al"™. All three research
groups observed the chemopreventive effects of lycopene

conducted their studies using sev-

on hepatocellular carcinogenesis induced by DENA in
rats as indicated by inhibition of GSTp foci. Wang ez al™?
confirmed the efficacy of lycopene against nonalcoholic
steatohepatitis (NASH)-promoted hepatocarcinogenesis
and provided several molecular mechanisms, such as low-
ering of protein expression of proliferating cell nuclear
antigen, cyclin D1, and NF-kB as well as induction in
nuclear NF-E2 related factor-2 and heme oxygenase-1 pro-
tein expressions. The efficacy of tomato extract (TE) as a
chemopreventive agent against DENA-initiated NASH-
promoted hepatocarcinogenesis in male rats was also in-
vestigated. TE supplemented in the diet at a concentration
of 250 mg/kg per day for 6 wk produced similar inhibitory
effects to lycopene on the development of GSTp foci. An-
cillary studies showed decreases in CYP2E1, inflammatory
foci and mRINA expression of proinflammatory cytokines,
namely TNF-q, IL-1§3 and IL-12.

Sesquiterpenes: The chemotherapeutic effects of DHE,
a medicinal plant-derived sesquiterpene lactone, have
been investigated in male nude mice subcutaneously (sc)
injected with PLC/PRF/5 human liver cancer cells. DHE
treatment (10 mg/kg per day carried out for 45 d) elicited
a significant decrease in tumor volume. Tumor samples
analyzed from DHE-treated animals displayed TUNEL-
positive cells indicative of apoptosis within the tumor.
ER-stress related proteins, namely inositol-requiring pro-
tein-1 and phospho-PKR-like ER kinase, were found to
be increased in DHE-treated animals'>".

Ong et al' studied the chemopreventive effects of
the sesquiterpene farnesol using Wistar rats submitted to
the RH model of hepatocarcinogenesis. Farnesol inhibit-
ed the incidence and mean number of visible hepatocyte
nodules, as well as the size of total, persistent and remod-
eling GSTp-positive preneoplastic lesions. Farnesol was
also found to inhibit tumor cell proliferation and HMG-
CoA reductase activity, thus reducing synthesis of choles-
terol and intermediates of the mevalonate pathway, such
as farnesyl pyrophosphatesﬂsﬂ. The study also highlighted
that the chemopreventive effects exerted by farnesol did
not involve the farnesoid X activated receptor.

ZER, a monosesquiterpene, was assessed for its che-
mopreventive properties against DENA-initiated and
2-AAF-promoted liver carcinogenesis in rats. ZER was
administered (ip) for at 15-60 mg/kg body weight for
11 wk. Histopathological observation showed the antihe-
patocarcinogenic effects of ZER. Serum levels of ALT,
AST, AP and AFP were found to be lower in ZER-treat-
ed rats. ZER treatment also reduced oxidative stress and
proliferation accompanied with apoptosis. An increase
in Bax and decrease in Bcl-2 protein expression have
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Figure 1 Chemical structure of selected natural terpenoids with potential for use as a chemopreventive and therapeutic drug for liver cancer.

been postulated as the mechanistic basis of proapoptotic

properties of ZER during experimental hepatocarcino-

- [186
genesis"*’

CONCLUSION

Liver cancer remains the third leading cause of cancer
mortality throughout the world with few therapeutic
options to combat its prevalance. Natural compounds
obtained from different sources such as fruits, vegetables,
herbs and even fungi, open up a novel and exciting pro-
spective on liver cancer prevention as well as treatment.
Among the various secondary metabolites produced by
plants and other organisms, terpenoids have emerged
as a promising group of phytochemicals. Terpenoids
selectively kill liver cancer cells with a pleiotropic mode
of action while sparing normal cells. The various stud-
ies, conducted 7z vitro and in vivo by numerous research
groups, describe the use of these phytoconstituents as
potential chemopreventive and therapeutic agents in the
fight against liver cancer. Based on available data, the
terpenoids which may have the greatest therapeutic po-
tential for liver cancer prevention and treatment include
d-limonene, cucurbitacin B, ursolic acid, B-carotene and
lycopene (Figure 1).

Terpenoids have not only been shown to exert bio-
logical activities that are a far cry from any single chemo-
therapeutic drug but have also exhibited little or no toxic-
ity. These phytochemicals have been found to induce a
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wide spectrum of activities such as reduction in oxidative
stress, suppression of inflammation, induction of apop-
tosis, regulation of cell cycle, inhibition of cell prolifera-
tion and also modulation of multiple signal transduction
pathways. In essence, these pleiotropic mechanisms could
explain their antineoplastic properties against liver cancer.

From the studies discussed here, it is apparent that
terpenoids of various classes are unique as they have
characteristic mechanisms of action. However, in most
of the studies, individual compounds have been tested
against in vitro ot in vive liver cancer models. There re-
mains the indefinite yet unending possibility that there
exists better preventive or therapeutic potential in the
synergistic action of these terpenoid molecules. Emerging
studies have shown that a combination of phytochemi-
cals may be more effective against cancer than individual
components* !, Further studies are needed to explore
the full potential of these multifunctional terpenoids in
the combinational setting;

Possible combinations of two or mote compounds
could prove to be much more effective, in many cases,
whete use of a single agent is not effective enough.
However, further studies are needed in order to provide
more insight into this assumption. It is well known that
the combination of several chemotherapeutic drugs of-
fers the possibility of lowering doses of individual com-
pounds, consequently reducing unwanted adverse effects.
Considering these advantages, terpenoids may be used
in combination with other chemotherapeutic drugs and
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radiation therapy to enhance their therapeutic efficacy
while limiting chemo- and radio-therapy-associated un-
wanted side effects. However, more studies are required
to validate these premises.

Scanning of pertinent and extensive literature reveals a
large number of iz vitro studies demonstrating the cytotox-
icity of terpenoid molecules against various liver cancer
cells, yet very few compounds have been evaluated in pre-
clinical animal models of liver cancer. The same follows
suit for those natural terpenoid compounds effectively
tested in animal models moving up to phase I clinical
trials. One of the reasons for the limited number of
preclinical liver cancer studies on triterpenoids, includ-
ing lack of 7z vivo studies on agents which have already
showed efficacy in cell culture systems, could be that
most terpenoids are insoluble in aqueous media limit-
ing their bioavailability in the body, an important aspect
for in vive efficacy. One approach to enhance the water
solubility of triterpenoids could be the structural modi-
fication of naturally occurring compounds to generate
more water-soluble analogs. Several other possibilities of
improving the hydrophilicity of triterpenoids include the
design and generation of formulations containing cyclo-
dextrin complexes, liposomes, colloids, micelles as well as
nanoparticlesmz’m].

As highlighted in this review, a large number of
investigations have unraveled many unique biological
properties of terpenoids with the goal of evaluating their
clinical potential in the prevention and therapy of liver
cancer. Nevertheless, a considerable amount of work
remains to be done, such as identification of novel target
proteins and intercellular pathways in which they func-
tion, and development of selective end-points and sur-
rogate biomarkers for evaluating efficacy. Long-standing
epidemiological studies and well-designed clinical trials
are also necessary. In conclusion, substantial experimental
results from zn vitro and in vivo studies presented in this
review suggest that terpenoids are novel candidates in
the chemopreventive and chemotherapeutic strategies to
combat liver cancet.
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