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Abstract. Emodin, a tyrosine kinase inhibitor, is a natural
anthraquinone derivative found in the roots and rhizomes of
numerous plants. The inhibitory effect of emodin on mamma-
lian cell cycle modulation in specific oncogene-overexpressing
cells has formed the basis for using this compound as an anti-
cancer drug. Previous reviews have summarized the antitumor
properties of emodin. However, the specific molecular mecha-
nisms of emodin-mediated tumor inhibition have not been
completely elucidated over the last 5 years. Recently, there has
been great progress in the preclinical study of the anticancer
mechanisms of emodin. Our recent study revealed that emodin
has therapeutic effects on pancreatic cancer through various
antitumor mechanisms. Notably, the therapeutic efficacy of
emodin in combination with chemotherapy was found to be
higher than the comparable single chemotherapeutic regime,
and the combination therapy also exhibited fewer side-effects.
Despite these encouraging results, further investigation is
warranted as emodin has been shown to modulate one or
more key regulators of cancer growth. This review provides
an overview of the distinct mechanisms of anticancer action
of emodin in different body systems identified over the past 5
years. These new breakthrough findings may have important
implications for targeted cancer therapy and for the future
clinical use of emodin.

Contents
1. Introduction

2. Effects of emodin on digestive system cancer and the
possible mechanisms involved

Correspondence to: Professor Sheng-Zhang Lin, Department
of Hepato-biliary-pancreatic Surgery, First Affiliated Hospital,
Zhejiang University School of Medicine, Hangzhou 310005,
P.R. China

E-mail: wzf2lsz@163.com

Key words: emodin, cancer, mechanism

3. Effects of emodin on respiratory system cancer and the
possible mechanisms involved

4. Effects of emodin on reproductive system cancer and the
possible mechanisms involved

5. Effects of emodin on blood system cancer and the possible
mechanisms involved

6. Conclusions

1. Introduction

As a tyrosine kinase inhibitor, emodin (1,3,8-trihydroxy-
6-methyl-anthraquinone) (Fig. 1) is a natural anthraquinone
derivative found in the roots and rhizomes of numerous
plants. Pharmacological studies have demonstrated that
emodin exhibits various biological functions, such as
anti-inflammatory, anti-bacterial and anticancer activity.
Studies have demonstrated that emodin inhibits cell growth
in several types of cancer cells (1-3) and regulates genes
related to the control of cell apoptosis, oncogenesis, cell
proliferation, cancer cell invasion and metastasis (4-8).
Notably, previous studies have identified many types of
drugs that strengthen the therapeutic effect of gemcitabine
on pancreatic cancer (9-12). Similarly, our recent study also
concluded that emodin enhances the therapeutic effect of
gemcitabine in pancreatic cancer without additional toxic
effects (13). Although many researchers have reported the
antitumor effects of emodin in several types of tumor cells,
its specific molecular anticancer mechanisms have not
been fully elucidated. A recent resurgence of research into
the anticancer effects of emodin over the past 5 years has
shown great progress. Emodin was found to have antitumor
effects in different types of cancer, however, via different
mechanisms. Therefore, the exact antitumor mechanisms of
emodin require further study. The present review discusses
the pharmacological activities of emodin and the mecha-
nisms that induce cell death in many types of human cancer
cells, both in vitro and in vivo. Research findings on emodin-
induced cytotoxicity and its protective effects against cancer
in different body systems as well as the antitumor mecha-
nisms involved are described below.
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Figure 1. Structure of emodin, 1,3,8-trihydroxy-6-methyl-anthraquinone.

2. Effects of emodin on digestive system cancer and the
possible mechanisms involved

Human tongue squamous cancer. Lin et al (14) reported that
emodin mediated oxidative injury (DNA damage) based on
reactive oxygen species (ROS) production and endoplasmic
reticulum (ER) stress based on the levels of GADDI153 and
GRP78 that act as an early and upstream change in the cell
death cascade to caspase- and mitochondria-dependent
signaling pathways, triggers mitochondrial dysfunction
from Bcl-2 and Bax modulation, mitochondrial cytochrome
c release and caspase activation, consequently leading to
apoptosis in SCC-4 cells. Chen et al (15) also reported that
emodin induced DNA damage followed by the inhibition of
expression of DNA repair-associated genes, including ataxia
telangiectasia mutated (ATM), ataxia-telangiectasia and Rad3-
related (ATR), 14-3-30, breast cancer 1, early onset (BRCA1),
DNA-dependent serine/threonine protein kinase (DNA-PK)
and O°®-methylguanine-DNA methyltransferase (MGMT) in
SCC-4 human tongue cancer cells. Moreover, they found that
emodin inhibited the migration and invasion of SCC-4 cells
and inhibited the protein levels and activity of matrix metal-
loproteinase-2 (MMP-2), without affecting gene expression of
MMP-2, however, it inhibited the gene expression of MMP-9.
MMP-9 (gelatinase-B) is known to play an important role and
is associated with tumor migration, invasion and metastasis
in various types of human cancers. Furthermore, the authors
demonstrated that emodin decreased the levels of MMP-2 and
urokinase plasminogen activator (u-PA) in a concentration-
dependent manner (16).

Gastric cancer and esophageal cancer. RhoA expres-
sion was found to be upregulated in primary gastric
carcinoma compared with normal gastric mucosa as reported
by Cai et al (17). Emodin-induced generation of ROS was
found to inhibit RhoA activation to sensitize gastric carcinoma
cells to anoikis (17). Phosphatase of regenerating liver-3 (PRL-
3), a novel gene, has been found to play an important role in
the promotion of cellular proliferation as well as inhibition of
apoptosis in cancer cells. Sun and Bu (18) revealed that emodin
inhibited cell growth and induced apoptotic cell death in the
SGC-7901 human gastric carcinoma cell line via downregula-
tion of PRL-3. Wang et al (19) reported that human esophageal
carcinoma EC-109 cells treated with emodin underwent rapid
apoptosis. Emodin led to the growth inhibition of EC-109
cells in a time- and dose-dependent manner. Furthermore, the
intracellular pH (pHi) was found to decrease significantly by
0.47-0.78 units after treatment with emodin. Bursts of ROS
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took place after the application of emodin (19). These results
indicate that emodin may be a strong anticancer drug against
esophageal cancer by causing various early events leading to
tumor cell growth inhibition, including the production of ROS
and a decrease in pHi, resulting in cellular apoptosis (19).

Liver cancer. Hsu et al (20) demonstrated that emodin caused
G2/M arrest in several types of liver cancer cells (Huh7, Hep3B
and HepG2) indicating that emodin has a broad spectrum of
activity against human hepatoma cells. They revealed that 15
representative genes were associated with the emodin treat-
ment response in hepatoma cell lines. These genes included
CYP1Al, CYPI1BI, GDF15, SERPINE], SOS1, RASDI and
MRAS which were all upregulated, while NR1H4, PALMD
and TXNIP were downregulated following treatment with
emodin for 6 h. Finally, levels of the TIPARP, SLC7A11 and
CYRO6I genes were increased while IGFBP3 levels decreased
at 24 h following emodin treatment. Yu et al (21) observed that
emodin induced apoptosis in HepG2 cells and caused a signifi-
cant accumulation of cells in the G1 phase. Emodin also caused
an increase in cytochrome c release into the cytosol from
mitochondria and the activation of caspase-9 and caspase-8. In
addition, treatment with emodin resulted in a dose-dependent
accumulation of intracellular ROS. Furthermore, the authors
found that emodin increased the protein expression level of
p53 and decreased the protein level of NF-xB/p65 in HepG2
cells, which may play a role in emodin-induced apoptosis.

Gallbladder cancer. Gallbladder carcinoma is known to be
resistant to many forms of anticancer drugs. For this reason,
new cancer therapy strategies must be investigated for the
future treatment and management of this disease. The major
platinum-containing drugs including cisplatin, carboplatin and
oxaliplatin are widely used anticancer agents for the treatment
of various solid tumors, but have not been proven effective
for treating gallbladder cancers (22). Wang et al (23) reported
that co-treatment of cisplatin, carboplatin and oxaliplatin with
emodin (an ROS generator) effectively enhanced the chemo-
sensitivity of gallbladder carcinoma cell line SGC996 both
in vitro and in vivo in comparison with cisplatin, carboplatin
or oxaliplatin treatment alone. The mechanisms were attrib-
uted to emodin-induced reduction in the glutathione level,
and downregulation of multidrug resistance-related protein 1
(MRP1) (a type of GS-X pump) expression in SGC996 cells.
Remarkably, emodin exhibited few systemic toxic effects
in vivo. This finding supports the notion that ROS manipula-
tion strategy could be selective between cancerous and normal
cells, as indicated by an increasing body of evidence (24,25).
The expression of survivin is involved in the inhibition of
apoptosis. Wang et al (26) reported that emodin potentiated the
antitumor effects of cisplatin (CDDP) on gallbladder cancer
cells by generating ROS and by downregulating the expression
of survivin without causing detectable toxic effects on normal
tissues. Side population (SP) cells are likely responsible for
tumor metastasis and recurrence since they exhibit enhanced
potential for proliferation, clonogenicity, tumorigenicity and
invasion (27-29). Li et al (30) isolated a small population
of stem-like SP cells from the gallbladder carcinoma cell
line, SGC-996. They found that SP cells displayed a higher
proliferation rate, a higher clonal-generating capability, higher
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tumorigenic, migratory and invasive abilities than non-SP
cells. Notably, they found that emodin reduced the ratio,
inhibited colony formation and effectively eliminated sphere
formation of SP cells. Furthermore, emodin sensitized SP
cells to cisplatin to overcome chemo-resistance via inhibition
of expression of ATP-binding cassette subfamily G member 2
(ABCG?2). In addition, emodin/cisplatin co-treatment in vivo
suppressed the tumor growth derived from SP cells through
downregulation of ABCG2 expression (31).

Colon cancer. Lu et al (32) demonstrated that emodin inhib-
ited cancer-cell growth by blocking vascular endothelial
growth factor (VEGF) receptor signaling and revealed that
emodin can be used as a potential inhibitor for colon cancer
angiogenesis. Ma et al (33) reported that emodin induced
apoptosis of LS1034 human colon cancer cells in vitro and
inhibited tumor xenografts derived from LS1034 cells in vivo.
During the in vitro study, emodin induced cell morphological
changes, decreased the percentage of viability, induced G2/M
phase arrest and increased ROS and Ca(2+) production as
well as loss of mitochondrial membrane potential (AWm) in
LS1034 cells. Emodin-triggered apoptosis was also found to
be concentration-dependent. The protein levels of caspase-9,
cytochrome ¢ and the ratio of Bax/Bcl-2 were increased in
L.S1034 cells following emodin exposure. Their study suggests
that emodin induces the production of ROS and Ca(2+) release
and alters the levels of anti- and pro-apoptotic proteins, leading
to mitochondrial dysfunction and activation of caspase-9 and
caspase-3 which in turn causes apoptosis in LS1034 cells. In
the in vivo study, emodin effectively suppressed tumor growth
in tumor xenografts bearing LS1034 cells but it was unknown
whether emodin caused tumor inhibition via mitochondrial
dysfunction as in vitro (33). Many colorectal cancer (CRC)
patients suffer from the unexpected development of microme-
tastasis after curative resection of primary tumors, and ~50%
develop liver metastasis at some time point during their disease
progression. PRL-3 is expressed at high levels in nearly all
metastatic lesions that are derived from CRC, regardless of the
metastatic site. Yet weak or no PRL-3 expression is observed
in normal colon and non-metastatic primary cancers (34).
PRL-3 was found to promote metastasis in a diverse array of
cancers (35). Han et al (36) found that emodin strongly inhib-
ited phosphatase activity of PRL-3 in the colon cancer cell
line DLD-1 and blocked PRL-3-induced tumor cell migration
and invasion in a dose-dependent manner. Emodin rescued the
phosphorylation of ezrin, which is a known PRL-3 substrate.
The results of this study indicate that emodin is a PRL-3 inhib-
itor and a lead molecule for development of a selective PRL-3
inhibitor. MMP-2 and -9 (gelatinase A and B) are considered
to be important biomolecules in colon cancer progression.
Nitric oxide (NO), a free radical that plays an important role
in signaling pathways, regulates MMP expression. In contrast,
tumor cell-derived NO promotes the expression of angiogenic
factors. Damodharan et al (37) demonstrated that emodin
suppresses the NO-mediated upregulation of MMP-2 and -9.
Thus, emodin can be selected as an effective antimetastatic
agent in NO-induced tumor progression. Therefore, elucidation
of critical pathways in metastasis, where emodin could exert
its inhibitory effects, may make it ‘a perfect fit’ for antitumor
therapy. Finally, emodin may be developed for the treatment of
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colon cancer in the future due to its potential ability to inhibit
tumor growth and metastasis.

Pancreatic cancer. Survivin,a member of the inhibitor of apop-
tosis gene family, is involved in the control of cell division and
inhibition of apoptosis and is described as a -catenin/Tcf/Lef
target gene. Guo et al (38) reported that emodin not only
downregulated the expression of survivin and 3-catenin but
also decreased the translocation of (3-catenin to the nucleus in
pancreatic cancer and, thus, potentiated the antitumor effects of
gemcitabine. A recent study by our research team suggests that
emodin has a therapeutic effect on pancreatic cancer through
various antitumor mechanisms (Fig. 2). In Chen et al (39),
we demonstrated that tumors in nude mice subcutaneously
injected with SW1990 cells and treated with a combination
of emodin (40 mg/kg) and gemcitabine (80 mg/kg) showed
a significant reduction in tumor volume, Ki-67 proliferation
index and expression of the Bcl-2/Bax ratio compared with
tumors from mice treated with sodium chloride, emodin alone
(40 mg/kg) or gemcitabine alone (125 mg/kg), and induced
increased release of CytC from the mitochondria to the cyto-
plasm and triggered caspase-3 activation leading to apoptosis.
The results suggest that emodin improves the antitumor effect
of gemcitabine, even at a lower dose of gemcitabine, so as to
decrease the toxicity of chemotherapy on transplanted tumors
derived from the SW1990 cell line via the enhancement of apop-
tosis induced by gemcitabine. This mechanism may involve
the downregulation of the Bcl-2/Bax ratio and the promotion
of CytC release from the mitochondria into the cytoplasm. In
another study, Liu et al (40) demonstrated that emodin induces
Panc-1 cell apoptosis mediated by a decrease in the mitochon-
drial membrane potential. In addition, emodin at the dose of
40 mg/kg improved the living state of model mice. In another
study, Liu et al (41) found that emodin induced growth inhibi-
tion and apoptosis in the pancreatic cancer cell line SW1990
and suppressed the migration and invasion of SW1990 cells
in a dose-dependent manner. Emodin significantly downregu-
lated NF-xB DNA-binding activity, survivin and MMP-9 in
SW1990 cells. They found that oral administration of emodin
significantly decreased tumor weight in vivo and metastasis
compared to a control. Furthermore, the expression of NF-«xB,
survivin and MMP-9 was also suppressed in tumor tissues
treated with emodin. Their results indicated that emodin
exerts antiproliferative and antimetastatic activity on pancre-
atic cancer both in vitro and in vivo, which may be related to
downregulation of NF-xB and its regulated molecules such as
survivin and MMP-9 proteins. Our previous study (42) demon-
strated that treatment of gemcitabine combined with emodin
efficiently suppressed tumor growth in mice inoculated with
pancreatic tumor cells. This treatment paradigm promoted
apoptotic cell death and mitochondrial fragmentation.
Furthermore, it reduced the phosphorylated-Akt (p-Akt) level,
NF-«B activation, Bcl-2/Bax ratio, and increased caspase-9/-3
activation and cytochrome ¢ (CytC) release that occurred
in combination therapy or by emodin alone. Collectively,
emodin enhanced the activity of gemcitabine in tumor growth
suppression via inhibition of Akt and NF-«xB activation, thus,
promoting the mitochondrial-dependent apoptotic pathway. In
addition, Wang et al (26) reported that emodin enhanced the
antitumor effect of gemcitabine in SW1990 pancreatic cancer
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Figure 2. Schematic illustration of possible antitumor mechanisms of emodin against pancreatic cancer.

in vitro and in vivo, which might be associated with down-
regulation of NF-kB expression, thus inhibiting the expression
of XIAP. Liu et al (43) reported that emodin promoted cell
apoptosis of the gemcitabine-resistant cell line SW1990/Gem
in a dose-dependent manner and enhanced the SW1990/Gem
cell sensitivity to gemcitabine in a time-dependent manner.
They found that emodin monotherapy or combination with
gemcitabine decreased the gene and protein expression levels
of multi-drug resistance 1 (MDR-1), NF-kB and Bcl-2 and
inhibited the function of P-gp, but increased the expression
levels of Bax, cytochrome c¢ (cytosol), caspase-9 and -3,
thus promoting cell apoptosis. This study demonstrated that
emodin had a reversing effect on the gemcitabine-resistant cell
line SW1990/Gem, possibly via decrease in the function of
P-gp and activation of the mitochondrial apoptosis pathway.
As members of apoptosis inhibitors, survivin and XIAP play
an important role in chemotherapy resistance in pancreatic
cancer. Guo et al (44) reported that emodin potentiates the
antitumor effects of gemcitabine in PANC-1 cell xenografts
via downregulating expression of survivin and XIAP leading
to apoptosis. Recently, our study demonstrated that emodin
inhibited tumor angiogenesis in vitro and in implanted
pancreatic cancer tissues, decreased the expression of angio-
genesis-associated factors (NF-kB and its regulatory factors
VEGF, MMP-2, MMP-9 and eNOS) and reduced eNOS phos-

phorylation. In addition, we found that emodin had no effect
on VEGFR expression in vivo (13). In summary, these results
suggest that emodin has potential antitumor effect on pancre-
atic cancer via its dual role in the promotion of apoptosis and
suppression of angiogenesis, probably through regulation of the
expression of NF-kB, NF-kB-regulated apoptosis-associated
and angiogenesis-associated factors. However, more intense
research at the animal level and clinical trials are required to
confirm the clinical antitumor efficacy.

3. Effects of emodin on respiratory system cancer and the
possible mechanisms involved

The recombinant protein Rad51 is essential for homologous
recombination repair, and Rad51 overexpression is resistant
to DNA double-strand break-inducing cancer therapies.
Chen et al (45) reported that emodin enhanced the cytotox-
icity induced by gefitinib in two non-small cancer lung cancer
(NSCLC) cell lines, A549 and H1650. Emodin at low doses of
2-10 uM enhanced a gefitinib-induced decrease in phospho-
ERK1/2 and Rad51 protein levels by enhancing Rad51 protein
instability. Expression of constitutively active MKK1/2 vectors
(MKK1/2-CA) significantly rescued the reduced phospho-
ERK1/2 and Rad51 protein levels as well as cell viability
following gefitinib and emodin cotreatment. Blockage of
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ERK1/2 activation by U0126 (an MKK1/2 inhibitor) lowered
Rad51 protein levels and reduced cell viability in emodin-
treated H1650 and A549 cells. ROS have been implicated in
the phosphorylation of p53 that is mediated by protein kinases,
including p38MAPK, ataxia-telangiectasia mutated (ATM)
and ERK (46). Lai et al (47) demonstrated that emodin induced
mitochondria-dependent apoptotic cell death in human lung
adenocarcinoma A549 cells by activating a ROS-activated
ATM-p53-Bax signaling pathway. ERCC1 and Rad51 proteins
are essential for nucleotide excision repair and homologous
recombination, respectively. Furthermore, ERCCI1 and Rad51
overexpression induces resistance to DNA-damaging agents
that promote DNA double-strand breaks. Both ERCC1 and
Rad51 protein levels as well as mRNA levels were decreased
in 4 different NSCLC cell lines after exposure to emodin.
These decreased levels were correlated with the inactivation
of the MKK1/2-ERK1/2 pathway (48). The most important
chemotherapeutic agents for patients with advanced NSCLC
are platinum-containing compounds such as cisplatin or
carboplatin. Resistance to platinum-based drugs is one of
the major obstacles to cancer treatment, and is often related
to poor prognosis in patients with NSCLC. Emodin was
found to synergistically increase the cytotoxicity induced by
cisplatin in human NSCLC cell lines (49). Exposure of human
NSCLC cells to emodin decreased cisplatin-elicited ERK1/2
activation and ERCC1 protein induction by increasing insta-
bility of ERCCI1 protein. Su et al (50) reported that exposure
of the human NSCLC H1703 or A549 cell lines to emodin
decreased the antitumor antibiotic mitomycin C (MMC)-
elicited phosphorylated ERK1/2 and Rad51 levels. Moreover,
emodin significantly decreased the MMC-elicited Rad51
mRNA and protein levels by increasing the instability of
Rad51 mRNA and protein. Thymidine phosphorylase (TP) is
the rate-limiting enzyme for the activation of capecitabine (a
pro-drug of fluorouracil), and is a useful predictor of tumor
response to capecitabine-based chemotherapy. Overexpression
of Rad51 and ERCCI induces resistance to chemothera-
peutic agents. Ko er al (51) reported that emodin enhanced
capecitabine-induced cytotoxic effects through ERK1/2 inac-
tivation and decreased the Rad51 and ERCCI protein levels
induced by capecitabine. Enhancement of ERK1/2 signaling
by constitutively active MKK1/2 (MKK1/2-CA) resulted in
increasing Rad51 and ERCC1 protein levels and cell viability
in NSCLC cell lines treated with emodin and capecitabine.
Interestingly, emodin enhanced TP mRNA and protein
expression in capecitabine-treated NSCLC cell lines, and
depletion of the TP expression decreased the cytotoxic effects
induced by capecitabine and emodin. These findings suggest
that the enhanced cytotoxicity to capecitabine by emodin was
mediated by downregulation of the expression of Rad51 and
ERCCI and upregulation of TP expression. He et al (52) found
that emodin exerted a suppressive effect on the proliferation
of NSCLC in a concentration-dependent manner. Protein and
mRNA expression of ERCC1 and Rad51 was also significantly
decreased with the dose. Vacuolar degeneration was observed
in A549 and SK-MES-1 cell lines after emodin treatment by
transmission electron microscopy. The authors concluded that
emodin may thus inhibit the cell proliferation of NSCLC cells
by downregulation of RCCI1 and Rad51.
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4. Effects of emodin on reproductive system cancer and the
possible mechanisms involved

Breast cancer. Cheema et al (53) reported that the drug
delivery and efficacy of silk fibroin-coated liposomes
(SF-ELP) encapsulating the receptor tyrosine kinase inhibitor,
emodin, inhibited both the PI3K and MAPK pathways and
reduced levels of phosphorylated Her2/neu, which contribute
to the enhanced growth inhibitory effects of Her2/neu-over-
expressing breast cancer cells. The present study suggested
that silk fibroin coating enhanced emodin delivery in Her2/
neu-overexpressing breast cancer cells thereby increasing the
overall efficacy of the drug. Huang er al (54) demonstrated that
emodin induced apoptosis through a decrease in the Bcl-2/Bax
ratio and an increase in cytoplasm cytochrome ¢ concentra-
tion in human breast cancer BCap-37 cells. Furthermore,
Huang et al (55) demonstrated that emodin induced alterations
in gene expression profiling, but had no effects on caspases.
In addition, the p53 pathway may cooperate with the IGF-2
pathway, resulting in emodin-induced apoptosis through
disruption of the mitochondrial signaling pathway in BCap-37
cells. Wang et al (56) prepared emodin-loaded solid lipid
nanoparticles (E-SLNs) by high pressure homogenization
(HPH) and evaluated their antitumor activity in vitro against
human breast cancer cell lines. The drug release of E-SLNs
in vitro lasted 72 h and exhibited a sustained profile, which
makes it a promising vehicle for oral drug delivery. Their
study showed that E-SLNs significantly enhanced the in vitro
cytotoxicity against human breast cancer cell lines MCF-7 and
MDA-MB-231 when compared to the emodin solution, while
free emodin, blank SLNs (B-SLNs) and E-SLNs all exhibited
no significant toxicity to human mammary epithelial MCF-10A
cells. E-SLNs also showed a highly significant cell cycle arrest
effect in MCF-7 cells compared to bulk emodin solution and
induced higher apoptotic rates in MCF-7 cells, indicating that
cell cycle arrest and apoptosis may be the underlying mecha-
nism of the enhanced cytotoxicity. These results suggest that
the delivery of emodin by lipid nanoparticles may be a prom-
ising approach for cancer therapy.

Cervical cancer. Treatment of eukaryotic cells with emodin,
which is described as an inhibitor of protein kinase CK2, was
found to induce apoptosis and the anti-apoptotic effect of CK?2
is partially mediated by targeting phosphorylation and upregu-
lation of AKT by CK2. Oslen et al (57) further showed that
the downregulation of AKT in the HeLa cell line was partially
due to the emodin-mediated target inhibition of components
of the PI3K pathway, which directly or indirectly affect AKT
activity. More studies are needed to demonstrate the effect of
emodin in cervical cancer.

Prostate cancer. Huang et al (58) found that emodin/cisplatin
co-treatment markedly elevated ROS levels and enhanced
chemosensitivity in DU-145 cells, when compared with
cisplatin-only treatment, but exerted little effect on non-tumor
cells. The mechanism may be associated with downregulation
of MDRI1 expression and promotion of drug retention and
suppression of transactivation of HIF-1. Their results suggest
that emodin may be recognized an an effective adjunctive
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to improve the efficacy of cytotoxic drugs in prostate cancer
cells with over-activated HIF-1 and high MDR. Yu er al (59)
reported that emodin caused a marked increase in apoptosis
and a decrease in cell proliferation in human prostate cancer
LNCaP cells. The expression of the androgen receptor (AR) and
prostate-specific antigen (PSA) was decreased and the expres-
sion of p53 and p21 was increased as the emodin concentrations
were increased. At the same time, emodin induced apoptosis
of LNCaP cells through the upregulation of caspase-3 and -9,
as well as the increase in the Bax/Bcl-2 ratio. However, it did
not involve modulation of Fas or caspase-8 protein expression.
This study concluded that emodin inhibits cell proliferation
by AR and p53-p21 pathways and induces apoptosis via the
mitochondrial pathway. Recent evidence indicates that the
CXCR4/CXCLI2 axis is involved in promoting invasion and
metastasis in tumors. Thus, novel agents that downregulate
CXCR4 expression have therapeutic potential for suppressing
cancer metastasis. Ok et al (60) reported that emodin down-
regulated the expression of both CXCR4 and HER?2 without
affecting the cell viability of tumor cells. The suppression of
CXCR4 expression by emodin was found to correlate with the
inhibition of CXCL12-induced migration and invasion of both
prostate and lung cancer DU145 and A549 cells. Their findings
suggest that emodin is a novel blocker of CXCR4 expression
and, thus, has enormous potential as a powerful therapeutic
agent for metastatic cancer.

Ovarian cancer. The onset of drug resistance is a major
impediment toward the successful treatment of ovarian
cancer. Li et al (61) showed that emodin alone induced
apoptosis at a high concentration and increased paclitaxel-
induced apoptosis at a low concentration. It enhanced the
sensitivity of A2780/taxol cells to paclitaxel along with
downregulation of P-glycoprotein, XIAP and survivin. Their
results demonstrated a dual role for emodin in the inhibition of
drug-resistant ovarian tumor growth by increasing paclitaxel
cellular concentrations and re-sensitizing resistant cells to
paclitaxel. Their results suggest the possibility of an innovative
chemotherapeutic strategy that uses emodin in combination
with paclitaxel to increase the sensitivity of tumor cells.
Human ovarian A2780 cells were exposed first to emodin or
DRB and then to cisplatin alone, and the cytotoxic effects were
monitored. The cellular effects of cisplatin were significantly
enhanced, whereas simultaneous exposure did not enhance
the cytotoxicity. The increase in activity of cisplatin in the
sequenced schedule was not due to increases in intracellular
levels of cisplatin or DNA adducts, whereas the cytotoxic
inhibition was related to a significant decline in both intracel-
lular platinum levels and DNA adducts, which were ascribed
to inhibition of cisplatin uptake. Emodin in combination with
cisplatin inhibits platinum drug uptake by impacting the hCtrl
transporter thereby reducing the cytotoxicity of cisplatin (62).

5. Effects of emodin on blood system cancer and the
possible mechanisms involved

Muto et al (7) demonstrated that emodin significantly induced
cytotoxicity in human myeloma cells through the elimination
of myeloid cell leukemia 1 (Mcl-1). Emodin inhibited inter-
leukin-6-induced activation of Janus-activated kinase 2 (JAK?2)

WEI et al: ANTITUMOR ACTIVITY OF EMODIN

and phosphorylation of signal transducer and activator of
transcription 3 (STAT3), followed by the decreased expression
of Mcl-1. Activation of caspase-3 and caspase-9 was triggered
by emodin, while the expression of other antiapoptotic Bcl-2
family members, except Mcl-1, were not altered in the pres-
ence of emodin. Induction of apoptosis by emodin was almost
abrogated in Mcl-1-overexpressing myeloma cells similar to
the level in parental cells, which were not treated with emodin,
suggesting the importance of Mcl-1 in emodin-induced apop-
tosis. The use of arsenic trioxide (As,0;) has been shown to
effectively treat acute promyelocytic leukemia (APL) with
>80% of patients achieving complete remission. The combi-
nation of arsenic and interferon has also shown promising
results in the treatment of adult T-cell leukemia (ATL). The
requirement for slow dose increases of arsenic and the time
required to achieve a pharmacologic active dose in patients
are major obstacles as the median survival of patients with
ATL is approximately 6 months. Brown ef al (63) reported a
potent synergistic effect of the combination of arsenic trioxide
and interferon a (As/IFN-a) with emodin on cell-cycle arrest
and cell death of HTLV-I-infected cells via the generation
of ROS and inhibition of Akt and AP-1. Importantly, clini-
cally achievable doses of emodin allowed for reduced arsenic
concentrations by 100-fold while still achieving a high toxic
effect on tumor cells. Wang ef al (64) reported that emodin
treatment may result in apoptosis of human chronic myelocytic
leukemia K562 cells. Both in vitro and in vivo, the apoptosis-
related protein Bcl-2 was decreased and the Bax was increased
after emodin treatment. Moreover, activation of caspase-3, -8
and -9 by emodin has been demonstrated.

6. Conclusions

Overall, based on analyses of data from in vitro or in vivo
laboratory experimental models, we suggest that emodin is a
potent anticancer agent for cancer treatment particularly in
digestive system cancers such as pancreatic cancer by regulating
multi-molecular targets involved in tumor growth, invasion,
angiogenesis and metastasis. Studies in recent years indicate that
emodin has an anticancer effect in several types of cancer, yet
the mechanism of action in each type of cancer appears to vary.
Promoting apoptosis through the mitochondrial pathway may be
a similar antitumor mechanism of emodin in different types of
cancer from different tissues. This review provides information
regarding the promising anticancer actions of emodin in cancer
treatment and aimed to broaden the therapeutic potential to
cancer patients in the future. However, despite the encouraging
results summarized here, further studies concerning the anti-
tumor mechanisms of emodin and clinical trials are warranted
and required to confirm the clinical antitumor efficacy before
the possibility of large-scale clinical application.
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