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OBJECTIVES: This review summarizes the involvement of sanguinarine and chelerythrine in cell cycle regulation
and cell death in various cell lines. It is focused on their potential in the treatment of cancer.

METHODS: We conducted a search of PubMed, ScienceDirect and Medline for papers on the molecular mecha-
nisms of the biological activity of sanguinarine and chelerythrine published mainly from 1995 to 2006.

RESULTS AND CONCLUSIONS: Our analysis of the published studies suggested that these alkaloids are not only
good candidates for chemotherapeutic regimens but may also contribute to the development of successful immune
therapies of some carcinomas due to their apoptotic potential. However, the complete signalling cascade in which
sanguinarine and chelerythrine treatment induces apoptotic cell death is not yet understood. Overall, the results of

recent studies suggest that sanguinarine and chelerythrine may be useful as agents in the management of cancer.

INTRODUCTION

Sanguinarine (SA) and chelerythrine (CHE),
benzo[c|phenanthridine alkaloids (QBA), isolated from
Sanguinaria Canadensis, Chelidonium majus, and Macleya
cordata are known to exert a wide spectrum of biological
activities, e.g. from antimicrobial, antifungal, anti-inflam-
matory, adrenolytic, sympatholytic and local anaesthetic
to include cytotoxicity against various human normal and
cancer cell lines!.

SA and other QBA-containing extracts exhibit a low
acute oral toxicity (sanguinarine LD, = 1.7, and 1.4 g/kg,
resp.; rat). In subchronic studies, minor evidence of treat-
ment-related toxicity of QBA (doses > 30 mg/kg/day; rat,
monkey) has been reported?.

From the chemistry point of view, both alkaloids in-
terconvert between the cationic vs. neutral form (i.e. hy-
droxide adduct or pseudobase). They penetrate the cell
membrane in the form of nonpolar pseudobase’®. The
iminium bond, C (,=N+ in the cationic form is susceptible
to nucleophilic attack and plays a key role in inhibition
of SH-proteins*. The binding of SA and CHE with hu-
man serum albumin and L-cysteine is radically weaker at
pH 5.0 than at pH 7.4. This observation is the basis for
the conclusion® that the neutral form (pseudobase) of SA
and CHE can interact with proteins, it is involved in the
interactions with cellular biomacromolecules and may
elicit a cytotoxic response®. SA and CHE forms in vitro
DNA adducts via modification of the C <11)=C ) bond (calf
thymus DNA, rat hepatic microsomes, NADPH, pH 7.4)
detectable by 3?P-postlabelling’.

QBA fractions from S. canadensis (SANGUINARIA)
and M. cordata (SANGUIRITRIN) are used in toothpastes
and mouthwashes as antiplaque agents. SANGUIRITRIN
is applied as a veterinary preparation for mastoiditis in
cows®. The QBA fraction from the part of M. cordata,
containing SA and CHE is an active component of the
preparation Sangrovit® as an additive to animal feeds.

Despite the above, SA, dihydrosanguinarine (DHSA)
and CHE are considered to be the toxic components of
the Argemone mexicana seed oil’. Several studies have
suggested that singlet oxygen and hydroxyl radicals are
involved in argemone oil toxicity. The role of QBA in
the genesis of epidemic dropsy syndrome (A. mexicana
poisoning) has not been explicated to date', although SA-
mediated DNA damage in vitro" (Fig. 1) and in vivo'>*
has been published. In studies focused on SA-mediated
DNA damage in mice, the minimum genotoxically ef-
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fective SA concentration (10 mg/kg body weight) was
found after administration of a single intraperitoneal
dose. The authors referred to benz[c]acridine (3,4-ben-
zacridine) as the principal toxic agent. This compound
has been considered as the only metabolic product of SA
biotransformation'>!¢, Psotova et al. failed to confirm the
formation of benz[c]acridine as a metabolite of SA in
rats after administration of a single dose of SA (10 mg.
kg") (ref.”7). DHSA was always found simultaneously with
SA in the plasma and liver samples and its concentration
was higher than SA. It is hypothesized that formation
of DHSA is the first step in SA detoxification in rats.
The same SA detoxification system was also found in a
plant tissue culture (Eschscholzia californica) (ref.®). The
reduction of SA to the DHSA form probably starts in the
gastrointestinal tract by intestinal reductases'’. After ab-
sorption of both substances, SA is further reduced by non-
specific cytosolic and microsomal reductases'’. Vecera et
al. reported that SA was distributed to all rat organs using
[*H]-SA and nearly 98% of orally administered SA was
excreted in the faeces?.

This aside, the biological activities of SA and CHE are
of particular interest in molecular biology and medicine.
This review summarizes recent in vitro studies focused
on the molecular mechanisms of SA and CHE effects
on programmed cell death in a variety of human cell line
models.

Effects on programmed cell death

In the last few years, clinical trials using plant-derived
drugs for prevention and/or treatment of tumors have be-
come increasingly widespread in cancer therapy. Search
for novel agents designed to induce cell cycle arrest and
apoptosis in cancer cells is being seriously pursued. QBAs
affect eukaryotic cells in many ways and several cellular
targets for their action have recently been established.
The interaction of compounds with organelles and other
intracellular targets depends on both cellular permeabil-
ity and intracellular distribution?.. In recent years, QBAs
(especially SA) have gained increasing attention as poten-
tial agents in the treatment of cancer. SA and CHE have
been reported to exert cell growth-inhibitory effects via
the induction of apoptosis in a variety of cancer cells*>-%.
The ability of tumor cells to evade apoptosis plays a sig-
nificant role in their resistance to conventional therapeu-
tic regimens®®. Apoptosis is a term used to describe the
terminal morphological and biochemical events seen in
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programmed cell death (PCD) (ref.?”). Cell death as well
as cell proliferation and differentiation are important for
homeostasis. Cells undergoing PCD are characterized
by morphological changes, including cellular shrinkage,
plasma and nuclear membrane blebbing, organelle relo-
calization and compaction, nuclear DNA condensation
with or without fragmentation, and hypersegmentation of
nuclear chromatin of irregular size?®-*°, These hyperseg-
mented nuclear structures may then bud from the rapidly
blebbing cell surface to form “apoptotic bodies”*!. Three
mechanisms are known to be involved in the apoptotic
process: (i) a receptor-ligand mediated mechanism, (ii) a
mitochondrial pathway and (iii) a mechanism in which
the endoplasmic reticulum plays a central role. All three
mechanisms activate caspases which are responsible for
the characteristic morphological changes observed dur-
ing apoptosis®. Cell death marked by cellular swelling
should be called oncosis. Necrosis is the cell death as a
result of direct injury, usually beginning at the cell surface.
Necrotic cells exhibit early lysis of the plasma membrane
before any significant alterations in nuclear morphology.
The surface features of necrosis are also very different
from those of apoptosis. Necrotic cells swell and lyse,
whereas apoptotic cells show intense cell surface zeiotic
blebbing®. The genetic basis for apoptosis implies that
cell death, like any other metabolic or developmental
program, can be disrupted by mutation. In fact, defects
in apoptotic pathways are now thought to contribute to a
number of human diseases, ranging from neurodegenera-
tive disorders to malignancy®?. A number of studies have
revealed a high frequency of apoptosis in spontaneously
regressing tumors and in tumors treated with cytotoxic
anticancer agents®®. There is a premise that anticancer
agents induce apoptotic cell death and this implies that
cellular responses occurring after the drug-target interac-
tion can have impact on drug-induced cell death.
Sanguinarine-mediated apoptosis (Fig. 2) has been
found in human epidermoid carcinoma (A 431)*, hu-
man prostate cancer (LNCaP, DU-145, PC-3) (ref.?>%)
and breast cancer (MCF-7)%% cell lines, human endo-
cervical (HeLa) (ref.’®), human melanoma (M4Beu),
human colon adenocarcinoma (DLD-1), lung non-small-
cell carcinoma (A 549) (ref.*®), human uveal melanoma
(OCM-1) (ref.?), histiocytic lymphoma (U 937), my-
eloid leukemia (ML-1a) (ref.*°), human erythroleukemia
(K 562, JIM1) (ref.*-#?) cell lines, immortalized human
keratinocytes (HaCaT) (ref.?’) and human primary
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Fig. 1. DNA damage (single strand breaks) of gingival fibroblasts evaluated by Comet assay. (A) untreated control

cells; (B) cells treated with SA (1 uM) for 6 h'l.,

Fig. 2. Detection of apoptotic cells evaluated by the TUNEL assay in the prostate cancer (DU-145) cell line. (A)
untreated control cells (DAPI); (B) cells treated with SA (2.25 uM), (DAPI); (C) untreated control cells
(TUNEL); (D) cells treated with SA (2.25 uM) (TUNEL) (ref.!!).

fibroblasts*®. Chelerythrine-mediated apoptosis has been
determined in human breast cancer (MCF-7) (ref.#), hu-
man uveal melanoma (OCM-1) (ref.’*), human neuroblas-
toma (SH-SY5Y), and colon carcinoma (HCT116)* cell
lines and neonatal rat cardiac myocytes*.

SA/CHE-mediated activation of caspase-3
and depletion of GSH

The caspase-cascade system plays a vital role in the
induction, transduction and amplification of intracellu-
lar apoptotic signals. Caspases, closely associated with
apoptosis, are aspartate-specific cysteine proteases and
members of the interleukin-1p-converting enzyme family.
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Fig. 3. The proposed model for sanguinarine-mediated apoptosis via three different pathways: i) activation of NFxB*’;
ii) cell cycle arrest??; iii) the mitochondrial damage?.

The activation and function of caspases, involved in the
delicate caspase-cascade system, are regulated by various
kinds of molecules, such as the inhibitor of apoptosis pro-
tein, Bcl-2 family proteins, Ca?*, and calpain®. Generally,
there are two pathways through which the caspase family
proteases can be activated: (i) one is the death signal-
induced, death receptor-mediated pathway; (ii) the other

is the stress-induced, mitochondrion-mediated pathway.
Not all caspases are involved in apoptosis. The caspases
that have been well described are caspase-3, -6, -7, -8, and
caspase-9 (ref.*¢47). Caspase-3 is a key factor in apoptosis
execution. The proactive form, procaspase-3, can be acti-
vated by caspase-3, -8, -9, -10, cysteine protease protein of
molecular mass 32 kDa (CPP32), granzyme B (Gran B),
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and others. The downstream substrates of caspase-3 in-
clude procaspase-3, procaspase-6, procaspase-9, DNA-
protein kinase (DNA-PK), protein kinase C (PKCy),
poly(ADP-ribose) polymerase (PARP), D4-GDP-dis-
sociation inhibitor for Rho family GTPases (D4-GDI),
and various components of the cytoskeleton. The mito-
chondrial damage causes the release of cytochrome c and
activation of Apaf-1 and thereby initiating activation of
the caspase machinery that, in fact, is believed to be the
execution phase of apoptosis*.

SA treatment (0.1, 0.25, 0.5, 1 and 2 uM) was found to
result in increased levels of cytochrome ¢ and Apaf-1 and
in a significant increase in the active form of caspase-3,
caspase-7, caspase-8, and caspase-9 in a dose-dependent
manner in human immortalized HaCaT keratinocytes®.
This process was accompanied by cleavage of the caspase-
3 substrate PARP and subsequent DNA degradation and
apoptotic death. These results clearly suggest the role of
mitochondrial events in SA-mediated apoptosis of HaCaT
keratinocytes. Treatment with SA (2.1 uM and 4.2 uM)
for 4 h induced apoptosis displayed by cell surface bleb-
bing and caspase-3 activation was confirmed by induction
of proteolytic cleavage of PARP in human papillomavirus
(HPV) type 16-immortalized endocervical cells*®. On the
other hand, concentrations of SA (8.5 uM and 16.9 uM)
caused oncosis characterized by cell swelling, vacuolation,
enhanced permeabilization of cytoplasmatic membrane
and inactivation of caspase-3 (ref.3®). A similar effect of
both alkaloids, SA and CHE, was found on a primary
human uveal melanoma OCM-1 cell line**. At lower con-
centrations (2.7 and 10 uM) of SA or CHE, apoptosis
was found in the cells, whereas for higher doses of alka-
loids (20 uM) necrosis was the dominant form of cell
death. SA treatment (IC,; 0.9-3.3 uM) notably inhibited
the growth of human melanoma M4Beu, breast cancer
MCEF-7 and prostate cancer PC-3 cell lines without differ-
ence in cytotoxicity against normal human fibroblasts and
cancer cells*. This effect was related to a rapid apoptotic
response subsequent to GSH depletion and caspase-3/7
activation. SA-mediated caspase-3 activation was also seen
in a human erythroleukemia K 562 cell line in the apop-
tosis-inducing concentration (4 uM) (ref. 4').

SA-induced targeting of Bcl-2 protein family

Members of the Bcl-2 protein family regulate and ex-
ecute many cell intrinsic apoptotic pathways, including
those arising from dysregulated expression of cellular on-
cogenes. The Bcl-2 family members can be divided into
three subfamilies classified according to their content
of Bcl-2 homology (BH) domains: (i) the anti-apoptotic
members (Bcl-2, Bcl—XL, Mcl-1, Bcl-1-w, Ced-9, etc.) share
all four BH domains; (ii) the multi-BH domain pro-apop-
totic members (Bax, Bak, Bok, Bcl—XS) contain BH1-3
domains; (iii) a diverse group of loosely related pro-apop-
totic proteins (Bid, Bik, Bad, Bim, PUMA, NOXA, etc.)
only have a BH3 domain.

In human leukaemia JM1 and K 562 cell lines SA-
induced apoptosis with classic morphologic changes was
observed at low concentrations (4 uM) and cell death

comparable to oncosis was found at high concentrations
(34 uM) (ref.*?). SA-treated K 562 cells showed a sig-
nificant increase in expression of the pro-apoptotic Bax
protein during apoptosis. It has been reported that SA
probably targets a very efficient up-stream Bax activation
system*, Treatment of human neuroblastoma SH-SY5Y
cells with CHE (2.5 and 5 uM) for 16 h induced a sub-
stantial decrease in mitochondrial membrane potential
and triggered apoptosis through a mechanism involving
direct targeting of Bcl-2 family proteins®. CHE was found
to act as an antagonist to the anti-apoptotic protein Bcl-
X, (ref. ¥¥) and to inhibit protein kinase C (ref.*). Both
SA and CHE were also shown to inhibit anti-apoptotic
mitogen-activated protein kinase phosphatase®®. The ef-
fect of SA treatment (0.1-2 uM for 24 h) was also evalu-
ated on the levels of Bax and Bcl-2 protein expression in
immortalized human keratinocytes (HaCaT) (ref.?*). SA
treatment of HaCaT keratinocytes resulted in significant
decrease in the levels of anti-apoptotic Bcl-2 protein and a
dose-dependent increase in the pro-apoptotic Bax protein.
SA caused apoptotic death of HaCaT cells by the release
of cytochrome ¢ from mitochondria into the cytosol and
the activation of Apaf-1 in the cytosol.

SA-mediated alterations in cell cycle

Cell-cycle progression relies on activation of cyclins
and cyclin-dependent kinases (CDKs), which successively
act together in G1 to initiate the S phase and in G2 to
initiate mitosis. To prevent abnormal proliferation, cyclin-
CDK complexes are precisely regulated by two families
of cell cycle inhibitors that block their catalytic activity®'.
Since uncontrolled cyclin-dependent kinase activity is of-
ten the cause of human cancer, their function is tightly
regulated by cell-cycle inhibitors such as the p21Wafl/Ciel
and p27%r! proteins. Following anti-mitogenic signals or
DNA damage, p21™/Crl and p27%P*! bind to cyclin-CDK
complexes to inhibit their catalytic activity and induce
cell-cycle arrest®. Adhami et al.?? focused on the antipro-
liferative effects of SA on growth/proliferation of human
prostate cancer cells and the involvement of cell cycle
regulatory events as the mechanism of this response. SA
treatment (0.2-2 uM for 24 h) in both cancer cell lines
resulted in (i) significant induction of CDK inhibitors
p21Wafl/Cirl and p27XP! in total levels; (ii) down-regulation
of cyclin D, D, and E; (iii) and down-regulation of CDK
2,4, and 6. SA imparted cell cycle dysregulation in both
androgen-sensitive (LNCaP) and androgen-insensitive
(DU-145) human prostate carcinoma cells via up-regula-
tion of CDK inhibitors involved in GO/G1 progression
of cell cycle. The authors found that SA caused cell cycle
blockade and apoptosis of prostate cancer cells irrespec-
tive of their androgen status.

Holy et al.’ investigated the responses of cell cycle
regulatory molecules to SA (5-10 uM), using immu-
nocytochemical methods that visualized cyclin D, and
topoisomerase II behavior in MCF-7 breast cancer cell
line. SA-mediated cellular events resulted in extended cell
cycle arrest in GO/G1 and inhibition of cell proliferation.
The growth inhibition was accompanied by a striking re-
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localization of cyclin D, and topoisomerase II from the
nucleus to the cytoplasm. SA was incorporated by cells
and concentrated in the nucleus within minutes, where it
rapidly inhibited DNA synthesis. This model suggested
that SA may help suppress malignant cell growth at sub-
apoptotic concentrations.

Recent study analyzed the antiproliferative activity of
SA in relation to its effects on mitosis and microtubule
assembly. SA did not cause the arrest of cell cycle pro-
gression at mitosis but it induced aggregation of tubulin
in the presence of microtubule-associated proteins. The
binding of SA to tubulin induced conformational changes
in tubulin®. One of the major obstacles to effective drug
action is the efflux of drugs after their entry into cells by
protein pumps such as P-glycoprotein and multiple resist-
ance protein 1(ref.**). As SA binds tightly to tubulin, it
may be difficult for the efflux machinery to pump out
drugs. Thus, the tight binding of SA to tubulin may be
beneficial in cancer chemotherapy*”.

SA-mediated activation of NF-xB

NF-«B is a nuclear transcription factor that regulates
expression of a large number of genes involved in the
regulation of apoptosis, tumorigenesis, inflammation,
atherosclerosis, viral replication and many autoimmune
diseases®’. NF-«B is activated by a variety of stimuli that
include cytokines, their receptors, growth factors, cell ad-
hesion proteins, lymphokines, radiation, pharmacologic
agents, and stress. In its inactive form, NF-«B is seques-
tered in the cytoplasm, bound inhibitor proteins of the
IxB family. The various stimuli that activate NF-kB cause
phosphorylation of IkB, which is followed by its ubiquini-
tation and degradation. This results in exposure of the
nuclear localization signals on NF-kB subunits and the
subsequent translocation of the molecule to the nucleus.
In the nucleus, NF-«B binds with the consensus sequence
of various genes and thus activates their transcription®.

SA has been found to be a potential candidate for
intervening in NF-xB-dependent pathological responses®’.
Treatment of human myeloid ML-1a cells with tumor
necrosis factor rapidly activated NF-«xB and this activa-
tion was completely suppressed by SA in a dose- and
time-dependent manner. SA did not inhibit the binding
of NF-«B protein to the DNA but inhibited the pathway
leading to NF-kB activation. Chelerythrine had no effect
on NF-B activation

CHE-/SA-mediated apoptosis induced by generation
of reactive oxygen species
Reactive oxygen species (ROS) production is known
to play an essential role in mediating cytochrome c release
and subsequent apoptosis in cardiac myocytes®®. It was
demonstrated that antioxidant N-acetyl-L-cysteine (NAC)
could significantly inhibit the release of cytochrome c.
Yamamoto et al. investigated that CHE, inhibitor of
PKC, rapidly and potently induced cell death in neonatal
rat cardiac myocytes*. It was found that generation of
ROS rather than inhibition of PKC critically mediated
CHE-induced rapid myocyte apoptosis. Cardiac myocyte
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death by CHE at 6-30 uM was accompanied by many
characteristic findings of apoptosis, including pyknosis
and cell shrinkage, posphatidyl serine externalization and
activation of caspases. Another unique aspect of CHE-
induced cell death was the fact that the morphological
changes and myocyte death were strictly concentration-de-
pendent. Typical cardiac myocyte apoptosis was induced
at concentrations within a narrow range (between 6 and
30 uM), which was commonly used to block activities
of PKC in cardiac myocytes. CHE caused cytochrome ¢
release from mitochondria and this was significantly in-
hibited in the presence of NAC, suggesting that ROS me-
diate CHE-induced cytochrome c release. CHE induced
cardiac myocyte apoptosis more rapidly than exogenously
applied H,O,. These results suggest that CHE rapidly in-
duced cardiac myocyte apoptosis and that ROS produc-
tion, possibly H O, and subsequent cytochrome c release
from mitochondria play an important role in mediating
CHE-induced rapid cardiac myocyte apoptosis. CHE was
shown to be a useful positive control for determination
of cardiac myocyte apoptosis and a model for explaining
the signalling mechanism including potent apoptosis in
cardiac myocytes*.

It has been reported that SA induced apoptosis which
depends on the production of nitric oxide (NO) and su-
peroxide radicals in prostate cancer cells*. This study was
focused on cyclooxygenase-2 (COX-2) expression which
may rescue prostate cancer cells from SA-induced apop-
tosis by a mechanism involving inhibition of NO synthase
(NOS) activity. These findings support the suggestion that
coadministration of COX-2 inhibitors with SA may be
developed as a strategy in the management of prostate
cancer?,

CONCLUSION

Successful resolution to the design of agents that ef-
fectively induce tumor regression lies, at least in part, in
overcoming the inherent resistance in many transformed
cells to undergo apoptosis. Owing to their apoptotic po-
tential these alkaloids are hypothesized to be not only
good candidates for chemotherapeutic regimens, but may
also contribute to the development of successful immune
therapies of some carcinomas. SA itself or some of its de-
rivatives might be good candidates as pro-apoptotic drugs
for cancer therapy. However, the complete signalling cas-
cade by which SA and/or CHE treatment induces apop-
totic cell death is not yet elucidated. Overall, the results
of recent studies suggest that SA and CHE could be de-
veloped as agents in the management of cancer.
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