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Nature is the most abundant source for novel drug discovery. Lycorine is a natural alkaloid with immense
therapeutic potential. Lycorine is active in a very low concentration and with high specificity against a number
of cancers both in vivo and in vitro and against various drug-resistant cancer cells. This review summarized the
therapeutic effect and the anticancer mechanisms of lycorine. At the same time, we have discussed the phar-

macology and comparative structure-activity relationship for the anticancer activity of this compound. The
researches outlined in this paper serve as a foundation to explain lycorine as an important lead compound for
new generation anticancer drug design and provide the principle for the development of biological strategies to
utilize lycorine in the treatment of cancers.

1. Introduction

Throughout the ages, organic compounds from terrestrial and
marine organisms have been applied for the treatment of a wide spec-
trum of diseases. Particularly plants are the richest source and the basis
of these traditional medicines. The history of using plants and plant-
derived substances dates back to 2600 BCE [1]. Over the past fifty
years, development of combinatorial chemistries and high-throughput
screening methods has made these natural products and related struc-
tures extremely important elements of pharmacopeias [2,3]. As studied
by Chin et al. [4], over 20 new drugs have been launched between 2000
and 2005, which were originated from natural sources. The search for
anti-cancer agents from natural sources dated back to the 1950s with
the discovery and development of the vinca alkaloids vinblastine and
vincristine, and the isolation of the cytotoxic podophyllotoxins which
took almost 30 years for these drugs to came into clinical usage during
1990 [5]. Among 121 drugs prescribed currently for cancer treatment,
90 were derived from plants. These include vinca alkaloids (vinblastine,
vincristine, vindesine, vinorelbine), taxanes (paclitaxel, docetaxel),
podophyllotoxin and its derivations (topotecan, irinotecan) and an-
thracyclines (doxorubicin, daunorubicin, epirubicin, idarubicin) [6,7].
Plants from traditional Chinese medicine are the rich host for novel
drug discovery and these traditional medicines are being used for the
treatment of ailments ranging from coughs and colds to parasitic in-
fections and inflammation [8]. Amaryllidaceae family plant Lycoris
radiate is an ornamental and Chinese medicinal plant [9].

* Corresponding authors.

Amaryllidaceae family plants are well known as an extensive source of
pharmacologically active alkaloids [10-13], and lycorine was the first
among these alkaloids to be isolated in 1877 from the plant Narcissus
pseudonarcissus [14]. From then onwards, lycorine and its derivatives
are drawing interest in the medicinal field due to their divergent che-
mical structures and strong biological effects [Fig. 1].

This review will focus on the diverse pharmacological function and
anticancer mechanism of lycorine and the associated pharmaco-che-
mical characteristics.

2. Sources and chemistry of lycorine

The pyrrolophenanthridine alkaloid lycorine is found in various
Amaryllidaceae species. The Amaryllidaceae is a family of herbaceous,
perennial and bulbous flowering plants. Compounds isolated from
Amaryllidaceae plants are known for their medicinal properties over
millenaries. Most frequently reported Amaryllidaceae species to contain
lycorine include Lycoris radiate, Leucojum aestivum, Hymenocallis littor-
alis, Hippeastrum equestre [15], flowers of Clivia nobilis [16], Ammocharis
coranica, Brunsvigia radulosa, Crinum macowanii, and Leucojum aestivum
[17]. Lycorine can be obtained by asymmetric chemical synthesis or
total synthesis strategies that are also applicable for generating other
derivatives of lycorine [18,19]. Amaryllidaceae provides a great di-
versity of biologically potential alkaloids that have been shown to arise
biosynthetically from a common intermediate, norbelladine. Norbella-
dine undergoes different cyclizations, rearrangements, elimination
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Fig. 1. Timeline for the history of lycorine. First isolated as narcissia from Narcissus pseudo-narcissus L., the alkaloid was later named as lycorine. Further research
was performed to establish the molecular formula and general properties of this compound. After confirmation of the chemical properties by several studies, lycorine
was investigated for it's in vitro properties which formed the foundation of our current knowledge of this pharmacologically potent alkaloid.
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and/or recyclization to provide a variety of skeletons [9,20,21]. Ly-
corine comprises analogs possessing and ortho-para coupling of a
double bond in the C-ring [Fig. 2A] . The full chemical name of lycorine
is 2,4,5,7,12b,12c-hexahydro-1H-(1,3) dioxole(4,5-j)-pyrrole(3,2,1de)
phenanthridine-1-diol, the molecular formula C;H;,NO, and the re-
lative molecular mass 287.31. Lycorine is a colorless crystal with the
melting point of 260-262 °C and it is immiscible to the wastewater and
insoluble in ether and alcohol [22]. The biological activity of lycorine is
firmly associated with its structure. For example, the anti-tumorigenic
effect of lycorine is extensively attributed by its structure (discussed
later in this article) and slight modification at certain group renders this
compound either less active or inactive [Fig. 2B]. The structural
parameters that provide a significant contribution to its activity include
the presence of planarity of the molecule, olefin or dioxole ring, the
function of hydroxyl groups and the presence of a positive charge on the
nitrogen and the amine group [9,23,24].

3. Pharmacological functions of lycorine
3.1. Antiviral activity

The first reported activity of lycorine as an inhibitor of termination
of protein synthesis was found in poliovirus-infected HeLa cells [25]. In
subsequent studies lycorine showed moderate to potent antiviral ac-
tivity and reduced viral titers of herpes simplex virus [26], retrovirus
HIV-1 [27], severe acute respiratory syndrome associated coronavirus
[28], poliovirus [29], West Nile Virus (WNV), dengue and yellow fever
viruses [30], enterovirus 71 [31], influenza virus [32], hepatitis C virus
[33] and adult zika virus vector Aedes aegypti [34,35]. Lycorine could
not exert antiviral activity against alphavirus, Western equine

Lycorine

616

Fig. 2. Chemistry of lycorine. A. Synthesis of lycorine. Lycorine
and lycorine like Amaryllidaceae alkaloids are generated from a
common precursor norbelladine. Norbelladine undergoes analogs
possessing of the —OH group of A-ring and ortho-para coupling of
A and C-ring to produce lycorine. B. Structure-activity relation-
ship of lycorine. The anticancer property of lycorine is largely
depended on its structure. The red shades indicate the parts that
lycorine requires absolutely to exert its activity. The green shades
mean that these part can be changed with chemical modification
while the yellow shades represent the part that can be replaced
with only a few suitable groups.

encephalitis virus, rhabdovirus and vesicular stomatitis virus, sug-
gesting a selective antiviral spectrum of this compound [30]. The an-
tiviral effect of lycorine is due to the multiplication inhibition by
blocking of viral polymerase activity or elongation of the viral poly-
protein during protein synthesis [26,31]. Structure-activity analysis
revealed that the free hydroxyl groups at C-1 and C-2, intact benzo-
dioxole group at A-ring, the basic nitrogen, and the C3-C4 double bond
are crucial for the anti-virus activity of lycorine [36].

3.2. Antibacterial effects

The main metabolite of lycorine degradation, ungeremine, and
carbamate substitution at C-1 and C-2 of lycorine had stronger anti-
bacterial activity toward fish bacterial pathogen Flavobacterium co-
lumnare isolates than lycorine itself [37,38]. Lycorine though shows
almost no inhibitory activity against Gram-negative Escherichia coli and
Gram-positive Staphylococcus aureus [39], a recent study by Bendaif and
colleagues demonstrated the anti-bactericidal effect of lycorine in sev-
eral bacterial strains, suggesting a preferential antibiotic property of
lycorine [40].

3.3. Anti-parasitic properties

Lycorine was found to be the most potent alkaloids against
Plasmodium falciparum, Tribolium castaneumand, and Aphis gossypii
[14,41]. This compound abolishes the nucleoside triphosphate dipho-
sphohydrolase (NTPDase) and ecto-5’-nucleotidase activities of Tricho-
monas vaginalisin [42], and also causes cell cycle arrest of this parasite
[43]. Lycorine shows significant inhibition of DNA topoisomerase-I
activity that is required for cell growth in parasites [44,45].
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The lycorine-type alkaloid acetylcaranine and dehydrolycorine has
potent inhibitory activity against the malaria parasite. However, an-
other lycorane-compound, hippadine, with slight structural differences
of conjugation and substitution in the tetrahydro phenanthridine
moiety was inactive [46,47]. Therefore, the structural character of
these compounds seems to affect the plasmodium inhibitory activity
greatly.

The promising and varied degree of anti-yeast properties of lycorine
were detected in several strains of Saccharomyces cerevisiae [48],
Cryptococcus laurentii [49] and Candida albicans [39]. The anti-parasitic
effects of lycorine depend on the mitochondrial genes, and strains that
lack the mitochondrial genome were found to be resistant to high
concentrations of this compound [50-54].

3.4. Anti-inflammatory effects

Lycorine precursor norbelladine acts as an anti-inflammatory com-
pound by inhibiting NF-kB activation and the expression of inflamma-
tion-related cyclooxygenase at relatively lower concentrations [21].
Inhibition of NF-xB signaling by lycorine suppresses endplate-chon-
drocyte degeneration and prevents intervertebral disc degeneration
pathway [55]. Lycorine itself can block several pro-inflammatory mo-
lecules. For example, it can diminish calprotectin-influenced in-
flammation by targeting calprotectin or blocks lipopolysaccharide
(LPS)-induced production of pro-inflammatory mediators such as nitric
oxide (NO) and prostaglandin E2 (PGE2) through suppressing p38 and
STATs activation [56-60]. Lycorine possess significant anti-in-
flammatory and hepatoprotective effect on mice at doses ranging from
1 to 2.0 mg/kg [61]. Lycorine-induced inhibition of TNF-a and HMGB1
in hematological malignancies may also contribute to its anti-in-
flammatory activity.

Degradation of acetylcholine (ACh) by Acetylcholinesterase (AChE)
leads to brain cholinergic dysfunction in Alzheimer’s disease (AD) pa-
tients and therefore AChE provides a novel therapeutic target for the
AD. Assoanine, a lycorine type alkaloid has been demonstrated as an
AChE inhibitor with much lower ICs, than an anti-AD drug galantha-
mine [22,62]. Lycorine also has analgesic, choleretic and body-tem-
perature lowering activity [44].

4. Anti-tumor effect of lycorine

In 1976, Jimenez and colleagues first found the anti-tumor activity
of lycorine [63]. Since then numerous researches have been being
conducted to discover the anti-neoplastic activity of lycorine that found
it as a potent anti-tumor compound against various kind of cancer cells.
Lycorine is also effective against tumor xenograft and effectively in-
hibited tumor growth in B16F10 melanoma-bearing mice [23], HL-60
xenografted SCID mice [64], ovarian cancer Hey1B bearing nude mice
[65], and multiple myeloma (MM) cell xenografted NOD/SCID mice
[66].

Several criteria of lycorine-induced anti-tumor activity can make
this compound an interesting research tool for the anticancer drug
design. Specificity: The selectivity of lycorine toward cancer cells is an
important criterion among them. The concentration that significantly
reduces the viability of cancer cells has trivial toxicity against B-lym-
phocytes [66,67], normal peripheral mononuclear cells, fibroblastic
cells [68], normal breast [69], prostate [70], and urothelial cells [71],
mammary epithelial cells [72], and even plasma cells from healthy
donor [66]. Low concentration: Lycorine is effective in a very low,
single-digit micromolar concentration with the reported studies sug-
gesting the ICsy value usually not exceeded 7.5uM (Table 1). Less
toxicity: Lycorine is well tolerable with minimal toxicity as well. Stu-
dies with tumor xenografted mouse models revealed that 5 to 15 mg/
kg/day of lycorine in tumor-bearing mice did not induce any significant
change of body weight indicating the exhibition of no evident signs of
toxicity [64,66,70,71]. High potency: Lycorine can enhance the effect

Biomedicine & Pharmacotherapy 107 (2018) 615-624

Table 1
Anticancer effect of lycorine.
Cancer Type Cell lines Time ICs0 (uM) Anti-tumor Ref.
tested (hours) ffecet
Leukemia HL-60 24 ~1 Apoptosis, cell [68]
U937 48 <5 cycle arrest [77]
6T-CEM 48 <2 [77]1
K562 48 <2 [78]
Multiple U266 48 0.82 HDAC and JAK/ [20]
myeloma KM3 48 1.25 STAT signaling [79]
RPMI-8226 48 0.70 inhibition,
ARH-77 24 3.33 apoptosis, cell
MM.1S 24 4.50 cycle arrest,
H929 24 4.10 programmed
necrosis,
autophagy
inhibition
Prostate cancer PC-3M 24 2~5 Inhibition of [70]
DU145 growth and
LNCaP metastasis
22RV1
Human breast T47D 48 >2 Inhibition of [69]
cancer MDAMB231 48 ~5 invasion and [72]
MCEF-7 72 3.9 metastasis [80]
Human bladder T24 48 7.5 Apoptosis [71]
cancer
Ovarian cancer HeylB 24 1.2 Anti-neo [65]
SK-OV-3 72 3.3 vascularization [80]
Non-small cell A549 72 6.5 [80]
lung cancer
Large cell lung NCI-H460 72 3.3 [80]
cancer
Colon carcinoma HCT116 72 3.0 [80]
Human HepG2, 48 34.1 Apoptosis, [81]
Hepatocellular SMMC-7721 36.60 repression of
Carcinoma HuH-7 38.34 Akt signaling

and autophagy

of systemically used anti-cancer drugs and in some instance has lesser
toxicity than first-line chemotherapeutic drugs. Recently Ying and
colleague showed that in mouse breast-tumor cell line 4T1 orthotopic
xenograft model lycorine is more potent than toxoids (paclitaxel) and
while treatment of paclitaxel led to a significant loss of body weight,
lycorine displayed negligible change, indicating the occurrence of less
toxicity by this compound [69]. Chronic lymphocytic leukemia (CLL)
cells in the lymph node engage with CD40 ligand (CD40 L) expressed by
T-cells to stimulate proliferation and protection against apoptotic sig-
nals. In a study, it was showed that while in the continuous presence of
CD40 L, either dasatinib or combination of dasatinib and fludarabine or
bezafibrate and medroxyprogesterone acetate (MPA) fail to induce
apoptosis in CLL, addition of lycorine as a third agent is able to over-
come the CD40 L protective effects against bezafibrate plus MPA with
the desired induction of apoptosis [73]. This compound can synergize
the effect of antibodies targeting cytotoxic T-lymphocyte associated
protein 4 (CTLA-4) in renal cell carcinoma [74]. Sensitivity against
resistance: Lycorine and its synthetic intermediates are sensitive to
Adriamycin (Doxorubicin) resistant cells [75]. Furthermore, in a recent
study, we have found that lycorine is active against both dex-
amethasone sensitive and resistant myeloma cells. This compound can
enhances bortezomib activity and re-sensitize resistant MM cells to
bortezomib as well as inhibits bortezomib induced autophagy, a cellular
process that provokes acquired resistance to the proteasome inhibitors
[66]. Lycorine also exhibits significant anti-tumor activity against
apoptosis-resistant cancer cells [23,76]. All these findings taken to-
gether provide an intense potential of lycorine itself as a single agent or
in combination with other agents in counteracting cancer.
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5. Mechanism of anti-tumor activity of lycorine
5.1. Apoptosis induction

Apoptosis is the most common anti-tumor mechanism of natural
compounds that operated by mitochondria-dependent intrinsic or death
receptor-dependent extrinsic pathway. The mitochondrial apoptosis
pathway is associated with Bcl-2 family members of pro-survival Bcl-2,
Bcl-xl, Mcl-1 and pro-apoptotic BAX, BAK, Bid proteins that regulate the
disruption of the mitochondrial outer membrane and cytochrome C
release. The cytochrome C released from the disrupt mitochondria in-
itiates caspase-9 activation on the scaffold protein APAF1 (apoptotic
protease-activating factor 1), whereas the released protein SMAC
(second mitochondria-derived activator of caspases) blocks the caspase
inhibitor XIAP (X-linked inhibitor of apoptosis protein) thereby pro-
moting apoptosis. The death receptor-mediated (or extrinsic) pathway
of apoptosis is activated when certain death receptor ligands of the
tumor necrosis factor (TNF) family (such as FAS ligand and TNF) en-
gage their cognate death receptors (FAS and TNFR1, respectively) on
the plasma membrane, leading to caspase-8 activation [77-79].

Lycorine is a strong apoptosis inducer, and it can induce both mi-
tochondrial and death receptor-mediated apoptosis in cancer cells. The
effect of lycorine on cell apoptosis has been analyzed for breast cancer,
bladder cancer and hematological malignancies including leukemia and
myeloma. It was found that as an inducer of mitochondrial or intrinsic
apoptotic pathway, lycorine downregulates the expression of anti-
apoptotic Bcl-2 family proteins and increases the expression of pro-
apoptotic BAX [68,80]. Bcl-2 family protein Mcl-1 is also suggested to
be a potential molecular target for lycorine-induced apoptosis
[Fig. 3A]. Down-regulation of Mcl-1 by lycorine at translational level
induces apoptosis through cytochrome C release and caspase activation
in leukemia cells lacking Bcl-2 without any discernible changes in the
levels of BAX, BAK, Bik, Bid, XIAP, c-IAP1 and c-IAP2 and in breast
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cancer [72,81]. In bladder cancer cells, lycorine suppresses the PI3K-
Akt pathway with a corresponding increased expression of the negative
regulator of p-Akt, PTEN protein level to activate the intrinsic apoptosis
cascade [71]. As the expressional change of PI3K/Akt/mTOR pathway
is associated with more than 40% of urinary bladder cancer, there is a
promising therapeutic potential of lycorine against this disease [82].
Lycorine also induces apoptosis in lung cancer cells through mTOR
pathway [83]. For the induction of extrinsic or death receptor pathway
of apoptosis, lycorine was reported to activate death receptor ligands of
the tumor necrosis factor (TNF) family TNF-a leading to caspase 8 ac-
tivation [68,80,84]. It was also found that lycorine decreases the cas-
pase-8 substrate Bid and significantly increases the expression level of
truncated form of Bid protein (tBid) with a concomitant release of cy-
tochrome C and activation of caspase-9 and caspase-3, indicating the
Bid mediated crosstalk between mitochondria and death receptor
apoptotic pathways upon lycorine treatment [84,85]. Lycorine also
increases the portion of apoptotic cells in vivo xenografted tumor
models. While lycorine has been suggested as an effective compound to
induce apoptosis in a number of cancers, induction of apoptosis prob-
ably is not the principal mechanism of action by which lycorine exerts
its anti-tumor effects in solid tumors. Lycorine inhibited both pro-
liferation and migration in a panel of glioma and melanoma cell lines,
which were resistant to apoptosis [86]. In addition, lycorine did not
induce apoptosis in glioma and non-small cell lung cancer cells that
display resistance to various proapoptotic stimuli rather it exhibited
cytostatic effects through impairing the actin cytoskeleton organization
leading to inhibition of cell migration and proliferation [23]. This mode
of action of lycorine accounts for the inhibition of proliferation and
migration of cells displaying resistance to apoptosis and suggests this
compound as an excellent lead for combatting cancers which are
naturally resistant to pro-apoptotic stimuli.
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Fig. 3. The anticancer mechanism of lycorine. A. Apoptosis induction by lycorine. Lycorine targets Bcl-2 pro-apoptotic family protein and downregulates them to
induce intrinsic apoptosis in cells. It can also promote extrinsic apoptosis cascade by upregulating death legands. B. Cell cycle inhibition. Lycorine is suggested to
target cell cycle inhibitor p21 to induce cell cycle arrest in cancer cells. C. Lycorine induced program necrosis is associated with increased ROS generation, DNA
damage and ATP depletion. D. Lycorine inhibits autophagy in cancer cells. It can promote proteasomal degradation of important autophagy regulator HMGB1 and
thereby sequestrates Beclinl with Bcl-2 resulting in autophagy inhibition. E. The proposed combinatory anticancer mechanism of lycorine. Lycorine inhibits au-
tophagy, causing accumulation of damaged mitochondria that lead to increased generation of ROS. These ROS may induce DNA damage and at the same time, cells
with damaged-DNA may arrest their cell cycle at a specific checkpoint. The populations of cells with arrested cell cycle then commit death in a programmed manner
either by apoptosis or by necrosis. Experimental detail is required to verify this postulation (LYC; Lycorine).
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5.2. Cell cycle inhibition

Lycorine induces cell cycle arrest at GO/G1 or G2/M phase de-
pending on the cancer type [Fig. 3B]. During the cell cycle, phase-
specific cyclins, cyclin-dependent kinases (CDKs) and Cip/Kip or INK
family CDK inhibitors (CKI) orchestrate the progression of cells through
Gl, S, G2 and M phases. Lycorine induces G1 phase cell cycle arrest in
multiple myeloma and chronic myelocytic leukemia cell lines with
downregulation of cyclin D and CDK4 [80,87,88]. Whereas, in ovarian
cancer cell line HeyB1 and acute promyelocytic leukemia cell line HL-
60 this compound induces cell cycle arrest at G2/M phase [65,85]. In
response to growth factors, CDK4 and CDK6 combined with one of
several D-type cyclins in early G1 phase. In the later phase, cyclin E and
cyclin A is synthesized and form a conjugate with CDK2 that phos-
phorylates retinoblastoma (RB) protein allowing dissociation of RB
from E2f transcription factors and E2f target gene expression. Mitogenic
signal promotes the cell cycle progression from G2 phase to M phase
mediated by the activity of cyclin B-associated CDK1 [89]. The key
member of the Cip/Kip cyclin-dependent kinase inhibitor family, p21
can bind to and directly inhibit the activity of cyclin E-Cdk2 and cyclin
B-Cdc2 [90-92]. Regardless of cancer cell type, lycorine increases the
expression of p21 and hence it is suggested that p21 mediates lycorine-
induced cell cycle arrest, either in G1 or G2 phase. The tumor sup-
pressor p53 regulates the expression and activity of p21. Although ly-
corine can induce p21 expression to inhibit cell cycle progression, the
upstream effector for this upregulation of p21 by lycorine is not clear
yet. Lycorine was found to upregulate the expression of p53 as an up-
stream inducer of p21. However, it can also up-regulate p21 in p53-
deficient leukemia cell lines [84,88]. Therefore, it is implied that the
up-regulation of p21 mediated by p53-independent pathways, and that
p21 is a possible direct target of lycorine for exerting the cell cycle
inhibitory activity of this compound.

5.3. Necrotic cell death

Necrosis was formally regarded as an accidental cell death; how-
ever, upon DNA damage cells undergo necrosis in a programmed and
regulated way as a consequent of the normal physiological process
[93,94]. Although controlled by a manner similar to apoptosis, necrosis
is a caspase expendable process involving signaling pathways distinct
from apoptotic cell death where receptor-interacting protein 1 (RIP1,
RIPK1) and receptor-interacting protein-3 (RIP3, RIPK3) act as in-
itiators or effectors and necrostatin-1 (Nec-1) acts as an inhibitor of
necrosis [95-97]. Study found that lycorine can lead to programmed
necrosis with upregulation of RIP1 and RIP3 expression. The necrosis-
inducing effect of lycorine was also associated with mitochondrial
dysfunction, reactive oxygen species (ROS) generation, ATP depletion,
and DNA damage [Fig. 3C] [87].
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5.4. Autophagy inhibition

Autophagy is a component of stress management system of the cells
that is utilized by the cell for removal of defective organelles.
Autophagy acts as a survival strategy in established and advanced tu-
mors by maintaining cellular energy levels and enhances chemo-sen-
sitivity of a number of anticancer agents to induce cell death [98-102].
It is not clear yet, how autophagy mediates the pro-survival effects in
cancerous cells, the mechanism may involve limiting DNA-damage re-
sponse-mediated apoptosis or, activation of the high-mobility group
box 1 (HMGB1)/ receptor for advanced glycation end products (RAGE)
signaling axis [103-105]. Human high-mobility group box 1 protein
(HMGB1), a 215 amino acid residues molecule, was named for its
electrophoretic mobility on polyacrylamide gels and has been im-
plicated in several human diseases including significant involvement in
oncogenesis [106]. The action of HMGB1 depends on its subcellular
localization, and this molecule is important in stress signaling as well as
in autophagy activation playing extracellular, cytoplasmic and nuclear
function [107-110]. Lycorine inhibits autophagy by downregulating
the expression of HMGB1 [Fig. 3D]. Lycorine-induced proteasomal
degradation of HMGBI1 inhibits the activation of MEK-ERK signaling
pathway thereby decreases Bcl-2 phosphorylation leading to the con-
stitutive association of Bcl-2 with Beclin-1 which eventually results in
autophagy inhibition [66].

Combining the above studies, a possible link between the anticancer
effects of lycorine can be postulated [Fig. 3E]. Autophagy is the key
cellular process for the turnover of damaged mitochondria in cell and
mitochondria are the main sources of cellular ROS [111-113]. Inhibi-
tion of autophagy by lycorine increases the accumulation of damaged
mitochondria in cell. Although not confirmed, there is a probability that
these damaged mitochondria are the sources of increased ROS after
lycorine treatment, that leads to ATP depletion and DNA damage re-
sulting in necrotic cell death. On the other hand, cell cycle arrest fol-
lowing DNA damage is a critical characteristic that prohibits cells from
going them through mitosis [114,115]. Hence, it is possible that the cell
cycle arrest observed after lycorine treatment is the result of DNA da-
mage caused by this compound. Therefore, lycorine-induced DNA da-
mage may cause activation of p21 for the inhibition of the cell cycle and
ultimately lead to the apoptotic death of cells. However, the link be-
tween these cellular effect induced by lycorine is not experimentally
proved, and further research is in demand to clarify the mechanism.

5.5. Inhibition of invasion and metastasis

In addition to the effect of lycorine on cell death and cell cycle ar-
rest, it can also inhibit invasion and metastasis in solid tumors [Fig. 4].
Mechanistically, by modulating either Src/FAK (focal adhesion kinase)
or STAT3/Twist signaling cascade, lycorine blocks the matrix-

Fig. 4. Mechanism of lycorine for inhibition
of invasion and migration. Growth factors
promote the FAK-JNK or STATS3 signaling that
can induce the expression of certain genes like
MMP. These genes can destroy the ECM or can
down-regulate the expression of other genes
like cadherin that maintains cell-cell connec-
tions. Lycorine downregulates the expression
of FAK and inhibits FAK-JNK signaling re-
sulting in MMP down-regulation. Lycorine can
also inhibit STAT3 signaling, decreased the
expression of TWIST and MMP and upregulates
the expression of cadherin to maintain the cell
TwistA junction (LYC; Lycorine).

IMP A

Cadherin

™ Ca rmv
\\\\\\\
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Table 2
Synthetic or natural derivatives of lycorine and their anticancer activity com-
pare to lycorine.

Lycorine structure

Position Substitution or derivate  Activity Ref
Ring-A Open dioxole Moderately [23]
active
Open dioxole with absence  Inactive [23]
of -OH at C2
Ring-B C7-oxidation, aromatic C- Inactive [23,133]
ring
C7-oxidation Decrease [133]
C7-thiol Inactive [133]
Quaternization of N Inactive [23]
Ring-C 1-acetyl Decrease [23,134,135]
1-acetyl, 2-silyl Inactive [134]
1-alkyl, 2-silyl ether Moderately [86,135]
active
1-silyl, 2-alkyl ether Inactive [86,134]
2-amines Decrease [136]
2-p acetyl Inactive [23]
2-epoxide Increase [136]
2-esters Decrease [136]
2-methoxy Equipotent [23,134]
1 or 2 methyl ether Inactive [86]
1 or 2 benzoate Equipotent [133]
1, 2-diacetyl Inactive [23,134,135]
1, 2-dicarbonate Equipotent [133]
1, 2-diether Decrease [86]
1,2-dipropionate Equipotent [133]
1,2-disilyl Inactive [134]
1,2,3,4-tetraol Inactive [133]
2.3-diallyl Equipotent [133]
Aromatic C ring Selective [23]
Oxiadation of C3-C4 Inactive [23,136]
double bond
Steriochemistry change Inactive [23]
Ring-D Narciclasine Equipotent [135,137]
(narciclasine Narciclasine tetraacetate Equipotent [135]
type) C10b-R- Moderately [135]
hydroxypancratistatin active
Cis-dihydronarciclasine Moderately [135]
active
Trans-dihydronarciclasine Decrease [135]
Ring-D (crinine Haemanthamine Equipotent [135]
type) Buphanamine Inactive [135]
11-hydroxyvittatine Inactive [135,138,139]
Natural Pseudolycorine Moderately [23,135]
derivatives active
Amarbellisine Moderately [135]
active
Ungeremine Inactive [23,135]
Norpluiine Inactive [23,135]
Lycorene Inactive [23]

degrading metalloproteinases (MMP) mediated degradation of extra-
cellular matrix. Lycorine inhibits breast cancer cell invasion and mi-
gration by blocking the Src/FAK-involved pathway [69]. FAK signaling
in cell invasion involves proteolytic degradation of the extracellular
matrix by MMP. FAK coordinates an Src-Cas complex which in inter-
action with Crk initiates the signaling from Racl to Jun N-terminal
kinase (JNK) mediated transcriptional activation of MMP [116-118].
Treatment with lycorine significantly decreases p-FAK, p-Src, p-c-Jun,
p-JNK and MMP2 in breast cancer cell lines, demonstrating the effect of
lycorine in blocking matrix degradation through the Src/FAK signaling
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pathway to inhibit migration and invasion. Furthermore, lycorine has
inhibitory effects on epidermal growth factor-induced epithelial-me-
senchymal transition (EMT). In a number of studies, STAT3 was re-
vealed to bind to the promoter of EMT-related transcription factor Twist
to modulate its expression and thereby promotes the EMT process and
increases the cells invasion and migration [119-121]. Prostate cancer
cells exposed to lycorine shows significant epithelial characteristics and
reduced mesenchymal features with decrease expression of N-cadherin,
vimentin and fibronectin and a corresponding increase expression of E-
cadherin. The reversal of growth factor-induced EMT by lycorine was
associated with the inhibition of the expression of Twist and suppres-
sion of the expression of migration markers, MMP2 and MMP9. The
twist is a target gene of STAT3 and lycorine-induced downregulation of
Twist and thereby suppression of EMT is directly mediated by inhibi-
tion of STAT3. STATS3 is also suggested a potential target of lycorine-
induced anticancer effect as no significant decrease in cell viability was
observed in the STAT3 knockdown prostate cancer cell [70]. In non-
small cell lung cancer, lycorine effectively suppresses the Wnt/[3-ca-
tenin signaling for EMT reversal [122].

Apart from the above mention effects of lycorine, it can also mod-
ulate several signaling pathways to regulate growth and proliferation of
cancer cells. These include the JNK pathway [69], the phosphor-Akt
pathway [71,123], the MEK/ERK pathway [66] and the JAK/STAT
signaling pathway [67].

6. Structural features required for anti-tumor activity of lycorine

The structure-activity relationship (SAR) enables the determination
of the chemical or 3D structure responsible for a target biological ac-
tivity of a molecule. This allows the changes of chemical groups to
modify the effect, potency, and bioavailability of the given molecule.
Therefore, it is important to understand the structural features of a
bioactive compound for further research and development of that
compound into a clinically available drug.

The requirement of structural chemistry of lycorine greatly varies
depending on its pharmacological activity. For example, the opening of
the dioxolane ring results in loss of activity against dengue and hepatitis
C virus (HCV), but substituents with suitable groups at this position can
facilitate specific binding and activate Wnt signaling [124-126]. Wnt/
[-catenin signaling pathway is very important for the development and
is highly conserved. Lycorine derivatives that can act as an agonist of
this pathway need the C—C single bond (C-11, C-12) of the thiazole
ring-D [126]. The carbon double bond at ring-C (C-3, C-4) is vital for
the anti —HCV or anti plasmodial activity and derivatives that possess
free hydroxyl groups at C-1 and C-2 or esterified as acetates are active
[125,14]. Although di-substitution on the free hydroxyl groups at C-1
and C-2 clearly reduces the cytotoxicity, an unsaturated ketone at either
of these positions would improve the HCV inhibitory activity of ly-
corine [125,127]. The ketone substitution at C-2 is also effective for the
anti-dengue activity of lycorine. At the same time, substitution with
linear aliphatic on C-1 would enhance the activity, while the increase in
carbon chain with bulky substituents or any aromatic substitution result
in loss of activity against dengue virus [124,128]. The heme-containing
mono-oxygenase enzymes Cytochromes P450 (CYP450) are involved in
the detoxification of a wide variety of xenobiotics including environ-
mental toxins and drugs. Preliminary structure-activity relationship
points that either C-1 or C-2 substitution with bulky substances in the
lycorine results in potent CYP450 inhibitory activity while di-sub-
stitution at these positions only moderately retrieve the activity [129].
The unprotected —OH groups at C-1 and C-2 position are also not ne-
cessary to the antiparasitic activity of lycorine derivatives [130]. Ly-
corine series of Amaryllidaceae alkaloids require a hydrogen-bond ac-
ceptor at the C-1 for acetylcholinesterase and butyrylcholinesterase
inhibitory activity and the lipophilic substituent at C-2 increases the
activity. However, oxidation at C2 is supposed to deactivate the com-
pound of its inhibitory effect [131,132]. The common structural
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characteristics need for the pharmacologic activity of lycorine deriva-
tives include, the planarity of the molecule, basic nitrogen, and free
hydroxyl group.

Numerous studies that were aimed to determine the SAR of lycorine,
found several structural features required for its anti-tumor activity
[Table 2 and Fig. 2B]. The presence of the unaltered hydroxyl groups
at C-1 and C-2 position in its original form is essential for the anti-tumor
property of lycorine [23]. However, analogs incorporating changes of
the diol in the C-ring by sterically bulky substituents was well tolerated.
The activity is likely attributed by intracellular nucleophilic substitu-
tion of these derivatives to lycorine with water. Although the hydro-
phobic elements in C-ring are not part of the pharmacophore, they
assist the molecule in cell penetration and any substitution at these
positions that lacking the ability to intracellular hydrolysis is either
inactive or moderately active [133]. The presence of nucleophilic sites
in C-ring at positions C-1 and C-2 is also a structural feature required for
the inhibition of amino acid biosynthesis by lycorine [23].

There is an absolute requirement for the presence of a basic nitrogen
at position N-6 of the B-ring. Quaternization by incorporation of methyl
iodide or amide to this nitrogen that provides the non-basic character of
the nitrogen atom resulted in a loss of activity. Exceptions to this rule
are ring-C aromatized lycorine analogs, however, they are active
against some but not all of the cancer cell lines [23,133].

Another structural feature required for the anti-tumor activity of
lycorine is the stereochemistry and conformational freedom of the C-
ring. The intact B and C-rings and [3-conformation of D-ring are required
for both anti-tumor effects and inhibition of ascorbic acid synthesis
function of lycorine. Any di-hydro derivative at C-ring shows the ab-
sence of anti-tumor activity. However, transposition of the double
bonds in C-ring proved to be equipotent to lycorine. In addition, deri-
vatives with the open conformation of the A-ring retained similar ac-
tivity as lycorine, suggests that this ring constitute no structural feature
that is essential for the anti-tumor activity [9,23].

Other features that might provide useful guidelines for future analog
design are lipophilicity and conjugation of long-chain fatty acid.
Although the derivatives with fatty acid conjugate did not show ele-
vated potencies, they are proved to be chemically stable in a pH range
of 5-7.4. Furthermore, the difficulty of penetrating the cell for lycorine
derivatives with highly hydrophilic substituent renders them inactive
[133].

7. Pharmacokinetic aspects of lycorine

Despite extensive researches in the pharmacological activities of
lycorine, little is known about its pharmacokinetics due to the lack of
reliable methods for the pharmacokinetic study of lycorine. Preclinical
studies have shown that there is no significant difference in the phar-
macokinetic parameters of lycorine after either intravenous (IV) or in-
traperitoneal (IP) administration. However, these parameters vary with
the methods applied for the pharmacokinetic studies. The maximum
plasma concentration (C,,) and area under the curve (AUC) of ly-
corine increase with the dose, although not proportionally. In general,
plasma half-life (t;,5) of lycorine at a dose of 10 mg/kg is 3-5h while
the maximum concentration (T.) reaches at around 10 to 15min
[140,141]. Lycorine and galanthamine are the most abundant alkaloids
isolated from Amaryllidaceae plants and the US food and drug admin-
istration (FDA) have already approved galanthamine as a prescription
drug [142]. Although both of these compounds possess very similar
chemical structures, their pharmacokinetic parameters following oral
administration are found to be different. The AUC of lycorine is higher
than that of galanthamine. However, galanthamine was found to be
absorbed more quickly and eliminate more slowly from the body than
lycorine probably due to their metabolic status differences in the in-
testine and/or liver [143]. Lycorine is extensively distributed in all
tissues of the animal body such as liver, spleen, heart, brain, lung,
kidney and stomach, and to be undetectable within 2h after
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administration. Regardless of the route, 15min post-administration
concentration of lycorine was higher in kidney and lower in the liver.
This implies that large quantity of lycorine is eliminated through the
kidney and that it may metabolize in the liver [140]. In vivo experi-
ments in beagle dog analyzing plasma (BP) and in vitro incubations
with rat liver microsomes (RLM) have also found phase-I metabolites
confirming the metabolic site of lycorine to be liver [144,145]. Fur-
thermore, electrochemical (EC) metabolism simulation suggested that
lycorine undergoes loss of water to form the phase-I metabolite un-
geremine [145]. However, no phase-II conjugation products were found
in BP, RLM or EC study.

8. Future perspectives

The phenotypic screening of natural compounds is followed by the
identification of new or potential therapeutic targets that are indis-
pensable for tumor development. No specific target for lycorine-in-
duced anticancer effect have been identified so far. However, studies
provided several potential targets for lycorine action including Bcl-2
family proteins Bcl-2 and Mcl-1, HDAC, TNF-a, STAT and HMGBI.
Given that lycorine induces multiple anti-neoplastic effects, the ex-
istence of diverse molecular target of lycorine is probable. Nonetheless,
specific molecular targets for lycorine such as enzymes, receptors, DNA
or RNA materials should be investigated. Studies should be directed to
the pharmacokinetic, safety and toxicological features to achieve a
better understanding of bioavailability, metabolism, and tissue dis-
tribution behavior of this compound. High capability of lycorine for
combating cancers offers motivation to medicinal and organic chemists
to investigate the chemistry and active moiety associated with this al-
kaloid to make this compound more bioavailable and lower toxic. It is
worth mentioning at this point that formulation of mannosylated ly-
corine-oleic acid nano-emulsion showed improved lipophilicity of and
cellular uptake of lycorine with preferable growth inhibition activity
[146]. Considering the activity of lycorine in resistant cells and po-
tential in combination with other drugs, further exploration of the
mechanism of lycorine in the context of resistant as a single agent or in
combination with other drugs is needed. Furthermore, for the better
understanding the mechanisms and metabolism of lycorine, basic mo-
lecular biological and biochemical investigations should be continued.
Concerning the high morbidity of cancer worldwide with fewer effec-
tive therapies, this is the right time to work with this natural compound
for improving the present cancer treatment in clinical settings.

9. Conclusion

The Amaryllidaceae alkaloid lycorine is proved to be a potent an-
ticancer molecule that works in a low concentration and evident to be
well tolerated to the animal. In this article we have outlined the an-
ticancer mechanism of lycorine, discussed the structural characteristics
related to the activity of this molecule and pharmacological aspects
associated. The studies summarized in this review provides the biologist
and chemist rational for further exploration of lycorine for bringing this
natural compound from bench to bedside.
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