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Abstract: Considered as the second deadliest disease globally, cancer has captured the attention
of researchers who have been trying with perseverance to decode its hidden aspects, to find new
prognosis methods, and to develop better and more effective treatments. Plants have continuously
offered an excess of unique secondary metabolites with remarkable biological applications. Alkaloids,
one of the most abundant metabolites, constitute a large conglomerate of basic heterocyclic
nitrogen-containing natural compounds which are normally produced by plants as toxic substances.
Out of the 27,000 different alkaloids, more than 17,000 have displayed diversified pharmacological
properties including anticancer activities. These metabolites have been classified either according
to their chemical structures or their taxonomic origin. None of the researched alkaloids have been
classified according to their molecular mechanism of action against cancer. In fact, only a fraction of
the tremendous number of anticancer alkaloids has been copiously mentioned in journals. Here, we
aim to provide a summary of the literature on some of the promising anticancer alkaloids that have
not been well discussed previously and to classify them according to their molecular mechanisms
of action. This review will provide a better understanding of the anticancer mechanisms of these
promising natural products that are a rich reservoir for drug discovery.
Keywords: alkaloids; apoptosis; cancer therapeutics; medicinal plants; molecular activity

1. Introduction
Although neither contagious nor infectious, cancer roars as the second leading cause of death
worldwide, grieving an estimated 8.2 million deaths in 2012 according to the World Health Organization
(WHO data, 2012). Systematic research in the cancer field has reported that the rapid uncontrollable
multiplication and spreading of abnormal cells is the foremost cause of cancer development and
progression. In principle, dynamic abnormalities constantly emerge in the genome of cancer cells
during cellular division, and the accumulation of such genetic mutations, mainly those targeting tumor
suppressor proteins, growth factors and transcription factors, govern the transformation of normal
cells into malignant cancers. These hostile cells have the ability to evade apoptosis, avoid immunity
detection, and replicate limitlessly [1,2]. Although huge efforts have been invested in the development
of a cure for this fatal disease, the number of cancer patients has been increasing dramatically with
millions of new cases arising each year [3]. As a matter of fact, experts have anticipated that the annual
cancer cases will increase from 14 million in 2012 to 22 million within the next two decades (WHO
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data, 2012). Furthermore, the disseminated resistance of cancer cells to apoptosis and to effective
chemo-therapeutic agents creates a great threat and urges the discovery of novel adjuvant therapies [4].
There is no doubt that medicinal plants, the oldest form of medicaments employed by man in the
battle against the majority of diseases and disorders [5], could serve as a safe alternative substitute for
many of the synthetic drugs used in current clinical therapies [6]. In fact, herbal medicine constitutes
the largest and most valuable source of natural agents that are proven to have potent effects against
many varieties of maladies, including cancer [7]. Ample evidence confirms that the biological activity
of these plants stems mainly from their secondary metabolites, which include the promising alkaloids.
Interestingly, this family of compounds has recently gained great interest in the cancer treatment
province due to their anti-proliferative and anti-angiogenic effects [8].
The majority of studies focus on the induced cytotoxicity of well-known alkaloids such as
vinblastine, topotecan, taxol, vincristine and vinflunine that are used clinically in cancer therapy
worldwide [9]. Screening for novel agents has led to the discovery of new alkaloids that showed
promising anti-neoplastic and apoptotic abilities in several cancer cell lines. In this paper, we intend to
shed light on promising emerging alkaloids that could be potentially translated into the clinical setting
as cancer therapeutics. In fact, we seek to integrate the extensive knowledge and wide literature on
anticancer natural agents with the purpose of classifying 20 new alkaloids in a novel way by principally
investigating and summarizing their molecular mechanism of action against cancer.
2. Plant-Derived Alkaloids: A Fountain of Bioactive Agents
Since the emergence of herbal medicines, alkaloids have gained ascending popularity due to
their incontestable physiological properties [10]. From an evolutionary perspective, these secondary
metabolites were employed by various plants for protection against herbivorous predators [11]. Then,
they were soon exploited by antiquity hunters and transformed into the venom used in poisonous
arrows [12]. Afterwards, at the dawn of the 19th century, studies were initiated on these important
substances, and year after year, their biological activity began to emerge and get recognized in the
medical field, making them one of the major components of several anticancer drugs [13,14].
Additionally, among the hundreds of screened natural secondary metabolites, alkaloids embody
the largest group of low molecular weight organic nitrogenous compounds isolated from terrestrial
and marine sources [14]. The structural diversity of this family is actually due to the wide number
of amino acids used as building blocks. Indeed, the peptide ring that they contain has one or
more of its hydrogen atoms replaced with various alkyl radicals, most of which contain oxygen.
As a consequence, alkaloids are capable of interacting with a wide spectrum of molecules [10,15].
In fact, out of thousands of different alkaloids, about 17,000 molecules have displayed pronounced
biological and pharmacological activities [16]. With their unlimited supply of endless structures as
well as their relatively low toxicity and well-documented stability, alkaloids have been a base for the
extraction and synthesis of hundreds of medications which are used to combat various ailments [14].
Consequently, alkaloids have undoubtedly revolutionized medicine as anti-inflammatory, antibacterial,
and most importantly antitumor agents [10].
Studies have proven the efficacy of plant-derived alkaloids in oncogenesis suppression. Alkaloids
are capable of modulating key signaling pathways involved in proliferation, cell cycle, and metastasis,
making them the chief components of several clinical anticancer agents [17]. Interestingly, the molecular
mechanisms that these secondary metabolites act on are numerous and effective in various ways
against cancer cells. For instance, paclitaxel is one of the major agents used clinically against breast
cancer, ovarian cancer, non-small cell lung cancer, and prostate cancer [18]. On the other hand,
vincristine has shown to be highly effective in the treatment of lymphoid cancers such as acute
lymphoblastic leukemia [19]. Most of these medically exploited alkaloids function as therapeutics by
mainly provoking DNA damage, inducing apoptosis, and acting as anti-proliferative agents; however,
their associated toxicity urges the finding of new natural compounds that have the potential to
selectively target cancerous cells [20–22].
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3. Emerging Cytotoxic Alkaloids: Apoptotic Strategies
Apoptosis plays many important roles in the development and survival of multicellular organisms.
It is a well-executed operation that involves ordered morphological and biochemical events that
precede cell death; these include DNA breakage/laddering, cell shrinkage, nuclear condensation,
membrane blebbing (membrane-bound apoptotic bodies) and modulation of precise signaling circuitry.
Hence, apoptosis represents an essential part of the normal cell cycle and a natural barrier to cancer
development [23,24].
Any irreversible disturbance in the upstream regulators or downstream effector components of
the apoptotic machinery leads to tumorigenesis. In fact, evading apoptosis and resisting cell death is
one of the ten hallmarks of cancer which directs the process of cell immortalization. Nevertheless, any
molecule that is able to induce and activate the apoptotic signaling proteins can be considered as a
promising remedy for cancer treatment [1].
Due to their complex and diversified structures and activities, the conventional classification of
alkaloids has been a challenge. Newly emerging plant-derived alkaloids have been found to exhibit
cytotoxic effects on several cancer cells with promising IC50 values (Table 1). Below, we present a novel
grouping scheme in the categorization of alkaloids, relying on their molecular mechanism of action as
agents that induce apoptosis in cancerous cells.
Table 1. Activity of newly emerging anti-neoplastic plant-derived alkaloids on cancer cell lines.
Alkaloids
Liriodenine

Plant Source
Enicosanthellum pulchrum
(King) Heusden

Type of Cancer
Ovarian

Cell Lines (IC50 )
SKOV-3 (68.0 µM)

laryngocarcinoma

References

CAOV-3 (37.3 µM)
[25,26]

HEp-2 (2.332 µM)
LN229 (70 µM)

glioma cell cancer

A172 (20 µM)

[27,28]

U251 (40 µM)

neuroblastoma

cervical

SK-SY5Y, SH-EP1, SK-N-MC,
SK-N-AS, LA1-55N, NB1643, NB1691,
SK-N-SH, and IMR32 (IC50 range for
all cell lines: from 21 to 100 µM)
HeL
Ca Ski

Noscapine

Papaver somniferum L.

colon

Caco-2
T84

ovarian

[27,28]

SK-OV-3
and SigC

prostate

DU145

human lymphoblast

CEM (14.5 µM)

human cervix

HeLa (24.0 µM)

lung adenocarcinoma

A549 (72.9 µM)

breast epithelial
breast

MCF-7 (42.3 µM)
MDA-MB-231 (20.15 µM)
MCF-7 (15.47 µM)

lung adenocarcinoma

A549

Osteosarcoma

MG63

T-cell leukemia

CCRF-CEM
CEM/VM-1

Cryptolepine

Cryptolepis sanguinolenta
Sida acuta Brum.f.
Sida cordifolia L.

RPMI 8226-S
multiple myeloma

8226/Dox
8226/LR5

histiocytic lymphoma

U-937-GTB
U-937/Vcr

small cell lung cancer

NCI-H69
H69/AR

renal adenocarcinoma

ACHN

cervical adenocarcinoma

HeLa

immortalized normal retinal
epithelial cells

hTERT-RPE
(mean IC50 of all cell lines: 0.9 µM)

[29–31]
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Table 1. Cont.
Alkaloids

Plant Source

Type of Cancer

Cell Lines (IC50 )

References

Clausenidin

Clausena excavata Burum.f.

colon

HT-29 (13.8 µg/mL)

[32]

Isogravacridone
chlorine

Ruta graveolens L.

breasts

MDA-MB-231 (2.27 µM)

[33]

Ovcar-8 (10 µM)
Cycleanine

Triclisia subcordata Oliv.

ovarian

A2780 (7.6 µM)

[34]

Ovcar-4 (7.2 µM)
Igrov-1 (14 µM)

Cathachunine

Catharanthus roseus (L.) G.Don.

leukemia

HL60 (9.1 µM)

[35]

K562 (9.3) µM
lung
Brucine

Strychnos nux-vomica L.

hepatocellular carcinoma

SMMC-7721
colon
lung

Subditine

Nauclea subdita (Korth.) Steud.

PC-9
HepG2

prostate

[36–38]

LoVo (15.1 µM)
PC-9
LNCaP (12.24 µM)

[39]

PC-3 (13.97 µM)
Scutebarbatine-A
(SBT-A)

Scutellaria barbata D.Don.

lung

A549 (39.21 µg/mL)

[40]

T47D (50 µM), and
breast
Rohitukine

Tabernaelegantine C

Dysoxylum binectariferum
Hook.f.

Tabernaemontana elegans Stapf

MIDAMB273 (3 µM)
MCF7 (15 µM)

ovarian

SKOV3 (20 µM)

lung

A549 (40 µM)

colon

HCT116 (20 µM)

[41]

[42]

Muntafara sessilifolia Baker
Tabernaelegantinine B

Tabernaemontana elegans Stapf

colon

Muntafara sessilifolia Baker
human breast
Hirsutine

Plants of genus Uncaria

HCT116 (20 µM)

[42]

MRC-5 (0.47 µM)

mouse mammary carcinoma

MDA-MB-453
BT474

[43,44]

4T1
human promyelocytic leukemia
β-carboline

Pretazettine

α-tomatine

Peganum harmala L.

Amaryllidaceae (genus
Amaryllis L.)

Lycopersicon esculentum Mill.

HL-60 (3.48 µg/mL)

prostate

PC-3 (10.59 µg/mL)

gastric

SGC-7901 (11.53 µg/mL)

breast

MCF7 (7.869 µM)

cervical

HeLa (8.853 µM)

skin epidermoid carcinoma

A431 (5.373 µM)

human lung adenocarcinoma

A549 cells

human prostatic
adenocarcinoma

PC-3 Cells (1.67 µM)

[45,46]

[47]

[48,49]

3.1. DNA Damaging Alkaloids: A Useful Damage
Cells have evolved two strategies to fix their most vulnerable material, the DNA. The first is instant
damaged-DNA repairing and the second is inactivating cells harboring damaged genomes. In fact,
both steps are crucial to maintain the cellular genomic stability because non-repaired DNA damage is
often coupled with genetic mutations, which in turn could lead to malignant transformation [1,50].
The surveillance machinery, commonly known as checkpoints, is able to halt cell cycle progression until
the damage is repaired, but if the damage is irreversible, the prominent route would be apoptosis [51].
Cancer cells have developed the ability to surpass these guardian checkpoints and continue their
division normally with the least interest of fixing their genetic injury [52]. In addition, PI3k/Akt signal
transduction cascade is one of the several cellular proliferative pathways which promotes a normal cell
cycle progression by modulating cyclins and pro-apoptotic proteins. Hence, overexpressed Akt leads to
abnormal proliferative and anti-apoptotic signals that initiate the transformation of malignant tumors.
Accordingly, many cytotoxic agents target DNA and the Akt pathway either directly or indirectly
to block cell proliferation and induce apoptosis [53]. As such, alkaloids that promote apoptosis via
inducing DNA damage seem to be a great option for cancer treatment.
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Hirsutine (Figure 1), a major alkaloid extracted from plants of the genus Uncaria, has been
reported to selectively inhibit Akt in human breast cancer cells, namely HER2 positive, p53-mutated
MDA-MB-453, and BT474 cell lines [43]. Hirsutine was found to induce DNA damage as manifested by
the up-regulation of γH2AX, a marker of DNA breakage [52], and to increase the expression of p-p38
MAPK. As a matter of fact, triple negative breast cancer (TNBC) represents an aggressive subtype of
breast cancer responsible for disease recurrence, metastasis, and chemo-resistance [54]. Preliminary
results of the anticancer in vitro efficacy of hirsutine showed that this alkaloid alone is capable of
modulating the survival pathways and causing DNA damage, making it worthy to be incorporated
with other drugs
for the clinical treatment of TNBC [43]. However, hirsutine’s molecular
activity
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drugs for the clinical treatment of TNBC [43]. However, hirsutine’s molecular activity has been only tested
potentially unveil
additional effects on more diverse types of cancers and lead to its development into
on breast cancer cells. Hence, further studies on this new metabolite could potentially unveil additional
an effective anticancer
otherand
hand,
(Figure
1) a glycoalkaloid
effects on moredrug.
diverseOn
typesthe
of cancers
lead toα-tomatine
its development
into an effective
anticancer drug. common in
On the other hand,
α-tomatine
(Figure
a glycoalkaloid
common in Lycopersicon
esculentum
Mill.,the
was extracellular
Lycopersicon esculentum
Mill.,
was found
to1)inhibit
Akt phosphorylation
and
suppress
found to inhibit Akt phosphorylation and suppress the extracellular signal-regulated kinase 1 and 2
signal-regulated
kinase 1 and 2 (ERK1/2) without affecting the p38 MAPK [48].
(ERK1/2) without affecting the p38 MAPK [48].

Figure 1. Chemical structures of hirsutine, α-tomatine, cathachunine, rohitukine and subditine.

Figure 1. Chemical structures of hirsutine, α-tomatine, cathachunine, rohitukine and subditine.
Importantly, neoplastic development in the majority of cancers is promoted by many factors
including an elevated level of the DNA-damaging reactive oxygen species (ROS). Normally, once the

Importantly,
neoplastic development in the majority of cancers is promoted by many factors
quantity of such species exceeds a certain limit, they are destroyed by anti-oxidant proteins; a balance
including anofelevated
ofinthe
DNA-damaging
reactive
oxygen
species (ROS).
Normally, once
ROS radicallevel
species
the cell
is delicately controlled
and is vital
for its well-functioning.
Several
are known
to disrupt
the ROS balance
the cell
favoring
its abnormal
increase and
the quantityanticancer
of suchdrugs
species
exceeds
a certain
limit, inthey
are
destroyed
by anti-oxidant
proteins;
eventually leading to ROS-induced apoptosis. These agents mainly prevent early events in tumorigenesis,
a balance of ROS
radical species in the cell is delicately controlled and is vital for its well-functioning.
where ROS plays a central part [55]. In fact, cathachunine (isolated from Catharanthus roseus (L.)
Several anticancer
drugs are
known
to disrupt
the ROS
balance(extracted
in the from
cellNauclea
favoring
G.Don. commonly
known
as the Madagascar
periwinkle)
and subditine
subditaits abnormal
Steud.), both
presented
in Figure 1, are two
emerging alkaloids
thatagents
act by increasing
increase and(Korth.)
eventually
leading
to ROS-induced
apoptosis.
These
mainlythe
prevent early
intracellular levels of ROS in abnormal cells and are effective against leukemia [35] and prostate
events in tumorigenesis,
where ROS plays a central part [55]. In fact, cathachunine (isolated from
cancer [39]. Similarly, rohitukine (isolated from Dysoxylum binectariferum Hook.f.), had significant
Catharanthuscytotoxicity
roseus (L.)
G.Don.
commonly
known
as the
Madagascar
periwinkle)
and subditine
against
breast cancer,
ovarian cancer,
and lung
cancer
via ROS generation
[41]. Topotecan,
a commonly
chemotherapeutic
agent and
topoisomerase
inhibitor,
acts against
cancers,
(extracted from
Naucleaused
subdita
(Korth.) Steud.),
both
presented
in Figure
1, are many
two emerging
alkaloids
mainly cervical cancer and small cell lung cancer, by creating double-stranded DNA damage [56].
that act by increasing
the intracellular levels of ROS in abnormal cells and are effective against
However, this alkaloid causes numerous toxic responses ranging from diarrhea, nausea, vomiting
leukemia [35]and
and
prostate
cancer [39].severe
Similarly,
rohitukine
(isolatedsevere
from
Dysoxylum binectariferum
fatigue to granulocytopenia,
neutropenia,
febrile neutropenia,
thrombocytopenia,
severe
anemia,
asthenia,
and
total
alopecia
[57–59].
The
newly
emerging
alkaloids
cathachunine,
Hook.f.), had significant cytotoxicity against breast cancer, ovarian cancer, and
lung cancer via ROS
subditine and rohitukine cause DNA damage, as summarized in Table 2, and thus could form equally
generation [41].
Topotecan,
a
commonly
used
chemotherapeutic
agent
and
topoisomerase
inhibitor, acts
effective or even better drugs than topotecan, with less toxic responses and side-effects.
against many cancers, mainly cervical cancer and small cell lung cancer, by creating double-stranded
DNA damage [56]. However, this alkaloid causes numerous toxic responses ranging from diarrhea,
nausea, vomiting and fatigue to granulocytopenia, severe neutropenia, febrile neutropenia, severe
thrombocytopenia, severe anemia, asthenia, and total alopecia [57–59]. The newly emerging alkaloids
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cathachunine, subditine and rohitukine cause DNA damage, as summarized in Table 2, and thus could
form equally effective or even better drugs than topotecan, with less toxic responses and side-effects.
Table 2. Emerging DNA damaging plant-derived alkaloids.
Alkaloid

Type of Cancers It Protects against

Exact Pathway

References

Cathachunine

leukemia

↑ROS levels

[35]

Subditine

prostate

↑ROS levels

[39]

Rohitukine

breast, ovarian, lung

↑ROS levels

[41]
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Damaging DNA

human, breast, cancer, mouse
Table 2. Emerging DNA damaging plant-derived↑γH2AX
alkaloids
[43,44]
mammary carcinoma
Suppression
of
Akt
Pathways
Type of Cancers It Protects against
Exact Pathway
References

Alkaloid
Cathachunine
Subditine
Alkaloids:
Caspase
Rohitukine

leukemia
prostate
Activators
breast, ovarian, lung

↑ROS levels
↑ROS levels
↑ROS levels

[35]
[39]
[41]

Damaging DNA
Cysteine Asparatic Proteases,
known
“Caspases”, specifically
cleave their substrate proteins
human,
breast, as
cancer,
↑γH2AX
Hirsutine
[43,44]
mouseapoptosis
mammary carcinoma
at the aspartate residues during
in a self-amplifying
cascade.
Suppression of Akt PathwaysCaspases are important
agents in the programmed cell death pathways. Two major pathways of caspase activation have been
3.2. Apoptotic
Alkaloids:
Caspase
characterized,
the intrinsic
and
the Activators
extrinsic pathways. They integrate the various apoptotic signals
Cysteine
Asparatic
Proteases,
known as
“Caspases”,
specifically
cleaveoncogene
their substrate
proteins and p53
activated by DNA damage, cytotoxic agents,
ROS
production,
aberrant
expression
at
the
aspartate
residues
during
apoptosis
in
a
self-amplifying
cascade.
Caspases
are
important
activation. Once any of these signals is detected, the apoptotic machinery is activated [60,61].
agents in the programmed cell death pathways. Two major pathways of caspase activation have been
Uponcharacterized,
investigating
the molecular mechanism of apoptosis induction, subditine (Figure 1),
the intrinsic and the extrinsic pathways. They integrate the various apoptotic signals
a monoterpenoid
isolatedagents,
fromROS
theproduction,
bark of N.aberrant
subdita,
was found
to activate
activatedindole
by DNAalkaloid,
damage, cytotoxic
oncogene
expression
and p53 apoptosis
activation. Once
any of these
signals is detected,
apoptotic
machinery
is activated
[60,61]. pathway [39].
in a dose-dependent
fashion
in human
prostatethecancer
cells
through
the intrinsic
Upon investigating
the molecular
mechanism of
apoptosis
induction, subditine
(Figure
a
Subditine treatment
led to higher
p53 expression
and
down-regulation
of Bcl2
and1),Bcl-xL
thus
monoterpenoid indole alkaloid, isolated from the bark of N. subdita, was found to activate apoptosis in
inhibiting atheir
anti-apoptotic activity. In addition, scutebarbatine A (Figure 2), a major alkaloid
dose-dependent fashion in human prostate cancer cells through the intrinsic pathway [39]. Subditine
in Scutellaria
barbata
found toand
exhibit
its anti-proliferative
activity
againsttheir
human lung
treatment ledD.Don.,
to higher was
p53 expression
down-regulation
of Bcl2 and Bcl-xL
thus inhibiting
anti-apoptotic
activity.
In
addition,
scutebarbatine
A
(Figure
2),
a
major
alkaloid
in
Scutellaria
barbata
carcinoma cells, in a dose-dependent manner, through the cleavage of caspases-3 and -9 as well as
D.Don., was found
to exhibit
its anti-proliferative
activity
against
human lung
carcinoma cells,cinefflux
a
the down-regulation
of Bcl-2
protein
expression which
was
confirmed
by cytochrome
to the
dose-dependent manner, through the cleavage of caspases-3 and -9 as well as the down-regulation of
cytosol [40].
Furthermore,
tabernaelegantine
C
and
tabernaelegantinine
B
(Figure
2),
two
alkaloids
Bcl-2 protein expression which was confirmed by cytochrome c efflux to the cytosol [40]. Furthermore,
isolated from
Tabernaemontana
elegans Stapf, aB medicinal
were
found
activate caspase-8 in
tabernaelegantine
C and tabernaelegantinine
(Figure 2), twoplant,
alkaloids
isolated
fromto
Tabernaemontana
Stapf, a medicinal
plant, were
found towhich
activatewere
caspase-8
in colon
[42]. Additional
colon cellselegans
[42]. Additional
apoptotic
alkaloids,
shown
to becells
promising
against a wide
apoptotic alkaloids, which were shown to be promising against a wide array of cancer cells, are
array of cancer
cells, are demonstrated in Table 3 and chemical structures are in Figures 1 and 2.

demonstrated in Table 3 and chemical structures are in Figures 1 and 2.
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Figure 2. Chemical structures of scutebarbatine A, tabernaelegantinine B, tabernaelegantine C, brucine,
Figure 2. Chemical
structures of scutebarbatine A, tabernaelegantinine B, tabernaelegantine C, brucine,
isogravacridone chlorine, clausenidin, cryptolepine and liriodenine.
isogravacridone chlorine, clausenidin, cryptolepine and liriodenine.

Primarily, anticancer therapies function via the modulation of several signaling pathways which
ultimately result in the activation of caspases; the latter, in turn, executes and controls the apoptotic
Primarily, anticancer therapies function via the modulation of several signaling pathways which
machinery to direct cancer cells towards cellular death [62]. Newly emerging alkaloids, derived from
ultimatelyplants,
resultactivate
in theanactivation
ofofcaspases;
latter,
in turn,
and controls
the apoptotic
enormous set
caspases, asthe
shown
in Table
3, andexecutes
have very acceptable
IC50 values
machinerymaking
to direct
towards
deathinhibition
[62]. Newly
emerging
derived from
themcancer
worthy cells
of further
testing.cellular
In fact, acquired
of caspase
activationalkaloids,
is a major factor
in
chemo-resistance
[63],
thus
combining
these
alkaloids
with
standard
chemotherapy
targeting
plants, activate an enormous set of caspases, as shown in Table 3, and have very acceptable IC50 values
multidrug resistant (MDR) cancer cells may result in significant inhibitory and apoptotic effects.

making them worthy of further testing. In fact, acquired inhibition of caspase activation is a major
factor in chemo-resistanceTable
[63],3.thus
combining
these
alkaloids
with standard
Apoptotic
mechanisms
of emerging
plant-derived
alkaloids. chemotherapy targeting
multidrug resistant
(MDR) cancer cells may
result
in significant inhibitory and
apoptotic effects.
Alkaloid
Mechanisms
of Action
References
Cleavage of caspases-3 and -9
Liriodenine

Efflux of cytochrome c
[25]
Table 3. Apoptotic mechanisms
of emerging plant-derived alkaloids.
↑Bax, ↑p53 expression, ↓Bcl-2 and ↓survivin

Cryptolepine

Alkaloid
Clausenidin

Liriodenine

Isogravacridone chlorine

Cryptolepine
Cathachunine

Clausenidin
Brucine

Isogravacridone chlorine
Subditine

Cathachunine

Scutebarbatine A (SBT-A)

Brucine
Rohitukine
Tabernaelegantinine B
Subditine
Tabernaelegantine C

↑p53 and p21Cip1/WAF1
Cleavage ofof
caspases-3
Mechanisms
Action and -9
Efflux of cytochrome c

Cleavage of caspases-3 and -9
↑Bax and ↑Apaf-1
Efflux of cytochrome c
Cleavage of caspase-9
↑Bax, ↑p53 expression, ↓Bcl-2 and ↓survivin

Cleavage of caspases-3, -9 and PARP
↑p53
and p21Cip1/WAF1
Disruption
of mitochondrial membrane potential
Efflux of cytochrome c
Cleavage of caspases-3 and -9
activation of caspases-3 and -9
Efflux of cytochrome c
↑Bax and ↓Bcl-2
↑Bax and ↑Apaf-1
↑Bax and ↓Bcl-2 expression
Cleavage
of of
caspase-9
Cleavage
caspases-3 and -9
Efflux of
Cleavage
ofcytochrome
caspases-3,c -9 and PARP
↑Bax, ↑p53
↓Bcl-2,
and ↓Bcl-x potential
Disruption
ofexpression,
mitochondrial
membrane
Cleavage
of caspases-3
Efflux
of cytochrome
c and -9
Efflux ofofcytochrome
activation
caspases-3c and -9
↑Bax
↓Bcl-2
↑Bax
andand
↓Bcl-2
Cleavage of caspases-3 and -9
↑Bax
andof
↓Bcl-2
expression
Efflux
cytochrome
c
↓Bcl-2
Cleavage of caspases-3 and -9

Efflux
of cytochrome
c and -8
Cleavage
of caspases-3
↑Bax, ↑p53 expression, ↓Bcl-2, and ↓Bcl-x

[29,31]

References
[32]

[25]

[33]

[29,31]
[35]

[32]
[37]

[33]
[40]

[35]

[40]

[41][37]
[42][40]

Cleavage of caspases-3 and -9

3.3. Anti-Proliferative
Growth
Inhibitors c
of cytochrome
Scutebarbatine A Alkaloids:
(SBT-A) CellEfflux

[40]

↑Bax and ↓Bcl-2

3.3.1. Cell-Cycle Arrest

3.3.

Cleavage of caspases-3 and -9

Efflux
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3.3.1. Cell-Cycle Arrest
DNA replication and cellular division are processes which depend on the orchestration of various
cascades of protein phosphorylation and on numerous checkpoints which supervise these two critical
events and eventually lead to cell cycle completion. Cell cycle deregulation is one of the ten hallmarks
of cancer transformation, and targeting one of its key modulators, which include cyclins, cdks
(cyclin-dependent kinases), and tumor suppressor proteins (p53 and Rb), is a crucial step in arresting
cell cycle and consequently inducing cancer cell death [64,65].
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The importance of several of the emerging alkaloids resides in their ability to act on cell cycle
checkpoints to induce cell cycle arrest. This allows for repairs to be made, or in extreme cases directs
the cell towards apoptosis [66]. For instance, noscapine (Figure 3) isolated from the opium flower
Papaver somniferum L. induced G2/M arrest in various types of cancers such as breast cancer [28],
lung cancer,
and
colorectal
cancer [27]. Other alkaloids caused a halt in the S phase progression;
Molecules
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3.3.2. Alteration of the MAPK Pathway
In normal cells, the MAPK pathway plays a major role in linking extracellular signals to
cellular responses and processes such as growth, proliferation, differentiation, migration and
apoptosis [72]. Primarily, a certain ligand binds to a tyrosine receptor, activating the Ras protein
through phosphorylation [73]. The latter then binds to effector proteins, such as B-Raf, which stimulate
MEK 1 and 2. These kinases trigger ERK 1 and 2 activation, in turn activating several transcription
factors of the AP-1 family. These agents eventually move to the nucleus and lead to the expression
of genes encoding growth factors, cyclins, cytokines, and other important proteins involved in cell
proliferation. Subsequently, the Ras-GTP-B-Raf complex is normally inactivated by GTPase-Activating
Protein (GAP) shortly after its activation to avoid the overexpression of the cited proteins [61,74].
Numerous cancers have deregulations in the MAPK pathways that may lead to uncontrolled
cellular divisions and consequently the occurrence of malignancies. Therefore, many anticancer drugs
have been designed to modify and complement these disruptions. Two emerging alkaloids, rohitukine
and hirsutine (Figure 1), activate p38 MAPKs leading to a dose-dependent cytotoxicity against breast
cancer, ovarian, and lung cancer [41,43]. On the other hand, β-carboline alkaloid (Figure 3), isolated
from Peganum harmala L., was found to exert its anticancer potential against human promyelocytic
leukemia, prostate cancer, and gastric cancer by increasing the levels of Phosphatase and Tensin
Homolog (PTEN) and decreasing the levels of ERK [45].
3.3.3. Suppression of the NF-κB Pathway
Nuclear Factor-Kappa B (NF-κB) is an inducible nuclear transcription factor that activates genes
involved in cell survival and proliferation. However, its down-regulation directs the cells towards
apoptosis. The constitutive anomalous activation of this pathway leads to the up-regulation of proteins
involved in cell invasion and angiogenesis especially those related to cell adhesion and survival [75,76].
Alkaloids have been found to suppress tumorigenesis by targeting the NF-κB pathway, namely
by suppressing its activation and regulating its gene expression. Hirsutine, a bioactive alkaloid
isolated from plants of the genus Uncaria exerts its cytotoxicity against murine breast cancer [44]
and human breast cancer [43] cells by inhibiting the NF-κB pathway activation thereby abolishing
cancer progression. In a similar fashion, α-tomatine, a tomato glycoalkaloid, induces apoptosis in
human prostate cancer [49] and human lung adenocarcinoma cells [48] through the inhibition of NF-κB
nuclear translocation in a dose-dependent manner. Taxol, in addition to inducing cell cycle arrest, acts
through several other pathways such as p38 MAPK pathway and the NF-κB pathway [77]. Therefore,
the success of this drug in the clinic could potentially indicate the future success of hirsutine, rohitukine,
α-tomatine, and β-carboline alkaloid, all of which have been reported to target the NF-κB pathway.
3.4. Other Deadly Mechanisms: An Infinite Diversity
As presented throughout this review, many of the cited emerging alkaloids have been found to act
through several molecular approaches. The alkaloids hirsutine and pretazettine as well as β-carboline
alkaloids revealed additional modes of action, which will be presented below.
3.4.1. Formation of G-Quadruplexes
β-carboline alkaloids lead to the formation of G-quadruplexes which consist of four guanine
bases assembling in a three-dimensional square planar structure. These arrangements play
regulatory roles on genes, most importantly on oncogenes, thus acting as antitumor agents against
human promyelocytic leukemia, prostate cancer, and gastric cancer [46,78,79]. The formation of
G-quadruplexes can be considered as a novel approach for cancer treatment and can have promising
applications in anticancer drug design.
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3.4.2. HER2 Targeting
Anticancer drugs are most effective when they specifically target certain types of molecules.
The isolation of the alkaloid hirsutine triggered the interest of many scholars, because it targets specifically
the HER2 proteins activated in breast cancer cells. In fact, these proteins are encoded by the ERBB2
oncogene which is expressed in normal breast cells and which leads to the insertion of HER2 receptors.
These molecules provide a system of control on the cell growth, division, and repair machineries.
A mutation of ERBB2 ensues gene amplification resulting in the production of an enormous amount of
HER2 receptors or an alteration causing the overexpression of the HER2 protein can also have the same
result, eventually leading to loss of control in cell division and overgrowth. Such HER2-positive breast
cancer cells grow faster, spread more quickly, and have a higher chance of relapse than usual breast
cancer cells rendering them more treacherous and life-threatening [80]. Consequently, specialized
anti-HER2 cancer agents, such as hirsutine, act by impeding the uncontrolled growth signals of cancer
cells, thus causing their death. Two examples are the MDA-MB-453 and BT474 cell lines, which
exhibited cytotoxic responses when exposed to the hirsutine and underwent apoptosis [43].
3.4.3. Inhibition of the p-Glycoprotein ABCB1
Pretazettine (Figure 3) is a novel alkaloid which acts on several cancer cells in an interesting
and uncommon molecular mechanism. In fact, this metabolite extracted from the flowering plants
Amaryllidaceae battles breast cancer, cervical cancer, and skin epidermoid carcinoma by inhibiting
p-glycoprotein (P-gp) which is also known as the ABCB1-member of the ABC proteins [47]. Multidrug
resistance is a serious problem when treating cancer and this can occur through the up-regulation or
activation of ATP-binding cassette (ABC) proteins which desensitize cancer cells to therapeutics. Hence,
the inhibition of P-gp, one of the most important ABC proteins, increases the efficiency of cytotoxic
agents which target the cancer cells [81]. Since pretazettine affects the p-glycoprotein ABCB1, it can be
developed as a supportive agent to other cancer drugs, allowing them to overcome drug resistance.
4. Most Researched Alkaloids: A Comprehensive Molecular Machinery
Certain new alkaloids have been researched more than others and have been found to act
strenuously on cancer cells, through a wide array of molecular modes of action making them worthy
of being emphasized separately in this review.
4.1. Oxymatrine
Oxymatrine (Figure 4), isolated from the shrubby Sophora flavescens Ait., has been studied
thoroughly due to its diverse molecular effects [22]. Oxymatrine was found to induce time- and
dose-dependent cytotoxicity in cells derived from breast [82], ovarian [83], prostate [84], colorectal [85],
lung [86], gastric [87], cervical [88], and pancreatic cancers [89], as well as human hepatocellular
carcinoma [90], laryngeal squamous cell carcinoma [91], osteosarcoma [92] and hemangioma [93].
These numerous targets are convoyed by an even wider range of molecular mechanisms induced by
this alkaloid.
Oxymatrine has the potential to activate the intrinsic caspase pathway and induce apoptosis.
The latter is coupled with the up-regulation of Bax and p53, the down-regulation of Bcl-2 [82,84,86,88,92,93],
cell cycle arrest at the G0/G1 phase [91,93,94], and the inhibition of the NF-κB proliferative signaling
pathway [85,89]. Moreover, oxymatrine reduces the expression of several other genes and pathways.
For example, it is capable of inhibiting the epidermal growth factor receptor (EGFR) in gastric cancer
cells which is involved in DNA synthesis and cell proliferation [87]. On the other hand, in cervical
cancer cells, oxymatrine has the ability to constrain the activity of IMPDH2 enzyme [88] which is
required for guanosine 50 -triphosphate (GTP) formation and thus DNA and RNA synthesis [95].
Oxymatrine exerts its anti-angiogenic effect in pancreatic cancer cells via targeting the NF-κB pathway
and hindering the activity of the vascular endothelial growth factor (VEGF) involved in stimulating
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vasculogenesis and angiogenesis [89]. In addition, it suppresses the proliferation of gastric cancer cells
by reducing the levels of phosphor-Cofilin (Ser3) and phosphor-LIMK1 (Thr508) whose inhibition leads
to the Molecules
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arrest at the G2/M phase with IC50 ranging between 72 and 126 µM [100,102]. Recent studies have
revealed the ability of piperine to increase ROS generation as means to induce apoptosis in rectal and
colon cancer cells [98,103]. Moreover, in triple negative breast cancer cells MDA-MB-468, T-47D and
MCF-7, it exerted its cytotoxicity via inducing mitochondrial-caspase-dependent apoptosis, reducing
constitutive Akt activation and diminishing the expression of MMP-2 protein [99]. Nonetheless, in
HER2-overexpressing breast cancer cells, piperine inhibited the activation of AP-1 and NF-κB pathway
by interfering with Akt, p38 MAPK and ERK1/2 proliferative pathways resulting in caspase-3-activated
apoptosis [104].
A single animal study has been conducted to measure the anti-neoplastic efficacy of piperine.
Immuno-compromised female NOD-SCID mice were injected with triple-negative breast cancer cells
in the upper left mammary fat pad. The intratumoral injections of piperine at 0.2 mg/kg led to 54%
reduction of tumor volume in comparison to the control with insignificant associated cytotoxicity [99].
4.3. Piperlongumine
Piperlongumine (Figure 4), a natural bioactive molecule isolated from the long pepper (Piper
longum L.) plant, is an efficacious alkaloid that have shown to be promising in having anticancer
activity [105] by selectively inducing ROS generation and apoptosis in solid and liquid tumors
including gastric [106], glioma [107], breast [108], activated B-cell lymphoma [109], renal [110],
prostate [111], and colon cancers [112]. At the molecular level, piperlongumine was found to
raise the intracellular levels of ROS in gastric cancer cells with IC50 value ranging between 2.3 and
6.0 µM. The up-regulation of ROS was coupled to the inhibition of the antioxidant enzyme TrxR1,
the decreased expression levels of Bcl-2, the decreased expression of telomerase reverse transcriptase
gene, thus resulting in cell cycle arrest at the G2/M phase [106,113]. Piperlongumine enhanced
cisplatin antitumor ability in a synergetic manner against head-and-neck cancer by targeting stress
responses, thereby increasing the intracellular levels of ROS and inducing cell death [114]. Additionally,
treatment of multiple high-grade glioma spheres by piperlongumine caused increased ROS levels
and increased oxidative inactivation of peroxiredoxin 4, thus inducing endoplasmic reticulum stress
and apoptosis [107]. In addition to inducing ROS generation, piperlongumine inhibited the NF-κB
pathway by either hindering TNF-α in activated B cell lymphoma [109], or down-regulating c-Met
expression and its downstream signaling pathways such as Erk/MAK and STAT3 pathways in renal
cell carcinoma [110]. In breast and colon cancer, piperlongumine inhibited the proliferative STAT3
pathway and activated ERK signaling circuitry respectively as a means of inducing cell death [108,112].
Several animal studies have been conducted to explore the potential in vivo therapeutic efficacy
of piperlongumine. In gastric xenograft mice models, a dose of 12 mg/kg of piperlongumine
resulted in significantly smaller tumors without any associated weight loss [113]. On the other hand,
intraperitoneal injection of 2.5 mg/kg piperlongumine in head and neck xenograft models caused
significant decrease of the growth rate of the tumors. In the same study, combining piperlongumine
with 5 mg/kg of cisplatin revealed a possible synergistic effect, as the administration of both drugs
gave more pronounced decrease in tumor growth in comparison to single treatments [114]. In nude
mice models bearing human gastric cell tumors, the intraperitoneal injections of 3.6 mg/kg, once per
day, led to remarkably reduced tumor volumes, and was coupled with a decrease in Ki67 expression
and enhanced GADD45α expression with no apparent toxicity [106]. Moreover, a 20 mg/kg dose of
piperlongumine, used three times a week against renal xenograft mice models was tolerated by all
animals as the tumor volumes decreased by 50% with no recorded signs of toxicity [110]. Standard
chemotherapy and its sub-type, targeted therapy, rely on one or few molecular modes of action to
treat cancer [115]. In fact, a combination of chemotherapy and targeted therapy is being increasingly
used in cancer therapy, especially in cancers with developed chemo-resistance [67]. As summarized
in Table 4, oxymatrine, piperine, and piperlongumine, have the capacity to interfere with various
molecules involved in cancer proliferation and survival pathways, thus qualifying to serve as new
multi-potent drugs to be considered for clinical trials.
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Table 4. Activities and mechanisms of action of most researched emerging plant-derived alkaloids on cancer cell lines.
Alkaloid

Oxymatrine

Plant Source

Type of Cancer

Cell Lines (IC50 /ED50 )

Mechanism of Action

breast

MCF7

↑Bax and ↓Bcl-2

[82]

ovarian

OVCAR-3

Cleavage of caspase-3, ↑miR-29b and ↓matrix metalloproteinase-2 (MMP2)

[83]

prostate

DU145, PC-3

↑Bax, ↑p53, and ↓Bcl-2

[84]

colorectal

RKO
HCT116
SW480

Regulation of EMT markers (↑E-cadherin, ↓Snail and ↓N-cadherin)
Inhibition of NF-κB activation, ↓p65

[85]

lung

A549

↑Bax and ↓Bcl-2

[86]

gastric

MKN-45
BGC823
SGC7901
HEK293

G1 cell cycle arrest
Disruption of mitochondrial membrane potential
Inhibition of EGFR (p-Tyr845)
↓CyclinD1, ↓CDK4/6
↑Bax and ↓Bcl-2
↑ caspases-3 and -9 mRNA level
↓phospho-Cofilin (Ser3), phospho-LIMK1 (Thr508) levels, and ↓MMP2

[87]

cervical

CaSki

G0/G1 and S cell cycle arrest
↓HPV16E7

[94]

cervical

HeLa

↓IMPDH2
↓intracellular GTP

[88]

human hepatoma
carcinoma

Hep-G2 (1.32 mg/mL)
SMMC-7721 (1.21 mg/mL)

↑Bax and ↓Bcl-2 and ↑caspase-3 mRNA level

[90]

laryngeal squamous cell
carcinoma

Hep-2 (7 mg/mL)

G0/G1 cell cycle arrest
↓HPV16E7 gene

[91]

Pancreatic

PANC-1 (1 mg/mL)

Inhibition of NF-κB activity, ↓VEGF

[89]

osteosarcoma

MNNG/HOS (72.50 µg/mL)

↑Bax and ↓Bcl-2
Disruption of mitochondrial membrane potential
Efflux of cytochrome c
Cleavage of caspases-3 and -9
Inactivation of PI3K/Akt pathway
↑Bax and ↓Bcl-2

[92]

osteosarcoma

MG-63 (0.75 mg/mL)

Disruption of mitochondrial membrane potential
Cleavage of caspases-3 and -9
↑Bax and ↓Bcl-2

[116]

hemangioma

HDEC

↓HIF-1α, ↓VEGF, ↑Bax and ↑p53, and ↓Bcl-2
G0/G1 cell cycle arrest and ↓cyclinD1

[93]

breast

MCF-7

↓SP and ↓Wnt/β-catenin signaling pathways

[96]

Sophora flavescens Ait.
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Table 4. Cont.
Alkaloid

Piperine

Plant Source

Piper nigrum L.
Piper longum L.

Type of Cancer

Cell Lines (IC50 /ED50 )

Mechanism of Action

colon

CaCo-2 (54 µM)
SW480 (126 µM)
HCT116 (118 µM)
HT-29 (53 µM)

G1 cell cycle arrest
Disruption of mitochondrial membrane potential
Cleavage of caspases-3, -9 and PARP
↑ROS
Induction of endoplasmic reticulum stress

References

[98]

triple-negative
breast cancer

MDA-MB-468
T-47D
MCF-7

Disruption of mitochondrial membrane potential
Efflux of cytochrome c
G1/S and G2/M cell cycle arrest
Induction of caspase-dependent apoptosis
↓p-Akt, ↑p21Waf1/Cip1
↓MMP-2/-9 mRNA levels

[99]

HER2-overexpressing
breast cancer

SKBR3 (50 µM)
BT-474 (50 µM)
MCF-7 (200 µM)
MDA-MB-231

Cleavage of caspase-3 and PARP
↓SREBP-1 and ↓FAS mRNA levels
↓HER2
Inhibition of Akt, MAPK, AP-1 and NF-κB activation
Suppression of migration

[104]

osteosarcoma

HOS (72 µM)
U2OS (126 µM)

G2/M cell cycle arrest
↓cyclinB1, ↑p-CDK1, ↑p-Chk2
Inhibition of p-Akt
Activation of c-JNK, p38MAPK↑TIMP-1/-2 and ↓MMP-2/-9

[100]

prostate

DU145 (74.4 µM)
PC-3 (226.6 µM)
LNCaP (111 µM)

G0/G1 cell cycle arrest
Cleavage of caspase-3
Induction of autophagy via ↑LC3B-II and formation of LCb3 puncta
↑p21Cip1 , ↑p27Kip1 , ↓cyclin D1, ↓cyclin A

[101]

lung

A549 (122 µg/mL)

G2/M phase cell cycle arrest
Cleavage of caspases-3 and -9
↑Bax, ↑p53, and ↓Bcl-2

[102]

rectal

HRT-18

G0/G1cell cycle arrest
↑ROS

[103]
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Table 4. Cont.
Alkaloid

Plant Source

Type of Cancer

Cell Lines (IC50 /ED50 )

Mechanism of Action

gastric

SGC-7901 (2.3 µM)
BGC-823 (3.9 µM)
KATO III: (6.0 µM)

G2/M cell cycle arrest
↓MDM-2, ↓Cyclin B1, and ↓Cdc2
↑ROS and ↓TrxR1
Cleavage of caspase-3
↑Bax and ↓Bcl-2
Induction of ROS-dependent endoplasmic reticulum stress
Induction of ROS-dependent mitochondrial dysfunction

[113]

head and neck

AMC-HN
SNU
HN30
HN31

↑ROS
↑p53, ↑PUMA, ↑p-JNK, ↓GSTP1 and ↑p21Waf1/Cip1
Cleavage of PARP

[114]

glioma

HGG 1123
HGG MD13

↑ROS levels
↓PRDX4

[107]

large B cell
lymphoma ABC-DLBCL

OCI-Ly10
U2932
DB

Inhibition of TNF-α and p65 nuclear import
↓NF-κB activity
↓survivin, Bcl-2, ↑Bax, nd ↑p21
Cleavage of caspases-3 and -9

[109]

breast
myeloid leukemia

MCF7 (0.9 µM)
MDA-MB-453 (0.9 µM)
T-47D (2.7 µM), Kasumi-1 (3.7 µM)

↓ p-STAT3
Inhibition of STAT3 binding to its immobilized phosphopeptide ligand
Cleavage of caspase-3
↑p53, ↓survivin, ↓Bcl-2, ↓Bcl-x, ↓XIAP, and ↓CIAP mRNA levels

[108]

gastric

AGS
HGC27

↑ROS
Cleavage of caspases-3, -7, -9 and PARP
G2/M cell cycle arrest and ↑GADD45α
↓CyclinB1, ↓cdc2, ↓XIAP, and ↑p21
↓telomerase reverse transcriptase gene
Induction of endoplasmic reticulum stress

[106]

renal carcinoma

786-O
PNX0010
(ED50 : 1.6, 2.3 µM respectively)

↓c-Met
↑ROS
Inhibition of Erk/MAPK, STAT3, Akt/mTOR and NF-κB pathways

[110]

prostate

PC-3
DU-145
(ED50 : 4.9, 3.4 µM respectively)

Inhibition of TNF-α and p65 nuclear import
Inhibition of NF-κB pathway
↓Il-6, ↓IL-8, ↓MMP-9
Inhibition surface expression of ICAM-1

[111]

colon

HT-29 (10.1 µM)
HCT 116 (6.4 µM)

Cleavage of caspase-3
Induction of ERK signaling pathway via ↑p-ERK

[112]

Piperlon-gumine Piper longum L.
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5. Selectivity against Cancer Cells: The Trail to Non-Toxic Anticancer Agents
The effectiveness of newly formulated anticancer drugs resides in their ability to distinguish
between the hyper-proliferative cancer cells and the normally growing ones [67]. Although there
have been many advances in cancer therapeutics, few clinically used agents have been identified to
selectively target cancer cells without exerting cytotoxic effects on the neighboring normal tissues [117].
Remarkably, many of the newly emerging alkaloids have shown to specifically reduce the in vitro
viability of cancer cells with minimal effects on normal cell lines. For instance, treatment of healthy
human prostate cells, specifically the PNT1B cell line, with oxymatrine resulted in an unaffected
cell viability curve even after prolonged exposure (72 h) at 8 mg/mL [84]. On the other hand,
piperlongumine has been tested on several normal cells, such as normal gastric epithelial GES-1
cells [113], astrocytes [107], normal GCB-DLBCL [109], non-tumorigenic breast epithelial MCF-10A
and MCF-12A cells [108], and normal colon NCM 460 cell lines [112]. Strikingly, it had minimal effect
on these cells even after high exposure periods with concentrations ranging between 5 and 10 µM.
In a similar fashion, liriodenine showed no evidence of toxicity on normal ovarian WRL-68 cells at
concentrations higher than 10 µM [25], whereas the inhibition of normal ovarian surface epithelial
OSE cell viability by cycleanine was almost ten folds lower in comparison to ovarian cancer cells [34].
In addition, cathachunine treatment had much lower inhibitory effects on human umbilical vein cells,
a well-used model of normal human endothelial cells. In fact, Hoechst staining of the latter cells
indicated an absence of apoptosis upon treatment thereby confirming the selectivity of cathachunine
against human leukemic cells [35]. Last but not least, the treatment of normal human prostate RWPE-1
cell line with 30 µM of subditine [39] or 5 µM of α-tomatine [49] showed insignificant inhibitory effects
asserting their specificity and selectivity against cancer cells.
6. Future Perspectives
In the pursuit of finding the utmost effective anticancer therapies, many plant-derived alkaloids
have been studied intensely then developed into FDA-approved anticancer drugs. The dilemma is
that while these drugs such as Taxol [68], camptothecin [118], topotecan [16], and the Vinca alkaloids
vincristine and vinflunine [118], have all been approved for the treatment of various types of solid
and liquid tumors, they exhibit a certain level of recorded cytotoxic reactions in patients such as
neurotoxicity [57] and abdominal problems [77]. The resurgence of plant-derived alkaloid anticancer
agents, as manifested by clinical trials and FDA-approved drugs, have urged the search for novel
anti-neoplastic alkaloids. In this review, we aimed to highlight 20 new different plant-derived alkaloids
which are relatively not highly studied, yet have shown to be effective against numerous cancer types
with promising IC50 values. We have attempted to group these alkaloids by their molecular modes of
action, and have exposed their vast intracellular and extracellular effects, and underlined their potency
as therapeutic agents. These new plant-based drug candidates act through various modes of action;
some cause DNA damage, modulate the PI3k/Akt signal transduction cascade, and elevate the levels
of ROS, whereas others induce a caspase or a MAPK pathway response in cells. However, many act
by arresting the cell cycle at various checkpoints and down-regulating the NF-κB survival pathway.
Few lead to the formation of G-quadruplexes while others act as inhibitors of the p-glycoprotein
ABCB1 thus serving as agents against drug resistance in cancer cells. These molecular approaches
represent the basis for more advanced research on these alkaloids.
Importantly, similar to herbivorous predators, human beings can be vulnerable to the toxicity of
plant-derived alkaloids. The future challenge would be to make use of the chemical diversity of the
newly emerging alkaloids in order to explore their cytotoxic selectivity to a multitude of cancer cells
and to identify potential targets for improved treatment strategies in cancer patients. In this context of
improved selectivity against cancer, plant-derived alkaloids are being continuously tested on normal
cells and tissues to evaluate their specificity. Oxymatrine [84], piperlongumine [107–109,112,113],
liriodenine [25], cycleanine [34], cathachunine [35], subditine [39], and α-tomatine [49] have been
found to exert insignificant cytotoxic effects on normal cells even when exposed for prolonged
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periods at elevated concentrations. Such interesting results warrant the in vivo testing of these
compounds as this could yield to promising outcomes. If their anticancer efficacy and lack of
toxicity is documented in vivo, these alkaloids would constitute promising potential therapeutic
agents worthy of clinical translation. Of the 20 alkaloids presented in this review, three have been
well researched against different types of cancer and have been found to be effective both in vitro and
in vivo, namely oxymatrine, piperine and piperlongumine. We have presented data that these three
drugs specifically target different types of cancer cells and manifest specific mechanisms of action
in accordance with the type of cancer they act on (demonstrated in Table 4). Although only a small
number of in vivo studies have been conducted on piperine, piperlongumine, and oxymatrine in mice
xenograft models, the studies performed so far have yielded significant and interesting results with
almost negligible associated induced toxicity on normal cells, thus making these compounds suitable
for further development.
Coming to an understanding of how specifically these three alkaloids function systematically in
addition to the rest of the discussed alkaloid molecules will definitely help researchers create novel
combinations of therapies which supposedly will have higher efficacy and lower cytotoxicity on
normal tissues. As such, further research is highly essential to explore additional mechanisms of action
of these emerging alkaloids and to study their effects on other types of cancers. Future studies in
molecular chemistry and molecular docking analysis are mandatory to gain an insight on how these
prodigious molecules interact with the cellular components. This would pave the way for designing
new anticancer drugs of semi-synthetic origin and provide the basis for combining natural compounds
with mainstream chemotherapy and targeted therapy for the purpose of enhancing their antineoplastic
abilities and reducing their unwanted cytotoxicity in patients.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef]
Cavallo, F.; de Giovanni, C.; Nanni, P.; Forni, G.; Lollini, P.L. The immune hallmarks of cancer.
Cancer Immunol. Immunother. 2011, 60, 319–326. [CrossRef] [PubMed]
Ashkenazi, A. Directing cancer cells to self-destruct with pro-apoptotic receptor agonists. Nat. Rev. Drug Discov.
2008, 7, 1001–1012. [CrossRef] [PubMed]
Morin, P.J. Drug resistance and the microenvironment: Nature and nurture. Drug Resist. Updates 2003, 6,
169–172. [CrossRef]
Halberstein, R.A. Medicinal Plants: Historical and Cross-Cultural Usage Patterns. Ann. Epidemiol. 2005, 15,
686–699. [CrossRef] [PubMed]
Bishayee, A.; Sethi, G. Bioactive natural products in cancer prevention and therapy: Progress and promise.
Semin. Cancer Biol. 2016, 40, 1–3. [CrossRef] [PubMed]
Das, A.; Dhanjal, J.K. Medicinal plants, a gold mine of anticancer compounds. Am. Int. J. Res. Formal Appl.
Nat. Sci. 2015, 9, 14–23.
Lu, J.J.; Bao, J.L.; Chen, X.P.; Huang, M.; Wang, Y.T. Alkaloids isolated from natural herbs as the anticancer
agents. Evid. Based Complement. Altern. Med. 2012, 2012, 485042. [CrossRef] [PubMed]
Solanki, R. Impurity profiling of active pharmaceutical ingredients and finished drug products. Int. J. Drug
Res. Technol. 2012, 2, 231–238.
Wink, M. Modes of Action of Herbal Medicines and Plant Secondary Metabolites. Medicines 2015, 2, 251–286.
[CrossRef]
Mithöfer, A.; Boland, W. Plant Defense Against Herbivores: Chemical Aspects. Annu. Rev. Plant Biol. 2012,
63, 431–450. [CrossRef] [PubMed]
Semwal, D.K.; Semwal, R.B.; Vermaak, I.; Viljoen, A. From arrow poison to herbal medicine—The ethnobotanical,
phytochemical and pharmacological significance of Cissampelos (Menispermaceae). J. Ethnopharmacol. 2014,
155, 1011–1128. [CrossRef] [PubMed]

Molecules 2017, 22, 250

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

23.
24.
25.

26.
27.
28.

29.
30.

31.

32.

33.

34.

35.

18 of 22

Dias, D.A.; Urban, S.; Roessner, U. A historical overview of natural products in drug discovery. Metabolites
2012, 2, 303–336. [CrossRef] [PubMed]
Zenk, M.H.; Juenger, M. Evolution and current status of the phytochemistry of nitrogenous compounds.
Phytochemistry 2007, 68, 2757–2772. [CrossRef] [PubMed]
Aniszewski, T. Alkaloids-Secrets of Life, 1st ed.; Elsevier: Oxford, UK, 2007; pp. 1–352.
Mohan, K.; Jeyachandran, R. Alkaloids as anticancer agents. Ann. Phytomed. 2012, 1, 46–53.
Millimouno, F.M.; Dong, J.; Yang, L.; Li, J.; Li, X. Targeting apoptosis pathways in cancer and perspectives
with natural compounds from mother nature. Cancer Prev. Res. 2014, 7, 1081–1107. [CrossRef] [PubMed]
Wen, G.; Qu, X.X.; Wang, D.; Chen, X.X.; Tian, X.C.; Gao, F.; Zhou, X.L. Recent advances in design, synthesis
and bioactivity of paclitaxel-mimics. Fitoterapia 2016, 110, 26–37. [CrossRef] [PubMed]
Said, R. Pharmacokinetic evaluation of vincristine for the treatment of lymphoid malignancies. Expert Opin.
Drug Metab. Toxicol. 2014, 10, 483–494. [CrossRef] [PubMed]
Gali-Muhtasib, H.; Hmadi, R.; Kareh, M.; Tohme, R.; Darwiche, N. Cell death mechanisms of plant-derived
anticancer drugs: Beyond apoptosis. Apoptosis 2015, 20, 1531–1562. [CrossRef] [PubMed]
Sobarzo-Sánchez, E. (Ed.) Alkaloids: Biosynthesis, Biological Roles and Health Benefits; Nova Sciences Publishers:
Hauppauge, NY, USA, 2015.
Xia, J.; Chen, J.; Zhang, Z.; Song, P.; Tang, W.; Kokudo, N. A map describing the association between effective
components of traditional Chinese medicine and signaling pathways in cancer cells in vitro and in vivo.
Drug Discov. Ther. 2014, 8, 139–153. [CrossRef] [PubMed]
Saraste, A.; Pulkki, K. Morphologic and biochemical hallmarks of apoptosis. Cardiovasc. Res. 2000, 45, 528–537.
[CrossRef]
Elmore, S. Apoptosis: A review of programmed cell death. Toxicol. Pathol. 2007, 35, 459–516. [CrossRef] [PubMed]
Nordin, N.; Majid, N.A.; Hashim, N.M.; Rahman, M.A.; Hassan, Z.; Ali, H.M. Liriodenine, an aporphine
alkaloid from Enicosanthellum pulchrum, inhibits proliferation of human ovarian cancer cells through
induction of apoptosis via the mitochondrial signaling pathway and blocking cell cycle progression.
Drug Des. Dev. Ther. 2015, 9, 1437–1448.
Li, L.; Xu, Y.; Wang, B. Liriodenine induces the apoptosis of human laryngocarcinoma cells via the
upregulation of p53 expression. Oncol. Lett. 2014, 15, 1121–1127. [CrossRef] [PubMed]
DeBono, A.; Capuano, B.; Scammells, P.J. Progress Toward the Development of Noscapine and Derivatives
as Anticancer Agents. J. Med. Chem. 2015, 58, 5699–5727. [CrossRef] [PubMed]
Sajadian, S.; Vatankhah, M.; Majdzadeh, M.; Kouhsari, S.M.; Ghahremani, M.H.; Ostad, S.N. Cell cycle
arrest and apoptogenic properties of opium alkaloids noscapine and papaverine on breast cancer stem cells.
Toxicol. Mech. Methods 2015, 25, 388–395. [CrossRef] [PubMed]
Zhu, H.; Gooderham, N.J. Mechanisms of induction of cell cycle arrest and cell death by cryptolepine in
human lung adenocarcinoma A549 cells. Toxicol. Sci. 2006, 91, 132–139. [CrossRef] [PubMed]
Matsui, T.A.; Sowa, Y.; Murata, H.; Takagi, K.; Nakanishi, R.; Aoki, S.; Yoshikawa, M.; Kobayashi, M.;
Sakabe, T.; Kubo, T.; et al. The plant alkaloid cryptolepine induces p21WAF1/CIP1 and cell cycle arrest in a
human osteosarcoma cell line. Int. J. Oncol. 2007, 31, 915–922. [CrossRef] [PubMed]
Laryea, D.; Isaksson, A.; Wright, C.W.; Larsson, R.; Nygren, P. Characterization of the cytotoxic activity of
the indoloquinoline alkaloid cryptolepine in human tumour cell lines and primary cultures of tumour cells
from patients. Investig. New Drugs 2009, 27, 402–411. [CrossRef] [PubMed]
Waziri, P.M.; Abdullah, R.; Yeap, S.K.; Omar, A.R.; Kassim, N.K.; Malami, I.; How, C.W.; Etti, I.C.; Abu, M.L.
Clausenidin induces caspase-dependent apoptosis in colon cancer. BMC Complement. Altern. Med. 2016,
16, 256. [CrossRef] [PubMed]
Schelz, Z.; Ocsovszki, I.; Bózsity, N.; Hohmann, J.; Zupko, I. Antiproliferative Effects of Various
Furanoacridones Isolated from Ruta graveolens on Human Breast Cancer Cell Lines. Anticancer Res. 2016, 36,
2751–2758. [PubMed]
Uche, F.I.; Drijfhout, F.P.; McCullagh, J.; Richardson, A.; Wen, L.W. Cytotoxicity Effects and Apoptosis
Induction by Bisbenzylisoquinoline Alkaloids from Triclisia subcordata. Phytother. Res. 2016, 30, 1533–1539.
[CrossRef] [PubMed]
Wang, X.D.; Li, C.Y.; Jiang, M.M.; Li, D.; Wen, P.; Song, X.; Chen, J.D.; Guo, L.X.; Hu, X.P.; Li, G.Q.; et al.
Induction of apoptosis in human leukemia cells through an intrinsic pathway by cathachunine, a unique
alkaloid isolated from Catharanthus roseus. Phytomedicine 2016, 23, 641–653. [CrossRef] [PubMed]

Molecules 2017, 22, 250

36.
37.
38.

39.

40.
41.

42.

43.
44.
45.

46.

47.
48.

49.
50.
51.
52.
53.
54.
55.
56.

57.

19 of 22

Li, M.; Li, P.; Zhang, M.; Ma, F.; Su, L. Brucine inhibits the proliferation of human lung cancer cell line PC-9
via arresting cell cycle. Zhongguo Fei Ai Za Zhi 2014, 17, 444–450.
Zheng, L.; Wang, X.; Luo, W.; Zhan, Y.; Zhang, Y. Brucine, an effective natural compound derived from
nux-vomica, induces G1 phase arrest and apoptosis in LoVo cells. Food Chem. Toxicol. 2013, 58, 332–339. [CrossRef]
Shu, G.; Mi, X.; Cai, J.; Zhang, X.; Yin, W.; Yang, X.; Li, Y.; Chen, L.; Deng, X. Brucine, an alkaloid from seeds
of Strychnos nux-vomica Linn., represses hepatocellular carcinoma cell migration and metastasis: The role of
hypoxia inducible factor 1 pathway. Toxicol. Lett. 2013, 222, 91–101. [CrossRef] [PubMed]
Liew, S.Y.; Looi, C.Y.; Paydar, M.; Cheah, F.K.; Leong, K.H.; Wong, W.F.; Mustafa, M.R.; Litaudon, M.;
Awang, K. Subditine, a new monoterpenoid indole alkaloid from bark of Nauclea subdita (Korth.) Steud.
Induces apoptosis in human prostate cancer cells. PLoS ONE 2014, 9, e87286. [CrossRef] [PubMed]
Yang, X.K.; Xu, M.Y.; Xu, G.S.; Zhang, Y.L.; Xu, Z.X. In Vitro and in Vivo Antitumor Activity of Scutebarbatine
A on Human Lung Carcinoma A549 Cell Lines. Molecules 2014, 19, 8740–8751. [CrossRef] [PubMed]
Safia; Kamil, M.; Jadiya, P.; Sheikh, S.; Haque, E.; Nazir, A.; Lakshmi, V.; Mir, S.S. The chromone alkaloid,
Rohitukine, affords anti-cancer activity via modulating apoptosis pathways in A549 cell line and yeast
mitogen activated protein kinase (MAPK) pathway. PLoS ONE 2015, 10, 1–18. [CrossRef] [PubMed]
Mansoor, T.A.; Borralho, P.M.; Dewanjee, S.; Mulhovo, S.; Rodrigues, C.M.P.; Ferreira, M.J.U. Monoterpene
bisindole alkaloids, from the African medicinal plant Tabernaemontana elegans, induce apoptosis in HCT116
human colon carcinoma cells. J. Ethnopharmacol. 2013, 149, 463–470. [CrossRef]
Lou, C.; Yokoyama, S.; Saiki, I.; Hayakawa, Y. Selective anticancer activity of hirsutine against HER2positive
breast cancer cells by inducing DNA damage. Oncol. Rep. 2015, 33, 2072–2076. [PubMed]
Lou, C.; Takahashi, K.; Irimura, T.; Saiki, I.; Hayakawa, Y. Identification of Hirsutine as an anti-metastatic
phytochemical by targeting NF-κB activation. Int. J. Oncol. 2014, 45, 2085–2091. [CrossRef] [PubMed]
Fan, Y.; Patima, A.; Chen, Y.; Zeng, F.; He, W.; Luo, L.; Jie, Y.; Zhu, Y.; Zhang, L.; Lei, J.; Xie, X.; Zhang, H.
Cytotoxic effects of beta-carboline alkaloids on human gastric cancer SGC-7901 cells. Int. J. Clin. Exp. Med.
2015, 8, 12977–12982. [PubMed]
Wang, K.B.; Li, D.H.; Hu, P.; Wang, W.J.; Lin, C.; Wang, J.; Lin, B.; Bai, J.; Pei, Y.H.; Jing, Y.K.; et al. A Series of
β-Carboline Alkaloids from the Seeds of Peganum harmala Show G-Quadruplex Interactions. Org. Lett. 2016,
18, 3398–3401. [CrossRef] [PubMed]
Zupkó, I.; Réthy, B.; Hohmann, J.; Molnár, J.; Ocsovszki, I.; Falkay, G. Antitumor activity of alkaloids derived
from amaryllidaceae species. In Vivo (Brooklyn) 2009, 23, 41–48.
Shih, Y.W.; Shieh, J.M.; Wu, P.F.; Lee, Y.C.; Chen, Y.Z. Alpha-tomatine inactivates PI3K/Akt and ERK
signaling pathways in human lung adenocarcinoma A549 cells: Effect on metastasis. Food Chem. Toxicol.
2009, 47, 1985–1995. [CrossRef] [PubMed]
Lee, S.T.; Wong, P.F.; Cheah, S.C. Alpha-Tomatine Induces Apoptosis and Inhibits Nuclear Factor-Kappa B
Activation on Human Prostatic Adenocarcinoma PC-3 Cells. PLoS ONE 2011, 6, e18915. [CrossRef] [PubMed]
Jackson, S.P.; Bartek, J. The DNA-damage response in human biology and disease. Nature 2010, 461,
1071–1078. [CrossRef] [PubMed]
Greenbaum, L.E. Cell Cycle Regulation and Hepatocarcinogenesis. Cancer Biol. Ther. 2016, 3, 1200–1207.
[CrossRef]
Dickson, M.A.; Schwartz, G.K. Development of cell-cycle inhibitors for cancer therapy. Curr. Oncol. 2009, 16,
36–43. [PubMed]
Fruman, D.A.; Rommel, C. PI3K and Cancer: Lessons, Challenges and Opportunities. Nat. Rev. Drug Discov.
2014, 13, 140–156. [CrossRef] [PubMed]
Zhang, J.F.; Liu, J.; Wang, Y.; Zhang, B. Novel therapeutic strategies for patients with triple-negative breast
cancer. Onco Targets Ther. 2016, 9, 6519–6528. [CrossRef] [PubMed]
Jeong, C.H.; Joo, S.H. Downregulation of Reactive Oxygen Species in Apoptosis. J Cancer Prev. 2016, 21,
13–20. [CrossRef] [PubMed]
Devriese, L.A.; Witteveen, P.E.; Mergui-Roelvink, M.; Smith, D.A.; Lewis, L.D.; Mendelson, D.S.; Bang, Y.J.;
Chung, H.C.; Dar, M.M.; Huitema, A.D.; et al. Pharmacodynamics and pharmacokinetics of oral topotecan in
patients with advanced solid tumours and impaired renal function. Br. J. Clin. Pharmacol. 2014, 80, 253–266.
[CrossRef] [PubMed]
Musa, F.; Blank, S.; Muggia, F. Drug Evaluation A pharmacokinetic evaluation of topotecan as a cervical
cancer therapy. Expert Opin. Drug Metab. Toxicol. 2013, 9, 215–224. [CrossRef] [PubMed]

Molecules 2017, 22, 250

58.
59.
60.
61.
62.

63.
64.
65.

66.
67.
68.
69.

70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.

82.
83.

20 of 22

Nicum, S.J.; O’Brien, M.E.R. Topotecan for the treatment of small-cell lung cancer. Expert Rev. Anticancer Ther.
2007, 7, 795–801. [CrossRef] [PubMed]
O’Brien, M.E.R.; Eckardt, J.; Ramlau, R. Recent advances with topotecan in the treatment of lung cancer.
Oncologist 2007, 12, 1194–1204. [CrossRef] [PubMed]
Mcilwain, D.R.; Berger, T.; Mak, T.W. Caspase Functions in Cell Death and Disease. Cold Spring Harb.
Perspect. Biol. 2013, 5, a0086562016. [CrossRef] [PubMed]
Prokhorova, E.A.; Zamaraev, A.V.; Kopeina, G.S.; Zhivotovsky, B.; Lavrik, I.N. Role of the nucleus in
apoptosis: Signaling and execution. Cell. Mol. Life Sci. 2015, 72, 4593–4612. [CrossRef] [PubMed]
Ghavami, S.; Hashemi, M.; Ande, S.R.; Yeganeh, B.; Xiao, W.; Eshraghi, M.; Bus, C.J.; Kadkhoda, K.;
Wiechec, E.; Halayko, J.; et al. Apoptosis and cancer: Mutations within caspase genes. J. Med. Genet. 2009, 46,
497–510. [CrossRef] [PubMed]
Debatin, K.M. Apoptosis pathways in cancer and cancer therapy. Cancer Immunol. Immunother. 2004, 53,
153–159. [CrossRef] [PubMed]
Giacinti, C.; Giordano, A. RB and cell cycle progression. Oncogene 2006, 25, 5220–5227. [CrossRef] [PubMed]
Foster, D.A.; Yellen, P.; Xu, L.; Saqcena, M. Regulation of G1 Cell Cycle Progression: Distinguishing the
Restriction Point from a Nutrient-Sensing Cell Growth Checkpoint(s). Genes Cancer 2010, 1, 1124–1131.
[CrossRef] [PubMed]
Visconti, R.; Della Monica, R.; Grieco, D. Cell cycle checkpoint in cancer: A therapeutically targetable
double-edged sword. J. Exp. Clin. Cancer Res. 2016, 35, 153. [CrossRef] [PubMed]
Chabner, B.; Roberts, T.G. Timeline: Chemotherapy and the war on cancer. Nat. Rev. Cancer 2005, 5, 65–72.
[CrossRef] [PubMed]
Weaver, B.A. How Taxol/paclitaxel kills cancer cells. Mol. Biol. Cell. 2014, 25, 2677–2681. [CrossRef] [PubMed]
Holmsten, K.; Dohn, L.; Jensen, N.V.; Shah, C.H.; Jäderling, F.; Pappot, H.; Ullén, A. Vinflunine treatment in
patients with metastatic urothelial cancer: A Nordic retrospective multicenter analysis. Oncol. Lett. 2016, 12,
1293–1300. [CrossRef] [PubMed]
Gourmelon, C.; Bourien, H.; Augereau, P.; Patsouris, A.; Frenel, J.-S.; Campone, M. Vinflunine for the
treatment of breast cancer. Expert Opin. Pharmacother. 2016, 17, 1817–1823. [CrossRef] [PubMed]
Adhikari, S.; Dongol, R.; Hewett, Y.; Shah, B.K.; Joseph, S.; Medical, R. Vincristine-induced blindness: A case
report and review of literature. Anticancer Res. 2014, 6734, 6731–6733.
Cooper, G.M. The Cell: A Molecular Approach, 2nd ed.; Sinauer Associates: Sunderland, MA, USA, 2000.
Weinberg, R.A. The Biology of Cancer, 2nd ed.; Garland Science: New York, NY, USA, 2013.
Sundaram, V. RTK/Ras/MAPK signaling. WormBook 2006, 1–19. [CrossRef] [PubMed]
Ma, B.; Hottiger, M.O. Crosstalk between Wnt/β-Catenin and NF-κB Signaling Pathway during Inflammation.
Front. Immunol. 2016, 7, 378. [CrossRef] [PubMed]
Bharti, B.B.A.; Alok, C. Nuclear factor-kappa B and cancer: Its role in prevention and therapy. Biochem. Pharmacol.
2002, 64, 883–888. [CrossRef]
Kampan, N.C.; Madondo, M.T.; McNally, O.M.; Quinn, M.; Plebanski, M. Paclitaxel and its evolving role in
the management of ovarian cancer. Biomed. Res. Int. 2015, 2015, 413076. [CrossRef] [PubMed]
Okamoto, D.Y.; Okamoto, K. Structural insights into G-quadruplexes: Towards new anticancer drugs.
Future Med. Chem. 2010, 2, 619–646.
Neidle, S. Quadruplex Nucleic Acids as Novel Therapeutic Targets. J. Med. Chem. 2016, 59, 5987–6011.
[CrossRef] [PubMed]
Hartley, J.A.; Hochhauser, D.; Boone, J.J.; Bhosle, J.; Tilby, M.J. Involvement of the HER2 pathway in repair of
DNA damage produced by chemotherapeutic agents. Mol. Cancer Ther. 2009, 8, 3015–3023.
Wink, M.; Ashour, M.L.; El-Readi, M.Z. Secondary metabolites inhibiting ABC transporters and reversing
resistance of cancer cells and fungi to cytotoxic and antimicrobial agents. Frontiers in Microbiology.
Front. Microbiol. 2012, 3, 1–15. [CrossRef] [PubMed]
Lin, B.; Li, D.; Zhang, L. Oxymatrine mediates Bax and Bcl-2 expression in human breast cancer MCF-7 cells.
Pharmazie 2016, 71, 154–157. [PubMed]
Li, J.; Jiang, K.; Zhao, F. Oxymatrine suppresses proliferation and facilitates apoptosis of human ovarian
cancer cells through upregulating microRNA-29b and downregulating matrix metalloproteinase-2 expression.
Mol. Med. Rep. 2015, 12, 5369–5374. [CrossRef] [PubMed]

Molecules 2017, 22, 250

84.

21 of 22

Hu, W.; Wu, C.; Huang, W.; Guo, Y.; Xia, P.; Sun, X.; Pan, X. Oxymatrine inhibits the proliferation of prostate
cancer cells in vitro and in vivo. Mol. Med. Rep. 2015, 11, 4129–4134.
85. Huang, J.; Liang, L. Oxymatrine inhibits epithelial-mesenchymal transition through regulation of NF-κB
signaling in colorectal cancer cells. Oncol. Rep. 2016, 36, 1333–1338.
86. Zhu, Y.; Wang, B.; Han, Q. Oxymatrine inhibited cell proliferation by inducing apoptosis in human lung
cancer A549 cells. Biomed. Mater. Eng. 2015, 26, S165–S172.
87. Guo, B.; Zhang, T.; Su, J.; Wang, K.; Li, X. Oxymatrine targets EGFR(p-Tyr845) and inhibits
EGFR-related signaling pathways to suppress the proliferation and invasion of gastric cancer cells.
Cancer Chemother. Pharmacol. 2015, 75, 353–363. [CrossRef] [PubMed]
88. Li, M.; Su, B.S.; Chang, L.H.; Gao, Q.; Chen, K.L.; An, P.; Huang, C.; Yang, J.; Li, Z.F. Oxymatrine induces
apoptosis in human cervical cancer cells through guanine nucleotide depletion. Anticancer Drugs 2014, 25,
161–173. [CrossRef] [PubMed]
89. Chen, H.; Zhang, J.; Luo, J.; Lai, F.; Wang, Z.; Tong, H.; Lu, D.; Bu, H.; Zhang, R.; Lin, S. Antiangiogenic
effects of oxymatrine on pancreatic cancer by inhibition of the NF-κB-mediated VEGF signaling pathway.
Oncol. Rep. 2013, 30, 589–595. [PubMed]
90. Liu, Y.; Bi, T.; Dai, W.; Wang, G.; Qian, L.; Gao, Q.; Shen, G. Effects of Oxymatrine on the Proliferation and
Apoptosis of Human Hepatoma Carcinoma Cells. Technol. Cancer Res. Treat. 2016, 15, 487–497. [CrossRef]
[PubMed]
91. Ying, X.J.; Jin, B.; Chen, X.W.; Xie, J.; Xu, H.M.; Dong, P. Oxymatrine downregulates HPV16E7 expression
and inhibits cell proliferation in laryngeal squamous cell carcinoma Hep-2 cells in vitro. Biomed. Res. Int.
2015, 2015, 150390. [CrossRef] [PubMed]
92. Zhang, Y.; Sun, S.; Chen, J.; Ren, P.; Hu, Y.; Cao, Z.; Sun, H.; Ding, Y. Oxymatrine induces mitochondria
dependent apoptosis in human osteosarcoma MNNG/HOS cells through inhibition of PI3K/Akt pathway.
Tumour Biol. 2014, 35, 1619–1625. [CrossRef] [PubMed]
93. Fei, Z.W.; Qiu, M.K.; Qi, X.Q.; Dai, Y.X.; Wang, S.Q.; Quan, Z.W.; Liu, Y.B.; Ou, J.M. Oxymatrine suppresses
proliferation and induces apoptosis of hemangioma cells through inhibition of HIF-1a signaling. Int. J.
Immunopathol. Pharmacol. 2015, 28, 201–208. [CrossRef] [PubMed]
94. Pei, Z.; Zeng, J.; Gao, Y.; Li, F.; Li, W.; Zhou, H.; Yang, Y.; Wu, R.; Chen, Y.; Liu, J. Oxymatrine inhibits
the proliferation of CaSki cells via downregulating HPV16E7 expression. Oncol. Rep. 2016, 36, 291–298.
[PubMed]
95. Bairagya, H.R.; Mukhopadhyay, B.P.; Bera, A.K. Role of salt bridge dynamics in inter domain recognition of
human IMPDH isoforms: An insight to inhibitor topology for isoform-II. J. Biomol. Struct. Dyn. 2011, 29,
441–462. [CrossRef] [PubMed]
96. Zhang, Y.; Piao, B.; Zhang, Y.; Hua, B.; Hou, W.; Xu, W.; Qi, X.; Zhu, X.; Pei, Y.; Lin, H. Oxymatrine diminishes
the side population and inhibits the expression of β-catenin in MCF-7 breast cancer cells. Med. Oncol. 2011,
28, 99–107. [CrossRef] [PubMed]
97. Srinivasan, K. Black pepper and its pungent principle-piperine: A review of diverse physiological effects.
Crit. Rev. Food Sci. Nutr. 2007, 47, 735–748. [CrossRef] [PubMed]
98. Yaffe, P.B.; Power Coombs, M.R.; Doucette, C.D.; Walsh, M.; Hoskin, D.W. Piperine, an alkaloid from black
pepper, inhibits growth of human colon cancer cells via G1 arrest and apoptosis triggered by endoplasmic
reticulum stress. Mol. Carcinog. 2015, 54, 1070–1085. [CrossRef]
99. Greenshields, A.L.; Doucette, C.D.; Sutton, K.M.; Madera, L.; Annan, H.; Yaffe, P.B.; Knickle, A.F.; Dong, Z.;
Hoskin, D.W. Piperine inhibits the growth and motility of triple-negative breast cancer cells. Cancer Lett.
2015, 357, 129–140. [CrossRef] [PubMed]
100. Zhang, J.; Zhu, X.; Li, H.; Li, B.; Sun, L.; Xie, T.; Zhu, T.; Zhou, H.; Ye, Z. Piperine inhibits proliferation of
human osteosarcoma cells via G2/M phase arrest and metastasis by suppressing MMP-2/-9 expression.
Int. Immunopharmacol. 2015, 24, 50–58. [CrossRef] [PubMed]
101. Ouyang, D.Y.; Zeng, L.H.; Pan, H.; Xu, L.H.; Wang, Y.; Liu, K.P.; He, X.H. Piperine inhibits the proliferation
of human prostate cancer cells via induction of cell cycle arrest and autophagy. Food Chem. Toxicol. 2013, 60,
424–430. [CrossRef] [PubMed]
102. Lin, Y.; Xu, J.; Liao, H.; Li, L.; Lin, Y. Piperine induces apoptosis of lung cancer A549 cells via p53-dependent
mitochondrial signaling pathway. Tumour Biol. 2014, 35, 3305–3310. [CrossRef] [PubMed]

Molecules 2017, 22, 250

22 of 22

103. Yaffe, P.B.; Doucette, C.D.; Walsh, M.; Hoskin, D.W. Piperine impairs cell cycle progression and causes
reactive oxygen species-dependent apoptosis in rectal cancer cells. Exp. Mol. Pathol. 2013, 94, 109–114.
[CrossRef] [PubMed]
104. Do, M.T.; Kim, H.G.; Choi, J.H.; Khanal, T.; Park, B.H.; Tran, T.P.; Jeong, T.C.; Jeong, H.G. Antitumor efficacy
of piperine in the treatment of human HER2-overexpressing breast cancer cells. Food Chem. 2013, 141,
2591–2599. [CrossRef] [PubMed]
105. Prasad, S.; Tyagi, A.K. Historical Spice as a Future Drug: Therapeutic Potential of Piperlongumine.
Curr. Pharm. Des. 2016, 22, 4151–4159. [CrossRef] [PubMed]
106. Duan, C.; Zhang, B.; Deng, C.; Cao, Y.; Zhou, F.; Wu, L.; Chen, M.; Shen, S.; Xu, G.; Zhang, S.; et al.
Piperlongumine induces gastric cancer cell apoptosis and G2/M cell cycle arrest both in vitro and in vivo.
Tumour Biol. 2016, 37, 10793–10804. [CrossRef] [PubMed]
107. Kim, T.H.; Song, J.; Kim, S.H.; Parikh, A.K.; Mo, X.; Palanichamy, K.; Kaur, B.; Yu, J.; Yoon, S.O.; Nakano, I.;
et al. Piperlongumine treatment inactivates peroxiredoxin 4, exacerbates endoplasmic reticulum stress, and
preferentially kills high-grade glioma cells. Neuro Oncol. 2014, 16, 135–164. [CrossRef] [PubMed]
108. Bharadwaj, U.; Eckols, T.K.; Kolosov, M.; Kasembeli, M.M.; Adam, A.; Torres, D.; Zhang, X.; Dobrolecki, L.;
Wei, W.; Lewis, M.T.; et al. Drug-repositioning screening identified piperlongumine as a direct STAT3
inhibitor with potent activity against breast cancer. Oncogene 2015, 34, 1341–1353. [CrossRef] [PubMed]
109. Niu, M.; Shen, Y.; Xu, X.; Yao, Y.; Fu, C.; Yan, Z.; Wu, Q.; Cao, J.; Sang, W.; Zeng, L.; et al. Piperlongumine
selectively suppresses ABC-DLBCL through inhibition of NF-κB p65 subunit nuclear import. Biochem. Biophys.
Res. Commun. 2015, 462, 326–331. [CrossRef] [PubMed]
110. Golovine, K.; Makhov, P.; Naito, S.; Raiyani, H.; Tomaszewski, J.; Mehrazin, R.; Tulin, A.; Kutikov, A.;
Uzzo, R.G.; Kolenko, V.M. Piperlongumine and its analogs down-regulate expression of c-Met in renal cell
carcinoma. Cancer Biol. Ther. 2015, 16, 743–749. [CrossRef] [PubMed]
111. Ginzburg, S.; Golovine, K.V.; Makhov, P.B.; Uzzo, R.G.; Kutikov, A.; Kolenko, V.M. Piperlongumine inhibits
NF-κB activity and attenuates aggressive growth characteristics of prostate cancer cells. Prostate 2014, 74,
177–186. [CrossRef] [PubMed]
112. Randhawa, H.; Kibble, K.; Zeng, H.; Moyer, M.P.; Reindl, K.M. Activation of ERK signaling and induction of
colon cancer cell death by piperlongumine. Toxicol. Vitr. 2013, 27, 1626–1633. [CrossRef] [PubMed]
113. Zou, P.; Xia, Y.; Ji, J.; Chen, W.; Zhang, J.; Chen, X.; Rajamanickam, V.; Chen, G.; Wang, Z.; Chen, L.; et al.
Piperlongumine as a direct TrxR1 inhibitor with suppressive activity against gastric cancer. Cancer Lett. 2015,
375, 114–126. [CrossRef] [PubMed]
114. Roh, J.L.; Kim, E.H.; Park, J.; Kim, J.W.; Kwon, M.; Lee, B.H. Piperlongumine selectively kills cancer cells
and increases cisplatin antitumor activity in head and neck cancer. Oncotarget 2014, 5, 9227–9238. [CrossRef]
[PubMed]
115. DeVita, V.T.; Chu, E. A history of cancer chemotherapy. Cancer Res. 2008, 68, 8643–8653. [CrossRef] [PubMed]
116. Wei, J.; Zhu, Y.; Xu, G.; Yang, F.; Guan, Z.; Wang, M.; Fang, Y. Oxymatrine extracted from Sophora flavescens
inhibited cell growth and induced apoptosis in human osteosarcoma MG-63 cells in vitro. Cell Biochem. Biophys.
2014, 70, 1439–1444. [CrossRef] [PubMed]
117. Bonavida, B.E.; Ng, C.P.; Jazirehi, A.; Schiller, G.A.; Mizutani, Y.O. Selectivity of TRAIL-mediated apoptosis
of cancer cells and synergy with drugs: The trail to non-toxic cancer therapeutics (review). Int. J. Oncol. 1999,
15, 793–802. [CrossRef] [PubMed]
118. Safarzadeh, E.; Shotorbani, S.S.; Baradaran, B. Herbal medicine as inducers of apoptosis in cancer treatment.
Adv. Pharm. Bull. 2014, 4, 421–427. [PubMed]
© 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

