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Abstract

Background: Cancer is the second leading cause of death worldwide and each year tens of millions of people
are lost their lives due to different types of cancer. Despite all efforts in the treatment of cancer, the mortality and
morbidity rates are still in high levels. Multidrug resistance (MDR) is one of the main impediments in the cancer
treatment. MDR might result in tumor metastasis and recurrence, which is responsible for 90% of cancer-related
deaths. Many intrinsic and extrinsic factors such as genetic and epigenetic modifications, drug efflux systems,
DNA repair mechanisms, apoptotic and autophagic processes contribute drug resistance in cancer cells. To date,
various types of molecules have been tested in vitro and in vivo, for MDR modulating activity but there is still no
effective anticancer drug to completely overcome MDR. Phytochemicals, in alone or in combination with other
chemotherapeutics, are potentially able to sensitize the cancer cells to conventional anticancer drugs in cancer
patients with fewer side effects. In this review, we aimed to provide a general perspective about MDR-related
mechanisms and novel therapeutic approaches including RNA interference (RNAI) therapy, nanotherapy and
cancer stem cell treatments to combat MDR and to highlight the latest MDR reversing agents of plant origin based
on their modulating effects on various proteins, enzymes, transcription factors, cell cycle regulators and survival
and oncogenic pathways.

Conclusion: Plant-derived secondary metabolites may improve the therapeutic efficacy of anticancer drugs
through targeting different MDR-related mechanisms and they serve as lead compounds to elicit better
pharmacological results in the development of novel anticancer agents.

Keywords: Cancer; Natural
Chemosensitizers.

Multidrug resistance (MDR); products; Plant secondary metabolites;

1. Introduction

Cancer is a term used for diseases in abnormal cells that
can divide uncontrollably and take over other tissues of
the body [1]. It is a multi-step process and occurs as a
result of loss of control of cell division, initially leading
to tumor formation, followed by metastatic spread [2].
Metastasis is responsible for approximately 90% of
cancer-related deaths [3].

Cancer is one of the leading causes morbidity and
mortality in global [4]. In 2018, it was reported that the
number of new cancer cases were 18.1 million and
there were 9.5 million cancer-related deaths worldwide.
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Cancer mortality rate is higher in men (0.18%) than
women (0.14%) [5]. While lung & bronchus, colon &
rectum and pancreatic cancers are the estimated causes
of death in the first, third and fourth place for both the
sexes, respectively; prostate cancer in men and breast
cancer in women take second place [6]. It is estimated
by WHO that there will be 27 million new cancer cases
and 17.1 million cancer-related deaths will occur in
every year until 2050 [7].

Despite the remarkable scientific developments in
the field of molecular oncology today, the fight against
cancer is still one of the most important health problems
across the world [8]. However, resistance of human
tumors to chemotherapeutics greatly reduces the
success rates in cancer therapy [9]. Apoptosis in cells
occurs through mitochondria-mediated intrinsic
pathway and/or receptor-mediated extrinsic pathway.
Cells that cannot undergo apoptosis can change the
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effectiveness of cancer treatment [10]. Multidrug
resistance (MDR) is defined as cancer cells that are
resistant to a chemotherapeutic are also resistant to
other classes of cancer drugs that have different
chemical structure and pharmacological activity. This
concept was first described by Keld Dano in the
literature in 1972 with the discovery of the extracellular
transport of vinca alkaloids and anthracyclines from
murine Ehrlich ascites carcinoma (EAC) cells through
active transport [11]. MDR has been observed in many
types of cancer including breast, lung, ovarian, blood
and lower gastrointestinal system cancers by now and
it also has an important role in the recurrence and
metastasis of cancers [12,13]. Drug resistance in cancer
cells may be natural (intrinsic resistance) or induced by
drugs (extrinsic or acquired resistance) [14]. Acquired
MDR is more difficult to treat due to lack of response
to chemotherapeutics even when toxic doses are
reached in drug therapy. When it comes to intrinsic
MDR, cancer cells show  resistance to
chemotherapeutics when the first drug dose is taken [7].
To date, many mechanisms (e.g., increased drug
excretion, decreased drug reuptake, change in drug
metabolism (increased drug detoxification or drug
inactivation), drug target modulation, activation of
DNA repair pathways, inactivation of apoptotic
mechanisms and induction of autophagy) have been
associated with MDR (Figure 1) [15,16]. The main
objectives of this review are to discuss the recent
developments related to multidrug resistance in cancer
therapy and to concentrate on potential MDR
modulators from natural products of plant origin.

2. Multidrug Resistance in Cancer

Multidrug resistance is a process that antineoplastic
drugs are pushed out of the tumor cells thus they show
low pharmacological activity due to the decrease of
drugs’ concentration at the target sites [17]. MDR was
first observed in antibiotic-resistant bacteria, then it
was also seen in cancer [18]. It is a common clinical
condition and it is actually the main factor that makes
cancer therapies ineffective [19]. Researches have
shown that the presence of drug-resistant cancer cells
in patients who have received chemotherapy is
responsible for the recurrence of tumors as well as poor
prognosis [20]. Chemotherapy is the most frequently
used treatment option in cancer [21].

Understanding how a cancer cell become resistant
to a chemotherapeutic is a complex and challenging
process. MDR occurs when the tumor does not respond
to the drug in the presence of pre-existing resistance
arising from internal factors in patients (intrinsic MDR)
or when cancer cells become insensitive to the drug
during chemotherapy (acquired MDR) [18]. There are
three main categories of drug resistance which are drug
dependent, target dependent and drug/target
independent [22]. In the development of drug-induced
MDR, drug metabolizing enzymes and drug carriers
that are responsible for the transportation of drugs out

of cells are overexpressed or the intake of drugs into
cancer cells is reduced. Besides, changes at the gene
level such as deletion, mutation, translocation and
amplification play a crucial role in the emergence of
target-dependent MDR. The drug/target independent
mechanism arises from the modulation of cellular
signaling cascades that inactivate the drug target as a
result of genetic or epigenetic manipulations [11,23].

The cancerous cells become resistant to cell death
and anticancer drugs owing to having different
capabilities such as high adaptability, activation of
survival and inactivation of death signaling pathways
as well as escape from the growth suppressors. While
genetic instability, heterogeneity, rapid mutation of
tumor cells and cytogenetic changes make a slight
contribution of the development of drug resistance, the
efflux pumps and transporter proteins have a major role
in the development of MDR [24,25]. Although many
mechanisms that cause drug resistance have been
identified today, these mechanisms have not been fully
elucidated [18].
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Figure 1. Mechanisms contributing to drug resistance in cancer cells
[15,26]

2.1. Mechanisms of multidrug resistance

2.1.1. Drug efflux via ATP-binding cassette (ABC)-
transporters

ABC-transporter membrane proteins, which can be
expressed in both cancer and normal cells, consist of 48
members in humans and have 7 subfamilies from A to
G. They can affect the pharmacokinetic (absorption,
distribution, metabolism, excretion) and toxicokinetic
activities of drugs [27]. More specifically, ABC
superfamily has an important physiological role on
protecting the human body from the harmful effects of
xenobiotics and endogenous metabolites. These
proteins contribute to the toxicity profile of many drugs
and provide MDR in cancer cells related to poor
prognosis in cancer patients [28].

To date, 15 ABC-transporter proteins (e.g.,
P-glycoprotein (P-gp), multidrug resistance-associated
protein 2 (MRP2) and breast cancer resistance protein
(BCRP)) are associated with MDR as drug efflux
pumps [11]. The overexpression of ABC-transporters is
one of the most important MDR mechanisms for the
extracellular excretion of both cytotoxic agents and
targeted anticancer drugs (Figure 2) [23]. Tumor cells
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in which P-gp or other MDR-associated transporter
proteins are highly expressed are usually resistant to
chemotherapy [29].
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Figure 2. Diagram of drug efflux via ABC transporters in MDR
cancer cells [18]

2.1.2. Deregulation of cell death mechanisms
2.1.2.a. Evasion of apoptosis

Apoptosis is a form of programmed cell death and it is
regulated at the gene level. By this mechanism,
damaged DNA cells in the body are destroyed regularly
and efficiently. Many signaling pathways play
important roles in the apoptosis process. In cells,
intrinsic or caspase-mediated extrinsic pathways are
involved in the induction of apoptosis [30]. Initiation of
each pathway causes the activation cascade of caspases
[31]. The balance between pro-apoptotic and anti-
apoptotic proteins gives an idea of whether a cell
undergoes apoptosis. Owing to the ability of cancer
cells to escape apoptosis, the amount of anti-apoptotic
proteins (B-cell lymphoma 2 (BCL-2), B-cell
lymphoma-extra-large (BCL-XL) and myeloid cell
leukemia 1 (MCL-1)) in the tumor tissue increases thus
the cancer cells become resistant to chemotherapy.
Aberrant apoptotic proteins are thought to play a role in
the drug resistance of tumor cells [18,31-33].

By the induction of apoptosis as a result of DNA
damage in cells that have not yet transformed into
cancer cells, tumor formation can be eliminated in the
body. According to the literature, deregulation of
apoptosis process is associated with uncontrolled cell
proliferation, cancer development and progression, and
also resistance to anticancer drugs. Therefore,
deregulation of apoptosis is considered as an important
distinguishing  feature in  cancer. Developing
therapeutic strategies targeting apoptotic resistance
mechanisms with the intent of increasing the sensitivity
of cancer cells to apoptosis and also enhancing the
effectiveness of the cancer therapy is crucial in
combating MDR. Many cancer drugs currently used in
the clinic trigger apoptosis of cancer cells using intact
apoptotic signaling pathways [33]. In addition, a
number of plant-derived natural products such as aloe-

emodin, curcumin, epigallocatechin-3-gallate (EGCG),
genistein, juglone and quercetin show remarkable
anticancer activites by inducing apoptosis in cancer
cells [34].

2.1.2.b. Induction of autophagy

Autophagy is a conserved catabolic process that
separates and degrades intracellular components in
double-membrane vesicles called autophagosomes, and
it has an important role in maintaining body
homeostasis. Autophagy shares a common molecular
pathway with apoptosis. It typically occurs irregular in
cancer cells and can be triggered by various internal and
external stress factors. In the end of the autophagy
process, accumulation of damaged proteins and
organelles that may be toxic to cells is prevented
[35,36].

Autophagy plays a vital role in differentiation of
some characteristics of cancer cells such as cell survival
and cell death, metabolic decontrol, regulation of
immune response, augmentation of cancer stem cells
(CSC) and multidrug resistance [35]. It prevents
multidrug resistant cancer cells from apoptosis and also
increases the resistance of these cells to chemotherapy.
The inhibition of autophagy can increase the sensitivity
of MDR cells to anticancer agents and make MDR cells
more liable to apoptosis [37,38].

Autophagy is one of the promising approaches in
cancer treatment. Chemotherapeutics such as
cyclosporine A, resveratrol (RES), tamoxifen (TAM)
and arsenic trioxide show direct or indirect anticancer
activities by inducing autophagic cell death [36].
Although inducing autophagy offers a valid therapy
option in premalignant lesions, the inhibition of
autophagy is a more effective treatment approach in
many tumors and advanced cancer cases. Currently,
researchers have focused on the discovery and
development of drugs that inhibit autophagy, and there
are several ongoing clinical trials for the treatment of
cancer [39]. Silencing the autophagy-related genes
(Atgs) and using the pharmacological autophagy
inhibitors are the most popular approaches for the
inhibition of autophagy [40]. The autophagy inhibitors
(e.g., choloroquine, bafilomycin Al, 3-methyladenine,
LY294002, SB202190 and SB203580) show their
anticancer effects either targeting the nucleation and
elongation of phagophore or inhibiting the endosome-
lysosome system acidification [41].

2.1.2.c. Activation of DNA repair pathways
Various endogenous and exogenous genotoxic stresses
(e.g., reactive oxygen species (ROS), ionizing radiation
(IR), ultraviolet (UV) light, chemical agents and
environmental pollutants) cause damage to human
DNA at a certain rate on a daily basis. Damaged DNA
molecules accumulated in cells are known to cause
genomic instability. Unless DNA lesions are repaired,
a cell cannot maintain its integrity and survive [42].
Repairing damaged DNA molecules also has a key
role in the cancer prevention [43]. There are several
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DNA repair mechanisms such as mismatch repair
(MMR), base excision repair (BER), nucleotide
excision repair (NER) and double-stranded break repair
(DSB) in human cells [42]. DNA molecules that are not
properly repaired in cells can lead to mutations or
chromosome abnormalities in tumor suppressor genes
thus the oncogenic transformation process begins
(Figure 3) [44]. The effect of DNA repair mechanisms
in removing DNA lesions cannot be neglected in the
patients receiving chemotherapy and radiotherapy
because they significantly increase the abilities of cells
to survive [42].

Activation of the cellular DNA damage response
(DDR) is an important criterion in determining cell
susceptibility to cisplatin (CIP) and other anticancer
drugs that can eliminate tumor cells by inducing DNA
damage. It is also necessary to understand the changes
in DNA damage-signaling pathway in order to
understand whether cancer cells are drug resistant and
also MDR cells can be re-sensitized by any
pharmacological intervention [45].
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Figure 3. Cancer development process induced by increased level of
DNA damage [44]

Although MDR cells have the ability to repair
damaged DNA molecules, DNA is the most frequently
targeted biomacromolecule in traditional cancer
treatments [26]. Many anticancer drugs such as CIP,
nucleoside  analogs  (cytarabine,  gemcitabine,
fludarabine), alkylating agents (nitrogen mustards,
cyclophosphamide (CP), thiotepa, temozolomide
(TMZ), nitrosoureas) and poly (ADP-ribose)
polymerase 1 (PARP1) inhibitors (olaparib, rucaparib)
which prevent cell proliferation, cause extensive DNA
damage resulting in cell cycle arrest and apoptotic
effects [44,46]. Recent studies showed that combining
DNA-damaging agents and DNA damage response
(DDR) inhibitors in cancer therapy, tumors can be
selectively destroyed [42,47,48]. For example,
Muvarak et. al. [49] reported that the use of DNA
methyltransferase (DNMT) and PARP inhibitors
together in the treatment of acute myeloid leukemia
(AML) and breast cancer, has allowed PARP1 to bind
tightly to chromatin thus such combinations have been
reported to play an important role in order to enhance
the effectiveness of PARP inhibitors. Liu et. al. [50]
stated that ataxia telangiectasia and Rad3-related
(ATR) protein have been associated with gemcitabine
(GEM) resistance in pancreatic cancer cells and they

showed the drug-resistant cells could be sensitized to
GEM by the inhibition of ATR in anticancer therapy.

2.2. Therapeutic strategies for multidrug resistant
cancers
Cancer chemotherapy resistance is a condition that
makes the cancer treatment more complicated and it
significantly reduces the effectiveness of existing
anticancer drugs. MDR is directly related to the
remission and progression of cancers. Resistance
occurs due to pre-existing internal causes in patients
(intrinsic resistance) or the desensitization of cancer
cells to anticancer drugs during the treatment (acquired
resistance). According to the information obtained
from clinical data, at least two MDR mechanisms have
found active in each of the cancer types thus cancers
become more difficult to cure. Recent studies related to
MDR have focused on both further investigation of
MDR-related mechanisms and the development of
novel therapeutic strategies, e.g., anticancer agents that
can escape from the drug efflux pumps, MDR
modulators  and  chemosensitizers,  antisense
oligonucleotides (ASOs), RNAI therapy, cytokine-
based approaches, monoclonal antibodies, CSC
technology, multifunctional nanocarriers as well as
photodynamic therapy [11,13,18,51-55].
Overexpression of MDR transporters is one of the
main factors contributing to drug resistance in
chemotherapy. The most highly researched MDR
transporters are the ABC superfamily. These proteins
are responsible for preventing the accumulation of
drugs in the cell, thereby reducing the toxicity of drugs
[51]. Although ABC transporter modulators (Table 1)
discovered up to the present have been successful in
enhancing the sensitivity of tumor cells to anticancer
drugs, there is no approved ABC transporter inhibitor
in cancer-related MDR vyet. This is due to severe side
effects of inhibitor molecules and their lack of modern
and innovative clinical study designs [7,56]. Therefore,
there is an urgent need to discover new, more potent
and less toxic ABC transporter inhibitors as MDR
modulators and also new therapeutic opportunities in
the field of cancer drug discovery and development
[57].

3. The Rising Trends in MDR Modulators

ABC transporters contribute to the pharmacokinetics of
various anticancer drugs and today we know that
different types of cancers can be treated by modulation
of ABC transporters. This protein family may also be
beneficial in cancer prognosis. P-gp, multidrug
resistance-associated protein 1 (MRP1), MRP2 and
BRCA are well-known ABC transporters [7]. Among
them, P-gp is still one of the most studied MDR-
associated drug transporter and it has been known to
interact with more than 200 MDR modulators [58,59].

The MDR-modulatory activities of many chemical
compounds have so far been tested in clinical trials
[60]. These molecules, given in Table 2, can be classi-
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Table 1. Modulators of ABC transporters as chemosensitizers
[7,60,61]
Target/
Gene encoding

Inhibitor Molecules

Amlodipin, cyclosporine A, disulfiram,
dofequidar, elacridar, nifedipine, quinidine,
quinine,  tariquidar, tetrandrine/CBT1®,
verapamil, valspodar, zosuquidar

3-p-Acetyl  tormentic acid  (3ATA),
benzbromarone, S-decyglutathione,
dofequidar, ibrutinib, leukotriene C4 (LTC4),
probenecid, sulfinpyrazone, sulindac,
tricyclic isoxazoles, verlukast
Benzbromarone, curcumin, cyclosporine A,
fluorescein, methotrexate, myricetin, PAK-
104P, probenecid, sulfinpyrazone,
thioridazine, verlukast, valspodar

Biricodar, erlotinib, fumitremorgin C,
gefitinib, GF12918, lapatinib, tariquidar

P-gp/ABCB1

MRP1/ABCC1

MRP2/ABCC2

BCRP/ABCG2

fied as first-, second-, third- and fourth- generations
based on their affinity for drug transporters and the
magnitude of their side effects [7,27]. The first-
generation MDR modulators (Figure 4) had low
binding affinities, required to administered in high
doses so that they could be effective, and showed
significant cardiotoxicity at higher doses. In addition,
their unexpected pharmacokinetic interactions with
other chemotherapeutics were another disadvantage.

Table 2. First-, second-, third-, and fourth-generation of ABC
transporter modulators [7,27,59,60,62]

Generation MDR modulatory compounds

1t Calmodulin  antagonists, cyclosporine A,
quinidine, quinine, progesterone, reserpine,
tamoxifen, toremifene, trifluoperazine,
verapamil

2nd Biricodar citrate, cyclosporine D,
dexniguldipine, dexverapamil, valspodar

3 Annamycin, diarylimidazole, dofequidar,
elacridar, erlotinib, laniquidar, lapatinib,
mitotane, tariquidar, zosuquidar

4t Curcumin, neochamaejasmin B

The second-generation MDR modulators (Figure 4)
have been developed to overcome these problems.
Although they had better pharmacological and
toxicological profiles, their use was limited to clinical
studies. Because they inhibited CYP450 enzymes, so
drug-drug interactions were detected. They also
seriously affected the metabolism and elimination of
other drugs in the body. It should be noted that if
second-generation MDR modulators are combined
with other chemotherapeutics in the anticancer therapy,
safe and ideal dose ranges should be well established
due to pharmacokinetic interactions. These limitations
have prompted researchers to discover novel, safer and
highly effective MDR modulators. Third-generation
MDR modulators (Figure 4) were derived from the
structure-activity relationships and combinatorial
chemistry studies of the second-generation MDR
modulators. They were found to be 300 times more
effective at nanomolar concentrations than the first-
and second-generation MDR modulators. In addition, it
has been stated that they do not interact with CYP450

enzymes and other ABC transporters. This has resulted
in change of the general pharmacokinetic profiles of
MDR modulators. Besides, the co-administration of
third-generation MDR modulators and other anticancer
drugs at lower doses has become possible in a
chemotherapy regimen [59,63].

Different therapeutic strategies have also been
developed to overcome MDR as an alternative to P-gp
inhibitors. For instance, the expression of P-gp can be
down-regulated in the cells through the inhibition of
many pathways (e.g., extracellular-related kinase
(ERK), phosphoinositide 3-kinase/protein kinase B
(PIBK/Akt),  V-ATPasessmammalian  target of
rapamycin (mTOR)/Hypoxia-inducible factor 1-alpha
(HIF-1a)/P-gp and Janus kinase 2 (JNK2)/p-JNK/p-c
Jun/P-gp pathways) by modulatory compounds [64]. In
addition, Zhao et. al. [65] created silica nanoparticles
modified by cancer cell membrane (CCM/CS/R-D) in
the co-delivery of siRNA and doxorubicin (DOX) to
the Ca?* channel for effective treatment of multidrug
resistant human cervical cancer. They found that the
CCMI/CS/R-D system was able to successfully target
the tumor in preclinical studies, thus increasing the
therapeutic efficacy of DOX on human cervical
carcinoma (HeLa) cell line. Cho and Kim [55] reported
that MDR mechanisms of CSCs (e.g., aldehyde
dehydrogenases (ALDHSs), epithelial-mesenchymal
transition (EMT) and epigenetic modifications) could
be targeted to overcome multidrug-resistant tumors.
Sinha et. al. [66] stated that sirtuins (SIRTSs) were the
prognostic factors or biomarkers of metastatic and/or
drug-resistant breast cancer cells and the sirtuin
inhibitors/activators have been currently investigated in
clinical trials. They suggested that the sirtuin
modulators could be administered alone or in
combination with other anticancer drugs in the
treatment of drug-resistant cancers. Pramual et. al. [67]
investigated the effectiveness of nanoparticle mediated
photodynamic therapy (NPs/PDT) in lung cancer cells
having both drug-selective MDR and metastasis-
associated MDR mechanisms. They reported that the
success of NPs/PDT strategy stemmed from the
distribution ability of poly(lactic-co-glycolic acid)
(PLGA)-lipid nanoparticles, which were described as
photosensitizers or chemotherapeutic drugs, in
reversing MDR resistance and these hybrid
nanoparticles had the potential to be used in treating
lung cancer cells with both MDR resistance
mechanisms. Yang et. al. [68] reported that multidrug
resistance  proteins  (MRPs)  contributed to
chemoresistance in cholangiocarcinoma (CCA) cells
and they found that the in vitro cytotoxicity of GEM
increased when they knocked out the human genes that
synthesize MRPs. Dong et. al. [64] uncovered that
RN486, which is a Bruton’s tyrosine kinase (BTK)
inhibitor, reversed the MDR mechanism caused by the
overexpression of ABCBL1 transporters in Paclitaxel
(PTX)- and DOX-resistant cancer cells. They
concluded that the suppression of the drug-efflux
activity of ABCB1 could be achieved without making
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any changes in its expression level or subcellular
localization. Martinelli and Biglietti [69] discussed that
the advantages and disadvantages of the use of various
inorganic (iron oxide and metal oxide nanoparticles,
gold nanoparticles, quantum dots, mesoporous silica
nanoparticles and carbon-based nanocarriers) and
organic  (lipid-based  nanoparticles,  polymeric
nanoparticles, polymeric micelles and dendrimers)
nanocarriers as precise drug delivery and release
systems in combating MDR. They emphasized that the
biocompatibility and safety features of these systems
needed to be further investigated prior to their clinical
use. Lin et. al [70] identified that miRNA-765 has
overexpressed in MDR-related gastric cancer cells and
they showed that the down-regulation of miRNA-765
increased the sensitivity of gastric cancer cells to the
anticancer drugs. Ma et. al. [71] developed self-
targeting hyaluronate (HA) nanogels
(“°PP"HANG/DOX) in order to release DOX and CIP
simultaneously into the multidrug-resistant breast
cancer cells for combating MDR. They concluded that
COBPHANG/DOX could remain in the bloodstream for
a long time, accumulate excessively in tumor cells in
vivo, effectively deliver drugs to drug-resistant MCF-
7/ADR breast cancer cells, and exhibit good antitumor
activity. Majidinia et. al. [72] mentioned that the
applications of physical methods such as thermal
(hyperthermia) and ultrasonic therapy, using different
types of nanocarriers for successfully delivering
multiple chemotherapeutics to MDR-related cancer
cells. Yu et. al. [73] reported that programmed death-
ligand 1 (PD-L1) moAb-conjugated PTX and
tariquidar-loaded nanoliposomes (PD-PTLP) could
reverse the multidrug resistance in SGC7901/ADR
cells in vitro and had a significant MDR-reversal
activity in vivo. Teng et. al. [74] designed three novel
antimicrobial peptides with 13 amino acids and
investigated the cytotoxic effects of these peptides on
ABC transporter-overexpressing cancer cell lines
having PTX- and DOX-resistance. They concluded that
XH-14C (FIKRIARLLRKIWR) could reverse ABCB1-
mediated MDR and its use in combination with
conventional chemotherapeutic agents as an innovative
strategy in cancer therapy. Hong et. al. [75]
demonstrated that Y-320, a novel immunomodulator,
when co-administered with other anticancer drugs, it
significantly damaged drug-resistant breast cancer
(BCap37, Bads-200 and Bats-72) cells. This indicates
that Y-320 is an effective chemosensitizing agent that
can be used in cancer-related MDR treatment with low
toxicity.

The exploration of the usage of natural products as
fourth-generation MDR modulators (Figure 4) in
cancer therapy is of great interest today. Chemical
natural compounds are known to have many advantages
as drug leads in terms of chemical diversity, specific
interactions with biological targets, especially proteins,
as well as unique bioactivity and reduced toxicity
profiles over the synthetic molecules. These properties
make natural compounds a priority in drug discovery

and development research [76-78]. Moreover, more
than 70% of the anticancer drugs available on the
market today are derived from or inspired by natural
products [79].

Drug resistance in cancer generally develops due to
the loss of functionality of several cellular mechanisms
in the body and this encourages the researchers to
investigate the potential use of multi-functional drugs
in MDR-related cancer therapies. P-gp, MRP1 and
BCRP are simultaneously expressed in many cancer
cells thus the inhibition of each resistance mechanisms
provided by these proteins results in one compensating
the others. Accordingly, the idea of having broad-
spectrum activity in MDR inhibitors makes more sense.
From this point of view, natural compounds are a good
alternative to the first three generations of MDR
modulators for the reversal of drug resistance in cancer
cells [60]. Seidel [80] reported that about 15% of the
phytochemicals have been investigated so far and the
pharmacological activities of only 6% of them have
determined. This indicates that there is a great
discovery field of the pharmaceutical potential of plant
secondary metabolites.

Due to the limited clinical use of the third-
generation MDR modulators based on their unexpected
adverse side effects, the fourth-generation P-gp
inhibitors have begun to the develop in order to take
control of MDR in cancer therapy. These compounds
have been natural products isolated from their
biological source or natural product derivatives,
peptidomimetics and dual ligands that have the
potential to inhibit both P-gp and other MDR
mediators. Despite years of effort, none of the MDR
inhibitors developed to date have been found successful
in clinical trials [64]. Natural products are a good
starting point in drug development studies in order to
reach more effective and safer drug molecules.
Secondary metabolites from plants have tremendous
potential for this aim, and it is urgently needed to
investigate the potency of these natural compounds in
reversing cancer resistance [81].

In this review, we aimed to provide an insight into
the progress on plant-derived natural MDR modulators
between the years of 2015-2020.

4. Natural MDR Modulators of Plant

Origin

4.1. Plant secondary metabolites

Plant secondary metabolites are specific sources of
drugs, food additives, flavors and industrially important
biochemical substances. They are usually small organic
molecules produced by plant cells. Secondary
metabolites have no effect on the vital functions of
plants such as growth, development and reproduction,
but they play an important role in the adaptation of
plants to the environmental conditions in which it is
located. They are divided into three main classes as
phenolics, alkaloids and terpenoids according to the
pathways in which they are synthesized [82,83].
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4.1.1. Phenolic compounds

Phenolic compounds which do not contain nitogen
atoms, have at least one aromatic ring to which one or
more hydroxyl (-OH) groups are attached in their
structures. They are naturally found conjugated to
sugars or organic acids. Their antioxidant activity is due
to their hydrogen atom or electron transfer ability, thus
preventing the oxidation of various endogenous
molecules in the body [86]. Polyphenols, phenolic
acids, flavonoids, stilbens and lignans are phenolic
compounds commonly found in plants [87].

Flavonoids are polyphenolic compounds bearing
the benzo-y-pyrone skeleton in their structure. They
have low molecular weights and more than 8000
different flavonoids have been identified to date.
Because of their selectivity profile and non-cytotoxic
properites, they have a great potential to be P-gp
inhibitors. In fact, they have shown comparable
efficacy to classical P-gp inhibitors [88]. Apart from
these, it has been reported that flavonoids have
antioxidant,  cardioprotective,  anti-inflammatory,
antiaging, immunomodulatory, antibacterial, antiviral,
antiparasitic and antifungal activities [86].

Apigenin (AP) (1) (Figure 5) is a natural flavonoid
present in many fruits and vegetables as well as
medicinal plants Salvia officinalis (Lamiaceae),
Ocimum basilicum (Lamiaceae) and Tamarindus indica
(Fabaceae). It has been in the foreground for years with
its chemoprotective effects. In addition, antioxidant,
radical scavenging, antimutagenic, anti-inflammatory,
antiviral and purgative activities of AP have also been
reported [89]. Chen et. al. [90] demonstrated that
apigenin combined with gefitinib (GEF) caused
metabolism impairment and apoptotic cell death in
H1975 lung cancer cells by inhibiting multiple
oncogenic factors such as epidermal growth factor
receptor (EGFR), c-Myc and HIF-1a, reducing the
expression of glucose transporters (GLUTS) and
monocarboxylate transporter 1 (MCT1) proteins as well
as inactivating 5 AMP-activated protein kinase
(AMPK) signaling. In another study, apigenin in
combination with CIP has shown potential to sensitize
human CD44* prostate CSCs by inducing apoptosis
[91]. Gao et. al. [92] demonstrated that apigenin has
significantly increased DOX sensitivity by inducing
miR-520b expression and inhibiting autophagy related
7 (ATGT)-dependent autophagy in BEL-7402/ADM
cells. Thus, it has a potential as a chemosensitizer for
hepatocellular carcinoma (HCC).

Butein (2) (Figure 5) is a chalcone derivative that is
produced by many botanical families such as
Anacardiaceae, Asteraceae and Fabaceae. In addition to
being a dietary polyphenol, butein can also inhibit the
activity of protein tyrosine kinases, thereby playing an
important role in the prevention and treatment of
various types of cancers [93]. Zhang et. al. [94]
investigated the anticancer effects of butein in HelLa
cells and found that it sensitized these malignant cells
to CIP in vitro and in vivo, by preventing the activation

of the AKT and ERK/p38 mitogen-activated protein
kinase (MAPK) pathways by targeting FoxO3a.
Curcumin (3) (Figure 5), is also called
diferuloylmethane, is the major natural polyphenol
compound found in the rhizome of Curcuma longa
(turmeric). Turmeric has been traditionally used in
Asian countries as a medicinal herb because of its
antioxidant, anti-inflammatory, antimutagenic,
antimicrobial and anticancer properties [95]. Curcumin
alone, or in combination with other chemotherapeutics
and/or phytochemicals, has the potential to inhibit the
growth of various cancer cell lines and it might sensitize
the tumor cells on the purpose of reversing MDR
activity. Khatoon et. al. [96] has been reported different
types of chemosensitizing effects of curcumin. In this
review, it was emphasized that curcumin has played a
remarkable role in the in vitro sensitization of leukemic
cells to other anticancer agents, e.g., DOX, TAM,
etoposide (ETP), methotrexate (MET), L-asparaginase
(L-ASP), valproic acid and carnosic acid. Also, it was
reported that the coadministration of curcumin and
vincristine (VCR); or ETP, dasatinib, leucovorin,
fluorouracil (5-FU)+oxaliplatin (OXP) resulted in a
significant chemosensitizing effect in preclinical colon
cancer models via regulating many cellular proteins and
signal transduction pathways. They also mentioned that
when curcumin has been co-administered with
adriamycin (ADM), pterostilbene or DOX, the
anticancer effects observed in HCC cells have increased
due to the induction of caspase-3 activity and the
decrease in the expression of Bcl-2, nuclear factor
kappa B (NF-xB), lysyl oxidase (LOX), c-Myc, cellular
inhibitor of apoptosis protein (clAP) 2, NAIP, vascular
endothelial growth factor (VEGF) and X-linked
inhibitor of apoptosis (XIAP). Furthermore, they have
been stated that curcumin has enhanced the anticancer
activities of many chemotherapeutics such as DOX,
ETP, VCRand 5-FU in gastric cancer cells, and also the
cytotoxic effects of DOX, 5-FU, PTX in PC-3 and
DU145 prostate cancer cells. In the same review, it has
been reported that curcumin has a sensitization
potential to different anticancer drugs and other
compounds (e.g., CIP, DOX, docetaxel (DTX), GEM,
GEF, irinotecan (IRT), mitomycin C (MMC),
epicatechin, sulfinosine, and vinorelbine) in the lung
cancer cells via the regulation of many signaling
pathways. Besides, they have provided valuable
information about the effectiveness of the curcumin
alone or its combination therapies in order to increase
the sensitivity of breast cancer cells. For example, they
pointed out that curcumin in conjuction with carnosic
acid, CIP, docosahexaenoic acid (DHA), DTX retinoic
acid, TOF, trichostatin A (TSA), valporic acid and
genistein could successfully sensitize the breast cancer
cells by interfering with many signal transduction
pathways. Mahammedi et. al. [97] found that curcumin-
DTX-prednisone (PDN) combination in metastatic
prostate cancer patients who have not recieved
chemotherapy, had good tolerability, high response rate
and patient acceptability in a Phase Il study.
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Shabaninejad et. al. [98] reported that curcumin could
arrest cell proliferation and induce apoptosis in colon,
lung, breast, melanoma and glioblastoma (GBM)
cancer cells. More specifically, it has the potential to
inhibit the migration and invasion in human U87
glioblastoma cells via signal transducer and activator of
transcription 3 (STAT3) pathway [99]. In a study
conducted by Li et. al. [100], it was concluded that
microRNA-378 has enhanced the inhibitory effect of
curcumin in U87 cells in vitro and in vivo. Gersey et. al.
[101] investigated that curcumin treatment in the
subtoxic levels (2.5 puM) significantly decrease the
proliferation of cancer cells by inducing ROS
generation, promoting MAPK pathway activation and
downregulating STAT3 activity in glioblastoma stem
cells (GSCs). Shen et. al. [102] reported that curcumin
has diminished autophagy by affecting the mechanism
of autophagy to apoptosis switch and regulating Kelch-
like ECH-associated protein 1 (Keapl) transcription in
CIP-resistant A549 lung cancer cells. To eliminate the
poor pharmacokinetic and low bioavailability
properties of curcumin, many drug delivery systems has
developed and this approach has been used as an
alternative to the synthesis of curcumin derivatives.
Keyvani-Ghamsari et. al. [103] reported that synthetic
polymers such as PLGA is generally used in the
delivery of curcumin in vivo. Wang et. al. [104] made a
micelle formulation with curcumin and methoxy
poly(ethylene glycol)-poly(lactide) copolymer
(MPEG-PLA), and this combination has resulted in
increasing the cytotoxic effects of curcumin by
inducing apoptosis in melanoma cells.

Epigallocatechin-3-gallate (4) (Figure 5) is the
most effective catechin compound abundantly found in
green tea (Camellia sinensis) and accounts for over
50% of total polyphenols. Studies have proved that
EGCG shows anticancer activity through different
mechanisms such as cell cycle arrest and apoptosis
[105]. In a study conducted by Kumar et. al. [106], it
was reported that coadministration of EGCG and
vandetanib (ZD6474) in a mesoporous silica gold
cluster nano-drug delivery system, resulted in
inhibiting EGFR2, VEGFR2 and Akt signalling
pathways thus overcoming TAM resistance in TAM-
resistant breast cancer cells. Zhang et. al. [107]
reviewed the role of EGCG in the reversal of MDR in
different types of cancers in vivo and in vitro. They
concluded that EGCG has enhanced the
chemotherapeutic activity of many anticancer agents
(e.g., DOX, CIP and TAM), via inhibiting the multiple
drug transporters, decreasing DNA methylation and
histone acetylation, regulating the activity of miRNAs,
controlling tumor microenvironment, balancing redox
homeostasis, interfering multiple signaling pathways
(down-regulation of AKT and mTOR), inducing MDR
cancer cell death, modulating the properties of CSCs,
and acting as a receptor tyrosine kinases inhibitor. Le
et. al. [108] stated that EGCG had cytotoxic effects on
various glioma cell lines in vitro, thus it has increased
the efficacy of anti-glioma therapies.

Fisetin (5) (Figure 5), is an active flavonoid
molecule found in fruits and vegetables such as
strawberry, grape, kiwi, peach, onion and cucumber.
The  chemopreventive,  chemotherapeutic  and
antioxidant effects of fisetin are well-known in the
literature [110]. Lin et. al. [110] reported that fisetin
had anticancer effects on cervical cancer and glioma. In
the same study, it was also demonstrated that the
combination therapy of fisetin and sorafenib against
HelLa cells was effective by interfering apoptosis
signaling pathways, both in vitro and in vivo. In another
study, the chemosensitizing effects of fisetin in both
IRT- and OXP-resistant colon cancer cells in vitro and
in vivo through promoting caspase-8 and cytochrome-
C expressions likely by inhibiting the insulin-like
growth factor 1 receptor (IGF-1R) and Akt proteins and
also suppressing the tumor growth has been reported by
Jeng et. al. [111].

Genistein  (6) (Figure 5), is a soy derived
isoflavonoid compound that is first isolated from
Genista tinctoria in 1899. In the literature, it has been
reported that genistein has antioxidant, anticancer,
cardioprotective, hepatoprotective and
immunosuppressive activities [112]. The combination
of genistein, asa chemosensitizing agent, and FOLFOX
or FOLFOX-Bevacizumab is found safe and tolerable
in patients with metastatic colorectal cancer (CRC) ina
Phase I/11 trial [113]. Huang et. al. [114] demonstrated
that genistein could overcome MDR in PTX-resistant
ovarian cancer (SKOV3) cells by inhibiting androgen
receptor (AR) activation and suppression of AR-driven
genes in vitro.

Hesperetin (7) (Figure 5), which is a derivative of
hesperidin, is extracted from tangerine peel and
exhibits multiple antitumor activities. It has been
reported that this flavanone compound has MDR-
reversal activity against P-gp-mediated CIP resistance
on CIP-resistant human lung cancer (A549/DDP) cells
in vivo.

Isorhamnetin (IH) (8) (Figure 5) is a plant-derived
secondary metabolite isolated from Hippophaer
hamnoides L. and Oenanthe javanica. This compound
has hepatoprotective, antioxidant, antimicrobial,
antidiabetic, anti-inflammatory and  anticancer
activities [115]. Manu et. al. [116] stated that IH has
enhanced the antitumor effect of capecitabine by
eliminating the activation of NF-xB pathway and
suppressing the expression of various NF-«xB regulated
gene products in gastric cancer cell (AGS, SNU-5 and
SNU-16) lines.

Kaempferol (Kae) (9) (Figure 5) is the major
flavonoid obtained from Zingiberaceae Kaempferia
rhizome and it is generally presented in glycosidic form
in nature. It has important biological functions such as
cardiovascular, antioxidant, antidiabetic, anti-
inflammatory, hepatoprotective and neuroprotective
effects [117]. Moradzadeh et. al. [118] reported that
Kae has increased apoptosis in human acute
promyelocytic leukemia (HL60 and NB4) cells and also
inhibited the MDR-related ABCB1 and ABCC1 gene
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expressions in vitro. In another study, Nair et. al. [119]
investigated the interaction energy of Kae with MRP1
protein using an in silico method. After that, they tested
the MDR-reversal activity of Kae in liver cancer
(HepG2 and N1S1) cells in vitro and they concluded
that Kae has sensitized HepG2 and N1S1 to sorafenib
via decreasing the overexpression of P-gp.

Licochalcone A (LCA) (10) (Figure 5) is a natural
chalcone that can be isolated from the root of
Glycyrrhiza inflata (licorice). This compound has
antiprotozoal, antiviral, antifungal, antimicrobial and
anti-inflammatory activities. Also, LCA reverses
ABCG2-mediated MDR in human multidrug-resistant
cancer cell lines in a concentration-dependent manner.
This activity was confirmed by in silico docking
analysis from the interactions of the human ABCG2
protein with LCA at the drug binding site [120].

Quercetin (11) (Figure 5), is a bioflavonoid that
cannot be produced in human body. It is widely found
in different types of fruits and vegetables such as
fennel, tea, coriander, grape, onion and pepper.
Quercetin has been reported as an antioxidative, anti-
inflammatory, antihypertensive, antiobesity, anti-
hypercholesterolemic, anti-atherosclerotic, anticancer
and antitumor agent. However, it is mostly used in the
treatment of metabolic and inflammatory disorders
[121,122]. Sun et. al. [123] reported that quersetin acted
synergistically with metformin (MET), by inhibiting
the growth, migration and invasion of human prostate
cancer (PC3 and LNCaP) cells through modulating the
VEGF/Akt/PI3K pathway both in vitro and in vivo. In
another study, Maruszewska and Tarasiuk [124] found
that quercetin has induced the apoptotic and lysosomal
cell death of sensitive HL60 and MDR-leukemia
(HL60/VINC and HL60/MX2) cells acting upon
caspase-3, -8 and lysosome membrane
permeabilization-dependent mechanisms in vitro.
Several studies have revealed that quercetin play an
important role in reversing MDR activity in many
cancer cells such as hepatoma cells (by inhibiting the
Frizzled homolog protein 7 (FZD7)/$-catenin
pathway), KB/VCR oral cancer cell (triggering
apoptosis by inhibiting Bax and inducing caspase-3 and
Bcl-2 expressions), K562 leukemia cell (by affecting
MAPK/ERK/INK signaling pathway). Unfortunately,
the mechanism of MDR reversal activity of quercetin
has not yet been fully explored [125].

Tea polyphenols (Theaceae) (Figure 5) such as
gallic acid (GA), epigallocatechin (EGC), catechin (C),
EGCG, epicatechin gallate (ECG), and epicatechin
(EC), have been reported as chemosensitizing agents in
Bleomycin-resistant cervical cancer (SiHa) cells as
well as CIP-resistant breast cancer (MCF-7) and non-
small cell lung cancer (A549) cells [126].

6-Tocotrienol (6-T3) (12) (Figure 5), is an
important component of vitamin E, is obtained from
rice and has multiple physiological functions, such as
anticancer and anti-inflammatory activites [127].
Thomsen et. al. [128] showed that &-T3 and
bevacizumab combination therapy has been effective in
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multiresistant ovarian cancer in a phase Il trial. Another
study demonstrated &-tocotrienols synergistically
enhance the anticancer activity of ethyl acetate extract
(9EA) of Acalypha wilkesiana at lower dose by
inducing apoptosis in lung cancer cells [129]. Khatoon
et. al. [96] reported that there were numerous studies
indicating that the combination of T3 and celecoxib
(CXB), or erlotinib, ferulic acid, RES, DHA, sesamin
has been found successful in chemosensitizing the
breast cancer cells by downregulating the expression of
Akt, NF-xB and STAT3, and their related gene
products.

Lignans are a group of phenolic compounds that are
widely found in the plant kingdom and today they are
known for their antitumor properties [130].

Arctium lappa (burdock) is a well-known medicinal
plant that is used in Traditional Chinese medicine
(TCM) and Europe due to its potential for treating
arthritis, baldness and cancer. Su et. al. isolated six
lignan compounds (arctigenin (13), matairesinol (14),
arctiin (15), (iso)lappaol A (16), lappaol C (17), and
lappaol F (18)) given the formulas in Figure 5, from A.
lappa seeds and they tested their MDR reversal
potentials in the MDR cancer cell (CaCo2 and
CEM/ADR 5000) lines overexpressing P-gp and other
ABC transporters. When they applied each lignans in
combination with DOX to MDR cancer cells, they
observed that all compounds showed synergistic effects
in CaCo2 cells as well as matairesinol, arctiin, lappaol
C and lappaol F displayed synergistic activity in
CEM/ADR 5000 cells. They even revealed that the
MDR reversing activity has enhanced when they
applied each of the lignans together with DOX and
digitonin (a steroidal saponin). Moreover, they
concluded that the isolated lignan compounds could
only inhibit the activity of P-gp except lappaol C.
Lappaol C showed inhibition potential on both P-gp
and other ABC transporters [131].

Honokiol (19) (Figure 5), is an anticancer biaryl-
type lignan compound isolated from Magnolia plants.
It has recently been popular for its immune boosting
and cancer regulating properties. This phytochemical
can interfere with many cancer-related pathways such
as sonic hedgehog (SHH), STAT3, NF-xB, mTOR,
EGFR and MAPK. Thus, it can induce apoptosis,
suppress the cell proliferation, and decrease the
expression of CSC markers and P-gp in vitro and in
vivo [132]. Ong et. al. [133] stated that the down-
regulation of the P-gp expression in MDR breast
(MCF-7/ADR) and MDR ovarian cancer (NCI/ADR-
RES) cells by honokiol was achieved.

Phenolic acids are another phytochemicals
obtained from natural sources. They get much attention
because of their multiple pharmacological actions such
as antioxidant and antitumor properties. Caffeic, gallic,
rosmarinic, carnosic, ferulic, p-coumaric and vanillic
acid are naturally occurring phenolic acids in plants
[134]. Among them, caffeic acid stands out with its
anti-inflammatory, antibacterial and antiviral effects. It
has also reported that caffeic acid has MDR reversal
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activity on human cervical epithelioid carcinoma
(HeLaS3) cells [135].

Stilbenoids are naturally occurring phenolic
compounds found in plants such as Morus alba,
Pterocarpus marsupium, Vitis sp., Gnetum spp., Rheum
sp. and Passiflora species. They are phytoalexins with
antimicrobial activities to protect the plants against
various fungal pathogens and toxins. Also, their
cardioprotective,  anti-atherosclerotic,  anticancer,
antidiabetic and anti-obesity activities have been
reported in the literature [136].

Resveratrol (20) (Figure 5), that is found in more
than 70 plant species, contains two phenol rings linked
to each other with an ethylene bridge. Its anticancer
activity has been showed in several in vitro and in vivo
studies at different carcinogenesis stages such as the
initiation, promotion and progression [137]. Guo et. al.
[138] reported that the co-delivery of RES and DTX at
a ratio of 1:1 (w/w) to human MCF-7 cells via a
polymeric MPEG-poly-D-lactide (PDLA) nanocarrier
has increased the cytotoxicity of each compound,
therefore this combination has offered a promising
approach to treat drug-resistant tumors. In a review
published by Sameiyan and her colleagues [139], it has
been stated that RES reduced the cell survival by
inducing autophagy in drug-resistant K562/ADM cells.
Also, it triggered the autophagic cell death via the
inhibition of Akt and enhancement of AMPK signaling
in CIP-resistant human oral cancer (CAR) cells. RES
has also been found beneficial in many in vitro and in
vivo studies in order to defeat MDR by inhibiting drug-
metabolizing enzymes such as CYP1Al and CY1B1,
inducing DNA breakage, regulation of cell cycle
activity, evasion of apoptosis acting upon different
metabolic pathways and reducing the function or
expression of drug transporters [140]. Wang et. al.
[141] mentioned that RES could downregulate the
MDR1 expression by inhibiting NF-xB signaling
pathway in OXP-resistant colorectal cancer cells
(CRCs).

4.1.2. Alkaloids
Alkaloids are low-molecular-weight compounds
containing nitrogen atoms in their structures. These
compounds are basic in character since they have a
nitrogen-containing heterocyclic ring and many of
them are toxic. They are known for their antimicrobial,
antifungal, anti-inflammatory, antipsychotic,
antihypertensive, anti-diuretic, adrenolytic and
hepatoprotective activities, also their cytotoxic effects
on human healthy and cancer cells lines in the
literature. Alkaloid compounds are divided into more
than 20 different subclasses such as pyrrolidine
alkaloids, piperidine alkaloids, quinolizidine alkaloids
and tropane alkaloids according to their bioprecursors
[87,142,143].

Berberine (21) (Figure 6), an isoquinoline alkaloid
purified from the Berberis species, is known for its

11

multiple  pharmacological properties such as
antibacterial, anti-hypertensive, and anti-arrhythmic
activities  [144]. There are several studies
demonstrating that berberine has MDR reversal activity
in many cancer cell lines in vitro and in vivo [144-146].
Liu et. al. [147] indicated that the combination
treatment of berberin and CIP could inhibit the
proliferation of human ovarian cancer (OVCAR3) cells
in a dose- and time-dependent manner via inducing
necroptosis and apoptosis in these cells. Another study
conducted by Pan et. al. [148] has revealed that low-
dose berberin sensitizes the MCF-7/hypoxia cells to
DOX, besides its higher doses directly induce apoptosis
in MCF-7/hypoxia cells in vitro and in vivo through the
AMPK-HIF-1a-P-gp pathway.

Dioncophylline A (22), Dioncophylline C (23) and
Mbandakamine A (24) (Figure 6) are
naphthylisoquinoline alkaloids, which are present in
Dioncophyllaceae and Ancistrocladaceae families,
have significant antiproliferative effects in breast
cancer (MCF-7 and MDA-MB-231) cell lines by the
mechanism of inducing the apoptotic cell death via
intrinsic pathway. They are potential drug candidates in
the treatment of MDR-resistant breast cancers as well
[149].

Dregamine (25) and Tabernaemontanine (26)
(Figure 6), two major epimeric alkaloids isolated from
Tabernaemontana elegans, are from the class of
monoterpene indole alkaloids. Their MDR-reversing
activity was reported by Cardoso et. al. [150] related to
their P-gp inhibitory effects in resistant human colon
cancer (COLO 320) and mouse T-lymphoma (L5178Y,
MDR) cells in vitro.

Nuciferine (27) (Figure 6), an alkaloid from
Nelumbo nucifera and Nymphaea caerulea, can
sentisitize HCT-8/T and A549/T cancer cells to PTX,
DOX, DTX and daunorubicin (DRB). Also, it
suppresses the colony formation of MDR cells in vitro
and the tumor growth in A549/T xenograft mice in vivo
[151].

Piperine (28) (Figure 6), an alkaloid from black
(Piper nigrum L.) and long peppers (Piper longum L.),
has a great antitumor potential in vitro and in vivo.
Piperin enhaces the anticancer effect of MMC by
blocking p-STAT3/p65 and Bcl-2 activation in MDR-
resistant cervical cancer (HeLa/MMC) cells in vitro and
in vivo [152].

Piperlongumine (29) (Figure 6) is an amide
alkaloid obtained from P. longum, has the potential to
inhibit various multidrug-resistant cancer cells. It
enhances the therapeutic sensitivity and suppresses the
cell migration, invasion, EMT and proliferation in oral
cancer (SAS and CGHNCS) cell lines and also inhibits
the tumor growth ability at 2.4 mg/kg dose in SAS mice
xenograft by inhibiting cancer stemness and the
expression of stem cell regulatory proteins [153].

Reserpine (30) (Figure 6) is an indole alkaloid from
Rauwolfia serpentina, shows a great antitumor activity
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against cancer cells in vitro and in vivo. It sensitizes
the resistant leukemia (CEM/ADR5000), breast
(MDA-MB-231BCRP), colon (HCT116 p53) and
glioblastoma (U87MG.AEGFR) cells to anticancer
drugs through inhibiting the efflux function of P-gp
[154].

Tetrandrine (31) (Figure 6) isolated from the root
of Stephania tetrandra S Moore, has been traditionally
used in Chinese Medicine in the treatment of
autoimmune disorders, inflammatory pulmonary
diseases, cardiovascular diseases and hypertension.
Tetrandrine is a good chemical starting point for
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developing new MDR-reversing agents due to its potent
inhibition properties on P-gp. It has been stated that
tetrandrine is a chemosensitizing agent in multidrug-
resistant cancer cells such as human epidermoid
carcinoma (KBv200), leukemia (CEM/ADR5000),
human T lymphoblastoid leukemia (MOLT-4/DNR)
and human chronic myeloid leukemia (K562/A02)
cells. Moreover, it increases the cytotoxicity of CIP in
ovarian cancer cells by suppressing the cell growth and
induction of apoptosis via the modulation of the
Whnt/cadherin signaling pathway. Another MDR-
overcoming mechanisms of tetrandrine are reducing the



M. Isaoglu et. al. | Anatolian Journal of Biology / 2020 2:1-51

migration and invasion in HCT116 cells and also
triggering the apoptotic cell death in human HeLa,
hepatoma (Huh7 and FHCC98), human glioma (U87
and U251) and human lung (Calu-1 and A549) cells via
ROS production and cyclin-dependent kinase inhibitor
1 (p21CIPHYWAFLY expression [155].

Wilforine (32) (Figure 6) is a sesquiterpene
pyridine alkaloid from Tripterygium wilfordii. Hook. F.
that possess many therapeutic functions in order to treat
rheumatoid arthritis, HIV/AIDS, Crohn's disease and
cancers. It has been reported that Wilforine
competitively and effectively inhibits the efflux activity
of P-gp in a concentration-dependent manner in human
cervical cancer (HeLaS3 and KBvin) cells and it also
promotes PTX-induced apoptosis in multidrug-
resistant KBvin cells [156].

4.1.3. Terpenoids and steroids

Terpenoids, consist of CsHg isoprene units, are the
largest family of natural products that include more
than 40.000 oxygen-containing terpene analogues.
They are widely found in plants [157]. To date,
numerous terpenoid compounds have been found to
show cytotoxic and anticancer activities against various
tumor cells in preclinical animal models [158].
According to the number of isoprene units, terpenoids
are named as monoterpenes (Cio), sesquiterpenes (Cis),
diterpenes (Czo), sesterterpenes (Czs) and triterpenes
(Cs0), respectively [87].

Carotenoids also called tetraterpenoids (Cao), are
the organic pigments that are widely distributed in
plants. They are divided into two main groups as
carotenes (p-carotene) and xanthophylls (crocin,
canthaxanthin and fucoxanthin) based on the presence
or absence of oxygen atom in the structure. Their
antioxidant capacities are well-known in the literature.
The MDR modulatory activity of capsanthin, lycopene,
lutein, antheraxanthin, violaxanthin, zeaxanthin and
capsanthin have been reported against MDR1 in
different types of cancer cell lines [159]. Carotenoids
can inhibit the expression of oncogenes and
angiogenesis as well as induce the apoptosis [160].
Recently, Eid et. al. [161] demonstrated that
fucoxanthin (33) (Figure 7) could sensitize the
multidrug-resistant breast (MCF-7/ADR), liver (HepG-
2/ADR) and ovarian (SKOV-3/ADR) cancer cells to
DOX by the induction of apoptosis in vitro. On the
other hand, p-carotene displayed a synergistic MDR
reversal activity with DOX on KB-vin and NCI-
H460/MX20 cell lines via inhibiting human P-gp efflux
function without altering ABCB1 mRNA expression
[162].

Diterpenes are a large class of isoprenoid-derived
compounds that are widely distributed in plants. While
diterpene compounds facilitate the adaptation of the
plants to the environmental conditions, diterpenoid
plant hormones such as gibberellin, stimulate the
growth and development of plant species. However,
most of these compounds have specialized functions
specific to a single plant genus, family or species. They
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have multiple therapeutic actions including
antimicrobial, anticancer (Taxol from Taxus
brevifolia), psychotropic (Salvinorin A from Salvia
divinorum), Kkeratosis (Ingenol mebutate from
Euphorbia sp.), antioxidant (carnosic acid from
Rosmarinus officinalis) and cAMP modulatory
(forskolin from Coleus forskonhlii) activities [163].

Ingol-3,7,12-triacetate-8-benzoate (34) (Figure 7)
is a diterpenoid isolated from Euphorbia royleana,
acted as an inhibitor of P-gp and potentiated the
efficacy of DOX at 10 uM in DOX-resistant human
HCC (HepG2/DOX) cell line [164].

Yang et. al. [165] reported that three lathyrane
diterpene compounds (compound 35, 36 and 37)
(Figure 7) from Euphorbia lathyris seeds, showed
potent MDR reversal activity in HepG2/ADR cells
likely via suppressing P-gp overexpression or
decreasing the efflux of P-gp regulated by
chemotherapeutic drugs. Similarly, lathyrane-type
diterpenoid EM-E-11-4 (38) (Figure 7) extracted from
Euphorbia micractina, had good chemosensitizing
activity in PTX-resistant tumor (A549/Tax) cells
overexpressing either P-gp or plll-tubulin in vitro
[166].

The MDR modulatory activities of Jatrophane
diterpenoids from Pedilanthus tithymaloides, were
tested on HepG2/ADR and MCF-7/ADR cancer cells
by zZhu et. al. [167] and they reported that
(1S,2S,3S,4S,7R,9R,13R,14R,155)-9,15-fiacetoxy-3, 7-
dibenzoyloxy-1,13,14-trihydroxyjatropha-5E-ene
(compound 39) (Figure 7) exhibited remarkable in vitro
stability as well as a favourable antitumor activity in
vivo, thus compound 39 was specified as a promising
lead molecule for new MDR-reversing anticancer
agents. In another study, nicaeenin F and nicaeenin G
(jatrophane diterpenoids from the latex of Euphorbia
nicaeensis) have been found to show a significant
inhibitory effect in two MDR cancer (NCI-H460/R and
DLD1-TxR) cells [168].

Segetane and ingenane skeletons were first
discovered from the methanol extract of Euphorbia
taurinensis All. by Redei et. al. [169]. Among the
isolated diterpenoids, ingenanes (40, 41) and segetane
(42) (Figure 7) showed remarkable ABCB1-modulating
activities at 20 pM concentration in mouse T-
lymphoma cells (PAR).

Epoxylathyrane derivatives obtained from the
derivatization of epoxyboetirane A which is a
lathyrane-type macrocyclic diterpene isolated from
Euphorbia  boetica, were evaluated against
mitoxantrone (MTX)- or DRB-resistant human gastric,
pancreatic and colon cancer cells by Reis et. al. [170].
They concluded that compounds epoxyboetirane P,
methoxyboetirane B and methoxyboetirane C had the
best potential as MDR-modifying agents. In addition,
methoxyboetirane B (43) and methoxyboetirane C (44)
(Figure 7) induced apoptosis via caspase-3 activation in
MDR cancer cell lines.

Royleanone derivatives from Plectranthus spp.
has been reported that as a novel class of P-gp inhibitors
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Figure 6. Structures of some alkaloids that have MDR modulation abilities

against human non-small cell lung carcinoma (NCI-
H460 and NCI-H460/R) cells. Of these diterpenoids,
compound 45 (Figure 7) showed significant P-gp
inhibitory activity and it also sensitized the resistant
NCI-H460/R cells to DOX in vitro [171].

Ginsenosides, triterpene saponin components of
Panax ginseng that is one of the most reliable medicinal
plants used in Asia and North America, contain a four
trans-ring steroid skeleton divided into several groups.
Ginsenosides have multiple pharmacological actions
such as anticancer, antidiabetic, immunomodulatory,
cardioprotective, neuroprotective, antiamnestic and
antistress effects. Nonetheless, they stand out for their
chemoprotective and chemotherapeutic activities both
invitro and in vivo [172,173]. The combination therapy
of ginsenoside Rg5 (46) (Figure 7) and DTX was
reported as a promising strategy in order to suppress the
expression of Nrf2 and phosphorylation of AKT as well
as induce apoptosis in PTX-resistant lung and ovarian
cancer cells in vitro and in vivo.

14

Limonoids are abundant in the Meliaceae plants
and they have a wide variety of potent bioactivities such
as antibacterial, antimalarial, anti-multidrug resistance
(MDR), insecticidal, antifeedant and anti-inflammatory
activities.  Ciliatasecone F  (47) and 7-
acetylneotrichilenone (48) (Figure 7), limonoid
compounds isolated from the barks of Toona ciliate var.
yunnanensis (Meliaceae), found to be highly effective
in reversing resistance in MCF-7/DOX cells at a non-
cytotoxic concentration of 50 uM [174]. Another novel
limonoid, tooniliatone A (49) (Figure 7) was isolated
from the air-dried stem bark of Toonaciliata Roem, and
it showed MDR-reversal activity in K562/MDR and
MCF-7/MDR cell lines by decreasing Bcl-xL via
activation of INK MAPK signaling [175].

Monoterpenes are a very large and diverse subclass
of natural products, consisting of two isoprene units
connected to each other. They are generally found in
the composition of essential oils and these compounds
have antifungal, antimicrobial, antiviral, anti-
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inflammatory, antitumor, antioxidant, anxiolytic and
analgesic activities. Geraniol, linalool, nerol (acyclic),
thymol, (-)-mentol, eugenol (monocyclic), a-pinene,
(+)-camphor,  (-)-borneol are very familiar
monoterpenes nowadays [176]. Thymoquinone (50)
(Figure 7) (from Nigella sativa seeds) is a monoterpene
that enhances the antitumor activity of CIP in human
gastric cancer (SGC-7901, HGC-27 and MGC-803)
cells by down-regulating P-gp and up-regulating PTEN
gene in vitro and in vivo [177]. Similarly,
thymogquinone shows antitumor activity in combination
with PTX in mouse breast cancer (4T1) cells in vitro
via increasing the cleaved caspase -3, -7, -12 protein
levels and reducing phosphorylated p65 and Aktl.
These data are also supported by the fact that
thymogquinone increases the sensitivity of cancer cells
to PTX in vivo [178].

Triterpenes are natural alkene derivatives that are
presented in vegetables, animals and fungi. Due to their
structural diversity, they have various pharmacological
properties such as anticancer, anti-inflammatory,
antioxidative, antiviral and antimicrobial activities. To
date, the anticancer activity of many natural
triterpenoids (e.g., betulinic acid, oleanolic acid, ursolic
acid and lupeol) has been reported in the literature
[179].

Betulinic acid (51) (Figure 7) is a pentacyclic
triterpenoid obtained from the bark of the white birch
(Betula pubescens). It was able to reverse the MDR of
tested MCF-7/taxol and MDA-MB-231/taxol cells in
vitro as well as MDA-MB-231 cells in mice xenograft
by triggering ER stress-mediated apoptosis via directly
targeting glucose regulatory protein 78 (GRP78) [180].
Furthermore, betulinic acid showed potent antitumor
activity on PTX-resistant human lung carcinoma
(H460) cells by the induction of mitochondrial
apoptosis and cell cycle arrest at Go/M phase [181].
From another point of view, Jin et. al. reported that
[182] DOX/betulinic acid micelles enabled each
molecule together to successfully reach the ovarian
cancer cells, increased the anticancer activity and
decreased off-target effects in the target tissue. In
addition, these micelles showed less cardiac toxicity
and leukocyte counts in Skov3 subcutaneous xenograft
models.

Celastrol (52) (Figure 7), purified from the plant
Tripterygium wilfordii, is a pentacyclic triterpenoid
whose MDR modulatory activity has been extensively
investigated in recent years. Celastrol overcomes
multidrug resistance in many cancer cell lines (e.g.,
non-small cell lung cancer (PC-9/GR and H1975),
anaplastic thyroid carcinoma (8505C and SW1736),
oral cancer (SASV16), multiple myeloma (U266, H929
and KMS11) and HCC (Hepal-6) cells) in combination
with  tyrosine  kinase inhibitors or  other
chemotherapeutics in vitro and/or in vivo [183-188].

Lupeol (53) (Figure 7), is a dietary triterpene,
presented in many medicinal plants (Zanthoxylum
genus), various fruits and vegetables. Lupeol was found
to restore the DOX sensitivity of culture multidrug-
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resistant CEM/ADR5000 leukemia, MDA-MB-231-
BCRP  breast, HCT116 p53" colon and
U87MG.AEGFR glioblastoma cancer cells via multiple
mechanisms in vitro [189]. In another study conducted
by Chen et. al. [190], it was demonstrated that lupeol
altered endoplasmic reticulum (ER) stress-signaling
pathway via down-regulating ABCG2 expression with
the aim of apoptosis induction in OXP-resistant
colorectal cancer (LoVo) cell line.

Oleanolic acid (54) (Figure 7), is another plant-
derived triterpene which has potent pharmacological
properties, especially anticancer activities. Oleanolic
acid inhibits the growth of multidrug-resistant liver
cancer (HepG2) cells by the induction of apoptosis and
deactivation of JNK/p38 signalling pathway in vitro
[191]. Additionally, Mbaveng et. al. [192] have
revealed that N-acetylglycoside of oleanolic acid
(aridanin) (55) (Figure 7) is a promising MDR modifier
due to its apoptotic, ferroptotic and necroptotic effects
on human leukemic cell (CCRF-CEM) line and its vast
potential in combating multifactorial resistance in
CEM/ADRS5000 cells.

Ursolic acid (56) (Figure 7), a pentacyclic
triterpene, is found in many fruits, vegetables and
medicinal herbs such as Eriobotrya japonica, R.
officinalis, apple peels and cranberries. It exhibits MDR
modulatory effect on P-gp transporter in MCF-7/ADR
cells and also it disrupts the energy metabolism and
related amino acids in vitro [193]. Another anti-MDR
activity of ursolic acid has been reported by Prasad et.
al. [194] due to its inhibition potential on human
pancreatic cancer (AsPC-1 and MIA PaCa-2) cells and
the sensitizing effect to GEM in vivo.

Momordica balsamina triterpenoids have a
chemosensitizing effect on drug-resistant gastric
(EPG85-257RNOV, EPG85-257RDB), pancreatic
(EPP85-181RNOV, EPP85-181RDB) and colon (HT-
29RNOV, HT-29RDB) cancer cells via the modulation
of P-gp function [195].

Steroids are an important class of compounds that
contain a cyclopentanoperhydrophenanthrene ring and
some rearranged forms. They are structural
components of the cell membranes and are involved in
many physiological functions. Steroid compounds are
known to be highly lipophilic and they have great
enhancement potential due to their low cytotoxicity and
high bioavailability properties as in abiraterone. They
have been shown in the literature to be effective in
many types of cancer, including MDR-related cancers
due to their steroid sulfatase inhibitory, aromatase
inhibitory, 17p-hydroxysteroid dehydrogenase
inhibitory activities [196]. Xiao et. al. [197] reported
that aglaiasterols D (57) (Figure 8), isolated from
Aglaia abbreviate stems, showed good antitumour
activity against drug-resistant K562/A02, MCF-
7/ADM, KB/VCR cancer cell lines at a micromolar
concentration range. In another study conducted by
Kong et. al. [198], guggulsterone (58) (Figure 8), a
phytosterol isolated gum resin of the tree Commiphora
mukul, has been found to be an efficient chemosensiti-
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zer against DOX when combined with bexarotene
(retinoid X receptor agonist) in MDA-MB-231 breast
cancer cells [199]. Ku et. al. [200] reported that
Cucurbitacin D induced apoptosis via Stat3 and NF-«xB
signaling in human DOX-resistant breast cancer
(MCF7/ADR) cells. Withanolide E (59) (Figure 8)
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from the indigenous South American plant Physalis
peruviana, has a great potential in sensitizing human
renal adenocarcinoma (ACHN, CAKI-1 and SN12-C)
cells to tumor necrosis factor-related apoptosis
inducing ligand (TRAIL)-mediated apoptosis in vitro
and in vivo by the specific modulation of heat shock
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Figure 8. Chemical structures of aglaiasterols D, guggulsterone and withanolide E

protein 90 (HSP90) function resulting in cFLIP
(an anti-apoptotic regulator) degradation [201].

4.1.4. Miscellaneous secondary metabolites

4.1.4.a. Organosulfur compounds

Organosulfur compounds are generally present in
cruciferous vegetables such as onion, garlic, broccoli,
brussel sprouts and cauliflower. Sulfur atoms in their
structure are attached to a cyanate group or a carbon
atom in a cyclic or noncyclic configuration. Various
isocyanates consist of glucosinates in cruciferous
vegetables as a result of the activity of myrosinase
enzyme. Their chemopreventive and anticancer
activities have been well-known in the literature [202].
Yang et. et. [203] demonstrated that sulforaphane (60)
(Figure 9), in combination with DOX, induced
autophagy by down-regulating the expression of
HDACS in triple negative breast cancer (BT549 and
MDA-MB-468) cells in vitro. Also, in vivo assay
results indicated that sulforaphane and DOX
combination had a significant inhibitory activity in
MDA-MB-231 xenografts. Pawlik et. al. [204] also
reported that R, S-sulforaphane and erucin (61) (Figure
9) potentiated the anticancer effect of 4-
hydroxytamoxifen at low concentrations in TAM-
resistant breast cancer (MCF-7 tamR and T47D tamR)
cells via down-regulation of anti-apoptotic proteins
such as Bcl-2 and survivin and induction of cell death.
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Sulforaphane (60)
Figure 9. Examples of organosulfur compounds as chemosensitizers

Erucin (61)

The detailed list of natural molecules of plant origin
whose preclinical properties have been investigated in
2015-2020 is given in Table 3.

5. Conclusion and Future Perspectives

Chemoresistance is one of the major obstacles in the
treatment of various cancer types. As the frequency of
cancer cases has increased around the world and the
relatively low success rates have been achieved in
traditional drug treatments, there has been a trend
towards multitargeted drug therapies that enable
minimizing adverse effects in the field of oncology.
Plant secondary metabolites have a unique potential
for the discovery of novel anticancer agents that
possess a wide range of structural and chemical
diversity, good drug-like properties, most likely better
toxicity profiles and multitargeted pharmacological
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actions [205,206]. The use of plant-derived compounds
as chemosensitizing agents, alone or in combination
with another anticancer drug, reflects a clinically
relevant approach to overcome MDR by modulating
one or more resistance mechanisms [96]. To date,
MDR-modulatory effects of different types of
secondary plant metabolites such as phenolics,
alkaloids, terpenoids and steroids on various cancer
cells have been evaluated in the preclinical
experiments, but clinical studies are needed to fully
understand the in vivo activities of these
phytochemicals. In addition to in vitro and in vivo
studies, the analysis of structure-activity relationships
of biologically active secondary metabolites and
integrating of in silico models to drug development
process may be good alternatives to traditional drug
design methods in terms of achieving more potent and
less toxic drug leads and revealing the mechanisms of
interaction with biomolecular targets related to MDR
[79,207]. Another common approach to reverse the
MDR effect is to use the nanocarriers such as
liposomes, dendrimers, carbon nanotubes and
dendrimeric micelles in order to deliver anticancer
drugs to their biological targets, with or without
chemosensitizing agents. Nanocarriers are superior in
eliminating the unfavourable properties of different
chemotherapeutics such as nonspecific biodistribution
and targeting, low solubility and low therapeutic index
values [208].

In the last ten years, more than 3000 antimicrobial
peptides (AMPs) have been isolated and identified
from different types of species, including higher plants.
Many AMPs are known for their anticancer properties
today and some of them have already entered clinical
trials. They attract attention for offering a new
therapeutic approach in the treatment of MDR-related
cancers by acting through different mechanisms
[209,210].

One of the most important MDR mechanism
in cancer is the overexpression of ABC transporters.
However, there are no clinically approved ABC
modulators to reverse drug resistance caused by ABC
transporter proteins [211]. Researches for discovering
novel ABC modulators from phytochemicals make
significant contributions to the development of new
therapeutic approaches that will effectively destroy
drug-resistant cancer cells.

To summarize, the use of natural plant-derived
molecules as mostly chemosensitizers to overcome
multidrug resistance in cancer is a new therapeutic
approach. Therefore, there is an urgent need to discover
novel chemosensitizing agents that will allow the
anticancer drug to remain in the tumor tissues for a
longer time, initiate DNA damage, stimulate apoptosis
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via upregulation of pro-apoptotic proteins or regulate
the expression of drug targets [96]. Additionally, it is
also important to define the synergistic or antagonistic
effects of phytochemicals using in combination with
anticancer drugs.

The in vivo efficacy and safety profiles of newly
discovered natural molecules of plant origin need to be

well-defined in clinical studies. More effort should be
made to identify novel drug resistance mechanisms in
various cancer cell types and also explore the vast
potential of plant-based natural products for the
development of novel MDR modulating agents in

cancer therapies.

Table 3. Plant-derived natural products and their in vitro and in vivo effects on various cancer cells

Phenolic Compounds
Compound Source Combination  Experimental Mechanisms of References
Model Overcoming MDR
Acacetin Turnera diffusa & DOX A549 and H1299 | Cell proliferation, [212]
Robinia pseudoacacia 1 G2/M cell cycle
arrest,
1 DOX uptake,
| MDR1 expression
2-Acetyl-7- Milletia versicolor - CEM/ADR5000, | Cell proliferation, [213]
methoxynaphtho[2,3- MDA-MB-231- 1 apoptosis,
b]furan-4,9-quinone BCRP, HCT116 | mitochondrial
(AMNQ) p53 and membrane potential,
U87MG.AEGFR 1 ROS levels
Apigenin S. officinalis, CIP CDA44* stem cells 1 Apoptosis, [91]
Lawsonia inermis, from human PC3 1 cell migration,
Turnera aphrodisiaca, | Bel-2,
O. basilicum, 1 Apaf-1, P21 and p53,
T. indica, | PI3K/Akt and NF-«xB
Matricaria signaling pathway,
chamomilla 1 sensitivity to CIP
DOX CEM/ADR5000, 1 Autophagy, [89]
HEK293-ABCB5 | P-gp and BCRP
and MDA-MB- expressions,
231-BCRP 1 cellular uptake
of DOX
miR-520b BEL-7402/ADM | Autophagy, [92]
mimics/ - 1 miR-520b expression,
inhibitor miR-520b | ATG7,
mice xenograft 1 sensitivity to DOX
GEF NCI-H1975 Metabolism distruption, [90]
1 cell migration,
1 Go/G; cell cycle
arrest,
1 apoptosis
1 E-cadherin, matrix
metallopeptidase
(MMP)-2 and
MMP-9 expressions,
| AMPK pathway and
autophagy flux,
| p-EGFR, HIF-1a, c-
Myc, Glutl, and MCT,
| Bcl-2 expression,
1 Bax expression
Alpinumisoflavone Rinorea welwitschii - CEM/ADR5000, 1 Apoptosis, [214]
MDA-MB-231- | mitochondrial
BCRP, HCT116 membrane potential,
p537-and 1 ROS production
U87MG.AEGFR
Baicalein Radix Scutellariae 5-FU or BEL-7402/5-FU 1 Apoptosis, [215]
Epirubicin 1 autophagy,

| P-gp and Bcl-xL
expressions

18
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Table 3. Cont.
Baicalin Scutellaria ADM HL-60/ADM | MDR-related gene [216]
baicalensis Georgi expression, T MRPI,
(Huang Qin) LRP and Bcl-2 gene
expression,
| PI3K/Akt signalling
pathway
Bavachinin Psoralea corylifolia DRB and MTX EPG85.257RDB | Efflux activity of [217]
L. and MCF7/MX ABC transporters
Bergapten Dorstenia - CEM/ADR5000, | Cell proliferation [218]
kameruniana MDA-MB-231-
BCRP, HCT116
p53-and
U87MG.AEGFR
Butein Semecarpus - HCC827GR 1 Apoptosis-related [219]
anacardium, protein expression,
Dalbergia odorifera, | phosphorylation
Caragana jubata & ————— and kinase activity
Rhus verniciflua HCC827GR of EGFR and MET,
mice xenograft 1 PARP and caspase-3
cleavage,
| Bcl-2 expression
CIP HelLa 1 Percentage of [94]
apoptotic cells,
1 G1 phase arrest,
| activation of AKT,
HeLa mice ERK/p38 MAPK
xenograft pathways,
| tumor growth,
1 FoxO3a expression,
1 sensitivity to CIP
Caffeic acid Herb yerba mate, VCR, PTX ABCB1/FIp-In™ | P-gp efflux [135]
thyme, Eucalyptus or DOX -293 and KB/VIN  function
globulus and
Cephalaria sp.
Cardamonin Alpinia spp. 5-FU BGC-823/5-FU | Wnt/B-catenin [220]
signaling pathway,
—————————— 1 apoptosis and cell
B_GC'823/5'FU cycle arrest,
mice xenograft | P-gp, f-catenin and
TCF4 expressions,
1 sensitivity to 5-FU
Carvacrol Origanum vulgare, - PC3 | IL-6 protein level, [221,222]
Thyme vulgaris & | pSTAT3, pERK1/2
Satureja hortensis and pAKT signaling
proteins,
| cell survival,
proliferation and
invasion
Chrysin Thai propolis - SW48, SW480, | Cell viability, [223]
SW620, HT-29 1 ROS production,
and HCT-116 1 autophagy,
1 LC3-11 levels,
| the phosphorylation
of protein kinase B
(Akt) and mammalian
target of rapamycin
(mTOR)
Chrysoeriol Arnebia euchroma - A549 | Cell growth, [224]
(Royle) Johnst. migration and invasion,
1 Beclin-1 and LC3-II
expressions,
A549 mice | p62 expression,
Xenograﬂ T Sub-G1/Go cell cycle

arrest,
| MAPK/ERK
signalling pathway
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Table 3. Cont.
Curcumin Spice turmeric - Glio3, Glio4, | cell proliferation, [101]
(C. longa) Glio9, Glioll 1 ROS production,
and Gliol4 1 MAPK pathway
activation,
| STAT3 activity
miRNA-378 ua7 | Cell proliferation, [100]
- U87-miR-378 1 apoptosis,
mice xenograft 1 P38 signaling
pathway
CIP A549/CDDP Autophagy/apoptosis [102]
switch,
| Keapl transcription,
1 sensitivity to CIP
- TRAMP C1 Reversing CpG [225]
mice prostate cells  methylation at the
promoter region
of Neurogl and the
hypermethylation
of Nrf2
EGCG + RES UMSCC47 and | Cell proliferation, [226]
(TriCurin) UPCI:SCC090 | oncogene E6
HPV16-positive expression,
HNSCC 1 p53 levels
uUMScCcC47
mice xenograft
5-FU Mice-bearing Preventing tumor [227]
human gastric growth,
cancer xenografts | NF-xB and
COX-2 levels
Quercetin + Fanconi anemia | Cell proliferation, [228]
Green tea + HNSCC migration and invasion,
RES + OHSU-974 | MMP-2 and -9
Cruciferex mice xenograft secretion
TSA Hepa 1-6 | Cell growth, [229]
1 apoptosis,
| DNMT1 gene
expression
Curcumin analogues derived from VCR or PTX K562/Adr | P-gp function and/ [230]
(diketone- and C. longa or expression,
cyclohexanone-) 1 DOX accumulation
Daidzein Glycine max L., R-equol + MDA-MB-231 | BRCP activity, [231,232]
Trifolium pretense, S-equol BCRP* 1 sensitivity to
Medicago sativa L. MTX
and Genista sp.
Hypericum roeperanum - CCRF-CEM, | Cell proliferation, [233]
Schimp. p. ex A. Rich CEM/ADR5000, 1 autophagy,
MDA-MB-231- 1 apoptosis,
BCRP, HCT116 | mitochondrial
p53 and membrane potential,
U87MG.AEGFR 1 ROS production
Dihydromyricetin Vitis heyneana OXP or VCR HCT116/0XA | MRP2 expression [234]
and HCT8/VCR and its promoter
activity,
OXP HCT116/0XA | NF-kB-Nrf2
mice xenograft signaling
Ampelopsis 5-FU SGC7901/5-FU | Cell growth, [235]
grossedentata | MDRI1 expression,
1 apoptosis,
1 sensitivity to 5-FU
Ellagic acid Fragaria x ananassa, Gallic acid HL60/VINC 1 Apoptotic cell death, [236]

genus Vaccinium &
genus Rubus

and HL60/MX2

1 caspase-3 and -8
activation,

1 ROS levels,

1 DNA fragmentation
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Table 3. Cont.
Embelin Embelia ribes DRB K562/D | Caspase-3, [237]
XIAP and
BCL-2 mRNA
expressions,
1 BAX mRNA
expression
- K562 and U937 1 Apoptosis, [238]
| AKT phosphorylation
and activation levels,
| XIAP expression
Olaparib CAL-120 and | Cell growth, [239]
MDA-MB-231 1 apoptosis,
MDA-MB-231 | XIAP and PARP
mice xenograft expressions
Emodin Rheumatic palm GEM PANC-1 | Expression of [240]
leaves PANC-1 mice MDRI1/P-gp
xenograft and other MRPs
EPCG C. sinensis - U251 and U87 1 Cell death, [108]
| cell proliferation
and invasion,
| P-gp levels
Sulforaphane ERa-negative 1 Epigenetic ERa [105]
MDA-MB-231 reactivation,
and MDA-MB- 1 TAM-dependent
157 anti-estrogen
MDA-MB-231 chemosensitivity
mouse xenograft
Vandetanib MCF 7/TAM and Sensitizing the cells [106]
(via ZEAUSSI T-47DITAM to apoptosis,
nanocarriers) | phosphorylation
MCF 7/TAM of EGFR, VEGFR2
mice xenograft and Akt
Fisetin Anacardiaceae, - OXP-resistant OR 1 Apoptosis, [111,241]
Acacia spp. (Fabaceae), and IRT-resistant 1 caspase-8 and -3
Butea frondosa & CPT11 cleavage,
Gleditsia triacanthos ORand CPT11 | tumor growth
mice xenografts
Cabazitaxel PrEC, 22Rvl | Cell proliferation, [242]
and C4-2 1 apoptosis,
22Rv1 and 1 CD31, PCNA, Ki67
PC-3M-luc-6 and MMP-9
mice xenografts expressions
Sorafenib HelLa Activation of death [110]
receptor-5 mediated
- caspase-8/caspase-3
Hel.a mice and the mitochondria-
xenograft dependent apoptotic
pathways
A375 Activation of [243]
MMP-2 and -9
expressions via EMT
A375 mice transcription factors,
xenograft | cell invasion and
metastasis
Galangin Alpinia galangal CIP A549/DDP | Cell migration and [244]
colony formation,
A549/DDP 1 apoptosis,

mice xenograft

1 Bcl-2 suppression
| p-STAT3/p65
pathway
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Table 3. Cont.
Gambogic acid Garcinia hanburyi PTX PTX-resistant | Cell proliferation, [245]
Mda-MB-231and 1 apoptosis
Mda-MB-468 | SHH signaling
pathway,
“Mda-MB231R | Bcl-2 expression,
mice xenograft 1 caspase-3 and BaX
cleavage
GEM BxPC-3, PANC-1, | ERK/E2F [246]
MIA PaCa-2 and transcription factor-1
SW1990 (E2F1) / ribonucleotide
BxPC-3 mice reductase subunit-M2
xenograft (RRM2) signaling
pathway activation
DOX MCF-7/ADR | P-gp and survivin [247,248]
expressions
Hesperetin Citrus x sinensis & CIP or JSH-23 A549/DDP | P-gp expression, [249]
Cordia sebestena A549/DDP | NF-xB signaling
mice xenograft pathway,
1 sensitivity to CIP
Hispidulin Eupatorium littorale MTX HepG2 | ABCG2 activity, [250]
Cabrera, 1 apoptosis
Artemisia vulgaris L.
& Arnica Montana L.
Salvia involucrata GEM or 5-FU GBC-SD | HIF-10/P-gp [251]
GBC-SD signaling, 1 apoptosis,
mice xenograft 1 Go/G; cell cycle arrest
Honokiol Magnolia x soulangiana ~ Cetuximab Cetuximab- | HER family related [252]
(Chinese Magnolia tree) resistant H226 to its proliferation
(MAPK) and survival
TUW-SCC1PDX  (AKT) pathways,
mice xenograft | phosphorylation
of DRP1,
and change in
mitochondrial function
Magnolol KKU-100 and | CCA cell [253]
KKU-213 proliferation, adhesion,
migration and invasion,
1 cell death at high
concentrations,
1 Go/G; cell cycle
arrest, 1 apoptosis,
| MMP-9 and -2
activity
Icaritin Herba Epimedii DOX MG-63/DOX 1 DOX accumulation, [254]
| mRNA and protein
levels of MDR1 and
MRPI, | STAT3
phosphorylation
TRAIL U87MG and U373  Sensitizing TRAIL- [255]
induced tumor cell
apoptosis via
suppression of NF-
«B-dependent
c-FLIP expression
Isoliquiritigenin Glycyrrhiza glabra DOX DOX-resistant | Cell growth, [256]
MES-SA/Dx5 1 G2/M and sub-G1
and cell cycle arrest,
MES-SA/Dx5-R 1 apoptotic cell death,

| m-TOR pathway
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Isorhamnetin

Hippophae rhamnoides
L.

Capecitabine

AGS, SNU-5
and SNU-16

SNU-5 mice

xenograft

| Cell viability,

1 apoptosis,

| Expression of NF-kB
and NF-kB regulated
proteins (Cyclin D1,
COX-2, survivin,
Bcl-xL, XIAP, ICAM-
1, MMP-9, and VEGF)

[116]

CIP +
Carboplatin

A-549

| Cancer cell growth,
1 apoptosis,

| mitochondrial
membrane potential,
1 caspase-3 and -9
and PARP activation

[257]

Iso-sinensetin

Cordyceps militaris

MDR1-MDCKII
and Taxol-

resistant MX-1/T

Rat xenograft

| P-gp-mediated
transport

[258]

Licochalcone A

Glycyrrhiza inflata

Topotecan

S1-M1-80 and
H460-MX20

| ABCG2 function,
1 apoptosis

[120]

Luteolin

Apium graveolens,
Daucus carota subsp.
sativus & Lonicera
Caprifolium Mill.

CIP

SKOV3

| PARPI1 expression,
| PARP1-mediated
autophagy

[259]

Mangiferin

Mangifera indica L.

ADM, VCR
or Melphalan

IM9 and
RPMI8226

| Cell viability,

| the nuclear
translocation of NF-xB,
1 p53 and Noxa
expressions,

| XIAP, surviving and
Bcl-xL expressions,

1 sub-G1 cell cycle
arrest,

1 apoptosis via
activating caspase-3

[260]

CIP

SKRC-45

EAC swiss albino

mice xenograft

1 Apoptosis,

1 ROS production,

1 cleaved caspase-3,

| mitochondrial
membrane potential,

1 Nrf-2 expression via
the activation of PI3K

[261]

Medicarpin and
Millepurpan

M. sativa

Murine
P388/DOX

| Cell growth,

1 mitochondrial-
mediated, caspase-
dependent-apoptosis,
1 DOX cytotoxicity
and uptake,

1 P-gp expression

[262]

Myricetin

Solanum lycopersicum,
Citrus X sinensis,

C. sinensis &

genus Vaccinium

PTX

A2780 and
OVCAR3

Modulation of pro- and
anti-apoptotic markers,
1 apoptosis,

| MDR-1 in lower
doses,

1 PTX cytotoxicity

[263,264]

Naringenin

Citrus x paradisi

SKBR3

| Cell proliferation and
pro-apoptotic effects,
| HER2-TK activity

[265]

A549

| Cell migration via
suppression of AKT
activity,

| MMP-2 and -9
activities

[266]

U0126
(a MAPK

HTB-22

| Cell proliferation,
1 apoptosis

[267]

Neochamaejasmin B

Stellera chamaejasme
L.

inhibitor)

MDCK and
MDCK-hMDR1

| P-gp expression and
P-gp-mediated drug
efflux

[85]
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Nobiletin Citrus fruits PTX A2780/T and | ABCBL activity, [268]
(Rutaceae) A549/T | AKT/ERK/Nrf2
pathway, 1 p53
A549/T | ABCB1-mediated [269]
xenograft model efflux,
| AKT/ERK/Nrf2
pathway,
1 sensitivity to DOX
Oroxylin A S. baicalensis - MDR1-MDCKII | P-gp-mediated [258]
and Taxol- transport
resistant MX-1/T
Rat xenograft
Plumbagin Genus Plumbago - T24 and UMUC3 | PIBK/AKT/mTOR [270]
_ signaling pathway,
T24 mice 1 Gy cell cycle arrest,
xenograft 1 apoptosis
Pycnanthulignene A Pycnanthus - CEM/ADR5000 1 Apoptosis, [214]
angolensis (Welw.) | mitochondrial
Ward membrane potential,
1 ROS production
Quercetin Allium cepa L., ADM T-ALL mice | Cell proliferation, [96]
Brassica oleracea xenograft 1 cell survival
X/T;.lLllga(lilgri‘estica DOX, PTX MCF-7 and | P-gp expression, [271]
Vitis vini ’ or VCR MCF-7/dox | breast CSCs
itis vinifera &
genus Vaccinium Cathepsin HL60/VINC 1 Apoptosis, [124]
inhibitors and HL60/MX2 1 ROs production,
| cellular GSH level,
1 programmed cell
death
MET PC-3 and LNCaP | Cell growth, [123]
_ migration and invasion,
PC-3 mice 1 apoptosis,
xenograft | VEGF/Akt/PI3K
pathway
Resveratrol Vitis vinifera, - K562/ADM 1 Autophagic apoptosis [272]
Arachis hypogaea, via the lysosomal
genus Vaccinium cathepsin D pathway
& Polygonum - CIP-resistant 1 Autophagy and [273]
cupsidatum CAR apoptosis by regulating
the AMPK, Akt and
autophagy-related
protein levels
5-FU HCT116 Chemosensitizing [274]
and HCT116R cells to 5-FU in
TNF-g-induced
inflammatory tumor
microenvironment
Rosmarinic acid O. vulgare CIP A549DDP | Cell growth, [275]
ssp. hirtum, 1 cell cycle arrest,
O. vulgare & A549DDP 1 apoptosis by
O. syriacum mice xenograft activating MAPK,
| P-gp and MDR1
expressions
Rutin Styphnolobium DOX KBCHR8-5 Modulating Wnt/g- [276]
japonicum L., and MCF7/ADR catenin signaling,
genus Eucalyptus, | ABCB1
genus Ginkgo & overexpression,
Hypericum 1 G2/M cell cycle arrest
perforatum CPand MET MB-MDA-231 | P-gp and BCRP [277]
and MCF-7 activities, 1 cell cycle
arrest, T apoptosis
Sciadopitysin Ginkgo biloba - MDR1-MDCKI | P-gp-mediated [258]
and MX-1/T transport
Rat xenograft
Scutellarin Scutellaria altissima CIP PC3 | Cell proliferation, [278]

L.

1 G2/M cell cycle
arrest, T apoptosis,
1 DNA damage,

1 cleaved-caspase-3
and -9 levels,

1 sensitivity to CIP
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Shikonin Lithospermum CIP HCT116, HT29 Mitochondrial [279]
erythrorhizon and SW620 dysfunction,
— | cell growth,
HCT116 mice 1 Go/M cell cycle
xenograft arrest, T apoptosis,
1 ROS accumulation
Silybin A, Silybin B Silybum marianum DOX A2780/DOX | P-gp ATPase activity, [280]
and Silybin AB L. 1 sensitivity to DOX
Sinapic acid Brassicaceae - PC-3 and LNCaP | CDH2, MMP-2 [281]
(Cruciferae) and -9 expressions,
plants 1 caspase-3 activity,
| cell invasion
Sinensetin Orthosiphon - MDR1-MDCKI | P-gp-mediated [258]
aristatus and MX-1/T transport
Rat xenograft
Tangeretin Citrus sinensis - MDR1-MDCKI | P-gp-mediated [258]
and MX-1/T transport
Rat xenograft
Taxifolin Larix sibirica, DOX, PTX HeLaS3 and Resensitizing MDR [282]
Pinus roxburghii or VCR MDR KB-vin cancer cells to
& Cedrus deodara chemotherapeutic
agents,
| ABCBL1 expression
Tetrahydrocurcumin derived from - Ara-C-resistant 1 R-HL60 cell death [283]
C. longa HL60 via autophagy
Tephrosin Tephrosia DRB and MTX MCF7/MX and | Efflux activity of [217]
candida EPG85.257RDB ABC transporters,
1 DRB and MTX
accumulation
Theaflavin C. sinensis DOX KBCHR8-5 and Modulating Wnt/- [276]
MCF7/ADR catenin signaling,
| ABCB1
overexpression
Thymol Thymus vulgaris - HCT116 and | EMT, | cell invasion [284]
L. Lovo and metastasis via
inhibiting the activation
HCT116 mice of the Wnt/B-catenin
xenograft pathway, 1 PI3K/AKT
and ERK pathways
- A549 1 Mitochondrial [285]
pathway-mediated
apoptosis via ROS
generation,
1 Go/G; cell cycle
arrest,
1 macromolecular
damage, 1 Bax, | Bcl-2
and | superoxide
dismutase (SOD) levels
Oliveria MDA-MB231 1 Apoptosis, [286]
essential oil 1 caspase-3,
(OEA) | mitochondrial
membrane potential,
1 DNA damage,
1 S-phase cell cycle
arrest
5-T3 Elaeis guineensis, Bevacizumab Phase |1 study 1T HOXA9 meth-ctDNA [128,287]
Oryza spp., (23 patients) marker
Triticum aestivum, .
Hordeum vulgare Ethyl acetate A549 1 Apoptosis [129]
& Avena sativa extract of A.
wilkesiana
Vitexin Vitex agnus-castus, - HCT-116°R 1 Apoptosis via [288]
Phyllostachys nigra, suppressing autophagy,
Passifloraceae spp. | MDR-1 expression,
& Crataegus spp. HCT-116°R 1 cleaved caspase-9
(hawthorn) mice xenograft and -3, 1 BID and Bax,

| ATGS, Beclin-1 and
LC3-11 expressions
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Wallichinine Piper wallichii VCR, DOX KBv200 | Cell growth, [289]
or CIP 1 cell cycle arrest,
1 apoptosis,
| ABCBL drug efflux
function
Wogonin S. baicalensis ADM Imatinib-resistant | Nrf2 signaling via [290]
Georgi. K562/A02 36 Stat3/NF-xB
and K562R 37 inactivation
Xanthohumol Humulus lupulus L. Colchicin MCF-7/ADR | ABCB1-mediated [291]
transport of DOX,
1 ABCB1 ATPase
activity
Alkaloids
Compound Source Combination  Experimental Mechanisms of References
Model Overcoming MDR
Berberine Coptis chinensis CIP OVCAR3 | Cell proliferation [147]
and growth, 1 Go/Gy
cell cycle arrest,
1 necroptosis,
1 apoptosis
DOX MCF-7/MDR 1 AMPK activation, [144]
| HIF and P-gp
___ expression, 1 DOX
MCF-7/MDR sensitivity (in low dose)
mice xenograft 1 AMPK activation,
1 p53 expression
(in high dose)
NCI-H460 and | Cell proliferation, [146]
NCI-H1975 1 apoptosis,
| phosphorylated and
total levels of STAT3,
1 STAT3 degradation
MCF-7/hypoxia 1 Inhibition of AMPK, [148]
| HIF-1o and P-gp
expression, T DOX
MCF-7/hypoxia sensitivity (in low dose)
mice xenograft 1 p53 expression,
| AMPK-HIF-1a
signaling pathway
(in high dose)
- SW620 and LoVo | Cell growth, [145]
migration, invasion
—————————— and metastasis
ORI [Coxance.
JAK2/STAT3
signaling pathway
Capsaicin Capsicum frutescens 5-FU QBC939, | autophagy by [292]
SK-ChA-1 and activating
MZ-ChA-1 PIBK/AKT/mTOR
CCA mice pathway,
xenograft 1 sensitivity to 5-FU
Piperin Caco-2 and | P-gp activity, [293]
CEM/ADR5000 1 DOX cytotoxicity
CIP MG63, 143B 1 Apoptosis, [294]
and HOS 1 Go/G; cell cycle
arrest, | cell invasion,
143B mice T autophagy,
xenograft 1 ROS/INK and
p-AKT/mTOR
signaling
DTX PC3 and LNCaP | Cell growth, [295]
“PC3and LNCaP ¥ PISI_(/Akt/mTOR
mice xenografts signaling pathway,
| AMPK activation
Sorafenib LM3, Hep3B | Cell invasion and [296]
and HuH7 metastasis,
1 E-cadherin,
| N-cadherin, MMP-2
LM3 mice and MMP-9,
xenograft | EGFR and

PIBK/Akt/mTOR
signaling, 1 apoptosis
and autophagy
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Cepharanthin Stephania cepharantha Dacomitinib NCI-H1975, 1 Accumulation of [297]
Hayata NCI-H1650, autophagy markers,
HCCB827, A549 1 autophagic flux,
and NCI-H1299 | Akt/mTOR pathway,
| autophagosome-
NCI-H1975 lysosome fusion,
mice xenograft | lysosomal cathepsin
B and cathepsin D
maturation
Diindolylmethane Cruciferous DTX MDA-MB231 | Cell viability, [298]
(Brassicaceae) and SK-BR-3 1 apoptosis,
vegetables 1 ROS generation
Dioncophylline A, Dioncophyllaceae & - MDA-MB-231 | Cell proliferation by [149]
Dioncophylline C Ancistrocladaceae and MCF-7 causing deformations in
and Mbandakamine A the nuclear membrane,
1 ROS production,
1 apoptotic cell death,
| mitochondrial
membrane potential
Glaucine Corydalis yanhusuo ADM or MTX MCF-7/Adr | P-gp and MRP1 [299]
expressions,
1 sensitivity to
ADM and MTX
Hernandezine Thalictrum - Taxol-resistant 1 Autophagy, 1 AMPK [300]
glandulosissimum HCT-8 kinase, 1 cell death
Indole-3-carhinol Cruciferous Fludarabine Fludarabine- | XIAP and [301]
vegetables resistant chronic clAP1/2 levels
lymphocytic 1 caspase 9-dependent
leukemia apoptosis
(CLL) cells
CLL mice
xenograft
Sorafenib HepG2 and Huh-7 1 NOX-1 expression, [302]
1 Go/G; cell cycle
arrest, 1 apoptosis,
| p-Akt, p-ERK and
HIF-1a levels,
1 NOX-1 expression,
| VEGF and EGFR
gene expressions,
1 E-cadherin gene
expression
Vemurafenib G-361, | Cell proliferation, [303]
SK-MEL-2, | micropthalmia-
SK-MEL-24 and associated transcription
RPMI-7951 factor (MITF-M)
protein levels,
G-361 mice | phosphorylated
xenograft ERK/MAPK
Liensinine N. nucifera Gaertn. DOX MDA-MB-231, | Autophagic [304]
MCF-7 and A549  degradation,
| autophagosome-
lysosome fusion
——————————— 1 mitochondrial
MDA-MB-231 fTission via
mice xenograft dephosphorylation
and mitochondrial
translocation of
DNMLL,
1 sensitivity to DOX
Neferine N. nucifera - PTX-and DOX- | P-gp-mediated efflux [305]
(Lotus) resistant MCF-7,
A549 and HCT -8
Nuciferine N. nucifera PTX PTX-, HCT-8/T | PI3K/AKT and [151]
and A549/T MAPK/ERK signaling
pathway,
A549/T mice | Activation of Nrf2
xenograﬂ and HIF-1a

| P-gp expression and
function, | BCRP
expression
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Piperin P.nigrumL. & MMC Hela/MMC | Cell proliferation, [152]
P. longum L. | p-STAT3/p65,
Hela/MMC | Bel-2 activation,
mice xenograft 1 apoptosis, T Bax and
Bid, 1 caspase cleavage
Piperlongumine P. longum CIP A549/Cis | Phosphorylation [306]
of Akt via the
A549/Cis accumulation of ROS,
mice xenograft | drug efflux,
1 apoptosis
OXP HCT-116 and 1 ROS-mediated ER [307]
LoVo stress and
HCT-116 mice mitochondrial function
xenograft impairment
Reserpine R. serpentina - CEM/ADR5000, | P-gp efflux function [154]
MDA-MB-231-
BCRP, HCT116
p53 and
U87MG.AEGFR
Sanguinarine Sanguinaria - U266, MM1S, 1 Apoptosis via [308]
canadensis IM9 and inhibition of the
RPMI-8226 JaK2/STAT3 signaling,
1 ROS generation,
| IL 6 secretion
CIP CIP-resistant 1 Apoptosis, [309]
A2780/R 1 sensitivity to CIP,
| intracellular GSH
content
- CEM/ADR5000 | P-gp transporter [310]
activity,
| NF-kB activation
Wilforine Tripterygium PTX KBvin | P-gp efflux activity [156]
wilfordii. Hook. F.
Terpenoids and Steroids
Compound Source Combination  Experimental Mechanisms of References
Model Overcoming MDR
Acetyl-11-keto-f- Boswellia serrata - Human PC3 and | Cell proliferation, [311]
boswellic acid murine RM-1 1 apoptosis,
| expression of
RM-1 and stemness-associated
RM-1/Doc genes, | Akt and Stat3
mice homografts signaling pathways
A2780 and 1 Apoptosis, T Go/M [312]
A2780/Taxol cell cycle arrest,
| cell migration and
A2780/TaXO| invasion, | P-gp,
mice xenograft LRP, BCRP and MRP
protein expressions
HCT-8/VCR | Cell proliferation, [313]
| P-gp activity,
| MDR1 gene
expression
7- T. ciliata var. DOX MCF-7/DOX Regulating [174]
Acetylneotrichilenone  yunnanensis mitochondrial
expression of Bcl-2
family proteins through
JNK/cJun pathway,
1 sensitivity to DOX
Aguerin B Centaurea drabifolia - DOX-resistant Low degrees of [314]
subsp. detonsa CEM/ADR5000 anticancer drug
resistance,
| cell proliferation
Aridanin Tetrapleura tetraptera DOX CEM/ADR5000 1 Apoptosis, [192]
(Schum. & Thonn) cells 1 ROS levels,

Taub

| mitochondrial
membrane potential,
| ferroptotic and
necroptotic cell death
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Betulinic acid White-barked birch tree, - CEM/ADR5000 | P-gp, BCRP, ABCB5 [315]
Vitex negundo, and MDA-MB- and mutation activated
Quisqualis fructus, 231-BCRP EGFR overexpressing
Berlinia grandiflora, cells,
Tetracentron sinense, | autocrine motility
Orthosiphon stamineus, factor receptor (AMFR)
Eucalyptus activity
camaldulensis, - RCC4 | Cell viability, 1 cell [316]
Syncarpa death, 1 caspase-
glomulifera & mediated apoptosis
Betula pubescens pathway, 1 Bax and
PuMA expressions,
| Bel-2 and XIAP,
5-FU, | PARP expression,
ETP or TMZ 1 MDR1 expression
PTX MCF-7/taxol | Cell proliferation, [180]
and MDA-MB- 1 apoptosis,
31/taxol 1 Go/M cell cycle
MDA-MB-231 arrest, T ER stress
mice xenograft
- PT X-resistant 1 Apoptosis, [181]
H460 1 cell cycle arrest,
1 Bax/Bel-2 ratio,
| mitochondrial
membrane
potential
Boswellic acid B. serrata MET MiaPaCa-2 | Cell proliferation, [317]
(in nanoparticle 1 apoptosis via DNA
formulation) fragmentation,
| mitochondrial
membrane potential
Curcumin HCT116, RKO, | Cell proliferation, [318]
SW480, 1 Go/M cell cycle
SW620, HT29, arrest, T apoptosis,
Caco2 and 1 tumor-suppressive
HCT116 p537- miR-34a,
“HCTils I miR-27a
mice xenograft
B5G1 derived from - HepG2/ADM, 1 Cell death via [319]
(novel betulinic B. serrata MCF-7/ADR mitochondrial-
acid analog) apoptosis pathway,
“Fegon e e
mice xenograft (PINK1)/Parkin-
dependent mitophagy
Celastrol Trypterygium - VCR-resistant 1 Apoptotic cell death [320]
wilfordii. SASV16 via inducing cell cycle
arrest at the G,/M
phase, 1 Bax, Bim
and tBid expressions,
| Bcl-2 expression,
1 IJNK1/2 activation,
| ERK1/2 and p38
activation
Taxol-resistant | Sarcoplasmic/ [321]
A549, MCF-7, ER Ca?* ATPase
A2780, HCT-8, (SERCA),
CIP-resistant | P-gp function,
SGC7901 and 1 calcium-mediated
DOX-resistant autophagy and ATP
MCF-7 depletion, 1 autophagy
LLC-1 mice
xenograft
Bortezomib U266, H929 | Cell proliferation, [187]
and KMS11 migration and invasion,
1 apoptosis, 1 caspase-
A 3, | NF-kB activation,
)L(Jezn(so(sgg;fe | CXCR4 and MMP-9

gene products, | tumor
growth, | serum IL-6
and TNF-a levels
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Celastrol

T. wilfordii.

GEF

PC-9/GR

| Cell proliferation
and migration,
| Axl protein levels

[183]

GEF or
Erlotinib

Mutant H1975

H1975
mice xenograft

| Cell migration
and invasion,
| p-EGFR pathway

[184]

Lapatinib

MDA-MB-453

| Cell proliferation,
1 apoptosis, | HER2
membrane protein
expression

[322]

PTX

8505C and
SW1736

1 Cell death via
modulation

of NF-kB, Akt and
MAPK pathways,
1 ER stress,

1 ROS production

[185]

Sorafenib

HepG2 and
Hepal-6
Hepal-6

mice xenograft

| Cell growth,

1 VEGF autocrine,
1 AKT pathway,

1 apoptosis

[188]

VCR

SASV16

| Cell viability,

1 Go/M cell cycle
arrest, 1 apoptosis,
1 cleaved caspase-8,
-9, -3 and PARP,

| Bel-2 expression,
1 INK1/2 activation

[186]

DOX
(in nanoparticle
formulation)

MCF-7/ADR

| P-gp expression,
1 apoptosis and
autophagy via
ROS/INK
signaling pathway

[323]

Ciliatasecone F

T. ciliata var.
yunnanensis

DOX

MCF-7/DOX

Regulating
mitochondrial
expression of Bcl-2
family proteins via
JNK/cJun pathway

[174]

Cucurbitacin B

Cucurbitaceae
plants

DOX

MCEF-7/Adr

| Cell proliferation,

| phosphorylation of
Akt (pAkt),

1 protein phosphatase
2A,

| cancerous inhibitor
of protein phosphatase
2A (CIP2A)

[324]

Cucurbitacin D

Trichosanthes
kirilowii

DOX

MCF7/ADR

1 Apoptosis,

1 Go/M cell cycle
arrest,

| Stat3 expression,
| NF-xB signaling
pathway

[200]

Cynaropicrin

Centaurea drabifolia
subsp. detonsa

CEM/ADR5000

| Cell proliferation

[314]

a-Carotene

Daucus carota subsp.

sativus,

Ipomoea batatas,
Cucurbita pepo &
Brassica oleracea
var. italica

PTX

LLC, BCRC
60050

LLC mice
xenograft

| Primary tumor
growth,

| metastasis,

1 TIMP-1, TIMP-2
and PAI-1 expressions

[325]

p-Carotene

Compositae,
Umbelliferae &
Chenopodiaceae
plants

5-FU

EC1 and Ecal09

Ecal09 mice
xenograft

| Cell proliferation,

| AKT/mTOR/p70S6K
pathway,

| Bcl-2/Bax protein
ratio, 1 caspase-3

[326]

DOX

KB-vin and
NCI-H460/MX20

| P-gp transport,
1 ATPase activity

[162]

Crocin

Crocus sativus

DOX

A2780/RCIS

| MRP1 and MRP2
gene expressions

[327]
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S-Elemene Curcuma wenyujin - SGC7901/ADR 1 Chl-b expression, [328]
| MMP-2 and -9
expressions,
—————————— | ZEBI and ZEB2
S(.BC?Q()UADR ixpressions,
mice xenograft | MiR-1323,
| Cbl-b/EGFR/ERK/
AKT pathway
EM-E-11-4 E. micractina PTX A549/Tax 1 Go/M cell cycle [166]
arrest, 1 apoptosis,
| P-gp ATPase activity
B-Escin Aesculus 5-FU MCF-7 1 p53 gene expression, [329]
hippocastanum L. | Bcl-2, 1 apoptosis
(horse chestnut seeds)
(1S,25,35,4S,7R,9R,13  P. tithymaloides ADR HepG2/ADR | Pgp-mediated efflux [167]
R,14R,155)-9,15- and MCF-7/ADR
Fiacetoxy-3,7-
dibenzoyloxy-1,13,14- " HepG2/ADR
trihydroxyjatropha- mice xenograft
5E-ene
Fucoxanthin Undaria pinnatifida, DOX MCF-7/ADR, | ABCC1, ABCG2 and [161]
Eisenia bicyclis, HepG-2/ADR ABCBL expressions,
Hijikia fusiformis, and 1 levels and activity
Laminaria SKOV-3/ADR of caspases (CASP3,
Japonica and CASP8) and p53,
Sargassum fulvellum 1 apoptosis
Ginsenoside Rg5 P. ginseng DTX PTX-resistant 1 Apoptosis, T Go/M [330]
A2780/T cell cycle arrest,
and A549/T 1 Nrf2/PI3K/AKT
A549/T pathways
mice xenograft
Guggulsterone Commiphora wightii Bexarotene MDA-MB-231 1 Exosome-associated [198]
BCRP secretion,
1 apoptosis,
1 sensitivity to DOX
20- Pulicaria undulata - CEM/ADRS5000, | PI3BK/AKT pathway, [331]
Hydroxyalantolactone MDA-MB-231- 1 DNA damage,
BCRP, HCT116 1 Go/M cell cycle arrest
p53 and
UB7MG.AEGFR
Isopetasin and Petasites formosanus DOX CEM/ADRS5000, 1 P-gp inhibition, [332]
S-Isopetasin Kitamura MDA-MB-231- 1 ROS generation,
BCRP 1 apoptosis
Isotenulin and Helenium PTX, DOX KB-vin | P-gp efflux function [333]
Tenulin amarum or VCR via stimulating P-gp
ATPase activity
Ingol-3,7,12- E. royleana DOX HepG2/DOX | P-gp transporter [164]
triacetate-8-benzoate activity, 1 sensitivity
to DOX
Lupeol Zanthoxylum - LoVo | Cell viability, [190]
gilletii LoVo mice 1 apoptosis,
xenograft | ABCG2, 1 ER stress
5-FU SGC7901 and | Cell growth, [334]
BGC823 1 apoptosis,
1 Bax and p53
BGC823 mice expressions,
xenograft | survivin and Bcl-2
expressions
Methoxyboetirane B, E. boetica - EPG85- Modulating P-gp/ [170]
Methoxyboetirane C 257RNOV, ABCBL efflux,
EPG85-257RDB, 1 apoptosis
EPP85-
181RNOV,
EPP85-181RDB,
HT-29RNOV,
HT-29RDB
Nicaeenin G E. nicaeensis DOX NCI-H460/R 1 P-gp inhibition, [168]

and DLD1-TxR

1 sensitivity to DOX
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Oleanolic acid Carpobrotus edulis - MDA-MB-231 1 P-gp inhibition [335]
and HepG2
Zebrafish
(Danio rerio)
model
A549, NCI-H460 | Cell proliferation, [336]
and NCI-H1299 1 miR-122,
A549, NCI-H460 1 cell cycle arrest
and NCI-H1299 through miR-
mice xenografts 122/Cyclin G1/MEF2D
pathway
HepG2 | Cell growth, [191]
migration and invasion,
1 apoptosis,
1 G2/M cell cycle
arrest,
| INK/p38 signalling
pathway
Saikosaponin A Radix Bupleuri DOX, PTX MCF-7/ADR and | P-gp expression [337]
or VCR HepG2/ADM
Thymoquinone N. sativa CIP GC-7901, | Cell growth, [177]
HGC-27 and 1 PTEN, 1CIP-induced
MGC-803 apoptosis,
| PI3BK/AKT signaling
GC-7901 mice pathway,
Xenograft T mitochondrial
pathway, | P-gp
expression
PTX Mouse 4T1 and | Cell migration, [178]
EAC cells | cell growth,
EAC mice 1 apoptosis, 1 cleaved
xenograft caspase-3, -7 and -12,
| phosphorylated p65
and Aktl
MCF-7 and T47D 1 Apoptotic/necrotic [338]
cell death,
1 autophagy, | breast
cancer-associated stem
cell clone
(CD44+/CD24-cell,
| TWIST-1 gene,
1 SNAIL-1 and
SNAIL-2 genes
Melatonin EMT6/P mice 1 Apoptosis rate, [339]
xenograft 1 extensive necrosis,
| VEGF expression
Ferulic acid MDA-MB-231 | Cell proliferation [340]
(each compound in low
doses)
Tooniliatone A T. Roem DOX K562/MDR and | Bel-xL, 1 SAPK/INK [175]
MCF-7/MDR pathway, | cJun
protein, 1 INK MAPK
signaling, 1 sensitivity
to DOX
Ursolic Acid M. domestica, DOX MCF-7/ADR Disruption of energy [193]
Vaccinium spp. metabolism, | P-gp
Eriobotrya japonica function
& R. officinalis GEM AsPC-1 and | Cell proliferation, [194]
MIA PaCa-2 1 apoptosis, | NF-xB
activation and its
regulated gene
pPanc-28 products | colony
- ormation ability,
‘g:gtzteoﬂgdel | XIAP, Bcl-2, cIAP-1,
clAP-2, cyclin D1,
cMyc, ICAM-1,
MMP-9 and VEGF
expressions
PTX PT X-resistant 1 miR-149-5p [341]
MDA-MB-231 expression,

231/PTX mice

xenograft

| MyD88 expression
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Table 3. Cont.
Walsurin A Walsura robusta DOX MCF-7/DOX | P-gp function, [342]
1 sensitivity to DOX
Withaferin A Withania somnifera CIP H441, CL97 | Cell growth, [343]
and H1975 | mTOR/STAT3
H441 mice signaling
xenograft
OXP Panc-1, ROS-mediated [344]
MIAPaCa-2 mitochondrial
and SW1990 dysfunction,
Panc-1 mice | PIBK/AKT signaling
xenograft
Withanolide E Physalis peruviana Drozitumab ACHN, CAKI-1 1 TRAIL-induced [201]
and SN12-C apoptosis,
1 cFLIP degradation
and
ACHN mice modulation of HSP90
xenograft function
Miscellaneous Compounds
Compound Source Combination  Experimental Mechanisms of References
Model Overcoming MDR
Erucin Cruciferous 4-OH TAM T47D tamR, | Cell viability, [204]
vegetables MCF-7 tamR | Bel-2/Bax ratio,
| surviving levels,
1 PARP cleavage,
1 mitochondrial stress
marker (ADRP)
Garcinol Guttiferae - PANC-1 SP | Mcl-1, EZH2, [345]
plants ABCG2, Gli-1 and
Notchl expression,
1 several tumor
suppressor miRNAs
and also miR-200c
Erlotinib A549M 1 several key EMT- [346]
or CIP regulating miRNAs,
such as miR-200b,
miR-205, miR-218
and let-7c,
1 sensitivity to
Erlotinib and CIP
PTX Mouse T41 | Caspase-3/iPLA; [347]
(CRL-2539) and NF-kB/Twistl
4T1-Luc signaling pathways
mice xenograft
Oblongifolin C Garcinia GEM MIA PaCa-2, | Srce/MAPK/ERK [348]
yunnanensis PANC-1, BXPC-3, pathway, 1 sensitivity
Capan-1 and to GEM
SW1990
MIA-RES
mice xenograft
Podophyllotoxin Podophyllum - HCC827GR | Kinase activity, [349]
peltatum | cell viability,
1 apoptosis,
1 G2/M cell cycle
arrest, | MCL-1,
survivin and Bcl-xI
expression
Podophyllotoxin - - ADM-resistant | Cell viability, [350]
derivative: GMZ1 K562/A02 1 apoptosis,
| MDR gene
expression
Sulforaphane Cruciferous DOX BT549 and | Cell growth, [203]
vegetables MDA-MB-468 1 autophagy,
“MDAMB231 | activation of PTEN

mice xenograft

via attenuation of
HDACS expression
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