
Citation: Martins-Gomes, C.; Silva,

A.M. Natural Products as a Tool to

Modulate the Activity and

Expression of Multidrug Resistance

Proteins of Intestinal Barrier. J.

Xenobiot. 2023, 13, 172–192.

https://doi.org/10.3390/

jox13020014

Academic Editor: Chong-Zhi Wang

Received: 2 February 2023

Revised: 13 March 2023

Accepted: 21 March 2023

Published: 25 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Review

Natural Products as a Tool to Modulate the Activity and
Expression of Multidrug Resistance Proteins of
Intestinal Barrier
Carlos Martins-Gomes 1,2,* and Amélia M. Silva 1,2,*

1 Centre for Research and Technology of Agro-Environmental and Biological Sciences (CITAB),
University of Trás-os-Montes and Alto Douro (UTAD), 5001-801 Vila Real, Portugal

2 Department of Biology and Environment, School of Life Sciences and Environment,
University of Trás-os-Montes and Alto Douro (UTAD), 5001-801 Vila Real, Portugal

* Correspondence: camgomes@utad.pt (C.M.-G.); amsilva@utad.pt (A.M.S.); Tel.: +351-259-350-921 (A.M.S.)

Abstract: The role of intestinal barrier homeostasis in an individual’s general well-being has been
widely addressed by the scientific community. Colorectal cancer is among the illnesses that most
affect this biological barrier. While chemotherapy is the first choice to treat this type of cancer,
multidrug resistance (MDR) is the major setback against the commonly used drugs, with the ATP-
binding cassette transporters (ABC transporters) being the major players. The role of P-glycoprotein
(P-gp), multidrug resistance protein 1 (MRP1), or breast cancer resistance protein (ABCG2) in the
efflux of chemotherapeutic drugs is well described in cancer cells, highlighting these proteins as
interesting druggable targets to reverse MDR, decrease drug dosage, and consequently undesired
toxicity. Natural products, especially phytochemicals, have a wide diversity of chemical structures,
and some particular classes, such as phenolic acids, flavonoids, or pentacyclic triterpenoids, have been
reported as inhibitors of P-gp, MRP1, and ABCG2, being able to sensitize cancer cells to chemotherapy
drugs. Nevertheless, ABC transporters play a vital role in the cell’s defense against xenobiotics, and
some phytochemicals have also been shown to induce the transporters’ activity. A balance must be
obtained between xenobiotic efflux in non-tumor cells and bioaccumulation of chemotherapy drugs
in cancer cells, in which ABC transporters are essential and natural products play a pivotal role that
must be further analyzed. This review summarizes the knowledge concerning the nomenclature and
function of ABC-transporters, emphasizing their role in the intestinal barrier cells. In addition, it also
focuses on the role of natural products commonly found in food products, e.g., phytochemicals, as
modulators of ABC-transporter activity and expression, which are promising nutraceutical molecules
to formulate new drug combinations to overcome multidrug resistance.

Keywords: multidrug-resistant proteins; P-glycoprotein; MRP1; ABCG2; phytochemicals; aromatic
and medicinal plants; nutraceuticals; intestinal barrier; colorectal cancer; xenobiotic transport

1. Introduction

Biological barriers are essential to maintaining organisms’ homeostasis by being able
to protect against external aggressors that may arise as microorganisms, xenobiotics, or
physical environmental agents (e.g., UV radiation). These barriers are equipped with
various defense mechanisms capable of withstanding and countering external aggressions
while also maintaining vital processes such as nutrient absorption [1,2]. Equally funda-
mental to maintaining homeostasis and basic life functions is the ability of a barrier cell
to move molecules, when necessary, a process accomplished by membrane channels and
transporters that regulate the flow of ions, water, glucose, or even larger molecules. Some
classes of these transporters use the energy of ATP (adenosine triphosphate) to perform the
active transport of molecules, among which the ABC (ATP-binding cassette) transporters
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stand out. These transporters are responsible for the transport of a wide variety of sub-
strates, such as xenobiotics, amino acids, lipids, polysaccharides, ions, and others, and
while some transporters have well-defined substrates, others may transport various types
of molecules [3,4]. Their expressions and import/export activities are aligned according
to each cell type for functions such as the efflux of phospholipids, cholesterol, and other
metabolism products [3,4], and they are also actively involved in xenobiotic efflux [4–6].
Nevertheless, the biochemical processes involved in the response to xenobiotics can also
act against the organism, especially when the objective is to deliver a drug to a specific
target, such as tumor cells, which frequently use xenobiotic defense mechanisms to evade
anti-tumor drug activity. The resistance of cancer cells to various cytotoxic drugs used in
chemotherapy is a widely known and studied process that embraces genetic factors and
their enhanced ability to repair DNA, metabolize xenobiotics, and produce alterations in
the plasmatic membrane aiming to reduce the cytoplasmic accumulation of drugs and
increase drug efflux [7,8]. These are often subsumed under the well-known concept of mul-
tidrug resistance (MDR), which represents the resistance of cancer cells to drugs that can be
pre-existent or acquired, preventing the prolonged and efficient use of chemotherapeutic
drugs, in which ABC transporters play a critical role [9].

The different expression of members of this large family of transporters has been
linked to the poor prognosis and poor outcome of certain cancer types; it is estimated
that multidrug resistance accounts for 90% of cancer-related deaths in patients undergoing
chemotherapy [1,7,10,11]. The first report on MDR refers to a colchicine-resistant clone of
CHO (Chinese hamster ovary) cells [12], which contributed to the identification of a cell’s
surface glycoprotein, identified by the authors as P-glycoprotein (P-gp) [13]. Later studies,
using similar cell lines, also reported resistance to drugs such as daunorubicin, vinblastine,
or taxol [14,15]. Since then, the physiological role of ABC transporters both in health and in
disease has been the target of countless studies. Therefore, these transporters present an
interesting druggable target in which natural products, with a wide variety of chemical
structures, provide a large spectral range of possibilities to counter multidrug resistance.
In this review, we provide an approach to multidrug resistance modulation by various
phytochemical classes, with emphasis on their role in modulating certain ABC transporters
present at the intestinal barrier.

2. ATP Binding Cassette (ABC) Transporters Family

Distributed in all organisms, ABC transporters are active transporters that comprise a
high number of transmembrane proteins with a common base structure and the need to
hydrolyze ATP to achieve active transport. Prokaryotes use these transporters for the influx
of hydrophilic molecules, while both prokaryotes and eukaryotes use ABC transporters to
perform the transport of various molecules, such as lipids, proteins, and various xenobi-
otics [5,16]. In addition to ABC transporters at plasmatic membranes, eukaryotes can also
present ABC transporters in organelle membranes [17]. Chemotherapeutic drugs, often
large hydrophobic molecules, are common substrates of these transporters [5]. In addition
to tumor resistance, ABC transporters also play a role in cystic fibrosis, degeneration of the
retina, and defective lipid metabolism [18].

Concerning the molecular structure, ABC transporters present the nucleotide binding
domains (commonly referred to as NBDs), which consist of the portion responsible for ATP
binding and hydrolysis, with well-conserved sequences, the unifying characteristic of ABC
systems, and the transmembrane domains (TMDs), which are more variable [16,17]. While in
prokaryotes the functional unit is generally constituted by a homo- or heterodimer, with each
monomer composed of a NBD and a TMD (half-transporter), in eukaryotes the functional unit
often consists of a monomer comprising two NBDs and two TMDs [19]. These four domains
(two NBDs and two TMDs) are commonly encoded by a single gene (full-size transporter) or
by two genes resulting in two half-transporters (half-size transporter; with one NBD and one
TMD) that then assemble into a functional transporter [18].
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The classification of ABC transporters is based either on their function, the classical
characterization, or based on the classification of the genes encoding the transporter, which
is currently the preferred one. In addition, a new proposal for ABC transporters’ classifica-
tion is also under analysis, based on the TMD fold, resulting from increased knowledge on
the transporters structure due to improved single-particle cryo-electron microscopy and
X-ray crystallography methodologies [20]. Regarding the classical characterization, based
on TMD sequence homology, seven types of ABC transporters are recognized, according to
the direction of substrate translocation, of which three are importers (types I, II, and III),
thus responsible for the movement of molecules from the extracellular to the intracellular
space, with higher relevance in prokaryotes. As ABC importers have recently been identi-
fied in some algae and non-vascular plants but not in other eukaryotes, they will not be
addressed in this review; two are exporters (types IV and V), which have been found in all
phyla, and the other two are extruders or mechanotransducers (types VI and VII) and will
not be discussed here either [6,18,21]. As some ABC transporters classified in class IV were
shown to have functions different from exporting molecules, the classification based on
substrate movement direction is being avoided [6,18].

The ABC exporters, types IV and V, in eukaryotes are frequently composed of a
polypeptide chain that comprises all domains. The NBDs are ATPases that bind and hy-
drolyze ATP, presenting an ATP-binding site in each NBD (Figure 1). The basic mechanism
of drug efflux by ABC exporters is illustrated in Figure 1.

Nevertheless, the use of two ATP molecules to transport each substrate molecule or
if both ATPs are simultaneously hydrolyzed is not consensual, as it has been observed
that some ABC transporters require two ATP molecules while others have only one of
the NBDs capable of hydrolyzing ATP [17]. When the binding to substrate occurs, NBDs
dimerize, and only then can ATP be hydrolyzed. After ATP hydrolysis, ADP and a
phosphate ion (Pi) are released, the NBD dimer loses stability, and NBD monomers separate
(Figure 1). The first step allows the transference of energy from ATP molecules to TMDs,
promoting the transport of their substrate. In addition to NBDs and TMDs, a coupling
helix has been identified in exporter-type ABCs. This helix is located in the cytoplasmic
end of TMD monomer and connects with NBD monomer, being part of the transference of
conformational energy between the two domains [17,21]. Unlike ABC importers, which
have more defined substrates and binding sites, the wide variety of ABC exporters also
present the ability to bind molecules of variable size and chemical structure [17]. Even
within ABC exporters, members of type IV transporters present a wider range of substrates
than type V transporters, which can be attributed to different TMDs’ conformation that
allow the accommodation of amphiphilic, hydrophilic, and hydrophobic substrates, a key
differentiation for their role as multidrug transporters [4]. Even more, different substrate
binding can occur depending on whether the substrate efflux is carried from the cytoplasm
or from within the membrane lipid bilayer, depending on the chemical nature of the
substrate [17].

As stated above and illustrated in Figure 2, the ABC transporter nomenclature based on
the encoding gene is increasingly accepted and recommended. The human genome carries
at least 48 ABC genes, with some publications indicating 49 genes, which are arranged in
seven subfamilies (A to G; based on the sequence homology of nucleotide binding domains)
and code for the full-transporters or half-transporters (four genes) of the ABC transporters
superfamily [22,23], thus not corresponding to 49 ABC full transporters. These transporters
regulate the plasmatic membrane as well as the traffic through organelles’ membranes,
including the Golgi apparatus, endoplasmic reticulum, and mitochondria. Their structure
and sequence homology allowed the division into seven subfamilies named from ABCA
to ABCG, according to the encoding genes [16,17,22]. Nevertheless, the classification
includes members that are not transporters, as is the case with subfamily ABCE (one
member coded by the ABCE gene) and subfamily ABCF (four members coded by genes
ABCF1 to ABCF4). Both of these subfamilies are involved in ribosomal remodeling and
mRNA translation [24]. The ABCA subfamily is comprised of 12 members (coded by
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genes ABCA1 to ABCA10, ABCA12, and ABCA13), classified as type V regarding their TMD
conformation and presenting large extracellular domains (ECD) as a differentiating factor.
Their major role is in lipid trafficking [4,22]. The four members of the ABCD subfamily
(type IV transporters coded by genes ABCD1 to ABCD4) are also involved in lipid transport
but also specialize in the efflux of acyl-coenzyme esters [4]. Like the ABCA subfamily, these
present a lower level of relevance regarding MDR.
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Figure 1. Schematization of the basic mechanism of ABC exporters. In the standard inward-facing
phase (1), open NBD conformation, the transporter allows for the substrate to move to the translo-
cation pore from the cytoplasm (or from the membrane bilayer), and then, upon ATP binding to
NBSs (2), a conformational change is initiated to the outward-facing position. As NBD monomers
approach each other and connect, while TMDs pull away, this is translated by the coupling helixes on
the TMDs, allowing the release of the substrate to the extracellular space (3). Subsequently, ATP is
hydrolyzed, and once hydrolyzed into ADP + Pi, the transporter acquires the original inward-facing
conformation (4). Figure adapted from [17,18].
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Among ABC transporters, P-glycoprotein (P-gp), multidrug resistance-associated pro-
tein 1 (MRP1 or ABCC1), and ATP-binding cassette subfamily G member 2 (ABCG2) have
been studied for their implication in MDR, with great relevance for colorectal cancer [25].
Equally relevant is the ability of certain phytochemicals commonly found in the human
diet to interact with these transporters and prevent the efflux of chemotherapeutic drugs.
This bioactivity has been described for various herbal extracts, isolated phytochemicals,
and other natural compounds, although some of them may act as inhibitors, inducers, or
substrates of ABC transporters. Therefore, this topic requires a comprehensive assessment
of the phytochemical-produced modulatory effect [25,26].

The advances in analytical methods used to evaluate these transporters’ structure
and function, particularly in ABC exporters, namely by cryogenic electron microscopy,
allowed for the determination of their conformation with the various ligands for each
receptor [4]. Among the conformations confirmed for these exporters, the occurrence of
transporters in occluded, outward-facing, inward-facing, lateral-opening, quatrefoil, or
propeller conformations [4] was reported. Due to the high variability of TMDs conforma-
tion, the mechanism behind exporters’ activity is still being elucidated, with variations
from the basic functionality presented in Figure 1. Currently, the main doubts regarding
ABC transporters’ mechanism are related to ATP binding to NBDs, substrate binding to
TMDs, and the order of events. For example, it is hypothesized that substrate-TMD binding
may increase the binding of ATP to NBD. Additionally, the symmetry/asymmetry in ATP
hydrolysis by NBDs is still being discussed, as the transference of energy from one or two
ATP molecules is not clarified [27]. In addition to the classic switch model depicted in
Figure 1, other options, such as the reciprocating model, have been proposed. In this model,
the TMD dimer would contain two substrate-transmembrane translocation channels, each
paired with a nucleotide binding site (in the NBDs) [28]. In one pair, the substrate and ATP
bind to their respective high affinity sites in TMDs and NBDs simultaneously, in an inward-
facing conformation. The substrate is then occluded on the inner side of the plasmatic
membrane, and while the ATP in the nucleotide binding site is hydrolyzed, the substrate is
moved to the outer side of the membrane. The release of ADP from the nucleotide binding
site is accompanied by the release of the substrate from a low-affinity binding site on the
extracellular side. In this model, the cycle of each pair of substrate-binding sites/ATP-
binding sites in a full transporter operates out of phase [28]. Nevertheless, as described
above, as new findings are reported not only for exporters but for all ABC transporters, the
knowledge regarding currently accepted mechanisms is always evolving.

2.1. Main ABC-Transporters Implicated in Multi-Drug Resistance in Colorectal Cancer

As stated above, the intestinal barrier is equipped with certain ABC-transporters that
actively contribute to xenobiotic extrusion and also have a relevant role in colorectal cancer
resistance to chemotherapy drugs, as drugs used in chemotherapy are substrates for these
transporters, ultimately compromising the success of chemotherapy. Lately, many articles
have reported the role of natural products, in particular phytochemicals, in modulating the
activity and expression of these transporters, constituting therefore a set of molecules with
promising activity to overcome or reduce, MDR. The role of phytochemicals as modulators
of the main ABC-transporters of intestinal barrier cells, as well as their specific activities, is
presented and discussed below.

2.1.1. P-glycoprotein

With ubiquitous distribution through the various tissues and the capacity to export
different substrates, P-gp, also known as MDR1 (multidrug resistance protein 1) or ABCB1
(ATP-binding cassette sub-family B member 1), is highly addressed for its role in MDR.
Regarding physiological barriers, P-gp plays a crucial role in the homeostasis of both
the intestinal barrier and the blood-brain barrier [1,18]. Although both NBD domains
present active ATP hydrolysis binding sites, they function asymmetrically, suggesting
asymmetry of the inward-facing structure. TMDs present polyspecificity due to their
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great range of inward-facing conformations [1,18]. This 170 kDa transmembrane protein is
coded by the ABCB1/MDR1 gene, and one of its intended physiological functions at the
intestinal barrier is toxin clearance, preventing its systemic absorption [1]. Its expression
varies along the intestinal tract, with higher expression in the colon, followed by the
jejunum and ileum [7]. This transporter can operate with a long list of substrates such as
steroid compounds, protease inhibitors, immunosuppressor drugs, cardiovascular drugs,
antibiotics, antihistamines, and one of the most concerning groups, chemotherapy drugs
such as doxorubicin [1]. Precisely in colorectal cancer, the inhibition of P-gp has been seen
as an opportunity to reverse MDR, even more so when it is described that this type of
cancer has high P-gp expression [7]. However, in normal physiological conditions, P-gp
limits xenobiotic absorption, preventing the bioaccumulation of toxic compounds [29].

Various phytochemicals have been shown to interact with P-gp. For example, resvera-
trol’s action as an anti-proliferative agent in colorectal cancer cells is dependent on P-gp
activity, which transports resveratrol as a xenobiotic and thus prevents its action [8]. Other
compounds, such as chrysin, induce P-gp activity, while kaempferol, baicalein, galabridin,
and neostenine are also substrates for P-gp [25,26,30].

2.1.2. Multidrug Resistance-Associated Proteins Subfamily

The last decade of the 20th century has brought brand new insights into the MRP
subfamily, when its most addressed member, the multidrug resistance-associated protein
1 (MRP1), had its gene, ABCC1, cloned in 1992 [31], to which followed proteins MRP2
(also known as cMOAT) to MRP6 from 1996 to 1998, coded by genes ABCC2 to ABCC6,
respectively [32]. The expression of MRP in various tissues varies depending on the MRP
member. While MRP1 and MRP5 are generally expressed in various tissues, MRP2, MRP3,
MRP4, and MRP6 have higher expression in the liver and kidney [32]. In addition, MRP2
has high expression in the gut and MRP3 in the adrenals and pancreas [32]. MRP4 is the
member with the more exclusive expression, being mainly present in the prostate, lung,
muscle, pancreas, bladder, ovary, and testis [32]. The addition of MRP7 (ABCC10 gene)
to the MRP subfamily was reported in 2001 [33], to which was also later added MRP8
(ABCC11 gene) and MRP9 (ABCC12 gene); these last two are greatly expressed in breast
cancer [34,35]. The MDR subfamily also includes proteins coded by genes ABCC7, ABCC8,
and ABCC9, although these are not involved in drug efflux. The nine MRP members are
structurally divided into two groups: (i) MRP 4, 5, 8, and 9, the shorter MRPs with two
membrane-spanning domains, and (ii) the longer MRPs, with an extra membrane-spanning
domain, comprising MRP 1, 2, 3, 6, and 7 [36].

MRP1 is the most relevant member when it comes to MDR. Despite its generalized
expression, the lung, skin, intestine, and kidney are some of the tissues with higher ex-
pression, while the liver presents lower expression [37]. When compared to P-gp, the
MRP1 sequence is only 15% similar and presents a different structure since, as mentioned
above, MRP1 presents an extra membrane-spanning domain with five transmembrane
helices. Among the substrates of this transporter are chemotherapy drugs such as anthra-
cyclines (e.g., doxorubicin), vincristine, camptothecin, or etoposide, but unlike P-gp, it is
not involved in the resistance to taxanes (e.g., taxol) [38,39]. Another distinction between
MRP1 and P-gp is localization. While P-gp and MRP2 are found in the apical membranes
of polarized intestinal epithelial cells, MRP1 is located in the basolateral membrane [39].
The normal physiological functions of this transporter involve the efflux of xenobiotics
or their glutathione, glucoronate, or sulfate conjugates, which are involved in the cellular
extrusion of xenobiotics after phase II, which is why they are also referred to as GS-X
pumps (GS for glutathione conjugates and X for the xenobiotic). Glutathione involvement
in MRP1 transport is further extended, as it may be necessary to efflux some substrates in a
co-transport mechanism. Even more, oxidized glutathione (GSSG) also acts as a substrate
for MRP1, a mechanism thought to be part of the system to maintain low intracellular
GSSG concentrations and thus to promote redox balance under oxidative events [37,38].
Sulfated bile salts, atorvastatin, flutamide, folic acid, or bilirubin are also substrates of this
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transporter, which also plays a role in inflammatory pathways through the transport of
leukotriene C4 (LTC4) in mast cells [37–39].

MRP2 is also involved in xenobiotic efflux; MRP3 transports metabolism conjugates
with a higher affinity for glucoronates instead of glutathione conjugates such as MRP1 [39].
Concerning MRP1 inhibition, verapamil (often used as a positive control in MDR reversion
studies) is an inhibitor of both P-gp and MRP1 [39]. Some natural compounds have also
been described as MRP1 inhibitors, such as the flavonoids quercetin and genistein [39].
However, natural compounds, especially mixtures such as herbal extracts, may show
contradictory actions, as other flavonoids (apigenin, kaempferol, or naringenin) have been
shown to stimulate MRP1 or be co-transported [39]. As discussed generally for ABC
transporters, the inhibition of MRP1 as a MDR-inducing transporter is highly addressed, as
the expression of this transporter has been confirmed in various tumor types, mostly of the
solid type, and with implications for disease outcome [37]. Specifically in colorectal cancer,
MRP1 has been pointed out as a therapeutic target to reverse MDR, as the transporter
activity reduces the action of chemotherapeutic drugs, reducing apoptosis induction [40].

It is worth noting that not all genes in this family code for exporters, as is the case
with ABCC7, which codes for the cystic fibrosis transmembrane conductance regulator, an
ATP-gated chloride channel, and ABCC8/ABCC9, which code for ATP-gated potassium
channels [20,27].

2.1.3. Subfamily G

Among the members of the ABCG subfamily, some have defined roles in certain cell
types, with less relevance to MDR. For example, ABCG1 regulates lipid homeostasis and
is responsible for cholesterol and phospholipid transport in macrophages, a key aspect of
their role in the inflammatory cascade, while ABCG5 and ABCG8 are sterol transporters
expressed in the liver and intestinal tract [41–43]. In the case of ABCG1, it was found to be
overexpressed in osteosarcoma cells, accompanied by increased expression of P-gp, and
with an active role in the resistance to doxorubicin and etoposide [44]. ABCG1 overex-
pression was also observed in cells mediating the inflammatory process in diabetic rats’
small intestine [45]. Nevertheless, when considering MDR, ABCG2 (ATP-binding cassette
superfamily G member 2) is the most remarkable member for its high expression in cancer
cells and in cancer stem cells [41,42]. This protein also presents a wide variety of substrates,
contributing to drug efflux in MDR, which is why it is also referred to as breast cancer
resistance protein (BCRP) [41,42]. ABCG2 is a half-transporter, with one NBD and one
TMD, and therefore it is possible that the transporter function is carried out as a homod-
imer or as oligomers, since ABC transporters require two NBDs and two TMDs [41,42,46].
Under normal physiological conditions, ABCG2 is expressed in the liver and regulates
the efflux of xenobiotics in their sulfate or glucuronide conjugated form after phase-II
hepatic metabolism [41]. At intestinal level, the duodenum has the highest expression of
this transporter, which decreases towards the colon [42]. Regarding MDR, the ABCG2
transporter has been shown to contribute to the efflux of various drugs, including doxoru-
bicin, daunorubicin, 5-fluorouracil, topoisomerase inhibitors (e.g., 9-aminocamptothecin,
mitoxantrone, and etoposide), sorafenib, and diclofenac, but it also interacts with phyto-
chemicals, such as flavonoids [41,42]. In fact, Tan, et al. 2013 [47] tested the interaction of 56
compounds of various classes of phytochemicals with ABCG2 and confirmed the inhibition
of ABCG2 activity by compounds such as quercetin, chrysoeriol, ursolic acid, oleanolic
acid, sinapic acid, ellagic acid, and berberine, while reporting a lower inhibitory effect by
phenolic acids when compared to the flavonoids or triterpenes [47].

In addition to the ABC transporters mentioned above, other members of this family are
key intervenients in intestinal barrier functions and homeostasis, although they present a
less significant role in MDR. This is the case of ABCA1, a transporter first cloned in 1994 with
two TMDs, two NBDs, and two extracellular domains, involved mainly in lipid metabolism,
where it regulates cholesterol efflux and high-density lipoprotein (HDL) biogenesis [48–50].
This transporter regulates cholesterol efflux to form HDL, while the mentioned above
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ABCG1 regulates efflux to mature HDL, these two transporters are responsible for at least
60% of the cholesterol/HDL pathway in macrophages [43]. In addition, ABCA1 is linked to
an anti-inflammatory response, as decreased ABCA1 expression in macrophages leads to
increased cholesterol in membrane rafts, which potentiates the signal transduction induced
by LPS (lipopolysaccharides) in TLR4 (toll-like receptor 4), as well as participating in STAT3
(signal transducer and activator of transcription 3) pathway activation [51]. ABCA1 plays
a role in cardiovascular disease onset, and it is also correlated with impairments in in-
sulin/glucose uptake metabolic processes when unregulated [48–50]. ABCA1’s expression
was also shown to be involved in the bioavailability of dietary components such as vitamin
E, lutein, and zeaxanthin [52,53]. In diabetic rats, ABCA1 is overexpressed in the small
intestine epithelial and inflammation-mediator cells [45], suggesting different roles in the
inflammatory cascade. Regarding colorectal cancer, ABCA1 presents higher expression in
the advanced phases of the disease, as the deregulation of cholesterol transport improves
the growth of tumor cells and metastasis [54]. Various phytochemicals have been shown
to induce MDR-related ABC transporter inhibition in cell line models of various cancer
types, as described in Table 1 for P-gp, MRP1, and ABCG2, suggesting their potential for
the development of new pharmacological approaches to chemotherapy.

Table 1. Phytochemicals targeting P-gp, MRP1, and ABCG2 in in vitro models and their potential for
MDR reversal.

Phytochemical MDR-Related Transporter Inhibition Ref.

P-gp MRP1 ABCG2

Epigallocatechin gallate

Caco-2
CHRC5
KB-C2
MCF-7
HepG2

A549
DLD-1
HL-60
NB4

MCF-7 [55–61]

Quercetin Caco-2
MCF-7 Sf 9 inside-out vesicles HEK293

Sf 9 inside-out vesicles [62–66]

Ursolic acid
HCT-8
SW480
KB-C2

HEK293
Ovarian CSCs

MDCK
[47,66–69]

Oleanolic acid
Ma104
SW982

SK-UT-1
HEK293 [47,70,71]

Kaempferol HEK293
MDCK [47,72]

Gingerol KB-C2 PC-3 [73,74]

Curcumin Caco-2
SiHa

SiHa
MCF-7

MDA-MB-23

MCF-7
MDA-MB-23 [75–77]

Resveratrol

KB-C2
Caco-2

rat everted gut sac
model

Caco-2
AML-2

Pancreatic CSC
Caco-2 [78–81]

Notes: CHRC5 cells: Chinese hamster ovary resistant; Caco-2 cells: human colorectal adenocarcinoma; KB-C2
cells: human endocervical adenocarcinoma; HepG2 cells: human hepatocarcinoma; A549 cells: human lung
carcinoma; DLD-1 cells: human colorectal adenocarcinoma; NB4 cells: acute promyelocytic leukemia; HL-60 cells:
human acute myeloid leukemia: MDCK cells: Madin-Darby canine kidney; HEK293 cells: human embryonic
kidney; Ma104 cells: monkey kidney embryo; SW982 cells: human synovial sarcoma; SK-UT-1 cells: human
leiomyosarcoma; HCT-8 cells: human colorectal adenocarcinoma; SW480 cells: human colorectal adenocarcinoma;
PC-3 cells: human prostate carcinoma; MDA-MB-23: SiHa cells: human squamous cell carcinoma: AML-2 cells:
human acute myeloid leukemia; CSC: cancer stem cells.
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In this review, we will emphasize the potential of natural products to reverse MDR
specifically in colorectal cancer, as it will be described below.

3. Natural Products as Potential Candidates to Overcome Colorectal Cancer MDR

Representing 8% of all newly diagnosed cancer cases, colorectal cancer is the most
common type of malignant tumor in the intestinal tract, with high lethality worldwide (the
fourth deadliest cancer), with developed countries being the most affected [82–84]. The
development of colorectal cancer is often connected partially with hereditary factors, but
obesity, sedentarism, poor nutritional choices, and/or alcohol and tobacco consumption
play a significant role in tumor onset [82–84]. Contributing to its lethality, MDR plays
a significant role in the low success rate of chemotherapy in colorectal cancer, as 90%
of patients with metastases face the failure of this treatment option due to resistance to
chemotherapeutic drugs [85]. Along the intestinal tract, three of the ABC transporters
described above are expressed in both the small intestine and the colon and have been
highly correlated with MDR: P-gp, MRP1, and ABCG2 [9].

Among the potential options for MDR reversion, products of natural origin arise as
an extensive library of compounds with countless possibilities for chemical structures
and for which various anti-tumor activities have been described. Some natural products,
such as medicinal plants, have been widely used throughout human history for medicinal
purposes and thus have high acceptability. Chemotherapy drugs are often expensive,
present undesired toxicity, and, as seen above, are subjected to MDR. In addition to the
anti-tumor activities described for various phytochemicals and herbal extracts, their ability
to inhibit ABC transporters and modulate MDR highlights these products as potential
co-adjuvants for conventional cancer treatment [85,86].

Depending on the compound molecular structure, the MDR reversion mechanism can
be dependent on direct inhibition of the ABC transporter, suppression of the transporter
genes, and/or be accompanied by anti-tumor activity exerted on target pathways such
as PI3K (phosphoinositide 3-kinase) or NF-kB (nuclear factor kappa-light-chain-enhancer
of activated B cells) [87,88]. Thus, natural products used in the human diet and phyto-
chemicals commonly found in food products or herbal extracts, commonly referred to as
nutraceuticals, will deserve a higher focus in this review. Various food components have
been studied for their interaction with P-gp, with different effects on the modulation of
this transporter activity. While green tea, rosemary extract, orange extract, mint extract,
and apricot extract inhibited P-gp activity, other foodstuffs, such as St. John’s wort or
grapefruit extract, inducted the transporter activity [89]. In this review, we focused on
natural product research applied to the intestinal tract and more specifically to colorectal
cancer. In this respect, a methanolic extract of Momordica charantia L. (bitter melon) was
tested in HT-29 cells (human colorectal adenocarcinoma cell line) [90], results showed that
M. charantia extract (100 µg/mL) induced a 10-fold decrease in doxorubicin’s IC50 when
HT-29 cells were co-incubated with extract and doxorubicin, and the extract also sensitized
HT-29 cells to doxorubicin when the cells were pre-exposed with extract (25 µg/mL) prior
to doxorubicin exposure, being the effect related to the extracts ability to inhibit efflux
transporters involved in MDR [90]. On the other hand, HT-29 cells displayed less sensitivity
to the extracts when pretreated with doxorubicin [90]. Sabiosa atropurpurea L. (mourning
bride) methanolic extracts, rich in various glycosidic derivatives of apigenin, luteolin, and
quercetin, have also been shown to improve doxorubicin toxicity in Caco-2 cells (colorectal
adenocarcinoma) as a result of inhibition of P-gp and MRP1 [91].

The effect of rosemary (Rosmarinus officinalis Spenn.) extracts, obtained by using a
super-critical fluid pilot plant, were evaluated in SW620 (Dukes’ type C colorectal adeno-
carcinoma), SW620-5-FU-R (SW620 cells resistant to 5-fluorouracil; resistance generated by
stepwise increases of 5-fluorouracil (up to 3 µM) over 15 months), and DLD-1 (Dukes’ type
C colorectal adenocarcinoma) cells by González-Vallinas, et al. 2013 [92], who showed that,
in addition to the anti-tumor activity of extracts, a synergistic effect was observed when
cells were treated with extracts together with 5-fluoroacil, and the 5-fluoroacil-resistant
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SW620 cells were sensitized to the chemotherapeutic drug after being subject to different
concentrations of extract (0–120 µg/mL; over 72 h). In this study, the mechanism of action
of rosemary extracts was reported to be the inhibition of thymidine kinase, an enzyme
responsible for the recovery of thymidylate synthetase, the target of 5-fluorouacil, with the
putative effect on P-gp also suggested [92].

Regarding the positive or negative modulatory effect of extracts and their compo-
nents over P-gp, a study using Hypericum perforatum (Saint John’s wort) methanol extract
(300 µg/mL) and one of its main components, hypericin (3 µM), showed induction of P-gp
expression in LS180 cells (Dukes’ type B colorectal adenocarcinoma), while in Caco-2 cells
P-gp activity was mildly inhibited [93], suggesting that the modulatory effect is dependent
on the used cell model. As seen in Table 2, most of the studies published are based on
in vitro assays using well-characterized colorectal cancer cell models. Nevertheless, these
cell cultures may vary in the expression of various transporters (not only ABC transporters),
but they also may present different mutations that induce variations in key metabolic path-
ways. For example, Caco-2 cells do not present known mutations in several key pathways
connected to the anti-tumor activity, such as the PI3K/AKT/mTOR or Ras/Raf/MAPK
pathways, in addition to presenting a typical enterocyte differentiation [94]. Other colorec-
tal cells, such as HT-29, present mutations in BRAF and in PI3K; DLD-1 and HCT116 cells
present mutations in KRAS and PI3K; and SW620 cells are known for a mutation in the
KRAS pathway [94].

Concerning the natural compounds that are described to interfere with the re-regulation
of MDR, Figure 3 presents the chemical structure of several phytochemicals capable of
inhibiting MDR-related transporters in colorectal cancer cell lines, and a summary of their
specific effects is listed in Table 2.
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Concerning isolated phytochemicals, many have been proposed as co-adjuvants for
chemotherapy drugs, for which their anti-tumor activity is also desirable. A promising
case is ursolic acid (Figure 3). This pentacyclic triterpenoid is capable of inhibiting P-gp
in various colorectal cancer cell line models (Table 2), which further supports the find-
ings of the various studies [69,95,96]. In addition, the efflux of various P-gp substrates
(5-fluoroacil, oxaliplatin, and doxorubicin) was inhibited by ursolic acid [69,95,96], show-
ing the potential effect of this phytochemical as a co-adjuvant agent. Oleanolic acid,
another pentacyclic triterpenoid, has also been shown to inhibit both P-gp and MRP1 [71].
Several plant species present both ursolic and oleanolic acids in their phytochemical
compositions, such as plants from the Thymus genus (e.g., Thymus carnosus Boiss. [97],
Thymus pulegioides L. [98], Thymus serpyllum L. [99], or Thymus praecox Opiz. [99]) and Salvia
genus (e.g., Salvia officinalis L. [100], Salvia sclarea L. [101], or Salvia aucheri Benth [101]), that
can be promising options for the formulation of co-adjuvants.

Similar findings were observed for lupeol, a pentacyclic triterpenoid whose target
was the inhibition of ABCG2 [102]. As well for pentacyclic triterpenoids, the addition of a
sugar moiety, such as saponin glycyrrhizic acid, that was shown to inhibit P-gp in Caco-2
cells [96], highlights the potential of these classes of compounds for such bioactivity.

A second class of compounds that have been highlighted for their ability to reverse
MDR at the intestinal level are tanshinones [103,104], in particular tanshinone IIA, cryp-
totanshinone, and dihydrotanshinone (Table 2). These compounds are capable of inhibiting
P-gp and are also commonly found in the Salvia genus [103,104]. Other classes of natural
compounds, such as alkaloids obtained from natural products, have been reviewed for
their capacity to reverse MDR [105].

However, polyphenolic compounds arise as a class within phytochemicals, with a
large number of potential inhibitors of ABC transporters but also presenting inducers
and subtractors of these proteins. As seen in Table 2, compounds such as salvianolic acid
B, resveratrol, quercetin, or epigallocatechin gallate have been reported as inhibitors of
MDR-related proteins. Salvianolic acid B is an inhibitor of both P-gp and ABCG2 [106,107].
The resveratrol effect in MDR reversion is performed through P-gp downregulation and
suppression of its gene, regulated through the AMPK (AMP-activated protein kinase)
pathway [108]. Rosmarinic acid (at 30 µg/mL) was found to downregulate the expression
of both P-gp and ABCG2 in Caco-2 cells [109]. However, in HepG2 (hepatocarcinoma) cells,
rosmarinic acid was shown to induce the expression of P-gp and ABCG2 [110], corroborat-
ing the idea of cell-specific effects. Rosmarinic acid was shown to increase the transport
of two fluorescent probes (Rho123 and Ho33342) from the apical to the basolateral side
while reducing the transport in the opposite direction [109], providing information on
the complexity of the mechanism involving the action of phytochemicals on intestinal
barrier transporters. Within phenolic compounds, the flavonoids class presents various
compounds that have been screened for their interactions with ABC-transporters in several
cell lines, not only from the intestinal tract. The flavonoids that reduce P-gp activity and
have been reported for aglycones include quercetin, epigallocatechin gallate, epicatechin
gallate, catechin gallate, hesperetin, and naringenin [87,111]. The inhibitory effect of these
compounds is mostly related to their interaction with the substrate binding site by competi-
tive inhibition, modulation of ATPase activity and ATP consumption, decrease in protein
expression, or even their interaction with the lipidic bilayer, affecting the structural integrity
of transporters [87,111]. On the other hand, flavonoids such as kaempferol or galangin
seem to stimulate P-gp [111]. Concerning MRP1, quercetin, luteolin, kaempferol, apigenin,
phloretin, naringenin, or chrysoeriol have been listed as MRP1 inhibitors, and ABCG2 activ-
ity can be reduced or inhibited by quercetin, hesperetin, or chrysin [87,111]. Nevertheless,
a study performed in HCT-15 cells (Dukes’ type C colorectal adenocarcinoma) has shown
that quercetin and kaempferol stimulate adriamycin efflux through P-gp, thus potentiating
the transporter activity [112]. Other studies reported that P-gp expression in Caco-2 cells
was increased after a four-week exposure to 10 µM of myricetin, epigallocatechin gallate,
or quercetin, among others, as evaluated by the increase in P-gp mRNA expression [113].
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While contradictory, it is plausible that flavonoid concentration, experimental conditions, or
the cell line model chosen may contribute to different experimental outcomes. Even more,
although this requires a significant comprehension of the modulation of ABC transporters
by phytochemicals, it must be taken into account that P-gp, MRP1, and ABCG2 physio-
logical functions are the efflux of xenobiotics, preventing their intracellular accumulation.
Having this in mind, the ingestion of flavonoids may contribute to enhancing the intestinal
barrier defenses against exogenous toxicants. A second remark is related to the use of
herbal extracts; each extract presents a unique phytochemical profile with different ratios
of each component. Adding to the complexity, flavonoids are often found as glycosidic
derivatives and not as aglycones; usually the aglycones are the compounds tested. The
balance between substrates, inhibitors, and inducers of ABC transporters in each plant
extract may produce a different outcome.

Table 2. Natural compound effects on reversing chemotherapeutic drug resistance in colorectal
cancer, using in vitro and in vivo models.

Compound Experimental Model Concentration Effect Ref.

Ursolic acid

HCT-8 and SW620 cells 20 µM Increased effect of oxaliplatin;
Reduced P-gp expression [69]

RKO, LoVo, and SW480 cells 20 µM
Reduced P-gp expression;

Increased the sensitivity to 5-fluroacil
and oxaliplatin

[95]

Caco-2 cells >200 µM Chemosensitizing effect for doxorubicin;
P-gp inhibition at high concentrations [96]

Salvianolic acid B

HCT-8 cells 20 µg/mL
Increased sensitivity to 5-fluorouracil,

cisplatin, vincristine and paclitaxel;
Reduced P-gp expression

[107]

LoVo and HCT-116 cancer stem
cells xenografts in mice 0.36 g Reduced ABCG2 expression [106]

α-turmerone Caco-2 cells 50 µg/mL Reduced P-gp expression [114]

Curcumin

HCT-8 and HCT-8/5-FU cells 5.5 µg/mL Increased sensitivity to 5-fluorouracil;
Reduced P-gp expression [115]

HCT-8 and HCT-8/5-FU cells 12.96 µg/mL Increased 5-fluorouracil effect;
Reduced P-gp expression [116]

SW620 and SW620/Ad300 cells 5.5 µM Increased doxorubicin effect;
Reduced P-gp activity [117]

In situ Cancerous Colon
Perfusion Rat Model 50 mg/kg Reduced P-gp expression [118]

Quercetin SW620/Ad300 cells 33 µM Increased doxorubicin effect;
Inhibited P-gp activity [119]

Tanshinone IIA SCID mice with Colo205
cell xenograft 20 mg/kg Increased 5-fluorouracil effect;

Downregulation of P-gp [104]

Cryptotanshinone Caco-2 and SW620/Ad300 cells 25 µM
Increased doxorubicin and

irinotecan toxicity;
P-gp transport inhibition

[103]
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Table 2. Cont.

Compound Experimental Model Concentration Effect Ref.

Dihydrotanshinone Caco-2 and SW620/Ad300 cells 25 µM
Increased doxorubicin and

irinotecan toxicity;
P-gp transport inhibition

[103]

Cinobufagin LoVo/ADR, HCT-116/L-OHP,
and Caco-2/ADR cells 20 nM Inhibited P-gp activity [120]

Resveratrol HCT-116/L-OHP cells 50 µM Downregulation of P-gp [108]

Epigallocatechin
gallate HCT-116 and DLD-1 cells 50 µM Increased 5-fluorouracil effect;

Suppressed MDR1 expression [59]

Lupeol LoVo cells 50 µM Increased oxaliplatin effect;
ABCG2 suppression [102]

Notes: HTC-8 cells: colorectal adenocarcinoma; SW620 cells: Dukes’ type C colorectal adenocarcinoma; SW480
cells: Dukes’ type B colorectal adenocarcinoma; LoVo cells: Dukes’ type C colorectal adenocarcinoma; Caco-2
cells: colorectal adenocarcinoma; HCT-116: colorectal carcinoma; RKO: colon carcinoma; DLD: Dukes’ type C
colorectal adenocarcinoma; SW620/Ad300: P-gp overexpressing SW620 cells; HCT/5-FU: 5-fluoroacil-resistant
HCT-8; LoVo/ADR and Caco-2/ADR: LoVo and Caco-2 cells with induced MDR and P-gp overexpression;
HCT-116/L-OHP: oxaliplatin-resistant HCT-116 cells.

Additionally, the various phytochemicals present in an extract or in a natural product
may present synergistic activities or antagonistic effects among themselves. Therefore,
there is still a need for further studies concerning the modulation of ABC transporters
by phytochemicals to clarify which ones are suitable as co-adjuvants and also concern-
ing the role of the patient’s diet in the interaction between therapeutic drugs and the
intestinal barrier, the ultimate goal being a balance between xenobiotic export for home-
ostasis maintenance and drug uptake and bioaccumulation into cancer cells for optimal
therapeutic purposes.

The only natural compound, not obtained from plants, presented in Table 2 is cinob-
ufagin. This bufanolide steroid, obtained from Bufo gargarizans (Asiatic toad) skin and
auricular gland, is one of the main components of traditional Chinese medicine [120]. It
was observed that this steroid induced non-competitive inhibition of P-gp in LoVo, Caco-2,
and HCT-116 cells overexpressing P-gp, at very low concentrations (20 nM) [120]. A similar
activity was described for another component used in Chinese traditional medicine, bufalin,
a steroid obtained from Chinese toad’s venom [121]. Bufalin, at 20 nM, was also able to
inhibit P-gp, reversing the sensitivity to chemotherapy drugs in P-gp-overexpressing cell
line models of colorectal cancer (HCT-8 and LoVo) [121]. It is equally relevant to evaluate
MDR reversal in colorectal cancer by other phytochemicals, namely those that induce
inhibition of efflux transporters in other cancer types but have not yet been assessed for
colorectal cancer. As cells are equipped with different transporters, one should not assume
that the bioactivity of a certain compound is equally exerted on other cell lines, such as
colorectal cancer cells.

In cells other than those of the colon, many studies are of interest. For example,
6-gingerol, a phenolic compound obtained from ginger, produces anti-tumor activity to-
wards human hepatocarcinoma cells (HepG2 and Huh7) and a human cervix adenocarci-
noma (HeLa) [122]. In hepatocarcinoma cells, 6-gingerol was shown to increase doxorubicin
cytotoxicity [122]. In KB-C2 cells (human endocervical adenocarcinoma), daunorubicin
bioaccumulation was increased in cells exposed to 6-gingerol [73]. As doxorubicin and
daunorubicin are P-gp substrates, it is hypothesized in both studies that 6-gingerol may be
exerting this effect through P-gp inhibition [73,122]. The anti-tumor effect of 6-gingerol was
also reported for HCT-166, a colorectal cancer cell line model, with a low IC50 (1.5 µM) [122].
However, in Caco-2 cells exposed to this phytochemical, there was no increase in doxoru-
bicin bioaccumulation [122]. In addition, a different study also confirmed that 6-gingerol is
not a P-gp substrate in Caco-2 cells [123] and thus may not actively interact with P-gp in
this cell line.
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However, in addition to the limitations of drug bioavailability, those of phytochemical
bioavailability must also be addressed. Due to the uncertainty that still exists regarding
phytochemical absorption and metabolization, which affect their bioavailability, their ap-
plication in pharmaceutical formulations cannot be linear and dependent solely on the
results obtained in in vitro assays [124]. In the case of intestinal tract and colorectal cancer
treatment, these factors present a lesser limitation, as both drugs and phytochemicals may
interact with the target site without being absorbed into the systemic circulation [125].
As described above, some phytochemicals act as ABC-transporters but may also be sub-
strates. Ursolic acid, for example, is known to inhibit P-gp activity in an interaction that
is likely dependent on the terpenoid’s hydrophobicity and should increase its affinity for
the transporter [73]. However, ursolic acid also increased P-gp’s ATPase activity, which
indicates that the phytochemical is also a substrate, and thus the inhibition is performed
through competitive inhibition, limiting drug efflux [73] and also limiting ursolic acid’s
bioavailability. This is one aspect of a major concern in the use of natural products: the
herb-drug or phytochemical-drug interaction. Several natural products have been shown
to negatively interact with common drugs, producing adverse symptoms [126]. The safety
of coadministration of drugs and natural products (such as medicinal and aromatic plants)
must be accessed before engaging in vivo studies, and it should also be taken into account in
real-world cases in which patients are also undergoing complementary medicine [127–129].

Among the interactions that may improve or impair the chemotherapeutic activity
of drugs is the up-regulation of receptors such as the pregnane-X-receptor (PXR), liver-X-
receptor (LXR), retinoid-X-receptor (RXR), farnesoid-X-receptor (FXR), aryl hydrocarbon
receptor (AhR), or constitutive androstane receptor (CAR), some of which are reported to
increase the expression of ABC transporters [130–133]. In addition to the up-regulation of
some ABC transporters, some of these receptors can also induce the expression of enzymes
responsible for drug metabolization, such as cytochrome P450 (CYP)3A4 [131,134]. In
HepG2 cells, various plant extracts were shown to increase PXR-mediated CYP3A4 gene
induction [135]. A second study reported that in a study comprising 123 plant extracts,
16% of the samples were shown to strongly induce PXR activation and 14.63% to strongly
induce AhR activation; however, the inhibition of both CYP enzymes and P-gp was also
produced by various extracts [131], revealing the variation of effects induced by herb-
drug interactions in the potential efficacy of chemotherapy drugs and new pharmaceutical
products. Particularly in colorectal cancer, Harmsen, et al. 2010 [136] reported that the
resistance to several chemotherapy drugs was partly induced by increased P-gp induction
in response to PXR activation [136]. Among common natural products used in diet or
traditional medicine, the activities of these receptors, ABC transporters, and detoxication
enzymes are heterogeneous. There are reports of various products such as green tea,
ginseng, turmeric, or St. John’s wort, for example, with studies reporting P-gp induction,
CYP enzyme activation/inhibition, and the potential involvement of receptors such as
PXR [137]. Epicatechin, for example, has been shown to target and activate mouse PXR in
skeletal muscle [134].

With the currently available information, these factors influence the validity of the
inclusion of natural compounds in pharmacological formulations for chemotherapy. Ad-
vances in these fields of study are still dependent on the clarification of the mechanism
of action behind phytochemicals’ activity and phytochemical-drug interaction, without
which the safety and stability of new formulations cannot be assured. Nevertheless, some
formulations have been successful in the various steps of scientific validation being pro-
posed for clinical trials. According to ClinicalTrials.gov, a database provided by the United
States National Library of Medicine, several phytochemicals described in this review have
been used in clinical trials aimed at colorectal cancer prevention and treatment. Among
them, the safety of resveratrol formulations was assessed in patients with colorectal cancer
metastasis [138] and in patients with tumors that could be surgically removed [139]. EGCG
(94%; purified from green tea extract) is also under evaluation for its chemopreventive
activity in resectable colorectal cancer cases [140] and is the major component of green tea
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extracts, which are also being used in clinical trial studies [141,142]. The chemopreventive
potential of curcumin [143,144], as well as that of more complex matrices such as ginger
root extracts [145] or, in the case of pomegranate extracts, the effect of their consumption
after diagnosis, were also under study [146].

Despite the existence of various clinical trials and the potential described for nat-
ural products, the lack of knowledge regarding the core cellular processes involved in
their health-promoting effects is still a reality, which may be limiting the exploitation
of these natural resources by the pharmaceutical industry. In addition, the advance of
nanomedicine must be taken into account, as nanotechnology may offer a solution to
improve both drug and phytochemical availability at the target site as well as potentially
prevent unwanted interactions [147,148]. It is necessary to better understand the basic
mechanisms of chemoprevention and anti-tumor activities of these phytochemicals and
their application in colorectal cancer in vitro in order to transition to in vivo studies and
potential pharmaceutical applications.

4. Conclusions

Colorectal cancer is among the cancer types with higher lethality, partly due to the lack
of treatment options, where chemotherapy is largely affected by multidrug resistance. As a
hotspot of import and export of endogenous compounds and xenobiotics, ABC transporters
are essential to maintaining the intestinal barrier’s homeostasis. ABC transporters are the
major intervenients in xenobiotic defense mechanisms, a role that occasionally counters the
therapeutic approach to colorectal cancer. Either as a part of food components ingested reg-
ularly or as potential co-adjuvants for chemotherapy, natural products and phytochemicals
in particular have been for long studied for their anti-tumor activities, for which the ability
to regulate drug efflux and increase their effectiveness is a highly sought-after bioactivity.
Several phytochemicals and other natural compounds have been reported as inhibitors
of P-gp, MRP1, and ABCG2, the major targets in MDR at the intestinal level. This is a
route of opportunity for new pharmaceutical formulations with lower drug doses, lower
toxicity to normal tissues, and higher efficacy, aiming to increase chemotherapy success
and improve the outcomes of colorectal cancer. Nevertheless, not all natural compounds
are ABC transporter inhibitors. Especially in complex matrices such as herbal extracts,
the existence of inhibitors, stimulators, and/or substrates must be taken into account, as
well as how the diet of a patient may affect the success of the chemotherapy. Despite
the modulatory effect promoted by phytochemicals, these do not replace chemotherapy;
however, knowing their modulatory effect, they may be included in pharmaceutical for-
mulations for chemotherapy. On the other hand, knowledge regarding the mechanism of
action of phytochemicals on ABC transporters, as well as phytochemicals’ distribution in
food products, can help create treatment-facilitating diets that indicate the foods to eat and
avoid. Phytochemicals are regarded as nutraceutical molecules that contribute to overall
homeostasis; thus, equilibrated and phytochemical-rich diets present a support for the
prevention and treatment of several diseases.

Author Contributions: Conceptualization, C.M.-G. and A.M.S.; methodology, C.M.-G. and A.M.S.;
writing—original draft preparation, C.M.-G. and A.M.S.; writing—review and editing, C.M.-G. and
A.M.S.; supervision, A.M.S.; funding, A.M.S.; project administration, A.M.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Portuguese Science and Technology Foundation (FCT),
and NORTE 2020, through European and National funds, under the project UIDB/04033/2020
(CITAB) and the PhD grant to C. Martins-Gomes (SFRH/BD/145855/2019).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



J. Xenobiot. 2023, 13 187

References
1. Ho, G.T.; Moodie, F.M.; Satsangi, J. Multidrug resistance 1 gene (P-glycoprotein 170): An important determinant in gastrointestinal

disease? Gut 2003, 52, 759–766. [CrossRef]
2. Cong, Y.; Baimanov, D.; Zhou, Y.; Chen, C.; Wang, L. Penetration and translocation of functional inorganic nanomaterials into

biological barriers. Adv. Drug Deliv. Rev. 2022, 191, 114615. [CrossRef] [PubMed]
3. Phillips, M.C. Molecular mechanisms of cellular cholesterol efflux. J. Biol. Chem. 2014, 289, 24020–24029. [CrossRef] [PubMed]
4. Hou, W.-T.; Xu, D.; Wang, L.; Chen, Y.; Chen, Z.-P.; Zhou, C.-Z.; Chen, Y. Plastic structures for diverse substrates: A revisit of

human ABC transporters. Proteins Struct. Funct. Bioinform. 2022, 90, 1749–1765. [CrossRef] [PubMed]
5. Godbey, W.T. Chapter 3—Cellular Transport. In An Introduction to Biotechnology; Godbey, W.T., Ed.; Woodhead Publishing:

Cambridge UK, 2014; pp. 35–64.
6. Choi, C.C.; Ford, R.C. ATP binding cassette importers in eukaryotic organisms. Biol. Rev. 2021, 96, 1318–1330. [CrossRef]

[PubMed]
7. Bukowski, K.; Kciuk, M.; Kontek, R. Mechanisms of Multidrug Resistance in Cancer Chemotherapy. Int. J. Mol. Sci. 2020, 21, 3233.

[CrossRef]
8. Aires, V.; Colin, D.J.; Doreau, A.; Di Pietro, A.; Heydel, J.-M.; Artur, Y.; Latruffe, N.; Delmas, D. P-Glycoprotein 1 Affects

Chemoactivities of Resveratrol against Human Colorectal Cancer Cells. Nutrients 2019, 11, 2098. [CrossRef] [PubMed]
9. Kunjachan, S.; Rychlik, B.; Storm, G.; Kiessling, F.; Lammers, T. Multidrug resistance: Physiological principles and nanomedical

solutions. Adv. Drug Deliv. Rev. 2013, 65, 1852–1865. [CrossRef]
10. Robey, R.W.; Pluchino, K.M.; Hall, M.D.; Fojo, A.T.; Bates, S.E.; Gottesman, M.M. Revisiting the role of ABC transporters in

multidrug-resistant cancer. Nat. Rev. Cancer 2018, 18, 452–464. [CrossRef]
11. Sun, Y.-L.; Patel, A.; Kumar, P.; Chen, Z.-S. Role of ABC transporters in cancer chemotherapy. Chin. J. Cancer 2012, 31, 51–57.

[CrossRef]
12. Ling, V.; Thompson, L.H. Reduced permeability in CHO cells as a mechanism of resistance to colchicine. J. Cell. Physiol. 1974, 83,

103–116. [CrossRef]
13. Juliano, R.L.; Ling, V. A surface glycoprotein modulating drug permeability in Chinese hamster ovary cell mutants. Biochim.

Biophys. Acta (BBA)—Biomembr. 1976, 455, 152–162. [CrossRef]
14. Kartner, N.; Shales, M.; Riordan, J.R.; Ling, V. Daunorubicin-resistant Chinese hamster ovary cells expressing multidrug resistance

and a cell-surface P-glycoprotein. Cancer Res. 1983, 43, 4413–4419.
15. Gupta, R.S. Cross-resistance of vinblastine- and taxol-resistant mutants of Chinese hamster ovary cells to other anticancer drugs.

Cancer Treat. Rep. 1985, 69, 515–521.
16. Rice, A.J.; Park, A.; Pinkett, H.W. Diversity in ABC transporters: Type I, II and III importers. Crit. Rev. Biochem. Mol. Biol. 2014, 49,

426–437. [CrossRef] [PubMed]
17. ter Beek, J.; Guskov, A.; Slotboom, D.J. Structural diversity of ABC transporters. J. Gen. Physiol. 2014, 143, 419–435. [CrossRef]

[PubMed]
18. Thomas, C.; Tampé, R. Structural and Mechanistic Principles of ABC Transporters. Annu. Rev. Biochem. 2020, 89, 605–636.

[CrossRef] [PubMed]
19. Xu, Y.; Seelig, A.; Bernèche, S. Unidirectional Transport Mechanism in an ATP Dependent Exporter. ACS Cent. Sci. 2017, 3,

250–258. [CrossRef] [PubMed]
20. Thomas, C.; Aller, S.G.; Beis, K.; Carpenter, E.P.; Chang, G.; Chen, L.; Dassa, E.; Dean, M.; Duong Van Hoa, F.; Ekiert, D.; et al.

Structural and functional diversity calls for a new classification of ABC transporters. FEBS Lett. 2020, 594, 3767–3775. [CrossRef]
21. Greene, N.P.; Kaplan, E.; Crow, A.; Koronakis, V. Antibiotic Resistance Mediated by the MacB ABC Transporter Family: A

Structural and Functional Perspective. Front. Microbiol. 2018, 9, 590. [CrossRef]
22. Vasiliou, V.; Vasiliou, K.; Nebert, D.W. Human ATP-binding cassette (ABC) transporter family. Hum. Genom. 2009, 3, 281–290.

[CrossRef]
23. Stockner, T.; Gradisch, R.; Schmitt, L. The role of the degenerate nucleotide binding site in type I ABC exporters. FEBS Lett. 2020,

594, 3815–3838. [CrossRef] [PubMed]
24. Gerovac, M.; Tampé, R. Control of mRNA Translation by Versatile ATP-Driven Machines. Trends Biochem. Sci. 2019, 44, 167–180.

[CrossRef] [PubMed]
25. Lee, G.; Joung, J.-Y.; Cho, J.-H.; Son, C.-G.; Lee, N. Overcoming P-Glycoprotein-Mediated Multidrug Resistance in Colorectal

Cancer: Potential Reversal Agents among Herbal Medicines. Evid.-Based Complement. Altern. Med. 2018, 2018, 3412074. [CrossRef]
26. Alvarez, A.I.; Real, R.; Pérez, M.; Mendoza, G.; Prieto, J.G.; Merino, G. Modulation of the activity of ABC transporters (P-

glycoprotein, MRP2, BCRP) by flavonoids and drug response. J. Pharm. Sci. 2010, 99, 598–617. [CrossRef]
27. Srikant, S.; Gaudet, R. Mechanics and pharmacology of substrate selection and transport by eukaryotic ABC exporters. Nat.

Struct. Mol. Biol. 2019, 26, 792–801. [CrossRef] [PubMed]
28. Jones, P.M.; George, A.M. The Switch and Reciprocating Models for the Function of ABC Multidrug Exporters: Perspectives on

Recent Research. Int. J. Mol. Sci. 2023, 24, 2624. [CrossRef] [PubMed]
29. Elmeliegy, M.; Vourvahis, M.; Guo, C.; Wang, D.D. Effect of P-glycoprotein (P-gp) Inducers on Exposure of P-gp Substrates:

Review of Clinical Drug–Drug Interaction Studies. Clin. Pharmacokinet. 2020, 59, 699–714. [CrossRef] [PubMed]

http://doi.org/10.1136/gut.52.5.759
http://doi.org/10.1016/j.addr.2022.114615
http://www.ncbi.nlm.nih.gov/pubmed/36356929
http://doi.org/10.1074/jbc.R114.583658
http://www.ncbi.nlm.nih.gov/pubmed/25074931
http://doi.org/10.1002/prot.26406
http://www.ncbi.nlm.nih.gov/pubmed/35924777
http://doi.org/10.1111/brv.12702
http://www.ncbi.nlm.nih.gov/pubmed/33655617
http://doi.org/10.3390/ijms21093233
http://doi.org/10.3390/nu11092098
http://www.ncbi.nlm.nih.gov/pubmed/31487863
http://doi.org/10.1016/j.addr.2013.09.018
http://doi.org/10.1038/s41568-018-0005-8
http://doi.org/10.5732/cjc.011.10466
http://doi.org/10.1002/jcp.1040830114
http://doi.org/10.1016/0005-2736(76)90160-7
http://doi.org/10.3109/10409238.2014.953626
http://www.ncbi.nlm.nih.gov/pubmed/25155087
http://doi.org/10.1085/jgp.201411164
http://www.ncbi.nlm.nih.gov/pubmed/24638992
http://doi.org/10.1146/annurev-biochem-011520-105201
http://www.ncbi.nlm.nih.gov/pubmed/32569521
http://doi.org/10.1021/acscentsci.7b00068
http://www.ncbi.nlm.nih.gov/pubmed/28386603
http://doi.org/10.1002/1873-3468.13935
http://doi.org/10.3389/fmicb.2018.00950
http://doi.org/10.1186/1479-7364-3-3-281
http://doi.org/10.1002/1873-3468.13997
http://www.ncbi.nlm.nih.gov/pubmed/33179257
http://doi.org/10.1016/j.tibs.2018.11.003
http://www.ncbi.nlm.nih.gov/pubmed/30527974
http://doi.org/10.1155/2018/3412074
http://doi.org/10.1002/jps.21851
http://doi.org/10.1038/s41594-019-0280-4
http://www.ncbi.nlm.nih.gov/pubmed/31451804
http://doi.org/10.3390/ijms24032624
http://www.ncbi.nlm.nih.gov/pubmed/36768947
http://doi.org/10.1007/s40262-020-00867-1
http://www.ncbi.nlm.nih.gov/pubmed/32052379


J. Xenobiot. 2023, 13 188

30. Palko-Labuz, A.; Sroda-Pomianek, K.; Uryga, A.; Kostrzewa-Suslow, E.; Michalak, K. Anticancer activity of baicalein and luteolin
studied in colorectal adenocarcinoma LoVo cells and in drug-resistant LoVo/Dx cells. Biomed. Pharmacother. 2017, 88, 232–241.
[CrossRef]

31. Cole, S.P.C.; Bhardwaj, G.; Gerlach, J.H.; Mackie, J.E.; Grant, C.E.; Almquist, K.C.; Stewart, A.J.; Kurz, E.U.; Duncan, A.M.V.;
Deeley, R.G. Overexpression of a Transporter Gene in a Multidrug-Resistant Human Lung Cancer Cell Line. Science 1992, 258,
1650–1654. [CrossRef]

32. Borst, P.; Evers, R.; Kool, M.; Wijnholds, J. The multidrug resistance protein family. Biochim. Biophys. Acta (BBA)—Biomembr. 1999,
1461, 347–357. [CrossRef]

33. Hopper, E.; Belinsky, M.G.; Zeng, H.; Tosolini, A.; Testa, J.R.; Kruh, G.D. Analysis of the structure and expression pattern of MRP7
(ABCC10), a new member of the MRP subfamily. Cancer Lett. 2001, 162, 181–191. [CrossRef] [PubMed]

34. Bortfeld, M.; Rius, M.; König, J.; Herold-Mende, C.; Nies, A.T.; Keppler, D. Human multidrug resistance protein 8
(MRP8/ABCC11), an apical efflux pump for steroid sulfates, is an axonal protein of the CNS and peripheral nervous system.
Neuroscience 2006, 137, 1247–1257. [CrossRef] [PubMed]

35. Bera Tapan, K.; Iavarone, C.; Kumar, V.; Lee, S.; Lee, B.; Pastan, I. MRP9, an unusual truncated member of the ABC transporter
superfamily, is highly expressed in breast cancer. Proc. Natl. Acad. Sci. USA 2002, 99, 6997–7002. [CrossRef]

36. Sodani, K.; Patel, A.; Kathawala, R.J.; Chen, Z.-S. Multidrug resistance associated proteins in multidrug resistance. Chin. J. Cancer
2012, 31, 58–72. [CrossRef]

37. Cole, S.P. Targeting multidrug resistance protein 1 (MRP1, ABCC1): Past, present, and future. Annu. Rev. Pharmacol. Toxicol. 2014,
54, 95–117. [CrossRef] [PubMed]

38. Kruh, G.D.; Belinsky, M.G. The MRP family of drug efflux pumps. Oncogene 2003, 22, 7537–7552. [CrossRef]
39. He, S.M.; Li, R.; Kanwar, J.R.; Zhou, S.F. Structural and functional properties of human multidrug resistance protein 1

(MRP1/ABCC1). Curr. Med. Chem. 2011, 18, 439–481. [CrossRef]
40. Cao, D.; Qin, S.; Mu, Y.; Zhong, M. The role of MRP1 in the multidrug resistance of colorectal cancer. Oncol. Lett. 2017, 13,

2471–2476. [CrossRef]
41. Hasanabady, M.H.; Kalalinia, F. ABCG2 inhibition as a therapeutic approach for overcoming multidrug resistance in cancer.

J. Biosci. 2016, 41, 313–324. [CrossRef]
42. Mo, W.; Zhang, J.-T. Human ABCG2: Structure, function, and its role in multidrug resistance. Int. J. Biochem. Mol. Biol. 2012, 3,

1–27. [PubMed]
43. Groenen, A.G.; Halmos, B.; Tall, A.R.; Westerterp, M. Cholesterol efflux pathways, inflammation, and atherosclerosis. Crit. Rev.

Biochem. Mol. Biol. 2021, 56, 426–439. [CrossRef]
44. Roundhill, E.A.; Jabri, S.; Burchill, S.A. ABCG1 and Pgp identify drug resistant, self-renewing osteosarcoma cells. Cancer Lett.

2019, 453, 142–157. [CrossRef] [PubMed]
45. Lou, J.; Zhou, H.; Li, C.; Hu, L.; Lu, X.; Li, J.; Yao, H.; Li, W.; Zhang, X.; Xu, M. ABCA1 and ABCG1 Expression in the Small

Intestine of Type 2 Diabetic Rats. Lab. Med. 2014, 45, 17–24. [CrossRef] [PubMed]
46. Özvegy, C.; Litman, T.; Szakács, G.; Nagy, Z.; Bates, S.; Váradi, A.; Sarkadi, B. Functional Characterization of the Human

Multidrug Transporter, ABCG2, Expressed in Insect Cells. Biochem. Biophys. Res. Commun. 2001, 285, 111–117. [CrossRef]
47. Tan, K.W.; Li, Y.; Paxton, J.W.; Birch, N.P.; Scheepens, A. Identification of novel dietary phytochemicals inhibiting the efflux

transporter breast cancer resistance protein (BCRP/ABCG2). Food Chem. 2013, 138, 2267–2274. [CrossRef]
48. Luciani, M.F.; Denizot, F.; Savary, S.; Mattei, M.G.; Chimini, G. Cloning of Two Novel ABC Transporters Mapping on Human

Chromosome 9. Genomics 1994, 21, 150–159. [CrossRef]
49. Qian, H.; Zhao, X.; Cao, P.; Lei, J.; Yan, N.; Gong, X. Structure of the Human Lipid Exporter ABCA1. Cell 2017, 169, 1228–1239.e1210.

[CrossRef]
50. Babashamsi, M.M.; Koukhaloo, S.Z.; Halalkhor, S.; Salimi, A.; Babashamsi, M. ABCA1 and metabolic syndrome; a review of the

ABCA1 role in HDL-VLDL production, insulin-glucose homeostasis, inflammation and obesity. Diabetes Metab. Syndr. Clin. Res.
Rev. 2019, 13, 1529–1534. [CrossRef]

51. Liu, Y.; Tang, C. Regulation of ABCA1 functions by signaling pathways. Biochim. Biophys. Acta (BBA)—Mol. Cell Biol. Lipids 2012,
1821, 522–529. [CrossRef]

52. Reboul, E. Vitamin E intestinal absorption: Regulation of membrane transport across the enterocyte. IUBMB Life 2019, 71, 416–423.
[CrossRef] [PubMed]

53. Niesor, E.J. Will Lipidation of ApoA1 through Interaction with ABCA1 at the Intestinal Level Affect the Protective Functions of
HDL? Biology 2015, 4, 17–38. [CrossRef] [PubMed]

54. Aguirre-Portolés, C.; Feliu, J.; Reglero, G.; Ramírez de Molina, A. ABCA1 overexpression worsens colorectal cancer prognosis by
facilitating tumour growth and caveolin-1-dependent invasiveness, and these effects can be ameliorated using the BET inhibitor
apabetalone. Mol. Oncol. 2018, 12, 1735–1752. [CrossRef] [PubMed]

55. Jodoin, J.; Demeule, M.; Béliveau, R. Inhibition of the multidrug resistance P-glycoprotein activity by green tea polyphenols.
Biochim. Biophys. Acta (BBA)—Mol. Cell Res. 2002, 1542, 149–159. [CrossRef]

56. Zhou, F.; Huang, W.; Xu, T.; Wu, L.; Chen, Q.; Peng, J.; Liu, X.; Lu, B. Natural P-gp inhibitor EGCG improves the acteoside absorption
in Caco-2 cell monolayers and increases the oral bioavailability of acteoside in rats. Food Chem. Toxicol. 2020, 146, 111827. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.biopha.2017.01.053
http://doi.org/10.1126/science.1360704
http://doi.org/10.1016/S0005-2736(99)00167-4
http://doi.org/10.1016/S0304-3835(00)00646-7
http://www.ncbi.nlm.nih.gov/pubmed/11146224
http://doi.org/10.1016/j.neuroscience.2005.10.025
http://www.ncbi.nlm.nih.gov/pubmed/16359813
http://doi.org/10.1073/pnas.102187299
http://doi.org/10.5732/cjc.011.10329
http://doi.org/10.1146/annurev-pharmtox-011613-135959
http://www.ncbi.nlm.nih.gov/pubmed/24050699
http://doi.org/10.1038/sj.onc.1206953
http://doi.org/10.2174/092986711794839197
http://doi.org/10.3892/ol.2017.5741
http://doi.org/10.1007/s12038-016-9601-5
http://www.ncbi.nlm.nih.gov/pubmed/22509477
http://doi.org/10.1080/10409238.2021.1925217
http://doi.org/10.1016/j.canlet.2019.03.011
http://www.ncbi.nlm.nih.gov/pubmed/30910588
http://doi.org/10.1309/LMO485SPYXBQANXJ
http://www.ncbi.nlm.nih.gov/pubmed/24719980
http://doi.org/10.1006/bbrc.2001.5130
http://doi.org/10.1016/j.foodchem.2012.12.021
http://doi.org/10.1006/geno.1994.1237
http://doi.org/10.1016/j.cell.2017.05.020
http://doi.org/10.1016/j.dsx.2019.03.004
http://doi.org/10.1016/j.bbalip.2011.08.015
http://doi.org/10.1002/iub.1955
http://www.ncbi.nlm.nih.gov/pubmed/30308094
http://doi.org/10.3390/biology4010017
http://www.ncbi.nlm.nih.gov/pubmed/25569858
http://doi.org/10.1002/1878-0261.12367
http://www.ncbi.nlm.nih.gov/pubmed/30098223
http://doi.org/10.1016/S0167-4889(01)00175-6
http://doi.org/10.1016/j.fct.2020.111827
http://www.ncbi.nlm.nih.gov/pubmed/33184029


J. Xenobiot. 2023, 13 189

57. Kitagawa, S.; Nabekura, T.; Kamiyama, S. Inhibition of P-glycoprotein function by tea catechins in KB-C2 cells. J. Pharm. Pharmacol.
2004, 56, 1001–1005. [CrossRef] [PubMed]

58. Morales, A.I.G.; Fragoso, L.R.; Esparza, J.R. Effect of EGCG on the expression and activity of P-glycoprotein in breast cancer cells.
FASEB J. 2013, 27, 1167.6. [CrossRef]

59. La, X.; Zhang, L.; Li, Z.; Li, H.; Yang, Y. (−)-Epigallocatechin Gallate (EGCG) Enhances the Sensitivity of Colorectal Cancer Cells
to 5-FU by Inhibiting GRP78/NF-κB/miR-155-5p/MDR1 Pathway. J. Agric. Food Chem. 2019, 67, 2510–2518. [CrossRef] [PubMed]

60. Datta, S.; Sinha, D. EGCG maintained Nrf2-mediated redox homeostasis and minimized etoposide resistance in lung cancer cells.
J. Funct. Foods 2019, 62, 103553. [CrossRef]

61. Moradzadeh, M.; Roustazadeh, A.; Tabarraei, A.; Erfanian, S.; Sahebkar, A. Epigallocatechin-3-gallate enhances differentiation of
acute promyelocytic leukemia cells via inhibition of PML-RARα and HDAC1. Phytother. Res. 2018, 32, 471–479. [CrossRef]

62. Ravikumar Reddy, D.; Khurana, A.; Bale, S.; Ravirala, R.; Samba Siva Reddy, V.; Mohankumar, M.; Godugu, C. Natural flavonoids
silymarin and quercetin improve the brain distribution of co-administered P-gp substrate drugs. SpringerPlus 2016, 5, 1618.
[CrossRef] [PubMed]

63. Li, S.; Zhao, Q.; Wang, B.; Yuan, S.; Wang, X.; Li, K. Quercetin reversed MDR in breast cancer cells through down-regulating
P-gp expression and eliminating cancer stem cells mediated by YB-1 nuclear translocation. Phytother. Res. 2018, 32, 1530–1536.
[CrossRef]

64. van Zanden, J.J.; van der Woude, H.; Vaessen, J.; Usta, M.; Wortelboer, H.M.; Cnubben, N.H.P.; Rietjens, I.M.C.M. The effect of
quercetin phase II metabolism on its MRP1 and MRP2 inhibiting potential. Biochem. Pharmacol. 2007, 74, 345–351. [CrossRef]
[PubMed]

65. Mohos, V.; Fliszár-Nyúl, E.; Ungvári, O.; Kuffa, K.; Needs, P.W.; Kroon, P.A.; Telbisz, Á.; Özvegy-Laczka, C.; Poór, M. Inhibitory
Effects of Quercetin and Its Main Methyl, Sulfate, and Glucuronic Acid Conjugates on Cytochrome P450 Enzymes, and on OATP,
BCRP and MRP2 Transporters. Nutrients 2020, 12, 2306. [CrossRef]

66. Wang, W.-J.; Sui, H.; Qi, C.; Li, Q.; Zhang, J.; Wu, S.-F.; Mei, M.-Z.; Lu, Y.-Y.; Wan, Y.-T.; Chang, H.; et al. Ursolic acid inhibits
proliferation and reverses drug resistance of ovarian cancer stem cells by downregulating ABCG2 through suppressing the
expression of hypoxia-inducible factor-1α in vitro. Oncol. Rep. 2016, 36, 428–440. [CrossRef] [PubMed]

67. Wen, J.-h.; Wei, X.-h.; Sheng, X.-y.; Zhou, D.-q.; Peng, H.-w.; Lu, Y.-n.; Zhou, J. Effect of Ursolic Acid on Breast Cancer Resistance
Protein-mediated Transport of Rosuvastatin In Vivo and Vitro. Chin. Med. Sci. J. 2015, 30, 218–225. [CrossRef]

68. Nabekura, T.; Yamaki, T.; Hiroi, T.; Ueno, K.; Kitagawa, S. Inhibition of anticancer drug efflux transporter P-glycoprotein by
rosemary phytochemicals. Pharmacol. Res. 2010, 61, 259–263. [CrossRef]

69. Zhang, Y.; Huang, L.; Shi, H.; Chen, H.; Tao, J.; Shen, R.; Wang, T. Ursolic acid enhances the therapeutic effects of oxaliplatin in
colorectal cancer by inhibition of drug resistance. Cancer Sci. 2018, 109, 94–102. [CrossRef]

70. Villar, V.H.; Vögler, O.; Barceló, F.; Gómez-Florit, M.; Martínez-Serra, J.; Obrador-Hevia, A.; Martín-Broto, J.; Ruiz-Gutiérrez, V.;
Alemany, R. Oleanolic and maslinic acid sensitize soft tissue sarcoma cells to doxorubicin by inhibiting the multidrug resistance
protein MRP-1, but not P-glycoprotein. J. Nutr. Biochem. 2014, 25, 429–438. [CrossRef]

71. Braga, F.; Ayres-Saraiva, D.; Gattass, C.R.; Capella, M.A.M. Oleanolic acid inhibits the activity of the multidrug resistance protein
ABCC1 (MRP1) but not of the ABCB1 (P-glycoprotein): Possible use in cancer chemotherapy. Cancer Lett. 2007, 248, 147–152.
[CrossRef]

72. An, G.; Gallegos, J.; Morris, M.E. The Bioflavonoid Kaempferol Is an Abcg2 Substrate and Inhibits Abcg2-Mediated Quercetin
Efflux. Drug Metab. Dispos. 2011, 39, 426. [CrossRef]

73. Nabekura, T.; Kamiyama, S.; Kitagawa, S. Effects of dietary chemopreventive phytochemicals on P-glycoprotein function. Biochem.
Biophys. Res. Commun. 2005, 327, 866–870. [CrossRef]

74. Liu, C.-M.; Kao, C.-L.; Tseng, Y.-T.; Lo, Y.-C.; Chen, C.-Y. Ginger Phytochemicals Inhibit Cell Growth and Modulate Drug
Resistance Factors in Docetaxel Resistant Prostate Cancer Cell. Molecules 2017, 22, 1477. [CrossRef] [PubMed]

75. Zhou, Q.; Ye, M.; Lu, Y.; Zhang, H.; Chen, Q.; Huang, S.; Su, S. Curcumin Improves the Tumoricidal Effect of Mitomycin C by
Suppressing ABCG2 Expression in Stem Cell-Like Breast Cancer Cells. PLoS ONE 2015, 10, e0136694. [CrossRef] [PubMed]

76. Roy, M.; Mukherjee, S. Reversal of resistance towards cisplatin by curcumin in cervical cancer cells. Asian Pac. J. Cancer Prev.
APJCP 2014, 15, 1403–1410. [CrossRef] [PubMed]

77. Hou, X.-L.; Takahashi, K.; Tanaka, K.; Tougou, K.; Qiu, F.; Komatsu, K.; Takahashi, K.; Azuma, J. Curcuma drugs and curcumin
regulate the expression and function of P-gp in Caco-2 cells in completely opposite ways. Int. J. Pharm. 2008, 358, 224–229.
[CrossRef]

78. Jia, Y.; Liu, Z.; Wang, C.; Meng, Q.; Huo, X.; Liu, Q.; Sun, H.; Sun, P.; Yang, X.; Ma, X.; et al. P-gp, MRP2 and OAT1/OAT3 mediate
the drug-drug interaction between resveratrol and methotrexate. Toxicol. Appl. Pharmacol. 2016, 306, 27–35. [CrossRef]

79. El-Readi, M.Z.; Eid, S.; Abdelghany, A.A.; Al-Amoudi, H.S.; Efferth, T.; Wink, M. Resveratrol mediated cancer cell apoptosis, and
modulation of multidrug resistance proteins and metabolic enzymes. Phytomedicine 2019, 55, 269–281. [CrossRef]

80. Kweon, S.H.; Song, J.H.; Kim, T.S. Resveratrol-mediated reversal of doxorubicin resistance in acute myeloid leukemia cells via
downregulation of MRP1 expression. Biochem. Biophys. Res. Commun. 2010, 395, 104–110. [CrossRef]

81. Shankar, S.; Nall, D.; Tang, S.-N.; Meeker, D.; Passarini, J.; Sharma, J.; Srivastava, R.K. Resveratrol Inhibits Pancreatic Cancer Stem
Cell Characteristics in Human and KrasG12D Transgenic Mice by Inhibiting Pluripotency Maintaining Factors and Epithelial-
Mesenchymal Transition. PLoS ONE 2011, 6, e16530. [CrossRef]

http://doi.org/10.1211/0022357044003
http://www.ncbi.nlm.nih.gov/pubmed/15285844
http://doi.org/10.1096/fasebj.27.1_supplement.1167.6
http://doi.org/10.1021/acs.jafc.8b06665
http://www.ncbi.nlm.nih.gov/pubmed/30741544
http://doi.org/10.1016/j.jff.2019.103553
http://doi.org/10.1002/ptr.5990
http://doi.org/10.1186/s40064-016-3267-1
http://www.ncbi.nlm.nih.gov/pubmed/27652191
http://doi.org/10.1002/ptr.6081
http://doi.org/10.1016/j.bcp.2007.04.002
http://www.ncbi.nlm.nih.gov/pubmed/17509533
http://doi.org/10.3390/nu12082306
http://doi.org/10.3892/or.2016.4813
http://www.ncbi.nlm.nih.gov/pubmed/27221674
http://doi.org/10.1016/S1001-9294(16)30004-9
http://doi.org/10.1016/j.phrs.2009.11.010
http://doi.org/10.1111/cas.13425
http://doi.org/10.1016/j.jnutbio.2013.12.003
http://doi.org/10.1016/j.canlet.2006.06.008
http://doi.org/10.1124/dmd.110.035212
http://doi.org/10.1016/j.bbrc.2004.12.081
http://doi.org/10.3390/molecules22091477
http://www.ncbi.nlm.nih.gov/pubmed/28872603
http://doi.org/10.1371/journal.pone.0136694
http://www.ncbi.nlm.nih.gov/pubmed/26305906
http://doi.org/10.7314/APJCP.2014.15.3.1403
http://www.ncbi.nlm.nih.gov/pubmed/24606473
http://doi.org/10.1016/j.ijpharm.2008.03.010
http://doi.org/10.1016/j.taap.2016.06.030
http://doi.org/10.1016/j.phymed.2018.06.046
http://doi.org/10.1016/j.bbrc.2010.03.147
http://doi.org/10.1371/journal.pone.0016530


J. Xenobiot. 2023, 13 190

82. Marley, A.R.; Nan, H. Epidemiology of colorectal cancer. Int. J. Mol. Epidemiol. Genet. 2016, 7, 105–114. [PubMed]
83. Granados-Romero, J.J.; Valderrama-Treviño, A.I.; Contreras-Flores, E.H.; Barrera-Mera, B.; Herrera Enríquez, M.; Uriarte-Ruíz, K.;

Ceballos-Villalba, J.; Estrada-Mata, A.G.; Alvarado Rodríguez, C.; Arauz-Peña, G. Colorectal cancer: A review. Int. J. Res. Med.
Sci. 2017, 5, 4667–4676. [CrossRef]

84. Favoriti, P.; Carbone, G.; Greco, M.; Pirozzi, F.; Pirozzi, R.E.M.; Corcione, F. Worldwide burden of colorectal cancer: A review.
Updat. Surg. 2016, 68, 7–11. [CrossRef] [PubMed]

85. Lee, G.-Y.; Lee, J.-S.; Son, C.-G.; Lee, N.-H. Combating Drug Resistance in Colorectal Cancer Using Herbal Medicines. Chin. J.
Integr. Med. 2021, 27, 551–560. [CrossRef] [PubMed]

86. Aniogo, E.; George, B.P.; Abrahamse, H. Plant-Based Compounds as Alternative Adjuvant Therapy for Multidrug-Resistant
Cancer. In Phytomedicine: Research and Development; CRC Press: Boca Raton, FL, USA, 2020; pp. 7–12.

87. Cort, A.; Ozben, T. Natural Product Modulators to Overcome Multidrug Resistance in Cancer. Nutr. Cancer 2015, 67, 411–423.
[CrossRef]
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