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Abstract Overexpression of ATP-binding cassette (ABC)

transporter and glutathione conjugates results in efflux of

cytotoxic agent from tumor cells leading to multidrug

resistance (MDR). Many MDR inhibitors have been iden-

tified but none of them have been proven clinically valuable

without side effects. Efforts are continue to develop an ideal

MDR inhibitor. Recently, herbal modulation of ABC

transporter and glutathione conjugates by flavonoids is

emerging as popular therapy in MDR. In this review, we

have covered structure, function of different ABC trans-

porters and glutathione-mediated MRP overexpression.

This review also focuses on the problems with existing

MDR inhibitors, modulation of ABC transporter and glu-

tathione-S-transferase by flavonoids.
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Introduction

Cancer chemotherapy is critically affected by different

obnoxious factors like efflux transporter specificity, poor

solubility, narrow therapeutic index, etc. Apart from this

severe toxicity of anticancer drug is also an unruly in

cancer chemotherapy. The emergence of drug resistance in

many cases makes the currently available chemothera-

peutic agents ineffective (Fojo and Bates, 2003). MDR is

the resistance of a tumor cell population against drugs

differing in chemical structure and cellular target. MDR

may very well be ‘‘intrinsic’’, whenever illness is actually

refractory to be able to chemotherapy with analysis or even

‘‘acquired’’, once the pill gets to be insensitive right after

the remedy (Krishna and Mayer, 2000). MDR is in part

mediated by the overexpression of plasma membrane

transporters, such as P-glycoprotein (P-gp, MDR1 or

ABCB1), MDR-associated proteins (MRP1 or ABCC1, and

MRP2 or ABCC2), or breast cancer resistant protein

(BCRP or ABCG2) (Ishikawa, 1992). Among various

obstacles, discovery of the membrane transporter P-gp was

a breakthrough in understanding the MDR phenotype of

cancer cells (Juliano and Ling, 1976). Efflux transporter

especially P-gp transporter is involved in multidrug resis-

tance, has received huge reflection in both cancer research

and pharmaceutical field which belongs to the ABC

transporter protein (Higgins, 1992). Other important

enzymes responsible for clinical multidrug resistance are

glutathione-S-transferase (GSTs), especially of the p class

(Stavrovskaya, 2000). Proteins involved in development of

MDR and their respective substrates have been summa-

rized in Table 1. Flavonoids are a large group of poly-

phenolic antioxidants found in fruits and vegetables. In

foods, flavonoids appear as b-glycosides as well as agly-

cones and methoxylated flavonoids. Upon ingestion,

flavonoids get metabolized into glucuronide, sulphated and

methoxylated conjugates (Ader et al., 2000; Day et al.,

2000, 2001; Mullen et al., 2002). Flavonoids and flavo-

noid-rich extracts have been implicated as beneficial agents

in a multitude of disease states most commonly in cancer,

cardiovascular disease, and neurodegenerative disorders

(Havsteen, 2002; Rice-Evans, 2001; Spencer et al., 2004).

Interestingly, it has become clear over the last few years

that the bioactive forms of flavonoids in vivo are not
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necessarily the natural phytochemical forms, for example,

the aglycones or their various glycosides, but possibly also

conjugates and metabolites arising from these upon

absorption (Spencer et al., 2004). Many evidences indi-

cated that flavonoids interact with ABC transporter and

modulate MDR in tumors. The dual effects, i.e. modulation

of ABC transporters, glutathione conjugates and antitumor

activity of these herbal derivatives, may synergistically act

in cancer chemotherapy. Thus, the unique property of

reversal of multidrug resistance of these compounds might

help protect against MDR tumors.

Structure and function of protein involved in MDR

P-glycoprotein (P-gp)

P-gp is the efflux pump discovered in 1976 due to its

expression in various types of MDR tumors (Juliano and

Ling, 1976). It is encoded by MDR1 gene in humans and

the mdr1-a, mdr1-b genes in rodents. P-gp is found to be

present in the biliary canalicular surface of hepatocytes,

luminal surface of cells of jejunum and colon, apical sur-

face of proximal tubular cells of kidney, endothelial cells

of blood brain barrier, apical membrane of fetal-membrane

barrier function in placenta and in other tissues like lungs,

adrenals, prostrate, skin, spleen, heart and skeletal muscle

(Ambudkar et al., 1999).

P-gp is overexpressed in many intrinsically resistant

tumors (leukemias, lymphomas, adult, childhood sarcomas

and neuroblastomas) and those that acquire resistance

during chemotherapy treatment (Krishna and Mayer,

2000). Advances in biotechnological field proved the

presence of P-gp not only in tumor cells but also in a wide

variety of normal tissues where they have a role to play in

absorption, distribution, metabolism and excretion. P-gp

mediated efflux affects each step which a drug comes

across during its stay in the body. It influences absorption

through intestinal carriers, which expel drug molecules

back into the lumen; distribution, by preventing drug entry

into tissues like brain; metabolism, as it acts synergistically

with cytochrome P450 3A4 (CYP 3A); excretion, by

affecting both biliary and renal tubular function (Lin,

2003). In this way, P-gp acts as a barrier which prevents

entry of xenobiotics in the body and expelled out them

once they have entered and protect the cell or tissue from

cytotoxic substances, keep toxic substances in blood cir-

culation (Ambudkar et al., 1999). P-gp is an adenosine tri-

phosphatase (ATPase), energy-dependent membrane bound

protein belonging to members of ABC transporters (Loo

and Clarke, 2005). It consists of 1,280 amino acids and is

expressed as a single chain containing two homologous

portions of equal length, each containing six transmem-

brane domains and two ATP-binding regions separated by

a flexible linker polypeptide region. P-gp has amino and

carboxyl terminals (Fig. 1) (Kimura et al., 2004).

Initially, it was believed that N-terminal ATP-binding

domain contains all residues necessary to hydrolyze ATP

without interacting with the C-terminal ATP-binding

domain (Kimura et al., 2004). But now, it is believed that

both the amino and carboxyl terminal ATP sites can

hydrolyze ATP. However, there is no evidence that ATP

can be hydrolyzed simultaneously by both sites (Tandon

et al., 2006). ATP-binding domain(s) located in the cytosol

side are also known as nucleotide-binding folds (NBFs);

they transfer the energy to transport the substrates across

the membranes. Each ATP-binding domain contains three

regions: Walker A, B, and signature C motifs. Highly

conserved Lys residue within the walker A motif of histi-

dine permease is directly involved with the binding of ATP

and a highly conserved Asp residue within the walker B

motif serves to bind the Mg2? ion. Human P-gp requires

both (Mg2?)-ATP-binding and hydrolysis to function as a

drug transporter (Tombline et al., 2004). It has also been

proposed that Mg2? may play a role in stabilizing the ATP-

binding site. Signature C motifs probably participate to

accelerate ATP hydrolysis via chemical transition state

interaction and are also suggested to be involved in the

Table 1 Proteins involved in MDR and the anti-cancer drugs affected by their upregulation

Sr. No. Name of

proteins

Systematic name Name of anticancer drugs References

1. P-glycoprotein ABCB1 Doxorubicin, daunorubicin, epirubicin, etoposide, paclitaxel,

docetaxel, vincristine, vinblastine, Vinorelbine, vindesine,

bisantrene, mitoxantrone, colchicine

Sawicka et al. (2004)

2. MRP1 ABCC1 Vincristine, daunorubicin, doxorubicin, etoposide Teodori et al. (2002)

3. MRP2 ABCC2 Methotrexate, etoposide, cisplatin, vinca alkaloids Sparreboom et al. (2003)

4. BCRP ABCG2 Mitoxantrone, bisantrene, camptothecin, daunorubicin,

doxorubicin, epirubicin, topotecan, CPT-11 (irinotecan)

Leonessa and Clarke (2003)

5. GSTs GSTP1(p class) Chloroethylnitrosoureas, cisplatin, thiotepa,

anthracyclines, phosphanides, acrolein,

melphalan, cyclophosphamide

O’brien and Tew (1996);

Townsend and Tew (2003)
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transduction of the energy of ATP hydrolysis to the con-

formational changes in the membrane integral domains

required for translocation of the substrate (Tandon et al.,

2006). Unlike the ATP-binding sites that are restricted to

Walker A motifs of ATP-binding domains, many substrate

binding sites have been identified throughout the trans-

membrane domain (TMDs) of P-gp. The major drug-

binding sites reside in or near TM6 and TM12. In addition

to this, TM1, TM4, TM10, and TM11 have drug-binding

sites. Amino acids in TM1 are involved in the formation of

a binding pocket that plays a role in determining the suit-

able substrate size for P-gp, whereas glycine residues in

TM 2 and 3 are important in determining substrate speci-

ficity. The close proximity of TM2/TM11 and TM5/TM8

indicates that these regions between the two halves must

enclose the drug-binding pocket at the cytoplasmic side of

P-gp. They may form the ‘‘hinges’’ required for confor-

mational changes during the transport cycle (Ambudkar

et al., 2006; Tandon et al., 2006). In addition to the TMDs,

intracellular loops and even ATP-binding domains have

drug-binding sites.

The first step in drug efflux is drug recognition by P-gp

followed by ATP-binding and hydrolysis. The major drug-

binding sites reside in or near TM6, TM12, TM1, TM4,

TM10, and TM11. There is the formation of a binding

pocket which plays a role in determining the suitable

substrate drug size for P-gp and, therefore, substrate

specificity. The energy released in this process is utilized to

efflux substrate outside the cell membrane through central

pore. Two ATP molecules are hydrolyzed for the transport

of every substrate molecule, one in the transport of sub-

strate and the other in causing conformational changes to

reset the pump for the next catalytic cycle (Fig. 2) (Am-

budkar et al., 2006). There are many hypothesis regarding

efflux mechanism of P-gp transporter; however, exact site

of substrate and protein interaction is not clear (Ambudkar

et al., 2006). The most popular model includes pore model,

flip-pas model and hydrophobic vacuum cleaner (Tandon

et al., 2006). Among these models, hydrophobic vacuum

cleaner has drawn huge attention according to which P-gp

recognizes the substrate embedded in the inner layer of

plasma membrane and transports it through a protein

channel. P-gp undergoes conformational changes on bind-

ing of nucleotide to the intracellular nucleotide-binding

domains (Rosenberg et al., 2003). According to ‘‘pore

model’’, there is a major reorganization of the transmem-

brane domains throughout the entire depth of the mem-

brane on binding of nucleotide. This restructuring opens

the central ‘‘pore’’ along its length in a manner that allows

access of hydrophobic drugs (or, substrates) directly from

the lipid bi-layer to the central pore of the transporter

(Sauna et al., 2001). Further, the second catalytic cycle

starts by hydrolysis of another molecule of ATP and

released energy is utilized to reset the protein to its original

confirmation, where it again binds with substrate and

nucleotide to initiate the next cycle (Varma et al., 2003).

In normal cell, due to selective distribution of P-gp at

the drug entry and exit ports, it is speculated that P-gp

could play a major physiological role in absorption, dis-

tribution and excretion of xenobiotics. Therefore, overall

P-gp functions as a biochemical barrier for entry of xeno-

biotics and expels them from the organs into the systemic

circulation (Fardel et al., 1996).

Numerous studies and research have been performed

regarding expression of P-gp in solid tumors and hemato-

logical malignancies. It has been seen that P-gp expression

is usually high and constitutive in tumors. As it participates

in physiological phenomenon in normal cell, protect cells

from harmful substances and expelled out toxic substances

which have entered earlier. But in cancerous cell, this P-gp

transporter expelled out cytotoxic drugs from cytoplasm

resulting in development of resistance. Actually expression

of P-gp in tumors is moderate but its expression increases

only when chemotherapy is started especially in case of

breast tumors, acute myeloid leukemias, lymphomas and

myelomas (Drach et al., 1995). In this way, this P-gp acts

as a barrier in cancer chemotherapy. P-gp positivity in

some cancers is associated with increased levels of other

Fig. 1 Structure of P-gp

transporter
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drug resistance markers such as multidrug resistance-associ-

ated protein (MRP) and glutathione-S-transferase (p class)

expression (Abolhoda et al., 1999). A strong correlation of

increased levels of MDR1 expression with relapse has been

evidenced in pediatric soft tissue sarcomas, neuroblastoma

and acute lymphoblastic leukemia (Thomas and Coley, 2003).

Multidrug resistance protein (MRP)

For a long time, P-gp was believed to be the only protein

capable of conferring MDR in mammalian tumor cells.

However, several reports on human tumor cell lines dis-

playing MDR in the absence of P-gp overexpression,

together with studies that failed to detect P-gp in a variety

of human tumors pointed to the existence of other MDR

conferring proteins (Ozben, 2006). Apart from P-gp, other

ABC transporters now known to be involved in multiple

drug resistance in humans include the family of multidrug

resistance-associated proteins (MRP1-7 or ABCC1-7)

(Litman et al., 2001). Two additional members, MRP8

(ABCC11) and MRP9 (ABCC12) have been reported more

recently (Bera et al., 2001, 2002). The multidrug resistance

proteins (MRP1 and MRP2) are 190 kDa membrane gly-

coproteins that are unidirectional, ATP-driven, export

pumps, with an amino acid identity of 49 % in humans

(Keppler et al., 1998).

This ABC transporter is similar in structure to P-gp in

that they possess two ATP-binding sites. In addition to the

12 transmembrane domains, they also contain an additional

5 transmembrane domains at the amino terminal end

(Fig. 3) (Altenberg, 2004). Other transporters with a sim-

ilar structure include MRP2, MRP3 and MRP6. Both

MRP1 and MRP2 are important in xenobiotic detoxifica-

tion as well as in the defense against oxidative stress,

Fig. 2 Flow chart presenting

the mechanism of action of P-gp

mediated efflux and possible

target for inhibition of

overexpression of P-gp

transporter in tumor cells.

inhibition,

activation
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because of their role in glutathione disulfide export

(Rosenberg et al., 2001). Unlike P-gp that targets and

transports hydrophobic drugs, MRP proteins can transport

hydrophilic molecules and even organic anions (Je-

dlitschky et al., 1996). Although both P-gp and MRP

belong to the ATP-binding cassette (ABC) superfamily,

their primary structures are quite dissimilar, sharing only

approximately 15 % amino acid homology. These two

classes of proteins were originally considered to play a

similar role in the development of multidrug resistance,

leading to the exclusion from the cell of a similar range of

chemotherapeutic agents. However, it seems that MRP,

unlike P-gp, can specifically transport a range of glutathi-

one conjugates, suggesting a dichotomy in function of the

two types of transporter. Thus, the MRP1 gene product

contributes to cellular glutathione S-conjugate efflux and

protects against oxidative stress inducing quinines. MRP1

is the primary folate efflux route, and it plays a functional

role in the maintenance of cellular folate homeostasis

(Assaraf et al., 2003). MRP2, also called canalicular MRP

(cMRP) or canalicular multispecific organic anion trans-

porter (cMOAT), accepts a diverse range of substrates,

including glutathione, glucuronide, and sulfate conjugates

of many xenobiotics (Gerk and Vore, 2002). In addition,

MRP2 transports a range of anticancer drugs, leukotrienes,

glutathione, toxins, and heavy metals. MRP2 is regulated at

several levels, including membrane retrieval and reinser-

tion, translation, and transcription. The expression and

activity of MRP2 are altered by certain drugs and disease

states (Adachi et al., 2002).

Breast cancer resistant protein (BCRP)

Breast cancer resistant protein is also a type of ABC

transporter super family and identified from drug selected

human breast cancer cells (MCF-7) (Doyle et al., 1998),

human colon carcinoma cells (S1-M1-80) (Miyake et al.,

1999) and human placenta (Allikmets et al., 1998). It has

been reported that the BCRP is also responsible for drug

resistance against various anticancer agents and plays an

important function in drug disposition (Ejendal and Hry-

cyna, 2002). Molecular characterization revealed that

BCRP consists of 655 amino acids with a molecular mass

of 72.1 kDa (Ejendal and Hrycyna, 2002). In contrast to

P-gp, which has 12 transmembrane domains and two ATP-

binding sites, BCRP is a half-ABC transporter and contains

only six transmembrane domains and one ATP-binding site

(Fig. 4) (Allikmets et al., 1998; Mao, 2005). The contri-

bution of BCRP to clinical MDR is receiving extensive

investigation, and some association has been reported

(Steinbach et al., 2002). Significant and variable expres-

sions of BCRP have been detected in human tumors, such

as acute myeloid leukemia and breast cancer (Maliepaard

et al., 2001; Ross et al., 2000). Overexpression of BCRP

has been shown to cause cross-resistance to doxorubicin,

topotecan, SN38, mitoxantrone, methotrexate and flavo-

piridol, as well as to nucleoside human immunodeficiency

virus reverse transcriptase inhibitors such as zidovudine

and lamivudine (Maliepaard et al., 2001).

Glutathione conjugates transporter (GST)

One complex system of proteins involved in MDR is the

glutathione-related biotransformation system. The GSTs

comprise a family of dimeric phase II detoxification

enzymes that catalyze the conjugation of glutathione (GSH)

to a wide variety of endogenous and exogenous electrophilic

compounds. GSTs are divided into two distinct super-fam-

ilies: the membrane-bound microsomal and cytosolic fam-

ily. Cytosolic GSTs are highly polymorphic and can be

divided into six classes which share *30 % sequence

identity, and are designated by Greek letters a, l, x, p, h and

f. Several GSTs can conjugate GSH to anti-cancer DNA

alkylating agents like busulfan, melphalan, chlorambucil,

thiotepa and other anticancer drugs, thereby detoxifying

these drugs (Shen et al., 1997; Tew and Gaté, 2001; van

Bladeren and van Ommen, 1991). The overexpression in

tumors of GSTs, especially of GSTP1-1, is considered as a

possible mechanism of tumor cell drug resistance (Salinas

and Wong, 1999; Suzuki et al., 2005; Zhou et al., 2005).

Fig. 3 Structure of multidrug

resistance protein 1 (MRP1)
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Glutathione-S-transferase P1-1 is a homodimeric enzyme.

Each subunit contains one binding site for GSH (G-site) and

another for the hydrophobic substrate (H-site), and cysteine

residues located at positions 14, 47, 101 and 169 (Morrow

et al., 1998). It is conceivable that GSTs serve two distinct

roles in the development of drug resistance: (1) via direct

detoxification as well as (2) acting as an inhibitor of the

MAP kinase pathway (pi class only). The link between GSTs

and the MAP kinase pathway provides a rationale as to why

in many cases the drugs used to select for resistance are

neither subject to conjugation with GSH, nor substrates for

GSTs (Hayes and Pulford, 1995). The contribution of any

GSTs to drug resistance is likely to vary with cell type and

drug, as well as with the expression profile of other enzymes

and transporters. However, it is still widely accepted that the

GSTs can contribute directly to drug resistance in some cell

types via their catalytic activity, so inhibitors of GSTs cat-

alytic activity are considered as a potential therapeutic tool.

Historically, GSTs were named according to their ability to

catalyze the nucleophilic addition or substitution of gluta-

thione (GSH; c-glutamyl-cysteinyl-glycine) at electrophilic

centers in a wide range of xenobiotic electrophilic substrates

(Fig. 5) (Lehane et al., 2011).

The typical GST-catalyzed reactions include Michael-

type addition, nucleophilic aromatic substitution, nucleo-

philic addition to epoxides, cis–trans double bond isom-

erization, positional double bond isomerization, and

peroxide reduction (Hayes and Pulford, 1995).

Development of MDR reversal agents

or chemosensitizers

The first report of the pharmacological reversal of MDR

came in 1980 (Tsuruo et al., 1981). The compounds that

would reverse resistance against anticancer drugs are called

MDR inhibitors, MDR modulators, MDR reversal agents

or chemosensitizers. They may modulate more than one

transporter (Choi, 2005; Liscovitch and Lavie, 2002).

Although a few distinct ways of minimizing multidrug

resistance are achievable, the most crucial cellular mech-

anism involving resistance may be the greater detoxifica-

tion and/or efflux of anticancer medications by means of

biotransformation enzymes and proteins (Fojo and Bates,

2003). One strategy to overcome transporter-mediated drug

resistance relies on the identification of inhibitors of these

enzymes and transporters. These compounds should be

relatively non-cytotoxic allowing high levels to be

administered and maintained without encountering toxic-

ity. A lot of the acknowledged inhibitors tend to be rela-

tively non-specific and also may, therefore, have to put up

with undesirable drug-drug interaction or interference

together with various other physiological systems

decreasing their utilization clinically, as observed for sev-

eral analyzed P-gp inhibitors (Borst and Elferink, 2002;

Tan et al., 2000). The hunt for relatively non-cytotoxic

GST/MRP inhibitors is really a strategy which could give

encouraging results (Tan et al., 2000).

First-generation MDR inhibitors

Inhibiting P-gp and other ABC transporters has been

extensively studied for more than two decades (Liscovitch

and Lavie, 2002; Thomas and Coley, 2003). Many agents

of diverse structure and function that modulate MDR have

been identified, including calcium channel blockers (e.g.

verapamil), calmodulin antagonists, steroidal agents, pro-

tein kinase C inhibitors, immunosuppressive drugs (e.g.

cyclosporine A), antibiotics (e.g. erythromycin), antimala-

rials (e.g. quinine), psychotropic phenothiazines, indole

Fig. 4 Structure of BCRP
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alkaloids (e.g. fluphenazine and reserpine), steroid hor-

mones, anti-steroids (e.g., progesterone and tamoxifen),

detergents and surfactants (Ferry et al., 1996; Thomas and

Coley, 2003; Wu et al., 2003). First-generation MDR drugs

had other pharmacological activities and were not specifi-

cally developed for inhibiting MDR. Their affinity was low

for ABC transporters and necessitated the use of high

doses, resulting in unacceptable high toxicity which limited

their application (Ferry et al., 1996; Krishna and Mayer,

2000; Thomas and Coley, 2003). Clinical trials with first-

generation MDR drugs failed for various reasons, often due

to side effects (Ferry et al., 1996; Krishna and Mayer,

2000; Liscovitch and Lavie, 2002; Thomas and Coley,

2003). Many of the first-generation chemosensitizers were

themselves substrates for ABC transporters and competed

with the cytotoxic drugs for efflux by the MDR pumps.

Therefore, high serum concentrations of the chemosensi-

tizers were needed to produce sufficient intracellular con-

centrations (Ambudkar et al., 1999). These limitations

prompted the development of new chemosensitizers that

are more potent, less toxic and selective for the P-gp and

other ABC transporters (Krishna and Mayer, 2000; Thomas

and Coley, 2003).

Second-generation MDR inhibitors

Second-generation chemosensitizers were designed to

reduce the side effects of the first-generation drugs. Second-

generation MDR modulators have a better pharmacologic

profile than the first-generation compounds; still they retain

some characteristics that limit their clinical usefulness. Co-

administration of a MDR modulator usually elevates

plasma concentrations of an anticancer drug by interfering

with its clearance or inhibiting its metabolism and excre-

tion, thus leading to unacceptable toxicity that necessitates

chemotherapy dose reductions in clinical trials down to

pharmacologically ineffective levels (Liscovitch and Lavie,

2002). The affinity of second-generation MDR drugs

towards ABC transporters was too low to produce signifi-

cant inhibition of MDR in vivo at tolerable doses (Ferry

et al., 1996). The majority of the anticancer medications are

substrates both for ABC transporter proteins and for the

cytochrome P450 isoenzyme 3A4. Most of the second-

generation MDR chemosensitizers are also substrates for

cytochrome P450 3A4 and metabolized by means of this

enzyme (Thomas and Coley, 2003). Competition between

anticancer agents and MDR modulators intended for cyto-

chrome P450 3A4 activity may result throughout unpre-

dictable pharmacokinetic connections. Co-administration

of a MDR drug may perhaps significantly elevate plasma

concentrations of anticancer drug simply by interfering with

their clearance (e.g. via biliary elimination) or by metabo-

lism (e.g. via the cytochrome P450 system), resulting in

dose reductions down to pharmacologically ineffective

levels (Liscovitch and Lavie, 2002). The pharmacokinetic

interactions concerning chemosensitizers along with cyto-

toxic agent tend to be capricious, decreasing the dose of any

cytotoxic agent may perhaps cause under- or over-dosing in

patients (Fischer et al., 1998; Gottesman et al., 2002;

Thomas and Coley, 2003).

Fig. 5 Diagram representing

glutathione conjugation to

xenobiotics via GSTs and efflux

through MRP
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Third-generation MDR inhibitors

Third-generation molecules have been developed to over-

come the limitations of the second-generation MDR mod-

ulators (Krishna and Mayer, 2000; Thomas and Coley,

2003). They are not metabolized by cytochrome P450 3A4

and they do not alter the plasma pharmacokinetics of

anticancer drugs (Table 2). Third-generation agents spe-

cifically and potently inhibit P-gp and do not inhibit other

ABC transporters (Thomas and Coley, 2003). None of the

third-generation agents tested so far have caused clinically

relevant alterations in the pharmacokinetics of the co-

administered anticancer drugs. Because of their specificity

for P-gp transporters and lack of interaction with cyto-

chrome P450 3A4, third-generation P-gp inhibitors offer

significant improvements in chemotherapy without a need

for chemotherapy dose reductions (Thomas and Coley,

2003).

A non-immunosuppressive cyclosporin D derivative

(PSC-833; Valspodar; Novartis AG) was the first of these

drugs to be studied (Liscovitch and Lavie, 2002). Unfor-

tunately, further research with PSC-833 revealed pharma-

cokinetic interactions with several anticancer drugs and

inhibition of non-MDR-related transporters (Liscovitch and

Lavie, 2002). One of the most promising third-generation

P-gp inhibitors is an anthranilamide derivative tariquidar

(XR9576) which is developed by NCI/Xenova/QLT

Company (Liscovitch and Lavie, 2002). In phase I and II

studies with paclitaxel and vinorelbine in ovarian cancer,

tariquidar gave successful results and phase III trials have

been initiated with tariquidar in patients with non-small

cell Lung cancer (Liscovitch and Lavie, 2002). Vertex

Pharmaceuticals Inc. developed a pipecolinate analog, VX-

710 (biricodar, Incel) which is a high-affinity P-gp and

MRP inhibitor. VX-710 has no pharmacokinetic interac-

tions with doxorubicin and is undergoing trials in solid

tumors (Liscovitch and Lavie, 2002). Laniquidar

(R101933; NCI/EORTC Inc.) and the substituted diary-

limidazole ONT-093 (Ontogen Inc.) are among the third-

generation P-gp inhibitors. They have high potency and

specificity for the P-gp transporter despite having diverse

chemical structures and origins (Newman et al., 2000;

Thomas and Coley, 2003; van Zuylen et al., 2000).

R101933 and ONT-093 were shown to inhibit P-gp pump

with no effect on the pharmacokinetics of docetaxel and

paclitaxel. The cyclopropyldibenzosuberane modulator

LY335979 developed by Eli Lilly Inc. was shown to

competitively inhibit the binding of vinblastine to P-gp

(Liscovitch and Lavie, 2002; Thomas and Coley, 2003).

LY335979 showed no significant pharmacokinetic inter-

actions with doxorubicin, etoposide, daunorubicin, vin-

cristine, or paclitaxel in both solid and hematologic

malignancies (Dantzig et al., 1999; Starling et al., 1997;

Thomas and Coley, 2003). To increase life span of cancer

patients, clinical trials with above drugs are still going on.

Several other MDR modulators have been demonstrated to

renovate chemotherapeutic sensitivity in cancer cells and

tissues in vitro and in vivo, but none of them has found to

be used clinically so for (Crowley et al., 2010; Nobili et al.,

2011). Since most of the third-generation compound have

failed in phase III clinical trials. Recently, compounds

belonging to class of pharmaceutical excipients like PEG

esters, polysorbates, tocopherol esters, polymers, amphi-

philic diblock co-polymers came into existence as MDR

modulators (Rege et al., 2002; Regev et al., 2007). Co-

formulations of pharmaceutical excipients with MDR

inhibitors significantly improved bioavailability and dura-

tion of action (Regev et al., 2007). Although these ‘‘inert’’

pharmaceutical excipients appear to be a better choice from

formulation perspective, they suffer from limitations of

causing undesirable alterations in drug disposition resulting

in serious adverse reactions (Buggins et al., 2007).

Another class which is gaining rapid attention as MDR

inhibitors consists of herbal components (Deferme et al.,

2002; Zhou et al., 2004). The safety of herbs is ensured by

the continuous and long history of usage in large amounts

as a part of normal daily diet (Yáñez et al., 2013). They are

considered as perfect candidates for bioavailability

enhancement, tissue-penetration (e.g. blood brain barrier),

decreasing biliary excretion and multidrug resistance

modulating agents. The effects of flavonoids on cellular

accumulation, herbs interaction, transport or bioavailability

of various anti-cancer drugs have been discussed (Bansal

et al., 2009).

Table 2 List of drugs which are in clinical trials for MDR

Category Name of the drug Developed by References

Cyclosporine D derivative Valspodar (PSC-833) Novartis AG Liscovitch and Lavie (2002)

Anthranilamide derivative Tariquidar (XR-9576) NCI/Xenova/QLT Liscovitch and Lavie (2002)

Pipecolinate analog Biricodar, Incel (VX-710) Vertex Pharmaceutical Inc. Liscovitch and Lavie (2002)

Diarylimidazole ONT-093 Ontagen Inc. Liscovitch and Lavie (2002)

Cyclopropyldibenzosuberane LY335979 Eli-Lilly Inc. Liscovitch and Lavie (2002);

Thomas and Coley (2003)

– Elacridar (GF-120918) GlaxosmithKline Liscovitch and Lavie (2002)

8 Med Chem Res (2014) 23:1–15

123



Role of flavonoids in modulation of MDR

Flavonoids are a group of more than 4,000 polyphenolic

compounds that occur naturally in foods of plant origin.

These compounds possess a common phenylbenzopyrone

structure and they are categorized according to the satu-

ration level and opening of the central pyran ring, mainly

into flavones, flavanols, isoflavones, flavonols, flavanones,

and flavanonols (Hasrat et al., 1997; Holiman et al., 1996).

Flavonoids have probably existed in the plant kingdom for

over one billion years. They are present in practically all

dietary plants, like fruits and vegetables (Yáñez et al.,

2013).

P-gp inhibition by flavonoids

Flavonoid interacts with P-gp via blockade of the drug-

binding site either competitive, non-competitive or allos-

terically (Tandon et al., 2006), interference with the ATP

hydrolysis process (Sauna and Ambudkar, 2000; Sauna

et al., 2001), alteration in integrity of cell membrane lipids

(Regev et al., 1999) or decrease in P-gp expression (Fig. 2).

SAR studies revealed that the presence of the 5-hydroxyl

group, the 3-hydroxyl group and the 2,3-double bond

appears to be important for potent flavonoid NBD2 inter-

action. SAR studies of chalcones, flavones, and flavonols

conclude that a hydroxyl group on position 5 (position 60 in

chalcones) is important. 5-OH methylation leads to slightly

less active compounds. The hydroxyl loses its acidic prop-

erties because of the chelating effect induced by the adja-

cent carbonyl group and, therefore, does not affect the

activity which can be decreased by the presence of acidic

groups. Hydroxylation on position 7 (position 40 in chal-

cones) was deleterious for activity, probably due to the

acidic group influence, whereas methoxylation was slightly

beneficial. The 2,3 double bond (the a,b-double bond in

chalcones) and the carbonyl group are also essential for

MDR modulation (Boumendjel et al., 2002b; Comte et al.,

2001; Conseil et al., 1998; Hadjeri et al., 2003).

In addition, isoflavonoids with ring B branched at position

3 instead of 2 have lower P-gp interaction activity (Bou-

mendjel et al., 2002a). Genistein (an isoflavone) has been

proved inactive against P-gp mediated MDR (Versantvoort

et al., 1993). But Castro et al. challenged this conclusion

(Castro and Altenberg, 1997). There are some controversy

regarding modulation of P-gp by natural flavonoids poly-

phenols, such as kaempferol, galangin and quercetin. It was

reported that kaempferol, galangin and quercetin stimulated

P-gp efflux of 7,12-dimethylbenz(a)anthracene, a carcino-

gen known to induce mammary tumors in animals (Morris

and Zhang, 2006; Phang et al., 1993).

In contrast, it was also demonstrated that quercetin

inhibited P-gp transport of adriamycin dose dependently in

MCF-7/Adr cells, an adriamycin resistant human tumor

cell line (Scambia et al., 1994). Quercetin inhibited P-gp

mediated transport of the fluorescent probe Hoechst 33342,

at least in part by inhibiting P-gp ATPase activity (Shapiro

and Ling, 1997). On the basis of these facts, some scientists

have synthesized and evaluated the MDR modulating

activity of flavonoid derivatives containing an N-benzyl-

piperazine side chain. These new derivatives were designed

with the aim of introducing basic nitrogen and increasing

their lipophilic properties (Ferté et al., 1999). Apart from

this, EGCG has been found to improve the activity of the

anticancer drug doxorubicin by inhibiting the P-gp efflux

pump activity in a murine model for chemoresistant HCC

and reducing the expression of multidrug resistance

(MDR)1 protein (Stagos et al., 2012). Ethyl acetate fraction

of Gynura procumbens has been also found to prevent

chemoresistance through inhibition of MDR1 expression

on MCF-7 breast cancer cell line and sensitizes the cells to

doxorubicin (Nurulita et al., 2012). It has been also

reported that Naringin, tangeritin obtained from Citrus

plant have been found to reverse multidrug resistance and

caused induction of apoptosis in human colon cancer

(Wesołowska et al., 2012). Some studies revealed that the

flavonolignan, (-)-hydnocarpin, potentiates vincristine

cytotoxicity in 697 cells and can re-sensitize resistant

697-R cells to vincristine treatment (Bueno Pérez et al.,

2012; Gupta et al., 2011).

Inhibition of MRP by flavonoids

The first review of MRP1 inhibitors was published by

Norman (1998). Many reports describe the interaction of

flavonoids with MRP1 and MRP2, showing an inhibition

effect on transporter activity (Table 3). Several flavonoids

have been tested for MRP inhibitory activity and some of

them have been found to be very potent. The synthetic

compound flavopiridol, which has been extensively studied

for its antiproliferative effect through inhibition of cyclin-

dependent kinases (Sedlacek et al., 1996), has then been

introduced as an MRP1 inhibitor (Hooijberg et al., 1999).

In 1993, it has been reported that genistein (40,5,7-tri-

hydroxyisoflavone) can inhibit the efflux of daunorubicin

on MRP1-overexpressing small cells from human lung

cancer (Versantvoort et al., 1994). VX-710, agosterol A,

PAK-104P, verapamil, cyclosporin A, certain flavonoids,

RU486, budesonide are non-specific inhibitors, LY475776

and LY402913 are the GSH (glutathione)-dependent highly

specific inhibitors, while MK571, ONO-1078, glibencla-

mide, some GSH conjugates are the relatively specific

inhibitors of MRP1 (Haimeur et al., 2004; Lee, 2004).

In vitro, it was demonstrated that some flavonols such as

myricetin and robinetin are able to inhibit calcein efflux

mediated by MRP2 in MDCKII cells transfected with this
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transporter (Zhang et al., 2007). In addition, a significant

increase in apical to basolateral transport as well as cellular

accumulation of ochratoxin A, a food-borne mycotoxin, in

Caco-2 cells, was observed upon co-incubation with

chrysin, quercetin, genistein, biochanin A or resveratrol, all

at concentrations that can be expected in the gastrointes-

tinal tract (Sergent et al., 2005). It has been hypothesized

that polyphenols may exert this effect through competitive

inhibition of MRP2 (Sergent et al., 2005). Recently, the

major phase II metabolites of quercetin have been identi-

fied as potent MRP2 inhibitors, improving the potential use

of quercetin as MRP2 inhibitor (Van Zanden et al., 2007).

These observations are important because flavonoid

metabolites in the intestinal mucosa may reach a concen-

tration that can significantly inhibit transporters in several

body tissues (Aszalos, 2008). In addition, it has been

reported that the interaction of MRP2 with quercetin glu-

curonides is dependent on the position and nature of sub-

stitution (Williamson et al., 2007). All these results support

the hypothesis that flavonoid supplementation could affect

the biliary or renal excretion of MRP2 substrates. In this

respect, the hyperbilirubinemia inducible by the presence

of flavopiridol and its conjugates is very relevant and is

probably due to the inhibition of biliary excretion of con-

jugated bilirubin, an MRP2 substrate (Jäger et al., 2003).

For inhibition of MRP1, a quantitative structure–activity

relationship (QSAR) was obtained that indicates three

structural characteristics to be of major importance for

MRP1 inhibition by flavonoids: the total number of

methoxylated moieties, the total number of hydroxyl

groups and the dihedral angle between the B and C ring.

While for MRP2 inhibition, flavonol B ring pyrogallol

moiety is important (Van Zanden et al., 2005).

Inhibition of BCRP by flavonoids

About 20 flavonoids, representing all the chemical sub-

classes of flavonoids, have been tested on BCRP-mediated

transport and demonstrated that the flavonoids apigenin,

biochanin A, chrysin, genistein, hesperetin, kaempferol,

naringenin and silymarin all produced a more than three-

fold increase in mitoxantrone accumulation in the BCRP-

overexpressing cells (MCF-7 MX100 and NCI-H460

MX20), with no or minimal effects on mitoxantrone

accumulation in the corresponding BCRP-negative cell

lines (MCF-7 sensitive and NCI-H460) (Zhang et al.,

2004). The flavonoids daidzein, fisetin, phloretin, querce-

tin, and silibin produced at more than twofold increase in

the mitoxantrone accumulation in the BCRP-overexpress-

ing cells, with no or only slight effects in the BCRP-neg-

ative counterparts (MCF-7 sensitive and NCI-H460),

suggesting that these flavonoids are also BCRP inhibitors

(Zhang et al., 2004). Concentration-dependent effects of

flavonoids (apigenin, biochanin A, chrysin, genistein, and

kaempferol) have been performed in both MCF-7 MX100

and NCI-H460 MX20 cells; it was observed high BCRP

inhibition when tested at 50 lM concentration (Zhang

et al., 2004). Genistein and naringenin have also been

found to diminish the function of BCRP as an efflux pump

and reverse BCRP-mediated resistance to anticancer

agents in BCRP-overexpressing cells (Imai et al., 2004;

Takahata et al., 2008). In addition, genistein and daidzein

reversed BCRP-mediated transport of the fluoroquinolone

enrofloxacin, a BCRP substrate flavones were found more

efficient than flavonols, isoflavones, and flavanones (Pulido

et al., 2006). With the help of structure–activity studies and

rational screening facilitated by the use of ABCG2-trans-

fected cell lines, with a high drug efflux capacity, 6-pre-

nylchrysin and tectochrysin have been found as potent and

specific inhibitors of breast cancer resistance protein

ABCG2 (Ahmed-Belkacem et al., 2005). Chrysin at the

oral dose of 200 mg/kg significantly increased bioavail-

ability and decreased the apparent oral clearance of nitro-

furantoin, a BCRP substrate, in rats (Wang and Morris,

2007). In contrast, at the lower chrysin dose of 50 mg/kg,

only a small effect in the AUC was observed after intra

venous administration. No significant interaction between

BCRP and chrysin was observed after oral administration

Table 3 MRP1 and MRP2 inhibition by flavonoids

Pump Substrate Concentration Model Most potent inhibitors References

MRP1 Daunomycin,

vinblastine

100 lM Panc-1 cells Morin [ kaempferol [ quercetin [ genistein Borst and Elferink (2002);

Nguyen et al. (2003)

MRP1 17b-estradiol 1–100 lM Vesicles Apigenin [ kaempferol [ naringenin

[ quercetin [ myricetin

Borst et al. (2000)

MRP1 LTC4 1–100 lM Vesicles Kaempferol [ apigenin [ quercetin

[ myricetin [ naringenin

Borst et al. (2000)

MRP2 Calcein 0.1–50 lM MDCKII cells Robinetin [ myricetin Van Zanden (2005)

MRP1 Calcein 0.1–50 lM MDCKII cells Diosmetin [ chrysoeriol [ tamarixetin [
tetra-methoxyflavone [ robinetin [
iso-rhamnetin [ kaempferol [ myricetin

[ quercetin [ luteolin

Van Zanden (2005)
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at that dose. One explanation for this lack of interaction

might be due to the poor bioavailability of chrysin or to the

extensive metabolism of chrysin in the intestine (Wang and

Morris, 2007). SAR studies of flavonoids for BCRP inhi-

bition suggest that hydroxylation of ring B is not favorable

while hydrogen bond acceptor group at position 6,7 and

2,3-double bond is necessary for activity. Methoxylation at

positions 3 and 5 is favorable, whereas hydroxylation at

position 3 diminishes modulation activity (Fig. 6) (Pick

et al., 2011).

Inhibition of GSTs (GSTP1-1) by flavonoid

The inhibition of human glutathione-S-transferase P1-1

(GSTP1-1) by the flavonoid quercetin has been investi-

gated. The results showed a time and concentration-

dependent inhibition of GSTP1-1 by quercetin (Van

Zanden et al., 2003). Quercetin is one of the natural

polyphenols, which are important constituents of fruits,

vegetables, nuts, red wine and tea (Harborne and Williams,

2000). GSTP1-1 activity is completely inhibited upon 1 h

incubation with 100 lM quercetin or 2 h incubation with

25 lM quercetin, whereas 1 and 10 lM quercetin inhibit

GSTP1-1 activity to a significant extent reaching a maxi-

mum of 25 and 42 % inhibition, respectively, after 2 h. Co-

incubation with tyrosinase greatly enhances the rate of

inactivation, whereas co-incubation with ascorbic acid or

glutathione prevents this inhibition. Addition of glutathione

upon complete inactivation of GSTP1-1 partially restores

the activity. Inhibition studies with the GSTP1-1 mutants

C47S, C101S and the double mutant C47S/C101S showed

that cysteine 47 is the key residue in the interaction

between quercetin and GSTP-1. Quinone-type oxidation

products of quercetin likely act as specific active site

inhibitors of GSTP1-1 by binding to cysteine 47 (Van

Zanden et al., 2003). Apart from this many more flavonoids

have been tested for GSTP1-1 inhibitory activity, espe-

cially galangin appeared to be able to inhibit GSTP1-1

activity with an IC 50 value of 14.4 lM (Van Zanden

et al., 2004). Apple flavonoids also have been tested for

their modulation activity of phase II metabolizing enzymes

and inhibition of growth of human colon cancer cells HT29

(Veeriah et al., 2006). It has been reported in literature that

the inhibitory potency of different flavonoids for GST

activity depends exclusively on the pattern of hydroxyl-

ation and number of hydroxyl groups in the ring B. Espe-

cially, pyrogallol-type catechins with 3-OH group

esterified with gallic acid showed strong potential to inhibit

GST in vitro (Boušová et al., 2012). Inhibitory and excit-

atory effects of other flavonoids have been also reviewed

(Boušová and Skálová, 2012). Recently, anthocyanidine

has been tested on different drug metabolizing enzyme and

reported as weak GSTs inhibitor (Szotáková et al., 2013).

Conclusions

Multidrug resistance is a major problem which makes

cancer chemotherapy ineffective. Classical ABC trans-

porter involved in MDR is P-gp; apart from this, other

ABC transporters like MRP and BCRP have been found to

be involved in MDR. On the basis of structure and function

of each transporter, several MDR inhibitors have been

developed but none of them have been proven clinically so

far, this embolden interest in flavonoids as ideal MDR

inhibitors because they do not produce any side effects, but

still research is in progress to identify an appropriate MDR

inhibitors.
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