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ABSTRACT  
 
Chemotherapy forms the mainstay of cancer treatment particularly for patients who do not respond to local 
excision or radiation treatment. However, cancer treatment by drugs is seriously limited by P-glycoprotein 
(P-gp) associated multi-drug resistance (MDR) in various tumor cells. On the other hand, it is now widely 
recognized that P-gp also influences drug transport across various biological membranes.  P-gp transporter is 
widely present in the luminal surface of enterocytes, biliary canalicular surface of hepatocytes, apical 
surface of proximal tubular cells of kidney, endothelial cells of blood brain barrier, etc. thus affecting 
absorption, distribution, metabolism and excretion of xenobiotics. Clinical significance of above mentioned 
carrier is appreciated from the fact that more than fifty percent of existing anti-cancer drugs undergo 
inhibitable and saturable P-gp mediated efflux. Consequently, there is an increasing trend to optimize 
pharmacokinetics, enhance antitumour activity and reduce systemic toxicity of existing anti-cancer drugs by 
inhibiting P-gp mediated transport. Although a wide variety of P-gp inhibitors have been discovered, 
research efforts are underway to identify the most appropriate one. Flavonoids (polyphenolic herbal 
constituents) form the third generation, non-pharmaceutical category of P-gp inhibitors. The effects 
produced by some of these components are found to be comparable to those of well-known P-gp 
inhibitors verapamil and cyclosporine.  Identification of effective P-gp modulator among herbal 
compounds have an added advantage of being safe, thereby making them ideal candidates for 
bioavailability enhancement, tissue-penetration (e.g. blood brain barrier (BBB)), decreasing biliary 
excretion and multi-drug resistance modulating agents. The dual effects, i.e. P-gp modulation and 
antitumor activity, of these herbal derivatives may synergistically act in cancer chemotherapy. This 
paper presents an overview of the investigations on the feasibility and application of flavonoids as 
P-gp modulators for improved efficacy of anti-cancer drugs like taxanes, anthracyclines, 
epipodophyllotoxins, camptothecins and vinca alkaloids. The review also focuses on flavonoid-
drug interactions as well as the reversal activity of flavonoids useful against MDR. In addition, the 
experimental models which could be used for investigation on P-gp mediated efflux are also 
discussed. 
 
 
INTRODUCTION 
 
Tumour treatment with chemotherapeutic agents 
is hindered by the development of multi-drug 
resistance (MDR), a poor and/or highly variable 
oral bioavailability and low tissue distribution of 
drugs. MDR is defined as the ability of tumours to 
show resistance to a broad range of structurally 
and functionally unrelated drugs when exposed to 
a single drug. MDR could be “intrinsic”, when 
disease is refractory to chemotherapy at diagnosis 
or “acquired”, when the drug becomes insensitive  
 

 
 
after treatment. Of the various mechanisms 
mediating MDR, resistance conferred by P-
glycoprotein (P-gp) transporter is best 
characterized and is of considerable clinical 
importance (1). 
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P-gp is the efflux pump discovered in 1976 (2) 
due to its expression in various types of MDR 
tumors  (3). It is encoded by MDR1 gene in 
humans and the mdr1-a and mdr1-b genes in 
rodents. P-gp is over-expressed in many 
intrinsically resistant tumors (leukemias, 
lymphomas, adult and childhood sarcomas and 
neuroblastomas) and those that acquire resistance 
during chemotherapy treatment (1). 

Advances in biotechnological field 
proved the presence of P-gp not only in tumor 
cells but also in wide variety of normal tissues 
where they have a role to play in absorption, 
distribution, metabolism and excretion. P-gp is 
found to be present in the biliary canalicular 
surface of hepatocytes, luminal surface of cells of 
jejunum and colon, apical surface 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. P-gp in these can be viewed 
as a barrier which prevents entry of xenobiotics 
into the body, remove them once they have 
entered, protect cells and keep toxic substances 
into circulation, especially when certain tissues 
are sensitive to adverse effects (4). The role of P-
glycoprotein in human pharmacology and its 
clinical significance has been extensively 
reviewed (3-9). 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 (10). Significance of 
above mentioned carrier is appreciated from the 
fact that more than fifty percent of existing anti-
cancer drugs undergo P-gp mediated efflux (Table 
1).  Taxane anticancer drugs (e.g. paclitaxel, 
docetaxel) have low systemic exposure due to 
their ability to be effluxed by P-gp. The 
correlation between area under curve (AUC) after 
oral administration and P-gp content suggests that 
P-gp in gut wall determines the plasma 
concentration of P-gp substrates. The crucial role 
played by P-gp in modulating distribution is 
demonstrated by the increased concentration of 
vinblastine and doxorubicin in brains of knockout 
mice compared to the wild type. Drug-drug 
interactions involving P-gp are also common due 
to broad substrate specificity. 

Given the role of P-gp in influencing drug’s 
pharmacology, methods to overcome P-gp 
mediated efflux have been investigated. This has 
resulted in the development of several generations 
of P-gp inhibitors over past two decades. 
Unfortunately, the results of studies aimed at 
overcoming multidrug resistance and improving 
oral drug treatment in cancer patients by the 
concomitant use of first- or second-generation P-
gp inhibitors and anticancer drugs have been 
disappointing. Their clinical applicability was 
found to be limited and consequently there is an 
ongoing, continuous search to identify more 
effective and safe P-gp inhibitors (11, 12). The 
ideal P-gp inhibitor is the one which is non-toxic 
and does not have any pharmacological activity of 
its own. 

Herbal components form the ideal P-gp 
inhibitors as they have been consumed since long 
with a view to improve health status of humans. 
The present paper reviews the potential of 
flavonoids to act as P-gp inhibitors, enabling 
increased absorption, brain penetration, inhibition 
of excretion and modulation of multi-drug 
resistance. There is an overview of the 
investigations on the feasibility and application of 
flavonoids as P-gp modulators for improved 
efficacy of anti-cancer drugs like taxanes, 
anthracyclines, epipodophyllotoxins, 
camptothecins and vinca alkaloids. In addition, 
the focus is on flavonoid-drug interactions and 
novel methods to improve cancer drug treatment 
by temporary inhibition of these systems. Various 
experimental models which could be used for 
investigation on P-gp mediated efflux are also 
briefly described.   

 
P-GP: STRUCTURE AND DISTRIBUTION  
 
P-gp is an adenosine triphosphatase (ATPase), 
energy-dependent membrane bound protein 
belonging to members of ATP binding cassette 
(ABC) transporters (15). It comprises of 1280 
amino acids and is expressed as a single chain 
containing two homologous portions of equal 
length, each containing six transmembrane 
domains and two ATP binding regions separated 
by a flexible linker polypeptide region (Figure 1). 
The flexible secondary structure of the connector 
region is sufficient for the coordinate functioning 
of the two halves of P-gp, which is likely required 
for the proper interaction of the two ATP binding 
sites (16). 
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Table 1. List of anti-cancer drugs known to be P-
gp substrates (adoptrd from  6, 13, 14) 

Chemical Class P-gp Substrates 

Anthracyclines Doxorubicin 

 

Daunorubicin 

Epirubicin 

Idarubicin 

Vinca alkaloids Vincristine 

 

Vinblastine 

Vinorebline 

Vindesine 

Taxanes Paclitaxel 

 Docetaxel 

Epipodophyllotoxins 
Etoposide 

 
Teniposide 

Camptothecins Topotecan 

 
Irinotecan 

SN-38 

Miscellaneous Mitoxantrone 

 

Trimetrexate 

Actinomycin D 

Methotrexate 

Colchicine 

Tamoxifen 

 Imatinib 

 Mitomycin C 

 Amasacrine 

 
ATP-binding domain(s) located in the cytosol 
side, are also known as nucleotide-binding folds 
(NBFs). The NBFs are located in the cytoplasm 
and 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 histadine 
permease is directly involved with the binding of 
ATP and a highly conserved Asp residue within 

the walker B motif serves to bind the Magnesium 
(Mg2+) ion. Human P-gp requires both (Mg2+)-
ATP-binding and hydrolysis to function as a drug 
transporter (17). It has also been proposed that 
magnesium 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 transduction of the 
energy of ATP hydrolysis to the conformational 
changes in the membrane integral domains 
required for translocation of the substrate (8). 

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 transmembrane (TM) 
domain 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 suitable substrate size for P-gp, 
whereas Glycine residues in TMs 2 and 3 are 
important in determining substrate specificity. 
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 conformational 
changes during the transport cycle (4, 18). In 
addition to the TM domains, intracellular loops 
and even ATP binding domains have drug-
binding sites. Each of the two TM domains of P-
gp consists of six long α-helical segments. Five of 
the α-helices from each TM domain are related by 
a pseudo-twofold symmetry, whereas the sixth 
breaks the symmetry. The two α-helices 
positioned closest to the (pseudo) symmetry axis 
at the centre of the molecule appear to be kinked. 
P-gp has amino-and carboxyl terminals. 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 (19). 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 (8). 
 
P-gp expression in normal tissues 
 
P-gp has been evidenced in several human normal 
tissues, including the liver, kidney, pancreas, and 
small and large intestine (20). Similarly, elevated 
mouse mdrl, mdr2 and mdr3 messenger ribo 
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nucleic acid (mRNA) levels have been shown in 
kidney, liver and intestine, respectively (21). In 
all of these organs, P-gp is localized at the 
luminal surface of epithelial cells, suggesting that 
it may have a physiological role in the elimination 
of xenobiotics or some endogenous metabolites. 
Presence of P-gp in the placenta of the mice and 
in the adrenal cortex, suggests its role in 
physiological steroid secretion (22). P-gp is also 
expressed by endothelial cells at blood-tissue 
barrier sites, such as the blood-brain barrier and, 
thus, may protect the brain from circulating 
xenobiotics, including anticancer drugs (23). In 
addition, P-gp has been found to be functional in 
human hematopoietic stem cells, indicating its 
contribution to the chemoresistance of these cells. 
Some peripheral blood mononuclear cells, such as 
cytotoxic T lymphocytes and natural killer cells, 
also express P-gp, suggesting their involvement in 
cell mediated cytotoxicity. Immunohistochemical 
analysis using monoclonal antibody provided 
evidence for localization of P-gp in columnar 
epithelial cells of lower gastrointestinal tract 
(GIT), capillary endothelial cells of brain and 
testis, canalicular surface of hepatocytes and 
apical surface of proximal tubule in kidney. 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, 
distribution and excretion of xenobiotics (Figure 
2). Therefore, overall P-gp functions as a 
biochemical barrier for entry of xenobiotics and 
expels them from the organs into the systemic 
circulation (24). 
 
P-gp expression in cancer 
 
Numerous studies have been conducted during the 
last few years to analyze the expression of P-gp in 
solid tumors and haematological malignancies 
and to determine its clinical relevance. P-gp 
expression is usually high and constitutive in 
tumors that arise from tissues known to 
physiologically express the carrier, such as 
carcinoma of the colon, kidney, adrenal gland, 
pancreas and liver. Intermediate levels of P-gp 
expression have been observed at time of 
diagnosis in some neuroblastomas and soft tissue 
carcinomas and in some haematological 
malignancies. On the other hand, tumors of the 
lung, esophagus, stomach, ovary and breast, 
melanomas, lymphomas, multiple myelomas and 
some leukemias usually display initial low P-gp 
expression (26). However, some of these 
malignancies may display elevated levels of P-gp 

after chemotherapy. A higher incidence of P-gp 
expression after treatment has been demonstrated 
in breast tumors, acute myeloid leukemias, 
lymphomas and myelomas (27). 

P-gp positivity in some cancers is 
associated with increased levels of other drug 
resistance markers such as Multi-drug resistance 
associated protein (MRP) and glutathione S-
transferase pi expression (28). P-gp expression 
has been correlated with treatment failure and 
poor prognosis in several types of cancer, 
although not all studies are in agreement. A strong 
correlation of increased levels of MDR1 
expression with relapse has been evidenced in 
pediatric soft tissue sarcomas, neuroblastoma and 
acute lymphoblastic leukemia (24). In contrast, 
Ino et al. have found that P-gp expression at 
initial presentation did not significantly influence 
the outcome of treatment in acute myeloid 
leukemia (29). 

Despite the increasing number of reports 
demonstrating a correlation between P-gp 
positivity and treatment failure there is no 
absolute consensus on the clinical relevance of P-
gp expression. Further studies using a 
standardized method of P-gp determination in 
clinical samples are, therefore, needed to provide 
definite evidence of the involvement of P-gp in 
clinical drug resistance (24). 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 displaying 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 
(30).  

 
MECHANISM OF P-GP MEDIATED 
EFFLUX 
 
P-gp mediated efflux is saturable, ATP 
dependent, osmotically sensitive transport that 
generates a concentration gradient. 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 
(31).  
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Figure 1. Structure of P-glycoprotein (Adoptef from 3) 

 

 

 
 
Figure 2. Diagram indicating occurrence of P-gp in various normal body tissues and how it can play part in 
deciding drug’s pharmacokinetics. (i) Intestine, where it pumps the drug back into the GI lumen resulting in 
fecal excretion,(ii) Liver present in canalicular surface of hepatocytes to remove drug and metabolites from 
interior of cell  (iii) Endothelial cells of  blood brain barrier, preventing the entry of xenobiotics into brain, 
(iv) Proximal tubular membrane of kidney to pump drug into urine and (v) In  certain hematological cells to 
put drug back into circulation. Adopted from 25. 
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The energy released in this process is utilized to 
efflux substrate outside the cell membrane 
through central pore. Around 0.6–3 molecules of 
ATP are hydrolyzed for every molecule of the 
drug transported out of the cell (4). In contrast, 
the study by Sauna and Ambudkar (32) suggested 
that two ATP molecules are hydrolyzed for the 
transport of every substrate molecule; one in the 
transport of substrate and the other in causing 
conformational changes to reset the pump for the 
next catalytic cycle. The release of ADP from 
nucleotide binding site ends the first catalytic 
cycle followed by a conformational change that 
reduces affinity for both substrate and nucleotide 
(Figure 3). Further, the second catalytic cycle 
starts by hydrolysis of another molecule of ATP 
and released energy is utilized to reorient the 
protein to its native conformation. Subsequent 
release of ADP completes another catalytic cycle, 
bringing P-gp molecule back to the original state, 
where it again binds to both substrate and 
nucleotide to initiate the next cycle (33). 

The mechanism of xenobiotic extrusion 
by P-gp has been described by various ways; 
however, the exact site of substrate interaction 
with the protein is not well resolved (18). The 
most popular models include pore model, flippase 
model and hydrophobic vacuum cleaner model 
(8). Among these hydrophobic vacuum cleaner 
model has gained wide acceptance according to 
which P-gp recognizes substrates embedded in the 

inner leaflet of plasma membrane and transport it 
through a protein channel. Its mechanism of 
action is described to be similar to a “hydrophobic 
vacuum cleaner” since the drugs are detected and 
expelled as they enter the plasma membrane (34). 
‘Hydrophobic’ because most of the P-gp 
substrates have been found to be hydrophobic 
with a planar ring system and often carries a 
positive charge at physiological pH. However 
uncharged, hydrophilic and others having planar 
ring system e.g. colchicine also are effluxed out 
suggesting some other mechanism. Change in 
electric potential and pH across membrane may 
also contribute to this process. Rosenberg et al. 
proposed that P-gp undergoes conformational 
changes on binding of nucleotide to the 
intracellular nucleotide-binding domains. 
Signature C motifs are probably suggested to be 
involved in the transduction of the energy of ATP 
hydrolysis to produce conformational changes in 
the membrane-integral domains required for 
translocation of the substrate (35). 

According to “pore model”, there is a 
major reorganization of the transmembrane 
domains throughout the entire depth of the 
membrane 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 bilayer to the central pore of the 
transporter (36). 

 

Figure 3. Mechanism of P-gp mediated efflux 
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However, recently, it has been proposed that drug 
substrates first diffuse from the lipid bilayer into 
the drug-binding pocket through “gates” formed 
by TM segments at either end of the drug-binding 
pocket and then effluxes the substrate through the 
central pore of the transporter to outside the 
membrane (37). Another hypothesis is that the P-
gp is essentially a “flippase” that detects drug 
within the inner leaflet of the membrane and 
“flips” it into the outer leaflet (from which it can 
diffuse away from the cell) or directly into the 
extracellular space. P-gp intercepts lipophilic 
drugs as they move through the lipid membrane 
and flips the drugs from inner leaflets to the outer 
leaflet and to extra cellular medium (6). 
 
P-GP INHIBITION 
 
The first report of the pharmacological reversal of 
MDR came from Tsuruo et al. in 1980s, who 
showed that the calcium channel blocker, 
verapamil, and the calmodulin antagonist, 
trifluoperazine, greatly potentiated the anti-
proliferative activity of vincristine and produced 
an increased cellular accumulation of vincristine 
in an MDR murine leukaemia cell line in vitro 
and in vivo (38). Since this original observation, 
many compounds have been shown to antagonise 
MDR in a variety of cell lines and in vivo tumour 
models. Subsequently, many P-gp inhibitors such 
as valspoder (PSC-833), dofequidar fumarate 
(MS-209), tariquidar (XR9576), and thiose-
micarbazone derivative (NSC73306) have been 
developed that interact with P-gp and reverse P-
gp-mediated drug resistance. P-gp inhibitors are 
classified into three generations based on their 
chronological development and specificity and/or 
affinity towards P-gp (1, 33).  
 
First generation P-gp inhibitors 
 
First-generation inhibitors are pharmacological 
compounds, which were developed and are used 
for other indications but have been shown to 
inhibit P-gp. Many agents of diverse structure and 
function that modulate P-gp have been identified. 
These include calcium channel blockers such as 
verapamil; immunosuppressants like cyclosporin 
A; anti-hypertensives, reserpine, quinidine and 
yohimbine; and antiestrogens like tamoxifen and 
toremifene. Vincristine inhibited P-gp by 95% 
and was more potent than other anthracycline 
analogues tested (39). First generation compounds 
tend to be less potent, non-selective and their 
usage being limited by toxicity due to the high 

serum concentrations achieved with the dose that 
is required to inhibit P-gp. In addition, many of 
the first-generation chemosensitizers were 
themselves substrates for P-gp and competed with 
the co-administered substrates for efflux by the 
MDR pumps. As a result, high serum 
concentrations of the chemosensitizers were 
needed to produce sufficient intracellular 
concentrations. Clinical trials with first-generation 
MDR drugs failed due to these reasons and 
consequently, this prompted researchers and 
pharmaceutical industries to move in the direction 
of second and third-generation inhibitors which 
would specifically modulate P-gp (14).  
 
Second generation P-gp inhibitors 
 
Second-generation modulators constitute the 
agents that lack the pharmacological activity of 
the first-generation compounds and possess a 
higher P-gp affinity. Examples of agents 
belonging to this category include PSC 833 (non-
immunosuppresive analogues of cyclosporin A) 
and dexverapamil (R-isomer of verapamil lacking 
the cardiac effects), biricodar (VX-710), 
GF120918 and MS-209 (14, 33). Although these 
compounds were developed with a view to have 
less toxicity, still they retained some 
characteristics that limited their clinical 
usefulness. The affinity of second-generation 
MDR drugs towards P-gp was too low to produce 
significant inhibition in vivo at tolerable doses. 
Most of the second-generation chemosensitizers 
were also substrates for CYP 3A4 (40). As a 
result, the competition between anticancer agents 
and MDR modulators for CYP 3A4 activity 
resulted in unpredictable pharmacokinetic 
interactions affecting the metabolism and/or 
clearance mechanisms. This produced increased 
anticancer drug concentrations leading to 
unacceptable side effects, necessitating dose 
reductions down to sub-toxic levels (28). 
Furthermore, inhibition of non-target transporters 
by these compounds enhanced adverse effects of 
anticancer drugs (30).  
 
Third generation P-gp inhibitors 
 
Structure-activity relationships and combinatorial 
chemistry approaches have resulted in 
development of novel third-generation P-gp 
blockers, primarily with the purpose to improve 
the treatment of multidrug resistant tumours and 
to inhibit P-gp with high specificity and toxicity. 
They are neither metabolized by CYP 3A4 and 
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nor they alter the plasma pharmacokinetics of 
anticancer drugs. Modulators such as LY335979, 
OC144093 and XR9576 are identified to be 
highly potent (active in nano-molar ranges) and 
selective inhibitors of P-gp with a potency of 
about 10-fold more than the first and second-
generation inhibitors (1, 33). None of the third-
generation agents tested so far have caused 
clinically relevant alterations in the 
pharmacokinetics of the co-administered 
anticancer drugs. As a result, such compounds 
originating from various drug development 
programs offer significant improvements in 
cancer therapy and are currently undergoing 
clinical trials with various anticancer drugs in 
several types of cancer  (40). Tariquidar 
(anthranilamide derivative) gave successful 
results in phase I and II studies with paclitaxel 
and vinorelbine in ovarian cancer, and phase III 
trials have already been initiated. 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. GF-120918 (elacridar) was 
developed by Glaxosmithkline which inhibits P-
gp and Breast cancer resistance protein (BCRP) 
and shows no pharmacokinetic interactions with 
doxorubicin. Clinical trials using such P-gp 
inhibitors have shown an in vivo increased 
intracellular concentration of coadministered 
anticancer agents in P-gp-expressing tumor cells. 
Further studies with these new third-generation 
agents are ongoing with the aim for a longer 
survival in cancer patients. However, phase III 
trials of some of these agents have not been 
successful and no significant survival benefit of 
P-gp inhibition has yet been achieved (30, 40). 

As an alternative, recently compounds 
belonging to categories of pharmaceutical 
excipients and herbal supplements are emerging 
as a different class of P-gp inhibitors (33, 41-44). 
Co-formulation with pharmaceutical excipients 
produce effects contribute to the improved 
bioavailability seen for P-gp substrates (45, 46). 
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 (47). 

Another class which is gaining rapid 
attention as P-gp modulators are herbal 
components (44, 48, 49). They form ideal P-gp 
inhibitors since they are non-toxic and do not 

have any pharmacological activity of their own. 
The safety of herbs is ensured by the continuous 
and long history of usage in large amounts as a 
part of normal daily diet.  They are this 
considered as perfect candidates for 
bioavailability enhancement, tissue-penetration 
(e.g. blood brain barrier), decreasing biliary 
excretion and multi-drug resistance modulating 
agents. Moreover, it is especially important to 
identify food components having such effects, 
since it will provide in-depth knowledge of food-
drug interactions, which could be utilized for 
beneficial effects. A list of compounds shown to 
have P-gp interacting property is depicted in table 
2. 

 
HERBAL MODULATION OF P-GP 
 
The revival of scientific interest in herbal 
components has resulted in increased 
consumption of these compounds mainly as 
alternative or supplements to cancer therapy, 
posing a serious potential for herb-drug 
interactions. The first evidence of P-gp inhibition 
by such components came from the grapefruit 
juice interactions with numerous drugs (59). Since 
then there are frequent reports of pharmacokinetic 
interactions of herbs with drugs, causing either 
beneficial or harmful effects (44, 53). Combined 
use of herbs with drugs may mimic, increase, or 
reduce the effects of either component, resulting 
in herb–drug interactions (60). The herb-drug 
interactions can be hazardous if they cause 
increased drug levels reaching above toxic 
threshold. On the other side, these effects may be 
exploited beneficially to improve 
pharmacokinetics of co-administered drug (61). 
Altered pharmacokinetics (absorption, 
metabolism, distribution, and excretion) of drugs 
by herbs may thus provide an explanation for 
some interactions. However, the underlying 
mechanisms for the altered drug concentrations 
by concomitant herbs are always unknown. 
Increasing evidence from in vitro and in vivo 
studies indicated that the altered drug 
concentrations by co-administered herbs may be 
attributable to the induction or inhibition of 
hepatic and intestinal drug-metabolizing enzymes 
(CYPs), and drug transporters such as P-gp (62-
65). Consequently this has raised concerns 
regarding their potential P-gp mediated 
pharmacokinetic interaction with 
chemotherapeutic agents (50, 54, 66). Therefore, 
it is important to identify potential modulators of 
P-gp from herbal medicines using in vitro and in 
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vivo models using proper probe substrates (44). 
The inhibition of P-gp by herbal constituents may 
provide a novel approach for reversing multidrug 
resistance in tumor cells, whereas on the contrary 
the allosteric elevation of P-gp by some herbal 
constituents has implication for chemoprotective 
enhancement by herbal medicines. Certain natural 
flavonols (e.g., kaempferol, quercetin, and 
galangin) are potent stimulators of the P-gp 
mediated efflux of 7,12-dimethylbenz(a)-
anthracene (a carcinogen) (58, 67). The 
modulation of P-gp activity and expression by 
these herb constituents may result in altered 
absorption and bioavailability of drugs that are P-
gp substrates. Accordingly, much effort is 
currently being expanded toward identifying 
natural compounds from plant origins that inhibit 
P-gp, reverse the MDR phenotype, and sensitize 
cancer cells to conventional chemotherapy 
without undesired toxicological effects (51, 58). 
Table 3 shows a compilation of various herbs and 
their effect on P-gp. 
 
FLAVONOIDS AS P-GP INHIBITORS 
 
Many of the plants appeared to be relatively 
nonspecific and exerted unwanted herb–drug 
interactions or interference with other 
physiological systems reducing their potential use 
in clinical settings. This stimulated the quest for 
relatively specific inhibitors and the interest in 
flavonoids as relatively specific inhibitors of P-gp 
transporter. Moreover, flavonoids are the most 
abundant polyphenols forming an integral 
component of our common diet. 

They are particularly abundant in 
vegetables, fruits and plant-derived beverages 
such as wine and tea. The daily intake of total 
flavonoids from the average U.S. diet was 
estimated to be more than 1 g (68). In addition, a 
variety of flavonoid-containing dietary 
supplements and herbal products are now 
available in the market because of their proposed 
health-promoting activities, such as antioxidant, 
anticarcinogenic, anti-inflammatory, 
antiproliferative, antiangiogenic, and 
antiestrogenic (or estrogenic) effects and the lack 
of toxicity associated with this class of 
compounds (68, 69). 

Flavonoids possess a chromane ring 
skeleton with an additional aromatic ring attached 
at position 2, 3 or 4 (88). Based on different 
substitution and the oxidation status of ring C, 
flavonoids can be classified into several 
subclasses including flavones, flavonols, 

flavonones, flavanols, isoflavones and chalcones 
(Table 4).  

In foods, flavonoids are often present as 
β-glycosides of aglycones and methoxylated 
forms. Upon ingestion, flavonoid glycosides are 
deglycosylated and the aglycones are metabolized 
into glucuronide-, sulfate- and methoxylated 
conjugates. The concentrations required for 
flavonoids to produce a significant modulation of 
P-gp activity seem to be, in general, 10 μM or 
higher, which appears to be achievable in the 
intestine after ingestion of food and dietary 
supplementation. For example, grapefruit juice 
contains 145–638 mg/L naringin (89), equivalent 
to 250–1100 μM, and orange juice contains 200–
450 mg/L hesperidin (90), equivalent to 330–740 
μM. Although these flavonoid glycosides may not 
potently interact with P-gp, their corresponding 
aglycones released from these glycosides in the 
intestine could be present in high enough 
concentrations to inhibit intestinal P-gp, resulting 
in drug interactions. However, the main 
metabolites of flavonoids (glucuronides and 
sulfate conjugates) may not interact with P-gp 
because these metabolites are organic anions. So, 
systemic inhibition of P-gp by flavonoids or their 
metabolites may be, in general, insignificant after 
regular supplementation. Interaction could occur 
after administration of an extremely high dose, 
especially by i.v. injection (54). 

Recent literature cites various examples 
for flavonoids as P-gp transport inhibitors 
affecting the bioavailability and uptake of anti-
cancer drugs (Table 5). These include in vitro 
studies on the effect of flavonoids on intracellular 
accumulation of P-gp substrates using P-gp over-
expressing cells or a variety of clinical and animal 
studies, especially those using P-gp knockout 
animals (54). For example, co-administration of 
quercetin and moxidectin subcutaneously 
increased moxidectin bioavailability in lambs 
(91); naringin can increase the oral bioavailability 
of quinine in rats (92); baicalein and its aglycone 
baicalein can both increase the oral bioavailability 
of cyclosporine in rats (93); flavones and 
quercetin can increase the oral bioavailability of 
paclitaxel in rats (94, 95) and quercetin can 
increase oral bioavailability of digoxin in pigs and 
resulted in a very serious toxicity (96). All these 
studies indicated that flavonoid–P-gp interactions 
could occur in vivo, resulting in pharmacokinetic 
interactions. 
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Table 2. List of P-gp modulators belonging to different classes (adopted from 33, 40, 43-45, 47-58) 
 

P-gp Inhibitors 

P-gp Inducers 
I Generation 

II 

Generation 

III Generation 

Synthetic 
compounds 

Pharmaceutical 
Excipients 

Herbs and 
Fruits 

Herbal 
Constituents 

 
Verapamil 
Felodipine 
Nifedipine 
Diltiazem 
Chlorpromazine 
Quinidine 
Cyclosporin A 
Erythromycin 
Flufenazine 
Reserpine 
Progesterone 
Tamoxifen 
 
 
 
 

Dexverapamil 
Gallopamil 
PSC 833 
(Valspodar) 
VX-710 
(Biricodar) 
MS-209 
GF 120918 
Reversin 121 
Reversin 125 

LY 335979 
XR 9576 
(tariquidar) 
OC 144-
093 
R 101933 
Mitotane 
(NSC-
38721) 
Annamycin 
 
 

C8/C10Glycerol & 
PEG esters 

Cremophor 
Solutol HS-15 
Labrasol 
Softigen 767 
Aconnon E 
Sucrose esters 
Sucrose monolaurate 

Polysorbates 
Tween 80 
Tween 20 

Tocopherol esters 
α-tocopheryl-PEG-
1000-succinate 
(TPGS) 

Polymers 
Pluronic block 
copolymers 
(poloxamers) 
Poly-(ethyleneoxide) 
/ poly-
(propyleneoxide) 
block copolymers 

Amphiphilic Diblock 
Copolymers  

Methoxypolyethylene 
glycol-block-
polycaprolactone 

Grapefruit 
Orange 
Apricot  
Mint 
Strawberry  
Green tea 
Rosemary 
extract 
Curcumin 
Garlic 
Milk Thistle 
Ginseng 
Piper nigrum 
Ginko 
Onion 
African potato 

Flavonoids 
Quercetin 
Isoquercitrin 
Spiraeoside 
Rutin 
Kaempferol 
Naringenin 
Naringin           
Kaempferol 
Biochanin A 
Morin 
Silymarin 
Genistein 
Bergamottin 
Catechin 
Hesperitin 
Phloretin 
Tangeretin 

Monoterpenoids 
(R)-(+)-citronellal 
(S)-(-)-beta-
citronellol 

Adriamycin 
Daunomycin 
Mitoxantrone 
Dexamethasone 
Cyclosporin A 
St. John’s wort 
 
 

 
 

Considering this accumulating evidence 
for flavonoid–drug interactions from clinical and 
animal studies, and non-requirement of Food and 
Drug Administration (FDA) approval for 
marketing of herbal supplements demand a 
careful evaluation of the interaction regarding 
molecular mechanisms determining drug 
disposition including absorption, distribution, 
metabolism and elimination. 
 
Mechanism behind flavonoid mediated P-gp 
inhibition 
 
In general, P-gp can be inhibited by more than 
one mechanism. There could be blockade of drug 
binding site either competitively, non-competitive 
or allosterically  (8);  interference with the ATP 
hydrolysis process (32, 36); alteration in integrity 
of cell membrane lipids (115) or  

 
 
decrease in P-gp expression (116). Drugs such as 
cyclosporine-A inhibit transport function by 
interfering with both substrate recognition and 
ATP hydrolysis. Whereas, few others like cis(Z)-
flupentixol (a thioxanthene derivative) prevent 
substrate translocation and dissociation due to 
allosterical changes produced in drug transporter 
(117). Compounds inhibiting ATP hydrolysis 
could serve as better inhibitors, since they are 
unlikely to be transported by P-gp, and these 
kinds of agents require low dose which is 
achievable at target site. Since none of the 
inhibitors known till now have been found to 
interact with the nucleotide binding sites to 
interfere the P-gp ATPase catalytic cycle, further 
research would provide newer and better 
inhibitors with potent and specific activity. 

The mechanism for the herbal modulation 
of MDR1 gene is largely undetermined. Some 



J Pharm Pharmaceut Sci (www. cspsCanada.org) 12 (1): 46 - 78, 2009 
 

 

 

 
‐56‐ 

herbal constituents (e.g., hyperforin and kava) 
were shown to activate Pregnane X receptor 
(PXR) (118) whereas others can upregulate or 
downregulate MDR1 gene expression (55).  The 
underlying mechanisms by which herbal 
constituents, particularly flavonoids, alter P-gp 
mediated cellular efflux, is elucidated by 
examining passive permeability, P-gp expression, 
P-gp ATPase activity, and studying direct binding 
using the photoaffinity labels such as 
[3H]azidopine (80) (Figure 4). Some flavonoids 
and P-gp modulators have been shown to be able 
to change membrane lipid packing order and thus 
change membrane fluidity or permeability (119). 
So, it is possible that the observed effects of 
flavonoids on drug accumulation could be due to 
their nonspecific interaction with the cell 
membrane, resulting in increased passive 
membrane permeability (120). Alternately, 
flavonoid-induced decrease in P-gp expression in 
P-gp positive cells could be another possibility. P-
gp has been demonstrated to be an ATP 
dependent carrier and many P-gp substrates and 
modulators have been shown to interact with P-gp 
ATPase activity causing both stimulation and 
inhibition. For example, the P-gp inhibitor 
verapamil has been reported to be one of the best 
stimulators of P-gp ATPase (121). 

Thus, one potential mechanism 
responsible for the flavonoid inhibition of P-gp 
mediated efflux may be the inhibition of P-gp 
ATPase by interacting directly with the vicinal 
ATP-binding site (122). 

An additional way to understand the 
interaction of flavonoids with P-gp and its 
substrate binding, is to investigate the effects of 
flavonoids on [3H]azidopine photoaffinity 
labeling of P-gp. The inhibition of [3H]azidopine 
photoaffinity labeling of P-gp has been commonly 
used to indicate direct interaction with P-gp 
substrate binding (107). Both P-gp substrates and 
modulators such as vinblastine and verapamil 
have been shown to inhibit azidopine 
photoaffinity labeling of P-gp (123). In addition, 
they may interact with the steroid-binding site and 
substrate-binding site (80). The latter process 
involves either competitive binding to the 
substrate-binding site or interaction with other 
drug binding sites causing altered molecular 
conformation.  

It has been shown that flavonoids 
genistein, epicatechin gallate, catechin gallate, 
epigallocatechin gallate and silymarin can inhibit 
the labeling of P-gp with its photoactive 
substrates (79, 80, 107), indicating these 

flavonoids may directly bind to the P-gp substrate 
binding site.  

In addition, flavonoids have also been 
shown to directly interact with the purified 
recombinant C-terminal nucleotide-binding 
domain from mouse P-gp (NBD2), and this 
binding domain may overlap with the ATP 
binding site and vicinal steroid binding site (124). 
Different flavonoids may also interact with P-gp 
differently, since opposite effects on P-gp ATPase 
activity has been observed for different flavonoids 
(80). 
 
Structural activity relationship (SAR) for 
flavonoid–P-gp interaction 
 
The SAR for flavonoid–P-gp interaction has been 
extensively studied by evaluating the binding 
affinity of different flavonoids with mouse NBD2 
and reviewed by Boumendjel et al. (122). 
Although most of the compounds inhibit P-gp 
function by blocking drug binding sites, presence 
of multiple binding sites complicate 
understanding as well as hinder developing a true, 
conclusive SAR for substrates or inhibitors. In 
general, 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 interaction. In addition, isoflavonoids with 
ring B branched at position 3 instead of 2 have 
lower P-gp interaction activity (125). 

Contradictory results have been reported 
concerning the MDR modulating activity of some 
natural flavonoid polyphenols, such as 
kaempferol, quercetin, and genistein. On one 
hand, Yeh and co-researchers showed that 
flavonols (such as kaempferol and quercetin) 
stimulated the P-gp mediated efflux of 7, 12 
dimethylbenz[a]- anthracene and doxorubicin 
(126, 127) as evident by an increase in 
doxorubicin resistance in two different MDR cell 
lines. In contrast, Scambia et al. reported that 
quercetin inhibited rhodamine-123 efflux and 
decreased doxorubicin resistance (106). 
Moreover, Shapiro and Ling, using a reconstituted 
P-gp system, showed that quercetin inhibited P-gp 
mediated transport of the fluorescent probe 
Hoechst 33342, at least in part by inhibiting P-gp 
ATPase activity (121). Keeping this in view, Ferte 
et al. synthesized and evaluated the MDR-
modulating activity of flavonoid derivatives 
containing an N-benzylpiperazine side chain. 
These new derivatives were designed with the aim 
to both introduce basic nitrogen and to increase 
their lipophilic properties (128). 
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Table 3. P-gp mediated herb interactions with anti-cancer drugs 
 
 

Source 
Herbal 
Constituents 

Anti-cancer 
drug 

Model Pharmacological outcome References 

Curcuma longa Curcumin 
Rhodamine-123 

Primary cultures of 
rat hepatocytes 

Curcumin inhibited 
Rhodamine-123 efflux 

(70) 

Vinblastine 
Drug-resistant KB-
V1 cells 

Increased sensitivity to 
vinblastine 

(71) 

Garlic (Allium 
Sativum) 

Sulfur-containing 
compounds, 
numerous 
flavonoids/isoflavo
noids (such as 
nobiletin, 
quercetin, rutin, 
and tangeretin) 

NA 
Recombinant human 
P-gp membranes 

Inhibit the activities of Pgp (72) 

Ginseng (Panax 
Ginseng) 

Ginsenosides 

Rhodamine 
123, 
vinblastine, 
doxorubicin 

Multidrug-resistant 
KBV20C cells 

Ginsenoside Rg3 promoted 
accumulation of rhodamine 
123, inhibited vinblastine 
efflux, and reversed the 
resistance to doxorubicin 
and vincristine in 

(73) 

Grapefruit Juice Flavonoids 

Rhodamine 
123, 
vinblastine, 
doxorubicin 

Caco-2 cells Inhibit drug uptake (74-77) 

Green tea 
(Camellia 
sinensis) 
 

Catechins 
(flavanols) 
 

Doxorubicin 

Mice bearing 
doxorubicin-
resistant P388 
leukemia 

Increased the efficacy (78) 

Vinblastine CHRC5 cells Potentiated the cytotoxicity (79) 

Milk Thistle 
(Silybum 
marianum) 

Flavonolignans 
(Silymarin) 

Daunomycin P-gp positive cells 
Increased daunomycin 
accumulation 

(80) 

Piper nigrum Piperine Cyclosporine Caco-2 cells Inhibited drug transport (81) 

St. John’s wort 
(Hypericum 
perforatum 

Hyperforin and 
hypericin 
 
 

Cyclosporin 

LS-180 intestinal 
carcinoma cells; 
rats; healthy 
volunteers 

Induces intestinal Pgp in 
vitro and in vivo 

(82-84) 

Irinotecan Healthy volunteers 
Increased SN-38 plasma 
concentrations 

(85) 

Irinotecan Rats 

Ameliorated the 
gastrointestinal 
and hematological 
toxicities of irinotecan 
along with significant 
alterations in 
pharmacokinetics of 
irinotecan and SN-38 

(86) 

Rosemary 
(Rosemarinus 
officinalis 
Labiatae) 

Methanol-extracted 
fraction 

Doxorubicin 
and vinblastine 

Drug-resistant P-gp 
expressing MCF-7 
cells 

Increased intracellular drug 
accumulation 

(87) 
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A survey on MDR modulators concluded that this 
last criterion was frequently met by using a 
piperazine unit (128-131). 

Isoflavones have been described as 
inactive on P-gp mediated MDR (132). Genistein 
(an isoflavone) was initially suggested to be 
inactive on P-gp mediated MDR, (132) but Castro 
et al. challenged this conclusion (107). 
Chalcones, flavones, and flavonols have been 
demonstrated to possess MDR reversing activity 
through high affinity binding with P-gp (106, 121, 
126). Studies on SAR compiled by Hadjeri et al. 
(133) on chalcones, flavones, and flavonols 
conclude that a hydroxyl group on position 5 
(position 6’ in chalcones) is important. 5-OH 
methylation leads to slightly less active 
compounds. 

The hydroxyl loses its acidic properties 
because of the chelating effect induced by the 
adjacent carbonyl group, and therefore does not 
affect the activity which can be decreased by the 
presence of acidic groups. Hydroxylation on 
position 7 (position 4’ in chalcones) was 
deleterious for activity, probably due to the acidic 
group influence, whereas methoxylation was 
slightly beneficial. The 2,3 double bond (the α,β-
double bond in chalcones) and the carbonyl group 
are also essential for MDR modulation (122, 124, 
133, 134). 
 
Quercetin mediated inhibition of P-gp 
 
Quercetin is the most predominant flavonoid in 
the human diet. Based on epidemiological studies 
in the U.S., Europe, and Asia, the daily dietary 
intake of quercetin is estimated to be in the range 
of 4 to 68 mg which can be as high as several 
hundred mg in dietary supplement and several 
grams in anticancer therapy (96). Quercetin is 
nontoxic and displays a variety of biological 
actions such as antioxidation, antivirus, antiulcer, 
antiallergic, and anticancer, etc. Currently, it is in 
clinical trial as an anticancer therapy and is a 
potential drug of the future (101). It was reported 
that quercetin could competitively inhibit the 
members of MDR family, P-gp, MRP1 and BCRP 
(106, 135, 136), and the metabolizing enzyme, 
CYP3A4 (137, 138). 

Low concentrations of quercetin have 
indirectly activated the transport of vincristine by 
enhancing the phosphorylation and hence activity 
of P-gp, whereas high concentrations of quercetin 
inhibit P-gp (98).  

Dupuy et al. (91) reported that the AUC 
and plasma concentration of moxidectin (a 
substrate for P-gp and CYP3A) increased when 
used concomitantly with 10 mg/kg of quercetin in 
lambs. The bioavailability of diltiazem pretreated 
with quercetin is increased significantly compared 
with the control, but not by co-administration of 
quercetin (102). The relative bioavailability of 
paclitaxel after administration of the prodrug to 
rats pretreated with quercetin was 1.25 to 2.02 
fold higher than the prodrug control. 

The Absolute bioavailability of paclitaxel 
was increased significantly by quercetin from 8.0 
to 10.1 and 16.2% (95). Based on in vitro 
evidence, quercetin is an inhibitor of CYP 3A4 
and P-gp, and thus is likely to enhance the oral 
bioavailability of cyclosporin, a known substrate 
of CYP3A4/P-gp. 

However, unexpectedly, in vivo results 
indicated that quercetin significantly decreased 
cyclosporin oral bioavailability, suggesting that 
the effect of quercetin on the fate of cyclosporin 
cannot be attributed to its modulation of CYP3A4 
or P-gp. The in vitro evidence could therefore not 
be extrapolated to the in vivo effects of quercetin 
(139). 

The explanation for controversial 
observations made regarding quercetin by various 
researchers (106, 121, 126, 127)  is largely 
unknown.  

It has been proposed that P-gp possesses 
two positively cooperative sites for drug binding; 
the H site preferring Hoechst 33342 to rhodamine 
123 and the R site preferring rodamine 123 to 
Hoechst 33342. Binding to one of the sites results 
in stimulation of the transport of substrate that 
binds to the other site (34). 

Quercetin preferentially binds to the H 
site, since it inhibited the transport of Hoechst 
33342 and causes stimulation of the transport of 
rhodamine 123 (140). However, opposite effects 
on P-gp mediated transport have also been 
observed when the same model substrate was 
used (106, 126), thus other factors responsible for 
these inconsistent observations need to be 
identified (54). 

 
APPLICATIONS OF FLAVONOID 
MEDIATED P-GP INHIBITION IN CANCER 
THERAPY 
 
Several beneficial properties have been attributed 
to flavonoids including antioxidant, anti-
inflammatory, and anticarcinogenic effects. 
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Table 4. Various classes of flavonoids, basic structure and their examples (adopted frm 50, 88)

Class of Flavonoid Structure Examples 

Chalcones 

 

Phloretin 

Flavan-3-ols 

 

Acacetin, catechin, epi-catechin, epi-
gallocatechin 

Flavanones 

 

Naringenin, naringin, hesperitin, 
eriodictoyl, hesperidin, pinocembrin, 

likvirtin 

Flavones 

 
Apigenin, Luteolin, nobiletin, 
rpoifolin, tangeretin, flavone, 

baicalein, chrysin, techtochrysin, 
diosmetin, diosmin 

Flavonols 

 Isoquercetrin, kaemferol, morin, 
rutin, myricetin, quercetin, 

quercetrin, myricitrin, spiraeocide, 
galangin, robinin, kaempferide, 

fisetin, rhamnetin 

Isoflavones 

 

Genistein, daidzin 

Flavanolols 

 

Silibinin, silymarin, taxifolin, 
pinocembrin 

 
 

One important mechanism by which flavonoids 
exert their in vivo chemopreventive effects is 
through their inhibition of efflux transporters and 
metabolizing enzymes, such as CYP. Flavonoid 
and its derivatives possessing P-gp inhibitory 
effects may become candidates of effective agents 
in cancer chemotherapy. Following sections 
discuss the applications of flavonoids achieved 
via inhibition of drug transporter, P-gp. 

Pharmacokinetics optimization of anti-cancer 
drugs using flavonoids  
 
The use of P-gp inhibitors for modulating 
pharmacokinetics was initiated by studies which 
showed that patients receiving intravenous 
cyclosporin (P-gp inhibitor) prior to or together 
with the anti-cancer drugs had higher blood levels 
and exhibited the expected toxicity at 
substantially lower dosage levels.  
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Table 5. Overview of literature on the effect of flavonoids on cellular accumulation, transport or 
bioavailability of various anti-cancer drugs. ADM-Adriamycin; SN-38- 7-ethyl 10-hydroxy camptothecin; 
SD- Sprague dawley; Ka- absorption constant; Cmax- maximum plasma concentration; t1/2- half life. 
 

Flavanoid P-gp substrate 
Model / Experimental 
methods 

Effect Reference 

Biochanin 
A, morin, phloretin, 
and silymarin 

Doxorubicin 

MCF-7 and MDA435/LCC6 
cells , P-gp ATPase activity, 
[3H]azidopine photoaffinity 
labeling 

Inhibit P-gp-mediated 
drug efflux; biochanin A and 
silymarin can potentiate 
doxorubicin cytotoxicity in P-
gp positive cells 

(80) 

Quercetin, morin and 
their ether derivatives 

[3H]vincristine K562 and K562/ADM 

Pentamethylquercetin, 
pentaallylquercetin and 
pentaethylmorin remarkably 
increased the drug uptake 

(97) 

Nobiletin, 
tangeretin and 
3,30,40,5,6,7,8-
heptamethoxyflavone 

Vincristine K562/ADM Increased drug uptake (74) 

Quercetin, chrysin, 
flavon, hesperetin, 
naringenin 

Vincristine MBEC4 cells and ddY mice 
Increased drug uptake in cells 
and enhanced brain-to-plasma 
concentration ratio in mice 

(98) 

Kaempferol, galangin 
or quercetin 

Doxorubicin Cultures rat hepatocytes 
Reduced drug retention with 
increase in its efflux 

(99) 

Biochanin A, morin, 
phloretin, silymarin 

Daunomycin & 
doxorubicin 

Multidrug resistant human 
breast cancer cell lines MCF-
7 and MDA435/L 

Increased [3H]Daunomycin 
accumulation & potentiated 
doxorubicin cytotoxicity 

(80) 

3,5,6,7,8,3,4-
Heptamethoxyflavone, 
nobiletin, and 
tangeretin, 
and flavone 

[3H]vincristine K562/ADM 
Increased the uptake of 
[3H]vincristine 

(100) 

Flavone Paclitaxel Male SD rats 
AUC, Ka, Cmax increased and 
T1/2 prolonged 

(94) 

Quercetin Tamoxifen Female SD rats AUC, Ka, Cmax increased (101) 
Kaempferol Tamoxifen Male rats AUC, Cmax, F increased (67)  

Quercetin 
Paclitaxel and its 
prodrug 

Male SD rats 
AUC, Ka, Cmax increased and 
T1/2 prolonged 

(95) 

Naringin 
Paclitaxel and its 
prodrug 

Male SD rats 
AUC, Ka, Cmax increased and 
T1/2 prolonged 

(102) 

GF120918 
Colchicine, 
quercetin 

In vitro (ECV304/C6 co-
culture) and in situ (rat) 
models 

Increased quercetin and 
colchicine permeation across 
blood brain barrier 

(103) 

(–)-Epigallocatechin 
(EGC), (–)-
epicatechin gallate 
(ECG), and (–)-
epigallocatechin 
gallate (EGCG) 

Daunorubicin 
P-gp over-expressing KB-C2 
cells 

Increased drug accumulation in 
the order  EGC < ECG < 
EGCG 

(104) 

Tangeretin, 
HeptaMethoxyFlavon
e (HMF) & nobiletin 

[3H]vinblastine Caco-2 cells 
Order of P-gp inhibitory 
potency tangeretin > HMF > 
nobiletin. 

(105) 
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Table 5. Continued 
 

    

Green tea polyphenols Vinblastine 
Multidrug-resistant cell line 
CH(R)C5 

Potentiates the cytotoxicity (79) 

Quercetin Adriamycin 
MCF-7 ADR-resistant 
human breast cancer cells 

Reduced P-gp expression (106) 

Genistein 
Rhodamine 123 
and daunorubicin 

P-gp expressing cells 
Elevation in intracellular drug 
accumulation 

(107) 

6',7'-
Dihydroxybergamottin 

Cyclosporin P-gp expressing cells 
Did not inhibit P-gp at 
concentrations up to 50 uM 

(108) 

7,3',4'-
trimethoxyflavone 

Paclitaxel Caco-2 cells 
Increased the AP-to-BL 
transport of paclitaxel 

(109)  

Quercetin SN-38 Plasma membrane vesicles 

Quercetin was found to be the 
strongest 
      inhibitor (Ki = 0.28 
microM) 

(110) 

Grape fruit juice (GFJ) 
extracts 

[3H]Vinblastine Caco-2 cells 

Papp A-B increased in the order of 
the ethyl acetate>diethyl 
ether>methylene chloride 
extracts of GFJ 

(76) 

Genistein Paclitaxel Male SD rats 
AUC, Cmax increased and CL 
decreased 

(111)  

Quercetin Irinotecan, SN-38 
Caco-2 cells, Female wistar 
rats 

Inhibit P-gp mediated drug 
efflux; AUC of irinotecan and 
SN-38 increased in plasma and 
decreased in bile 

(112) 

(-)-epigallocatechin-3-
gallate 

Irinotecan, SN-38 Male SD rats 
AUC of irinotecan and SN-38 
increased in plasma and 
decreased in bile 

(113)  

Flavonols (quercetin 
and kaempferol) and 
isoflavones (genistein 
and daidzein) 

Vinblastine and 
paclitaxel 

MDR KB-V1 cells 
Reduced P-gp expression and 
function 

(114) 

 
 
 
In fact, clinical trials have been conducted to 
study the effects of cyclosporin on the 
pharmacokinetics and toxicities of paclitaxel, 
doxorubicin and etoposide (141-143). These 
studies were however limited to intravenous use 
of P-gp inhibitors and did not describe about the 
oral route. Presence of P-gp in the mucosal cells 
of the intestine indicates that oral administration 
of P-gp suppressing agents could improve the 
bioavailability of the orally unavailable agents 
(142, 144). Co-administration of a P-gp 

modulator usually elevate plasma concentrations 
of an anticancer drug by interfering its clearance 
or inhibiting its metabolism and excretion, thus 
leading to unacceptable toxicity that necessitates 
chemotherapy dose reductions in clinical trials, 
down to pharmacologically ineffective levels. 
Following sections present case studies of various 
anti-cancer drugs whose pharmacokinetics have 
been affected by P-gp modulation. The specific 
examples of drugs are illustrated in detail in the 
respective section.  
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Figure 4. Mechanism of P-gp inhibition 

 
 
Drug Absorption and oral bioavailability 
 
Oral administration is particularly essential for 
anti-cancer drugs, which are to be given 
chronically, and where time period of exposure is 
a determinant of anti-cancer activity (145). 

Anticancer drugs have low systemic 
exposure due to their ability to be effluxed by P-
gp. The correlation between AUC after oral 
administration and P-gp content suggests that P-
gp in gut wall determines the plasma 
concentration of P-gp substrates. Significant 
improvement in oral treatment outcome is noted 
with etoposide (146, 147), topotecan(143, 148-
150), paclitaxel (151-155) and docetaxel (156), 
using classical P-gp inhibitors. 

Flavonoids have been used as non-toxic 
P-gp inhibitors for bioavailability enhancement 
with chemotherapeutic agents. Choi et al. have 
conducted numerous studies based on P-gp 
inhibition with flavonoids using paclitaxel and its 
prodrug with a view to develop safe, more-
convenient, cremophor-free oral formulations. In 
one of the studies, paclitaxel (40 mg/kg) and 
flavone (2, 10, 20 mg/kg) were orally 
administered to rats. The plasma concentration of 
paclitaxel with flavone increased significantly (P 
< 0.01) compared to that of paclitaxel control.  

 
 
 
Area under the plasma concentration–time curve 
(AUC) of paclitaxel with the dose of 2–20 mg/kg 
flavone was significantly (P < 0.05 at 10 mg/kg, P 
< 0.01 at 20 mg/kg) higher than that of control. 
AUCs of paclitaxel were increased dose-
dependently in the dose range of flavone. The 
absorption rate constant (Ka) of paclitaxel with the 
dose of 10–20 mg/kg flavone was significantly 
increased (P < 0.05 at 10 mg/kg, P < 0.01 at 20 
mg/kg) compared to that of control. Peak 
concentration (Cmax) of paclitaxel with the dose of 
10–20 mg/kg flavone were significantly increased 
(P < 0.05 at 10 mg/kg, P < 0.01 at 20 mg/kg) 
compared to that of control (94). Another study of 
paclitaxel pretreated with quercetin showed 
increased plasma concentrations (P < 0:01; for 
paclitaxel; P < 0:05; for prodrug) compared to the 
control. AUC, bioavailability and Cmax of 
paclitaxel after administration of the paclitaxel or 
prodrug pretreated with quercetin for 3 days were 
much higher than those administered after 20 min 
(95). Similarly, the purpose of another study was 
to investigate the bioavailability of paclitaxel after 
oral administration of paclitaxel and paclitaxel 
prodrug alone or with naringin.  The plasma 
concentrations of paclitaxel coadministered with 
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naringin increased significantly (P < 0.01 at 
paclitaxel, P < 0.05 at prodrug) compared to the 
control. The bioavailability of paclitaxel 
coadministered as a prodrug with or without 
naringin was remarkably higher than the control. 
Paclitaxel prodrug, a water-soluble compound 
concerning with its physicochemical properties, 
passes through the gastrointestinal mucosa more 
easily than paclitaxel without obstruction of P-gp 
and CYP 450 in the gastrointestinal mucosa 
(102). 

Tamoxifen is a nonsteroidal antiestrogen 
and is the agent of choice for treating and 
preventing breast cancer. Oral tamoxifen 
undergoes extensive hepatic metabolism and the 
subsequent biliary excretion of its metabolites. 
Tamoxifen and its metabolites, and 4-
hydroxytamoxifen are substrates for the efflux of 
P-gp, BCRP and MRP 2. The oral bioavailability 
of tamoxifen is mainly affected by the first-pass 
metabolism and P-gp pump efflux in the liver and 
intestine. As a dual inhibitor of the metabolizing 
enzyme CYP3A and MDR transporter, quercetin 
might alter the pharmacokinetics of tamoxifen 
when used concomitantly with tamoxifen. The co-
administration of quercetin (2.5 and 7.5 mg/kg) 
significantly (P < 0.05) increased the absorption 
rate constant (Ka), peak concentration (Cmax) and 
the areas under the plasma concentration-time 
curve (AUC) of tamoxifen. The absolute 
bioavailability (AB%) of tamoxifen with 2.5 and 
7.5 mg/kg quercetin ranged from 18.0% to 24.1%, 
which was significantly higher than the control 
group, 15.0% (P < 0.05) (101). 

Yet another in-vitro screening study was 
conducted on flavonoids wherein several food 
extracts which may have an inhibitory effect on 
P-gp related efflux carriers including strawberry 
extract, orange extract, peppermint oil and apricot 
extract were tested. The results indicated that the 
co-administration of food extracts with drugs 
known to be P-gp substrates might be a useful, 
safe and convenient way to enhance the intestinal 
absorption of these drugs (49). 
 
Tissue Distribution: Blood brain barrier  
 
The treatment of primary or metastatic brain 
tumors with chemotherapy is limited because of a 
low distribution of anticancer agents into brain 
tissue. An important reason for this low efficacy 
is the efficient protection of the brain against 
drugs involving two drug permeability barriers: 
(i) the blood–brain barrier (BBB); and (ii) the 
blood–cerebrospinal fluid (CSF) barrier. The 

blood–brain barrier is formed primarily by the 
endothelium of the blood capillaries. Diffusion of 
some hydrophobic drugs through the endothelial 
cell membrane is counteracted by transporters 
such as P-gp that are present in the apical 
(luminal) membranes of these cells, as was shown 
initially in mice (153). The blood–CSF barrier is 
formed by the epithelium of the choroid plexus, 
which also contains transport proteins, such as 
ABCC1, that act as a barrier for certain drugs 
entering from the blood. This implies that specific 
inhibitors of P-gp and other drug transporters 
present in these barriers can be useful to increase 
the permeability of the blood–brain barrier and 
the blood–CSF barrier for anticancer drugs, which 
might enable the treatment with chemotherapy of 
primary brain tumors with an intact blood–brain 
barrier (157, 158). Preclinical studies have shown 
that the central nervous system (CNS) penetration 
of anticancer drugs, which are transported by P-
gp, such as paclitaxel (159), etoposide (160, 161), 
doxorubicin, (162) and imatinib (163-166), can 
indeed be improved by concomitant use of P-gp 
inhibitors, such as cyclosporin A, valspodar, 
elacridar and zosuquidar (13). 

Understanding mechanisms associated 
with beneficial effects produced by flavonoids are 
complicated by the lack of information on the 
ability of flavonoids to enter the CNS. One of the 
studies conducted by Youdim et al. examined 
naringenin and quercetin permeability across the 
blood–brain barrier, using in vitro (ECV304/C6 
co-culture) and in situ (rat) models. The results 
demonstrate that flavonoids are able to traverse 
the BBB in vivo. However, the permeability of 
certain flavonoids in vivo is influenced by their 
lipophilicity and interactions with efflux 
transporters (103). Mitsunaga et al. investigated 
the effects of various bioflavonoids on the blood–
brain barrier transport of vincristine using both in 
vitro transport experiments with cultured mouse 
brain capillary endothelial cells (MBEC4 cells) 
and in vivo brain distribution experiments in ddY 
mice. The steady-state uptake of H3vincristine by 
MBEC4 cells was decreased by 10 µM quercetin, 
but increased by 50 μM quercetin. Similarly, the 
in vivo brain-to-plasma concentration ratio of 
H3vincristine in ddY mice was decreased by 
coadministration of 0.1 mg/kg quercetin, but 
increased by 1.0 mg/kg quercetin. Kaempferol 
had a similar biphasic effect on the in vitro uptake 
of H3vincristine. Other aglycones tested chrysin, 
flavone, hesperetin, naringenin increased 
H3vincristine uptake in the 10–50 μM range, and 
glycosides hesperidin, naringin, rutin were 
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without effect. Therefore it was concluded low 
concentrations of quercetin indirectly activate the 
transport by enhancing the phosphorylation and 
hence activity of P-gp, whereas high 
concentrations of quercetin inhibit P-gp (98). 

 
Drug Metabolism 
 
The joint presence of both P-gp and CYP3A in 
intestinal cells, their overlapping substrate 
specificity (which implies that they are induced 
and inhibited by many of the similar compounds) 
and poor oral bioavailability of compounds which 
are their substrates strongly indicate that there is 
some biochemical alliance between the two 
proteins (5, 167). Drug molecules are exposed to 
P-gp prior to intracellular distribution and 
metabolism. A fraction of drug molecules is 
extruded by intestinal P-gp from inside of the 
epithelial cells into the intestinal lumen after the 
drug molecules gain access across the luminal 
surface of the epithelial cells; however, a portion 
of the extruded drugs then can be reabsorbed into 
the epithelial cells. Through the repetitive 
processes of extrusion and reabsorption, P-gp 
prolongs the intracellular residence time of drug 
molecules and increases the exposure of drug 
molecules to drug-metabolizing enzymes. 
Consequently, P-gp may enhance intestinal 
metabolism of drugs, while it has less of an effect 
on drug metabolism in liver and kidney (10). 

Presystemic elimination of paclitaxel is 
also governed by CYP 3A4 and 2C8 isoenzymes 
present in intestinal wall and liver. Therefore, in 
addition to P-gp, they may play a role in the low 
oral bioavailability of paclitaxel (168). It was 
reported that the plasma AUC of orally 
administered paclitaxel is more than 6-fold 
increased in mdr1a (-/-) mice compared to wild-
type mice (155, 169). Quercetin has been 
investigated as a dual inhibitor of the 
metabolizing enzyme CYP3A and MDR 
transporter and might alter the pharmacokinetics 
of drugs co-administered (101). Very few studies 
have been reported in this area and deeper 
insights would be obtained by further exploration.  
 
Drug Excretion 
 
The presence of P-gp in bile canaliculi and kidney 
suggest that P-gp plays an important role in 
biliary and renal excretion. Therefore 
pharmacokinetic interactions occur due to 
impaired biliary and renal excretion mediated by 
first and second generation P-gp inhibitors that 

are coadministered with chemotherapeutic agents. 
This includes reports of colchicine blockade by 
Cyclosporin A (CsA), reduced vinblastine 
elimination caused by CsA, doxorubicin biliary 
clearance inhibition by PSC 833 and GF120918 
as well as irinotecan clearance by loperamide and 
PSC-833 (1, 170, 171). Particular examples 
include paclitaxel(172-176), doxorubicin (177, 
178) , vinblastine (179) and irinotecan (180, 181) 
where increases in anticancer drug plasma 
exposure (i.e. increased elimination half-lives and 
AUC) has occurred. Liver P-gp mediates the 
efflux of chemicals from hepatocytes into the 
biliary canaliculus, a phase III elimination 
reaction. In freshly-plated hepatocytes, containing 
a low amount of P-gp, flavonols did not affect the 
cellular retention of doxorubicin, but strongly 
inhibited the P-gp mediated efflux of rhodamine-
123 (99). 
 
Elucidation of drug interactions 
 
Serious drug-drug interactions have contributed to 
recent U.S. market withdrawals and also recent 
non approvals of a few new molecular entities. 
Many of these interactions involved the inhibition 
or induction of metabolizing enzymes and efflux 
transporters, resulting in altered systemic 
exposure and adverse drug reactions or loss of 
efficacy. In addition to drug-drug interactions, 
drug–dietary supplement and drug–citrus fruit 
interactions, among others, could also cause 
adverse drug reactions or loss of efficacy and are 
important issues to consider in the evaluation of 
new drug candidates. Several studies indicate that 
patients taking drugs which are P-gp substrates 
may need to restrict their intake of bioflavonoid-
containing foods and beverages, such as 
grapefruit juice (182). 

The importance of food effects and food-
drug interactions at the level of the intestinal 
mucosa has been identified and several 
interactions between food and P-gp have also 
been described (183). The inhibition and reversal 
of P-gp by rosemary extract has been reported 
(87). Orange juice, grapefruit juice and extracts, 
and several compounds of these citrus fruits have 
been investigated for their inhibitory effect on P-
gp-related efflux mechanisms (74, 75, 86, 105, 
184). In an in-vitro screening study, it was 
showed that several food extracts may have an 
inhibitory effect on P-gp-related efflux carriers 
including strawberry extract, orange extract, 
peppermint oil and apricot extract (49).  
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Reversal of Multi-Drug Resistance  
 
One of the major problems related with anticancer 
chemotherapy is resistance against anticancer 
drugs. Some cancers such as non-small cancer, 
lung cancer, and rectal cancer show what is called 
primary resistance or natural resistance in which 
they do not respond to standard chemotherapy 
drugs from the beginning. On the other hand, 
many types of sensitive tumors respond well to 
chemotherapy drugs in the beginning but show 
acquired resistance later (185). Treatment induced 
acquired resistance complicates efforts to 
successfully cause long-term regression or cure. 
As described previously, a number of mechanisms 
have been shown to exist under the generalized 
MDR (186). Among these mechanisms, the role 
of P-gp in MDR is best characterized. P-gp 
occurrence in clinical tumors has been extensively 
characterized and P-gp overexpression has been 
shown to occur both during diagnosis as well as 
during relapse. For example, P-gp was detected at 
the time of diagnosis in leukemias; lymphomas; 
adult and childhood sarcomas (187), and 
neuroblastomas (1). P-gp has low substrate 
specificity and can bind with various kinds of 
compounds to transport drugs out of the cells. It 
follows that once P-gp expresses in cancer cells, 
the cells will acquire resistance to many other 
anti-cancer agents. In fact, it is known that many 
structurally different anti-cancer agents such as 
adriamycin, vinblastine, vincristine, actinomycin 
D, colchicine become a substrate for transporting 
outside cells by P-gp. Therefore, it is considered 
that inhibiting the function of P-gp will lead to 
overcoming multidrug resistance. It is reported 
that about 30% of multidrug resistances is caused 
by P-gp. The addition of verapamil, diltiazem, 
quinine, trifluoperazine or cyclosporin seems to 
potentially reverse P-gp associated MDR (142). 

Taking into consideration that flavonoid 
derivatives possess antitumor promoter activity, 
they may become candidates of effective 
multidrug resistance-reversing agents in cancer 
chemotherapy. Pentamethylquercetin, 
pentaallylquercetin and pentaethylmorin 
remarkably increased the uptake of 
[3H]vincristine by K562/ADM cells by 10.6, 10.8 
and 14.4-fold, respectively. These inhibitory 
potencies for P-gp were more potent than typical 
P-gp inhibitors, cyclosporine A and verapamil 
(97). Flavonoid derivatives such as nobiletin, 
tangeretin and 3,30,40,5,6,7,8-
heptamethoxyflavone increase the cellular uptake 
of vincristine in multidrug-resistant tumor cells by 

inhibiting the function of P-gp (74). The naturally 
occurring flavonoids biochanin A, morin, 
phloretin, and silymarin can inhibit P-gp-
mediated drug efflux, and biochanin A and 
silymarin can potentiate doxorubicin cytotoxicity 
in P-gp positive cells (80). Methoxyflavones also 
increased the uptake of [3H]vincristine into an 
adriamycin-resistant variant of human chronic 
myelogenous leukemia (K562/ADM) cells (100). 
Exposure to 200 µM genistein elicited an 
elevation in intracellular accumulation of 
rhodamine 123 and daunorubicin in P-gp 
expressing cell lines. There was also a decrease in 
photoaffinity labeling of P-gp by [3H]azidopine, a 
P-gp substrate. Therefore it may be concluded 
that genistein interacts with P-gp and inhibits P-
gp mediated drug transport (107). Among tea 
catechins, especially epigallocatechin gallate, 
seem to be a promising natural dietary compound 
for overcoming the multidrug resistance that 
derives from the active efflux of anti-tumour 
drugs by P-gp (104). 
 
EXPERIMENTAL MODELS FOR P-GP 
MEDIATED STUDIES  
 
Various in vitro and in vivo models are available 
for studying P-gp mediated efflux. The choice of 
model depends on the objectives of the study, 
which could be identification of substrates during 
early drug discovery or more mechanistic 
determinations (188). Although it is well 
recognized that not every inhibitor is a substrate, 
it is generally believed that every substrate should 
be an inhibitor. However, this may not be the case 
for P-gp as many P-gp substrates have relatively 
low affinity for the protein and do not 
significantly inhibit P-gp at reasonable working 
concentrations. Doxorubicin and etoposide which 
are generally recognized as good P-gp substrates 
show little inhibition of P-gp efflux of calcein 
AM, even at high concentrations (189). The 
failure of P-gp substrates to show significant 
inhibitory potential is further illustrated in a study 
in which 167 diverse compounds were classified 
according to whether they were P-gp substrates 
and/or P-gp inhibitors (190). These results 
illustrate the limitations of using one type of assay 
system to extrapolate another type of activity (ie. 
binding data and inhibition studies are not 
sufficient to identify potential P-gp substrates). 
Instead, direct measures of P-gp transport are 
required to identify whether or not a compound is 
a P-gp substrate, and inhibition studies are 
required to assess if a compound is a potential 
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inhibitor. The various models are described under 
following heading. 
 
In-silico prediction 
 
The ability to predict the potential of a compound 
to interact with P-gp based on its structural 
features would be one of the most efficient means 
for early screening of compounds. However, P-gp 
substrates and inhibitor show considerable 
diversity and the structural requirements for 
interaction with P-gp are not well resolved. 
Earlier models suggest that P-gp substrates are 
large amphipathic molecules with a basic amine 
and two or more aromatic rings (191). However, 
exceptions to each of these structural criteria have 
been identified. P-gp substrates have been 
identified that are low molecular weight 
molecules (such as cimetidine 250 daltons), 
cations, anions, zwitterions, and neutral 
compounds, peptides and non-peptides. Thus, 
simple structural predictions to identify 
compounds that interact with P-gp are not very 
effective. Recently A. Seelig (192) used 
molecular modeling approaches to compare the 
structures of 100 P-gp substrates, inhibitors and 
inducers, as well as compounds which do not 
interact with P-gp. All of the compounds that 
interacted with P-gp had 2 or more hydrogen 
bond acceptors (electron donors) separated by 4.6 
Å or 3 acceptors positioned 2.5 Å from each 
other. While this model needs further validation, 
some recent studies within homologous structural 
series suggest a correlation between hydrogen 
bond acceptor potential and the ability of 
compounds to interact with P-gp (193). 
Pharmacophore models for in silico prediction of 
P-gp substrate and modulators have been 
generated. The descriptors such as lipophilicity, 
hydrogen-bonding ability, presence of an amine, 
molecular weight, size, surface area and presence 
of rings are found to correlate well with databases 
(194). Unfortunately, conclusive SAR for 
substrate and inhibitory activity has not been 
found and has led to misclassification of 
compounds. Therefore, more specific approaches 
need to be developed which would help in 
elucidating separate SAR. 
 
In-vitro models 
 
These include cytotoxicity assay, 
accumulation/efflux assays, transport assays, 
ATPase assay and P-gp photoaffinity labeling. 
They help in classification of compounds as 

substrates (transported and non-transported), 
inhibitors and inducers. These models are 
generally used in early drug discovery for lead 
selection and optimization (195). 
 
Cytotoxicity Assays 
 
The use of cytotoxicity IC50 endpoints (the 
concentration that inhibits the growth of the MDR 
expressing cells by 50%) is a frequently used 
method to evaluate P-gp substrates and inhibitors. 
Most often the IC50 for several concentration of a 
cytotoxic drug is evaluated in the presence and 
absence of a non-toxic concentration of a P-gp 
modulator. Modulators interact with P-gp and 
reduce the efflux of the cytotoxic compound, 
resulting in the increase in apparent toxicity of the 
cytotoxic compound. The data from this assay is 
based on a general assessment of cytotoxicity 
although more than one mechanism may act in the 
resistant cells. Furthermore, the values obtained 
vary greatly depending on the cell type used, the 
intrinsic cytotoxicity of the compounds and the 
concentration of P-gp interacting agents used in 
the studies (194).  
 
Accumulation/Efflux Assay 
 
Another popular method is the measurement of 
drug uptake or drug accumulation; performed on 
cell suspension, cell monolayer or membrane 
vesicle preparation. In this assay, the 
accumulation of a probe (a radiolabeled or 
fluorescent P-gp substrate) over time is measured 
in the presence or absence of a known P-gp 
inhibitor. Drug accumulation in the P-gp 
expressing cells is then compared with 
accumulation in cells from the low P-gp-
expression parental cell line. Since P-gp 
transports substrates out of the cell, P-gp 
substrates show lower accumulation in P-gp 
expressing cells than in the P-gp deficient cells. 
Similarly, drug accumulation is increased under 
conditions where P-gp is inhibited, such that the 
difference in accumulation in parental cells and P-
gp over-expressing cells becomes insignificant 
(196). 

A modification of accumulation assay 
involves the use of photoaffinity analogs of anti-
tumor agents that are P-gp substrates (197, 198). 
Such measurements are used to determine the 
‘true’ binding affinity of the substrates to P-gp. 
Furthermore, they are direct and reproducible 
functional assay for P-gp dependent transport 
with few drawbacks.  The commonly used 
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fluorescent dyes like rhodamine 123 and 3’, 3’, 9-
diethyloxocarbocyanine iodide do not represent 
the exact anti-tumor drug and often the 
fluorescence of the probe is quenched inside the 
cell making quantitation difficult (199). Thorough 
evaluation of the data is therefore needed when 
efflux P-gp inhibition studies are used for 
Quantitative SAR (QSAR) modelling (188, 194). 
 
Transport Assays 
 
Transport studies using adherent cells have been 
used to screen P-gp substrates and inhibitors. 
They provide the most direct model for emulating 
the passage of molecules across the biological 
barriers encountered in drug pathway. In the 
transport assays, polarized epithelial cells are used 
that constitutively express high levels of P-gp (i.e. 
Caco-2 cells) or have been transfected with the 
gene for a specific P-gp (i.e. MDR1 transfected 
MDCK or LLC PK1 cells). Intact monolayers of 
these cells grown on semi-permeable filters 
represent a partial barrier to drug transport 
between the apical and basolateral compartments. 
In these types of studies, permeability studies in 
the apical-to-basolateral (A-B) and in the 
basolateral-to-apical (B-A) direction are 
performed. The ratio of these numbers is 
compared with a value of one and indicates P-gp 
involvement (200). This is regarded as the 
standard for identifying P-gp substrates since it 
measures efflux in the most direct manner. 
However, monolayer efflux assays are labor-
intensive due to cell culture and analytical 
requirements limit the assay throughput (7). In 
addition, interpretation of data from this type of 
study is complicated by the fact that these cell 
lines are often very heterogeneous and possess 
several different transport pathways that can be 
going on in parallel. This can make it very 
difficult to understand the data and weed out the 
effect of efflux on the transport by P-gp (194).  
 
ATPase Assays 
 
ATPase enzyme activity is necessary P-gp 
mediated transport and both NBD’s of P-gp must 
hydrolyze nucleotides for transport to take place. 
The stimulation / inhibition of P-gp ATPase 
activity in membranes obtained from cells that 
express P-gp can be monitored. Assays are based 
on the assumption that drug-induced ATP 
hydrolysis reflects transport by the transporter. It 
has been proposed that substrates can be 
characterized based on their kinetic parameters 

derived from the assay (201, 202). However, the 
validity of this assay for differentiation between 
substrates and inhibitors has recently been 
questioned. Furthermore, compounds such as 
daunomycin and vinblastine have been observed 
to inhibit ATPase activity in some investigations, 
but increase in others, suggesting that modulation 
of ATPase activity is highly dependent on 
experimental conditions and may not correlate 
well with the ability of P-gp to transport the drug 
(194). 
 
In vivo models 
 
In vivo models determine the ultimate impact of 
drug efflux transporters on ADME. Both 
transgenic /Knock-out (where the animals are 
genetically manipulated to demonstrate the role of 
a particular protein), or mutant models (where the 
animal is deficient in expressing a protein 
naturally) have been used successfully for 
assessing drug efflux transporter activity. The 
pharmacokinetic properties such as the 
enhancement of brain penetration, improved oral 
systemic exposure, or reduced biliary excretion of 
test compounds were observed in single knock out 
(mdr1a(-/-)) or double knock out (mdr1a/1b (-/-)) 
animals (188). Similar pharmacokinetic 
differences in normal animals in the presence of a 
P-gp inhibitor/inducer have also been used to 
predict P-gp involvement. CF-1 mice (P-gp 
mutant strain) have been used to screen 
compounds for P-gp interactions. Although there 
is high conservation and homology in 
mdr1/MDR1 genes among species (203), the 
removal of genes affect tissues other than the 
organ of interest, which may lead to undesirable 
outcomes such as altered pharmacokinetics and 
systemic toxicity. 

Despite the widespread use of rodent / 
human microsomes, liver slices and cDNA-based 
vector systems, optimal preclinical in vitro or in 
vivo model that enable accurate extrapolation of 
the preclinical data about oral pharmacokinetics 
to the clinic are lacking. Interspecies variation in 
CYP isoform activity, involvement of active 
transport by P-gp or other unidentified 
transporters and presence of extrahepatic and gut 
wall metabolism may lead to inaccuracies. There 
is a strong need for development of such tools and 
mechanistic insights which allow adequate 
prediction of the pathways of biotransformation, 
first-pass metabolism, drug–drug interactions and 
oral pharmacokinetics of new anticancer agents 
during the early preclinical phase of drug 
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development. These insights could then be useful 
to optimize the pharmacokinetics of anti-cancer 
drugs, by selective inhibition of drug metabolism 
pathways and/or drug-transport processes (Figure 
5) (169). 
 
CONCLUSIONS 
 
Classical P-gp suppressing agents appeared to 
exert unwanted side effects, and this stimulated 
the interest in flavonoids as relatively non-
cytotoxic inhibitors of P-gp. It has become clear 
that flavonoids are important modulators of 
intestinal transport proteins particularly P-gp. 
Many flavonoids have been shown to interact 
with P-gp mediated efflux in vitro studies, and the 
potential consequences for the same are being 
studied in vivo. However, the significance of 
these flavonoid–efflux transporter interactions in 
pharmacokinetic interactions has not been 
unequivocally demonstrated. Since the 

involvement of multiple drug transporters and 
metabolizing enzymes in the disposition of 
substrates can mystify the interpretation of in vivo 
studies, more specific substrates are needed to 
clearly address this issue. P-gp inhibition has 
originally been studied within the framework of 
classical reversal of multi-drug resistance. 
Identification of P-gp modulators among herbal 
compounds would make them perfect candidates 
for bioavailability enhancement, tissue-
penetration (e.g. blood brain barrier), decreasing 
biliary excretion and multi-drug resistance 
modulating agents. Future studies should be 
focused to explore i) in vivo evaluation of the 
flavonoid-mediated effects on bioavailability of 
drugs in animals and humans ii) identification and 
prediction of potential herb–drug interactions iii) 
modulating the activity of the flavonoids to act as 
CYP3A4 inhibitors and/or substrates. 
 
 

 
 
 

Figure 5. Various approaches to identify drugs that may interact with P-gp. These are in-silico, in-vitro and 
in-vivo (animal and human studies) models. The hierarchy shows the increased cost and decreased ability of 
conducting high throughput from in-silico to human studies. More than one model may be used in 
combination to obtain useful and sufficient information.  
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