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P-glycoprotein (P-gp), a transmembrane permeability glycoprotein, is a member of ATP binding cassette 
�$%&��VXSHU�IDPLO\�WKDW�IXQFWLRQV�VSHFL¿FDOO\�DV�D�FDUULHU�PHGLDWHG�SULPDU\�DFWLYH�HIÀX[�WUDQVSRUWHU��,W�
is widely distributed throughout the body and has a diverse range of substrates. Several vital therapeutic 
agents are substrates to P-gp and their bioavailability is lowered or a resistance is induced because of 
WKH�SURWHLQ�HIÀX[��+HQFH�3�JS�LQKLELWRUV�ZHUH�H[SORUHG�IRU�RYHUFRPLQJ�PXOWLGUXJ�UHVLVWDQFH�DQG�SRRU�
bioavailability problems of the therapeutic P-gp substrates. The sensitivity of drug moieties to P-gp and 
YLFH�YHUVD�FDQ�EH�HVWDEOLVKHG�E\�YDULRXV�H[SHULPHQWDO�PRGHOV�in silico, in vitro and in vivo. Ever since 
WKH�GLVFRYHU\�RI�3�JS��WKH�UHVHDUFK�SOHWKRUD�LGHQWL¿HG�VHYHUDO�FKHPLFDO�VWUXFWXUHV�DV�3�JS�LQKLELWRUV��
7KH�DLP�RI�WKLV�UHYLHZ�ZDV�WR�HPSKDVL]H�RQ�WKH�GLVFRYHU\�DQG�GHYHORSPHQW�RI�QHZHU��LQHUW��QRQ�WR[LF��
DQG�PRUH�HI¿FLHQW��VSHFL¿FDOO\�WDUJHWLQJ�3�JS�LQKLELWRUV�� OLNH�WKRVH�DPRQJ�WKH�QDWXUDO�KHUE�H[WUDFWV��
SKDUPDFHXWLFDO�H[FLSLHQWV�DQG�IRUPXODWLRQV��DQG�RWKHU�UDWLRQDO�GUXJ�PRLHWLHV��7KH�DSSOLFDWLRQV�RI�FHOOXODU�
and molecular biology knowledge, in silico designed structural databases, molecular modeling studies 
and quantitative structure-activity relationship (QSAR) analyses in the development of novel rational 
P-gp inhibitors have also been mentioned.

Uniterms: P-glycoprotein/inhibitors. Multidrug resistence. Cluster of differentiation 243. Sphingolipids. 
Competitive inhibitors.

Glicoproteína-p (P-gp), uma glicoproteína de transmembrana permeável, é um membro da superfamília 
�$%&��GH�FDVVHWH�GH�JHQH�GH�OLJDomR�GH�$73�TXH�IXQFLRQD�HVSHFL¿FDPHQWH�FRPR�XP�FDUUHDGRU�PHGLDGR�
SHOR� WUDQVSRUWDGRU�GH�HÀX[R�DWLYR�SULPiULR��e�DPSODPHQWH�GLVWULEXtGR�SRU� WRGR�R�FRUSR�H�DSUHVHQWD�
XPD�JDPD�GLYHUVL¿FDGD�GH�VXEVWUDWRV��'LYHUVRV�DJHQWHV�WHUDSrXWLFRV�YLWDLV�VmR�VXEVWUDWRV�SDUD�3�JS�H�
VXD�ELRGLVSRQLELOLGDGH�p�UHGX]LGD�RX�D�UHVLVWrQFLD�p�LQGX]LGD�GHYLGR�DR�HÀX[R�GH�SURWHtQDV��3RUWDQWR��
os inibidores da P-gp foram H[SORUDGRV�SDUD�D�VXSHUDomR�GD�UHVLVWrQFLD�D�P~OWLSODV�GURJDV�H�SUREOHPDV�
GH�ELRGLVSRQLELOLGDGH�GH¿FLHQWH�GRV�VXEVWUDWRV�WHUDSrXWLFRV�GD�3�JS��$�sensibilidade das moléculas da 
GURJD�j�3�JS�H�YLFH�YHUVD��SRGH�VHU�HVWDEHOHFLGD�SRU�YiULRV�PRGHORV�H[SHULPHQWDLV�in silico, in vitro e 
in vivo��'HVGH�D�GHVFREHUWD�GD�3�JS��GLYHUVDV�SHVTXLVDV�LGHQWL¿FDUDP�YiULDV�HVWUXWXUDV�TXtPLFDV�FRPR�
inibidores da P-gp. O objetivo deste presente estudo foi o de enfatizar a descoberta e desenvolvimento 
GH�LQLELGRUHV�PDLV�QRYRV��LQHUWHV��DWy[LFRV�H�PDLV�H¿FD]HV��YLVDQGR�HVSHFL¿FDPHQWH�RV�GD�3�JS��FRPR�
DTXHOHV�HQWUH�RV�H[WUDWRV�YHJHWDLV��H[FLSLHQWHV�H�IRUPXODo}HV�IDUPDFrXWLFDV��H�RXWUDV�moléculas racionais 
de droga��$V�DSOLFDo}HV�GR�FRQKHFLPHQWR�GH�ELRORJLD�FHOXODU�H�PROHFXODU��EDQFRV�GH�GDGRV�HVWUXWXUDLV�in 
silico, estudos de modelagem molecular e análises da relação quantitativa estrutura-atividade (QSAR) 
no desenvolvimento de novos inibidores racionais da P-gp também foram mencionados.

Unitermos: *OLFRSURWHtQD�S��5HVLVWrQFLD�D�P~OWLSODV�GURJDV��&OXVWHU�GH�GLIHUHQFLDomR������(V¿QJROLStGHRV��
Inibidores competitivos.

INTRODUCTION

P-glycoprotein (P-gp), the permeability glycoprotein 
RU�SODVPD�JO\FRSURWHLQ�LV�DQ�DFWLYH��HIÀX[��PHPEUDQH�ERXQG�

transport protein pump discovered in 1976 (Juliano, Ling, 
1976). P-gp is a member of ATP binding cassette (ABC) 
super family, multidrug resistance (MDR)/transporter 
associated with antigen processing (TAP), sub-family B, 
and member 1, abbreviated as ABCB1. It is also called 
as MDR1 and PGY1. It has been recently designated as 
&'�����FOXVWHU�RI�GLIIHUHQWLDWLRQ�������,WV�HIÀX[�PHFKDQLVP�
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involves the protein binding to the ATP and requires energy 
derived by the hydrolysis of ATP to ADP in the presence 
of adenosine-triphosphatase enzyme (ATPase) (Shekfeh, 
�������3�JS��ZKLFK�ZDV�¿UVW�LGHQWL¿HG�LQ�FDQFHU�FHOOV��LV�HQ-
coded by MDR1/ABCB1 gene in humans. The gene shows 
DQ�H[FOXVLYH�RYHU�H[SUHVVLRQ�LQ�FDQFHU�FHOOV��7KH�FRUUHODWLRQ�
between the up regulation of MDR1 gene mRNA transcrip-
WLRQ�DQG�WKH�RYHU�H[SUHVVLRQ�RI�WKH�3�JS�WUDQVSRUW�V\VWHP��
leading to multidrug resistance (MDR) phenotype, during 
the drug therapy for cancer and several microbial infections 
has been well established. Repetitive treatment with P-gp 
VXEVWUDWHV�PD\�DOVR�HQKDQFH�WKH�3�JS�H[SUHVVLRQ��.ULVKQD��
Mayer, 2000). A further support to the correlation between 
WKH�3�JS�RYHU�H[SUHVVLRQ�DQG�GHYHORSPHQW�RI�0'5�LV�JLYHQ�
by the role of P-gp in the metabolism of endogenous sphin-
golipids. The sphingolipids and their metabolites were re-
SRUWHG�WR�FRQIHU�0'5�LQ�FRQFHUW�ZLWK�WKH�HIÀX[�WUDQVSRUWHUV�
(Dijkhuis et al., 2003). P-gp was found to be present on the 
surface of biliary canalicular hepatocytes, luminal surface of 
columnar epithelial cells of the lower gastrointestinal tract 
(GIT) including liver, pancreas, small and large intestines, 
MHMXQXP�DQG�FRORQ��DSLFDO�VXUIDFH�RI�SUR[LPDO�FRQYROXWHG�
tubular cells of kidney, capillary endothelial cells of blood-
brain barrier (BBB), apical membrane of the placental fetal-
membrane barrier function and in various other tissues like 
lungs, heart, adrenals, prostrate, skin, spleen and skeletal 
muscle (Thiebut et al., 1987). On account of its distribution, 
P-gp can be viewed as a unique defensive barrier network 
DJDLQVW�WKH�HQWU\�RI�[HQRELRWLFV�LQWR�WKH�ERG\��7KLV�HIÀX[�
carrier decreases the bioavailability of administered drugs 
E\�SUHYHQWLQJ�WKHLU�VXI¿FLHQW�DFFXPXODWLRQ�LQWUDFHOOXODUO\��
8OWLPDWHO\��WKH�HI¿FDF\�RI�GUXJV�LV�ORZHUHG��,W�DOVR�DOWHUV�
the pharmacokinetics and pharmacodynamics of its sub-
strates by dictating their ADMET (absorption, distribution, 
metabolism, elimination and tR[LFLW\��FKDUDFWHULVWLFV��/LQ��
�������7KH�RSWLPDO�3�JS�H[SUHVVLRQ�LV�DOZD\V�DSSUHFLDWHG�
IRU�LWV�SURWHFWLYH�IXQFWLRQ��%XW��3�JS�RYHU�H[SUHVVLRQ�OHDGV�
WR�0'5�ZKLOH�LWV�ORZ�H[SUHVVLRQ�OHDGV�WR�WR[LF�UHDFWLRQV�

This review presents a brief note on the mechanism 
DQG�NLQHWLFV�RI�3�JS�HIÀX[�DQG�GLVFXVVHV�DERXW�YDULRXV�
3�JS�LQKLELWRUV�LGHQWL¿HG�XQGHU�GLIIHUHQW�FDWHJRULHV�RI�
chemical, natural, pharmaceutical and biochemical class-
es. Different possible strategies that can be developed to 
circumvent the protein action were mentioned. Further, the 
interaction between the P-gp substrates/inhibitors/induc-
ers and P-gp has been well differentiated and elucidated.

P-GLYCOPROTEIN SUBSTRATES

P-gp transporter has a diverse array of substrates 
which vary not only in size and structure but also in 

several chemical properties. Since the primary criterion 
VXEMHFWLQJ�D�VXEVWUDWH�WR�3�JS�HIÀX[�LV�LWV�LQWHUDFWLRQ�ZLWK�
the bilayer lipid membrane, a wide range of cationic, li-
pophilic and planar drugs become the protein substrates 
LQVSLWH�RI�WKHLU�VWUXFWXUDO�GLVVLPLODULW\��7KLV�H[SODLQV�WKH�
YDVW�VSUHDG�VWUXFWXUDO�VSHFL¿FLW\�RU�LQ�WKH�SUDFWLFDO�VHQVH��
WKH�QRQ�VSHFL¿F�QDWXUH�RI�3�JS��+LJJLQV��*RWWHVPDQ��
1992). However, there is one unifying structural feature 
that is commonly shared among all the substrates of P-gp, 
and that is they all possess spatially separated hydrophilic 
and hydrophobic moieties. The P-gp substrates recon-
VWLWXWH�PRVW�RI�WKH�FOLQLFDOO\�HI¿FLHQW�DJHQWV��$QWLFDQFHU�
drugs, various pharmacotherapeutic agents that act on 
central nervous system, cardio vascular system and an-
WLPLFURELDOV�DUH�VXEVWUDWHV�WR�WKLV�HIÀX[�SURWHLQ��+XQWHU��
Hirst, 1997; Schinkel, 1999).

MECHANISM AND KINETICS OF P-GLYCO-
PROTEIN EFFLUX

7KH�HIÀX[�DFWLRQ�RI�WKH�SURWHLQ�IROORZV�D�FDUULHU�PH-
diated primary active transport mechanism. In this process, 
WKH�SURWHLQ�SXPS�H[SRUW�QHHGV�GLUHFW�$73�UHTXLUHPHQW�
and the energy released from the ATP hydrolysis gives 
WKH�GULYLQJ�IRUFH�IRU�H[WUXVLRQ�SURFHVV��7KH�HIÀX[�WDNHV�
SODFH�XQLGLUHFWLRQDOO\��RXW�RI�WKH�FHOOV�LQWR�WKH�H[WUDFHOOXODU�
space) and transfers only one molecule at a time. Thus, 
P-gp is a uniporter carrier protein. 

)LJXUH���H[SODLQV�WKH�PHFKDQLVP�RI�DFWLRQ�RI�WKH�
competitive and non-competitive (non-transported) inhibi-
WRUV�DSDUW�IURP�WKH�3�JS�HIÀX[�NLQHWLFV��:KLOH�D�3�JS�VXE-
strate binds to protein’s transport site and gets translocated 
by the protein, competitive inhibitors compete with the 
VXEVWUDWH�GUXJV�IRU�H[WUXVLRQ�DQG�RFFXS\�DOO�WKH�DYDLODEOH�
protein transport sites leaving no space for the P-gp and 
substrate interaction.

Non-competitive inhibitors neither bind to protein’s 
WUDQVSRUW�VLWH�QRU�DUH�WUDQVORFDWHG�E\�WKH�SURWHLQ�HIÀX[�
and hence are as well called as non-transported inhibitors. 
7KH\�QRQ�FRPSHWLWLYHO\�LQKLELW�WKH�SURWHLQ�HIÀX[�E\�ELQG-
ing to an allosteric modulatory site.

Since the number of protein carriers is limited, the 
WUDQVSRUW�V\VWHP�LV�FDSDFLW\�OLPLWHG��7KH�HIÀX[�NLQHWLFV�
LV�GHVFULEHG�E\�WKH�HTXDWLRQ������DV�PL[HG�RUGHU�NLQHWLFV�
or Michaelis Menten kinetics or saturation or non-linear 
GRVH�GHSHQGHQW�NLQHWLFV��-DQJ��:LHQWMHV��-HVVLH��������
Varma et al., 2003).

 Jpgp = VPD[. C / Km+C  Equation (1)
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Jpgp� �3�JS�HIÀX[�
VPD[� �PD[LPXP�YHORFLW\�RI�3�JS�HIÀX[�SHU�XQLW�VXUIDFH�
area
C = substrate concentration
Km� �DI¿QLW\�FRQVWDQW�RU�PLFKDHOLV�PHQWHQ�FRQVWDQW��GLV-
VRFLDWLRQ�FRQVWDQW�IRU�3�JS�PHGLDWHG�HIÀX[���

At low drug concentrations, where Km >> C,
7KH�HIÀX[�IROORZV�¿UVW�RUGHU�NLQHWLFV��7KH�HIÀX[�

rate is proportional to the drug concentration and increases 
linearly with the drug concentration.

At high drug concentrations, where Km << C,
7KH�SURWHLQ�FDUULHUV�JHW�VDWXUDWHG�DQG�WKH�HIÀX[�RF-

FXUV�DW�FRQVWDQW�UDWH��,Q�RWKHU�ZRUGV��WKH�HIÀX[�UDWH�SURFHVV�
approaches an asymptote and becomes independent of 
GUXJ�FRQFHQWUDWLRQ��7KH�HIÀX[�IROORZV�]HUR�RUGHU�NLQHWLFV�
in this case.

In cases where Km� �&��WKH�HIIOX[�UDWH�LV�KDOI�LWV�
PD[LPXP�YHORFLW\�DQG�DVVXPHV�PL[HG�RUGHU��H[KLELWLQJ�
]HUR�DQG�¿UVW�RUGHU�NLQHWLFV�WRJHWKHU��NLQHWLFV�

Characterization of the interaction of certain 
compounds with P-Glycoprotein

It is the nature of interaction of a compound with the 
SURWHLQ�WKDW�LGHQWL¿HV�DQG�HVWDEOLVKHV�LW�DV�D�3�JS�LQKLELWRU�
or substrate or inducer. From the Venn diagram (Figure 
2) describing the interaction of different compounds with 
P-gp as inhibitors/substrates/inducers, it is evident that 
VXFK�D�FODVVL¿FDWLRQ�LV�QRW�YHU\�VWUDLJKW�IRUZDUG��7KRXJK�
an effort has been made in this review to provide a vivid 
SUR¿OH�SLFWXUH�RI�WKRVH�3�JS�LQWHUDFWLQJ�FRPSRXQGV�GLI-
ferentiated in the Venn diagram, the characterization of rest 
other modulators still remains ambiguous. Compounds 
like progesterone, gomisin A, valspodar, elacridar were 

LGHQWL¿HG�DV�SXUH�LQKLELWRUV�VLQFH�WKH\�DUH�QRW�3�JS�VXE-
strates. They neither bind to protein’s transport site nor are 
WUDQVORFDWHG�E\�WKH�SURWHLQ�HIÀX[��7KH\�QRQ�FRPSHWLWLYHO\�
LQKLELW�WKH�SURWHLQ�HIÀX[�E\�ELQGLQJ�WR�DQ�DOORVWHULF�PRGX-
latory site (Haslam et al.,��������&LV�ÀXSHQWKL[RO��D�W\SL-
cal/classical antipsychotic is another P-gp reverser iden-
WL¿HG�DV�D�QRQ�WUDQVSRUWHG�LQKLELWRU��ELQGLQJ�WR�SURWHLQ¶V�
allosteric binding site (Maki, Hafkemeyer, Dey, 2003). 
However, there are “n” numbers of P-gp inhibitors which 
are its substrates too. They are all competitive inhibitors 
DV�WKH\�FRPSHWH�ZLWK�WKH�VXEVWUDWH�GUXJV�IRU�H[WUXVLRQ�
and thus favour intracellular accumulation of those sub-
VWUDWHV��3URSDIHQRQH�DQG�LWV�PDMRU�PHWDEROLWHV���K\GUR[\�
propafenone and N-desalkyl propafenone are all P-gp 
inhibitors but propafenone and N-desalkyl propafenone 
DUH�QRW�3�JS�VXEVWUDWHV�ZKLOH���K\GUR[\�SURSDIHQRQH�LV�
translocated across the cell membrane by human P-gp. 
7KXV����K\GUR[\�SURSDIHQRQH�FDQ�EH�GLVWLQJXLVKHG�DV�D�
competitive P-gp inhibitor while the other two compounds 
act non-competitively (Bachmakov et al., 2005). Quini-
GLQH�DQG�DPSUHQDYLU�H[KLELW�DQ�XQFHUWDLQ�FRPELQDWLRQ�
of three distinct interactions with P-gp. They act as P-gp 
substrates, inhibitors and also as P-gp inducers suggesting 
an indiscriminate characterization. Artemisinin, on the 
other hand, is a non-transported P-gp inducer. It is a non-
substrate to P-gp and is more or less alike non-competitive 
LQKLELWRU�LQ�RQH�SRLQW�WKDW�LW�H[HUWV�LWV�DFWLRQ�ZLWKRXW�EHLQJ�

FIGURE 1 – 3�JS�HIÀX[�NLQHWLFV�REWDLQHG�E\�SORWWLQJ�D�JUDSK�
EHWZHHQ�VXEVWUDWH�FRQFHQWUDWLRQ��;�D[LV��DQG�3�JS�HIÀX[�UDWH�
�<�D[LV���7KH�PHFKDQLVP�RI�DFWLRQ�RI�WKH�FRPSHWLWLYH�DQG�QRQ�
competitive inhibitors has also been represented.

FIGURE 2 – Venn diagram distinguishing the interaction of 
different compounds with P-gp. The solid circle includes all the 
inhibitors. Dotted circle represents the substrates. The dashed 
circle encloses inducer compounds.
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VXEMHFW�WR�3�JS�HIÀX[��7KH�PRVW�FRQÀLFWLQJ�FDWHJRUL]D-
tion is that of piperine and apocyanin. Andrographolide, 
berberin, glycyrrhizin and magniferin are the other natural 
FRQVWLWXHQWV��ZKLFK�DUH�DOVR�FODVVL¿HG�XQGHU�WKLV�FDWHJRU\��
7KH�H[SODQDWLRQ�IRU�WKHLU�FKDUDFWHUL]DWLRQ�DV�ERWK�LQGXF-
ers and inhibitors is given by their “biphasic protein 
PRGXODWLRQ´�E\�ZKLFK�WKH\�VWLPXODWH�WKH�SURWHLQ�HIÀX[�DW�
lower concentrations and inhibit the same at their higher 
concentrations (Najar et al., 2010). Rifampicin is classi-
¿HG�DV�DQ�LQGXFLQJ�VXEVWUDWH�RI�3�JS�DV�LW�LV�WUDQVSRUWHG�
by the protein and as well has an up regulating effect on 
3�JS�H[SUHVVLRQ��'LJR[LQ��EURPRFULSWLQH�DQG�FLPHWLGLQH�
are mere P-gp substrates with neither an inhibitory nor an 
inductive effect on protein function (Vautier et al., 2006).

Classification of P-Glycoprotein inhibitors: the 
past & the present perspective

The candidates which block or bypass the P-gp 
HIIOX[�DUH�FDOOHG�DV�3�JS�LQKLELWRUV�3�JS�PRGXODWRUV�
chemosensitizers/reversal agents. Co-/concurrent adminis-
tration of the P-gp substrate-therapeutics with these P-gp 
LQKLELWRUV�FDQ�SUHYHQW�RYHUFRPH�WKH�VXEVWUDWH�H[SXOVLRQ�
E\�3�JS�DQG�UHQGHU�WKH�LQWHQGHG�WKHUDSHXWLF�EHQH¿WV�RI�WKH�
substrate drugs. Though several P-gp inhibitors were ear-
OLHU�LGHQWL¿HG�DPRQJ�WKH�DYDLODEOH�GUXJV��WKHLU�WR[LFLW\�DQG�
GUXJ�LQWHUDFWLRQ�SUR¿OHV�GURYH�WKH�UHVHDUFKHUV�WR�GLVFRYHU�
more rational inhibitors. As of now, the inhibitors were 
LGHQWL¿HG�DPRQJ�YDULRXV�QDWXUDO�SURGXFWV��SKDUPDFHXWLFDO�
LQHUW�H[FLSLHQWV�DQG�IRUPXODWLRQV��3URGUXJ�VWUDWHJ\�LV�DOVR�
EHLQJ�DSSOLHG�WR�HVFDSH�3�JS�HIÀX[��$�IHZ�QRYHO�DQWLWXPRU�
GUXJV��V\QWKHWLF�SHSWLGHV�DQG�3�JS�H[SUHVVLRQ�VXSSUHVVRUV�
are under development to circumvent the protein action. 
The cellular and molecular biologists are now focusing on 
GHVLJQLQJ�LQKLELWRUV�EDVHG�RQ�WKH�LQIRUPDWLRQ�H[WUDFWHG�
about the protein’s vital structural organization. Certain 
unique developmental strategies which on implementation 
could hopefully achieve rational prototype molecules have 
also been discussed in this review. Table I enumerates the 
possible rational approaches to strategically develop P-gp 
inhibitors (Balayssaca et al., 2005; Bansal et al., 2009a; 
Yuan et al., 2008; Bansal et al., 2009b).

Small molecule inhibitors (SMIs)

The first, second and third generation inhibitors, 
developed based on screening among the available com-
pounds, parent molecule optimizations and chemical 
syntheses by combinational chemistry approaches, respec-
tively, are together called as SMIs. All these compounds, 
though grouped under the same heading, are structurally 

unrelated and do not share any properties in common, 
H[FHSW�WKDW�WKH\�DUH�3�JS�LQKLELWRUV�

First generation inhibitors
This class of inhibitors embodies those pharmaco-

logical agents which were primarily developed for other 
indications but later observed to be P-gp substrates cum 
inhibitors. Verapamil, an antihypertensive calcium channel 
EORFNHU��WULÀXRSHUD]LQH��D�FDOPRGXOLQ�DQWDJRQLVW��F\FOR-
sporine, an immunosuppressant, other antihypertensives 
such as quinidine and reserpine, yohimbine, antiestrogenic 
WDPR[LIHQ�DQG�WRUHPLIHQH��DQG�DQWLQHRSODVWLF�YLQFULVWLQH��
all fall under this category. Since most of these compounds 
were P-gp substrates themselves, they interacted with 
the protein, competed with the other substrates and acted 
DV�FRPSHWLWLYH�LQKLELWRUV��6LQFH�DOO�WKH�¿UVW�JHQHUDWLRQ�
LQKLELWRUV�KDYH�EHHQ�LGHQWL¿HG�WKLV�ZD\��WKH\�REYLRXVO\�
were non-selective and less potent. Their P-gp inhibitory 
FRQFHQWUDWLRQV�UHDFKHG�KLJK�WR[LF�OHYHOV�GXH�WR�ZKLFK�
many of these inhibitors failed in clinical trials (Dantzig, 
Alwis, Burgess, 2003).

Second generation inhibitors
7KH�¿UVW�JHQHUDWLRQ�LQKLELWRUV�ZHUH�PRGL¿HG�VWUXF-

turally viz. their chirality was altered to achieve a better 
RU�D�QXOO�LQQDWH�SKDUPDFRORJLFDO�SUR¿OH�VR�DV�WR�ODUJHO\�
UHGXFH�WKH�WR[LFLW\�RI�WKH�SDUHQW�FRPSRXQGV��'H[YHUD-
pamil, the R-isomer of verapamil without any cardiac 
activity, PSC 833 (valspodar), a cyclosporine A analogue 
lacking immunosuppressive character, MS-209 and sev-
HUDO�RWKHU�¿UVW�JHQHUDWLRQ�GUXJ�GHULYDWLYHV�RU�DQDORJXHV�
fall under this category. These resultant modulators still 
remained P-gp substrates themselves and showed low 
SURWHLQ�DI¿QLW\��$V�VXFK��WKHLU�3�JS�LQKLELWRU\�GRVH�ZDV�
far beyond the tolerable dose levels. Due to the chiral 
optimization, these second generation chemosensitizers 
ended up as inevitable cytochrome P450 3A4 (CYP450 
3A4) substrates for metabolism, which made them com-
pete with the concurrently administered anticancer P-gp 
substrate drugs whose metabolism was also affected by 
WKH�VDPH�V\VWHP��7KLV�FDXVHG�VLJQL¿FDQW�SKDUPDFRNLQHWLF�
alterations that unpredictably affected the metabolic and 
clearance mechanisms of the substrate drugs which in turn 
EURXJKW�DERXW�GLI¿FXOWLHV�LQ�DGMXVWLQJ�WKH�FKHPRWKHUDS\�
doses in patients. All these problems left this class of in-
hibitors deserted (Thomas, Coley, 2003; Darby, Callaghan, 
McMahon, 2011).

Third generation inhibitors
The quantitative structure-activity relationship 

(QSAR) application to high throughput screening tech-
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TABLE I - Possible approaches to strategically achieve P-gp inhibition

INHIBITION STRATEGY EXAMPLES OF INHIBITOR COMPOUNDS REFERENCES
Small molecule inhibitors (SMIs)

Screening among the available 
FRPSRXQGV��¿UVW�JHQHUDWLRQ�LQKLELWRUV�

Balayssaca et al., 2005

Antiarrhythmics: $PLRGDURQH��TXLQLGLQH��YHUDSDPLO��IHORGLSLQH��QL¿GLSLQH��
dilitiazem.

Anticancer drugs: $FWLQRP\FLQ�'��GR[RUXELFLQ��YLQEODVWLQH�
Antibiotics: Clarithromycin, erythromycin.
Antidepressants: 3DUR[HWLQH��VHUWUDOLQH��GHVPHWK\OVHUWUDOLQH�
Proton pump inhibitors: Esomeprazole, lansoprazole, omeprazole, pantoprazole.
Others: Cyclosporine A, colchicine, fenofibrate, propafenone, 

reserpine, trifluoperazine, progesterone, ritonavir, 
FKORUSURPD]LQH��ÀXIHQD]LQH��WDPR[LIHQ�

Parent molecule optimization (second 
generation inhibitors)

'H[YHUDSDPLO��JDOORSDPLO��36&������YDOVSRGDU���06������
reversin 121, reversin 125.

Bansal et al., 2009b

Chemical synthesis by combinational 
chemistry strategies (third generation 
inhibitors)

XR 9576 (tariquidar), VX-710 (biricodar), GF 120918 
(elacridar), OC 144-093, LY335979 (zosuquidar), mitotane 
(NSC-38721), annamycin.

Bansal et al., 2009b

Others
Natural product screening Herbs, fruits and herbal constituents. Bansal et al., 2009b
Use of pharmaceutical excipients C8/C10 glycerol & polyethylene glycol (PEG) esters, 

sucrose esters, polysorbates, tocopherol esters, polymers, 
amphiphilic diblock copolymers.

Bansal et al., 2009a

Pharmaceutical formulation approaches Bansal et al., 2009a
Polymer formulations: Conventional tablets, micellar systems, hydrogels, microgels, 

nanogels, microparticles, microspheres and nanoparticles.
Lipid formulations: Implantable films, lipid micelle systems, liposomes, 

solid lipid nanoparticles (SLN), lipid nanocapsules 
(LNC), composite solid lipid nanoparticle-microsphere 
V\VWHPV��HPXOVLI\LQJ�ZD[�QDQRSDUWLFOHV��SRO\PHU�OLSLG�
hybrid nanoparticles (PLN), micro emulsions and self-
microemulsifying drug delivery systems (SMEDDS).

Novel antitumor drugs KP772 (FFC24), 7-benzyl-4-methyl-5-[(2-substituted 
phenyl) ethyl]-7H-pyrrolo [2, 3-d]-pyrimidin-2-amines, 
LPLWLQDE�DQG�JH¿WLQDE�

Yuan et al., 2008

Rational drug design strategy
Prodrug design First generation polyamidoamine (PAMAM) dendrimer 

prodrug derivatives, val-quinidine. 
Yuan et al., 2008

De-novo design To develop competitively inhibiting modulators that can 
target the protein’s SBSs, NBDs and residues involved in 
the protein-pump communication pathways (L339, N508, 
G346, and I306).

Yuan et al., 2008

Synthetic peptides 7UDQVPHPEUDQH�SURWHLQV�WR�GLVUXSW�WKH�HIÀX[�SURWHLQ�70'V�
assembly.

Yuan et al., 2008

Suppression of P-gp expression Trythanthrin, trifluoperazine, short interfering double 
VWUDQGHG�51$��HOHYDWHG�OHYHOV�RI�UHDFWLYH�R[\JHQ�VSHFLHV�
�526���R[DO\O�ELV��1�SKHQ\O�K\GUR[RPLF�DFLG��2%3+$��DQG�
FRSSHU�1����K\GUR[\�DFHWRSKHQRQH��JO\FLQDWH��&X1*��DQG�
dopamine and cAMP regulated phosphoprotein (DARPP-32).

Yuan et al., 2008
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niques (HTS) and combinational chemistry methods gave 
10-fold more potent compounds when compared to the 
¿UVW�DQG�VHFRQG�JHQHUDWLRQV��7KXV�HYROYHG�WKLUG�JHQHUD-
WLRQ�LQKLELWRUV�ZHUH�KLJKO\�VSHFL¿F��ODFNHG�LQWHUDFWLRQV�
with CYP450 3A4 system and required no alterations in 
the chemotherapy doses. XR 9576 (tariquidar, an anthra-
nilamide derivative), a non-transported P-gp inhibitor, 
developed in this pace was stated to inhibit ATPase by 
interacting with a distinct modulatory binding site on the 
protein. It was believed to be the most promising but still 
VXVSHQGHG�GXH�WR�XQIDYRUDEOH�WR[LFLW\�UHSRUWV�LQ�SKDVH�
III trials in lung carcinoma cases. Other compounds 
discovered by this strategy include VX-710 (biricodar, a 
cyclopropyldibenzosuberane modulator, developed by Eli 
/LOO\�,QF����*)���������HODFULGDU��DQ�DFULGRQHFDUER[DPLGH�
GHULYDWLYH��GHYHORSHG�E\�*OD[R6PLWK.OLQH���2&����������
mitotane (NSC-38721), annamycin, R101933, ONT-093 
and LY335979 (zosuquidar) (Ozben, 2006).

Upcoming P-glycoprotein inhibitors among the 
natural product extracts

Discoveries in this natural resources area are gaining 
LQFUHDVLQJ�LQWHUHVW�VLQFH�WKH\�DUH�VDIH�DQG�QRQ�WR[LF��7KH�
JUDSH�IUXLW�LQWHUDFWLRQV�ZLWK�VHYHUDO�GUXJV�JDYH�WKH�¿UVW�
evidence of herbal applications in P-gp inhibition (Bailey 
et al., 1991). Several herbal constituents, as listed in Table 
II (Bansal et al., 2009b; Yuan et al., 2008) were identi-
¿HG�DV�SRWHQW�3�JS�LQKLELWRUV��7KRXJK�WKH�VWXGLHV�DOUHDG\�
proved most of them effective in vitro, it takes still long 
time to evaluate their suitability for clinical purposes. 

Apart from those tabulated inhibitors, ginsenoside 
Rg3, a red ginseng saponin was reported as a competitive 
P-gp inhibitor (Kim et al., 2003). Antineoplastic lamellarin 
D, a novel pro-apoptotic alkaloid agent of marine origin 
H[KLELWHG�LQVHQVLWLYLW\�WR�3�JS�PHGLDWHG�GUXJ�HIÀX[��9DQ-
huyse et al., 2005). Gomisin A, a dibenzocyclooctadiene 

TABLE II - /LVW�RI�QDWXUDO�FRQVWLWXHQWV�LGHQWL¿HG�DV�3�JS�LQKLELWRUV

CATEGORY EXAMPLES REFERENCES
Herbs Garlic, green tea, marine resources. Foster et al., 2001; Jodoin, Demeule, 

Beliveau, 2002
Peptides Kendarimide A, a novel peptide from a 

marine sponge of Haliclona oculata.
Aoki et al., 2004

Fruits Citrus fruit, grape, orange. Ikegawa et al., 2000; Takanaga et al., 1998
Herbal constituents
Glycosides ,ULGRLG�DQG�SRO\HWKDQRLG�ÀDYRQRLGV��

picroside II, acteoside. 
Najar et al., 2010 

Curcumin Curcuma longa Anuchapreeda et al., 2002
Ginsenosides Ginseng (Panax ginseng) Bansal et al., 2009b
Piperine Piper nigrum. Bhardwaj et al., 2002
Hyperforin and Hypericin St. John’s wort. Mathijssen et al., 2002
Bitter melon leaf extracts Momordica charantia. Limtrakul, Khantamat, Pintha, 2004
Flavonoids Diosmin from citrus fruit, quercetin from 

tea, ginkgo and St. John’s wort, naringin, 
biochanin, silymarin.

Choi, Jo, Kim, 2004; Choi, Shin, 2005; 
Zhang, Morris, 2003

Terpenoids
Monoterpenoid (R)-(+)-citronellal, (S)-(-)-betacitronellol 

and others from Zanthoxyli fructus�H[WUDFWV�
Yoshida et al., 2006

Sesquiterpenes ([WUDFWV�IURP�Zinowiewia costaricensis. Munoz-martinez et al., 2005
Diterpenoids Lathyrane from the seeds of caper spurge 

(Euphorbia lathyris).
Jiao et al., 2009

Triterpenoids Derived from the red sea sponge, 
Siphonachalina siphonella.

Jain et al., 2007

Others 5RRW�H[WUDFWV�RI�Stemona curtisii. Limtrakul et al., 2007
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TABLE III -�/LVW�RI�SKDUPDFHXWLFDO�H[FLSLHQWV�XVHG�DV�3�JS�LQKLELWRUV�DQG�WKHLU�3�JS�LQKLELWRU\�PHFKDQLVPV

CATEGORY EXCIPIENT EXAMPLES MECHANISM OF ACTION
Surfactants and solubilizing 
solvents

C8/C10 Glycerol & PEG esters: 
Cremophor, Solutol HS-15, Labrasol, 
Softigen 767, Aconnon E.
Sucrose esters: 
Sucrose monolaurate, sucrose monooleate
Polysorbates: 
Tween 80, Tween 20
Tocopherol esters: 
Tocopheryl-PEG-1000-succinate (TPGS)

The plasma membrane shows the lipid tails 
H[WHQGLQJ�DV�SHUWXUEDWLRQV��7KHVH�H[FLSLHQW�
molecules insert themselves between those tails of 
WKH�OLSLG�ELOD\HU�DQG�ÀXLGL]H�WKH�PHPEUDQH��7KH\�
may also interact with the bilayer’s polar heads 
and modify the hydrogen bond or ionic bond forces 
which may add onto their inhibitory action (Lo, 
2003).

Polymers Pluronic block copolymers: 
3RO\��HWK\OHQH�R[LGH���3RO\��SURS\OHQH�
R[LGH��EORFN�FRSRO\PHUV��3(2�332�

Pluronics inhibit the enzyme ATPase which causes 
ATP depletion. Thus they prevent the sensitization 
and desensitization of protein which are the basic 
requirements for the working of the protein pump 
(Batrakova, Kabanov, 2008).

Lipid excipients Peceol and Gelucire :KHQ�DSSOLHG�RQWR�&D&R���FHOO�FXOWXUH�V\VWHP��
WKHVH�H[FLSLHQWV�UHGXFHG�WKH�SURWHLQ�H[SUHVVLRQ�
which can be attributed to their capability of down 
UHJXODWLQJ�WKH�0'5��JHQH�H[SUHVVLRQ��6DFKV�
barrable et al., 2007).

Thiomers Chitosan-thiobutylamidine (chito-TBA) These are polymers with thiol groups. They interact 
with the cysteine groups located in the P-gp 
WUDQVPHPEUDQH�UHJLRQ�DQG�WKXV�LQKLELW�LWV�HIIOX[�
WUDQVSRUW�IXQFWLRQ��:HUOH��+RIIHU��������

Others They directly affect the P-gp - substrate binding by 
inhibiting the protein kinase activity. They decrease 
the P-gp phosphorylation and thus modulate P-gp 
PHGLDWHG�HIÀX[��&RUQDLUH�et al., 2004).

compound isolated from Schisandra chinensis, showed 
an evidence of altering P-gp substrate interaction non-
competitively and thereby reversing MDR. It is not a P-gp 
substrate by itself and can bind simultaneously to both 
P-gp and substrate. It is also known to inhibit the basal 
3�JS�DVVRFLDWHG�$73DVH�DFWLYLW\��:DQ�et al., 2006). CBT-
1 is another novel bisbenzylisoquinoline plant alkaloid 
in development as a P-gp inhibitor (Robey et al., 2008). 
7KH�HSR[LGH�PRLHW\�RI�ODXOLPDOLGH��D�PDFUROLGH�REWDLQHG�
from Hyatella species is a microtubule stabilizing agent 
which has been established as a P-gp inhibitor as well. Its 
antitumor activity was found to be a 100-fold more potent 
WKDQ�WKDW�RI�WD[RO�LQ�0'5�FHOO�OLQHV��&RUOH\�et al., 1988).

Pharmaceutical excipients

$Q�LGHDO�3�JS�LQKLELWRU�LV�WKH�RQH�WKDW�LV�QRQ�WR[LF�
with no pharmacological action of its own. Several phar-
PDFHXWLFDO�LQHUW�DGGLWLYHV�DQG�IXQFWLRQDO�H[FLSLHQWV�ZHUH�
investigated to study their P-gp inhibitory activity and 
to evaluate their role in enhancing the drug permeability 

across the lipid membrane. P-gp activity is modulated by 
the physical state of lipid bilayer where the protein actu-
ally resides. Several pharmaceutical agents of natural or 
synthetic origin that belong to various categories like the 
FRVROYHQWV��VXUIDFWDQWV��SRO\PHU�DQG�OLSLG�H[FLSLHQWV�ZHUH�
LGHQWL¿HG�WR�KDYH�WKH�3�JS�LQKLELWRU\�DFWLRQ��%XJJLQV��
Dickinson, Taylor, 2007). The mechanism of action differs 
ZLWK�WKH�W\SH�RI�H[FLSLHQW�DV�SUHVHQWHG�LQ�7DEOH�,,,��%DQVDO 
et al., 2009a). Most of these components increase the P-gp 
substrates absorption transport by inhibiting their secretion 
GLUHFWHG�WUDQVSRUW��7KH\�LQKLELW�3�JS�HIÀX[�E\�DFWLQJ�RQ�WKH�
OLSLG�PHPEUDQH�DQG�H[KLELW�IHZHU�VLGH�HIIHFWV��6XUIDFWDQWV�
and polymers solubilize and stabilize the drug molecule. 
7KH\�DFW�LQGLUHFWO\�DQG�QRQ�VSHFL¿FDOO\�E\�LQWHUDFWLQJ�
with the lipid bilayer. Some surfactants can further de-
crease the P-gp ATPase activity. A few act simultaneously 
by both the mechanisms. Pluronic block copolymers and 
other amphiphilic diblock copolymers modulate P-gp 
activity by inducing the membrane permeability changes 
through reduction in membrane microviscosity and also 
by depletion of cellular ATP levels. Vesicular transport of 
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substrates by micellar structures, modulate P-gp action 
mostly at concentrations greater than the critical micelle 
concentrations (Yuan et al., 2008).

Pharmaceutical formulations

([FLSLHQWV�DUH�VDIH��QRW�DEVRUEHG�IURP�WKH�LQWHVWLQH�
or gut and have wide pharmaceutical acceptance with a 
fair history of being incorporated into the parenteral and 
H[WHUQDO�IRUPXODWLRQV�DV�VROXELOL]LQJ�DQG�VWDELOL]LQJ�DJHQWV�
(Buggins, Dickinson, Taylor, 2007). Besides, in the present 
scenario, there is increasing development of novel drug 
delivery systems (DDS) like microspheres, nanoparticles 
and liposomes, all of which have inherent P-gp evading 
activity (Kim, Lim, 2002). The stealth particles (stealth 
liposomes) are known to saturate the P-gp carrier, reverse 
WKH�3�JS�HIÀX[�DQG�WKXV�GHOLYHU�FRQFHQWUDWHG�GUXJ�OHYHOV�
across the plasma membrane (Krishna, Mayer, 2000). 
3RO\PHULF�FRQMXJDWHV�DQG�PL[HG�PLFHOOHV�FDQ�E\SDVV�WKH�
3�JS�HIÀX[�VLQFH�WKH\�DUH�WUDQVSRUWHG�LQWR�WKH�FHOOV�YLD�
receptor mediated endocytosis in contrast to the typical 
free drug diffusion. The degradation products of poly-
mers or carriers may also block P-gp by direct interaction 
and inhibition (Dabholkar et al., 2006; Kobayashi et al., 
2007). Surfactant polymer nanoparticles were reported to 
RYHUFRPH�3�JS�PHGLDWHG�HIÀX[�E\�XQGHUJRLQJ�HQGRF\WLF�
vesicular transport (Chavanpatil et al., 2007). As such, a 
combination of both the approaches where P-gp inhibiting 
H[FLSLHQWV�DV�ZHOO�DV�WKH�QRYHO�''6�DUH�DSSOLHG�WRJHWKHU��
may serve as more potent P-gp inhibitors. Systems in 
which the therapeutic agents and sensitizers can be incor-
porated into a single carrier for simultaneous delivery to 
WKH�FHOOV�FDQ�EH�H[SORUHG�WR�IXUWKHU�HQKDQFH�WKH�HI¿FDF\�
RI�FKHPRWKHUDS\��'KDUPDOD��<RR��/HH��������:RQJ�et 
al., 2004).

Formulation strategies can be:
1. Encapsulating either the chemosensitizer or the drug 

while the other is freely delivered.
2. Co-encapsulation of the both.

Novel antineoplastic drugs

Novel 7-benzyl-4-methyl-5-[(2-substituted phe-
nyl) ethyl] -7H-pyrrolo [2, 3-d] -pyrimidine-2-amine 
series showed remarkable P-gp mediated MDR reversal 
potential by binding to a unique site on tubulin which 
was distinct from other antineoplastic drug binding sites 
(Gangjee et al., 2007). KP772 (FFC24), a new anticancer 
ODQWKDQXP�FRPSRXQG�ZDV�UHSRUWHG�WR�EORFN�3�JS�H[SUHV-
sion especially in MDR cancerous cells (Heffeter et al., 
2007). A selective tyrosine kinase (an epidermal growth 

IDFWRU�UHFHSWRU��LQKLELWRU��JH¿WLQDE�XVHG�IRU�WUHDWLQJ�OXQJ�
cancer interacted directly and inhibited P-gp function 
(Kitazaki et al., 2005). In vitro studies showed the selective 
modulation of MDR protein-ATPase activity by several 
4-anilinoquinazoline-derived tyrosine kinase inhibitors 
(TKIs), effective at their submicromolar concentrations. 
Such TKIs include canertinib, EKI- 485, erlotinib, lapa-
tinib, tyrphostin AG1478, and a phenylamino-pyrimidine 
derivative, imatinib. Another phenylamino-pyrimidine 
analogue, nilotinib (AMN107, Tasigna), was designed 
EDVHG�RQ�WKH�³LPDWLQLE�$%/�FRPSOH[´�FU\VWDO�VWUXFWXUH��
Nilotinib proved to be a potent, relatively selective inhibi-
WRU�RI�W\URVLQH�NLQDVH�DFWLYLW\�H[KLELWHG�E\�WKH�%&5�$%/�
gene, the platelet-derived growth factor and the mast/stem-
cell growth factor receptor (Tiwari et al., 2009).

Pharmaceutical prodrugs

One of the successful rational attempts would be to 
UHGXFH�WKH�VXEVWUDWH�SURWHLQ�DI¿QLW\�E\�LPSDUWLQJ�PLQ-
ute changes to the drug’s chemical structure, wherever 
applicable. The limitation with this approach could be 
loss of the drug’s pharmacological action brought about 
E\�FKHPLFDO�PRGL¿FDWLRQ��,Q�D�GUXJ�GLVFRYHU\�SURFHVV��
prodrugs are often designed to improve the pharmaco-
logical and pharmacokinetic properties of the drugs. 
Val-quinidine, a prodrug obtained by derivatization of 
quinidine was reported successful in circumventing P-gp 
transport (Jain et al.,��������7KH�¿UVW�DQG�WKLUG�JHQHUDWLRQ�
PAMAM dendrimer based prodrugs showed potency as 
membrane permeability enhancing P-gp inhibitors for 
P-gp substrate drugs (Thiagarajan et al., 2010). Pegylated 
substrate-prodrugs and substrate encapsulated liposomal 
SHJ\ODWLRQ�FDQ�HVFDSH�WKH�3�JS�HIÀX[��,PPRUGLQR�et al., 
2003). Formulations using PEG-derivatized phospholipids 
altered the pharmacokinetics dramatically by imparting 
long elimination half-lives and small volumes of distribu-
tion (Dadashzadeh, Vali, Rezaie, 2008). Substrates can be 
VWUXFWXUDOO\�PRGL¿HG�WR�IRUP�FRQMXJDWHV�RI�VXEVWUDWH�DQG�
monoclonal antibody (MAb) for delivery as MAb-prodrug 
V\VWHP��*XLOOHPDUG��6DUDJRYL���������3DFOLWD[HO��¶�HWK\O�
carbonate, a substrate-prodrug synthesized using radical 
co-polymerization and substrate-copolymer conjugates of 
+30$�DUH�WKH�H[DPSOHV�RI�FRQMXJDWH�''6�ZKLFK�SURYHG�
WR�EH�HI¿FLHQW�3�JS�E\SDVVLQJ�V\VWHPV��7DQLQR�et al., 2007; 
Stastny et al., 1999).

Inhibitors of de-Novo origin

Generation of chemical atomic structures and pre-
diction of the binding ability of such virtually designed 
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ligands and proteins by applying docking programs and 
molecular modeling methods is called de-Novo design. 
Homology modeling based on disulphide cross linking 
established an atomic detailed model for the human ABC 
transporter, P-gp. However, the secondary and tertiary 
structures of P-gp still remain incompletely elucidated due 
to the protein’s crystallization inability for carrying out X-
ray crystallographic analysis. Atomic structural resolution 
models are being generated for P-gp based on the protein 
homology strategy by utilizing the cellular and molecular 
biology knowledge of other ABC transporters like LmrA, 
a bacterial P-gp homologue (from Lactococcus lactis) 
and MsbA, an E. coli derived MDR-ABC transporter 
homologue (Pleban et al., 2005; Eckford, Sharom, 2005; 
Chang, Roth, 2001). The earliest research study suggested 
the presence of two functional substrate binding sites on 
the protein’s transmembrane segments. They were named 
as H and R sites based on their respective selectivity for 
Hoechst 33342 and Rhodamine 123. They are considered 
as the protein’s “active transport sites” since the two sites 
functioned with positive cooperation to bring about P-gp 
HIÀX[�WUDQVSRUW��'UXJ�ELQGLQJ�WR�DQ\�RQH�RI�WKHVH�VLWHV�
stimulated the transport by the other. However, the pres-
ence of at least a four more drug binding sites was later 
UHSRUWHG��'LVWLQJXLVKLQJ�WKHVH�QHZO\�LGHQWL¿HG�VLWHV�DV�
transport sites or modulatory sites still remains debatable 
(Haslam et al., 2008; Sharom, Lugo, Eckford, 2005; Mar-
tin et al., 2000). Any inhibitor that can bind to the transport 
site can serve as a competitive inhibitor for P-gp sub-
strates. Polyvalence, the presence of multiple drug binding 
VLWHV�ZLWKLQ�D�ODUJH�DQG�ÀH[LEOH�³FRPPRQ�SURWHLQ�GUXJ�
pocket”, paves a path to develop a series of inhibitors. Re-
ports stated that homodimers of stipiamide separated with 
VSDFHUV�RI�GH¿QHG�OHQJWK�UHYHUVHG�ZLWK�JUHDWHU�HI¿FDF\��
WKH�3�JS�GUXJ�HIÀX[��6DXQD�et al., 2004). Therefore, P-gp 
HIÀX[�EORFNLQJ�FDQ�EH�DFFRPSOLVKHG�HLWKHU�E\�GHYHORSLQJ�
inhibitor compounds that can compete with the substrates 
for drug binding active transport sites or by those inhibi-
tors which can bind to distinct modulatory sites affecting 
the allosteric regulation. The latter is categorized as non-
transported inhibitors as they are not substrates for P-gp 
HIÀX[�DQG�WKH�IRUPHU�FDQ�DFW�DV�FRPSHWLWLYH�3�JS�LQKLELWRUV�
�������7KH�WKLRPHU�H[FLSLHQWV�ZHUH�UHSRUWHG�WR�FRYDOHQWO\�
modify the cysteine residues on TMDs and thereby inhibit 
3�JS��,QKLELWRU�FRPSRXQGV�ZKLFK�FDQ�VSHFL¿FDOO\�EULQJ�
DERXW�WDUJHWHG�PRGL¿FDWLRQ�RI�3�JSV�1%'V�DOVR�UHSUHVHQW�
a challenging contribution since all the ABC transporters 
SRVVHVV�KLJKO\�FRQVHUYHG�1%'V��:HUOH��+RIIHU���������,I�
NBDs are blocked, ATP hydrolysis are affected leading 
to P-gp functional paralysis. Besides, several signaling 
UHVLGXHV�KDYH�EHHQ�LGHQWL¿HG�RQ�WKH�70�VHJPHQWV�OLNH�

G346, I306, L339 and N508. They are involved in the 
allosteric communication pathways that are set during 
drug occupancy. Any chemosensitizing candidate that can 
cause mutation of these residues can alter the ATP binding 
and hydrolysis steps assuring promising inhibition of the 
SURWHLQ�HIÀX[��6WRUP�et al., 2007).

Peptide inhibitors

Some hydrophobic, linear and cyclic transmembrane 
peptides were designed based on the protein’s primary 
structure of the TMDs, presuming their involvement in 
disrupting the proper assembly of the transporter. There 
were reports that these peptides could effectively resen-
sitize the resistant cancer cells in vitro��WR�GR[RUXELFLQ��
independent of chirality and without demonstrating any 
HPLQHQW�FHOO�WR[LFLW\��6KDURP�et al., 1998). Research on 
UHYHUVLQ�����>1��Į���%RF�O�$VS��2%Q���O�/\V��=���2W%X@��
a second generation P-gp inhibitor led to the conception of 
fully non-competitive and potent peptidomimetic inhibi-
tors. The replacement of the compound aspartyl residue 
E\�WUDQV���K\GUR[\�O�3UROLQH�����5��+\S��JDYH�WZR�QHZ�
molecules whose IC50 values were 2- and 7-folds lower 
than that of the parent compound. They were respectively 
named as reversin 11 and reversin 15. The only difference 
between these molecules lies in the presence of a reduced 
carbonyl group of the peptidyl bond in reversin 15. These 
FRPSRXQGV�ZHUH�UHSRUWHG�DV�VSHFL¿FDOO\�3�JS�WDUJHWLQJ�
non-transported inhibitors by binding to an allosteric 
modulatory site other than H and R sites on the protein 
(Arnaud et al., 2010).

P-gp expression suppressers

6LQFH�3�JS�H[SUHVVLRQ�LQFUHDVHV�E\�XSUHJXODWLRQ�RI�
MDR1 gene RNA levels, compounds like trypthanthrin 
DQG�WULÀXRSHUD]LQH��WKDW�UHYHUVH�WKH�0'5��H[SUHVVLRQ�RU�
down regulate the MDR1 gene RNA levels are anticipated 
WR�¿QG�VFRSH�DV�QRYHO�3�JS�LQKLELWRUV��<X�et al., 2007; Shin 
et al.,��������&KHPLFDOV�VXFK�DV�FRSSHU�1����K\GUR[\�DFH-
WRSKHQRQH��JO\FLQDWH��&X1*��DQG�R[DO\O�ELV��1�SKHQ\O�
K\GUR[RPLF�DFLG��2%3+$��ZHUH�UHSRUWHG�WR�UHVHQVLWL]H�
the MDR cells to chemotherapy by down regulating the 
3�JS�RYHU�H[SUHVVLRQ��0DMXPGHU�et al., 2006). The rever-
sal of P-gp mediated MDR, achieved by a form of gene 
silencer, short hairpin shaped interfering double stranded 
51$��VL51$��LQ�WKH�SRVW�WUDQVFULSWLRQDO�SKDVH�H[KLELWHG�
selectivity and plasmid/vector targeted delivery limita-
WLRQV��.DWRK��8HQR��7DNDNXUD���������7KH�H[SUHVVLRQ�RI�
MDR1 product, P-gp, requires activation of the MDR1 
promoter which is favored by phosphorylated RNA he-
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licase A (RHA). Since the phosphorylation is catalyzed 
by DNA-dependent protein kinase, selection of drugs 
that can inhibit this subunit can be one of the alternative 
approaches to abolish MDR developed by P-gp (Zhong, 
Safa, 2007). Dopamine and cAMP regulated phospho-
protein (DARPP-32) induced downregulation of P-gp 
H[SUHVVLRQ�LV�DQRWKHU�KRSHIXO�UHYHUVDO�VWUDWHJ\��+RQJ�et 
al.,��������(OHYDWHG�LQWUDFHOOXODU�UHDFWLYH�R[\JHQ�VSHFLHV�
�526��LQYROYHG�LQ�+,)��Į�H[SUHVVLRQ�UHJXODWLRQ�DQG�RU�
its stability stands out as one more feasible strategy to 
FLUFXPYHQW�3�JS�HIÀX[��0XOWLFHOOXODU�WXPRU�VSKHURLGV�
ZHUH�LGHQWL¿HG�ZKLFK�FRXOG�LQGXFH�HQGRJHQRXV�R[LGDWLYH�
stress. Such stress conditions elevate ROS levels which in 
WXUQ�VWLPXODWH�WKH�R[LGDWLYH�GHIHQVLYH�V\VWHPV�RI�WKH�ERG\�
DQG�WKH�GHIHQVLYH�V\VWHPV�EORFN�WKH�3�JS�HIÀX[��.KDLWDQ��
Dwaraknath, 2009).

Future prospects

Rationalization of the course of evolution and emer-
gence of P-glycoprotein inhibitors

A rational drug design strategy can be used for 
characterizing compounds as P-gp inhibitors/substrates/
inducers as it provides an approach to better understand 
the enigma of P-gp in drug development and delivery. It 
includes the in silico, in vitro screening techniques and 
de-Novo design to study P-gp interaction with different 
compounds so as to establish the protein’s structural basis 

for substrate and modulator recognition. The two stages of 
rational drug design strategy for the evolutionary design 
DQG�HYDOXDWLRQ�RI�3�JS�LQKLELWRUV�FDQ�EH�FODVVL¿HG�DV�GLV-
covery or screening and developmental or characterization 
phases as described in the Figure 3. 

The screening phase involves in silico and in vitro 
studies where the compounds or chemical entities are 
screened for their P-gp affinity. The in silico analysis 
involves the use of chemical libraries and structural da-
tabases for screening. The in vitro tests used to identify 
3�JS�LQWHUDFWLQJ�FRPSRXQGV�LQFOXGH�F\WRWR[LFLW\�DVVD\V��
DFFXPXODWLRQ�HIÀX[�DVVD\V��EDVHG�RQ�ÀXRUHVFHQW�RU�SKRWR�
DI¿QLW\�VWXGLHV���WUDQVSRUW�DVVD\V�DQG�$73DVH�DVVD\V��

7KXV�LGHQWL¿HG�FKHPLFDO�VWUXFWXUHV�FDQ�EH�HVWDE-
lished as P-gp inhibitors/substrates/inducers, based on 
the tests carried out in the characterization phase which 
includes in-situ, mechanistic, in vivo and human studies. 
7KHVH�VWXGLHV�SURYLGH�D�GHHSHU�LQVLJKW�LQWR�WKH�DI¿QLW\�
DQG�VSHFL¿FLW\�RI�WKH�3�JS�LQKLELWRUV�VXEVWUDWHV�LQGXFHUV��
By using this sequential strategy, the compounds can be 
FRPSOHWHO\�FKDUDFWHUL]HG�VWDUWLQJ�IURP�WKHLU�H[WHQW�RI�
VHQVLWLYLW\�WR�3�JS�RU�WKHLU�3�JS�VHQVLWL]LQJ�HI¿FLHQF\�WR�
WKHLU�GUXJ�LQWHUDFWLRQ�DQG�WR[LFLW\�SUR¿OHV��%DQVDO�et al., 
2009b). This kind of a schematic approach can rational-
ize the discovery and development of newer, inert/safer, 
QRQ�WR[LF��DQG�PRUH�HI¿FLHQW��VSHFL¿FDOO\�WDUJHWLQJ�3�JS�
inhibitors.

FIGURE 3 – 6FKHPDWLF�ÀRZ�FKDUW�IRU�WKH�HYDOXDWLRQ�RI�D�FRPSRXQG¶V�LQWHUDFWLRQ�ZLWK�3�JS�DQG�WR�GLVWLQJXLVK�LW�DV�DQ�LQKLELWRU�
inducer/substrate. The chart links various study models useful for screening and developing P-gp interacting compounds.
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CONCLUSION

3�JS�HIÀX[�GUDVWLFDOO\�DIIHFWV�WKH�ELRDYDLODELOLW\�RI�LWV�
substrates by decreasing their effective plasma therapeutic 
concentration levels. Co-/concurrent administration of the 
P-gp substrate-therapeutics with the P-gp inhibitors can 
SUHYHQW�RYHUFRPH�WKH�VXEVWUDWH�H[SXOVLRQ�E\�3�JS�DQG�UHQ-
GHU�WKH�LQWHQGHG�WKHUDSHXWLF�EHQH¿WV�RI�WKH�VXEVWUDWH�GUXJV��
Hence, the research in this area remains an ever-challenging 
mission to the scientists. However, as a concluding remark, 
LW�VKRXOG�EH�QRWHG�WKDW�D�FDXWLRQ�PXVW�EH�H[HUFLVHG��7KH�GUXJ�
therapy/treatment for diseases using those pharmacological 
agents co-/concurrently administered with P-gp reversal 
agents should be carefully monitored after assessing all the 
possible risks associated with their usage. 

6HYHUDO�HI¿FLHQW�3�JS�WUDQVSRUW�EORFNHUV�ZHUH�GLV-
covered earlier with the aim of enhancing the bioavail-
ability of vital therapeutic P-gp substrates, most of them 
demonstrated shortcomings like unwanted side effects 
DQG�WR[LFLWLHV�ZKLFK�LPSHGHG�WKHLU�FOLQLFDO�XWLOLW\��+HQFH�
there has always been a solid thrust on the pharmaceutical 
industry to develop new chemical entities to avoid or at 
least overcome these restraining phenomena. The recog-
QLWLRQ�RI�LQKLELWRUV�DPRQJ�WKH�QDWXUDO�SURGXFW�H[WUDFWV��
LQHUW�SKDUPDFHXWLFDO�H[FLSLHQWV�DQG�IRUPXODWLRQV�WR�VHUYH�
the cause is gaining utmost importance at present and as 
VXFK��VHYHUDO�LQKLELWRU�FDQGLGDWHV�LGHQWL¿HG�XQGHU�WKHVH�
categories have been compiled in this review. The safe, 
QRQ�WR[LF�QDWXUH�RI�KHUEV�DQG�WKH�LQHUW��QRQ�JXW�DEVRU-
EHQW�FKDUDFWHUV�RI�H[FLSLHQWV�PDNH�WKHP�VWDQG�RXW�XQLTXH�
forever. Though the upcoming researches identify and 
develop uncountable candidates from these classes, only 
the clinical trial reports can establish them as perfect ratio-
nal P-gp inhibitors. A deeper insight into the rational drug 
design becomes indispensable at this stage of research 
WR�FRPH�RXW�ZLWK�PRUH�SURPLVLQJ�LQHUW�DQG�QRQ�WR[LF�
P-gp inhibitors. Unearthing the promiscuity of the P-gp 
VWUXFWXUH��H[SUHVVLRQ�DQG�VXEVWUDWH�LQWHUDFWLRQ�LV�OLNHO\�
to provide a better understanding and open new vistas to 
develop novel inhibitory strategies. The development of 
novel reversal agents requires that the interaction between 
P-gp and the model compounds is well characterized. An 
attempt has been made in the current review to provide a 
3�JS�LQWHUDFWLRQ�SUR¿OH�RI�D�IHZ�FRPSRXQGV��7KH�UHYLHZ�
discussed on several pharmaceutical prodrugs, synthetic 
peptides, certain novel antitumor drugs, de-Novo synthe-
VL]HG�LQKLELWRUV��DQG�3�JS�H[SUHVVLRQ�VXSSUHVVRUV�ZKLFK�
ZHUH�UHSRUWHG�WR�VXFFHVVIXOO\�HVFDSH�WKH�3�JS�HIÀX[��7KH�
GHYHORSPHQW�RI�IXUWKHU�VSHFL¿F�3�JS�WDUJHWLQJ�LQKLELWRUV�
is foreseen in the nearest future to tackle and overcome the 
P-gp induced MDR and bioavailability problems.
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