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The role of P-glycoprotein (P-gp) in cancer Multidrug Resistance (MDR):
Challenges for Inhibiting P-gp in the context of overcoming MDR

Abstract:
Multidrugresistance(MDR),asiswellknown,isregardedastheprimaryfactorincancertherapyfailure.
A common mechanism of MDR in anticancer drugs is the expression of P-glycoprotein(P-
gp),aclassofATP-dependentmembranetransporteffluxpumpscalledadenosinetriphosphate(ATP)-
bindingcassette(ABC)transporters.ltpumpsxenobioticsoutsidethecellandplayspartintypical
physiological detoxification and host defense activities. This transporter is distributed
ingastrointestinal mucosa epithelial cell surfaces, blood-tissue barriers, hepatic biliary
epithelium,proximal tubules of the kidney, and the adrenal cortex. P-gp is known to be
responsible for MDRbecause of its over-expression in malignant cells. It functions as an efflux
pump lowering theconcentration of drugs intracellularly, thus decreasing the effectiveness of
cancer chemotherapy.Although using multiple anticancer medications is a good strategy,
Cancerous cells are able todevelopMDR.AnumberofchemicallysynthesizedP-
gpinhibitorswereinvestigatedtoovercomeMDRinclinicalstudies.Additionally,certainnaturalcompo
undshavebeenobservedtomodulateP-gp. Numerous investigations on strategies to modulate MDR
have been conducted as a result of the significant impact of chemotherapeutic drug
resistance. This review discusses the role of P-gp in cancer MDR and challenges for inhibiting P-
ap inthecontextofovercomingMDRmediatedbyP-

gp.ltisconcludedthatthediscoveryofselective,safe,andpotent inhibitors ofP-gp remains necessary.
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1. Introduction

Cancer is among the worst hazards to health of people in the twenty-first century which has
beenlinked to unhealthy diets, cigarettes and alcohol use, ageing, population expansion,
chronicinfections, and environmental pollution [1]. The current rise in cancer cases places a
heavyeconomic and social burden on society. Since Goodman [2], Farber et al. [3], and
collaboratorsfirstintroducedchemotherapyforthetreatmentoflymphosarcomaandleukemiabeforem
orethanseventy years, chemotherapy has been extensively used to treat cancer. [4]. Drug
resistance candevelop following the initial treatment which is referred to as acquired drug
resistance [5].
ThephenomenonknownasMDRoccurswhenseveralmalignantcellsbecomeresistanttoavarietyofstru
cturallydistinctanticancermedications[6,7].MDRreferstoatumor'scapacitytosimultaneously
exhibit resistance to several structurally and functionally unrelated anticancerdrugs [8]. It
isconsidered as one of the challenges to the effective clinical use of severalchemotherapy drugs.
Without  prior chemotherapy exposure, MDR develops in cancer cells as
aresultofepigeneticandgeneticchangeswhichimpactchemotherapysensitivity.Duringchemotherapy
, MDR can also develop in cases of cancer cells that were initially sensitive
toanticancerdrugs.Additionally,itisunderstoodthatamixtureofdrug-sensitiveanddrug-resistantcells
typically make up malignancies [9, 10]. Cells that are resistant to drugs start to predominatethe
cancer cells when drug-sensitive cells are selectively killed during treatment.
Numerousinvestigations on strategies to modulate MDR have been conducted as a result of the
significantimpactof chemotherapeuticdrugresistance.

2. MDR

MDR is still a major obstacle to successful cancer treatment. Data shows that more than
90%mortalityofcancerpatientsisduetoMDR[11].Incancerchemotherapy, MDRreferstoacancercell's
capability for survival against a variety of anticancer medications where resistance to
onechemotherapeutic agent is associated with resistance to agents that have completely
differentstructures and mechanisms of action [12]. This defense mechanism has been developed
by livingorganisms against toxic substances in the environment as they should prevent the
harmful effectsof cytotoxic substances through efflux pumps. Chemotherapy should permeate

from the blood totumor tissue cancer. Drug absorption in these cells is decreased as a result of
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MDR mechanismthatmay becreated by increased drugreleaseoutsidethe cells[13].
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During cancer treatment, overexpression of the efflux pump in tumor cell is a crucial
MDRregulator[14]. Thetransportof cancerchemotherapy
acrossthemembraneismediatedbyafamilyof ATP-dependent transporters. These transporters are
consisting of 2 transmembrane domains(TMDs) and 2 cytoplasmic domains which bind to ATP
thus called ATP-binding cassette (ABC)[13]. P-gp binds to chemotherapeutic drugs after ATP
hydrolyzed then P-gp structure of has
beenmodified. Then,theanticanceragentreleasesextracellularly. Afterthe2ndhydrolysisofATP,thetra
nsporterrecoversto itsprimarystructure,enablingthe drugto exit outsidethecell [16, 17].

Research works on cell lines of tumor have recognized transporters that act to facilitate
drugrelease extracellularly as a major mechanism for MDR. There are at least forty-eight
structurallyassociated transporters called ABC-family [18], and subfamilies include subfamily
(B) whichincludes P-gp and subfamily (C) which includes multidrug resistance-associated
protein (MRP)transporters.P-
glycoproteinbindstoawiderangeofsubstrates,especiallywhichhavehydrophobic ~ domains  and
positive-charged-areas [19]. MRP1 expression has been reported incancerous cell lines that
resemble stem cells in some characteristics [20], supporting the idea thattumorstem cells

generally express thosedrug-efflux transporters [21, 22].

3. P-gp:anoverview
Burchenaletalwerethefirstresearcherswhodocumentedadrugresistancecaseinamousemodelof
leukemia to 4-aminomethylpteroylglutamic acid [23]. Then, after few years, HelLa cells
andChineseHamsterOvary(CHO)cellsshowedthesamekindofresistancetotheantibioticactinomycin
D, according to two other studies [24, 25]. The concept of MDR was thus emerged;however, it
was not fully understood until the ATP-dependent efflux of daunomycin,
anotherantibiotic,wasseeninresistantcellsofEhrlichascitescarcinomawhichdisplayedcross-
resistanceto anticancer agentsvinca alkaloids [26]. A 170 kDa efflux pump was discovered as a
result ofsurface-labelling experiments in CHO cells which exhibited colchicine resistance and
also cross-resistance toa number of amphiphilicmolecules [27]. This pump was named P-gp, or
thepermeability-glyco-protein,referstoitscapabilityofalteringthedrugpermeabilityrate;thehigherthe
expression of P-gp the higher the degree of drug resistance. After MDR phenotype
wasgenetically examined and post multiple cloning experiments in both animal and human cell

lines,it was found that ABCBL1 gene is responsible for producing the P-gp multidrug transporter,
4
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P-gp transports a variety of structurally varied molecules and possesses a wide range of
drugspecificities.Asaresult,drugaccumulationinsidecellsisreduced,whichinturnreducesmedication
efficacy.P-
gpisknowntobethefirstdiscoveredandbeststudiedMDRtransporter.Itisconsideredasapossibletargett
opreventcancerMDR[33].Reducedresponsestochemotherapyand bad prognosis in a variety of
cancer forms were linked to higher expression of P-gp incarcinogenic cells. Leukemia and breast
cancer are initially expressed P-gp at low levels
andprogressedafterreceivingchemotherapy,showedupregulationofP-
gp[34].Avarietyofchemotherapeutic agents which are essential for protocols of chemotherapy are
liable to effluxmediatedby P-gp [7, 35-37].

P-gpisaneffluxpumpwhichtransportcompoundsactivelyoutsidethecellagainsttheconcentration
gradient using ATP [38]. In normal cells, P-gp has the capability to directly affectthe
pharmacokinetics and the toxicity of medical products, influencing both bioavailability
andefficacy [39]. This point should be considered when developing a new medication. Therefore,
tocheck for possible P-gp substrates, screening during the early phases of drug production
isencouragedby theFoodandDrug Administration [40].

In humans, there are 2 gene family of P-gp, named MDR1 and MDR3 [41]. In contrast to
MDR3,which shows a limited expression, human MDR1 is distributed to a large extent and can
efflux avariety of medications out of the body cells. However, highest expression of MDR3 is in
thecanalicular membranesof hepatocytes [42]. Recently, it has been noted that human
MDR3contributesto
medicationstransportthusitplaysnoroleinMDRandhasnorelevantpharmacological ~impact  [43].
Since MDR1 is widely expressed in human body cells and isconsidered among the most vital
ABC-transporters for substrate efflux, it has pharmacologicalsignificance.It hasbeendeterminedto
betheprimarycauseof cancerMDR [41-43].

4. LocalizationandexpressionofP-gp

P-gp is localized and highly expressed on surface of the epithelial cells in different tissues
likerenal proximal tubules, adrenal cortex, mucosa of the digestive system, biliary epithelium of
theliverandtheblood-tissuebarriers(Figurel).Thelattercomprisetheblood-
brainbarrier'sendothelialcomponent, theplacenta, theendometrialtissue,and testicular tissue [44-
46].
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P-gp expression was investigated in cellular and animal models, as well as the human

intestine[47].P-gpisconvenientlylocatedtotopvilliofenterocytestoidentifyitssubstrateandpumpit
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backintotothelumenoftheintestinal(Figurel).P-gplevelsinthesmallintestinearenotuniform,and it
has been observed that the transporter is expressed differently in different epithelial villicells,
with columnar cells expressing it more strongly than the crypt [48]. The expression of P-gpisnot
equalalong the intestine,but instead increasesfrom thestomachto thecolon[45].
P-gpisoverexpressedincancer
cells,causingthesecellstoeffluxchemotherapeuticmedicinesoutofthem,loweringtheirconcentrationi
nsidethecancerouscells[49].However,P-gpexpression levels in the kidney and adrenal cortex have
been shown to be at least as high as thosedetectedinseveral
MDRcancerouscelllines[45,50].Intestinal P-gpexpressionwasfirstshownin the Caco-2 cells
(human colon cancer cells) [51-54] and in P-gp knock-out mice as well [55].P-
gplocalizationclearlysuggestsakeyroleforP-gpaseffluxpump,whichservesasamajorgatekeeperby

limiting thepenetrationofchemotherapyinto the cancercells.

5. FunctionofP-gp

P-gp is suggested to act as a cleaner by expelling anticancer medications from the cell
innermembrane [56]. In addition to its function in cancer, P-gp has an essential role in
physiologicalprocesses that normally detoxify the body and protect the hostby transporting a
variety ofsubstrates [7]. P-gp protects our body against xenobiotics, medications or toxins by
ejecting themout of the cell. Moreover, P-gp protects bone marrow’s hematopoietic-progenitor
cells againstchemotherapy'scytotoxiceffects[57].

P-gp that is expressed in the epithelia of the gut plays a role on the oral bioavailability
ofmedications because of its capability to decrease their permeability and increase their
excretion[55]. P-gp, which is found in the apical membrane of vascular endothelial cells, is
thought to be avitalpieceoftheblood-
brainbarriers,whichpreventshazardouschemicalsfromenteringthebrain[58, 59].

P-
gphasthreemainfunctions.First,itpreventsdrugsfromenteringthebodyafteroraladministrationbecaus
eitisfoundinthe  intestinal  cell’sapicalmembrane.Second,oncesubstratehave  entered  the
bloodstream, P-gp eliminates them through urine and bile because it is found inthe hepatic
canalicular membrane and the apical surface of the renal proximal convoluted tubulecells,
respectively. Third, P-gp prevents drugs from entering vital tissues, particularly the blood-brain

barriers [60]. The bioavailability and distribution of medications are reduced largely by P-
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gp.Thetherapeuticleveland bioavailabilityof themedication aretherefore not met.
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Paclitaxel was shown to be absorbed orally in P-gp-deficient mice more readily than in wild-
typemice, demonstrating that P-pg prevents drug absorption by expelling medicines to the lumen
ofintestine.StudiesutilizingP-
gpinhibitorsandsubstrateslikecyclosporine[61]anddocetaxel[62]haverevealedthatsimilareffectsma
ypossiblyoccurinhumans.P-
gphasalsobeendemonstratedtoserveasanexcretoryproteininthegut;afterinjectingmicethatexpressed
P-gpwithdigoxin,asignificant dosage amount was released within 90 minutes into the lumen of
intestine afteradministration. This secretory effect was not observed when P-gp was inhibited or

when P-gpknockoutmicewereused[63]. This resultwasalso confirmed inhumans [64].

6. StructureofP-gpandmechanismofsubstratesefflux

P-gp, ABC transporter 170-kDa with 1280 amino acids, is an ATP-dependent efflux pump and
isencoded by MDR1 gene [65]. It is made up of two symmetrical cassettes, one with an amino
(N)and one with a carboxyl (C) terminus [66]. Each consists of six TMDs that are connected to
oneanother by a polypeptide chain that is 80 amino acids long and has an ATP-binding motif
[67]. ItisfoundthathumanP-
gphave4domains,2ofwhicharehydrophobic(TMDs)crossthemembrane6 times per domain i.e.,
twelve times per molecule of P-gp, through putative a-helices [68, 69].The other 2 domains are
hydrophilic  (NBDs), and they are located at the cytoplasmic face of
thecellmembrane.(Figure2).Theproteinappearstoconsistoftwohomologousparts,eachofwhichconta
ins a TMD and an NBD, and it was created through gene duplication. There is a lot
ofevidencethatsupportsacatalyticcycleinwhichthetwoNBDsalternatelyhydrolyze ATP,despitethefa
ctthattheprocessesofsubstratetranslocationand ATPbinding bytheP-
gpareunclear[70].ThedrugbindingsitesarefoundtobelocatedontheTMDs[35].Researcherssupposed
that ATPbinding and/or hydrolysis alters the conformation of molecules, which is transferred
from NBDsto TMDs, which therefore facilitates the translocation of solutes (Figure 3). There is
indirectevidencethatP-gpundergoesconformationalchangesafternucleotidebinding[ 71—
74].0nceATPbindstoP-
gpcytoplasmicsideandtriggersitshydrolysis,thesoluteisexcretedextracellularlyandATP  molecule
released phosphate [75]. A new molecule of ATP binds to the subsequent
ATPbindingsiteafterthereleaseofadenosinediphosphate(ADP).Resetoftheproteinwill

takeplacefollowingATPhydrolysis[76].
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The most recent structural determinations have started to elucidate the molecular process
throughwhichP-gpmediatesMDR.The precisedrugtransportpathwayhasnotyetbeenfullyelucidated
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in the context of a changing conformational landscape for P-gp, even though P-gp structures
incombination with actual anticancer drugs have not yet been discovered. The binding sites at P-
gpare correlated with the ligands structure and activity, which also should be assessed with

variousmedicationsand drug-bound structures.

P-gp has a large and diverse drug-binding domain that includes several, overlapping binding

sitesandcanaccommodatebothsmallandlargemoleculesaswellasmultiplecompoundssimultaneously
The disclosed mouse P-gp configurations further link individual TMD

helicesrotationandtranslationtotheopeningandclosingofthetwoP-

gphalves,resultinginacontinuouschangein surfacetopology[77].

In the pharmaceutical industry, determining drug's P-gp susceptibility has evolved as an
crucialstage in the creation of new medicines [7, 78]. Documentation of drug-P-gp interactions is
nowmandated by US Food and Drug Administration (FDA) and European Medicines Agency
(EMA)forapproval of any newdrug. [79].

7. P-gpinhibitors
P-gptransportsavarietyofsubstratesthatvaryfromoneanotherinbothstructureandfunctionality.P-
gpsubstratestypicallyseemtohaveanamphipathicandlipophiliccharacter[80]. Theyarebasicnitrogen
ouscompoundsformingmanyhydrogenbonds[81]. Theyincludevariousanticancer drugs [82-84] and
many other classes of drugs with at least 480 substrates alreadyrecognized and this number is
continually growing [85].As mentioned before, P-gp serves
toprotectthebody’scellsfromtoxinsbypreventingtheirentry. However,sinceP-
gpisoverexpressedincancerous cells,impedingdrugaccess,theeffectofP-
gpshouldbepreventedinsuchconditionsforchemotherapeuticefficacy[86]byinhibitingtheP-gp-
anticancerdruginteraction [87]. Over the years, a number of P-gp inhibitors have been reported.
When co-administered with an anticancer agent, the P-gp inhibitors increases the total
concentration ofimportant therapy inside the cancerous cell [88]. To suppress the P-gp function,
many inhibitorshave been explored [89, 90]. The main challenge of this approach is the absence
of non-toxic andstrong inhibitors. Instead, medication research efforts are currently focused on
discovering ofnovelsubstances or waysto avoid P-gp action.
Co-administeringP-gptransportsubstratesascancerchemotherapeuticagentswithP-

gpinhibitorshasbeenbelievedtobeatherapeuticstrategytoovercomeMDRduringcancertreatmentby
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inhibiting efflux of drugs mediated byP-gp.This combined therapeutic approachhas
beenhypothesized to block P-gp thus decreasing the efflux of anticancer drugs and increasing
theirbioavailability [91]. Research efforts have been made to find safe, effective and specific P-
gpinhibitors.ThedevelopmentofP-gp
modulatorshasattractedalotofattentioninthepastwiththeobjectiveofovercomingP-gp-
mediatedMDRinchemotherapy.Duetofailuresofthesemodulators,excitementhaslargelysubsided. T
hecausesbehindthesefailuresarecomplicatedandnot entirely obvious. [92, 93]. One clear reason is
their toxicity to healthy tissue. To reduce theunwanted toxic effect of P-gp inhibitors to healthy
cells, these modulators should be deliveredspecifically to cancer cells.Low potency and
specificity of most known P-gp modulators isanotherserious issue.

Older P-gp inhibitors have not been produced primarily to block MDR and instead have
distinctpharmacological activity. Verapamil, for example, is a calcium channel inhibitor with a
P-gpbindingaffinityofonlyabout10uMandwasoneoftheearlyP-gpmodulators

examinedclinically[94]. Cyclosporine A, an immunosuppressive drug, was initially investigated
as a low affinity P-gp inhibitor in clinical research [95]. Due to the limited affinity of such
agents, large dosages hadto be used, which had harmful effects and even toxicities. In general,
identified P-gp inhibitorshavelower specificity andpotencythan themajority of medicationsused

clinically.

Most P-gp inhibitors are created to alter its functionality [96]. P-gp modulators have been
foundto act either through competition with binding sites or interference with hydrolysis of ATP.
Inadditiontothetwoexistingmechanisms,anallostericmechanismforP-

gpinhibitionwasrecentlyidentified[97].

Priortobeingtransportedtotheextracellularspace,substratesarefirstboundtotheP-gp[98].P-gp
binding pockets are thought to be low specific and high flexible, making it possible to
bypassMDR-related problems when treating cancer [99]. The inhibitors of P-gp are divided into

fourmajorgenerations [97](Table 1).

The1*'generationP-
gpinhibitorsareactivepharmacologicalsubstancesthatinvolvedintreatmentofsomediseases. Theyco
mpetewiththeanticanceragentsfortheeffluxpump(P-gp). Thecalciumchannel blocker, verapamil, is

the prototype inhibitor of P-gp [100] that can accumulate

13
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manychemotherapiesintracellularlyinmanycelllinesofcancers[101-

103].ResearchworksdiscoveredthatP-

gpinhibitorsincludeothercalciumchannelblockerslike,diltiazem[102],bepridil[104],

14
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andisradipine[94].Cyclosporin-Aisacommonlyusedimmunosuppressivedrugthatisconsidered  as
an important first-generation P-gp inhibitors [105-107]. In leukemia, MDR wasreversed upon
using verapamil. These inhibitors have low P-gp affinity, demanding high
dosesthusinducingdevastatingtoxicitiesordeleteriousadverseeffects[108,109].Reserpine,yohimbin
e, toremifene, quinidine, and tamoxifen are also examples of P-gp modulators from 1°-
generation class [110]. These modulators were replaced by second-generation class because

oftheirlowefficacyand their toxiceffects[110].

The 2" generation P-gp inhibitors are pharmacologically inactive but induce P-gp
inhibition.These inhibitors are obtained by alteration in the chemical structure of the first-
generation classmembers to attain low toxicity, high selectivity and potency. Dexverapamil (R-
enantiomer ofverapamil), emopamil, gallopamil or R011-2933 are considered more potent and
less toxic thanverapamilregarding theactivityfor inhibiting P-gp [111-114]. The non-
immunosuppressiveanalogofcyclosporine-

A, valspodar(PSC833),isthemostpotentandmostoftenusedinvitroasMDRreversalagent[115,116].N
ovartismanufacturedPSC833 fromcyclosporine-Abymethylating amino acid in the lateral chain
and oxidizing alcohol. It has a potency that is 5-20folds more than that of cyclosporine-A [117,
118]. PSC 833 interacts with pharmacokinetics ofanticancer medication, increasing the toxicity
of these medications which necessitates decreasingthe dosage [119]. We can conclude that
second-generation of P-gp inhibitors are better than first-generation, but they have some
properties restricting their utilization as MDR reversal agents.These modulators can inhibit
metabolism of cancer chemotherapeutics, inducing toxicities
whichneedsreductionofanticancerdosage. Todiminishthisissue,researchershavebeguntodrawtheirat

tentionto P-gp modulators the 3rdgenerationP-gp modulators.

The 3™ generation P-gp inhibitors are discovered to alleviate the problems associated with
theprevious generations. The 3rd P-gp blockers are advantageous since they are less toxic,
moreselectiveandeffectiveagainstMDR[120].Moreover,theydonotinteractpharmacologicallywitha
nticancer agents, and they were created to be 200-times more potent than the earlier
generationsofP-gpmodulators.TheseincludeOC144-
093[105],zosuquidar(LY335979)[121],XR9051

[122] and elacridar (GF120918) [123]. Inhibitory activities are mostly produced by the
inhibitors'’chemical structure. The tariquidar's heterocyclic ring, which is adjacent to the
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antranilamide

ring,promotestheinhibitoryactivity[124].Inconclusion,thesemodulatorshaveacceptabletoxic
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levels;nevertheless,clinicaltestingisstillpendingtodeterminehowwelltheyworkincombinationwith

anticancer medications.

The 4™ generation P-gp inhibitors (natural P-gp inhibitors) are now being discovered to
alleviatethe toxicity seen with the synthetic inhibitors. Natural products were found to overcome
P-gpmediated MDR and to exhibit antineoplastic activities [125]. Major classes of plant-
derivedcompoundslikeflavonoids,stilbenes,coumarins,terpenoids,alkaloidsandsaponins(Figure4)a
rewell investigated. Examples of natural P-gp modulators that are incorporated to deal with
cancerincludecurcumin,quercetin,piperine,capsaicin,andlimonin[126].Naturalmoleculesarerelativ
ely new participants in P-gp inhibition field with full of promise outcomes, however
thetoxicityissuepersistsbecauseoftargetsnon-
specificityandsubstratepharmacokineticalterations.Quercetin can inhibit P-gp [127-130] as well
as the metabolizing enzyme, CYP3A4 [131], thus itcould affect the pharmacokinetics of the
anticancer drugs and induce toxicity. Numerous newlyfound natural compounds have already
been investigated for their activity on ABC
transportersusingvariousmodels.Withnaturalcompounds,thereisagoodchanceofsuccess,butfurthers
tudyisrequired to find newcandidate ofnatural origin with optimumactivities.

8. Conclusionandperspectives

ItisconcludedthatP-
gpinhibitors,ifcombinedwithcancerchemotherapy,havebeendemonstratedtobeanexcellentapproac
htoinhibitMDRincancerouscell. Majorparadigmshiftsin the realm of cancer are brought about by
P-gp-mediated multidrug resistance. Despite thechallenges presented by the discovery of MDR
modulators, clinical anticancer drug
resistancecontinuestobeamajorconcern,thusresearchersshouldkeepworkingtofindsolutions.Resear
chers are planning to improve the response of cancer patients to anticancer drugs byinhibiting P-
gp thus preventing the MDR. P-gp is structurally different from many receptors
orenzymesinthatitislackingaclearlydefinedsitefordrug-
binding,whichmakesitchallengingtodevelophighlyeffectiveP-gp-specificinhibitors. Limitations  of
research work regarding clinical trials of the P-gp inhibitors of natural origin are obvious. Therefore,
researchers should concentrate their efforts on clinical studies to determine the doses and concentrations of

safe and effective P-gp inhibitors.Themainchallengeistheabsenceofhighpotentand selective P-gp
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inhibitors; as a result, it is urgently necessary to find effective candidate

thatcansafelyandselectivelyinhibitP-gp.Itisexpectedthatspecific,potentandsafeP-
gpinhibitorswillbedevelopedinthenearestfuturetoovercomeMDRmediatedbyP-
gpandsuccessfullytreatmalignanttumors.DiscoveringnewsafeandpotentMDRreversalagentswillen
hancetheefficacyofcommonantineoplasticdrugs,especially
intheincurableterminalstagesoftumors.Theuseof

18
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phytochemicals-loaded nanostructures to target P-gp could be promising to reverse MDR
duringcancer therapy. All strategies should be applied in clinical trials to adjust the dosage of P-
gpinhibitors for getting the optimal efficacy of anticancer drugs as well as preventing toxicity

inpatients with cancer.
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Tablel:ClassicP-gpinhibitorsexamplessorted bygeneration.

1tgeneration

2"dgeneration

3rdgeneration

4™generation

VerapamilDilt
iazemBepridil
IsradipineCycl
osporin-A

Doxverapamil
EmopamilGal
lopamilRo11-

2933
Valspodar(PSC833)

0C144-093
Zosuquidar(LY335979)
XR9051
Elacridar(GF120918)

Flavonoids
StilbenesC
oumarinsT
erpenoids
Alkaloids
Saponins
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Figure 1: Localization of P-gp (blue lines) in different parts of human body. The direction of P-gp-mediated transport
isindicated by the small arrows. The net body excretion of P-gp substrates is indicated by green arrows
indicate.ExpressionofP-gpintumor cells contributestoMDR.
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Figure 2: Schematic representation of 170-P-glycoprotein depicting the 12 transmembrane domains
andthe glycosylation as well as ATP-binding sites (see Insert). It has of 2 halves each of which
has2 TMD and 2 NBD. TMDs are consisted of 6 membrane a-helices and have sites for drug-
bindingand specify translocation through the cell membrane. NBDs link energy associated with

ATPbindingandhydrolysiswhichis necessaryfordrugactivetransport.

26



UNDER PEER REVIEW

Extracellular Space

Substrate™

Cytoplasm

Figure 3: Substrate efflux mechanism through P-gp: A: The substrate passes through the membrane
andattaches to the substrate-binding pocket (SBP) of the P-gp, which causes two ATP
molecules tobind to the NBD, thus NBDs undergo dimerization. B: This causes a
conformational changeresulting inanoutward-facingmorphologythat
causesthesubstratetobereleasedextracellularly.
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Figure4:Majorclassesofplantderivedcompounds.Flavonoids,stilbenes,coumarins,terpenoids,alkal
oids and saponins are natural P-gp modulators that can inhibit P-gp and reverse
theMDRIin cancer.
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