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Abstract: P-glycoprotein (P-gp) is a major factor in the multidrug resistance phenotype in cancer cells.
P-gp is a protein that regulates the ATP-dependent efflux of a wide range of anticancer medicines
and confers resistance. Due to its wide specificity, several attempts have been made to block the
action of P-gp to restore the efficacy of anticancer drugs. The major goal has been to create molecules
that either compete with anticancer medicines for transport or function as a direct P-gp inhibitor.
Despite significant in vitro success, there are presently no drugs available in the clinic that can “block”
P-gp–mediated resistance. Toxicity, unfavourable pharmacological interactions, and a variety of
pharmacokinetic difficulties might all be the reason for the failure. On the other hand, P-gp has a
significant effect in the body. It protects the vital organs from the entry of foreign bodies and other
toxic chemicals. Hence, the inhibitors of P-gp should not hinder its action in the normal cells. To
develop an effective inhibitor of P-gp, thorough background knowledge is needed in this field. The
main aim of this review article was to set forth the merits and demerits of the action of P-gp on cancer
cells as well as on normal cells. The influence of P-gp on cancer drug delivery and the contribution of
P-gp to activating drug resistance were also mentioned.

Keywords: multidrug resistance; P-gp; cancer; inhibitors; clinical trials

1. Introduction

The phenomenon known as drug resistance is responsible for the decrease in the
restorative rate of most diseases as well as the loss in the therapeutic efficacy of most of the
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anticancer medications [1]. Treatment resistance is found not only to a single chemothera-
peutic drug but to a diverse set of structurally and functionally distinct medicines. Long-
term exposure to a single therapy and recurrent usage of the medicine leads to drug
resistance, which reduces the therapeutic efficacy of the medications. Even if the dose
is changed, there will be no significant alterations in this phenomenon. Drug tolerance
occurs when a person develops resistance to medications [2]. This was often evident in
two types of drug tolerance: pharmacokinetic drug tolerance and pharmacodynamic drug
tolerance [3].

Following the drug’s entry into our bodies, dissolved into distinct segments, it is
absorbed into the circulation and dispersed to numerous different places before it is finally
expelled from the body. All these factors influence adverse effects and medication potency,
as well as the duration of action. The primary cause of pharmacokinetic tolerance is
when the medication fails to sustain its minimal therapeutic concentration at the target
location [4]. In this scenario, the impact is produced by the enzymatic action of cytochrome
P450 (CYP450). This kind of tolerance is mostly dictated by oral dose forms, which result
in first-pass metabolism [5].

The development of pharmacodynamic tolerance occurs when cellular feedback to a
substrate is focused. The primary cause of pharmacodynamic tolerance happens when the
therapeutic concentration of the substrate to the binding receptors exceeds the maximal
therapeutic concentration, resulting in receptor desensitization [6]. Other possibilities
include a decrease in receptor density that is mostly related to the receptor agonist and a
change in the action of the potential efflux rate. In most situations, drug resistance develops
through repeated exposure to the drug, but immediate tolerances have been found in rare
circumstances [3].

Anticancer drug resistance, anti-human immunodeficiency virus (HIV) drug resistance,
anti-tubercular drug resistance, antibiotic resistance, anti-malarial drug resistance, and anti-
microbial drug resistance are all common. The majority of medication resistance is mediated
by multidrug resistance (MDR) proteins, where P-glycoprotein (P-gp) is the potent member
of the MDR family and plays a significant role in lowering therapeutic effectiveness in
most treatments [7]. The role of P-gp is to protect the cells by preventing the entrance
of xenobiotics and harmful chemicals. However, because it is over-expressed in cancer
cells, inhibiting medication access, its action should be reduced in such circumstances for
therapeutic effectiveness [8].

Cancer cells develop chemotherapeutic resistance as a result of MDR. P-gp (also called
MDR1), MDR-associated protein 1 (MRP-1), and breast cancer resistance protein (BCRP) [9]
are all associated with MDR [10]. There are 48 energy-dependent membrane transporter
proteins in the ATP-binding cassette efflux pump family (ABC). All three of these proteins
are members of the ABC family, which is the largest protein group [11]. It can be found on
the surfaces of epithelial cells in the adrenal cortex, the placenta, the gastrointestinal tract
(GIT), the hepatobiliary tract, and the renal tubules as well as the blood-brain barrier (BBB)
membranes [12]. ABC transporters are required in physiologic conditions to remove lipids,
sterols, micro peptides, and toxic substances from the cytoplasm [13].

P-gp is overexpressed in many tumour types, which consider chemotherapeutic
drugs foreign bodies and efflux them out of the cancer cells, reducing the therapeutic
concentration of drug insider the cancer cells [14]. Cytotoxic medicines that disrupt DNA
replication processes, killing rapidly reproducing cancer cells, are particularly vulnerable
to P-gp overactivity. Newer drugs, on the other hand, that inhibit cancer cell growth and
spread by targeting biochemical processes also interact with Pgp. It seemed sensible to
look for P-gp inhibitors that may help cancer patients overcome MDR. P-gp is considered
a major MDR transporter with respect to its resistance to carcinoma chemotherapy [15].
In cellular testing, many substances were discovered to be effective as P-gp inhibitors.
Verapamil, a calcium channel antagonist utilized as a racemic combination in the nanomolar
concentration range for the treatment of cardiovascular disorders, is one of the most
investigated first-generation inhibitors. Although second-, third-, and fourth-generation
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inhibitors that were less harmful and more effective were created, the notion was never
tested in clinical settings (see Section 5) [16].

P-gp is considered a major MDR transporter with respect to its resistance to cancer
chemotherapy [15]. Szackas and colleagues had formerly verified 118 compounds with
identified putative mechanisms of action on NCI-60 cancer cell lines. According to the
researchers’ findings, over 95% of the compounds had a negative association between drug
sensitivity and P-gp expression [17]. Several projects are currently underway to develop
new drugs that bypass or exert more continuous P-gp inhibition through the use of novel
pro-drug compounds. Surprisingly, data collected in studies suggest that P-gp expression
plays a major role in inflammatory immune cell subsets [18]. However, a complete under-
standing of P-gp and its contradictory role in cancer and immune cells remains elusive
in the tumour microenvironment [19]. P-gp is a major factor in the multidrug resistance
phenotype in cancer cells. It is a protein that regulates the ATP-dependent efflux of a wide
range of anticancer medicines and confers resistance. Presently there are no drugs available
that “block” P-gp-mediated drug resistance. The main aim of this review article was to
put forth the merits and the demerits of the action of P-gp on cancer cells. The influence
of P-gp on cancer drug delivery and the approaches to alter this mode of action are also
mentioned. This manuscript reviews 117 articles and provides a complex survey of current
literature dealing with this topic.

2. The Genetics of P-gp

The P-gp/ABCB1 gene is found on chromosome 7q21.12 and consists of 29 exons
spread over a 209.6-kb genomic region. The messenger RNA (mRNA) is 4872 bp long
(including the 5′ untranslated region) and encodes a 1280 amino acid protein with a
molecular weight of 141 KDa [20]. To date, up to 1200 single nucleotide polymorphisms
(SNPs) in the coding region have been reported (database viewed from NCBI-SNP in
November 2019), each with a different effect on protein expression and activity. As a result,
the three most studied SNPs in the P-gp protein-coding region are rs1045642 (3435T > C,
Ser893Ala/Thr) as well as rs1128503 (1236T > C, Gly412Gly) [21]. More than two-thirds
(72%) of the SNPs were discovered in intracellular and extracellular regions of P-gp, while
only 28% were discovered in the TM domain. Because the amino acid sequence (Ile1145Ile)
remains unchanged, the synonymous mutation (rs1045642, 3435T > C) has no effect on
protein functionality [22]. The 3435C allele is expressed in a proportional amount in
every population, with Africans expressing it more than Caucasians or Japanese. It is
not commonly used as a synonym for silent mutation. According to Hoffmeyer et al.,
the 3435 TT genotype population had lower P-gp expression in digestive tract epithelial
cells [23]. The 3435T allele, on the other hand, had higher mRNA transcript levels. There is a
belief that this variation in gene expression is due to mRNA secondary structure instability,
which involves significance in the transformed membrane insert, more periods for mRNA
folding/unfolding throughout the translation, and tertiary structural alignment, thus
causing variations in substrate affinity [24]. As a result, the 3435CC genotype has higher
P-gp expression and function than its counterpart genotypes, which are either 3435CT
or 3435TT. Patients with the 3435TT genotype are more likely to develop chemotherapy
resistance than those with the 3435CC genotype, requiring less drug to kill cancer cells [25].
Immunosuppression was also more common in patients with the 3435TT genotype than
in those with the 3435CC genotype, [26] as demonstrated by lower levels of interleukin-2
(IL-2) in their blood [27].

The 2677T allele, which codes for serine-893, is found in 2–65% of people of different
ethnicities [18]. In African populations, the frequency of the homozygous 2677 GG genotype
important to 893-Ala/Ala P-gp has been reported to be as high as 81%, compared with
10–32% in other demographics such as Asian, European, Native American, Mexican, and
Indian populations. In addition to these SNPs, the 2677A allele with Thr-893 P-gp has
been described as occurring at a low frequency of only 0–17% in several populations [28].
This nonsynonymous mutation-inducing SNP has received a great deal of attention, but
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the probable impact on P-gp expression and functionality is still unknown [29]. Similarly,
in different populations, rs1128503 (1236T > C) with a synonymous mutation leading to
Gly412Gly P-gp has a reported frequency ranging from 30 to 93% [30]. There have been no
confirmed differences in pharmacokinetics and pharmacodynamics among the genotypes
1236CC/CT/TT and 1236CC/CT/TT [18].

3. P-gp Expression and Its Structure and Functions

Biedler et al. first proposed that MDR could be facilitated by a cell surface protein [31].
Schinkel et al. later demonstrated that ivermectin concentrations in brain tissue were
100-fold higher in the genetically engineered mice using a murine abcb1 (P-gp) knock-
out model [32]. This gene’s mRNA transcript is 4872 bp long, with a 5′ untranslated
region, and it encodes the 1280 amino acid P-gp protein. According to the Kyte-Doolittle
hydropathy plot, the secondary structure has 12 transmembrane domains (TMD) (Figure 1)
with numerous substitute transcripts and splice variants of unknown implications that
have been conveyed through various literature. Post-translational modifications such as
differential phosphorylation and N-glycosylation are believed to affect the functionality of
P-gp [33]. The Pim-1 phosphorylation of S683 on glycosylated P-gp is also thought to cause
multimerization and surface membrane stabilization. Although it has been demonstrated
that two phosphorylation residues bind to tubulin, it has not been demonstrated that they
are significant in persuading downstream signalling or protein activity. The 12 TMDs
form a lipophilic [34] pore-like channel in the cell membrane to endorse the drug efflux of
lipophilic and amphipathic complexes (Figure 1). Both ATP-binding domains are found
on the cytoplasmic intracellular part of the protein. In 2009, the first high-resolution X-ray
crystallography structure of mouse P-gp was reported, with 87% homology to human
P-gp [35,36]. Further investigation at a resolution up to 3.3 revealed primarily comparable
tertiary structural features. According to in silico structure–activity relationship (SAR)
studies, P-gp can bind to stereoisomers of the same compound in different ways and has
multiple binding sites to allow for the binding and efflux of multiple drug substrates. In
early SAR studies, P-gp was difficult to use due to its high lipophilicity index, which
rendered it water insoluble, and its high tertiary structural flexibility [37]. Alamet et al.
recently revealed a 3.5-resolution structure using lipidic nanodiscs that allowed for a
much better understanding of SAR biochemistry. P-gp has the canonical ABC transporter
fold, with two pseudo-symmetric TMD, each half containing six TM helices, and one
cytosolic domain with ATP-nucleotide binding functionality (NBD) [38]. NBD domains
dimerize at the interface to bind and hydrolyse ATP, as do the NBD domains of many
ABC proteins. A flexible linker of 60–70 amino acids with numerous phosphorylation sites
attaches both pseudo-halves of P-gp. The cavity on the cytoplasmic side of the protein is
6000 square meters in size [39]. Drugs are supposed to enter this cavity over the portals
in the cytoplasm and the internal leaflet of the membrane, then exit over the extracellular
side, which has a pore size of 70–200 nm depending on protein orientation as explained in
Figure 1. P-gp undergoes dynamic conformational changes to allow for a broad spectrum
of substrate binding and efflux, which is connected to ATP binding and hydrolysis on
the cytoplasmic side, allowing for unidirectional substrate superficial flow [40], while the
inward V-conformation is the most energy-efficient. Thermodynamic studies show that at
a high energy state with ATP-derived energy consumption, the passing outward in front of
confirmation is adopted [18].

There are disagreements about the location of the ATP-binding domain in the reported
crystal structure due to the usage of detergents and the lack of nucleotides used to attain
the crystal structure [41]. It is well documented that the two ATP-binding domains are
on the intracellular side since cellular ATP concentration (1–10 mM) far surpasses the
domain-binding persistence (0.01 mM) [42]. Irrespective of the debates over the P-gp
tertiary membrane-bound structure, the crystal structure has been resolved, allowing for
the identification of P-gp drug substrates and inhibitors in silico [43]. P-gp upregulation
has been linked to a variety of factors, including epigenetic mechanisms, intrinsic cancer
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genomic instability, and inflammatory stressors in the tumour [44] microenvironment
(Figure 2).
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Several studies have shown that gene rearrangements and tumour mutational burden
are significant mechanisms for controlling and modulating the abcb1 gene’s promoter
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region, which leads to its expression [45]. Ras, c-Raf, p53, and other oncogenes have all
been linked to the regulation of P-gp expression [46]. The promoter region of the gene was
found to be demethylated in various types of leukaemia with increased P-gp expression,
implying that epigenetic modification plays a role in the activation of P-gp-mediated
drug resistance [47]. According to studies, the activity of both acetyl-H3 and histone
deacetylase increases after cancer chemotherapy. In the P-gp promoter region, acetyl-H3
was discovered to act as 968 bp upstream [18]. In MCF-7 breast cancer (BC) cell lines,
transcription factors like CEBPb have been shown to induce P-gp expression. In MCF-7
and MDA-MB-231 BC cells, high salt-mediated osmotic stress (10.05 mM NaCl) increased
intracytoplasmic calcium concentration by activating store-operated calcium entry (SOCE)
from the endoplasmic reticulum [48]. Hypertonic stress increased P-gp expression, resulting
in paclitaxel drug resistance in these BC cells. Hypoxic stress has been shown in some
studies to increase P-gp expression by interacting with the P-gp promoter region via HIF1.
In addition, P-gp-independent MDR has also been discovered in osteosarcoma cells [49–51].

4. The Kinetics of P-gp

The function of P-gp is the primary cause for multidrug resistance in cancer cells. P-gp
moves a diverse spectrum of structurally and functionally distinct cytotoxic compounds out
of the cell using the energy provided by ATP. Changing this efflux mechanism of P-gp is a
critical technique for overcoming MDR and increasing therapeutic effectiveness throughout
therapy. The incorporation of P-gp inhibitors with resistant medication may be beneficial in
inhibiting P-gp activity [52]. The overexpression of P-gp in cancer cells relative to normal
cells is the primary cause of MDR. P-gp decreases the minimal therapeutic concentration,
which reduces the overall permeability of the medication for reaching the target site. P-gp
is an essential component in the drug distribution process. It acts on the BBB as well as the
placental barrier. It can have an influence on the distribution of certain therapeutic drugs
while also reducing their activation in the body [53]. The involvement of P-gp in the brain
has evolved to the point where it fights the entrance of neurotoxic medicines into the brain
and hence maintains the penetration of central nervous system (CNS) agent delivery in the
brain [54]. P-gp also protects the foetus against foreign bodies and hazardous chemicals
entering the placenta [55].

The enzymatic activity of CYP3A4 and the efflux mechanism by P-gp both contribute
to the lower therapeutic effectiveness and bioavailability of medicines taken orally. These
are significant defence systems in the gut that serve as a protective barrier against the intro-
duction of harmful chemicals and xenobiotics [56]. These proteins are mostly overexpressed
in enterocytes and hepatocytes, and they also play a role in the first-pass metabolism of
pharmaceuticals. As an example, piperine can be used to support this claim. Black pepper
contains the flavonoid piperine. It has the capacity to function as a natural inhibitor of
P-gp and CYP34A when co-administered and can boost the therapeutic efficacy of med-
ications [1]. To induce this effect, the piperine dosage should be optimal and reach the
minimal therapeutic concentration. Another example is the effect of grapefruit juice. When
grapefruit juice and saquinavir are taken together, the therapeutic concentration of the
parent medication can be enhanced when taken orally [57].

The mechanisms of renal excretion involve the processes of glomerular filtration,
tubular secretion, and then reabsorption. P-gp is engaged in the efflux of xenobiotics and
waste materials from our bodies through renal excretion, which results in a lower level of the
therapeutic medicine in blood plasma. This can also be changed by combining flavonoids
with medicinal drugs. When digoxin, a flavonoid, and cyclosporine A were administered
together, cyclosporine increased digoxin levels in the plasma via lowering tubular secretion
and the glomerular secretion rate [58]. When itraconazole and cimetidine are combined,
comparable outcomes are produced. The impact of P-gp on medication excretion can
also be modulated by utilizing natural P-gp inhibitors. When co-administered, quercetin,
a natural P-gp inhibitor, can increase the therapeutic concentrations of a wide range of
medicines in the target site [59]. In turn, therapeutic medicines such as azithromycin,
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erythromycin, cyclosporine A, and doxorubicin block biliary drug excretion mediated by
P-gp [60].

P-gp plays a key role in decreasing medication bioavailability and distribution because
it is overexpressed in the intestinal tract, which acts as a substrate for P-gp and limits its
absorption route. As a result, the therapeutic level and bioavailability of the medications
are not met. ATP binds to the cytoplasmic side of P-gp and triggers ATP hydrolysis, causing
the substrate to be effluxes from the cell. The excretion of the substrate is followed by the
release of the phosphate from the ATP molecule [61]. When adenosine diphosphate (ADP)
is released, a new ATP molecule binds to the secondary ATP binding site. The protein will
be reset after the hydrolysis and release of ADP and a phosphate molecule [62].

5. Substrates of P-gp and Its Drug Interaction

P-gp transports a wide range of substrates that differ structurally and functionally
from one another. P-gp substrates generally appear to be lipophilic as well as amphipathic
in nature. The majority of P-gp inhibitors are produced to modify its functioning [63]. The
mechanism of action is either through competing with drug binding sites without inter-
fering with ATP hydrolysis or through obstructing the ATP hydrolysis process. Recently,
an allosteric mechanism for P-gp-mediated transport was added alongside the other two
mechanisms [64]. Before being joined or transported to the extracellular membrane leaflets,
P-gp substrates are attached to the protein molecule [65].

According to the research findings, P-gp has the capacity to interact with over 20 sub-
strates or modulators. Anthracycline, fluorescent lipids, and vinca alkaloids are examples
of substrates that are readily transported by P-gp. The binding effect of modulators such as
cyclosporine and verapamil are used in chemotherapy to modulate P-gp activity. The P-gp
binding pockets’ considerable flexibility and low specificity might be used to overcome
MDR-related difficulties during chemotherapy [55]. P-gp inhibitors are classified primarily
based on their specificity, affinity, and toxicity [64].

First-generation inhibitors: This group of inhibitors is pharmacologically active, and
they are employed in particular treatments. Reserpine, cyclosporine A, verapamil, yohim-
bine, toremifene, quinidine, and tomoxifene are a few examples. In the case of leukemia
cells, the resistance might be reversed by employing verapamil to produce an effective
action. However, when a large dose of the medicine is administered to the patient, it causes
cardiovascular toxicity. As a result of their lower therapeutic effectiveness, these inhibitors
are being replaced with second-generation inhibitors [52].

Second-generation inhibitors: The substrates in this family of inhibitors are phar-
macologically inactive in nature but act on P-gp. This generation of inhibitors is created
by structurally altering first-generation inhibitors in order to achieve low toxicity, high
selectivity, and potency. Doxverapamil, dofequidarfumerate, biricodar citrate (VX710) [66],
valspodar (PSC 833) [67], and dexniguldipine are examples of this generation of inhibitors.
This group mostly includes non-immunosuppressive equivalents of doxverapamil as well
as cyclosporine A [68]. PSC 833, the most often used inhibitor, has a potency that is
5–10 times that of cyclosporine A. These inhibitors, on the other hand, have a higher
affinity for and inhibitory action against ABC transporters and CYPA4 enzymes [69].

Third-generation inhibitors: Third-generation inhibitors are often created to alleviate
the issues associated with first- and second-generation inhibitors. The key advantage of
utilizing third-generation inhibitors is that they are less toxic than the previous two genera-
tions of inhibitors, and they are more selective and effective against P-gp [70]. They have
no pharmacological interactions with chemotherapeutic drugs and have been discovered
to be 200 times more powerful than the previous two generations of inhibitors. Zosuquidar
(LY335979), mitotane (NSC-38721), laniquidar (R101933) [71], tariquidar (XR9576) [72],
ONT-093, elacridar (F12091), annamycin, HM30181, R10933, and biricodar are other ex-
amples [73]. According to the 3D QSAR and QSAR activity, the structure of the inhibitors
is mostly responsible for producing the inhibitory activities. According to studies, the
inhibitory action is produced by the tariquidar’s heterocyclic ring near the antranilamide
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ring. However, new research indicates that tariquidar has both substrate and inhibitory
effects on P-gp [74].

Natural inhibitors or fourth-generation inhibitors: Because of the toxicity and limited
treatment options with synthetic inhibitors, natural inhibitors, including dietary supple-
ments, are being investigated. Natural substances and food extracts have been shown to
have an influence on P-gp to reverse MDR and to have anticancer properties [75]. Examples
include curcumin, quercetin, piperine, capsaicin, and limonin [76].

The P-gp transporter has been shown to efflux a diverse range of molecules with
varying chemical structures (cyclic, polar, nonpolar, linear, aromatic, linear-lipophilic) and
molecular weights (250–4000 Da) (Table 1). Among the first P-gp competitive inhibitors
discovered were cyclosporine-A and verapamil [77,78]. In a recent high-throughput screen
of 10,804 compounds, Lee et al. discovered 90 substrates, 55 of which were novel. Despite
widespread interest in developing small molecules used as P-gp inhibitors to combat MDR
in cancer chemotherapy, the vast majority of previously discovered inhibitors have failed to
pass Food and Drug Administration (FDA)-approved clinical-phase trials [79]. One of the
foremost reasons for the drug’s failure to progress through clinical trials is tissue toxicity at
the high dose produced by P-gp inhibition. Verapamil and cyclosporine-A, two of the first
P-gp inhibitors tested in clinical trials, confirmed a low affinity for P-gp, and are shown to
necessitate multiple micromolar plasma concentrations that result in unacceptable cardiac
and also immunosuppressive side effects [80].

Table 1. Substrates and inhibitors.

P-gp Substrates P-gp Inhibitors

Vinblastine, mitorrycin c, etoposide, paclitaxel,
topotecan, vincristine, actinomycin d,
daunorubicin, doxorubicin, epirubicin,
mitoxantrone

Cyclosporin a, verapamil, tamoxifen,
quinine, megestrol acetate,
fluperifixol, azopinin, valspoder,
tesmiferene, dofequidar, tariquidar

Tariquidar and zosuquidar, two newly optimized P-gp inhibitors, were created to
increase potency (10–100 nM) and P-gp specificity. However, there appears to be some
conflicting evidence in the literature regarding tariquidar’s role as an ATPase inhibitor or
enhancer, as well as its role as a P-gp substrate or inhibitor [81]. Tariquidar, according to
Weidner et al., is neither an inhibitor nor a substrate of the human or mouse P-gp model [82].
The tertiary structure of P-gp lacks a well-defined ligand-binding pocket, making it difficult
to design extremely specific competitive inhibitors for P-gp, unlike enzyme-substrate
interactions such as the lock–and–key model or the induced-fit model. Some bivalent
inhibitors, such as reversible dimers of quetiapine and prodrug dimers of paliperidone,
that can bind to multiple P-gp interaction sites, have been designed to provide better
inhibition than monovalent binding with limited success. The dose required for clinical
human applications will be reduced if a drug design strategy is used that improves the
specificity and potency of previously recognized and natural compounds with identified
P-gp interaction [83]. Epothilones have been proposed as low-specificity P-gp substrates
because they inhibit cell division via microtubules and have a chemical structure parallel to
taxanes. When combined with capecitabine, ixabepilone (azaepothilone B), an analog of
epothilone B, is effective in treating anthracycline- as well as taxane-resistant metastatic
BC [84]. Using a semisynthetic analog of taxanes, several new cancer drugs have been
developed that outperform paclitaxel [85].

Cabazitaxel (an FDA-approved drug) and ortataxel (another FDA-approved drug)
have both been demonstrated to be effective in the treatment of hormone-resistant metastatic
prostate cancer [86]. These compounds have been shown to be less susceptible to P-gp
efflux. Synthesizing analogues of vinca alkaloids, such as taxanes, has received a great deal
of attention [87]. Vinflunine, a fluorinated semisynthetic analogue of vinblastine, had a
2- to 13-fold lower susceptibility to P-gp-mediated efflux compared with that of vincristine
and vinblastine [88]. As a result, vinflunine was approved as a second-line treatment for
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urothelial cancers in Europe in 2009. Correspondingly, an isoindoline urea derivative of
vinblastine (at the same chemical position C20) was revealed to have a 100-fold higher
cytotoxic potential, in contrast with vinblastine-resistant cancer cell lines [89]. In a similar
vein, in cancer cell lines, an aryl amide derivative of vinblastine is less susceptible to P-gp-
mediated efflux. The therapeutic efficacy of these drugs, on the other hand, has yet to be
proven in clinical settings [63]. The use of liposomes to deliver doxorubicin was approved
by the FDA in 1995 [90]. Other ionic and block copolymer-based drug alterations are still
being investigated. The FDA has already approved Abraxane, albumin-bound paclitaxel,
for the treatment of metastatic BC [91]. A poly-L-glutamic acid-paclitaxel combination of
Opaxio/Xyotax is recently being tested in ovarian and oesophageal cancer Phase III clinical
trials. CPMs and ADCs (antibody-drug conjugates) have long been used to deliver drugs
to specific cells with minimal side effects [92]. In resistant cancers, octa arginine-conjugated
taxol has been widely studied, and the goal of these conjugation techniques was to improve
drug internalization. On the other hand, the efficacy of these conjugation techniques in
lowering P-gp-mediated efflux and drug concentration in the cytoplasm is debatable [93].
The FDA approved gemtuzumab ozogamicin for a limited time, but the approval was
later revoked due to the lack of a better overall survival profile. Preclinical studies have
shown that CD33-conjugated maytansine is effective, but the clinical benefit has yet to be
established [94]. P-gp efflux appears to have been approved by the FDA for the treatment
of refractory Hodgkin’s lymphoma and systemic anaplastic large cell lymphoma [95].

6. Tumour Immunity and P-gp Function

Phenotype switch, immune cell activation, and cytokine release are all linked to P-gp
expression. P-gp expression is low in peripheral circulating monocytes but high in anti-
inflammatory M82 tissue macrophages that infiltrate tumours [96]. P-gp expression is
linked to dendritic cell maturation and activation, as well as their ability to present antigens
professionally. Inhibiting P-gp with valspodar slowed DC maturation, as evidenced by the
lower expression of the activation markers CD80 and CD40 [97]. The highest level of P-gp
surface expression of any innate immune cell has been linked to their downstream cytotoxic
functionality, with increased Fas-mediated (Fas/FasL) surface binding of P-gp NK cells to
target cells resulting in the release of inflammatory cytotoxic secretory granules and target
cell apoptosis [98]. Depending on the cell type, P-gp expression has different functions in
adaptive immune cells. P-gp expression is associated with lymph node cell migration as
well as a transitional phenotype in B cells. P-gp expression is associated with the inflamma-
tory Th1/Th17 effector phenotype in CD4+T cells, but it is very low in anti-inflammatory
Tregs [99]. The memory phenotype (IL18Ra+CD161+CD62Llo) is associated with P-gp
expression in CD8+T cells. These P-gp-expressing CD8+ memory T cells in mucosal-related
T-cells (such as those found in the GIT) have bidirectional responses through an original
defensive role to avoid xenobiotic toxins, but when the normal microbiome is disrupted,
they can improve effector responses, foremost to autoimmune diseases like Crohn’s disease
and ulcerative colitis [100].

Increased MAPkinase/ERK signalling is linked to increased P-gp expression in myeloid
and lymphoid lineage cells of AML and B-cell lymphomas [101]. Anti-CD20 and anti-CD19
monoclonal antibodies (mAb) therapy may be able to overcome P-gp-mediated chemore-
sistance, possibly since mAb cannot be effluxed by P-gp [102]. Only a few cases of P-gp
expression in infiltrating immune cells in solid organ tumours have been discovered so
far [96]. The frequency of P-gp-expressing mucosal-derived CD8+T cells in tumour tissue
specimens was found to be higher in human colorectal cancer studies. On the other hand,
the precise function of CD8+T cells is unknown. In addition, the chemoresistance of cancer
cells in the tumour microenvironment may influence immune cell infiltration [103]. The
phenotype of CD4+CD161+P-gp+ T cells increased in AML patients receiving long-term
chemotherapy. Furthermore, the expression of the T-cell exhaustion markers PD-1 and
CTLA-4 was reduced in this subset of CD4+helper-T cells. It has been demonstrated that
Th17 and Th1 CD4+T-helper cell subsets secrete anti-tumour inflammatory cytotoxic cy-
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tokines such as IL-17, IFNg, TNFa, and granzyme [72,104,105]. P-gp-expressing CD4+T
cells (CD4+CD73+T cells) were found to secrete more anti-cancer cytokines in tumour-
infiltrating breast and ovarian carcinomas. Due to the chemical inhibition of P-gp, these
T-lymphocytes were unable to secrete these cytotoxic cytokines via vesicular secretion [106].
As a result, using P-gp inhibitors in this situation is not advised because they may re-
duce the cytotoxic potential of tumour-infiltrating anti-cancer Th1 and Th17 CD4+T cell
phenotypes. P-gp expression is also found in pro-tumour M82 macrophages as well as
anti-tumour NK-cell and Th17/CD4+T cell subsets, implying that P-gp plays a seemingly
contradictory role in tumour immunology [107].

7. P-gp and Clinical Trial Reports

Various clinical trials are being conducted to determine the effect of chemotherapeutic
drug resistance on cancer cells due to the effect of P-gp [108]. The current trials in this area
are given in detail in Table 2.

Table 2. Clinical study reports of the action of P-gp on cancer cells.

Responsible
Party Phase Condition

or Disease
Treatment or
Intervention

Number of
Participants Age and Sex Outcome

Measures
Study Start
Date

Identification
Number

Astellas
Pharma Inc. Phase 1 Prostate

cancer

Enzalutamide,
enzalu-
tamide
placebo,
digoxin,
rosuvastatin

24
18 years (Y)
and older
males

Pharmacokinetics
and adverse
effects

27 January
2020 NCT04094519

National
Institute of
Diabetes and
Digestive
and Kidney
Diseases

Phase 2 Thyroid
cancer

Procedure:
skin biopsy 20 All

Thyroid
hormone effect
on P-gp activity
in thyroid
patients

April 2004 NCT00080574

National
Institutes of
Health (NIH)
Clinical
Center (CC)

Phase 2
Adrenal
cortex
neoplasm

Drug:
XR9576
(tariquidar)

50
18 Y and
older, all
gender

Effect of P-gp
antagonist
before and after
surgery.

October 2003 NCT00071058

Janssen-
Cilag
International
NV

Phase 1 Healthy Pimodivir,
cyclosporine

18
participants

18 Y to 55 Y,
all gender

Examine the
pharmacokinet-
ics of pimodivir
in healthy adults
using
cyclosporine, a
P-gp, BCRP, and
organic-anion-
transporting
polypeptide
Inhibitor.

6 December
2018 NCT03768609

National
Cancer
Institute
(NCI)

Phase 2

Lung cancer,
ovarian
cancer cervix
cancer, renal
cancer

Docetaxel,
tariquidar,
99mTc-
sestamibi
imaging

48
participants

18 Y and
older, all
gender

Tariquidar
(XR9576), a P-gp
antagonist, in
combination
with docetaxel in
patients with
ovarian, lung,
renal, or cervical
cancer: a study
of the tariquidar-
docetaxel
interaction

September
2003 NCT00069160



Life 2022, 12, 897 11 of 20

Table 2. Cont.

Responsible
Party Phase Condition

or Disease
Treatment or
Intervention

Number of
Participants Age and Sex Outcome

Measures
Study Start
Date

Identification
Number

Janssen
Research &
Develop-
ment,
LLC

Phase 1 Alzheimer
disease

Drug:
11C-JNJ-
63779586

11
participants

18 Y to 85 Y,
all gender

P-gp and BCRP
substrates, as
well as the
positron
emission
tomography
ligand 11C-JNJ-
63779586, were
used in an
open-label
microdosing
study in the
human brain to
investigate the
regional brain
kinetics of brain
drug
transporters.

17 May 2017 NCT03089918

NIH CC Phase 1

BC, lung
cancer,
ovarian
cancer

Vinorelbine,
XR9576

30
participants

All age
groups and
gender

A clinical trial of
the P-gp
antagonist,
XR9576, in
combination
with vinorelbine
in patients with
cancer: analysis
of the interaction
between XR9576
and vinorelbine

December
1999 NCT00001944

NIH CC Phase 1

BC, kidney
cancer,
lymphoma
cancer,
metastasis
ovarian
cancer.

Drug: PSC
833

80
participants

All age
groups and
gender

A phase I study
of P-gp
antagonist PSC
833 infusional
chemotherapy

September
1992 NCT00001302

NIH CC Phase 1

Wilms’
tumour,
sarcoma ade-
naocortical
carcinoma,
refractory
cancer,
coldrhood
cancer

Tariquidar 29
participants

2 Y to 18 Y,
all gender.

Tariquidar
(XR9576), a P-gp
inhibitor, was
studied in a
phase I trial and
pharmacokinetic
study in
paediatric
patients with
refractory solid
tumours,
including brain
tumours, in
combination
with
doxorubicin,
vinorelbine, or
docetaxel.

February 15,
2001 NCT00011414

NIH CC Phase 1

BC,
carcinoma,
renal cell
lymphoma,
ovarian
cancer

PSC 833,
paclitaxel

52
participants

All ages and
all gender
groups
included

Paclitaxel
infusion with the
P-gp antagonist
PSC 833 in a
phase I study

March 1994 NCT00001383
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Table 2. Cont.

Responsible
Party Phase Condition

or Disease
Treatment or
Intervention

Number of
Participants Age and Sex Outcome

Measures
Study Start
Date

Identification
Number

Susan Bates,
National
Cancer
Institute
(NCI)

Not ap-
plicable

Cervical,
ovarian,
lung, breast,
and renal
cancer

Paclitaxel,
CBT-
1(Registered
trademark),
radiation: Tc
99m
sestamibi

12
participants

18 Y to 80 Y,
all sex
eligible for
the study

A pharmacody-
namic study of
CBT-1, a P-gp
(Pgp) antagonist,
evaluating Pgp
inhibition in
tumours and
normal tissues

December
2007 NCT00972205

NIH CC Phase 1
Kidney
cancer and
metastasis

PSC 833,
vinblastine

46
participants

All ages and
sex are
eligible for
the study.

Continuous
intravenous PSC
833 and
vinblastine
infusion in
patients with
metastatic renal
cancer: A phase
I study

February
1997 NCT00001570

Francisco
Robert, MD,
the
University of
Alabama at
Birmingham

Phase 2

Non-small
cell lung
cancer
(NSCLC)
stage IV
NSCLC
metastatic
NSCLC

Cabazitaxel-
XRP6258
(3-week
cycle),
cabazitaxel-
XRP6258
(5-week
cycle)

28
participants

19 Y and
older and all
sexes eligible
for the study

A Phase II trial
of a novel taxane
(cabazitaxel-
XRP6258) in
patients with
previously
treated
advanced
non-small-cell
lung cancer
(NSCLC).

September
2011 NCT01438307

Merck
KGaA,
Darmstadt,
Germany

Phase 1 Healthy

Dabigatran
etexilate,
tepotinib

20
participants

18 Y to 44 Y,
all sexes are
eligible for
this study

The purpose of
this Phase I,
open-label,
single-sequence,
two-period
study is to assess
the effect of
tepotinib on
P-gp by
investigating the
pharmacokinet-
ics of the P-gp
probe substrate
dabigatran
etexilate in
healthy subjects.

17 May 2018 NCT03492437

NIH CC

Low-grade
glioma,
glioblastoma
multiforme,
anaplastic
astrocytoma,
anaplastic
oligoden-
droglioma,
oligoastrocy-
toma

2
participants

18 Y to 99 Y,
all sexes
eligible for
the study

(11C)N-
desmethyl-
loperamide as a
P-gp function
marker in
glioma patients

13 January
2011 NCT01281982
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Table 2. Cont.

Responsible
Party Phase Condition

or Disease
Treatment or
Intervention

Number of
Participants Age and Sex Outcome

Measures
Study Start
Date

Identification
Number

Christopher
H. Lowrey,
Dartmouth-
Hitchcock
Medical
Center

Phase 1 Leukaemia

Biological:
sar-
gramostim,
Drug:
mitomycin C,
Drug: mitox-
antrone
hydrochlo-
ride

29
participants

18 Y to 120 Y,
all sexes are
eligible for
this study.

A phase I
evaluation of
mitomycin C
and
mitoxantrone in
patients with
acute
myelogenous
leukaemia and a
pilot clinical trial
of mitomycin C
modulation of
MDR protein

September
1996 NCT00003003

Grupo
Espanol de
Investiga-
cion en
Sarcomas

Osteosarcoma 115
participants

12 Y to 30 Y,
all sexes
eligible for
the study

P-gp expression
as a biomarker
for
non-metastatic
osteosarcoma of
the extremities: a
prospective
observational
study

2 July 2014 NCT04383288

Italian
Sarcoma
Group

Phase 2 Osteosarcoma
Mifamurtide
arm, other: 3
drugs arm

225
participants

Up to 40 Y,
all sexes are
eligible

ABCB1/P-gp
expression as a
biologic
stratification
factor in patients
with
nonmetastatic
osteosarcoma
(ISG/OS-2)

23 June 2011 NCT01459484

8. Authors’ Perspective

P-gp is an active member of the ATP-binding cassette (ABC) protein subfamily, which
effluxes a wide range of therapeutic drugs from cells, resulting in multidrug resistance [14].
However, it has an amazing protective effect on normal cells and the outflow of dangerous
and foreign compounds [109]. As a result, P-gp efflux is a vital step to overcome for
successful therapy and drug development. Modifying P-gp function using various inducers,
inhibitors, or genetic polymorphisms is a common strategy [110].

P-gp expression is found in all areas of the body, functioning as a protective barrier
against the entrance of poisons and xenobiotics. Its action is unavoidable in the blood–
placental barrier, blood–brain barrier, and blood–testes barrier, but when the focus is on
the therapeutic aspect of the drugs, the absorption of the drugs through the intestinal
lumen is slowed due to the expression of the P-gp in the intestinal lumen, although their
presence is predicted all over the body; their expression is higher, however, in diseased cells,
particularly cancer cells [109]. The plasma membrane of the intestinal epithelial cells pumps
back drugs that enter it, are recognized as substrates, and are expelled. Higher quantities
are seen in the biliary epithelium and the kidney’s proximal tubules, and the medicines are
found in the bile and urine. P-gp inhibitors are being developed to suppress its role [12].
Though the inhibitors demonstrate effect when tested in preclinical investigations, their
action slows when tested in clinical trials.

One of the most common causes of multidrug resistance is the overexpression of P-gp
or closely similar ABC-transporter family members. Unfortunately, none of the previ-
ously discovered and investigated P-gp inhibitors as potential co-therapeutics for MDR
diseases have proven their efficacy in clinical studies [107]. Recent studies using the P-gp
inhibitor tariquidar have indicated toxicity, and several phase III trials have been halted.
In recent phase III research, another P-gp inhibitor, zosuquidar, was not demonstrated
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to improve outcomes in persons with advanced acute myeloid leukaemia [111]. Despite
these obstacles, a recent randomised phase III research including high-risk acute myeloid
leukaemia patients discovered that blocking P-gp can improve cancer patient outcomes.
According to these findings, the beneficial effects of inhibitors were particularly noticeable
in those with elevated P-gp expression [42]. P-gp appears to be an essential and vital
target for therapeutic discovery and development, despite its poor clinical success. Recent
advances in understanding the structure and mechanism of P-gp and the related drug
pumps will surely aid in the rational development of pump-specific inhibitors [112]. Many
previously investigated inhibitors are believed to bind to drug binding sites and to limit
chemotherapeutic export by competing for transport cycles as P-gp transport substrates.
Because of this property, extremely large systemic dosages were almost certainly necessary,
which resulted in off-target damage [113].

P-gp is the major game changer in the field of drug discovery, associated not only
with cancer but also with the majority of diseases, which include tuberculosis, malaria,
and many antibiotic-related resistances. There are in vitro and in vivo methods developed
for the determination of the P-gp response to various chemicals and agents. P-gp expres-
sion has been linked to MDR in a range of cancers for over 40 years, as well as a lack of
chemotherapeutic responsiveness and a poor prognosis in breast and ovarian tumours.
P-gp overexpression in cancer cells decreases chemotherapeutic accumulation and leads to
resistance to a variety of currently available anti-cancer drugs, including vinca alkaloids
(vinblastine), taxanes (paclitaxel), and anthracyclines (daunorubicin). The capacity of P-gp
to transport such a broad range of chemical classes is ascribed, at least in part, to the
multiple transport channels discovered inside the protein using molecular dynamics simu-
lations [111]. Depending on the tissue of origin, studies show that P-gp overexpression in
malignancies might be innate or acquired during pharmacological therapy. MDR inhibitor
clinical studies have had mixed results, although the approach’s promise was revealed in
research that employed cyclosporine to block P-gp in persons with low-risk AML [114].
Incorporating the inhibitor into therapy considerably increased relapse-free and overall
survival. As previously indicated, the most prevalent clinical trial challenges were inhibitor
toxicity, medication interactions, and questions about clinical trial design. None of these
factors, however, lessen the significance or impact of effective P-gp inhibitors in cancer
chemotherapies on patient outcomes [115].

P-gp and its drug resistance are major game-changers in the field of cancer. The
drug metabolism, intake, pharmacodynamics, and pharmacokinetic characteristics mainly
depend on these parameters. Researchers are working on a scenario to provide a better
outbreak in the field of cancer by altering the issues associated with P-gp. Caution is
recommended when manipulating P-gp doses because its inactivation will lead to negative
impacts on our bodies [116].

For better treatment options, better studies on P-gp and its effects are needed. Orally
administered drugs that are substrates to P-gp are not absorbed or show their physiological
action as the stomach and small intestine show higher expressions of P-gp [117]. The plasma
membrane of intestinal epithelial cells pumps back the drugs that enter the cells, which are
recognized as substrates and excreted. We have shown that they play an important role in
multidrug resistance in cancer, and this is also true in normal cellular pathogens, including
protozoans and bacteria. This kind of transport system proves to be rather important,
and in this review, we have raised and addressed the issues of the role of P-gp and drug
transporters in cancer. Current indicators are that 50% of human cancers express P-gp at
levels sufficient to confer multidrug resistance. There is an optimistic view that most of the
drug resistance can be reversed by P-gp inhibitors. However, progress so far is slow. Most
P-gp inhibitors are tested and show transient or no responses, wasting both money and
time. Therefore, it is necessary to study P-gp and drug transporters to learn more about
how the drugs can be handled in the body.
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9. Conclusions

Cancer therapy remains difficult despite the use of multidrug regimens because
tumour cells develop resistance quickly. Over the last three decades, the role of P-gp in
chemo-resistance has been well established. However, to develop P-gp-specific inhibitors,
researchers must first gain a better understanding of tissue distribution, cell-type specificity,
immune side effects, body distribution/toxicity, and cell-specific cytotoxicity. It appears that
avoiding P-gp-mediated efflux by synthetically modifying existing chemotherapeutic drugs
is a very difficult drug discovery task. Understanding the 3D crystal structure of the P-gp
protein provided new insights into drug-design strategies. Combining antitumor immune
cells with P-gp inhibitors may improve tumour cell drug sensitivity while decreasing
effective antitumor immune cell infiltration, complicating matters further. To effectively
use P-gp inhibitors, these changes in the tumour microenvironment will necessitate more
in-depth research in the future.
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