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A B S T R A C T

The multidrug resistance phenomenon presents a major threat to the pharmaceutical industry. This resistance is a
common occurrence in several diseases and is mediated by multidrug transporters that actively pump substances
out of the cell and away from their target regions. The most well-known multidrug transporter is the P-glyco-
protein transporter. The binding sites within P-glycoprotein can accommodate a variety of compounds with
diverse structures. Hence, numerous drugs are P-glycoprotein substrates, with new ones being identified every
day. For many years, the mechanisms of action of P-glycoprotein have been shrouded in mystery, and scientists
have only recently been able to elucidate certain structural and functional aspects of this protein. Although P-
glycoprotein is highly implicated in multidrug resistant diseases, this transporter also performs various physio-
logical roles in the human body and is expressed in several tissues, including the brain, kidneys, liver, gastro-
intestinal tract, testis, and placenta. The expression levels of P-glycoprotein are regulated by different enzymes,
inflammatory mediators and transcription factors; alterations in which can result in the generation of a disease
phenotype. This review details the discovery, the recently proposed structure and the regulatory functions of P-
glycoprotein, as well as the crucial role it plays in health and disease.
1. Introduction

Membrane protein transporters serve a crucial biological function by
removing toxic substances from the cytosol and facilitating the uptake of
essential nutrients into the cell. This protective function is vital for the
survival of all living organisms. A subset of these embedded proteins, the
multidrug transporters are important transmembrane glycoproteins that
actively transport small lipophilic molecules out of the cell against their
concentration gradients [1]. Numerous studies have highlighted the
important role of multidrug transporters in drug absorption, distribution,
metabolism and elimination [2]. The most well-known multidrug
transporters belong to the ATP-binding cassette (ABC, e.g., ABCB1,
ABCG2) and solute carrier (SLC, e.g., SLC22A6, SLC22A8) families [3].
Alterations in these drug transporters because of genetic mutations,
drug-drug interactions or environmental factors have been shown to
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result in toxicity [4]. Several clinical and laboratory studies have
revealed drastic changes in serum and tissue drug levels because of
drug-transporter interactions [2]. Because of multidrug transporters, the
degree of drug efficacy can vary from patient to patient. A dose that
might be effective for one individual may be toxic for another individual
and it is also highly possible that the drug may have no effect at all. One
of the most difficult obstacles faced by the pharmaceutical industry in
recent years has been the development of drug resistance. This resistance,
which can occur in several diseases, including human immunodeficiency
virus (HIV) [5]; cancer [6]; nervous system disorders, such as schizo-
phrenia, epilepsy and amyotrophic lateral sclerosis (ALS) [7, 8, 9]; sys-
temic autoimmune disorders, such as lupus erythematosus (LE) and
rheumatoid arthritis (RA) [10, 11]; and inflammatory pain [12, 13] has
been largely attributed to the multidrug transporter protein, P-glyco-
protein (PGP).
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2. P-glycoprotein: an overview

Burchenal and colleagues were the first to report a case of drug
resistance, which occurred with 4-amino-N10-methyl-pteroylglutamic
acid in a mouse model of leukaemia [14]. A few years later, two other
groups also observed a similar type of resistance to the antibiotic acti-
nomycin D in HeLa cells [15] and Chinese Hamster Ovary (CHO) cells
[16]. Thus, the idea of multiple drug resistance (MDR) emerged [16],
and this concept was later fully elucidated when the ATP-dependent
efflux of another antibiotic, daunomycin, was observed in resistant
Ehrlich ascites carcinoma cells that also showed cross resistance to vinca
alkaloids, which are naturally occurring plant compounds of unrelated
structure and function [17]. Surface labelling studies in CHO cells that
demonstrated resistance to colchicine, as well as cross resistance to a
variety of amphiphilic compounds, resulted in the discovery of a 170,
000 Da cell-membrane efflux pump [18]. This pump was given the
name PGP, or the permeability glycoprotein, because of its ability to
alter the rate of drug permeation; the amount of PGP expression being
correlated with the extent of drug resistance. This MDR phenotype was
further investigated at a genetic level and following several cloning
studies in human, as well as animal cell lines, the ABCB1 gene was
shown to be responsible for generating the multidrug transporter, PGP
[19, 20, 21, 22, 23].

PGP or multidrug resistance protein-1 is a transmembrane unidi-
rectional efflux pump that uses ATP to actively transport substances out
of the cell against their concentration gradients [24]. This efflux func-
tion of PGP has been observed in several micro-organisms and similar
transporters are implicated in cases of antibiotic resistance [25]. In
healthy tissue, PGP controls the rate of cellular uptake of foreign sub-
stances, their distribution, as well as their elimination thus possessing
the ability to directly influence absorption, distribution, metabolism,
excretion, and toxicity (ADMET) properties of pharmaceutical drugs,
affecting both efficacy and bioavailability [26]. ADMET properties al-
ways need to be taken into consideration when developing a new drug
as they are crucial for determining its dosage, toxicity, route, and fre-
quency of administration. PGP is known to bind to a wide range of
substrates that are structurally varied [26, 27], hence, although a drug
may seem promising in the early stages, an efflux pump like PGP can
reduce its efficacy by pumping the drug out of the cell and away from
the target site, resulting in drug resistance. Therefore, the Food and
Drug Administration (FDA) encourages screening during the early stages
of drug development to check for possible PGP substrates [27]. This
helps improve the success rates during the later stages of drug devel-
opment and also lowers financial costs [27]. However, the screening
process can be challenging since different laboratories report conflicting
results [27], further causing a setback in the drug developmental
process.

In nature, PGP substrates are known to be lipophilic, basic nitrogen-
containing compounds that can form several hydrogen bonds [28].
Known PGP substrates include various antineoplastic agents [29, 30,
31], antiepileptic drugs [32, 33, 34], β-adrenoceptor antagonists [35,
36], calcium channel blockers [37, 38], steroids [39, 40, 41], opioids
[42, 43, 44], immunosuppressive drugs [45, 46], HIV protease in-
hibitors [47, 48, 49, 50], antiemetics [51, 52], anthelmintics [53, 54,
55], antibiotics [56, 57, 58], lipid-lowering agents [59, 60] and hista-
mine H1 receptor antagonists [61, 62], with up to 480 substrates
identified so far and the number still rising [63]. As such, there is an
urgent need to suppress PGP function to improve drug efficacy in MDR
diseases by: either lowering or inhibiting the PGP expression levels;
blocking the ATPase enzyme activity that is usually responsible for
providing PGP with the energy for efflux; or preventing the interaction
between PGP and the drug of interest [64]. However, to achieve any of
these goals it is important to have an in-depth knowledge of the
structure, regulation and physiological functions of PGP to develop
appropriate drugs to modulate MDR.
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3. The structure of P-glycoprotein

Located in the phospholipid bilayer, the PGP pump comprises of two
homologous transmembrane domains (TMDs), each containing six
membrane-spanning α-helices and one cytoplasmic nucleotide binding
domain (NBD) [65] (Figure 1). The two TMDs are linked together by a
flexible 75-amino acid protein containing several phosphorylation sites
[66]. X-ray crystallography of the inward facing conformation of PGP
revealed a 6000 Å3 internal cavity and a 70–200 Å3 pore on the extra-
cellular side, with the NBDs separated by 30 Å [67] (Figure 1). The in-
ternal cavity is enwrapped by 12 α-helices that extend from the centre of
the phospholipid bilayer to the cytoplasm [68]. The inward facing
conformation of PGP also has various binding pockets containing both
aromatic and hydrophobic residues along with amino acids with polar
side chains such as Q343, Q721, Q942, Q986, and S975 (Figure 1). This
arrangement enables the formation of both van der Waals and hydrogen
bonds, thus allowing a wide array of substrates to interact with the
protein [69, 70]. PGP has been shown to interact with various stereo-
isomers of the same compound [71]. The tertiary structure of PGP pro-
vides enhanced flexibility with three-dimensional reorientation ability,
which further facilitates its interaction with a wide range of substrates
[72]. Unlike proteins that bind according to the induced-fit model or the
lock-and-key model, PGP does not have a fixed ligand-binding pocket
[73, 74]. Therefore, polar, non-polar, linear, hydrophobic, and aromatic
compounds with varyingmolecular weights ranging from 250 to 4000 Da
have all been identified as substrates of PGP [75]. As with all ABC pro-
teins, each NBD is made up of twoWalker regions, regions A (GXGKST; X
is a non-specific amino acid) and B (DEATSALD). The difference between
proteins that are ABC transporters and non-transporters lies in the posi-
tion of the signature conserved motif, C (LSGGQ), which in the case of
ABC transporters is present between A and B [76, 77, 78] (Figure 2).
These three motifs are essential for forming the two active sites for
ATPases, each site consisting of a Walker A and B motif from one NBD
and a C motif from the other [79]. As the cytosolic concentration of ATP
is much higher, around 1–10 mM, compared to that of the domain
binding constant (0.01mM), both the ATP-binding sites are present on
the intracellular side [79, 80]. Even though the inward-facing confor-
mation is more energetically feasible, the PGP pump usually exists in the
outward-facing conformation [81]. Each of these sites contains a highly
conserved glutamate residue that functions as a catalytic base for the
hydrolysis of ATP. Several studies have shown that alterations in any one
of these glutamate sites can diminish the ATPase activity, whereas mu-
tations at both the sites fixes the PGP structure in an occluded nucleotide
conformation [82, 83, 84].

The switch from the inward- to the outward-facing conformation
involves the tilting and rotating of both the TMDs resulting in the
contraction of the cytoplasm-facing inner cavity, thus allowing the efflux
of several substrates out of the cell [85] (Figure 3). In the outward
conformation, the NBDs dimerise in a head-to-tail formation, with each
interface being bound to an ATP molecule to stabilise the structure [79].
This outward-facing conformation is achieved when transmembrane re-
gion (TM) 4 and 5 of the first TMD pivot inwards along with TM10 and 11
of the second TMD. The structure is further stabilised by the outward
pulling action of TM7 and 8 away from TM9 to 12 [79]. Another
important element involved in this structural switch is the residue that
lies between the NBD and TMD interfaces, called the Q-loop. The Q-loop
(Q475 of the NBD1 and the Q1118 of the NBD2) has been shown to in-
crease the van der Waals forces with the C motif of the other NBD by
using a magnesium ion and a γ-phosphate for ATP binding [79, 85, 86].
In addition to the Q-loop, several intracellular helices (IH), including IH1
and 2, and other TM helices undergo changes because of the van der
Waals forces between the α3-Q-loop and the coupling helices [85]. These
changes in structure involve the formation of bonds between TM6 and
TM4, and TM6 and TM5, and the dissociation of the bonds between TM1
and TM6. The coiling of the TM3 and TM6 regions results in the



Figure 1. Three-dimensional structure of P-glycoprotein (PGP) transporter. The active binding pockets of PGP in the inward configuration with separated nucleotide
binding domains and the pockets are represented as yellow spheres and the distance between NBD is shown by yellow dots.
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contraction of the inner cavity, and the opening of the extracellular gates
[85]. Compared with the unwound form in the inward-facing confor-
mation, TM4 also acquires a more coiled, α-helical structure [85]. This
outward-facing conformation is further stabilised by a Glu620-Arg644
interaction until the substrates are expelled [85]. To date, no signifi-
cant structural differences in the NBD-TMD interfaces have been
observed during the switch from the inward- to the outward-facing
conformation, suggesting that this entire region functions as a singular
body during drug transport [66, 79]. Even in the outward-facing
conformation, the extracellular gate is extremely narrow, which en-
sures that substrates are actively transported out of the cell in a unidi-
rectional manner [79, 85].

This switch from the inward- to the outward-facing orientation results
in a redistribution of the drug-binding residues with more of these
binding regions facing the extracellular side [79]. ATP plays an essential
role in the stabilisation of this conformation and several studies have
suggested an association between the ATPase activity of PGP and sub-
strate efflux leading to drug resistance [87, 88, 89, 90, 91]. It has been
reported that PGP can have lower drug affinity in the presence of ATP
[92, 93, 94, 95, 96], while the use of the ATP analogue,
Figure 2. Nucleotide binding domain with the walker regions (ABC). The three region
B: green, C: red) enclosed by the black hexagon shape. Overall structure is illustrat
membrane (TM) and nucleotide binding domains (NBD).
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adenylylimidodiphosphate, results in drug efflux [97]. These results
suggest that while the binding of ATP facilitates the outward-facing
conformation of PGP, it is the efflux of the drugs that results in ATP
hydrolysis [79]. Although PGP has two active sites for ATPase activity,
only one ATP molecule has been observed to be hydrolysed at a time
[98]. Other nucleotide trapping experiments have further corroborated
this data with activity being detected at only one catalytic site [99, 100],
indicating structural asymmetry of the two ATPase sites in the
outward-facing conformation. These results also suggest that ATP hy-
drolysis at any one of these sites is enough to destabilise the structure
[79]. This destabilisation results in the potential energy stored within the
coiled TM3 and TM6 regions being converted into an elastic spring-like
force resulting in a rapid reversal of the outward-facing structure back
to the inward-facing conformation [85].

4. The physiological function of P-glycoprotein

PGP is expressed in different regions of the body, including the brain,
kidneys, liver, gastrointestinal tract, testis and placenta. PGP is an
essential component of the blood brain barrier (BBB) and is expressed on
s facilitate ATP binding and hydrolysis, represented in different colours (A: blue,
ed using ribbon representation and coloured differently according to the trans-



Figure 3. Two PGP transporters in different conformations across the phospholipid bilayer. The inward-facing structure (left) promotes drug binding, while the
outward-facing structure (right) facilitates the efflux process. The channel pore for the outward-facing structure is narrow, hence the drug is actively pumped out into
the extracellular environment.
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the apical surface of capillary endothelial cells, restricting the entry of
foreign toxic substances into the brain [101, 102]. Resistance to pilo-
carpine during seizure induction has been observed in animal models of
epilepsy and PGP is thought to be responsible for this resistance [103,
104]. Compared to wild-type mice, PGP knockout mice require a lower
dose of pilocarpine for seizure induction [104]. Other studies have also
reported PGP knockout mice having a 17- to 83-fold increase in substrate
concentration in the brain, whereas the levels in other organs, such as the
liver, kidneys and intestines, were only increased by 2- to 3-fold [105]. In
humans, a 129% increase in the brain concentration of (R)-[11C] verap-
amil [106] and a 223% increase of [11C]N-desmethyl-loperamide [107]
were observed when patients were administered 6 mg/kg of tariquidar, a
PGP inhibitor. In another recent positron emission tomography (PET)
imaging study, administration of tariquidar resulted in a 273% � 78%
increase in the brain concentration of (R)-[11C] verapamil [108], further
highlighting the protective role of PGP at the BBB.

PGP also has an efflux function in the kidneys, where it is localised on
the apical surface of the proximal tubule epithelial cells [109]. Elevated
PGP levels in the kidneys in response to endotoxemia [110] and ischemia
reperfusion injury [111] have been recorded in several animal studies. In
another study, higher levels of de novo PGP synthesis were observed in
the kidneys upon exposure to the proinflammatory cytokine tumour
necrosis factor-α (TNF-α), lipopolysaccharide (endotoxin) or a combi-
nation of both TNF-α and lipopolysaccharide [112]. Similar observations
have also been made in other in vivo lipopolysaccharide exposure studies
[110, 113, 114]. Therefore, it has been suggested that PGP protects the
kidneys by preventing the accumulation of toxic substances in cases of
injury.

Some studies have also suggested that PGP is involved in cholesterol
trafficking [115, 116, 117], as well as lipid homeostasis [118, 119]. Cells
expressing higher levels of PGP have been noted to undergo enhanced
esterification of the plasma membranes [117]. PGP knockout mice have
demonstrated higher insulin and glucose levels compared with wild-type
mice [119]. These mice also weighed more compared with the wild type
and suffered from adipose hypertrophy resulting in hepatosteatosis (fatty
liver disease). This hepatosteatosis was marked by an increase in the
expression of liver detoxification genes and de novo lipid synthesis, as the
liver is normally a vital site for lipid homeostasis. It is possible that
downregulation of PGP affects the bioavailability of lipids, as they are
PGP substrates, which forces the use of other metabolic pathways
resulting in obesity. Furthermore, the knockout of PGP can also affect
biliary excretion in the liver [120, 121]. In humans, the downregulation
of PGP at the BBB has also been linked to higher rates of obesity [122].
Thus, PGP has proven to be essential for a healthy body mass index.
4

Although PGP is well known for its effect on the efflux of xenobiotics,
studies have suggested another intriguing role for PGP in listeriosis
[123]. Listeria monocytogenes is a Gram-positive bacterium and a common
food-borne pathogen that begins its pathogenesis in the gastrointestinal
tract in the Peyer’s patches [124, 125], intestinal villi [126] and goblet
cells [127] via the internalins A and B. During this process, the intestines
are exposed not just to the bacteria but also to several surface-attached
proteins generated by the bacteria. Both in vivo and in vitro experi-
ments have shown that the inhibition of PGP facilitates this bacterial
invasion, whereas overexpression of PGP results in resistance to this in-
vasion [123]. PGP knockout mice exhibited a higher incidence of infec-
tion compared with the wild-type counterparts. Expression of PGP
resulted in the efflux of the bacterial proteins from the basolateral surface
to the apical surface, whereas the inhibition of PGP resulted in a decline
of this flow [123]. Another study later reported that PGP-mediated
activation of the S100A8/S100A9 complex was responsible for this
resistance to infection via the phosphorylation of Ser552 by β-catenin
[128]. PGP was shown to reduce PI3Kα phosphorylation by the bacteria,
which reduced the likelihood of the bacteria invading the intestinal cells
through gap junctions. In listeriosis, the bacteria replicate in the cyto-
plasm and infect the neighbouring cells without causing cell lysis [129].
Upon sensing this replication in host cells, cytosolic receptors of the
innate immune system activate the type I interferon response resulting in
the secretion of interferon-beta (IFN-β) [130]. Recent studies have shown
that PGP is essential for this innate response [131]. PGP expression ele-
vates the type I interferon response whereas blockade of PGP reduces the
expression of IFN-β in infected cells. PGP is also crucial for the activation
and migration of dendritic cells from the periphery to the lymph nodes
[132, 133, 134]. The inhibition of PGP by venlafaxine prevents the dif-
ferentiation of dendritic cells [135]. This inhibition also diminishes the
polarisation and proliferation of T cells, as well as the production of
cytokines. In addition to dendritic cells, PGP expression has also been
observed in CD4þ T regulatory cells, T effector cells, CD8þ cytotoxic T
cells and natural killer cells [136, 137, 138, 139]. PGP expression has
been shown to play a role in FTY720-mediated T cell migration as PGP
can transport sphingosine-1-phosphate [140]. PGP is essential for the
normal development of T regulatory cells [141] and also protects T
helper cells (Th1 and Th17) from bile acid-driven oxidative stress in the
small intestine [142]. Upon viral infection, PGP appears to initiate the
production of T effector cells, whereas in a bacterial invasion PGP has a
protective function towards T memory cells [139]. It has been reported
that PGP-expressing polyclonal CD8þ T cells exhibited greater effector
memory phenotypes compared with naïve cells lacking PGP. Follow-up in
vivo studies reported that inhibition of PGP resulted in an upregulation of
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genes and transcription factors related to autophagy and apoptosis. PGP
downregulation also reduced ATP production and increased the gener-
ation of MitoSOX, which is an indicator of oxidative stress [143, 144].
Thus, normal-functioning PGP ensures cell survival by suppressing
oxidative stress and preserving mitochondrial function in developing T
cells [139].

In the testis, PGP has been shown to interact with the tight junction
protein zonula occludens 1 (ZO-1), focal adhesion kinase (FAK), junc-
tional adhesionmolecule A (JAM-A), claudin-11 and occludin, playing an
essential role in the restructuring of the blood-testis barrier (BTB) during
spermatogenesis [145, 146]. The seminiferous epithelium of the BTB
exist as two separate regions, the apical and the basal chambers [147].
This separation ensures that spermiogenesis can safely take place in the
apical region without the immune system creating antibodies against the
newly formed cells [147, 148]. When these cells reach stage VIII of their
cycle, the entire BTB undergoes a substantial amount of restructuring
wherein PGP plays an important role. The knockdown of PGP has been
shown to increase the FAK-occludin interactions, resulting in phosphor-
ylation of the serine and threonine residues in occludin, which desta-
bilises the occludin/ZO-1 adhesion complex [146, 149]. This
destabilisation reduces the adhesion between the Sertoli cells, therefore,
making the BTBmore permeable. In immunohistochemistry studies using
mice, rats and human testicular sections, PGP has been detected in
various somatic testicular cells, such as the Leydig cells, macrophages,
peritubular cells and Sertoli cells [150]. In rats, these cells exhibitedMDR
suggesting a defensive role for PGP in germ-line cells [150].

PGP has also been detected in proliferating cytotrophoblast (CT),
syncytiotrophoblast (ST) and extravillous trophoblast (EVT) cells, high-
lighting a possible role for PGP in placental development [151]. PGP is
involved in both the invasion andmigration of CT and EVT cells, ensuring
a proper connection is formed between the circulation of the mother and
the foetus [151, 152]. The knockout of PGP resulted in complete
obstruction of the EVT invasion and migration. This obstruction resulted
in the formation of abnormal placental tubes that were longer and more
complex [151] than normal tubes. Similar results were also observed for
primary EVT cells in vasculogenesis and trophoblast syncytialisation.
Lower PGP levels have also been reported in severe early-onset pre--
eclamptic placentas and preterm placentas with acute chorioamnionitis
[151, 153]. Besides aiding in placental development, PGP also plays a
pivotal role in the placental barrier, protecting the unborn foetus from
maternally transported steroids, toxins and xenobiotics [151, 154, 155].
However, the expression levels of PGP have been known to vary among
individual foetuses, even those in the same gestational period [156, 157],
thus affecting the level of exposure of the foetuses to toxic substances.
Studies in humans and mice have reported that PGP levels were the
highest during early gestation to protect the unborn foetus during this
developmentally sensitive stage, with hCG-β being implicated for this
upregulation of PGP in humans [158, 159]. The importance of PGP was
further highlighted in a study that exposed pregnant PGP knockout mice
to a teratogenic substance. Because these foetuses had no protection
against the teratogen, 100% of them were born with cleft palate abnor-
malities, while the wild-type foetuses exhibited no birth defects from the
teratogenic exposure [154]. In addition to the placenta, PGP has also
been detected in the foetal brain [160, 161, 162], liver [163, 164, 165,
166], kidneys [164] and small intestine [164, 167]. Although the exact
role of PGP in the developing foetal organs has not been clearly eluci-
dated, it is possible that PGP serves a protective role, similar to that in
healthy adults.

5. The regulation of PGP

Because of its diverse functions in the body, a variety of factors have
been reported to regulate the functions and expression levels of PGP.
Several animal studies have reported that the neurotransmitter glutamate
positively regulated PGP expression and the transport function of PGP in
the brain via N-methyl-D-aspartate (NMDA) receptors [168]. Through the
5

NMDA receptors there is a huge influx of calcium ions into the cell, which
activates phospholipase A2 [169]. Phospholipase A2 is a catabolic enzyme
that breaks down phospholipids to release arachidonic acid [170]. This
increased output of arachidonic acid from the cell is then converted into
prostaglandins by cyclooxygenase-2 (COX-2) [171]. Several studies have
highlighted a connection between NMDA, COX-2, and PGP signalling
[168, 172, 173, 174, 175]. Increased levels of COX-2 have been shown to
elevate the levels of PGP expression [176, 177, 178]. Steroid hormones,
such as oestradiol, have also been identified as modulators of PGP [179].
Activator protein-1 (AP-1) and nuclear factor kappa B (NF-κB) are other
known inducers of PGP [180]. Elevated PGP expression levels were
observed when NF-κB was translocated to the nucleus in response to AKT
phosphorylation via the JNK pathway [181]. Other MAPK signalling
pathways, such as the ERK [182, 183] and p38 pathways, [184, 185] have
also been reported to elevate PGP expression levels. Both the
PI3K/Akt/mTOR pathway [186, 187, 188] and Wnt/β-catenin signalling
pathway [189, 190, 191] have also been shown to upregulate PGP
expression. Pro-inflammatory cytokines, such as TNF-α, are also known
inducers of PGP [112, 192, 193]. The transforming growth factor-beta 1
(TGF-β1)/Smad signalling pathway has also been recognised as a positive
regulator of PGP [194], with studies showing TGF-β1 activity being
mediated through both the ALK1 and ALK5 pathways [195]. TGF-β1 ac-
tivity can also be modulated by glucocorticoids [196], which also possess
the ability to regulate PGP expression levels directly [197, 198, 199, 200,
201]. The ABCB1 gene itself can also be modulated by epigenetic mech-
anisms, such as histone acetylation [194, 202, 203, 204]. The promoter
region of PGP is a common binding site for several transcription factors,
including the leucine-rich PPR-motif-containing protein [205,206], p53
[207,208,209,210],MYCN [211, 212, 213, 214], SP-1 [215,216] andYB-1
[217,218]. Methylation of the promoter region has also been suggested to
play a role in PGP induction [219, 220, 221]. Several studies have also
reported that microRNAs (miRs), such as miR-145, miR-27a and
miR-331-5p, interact with the 3ʹ untranslated region (UTR) of ABCB1
mRNA, thus reducing PGP expression levels [222, 223]. Other miRs, such
as miR-137, can modulate transcription factors, such as YB-1, and thus
indirectly decrease PGP expression [224, 225]. miR200c has been
observed to downregulate the expression of the JNK2 gene, thus inhibiting
JNK2/p-JNK/p-c-Jun/ABCB1 signalling and lowering PGP expression
levels [226]. Studies have also identified that small GTPases, such as Ra1A,
Rab4 andRab5, canmodulate the trafficking and surface expressionof PGP
[227, 228].

6. PGP alterations in disease

Because a wide variety of factors can modulate the function and
expression levels of PGP, a role for PGP in diseases is inevitable. p53 is a
protein often called “the guardian of the genome” that possesses potent
tumour suppressive functions. p53 regulates cell-cycle arrest, apoptosis,
senescence and autophagy in response to cellular stress, DNA damage,
oncogene activation or hypoxia [229]. However, mutations in p53 sup-
press these apoptotic pathways resulting in cancer [230]. Nuclear accu-
mulation of mutant p53 has been shown to elevate PGP expression levels,
generating an aggressive MDR phenotype in breast cancer and acute
myeloid leukaemia patients, resulting in a poor prognosis [231, 232].
The contribution of mutant p53 to MDR in cancer has been observed in
several studies [233, 234]. The chemotherapeutic drug doxorubicin is
often used in hepatocellular carcinoma to induce the apoptosis of ma-
lignant cells via the p53 pathway [235]. Studies have shown that
defective p53 genes can result in doxorubicin resistance [236], whereas
overexpression of wild-type p53 genes promoted chemosensitivity [237].
Similarly, studies have reported higher expression levels of PGP in
doxorubicin-resistant HepG2 cells [238, 239], while downregulation of
PGP resulted in increased sensitivity to the drug [240]. Inhibition of the
oncogenic serine/threonine kinase Pim-1 has also been shown to increase
doxorubicin sensitivity in PGP-positive cells [241]. This result is hardly
surprising as several chemotherapeutic drugs are PGP substrates. In
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cancer, Pim-1 protects PGP from ubiquitination and proteasomal degra-
dation and ensures PGP glycosylation and increased cell surface expres-
sion, which can lead to MDR. Both the MAPK signalling pathway and the
COX-2 gene have been implicated in PGP-mediated MDR in hepatocel-
lular carcinoma [239, 242]. Mutant p53 has also been shown to interact
with the ABCB1 promoter in osteosarcoma and colon carcinoma [243].
Overexpression of (chemokine receptor type 4) CXCR4 is another factor
known to contribute to higher expression levels of PGP in cancer [244,
245, 246, 247]. CXCR4 is responsible for the recruitment and activation
of immune cells, as well as the production of various cytokines [11],
which in the case of cancer leads to the migration of inflammatory and
metastatic cells. Studies have reported a poor prognosis for PGP-positive
paediatric ependymoma patients as these individuals exhibit increased
drug resistance, local invasion and tumour recurrence [248]. A study on
oesophageal carcinoma cells revealed that downregulation of miR-27a
resulted in lower levels of Bcl-2, ABCB1 transcription and PGP [249].
Elevated PGP levels and doxorubicin resistance were also observed in
breast cancer cells when miR-298 was downregulated [18]. Targeted
inhibitors of PGP that interact with the NBD, instead of the substrate
binding sites, have been shown to reverse MDR and increase tumour cell
senescence through chemotherapy [6], further highlighting the role of
PGP in cancer.

Elevated expression levels of PGP have also been reported in cases of
peripheral inflammatory pain with increased PGP trafficking from nu-
clear stores to the endothelial cell luminal membrane [250]. Several
opioid analgesics, such as morphine, are also PGP substrates making it
difficult to design a pain management regimen [44]. Therefore, several
recent studies have attempted to improve drug delivery by administering
milder analgesics in conjunction with morphine [251, 252]. The use of
acetaminophen results in the activation of the constitutive androstane
receptor, which elevates PGP levels at the BBB [251]. Comparatively,
pre-treatment with the non-steroidal anti-inflammatory drug (NSAID)
diclofenac reduces morphine uptake, but the concurrent administration
of diclofenac with morphine improves drug uptake even though the PGP
expression levels are high, suggesting a specific drug-drug interaction
[252]. Morphine-tolerant rats have been reported to have a 2-fold in-
crease in PGP trafficking from the nuclear stores to the endothelial cell
luminal membrane [44]. Studies have also shown that peripheral in-
flammatory pain can result in specific structural changes in PGP, which in
turn could affect the role of PGP in drug delivery [12].

High expression levels of PGP have also been observed in post-
operative peritoneal adhesions via the activation of the TGF-β1/Smad
signalling pathway and histone H3 acetylation [194]. Elevated levels of
PGP have been shown to amplify phosphorylation of the chloride
channel-3 to modulate the cell volume [194, 253]. This modulation
increased the proliferation and migration of fibroblasts through
volume-activated chloride currents resulting in the formation of perito-
neal adhesions. TNF-α has been reported to activate B lymphocytes and
upregulate the surface expression of PGP in autoimmune disorders, such
as RA [254]. PGP levels have been detected to be particularly high in
CXCR4-overexpressing B lymphocytes [11]. Thus, disease modifying
antirheumatic drugs are pumped out of the system, mediating MDR in
patients with active RA. Studies have also reported higher levels of
PGP-expressing CD4þ cells in the peripheral blood and renal tissue of
lupus nephritis patients suffering from MDR [10]. PGP knockout animals
have shown impaired dendrite cell maturation and decreased T cell
stimulation, and exhibited symptoms of experimental autoimmune
encephalomyelitis, suggesting a possible role of PGP in multiple sclerosis
[255].

Various animal models and human studies have highlighted the role
of the overexpression of PGP at the BBB in pharmacoresistant epilepsy
[33, 256, 257, 258, 259, 260]. It has been suggested that recurrent
seizure activity results in additional extracellular glutamate release that
leads to the activation of NMDA receptors and elevated COX-2 levels
[168]. Elevated COX-2 levels are known to increase PGP expression
levels, resulting in the large-scale efflux of anti-epileptic drugs [176].
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Elevated PGP levels have also been identified in neurodegenerative dis-
orders, such as ALS [9, 261, 262]. In some forms of ALS, sporadic as-
trocytes that modulate PGP expression through NMDA receptors have
been shown to be present [262].

Lower expression levels of PGP because of genetic variants of the
ABCB1 gene have been associated with an increased likelihood of Par-
kinson’s disease (PD) [263]. PET scans and biochemical studies on PD
patients have indicated that there is a significant reduction in PGP ac-
tivity in these patients [264, 265]. Compared with controls, there was an
increased uptake of 11C-verapamil into the brain suggesting an attenua-
tion of the PGP efflux function. Similarly, PGP levels have also been
shown to be downregulated in Alzheimer’s disease (AD) [266, 267]. In
healthy individuals, PGP is responsible for the removal of the amyloid-β
protein (Aβ) from the brain [266, 268, 269, 270, 271, 272, 273, 274]. Aβ,
which is a major hallmark of AD, is also a PGP substrate [275], and the
downregulation of PGP has been shown to elevate the accumulation of Aβ
in the brain [267, 270, 276, 277].

7. Current challenges and future possibilities for drug
development

Over the years, several attempts have been made to include PGP in-
hibitors as part of the drug regime for patients withMDR diseases, such as
cancer. Verapamil, a voltage-dependent L-type calcium channel blocker,
was one of the earliest drugs to be tested as a PGP inhibitor [278]. Pa-
tients with small cell lung cancer in a phase II trial were administered 480
mg of verapamil along with the usual chemotherapy drugs (cyclophos-
phamide, doxorubicin, vincristine, and etoposide; CAVE) in an attempt to
improve drug uptake and efficiency [278, 279]. Although the verapamil
dosage used was near the maximum tolerated dose, no positive effects
were observed in the patients [278, 279]. Furthermore, the concentration
of verapamil in the blood was significantly lower than the required
efficacious dose reported in preclinical studies [278, 279]. Patients also
reportedly suffered from hypotension [279]. Another famous PGP in-
hibitor tested was dexverapamil, the R-form of verapamil, which had
lesser potency as a PGP inhibitor but also fewer risks of cardiotoxicity.
When used in a phase II trial alongside anthracyclines to battle chemo-
resistance, partial response was observed in 2 of the 21 patients, with
only a 19% disease control rate [278]. However, the toxicity levels were
more tolerable than its predecessor [278]. More recently, scientists have
developed a new generation of PGP inhibitors, such as tariquidar and
zosuquidar, with the intent of optimizing potency (10–100 nM) and
enhancing specificity to PGP [280]. However, studies have reported
contradicting results on the role of tariquidar as a PGP inhibitor [280].
Such conflicting evidence prevent drugs from proceeding to the later
phases of clinical trials and very few receive FDA approval due to reports
of poor efficiency and high toxicity levels. The current known compu-
tational methods of predicting drug-protein interactions include quanti-
tative structure activity relationship [281], classification models [282],
and molecular docking [283], to name a few. Our current knowledge of
the PGP structure, will tremendously aid this process as several of these
methods rely on the accuracy of the three-dimensional structure of the
protein. Additionally, learning the pivotal role that PGP plays in physi-
ological function is of great importance because if we were to potentially
design a strong inhibitor in the future that could negate the efflux
function of PGP, there is a possibility of this drug interfering with the
usual protective function of PGP which could prove detrimental to the
organs where it is expressed in healthy levels. Moving forward, it might
also be beneficial to design drugs based on properties other than the
inhibition of PGP. For instance, PGP is known to interact with hydro-
phobic compounds. Therefore, chemically modifying the drug to possess
a polar moiety or attaching a polar side chain to it could potentially
reduce the efflux function of PGP. Alternatively, rather than designing
new PGP inhibitors, it might be more feasible to repurpose already
known drugs that have previously been approved by the FDA for the
treatment of other illnesses. This method is highly advantageous as it
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avoids the numerous and time-consuming preclinical toxicity tests, thus
lowering drug manufacturing costs in the process. In addition, scientists
could also try targeting sites that are involved in the opening and closing
mechanisms of the pump. If the PGP structure is restricted to either the
inward- or outward-facing conformation it could potentially reduce the
frequency of drugs being pumped out of the system. Besides traditional
drug development there are also newer methods such as
CRISPR/Cas9-based genome editing that have shown some promise in
reversing MDR. As reported by Yang and colleagues (2016), the
employment of CRISPR/Cas9 to knockout ABCB1 significantly improved
sensitivity to rhodamine 123 and doxorubicin with a marked increase in
the intracellular accumulation of these drugs in cancer cells [284].
Another interesting method to combat PGP-induced MDR could be the
incorporation of microRNAs (miRNAs). miRNAs possess the ability to
regulate gene expression through RNA interference or gene silencing.
This means they could inhibit the translation of ABCB1 mRNA into PGP
proteins, thus reducing its expression levels. A good example of this is the
utilization of miR-298 to reverse MDR in refractory epilepsy [285]. This
miRNA was shown to downregulate PGP expression levels while also
improving internal accumulation of anti-epileptic drugs [285]. However,
these techniques are still in their early stages of development and will
require further studies to elucidate their underlying mechanisms.

8. Conclusion

Because of the various roles PGP plays in both health and disease, it is
difficult to combat PGP-inducedMDR. In healthy individuals, PGP plays a
crucial role in the development of an immune response, cholesterol
metabolism, and the differentiation and migration of various cells, while
also serving a protective function in several organ systems. PGP is an
inherent barrier that protects the body from xenobiotics and other toxic
substances. Thus, any changes in the expression levels of PGP can be
detrimental. In the case of pregnant women, knockdown of PGP can also
be dangerous for the developing foetus. Therefore, with regard to MDR,
simply inhibiting PGP function is not an option, as this might reduce drug
resistance, but it may also give rise to other health complications.
Designing suitable therapeutic drugs to bypass the PGP transporter is a
viable option, provided that these drugs are not PGP substrates. The
administration of a suitable competitive inhibitor concurrently with the
therapeutic drug is another possible option. In theory, this method would
ensure that there is more than one substrate competing to bind with PGP,
therefore perhaps decreasing the likelihood of the therapeutic drug being
pumped out of the cell. Unlike a non-competitive inhibitor, a competitive
inhibitor might not completely shut down PGP function, thus possibly
allowing maintenance of the regular physiological functions of PGP.
Recent studies have highlighted new aspects of the PGP structure and this
knowledge could be exploited to design drugs that target other regions of
the PGP complex outside of the substrate binding regions.
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[206] S. Corrêa, R. Binato, B. Du Rocher, G. Ferreira, P. Cappelletti, S. Soares-Lima,
L. Pinto, A. Mencalha, E. Abdelhay, ABCB1 regulation through LRPPRC is
influenced by the methylation status of the GC -100 box in its promoter,
Epigenetics 9 (8) (2014) 1172–1183.

[207] Z. Li, Y. Zhu, X. Lit, Wild-type p53 gene increases MDR1 gene expression but
decreases drug resistance in an MDR cell line KBV200, Cancer Lett. 119 (2) (1997)
177–184.

[208] J. Bush, G. Li, Regulation of the Mdr1 isoforms in a p53-deficient mouse model,
Carcinogenesis 23 (10) (2002) 1603–1607.

[209] S. Tsou, M. Hou, L. Hsu, T. Chen, Y. Chen, Gain-of-function p53 mutant with 21-bp
deletion confers susceptibility to multidrug resistance in MCF-7 cells, Int. J. Mol.
Med. 37 (1) (2015) 233–242.

[210] S. Li, M. Gao, Z. Li, L. Song, X. Gao, J. Han, F. Wang, Y. Chen, W. Li, J. Yang, p53
and P-glycoprotein influence chemoresistance in hepatocellular carcinoma, Front
Biosci. (Elite Ed.) 10 (2018) 461–468.
11
[211] E. Blanc, D. Goldschneider, E. Ferrandis, M. Barrois, G. Le Roux, S. Leonce,
S. Douc-Rasy, J. B�enard, G. Ragu�enez, MYCN enhances P-gp/MDR1 gene
expression in the human metastatic neuroblastoma IGR-N-91 model, Am. J.
Pathol. 163 (1) (2003) 321–331.

[212] C. Manohar, J. Bray, H. Salwen, J. Madafiglio, A. Cheng, C. Flemming,
G. Marshall, M. Norris, M. Haber, S. Cohn, MYCN-mediated regulation of the
MRP1 promoter in human neuroblastoma, Oncogene 23 (3) (2004) 753–762.

[213] C. Tsao, C. Geisen, R. Abraham, Interaction between human MCM7 and Rad17
proteins is required for replication checkpoint signaling, EMBO J. 23 (23) (2004)
4660–4669.

[214] M. Pajic, M. Norris, S. Cohn, M. Haber, The role of the multidrug resistance-
associated protein 1 gene in neuroblastoma biology and clinical outcome, Cancer
Lett. 228 (1-2) (2005) 241–246.

[215] R. Glazer, C. Rohlff, Transcriptional regulation of multidrug resistance in breast
cancer, Breast Cancer Res. Treat. 31 (2-3) (1994) 263–271.

[216] T. Guo, J. Huang, C. Huan, F. He, Y. Zhang, Z. Bhutto, L. Wang, Cloning and
transcriptional activity analysis of the porcine ABCB1 gene promoter: transcription
factor SP1 regulates the expression of porcine ABCB1, Front. Pharmacol. 9 (2018).

[217] R. Bargou, K. Jürchott, C. Wagener, S. Bergmann, S. Metzner, K. Bommert,
M. Mapara, K. Winzer, M. Dietel, B. D€orken, H. Royer, Nuclear localization and
increased levels of transcription factor YB-1 in primary human breast cancers are
associated with intrinsic MDR1 gene expression, Nat. Med. 3 (4) (1997) 447–450.

[218] H. Saji, M. Toi, S. Saji, M. Koike, K. Kohno, M. Kuwano, Nuclear expression of YB-1
protein correlates with P-glycoprotein expression in human breast carcinoma,
Cancer Lett. 190 (2) (2003) 191–197.

[219] K. Reed, S. Hembruff, J. Sprowl, A. Parissenti, The temporal relationship between
ABCB1 promoter hypomethylation, ABCB1 expression and acquisition of drug
resistance, Pharmacogenomics J. 10 (6) (2010) 489–504.

[220] C. Shi, F. Wang, M. Ren, Y. Mi, Y. Yan, K. To, C. Dai, Y. Wang, L. Chen, X. Tong,
Y. Liang, L. Fu, Up-regulation of ABCB1/P-glycoprotein by escaping promoter
hypermethylation indicates poor prognosis in hematologic malignancy patients
with and without bone marrow transplantation, Leuk. Res. 35 (1) (2011) 73–79.

[221] R. Henrique, A. Oliveira, V. Costa, T. Baptista, A. Martins, A. Morais, J. Oliveira,
C. Jer�onimo, Epigenetic regulation of MDR1 gene through post-translational
histone modifications in prostate cancer, BMC Genom. 14 (1) (2013) 898.

[222] D. Feng, H. Zhang, P. Zhang, Y. Zheng, X. Zhang, B. Han, X. Luo, L. Xu, H. Zhou,
L. Qu, Y. Chen, Down-regulated miR-331-5p and miR-27a are associated with
chemotherapy resistance and relapse in leukaemia, J. Cell Mol. Med. 15 (10)
(2011) 2164–2175.

[223] K. Ikemura, M. Yamamoto, S. Miyazaki, H. Mizutani, T. Iwamoto, M. Okuda,
MicroRNA-145 post-transcriptionally regulates the expression and function of p-
glycoprotein in intestinal epithelial cells, Mol. Pharmacol. 83 (2) (2013) 399–405.

[224] D. Dolfini, R. Mantovani, Targeting the Y/CCAAT box in cancer: YB-1 (YBX1) or
NF-Y? Cell Death Differ. 20 (5) (2013) 676–685.

[225] X. Zhu, Y. Li, H. Shen, H. Li, L. Long, L. Hui, W. Xu, miR-137 restoration sensitizes
multidrug-resistant MCF-7/ADM cells to anticancer agents by targeting YB-1, Acta
Biochim. Biophys. Sin. 45 (2) (2013) 80–86.

[226] H. Sui, G. Cai, S. Pan, W. Deng, Y. Wang, Z. Chen, S. Cai, H. Zhu, Q. Li, miR200c
attenuates P-gp-mediated MDR and metastasis by targeting JNK2/c-jun signaling
pathway in colorectal cancer, Mol. Cancer Therapeut. 13 (12) (2014) 3137–3151.

[227] D. Fu, E. van Dam, A. Brymora, I. Duggin, P. Robinson, B. Roufogalis, The small
GTPases Rab5 and RalA regulate intracellular traffic of P-glycoprotein, Biochim.
Biophys. Acta Mol. Cell Res. 1773 (7) (2007) 1062–1072.

[228] C. Ferr�andiz-Huertas, A. Fern�andez-Carvajal, A. Ferrer-Montiel, Rab4 interacts
with the human P-glycoprotein and modulates its surface expression in multidrug
resistant K562 cells, Int. J. Cancer 128 (1) (2010) 192–205.

[229] J. Zilfou, S. Lowe, Tumor suppressive functions of p53, Cold Spring Harbor
Perspect. Biol. 1 (5) (2009) a001883.

[230] Y. Stein, V. Rotter, R. Aloni-Grinstein, Gain-of-function mutant p53: all the roads
lead to tumorigenesis, Int. J. Mol. Sci. 20 (24) (2019) 6197.

[231] S. Linn, A. Honkoop, K. Hoekman, P. van der Valk, H. Pinedo, G. Giaccone, p53
and P-glycoprotein are often co-expressed and are associated with poor prognosis
in breast cancer, Br. J. Cancer 74 (1) (1996) 63–68.

[232] Z. Benderra, A.M. Faussat, L. Sayada, J.Y. Perrot, D. Chaoui, J.P. Marie,
O. Legrand, Breast cancer resistance protein and P-glycoprotein in 149 adult acute
myeloid leukemias, Clin. Cancer Res. 10 (23) (2004) 7896–7902.

[233] Y. Kim, M. Jang, S. Lim, H. Won, K. Yoon, J. Park, H. Kim, B. Kim, W. Park, J. Ha,
S. Kim, Role of cyclophilin B in tumorigenesis and cisplatin resistance in
hepatocellular carcinoma in humans, Hepatology 54 (5) (2011) 1661–1678.

[234] F. Feng, Y.Y. Lu, F. Zhang, X.D. Gao, C.F. Zhang, A. Meredith, Z.X. Xu, Y.T. Yang,
X.J. Chang, H. Wang, J.H. Qu, Z. Zeng, J.L. Yang, C.P. Wang, Y.F. Zhu, J.J. Cui,
Y.P. Yang, Long interspersed nuclear element ORF-1 protein promotes
proliferation and resistance to chemotherapy in hepatocellular carcinoma, World
J. Gastroenterol. 19 (7) (2013) 1068–1078.

[235] T. Zheng, J. Wang, X. Song, X. Meng, S. Pan, H. Jiang, L. Liu, Nutlin-3 cooperates
with doxorubicin to induce apoptosis of human hepatocellular carcinoma cells
through p53 or p73 signaling pathways, J. Cancer Res. Clin. Oncol. 136 (10)
(2010) 1597–1604.

[236] K. Hientz, A. Mohr, D. Bhakta-Guha, T. Efferth, The role of p53 in cancer drug
resistance and targeted chemotherapy, Oncotarget 8 (5) (2017) 8921–8946.

[237] S. Ye, J. Shen, E. Choy, C. Yang, H. Mankin, F. Hornicek, Z. Duan, p53
overexpression increases chemosensitivity in multidrug-resistant osteosarcoma
cell lines, Cancer Chemother. Pharmacol. 77 (2) (2016) 349–356.

[238] L. Ding, X.P. Chen, Z.W. Zhang, K. Jing, W.G. Zhang, Human multi-drug resistant
hepatocellular carcinoma induced in nude mice by B-ultrasonographically-

http://refhub.elsevier.com/S2405-8440(22)01065-9/sref185
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref185
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref185
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref185
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref185
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref185
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref186
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref186
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref186
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref186
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref186
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref187
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref187
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref187
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref187
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref187
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref188
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref188
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref188
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref188
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref188
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref189
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref189
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref189
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref189
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref189
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref190
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref190
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref190
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref191
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref191
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref191
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref191
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref192
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref192
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref192
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref192
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref193
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref193
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref193
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref193
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref194
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref194
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref194
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref194
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref194
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref195
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref195
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref195
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref195
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref195
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref196
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref196
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref196
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref196
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref196
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref197
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref197
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref197
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref197
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref198
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref198
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref198
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref199
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref199
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref199
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref199
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref200
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref200
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref200
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref201
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref201
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref201
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref201
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref202
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref202
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref202
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref202
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref202
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref202
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref203
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref203
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref203
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref203
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref203
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref204
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref204
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref204
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref205
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref205
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref205
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref205
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref206
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref206
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref206
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref206
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref206
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref206
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref207
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref207
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref207
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref207
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref208
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref208
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref208
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref209
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref209
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref209
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref209
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref210
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref210
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref210
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref210
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref211
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref211
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref211
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref211
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref211
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref211
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref211
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref212
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref212
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref212
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref212
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref213
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref213
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref213
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref213
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref214
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref214
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref214
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref214
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref215
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref215
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref215
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref216
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref216
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref216
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref217
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref217
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref217
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref217
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref217
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref217
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref218
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref218
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref218
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref218
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref219
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref219
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref219
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref219
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref220
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref220
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref220
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref220
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref220
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref221
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref221
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref221
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref221
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref222
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref222
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref222
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref222
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref222
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref223
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref223
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref223
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref223
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref224
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref224
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref224
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref225
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref225
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref225
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref225
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref226
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref226
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref226
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref226
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref227
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref227
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref227
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref227
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref228
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref228
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref228
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref228
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref228
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref228
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref229
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref229
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref230
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref230
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref231
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref231
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref231
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref231
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref232
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref232
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref232
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref232
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref233
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref233
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref233
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref233
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref234
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref234
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref234
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref234
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref234
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref234
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref235
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref235
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref235
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref235
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref235
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref236
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref236
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref236
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref237
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref237
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref237
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref237
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref238
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref238


I.I. Ahmed Juvale et al. Heliyon 8 (2022) e09777
directed orthotopic implantation: a new experimental model, Hepatobiliary
Pancreat. Dis. Int. 6 (4) (2007) 393–398.

[239] C. Ye, J. Yeung, G. Huang, P. Cui, J. Wang, Y. Zou, X. Zhang, Z. He, C. Cho,
Increased glutathione and mitogen-activated protein kinase phosphorylation are
involved in the induction of doxorubicin resistance in hepatocellular carcinoma
cells, Hepatol. Res. 43 (3) (2013) 289–299.

[240] C. Ye, W. Wu, J. Yeung, H. Li, Z. Li, C. Wong, S. Ren, L. Zhang, K. Fung, C. Cho,
Indomethacin and SC236 enhance the cytotoxicity of doxorubicin in human
hepatocellular carcinoma cells via inhibiting P-glycoprotein and MRP1 expression,
Cancer Lett. 304 (2) (2011) 90–96.

[241] Y. Xie, M. Burcu, D. Linn, Y. Qiu, M. Baer, Pim-1 kinase protects P-glycoprotein
from degradation and enables its glycosylation and cell surface expression, Mol.
Pharmacol. 78 (2) (2010) 310–318.

[242] B. Li, Y. Liu, S. Su, M.Y. Zhang, Q. Yuan, C. Chen, X.M. Xia, C.A. Liu, J.P. Gong,
Expressions and significance of COX-2 and P-gp in human hepatocellular
carcinoma tissues, Zhonghua Gan Zang Bing Za Zhi 19 (10) (2011) 755–758.

[243] J. Sampath, D. Sun, V. Kidd, J. Grenet, A. Gandhi, L. Shapiro, Q. Wang,
G. Zambetti, J. Schuetz, Mutant p53 cooperates with ETS and selectively up-
regulates human MDR1 not MRP1, J. Biol. Chem. 276 (42) (2001) 39359–39367.

[244] F. Lacueva, R. Calpena, J. Medrano, A. Teruel, M. Mayol, M. Graells, M. Camarasa,
M. Perez-Vazquez, J. Ferragut, Changes in P-glycoprotein expression in gastric
carcinoma with respect to distant gastric mucosa may be influenced by p53,
Cancer 89 (1) (2000) 21–28.

[245] A. Müller, B. Homey, H. Soto, N. Ge, D. Catron, M.E. Buchanan, T. McClanahan,
E. Murphy, W. Yuan, S.N. Wagner, J.L. Barrera, A. Mohar, E. Ver�astegui,
A. Zlotnik, Involvement of chemokine receptors in breast cancer metastasis,
Nature 410 (6824) (2001) 50–56.

[246] K.E. Miletti-Gonz�alez, S. Chen, N. Muthukumaran, G.N. Saglimbeni, X. Wu,
J. Yang, K. Apolito, W.J. Shih, W.N. Hait, L. Rodríguez-Rodríguez, The CD44
receptor interacts with P-glycoprotein to promote cell migration and invasion in
cancer, Cancer Res. 65 (15) (2005) 6660–6667.

[247] H. Tamamura, N. Fujii, The therapeutic potential of CXCR4 antagonists in the
treatment of HIV infection, cancer metastasis and rheumatoid arthritis, Expert
Opin. Ther. Targets 9 (6) (2005) 1267–1282.

[248] D. Sabnis, L. Storer, J. Liu, H. Jackson, J. Kilday, R. Grundy, I. Kerr, B. Coyle,
A role for ABCB1 in prognosis, invasion and drug resistance in ependymoma, Sci.
Rep. 9 (1) (2019).

[249] H. Zhang, M. Li, Y. Han, L. Hong, T. Gong, L. Sun, X. Zheng, Down-regulation of
miR-27a might reverse multidrug resistance of esophageal squamous cell
carcinoma, Dig. Dis. Sci. 55 (9) (2009) 2545–2551.

[250] M. Tome, J. Herndon, C. Schaefer, L. Jacobs, Y. Zhang, C. Jarvis, T. Davis, P-
glycoprotein traffics from the nucleus to the plasma membrane in rat brain
endothelium during inflammatory pain, J. Cerebr. Blood Flow Metabol. 36 (11)
(2016) 1913–1928.

[251] L. Slosky, B. Thompson, L. Sanchez-Covarrubias, Y. Zhang, M. Laracuente,
T. Vanderah, P. Ronaldson, T. Davis, Acetaminophen modulates P-glycoprotein
functional expression at the blood-brain barrier by a constitutive androstane
receptor–dependent mechanism, Mol. Pharmacol. 84 (5) (2013) 774–786.

[252] L. Sanchez-Covarrubias, L. Slosky, B. Thompson, Y. Zhang, M. Laracuente,
K. DeMarco, P. Ronaldson, T. Davis, P-glycoprotein modulates morphine uptake
into the CNS: a role for the non-steroidal anti-inflammatory drug diclofenac, PLoS
One 9 (2) (2014) e88516.

[253] D. Gill, S. Hyde, C. Higgins, M. Valverde, G. Mintenig, F. Sepúlveda, Separation of
drug transport and chloride channel functions of the human multidrug resistance
P-glycoprotein, Cell 71 (1) (1992) 23–32.

[254] S. Tsujimura, Y. Tanaka, Disease control by regulation of P-glycoprotein on
lymphocytes in patients with rheumatoid arthritis, World J. Exp. Med. 5 (4)
(2015) 225–231.

[255] G. Kooij, R. Backer, J. Koning, A. Reijerkerk, J. van Horssen, S. van der Pol,
J. Drexhage, A. Schinkel, C. Dijkstra, J. den Haan, T. Geijtenbeek, H. de Vries,
Correction: P-glycoprotein acts as an immunomodulator during
neuroinflammation, PLoS One 5 (1) (2009).

[256] H.A. Volk, W. L€oscher, Multidrug resistance in epilepsy: rats with drug-resistant
seizures exhibit enhanced brain expression of P-glycoprotein compared with rats
with drug-responsive seizures, Brain 128 (6) (2005) 1358–1368.

[257] E.A. van Vliet, R. van Schaik, P.M. Edelbroek, S. Redeker, E. Aronica,
W.J. Wadman, N. Marchi, A. Vezzani, J.A. Gorter, Inhibition of the multidrug
transporter P-glycoprotein improves seizure control in phenytoin-treated chronic
epileptic rats, Epilepsia 47 (4) (2006) 672–680.

[258] S. Baltes, A.M. Gastens, M. Fedrowitz, H. Potschka, V. Kaever, W. L€oscher,
Differences in the transport of the antiepileptic drugs phenytoin, levetiracetam
and carbamazepine by human and mouse P-glycoprotein, Neuropharmacology 52
(2) (2007) 333–346.

[259] W. L€oscher, O. Langer, Imaging of P-glycoprotein function and expression to
elucidate mechanisms of pharmacoresistance in epilepsy, Curr. Top. Med. Chem.
10 (17) (2010) 1785–1791.

[260] J. Auzmendi, E. Akyuz, A. Lazarowski, The Role of P-Glycoprotein (P-Gp) and
Inwardly Rectifying Potassium (Kir) Channels in Sudden Unexpected Death in
Epilepsy (SUDEP), Epilepsy Behav, 2019, 106590.
12
[261] M.R. Jablonski, S.S. Markandaiah, D. Jacob, N.J. Meng, K. Li, V. Gennaro,
A.C. Lepore, D. Trotti, P. Pasinelli, Inhibiting drug efflux transporters improves
efficacy of ALS therapeutics, Ann. Clin. Transl. Neurol. 1 (12) (2014) 996–1005.

[262] L.A. Mohamed, S.S. Markandaiah, S. Bonanno, P. Pasinelli, D. Trotti, Excess
glutamate secreted from astrocytes drives upregulation of P-glycoprotein in
endothelial cells in amyotrophic lateral sclerosis, Exp. Neurol. 316 (2019) 27–38.

[263] S. Narayan, J.S. Sinsheimer, K.C. Paul, Z. Liew, M. Cockburn, J.M. Bronstein,
B. Ritz, Genetic variability in ABCB1, occupational pesticide exposure, and
Parkinson's disease, Environ. Res. 143 (Pt A) (2015) 98–106.

[264] R. Kortekaas, K.L. Leenders, J.C. van Oostrom, W. Vaalburg, J. Bart,
A.T. Willemsen, N.H. Hendrikse, Blood-brain barrier dysfunction in parkinsonian
midbrain in vivo, Ann. Neurol. 57 (2) (2005) 176–179.

[265] A.L. Bartels, A.T. Willemsen, R. Kortekaas, B.M. de Jong, R. de Vries, O. de Klerk,
J.C. van Oostrom, A. Portman, K.L. Leenders, Decreased blood-brain barrier P-
glycoprotein function in the progression of Parkinson's disease, PSP and MSA,
J. Neural. Transm. 115 (7) (2008) 1001–1009.

[266] A.M. Hartz, D.S. Miller, B. Bauer, Restoring blood-brain barrier P-glycoprotein
reduces brain amyloid-beta in a mouse model of Alzheimer's disease, Mol.
Pharmacol. 77 (5) (2010) 715–723.

[267] D.M. van Assema, M. Lubberink, M. Bauer, W.M. van der Flier, R.C. Schuit,
A.D. Windhorst, E.F. Comans, N.J. Hoetjes, N. Tolboom, O. Langer, M. Müller,
P. Scheltens, A.A. Lammertsma, B.N. van Berckel, Blood-brain barrier P-
glycoprotein function in Alzheimer's disease, Brain 135 (Pt 1) (2012) 181–189.

[268] D. Kuhnke, G. Jedlitschky, M. Grube, M. Krohn, M. Jucker, I. Mosyagin,
I. Cascorbi, L.C. Walker, H.K. Kroemer, R.W. Warzok, S. Vogelgesang, MDR1-P-
glycoprotein (ABCB1) Mediates Transport of Alzheimer's amyloid-beta peptides–
implications for the mechanisms of Abeta clearance at the blood-brain barrier,
Brain Pathol. 17 (4) (2007) 347–353.

[269] R.D. Bell, B.V. Zlokovic, Neurovascular mechanisms and blood brain barrier
disorder in Alzheimer’s disease, Acta Neuropathol. 118 (2009) 103–113.

[270] A. Brenn, M. Grube, M. Peters, A. Fischer, G. Jedlitschky, H.K. Kroemer,
R.W. Warzok, S. Vogelgesang, Beta-amyloid downregulates MDR1-P-glycoprotein
(Abcb1) expression at the blood-brain barrier in mice, Int. J. Alzheimer’s Dis.
(2011) 690121.

[271] S. Vogelgesang, G. Jedlitschky, A. Brenn, L.C. Walker, The role of the ATP-binding
cassette transporter P-glycoprotein in the transport of b-amyloid across the blood-
brain barrier, Curr. Pharmaceut. Des. 17 (2011) 2778–2786.

[272] A.P. Sagare, R. Deane, B.V. Zlokovic, Low-density lipoprotein receptor-related
protein 1: a physiological Ab homeostatic mechanism with multiple therapeutic
opportunities, Pharmacol. Ther. 136 (2012) 94–105.

[273] H.S. Sharma, R.J. Castellani, M.A. Smith, A. Sharma, The blood brain barrier in
Alzheimer’s disease: novel therapeutic targets and nanodrug delivery, Int. Rev.
Neurobiol. 102 (2012) 47–90.

[274] F. Erd}o, L. Denes, E. de Lange, Age-associated physiological and pathological
changes at the blood-brain barrier: a review, J. Cerebr. Blood Flow Metabol. 37
(2017) 4–24.

[275] F.C. Lam, R. Liu, P. Lu, A.B. Shapiro, J.M. Renoir, F.J. Sharom, P.B. Reiner, beta-
Amyloid efflux mediated by p-glycoprotein, J. Neurochem. 76 (4) (2001)
1121–1128.

[276] H.C. Wijesuriya, J.Y. Bullock, R.L. Faull, S.B. Hladky, M.A. Barrand, ABC efflux
transporters in brain vasculature of Alzheimer's subjects, Brain Res. 1358 (2010)
228–238.

[277] L.A. Mohamed, H. Qosa, A. Kaddoumi, Age-related decline in brain and hepatic
clearance of amyloid-beta is rectified by the cholinesterase inhibitors donepezil
and rivastigmine in rats, ACS Chem. Neurosci. 6 (5) (2015) 725–736.

[278] J. Lai, Y. Tseng, M. Chen, C. Huang, P. Chang, Clinical perspective of FDA
approved drugs with P-glycoprotein inhibition activities for potential cancer
therapeutics, Front. Oncol. 10 (2020).

[279] R. Milroy, A randomised clinical study of verapamil in addition to combination
chemotherapy in small cell lung cancer, Br. J. Cancer 68 (4) (1993) 813–818.

[280] K. Robinson, V. Tiriveedhi, Perplexing role of P-Glycoprotein in tumor
microenvironment, Front. Oncol. 10 (2020).

[281] M. Xia, Y. Fang, W. Cao, F. Liang, S. Pan, X. Xu, Quantitative structure-activity
relationships for the flavonoid-mediated inhibition of P-glycoprotein in KB/MDR1
cells, Molecules 24 (9) (2019) 1661.

[282] F. Klepsch, P. Vasanthanathan, G. Ecker, Ligand and structure-based classification
models for prediction of P-glycoprotein inhibitors, J. Chem. Inf. Model. 54 (1)
(2014) 218–229.

[283] S. Yalcin, Molecular docking, drug likeness, and ADMET analyses of passiflora
compounds as P-Glycoprotein (P-gp) inhibitor for the treatment of cancer, Curr.
Pharmacol. Rep. 6 (6) (2020) 429–440.

[284] Y. Yang, J.G. Qiu, Y. Li, J.M. Di, W.J. Zhang, Q.W. Jiang, D.W. Zheng, Y. Chen,
M.N. Wei, J.R. Huang, K. Wang, Z. Shi, Targeting ABCB1-mediated tumor
multidrug resistance by CRISPR/Cas9-based genome editing, Am. J. Tourism Res.
8 (9) (2016) 3986–3994.

[285] Y. Xie, Y. Shao, X. Deng, M. Wang, Y. Chen, MicroRNA-298 reverses multidrug
resistance to antiepileptic drugs by suppressing MDR1/P-gp expression in vitro,
Front. Neurosci. 12 (2018).

http://refhub.elsevier.com/S2405-8440(22)01065-9/sref238
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref238
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref238
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref239
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref239
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref239
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref239
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref239
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref240
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref240
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref240
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref240
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref240
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref241
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref241
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref241
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref241
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref242
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref242
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref242
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref242
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref243
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref243
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref243
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref243
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref244
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref244
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref244
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref244
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref244
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref245
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref245
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref245
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref245
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref245
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref245
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref246
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref246
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref246
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref246
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref246
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref246
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref247
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref247
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref247
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref247
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref248
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref248
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref248
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref249
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref249
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref249
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref249
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref250
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref250
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref250
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref250
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref250
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref251
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref251
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref251
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref251
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref251
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref251
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref252
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref252
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref252
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref252
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref253
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref253
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref253
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref253
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref254
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref254
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref254
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref254
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref255
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref255
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref255
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref255
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref256
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref256
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref256
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref256
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref256
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref257
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref257
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref257
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref257
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref257
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref258
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref258
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref258
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref258
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref258
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref258
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref259
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref259
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref259
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref259
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref259
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref260
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref260
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref260
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref261
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref261
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref261
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref261
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref262
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref262
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref262
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref262
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref263
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref263
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref263
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref263
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref264
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref264
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref264
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref264
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref265
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref265
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref265
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref265
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref265
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref266
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref266
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref266
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref266
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref267
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref267
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref267
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref267
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref267
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref268
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref268
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref268
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref268
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref268
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref268
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref269
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref269
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref269
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref270
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref270
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref270
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref270
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref271
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref271
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref271
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref271
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref272
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref272
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref272
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref272
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref273
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref273
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref273
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref273
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref274
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref274
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref274
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref274
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref274
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref275
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref275
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref275
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref275
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref276
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref276
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref276
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref276
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref277
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref277
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref277
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref277
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref278
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref278
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref278
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref279
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref279
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref279
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref280
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref280
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref281
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref281
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref281
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref282
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref282
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref282
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref282
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref283
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref283
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref283
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref283
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref284
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref284
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref284
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref284
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref284
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref285
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref285
http://refhub.elsevier.com/S2405-8440(22)01065-9/sref285

	P-glycoprotein: new insights into structure, physiological function, regulation and alterations in disease
	1. Introduction
	2. P-glycoprotein: an overview
	3. The structure of P-glycoprotein
	4. The physiological function of P-glycoprotein
	5. The regulation of PGP
	6. PGP alterations in disease
	7. Current challenges and future possibilities for drug development
	8. Conclusion
	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interest’s statement
	Additional information

	References


