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Abstract

Introduction—The liver plays a central role in transforming and clearing foreign substances.

The continuous exposure of the liver to xenobiotics sometimes leads to impaired liver function,

referred to as drug-induced liver injury (DILI). The pregnane X receptor (PXR) tightly regulates

the expression of genes in the hepatic drug-clearance system and its undesired activation plays a

role in DILI.

Areas covered—This review focuses on the recent progress in understanding PXR-mediated

DILI and highlights the efforts made to assess and manage PXR-mediated DILI during drug

development.

Expert opinion—Future efforts are needed to further elucidate the mechanisms of PXR-

mediated liver injury, including the epigenetic regulation and polymorphisms of PXR. Novel in

vitro models containing functional PXR could improve our ability to predict and assess DILI

during drug development. PXR inhibitors may provide chemical tools to validate the potential of

PXR as a therapetic target and to develop drugs to be used in the clinic to manage PXR-mediated

DILI.
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1. Introduction

The liver plays a central role in transforming and clearing foreign substances (also known as

xenobiotics) through the detoxification system in order to protect the human body from

possible toxicity. Continuous exposure of the liver to xenobiotics during drug treatment

makes this organ susceptible to toxicity. Drug-induced liver injury (DILI) is, therefore,
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defined as injury to the liver associated with impaired liver function by drug treatment [1],

which is the leading cause of acute liver failure and one of the severe adverse drug reactions

(ADRs) [2, 3]. The overall incidence of DILI in the general population is largely unknown

due to under-reporting, but a crude incidence rate is estimated to be 14 per 100,000

inhabitants per year [4]. The incidence of DILI of an individual drug is also largely

unknown but is figured to be between 1 in 10,000 and 1 in 100,000 patients per year for

most clinically used drugs [5]. DILI is uncommon, but it is hard to effectively prevent and

treat, and it can be life-threatening for patients, who may have to be referred for liver

transplantation [6].

DILI is a leading cause for previously approved drugs to be withdrawn from the market and

for the discontinuation of drugs in development [7]. Although this complication may not

occur in clinical trials with limited numbers of participants because of its low incidence rate,

rare cases of DILI may arise after a drug is approved for clinical use because of the larger

number of patients. If a drug is found to cause even rare hepatotoxicity, it may be withdrawn

from the clinic, regardless of its use by millions [1]. DILI, therefore, is considered to be a

liability risk and may lead to financial losses during drug development [8–10].

The hepatic drug-clearance system, which includes drug-metabolizing enzymes (DMEs) and

transporters, tightly controls the detoxification and elimination of drugs in the liver. Phase I

enzymes such as cytochrome P450 enzymes (CYPs) are mainly responsible for the first step

of the detoxification of organic compounds, which involves catalyzing hydroxylation or

oxidation reactions to convert lipophilic drugs into more soluble derivatives that are suitable

for excretion from the body [11–13]. Phase II conjugation reactions add additional polar

functional groups onto xenobiotics to produce water-soluble, inactive metabolites

facilitating biliary and urinary excretion, which is catalyzed by a large group of transferases

such as sulfotransferase (SULT), glutathione S-transferase (GST), and UDP-

glucuronosyltransferase (UGT) [14]. The excretion process is regulated by members of the

ATP-binding cassette (ABC) transporter family and the solute carrier family [15, 16].

The pregnane X receptor (PXR), predominantly expressed in the liver, regulates the

expression of a large number of genes in the hepatic drug-clearance system, such as the

human CYP3A4 isoenzyme, UDP-glucuronosyltransferase 1 family polypeptide A1

(UGT1A1), and multidrug resistance protein 1 [MDR1, also known as P-glycoprotein (P-gp)

or ABCB1] [17, 18]. In the absence of xenobiotics, genes in the hepatic drug-clearance

system are expressed at the minimal basal levels. PXR is regarded as a master xenobiotic

sensor, which can bind to various structurally-diverse chemicals to rapidly induce the

expression of DMEs and transporters, ultimately leading to the detoxification of xenobiotics

[19]. PXR displays structural features commonly found in other nuclear receptors [20]. The

N-terminal DNA-binding domain (DBD) interacts with hormone response elements (HREs)

via two zinc-finger motifs. The ligand-binding domain (LBD) of PXR is depicted as a

flexible and large cavity that can accommodate a wide range of compounds of differing size

and chemical structure, which accounts for the promiscuous nature of PXR.

A variety of mechanisms contribute to DILI, such as the generation of reactive metabolites,

the activation of stress signaling, mitochondrial dysfunction, and immunological response
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[21]. CYP-dependent formation of reactive metabolites is one of the most common causes of

DILI [10]. The reactive metabolites are either hepatotoxic by themselves or can covalently

bind to hepatic proteins to alter their function and become hepatotoxic [22]. Other potential

mechanisms of DILI include inhibition of mitochondrial functions via accumulation of

reactive oxygen species, inhibition of drug metabolism pathways, inhibition of bile acid

transport, and immune responses [23, 24]. A recent correlation study showed that drugs

significantly metabolized by the liver (>50% amount of the compound metabolized in the

liver) are more likely to be associated with hepatotoxicity [25], suggesting a critical role for

the hepatic drug-clearance system in DILI. PXR predominantly functions in the liver and

tightly regulates the expression of genes in the hepatic drug-clearance system. During drug

treatment, PXR can contribute to significant ADRs, including drug-drug interactions (DDIs)

and DILI, leading to severe clinical ramifications [26, 27]. This review focuses on the recent

advances in understanding PXR-mediated DILI and highlights the efforts made to evaluate

and manage PXR-mediated DILI during drug development.

2. Clinical classification of DILI

Hepatotoxicity is classified into three major categories based on its clinical presentation:

hepatocellular injury (caused by specific injury to hepatocytes), cholestatic injury (a result of

specific toxicity to biliary epithelial cells and/or bile pumps), or mixed pattern of injury [1].

In general, the clinical significance of liver injury correlates to the levels of serum alanine

aminotransferase (ALT), alkaline phosphatase (ALP), or total bilirubin (TBL) measured

with clinical chemistry assays indicating liver biochemical and functional profiles [1]. Acute

hepatocellular injury is defined as an ALT greater than twice the upper limit of the normal

range and/or an ALT/ALP ratio greater than or equal to 5 [1]. Acute cholestatic liver injury

is defined as a serum ALP level greater than twice the upper limit of the normal range and/or

an ALT/ALP ratio less than 2 [1]. Mixed injury is the designation if the ALT/ALP ratio is

higher than 2 but less than 5 [1].

Each pattern of DILI can be attributed to the action of the drug causing it and is associated

with a different mechanism of injury. A predominantly hepatocellular pattern of damage is

usually observed when the stress of xenobiotics is mediated via mechanisms that directly

damage the hepatocyte. Acute hepatocellular injury is the most common form of DILI,

accounting for approximately 90% of cases [28], and is associated with mortality rates of

10%–50% [29, 30]. For example, CYPs mediate high-energy reactions that lead to covalent

binding of drugs and/or metabolites to extracellular proteins, eliciting the adaptive immune

response and contributing to the apoptosis of hepatic cells (also known as “hapten

hypothesis”) [31, 32]. In addition, the reactive metabolites produced by CYPs cause

oxidative stress and the depletion of glutathione (GSH) and are associated with

hepatocellular injury [22].

A cholestatic pattern of liver injury is mainly associated with injury of biliary epithelium or

impairment of bile transport rather than hepatocellular cell death. Cholestasis is

characterized by accumulation of bile acids in liver because of impaired bile flow. Drug-

induced cholestasis can be caused by the inhibition of the uptake and efflux systems for

hepatobiliary bilirubin or bile acid [33]. For example, drugs or their metabolites that directly
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or indirectly inhibit the bile salt efflux pump (BSEP) can result in cholestasis because of the

dysfunction of hepatocytes and/or biliary epithelial cells on bile formation and excretion;

one such drug is cyclosporin A [34]. However, a mixed pattern of DILI may occur in such

cases because the injury patterns are not mutually exclusive.

3. PXR-mediated hepatotoxicity and its underlying mechanisms

A growing body of evidence indicates that some PXR agonists used in the clinic can lead to

different clinicopathological subtypes of hepatotoxicity, suggesting that PXR plays a role in

DILI. At least two types of mechanisms could explain PXR-mediated DILI during therapy

(Figure 1): 1) PXR agonist activates PXR-regulated expression of DMEs and transporters,

contributing to the formation of toxic metabolites; and/or 2) PXR agonists activate the

expression of critical liver enzymes in major metabolic pathways that may alter the balance

of endobiotic formation and clearance, leading to accumulation of endogenous toxicants.

3.1 Rifampicin

Rifampicin (Rif) is a prototypical hPXR agonist (but not an agonist of mouse PXR [mPXR])

and is used as a first-line drug to treat tuberculosis (TB). Rif-induced severe hepatotoxicity

is rare, with an incidence of less than 1.1% when used alone; however, in combination with

isoniazid (another first-line anti-TB drug), the hepatotoxicity incidence significantly

increases to 5% – 8%, occurring more frequently and earlier than it does with either

medication alone [35]. The toxic metabolites of isoniazid, acetylhydrazine and hydrazine,

were previously thought to be associated with its induced hepatotoxicity [35]. However, a

recent study showed that co-administration of Rif and isoniazid increased the amount of

protoporphyrin IX (PPIX, a heme precursor) in the bile through an hPXR-mediated

mechanism, that leads to higher levels of ALT, ALP, and bile plugs in humanized PXR mice

containing hPXR than in wild type mice containing mPXR or Pxr-null mice containing

neither hPXR nor mPXR [36]. A previous study has shown that the nuclear receptors, PXR

and constitutive androstane receptor, can activate the expression of aminolevulinic acid

synthase 1 (ALAS1), a rate-limiting enzyme for PPIX production [37]. Thus, PXR-mediated

increase of ALAS1 expression could be an underlying mechanism for the Rif-and isoniazid–

induced hepatotoxicity.

3.2 Acetaminophen

Acetaminophen (APAP) overdose accounts for 50% of cases of drug-induced acute liver

failure in the clinic and represents an example of dose-dependent hepatotoxin [38]. The

mechanism of APAP-induced hepatotoxicity is well-characterized and involves the

formation of a highly reactive intermediate metabolite, N-acetyl-p-benzoquinoneimine

(NAPQ1), by CYP3A4, CYP2E1, or CYP1A2 [39]. At high doses of APAP, increased

levels of NAPQ1 in the hepatocytes can result in depletion of GSH, induction of oxidative

stress reactions, dysfunctions of mitochondria, and DNA damage, eventually leading to cell

damage. Early studies showed that co-administration of phenobarbital and dexamethasone

(both are PXR activators) with APAP increases the level of hepatotoxicity in mice,

suggesting that PXR may play a role in APAP-induced hepatotoxicity [40, 41]. Another

study demonstrated that pregnenolone 16α-carbonitrile (an mPXR agonist) markedly
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augments APAP-induced liver injury in wild-type mice but not in Pxr-null mice [42].

Further mechanistic studies revealed that the induction of CYP3A11 or CYP1A2 by ligand-

activated PXR increases the formation of toxic metabolite NAPQ1 in mouse liver, leading to

hepatotoxicity [42, 43]. In a humanized PXR and CYP3A4 mouse model (TgCYP3A4/

hPXR), rifampicin (an hPXR agonist) can activate hPXR to enhance APAP-induced

hepatotoxicity via CYP3A4 induction, suggesting that the activity and level of hPXR might

be a contributing factor in APAP-induced liver injury [44].

3.3 Flucloxacillin

Flucloxacillin is an antibiotic associated with cholestatic hepatotoxicity and is also a

reported PXR agonist that can induce CYP3A4 expression at pharmacologically relevant

concentrations [45, 46]. The CYP3A4-generated 5’hydroxymethyl metabolite of

flucloxacillin is selectively toxic to biliary epithelial cells but not to hepatocytes [47],

suggesting that the activation of PXR by this compound could contribute to the cholestatic

pattern of liver injury. However, a human PXR polymorphisms study showed that the

polymorphism C-25385T (rs3814055) is associated with an increased risk of flucloxacillin-

induced hepatotoxicity in humans [46]. Yet, patients with homozygous expression of

C-25385T have lower expression of PXR and decreased induction of CYP3A4 expression,

suggesting that higher levels of the parental compound are present in liver. Because

flucloxacillin can form adducts that elicit an immune response to induce the apoptosis of

hepatic cells [48], the reduced amount of PXR in those with the C-25385T substitution could

lead to hepatocellular injury. These studies also indicate that PXR may have a dichotomous

role in flucloxacillin-induced hepatotoxicity.

3.4 Troglitazone

Troglitazone, a peroxisome proliferator–activated receptor gamma (PPARγ) agonist, was

approved for the treatment of type 2 diabetes in 1997 and was withdrawn from the market in

2000 due to its severe hepatotoxicity [49]. The exact mechanism of troglitazone-induced

hepatotoxicity is still unclear; however, the reactive metabolites produced during

troglitazone metabolism could be involved in the liver injury. The results of in vitro

biochemical and cellular assays indicate that troglitazone can be metabolized by CYP3A4 at

the thiazolidinedione moiety to form reactive intermediates [50]. The reactive metabolites,

quinone and 0-quinone methide, can covalently bind to liver microsomal proteins and GSH,

leading to severe hepatocellular damage [50]. Intriguingly, troglitazone can not only activate

PPARγ but is also a prototypical PXR agonist [51] and can strongly activate PXR-mediated

CYP3A4 expression [52, 53]. Thus, troglitazone-induced PXR activation might be an

underlying mechanism for its hepatotoxicity and merits further investigation.

3.5 Phenytoin

Phenytoin is an anticonvulsant widely used for epilepsy and is associated with liver injury

[54]. Phenytoin metabolism is associated with the production of reactive oxygen species and

depletion of hepatic glutathione, leading to the damage of mitochondria in hepatic cells [55].

The formation of reactive metabolites could contribute to the hepatotoxicity of phenytoin.

The CYP2C9-generated reactive metabolite of phenytoin, 5-(p-hydroxyphenyl),5-
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phenylhydantoin (HPPH), is further oxidized to generate catechol, which then forms protein

adducts in the liver to elicit immune responses [56]. PXR can activate CYP2C9 expression

[57, 58], and phenytoin can moderately activate PXR target gene expression, including

CYP3A4 and CYP2C9 [56, 59–61]. Therefore, PXR-mediated increase of CYP2C9 could be

an underling mechanism for phenytoin-induced hepatotoxicity during either phenytoin

monotherapy or phenytoin combination therapy with PXR agonists.

4. In vitro and in vivo models to predict PXR-mediated hepatotoxicity

Because PXR plays a contributing role in DILI, in vitro models with PXR-mediated

induction of DMEs and transporters, can be used to predict in vivo PXR-mediated

hepatotoxicity. A number of cell-based models stably expressing hPXR have been

developed for assessing xenobiotic-induced PXR activation [62, 63]. In such cellular

systems, the expression of reporter gene driven by the PXR responsive element can indicate

the transcriptional activity of PXR. Traditionally, liver-related in vitro models are used for

the prediction of in vivo DILI, including liver microsomes, hepatic cell lines, primary human

hepatocytes (PHHs), and liver slices [64]. However, there are very limited examples using

hepatic cell lines stably expressing hPXR to successfully evaluate PXR-mediated DILI,

partially because PXR in these cell lines induces to a lower degree phases I and II DMEs

than does PXR in PHHs or intact human liver [64]; such low levels of phases I and II DMEs

may not generate sufficient levels of toxic metabolite to induce liver injury in certain

treatment period. PHHs have been used as the in vitro “gold standard” for predicting DILI,

and the prediction correlates to in vivo hepatotoxicity [65, 66], because PHHs retain high

levels of hPXR-induced DMEs and transporters with functional activities. For example, a

high content screening (HCS) approach improved significantly the ability of in vitro system

to predict in vivo DILI [67, 68]. More recently, a quantitative HTS method has been

developed in a 1536-well-plate format to successfully assess DILI risk using cryopreserved

human hepatocytes by evaluating cell viability [69]. However, several disadvantages of

PHHs limit its use to predict DILI in vitro, including short-term viability, limited

availability, batch-to-batch variability among different donors, and dedifferentiation leading

to the lack of relevant gene expression. Therefore, new in vitro models with the following

features are needed to evaluate hPXR-mediated DILI: 1) retention of major liver functions

and high metabolic CYP activities induced by PXR; 2) suitability for long-term and repeated

compound exposures; 3) high availability and easy management. Three-dimensional (3D)

cell culture systems using hepatic cell lines and induced pluripotent stem (iPS) cells may be

promising in vitro systems to assess PXR-mediated DILI [70–72].

Several mouse models that were developed to study the in vivo function of hPXR are also

suitable for the in vivo evaluation of hPXR-mediated DILI. Ligand selectivity between

hPXR and mPXR occurs because of the significant differences in amino acid sequences of

the receptors’ ligand-binding domains (LBDs) [73]. For instance, rifampicin strongly

activates hPXR but not mPXR, whereas 5-pregnen-3β-ol-20-one-16α-carbonitrile (PCN) is a

potent mPXR agonist but activates hPXR to a lower degree [74]. Thus, the humanized PXR

mouse models can be used for in vivo investigation of hPXR-mediated DILI. In the first

generation of hPXR mouse model, the hPXR gene was randomly integrated into the mouse

genome, with the mPXR gene deleted and the hPXR gene under the control of either the
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liver-specific albumin promoter [75] or the rat fatty acid–binding protein promoter [76].

Likewise, in the second-generation hPXR mouse model, a genomic fragment containing the

entire hPXR gene and its promoter was randomly integrated into the mouse genome in a

Pxr-null background [77]. In order to further improve this mouse model, a double transgenic

mouse model expressing hPXR and CYP3A4 was generated by using bacterial artificial

chromosome transgenesis in Pxr-null mice. In this double transgenic mouse model,

rifampicin treatment robustly induces CYP3A4, mimicking the human response to

rifampicin [78]. The latest hPXR mouse model was developed through knock-in strategies

by simultaneously replacing the mPXR gene with the hPXR gene under the control of the

endogenous mouse promoter [79]. These new humanized PXR mouse models express hPXR

at a physiological level and respond well to PXR agonists. By using the second-generation

hPXR mouse model and the hPXR-CYP3A4 double transgenic mouse model, researchers

recently showed that hPXR plays a role in both acetaminophen- and RIF-induced

hepatotoxicity, highlighting the potential of these mice as in vivo models for evaluating

hPXR-mediated hepatotoxicity during drug development [36, 44].

5. PXR as a potential target to manage drug-induced liver injury

The finding that undesirable activation of PXR by xenobiotics contributes to DILI provides

a rationale for developing therapeutics that counteract PXR activation to prevent DILI,

therefore, future preclinical or clinical experiments are needed to determine how

pharmacologically counteracting activated-PXR can prevent or ameliorate DILI. The

activity of a nuclear receptor can be repressed by a number of mechanisms. An inhibitor is

generally regarded as any entity that blocks the response generated by an agonist, regardless

of whether it competes with the activating ligand for receptor binding. In contrast, an

antagonist displaces the binding of an agonist to the ligand binding pocket of the receptor.

The antagonist by itself has little or no effect on the receptor. Although these definitions are

loosely defined in the literature, the designations used in this manuscript correspond to those

as reported in the original sources when possible. It is noteworthy to mention that there are

several other ways to abrogate the function of a receptor. For example, a compound can bind

to the outer surface of the receptor distinct from the ligand binding pocket, blocking (either

directly or allosterically) the recruitment of partner proteins such as co-activators or retinoid

X receptor (RXR) or heightening the interactions with a co-repressor. Alternatively, it is

plausible to modulate upstream events such as posttranslational modifications of the receptor

that eventually lead to a reduction of its target genes. Based on the relatively large numbers

of PXR inhibitors reported, it is evident that there is great emphasis in the development of

PXR modulators that can suppress its activity. These compounds display structural diversity

as illustrated in Figure 2, which summarizes the PXR inhibitors in hierarchical clustering of

structures based on similarity using ChemMine [80] and Interactive Tree of Life [81].

Ecteinascidin 743 (ET 743) was the first reported compound to inhibit PXR transactivation,

displaying high potency with an EC50 value of 3 nM [82]. This natural product derived from

the marine-sourced Caribbean tunicate Ecteinascidia turbinata and belonging to the

tetrahydroisoquinoline chemical class can repress the induction of CYP3A4 and MDR1 by

the PXR agonist SR12813. However, ET 743’s practical use as a PXR inhibitor is very

limited because of its potent cytotoxic properties: its antitumor activity was ascribed to its
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binding to the minor groove of DNA, perturbation of the cell cycle, ability to cause

microtubule disorganization, and interference with DNA repair pathways [83].

Among all the compounds that inhibit PXR transactivation reported up to now, the most-

investigated are the azole class of chemicals, including ketoconazole and its derivatives [84].

The antifungal ketoconazole disrupts co-activator and co-repressor recruitment without

affecting the interactions of PXR with ligands, DNA, or its heterodimeric partner RXR [85].

PXR remained functional with the double mutations T248E/K277Q, even though those

residues are important for interactions with the activation function 2 (AF-2) helix, and the

activity of PXR was not altered by ketoconazole. Ketoconazole analogs, notably FLB-12,

have been synthesized to have reduced toxicity, CYP3A4 inhibition, and effects on other

nuclear receptors, while retaining similar PXR-inhibition potencies, which normally lie in

the 10–20 µM range [86, 87].

Polychlorinated biphenyls (PCBs) are ubiquitous organic compounds that tend to

accumulate in tissues because of their lipophilic nature [88]. It was noticed that highly

chlorinated PCBs could activate mPXR but not the human ortholog. Some of these

molecules antagonize PXR at the submicromolar range in cell-based assays, with PCB 197

being among the most potent and having a Ki of 0.6 µM. They were also shown to displace a

radiolabeled PXR agonist in purified protein fractions, suggesting that they bind directly to

PXR. Structure-activity studies indicate that distinct chlorine arrangements in the biphenyl

backbone strikingly differentiate antagonists from inactive congeners [88]. Although PCBs

exhibit adverse health effects, further development on this class of PXR inhibitors may

improve their safety with the potential for therapeutic purposes.

Pharmacophore studies of PXR antagonists indicate that potential inhibitors can bind the

AF-2 surface, taking advantage of both hydrophobic and hydrogen bond–acceptor

interactions in a small pocket, where relatively small compounds are predicted to bind [89].

Based on this finding, a group of novel PXR inhibitors were discovered as what the authors

claimed to be the first such strategy involving docking approaches [90]. SPB03255 and

SPB00574 were among the most notable inhibitors, with cell-based assays indicating IC50

values of 6.3 and 24.8 µM, respectively. Leflunomide, an FDA-approved drug used as an

antirheumatic agent to treat rheumatoid arthritis and psoriatic arthritis, has a substructure

similar to SPB03255 and SPB00574 and abrogates PXR activity with an IC50 value of 6.8

µM. The study’s authors hailed it to be the first of such FDA-approved compounds to be

repurposed for PXR inhibition [90].

Metformin is another marketed drug that is reported to inhibit PXR activity, although very

high concentrations of up to 2 mM were used to observe clear effects [91]. This biguanide

compound is used as an antihyperglycemic agent in the treatment of diabetes. The authors

stipulate that metformin does not suppress PXR activity due to the induction of small

heterodimer partners (SHPs) or the involvement of AMP-activated protein kinase (AMPK)

activation, biological processes that were previously described to be affected by metformin.

Instead, the compound was hypothesized to disrupt co-activator recruitment, as shown by

the results of experiments in two-hybrid systems using wild-type PXR and the constitutively

Wang et al. Page 8

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



active S247W/C284W PXR mutant. Metformin also represses CYP3A4 upregulation by

other nuclear receptors, including constitutive androstane receptor (CAR).

The HIV protease inhibitor A-792611 represses PXR activation, with an IC50 value of

approximately 2 µM in cell-based transactivation assays [92]. It seemed to be fairly selective

for PXR, as it did not significantly induce nor antagonize farnesoid X receptor (FXR), CAR,

vitamin D receptor (VDR), or PPARα. According to microarray studies, there was

downregulation of CYP3A4, CYP2B6, CYP2C8, CYP2C9 and MDR1. Oddly, A-792611 is

metabolized and also inhibits CYP3A4, and it is part of a class of HIV protease inhibitors

that are known for inducing PXR activity.

The phytochemical isothiocyanate sulforaphane, which is abundant in certain cruciferous

vegetables, was the first naturally occurring PXR antagonist to be reported that is present in

a modern diet. In cell-based assays, this compound has IC50 values of 12–14 µM, showing

minimal ligand-dependent activation of mouse or rat PXR or of human CAR, VDR, PPARα,

and PPARγ. Sulforaphane was inferred to bind to the PXR LBD on the basis of scintillation

proximity assays yielding a Ki of 16 µM, which would result in the disruption of co-

activator recruitment as observed in the mammalian two-hybrid assay [93]. Computational

results suggest that the molecule may bind the AF-2 domain, albeit very weakly [90].

Interestingly, sulforaphane and other analogs activate phase II detoxification enzymes

through the Nrf2/Keap1 pathway [94]. As expected, this compound exhibits low toxicity,

making it suitable as a drug candidate. In a human clinical study, the in vivo antagonistic

efficacy of sulforaphane was refuted; the authors indicated dosing and pharmacokinetics as

being potential causes for the discrepancies between in vitro and in vivo studies [95].

However, sulforaphane is still believed to hold promise in vivo because reduced basal

CYP3A4 activity was noticed in a population subset.

Coumestrol, a phytoestrogen prevalent in legumes and soy beans, is another natural-sourced

chemical that affects PXR transcriptional regulation [96]. In competitive ligand binding

assays of radiolabeled agonists, coumestrol competes for binding to the PXR LBD, having a

Ki of 13 µM for this domain and 54 µM for the CAR LBD. In cell-based reporter assays, the

phytochemical antagonizes PXR, having an IC50 of 12 µM, and it displayed CAR inverse

agonistic profile, having an IC50 of 30 µM. However, mutagenesis studies show that the

compound binds to the outer surface of the PXR LBD. This alternative mode of PXR

antagonism was shown in mutants having ligand binding pockets that had been blocked via

replacement of the wild-type residues with bulkier ones, conferring ligand-independent

constitutive activity. Furthermore, coumestrol prevents binding of the co-activator peptide

SRC-1 to PXR LBD irrespective of the agonist concentration. These findings contradict

earlier reports that coumestrol is a PXR agonist instead [97]. These discrepancies could be

due to the liable nature of the compound, as coumestrol analogs were found to be weak

agonists [96].

Sesamin, a lignan present in sesame seeds, attenuated PXR activity in a dose-dependent

manner in cell-based assays, and it was shown to interfere with the binding of the co-

activator SRC-1 and hepatocyte nuclear factor 4α (HNF4α) [98]. Although a concentration

in the tens of micromolar range was required to achieve noticeable effects in mouse studies,
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it was speculated that desirable plasma concentrations of sesamin might be achieved in

humans through oral administration as determined from studies with mice. However,

sesamin seemed to be able to upregulate UGT1A1 expression through a non-PXR–mediated

pathway.

Camptothecin is a quinoline alkaloid isolated from the plant Camptotheca acuminata [99]

On the basis of reporter assays, the compound was reported to be a PXR inhibitor having

submicromolar potency (IC50 of 0.58 µM). The results of mechanistic studies indicate that

camptothecin is unlikely to affect heterodimerization with RXRα or binding to responsive

elements, but instead, camptothecin likely disrupts PXR’s recruitment of SRC-1. In a

biochemical assay, the compound did not show any significant effect on ligand binding to

PXR at concentrations of up to 10 µM, suggesting that it binds to a site distinct from the

ligand binding pocket. In primary hepatocytes, camptothecin was able to diminish

rifampicin-induced metabolism of nifedipine, which is a substrate of CYP3A4.

Camptothecin displays cell toxicity and is used as an antineoplastic agent, belonging to a

class of topoisomerase inhibitors. This natural product is unstable at physiological

conditions because of its lactone E-ring, being poorly soluble in aqueous solutions and with

limited pharmacokinetic half-time [100]. Vast efforts have been made to develop analogs

that address these drawbacks. Some of these analogs activate PXR, including irinotecan

[101] and topotecan [102], which is in line with the fact that the ligand cavity is very

flexible and may be able to accommodate structurally similar molecules in various

orientations [103]. As a matter of fact, the agonist SR12813 occupies the ligand pocket in

multiple orientations [104], but it is fixed in a single distinct position upon co-activator

binding [105]. Hence, it is deemed extremely challenging to discover antagonists that

displace the receptor ligand.

6. Conclusion

Although DILI is infrequent, it is a severe adverse drug reaction and can be life-threatening,

posing a great concern to patients, physicians, regulatory agencies, and the pharmaceutical

industry. A great deal of progress has been made in understanding, evaluating, and

managing DILI. Recently, a growing body of evidence suggests that PXR plays a role in

DILI, and PXR agonists have been reported to induce liver injury. Although the mechanisms

responsible for PXR-mediated liver injury need further investigation, studies have

demonstrated that activation of PXR by agonists can increase the expression of PXR target

genes, including those encoding liver enzymes, transporters, and other enzymes involved in

biosynthetic pathways, leading to the accumulation of toxic metabolites or intermediate

endogenous substances in the liver (Figure 1). Thus, information about the effect of drugs on

PXR would be useful for predicting and evaluating their potential hepatotoxicity in vivo.

Despite the development and use of several in vitro models for HTS evaluations of the effect

of compounds on PXR, there are no reports of systematic examinations of the correlation

between drug-induced PXR activation and the occurrence of DILI in the clinic because of

the lack of integrated in vitro models that can simultaneously evaluate the extent of drug-

induced PXR activity and DILI. Therefore, future efforts are needed to develop such in vitro

models to assess DILI. These new models may improve the accuracy of using in vitro

models to predict the potential for in vivo DILI during drug development. In addition,
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observations of PXR-mediated DILI implicate PXR as a potential target for developing

drugs to manage liver injury. Although several classes of chemicals have been reported to

attenuate PXR activity, many of them have major drawbacks that include cytotoxicity, lack

of selectivity, low potency, poor pharmacokinetic/pharmacodynamic properties, and poor in

vivo activity. Most of the known PXR inhibitors seem to bind to a region other than the

ligand binding pocket. Although some compounds are suggested to competitively displace

the agonist, more-thorough investigations are still needed to generate useful PXR

antagonists with in vivo activity. Additionally, the efforts to find clinically useful inhibitors

are hampered by the promiscuous nature of PXR, as the receptor can be activated by a

number of distinct molecules with diverse chemical properties. Advances in developing

PXR antagonists may provide useful chemical tools with which to further investigate the

mechanisms of DILI, validate PXR as a therapeutic target for DILI, and develop

therapeutics to manage DILI.

7. Expert opinion

The transcriptional activity of PXR is regulated directly by ligand binding and indirectly

through other mechanisms, including transcriptional, post-transcriptional, and post-

translational regulation, affecting either the levels or activities of this receptor [106, 107].

Previous studies indicate that ligand-regulated transcriptional activity of this receptor, which

controls the expression of target genes such as DMEs, transporters, and biosynthetic

enzymes (e.g. ALAS1), could be the mechanism responsible for PXR-mediated DILI.

Compounds that do not bind directly to PXR but are able to elevate PXR activity and induce

its target genes could also lead to PXR-mediated DILI, a possibiliy that can not be ignored.

At the transcriptional level, the expression of PXR can be regulated by other NRs, such as

HNF-4α [108], glucocorticoid receptor (GR) [109], and FXR [110], and can also be

controlled by methylation of its promoter [111, 112]. At the post-transcriptional level, the 3′-

untranslated region (3′-UTR) of PXR mRNA can be targeted by miRNA-148a, leading to

downregulation of PXR [113]. Intriguingly, miRNA-148a has recently been identified as a

potential circulating biomarker for DILI [114]. Therefore, the functional relationship

between PXR and miRNA-148a and its implications in DILI merit further investigation.

PXR is also subject to post-transcriptional regulation, including phosphorylation,

ubiquitination, SUMOylation, and acetylation. Several kinases can modulate PXR activity

via phosphorylation, including cAMP-dependent protein kinase (PKA), protein kinase C

(PKC), glycogen synthase kinase 3 (GSK3), casein kinase II (CK2), cyclin-dependent kinase

5 (CDK5), 70-kDa ribosomal S6 kinase (p70 S6K), and cyclin-dependent kinase 2 (CDK2)

[115–118]. In addition, the stability and subsequent transcriptional activity of PXR can be

modulated by components of the proteasome pathway, including the UBR5–DYRK2

complex, SUG, RBCK1, and GAL1 [119, 120]. Moreover, PXR can be modified by other

post-translational mechanisms, such as SUMOylation and lysine acetylation. For example,

ligand-bound, SUMOylated PXR that contains SUMO 2/3 chains is found in the

inflammatory liver [121], and SIRT1 plays a role in the acetylation of PXR [122]. Although

not yet investigated, compounds that affect these post-translational modifications of PXR

might contribute to PXR-mediated DILI (Figure 1).

Wang et al. Page 11

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



The genetic polymorphisms of hPXR in the human population can be contributing factors to

DILI. For example, studies have shown that liver injury induced by the hPXR agonist

flucloxacillin is associated with an hPXR polymorphism C-25385T [46]. The hPXR

polymorphism rs2461823 (A/G) is signicifantly associated with intrahepatic cholestasis of

pregnancy, and a positive correlation was observed between this polymorphism and elevated

serum ALT and AST levels [123]. The polymorphisms rs2461823 (A/G) and re7643645

(A/G) are associated with increased liver ALT levels and with severity in nonalcoholic fatty

liver disease [124]. To date, more than one hundred hPXR singlenucleotide polymorphisms

have been detected [125]. A number of nonsynonymous hPXR polymorphisms in the coding

region of PXR functional domain could affect its function (e.g. the ability of DNA binding

and ligand binding), while polymorphisms in the 5′ or 3′ UTR of hPXR could affect its

expression level and, subsequently, its transcriptional activity [126, 127]. Therefore, the role

of hPXR polymorphisms in hPXR-mediated DILI merits further investigation.
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Article highlights

• Transcriptional activation of PXR plays a role in drug-induced liver injury

(DILI).

• High-throughput screening (HTS) using primary hepatocytes or hepatic cells in

2D- or 3D-culture systems provides a way to assess and predict in vivo DILI.

• Humanized PXR mouse models are useful in vivo tools for evaluating human

PXR (hPXR)-mediated hepatotoxicity during drug development.

• PXR inhibitors are useful for validating PXR as a target to develop drugs for the

management of PXR-mediated DILI.

• Transcriptional, post-transcriptional, and post-translational regulation and

polymorphisms of PXR could also be contributing factors in DILI.
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Figure 1.
A proposed mechanistic mode for PXR-mediated DILI.
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Figure 2.
Reported PXR inhibitors. Hierarchical clustering of structures based on similarity using

ChemMine [80] and Interactive Tree of Life [81].
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