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Abbreviations 

 ABC: ATP-binding cassette; AE2: chloride-bicarbonate anion exchanger; ALF: acute 

liver failure; ALT: alanine aminotransferase; AP: alkaline phosphatase; APAP: acetaminophen; 

APAP-Glu: APAP-Glucuronide; APAP-Sulf: APAP-Sulfate; ARE: antioxidant response element; 

ASCOM: cointegrator-2-containing complex; BCRP: breast cancer resistance protein; BSEP: 

bile salt export pump; CA: cholic acid;  CARM1: co-activator-associated arginine 

methyltransferase 1; CDCA: chenodeoxycholic acid; cFLIP: cellular FADD-like interleukin 1-

beta-converting enzyme inhibitory protein; CFTR: cystic fibrosis transmembrane conductance 

regulator; cPKC: Ca2+-dependent protein kinase C; CYP:cytochrome P450; DAMPs: damage 

associated molecular pattern molecules; DCA:  deoxycholic acid; DIC: drug-induced 

cholestasis; DILI: drug induced liver injury; IDIL: idiosyncratic DILI; FADD: Fas-associated 

death domain; FDA: Food and Drug Administration; FXR: farnesoid X receptor; FXRE: FXR 

response element; GSH: glutathione; GWAS: genome-wide association studies; HAX1: HCLS1  

associated proteinX1;  IL-1β: interleukin-1β;  LRH-1: hepatocyte-specific liver receptor 

homolog-1; LTC: lithocholic acid; LTKB: liver toxicity knowledge base;  MDR: multidrug 

resistance protein; MH cells: monocyte-derived hepatocyte-like cells; MRP: multidrug 

resistance associated protein; NAPQI: N-acetyl-p-benzo-quinoneimine; Nrf2: nuclear factor E2-

related factor 2; NTCP: sodium/taurocholate cotransporting polypeptide; OAT: organic anion 
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transporter; OATP: organic anion transporting polypeptide; OCT: organic cation transporter; 

PC: phosphatidylcholine; PFIC: Progressive Familial Intrahepatic Cholestasis; PGP: P-

glycoprotein; PI3K: p38 and phosphoinositide 3-kinase; PPAR α: peroxisome proliferator-

activated receptor α; PS: phosphatidylserine; PXR: pregnane X receptor; RXR: retinoid X 

receptor; SIRT1: sirtuin 1; SLC: solute carrier; SNP: single nucleotide polymorphism; SRC2: 

steroid receptor co-activator 2;  TNF-α: tumor necrosis factor-α. 

 
Abstract 
 
 Severity of drug-induced liver injury (DILI) ranges from mild, asymptomatic and 

transient elevations in liver function tests to irreversible liver damage, often needing 

transplantation. Traditionally, DILI is classified mechanistically as high-frequency 

intrinsic DILI, commonly dose dependent or DILI that rarely occurs and is idiosyncratic 

in nature. This latter form is not dose dependent and has a pattern of histopahological 

manifestation that is not always uniform. Currently, a third type of DILI called indirect 

hepatotoxicity has been described which is associated with the pharmacological action 

of the drug. Historically, DILI was primarily linked to drug metabolism events; however, 

the impact of transporter-mediated rates of drug uptake and excretion has gained 

greater prominence in DILI research. This review provides a comprehensive view of 

the major findings from studies examining the contribution of hepatic ATP-binding 

cassette (ABC) transporters as key contributors to DILI and how changes in their 

expression and function influence the development, severity and overall toxicity 

outcome. 
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Significance Statement 

 

Drug-induced liver injury (DILI) continues to be a focal point in drug 

development research. ABC transporters have emerged as important determinants of 

drug detoxification, disposition and safety. This review article provides a 

comprehensive analysis of the literature addressing: (a) the role of hepatic ABC 

transporters in DILI, (b) the influence of genetic mutations in ABC transporters on DILI, 

and (c) new areas of research emphasis, such as the influence of the gut microbiota 

and epigenetic regulation on ABC transporters. 

 

 

Introduction 

 Drug induced liver injury (DILI) can be the outcome of use and/or missuse of 

prescription and non-prescription drugs, herbal products and dietary supplements. 

Gradation of liver injury ranges from mild, asymptomatic elevations in liver function 

tests to complete acute liver failure (ALF). A large number of drugs have been 

implicated as potential causes of DILI. The Food and Drug Administration (FDA) Liver 

Toxicity Knowledge Base (LTKB) lists over 1,000 drugs divided into various categories 

based on their DILI-causing potential (Chen et al., 2011).  

 DILI can be historically classified by the presumed mechanism of toxicant action 

as intrinsic or idiosyncratic. The former, also called predictable, has a high frequency 

of occurance, and is dose dependent. It usually occurs shortly after exposure to high 
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therapeutic, supratherapeutic or toxic doses. This toxicity can also be reproduced in 

various species of laboratory animals. Acetaminophen (APAP) is the protopyte drug for 

this type of DILI and missuse of APAP is responsible for approximately 50% of all 

cases of ALF in the US (Ostapowicz et al., 2002; Lee, 2003; Larson et al., 2005; Lee, 

2017). There is also a considerable number of other drugs that can cause intrinsic 

hepatic necrosis (i.e. niacin, aspirin, cocaine, amiodarone, methotrexate, cancer 

chemotherapy drugs). 

 The second class of DILI is idiosyncratic (IDILI) in nature or unpredictable, and 

of rare occurance. IDILI is often referred to as dose-independent, which is misleading 

because an adverse outcome cannot be entirely dissociated from dose. Classic drugs 

associated with IDILI include antibiotics such as amoxicillin–clavulanate, nitrofurantoin, 

minocycline, cephalosporins, fluoroquinolones and isoniazid. In many developing 

countries, anti-tuberculosis medications are the leading cause IDILI (Ramachandran et 

al., 2013). This form of DILI seems to be the outcome of an interplay between drug 

exposure and environment and/or host factors, such as adaptive immunity to damage 

associated molecular pattern molecules (DAMPs) (reviewed in (Tujios and Fontana, 

2011). IDILI usually occurs at a very low frequency, with drug treatment lasting several 

months to even years before toxicity manifests. These features make IDILI often 

difficult to identify and its occurrence is often underestimated (Shapiro and Lewis, 

2007). IDILI accounts for roughly 13% to 17% of all cases of ALF in the USA and 

Sweden (Ostapowicz et al., 2002; Wei et al., 2007).  
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  A third type of DILI called indirect hepatotoxicity has been described. This 

classification include pharmaceuticals that can induce liver injury because of the drug’s 

own pharmacological action, rather than through inheritent hepatototoxic potential or 

immunogenicity. Examples of drugs associated with indirect DILI are certain 

antineoplastic agents, glucocorticoids, monoclonal antibodies, tumor necrosis factor 

(TNFα), as well as inhibitors of checkpoint proteins and protein kinases (Hoofnagle 

and Björnsson, 2019). This third form is of much greater frequency than the 

idiosyncratic form and can have a distinct clinical manifestation. As yet, indirect 

hepatotoxicity is not a widely accepted classification distinct from intrinsic and 

idiosyncratic. 

 An important point to consider when defining mechanisms of DILI is that the 

concentration of a drug (or its metabolite) in hepatocytes is not only dependant upon 

drug metabolism, but also interindividual variability in the rates of drug uptake and 

excretion. These transport processes significantly influence drug cellular concentration, 

tissue dosimetry and ultimate DILI outcome. Given the interconnectivity of drug 

metabolizing enzymes and transporters, each drug can have distinct combinations of 

biotransformation and disposition pathway(s) that define the drug’s pharmacokinetic 

and pharmacodynamic behavior, as well as safety. Particularly in liver, there are two 

superfamilies of transporters, the solute carrier (SLC) transporters and the ATP-

binding cassette transporters (ABC). The first one includes organic anion transporting 

polypeptides (OATPs), organic anion transporters (OATs), organic cation transporters 

(OCTs), and the sodium/taurocholate cotransporting polypeptide (NTCP). These drug 

transporters are principally located in the plasma membrane of hepatocytes, mediating 
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drug influx from sinusoidal blood into the cell. By contrast, the superfamily of ABC 

transporters is involved in drug efflux from hepatocytes into the bile, when for the 

transporter is localized to the canalicular membrane of plasma membranes, or into 

sinusoidal blood for transporters localized basolaterally. Intrinsic variability across 

individuals in the expression and function of drug transporters due to genetic 

polymorphisms and variable responses to environmental stressors and drugs is a well-

recognized key contributor to the development, severity and overall DILI outcome. This 

review focuses and summarizes the major findings from studies examining the role 

hepatic ABC transporters in the development or prevention of DILI. 

 

Brief historical perspective 

 Studies on the mechanisms of DILI were initially centered on the role of phase I 

and II drug metabolism enzymes in the generation and net availability of cytotoxic 

reactive intermediates, as well as the ability of such reactive intermadiates to 

covalently bind to cellular macromolecules, including proteins. Protein adduction by 

reactive intermediates may lead to loss of function, abnormal localization or formation 

of immunogenic haptens. The potential consequences of such protein modifications 

are production of oxidative stress, mitochondrial dysfunction and the triggering of an 

immune response against the liver (for a complete review see Andrade et al., 2019)  

 The discovery of drug transporters and the increasing understanding of their 

role in cancer multidrug resistance in the 1980s and 1990s (Doring and Petzinger, 

2014) opened the door for the study of their normal physiological functions and 
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pathophysiological consequences of altered expression, including DILI. The largest 

group of protein transport systems is the ABC class transporters. This transporter 

family is composed of 49 genes and 20 pseudogenes, divided into 8 sub-families, 

named from ABCA to ABCG. In the liver, all ABC proteins are eflux transporters with 

the capacity to transport a vast array of substances (for a complete review see Kroll et 

al., 2021). Multidrug resistance proteins (MRP) are members of the ABCC subfamily. 

Among them, MRP2 (ABCC2) is the only one located on the canalicular membrane of 

hepatocytes, while the rest are located in the basolateral domain, being the most 

important and studied: MRP1 (ABCC1), MRP3 (ABCC3) and MRP4 (ABCC4). The 

only ABCA transporter localized to basolateral membranes of hepatocytes is ABCA1, 

which is involved in cholesterol efflux. The rest of the ABC transporters present in the 

liver are located in the canalicular membrane, namely, the Bile acid export pump BSEP 

(ABCB11), Multidrug resistant gene 3 (MDR3, ABCB4), MDR1 or P-glycoprotein (PGP, 

ABCB1), Breast cancer resistance protein (BCRP, ABCG2) and ABCG5. 

 

Key recent advances  

 In this review, key recent advances in the current understanding of the role of 

ABC transporters in drug liver damage are divided into intrinsic and idiosyncratic DILI.  

 

1.  Role of ABC transporters in intrinsic DILI 
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 Intrinsic DILI is associated with ingestion of supratherapeutic or toxic doses of a 

compound. APAP is highlighted in this review as prototype compound, since it is 

extensively used in elucidating the role of ABC transporters in DILI. 

 

1.1. The role of ABC transporters in APAP metabolism 

  

 Ingestion of high doses of APAP saturates its normal detoxification routes of 

metabolism, sulfate and glucuronide conjugation (Figure 1) APAP undergoes 

bioactivation by cytochrome P450 (CYP) enzymes to produce N-acetyl-p-benzo-

quinoneimine (NAPQI). The conjugation of this reactive metabolite with glutathione 

(GSH) neutralizes its reactivity and produces non-toxic conjugates that are readily 

eliminated via bile and urine. However, upon depletion of the GSH intracellular pool, 

excess NAPQI is free to react with negatively charged macromolecules. This produces 

APAP-proteins covalent adducts, mitochondrial dysfunction and oxidative stress which 

finally results in hepatocellular damage (for review see Ramachandran and Jaeschke, 

2018). 

 The ABC transporters known to mediate APAP metabolites transport and 

directionality are shown (Figure 1). APAP-glucuronide (APAP-Glu) is a known 

substrate for sinusoidal Mrp3 (Slitt et al., 2003; Manautou et al., 2005) and canalicular 

Mrp2 (Xiong et al., 2000; Chen et al., 2003; Silva et al., 2005). APAP-Sulfate (APAP-

Sulf) is primarily excreted into plasma, principally by Mrp4 and to a lesser extent by 

Mrp3 (Zamek-Gliszczynski et al., 2006a), while breast cancer resistance protein 

(BRCP) principally transports this metabolite into bile with some contribution by Mrp2 
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also (Zamek-Gliszczynski et al., 2005; Zamek-Gliszczynski et al., 2006b; Lee et al., 

2009). Similarly, APAP-gluthatione (APAP-GS) is transported into bile by Mrp2 and 

into plasma by Mrp1 and Mrp4 (Chen et al., 2003). The latter is known to also transport  

APAP-cysteine (APAP-Cys) (Koenderink et al., 2020). The basal hepatic expression of 

MRP1 is very low, while MRP3 and MRP4 are expressed in liver, with interidividual 

variability in their expression and function (Borst and Elferink, 2002).  

 

1.2. The role of ABC transporters in modulation of APAP toxicity and autoprotection 

  

 The functional consequences of altered ABC transporters expression in DILI 

has been the subject of multiple investigations. Significant increments in the 

expression of the sinusoidal ABC transporters MRP1 and MRP4 at the mRNA level, 

with induction at the protein level for MRP4 and MRP5 are seen in patients with 

fulminant ALF produced by APAP (Barnes et al., 2007). The increased expression of 

the canalicular transporters BCRP and PGP is also observed in human liver 

specimens obtained from APAP poisoning cases during liver transplantation surgery. 

Additionally, this study demonstrates a strong association between increments in PGP 

expression and PCNA-positive hepatocytes, suggesting the existance of a relationship 

between compensatory hepatocellular regeneration and increased efflux transporter 

expression (Barnes et al., 2007). What is unknown at this point is why is it important for 

hepatocytes undergoing active replication to enhance efflux transport processes while 

liver parenchyma is being restored. 
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At the canalicular membrane level, an increase in both the expression and activity of 

Mrp2 and Pgp occurs in rat liver (Ghanem et al., 2004), while in the mouse model of 

APAP-induced hepatotoxicity, Mrp2 mRNA (Aleksunes et al., 2005) and protein 

expression (Aleksunes et al., 2006) increases. Concomitantly, basolateral protein 

expression of Mrp3 is increased by toxic APAP treatment in rats (Ghanem et al., 2005) 

and mice (Aleksunes et al., 2005). Additionally, there is induction of Mrp4 mRNA 

expression and protein levels by APAP in both mice and humans (Aleksunes et al., 

2006; Campion et al., 2008). Increments in Mrp3 and Mrp4 expression co-localize 

within regions of the hepatic lobule where cell proliferation is occuring in response to 

APAP toxicity, principally in hepatocytes surrounding the central vein (Aleksunes et al. 

2006). The mechanism of the induction of both transporters is not totally understood, 

but there is evidence that induction is dependent upon the paracrine actions of 

cytokines, such as TNF-α and interleukin-1β (IL-1β), since depletion of Kupffer cells by 

liposomal clodronate treatment abolishes Mrp4 induction and sensitizes mice to APAP 

hepatotoxicity (Campion et al., 2008). APAP-mediated induction of Mrp3 and Mrp4 

also involves activation of nuclear factor E2-related factor 2 (Nrf2), since mice with 

genetic ablation of Nrf2 do not show induction of Mrp3 and Mrp4 in response to APAP 

(Aleksunes et al., 2008b).  

Mrp3 plays also plays a role in the hepatobiliary disposition of APAP and 

susceptibility to hepatotoxicity. Since Mrp3 preferentially transports glucuronide 

conjugates, it is not surprising that the intraheptic accumulation of APAP-Glu is 20-fold 

higher in Mrp3 null mice, with a concominant reduction in plasma APAP-Glu and 

greater biliary excretion (Manautou et al., 2005). Furthremore, Mrp3 null mice are more 
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resistant to APAP-induced hepatotoxicity and experience a faster replenishment of 

hepatic GSH than wild type mice. Thus, the basolateral excretion of APAP-Gluc in 

mice is nearly completely dependent on Mrp3 activity and altered disposition of APAP 

in the Mrp3 null mice is associated with lower hepatotoxicity. 

 There are species differences in basal expression of transporters and differential 

susceptiblity to APAP dosing (Wang et al., 2015). For example, the expression of Mrp3 is very 

low in normal rats (Hirohashi et al., 1998) and much higher in mice (Zelcer et al., 2005). By 

contrast, Mrp4 is very lowly expressed in liver of mice (Aleksunes et al., 2005), rats (Chen and 

Klaassen, 2004) and humans (Barnes et al., 2007). In the normal human liver, high MRP3 

mRNA expression has been reported. However, modest amounts of MRP3 protein are 

observed (Konig et al., 1999; Kool et al., 1999), with a high degree of variability among 

individuals (up to 80-fold) (Lang et al., 2004). This difference may be due to a single nucleotide 

polymorphism (SNP), 2211C>T, in the promoter region of MRP3, which lowers the binding 

affinity of nuclear transcription factors.  

 Induction of hepatic expression of Mrp3 (rats) and Mrp4 (mice) is associated with an 

increased resistance to subsequent toxic APAP treatment or re-exposure. This phenomenon is 

known as APAP autoprotection. It is observed with APAP (Aleksunes et al., 2008a; Ghanem et 

al., 2009) as well as other drugs or non-drug xenobiotics that produce hepatotoxicity. In 

humans, evidence indicates that long-term abuse of opioid/APAP combination products or 

consumptiom of three times or more the daily recommended dose of APAP does not 

necessarily result in APAP hepatotoxicity, which is indicative of adaptation and development of 

tolerance (Tredger et al., 1995; Shayiq et al., 1999; Forootan et al., 2017). Interestingly, similar 

changes in hepatic expression of ABC transporters to those reported in mice and rats have 

also been reported in humans with toxic APAP exposure. 
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 Although the precise mechanism of this adaptation remains unknown, the shift in 

APAP-Glu excretion from bile into urine following APAP pretreatment in rats (Ghanem et al., 

2005) could be a contributing factor to the development of resistance to APAP DILI. This shift 

in the disposition pathway of APAP-Glu decreases its biliary excretion and therefore the 

amount of this conjugate that appears in intestinal tissue, where it is normally cleaved by 

bacterial glucuronidases, releasing free APAP that then undergoes intestinal reabsorption. The 

ultimate consequences are decreased enterohepatic circulation, less APAP hepatic exposure 

and less likelihood of hepatotoxicity (Watari et al., 1983; Ghanem et al., 2009). It is worth 

noting that this observation obtained from rat studies is also reported in humans. Tredger et al. 

(1995) reports that the development of tolerance to APAP hepatotoxicity is associated with an 

increment in APAP-Glu and APAP-Sulf concentrations in serum and urine of patients, when 

compared to normal volunteers. Allegaert et al. (2005) reports an increase in urine APAP-

Glu/APAP-Sulf ratio in newborns chronically treated with APAP. 

 The introduction of colchicine, an anti-mitotic agent, to the APAP autoprotection 

treatment regimen of mice not only blocked APAP-induced compensatory hepatocellular 

proliferation, but it also prevented the induction of Mrp4 and restored the normal susceptibility 

of mice to APAP hepatotoxicity (abolishment of autoprotection). This findings greatly reinforced 

the association between Mrp4 induction, compensatory hepatocellular proliferation and 

susceptibility to APAP-induced hepatic damage (Aleksunes et al., 2008a). 

 The basis of the hepatoprotective role of MRP3 induction by itself or in 

combination with MRP4 induction by APAP treatment is currently not known. It is 

known that induction of these two transporters leads to more efficient disposition of 

APAP metabolites which should prevent inhibition of drug metabolizing enzymes (e.g. 

Phase II enzymes) by their metabolic/detoxification products. Induction of these 
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transporters can also dampen celullar injury by increasing efflux efficiency of 

endogenous molecules that are potential mediators of cytotoxic responses (Borst et 

al., 2007), such as bile salts (Bohan et al., 2003), acyl glucuronides (Iwamura et al., 

2017) bilirubin, and other signaling molecules from hepatocytes into the bloodstream 

for subsequent renal excretion. These transporters also export multiple other 

endogenous molecules, such as folic acid (Zeng et al., 2001; Kitamura et al., 2010) 

and leukotriene C4 (Zeng et al., 2000) for Mrp3, and cyclic adenosine monophosphate 

(cAMP) (Chen et al., 2001), cyclic guanosine monophosphate (cGMP) (van Aubel et 

al., 2002), prostaglandin (PG) E1 and 2, (Reid et al., 2003), thromboxaneB2 and PGF2α 

(Rius et al., 2005) for Mrp4. Therefore, their overexpression can also contribute to 

modulating signaling events occuring in adjacent hepatocytes and/or non-parenchymal 

cells that modify the hepatic microcirculation (Vollmar and Menger, 2009) and aid in 

recovery from injury (Alvarez and Lorenzetti, 2021). 

1.3 Drugs and pathological conditions that modify the expression of ABC transporters 

and their impact on APAP hepatotoxicity 

  

 Modulation of Mrp3 and Mrp4 gene expression in the liver results from several 

compounds, such as ciprofoxacin, clotrimazole, clofibrate or various pathologic 

conditions, such as primary biliarycholangitis, hepatitis and cholestasis (for a review 

see (Ghanem and Manautou, 2019). Pretreatment with Tanshinone IIA, an active 

component in the dried root of Salvia miltiorrhiza commonly used in traditional chinese 

medicine, protects mice against APAP hepatotoxicity in a Mrp4- and Mrp2-dependent 

manner (Zhang et al., 2020). This study also shows that induction of these two 
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transporters is mediated by activation of Nrf2, a transcriptional regulator that binds to 

antioxidant responsive elements (AREs) on the Mrp2 and Mrp4 gene promoters. 

Increased Mrp3 and Mrp4 expression is seen in animals models with hereditary 

deficiency in Mrp2, such as the TR- rats (Chen et al., 2005), or with experimental 

obstructive cholestasis (Hirohashi et al., 1998; Konig et al., 1999; Soroka et al., 2001; 

Keppler, 2011a). Induction is also seen in some forms of human cholestatic disease 

(Shoda et al., 2001). The severity of APAP toxicity is lower in the Mrp2-deficient TR- 

rats in comparison to wildtype rats (Silva et al., 2005) or after an obstructive 

cholestasis of 7 days in rats with bile duct ligation (Acevedo et al., 1995).  Similarly, 

cholestasis induced by model organic anions, such as indocyanine green, protects 

from APAP hepatotoxicity in mice (Silva et al., 2006).   

 

2.  Role of ABC transportes in IDILI 

  

Cholestatic and mixed forms of hepatitis are the most frequent presentations of IDLI. The 

presence of jaundice, pruritus and elevated levels of serum alkaline phosphatase (AP) are the 

main charcteristics of drug-induced cholestatis (DIC) (Stapelbroek et al., 2010).  

2.1. ABC transporters involved in bile formation 

  Bile formation is basically a “mechano-osmotic” process resulting from a 

concentrative process that brings primarily bile salts, glutathione and bicarbonate, 

among other substances, into the bile canaliculus. The canalicular translocation of 

these solutes is then followed by osmotic water diffusion primarily through aquaporin 
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channels. It is known that ABC transporters play a crucial role in this highly 

concentrative process for these solute components of bile. Figure 2 summarizes the 

more important steps in bile formation and enterohepatic circulation. In addition, 

peristaltic actin contractions and paracellular fluid movement are also important for bile 

formation (for a review see Boyer and Soroka, 2021). As the name implies, bile salt 

export protein (BSEP, ABCB11) is responsible for bile salt efflux at the canalicular level 

(Stieger et al., 1992; Gerloff et al., 1998) and is the rate limiting factor for bile salt-

dependent flow (see figure 2). Also at the canalicular pole, Mrp2 is responsible for the 

efflux of a wide array of substances, such as glutathione and glutathione conjugates of 

bile salts, glucuronidated bile salts and conjugated bilirubin (Chen et al., 2003). Mrp2 is 

the main transporter responsible for establishing the bile salt-independent component 

of bile flow. MDR3 is a flippase which exports phosphatidylcholine (PC) by its 

translocation from the inner to the outter membrane of the hepatocyte (Oude Elferink 

and Paulusma, 2007). In vitro studies have demonstrated that Bcrp is able to transport 

taurolithocholate sulfate (Suzuki et al., 2003); therefore it might also contribute to the 

excretion of bile salts in vivo. After self-associaton due to their amphipathic properties, 

bile acids form micelles (Hofmann and Hagey, 2014) that are then charged with 

cholesterol and effluxed out of hepatocytes into bile via the ABCG8/ABCG5 

heterodimer protein complex (Wittenburg and Carey, 2002). This primary secretion 

udergoes modifications in bile ducts by cholangiocytes. Micellar bile acids secretion is 

variable, and depending on the species, it can account for up to 40% of the total 

volume of daily bile output. The osmotic driving force provided by cholangiocytes is 

primarily generated by bicarbonate excretion via the chloride-bicarbonate anion 
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exchanger (AE2), with chloride excreted by the Cystic fibrosis transmembrane 

conductance regulator (CFTR, ABCC7). However, regulation of the activity of these 

two apical proteins is very complex, involving not only intracellular levels of cAMP and 

calcium, but also lumenal ATP that interacts with P2Y receptors to stimulate 

intracellular Ca2+ release (for a review see Rodrigues et al., 2018). The exact 

contribution of MDR1 to bile formation has not been established yet, but it is well 

known that this is the main transporter of cationic drugs, and its contribution to the 

canalicular excretion of drugs and other xenobiotics into bile is well established (Pauli-

Magnus and Meier, 2006).  

 DIC can be the result of the presence and/or generation of a toxic metabolite within the 

biliary system or from xenobiotic-mediated modulation in expression and/or inhibition of ABC 

transporters function. As a consequence, the intracellular accumulation of bile acids can 

produce hepatocellular injury due to their detergent properties that disrupt cell membranes 

(Hofmann and Hagey, 2014) and promotes generation of reactive oxygen species and 

mitochondrial damage (Krähenbühl et al., 1994). Furthermore, hydrophobic bile acids can also 

induce apoptosis by two different mechanisms. The first one is induction of the death signaling 

complex, with starts with the recruitment of Fas-associated death domain (FADD) adaptor 

protein. The second one involves downregulation of the anti-apoptotic FADD-like IL-1β-

converting enzyme inhibitory protein (cFLIP), thus promoting caspase activation and apoptosis 

(for a review see (Engin, 2021). In summary, accumulation of bile acids contributes to 

hepatocyte necrosis and apoptosis which can result in pahological tissue injury (Tujios and 

Fontana, 2011). 

 The functional activity of ABC transporters is dependent upon various factors, such as 

gene polymorphisms, transcriptional and posttranslational modifications (e.g., glycosylation), 
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allosteric modulators, membrane localization status and changes in the transmembrane 

enviroment through alterations in lipid composition (Garzel et al., 2019). 

 Although the scope of this article in not to go indepth into hepatic genetic 

diseases, such as Progressive Familial Intrahepatic Cholestasis (PFIC), it is important 

to mention that there is a heterogeneous group of autosomal recessive disorders 

related to gene mutations that affect bile production and bile acids secretion. Most of 

these mutations are on ABC transporters genes and the phenotypic manifestations of 

these diseases are generally consistent with the function of these transporters (for a 

review see Felzen and Verkade, 2021). These diseases are typically detected in early 

childhood, often followed by a severe course that can ultimately results in the need for 

liver transplantation either before or during adulthood. For some drug transporters, 

knockout mouse models develop a phenotype that is evident independent of animal 

manipulation and/or treatment, while other transporters knockout animal models lack a 

phenotype unless challenged (Keppler, 2011b). 

 

2.2. ABC transporters associated with DIC: Effect of gene mutations 

 The presice nature of the association between certain polymorphic forms of 

ABC transporters and DILI remains controversial and more research is needed to bring 

clarity to this issue. It is well known that polymorphic forms of drug metabolic enzymes 

and certain HLA haplotypes are well associated with increments in susceptibility to 

DILI. However, genome-wide association studies (GWAS) have failed to identify similar 

associations between DILI and polymorphic forms of ABC transporters (Urban et al., 

2012), at least on an individual basis. Despite the lack of a definite association 
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between monogenetic variations in ABC transporters and DILI from GWAS, there are 

particular transporters polymorphisms that are more prevalent for certain drugs with a 

history of producing DILI (Daly, 2017). This is summarized in Table 1. 

 There are four highly conserved nonsynonymous mutations in genes of the ABC 

family of transporters, two in MDR3 and two in BSEP (Lang et al., 2007). In MDR3, 

there is a I764L polymorphism in the transmembrane domain and a L1082Q located 

close to the ATP-binding domain, both of them in evolutionarily conserved codons. The 

presence of these two heterozygous nonsynonymous mutations have been associated 

with the development of DILI in patients treated with risperidone and 

amoxicillin/clavulanic, respectively (Lang et al., 2007).  This study also shows the 

presence of a common BSEP polymorphism in exon 13 (1331T>C-V444A) previously 

described in intrahepatic cholestasis of pregnancy (Keitel et al., 2006) and a newly 

reported one, D676Y. This latter polymorphic form of BSEP is more frequent in 

patients with DIC induced by fluvastatin. However, there are no differences in 

taurocholate transport when analyzed in vitro using an expression system for D676Y. 

In contrast, the V444A SNP, which is also more frequent in patients with DIC than in 

healthy controls, or in patients with drug-induced disease, does exhibit lower transport 

activity when a construct of this polymorphic form of BSEP is expressed in vitro (Meier 

et al., 2006). QSAR analysis shows that carriers of this mutation have an increased 

risk of developing hepatocellular DILI if treated with drugs containing a carbocyclic 

system with aromatic rings, such as some NSAIDs (Ulzurrun et al., 2013). It is 

important to note that this same mutation is associated with intrahepatic cholestasis of 

pregnancy (Pauli-Magnus et al., 2004). 
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 The ABCC2 24C>T polymorphism (rs717620 T) is associated with increased 

risk of hyperbilirubinemia and mortality in a population of Japanese patients with DILI 

(Huang et al., 2021). This mutation is also more frequent in patients of European 

ethnic origin hospitalized due to diclofenac-induced DILI (Daly et al., 2007). A second 

well characterized polymorphism for MRP2, –1774delG, shows a strong association 

with cholestatic or mixed-type hepatitis in the Korean population due to a decrease in 

MRP2 promoter activity and inducibility, principally by bile acids (Choi et al., 2007).  

 Mutations in BCRP are reported to alter transport activity and are also 

associated with DILI. The homozygous presence of the genetic polymorphism 421C>A 

(Q141K, rs2231142) in BCRP is associated with liver injury induced by the tyrosine 

kinase inhibitor sunitinib (Miura et al., 2014). This drug is a known substrate of BCRP 

and the presence of this variant reduces its transport, leading to intracellular 

accumulation and drug toxicity. This polymorphism is approximately three-fold higher 

in Asians than in Caucasians, and it is also associated with other adverse events, 

including thrombocytopenia (Low et al., 2016). Additionally, in vitro results from cells 

expressing the Q141K polymorphism showed decreased transport of mitoxantrone, a 

protopytical substrate for BCRP efflux (Morisaki et al., 2005). Finally, the MDR1 

polymorphism 3435C>T has been associated with nevirapine-induced DILI in African 

(Haas et al., 2006)  and US patients (Ritchie et al., 2006). Although the mechanistic 

role of this MDR1 mutation in DILI remains unknown, the presence of this variant alters 

P-gp substrate specificity, which is of potential impact on the effectiveness of several 

drug treatments (Drain et al., 2010). 
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 2.3. ABC transporters associated with DIC: Effect of drugs  

 Perhaps the most relevant mechanism correlating ABC transporters function to 

DILI, particularly in the drug development area, is through chemical competition for 

transport and/or function inhibition (summarized in Table 1). Among all ABC 

transporters, inhibition of BSEP is considered to be a primary mechanism of DILI 

initiation that often escapes detection during pre-clinical studies (Kenna et al., 2018). 

The direct consequence of BSEP inhibition by drugs is the intrehepatic accumulation of 

cytotoxic bile acids. Although this mechanism of DILI has wide acceptance, our 

undertanding of the relationship between BSEP inhibition of DILI is not complete. 

Given the multi-factorial nature of DILI, BSEP inhibition should be considered in the 

context of other potential mechanisms when assessing the risk of a drug for producing 

DILI.  A number of medications with a DILI liability produce Bsep inhibition via two 

different mechanisms: trans or cis inhibition (Kis et al., 2012). This distinction is 

important when selecting and interpreting in vitro Bsep inhibition/uptake screenings. 

Most Bsep inhibitors are direct-acting cis inhibitors (Morgan et al., 2010). Troglitazone 

and its metabolites produce cis-inhibition of Bsep, resulting in severe ALF. This, along 

with the mitochondrial damage and oxidative stress induced by troglitazone and its 

metabolites led to the final withdrawal of this anti-diabetic agent from the US market 

(Funk et al., 2001). There are various other compounds with DILI risks that produce 

cis-inhibition of BSEP, including cyclosporin A (Cadranel et al., 1992; Myara et al., 

1996), rifampicyn (Yang et al., 2021) bosentan (Fattinger et al., 2001), erythromycin 

(Mondragón-Navarro et al., 2016), and glibenclamide (Tholakanahalli et al., 1998; Vats 

et al., 2020). Concentration dependent trans-inhibition of BSEP is reported for some 
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steroid drugs, such as estrogen and progesterone metabolites after their transport into 

the bile canaliculus by MRP2 (Stieger et al., 2000; Vallejo et al., 2006). Trans-inhibiton 

of Bsep by estradiol-17β-glucuronide inhibits ATP-dependent taurocholate transport 

only in normal, but not Mrp2-deficient canalicular liver plasma membrane vesicles, 

documenting the need for estradiol-17β-glucuronide to be secreted first into the bile 

canaliculs for inhibiting Bsep (Stieger et al., 2000). The endothelin receptor 

antagonist, bosentan, produces dose-dependent cholestasis (Fattinger et al., 2001). 

Co-administration with glyburide, another known BSEP inhibitor, potentiates the 

increment in serum levels of bile acids and AP produced by bosentan alone, while 

there is inhibition of taurocholate transport by bosentan and its metabolites in an in 

vitro study using canalicular rat liver plasma membrane and Bsep expressing Sf9-cell 

vesicles.  

 A study be Dawson et al. (2012) examined the relationship between the potency 

of certain drugs for inhibiting BSEP and their propensity to produce clinically relevant 

DIC. (Dawson et al., 2012). This screening tested the potency of eightly five (85) 

pharmaceuticals to inhibit the ATP-dependent [3H]-taurocholate uptake into inverted 

plasma membrane vesicles from Sf21 insect cells expressing either human BSEP or 

its rat ortholog. The drugs were divided into three categories: cholestatic or mixed 

cholestatic/hepatocellular DILI (n = 42), hepatocellular DILI (n = 22) and no DILI drugs 

(n = 21). The results show that of the fourty two (42) tested compounds known to 

cause either DIC or DILI of mixed pathogenic manifestation, slightly over half (64%) of 

these drugs had higher BSEP inhibitory potencies than the drugs in the other two 

categories. Furthremore, the incidence of BSEP inhibition for the 22 compounds that 
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are only associated with hepatocellular DILI was considerably lower than that for those 

compounds with documented mixed DILI risk. Similar results were obtained for 

compounds with no reported DILI risk. Of note, the study also showed differential 

inhibitory potencies for certain drugs between the human and rat forms of BSEP 

(Dawson et al., 2012). In a more recent article, Chan and Bennet (2018) challenged 

this relationship between BSEP inhibitory potency by drugs and its implication in DILI 

pathogenesis and mechanism of action. This study concluded that there is no support 

for predicting DILI based solely on in vitro BSEP inhibition analysis (Chan and Benet, 

2018) 

 Inhibition of other ABC transporters by drugs has been shown to produce DIC. 

A typical example is the antifungal azole family of drugs (Mahdi et al., 2016). In vitro 

studies demonstrate that itraconazole inhibits [14C] phosphatidylcholine transport by 

MDR3 (Yoshikado et al., 2011). Similar results are seen in an in vitro transwell system 

with a monolayer of LLC-PK1 cells stably transfected with human MDR3 (Mahdi et al., 

2016). Screening antifungal drugs in this system also shows inhibition of BSEP activity, 

thus indicating that the cholestatic actions of antifungals can involve more than one 

efflux transporter (Mahdi et al., 2016). 

 MRP3 and MRP4 are important basolateral efflux transporters for bile acids, 

specially during cholestasis (Keppler, 2011a). Köck et al. (2014) have studied the 

inhibitory effect of eighty eight (88) drugs on MRP3- and MRP4-mediated substrate 

transport using isolated membrane vesicles. The selected drugs for this screening are 

classified as thirty eight (38) BSEP inhibitors (16 non-cholestatic, 22 cholestatic) and 
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fifty (50) non-BSEP inhibitors (24 non-cholestatic, 26 cholestatic). The results indicate 

that when MRP4 inhibition is detected, the risk of DIC is greater only with non-BSEP 

inhibitors. This strongly suggests that MRP4 inhibition does not provide any additional 

DILI risk among BSEP inhibitors. Furthermore, the same study also show that MRP3 

inhibition does not increase the risk of DIC among the drugs screened (Köck et al., 

2014), in contrast to troglitazone and its sulfated metabolite which are able to not only 

inhibit BSEP transport, but also MRP4 and MRP3 (Yang et al., 2014). 

 

2.4. ABC transporters associated with DIC: Effect of other factors 

 In addition to drugs, changes in membrane microenvironment can modify the 

functionality of ABC transporters. For example, Bsep and Mrp2 are located in separate 

membrane microdomains and are both co-localized with ATP8B1 (Ismair et al., 2009). 

ATP8B1, a member of the P4 subfamily of the P-type ATPase superfamily, is a 

phosphatidylserine (PS) translocase that flips phosphoilipids from the outer to the inner 

leaflet of the plasma membrane (Ujhazy et al., 2001). ATP8B1 has a protective 

function by making the outer leaflet more resistant to the detergent action of bile salts 

in the canalicular lumen due to its richness in PC, sphingomyelin and cholesterol 

(Amigo et al., 1999). Decreased ATP8B1 activity is associated with a decrease in the 

activity of both Bsep and Mrp2 resulting from asymmetry in membrane microdomains 

characterized by an increment in PS outer membrane content, with these events 

leading to cholestasis (Paulusma et al., 2009). 
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 A factor contributing to the development of DIC is the level of expression of drug 

transporters. In one study, 8 out of 12 patients with DIC show decreased expression of 

BSEP, MRP3 and MRP2 (Zollner et al., 2014). As with many other genes, ABC 

transporters expression is tightly regulated by transcriptional (for a review see Rigalli et 

al., 2019) and posttransciptional mechanisms (for a review see Czuba et al., 2018). 

 Nuclear receptors are the principal modulators of transcriptional expression of 

ABC transporters (for a review see Rigalli et al., 2019). Among them, and tighly 

correlated with drug-induced cholestasis, is the farnesoid X receptor (FXR, NR1H4). 

This transcitpion factor is the main regulator of BSEP expression and function (Plass et 

al., 2002). FXR also regulates MDR3 (Huang et al., 2003), MRP2 (Plass et al., 2002) 

and PGP (Jiang et al., 2013). When bile acids such as, chenodeoxycholic acid 

(CDCA), deoxycholic acid (DCA) and cholic acid (CA), bind to FXR, this interaction 

promotes FXR heterodimerization with the retinoid X receptor (RXR) (Yu et al., 2002). 

This signaling-competent heterodimer binds to the FXR response elements (FXRE) in 

the promoter region of target genes, inducing the expression of the aforementioned 

ABC transporters.  

 Interestingly, postranscriptional modifications of FXR occurs under cholestatic 

conditions with an increased acetylation of lysine 217, which decreases its DNA 

binding and transactivation activity (Kemper et al., 2009; Kulkarni et al., 2016). FXR 

itself and its surrounding histones, when bound to DNA, can be deacetylated by sirtuin 

1 (SIRT1), a class III NAD+-dependent histone deacetylase; therefore, SIRT 

inactivation decreases DNA-FXR binding. SIRT1 lacks a DNA-binding domain, so it 

needs to be transactivated by FXR for recruitment into its own target genes promoters 
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(Yang et al., 2017). Activation of the SIRT1/FXR pathway by small molecules produces 

FXR deacetylation, which helps reverse DIC (Qu et al., 2018; Zhao et al., 2019). 

However, continuous activation or overexpression results in ubiquitination and 

proteasomal degradation of FXR, which can revert back the cholestatic condition 

(Blokker et al., 2019).  

 

 Additional transcription factors can play a role in the regulation of hepatobiliary 

drug transporters. Hepatocyte-specific liver receptor homolog-1 (LRH-1, NR5A2) 

(Zwicker and Agellon, 2013) and the oxidative stress sensor Nrf2 regulate BSEP 

expression (Weerachayaphorn et al., 2009). Nrf2 is also involved in the induction of 

hepatic metabolic enzymes mediating Phase I and II reactions in a coordinated fashion 

with the regulation of other ABC transporters, such as MRP3 and MRP4 (Taoka et al., 

2016). Pregnane X receptor (PXR) is another ligand-dependent nuclear receptor that 

controls the inducible expression of drug metabolizing enzymes and drug transporters 

(Aleksunes and Klaassen, 2012). Transcritpional regulation of BSEP by PXR is 

particularly well-characterized. The recruitment of other components to the PXR/RXR 

heterodimer to PXR responsive element complexes enhances BSEP expression. One 

of them is the cointegrator-2-containing complex (ASCOM), which normally interacts 

with FXR as the activating signal, but is disrupted during cholestasis, decresing BSEP 

expression (Ananthanarayanan et al., 2011). Other known PXR co-regulators are co-

activator-associated arginine methyltransferase 1 (CARM1) (Ananthanarayanan et al., 

2004) and steroid receptor co-activator 2 (SRC2) (Chopra et al., 2011) (for a review 

see Sohail and Dönmez-Cakil, 2021).  
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 Posttranscriptional targeting of Bsep, Mdr2 (the rat homologue of human 

MDR3), and Mrp2 to the canalicular membrane of hepatocytes is necessary to sustain 

bile formation functionality and biliary elimination of xenobiotics and endogenous 

compounds. (for a review see Roma et al., 2008). Several ABC transporters, but more 

prominently Bsep, are constantly recycled between apical membranes and intracellular 

subapical endosomal compartments (Wakabayashi et al., 2004). When this recycling 

balance is disrupted by a shift towards greater endocytic internalization, reduced bile 

acid extraction from hepatocytes occurs, which can result in cholestasis (Crocenzi et 

al., 2012). In a model of intrahepatic cholestasis of pregnancy produced by estradiol-

17β-D-glucuronide (Crocenzi et al., 2003) and in cholestasis produced by cyclosporin 

A (Román et al., 2003), an enhanced retrieval of Bsep into the subapical endosomal 

compartment has been demonstrated. This transporter recycling is a clathrin-depedent 

endocytosis process (For a review see Miszczuk et al., 2018). Basically, this Ca2+-

dependent internalization process during cholestasis induced by estradiol-17β-D-

glucuronide is mediated by signaling events involving protein kinase C (cPKC)–p38 

and phosphoinositide 3-kinase (PI3K)–ERK1/2 (Crocenzi et al., 2008; Boaglio et al., 

2010). Bsep internalization is decreased when its association with α- and μ2-adaptin 

(subunits of the AP2 adaptor complex) (Hayashi et al., 2012), and HCLS1 associated 

proteinX1 (HAX1) is disrupted (Ortiz et al., 2004). The same authors also 

demonstrated that HAX1 co-localizes with BSEP, MDR1 and MDR2 in the canalicular 

membrane. RNA interference that silences HAX1 leads to increases in BSEP protein 

levels in the apical membrane domain of MDCK cells in culture. 
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 While individual factors can mechanistically modulate the expression and 

activity of ABC transporters, it is quite common for more than one mechanism to 

converge in the pathophysiology of DILI. The immunosuppressant drug cyclosporin A 

illustrates this concept (Tazuma, 2006). This drug, initially described as a competitive 

inhibitor of BSEP (Stone et al., 1987; Böhme et al., 1993), also decreases the targeting 

of Bsep to the canalicular membrane of hepatocytes (Román et al., 1990). Cyclosporin 

A also decreases Bsep activity by altering its microenvironment through a reduction in 

canalicular membrane fluidity (Yasumiba et al., 2001). The transport inhibitory function 

of cyclosporin A is not limited to Bsep, it also affects Mrps transporters and Pgp 

(Böhme et al., 1993). The co-administration of cyclosporin A and verapamil, another 

well known inhibitor of Pgp, worsen the cholestasis produced by cyclosporin A alone in 

a rat model (Delle Monache et al., 1999). This interaction has also been demonstrated 

in humans (Padda et al., 2011). 

 Drugs that produce mitochondrial dysfunction and/or loss of mitochondrial 

integrity carry a risk of DILI (Dykens and Will, 2007; Labbe et al., 2008). This risk can 

be greater when the drug simultaneously interferes with ABC transporters function, or 

by combining drugs that inhibit mitochondrial and transporter function separately. In 

this latter instance, the combined effect of a transporter inhibitor and a mitochrondrial 

toxicant could lead to more severe forms of DILI (Porceddu et al., 2012). Illustrative of 

this, a high-throughput in vitro screening that used isolated mouse liver mitochondria 

was carried out with 124 chemicals (primarily drugs) to determine if DILI can be 

predicted by the ability of these chemicals to impair mitochonidrial function. 87 of the 

124 chemicals had previously documented clinically relevant DILI, while the remaining 
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37 did not. Valproic acid, aspirin, tamoxifen, diclofenac and tacrine are among the list 

of DILI compounds tested. This screening conclusively established a strong 

relationship between mitochondrial dysfunction (or toxicity) and DILI, and also showed 

to have a high predictive value. Mitochondria targeting might explain the synergistic 

worsening of DILI when drugs that inhibit ABC transporter function are combined with 

drugs that interfere with mitochondrial function, or drugs with both effects  (Aleo et al., 

2014). Another link between mitochondrial dysfuction and transporter activity is 

limitation in intracellular ATP availability, essential for driving ABC transporter function.  

 

Current challenges and knowledge gaps 

 Nowadays, poly-pharmacy is a very frequent practice that is primarily seen in 

elderly patients and can carry an increased risk of DILI (Chen et al., 2015). The current 

liver parameters recommendations, alanine aminotransferase (ALT) and AP values, 

generated by an international DILI Expert Working Group, allow for diagnosis and 

partial characterization of the DILI etiology (Aithal et al., 2011). However, these 

diagnostic endpoints cannot accurately predict the clinical course and ultimate DILI 

outcome, nor can they help identify the causative agent or the precise mechamism 

involved when more than one medication is used by the patient.  

The current animal models available for studying intrinsic DILI are reproducible 

and mechanistically relevant to the human situation. The prototypical example is 

APAP, a classical hepatotoxicant studied for 5 decades. In contrast, for IDILI, there are 

relatively few animal models for its study, since its manifestation is dependent upon the 
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interaction of drug-host-environment (Review in Corsini et al., 2012). Despite the 

assumptions of similar modes of action/activation of the drug, there are limitations in 

traditional animal studies. A principal one is due to species differences resulting from 

the different genetic backgrounds that can influence drug-host interactions. A second 

limitation of animal studies for IDILI is that only a limited number of drugs mimic the 

degree of injury produced in humans, and toxicity is observed in a small number of the 

animals treated. Lastly, animal studies often require prolonged drug exposure periods, 

increasing the study costs. 

New biomarkers of DILI, such as HMGB1, K18 and miR-122 are being studied 

in terms of increasing sensitivity, specificity, severity and DILI predictibility. The  era of 

integrative “omics” approaches and their application in investigative toxciology is 

expected to advance understanding of not only mechanisms of DILI, but also to 

accurately identify drugs responsible for producing liver adverse events in humans (for 

a review see Kullak-Ublick et al., 2017). Progress is further enhanced by the 

development of novel in vitro assays. 

 In the last decade, a biological test called MetaHeps® was recently introduced 

into the market. The assay is based on the use of monocyte-derived hepatocyte-like 

cells (MH cells) from the patient’s own peripheral monocytes that are then cultured 

under a patented protocol (Benesic et al., 2012). A panel of drugs is then assayed for 

in vitro toxicity by lactate dehydrogenase release. MH cells have the same 

characteristics as primary human hepatocytes derived from the same donor, including 

drug metabolizing enzymes capacity and ABC transporters function (Benesic et al., 

2016). The MH cells assay was useful in identyfing the culprit drug causing 
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idiosyncratic DILI in a prospective study in patients consuming more than one 

medication (Benesic et al., 2016). Similarly, another prospective study demonstrated 

the value of this assay for studying hepatotoxicity of herbal and dietary supplements 

(Weber et al., 2021). This assay is useful to examine potential drug-drug interactions at 

the onset of DILI (Benesic et al., 2019). Adoption of the MH cell assay could be a tool 

to better define the origins of DILI reactions, particuarly in patients on polypharmacy. 

Once the drug(s) responsible for DILI is identified, a systematic study of the drug 

metabolizing and transporters capacity can be performed on the same patient using 

the same MH cell tool. This investigative work could generate a much more robust 

comprehension of the interaction between drug therapy and host characteristics on a 

patient-by-patient manner.  

 Considering the current gaps in understanding of drug-host interactions, it is 

quite challenging to establish a comprehensive interplay between drug metabolism and 

transport networks activated and/or inhibited by drugs and its relationship to DILI. 

Future studies should be aimed at identifying factors that can modify risk and 

interactions of host-drugs are needed to go deeper into our knowledge of these 

interactions allowing us to move toward safer and more personalized medicine 

approach to treatment. 

 

Perspective on future directions 

 The gastrointestinal (GI) microbiota and epigenetic regulation of drug 

metabolizing enzymes and transporters are two research areas of emerging 

importance that can advance understanding of the pathogenesis of DILI and 
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interindividual variability in DILI freqency and severity. The GI microbiota has the 

capacity of digesting food nutrients, producing endogenous metabolites and 

biotransform xenobiotics. The metabolic activity of intestinal microbes can produce 

dual and opposing effects, sometimes contributing to the maintenance of health, while 

in other instances promoting hepatopathological conditions, such as fatty liver disease 

(Dietert and Dietert, 2015; Sharpton et al., 2019). Illustrative of the importance of gut-

liver axis in liver disease is lithocholic acid (LTC), a secondary bile acid generated by 

the gut microbiota and a PXR antagonist that decreases BSEP expression and could 

produce cholestasis if abundantly generated (Yu et al., 2002). Glucuronidases in the 

intestinal microbiota cleave APAP-Glu or tacrine-Glu conjugates, releasing the parent 

compound that can then be reabsorbed and transported to the liver via enterohepatic 

circulation, re-exposing the liver again to the drug and increasing its potential for 

producing toxicity (Ghanem et al., 2009; Yip et al., 2018). Another area that deseves 

attention for its potential contribution to interindividual variability in DILI frequency and 

magnitude is circadian variations in function of the GI microbiota (Gong et al., 2018). 

 

 The mechanistic link between the gut microbiota to the pathophysiology of DILI remains 

largely unknown and should receive greater attention. There is relatively recent new evidence 

indicating that the gut microbiota modulates several clusters of hepatic genes involved in 

xenobiotic metabolism through modulation of PXR binding to DNA (Selwyn et al., 2016). 

Selwyn et al. (2016) demonstrated that germ-free mice have a different pattern of Cyp450 

gene expression. These mice showed a marked downregulation in the expression of Cyp3a 

gene isoforms, occuring concominantly with an up-regulation of Cyp4a isoforms. These 

changes correlated well with alterations in both PXR and peroxisome proliferator-activated 
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receptor α (PPAR α) DNA binding. Additionally, analysis of cholestasis induced by 5-day bile 

duct ligation using conventional and germ-free mice showed that in mice devoid of gut 

microbiota, hepatic bile infarcts are more pronounced and there is greater susceptibility to 

hepatic inflammation. These findings are associated with microbiota-dependent alterations in 

the expression of genes involved in metabolism of fatty acids and amino acids, and also due to 

increased gene expression of IL-1β and activation of the ERK/MAPK pathway. By contrast, the 

presence of gut bacteria enhances ductular reactions, cell proliferation, deposition of collagen 

1 and cell autophagy (Juanola et al., 2021). Despite the dramatic surge in microbiome 

research in the last decade, much more needs to be known about the relationship between the 

gut microbiome and health and disease, including how changes in its composition and function 

influences liver diseases, including DILI (Forootan et al., 2017; Chan and Benet, 2018; Li et al., 

2021).   

 Finally, epigenetic regulation of drug metabolizing enzymes (Jin et al., 2016) and 

transporters (Zappe and Cichna-Markl, 2020), such as DNA methylation, histone modification, 

and noncoding RNAs, has gained considerable attention recently. However, there are no 

systematic studies that associate epigenetic modifications with DILI susceptibility. There is 

evidence, however, that epigenetic mechanisms are involved in the pathogenesis of primary 

biliary cholangitis (Li et al., 2020) and intrahepatic cholestasis of pregnancy (Xiao et al., 2021). 

The H3K4me3 epigenetic mark is downregulated during cholestasis, decreasing the 

recruitment of the ASCOM complex to FXR binding elements in the BSEP and MRP2 gene 

promoters (Ananthanarayanan et al., 2011). It has been demonstrated that perturbations in the 

intrauterine environment during intrahepatic cholestasis of pregnancy produce an epigenetic 

imprinting during postnatal life that predisposes offsprings to metabolic diseases in adulthood 

(Borges Manna et al., 2020). 
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 This review highlights many recent advances in the study of drug transporters 

and DILI, yet more attention needs to be dediated to addressing the knowledge in 

drug-host interactions, the role of GI microbiota and the epigenetic regulation in the 

expression and activity of ABC transporters and their individual and combined 

contributions to DILIs. 

 

Conclusions 

 Collectively, this review summarizes substantive evidence indicating that drug 

transporters, and particularly ABC transporters, play a pivotal role in the development 

of DILI. The following bullet statements capture the major points addressed in this 

review: 

• ABC transporters are involved in the hepatobiliary disposition and 

hepatotoxicity of APAP, the most frequent drug causing intrinsic DILI. 

• The pharmacokinetics and pharmacodynamics of multiple other drugs 

that are strongly associated with DIC and various forms of IDILI have 

well-documented interplays with drug transporters. 

• There are different polymorphisms in hepatobiliary transporters identified, 

principally associated with BSEP, that modify protein expression and/or 

activity for this main efflux pump for bile acids. These polymorphisms are 

associated with DILI-causing drugs. 
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• Posttracriptional modulation of transporters expression and/or function 

are considered to be causative of several types of DILI.  

• The continous development and increase in sophistication of multi-omics 

platforms provide unique opportunities to deepen the machanistic 

understanding of the role of ABC transporters in the various types of 

DILI.  

• Greater knowledge is emerging from the fields of the gut microbiome and 

epigenetics. Although the GI microbiota status and composition is known 

to influence drug biotransformation, significantly less is known about its 

impact on drug transporters expression and function. Similarly, an 

increased understanding on the epigenetics of drug transporters can be 

instrumental in better defining mechanisms of DILI.   

 

Authorship Contributions.  

 

Participated in research manuscript design: Ghanem and Manautou. 

Wrote or contributed to the writing of the manuscript: Ghanem and Manautou. 

 

Financial disclosure 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2022 as DOI: 10.1124/dmd.121.000450

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


36 

 

This work was supported by the National Institutes of Health National  (NIH) [Grants 

DK069557]; and; National Agency for Scientific and Technologial Promotion (ANPCyT) 

[Grant PICT 2019-01362]. The authors declare there are no actual or perceived 

conflicts of interest with the contents of this article. 

 
 
Acknowledgement 

The authors would like to thank Dr. Charlene McQueen for her comprehensive review 

and assitance with the editing of this review article.   

 

 

Acevedo C, Bengochea L, Tchercansky DM, Ouviña G, Perazzo JC, Lago N, Lemberg A, and 

Rubio MC (1995) Cholestasis as a liver protective factor in paracetamol acute 

overdose. General pharmacology 26:1619-1624. 

Aithal GP, Watkins PB, Andrade RJ, Larrey D, Molokhia M, Takikawa H, Hunt CM, Wilke RA, 

Avigan M, Kaplowitz N, Bjornsson E, and Daly AK (2011) Case definition and 

phenotype standardization in drug-induced liver injury. Clinical pharmacology and 

therapeutics 89:806-815. 

Aleksunes LM, Campion SN, Goedken MJ, and Manautou JE (2008a) Acquired resistance to 

acetaminophen hepatotoxicity is associated with induction of multidrug resistance-

associated protein 4 (Mrp4) in proliferating hepatocytes. Toxicological sciences : an 

official journal of the Society of Toxicology 104:261-273. 

Aleksunes LM and Klaassen CD (2012) Coordinated regulation of hepatic phase I and II drug-

metabolizing genes and transporters using AhR-, CAR-, PXR-, PPARalpha-, and Nrf2-

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2022 as DOI: 10.1124/dmd.121.000450

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


37 

 

null mice. Drug metabolism and disposition: the biological fate of chemicals 40:1366-

1379. 

Aleksunes LM, Scheffer GL, Jakowski AB, Pruimboom-Brees IM, and Manautou JE (2006) 

Coordinated expression of multidrug resistance-associated proteins (Mrps) in mouse 

liver during toxicant-induced injury. Toxicological sciences : an official journal of the 

Society of Toxicology 89:370-379. 

Aleksunes LM, Slitt AL, Maher JM, Augustine LM, Goedken MJ, Chan JY, Cherrington NJ, 

Klaassen CD, and Manautou JE (2008b) Induction of Mrp3 and Mrp4 transporters 

during acetaminophen hepatotoxicity is dependent on Nrf2. Toxicology and applied 

pharmacology 226:74-83. 

Aleksunes LM, Slitt AM, Cherrington NJ, Thibodeau MS, Klaassen CD, and Manautou JE 

(2005) Differential expression of mouse hepatic transporter genes in response to 

acetaminophen and carbon tetrachloride. Toxicological sciences : an official journal of 

the Society of Toxicology 83:44-52. 

Aleo MD, Luo Y, Swiss R, Bonin PD, Potter DM, and Will Y (2014) Human drug-induced liver 

injury severity is highly associated with dual inhibition of liver mitochondrial function and 

bile salt export pump. Hepatology 60:1015-1022. 

Alvarez ML and Lorenzetti F (2021) Role of eicosanoids in liver repair, regeneration and 

cancer. Biochemical pharmacology 192:114732. 

Amigo L, Mendoza H, Zanlungo S, Miquel JF, Rigotti A, González S, and Nervi F (1999) 

Enrichment of canalicular membrane with cholesterol and sphingomyelin prevents bile 

salt-induced hepatic damage. Journal of lipid research 40:533-542. 

Ananthanarayanan M, Li S, Balasubramaniyan N, Suchy FJ, and Walsh MJ (2004) Ligand-

dependent activation of the farnesoid X-receptor directs arginine methylation of histone 

H3 by CARM1. The Journal of biological chemistry 279:54348-54357. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2022 as DOI: 10.1124/dmd.121.000450

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


38 

 

Ananthanarayanan M, Li Y, Surapureddi S, Balasubramaniyan N, Ahn J, Goldstein JA, and 

Suchy FJ (2011) Histone H3K4 trimethylation by MLL3 as part of ASCOM complex is 

critical for NR activation of bile acid transporter genes and is downregulated in 

cholestasis. American journal of physiology Gastrointestinal and liver physiology 

300:G771-781. 

Andrade RJ, Chalasani N, Björnsson ES, Suzuki A, Kullak-Ublick GA, Watkins PB, Devarbhavi 

H, Merz M, Lucena MI, Kaplowitz N, and Aithal GP (2019) Drug-induced liver injury. 

Nature reviews Disease primers 5:58. 

Barnes SN, Aleksunes LM, Augustine L, Scheffer GL, Goedken MJ, Jakowski AB, Pruimboom-

Brees IM, Cherrington NJ, and Manautou JE (2007) Induction of hepatobiliary efflux 

transporters in acetaminophen-induced acute liver failure cases. Drug metabolism and 

disposition: the biological fate of chemicals 35:1963-1969. 

Benesic A, Jalal K, and Gerbes AL (2019) Drug-Drug Combinations can Enhance Toxicity as 

shown by Monocyte-Derived Hepatocyte-like Cells from Patients with Idiosyncratic 

Drug-Induced Liver Injury. Toxicological sciences : an official journal of the Society of 

Toxicology. 

Benesic A, Leitl A, and Gerbes AL (2016) Monocyte-derived hepatocyte-like cells for causality 

assessment of idiosyncratic drug-induced liver injury. Gut 65:1555-1563. 

Benesic A, Rahm NL, Ernst S, and Gerbes AL (2012) Human monocyte-derived cells with 

individual hepatocyte characteristics: a novel tool for personalized in vitro studies. 

Laboratory Investigation 92:926-936. 

Blokker BA, Maijo M, Echeandia M, Galduroz M, Patterson AM, Ten A, Philo M, Schungel R, 

Gutierrez-de Juan V, Halilbasic E, Fuchs C, Le Gall G, Milkiewicz M, Milkiewicz P, 

Banales JM, Rushbrook SM, Mato JM, Trauner M, Müller M, Martínez-Chantar ML, 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2022 as DOI: 10.1124/dmd.121.000450

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


39 

 

Varela-Rey M, and Beraza N (2019) Fine-Tuning of Sirtuin 1 Expression Is Essential to 

Protect the Liver From Cholestatic Liver Disease. Hepatology 69:699-716. 

Boaglio AC, Zucchetti AE, Sanchez Pozzi EJ, Pellegrino JM, Ochoa JE, Mottino AD, Vore M, 

Crocenzi FA, and Roma MG (2010) Phosphoinositide 3-kinase/protein kinase B 

signaling pathway is involved in estradiol 17beta-D-glucuronide-induced cholestasis: 

complementarity with classical protein kinase C. Hepatology 52:1465-1476. 

Bohan A, Chen WS, Denson LA, Held MA, and Boyer JL (2003) Tumor necrosis factor alpha-

dependent up-regulation of Lrh-1 and Mrp3(Abcc3) reduces liver injury in obstructive 

cholestasis. The Journal of biological chemistry 278:36688-36698. 

Böhme M, Büchler M, Müller M, and Keppler D (1993) Differential inhibition by cyclosporins of 

primary-active ATP-dependent transporters in the hepatocyte canalicular membrane. 

FEBS letters 333:193-196. 

Borges Manna L, Papacleovoulou G, Flaviani F, and Pataia V (2020) Ursodeoxycholic acid 

improves feto-placental and offspring metabolic outcomes in hypercholanemic 

pregnancy.  10:10361. 

Borst P, de Wolf C, and van de Wetering K (2007) Multidrug resistance-associated proteins 3, 

4, and 5. Pflügers Archiv - European Journal of Physiology 453:661-673. 

Borst P and Elferink RO (2002) Mammalian ABC transporters in health and disease. Annual 

review of biochemistry 71:537-592. 

Boyer JL and Soroka CJ (2021) Bile formation and secretion: An update. Journal of hepatology 

75:190-201. 

Braga CCB, Benites BD, de Albuquerque DM, Alvarez MC, Costa FF, Gilli SCO, and Saad 

STO (2016) Deferasirox Associated to Liver Failure and Death in a Sickle Cell Anemia 

Patient Homozygous for the -1774delG Polymorphism in the ABCC2 Gene Encoding 

Multidrug Resistance Protein 2 (MRP2). Blood 128:4822. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2022 as DOI: 10.1124/dmd.121.000450

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


40 

 

Cadranel JF, Erlinger S, Desruenne M, Luciani J, Lunel F, Grippon P, Cabrol A, and Opolon P 

(1992) Chronic administration of cyclosporin A induces a decrease in hepatic excretory 

function in man. Digestive diseases and sciences 37:1473-1476. 

Campion SN, Johnson R, Aleksunes LM, Goedken MJ, van Rooijen N, Scheffer GL, 

Cherrington NJ, and Manautou JE (2008) Hepatic Mrp4 induction following 

acetaminophen exposure is dependent on Kupffer cell function. American journal of 

physiology Gastrointestinal and liver physiology 295:G294-304. 

Corsini A, Ganey P, Ju C, Kaplowitz N, Pessayre D, Roth R, Watkins PB, Albassam M, Liu B, 

Stancic S, Suter L, and Bortolini M (2012) Current challenges and controversies in 

drug-induced liver injury. Drug Saf 35:1099-1117. 

Crocenzi FA, Mottino AD, Cao J, Veggi LM, Pozzi EJ, Vore M, Coleman R, and Roma MG 

(2003) Estradiol-17beta-D-glucuronide induces endocytic internalization of Bsep in rats. 

American journal of physiology Gastrointestinal and liver physiology 285:G449-459. 

Crocenzi FA, Sanchez Pozzi EJ, Ruiz ML, Zucchetti AE, Roma MG, Mottino AD, and Vore M 

(2008) Ca(2+)-dependent protein kinase C isoforms are critical to estradiol 17beta-D-

glucuronide-induced cholestasis in the rat. Hepatology 48:1885-1895. 

Crocenzi FA, Zucchetti AE, Boaglio AC, Barosso IR, Sanchez Pozzi EJ, Mottino AD, and 

Roma MG (2012) Localization status of hepatocellular transporters in cholestasis. 

Frontiers in bioscience 17:1201-1218. 

Czuba LC, Hillgren KM, and Swaan PW (2018) Post-translational modifications of transporters. 

Pharmacology & therapeutics 192:88-99. 

Chan R and Benet LZ (2018) Measures of BSEP Inhibition In Vitro Are Not Useful Predictors of 

DILI. Toxicological sciences : an official journal of the Society of Toxicology 162:499-

508. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2022 as DOI: 10.1124/dmd.121.000450

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


41 

 

Chen C, Hennig GE, and Manautou JE (2003) Hepatobiliary excretion of acetaminophen 

glutathione conjugate and its derivatives in transport-deficient (TR-) hyperbilirubinemic 

rats. Drug metabolism and disposition: the biological fate of chemicals 31:798-804. 

Chen C and Klaassen CD (2004) Rat multidrug resistance protein 4 (Mrp4, Abcc4): molecular 

cloning, organ distribution, postnatal renal expression, and chemical inducibility. 

Biochemical and biophysical research communications 317:46-53. 

Chen C, Slitt AL, Dieter MZ, Tanaka Y, Scheffer GL, and Klaassen CD (2005) Up-regulation of 

Mrp4 expression in kidney of Mrp2-deficient TR- rats. Biochemical pharmacology 

70:1088-1095. 

Chen M, Suzuki A, Borlak J, Andrade RJ, and Lucena MI (2015) Drug-induced liver injury: 

Interactions between drug properties and host factors. Journal of hepatology 63:503-

514. 

Chen M, Vijay V, Shi Q, Liu Z, Fang H, and Tong W (2011) FDA-approved drug labeling for the 

study of drug-induced liver injury. Drug discovery today 16:697-703. 

Chen ZS, Lee K, and Kruh GD (2001) Transport of cyclic nucleotides and estradiol 17-beta-D-

glucuronide by multidrug resistance protein 4. Resistance to 6-mercaptopurine and 6-

thioguanine. The Journal of biological chemistry 276:33747-33754. 

Choi JH, Ahn BM, Yi J, Lee JH, Lee JH, Nam SW, Chon CY, Han KH, Ahn SH, Jang IJ, Cho 

JY, Suh Y, Cho MO, Lee JE, Kim KH, and Lee MG (2007) MRP2 haplotypes confer 

differential susceptibility to toxic liver injury. Pharmacogenetics and genomics 17:403-

415. 

Chopra AR, Kommagani R, Saha P, Louet JF, Salazar C, Song J, Jeong J, Finegold M, Viollet 

B, DeMayo F, Chan L, Moore DD, and O'Malley BW (2011) Cellular energy depletion 

resets whole-body energy by promoting coactivator-mediated dietary fuel absorption. 

Cell metabolism 13:35-43. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2022 as DOI: 10.1124/dmd.121.000450

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


42 

 

Daly AK (2017) Are Polymorphisms in Genes Relevant to Drug Disposition Predictors of 

Susceptibility to Drug-Induced Liver Injury? Pharmaceutical research 34:1564-1569. 

Daly AK, Aithal GP, Leathart JB, Swainsbury RA, Dang TS, and Day CP (2007) Genetic 

susceptibility to diclofenac-induced hepatotoxicity: contribution of UGT2B7, CYP2C8, 

and ABCC2 genotypes. Gastroenterology 132:272-281. 

Davit-Spraul A, Gonzales E, Baussan C, and Jacquemin E (2010) The spectrum of liver 

diseases related to ABCB4 gene mutations: pathophysiology and clinical aspects. 

Semin Liver Dis 30:134-146. 

Dawson S, Stahl S, Paul N, Barber J, and Kenna JG (2012) In vitro inhibition of the bile salt 

export pump correlates with risk of cholestatic drug-induced liver injury in humans. 

Drug metabolism and disposition: the biological fate of chemicals 40:130-138. 

Delle Monache MD, Gigliozzi A, Benedetti A, Marucci L, Bini A, Francia C, Papa E, Di Cosimo 

E, Fraioli F, Jezequel AM, and Alvaro D (1999) Effect of pharmacological modulation of 

liver P-glycoproteins on cyclosporin A biliary excretion and cholestasis: a study in 

isolated perfused rat liver. Digestive diseases and sciences 44:2196-2204. 

Dietert RR and Dietert JM (2015) The Microbiome and Sustainable Healthcare. Healthcare 

(Basel, Switzerland) 3:100-129. 

Doring B and Petzinger E (2014) Phase 0 and phase III transport in various organs: combined 

concept of phases in xenobiotic transport and metabolism. Drug metabolism reviews 

46:261-282. 

Drain S, Catherwood MA, and Alexander HD (2010) Multidrug resistance in the chronic 

lymphoproliferative disorders. Leukemia & lymphoma 51:1793-1804. 

Dykens JA and Will Y (2007) The significance of mitochondrial toxicity testing in drug 

development. Drug discovery today 12:777-785. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2022 as DOI: 10.1124/dmd.121.000450

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


43 

 

Engin A (2021) Bile Acid Toxicity and Protein Kinases. Advances in experimental medicine and 

biology 1275:229-258. 

Fattinger K, Funk C, Pantze M, Weber C, Reichen J, Stieger B, and Meier PJ (2001) The 

endothelin antagonist bosentan inhibits the canalicular bile salt export pump: A 

potential mechanism for hepatic adverse reactions. Clinical Pharmacology & 

Therapeutics 69:223-231. 

Felzen A and Verkade HJ (2021) The spectrum of Progressive Familial Intrahepatic 

Cholestasis diseases: Update on pathophysiology and emerging treatments. European 

journal of medical genetics 64:104317. 

Forootan SS, Mutter FE, Kipar A, Iwawaki T, Francis B, Goldring CE, Park BK, and Copple IM 

(2017) Real-time in vivo imaging reveals localised Nrf2 stress responses associated 

with direct and metabolism-dependent drug toxicity. Scientific reports 7:16084-16084. 

Funk C, Ponelle C, Scheuermann G, and Pantze M (2001) Cholestatic potential of troglitazone 

as a possible factor contributing to troglitazone-induced hepatotoxicity: in vivo and in 

vitro interaction at the canalicular bile salt export pump (Bsep) in the rat. Molecular 

pharmacology 59:627-635. 

Garzel B, Zhang L, Huang SM, and Wang H (2019) A Change in Bile Flow: Looking Beyond 

Transporter Inhibition in the Development of Drug-induced Cholestasis. Current drug 

metabolism 20:621-632. 

Gerloff T, Stieger B, Hagenbuch B, Madon J, Landmann L, Roth J, Hofmann AF, and Meier PJ 

(1998) The sister of P-glycoprotein represents the canalicular bile salt export pump of 

mammalian liver. The Journal of biological chemistry 273:10046-10050. 

Ghanem CI, Gomez PC, Arana MC, Perassolo M, Ruiz ML, Villanueva SS, Ochoa EJ, Catania 

VA, Bengochea LA, and Mottino AD (2004) Effect of acetaminophen on expression and 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2022 as DOI: 10.1124/dmd.121.000450

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


44 

 

activity of rat liver multidrug resistance-associated protein 2 and P-glycoprotein. 

Biochemical pharmacology 68:791-798. 

Ghanem CI and Manautou JE (2019) Modulation of Hepatic MRP3/ABCC3 by Xenobiotics and 

Pathophysiological Conditions: Role in Drug Pharmacokinetics. Current medicinal 

chemistry 26:1185-1223. 

Ghanem CI, Ruiz ML, Villanueva SS, Luquita M, Llesuy S, Catania VA, Bengochea LA, and 

Mottino AD (2009) Effect of repeated administration with subtoxic doses of 

acetaminophen to rats on enterohepatic recirculation of a subsequent toxic dose. 

Biochemical pharmacology 77:1621-1628. 

Ghanem CI, Ruiz ML, Villanueva SS, Luquita MG, Catania VA, Jones B, Bengochea LA, Vore 

M, and Mottino AD (2005) Shift from biliary to urinary elimination of acetaminophen-

glucuronide in acetaminophen-pretreated rats. The Journal of pharmacology and 

experimental therapeutics 315:987-995. 

Haas DW, Bartlett JA, Andersen JW, Sanne I, Wilkinson GR, Hinkle J, Rousseau F, Ingram 

CD, Shaw A, Lederman MM, and Kim RB (2006) Pharmacogenetics of nevirapine-

associated hepatotoxicity: an Adult AIDS Clinical Trials Group collaboration. Clinical 

infectious diseases : an official publication of the Infectious Diseases Society of 

America 43:783-786. 

Hayashi H, Inamura K, Aida K, Naoi S, Horikawa R, Nagasaka H, Takatani T, Fukushima T, 

Hattori A, Yabuki T, Horii I, and Sugiyama Y (2012) AP2 adaptor complex mediates bile 

salt export pump internalization and modulates its hepatocanalicular expression and 

transport function. Hepatology 55:1889-1900. 

Hirohashi T, Suzuki H, Ito K, Ogawa K, Kume K, Shimizu T, and Sugiyama Y (1998) Hepatic 

expression of multidrug resistance-associated protein-like proteins maintained in eisai 

hyperbilirubinemic rats. Molecular pharmacology 53:1068-1075. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2022 as DOI: 10.1124/dmd.121.000450

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


45 

 

Hofmann AF and Hagey LR (2014) Key discoveries in bile acid chemistry and biology and their 

clinical applications: history of the last eight decades. Journal of lipid research 55:1553-

1595. 

Hoofnagle JH and Björnsson ES (2019) Drug-Induced Liver Injury - Types and Phenotypes. 

The New England journal of medicine 381:264-273. 

Huang L, Zhao A, Lew JL, Zhang T, Hrywna Y, Thompson JR, de Pedro N, Royo I, Blevins 

RA, Peláez F, Wright SD, and Cui J (2003) Farnesoid X receptor activates transcription 

of the phospholipid pump MDR3. The Journal of biological chemistry 278:51085-51090. 

Huang YS, Chang TE, Perng CL, and Huang YH (2021) The association of transporter ABCC2 

(MRP2) genetic variation and drug-induced hyperbilirubinemia. Journal of the Chinese 

Medical Association : JCMA 84:129-135. 

Ismair MG, Häusler S, Stuermer CA, Guyot C, Meier PJ, Roth J, and Stieger B (2009) ABC-

transporters are localized in caveolin-1-positive and reggie-1-negative and reggie-2-

negative microdomains of the canalicular membrane in rat hepatocytes. Hepatology 

49:1673-1682. 

Iwamura A, Nakajima M, Oda S, and Yokoi T (2017) Toxicological potential of acyl 

glucuronides and its assessment. Drug metabolism and pharmacokinetics 32:2-11. 

Jiang Y, Jin J, Iakova P, Hernandez JC, Jawanmardi N, Sullivan E, Guo GL, Timchenko NA, 

and Darlington GJ (2013) Farnesoid X receptor directly regulates xenobiotic 

detoxification genes in the long-lived Little mice. Mechanisms of ageing and 

development 134:407-415. 

Jin Y, Yu D, Tolleson WH, Knox B, Wang Y, Chen S, Ren Z, Deng H, Guo Y, and Ning B 

(2016) MicroRNA hsa-miR-25-3p suppresses the expression and drug induction of 

CYP2B6 in human hepatocytes. Biochemical pharmacology 113:88-96. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2022 as DOI: 10.1124/dmd.121.000450

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


46 

 

Juanola O, Hassan M, Kumar P, Yilmaz B, Keller I, Simillion C, Engelmann C, Tacke F, Dufour 

JF, De Gottardi A, and Moghadamrad S (2021) Intestinal microbiota drives cholestasis-

induced specific hepatic gene expression patterns.  13:1-20. 

Keitel V, Vogt C, Häussinger D, and Kubitz R (2006) Combined mutations of canalicular 

transporter proteins cause severe intrahepatic cholestasis of pregnancy. 

Gastroenterology 131:624-629. 

Kemper JK, Xiao Z, Ponugoti B, Miao J, Fang S, Kanamaluru D, Tsang S, Wu SY, Chiang CM, 

and Veenstra TD (2009) FXR acetylation is normally dynamically regulated by p300 

and SIRT1 but constitutively elevated in metabolic disease states. Cell metabolism 

10:392-404. 

Kenna JG, Taskar KS, Battista C, Bourdet DL, Brouwer KLR, Brouwer KR, Dai D, Funk C, 

Hafey MJ, Lai Y, Maher J, Pak YA, Pedersen JM, Polli JW, Rodrigues AD, Watkins PB, 

Yang K, and Yucha RW (2018) Can Bile Salt Export Pump Inhibition Testing in Drug 

Discovery and Development Reduce Liver Injury Risk? An International Transporter 

Consortium Perspective. Clinical pharmacology and therapeutics 104:916-932. 

Keppler D (2011a) Cholestasis and the role of basolateral efflux pumps. Zeitschrift fur 

Gastroenterologie 49:1553-1557. 

Keppler D (2011b) Multidrug resistance proteins (MRPs, ABCCs): importance for 

pathophysiology and drug therapy. Handbook of experimental pharmacology:299-323. 

Kis E, Ioja E, Rajnai Z, Jani M, Méhn D, Herédi-Szabó K, and Krajcsi P (2012) BSEP inhibition: 

in vitro screens to assess cholestatic potential of drugs. Toxicology in vitro : an 

international journal published in association with BIBRA 26:1294-1299. 

Kitamura Y, Kusuhara H, and Sugiyama Y (2010) Basolateral efflux mediated by multidrug 

resistance-associated protein 3 (Mrp3/Abcc3) facilitates intestinal absorption of folates 

in mouse. Pharmaceutical research 27:665-672. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2022 as DOI: 10.1124/dmd.121.000450

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


47 

 

Köck K, Ferslew BC, Netterberg I, Yang K, Urban TJ, Swaan PW, Stewart PW, and Brouwer 

KL (2014) Risk factors for development of cholestatic drug-induced liver injury: 

inhibition of hepatic basolateral bile acid transporters multidrug resistance-associated 

proteins 3 and 4. Drug metabolism and disposition: the biological fate of chemicals 

42:665-674. 

Koenderink JB, van den Heuvel J, Bilos A, Vredenburg G, Vermeulen NPE, and Russel FGM 

(2020) Human multidrug resistance protein 4 (MRP4) is a cellular efflux transporter for 

paracetamol glutathione and cysteine conjugates.  94:3027-3032. 

Konig J, Rost D, Cui Y, and Keppler D (1999) Characterization of the human multidrug 

resistance protein isoform MRP3 localized to the basolateral hepatocyte membrane. 

Hepatology 29:1156-1163. 

Kool M, van der Linden M, de Haas M, Scheffer GL, de Vree JM, Smith AJ, Jansen G, Peters 

GJ, Ponne N, Scheper RJ, Elferink RP, Baas F, and Borst P (1999) MRP3, an organic 

anion transporter able to transport anti-cancer drugs. Proceedings of the National 

Academy of Sciences of the United States of America 96:6914-6919. 

Krähenbühl S, Talos C, Fischer S, and Reichen J (1994) Toxicity of bile acids on the electron 

transport chain of isolated rat liver mitochondria. Hepatology 19:471-479. 

Kroll T, Prescher M, Smits SHJ, and Schmitt L (2021) Structure and Function of Hepatobiliary 

ATP Binding Cassette Transporters.  121:5240-5288. 

Kulkarni SR, Soroka CJ, Hagey LR, and Boyer JL (2016) Sirtuin 1 activation alleviates 

cholestatic liver injury in a cholic acid-fed mouse model of cholestasis. Hepatology 

(Baltimore, Md) 64:2151-2164. 

Kullak-Ublick GA, Andrade RJ, Merz M, End P, and Benesic A (2017) Drug-induced liver 

injury: recent advances in diagnosis and risk assessment.  66:1154-1164. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2022 as DOI: 10.1124/dmd.121.000450

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


48 

 

Labbe G, Pessayre D, and Fromenty B (2008) Drug-induced liver injury through mitochondrial 

dysfunction: mechanisms and detection during preclinical safety studies. Fundamental 

& clinical pharmacology 22:335-353. 

Lang C, Meier Y, Stieger B, Beuers U, Lang T, Kerb R, Kullak-Ublick GA, Meier PJ, and Pauli-

Magnus C (2007) Mutations and polymorphisms in the bile salt export pump and the 

multidrug resistance protein 3 associated with drug-induced liver injury. 

Pharmacogenetics and genomics 17:47-60. 

Lang T, Hitzl M, Burk O, Mornhinweg E, Keil A, Kerb R, Klein K, Zanger UM, Eichelbaum M, 

and Fromm MF (2004) Genetic polymorphisms in the multidrug resistance-associated 

protein 3 (ABCC3, MRP3) gene and relationship to its mRNA and protein expression in 

human liver. Pharmacogenetics 14:155-164. 

Larson AM, Polson J, Fontana RJ, Davern TJ, Lalani E, Hynan LS, Reisch JS, Schiødt FV, 

Ostapowicz G, Shakil AO, and Lee WM (2005) Acetaminophen-induced acute liver 

failure: results of a United States multicenter, prospective study. Hepatology 42:1364-

1372. 

Lee JK, Abe K, Bridges AS, Patel NJ, Raub TJ, Pollack GM, and Brouwer KL (2009) Sex-

dependent disposition of acetaminophen sulfate and glucuronide in the in situ perfused 

mouse liver. Drug metabolism and disposition: the biological fate of chemicals 37:1916-

1921. 

Lee WM (2003) Drug-Induced Hepatotoxicity. New England Journal of Medicine 349:474-485. 

Lee WM (2017) Acetaminophen (APAP) hepatotoxicity-Isn't it time for APAP to go away? 

Journal of hepatology 67:1324-1331. 

Li R, Mao Z, Ye X, and Zuo T (2021) Human Gut Microbiome and Liver Diseases: From 

Correlation to Causation.  9. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2022 as DOI: 10.1124/dmd.121.000450

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


49 

 

Li Y, Tang R, and Ma X (2020) Epigenetics of Primary Biliary Cholangitis. Advances in 

experimental medicine and biology 1253:259-283. 

Low SK, Fukunaga K, Takahashi A, Matsuda K, Hongo F, Nakanishi H, Kitamura H, Inoue T, 

Kato Y, Tomita Y, Fukasawa S, Tanaka T, Nishimura K, Uemura H, Hara I, Fujisawa M, 

Matsuyama H, Hashine K, Tatsugami K, Enokida H, Kubo M, Miki T, and Mushiroda T 

(2016) Association Study of a Functional Variant on ABCG2 Gene with Sunitinib-

Induced Severe Adverse Drug Reaction. PloS one 11:e0148177. 

Mahdi ZM, Synal-Hermanns U, Yoker A, Locher KP, and Stieger B (2016) Role of Multidrug 

Resistance Protein 3 in Antifungal-Induced Cholestasis. Molecular pharmacology 

90:23-34. 

Manautou JE, de Waart DR, Kunne C, Zelcer N, Goedken M, Borst P, and Elferink RO (2005) 

Altered disposition of acetaminophen in mice with a disruption of the Mrp3 gene. 

Hepatology 42:1091-1098. 

Meier Y, Pauli-Magnus C, Zanger UM, Klein K, Schaeffeler E, Nussler AK, Nussler N, 

Eichelbaum M, Meier PJ, and Stieger B (2006) Interindividual variability of canalicular 

ATP-binding-cassette (ABC)-transporter expression in human liver. Hepatology 44:62-

74. 

Miszczuk GS, Barosso IR, Larocca MC, Marrone J, Marinelli RA, Boaglio AC, Sánchez Pozzi 

EJ, Roma MG, and Crocenzi FA (2018) Mechanisms of canalicular transporter 

endocytosis in the cholestatic rat liver. Biochimica et biophysica acta Molecular basis of 

disease 1864:1072-1085. 

Miura Y, Imamura CK, Fukunaga K, Katsuyama Y, Suyama K, Okaneya T, Mushiroda T, Ando 

Y, Takano T, and Tanigawara Y (2014) Sunitinib-induced severe toxicities in a 

Japanese patient with the ABCG2 421 AA genotype. BMC cancer 14:964. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2022 as DOI: 10.1124/dmd.121.000450

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


50 

 

Mondragón-Navarro M, Raurich JM, Ayestarán JI, Colomar A, and Ferreruela M (2016) 

Potential association between erythromycin and cholestatic hepatitis. Medicina 

intensiva 40:319-320. 

Morgan RE, Trauner M, van Staden CJ, Lee PH, Ramachandran B, Eschenberg M, Afshari 

CA, Qualls CW, Jr., Lightfoot-Dunn R, and Hamadeh HK (2010) Interference with bile 

salt export pump function is a susceptibility factor for human liver injury in drug 

development. Toxicological sciences : an official journal of the Society of Toxicology 

118:485-500. 

Morisaki K, Robey RW, Ozvegy-Laczka C, Honjo Y, Polgar O, Steadman K, Sarkadi B, and 

Bates SE (2005) Single nucleotide polymorphisms modify the transporter activity of 

ABCG2. Cancer chemotherapy and pharmacology 56:161-172. 

Myara A, Cadranel JF, Dorent R, Lunel F, Bouvier E, Gerhardt M, Bernard B, Ghoussoub JJ, 

Cabrol A, Gandjbakhch I, Opolon P, and Trivin F (1996) Cyclosporin A-mediated 

cholestasis in patients with chronic hepatitis after heart transplantation. European 

journal of gastroenterology & hepatology 8:267-271. 

Ortiz DF, Moseley J, Calderon G, Swift AL, Li S, and Arias IM (2004) Identification of HAX-1 as 

a protein that binds bile salt export protein and regulates its abundance in the apical 

membrane of Madin-Darby canine kidney cells. The Journal of biological chemistry 

279:32761-32770. 

Ostapowicz G, Fontana RJ, Schiodt FV, Larson A, Davern TJ, Han SH, McCashland TM, 

Shakil AO, Hay JE, Hynan L, Crippin JS, Blei AT, Samuel G, Reisch J, and Lee WM 

(2002) Results of a prospective study of acute liver failure at 17 tertiary care centers in 

the United States. Annals of internal medicine 137:947-954. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2022 as DOI: 10.1124/dmd.121.000450

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


51 

 

Oude Elferink RP and Paulusma CC (2007) Function and pathophysiological importance of 

ABCB4 (MDR3 P-glycoprotein). Pflugers Archiv : European journal of physiology 

453:601-610. 

Padda MS, Sanchez M, Akhtar AJ, and Boyer JL (2011) Drug-induced cholestasis. Hepatology 

53:1377-1387. 

Pauli-Magnus C, Lang T, Meier Y, Zodan-Marin T, Jung D, Breymann C, Zimmermann R, 

Kenngott S, Beuers U, Reichel C, Kerb R, Penger A, Meier PJ, and Kullak-Ublick GA 

(2004) Sequence analysis of bile salt export pump (ABCB11) and multidrug resistance 

p-glycoprotein 3 (ABCB4, MDR3) in patients with intrahepatic cholestasis of pregnancy. 

Pharmacogenetics 14:91-102. 

Pauli-Magnus C and Meier PJ (2006) Hepatobiliary transporters and drug-induced cholestasis. 

Hepatology 44:778-787. 

Paulusma CC, de Waart DR, Kunne C, Mok KS, and Elferink RP (2009) Activity of the bile salt 

export pump (ABCB11) is critically dependent on canalicular membrane cholesterol 

content. The Journal of biological chemistry 284:9947-9954. 

Plass JR, Mol O, Heegsma J, Geuken M, Faber KN, Jansen PL, and Müller M (2002) 

Farnesoid X receptor and bile salts are involved in transcriptional regulation of the gene 

encoding the human bile salt export pump. Hepatology 35:589-596. 

Porceddu M, Buron N, Roussel C, Labbe G, Fromenty B, and Borgne-Sanchez A (2012) 

Prediction of liver injury induced by chemicals in human with a multiparametric assay 

on isolated mouse liver mitochondria. Toxicological sciences : an official journal of the 

Society of Toxicology 129:332-345. 

Qu X, Zhang Y, Zhang S, Zhai J, Gao H, Tao L, and Song Y (2018) Dysregulation of BSEP 

and MRP2 May Play an Important Role in Isoniazid-Induced Liver Injury via the 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2022 as DOI: 10.1124/dmd.121.000450

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


52 

 

SIRT1/FXR Pathway in Rats and HepG2 Cells. Biological & pharmaceutical bulletin 

41:1211-1218. 

Ramachandran A and Jaeschke H (2018) Acetaminophen Toxicity: Novel Insights Into 

Mechanisms and Future Perspectives. Gene expression 18:19-30. 

Ramachandran A, McGill MR, Xie Y, Ni HM, Ding WX, and Jaeschke H (2013) Receptor 

interacting protein kinase 3 is a critical early mediator of acetaminophen-induced 

hepatocyte necrosis in mice. Hepatology (Baltimore, Md) 58:2099-2108. 

Reid G, Wielinga P, Zelcer N, van der Heijden I, Kuil A, de Haas M, Wijnholds J, and Borst P 

(2003) The human multidrug resistance protein MRP4 functions as a prostaglandin 

efflux transporter and is inhibited by nonsteroidal antiinflammatory drugs. Proceedings 

of the National Academy of Sciences 100:9244-9249. 

Rigalli JP, Tocchetti GN, and Weiss J (2019) Modulation of ABC Transporters by Nuclear 

Receptors: Physiological, Pathological and Pharmacological Aspects. Current 

medicinal chemistry 26:1079-1112. 

Ritchie MD, Haas DW, Motsinger AA, Donahue JP, Erdem H, Raffanti S, Rebeiro P, George 

AL, Kim RB, Haines JL, and Sterling TR (2006) Drug transporter and metabolizing 

enzyme gene variants and nonnucleoside reverse-transcriptase inhibitor hepatotoxicity. 

Clinical infectious diseases : an official publication of the Infectious Diseases Society of 

America 43:779-782. 

Rius M, Thon WF, Keppler D, and Nies AT (2005) Prostanoid transport by multidrug resistance 

protein 4 (MRP4/ABCC4) localized in tissues of the human urogenital tract. The Journal 

of urology 174:2409-2414. 

Rodrigues MA, Gomes DA, and Nathanson MH (2018) Calcium Signaling in Cholangiocytes: 

Methods, Mechanisms, and Effects. International journal of molecular sciences 19. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2022 as DOI: 10.1124/dmd.121.000450

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


53 

 

Roma MG, Crocenzi FA, and Mottino AD (2008) Dynamic localization of hepatocellular 

transporters in health and disease. World journal of gastroenterology 14:6786-6801. 

Román ID, Fernández-Moreno MD, Fueyo JA, Roma MG, and Coleman R (2003) Cyclosporin 

A induced internalization of the bile salt export pump in isolated rat hepatocyte 

couplets. Toxicological sciences : an official journal of the Society of Toxicology 

71:276-281. 

Román ID, Monte MJ, Gonzalez-Buitrago JM, Esteller A, and Jiménez R (1990) Inhibition of 

hepatocytary vesicular transport by cyclosporin A in the rat: relationship with 

cholestasis and hyperbilirubinemia. Hepatology 12:83-91. 

Selwyn FP, Cheng SL, Klaassen CD, and Cui JY (2016) Regulation of Hepatic Drug-

Metabolizing Enzymes in Germ-Free Mice by Conventionalization and Probiotics. Drug 

metabolism and disposition: the biological fate of chemicals 44:262-274. 

Shapiro MA and Lewis JH (2007) Causality assessment of drug-induced hepatotoxicity: 

promises and pitfalls. Clinics in liver disease 11:477-505, v. 

Sharpton SR, Ajmera V, and Loomba R (2019) Emerging Role of the Gut Microbiome in 

Nonalcoholic Fatty Liver Disease: From Composition to Function. Clinical 

gastroenterology and hepatology : the official clinical practice journal of the American 

Gastroenterological Association 17:296-306. 

Shayiq RM, Roberts DW, Rothstein K, Snawder JE, Benson W, Ma X, and Black M (1999) 

Repeat exposure to incremental doses of acetaminophen provides protection against 

acetaminophen-induced lethality in mice: an explanation for high acetaminophen 

dosage in humans without hepatic injury. Hepatology 29:451-463. 

Shoda J, Kano M, Oda K, Kamiya J, Nimura Y, Suzuki H, Sugiyama Y, Miyazaki H, Todoroki 

T, Stengelin S, Kramer W, Matsuzaki Y, and Tanaka N (2001) The expression levels of 

plasma membrane transporters in the cholestatic liver of patients undergoing biliary 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2022 as DOI: 10.1124/dmd.121.000450

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


54 

 

drainage and their association with the impairment of biliary secretory function. The 

American journal of gastroenterology 96:3368-3378. 

Silva VM, Hennig GE, and Manautou JE (2006) Cholestasis induced by model organic anions 

protects from acetaminophen hepatotoxicity in male CD-1 mice. Toxicology letters 

160:204-211. 

Silva VM, Thibodeau MS, Chen C, and Manautou JE (2005) Transport deficient (TR-) 

hyperbilirubinemic rats are resistant to acetaminophen hepatotoxicity. Biochemical 

pharmacology 70:1832-1839. 

Slitt AL, Cherrington NJ, Maher JM, and Klaassen CD (2003) Induction of multidrug resistance 

protein 3 in rat liver is associated with altered vectorial excretion of acetaminophen 

metabolites. Drug metabolism and disposition: the biological fate of chemicals 31:1176-

1186. 

Sohail MI and Dönmez-Cakil Y (2021) The Bile Salt Export Pump: Molecular Structure, Study 

Models and Small-Molecule Drugs for the Treatment of Inherited BSEP Deficiencies.  

22. 

Soroka CJ, Lee JM, Azzaroli F, and Boyer JL (2001) Cellular localization and up-regulation of 

multidrug resistance-associated protein 3 in hepatocytes and cholangiocytes during 

obstructive cholestasis in rat liver. Hepatology 33:783-791. 

Stapelbroek JM, van Erpecum KJ, Klomp LW, and Houwen RH (2010) Liver disease 

associated with canalicular transport defects: current and future therapies. Journal of 

hepatology 52:258-271. 

Stieger B, Fattinger K, Madon J, Kullak-Ublick GA, and Meier PJ (2000) Drug- and estrogen-

induced cholestasis through inhibition of the hepatocellular bile salt export pump (Bsep) 

of rat liver. Gastroenterology 118:422-430. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2022 as DOI: 10.1124/dmd.121.000450

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


55 

 

Stieger B, O'Neill B, and Meier PJ (1992) ATP-dependent bile-salt transport in canalicular rat 

liver plasma-membrane vesicles. The Biochemical journal 284 ( Pt 1):67-74. 

Stone BG, Udani M, Sanghvi A, Warty V, Plocki K, Bedetti CD, and Van Thiel DH (1987) 

Cyclosporin A-induced cholestasis. The mechanism in a rat model. Gastroenterology 

93:344-351. 

Suzuki M, Suzuki H, Sugimoto Y, and Sugiyama Y (2003) ABCG2 transports sulfated 

conjugates of steroids and xenobiotics. The Journal of biological chemistry 278:22644-

22649. 

Taoka H, Yokoyama Y, Morimoto K, Kitamura N, Tanigaki T, Takashina Y, Tsubota K, and 

Watanabe M (2016) Role of bile acids in the regulation of the metabolic pathways. 

World journal of diabetes 7:260-270. 

Tazuma S (2006) Cyclosporin A and cholestasis: Its mechanism(s) and clinical relevancy. 

Hepatology research : the official journal of the Japan Society of Hepatology 34:135-

136. 

Tholakanahalli VN, Potti A, and Heyworth MF (1998) Glibenclamide-induced cholestasis. The 

Western journal of medicine 168:274-277. 

Tredger JM, Thuluvath P, Williams R, and Murray-Lyon IM (1995) Metabolic basis for high 

paracetamol dosage without hepatic injury: a case study. Human & experimental 

toxicology 14:8-12. 

Tujios S and Fontana RJ (2011) Mechanisms of drug-induced liver injury: from bedside to 

bench. Nature Reviews Gastroenterology & Hepatology 8:202-211. 

Ujhazy P, Ortiz D, Misra S, Li S, Moseley J, Jones H, and Arias IM (2001) Familial intrahepatic 

cholestasis 1: studies of localization and function. Hepatology 34:768-775. 

Ulzurrun E, Stephens C, Crespo E, Ruiz-Cabello F, Ruiz-Nuñez J, Saenz-López P, Moreno-

Herrera I, Robles-Díaz M, Hallal H, Moreno-Planas JM, Cabello MR, Lucena MI, and 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2022 as DOI: 10.1124/dmd.121.000450

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


56 

 

Andrade RJ (2013) Role of chemical structures and the 1331T>C bile salt export pump 

polymorphism in idiosyncratic drug-induced liver injury. Liver international : official 

journal of the International Association for the Study of the Liver 33:1378-1385. 

Urban TJ, Shen Y, Stolz A, Chalasani N, Fontana RJ, Rochon J, Ge D, Shianna KV, Daly AK, 

Lucena MI, Nelson MR, Molokhia M, Aithal GP, Floratos A, Pe'er I, Serrano J, 

Bonkovsky H, Davern TJ, Lee WM, Navarro VJ, Talwalkar JA, Goldstein DB, and 

Watkins PB (2012) Limited contribution of common genetic variants to risk for liver 

injury due to a variety of drugs. Pharmacogenetics and genomics 22:784-795. 

Vallejo M, Briz O, Serrano MA, Monte MJ, and Marin JJ (2006) Potential role of trans-inhibition 

of the bile salt export pump by progesterone metabolites in the etiopathogenesis of 

intrahepatic cholestasis of pregnancy. Journal of hepatology 44:1150-1157. 

van Aubel RA, Smeets PH, Peters JG, Bindels RJ, and Russel FG (2002) The MRP4/ABCC4 

gene encodes a novel apical organic anion transporter in human kidney proximal 

tubules: putative efflux pump for urinary cAMP and cGMP. Journal of the American 

Society of Nephrology : JASN 13:595-603. 

Vats N, Dubey RC, and Sanal MG (2020) Glibenclamide, ATP and metformin increases the 

expression of human bile salt export pump ABCB11.  9:1497. 

Vollmar B and Menger MD (2009) The Hepatic Microcirculation: Mechanistic Contributions and 

Therapeutic Targets in Liver Injury and Repair. Physiological reviews 89:1269-1339. 

Wakabayashi Y, Lippincott-Schwartz J, and Arias IM (2004) Intracellular trafficking of bile salt 

export pump (ABCB11) in polarized hepatic cells: constitutive cycling between the 

canalicular membrane and rab11-positive endosomes. Molecular biology of the cell 

15:3485-3496. 

Wang L, Prasad B, Salphati L, Chu X, Gupta A, Hop CECA, Evers R, and Unadkat JD (2015) 

Interspecies Variability in Expression of Hepatobiliary Transporters across Human, 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2022 as DOI: 10.1124/dmd.121.000450

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


57 

 

Dog, Monkey, and Rat as Determined by Quantitative Proteomics. Drug Metabolism 

and Disposition 43:367-374. 

Watari N, Iwai M, and Kaneniwa N (1983) Pharmacokinetic study of the fate of acetaminophen 

and its conjugates in rats. Journal of pharmacokinetics and biopharmaceutics 11:245-

272. 

Weber S, Wong GLH, Wong VWS, Benesic A, Chan HLY, and Gerbes AL (2021) Monocyte-

Derived Hepatocyte-Like Cell Test: A Novel Tool for in vitro Identification of Drug-

Induced Liver Injury in Patients with Herbal or Dietary Supplements. Digestion 102:650-

653. 

Weerachayaphorn J, Cai SY, Soroka CJ, and Boyer JL (2009) Nuclear factor erythroid 2-

related factor 2 is a positive regulator of human bile salt export pump expression. 

Hepatology 50:1588-1596. 

Wei G, Bergquist A, Broomé U, Lindgren S, Wallerstedt S, Almer S, Sangfelt P, Danielsson A, 

Sandberg-Gertzén H, Lööf L, Prytz H, and Björnsson E (2007) Acute liver failure in 

Sweden: etiology and outcome. Journal of internal medicine 262:393-401. 

Wittenburg H and Carey MC (2002) Biliary cholesterol secretion by the twinned sterol half-

transporters ABCG5 and ABCG8. The Journal of clinical investigation 110:605-609. 

Xiao J, Li Z, Song Y, Sun Y, Shi H, Chen D, and Zhang Y (2021) Molecular Pathogenesis of 

Intrahepatic Cholestasis of Pregnancy. Can J Gastroenterol Hepatol 2021:6679322-

6679322. 

Xiong H, Turner KC, Ward ES, Jansen PL, and Brouwer KL (2000) Altered hepatobiliary 

disposition of acetaminophen glucuronide in isolated perfused livers from multidrug 

resistance-associated protein 2-deficient TR(-) rats. The Journal of pharmacology and 

experimental therapeutics 295:512-518. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2022 as DOI: 10.1124/dmd.121.000450

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


58 

 

Yang J, Sun L, Wang L, Hassan HM, Wang X, Hylemon PB, Wang T, Zhou H, Zhang L, and 

Jiang Z (2017) Activation of Sirt1/FXR Signaling Pathway Attenuates Triptolide-Induced 

Hepatotoxicity in Rats. Frontiers in pharmacology 8:260-260. 

Yang K, Woodhead JL, Watkins PB, Howell BA, and Brouwer KL (2014) Systems 

pharmacology modeling predicts delayed presentation and species differences in bile 

acid-mediated troglitazone hepatotoxicity. Clinical pharmacology and therapeutics 

96:589-598. 

Yang Y, Liu L, Xu M, Zhang X, Wang L, He Q, Xu M, and Jiang X (2021) Tanshinone ⅡA may 

alleviate rifampin-induced cholestasis by regulating the expression and function of 

NTCP. Human & experimental toxicology 40:1003-1011. 

Yasumiba S, Tazuma S, Ochi H, Chayama K, and Kajiyama G (2001) Cyclosporin A reduces 

canalicular membrane fluidity and regulates transporter function in rats. The 

Biochemical journal 354:591-596. 

Yip LY, Aw CC, Lee SH, Hong YS, Ku HC, Xu WH, Chan JMX, Cheong EJY, Chng KR, Ng 

AHQ, Nagarajan N, Mahendran R, Lee YK, Browne ER, and Chan ECY (2018) The 

liver–gut microbiota axis modulates hepatotoxicity of tacrine in the rat. Hepatology 

67:282-295. 

Yoshikado T, Takada T, Yamamoto T, Yamaji H, Ito K, Santa T, Yokota H, Yatomi Y, Yoshida 

H, Goto J, Tsuji S, and Suzuki H (2011) Itraconazole-induced cholestasis: involvement 

of the inhibition of bile canalicular phospholipid translocator MDR3/ABCB4. Molecular 

pharmacology 79:241-250. 

Yu J, Lo JL, Huang L, Zhao A, Metzger E, Adams A, Meinke PT, Wright SD, and Cui J (2002) 

Lithocholic acid decreases expression of bile salt export pump through farnesoid X 

receptor antagonist activity. The Journal of biological chemistry 277:31441-31447. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2022 as DOI: 10.1124/dmd.121.000450

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


59 

 

Zamek-Gliszczynski MJ, Hoffmaster KA, Tian X, Zhao R, Polli JW, Humphreys JE, Webster 

LO, Bridges AS, Kalvass JC, and Brouwer KL (2005) Multiple mechanisms are involved 

in the biliary excretion of acetaminophen sulfate in the rat: role of Mrp2 and Bcrp1. 

Drug metabolism and disposition: the biological fate of chemicals 33:1158-1165. 

Zamek-Gliszczynski MJ, Nezasa K, Tian X, Bridges AS, Lee K, Belinsky MG, Kruh GD, and 

Brouwer KL (2006a) Evaluation of the role of multidrug resistance-associated protein 

(Mrp) 3 and Mrp4 in hepatic basolateral excretion of sulfate and glucuronide 

metabolites of acetaminophen, 4-methylumbelliferone, and harmol in Abcc3-/- and 

Abcc4-/- mice. The Journal of pharmacology and experimental therapeutics 319:1485-

1491. 

Zamek-Gliszczynski MJ, Nezasa K, Tian X, Kalvass JC, Patel NJ, Raub TJ, and Brouwer KL 

(2006b) The important role of Bcrp (Abcg2) in the biliary excretion of sulfate and 

glucuronide metabolites of acetaminophen, 4-methylumbelliferone, and harmol in mice. 

Molecular pharmacology 70:2127-2133. 

Zappe K and Cichna-Markl M (2020) Aberrant DNA Methylation of ABC Transporters in 

Cancer.  9. 

Zelcer N, van de Wetering K, Hillebrand M, Sarton E, Kuil A, Wielinga PR, Tephly T, Dahan A, 

Beijnen JH, and Borst P (2005) Mice lacking multidrug resistance protein 3 show 

altered morphine pharmacokinetics and morphine-6-glucuronide antinociception. 

Proceedings of the National Academy of Sciences of the United States of America 

102:7274-7279. 

Zeng H, Chen ZS, Belinsky MG, Rea PA, and Kruh GD (2001) Transport of methotrexate 

(MTX) and folates by multidrug resistance protein (MRP) 3 and MRP1: effect of 

polyglutamylation on MTX transport. Cancer research 61:7225-7232. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2022 as DOI: 10.1124/dmd.121.000450

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


60 

 

Zeng H, Liu G, Rea PA, and Kruh GD (2000) Transport of amphipathic anions by human 

multidrug resistance protein 3. Cancer research 60:4779-4784. 

Zhang X, Wang T, Yang Y, Li R, Chen Y, Li R, Jiang X, and Wang L (2020) Tanshinone IIA 

attenuates acetaminophen-induced hepatotoxicity through HOTAIR-Nrf2-MRP2/4 

signaling pathway. Biomedicine & pharmacotherapy = Biomedecine & 

pharmacotherapie 130:110547. 

Zhao Q, Liu F, Cheng Y, Xiao XR, Hu DD, Tang YM, Bao WM, Yang JH, Jiang T, Hu JP, 

Gonzalez FJ, and Li F (2019) Celastrol Protects From Cholestatic Liver Injury Through 

Modulation of SIRT1-FXR Signaling.  18:520-533. 

Zollner G, Thueringer A, Lackner C, Fickert P, and Trauner M (2014) Alterations of canalicular 

ATP-binding cassette transporter expression in drug-induced liver injury. Digestion 

90:81-88. 

Zwicker BL and Agellon LB (2013) Transport and biological activities of bile acids. The 

international journal of biochemistry & cell biology 45:1389-1398. 

 

 Financial disclosure 

This work was supported by the National Institutes of Health National  (NIH) [Grants 

DK069557]; and; National Agency for Scientific and Technologial Promotion (ANPCyT) 

[Grant PICT 2019-01362]. The authors declare there are no actual or perceived 

conflicts of interest with the contents of this article. 

 

Figure legends 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2022 as DOI: 10.1124/dmd.121.000450

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


61 

 

Figure 1: ABC transporters involved in the most frequent form of intrinsic DILI: APAP 

intoxication. 

A hepatocyte is depicted with sinusoidal membranes in contact with blood flow and canalicular 

secretion, through bile ducts, arriving at the small intestinal lumen in the duodenum. 

Supratherapeutic doses of APAP enter freely into hepatocytes where it is transformed by 

saturable conjugative pathways to the non-toxic metabolites, APAP-Glu and APAP-Sulf, by 

UDP-glucuronosyltransferase and phenol sulfotransferase, respectively (depicted by green 

continous lines). Excess APAP is oxidatively metabolized by CYP450 to form the reactive 

intermediate NAPQI. This toxication pathway is depicted by a red continuous line. NAPQI then 

undergoes conjugation with GSH to form APAP-GS, that can then be transformed into APAP-

Cys. When the intracellular pool of GSH is depleted, unneutralized NAPQI can produce cellular 

toxicity by different mechanisms. APAP-Glu is excreted into bile by MRP2 (brown dotted line) 

or blood by MRP3 (yellow dotted line), while APAP-Sulf is excreted into sinusoidal blood, 

principally by MRP4 (red dotted line), and to a lesser extent by MRP3 (yellow dotted line). 

APAP-Sulf also undergoes biliary elimination, principally via BCRP (green dotted line), with 

some contribution by MRP2 (brown dotted line). APAP-GS is transported via bile by MRP2 

(brown dotted line), and plasma by MRP1 (blue dotted line) and MRP4 (red dotted line). The 

latter transporter also translocates APAP-CYS into plasma. Changes in ABC transporters 

(orange arrows) by APAP intoxication alter its disposition. Similarly, other chemicals and drugs 

can produce the same effect on transporters expression and function. These changes consist 

of increased plasma efflux of APAP-Glu and urinary elimination, associated with a 

concomminant decreased in biliary  secretion of this metabolite. This vectorial change 

decreases the APAP-Glu biliary excretion and the amount of this conjugate that reaches the 

small intestine. Glucuronidases present in intestinal bacterial cleave APAP-Glu, releasing free 

APAP that is reabsorbed into the portal circulation, re-exposing the liver to APAP. A potential 
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consequence of a shift in the vectorial transport of APAP-Glu from bile into urine due to 

changes in transporter expression is decreased enterohepatic circulation, less hepatic APAP 

exposure, thus lower hepatotoxicity. 

 

Abbreviations: APAP, acetaminophen; BCRP, breast cancer resistance protein; BSEP, bile-

salt export pump; CYP450, cytochrome P450 ; Glu, glucuronide; GS, glutathione; MDR, 

multidrug resistance; MRP, multidrug-resistance-associated protein; NAPQI, N-acetyl-p-benzo-

quinoneimine; PGP, P-glicoprotein; Sulf, sulfated. 

 

Figure 2: ABC transporters involved in most frequent idiosyncratic form of DILI: Drug induced 

cholestasis 

This figure shows the principal transporters involved in primary bile production by hepatocytes 

and the secondary modifications produced by cholangiocytes before mature bile arrives into 

the small intestine. Through the process of enterohepatic circulation, BS arrive into the liver via 

blood, entering hepatocytes via NTCP and various OATPs, where they can be conjugated with 

glucuronide or GSH. At the apical side of hepatocytes, BSEP is the main transporter 

responsible for BS efflux (magenta dotted line) and the rate limiting factor for BSDF 

generation. MRP2 is responsible for the canalicular efflux of GSH, GS-BS and GS-X, as well 

as BS-Glu, X-Glu (e.g., bilirubin), being GSH the main contributor to the establishment of the 

BSIF (brown dotted line). The osmotic concentration generated by these transport processes, 

is then followed by passive inflow of water, principally through to aquaporin channels. This 

primary secretion then is modified in bile ducts by cholangiocytes. These biliary epithelial cells 

also contribute to the establishment of the BSIF through bicarbonate excretion via AE2 and 
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CFTR. Bile acids self-aggregate into micelles, a proceess aided by PC efflux into the bile 

canaliculus by MDR3 (violet dotted line) and cholesterol efflux by ABCG8/ABCG5 heterodimer 

(brown dotted line). BCRP collaborates with TLC-Sulf and probably other BS (green dotted 

lane). DIC is often the result of intrahepatic BS accumulation (orange arrows) produced by 

decreased activity of primarily BSEP and MRP2. Additionally MRP3 and MRP4 mediates to 

basolateral efflux of BS (yellow and red dotted lines), so a decrease in MRP3 expression can 

also contribute to BS intrahepatic accumulation.  

 

Abbreviations: AE2, chloride-bicarbonate anion exchanger; BCRP, breast cancer resistance 

protein; Bil, Bilirubin; BS, bile salts; BSDF, Bile salt independent flow; BSEP, bile-salt export 

pump;  BSIF, Bile salt independent flow; CFT, Cystic fibrosis transmembrane conductance 

regulator; DIC, drug-induced cholestasis; Glu, glucuronide; GSH, glutathione; MDR, multidrug 

resistance; MRP, multidrug-resistance-associated protein; NTCP, sodium/taurocholate 

cotransporting polypeptide; OATP, organic anion transporting polypeptides; PC, 

phosphatidylcholine; Sulf, sulfathed; TLC,  taurolithocholate; X, xenobiotic. 

Table 1: Summary of different ABC transporters associated with drug induced cholestasis (DIC) 

  Drugs Associated with DILI (wild transporter or in the presence of 
polymorphism/s) Ref. 

ABC 
Physiological 

Substrates  
Name  Determined polymorphism  

BCRP 

(ABCG2) 

Sulf-conjugates 
Anionic drug Sunitinib (TKI) 

421C>A Q141K, (rs2231142) 

Cholestatic 

(Reduction in transport activity) 

(Miura et al., 
2014) 

BSEP Bile salts (BS) 
(Taurocholate 

Bosetan; erythromycin; 
troglitazone; cyclosporine 

No association with wild-type transporter (Stieger et al., 
2000; Fattinger et 
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(ABCB11) 

 

 

and others 
cholate 

conjugates) 

A; nefazodone; 
Simbastatin; estolate; 

glibenclamide; 

Sulindac 

Ethinylestradiol-17β- 
glucuronide (Trans 

inhibition) 

al., 2001; Meier et 
al., 2006; Lang et 
al., 2007; Ulzurrun 

et al., 2013) 

NSAIDs 

drugs containing a 
carbocyclic system with 

aromatic rings. 

 1331T>C 

V444A 

(rs2287622) 

heterozygous patient 

fluvastatin 

2026G>T 

D676Y 

Heterozygous  

 

ethinylestradiol/gestodene 

2568G>T 

G855R 

MDR3 
(ABCB4) 

Phosphatidylcho
line 

(PC) 

Oral contraceptives 
Antifungal azoles 

(Itraconazole) 
No association with wild transporter 

(Lang et al., 2007; 
Davit-Spraul et al., 
2010; Yoshikado 

et al., 2011; Mahdi 
et al., 2016)  

Risperidone 

Oral anticonceptive 

2290A>C 

I764L 

amoxicillin/clavulanic 

3245T>A 

L1082Q 

  

MRP2 

(ABCC2) 

Bilirubin-Glu 

 Glutathione 
(GSH) 

Conjugates-GS 
Conjugates-gluc 
Organic anionic 

Drugs (-) 

Cephtriaxone; Diclofenac;  

Synthetic estrogen. 
No association with wild transporter 

(Choi et al., 2007; 
Daly et al., 2007; 

Braga et al., 2016; 
Huang et al., 

2021)  

Homozygosis 

Deferasirox 

– 1774delG 

rs369192412 

 

Diclofenac 
-24 C>T polymorphism 

rs717620 T 

PGP Organic Cation Cyclosporine A No association with wild-type transporter (Haas et al., 2006; 
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(ABCB1) Drugs (+) Verapamil 

Erythromicin 
Chorpromazine ivermectin 

 

Ritchie et al., 
2006) 

Nevirapine 
3435C>T 

(rs1045642) 
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