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Inhibition of the canalicular phospholipid floppase multidrug resistance protein 3
(MDR3) has been implicated in cholestatic drug-induced liver injury (DILI), which is
clinically characterized by disrupted bile flow and damage to the biliary epithelium.
Reduction in phospholipid excretion, as a consequence of MDR3 inhibition,
decreases the formation of mixed micelles consisting of bile acids and
phospholipids in the bile duct, resulting in a surplus of free bile acids that can
damage the bile duct epithelial cells, i.e., cholangiocytes. Cholangiocytes may
compensate for biliary increases in bile acid monomers via the cholehepatic
shunt pathway or bicarbonate secretion, thereby influencing viability or
progression to toxicity. To address the unmet need to predict drug-induced bile
duct injury in humans, DILIsym, a quantitative systems toxicology model of DILI, was
extended by representing key features of the bile duct, cholangiocyte functionality,
bile acid and phospholipid disposition, and cholestatic hepatotoxicity. A virtual,
healthy representative subject and population (n = 285) were calibrated and
validated utilizing a variety of clinical data. Sensitivity analyses were performed for
1) the cholehepatic shunt pathway, 2) biliary bicarbonate concentrations and 3)
modes of MDR3 inhibition. Simulations showed that an increase in shunting may
decrease the biliary bile acid burden, but raise the hepatocellular concentrations of
bile acids. Elevating the biliary concentration of bicarbonate may decrease bile acid
shunting, but increase bile flow rate. In contrast to competitive inhibition, simulations
demonstrated that non-competitive and mixed inhibition of MDR3 had a profound
impact on phospholipid efflux, elevations in the biliary bile acid-to-phospholipid
ratio, cholangiocyte toxicity, and adaptation pathways. The model with its extended
bile acid homeostasis representation was furthermore able to predict DILI liability for
compounds with previously studied interactions with bile acid transport. The
cholestatic liver injury submodel in DILIsym accounts for several processes
pertinent to bile duct viability and toxicity and hence, is useful for predictions of
MDR3 inhibition-mediated cholestatic DILI in humans.
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1 Introduction

Drug-induced liver injury (DILI) is the most common cause of
acute liver failure (Padda et al., 2011), and a major public health
problem affecting patients, healthcare providers, drug developers and
regulators (Mosedale and Watkins, 2017). Furthermore, the
occurrence of DILI is an important reason for the suspension or
early termination of drug development programs (Mosedale and
Watkins, 2017). Understanding the mechanisms underlying
different types of DILI (e.g., bile acid (BA)-mediated hepatocellular
vs. bile duct injury) is critical to ongoing efforts to predict and
ultimately prevent DILI events.

Disruption of BA homeostasis, particularly the hepatocellular
accumulation of toxic BAs due to BA efflux inhibition, is a well-
recognized mechanism of DILI. While reduced function of basolateral
efflux transporters in the hepatocyte (e.g., multidrug resistance-
associated protein (MRP) 3, MRP4, organic solute transporter
(OST) α/β) is believed to contribute to this phenomenon,
inhibition of the canalicular bile salt export pump (BSEP) is most
often implicated (Morgan et al., 2013; Aleo et al., 2017; Beaudoin et al.,
2020). The ensuing hepatocellular injury (e.g., apoptosis, necrosis)
leads to the release of alanine and aspartate aminotransferases (ALT
and AST) which are used clinically, among other biomarkers including
total bilirubin (TB) alkaline phosphatase (ALP) and γ-glutamyl-
transferase (GGT), to characterize the extent and origin of
hepatotoxicity (i.e., hepatocellular, cholestatic or mixed). BSEP
inhibition can lead to a decrease in bile flow (i.e., cholestasis) in
the biliary tree that is BA-dependent, but the pattern of liver injury
associated with reduced BSEP-mediated biliary excretion and the
resultant accumulation of BAs often presents itself as hepatocellular
(i.e., primarily involving hepatocytes as the injured cell type, which by
convention is defined as ALT > 5x ULN, or when ALT/ALP (fold
ULN) > 5 (Yang et al., 2013; Church and Watkins, 2021)). In contrast,
clinically defined cholestatic liver injury (ALP > 2x ULN in
combination with a major elevation of GGT and ALT/ALP (fold
ULN) < 2 (Yang et al., 2013)) is characterized by injury to
cholangiocytes and/or the canalicular membrane of hepatocytes
(Mosedale and Watkins, 2020). More severe cholestasis is
furthermore accompanied by elevations of conjugated bilirubin
(Kullak-Ublick, 2013; Yang et al., 2013). While mixed liver injury
(when ALT/ALP (fold ULN) is between 2 and 5) is the intermediate
between the biochemically defined thresholds for hepatocellular and
cholestatic liver injury, a mixed pattern is considered to have more in
common with cholestatic than hepatocellular injury (Bjornsson and
Jonasson, 2013). Based on several studies of DILI incidence, liver
injury with a hepatocellular pattern is the most common (48%–58%),
followed by cholestatic (20%–40%) and mixed (12%–22%) patterns
(Bjornsson and Jonasson, 2013). In addition, mortality rates for DILI
with hepatocellular, cholestatic and mixed patterns were shown to be
7%–18%, 5%–14% and 2%–5%, respectively (Bjornsson and Jonasson,
2013).

Drug-induced cholestasis is an issue of rising concern among drug
developers and regulators (Mosedale andWatkins, 2020) and comes in
multiple acute and chronic forms, involving injury ranging from
impaired bile flow at the canalicular membrane of hepatocytes to
obstruction of downstream portions of the bile duct (Padda et al.,
2011). These multiple forms of drug-induced cholestasis include: 1)
acute drug-induced cholestasis involving bile duct injury but minimal
hepatocellular injury; 2) one of various chronic drug-induced

cholangiopathies, such as a) non-specific bile duct injury with mild
elevations of ALP or GGT, b) sclerosing cholangitis, c) mild reduction
in the number of bile ducts (i.e., ductopenia), or d) progressive forms
of the vanishing bile duct syndrome (VBDS); while 3) acute drug-
induced cholestasis may occur without hepatitis, often with canalicular
dilatation and bile plugs (pure or bland cholestasis); or 4) by portal
inflammation and varying degrees hepatocellular injury (cholestatic
hepatitis), the latter of which is the most common form of drug-
induced cholestatic liver injury (Padda et al., 2011; Bjornsson and
Jonasson, 2013; Yang et al., 2013). Some of these forms of drug-
induced cholestasis mimic intrahepatic and extrahepatic cholestatic
diseases, highlighting the importance of identifying the offending drug
to avoid exacerbation of potential liver injury (Padda et al., 2011).
Cholestatic DILI is usually mild and liver biochemistries eventually
return to normal upon discontinuation of administering the drug, but
in the worst case could lead to potentially irreversible VBDS and
decompensated liver disease (Bjornsson and Jonasson, 2013). While
bile duct loss in DILI is relatively uncommon, it has an estimated,
overall mortality rate of 27%, and can lead to VBDS (Bonkovsky et al.,
2017).

A key mechanism that is increasingly being proposed to underpin
varying subtypes of cholestatic DILI is the inhibition of multidrug
resistance protein 3 (MDR3), a phospholipid (PL) floppase residing on
the canalicular membrane of hepatocytes along with BSEP and other
canalicular transporters, including P-glycoprotein (P-gp)/MDR1,
MRP2, ATP-binding cassette sub-family G (ABCG) 5 and 8, each
with their own substrate selectivity (e.g., various drugs, primarily
anionic compounds, cholesterol, respectively). Although MDR3 and
MDR1 are highly homologous, MDR3 does not confer drug resistance,
and instead preferentially mediates the translocation of the PL subtype
phosphatidylcholine (PC) from the inner to the outer leaflet of the
canalicular membrane, which thereby becomes available for biliary
excretion (Boyer, 2013). Other PL subtypes as part of the canalicular
membrane include sphingomyelin, phosphatidylethanolamine, and
phosphatidylserine, but PC is the primary PL found in bile (Boyer,
2013). BAs that have been excreted into the bile canaliculus by BSEP
stimulate biliary PC excretion by extracting this PL subtype from the
luminal side of the canalicular membrane (Boyer, 2013). BAs and PLs
form mixed micelles with cholesterol, thereby greatly reducing the
toxicity associated with lipophilic, free biliary BA monomers.
Disruption of MDR3 activity results in a reduced availability of PC
in the bile canaliculus, leading to impaired biliary formation of mixed
micelles, and predisposing cholangiocytes in the biliary epithelium to
BA-mediated injury or the generation of cholesterol crystals (Morita
and Terada, 2014; Mosedale and Watkins, 2017).

The clinical relevance of MDR3 is also highlighted by phenotypes
associated with mutations in ABCB4, the gene that encodes the PC
floppase. Specific variants in ABCB4 result in impairment of MDR3-
mediated PC translocation and lead to a spectrum of cholestatic
disorders of varying severity. Progressive familial cholestasis (PFIC)
type 3, characterized by homozygous MDR3 loss-of-function
mutations, is an aggressive form of inherited cholestasis. Other
variants or heterozygosity in ABCB4 can lead to PL-associated
cholelithiasis (gallstone disease) or intrahepatic cholestasis of
pregnancy (ICP) in women, while ABCB4 variants also associate
with elevated liver function tests, gallbladder and bile duct
carcinoma and liver cirrhosis (Boyer, 2013; Andress et al., 2014;
Stättermayer et al., 2020). It is unclear whether other acquired
human cholestatic liver diseases such as primary sclerosing
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cholangitis (PSC) or primary biliary cholangitis (PBC) are linked to
ABCB4 mutations, but mice with Abcb4 impairment do
spontaneously develop sclerosing cholangitis with features
resembling human PSC (Trauner et al., 2008; Boyer, 2013).
Histologically, PFIC3 is characterized by portal inflammation,
fibrosis, progression to cirrhosis, and unlike PFIC2 (another type of
progressive familial cholestasis characterized by mutations in the
ABCB11 gene encoding BSEP), bile ducts are highly proliferative in
PFIC3 (Oude Elferink and Paulusma, 2007).While biliary PL levels are
low and GGT levels are high in PFIC3, this is not the case for PFIC2
(Boyer, 2013).

Furthermore, polymorphisms and rare mutations in MDR3, as
well as BSEP, have been associated with an increased risk for DILI
from compounds such as oral contraceptives, psychotropic drugs,
proton pump inhibitors, and various antibiotics (Bjornsson and
Jonasson, 2013), indicating that functional impairment of these
proteins predisposes to hepatotoxicity (Lang et al., 2007). In
contrast to drug-mediated BSEP inhibition, which has been
widely investigated, interactions of drugs with MDR3 are
understudied, and currently our understanding of the role of
MDR3 in cholestatic DILI pathogenesis is relatively limited
(Mahdi et al., 2016; Aleo et al., 2017). The hepatotoxic drugs
itraconazole and chlorpromazine have been shown to inhibit
MDR3 activity while only weakly inhibiting BSEP, indicating
that MDR3 dysfunction may play a more important role than
BSEP inhibition in the pathogenesis of DILI for these compounds
(Mosedale and Watkins, 2017). In the case of itraconazole
administration, ALP, GGT and TB were elevated in multiple
patients, suggesting drug-induced cholestasis liability, but based
on some elevations in ALT and AST, this drug may also lead to
hepatocellular injury to a certain degree (Yoshikado et al., 2011). In
other cases, such as for the DILI-associated compounds
ketoconazole, benziodarone, ritonavir and tipranavir, substantial
inhibition of both MDR3 and BSEP seem to be at play, suggesting
that simultaneous inhibition of these two canalicular proteins
could confer DILI susceptibility as well, and potentially
aggravate liver injury (Mahdi et al., 2016; Aleo et al., 2017;
Mosedale and Watkins, 2017).

In the current work, a quantitative systems toxicology (QST)
model of drug-induced hepatotoxicity, DILIsym, was extended to
mechanistically represent components putatively contributing to
clinically defined cholestatic liver injury, and to allow for the
assessment of toxicity induced by MDR3 inhibition.
Cholangiocellular handling of, and responses to biliary BAs have
been incorporated as potential adaptation mechanisms to biliary
BA toxicity. The construction of this new submodel, as detailed in
subsequent sections of this paper, is the latest addition to this
computational modeling platform, with the goal to further improve
our understanding and predictions of DILI in humans, which can
enhance patient safety, diminish the need for animal testing, and
decrease the resources required for new drug development. The effort
behind the continuous DILIsym development since 2012 has been
supported by the DILI-sim Initiative, a pre-competitive partnership
between DILIsym Services Division, Simulations Plus Inc. and
multiple pharmaceutical companies (Howell et al., 2016). The
modeling platform combines drug and metabolite exposure at the
site of interaction with hepatotoxicity mechanisms to delineate the
impact of these compounds, at specific concentrations, on the cellular,
organ and whole organism levels (Mosedale and Watkins, 2017).

Various prospective and retrospective applications of DILIsym have
provided support that DILI liability of a compound can be attributed
to three key mechanisms: mitochondrial dysfunction, oxidative stress,
and alterations in BA homeostasis (Howell et al., 2012; Shoda et al.,
2014; Longo et al., 2016; Mosedale and Watkins, 2017; Woodhead
et al., 2018; 2020; 2022; Generaux et al., 2019). The present work
describes the new cholestatic liver injury-related components that
were incorporated into the model, which extends the original BA
homeostasis model, and has the potential to improve the predictive
capability of the DILIsym model as a whole.

2 Materials and methods

DILIsym (version 8A), a commercially available QST software
platform, was used as a starting place for the development of a
mechanistic submodel of MDR3 inhibition-mediated cholestatic
DILI using MATLAB R2021a. The model consists of previously
constructed and validated representations of BA homeostasis
(Woodhead et al., 2014b; 2014a), mitochondrial function (Yang Y.
et al., 2014), oxidative stress (Howell et al., 2012; Howell et al., 2014;
Woodhead et al., 2012), innate immunity (Shoda et al., 2017), the
hepatocyte life cycle, clinical biomarkers, drug metabolism and
distribution, which are combined and mathematically solved in
DILIsym. In the present work, the existing BA homeostasis model
was expanded to represent bile flow-mediated BAmovement along the
bile duct and to include a cholehepatic shunt pathway for BAs
(Figure 1A). Furthermore, representations of biliary PL excretion,
different modes of MDR3 inhibition, the cholangiocyte life cycle,
biliary BA toxicity, as well as biliary bicarbonate (HCO3

−) secretion
and its effects on cholehepatic shunting, bile flow and BA toxicity have
been developed, as described in more detail below. The new submodel
is being added to the next commercially available version of DILIsym.

2.1 Bile acid homeostasis

BA disposition is a critical component of the newly developed
cholestatic liver injury submodel, mainly because the movement of
variable quantities of BAs along the biliary tree is an important
determinant of BA-mediated cholangiocyte injury. Extension of the
BA homeostasis model in the current work required recalibration and
revalidation of the overall BA disposition in the model. Key
considerations of the BA homeostasis model in DILIsym
(Figure 1A) are summarized in the Supplementary Material.

2.2 Bile formation

The production of bile is unique to the liver and serves an
important physiological function by providing an excretory route
for endogenous and exogenous compounds, and to solubilize lipids
in the intestinal lumen (Boyer, 2013; Arab et al., 2017). Bile is
produced both by hepatocytes and cholangiocytes, and is
comprised of water (~95%), various endogenous compounds
including BAs, PLs, HCO3

−, cholesterol, bilirubin, glutathione,
porphyrins, vitamins, and exogenous compounds such as certain
drugs that undergo biliary excretion (Boyer, 2013; Arab et al.,
2017). Bile formation is an osmotic process that attracts water via
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aquaporins and through intercellular tight junctions, and is driven by
the concentration gradient produced by hepatocyte- and
cholangiocyte-mediated active transport processes (Boyer, 2013).
DILIsym represents biliary excretion of BAs via BSEP, which is a
major driving force of bile flow. Biliary BAs rapidly become
incorporated into mixed micelles consisting of PLs and cholesterol,
thereby greatly diminishing the toxic potential of free BAs in the bile
duct lumen (Boyer, 2013).

The biliary BA/PL ratio can be used to represent mixed micelle
formation, and in the case of a high ratio, reflects a toxic surplus of
free BA monomers in the bile. The BA/PL ratio has been associated
with cholestatic liver injury in several studies (Geuken et al., 2004;
Buis et al., 2009; Davit-Spraul et al., 2009), which is described in
more detail in the Supplementary Material. The DILIsym model
has been parameterized to enhance cholangiocyte apoptosis when
the biliary BA/PL ratio exceeds a value of 10, with higher ratios
inducing more toxicity and thus cholangiocyte apoptosis
(Figure 1B). This parameterization was based mainly on the
relationship between biliary BA/PL and bile duct injury reported
in liver transplant patients (Geuken et al., 2004). Furthermore, a
time-dependent relationship between biliary BA/PL ratios and the
release of cholestatic liver injury biomarkers (ALP, GGT) was
reported (Geuken et al., 2004), and incorporated into the model
using a simplified representation involving cholangiocyte injury as
the sole contribution to the release of these biomarkers (Figure 1C).
Finally, MDR3, similar to BA transporters, is regulated by BA-
activated farnesoid X receptor (FXR) (Huang et al., 2003; Boyer,
2013) and has been represented in the model, which could help

with maintaining the biliary BA/PL ratio at relatively constant
levels.

Concentrations of PC (13.3 ± 1.76 nmol/mg tissue) have been
reported in human liver (n = 8) (Kotronen et al., 2010), and are
assumed to be available for biliary excretion within the model.
MDR3 plays a critical role in the translocation of PC on the
canalicular membrane to allow for the biliary formation of
mixed micelles containing these PLs. However, some literature
reports suggest that even in the absence of MDR3, a fraction of PC
may still be available for biliary excretion via an MDR3-
independent mechanism (Davit-Spraul et al., 2009; Yoshikado
et al., 2011); in the model, 50% of PC is excreted into bile in an
MDR3-independent fashion. MDR3-mediated PC translocation
has been found to follow Michaelis-Menten kinetics, with a
Michaelis-Menten constant (KM) of 16.6 ± 2.6 µM (Kluth et al.,
2015). Furthermore, a cryogenic electron microscopy structure of
MDR3 rationalizes why MDR3 has specificity for PC relative to
other PLs based on protein-substrate interactions that can stabilize
the choline moiety of PC (Nosol et al., 2021). The molecular
structure also provides insights into substrate- and inhibitor-
binding sites of MDR3, by showing that the MDR3 inhibitor
posaconazole can block PLs from reaching the central cavity as
a potential mechanism of floppase activity inhibition (Nosol et al.,
2021). This motivated the inclusion and exploration of multiple
modes of MDR3 inhibition in the newly developed DILIsym model
utilizing the general mixed inhibition equation that describes
different modes of inhibition based on an α parameter:
competitive (very large α), non-competitive (α = 1) and mixed

FIGURE 1
Diagrammatic representation of the cholestatic liver injurymodel, including features related to (A) BA and PL homeostasis, (B) cholangiocyte life cycle for
each of the three bile duct segments, (C) cholestatic liver injury biomarkers. ALP, alkaline phosphatase; BA, bile acid; GGT, gamma-glutamyl-transferase; PL,
phospholipid.
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inhibition (α between the special cases of competitive and non-
competitive inhibition), similar to the modes of hepatocellular BA
transport inhibition that are available in the model.

Equations for competitive, mixed, and non-competitive inhibition
types are as follows:

Competitive: V � Vmax × S

KM × 1 + I

Ki
( ) + S

Mixed: V � Vmax × S

KM × 1 + I

Ki
( ) + S × 1 + I

α × Ki
( )

Non − Competitive: V � Vmax × S

KM × 1 + I

Ki
( ) + S × 1 + I

Ki
( )

where V represents velocity (e.g., PL efflux), Vmax is the maximum
velocity without inhibitor, S is the substrate concentration, KM is the
Michaelis-Menten constant, I is the inhibitor concentration, Ki is the
inhibition constant, and the α constant determines the extent to which
binding of the inhibitor alters the affinity of the protein for the substrate.

2.3 Intrahepatic and extrahepatic bile ducts

While the gallbladder and its role in BA storage and meal
effects have been represented in DILIsym previously, three key
segments of the bile duct have been incorporated in the new
version of the model in downstream order: the intrahepatically
located hepatic duct (HD), and the extrahepatically located
common hepatic duct (CHD) and common bile duct (CBD). In
the model, the HD represents the entire intrahepatic biliary
drainage system, including the bile canaliculi, canals of Hering,
ductules, interlobular ducts, septal ducts, and the increasingly
larger intrahepatic ducts (Boyer, 2013; Ramesh Babu and Sharma,
2014). The intrahepatic ducts converge to form the CHD
extrahepatically (Nakanuma et al., 1997; Ramesh Babu and
Sharma, 2014; Higashiyama et al., 2016). The cystic duct
branches off from the CHD and carries bile to the gallbladder.
The cystic duct is not explicitly represented in the model; instead,
the majority of bile from the CHD flows directly to the
gallbladder. The CBD is formed further downstream of the
CHD and primarily receives bile that was stored in the
gallbladder, but also a portion of bile that was restricted to the
CHD. The CBD extends downward to reach the duodenum into
which the CBD releases its biliary contents. Differences between
the basal secretion of hepatic bile and the rate of hepatic bile
entering the gallbladder, in addition to the fraction of the BA pool
that accumulates in the gallbladder suggest that ~20% of bile flow
bypasses the gallbladder (Turumin et al., 2013), which was
incorporated into the model. To estimate the luminal volumes
of each of the bile duct segments, literature data on HD, CHD and
CBD volumes, diameters, surface areas and lengths were leveraged
(Bruneton et al., 1981; Ludwig et al., 1998; Gray et al., 2005;
Hoeffel et al., 2006; Blidaru et al., 2010; Boyer, 2013; Ramesh Babu
and Sharma, 2014; Gómez Zuleta et al., 2017). Furthermore, these
data, along with total cholangiocyte number estimates (Banales
et al., 2019), were used to inform approximate numbers of
cholangiocytes in the various bile duct segments.

2.4 Cholangiocytes

Cholangiocytes are the epithelial cells lining the intrahepatic
and extrahepatic bile ducts, and are highly specialized cells
contributing to the production and homeostasis of bile
(Baiocchi et al., 2019; Banales et al., 2019). Although it is
increasingly appreciated that cholangiocellular size, structure
and function vary based on their location along the bile duct
(Boyer, 2013; Baiocchi et al., 2019; Banales et al., 2019; Brevini
et al., 2020), the newly constructed representation of
cholangiocytes in DILIsym currently assumes similar properties
for cholangiocytes in the HD, CHD, and CBD. Cell differentiation,
proliferation and secretion is regulated by primary cilia located on
the apical membrane of all cholangiocytes (Boyer, 2013). A critical
function of cholangiocytes includes the fluidization and
alkalinization of canalicular bile, which involves multiple
cholangiocellular uptake and efflux transport processes,
ultimately resulting in the secretion of an HCO3

−-rich fluid
(Boyer, 2013). Approximately 30%–40% of daily bile production
in humans is attributed to cholangiocytes, and constitutes an
important part of BA-independent bile flow. As cholangiocytes
are exposed to high, millimolar concentrations of biliary BAs with
detergent-like properties, the secretory functions of the biliary
epithelium participate in protecting cholangiocytes against BA-
mediated toxicity.

The model includes a simplified cholangiocyte life cycle
(Figure 1B) for each of the three bile duct segments, representing
young, mature and mitotic cholangiocytes, as well as a maturation rate
(young cholangiocytes → mature cholangiocytes), proliferation rate
(mature cholangiocytes → mitotic cholangiocytes), and mitotic rate
(mitotic cholangiocytes → young cholangiocytes). Cholangiocytes
undergo apoptosis, and this pathway is sensitized in certain
cholangiopathies such as PBC, in which HCO3

− secretion is
reduced (Hohenester et al., 2012; Chang et al., 2016); thus, basal
apoptosis from either the mature or young cholangiocyte pool is
represented in the model. Furthermore, cholangiocytes are highly
proliferative cells allowing for regeneration of the biliary epithelium in
response to acute injury (Brevini et al., 2020). Nevertheless,
regeneration of cholangiocytes is thought to be slower than that of
hepatocytes, in part because cholestatic DILI reactions are inclined to
linger after cessation of the offending drug, although immune
responses may play a role in that protracted recovery as well
(Padda et al., 2011). To accommodate regeneration of the bile duct
epithelium, the model includes a differentiation rate allowing for the
generation of new, young cholangiocytes. Biliary BA-mediated
toxicity, represented by a biliary BA/PL ratio >10, is included in
the model to enhance the apoptotic rate in the cholangiocyte life cycle
(and thereby releasing ALP and GGT; Figure 1C), effectively
diminishing the total pool of viable cholangiocytes.

2.5 Cholehepatic shunting of bile acids

While the enterohepatic circulation (EHC) of BAs is a well-
recognized component of BA homeostasis, the cholehepatic shunt,
involving cholangiocytes instead of intestinal cells to cycle BAs, is a
relatively understudied and poorly understood alternative pathway for
BAs (see Supplementary Material for more details). Nevertheless, the
cholehepatic shunt is hypothesized to play an important physiological
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role, particularly in the context of cholestatic conditions (e.g., in the
case of extrahepatic obstruction) when cholangiocytes may be exposed
to excessive concentrations of free, biliary BAs (Xia et al., 2006).

Based on literature supporting a role for the existence of the
cholehepatic shunt pathway, a representation of this pathway for BAs
has been constructed for each of the three bile duct segments in
DILIsym: HD, CHD and CBD (Figure 1A). For simplicity and due to
data limitations, it is currently assumed in the model that the rate of
shunting, involving a lumped parameter representing both passive
diffusion and transporter-mediated processes, is similar for all BA
species. The model assumes that the rate of cholehepatic shunting is
most substantial in the intrahepatic HD, followed by the more
downstream CHD and CBD segments of the extrahepatic bile duct.
Furthermore, the model assumes that the rate of transport along the
shunt pathway is only a fraction of the rate of bile flow (e.g., the rate of
BA shunting in the HD has arbitrarily been set to ~2% of the total rate
of bile flow-driven BA transport along the bile duct—but still allowing
for the exploration of both enhancement and inhibition of this BA
pathway). The cholehepatic shunt pathway representation in the
model allows for being impacted by HCO3

− secretion, as will be
described in more detail in the next section.

2.6 Bicarbonate secretion

Under normal conditions, cholangiocytes are continuously
exposed extracellularly to millimolar concentrations of biliary BAs,
whereas other cell types including hepatocytes are susceptible to BA-
induced toxicity at micromolar concentrations (Hohenester et al.,
2011). Anion exchanger 2 (AE2)-mediated secretion of HCO3

− (in
exchange for a chloride anion) by cholangiocytes is hypothesized to
protect the biliary epithelium against high concentrations of toxic,
detergent-like BAs passing through the bile duct. AE2 protein was
found to be expressed on the apical membrane of cholangiocytes in
small and medium bile ducts (Boyer, 2013). Biliary HCO3

− secretion
alkalinizes the bile, thereby increasing the pH of bile, and altering the
ionization status of various biliary BAs. Data suggest that BA
protonation influences transporter-independent penetration of BAs
into cholangiocytes (Hohenester et al., 2012), and the protonation of
certain BAs may be particularly impacted by mild changes in the
physiological pH range. For example, according to the Henderson-
Hasselbalch equation, unconjugated chenodeoxycholic acid (CDCA)
and its glycine-conjugated form (GCDCA) have a pKa around 4.5 and
4.2, respectively, and their protonation is highly sensitive to changes in
pH around the physiologic range (Hohenester et al., 2011). In vitro
experiments demonstrated pH dependence for cholangiocellular
uptake of GCDCA, and for cytotoxicity induced by CDCA and
GCDCA (Hohenester et al., 2011; 2012). More specifically, when
extracellular pH was experimentally reduced from 7.4 to 6.4,
uptake of GCDCA more than tripled, and apoptosis-associated
caspase levels increased ~10- and ~30-fold when incubated with
0.5 mM CDCA or 1 mM GCDCA, respectively (Hohenester et al.,
2011; Hohenester et al., 2012). In addition to experimentally
decreasing extracellular pH, knocking down AE2 in immortalized
human cholangiocytes also resulted in increased BA uptake and
toxicity (Hohenester et al., 2012). Additional details are provided in
the Supplementary Material.

The model represents HCO3
− secretion in the HD, CHD and CBD,

and utilizes a relationship reported between biliary HCO3
− and pH for

human donor livers (Matton et al., 2019). Livers with a low bile duct
injury score were associated with higher biliary HCO3

− concentrations
and biliary pH compared to livers with a high bile duct injury score,
providing support for the protective function of bile alkalization
(Matton et al., 2019). Based on the observed effects of biliary
HCO3

− on the cholangiocellular penetration of CDCA and
GCDCA and BA-induced toxicity (Hohenester et al., 2012), the
model has been parameterized in a manner that results in reduced
cholehepatic shunting and BA toxicity when biliary HCO3

− secretion
increases. The increase in biliary HCO3

− furthermore leads to
enhanced biliary water secretion through the effects of osmosis
resulting in higher bile flow, which has also been represented in
the model. Biliary HCO3

− concentrations are represented at
baseline, and has been parameterized in a manner to increase in
response to elevations in the biliary BA/PL ratio, reflecting the
stimulation of BA-dependent TGR5 signaling in a biliary BA
concentration-dependent manner.

2.7 Model calibration and validation

Publicly available data were used to calibrate and validate the
newly developed cholestatic liver injury submodel in DILIsym (see
Results section). Model parameters related to BA and PL homeostasis
and bile duct physiology were calibrated for a representative, healthy
adult human of 70 kg using a variety of literature data informing
model inputs (e.g., BA synthesis) and outputs (e.g., biliary BA/PL
ratio). This approach was extended to generate the Human_ROS_
apop_mito_BA_chol_v1 SimPops®, a virtual population of
285 subjects with variability in parameters relevant to evaluate
predictions of DILI caused by drugs through RNS-ROS generation,
direct mitochondrial function disruption, BA transport inhibition
and/or MDR3 inhibition. While parameters related to oxidative
stress and mitochondrial impairment were kept intact from the
earlier version of this SimPops (n = 285), all BA parameters were
updated. Variability around input parameters as well as model outputs
were supported with literature data in many cases, while in other cases
assumptions were made mainly due to data limitations or knowledge
gaps (Table 1). To validate the SimPops, simulations were performed
without drug treatment (i.e., SimPops baseline simulations), and
separately with one of several drug treatment protocols serving as
positive or negative controls.

2.8 Sensitivity analyses

The representative, healthy virtual subject was used in sensitivity
analyses interrogating cholehepatic BA shunting and biliary HCO3

−

secretion, two mechanisms hypothesized to be protective to the bile
duct epithelium during cholestatic stress. The SimPops was used to
assess the role of different modes of MDR3 inhibition (competitive,
non-competitive, mixed) on BA and PL homeostasis, bile duct injury
and adaptation mechanisms.

3 Results

An extended submodel of BA and PL homeostasis, and
representations of the cholangiocyte life cycle and cholestatic
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TABLE 1 Bile Acid and Phospholipid Toxicity Mechanism Parameters with Distribution of Values for Virtual Subjects in the Human_ROS_apop_mito_BA_chol_
v1 SimPops. ASBT, apical sodium–BA transporter; BA, bile acid; BSEP, bile salt export pump; CDCA, chenodeoxycholic acid; LCA, lithocholic acid; MDR3, multidrug
resistance protein 3; PL, phospholipid; Vmax, maximum reaction velocity.

SimPops parameter category Parameter symbol Data source for distribution

Hepatic BA uptake transporter Vmax values BA_uptake_Vmax All BA transporters were assumed to have the same distribution as human BSEP reported in
Meier et al. (2006); similar expression ranges are also reported in Bernhardt et al. (2012); all BA
uptake transport Vmax values treated as covariatesCDCA_uptake_Vmax

CDCAamide_uptake_Vmax

LCA_uptake_Vmax

LCAamide_uptake_Vmax

LCAsulfate_uptake_Vmax

Hepatic basolateral BA efflux transporter Vmax
values

BA_baso_Vmax All BA transporters were assumed to have the same distribution as human BSEP reported in
Meier et al. (2006); similar expression ranges are also reported in Bernhardt et al. (2012); all
basolateral BA efflux Vmax values treated as covariatesCDCA_baso_Vmax

CDCAamide_baso_Vmax

LCA_baso_Vmax

LCAamide_baso_Vmax

LCAsulfate_baso_Vmax

Hepatic biliary BA and PL excretion transporter
Vmax values

BA_canal_Vmax All BA transporters were assumed to have the same distribution as human BSEP reported in
Meier et al. (2006); similar expression ranges are also reported in Bernhardt et al. (2012); all
biliary BA and PL excretion Vmax values treated as covariatesCDCA_canal_Vmax

CDCAamide_canal_Vmax

LCA_canal_Vmax

LCAamide_canal_Vmax

LCAsulfate_canal_Vmax

Vmax_PL_canal

Hepatic BA synthesis BA_synthesis_So Range and distribution based on data in Mok et al. (1977), Vantrappen et al. (1981)

CDCA_synthesis_So

Gut BA uptake Vmax_BA_gut Range and distribution based on report in Ho et al. (2011); all intestinal BA uptake Vmax values
treated as covariates

Vmax_CDCA_gut

Vmax_CDCAamide_gut

Vmax_LCA_gut

Vmax_LCAamide_gut

Vmax_LCAsulfate_gut

Fecal BA elimination k_out_bulk_BA Assumed parameter range of ±2 orders of magnitude with ±50% standard deviation and
validated with outcome data

k_out_CDCA

k_out_CDCAamide

k_out_LCA

k_out_LCAamide

k_out_LCAsulfate

Cholehepatic BA shunting shunt_HD_o Assumed to have same distribution as intestinal ASBT reported in Ho et al. (2011)

shunt_CHD_o

shunt_CBD_o

BA and PL regulation uptake_reg_scale Assumed parameter range of 0–8 with ±50% standard deviation and validated with outcome
data; canal_PL_reg_scale (MDR3) and canal_reg_scale (BSEP) treated as covariates

baso_reg_scale

canal_reg_scale

canal_PL_reg_scale

(Continued on following page)
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liver injury biomarkers were developed in DILIsym, with key
features depicted in Figure 1. Calibration of the model for a
representative, healthy virtual subject under fasted and fed
conditions resulted in the recapitulation of a variety of
published, clinical data. The simulated/observed ratios (%) for
the blood concentrations of the six major BA categories were
between 96.6%–100% (Trottier et al., 2011) (Figure 2A).
Simulated/observed ratios (%) for hepatic BA concentrations
were between 97.8%–103.1% (Setchell et al., 1997) (Figure 2B).
In both blood and liver, the CDCA species and bulk BA species
represented the large majority of all measured BAs; lithocholic acid
(LCA) species, although the most hepatotoxic, only represented a
minor fraction in these two matrices, consistent with the literature.
Furthermore, the model reasonably recapitulated: 1) total BA pool
(simulated: ~2.6 g, observed: 1.2–6.6 g), 2) BA synthesis rate
(simulated: ~440 mg/day, observed: 175–1,250 mg/day), 3) BA
pool that is lost (and replaced) on a daily basis (simulated:
~16%, observed: ~5–35%), 4) large majority of BA pool residing
in the gut (simulated: ~78%, observed: ~90%), and 5) a small
fraction of lost BAs being eliminated via urine (simulated: ~0.6%,
observed: <1%) (Subbiah et al., 1976; Mok et al., 1977; Vantrappen
et al., 1981; Kullak-Ublick et al., 1995; Hofmann, 1999; Meier and
Stieger, 2002). Additionally, the large majority of biliary BAs
consists of CDCA species (simulated: ~41%, observed: ~35%)
while only a minority consists of LCA species (simulated: ~1%,
observed: ~1%); in contrast, due to gut bacteria-mediated BA
metabolism, the large majority of fecal BAs consists of LCA
species (simulated: ~48%, observed: 32%), whereas only a
minority consists of CDCA species (simulated: 2%, observed:
2%) (Baars et al., 2015), which is reasonably captured by the
model. The model is capable of performing simulations under
fasted and fed conditions (three meals per day); meal signals
result in the contraction of the gallbladder, resulting in
oscillatory BA concentrations in the blood and liver (Figures
2C, D), in agreement with reported, post-prandial increases in
circulating BAs (LaRusso et al., 1974; Napolitano et al., 2014).
Meals are also an important consideration for the biliary BA/PL
ratio (Figure 2E), since oscillations in this ratio are to be expected
with meals, and the model, based on its current parameterization,
starts eliciting a cholestatic hepatotoxic response when this ratio
reaches above the threshold value of 10 (Geuken et al., 2004). A
healthy, representative individual is not expected to observe

cholestatic liver injury under fasted nor fed conditions without
drug treatment. Finally, based on the structural organization of
individual bile duct segments, the occurrence of cholehepatic
shunting of BAs, bile flow and gallbladder storage of BAs, subtle
differences in the biliary BA/PL ratio were seen depending on the
bile duct segment (Figure 2F).

A sensitivity analysis of cholehepatic BA shunting (0.1X, 1X or
10X the baseline value for each of the three bile duct segments
simultaneously: HD, CHD and CBD) demonstrated that an
increase in shunting results in a decrease in (the maximum value
for) the biliary BA/PL ratio, which became more pronounced for the
more downstream bile duct segments (Figure 3A). Although
decreasing the BA burden in the bile duct, an increase in
cholehepatic BA shunting led to a rise in the concentrations of
BAs in hepatocytes. Furthermore, an analysis of increasing the
biliary HCO3

− concentrations from the baseline level (25 mM) to
higher concentrations as observed in humans (up to nearly 65 mM)
(Matton et al., 2019) showed to have a minor impact on the biliary BA/
PL ratio in the HD or on the hepatic BA burden (Figure 3B). However,
the increase in biliary HCO3

− concentrations decreased BA shunting
and increased bile flow rate substantially.

A SimPops was developed with the goal to represent population
variability in input parameters related to BA and PL homeostasis
that can contribute to hepatotoxicity (Table 1), and simultaneously
allow model outputs to recapitulate population variability in BA
and PL disposition (Figures 4–6), and ultimately DILI outcomes
(e.g., plasma ALT > 3x ULN; plasma ALP, GGT). Distributions for
blood BA concentrations (Figure 4), biliary and fecal BA
composition and BA elimination data (Figure 5) as well as
hepatic BA concentrations and the biliary BA/PL ratio
(Figure 6A) were informed using the same literature utilized to
calibrate the healthy, representative human. As was the case for the
representative human, the oscillatory nature of BA disposition due
to caloric intake was taken into account when calibrating the
human SimPops (Figure 6B). For instance, none of the subjects
in the healthy SimPops (n = 285) are expected to cross the biliary
BA/PL ratio threshold that had been set (i.e., value of 10) that
would start eliciting cholestatic liver injury under fasted or fed
conditions without drug treatment (Figure 6).

Development of detailed physiologically based pharmacokinetic
(PBPK) and in vitro toxicity representations for multiple
MDR3 inhibitors with known cholestatic liver injury liability is out

TABLE 1 (Continued) Bile Acid and Phospholipid Toxicity Mechanism Parameters with Distribution of Values for Virtual Subjects in the Human_ROS_apop_mito_BA_
chol_v1 SimPops. ASBT, apical sodium–BA transporter; BA, bile acid; BSEP, bile salt export pump; CDCA, chenodeoxycholic acid; LCA, lithocholic acid; MDR3, multidrug
resistance protein 3; PL, phospholipid; Vmax, maximum reaction velocity.

SimPops parameter category Parameter symbol Data source for distribution

Hepatic BA conjugation CDCA_amidation_Vmax Used 50-fold lognormal range of variability in metabolizing enzymes in line with variability
reported in Tracy et al. (2016)

LCAamide_sulfation_Vmax

Gut BA metabolism CDCA_deconjug_Vmax Assumed parameter range of ±2 orders of magnitude with ±50% standard deviation and
validated with outcome data

LCA_synthesis_Vmax

Renal BA elimination Vmax_renal_BA Assumed to have same distribution as BSEP reported in Meier et al. (2006)
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of scope for the current work. However, the model was further
validated at the population level using compounds with known
in vitro interactions with BA transporters and/or other toxicity
mechanisms represented in DILIsym and previously developed
PBPK representations. DILI-associated compounds included AMG-
009 (Yang et al., 2015; Watkins, 2020), solithromycin (Woodhead
et al., 2019) and TAK875 (Longo et al., 2019), while the selection of
clean compounds consisted of ambrisentan (Howell et al., 2018),
AMG-853 (Watkins, 2020), pioglitazone (Yang K. et al., 2014) and
telmisartan (Woodhead et al., 2014b). Since BAs are uncouplers of the
mitochondrial H+ gradient, the clean drug metformin, which is
primarily an inhibitor of the electron transport chain (Yang et al.,
2020), was also selected for further validation of the recalibrated BA
homeostasis model. SimPops simulations with the new model
accurately predicted that ambrisentan (10 mg QD for 12 weeks),
AMG-853 (200 mg QD for 12 weeks), pioglitazone (45 mg QD for

2 months), telmisartan (50 mg QD for 30 days) and metformin (1 g
QID for 12 weeks) are not associated with hepatocellular nor
cholestatic DILI. Furthermore, SimPops simulations using AMG-
009 (100 mg BID for 2 weeks; ALT > 3x ULN in 1 out of
8 patients), solithromycin (IV-to-oral dosing: IV 400 mg on days
1–3, PO 800 mg QD on day 4, PO 400 mg QD on days 5–7; ALT > 3x
ULN in 5.4%–9.1% of patients) and TAK875 (50 mg QD for 30 days;
ALT > 3x ULN in 1.8%–3.2% of type 2 diabetes patients) reasonably
recapitulated ALT > 3x ULN: 4.9%, 3.9% and 6.0% using the full
SimPops, respectively.

Using the new cholestatic liver injury submodel and SimPops, a
sensitivity analysis of the mode ofMDR3 inhibition was performedwith
an arbitrarily selected 1) compound molecular weight (250 g/mol), 2)
MDR3 inhibition coefficient (1 µM), and 3) PK corresponding to QD
dosing for 1 week (with simulated Cliver,max,ss (mean ± SD) and
Cliver,min,ss (mean ± SD) = 63.13 ± 14.83 µM and 1.10 ± 0.02 µM,

FIGURE 2
Clinically observed and simulated (A) blood BA concentrations and (B) liver BA concentrations. Observed data are presented as mean ± SD. Simulations
with or without meals of blood total BA concentrations (C), hepatic total BA concentrations (D), the biliary BA/PL ratio in the HD (E), and biliary BA/PL ratio in
the HD, CHD and CBD (F). BA, bile acid; CBD, common bile duct; CDCA, chenodeoxycholic acid; CHD, common hepatic duct; HD, hepatic duct; LCA,
lithocholic acid; PL, phospholipid.
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respectively). While competitive inhibition had a negligible impact on
PL efflux (Figure 7A) and on downstream, biliary pathways (Figures
7B–J), non-competitive inhibition, and a wide spectrum of mixed
inhibition scenarios did predict major disturbances in the bile duct.
In the case of BA transporter inhibition, non-competitive and
competitive inhibition types have shown to lead to high and low
extremes of potential hepatocellular BA accumulation, respectively,
whereas mixed inhibition with α = 5 represents a more balanced

scenario that has been used when inhibition type is unknown
(Generaux et al., 2019; Woodhead et al., 2019). As a representative
case for mixed inhibition of MDR3, α = 5 was selected to demonstrate
the types of bile duct alterations that were predicted to occur (Figure 7).
In summary, the reduction in PL efflux (Figure 7A) resulted in a
substantial elevation of the biliary BA/PL ratio in all subjects
(Figure 7B), leading to an increase in cholangiocyte apoptosis
(Figures 7G, H) and biomarker release (Figures 7I, J). While the

FIGURE 3
Simulation results for sensitivity analyses of cholehepatic BA shunting (A) and initial HCO3

− concentrations (B). BA, bile acid; CBD, common bile duct;
CHD, common hepatic duct; HCO3

−, bicarbonate; HD, hepatic duct; PL, phospholipid.

FIGURE 4
SimPops distribution of blood BA concentrations. BA, bile acid; CDCA, chenodeoxycholic acid; LCA, lithocholic acid. Clinically observed mean ± SD data
are depicted by a solid square and horizontal line, respectively; however, circulating BA concentrations were not normally distributed (Trottier et al., 2011).
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FIGURE 5
SimPops distribution of BA percentages in different matrices and/or undergoing elimination. BA, bile acid; CDCA, chenodeoxycholic acid; LCA,
lithocholic acid. Clinically observed biliary and fecal data are depicted by a single solid square per panel. The percentage of eliminated BAs that is cleared
renally has been reported to be <1% (presumably in the majority of individuals), depicted by a single open square. Clinically observed mean ± SD data for the
daily loss of the BA pool are depicted by a solid square and horizontal line, respectively.

FIGURE 6
(A) SimPops distribution of liver BA concentrations and the biliary BA/PL ratio in the HD under fasted conditions. Clinically observed mean ± SD data for
hepatic total BA concentrations (n = 6) are depicted by a solid square and horizontal line, respectively. The biliary BA/PL ratio was <10 in the SimPops, as
indicated by the single open square and left pointing arrow. (B) SimPops average (red profile) and 2.5th–97.5th percentiles (light red shading) of liver BA
concentrations and the biliary BA/PL ratio in the HD under fed conditions. BA, bile acid; HD, hepatic duct; PL, phospholipid.
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number of viable cholangiocytes was simulated to decrease (Figure 7E),
differentiation into new cholangiocytes was responsible for
cholangiocyte regeneration (Figure 7F). At the same time, the

increased biliary BA/PL ratios stimulated the increase in biliary
HCO3

− concentrations (Figure 7C), leading to a temporary reduction
in cholehepatic BA shunting (Figure 7D).

FIGURE 7
Comparison of non-competitive MDR3 inhibition, mixed MDR3 inhibition (α = 5) and competitive MDR3 inhibition for (A) total PL efflux, (B) biliary BA/PL
ratio in the HD, (C) biliary HCO3

− in the HD, (D) BA shunting in the HD, (E) viable cholangiocytes in the HD, (F) cholangiocyte differentiation in the HD, (G)
apoptotic cholangiocytes in the HD, (H) cholangiocyte apoptotic flux in the HD, (I) plasma GGT, (J) plasma ALP. Dashed profiles indicate the SimPops average
for the three modes of inhibition, while the 2.5th–97.5th percentiles of the SimPops are depicted by the transparent shading. ALP, alkaline phosphatase;
BA, bile acid; HCO3

−, bicarbonate; HD, hepatic duct; MDR3, multidrug resistance protein 3; MDR3i, MDR3 inhibition; PL, phospholipid.
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4 Discussion

In the current work, a QSTmodel of DILI was further developed to
include an extended representation of BA homeostasis, in addition to
components specifically geared towards investigating clinically
defined, cholestatic DILI. Using data from a variety of clinical
studies, the model was calibrated and validated under baseline and
treatment conditions. Sensitivity analyses showed how the model
responds to different modes of MDR3 inhibition, alterations in the
rate of cholehepatic BA shunting or biliary concentrations of HCO3

−.
It has been hypothesized that MDR3 inhibition plays a key role

in a spectrum of drug-induced cholestatic disorders ranging from
bland cholestasis to VBDS (He et al., 2015). Numerous drugs
associated with DILI have been found to inhibit MDR3,
including itraconazole, ketoconazole, chlorpromazine,
imipramine, saquinavir, among others (He et al., 2015; Aleo
et al., 2017), some of which are dual MDR3 and BSEP
inhibitors, while others primarily inhibit MDR3. The inhibition
of MDR3 results in a reduction of biliary availability of PLs for
mixed micelle formation with BAs and cholesterol, which can lead
to a toxic excess of free BA monomers in the bile that can damage
cholangiocytes. Simulations performed in this work have revealed
that non-competitive and mixed modes of inhibition are much
more likely to increase the biliary BA/PL ratio and lead to
cholangiocellular toxicity. While competitive inhibition involves
drug and substrate competing for the same binding site on the
protein, non-competitive and mixed inhibition involve drug
binding to a separate site on the protein, thereby inhibiting its
activity. When concentrations of endogenous substrate (e.g., PC)
are sufficiently high, a drug that acts as a competitive inhibitor
requires to have higher concentrations than a similar non-
competitive, or mixed inhibitor to exert an equal inhibitory
effect on protein activity. Considering liver concentrations of
PC (i.e., 13.3 ± 1.76 nmol/mg tissue), it follows that high
concentrations of a competitive MDR3 inhibitor would be
required to displace PC from the same binding site, based on
the current model. This also explains why the most substantial
inhibitory effects on MDR3 are predicted for drugs that act as non-
competitive or mixed inhibitors (Figure 7), and why mode of
inhibition could be invaluable for hepatotoxicity predictions for
an MDR3 inhibitor.

Compared to BA enterohepatic recirculation, cholehepatic BA
shunting is an alternative pathway for BAs excreted into bile to return
to the sinusoidal blood for hepatocyte uptake. The exact involvement
of the cholehepatic shunt pathway in BA disposition is unclear, but is
thought to be mostly relevant under cholestatic conditions when
biliary BA concentrations are elevated. For instance, apical
sodium–BA transporter (Asbt) expressed by rat cholangiocytes has
a relatively high KM (Boyer, 2013), suggesting that Asbt-mediated
uptake and shunting could be a minor pathway under normal, non-
cholestatic conditions. Some types of cholangiocytes have the
transporter repertoire (e.g., apical ASBT-mediated uptake followed
by basolateral MRP3- and OSTα/β-mediated efflux) that could
accommodate vectorial BA transport from bile to sinusoidal blood;
however, BA transporter characterization and protein quantification
in human primary cholangiocytes is in its infancy and warrants further
exploration. Bile duct epithelial cells may show heterogeneous
expression of multiple BA transporters, such as in the case of
ASBT, which is expressed on the apical membrane in large, but not

small cholangiocytes (Boyer, 2013). While cholangiocellular uptake is
a concentration-dependent process, an increase in biliary pH reduces
cholangiocyte penetration (Hohenester et al., 2012), suggesting that
BA-induced HCO3

− secretion could effectively diminish BA uptake
even when BA concentrations are rising, which is accounted for by the
model. Although the available literature provides key insights, a
detailed quantitative understanding of these interacting factors
requires more investigation.

In addition to endogenous BAs and the promising therapeutic 24-
norursodeoxycholic acid (norUDCA), which are steroids, the
cholehepatic shunt pathway is thought to be utilized by the non-
steroidal anti-inflammatory drug sulindac, a known hepatotoxin
(Kullak-Ublick, 2013). Similar to norUDCA, sulindac is somewhat
resistant to conjugation, and can penetrate cholangiocytes by passive
diffusion and induce HCO3

−-rich choleresis (Kullak-Ublick, 2013);
furthermore, biliary recovery of sulindac is delayed, consistent with
cholehepatic shunting (Bolder et al., 1999). However, when returned
to hepatocytes, sulindac is hypothesized to competitively inhibit
biliary excretion of BAs resulting in cholestasis, as shown by
isolated perfused rat livers co-infused with sulindac and
taurocholate (Kullak-Ublick, 2013). These features are concerning
for sulindac, but the excellent safety profile for norUDCA suggests that
leveraging the cholehepatic shunt pathway could be beneficial
depending on the compound. The sensitivity analysis that was
performed for the cholehepatic shunt pathway indicated that an
increase in shunting (10X of the baseline value) resulted in the
hepatic accumulation of BAs (Figure 3A), which includes a
component of competitive BA inhibition (in this case by other BA
species), similar to sulindac.

The current BA homeostasis model simplifies the representation
of glycine- and taurine-conjugated CDCA and LCA species into a
category of amidated species (CDCA-amide and LCA-amide), but
eventual expansion to an explicit representation of glycine- and
taurine-conjugates may be beneficial in relation to the cholehepatic
shunt. Per the Henderson-Hasselbalch equation, the pKa of taurine-
conjugated CDCA (TCDCA) is approximately 2, while the pKa of
CDCA and GCDCA are estimated to exceed a value of 4, indicating
that TCDCA protonation is much less amenable to modest
physiological changes in biliary pH than CDCA or GCDCA
(Hohenester et al., 2011). This hampers TCDCA from being
absorbed by cholangiocytes, and indicates that, in terms of
cholangiocellular BA accumulation, unconjugated and glycine-
conjugated BAs could be considered a more substantial threat
(Hohenester et al., 2012). Since the BA pool in rodents is enriched
with taurine-conjugated BAs (pKa of 1–2), and is less hepatotoxic in
general, this supports why HCO3

− secretion is more prominent in
humans compared to rodents (Hohenester et al., 2012).

The cholestatic liver injury model described herein allows for
expansion into other areas related to cholestasis. For instance, mixed
micelles extend beyond BAs and PLs, which are the main focus of the
currently developed model in order to represent the biliary BA/PL
ratio; these mixed micelles are associated with cholesterol as well.
Many humans are impacted by biliary cholesterol supersaturation
resulting in the formation of cholesterol gallstones (Oude Elferink and
Paulusma, 2007). Biliary concentrations of both BAs and PLs
contribute to the solubilization of cholesterol. Inhibition of
MDR3 results in reduced biliary PLs thereby impairing cholesterol
solubilization, which is supported by the observation that Abcb4−/−

mice develop cholesterol gallstones (Oude Elferink and Paulusma,
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2007). Furthermore, aside from being affected by cholesterol crystals,
many patients with cholelithiasis have been found to have
MDR3 mutations and a high cholesterol/PL ratio (Rosmorduc
et al., 2001).

Other mechanisms of cholestatic DILI that eventually could be
incorporated into the model are also recognized, and include direct,
toxic effects of drugs and/or metabolites that undergo biliary excretion
and interact with cholangiocytes (e.g., α-naphthylisothiocyanate
(ANIT), which forms a labile glutathione adduct), or the effects of
the immune system (e.g., inflammatory responses) (Padda et al., 2011).
In addition to MDR3 inhibition, both of these other cholestatic
mechanisms have been linked with the development of VBDS
(Padda et al., 2011).

Future applications with the developed model may provide
additional insights into its abilities and potential shortcomings that
warrant its refinement. Utilization of the model in conjunction with
validated PBPK representations of MDR3 inhibitors with and without
DILI liability would surely help guide that effort. Also, while new
preclinical and clinical data become available, knowledge gaps will be
filled, which could justify further model development, recalibration
and validation as needed.

In conclusion, the cholestatic liver injury submodel in DILIsym
represents several processes important to bile duct viability and
toxicity, and shows promise to be useful for predictions of
MDR3 inhibition-mediated cholestatic DILI in humans. As the
DILIsym platform has shown in past applications (Longo et al.,
2016; Woodhead et al., 2018; 2020; 2022; Watkins, 2022), this
refined submodel has the potential to inform the clinical
development of new drugs, the differentiation of drugs in the same
class, and the design of safe drug dosing protocols.
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