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Abstract

Troglitazone (TGZ) caused delayed, life-threatening drug-induced liver injury (DILI) in some
patients, but was not hepatotoxic in rats. This study investigated altered bile acid (BA)
homeostasis as a mechanism of TGZ hepatotoxicity using a systems pharmacology model
incorporating drug/metabolite disposition, BA physiology/pathophysiology, hepatocyte life cycle,
and liver injury biomarkers. In the simulated human population, TGZ (200-600mg/dayx6months)
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resulted in delayed increases in serum ALT>3x ULN in 0.3-5.1% of the population with
concomitant bilirubin elevations>2x ULN in 0.3-3.6%. In contrast, pioglitazone (15-45mg/
dayx6months) did not elicit hepatotoxicity, consistent with clinical data. TGZ was not hepatotoxic
in the simulated rat population. In summary, mechanistic modeling based only on BA effects
accurately predicted the incidence, delayed presentation, and species differences in TGZ
hepatotoxicity, and the relative liver safety of pioglitazone. Systems pharmacology models
integrating physiology and experimental data can evaluate DILI mechanisms and may be useful to
predict hepatotoxic potential of drug candidates.
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INTRODUCTION

Drug-induced liver injury (DILI) is one of the primary reasons for the failure of
pharmaceutical agents during drug development as well as withdrawal of approved drugs
from the market.! Unfortunately, current in vitro screening approaches or in vivo preclinical
studies do not adequately predict the DILI liability of new chemical entities. Rare incidences
of severe drug-related hepatotoxicity typically are not detected in the Phase 111 clinical trials
that involve a few thousand patients, and may not be detected until the drug has been
approved and administered to tens or hundreds of thousands of patients. These unexpected
findings have led to black box warnings (e.g., bosentan, diclofenac, ketoconazole,
isoniazid), or in severe cases, withdrawal of the drug from the market [e.g., troglitazone
(TGZ), lumiracoxib, ximelagatran, bromfenac].

TGZ was the first of the thiazolidinedione drugs approved in worldwide markets for the
treatment of type 2 diabetes. During clinical trials, alanine transaminase (ALT)
elevations>3x upper limit of normal (ULN) in about 2% of patients, and 2 cases of jaundice,
were reported.2 All of these patients recovered without permanent clinical complications,
and TGZ was approved for marketing. However, after the broader diabetic population was
exposed to TGZ, cases of liver failure associated with TGZ treatment were reported,3 and
the drug was given a black box warning status with requirement for monthly monitoring of
liver chemistries. TGZ was withdrawn from the market after rosiglitazone and pioglitazone,
drugs from the same therapeutic class that demonstrated less concern about hepatotoxicity,
were approved.

Fourteen years have passed since the withdrawal of TGZ, but the mechanism(s) of TGZ-
mediated hepatotoxicity have not been fully elucidated. Numerous mechanisms have been
postulated including inhibition of bile acid (BA) transport by TGZ and its major metabolite,
TGZ sulfate (TS),>¢ which may cause hepatic accumulation of toxic BAs and subsequent
liver injury (Figure 1).”8 The bile salt export pump (BSEP) is a canalicular transporter that
is predominantly responsible for biliary excretion of BAs. Impaired BSEP function due to
genetic polymorphisms induces liver injury,®19 and BSEP inhibition mediated by drugs has
been associated with DILI.11-13 |n vitro vesicular transport assays revealed that TGZ and TS
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are potent inhibitors of BSEP and multidrug resistance-associated protein 4 (MRP4), hepatic
transporters that mediate biliary and basolateral efflux of BAs, respectively.11.14.15
However, TGZ also has been shown to inhibit sodium-taurocholate cotransporting
polypeptide (NTCP)-mediated BA uptake, which would reduce hepatic concentrations of
BAs.16 Also, hepatotoxicity signals were not detected during preclinical testing of TGZ,
even though TGZ and TS are potent inhibitors of rat Bsep.14 Thus, the role that alteration in
BA homeostasis plays in TGZ-mediated hepatotoxicity remains speculative. While it is
challenging to translate the results from isolated in vitro studies to in vivo, and preclinical
studies to humans, systems pharmacology modeling is a useful approach to integrate data
from different experimental systems and species, and biological knowledge, to predict
human DILI.

In the current study, a mechanistic model of DILI (DILIsym, http://www.dilisym.com,
Supplementary Figure S1) was used to investigate the role of BA transport inhibition in
TGZ-mediated hepatotoxicity and underlying mechanisms for species differences. DILIsym
includes sub-models representing disposition of drugs and metabolites, physiology and
pathophysiology of BAs, the hepatocyte life cycle, and liver injury biomarkers (e.g., serum
ALT, bilirubin) (Figure 2).17-20 TGZ-mediated DILI responses were simulated in the human
and rat virtual populations (SimPops), which included variability in key model parameters.
Potential risk factors for TGZ-mediated hepatotoxicity in humans in the context of BA
inhibition also were assessed in human SimPops. The hepatotoxic potential of pioglitazone,
a known BSEP inhibitor that is rarely associated with DILI, also was investigated as a
negative control.

Physiologically-based pharmacokinetic (PBPK) modeling

Simulations

A PBPK model was developed to describe the systemic disposition and hepatic
concentrations of TGZ and TS in humans and male rats (Supplementary Figure S2a).
Simulated TGZ and TS plasma concentration-time profiles were within 2-fold of the mean
observed concentrations in humans following a single oral dose of 400mg TGZ
(Supplementary Figure S3a), and within 3-fold of those in male rats following a single
intravenous dose of 5mg/kg TGZ (Supplementary Figure S3b).21-23 In male rats
administered a single oral dose of 5mg/kg TGZ, the simulated TGZ plasma concentration-
time profile was within 2.1-fold of the mean observed concentrations (Supplementary Figure
S3b).22

of TGZ hepatotoxicity in human and rat virtual populations (SimPops)

To explore TGZ hepatotoxicity at the population level, previously constructed human and
rat SimPops that incorporate variability in BA disposition were employed20; variability was
added to six additional parameters that describe TGZ/TS disposition, body weight, and
sensitivity of ATP synthesis to hepatic BA accumulation. Several TGZ dose levels were
simulated for the human SimPops (once daily oral doses of 200, 400, or 600mg for 6months)
and rat SimPops (once daily oral doses of 5 or 25mg/kg for 6 months). TGZ-mediated
perturbations in BA disposition and DILI responses in the human and rat SimPops are
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presented in Figure 3. The simulated median (range) values of maximum hepatic
concentrations of chenodeoxycholic acid (CDCA) and lithocholic acid (LCA) species (sum
of LCA, CDCA, and their conjugates) post-dose were 204uM (72-975), 273uM (99-1539),
and 314uM (118-2610) at TGZ doses of 200, 400, and 600mg/day, respectively, compared
to a baseline value of 14uM (2-127). The baseline human hepatic ATP concentration in the
current model was 4.2mM. Hepatic BA accumulation led to a decrease in hepatic ATP and a
decrease in viable liver mass in a subset of the human SimPops; simulated median (range)
values of minimum hepatic ATP concentrations post-dose were 4.13mM (3.26-4.19),
4.10mM (2.43-4.18), and 4.07mM (2.07-4.18) at TGZ doses of 200, 400, and 600mg/day,
respectively. Corresponding values for fractional viable liver mass were 1.00 (0.63-1.00),
1.00 (0.15-1.00), and 1.00 (0.15-1.00). The incidence of elevated serum ALT, serum total
bilirubin, and Hy’s Law cases (serum ALT>3x ULN and serum bilirubin>2x ULN) in the
human SimPops are summarized in Table 1; the reported incidence of ALT elevations and
jaundice in the clinical trials also are listed.23 In the human SimPops, 200-600mg/day TGZ
induced elevations in serum ALT>3x ULN in 0.3-5.1% of the population; Hy’s Law cases
were observed in 0.3-3.6% of the human SimPops. The incidence of ALT elevations was
similar to observations from the clinical trials where 200-600mg/day TGZ induced serum
ALT elevations>3x ULN in 1.9% of treated patients.2 The time to peak ALT in the human
SimPops with ALT elevations>3x ULN were 118461 and 111+61 days at TGZ doses of 400
and 600mg/day, respectively; these are comparable to 147+86 days observed in the clinical
trials.3 Simulated time-course dynamics of serum ALT and viable liver mass in susceptible
individuals (serum ALT>3x ULN) are presented in Figure 4.

In the rat SimPops, the simulated median (range) values of maximum hepatic concentrations
of CDCA and LCA species post-dose were 27uM (5-105) and 44uM (7-151) at TGZ doses
of 5 and 25mg/kg/day, respectively, compared to baseline values of 13.8uM (2.4-126.6).
The baseline rat hepatic ATP concentration was 2.0mM. Simulated median (range)
minimum hepatic ATP concentrations after TGZ doses of 5mg/kg/day and 25mg/kg/day
were 1.96mM (1.66-1.99) and 1.92mM (1.49-1.99), respectively. The corresponding values
for fractional viable liver mass were 1.00 (0.99-1.00) and 1.00 (0.92-1.00), respectively.
None of the rat SimPops exhibited serum ALT elevations>3x baseline (21 U/L).

Sensitivity analysis

To investigate the sensitivity of DILI responses to transporter inhibition constants,
simulations were performed with 10-fold smaller and larger inhibition constants of TGZ/TS
for BSEP, MRP4, and NTCP. Simulated maximum serum ALT levels in human and rat
SimPops treated with TGZ (600mg/day for humans; 5mg/kg/day for rats) for 1month are
presented in Figure 5. In the human SimPops, serum ALT levels were sensitive to the K;
value of TGZ/TS for BSEP inhibition; when BSEP Kj was decreased by 10-fold (assuming
10-fold more potent inhibition), 15.7% of the population exhibited serum ALT>3x ULN
compared to only 3.6% of the population with the measured BSEP K;. None of the
individuals showed elevated serum ALT>3x ULN when BSEP K; was increased 10-fold
(assuming 10-fold less potent inhibition). The K; of TGZ/TS for MRP4 inhibition also
influenced serum ALT elevations, but to a smaller extent compared to BSEP K;; the
incidence of serum ALT elevations > 3x ULN ranged 2.1 — 3.6% when the MRP4 Ki was
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decreased or increased by 10-fold. Modulation of the K for NTCP inhibition by TGZ/TS led
to opposite effects compared to modulation of BSEP and MRP4 Kj; a decrease in the NTCP
K; by 10-fold led to a decreased incidence of elevations in serum ALT>3x ULN (2.1% of
the population), whereas an increase in the NTCP K; by 10-fold increased the incidence of
elevations in serum ALT>3x ULN (3.9% of the population), compared to an incidence of
3.6% with the measured NTCP K;. These findings are consistent with the suggested
protective role of BA uptake inhibition in hepatic BA accumulation and subsequent DILI. In
the rat SimPops, simulated serum ALT levels did not exceed 3x baseline values (21 U/L)
even when K values for BSEP or MRP4 were decreased by 10-fold, or the K; for NTCP was
increased 10-fold. These results support the hypothesis that TGZ is not expected to be
hepatotoxic in rats.

Multiple regression analysis

Hepatotoxicity was not predicted in the baseline human simulation, which did not include
population variability (data not shown), whereas simulations with human SimPops revealed
a subset of individuals susceptible to TGZ-mediated hepatotoxicity. To identify the most
important parameters in our model in the context of BA-mediated DILI, multiple regression
analysis was performed with the lowest hepatic ATP post-dose as the dependent variable
and the 16 parameters used to develop the human SimPops as independent variables. Table 2
lists the statistical significance (p-values) and standardized coefficients of parameters varied
in human SimPops. Among the 16 parameters varied in human SimPops, seven parameters
were statistically significant predictors of hepatic ATP levels; the maximum rate of LCA-
sulfate biliary excretion was the most important variable influencing hepatic ATP decline
followed by the maximum rate of LCA synthesis in the intestinal lumen, the canalicular
efflux regulation scaling factor, biliary clearance of TS, body weight, the toxicity K, for
CDCA and LCA species, and the maximum rate of CDCA-amide biliary excretion.

DISCUSSION

BA transport inhibition by TGZ and its major metabolite, TS, is one proposed mechanism of
TGZ-mediated hepatotoxicity. Although TGZ and TS are potent inhibitors of BA
transporters in isolated membrane vesicle systems, the relationship between BA transport
inhibition and in vivo hepatotoxicity has not been evaluated. In the current study, a
mechanistic model of DILI was used to investigate the hepatotoxic potential of TGZ via BA
transport inhibition in humans and rats. It is important to consider population variability
when predicting BA-mediated hepatotoxicity due to large variability in BA exposure and the
low incidence of hepatotoxicity.224 Nonexistence of TGZ-mediated DILI in the baseline
human model in the current study also supports the necessity of population-based analysis.
Thus, human and rat SimPops that included variability in key parameters in BA disposition,
TGZ and TS disposition, body weight, and sensitivity of ATP synthesis to hepatic BA
accumulation, were employed to investigate the hepatotoxic potential of TGZ at the
population level.

At common clinical doses (200-600mg/day), the simulated incidence of elevated serum
ALT>3x ULN was 0.3-5.1%, which was similar to that observed in clinical trials (1.9%)
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(Table 1). Hy’s Law cases were observed in 0.3—-3.6% of human SimPops, whereas 2 cases
of jaundice (0.08%, both Hy’s Law cases) relevant to TGZ treatment were reported in
clinical trials (Table 1). The incidence of serum bilirubin elevations might have been
overestimated in the simulations because TGZ was not discontinued even when serum ALT
was increased, in contrast to the usual situation in a clinical trial. Simulations also
adequately predicted the delayed time to peak ALT observed in the clinical trials (Table 1).
The delayed ALT elevations in the present mechanistic model were driven by a delayed
build-up of toxic BAs in hepatocytes, which resulted from two factors: 1) farnesoid X
receptor-mediated feedback regulation of BA synthesis/transport initially delayed BA
accumulation until it could no longer compensate and 2) competitive inhibition of biliary
BA excretion by TGZ/TS. The impact of a competitive inhibitor on BA transport decreases
as hepatic BA concentrations increase and begin to outcompete the inhibitor, which slows
down the rate of accumulation.20

It should be noted that a delay in DILI presentation for weeks to months is characteristic of
idiosyncratic hepatotoxicity produced by multiple drugs.25 With some drugs, the risk of
DILI has been associated with specific human leukocyte antigen alleles suggesting that
latency in onset may in part reflect the time required to mount an adaptive immune response.
However, it should not take several months to mount an adaptive immune response,
suggesting that evolution of non-immunological events precede initiation of adaptive
immunity in these cases. Moreover, the largest genome-wide association analysis of all-
cause DILI to date did not find evidence for HLA associations once DILI cases attributed to
flucloxacillin and amoxicillin-clavulanate were excluded.28 This observation, together with
our accurate modeling of the latency associated with TGZ-mediated DILI based on altered
BA homeostasis alone, support the conclusion that adaptive immunity may not underlie
most cases of idiosyncratic DILI.

Preclinical animals are less sensitive to BA-mediated DILI compared to humans, and thus,
do not reliably predict human hepatotoxicity that involves BA transport inhibition.25:27
Toxicity signals for TGZ were not detected during the standard preclinical toxicity testing
before approval, and minimal hepatotoxicity was observed in 104 weeks of long-term
toxicity studies.28 A unifying hypothesis is that differential hepatotoxicity of TGZ could be
attributed to species differences in toxic BA profiles. Rats have a hydrophilic, and thus, less
toxic BA pool; CDCA, the most widely implicated BA in cholestatic liver injury,2? is one of
the dominant BAs in humans, whereas it contributes a smaller proportion of the BA pool in
rats and mice.2430 |ess toxic, tri-hydroxy BAs such as cholic acid and muricholic acid are
more abundant in rodents.39 LCA, the most hydrophobic and potentially toxic BA, is
predominantly sulfated in humans, whereas LCA primarily undergoes 68-hydroxylation to
form murideoxycholic acid in rats.3! In DILIsym, CDCA, LCA, and their conjugates were
exclusively modeled as the toxic BAs.20 Simulated maximum hepatic concentrations of
CDCA and LCA species in the human SimPops administered 200-600mg/day TGZ were
72-2610uM (Figure 3A). Although hepatic BA concentrations after administration of BA
transport inhibitors to humans have not been reported, several investigations revealed that
concentrations of hepatic BAs increased up to 215+39uM and 1961uM in patients with end-
stage chronic cholestatic liver disease and hepatolithiasis, respectively,32:33 suggesting that
simulated hepatic BA concentrations are not physiologically unrealistic. In rat SimPops
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administered 5-25mg/kg/day TGZ, simulated maximum hepatic concentrations of CDCA
and LCA species ranged from 5-151uM (Figure 3B). This is much lower compared to
humans due to the hydrophobic BA pool and detoxification of LCA by hydroxylation20;
hepatotoxicity was not predicted based on the rat SimPops. Sensitivity analysis also revealed
that rat SimPops did not exhibit hepatotoxicity even with 10-fold lower (more potent)
inhibition constants for BA efflux transporters (Figure 5). These results demonstrated that a
mechanistic model that incorporates species differences in BA homeostasis correctly
predicted differential hepatotoxicity of TGZ in humans versus rats.

Only a small subset of patients treated with TGZ experienced elevated serum ALT,
indicating that certain patients are more susceptible to TGZ-mediated toxicity. Multiple
linear regression analysis identified potential risk factors for TGZ-mediated hepatotoxicity
associated with BA transport inhibition (Table 2). Decreased expression and/or function of
hepatic canalicular transporters may decrease biliary excretion of BAs (via BSEP) and TS
[via breast cancer resistance protein (BCRP) and MRP2], resulting in increased hepatic
exposure to toxic BAs as well as perpetrator drugs/metabolites. Decreased function of
basolateral efflux transporters [e.g., MRP4, MRP3, organic solute transporter (OST)a/f],
which are important compensatory pathways for BA excretion when biliary excretion is
impaired,34 could potentiate hepatic accumulation of toxic BAs. LCA is synthesized from
CDCA in the intestine by the gut microbiome, but the rate and variability of LCA synthesis
have not been well-characterized. One approach to test these susceptibility factors that were
identified by modeling would be to interrogate genetic polymorphisms with known
functional changes.3-37 However, genomic DNA was not archived from the TGZ clinical
trials and no patient has received TGZ treatment in almost two decades. Therefore, cases of
TGZ-mediated hepatotoxicity are not present in the current DILI registries or DNA banks.
An alternative approach would be to retrospectively recruit subjects who experienced and
did not experience TGZ-mediated hepatotoxicity for phenotyping studies using selected
transporter substrates as in vivo probes38:39; next generation sequencing also could be used
to profile the gut microbiome. However, the DILI event and the passage of time could alter
these phenotypes. Although it would be challenging to test the hypothesis regarding risk
factors for TGZ-mediated hepatotoxicity, an important message is that these genetic and
phenotyping approaches could be used to test modeling results with drugs in current and
future clinical development. Body weight was identified as a significant predictor of
hepatotoxicity because a fixed dose was employed in SimPops, which led to different
dosage per kg body weight. Because liver weight, blood flow, and hepatic enzyme/
transporter expression were proportional to body weight in the current model, individuals
with higher body weight were able to clear drugs faster, resulting in lower hepatic exposure
to TGZ and TS. In the clinic, however, body weight may correlate with many other factors,
and rarely has been identified as a risk factor for DILI.

Pioglitazone, another thiazolidinedione drug that is still used in diabetic patients, is rarely
associated with hepatotoxicity.4? Pioglitazone also was identified as a potent inhibitor of
BSEP and MRP4 in vesicular transport assays; steady-state plasma concentrations of TGZ
and pioglitazone were comparable.! These data suggest that the hepatotoxic potential of
these compounds cannot be differentiated using in vitro transporter inhibition and systemic
exposure data alone. Simulations using DILIsym revealed that no hepatotoxicity was
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predicted in the human SimPops at clinical doses of pioglitazone due mainly to the low
hepatic exposure of pioglitazone as a result of extensive hepatic metabolism (see
supplementary material for pioglitazone modeling results). These results re-emphasize that
drug/metabolite concentrations at the site of toxicity (hepatocellular concentrations in this
case) need to be considered when predicting toxicity.*! TGZ also is metabolized extensively
in the liver, but its major metabolite, TS, is a more potent BSEP inhibitor contributing to BA
accumulation and subsequent hepatotoxicity. Hepatic exposure and the inhibitory effects on
hepatic transporters of pioglitazone metabolites have not been investigated experimentally,
and thus, were not included in the current simulation. Systemic exposure of the major
metabolite of pioglitazone, M-IV, is more than 10-fold smaller compared to TS at respective
clinical doses.#243 Pioglitazone metabolites may be less likely to cause hepatotoxicity, but
further studies are warranted to confirm this. The current study demonstrated that systems
pharmacology modeling that integrates physiological information and experimental data was
able to predict differential hepatotoxicity between TGZ and pioglitazone.

Increasing evidence supports the hypothesis that drug-mediated functional disturbances in
hepatic BA transporters leads to intracellular accumulation of potentially harmful BAs and
subsequent hepatic injury. A systematic investigation of a panel of drugs for their inhibitory
effects on BA efflux transporters using isolated membrane vesicles and hepatotoxic potential
demonstrated that inhibition of BA efflux transporters is associated with DILI.11-13:44 More
sophisticated model systems such as sandwich-cultured hepatocytes have been used to
assess effects of drugs and generated metabolites on hepatic accumulation of BAs.13:45-47
However, results from in vitro systems may not always translate directly to in vivo
hepatotoxicity risk due to the complexity of BA homeostasis (i.e., vectorial transport,
enterohepatic recirculation), dynamic changes in the systemic and hepatic exposure of
drugs/metabolites, and feedback regulation of BA synthesis and transport as an adaptive
response to hepatic BA accumulation.#849 It is of note that knowledge gaps exist in BA
homeostasis as discussed above and elsewhere,20 which may limit accurate, quantitative
prediction of BA-mediated DILI. Nonetheless, systems pharmacology modeling
incorporating 1) physiology/pathophysiology of BAs in humans and rats, 2) systemic and
hepatic disposition of drugs/metabolites, and 3) in vitro inhibition potency data reasonably
predicted altered BA disposition in rats administered glibenclamide,29 and also adequately
predicted delayed presentation and species differences in TGZ hepatotoxicity. Although
effects of pioglitazone metabolites were not incorporated due to lack of data, differential
hepatotoxicity between TGZ and pioglitazone was predicted correctly in the present study. It
is also important to note that use of the pre-existing human SimPops, with no modification
except for adding variability to the parameters describing drug disposition, body weight, and
sensitivity of ATP synthesis to hepatic BA accumulation, accurately predicted the incidence
of TGZ hepatotoxicity; the current mechanistic model was truly predictive. These findings
suggest that systems pharmacology modeling combined with population analysis may
provide a useful tool to integrate our current knowledge about physiological and
experimental data obtained during the drug development process, and prospectively predict
hepatotoxic potential of new chemical entities that are in the drug development pipeline.
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METHODS

PBPK model development

A PBPK model was developed to describe the disposition of TGZ/TS in humans and male
rats, and pioglitazone in humans (Figure 2, Supplementary Figure S3). Details regarding the
construction and final structure of the PBPK model are provided in the supplementary
material (Supplementary Figure S2a, Supplementary Table S1).

Construction of human and rat population samples (SimPops)

Human (n=331) and rat (n=191) population samples with variability in 10 (human) or 11
(rat) parameters in the BA homeostasis sub-model (Bile Acid SimPops) were constructed
previously within DILIsym using the genetic algorithm in MATLABZ; these Bile Acid
SimPops are system-specific, and thus the same Bile Acid SimPops are used to simulate
hepatotoxic effects of different compounds. In the current study, parameters governing TGZ
and TS disposition (human and rat), pioglitazone disposition (human), body weight
(human), and sensitivity of hepatic ATP decline to hepatic BA accumulation (human) also
were varied using the probability distribution of each parameter obtained from the literature.
Parameters varied in SimPops and literature data employed to construct human and rat
SimPops are listed in Table 2 and Supplementary Table S3. Details related to construction of
the SimPops can be found in the supplementary material.

Simulation of DILI responses

Perturbation of BA disposition and DILI responses after TGZ administration in human [200,
400, or 600mg/day (common clinical doses) for 6months] and rat [5 (equivalent to the
clinical dose) or 25mg/kg/day for 6month] SimPops, and pioglitazone administration in
human SimPops [15, 30, or 45mg/day (common clinical doses) for 6months] were simulated
using PBPK model predictions of TGZ/TS or pioglitazone disposition, a previously
developed BA homeostasis sub-model,2? and BA transport inhibition constants for TGZ/TS
or pioglitazone (i.e., K;, ICsg) measured in isolated membrane vesicle transport systems
(Supplementary Table S2). To assess the sensitivity of DILI responses to inhibition
constants, simulations were performed with 10-fold smaller or greater inhibition constants of
TGZ/TS or pioglitazone for BSEP, MRP4, and NTCP in human (600mg/day TGZ or 45mg/
pioglitazone) and rat SimPops (5mg/kg/day TGZ). Simulations for the sensitivity analysis
studies were performed for 1month due to the extensive computational time required for
long-term simulations, and also because even for the individuals with delayed presentation
of hepatotoxicity, slight increases (<3x ULN) in serum ALT could be detected within
1month of simulation. To identify the most important parameters in the context of BA-
mediated DILI in humans administered TGZ, a multiple regression analysis was performed
with minimum hepatic ATP as the dependent variable. Hepatic ATP was selected because
perturbations in cellular ATP synthesis is a key step in the development of BA-mediated
DILI in the current model (Figure 2), and thus is the most sensitive and variable model
output compared to other DILI responses (i.e., serum ALT, fractional viable liver mass).
Sixteen parameters used to develop the human SimPops were utilized as independent
variables. Because the units of independent variables were different by orders of magnitude,
standardized coefficients were calculated to determine which of the independent variables
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have a greater effect on the minimum hepatic ATP. Statistical analyses were performed
using JMP 10 (SAS, Cary, NC).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Study Highlights
What is the current knowledge on the topic?

v Troglitazone (TGZ) induced hepatotoxicity in humans, but not in preclinical
species. Inhibition of bile acid (BA) transport is one of many proposed
mechanisms of TGZ-mediated hepatotoxicity. Pioglitazone also inhibits BA
transport, but is rarely hepatotoxic in humans.

What question this study addressed?

v Can a mechanistic model based on BA transport inhibition correctly predict
susceptibility to TGZ- and pioglitazone-mediated hepatotoxicity?

What this study adds to our knowledge?

v Inhibition of BA transport by TGZ and its major metabolite, TGZ sulfate,
was predicted to induce delayed hepatotoxicity in humans due to
hepatocellular accumulation of toxic BAs. A systems pharmacology model
incorporating species-specific physiology/pathophysiology of BAs and drug
disposition correctly predicted species differences in TGZ hepatotoxicity and
the relative liver safety of pioglitazone; toxic BA profiles and hepatic drug
exposure were important contributors.

How this might change clinical pharmacology and therapeutics?

v Systems pharmacology models incorporating data generated from human-
derived in vitro systems provide a framework for more accurate prediction of
BA-mediated DILI risk in humans.
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Hepatotoxicity

Bile
Acids

Figure 1. Mechanism of troglitazone (TGZ) hepatotoxicity
Bile acids are taken up into the hepatocytes primarily by sodium-taurocholate cotransporting

polypeptide (NTCP) and also by organic anion transporting polypeptides (OATPS).
Hepatocellular bile acids are excreted into bile primarily via the bile salt export pump
(BSEP). Bile acids also can be transported across the basolateral membrane to sinusoidal
blood via basolateral efflux transporters such as multidrug resistance-associated protein
(MRP)4, MRP3, and/or organic solute transporter (OST)a/B. TGZ and its major metabolite,
TGZ sulfate (TS), are potent inhibitors of hepatic bile acid transporters, which might lead to
hepatic bile acid accumulation and subsequent toxicity.
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Figure 2. Schematic overview of the bile acid transport inhibition module in DILIsym
Hepatic and systemic disposition of drugs/metabolites are simulated using a physiologically-

based pharmacokinetic (PBPK) model (Drug PBPK Model). The Bile Acid Homeostasis
Model represents hepatobiliary disposition and enterohepatic recirculation of lithocholic
acid (LCA) and chenodeoxycholic acid (CDCA) species, and all other (bulk) bile acids.20
Using bile acid transport inhibition constants of drugs/metabolites (e.g., Kj, ICsg), altered
bile acid disposition is simulated. Increased hepatocellular accumulation of bile acids
inhibits hepatic ATP synthesis and decreases intracellular ATP concentrations (Cellular
ATP Model), leading to necrotic cell death (Hepatocyte Life Cycle Model) and elevations
in serum biomarkers of hepatocellular injury and function (e.g., ALT, AST, bilirubin)
(Biomarker Model). Loss of hepatocytes will subsequently influence drug and bile acid
disposition (dashed lines), allowing dynamic interaction between kinetics and toxicity
mechanisms. Details regarding the construction and structures of sub-models can be found
in the supplementary materials.
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Figure 3. Simulated DILI responses in human and rat virtual populations (SimPops) at specified

troglitazone (TGZ) dose levels

Predicted maximum hepatic accumulation of CDCA and LCA species and DILI responses
(i.e., minimum hepatic ATP, minimum viable liver mass, maximum serum ALT) post-dose
in human SimPops at oral doses of 200 (green triangle), 400 (blue circle), or 600 (red
diamond) mg/day TGZ for 6months (A), and rat SimPops at oral doses of 5 (blue circle) or

25 (red diamond) mg/kg/day for 6months (B).
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Figure 4. Simulated serum ALT and viable liver mass in susceptible individuals
In human SimPops administered 400 (A) or 600 (B) mg/day troglitazone (TGZ) for

6months, individuals with serum ALT elevations > 3x ULN (n=10 at 400mg/day; n=17 at
600mg/day) are presented. One individual at 400mg/day and two individuals at 600mg/day
lost >85% of viable liver mass and was classified as dead.
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Figure 5. Sensitivity analysis of transporter inhibition constants
Inhibition constants for BSEP, MRP4, and NTCP were altered 10-fold in either direction of

the values measured in isolated transport systems (Supplementary Table S2). Predicted
maximum serum ALT concentrations in human and rat SimPops after an oral dose of
600mg/day and 5 mg/kg/day troglitazone (TGZ), respectively, for Imonth are presented.
Dashed lines represent 3x baseline ALT in human (90 U/L) and rat (63 U/L) SimPops.
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List of parameters varied in the human and rat SimPops and results of multiple
regression analysis in human SimPops administered 600 mg/day troglitazone (TGZ) for 6

months

Human and rat population samples incorporating variability in parameters governing bile acid homeostasis
(Bile Acid SimPops) have been constructed previously.2 Four parameters in the Drug PBPK Sub-model and
two system-specific parameters also were varied. (See supplementary material for methods and data used for
construction of SimPops). In the human SimPops administered 600 mg/day TGZ for 6 months, a multiple
regression analysis was performed to identify the most important parameters in TGZ-mediated hepatotoxicity
using 16 varied parameters as independent variables and minimum hepatic ATP as the dependent variable.
Statistical significance and standardized coefficients were calculated using JMP 10.

Parameter Name Parameter Description Significance  standardized Coefficient®

Bile Acid Homeostasis Sub-model

LCA-sulfate uptake Vax Maximum velocity of hepatic uptake of LCA-sulfate N/S -0.08

LCA-sulfate canalicular efflux Vs Maximum velocity of biliary excretion of LCA-sulfate  P< 0.001 0.41

CDCA-amide uptake Vax Maximum velocity of hepatic uptake of CDCA-amide ~ N/S -0.01

CDCA-amide canalicular efflux V.~ Maximum velocity of biliary excretion of CDCA- P<0.01 0.14
amide

CDCA-amide basolateral efflux Vinox ~ Maximum velocity of hepatic basolateral efflux of N/S (P=0.06) 0.08
CDCA-amide

CDCA amidation Vpax Maximum velocity of CDCA amidation in N/S 0.06
hepatocytes

LCA-amide sulfation Vay Maximum velocity of LCA-amide sulfation in N/S -0.06
hepatocytes

LCA synthesis Vax Maximum velocity of LCA synthesis by the gut P<0.001 -0.21
microbiome

Uptake regulation scaling factor Scaling factor governing the magnitude of feedback N/S 0.02
regulation of hepatic uptake transporter function by
hepatic bile acid accumulation

Canalicular efflux regulation scaling Scaling factor governing the magnitude of FXR- P<0.001 0.2

factor mediated feedback regulation of hepatic canalicular
transporter function by hepatic bile acid accumulation

LCA hydroxylation Vs, Maximum velocity of LCA hydroxylation in N/A N/A

max hepatocytes

Drug PBPK Sub-model

TGZ intestinal absorption K, First-order rate constant for TGZ absorption from N/S -0.05
intestine

TGZ hepatic uptake Vax Maximum velocity of TGZ hepatic uptake N/S -0.07

TGZ sulfation Vpax Formation rate of TGZ-sulfate (TS) N/S -0.06

TS biliary clearance Biliary clearance of TS P<0.001 0.15

Other system-specific parameters

Body weight® Body weight P<0.001 0.15

Toxicity Ky, for CDCA and LCA Intracellular bile acid concentrations that induce half- P<0.001 0.15

speciesC®

maximal inhibition of ATP synthesis
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aParameter estimates that would have resulted from the regression if all of the variables had been standardized to a mean of 0 and a variance of 1.
The greater the absolute value of the standardized coefficient, the greater the effects of the independent variable on the model output.
b . .

Used in rat SimPops only.

CUsed in human SimPops only.
N/S, not significant.

N/A, not available.
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