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ABSTRACT: Interruption of bile acid (BA) homeostasis has
been hypothesized for a variety of liver diseases and for drug-
induced liver injury (DILI). Consequently, BA is gaining
increasing prominence as a potential biomarker. The objective
of this work was to evaluate the effect of troglitazone (TZN,
associated with severe DILI), pioglitazone (PZN, rarely
associated with DILI), and acetylsalicylic acid (ASA, or
aspirin, not associated with DILI) on the in vitro BA
homeostasis in hepatocytes co-cultured with nonparenchymal
cells by monitoring the disposition of 36 BAs. The cells were
supplemented with 2.5 μM d4-cholic acid, d4-chenodeox-
ycholic acid, d4-lithocholic acid, d4-deoxycholic acid, d4-
ursodeoxycholic acid, and hyodeoxycholic acid. Concentration−time profiles of BAs were used to determine the area under
the curve from the supernatant, lysate, or bile compartments, in the presence or absence of TZN, PZN, or ASA. When
applicable, IC50 describing depletion of individual BAs was calculated, or accumulation greater than 200% of dimethyl sulfoxide
control was noted. Thiazolidinediones significantly altered the concentration of glycine and sulfate conjugates; however, more
BAs were impacted by TZN than with PZN. For commonly shared BAs, TZN exhibited 3- to 13-fold stronger inhibition than
PZN. In contrast, no changes were observed with ASA. Modulation of BA disposition by thiazolidinediones and ASA was
appropriately differentiated. Particularly for thiazolidinediones, TZN was more potent in interrupting BA homeostasis, and,
when also considering its higher dose, may explain differences in their clinical instances of DILI. This is one of the first works
which comprehensively evaluated the disposition of primary and secondary BAs along with their metabolites in an in vitro
system. Differing degrees of BA homeostasis modulation was observed with various perpetrators associated with varying clinical
instances of DILI. These data indicate that in vitro systems such as hepatocyte co-cultures may be a promising tool to gain a
detailed insight into how drugs affect BA handling to further probe into the mechanism of DILI related to BA homeostasis.
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■ INTRODUCTION

Drug-induced liver injury (DILI) is one of the major safety
liabilities encountered during drug development. In fact,
hepatotoxicity is one of the primary causes for drugs being
withdrawn from the market,1 and has been responsible for
many post-marketing warnings and restrictions.2 For example,
whereas in silico approaches offer promise, its application is
currently hampered by incomplete understanding of the
mechanisms of DILI, complexity because of multiple factors
contributing to DILI, and the limited availability of high-
quality clinical data.3,4 Similarly, for in vitro assessment of
hepatotoxicity, even when a multifactorial process was taken to
integrate several in vitro datasets, DILI risk could not be clearly
differentiated between drugs.5,6 Consequently, application of
modeling and simulations tools which incorporate in silico and
in vitro data have been used to primarily study the mechanism
of DILI for a particular drug,7 rather than being widely utilized
as a prospective tool to assess DILI. In vivo, animal models

were not much better as they failed to capture more than 40%
of hepatotoxicity observed in humans.8 To exacerbate the
matter, studies indicated that controlled clinical studies may
not be adequate to derisk hepatotoxicity. For example, false
positives, as measured by increases in liver transaminase levels,
were reported with the placebo group in phase 1;9 whereas,
hepatotoxicity with fialuridine was not discovered until phase
2.10 As the pursuit of a more suitable tool and methodology to
evaluate DILI continues, investigation into clinical biomarkers
more specific and sensitive for DILI has emerged. In particular,
bile acids (BAs) may be a potential biomarker that can be
utilized during drug development to prospectively identify
DILI risk.
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BAs are amphipathic molecules which are products of
cholesterol metabolism mediated by multiple enzymes
including cytochrome (CYP) P450 such as CYP7A1,
CYP27A1, and CYP8B1. The primary BAs cholic acid (CA)
and chenodeoxycholic acid (CDCA) are generated in the liver.
Whereas these primary BAs can be directly amidated or
conjugated, they are mostly shunted into the intestine via the
bile canaliculi, which leads to the formation of secondary BAs
such as deoxycholic acid (DCA), lithocholic acid (LCA),
urosodeoxycholic acid (UDCA), and hyodeoxycholic acid
(HDCA). BAs are shuttled between the liver and the intestine,
and will eventually undergo further metabolism through
conjugation biotransformation reactions mostly involving
glycine, taurine, or sulfate. In humans, the ratio of glycine-
to taurine-conjugate was 3.2,11 and this ratio varies across
preclinical species as it is highly species-dependent.12 In
general, LCA is considered the most hydrophobic species
followed by BAs containing di-hydroxyl moieties such as
CDCA, DCA, UDCA, and HDCA. BAs containing tri-hydroxyl
moieties such as CA are the most hydrophilic species.
There are several reasons why BAs may be a suitable

biomarker for DILI. One reason is because the liver is a key
organ in maintaining BA homeostasis; any changes in liver
physiology should impact BA levels. In fact, interruption of BA
homeostasis has been reported for liver diseases including
hepatitis, jaundice, and cirrhosis,13−16 as well as for DILI.17,18

In addition, concentrations of BAs are typically high and, more
importantly, can be found in circulation and in biological
matrices including urine. Therefore, noninvasive methods can
be used to easily monitor BAs. The utility of BAs as a
biomarker was initially challenging because of technical
limitations in quantitating the structurally diverse array of
BAs and their metabolites. However, with the advent of high-
performing mass spectrometers, quantitation of individual BA
species has become more feasible.19,20 The objective of this
work was to evaluate the effect on the in vitro BA homeostasis
by drugs associated with differing instances of clinical DILI in a
compartmentalized in vitro system exhibiting metabolic and
drug transporter function. Comprehensive analysis was
conducted by monitoring the disposition of 36 BAs using
liquid chromatography−high-resolution mass spectrometry
(LC−HRMS). Hurel, a human hepatocyte co-culture, was
employed because it overcame certain challenges encountered
with other systems such as reduced metabolic and drug
transporter function,21−23 as well as enabling access to the bile
and intracellular compartments to study the disposition of
BA.24 In addition, Hurel afforded seeding hepatocytes at higher
cellular density, which ensured that adequate amounts of BAs
were collected to aid in their quantitation on the LC−HRMS.
Finally, the ability to establish a long-enduring culture without
the addition of artificial supplements such as Matrigel, which
may affect the free concentration of BAs and/or the
perpetrators as well as potentially impeding adequate transfer
of nutrients and oxygen to hepatocytes,25 or without the need
to regularly change the media to enable continuous monitoring
of BA disposition,26 further distinguished it from other in vitro
systems. The impact of troglitazone (TZN, thiazolidinedione
class drug, which was withdrawn from the market because of
severe DILI), pioglitazone (PZN, thiazolidinedione class drug,
which is rarely associated with DILI), and acetylsalicylic acid
(ASA, or aspirin, a drug which is not commonly associated
with DILI), on the effect of individual BAs and their
metabolites was investigated.

■ MATERIALS AND METHODS

Materials. TZN was purchased from Toronto Research
Chemicals (North York, ON, Canada). PZN was purchased
from Aldrich Chemistry (Milwaukee, WI). Rotenone was
purchased from EMD Millipore (Burlington, MA). ASA and
sterile dimethyl sulfoxide (DMSO) were purchased from
Sigma-Aldrich (St. Louis, MO). 2H4-cholic acid (d4-CA),

2H4-
chenodeoxycholic acid (d4-CDCA),

2H4-lithocholic acid (d4-
LCA), and 2H4-deoxycholic acid (d4-DCA) were purchased
from Steraloids, Inc. (Newport, RI). All authentic unlabeled
BA standards (parent, glycine conjugates, taurine conjugates,
and sulfate conjugates) were purchased from commercial
sources such as Steraloids, Inc. (Newport, RI) or Sigma-
Aldrich (St. Louis, MO, USA). 2H4-ursodeoxycholic acid (d4-
UDCA) was purchased from Cerilliant Corporation (Round
Rock, TX). HDCA was purchased from Steraloids, Inc.
(Newport, RI). CellTiter-Glo cell viability (G7571) and
LDH-Glo (J2380) cytotoxicity assays were purchased from
Promega Corporation (Madison, WI).
Hμrelflux 24-well kits (hepatocyte lots HU1013, HU1020,

and HU1023) are human hepatocytes co-cultured with
nonparenchymal cells that were purchased from Hμrel
Corporation (North Brunswick, NJ). HU1013 was from a
Caucasian male aged 65 whose cause of death was stroke.
HU1020 was from a Caucasian male aged 49 whose cause of
death was exsanguination. HU1023 was from a Caucasian male
aged 48 whose cause of death was cerebrovascular/stroke.

Disposition of BAs and Their Metabolites in
Hepatocyte Co-Culture. The hepatocyte co-culture experi-
ment was conducted as described in the protocol provided by
Hμrel Corporation. Briefly, Hμrelflux 24-well kits containing
single-donor lots of human hepatocytes (1.88 × 105 cells/well)
were co-cultured with nonparenchymal stromal cells at Hμrel
Corporation and shipped to Genentech. It is assumed that
these support cells are metabolically incompetent and do not
play a role in active transport. Approximately on the 7th day
following initial seeding, the cells were received and
equilibrated in reagent A (hepatocyte dosing medium) for
1−2 h at 37 °C, 5% CO2, and 90% humidity. Co-cultures were
dosed with 0.4 mL of sterile filtered (0.22 μm) reagent A
containing 2.5 μM each of d4-CA, d4-CDCA, d4-LCA, d4-DCA,
d4-UDCA, and HDCA, as well as DMSO control and the
perpetrating drugs TZN (0.1−30 μM), PZN (0.1−100 μM),
or ASA (3−1000 μM). It is assumed that the metabolism and
flux of the BAs are not altered with the deuterium label.
Because the data analysis is comparing drug-treated cells with
DMSO control, the impact would be minimal in the data
analysis even if the deuterium label affected the disposition of
the BAs. Total DMSO concentration did not exceed 0.6%. At
0, 1, 3, 24, 48, and 72 h following addition of reagent A
incubation mix, the medium was collected and the cells were
washed once at 4 °C with 0.8 mL reagent A (wash buffer). The
biliary canaliculi were also opened by incubating the cells at 37
°C for 20 min in 0.4 mL reagent B (Hurel tight junction
disruption reagent). Cells were lysed in 0.4 mL methanol/
water (70:30 v/v) and scraped to ensure lysis. All samples were
stored at −80 °C prior to LC−HRMS analysis. Intracellular
concentrations were normalized to the total number of
hepatocytes in each well, which was 1.88 × 105 cells. Each
bile compartment was assumed to be a sphere with a radius of
1 μm.27 Bile concentrations were normalized to the total
apparent bile volume, accounting for the 400 μL dilution with
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buffer used during the bile extraction phase. TZN experiments
with lot HU1013 were run in three independent experiments
to assess interday reproducibility. TZN experiments with lots
HU1023 and HU1020 were run as single independent
experiments. Experiments with PZN and ASA with lots
HU1013 and HU1020 were run as two independent
experiments.
Viability and Cytotoxicity Assays. Hμrelflux hepatocytes

from lot HU1013 were dosed (n = 3) with DMSO, TZN (10
and 100 μM), PZN (30 and 100 μM), ASA (100 and 1000
μM), and rotenone (positive control, 20 μM) and incubated at
37 °C for approximately 72 h. LDH levels were determined in
reagent A according to the manufacturer’s protocol. Briefly,
medium was diluted 100-fold in LDH storage buffer (200 mM
Tris-HCl, 10% glycerol, 1% bovine serum albumin, pH 7.3).
After a 45 min incubation at room temperature, luminescence
readings were recorded on a SpectraMax i3 (Molecular
Devices, Sunnyvale, CA) using an integration time of 750 ms
per well as recommended in the protocol. ATP levels were
determined according to the manufacturer’s protocol with
minor modification to accommodate increased volumes of the
24-well plates. The 24-well plate was allowed to reach room
temperature before CellTiter-Glo reagent (0.4 mL) was added
to 0.4 mL of cell culture medium reagent A. The plate was
shaken at 120 rpm for 2 min to induce cell lysis before being
incubated at room temperature for 10 min to allow
luminescence to stabilize. Luminescence readings were
recorded on a SpectraMax i3 using an integration time of
300 ms per well as recommended in the protocol.
Sample Analysis. The sample (100 μL) from the

supernatant, bile, or lysate compartment was precipitated
with 400 μL of acetonitrile followed by centrifugation at 3000
rpm for 10 min at 4 °C. The sample (450 μL) was then dried
under nitrogen and reconstituted with 100 μL of mobile phase
A for LC tandem HRMS analysis. Pooled QC samples were
prepared by combining 10 μL from the corresponding
supernatant, bile, or lysate samples, and 100 μL volume was
processed in the same manner as the above samples. Batch
analysis included authentic standard curves in a surrogate
matrix (methanol) using a pool of unlabeled parent and
metabolized BA analytes, separate pool QCs (N = 3)
interspersed at the beginning, middle, and end of the
supernatant, bile, and lysate samples. Pool QCs were prepared
by pooling an equal volume of sample from each sample
(supernatant, bile, and lysate separately) and analyzed in every
batch for sample analysis. All samples from DMSO and varying
drug concentration treatment were analyzed together as a
single batch. Authentic standard curve samples were prepared
using a pool of all BA analytes in methanol at 1.0, 10.0, 100.0,
1000.0, 2500.0, 5000.0 ng/mL, and 100 μL processed in the
same manner as the above samples. Standard curves were
plotted using peak areas of the analytes versus actual
concentration with 1/X2 weighting. Standard curves were
used to calculate deuterated BA species at various time points.
% relative standard deviation (% RSD = standard deviation/
average × 100) was determined to assess overall batch
performance. Although, surrogate matrix (methanol) curves
were used for quantitation, all IC50 and metabolite-to-parent
ratio (MPR) calculations were normalized to corresponding
DMSO control samples, eliminating any matrix effects that
may arise during LC−HRMS analysis.
LC−HRMS analysis was performed on a Shimadzu series

ultra-high-performance LC (UHPLC) system (Shimadzu,

Kyoto, Japan) connected to an OrbitrapQ Exactive HF-X
instrument (Thermo Fisher Scientific, Waltham, MA USA).
The UPLC system consisted of LC pumps (model LC-30AD)
with an online degasser to deliver the LC mobile phases A: 10
mM ammonium acetate and 0.1% v/v ammonium hydroxide in
50:50 v/v water/methanol, and mobile phase B: 10 mM
ammonium acetate and 0.1% v/v ammonium hydroxide in
methanol at a flow rate of 0.35 mL/min. The samples (7.5 μL)
were injected using an autosampler (model SIL30ACMP)
maintained at 15 °C. A Waters Acquity BEH C18, 100 × 2.1
mm, 1.7 μm particle size, UPLC reverse phase column (Waters
Corp., Milford, MA) was used for LC separation. Gradient LC
flow started with 5% B for 0.5 min, followed by a linear
increase to 20% B in 3 min; to 50% B in 2 min; to 65% B in 2
min; to 85% B in 0.5 min. The 85% B was held for another 0.5
min before returning to 5% B, which was held for 1 min to re-
equilibrate the LC column. Total run time was 10 min and
column oven (model CTO30A) temperature was maintained
at 50 °C.
HRMS analysis was performed on OrbitrapQ Exactive

HF-X instrument or Q Exactiveplus (Thermo Fisher Scientific,
Waltham, MA USA) in full scan mode using electrospray
ionization (ESI) in negative ion mode. MS scan range was set
to mass to charge ratio (m/z) of 100 to 1000 at a resolution of
120 000 or 70 000 (full width at half-maximum), automatic
gain control target value of 1 × 106, maximum injection time of
200 ms with profile mode data acquisition. MS source
parameters included a heated ESI probe with spray voltage
of 2.5 kV, sheath gas flow rate of 49 mL/min, auxiliary gas flow
rate of 12 mL/min, sweep gas flow rate of 2 mL/min, capillary
temperature of 259 °C, and funnel radio frequency (RF) level
at 80.0. Data processing was performed using TraceFinder 4.1
software (Thermo Fisher Scientific, Waltham, MA USA),
which involved peak picking, integration, and plotting standard
curves using the BA compound database. (M − H)− m/z ratio
peaks of all stipulated BA species were consistently extracted
and integrated from full scan data within 5 ppm mass accuracy.
Unknown concentrations of individual d4-BAs in the samples
were calculated from the standard curve slope of correspond-
ing individual BAs. Levels below 1 ng/mL or MS peak area
below 1 × 105 was considered below the limit of quantitation.

Data Analysis. Concentration−time profile was deter-
mined for each d4-BA and its metabolites. Because the
concentration−time profile was dependent on a particular
BA species, area under the curve (AUC) was calculated using
standard trapezoid rule calculated with Excel using all
measurable timepoints from the first (0 h) and last timepoint
(72 h). Changes in AUC were compared between DMSO
control and perpetrating drugs TZN, PZN, and ASA. When
possible, IC50 was determined to describe the depletion of BAs
using PRISM 7 (GraphPad, San Diego, CA)

= + −

+ − ×

Y bottom (top bottom)

/(1 10 )X((logIC ) hillslope)50

where X is the nominal concentration of the perpetrators
evaluated in the hepatocyte co-culture and Y is % AUC change.
Nonlinear regression involved variable slope with four
parameters fitting and bottom constraint as 0. The quality of
the fit was assessed by R2 > 0.7 and that the BA concentrations
were above the limit of detection (i.e., AUC > 0.1 ng/mL·h),
while ensuring that the extent of inhibition was >50% of
DMSO control.
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■ RESULTS

Characterizing Endogenous Distribution of BAs and
Their Metabolites in Vitro. LC−HRMS profiling was used
to determine the concentrations of all BAs and their
metabolites (Figure 1). Analysis included standard curves
which were used to determine unknown concentrations of BAs
and their metabolites at various time points in all samples.
Sample pool QCs injected across the batch in all compart-
ments (N = 3 each) were used to assess sample batch
performance and their MS peak area. % RSD was less than 25%
in all batches, indicating overall good batch performance.
The concentration of endogenous BAs and their metabolites

was determined. In this system, only low levels of GCA,
GCDCA, TCA, and TCDCA were observed. Secondary BAs
were not observed, which is consistent with the fact that
secondary BAs are byproducts of intestinal metabolism.
Because the desire was to replicate physiological conditions,
a cocktail containing deuterated primary BAs (d4-CA and d4-
CDCA) and secondary BAs (d4-LCA, d4-DCA and d4-UDCA)
was supplemented. The reason why deuterated BAs were
utilized was to discern between endogenous and exogenous
BAs and their metabolites. In addition to the deuterated BAs,
nondeuterated HDCA was included in the cocktail because d4-
HDCA was not commercially available and because it was
assumed that nonlabeled HDCA would not interfere with
analysis as HDCA-related analytes were not found endoge-
nously.
Several concentrations of the cocktail were evaluated to

optimize the in vitro condition. The concentration of the
cocktail was targeted to ensure robust quantitation on the LC−
HRMS, and to mirror the proportion of BA and their
metabolites found in human serum, but not too high as to
perturb the system with a sudden influx of exogenous BAs.
Figure 2A shows that the cocktail containing 2.5 μM of
individual primary and secondary BAs (where the total
exogenous BA concentration is 15 μM) yielded BA
proportions in the supernatant that was comparable to what
was reported in human serum. The proportion of all species
related to d4-CA in the supernatant was the highest at around
35%, followed by d4-UDCA at 23%, d4-DCA at 16%, d4-CDCA
at 16%, d4-HDCA at 9%, and d4-LCA at 2%. Assuming that the
supernatant reflects the plasma compartment in vivo, these
proportions are within reasonable proximity with what is
reported in the literature in human serum.20 For the BA
conjugates, Figure 2B shows that the proportion of all glycine
conjugates was highest at around 62%, followed by sulfate

conjugates at 37% and taurine conjugates at 1%, and ranked
ordered appropriately to what is reported in human serum.20

Concentration−Time Profile of BAs and Their
Metabolites in Vitro. Following the addition of the cocktail,
BAs and their metabolites were monitored in lot HU1013 for
over 72 h. Representative concentration−time profiles for
CDCA and its metabolite are shown in Figure 3, and data for
other BAs and their metabolites are shown in Figure S1. In
general, the primary and the secondary BAs were quickly taken
up by the cells and distributed into the bile. BAs were
completely depleted by 24−48 h in all compartments. When
considering the relative hydrophobicity of BAs, d4-LCA is the
most hydrophobic BA and, as expected, is rapidly metabolized
within 3 h, whereas the rate of metabolism for the more
hydrophilic BA such as CA is not completely metabolized until
24 h, underscoring the relevance of this system to study BA
homeostasis. In the meantime, amidation of primary BAs
peaked between 24 and 48 h in all compartments, except for

Figure 1. Representative chromatogram of BAs and their metabolites using LC−HRMS. The inset illustrates all the potential metabolites that are
associated with a particular BA.

Figure 2. Pie charts summarizing the relative proportion of (A)
unconjugated primary and secondary BAs and (B) glycine, taurine,
and total sulfated metabolites, which includes sulfation of amidated
BAs in the supernatant of lot HU1013 compared with reported
literature data in human serum.20 The relative proportions were
calculated from AUC determined from 0 to 72 h.
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Figure 3. Representative concentration−time profile of CDCA and its conjugated metabolites in the (A) supernatant, (B) lysate, and (C) bile in lot
HU1013 over 72 h. Concentration−time profile for other BAs and their metabolites are in Figure S1.

Table 1. Summary of Changes in the Concentration of BAs and Their Metabolites Reported as IC50 (μM) in the Absence or
Presence of Ascending Concentrations of TZN (0.1−30 μM), PZN (0.1−100 μM), or ASA (3−1000 μM)a

aIC50s were calculated based on change in AUC between DMSO control and TZN. Star (*) represents BAs or their metabolites which exhibited
>200% accumulation over 72 h. All experiments were conducted in lot HU1013. Results for TZN are reported as mean ± SD of three independent
measurements with criteria outlined in Materials and Methods. Results for PZN and ASA are reported as mean of two independent measurements
with criteria outlined in Materials and Methods. Grayed out cells marked with “dash” (-) indicate that depletion of the particular BA analyte was
not observed or the depletion did not meet the criteria outlined in Materials and Methods.
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d4-TCDCA, which peaked at 3 h in the bile and the lysate, and
d4-GCA and d4-TCA, which continued to increase in the
supernatant until the end of the incubation. Amidation of
secondary BAs peaked earlier between 1 and 24 h in all
compartments; in contrast, HDCA was not amidated. Sulfation
of primary BAs increased over time in all compartments
throughout the duration of the experiment with the exception
of d4-CA-SO4, which was not present in the bile nor the lysate.
Sulfation of secondary BAs peaked between 1 and 3 h, but d4-
DCA-SO4 and d4-UDCA-SO4 continued to increase over time
in the supernatant. d4-UDCA-SO4 was also not found in the
bile and the lysate. The profile of secondary metabolites (i.e.,
amidation and sulfation) varied depending on the BA species,
and many of these secondary metabolites were not formed
such as d4-TCDCA-SO4 and d4-GUDCA-SO4 in the bile and
the lysate. On the basis of these differences in the
concentration−time profile of BAs and their metabolites, it
was reasoned that a single timepoint should not be used to
compare between DMSO control and the perpetrating drugs
TZN, PZN, and ASA. Instead, AUC was generated for each BA
and its metabolites to compare between DMSO control and
the perpetrating drugs.
Effect of TZN, PZN, and ASA on the Disposition of

BAs and Their Metabolites in Vitro. The effect of TZN,
PZN, or ASA on the disposition of BAs and their metabolites
was investigated in lot HU1013. Figure S2A shows that the
main metabolite for TZN was the sulfate conjugate and that
TZN was completely depleted in the supernatant, bile, and
lysate by 24 h. Figure S2B shows that the main metabolite for
PZN was the hydroxylated metabolite. Unlike TZN, when
PZN levels decreased over 72 h in the supernatant, it
maintained relatively steady levels in the bile and the lysate.
Figure S2C shows that ASA was immediately converted to
salicylic acid, which underwent further metabolism to form
salicyluric acid. Salicylic acid level was steady throughout the
duration of the incubation in the supernatant, but peaked at 48
h in the bile and the lysate. When applicable, the degree of
inhibition was captured by calculating IC50s, and these values
are summarized in Table 1 and the plots are shown in Figure
S3. Criteria outlined in Materials and Methods were employed
to ensure that IC50s associated with good fits were reported.
In the presence of an ascending concentration of TZN,

although the concentration of taurine conjugates did not
change, the concentration of glycine conjugate d4-GCA
decreased in the bile with an IC50 of 16 ± 1 μM. In the
lysate, d4-GCA and d4-GCDCA decreased with an IC50 of 5.6
± 2.9 and 11 ± 12, respectively. Changes in the concentration
of BA metabolites were accompanied by accumulation (i.e.,
>200% of DMSO control) of d4-GLCA in the lysate and d4-
GDCA in the supernatant. In addition to glycine conjugates,
sequential metabolites consisting of sulfate conjugates also
decreased. In the lysate, IC50 of d4-GCDCA-SO4, d4-GLCA-
SO4, and d4-GDCA-SO4 was 5.1 ± 2.1, 2.6 ± 0.7, and 3.9 ± 1.3
μM, respectively. In the supernatant, d4-GCA−SO4, d4-
GCDCA−SO4, and d4-GUDCA−SO4 decreased with IC50 of
10 ± 6, 21 ± 12, and 26 ± 8 μM, respectively. No marked
differences were observed in the bile. Similarly, in the presence
of PZN, concentration of glycine conjugates d4-GCA, d4-
GCDCA, and d4-GUDCA decreased in the lysate with an IC50
value of 33 ± 32, 40 ± 12, and 19 ± 0.2 μM, respectively. This
was accompanied by accumulation of d4-GLCA in the lysate
and d4-GDCA in the supernatant. In addition, d4-GCA−SO4
and d4-GCDCA−SO4 in the supernatant decreased with IC50

of 27 ± 1 and 95 ± 49 μM, respectively, whereas d4-GLCA−
SO4 and d4-GDCA−SO4 levels in the lysate decreased with
IC50 of 35 ± 10 and 37 ± 26 μM, respectively. Unlike TZN,
PZN was associated with reduction of d4-UDCA in the lysate
with IC50 of 74 ± 28 μM. In contrast to thiazolidinedione, ASA
had no effect on the BA homeostasis. Figure 4 shows that TZN
(up to 30 μM), PZN (up to 100 μM), and ASA (up to 1000
μM) were not associated with cytotoxicity or with poor
viability.

MPR of BAs that were modulated in the various compart-
ments are shown in Figure 5. For BAs that were reduced and
for which IC50s were determined, the MPR was also reduced
except for d4-GCDCA−SO4 with TZN and PZN in the lysate.
For BAs that increased, the MPR also increased except for d4-
GLCA in the lysate for both TZN and PZN.
To investigate if the disruption of BA homeostasis was

attributed to the particular lot (HU1013) and to assess the
reproducibility of the findings, additional lots were examined.
As observed with the previous lot HU1013, TZN interrupted
BA homeostasis in lots HU1020 and HU1023. Table 2 (and
plots shown in Figure S3) show that not only were similar BA
species impacted by TZN, but that the IC50 values were
comparable across the three different lots.

■ DISCUSSION
Assessing clinical disposition for hepatotoxicity is challenging
because it can arise from the interplay between genetic,
nongenetic, and/or environmental factors. It is further
complicated because the assortment of preclinical tools has

Figure 4. Viability and the cytotoxicity of TZN, PZN, and ASA
determined with the (A) ATP luminescent and (B) LDH release
assay in lot HU1013 (N = 3).
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yielded mediocre success in predicting clinical hepatotoxicity
as the drivers which contribute to these factors remain elusive.
One potential mechanism of hepatotoxicity is the interruption
of BA homeostasis. Indeed, BAs have been linked to toxicity
based on their hydrophobicity,28 as well as their aptitude to
cause apoptosis29−31 or necrosis,32,33 which may be dependent
on whether BAs are enclosed by phospholipid micelles.34

Therefore, modulation of BAs by drugs may be a prelude to
the onset of DILI. The objective of this work was to investigate
the effect of several compounds on the in vitro BA homeostasis
in a long-enduring human hepatocyte co-culture system. TZN
and PZN were chosen for this evaluation because DILI is well
characterized with these molecules, and because they are both
thiazolidinediones, they are associated with different clinical
DILI profiles. ASA was the negative control as it is not
commonly associated with DILI. The human hepatocyte co-
culture was utilized because it offered several advantages to
study BA disposition. In particular, Hurel exhibits both drug
metabolizing enzyme and drug transporter activities over
multiple days.35−39 Hurel also forms functional bile canaliculi,

which more closely mimics in vivo physiology and provides a
dynamic environment where the hepatocytes can adapt to
potential changes in BA homeostasis as needed, rather than
only accumulating BAs intracellularly. Moreover, Hurel
afforded an option to collect the supernatant, the lysate, and
the bile within a single experiment, which enabled the
examination of BA disposition in all compartments. Finally,
based on our initial investigation with this system, it was found
that at least 24 h of incubation was required in this system to
completely capture BA metabolism such as sulfation.
Table 1 shows that in the presence of ASA, BA homeostasis

was unaffected. In contrast, the concentration of certain glycine
and sulfate conjugates in the presence of thiazolidinediones
was markedly reduced. Meanwhile, large accumulation of d4-
GLCA and d4-GDCA was observed in the lysate and
supernatant, respectively, indicating that the in vitro system
is maintaining mass balance, whereas the BA homeostasis is
disrupted. Subsequent experiments in additional hepatocyte
lots yielded comparable results, suggesting that interruption of
BA homeostasis mediated by TZN was not a lot-specific effect

Figure 5. MPR were determined for BAs that were modulated in the supernatant (right box), bile (left box), and lysate (bottom box), in lot
HU1013. MPR from the drug-treated group was normalized to their corresponding DMSO control and was calculated from AUC determined from
0 to 72 h. Black bars represent ASA (1000 μM, N = 2), gray bars represent PZN (100 μM, N = 2), and light gray bars represent TZN (30 μM, N =
3). The star symbol “*” represents the extent of inhibition being less than or equal to 50% of DMSO control.
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(Table 2). With the exception of d4-GCDCA-SO4, the
corresponding changes in the MPR shown in Figure 5 indicate
that the modulation of BAs was indeed because of changes in
their metabolism. Moreover, Figure 4 shows that the
hepatocytes were healthy, indicating that alterations of BAs
were not due to poor condition of the hepatocytes. These data
show that BA homeostasis was differentiated in the hepatocyte
co-culture, where unlike ASA, thiazolidinediones were able to
interrupt BA homeostasis by primarily reducing both glycine
and sulfate conjugation. The effect on amidation and sulfation
is important when considering detoxification of BAs. While
enhancing solubility for more efficient elimination from the
body, sulfation has been shown to diminish hepatotoxicity
potential for LCA,40 whereas less cytotoxicity has been
attributed to glycine and taurine conjugates.41 Therefore,
although one mechanism of DILI for TZN has been
hypothesized as inhibition against bile-salt export pump,42

these data suggest that inhibition of glycine and sulfate
conjugation may also contribute to DILI by reducing the
extent of BA detoxification.
In vitro systems have been employed to study the potential

relationship between BA and DILI. The results presented in
this work add to the current knowledge by probing further into
how thiazolidinediones may affect BA handling as it
significantly expands on the panel of BAs in an in vitro system
where the bile can be sampled along with the supernatant and
the lysate. Previous works have evaluated a specific BA or a
select set of BAs,43,44 or assessed only the flux or metabolism of
BAs,45−47 or monitored a toxicity endpoint,48,49 but this is the
first work which details the handling of a comprehensive set of
BAs in various spatial compartments. It has been demonstrated
that glycination was the most prominent amidation bio-
transformation reaction,48 and TZN significantly reduced
amidation and sulfation of BAs.50,51 Moreover, the majority
of changes occurred in the lysate, and only few BAs were
changed in the bile and the supernatant. The current work

shows that TZN did not affect all glycine or sulfate conjugates,
as the most effected sulfated species were GCDCA, GLCA,
and GDCA, and glycinated species were CA and CDCA. In
contrast, amidation of DCA and sulfation of LCA were not
significantly altered. There are reports of successfully employ-
ing BA indices to profile certain liver diseases,52,53 which may
be appropriate as the entire architecture of the liver may
change in a disease state. However, these findings suggest that
changes in BAs will manifest in the serum and/or the urine for
only a few specific BAs in the presence of thiazolidinediones to
create a specific BA signature. Consequently, when considering
BAs as biomarkers for DILI, rather than a nontarget approach,
a targeted approach to assess imbalance in BA homeostasis is
inferred. Moreover, this BA signature may vary depending on
the mechanism of DILI, and a targeted analysis of BAs may
help with data interpretation. More investigations are needed
to evaluate the in vivo translatability of these data determined
in the human hepatocyte co-cultures.
Although varying BA signatures were observed with different

drugs in this system, it is worth recognizing that there are
limitations to the current human hepatocyte co-culture system.
For example, BA homeostasis is multifaceted and is also
dependent on the gut microbiome metabolic activity and
enterohepatic recirculation of BAs. Because the current work
only investigates human hepatocytes in culture, the impact of
drugs on the microbiome and enterohepatic recirculation of
BAs are not captured. To partly circumvent this shortcoming,
secondary BAs were supplemented to mirror physiologically
relevant BA pool. Another drawback is that although the
proportion of BA conjugation ranked ordered appropriately to
what is reported in human serum, the extent of taurine
conjugation was markedly lower than what is reported in
human serum.20 The likely reason is due to the low level of
taurine as the expression of cysteine sulfinic acid decarboxylase,
the rate-limiting step in the biosynthesis of taurine, is low.54 In
fact, much of taurine in humans comes from the diet.

Table 2. Summary of Changes of the Concentration of Certain BAs and Their Metabolites Reported as IC50 (μM) in the
Absence or Presence of Ascending Concentrations of TZN (0.1−30 μM) across Three Different Lots (HU1013, HU1023, and
HU1020)a

aStar (*) represents BAs or their metabolites which exhibited >200% accumulation over 72 h. Three independent measurements were taken with
Lot HU1013 and the values are a mean ± SD of three independent measurements with criteria outlined in Materials and Methods. A single
experiment was conducted with Lots HU1023 and HU1020, and the reported values fall within the criteria outlined in Materials and Methods.
Grayed out cells marked with a “dash” (-) indicate that depletion of the particular BA analyte was not observed or the depletion did not meet the
criteria outlined in Materials and Methods.
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Therefore, because taurine conjugation activity remained intact
and because the extent of taurine conjugation in humans is also
low, it was decided not to supplement it with exogenous
taurine. One of the major limitations of the current system is
that the human hepatocytes are co-cultured with mouse
stromal cells. Preliminary data internally have indicated that
mouse stromal cells exhibit glucuronidation activity; however,
their contribution to BA disposition is unknown and further
investigations are needed. Nevertheless, despite this caveat,
there should be minimal impact to the current analysis such as
with IC50 calculations with drugs as the BA profiles were
compared with DMSO controls.
Because PZN and TZN are from the same drug class, it was

not surprising that both were able to disrupt BA homeostasis.
However, when compared to TZN, far fewer BAs were affected
by PZN. Furthermore, for BAs that were impacted by both
TZN and PZN, the IC50 values of TZN was 3- to 13-fold more
potent. It has been implied that dose and exposure is important
when considering in vitro inhibition data.55,56 However,
although the clinical Cmax of TZN and PZN are similar at
6.3 μM57 and 3.7 μM,58 respectively, their doses that achieve
these concentrations are different. Because Cmax reflects
postliver concentration, whereas the dose reflects preliver
concentrations, Cmax does not reflect how much drug the liver
has processed. Instead, drug load may be more relevant when
denoting drug burden to the liver and therefore, the more
appropriate parameter to contextualize the in vitro IC50 values
determined in the liver. Consequently, assuming stomach
volume of 250 mL and complete absorption as assumed
previously for both molecules,59 the preliver concentration of
600 mg dose of TZN is approximately 5000 μM. In contrast,
the preliver concentration of 45 mg dose of PZN is 10-fold
lower at approximately 500 μM. Accordingly, this theoretical
liver concentration of PZN is 10- to 25-fold of the IC50 values,
whereas the theoretical liver concentration of TZN can be
greater than 1000-fold of the IC50 values. The disparity in the
coverage of the IC50 values by the theoretical liver
concentration may explain the divergences in clinical instances
of DILI, where TZN is more susceptible for DILI. These data
suggest that PZN may also be prone to DILI, but only at
higher doses.
In summary, an in vitro human hepatocyte system was

characterized and optimized to evaluate BA homeostasis in the
presence or absence of TZN, PZN, and ASA. This is one of the
first studies using a dynamic in vitro system where a
comprehensive panel of BAs was evaluated. In the presence
of TZN and PZN, select glycine and sulfate conjugations were
significantly modulated, whereas no effect was observed with
ASA. The theoretical liver concentration of TZN was much
higher against the IC50 values compared with the coverage
afforded by PZN, which may explain differences in the clinical
instances of DILI. This work shows that BA levels can be
monitored in the human hepatocyte co-culture system, which
may be used to elucidate potential mechanism of certain
hepatotoxicities. It is worth noting that DILI-inducing drugs
outside of the thiazolidinedione class have not yet been
studied. For other drugs, it is possible that interruption of BA
homeostasis may manifest in a different way, or may not
change at all. Our laboratory is conducting experiments with
other DILI-inducing drugs to collect their BA signatures in this
system, which may provide insight into the mechanism and aid
in identification of BAs to target in the clinic as a potential
biomarker for liver injury.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.molpharma-
ceut.9b00562.

Representative concentration−time profile of all BAs
and their conjugated metabolites; representative peak
area−time profile of perpetrators TZN, PZN, and ASA
their major metabolites; IC50 profiles of BAs in the
presence of perpetrators TZN, PZN, and AZA (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: jaechang@gmail.com. Phone: (650) 467-9708. Fax:
(650) 467-3487.
ORCID
Jae H. Chang: 0000-0003-3457-7695
Author Contributions
†These authors contributed equally to the paper.
Notes
The authors declare no competing financial interest.

■ ABBREVIATIONS
ASA, acetylsalicylic acid; AUC, area under the curve; BA, bile
acid; CDCA, chenodeoxycholic acid; CA, cholic acid; DCA,
deoxycholic acid; as prefix d4-, deuterated; DILI, drug-induced
liver injury; G, glycine; HRMS, high-resolution mass
spectrometry; HDCA, hyodeoxycholic acid; LCA, lithocholic
acid; PZN, pioglitazone; SO4, sulfate; T, taurine; TZN,
troglitazone; UHPLC, ultra-high-performance liquid chroma-
tography; UDCA, ursodeoxycholic acid

■ REFERENCES
(1) Wilke, R. A.; Lin, D. W.; Roden, D. M.; Watkins, P. B.;
Flockhart, D.; Zineh, I.; Giacomini, K. M.; Krauss, R. M. Identifying
genetic risk factors for serious adverse drug reactions: current progress
and challenges. Nat. Rev. Drug Discovery 2007, 6, 904−916.
(2) Lasser, K. E.; Allen, P. D.; Woolhandler, S. J.; Himmelstein, D.
U.; Wolfe, S. M.; Bor, D. H. Timing of new black box warnings and
withdrawals for prescription medications. JAMA 2002, 287, 2215−
2220.
(3) Przybylak, K. R.; Cronin, M. T. In silico models for drug-induced
liver injury–current status. Expert Opin. Drug Metab. Toxicol. 2012, 8,
201−217.
(4) Fraser, K.; Bruckner, D. M.; Dordick, J. S. Advancing Predictive
Hepatotoxicity at the Intersection of Experimental, in Silico, and
Artificial Intelligence Technologies. Chem. Res. Toxicol. 2018, 31,
412−430.
(5) Funk, C.; Roth, A. Current limitations and future opportunities
for prediction of DILI from in vitro. Arch. Toxicol. 2017, 91, 131−142.
(6) Schadt, S.; Simon, S.; Kustermann, S.; Boess, F.; McGinnis, C.;
Brink, A.; Lieven, R.; Fowler, S.; Youdim, K.; Ullah, M.; Marschmann,
M.; Zihlmann, C.; Siegrist, Y. M.; Cascais, A. C.; Di Lenarda, E.; Durr,
E.; Schaub, N.; Ang, X.; Starke, V.; Singer, T.; Alvarez-Sanchez, R.;
Roth, A. B.; Schuler, F.; Funk, C. Minimizing DILI risk in drug
discovery - A screening tool for drug candidates. Toxicol. In Vitro
2015, 30, 429−437.
(7) Howell, B. A.; Siler, S. Q.; Watkins, P. B. Use of a systems model
of drug-induced liver injury (DILIsym) to elucidate the mechanistic
differences between acetaminophen and its less-toxic isomer, AMAP,
in mice. Toxicol. Lett. 2014, 226, 163−172.
(8) Olson, H.; Betton, G.; Robinson, D.; Thomas, K.; Monro, A.;
Kolaja, G.; Lilly, P.; Sanders, J.; Sipes, G.; Bracken, W.; Dorato, M.;
Van Deun, K.; Smith, P.; Berger, B.; Heller, A. Concordance of the

Molecular Pharmaceutics Article

DOI: 10.1021/acs.molpharmaceut.9b00562
Mol. Pharmaceutics 2019, 16, 4230−4240

4238

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.molpharmaceut.9b00562
http://pubs.acs.org/doi/abs/10.1021/acs.molpharmaceut.9b00562
http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.9b00562/suppl_file/mp9b00562_si_001.pdf
mailto:jaechang@gmail.com
http://orcid.org/0000-0003-3457-7695
http://dx.doi.org/10.1021/acs.molpharmaceut.9b00562


toxicity of pharmaceuticals in humans and in animals. Regul. Toxicol.
Pharmacol. 2000, 32, 56−67.
(9) Rosenzweig, P.; Miget, N.; Brohier, S. Transaminase elevation on
placebo during phase I trials: prevalence and significance. Br. J. Clin.
Pharmacol. 1999, 48, 19−23.
(10) McKenzie, R.; Fried, M. W.; Sallie, R.; Conjeevaram, H.; Di
Bisceglie, A. M.; Park, Y.; Savarese, B.; Kleiner, D.; Tsokos, M.;
Luciano, C.; et al. Hepatic failure and lactic acidosis due to fialuridine
(FIAU), an investigational nucleoside analogue for chronic hepatitis
B. N. Engl. J. Med. 1995, 333, 1099−1105.
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