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A B S T R A C T

The failure of drug candidates during clinical trials and post-marketing withdrawal due to Drug Induced Liver
Injury (DILI), results in significant late-stage attrition in the pharmaceutical industry. Animal studies have
proven insufficient to definitively predict DILI in the clinic, therefore a variety of in vitro models are being tested
in an effort to improve prediction of human hepatotoxicity. The model system described here consists of
cryopreserved primary rat, dog or human hepatocytes co-cultured together with a fibroblast cell line, which aids
in the hepatocytes' maintenance of more in vivo-like characteristics compared to traditional hepatic mono-cul-
tures, including long term viability and retention of activity of cytochrome P450 isozymes. Cell viability was
assessed by measurement of ATP following treatment with 29 compounds having known hepatotoxic liabilities.
Hμrelrat™, Hμreldog™, and Hμrelhuman™ hepatic co-cultures were treated for 24 h, or under repeat-dosing for 7
or 13 days, and compared to rat and human hepatic mono-cultures following single-dose exposure for 24 h. The
results allowed for a comparison of cytotoxicity, species-specific responses and the effect of repeat compound
exposure on the prediction of hepatotoxic potential in each model. Results show that the co-culture model had
greater sensitivity compared to that of the hepatic mono-cultures. In addition, “time-based ratios” were de-
termined by dividing the compounds' 24-hour TC50/Cmax values by TC50/Cmax values measured after dosing for
either 7 or 13 days. The results suggest that this approach may serve as a useful adjunct to traditional mea-
surements of hepatotoxicity, improving the predictive value of early screening studies.

1. Introduction

Hepatotoxicity is one of the major reasons for drug attrition during
clinical development and for withdrawal post-marketing (Russmann
et al., 2009; van Tonder et al., 2013). In these cases, the predictivity of
animal studies was insufficient to prevent these drug candidates from
entering clinical trials. It is well accepted that there is a need for ad-
ditional tools that will allow toxicologists to make a better assessment
of human hepatotoxic risk. Currently, several different cell-based assays
are used to evaluate potential hepatotoxic liabilities. Monocultures of
primary hepatocytes are of limited value due to the loss of cytochrome
P450 metabolic activity and a short experimental window, due to de-
creasing cell viability and de-differentiation (Hewitt et al., 2007). The
HepG2 cell line is a human hepatoma cell line, but has low expression
of metabolic enzymes, and reduced expression of nuclear receptors
(García-Cañaveras et al., 2015). HepaRG cells can be differentiated
towards hepatocyte-like cells showing a stable phenotype, and good

CYP450 expression (Aninat et al., 2006). However, HepaRG cells are
known to have limitations, for example, CYP2E1 expression is low
compared to in vivo expression, and glutathione transferase A1 is not
induced by phenobarbital treatment (Kanebratt and Andersson, 2008).
The fundamental limitations of hepatocyte monocultures compromise
the predictive utility of these in vitro assays (Smith et al., 2012).

In an effort to generate hepatic cultures with extended periods of
metabolic competency, a number of co-culture models were developed
over the past 20 years (Bhatia et al., 1997; Chao et al., 2009; Kidambi
et al., 2009). This co-culture paradigm has been adopted to better
predict xenobiotic clearance rate, metabolic profile and hepatotoxic
liability earlier in the drug development process (Atienzar et al., 2014;
Bonn et al., 2016). Here we describe a multi-species, hepatic co-culture
model developed by Hμrel Corporation. The model is comprised of
cryopreserved primary hepatocytes drawn from either human, dog, rat,
or other pre-clinical species, and cultured in combination with a pro-
prietary, supporting non-parenchymal stromal cell line. This co-culture
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model allows hepatocytes to maintain viability and general cellular
competency, including retaining hepato-specific morphology and the
expression of CYP metabolic enzymes for two weeks. Therefore, the
dosing regimen evaluated in this report was limited to 13 days.

In order to assess the value of the co-culture model for prediction of
hepatotoxicity, a sample set of 19 compounds with known hepatotoxic
liabilities were evaluated in conjunction with a second sample set of 10
compounds proprietary to Sanofi Pharmaceuticals. The first sample set
includes well-studied compounds that represent a range of different
indications and mechanisms of hepatotoxicity. The second sample set
was comprised of 9 compounds that had been discontinued from active
pharmaceutical development either during pre-clinical testing or during
clinical trials in which hepatotoxicity was detected, and one compound
discontinued for other reasons, in which hepatotoxicity was not de-
tected. While compound development was canceled for a variety of
reasons, in vivo liver toxicity was observed for all 9 compounds put forth
for testing in the co-culture model.

Co-cultures comprised of cryopreserved rat, dog and human pri-
mary hepatocytes and non-parenchymal stromal cells were treated for
24 h, or repeat dosed every 48 h over 7 or 13 days. Cell viability was
determined by measuring ATP levels. The co-culture results were
compared to freshly isolated rat primary and cryopreserved human
primary hepatic mono-cultures which had been treated for 24 h.
Compared to the hepatic mono-cultures, the co-culture model appears
to be more robust and less sensitive to hepatotoxicants following the
administration of a single dose. However, equal or greater cytotoxicity
was observed in the co-culture model following repeated exposure to
hepatotoxicants. Although there were modest compound-specific dif-
ferences in sensitivity across species in the co-cultures (and more pro-
nounced species-specific differences with respect to certain com-
pounds), the general increase in sensitivity compared to those obtained
in the mono-culture models demonstrates the value of a repeat-dosing
scheme using long-term co-cultures.

2. Materials and methods

2.1. Preparation and plating of freshly isolated rat hepatocyte monocultures

All reagents were obtained from Sigma-Aldrich Inc., St. Louis, MO,
unless otherwise noted. All animals were housed in an American
Association for Accreditation of Laboratory Animal Care accredited
facility, and all procedures were reviewed and approved by the Sanofi
Boston Institutional Animal Care and Use Committee. Rat hepatocytes
were isolated following a two-step collagenase perfusion method from
eight- to twelve-week-old male Sprague-Dawley rats (Green et al.,
1983). Cells were re-suspended in William's E Medium supplemented
with 0.025 μM dexamethasone (DEX), 1.24% insulin-transferrin-so-
dium selenite (ITS), 2.0 mM L-glutamine, 5% FBS and 1% Penicillin/
Streptomycin (Hepatocyte Plating Media), and total cell count was
performed using a hemacytometer and trypan blue exclusion dye. A
viability level of 85% or greater qualified the cells for use in these as-
says. Freshly isolated hepatocytes were adjusted to a concentration of
1.5 × 105 cells/mL in fresh hepatocyte plating media and seeded at
200 μL per well into 96-well collagen-coated plates (Corning, NY, Cat.
#354407), for a total of 3 × 104 cells/well. Cells were incubated at
37 °C, 5% CO2 and 97% relative humidity for 3–4 h, at which time
Hepatocyte Plating Media was removed and replaced with Hepatocyte
Culture Media. Hepatocyte Culture Media had the same formulation as
listed above, with the exception of 5% FBS, which was not included.
Cells were incubated overnight prior to compound treatment.

2.2. Preparation and plating of cryopreserved human hepatocyte mono-
cultures

Cryopreserved human hepatocytes were obtained from
Bioreclamation IVT Inc. Lot/Donor #JGM was used for all assays

performed in monoculture, and in co-cultures, as described below. Cells
were thawed in a 37 °C water bath for approximately 2 min as described
by the manufacturer. Once thawed, the hepatocytes were suspended in
6 mL of media per vial thawed, using 37 °C InVitroGro CP media,
supplemented with Torpedo Antibiotic mix (Bioreclamation IVT Inc.).
Total cell count was performed using a hemacytometer and trypan blue
exclusion dye. A viability level of 80% or greater qualified the cells for
use in these assays. Cell concentration was adjusted to 0.4 × 106/mL
and seeded at 100 μL per well into 96-well collagen-coated plate
(Corning, NY Cat. No. 354407) for a total of 4 × 104 cells/well. Cells
were incubated at 37 °C, 5% CO2 and 97% relative humidity for 3–4 h,
at which time plating media was removed from the wells and replaced
with 100 μL ice-cold InVitroGro HI Media supplemented with Torpedo
Antibiotic Mix (Bioreclamation IVT Inc.), 5% FBS, and 225 μg/mL
matrigel. Cells were incubated overnight prior to compound treatment.

2.3. Preparation and plating of hepatocyte co-cultures

All co-culture hepatocyte plates used for purposes of the predictive
comparison described in this article were provided by Hμrel
Corporation (North Brunswick, New Jersey). Hμreldog™ utilized beagle
hepatocytes, Hμrelrat™ utilized Sprague Dawley hepatocytes, and
Hμrelhuman™ utilized IVT Inc. Lot/Donor #JGM hepatocytes, the same
lot used for the preparation of human monocultures described above.
All co-cultures were plated on collagen coated 96 well tissue culture
treated plates. Cryopreserved hepatocytes were removed from liquid
nitrogen and thawed quickly in a water bath at 37 °C. Hepatocytes were
transferred to a 50 mL conical tube containing 20 mL warm Hμrel
PlatinumHeps™ medium (proprietary composition), 9 mL percoll, 1 mL
of 10× Phosphate Buffer Saline (ThermoFisher Scientific) and cen-
trifuged at 500 ×g for 5 min at room temperature. After removing the
supernatant, the cells were re-suspended in PlatinumHeps™ medium
and cell number and viability were determined using trypan blue ex-
clusion. Non-parenchymal stromal cells (passages 10–20) were cultured
at 37 °C in a 5% CO2, 95% relative humidity atmosphere until used for
experimental plating. On plating day, cells were detached from the
plate surface using trypsin (0.25%), suspended in 15 mL DMEM
medium and centrifuged at 1000g for 7 min at room temperature. After
removing the supernatant, the cells were re-suspended in
PlatinumHeps™ maintenance medium and cell number and viability
were determined using trypan blue exclusion. Forty thousand, thirty
thousand, and twenty-five thousand hepatocytes were seeded in each
well of the 96-well dog, human and rat co-culture plates, respectively.
The non-parenchymal stromal cells were added to each well the next
day (proportion of non-parenchymal cells to hepatocytes proprietary).
The cells were co-cultured at 37 °C in a 5% CO2 for 6 days prior to
shipment to Sanofi. Co-culture plates were carefully shipped in
PlatinumHeps™ maintenance medium. Upon arrival at Sanofi, where
the plates were unpacked and shipping media was replaced with fresh
PlatinumHeps™ maintenance medium. The cells were then left to ac-
climatize overnight in an incubator at 37 °C in humidified atmosphere
containing 95% air and 5% CO2, prior to compound treatment.

2.4. Bile canaliculi analysis

To detect functional bile canaliculi we incubated hepatocytes with
2 mg/mL of 5(6)-carboxy-20,70-dichlorofluorescein diacetate (C-
DCFDA) for 10 min, washed with phenol red-free media, and imaged
using fluorescence microscopy.

2.5. Enzyme activity and bioanalysis of test compounds

All experiments were performed in 96-well tissue culture treated
plates with a compound incubation volume of 100 μl. On the day of the
experiment, cultures were incubated with 100 μM of 7-hydro-
xycoumarin, 5 μM of midazolam or 5 μM of dextromethorphan

E.I. Novik et al. Toxicology and Applied Pharmacology 336 (2017) 20–30

21



prepared in maintenance media at 37 °C and 5% CO2. Incubations were
stopped after 30 min and metabolite formation was monitored.
Metabolites assayed for were 1-OH midazolam, dextrorphan, 7-hydro-
xycoumarin glucuronide and 7-hydroxycoumarin sulfate. These are
indicative of CYP3A4, CYP2D6, UDP-glucuronyl transferase and sulfo-
transferase activity, respectively. The experiment was terminated by
removing 100 μl of supernatants which were immediately frozen at
−20 °C.

Formation of metabolites was measured using LC-MS/MS at Hμrel's
facilities. Samples were centrifuged at 1000g for 10 min before injecting
10 μl of each sample. The LC-MS/MS system comprised a Shimadzu LC-
10ADvp pump (Shimadzu, Columbia, MD, USA), SIL-HTS auto-sampler
(Shimadzu, Columbia, MD, USA), and an API 4000 mass spectrometer
with a Turbo Ion Spray probe (Applied Biosystems/MDS SCIEX,
Ontario, Canada). The separation of compounds was achieved using a
reversed stationary phase (Advantage ARMOR C-18, 5 mm,
30.0 mm–2.1 mm, Analytical Sales and Services, Inc., Pompton Plains,
NJ). A fast gradient using mobile phases of 0.1% formic acid in acet-
onitrile and water with 0.1% formic acid along with switching valves
and pumps was used for analysis. Phenomenex C18 Synergi
50 mm× 2.00 mm was used as the analytical column.

2.6. Compound selection and experimental design

29 compounds were selected for assessment of their hepatotoxic risk
in standard hepatocyte mono-culture following 24-hour exposure, and
in the Hμrel co-culture model following 24-hour exposure or, alter-
natively, following repeat exposure for 7 or 13 days (Table 1). The
compounds were grouped into two separate sample sets. Sample Set I
consisted of 19 compounds, of which thirteen were classified as hepa-
totoxicants and six as non-hepatotoxicants based on the literature
(O'Brien et al., 2006; Raja and Dreyfus, 2008; Xu et al., 2008). This
sample set included two pairs of structurally similar drugs with the
same clinical indication (troglitazone and rosiglitazone, bosentan and
macitentan). One member of each pair had produced DILI in patients
resulting in either drug withdrawal or a black box warning, and one had

no known liver toxicity. Each compound was tested in 24 h rat mono-
cultures to determine where 100% cell death was achieved, without
precipitation of compound, so that a TC50 could be calculated. The
concentration range for the subsequent assays was set based on these
data. Sample Set II consisted of ten drug candidates proprietary to Sa-
nofi, nine of which had been discontinued from development as a
prospective pharmaceutical either during late preclinical (in vivo)
toxicity studies or in clinical trials for reasons that included indications
of liver injury. The tenth compound served as a negative control. One of
these nine compounds generated markers of liver injury in rat and dog
studies, but with large safety margins; however, progression of the
compound was stopped in Phase I clinical trials due to elevation of liver
transaminases. Two compounds generated a positive liver signal in
preclinical animal studies and were discontinued before progressing to
Phase I. Another compound had no indication of a liver toxicity in
animal studies but liver toxicity was observed in Phase I trials, and was
discontinued. The negative control compound had shown no indication
of hepatotoxicity in pre-clinical studies and had never been progressed
into clinical trials.

2.7. Compound dosing

Compounds were weighed and solubilized in the appropriate ve-
hicle. For the majority of compounds, the vehicle was DMSO, however,
some compounds were solubilized directly in culture media.
Compounds solubilized in DMSO were dissolved at 400× the final
desired top concentration. Once solubilized, a 1:3 serial dilution series
was prepared in DMSO, for a total of 6 concentrations, with a final
DMSO concentration of 0.25%. In the case of compounds solubilized in
culture media or for the media control, DMSO was added to a level of
0.25% prior to addition to cells. For mono-cultures, 100 μl of compound
or control diluted in fresh hepatocyte culture media was added to cells
and incubated for 24 h. For co-cultures, the same procedure was used
for the 24 h time point, except that PlatinumHeps™medium was used as
diluent. For the 7-day co-culture incubations, 100 μl compound in
media was added on Day 0 of treatment, then replaced on Days 2, 4 and

Table 1
Compounds employed in the study. A. Sample Set I: 19 well-studied reference compounds. B. Sample Set II: Proprietary compounds of Sanofi that were discontinued during either pre-
clinical studies or clinical trials.

B.  SAMPLE SET 2

10 proprietary

compounds

discontinued from

drug development DILI Category

A Positive- Preclinical

B Negative- Preclinical

C Positive- Clinical

D Positive- Clinical

E Positive- Clinical

F Positive- Clinical

G Positive- Clinical

H Positive- Preclinical

I Positive- Preclinical

J Positive- Clinical

A.  SAMPLE SET 1

Compound

Clinical

DILI Therapeutic Category

FDA LTKB Drug Labeling for

DILI Concern

Probable / possible mechanism of

toxicity

Troglitazone

Positive

Antidiabetic Withdrawn- Most Concern Complex – multifactorial

Nefazadone Antidepressant Withdrawn- Most Concern Unknown – idiosyncratic

Benzbromarone Antigout agent Withdrawn- Most Concern Reactive metabolite mediated

Amiodarone Antiarrythmic Black Box Warning - Most Concern

Direct damage to lipidbilayers and

disturbance of lysosomal and/or

mitochondrial function

Flutamide Antineoplastic agent Black Box Warning - Most Concern

Unknown – idiosyncratic and not clearly

understood, may involve a toxic

intermediate

Bosentan Antihypertensive Black Box Warning - Most Concern Alterations in bile salt transport

Bicalutamide Antineoplastic agent Warning & Precaution - Most Concern

Unknown – idiosyncratic, may be caused

by toxic metabolites

Diclofenac NSAID Warning & Precaution - Most Concern

Idiosyncratic, possibly related to formation

of acyl glucuronide

Tacrine Cholinergics Warning & Precaution - Most Concern

Unknown - may involve a toxic

intermediate

Chlorpromazine Antipsychotic Adverse Reaction - Most Concern

Cholestatic – mechanism unknown,

hypersensitivity likely, may involve a toxic

intermediate

Cylophosphamide Antineoplastic agent Adverse Reaction - Less Concern Unknown – idiosyncratic

Acetaminophen

Analgesics and

Antipyretics Not Included Reactive metabolite mediated

Propranolol

Negative

Beta Blocker Warning & Precaution - Less Concern

Rosiglitazone Antidiabetic Not Included

Diphenhydramine Antidepressant Drugs of No Dili Concern

Isoproterenol NSAID Drugs of No Dili Concern

Kanamycin Antibiotic Drugs of No Dili Concern

Macitentan Antihypertensive Not Included

Primadone Anti-epileptic Drugs of No Dili Concern
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6 of treatment. For the 13-day co-culture incubations, 100 μl compound
in media was added on Day 0 of treatment, then replaced on Days 2, 4,
6, 8, 10 and 12 of treatment.

2.8. Cytotoxicity assessment and data analysis

All 96-well plates, both mono-culture and co-culture, were assayed
in an identical manner. Following completion of the desired treatment
period, Cytotoxicity was assessed using ATP content as a measure of cell
viability, and was quantitated using the Promega Cell Titer Glo®
(Promega Corp., Madison, WI) viability assay, performed 24 h after
treatment or in the case of the 7-day and 13-day tests, (24 h after Day 6
and Day 12 of dosing respectively). For all compounds tested 3 tech-
nical replicates were performed per concentration, therefore biological
replicate N = 1.

GraphPad Prism software was used to determine the compound
concentration that achieves the death of 50% of the cultured hepato-
cytes exposed to the compound (the TC50 value). The data are re-
presented as a ratio of a compound's TC50 value to its human average
maximum plasma concentration (Cmax) reported previously in the lit-
erature (the TC50/Cmax ratio) (O'Brien et al., 2006; Xu et al., 2008). A
TC50/Cmax ratio score of 100 or below was defined to be a positive
signal of hepatotoxicity (DILI). The TC50/Cmax ratio data was then used
to generate an additional, time-based ratio, calculated by dividing each
compound's TC50/Cmax value measured at 24 h after a single dose ad-
ministration by the compound's TC50/Cmax value measured at 7 days or
13 days following repeat-dose administration. This time-based toxicity
ratio therefore measures the degree of increase in toxic response after

the repeat-dose exposure, compared to the strength of response ob-
served after initial, 24-hour single-dose exposure.

3. Results

3.1. Hμrel co-culture model maintains hepatocyte functionality and
differentiated morphology

The cellular morphology and canalicular formation of the co-cul-
tures was characterized on the first day of dosing (Day 7) and had
optimal morphology (Supplemental data). Fig. 1 indicates the meta-
bolic competency and capacity of the co-culture to carry out Phase I and
Phase II metabolic processes in hepatocytes of the human, rat, and dog
species, respectively, with stable levels of enzyme activity spanning
14 days. Phase I enzyme activity was characterized in the human co-
culture model concurrently at Hμrel and at Sanofi for a range of me-
tabolic enzymes, including CYP450 isoforms 2D6 (Fig. 1A) and 3A4
(Fig. 1B), as a function of CYP-specific metabolite generation at a given
time point. Phase II enzyme activity was characterized concurrently at
Hμrel and Sanofi for the rat co-culture model, and at Hμrel for the dog
co-culture model, for a range of transformations including glucur-
onidation (Fig. 1C and E) and sulfation (Fig. 1D and F), as a function of
metabolite generation at a given time point. Phase II rat and dog en-
zymes were characterized as a function of 7-hydroxy coumarin and 7-
hydroxy coumarin glucuronide formation, respectively. The co-cultures
maintained hepatocyte morphology and functionality, including enzy-
matic activity, over the 14-day dosing period. Note that while metabolic
enzyme levels were measured over a 14 day period, dosing of the co-

Fig. 1. Characterization of Phase I and Phase II metabolite
formation of human, rat and dog co-cultures. All data is
represented in nanomoles/h/million cells. 1A, 1B: 14 day
time course of phase I metabolite formation of dextrophan
(mediated by CYP2D6) and phase I metabolite formation of
1-hydroxy midazolam (mediated by CYP3A4) in human co-
cultures at Hμrel and Sanofi. 1C, 1E: 14 day time course of
phase II formation of 7-hydroxy coumarin glucuronide (7-
HCG, mediated by UGTenzymes) in rat and dog co-cultures.
Rat data was generated at Hμrel and Sanofi, while dog was
generated at Hμrel only. 1D, 1F: 14 day time course of
phase II formation of 7-hydroxy coumarin sulfate (7-HCS,
mediated by sulfotransferase enzymes) in rat and dog co-
cultures. Rat data was generated at Hμrel and Sanofi while
dog was generated at Hμrel only.
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cultures was done over a 13 day period.

3.2. Increased cytotoxicity with repeat-dosing scheme in the co-culture
model

In all three species evaluated, increased cytotoxicity was observed
in co-cultures following repeat-dose exposure to the majority of the
hepatotoxic reference compounds, as compared to exposure for 24 h.
This is indicated by the lower TC50/Cmax ratios observed at the later
time points (Table 2). Although a decrease in TC50/Cmax ratios was also
evident for several non-hepatotoxicants, in these instances the ratio
values were> 100, correctly classifying these compounds as non-he-
patotoxic. In all instances except for tacrine, the greatest decrease in
TC50/Cmax values occurs between the 24-hour and the 7-day time
points. For example, non-linear regression curves for both acet-
aminophen and cyclophosphamide demonstrated an increase in cyto-
toxicity between the 24-hour single-dose exposure and the subsequent,
7-day and 13-day repeat-dose exposures in the human, rat and dog co-
cultures, with most of the increase occurring between 24 h and Day 7
(Fig. 2). Additional decreases in TC50/Cmax ratios occurred in some of
the compounds between Days 7 and 13. The most significant decrease
was observed for bosentan, where TC50/Cmax decreased from 104 on
Day seven to 41 on Day Thirteen in the human, 158 to 50 in the rat, and
102 to 63 in the dog co-culture models (2.5-, 3.2-, and 1.6-fold shifts
between Days 7 and 13, respectively).

3.3. Increased cytotoxicity detected in co-cultures with repeat-dosing as
compared to single-dose exposure to mono-culture hepatocytes

Table 2 also compares the TC50/Cmax ratios achieved at 24 h with
the human and rat mono-cultures, and at 24 h, 7 days, and 13 days with
the human, rat, and dog co-cultures, when exposed to the reference

compounds in Sample Set 1. Sensitivity and specificity scores based on
the TC50/Cmax ratios were calculated for each model at the relevant
time points (Table 2, dark grey boxes). All models correctly identified
the non-hepatotoxic compounds of Sample Set 1 and achieved a spe-
cificity score of 100%, despite the decrease in TC50/Cmax values ob-
served in the co-cultures with repeat-dosing.

The mono-culture of cryopreserved human hepatocytes identified
six of the 12 compounds as hepatotoxic, resulting in a sensitivity score
of 50%. Better sensitivity was observed with rat mono-cultures, which
identified nine true positives for a sensitivity score of 75%. The highest
sensitivity was achieved with the human and the rat co-cultures fol-
lowing 13 days' repeated exposure, each of which identified 10 True
Positives out of 12, resulting in sensitivity scores of 83%; and with the
dog co-culture at 13 days, which identified 11 True Positives out of 12
(sensitivity 92%). Overall, at 24 h the human and rat co-cultures did not
demonstrate greater sensitivity to hepatotoxicants compared to the
mono-cultures.

However, greater cytotoxicity was frequently observed in the co-
culture models following repeat exposure over 7 and 13 days, compared
to the toxicity observed after a single-dose, 24-hour treatment in either
of the mono-cultures. Relative sensitivities of the human 24-hour mono-
cultures and 13-day co-cultures are summarized in Fig. 3. Of the
nineteen compounds in Sample Set I, it was possible in the case of
thirteen compounds to compute a ratio of TC50 values comparing the
sensitivities of the two models. Of these, 13-day incubation in the co-
culture model demonstrated increased sensitivity (a lower TC50 value)
compared to 24-hour incubation in the mono-culture in nine instances
(69%), and decreased sensitivity in four instances (31%). For four other
compounds of Sample Set I (benzbromarone, cyclophosphamide, bica-
lutamide, and kanamycin), it was not possible to compute a definitive
ratio of the two models' TC50 values because toxicity was< 50% at the
highest compound concentration assayed in the mono-culture. For these

Table 2
Sensitivity and specificity of cytotoxic response to compounds of Sample Set I. A: Mono-culture of human cryopreserved primary hepatocytes after 24-hour single-dose treatment. B: Co-
culture of human cryopreserved primary hepatocytes after 24-hour single-dose treatment and at Days 7 and 13 after repeat-dose treatment every 48 h. C: Mono-culture of rat fresh
primary hepatocytes after 24-hour single-dose treatment. D: Co-culture of rat cryopreserved primary hepatocytes after 24-hour single-dose treatment and at Days 7 and 13 after repeat-
dose treatment every 48 h. E: Co-culture of dog cryopreserved primary hepatocytes after 24-hour single-dose treatment and at Days 7 and 13 after repeat-dose treatment every 48 h.

Compound Clinical DILI

Troglitazone

Positive

Nefazodone

Benzbromarone

Amiodarone

Flutamide

Bosentan

Bicalutamide

Diclofenac

Tacrine

Chlorpromazine

Cylophosphamide

Acetaminophen

True Positive

Total Positive

Sensitivity (%)

Human

C max (µM)

6.39

0.92

4.30

0.81

6.00

2.00

1.97

4.20

0.06

0.84

143.00

130.00

Human mono-

culture

TC50/ C max

24 hr

25

41

>104

41

25

382

>187

212

2,016

25

>84

45

6

12

50%

Human co -culture

TC50/C

24 hr 7 day 14 day

15 9 7

74 68 59

44 8 9

>215 15 11

>167 73 70

807 104 41

>187 >187 123

250 109 75

>4,048 2,349 1,381

83 36 33

>84 52 35

>308 60 43

4 8 10

12 12 12

33% 67% 83%

Rat mono-culture

TC50/ C max

24 hr

14

75

12

38

14

407

71

75

2,683

37

16

105

9

12

75%

Rat co -culture

TC50/C

24hr 7 day 14 day

13 13 17

76 86 53

29 12 7

>215 28 11

>167 75 69

469 158 50

>187 >187 >187

213 74 56

>4,048 1,937 635

83 30 31

>84 14 4

>308 87 75

4 9 10

12 12 12

33% 75% 83%

Dog co -culture

TC50/C

24 hr 7 day 14 day

13 12 14

83 69 70

37 9 9

>215 30 22

132 77 73

721 102 63

>187 141 70

184 59 59

>4,048 1,778 1,762

88 81 86

>84 2 2

>308 52 37

4 9 11

12 12 12

33% 75% 92%

0.20

1.04

0.30

0.006

72.20

0.30

4.67

525 1,350 465 310

432 678 408 327

510 >1,667 580 547

>83,333 >250,000 >250,000 >250,000

>554 >554 245 169

2,159 1,706 316 347

>298 >298 >298 >298

7 7 7 7

7 7 7 7

100% 100% 100% 100%

695 1,760 610 355

309 620 517 351

690 >1,667 800 383

>83,333 >250,000 >250,000 >250,000

285 >554 401 193

575 2,038 359 334

>298 >298 >298 >298

7 7 7 7

7 7 7 7

100% 100% 100% 100%

1,420 665 495

723 170 150

>1,667 >1,667 >1,667

>250,000 >250,000 >250,000

>554 >554 250

3,669 263 353

>298 >298 >298

7 7 7

7 7 7

100% 100% 100%

A B C D E

max max max

Propranolol

Negative

Rosiglitazone

Diphenhydramine

Isoproterenol

Kanamycin

Macitentan

Primidone

True Negative

Total Negative

Specificity (%)
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four compounds, the ratio was computed on the assumption that the
TC50 value achieved in the mono-culture model occurs at the highest
concentration assayed for each respective compound. For the final two
compounds of Sample Set I (primadone, isopreterenol), it was not

possible to compute a ratio of the relative sensitivities of the two
models' TC50 values because toxicity was measured below 50% at the
highest compound concentrations assayed in both models.

For a number of the compounds in Sample Set I, the TC50/Cmax

Fig. 3. Relative sensitivity of human 13-day co-culture and 24 h mono-culture to cytotoxicity. A ratio of the relative sensitivities was computed for thirteen compounds (solid bars). In
four instances, it was not possible to compute a definitive ratio but the 13-day incubation demonstrated increase sensitivity compared to the 24 h mono-culture (clear bars).

Fig. 2. Dose-dependent cytotoxicity after single and repeated treatments in primary cryopreserved hepatic co-cultures. Non-linear regression curves estimating dose-dependent cyto-
toxicity after single and repeated treatments of the Hμrel human, rat, and dog hepatic co-cultures with acetaminophen and cyclophosphamide, respectively. In each instance the greatest
increase in cytotoxicity was measured between 24 h and Day 7, with some additional increase measured between Day 7 and Day 13.
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values observed in the co-culture model when measured at 24 h were
higher than the equivalent measurements in the 24-hour mono-cul-
tures, but lower when assayed after 13-day repeat-dosing. For example,
with amiodarone, the human mono-culture exhibited a 24-hour TC50/
Cmax ratio of 41, whereas the human co-culture ratio was> 215 fol-
lowing 24-hour single-dose exposure, but subsequently decreased to 11
on Day 13. Thus, a repeat-dose treatment with amiodarone in the
human co-culture resulted in a TC50/Cmax value that is 3.7-fold lower
than the equivalent value obtained after 24-hour exposure in the mono-
culture, and that correctly identifies amiodarone as hepatotoxic. This
trend appears to apply across all species. 24-hour exposure to amio-
darone in the rat mono-culture resulted in a TC50/Cmax value of 38. In
the rat co-culture model, a value of> 215 was observed for amio-
darone following 24 h' single-dose exposure, which then decreased to a
value of 11 on Day 13 following repeat-dose exposure, correctly iden-
tifying the compound as hepatotoxic in rat at a TC50/Cmax value 3.5-
fold lower than the value obtained after 24-hour exposure in the mono-

culture. Similar patterns of results were observed for diclofenac,
chlorpromazine, benzbromarone (rat only), and bosentan (See Table 2).

3.4. Inter-species differences of hepatotoxic response

As presented in Table 2, a difference of sensitivity was observed in
the identification of hepatotoxicants by the rat and human mono-cul-
tures, with a lower incidence of True Positive predictions for human
than for rat (50% versus 75%). Sensitivity improved at 13 days in the
co-cultures of all three species. This pattern of results demonstrates the
value of a repeat-dosing scheme using long-term co-cultures capable of
improved over-all sensitivity.

Comparing among the three species' co-cultures, while the over-all
degree of cytotoxicity predicted by the preclinical (rat and dog) and the
human models was relatively similar for the majority of compounds
(Table 2), troglitazone, cyclophosphamide and acetaminophen ex-
hibited species-specific differences in levels and patterns of sensitivity

Fig. 4. Comparison of toxicity concentration curves in human, dog, and rat hepatic co-cultures after single-dose treatment at 24 h, and after 7-day and 13-day repeat-dose treatment every 48 h.
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(Fig. 4). Troglitazone had essentially identical sensitivity in the human,
rat, and dog co-cultures at 24 h but at Day 13 greater sensitivity was
observed in the human than in the pre-clinical models. Overall, cyclo-
phosphamide demonstrated less toxicity in human and different pat-

terns of toxicity in each pre-clinical species, requiring more time and
repeat-dosing to emerge fully in rat, and with the greatest sensitivity
being observed in dog. In the case of acetaminophen the human and
dog models appear more sensitive than does the rat model (Fig. 2).

Table 4
Time-based toxicity ratio signals, 24 h to 7 days; 24 h to 13 days. Sample Set 1. Using a cutoff value of 4.0, two compounds classified as non-hepatotoxic also generated positive toxicity
ratio signals: propranolol (24-hour-to-13-day ratio 4.4) and macitentan (24-h-to-7-day and 24-hour-to-13-day ratios of 5.4 and 4.9, respectively). Evaluated as a predictor of hepato-
toxicity, the time-based toxicity ratio signals produced sensitivity and specificity scores of 33% and 71% when applied to the compounds of Sample Set I.

Human Co -culture

24hr / 7day Toxicity Ratio

positive (>4); negative (<4)

Time -Based

Ratio Signal

24hr / 13day Toxicity

Ratio positive (>4);

negative (<4)

Time -Based

Ratio Signal

5.5

>14.5

7.8

>5.1

positive

positive

positive

positive

4.9

>19.3

19.7

>7.2

positive

positive

positive

positive

1.6

1.1

>2.3

>1

2.3

>1.7

2.3

>1.6

2.9

1.7

>2.9

1.0

>2.3

5.4

1.0

negative

negative

negative

negative

negative

negative

negative

negative

negative

negative

negative

negative

negative

positive

negative

2.0

1.3

>2.4

>1

3.3

>2.9

2.5

>2.4

4.4

2.1

>3.0

1.0

>3.3

4.9

1.0

negative

negative

negative

negative

negative

negative

negative

negative

positive

negative

negative

negative

negative

positive

negative

33%

67%

86%

14%

True Positive Calls

False Negative Calls

True Negative Calls

False Positive Calls

33%

67%

71%

29%

Compound Probable / possible mechanism of toxicity

Benzbromarone Reactive metabolite mediated

Amiodarone Direct damage to lipidbilayers

Bosentan Alterations in bile salt transport

Acetaminophen Reactive metabolite mediated

Troglitazone Complex – multifactorial

Nefazodone Unknown – idiosyncratic

Flutamide Unknown – idiosyncratic

Bicalutamide Unknown – idiosyncratic – mild

Diclofenac Idiosyncratic – probably related to acyl glucuronide formation

Tacrine Unknown – no good animal model

Chlorpromazine Cholestatic – mechanism unknown – hypersensitivity likely

Cyclophosphamide Unknown – idiosyncratic

Propranolol DILI negative

Rosiglitazone DILI negative

Diphenhydramine DILI negative

Isoproterenol DILI negative

Kanamycin DILI negative

Macitentan DILI negative

Primidone DILI negative

24h/7day tox ratio summary 24h/13day tox ratio summary

True Positive Calls

False Negative Calls

True Negative Calls

False Positive Calls

Table 3
Comparative cytotoxic responses of structurally related compounds with the same clinical indication. Sample Set I: troglitazone and rosiglitazone; bosentan and macitentan, measured by
TC50/Cmax. Sample Set II: anonymized compounds A and B, measured by TC50.

Rat co-culture

TC50/C max

Human co-culture

TC50/C max

Dog co-culture

TC50/C max

Compound
Human C max

(µM)
24 hr 7 day 13 day 24 hr 7 day 13 day 24 hr 7 day 13 day

Troglitazone 6.39 13 13 17 15 9 7 13 12 14

Rosiglitazone 1.04 620 517 351 678 408 328 724 170 150

Bosentan 2.00 469 158 50 807 104 41 721 102 63

Macitentan 0.30 2,038 359 334 1,706 316 347 3,669 263 353

Rat co-culture

TC50/Cmax

Human co-culture

TC50/Cmax

Dog co-culture

TC50/Cmax

Compound
Human C max

(µM)
24 hr 7 day 13 day 24 hr 7 day 13 day 24 hr 7 day 13 day

Cpd A--Sample

Set 2
N/A 178 105 79 289 168 150 197 125 115

Cpd B--Sample

Set 2 N/A >333 >333 >333 >333 >333 >333 >333 >333 >333

E.I. Novik et al. Toxicology and Applied Pharmacology 336 (2017) 20–30

27



3.5. Differences in response between compounds within same therapeutic class

Another important indicator of a cell-based model's predictive value
is its capacity to distinguish between structurally similar compounds
within the same clinical indication but with differing hepatotoxic po-
tential. Two pairs of chemically related compounds were included in
Sample Set I and another anonymized pair was included in Sample Set
II (See Table 3, compounds A and B). Troglitazone, an antidiabetic
agent withdrawn from the market in 2000 due to severe adverse liver
effects, was compared with rosiglitazone, an anti-diabetic that is still
marketed with no reports of hepatotoxicity. Bosentan, which has a
black box warning associated with moderate to severe elevations in
serum aminotransferases, was compared with macitentan, which does
not have a black box warning for hepatotoxicity. The co-cultures in all
three species correctly identified troglitazone and bosentan as the he-
patotoxic compound of each their respective, structurally related
compound pairs, whereas neither the rat nor human mono-cultures
correctly identified bosentan as a hepatotoxicant.

Following 13 days' repeat exposure, blinded compound A in Sample
Set II, disclosed as hepatotoxic in rats in vivo, demonstrated greater
cytotoxicity than blinded compound B, subsequently disclosed as
structurally related to compound A but having shown no evidence of a
hepatotoxic signal in vivo during preclinical studies.

3.6. Toxicity ratios afford a new, adjunctive time-based signal of
hepatotoxicity

To study the degree of increase in cytotoxic response after repeat-
dosing, time-based toxicity ratios were calculated by dividing each com-
pound's TC50/Cmax value assessed at 24 h after a single treatment, divided
by the TC50/Cmax value assessed after repeat-treatments, administered for
either 7 or 13 days (Table 2; Table 4). Based on evaluation of the ratios
produced by the non-hepatotoxicants in Sample Set I, a ratio value of 4.0
was selected as a cutoff, with values higher than 4.0 defined as positive
time-based toxicity ratio signals and values lower than the cutoff classi-
fied as negative signals. Of the twelve hepatotoxic compounds of Sample
Set I, four, benzbromarone, amiodarone, bosentan, and acetaminophen,
generated a positive time-based toxicity ratio signal. These compounds
also generated True Positive predictions of TC50/Cmax < 100 after re-
peat-dosing for both 7 and 13 days.

3.7. Retrospective application of time-based toxicity ratios to compounds
discontinued from drug development

24-hour-to-7-day and 24-hour-to-13-day time-based toxicity ratios
were computed for the ten compounds of Sample Set II; the results are
displayed in Columns C and D of Table 5. Because average maximum
plasma concentration data was not available for Sample Set II, the time-
based toxicity ratios were calculated from TC50 values (TC50 24 h/TC50

at 7 or 13 days) without reference to an arithmetic constant value for
Cmax. In this retrospective analysis, a positive ratio signal computed for
a compound that Sanofi had discontinued from development due to
observation of a liver toxicity signal is counted as a True Positive pre-
diction, whereas a positive ratio signal for the negative control com-
pound would be counted as a False Positive prediction.

The 24-hour-to-7-day toxicity ratio computations produced True
Positive signals of 23.4 and 4.1 for compounds E and I in human, re-
spectively. Compound E had produced liver signals in preclinical studies,
but with large safety margins that allowed progression to clinical trials;
however, compound E development was discontinued after producing
liver toxicity in Phase I clinical trials. Development of compound I was
discontinued due to the observation of liver toxicity in both dog and rat
preclinical studies. The 24-hour-to-13-day toxicity ratio computations
produced True Positive signals of 4.6, 4.3, and 11.3 in compounds E, H,
and I, respectively. Compound H had produced preclinical liver signals,
although this compound was discontinued during clinical trials primarily
due to lack of efficacy. No False Positive signals were generated, as the
time-based ratios computed for compound B, the negative control com-
pound, were 1.0 for both time periods evaluated. By way of comparison,
Columns A and B of Table 5 show the TC50 data for human and rat mono-
cultures treated with the compounds from Sample Set II for 24 h.

4. Discussion

Drug induced liver injury (DILI) remains a primary cause of drug
attrition in the clinic, manifesting through such diverse mechanisms as
cholestasis, hepatocellular necrosis, and inflammatory reactions (he-
patitis), among others. To address the need for better DILI prediction
earlier in the drug discovery and development process, a number of
hepatocyte-based in vitro models have been developed. These models
include “2D” monolayers of primary hepatocytes or cell lines such as

Table 5
Time-based toxicity ratios' retrospective prediction of liver signals arising in pre-clinical animal studies or in Phase I clinical trials in the anonymized compounds of Sample Set II. All ten
compounds were discontinued from development by Sanofi. While compound development was canceled for a variety of reasons, in vivo liver toxicity was observed in all compounds
except negative control Compound B. Time-based toxicity ratio signals of 4.0 or greater were computed for compounds E, H, and I.

Human Standard

Culture TC50

24hr

165

>500

30

47

195

>1000

81

>100

22

>250

Rat Standard

Culture TC50

Hµrelhuman
tm 

TC50

Toxicity Ratio

Hµrelhuman
tm 

TC
50

Toxicity Ratio

Hµrelhuman
tm

Co-culture TC50

Hµrelrat
tm

Co-culture TC50

24hr 24hr - 7day 24hr - 13day 24hr 7day 13day 24hr 7day 13day

62 1.7 1.9 289 168 150 178 105 79

>500 1.0 1.0 >333 >333 >333 >333 >333 >333

64 2.9 2.2 91 31 42 95 29 25

38 2.0 1.3 81 40 63 75 38 32

155 23.4 4.6 >375 16 82 >375 89 104

>1000 1.0 1.0 >1000 >1000 >1000 >1000 >1000 >1000

78 2.2 N/A 158 71 ** 88 75 74

>100 2.3 4.3 >300 132 69 >300 145 101

23 4.1 11.3 136 33 12 40 36 13

>250 1.0 1.0 >750 >750 >750 >750 >750 >750

Hµrel dog
tm

Co-culture TC50

24hr 7day 13day

197 125 115

>333 >333 >333

101 36 32

109 45 38

>375 92 140

>1000 >1000 >1000

131 72 **

>300 91 74

90 38 14

>750 >750 >750

Reason for withdrawal

Preclincal liver and kidney findings,

did not progress to clinical trial.

No preclinical liver findings

No preclinical liver findings, elevated

liver enzymes in clinic trials.

Preclinical liver findings, elevated

liver enzymes in clinical trials.

Preclinical liver findings, elevated

liver enzymes in clinical trials.

Preclinical liver findings, elevated

liver enzymes in clinical trials.

Preclinical liver findings, elevated

liver enzymes in clinical trials.

Preclinical liver findings, stopped for

lack of efficacy in clinical trials.

Preclincal liver findings, did not

progress to clinical trial.

Preclinical liver findings, elevated

liver enzymes in clinical trials.

A B C D E F G

Sanofi

Compound

A

B

C

D

E

F

G

H

I

J
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HepG2 and HepaRG, 2D co-cultures, 3D spheroids and bioprinted cul-
tures, perfusion systems and liver tissue slices (Lin and Khetani, 2016.
Yet despite many years of academic and industrial research, there re-
mains a distinct need to bridge the translational gap between in vitro
DILI models and DILI as it appears in vivo (Usta et al., 2015).

In this study, the utility of mono-cultures of fresh rat and cryopre-
served human hepatocytes to predict human hepatotoxicity was com-
pared with that of a model consisting of cryopreserved primary hepato-
cytes from human, rat or dog co-cultured with a stromal cell line. A total
of 29 compounds were studied, of which Sample Set I comprised 19 well-
characterized molecular entities, 12 hepatotoxicants and 7 non-hepato-
toxicants, for which human clinical data exists (Table 1). In addition,
Sample Set II comprised 10 compounds for which Sanofi has proprietary
data, 9 of which had been discontinued from drug development during
pre-clinical animal studies or during Phase I or II clinical trials in which
hepatotoxicity was detected. The compounds of Sample Set II were ret-
rospectively studied to see if a long-enduring primary hepatic co-culture
model might have identified the potential for hepatotoxicity that did not,
until relatively late in the process, present liver signals severe enough to
contribute to a decision to halt development (Table 5).

The data from Sample Set I show a concordance of 50–75% True
Positives in the mono-culture models, with human mono-culture sen-
sitivity being the lowest at 50% and greater sensitivity seen in fresh rat
hepatocyte mono-culture at 75% (Table 2). Higher sensitivity was at-
tained when these compounds were incubated in the rat or human
primary hepatocyte co-culture system for 13 days, with both species' co-
cultures scoring a sensitivity value of 83%. Sensitivity in the dog co-
culture was the highest of all the models assessed, at 92%. The co-
cultures' TC50/Cmax values measured at 24 h after a single treatment
were frequently higher (less sensitive) than those observed in the mono-
cultures. A possible explanation for this pattern of response is that the
co-cultures are innately more robust than the mono-cultures, and
therefore not only capable of maintaining their viability and cellular
competency longer, but also less susceptible to initial insult by any
given concentration of hepatotoxicant.

Fig. 2 shows the progression of toxicity over time for acetaminophen
and cyclophosphamide in the co-cultures, with some species-specific
differences evident with respect to both compounds. When exposed to
cyclophosphamide, the human co-cultures were the least sensitive, rat
co-cultures were intermediate, and dog co-cultures were the most
sensitive. More subtle but significant patterns of differences in toxicity
were seen over time when the three species were exposed to acet-
aminophen, with the rat co-cultures showing less sensitivity than either
the human or dog co-cultures. Inter-species comparisons such as these
are critical to determining the relative importance of the respective
species' signals for assessing potential human risk. One study found a
true positive human toxicity concordance rate of 71% for multiple
species, with non-rodents being predictive for 63% of human toxicity
and rodents alone for only 43% (Olson et al., 2000). Other reports have
indicated species specific differences in transporter mediated uptake
(Menochet et al., 2012) and metabolism (Drobna et al., 2010) of certain
compounds and have linked these metabolic differences to the resulting
hepatotoxicity. Having information of the type described here available
early in the discovery process can influence the choice to move a
compound into development, as well as provide additional insight into
which pre-clinical species would be best suited for that compound's in
vivo toxicology studies. Interspecies comparisons could also trigger
additional investigations to aid in determining the mechanism of the
differential response, further characterizing the liabilities of and aiding
in decision making on progression of a chemical series.

The data in Table 3 show the ability of the Hurel co-culture systems to
distinguish between structurally and functionally similar compounds with
differing hepatotoxic potential. Macitentan and bosentan are both en-
dothelin receptor antagonists, for the treatment of pulmonary arterial
hypertension. Bosentan has a black box warning for hepatotoxicity,
whereas macitentan is classified as a non-hepatotoxicant (Dingemanse

et al., 2014). Macitentan was not called as a positive in any species of co-
cultures, while bosentan was called as a hepatotoxicant in all species of
the co-cultures after 13 days of repeat-dose treatment. Bosentan toxicity
was detected only in the co-culture models and was not detected after 24-
h treatment in either of the mono-culture models. It has recently been
shown that bosentan produced cholestatic liver injury (Xu et al., 2015) in
humanized mouse livers due to BSEP inhibition, which may also account
for the results reported here. The longevity of the co-cultures may allow
the necessary time for the hepatocytes to produce and accumulate bile
acids in a sufficient quantity to produce a toxic outcome.

In an effort to explore whether additional, predictively useful in-
formation can be derived from the long-term repeat-dose methods de-
scribed here, time-based toxicity ratios were calculated by dividing each
compound's TC50/Cmax value measured at 24 h after a single dose by the
TC50/Cmax value obtained after repeat-dosing for either 7 or 13 days
(Table 4). In four instances (benzbromarone, amiodarone, bosentan, and
acetaminophen) positive time-based toxicity ratio signals arose from
Sample Set I compounds that were also correctly called positive by the
TC50/Cmax scores produced in the 13-day human co-culture assay. In the
other nine hepatotoxicants of Sample Set I, the time-based toxicity ratio
did not predict hepatotoxicity. Positive ratio signals were also observed
for macitentan and propranolol, two of the seven compounds listed as
non-hepatotoxic in Sample Set I, reducing the specificity of this new
metric when compared to the TC50/Cmax measurements applied to this
Sample Set Thus, utilized as straightforward numerical predictors of he-
patotoxicity, the time-based toxicity ratio generated sensitivity and spe-
cificity scorings significantly inferior to those afforded by the metric of
TC50/Cmax applied to 13-day repeat-dose assays in the co-cultures.

The reasons for this pattern of results are not currently understood.
However, all four instances in which positive time-based toxicity ratios
were observed for hepatotoxicants in Sample Set I occurred with
compounds known to exert their toxic effects through alterations in bile
salt transport (bosentan) (Fouassier et al., 2002), reactive metabolite
formation (benzbromarone) (Yoshida et al., 2017) and acetaminophen
(Ramachandran and Jaeschke, 2017), or alteration of lipid metabolism
(amiodarone) (Szalowska et al., 2014), phenomena generally not seen
without repeat dosing over extended time periods in animals. In con-
trast, in the case of all the Sample Set I reference hepatotoxicants that
produced negative ratio signals, the mechanism of action is classified in
the literature as unknown, complex multifactorial, or idiosyncratic.

Two compounds not associated with clinical or non-clinical hepato-
toxicity showed positive time-based ratio signals. Similarly to bosentan,
examination of the literature on macitentan indicates the compound is
capable of producing alterations in bile salt transport leading to choles-
tasis. Data has previously been generated which shows macitentan to be a
potent inhibitor of BSEP, OATP, and other hepatic transporters, and
therefore a compound capable of causing cholestatic hepatotoxicity; in-
deed, macitentan has been found to be a more potent inhibitor of those
transporters than the structurally similar compound bosentan, which has
a black box warning for hepatotoxicity (Raja and Dreyfus, 2008) and
which produced high time-based toxicity ratio signals of 7.8 and 19.7 in
the human co-culture after 7 and 13 days. Why bosentan is a hepato-
toxicant and macitentan may simply be due to the higher potency, and
therefore lower clinical dose requirement (~10-fold less) of macitentan
compared to that of bosentan, which affords a greater safety margin in the
case of macitentan (Dingemanse et al., 2014).

The time-based ratio signal of 4.4 calculated for propranolol was
just above the chosen cutoff value of 4.0The reason for the positive
time-based toxicity ratio signal being generated by this non-hepatotoxic
compound is not known. Propranolol may be an example of a com-
pound where additional studies conducted to enable a weight-of-evi-
dence decision on toxic potential would outweigh this finding and lead
to the correct conclusion of lack of relative risk. Propranolol's Cmax of
.20 μM is the lowest of any of the 19 compounds of Sample Set I, in-
cluding macitentan's low Cmax of .30 μM, suggesting that like maci-
tentan, propranolol's high potency may be a factor contributing to its
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non-hepatotoxicity (Table 2).
A further demonstration of the potential utility of the time-based

toxicity ratio can be seen in the data from the evaluation of the ten pro-
prietary Sanofi test compounds of Sample Set II. As shown in Table 5, three
of the nine compounds that were discontinued and had liver toxicity signals
produced positive time-based toxicity ratio signals that would have been
sufficient to raise concern about the hepatotoxic potential of these mole-
cules prior to or in parallel with the performance of pre-clinical animal
studies. In a weight-of-evidence approach to decision-making on compound
progression, these data may have enabled selection of other candidates
without this potential for adverse effects on the liver, or informed the
guidance provided to the medicinal chemists charged with minimizing the
toxic liabilities associated with lead and pre-candidate compounds.

The available information suggests that time-based ratio signals
may, if utilized as adjuncts to traditional TC50/Cmax or TC50 measure-
ments, enhance the process of lead selection and advancement as a part
of a comprehensive approach to early drug development. These ratios
may signal the presence of a toxic mechanism that requires repeat-
dosing over an extended time course in order to become evident; and
they may therefore assist in a comprehensive data-based assessment of
potential risk. Development decisions are seldom made on the basis of a
single data point, but the availability of data from an assay with reliable
predictive value can help to rank order compounds and flag compounds
for further evaluation and/or structural modification before a decision
to progress the compound is made.

In summary, the results of the present study indicate the potential of
long-enduring co-cultured primary hepatocytes to enhance the pre-
dictive capability of in vitro screens for hepatotoxicity. Conventional
screens using plated mono-cultures of freshly isolated primary hepa-
tocytes from rats, or cryopreserved primary hepatocytes from humans,
demonstrate less sensitivity in their ability to predict eventual outcome
in an in vivo preclinical or clinical setting than do the results obtained
from Hμrel co-cultures. Time-based toxicity ratios may further facilitate
early decision making by indicating the presence of a mechanism of
action that requires repeat-dosing to become evident. Availability of
this data early in the discovery/development process has the potential
to avoid late-stage failures in drug development programs.

While the data of the present study are interesting and suggest a
potential improvement in the ability to predict human hepatotoxicity,
there are clearly opportunities for further enhancement and improve-
ment. The current data are based on the quantitation of ATP produc-
tion. Although this endpoint is used routinely in cytotoxicity assays,
additional endpoints could further enhance the predictive value of this
assay system. The use of albumin secretion, for example, is one such
potential improvement. In addition, microRNA's are becoming im-
portant biomarkers of cellular toxicity that can, in some cases, precede
significant morphologic tissue damage and thus provide useful trans-
lational biomarkers. The use of miR122, for example, will be the subject
of further exploration to determine if this endpoint can improve the
overall predictive capability of the system.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.taap.2017.09.013.
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