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ABSTRACT

Cell-based high-content screening (HCS) assays have become an
increasingly attractive alternative to traditional in vitro and in vivo
testing in pharmaceutical drug development and toxicological
safety assessment. The time- and cost-effectiveness of HCS assays,
combined with the organotypic nature of human induced pluripo-
tent stem cell (iPSC)-derived cells, open new opportunities to employ
physiologically relevant in vitro model systems to improve screening
for potential chemical hazards. In this study, we used two human
iPSC types, cardiomyocytes and hepatocytes, to test various high-
content and molecular assay combinations for their applicability in a
multiparametric screening format. Effects on cardiomyocyte beat
frequency were characterized by calcium flux measurements for up
to 90 min. Subsequent correlation with intracellular cAMP levels was
used to determine if the effects on cardiac physiology were G-
protein-coupled receptor dependent. In addition, we utilized high-
content cell imaging to simultaneously determine cell viability, mi-
tochondrial integrity, and reactive oxygen species (ROS) formation in
both cell types. Kinetic analysis indicated that ROS formation is best
detectable 30 min following initial treatment, whereas cytotoxic
effects were most stable after 24 h. For hepatocytes, high-content
imaging was also used to evaluate cytotoxicity and cytoskeletal
integrity, as well as mitochondrial integrity and the potential for lipid
accumulation. Lipid accumulation, a marker for hepatic steatosis,
was most reliably detected 48h following treatment with test

compounds. Overall, our results demonstrate how a compendium
of assays can be utilized for quantitative screening of chemical
effects in iPSC cardiomyocytes and hepatocytes and enable rapid
and cost-efficient multidimensional biological profiling of toxicity.

INTRODUCTION
o date, toxicity testing of pharmaceutical and in-
dustrial chemicals, as well as environmental agents,
relies primarily on data derived from animal studies.
While in vivo models are still widely regarded as the
most acceptable testing systems for regulatory decision
making, the low throughput, high costs, regulatory pressure,
and the limited predictability of human biological responses
have led to the reduction of animal use being a primary goal
in toxicology.' However, these challenges welcome new
opportunities for novel in vitro and computational technolo-
gies as feasible alternatives to traditional animal testing. A
promising solution to overcome the limitations of traditional
toxicity testing lies in emerging high-throughput screening
(HTS) technologies to complement and potentially replace
in vivo testing.* Current federal initiatives to improve accep-
tance of HTS data in regulatory decision-making include the
Tox21 and ToxCast programs.®® Likewise, HTS is widely ap-
plied in pharmaceutical drug development to improve selec-
tion criteria to prioritize lead molecules for animal testing.”
HTS can be broadly divided into two categories: biochemical
assays and cell-based assays.>® While biochemical assays are
easily accessible, data interpretation is usually target specific.? To
date, cell-based HTS assays rely primarily on the use of tumor-
derived and primary cell lines and cover relatively narrow bio-
logical phenotypes, such as cell proliferation and/or cytotoxicity.
Consequently, there is a considerable demand to increase both
physiological relevance and multidimensionality of HTS assays.
Recent breakthroughs in stem cell technologies have re-
sulted in the development and widespread availability of
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induced pluripotent stem cell (iPSC)-derived cell types, or-
ganotypic cell culture models that resemble their somatic
counterparts both genetically and physiologically.'®'" In fact,
human iPSC-derived two- and three-dimensional culture
systems are considered to be highly physiologically relevant
and hold promise to overcome the limitations associated with
traditional cell lines and primary cells.'® A number of studies
have indicated the potential for iPSC cardiomyocytes and
hepatocytes to replicate cell-specific adverse effects of test
chemicals."”'* iPSC cardiomyocytes are a particularly
attractive in vitro model system due to their use for evaluation
of cardiac function, a challenging phenotype to model even
in animals.’® Likewise, iPSC hepatocytes retain metabolic
capacity on par with primary hepatocytes.'®

A major challenge for regulatory acceptance of the data from
HTS assays is in ensuring that tissue- and pathway-specific ef-
fects of chemicals can be captured. For example, cardiotoxicity
and hepatotoxicity can be induced by a variety of mechanisms,
including reactive oxygen species (ROS) formation, mitochon-
drial dysfunction, and disorders of lipid metabolism.'”~*° Thus,

simultaneous detection of various phenotypes through multi-
dimensional combination of high-content screening (HCS)
assays can provide valuable orthogonal information on a variety
of tissue- and pathway-specific endpoints.”"**

This study used iPSC cardiomyocytes and hepatocytes to
demonstrate the potential of a variety of HCS assay combinations
for testing the potential toxicity of chemicals and complex sub-
stances (Fig. 1). The overall aim was to improve in vitro toxicity
testing by reducing the time and cost of the assays while en-
hancing the mechanistic interpretation of the readouts so that
confidence in animal replacement tests is improved. In particular,
we demonstrate that intracellular calcium flux measurements to
assess effects on cardiomyocyte contractility can be successfully
combined with a competitive ELISA to determine G-protein-
coupled receptor (GPCR) activation, a mechanism by which car-
diotoxic compounds can induce chronotropic effects. Moreover,
we applied high-content imaging to simultaneously capture
effects on cell viability, mitochondrial integrity, and ROS for-
mation in iPSC-derived cardiomyocytes and hepatocytes. We also
demonstrate that imaging can be applied to assess cytoskeletal
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Fig. 1. Assay plexing for multidimensional toxicity screening of iPSC-derived cardiomyocytes and hepatocytes. In this study, we present a
combinatorial approach to comprehensively assess cardiotoxic and hepatotoxic effects of test chemicals in vitro through screening of
cardiophysiologic effects (calcium flux and GPCR activity assays, plate 1) and high-content imaging-based determination of cytotoxicity,
mitochondrial integrity, ROS formation, cytoskeletal integrity, and lipid accumulation (plates 2-5). GPCR, G-protein-coupled receptor; iPSC,

induced pluripotent stem cell; ROS, reactive oxygen species.
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integrity and lipid accumulation, an indicator of hepatocellular
steatosis, in iPSC-derived hepatocytes.

MATERIALS AND METHODS
Chemicals and Biologicals

iCell Cardiomyocytes (Catalog No. CMC-100-010-001; Lot
No. 1031999) and Hepatocytes (Catalog No. PHC-100-020-001;
Lot No. 1636 and 1208), including plating and maintenance
media, were purchased from Cellular Dynamics International
(Madison, WI). EarlyTox Cardiotoxicity Kits, including refer-
ence standards isoproterenol, propranolol, and sotalol, and
CatchPoint cAMP GPCR assay kits were purchased from
Molecular Devices, LLC (Sunnyvale, CA). B-27 medium sup-
plement, CellROX Deep Red reagent, gentamicin (50 mg/mL),
Hank’s Balanced Salt Solution, HCS LipidTOX Deep Red
reagent, Hoechst 33342, MitoTracker Orange CMTMRos
reagent, penicillin/streptomycin solution, and RPMI 1640 me-
dium were obtained from Life Technologies (Grand Island, NY).
3-Isobutyl-1-methylxanthine, amiodarone hydrochloride, ci-
sapride monohydrate, crizotinib, doxorubicin hydrochloride,
formaldehyde solution, forskolin, Krebs-Ringer bicarbonate
buffer (KRBG), sodium bicarbonate, and tetraoctylammonium
bromide (TAB) were all obtained from Sigma-Aldrich (St. Louis,
MO). Dimethyl sulfoxide (DMSO0), dexamethazone, hydrogen
peroxide (3%), menadione, recombinant oncostatin M, and
sunitinib were purchased from Fisher Scientific (Waltham, MA).

Cardiomyocyte Cell Culture

iCell Cardiomyocytes were plated and maintained in tissue
culture-treated 384-well plates according to instructions pro-
vided by Cellular Dynamics International. Microplates were
prepared by adding 25 pL of a 0.1% (w/v) gelatin solution per well
and subsequent incubation for 2h at 37°C and 5% CO,. Vials
containing iCell Cardiomyocytes were removed from vapor phase
liquid nitrogen storage immediately before plating and thawed
for 4 min in a water bath at 37°C. The contents of a single vial
were then resuspended in a total of 10 mL plating medium con-
taining 1:500 (v/v) penicillin/streptomycin solution at room
temperature. Cell density of the suspension was routinely tested
by microscopic analysis of trypan blue-stained cells using dis-
posable hemocytometers. Based on the determined cell density,
the cell suspension was diluted in plating medium to provide a
final cell concentration of 2 x 10° viable cells/mL. Subsequently,
the gelatin solution was aspirated from the microplate and 25 pL
of cell suspension was added per well, resulting in an estimated
cell density of 5,000 viable cells/well. Plates were kept at room
temperature for ~ 30 min before they were incubated at 37°C and
506 CO,. Forty-eight hours following cell seeding, the plating
medium was exchanged with 30 uL of maintenance medium

containing 1:500 penicillin/streptomycin. Maintenance medium
was subsequently changed every other day for 12 days. On the
evening before an experiment, the medium was exchanged and
replaced by 25 pL of fresh medium.

Hepatocyte Cell Culture

iCell Hepatocytes were plated and maintained in collagen I-
coated 384-well plates according to instructions provided by
Cellular Dynamics International. Briefly, cryopreserved iCell
hepatocytes were thawed for 3 min in a water bath at 37°C.
After thawing, cells were resuspended in plating medium
[RPMI containing 0.1 uM dexamethasone, 2% (v/v) B27 sup-
plement, 25 ug/mL gentamicin, 20 ng/mL oncostatin M, and
2% (v/v) iCell Hepatocyte medium supplement] to yield a final
cell density of 7.2 x 10° cells/mL. As for cardiomyocytes, cell
density and viability were assessed using the trypan blue
exclusion test. Twenty-five microliters of cell suspension was
plated per well, resulting in a theoretical plating density of
1.8 x 10* viable cells/well, and plates were incubated at room
temperature for ~30 min before they were incubated at 37°C
and 5% CO,. Plating medium was replaced after the first 4h
and subsequently every day for 4 days. Four days following
cell seeding, the plating medium was exchanged with 25 pL/
well maintenance medium (RPMI, 0.1 uM dexamethasone, 2%
(v/v) B27 supplement, 25 pug/mL gentamicin, and 2% (v/v)
iCell hepatocyte medium supplement). Maintenance medium
was replaced every other day until the day of measurements.

Preparation of Test Chemicals and Treatment
of iCell Cardiomyocytes and Hepatocytes

Test chemicals were prepared as 100x concentrated stocks in
pure DMSO and serially diluted in either log or semilog format.
In addition, samples of two commercial gas oils were prepared
by extracting 5mL of a gas oil into 20 mL DMSO using the
American Society for Testing and Materials standard proce-
dure.?® Following solvent evaporation, the extract was weighed
and subsequently resolubilized in 4 mL DMSO. Chemical master
plates were stored at —20°C until further use. On the day of the
experiment, master plates were thawed and 5 pL of each sample
was diluted into 95 pL of the medium per well in a 384-well 5x
concentrated working solution plate. Dilutions of each con-
centration were prepared in triplicate. These working solution
plates were equilibrated at 37°C and 5% CO, before appropriate
volumes were transferred to the assay plates.

Calcium Flux Measurements

Calcium flux in cardiomyocytes was assessed using the
instructions provided by the EarlyTox Cardiotoxicity Kit from
Molecular Devices, LLC (Table 1). Briefly, cells in 25 pL me-
dium per well were equilibrated for 2 h at 37°C in the presence
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Table 1. Calcium Flux and GPCR Activity Measurements in iPSC Cardiomyocytes

Step Parameter Value Description
1 Dispense gelatin solution 25pul 0.1% Gelatin in water
2 Incubation time 2h 37°C
3 Plate cells 25 ul 5.0 10° iCell cardiomyocytes
4 Incubation time 12 days 37°C, 5% CO,
5 Change media 25l Every other day
6 Dispense 2x staining solution 25l EarlyTox Cardiotoxicity Kit
7 Incubation time 2h 37°C, 5% CO,
8 Reading Ex: 470-495nm, Em: 515-575nm FLIPR Tetra®
9 Library compounds 12.5 uL 5x Conc. stock
10 Incubation time 10, 30, 60, 90 min 37°C, 5% CO,
11 Reading Ex: 470-495nm, Em: 515-575nm FLIPR Tetra
12 Wash Once With KRBG
13 Dispense stimulation buffer 15 ulL 0.75mM IBMX in KRBG
14 Incubation time 10 min 37°C, 5% CO,
15 Dispense buffer control or positive control 7.5l PBS or 3x forskolin
16 Incubate 15 min 37°C, 5% CO,
17 Dispense lysis buffer 7.5l CatchPoint cAMP Fluorescent Assay Kit
18 Incubation time 10 min Room temperature, shaking plates
19 Dispense cell lysate or cAMP calibrator 20 ul CatchPoint cAMP Fluorescent Assay Kit
20 Dispense anti-cAMP antibody working solution 20l CatchPoint cAMP Fluorescent Assay Kit
21 Incubation time 5min Room temperature
22 Dispense horseradish peroxidase-cAMP conjugate 20 L CatchPoint cAMP Fluorescent Assay Kit
23 Incubation time 2h Room temperature
24 Wash Four times, 80 pL CatchPoint cAMP Fluorescent Assay Kit
25 Dispense substrate solution 50 pl CatchPoint cAMP Fluorescent Assay Kit
26 Incubation time 10 min Room temperature, in the dark
27 Reading Ex: 470-495nm, Em: 515-575nm FLIPR Tetra
Step Notes
1. Plate: black, clear bottom 384-well plate (No. 353962; Corning, NY).
3. Remove gelatin solution before plating cells.
5. For cell maintenance, 25 pL of medium was exchanged every other day. On the evening before the experiment, old medium was replaced with 25 plL fresh medium.
9. Final DMSO concentration on assay plate: 1%.
12. KRBG: Krebs-Ringer bicarbonate buffer with glucose, pH 7.4.
13. IBMX: 3-isobutyl-1methylxanthine.
15. Thrice forskolin: 60 uM in PBS (final concentration: 20 pM).
19. Dispense samples to a 384-well plate coated with goat anti-Rabbit IgG.
DMSO, dimethy! sulfoxide; GPCR, G-protein-coupled receptor; iPSC, induced pluripotent stem cell; PBS, phosphate-buffered saline.
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of 25 puL of prewarmed calcium dye reagent. Before treatment
with test chemicals, basal calcium flux was recorded at 515-
575nm following excitation at 470-495nm for 100s in
0.125s read intervals using the FLIPR tetra plate reader
(Molecular Devices). The exposure time per read was 0.05s,
the gain was set to 2,000, and the excitation intensity was set
to 30%. The instrument temperature was kept at a constant
37°C. Test chemicals (12.5pul of 5x concentration working
solutions) at the appropriate concentrations were added si-
multaneously to all wells using the instrument-specific au-
tomated liquid handler. Between subsequent readings at 10,
30, 60, and 90 min, cells were incubated at 37°C and 5% CO,.

Preparation of Cell Lysates for GPCR Activity Assay
Following completion of calcium flux measurements,
media containing calcium dye were aspirated and cardio-
myocytes were washed with 80 uL. of KRBG (pH 7.5) before
15 uL of stimulation buffer (KRBG containing 800 nM IBMX)
was added (Table 1). After 10 min of incubation at room
temperature, 7.5 uL of either phosphate-buffered saline (PBS)
(sample wells and negative controls) or 60 pM forskolin in PBS
(positive controls) was added. Cells were incubated for 15 min
at 37°C before the addition of 7.5 pL of lysis buffer (supplied as
part of the CatchPoint GPCR assay kit). Microplates were then
gently mixed on a plate shaker for 10 min to facilitate cell lysis.

GPCR Activity Assay

cAMP formation in iCell Cardiomyocytes was assessed
using the CatchPoint cAMP Fluorescent Assay Kit from Mo-
lecular Devices, LLC (Table 1). Twenty microliters of iCell
cardiomyocyte lysates and a series of 20 puL samples of cAMP
standards (n> 6 wells per standard) covering a concentration
range of O to 3,300 nM were transferred to a 384-well plate
containing goat anti-rabbit IgG-coated wells. Subsequently,
20 pL of a rabbit anti-cAMP antibody solution was added to
all wells, except for those that were used for fluorescence
background evaluation. In these wells, 20 pL. of cAMP assay
buffer was added instead. Following gentle shaking for 5 min,
20 puL of horseradish peroxidase-cAMP conjugate was added
per well and samples were incubated for 2h at room tem-
perature. Then, wells were washed four times with 80 pL wash
buffer before 50 pL stoplight red substrate solution was added.
After 30 min of incubation at room temperature in the dark,
fluorescence intensity at 590nm following excitation at
530 nm was recorded in all wells using the FLIPR tetra in-
strument (Molecular Devices). cAMP concentrations in cell
lysates were then determined using a cAMP standard curve.
The sigmoidal curve was fitted to a four-parameter nonlinear
regression model using the following equation: y=(A—D)/

(1+[x/C)Y), where x and y are log values of cAMP concentra-
tions and relative fluorescence intensities at 590 nm, respec-
tively. Moreover, in this equation, A and D represent the
minimum and maximum asymptotes, B the Hill slope, and C
the inflection point (ECsp). Curve fitting and data processing
were achieved in Prism 5.0 (Graphpad Software, La Jolla, CA).

High-Content Cell Imaging

For determination of ROS formation, cytotoxicity, and
mitochondrial integrity, iPSC cardiomyocytes (50 uL total
volume per well) and hepatocytes (25 pL total volume per well)
were treated with test chemicals for 30, 60 min, 12, and 24 h
(Table 2). Following treatments, 2X concentrated staining so-
lution (maintenance medium containing 4 pg/mL Hoechst
33342, 0.4 uM MitoTracker Orange, and 10 M CellROX Deep
Red) was added and cells were incubated for an additional
30 min at 37°C. Then, cells were washed in the medium before
they were fixed for 15min in 25 L of 3.7% formaldehyde
solution. Cells were then washed thrice with PBS (final volume
25 uL). Cell imaging was then conducted using the ImageX-
Press Micro XL system (Molecular Devices). Image acquisition
for Hoechst nuclear stain was achieved using the DAPI filter,
and MitoTracker and CellROX probes were detected using the
Cy3 and C5 filters, respectively. For determination of cyto-
skeletal integrity and lipid accumulation (Table 3), iPSC he-
patocytes were treated with test chemicals for 48 h before they
were fixed for 15 min in 25 pL 3.7% formaldehyde. Cells were
then washed with PBS and treated for 1 hour with 25 puL 0.02%
saponin and 2% fetal bovine serum in PBS. Next, cells were
incubated for 2 h at room temperature in 25 pL 165 nM Alexa
Fluor® 488 Phalloidin solution, followed by 20 min of stain-
ing with 25 puL of 4 pg/mL Hoechst 33342. Cells were then
washed twice in PBS before 25 pL LipidTOX Deep Red reagent
(1,000x diluted in PBS) was added to each well. Approxi-
mately 1 h following addition of the LipidTOX reagent, images
were acquired using the DAPI (Hoechst 33342), FITC (Alexa
Fluor 488 Phalloidin), and Cy5 (LipidTOX) filters. Images were
processed and quantified using the multiwavelength cell
scoring application module in MetaXpress software (Mole-
cular Devices).

Assay Quality Controls

To evaluate the quality of an assay and the applicability of a
particular test chemical to serve as a control substance in an
HCS, we either determined the coefficient of variation (% CV)
or a Z'-factor analysis, where appropriate. In this study, ve-
hicle (1% v/v DMSO in media)-treated cells served as negative
controls, whereas compound-treated cells were treated as
positive controls. The % CV value is defined as the standard
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Table 2. High-Content Imaging Analysis of Cytotoxicity, Mitochondrial Integrity, and Reactive Oxygen

Species Formation in iPSC Cardiomyocytes and iPSC Hepatocytes

Step Parameter Value Description
1 Dispense gelatin solution 25puL 0.1% Gelatin in water
2 Incubation time 2h 37°C
3 Plate cells 25 ul 5.0 10° (iCell cardiomyocytes)
1.8x10* (iCell hepatocytes 2.0)
4 Incubation time 12 days (iCell cardiomyocytes) 37°C, 5% CO,
8 days (iCell hepatocytes 2.0)
5 Change media 25/40 pL (iCell cardiomyocytes) Every other day (iCell cardiomyocytes)
25/20 pL (iCell hepatocytes 2.0) Every day or every other day (iCell hepatocytes 2.0)
6 Library compounds 10 pL (iCell cardiomyocytes) 5x Conc. stock
5 pL (iCell hepatocytes 2.0)
7 Incubation time 0.5, 1,12, and 24 h 37°C, 5% CO,
8 Dispense 2x staining solution 50 pL (iCell cardiomyocytes) 4 pg/mL Hoechst, 400 nM MitoTracker® Orange,
25 L (iCell hepatocytes 2.0) 10 uM CellROX® Deep Red Reagent in PBS
g Incubation time 30min 37°C
10 Wash Twice With PBS
1 Dispense fixation solution 25l 3.7% Formaldehyde in PBS
12 Incubation time 15 min Room temperature
13 Wash Three times With PBS
14 Dispense PBS 25l
15 Acquire images 20X objective With DAPI, Cy3 and Cy5 filters
Step Notes

1. Plate for iCell cardiomyocytes: black, clear bottom 384-well plate (No. 353962; Corning).
1, 2. These steps are for iCell cardiomyocytes.
3. iCell cardiomyocytes: Remove gelatin solution before plating cells.
Plate for iCell cardiomyocytes: Collagen I-coated, black, clear bottom 384-well plate (No. 356667; Corning).
5. iCell cardiomyocytes: For cell maintenance, 25 plL of medium was exchanged every other day. On the evening before the experiment, old medium was replaced with
40 pL fresh medium.
iCell hepatocytes 2.0: Plating medium was replaced after the first 4 h and subsequently every day for 4 days. Four days following cell seeding, the plating medium was
exchanged with maintenance medium. Maintenance medium was replaced every other day until the day of measurements. On the evening before the experiment, old
medium was replaced with 20 pL fresh medium.
6. Final DMSO concentration on assay plate: 1%.
15. ImageXpress was used for image acquisition. Images were acquired within 2 h.

deviation of the vehicle controls. Z'-factors were calculated
for cell viability, mitochondrial integrity, and cytoskeletal
integrity assays and they were based on the following for-
mula: Z'-factor=1-[(3 % (o, +pn)/(|ta—Hpl)]. In this equa-
tion, u, and o, and u, and o, represent the means and
standard deviations of positive (p) and negative (n) controls.
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Depending on the respective assays, numbers of negative
controls ranged between 9 and 28 and numbers of positive
controls ranged between 3 and 28. To exclude the possibility
of vehicle-mediated effects, wells containing untreated cells
in media were included on every microplate and results
compared with vehicle-treated ones.
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Table 3. High-Content Imaging Analysis of Cytotoxicity/Cytoskeletal or Mitochondrial Integrity/Lipid

Accumulation in iPSC Hepatocytes

Step Parameter Value ‘ Description

1 Plate cells 25puL 1.8x10* iCell hepatocytes 2.0

2 Incubation time 8 days 37°C, 5% CO,

3 Change media 25/20 plL Every day or every other day

4 Library compounds 5pul 5x Conc. stock

5 Incubation time 48 h 37°C, 5% CO,

6 Dispense 2x staining solution 25l 4 pg/mL Hoechst, 400 nM MitoTracker Orange in PBS (mitochondria/lipid staining)

7 Wash Twice With PBS

8 Dispense fixation solution 25puL 3.7% Formaldehyde in PBS

9 Incubation time 15min Room temperature

10 Wash Three times With PBS

11 Dispense permeabilization solution 25 ul 0.02% Saponin plus 2% FBS in PBS (cytotoxicity/cytoskeleton staining)

12 Incubation time 10 min Room temperature 10 min: mitochondria/lipid staining 1h: cytotoxicity/cytoskeleton staining
1h

13 Dispense actin staining solution 25 ul 5 units/mL Alexa Fluor® 488 Phalloidin at in PBS (cytotoxicity/cytoskeleton staining)

14 Incubation time 2h Room temperature (cytotoxicity/cytoskeleton staining)

15 Wash Three times With PBS (cytotoxicity/cytoskeleton staining)

16 Dispense nuclei staining solution 25 ul 2 pg/mlL Hoechst in PBS (cytotoxicity/cytoskeleton staining)

17 Incubation time 20 min Room temperature (cytotoxicity/cytoskeleton staining)

18 Wash Three times With PBS

19.1 Dispense PBS 25l

19.2 Dispense neutral lipid staining solution 25ul 1% HCS LipidTOX® Deep Red neutral lipid stain in PBS (mitochondria/lipid staining)

20 Acquire images 20x objective | With DAPI, Cy3 and Cy5 filters

Step Notes

1. Plate: Collagen I-coated, black, clear bottom 384-well plate (No. 356667; Corning).

3. Plating medium was replaced after the first 4 h and subsequently every day for 4 days. Four days following cell seeding, the plating medium was exchanged with
maintenance medium. Maintenance medium was replaced every other day until the day of measurements. On the evening before the experiment, old medium was
replaced with 20 uL fresh medium.

4. Final DMSO concentration on assay plate: 1%

6, 19.2. These steps are for mitochondria and lipid staining.

11, 13-17, 19.1. These steps are for cytotoxicity and cytoskeletal staining.

20. ImageXpress was used for image acquisition.
HCS, high-content screening.

Curve Fitting and Determination of Point-of-Departure lationship in individual experiments, normalized data for
Concentrations each chemical and endpoint were used to fit a concentration-
Concentration-response data, excluding those determined response quantitative logistic function as detailed else-
for cAMP formation, were initially normalized to vehicle (1% where.!? Point-of-departure (POD) values were defined as the
DMSO) controls. To evaluate the concentration-response re- concentrations at which the concentration-response curve
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increases or decreases more than one standard deviation of the
vehicle controls.

RESULTS
Combined Calcium Flux and GPCR Activity
Measurements in iPSC Cardiomyocytes

Effects of test chemicals on cardiomyocyte beating frequency
were determined by intracellular calcium flux measurements
using the FLIPR tetra instrument. Reference chemicals in-

cluded a positive chronotrope (isoproterenol), a negative
chronotrope (propranolol), two potassium channel blockers
(cisapride and sotalol), and three cytotoxic agents (TAB,
menadione, and doxorubicin). Calcium flux measurements in
untreated (cell medium added) and vehicle-treated cardio-
myocytes indicated a decrease in the beat frequency 10 min
and 30 min following cellular manipulation (i.e., addition of
chemicals or vehicle into wells); the beating frequency had
recovered to basal levels after one hour (Fig. 2A). There were
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Fig. 2. Assessment of cardiophysiologic effects of isoproterenol (green circle), TAB (red square), cisapride (blue triangle), propranolol (orange
triangle), sotalol (gray diamond), doxorubicin (open black circle), menadione (open purple square), sunitinib (open green triangle), crizotinib (open
blue triangle) by combined calcium flux monitoring, and cAMP formation. (A) Basal cardiomyocyte beat frequencies after o (preread), 10, 30, 60,
and 9o min following addition of 1:5 (v/v) medium or vehicle (1% DMSO in medium). (B, C) Concentration—response plots showing effects of drugs
on cardiomyocyte beat frequencies after 30 and 9o min. The potential for GPCR activation was assessed by measuring intracellular cAMP levels
by competitive ELISA. (D) Evaluation of GPCR assay controls: background fluorescence at 590 nm was determined using cAMP-free assay buffer
and omitting Rabbit anti-cAMP antibody. Treatment with cell medium and vehicle was used to determine basal cAMP levels in cardiomyocytes;
stimulation of cells with 20 uM forskolin was used as a positive control, resulting in maximum cAMP formation and competitive repression of the
cAMP-horseradish peroxidase signal. (E) Concentration-response plots of drugs that did not, or only slightly, affect GPCR activity in cardio-
myocytes. (F) Concentration-response plots of three drugs that significantly (twofold or more) increased cAMP formation in cardiomyocytes. Data
points in all plots represent mean+SEM of at least three replicates. DMSO, dimethyl sulfoxide; TAB, tetraoctylammonium bromide.
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no significant differences in untreated and vehicle-treated cells
after 60 and 90 min, and the baseline cell function parameters
being recorded in this study were similar to those reported pre-
viously.'*'? The % CV for calcium flux measurements 90 min
following exposure to test chemicals was determined as 6%, and
consequently the assay was capable of detecting a deviation of
18% from the mean of vehicle-treated cells (Table 4).

As early as 30 min following initial exposure to test che-
micals, expected phenotypic responses could be observed for
all reference compounds. However, after 60 min, the con-
centration-response profiles were much clearer and provided
a reliable readout until at least 90 min, with isoproterenol
being the only drug to induce a concentration-dependent
increase in the cardiac beat frequency (Fig. 2B, C). Increases in
cardiomyocyte beating frequency (beats per minute) at con-
centrations higher than 0.1 uM were all statistically signifi-
cant (P<0.001), just as decreases in cardiomyocyte beat rates
observed for TAB (=0.01 uM), cisapride (0.1 uM), crizotinib
and propranolol (=1 uM), and menadione, sunitinib, and so-
talol (=10 uM). In addition, it should be noted that isoproter-
enol, cisapride, and sotalol were all excellent qualitative
reference compounds for their respective phenotypes (data not
shown). Propranolol was found to be an acceptable control;
however, its negative chronotropic effects were most stable at
the earlier time points (10-30 min).

After 90 min of calcium flux measurements, cells were used
in a competitive ELISA to determine intracellular cAMP levels.

Table 4. Assay Quality Control-iCell Cardiomyocytes

Increases in cAMP formation are an indicator of GPCR acti-
vation, a mechanism by which cardiotoxic chemicals can
induce chronotropic effects. cAMP formation in positive
controls was stimulated with 20 uM forskolin and resulted in
suppression of the fluorescence signal to background levels
(Fig. 2D). The % CV, based on variability of cAMP concen-
trations in vehicle-treated cardiomyocytes, was 12% and
therefore increases in cAMP formation of 36% or more are
detectable in this assay (Table 4). Most of the reference che-
micals did not, or only marginally, affect intracellular cAMP
levels (Fig. 2E); however, crizotinib, sunitinib, and isopro-
terenol increased cAMP levels three to ninefold (Fig. 2F).

High-Content Imaging of iPSC Cardiomyocytes
Cytotoxicity, mitochondrial integrity, and ROS formation
in iPSC cardiomyocytes were comprehensively assessed by
high-content imaging after 30 min, 1, 12, and 24 h (Fig. 3).
Vehicle controls for all three probes did not differ from un-
treated cells across all time points (Fig. 3, left column).
Concentration-effect profiles for cell viability and mito-
chondrial integrity correlated well for TAB, doxorubicin,
menadione, and crizotinib at all time points. Z'-factor
analysis provided supporting evidence for the utility of TAB,
menadione, and crizotinib for HCS applications of cell via-
bility and mitochondrial integrity, yielding Z'-factors
ranging between 0.7 and 0.8 (Table 4). By contrast, ROS
formation was best observed after just 30 min in cells treated

Assay Description Control %CV? Z/-factor®

Calcium flux Cardiomyocyte beating assay 90 min 1% DMSO in media 6%

cAMP formation GPCR activation 90 min 1% DMSO in media 12%

ROS formation Cytotoxicity measurement 30 min 1% DMSO in media 1%

Cell viability Cytotoxicity measurement 30 min, 24h TAB (50 uM) 0.8, 0.7
Menadione (100 uM) 0.8 (24h)
Crizotinib (100 M) 0.8, 0.8

Mitochondrial integrity Cytotoxicity measurement 30 min, 24h TAB (50 uM) 0.8, 0.8
Menadione (100 uM) 0.8 (24h)
Crizotinib (100 uM) 0.8, 0.8

“Standard deviation expressed as percentage of the mean of vehicle-treated controls, calculated from 28 calcium flux, 12 cAMP formation, and 9 ROS formation
replicates, respectively.

®Calculated from 9 negative and 3 positive control replicates. Z' values separated by a comma represent determinations following cell viability measurements after 30 min
and 24 h, respectively. In the case of menadione, a Z’-factor was determined after 24 h only.

CV, coefficient of variation; ROS, reactive oxygen species; TAB, tetraoctylammonium bromide.
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Fig. 3. Combined assessment of ROS formation, cytotoxicity, and mitochondrial integrity in iPSC cardiomyocytes. The upper row sum-
marizes results on ROS formation, the second and third rows depict data derived from nuclear and mitochondrial imaging for evaluation of
cytotoxicity and mitochondrial integrity. The left column includes plots showing basal levels (percentages of cells with elevated levels of
ROS, viable cells, and cells with intact mitochondria) of medium and vehicle (1% DMSO in medium)-treated cardiomyocytes. The second
and third columns show concentration-response plots for TAB (red square), doxorubicin (open black circle), menadione (open purple
square), and crizotinib (open blue triangle) after 30 min and 24 h of incubation. All data points represent mean+ SEM.

with 50 pM TAB, 10 uM doxorubicin, and 100 pM menadi-
one, and these effects were significantly abrogated after 24 h
(Fig. 3, first row, and Supplementary Fig. S1; Supplementary
Data are available online at www.liebertpub.com/adt).
Doxorubicin and menadione provide excellent reference
standards for ROS detection in HCS applications after 30 min,
significantly (P<0.001) exceeding the minimum detectable
increases in ROS-positive cells of 3%, based on a determined
% CV of 1.

538 ASSAY and Drug Development Technologies NOVEMBER 2015

Combined Assessment of Cell Viability and Cytoskeletal
Integrity and Mitochondrial Integrity and Lipid
Accumulation in iPSC Hepatocytes

The feasibility of combining nuclear and actin stains, as
well as mitochondrial and lipid accumulation probes, for
high-content imaging of iPSC hepatocytes was evaluated by
incubating cells for 48 h in the presence of TAB, aflatoxin B1,
amiodarone, menadione, sunitinib, and crizotinib. In vehicle-
treated cells, no effects on these parameters were observed
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compared with untreated cells (Fig. 4, top row) and the
baseline cell function parameters being recorded in this study
were similar to those reported previously.'* Concentration-
effect profiles correlated well for all reference compounds for
cell viability, cytoskeletal integrity, and mitochondrial in-
tegrity (Fig. 4, bottom row and Supplementary Fig. S2A).
Moreover, we observed concentration-dependent increases in
lipid accumulation in hepatocytes after treatment with TAB,
amiodarone, crizotinib, and sunitinib. The assay is capable of
reliably detecting an increase in neutral lipid accumulation of
7.5% based on a % CV of 2.5%. Amiodarone, a known stea-
tosis inducer, was identified in this study as the most effective
reference chemical and produced significant (P<0.001) lipid
accumulation in about 849% of hepatocytes at concentrations
ranging between 30 and 100 uM (Supplementary Fig. S2B).
Crizotinib and sunitinib yielded positive results (~ 60% pos-
itive cells at 30 uM concentrations) as well. All three com-
pounds were also very efficient in disrupting cytoskeletal
integrity (Z'=0.9-1.0) of iPSC hepatocytes.

Simultaneous Assessment of Cytotoxicity, Mitochondrial
Integrity, and ROS Formation in iPSC Hepatocytes
Following exposure to TAB, doxorubicin, menadione, cri-
zotinib, and sunitinib for 30 min, 1, 12, and 24 h, cells were
stained with Hoechst 33342, MitoTracker Orange, and Cell-

ROX Deep Red fluorescence probes to determine effects on cell
viability, mitochondrial integrity, and the potential for ROS
formation (Fig. 5 and Supplementary Fig. S3). In vehicle-
treated cells, no effects on these parameters were observed
compared with untreated cells (Fig. 5, left column). There was
a strong correlation between concentration-response profiles
for cell viability and mitochondrial integrity for all chemicals
at all time points (Fig. 5, middle and bottom rows). However,
there were only limited cytotoxic effects observed after 30 min
of exposure, whereas cytotoxicity was more pronounced after
24h.

ROS formation was only observed after 30 min in cells
treated with 100 uM menadione, yielding 61% positive cells
(P<0.001). Whereas comparable with results obtained for
iPSC cardiomyocytes, ROS formation was undetectable after
24 (Fig. 3, first row). The % CV of vehicle-treated hepato-
cytes after 30 min was 1% and thus also correlated well with
the value determined for cardiomyocytes (Table 5). By con-
trast, there were few cytotoxic effects observable at early time
points. Only in cells treated with TAB and crizotinib, loss of
cell viability and mitochondrial integrity was evident after
30 min. However, all five chemicals were identified as good
standards for cell viability detection 24 h after treatment, with
7'-factors ranging between 0.6 (10 uM menadione) and 0.7 (all
other test compounds). For mitochondrial integrity studies,
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Fig. 4. Combined assessment of cytotoxicity (column 1), cytoskeletal integrity (column 2), mitochondrial integrity (column 3), and lipid
accumulation (column 4) in iPSC hepatocytes. Upper row: Basal percentages of control cells with intact nuclei, cytoskeletal integrity, mito-
chondria, and lipid accumulation 48h following treatment with medium and vehicle (1% DMSO in medium). Lower row: Concentration—
response plots of hepatocytes treated with TAB (red square), aflatoxin B1 (brown hexagon), amiodarone (black and white diamond), menadione
(open purple square), crizotinib (open blue triangle), and sunitinib (open green triangle) for 48 h. Data points represent mean+SEM.
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Fig. 5. Combined assessment of ROS formation, cytotoxicity, and mitocho

ndrial integrity in iPSC hepatocytes. The first row summarizes results

on ROS formation, the second and third rows depict data derived from nuclear and mitochondrial imaging for evaluation of cytotoxicity and

mitochondrial integrity. The left column includes plots summarizing basal

levels (percentages of cells with elevated levels of ROS, viable cells,

and cells with intact mitochondria) of medium and vehicle (1% DMSO in medium)-treated cardiomyocytes. The second and third columns show

concentration-response plots for TAB (red square), doxorubicin (open bla

ck circle), menadione (open purple square), and crizotinib (open blue

triangle) after 30 min and 24 h of incubation. All data points represent mean+ SEM. Combined assessment of ROS formation, cytotoxicity, and
mitochondrial integrity in iPSC hepatocytes treated with TAB (red square), doxorubicin (open black circle), menadione (open purple square),

crizotinib (open blue triangle), and sunitinib (open green triangle) for up

to 24 h. Plots show comparisons between untreated and vehicle (1%

DMSO)-treated cells and high-content imaging-derived concentration-response profiles. Data points represent mean+ SEM.

sunitinib had the highest Z’'-factor (Z'=0.6). TAB and crizo-
tinib were also reasonable (Z’-factors of 0.1 and 0.3, respec-
tively) controls, but doxorubicin and menadione yielded
considerable variability and they should not be used as ref-
erence compounds in these HCS applications.
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Determination of POD Benchmark Concentrations

While the effective concentration at 50% of the maximum
assay response (ECso) remains one of the most frequently
utilized parameters for comparison of concentration-
response data in biochemical assays, it requires a clearly
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Table 5. Assay Quality Control-iCell Hepatocytes

Assay Description Control %CV? Z/-Factor®

ROS formation Cytotoxicity measurement 30 min 1% DMSO in media 1%

Cell viability Cytotoxicity measurement 24h TAB (50 M) 0.7
Doxorubicin (10 uM) 0.7
Menadione (10 pM) 0.6
Crizotinib (100 M) 0.7
Sunitinib (100 pM) 0.7

Mitochondrial integrity Cytotoxicity measurement 24h TAB (50 M) 0.1
Doxorubicin (10 uM) -0.5
Menadione (100 uM) -0.9
Crizotinib (100 M) 0.3
Sunitinib (100 pM) 0.6

Cytoskeletal integrity Cytotoxic agents/cytoskeletal poisons 48h TAB (50 uM) 0.7
Aflatoxin B1 (100 M) 1.0
Amiodarone (100 puM) 0.9
Crizotinib (100 uM) 1.0
Sunitinib (100 uM) 1.0

Lipid accumulation Steatosis inducer 48h 1% DMSO in media 2.5%

Standard deviation expressed as percentage of the mean of vehicle-treated controls, calculated from nine ROS formation or six lipid accumulation replicates,

respectively.

®Calculated from 3 positive control replicates and 9 cell viability, 9 mitochondrial integrity, or 18 cytoskeletal integrity negative controls, respectively.

defined maximum effect level. However, a maximum assay
response is not always clearly defined (e.g., cAMP formation
assay), thereby limiting the overall applicability of the ECs
for the evaluation of HCS data. As a toxicologically relevant
and more broadly applicable alternative, we have deter-
mined POD concentrations as reference values for test che-
micals in this study (Table 6). As recommended by the US
Environmental Protection Agency for quantitative as-
sessment of toxicity data, we applied a derivation of one
standard deviation of vehicle-treated control wells to
define the POD value.** In cases where its effect did not
deviate from the mean control by more than one standard
deviation, the compound was deemed nontoxic under
these assay conditions and the POD was considered in-
applicable. Determined POD values were generally con-
sistent with the curve fitting and reflected increased
cytotoxic effects observed after 24 and 48h compared

with early time points (30 min) (i.e., POD values for cy-
totoxic parameters generally decreased over time).

Application of Combinatorial HCS Assays
for Toxicity Profiling of Complex Substances

To test the applicability of combinatorial HCS assays for
toxicological characterization of chemically complex sub-
stances, we determined cardiophysiologic effects of two
DMSO extracts of commercial gas oils. We used a combination
of the calcium flux and GPCR activity assays as described
above. Both extracts exhibited highly similar concentration-
effect profiles (Fig. 6). At concentrations less than 10 ng/L,
concentration-dependent increases in cardiomyocyte beat
frequency were observed, whereas there was a sharp decline in
cardiomyocyte function and viability at concentrations ex-
ceeding 10 ng/L. In both instances, positive chronotropic ef-
fects correlated well with intracellular cAMP levels, indicating
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Table 6. POD Concentrations

Assay

Calcium flux

Reference chemical

Isoproterenol

iCell cardiomyocytes (uM)

0.01

iCell hepatocytes (uM)

Sotalol

2.7

Cisapride

0.01

Propranolol

0.14

TAB®

0.0006

Menadione

2.4

Sunitinib

23

Crizotinib

0.18

cAMP formation

Isoproterenol

2.4

Crizotinib

0.02

Sunitinib

Cell viability

TAB

6

8.7

0.8

Doxorubicin

Nontoxic

Nontoxic

0.1

Menadione

Nontoxic

Nontoxic

0.9

Crizotinib

30

40.3

0.4

Aflatoxin B1

Amiodarone

Sunitinib

Nontoxic

Mitochondrial integrity

TAB

3.8

0.04

3.1

0.8

Doxorubicin

Nontoxic

1.58

Nontoxic

0.2

Menadione

84

3.1

Nontoxic

0.6

Crizotinib

30

5.8

27.5

48

Amiodarone

Sunitinib

Nontoxic

ROS formation

TAB

Doxorubicin

Menadione

Cytoskeletal integrity

TAB

Crizotinib

Aflatoxin B1

Amiodarone

Sunitinib

8.3
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(continued)
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Table 6. (Continued)

iCell cardiomyocytes (uM) iCell hepatocytes (uM)

Reference chemical

Lipid accumulation TAB = = = = = 0.1
Crizotinib — - = = — 6.4
Amiodarone — - = = = 6.4
Sunitinib — - = = = 6.6

Value at which the concentration-response curve deviates from the mean control by more than one standard deviation. POD values are derived from a single curve fit

using three individual replicate data points per concentration.
POD, point-of-departure.

that GPCR activation is a mechanism for gas oil extract-
induced contractility.

DISCUSSION

The development of novel HCS approaches that combine
the application of physiologically relevant in vitro models
with multiparametric biological phenotyping is among the
most promising innovations in toxicological research and
pharmaceutical drug development."*'® The broad applica-
bility of HCS to a variety of next-generation assays, including,
but not limited to, cell imaging, genomics, metabolomics, and
computational modeling, bears vast potential to overcome the
limitations of traditional in vitro and in vivo toxicity testing.
In particular, these technologies are promising candidates to
close the existing data gaps in safety testing of industrial and
environmental chemicals and to lead to the reduction and
possibly replacement of animal use in toxicity testing.?*?®

In this study, we explored innovations to HCS approaches to
enhance the comprehensiveness of toxicity profiling using
iPSC cardiomyocytes and hepatocytes. The selection of these
cell types was based on a number of considerations. First,
cardiotoxicity and hepatotoxicity are among the most prev-
alent causes for drug attrition in clinical trials, and im-
provements in preclinical predictive safety testing are highly
desirable.?”-*® Moreover, cardiotoxicity testing typically re-
quires animal models, primarily dogs, which is challenging
from both an ethical and an economical perspective.”® Sec-
ond, iPSC cardiomyocytes and hepatocytes are amenable to
HCS applications and are physiologically similar to primary
cells, which arguably positions them among the most relevant
in vitro models available to date.

Kinetic assessment of cardiophysiologic effects of reference
chemicals was conducted by intracellular calcium flux
measurements and combined with a competitive ELISA to
determine and correlate cAMP concentrations in treated

cardiomyocytes. Increases in intracellular cAMP are indica-
tive of GPCR activation, including the f-adrenergic receptor,
which is a known mechanism of isoproterenol-induced car-
diomyocyte stimulation.?® Our results reflect these charac-
teristics and indicate approximately ninefold increases in
cAMP levels and almost doubling in the cardiomyocyte beat
rate upon treatment with 10 pM isoproterenol, a finding that is
consistent with previous observations reported in Sirenko
et al.'? Likewise, observed calcium flux patterns (data not
shown) and concentration-response curves for cisapride and
propranolol were also consistent with results of Sirenko
et al.'"”> Increases in cAMP formation observed following
treatment with crizotinib and sunitinib were negatively cor-
related with cardiomyocyte beat frequency. Determined POD
values (0.2 and 2.3 pM) are consistent with previous findings
for both drugs.?"

We also applied this assay combination for the evaluation
of cardiophysiologic effects of two very chemically complex
substances, gas oil extracts. This experiment was intended to
test the applicability of combinatorial HCS approaches to
chemically undefined, complex, and comparably hydrophobic
substances. The hazard assessment of such substances and
mixtures represents a current major challenge in the field of
safety assessment; novel approaches for characterization of
their potential human health hazard are needed. The fact that
we used a relatively high concentration of DMSO (1%) as a
vehicle during assay development allowed us to treat cells
with gas oil extracts in the ng/L range. Importantly, the cal-
cium flux measurements provided a clear indication of a bi-
phasic curve consisting of increases in the beat rate at low
concentrations and loss of beating at concentrations exceed-
ing 10 ng/L. A clear correlation between beat frequencies and
cAMP levels in cardiomyocytes treated with both gas oil ex-
tracts provided mechanistic evidence that GPCR activation is
associated with their chronotropic effects. Such similarity is
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Fig. 6. Application of combinatorial high-content screening assays for descriptive and mechanistic toxicity profiling of complex mixtures. Plots
show (A-B) cardiomyocyte beat frequency (beats per minute, BPM) and (C-D) cAMP formation concentration-response profiles for two (A and
C; B and D) DMSO extracts of commercial gas oils. Individual data points and mean+ SEM are indicated for each concentration. Cardiomyocyte
beat frequency profiles demonstrate initial chronotropic effects (< 1% dilution), followed by total inhibition of cardiomyocyte beating, an
indicator of cell death. Moreover, cardiac chronotropic effects correlate well with cAMP formation, a cellular indicator of GPCR stimulation.

promising and shows that the use of multiplexed assays may
allow for using the similarity in the toxicological effects as a
justification for grouping complex and chemically undefined
substances into categories for registration and labeling.’”
Consequently, we are hereby providing an example of how
combinatorial HCS can be applied to provide both descrip-
tive and mechanistic toxicity data in a time- and resource-
saving format.

In addition, we tested the best conditions for high-content
imaging to simultaneously evaluate various biological phe-
notypes for both iPSC cardiomyocytes and hepatocytes. First,
we combined nucleic acid, mitochondria, and ROS-specific
fluorescent dyes to quantify cell viability, mitochondrial in-
tegrity, and ROS formation in chemically treated cells. Our
results show that for this type of analysis, at least two time
points should be considered. ROS formation was observable
after 30 min in both cell types, but ROS staining intensity had
decreased to basal levels in almost all instances after 24 h. By
contrast, cytotoxicity and loss of mitochondrial integrity,
both of which were highly correlated, were more apparent
after 24 h than at early time points, particularly in hepato-
cytes. Our results show that menadione is an excellent choice
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for a positive control for ROS formation in HCS of both cell
types, with comparable POD values (1.2 uM in cardiomyo-
cytes; 5.5uM in hepatocytes) that are in agreement with
previous observations in Caco-2 and HepG2 cells.”*?* All
reference chemicals were excellent inducers of cell death after
24 h, and we recommend crizotinib and sunitinib as controls
for HCS evaluation of the mitochondrial integrity.

In addition to these probes, we applied actin and neutral
lipid stains in iPSC hepatocytes to assess cytoskeletal integrity
and lipid accumulation 48 h following treatment. Hepatic
steatosis is one of the most prevalent, clinically relevant liver
toxicities and a common side effect encountered at the clinical
trial stage in drug development.*® Concentration-response
profiles of TAB, aflatoxin B1, amiodarone, menadione, and
crizotinib for cell viability and mitochondrial integrity cor-
related well with those obtained for cytoskeletal integrity.
Viability data, including concentration-response curves, for
crizotinib and sunitinib also correlated well with previously
published results.>’ Effects of aflatoxin B1 on cytoskeletal
integrity had previously revealed the chemical as a highly
promising reference chemical in HCS applications.'* How-
ever, besides aflatoxin B1, amiodarone, crizotinib, and
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sunitinib also provided excellent references to detect the loss
of cytoskeletal integrity. Lipid accumulation in iPSC hepato-
cytes was negatively correlated with mitochondrial integrity
and there was a concentration-dependent increase in the lipid
staining intensity for all probes. However, amiodarone, a
prominent steatosis inducer, was the most efficient drug in
this assay, increasing the number of cells with detectable lipid
accumulation to above 800 at concentrations exceeding
10 uM.?*?® In fact, the concentration-response curve for
amiodarone and the determined POD of 6.4 1M are concordant
with previous reports on neutral lipid and triglyceride accu-
mulation in iPSC hepatocytes and HepaRG cells.'*>®
Altogether, this study provides a novel strategy toward rapid
and cost-efficient multiparametric HCS for quantitative in vitro
profiling of cardiotoxicity and hepatotoxicity that is not only
amenable to drug screening but also for the assessment of the
potential hazard of highly complex and relatively hydrophobic
substances (e.g., petroleum substances). Importantly, by com-
bining various assays, it is possible to derive mechanistic tox-
icity data that complement descriptive toxicity assessments
while also achieving replacement of animal testing. Even
though this work focused primarily on the application of high-
content imaging techniques, and there are a number of inherent
limitations to HCS or any other type of in vitro toxicity
screening, the potential for combining HCS with additional
emerging technologies such as quantitative genomics and
metabolomics should be addressed in future studies.
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CV = coefficient of variation
DMSO = dimethyl sulfoxide
GPCR = G-protein-coupled receptor
HCS = high-content screening
HTS = high-throughput screening
iPSC = induced pluripotent stem cell
KRBG = Krebs-Ringer bicarbonate buffer
PBS = phosphate-buffered saline
POD = point-of-departure
ROS = reactive oxygen species
TAB = tetraoctylammonium bromide.
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