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BACKGROUND: Both trichloroethylene (TCE) and tetrachloroethylene (PCE) are high-priority chemicals subject to numerous human health risk evalu-
ations by a range of agencies. Metabolism of TCE and PCE determines their ultimate toxicity; important uncertainties exist in quantitative characteri-
zation of metabolism to genotoxic moieties through glutathione (GSH) conjugation and species differences therein.
OBJECTIVES: This study aimed to address these uncertainties using novel in vitro liver models, interspecies comparison, and a sensitive assay for
quantification of GSH conjugates of TCE and PCE, S-(1,2-dichlorovinyl)glutathione (DCVG) and S-(1,2,2-trichlorovinyl) glutathione (TCVG),
respectively.

METHODS: Liver in vitro models used herein were suspension, 2-D culture, and micropatterned coculture (MPCC) with primary human, rat, and
mouse hepatocytes, as well as human induced pluripotent stem cell (iPSC)-derived hepatocytes (iHep).

RESULTS:We found that, although efficiency of metabolism varied among models, consistent with known differences in their metabolic capacity, for-
mation rates of DCVG and TCVG generally followed the patterns human≥rat≥mouse, and primary hepatocytes >iHep. Data derived from MPCC
were most consistent with estimates from physiologically based pharmacokinetic models calibrated to in vivo data.
DISCUSSION: For TCE, the new data provided additional empirical support for inclusion of GSH conjugation-mediated kidney effects as critical for
the derivation of noncancer toxicity values. For PCE, the data reduced previous uncertainties regarding the extent of TCVG formation in humans; this
information was used to update several candidate kidney-specific noncancer toxicity values. Overall, MPCC-derived data provided physiologically
relevant estimates of GSH-mediated metabolism of TCE and PCE to reduce uncertainties in interspecies extrapolation that constrained previous risk
evaluations, thereby increasing the precision of risk characterizations of these high-priority toxicants. https://doi.org/10.1289/EHP12006

Introduction
Trichloroethylene (TCE) and tetrachloroethylene (PCE) are chlori-
nated solvents with a broad range of applications in industrial and
other settings. TCE and PCE are used in the production of other sol-
vents, dry cleaning of fabrics, and metal degreasing.1–3 Due to their
volatility, human exposures to TCE and PCE are assumed to be
mainly through inhalation (either through direct contact or vapor
intrusion); both chemicals are also commonly found in ground and
drinking water.4 TCE is the most commonly detected compound
among contaminants that are found at National Priority List (NPL)
sites in the United States, and concurrent contamination of TCE
with PCE is widespread.2,5

TCE has been classified as a known human carcinogen with kid-
ney and liver as primary targets,4,6–8 whereas PCE has been classi-
fied as a probable human carcinogen with strongest evidence for
bladder cancer.4,9,10 These chemicals remain high priorities for risk
assessment and risk management, especially for noncancer risks
associated with chronic exposures in residences or office buildings

where vapor intrusion from groundwater contamination is sus-
pected. The United States Environmental Protection Agency
(U.S. EPA) listed TCE and PCE among 10 “high-priority” exist-
ing chemical substances under Section 6 of the Toxic Substances
Control Act as amended by the Frank R. Lautenberg Chemical
Safety for the 21st Century Act.11 In addition, the U.S. Army
Public Health Center is conducting reanalysis of the TCE data to
update an occupational exposure limit (OEL) because it is a
ubiquitous contaminant on military installations where both resi-
dential and office buildings may have vapor intrusion from conta-
minated groundwater.12

Both cancer and noncancer effects associated with TCE and
PCE are known to be mediated by their metabolites.2,4,10,13,14

These compounds are metabolized through two pathways: oxi-
dation and glutathione (GSH) conjugation.4,15–18 The major
oxidative metabolites for TCE are trichloroacetic acid (TCA)
and trichloroethanol (TCOH); for PCE, only TCA has been
consistently detected from oxidation in both human and ex-
perimental animals.1,9,19–21 Major metabolites through GSH
conjugation for TCE include S-(1,2-dichlorovinyl)glutathi-
one (DCVG), S-(1,2-dichlorovinyl)-L-cysteine (DCVC), and
N-acetyl-S-(1,2-dichlorovinyl)-L-cysteine (NAcDCVC). For
PCE, GSH metabolites include S-(1,2,2-trichlorovinyl)glutathi-
one (TCVG), S-(1,2,2-trichlorovinyl)-L-cysteine (TCVC), and
N-acetyl-S-(1,2,2-trichlorovinyl)-L-cysteine (NAcTCVC).22–26

Even though the metabolic flux through oxidation predominates
for both TCE and PCE, their GSH conjugates are thought to be
of critical importance as the metabolites derived from cysteine
conjugates, formed in kidneys, are known to be highly reactive
and are genotoxic.2,17

The extent of metabolism of TCE and PCE to their GSH con-
jugates and subsequent kidney effects has been regarded as a key
uncertainty in previous risk assessments, especially because of
the inconsistency among previous studies of GSH metabolism
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that used hepatocytes and subcellular fractions from human and
rodent liver.15,17,22,24,26–30 Recent advancements in liver-based in
vitro models,31 including engineered human liver models,32–34

have improved the capabilities of in vitro systems to mimic physio-
logically relevant metabolic function of the liver. These models
also improved our ability to collect and interpret pharmacoki-
netic data.35–38 One liver model that showed great potential for
in vitro metabolism studies is a micropatterned coculture
(MPCC) system.39 The MPCC platform has been shown to main-
tain the viability and metabolic activity of hepatocytes from
rodents and humans for several weeks.39–42 These improvements
further highlight the potential for using MPCC to investigate
xenobiotic metabolism, especially in cases where uncertainties
are to be addressed through direct comparisons of species-
specific metabolism.

Thus, because there is a critical need to characterize GSH
conjugation metabolism of TCE and PCE, we used several liver
in vitro models, including suspension, 2-D culture, and MPCC.
We used primary human hepatocytes (PHH), human induced
pluripotent stem cell (iPSC)-derived hepatocytes (iHep), pri-
mary rat hepatocytes (PRH), and primary mouse hepatocytes
(PMH) and determined formation of GSH conjugation metabo-
lites DCVG and TCVG. We compared our results with those
published previously to resolve existing uncertainties and used
new data to reevaluate assumptions made by the U.S. EPA in
deriving noncancer candidate reference toxicity values in their
most recent assessments.7,9 The results of this study provide
critical new information pertaining to the utility of in vitro liver
models and show that MPCC model provides physiologically
relevant estimates of TCE and PCE metabolism. These data
reduce interspecies extrapolation uncertainties in chemical risk
evaluations and confirm the validity of kidney toxicity data for
both TCE and PCE.

Materials and Methods

Chemicals
TCE, PCE, GSH, and distilled water with 0.1% formic acid were
obtained from Sigma-Aldrich. Methanol and acetonitrile were
from Fisher Scientific. DCVC (purity ≥98:0%), S-(1,2-dichloro-
vinyl)-cysteine-13C3-15N (DCVC*, purity ≥95:0%, isotopic purity
≥98:0%), DCVG (≥98:9%), and S-ð1,2-dichlorovinylÞglutathione-
13C2-15N (DCVG* purity ≥90:0%, isotopic purity ≥98:0%) were
obtained from TLC Pharmaceutical Standards. N-acetyl-S-
(1,2-dichlorovinyl)-L-cysteine (NAcDCVC, purity 99.8%),
N-acetyl-S-ð1,2-dichlorovinylÞ-cysteine-13C, d3 (NAcDCVC�,
purity: 97.6%, isotopic purity: 99.0%), and N-acetyl-S-(1,2,2-
trichlorovinyl)-L-cysteine (NAcTCVC, purity: 99.7%) were
purchased from Toronto Research Chemicals. TCVC (purity:
98.4%), S-ð1,2,2-trichlorovinylÞ-L-cysteine-13C3-15N (TCVC�,
purity: 97.5%), S-(1,2,2-trichlorovinyl)glutathione (TCVG, purity:
98.9%), S-ð1,2,2-trichlorovinylÞglutathione-13C2-15N (TCVG*, pu-
rity: 90.4%), and N-acetyl-S-ð1,2,2-trichlorovinylÞ-L-cysteine-
13C3-15N (NAcTCVC* purity: 99.0%), were synthesized by Dr.
Avram Gold at the University of North Carolina at Chapel Hill as
detailed previously.43

Cells
Cryopreserved primary human hepatocytes (PHHs) from two
different sources were used in this study. Single donor PHH
(35-y-old Asian male) were obtained from Lonza (Lot No.
HUM4122) and 10-donor PHH pooled sample was obtained
from Gibco (Lot No. HPP1825348). Induced pluripotent stem
cell (iPSC)-derived hepatocytes (iHep) were obtained from

FujiFilm Cellular Dynamics International (Lot No. 103664).
Primary rat (Sprague Dawley; Charles River Laboratories) hepa-
tocytes (PRH) and primary mouse (C57Bl/6J or CD-1; Charles
River Laboratories) hepatocytes (PMH) were isolated following
the protocol reported by Seglen44 for rat hepatocytes and the pro-
tocol of Lee et al.45 for mouse hepatocytes; these experiments
were performed in accordance with the institutional guidelines
(Protocol 21-046, University of Illinois at Chicago Institutional
Animal Care and Use Committee).

iHep Differentiation
Culture conditions for experiments with iHep were previously
described.46 Briefly, iHep were seeded with plating media
(DMEM/F12; Thermo Fisher) supplemented with 2% B27 sup-
plement (Thermo Fisher), 100 nM dexamethasone, 25 lg=mL
gentamicin, and 20 ng=mL oncostatin M (R&D Systems) at a
density of 2:5× 106 cells/well on a 6-well plate, which was pre-
coated with collagen (VWR International, LLC). Six hours af-
ter incubation at 37°C, 5%CO2, media were replaced to new
plating media to remove unattached cells. Black-walled, clear-
bottom, tissue cultured 96-well plates (Corning Inc.) were used
for 2-D sandwich culture. This plate was precoated overnight
at 37°C, 5%CO2 with 100 lg=mL collagen type 1=0:02 M ace-
tic acid and rinsed 3 times with PBS before cell seeding. Cells
were differentiated for 5 d with daily plating media changes.

Suspension Cell Culture
In vitro hepatocyte metabolism was evaluated using suspension
cultures of PHH (pooled sample; Lot No. HPP1825348), iHep,
PRH, and PMH (see Figure S1 for study design). In brief, cells
were suspended in William’s E medium (Gibco) and adjusted to
the cell concentration of 1:0× 106 cells=mL. Five hundred micro-
liters of TCE or PCE (4mM in 1% acetone and William’s E me-
dium) was spiked in 500 lL of the cell working stock with or
without 10mM GSH to a final chemical concentration of 2mM
in 0.5% acetone (with or without 5mM GSH) and cell number of
5 × 105 cells=mL. One hundred microliters of the reaction mix-
ture were removed subsequently at 0, 60, 120, and 240 min to
individual 1:5 mL Eppendorf tubes for further sample extraction
and chemical analysis detailed below.

2-D Monolayer Cultures of Hepatocytes
To create hepatocyte monolayers, 24- (for PMH) or 96- (for PHH
and PRH) well plates were coated with rat tail collagen I
(Corning). PMH were seeded at 300,000 cells/well in 24-well
plates. PHH (both pooled sample and single donor sample) and
PRH were seeded at 50,000 cells/well in 96-well plates (see Figure
S1 for study design). All monolayer cultures were maintained in
hepatocyte medium containing DMEM (Corning) supplemented
with 15mM HEPES [4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid] buffer (Corning), 1% penicillin/streptomycin, 10%
bovine serum, and 2 nM glucagon (Sigma-Aldrich). PHH medium
(both pooled sample and single donor sample) also contained
100 nM dexamethasone (Sigma-Aldrich) and 1% ITS+ Premix
Universal Culture Supplement, which contains insulin, human
transferrin, and selenous acid (Corning). PRH medium also con-
tained 20 ng=mL epidermal growth factor, 7:5 ng=mL hydrocorti-
sone, and 0:016 lg=mL insulin. PMH medium also contained
100 nM dexamethasone and 6:25 lg=mL insulin. The media was
replaced in all cultures every 48 h and collected at each time point
for further analysis. On day 7 of culture, monolayer cultures of
PHH (both pooled and sample and single donor sample) and PRH
were treated with 200× stock solution of TCE or PCE, with and
without GSH in 100% acetone for the final concentration of 2mM
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TCE or PCE, and 0 or 5mM GSH, in 0.5% acetone. Media sam-
ples were collected for analytical chemistry 1 h after this treat-
ment and fresh media without chemicals was added. Cultures
were incubated for an additional 47 h when media was collected
for measurements of albumin and urea (see below). Cultures of
PMH were treated with chemicals on day 8 of culture and samples
were collected exactly as detailed above.

2-D Sandwich Culture of iHep
Differentiated iHep were collected with StemPro Accutase (Thermo
Fisher) from the 6-well plate. The cell clusters were centrifuged
(200× g, 3 min) and resuspended with plating media. iHep were
plated in 96-well plates at a density of 1:0× 105 cells=well and
incubated to attach for 6 h at 37°C, 5%CO2 (see Figure S1 for
study design). Media were replaced to 100 lL of plating media
with 0:35 mg=mL Matrigel (Corning). After incubation overnight
at 37°C, 5% CO2, media were exchanged to the maintenance me-
dium (DMEM/F12, 2% B27, 100 nM dexamethasone, 25 lg=mL
gentamicin). Media was collected and exchanged every 48 h. On
day 4 of culture, cells were treated with 200× stock solution of
TCE or PCE, with and without GSH in 100% acetone for the final
concentration of 2mM TCE or PCE, and 0 or 5mM GSH, in 0.5%
acetone. Media samples were collected for analytical chemistry 1 h
after this treatment and fresh media without chemicals was added.
Cultures were incubated for an additional 47 h when media was col-
lected for measurements of albumin and urea (see below).

MPCC Experiments
Previous studies have reported the development of the MPCC
platform containing liver parenchymal cells arranged onto
collagen-coated islands of experimentally optimized dimensions
and subsequently surrounded by 3T3-J2 murine embryonic fibro-
blasts that are known to sustain robust functions in hepatocytes
from numerous species.39,40 In addition to adapting the MPCC
technique for primary human, rat and mouse hepatocytes, we
used optimized conditions that were previously reported for iHep
in MPCC.41 Briefly, rat tail collagen I was adsorbed onto tissue
culture plastic 24- (for PMH) or 96- (for PHH and PRH) well
plates followed by patterning lithographically via oxygen plasma
treatment to create 500 lm diameter circular domains spaced
1,200 lm apart from center-to-center. PHHs, iHep, PRH, or
PMH were seeded into the corresponding micropatterned plates
in serum-free culture medium (see Figure S1 for study design).
The hepatocytes preferentially attached to the circular collagen
domains, leaving approximately 4,500 iHep, 5,000 PHH, and
3,200 PRH per well in 96-well plates, or 25,000 PMH per well in
24-well plates. After the circular domains were fully seeded, the
cultures were rinsed to remove the unattached hepatocytes, and
medium containing fetal bovine serum (FBS; Gibco) was added
to the cultures overnight. Separately, 3T3-J2 murine embryonic
fibroblasts (gift of Dr. Howard Green, Harvard University)47

were cultured in medium containing 10% bovine calf serum, 1%
penicillin/streptomycin, and 89% DMEM. After the fibroblasts
reached 85%–90% confluence, they were passaged with 0.25%
trypsin/EDTA (Corning) that was neutralized with medium con-
taining 10% serum and pelleted via centrifugation, and cells were
then used for further experimentation. All 3T3-J2 murine embry-
onic fibroblasts were used between passage 7 and 10. After 5 d of
culture for iHep or 18–24 h for PHH, PRH, and PMH, the 3T3-J2
murine embryonic fibroblasts were seeded in hepatocyte medium
at a density of ∼ 90,000 cells/24-well or 15,000 cells/96-well to
create MPCC. iHep hepatocyte medium was composed of DMEM
supplemented with 1 × B-27 supplement, 15mM HEPES buffer,
1 × ITS+, 1 × penicillin/streptomycin, 1% bovine calf serum,

100 nM dexamethasone, 2 nM glucagon, 2:5 ng=mL oncostatin M
(R&D Systems), and 10 lM FPH2 small molecule (Sigma-
Aldrich). Media was replaced every 48 h and collected for further
analyses as detailed below. MPCC cultures of PHH (both pooled
and sample and single donor sample) and PRH were treated on day
7 with 200× stock solution of TCE or PCE, with and without GSH
in 100% acetone for the final concentration of 2mM TCE or PCE,
and 0 or 5mM GSH, in 0.5% acetone. For PMH, treatments were
performed on day 8. For iHep, treatments were performed on day
12 of culture. Media samples were collected for analytical chemis-
try 1 h after this treatment, and fresh media without chemicals was
added. Cultures were incubated for additional 47 h when media was
collected for measurements of albumin and urea (see below).

Morphological and Functional Assessments
The morphology of the monolayers and MPCC was assessed via an
IX83 automated microscope (Olympus America) with a high-
sensitivity 4.2MP sCMOS camera (ORCA-Flash4.0 LT+) using
phase contrast objectives (10× ). Urea production in culture superna-
tants was quantified via a colorimetric end point assay kit (Cat. No.
0580-250; Stanbio Labs). Culture supernatants were also assayed for
albumin production by using a competitive enzyme-linked im-
munosorbent assay (human ELISA kit E80-129, rat ELISA kit
E111-125, mouse ELISA kit E99-134; Bethyl Laboratories) with
horseradish peroxidase detection and 3,3 0,5,5 0-tetramethylbenzi-
dine (TMB; Rockland Immunochemicals) as the substrate. The
absorbance measurement for both albumin and urea assays were
detected on the Synergy H1 multimode plate reader (Biotech).

Analytical Methods for TCE and PCEMetabolites
TCE and PCE produce various metabolites through both oxida-
tion and glutathione conjugation pathways.4,23,48 To analyze a
subset of all the potential metabolites produced from TCE or
PCE exposure, we used liquid chromatography–tandem mass
spectrometry (LC-MS/MS). These metabolites and information
on their analytical detection can be found in Table 1. Each media
sample (50 lL) was mixed with 100 lL of chilled acetonitrile
containing 0:1 lM mixture of DCVG, DCVC, and NAcDCVC
internal standards or 5 lM mixture of TCVG, TCVC, and
NAcTCVC internal standards. Next, samples were centrifuged at
12,000× g for 10 min. The supernatant was dried under vacuum
using a SpeedVac (Speed SPD1010; Thermo Scientific) and
reconstituted with 50 lL of aqueous mobile phase prior to LC-
MS/MS analyses.

Determination of TCE glutathione conjugation metabolites via
LC-MS/MS was performed as previously described by Luo et al.48

In brief, analysis was performed using a 1290 Infinity II LC system
and a 6470 triple-quadrupole mass spectrometer (both from Agilent
Technologies). Samples (10 lL) were automatically injected and
chromatographed on a ZORBAX SSHD Eclipse Plus C18 column
(3:0× 50 mm, 1:8 lm; Agilent Technologies) with a guard column
(2:1× 5 mm, 1:8 lm; Agilent Technologies). Column temperature
was maintained at 25°C. Initial chromatographic condition was
maintained at 90% solvent A (water with 0.1% acetic acid, v/v) and
10% solvent B (methanol with 0.1% acetic acid, v/v) for 1 min, then
increased to 90% solvent B by 3 min, then to 98% solvent B by 4
min, and then returned to initial condition until 7 min for sufficient
equilibration prior to next run. Flow rate was set at 0:4 mL=min.
Metabolite levels in media were quantified by using the peak area
ratios of standards to isotopically labeled internal standards in an 8-
point calibration curve (0, 1.25, 2.5, 5, 12.5, 25, 50, 125 pmol). In
these experiments, the detection limit for TCE GSH metabolites
was 5 nM, the limit of quantitation (LOQ) was 50 nM, and the re-
covery of metabolites ranged from 67% to 83%.
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Determination of PCE glutathione conjugation metabolites
via LC-MS/MS was performed as previously described by Luo
et al.23 In brief, analysis was performed using 1290 Infinity II LC
system and 6470 triple-quadrupole mass spectrometer (Agilent
Technologies). Samples (10 lL) were automatically injected and
chromatographed on a ZORBAX SSHD Eclipse Plus C18 col-
umn (3:0× 50 mm, 1:8 lm; Agilent Technologies) with a guard
column (2:1× 5 mm, 1:8 lm; Agilent Technologies). Column
temperature was controlled at 25°C. For each sample analysis,
initial chromatographic conditions were 80% solvent A (water
with 0.1% formic acid) and 20% solvent B (methanol with 0.1%
formic acid). Conditions were maintained from 0–1 min, then
increased to 90% of solvent B by 3 mins, then to 98% of solvent
B by 4 mins, then to 20% of solvent B by 4.2 mins. Next, 20% of
solvent B was maintained until 7 mins to allow sufficient equili-
bration time prior to the next injection. Flow rate was maintained
at 0:4 mL=min. Metabolite levels in media were quantified by
using the peak area ratios of standards to isotopically labeled in-
ternal standards in an 8-point calibration curve (0, 1.25, 2.5, 5,
12.5, 25, 50, 125 pmol). In these experiments, the detection limit
for PCE GSH metabolites was 2 nM, the LOQ was 20 nM, and
the recovery of metabolites ranged from 56% to 88%.

Comparisons with Previous Studies
Data on GSH conjugation metabolism of TCE and PCE has been
previously measured both in vitro and in vivo, as well as incorpo-
rated into physiologically based pharmacokinetic (PBPK) models.
For comparison with current study results, both in vitro and in vivo

GSH conjugation rates were converted to in vitro intrinsic clear-
ance rates in nmol/h/million hepatocytes at the tested concentration
of 2mM. For TCE, previous in vitro studies included experiments
in subcellular fractions (cytosol or microsomes)28,29 and in both
subcellular fractions and hepatocyte suspensions.15,17,22,30 The
PBPK model for TCE18 estimated GSH conjugation rates in mice,
rats, and humans based on in vivo data on TCE conjugation as well
as overall mass balance.15,49–51 For PCE, previous relevant in vitro
liver metabolism studies are experiments in subcellular fractions26,27

and in both subcellular fractions and hepatocyte suspensions.17,24
The PBPK model for PCE52 estimated in vivo GSH conjugation
rates in mice, rats, and humans based on in vivo data on GSH conju-
gation metabolites in rats, as well as overall mass balance.

Miscellaneous
The number of replicates in each condition is listed in the
legend. Statistical analyses were conducted using GraphPad
Prism (version 9.4.1; GraphPad Software). Figures were pre-
pared using GraphPad Prism, Adobe Photoshop (Adobe) and/or
PowerPoint (Microsoft).

Results
This study used several liver in vitro models to evaluate TCE and
PCEmetabolism through the GSH conjugation pathway: suspension,
2-D culture, andMPCC (Figure 1 and Figure S1). Various sources of
liver parenchymal cells were used including PHHs, iHep, PRH, and
PMH. Cells were treated with TCE or PCE (2mM) with and without
GSH (5mM) following the methods used in previous studies.17

Formation of GSH conjugation pathway metabolites was evaluated.
These results were taken together in combination with previously
reported metabolite in vitro data to facilitate liver model compar-
ison and determine species differences.

Hepatic Morphological and Functional Assessments in
MPCC
Morphology and basic function of cells in MPCC was evaluated
prior to chemical treatment (Figure 2). We observed compact,

Table 1. TCE and PCE Metabolites evaluated in this study.

Metabolite
Analytical
assay

Ionization
mode

Mass transition
or quantitation

ion (m/z)

Collision
energy
(eV)

DCVG LC-MS/MS ESIð+Þ 402:0 ! 272:9 13
402:0 ! 169:9† 25
402:0 ! 133:9 37

DCVGa LC-MS/MS ESIð+Þ 409:0 ! 173:9† 25
405:0 ! 169:9 25

DCVC LC-MS/MS ESIð+Þ 216:0 ! 198:9† 8
216:0 ! 126:9 25
216:0 ! 82:9 45

DCVCa LC-MS/MS ESIð+Þ 222:0 ! 128:9† 25
220:0 ! 201:9 10

NAcDCVC LC-MS/MS ESIð+Þ 258:0 ! 215:9 9
258:0 ! 198:8† 17
258:0 ! 179:9 5

NAcDCVCa LC-MS/MS ESIð+Þ 262:0 ! 216:9 9
262:0 ! 198:8† 17

TCVG LC-MS/MS ESIð+Þ 436:0 ! 306:8 13
436:0 ! 203:9 25
438:0 ! 308:8† 13

TCVGa LC-MS/MS ESIð+Þ 443:0 ! 313:8† 17
439:0 ! 309:8 13

TCVC LC-MS/MS ESIð+Þ 251:9 ! 234:8† 9
249:9 ! 160:8 21
249:9 ! 232:8 9

TCVCa LC-MS/MS ESIð+Þ 255:9 ! 237:8† 9
255:9 ! 162:9 21

NAcTCVC LC-MS/MS ESIð+Þ 291:9 ! 249:8† 9
291:9 ! 232:8 17
293:9 ! 251:8 9

NAcTCVCa LC-MS/MS ESIð+Þ 295:9 ! 235:8† 9
295:9 ! 253:8 17

Note: DCVC, S-(1,2-dichlorovinyl)-L-cysteine; DCVG, S-(1,2-dichlorovinyl)gluta-
thione; LC-MS/MS, liquid chromatography–tandem mass spectrometry; NAcDCVC,
N-acetyl-S-(1,2-dichlorovinyl)-L-cysteine; NAcTCVC, N-acetyl-S-(1,2,2-trichlorovinyl)-L-
cysteine; PCE, tetrachloroethylene; TCE, trichloroethylene; TCVC, S-(1,2,2-trichlorovinyl)-
L-cysteine.
aInternal standard, see “Materials and Methods” section.
†Selected quantifier for analysis by LC-MS/MS analysis.

Figure 1. Schematic of TCE and PCE GSH conjugation metabolism with
liver in vitro models. The diagram summarizes tissue localization of meta-
bolic reactions and transport of TCE and PCE GSH conjugation metabolites,
DCVG, and TCVG, respectively. A majority of D/TCVG formation occurs
in the liver; however, formation of D/TCVG does occur, although to a lesser
extent, in the kidneys. Each of the in vitro models used in this study are
shown beneath the liver. Note: DCVG, S-(1,2-dichlorovinyl)-glutathione;
GSH, glutathione; PCE, tetrachloroethylene; TCE, trichloroethylene; TCVG,
S-(1,2,2-trichlorovinyl)glutathione.
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concentric islands of healthy hepatocytes surrounded by 3T3-
J2 fibroblasts across multiple species. In addition to morphol-
ogy, albumin production and urea secretion were evaluated.
Chemical treatments were performed on day 7–8 to allow for

the model to reach its optimal function as demonstrated in previ-
ous studies.39,40 Following chemical treatment, supernatant
media was assessed for albumin and urea at the final timepoint
of day 9–10. Albumin production showed variability between
single donor of PHHs, iHep, and primary rat hepatocytes.
Albumin was detected at the highest levels in PRH MPCC on
days 7 and 9; the amounts were approximately between 500 to
600 lg=1M hep/d for the three testing conditions. In PMH
MPCC, albumin production increased over the culture period
from approximately 40 lg=1M hep/d on day 2, to 180 lg=1M
hep/d on day 10. In PHHMPCC, albumin production peaked on day
7 with a range of 60 to 100 lg=1M hep/d before decreasing to a
range of 60 to 70 lg=1M hep/d on day 9. In iHep MPCC, albumin
amounts steadily increased from day 3 to day 9. The highest
levels were detected on day 9 at approximately 20 lg=1M hep/d
for all three conditions. Estimated human liver output for albu-
min is 37–105 lg=1M hep/d.34

Urea secretion exhibited similar trends as albumin production.
The greatest amounts of urea were observed in PRH MPCC.
Peak levels occurred on day 9 for all three conditions; however,
wells designated for vehicle produced about 200 lg=1M hep/d,
whereas wells designated for TCE and PCE with GSH produced
approximately 150 lg=1M hep/d; however, the above differences
in urea secretion across the wells were likely not due to the com-
pounds, because trends were observed both before and after treat-
ment with vehicle or compounds. In comparison, PMH MPCC
produced approximately 300 lg=1M hep/d at day 10 of culture.
In PHH MPCC, urea secretion was highest on day 3 and then
decreased on day 5, followed by increasing amounts on day 7
and 9. The amount of urea secreted on day 3 ranged between
30–40 lg=1M hep/d. Urea secretion in iHep MPCC was lower
compared to PHH and PRH MPCCs. Estimated human liver out-
put for urea is 59–159 lg=1M hep/d.34

Metabolite Formation Rates across in Vitro Models and
Sources of Hepatocytes
Multiple in vitro liver models and sources of hepatocytes were
used in this study to characterize TCE and PCE GSH conjugation
metabolism. Following chemical addition for 1 h, media sam-
ples were collected and analyzed with quantitative LC-MS/MS
methods to screen for GSH conjugation metabolites. For TCE,
three metabolites were screened for: DCVG, DCVC, and
NAcDCVC. Similarly, for PCE we screened for TCVG, TCVC,
and NAcTCVC. In this study, we detected only DCVG and
TCVG, which is consistent with previous data that demon-
strated a majority of DCVG and TCVG formation occurs in
liver, whereas the cysteine metabolites are primarily formed
and found in the kidney.14

The concentrations of DCVG and TCVG varied by in vitro
model and hepatocyte source (Figure 3; left graphs). DCVG and
TCVG concentrations ranged from 0.07 to 5:6 lM and 0.10 to
6:6 lM, respectively. Both metabolites were detected at the high-
est concentrations using pooled PHHs in suspension cultures;
however, the lowest concentration of DCVG was reported with
PMH in 2-D culture, whereas the lowest TCVG concentration
occurred with PMH in MPCC.

Next, to enable comparison of DCVG and TCVG formation
across models and to other studies, we normalized our data by
accounting for cell density and incubation volume to derive metabo-
lite formation rates (Figure 3; right graphs). DCVG and TCVG for-
mation rates ranged from 0.07 to 71 nmol=h=1M hep and 0.11 to
83 nmol=h=1M hep, respectively. In TCE suspension cultures,
human hepatocytes created DCVG at rates 18- to 45-fold higher
than PRH and 46- to 120-fold higher than PMH. Human hepato-
cytes in 2-D culture produced DCVG at rates 4- to 7-fold higher

Figure 2. Representative baseline morphology and hepatic functional data
collected before and after chemical treatment (final concentration of 2mM
for TCE and PCE, and 5mM for GSH, in 0.5% acetone) from different sour-
ces of hepatocytes in MPCCs with 3T3-J2 fibroblasts. (A) Primary human
hepatocytes (Lot No. HUM4122), (B) induced hepatocyte-like cells (iHep),
(C) primary rat hepatocytes, (D) primary mouse hepatocytes patterned onto
collagen islands in culture media. Following seeding of 3T3-J2 fibroblasts,
hepatic morphology was maintained in MPCCs for 7 d prior to chemical ex-
posure. Red dashed ovals indicate hepatocyte areas. Phase contrast objec-
tives (10× ) were used to obtain the images. Normalized hepatic functional
data for albumin secretion and urea synthesis are shown to the right of each
corresponding MPCC hepatocyte model. The asterisk symbol indicates the
day of chemical exposure in each model. No significant differences were
observed among treatments at each time point, with the exception of the data
for urea in primary rat hepatocytes where vehicle-treatment-designated wells
had overall greater values both before and after TCE or PCE treatments
(one-way ANOVA comparing vehicle with TCE+GSH and PCE+GSH).
See Excel Tables S1 (for albumin) and S2 (for urea) for the raw data plot-
ted in this Figure. Note: ANOVA, analysis of variance; GSH, glutathi-
one; MPCC, micropatterned coculture; PCE, tetrachloroethylene; TCE,
trichloroethylene.
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than PRH and 12- to 21-fold higher than PMH. PHH in MPCC
yielded DCVG formation rates that were 2- to 3-fold greater than
PRH and 6- to 11-fold greater than PMH. In PCE suspension cul-
tures, human hepatocytes created TCVG at rates 77- to 186-fold
higher than PRH and 128- to 277-fold higher than PMH. Human
hepatocytes produced TCVG at rates equal to 7-fold higher than
PRH and 3- to 25-fold higher than PMH. In MPCC cultures, iHep
generated TCVG at a rate of 1.5-fold less than PRH; however,
pooled PHHs produced TCVG at approximately a 2-fold higher
rate than PRH. PHH and iHep in MPCC generated TCVG at rates
3- to 7-fold greater than PMH. Overall, we observed the greatest
species differences in DCVG and TCVG formation in suspension
cultures and least in MPCCs.

Comparison of Metabolite Formation Rates with Historical
Data
Figure 4 compares the results of the current study with previously
reported rates of GSH conjugation either measured in vitro or
estimated based on PBPK modeling calibrated to in vivo data
(Excel Tables S5 and S6). With respect to in vitro comparisons,
in humans, for both TCE and PCE, there was a clear trend
across in vitro models of suspension � Lash et al.15,17,22,30
data >MPCC > 2-D > Green et al.28 and Dekant et al.29 data
(Figure 4A). For rats and mice, the pattern differed with
respect to suspension and Green et al. and Dekant et al. data,
with Lash et al.15,17,22,30 data >MPCC > suspension > 2-D for
both TCE and PCE, Green et al.28 and Dekant et al.29 similar to

2-D for TCE, and Green et al. and Dekant et al. intermediate
between MPCC and 2-D for PCE (Figure 4B–C).

When comparing our study results with the TCE and PCE
PBPK modeling results calibrated in vivo GSH data (humans and
rats for TCE, rats for PCE), the MPCC results were the most con-
sistent, followed by the data from suspension cultures in our
study. An interesting finding was that, for mice, for which the
PBPK model estimated GSH conjugation rates indirectly based
on mass balance, the MPCC results are close to the median
PBPK-based estimates. For PCE in humans, the indirect, mass
balance-based estimates of GSH conjugation from the PBPK
were highly uncertain, spanning around 3,000-fold.52 All our
results were more consistent with PBPK model-derived higher-
end estimates, contrary to the data reported by Green et al.28 and
Dekant et al.29

Discussion
It is not unusual that species concordance overall, and charac-
terization of species-specific metabolism in particular,53 are the
areas where major uncertainties exist that prevent regulatory
risk assessments from being as precise in their estimates of safe
exposure levels as would be preferred. Although the so-called
“uncertainty factors” have been used traditionally to express the
degree to which default assumptions are to be used when the
reliable data are lacking,54 calls have been made to use all avail-
able information, including new approach methods (NAMs)
data,55 to reduce uncertainties and increase both confidence and

Figure 3. Comparison of DCVG and TCVG concentrations and rates of formation across different in vitro liver models and sources of hepatocytes used in this
study. (A) Plotted are detected concentrations (left, mean±SD) and normalized rates of formation (right, mean±SD) for TCE GSH conjugation metabolite,
DCVG. (B) Same data for PCE GSH conjugation metabolite, TCVG. The vertical red dotted lines represent the analytical method limit of quantification for
each metabolite. The horizontal dotted lines separate data from different models. The following number of replicates were analyzed: n=2 for suspension cul-
tures of PHH (pooled) and iHep; n=3 for suspension cultures of PRH and PMH; n=4 for 2-D cultures of PHH (pooled and HUM4122A), iHep, and PRH;
n=3 for PMH 2-D cultures. n=3 for MPCC cultures of PHH (HUM4122A) and PMH; n=4 for MPCC cultures of PHH (pooled) and iHep; and n=5 for
MPCC cultures of PRH. See Excel Tables S3 (for TCE) and S4 (for PCE) for the raw data plotted in this Figure. Note: DCVG, S-(1,2-dichlorovinyl)glutathi-
one; GSH, glutathione; MPCC, micropatterned coculture; PCE, tetrachloroethylene; PHH, primary human hepatocytes; PMH, primary mouse hepatocytes;
PRH, primary rat hepatocytes; SD, standard deviation; TCE, trichloroethylene; TCVG, S-(1,2,2-trichlorovinyl)glutathione.
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precision in risk characterization. Indeed, development of
NAMs that can help fill important information gaps in chemical
safety assessments is one of the primary goals of the U.S. EPA
work plan to reduce use of vertebrate animals in chemical test-
ing.56 One type of a NAM that may assist with addressing the
uncertainties in species-specific metabolism of drugs and chem-
icals is microphysiological systems for the liver.34 A number of
such models have been developed by researchers in academia
and the private sector,57 and their use in chemical risk assess-
ment has been proposed in next-generation risk assessments.58

Although the opportunities are many, the challenges are also
formidable, including the cost, complexity, and low throughput
of most of the available models.38,59,60

With these considerations in mind and the desire to address the
specific key gaps in GSH metabolism of TCE and PCE across spe-
cies, we chose to use the MPCC model,39 together with more tra-
ditional suspension and 2-D cultures of hepatocytes,31 to enable

these experiments with sufficient replication. Although conven-
tional 2-D platforms (i.e., hepatocyte monocultures on collagen-
adsorbed polystyrene or glass) decline in functionality over time,
controlling homotypic interactions between hepatocytes with cir-
cular domains of empirically optimized dimensions and hetero-
typic interactions with supportive 3T3-J2 murine embryonic
fibroblasts has been shown to induce high levels of stable func-
tions in hepatocytes from various species, including human,
rat, and mouse, as well as human iHep.33 To this end, 3T3-J2
fibroblasts have been found to express various liver develop-
mental signals, including T-cadherin and decorin, allowing he-
patocytes to maintain in vivo-like morphology, polarity, and
functionality for several weeks in vitro. Furthermore, MPCCs
also appear to be more consistent with metabolism estimates
based on PBPK models calibrated to in vivo GSH conjugation
data, providing addition empirical support for their quantitative
validity.

Figure 4. GSH conjugation formation rates for TCE and PCE across various studies. (A) Box and whiskers plots are shown comparing TCE and PCE GSH
conjugation metabolite formation rates using human data, (B) rat data, and (C) mouse data. In each box, the black vertical lines inside the box denote median
values; boxes extend from the 25th to the 75th percentile of each group’s distribution of values; vertical extending lines indicate the minimum and maximum
values. Individual values are shown as black dots. Studies that did not test the specified conditions are identified as NA. All TCE data points plotted can be
found in Excel Table S3. All PCE data points plotted can be found in Excel Table S4. Note: GSH, glutathione; NA, not available; PCE, tetrachloroethylene;
TCE, trichloroethylene.
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To illustrate the potential for MPCC to quantitatively impact
human health risk assessment, we consider the implications of
this work on reducing uncertainties in interspecies differences in
metabolism characterized in the U.S. EPA IRIS Toxicological
Reviews for TCE7 and PCE.9 With respect to TCE, the U.S.
EPA7 used five studies in mice and rats to derive candidate
RfDs61–65 and three studies to derive candidate RfCs61,62,64
(Figure 5A–B). The U.S. EPA noted7 that “There remains sub-
stantial uncertainty in the extrapolation of GSH conjugation from
rodents to humans due to limitations in the available data.” The
GSH conjugation data for TCE reported in the available studies
are highly discordant, with the studies by Lash et al. reporting
values several orders of magnitude higher than those reported by
Green and Dekant et al. The U.S. EPA Science Advisory Board
suggested that the discordance between these in vitro studies and
PBPK model estimates constituted uncertainties in the rate of
GSH conjugation in humans and thus recommended against rely-
ing on the PBPK modeling-based estimates of GSH conjugation
for toxicity value derivation based on kidney end points in the
U.S. EPA TCE assessment.7 As a result, the candidate RfDs and
RfCs for kidney toxicity,64,65 which used the GSH conjugation
predictions from the PBPK model for interspecies, intraspecies,
and route-to-route extrapolation, were not considered of suffi-
cient confidence to be used as a primary basis for the overall
RfD and RfC. Instead, the final RfD=0:5 lg=kg-d was based
on developmental immune,63 immune,61 and fetal cardiac
effects,62 and the final RfC= 2 lg=m3 was based on immune61
and fetal cardiac effects.62 However, the MPCC data from our
study provide independent corroboration for both the TCE
PBPK model18 used by the U.S. EPA, as well as the in vitro
measurements by Lash et al., increasing the confidence in the

candidate RfDs of 0:3 lg=kg-d64 and 0:8 lg=kg-d65 and candidate
RfC of 3 lg=m3 64 for kidney effects (Figures 5A–B). Because
these are very close to the candidate RfD and RfC based on other
critical end points, they further strengthen the basis for the U.S.
EPA’s overall toxicity values for TCE noncancer effects by oral or
inhalation exposures.

With respect to PCE, the U.S. EPA9 used three studies in
humans66–68 and a study in rats and mice69 to derive candidate
RfDs and RfCs (Figures 5C–D). Based on conflicting previous
in vitro data, uncertainties of many orders of magnitude were
noted for PCE GSH conjugation in humans, and thus again the
U.S. EPA did not rely on the PBPK modeling-based estimates of
GSH conjugation for toxicity value derivation based on kidney
end points in the PCE assessment.9 In particular, the PBPK
model52 predictions for GSH conjugation exhibited ∼ 3,000-fold
uncertainties in humans for this pathway, with few human in vitro
data and no human in vivo data on this pathway. Because of these
uncertainties, interspecies extrapolation of kidney effects68,69 was
based on AUC of PCE in blood instead of a more mechanistically
supported dose metric related to GSH conjugation. In this case,
by analogy to the success of MPCC data for TCE being consist-
ent with in vivo GSH conjugation data, the MPCC data can be
used to substantially reduce the uncertainties from the PBPK
modeling, which spanned such a wide range due to the lack of
sufficient in vivo calibration data on GSH conjugation metabo-
lites. In particular, restricting the range of PBPK model-based
GSH conjugation predictions to those consistent with MPCC data
(see Excel Tables S7–S9 for details), we can use the results both
for interspecies extrapolation from rats to humans and route-to-
route extrapolation from inhalation to oral exposure. This
approach shifts the PODs based on kidney effects to lower values

Figure 5. Comparison of cRfD (panels A and C) and cRfC (panels B and D) for TCE (A,B) and PCE (C,D) with corresponding uncertainty factors. Plotted are
points of departure (open diamonds) and candidate toxicity values (open circles) as well as uncertainty factors for study-specific effects as indicated by the
references. The vertical red dotted line represents the final RfD or RfC values for TCE7 and PCE.9 UFA, animal to human; UFD, database; UFH, human vari-
ability; UFL, LOAEL to NOAEL. Red dashed-line rectangles identify original (as identified in U.S. EPA9) and alternative (based on the refined estimates of
GSH conjugation using the data from this study) cRfD and cRfC for PCE. All data points for TCE and PCE cRfD and cRfC, including uncertainty factor val-
ues, can be found in Excel Tables S7–S9. Note: cRfC, candidate reference concentration; cRfD, candidate reference dose; LOAEL, lowest observed adverse
effect level; NOAEL, no observed adverse effect level; PCE, tetrachloroethylene; TCE, trichloroethylene.
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as follows. For the RfD, the resulting kidney-specific RfD val-
ues are 0:003 mg=kg-d based on either human or rat data, which
is in the range of the neurotoxicity study-specific RfDs of
0:003–0:01 mg=kg-d66,67 that formed the basis of the overall
RfD of 0:005 mg=kg-d (Figure 5C). Similarly, for the RfC, the
resulting kidney-specific RfD value is 0:006 ppm based on rat
data, which is in the range of the neurotoxicity study-specific
RfCs of 0:002–0:008 ppm66,67 that formed the basis of the
overall RfC of 0:006 ppm (Figure 5D). Moreover, use of the
MPCC to restrict the PBPK model predictions also leads to greater
overall concordance between the human- and rat-based kidney-
specific reference values.

We note a few limitations in our study. First, our testing con-
centration of 2mM for TCE and PCE is well above estimated
environmental exposure levels.70,71 The estimated GSH conjuga-
tion Km values for TCE and PCE range from 0.2 to 47 lM.7,52
Therefore, testing at 2mM is expected to saturate hepatocytes
and limit metabolic capacity at Vmax. We also acknowledge that
our MPCC configuration does not contain other liver nonparen-
chymal cells (i.e., liver sinusoidal endothelial cells, hepatic stel-
late cells, Kupffer cells/macrophages) that are known to regulate
hepatocyte functions72,73; however, in vitro cultured/passaged
liver nonparenchymal cells, including liver sinusoidal endothelial
cells,74 hepatic stellate cells,75 and Kupffer cells76 are not able
to induce functions in primary hepatocytes or iHep in MPCC to
the same level and duration as cultured 3T3-J2 fibroblasts.33
Additionally, hepatocytes are cultured on rat tail collagen I rather
than other mixtures of extracellular matrix proteins found in the
liver, which can be challenging to source in substantial quantities
and are significantly more expensive than rat collagen I.32
Nonetheless, the MPCC model has exhibited tremendous success
in drug screening and recapitulating in vivo phenomena.77–80

In summary, TCE and PCE remain high-priority substances
for U.S. EPA risk evaluation and engender significant public
health concern, but key uncertainties have remained with respect
to GSH conjugation-mediated toxicity. Traditional in vitro sys-
tems such as hepatocyte suspensions or subcellular fractions have
led to disparate results that have reduced confidence in PBPK
modeling of this pathway. Here we hypothesized that MPCC,
which takes advantage of advancements in engineered human
liver platforms to better mimic physiologically relevant condi-
tions, can provide in vitro data to fill these data gaps and reduce
their uncertainties. Our MPCC metabolism data support higher
levels of TCE and PCE GSH conjugation flux in humans in com-
parison with rats or mice, corroborating previous TCE PBPK
modeling and reducing uncertainty in previous PCE PBPK mod-
eling. These data thereby facilitate the inclusion of kidney-
specific effects for toxicity value derivation, resulting in greater
confidence in the U.S. EPA’s noncancer toxicity values for these
compounds. Overall, these data suggest that MPCCs can provide
physiologically relevant estimates of metabolism to reduce inter-
species extrapolation uncertainties, particularly for substances
whose toxicity involves bioactivation.
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