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status and disrupt energy metabolism in renal proximal tubular cells,
this study investigated the effects of DCVC on cellular energy status
and energy metabolism pathways in placental cells. Human extravillous trophoblast cells, HTR-8/SVneo, were exposed to 5—20 uM
DCVC for 6 or 12 h. After establishing concentration and exposure duration thresholds for DCVC-induced cytotoxicity, targeted
metabolomics was used to evaluate overall energy status and metabolite concentrations from energy metabolism pathways. The data
revealed glucose metabolism perturbations including a time-dependent accumulation of glucose-6-phosphate+frutose-6-phosphate
(G6P+F6P) as well as independent shunting of glucose intermediates that diminished with time, with modest energy status decline
but in the absence of significant changes in ATP concentrations. Furthermore, metabolic profiling suggested that DCVC stimulated
compensatory utilization of glycerol, lipid, and amino acid metabolism to provide intermediate substrates entering downstream in
the glycolytic pathway or the tricarboxylic acid cycle. Lastly, amino acid deprivation increased susceptibility to DCVC-induced
cytotoxicity. Taken together, these results suggest that DCVC caused metabolic perturbations necessitating adaptations in
macronutrient and energy metabolism pathway utilization to maintain adequate ATP levels.

Cell death: ~12 h

B INTRODUCTION designated National Priorities List Superfund sites, TCE
TCE is a volatile organic compound that originates exclusively contlm%es to makes 1.ts. way into the environment Wth
from human activities. Originally commercialized in the 1920s approa)lcélir;ately 1.9 .mllhor.l pounds of TCE releasefi mn
as an oral anesthetic, its potent solvent properties were quickly 2015. Beca_use_ industrial usage _:md persistent environ-
discovered and harnessed, propelling TCE to become one of the rnental. cor}tamleatlon of TCE contlnue,. exposure Athrough
most commonly used industrial and dry-cleaning solvents by inhalation, ingestion, and skin contact remains a potential threat
midcentury.' Today, over 80% of TCE production is utilized as a to human health. ) ) )
chemical intermediate in closed-system refrigerant manufactur- TCE hlas asa IOI’.lg history ofst.udy asap oter}tlal organ-specific
ing processes, specifically HFC-134a, a refrigerant used in car air tox1.c%mt. In p art{cular, there' is extensive literature on TCE
conditioning systems.” The other primary use of TCE is as a tox1c1t)‘7 to the liver .and kldn.ey, and TCE was recently
vaporized metal degreaser, although the Environmental reclassified by the National Toxicology Program (NTP) and
Protection Agency (EPA) has proposed to ban this use as

recently as 2017."*° As a result of its long-standing pervasive Special Issue: Environmental Toxicology

usage and its chemical properties, TCE is a ubiquitous persistent
environmental contaminant found in soil, air, and water.* TCE is
currently ranked as number 16 on the U.S. Agency for Toxic
Substances and Disease Registry’s Substance Priority List.
Despite its detection in 1055 of 1750 current and former EPA-
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International Agency for Research on Cancer (IARC) as a
known human carcinogen based on evidence that it causes
kidney cancer in humans.””'’ In addition to recognition as a
renal and liver toxicant,” TCE has been implicated in adverse
pregnancy outcomes. Although an early study found no
association between maternal TCE exposure and low birth
weight,'' more recent studies reported positive associations
between maternal TCE exposure and low birth weight and
preterm birth,'>"?

The precise underlying mechanisms of adverse birth out-
comes such as low birth weight and preterm birth remain largely
unresolved despite considerable scientific scrutiny.'*~' Because
the placenta is critical for support and protection of the fetus
during pregnancy, placental disruption may play a key role in the
development of adverse birth outcomes.”” For example, there is
evidence that placental insufficiency, with deficient nutrient and
metabolic waste exchange between mother and fetus, may
contribute to early parturition.'®'® Similarly, recent epidemiol-
ogy studies found significant associations between pre-eclampsia
and increased risk of preterm birth or low birth weight.'”*"

As a metabolically active organ in direct contact with maternal
circulation, the placenta is a likely target organ for toxicity.”'
Because of high blood volume and a large surface area in contact
with maternal blood, the placenta is readily exposed to maternal
blood-circulating TCE and its metabolites.””*> Moreover, the
placenta expresses many enzymes required for TCE bio-
transformation including cytochrome P450, glutathione-S-
transferase, and beta-lyase.”*”* The presence of these enzymes
greatly increases the risk of tissue-generated harmful TCE
metabolites.

The weight of evidence indicates that biotransformation is
required for TCE-mediated cytotoxicity.”® Although many prior
toxicology studies focused on the TCE cytochrome P4S50
oxidation pathway’s metabolites trichloroacetate (TCA) and
dichloroacetate (DCA), TCE renal toxicity is attributed to
metabolites of the glutathione pathway.”® Moreover, in human
placental cells in vitro, the TCE glutathione pathway derived
metabolite S-(1,2-dichlorovinyl)-L-cysteine (DCVC) is cyto-
toxic”’ at concentrations of TCA and DCA that fail to elicit
cytotoxicity (unpublished). Furthermore, DCVC potently
inhibits pathogen-stimulated cytokine release from human
extraplacental membranes in culture, whereas similar and higher
concentrations of TCA have no significant effect.””

Placental cells have sizable energy requirements for carrying
out biological processes such as tissue remodeling, nutrient and
waste transport, steroid hormone synthesis, and maintenance of
homeostasis amid changing environmental conditions.”” ™" In
addition, ATP is required for general cell processes such as active
transport, transcription, and translation.”””* ATP is generated
anaerobically by macronutrients through metabolism of glucose,
lipids, and proteins through glycolysis, as well as aerobically
through oxidative phosphorylation. Because of the need to
maintain adequate ATP, flexible and eflicient utilization of
macronutrients and energy metabolism pathways is essential.
DCVC causes cytotoxicity in kidney proximal tubular cells
mediated by reactive oxygen species and mitochondrial
dysfunction.”*™** Specifically, Lash et al. demonstrated that
DCVC causes a decrease in the total adenine nucleotide pool,
compromised cellular energy status, and tricarboxylic acid cycle
perturbations in kidney cells.””*" Moreover, we recently
reported that DCVC causes mitochondrial perturbations,
elevated reactive oxygen species generation, lipid peroxidation,
and mitochondrial-mediated apoptosis in vitro utilizing a human
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extravillous trophoblast cell line.””**** Together, the evidence

suggests that cellular processes and structures responsible for
generating ATP may be impacted by DCVC exposure.

On the basis of the high energy requirements of the placenta
and previous studies that identified DCVC impacts on cellular
energy status and ATP stability, this study investigated the
effects of DCVC on cellular energy status and energy
metabolism pathways in placental cells. The human extravillous
trophoblast cell line HTR-8/SVneo was utilized as a model here
because previous reports showed that these cells exhibited
mitochondrial activity similar to other cell lines and primary
trophoblasts.**~*¢

B EXPERIMENTAL PROCEDURES

Chemicals and Reagents. S-(1,2-Dichlorovinyl)-L-cysteine
(DCVC), a trichloroethylene glutathione conjugation pathway
metabolite, was synthesized in powder form by the University of
Michigan Medicinal Chemistry Core as previously described.*” High-
performance liquid chromatography (HPLC) analysis was used to
determine purity (98.7%). A stock solution of 1 mM DCVC was
prepared by dissolving DCVC in phosphate buffered saline and stored
in small aliquots at —20 °C to minimize freeze/thaw cycles. The
chemical purity of the DCVC stock solution was confirmed periodically
by nuclear magnetic resonance (NMR).

RPMI 1640 culture medium with L-glutamine and without phenol
red, 10000 U/mL penicillin/10 000 ug/mL streptomycin (P/S)
solution, and fetal bovine serum (FBS) were purchased from Gibco,
a division of Thermo Fisher Scientific (Waltham, MA, USA).
Phosphate buffered saline (PBS), Hank’s Balanced Salt Solution
(HBSS), and 0.25% trypsin were purchased from Invitrogen Life
Technologies (Carlsbad, CA, USA). Dimethyl sulfoxide (DMSO) was
purchased from Torcis Biosciences (Bristol, UK). Dulbecco’s modified
Eagle media (DMEM) with and without amino acids were purchased
from US Biological Life Sciences (Salem, MA, USA).

Cell Culture and Treatment. The HTR-8/SVneo cells were
obtained from Dr. Charles H. Graham (Queen’s University, Kingston,
Ontario, Canada). This cell line was derived from first-trimester human
placentae and immortalized with simian virus 40 large T antigen.*® The
cell line expresses markers of an extravillous trophoblast phenotype and
has a female genotype. HTR-8/SVneo cells were cultured as previously
described.””* Briefly, cells were cultured between passages 78—87 in
RPMI 1640 medium supplemented with 10% FBS and 1% P/S at 37 °C
in a 5% CO, humidified incubator. Cells were sustained in RPMI 1640
growth medium with 10% FBS and 1% P/S prior to and durin;
experiments to ensure optimal cell growth as previously described.”
Cells were grown to 70—90% confluence for 24 h after subculture prior
to beginning each experiment.

Just before each experiment, a DCVC stock solution aliquot was
quickly thawed in a 37 °C water bath and then diluted in RPMI 1640
medium with 10% FBS and 1% P/S to final exposure concentrations of
5—20 uM DCVC. The DCVC concentrations selected for study include
plausible metabolite concentrations in human blood with occupational
exposure to the parent compound, trichloroethylene.*® Additionally, we
selected concentrations previously determined to lack overt cytotox-
icity in HTR-8/SVneo cells at the times points used in the present
study.””

Cell Line Validation. Genomic DNA was extracted from HTR-8/
SVneo cellsQlAamp DNA Mini Kit (Qiagen; Hilden, Germany).
Microsatellite genotyping was performed using AmpFLSTR Identifier
Plus PCR Amplification Kit run on a 3730XL Genetic Analyzer
(Applied Biosystems; Waltham, MA, USA). The short tandem repeat
profile generated for our cells was compared to the short tandem repeat
profile for HTR-8/SVneo (ATCC CRL-3271) published by American
Type Culture Collection (Manassas, VA, USA).*" The short tandem
repeat profile was a match: CSF1PO, 12; D13S317, 9, 12; D16S539, 13;
D5S818, 12; D7S820, 12; THOL, 6, 9.3; vWA, 13, 18; TPOX, 8;
amelogenin gender determination marker, X.>!

https://dx.doi.org/10.1021/acs.chemrestox.9b00356
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Measurement of Cytotoxicity. Cytotoxicity was measured with
the MultiTox-Glo Multiplex Cytotoxicity Kit performed according to
the manufacturer’s protocol (Promega; Madison, WI), which
sequentially measured the relative number of live and dead cells in a
single assay. Live cells were measured with the cell-permanent
fluorescent compound glycyl-phenylalanyl-aminofluorocoumarin
(GF-AFC), and dead cells were measured with the luminescent cell-
impermeable compound alanyl—alanyl-phenylalanyl-aminoluciferin
(AAF-Glo). Briefly, HTR-8/SVneo cells were seeded at 10 000 cells
per well in a white, clear-bottom 96-well plate and incubated for 24 h.
Cells were treated with medium alone (control) or DCVC (8, 10, or 20
uM) for 12, 24, or 48 h. Following exposure, GF-AFC was added
directly to the media and incubated for 1 h. Fluorescence signal
(emission, 400 nm; excitation, 505 nm) for viable cells was measured
with a SpectraMax M2e Multi-Mode Microplate Reader (Molecular
Devices). After viability quantification, AAF-Glo was added to the
media and incubated at room temperature for 10 min. Luminescence
signal for dead cells was quantified using the Glomax Multi Plus
detection system (Promega). To normalize the data, the relative live-to-
dead cell ratios were calculated by dividing the average live cell
fluorescence signal by the average dead cell luminescence signal per
treatment group for each time point. Camptothecin (4 uM), a toxic
compound that targets the enzyme topoisomerase I and causes double-
strand DNA breaks during replication,”>** was included as a positive
control at each time point.

Bicinchoninic Acid (BCA) Assay. To normalize metabolomics and
western blot experiments, total protein concentration per well was
measured calorimetrically using the Pierce Bicinchoninic Acid (BCA)
Assay Kit (Thermo Fisher Scientific) performed according to the
manufacturer’s recommended protocol. Briefly, cells were lysed with
RIPA lysis buffer containing a protease inhibitor cocktail. Cell lysates
from each sample (10 L) were transferred to a 96-well clear-bottomed
plate, combined with working buffer (200 yL), and incubated for 30
min at 37 °C. Following incubation, protein concentrations were
determined with a SpectraMax M2e Multi-Mode Microplate Reader
(OD = 562 nm) (Molecular Devices) based on comparison to a bovine
serum albumin-derived standard curve ranging between 0.0625 and 2
mg/mL.

Quantification of Targeted Metabolomics. Targeted metab-
olomics was used to quantify a panel of energy metabolism pathway-
related metabolites and amino acids. HTR-8/SVneo cells were seeded
at a density of 1.6 million cells per plate in tissue culture-treated 100
mm dishes and allowed to adhere and acclimate for 48 h. Cells were
then treated with medium alone (control) or DCVC (20 uM) for 6 or
12 h. Following the exposure period, cell culture medium was aspirated,
and then cells were briefly washed with 0.15 M ammonium acetate to
remove excess medium, rapidly flash frozen with liquid nitrogen, and
stored at —80 °C. Samples were transported on ice to the University of
Michigan Metabolomics Core for further processing.

Samples were prepared as previously described by Lorenz et al
Briefly, cells were treated with an extraction solvent containing isotope-
labeled internal standards. The extraction solvent contained a mixture
of chloroform, water, and methanol in a ratio of 1:1:8. Cells were lysed
and scraped to create a homogenized mixture containing extracted
metabolites. Metabolites were detected with reverse-phase liquid
chromatography—mass spectrometry (LC—MS) on an Agilent system
consisting of a 1290 UPLC coupled with a 6520 quadrupole-time-of-
flight (QTOF) mass spectrometer operated in ESI- mode (Agilent
Technologies, Santa Clara, CA, USA). Data were processed using
MassHunter Quantitative analysis version B.07.00. Glycolytic,
tricarboxylic acid, and pentose phosphate pathway metabolites were
normalized to the nearest isotope-labeled internal standard and
quantitated using two replicated injections of five standards to create
a highly accurate linear calibration curve. Glycolytic, tricarboxylic acid,
and pentose phosphate pathway metabolites were reported with
specific intracellular concentrations normalized to total protein mass
per dish, as measured with the BCA assay. Amino acids, lipids, and other
metabolites in the analysis were normalized to the nearest internal
standard, and the peak areas were used for differential analysis between
groups. These metabolites were reported as relative response (RR)

1.54
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normalized to total protein mass per samples.>* For each time point, five
independent experiments were conducted.

Evaluation of Amino Acid Deprivation Effects on DCVC-
Induced Cytotoxicity. The effect of amino acid deprivation on
DCVC-induced cytotoxicity was evaluated by culturing cells in different
proportions of amino acid-free or amino acid-containing media with
and without 20 uM DCVC. Cells were seeded into wells of a white,
clear-bottom 96-well plate in complete RPMI 1640 medium at a density
of 10000 cells per well. After 24 h of incubation, the medium was
changed to a mixture of complete DMEM medium containing the
following proportions of amino acid-free DMEM medium: 0%, 20%,
40%, 60%, 80%, and 100%. Cytotoxicity was measured with the
MultiTox-Glo Multiplex Cytotoxicity Kit (Promega), as previously
described. To normalize the data, the relative live-to-dead cell ratios
were calculated by dividing the live cell fluorescence signal by the dead
cell luminescence signal and averaged within each treatment group for
each amino acid deprivation condition. There were three independent
experiments, with three replicates per DCVC and amino acid
deprivation conditions in each experiment.

Immunoblotting Protein Analysis. HTR-8/SVneo cells were
seeded at a density of 400 000 cells per well in a clear six-well culture
plate and allowed to attach for 24 h. Following the acclimation period,
cells were treated with medium alone (control) or DCVC (20 uM) for
12 h. Cells were lysed in RIPA lysis buffer and centrifuged at 14 000 rpm
for 10 min at 4 °C. Lysates were heated with loading buffer at 85 °C for
3 min. Samples were loaded into commercially available Novex 4—20%
Tris-Glycine Mini Gel cassettes (Invitrogen), and proteins were
separated by polyacrylamide gel electrophoresis run at 125 V for 1.5 h.
SeeBlue Plus2 prestained protein standard (Invitrogen) was included as
avisual molecular weight reference. Following separation, proteins were
transferred onto nitrocellulose membranes at 75 V for 4 h at a
temperature of 4 °C. Membranes were probed using antibodies raised
against small neutral amino acid transporter type 2 (ASCT2/SLC1AS)
[molecular weight 75; catalog no. 8057; Cell Signaling Technologies;
Research Resource Identifier (RRID): AB_10891440], large amino
acid transporter heavy subunit (4F2hc/SLC3A2) antibody (molecular
weight 75—120; catalog no. 13180; Cell Signaling Technologies; RRID:
AB_2687475), L-type neutral amino acid transporter 1 (LAT1/
SLC7AS) antibody (molecular weight 39; catalog no. 5347; Cell
Signaling Technologies; RRID: AB_10695104), and AMP-activated
protein kinase alpha subunit-phosphorylated (p-AMPKa) or non-
phosphorylated (AMPKa) antibodies [molecular weight 62; catalog
nos. 2535 or 2793; Cell Signaling Technologies; Research Resource
Identifier (RRID): AB_10705605 or AB_915794]. Antibody com-
plexes were detected by Alexa Fluor antimouse and antirabbit
fluorescent-conjugated antibodies (Invitrogen) and visualized using
an Odyssey CLx image scanner (Li-Cor Biosciences; Lincoln, NE,
USA). Blots were quantified using Image Studio software version 5.2
and normalized to Revert Total Protein Stain (Li-Cor Biosciences).
Three to four independent experiments were performed, and each
experiment was performed in triplicate.

PFK Activity Enzyme Assay. Phosphofructokinase 1 (PFK1)
activity was measured in cells treated for 12 h with medium alone
(control) or 20 yM DCVC. PFKI activity was measured with a
commercially available colorimetric activity assay. The assay was
performed according to the manufacturer’s protocol (Sigma-Aldrich).
Briefly, following DCVC exposure, reaction mixture (composed of
PFKI1 assay buffer, PFK1 enzyme mix, PFK1 enzyme developer, ATP
and PFK1 substrate) was added to each well containing NADH
standards, samples, or sample blanks. After an initial 5 min incubation at
37 °C, the first absorbance measurement was recorded. Subsequent
measurements were taken every 7 min until the value of the most active
sample was greater than the value of the highest standard (28 to 3S
min). Calorimetric absorbance (OD = 450 nm) was measured with a
SpectraMax M2e Multi-Mode Microplate Reader (Molecular Devices).
PFK1 activity was calculated using the following formula: PFK1 activity
= [(amount of NADH generated between Tjy and Tg,g as
determined by standard curve) X (sample dilution factor)]/[(reaction
time) X (sample volume)]. Three independent experiments were
performed, and each experiment was performed in triplicate.

https://dx.doi.org/10.1021/acs.chemrestox.9b00356
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Statistical Analysis. All experiments were performed independ-
ently and repeated three to five times. When applicable, technical
replicates were averaged within each experiment. These data were
analyzed using Student’s t-tests or one-way or two-way analysis of
variance (ANOVA followed by Tukey’s post hoc test for comparison of
means (GraphPad Prism version 7; GraphPad Software Inc.; San Diego,
CA, USA). Experiments containing different time points and treatment
were analyzed with two-way ANOVA. Experiments only containing one
time point and two treatment groups including western blots and PFK
activity assay were analyzed using Student’s t-tests. Metabolomics data
were log2 transformed due to non-normal Gaussian distribution. After
transformation, the data were normally distributed prior to statistical
analysis using two-way ANOVA. Data are expressed as means &+ SEM.
N = Number of independent experiments. P < 0.05 was considered
statistically significant in all experiments.

B RESULTS

DCVC Cytotoxicity. Because the objective of this study was
to investigate energy metabolism under conditions that were not
lethal to cells, we measured cytotoxicity in HTR-8/SVneo cells
at lower concentrations (5—20 M DCVC) and for a larger
range of time 2}_;oints (12—48 h) than previously reported by
Hassan et al.”" DCVC induced cytotoxicity in time- and
concentration-dependent manners after 24 and 48 h exposure
but not 12 h (ANOVA interaction effect, P < 0.0001, Figure 1).

[ Cytotoxicity
o5 150+ I Control
5 OF =1 5uMDCVC
g o =3 10 pM DCVC
-9 u
3 & & 1004k =z = EE 20 uM DCVC
o9 £ e
- o
B
© 6 c 50 #+ @*
Qz=c +#
seE
>
583
o
[ 12 24 48

Exposure Duration (hours)

Figure 1. DCVC cytotoxicity. HTR-8/SVneo cells were treated for 12,
24, or 48 h with medium alone (control), or with 5, 10, or 20 uM
DCVC. The MultiTox-Glo Multiplex Cytotoxicity Kit (Promega) was
used to measure the relative number of live and dead cells within a
single well as described in the Experimental Procedures. Graphical
representation shows live-to-dead cell ratios as percent control within
each time point. Bars represent means + SEM. Data were analyzed by
two-way ANOVA (interaction between time and treatment, P <
0.0001) with post hoc Tukey multiple comparisons. Pound sign
indicates significant difference compared to same treatment at all earlier
time points: *P < 0.0001. At symbol indicates significant difference
compared to same treatment at 12 h time point: ®P < 0.03. Asterisk
indicates significant difference compared to medium alone (control)
within same time point: *P = 0.0008. Plus sign indicates significant
difference compared to control and 5 yM DCVC within same time
point: *P < 0.02. N = 3 independent experiments for each time point,
with three replicates per treatment in each experiment. Camptothecin
(4 uM) was included as a positive control and decreased the live-to-
dead cell ratio by 55.6% + 2.17% at 12 h, 80.68% =+ 0.531% at 24 h, and
32.89% =+ 0.039%% at 48 h.

After 24 h of exposure, only 20 yM DCVC decreased the live-to-
dead cell ratio significantly by 51% (P = 0.002). However, after
48 h of exposure, both 10 and 20 uM DCVC reduced the live-to-
dead cell ratio by $5% and 67%, respectively (P < 0.0008). These
experiments validated previous findings that exposure to 20 uM
DCVC for 24 h is cytotoxic to HTR-8/SVneo cells”” while
establishing an exposure duration threshold of 48 h for
cytotoxicity with 10 uM DCVC.
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DCVC-Induced Changes in Cellular Energy Status
Indicators. We focused our investigation on cellular energy
metabolism because DCVC was previously shown to deplete
ATP concentrations and compromise cellular energy status in
renal proximal tubular cells.”” The overall cellular energy status
describes a cell’s ability to maintain adequate ATP levels.”® To
evaluate the effect of DCVC on the overall energy status of
treated HTR-8/SVneo cells, we first used targeted metabolo-
mics to measure concentrations of key energy metabolites. Then
we analyzed the ratios of key energy metabolite couples
including adenylate and guanylate nucleotides, electron
donors/acceptors, and a phosphate group donor/acceptor.

Intracellular Concentrations of Key Energy Metabolites.
Treatment with DCVC-induced changes in intracellular
concentrations of key energy metabolites, as shown in Figure
2A. Regarding effects on adenylate and guanylate nucleotides,
the primary energy drivers of physiological processes in cells, 20
uM DCVC significantly increased AMP, ADP, and GMP
intracellular concentrations by at least 1.4-fold after 6 and 12 h
exposures, whereas GDP and GTP concentrations increased
significantly only after 12 h, compared to time-matched controls
(Figure 2Ai; P < 0.05). ATP concentrations did not change
significantly despite changes in concentrations of other
adenylate nucleotides. Phosphocreatine, a phosphate donor
critical for rapid regeneration of ATP during high energy
expenditure, decreased 1.6-fold after 12 h (P = 0.0002) but was
not significantly changed after 6 h (Figure 2Aii). Concomitantly,
creatine byproduct concentrations increased nearly two-fold at
both 6 and 12 h (Figure 2Aii; P < 0.01). Lastly, NADH, an
electron carrier that shuttles electrons from different pathways
to the electron transport chain, increased 2.2-fold after 6 h (P =
0.0007) but was not significantly increased after 12 h exposure
compared to time-matched controls (Figure 2Aiii). The NAD+
concentrations did not significantly change at either the 6or 12 h
time point.

Ratios of Key Energy Metabolite Couples. Ratios of key
energy metabolite couples are shown in Figure 2B, calculated
from the concentrations reported in Figure 2A. Because these
energy metabolites are normally maintained in narrow non-
equilibrium concentrations for optimal physiologic function,
changes in ratios of critical metabolite couples may indicate
compromise of the intracellular homeostasis that maintain the
concentrations.”®”” The ATP:AMP ratio decreased 72% and
62% after 6 and 12 h exposure to DCVC, respectively, whereas
the ATP:ADP ratio decreased by 44% only after 12 h (Figure
2Bi,Bii; P < 0.01). After 6 and 12 h DCVC exposure, the
phosphocreatine:creatine ratio decreased 55% and 65%,
respectively (Figures 2Biii; P < 0.0001). On the other hand,
the NADH:NAD+ ratio, demonstrating the opposite pattern,
increased by 128% after 6 h but did not change significantly after
12 h (Figures 2Biv; P = 0.0084). These fluctuating energy
metabolite ratios indicate that short-duration DCVC treatment
caused an overall mild decline in cellular energy status and a
buildup of NADH.

AMP-Kinase Phosphorylation. Because a decreased AT-
P:AMP ratio could reflect activation of the energy stress
response AMP-kinase (AMPK) signaling pathway,’® we
measured levels of phosphorylated (activated) and total
AMPKa using western blot analyses (Figure 2C). We observed
no significant treatment-related changes when comparing the
ratio of p-AMPKa to AMPKa protein levels between nontreated
control and DCVC-treated cells, suggesting that the increase in
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Figure 2. DCVC-induced changes in key cellular energy status indictors. Targeted metabolomics analysis was used to measure concentrations of
energy status metabolites in HTR-8/SVneo cells treated with medium alone (control) or 20 M DCVC for 6 or 12 h. (A) Graphical representations of
concentrations of: (i) adenylate and guanylate nucleotides, (ii) phosphate donor and product phosphocreatine and creatine, and (iii) electron
transporters NAD+ and NADH. Boxes represent first quartile, median, and third quartile; whiskers represent minimum and maximum concentrations.
(B) Graphical representations of energy metabolite ratios derived from metabolite concentrations: (i) ATP:AMP, (ii) ATP:ADP, (iii)
phosphocreatine:creatine, and (iv) NADH:NAD+. Bars represent ratio means + SEM. All data were analyzed by two-way ANOVA (interaction
between time and treatment varied by metabolite, P < 0.05) with post hoc Tukey multiple comparisons. Asterisks indicate significant differences
compared to medium alone (control): *P < 0.0419, **P < 0.0097, ***P < 0.001. Pound signs indicates significant differences compared to same
treatment at all earlier time points: #P = 0.0116, *P = 0.0026, ™P < 0.001. N = 5 independent experiments for each time point. (C) AMPK signaling
pathway was evaluated with western blotting analysis and normalized to total protein. (i) Graphical representation of p-AMPKa:p-AMPKa ratio and
(ii) representative western blotting images. Bars represent means + SEM. Data were analyzed with student t tests. N = 3 independent experiment, with
three replicates per treatment in each experiment.

the AMP/ATP ratio was not sufficient to promote AMPK decreased from 6 to 12 h regardless of treatment (Figure 3Bj; P <
phosphorylation. 0.004). Once glucose enters the cell via GLUT membrane

Profiling DCVC Effect on Energy Metabolism Pathway transporters, it undergoes reversible phosphorylation yielding
Utilization. DCVC has previously been shown to alter glucose-6-phosphate (G6P), which is further isomerized to

concentrations of tricarboxylic acid cycle intermediates in fructose-6-phosphate (F6P).%® Although our analysis was unable
renal proximal tubular cells,” prompting us to further to differentiate between G6P and F6P, DCVC treatment
investigate DCVC-induced effects on specific energy metabo- increased G6P+F6P metabolites 1.4- and 2.4-fold at 6 and 12
fism p athways an.d related pathways usi.ng targemd metab- h, respectively, compared to time-matched controls (Figure 3Bj;
olomics to quantify a panel of metabolites unique to each P < 0.03). These results demonstrate that 20 uM DCVC

pathway. Indeed, nine pathways had one or more metabolite
concentrations significantly altered by exposure to 20 uM
DCVC at either the 6 h or 12 h time points. An overview of
DCVC-induced changes in energy metabolism pathways is
summarized in Figure 3A, with affected pathways in dark gray
boxes and notable impacted metabolites outlined in light gray
rectangles. The outlined metabolite concentrations are individ-
ually displayed in Figure 3B for each pathway.

treatment caused a substantial time-dependent accumulation of
F6P+G6P, indicating possible perturbation of downstream
glucose catabolism.

Phosphofructokinase 1 Activity. Because a time-dependent
accumulation of F6P+G6P was observed, we measured DCVC
effects on activity of the enzyme phosphofructokinase 1 (PFK1),
which catalyzes the rate-limiting phosphorylation of F6P to

Glucose Metabolism Pathway. DCVC had no significant frucose-1,6-bisphosphate. We observed no significant change in
effect on glucose concentrations compared to nontreated activity after 12 h of treatment with 20 yM DCVC, compared to
controls at either 6 or 12 h: however, glucose concentrations time-matched controls (Figure 3C). These results indicate that
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Figure 3. Effects of DCVC on energy metabolism pathways. HTR-8/SVneo cells were treated with medium alone (control) or 20 uM DCVC for 6 or
12 h. Targeted metabolomics analysis was used to measure a panel of intracellular metabolites unique to specific energy metabolism pathways. (A)
Overview of DCVC-induced changes in integrated energy metabolism pathways. Blue arrows indicate pathway directionality. Metabolite names in red
indicate altered concentrations between treatment groups within same time point (P < 0.05). Purple and pink arrows indicate direction of change in
concentrations within 6 or 12 h time points, respectively. Green star symbols indicate altered concentrations between time points within same
treatment group (P < 0.05). All other symbols are indicated in figure legend. (B) Graphical representations of selected metabolite concentrations
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Figure 3. continued

grouped by energy metabolic pathway. Background color indicates corresponding pathway on integrated overview in panel A. Pathways represented
include: (i) glucose metabolism, (ii) pentose phosphate pathway, (iii) purine pathways, (vi) hexosamine biosynthesis pathway, (v) glycolysis, (vi)
TCA cycle pathway, (vii) glycerol metabolism pathway, (viii) f-oxidation pathway, and (ix) amino acid metabolism pathways. Within each graph,
boxes represent first quartile, median, and third quartile; whiskers represent minimum and maximum. All data were log2 transformed prior to statistical
analysis to achieve normal Gaussian distribution. Data were analyzed by two-way ANOVA (interaction between time and treatment varied depending
on metabolite, P < 0.05) with post hoc Tukey multiple comparisons. Asterisks indicate significant differences compared to medium alone (control): *P
<0.0S, ¥*P < 0.01, ¥***P < 0.001. Pound signs indicate significant differences compared to same treatment at all earlier time points: #P < 0.05, #p <
0.01, *¥P < 0.001. N = § independent experiments for each time point. (C) Graphical representation of phosphofructokinase 1 activity after 12 h
DCVC treatment. PFK1 activity was measured with a commercially available enzyme activity assay kit (Sigma-Aldrich). Bars represent means + SEM.
Data were analyzed with student ¢ test. N = 3 independent experiments, with three replicates per treatment in each experiment.

F6P+G6P accumulation was not caused by reduced enzymatic
activity.

Pentose Phosphate, Hexosamine, and Purine Nucleotide
Pathways. Notably, the metabolic fate of the accumulated F6P
+G6P is a critical branching point for glucose metabolism:
although most molecules proceed through glycolysis, a small
quantity shunt into the pentose phosphate pathway (PPP) and
downstream purine nucleotide pathways (PNP), or into the
hexosamine biosynthesis pathway (HBP) (Figure 3B). Treat-
ment with 20 yuM DCVC significantly increased metabolite
concentrations in each of these pathways: PPP five-carbon
sugars (RSP+XSP) increased after 6 h but not 12 h (Figure 3Bii;
P = 0.0004); PNP metabolites inosine and inosine mono-
phosphate increased after 6 and 12 h, albeit a smaller increase
after 12 h (Figure 3Biii; P < 0.04); and HBP metabolites N-
acetyl-glucosamine-1-phosphate (NAcGIP) and uridine di-
phosphate N-acetyl-glucosamine increased after 6 h or both
time points, respectively, compared to time-matched controls
(Figure 3Biv; P < 0.03). These elevated metabolite concen-
trations suggest that 20 uyM DCVC treatment increased F6P
+G6P shunting from the glycolytic pathway after 6 h but not 12
h.

Glycolytic Pathway. Despite increased shunting, the vast
majority of F6P+G6P molecules are further phosphorylated into
frucose-1,6-bisphosphate (F1,6bP) during the first committed
and most heavily regulated glycolytic step. F1BP then splits into
two molecules, glyceraldehyde-3-phosphate (Ga3P) and dihy-
droxyacetone phosphate (DHAP), which rapidly interconvert.
Although F1,6bP concentrations did not change in 20 yM
DCVC-exposed cells, Ga3P and DHAP concentrations
increased by 2.5- and 2.8-fold after 6 h, and 1.8- and 2-fold
after 12 h, respectively, compared with time-matched control
cells (Figure 3v; P < 0.0003). The remaining downstream
glycolytic metabolites, including 2-phosphoglycerate+3-phos-
phoglycerate (2PG+3PG) and phosphoenolpyruvate (PEP),
were not significantly altered by DCVC treatment. However,
lactate, the terminal anaerobic glycolytic metabolite, increased
by 1.4-fold with 20 uM DCVC after 6 h but not 12 h, compared
to time-matched controls (Figure 3Bv; P = 0.04). These results
demonstrate that 20 yM DCVC elevated Ga3P and DHAP
intracellular concentrations, indicating a potential DCVC-
induced compensatory mechanism occurring in upstream
glycolysis.

Tricarboxylic Acid Cycle. Under aerobic conditions, the final
step of the glycolytic pathway converts pyruvate to acetyl CoA in
preparation for entrance into tricarboxylic acid cycle (TCA).
Treatment with 20 uM DCVC for 6 and 12 h increased acetyl
CoA concentrations approximately 2.4-fold compared to time-
matched controls (Figure 3Bvi; P = 0.01). Of the TCA
metabolites measured in our panel, only malate had elevated
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concentrations with DCVC treatment after 12 h, compared to
time-matched controls (Figure 3Bvi; P = 0.01). DCVC had no
significant impact on the other TCA metabolites, citrate
+isocitrate and succinate. In comparison to the other energy
metabolic pathways examined, the TCA cycle appeared largely
unaffected by DCVC treatment under our experimental
conditions.

Alternative Bioenergetics Fuel Sources. Glycerol
Metabolism Pathway. Because DCVC increased Ga3P and
DHAP concentrations along with G6P+F6P accumulations in
the absence of changes in glycolytic downstream metabolites, we
hypothesized that there may be alternative macronutrient
source(s) providing glycolytic intermediates. Importantly,
DHAP is also a downstream metabolite in the glycerol
metabolism pathway (Figure 3Bvii), providing a crucial entry
point at which glycerol derived from lipid molecules may enter
the glycolytic pathway midstream. Indeed, concentrations of
glycerol-3-phosphate (GL3P), an upstream metabolite of
DHAP in the glycerol catabolism pathway, increased 1.5-fold
in DCVC-exposed cells at 6 and 12 h compared to time-matched
controls (Figure 3Bvii P < 0.0001). Moreover, free oleic fatty
acid concentrations, possibly derived extracellularly or from S-
oxidation, were increased four-fold with DCVC treatment for 6
and 12 h, compared with time-matched controls (Figure 3Bviii;
P < 0.0001). The DCVC-stimulated increases of intracellular
GL3P, oleate, and acetyl-coA concentrations may reflect the use
of lipids as an alternative fuel source.

Amino Acid Metabolism and Transport. Under certain
conditions, amino acids can enter the glycolytic pathway as
pyruvate, acetyl-CoA, or other TCA intermediates. Alanine,
glutamine, and glutamate are among the most important amino
acids for energy metabolism. Alanine recycles the carbon
skeletons from metabolized branched amino acids into glucose
via the Cahill cycle and interconverts with pyruvate.””®'
Glutamine and glutamate enter the TCA cycle via interconver-
sion with each other and to the TCA intermediate a-
ketoglutarate.é2 Treatment with 20 yM DCVC increased
intracellular concentrations of multiple amino acids (Figure
3Bix). Alanine concentrations were significantly elevated after 6
and 12 h, whereas glutamine and glutamate concentrations were
only elevated after 6 h treatment with DCVC, compared to time-
matched controls (Figure 3Bix; P < 0.05). Among essential
amino acids, DCVC treatment increased tryptophan concen-
trations by nearly four-fold after 6 and 12 h, whereas leucine
+isoleucine concentrations increased 1.4-fold at 6 h only, and
histidine increased 1.6-fold at 12 h only, compared to time-
matched controls (Figure 3Bix; P < 0.04). These results suggest
that DCVC may stimulate uptake and utilization of amino acids
as compensatory macronutrient sources.
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Figure 4. DCVC-induced changes in amino acid transporter levels. Energy-relevant amino acid transporter levels in HTR-8/SVneo cells treated with
medium alone (control) or 20 uM DCVC for 12 h were evaluated with western blotting analysis and normalized to total protein. (A) Small neutral
amino acid transporter ASCT2/SLC1AS. (B) Large amino acid transporter heavy subunit 4F2hc/SLC3A2. (C) Large neutral amino acid transporter
LAT1/SLC7AS. (D) Representative western blot images. Bars represent means + SEM as percent control. Data were analyzed with student ¢ tests.
Asterisks indicate significant difference compared to medium alone (control): * P = 0.0474. N = 3 independent experiments, with three replicates per
treatment in each experiment.

Membrane transporters involved in cellular uptake of
extracellular free amino acids were investigated as potential
contributors to the increased intracellular concentrations of
energy-relevant amino acids. Western blotting revealed that
treatment with 20 uM DCVC for 12 h stimulated a 1.7-fold
increased abundance of the alanine, serine, cysteine transporter
2 (ASCT2/SLC1AS) protein, an amino acid transporter
responsible for transporting small neutral amino acids (Figure
4A; P = 0.047 compared to time-matched control). In contrast,
no statistically significant differences were detected in protein
expression of the 4F2 cell-surface antigen heavy chain (4F2hc/
SLC3A2) and L-type amino acid transporter 1 (LAT1/
SLC7AS) proteins that form a heterodimer transporter of
large neutral amino acids, despite apparent trends toward
DCVC-stimulated increases (Figure 4B,C). The finding of
increased ASCT2/SLC1AS abundance suggests that increased
amino acid transport may contribute to the observed DCVC-
induced increases in amino acid concentrations.

Exacerbation of DCVC-Stimulated Cytotoxicity by Amino
Acid Deprivation. To further establish the role of amino acid
utilization as a compensatory biofuel source, HTR-8/SVneo
cells were cultured with different concentrations of amino-acid-
free medium in the absence and presence of 20 yuM DCVC for
12 h. The live-to-dead cell ratio of cell treated with DCVC
compared to nontreated controls decreased inversely with
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increasing proportions of amino acid-free medium. For cells
cultured in 100% amino acid-free medium, DCVC treatment
decreased the live-to-dead cell ratio significantly by 91%
compared to nontreated cells (Figure S; P < 0.0001). For cells
cultured in 80% amino acid-free medium, DCVC treatment
decreased the live-to-dead cell ratio significantly by 53%
compared to nontreated cells (Figure S; P < 0.0001). However,
cells cultured in proportions of amino acid-free medium at 60%
or less, did not show significant differences in the live-to-dead
cell ratio between DCVC-treated and nontreated cells. These
data demonstrate that amino acid deprivation exacerbated
DCVC-stimulated cytotoxicity, revealing a substantial role for
amino acids in HTR-8/SVneo adaptation and survival.
Energy Pathway Metabolite Ratios. To confirm DCVC-
induced alterations to energy metabolism pathways, we
calculated metabolite ratios to determine metabolite flux in
glucose metabolism, upstream glycolysis, and other connected
pathways. The metabolite ratios are graphically displayed in the
context of the respective pathways they represent in Figure 6.
G6P+F6P Time-Dependent Accumulation. DCVC treat-
ment for 12 hincreased the glucose: G6P+F6P ratio compared to
time-matched controls (Figure 6A; P = 0.01). Concomitantly,
the downstream G6P+F6P:F1BP ratio decreased at 6 and 12 h
(Figure 6B; P = 0.0003). These ratio changes indicate
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Figure S. Effects of amino acid deprivation on DCVC-induced
cytotoxicity. HTR-8/SVneo cells were cultured in DMEM containing
the following proportions of amino acid-free medium: 0%, 20%, 40%,
60%, 80%, and 100%, mixed with respective proportions of amino acid-
containing DMEM medium. Within each culture condition, cells were
also treated in triplicate with medium alone (control) or 20 uM DCVC
for 12 h. The MultiTox-Glo Multiplex Cytotoxicity Kit (Promega) was
used to measure live and dead cells, as previously described in the
Experimental Procedures. Graphical representation shows live-to-dead
cell ratios as a percentage of nontreated controls within each respective
cell culture condition group. Bars represent means + SEM. Data were
analyzed by two-way ANOVA (interaction between cell culture
conditions and DCVC treatment, P < 0.0001) with post hoc Tukey
multiple comparisons. Asterisks indicate significant differences
compared to medium alone (control) within respective cell culture
conditions groups: *P < 0.0002. Dollar symbol indicates significant
difference compared to same DCVC treatment cultured with amino
acid-free medium: *P = 0.0137. N = 3 independent experiments, with
three replicates per treatment and cell culture condition groups in each
experiment.

metabolite flux favoring G6P+F6P, consistent with the finding
that DCVC increased G6P+F6P intracellular concentration.

Pentose Phosphate and Hexosamine Biosynthesis Shunts.
Following 12 h of exposure to 20 yM DCVC, the G6P+F6P:R5P
+XSP ratio, representing the PPP, increased significantly (Figure
6C; P = 0.005), whereas the G6P+F6P:NAcGIP ratio,
representing the HBP, did not significantly change compared
to time-matched controls. Following 6 h of exposure to 20 uM
DCVC, neither ratio was significantly altered, despite an
apparent decreasing trend for both ratios, compared to time-
matched controls.

These results may indicate potential DCVC-stimulated
metabolic fluctuations favoring the PPP and HBP after 6 h,
whereas the evidence indicates a reverse trend after 12 h with
metabolic fluctuations favoring the glycolytic pathway.

Alternative Bioenergetics Fuel Sources via Glycerol
Metabolism. The calculated metabolite ratio for F1BP:Ga3P
+DHAP decreased significantly with 20 uM DCVC treatment
after 6 and 12 h, whereas the Ga3P+DHAP:2PG+3PG ratio
increased only after 6 h, compared to time-match controls
(Figure 6E,F; P < 0.002). These results indicate DCVC-
stimulated metabolic fluctuations favoring Ga3P and DHAP
formation after 6 h that eased slightly after 12 h. Furthermore, 20
uM DCVC treatment increased the metabolite ratio of Ga3P
+DAHP:GL3P after 6 h but not 12 h, compared to time-
matched controls (Figure 6G; P = 0.0008). Importantly, this
latter ratio indicates DCVC-induced metabolite fluctuation
toward the glycolytic pathway, especially after 6 h, consistent
with glycerol metabolism intermediates entering glycolysis.
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B DISCUSSION

Epidemiologic evidence has associated maternal TCE exposure
with increased risk of adverse birth outcomes. However, the
effects of TCE and its metabolite S-(1, 2-dichlorovinyl)-L-
cysteine (DCVC) on the placenta remain largely undetermined.
Because of previous evidence of DCVC-induced energy
perturbations in kidney cells,””*' and the importance of
maintaining sufficient ATP levels for placental cell function,
this study investigated the effects of nonlethal DCVC
concentrations on cellular energy status, macronutrients, and
energy metabolism in placental cells. Here, we report DCVC-
stimulated changes in energy metabolism pathway and macro-
nutrient utilization in HTR-8/SVneo trophoblast cells.

To our knowledge, the current study is the first to use targeted
metabolomics to evaluate DCVC-induced changes in cellular
energy metabolism for any cell type, although a previous study
used a metabolomics approach to investigate TCE-induced
changes to the metabolome in the context of embryogenesis.”*
In agreement our results, the latter study found increased
histidine, glutamine, isoleucine, and decreased phosphocreatine
concentrations in Japanese medaka fish exposed to 0—175 mg/L
of TCE during embryogenesis: however, contrary to our results,
ATP and glutamate and ATP concentrations decreased.””
Although the latter study of fish embryogenesis involved TCE
exposure and not specifically DCVC, it is noteworthy that
important energy-related metabolite concentrations were
affected in the context embryogenesis, suggesting that TCE
exposure may affect energy metabolism related to fetal
development or pregnancy.

DCVC-Induced Changes to Cellular Energy Status. The
cellular energy status, indicated by ratios comparing intracellular
concentrations of key energy metabolite couples, describes cells’
ability to meet and maintain sufficient ATP levels to carry out
energy-dependent processes.”>*® Our targeted metabolomics
analysis revealed many DCVC-induced changes to intracellular
concentrations of energy-relevant metabolites and correspond-
ing ratios, indicating an apparent decline in cellular energy
status, similar to a prior study conducted in rat kidney cells
which used DCVC concentrations an order of magnitude higher
than those used here.*' Importantly, we observed elevated ADP
and AMP concentrations along with depressed ATP:ADP and
ATP:AMP ratios compared to controls 6 and 12 h post DCVC
exposure. However, despite these findings, we observed no
overall changes to ATP intracellular concentrations after 6 or 12
h, nor activation of the AMPK energy stress pathway after 12 h of
exposure. Taken together, these results suggest that despite the
apparent cellular energy status decline, adaptive changes in
energy production were sufficient to maintain ATP levels in
HTR-8/SVneo cells under our exposure conditions.

In addition to cellular energy status, ratios of energy
metabolite couples may serve as predictors or regulators of
metabolic activity.*° During pregnancy, the ratio of ATP:ADP
in placental tissue does not change in the first, second, or third-
trimester under normal circumstances.®* However, a decreased
ATP:ADP ratio was observed in primary cultures of
cytotrophoblasts isolated from placentae of term pregnancies
complicated with intrauterine growth restricted (IUGR)
compared to normal term placentae.”> Moreover, the decreased
ratio in the latter study corresponded with higher susceptibility
to spontaneous apoptosis in the cytotrophoblasts,” a defining
characteristic of abnormal placental development.”® A study by
Crocker et al. provides an example in which the ATP:ADP ratio
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Figure 6. Energy pathway metabolite ratios. Graphical representations of energy metabolite ratio calculated from metabolite concentrations
representing upstream glycolysis, pentose phosphate pathway, and glycerol metabolism pathway. (A) Glucose:G6P+F6P ratio, (B) G6P+F6P:RSP
+X5P ratio, (C) G6P+F6P:R5P+XSP ratio, (D) G6P+F6P:NAcGIP ratio, (E) FIBP:Ga3P+DHAP ratio, (F) Ga3P+DHAP:2G+3PG ratio, (G)
Ga3P+DHAP:GL3P ratio. Metabolite names in dark red indicate metabolites with noteworthy DCVC-induced fluctuations. Boxes within each graph
represent first quartile, median, and third quartile; whiskers represent minimum and maximum. All data were log2 transformed prior to statistical
analysis to achieve normal Gaussian distribution. Data were analyzed by two-way ANOVA (interaction between time and treatment varied depending
on metabolite, P < 0.05) with post hoc Tukey multiple comparisons. Asterisks indicate significant differences compared to medium alone (control): *P
<0.0S, ¥*P < 0.01, ¥***P < 0.001. Pound signs indicate significant differences compared to same treatment at all earlier time points: #P < 0.05, %P <

0.01, P < 0.001.

not only is an indicator of energy status but also appears to be a
metabolic regulator or predictor of cell fate.”* Although not
directly tested, we suggest that the DCVC-induced changes in
energy status ratios reported here may serve as early indicators
and subsequent regulators of cell fate associated abnormal
placental growth, as observed by others in TUGR.%’
DCVC-Induced Changes to Macronutrients and En-
ergy Metabolism Pathways. Cellular energy metabolism
pathways are tightly regulated and highly interconnected,
enabling cells to precisely adjust macronutrient and metabolism
pathway utilization for optimal ATP synthesis.””*° This
facilitates crucial plasticity necessary to meet the energy
demands of the placenta amidst constantly changing environ-
mental conditions.’”*® In normal early pregnancies, anaerobic
glycolysis fueled by glucose derived from maternal glandular
histiotroph is the preferred source of energy over oxidative
phosphorylation as outlined in Figure 7A.>**~"" In the present
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study, we demonstrated DCVC-induced changes in intracellular
metabolite concentrations from nine interconnected metabo-
lism pathways. On the basis of these concentrations altered by
DCVC exposure and corresponding metabolite flux ratios, we
present an integrated framework proposing how DCVC may
alter bioenergetic fuel sources and pathway utilization following
6 and 12 h of exposure as summarized in Figure 7B. A caveat to
our steady state metabolomics approach is that we did not
directly measure flux of metabolites through these pathways but
are predicting the flux based on buildups at key regulatory
points.

During glucose metabolism, we observed time-dependent
elevated G6P+F6P concentrations in DCVC-treated cells and
DCVC-stimulated ratio shifts for metabolites upstream
(glucose:G6P+F6P), and downstream (G6P+F6P:F1BP), of
G6P+F6P; both heavily favoring metabolite flux toward G6P
+F6P. Together, these results indicated a time-progressive
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Figure 7. Proposed DCVC-induced energy metabolism alterations HTR-8/SVneo cells. (A) Overview of normal cellular energy metabolism pathways
in first-trimester placental cells. First-trimester placental cells survive in a low-oxygen environment. As a result, these cells prefer glycolysis fueled by
glucose as their primary source of energy over oxidative phosphorylation. Despite this preference, the cells are capable of using other macronutrient
metabolism pathways to fuel oxidative phosphorylation for additional ATP synthesis. (B) Summary of proposed DCVC-induced energy metabolism
alterations in HTR-8/SVneo cells. 1: Following glucose phosphorylation, G6P+F6P accumulated in a time-dependent manner. Conversely, PPP and
HBP shunting of G6P+F6P was elevated at 6 h and diminished with time, suggesting two independent processes. 2: At 6 and 12 h, alternative
bioenergentic fuel sources and pathways including amino acid, lipid, and glycerol metabolism provided intermediates that enter glycolysis downstream
of the G6P+F6P accumulation or enter the TCA cycle as acetyl CoA. Additionally, Ga3P and DHAP concentrations were elevated at both time points,
suggesting another possible glycolytic perturbation. 3: Acetyl-CoA concentrations were increased at both time points, but TCA cycle metabolites were
largely unchanged, indicating that DCVC likely does not directly affect the TCA cycle. 4: Although ATP levels are sustained, adenylate nucleotide

ratios shifted down, and ADP and AMP concentrations increased.

accumulation of G6P+F6P metabolites resulting from DCVC
exposure between 6 and 12 h. Furthermore, we established that
the time-progressive G6P+F6P accumulation was not caused by
a change in PFKI activity, the enzyme that converts F6P to
F1BP. Considering that PFK1 is the most regulated glycolytic
enzyme, > there may be DCVC-induced changes to other
regulatory mechanisms. For example, not only is F6P converted
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to F1BP via PFK1 but F6P is simultaneously converted by the
enzyme PFK2 to fructose-2,6 bisphosphate (F2BP) for the
purpose of feed-forward up-regulation of PFKI activity.”” As a
result of this complex regulation, determining the exact target of
DCVC requires further investigation. Nevertheless, the time-
progressive G6P+F6P accumulation represents a significant
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DCVC-induced disruption at a key regulatory point for multiple
energy metabolism pathways.

Shunting of glucose metabolism intermediates was also
detected, as indicated by elevated concentrations of RSP+XSP
and NAcG1P from the PPP and HBP, respectively, following 6 h
of DCVC exposure but not 12 h. Moreover, DCVC treatment
stimulated metabolite ratios that shifted toward the PPP and
HBP after 6 h, but not 12 h. Together, these results indicated
DCVC-induced elevated G6P+F6P shunting away from
glycolysis in favor of the PPP and HBP, a pattern that peaked
at 6 h and diminished with time. Because G6P+F6P shunting
toward the PPP and HBP decreased with time, whereas the G6P
+F6P accumulation increased with time, these observations
suggest opposing G6P+F6P metabolite fluctuations. Although
not directly tested, diminished G6P+F6P shunting may have
exacerbated the G6P+F6P accumulation between 6 and 12 h of
DCVC exposure. Regardless, the opposing nature of these
metabolite flux patterns likely suggests independent processes.
However, the precise relationship between these observations
requires further experimental clarification outside of the scope
this study. Despite the need for further investigation, the results
presented here offer compelling evidence of DCVC-induced
disruptions centered around G6P+F6P.

Interestingly, DCVC treatment revealed likely compensatory
use of alternative macronutrient fuel sources based on evidence
that DCVC treatment for 6 and 12 h increased intracellular
concentrations of glycerol metabolism intermediates, lipids, and
energy-relevant amino acids, accompanied by changes in
metabolite ratios favoring catabolic flux patterns. Furthermore,
DCVC treatment also elevated Ga3P+DHAP and acetyl CoA
intracellular concentrations. The latter metabolite changes
frequently occur in association with increased utilization of
alternative macronutrient fuel sources because Ga3P+DHAP
and acetyl CoA are entry points into energy metabolism for
glycerol intermediates, some amino acids, and some lipids.”*”®
Additionally, because the lower glycolytic pathway and TCA
cycle downstream of these entry points were largely unaffected
by DCVC treatment, this pattern suggests a successful
compensatory mechanism, likely related to increased energy
demand or the previously described changes in glucose
metabolism following treatment with DCVC. Increased
utilization of alternative macronutrient fuel sources appears to
be an important adaptation mechanism by which the cells
maintain enough energy production, even when challenged by
DCVC treatment.

DCVC treatment for 6 or 12 h increased some intracellular
amino acid concentrations and amino acid transporter levels.
This suggested a role for amino acids in metabolic
compensation, also supported by our demonstration that
amino acid deprivation in cell culture media profoundly
increased cytotoxicity in DCVC-treated HTR-8/SVneo cells
compared to cells cultured in amino acid-replete media. These
results not only confirm the obligatory role of amino acids in
successful compensatory mechanisms but also potentially reveal
a direct relationship between amino acid availability and DCVC
exposure, in which amino acid deprivation increases suscepti-
bility to DCVC-induced cell death. There are many factors that
may result in placental amino acid deficiency in pregnant women
such as maternal protein malnutrition, malabsorption, genetic
factors, or metabolic diseases.”®”” These data indicate that
amino acid deficiency during pregnancy could interact with
environmental TCE exposure to exacerbate structural abnor-
malities and placental dysfunction, increasing the risk of adverse
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birth outcomes,”® though further studies are needed to link this
cellular phenotype with human outcomes.

DCVC treatment did not change TCA cycle concentrations of
the metabolites included in our panel except for a slightly
elevated malate concentration following 12 h of exposure. This
finding contrasts with a study by Lash and Anders*" that showed
substantial increases in succinate and isocitrate concentrations
in rat renal proximal tubular cells. Possible explanations for the
different study findings may include the different cell types
(placenta vs kidney) or DCVC concentrations (20 yM vs 1
mM) used in the present study compared to the study by Lash
and Anders.”’ The Lash and Anders study further described
DCVC inhibition of corresponding enzymes succinate dehy-
drogenase and isocitrate dehydrogenase.”' Because no sub-
stantial changes in these metabolites were observed in the HTR-
8/SVneo cells, the effect of DCVC on specific TCA cycle
enzymes was not further investigated in the present study. In
addition, prior studies suggest that DCVC metabolites may
inhibit thiol-containing enzymes by acting as electrophiles in a
physical interaction with the sulfide groups of these enzymes,
but we did not explore such possibilities in the present
study.""””*" Regardless, our results suggest that TCA cycle
metabolites were likely not the primary target of DCVC-induced
changes in energy metabolism in HTR-8/SVneo cells at the
concentrations and exposure durations tested here.

5-(1,2-Dichlorovinyl)-L-cysteine (DCVC) Concentra-
tions. Because the aim of the current study was to investigate
the effects of nonlethal DCVC concentrations on energy in
HTR-8/SVneo cells, we reaffirmed previous findings indicating
that 24 h exposure to 20 uM DCVC or higher caused cell death,
whereas 12 h exposure to 20 uM DCVC or lower was not lethal
to the cells.””** Furthermore, we established an exposure
duration threshold for detectable cell death at the lower
concentration of 10 uM DCVC following 48 h of exposure.
Contrary to the current study, previous studies investigating
energy or energy metabolism responses to DCVC treatment in
different cell types mostly used cytotoxic concentrations up to 1
mM, an order of magnitude higher than concentrations used
here.”**”*" Thus, the findings reported here contribute novel
evidence of cellular energy responses to nonlethal DCVC
concentrations.

The DCVC concentrations used in the present study are
relevant to human occupational exposures based on levels of
TCE that workers may encounter in an occupational setting.
The Occupational Safety and Health Administration (OSHA)
Permissible Exposure Limit (PEL) is 100 ppm averaged over an
8 h work day.” In one study, female volunteers exposed to the
PEL of TCE for 4 h by inhalation had an average peak blood
concentration of 13.4 yM for the metabolic precursor to DCVC,
S-(1,2-dichlorovinyl) glutathione.”® This peak blood concen-
tration is included within the range of concentrations used in our
study of 5—20 uM DCVC. Moreover, another study detected
volatilized TCE concentrations up to 229 ppm, more than twice
the PEL, in 80 exposed workers (29% women) wearing personal
aerosolized monitoring devices,”' demonstrating the exposure
levels above the PEL are possible. Thus, our study contributes
valuable evidence of the effects of plausible DCVC blood
concentrations from occupational TCE exposure in human
placental cells.

HTR-8/SVneo Cells. Because of the lack of comparable
animal models and limited availability of early human placental
tissues, HTR-8/SVneo cells, a widely used immortalized
trophoblast cell line originally derived from noncancerous
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first-trimester placental tissue, were used here to model
extravillous trophoblasts. Extensive characterization by multiple
research groups has collectively demonstrated that these cells
display a combination of distinctive extravillous trophoblast
molecular markers and functional attributes.** For example,
HTR-8/SVneo cells express a combination of cytokeratin 7
(CK7), histocompatibility antigen, class I, G (HLA-G) (when
grown on Matrigel), and aSf1 integrin dimers.*>~*” Moreover,
the cells display a mesenchymal phenotype based on

roteomics®® and stress-induced altered invasion capabil-
ities.””*”° Two recent studies reported that HTR-8/SVneo
cells contain mixed populations of cells;”""*> however, neither of
these studies used any validation methods to verify the identity
of their cell lines nor did they obtain their cells from the
originator Dr. Charles Graham.*® In contrast, we obtained HTR-
8/SVneo cells directly from Dr. Charles Graham’s laboratory,
and we authenticated the identity of the cells using short tandem
repeat profiling. Of specific relevance to the current study, prior
reports found that trophoblast cell lines, including HTR-8/
SVneo cells* and BeWo cells,*® as well as primary
trophoblasts,"* maintain typical mitochondrial activity as
assessed by oxygen consumption rate measured with the
Seahorse XF analyzer. The prior study from our laboratory™®
was performed under experimental conditions that match those
used in the current study.

Despite the benefits of using a cell line, there are also
drawbacks. The immortalization processes changes the cells to
allow them to continue proliferating in culture conditions for a
longer time period than primary cells.”® Furthermore, in vitro
cell culture conditions may contribute to genetic and epigenetic
differences observed between HTR-8/SVneo cells and freshly
isolated extravillous trophoblasts.”>”* Additionally, because in
vitro experiments do not reflect the complicated in vivo
dynamics within the fetal-uteroplacental unit, further studies
in primary extravillous trophoblasts, villous explants, and other
models are needed to confirm our results.

B SUMMARY AND CONCLUSION

In summary, we present evidence detailing alterations to
macronutrient and energy pathway metabolites in HTR-8/
SVneo cells exposed to DCVC at relatively low concentrations
that are relevant to human occupational TCE exposure. Taken
together, the results presented here suggest that DCVC caused
metabolic perturbations necessitating adaptations in macro-
nutrient and energy metabolism pathway utilization, while
successfully maintaining sufficient ATP concentrations. Our
findings demonstrate the biological plausibility of DCVC-
induced placental injury and provide new insights into the
toxicological mechanisms of action of TCE and its metabolite
DCVC.

B ASSOCIATED CONTENT
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