
The trichloroethylene metabolite S-(1,2-dichlorovinyl)-L-cysteine 
induces progressive mitochondrial dysfunction in HTR-8/SVneo 
trophoblasts

Elana R. Elkina, Dave Bridgesb, Rita Loch-Carusoa

aDepartment of Environmental Health Sciences, University of Michigan, 1415 Washington 
Heights, Ann Arbor, MI 48109-2029 USA

bDepartment of Nutritional Sciences, University of Michigan, 1415 Washington Heights, Ann 
Arbor, MI 48109-2029 USA

Abstract

Trichloroethylene is an industrial solvent and common environmental pollutant. Despite efforts to 

ban trichloroethylene, its availability and usage persist globally, constituting a hazard to human 

health. Recent studies reported associations between maternal trichloroethylene exposure and 

increased risk for low birth weight. Despite these associations, the toxicological mechanism 

underlying trichloroethylene adverse effects on pregnancy remains largely unknown. The 

trichloroethylene metabolite S-(1,2-dichlorovinyl)-L-cysteine (DCVC) induces mitochondrial-

mediated apoptosis in a trophoblast cell line. To gain further understanding of mitochondrial-

mediated DCVC placental toxicity, this study investigated the effects of DCVC exposure on 

mitochondrial function using non-cytolethal concentrations in placental cells. Human trophoblasts, 

HTR-8/SVneo, were exposed in vitro to a maximum of 20 μM DCVC for up to 12 h. Cell-based 

oxygen consumption and extracellular acidification assays were used to evaluate key aspects of 

mitochondrial function. Following 6 h of exposure to 20 μM DCVC, elevated oxygen 

consumption, mitochondrial proton leak and sustained energy coupling deficiency were observed. 

Similarly, 12 h of exposure to 20 μM DCVC decreased mitochondrial-dependent basal, ATP-

linked and maximum oxygen consumption rates. Using the fluorochrome TMRE, dissipation of 

mitochondrial membrane potential was detected after a 12-h exposure to 20 μM DCVC and (±)-α-

tocopherol, a known suppressor of lipid peroxidation, attenuated DCVC-stimulated mitochondrial 

membrane depolarization but failed to rescue oxygen consumption perturbations. Together, these 

results suggest that DCVC caused progressive mitochondrial dysfunction, resulting in lipid 

peroxidation-associated mitochondrial membrane depolarization. Our findings contribute to the 
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biological plausibility of DCVC-induced placental impairment and provide new insights into the 

role of the mitochondria in DCVC-induced toxicity.
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1. Introduction

Trichloroethylene (TCE) is a volatile organic compound used for decades as a dry-cleaning 

solvent and industrial metal degreaser. Due to longstanding use and improper disposal, 

persistent TCE environmental contamination continues to pose a potential hazard to human 

health. TCE has proven to be a potent organ-and organ system-specific toxicant (Lash et al. 

2014; Waters et al. 1977). For example, TCE is classified by the National Toxicology 

Program (NTP) and International Agency for Research on Cancer as a known human 

carcinogen based on epidemiological evidence and animal toxicity studies demonstrating 

that the compound causes kidney cancer in humans and animals (Guha et al. 2012; Lash et 

al. 2000b; NTP 2015; Rusyn et al. 2014). Moreover, TCE has been implicated in adverse 

pregnancy outcomes. Although an early study found no association (Lagakos et al. 1986), 

several recent studies described significant associations between maternal TCE exposure and 

increased risk of low birth weight (Forand et al. 2012; Ruckart et al. 2014). Despite these 

reports, many aspects of the TCE toxicological mechanism of action remain unknown.

Optimal placental function is critical for a healthy pregnancy. Abnormal placental 

development may play a key role in adverse birth outcomes (Ilekis et al. 2016). For example, 

placental insufficiency originating from deficient placental structure and/or function may 

contribute to preterm birth risk (Morgan 2014; Morgan 2016). Indeed, pre-eclampsia, which 

involves placental abnormalities, is associated with increased risk of preterm birth and low 

birth weight (Davies et al. 2016; Oshvandi et al. 2018)

Furthermore, as a highly perfused organ with abundant metabolic activity, the placenta is a 

probable target organ for toxicity (Goodman et al. 1982). Because the placenta has a large 

surface area that serves as the maternal-fetal interface, it is readily exposed to any TCE and 

TCE metabolites circulating in maternal blood (Burton and Fowden 2015; Laham 1970). 

Moreover, the placenta (Lee et al. 2013; Myllynen et al. 2005; Nishimura and Naito 2006), 

as well as placenta-derived cell lines (Hassan et al. 2016; Wu et al. 2019), express many 

enzymes required for TCE metabolism including cytochrome P450, glutathione-S-

transferase and cysteine conjugate beta-lyase. The presence of these enzymes greatly 

increases the risk of placenta-generated toxic TCE metabolites.

Specific TCE metabolites are implicated in TCE toxicity, suggesting that TCE metabolism is 

required to exert its toxic effects (Lash et al. 2014; Lash et al. 2000a). Previous studies in 

models without metabolic capabilities have shown little to no TCE-induced genotoxicity 

(Cichocki et al. 2016). On the other hand, many studies have described cytotoxicity to 

specific TCE metabolites. Notably, multiple in vitro studies have demonstrated that the 
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glutathione pathway-derived metabolite S-(1, 2-dichlorovinyl)-L-cysteine (DCVC) is toxic 

to kidney proximal tubular cells, following further transformation by the enzyme beta-lyase, 

to several unstable reactive thiol species (Chen et al. 1990; Lash et al. 2000a) in rodents and 

humans (Chen et al. 2001; Darnerud et al. 1989; Lash and Anders 1986; Lash et al. 2001; 

Xu et al. 2008). Furthermore, mechanistic studies revealed that DCVC cytotoxicity in kidney 

cells is mediated by mitochondrial dysfunction, aberrant reactive oxygen species (ROS) 

generation, and accompanying lipid peroxidation and apoptosis (Chen et al. 1990; Chen et 

al. 2001; Lash and Anders 1986; Lash et al. 2003; van de Water et al. 1994; van de Water et 

al. 1995; Xu et al. 2008). In agreement with kidney cells, we recently reported that DCVC 

increases placental cell ROS generation, lipid peroxidation and mitochondrial-mediated 

apoptosis in the extravillous trophoblast cell line HTR-8/SVneo (Elkin et al. 2018; Hassan et 

al. 2016). Taken together, the evidence supports mitochondria as a target and mediator of 

cytotoxicity in multiple cells types (Lash and Anders 1986).

Flexible and efficient adenosine triphosphate (ATP)-generating mitochondrial function is 

critical for placental cells because of their sizable energy requirements for carrying out 

normal biological processes throughout gestation. Specifically, extravillous trophoblast cells 

require energy for utero-placental invasion, vasculature remodeling and formation of 

anchoring chorionic villi (Erecinska and Wilson 1982; Fisher et al. 1987; Mando et al. 2014; 

Vaughan and Fowden 2016). To date, there is considerable evidence supporting the theory 

that mitochondrial disruptions play a role in the pathophysiology of pregnancy disorders. For 

example, mitochondria-generated ROS including lipid peroxidation and alterations in 

mitochondrial DNA content in placental cells have been widely observed in pregnancy 

disorders involving abnormal placental development, as previously reviewed (Gupta et al. 

2005; Holland 7et al. 2017). Based on the importance of the mitochondria in placental cell 

function and previous studies suggesting that mitochondria are an intracellular target of 

DCVC toxicity, this study investigated the effects of DCVC on mitochondrial function in a 

human extravillous trophoblast in vitro cell model, HTR-8/SVneo.

2. Materials and Methods

2.1. 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 (McKinney et al. 1959). 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 the core using nuclear 

magnetic resonance (NMR).

RPMI 1640 culture medium with L-glutamine and without phenol red, 10,000 U/mL 

penicillin/10,000 μg/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). Rotenone, 
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oligomycin, antimycin A and (±)-α-tocopherol were purchased from Sigma-Aldrich (St. 

Louis, MO, USA). Trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP) was 

purchased from Cayman Chemical (Ann Arbor, MI, USA). Dimethyl sulfoxide (DMSO) 

was purchased from Torcis Biosciences (Bristol, UK).

2.2. 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 (Graham et al. 1993). The cells have 

the female genotype of two X chromosomes and express markers of an extravillous 

trophoblast phenotype. HTR-8/SVneo cells were cultured as previously described (Hassan et 

al. 2016; Tetz et al. 2013). 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% CO2 humidified 

incubator. Cells were sustained in RPMI 1640 growth medium with 10% FBS and 1% P/S 

prior to and during experiments to ensure optimal cell growth as previously described 

(Graham et al. 1993). Cells were grown to 70–90% confluence for 24 h after subculture 

prior to beginning each experiment.

Prior to 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 μM DCVC. The DCVC concentrations selected for this 

study are based on a previous study conducted by Lash et al. in which 8 female volunteers 

were exposed to 100 parts-per-million of TCE, a plausible occupational exposure level, by 

inhalation. After 4 h of exposure, the female volunteers had an average peak blood 

concentration of 13.4 μM S-(1,2-dichlorovinyl) glutathione, the metabolic precursor to 

DCVC (Lash et al. 1999). This concentration of DCVG is within the range of the DCVC 

concentrations used in our study. Additionally, we selected concentrations previously 

determined to lack overt cytotoxicity in HTR-8/SVneo cells at the times points used in the 

present study (Elkin et al. 2018; Hassan et al. 2016). In the context of the current study, 

these concentration thresholds for DCVC toxicity were validated (unpublished results).

2.3. Cell line validation

Genomic DNA was extracted from HTR-8/SVneo cells 48 h-post-culture using QIAamp® 

DNA Mini Kit (Qiagen; Hilden, Germany). Microsatellite genotyping was performed at the 

University of Michigan DNA Sequencing Core using AmpFLSTR Identifier Plus PCR 

Amplification Kit run on a 3730XL Genetic Analyzer purchased from Applied Biosystems 

(Waltham, MA, USA). DNA for 8 tetranucleotide repeat loci and the Amelogenin gender 

determination marker were identified. The short tandem repeat profile for our cells was 

compared to the equivalent profile publicly provided by the American Type Culture 

Collection (ATCC, Manassas, VA, USA) for HTR-8/SVneo (ATCC® CRL-3271™) (ATCC 

2015).The following short tandem repeat profile was a perfect match: CSF1PO: 12, 

D13S317: 9,12, D16S539: 13D5S818: 12, D7S820: 12, TH01: 6,9.3, vWA: 13,18, TPOX: 8, 

Amelogenin gender determination marker: X (ATCC 2015).

Elkin et al. Page 4

Toxicology. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.4. Bicinchoninic acid (BCA) assay

Total protein concentration per well was used to normalize bioenergetics experiments. 

Protein concentrations were 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. Cell lysates from 

each sample were transferred to a 96-well clear-bottomed plate, combined with 200 μl 

working buffer and incubated for 30 minutes 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 0.0625–2 mg/ml.

2.5. Measurement of cellular bioenergetics

We measured changes in cellular bioenergetics using Seahorse XF Analyzer instruments 

(Agilent; Santa Clara, CA), which allow for simultaneous real-time measurement of the 

oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) in live cells. We 

plated HTR-8/SVneo cells at a density of 50,000 cells per well in Seahorse XF Analyzer 24-

well plates (Agilent) and allowed the cells to attach for 24 h. Cells were then treated with 

medium alone (control) or DCVC (10 or 20 μM), 3–5 wells per treatment depending on 

experiment. We performed mitochondrial stress assays on a Seahorse XF24 Analyzer or an 

XF24e Analyzer following 6 or 12 h of DCVC exposure, respectively, using the Seahorse 

XF manufacturer’s protocols. During the mitochondrial stress assay, the analyzers took a 

series of basal OCR and ECAR measurements followed by sequential injections of 

compounds that target different parts of the electron transport chain: this allowed for the 

measurement of ATP-linked respiration rate, oxygen-linked maximum respiration rate, non-

mitochondrial respiration rate and subsequent calculation of proton leak rate, reserve 

respiration and acidification rate and coupling efficiency (AgilentSeahorse 2017; Divakaruni 

et al. 2014). Briefly, the day before the assay, the Seahorse XF cartridge was soaked in 

Seahorse XF Calibrant (Agilent) and placed in a CO2-free incubator at 37ºC overnight. The 

day of the assay, the cells in the Seahorse plate were washed twice and cultured in buffer-

free RPMI 1640 media (Sigma-Aldrich) containing the appropriate experimental treatments 

and placed in a CO2-free incubator at 37ºC for 1 h prior to reading. The mitochondrial 

complex V inhibitor oligomycin (1 μM) was loaded into cartridge injection port A, 

uncoupler FCCP (1 μM) was loaded into injection port B, and complex I and III inhibitors 

rotenone and antimycin A (1 μM each) were loaded into injection port C. The cartridge and 

Seahorse plate were placed in the Seahorse XF24 or XF24e Analyzer and maintained at 37 

ºC. The OCR and ECAR were measured using Wave Controller Software version 2.4 

(Agilent) at approximately 5-minute intervals, followed by measurements of OCR and 

ECAR after each injection of an electron transport chain inhibitor. Following the assay, a 

BCA assay (Thermo Fisher Scientific) was performed to quantify total μg of protein per well 

for normalization purposes. At least three independent experiments were performed for each 

time point.
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2.6. Calculation of mitochondrial functional parameters

The bioenergetics parameters were measured or calculated as follows. Non-mitochondrial 

respiration rate was directly measured by the Seahorse XF Analyzer as the lowest OCR 

measurement after the rotenone/antimycin A injection. Basal respiration rate is the non-

mitochondrial respiration rate subtracted from the last OCR measurement before the first 

injection. The maximum respiratory rate is the non-mitochondrial respiration rate subtracted 

from the highest OCR measurement taken after the FCCP injection. Proton leak rate is the 

non-mitochondrial respiration rate subtracted from the lowest OCR measurement taken after 

the oligomycin injection. The ATP-linked respiration rate is lowest OCR measurement taken 

after the oligomycin injection subtracted from the last OCR measurement before the 

oligomycin injection. The reserve respiration rate is the maximum respiratory rate minus the 

basal respiration rate. The coupling efficiency is the maximum respiratory rate divided by 

the basal respiration rate times 100 (AgilentSeahorse 2016). The calculations and 

relationships of these parameters are visualized in supplemental figure 3.

2.7. Measurement of mitochondrial DNA content

Relative mitochondrial DNA content, a proxy for mitochondrial copy number, was estimated 

by measuring the quantity of genomic DNA of two mitochondrial genes and two nuclear 

genes and calculating the ratios of mitochondrial DNA to nuclear DNA. HTR-8/SVneo cells 

were seeded at a density of 400,000 cells per well in a 6-well cell culture plate and allowed 

to adhere and acclimate for 24 h. Cells were treated with medium alone (control) or DCVC 

(5, 10 or 20 μM) for 6 or 12 h in separate experiments. Following exposure, DNA was 

extracted using QIAamp® DNA Mini Kit (Qiagen) following the manufacturer’s protocol. 

Briefly, cells were trypsinized with 0.25% trypsin, transferred to microcentrifuge tubes, 

centrifuged and resuspended in PBS. Cells were lysed in a assay buffer, centrifuged and 

washed to remove any remaining cellular debris. The remaining nuclear pellet was lysed 

with a buffer and treated with proteinase K. The lysate was then filtered through QIAGEN 

Genomic tip filters to separate genomic DNA. Following filtration, the genomic DNA was 

washed, eluted and stored at −80 ºC in 10 mM Tris-Cl buffer with a pH of 8.5.

Following DNA extraction, quantitative real-time PCR (qRT-PCR) was performed on the 

genomic DNA using a commercially available Human Mitochondrial DNA (mtDNA) 

Monitoring Primer Set (Takara Bio; Mountain View, CA) containing primers for two nuclear 

encoded genes; SLCO2B1and SERPINA1 and two mitochondrial encoded gene: ND1 and 

ND5. real-time PCR reactions were prepared with SYBR Green Mastermix (Qiagen 

SABiosciences; Sioux Falls, SD, USA) and commercially purchased primers and run on a 

Bio-Rad (Hercules, CA) CFX96 Real Time C1000 \thermal cycler following the 

manufacturer’s recommended protocols.

The mitochondrial content was calculated using the manufacturer’s recommended procedure 

(Takara 2013a). Briefly, the difference in the Ct values for the ND1/SLCO2B1 pair and 

ND5/SERPINA1 was calculated separately). The 2ΔCt for ΔCt1 and ΔCt2 were calculated. 

The mean of the two 2ΔCt values was used as mitochondrial content for each DCVC 

exposure (Takara 2013a, b). The experiment was replicated three times for the 6-h time point 

Elkin et al. Page 6

Toxicology. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and four times for 12-h time point. Gene expression was measured in technical duplicate by 

qRT-PCR.

2.8. Measurement of mitochondrial membrane potential

To measure relative mitochondrial membrane potential, HTR-8/SVneo cells were seeded at a 

density of 20,000 cells in each well in a black, clear-bottomed plate and allowed to adhere 

for 24 h. After acclimation, cells were treated with medium alone (control), DCVC (5, 10, 

and 20 μM), or 10 μM FCCP (positive control) in quintuplicate for 3, 6, 9 or 12 h. Relative 

changes in the mitochondrial membrane potential were measured using the TMRE 

Mitochondrial Membrane Potential Assay Kit (Cayman Chemical). Because the 

fluorochrome tetramethylrhodamine ethyl ester (TMRE) selectively accumulates in 

mitochondria with normal polarized membrane potentials, the number of healthy 

mitochondria is proportional to TMRE fluorescence intensity (Crowley et al. 2016). The 

assay was performed using the manufacturer’s recommended protocol with some 

modification, as follows. Cells were loaded with the fluorochrome by incubation with 125 

nM TMRE diluted in HBSS (Thermo Fisher Scientific) at room temperature for 15 minutes 

followed by incubation at 37ºC for 30 minutes. Following incubation, cells were washed 3 

times with HBSS and left to equilibrate to room temperature for 15 minutes. TMRE 

fluorescence intensity (excitation/emission=530/580 nm) was measured using a SpectraMax 

M2e Multi-Mode Microplate Reader (Molecular Devices). Three independent experiments 

were performed for each time point.

2.9. Visualization of changes in mitochondrial membrane potential

Fluorescence microscopy was used to visualize the effect of DCVC on relative 

mitochondrial membrane potential. HTR-8/SVneo cells were seeded at a density of 400,000 

cells per well in a 6-well clear bottom plate and allowed to adhere for 24 h. Cells were then 

treated with medium alone (control) or DCVC (10 or 20 μM) for 12 h. Cells were loaded 

with TMRE as previously described. Additionally, cellular nuclei were stained with Hoechst 

dye (Thermo Fisher Scientific). Cells were viewed and images were captured using an 

EVOS FL digital inverted fluorescence microscope (Thermo Fisher Scientific). TMRE 

fluorescence was visualized in the RFP fluorescence channel and Hoechst stain was 

visualized in the DAPI fluorescence channel. Photo images were then merged to create final 

images using EVOS FL software.

2.10. Treatment with (±)-α-tocopherol to assess modulation of DCVC-induced changes in 
mitochondrial function

The ability of (±)-α-tocopherol to attenuate DCVC-induced perturbation of mitochondrial 

bioenergetics and mitochondrial membrane potential were measured using the Seahorse XF 

Analyzer and TMRE fluorescence, respectively. For the Seahorse XF Analyzer experiments, 

cells were seeded at a density of 50,000 per well (previously determined by cell density-

OCR experiments), in a Seahorse XF24 Analyzer 24-well plate. For the TMRE fluorescence 

experiment, cells were seeded at a density of 20,000 cells per well in a 96-well black, clear-

bottom plate and allowed to adhere for 24 h. To initiate treatment, cells were incubated for 

15 min with 50 μM (±)-α-tocopherol, a concentration previously demonstrated to attenuate 

DCVC-stimulated caspase 3+7 activity in HTR-8/SVneo cells (Elkin et al. 2018). Then, 
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cells were treated with 0.01% DMSO (solvent control for α-tocopherol), (±)-α-tocopherol 

(50 μM), DCVC (20 μM), or DCVC (20 μM) plus (±)-α-tocopherol (50 μM). After 12 h of 

exposure, mitochondrial bioenergetics was measured with the Seahorse XF Analyzer and 

membrane potential depolarization was measured by TMRE fluorescence intensity, as 

previously described.

2.11. Statistical analysis

All experiments were performed independently and repeated three to four times. When 

applicable, technical replicates were averaged within each experiment. Data collected 

together from time-course experiments were analyzed using two-way analysis of variance 

(ANOVA), followed by Tukey’s post-hoc test for comparison of means. Data collected from 

experiments conducted separately using different exposure times were analyzed by adjusted 

linear mixed-models with posthoc Tukey multiple comparisons. These comparisons were 

restricted to within each time point tested, as indicated by vertical dashed line on respective 

graphs, were applicable. Two-way ANOVA followed by Tukey’s post-hoc comparison of 

means were performed with GraphPad Prism software version 7 (GraphPad Software Inc., 

San Diego, CA, USA). Adjusted linear mixed-models with posthoc Tukey multiple 

comparisons were performed with SPSS experiments were conducted separately software 

version 22 (IBM, Armonk, New York, USA). Data are expressed as means ± SEM. 

N=number of independent experiments. P < 0.05 was considered statistically significant in 

all experiments.

3. Results

3.1. DCVC effects on cellular bioenergetics and mitochondrial function

Because DCVC decreases mitochondrial respiration in human and rat renal proximal tubular 

cells (Lash and Anders 1987; Lash et al. 2001; Lash et al. 2003; Xu et al. 2008), Seahorse 

XF Analyzer instruments were used to assess mitochondrial OCR perturbations in HTR-8/

SVneo cells (Fig. 1) (AgilentSeahorse 2017; Divakaruni et al. 2014). Concomitantly, the 

instrument also assessed DCVC-induced changes in the extracellular acidification rate. 

Overall ECAR and OCR profiles for the initial 130 minutes directly following treatment 

with medium alone (control), 10 μM DCVC, or 20 μM DCVC for 6 and 12 h are displayed 

in figures 1A and 1C, respectively. Furthermore, functional parameters are individually 

displayed in figures 1Bi and 1Di–vi, respectively.

3.1.1. Extracellular acidification rate—DCVC-induced increases in the basal ECAR 

were detected after 6 and 12 h of exposure (Fig. 1B). After 6 h of exposure, basal ECAR 

measurements significantly increased 26% and 63% with 10 and 20 μM DCVC, 

respectively, compared to time-matched controls (Fig 1Bi; P<0.05). In contrast, DCVC 

significantly increased basal ECAR by 37% only after 12 h of exposure to 20 μM DCVC 

(Fig 1Bi; P=0.01). No significant effects were observed in ECAR measured in real-time for 

the first 90 minutes immediately following DCVC treatment (Sup. Fig. 1). Interestingly, 

although the bioenergetics studies conducted at 6 or 12 h-post DCVC exposure were 

separate and treated as such, we also observed lower mean basal ECAR in non-treated cells 
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measured after 12 h compared to 6 h. Although not directly caused by mitochondrial 

perturbations, changes in ECAR may be connected indirectly to mitochondrial dysfunction.

3.1.2. Mitochondrial oxygen consumption rate—Concordant with elevated ECAR, 

treatment with 10 and 20 μM DCVC for 6 or 12 h significantly altered multiple OCR 

parameters after one or both time points (Fig. 1D). Basal OCR increased 38% with 20 μM 

DCVC after 6 h (Fig. 1Di; P=0.025), but the opposite effect – decreased basal OCR by 57% 

– was observed after 12 h of DCVC exposure, compared to time-matched controls (Fig. 1Di; 

P=0.025). Although the maximum OCR was not impacted by DCVC treatment after 6 h, it 

decreased after 12 h by 45% and 64% with 10 μM and 20 μM DCVC treatment, respectively, 

compared to time-matched controls (Fig. 1Dii; P<0.0001). On the other hand, reserve OCR 

declined significantly at both time points: 72% with 20 μM after 6 h (P=0.009), and 55% 

and 73% with 10 μM or 20 μM DCVC treatment, respectively, after 12 h (P<0.0001), 

compared to time-matched controls (Fig. 1Diii). Proton leak was significantly elevated 60% 

with 10 and 20 μM DCVC treatment for 6 h (P<0.0001), however, it was only elevated 32% 

with 10 μM DCVC treatment following 12 h of exposure (P=0.02), compared to time-

matched controls (Fig. 1Div). Despite no change in the ATP-linked OCR after 6 h of DCVC 

exposure, the rate declined significantly 42% and 82% with 10 and 20 μM DCVC, 

respectively, after 12 h of exposure, compared to time-matched controls (Fig. 1Dv; 

P<0.002). Lastly, ATP coupling efficiency decreased significantly by 40% and 48% with 10 

and 20 μM DCVC treatment, respectively, after 6 h of exposure (P<0.0001), and by 24% and 

58% with 10 and 20 μM DCVC treatment, respectively, after 12 h of exposure (P<0.002), 

compared to time-matched controls (Fig. 1Dvi). No significant effects were observed in 

OCR measured in real-time for the first 90 minutes following treatment with DCVC (Sup. 

Fig. 1). In addition, the non-mitochondrial OCR was not was not significantly affected by 

DCVC treatment at 12 h, however it was significantly reduced after 6 h with 20 μM (Sup. 

Fig. 2). Lastly, like the ECAR, we also observed lower mean basal OCAR in non-treated 

cells measured after 12 h compared to 6 h. Taken together, these results indicate that DCVC 

exposure between 6 and 12 h caused progressive changes to mitochondrial function. 

However, as with ECAR, DCVC treatment did not exert immediate effects on the OCR in 

placental cells.

3.2. Effect of DCVC on mitochondrial DNA content

Because mitochondria are primary targets that mediate DCVC-induced cytotoxicity in 

another cell type (Lash and Anders 1986), mitochondrial DNA content was measured as a 

proxy for mitochondrial copy number in the HTR-8/SVneo cells. Exposure to 20 μM DCVC 

for 12 h reduced mitochondrial DNA content by 30% compared to time-matched controls 

(Fig. 2; P=0.02). There were no significant differences in the mitochondrial DNA content 

with 10 μM DCVC at 12 h, nor with 10 and 20 μM DCVC at 6 h, compared to time-matched 

controls. The results indicate a modest decline in mitochondrial content that required at least 

12 h of exposure to 20 μM DCVC.

3.3. Effect of DCVC on relative mitochondrial membrane potential

To further assess the impact of DCVC on mitochondrial function, the TMRE fluorochrome 

was used to examine DCVC-induced changes to mitochondrial membrane potential. DCVC 
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treatment decreased the TMRE fluorescence signal in time-and concentration-dependent 

manners (no significant interaction detected between time and treatment, Fig. 3A; 

P=0.1533). Treatment with 20 μM DCVC for 12 h stimulated a 64% decline of fluorescence 

compared to time-matched controls (P=0.0013), as well as decreased fluorescence compared 

to other DCVC concentrations at 12 h (P<0.002) and earlier exposure durations with 20 μM 

DCVC (Fig. 3A; P<0.001). No other significant DCVC-induced changes in mitochondrial 

membrane potential were detected. Fluorescence microscopy with TMRE and Hoechst 

nuclear stain provided visual confirmation of these results (Fig. 3Bi–iii). These results 

demonstrate that the mitochondrial membrane remained polarized for at least 9 h during 

exposure to 20 μM DCVC, with depolarization onset between 9 and 12 h of exposure. These 

results suggest an exposure duration threshold of 12 h for 20 μM DCVC-induced 

mitochondrial membrane depolarization.

3.4. Effect of antioxidant co-treatment on relative mitochondrial membrane potential 
depolarization and decline in oxygen consumption rate

Due to evidence of reactive oxygen species and lipid peroxidation involvement in the 

toxicological mechanism for DCVC-mediated toxicity in placental and kidney cells (Beuter 

et al. 1989; Chen et al. 1990; Elkin et al. 2018; Groves et al. 1991; Hassan et al. 2016), the 

role of lipid peroxidation in DCVC-induced mitochondrial perturbations was evaluated by 

including treatment with (±)α-tocopherol, an antioxidant that blocks lipid peroxidation 

(Horwitt 1986). Co-treatment with 50 μM (±)α-tocopherol significantly rescued 

mitochondrial membrane depolarization caused by 20 μM DCVC exposure for 12 h (Fig. 

4A; P < 0.001). However, (±)α-tocopherol co-treatment did not attenuate the DCVC-

induced decreases in OCR, ATP-linked OCR, maximum OCR and ATP coupling efficiency 

(Figs. 4Bi–iv). These results indicate that lipid peroxidation may mediate DCVC-induced 

depolarization of the mitochondrial membrane. However, the inability of (±)α-tocopherol to 

prevent DCVC-induced decrease in basal OCR may suggest that DCVC-induced lipid 

peroxidation does not initiate mitochondrial dysfunction but rather results from it.

4. Discussion

Several studies report associations between maternal TCE exposure and increased risk of 

adverse birth outcomes (Forand et al. 2012; Ruckart et al. 2014). Additionally, our 

laboratory reported pregnancy-related TCE toxicity in Wistar rats with oxidative stress 

impacts on the placenta (Loch-Caruso et al. 2018). Still, the mechanism of TCE-mediated 

toxicity in pregnancy remains poorly characterized. Here, we examined the effects of the 

TCE glutathione conjugation-derived metabolite S-(1, 2-dichlorovinyl)-L-cysteine on the 

mitochondria of placental cells.

The assessment of mitochondrial bioenergetics in HTR-8/SVneo cells revealed that 

treatment with 20 μM DCVC for 6 h significantly elevated the basal OCR compared to 

controls, whereas the same DCVC concentration had the opposite effect of depressing basal 

OCR after 12 h. Because previous studies demonstrated that 20 μM DCVC treatment was 

not cytolethal after 12 h, yet apoptotic caspase activity increased after 12 h (Elkin et al. 

2018; Hassan et al. 2016), the previous findings and the OCR results presented here likely 
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reflect initial metabolic compensation occurring after 6 h of DCVC exposure that 

transitioned to a pathological process after approximately 12 h of DCVC exposure. 

Furthermore, the current study measured no change in mitochondrial OCAR or ECAR 

during the first 90 minutes of real-time exposure to DCVC (Sup. Fig. 1), supporting the 

theory of an initial compensatory mechanism for maintaining metabolic homeostasis 

preceding pathological consequences.

To our knowledge, this is the first report of DCVC-stimulated OCR elevation followed by 

depression in any cell type. Prior studies conducted with renal proximal tubular cells 

reported DCVC-induced decreases in mitochondrial OCR at earlier time points: 15 minutes 

with 1 mM DCVC (Lash and Anders 1986) and 1 h with 10 μM DCVC (Xu et al. 2008). The 

increased time required for DCVC-induced mitochondrial disruption in HTR-8/SVneo cells 

compared to renal proximal tubular cells may be attributed to cell-specific variations in 

transport, metabolism and/or accumulation of DCVC, resulting in the ability of HTR-8/

SVneo cells to initially compensate for DCVC exposure, unlike proximal tubular cells. For 

example, because the toxicity of DCVC is likely dependent on the expression and activity of 

the downstream biotransforming enzyme beta-lyase (Lash et al. 2014; Lash et al. 2000a), 

differing levels of beta-lyase expression and/or activity may be one explanation for why 

kidney cells appear to be more sensitive to DCVC treatment than placental cells. Regardless, 

our results indicate that DCVC disrupted mitochondrial basal OCR in HTR-8/SVneo cells, 

contributing novel evidence of mitochondrial involvement for DCVC-induced placental cell 

dysfunction.

Our bioenergetics experiments revealed for the first time that DCVC compromised cellular 

bioenergetic capacity. Following 6 h of DCVC exposure, unchanged maximum OCR, 

elevated basal OCR and resulting diminished reserve OCR revealed that the HTR-8/SVneo 

cells were operating closer to their bioenergetic limit compared to non-treated cells. The 

maximum OCR reflects the top achievable mitochondrial respiration rate (Pereira et al. 

2014), whereas spare OCR describes the cells’ ability to adaptively elevate the OCR in 

response to increased energy demand (Brand and Nicholls 2011). These results support a 

compensatory process occurring at 6 h, likely due to increased energy demand in response to 

DCVC exposure. Furthermore, exposure to 10 and 20 μM DCVC for 6 h substantially 

elevated proton leak, the movement of proton back across the mitochondrial inner membrane 

into the matrix independent of ATP synthase. Although this process may occur under 

pathological conditions, physiological regulation of proton leak through mitochondrial inner 

membrane integral proteins occurs as both a signaling/regulatory mechanism and an 

adaptive process (Cheng et al. 2017; Jastroch et al. 2010). Indeed, induced proton leak 

resulting in uncoupling has been suggested as a protective mechanism to limit excessive 

ROS generation during elevated oxidative phosphorylation (Brookes 2005), a scenario 

consistent with the DCVC response we observed at 6 h in the present study. Thus, although 

further investigation is warranted, the evidence, suggests that mitochondrial compensation 

occurred in response to DCVC exposure for 6 h in HTR-8/SVneo cells.

Contrary to the mitochondria functional parameters measured 6 h-post DCVC treatment, 

continuous DCVC exposure for 12 h decreased basal, maximum and spare OCRs, indicating 

a drop in cellular bioenergetic capacity and limiting mitochondrial-mediated cellular 
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adaptability. These results are consistent with our previous study showing elevated caspase 

activity in the absence of detectable cell death 12 h-post DCVC exposure (Elkin et al. 2018). 

Consequently, the results likely indicate a critical transition to a pathological process in 

which mitochondria lose their ability to compensate and initiate a decline in cellular function 

leading to cell death. Notably, other studies have also reported diminished spare and/or 

maximum OCR in pre-eclamptic placental tissue (Holland et al. 2018), or in HTR-8/SVneo 

cells treated with maternal serum from pregnancies complicated with pre-eclampsia 

compared to normal pregnancies (Sanchez-Aranguren et al. 2018). Taken together, these 

findings suggest that DCVC may disrupt oxidative phosphorylation and diminish 

mitochondrial adaptability over time as a possible mechanism by which TCE exposure 

promotes placental toxicity.

Interestingly, although the bioenergetics studies conducted after 6 or 12 h of DCVC 

exposure were separate experiments and treated as such in our data analysis and 

interpretation, we also observed lower mean basal OCAR and ECAR in non-treated cells 

measured after 12 h compared to 6 h. This observation may be attributed to differences in 

the length of time in cell culture reflecting an overall slow-down in the metabolic rate of the 

cells or the atypical culture conditions required to perform the mitochondrial stress assay. 

Nevertheless, the OCR and ECAR rates and DCVC-induced changes measured over the 

course of multiple experiments were relatively consistent within each time point, as 

demonstrated by appropriate normalization and statistical analyses.

In addition to mitochondrial bioenergetics, we demonstrated that 20 μM DCVC depolarized 

the mitochondrial membrane after 12 h of exposure, a finding consistent with multiple 

DCVC toxicity studies in kidney cells across different species (Chen et al. 2001; Lash and 

Anders 1987; van de Water et al. 1994; Xu et al. 2008). Because 6 h exposure to DCVC 

increased mitochondrial proton leak and decreased ATP coupling efficiency, yet 

mitochondrial membrane depolarization did not occur until after 12 h of exposure, elevated 

proton leak and ATP uncoupling preceded mitochondrial membrane depolarization 

(Divakaruni and Brand 2011). Indeed, as demonstrated here and by others (Heiskanen et al. 

1999), evidence supports mitochondrial membrane depolarization as a later event in the 

sequence of progressive mitochondrial injury. Because development of mitochondrial 

membrane depolarization required 12 h of DCVC exposure, the data support the theory of an 

adaptive process occurring at 6 h with a subsequent pathological process developing and 

manifesting around 12 h in HTR-8/SVneo cells. This finding not only demonstrates the 

central role of the mitochondria in DCVC-induced placental cytotoxicity, it also aids in 

elucidating the specific sequence of events comprising DCVC-induced adaptability and 

subsequent pathogenesis of mitochondrial injury.

Consistent with our previous studies demonstrating a protective role for the antioxidant (±)-

α-tocopherol in DCVC-induced cytotoxicity (Elkin et al. 2018; Hassan et al. 2016), we 

demonstrated that (±)-α-tocopherol attenuated DCVC-induced mitochondrial membrane 

depolarization after 12 h. The most well-established antioxidant function of (±)-α-

tocopherol is to block lipid peroxidation, the production of lipid peroxyl radicals resulting 

from oxidation of lipid molecules by ROS species (Burton and Ingold 1981; Traber and 

Atkinson 2007). Consequently, although levels of lipid peroxides were not directly tested 
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here, our results suggest that DCVC-stimulated mitochondrial membrane depolarization 

may be dependent on lipid peroxidation based on (±)-α-tocopherol attenuation. Indeed, 

DCVC-induced lipid peroxidation has been directly measured by us in HTR-8/SVneo cells 

(Elkin et al. 2018) and by other researchers in kidney proximal tubular cells (van de Water et 

al. 1994). Moreover, the present study showed that 12-h (±)α-tocopherol co-treatment failed 

to rescue DCVC-induced impairment of OCR parameters, suggesting that the observed OCR 

disruptions were independent of lipid peroxidation. Combined, these findings suggest that 

the DCVC-induced OCR perturbations may have increased ROS generation and subsequent 

lipid peroxidation, culminating in mitochondrial membrane depolarization. In this scenario, 

mitochondria may serve as both a source and target of ROS generation in DCVC-induced 

cytotoxicity (Zorov et al. 2000; Zorov et al. 2014). Collectively, these findings contribute 

evidence to the sequence of DCVC-induced mitochondrial pathogenesis and may suggest 

the involvement of lipid peroxidation in the mechanism of DCVC toxicity. In this proposed 

scenario, mitochondria may serve as both a source and target of ROS generation in DCVC-

induced cytotoxicity (Zorov et al. 2000; Zorov et al. 2014).

Additionally, DCVC treatment for 12 h reduced mitochondrial DNA content in HTR-8/

SVneo cells. To our knowledge, no other studies have reported similar findings related to 

DCVC toxicity, despite extensive evidence of mitochondrial involvement in DCVC-

mediated toxicity in other cell types. However, studies have shown a relationship between 

mitochondrial DNA content and placental impairment (Holland et al. 2017). Mitochondrial 

DNA content was found to be decreased in placental tissue (Diaz et al. 2014; Poidatz et al. 

2015) and cytotrophoblasts (Mando et al. 2014) isolated from pregnancies complicated with 

intrauterine growth restriction or small for gestational age. In contrast, other studies reported 

higher mitochondrial DNA content in placenta from intrauterine growth restricted-

pregnancies (Lattuada et al. 2008; Mando et al. 2014). Nevertheless, the weight of evidence 

supports a role for altered placental mitochondrial DNA content in pregnancy disorders with 

placental dysfunction, despite the need for further clarification. Consequently, our finding 

contributes to evidence of mitochondrial involvement in DCVC-induced placental 

disruption.

In the current study, we observed an increase in extracellular acidification with both 6 and 

12 h of DCVC exposure, likely indicating intracellular pH fluctuations. Although not 

directly caused by mitochondrial perturbations, ECAR alterations may be related to 

mitochondrial function indirectly through changes in cellular energy metabolism. For 

example, elevated amino acid flux may increase extracellular acidification. Indeed, we 

recently generated evidence that DCVC treatment for 6 and 12 h caused a compensatory 

increase of intracellular concentrations of energy-relevant amino acids, likely used for 

energy metabolism as alternative biofuel for ATP production (unpublished results). Although 

not directly investigated, ECAR perturbations may be a secondary effect of changes in 

energy metabolism and related mitochondrial functioning.

We used DCVC concentrations relevant to potential human occupational exposure levels to 

TCE, the parent compound for DCVC in vivo. The U.S. Occupational Safety and Health 

Administration Permissible Exposure Limit (PEL) for TCE is 100 ppm averaged over an 8-

hour work day (OSHA 2019). Female volunteers exposed to 100 ppm of TCE for 4 h by 
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inhalation had an average peak blood concentration of 13.4 μM S-(1,2-dichlorovinyl) 

glutathione, the metabolic precursor to DCVC (Lash et al. 1999). This peak DCVC blood 

concentration is encompassed within the range of concentrations used in our study. 

Moreover, a second study detected TCE concentrations up to 229 ppm, more than twice the 

PEL, in 80 exposed workers (29% women) wearing personal aerosolized monitoring devices 

(Walker et al. 2016). Thus, our study contributes valuable evidence of the effects of plausible 

DCVC concentrations in human placental cells and possibly other cell types.

The present study used HTR-8/SVneo cells, an immortalized extravillous trophoblast cell 

line. These cells express a combination of molecular markers and functional characteristics 

that are unique to extravillous trophoblasts (Damsky et al. 1994; Graham et al. 1994; 

Graham et al. 1993; Irving et al. 1995; Khan et al. 2011; Kilburn et al. 2000; Zdravkovic et 

al. 1999). Some recent reports concluded that the HTR-8/SVneo cell line contains mixed 

populations of cells (Abou-Kheir et al. 2017; Takao et al. 2011): however, no efforts were 

made to verify the identity of the cell line in these studies. In contrast, we obtained our cells 

from the lab of origin of the cell line and used Sanger sequencing to validate our HTR-8/

SVneo cells. Overall, our in vitro experiments do not reflect the complicated in vivo 
dynamics, and further studies in other models are needed to confirm our results.

4.1 Conclusion

In summary, we present evidence detailing a partial sequence of events leading to DCVC-

induced adaptive and subsequently pathogenic changes in the mitochondria of HTR-8/

SVneo cells. The evidence suggests that DCVC caused progressive mitochondrial OCR 

perturbations resulting in mitochondrial membrane depolarization (Fig. 5). To our 

knowledge, our study is the first to report that DCVC induced mitochondrial effects on 

placental cells. Our findings contribute to the biological plausibility of DCVC-induced 

placental toxicity, indicating that investigation is warranted.
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Abbreviations:

ANOVA analysis of variance

ATCC American Type Culture Collection

ATP adenosine triphosphate

BCA bicinchoninic Acid

DCVC S-(1, 2-dichlorovinyl)-L-cysteine

DMSO Dimethyl sulfoxide

ECAR extracellular acidification rate

FBS fetal bovine serum

FCCP trifluoromethoxy carbonylcyanide phenylhydrazone

HBSS Hank’s Balanced Salt Solution

HPLC high-performance liquid chromatography

ND1 NADH dehydrogenase 1

ND5 NADH dehydrogenase 5

NMR nuclear magnetic resonance

NTP National Toxicology Program

OSHA Occupational Safety and Health Administration

OCR oxygen consumption rate

PBS phosphate buffered saline

PEL Permissible Exposure Limit ppm, parts-per-million

P/S penicillin/streptomycin

ROS reactive oxygen species

SERPINA1 Serpin Family A Member 1

SLCO2B1 Solute Carrier Organic Anion Transporter Family Member 2B1

TCE trichloroethylene

TMRE fluorochrome tetramethylrhodamine ethyl ester
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Highlights

• DCVC decreased mitochondrial content in HTR-8/SVneo placental 

trophoblasts.

• DCVC induced adaptive and subsequently pathogenic mitochondrial 

perturbations.

• (±)-α-tocopherol attenuated DCVC-induced mitochondrial membrane 

depolarization.

• (±)-α-tocopherol failed to attenuate DCVC-induced oxygen consumption 

perturbations.

• Mitochondria are prominent intracellular targets of DCVC injury in placental 

cells.
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Figure 1. Effects of DCVC on extracellular acidification rate (ECAR), oxygen consumption rate 
(OCR) and mitochondrial functional parameters.
Cells were treated for 6 or 12 h with medium alone (control), or with 10 or 20 μM DCVC. 

Following exposure, ECAR and OCR were measured simultaneously in real-time using the 

Seahorse XF24e or XF24 analyzers. Key mitochondrial functional parameters were assessed 

by serially injecting compounds that target specific portions of the electron transport chain 

(oligomycin, FCCP, antimycin A/rotenone) into wells with the cells. Mitochondrial 

functional parameters were measured or calculated as described in the methods section. A) 
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Extracellular acidification rate ECAR profiles following DCVC treatment for (i) 6 h and (ii) 
12 h. Data points represent mean ECAR ± SEM at 5-minute intervals. B) ECAR functional 

parameter: basal ECAR. C) Oxygen consumption rate profiles following DCVC treatment 

for (i) 6 h and (ii) 12 h. Data are graphed as mean OCRs ± SEM at 5-minute intervals. 

Arrows indicate times when electron transport chain modifiers were injected into sample 

wells. D) OCR functional parameters: (i) basal OCR, (ii) maximum OCR, (iii) reserve OCR, 

(iv) proton leak OCR, (v) ATP-linked OCR, and (vi) ATP coupling efficiency. Bars represent 

means ± SEM. Data were analyzed by adjusted linear mixed-models with posthoc Tukey 

multiple comparisons restricted to comparison within each time point because experiments 

were conducted separately (as indicated by vertical dashed line on graph). Asterisk indicates 

significant difference compared to controls within same time point: *P<0.05. Dollar sign 

indicates significant difference compared to controls and 10 μM DCVC within same time 

point: $P<0.05. N= 3 independent experiments for each time point.
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Figure 2. Effects of DCVC mitochondrial DNA content.
Cells were treated for 6 or 12 h with medium alone (control), or with 10 or 20 μM DCVC. 

Mitochondrial DNA content, a proxy for mitochondrial copy number, was estimated by 

measuring genomic DNA of two mitochondrial genes and two nuclear genes, and calculating 

the ratios: ND1/SLCO2B1 and ND5/SERPINA1. Bars represent means ± SEM. Data were 

analyzed by one-way ANOVA with posthoc Tukey’s multiple comparisons within each time 

point because experiments were conducted separately (as indicated by vertical dashed line 

on graph). Asterisk indicates significant difference compared to control within the same time 

point: *P =0.0192. N=3 independent experiments for the 6-h time point and N=4 

independent experiments for the 12-h time point.
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Figure 3. Effects of DCVC mitochondrial membrane potential.
A) Graphical representation of mitochondrial membrane potential expressed as percent non-

treated control. Cells were treated for 3, 6, 9 or 12 h with medium alone (control), or with 5, 

10, or 20 μM DCVC. Tetramethylrhodamine ethyl ester (TMRE), a cell-permanent 

fluorochrome, was used to measure relative mitochondrial membrane potential. The 

fluorescence signal is proportional to mitochondrial membrane polarization. N= 3 

independent experiments for each time point, with 4 replicates per treatment in each 

experiment. Data are graphed as means ± SEM. Data were analyzed by two-way ANOVA 

(no significant interaction detected between time and treatment, P=0.1533) with posthoc 

Tukey multiple comparisons. Ampersand sign indicates significant difference compared to 

control, 5 μM DCVC and 10 μM DCVC within the same time point: &P =0.0013. Pound 

sign indicates significant difference compared to same treatment at all earlier time points: #P 

< 0.001. FCCP (10 μM) was included as a positive control and depolarized the 

mitochondrial membrane potential by 16.45% ± 4.19% at 3 h, 18.9% ± 4.16% at 6 h, 

24.13% ± 7.89% at 9 h, and 8.78% ± 8.78% at 12 h. B) Visualization of DCVC-induced 

depolarization of mitochondrial membrane potential by fluorescence microscopy. Cells were 

treated for 12 hours with (i) 0 μM DCVC (control), (ii) 10 μM DCVC or (iii) 20 μM DCVC. 

Red fluorescence (TMRE) represents normal mitochondrial membrane potential (red arrow). 

Blue fluorescence (Hoechst stain) represents cellular nuclei (blue arrow). All images shown 

with 100 μm scale bars. Representative images from 3 experiments are shown.
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Figure 4. Effect of antioxidant co-treatment on DCVC-induced changes in membrane potential 
depolarization and OCR.
Cells were treated with DMSO (vehicle control for α-tocopherol) or 20 μM DCVC with or 

without 50 μM (±) α-tocopherol (pre-treatment for 15 min followed by co-treatment for 12 

h). A) Modulation of DCVC-induced relative mitochondrial membrane potential 

depolarization as measured using TMRE fluorescence. B) Failed modulation of DCVC-

induced OCR perturbations as measured by the Seahorse XF analyzer including: (i) basal 

OCR, (ii) ATP-linked OCR, (iii) maximum OCR, and (iv) ATP coupling efficiency. Bars 

represent means ± SEM as percent control. Data were analyzed by two-way ANOVA prior 

to percent control conversion (attenuation of membrane potential depolarization had 

interaction between DCVC and (±) α-tocopherol treatments, P= 0.0052; no other significant 

interaction detected), followed by Tukey’s multiple comparison of means. Asterisk indicates 

significant differences compared to vehicle control with no (±) α-tocopherol treatment or 

vehicle control with (±) α-tocopherol treatment: *P≤0.016, **P ≤0.0043, ***P =0.005. 

Circumflex accent sign indicates significant difference compared to 20 μM DCVC with no 

(±) α-tocopherol treatment: ^^^P ≤ 0.0007. N= 3 independent experiments, with 4 replicates 

per treatment in each experiment.
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Figure 5. Proposed DCVC-induced mitochondrial dysfunction in HTR-8/SVneo cells.
Overview and proposed partial sequence of DCVC-induced perturbations impacting 

mitochondrial structure and function. 1) At 6 h, mitochondrial basal OCR, reserve OCR and 

proton leak rate were elevated, while ATP coupling efficiency dropped significantly. 2) At 

12 h, basal OCR declined significantly, accompanied by diminished maximum and reserve 

OCR, reduced ATP-linked OCR and decreased coupling efficiency, suggesting time-

dependent progressive mitochondrial dysfunction. 3) Between 9 and 12 h, lipid peroxidation 

contributed to depolarization of mitochondrial membrane potential, however it did not 

contribute to other oxygen consumption-related mitochondrial perturbations, indicating lipid 

peroxidation may be a secondary effect of mitochondrial dysfunction.
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