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A B S T R A C T   

Numerous Superfund sites are contaminated with the volatile organic chemical trichloroethylene (TCE). In 
women, exposure to TCE in pregnancy is associated with reduced birth weight. Our previous study reported that 
TCE exposure in pregnant rats decreased fetal weight and elevated oxidative stress biomarkers in placentae, 
suggesting placental injury as a potential mechanism of TCE-induced adverse birth outcomes. In this study, we 
investigated if co-exposure with the antioxidant N-acetylcysteine (NAC) attenuates TCE exposure effects on RNA 
expression. Timed-pregnant Wistar rats were exposed orally to 480 mg TCE/kg/day on gestation days 6–16. 
Exposure of 200 mg NAC/kg/day alone or as a pre/co-exposure with TCE occurred on gestation days 5–16 to 
stimulate antioxidant genes prior to TCE exposure. Tissue was collected on gestation day 16. In male and female 
placentae, we evaluated TCE- and/or NAC-induced changes to gene expression and pathway enrichment analyses 
using false discovery rate (FDR) and fold-change criteria. In female placentae, exposure to TCE caused significant 
differential expression 129 genes while the TCE+NAC altered 125 genes, compared with controls (FDR< 0.05 +
fold-change >1). In contrast, in male placentae TCE exposure differentially expressed 9 genes and TCE+NAC 
differentially expressed 35 genes, compared with controls (FDR< 0.05 + fold-change >1). NAC alone did not 
significantly alter gene expression in either sex. Differentially expressed genes observed with TCE exposure were 
enriched in mitochondrial biogenesis and oxidative phosphorylation pathways in females whereas immune 
system pathways and endoplasmic reticulum stress pathways were differentially expressed in both sexes 
(FDR<0.05). TCE treatment was differentially enriched for genes regulated by the transcription factors ATF6 
(both sexes) and ATF4 (males only), indicating a cellular condition triggered by misfolded proteins during 
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endoplasmic reticulum stress. This study demonstrates novel genes and pathways involved in TCE-induced 
placental injury and showed antioxidant co-treatment largely did not attenuate TCE exposure effects.   

1. Introduction 

Volatile organic hydrocarbons are a class of anthropogenic com
pounds used in a variety of applications harnessing their potent solvent 
properties. Trichloroethylene (TCE), one of the most commonly utilized 
hydrocarbons, is used in refrigerant manufacturing and industrial metal 
degreasing (Chiu et al., 2013). Widespread decades-long usage and 
improper disposal methods have led to pervasive TCE contamination in 
the environment despite mitigation (Chiu et al., 2013; Waters et al., 
1977). Today, TCE soil, water and air pollution persist in thousands of 
hazardous sites in the United States and around the world (U.S. EPA 
(Environmental Protection Agency) 2019a, b). Due to ongoing 
contamination, residential risk of human TCE exposure remains high. 

Pregnant women and their fetuses may be particularly vulnerable to 
deleterious effects of TCE exposure. Maternal TCE exposure during 
pregnancy was associated with an elevated risk of fetal growth restric
tion in several recent epidemiology studies (Forand et al., 2012; Ruckart 
et al., 2014). Consistent with epidemiological evidence, we previously 
reported that timed-pregnant Wistar rats exposed to TCE during 
mid-gestation had decreased fetal weights and elevated oxidative stress 
biomarkers (Loch-Caruso et al., 2019). In a follow-up study, we 
co-exposed pregnant Wistar rats to TCE and N-acetylcysteine (NAC), an 
antioxidant that readily crosses the placenta (Horowitz et al., 1997; 
Rushworth and Megson, 2014), to investigate mechanistic attenuation 
of TCE effects by NAC. Our follow-up study confirmed our previous 
finding of reduced fetal weights, and added an analysis of sex-specific 
effects, reporting that reduced fetal weight was male-specific (Su 
et al., 2021). Moreover, TCE co-exposure with NAC (TCE+NAC) reduced 
fetal weight in both males and females, suggesting TCE+NAC may 
exacerbate rather than attenuate TCE-induced effects (Su et al., 2021). 

To further understand the little-known toxicological mechanisms 
underpinning TCE- and TCE+NAC-induced decrease in fetal weights, in 
the current study we investigated changes in gene expression and 
associated pathway enrichment in the rat placentae, an organ that plays 
a critical role in regulating fetal growth and physiology. The placenta, 
the organ that performs essential biological functions for a fetus during 
development, is a plausible target organ for TCE toxicity because of its 

high blood perfusion rate and ability to metabolize parent compounds 
into reactive metabolites (Burton and Fowden, 2015; Elkin et al., 2020). 
Circulating TCE and its major metabolites cross the placenta and are 
therefore, in direct contact with placental tissue in vivo (Ghantous et al., 
1986; Laham, 1970). Based on the effects of TCE and TCE+NAC effects 
on fetal weights, we hypothesized that: 1) maternal exposure to TCE 
would have an adverse albeit sexually-dimorphic impact on gene 
expression and on pathways associated with cellular function of major 
organelles such as endoplasmic reticulum and mitochondria and that 2) 
NAC co-exposure would exacerbate these effects. The focus on these 
organelles was based on our previous evidence in a placental cell line of 
TCE metabolite-induced endoplasmic reticulum stress (Elkin et al., 
2021) and mitochondria dysfunction (Elkin et al., 2019). 

2. Materials and methods 

2.1. Experimental design 

The overall experimental design is outlined in Fig. 1. The study uti
lized archived placental samples from our previous study (Su et al., 
2021) that investigated the impact of gestational TCE and NAC exposure 
on fetal outcomes. All procedures with the rats were approved by the 
University of Michigan Institutional Animal Care & Use Committee 
(IACUC) (Approval #PRO00006981) and performed in accordance with 
all state and federal regulations for use of vertebrate animals. 
Twenty-four timed-pregnant Wistar rats were delivered in 6 batches (4 
per batch) for a total of N = 6 (dams)/treatment group. Within each 
batch, one rat was assigned randomly to each of four treatment groups: 
control, TCE, TCE+NAC, or NAC, totaling 24 pregnant dams. After the 
exposure period and subsequent tissue collection, RNA was extracted 
from one male and one female placenta from each dam. 
Exposure-induced differential gene expression was measured with 
RNA-seq and validated with PCR. Pathway enrichment analysis was 
performed based on differential gene expression results. Differential 
gene expression analyses were stratified by sex. 

Fig. 1. Overall experimental design. Timed-pregnant 
Wistar rats were exposed to vehicle control, TCE 
alone, TCE+NAC, or NAC alone. Exposure-induced 
differential gene expression was measured with RNA- 
seq and validated with PCR. Pathway enrichment 
analysis was performed based on differential gene 
expression results. Differential gene expression was 
stratified by sex for analysis. The following treatment 
comparisons were made for male and female placental 
tissue: control vs. TCE, control vs. TCE+NAC, and 
control vs. NAC. N = 6 dams for each treatment group. 
One male and one female placenta from each dam was 
used in the differential gene expression analysis. The 
number of mitochondria in placental tissue was also 
measured as a follow up to differential gene expression 
results.   
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2.2. Chemicals and reagents 

Trichloroethylene (TCE) was purchased from Sigma-Aldrich (St. 
Louis, MO, USA). N-acetyl-L-cysteine (NAC) was obtained from the 
University of Michigan Hospital pharmacy (pharmaceutical grade). 

2.3. Timed-pregnant Wistar rats 

Timed-pregnant female Wistar rats (Wistar IGS Rat, Strain Code 003) 
aged 60–90 days were purchased from Charles River Laboratories 
(Wilmington, MA, USA). The animals were shipped to the University of 
Michigan School of Public Health animal facility on gestation day (GD) 2 
(day of copulation designated as GD 0). Rats were individually housed in 
a 12-hour light/dark cycle-controlled environment and fed standard rat 
chow (Purina 5001) and water ad libitum. On GD 3, the rat weights 
ranged from 121 to 224 g. Rats in particular were used for this study 
because they share key placental development characteristics with 
humans (hemochorial placentation, intrauterine trophoblast invasion 
and spiral artery remodeling) (Soares et al., 2012), and are the most 
commonly used economical model for studying pregnancy outcomes in 
preclinical and pharmaceutical studies (Ain et al., 2006; Grigsby, 2016). 
Furthermore, studies show that human metabolism of TCE is more 
similar to metabolism in rats than mice (Lash et al., 2000; Prout et al., 
1985). For consistency, the Wistar rat strain was used here because 
several previous studies which utilized Wistar rats, demonstrated TCE 
effects on pregnancy-related health outcomes (Healy et al., 1982; 
Loch-Caruso et al., 2019). 

2.4. Chemical exposures 

The chemical dosing regimen is summarized in Fig. 2. To minimize 
stress to the animals, rats were orally exposed to respective chemical 
treatments via a single mini vanilla wafer cookie (Nabisco; East Hano
ver, NJ, USA) per rat, as previously described (Seegal et al., 1997). After 
a 24 h adjustment period post-arrival at the animal facility, rats were 
given a single mini wafer with no chemicals on GD 3 and GD 4 to train 
for recognition of the wafer as food. Rats were removed from their 
regular housing cages and placed individually in empty exposure cages 
for an hour prior to chemical exposures via wafer cookie. A small hole 
was carved with a blunt metal tweezers halfway through the width of the 
wafer to create a small reservoir mid-cookie to hold the chemicals. 
Chemicals were added directly to the wafers and immediately offered to 
the rats for consumption. Rats were weighed daily, and chemical 
treatment doses were prepared according to each rat’s individual 
weight. NAC was dissolved in double-distilled and filtered water prior to 

pipetting into the wafer reservoir. TCE was pipetted undiluted into the 
wafer reservoir. The rats typically finished eating the wafer within ten 
minutes. 

2.4.1. Exposure doses 
The TCE dose of 480 mg/kg/day was selected because it falls within 

the mid-range of doses (200–1000 mg/kg TCE) evaluating various bio
logical endpoints in previous rat studies modeling non-inhalation TCE 
exposures. Several previous studies reported TCE-induced changes: 
200 mg/kg-loss of dopaminergic neurons (Liu et al., 2010), 
480 mg/kg-decreased fetal weight and increased oxidative stress 
markers (Loch-Caruso et al., 2019), 1000 mg/kg-nephrotoxicity (Hey
dari et al., 2017) and neurotoxicity (Liu et al., 2010), while another 
study using 500 mg/kg reported no toxic effects in fetal heart develop
ment (Fisher et al., 2001). 

The TCE dose is also within order of magnitude of the U.S. Occu
pational Safety and Health Administration’s permissible inhalation 
exposure level of 100 parts per million (Agency for Toxic Substances and 
Disease Registry, 2007). A non-inhalation dose at or above the U.S. 
OSHA inhalation PEL is justified because inhalation is a more aggressive 
exposure due to a lack of the first pass effect. As a result, a greater 
ingestion dosage should be required to produce an equivalent effect 
(National Research Council US Safe Drinking Water Committee, 1986). 
Furthermore, various enzymes involved in TCE metabolism are 
expressed in both rat lung and digestive tract (Yu et al., 2014). 

In addition to TCE, 200 mg NAC/kg/day, a chemical with direct and 
indirect antioxidant properties (Lasram et al., 2015; Shahripour et al., 
2014), was given to some rats, either alone or as a co-exposure with TCE. 
The NAC dose was selected because it falls within a range of doses 
(100–300 mg/kg NAC) that were previously shown to attenuate oxida
tive stress effects in rat studies (Chang et al., 2005; Fukami et al., 2004; 
Naik et al., 2006; Sprong et al., 1998). 

2.4.2. Exposure durations 
For TCE exposure groups, treatments were administered on GD 6–16. 

This treatment period was chosen because fetuses and placentae un
dergo rapid growth and development during this time frame (Furukawa 
et al. 2011), and are similar to exposure regimens used in previous TCE 
rat studies (Fisher et al., 1989; Healy et al., 1982; Loch-Caruso et al., 
2019). Moreover, this time frame encompasses an observed develop
mental period of sex-specific differences in rat placental structure, which 
peak around GD 15 before becoming more similar again by the end of 
the pregnancy (Kalisch-Smith et al. 2017). For NAC exposure groups, 
treatments were administered on GD 5–16. NAC exposure on GD 5 was 
done as a pre-exposure prior to TCE administration to stimulate 

Fig. 2. Dosing Regimen. Following arrival at the ani
mal facility, timed-pregnant Wistar rats were given a 
single mini vanilla wafer with no chemicals on GD 3 
and GD 4 to train for recognition of the wafer as food. 
Rats were exposed to vehicle control, TCE alone 
(480 mg/kg/day), TCE+NAC (480 +200 mg/kg/day), 
or NAC alone (200 mg/kg/day) via vanilla wafer once 
per day. TCE treatment alone was administered to rats 
on GD 6–16. For pre-/co-treatment with TCE+NAC, 
NAC was administered on GD 5–16 and TCE was 
administered on GD 6–16. NAC treatment alone was 
administered on GD 5–16. Rats in the vehicle control 
group received a mini vanilla wafer alone from GD 
3–16. Rats were euthanized and tissues collected on GD 
16.   
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transcription of antioxidant genes (Rushworth and Megson, 2014) and 
increase the chance of TCE effects attenuation. NAC exposure on GD 
6–16 was done to match the treatment period chosen for TCE exposure. 

2.5. Rat tissue collection 

Rats were euthanized on GD 16 by carbon dioxide asphyxiation. 
Euthanasia was performed directly after completion of wafer treatment 
on GD 16, and dams were euthanized in random order. Immediately 
following euthanasia, the uterine horn was removed, placed in a 
container and kept moist with cold PBS. Intact gestational membranes 
containing 1 fetus and 1 placenta per sac, were individually dissected 
out of the uterine horn from left to right. Fetuses were weighed and 
decapitated via scalpel. Placentae were weighed and laterally dissected 
to make a subset of placental tissue available for gene expression anal
ysis. Placental tissue for RNA analysis was stored overnight in RNAlater 
(Qiagen, Hilden, Germany) at 4 ◦C prior to RNAlater removal and 
transfer to − 80 ◦C. 

2.6. DNA and RNA isolation 

Placenta for and DNA and RNA analysis came from the left side of the 
uterine horn because placentae were dissected out from left to right. 
DNA and RNA were extract from randomly a randomly select section of 
each placenta. RNA was extracted from placental tissue using the 
RNeasy Plus Mini Kit (Qiagen) following the manufacturer’s recom
mended protocol with a modification. A FastPrep-24 tissue laser (MP 
Biomedicals; Solon, OH, USA) was utilized prior to the genomic DNA 
elimination step to achieve maximum quality tissue homogenization. 
DNA was extracted from placental tissues using the NucleoSpin Tissue 
kit (Machery-Nagel; Düren, Germany) according to the manufacture’s 
recommended protocol. RNA and DNA concentrations were determined 
using a NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific; 
Waltham, MA, USA). RNA and DNA were subsequently stored at − 80 ◦C 
and − 20 ◦C, respectively, until further processing. 

2.7. Fetal sex determination 

Fetal sex was determined by the presence (male) or absence (female) 
of the sex-determining region Y (Sry) gene in placental tissue, as 
determined by qRT-PCR. Fetal sex was confirmed with and concordant 
for both mRNA and gDNA, as previously described (Su and Loch-Caruso, 
2020). Primer sequences used for SRY and beta-2 microglobulin (B2m) 
(used as a reference gene) are listed in supplemental Table 1. Reactions 
and conditions for running and analyzing qRT-PCR are previously 
described (Su and Loch-Caruso, 2020). 

2.8. RNA-sequencing 

RNA (6 samples per sex/per group) was transported on dry ice to the 
University of Michigan Advanced Genomics Core for further processing. 
RNA concentrations and quality were evaluated using a TapeStation 
instrument (Agilent; Santa Clara, CA, USA). RIN scores had a mean of 
9.7, median of 9.8, minimum of 8.1, and maximum of 10.0. Stranded 
sequencing libraries for RNA isolated from placental tissue were pre
pared with the Poly(A) RNA Selection Kit (Lexogen; Vienna, Austria). 
Libraries were multiplexed (on four lanes) and sequenced using paired- 
end 300 cycle reads on the NovaSeq 6000 (S4 flow cell) platform (lllu
mina, San Diego, CA, USA). The range of total number of reads per 
sample was 13,281,008 to 78,731,529. The average total number of 
reads per sample was 27,675,544. 

2.9. Data processing and quality control 

The Great Lakes high-performance computer cluster at the Univer
sity of Michigan was used for computational analysis. Sequencing read 

quality was assessed using FastQC (version 0.11.5) (Andrews, 2010). 
Reports generated for all samples across four lanes were summarized 
using MultiQC (version 1.8) (Ewels et al., 2016). All mean quality scores 
were high with phred scores above 35. GC content ranged from 48% to 
57%. Between 61.4% and 86% of reads were duplicated. Reads were 
aligned to a reference rat genome (Rnor_6.0) using STAR (version 
2.6.0c) (Dobin et al., 2013), with the options "outFilterMultimapNmax 
10" and "sjdbScore 2". Post alignment, QoRTs (version 1.3.6) was used to 
examine other quality control metrics (Hartley and Mullikin, 2015). 
Approximately 10–50% of reads per sample were dropped for 
multi-mapping. Approximately 90% of reads mapped to gene regions. 
Aligned reads were assigned to Rnor_6.0 genes using featureCounts 
(version 2.0)(Liao et al., 2014). 

2.10. RNA sequencing data analysis 

Rat placenta samples were analyzed for differential gene expression 
in R statistical software (version 4.0.2) with the DESeq2 package 
(version 1.24.0) (Love et al., 2014). Genes with mean read 
counts-per-million less than six were filtered out and excluded from the 
analysis to reduce dispersion due to low expression levels. After filtering, 

Table 1 
Endoplasmic reticulum stress-induced Unfolded Protein Response (UPR) tran
scription factors tested for overrepresentation using hypergeometric testing 
amongst differentially expressed genes (based on FDR<0.05 criterion). 
&Ampersand denotes significant difference compared to control (P < 0.05).  

Sex Treatment 
Group 

Transcription 
Factor 

Pvalue #Gene 
Targets 

Enriched Gene 
Targets (DGE: 
FDR<0.05)  

Control vs. 
TCE 

ATF6 0.0000 
& 

17 Dnajb11, 
Dnajc3, 
Edem1, Ero1b, 
Hsp90b1, 
Hyou1, Nol4, 
Nptx1, Nucb2, 
Pdia4, Rab2a, 
Sec23a, 
Sec24d, Sel1l, 
Slc30a5, 
Syvn1, Tfe3   

ATF4 0.8687 7 not significant   
XBP1 0.0380 

& 
7 Arfgap3, 

Map3k13, 
Pdia4, Sec24d, 
Sec61a1, 
Slc30a5, Uso1 

Females Control vs. 
TCEþNAC 

ATF6 0.0001 
& 

10 Arf4, Dnajb11, 
Dnajc3, Dusp4, 
Hsp90b1, 
Nucb2, Pitx2, 
Rab2a, 
Slc30a5, Tfe3   

ATF4 0.1349 15 not significant   
XBP1 0.4017 3 not significant  

Control vs. 
NAC 

No genes met FDR criterion   

Control vs. 
TCE 

ATF6 0.0000 
& 

4 Dnajb11, 
Hsp90b1, 
Hyou1, Rab2a   

ATF4 0.0323 
& 

2 Hspa5, Wars   

XPB1 NA 0 not significant 
Males Control vs. 

TCEþNAC 
ATF6 0.0000 

& 
5 Dnajb11, 

Hsp90b1, 
Hyou1, Orm1, 
Pdia4   

ATF4 0.0712 3 not significant   
XPB1 0.2159 1 not significant  

Control vs. 
NAC 

No genes met FDR criterion  

&Ampersand denotes significant difference compared to control (P < 0.05).  
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16,661 genes were included in the analyses. Data were normalized using 
the median of ratios method (Anders and Huber, 2010). To remove 
random variation, RUV (Remove Unwanted Variation) normalization 
factors were generated for each sample using the RUVSeq package 
(Risso et al., 2014). Principal components analysis (PCA) was per
formed, calculated based on variance of log-transformed expression data 
of the top 500 genes. Principal components were plotted to examine 
clustering on relevant covariates, including treatment, sex, batch and 
dam. Student’s t-test (for two groups) or one-way ANOVA (for three or 
more groups) were used to test for associations between covariates and 
PCA dimension 1 or 2. Negative binomial general linear modeling was 
used for differential gene expression testing. Samples were stratified by 
sex and analyzed separately. The following comparisons for males or 
females were made between respective treatment groups: control vs. 
TCE, control vs. TCE+NAC, and control vs. NAC. Models were adjusted 
for batch, dam, and RUV normalization factor. Genes were considered 
differentially expressed between non-treated and treated samples with 
an adjusted p-value < 0.05 using the Benjamini-Hochberg false discov
ery rate (FDR) method (Benjamini and Hochberg, 1995). Treatment 
-induced upregulation > 2-fold or downregulation < − 2-fold are deno
ted throughout the results section. These fold-change values equate to 
log2 fold-change (logFC) > 1 (upregulation) or < − 1 (downregulation). 

2.11. Pathway enrichment analyses 

To identify biological pathways and processes impacted by TCE, NAC 
or TCE+NAC treatment, pathway enrichment analyses were performed 
using RNA-Enrich, a new analysis option offered on the LR Path website. 
The RNA-enrich option uses logistic regression on continuous expression 
data to test for gene set enrichment amongst pathways (Lee et al., 2016; 
Sartor et al., 2009). RNA-Enrich does not require a significance cutoff for 
genes included in the analyses nor gene count cutoffs, however, 4378 
uncharacterized and/or unannotated genes were excluded, leaving 12, 
172 genes included in the analysis. The following were also included in 
the analysis: FDR, log2fold-change, directionality, and average read 
count for each gene test. Tests were run for Gene Ontology Biological 
Process pathways and enriched transcription factors. An enrichment 
odds ratio and FDR were calculated for each enriched pathway. Because 
of the large number of enriched pathways, pathways representing with 
an FDR < 0.01 were considered significantly enriched, rather than the 
standard FDR< 0.05. Enrichment odds ratios < 1 indicated down
regulation, and enrichment odds ratios > 1 indicated upregulation of 
pathway represented by gene set. Enriched pathways were further 
screened for redundancy with REVIGO, a webtool designed to summa
rize and remove redundant gene ontology terms, with the following 
options: medium (0.7) allowed similarity and SimRel semantic similar
ity measure (Supek et al., 2011). 

2.12. Enrichment testing of transcription factor gene targets 

Because endoplasmic reticulum stress was a key enriched pathway, 
gene targets of the ATF4, ATF6, and XBP1 unfolded protein response 
transcription factors were tested for overrepresentation among differ
entially expressed genes based on differential gene expression results. 
ATF6 gene targets were identified from TRANSFAC, a curated database 
of transcription factors and target genes based on transcription factor 
binding site predictions (Matys et al., 2003; Matys et al., 2006) and 
Adachi et al. (2008). Empirically determined ATF4 gene targets were 
identified from mouse embryo fibroblasts ChIP-seq analysis (Han et al., 
2013). Two additional ATF4 gene targets, Pmaip1 and Psph, were also 
included (Sharma et al., 2018; Yang et al., 2018; Zhao et al., 2014). 
XBP1 gene sets were identified from TRANSFAC (Matys et al., 2003; 
Matys et al., 2006). Genes regulated by ATF4 (N = 383), ATF6 
(N = 115) and XBP1 (N = 132) were tested for enrichment in 
TCE-exposed and TCE+NAC-exposed genes with differential expression 
meeting FDR< 0.05 criterion. Target gene enrichment tests were 

performed using the phyper function (hypergeometric test) (R Core 
Team, 2019). 

2.13. Real-time quantitative PCR (qRT-PCR) validation 

Relevant differentially expressed genes measured by RNA-seq were 
validated using qRT-PCR. These genes included: Atf4, Atf6, Ddit3 
(CHOP), Il17, Sirt3, Trb3. Primary sequences, shown in supplemental 
Table 1, were obtained from Chen et al. (2014) (Trb3, Ddit3, and Atf4), 
Loof et al. (2016) (Il17 and Actb), (Atf6), and Luo et al. (2017) (Sirt3). 
The qRT-PCR was performed on the same respective male and female rat 
placentas (Control, TCE, TCE+NAC) used for RNA-seq. The qRT-PCR 
reactions were prepared with SYBR Green Mastermix (SABiosciences) 
and custom synthesized primers (Integrated DNA Technologies; Coral
ville, IA), and run on a Bio-Rad (Hercules, CA) CFX96 Real Time C1000 
thermal cycler following the manufacturer’s recommended protocols. 
The mRNA levels of each gene of interest were normalized to β-actin 
(Actb) mRNA levels. The gene expression levels were calculated using 
the 2− ΔΔCT Method (Livak and Schmittgen, 2001) and displayed as 
fold-change levels compared to controls. 

2.14. Measurement of mitochondrial DNA content 

Relative mitochondrial DNA content, a proxy for mitochondrial copy 
number, was estimated by calculating the ratio of mitochondrial DNA to 
nuclear DNA (Actb), as measured by qRT-PCR. Following DNA extrac
tion, qRT-PCR was performed on genomic DNA from rat placenta using a 
commercially available Rat Mitochondrial DNA Copy Number Kit 
(Detroit R&D; Detroit, MI, USA) containing primers for one nuclear 
encoded gene; Actb and a mitochondrial encoded gene. Primers se
quences are proprietary and not given in the kit. Real-time PCR reactions 
were prepared with primers and SYBR GreenMastermix (Qiagen 
SABiosciences; Sioux Falls, SD, USA), and run on a Bio-Rad (Hercules, 
CA) CFX96 Real Time C1000 thermal cycler following the manufac
turer’s recommended protocols. The mitochondrial content was calcu
lated using a calculation tool developed by Takara Bio, Inc. (Takara, 
2013a). Briefly, the difference in the Ct values (ΔCt) for the mtDNA 
/Actb pair was calculated, followed by calculation of 2^-(ΔCt). Mito
chondrial DNA content was measured in one male and one female 
placenta from each dam in each respective treatment group (controls, 
TCE, TCE+NAC) and analyzed with one-way analysis of variance 
(ANOVA), followed by Tukey’s or Dunnett’s post-hoc test for compari
son of means using GraphPad Prism software (GraphPad Software Inc; 
San Diego, CA, USA). A p-value< 0.05 was considered statically 
significant. 

3. Results 

3.1. Overall summary of exposure induced differential gene expression 

In PCA diagrams depicting all 48 samples plotted on relevant cova
riates, no specific clustering patterns were observed (Supp. Fig. 1). Only 
one covariate, dam, was associated with PCA dimension 2 (P = 0.01), 
and none were associated with PCA dimension 1. All samples were 
subsequently stratified by sex and analyzed for differential gene 
expression and pathway enrichment between controls and respective 
treatment groups. A heatmap depicting expression levels for the 40 
genes with the largest magnitude fold-change (up and downregulated) 
for each treated versus control comparison, organized by hierarchical 
clustering, is shown in Fig. 3. The following treatment comparisons were 
made for female and male placentae, respectively: control vs. TCE, 
control vs. TCE+NAC, and control vs. NAC. For reference purposes, 
comparisons were also made for male and female placenta for the NAC 
vs. TCE+NAC treatment groups (Supp. Fig. 2). 

E.R. Elkin et al.                                                                                                                                                                                                                                 



Toxicology 483 (2023) 153371

6

3.2. Summary of exposure induced differential gene expression in female 
placental tissues 

In female placental tissues, maternal exposure to both TCE alone and 
TCE+NAC altered the gene expression levels of hundreds of genes with 
minimal overlap between female exposure groups, compared to control 
tissues. For example, only 14 differentially expressed genes overlapped 
between groups, whereas over one hundred genes were uniquely 
differentially expressed in each respective group (Fig. 4A, FDR<0.05 +

FC>2). TCE-exposed tissues had 350 differentially expressed genes that 
met the FDR < 0.05 criterion only, 598 genes with a fold-change 
magnitude difference > 2 only, and 129 genes that met both criteria 
(114 upregulated and 15 downregulated) (Fig. 4B, Suppl. Table 2). 
Likewise, TCE co-exposure with NAC (TCE+NAC) yielded similar results 
with 388 differentially expressed genes that met the FDR < 0.05 crite
rion only, 669 genes with a fold-change magnitude difference > 2 only, 
and 125 genes that met both criteria (55 upregulated and 70 down
regulated) (Fig. 4C, Suppl. Table 3). Unlike the TCE and TCE+NAC 
treatment groups, NAC exposure alone did not yield any differentially 
expressed genes that met the FDR < 0.05 criterion; however, 496 genes 
had a fold-change magnitude difference > 2 (Fig. 4D, Suppl. Table 4). 
Differentially expressed genes with the smallest FDR criterion in the 
female treatment groups compared to controls included: Slc17a5 upre
gulated 1.9-fold (FDR=1.1 ×10− 11) in the TCE group, LOC100912380 
downregulated 2.9-fold (FDR=5.3 ×10− 12) in the TCE+NAC group, and 
Sgms2 downregulated 1.7-fold (FDR=0.06) in NAC group. 

To further evaluate how TCE co-exposure with NAC modified dif
ferential gene expression compared to TCE alone or NAC alone, corre
lations of effect estimate across different female treatment groups were 
evaluated. Changes in female gene expression relative to control were 
more strongly correlated for tissues exposed to TCE+NAC versus NAC 
alone [r = 0.64, P < 1.0 × 10− 15] (Fig. F) than TCE+NAC versus TCE 
alone [r = 0.44, P < 1.0 × 10− 15] (Fig. 4E). Because the TCE+NAC 
versus NAC alone correlation coefficient was higher than the TCE+NAC 
versus TCE alone correlation coefficient, these findings suggest that NAC 
contributed more than TCE to the extent of differential gene expression 
in TCE+NAC treatment group compared to controls. This resulted in an 
altered gene expression profile for the co-exposure that more closely 
matched that of NAC than that of TCE. 

3.3. Summary of exposure induced enriched pathways in female placental 
tissues 

Genes with altered placental expression levels in female TCE, 
TCE+NAC, and NAC exposure groups were enriched in numerous bio
logical pathways (Fig. 5A &B, Suppl. Tables 8, 9 & 10). The TCE group 
had 43 enriched pathways (FDR<0.01), the TCE+NAC group had 88 
enriched pathways (FDR<0.01), and the NAC group had 494 enriched 
pathways (FDR<0.01). When clustering enriched pathways into bio
logical categories, the category distribution for the TCE+NAC group 
more closely matched the NAC group than the TCE group, consistent 
with correlation patterns of gene expression. In the female TCE+NAC 
and NAC groups, the largest single category was tissue development 
(TCE+NAC: 38% of enriched pathways & NAC: 31% of enriched path
ways) which included numerous downregulated pathways, such as 
‘anatomical structure development’ (TCE+NAC: enriched odds 
ratio=0.9, FDR=3.8 ×10− 3) (NAC: enriched odds ratio=0.7, 
FDR=9.3 ×10− 28). In contrast, the largest category in the TCE group 
was subcellular processes (30% of enriched pathways), which included 
downregulated mitochondrial-related pathways such as ‘cellular respi
ration’ (enriched odds ratio=0.7, FDR=3 ×10− 3) and upregulated 
endoplasmic reticulum-related pathways, such as ‘response to endo
plasmic reticulum stress’ (enriched odds ratio=1.4, FDR=2.6 ×10− 5). 
Interestingly, ‘response to endoplasmic reticulum stress’ was also 
enriched by TCE+NAC (enriched odds=1.7, FDR=1.3 ×10− 9) and NAC 
(enriched odds ratio=2.3, FDR=2.4 ×10− 11). Notable differences be
tween pathways enriched by the female exposure groups were observed 
in the immune response category. TCE+NAC downregulated ‘gamma- 
delta T cell activation’ (enriched odds ratio=0.3, FDR=6.0 ×10− 4) and 
upregulated ‘chronic inflammatory response’ (enriched odds ratio=2.2, 
FDR=5.6 ×10− 5), whereas NAC only downregulated ‘inflammatory 
response’ (enriched odds ratio=0.8, FDR=2.7 ×10− 3). Moreover, this 
category was absent altogether from TCE group. Together, these results 
highlight key similarities and differences in the pathways enriched by 
the female treatment groups. 

3.4. Summary of exposure induced differential gene expression of male 
placental tissues 

Distinctive from female placental tissues, in male placental tissues, 

Fig. 3. Top log2fold-change gene expression levels for comparisons between various treatment groups and control placental samples stratified by sex. Heatmap 
depicts expression levels for the 25 genes with the largest magnitude log2fold-change (up and downregulated) from each of the following comparisons: control vs. 
TCE, control vs. TCE+NAC, and control vs. NAC. 
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maternal exposure to TCE alone and TCE+NAC altered the gene 
expression levels of only a small number of genes with substantial 
overlap, compared to control tissues. For example, 4 genes were 
differentially expressed (FDR<0.05 + fold-change >2) in common with 
both treatment groups, while only 5 or 30 differentially expressed genes 
were unique to the TCE alone and TCE+NAC treatment groups, 
respectively (Fig. 6A). Summarizing altered gene expression for indi
vidual treatment groups, TCE-exposed tissues had 21 differentially 
expressed genes that met FDR< 0.05 criterion only, 504 genes with a 
fold-change magnitude difference > 2 only, and 9 genes that met both 
criteria (7 upregulated and 2 downregulated) (Fig. 6B, Suppl. Table 5). 

Moreover, co-exposure with TCE+NAC yielded 33 differentially 
expressed genes that met FDR< 0.05 criterion only, 654 genes with a 
fold-change magnitude difference > 2 only, and 35 genes that met both 
criteria (26 upregulated and 4 downregulated (Fig. 6C, Suppl. Table 6). 
NAC exposure alone did not yield any differentially expressed genes that 
met FDR< 0.05 criterion; however, 441 genes had fold-change magni
tude difference > 2 only (Fig. 6D, Suppl. Table 7). Differentially 
expressed genes with the smallest FDR criterion in the male treatment 
groups compared to control included: Sil1 upregulated 1.5-fold 
(FDR=7.8 ×10− 8) in the TCE group, Cyp2c7 downregulated 29.9-fold 
(FDR=1.4 ×10− 8) in the TCE+NAC group, and Serp1 downregulated 

Fig. 4. Exposure-induced differential gene expression of female placental tissues. Differential gene expression in female placental tissue was evaluated for the 
following treatment comparisons: control vs. TCE, control vs. TCE+NAC, and control vs NAC. Differential gene expression was analyzed using the DESeq2 package 
for R using negative binomial general linear modeling with RUV and batch correction. N = 6 independent experiments. A) Upset plot depicting number and overlap 
of differentially expressed genes between comparisons of controls vs. TCE, TCE+NAC, or NAC. FDR < 0.05 + log2fold-change > 1 [fold-change > 2] were considered 
differentially expressed. Volcano plots comparing differential gene expression between controls and: B) TCE, C) TCE+NAC, or D) NAC. Genes fulfilling the following 
criteria are denoted by color: FDR < 0.05 only (light green), log2fold-change magnitude > 1 [fold-change > 2] only (forest green), and FDR < 0.05 + log2fold-change 
magnitude > 1 [fold-change > 2] (dark green). Numbers of differential expressed genes by criterion (FDR and/or fold-change) are shown in Venn diagram insets. 
Plots depicting correlation of log2fold-change in gene expression between: E) [control vs TCE+NAC] and F) [control vs. TCE] or [control vs. TCE+NAC] and [control 
vs. NAC]. Pearson’s correlation coefficients (r) were calculated for the pairwise comparison of logFC values for all dually expressed genes between respective 
comparisons. Pathway enrichment analyses were performed using RNA-Enrich for GOBP gene sets. Gene sets representing with an FDR< 0.01 were considered 
significantly enriched. 
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1.3-fold (FDR=0.05) in NAC group. 
To evaluate how TCE co-exposure with NAC modified differential 

gene expression in males compared to TCE alone or NAC alone, corre
lations of effect estimate across different male treatment groups were 
evaluated. Changes in gene expression relative to control were similarly 
correlated for tissues exposed to TCE+NAC versus TCE alone [r = 0.39, 
P < 1.0 × 10− 15] (Fig. 6E) and TCE+NAC versus NAC alone [r = 0.37, 
P < 1.0 × 10− 15] (Fig. 6 F). Because the correlation coefficients are very 
similar, these findings suggest that both TCE and NAC contribute equally 
to the extent of differential gene expression in the TCE+NAC treatment 
group compared to controls, resulting in an altered gene expression 
profile for the co-exposure that equally resembled that of NAC alone and 
TCE alone. 

3.5. Summary of exposure induced enriched pathways in male placental 
tissues 

Like females, the male treatment groups also had numerous genes 
with altered expression enriched (FDR<0.01) in biological pathways 
(Fig. 7A & 7B, Suppl. Tables 11, 12 & 13). The TCE group had 88 
enriched pathways, the TCE+NAC group had 101 enriched pathways, 
and the NAC group had 185 enriched pathways. Consistent with corre
lation patterns of gene expression, the biological category distribution 
for all three treatment groups was relatively similar. In all groups, the 
largest category was tissue development (TCE: 27% of enriched path
ways, TCE+NAC: 37% of enriched pathways, and NAC: 30% of enriched 
pathways) which included downregulated pathways, such as ‘morpho
genesis of an endothelium’ (TCE: enriched odds ratio=0.4, 

FDR=5.6 ×10− 3) (TCE+NAC: enriched odds ratio=0.4, 
FDR=4.5 ×10− 4) (NAC: enriched odds ratio=0.4, FDR=1.5 ×10− 3). 
Moreover, upregulated ‘response to endoplasmic reticulum stress’- in 
the subcellular process category- was also enriched in all groups (TCE: 
enriched odds ratio=1.8, FDR=1.8 ×10− 11) (TCE+NAC: enriched odds 
ratio=1.7, FDR=1.3 ×10− 9) (NAC: enriched odds ratio=2.2, 
FDR=3.4 ×10− 17). In the immune response category, exposure groups 
had both similarities and differences between enriched pathways. 
Downregulated ‘gamma-delta T cell activation’ was enriched in the TCE 
and TCE+NAC groups (TCE: enriched odds ratio=0.3, FDR=3.6 ×10− 4) 
(TCE+NAC: enriched odds ratio=0.4, FDR=0.02), while the TCE+NAC 
group had additional pathways enriched for a pro-inflammatory 
response such as ‘chronic inflammatory response’ (enriched odds 
ratio=2.2, FDR=1.2 ×10− 5). Furthermore, the immune system category 
was absent from NAC group. Distinctive from the TCE and NAC groups, 
the TCE+NAC group also had several notable enriched signaling 
pathway including ‘insulin-like growth factor receptor signaling’ 
(enriched odds ratio=0.4, FDR=8.7 ×10− 4) and ‘RAS protein signal 
transduction’ (enriched odds ratio=0.7, FDR=9 ×10− 3). These results 
underscore important similarities and differences enriched by the male 
treatment groups. 

3.6. Exposure induced differential gene expression in male versus female 
placental tissues 

To further understand sex-related gene expression changes from TCE 
exposure to placental tissues compared to controls, several direct com
parisons were made between differential gene expression in TCE-treated 

Fig. 5. Exposure-induced enriched pathways of female placental tissues. A) Upset plot depicting number and overlap of enriched pathways between comparisons of 
controls vs. TCE, TCE+NAC, or NAC, and ribbon depicting distribution of enriched pathways categorized by biological function. B) Selected up and downregulated 
enriched pathways categorized by biological function for each treatment comparison. Enriched odds ratio, FDR and direction of change are shown. 
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and TCE+NAC-treated male and female placental tissues. Of the 
differentially expressed genes that met both FDR and fold-change 
criteria (FDR<0.05 + fold-change >2), only one gene, Fmo5, was 
differentially expressed in the TCE groups compared to controls in both 
sexes (Fig. 8A). Moreover, TCE+NAC exposure in both males and fe
males significantly altered gene expression of three genes compared to 
controls: Kcnb1, Lpo and Spp1 (FDR<0.05 + fold-change >2]) (Fig. 8B). 
Correlations of expression levels across male and female treatment 
groups were also evaluated. Changes in gene expression relative to 
control were equally correlated for tissues exposed to TCE+NAC-males 

versus TCE+NAC-females [r = 0.56, P < 1.0 × 10− 15] (Fig. 8C) and 
TCE-males versus TCE-females [r = 0.50, P < 1.0 × 10− 15] (Fig. 8D). 

3.7. Evidence of exposure induced endoplasmic reticulum stress across 
male and female placental tissue 

Consistent with strong correlation of gene expression between males 
and females, there were several pathways that were enriched across 
multiple treatment groups in both sexes. One of these pathways, upre
gulated ‘response to endoplasmic reticulum stress,’ was the only 

Fig. 6. Exposure-induced differential gene expression of male placental tissues. Differential gene expression in male placental tissue was evaluated for the following 
treatment comparisons: control vs. TCE, control vs. TCE+NAC, and control vs NAC. Differential gene expression was analyzed using the DESeq2 package for R using 
negative binomial general linear modeling with RUV and batch correction. N = 6 independent experiments. A) Upset plot depicting number and overlap of 
differentially expressed genes between comparisons of controls vs. TCE, TCE+NAC or NAC. FDR < 0.05 + log2fold-change > 1 [fold-change > 2]) were considered 
differentially expressed. B) Volcano plots comparing differential gene expression between controls and: B) TCE, C) TCE+NAC, or D) NAC. Genes fulfilling the 
following criteria are denoted by color: FDR < 0.05 only (salmon), log2fold-change magnitude > 1 [fold-change > 2] only (orange), and FDR < 0.05 + log2fold- 
change magnitude > 1 [fold-change > 2] (red). Plots depicting correlation of logFC in gene expression between: E) [control vs TCE+NAC] and F) [control vs. TCE] or 
[control vs. TCE+NAC] and [control vs. NAC]. Numbers of differential expressed genes by criterion (FDR and/or log2fold-change) are shown in Venn diagram insets. 
Pearson’s correlation coefficients (r) were calculated for the pairwise comparison of log2fold-change values for all dually expressed genes between respective 
comparisons. Pathway enrichment analyses were performed using RNA-Enrich for GOBP gene sets. Gene sets representing with an FDR< 0.01 were considered 
significantly enriched. 
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pathway enriched across all groups. Endoplasmic reticulum stress in 
cells activates the unfolded protein response (UPR), a condition inten
ded to refold or degrade accumulated misfolded proteins in the endo
plasmic reticulum. Because the UPR involves specific regulation of 
transcriptional activity, the gene targets of key UPR transcription fac
tors, ATF4, ATF6, and XBP1 were tested for overrepresentation among 
differentially expressed genes meeting FDR< 0.05 criterion (Table 1). In 
the female TCE group, 4% (17 genes) were ATF6 gene targets 
(P = 9.9 ×10− 8) and 1% (7 genes) were XBP1 targets (P = 0.038). 
Likewise, in the female TCE+NAC group, 2% (10 genes) were ATF6 
targets (P = 3.8 ×10− 3); however, XBP1 targets were not significantly 
modified. Moreover, female TCE and TCE+NAC groups did not show 
overrepresentation of ATF4 genes. In the male TCE group, 13% (4 genes) 
were ATF6 gene targets (P = 5 ×10− 6) and 7% (2 genes) were ATF4 
targets (P = 0.032). Likewise, in the TCE+NAC group, 8% (5 genes) 
were ATF6 gene targets (P = 2.5 ×10− 5); however, ATF4 targets were 
not significantly modified. Moreover, male TCE and TCE+NAC groups 
did not have an overrepresentation of XBP1 genes. The male and female 
NAC groups did not have any differentially expressed genes that met the 
FDR criterion and were not tested for enrichment. 

To further characterize the enriched endoplasmic reticulum stress 
pathways, 12 UPR genes were clustered by expression patterns using 

hierarchical clustering and single gene-level logFC were displayed 
(Fig. 9A). These genes were selected because their differential gene 
expression met FDR< 0.05 criterion in at least one group (5 genes), they 
were enriched in the endoplasmic reticulum stress pathway (10 genes) 
and/or they are key UPR functional genes (4 genes) (Fig. 9B). Five genes 
had a magnitude fold-change of 0.5 or above in the TCE and TCE+NAC 
groups for both sexes. Four out of five of these genes were ATF6 gene 
targets, consistent with the significant overrepresentation results for 
ATF6 targets in the same groups. These results suggest that the ATF6 
branch of the UPR dominates the endoplasmic reticulum response to 
TCE and/or NAC exposure. Additionally, the Trib3 gene was specifically 
upregulated in the male TCE and TCE+NAC groups, albeit not within 
FDR< 0.05 criterion. Upregulation of this gene is noteworthy because it 
is a dual gene target of ATF4 and CHOP proteins which dimerizes a 
largely pro-apoptotic program (Bromati et al., 2011; Han et al., 2013; 
Ohoka et al., 2005). This result is consistent with ATF4 over
representation in the male TCE group and may suggest male-specific 
activation of the PERK/ATF4-mediated branch of the UPR. 

Fig. 7. Exposure-induced enriched pathways of male placental tissues. A) Upset plot depicting number and overlap of enriched pathways between comparisons of 
controls vs. TCE, TCE+NAC, or NAC, and ribbon depicting distribution of enriched pathways categorized by biological function. B) Selected up and downregulated 
enriched pathways categorized by biological function for each treatment comparison. Enriched odds ratio, FDR and direction of change are shown. 
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3.8. Exposure impacts on the gamma delta (γδ) T cell activation pathway 
across male and female placental tissue 

Another noteworthy pathway that was enriched across multiple 
treatment groups in both sexes was downregulation of γδ T cell activa
tion. This pathway was enriched in the female TCE+NAC group and 
male TCE and TCE+NAC groups. To characterize the effects of specific 
regulators on activation of γδ T cells, 10 relevant genes that code for 
regulatory transcription factors and enzymes were clustered by expres
sion patterns using hierarchical clustering (Fig. 10A). Upregulation of 
inhibitors Tcf23 and Icoslg had the largest magnitude fold-change of the 
γδ T cell activation regulatory genes, likely driving the enrichment of 
this pathway (Fig. 10B & C). Multiple downregulated activators also 
contributed to downregulation and enrichment of this pathway: Tcf3, 
Hes1, Syk, Gimap5, Sox13, and notch. However, most of the activators, 
with the exception of Sox13, did not reach a threshold of FDR< 0.05 or 
fold-change > 2. 

3.9. Differential expression of mitochondrial-related genes and 
mitochondrial copy number in female and male placental tissue 

TCE-exposed female placental tissue was the only treatment group 
with downregulated pathways related to mitochondrial biogenesis and 
function including: ‘cellular respiration’ (enriched odds ratio=0.7, 
FDR=3 ×10− 3), ‘mitochondrial respiratory chain complex assembly’ 
(enriched odds ratio=0.6, FDR=4 ×10− 3), and ‘mitochondrial trans
membrane transport’ (enriched odds ratio=0.5, FDR=3 ×10− 3). Of the 
38 differentially expressed genes that contributed to enrichment of these 
three pathways, the expression of 27 genes was completely reversed or 

attenuated in the TCE+NAC vs. control treatment group, compared to 
the TCE vs. control group (Fig. 11A). 

Because mitochondrial genes were the only pathway NAC co- 
exposure attenuated TCE-induced differential expression, the number 
of mitochondria were further estimated for both female and male 
placental tissue. In female placental tissue (Fig. 11B), TCE exposure 
decreased the average number of mitochondria by 35% (P = 0.042), 
compared to control. Likewise, TCE+NAC decreased the average num
ber of mitochondria by 38% (P = 0.027), compared to control, 
demonstrating that NAC attenuation of TCE effects on gene expression 
related to biogenesis did not extend to the number of mitochondria. In 
male placental tissue (Fig. 11 C), TCE exposure decreased the average 
number of mitochondria by 24% (P = 0.33), while TCE+NAC decreased 
mitochondria by 29% (P = 0.20). 

3.10. Validation of gene expression of selected genes 

Seven relevant genes were selected for gene expression validation 
with PCR (Fig. 12). Four genes were selected representing treatment- 
induced changes associated with endoplasmic reticulum stress: Atf4, 
Trib3 and Ddit3 (CHOP) from the PERK/ATF4-mediated branch of the 
UPR and Atf6 from the ATF6 branch of the UPR. In the male TCE and 
TCE+NAC treatment groups, Atf4 (Fig. 12 A) was significantly upregu
lated compared to controls (TCE: 2.0 FC, P = 3.9 ×10− 02), (TCE+NAC: 
2.6 FC, P < 0.001), but not in the female treatment groups. Likewise, 
Trb3 (Fig. 12B) was upregulated in the male TCE (3.0 FC, P = not sig
nificant) and TCE+NAC (4.6 FC, P < 0.001) groups, although it was not 
significant in the TCE group, and no altered expression in the female 
treatment groups was measured. Although, Ddit3 (CHOP) (Fig. 12 C) 

Fig. 8. Exposure-induced differential gene expression in male versus female placental tissues. To further understand sex-related gene expression changes from TCE 
exposure to placental tissues compared to controls, several direct comparisons were made between differential gene expression in TCE-treated and TCE+NAC-treated 
male and female placental tissues. Venn diagrams depicting overlap of differentially expressed genes for A) female vs. male TCE groups and B) female vs. male 
TCE+NAC groups. Plots depicting correlation of log2fold-change in gene expression between: C) female vs. male TCE groups and D) female vs. male TCE+NAC 
groups. Pearson’s correlation coefficients (r) were calculated for the pairwise comparison of logFC values for all dually expressed genes between respective 
comparisons. 
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was also upregulated in the male TCE and TCE+NAC groups (TCE: 3.1 
FC, P = not significant) (TCE+NAC: 2.7 FC, P = not significant), it was 
not statically significant and was not measured with PCR in the female 
treatment groups. These results lend additional evidence that collec
tively indicate male-specific activation of the PERK/ATF4-mediated 
branch of the UPR. Unlike gene associated with PERK/ATF4-mediated 
branch activation, Atf6 (Fig. 12D) was upregulated in the male TCE 
and TCE+NAC groups (TCE: 3.9 FC, P = 2.8 ×10− 3) (TCE+NAC: 2.2 FC, 
not significant) and in the female TCE+NAC group (TCE+NAC: 2.4 FC, 
not significant). Atf6 was unchanged in the female TCE group. These 
results are largely consistent with RNA-seq results, together, indicating 
activation of the ATF6 branch of the UPR in both sexes. 

Besides endoplasmic reticulum stress genes, two other genes were 
evaluated for changes in gene expression using PCR: Il17 representing 

genes associated with γδ T cell activation and Sirt3 as a master regulator 
of mitochondrial stress response and biogenesis. Il17 (Fig. 12E), the gene 
that produces the cytokine secreted by γδ T cells, was upregulated in one 
treatment group, compared to controls, for each sex: the TCE group in 
males (TCE: 3.0 FC, P = 5.9 ×10− 2) and the TCE+NAC group in females 
(TCE+NAC: 1.3 FC, not significant), although only the male TCE group 
was significant. Lastly, for Sirt3 (Fig. 12 F), one of the genes that controls 
mitochondrial copy number, gene expression was upregulated in both 
the male TCE and TCE+NAC groups (TCE: 3.9 FC, P = 1.9 ×10− 2) 
(TCE+NAC: 3.7 FC, P = 2.4 ×10− 2), however, it was unchanged in the 
male treatment groups. Although some differences exist between RNA- 
seq and PCR results, perhaps due to library preparation or reference 
genes, overall, PCR validation supports the patterns of gene expression 
observed in the RNA-seq analyses. 

Fig. 9. Exposure-induced endoplasmic reticulum stress across male and female placental tissues. One upregulated pathway, ‘response to endoplasmic reticulum 
stress,’ was enriched across all male and female treatment groups. A) Differential gene expression of 12 genes representing all three branches of the UPR were 
clustered by expression patterns using hierarchical clustering. Purple denotes PERK/ATF4 branch, yellow denotes ATF6 branch, turquoise denotes IRE/XBP1 branch, 
and half yellow-half turquoise represents both ATF6 and IRE XBP1 branches. B) Diagram illustrating the signaling and function of all three UPR branches with mini 
tables displaying differential gene expression log2fold-change and FDR of relevant genes organized by UPR branch and stratified by sex. &Ampersand denotes 
significant difference compared to control (P < 0.05). 
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4. Discussion 

Exposure to the common environmental contaminant TCE during 
pregnancy is associated with reduced birth weight in several epidemi
ological studies (Forand et al., 2012; Ruckart et al., 2014). Our previous 
study reported that TCE exposure in pregnant rats decreased fetal weight 
and elevated oxidative stress biomarkers in placentae suggesting 
placental injury as a mechanism of TCE-induced adverse birth outcomes 
(Loch-Caruso et al., 2019). We built upon our previous findings by 
assessing TCE pre/co-exposure with the antioxidant NAC to investigate 
potential attenuation of TCE exposure effects. Recently, we observed 
TCE exposure caused male-specific reduced average fetal weight (Su 
et al., 2021). Moreover, TCE+NAC reduced fetal weight in both males 
and females, suggesting TCE+NAC may exacerbate rather than atten
uate TCE-induced effects (Su et al., 2021). Here, we report TCE- and/or 
NAC-induced changes to gene expression in male and female rat 
placental tissues, identifying pathways of dysregulation that may 
contribute to mechanisms of TCE-induced adverse birth outcomes. 

4.1. Endoplasmic reticulum stress in rat placental tissue 

One of the most notable findings from the present differential gene 
expression analyses was the enrichment of the upregulated ‘response to 
endoplasmic reticulum stress’ pathway because it was enriched across 
all treatment groups for both sexes. Moreover, to our knowledge, this is 

the first study to report TCE-induced endoplasmic reticulum stress in an 
in vivo study. When misfolded proteins accumulate in the lumen of the 
endoplasmic reticulum resulting in endoplasmic reticulum stress, all 
three UPR branches are simultaneously triggered, each with a distinctive 
role (Okada et al., 2002). Despite across-the-board enrichment of the 
endoplasmic reticulum stress pathway, there were important nuanced 
differences in the relevant gene expression profiles of some experimental 
groups based on treatment. For example, the male and female NAC 
groups had no significant differential gene expression, whereas the male 
and female TCE and TCE+NAC groups had many differentially 
expressed genes that met FDR criterion. Moreover, changes in TCE- and 
TCE+NAC-induced gene expression were primarily driven by Atf6 
upregulation, as demonstrated by significant overrepresentation of 
ATF6 gene targets among differentially expressed genes in these groups. 
This expression pattern is important because the ATF6 UPR branch 
promotes long-term adaptation by regulating the gene expression of ER 
chaperones that facilitate an enhanced capacity to fold/refold naïve 
proteins during synthesis (Adachi et al., 2008; Okada et al., 2002). 
Additionally, prevalent ATF6 activation indicates adaptation to pro
longed stress because ATF6 mRNA transcripts are more stable and last 
longer than other UPR branches (Rutkowski et al., 2006). These 
treatment-specific results suggest that the response to endoplasmic re
ticulum stress in TCE- and TCE+NAC-exposed placental tissue was 
largely driven by cellular adaptation via the ATF 6 branch of the UPR. 

In addition to differences in the gene expression patterns of 

Fig. 10. Exposure impacts on the gamma delta (γδ) T cell activation pathway across male and female placental tissue. The downregulated γδ T cell activation 
pathway was enriched in the female TCE+NAC group and the male TCE and TCE+NAC groups. A) Differential gene expression from 12 relevant genes representing 
activators, inhibitors and secretion products of γδ T cells are depicted in a heatmap and organized by hierarchical clustering. Light grey denotes secreted products, 
medium grey denotes inhibitors and dark grey denotes activators. B) Diagram illustrating relationships between activators and inhibitors involved in the regulation 
γδ T cells activation. White denotes no change in gene expression, blue denotes upregulation, purple denotes downregulation, and grey denotes genes expression not 
evaluated. C) Table displaying log2fold-change and FDR for each gene organized by treatment group comparison and stratified by sex. &Ampersand denotes dif
ferential gene expression with FDR< 0.05. #Hashtag denotes differential gene expression with a log2foldchange> 1 or < − 1 [fold-change > 2]. 
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endoplasmic reticulum stress-associated genes between treatment 
groups, there were also specific differences in expression patterns be
tween sexes. For male placentae, but not females, the TCE group had 
significant overrepresentation of ATF4 gene targets. ATF4, part of the 
UPR PERK/ATF4 branch, controls a complex signaling network that 
promotes a largely pro-adaptive intracellular response to stress through 
selective gene expression and global protein synthesis attenuation 
(Pakos-Zebrucka et al., 2016; Wortel et al., 2017). If prolonged or severe 
stress persists, then protein synthesis may resume and ATF4 dimerizes 
with CHOP to upregulate pro-apoptotic genes (Han et al., 2013). Here, 

both the male TCE and TCE+NAC groups had several important 
ATF4/CHOP gene targets upregulated including Trib3, a gene that codes 
for a key protein involved endoplasmic reticulum stress-induced (Ohoka 
et al., 2005; Ord and Ord, 2005), which was upregulated in both 
RNA-seq analysis and PCR validation, although only meeting statically 
significant criterion in PCR validation. Activation of the PERK/ATF4 
branch of the UPR is consistent with our previous results demonstrating 
the same physiological stress response in a human placental cell line and 
first-trimester placental villous explants exposed to the TCE metabolite 
DCVC in vitro (Elkin et al., 2021). Male-specific involvement of the UPR 

Fig. 11. Exposure-induced differential expres
sion of mitochondrial-related genes and mito
chondrial copy number. Three downregulated 
mitochondrial-associated pathways, ‘cellular 
respiration (dark grey),’ ‘mitochondrial respi
ratory chain complex assembly (light grey),’ 
and ‘mitochondrial transmembrane transport 
(medium grey),’ were enriched only in the fe
male TCE treatment group compared to control. 
A) Differential gene expression from the 38 
genes driving enrichment of the three pathways 
in the TCE group are depicted in a heatmap and 
organized by hierarchical clustering. Genes 
outlined by red boxes within heatmap denote 
TCE-induced gene expression changes reversed 
or attenuated by TCE pre-/co-treatment with 
NAC. Blue boxes around gene names denote 
genes involved in regulating mitochondrial 
function and lifecycle processes. To determine 
if gene expression changes carried functional 
consequences, the number of mitochondria in 
B) female and C) male (for comparison) 
placental tissues were estimated by measuring 
genomic DNA of a mitochondrial-encoded gene 
and a nuclear-encoded gene and calculated the 
ratio. Horizontal lines represent mean±SD. 
Data were analyzed by one-way ANOVA with 
posthoc Tukey’s multiple comparisons. 
&Ampersand denotes significant difference 
compared to control (P < 0.05).   
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PERK/ATF4 branch in response to ER stress may be an underlying 
mechanism contributing to the observed decrease in male fetal weights 
observed in TCE and TCE+NAC-treated rats (Su et al., 2021). Indeed, 
endoplasmic reticulum stress involving the PERK/ATF4 branch of the 
UPR is associated with early-onset preeclampsia (Burton et al., 2009; Fu 
et al., 2015) and intrauterine growth restriction in humans (Fu et al., 
2015). 

4.2. Mitochondrial stress in rat placental tissue 

In addition to endoplasmic reticulum stress, pathway analysis further 
revealed female-specific enrichment of multiple downregulated path
ways associated with mitochondrial biogenesis and function in placental 
tissue. There was also a decrease in the number of mitochondria 
measured in the TCE and TCE+NAC groups, compared to controls, in 
both male and female tissue, although data for males was not significant. 
As the primary organelle responsible for cellular energy generation in 
the form of ATP, dynamic and flexible mitochondrial function plays an 
essential role in the rapid growth and development of the placenta 
throughout pregnancy (Sferruzzi-Perri et al., 2019). Mitochondrial dis
ruptions are thought to play a role in the pathophysiology of pregnancy 
disorders. Reactive oxygen species and lipid peroxidation generated by 
mitochondrial perturbations and alterations in the number of mito
chondria in placental cells have been observed in pregnancy disorders 
involving abnormal placental development, as previously reviewed 
(Gupta et al., 2005; Holland et al., 2017). Our findings in female 
placenta indicating downregulation of regulatory genes associated with 
cellular respiration activity and mitochondrial biogenesis are consistent 

with our previous report of decreased cellular respiration and number of 
mitochondria in placental cells exposed to the TCE metabolite DCVC in 
vitro (Elkin et al., 2019), and in previous reports of DCVC-induced 
mitochondrial dysfunction in proximal tubal kidney cells (Lash et al., 
2003; Lash et al., 1995; van de Water et al., 1994; van de Water et al., 
1993; Xu et al., 2008). The exposure-induced changes to 
mitochondrial-associated genes reported here, along with previous ev
idence, together, strongly suggest the involvement of mitochondria in 
the placental response to maternal TCE and NAC exposure. Another 
report we recently published detailed arginine metabolism deficiency in 
the amniotic fluid of rats from our study (Su et al., 2022). However, it 
remains unclear what role, if any, mitochondrial perturbation may play 
in the reduced male fetal weights observed in our first published report 
from our follow-up TCE and/or NAC rat exposure study (Su et al., 2021). 
One hypothesis that may explain female -specific downregulation in 
genes involved in mitochondrial function, as well as male-specific 
reduced fetal weights is an adaptive response of the female placenta to 
spare limited nutrition for the fetus, with a failure of the male placenta 
to adapt in similar fashion resulting in reduced fetal weight. Regardless, 
the findings of this study warrant further scrutiny as to how mitochon
drial dysfunction may be involved in the TCE toxic mechanism of action. 

4.3. Immune system perturbations in rat placental tissue 

Differential gene expression caused by TCE and TCE+NAC exposure 
in male and female rat placentae resulted in the enrichment of multiple 
different pathways associated with the immune system and response. 
The proper regulation of placental immune activity is essential for 

Fig. 12. Validation of gene expression of selected genes. Seven relevant genes were selected for gene expression validation with PCR. Three genes representing the 
PERK/ATF4 branch of the UPR: A) Atf4, B) Trb3, C) Ddit3 (CHOP); One gene representing the ATF6 branch of the UPR: D) Atf6; One gene representing the γδ T cell 
activation pathway: E) Il17f; and one gene representing mitochondrial biogenesis: F) Sirt3. Horizontal lines represent mean±SD. Data were analyzed by one-way 
ANOVA with posthoc Tukey’s multiple comparisons. Green color denotes PCR results for female placental tissue and red color represents male placental tissue. 
&Ampersand denotes significant relative fold-change difference compared to control (P < 0.05). 
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normal pregnancy progression and fetal development because it pro
motes maternal immune tolerance of the semi-allogenic fetus and 
simultaneously promotes immune activation against pathogenic infec
tion (Than et al., 2019). Although the placenta is of fetal origin, it is 
well-documented that maternal immune cells are capable of crossing the 
maternal-fetal syncytiotrophoblast barrier infiltrating placental villi, 
especially during abnormal placental inflammation (Kim et al., 2015; 
Myerson et al., 2006; Redline and Patterson, 1993). For this reason, we 
acknowledge that enriched immune system pathways could be caused 
by differential gene expression in maternal cells, fetal cells, or both in 
placental tissue. 

One particular set of downregulated pathways reported here indicate 
the activation of two specific types of lymphocytes, γδ T cells and B cells, 
which evidence shows play a pivotal role in localized immunomodula
tion and/or host defense at the maternal-fetal interface during preg
nancy (Fettke et al., 2016; Mincheva-Nilsson, 2003; Pinget et al., 2016). 
The ‘activation of γδ T cells’ and/or ‘regulation of γδ T cells activation’ 
pathways were downregulated in the male TCE and TCE+NAC groups 
and female TCE+NAC group, while the ‘B cell activation’ and/or ‘B cell 
receptor signaling’ pathways were downregulated in the male and fe
male TCE+NAC groups. Although Gene Ontology does not specify γδ T 
cell subgroups in pathway enrichment, two γδ T cell subtypes have been 
identified in high abundance in the maternal decidua (Guzman-Genuino 
and Diener, 2017; Nagaeva et al., 2002) and placental villi (Bonney 
et al., 2000; Pinget et al., 2016), γδ T17 cells and regulatory γδ T cell (γδ 
Treg) (Solano, 2019). 

γδ T17 cells primarily secrete IL-17a and IL-17 f (Chang and Dong, 
2009), isoforms of the pro-inflammatory cytokine IL-17 implicated in 
pathogen defense (Curtis and Way, 2009). Here, despite downregulation 
of the γδ T cell activation pathway in multiple exposure groups, the 
Il-17 f gene (not meeting FDR criterion) was upregulated in the same 
groups, suggesting downregulated γδ T activation may be a secondary 
response via a negative feedback loop responding to upregulated Il-17 f 
and Il-23a - itself, also upregulated (not meeting FDR criterion) (Purvis 
et al., 2014; Silverpil et al., 2013). During pregnancy, elevated IL-17 and 
IL-23 are associated with preeclampsia and placental insufficiency 
(Cornelius and Lamarca, 2014; Darmochwal-Kolarz et al., 2017; Dhillion 
et al., 2012), which may be a mechanism by which TCE and/or 
co-exposure to NAC contribute to adverse birth outcomes. 

Because the placenta and fetus are genetically distinct from the 
mother, localized immunomodulation at the maternal-fetal interface in 
the placenta facilitates critical immune tolerance between maternal and 
fetal tissues. The other type of T cell detected in placenta, γδ Tregs, as 
well as B cells, have been shown to selectively suppress immune system 
activity in a compartment-specific manner through downregulation of 
natural killer cells and upregulation of placental trophoblasts with the 
anti-inflammatory cytokines IL-10, IL-4 and TGF-β (Fettke et al., 2016; 
Guzman-Genuino and Diener, 2017; Mincheva-Nilsson, 2003; Nagaeva 
et al., 2002; Suzuki et al., 1995). IL-10 deficiency has been linked to 
pregnancy complications such as preeclampsia (Chatterjee et al., 2014; 
Hennessy et al., 1999) and chronic inflammation (Murphy et al., 2005). 
Although we did not detect differential gene expression in these specific 
cytokines, TCE and TCE+NAC-induced downregulation of γδ Tregs 
activation may impair immunomodulation at the maternal-fetal inter
face and promote an unchecked inflammatory response via other un
determined anti-inflammatory cytokines. 

Consistent with potentially impaired immunomodulation, the 
‘chronic inflammation’ pathway was upregulated and enriched in the 
male and female TCE+NAC groups. Chronic inflammation, distinct from 
acute inflammation, is a prolonged low-grade inflammatory response 
characterized by infiltration of lymphocytes and macrophages combined 
with variety of proinflammatory signaling chemicals such as cytokines, 
chemokines and c-reactive protein (Furman et al.,2019). Chronic 
inflammation in the placenta typically involves both maternal and fetal 
immune system cells, depending on the location in the placenta (Katz
man, 2015; Kim et al., 2015; Myerson et al., 2006). In both male and 

female rat placenta, enrichment of ‘chronic inflammatory response’ 
pathway was driven by upregulation of Il1b (did not meet FDR crite
rion), which codes for the proinflammatory cytokine IL-1b, and S100a9s 
(did not meet FDR criterion), which codes for the proinflammatory 
regulatory protein MRP14. Consistent with our previous results 
demonstrating reduced fetal weight in male and female 
TCE+NAC-exposed fetuses (Su et al., 2021) elevated IL-1b has been 
shown to significantly decrease birth weight in humans and mice (Reis 
et al., 2020). Moreover, IL-1b also increased the rate of preterm birth 
and fetal mortality in mice (Romero et al., 1991). 

5. Conclusion 

In summary, we used transcriptomics and pathway enrichment an
alyses in a rat model of pregnancy to identify and reaffirm specific genes, 
biological processes and molecular signaling pathways altered in 
placenta in response to TCE and/or NAC exposure during pregnancy. 
Furthermore, PCR validated differential gene expression results and 
mitochondrial content was measured as a proxy for the number of 
mitochondria altered in placental tissue. Overall, female placental tis
sues demonstrated a more robust transcriptional response to TCE and/or 
NAC exposure than male tissues. Furthermore, NAC did not attenuate 
TCE-induced effects on gene expression except for some mitochondrial- 
associated genes which did not attenuate TCE effects on the number of 
mitochondria. Multiple pathways were enriched in both sexes including 
downregulated ‘γδ T cell activation’ and upregulated ‘response to 
endoplasmic reticulum stress.’ The endoplasmic reticulum pathway was 
enriched in all male and female treatment groups, compared to controls, 
however, in female, the ATF6 branch of the UPR drove enrichment, 
whereas in males, both the ATF6 and PERK/ATF4 branch drove 
enrichment. Sex-specific nuanced responses to endoplasmic reticulum 
stress and mitochondrial dysfunction, as well as a presumptive larger 
internal dose of glutathione conjugation metabolites, may explain, in 
part, why male fetuses had reduced fetal weights compared to female 
fetuses, as reported in our previous paper (Su et al., 2021). Our findings 
also contribute to the biological plausibility of TCE-induced placental 
toxicity, providing a compelling rationale for further studies into the 
effect of TCE and its metabolites on placental cells. Future studies will 
pay particularly attention to specific placental cell types that may 
contribute to the bulk tissue transcriptomic results reported here. 
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