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ABSTRACT: Exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) has been associated with the
induction of oxidative stress and the progression of steatosis to steatohepatitis with fibrosis. It also
disrupts metabolic pathways including one-carbon metabolism (OCM) and the transsulfuration
pathway with possible consequences on glutathione (GSH) levels. In this study, complementary
RNAseq and metabolomics data were integrated to examine the hepatic transsulfuration pathway and
glutathione biosynthesis in mice following treatment with TCDD every 4 days for 28 days. TCDD
dose-dependently repressed hepatic cystathionine β-synthase (CBS) and cystathionine γ-lyase (CTH)
mRNA and protein levels. Reduced CBS and CTH levels are also correlated with dose-dependent
decreases in hepatic extract hydrogen sulfide (H2S). In contrast, cysteine levels increased consistent
with the induction of Slc7a11, which encodes for the cystine/glutamate Xc− antiporter. Cotreatment
of primary hepatocytes with sulfasalazine, a cystine/glutamate Xc− antiporter inhibitor, decreased
labeled cysteine incorporation into GSH with a corresponding increase in TCDD cytotoxicity.
Although reduced and oxidized GSH levels were unchanged following treatment due to the induction
of GSH/GSSG efflux transporter by TCDD, the GSH:GSSG ratio decreased and global protein S-glutathionylation levels in liver
extracts increased in response to oxidative stress along with the induction of glutamate-cysteine ligase catalytic subunit (Gclc),
glutathione synthetase (Gss), glutathione disulfide reductase (Gsr), and glutathione transferase π (Gstp). Furthermore, levels of
ophthalmic acid, a biomarker of oxidative stress indicating GSH consumption, were also increased. Collectively, the data suggest that
increased cystine transport due to cystine/glutamate Xc− antiporter induction compensated for decreased cysteine production
following repression of the transsulfuration pathway to support GSH synthesis in response to TCDD-induced oxidative stress.

■ INTRODUCTION
Inappropriate management of oxidative stress can lead to
hepatotoxicity and contribute to adverse outcomes such as
liver disease including non-alcoholic fatty liver disease
(NAFLD) and hepatocellular carcinoma (HCC). In response,
highly conserved defense systems have evolved to ensure redox
balance and cell homeostasis are maintained. Antioxidant
defense systems such as reduced glutathione (GSH) scavenge
reactive oxygen species (ROS) to protect macromolecules
from damage and ensure cell viability.1 The antioxidant
properties of GSH are largely due to the reduction of hydrogen
and lipid peroxides by GSH peroxidases (GPX) resulting in the
formation of glutathione disulfide (GSSG), which can be
recycled to GSH by glutathione reductase at the expense of
reduced nicotinamide adenine dinucleotide phosphate
(NADPH) under normal conditions.2 In addition to serving
as a direct free radical scavenger and a sink for cysteine, GSH
can be conjugated to electrophilic intermediates by glutathione
S-transferases to facilitate detoxification and excretion.3,4 GSH
is also a substrate for the post-translational modification of
proteins.5 Protein S-glutathionylation can be transient or

persistent after sulfhydryl oxidation through intermediate
moieties such as sulfenic acid. In general, S-glutathionylation
increases with oxidative stress to protect protein thiol groups
from irreversible oxidation and also has roles in cell signaling
and regulating protein function.5 Therefore, oxidative stress is
more than just an imbalance between ROS production and
endogenous antioxidant scavenging capacity resulting in ROS
accumulation but a consequence of an imbalance between
redox signaling and control mechanisms.6

GSH is the most abundant cellular nonprotein thiol in
eukaryotic organisms from yeast to humans with millimolar
levels present in the liver.2 This ubiquitous tripeptide
containing glutamate, glycine, and cysteine is synthesized in
the cytosol using a nonribosomal pathway involving two
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adenosine 5′-triphosphate (ATP)-dependent enzymes. The
first, and rate-limiting reaction, synthesizes L-glutamyl-cysteine
using glutamate and cysteine, catalyzed by glutamate-cysteine
ligase (GCL). Glutathione synthetase (GSS) then ligates
glycine to L-glutamyl-cysteine to yield GSH. In addition to
GCL activity, GSH levels are regulated by cysteine availability,
GSH feedback inhibition, and GSH export.7 Nearly all plasma
GSH is synthesized in the liver, and therefore disruption of
hepatic GSH synthesis can impact systemic redox balance.2

Cysteine dependence links GSH biosynthesis to the
methionine cycle/one-carbon metabolism (OCM), trans-
sulfuration pathway, folate cycle, and bile acid biosynthesis.
OCM reversibly converts methionine to homocysteine, which
can be irreversibly metabolized to cysteine via the trans-
sulfuration pathway. Approximately half of the cysteine
produced by transsulfuration is used to support hepatic GSH
biosynthesis.8,9 However, cysteine can also be metabolized into
taurine with possible conjugation to cholic acid to provide
various bile acids.10 Moreover, cysteine is a metabolic source of
sulfate and hydrogen sulfide (H2S), an important endogenous
cellular gaseous signal mediator that directly modulates
downstream targets. Consequently, the highly regulated
transsulfuration pathway sits at the intersection of several
pathways with its disruption associated with various diseases
including NAFLD and HCC.11,12

Several endogenous and exogenous factors influence GSH
biosynthesis. This includes diverse halogenated aromatic
hydrocarbons (HAHs) that induce xenobiotic (i.e., cyto-
chrome P450 activity) and purine (i.e., XDH/XO) metaboliz-
ing enzymes that produce ROS as well as the conversion of
methionine to cysteine to support increased GSH syn-
thesis.13,14 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) be-
longs to a class of persistent environmental contaminants that
includes polychlorinated dioxins (PCDDs), dibenzofurans
(PCDFs), and biphenyls (PCBs). TCDD induces biochemical
and toxic effects via the aryl hydrocarbon receptor (AhR), a
promiscuous ligand-activated basic helix-loop-helix PER-
ARNT-SIM transcription factor. Diverse chemicals, endoge-
nous metabolites, microbial products, and dietary constituents
bind and activate the AhR.15,16 Following ligand binding, the
activated AhR translocates to the nucleus where it forms a
heterodimer with the AhR nuclear translocator (ARNT). The
AhR−ARNT complex regulates gene expression by interacting
with response elements containing the 5′-GCGTG-3′ core
sequence as well as nonconsensus sites throughout genome
recruiting coactivators to elicit changes in gene expression
resulting in toxicity.16,17 This includes the induction of genes
associated with hepatic fat accumulation and enzyme activities
known to produce ROS that contribute to TCDD and related
compound hepatotoxicity.18−20

Studies have also shown that TCDD and other contaminants
dose-dependently induce the progression of steatosis to
steatohepatitis with fibrosis in mice.21−23 This was accom-
panied by the reprograming of central carbon metabolism and
the induction of pyruvate kinase muscle isoform 2 (PKM2),
which is typically associated with the Warburg effect in cancer
cells.24,25 PKM2 expression can reduce glycolytic flux and
redirect accumulating upstream intermediates to serine/glycine
biosynthesis and the pentose phosphate pathway to provide
intermediates in support of GSH biosynthesis and reducing
equivalents for oxidized GSH (GSSG) recycling. TCDD also
disrupts OCM, which feeds homocysteine into the trans-
sulfuration pathway to synthesize cysteine for GSH synthesis.26

This study further examined the hypothesis that OCM
disruption by TCDD impairs the transsulfuration pathway
with consequences for GSH biosynthesis and TCDD toxicity.
The integration of complementary RNAseq and metabolomics
data with tracer studies in primary hepatocytes showed that
despite the induction of cystine/glutamate transport to
compensate for the transsulfuration pathway repression, the
GSH/GSSG ratio decreased consistent with TCDD-induced
oxidative stress and protein glutathionylation.

■ MATERIALS AND METHODS
Animal Treatment. Male C57BL/6 mice were obtained from

Charles River Laboratories (Kingston, NY). Animals weighing within
10% of each other were housed in Innovive Innocages (San Diego,
CA) with ALPHA-dri bedding (Shepherd Specialty Papers, Chicago,
IL) in a 12/12 h light/dark cycle and 23 °C environment with 30−
40% humidity. The mice had ad libitum access to food (Harlan
Teklad 22/5 Rodent Diet 8940, Madison, WI) and Aquavive water
(Innovive). On postnatal day (PND) 28, at the start of the light cycle
(zeitgeber time [ZT] 0−1), the mice were gavaged with 0.1 ml
sesame oil vehicle (Sigma-Aldrich, St. Louis, MO) or 0.01, 0.03, 0.1,
0.3, 1, 3, 10, and 30 μg/kg body weight TCDD (AccuStandard, New
Haven, CT). Doses were administered every 4 days for 28 days for a
total of seven treatments. The first treatment was executed on day 0
with the final gavage given on day 24 of the 28-day study. On day 28
tissue samples were collected. The doses used in the current study
were chosen to account for the relatively short study duration as
opposite to lifelong cumulative human exposure from diverse AhR
ligands, the bioaccumulative nature of halogenated AhR ligands, and
different half-lives of TCDD in humans (1−11 years),27,28 and mice
(8−12 days).29 The same dose range and treatment regimen has been
used in previous studies where we found that mouse hepatic tissue
levels were comparable to serum levels following the intentional
poisoning of Viktor Yushchenko (30 μg/kg), of Seveso women
following accidental exposure from a 1976 chemical plant accident
(0.03−0.1 μg/kg), and dioxin-like compound levels in U.S., German,
Spanish and British serum samples (0.01 μg/kg).30−34 All animal
procedures were in accordance with the Michigan State University
(MSU) Institutional Animal Care and Use Committee (IACUC;
PROTO202100219).
Liquid Chromatography−Tandem Mass Spectrometry.

GSH, GSSG, and cysteine were isolated and analyzed as previously
described with slight modifications.35 Briefly, frozen liver samples
(∼25 mg) were homogenized (Polytron PT2100, Kinematica,
Lucerne, Switzerland) in methanol containing 50 mM N-ethyl-
maleimide (NEM) and [2H5]GSH, [13C4,15N2]GSSG (Toronto
Chemicals, Canada) as well as [13C, 15N]cysteine (Sigma-Aldrich)
as internal standards followed by incubation at room temperature to
allow for derivatization of GSH and cysteine thiols with NEM. The
supernatant was dried under nitrogen and resuspended in 0.1%
aqueous formic acid. GSH-NEM, GSSG, and cysteine-NEM were
separated in reversed-phase mode on an Acquity HSS T3 column (1.8
μm, 100 × 2.1 mm2; Waters, Milford, MA). Solvent A was 0.1%
formic acid in water, and solvent B was methanol. The mobile phase
gradient was as follows 0 min−100% A, 1.5 min−100% A, 6 min−
50% A, 6.01 min−1% A, 7 min−1% A; 7.01−100% A, and 8.5 min−
100% A with the flow rate 0.3 mL/min. Mass spectrometry detection
was performed using a Xevo G2-XS quadrupole time-of-flight (QTof)
by positive electrospray ionization. Compounds were identified based
on retention time and mass accuracy using MassLynx Version 4.2
(Waters). To quantify the signals, standard calibration curves were
made for each analyzed compound with the six-point curve of serially
diluted unlabeled standards with the corresponding labeled internal
standards at a constant concentration.

Other compounds were analyzed as previously described.26

Cystathionine, serine, glycine, glutamate, and 2-aminobutyric acid
were extracted from frozen liver samples (∼25 mg) using 600 μL of
0.4 M perchloric acid (PCA). To neutralize the solution, 70 μL of
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supersaturated potassium bicarbonate (KHCO3) was added. Next,
samples were centrifuged (10 min at 13,000g) and the supernatant
(200 μL) was transferred to 466.67 μL of acetonitrile + 0.1% formic
acid making a final 70:30 AcN/H2O solution with a final dilution of
1:3. Extracts were separated on a Waters Acquity UPLC BEH amide
column (1.7 μM particle size, 2.1 × 100 mm2, Waters) held at 40 °C
using Waters UPLC system equipped with a Water TQD triple
quadrupole mass spectrometer run in positive ionization mode. The
mobile phases were 10 mM ammonium formate + 0.1% formic acid
for solvent A and AcN for solvent B. Mobile phase gradient program
was as follows: 0 min−1% A, 7 min−50% A, 8 min−50% A, 8.01
min−1% A 10 min−1% A. The flow rate was 0.3 mL/min.

A modified extraction and derivatization protocol was used for
ophthalmic acid.36 Briefly, frozen samples (∼25 mg) were
homogenized using a metal bead in 600 μL of ice-cold 0.4 M PCA
spiked with internal standards.

After centrifugation (13,000g for 10 min at 4 °C), 15 μL of the
supernatant was derivatized with 6% benzoyl chloride and followed by
vortexing every 15 min for 1 h at room temperature. Finally, the
samples were reconstituted in potassium hydroxide (2 M, KOH) with
3.2 M formic acid for analysis. Derivatized extracts were separated
with a Waters Acquity UPLC BEH C18 column (1.7 μM particle size,
2.1 × 100 mm2) held at 30 °C using solution A�water + 0.1% formic
acid and solution B�AcN. Mobile phase gradient program was as
follows: 10% B for 2 min; increased to 90% B from 2 to 10 min; 90%
B from 10 to 11 min, and then 10% B from 11 to 13.3 min. The
injection volume was 5 μL, and the flow rate was 0.3 mL/min. The
QTof was run in positive ionization mode with continuum data
acquisition, and leucine enkephalin was used as the lockspray
reference compound. The results were normalized to the amount of
total protein for each sample. The following internal standards were
applied: [13C2,15N]glycine (for cystathione), [13C3,15N]serine (for
serine), [13C2,15N]glycine (for glycine), [13C5,15N2]glutamic acid/
glycine (for glutamate and ophthalmic acid). Extracts from cells
cultured with 13C3,15N-cysteine were prepared and analyzed without
internal standards. The MRM transitions for TQD triple quadrupole
mass spectrometer MS methods and the accurate masses and
retention times of compounds analyzed on the QTof are presented
in Tables S1 and S2.
Gene Expression, ChIP, pDRE. Genes were considered differ-

entially expressed when |fold-change| ≥ 1.5 and posterior probability
values (P1(t)) ≥ 0.8 as determined by an empirical Bayes approach.37

Note that all fold-changes reported and discussed in the text were
from diurnal controlled mice treated with 30 μg/kg TCDD every 4
days for 28 days, unless otherwise indicated. Hepatic time course
(GSE109863), and dose response (GSE87519) RNAseq gene
expression datasets are available at the Gene Expression Omnibus.
AhR ChIPseq (GSE97634), NRF2 ChIPseq (GSE109865), and
computationally identified putative dioxin response elements (pDREs,
https://doi.org/10.7910/DVN/JASCVZ) data were previously pub-
lished.17,38,39 Significant AhR ChIPseq binding used a false discovery
rate (FDR) ≤ 0.05. pDREs were considered functional with a matrix
similarity score (MSS) ≥ 0.856.
Protein Extraction and Western Blotting. Liver samples were

homogenized in radioimmunoprecipitation assay (RIPA) buffer
supplemented with protease inhibitor cocktail (Sigma). After
centrifugation, the total protein concentration was measured in the
supernatant fraction using the bicinchoninic acid (BCA) assay
(Sigma, St. Louis, MO). Protein samples (20 mg) were resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) in 10% gels (Bio-Rad, San Diego, CA) and transferred to
nitrocellulose membranes (GE Healthcare) by wet electroblotting
(100 V, 45 min) in the Mini Trans-Blot Cell Unit (BioRad). The
membranes were blocked with 5% nonfat milk (in Tris-buffered saline
[TBS] + 0.01% Tween) for 1 h and incubated overnight at 4 °C with
the following primary antibodies: anti-cystathionine γ-lyase (anti-
CTH) (1:1000; ab151769; Abcam, Cambridge, U.K.), anti-
cystathionine β-synthase (anti-CBS) (1:2000; 14787-1-AP, Protein-
tech, Rosemont, IL), anti-GPX2 (1:2000; ab137431; Abcam), and
anti-β-actin (1:1000; 4970s; Cell Signaling Technology, Danvers,

MA). On the next day, membranes were washed three times with
0.1% TBST at room temperature. To visualize the signal on the
membrane, the horseradish peroxidase (HRP)-linked secondary
antibodies (1:3000; 7074S; Cell Signaling Technology) and ECL
kit (Millipore Corporation, Billerica, MA) were used. Membranes
were scanned on a Sapphire Biomolecular Imager (Azure Biosystem,
Dublin, CA). Two images were captured for each blot to visualize the
chemiluminescence protein product recognized by the antibody, and a
second to visualize the molecular weight marker. The images were
overlayed to estimate the molecular weight of the visible bands.

Protein density was analyzed using ImageJ software (version 1.47;
National Institutes of Health). The expression level of the protein of
interest was normalized to β-actin level. For protein glutathionylation
analysis, liver samples were homogenized in RIPA buffer supple-
mented with protease inhibitor cocktail (Sigma) in 20 mM NEM.
Protein samples were then separated by nonreducing SDS-PAGE.
Samples were subjected to membrane transfer, blocking, incubation
with antibodies, and image development as described above, in 10
mM NEM buffer. The antibodies used were anti-glutathione antibody
[D8] (ab19534, 1:1000, Abcam) and the horseradish peroxidase
(HRP)-linked secondary antibodies (ab6789, 1:5000, Abcam). Row
images of western blots used for analysis are presented in Figure S1.
Capillary Electrophoresis. The WES capillary electrophoresis

system (ProteinSimple, San Jose, CA) was used following standard
manufacturer protocols with the xCT/Slc7a11 antibodies (Cell
Signaling, D2M7A) diluted 1:60. An anti-rabbit detection module
(ProteinSimple) was used to detect primary antibodies. The intensity
of the chemiluminescence signal was analyzed with Compass Software
v4.0.0 (ProteinSimple). Representative spectra can be found in Figure
S5.
H2S Measurement. H2S gas emission was measured using the

OxiSelect Free Hydrogen Sulfide Gas Assay Kit (Cell Biolabs, Inc.,
San Diego, CA) according to manufacturer instructions. Briefly, ∼20
mg liver samples were placed in a 96-well microplate. Released H2S
gas was captured in a thin polymer surface containing Ag+ ions as a
brownish-colored silver sulfide spot on the underside of the
microplate lid just above the sample. After 1 h, the coated lid was
transferred to an empty microplate and optical density (OD) was
measured at 405 nm. Serial dilutions of sodium sulfide were used to
prepare a standard curve.
Primary Hepatocytes Culture and Treatment. Hepatocytes

from male mice (10−11 weeks) were isolated using a two-step
perfusion procedure as previously described.40 Cell aggregates and
liver chunks were removed by filtration with cells enrichment by
Percoll density centrifugation. Trypan blue exclusion suggested
greater than 95% viability. Hepatocytes were plated at a density of
0.5 × 106 cells/well in 12-well plates precoated with type I collagen in
Williams E medium containing 5% fetal bovine serum (FBS), 1%
penicillin/streptomycin, 1% Glutamax, 0.3 mM ascorbic acid, and 100
nM dexamethasone.41 After 3 h, nonadherent cells were removed, and
fresh Williams E medium containing 1% ITS Premix Universal
Culture Supplement,42 1% penicillin/streptomycin, 1% Glutamax, 0.3
mM ascorbic acid, and 100 nM dexamethasone was replaced. The
cells were treated with 0.1 μM to 1 mM sulfasalazine, 10 nM TCDD
or vehicle (DMSO) and incubated for 24, 48, and 120 h at 37 °C and
5% CO2. For tracer studies, preincubation medium was exchanged
after 3 h for custom cystine/cysteine-free medium (Gibco)
supplemented with 13C3,15N-cysteine (Sigma, final concentration 0.3
mM) and cells were treated with 1 and 10 μM sulfasalazine, 10 nM
TCDD or vehicle (DMSO) for 48 h.
Cytotoxicity Measurement. Lactate dehydrogenase (LDH)

release into the cell culture medium was measured by the cytotoxicity
detection kit (Roche Applied Science, Indianapolis, IN). Medium was
collected at 24, 48, and 120 h after treatment. Cells were washed with
phosphate-buffered saline (PBS) and lysed with 1% Triton-X-100 in
PBS for 4 h at 37 °C. LDH activity was determined in the medium
and lysate by measuring absorbance at 490 nm. The LDH released
into the medium was normalized to total LDH (in medium + in cell
lysate).
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■ RESULTS
Gross Morphology, Histopathology, and Differential

Gene Expression. This study focused on the dose-dependent
effects of TCDD on the transsulfuration pathway in male mice
since they exhibit greater sensitivity compared to fe-
males.31,33,38,43 Absolute and relative liver weights increased
18−30 and 18−57% at 1−10 and 0.3−30 μg/kg TCDD,
respectively, with no change in daily chow consumption.38 In
addition, absolute and relative gonadal white adipose tissue
weights were reduced, with no change in terminal brown
adipose tissue weights. Although a modest increase in serum
alanine aminotransferase (ALT) levels was reported, no
evidence of overt toxicity was reported.23,38 Hepatic fat
accumulation, inflammation, fibrosis, and bile duct prolifer-
ation were dose-dependently induced in male mice treated
with TCDD every 4 days for 28 days.21 Hepatocyte
vacuolization (fatty change) and minimal/slight hepatocyte
necrosis were first evident at 0.3 μg/kg TCDD. Leukocyte
infiltration was present at ≥3 μg/kg, while F4/80 staining
confirmed the leukocyte foci consisted primarily of macro-
phages. Bile duct proliferation with proximal inflammation

(pericholangitis) was only reported at 30 μg/kg in male mice.
The doses and treatment regimen resulted in hepatic TCDD
levels that approached steady state and induced AhR target
genes including those associated with increased ROS levels
(Figure 1). Interestingly, several ROS producers including
CYP1A1, 1A2, and 1B1 also exhibited NRF2 genomic
enrichment in addition to AhR enrichment at 2 h following
a single oral gavage of 30 μg/kg TCDD. In contrast, Xdh, a
gene encoding the potent superoxide producer xanthine
dehydrogenase, had no pDREs and exhibited no AhR or
NRF2 genomic binding at 2 h. Therefore, histopathology, ALT
levels, and gross morphology suggest the effects on gene
expression, protein levels, and metabolite levels to be discussed
below are not due to overt toxicity following oral gavage with
TCDD every 4 days for 28 days.
Effects on the Transsulfuration Pathway. We have

previously reported that TCDD dose-dependently dysregu-
lated gene expression and metabolite levels associated with the
methionine cycle in OCM.26 Since these intermediates are
shared with the transsulfuration pathway and can impose
allosteric effects on OCM, we investigated the potential

Figure 1. TCDD-induced genes associated with enzymatic activity and increased ROS levels. Hepatic gene expression was assessed in time course
and dose response studies. In the time course study, male C57BL/6Ncrl mice (n = 3) were administered a single bolus dose of 30 μg/kg TCDD.
Liver samples were collected at the corresponding timepoint, while in the dose response study male C57BL/6Ncrl mice (n = 3) were orally gavaged
with sesame oil vehicle or TCDD every 4 days for 28 days. The presence of putative dioxin response elements (pDREs) and AhR genomic binding
is indicated as a green box. Positive differentially enriched NRF2 is depicted by a red box. Color scale (blue to red) represents the log2(fold change)
in gene expression determined by RNAseq analysis. Counts represent the maximum raw number of aligned reads to each transcript where lower
levels of expression (≤500 reads) are depicted in yellow and higher expression (≥10,000) are depicted in pink. Differential expression with a
posterior probability (P1(t)) > 0.80 is indicated by a black triangle in the top right corner of a heatmap tile. Abbreviations: arachidonate 5-
lipoxygenase (Alox5), cytochrome b-245 α chain (Cyba), cytochrome b-245 β chain (Cybb), cytochrome P450 1A1 (Cyp1a1), 1A2 (Cyp1a2), 1B1
(Cyp1b11), 2-oxoglutarate dehydrogenase (Ogdh), prostaglandin-endoperoxide synthase 2 (Ptgs2), spermine oxidase (Smox), xanthine
dehydrogenase (Xdh).
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Figure 2. Effects of TCDD on the transsulfuration pathway. (A) Schematic depicting transsulfuration enzymes and metabolites. Numbers indicate
genes presented in the (1) methionine cycle, (2) transsulfuration pathway, and (3) cystine transport and reduction. (B) Presence of putative dioxin
response elements (pDREs) and AhR genomic binding to the intragenic region (10 kb upstream of the TSS to TES) is represented as a green box.
Positive differentially enriched NRF2 is depicted by a red box. Numbers indicate genes associated with the (1) methionine cycle, (2)
transsulfuration pathway, and (3) cystine transport and reduction. Hepatic gene expression associated with transsulfuration assessed by RNAseq in
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consequences of TCDD treatment on cysteine levels by
integrating complementary ChIPseq, RNAseq, and metabolo-
mics datasets (Figure 2). Dose response studies showed that,
in addition to repression of the methionine cycle/OCM,
cystathionine β-synthase (Cbs) mRNA levels were dose-
dependently reduced 2.9-fold (Figure 2D). Moreover, CBS
and cystathionine γ-lyase (CTH) protein levels were reduced
at doses as low as 1.0 μg/kg (Figure 2E,F). Both Cbs and Cth
possessed pDREs, but only Cth exhibited AhR enrichment at 2
h following a single oral gavage of 30 μg/kg TCDD suggesting
the dose-dependent repression of Cbs may not involve direct
AhR regulation. Furthermore, Bhmt repression, reduced
cobalamin levels required for methionine synthase (MTR)
activity, and the repression of CBS mRNA and protein levels
are consistent with the increased levels of homocysteic acid,
the spontaneous oxidation product of homocysteine.26,44

Although homocysteine (Hcy) levels were unchanged, the
levels of serine, which undergoes condensation with homo-
cysteine to produce cystathionine, were increased, whereas
cystathionine levels decreased at 1, 3, and 10 μg/kg TCDD
(Figure 2G,I). The recovery of cystathionine levels at 30 μg/kg
TCDD has been partially attributed to Mat2a induction and
increased production of S-adenosylmethionine (SAM), which
is a potent allosteric CBS activator.26,45 Therefore, homo-
cysteine does not enter the transsulfuration pathway nor is it
used as a substrate for re-methylation to methionine catalyzed
by betaine-homocysteine S-methyltransferase (BHMT) or
MTR, but instead undergoes oxidation as indicated by the
dose-dependent increase in homocysteic acid levels.26

Next, we examined the consequences of CBS and CTH
repression and the unexpected increase in the levels of
cysteine, the limiting amino acid in GSH synthesis (Figure 2J).
In response to the repression of the methionine cycle and the
transsulfuration pathway, intracellular cysteine was likely
imported by the dose-dependent induction of cysteine
transporters such as the cystine/glutamate antiporter Xc−

system to support GSH synthesis.46 Specifically, Slc1a4, 1a5,
and 7a11 were induced 8.1-, 7.3-, and 79.3-fold at 30 μg/kg
TCDD as assessed by RNAseq and confirmed by quantitative
reverse transcription polymerase chain reaction (qRT-PCR)
(Figures 2B−D and S3). Moreover, cystine/glutamate Xc−

antiporter protein level was also increased following TCDD
treatment (Figure S4). The cystine/glutamate antiporter Xc−

system consists of the xCT light chain (Slc7a11), which
confers specificity for cystine transport when linked by a
disulfide bridge to the 4F2 heavy chain (Slc3a2 induced 4.3-
fold) and imports one cystine into the cell for each glutamate

exported. The lack of AhR or NRF2 genomic enrichment is
likely due to the short 2 h exposure duration with 30 μg/kg
TCDD since Slc7a11 induction by electrophilic agents is
known to be mediated by NRF2.47 Once inside the cell, cystine
is reduced by TXNRD1 (Txnrd1 induced 3.3-fold) to two
cysteine molecules.46,48

In addition to their canonical cysteine synthesis reactions,
CBS and CTH metabolize homocysteine and/or cysteine to
produce hydrogen sulfide (H2S), an endogenous signaling gas
that exerts diverse physiological effects (Figure 3A). Consistent
with the repression of CBS and CTH by TCDD, H2S levels
also exhibited a dose-dependent decrease (Figure 3F). Lower
H2S levels may also be due to the 4.5-fold repression of
mercaptopyruvate sulfurtransferase (Mpst), which catalyzes the
desulfuration of 3-mercaptopyruvate to produce pyruvate and a
persulfide product that releases H2S. Moreover, genes
associated with the sulfide oxidation pathway that oxidize
H2S to thiosulfate and sulfate were dose-dependently
repressed. Specifically, ETHE1 persulfide dioxygenase
(Ethe1), thiosulfate sulfurtransferase (Tst), and sulfite oxidase
(Suox) were repressed 5.9-, 2.5-, and 4.5-fold at 30 μg/kg
TCDD, respectively, suggesting that reduced H2S levels could
not be ascribed to increased oxidation. Sqrdl, Ethe1, Tst, and
Suox exhibited mixed AhR and NRF2 genomic enrichment 2 h
after oral gavage with 30 μg/kg TCDD (Figure 3C−E).
Together, the data suggest that reductions in H2S levels are
due to reduced expression of CBS, CTH, and MPST as
opposed to increased metabolism in the sulfide oxidation
pathway.
Effects on Glutathione and Ophthalmic Acid Syn-

thesis. Repression of the transsulfuration pathway with the
induction of cysteine transporters prompted us to assess the
dose-dependent effects of TCDD on GSH biosynthesis as well
as GSSG recycling and efflux (Figure 4). Although GSH and
GSSG levels in hepatic extracts did not significantly change
following oral gavage every 4 days for 28 days, the GSH:GSSG
ratio decreased from 80 to 4 at 30 μg/kg TCDD, as expected
due to the induction of oxidative stress (Figure 4E−G).
Increased levels of cysteine (Figure 2J), glutamate, and glycine
have also been reported for other inducers of oxidative stress
such as acetaminophen (Figure 4I,J).49 In addition, glutamate-
cysteine ligase catalytic subunit (Gclc), glutathione synthetase
(Gss), glutathione peroxidase 2 (Gpx2), glutathione peroxidase
3 (Gpx3), and glutathione disulfide reductase (Gsr) were
induced 1.7-, 2.4-, 40.3-, 6.7-, and 3.8-fold, respectively (Figure
4D). Increased expression of Gpx2 following TCDD
administration was confirmed at the protein level (Figure

Figure 2. continued

a (C) time course following a single oral gavage of 30 μg/kg TCDD and (D) dose response study following oral gavage with TCDD every 4 days
for 28 days. Color scale (blue to red) represents the log2(fold change) in gene expression determined by RNAseq analysis. Counts represent the
maximum raw number of aligned reads of each transcript where a lower level of expression (≤500 reads) is depicted in yellow and higher
expression (≥10,000) is depicted in pink. A black triangle in the top right corner of a heatmap tile denotes a change in gene expression (|fold-
change| ≥1.5; P1(t) ≥ 0.80). Hepatic (E) CBS and CTH protein levels were determined by Western blot in male mice orally gavaged with sesame
oil vehicle or TCDD every 4 days for 28 days. Levels of (G) homocysteine, (H) serine, (I) cystathionine, and (J) cysteine in liver extracts from
male C57BL/6Ncrl mice orally gavaged every 4 days for 28 days with sesame oil vehicle or TCDD measured by liquid chromatography−mass
spectrometry (LC-MS) following NEM conjugation. Asterisk (*) denotes p < 0.05 determined by one-way analysis of variance (ANOVA) with a
Dunnett’s post hoc test. Error bars represent + standard error of the mean. Numbers 1, 2, and 3 indicate genes presented in the (1) methionine
cycle, (2) transsulfuration pathway, and (3) cystine transport. Abbreviations: S-adenosylhomocysteine hydrolase (Ahcy), S-adenosylhomocysteine
hydrolase-like isoform 1 or 2 (Ahcyl1, Ahcyl2), betaine-homocysteine methyltransferase (Bhmt), cystathionine β-synthase (Cbs), cystathionine γ-
lyase (Cth), cysteine (Cys), homocysteine (Hcy), S-adenosylmethionine synthase isoform 1a, 2a, or 2b (Mat1a, Mat2a, Mat2b), methyltransferase
(Mt), methionine synthase (Mtr), solute carrier family 1 member 4 and 5 (Slc1a4, Slc1a5), cystine/glutamate antiporter Xc− system light chain
(Slc7a11) and heavy chain (Slc3a2), transcription end site (TES), transcription start site (TSS), thioredoxin reductase 1 (Txnrd1).
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2H). Genes associated with GSH synthesis, recycling, and
GSSG efflux exhibited AhR and/or NRF2 genomic enrichment
2 h after a single dose of 30 μg/kg TCDD in the presence of a

pDRE. Although Gsr is induced 3.8-fold at 30 μg/kg TCDD,
accumulating GSSG can be actively transported out of the cell
to maintain intracellular redox when ROS levels overcome the

Figure 3. Effects of TCDD on H2S production and the sulfide oxidation pathway. (A) Schematic depicting H2S-producing reactions. (B) Schematic
depicting sulfide oxidation pathway. (C) Presence of putative dioxin response elements (pDREs) and AhR genomic binding to the intragenic
region (10 kb upstream of the TSS to TES) represented as a green box. Positive differentially enriched NRF2 is depicted by a red box. Hepatic
differential gene expression associated with the transsulfuration pathway assessed by RNAseq in a (D) time course following a single oral gavage of
30 μg/kg TCDD and (E) dose response study following oral gavage with TCDD every 4 days for 28 days. Color scale (blue to red) represents the
log2(fold change) in gene expression. Counts represent the maximum raw number of aligned reads of each transcript where a lower level of
expression (≤500 reads) is depicted in yellow and higher expression (≥10,000) is depicted in pink. A black triangle in the top right corner of a
heatmap tile denotes a change in gene expression (|fold-change| ≥ 1.5; P1(t) ≥ 0.80). (F) Hepatic H2S levels were assessed using OxiSelect Free
Hydrogen Sulfide Gas Assay (Cell Biolabs). (G) Hepatic Soux protein levels were determined by Western blot in male C57BL/6Ncrl mice orally
gavaged with sesame oil vehicle or TCDD every 4 days for 28 days. Asterisk (*) denotes p < 0.05 determined by one-way ANOVA with a Dunnett’s
post hoc test. Error bars represent + standard error of the mean. Abbreviations: cysteine aminotransferase (Cat), cystathionine β-synthase (Cbs),
cystathionine γ-lyase (Cth), persulfide dioxygenase (Ethe1), 3-mercaptopyruvate sulfurtransferase (Mpst), sulfur acceptor (R-SH); persulfide (R-
SSH); sulfite oxidase (Suox), quinone oxidoreductase (Sqrdl); transcription end site (TES), transcription start site (TSS), thiosulfate
sulfurtransferase (Tst).
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Figure 4. TCDD-elicited effects on glutathione (GSH) and ophthalmic acid synthesis. (A) Schematic depicting enzymes and metabolites
associated with glutathione and ophthalmic acid synthesis. (B) Presence of putative dioxin response elements (pDREs) and AhR genomic binding
to the intragenic region (10 kb upstream of the TSS to TES) is represented as a green box. Green (unchanged)/red (increased)/blue(decreased)
boxes indicate more than one site of genomic AhR enrichment (and effect of TCDD). Hepatic gene expression associated with glutathione and
ophthalmic acid synthesis was assessed by RNAseq in a (C) time-course and (D) dose-dependent manner. The blue/red color scale represents the
log2(fold change) in gene expression. Counts represent the maximum raw number of aligned reads to each transcript where a lower level of
expression (≤500 reads) is depicted in yellow with higher expression (≥10,000) depicted in pink. A black triangle in the top right corner of a
heatmap tile denotes a change in gene expression (|fold-change| ≥ 1.5; P1(t) ≥ 0.80). Hepatic (E) reduced glutathione (GSH), (F) oxidized
glutathione (GSSG), (G) GSH:GSSG ratio, (I) glutamate, (J) glycine, (K) 2-aminobutyric acid, and (L) ophthalmic acid were measured by LC-
MS in male C57BL/6Ncrl mice orally gavaged every 4 days for 28 days with sesame oil vehicle or TCDD (0.3 or 1−30 μg/kg). Hepatic (H) GPX2
protein level was determined by Western blot in liver extracts prepared from male C57BL/6Ncrl mice orally gavaged every 4 days for 28 days with
sesame oil vehicle or 1−30 μg/kg TCDD. Asterisk (*) denotes p < 0.05 determined by one-way ANOVA with Dunnett’s post hoc test. Error bars
represent + standard error of the mean. Abbreviations: ATP binding cassette subfamily C member 1, 2, 3, 4, 5 (Abcc2, Abcc3, Abcc4, Abcc5),
alanine-glyoxylate aminotransferase isoform 2 (Agxt2), cysteine aminotransferase (Cat), glutamate-cysteine ligase, catalytic subunit (Gclc),
glutamate-cysteine ligase regulatory subunit (Gclm), glutathione peroxidase 2, 3 (Gpx2, Gpx3), reduced glutathione (GSH), glutathione disulfide
reductase (Gsr), glutathione synthetase (Gss); oxidized glutathione (GSSG), 3-mercaptopyruvate sulfurtransferase (Mpst), RalA binding protein 1
(Ralbp1), solute carrier family 13 member 3 (Slc13a3); transcription end site (TES), transcription start site (TSS).
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capacity to reduce GSSH to GSH. GSH and GSSG efflux
transporters, Abcc1, 2, 3, 4, and 5 as well as Slc13a3 and Ralbp1
exhibited time- and dose-dependent induction with AhR and/
or NRF2 genomic enrichment (Figure 4B−D).50−52

In addition to cysteine, the metabolism of cystathionine by
CTH also produces 2-ketobutyric acid, which can be
transaminated to 2-aminobutyric acid, an intermediate
structurally identical to cysteine except for the substitution of
the sulfhydryl moiety with a methyl group.53 2-Ketobutyric
acid, also produced from threonine and methionine metabo-
lism,54,55 can undergo condensation with glutamate catalyzed
by GCL to produce L-γ-glutamyl-aminobutanoate, which is
then ligated to glycine by GSS to yield ophthalmic acid, a
biomarker of oxidative stress indicating GSH consumption.49

2-Aminobutyric acid and ophthalmic acid levels were induced
5.3- and 7.9-fold, respectively, at 30 μg/kg TCDD coinciding
with the recovery of cystathionine levels at 30 μg/kg TCDD
attributed to Mat2a induction.26

The effects of TCDD on GSH metabolism and cytotoxicity
were further examined in primary mouse hepatocytes (Figure

5). As reported in vivo, 10 nM TCDD, a dose that induced
Cyp1a1 743-fold, did not affect GSH levels but increased
GSSG levels 2-fold at 24 and 48 h (Figure 5B) decreasing the
in vitro GSH/GSSG ratio from 904 to 328 and from 347 to
280 after 24 and 48 h of treatment, respectively. Unlike in vivo
where expression was negligible in control samples, the
cystine/glutamate antiporter Xc− system was expressed in
primary hepatocyte under conventional culture conditions as
previously reported (Figure S2).56 This enabled an inves-
tigation of the role of the cystine/glutamate antiporter Xc−

system in TCDD-elicited cytotoxicity. Figure 5A shows that in
the absence of TCDD, sulfasalazine, a cystine/glutamate
antiporter Xc− system inhibitor, exhibited dose-dependent
cytotoxicity alone.57 However, cytotoxicity as measured by
lactate dehydrogenase activity in media was greater when
hepatocytes were cotreated with sulfasalazine and 10 nM
TCDD. Furthermore, sulfasalazine cotreatment with TCDD
elicited a further decrease in GSH while GSSG levels also
trended downward (not significant) compared to TCDD alone
(Figure 5B).

Figure 5. Effect of TCDD on glutathione (GSH) and oxidized glutathione (GSSG) levels and cytotoxicity in primary mouse hepatocytes in the
absence and presence of the cystine/glutamate antiporter Xc− system inhibitor, sulfasalazine. (A) Primary mouse hepatocytes isolated from wild-
type male C57BL/6Ncrl mice were treated 3 h after plating (n = 3 wells) with TCDD and/or sulfasalazine as indicated. Cytotoxicity was measured
by measuring LDH release in media. Asterisk (*) indicates p ≤ 0.05 between compared groups. (B) Primary mouse hepatocytes isolated from wild-
type male C57BL/6Ncrl mice were treated 3 h after plating (n = 4) with TCDD and/or sulfasalazine as indicated. GSH and GSSG levels were
measured 48 h after treatment by LC-MS. Error bars represent + standard error of the mean. Asterisk (*) denotes p < 0.05 determined by two-way
ANOVA with a Tukey’s post hoc test. Abbreviations: reduced glutathione (GSH), oxidized glutathione (GSSG), 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD), lactate dehydrogenase (LDH).
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To further examine the role of the cystine/glutamate
antiporter Xc− system in TCDD cytotoxicity, 13C3,15N1-GSH
as well as 13C3,15N1- and 13C6,15N2-GSSG levels were measured
at 48 h after treatment with 10 nM TCDD and/or sulfasalazine
in primary hepatocytes cultured in media containing 13C3,15N-
cysteine (Figure 6). 13C3,15N1-GSH as well as 13C3,15N1- and
13C6,15N2-GSSG levels increased in response to 10 nM TCDD.
Sulfasalazine at 10 μM, but not at 1 μM, decreased the levels of
13C3,15N1-GSH as well as 13C3,15N1- and 13C6,15N2-GSSG
compared to TCDD treatment alone suggesting that 1 μM
sulfasalazine was too low to overcome the induction of the
cystine/glutamate antiporter Xc− system in response to
TCDD. These results indicate that in response to TCDD-
elicited oxidative stress, cystine import is increased via the
cystine/glutamate antiporter Xc− system to support GSH
biosynthesis due to inhibition of the transsulfuration pathway
and the increased oxidation of GSH to GSSG.
Effects on Protein S-Glutathionylation. GSH can also

reversibly oxidize cysteinyl residues in proteins via S-
glutathionylation to introduce the three amino acid moiety
and a net negative charge that may alter the secondary
structure, location, and function of various regulatory,
structural, and metabolic proteins. Moreover, protein S-
glutathionylation provides protection from irreversible oxida-
tion.5 A representative western blot shows changes in the
pattern and levels of global protein S-glutathionylation in
hepatic extracts prepared from mice treated with TCDD every
4 days for 28 days (Figure 7A,B) with protein S-
glutathionylation levels greatest for 40−55 kDa proteins
(Figure 7C).

In addition to spontaneous protein S-glutathionylation
under oxidative conditions, oxidized cysteinyl residues on
proteins can also undergo rapid conjugation with GSH
catalyzed by glutathione S-transferase p1 and p2 (GSTP1
and 2).58−60 Gstp1 and p2 were both induced within 4 h of oral
gavage with 30 μg/kg TCDD (Figure 7E). Although the more
highly expressed Gstp1 was repressed in the 28 days dose
response study, Gstp2 exhibited dose-dependent induction

with a 3.6-fold increase at 30 μg/kg TCDD (Figure 7F).
Moreover, glutaredoxin (GLRX) and GLRX2 possess both
protein S-glutathionylation and de-glutathionylation activities
depending on the GSH/GSSG ratio.61 Glrx and Glrx2 were
dose-dependently repressed 1.5- and 2.9-fold, respectively.
Thioredoxin1 and 2 (TXN1 and 2) as well as protein disulfide
isomerases 3, 4, 5, and 5 (PDIA3, 4, 5, and 6) also possess de-
glutathionylation activity but are less efficient than GLRX.62

TCDD elicited negligible effects on Txn1 and 2, while Pdia3, 4,
5, and 6 were repressed 1.6-, 2.4-, 4.2-, and 2.0-fold,
respectively. Lastly, sulfiredoxin (SRXN1) catalyzes the de-
glutathionylation of distinct proteins in response to oxidative
and/or nitrosative stress and exhibited a 16.9-fold dose-
dependent induction following treatment with 30 μg/kg
TCDD.63 Reducing equivalents required for de-glutathionyla-
tion reactions are provided by NADPH catalyzed by
glutathione reductase (GSR), or thioredoxin reductases
(TXNRD1, 2, and 3).64,65 The more highly expressed
reductases, Gsr and Txnrd1, were induced in the time course
and dose response studies, while Txnrd2 and 3 were repressed
at the highest dose. It is notable that not all of the genes listed
in Figure 7D showed NRF2 genomic enrichment 2 h after oral
gavage with 30 μg/kg TCDD while others had multiple sites of
NRF2 enrichment with constitutive peaks exhibiting increased
genomic binding (i.e., positive differential enrichment as
determined by ChiP PCR) following TCDD treatment. In
contrast, only Gsr, Txn2, Txnrd2, and Srxn1 exhibited AhR
genomic enrichment and in each case, in the presence of a
pDRE. Previous studies have suggested cooperation between
AhR and NRF2 in the regulation of gene expression.39,66

Overall, the data are consistent with an increase in protein S-
glutathionylation in response to TCDD-induced oxidative
stress.

■ DISCUSSION
TCDD dose-dependently induces the expression of thousands
of genes in the liver, many of which encode for enzymes that
produce ROS as a reaction byproduct. Under normal

Figure 6. Tracer studies examining the effect of TCDD on (A) glutathione (GSH) and (B) oxidized glutathione (GSSG) levels in primary mouse
hepatocytes cultured in medium with 13C3,15N-cysteine in the absence and presence of the cystine/glutamate antiporter Xc− system inhibitor,
sulfasalazine. Primary mouse hepatocytes isolated from wild-type male C57BL/6Ncrl mice were culture in 13C3,15N-cysteine-containing medium
and treated 3 h after plating (n = 4) with TCDD and/or sulfasalazine as indicated. GSH and GSSG levels were measured 48 h after treatment by
LC-MS. Error bars represent ± standard error of the mean. Asterisk denoting **p < 0.01, or ***p < 0.001 were determined by two-way ANOVA
with Tukey’s post hoc test. Abbreviations: reduced glutathione (GSH), oxidized glutathione (GSSG), sulfasalazine (S), 2,3,7,8-tetrachlorodibenzo-
p-dioxin (T).
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Figure 7. Effect of TCDD on protein S-glutathionylation in hepatic extracts and expression of genes associated with glutathionylation and de-
glutathionylation. Male C57BL/6Ncrl mice (n = 3) were orally gavaged with sesame oil vehicle or 1−30 μg/kg TCDD every 4 days for 28 days.
(A) Representative immunoblot for global protein S-glutathionylation levels in hepatic extracts. Proteins were analyzed by SDS-PAGE (10% gel)
using nonreducing conditions, transferred to poly(vinylidene difluoride) (PVDF) membrane, and probed with anti-protein S-glutathionylation
antibody. Brightness, contrast, and color balance were adjusted to optimize visualization. (B) Densitometric analysis of S-glutathionylated protein
levels (35−55 kDa). Asterisk (*) denotes p < 0.05 determined by one-way ANOVA with Dunnett’s post hoc test. Error bars represent + standard
error of the mean. (C) Comparison of signal intensity of individual protein bands. Asterisk (*) denotes p < 0.05 determined by two-way ANOVA
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conditions, antioxidant systems protect critical cellular
components while corrective measures rid cells of the stimulus
responsible for excessive ROS levels in order to reestablish
homeostasis. However, TCDD is not readily metabolized or
excreted and induces persistent oxidative stress that can drain
redox buffering requiring metabolic reprogramming to support
antioxidant responses. For example, pyruvate kinase muscle
isoform 2 (PKM2) induction redirects accumulating glycolytic
intermediates to the pentose phosphate pathway and serine/
glycine biosynthesis to support GSH biosynthesis and GSSG
recycling in response to TCDD-induced ROS levels.31 In
addition to producing glycine and NADPH that may support
GSH biosynthesis, serine/glycine biosynthesis is coupled to
OCM via the folate and methionine cycles to generate S-
adenosylmethionine (SAM), the methyl donating intermediate
used for cellular biosynthesis and post-translational modifica-
tions. In turn, homocysteine, an intermediate in the
methionine cycle, can feed into the transsulfuration pathway
while SAM, a known regulator of CBS, links OCM and the
transsulfuration pathway.45,67 In this study, the consequences
of methionine cycle and OCM reprogramming by TCDD were
extended to further investigate effects on the transsulfuration
pathway, which provides cysteine, the limiting amino acid
required for GSH biosynthesis.26

Homocysteine can be converted to (i) methionine by 5-
methyltetrahydrofolate-homocysteine methyltransferase
(MTR) and betaine-homocysteine S-methyltransferase
(BHMT) in the methionine cycle, or (ii) cystathionine and
then cysteine by CBS and CTH in the transsulfuration
pathway.11 We have previously shown that TCDD repressed
BHMT and CBS mRNA and protein levels.26 Consequently,
serine did not undergo condensation with homocysteine by
CBS in the transsulfuration pathway resulting in reduced
cystathionine levels. In addition, TCDD decreases cobalamin
(Cbl) levels which compromise Cbl-dependent MTR
activity.68 Therefore, homocysteine is not re-methylated to
methionine in the methionine cycle, but is oxidized as reflected
in the increased levels of homocysteic acid, the spontaneous
oxidation product of homocysteine, due to the oxidative
conditions induced by TCDD.26 The partial recovery of
cystathionine at 30 μg/kg TCDD is in agreement with the
induction of S-adenosylmethionine synthase isoform 2a
(MAT2A). Increased SAM levels produced following MAT2a
induction would allosterically activate CBS while further
inhibiting MTR activity.45 Moreover, TCDD dose-depend-
ently reduced CTH protein levels, and to a lesser extent
mRNA levels. In addition to homocysteine use as an
intermediate in the transsulfuration pathway to produce
cysteine, CBS and CTH also metabolize cysteine and
homocysteine to produce H2S, a key signaling molecule that
regulates cell bioenergetics by reprogramming metabolism.69

TCDD dose-dependently reduced H2S levels consistent with
the repression of CBS, CTH, and mercaptopyruvate
sulfurtransferase (MPSF), the three main H2S-generating
enzymes. Genes in the sulfide oxidation pathway that are
responsible for oxidative catabolism of H2S were repressed
suggesting reduced H2S levels were not due to increased
metabolism to sulfate and thiosulfate ions. Collectively, these
results indicate TCDD repressed the transsulfuration pathway.

H2S plays an important role in liver physiology as well as
pathophysiology with disrupted levels associated with NAFLD
and cirrhosis.70 Moreover, exogenous H2S treatment attenu-
ated carbon tetrachloride-induced hepatotoxicity, liver cir-
rhosis, and portal hypertension.71 Hepatic H2S levels are
reported to be lower in the high-fat-diet (HFD)-fed mice while
exogenous H2S treatment improved lipid metabolism and
antioxidant potential in the fatty liver of HFD-induced obesity
in mice.72 Specifically, H2S decreased lipid accumulation
including triglyceride and total cholesterol, as well as repressed
fatty acid synthase while inducing antioxidant enzyme
activities.73 Reduced H2S levels are largely unexplored in
TCDD-elicited hepatotoxicity and the progression of steatosis
to steatohepatitis with fibrosis.

Cysteine levels, which are tightly regulated to maintain redox
balance and minimize other adverse effects, were increased
following treatment with TCDD, despite repression of the
transsulfuration pathway. We attribute this to the ROS
induction of the light chain subunit of the cystine/glutamate
Xc− antiporter that confers specificity for cystine transport.46

Despite the higher levels of cysteine, the limiting amino acid
required for GSH biosynthesis, as well as the increased
glutamate and glycine levels, did not translate into substantive
increases in hepatic GSH and GSSG levels. This may be
partially explained by the induction of ABCC transporters that
reestablish redox homeostasis.74,75 However, TCDD did
increase the levels of ophthalmic acid, a GSH analogue with
no thiol group. Ophthalmic acid is synthesized by the GSH
biosynthesis pathway but uses 2-aminobutyric acid as a
substrate instead of cysteine, but is not metabolized further.49

Ophthalmic acid accumulation correlates with GSH con-
sumption and has been proposed as a biomarker for GSH
depletion.49 Furthermore, ophthalmic acid is reported to exert
protective effects from oxidative stress by increasing the efflux
of conjugated metabolites, inhibiting GSH efflux from
hepatocytes, activating serine/glycine biosynthesis, and stim-
ulating AMPK activity to increase GSH levels.53 In contrast to
these in vivo hepatic effects, TCDD did increase GSSG levels
in primary mouse hepatocytes. Moreover, cotreatment with
sulfasalazine, a cystine/glutamate Xc− antiporter inhibitor,57

increased the sensitivity of primary mouse hepatocytes to
TCDD cytotoxicity. Together, these results support the
conclusion that in response to TCDD-induced oxidative stress,

Figure 7. continued

with Sidak’s post hoc test. (D) The presence of putative dioxin response elements (pDREs) and AhR binding to the intragenic region (10 kb
upstream of the TSS to TES) is represented as a green box. Positive differentially enriched Nrf2 is depicted by a red box. Green (unchanged)/red
(increased) boxes indicate more than one site of genomic AhR enrichment (and the effect of TCDD). Hepatic expression of genes associated with
glutathione and ophthalmic acid synthesis was assessed by RNAseq in a (E) time-course and (F) dose-dependent manner. Color scale represents
the log2(fold change) in gene expression. Counts represent the maximum raw number of aligned reads to each transcript where a lower level of
expression (≤500 reads) is depicted in yellow with higher expression (≥10,000) depicted in pink. A black triangle in the top right corner of a
heatmap tile denotes significant differential gene expression (|fold-change| ≥ 1.5; P1(t) ≥ 0.80). Abbreviations: glutaredoxin (Glrx), glutathione
reductase (Gsr), glutathione S-transferase Pi (Gstp), protein disulfide isomerase associated (Pdia), sulfiredoxin (Srxn), 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD), transcription end site (TES), transcription start site (TSS), thioredoxin (Txn), thioredoxin reductase (Txnrd).
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hepatocytes increased GSH biosynthesis by inducing the
cystine/glutamate Xc− antiporter, which provides an alter-
native source of cysteine following the repression of the
transsulfuration pathway. However, this is not reflected in
increased GSH levels due to GSH utilization to maintain redox
balance.

In addition to free radical scavenging, GSH can be
conjugated to target proteins via cysteine sulfhydryl or sulfenic
acid moieties. GSH conjugation protects proteins from the
sequential oxidation of thiol groups to sulfonic acid that leads
to proteosomal degradation. In addition, S-glutathionylation
can alter the conformation of the protein target to affect
function, interactions with other proteins, and cellular
localization. The reversibility of S-glutathionylation can occur
spontaneously in the presence of recovering GSH levels or be
catalyzed by de-glutathionylation enzymes, to provide dynamic
regulation.5 More specifically, protein S-glutathionylation has
been proposed as a mechanism to fine-tune cellular energy
metabolism in response to varying oxidative stress levels with
several glycolytic and TCA enzymes identified as S-
glutathionylation targets that affect glucose flux.60,76 TCDD
increased the global levels of protein S-glutathionylation,
especially in the 40−55 kDa range. Under the oxidative
conditions, protein S-glutathionylation would also retain GSH
in the cell, as well as protect proteins from further oxidation.
GSTP1 and GSTP2, both of which possess protein S-
glutathionylation activity, may also contribute to the increased
global protein S-glutathionylation levels. De-glutathionylation,
which is largely attributed to GLRX, was repressed by TCDD.
Srxn1 was induced and serves a similar function, but has
unknown in vivo de-glutathionylation significance.77,78 Overall,
the increase in global protein S-glutathionylation indicates
increased GSH biosynthesis.

Although it is difficult to separate the direct effects of TCDD
from secondary effects triggered by early disruptions, all effects
observed in this work should be considered as TCDD-initiated.
Moreover, neither overtoxicity nor effects that have been
previously described as chronic, nonspecific, and have been
linked to severe intoxication such as neural system damage and
neuropsychological impairment were observed in the current
study.79 This study provides yet another example of hepatic
metabolic reprogramming in response to persistent AhR
activation by TCDD. Previous studies have shown that
TCDD disrupts pathways associated with glucose and lipid
metabolism, iron homeostasis, fibrosis, bile acid metabolism
and enterohepatic circulation, and OCM.21,23,24,26,32,38 The
diurnal regulation of hepatic metabolism and the gut
microbiome are also dose-dependently altered by TCDD.33,80

The lack of TCDD hepatotoxicity in null mice suggests that
these effects are likely mediated by the AhR.81 Consequently,
the prevailing hypothesis regarding the toxicity of TCDD and
related compounds has focused on AhR-mediated changes in
gene expression. Accumulating evidence suggests that
persistent metabolic reprogramming may also be a significant
contributing factor following the identification of accumulating
toxic metabolic intermediates such as secondary bile acids,
dicarboxylic acids, and acrylyl-CoA as well as alterations in the
levels of key regulatory metabolites including ROS, acetyl-
CoA, and S-adenosylmethionine (SAM). The results of this
study suggest that disruptions in cysteine and H2S levels
following repression of the transsulfuration pathway may also
be a contributing factor in the hepatotoxicity of TCDD and
related compounds.

In response to increased oxidative stress and levels of toxic
metabolic intermediates, cysteine import is increased via the
induction of the cystine/glutamate Xc− antiporter to support
GSH biosynthesis due to the repression of the transsulfuration
pathway. However, the persistent activation of AhR by TCDD
is a constant strain on antioxidant defenses as is evident by the
reduced GSH/GSSG ratio and increased ophthalmic acid
levels. Another unintended consequence is the extended period
of increased metabolic enzyme S-glutathionylation that may
affect the flux of critical pathways required to sustain viability
such as glycolysis, mitochondrial solute import, amino acid
metabolism, the Krebs cycle, oxidative phosphorylation, and
fatty acid oxidation.82 Although the initial GSH defensive
response protects susceptible sulfhydryl groups within critical
metabolic enzymes from irreversible oxidation and degrada-
tion, prolonged S-glutathionylation may compromise cellular
bioenergetics due to the metabolic reprogramming of
glycolysis and the repression of β-oxidation.31,83 Collectively,
this suggests that the hepatotoxicity and the progression of
steatosis to steatohepatitis with fibrosis elicited by TCDD and
related compounds goes beyond AhR-mediated gene ex-
pression but also involves the cumulative burden of multiple
hits as a result of metabolic disruption that produces toxic
intermediates and compromises cellular bioenergetics.
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