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BACKGROUND: Environmental pollutants, including polychlorinated biphenyls (PCBs) have been implicated in the pathogenesis of liver disease. Our
group recently demonstrated that PCB126 promoted steatosis, hepatomegaly, and modulated intermediary metabolism in a rodent model of alcohol-
associated liver disease (ALD).

OBJECTIVE: To better understand how PCB126 promoted ALD in our previous model, the current study adopts multiple omics approaches to eluci-
date potential mechanistic hypotheses.
METHODS: Briefly, male C57BL/6J mice were exposed to 0:2 mg=kg polychlorinated biphenyl (PCB) 126 or corn oil vehicle prior to ethanol (EtOH)
or control diet feeding in the chronic-binge alcohol feeding model. Liver tissues were collected and prepared for mRNA sequencing, phosphoproteo-
mics, and inductively coupled plasma mass spectrometry for metals quantification.

RESULTS: Principal component analysis showed that PCB126 uniquely modified the transcriptome in EtOH-fed mice. EtOH feeding alone resulted in
>4,000 differentially expressed genes (DEGs), and PCB126 exposure resulted in more DEGs in the EtOH-fed group (907 DEGs) in comparison with
the pair-fed group (503 DEGs). Top 20 significant gene ontology (GO) biological processes included “peptidyl tyrosine modifications,” whereas top
25 significantly decreasing GO molecular functions included “metal/ion/zinc binding.” Quantitative, label-free phosphoproteomics and western blot
analysis revealed no major significant PCB126 effects on total phosphorylated tyrosine residues in EtOH-fed mice. Quantified hepatic essential metal
levels were primarily significantly lower in EtOH-fed mice. PCB126-exposed mice had significantly lower magnesium, cobalt, and zinc levels in
EtOH-fed mice.

DISCUSSION: Previous work has demonstrated that PCB126 is a modifying factor in metabolic dysfunction-associated steatotic liver disease
(MASLD), and our current work suggests that pollutants also modify ALD. PCB126 may, in part, be contributing to the malnutrition aspect of ALD,
where metal deficiency is known to contribute and worsen prognosis. https://doi.org/10.1289/EHP14132

Introduction
Alcohol-associated liver disease (ALD) is a major cause of pre-
ventable disease1,2 and a leading reason for liver transplantation3
in the United States. ALD and its comorbidities are increasing
economic costs, hospitalizations,4 and mortality and are projected
to continue to rise for the next two decades.5 During the SARS-
CoV-2 pandemic, it was reported that a substantial increase of

alcohol use and alcohol-related emergencies occurred during and
shortly after the lockdown quarantine.6,7 Excessive alcohol con-
sumption is the primary etiology for ALD development, where
drinking patterns and standard drinks (grams of EtOH per drink)
have been described.8 This disease manifests along the steatotic
liver disease (SLD) spectrum beginning with simple hepatic stea-
tosis that can progress with accompanied inflammation and
fibrotic scarring. Furthermore, ALD may advance to the point of
end-stage liver disease, where decompensated cirrhosis and hepa-
tocellular carcinoma may become part of a patient’s prognosis.9
Risk factors for ALD susceptibility and progression certainly
exist and have previously been described.10 For example, males,
tobacco smoke,10 PNPLA3 polymorphisms,11 and obesity10,11 are
risk factors that predispose individuals to ALD development and
worsened disease. Another ALD risk factor of note is the aspect
of malnutrition or undernutrition. Particularly, depletion of essen-
tial metals may occur during excessive alcohol consumption and
contribute to ALD pathogenesis.12,13 However, not all individuals
with unhealthy drinking behaviors develop ALD.

The related liver disease, metabolic dysfunction-associated
steatotic liver disease (MASLD, formerly nonalcoholic fatty liver
disease) has been demonstrated to be altered or enhanced due to
environmental pollutant exposures.14–16 These observations are
largely explained by the “two-hit” hypothesis where a second
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insult is required to develop more severe MASLD.17 Most com-
monly, environmental pollutants like polychlorinated biphenyls
(PCBs) act as metabolism disrupters impacting liver intermediary
metabolism. Importantly, toxicants have also been demonstrated
to decrease essential metal micronutrient levels, including zinc
(Zn),18–20 selenium (Se),18–20 and copper (Cu),20 specifically in
the liver. In addition, alcohol21 and at least nondioxin-like poly-
chlorinated biphenyls (PCBs)22 have been associated with abnor-
mal phosphoproteome changes. However, research studying
ALD’s subjection to enhanced disease severity by pollutant expo-
sures are underappreciated and warrant additional studies. Like
MASLD, ALD is subject to disease modifiers, including sex, race,
diet, and patterns of alcohol consumption, that may promote patho-
genesis.23 Previous epidemiology studies have shown that pollu-
tant exposure with concomitant high alcohol consumption rates is
associated with higher odds ratio of hepatocellular cancer24 and
other disease risk.25 More data are required on the disease-
modifying effects of environmental exposures in ALD. We
recently characterized a model in which mice were exposed to
0:2 mg=kg polychlorinated biphenyl (PCB) 126 prior to ad libitum
alcohol feeding via a modified chronic-binge (10-plus-one) model.26

In this work, PCB126 coexposure worsened EtOH-induced hepatic
steatosis and altered hepatic carbohydrate, protein, and lipid metabo-
lism. Albumin, a key biomarker of liver function was ∼ 50% lower
in coexposed mice. Although PCB126 activated the aryl hydrocar-
bon receptor (AhR) to impact xenobiotic and energy metabolism,
other second-hitmechanisms are unknown.

The current study used mRNA sequencing (RNA-Seq) techni-
ques to assist in the unbiased generation of mechanistic hypothe-
ses related to PCB126’s ability to enhance murine ALD. This
investigation then led us to evaluate the phosphoproteome and
the metallome to foster more specific mechanistic hypotheses to
pursue in future studies. The objective of this study was to eluci-
date altered genes and enriched gene ontology (GO) biological
and molecular function processes to generate more mechanistic
hypotheses related to PCB126’s ability to promote ALD. We
hypothesized that unique differentially expressed genes (DEGs)
and enriched GO processes will be identified, which will provide
insight into how PCB126 may be promoting ALD.

Methods

Animal Study
The University of Louisville Institutional Animal Care and Use
Committee (IACUC) approved animal use protocols and proce-
dures (IACUC 21871). Ten-week-old, male, C57BL/6J mice were
purchased from Jackson Laboratory (strain#: 000664). After
receiving the study animals, five mice per cage were housed in a
pathogen-free, temperature-controlled (23.9°C) room with a 12-h
light–dark cycle, accredited by theAssociation for Assessment and
Accreditation of Laboratory Animal Care (AAALAC). Mice were
given 1wk to acclimate to facility transfer and provided autoclaved
rodent chow (5010; LabDiet) and ad libitum access to food and
water. The current study is an exact repeat in terms of design for
scientific rigor and tissue availability for omics analysis, which
was described in our recent published work.26 No changes were
made in this repeat study when compared with the initial study. In
brief, mice were orally gavaged once with either 0:2 mg=kg
3,30,4,40,5-Pentachlorobiphenyl (PCB126) (catalog: C-126N-5MG;
AccuStandard) or corn oil vehicle (catalog: C8267-500ML;
Millipore Sigma) prior to EtOH feeding. Stock 1 mg=mL PCB126
is stored at room temperature in a desiccator chamber. Stock
PCB126 was diluted with corn oil vehicle on a rocker for 24 h to
achieve working exposure dose of 0:02 mg=mL. Mice were orally
gavaged based on body weight to achieve an exposure dose of

0:2 mg=kg. Study animals were then placed on the commonly used
chronic-binge (10-plus-one) alcohol feeding model.27 EtOH (95%)
was purchased internally from the University of Louisville’s stock
room (catalog: 2816; Decon Labs Inc.). Mice provided the EtOH
diet were given 5 d of acclimation where increasing increments of
0% (1 d), 2% (2 d), and 4% (2 d) EtOHwas used. After acclimation,
EtOH-fed mice were provided 5% EtOH diet for 10 d followed by a
5 g=kg EtOH binge on the final day. Pair-fed (control) mice abided
by the same daily feeding regimen; however, a 0% EtOH isocaloric
diet was used to match the EtOH-fed mice, where maltose dextrin
was used in place of EtOH. EtOH- (catalog: F1258SP) and pair-fed
(catalog: F1259SP) diets weremade fresh daily and were purchased
fromBio-Serv and stored at 4°C until use.Micewere then humanely
euthanized with ketamine/xylazine (120=16 mg=kg) followed by
exsanguination and tissue collection. In addition, only male mice
were used to expand on our existing model and to establish baseline
alterations in our omics approaches. This study certainly needs to be
repeatedwith femalemice incorporated because there are likely sex-
ually dimorphic responses.

In the current study, we used six liver tissues from each of our
four groups (pair-fed+veh:, pair-fed+PCB126, EtOH+veh:, and
EtOH+PCB126), prioritizing highest quality RNA in terms of op-
tical density ratios (260/280; 260/230) and RNA Integrity Number
(RIN). For simplicity, we will refer to all group comparisons as
follows: a) pair-fed+veh: vs. pair-fed+PCB126 as PF(Veh. vs.
PCB126); b) pair-fed+veh: vs. EtOH+veh: as Veh.(PF vs. EF); c)
pair-fed+PCB126 vs. EtOH+PCB126as PCB126(PF vs. EF); and
d) EtOH+veh: vs. EtOH+PCB126as EF(Veh. vs. PCB126).

RNA-Seq Sample Preparation
At the time of tissue collection, hepatic tissues (∼ 100 mg) were im-
mediately homogenized in 1 mL of RNA-STAT60 (catalog: CS-
502; Tel-Test Inc.). RNA isolation and purification were performed
with the standard phenol-chloroform protocol.28 Following tissue
homogenization, the 1-mL lysatewas placed into a new tube contain-
ing 200 lL of chloroform and vortexed for 30 s at room temperature.
Samples were then centrifuged at 12,000× g for 15 min at 4°C. The
top, aqueous RNA-containing phase was removed and added to a
new tube containing 500 lL of isopropanol andwas frozen overnight
at −80�C. The following day, samples were thawed on ice and cen-
trifuged at 12,000 × g for 10 min at 4°C. Sample supernatants were
removed and placed into new tubes. RNA samples were thenwashed
three times with 75% EtOH followed by centrifugation at 7,500 × g
for 5 min, dried, and reconstituted in DNase/RNase free water. RNA
samples were then treated with DNase, Amplification Grade I, to
digest single- and double-strandedDNA species (catalog: 18068015;
Invitrogen). This was performed at room temperature where 1 lg
of RNA, 1 lL of 10X DNase I reaction buffer, 1 lL DNase I
Amplification Grade, and variable amounts of DEPC-treated water
up to 10 lL total were added into tubes. After treated samples sat at
room temperature for 15 min, DNase I was inactivated by the addi-
tion of 1 lL 25mM EDTA. Samples were then heated for 10 min at
65°C. Finally, RNA samples were treated with RNAClean XP beads
at a 1:1 v/v ratio to further purify samples to remove salts, dNTPs,
andmiscellaneous enzymes thatmay interferewith sequencing (cata-
log:A66514;BeckmanCoulter Life Sciences).RNAsample concen-
tration and purity was then assessed with a NanoDrop OneC

[spectrometer purchased from ThermoFisher Scientific (catalog:
701-058112)]. Initial and final quality control measures included
assessing RNA concentration with a Qubit 4 fluorometer (catalog:
Q32854; Invitrogen) and integrity with an Agilent 2100 Bioanalyzer
(catalog: 5067-4626; Agilent Technologies). Bioanalyzer quality
assessment were performed according tomanufacturer’s instructions
with the Eukaryote Total RNA 6000 Nano electrophoresis kit (cata-
log: 5067-1511;Agilent Technologies).
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RNA-Seq Library Preparation and Sequencing
RNA-Seq librarieswere prepared according tomanufacturer’s pro-
tocols using Illumina’s TruSeq Stranded reference guide (docu-
ment: 100000040498 v00; Illumina). Each sample consisted of
300 ng of RNA that was used for poly A enrichment. First and sec-
ond strand cDNA synthesis was completed using the low sample
(LS) portion of the overarching protocol followed by adapter and
single-index ligation according to manufacturer’s instructions.
mRNA libraries were prepared with Illumina’s stranded mRNA
prep ligation for 96 samples (catalog: 20040534; Illumina).
Amplification of cDNA was performed according to the manufac-
turer’s protocol. No deviations from this protocol were made dur-
ing the preparation of this study’s samples. Library concentrations
were assessed using a Qubit 4 fluorometer with dsRNA high sensi-
tivity kit (catalog: Q33231; ThermoFisher).

Library size and fragment analysis was assessed on Agilent
4159 Tapestation System on a D5000 screen tape (catalog: 5067-
5588; Agilent). Next, individual samples were normalized to
10 nM prior to pooling and then quantified by Qubit analysis.
Pooled libraries and PhiX control were diluted and loaded at
1,000 pM with 4% PhiX spiked in. Sequencing was performed on
Illumina’s NextSeq 2000 platform using a P3 100 cycle reagent
kit and P3 flow cell. Libraries were then sequenced with a single
101 cycle read length with two indexes of 8 bp each. FASTQ files
were generated with BaseSpace DRAGEN analysis (version
1.2.1). Reads were aligned to the Mus musculus mm39 reference
genome using STAR (version 2.6).29 Alignment rates for each
sample were in a range of 93.46% to 98.17%. Raw gene counts
were determined using HTSEQ-count (version 0.10.0)30 using
the Ensembl GRCm39 (version 106) gene annotations. Raw
RNA-Seq data for each sample are available on the Gene
Expression Omnibus (GEO) database identified as accession:
GSE244388.

Phosphoproteome Tissue Preparation
Liver tissues were harvested during euthanasia and tissue collec-
tion, snap frozen in liquid nitrogen, and then were archived in a
−80�C freezer. For phosphoproteome analysis, six random liver
tissues were used from each of our four groups (n=24). Tissues
were removed from the −80�C freezer and weighed and then
immediately placed in 2% sodium dodecyl sulfate (SDS) radioim-
munoprecipitation (RIPA) buffer containing 10 lL HALT prote-
ase and phosphatase inhibitors per mL of RIPA used (catalog:
78443; ThermoFisher Scientific). Tissues were then homogenized
in this solution, followed by rocking at 4°C for 30 min. Sample
lysates were then centrifuged at 13,000× g for 30 min at 4°C.
Supernatant was collected and protein concentrations were meas-
ured by bicinchoninic acid (BCA) protein assay, following manu-
facturer’s protocol (catalog: 23225; ThermoFisher Scientific).
Lysates were then normalized to 400 lg protein for phospho-
peptide preparation.

Phosphopeptide Sample Preparation
Protein lysates were trypsinized at a 1:20 (enzyme:sample) ratio
and prepared following ProtiFi’s S-Trap mini spin column diges-
tion protocol (website: https://files.protifi.com/protocols/s-trap-
mini-long-4-1.pdf; ProtiFi). Phosphopeptides were enriched with
MagReSyn’s titanium ion-immobilized metal affinity chromatog-
raphy (Ti-IMAC) microparticles following ReSyn Biosciences
MagReSyn’s Ti-IMAC protocol.31 Samples were then purified
using C18 PROTO 300 angstrom Ultra MicroSpin columns.
Eluate was frozen at −80�C and then dried under a SpeedVac.
Dried eluate residue was then stored at −80�C prior to peptide
concentration assessment.

Liquid Chromatography (LC) for Phosphopeptide
Separation
Samples were diluted to 0:05 lg=lLwith 2% (v/v) acetonitrile and
0.1% (v/v) formic acid, and 4 lL were used for LC. Columns used
were a 75 lm×15 cm, 3 lm, 100 angstrom PepMap RSLC C18
EASY-spray separating column at 40°C and a 300 lm×5 mm,
5 lm PepMap Neo C18 trap cartridge at 30°C (ThermoFisher
Scientific). A Dionex Ultimate3000 RSLC nano system was used
with solvents A, 0.1% (v/v) formic acid in LC-MS–grade water,
and B, 0.1% formic acid in liquid chromatography-mass spectrom-
etry (LC-MS)–grade acetonitrile. Separation was achieved at
200 nL=min with a 5-min linear gradient from 5% solvent B to
7.5% solvent B followed by a 90-min linear gradient from7.5% sol-
vent B to 35% solvent B. An EASY-Spray source was used to posi-
tion the separating column emitter 1 mm from the ion transfer
capillary of the mass spectrometer (MS), which was set to 320°C
and 1:8 kV.

MS for Phosphoproteome
After liquid chromatography separation, an Orbitrap Exploris
480 mass spectrometer was used to analyze eluate. Full MS–
ddMS2 method with a 3-s cycle time was generated in Xcalibur
(version 4.5.445.18) operating in positive polarity (ThermoFisher
Scientific). Scan event 1 of this method attained an MS1 scan for
60,000 resolution, normalized AGC target of 100%, for a scan
range of 350–1,400 m/z. Scan event 2 obtained dd-MS2 scans for
7,500 resolution and normalized AGC target of 50% on ions with
charged states from 2–6 and a minimum intensity of 8,000 until
cycle time completion.

Raw LCMS Data Curation and Analysis
RAW data files were separately searched in PeaksXpro (Bioinfo-
rmatics Solutions Inc.), using Denovo, PeaksDB, and PeaksPTM
algorithms against the UniprotKB Mus musculus canonical protein
sequences (proteomics ID: UP000000589) downloaded 17 March
2023. Initially, specified enzyme was semispecific trypsin with
Carbamidomethyl set as a fixed modification and Oxidation and
Phosphorylation as variable modifications. Fragment tolerance was
0.02 Da, and parent tolerance was 15 ppm. A label-free quantifica-
tion algorithm was then used with PeaksPTM results using a mass
error tolerance of 10 ppm and retention time shift tolerance of
6-min. Peptides were accepted at a 1% false discovery rate (FDR)
threshold for consideration by the label-free quantification algo-
rithm. A peptide.csv file was exported from this algorithm for data
maintenance and curation in Microsoft Excel. One sample part of
the EtOH+PCB126 group (EF_PCB3) had a spectral total ion cur-
rent (TIC) percent coefficient of variation of 35.4%, which is higher
than the established cutoff of 10% and was therefore determined to
be an outlier. This sample was removed from our downstream anal-
yses and was not included in this study. Raw phosphopeptide data
files were uploaded to the online repositoryMassIVEwith identify-
ing code:MSV000093903.

Computational Downstream Analyses
RNA sample fragments per kilobase transcript per million mapped
reads (FPKM) values were uploaded to web-based interface
MetaboAnalyst (version 5.0) tool. One-factor statistical analysis
was used where data were filtered by interquartile range (IQR) and
normalized based on group median. RNA-Seq datasets were also
uploaded to MetaCore–Integrated pathway analysis for multiomics
data software (Clarivate). Data were analyzed with MetaCore for
network building and pathway analysis where only processes with
a FDR ≤0:05 were accepted.
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Phosphopeptide mass spectral readouts (peptide area) were
normalized by TIC. Phosphopeptide data were then quantile nor-
malized and removed if >40% of the values were missing. For
each phosphopeptide, mean and standard deviation (SD) was cal-
culated. A one-way analysis of variance (ANOVA) was used to
test phosphopeptide significance between different groups. After
p-values were generated, p-values were adjusted (adjusted p-value;
q-value) by using the Benjamini-Hochberg method to control for
FDR. Phosphopeptide data were then uploaded to the web-based
interface MetaboAnalyst (version 5.0) R tool. Remaining missing
values were replaced by the limit of detection (1/5 of minimum
positive value of each variable). One-factor statistical analysis was
used where data was filtered by IQR and normalized based on
group median.

Real-Time PCR Analyses
Liver tissues were homogenized in RNA-STAT60 (catalog: CS-502;
Tel-Test Inc.), and total RNAwas extracted by the method described
above in the “RNA-Seq Sample Preparation” section. RNA concen-
tration and purity was examined with a NanoDrop OneC spectrome-
ter (catalog: 701-058112; ThermoFisher). cDNA was reverse
transcribed from 3 lg RNA to produce cDNAwithQScript, a single-
step cDNA synthesis reagent (catalog: 95048-500; Quantabio). Real-
time polymerase chain reaction (RT-PCR) was performed on a
CFX384 Real-Time platform (Bio-Rad). The RT-PCR program
occurred for 39 cycles, where one cycle consists of 2mins at 95°C, 5 s
at 95°C, and then 30 s at 60°C. iTaq Universal Probe Supermix was
employed during experiment setup (catalog: 1725134; Bio-Rad).
Relative mRNA expression was calculated using the 2−DDCt method
with Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) as
the housekeeping gene for liver tissues (catalog: 4351309;
Applied Biosystems). Fold induction was normalized to the con-
trol group, pair-fed+veh:, and was set to a value of “1.” TaqMan
probes were purchased from ThermoFisher Scientific, and the
following list contains probe names and their respective assay
IDs: Abcb10 (Mm 00497926_m1), Slc46a3 (Mm00503612_m1),
Tuba8 (Mm01184204_m1), andUgt1a6b (Mm07308190_s1).

Western Blot Analysis
Approximately 50–100 mg mouse liver tissue was homogenized
in RIPA Buffer (100 mg tissue=0:5 mL RIPA). A HALT protease
and phosphatase inhibitor cocktail was added to this tissue lysate at
10 lL=mL of RIPA buffer used (catalog: 78443; ThermoFisher
Scientific). Whole protein concentration was assessed by BCA
protein assay, following manufacturer’s protocol (catalog: 23225;
ThermoFisher Scientific). Normalized 50 lg protein was loaded
and separated on 4%–15% Mini-PROTEAN TGX Stain-Free gels
(catalog: 4568086; Bio-Rad). A total of six protein lysates per
group (n=24) were used, where two sets of three protein lysates
per group were loaded onto two different gels in a representative
fashion to account for possible running and antibody incubation
differences. Separated proteins were then transferred to polyvinyli-
dene difluoride membranes (catalog: IPVH00010; Millipore
Sigma), blocked (catalog: 1706404; Bio-Rad), and incubated with
primary and secondary antibodies. Primary rabbitmonoclonal anti-
bodies, phospho-Janus kinase 2 (p-JAK2) (catalog: 3776S), Janus
kinase (JAK2) (catalog: 3230S), phospho-signal transducer and ac-
tivator of transcription 5 (p-STAT5) (catalog: 9359S), signal trans-
ducer and activator of transcription 5 (STAT5) (catalog: 94205S),
progesterone receptor membrane component 1 (PGRMC1) (cata-
log: 13856T), and b-Actin (catalog: 8457S), were purchased from
Cell Signaling Technologies. Primary antibodies p-JAK2, JAK2,
p-STAT5, and STAT5were diluted 1:1,000 with 5% bovine serum
albumin (BSA) in tris-buffered saline containing 0.1% Tween-20

(TBS-T). Primary antibody control b-Actin was diluted to 1:2,000
with 5% BSA in TBS-T. Primary antibodies were applied to mem-
branes overnight at 4°C. Donkey anti-rabbit secondary antibody
was purchased from Jackson ImmunoResearch Laboratories Inc.
(catalog: 711-035-152) and was diluted to 1:2,000 in 5% milk-fat
TBS-T for 1 h at room temperature. Phosphoproteins were probed
first, followed by stripping buffer (catalog: 46430; ThermoFisher
Scientific) for 15min at room temperature to cleave bound antibod-
ies. Primary antibodies for the protein corresponding to the phos-
phoprotein were then probed on the samemembrane overnight and
analyzed the next day. After probing for the phosphoprotein and
protein, the same membrane was finally used to probe for house-
keeping control, b-Actin. The ladder control for protein molecular
weight identification was Bio-Rad’s Precision Plus Standard
Kaleidoscope (catalog: 1610375). Western blot band visualization
was performed with Bio-Rad’s ChemiDoc station on the chemilu-
minescent setting for protein bands and on colorimetric setting for
ladder control detection.

Metals Analysis
Approximately 50 mg of liver tissue were digested in 800 lL of
70% nitric acid (catalog: A509-P500; ThermoFisher Scientific)
and 200 lL of hydrogen peroxide (catalog: 95321; Millipore
Sigma) for 4 h at 85°C. Sample homogenates were then cooled to
room temperature and diluted to a final concentration of 5% nitric
acid with MilliQ DI water. Samples were then filtered by 45 lm
filter.

Metal quantification was performed using Agilent 7800 induc-
tively coupled plasma mass spectrometry (ICP-MS) (Agilent
Technologies). This Agilent ICP-MS was optimized with 1 ppb
tuning solution, and the assay programwas tuned by 10 ppb turning
solution (catalog: 5188-6564; Agilent Technologies). An autosam-
pler SPS 4 was used to load samples. Twenty-five metals calibra-
tion standards were purchased from Inorganic Ventures (catalog:
IV-STOCK-50), and serial metal standard dilutions were made
with the same acid matrix of samples. Internal standards used were
purchased fromAgilent (catalog: 5188-6525) andweremixedwith
each sample for calibration. Assay program was run on Agilent
MassHunter software with heliummode and each sample was read
three times for a final mean value. Metals that were measured
include sodium (Na), potassium (K), magnesium (Mg), calcium
(Ca), Iron (Fe), manganese (Mn), cobalt (Co), copper (Cu), zinc
(Zn), molybdenum (Mo), and selenium (Se). The limit of detection
for each metal are as follows: Na= 3:50 ng=mL; K=4:52 ng=mL;
Mg=0:170 ng=mL; Ca=27:6 ng=mL; Fe= 0:059 ng=mL; Mn=
0:012 ng=mL; Co=0:002 ng=mL; Cu=0:014 ng=mL; Zn=
0:591 ng=mL;Mo=0:003 ng=mL; Se= 0:437 ng=mL.

Statistical Analyses
Sequenced read quality was assessed using FastQC (version
0.10.1) for each run.32 Sequences were of good quality, and trim-
ming was not necessary. Raw counts were then normalized using
the relative log expression method and filtered to exclude genes
with fewer than 10 counts across all samples. Differential expres-
sion analysis was performed using DESeq2.33 DESeq2 was exe-
cuted in the R programing environment, using a negative binomial
regression model to analyze pairwise comparison. Statistical sig-
nificance was determined by q-values ≤0:05. GO biological proc-
esses were generated by the R package clusterProfiler for sets of
DEGs in each group comparison.

All statistical analyses were performed with GraphPad Prism
(version 9.5.1; GraphPad Software Inc.) for Windows, using a
two-way ANOVA, unless otherwise noted. Two-way ANOVA
was performed where our two factors were diet (pair-fed vs.
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EtOH-fed) and exposure (vehicle vs. PCB126). Significance was
determined with an alpha level set to 0.05. Tukey’s post hoc test
was used to compare different groups for multiple comparisons.
Western blot band volume intensity was measured by Bio-Rad’s
Image Lab software (version 6.1.0 build 7). After background
subtraction, proteins of interest band intensity were divided by
their respective b-Actin band intensity for each sample/column.
The ratio of phosphoprotein:protein was determined after individ-
ually dividing each phosphoprotein and protein by their respec-
tive b-Actin band/column. Please refer to Supplemental Excel
file S1 to view summary data or some descriptive statistics for
figures generated in this work.

Results

Description of the Hepatic Transcriptome
We first examined group transcriptome variance caused by EtOH
feeding or PCB126 exposure by principal component analysis
(PCA) generated on MetaboAnalyst (Figure 1). The two-
dimensional PCA plot demonstrates that pair-fed mice exposed to
PCB126 were slightly varied in comparison with pair-fed+veh:
EtOH feeding overall was the major source of variation where

EtOH+veh: and EtOH+PCB126 were two unique populations rel-
ative to pair-fed controls. An interesting finding was that we
observed variance between PCB126- and pair-fed mice; however,
there was a large degree of variance between the EtOH+veh: vs.
EtOH+PCB126. Relative to controls, mice exposed to PCB126
exhibited a distinct transcriptome landscape within EtOH-fed
mice.

Table 1 displays the total DEG count and breaks it down into
those genes that were expressed at a higher or lower level in com-
parison with control for all group comparisons. Pair-fed vs. EtOH-
fedmice (regardless of exposure) had a total of 5,919DEGs, where
2,834 were expressed at a higher level and 3,085 were expressed at
a lower level. Vehicle- vs. PCB126-exposed mice (regardless of
diet) had a total of 449 DEGs, where 278 were higher and 171were
lower. Regarding total DEGs, the PF(Veh. vs. PCB126) compari-
son had 503 DEGs; the Veh.(PF vs. EF) comparison had 4,474
DEGs; the PCB126(PF vs. EF) comparison had 4,832 DEGs; and
the EF(Veh. vs. PCB126) comparison had 907 DEGs. Of the up-
regulated DEG set, the PF(Veh. vs. PCB126) comparison had 339
DEGs; the Veh.(PF vs. EF) comparison had 2,231 DEGs; the
PCB126(PF vs. EF) comparison had 2,214DEGs; and the EF(Veh.
vs. PCB126) comparison had 536 DEGs. Of the down-regulated
DEG set, the PF(Veh. vs. PCB126) comparison had 164DEGs; the

Figure 1. PCA for all samples (n=6; n=24). PCA plot was generated on MetaboAnalyst based on FPKM values, filtered by interquartile range, and normal-
ized based on group median. Individual samples are identified by diet_exposure_number, where diet is either PF or EF, and exposure is either vehicle (VEH)
or PCB126 (PCB). Note: EF, EtOH-fed; FPKM, fragments per kilobase per million mapped fragments; PC, principal component; PCA, principal component
analysis; PF, pair-fed.
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Veh.(PF vs. EF) comparison had 2,243 DEGs; the PCB126(PF vs.
EF) comparison had 2,618 DEGs; and the EF(Veh. vs. PCB126)
comparison had 371DEGs.

We also evaluated the top 20 DEGs with the lowest q-values
in the EF(Veh. vs. PCB126) group, where a total of 907 signifi-
cant DEGs were observed. The top 20 up- and down-regulated
DEGs with the lowest q-values are listed in Table 2. In the up-
regulated gene set, cytochrome P450 family 1 subfamily A mem-
ber 1 and 2 (Cyp1a1, Cyp1a2) had the lowest q-values in compar-
ison with all other genes and are canonical AhR targets. An
interesting finding was that Cyp1a1 expression was significantly
∼ 4-fold higher due to EtOH feeding in the Veh.(PF vs. EF) com-
parison (Figure S4). Other genes noted in the up-regulated gene
set include muscle isoform of pyruvate kinase (Pkm), glutathione
peroxidase (Gpx2), monoamine oxidase A (Maoa), and trans-
forming growth factor beta 2 (Tgfb2). In the down-regulated
gene set, UDP glucuronosyltransferase family 1 member A6b
(Ugt1a6b) had the lowest q-value. Other interesting, down-
regulated genes of note include perilipin 4 (Plin4), canonical
PXR target cytochrome P450 family 3 subfamily A member 11
(Cyp3a11), and lactate dehydrogenase A (Ldha).

Four specific genes were chosen from the top 20DEGswith the
lowest q-values in the EF(Veh. vs. PCB126) comparison for vali-
dation by RT-PCR (Figure S1). These genes were specifically cho-
sen based on differing effects from EtOH and/or PCB126 (e.g., up-
regulation by PCB126 only). Figure S1 displays gene expression
of ATP binding cassette subfamily B member 10 (Abcb10), UDP
glucuronosyltransferase 1 family, polypeptide A6B (Ugt1a6b),
solute carrier family 46, member 3 (Slc46a3), and Tubulin, alpha 8
(Tuba8).Abcb10 is amultidrug resistantmitochondrial transporter,
and its expression was found to be down-regulated ∼ 50% by
EtOH feeding (Figure S1A). Ugt1a6b is a phase II enzyme part of
the glucuronidation process, and its expression was slightly higher
following PCB126 exposure in pair-fed mice. It is interesting to
note that we observed a significant interaction effect, where
PCB126 exposure in EtOH-fed mice led to down-regulation of
Ugt1a6b’s expression ∼ 60% (Figure S1B). Slc46a3 is a lysoso-
mal transporter involved in the distribution of small molecules and
catabolites,34 and its expression was found to be 10-fold higher in
PCB126-exposed pair-fed mice. We noted an interaction effect in
EtOH-fed mice, where PCB126’s induction of Slc46a3 was miti-
gated to ∼ 5-fold, likely because of ethanol feeding (Figure S1C).
Finally, Tuba8, a noncanonical alpha-tubulin molecule involved in
microtubule formation and signaling,35 was up-regulated 25-fold
in pair-fed mice following PCB126 exposure relative to vehicle-
exposed mice; however, our analyses indicated a significant inter-
actionwhere Tuba8was up-regulated 60-fold in PCB126-exposed,
EtOH-fed mice (Figure S1D) relative to pair-fed, vehicle-exposed
mice.

Enriched GO Processes
We examined enriched GO biological processes via the
clusterProfiler R package to gather connections between gene
expression/products and reported biological observations. Figure
2 displays the top 20 significantly enriched GO biological proc-
esses for the EF(Veh. vs. PCB126) comparison where 907 genes
were significantly different within this comparison; Figure 2 is
sorted by lowest q-value (p.adjust). The top annotated term in
this list was “peptidyl-tyrosine modifications.” An interesting as-
pect is that the third, fifth, and sixth annotated enriched GO terms
were also related to this top (smallest q-value) term and are listed

Table 1. Count of significant DEGs for each group comparison for the total,
up-regulated, and down-regulated DEGs where pair-fed and/or vehicle
groups are controls relative to EtOH-fed and/or PCB126 groups.

Group comparison

DEGs
(p≤ 0:05; q≤ 0:05; j log 2FCj≥ 0; FPKM≥1

in ≥3 samples; average FPKM≥1)

Total Inc. Dec.

Pair-fed vs. EtOH-fed 5,919 2,834 3,085
Veh. vs. PCB126 449 278 171
Veh.(Pair-fed vs. EtOH-fed) 4,474 2,231 2,243
PCB126(Pair-fed vs. EtOH-fed) 4,832 2,214 2,618
PF(Veh. vs. PCB126) 503 339 164
EF(Veh. vs. PCB126) 907 536 371

Note: Significance was determined by DESeq2 where DEGs were accepted for q≤ 0:05,
p≤ 0:05, j log 2FCj≥ 0, FPKM≥1 in ≥3 samples, and average FPKM≥1. Pair-fed vs.
EtOH-fed (n=12 vs. 12); Veh. vs. PCB126 (n=12 vs. 12); Veh.(Pair-fed vs. EtOH-fed)
(n=6 vs. 6); PCB126(Pair-fed vs. EtOH-fed) (n=6 vs. 6); Pair-fed(Veh. vs. PCB126)
(n=6 vs. 6); EtOH-fed(Veh. vs. PCB126) (n=6 vs. 6). Dec., decreasing; DEGs, differen-
tially expressed genes; EF, EtOH-fed; FC, fold change; FPKM, fragments per kilobase
per million mapped fragments; Inc., increasing; PF, pair-fed; Veh., vehicle.

Table 2. Top 20 most significant up- and down-regulated DEGs in the EF(Veh. vs. PCB126) comparison (n=6 vs. 6), sorted by lowest q-value.

Up-regulated DEGs Down-regulated DEGs

Gene Log2FC q-value Gene Log2FC q-value

Cyp1a1 8.64 3:024× 10−214 Ugt1a6b −1:01 1:047× 10−18

Cyp1a2 3.63 1:868× 10−106 Plin4 −1:76 1:416× 10−11

Slc46a3 2.55 9:043× 10−64 Cyp3a11 −1:26 3:332× 10−9

Cyfip2 3.51 1:862× 10−42 Cyp2d40 −0:88 6:118× 10−9

Ugt1a9 2.15 9:988× 10−40 Alas2 −0:86 7:045× 10−9

Pkm 1.99 2:193× 10−35 Rnf169 −0:48 2:589× 10−8

Htatip2 1.59 1:062× 10−34 Fam210b −0:53 1:022× 10−7

Gpx2 3.95 5:982× 10−33 Paqr9 −0:85 1:520× 10−7

Maoa 1.55 5:295× 10−30 1810055G02Rik −0:81 1:771× 10−7

Aldh3b1 2.06 1:256× 10−25 Apoa1 −1:02 2:401× 10−7

Pcp4l1 2.19 2:778× 10−23 St3gal3 −0:58 4:108× 10−7

Rtn4rl2 2.91 3:684× 10−23 Nrbp2 −0:70 5:114× 10−7

Tuba8 1.55 1:246× 10−21 Elovl2 −0:63 6:476× 10−7

Selenbp1 1.31 3:062× 10−21 Smarcc2 −0:35 1:048× 10−6

Coro6 2.20 1:624× 10−16 Ulk1 −0:64 1:281× 10−6

Cyp1b1 2.99 1:485× 10−15 Serpina11 −0:75 1:658× 10−6

Insl6 2.26 4:771× 10−14 Zfp865 −0:46 1:959× 10−6

Nqo1 1.49 3:449× 10−13 Ldha −0:68 4:258× 10−6

Tmem86b 1.07 4:125× 10−12 Scp2 −0:49 1:284× 10−5

Tgfb2 2.50 1:416× 10−11 Gm50136 −1:14 1:469× 10−5

Note: Significance was determined by DESeq2, where DEGs were accepted for q≤ 0:05, p≤ 0:05, j log 2FCj≥ 0, FPKM≥1in ≥3 samples, and average FPKM≥1. Difference is rela-
tive to the control group (EtOH+veh:). DEGs, differentially expressed genes; FC, fold change; FPKM, fragments per kilobase per million mapped fragments.
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as positive regulation of peptidyl-tyrosine phosphorylation, regu-
lation of peptidyl-tyrosine phosphorylation, and peptidyl-tyrosine
phosphorylation, respectively. Other annotated terms within this
comparison included xenobiotic metabolic process, regulation of
endocytosis, or those related to immune cell regulation. We
hypothesized that phosphorylation, particularly of tyrosine resi-
dues, may be impacted by this exposure paradigm to disrupt sig-
naling or other catalytic functions by phosphorylation.

We also examined the top 25 significantly enriched GOmolec-
ular function processes in MetaCore to identify connections
between gene expression and reportedmolecular function observa-
tions. Figure 3 displays the top 25 significantly enriched GO mo-
lecular functions from the 907 genes that were significant in the EF
(Veh. vs. PCB126) comparison and is sorted by lowest adjusted q-
value (p.adjust) and decreasing signal. The top (lowest p-value)
annotated term in this list was “binding,” followed by “protein
binding.”We found it curious that several other related, significant
terms were observed in this list, including “ion binding,” “cation
binding,” “metal ion binding,” “transition metal ion binding,” and
“zinc ion binding.”Wehypothesize thatmetal binding, particularly
Zn binding, may be lower in EtOH+PCB126 mice relative to
EtOH+veh:mice.

Description of the Hepatic Phosphoproteome
To follow up on the identified GO biological process, “peptidyl
tyrosine modifications,” we performed quantitative, label-free
phosphoproteomics to interrogate differences between group

phosphoproteomes. Figure 4A displays a PCA plot to describe
the variance among all groups. It was observed that SD areas of
the pair-fed groups overlap considerably, whereas there was
some variation in EtOH-fed mice. Little variance was observed
by PCB126 exposure in both dietary groups, especially in pair-
fed mice. Slightly more variance was observed by PCB126 expo-
sure in the EtOH-fed mice. One sample in the EtOH+PCB126
group (EF_PCB1) deviated more than all other samples but was
not considered an outlier based on mass spectral traces. Four of the
top six GO biological processes from the RNA-Seq dataset sorted
by lowest q-value (p.adjust) contained descriptions of peptidyl-
tyrosine modification/phosphorylation (Figure 2). Therefore, we
quantified the relative differences of phosphorylated tyrosine in the
phosphoproteome dataset and found no significant differences in
phosphorylated tyrosine among all groups (Figure 4B). There were
also no significant differences among groups when evaluating all
other amino acid residues that are capable of being phosphorylated
or the sum of phosphorylated amino acids.

Because of this discrepancy, we generated a network on
MetaCore specifically around the term “peptidyl-tyrosine modifi-
cations” for the EF(Veh. vs. PCB126) comparison (Figure S2).
We observed differential expression in genes involving the Janus
Kinase–Signal Transducer and Activator of Transcription (JAK-
STAT) pathway, where tyrosine phosphorylation is particularly
required for proper signal transduction.36 Therefore, we evaluated
how this exposure paradigm may have altered the phosphoryla-
tion of these two critical proteins. Figure S3 displays quantitative
bar graphs of phospho- (p-) JAK2, JAK2, p-STAT5, and STAT5

Figure 2. Top 20 significantly enriched GO biological processes of the EF(Veh. vs. PCB126) comparison (n=6 vs. 6), sorted by lowest adjusted p-value
(p.adjust). GO biological processes were determined by R package clusterProfiler, where DESeq2 differential expression analysis results were implemented for
this pairwise comparison. Please refer to the Supplemental Excel file for summary data for this figure. Note: EF, EtOH-fed; GO, gene ontology; p.adjust,
adjusted p-value.
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Figure 3. Top 25 significantly enriched GO molecular functions of the EF(Veh. vs. PCB126) comparison (n=6 vs. 6), sorted by lowest adjusted p-value (p.
adjust) and decreasing signal. Enriched GO molecular functions were determined on the MetaCore platform for the EF(Veh. vs. PCB126) dataset for a false
discovery rate set at 0.05. Please refer to the Supplemental Excel file for summary data for this figure. Note: EF, EtOH-fed; GO, gene ontology; p.adjust,
adjusted p-value.

Figure 4. Characterization of phosphoproteome dataset for all samples, excluding outlier EF_PCB3 (n=23). (A) PCA of each group where SD areas encircle
each sample. PCA plot was generated on MetaboAnalyst where phospho-peptides were quantile normalized and then removed if >40% of the values were
missing. Missing values were replaced by the limit of detection (1/5 of minimum positive value of each variable). (B) Total count of phosphorylated tyrosine
for each sample. All peptides containing a phosphorylated tyrosine residue were counted if the peptide area was >0. Values are represented as mean±SD with
an alpha level set to 0.05. Significance was determined by two-way ANOVA and Tukey’s post hoc test, where post hoc p-values are provided above the figure.
Please refer to the Supplemental Excel file for summary data for this figure. Note: ANOVA, analysis of variance; EF, EtOH-fed; PC, principal component;
PCA, principal component analysis; PF, pair-fed; SD, standard deviation; Veh, vehicle.
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and their representative western blot images. Two-way ANOVA
analyses indicated that a main effect was observed for all p-pro-
teins and proteins were significantly lower in EtOH-fed mice,
except for p-JAK2/JAK2 ratio. Tukey’s post hoc test revealed
only significant EtOH effects where p-JAK2 and JAK2 were
lower only in PCB126 exposed group comparisons. However, a
significant interaction effect was observed for p-JAK2 where the
EtOH+PCB126 group had the lowest mean abundance, relative
to EtOH+veh: and pair-fed controls. p-JAK2/JAK2 protein ratio
was mitigated by PCB126 in EtOH-fed mice; however, this result
was not significant and was only normalized to pair-fed group
levels. Although there was no significant alteration regarding the
total phosphoproteome or tyrosine phosphopeptides, significant
differences were observed in other individual phosphopeptides
between group comparisons. For example, 20 phosphopeptides
were significantly different in the EF(Veh. vs. PCB126) compari-
son (Excel Table S1). Other significantly different phosphopepti-
des between-group comparisons are listed in Excel Table S1.

Hepatic Metal Levels and Transcription Factor Activity
MetaCore analyses revealed that several GO molecular function
processes contained “ion binding,” “metal ion binding,” and “zinc
ion binding” to be significant and were among the top 25 processes
with the lowest q-values (p.adjust) (Figure 3). Thus, we measured
hepatic metal levels by ICP-MS to assess how these levels differed
between exposure paradigms. Figure 5 displays four critical micro-
nutrient metals: (A) Na, (B) Co, (C) Mg, and (D) Zn. A significant
interaction effect was observed where sodium was higher in
EtOH+veh: mice (1,062:54 lg=g) relative to pair-fed controls;
however, this level was normalized to pair-fed levels in
EtOH+PCB126mice (767:34 lg=g). Co,Mg, and Znwere signifi-
cantly lower in PCB126-exposed (p=0:0020, 0.0019, 0.0069;
respectively) and EtOH-fed (p=0:0012, <0:0001, <0:0001;
respectively) mice. An important observationwas that Co,Mg, and
Zn were significantly lower in mean in the EtOH+PCB126 group
relative to all other groups. Other metals that were quantified are
found in Table S1. All metal levels were significantly impacted by
EtOH feeding, and only seven metal levels were significantly
impacted by PCB126 exposure.

In addition, we usedMetaCore’s Transcription Factor Interactome
function to analyze transcription factor connectivity for the EF(Veh.
vs. PCB126) transcriptome comparison. Table 3 displays the top 20
significant transcription factors (sorted by highest z-score) that are
involved in the EF(Veh. vs. PCB126) comparison. The highest z-score
transcription factor in this list was Fbi1, also known as zinc finger and
BTB domain containing 7A (Zbtb7a). Other transcription factors in
this list includedGata1, Klf4,Hnf4a , andGata2. An important find-
ing was that 8 of these top 20 significant transcription factors contain
zinc-finger domains. We postulate that PCB126 promotes alcohol-
induced Zn deficiency and alters zinc-finger transcription factor func-
tion, resulting in transcriptional reprogramming and phenotypic
changes observed in our prior study.

Discussion
With increasing research providing convincing evidence on the
negative impact of environmental pollutants on MASLD, it is per-
tinent to examine toxicant effects in alcohol-associated liver pa-
thology. The aim of the current study was to generate mechanistic
hypotheses by RNA-Seq and to subsequently test these hypothe-
ses. Excessive alcohol consumption has been shown to impact a
wealth of molecules such as nucleic acids,37,38 proteins,21,37 cofac-
tors,37 and various micronutrients.39,40 Thus, it was no major sur-
prise to find that some differences in these molecules that were

identified following EtOHexposure, such as Zn, wereworsened af-
ter PCB126 exposure.

Transcriptome PCA (Figure 1) indicated that the pair-fed+
PCB126 group only slightly deviated in terms of variance from the
pair-fed+veh: group by increasing along the y-axis. This parallels
our findings in Table 1, where there were only 503 total DEGs in the
PF(Veh. vs. PCB126) comparison. Although this total DEG count is
seemingly a high number, it is relatively the smallest change respec-
tive to other comparisons and about half in comparison with the EF
(Veh. vs. PCB126) group. An important finding was that the
EtOH+PCB126 group was completely unique in variance relative
to the EtOH+veh: group and had 907DEGs. The transcriptional dif-
ferences in PCB126-exposed, EtOH-fed mice in part may explain
some of the phenotypes observed in our characterization study. For
instance, of the top 20 significant up- and down-regulated DEGs in
EF(Veh. vs. PCB126) comparison, up-regulation of solute carrier
family 46 member 3 (Slc46a3)34 and down-regulation of progestin
and adipoQ receptor family member 9 (Paqr9),41 apolipoprotein A-
1 (Apoa1),42 and elongation of very long chain fatty acids protein 2
(Elovl2)43 have demonstrated to be involved in the development of
steatosis or altered lipidmetabolism.

Two primary hypotheses were generated from this RNA-Seq
study to elucidate potential EtOH and PCB126 interaction mecha-
nisms: a) phosphorylation of tyrosine residues will be significantly
lower in the EtOH+PCB126 group relative to EtOH+veh:, and b)
hepatic metal levels will be significantly lower in EtOH+PCB126
mice relative to EtOH+veh: Based on previous research, the
phosphoproteome was expected to be altered by EtOH21,44

and PCB126 exposure.22 Phosphoproteome PCA (Figure 4) and
p-JAK2/p-STAT5 (Figure S3) western blot analysis demonstrated
that EtOH was the primary driver of any phosphorylation differen-
ces. PCB126 did not exacerbate these changes, and, therefore, this
data led us to rejecting our first hypothesis.

Regarding the top 25 GO molecular functions in the RNA-Seq
dataset (sorted by lowest adjusted p-value), several processes were
revealed to be involvedwith ion, metal, or Zn binding (Figure 3). A
recent epidemiology study inferred that unbalancedmetal mixtures
can contribute to liver disease status.45 Our second generated
hypothesis stated that metals, particularly Zn, will be significantly
lower in the EtOH+PCB126 group relative to controls. Quantified
hepatic metals by ICP-MS revealed that Co, Mg, and Zn were
significantly lower in the EtOH+PCB126 group relative to
the EtOH+veh: group. Malnutrition46 and inadequate micronu-
trients39 are critical factors in ALD pathogenesis. Zn deficiency in
rodents has shown to promote reduced hepatic glycogen stores47

and has also been associated with increased steatosis in humans.48

Both reduced glycogen and increased steatosis end points were
observed in our previous study.26 Further loss of essential metals
by PCB126 in ALD may be an additive effect promoting disease
status and limit metal availability for functional purposes, such as
in kinases or transcription factors. For example, many vital tran-
scription factors use Zn in zinc finger domains to regulate target
gene expression.49 Zn deficiency or zinc-finger dysfunction is also
a well characterized phenomenon that occurs in ALD, where
patients are often advised by health care providers to incorporate
more Zn in their diet.50 Zn deficiency has shown to promote
alcohol-induced liver injury,51 whereas Zn supplementation
attenuates injury.52,53 This study demonstrated that Zn was lower
in EtOH-fed mice relative to pair-fed controls, and was at lowest
levels in the EtOH+PCB126 group (Figure 5; Table S1). Future
mechanistic studies are needed to better understand how PCB126
augments EtOH-mediated Zn deficiency. It is postulated that Zn
absorption, and thus availability, is significantly impacted in this
model, and supplementation would alleviate metabolic abnormal-
ities revealed in our characterization study.26
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It was revealed that eight of the top 20 significant transcription
factors (Table 3) contained zinc-finger domains in this interac-
tome. Each transcription factor was calculated to be overconnected
(ratio > 1) in this dataset; however, their activity and ability to use
Zn is unknown. Previous cell culture research has shown that Zn
deficiency can impact zinc-finger conformation and therefore
DNA binding capability and transcription.54 Hnf4a is one tran-
scription factor of interest that contains a zinc-finger domain and is
well known for its diverse roles in liver metabolism and pathol-
ogy.55,56 The transcription factor interactome analysis revealed
thatHnf4a was a significant, overconnected (ratio= 1:78) gene in
the EF(Veh. vs. PCB126) dataset. In addition, Hnf4a has numer-
ous target genes, including albumin (Alb), phosphoenolpyruvate
kinase 1 (Pck1), pyruvate kinase L/R (Pklr), and sterol regulatory
element binding protein 1 (Srebf1). Each of these transcripts were
assessed in our characterization study, where relative mean expres-
sion levels were the lowest in the EtOH+PCB126 group relative to
all other groups.26 The lower transcription of these target genes
suggests reduced Hnf4a activity as a consequence of Zn defi-
ciency. In a 12-wk rodent study, Kang et al.57 demonstrated that
although Hnf4a expression was unchanged by EtOH feeding, its

activity was reduced. Zn supplementation in this study57 replen-
ished Hnf4a activity to control levels and improved hepatic anti-
oxidant capabilities and reversed alcohol-induced steatosis.

In addition, it is understood that excessive reactive oxygen
species (ROS) can oxidate zinc-finger motifs, resulting in a loss
of DNA binding.58 The annotated GO biological process term
“reactive oxygen species metabolism” was identified as a signifi-
cant molecular function (Figure 2). Furthermore, up-regulation of
several ROS-related genes, such as glutathione peroxidase 2
(Gpx2), aldehyde dehydrogenase 3b1 (Aldh3b1), monoamine oxi-
dase a (Maoa), and NADPH quinone oxidoreductase 1 (Nqo1)
was observed (Table 2), implying high levels of ROS may have
been present. Future work must elucidate the connection between
Zn depletion and altered zinc-finger activity by oxidative stress.
It may be that oxidative stress from chronic alcohol feeding (and
potentially from PCB126 exposure) displaces Zn bound to cyste-
ine residues in zinc fingers to disrupt transcriptional regulation.59

Other metals of note, such as Mg and Co, were also signifi-
cantly lower in the EtOH+PCB126 group relative to controls. Mg
functions as a cofactor in a plethora of enzymes, and researchers
have observed the depletion of this metal in ALD cohorts.60

Figure 5. ICP-MS analysis of four essential micronutrient metals: (A) Na; (B) Co; (C) Mg; and (D) Zn. Values are represented as mean±SD with an alpha
level set to 0.05 (n=15; n=60). Significance was determined by two-way ANOVA and Tukey’s post hoc test, where post hoc p-values are provided above
each graph. Please refer to the Supplemental Excel file for summary data for this figure. Note: ANOVA, analysis of variance; Co, cobalt; ICP-MS, inductively
coupled plasma mass spectrometry; Mg, magnesium; Na, sodium; SD, standard deviation; Zn, zinc.
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Rodent and humanMg supplementation studies have demonstrated
that Mg mitigates oxidative stress61 and liver injury biomarkers.62
Co is an integral part of vitamin B12 functionality and has also
been observed to be lower in alcohol-associated cirrhotic
patients.63 Cu levels were also expected to be significantly lower in
the EtOH+PCB126 group; however, these levels were only
numerically lower and not significant (Table S1). Previous
research demonstrated that dioxin exposure increases Slc46a3
expression to sequester Cu in the lysosome, resulting in lower
available Cu levels.34 Slc46a3 expression was significantly higher
in the EF(Veh. vs. PCB126) dataset (Table 1); however, Cu abun-
dancewas only assessed in liver homogenates, and PCB126 effects
were not significant. Although these findings do not prove causal
association that PCB126 promoted ALD by depleting metals,
lower levels of Zn,Mg, and Co are of note in the promotion of mal-
nutrition or unavailability of metal micronutrients. ALD is associ-
ated with variable degrees of trace metal deficiencies, and we
postulate that chemical exposures could account for some of the
varying clinical observations.

Although this study is unique in that it is investigating interac-
tions of EtOH feeding and pollutant exposure, we must report its
limitations. Besides the model limitations stated in our characteri-
zation study, RNA-Seq and other describedmethods have clear pit-
falls. First, total RNA was extracted by the commonly used
phenol-chloroform extraction method, resulting in possible sample
contaminationwith various salts, dNTPs, and phenol and thus inac-
curate sequencing. However, we performed DNase digestion and
XP bead cleaning of samples to minimize contaminates, which are
explained in the “Methods” section. Furthermore, quality assess-
ment of reads sequenced ranged from ∼ 6million to 133 million,
with alignment rates between 93% to 98%. Lower aligned reads
(6–22 million) were most frequently found throughout EtOH-fed
mice, but the lower alignment rates (93%–95%) were found among
the pair-fed mice, which could introduce sample bias or undetected
genes by means of inadequate rRNA depletion. In addition, our
phosphoproteomics approach is limited because we explored only

phosphorylated proteins and not the total proteome. Finally, we did
not rigorously examine the potential role of differential AhR acti-
vation by PCB126 and EtOH in ALD. AhR is readily activated by
dioxin-like species, like PCB126, shown by prototypical target
gene induction,Cyp1a1.64 AhR is famously involved in detoxifica-
tion processes but also plays important endogenous roles that are
ligand-specific.65–69 We also observed that EtOH feeding alone
was associated with significantly higher hepatic Cyp1a1 levels
(∼ 4-fold) in comparison with pair-fed+veh: control (Figure S4).
EtOH has previously been shown in vitro and in vivo to influence
AhR activities related to autophagy70 and hepatic stellate cell acti-
vation71 and to interact with the microbiome.72 AhR activation by
EtOH may be an indirect protective effect that stem from EtOH’s
ability to dysregulate metabolite ligands and induce oxidative
stress responses.73 Other studies have demonstrated that AhR acti-
vating gut-derived indole metabolites are protective for the liver in
ALD in mice.74 Although this study demonstrated that PCB126
and EtOH activated AhR, its role in ALD pathology must be fur-
ther explored.

Conclusions
Although the public is becoming increasingly aware of environ-
mental exposure threats, it is simultaneously important to
acknowledge lifestyle interactions. Research centers are currently
developing human exposome studies to incorporate and consider
interactions between pollutant exposures and alcohol consump-
tion. We previously demonstrated26 that PCB126 promoted ALD
pathology in this chronic-binge rodent alcohol feeding model.
The present study’s RNA-Seq approach demonstrated significant
alteration of the transcriptome and assisted in the generation of
two hypotheses. Our first hypothesis regarding altered phospho-
rylated tyrosine residues was rejected; however, GO molecular
function processes from RNA-Seq data suggested that metal
binding was decreased. This suggestion was tested by hepatic
metals quantification, which revealed that critical metals Zn, Mg,

Table 3.MetaCore generated transcription factor analysis for the EF(veh. vs. PCB126) comparison (n=6 vs. 6), sorted by highest z-score.

Order Gene name Actuala nb Rc Nd Expectede Ratiof p-Valueg z-Scoreh

1 Fbi1* 11,808 17,046 13,737 34,931 6,704 1.76 0 111.9
2 Sox17 9,239 17,046 10,086 34,931 4,922 1.88 0 102
3 Cry1 10,799 17,046 12,791 34,931 6,242 1.73 0 101.3
4 Gata1* 10,044 17,046 11,643 34,931 5,682 1.77 0 99.05
5 Lbp9 11,846 17,046 14,997 34,931 7,318 1.62 0 97.91
6 Klf4* 11,958 17,046 15,352 34,931 7,492 1.6 0 96.32
7 Ets1 7,494 17,046 7,727 34,931 3,771 1.99 0 96.02
8 Klf17* 8,697 17,046 9,653 34,931 4,711 1.85 0 95.42
9 Znf263* 7,695 17,046 8,200 34,931 4,002 1.92 0 93.28
10 c-Myc 15,080 17,046 22,564 34,931 1:10× 104 1.37 0 91.08
11 Hnf 4a* 7,781 17,046 8,948 34,931 4,367 1.78 0 83.73
12 Gata2* 7,990 17,046 9,311 34,931 4,544 1.76 0 83.43
13 Cbf1 6,751 17,046 7,366 34,931 3,595 1.88 0 82.82
14 Tal1 7,872 17,046 9,165 34,931 4,472 1.76 0 82.72
15 Creb1 6,876 17,046 7,625 34,931 3,721 1.85 0 81.76
16 Runx1 6,714 17,046 7,438 34,931 3,630 1.85 0 80.64
17 Nanog 8,089 17,046 9,759 34,931 4,762 1.7 0 79.36
18 Gabpa 5,131 17,046 5,228 34,931 2,551 2.01 0 77.41
19 E2f1 5,265 17,046 5,469 34,931 2,669 1.97 0 76.47
20 Esrra* 6,975 17,046 8,275 34,931 4,038 1.73 0 73.94

Note: Transcription factors with an asterisk (*) after the gene name signifies that they contain a zinc-finger domain.
a“Actual” means the number of targets in the activated dataset(s) regulated by the chosen transcription factor.
bn means the number of network objects in the activated dataset(s).
cR means the number of targets in the complete database or background list regulated by the chosen transcription factor.
dN means the total number of gene-based objects in the complete database or background list.
eExpected means the mean value for hypergeometric distribution (n×R=N).
fRatio means connectivity ratio (Actual/Expected).
gz-Score means z-score= ðActual−ExpectedÞ=sqrtðvarianceÞ.
hp-Value means the probability to have the given value of Actual or higher (or lower for negative z-score). Note that all p-values in this list were calculated to be so low that the
MetaCore algorithm reported “0.”
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and Co were significantly lower in the EtOH+PCB126 group rel-
ative to controls. PCB126 may be additively promoting the loss
of these essential metals, which are functional in nature and may
be responsible for transcriptional alterations observed in our
studies. Metal supplementation and zinc-finger activity studies
are required to determine whether dietary supplementation of
depleted trace metals attenuate liver disease in coexposed mice
by restoring transcriptional capabilities.
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