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BACKGROUND: Polychlorinated biphenyls (PCBs) are signaling disrupting chemicals that exacerbate nonalcoholic steatohepatitis (NASH) in mice.
They are epidermal growth factor receptor (EGFR) inhibitors that enhance hepatic inflammation and fibrosis in mice.

OBJECTIVES: This study tested the hypothesis that epidermal growth factor (EGF) administration can attenuate PCB-related NASH by increasing he-
patic EGFR signaling in a mouse model.

METHODS: C57BL/6 male mice were fed a 42% milk fat diet and exposed to Aroclor 1260 (20 mg/kg) or vehicle for 12 wk. EGF (0.2 pug/g) or vehi-
cle were administered daily for 10 d starting at study week 10. Liver and metabolic phenotyping were performed. The EGF dose was selected based
on results of an acute dose—finding study (30 min treatment of EGF at 0.2, 0.02, 0.002 pg/g of via intraperitoneal injection). Hepatic phosphoproteo-
mic analysis was performed using liver tissue from this acute study to understand EGFR’s role in liver physiology.

ResuLTs: Markers of EGFR signaling were higher in EGF-treated mice. EGF + PCB—exposed mice had lower hepatic free fatty acids, inflammation,
and fibrosis relative to PCB-only exposed mice. EGF-treated mice had higher plasma lipids, with no improvement in hepatic steatosis, and an associa-
tion with higher LXR target gene expression and de novo lipogenesis. EGF-treated mice showed more severe hyperglycemia associated with lower
adiponectin levels and insulin sensitivity. EGF-treated mice had higher hepatic HNF4o, NRF2, and AhR target gene expression but lower constitutive
androstane receptor and farnesoid X receptor target gene expression. The hepatic EGF-sensitive phosphoproteome demonstrated a role for EGFR sig-
naling in liver homeostasis.

Discussion: These results validated EGFR inhibition as a causal mode of action for PCB-related hepatic inflammation and fibrosis in a mouse model
of NASH. However, observed adverse effects may limit the clinical translation of EGF therapy. More data are required to better understand EGFR’s

underinvestigated roles in liver and environmental health. https://doi.org/10.1289/EHP8222

Introduction

Nonalcoholic fatty liver disease (NAFLD) represents a pathologi-
cal spectrum of progressive liver disease ranging from hepatic
steatosis to steatohepatitis (NASH, characterized by increased
liver injury and inflammation with or without fibrosis) to cirrho-
sis and hepatocellular carcinoma. NAFLD is the most prevalent
liver disease, affecting 30%—40% of the U.S. population and 25%
of people worldwide (Younossi et al. 2016). NASH, particularly
with fibrosis, is associated with increased liver-related and all-
cause mortality (Dulai et al. 2017). Although NAFLD is consid-
ered to be the hepatic manifestation of obesity and metabolic syn-
drome, it may also occur in lean individuals. Environmental
chemical exposures may cause NAFLD or modify the severity of
diet-induced NAFLD by affecting hepatic lipid metabolism, cell
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death, inflammation, fibrosis, and carcinogenesis (Wahlang et al.
2019b). At the present time, no medications have been approved
by the U.S. Food and Drug Administration for the treatment of
NASH. However, a robust therapeutic pipeline exists. Although
many lead compounds target nuclear receptors, growth factor
therapies are also being investigated (e.g., human growth hor-
mone and analogs of fibroblast growth factors 19 and 21). There
are no actively enrolling clinical trials for the treatment of
NAFLD associated with specific environmental chemical expo-
sures (www.clinicaltrials.gov). Polychlorinated biphenyls (PCBs)
in mice disrupted normal hepatic epidermal growth factor recep-
tor (EGFR) signaling (Hardesty et al. 2018) and were associated
with NASH (Wahlang et al. 2019a). Our study investigated epi-
dermal growth factor (EGF) therapy in an animal model of PCB-
related NASH, and this paper elucidates the diverse roles of
EGFR signaling in normal liver biology.

PCBs are persistent organic pollutants associated with NAFLD
in mice (Wahlang et al. 2014b) as well as endocrine, metabolism
(Heindel et al. 2017), and signaling disruption (Hardesty et al.
2018). Individual PCB congeners have been classified by their
structure—activity relationships as either dioxin- or nondioxin-like,
based on their ability to activate the aryl hydrocarbon receptor
(AhR). Aroclor 1260 includes dioxin-like PCBs such as PCB-157
but primarily consists of nondioxin-like PCBs such as PCB-181
and PCB-154 (Wahlang et al. 2014a). Both PCB classes have been
associated with fatty liver disease in cohort studies (Clair et al.
2018) and animal models (Jin et al. 2020; Wahlang et al. 2019a). In
addition to AhR activation, several modes of action affecting he-
patic lipid metabolism, cell death/proliferation, inflammation, and
fibrosis have been identified for PCBs. These include endocrine
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(Heindel et al. 2017) signaling disruption (Hardesty et al. 2019a),
altered nuclear receptor activities (Hardesty et al. 2019b), and
increased oxidative stress (Wahlang et al. 2019a). Aroclor 1260 is
an environmentally relevant PCB mixture that was previously
commercially produced. It contains the types of higher molecular
weight PCB congeners that have bioaccumulated in human adipose
tissue (Jensen 1974; McFarland and Clarke 1989). PCBs are lipo-
philic, and hepatic steatosis markedly increased hepatic PCB levels
in mice (Li et al. 2020). In mice, Aroclor 1260 (20 mg/kg)
increased the severity of diet-induced NAFLD (e.g., NASH vs. iso-
lated steatosis) (Wahlang et al. 2014b) and reduced hepatic protein
phosphorylation by approximately 25%, consistent with profound
phosphoprotein signaling disruption (Hardesty et al. 2019a).

This signaling disruption included the inhibition of EGFR
activation in mice (Hardesty et al. 2017). EGFR is a transmem-
brane receptor tyrosine kinase activated by several ligands, most
notably EGF. Despite the fact that most EGF traffics to liver
(Jgrgensen et al. 1988), the role of EGFR signaling in liver physi-
ology and disease is underinvestigated. PCBs appeared to com-
petitively antagonize the EGFR (Hardesty et al. 2017, 2018),
leading to indirect activation of the constitutive androstane recep-
tor (CAR), in a fashion similar to that of the structurally related
molecule, phenobarbital (Mutoh et al. 2013). We postulate that
the competitive inhibition of EGF signaling by PCBs could con-
tribute to the NASH observed with PCB exposures in mice
(Wahlang et al. 2014b). An intriguing possibility is that this
potential mode of action could link the endocrine- and
metabolism-disrupting effects of PCBs by affecting the down-
stream cross talk of key hepatic nuclear receptors like CAR and
the pregnane xenobiotic receptor (PXR). Although the direct acti-
vation of CAR was protective against NASH in mice (Gao et al.
2009), CAR-null mice did not have worse steatohepatitis follow-
ing PCB exposures (Wahlang et al. 2016). This finding suggests
that the broader EGF-sensitive protein phosphorylation cascade
upstream of CAR could be critical to PCBs’ mode of action.
Limited data support the concept that the EGFR activation could
attenuate steatohepatitis (reviewed in Komposch and Sibilia
2015). For example, EGF administration ameliorated ethanol-
related steatohepatitis in an animal model (Deaciuc et al. 2002),
but it has not been demonstrated for NAFLD. In contrast, EGFR
inhibitors can lead to hepatotoxicity (liver enzyme elevation)
(Ding et al. 2017; Qian et al. 2020) in cancer patients, similar to
PCBs in exposed populations (Clair et al. 2018).

Although PCBs inhibited hepatic EGFR signaling, the poten-
tial causality of this mechanism in the NASH associated with
PCB exposures has not been proven. The present study tests the
hypothesis that EGF administration can attenuate PCB-related
NASH by increasing hepatic EGFR signaling in a mouse model.
We also aimed to establish whether EGFR activation by its natu-
ral ligand, EGF, alters hepatic physiology reversing dystrophy
caused by PCBs. In addition, the EGF-sensitive hepatic phospho-
proteome and kinome was also investigated. Through a precision
medicine approach, this form of growth factor therapy could sub-
sequently be evaluated in clinical trials of subjects with NASH
and elevated PCB exposures should this therapy appear safe and
effective in vivo.

Methods

Animal Studies

All mouse studies were approved by the University of Louisville
Institutional Animal Care and Use Committee, and all animals
were treated humanely as outlined in the “ARRIVE” guidelines
(Kilkenny et al. 2010; Tilson and Schroeder 2013). Male C57BL/6
mice age 8—10 wk were purchased from The Jackson Laboratory.
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Mice purchased from The Jackson Laboratory were maintained as
a colony with the following breeding scheme: C57Bl/6 males
mated with female C57B1/6 mice. Mice were housed in a tempera-
ture- and light-controlled room (12 h of light:12 h of dark) with
food and water ad libitum. An acute dose finding study was con-
ducted to identify the EGF dose that would elicit optimal hepatic
EGFR phosphorylation at Y1173. Male C57BL/6 mice age 8-10
wk were fed a control diet (Teklad Custom Diet TD.06416, 10.2%
kcal from fat) (Envigo) and treated with either saline or EGF (0.2,
0.02, or 0.002 pg/g) via intraperitoneal (IP) injection (n=35 per
treatment group). After 30 min, the mice were euthanized via an [P
injection of ketamine (120 mg/kg) and xylazine (16 mg/kg), and
whole blood and liver tissue were collected. Whole blood was col-
lected with anticoagulant (EDTA) coated syringes via blood draw
from the posterior vena cava. Plasma was prepared (See “Methods:
Plasma and Hepatic Lipid Profiling and Plasma Adipocytokine
Determination”) for determination of pyruvate and glucose (all
treatments). Hepatic proteins were extracted (See “Methods:
Western Blot Analysis”) for Western blot analysis (See “Methods:
Western Blot Analysis”) (all treatments) and phosphoproteomics
(optimal EGF dose and vehicle control only). Phosphorylation of
EGFR at Y1173 relative to total EGFR was used as a measure of
maximal EGF-stimulated EGFR activity in murine liver at 3 doses
of EGF (0.2, 0.02, or 0.002 pg/g) and saline control. Hepatic
EGFR and ERK activity were maximum at 0.2 pg/g of EGF
(Figure S1A). Mice were euthanized at 30 min, because this time
point previously demonstrated robust liver EGFR activity after
EGFIP injection (Yangetal.2017).

In the chronic animal study, male C57BL/6 mice (n=17 per
group, 8—10 wk old) received a single oral gavage of corn oil ve-
hicle or Aroclor 1260 (20 mg/kg) after 1 wk of high-fat diet
(HFD) feeding (42% kcal from fat; Envigo). Mice were fed the
HFD ad libitum for the remaining 12 wk of the study. The objec-
tive was to determine whether administration of exogenous EGF
as a therapy could restore EGFR signaling to attenuate PCB-
mediated hepatotoxicity and NASH. At the start of week 10,
mice were administered either EGF (0.2 pg/g) via IP injection or
saline once a day for 10 d. EGF purchased from EMD Millipore
was reconstituted in sterile saline and administered fresh to ex-
perimental animals. The therapeutic EGF dose selected
(0.2 pg/g) was based on the Y1173-EGFR phosphorylation
results from the acute mouse study above. Two days following
the last treatment dose, all mice were euthanized via ketamine/
xylazine administration. The following abbreviations are subse-
quently used to denote the various treatment groups used in the
chronic exposure mouse study: CS, PCB vehicle control
(cornoil) + EGF vehicle control (saline); CE, PCB vehicle con-
trol (cornoil) + EGF; AS, Aroclor 1260 + EGF vehicle control
(§alinE); and AE,Eroclor 1260 + EGF.

Dose and Animal Sex Justification

The use of Aroclor 1260 (PCB mixture) was designed to mimic
PCB congener bioaccumulation patterns in humans (Jensen 1974;
McFarland and Clarke 1989; Wahlang et al. 2014a). The dose of
20 mg/kg was used to mimic the highest measured lipid adjusted
serum concentration of PCBs in humans from the PCB-exposed
cohort (Anniston, Alabama), 27.337 mg/kg (Pavuk et al. 2014).
This 20 mg/kg dose of Aroclor 1260 was also found to cause stea-
tohepatitis in mice fed an HFD (Wahlang et al. 2014b). It is impor-
tant to note that this dose was previously shown to inhibit signaling
by endogenous EGF in mice (Hardesty et al. 2017; 2019a) and in
murine and human cell lines (Hardesty et al. 2017). The PCB con-
gener composition of Aroclor 1260 is presented in Table S1 PCB
congener composition. Aroclor 1260 is relevant to human expo-
sures because the PCB congener composition is most similar to the
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PCB congener profile observed in human fat as summarized previ-
ously (Wahlang et al. 2014b) from the original data source (Jensen
1974; McFarland and Clarke 1989). The dose of Aroclor 1260 was
demonstrated previously to lead to PCB accumulation in the liver
(Hardesty et al. 2019b) and promote steatohepatitis in mice
(Wahlang et al. 2014b). Male mice were selected because PCB-
exposed men in the Anniston Community Health Survey (ACHS)
cohort had a higher prevalence of toxicant associated steatohepati-
tis (TASH) relative to women (Clair et al. 2018).

Insulin and Glucose Tolerance Test and Measurement of
Plasma Pyruvate

In the chronic exposure study, an insulin tolerance test (ITT) was
performed during week 11, and a glucose tolerance test (GTT) was
performed during week 12. In both cases, serial blood glucose
measurements were determined by glucometer (Accu-Check”
Aviva) using blood collected from the tail vein. For the ITT and
GTT, mice were manually restrained by hand followed by adminis-
tration of a topical lidocaine and a one-time tail snip 1 mm from
the end of the tail. After the collection of blood, the tail was sani-
tized with 70% ethanol solution. ITT was performed in mice fasted
for 6 h. Insulin (0.5 U/kg IP) was administered; blood glucose lev-
els were determined (0, 15, 30, 60, and 120 min postinjection); and
the area under the curve (AUC) was calculated (Le Floch et al.
1990). The GTT was performed in a similar fashion but following
an 18-h fast and glucose administration (1.0 mg/g body weight).
Plasma from the acute and chronic animal studies was analyzed to
measure pyruvate spectrophotometrically with the BioTek Gen
5™ plate reader in a 96-well plate (NUNC; Thermo-Scientific) for-
mat. Absorbance at 340 nm was measured at baseline and then
incubated with 225 U/mL of lactate dehydrogenase followed by a
second measure at 340 nm at 5 min to calculate the change in ab-
sorbance. Sample concentrations were derived from comparison to
a standard curve of pyruvate purchased from Sigma-Aldrich
(0—2,000ng/mL). Blood glucose was also measured following a
12-h fast prior to sacrifice.

Liver Histological Analysis

Liver tissue from the chronic animal study were fixed with 10% neu-
tral buffered formalin for 7 d and embedded in paraffin. Five-
micrometer liver sections were stained with hematoxylin-eosin
(H&E) to observe structural changes and steatosis or for chloroacetate
esterase (CAE) activity for neutrophil infiltration [Naphthol AS-D
Chloroacetate (Specific Esterase) Kit; Sigma-Aldrich]. Hydrated liver
sections were stained first in the Naphthol AS-D chloroacetate solu-
tion for 15 min at 37°C, rinsed with deionized water, counterstained
in hematoxylin solution for 2 min, and finally rinsed with deionized
water. Liver tissue sections were stained with picrosirius red to evalu-
ate fibrosis and were imaged with a 20X magnification objective.
Each image has a 50-pum scale bar as a reference point. Next, n=17
liver sections (1 section per mouse) were evaluated for each histologi-
cal stain (H&E, CAE, picrosirius red). All histological slides were
examined by light microscopy at a 20x magnification objective and
imaged with an Olympus BX43 microscope.

Histological evaluation of steatosis was graded based on
the following scale: 1=normal (<5%), 2=mild (5%-33%),
3 =moderate (34%—66%), and 4 = severe (>66%) (Takahashi and
Fukusato 2014). Percent area of picrosirius red staining in liver
sections was calculated from images at 10X magnification (5
randomized images per mouse liver section) using Image J.

Body Weight and Tissue Weight Measurement

Mice body weights were recorded throughout the study and
directly before euthanasia. Whole epididymal adipose tissue was
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removed at sacrifice and weighed as an index of metabolic syn-
drome. White adipose tissue weight was normalized to animal
body weight.

Plasma and Hepatic Lipid Profiling and Plasma
Adipocytokine Determination

After euthanasia and whole blood collection (with EDTA used as
the anticoagulant), blood was kept in polypropylene tubes on ice
until centrifugation at 4°C at 2,000 g for 15 min. Plasma was then
aliquoted and stored at —80°C until future analysis. In the chronic
animal study, plasma low density lipoprotein (LDL), high density
lipoprotein (HDL), triglycerides, glucose, and total cholesterol were
measured on the Piccolo®” Xpress Chemical Analyzer using a Lipid
Panel Plus reagent disc (Abaxis). Plasma free fatty acids (FFAs)
were measured with the Free Fatty Acid Quantification Kit pur-
chased from Sigma-Aldrich. Hepatic cholesterol, triglycerides, and
FFAs were isolated from liver tissues homogenized in phosphate
buffer saline (PBS) followed by lipid extraction using a 2:1 chloro-
form to methanol separation method (Folch et al. 1957). The lipid
extract was dried and suspended in either Infinity Cholesterol Stable
Reagent, Infinity Triglyceride (TG) Stable Reagent (Fisher
Diagnostics), or FFA assay buffer (Sigma-Aldrich); and the absorb-
ance (Cholesterol and TGs measured at 500 nm, FFAs measured at
570 nm) was measured relative to lipid standard curves. Plasma adi-
ponectin, resistin, tumor necrosis factor alpha (TNFa), and plasmin-
ogen activator inhibitor-1 (PAI-1) levels were determined using a
Milliplex Plasma Adipokine kit on the Luminex” IS 100 instrument
(Luminex Corp.).

Real Time Quantitative Polymerase Chain Reaction
(RT-gPCR)

Mouse livers from the chronic animal study were homogenized,
and total RNA was extracted using RNA-STAT 60 (Tel-Test).
RNA purity and quantity were determined with the Nanodrop
(ND-1000, Thermo Scientific). cDNA was synthesized from total
RNA using the QuantaBio qScript (QuantaBio). Real-time quan-
titative polymerase chain reaction (RT qPCR) was performed on
the Bio-Rad CFX384 Real-Time System using Bio-Rad iTaq™
Universal Probes Supermix with selected TagMan Gene
Expression Assays (ThermoFisher). Bio-Rad Maestro™ software
package was used to measure and analyze RT-qPCR data. The
TagMan probes used are listed in the Table S2 TagMan probes.
Technical replicates (n=2) were performed for each qPCR reac-
tion. Relative gene expression levels were calculated with target
gene normalization to glyceraldehyde 3-phosphate dehydrogen-
ase (Gapdh) using the 272" method (Livak and Schmittgen
2001).

Western Blot Analysis

Mouse liver lysates from the acute and chronic animal studies were
homogenized in radioimmunoprecipitation assay (RIPA) buffer
[200 mg tissue/mL RIPA supplemented with protease and phospha-
tase inhibitors (10 pL/mL); Sigma-Aldrich]. Silica beads were
used to homogenize liver tissue in RIPA buffer via shaking for a 1-
min burst on the Mini-Beadbeater instrument (EMD Millipore).
Liver homogenates were then centrifuged at 4°C for 5 min at
16,000 g. The liver homogenate supernatants were then aliquoted
and stored at —80°C until future analysis. Protein concentrations
were determined by the bicinchoninic acid protein assay (Sigma-
Aldrich). Proteins (20 pg) were separated on a 7.5% SDS Gel (Bio-
Rad), transferred to polyvinylidene difluoride membranes, and then
blocked with 5% milk in TBS-T for 2 h at room temperature.
Western blots were probed with primary antibodies in 5% BSA in
TBS-T (1:1,000 dilution) overnight at 4°C. Western blots were then
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washed in TBS-T at room temperature followed by incubation with
secondary antibodies in 5% milk TBS-T (1:2,000 dilution) at room
temperature for 1 h. Western blots were washed in 5% TBS-T at
room temperature. Prior to imaging, western blots were incubated
in Clarity Max ECL reagent (BioRad) for 5 min. Densitometry
bands were quantified using Bio-Rad Image Software. Primary and
secondary antibodies are listed in Table S3 “Antibodies.” For each
western, a representative figure of the quantitative data (from n=15
per group) is presented. For phosphoproteins measured by west-
ern blot analysis, antibodies to the phosphorylated protein were
used first followed by stripping for 15 min at room temperature
with Restore™ Western Blot Stripping Buffer (Thermo
Scientific). Blots were then washed with TBS-T and blocked in
5% milk in TBS-T for 1 h at room temperature. Western blots
were then probed with antibodies to total protein. Quantification
of phosphoproteins are recorded as a ratio of phosphoprotein to
total protein.

Liver Phosphoproteomic Analysis

Mouse liver tissues from the acute animal study (saline or EGF
0.2 pg/g) were homogenized in 1% SDS RIPA buffer. Silica
beads were used to homogenize liver tissue in the 1% SDS RIPA
buffer via shaking for a 1-min burst on the Mini-Beadbeater
instrument (EMD Millipore). Liver homogenates were then
centrifuged at 4°C for 5 min at 16,000 g. The liver homogenate
supernatants were then aliquoted and stored at —80°C until
future analysis. Protein concentrations were determined by
bicinchoninic acid protein assay. Protein lysates (100 pg) per
sample were prepared and trypsinized using a filter-aided sam-
ple prep (FASP) protocol (Wisniewski et al. 2009). Protein
lysates were reduced, followed by the addition of 8 M urea and
filter centrifugation. Peptides in the filter were incubated over-
night at 37°C with Sequencing Grade Modified Trypsin
(Promega). From the digested peptides, phosphopeptides were
then further enriched with TiO, and purified using C18 col-
umns (Pierce) (Murray et al. 2016). Phosphopeptide concentra-
tions were measured by absorbance at 205nm via the
NanoDrop™ 2000 (Thermo Scientific™) to determine the re-
covery amount to use for subsequent liquid chromatography
and mass spectrometry analysis.

The columns used were an Acclaim™ PepMap™ 100
75 pm X 2 cm, nanoViper™ (C18, 3 um, IOOA) trap, and an
Acclaim™ PepMap™ RSLC 50 pum X 15 cm, nanoViper™ (C18,
2 um, 100A) separating column (ThermoFisher Scientific). An
EASY-nLC 1000 ultra-high performance liquid chromatography
(UHPLC) system (ThermoFisher) was used with solvents A =2%
v/v acetonitrile/0.1% v/v formic acid and B =80% v/v acetonitrile/
0.1% v/v formic acid as mobile phases. Following injection of
500ng of sample onto the trap, separation was accomplished at
300 nL/min with a 110-min linear gradient from 0% B to 50% B,
followed by a 5 min linear gradient from 50% B to 95% B, and
last, a 5-min wash with 95% B. A 40-mm stainless steel emitter
(ThermoFisher) was coupled to the outlet of the separating col-
umn. A Nanospray Flex™ source (ThermoFisher) was used to
position the end of the emitter near the ion transfer capillary of
the mass spectrometer. The ion transfer capillary temperature of
the mass spectrometer was set at 225°C, and the spray voltage
was setat 1.6 kV.

An Orbitrap Elite — ETD mass spectrometer (ThermoFisher)
was used to collect data from the LC eluate. An N™ Order
Double Play was created in Xcalibur (version 2.2; Thermo
Scientific). Scan event 1 obtained an FTMS MSI scan (normal
mass range; 240,000 resolution, full scan type, positive polarity,
profile data type) for the range 300 —2,000 m/z. Scan event 2
obtained ITMS MS2 scans (normal mass range, rapid scan rate,

Environmental Health Perspectives

037010-4

centroid data type) on up to 20 peaks that had a minimum signal
threshold of 5,000 counts from scan event 1. The lock mass
option was enabled (0% lock mass abundance) using the
371.101236 m/z polysiloxane peak as an internal calibrant.

The raw data files were analyzed separately with Peaks
Studio 7.5 using the UniprotKB mouse reviewed canonical and
isoform protein sequences current as of 21 March 2018 and the
Denovo, PeaksDB, and PeaksPTM algorithms. Identifications
at the 1% FDR threshold from the PeaksDB and PeaksPTM
results were loaded into the Peaks Label Free Quantification
algorithm.

Data and Statistical Analysis

Western blot densitometry values, RNA expression values, and
macromolecule levels were statistically analyzed and graphed
using GraphPad Prism version 8 for Macintosh. Outliers were
determined via the ROUT test with a Q=1%. The number of
outliers for each measure and each experimental group are
included in Table S4 “Outliers.” The data are expressed as box
and whisker plots highlighting the median (midline), upper and
lower quartiles (box), and upper and lower limits (whiskers).
Data were compared using two-way analysis of variance
(ANOVA) and p <0.05 was considered statistically significant.
Intergroup comparisons were made using a Sidak correction
(parametric for Gaussian distributed data, nonparametric for
non-Gaussian distributed data); p <0.05 was considered stat-
istically significant. p-Values for these comparisons are given
in Table S5 “p-Values,” and numerical data (mean + SD) for
each measure are included in Table S6 “Numerical Data.”
Quantified phosphopeptides were statistically compared by
unpaired two-tailed t-test, with p <0.05 considered statisti-
cally significant.

The hepatic phosphopeptides whose abundances were sig-
nificantly changed by EGF were analyzed in CytoScape to
identify hierarchical clusters of phosphorylated proteins regu-
lated by EGFR signaling in the liver. Gene ontology (GO)
processes represented by the EGF-sensitive phosphoproteome
were identified in CytoScape (Lopes et al. 2010). Kinome
analysis was conducted using PhosphoScan Site 4.0 software
provided by the Massachusetts Institute of Technology.
PhosphoScan Site 4.0 was used to designate kinases that
regulated significantly altered phosphopeptides due to EGF
treatment.

Reagents

EGF was purchased from EMD Millipore. Aroclor 1260 was pur-
chased from Accustandard. Glucose, pyruvate, LDH, SDS, and
urea were purchased from Sigma-Aldrich. H&E, CAE, and picro-
sirius red staining reagents were purchased from Sigma-Aldrich.
Lipid Panel Plus reagent discs were purchased from Abaxis.
Triglyceride (TG) and cholesterol Infinity™ Liquid Reagents were
purchased from Thermo Scientific. FFA detection kits were pur-
chased from Sigma-Aldrich. The Plasma Cytokine kit was pur-
chased from EMD Millipore. RNA-STAT 60 was purchased from
Tel-Test. TagMan probes were purchased from ThermoFisher.
QuantaBio qScript cDNA synthesis reagent was purchased from
QuantaBio. BioRad mastermix and Clarity ECL Max reagents were
purchased from BioRad. Protease and phosphatase inhibitors and
BCA reagent were purchased from Sigma-Aldrich. Antibodies were
purchased from Cell Signaling Technology, Abcam, and Santa Cruz
Biotechnology. Restore™ Western Blot Stripping Buffer was pur-
chased from Thermo Scientific. Sequencing grade Trypsin was pur-
chased from Promega.
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Figure 1. Measures of hepatic inflammation and fibrosis in mice fed an HFD + Aroclor 1260 exposure + EGF treatment: Male WT C57B1/6 mice were fed an
HFD (12 wk) and exposed to either vehicle or Aroclor 1260 (20 mg/kg) by a one-time oral gavage at week 1. Aroclor 1260-exposed or vehicle mice were
treated (via IP injection) with saline or EGF (0.2 pg/g) daily for 10 d starting at week 10. Mice were fasted for 12 h and euthanized, and tissues were harvested
for downstream analyses. (A) Representative image of CAE stained liver section (n =17 per group, 1 liver section per mouse evaluated) (20X magnification
objective) (arrows denote necrotic foci). (Bi) Representative image of picrosirius red stained (10X magnification objective) liver sections and (Bii) quantifica-
tion. One liver section per mouse was evaluated (n =17 per experimental group). (C) Plasma measures by Luminex” of TNFo, PAI-1, and resistin. (D) Hepatic
gPCR analysis of inflammatory gene marker expression (7nfa, 11-6, Ly6g6d, Cd68, Tlr4). (E) Hepatic qPCR analysis of profibrotic genes Tgf and Mef2c, and
an n=17 was used for Figures 1B-F. A two-way ANOVA was used to statistically compare data sets followed by a Sidak correction for intergroup compari-
sons. A p <0.05 was considered significant. Significance due to EGF is denoted by (a), due to Aroclor 1260 denoted by (b), and due to interaction denoted by
(c) for the two-way ANOVA. A p <0.05 was denoted by * for the Sidak multiple comparison test. Data are presented as box and whisker plots for Figure 1
that illustrate the median (midline), upper and lower quartiles (box), and the upper and lower limits (whiskers). All numerical data are presented in Table S6
“Numerical Data” as mean + SD, and p-values can be found in Table S5 “p-Values.” Numeric outliers were identified by ROUT method and removed. The
number of outliers are reported in Table S4 “Outliers.” Note: AE, Aroclor 1260 + EGF; ANOVA, analysis of variance; AS, Aroclor 1260 + saline; CAE, chlor-
oacetate esterase; Cd68, cluster of differentiation 68; CE, control + EGF; CS, control + saline; EGF, epidermal growth factor; HFD, high-fat diet; I1-6, inter-
leukin-6; IP, intraperitoneal; Ly6g6d, lymphocyte antigen 6 family member G6D; Mef2c, myocyte enhancer factor 2C; qPCR, quantitative real-time
polymerase chain reaction; Tgfb, Transforming growth factor-beta; Tlr4, toll-like receptor 4; TNFo, tumor necrosis factor-alpha.

Results

Measures of Hepatic Inflammation and Fibrosis in Mice
Fed an HFD = Aroclor 1260 exposure * EGF Treatment

For all figures (Figures 1-6, Figures S1-S4), significant results are

section of the main text are from the Sidak multiple comparison
test. Throughout the results, CS is used to denote control saline
mice, CE refers to control EGF mice, AS refers to Aroclor 1260 sa-
line mice, and AE denotes Aroclor 1260 EGF mice. The acute
in vivo EGF dose optimization study performed here determined

presented with the p-value from the two-way ANOVA and Sidak
multiple comparison tests (a = EGF effect, b = Aroclor 1260 effect,
¢ =interaction effect from two-way ANOVA, and a * denotes sig-
nificance for individual comparisons by the Sidak multiple com-
parison test). The numerical data and p-values for every statistical
comparison can be found in Tables S5-S6 “p-Values” and
“Numerical Data,” respectively. All p-values reported in the results
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that hepatic EGFR and ERK phosphorylation were maximal after
30 min in mice that received the 0.2 pg/g dose of EGF (Figure
S1A). This dose was investigated in the subsequent chronic
Aroclor 1260 exposure study (Figure S1B). In that study, EGF-
treated mice exposed to Aroclor 1260 had higher hepatic Y1173-
EGFR phosphorylation relative to Aroclor 1260 exposed alone
mice (Figure S1C).
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The effects of EGF therapy on hepatic inflammation and fi-
brosis were then evaluated by histology, liver gene expression,
and plasma cytokine levels. EGF-treated mice exhibited qualita-
tively less histologic inflammation in Aroclor 1260-exposed mice
by CAE staining (Figure 1A). EGF-treated mice had less pericel-
lular fibrosis as determined by quantitative picrosirius red stain-
ing of liver sections (8.1-fold reduction (AE vs. AS, p=0.005)
(Figure 1Bi-ii). Plasma proinflammatory cytokines including:
TNFa (p=0.02), PAI-1 (p=0.02), and resistin (p=0.2) were
lower in AE vs. AS mice (Figure 1Ci-iii). Hepatic Tnfo (p = 0.04),
11-6 (p =0.0002), Ly6gd (p =0.002), Cd68 (p =0.002), and Tir4
(» =0.002) gene expression were significantly lower in AE vs. AS
mice as well (Figure 1D). AE vs. AS mice had lower hepatic
expression of the profibrotic markers, transforming growth factor
B1 (TgfBl) (p=0.1) and myocyte enhancer factor 2C (Mef2c)
(»=0.008, Figure 1E).

The Effects of Aroclor 1260 Exposure and EGF Treatment
on Lipids in Liver, Blood, and Adipose Tissue in Mice Fed
an HFD

The effects of PCB exposures and EGF administration on lipids
were characterized in liver, blood, and adipose. In liver, histo-
logic steatosis grade did not differ by treatment group (Figure
2A). Although hepatic triglycerides varied significantly by treat-
ment group (Figure 2Bii), the magnitudes of these changes were
small and overall consistent with the liver histology. AE vs. AS
mice had lower liver FFA levels (p =0.007), but higher choles-
terol levels (p=0.04), and no difference in triglycerides (TGs)
(p=0.3) (Figure 2Bi and iii).

In plasma, AE vs. AS mice had no difference in FFAs
(p =0.3) but higher TGs (p < 0.0001), and higher cholesterol lev-
els (p=0.001) (Figure 2Ci-iii). Similarly, AE vs. AS mice had
higher HDL (p =0.01), LDL (p =0.05), VLDL (p <0.0001), and
hepatic apolipoprotein B mRNA (Apob) levels (p <0.0001)
(Figure 2Di-v).

The epididymal fat pad to body weight ratio was measured to
determine the effects of EGF and PCBs on adiposity (Figure
2Ei). This ratio was higher in AE vs. AS mice (p =0.08), though
not significant. Consistent with this observation, AE mice had
lower plasma adiponectin levels relative to AS mice (p=0.05)
(Figure 2Fii). Body weight gain throughout the study was similar
for all groups of mice (Figure S2A). Effects of EGF and Aroclor
1260 on hepatic FFAs and TGs, plasma VLDL, and adiponectin
are summarized in Figure 2F.

Effects on Hepatic Gluconeogenesis, Insulin Sensitivity, and
Glucose Tolerance in Mice Treated Acutely with EGF Alone
or Chronically in HFD-Fed Mice Exposed to

Aroclor 1260 = EGF Treatment

In the acute EGF administration study presented here, EGF-
treated mice had higher fasting blood glucose levels, ~ 1.2-fold
at 30 min postinjection for all EGF doses tested relative to saline
controls (Figure 3Ai). Likewise, EGF-treated mice had lower py-
ruvate levels by approximately 2.8-fold vs. saline controls after
30 min (Figure 3Aii). Based on these data, acute EGF treatment
appeared to enhance hepatic gluconeogenesis leading to fasting
hyperglycemia. In the chronic study, EGF-treated mice also had
higher fasting blood glucose levels after 6 (Figure S2B), 18
(Figure S2C), and 12-h fasts (Figure 3Bi). AE mice had signifi-
cantly higher fasting blood glucose levels relative to AS mice
(1.4-fold, p=0.01, AE vs. AS). In contrast to the acute study,
this hyperglycemia did not appear to be due to enhanced hepatic
gluconeogenesis based on plasma pyruvate levels (Figure 3Bii).
AS mice had higher plasma pyruvate levels (AS vs. CS,
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p=0.0001) consistent with decreased hepatic gluconeogenesis.
Mice treated with EGF or PCBs had no differences in glucose
uptake as determined by GTT (Figure 3Ci-ii). Mice treated with
EGF in the chronic study had less insulin sensitivity as deter-
mined by ITT (Figure 3Di—ii). AE mice had higher glucose AUC
by 1.3-fold in the ITT (AE vs. AS, p =0.006).

Expression of Select Hepatic Nuclear Receptors, AhR, and
NRF?2 and Their Respective Target Genes in HFD-Fed Mice
Exposed to Vehicle or Aroclor 1260 = EGF Treatment

Hepatic CAR protein levels were not affected in either EGF-
treated or Aroclor 1260-exposed mice (Figure 4Ai). Hepatic Car
mRNA expression was higher in both AS vs. CS mice (p =0.02)
and AE vs. CE mice (p=0.0007) (Figure 4Aii). Expression of
the CAR target gene, cytochrome P450 2b10 (Cyp2b10) and
CAR/PXR target gene Cyp3all, were higher in AS vs. CS mice
(p=0.003 and p=0.03, respectively). Cyp2bI0 expression was
significantly lower in AE vs. AS mice (p =0.05). Likewise, there
was a trend toward lower Cyp3all expression in AE vs. AS mice
(»=0.09).

Hepatic liver X receptor oo (LXRa) regulates lipid synthesis
and lipid metabolism, and it was affected by Aroclor 1260 and
EGF treatment. LXRa protein and message were significantly
higher in AE vs. AS mice (p =0.01) (Figure 4Bi-ii). LXRa tar-
get gene expression [e.g., fatty acid synthase (Fasn), sterol reg-
ulatory element binding transcription factor 1 (Srebfl) and
Apolipoprotein E (Apoe)] (Figure 4Bii) Fasn (p=0.01) and
Srebfl (p=0.0003) mRNA were significantly higher in AE vs.
AS mice (Figure 4Bii). AE vs. AS mice had higher LXR target
gene expression.

Hepatocyte nuclear factor 4o (HNF4a) and nuclear factor ery-
throid 2-related factor 2 (NRF2) regulate hepatic metabolism
(Watt et al. 2003) and the antioxidant response (Shin et al. 2013),
respectively. These EGF-sensitive transcription factors were pre-
viously implicated in NASH due to Aroclor 1260 exposure in
mice (Hardesty et al. 2019b). HNF4o protein expression was
higher in AE vs. AS mice (p =0.06; Figure 4Ci), whereas Hnf4o
gene expression was lower in AS vs. CS mice (p =0.003; Figure
4Cii). Expression of the HNF4o target gene, pyruvate kinase
(Pklr), was higher in AE vs. AS mice (p =0.003), consistent with
higher HNF4o target gene expression, whereas glucose 6 phos-
phatase (G6pc) was lower in AE vs. CE mice (p=0.02). Pkir
was higher in AE vs. AS mice (p=0.003). AS vs. CS mice had
lower NRF2 protein levels (2.2-fold) (p =0.02; Figure 4Di) but
higher expression of negative regulator p62 (p=0.2; Figure
S3C), whereas AE vs. AS mice had higher Nrf2 expression
(p=0.05; Figure 4Dii). AE vs. CE mice consistently had lower
expression of NRF2 target genes including: malic enzyme 1
(Mel, p=0.04), glutamate-cysteine ligase catalytic subunit
(Gcle, p=0.03), glutathione reductase (Gsr, p<0.0001), and
glucose-6-phosphate dehydrogenase (G6pd, p=0.03) (Figure
4Dii). With the exception of NADH quinone dehydrogenase 1
(Ngol), these NRF2 target genes did not differ in AE vs. CE
mice.

In a similar fashion, the farnesoid X receptor (FXR) and the
AhR were evaluated, AS vs. CS mice had higher Fxr expression
and protein levels (Figure S3A). AS vs. CS mice had higher
expression of cytochrome P450 family 7A1 (Cyp7al), which cat-
alyzes the rate limiting step of bile acid synthesis (p =0.0005).
AhR target gene expression was higher in AE vs. AS mice as
demonstrated by significantly higher Cyplal gene expression
(p=0.04) (Figure S3B). EGF treated mice had lower induction
of Aroclor 1260-induced hepatic CAR target gene expression and
modulated expression of other key transcription factor target
genes implicated in PCB-related NASH.
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Figure 2. The effects of Aroclor 1260 exposure and EGF treatment on lipids in liver, blood, and adipose tissue in mice fed HFD. Male WT C57B1/6 mice were
fed an HFD (12 wk) and exposed to either vehicle or Aroclor 1260 (20 mg/kg) by a one-time oral gavage at week 1. Aroclor 1260-exposed or vehicle mice
were treated (via IP injection) with saline or EGF (0.2 pg/g) daily for 10 d starting at week 10. Mice were fasted for 12 h and euthanized, and tissues were har-
vested for downstream analyses. (A) Representative image of H&E staining of liver sections in mice exposed to corn oil and injected with either saline (CS) or
EGF (0.2 pg/g) (CE) or gavaged with Aroclor 1260 (20 mg/kg) and injected with saline (AS) or EGF (AE). One liver section per mouse was evaluated
(n=17 per experimental group). Also included is the quantification from the steatosis grading. Steatosis grading was as follows: 1 =normal (<5%), 2 =mild
(5%-33%), 3 =moderate (34%—66%), and 4 = severe (>66%). (B) Hepatic measures of (Bi) FFAs, (Bii) TGs, and (Biii) cholesterol. (C) Plasma measures of
(Ci) FFAs, (Cii) TGs, and (Ciii) cholesterol. (D) Plasma measures of (Di) HDL, (Dii) LDL, and (Diii) VLDL. (Dv) qPCR analysis of hepatic ApoB gene
expression in CS, CE, AS, and AE mice. (E) Weight of epididymal WAT normalized to total body weight (Ei). Plasma measures of adiponectin (Ei) in CS,
CE, AS, and AE mice. (F) Illustration demonstrating Aroclor 1260-exposed mice treated with EGF have elevated hepatic TGs and plasma VLDL. An n=17
was used for Figures 2A-E. A two-way ANOVA was used to statistically compare data sets followed a Sidak correction for intergroup comparisons. A
p <0.05 was considered significant. Significance due to EGF is denoted by (a); due to Aroclor 1260 denoted by (b); and due to interaction denoted by (c) for
the two-way ANOVA. A p <0.05 was denoted by * for the Sidak multiple comparison test. Data are presented as box and whisker plots for Figure 2 that illus-
trate the median (midline), upper and lower quartiles (box), and the upper and lower limits (whiskers). All numerical data are presented in Table S6
“Numerical Data” as mean + SD and p-values can be found in Table S5. Numeric outliers were identified by ROUT method and removed. The number of out-
liers are reported in Table S4. Note: AE, Aroclor 1260 + EGF; ANOVA, analysis of variance; AS, Aroclor 1260 + saline; CE, control + EGF; CS,
control + saline; EGF, epidermal growth factor; FFAs, free fatty acids; HDL, high-density lipoprotein; H&E, hematoxylin & eosin; HFD, high-fat diet; IP, in-
traperitoneal; LDL, low-density lipoprotein; TGs, triglycerides; VLDL, very low-density lipoprotein; WAT, white adipose tissue.
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Figure 3. Effects on hepatic gluconeogenesis, insulin sensitivity, and glucose tolerance in mice treated acutely with EGF alone or chronically in HFD-fed mice
exposed to Aroclor 1260 + EGF treatment. Male WT C57B1/6 mice fed a control diet were treated with either saline or EGF at multiple doses (0.002, 0.02,
0.2 pg/g), followed by euthanasia at 30 min post IP injection, and tissue was harvested for downstream analysis. Male WT C57BI/6 mice were fed an HFD
(12 wk) and exposed to either vehicle or Aroclor 1260 (20 mg/kg) by a one-time oral gavage at week 1. Aroclor 1260-exposed or vehicle mice were treated
(via IP injection) with saline or EGF (0.2 mg/g) daily for 10 d starting at week 10. Mice were fasted for 12 h and euthanized, and tissues were harvested for
downstream analyses. (A) Plasma glucose (Ai) and plasma pyruvate (Aii) were measured in mice treated with EGF (0.002, 0.02, 0.2 pg/g) or saline control
for 30 min (acute). (B) Plasma glucose (Bi) and plasma pyruvate (Bii) were measured in mice gavaged with corn oil and injected with either saline (CS) or
EGF (0.2 pg/g) (CE) or gavaged with Aroclor 1260 (20 mg/kg) and injected with saline (AS) or EGF (AE) at the conclusion of the chronic model (12 wk).
(Ci-ii) GTTs were performed in the CS, CE, AS, and AE mice as well as (Di-ii) ITTs. An n=5 was used for Figures 3Ai-ii, and the red dot is the
mean + SEM for saline controls for Figures 3Ai—ii. An n=17 was used for Figures 3B-D. A two-way ANOVA was used to statistically compare data sets, fol-
lowed by a Sidak correction for intergroup comparisons. A p <0.05 was considered significant. Significance due to EGF is denoted by (a); Aroclor 1260
denoted by (b); and due to interaction denoted by (c) for the two-way ANOVA. A p <0.05 was denoted by * for the Sidak multiple comparison test. Data are
represented as mean + SEM for Figures 3Ai, 3Aii, 3Ci, and 3Di, but data are presented as box and whisker plots for Figures 3Bii, 3Cii, and 3Dii that illustrate
the median (midline), upper and lower quartiles (box), and the upper and lower limits (whiskers). All numerical data are presented in Table S6 “Numerical
Data” as mean + SD, and p-values can be found in Table S5. Numeric outliers were identified by ROUT method and removed. The number of outliers are
reported in Table S4. Note: AE, Aroclor 1260 + EGF; ANOVA, analysis of variance; AS, Aroclor 1260 + saline; CE, control + EGF; CS, control + saline;
EGF, epidermal growth factor; GTT, glucose tolerance test; HFD, high-fat diet; IP, intraperitoneal; ITT, insulin tolerance test.
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Figure 4. Expression of select hepatic nuclear receptors, AhR, and NRF2 and their respective target genes in HFD-fed mice exposed to vehicle or
Aroclor 1260 + EGF treatment. Male WT C57B1/6 mice were fed an HFD (12 wk) Aroclor 1260 (20 mg/kg) by a one-time oral gavage at week 1. Aroclor 1260-
exposed or vehicle mice were treated (via IP injection) with saline or EGF (0.2 pg/g) daily for 10 d starting at week 10. Mice were fasted for 12 h and euthanized,
and tissues were harvested for downstream analyses. (Ai—Di) Western blot analysis measuring hepatic (Ai) CAR, (Bi) LXRa, (Ci) HNF4a, (Di) NRF2, and p62 pro-
tein expression in mice gavaged with corn oil and injected with either saline (CS) or EGF (0.2 pg/g) (CE) or gavaged with Aroclor 1260 (20 mg/kg) and injected
with saline (AS) or EGF (AE). (Aii-Dii) qPCR analysis measuring hepatic mRNA for (Aii) CAR and CAR/PXR target genes Cyp2b10/Cyp3all, (Bii) LXRa and
target genes Fasn, Srebf1, and Apoe, (Cii) Hnf4o and target genes Pklr, and G6pc (Dii) Nrf2 and target genes Nqol, Mel, Gelc, Gsr, and Gopdh. An n =5 was used
for the western blot analysis data, and an n = 17 was used for all the qPCR data. A two-way ANOVA was used to statistically compare data sets followed by a Sidak
correction for intergroup comparisons. A p < 0.05 was considered significant. A p < 0.05 is denoted by * for the Sidak multiple comparison test. Significance due to
EGF is denoted by (a), due to Aroclor 1260 denoted by (b), and due to interaction denoted by (c) for the two-way ANOVA. Data are presented as box and whisker
plots for Figure 4 that illustrate the median (midline), upper and lower quartiles (box), and the upper and lower limits (whiskers). All numerical data are presented in
Table S6 “Numerical Data” as mean + SD and p-values can be found in Table S5. Numeric outliers were identified by ROUT method and removed. The number of
outliers are reported in Table S4. Note: AE, Aroclor 1260 + EGF; ANOVA, analysis of variance; Apoe, apolipoprotein E; AS, Aroclor 1260 + saline; CAR, consti-
tutive androstane receptor; CE, control + EGF; CS, control + saline; Cyp2b10, cytochrome P450 2B10; Cyp3all, cytochrome P450 3A11; EGF, epidermal growth
factor; Fasn, fatty acid synthase; HFD, high-fat diet; HNF4o, hepatocyte nuclear receptor 4-alpha; Gelc, glutamate-cysteine ligase catalytic subunit; Gsr, glutathi-
one-disulfide reductase; G6pc, glucose-6-phosphatase; G6pdh, glucose-6-phosphate dehydrogenase; IP, intraperitoneal; LXRa, liver X receptor-alpha; NRF2, nu-
clear factor-erythroid 2-related factor 2; Mel, malic enzyme 1; Nqol, NAD(P)H quinone dehydrogenase 1; Pklr, pyruvate kinase, liver type; PXR, pregnane
xenobiotic receptor; p62, sequestosome 1; Srebf1, sterol regulatory element binding transcription factor 1.
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Figure 5. Characterization of the EGF-sensitive hepatic phosphoproteome and kinome: Male WT C57B1/6 mice fed a control diet were treated with either sa-
line or EGF (0.2 pg/g), followed by euthanasia at 30 min post IP injection and liver resection for downstream phosphoproteomic analysis. (A) Volcano plot of

log 2(fold-change) and -log(p-value) for hepatic phosphopeptides (EGF vs.
analysis based on phosphopeptides significantly regulated by EGF administr:

saline) significantly changed with EGF (0.2 pg/g) IP after 30 min. (B) Kinome
ation in the liver. (C) Cluster and GO processes analysis of the significant EGF-

sensitive Phosphopeptides (Clusters numbered 1-7). An n=35 was used for the acute phosphoproteomic study, and a p <0.05 was considered significant by a

two-tailed r-test. Pathways and processes had to meet an FDR <0.05. Note:
false discovery rate; GO, gene ontology; IP, intraperitoneal.

Table 1. Cluster analysis of EGF sensitive hepatic phosphoproteins.

Cluster ID Cluster FDR
1 Gene expression 1.68x 10712
2 Vesicle mediated transport 4.84x107*
3 Endocytosis 3.6x1077
4 Protein ubiquitination 0.0029
5 Carbohydrate metabolism 0.0033
6 Fatty acid metabolism 221%x107°
7 Long chain fatty acid metabolism 0.0011

Note: EGF, epidermal growth factor; FDR, false discovery rate.

Characterization of the EGF-Sensitive Hepatic
Phosphoproteome and Kinome

To the best of our knowledge the in vivo characterization of the
EGF-sensitive hepatic phosphoproteome has not been previously
been performed. Therefore, to better understand the biology of
EGFR signaling in liver, mice were injected with EGF (0.2 png/g)
or saline followed by liver extraction within 30 min and hepatic
phosphoproteomic analysis. A total of 723 phosphopeptides were
identified, and 263 of those p-peptides were downregulated in
EGF treated mice, whereas 159 were significantly enriched
(»<0.05 (Figure 5A). Phosphoprotein abundance and the pre-
dicted kinases regulating those phosphosites were used as indirect
measures of hepatic kinome activity after EGF administration
relative to saline control (Figure 5B). The kinases most robustly
regulated by EGF therapy are located to the far right of the graph
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CE, control + EGF; CS, control + saline; EGF, epidermal growth factor; FDR,

Table 2. EGF-sensitive hepatic phosphoproteins involved in glucose metab-
olism after EGF treatment.

Protein Phosphosite(s) EGF effect
GLUT2 S522 Decreased

GYS2 S627/T630 Decreased

6PGL S591 Decreased

ALDOB S36/S276/S272 Decreased

PGM1 S117 Decreased

PGK1 S203 Decreased

PKLR S292 Decreased

SLCI6A1 S210/S491/S482 Decreased/Increased/Decreased
PDHA S293/S232 Increased/Decreased
MDHI1 S241 Decreased

PCK1 S19 Increased

Note: “EGF Effect” refers to the expression of the relevant phosphorylated protein in
mice injected with EGF (0.2 pg/g IP) vs. those injected with saline followed by liver
extraction within 30 min and hepatic phosphoproteomic analysis. 6PGL, 6-phosphoglu-
conolactonase; ALDOB, aldolase B; GLUT2, glucose transporter 2; EGF, epidermal
growth factor; GYS2, glycogen synthase 2; IP, intraperitoneal; MDH1, malate dehydro-
genase; min, minutes; PCK1, phosphoenolpyruvate carboxykinase 1; PDHA, pyruvate
dehydrogenase E1 component; PGK1, phosphoglycerate kinase 1; PGM1, phosphoglu-
comutase 1; PKLR, pyruvate kinase liver and red blood cell; SLC16A1, solute carrier
family 16 member 1.

(or larger node size), with some being positively (red node) and
others negatively regulated (blue node) (Figure 5B). Extracellular
regulated kinase (ERK), cyclin-dependent kinases (CDKs), and
glycogen synthase kinase alpha (GSK3o) had higher activity
in EGF-treated mice relative to saline controls. For example,
CDK2/12 (227,201-fold/163,201-fold) and GSK3a (31-fold) were
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Table 3. EGF Sensitive hepatic phosphoproteins involved in lipid
metabolism.

Table 4. EGF-sensitive hepatic phosphoproteins involved in inflammation,
fibrosis, and cell death.

Protein Phosphosite(s) EGF effect Protein Phosphosite(s) EGF effect

ACC S267/S30/5263 Decreased RIPK1 S313 Increased

ACLY S455 Decreased AIFM1 S581/8267 Increased/ Decreased

ACACA S29 Decreased BCL2L13 T342 Decreased

COASY S177 Decreased BCLF1 S177/S529/S656 Increased/ Decreased/Decreased
ACOT1 S56/S461 Increased/Decreased BNIP3 S88 Decreased

LPIN1 S106 Decreased PDCD4 S457 Increased

OATPB S115 Decreased STAB2 S2503 Decreased

LDLR S1418 Decreased MEF2C S285 Decreased

Note: “EGF Effect” refers to the expression of the relevant phosphorylated protein in
mice injected with EGF (0.2 pg/g IP) versus those injected with saline followed by liver
extraction within 30 min and hepatic phosphoproteomic analysis. ACC, acetyl-CoA car-
boxylase; ACLY, ATP citrate synthase; ACOTI, acyl-CoA Thioesterase 1; ACSS2,
acyl-CoA synthetase short chain family member 2; COASY, coenzyme A synthase;
EGF, epidermal growth factor; IP, intraperitoneal; LDLR, LDL receptor; LPIN1, lipin
1; min, minutes; OATPB, solute carrier organic anion transporter family member 2B1.

hyperphosphorylated in EGF-treated mice relative to saline con-
trols. In contrast, AMP-activated protein kinase (AMPK) and
cAMP-dependent kinase (PKA) had lower activity. Activating
phosphorylation sites of PKA (3,298-fold) and AMPK (108,858-
fold) were lower in EGF treated mice relative to saline controls.
Cluster analysis of the hepatic EGF-sensitive phosphoproteome
demonstrated clusters of proteins by functional interactions and
homology (Figure 5C). Cluster analysis identified six major
protein clusters regulated by EGF in the liver including gene
expression, vesicle mediated transport, endocytosis, protein ubig-
uitination, carbohydrate metabolism, fatty acid metabolism, and
long chain fatty acid metabolism (Table 1). Many enzymes
involved in glucose metabolism, lipid metabolism, and inflamma-
tion were regulated by EGF in the liver (Tables 2—4). It is interest-
ing to note that the pyruvate transporter solute carrier family 16
member 1 (SLC16A1) was phospho-regulated by EGF, as well as
glucose transporter 2 (GLUT2). The LDL receptor (LDLR) and
acetyl-coA carboxylase (ACC), the rate-limiting enzyme in fatty
acid synthesis, were also phospho-regulated by EGF. Receptor
interacting serine/threonine kinase 1 (RIPK1), the effector kinase
in cytokine mediated cell death, and stabilin-2 (STAB2), the phos-
phatidylserine receptor, are inflammatory mediators regulated by

Note: “EGF Effect” refers to the expression of the relevant phosphorylated protein in
mice injected with EGF (0.2 pg/g IP) vs. those injected with saline followed by liver
extraction within 30 min and hepatic phosphoproteomic analysis. AIFM1, apoptosis
inducing factor mitochondria associated 1; BCL2L13, BCL2 like 13; BCLF1, BCL2
associated transcription factor 1; BNIP3, BCL2 interacting protein 3; EGF, epidermal
growth factor; IP, intraperitoneal; MEF2C, myocyte enhancer factor 2c; Min, minutes;
PDCD4, programmed cell death protein 4; RIPK1, receptor interacting serine/threonine
kinase 1; STAB2, stabilin-2.

EGEFR signaling. A surprising finding was that myocyte enhance-
ment factor 2C (MEF2C), the hepatic stellate cell (HSC) identity
factor, was also regulated by EGFR signaling. Some EGF phos-
phorylation targets detected were measured in murine liver from
the chronic study, including S455-ACLY, S96-KAP2, and Y15-
CDK?2 (Figure S4).

Discussion

Receptor-based modes of action have classically been proposed
for PCBs in environmental health. Indeed, PCBs, including some
nondioxin-like congeners, can activate both human (Wahlang
et al. 2014a) and rodent (Wahlang et al. 2014b) CAR and PXR,
implying that these receptors could play a mechanistic role in the
toxicity of these compounds. Previous studies from our group
showed that PCBs exacerbated liver disease induced by high-fat
feeding in mice (Wahlang et al. 2014b). However, CAR or PXR
null mice fed an HFD still developed steatohepatitis following
PCB exposures (Wahlang et al. 2016). Therefore, it appeared that
targets other than xenobiotic and endobiotic receptors might play
a role in promoting PCB-induced hepatotoxicity. In our more
recent studies, we demonstrated that PCBs could interact with

Effect of epidermal growth factor treatment and polychlorinated biphenyl
exposure in a dietary-exposure mouse model of steatohepatitis

EGF

PCBs
High Fat Diet
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Figure 6. Effect of EGF treatment and PCB exposure in a dietary-exposure mouse model of steatohepatitis: graphical abstract illustrating EGF therapy reducing
hepatic inflammation and pericellular fibrosis induced by Aroclor 1260 but only modifying metabolic effects on lipid homeostasis in mice fed an HFD. Note:
EGF, epidermal growth factor; HFD, high-fat diet; PCB, polychlorinated biphenyl.
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another receptor, the EGFR, in NASH in vitro (Hardesty et al.
2017, 2018) and in murine liver (Hardesty et al. 2017, 2019a,
2019b; Jin et al. 2020). Similarly, classes of EGFR inhibitors
have been associated with liver injury (Qian et al. 2020) in cancer
patients. PCB exposures reduced EGFR signaling by inhibiting
EGFR phosphorylation, thereby decreasing downstream protein
kinase activity leading to indirect CAR activation in mouse liver
(Hardesty et al. 2017, 2019a) and in vitro (Hardesty et al. 2017).
However, the causality of this so-called signaling disruption in
PCB-associated NASH has not previously been demonstrated.
This present research tested the hypothesis that EGF administra-
tion can attenuate PCB-related NASH by increasing EGFR sig-
naling in a mouse model. By and large, the data support this
hypothesis. EGF administration affected multiple physiological
pathways to positively affect key NAFLD end points, but it was
also associated with some undesirable metabolic side effects. In
addition, the EGF-sensitive hepatic phosphoproteome and
kinome were determined. These data support the need for more
research investigating the EGFR’s role in NASH and environ-
mental health. Recently, promoter hypermethylation (down-regu-
lation mark) of an EGFR dimerization partner (ERBB3 gene) was
associated with dioxin exposures in the ACHS II cohort study
(Pittman et al. 2020). This would suggest that environmental
chemical exposures may disrupt EGFR signaling through multi-
ple modes of action.

Histologically, NASH is characterized by steatosis, inflamma-
tion, and fibrosis (Brunt et al. 2015); and Aroclor 1260-exposed
mice fed an HFD developed NASH (Wahlang et al. 2014b).
Although EGF-treated mice had lower hepatic FFAs, they did not
have improved overall hepatic steatosis. EGF-treated mice did,
however, have less PCB-induced hepatic inflammation and fibro-
sis characteristic of improved NASH. This finding is of interest
because NASH, and in particular fibrosis, drives mortality in
NAFLD (Angulo et al. 2015). That is why FDA has chosen
coprimary end points related to histologic improvement in fibro-
sis or nonalcoholic steatohepatitis score (NAS) for NAFLD clini-
cal trials (Filozof et al. 2017). Thus, the main finding of the
present study is that EGF-treated mice had attenuated PCB-
induced hepatic inflammation and fibrosis in NASH. EGF exerted
a myriad of anti-inflammatory effects to significantly reduce his-
tological liver inflammation. It reduced plasma levels and liver
expression of major proinflammatory cytokines associated with
NAFLD such as TNFa and PAI-1, while reducing 77r4 expres-
sion. At least in the acute study, EGF regulated numerous phos-
phoproteins implicated in liver inflammation, injury, and cell
death, including RIPK1 and STAB2 (Table 4). RIPK1 has been
implicated in PCB-induced neuronal necroptosis (Guida et al.
2017), and STAB2 regulates efferocytosis critical for the resolu-
tion of inflammation following cell death (Elliott et al. 2017). At
least some target genes of the protective transcription factor,
NREF2, were increased in EGF-treated mice in the chronic model.
However, not all NRF2 target genes behaved the same way in
response to EGF or Aroclor 1260, indicative of transcriptional
cross talk or potential off-target effects.

Aroclor 1260 exposure induced pericellular fibrosis, which
was not present in combination with EGF cotreated mice, sug-
gesting EGF may induce hepatic resolution of inflammation and
or immune cell mediated clearance of dead cells. This in turn
would prevent the development of scar tissue (fibrosis) due to ex-
cessive hepatocellular death and lack of inflammatory resolution.
Previous studies have demonstrated that EGFR is required for ef-
ficient liver regeneration, which could explain the lack of fibrosis
in EGF-treated mice (Natarajan et al. 2007). An interesting find-
ing is that EGF-treated mice had lower expression of HSC gene
markers of activation (e.g., Tgf B, Mef2c), suggesting a dampened
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fibrotic response even in Aroclor 1260-exposed mice treated with
EGF. In the acute study, HSC activating transcription factor
MEF2C had lower phosphorylation at S285 in EGF-treated mice,
suggesting EGF may also act on HSCs to diminish HSC activa-
tion through diminished MEF2C phosphorylation. This could
also be a contributing factor to the decrease in pericellular fibro-
sis in EGF-treated and Aroclor 1260-exposed mice.

In contrast, EGF’s effects on metabolism in NASH were com-
plex. Cluster analysis of phosphoproteomic data revealed that
lipid and carbohydrate metabolism were among the top pathways
affected by acute EGF administration (Table 1). Regarding lipid
metabolism, EGF-treated mice had lower hepatic FFAs that were
higher in chronic Aroclor 1260-exposed mice along with higher
plasma VLDL. This impact was counterbalanced by higher
LXRa target gene expression and higher de novo lipogenesis and
cholesterol synthesis in EGF-treated mice. Because more lipids
were simultaneously made and exported by liver, steatosis grade
did not change significantly. The observed higher liver choles-
terol levels observed in EGF-treated mice is consistent with pre-
viously published data measuring liver cholesterol in EGFR gain
of function mice (Scheving et al. 2014). Phosphoproteomic data
demonstrated that acute EGF regulated many proteins involved
in lipid metabolism, including ACC and the LDLR (Table 3).
Importantly, ACC inhibitors are currently in clinical trials testing
for NASH therapeutic efficacy (Loomba et al. 2018). Collectively,
AE vs. AS mice had lower hepatic prooxidative FFAs, higher he-
patic triglycerides, higher plasma VLDL, and higher white adipose
tissue (WAT) weight, suggesting EGF-treated mice had more lipid
redistributed from the liver to WAT for storage. Adverse effects
included worsened dyslipidemia and a trend toward greater
adiposity.

In addition to effects on lipid metabolism, EGF-treated mice
also had altered glucose metabolism. EGF-treated mice, whether
acute or chronic, had fasting hyperglycemia. Acute EGF-treated
mice had enhanced hepatic gluconeogenesis, whereas chronic
EGF treated mice had lower adiponectin levels associated with
reduce insulin sensitivity. A previous in vitro study demonstrated
that hepatic EGFR signaling was glucogenic through uptake of
gluconeogenic substrates such as pyruvate (Rashed and Patel
1991). The present study may be the first to demonstrate acute
EGF’s glucogenic effects in vivo. A recent study provides evi-
dence that hepatic EGFR signaling peaks in the inactive state in
mice (Robles et al. 2017), suggestive that it may contribute to
fasting blood glucose homeostasis. Mice acutely treated with
EGF had higher blood glucose and lower pyruvate levels, which
was associated with EGF-mediated phosphorylation of glucose
metabolizing enzymes in the liver. We were surprised to find that
these effects appeared independent of the glucagon-PKA-AMPK
signaling pathway because EGF-treated mice had less activation
of this pathway. Several specific EGF-sensitive phosphoproteins
affecting carbohydrate metabolism were identified such as glu-
cose transporter 2 and phosphoenolpyruvate carboxykinase 1
(Table 2).

Insulin sensitivity was lower in chronic EGF-treated mice
contrasting the roles of the structurally related insulin and EGF
receptors in hepatic glucose metabolism. Diabetes is perhaps the
most significant clinical determinant of NASH disease severity
and progression (Younossi et al. 2019), so the observed improve-
ment in NASH severity despite less insulin sensitivity with
chronic EGF administration was unexpected. Previously, in vivo
characterization of the insulin-sensitive phosphoproteome in the
liver identified many key pathways influenced by insulin in mice
(Humphrey et al. 2015). Some of the insulin-sensitive kinases
(e.g., active AKT and inactive GSK3o) contrast the EGF-
sensitive kinases found in the acute study presented here, except
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for AMPK and PKA, which were both inactivated by EGF
(Robles et al. 2017) and insulin signaling (Humphrey et al. 2015;
Robles et al. 2017) in murine liver. Whether or not these changes
persisted contributing to the insulin resistance associated with
chronic EGF administration remains to be determined.

Hepatic nuclear receptors are being targeted for NASH ther-
apy (Boeckmans et al. 2019; Patel et al. 2020), and nondioxin-
like PCB exposures in mice have been demonstrated to regulate
nuclear receptor target gene expression and to influence liver me-
tabolism (Wahlang et al. 2014b, 2016). EGFR is known to regu-
late many nuclear receptors and transcription factors through
protein phosphorylation (Llorens et al. 2011). In this study,
chronic EGF treatment modulated the target gene expression of
multiple nuclear receptors. EGF-treated mice had lower CAR and
FXR target gene expression but higher HNF4a, LXRa, and the
related receptor, AhR target gene expression. This work reinfor-
ces previous studies by Negishi et al. (Mutoh et al. 2013) demon-
strating that EGFR signaling negatively regulated CAR in vitro
(Hardesty et al. 2017) and in mouse liver (Hardesty et al. 2017).
HNF4o is a master transcriptional regulator of liver function
(Watt et al. 2003). EGFR signaling has previously been shown to
increase HNF4o target gene expression in vitro (Hardesty et al.
2019b); and the present study confirms those results. The impact
of dioxins acting through AhR on EGF production and EGFR
signaling has been investigated in mice previously (Lin et al.
1991). However, the present study investigated the impact of
EGFR activation on AhR target gene expression, and such
research does not appear to have previously been reported.
Several potential mechanisms could explain the observed regula-
tion of xenobiotic and endobiotic receptors by EGF. These
include indirect transcription factor phosphorylation by EGFR
effector kinases, alteration in ligand abundance, and cross talk.
EGFR signaling may also activate nuclear receptors through indi-
rect activation of retinoid X receptor (nuclear receptor dimeriza-
tion partner) by increasing the hepatic pool of retinoic acid by
phosphoregulation of aldehyde dehydrogenases.

Male mice were used in this study based on the prevalence of
suspected TASH in men in the ACHS cohort (Clair et al. 2018).
However, a recent study demonstrated that female mice devel-
oped exacerbated PCB-mediated TASH associated with decreased
hepatic EGFR expression and phosphorylation (Wahlang et al.
2019c). Future studies investigating the responsiveness between
male and female mice to EGF treatment in a PCB and dietary
TASH model are warranted.

PCBs are signaling (Hardesty et al. 2019a) and metabolism
disrupting chemicals (Heindel et al. 2017). PCBs appear to be
competitive antagonists of the EGFR (Hardesty et al. 2018). PCB
exposures cause more severe NASH in HFD-fed mice (Wahlang
et al. 2014b). Because other growth factors are being investigated
for NASH therapy, we investigated EGF treatment for Aroclor
1260-induced NASH in a preclinical model. EGF reduced liver
FFAs and improved inflammation and fibrosis, thereby validating
EGFR inhibition as a causal mode of action for PCBs in a murine
model of NASH. Several adverse effects were observed, reducing
the enthusiasm for the clinical translation of this research. In this
study EGF-treated mice had more severe dyslipidemia and fast-
ing hyperglycemia. These data are summarized in Figure 6. To
our knowledge, we performed the first study characterizing the
hepatic EGF-sensitive phosphoproteome in vivo. These results
demonstrate the potential importance of EGFR signaling in liver
physiology. More data are required to better understand the com-
plex and understudied role of the EGFR in environmental health
and liver disease. Future studies will use EGFR inhibitors to
determine whether the phenotype is similar to PCBs in the con-
text of NAFLD.
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