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Abstract

Background: Chronic alcohol abuse is a major risk factor for the development of liver
steatosis, fibrosis and cirrhosis, but the mechanisms by which alcohol causes liver damage remain
incompletely elucidated. This group has reported that a4 nicotinic acetylcholine receptors (a4
nAChRSs) act as sensors for alcohol in lung cells. The purpose of the present study was to test the
hypothesis that a4 nAChRs mediate the effects of alcohol in the liver.

Methods: Expression of acetylcholine receptor subunits in mouse liver was determined by RNA
sequencing (RNA-seq). a4 nAChR knockout (a4 KO) mice were generated in C57BL/6J mice by
introducing a mutation encoding an early stop codon in exon 4 of Chrna4, the gene encoding the
a4 subunit of NAChRs. The presence of the inactivating mutation was established by polymerase
chain reaction (PCR) and genomic sequencing, and the lack of a4 nAChR function was confirmed
in primary fibroblasts isolated from the a4 KO mice. Wildtype (WT) and a4 KO mice were fed
the Lieber-DeCarli diet (with 36% calories from alcohol) or pair fed an isocaloric maltose-dextrin
control diet for a 6-week period that included a ramping up phase of increasing alcohol in the diet.

Results: Chrna4 was the most abundantly expressed nAChR subunit gene in mouse livers.

After 6 weeks of alcohol exposure, WT mice had elevated serum transaminases and their livers
showed increased fat accumulation, decreased Sirtl protein levels, and accumulation of markers of
oxidative stress and inflammation including Cyp2E1, Nos2, Sod1, Slc7all, TNFa, and PAI1. All
of these responses to alcohol were either absent or significantly attenuated in a4 KO animals.

Conclusion: Together, these observations support the conclusion that activation of a4 nAChRs
by alcohol or one of its metabolites is one of the initial events promoting accumulation of excess
fat and expression of inflammatory mediators. Thus, a4 nAChRs may represent viable targets for
intervention in chronic alcohol-related liver disease.
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INTRODUCTION

Globally, alcohol use represents the most common substance use disorder, with 2.4 billion
people actively consuming alcohol in 2016 (Thursz et al., 2019). The liver is a major

target of alcohol toxicity. Alcohol-associated liver disease (ALD) is a spectrum of disorders
ranging from simple steatosis to steatohepatitis, fibrosis, and cirrhosis (Hosseini et al.,
2019). Hepatic fat accumulation (steatosis) represents one of the earliest pathological
responses to chronic alcohol intake. Increased rates of lipid synthesis (lipogenesis) and
decreased rates of lipid breakdown (e.g., fatty acid p-oxidation) both contribute to

the accumulation of fat within hepatocytes in response to alcohol exposure (Jeon and

Carr, 2020). Several genes that control lipogenesis are upregulated by activation of the
transcription factor Srebpl by alcohol (Jeon and Carr, 2020). Moreover, alcohol inhibits
[-oxidation of fatty acids by inhibiting Ppara (Meng et al., 2020). There is evidence for
crosstalk between the pathways regulating lipogenesis and B-oxidation. Indeed, both of these
pathways are regulated by Sirtl, a protein deacetylase that is emerging as a master regulator
of alcohol’s effects on hepatic lipid metabolism (You et al., 2015, Ding et al., 2017). It is not
entirely clear, however, how alcohol exposure inhibits Sirtl expression and activity.

Alcohol exposure produces oxidative stress by increasing production of oxidants and
depleting antioxidants. Sources of oxidants include CYP2E1-mediated alcohol metabolism
and inflammatory cell activation (Beier et al., 2011, Kirpich et al., 2019). Kupffer cells,
hepatic stellate cells, hepatocytes, and endothelial cells are sensitive to oxidative stress,
which results in lipid peroxidation and damage to proteins and DNA. Under these
circumstances, redox homeostasis is maintained by antioxidant mechanisms involving the
activation of antioxidant enzymes such as catalase and superoxide dismutases and the
generation of the non-enzymatic antioxidant glutathione (GSH) (L. et al., 2015). Oxidative
stress also triggers changes in the expression and activity of lipid metabolism genes,

the secretion of pro-inflammatory cytokines (e.g., tumor necrosis factor-a), alterations in
fibrinolysis (e.g., plasminogen activator inhibitor —1), and surface expression of amino
acid transporters (e.g., Slc7all), among other changes. Because oxidative stress is an
early consequence of alcohol toxicity that can exacerbate liver injury, identifying cellular
mechanisms responsible for sensing and responding to alcohol may lead to novel ways to
intervene and break this vicious cycle.

Previously, we showed that a4 nicotinic acetylcholine receptors (a4 nAChRs) act as alcohol
sensors in mouse lung fibroblasts. Both pharmacological inhibitors and downregulation of
a4 nAChR by siRNA inhibited the alcohol-induced expression of fibronectin in these cells
(Ritzenthaler et al., 2013, Roman et al., 2005). These nAChRs are members of a family

of non-selective cation channels that are activated by the neurotransmitter acetylcholine

and are widely expressed at synaptic junctions (Lindstrom et al., 1996, Lindstrom, 1997).
Non-neuronal cells and tissues also express some members of this family, and there is
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abundant evidence that these receptors have a function outside of the central and peripheral
nervous systems (Aistrup et al., 1999, Davis and de Fiebre, 2006, Zhang et al., 2017,
Hiemke et al., 1996, Mizuno et al., 1982, Davies et al., 1982, Kishibe et al., 2015, Zia

etal., 1997, Maus et al., 1998, Zheng et al., 2007). Sixteen genes encoding for nAChR
subunits have been identified in mammals including nine distinct a subunits (a1-a7, a9 and
a10), four B subunits (81-p4), and the 6, -y and & subunits (Pedersen et al., 2019). Except
for nAChRs located at somatic neuromuscular junctions and in embryonic and denervated
skeletal muscle, NAChRs assemble as hetero-pentamers containing combinations of a and

B subunits. The a7 and a9 subunits can also form functional homo-pentamers (Pan et al.,
2019).

In a recent analysis of data from several large genetic consortiums, it was found that human
liver expresses high levels of Chrna4, the gene that encodes the a.4 subunit of nAChRs, and
that the tissue distribution of expression of Chrna4 and associated epigenetic markers were
conserved between humans and mice (Zhang et al., 2017). An examination of CAGE-seq
data revealed that hepatocytes, but not hepatic sinusoid or stellate cells, were responsible for
the high liver expression of Chrna4 (Zhang et al., 2017). Despite its high level of expression,
the function of Chrnad-encoded a4 nAChRs in the liver is unknown. To begin to address this
gap in knowledge, we generated mice with an a4 nAChR knockout mutation. Herein, we
describe the characterization of these animals, explore the impact of alcohol intake using a
well-studied experimental model of alcohol-related liver disease, and examine the potential
role of Sirtl (You et al., 2015).

MATERIALS AND METHODS

Reagents

All reagents were purchased from Sigma Chemicals (St. Louis, MO) or Fisher Scientific
(Pittsburgh, PA) unless otherwise specified.

Generation of a4 nAChR knockout mice

The a4 nAChR knockout animals were generated at the Transgenic Mouse

Facility, University of California (Irvine, CA) using Crispr/Cas9 and SgRNA
(CCCATCTGAACTCATCTGGGG) to target specific sequences and to generate a Double
Strand Break (DSB) in exon 4 of the a4 nAChR gene in C57BL/6N mice. Genomic DNA
was isolated and submitted to the University of California-Irvine sequencing core facility
to verify the mutation; a 17 bp deletion introduced a premature Stop codon in exon 4. The
a4 nAChR knockout animals (F1) were then backcrossed with wild type C57BL/6J mice
(Jackson Laboratories, Bar Harbor, ME) for a minimum of 8 generations. All animals were
housed in a pathogen-free facility with a 12-hour light/dark cycle and access to food and
water ad libitum prior to initiation of liquid alcohol diets (see below). The institutional
animal care and use committee (IACUC) at the University of Louisville approved all
experiments.

Alcohol Clin Exp Res. Author manuscript; available in PMC 2023 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Watson et al.

Page 4

Genotyping of homozygous and heterozygous a4 nAChR knockout mice

To distinguish between wild type (WT) and mutant alleles of the Chrna4 gene, we developed
an amplification refractory mutation system (Newton et al., 1989) which we refer to as

the Refractory Oligonucleotide Mutational Alpha4 Notification System (ROMANS) (see
Figure 1B). Genomic DNA was isolated using the Phire Animal Tissue Direct PCR

Kit (Thermo Scientific, Pittsburgh, PA). Genomic DNA was amplified by PCR using

either the wildtype forward primer (5 ACTACA AACTGCGCTGGGACCC) or mutant
forward primer (5 ACTACA AACTGCGCTGGGAATG) along with the reverse primer (5’
TGGAAGAGTTTAAGGATGGGACC) of the ROMANS (see Figure 1B). Reactions were
performed using the following parameters: 98 °C for 30 sec followed by 40 cycles of 98
°Cfor5s,65°Cfor5s, 72 °C for 10 s. Samples were loaded onto a 1% agarose gel,
electrophoresed for 1 h at 150 volts in 1x TAE running buffer, and stained with ethidium
bromide.

Chronic alcohol exposure

Male and female C57BL/6J WT mice obtained from Jackson Laboratories, and male and
female mice homozygous for the a4 knock out mutation (a4 KO) were from our breeding
colony of homozygous mice as described above. WT and a4 KO mice were exposed to
chronic alcohol using the Lieber-DeCarli isocaloric liquid diets (Dyets, Inc., Bethlehem,
PA) containing either ethanol (EtOH) or an isocaloric maltose-dextrin control diet (MD)
according to the manufacturer’s instructions. Diets were replaced daily using clean feeding
tubes. The dietary period included the following exposure schedule: 0% v/v ethanol (days
1-2); 1% vl/v ethanol (days 3-4); 2% v/v ethanol (days 5-6); 4% v/v ethanol (days 7-13);
5% v/v ethanol (days 14-20); 6% v/v ethanol (days 21-42). The 6% v/v ethanol results in
36% of the total calories derived from ethanol. Pair feeding was used to ensure that equal
volumes of the liquid diets and, therefore, the same number of calories, were consumed by
both groups.

Isolation and measurement of mMRNA by qPCR

RNA was isolated from mouse liver tissue. Briefly, the liver tissue was harvested

and placed into a sterile DNA- and RNA-free tube containing 1.4 mm ceramic

beads (Omni International, Kennesaw, GA) and 700 ul Ribozol RNA isolation reagent
(Amresco, Solon, OH). Samples were homogenized for 30 sec using a BeadMill 4

(Fisher Scientific, Hampton, NH) and centrifuged (10,000 x g) for 5 min. RNA was
isolated from the supernatant and purified using Zymo Direct-ZOL RNA mini-prep

plus (Zymo, Irvine, CA). The purified RNA was quantified using a Beckman Coulter
DUBO00 spectrophotometer. RNA was reverse transcribed using the Bio-Rad iScript

cDNA synthesis kit (Bio-Rad, Hercules, CA). Real-time quantitative PCR (qPCR)

was performed for the quantification of Slc7all, Tnf, Serpinel, Chrna4, Chrna7,

Sod1, Nos2, B2m and Gapdh mRNA expression using TagMan Gene Expression

Assay (Slc7all, Mm00442530_m1; Tnf, Mm00443258 m1; Serpinel, Mm00436753 m1;
Chrna4, Mm00516561; Chrna7, Mm01312230_m1; Sod1l, Mm01344233 g1; Nos2,
MmO00440502_m1; B2m, Mm00437762_m1; Gapdh, Mm99999915 g1; Life Technologies,
Carlsbad, CA) according to the manufacturer’s instructions. The StepOnePlus Real Time
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PCR System (Life Technologies, Carlshad, CA) was used with the following reaction
settings: 50 °C for 2 min, 95 °C for 0 min, followed by 40 cycles of 95 °C for 15 s

and 60 °C for 1 min. Results were analyzed using StepOnePlus Software version 2.3 and the
amplification curves were subjected to the mathematical equation of the second derivative.
Ct values were normalized to the housekeeping gene B2m. Results were expressed as the
fold increase in mMRNA compared to samples from WT pair-fed mice using the 2-AACt
method.

Isolation and measurement of liver protein

Protein was isolated from mouse liver tissue. Briefly, liver tissue was placed into a 2

ml bead tube containing 1.4 mm ceramic beads (Omni International, Kennesaw, GA) and
RIPA buffer (Thermofisher, Waltham, MA) and homogenized using a Bead Mill 4 cell
disruptor (Thermofisher, Waltham, MA). The total protein concentration was measured
using Bradford protein dye reagent (Bio-Rad, Hercules, CA) and quantified using a
Beckman DUB800 spectrophotometer (Beckman Coulter, Brea, CA) at OD 595. Samples
(25 pg) were mixed with sample buffer (2x, 100 mM Tris pH 6.8, 4 % SDS, 0.2%
Bromophenol Blue, 20% Glycerol), heated to 98°C for 5 min, centrifuged and loaded

onto a 10% SDS polyacrylamide gel and electrophoresed at 150 V for 1 hour. Afterwards,
protein was transferred onto 0.2 um nitrocellulose membrane (Bio-Rad, Hercules, CA) at
25V for 1.5 hour using a Trans-Blot SD semi-dry transfer cell (Bio-Rad, Hercules, CA).
Membranes were blocked for 45 min at room temperature in block buffer (Odyssey, Li-COR
Biosciences, Lincoln, NE). Membranes were then incubated with primary antibody against
GAPDH (Abcam, #ab8245, 1:5000), Beta-actin (Abcam, #ab8224, 1:5000 dilution), Slc7all
(Abcam, #175186, 1:1000 dilution), Tnf (Cell Signaling #11948, 1:1000 dilution), Cyp2E1
(Abcam, #ab28146, 1:1000 dilution), or Sirtl (Cell Signaling, #9475, 1:1000 dilution)
overnight at 4°C. Membranes were washed (3 x 10 min) with phosphate buffered saline
(PBS) solution containing 0.2% tween-20 (PBST) and incubated with secondary antibody
(LI-COR, goat anti rabbit, #926-32211, #926—68071 or goat anti-mouse, #926—68070,
#926-32210 at 1:5000 or 1:20000 dilution) for 1 hour at room temperature. Membranes
were washed again in PBST (3 x 10 min) and scanned using a LI-COR Odyssey CLx
imaging system and analyzed in Image Studio Lite (LI-COR).

Analysis of nAChR subunit expression

As part of a separate study (Young et al., 2019), male and female WT C57BL/6J mice were
fed a purified diet providing 13% of calories from fat (TD.16377, Envigo, Madison, WI)
beginning at weaning and continuing for 10 weeks. RNA was isolated from the livers and
analyzed by RNA-seq. Fragments per kilobase of exon per million reads mapped (FPKM)
were determined for each of the nAChR subunits.

Derivatization and HPLC analysis of plasma and liver tissue

Mouse plasma and liver tissue were analyzed for levels of cysteine (Cys), cystine (CySS),
GSH, glutathione disulfide (GSSG), and cysteine-glutathione disulfide (CySSG) by HPLC.
Briefly, deproteinized plasma and tissue samples were derivatized by the successive addition
of iodoacetic acid and dansyl chloride, and analyzed by HPLC (Waters Corporation,
Millford, MA) as previously described (Jones and Liang, 2009, Watson et al., 2020).
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Concentrations of Cys, CySS, GSH, GSSG, CySSG were measured by integration relative to
the internal standard y-glutamyl glutamate. Total glutathione was calculated by the equation:
Total GSH = [GSH] + 2*[GSSG] + [CySSG].

Measurement of ALT and AST liver enzymes

Serum Alanine Aminotransferase (ALT) and Aspartate Aminotransferase (AST) enzyme
levels were measured by Colorimetric Detection using kits from Sigma (AST, #MAKAO055;
ALT, #MAKO052, St. Louis, MO). All results were recorded as the amount of activity in U/L
by comparison to a standard curve.

Histological analysis and Oil Red O staining

Liver tissues were harvested and fixed with formalin, processed, and embedded in paraffin.
Afterwards, tissue sections were cut using a Leica microtome (Leica, Wetzlar, Germany)

at a thickness of 6 um and stained using standard procedures for hematoxylin and eosin
(H&E) (Fisher, Pittsburgh, PA). A portion of liver tissue was also harvested and immediately
flash-frozen in liquid nitrogen for staining with Oil Red O. The frozen tissue was embedded
in Tissue-Tek OCT using standard tissue molds. The frozen liver tissue was sectioned using
a cryotome and placed on glass slides. Sections were incubated with Oil Red O staining
solution for 10 min at room temperature. Afterwards, tissue sections were counterstained
with hematoxylin and photographed.

Measurement of hepatic triglycerides and free fatty acids

Liver triglyceride (TG) and free fatty acid (FFA) levels were determined using commercial
kits according to the manufacturer’s instructions (Thermo Scientific) (Li et al., 2020).

Myeloperoxidase staining

Mouse livers were fixed in buffered formalin (Fisher Scientific, Waltham, MA) overnight

at room temperature, dehydrated and embedded in paraffin. Six pm sections were
deparaffinized and rehydrated, and antigen retrieval was performed using sodium citrate
(pH 6). Sections were stained with an antibody to myeloperoxidase (ab208670 from Abcam,
Waltham, MA) at a dilution of 1:500. Images were taken using an EVOS FL microscope
(Life Technologies, Carlsbad, CA) at 20X magnification. Three mice from each group

were analyzed. For each mouse, ten fields were randomly selected, and cells positive for
myeloperoxidase were counted in each field. The average number of positive cells per field
for each mouse was used to compare groups in GraphPad Prism.

Determination of alcohol metabolism rates

Five female and five male WT and a4 KO mice were given a bolus i.p. injection of alcohol
(1.12 g/kg body weight) and blood was collected 0.5, 1 and 2 hours later. Blood alcohol
concentrations were measured with the EnzyChrom Ethanol Assay Kit (BioAssay Systems)
following the manufacturer’s instructions. Concentration vs time data were fit to a linear
model reflecting zero order metabolism of alcohol.
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Analysis of data and statistical evaluation

All assays were performed on at least 4 and up to 24 biological replicates for each sample
group. Numerical data are presented as means plus standard error of the mean. Significance
was assessed by 2-way ANOVA using Tukey’s multiple comparison test in GraphPad
Prism to compare individual groups. For graphical representation of significance between
groups, the following notations were used: p<0.0332 (*), p<0.0021 (**), p<0.0002 (***),
and p<0.0001 (****).

RESULTS

Expression of nicotinic acetylcholine receptor subunits in murine liver

To begin to understand the spectrum of nAChRs expressed in mouse liver, we analyzed
RNA-seq data that we obtained from the livers of male and female mice fed a low fat control
diet as part of another study (Young et al., 2019). As shown in Figure 1A, the gene encoding
the a4 subunit (Chrna4) was by far the most abundantly expressed. Chrna2 (a.2) was also
expressed, but all other a subunits were expressed at very low levels or not at all. Among the
potential a4 nAChR binding partners, both g1 and p2 were expressed in mouse liver (Figure
1A). Male and female mice had similar patterns of expression of the nAChR subunits in that
study.

Generation of a4 nAChR knockout mice

Given that Chrna4 is abundantly expressed in the liver, we reasoned that it might play a
functional role in this non-neuronal tissue and that its absence could alter alcohol-related
effects. To test this idea, we generated a4 nAChR (Chrna4) knockout mice (a4 KO) using
Crispr/Cas technology and confirmed the mutation of both alleles by PCR (Figure 1B).
Mice with null mutations in the a4 nAChR subunit appeared normal and healthy, which

is consistent with observations by others (Marubio et al., 2003, Cordero-Erausquin et al.,
2000). The a4 KO animals developed normally and their phenotype was indistinguishable
from C57BL/6J mice. Both male and female a4 KO mice were fertile and had body weights
comparable to similarly aged WT C57BL/6J mice. Mating of the a4 KO animals produced
litter sizes of 6 to 9 pups, similar to that of the C57BL/6J mice. Histological examination
of lung and liver demonstrated normal tissue structure, and other abdominal organs in both
male and female a4 KO animals appeared normal upon macroscopic examination. The
knock out effectively prevented expression of the Chrna4 gene in both male and female
mice, as evidenced by the lack of detectable mRNA by qPCR (Figure 1C). In WT mice,
Chrnad was expressed at higher levels in the livers of female mice on the control liquid diet
used in the present study (Figure 1C), confirming that the higher levels seen by RNA-seq in
female mice (Figure 1A) was reproducible and consistent from the low fat diet to the high
fat diet used in the 2 studies.

Alcohol increases Chrna4 expression, fat accumulation, injury and inflammation in the
livers of WT animals, but not in a4 KO animals

To study the impact of alcohol, wildtype (WT) and a4 KO mice were fed the Lieber-DeCarli
diet (with 36% calories from alcohol) or pair fed an isocaloric maltose-dextrin control diet
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for 6 weeks. The results of assays presented in the subsequent figures were performed on
samples from male mice. Some assays were also performed on samples from female mice,
and the results of these studies are included in the Supporting Information, as they suggest
that similar mechanisms are relevant in females, but further investigations are needed.
Chrna4 mRNA levels were increased in the livers of alcohol-fed WT mice but remained
undetectable in a4 KO mice (Figure 2A and Figure S1). Chrna7, the gene encoding the a.7
subunit, was undetectable in either WT or a4 KO mice, regardless of whether they received
the alcohol diet or the maltose-dextrin control diet (not shown). To provide evidence that
hepatocytes express a4 nAChRs, Chrna4 expression was also measured in AML12 mouse
hepatocytes with and without alcohol exposure. Chrnad was expressed in these cells, and
alcohol exposure increased mMRNA levels, similar to what was seen in vivo (Figure 2B).

In contrast, the levels for Chrna7 (another nAChR) were undetectable in AML12 cells,
even after exposure to alcohol (Figure 2C). To determine whether mice lacking Chrna4

had altered alcohol metabolism, WT and a4 KO mice were challenged with a single i.p.
injection of alcohol, and blood alcohol concentrations were monitored over the next 2 hours.
The alcohol exposure resulted in similar peak concentrations and rates of clearance in WT
and a4 KO mice of both sexes (Figure 2D; See Figure S2 for datain females).

H&E staining showed that WT and a4 KO mice had normal histology when pair fed the
MD diet. Upon exposure to alcohol, WT mice showed evidence of steatosis in the form

of empty vacuoles (Figure 3A and Figure S3A). Oil Red O staining, which stains neutral
lipids red, confirmed that the alcohol diet increased lipid levels in female and male WT
mice, and that a4 KO mice were protected against lipid accumulation (Figure 3B and
Figure S3B). In contrast, none of the alcohol-associated changes seen in the WT mice
were observed in the a4 KO mice. Additional evidence of steatosis was provided by direct
measurement of hepatic triglycerides (Figure S3C) and free fatty acids (Figure S3D). These
data demonstrate that triglycerides, but not free fatty acids, were elevated in the livers of
female WT mice exposed to alcohol, consistent with previous reports (Lu et al., 2008). We
did not measure lipids in male mice, but others have shown the same pattern of elevated
triglycerides and normal free fatty acids in male mice fed a liquid alcohol diet (Kirpich et
al., 2012). Taken together, these results suggest that the presence of a4 nAChRs is required
for alcohol-induced hepatic steatosis.

To determine whether a4 KO mice are protected from alcohol-induced hepatocyte cell
death, we measured circulating levels of liver transaminases. Alcohol exposure resulted in

a 2-fold elevation in plasma AST and ALT in WT mice, while a4 KO mice showed no
increase (Figure 4A-B). Both of these enzymes were higher in the MD pair fed a4 KO mice
compared to MD pair fed WT mice, but alcohol had no additional effect in the a4 KO mice.
Alcohol exposure also increased expression of inflammatory mediators in the liver. Hepatic
TNFa and PAI-1 mRNA levels were increased in WT mice, but not in the a4 KO mice
(Figure 4C-D). Protein levels of TNFa were also increased by alcohol in the livers of WT
mice, but not in a4 KO mice (Figure 4E).
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Effects of alcohol and a4 nAChRs on markers of oxidative stress

Superoxide dismutase (Sod1) and inducible nitric oxide synthase (Nos2) have been shown
to be elevated in response to chronic alcohol intake and can contribute to the formation

of hydrogen peroxide, nitric oxide and peroxynitrite (McKim et al., 2003). Both enzymes
were increased at the mRNA level in the livers of WT mice in response to alcohol, but
alcohol did not alter the expression of these genes in the a4 KO mice (Figure 5A-B and
Figure S4). We also examined the effect of alcohol and a4 KO on liver glutathione. GSH

is the major intracellular thiol antioxidant (Halvey et al., 2005, Watson et al., 2003), and
GSH depletion in response to alcohol is indicative of oxidative stress (Tsukamoto and Lu,
2001). Our studies revealed that the livers of a4 KO mice had higher levels of total GSH
than WT mice. Alcohol did not significantly affect hepatic total GSH in either strain (Figure
5C). These observations led us to examine the expression of Slc7all, the xCT subunit of
the system Xc transporter, which imports cystine to support glutathione synthesis (Sato

et al., 2000). Alcohol exposure increased Slc7all expression in WT mice, consistent with
an increased demand for the rate-limiting amino acid for GSH synthesis. Alcohol feeding
had no effect on Slc7all mRNA levels in the liver of a4 KO mice (Figure 5D). Slc7all
expression was higher in a4 KO mouse livers than in WT mice pair-fed the maltose-dextrin
control diet, but this did not reach statistical significance (Figure 5D). There was also no
difference in Slc7all protein levels between WT and a4 KO mice on the maltose-dextrin
control diet (Figure 5E). Alcohol increased Slc7all at the protein level in the WT, but not in
the a4 KO mice (Figure 5E). One source of reactive oxygen species in mice fed alcohol is
Cyp2E1, an enzyme that metabolizes alcohol and that is upregulated upon chronic exposure.
The protein levels were indeed increased in WT mice fed alcohol, but this was not observed
in the a4 KO mice (Figure 5F). Taken together, these results suggest that alcohol-induced
oxidative stress is limited in the livers of a4 KO mice.

Immune cell infiltration was not increased by alcohol in this model

Myeloperoxidase (MPO) staining of liver slices was used to gauge the recruitment and
activation of inflammatory cells (Figure 6A). There were no statistical differences in the
number of MPO positive cells in the livers of mice from any of the 4 treatment groups
(Figure 6B).

a4 nAChRs mediate alcohol-related decrease in Sirtl expression

Several studies suggest that lipid accumulation in liver in response to alcohol is mediated
through effects on Sirtl (Trepiana et al., 2018). Sirt1 is a deacetylase that works in
conjunction with AMPK to sense and respond to changing energy demands. Among its
downstream targets are regulators of lipogenesis and fatty acid p-oxidation. Thus, Sirtl is a
master regulator of lipid homeostasis in the liver. As shown in Figure 7, alcohol exposure
decreased Sirtl protein levels in WT liver, but not in a4 KO mice.

DISCUSSION

ALD affects millions worldwide with liver steatosis representing the earliest pathological
response to chronic alcohol intake. Previous work in our laboratory pointed to a4 nAChRs
as sensors of alcohol in lung, which prompted our current work further supporting an
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important role for a4 nAChRs in mediating the detrimental effects of alcohol in liver. This
work focused on /n vivo experiments performed in animals exposed to alcohol. First, we
found that the gene encoding the a4 subunit was expressed in mouse liver, and it was
upregulated in response to chronic alcohol feeding. Under such circumstances, WT mice
exhibited the characteristic increase in hepatic fat accumulation. There was also evidence
of mild oxidative stress in the WT mice fed alcohol, as well as increased expression

of Sod1 and Nos2, but no decrease in GSH. The data suggested that cell death and
inflammation were mild in our model. Although hepatic expression of TNFa. and PAIL
were increased in response to alcohol in the WT mice, there was no evidence for increased
neutrophil infiltration. Finally, we observed that the alcohol-induced steatosis in WT mice
was accompanied by downregulation of Sirtl, a master regulator lipid metabolism in the
liver. The combination of excess lipids and oxidative stress can contribute to inflammation
and cell death. In contrast to WT mice, the alcohol-induced changes described, including
the mild signs of oxidative stress and inflammation detected, were not seen in the a4 KO
mice. In essence, all of the effects of alcohol noted were prevented by knocking out the
gene encoding the a4 subunit of NAChRS, suggesting that it is playing a proximal role in
mediating the hepatoxicity of alcohol (see Figure 8). To our knowledge, this is one of the
first studies to implicate nAChRs in alcohol-related liver toxicity, and the first to implicate
a4 nAChRs in mediating alcohol-induced fat accumulation.

The mechanism by which a4 nAChRs mediate the effects of alcohol in liver is unknown.

In earlier work, we reported that alcohol stimulates cultured lung fibroblast expression of
fibronectin, a matrix glycoprotein implicated in lung injury and repair (Roman et al., 2005).
In this simple /n vitro model, we found that alcohol induced the activation of protein kinase
C, induced cAMP accumulation, and promoted nuclear translocation and DNA binding of
CREB. It is possible that alcohol triggers the influx of cations through a4 nAChRs as seen
in other nAChRs, which activates downstream signaling ultimately affecting Sirt1 levels as
observed in the current study. a4 KO mice could also be protected from the hepatotoxicity
of alcohol if these mice metabolized alcohol more rapidly than their WT counterparts, but
this does not appear to be the case. Peak blood alcohol concentrations and rates of alcohol
clearance following an acute administration of alcohol were similar in WT and KO mice.
Our study did not investigate whether alcohol metabolism is altered during chronic ingestion
of alcohol in WT versus a4 KO mice. However, there are several observations presented in
the literature that suggest that a4 nAChRs are not likely to affect alcohol consumption or
metabolism in animals. First, Kamens et al., demonstrated that varenicline, a partial agonist
of a4p2 nAChRs and less potent full agonist of a7 nAChRs, decreased ethanol consumption
in mice, but this effect did not require the expression of a4p2 or a7 nAChRs (Kamens et
al., 2010). They also reported that varenicline did not alter the clearance of alcohol, again
suggesting that these receptors do not play important roles alcohol metabolism. Subsequent
studies confirmed that varenicline does not alter alcohol metabolism in mice (Kamens et
al., 2018). Another potential partner for a4 is B4. In similar experiments, animals deficient
in p4 were shown to display no changes in ethanol consumption or blood alcohol levels at
30 min after alcohol presentation (Patkar et al., 2016). Thus, based on studies with nAChR
knockout mice and pharmacological agents, the data available to date do not implicate
a4f2 or a4p4 in alcohol consumption or metabolism. In a human study, subjects were
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administered varenicline for 7 days to achieve steady state levels and then given a single
priming dose of alcohol followed by an ad libitum period of alcohol consumption. Peak
breath alcohol levels were not correlated with plasma varenicline concentrations following
either the priming phase or the ad libitum phase of alcohol consumption, providing evidence
that alcohol metabolism is not affected by a4p2 signaling in humans (Roberts et al., 2017).

Our studies did not determine which cell types within the WT liver express Chrna4, but

a previous study suggested that hepatocytes express this subunit, whereas hepatic stellate
cells and sinusoidal endothelial cells do not (Zhang et al., 2017). We found that Chrna4
knockout mice fail to downregulate Sirtl in response to alcohol. Because Sirtl expression
within hepatocytes controls lipid metabolism, this suggests that expression of Chrna4 on
hepatocytes is involved in sensing alcohol and mediating changes in signaling and function
leading to accumulation of lipids within these cells. In support of this, we found that AML12
cells (an immortalized mouse hepatocyte cell line) expressed Chrna4 and that alcohol
upregulated its expression in these cells. We attempted to use immunohistochemistry to
identify specific cell types within the liver that express a4 nAChRs. Using 2 commercially
available antibodies, we observed staining throughout the liver. However, the staining pattern
was very similar in both WT and a4 KO mice (not shown). Thus, it was clear that this
staining was non-specific. Although this work focuses on the liver, it is likely that alcohol
affects other organs via a4 nAChRs. In unpublished work, we found that alcohol triggered
the upregulation of certain inflammatory markers in the lungs of wildtype animals, but not
in a4 KO mice. Further work directed at improving understanding about how these events
mediate the effects of alcohol in distinct organs will require testing in tissue-specific a4

KO animals in relevant models. In addition, cell type-specific a4 KO mice will be needed

to assess whether a4 nAChRs are expressed on other cell types such as Kupffer cells and
cholangiocytes and contribute to the pathogenesis of alcohol-associated liver injury.

The presence of acetylcholine receptors in the liver implies that acetylcholine is being used
as a signaling molecule in this tissue. It is unknown at this time whether termini of the vagus
nerve that innervates the liver release acetylcholine to act upon receptors on hepatocytes

or whether extracellular acetylcholine is being secreted by hepatocytes or some other cell
type to act in an autocrine or paracrine manner to influence cells expressing acetylcholine
receptors. Efferent signaling through the vagus nerve promotes anti-inflammatory and anti-
apoptotic pathways in the liver (Hiramoto et al., 2008). These responses are likely mediated
by Kupffer cells expressing a7 nAChRs (Li et al., 2018, Li et al., 2014). Mice lacking a.7
nAChRs are more susceptible to liver injury induced by inflammatory stimuli, whereas the
current study shows that mice lacking a4 nAChRs are protected from liver injury induced by
alcohol. It appears that a4 and a.7 nAChRs may activate opposing pathways in the liver.

The metabolism of alcohol yields products that are responsible for many of the adverse
effects of alcohol (Teschke, 2018). Cyp2E1 is a microsomal alcohol metabolizing

enzyme that is upregulated by alcohol and contributes to its toxicity, possibly by
producing superoxide anion (Lu and Cederbaum, 2008). Alcohol dehydrogenase produces
acetaldehyde and NADH, both of which have been linked to alcohol toxicity (Cederbaum,
2012, Watson et al., 2011, Arteel et al., 2003). In fibroblasts, metabolism of alcohol

to acetaldehyde by alcohol dehydrogenase was required for the a4 nAChR-mediated
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upregulation of fibronectin (Roman et al., 2005). It is not known whether it is alcohol itself
or one of its metabolites that mediate the a4 nAChR-mediated effect on the liver reported
here.

Increased production of superoxide and hydrogen peroxide by mitochondria and Cyp2E1
have been linked to decreased GSH levels in the livers of mice chronically exposed to
alcohol (Tan et al., 2020), and glutathione depletion is known to contribute to the toxicity
of alcohol in the liver (Gao and Bataller, 2011). GSH was not significantly depleted by
alcohol in our WT mice, but a4 KO mice had higher hepatic GSH than WT mice, regardless
of the diet they were fed. Of interest, no decrease in GSH was noted in our model. One
explanation for the lack of GSH depletion could be that there was an increase in GSH
production promoted by induction of SLc7all expression in the WT mice. Slc7all is the
cystine transporter that supplies the rate-limiting amino acid for GSH synthesis, so we
examined its expression to determine whether it was increased in a4 KO mice. There were
no differences in Slc7all mRNA or protein between WT and a4 KO mice on the MD
control diet. In response to alcohol, Slc7all levels were increased in WT mice but not in
a4 KO mice. The former is consistent with a recent report that alcohol stimulates activity
of Slc7all in mouse liver and primary mouse hepatocytes (Choi et al., 2019). In that study,
alcohol-induced Slc7all upregulation was shown to activate adjacent hepatic stellate cells
to promote lipid accumulation, and either genetic or pharmacological inhibition of Slc7all
blocked the effect of alcohol on lipid accumulation (Choi et al., 2019). In our study, alcohol
did not induce Slc7all expression in a4 KO mice. Additional research will be needed

to determine the mechanisms by which a4 nAChRs regulate Slc7all expression and the
relative roles of cystine import and glutamate export in hepatic responses to alcohol.

Markers of oxidative stress other than GSH depletion were increased by alcohol in our

WT mice. Sod1, Nos2 and Cyp2E1 were increased by alcohol. Interestingly, none of these
markers were increased in a4 KO mice. Whereas the increases in Sod1 and Nos2 could

be viewed as secondary to superoxide production (in the case of Sod1) or inflammatory

cell recruitment (in the case of Nos2), Cyp2EL1 is believed to be a primary source of

oxidant production upon chronic alcohol exposure. Alcohol stabilizes Cyp2E1, leading to its
accumulation. As Cyp2E1 metabolizes alcohol, superoxide anion can be released (Lu and
Cederbaum, 2008). Because Cyp2EL1 protein levels did not change in response to alcohol in
the a4 KO mice, it appears that a4 nAChRs contribute to the mechanism that stabilizes the
protein.

The current work focuses on the effects of alcohol in liver. However, alcohol affects many
tissues in the body, and some of those extrahepatic effects are known to contribute to liver
injury. For example, stimulation of lipolysis in adipose tissue increases delivery of fatty
acids to the liver (Zhao et al., 2015), and disruption of intestinal tight junctions results

in release of bacterial components such as lipopolysaccharides that contribute to hepatic
inflammation (Beier et al., 2011, Kirpich et al., 2012, Tsukamoto et al., 2001). We postulate
that a4 nAChRs expressed on hepatocytes and perhaps other liver cells are responding to
alcohol and signaling through the downregulation of Sirtl and subsequent accumulation of
lipids. However, effects on non-hepatic tissues by alcohol might have contributed to the
observations made.
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In summary, our data suggest that a4 nAChRs mediate alcohol-induced inflammation and
fat accumulation in liver perhaps through induction of oxidative stress and downregulation
of Sirtl. This, in turn, stimulates lipogenesis and decreases p-oxidation, thereby promoting
steatosis and lipotoxicity (Figure 8). The observations reported here unveil a novel pathway
that could be targeted to prevent or treat alcohol-associated liver disease in humans.
Antagonists selective for a4-containing nAChRs may prove to be useful in combatting
steatosis or steatohepatitis in subjects chronically ingesting alcohol. It is encouraging to note
that whole body deletion of Chrna4 had no obvious effects on the health of mice and that
systemic administration of agents targeting nAChRs have been used in humans (Gonzales et
al., 2006). However, acute administration of nAChR antagonists produces muscle relaxation
by acting at neuromuscular junctions. To be useful in combatting ALD, such drugs would
need to be targeted to the liver. Alternatively, novel therapeutic agents could be developed
that target differences in binding sites between alcohol and endogenous ligands of nAChRs.
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Figure 1. Nicotinic acetylcholine receptor subunit expression in male and female murine liver
and generation of the a4 nAChR (Chrna4) knockout mouse.

(A) Nicotinic acetylcholine receptor subunit expression levels in mouse liver were estimated
by FPKM from RNA-seq analysis. (B) Crispr/Cas9 technology was used to generate the a4
nAChR (Chrna4) knockout mouse and the resulting genetic mutation of both a4 nAChR
alleles was confirmed with the use of the Refractory Oligonucleotide Mutational Alpha 4
Notification System (ROMANS). Agarose gel image of ROMANS PCR products using the
wildtype or mutant primer along with the a4 nAChR reverse primer. Closed circle represents
compatible base-pair, “X” represents mismatched base-pair. WT, wildtype allele; KO, a4
nAChR knockout allele; Het, heterozygous with both wildtype and a4 nAChR knockout
alleles. (C) Chrnad mRNA levels were measured by gPCR in male WT and a4 KO mice. **
- p<0.005 by unpaired 2-tailed t test.
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Figure 2. Alcohol induces the expression of hepatic Chrnad, and a4 KO mice metabolize alcohol

normally.

(A) Wildtype (WT) and a4 KO mice (KO) were fed the Lieber-DeCarli alcohol diet (EtOH)
or pair fed an isocaloric maltose-dextrin control diet (MD) for 6 weeks. Hepatic Chrna4
mRNA was measured by gPCR. (B,C) AML12 mouse hepatocytes were treated with 100
mM alcohol for 24 hours. Chrna4 (B) and Chrna7 (C) were measured by qPCR. Results of
2-Way ANOVA followed by post-hoc analysis of comparisons between groups are shown
(Tukey’s multiple comparisons test). Only comparisons with significant differences are
indicated. The number of asterisks (*) indicates the level of significance (see Materials and
Methods). (D) Male WT and a4 KO mice (n=5 per group) were given an i.p. injection

of 1.12 g alcohol per kg body weight. Blood alcohol concentrations were determined at

intervals thereafter.
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Figure 3. Alcohol exposureincreases fat accumulation in the livers of wildtype but not a4 KO
animals.

Wildtype (WT) and a4 KO mice (KO) were fed the Lieber-DeCarli alcohol diet (EtOH) or
pair fed an isocaloric maltose-dextrin control diet (MD) for 6 weeks. (A) H&E staining of
livers from male WT and a4 KO mice fed either the alcohol diet or the MD control diet. (B)
Oil Red O staining of livers from male WT and KO mice fed either the alcohol diet or the
MD control diet.
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Figure 4. Alcohol exposureincreasesinjury and inflammation in the livers of wildtype but not a4
KO animals.

WT and a4 KO male mice were fed an alcohol or MD control diet for 6 weeks, and plasma
and hepatic RNA were collected. (A) Plasma AST and (B) plasma ALT were measured

as markers of hepatocyte injury. (C) Hepatic TNFa mRNA and (D) hepatic PAIL mRNA
was measured by gPCR. (E) Protein levels of TNFa were measured by western blotting.
Densitometric analysis is shown above the western blot image. The number of asterisks

(*) indicates the level of significance by Tukey’s multiple comparisons post-hoc test, as
described in the Materials and Methods. Only comparisons with significant differences are
indicated.
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Figure5. Markers of oxidative stressareincreased in WT mice fed alcohal, but not in a4 KO
mice.

Male WT and a4 KO mice were fed an alcohol or MD control diet for 6 weeks. Hepatic
expression of Sod1 (A) and Nos2 (B) were measured by qPCR. (C) Hepatic GSH was
measured by HPLC. Total GSH refers to the sum of the molar equivalents of all forms of
GSH measured: GSH, GSSG and CySSG. (D) Hepatic expression of Slc7all was measured
by gPCR. (E) Hepatic Slc7all protein was measured by western blotting and densitometric
analysis. (F) Hepatic Cyp2E1 protein was measured by western blotting and densitometric
analysis. Results of 2-Way ANOVA followed by post-hoc analysis of comparisons between
groups are shown (Tukey’s multiple comparisons test). Only comparisons with significant
differences are indicated. The number of asterisks (*) indicates the level of significance (see
Materials and Methods).
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Figure 6. Alcohol exposure did not increase the number of myeloperoxidase positive cells.
(A) Immunohistochemical staining of myeloperoxidase in livers from male WT and a4 KO

mice fed either the MD or EtOH diet. A representative field from 10 fields from each of 3
mice per group is shown. The bar in each of the wider fields taken at 20X magnification
represents 200 um. The bar in each expanded field taken at 60X magnification represents
50 um. (B) The number of MPO-positive cells in each field was calculated for each mouse.
The graph shows the average number of the 3 mice per group. 2-Way ANOVA indicated no
significant differences.
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Figure 7. Alcohol exposureincreases Sirtlin theliver of wildtype but not a4 KO mice.
WT and a4 KO male mice were fed an alcohol or MD control diet for 6 weeks. (A)

A portion of the liver was collected for western blot analysis of Sirtl. (B) Densitometric
analysis of Sirtl protein expression in the liver of a4 KO or WT mice exposed to alcohol
compared to mice fed an isocaloric maltose-dextrin control diet. GAPDH protein levels
were used for Western blot loading control and to normalize Sirtl protein. The number
of asterisks (*) indicates the level of significance by Tukey’s multiple comparisons post-
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hoc test, as described in the Materials and Methods. Only comparisons with significant
differences are indicated.
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Figure 8. Scheme depicting proposed pathways by which alcohol promotes liver steatosisvia a4
NAChRs.
Our data suggest that a4 nAChRs mediate alcohol-induced fat accumulation in liver through

downregulation of Sirtl which stimulates lipogenesis and decreases fatty acid p-oxidation.
Steatosis in combination with reactive oxygen species (ROS) leads to inflammation and
hepatocyte death. Exactly how alcohol activates a4 nAChRs is unknown, but conformational
changes in the receptor caused by oxidative stress may be responsible.
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