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ABSTRACT

In the U.S., alcohol-associated liver disease (ALD) impacts millions of people and is a major healthcare burden.
While the pathology of ALD is unmistakable, the molecular mechanisms underlying ethanol hepatotoxicity are
not fully understood. Hepatic ethanol metabolism is intimately linked with alterations in extracellular and
intracellular metabolic processes, specifically oxidation/reduction reactions. The xenobiotic detoxification of
ethanol leads to significant disruptions in glycolysis, f-oxidation, and the TCA cycle, as well as oxidative stress.
Perturbation of these regulatory networks impacts the redox status of critical regulatory protein thiols
throughout the cell. Integrating these key concepts, our goal was to apply a cutting-edge approach toward un-
derstanding mechanisms of ethanol metabolism in disrupting hepatic thiol redox signaling. Utilizing a chronic
murine model of ALD, we applied a cysteine targeted click chemistry enrichment coupled with quantitative nano
HPLC-MS/MS to assess the thiol redox proteome. Our strategy reveals that ethanol metabolism largely reduces
the cysteine proteome, with 593 cysteine residues significantly reduced and 8 significantly oxidized cysteines.
Ingenuity Pathway Analysis demonstrates that ethanol metabolism reduces specific cysteines throughout ethanol
metabolism (Adhl, Cat, Aldh2), antioxidant pathways (Prx1, Mgstl, Gsr), as well as many other biochemical
pathways. Interestingly, a sequence motif analysis of reduced cysteines showed a correlation for hydrophilic,
charged amino acids lysine or glutamic acid nearby. Further research is needed to determine how a reduced
cysteine proteome impacts individual protein activity across these protein targets and pathways. Additionally,
understanding how a complex array of cysteine-targeted post-translational modifications (e.g., S-NO, S-GSH,
S-OH) are integrated to regulate redox signaling and control throughout the cell is key to the development of
redox-centric therapeutic agents targeted to ameliorate the progression of ALD.

1. Introduction

and glutathione (GSH) systems [10]. Implicating redox signaling as a
key driver of ALD, several publications highlight TRX and GSH as pro-

In the U.S., alcohol-associated liver disease (ALD) impacts millions
and is a major healthcare burden, with nearly $50 billion annually in
medical expenses [1]. While the pathology of ALD is unmistakable, with
marked steatosis, inflammation, and end-stage cirrhosis, the molecular
mechanisms underlying ethanol hepatotoxicity are not fully understood
[2,3]. Oxidative stress and mitochondrial dysfunction are reported to be
significant contributors to the onset and progression of ALD [4-8].
Oxidative stress is defined as a disruption of redox signaling and control
that occurs through discrete cellular redox pathways, typically involving
thiol/disulfide systems [9]. Intracellularly, two thiol redox systems are
employed to maintain thiol redox homeostasis, the thioredoxin (TRX)

tective agents against oxidative stress and preventing ALD [11-13].
Ethanol-derived acetaldehyde is a significant source of hepatic GSH
depletion during the initiation of ALD, through the formation of
acetaldehyde-cysteinyl-glycine conjugates [14,15]. While important,
hepatic GSH:GSSG redox potentials (E,GSSG) are not wholly responsible
for maintaining cellular redox status. The cysteine (Cys) proteome has
been identified as a large body of thiols with a great capacity for regu-
lating redox stress throughout the cell. The human genome encodes
approximately 214,000 Cys residues and 21,000-42,000 of these resi-
dues are proposed to be redox sensitive and readily oxidizable [16]. This
“redox proteome” is central to macromolecular structure, regulation,
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and signaling during a hepatocytes life cycle and plays a role in the
tolerance and adaptability to environmental challenges [17].

Recent research demonstrates that the redox proteome regulates
cellular maintenance and growth, among other notable pathways
[18-20]. These Cys residues elicit biological control via three basic
mechanisms central to maintaining the proteome: 1) chemical alteration
of active site Cys residues, 2) altering macromolecular interactions, and
3) regulating activity via modification of allosteric Cys [16]. Recent
evidence suggests that the thiol redox proteome is a sentinel proteome
that has evolved to monitor and react to the redox state of each sub-
cellular compartment through multiple modes of feedback [21]. Inter-
estingly, ethanol consumption impacts these same pathways that are
tightly regulated through thiol redox signaling hubs [10]. Especially
important to the redox biology of ethanol toxicity is the depletion of
NADPH, which has been observed in models of ALD, limiting the
reduction and recycling of GSH and TRX, thereby modulating the redox
proteome [22]. The overall concept of thiol redox signaling is largely
underexplored in ethanol toxicity and has major implications for mul-
tiple pathologic processes including inflammation, cell growth, and
metabolism [23-25]. Here, we present a novel proteomics approach
developed to quantify the hepatic cellular redox state to identify key
redox hubs that maintain the potential for restoring redox balance.
Defining these ethanol-targeted redox switches transforms our under-
standing of oxidative stress and redox regulated signaling during ethanol
metabolism.

Interestingly, our work reinforces the notion that chronic ethanol
metabolism disrupts thiol redox signaling and the downstream conse-
quences of these perturbations reveal an as-yet unknown role for thiol
redox signaling by ethanol toxicity. By applying a 6-week, Lieber-
DeCarli, murine model of ALD to a novel click chemistry-based
cysteine enrichment coupled with nano HPLC (nHPLC)-MS/MS, we
were able to survey the hepatic cysteine proteome to quantify site-
specific Cys redox status and reveal a largely reduced protein redox
state. Significantly reduced cysteines were found on proteins across
numerous major metabolic pathways, including GSH synthesis, ethanol
metabolism, peroxiredoxins, nuclear factor erythroid 2-related factor 2
(Nrf2) and aryl hydrocarbon receptor (AhR) signaling, and lipid meta-
bolism. Many of the known regulatory active sites on these proteins were
found to be altered due to ethanol toxicity. Further research is needed to
determine how a reduced cysteine proteome impacts individual protein
activity and to understand how other cysteine-targeted post-trans-
lational modifications (e.g., S-NO, S-GSH, S-OH) are integrated to
regulate ethanol-induced thiol redox signaling and control.

2. Materials and methods
2.1. Animals

All procedures involving animals were approved by the Institutional
Animal Care and Use Committee of the University of Colorado and were
performed in accordance with the published National Institutes of
Health guidelines. C57BL6/J male mice were purchased from Jackson
Laboratories. The 6-week Lieber-DeCarli ethanol study began with 12-
week-old mice consuming liquid diet purchased from Bio-Serv that
was composed of 45% of calories from fat, 16% of calories from protein,
and the remainder from either carbohydrates or ethanol. Mice in the
ethanol group began the study at 2% ethanol (v/v) and the concentra-
tion of ethanol was increased every week until 6% ethanol (v/v) for the
final week as previously described [26,27]. Food consumption was
measured daily and control mice were calorically matched with the
ethanol mice through paired feeding.

2.2. Measurement of free thiols

Subcellular fractions of murine liver were obtained using a sucrose
gradient [28]. Free thiols from cytoplasmic- or mitochondrial-enriched
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lysates were determined using Ellman’s reagent (5,5-dithiobis
(2-nitrobenzoic acid) (DTNB)) as previously detailed [29]. Absorbance
of the wells were read on a SpectraMax plate reader at 412 nm.

2.3. Labeling of reduced Cys proteome

The click chemistry Cys redox assay used here was adapted from
Yang et al. [30] and Pertova et al. [31]. Murine liver was excised and 20
mg of tissue was placed in a tube containing 25 mM Tris, pH 7.4, 500 pM
EDTA, 0.5% NP40 (v/v), protease and phosphatase inhibitors, 200U/mL
catalase, and 100 pM alkynyl iodoacetamide (Kerafast, EVU111). Mu-
rine liver tissue was harvested with special attention being paid to get-
ting the tissue into the above buffer quickly and the time was maintained
for consistency between samples. The tissue was lysed on ice using a
probe sonicator and incubated at room temperature to allow the alkynyl
iodoacetamide to react with the free thiols of reduced cysteines. After 1
h, the samples were incubated with 8 mM DTT at 75 °C to reduce all
unlabeled thiols. Samples were then alkylated with 100 mM iodoace-
tamide. The protein was precipitated using cold methanol:chloroform
(4:1), pelleted by centrifugation, and then the protein pellet was washed
with methanol:chloroform (1:1). The protein pellet was resuspended in
50 mM ammonium bicarbonate with 100 mM urea and protein con-
centration was determined.

Porcine modified trypsin was used to digest 1.7 mg of protein from
each sample. Following digestion, the peptides were desalted using
Oasis HLB solid phase extraction columns (Waters), washed with HPLC-
grade water, and eluted with 80% acetonitrile (v/v) plus 10% methanol
(v/v). Peptides were dried by vacuum centrifugation and then resus-
pended in 30% acetonitrile (v/v), pH 6.0. The copper-catalyzed azide-
alkyne cycloaddition (CuAAC) reaction was performed using 10 mm
sodium ascorbate, 1 mM TBTA, and 10 mM copper sulfate. A UV-
cleavable biotin-azide was utilized in the reaction with the control
samples receiving 1 mM '2C-N3-UV-biotin (EVU102) and the samples
from ethanol mice receiving the heavy isotope 1 mM 3C-N3-UV-biotin
(EVU102). A label swap using the two N3-UV-biotin reagents was per-
formed and showed no difference in labeling efficiency (Supplemental
Fig. 1). The reaction was quenched with 5 mM sodium phosphate
monobasic in 30% acetonitrile (v/v), pH 3.0. A control and isotopically
heavy labeled ethanol sample were then immediately mixed one-to-one.

Excess CUAAC reagents were removed using strong cation exchange
columns. The eluted peptides were allowed to bind to streptavidin beads
overnight. The beads were then washed three times with 50 mM sodium
acetate in 2 M sodium chloride, pH 4.5, and twice with water. The beads
were resuspended in 25 mM ammonium bicarbonate, transferred to a
glass vial, and exposed to UV light (365 nm) for 2 h. The supernatant
containing the labeled peptides was collected, dried, and desalted.
Following a final desalting using C18 spin tips, the samples were pro-
vided to the mass spectrometry core for nHPLC-MS/MS analysis.

2.4. Accurate mass and retention time (AMRT) library generation

A pooled sample of 1:1 mixed '2C and 3C clicked samples was
loaded onto a 2 cm PepMap 100, nanoViper trapping column and
chromatographically resolved on-line using a 0.075 x 250 mm, 2.0p
Acclaim PepMap RSLC reverse phase nano column (Thermo Scientific)
using a 1290 Infinity II LC system equipped with a nanodapter (Agilent
Technologies). Mobile phases consisted of water +0.1% formic acid (v/
v) (A) and 90% acetonitrile (v/v) 4+ 0.1% formic acid (v/v) (B). Samples
were loaded onto the trapping column at 3.0 pL/min for 3 min at initial
conditions before being chromatographically separated at an effective
flow rate of 330 nl/min using a gradient of 3-8% B over 3 min, 8-30% B
over 49 min, and 30-40% over 8 min for a total 60-min gradient at
40 °C. The gradient method was followed by a column wash at 75% B for
5 min. Data was collected on a 6550 Q-TOF equipped with a nano source
(Agilent Technologies) operated using intensity dependent CID MS/MS
to generate peptide ID’s [32]. MS/MS data was collected in positive ion
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polarity over mass ranges 260-1700 m/z at a scan rate of 8 spectra/-
second for MS scans and mass ranges 50-1700 m/z at a scan rate of 3
spectra/second for MS/MS scans. All charge states were allowed except
singly charged species were excluded from being selected during MS/MS
acquisition and charge states 2 and 3 were given preference.

PEAKS Studio Proteomics Version 10.5 was used to extract, search,
and summarize peptide identity results for the generation of an AMRT
library [28]. Default settings were used to extract spectra without
merging scans and detecting the correct precursor with mass only.
Peptide identifications were performed using the PEAKS DB search en-
gine combined with PEAKS de novo sequencing. Extracted spectra were
searched against the SwissProt Mus musculus database using
semi-specific trypsin enzyme allowing up to 2 missed tryptic cleavages
with variable carbamidomethyl (Cys; +57.0215), deamidated (Asn, Gln;
+0.9840), oxidation (Met; +15.9949), click '%C (Cys; +252.1222), and
click '3C (Cys; +258.1423) modifications. The monoisotopic peptide
mass tolerance allowed was +15.0 ppm and the MS/MS tolerance was
+0.05Da. Peptides were validated by setting the false discovery rate
(FDR) to 0.5% and -log10 p-value, or peptide score, accordingly.

A chemical formula was generated for each identified click peptide
sequence and its corresponding modifications. If an identified peptide
sequence was only found to be clicked with 2C or 13C, then a formula for
the other click modification was also generated. Therefore, every iden-
tified click peptide had a click 12C formula and a click *>C formula linked
with the specific mass and retention time of the original identification.
Overlapping click peptide identifications, i.e., different peptides that
were only different due to the 2C or 'C modification at the same
cysteine, were filtered by retention time differences. If the retention time
difference between overlapping click peptide identifications was less
than the absolute value of 0.15 min then the retention time was aver-
aged for the AMRT library. Those overlapping identifications with
retention time differences greater than the absolute value of 0.15 min
were manually evaluated for the presence of a heavy-labeled or light-
labeled co-eluting compound with a distinct mass shift of 6.02Da. The
peptide identification that did have evidence of a co-eluting compound
was given preference and therefore that retention time was selected for
the AMRT library.

2.5. MS-only quantitation

Data was collected in positive ion polarity over mass ranges
260-1700 m/z at a scan rate of 1.5 spectra/second on a 6550 Q-TOF
equipped with a nano source (Agilent Technologies) operated in MS-
only mode. One-to-one mixed 2C and '3C clicked samples were ac-
quired using the same LC method and source parameters as the pooled
samples for AMRT library generation.

2.6. General protein quantitation

Liver tissues from the same mice used for the thiol redox proteomics
were resuspended in 3% acetonitrile (v/v) + 0.1% formic acid (v/v) in
water for LC-MS and LC-MS/MS analysis. A bicinchoninic acid assay was
performed to confirm peptide solution concentration and each sample
was then equalized and analyzed at a final concentration of 1.2 pg/pL.
Aliquots from control and ethanol samples were pooled separately and
then were analyzed by LC-MS/MS for peptide identification. Remaining
individual control and ethanol samples were analyzed by LC-MS-only for
peptide quantitation. Here, 13.2 pg of hepatic peptides was resolved on-
line using a 2.1 x 250 mm, 2.7 pm Advance bio peptide mapping column
(Agilent) using a 1290 Infinity II LC system (Agilent). Mobile phases
consisted of water +0.1% formic acid (v/v) (A) and 90% aq. Acetonitrile
(v/Vv) 4+ 0.1% formic acid (v/v) (B) at a flow rate of 0.25 mL/min using a
gradient holding 5% B over 1 min, 5-28% B over 86 min, 28-40% B over
10 min for a total 97-min gradient at 50 °C followed by a column wash at
90% B for 5 min and re-equilibration step. Data were collected on a 6550
Q-TOF with dual AJS source (Agilent), using intensity-dependent CID
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MS/MS for peptide identification and library, and in MS-only mode for
protein quantitation. MS/MS data were collected in positive ion mode
across 270-1700 m/z at a scan rate of 8 spectra/second for MS scans and
50-1700 m/z at a scan rate of 3 spectra/second for MS/MS scans. All
charge states, excluding singly charged, were allowed during MS/MS
acquisition. Charge states of 2 and 3 were given preference. MS-only
data were collected in positive ion mode over mass ranges 270-1700
m/z at a scan rate of 1.5 spectra/second.

PEAKS Studio Proteomics Version 10.5 was used to extract, search,
and summarize peptide identity results for the generation of an AMRT
library as detailed above. Extracted spectra were searched against the
SwissProt Mus musculus database using semi-specific trypsin enzyme
allowing up to 2 missed tryptic cleavages with variable carbamido-
methyl (Cys; +57.0215), deamidated (Asn, Gln; +0.9840), and oxida-
tion (Met; +15.9949) modifications. The monoisotopic peptide mass
tolerance allowed was +15.0 ppm and the MS/MS tolerance was
+0.05Da. Peptides were validated by setting the false discovery rate
(FDR) to 1.0% and -log10 p-value, or peptide score, accordingly.

2.7. Data analysis

MS Quantitation data was extracted and aligned using Profinder
V0.100.0 software (Agilent Technologies) for both the general protein
quantitation and thiol redox proteomics. Retention times, neutral
masses, and chemical formulas from the AMRT library were used to
perform a batch targeted feature extraction [33]. Samples were extrac-
ted with an ion count threshold set to two or more ions and, for the thiol
redox proteomics, 12,000 counts and a score threshold of 70. For the
general protein quantitation 15,000 counts and a score threshold of 70
was used. The score is based on how the quality of the mass, isotope
abundances, and isotope spacing of compounds found in each sample
match to a targeted chemical formula within a specified retention time
window generated form the AMRT library. Charge states 2-6 were
allowed with H' adducts using the peptide isotope model. The thiol
redox proteomics used retention time window and mass window
alignment setting tolerances that were set to 0.4 min and 10 ppm,
respectively. The general protein quantitation used a 0.3 min retention
time window and 10 ppm mass window alignment setting tolerance.

Area counts of extracted clicked peptides were corrected by the
general protein quantitation data results. Clicked peptides identified as
coming from proteins that were quantified with 2 or more unique pep-
tides in the general protein quantitation results were normalized to the
relevant relative protein fold change (FC) within each sample. If the
clicked peptides did not have a corresponding peptide found in the
general protein quantitation, the unnormalized value was reported.
Sample Control 3 was used as the reference sample for all relative pro-
tein fold changes. '3C peptide area signal was corrected to 104.2% of
uncorrected signal to account for the 4.2% 2C impurity in the heavy
labeled '3C reagent as measured by direct injection LC-MS analysis
(Supplemental Fig. 2). Assay validation provided in the Supplemental
Figures ensured rigor and reproducibility for follow-up analysis.

Peptides were rolled up into protein data using a total area sum for
all peptides matched to a specific protein. Final general protein
quantitation-corrected clicked peptide data were exported to Mass
Profiler Professional V.15.1 (Agilent Technologies) for statistical anal-
ysis. For the general protein quantitation, final extraction and alignment
results were rolled up to protein level data were also exported to Mass
Profiler Professional V.15.1 and peak areas were used for quantitation.
Statistical analysis was performed at the peptide level for the thiol redox
proteomics, and at the protein level for the general protein quantitation.
Compounds were filtered to those found in 100% of one of two condi-
tions. Proteins or peptides were filtered on volcano plots using a
moderated t-test and that had a fold change >1.5 and passed a
Benjamini-Hochberg multiple testing correction p < 0.05 were consid-
ered significant.
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2.8. Enrichment analysis

Cysteine proteomic data was condensed to the protein level by
combining modified peptide abundance values. Protein identifications
mapped from proteins with significantly modified cysteines were used to
identify strongly associated canonical pathways, and toxicity pheno-
types using Ingenuity Pathway Analysis (IPA) Software (QIAGEN).
Expression analysis was used to identify overlapping proteins from the
Ingenuity knowledge base reference set. A right-tailed Fisher’s exact test
(p < 0.05) was used to identify significantly enriched pathways. The
activation z-score, calculated by IPA, predicted activation or inhibition
of canonical pathways. A z-score >0 describes an ‘activated’ pathway,
conversely a z-score <0 describes an ‘inhibited’ pathway. The z-scores
>2 or < —2 are considered significant by IPA for predicted activation
and inhibition, respectively. Cellular pathways lacking a z-score calcu-
lation signify that IPA lacked sufficient information to predict the acti-
vation state.

Subcellular pathway enrichment was conducted on the significantly
changed proteins found between control and ethanol treated groups
using Database for Annotation, Visualization and Integrated Discovery
(DAVID) cellular component functional annotation [34]. To distinguish
proteins enriched for multiple locations, Uniprot and The Human Pro-
tein Atlas were used to verify the most reported subcellular location for a
given protein.

The heatmap was generated from raw abundance values of the Cys
proteomic data. The top 30 most significant peptides found in all sam-
ples were included in the analysis. Graphics were generated using R
studio 4.2.1 and the R-packages ggplot2 and gplots [35].

2.9. Sequence motif generation

The seven amino acids flanking the Cys residue that was significantly
reduced were obtained from Uniprot. If the Cys position within the
protein precluded seven flanking amino acids, that peptide was excluded
from the analysis. A total of 586 peptide sequences containing cysteines
that were reduced were uploaded to pLogo for sequence motif genera-
tion [36].

2.10. Immunoblotting

Murine hepatic whole tissue lysate was separated on reducing,
denaturing polyacrylamide gels. Ponceau S was used to visualize the
total protein loaded and normalize the signal from specific antibodies.
The anti-biotin antibody was purchased from Cell Signaling Technology
(7075) and was used at 1:1000 dilution. Blots were visualized using a
Bio-Rad ChemiDoc MP Imaging System and analyzed using Bio-Rad
ImageLab 6.0.1 software.

2.11. Statistical analysis

Statistical analyses and production of graphs were completed using
GraphPad Prism 7. Analysis of control and ethanol group samples were
calculated using the unpaired Student’s t-test. Results were considered
significant if p < 0.05. The unpaired t-test was chosen instead of the
paired t-test because the coefficients of variation for mean food con-
sumption were all less than 10%. For Western blot densitometry, graphs
represent the average of the two groups (n = 6) with error bars indi-
cating the standard deviation.

3. Results and discussion
3.1. Chronic ethanol consumption increases protein free thiols
The effect of chronic ethanol consumption on the global hepatic

oxidation/reduction (redox) state of Cys was initially quantified using
an Ellman’s assay. Quantitation of subcellular free sulfhydryls from the
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ethanol-fed mice demonstrated a 12% and 27% increase in the cyto-
plasmic enriched and mitochondrial enriched lysates, respectively,
compared to pair-fed control mice (Fig. 1A). A click chemistry reaction
using alkynyl iodoacetamide and biotin-azide was also utilized to visu-
alize proteins with reduced or oxidized cysteines via immunoblot
(Fig. 1B). Our analyses showed hepatic proteins with an increased
number of reduced cysteines due to chronic ethanol consumption
(Fig. 1C and D). The ability to accurately identify changes in the number
of reduced cysteines was verified using a chemically reduced lysate
(Supplemental Fig. 3). This alternative approach validated our results
and revealed a negligible change in the number of oxidized cysteines
due to ethanol consumption.

3.2. Global cysteine proteome is reduced due to ethanol metabolism

Based upon our initial data indicating that ethanol metabolism in-
duces a reduced redox state within the thiol redox proteome, we
employed a proteomics approach to identify and quantify specific cys-
teines in the thiol redox proteome via mass spectrometry. Our click
chemistry protocol was adapted to quantify protein cysteine residues
that were redox modified following ethanol consumption by nHPLC-
MS/MS (Fig. 2A). Employing isotopically labeled biotin-azide and
combining peptides 1:1 from the pair-fed control mouse with peptides
from the ethanol-fed mouse, characteristic spectra were quantified
(Fig. 2B). The use of the '3C-labeled biotin-azide for samples from the
ethanol group resulted in an accurate and reproducible shift of the
spectra by specific mass units when compared to the control peptide’s
spectra. To control for any changes in protein abundance, general pro-
tein quantitation was performed on the individual samples. The changes
in protein abundance resulting from chronic ethanol consumption can
be seen in the heatmap in Supplemental Fig. 5 with expected increases
seen in proteins like Cyp2el (Supplemental File 1). The appropriate fold
change abundance from the general protein quantitation was used to
normalize the cysteine peptides from the redox proteomics dataset for
each sample. A total of 938 peptides from 606 proteins were identified
by mass spectrometry to have a unique labeled cysteine. Of those, 593
peptides contained cysteines that had a redox-state fold-change greater
than 1.5 and were significantly reduced due to chronic ethanol con-
sumption (red in Fig. 3A). In contrast, 8 peptides included cysteines that
had a redox-state fold-change greater than 1.5 and were significantly
oxidized due to ethanol consumption. Additionally, there were 235
peptides that included a cysteine redox change that met the fold change
cut-off of 1.5 but did not pass the multiple comparison-corrected p-value
cut-off. The effect of chronic ethanol consumption on the redox state of
the hepatic cysteine proteome is shown in the heatmap, and the
grouping of the ethanol mice in the principal component analysis are
shown in Supplemental Fig. 6.

3.3. Ethanol consumption affects cysteine redox across subcellular
compartments

The proteins identified in the cysteine redox proteomics dataset were
further characterized by their subcellular localization. Ethanol meta-
bolism disrupts the chemical biology milieu of subcellular redox po-
tentials, such as altered NAD":NADH, NADP":NADPH and GSH:GSSG
with implications for cell signaling in each specific cellular compartment
[37-39]. A more reduced NAD":NADH ratio, but a more oxidized GSH:
GSSG redox potential has been observed with this chronic ethanol model
[38,40]. Importantly, our results define the cysteine redox proteome as a
central sensor of ethanol-induced alterations in redox potentials. The
cytosol and mitochondrion were the two subcellular spaces with the
largest number of proteins identified (Fig. 3B). The percentages of
proteins that contain a cysteine that was more reduced, oxidized, or
unchanged are displayed by subcellular compartment in Fig. 3C. All the
subcellular compartments had greater than 58% of the identified pro-
teins with a cysteine that was more reduced due to chronic ethanol
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Fig. 1. Free protein thiols are increased with
chronic ethanol consumption. A) Ellman’s assay
demonstrates increased free thiols due to chronic
ethanol in both the cytoplasmic and mitochondrial
enriched murine hepatic lysates. B) Schematic for
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3.4. Sequence motif analysis of redox altered cysteines

To determine amino acid sequence motifs corresponding to the redox
change of a cysteine due to ethanol exposure, the reduced peptide
dataset was uploaded to the sequence motif visualizer pLogo. If the
redox altered cysteine was located near the beginning or end of the
protein sequence and could not be centered in the 15 amino acid
sequence, it was excluded. The peptides that contained a reduced
cysteine showed a correlation for hydrophilic, charged amino acids,
lysine or glutamic acid, at position +7 (Fig. 3D). This suggests an amino
acid sequence motif for proteins that may be reduced due to chronic
ethanol consumption of CXXXXXXK or CXXXXXXE. Of the peptides
uploaded, 124 peptides containing a significantly reduced cysteine that
fit one of these two motifs. While our analyses revealed a specific amino
acid motif for reduced cysteines, future studies may reveal that certain
cysteines are more susceptible to modification due to tertiary, quater-
nary, or macromolecular protein dynamics.

3.5. Pathway analysis of ethanol-induced redox proteomics

Ingenuity Pathway Analysis (IPA) of the differentially reduced or
oxidized proteins demonstrated an activation of a variety of canonical
pathways (Fig. 4A). Reassuringly, “Oxidative Ethanol Degradation III,”
“Ethanol Degradation II,” and “Ethanol Degradation IV pathways were
all activated in our model (positive z-score). The three most significant
pathways inhibited (negative z-score) were: “LPS/IL-1 Mediated Inhi-
bition of RXR Function,” “Mitochondrial Dysfunction,” and “Sirtuin

Ethanol

Signaling.” The pathways with the highest positive z-score (activated)
were “Xenobiotic Metabolism PXR Signaling” and “Xenobiotic Meta-
bolism CAR Signaling”. Interestingly, both pathways have been shown
to participate in hepatic steatosis through the upregulation of lipogen-
esis [41-43]. Pregnane X receptor (PXR) and constitutive androstane
receptor (CAR) are nuclear receptors that regulate cytochrome P450
transcription, in addition to other xenobiotic metabolism proteins [44].
Mice lacking PXR that were subjected to an 8-week ethanol diet
demonstrated decreased steatosis and decreased serum ALT levels [45].
A full list of the canonical pathways, as well as the molecules identified
in that pathway, are found in Supplemental File 1.

The toxicity functions identified from the IPA analyses revealed ex-
pected hepatic toxicity endpoints, but interestingly also identified
several kidney injury toxicity endpoints. A previous publication from
our laboratory has shown that a different post-translational modifica-
tion, lysine acetylation, is also involved in ethanol-induced kidney
injury through a redox effect [26]. Indeed, the toxicity functions con-
tained several liver specific pathways and validates our methodology
(Fig. 4B). Particularly of note was that 8 proteins (Cat, Gcle, Gnmt,
Gstm5, Gstpl, Gsttl, Gstt2/Gsst2b, Xdh) found by our analysis are
involved in “Glutathione Depletion in Liver” (Supplemental File 1). The
heat map in Fig. 4C compares proteins important to the pathways
identified by IPA and the specific cysteine significantly reduced or
oxidized across our control and ethanol cohorts. Additional proteomic
and statistical analysis for specific canonical pathways and toxicity
functions can be found in Supplemental File 1.

The three proteins that had a cysteine site with the largest fold redox
change were Tkfc (20.0), Aldhlll (14.8), and Aldob (14.8) (Supple-
mental File 1). Chronic alcohol consumption has been reported to
change the expression of Aldhlll in alcoholic cirrhosis patients
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Fig. 2. Utilizing mass spectrometry to identify
specific changes in the cysteine proteome. A)
Schematic for the identification of reduced cysteines
by mass spectrometry utilizing an alkynyl iodoaceta-
mide (alAM) and copper-catalyzed azide-alkyne
cycloaddition (CuAAC). The red carbamidomethyl
with three lines (CAM) represents the thiols labeled
with the alAM. An unlabeled and '3C-labeled UV
cleavable biotin-azide (Az-UVB) is used to differen-
tiate the signal from the two samples in the same
mass spectrometry injection. B) A representative mass
spectrum identifying the more reduced -click-
chemistry labeled Cys101 (red) of Adhl in the
ethanol sample than the control sample. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)

Fig. 3. Mass spectrometry identifies a significant
number of reduced cysteines due to chronic
ethanol consumption. A) The volcano plots depict
593 peptides that contain a significantly reduced Cys
(red) and 8 peptides that contain a significantly
oxidized Cys (blue) due to ethanol. B) The bar graph
reports the total number of proteins in different re-
gions of the cell that contain cysteines that were
identified by mass spectrometry. The numbers report
proteins that are oxidized, reduced, or unchanged due
to chronic ethanol consumption. C) The percentage of
proteins identified with a reduced, oxidized, or un-
changed cysteine in the redox proteomics dataset
varies in the different subcellular compartments.
Mito: mitochondrion; CySK: cytoskeleton; Pero:
peroxisome. ER: endoplasmic reticulum Ribo: ribo-
some. D) The pLogo sequence motifs of peptides that
contain a cysteine that was reduced in the chronic
ethanol group. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 4. Pathways affected by redox altered cyste-
ines. A) The canonical pathways identified with -log
(p-value) displaying enrichment score and z-score
that demonstrates pathway activation (red), inhibi-
tion (blue) or no directionality (grey). The size rep-
resents the number of molecules found associated
with the pathway. B) The toxicity endpoints with -log
(p-value) showing the enrichment score and the
number of molecules that are associated to the right
of each pathway’s bar. C) Heatmap of the top 30
peptides most significantly changed listed in
decreasing statistical significance. (For interpretation
of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 5. Cysteine redox and glutathione meta-
bolism. Depicted are enzymes containing signifi-
cantly reduced cysteines involved with glutathione
metabolism and phase two metabolism. Enzymes are
labeled with their cysteines identified by redox pro-
teomics and circled in red if the cysteine is function-
ally active. C/Cys: cysteine; Gele: glutamate-cysteine
ligase catalytic subunit; GSH: glutathione; GSSG:
oxidized glutathione; Gsr: glutathione reductase; Gst:
glutathione S-transferase; Idh: isocitrate dehydroge-
nase; Lap3: cytosol aminopeptidase; Mgst: micro-
somal glutathione  S-transferase; Oplah: 5-
oxoprolinase; R: organic functional group; X:
halogen. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)



P.S. Harris et al.

receiving a liver transplant [46]. Similarly, a change in protein abun-
dance of Aldhl1ll was observed with murine consumption of ethanol.
Even when accounting for this change in Aldh1l1 abundance with the
use of the general protein quantitation data, the 9 cysteines identified by
redox proteomics were all significantly reduced (C86, C152, C238,
C404, C451, C662, C686, C707, C774). Previously, chronic ethanol
ingestion in rats was shown to decrease Aldh1l1 activity [47]. The au-
thors of the study postulated that protein or DNA methylation might
explain the change in enzyme activity. Based on our findings, another
potential mechanism may be redox regulation, as C707 is one of the
enzyme’s active sites and C86 is adjacent to the substrate binding site.

3.6. Glutathione metabolism and cysteine redox

GSH metabolism was prominently enriched in both the canonical
pathways and toxicity functions. Given the significant role GSH redox
plays in ALD, these proteins were further scrutinized. Eleven different
proteins and their role in GSH metabolism are illustrated in Fig. 5. Three
separate pathways were also identified using IPA (“Glutathione-medi-
ated Detoxification,” “Glutathione Redox Reactions I,” and “Formalde-
hyde Oxidation II (Glutathione-dependent)”). Two different cysteines on
glutamate cysteine ligase (Gclc), the rate limiting enzyme of GSH syn-
thesis, were found significantly reduced. Cysteine 553 of Gclc has been
shown to be important for holoenzyme formation by an intermolecular
disulfide bond with the modulatory subunit Gelm [48,49]. This suggests
there may be a decrease in Gclc enzymatic activity elicited by a more
reduced cysteine 553 due to chronic ethanol consumption. Importantly,
the abundance of Gclc is not changed with ethanol consumption (Sup-
plemental File 1). Two additional enzymes were observed to have their
functionally relevant cysteines significantly reduced, glutathione
reductase (Gsr) and microsomal glutathione S-transferase (Mgstl)
(Fig. 5). Cysteine 80 of Gsr is part of the nucleotide binding region of the
protein and is critically involved in reducing oxidized GSH disulfide to

Ethanol

Acetate

Mitochondria
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the sulfhydryl form. The activation site of Mgstl includes cysteine 50,
which was also significantly reduced in the ethanol consuming mice and
is likely an inhibitory event [50].

The relationship between ethanol metabolism and decreased GSH
was reported as far back as 1977 [51]. Despite the well-published effect
ethanol has on GSH, a therapeutic benefit of supplementing GSH levels
has yet to be realized. One clinical trial that tested the benefit in
administering the antioxidant N-acetylcysteine to reduce levels of free
radicals and re-establish GSH homeostasis found no difference in mor-
tality in severe alcohol-associated hepatitis (AH) patients [52]. A recent
review on GSH redox in ALD and other hepatic disease states concluded
that GSH and GSH-related medications may be beneficial in combina-
tion with other treatment avenues [14]. However, the authors also noted
that the exact role GSH plays in the biochemical genesis of liver pa-
thologies remains unknown, particularly since it plays many additional
roles in biology aside from a reactive oxygen species scavenger. Indeed,
the reduction of these critical cysteine residues in the chronic model of
ALD used here likely plays a role as a compensatory response to alcohol
toxicity and reveals novel mechanisms of alcohol-induced redox
signaling and control that require further investigation in this and other
models [53].

3.7. Critical cysteines of ethanol metabolizing proteins are reduced

Fig. 6 depicts four key proteins involved in ethanol metabolism and
the cysteine residues of those proteins that were found to be significantly
reduced. Alcohol dehydrogenase 1 (Adh1) is involved in the oxidative
metabolism of ethanol to acetaldehyde and has functionally relevant
cysteines reduced by chronic ethanol consumption. The four functional
cysteines of Adhl bind zinc, whereby ethanol-induced Cys reduction
demonstrates the absence of bound zinc and subsequent decrease in
Adh1 activity in response to ethanol toxicity [54]. Specifically, cysteine
47 and cysteine 175 are defined in the UniProt database as catalytic

Fig. 6. Redox altered cysteines in the ethanol
metabolism pathway. A) Schematic of the proteins
involved in ethanol metabolism and the cysteines (e.
g., C83) identified to be significantly reduced in the
redox proteomics dataset. The cysteines highlighted
in yellow have a known functional role. Cyp2el: cy-
tochrome P450 2E1; Adhl: alcohol dehydrogenase 1;
Aldh2: aldehyde dehydrogenase 2. (For interpretation
of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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amino acids of Adhl and may be key targets in this response. Utilizing
iodoacetamide in our Cys capture method prevents displacement of
Cys-bound zinc, thus labeling unbound Cys and indicating enzyme in-
hibition [55]. It remains difficult to determine if Cys oxidation/re-
duction is inhibitory or activating on a global scale and requires a
thorough case-by-case analysis to fully interpret how specific redox
changes alter protein function. The protein abundance of most ethanol
metabolizing enzymes was unchanged between control and ethanol-fed
mice, except for the expected increase in Cyp2el in response to chronic
ethanol consumption (Supplemental File 1). Adjusting for the increased
abundance of Cyp2el results in two cysteines of the protein, C261 and
C437, to fall outside of the p-value cutoff. It is worth noting that cysteine
437 of Cyp2el participates in iron binding and the observed reduction
may support the previously demonstrated increased activity in this
chronic model [56]. The rate limiting enzyme in ethanol metabolism,
aldehyde dehydrogenase 2 (ALDH2), also contained two thiols that were
more reduced in the ethanol group, cysteine 68 and cysteine 388. This
contrasts with previous work that used two-dimensional gel-based
proteomics to report the oxidation of ALDH2 protein as a whole [57].
Indeed, functional redox assays coupled to MS analysis will be necessary
for a case-by-case determination of total protein oxidation/reduction
and site-specific changes in the context of protein activity.

Overall, the observed increase in reduced cysteines due to chronic
ethanol consumption is supported by the chemistry of ethanol as a
reducing agent [58]. The conversion of ethanol to acetaldehyde results
in ethanol losing two electrons and the reduction of NAD" to NADH,
shifting the NADT:NADH redox ratio within the hepatocyte [38].
Altered NAD":NADH redox ratios have been identified as an important
component to redox equilibrium [59]. This balance is also critical for
coordinating nutrient shuttling, and as a key cofactor for glycolysis,
citric acid cycle, and lipogenesis. Additionally, reduction of NAD" to
NADH also occurs when acetaldehyde is converted to acetate. Our pre-
vious work attempted to increase NAD" abundance through nicotin-
amide mononucleotide (NMN) supplementation, a NAD™ precursor,
which alleviated ethanol-induced liver damage as observed by ALT and
AST [60]. It remains to be determined if NMN supplementation affects
the redox state of the cysteines of ethanol metabolizing proteins.

4. Conclusions

Since the total protein thiol pool approaches 40 mM and the abun-
dant thiol GSH is at ~5-10 mM in liver, hepatic thiols may represent a
more abundant redox system capable of regulating nearly all processes
throughout the cell [61]. The chemical reactivity of protein cysteine
residues is highly modulated through exogenous and endogenous fac-
tors, including pH, electrolytes, and temperature [62]. Cysteines are also
regarded as “order-promoting” amino acid residues due to their finely
tuned mechanism of inter- and intra-molecular disulfide bonds, stabi-
lizing proteins under oxidizing conditions [63]. Altogether, these unique
features of cysteine residues enable them to sense cellular metabolism
and oxidative stress to alter protein structure, function, and signaling.

To date, little is known regarding how proteomic thiol redox po-
tentials communicate in response to ethanol toxicity. Traditional in-
terpretations of oxidative stress and GSH redox potentials must be
adapted to novel high-resolution approaches that can provide nuanced
analyses of disrupted redox signaling and control at the amino acid level.
Indeed, applying an updated analyses of ethanol-induced alterations in
the thiol redox proteome reveals biochemical mechanisms through
which protein pathways sense hepatic oxidative stress. Our redox pro-
teomics analysis using a murine model of ALD integrates an advanced
nHPLC-MS/MS redox approach to validate a global free thiol approach
by Ellman’s assay, which both demonstrate that the free thiols of hepatic
proteins are in a more reduced state due to chronic ethanol consump-
tion. Our previously published work revealed a redox potential for GSH
that was more oxidized due to a decrease in GSH levels [40]. Inter-
preting the pathophysiological consequences of altered hepatic GSH
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levels remains difficult and presents a broad assessment of “oxidative
stress” that is constrained. However, assessing GSH redox potentials is
only one piece of the complex thiol redox proteome puzzle. Indeed,
several cysteine modifications (e.g., S-NO, S-GSH, S-OH, cysteine
carbonylation) are reportedly increased due to chronic ethanol con-
sumption using older methodologies [64-67]. Our click chemistry-based
approach provides a specific and sensitive pipeline that can be adapted
to further investigate these cysteine modifications to advance the field of
ethanol hepatoxicity. To gain better insight regarding the thiol redox
proteome, our approach identified and quantified ethanol-induced
changes in the thiol redox proteome on hepatic proteins, revealing a
reduced redox proteome and specific alcohol-related redox sensing
cysteine residues. Further understanding how ethanol metabolism dis-
rupts thiol signaling and protein activity will provide key insight into the
pathogenesis of ALD while uncovering novel targets for therapeutic
intervention by specifically targeting certain redox signaling hubs.
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