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1. Introduction

It is established that chronic alcohol ingestion results in liver injury and is a significant cause
of morbidity and mortality. This is especially apparent in the United States where a
significant number of annual mortalities associated with end stage liver disease are
attributable to excess alcohol ingestion [1, 2]. Alcohoalic liver disease (ALD) is considered to
be progressive and associated with duration and quantity of alcohol consumed [3]. Upwards
to 90% of individuals consuming alcohol on a daily basis develop fatty liver (steatosis)
which can resolve upon cessation of alcohol consumption. Individuals who continue a daily
consumption of 20-80gms of alcohol daily for extended durations of time will progress to
steatohepatitis with approximately 40% of the more severely affected patients diagnosed
with this inflammatory syndrome dying within 6 months. The remainder of patients who
continue excessive alcohol intake on a daily basis will progress to alcoholic cirrhosis.

The onset and progression of ALD is multifactorial. It is now widely accepted that chronic
alcohol ingestion initiates a pro-oxidant environment in the liver. One early report
suggesting this phenomenon appeared nearly 3 decades ago describing significant elevations
of the volatile product of lipid peroxidation, pentane, expired by rats treated with 18% v/v
ethanol in their drinking water for 14 weeks and challenged with an acute dose of ethanol
[4]. This report noted the quantity of expired pentane was inversely correlated with dietary
vitamin-E and positively correlated with hepatic triglyceride content, both of which are
important biological variables involved in lipid peroxidation. Since that early report, a
significant body of literature has accumulated documenting the occurrence of hepatic lipid
peroxidation in animal models and human subjects with ALD. Numerous attempts to
quantify concentrations of lipid peroxidation products, such as malondialdehyde (MDA) or
4-hydroxynonenal (4-HNE), in blood or tissues of animals or humans consuming alcohol,
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have proven problematic due to the spontaneous generation of the products during sample
preparation or requirement for use of sophisticated analytical instrumentation. An additional
problem arises due to the chemical nature of these electrophiles, which react with cellular
nucleophiles in both stable and transient-type mechanisms that can be rapidly
biotransformed. The propensity of 4-HNE and other electrophilic products of lipid
peroxidation to react with cellular protein nucleophiles is the premise that detection of
aldehyde-modified proteins could serve as a biomarker for alcohol-induced oxidative stress.
In fact, a number of reports have appeared using immunohistochemcial approaches to detect
hepatic proteins modified by 4-HNE or MDA [5-11]. Taken together, these reports
demonstrate that despite the highly effective antioxidant systems and redundant
biotransformation capacity of liver, the chronic alcohol ingestion generates a pro-oxidative
environment in the liver resulting in lipid peroxidation and the covalent modification of
hepatic proteins. However, as with many diseases of oxidative stress, the central question
remains concerning the association of these molecular lesions with impairment of
hepatocellular function.

This report presents a review of the hepatic proteins we have identified to date that are
targets for 4-HNE modification in animal models of alcohol-induced oxidative stress and
how this covalent modification impacts protein function mechanistically linked to the
pathobiology of ALD. In addition, new data are presented describing the modification of
liver fatty acid binding protein (L-FABP) in rats chronically ingesting alcohol and the
potential role of this modification in the development of steatosis.

2. Materials and Methods
2.1 Reagents

2.2 Animals

Unless otherwise specified, all chemicals were obtained from Sigma-Aldrich Chemical Co.
(St Louis, MO). The synthesis of 4-HNE was as previously described with a purity
documented to be greater than 99% by TLC, and UV/Vis spectrophotometry [12].
Antibodies used to detect 4-HNE modified proteins for western blotting or
immunohistochemistry were produced using rabbit hosts immunized with 4-HNE-modified
keyhole limpet hemocyanin [13].

All procedures involving animals were approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of Colorado Denver and performed in accordance
with published National Institutes of Health guidelines. Animal models for ALD used for
the studies described here consisted of either male Sprague-Dawley rats or male C57BL/6J
mice fed the Lieber-DeCarli ethanol or control diet as described elsewhere [14, 15]. Each
ethanol-fed animal was paired with a nutritional control animal that received the diet
containing equivalent calories derived from maltose-dextran rather than ethanol. At the
conclusion of the 60-112 day feeding period for rats and 6-week treatment for mice, the
animals were anesthetized by intraperitoneal administration of pentobarbital and euthanized
by exsanguination. Blood plasma was prepared for measurement of ALT activity as an index
of liver injury and liver tissue was processed for preparation of paraffin-embedded sections
and subcellular fractions as described in previous reports [16, 17]. All subcellular fractions
were supplemented with a cocktail of protease inhibitors and stored at —80 °C until analysis.

2.3 Two-Dimensional Electrophoresis, In-gel Digest and Mass Spectral Analysis

Electrophoretic separation of rat or mouse hepatic proteins by two-dimensional
electrophoresis and spot harvesting were performed as described previously [14-16, 18].
Hepatic proteins resolved by electrophoresis and modified by 4-HNE were detected using
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antibodies generated against 4-HNE adducts. Harvested proteins were routinely digested
overnight at 25 °C in the presence of 100mM ammonium bicarbonate and 0.65 pg
sequencing grade trypsin (Promega Corporation). The resulting peptides were subjected to
liquid chromatography and tandem mass spectrometry (LC-MS/MS) using an Agilent 1100
Series LC-ESI-MSD Trap as outlined previously [14-16]. The MS-MS ion searches were
performed on deconvoluted spectra using MASCOT. In some cases samples were subjected
to analysis using an ABI 4800 MALDI-TOF/TOF instrument.

2.4 4-Hydroxynonenal Modification of Recombinant Proteins

The identification of 4-HNE modified proteins in subcellular fractions necessitated in vitro
experiments to determine the effects of 4-HNE on protein function. This was accomplished
by exposing the respective recombinant proteins to physiologically relevant concentrations
of 4-HNE, which have been found to range from 0.1 to 100 uM in soluble fractions of liver
and have also been estimated to be 3—-10 mM in membrane fractions of hepatocytes [19-22].
At the conclusion of the incubation with 4-HNE, residual 4-HNE was removed and the
effect on protein activity was determined. By subjecting each recombinant protein to a range
of 4-HNE concentrations it was possible to identify the amino acid targets of modification as
well as determine which residues are the most susceptible to modification.

3.0 Results and Discussion

3.1 Profiles of Ethanol Induced Liver Injury In Rats and Mice

The ethanol administration paradigms used in our studies for rats and mice [14-16] provide
adequate nutrition for maintenance of body weight with isocaloric control animals gaining
weight during the treatment period. Animals receiving ethanol do not display significant
losses in body weight. Administration of the ethanol-containing diets reproducibly result in
statistically significant, 1.5- to 2-fold increases in plasma ALT activities over those observed
in isocaloric control animals indicating mild ethanol-induced hepatocellular injury.
Likewise, rats and mice receiving ethanol display significantly increased hepatic triglyceride
contents upwards to 30% and greater than those of isocaloric control animals, with the
increased hepatic lipid accumulation in ethanol-treated animals resulting in significant
increases in liver to body weight ratios. The ethanol-induced lipid deposits are
characteristically present as a mixture of macro-and microsteatosis. Hepatic cytochrome
P-4502E1 activities are consistently increased 2- to 3-fold in ethanol-treated animals as
compared to isocaloric controls suggesting increased reactive oxygen species (ROS)
production. The appearance of hepatic lesions indicative of inflammation is seldom
observed in the ethanol-treated animals. Likewise, no signs of ethanol-induced hepatic
fibrosis have been observed. Taken together, these parameters are consistent with those
displayed by individuals during the early stages of ethanol-induced liver injury characterized
by sustained increases in plasma ALT activities and hepatomegaly attributable to hepatic
triglyceride accumulation.

3.2 Detection and Characterization of Hepatic Proteins Modified by 4-HNE

As summarized in Table 1, our previous proteome-wide scans for hepatic proteins modified
by 4-HNE in rats and mice ingesting ethanol have identified protein targets that have
potential mechanistic links with the initiation and/or progression of ALD. For example, 4-
HNE maodifications on Hsp70, Hsp90 and PDI were found to modify enzymatic activity;
providing a mechanism for altered protein processing consistent with alcohol induced
oxidative stress [14, 16, 18]. It is becoming more evident that Hsp70 and Hsp90 play
important and interactive roles as cellular protein chaperones [23, 24] demonstrated by our
in vitro assays [14, 16] that indicate significant impairment of protein folding and refolding,
respectively. Similarly, our observation that 4-HNE modification of the endoplasmic
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reticulum protein, PDI, results in a decreased ability of this protein to undergo critical
disulfide exchange with target proteins — suggesting a mechanism that would further impair
hepatocellular protein processing. As detailed in recent comprehensive reviews [25-27], it is
now recognized that sustained oxidative stress and accumulation of unfolded proteins
resulting from chronic alcohol ingestion or other metabolic disorders such as nonalcoholic
liver disease and insulin resistance, is linked to the phenomenon of endoplasmic reticulum
stress. Stressing of the ER initiates complex signaling cascades proposed to be adaptive and
pro-survival through coordination of catabolic and metabolic pathways of glucose and lipid
metabolism [25, 27]. Interestingly, a prominent response of hepatocytes to ER stress is
increased lipid synthesis and storage. This observed pathology is similar to that of chronic
ethanol consumption or metabolic disorders such as nonalcoholic liver disease and insulin
resistance associated with obesity. Thus, our previous observations that covalent
modification of protein chaperones, such as Hsp90, Hsp70 and PDI by 4-HNE, in
conjunction with corresponding decreases in their enzymatic activities, provide important
information concerning the mechanisms of alcohol-induced liver injury and lipid
accumulation. As noted in Table 1, 4-HNE modification of hepatic Erk1/2 was previously
observed in rats chronically ingesting alcohol [28, 29]. Interestingly, identification of Erk1/2
as a target for 4-HNE maodification originated from the observation of the
immunohistochemcial co-localization of hepatic total Erk1/2 protein and 4-HNE-protein
adducts in rats chronically ingesting alcohol [29]. Additional experiments using hepatocytes
isolated from ethanol-treated rats revealed increased 4-HNE-Erk1/2 adduct formation was
associated with the loss of constitutive Erk1/2 phosphorylation. In vitro experiments using
hepatocytes exposed to sub-cytotoxic concentrations of 4-HNE confirmed the inhibition of
Erk1/2 phosphorylation mechanistically linked with impaired EIK-AP-1 signaling [28].
Using recombinant Erk, the results of this latter study identified His 178 within the
phosphorylation loop as the site for 4-HNE modification suggesting a potential mechanism
for impaired Erk phosphorylation. The observation of impaired Erk1/2 signaling through
AP-1 transcriptional activity provides mechanistic information implicating another
mechanism whereby the pro-oxidant effects of chronic ethanol ingestion impact liver
function.

Another hepatic protein target of 4-HNE modification in a mouse model of ALD previously
identified in our laboratory is peroxiredoxin 6 (Prx6) [15, 30] (Table 1). Although the
specific substrates of this protein remain elusive, Prx6 has been proposed to reduce a variety
of peroxides and is thus classified as an antioxidant enzyme. Studies from our laboratory
indicate that Prx6 is among the more resistant enzymes to modification by 4-HNE in that
concentrations of 4-HNE in excess of 200uM are required to inhibit activity by 50% [30].
Our observation that mice deficient in Prx6 are not predisposed to liver injury resulting from
chronic alcohol administration indicates that this antioxidant enzyme does not play an
important protective role during the early stages of ALD [31].

Taken together, the proteins listed in Table 1 provide important information indicating that a
number of hepatocellular proteins are targets for 4-HNE modification resulting from chronic
ethanol ingestion. The information in Table 1 indicates that during the early stages of ALD,
hepatocytes are challenged with impaired protein folding and processing through
dysregulation of Hsp70, Hsp90 and PDI. Given the pathologic consequences of sustained
ER stress [25, 27], decreased chaperone-dependent processes may provide a mechanism for
the observed increase in lipid synthesis, triglyceride accumulation, and enhanced oxidative
stress — all of which are documented to occur during this disease. Likewise, our previous
studies suggest impaired hepatocellular proliferation through impairment of Erk1/2
signaling. Of the limited number of proteins we have identified as targets for 4-HNE
modification, it is becoming more apparent that, like many diseases of oxidative stress, early
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ALD is a multifactorial disorder involving the dysregulation of numerous hepatocellular
systems that are likely to become more compromised and numerous as the disease progress.

3.3 Identification of 4-HNE Modified Liver Fatty Acid Binding Protein in a Rat Model of ALD

More recently, the experimental approaches described in the previous paragraphs have
revealed an additional hepatic protein that is a target for 4-HNE in rats chronically ingesting
alcohol. The 2D Imperial-stained gel presented in Figure 1A represents a proteome-wide
scan of hepatic 4-HNE modified proteins in cytosolic fractions prepared from rats treated for
16 weeks with either the isocaloric control or alcohol-containing diet. The immunoblot
presented in the left panel of Figure 1B displays the presence of a limited number of 4-HNE
immunopositive proteins in control rats whereas the representative blot of an ethanol-treated
animal in right panel contains a circle insert identifying a unique population of proteins with
an approximate molecular weight of 15,000. The in-gel digest of this immunopositive spot
from the ethanol-treated animal followed by LC-MS/MS analysis resulted in identification
of 6 peptides listed in Table 2 indicating a significant MOWSE score (p<0.05) matching
these of these peptides to liver fatty acid binding protein (L-FABP). It is noteworthy that one
peptide representing residues 47-90 was not detected in the tryptic digests of the
immunopositive spots obtained from the 2D gels prepared from ethanol treated rats.
Therefore, additional conformation of protein identify was obtained by probing paired blots
with an antibody against L-FABP (Figure 1C).

Additional experiments were performed using recombinant mouse L-FABP protein to begin
identifying nucelophilic amino acids that are potential targets for 4-HNE modification. This
was accomplished by incubating of recombinant mouse L-FABP with 117.03uM 4-HNE,
representing a 10-fold excess of this aldehyde. Modified protein was run on SDS-PAGE,
stained with Coomassie blue, digested with trypsin and analyzed using MALDI-TOF/TOF
Mass Spectrometry. The spectra presented in Figure 2 and data presented in Table 3
confirmed modification of a peptide corresponding to amino acids 61-68. The mass of this
peptide (m/z 2231.91) represents a shift equivalent to the mass of 4-HNE (156 Da) as
compared to the parent peptide. It is noteworthy that when 4-HNE-modified L-FABP was
reduced with 10mM NaBHy,, the mass of the peptide was increased, as predicted, to m/z
2233.96 (total mass shift of 158 Da). The spectra of y and b fragment ions presented in
Figure 2 confirm modification of Cys 69 as a stable adduct of the primary residues of L-
FABP modified by 4-HNE. Interestingly, molecular modeling simulations of L-FABP [32]
highlight a possible portal at the bottom of the beta-barrel structure localized near Cys 69
that may regulate the exit of bound hydropholic ligands — suggesting that modification of
this residue may alter release and exit of lipid ligands. At present, the functional
consequences of L-FABP modification by 4-HNE are currently under investigation in our
laboratory. Previous reports have described decreased affinity of adipocyte FABP (A-FABP)
for the fluorescent ligand 1-Anilinonaphthalene-8-Sulfonic Acid following 4-HNE
modification [33] whereas 4-HNE modification of epithelial FABP (E-FABP) reportedly
stabilizes the protein when subjected to chemical denaturation with guanidine hydrochloride
[34]. Therefore, the overall impact of 4-HNE modification on the functional properties of L-
FABP are difficult to predict and complicated by structural characteristics and complexities
of L-FABP as compared to adipocyte and epithelial fatty acid binding proteins.

The characteristics of the L-FABP protein are presented in reviews elsewhere [35, 36].
Briefly, L-FABP represents 2-5% of the cytosolic protein present in liver and belongs to a
larger family of intracellular lipid binding proteins (iLBP). Cellular localization of L-FABP
also includes the nucleus. Relevant to the data presented here, L-FABP is localized in the
organ that is highly active in fatty acid metabolism. This observation makes L-FABP
extremely relevant to the observed lipid accumulation in early stages of ALD. This protein
binds a number of chemically diverse hydrophobic ligands including saturated and

Chem Biol Interact. Author manuscript; available in PMC 2012 June 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Smathers et al.

Page 6

unsaturated long-chain fatty acids as well as their CoA thioesters. Additional ligands include
lysophosphatidic acid, bile salts and at least two forms of peroxisome proliferators. A unique
characteristic of L-FABP is its ability to simultaneously bind 2 ligands via 2 different
binding sites within the cavity of the protein, different from the remaining members of the
iLBP family that are capable of only binding a single ligand. L-FABP binds fatty acids as
well as certain peroxisome proliferators and translocates to the nucleus, indicating that the
protein is important in transporting not only lipids but also in activating nuclear receptors.
Our observation that L-FABP is modified by 4-HNE in an animal model of ALD is novel
and consistent with one other report of a carbonylated iLBP present in adipose tissue of mice
ingesting a high-fat diet [33]. Interestingly, these investigators reported that in vitro
modification of the adipose fatty acid binding protein (A-FABP) by 4-HNE significantly
impaired fatty acid binding kinetics; suggesting that sustained cellular oxidative stress may
result in impaired fatty acid processing. Studies in our laboratory are presently underway to
determine additional sites of 4-HNE modification on L-FABP and the corresponding effects
on ligand binding parameters.

The data presented in Figure 3 suggest additional implications associated with 4-HNE
modification on L-FABP. Specifically, it was noted in the 2D blots for L-FABP that the
immunostaining was much more dense in the control animals (Figure 1C). Therefore,
additional experiments were conducted using western blots for L-FABP on standard 1-
dimensional electrophoresis. It is evident from Figure 3A and B that chronic alcohol
ingestion resulted in an approximated 30% decrease (p<0.01) of L-FABP protein. These
results indicate that 4-HNE modification may result in enhanced cellular clearance of the
protein. An additional possibility is chronic ethanol ingestion results in translocation of L-
FABP to other cellular compartments such as the nucleus. Both of these possibilities are
currently under investigation in our laboratory. These results suggest that the modification of
L-FABP by 4-HNE may have significant mechanistic implications for the development and
progression of steatosis during the early stages of the disease.

Concluding remarks

We have used proteomic approaches to uncover molecular mechanisms of hepatic oxidative
stress induced by chronic ethanol ingestion. Using LC-MS/MS and MALDI-TOF/TOF
spectroscopy, we have identified hepatic proteins modified with 4-HNE in rat and mouse
models of ALD. Identification of Hsp70, Hsp90 and PDI as in vivo targets for modification
by 4-HNE suggest that impairment of their activity could contribute to the initiating events
of ER stress and subsequent hepatic lipid accumulation. Likewise, identification of Erk1/2
as an in vivo target for 4-HNE modification led to identification of the specific site of
adduction explaining the observed dysregulation of phosphorylation events potentially
associated with impaired liver regeneration. The recent identification of 4-HNE modified L-
FABP in a rat model of ALD is providing important information concerning additional
mechanisms contributing to dysregulation of lipid homeostasis associated with the early
stages of ALD.
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Figure 1.

Two-dimensional electrophoresis and immunoblot detection of 4-HNE-modified cytosolic
proteins from isocaloric-control and ethanol-fed rat liver. L-FABP, indicated by the arrow,
was identified following in-gel digest and LC-MS/MS analysis interfaced with the
MASCOT search engine. Probes against L-FABP are shown for the control and ethanol-fed
rats.
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Figure 2.

MS/MS Spectra of 4-HNE modified Cys69 of L-FABP. MALDI-TOF/TOF Mass
Spectrometry was used to identify sites of 4-HNE modification on digested peptides of
recombinant mouse L-FABP after incubation with a 10-fold molar excess of the aldehyde. A
mass shift was detected on peptide NEFTLGEECELETMTGEK with a total mass of 2233.8
Da. Relative y and b ions show the presence of the 4-HNE adduct on the nuclophillic residue
Cys69 and oxidation of Met74.
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Figure 3.
A. Western blot analysis for L-FABP in cytosolic fractions prepared from control and

ethanol-treated rats. Protein load was normalized using p-actin. B. Densitometetric
quantification detected an approximate 30% decrease (p<0.01, n = 6) decrease of L-FABP in
rats chronically ingesting ethanol.
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Table 1

Summary of Proteins Modified by 4-HNE in Rat and Mouse Models of Alcoholic Liver Disease

Page 12

Protein | Animal Target Sequence of Effect of Modification Reference
Model Modification® on Protein Function
Hsp70 Rat TACER Impairment of ATPase 16
activity and protein folding
267
Hsp90 Rat Impairment of refolding of 14
F E N ‘ E H damaged proteins
PDI Rat Dysfunctional restoration of 18
VS DTG SAG I— M I—VE F FA PWCG H c K mismatched intraprotein
disulfide bonds
57
Erk 1/2 | Rat Inhibition of Erk1/2 20,21
V.AD PD H D HTG F LTEYVATRWYR phosphorylation and impaired
hepatocellular regeneration
178
Prx6 Mouse DINAYNCEEPTEK Modification of solvent 15,19

91

accessible thiol potentially
restricting access to active site
Cys 47

aNumbers below bolded amino acid signify sequence number of modified target residue
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Table 2
Summary of tryptic digest from rat L-FABP identified by LC-MS/MS

Protein ID* | Mass | pl Amino Acid | Peptides Matched
Sequence
Rat LFABP | 14,192 | 6.67 | 7-20 YQVQSQENFEPFMK
21-31 AMGLPEDLIQK
37-46 LTTTYGSK
91-96 MVTTFK
100-121 SVTEFNGDTITNTMLGDIVYK

*
Significant protein match based on -10* LogP MOWSE score of 84 (p< 0.05). Minimal score of significance is 54
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Table 3

Identification of 4-HNE adducted peptide and specific residue modified in recombinant mouse L-FABP.

* Peptide Mass falad
Treatment
reatmen |dentified Sequence
10X 4-HNE 61-78 223191 | NEFTLGEECELETMTGEK
69
10X 4-HNE and 10 mM NHBH, | 61-78 2233.96

NEFTLGEECELETMTGEK
69

*
Recombinant mouse L-FABP was modified with 10X molar excess of 4-HNE (117.03uM) or 10X 4-HNE followed by reduction with 10 mM

NHBH4

F%k

Numbers below bolded amino acid signify sequence number of modified target residue
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