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Ethanol metabolism by liver generates short lived reactive
oxygen species that damage liver but also affects distal organs
through unknown mechanisms. We hypothesized that dissemi-
nation of liver oxidative stress proceeds through release of bio-
logically active oxidized lipids to the circulation. We searched
for these by tandem mass spectrometry in plasma of rats fed a
Lieber-DeCarli ethanol diet or in patients with established alco-
holic liver inflammation, steatohepatitis. We found a several-
fold increase in plasma peroxidized phosphatidylcholines,
inflammatory and pro-apoptotic oxidatively truncated phos-
pholipids, and platelet-activating factor, a remarkably potent
and pleiotropic inflammatory mediator, in rats chronically
ingesting ethanol. Circulating peroxidized phospholipids also
increased in humans with established steatohepatitis. However,
reactive oxygen species generated by liver ethanol catabolism
were not directly responsible for circulating oxidized phospho-
lipids because the delayed appearance of these lipids did not
correlate with ethanol exposure, hepatic oxidative insult, nor
plasma alanine transaminase marking hepatocyte damage.
Rather, circulating oxidized lipids correlated with steatohepati-
tis and tumor necrosis factor-a« deposition in liver. The organic
osmolyte 2-aminoethylsulfonic acid (taurine), which reduces
liver endoplasmic reticulum stress and inflammation, even
though it is not an antioxidant, abolished liver damage and the
increase in circulating oxidized phospholipids. Thus, circulat-
ing oxidized phospholipids are markers of developing steato-
hepatitis temporally distinct from oxidant stress associated with
hepatic ethanol catabolism. Previously, circulating markers
of the critical transition to pathologic steatohepatitis were
unknown. Circulating oxidatively truncated phospholipids are
pro-inflammatory and pro-apoptotic mediators with the poten-
tial to systemically distribute the effect of chronic ethanol expo-
sure. Suppressing hepatic inflammation, not ethanol catabo-
lism, reduces circulating inflammatory and apoptotic agonists.

Ethanol metabolism by liver cytochrome P450 2E1 leaks elec-
trons to molecular oxygen to produce superoxide, O, (1). This
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is an important side reaction because ablation of copper/zinc
superoxide dismutase that metabolizes this reactive oxygen
specie promotes lipid peroxidation and liver damage by even
mild ethanol exposure (1). Consumption of alcohol increases
whole body oxidant stress as shown by the increased urinary
excretion of the predominantly free radical-generated arachi-
donate metabolite F, -iii isoprostane (2), by increased circulat-
ing levels of phosphatidylcholine hydroperoxides (3), and by an
increase in circulating oxidized low density lipoproteins (4).
The source of these extracellular oxidized lipid species is not
known but is assumed to reflect hepatocyte production of O by
cytochrome P450 2E1.

Liver damage from chronic alcohol ingestion is associated
with, and appears to derive from, oxidative stress, and in par-
ticular from mitochondrial oxidative stress (1). This chronic
ethanol-related disturbance in mitochondrial health contrib-
utes to increased production of reactive oxygen species, a
central abnormality responsible for liver injury and disease pro-
gression (5, 6). A critical watershed for alcoholics is the progres-
sion from benign fat accumulation in liver, steatosis, to the
inflamed state, steatohepatitis, that is a precursor for end stage
liver disease. The transition to steatohepatitis currently can
only be established through invasive liver biopsy because there
are no circulating markers of this critical event. Although liver
is the primary organ metabolizing ethanol, chronic alcohol
ingestion damages organs other than liver (7). An unanswered
question is how oxidant stress is spread beyond the liver in
individuals and animal models chronically exposed to dietary
ethanol because reactive oxygen species are transient.

Circulating oxidation products, rather than oxidants them-
selves, could systemically disperse liver oxidative stress. A pri-
mary target of oxidizing radicals are polyunsaturated fatty acids
(8), which oxidize to esterified lipid (hydro)peroxides that are
esterified in cellular and lipoprotein complex lipids. Because
polyunsaturated fatty acyl residues predominate at the sn-2
position of the glycerol backbone of phospholipids, common
products of oxidative attack are phospholipids containing sn-2
hydroperoxyoctadecadienoyl ester (HpODE)? from linoleoyl
oxidation and hydroperoxyeicosatetraenoyl ester (HpETE)

2 The abbreviations and trivial names used are: HpODE, hydroperoxyoctade-
cadienoic acid; HpETE, hydroperoxyeicosatetraenoic acid; HODE,
hydroxyoctadecadiene; HETE, hydroxyeicosatetraenoic acid; PC, phos-
phatidylcholine; PAF, platelet-activating factor; TNFa, tumor necrosis fac-
tor-q; taurine, 2-aminoethylsulfonic acid; ALT, alanine transaminase; LC/MS/
MS, liquid chromatography-tandem mass spectrometry; HPLC, high pressure
liquid chromatography; lysoPAF, lysoplatelet-activating factor.
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derived from arachidonoyl peroxidation. Phospholipid hy-
droperoxides themselves have no established signaling role,
although this may be changing (9), but are relevant because they
reflect endogenous oxidative stress and so act as circulating
biomarkers of oxidative stress (3). Phospholipid hydroperox-
ides may also be relevant because they are precursors of a host
of oxidatively truncated phospholipids, which are formed by
fragmentation of the fatty acyl chain at the site of the
(hydro)peroxy function (10), that can be potent inflammatory
and apoptotic agonists.

Truncated phospholipid oxidation products display varied
biologic activities relevant to thrombosis and the inflammatory
response because they are agonists (11) of the G protein-cou-
pled receptor for platelet-activating factor (PAF) expressed by
all elements of the innate immune system. This class of trun-
cated phospholipid favors a robust inflammatory response that
would augment reactive oxygen species production. Oxida-
tively truncated phospholipids also affect cellular homeostasis
by reducing mitochondrial integrity and function (12, 13). A
common truncation product of HpODE residues esterified at
the sn-2 position is an esterified sn-2 azelaoyl fragment, and this
oxidatively truncated phospholipid is particularly mitotoxic
and effectively initiates the intrinsic caspase cascade leading to
apoptotic cell death (14, 15). Should these types of oxidation
products accumulate in the circulation, production of reactive
oxygen species in one organ would lead to mitochondrial dam-
age, loss of mitochondrial function, and eventually cell death in
distal tissues.

We therefore investigated the hypotheses that oxidized lipids
and their biologically active truncation products accumulate in
the circulation of animals chronically ingesting clinically rele-
vant amounts of ethanol and that these result from liver oxidant
stress imposed by ethanol catabolism. We verified the first
hypothesis but found that rather than simply reflecting liver
catabolism of ethanol, these circulating lipids instead mark the
transition from fatty liver to active liver inflammation. We then
verified the resulting hypothesis that suppressing liver inflam-
mation suppresses circulating oxidized phospholipids.

EXPERIMENTAL PROCEDURES
Materials

Adult male Wistar rats weighing 170-180 g were purchased
from Harlan Sprague-Dawley, Inc. (Indianapolis, IN). Lieber-
DeCarli high fat ethanol diet was purchased from Dyets (Beth-
lehem, PA). [acetyl->H-]PAF was the product of PerkinElmer
Life Sciences, PAF, [*H,]PAF, azelaoyl phosphatidylcholine,
other truncated oxidized phospholipids, and all hydroxy-
octadecadienoic acids (HODEs) and HETEs (*H-labeled or
unlabeled) were from Cayman Chemical (Ann Arbor, MI).
Hydroperoxyoctadecadienoyl phosphatidylcholine (HpODE-
PC) and hydroxyoctadecadienoyl phosphatidylcholine (HODE-
PC) were synthesized by Dr. Robert Solomon (Case Western
Reserve University).

Animal Model and Ethanol Feeding

The chronic ethanol feeding model used in this study has
been previously described (16) using animals that received
humane care according to the criteria outlined in Ref. 52 were
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used in a protocol approved by the Cleveland Clinic Institu-
tional Animal Care and Use Committee (IACUC). Briefly, rats
were randomly assigned to be ethanol-fed or assigned to a
paired, isocaloric control group where maltose dextrin isoca-
lorically substituted for ethanol in their liquid diet so the rats
gained weight at the same rate. For the first 2 days of the pro-
tocol, rats in the ethanol group were fed with a liquid diet with
17% of the calories supplied as ethanol and then were provided
an ad libitum liquid diet containing ethanol as 35% of total
caloric value for 4 weeks (see Fig. 1). The amount of ethanol in
the circulation is not excessive, being in the clinically relevant
0.1-0.15% range. 2-Aminoethylsulfonic acid (taurine) supple-
mentation was at 30 g/liter as described (17). After the stated
feeding period, animals were anesthetized, exsanguinated, and
plasma-isolated and stored at —80° before batch analysis.

Immunohistochemistry

TNFa—Formalin-fixed paraffin-embedded rat liver sections
were deparaffinized in Safeclear II xylene substitute and con-
secutively hydrated in 100, 95, and 70% followed by one wash in
phosphate-buffered saline. Sections were treated with protein-
ase K (20 pg/ml) at 24 °C for 15 min for antigen retrieval. Sec-
tions were blocked with 10% rabbit serum and 0.1% Triton
X-100 in phosphate-buffered saline and incubated overnight
with 1:200 polyclonal goat anti-rat TNFa (R&D Systems, Min-
neapolis, MN). Washed sections were incubated with 1:1000
Alexa Fluor 488-conjugated donkey-anti-goat IgG. Sections
were washed and mounted with VECTASHIELD (Vector Lab-
oratories, Burlingame, CA). Images acquired with a X40 objec-
tive were quantified using ImagePro Plus software (Media
Cybernetics Inc., Bethesda, MD).

4-Hydroxynonenal—Formalin-fixed paraffin-embedded rat
liver sections were deparaffinized and hydrated as described for
TNFa immunostaining. Sections were treated with proteinase
K (20 pg/ml) at room temperature for 5 min for antigen
retrieval. Sections were blocked with peroxidase block (DAKO
North America. Inc., Carpinteria, CA) for 30 min, and then
blocked with Biotin block (DAKO North America. Inc.) for 20
min (10 min for avidin block and 10 min for biotin block). Liver
sections were incubated with rabbit anti-rat 4-hydroxynonenal
antibody (Alpha Diagnostic International, 1:200 dilution) over-
night at 4 °C. Liver sections were then incubated with biotinyl-
ated link (DAKO North America. Inc.) for 30 min, streptavidin
peroxidase for 30 min, and then substrate-chromogen solution
for 2 min at room temperature. Slices were counterstained with
hematoxylin for 2 min and then mounted with DAKO Ultra-
mount aqueous permanent mounting medium (DAKO North
America. Inc.). Images were taken at X40 by bright light field.

Histopathology

Individual features including degree of steatosis, inflamma-
tion, and ballooning were assessed in ethanol-fed and pair-fed
animals by an experienced pathologist in a blinded fashion. Ste-
atosis and inflammation based on inflammatory cell infiltrate
were scored from O to 3, whereas ballooning was assessed as
being either present or not. Circulating alanine transaminase
(ALT) and aspartate aminotransaminase were quantified as
described previously (17).
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silica normal phase HPLC before
reversed phase LC/MS/MS (18).
Each sample in 85% methanol was
injected onto a reverse phase C18
HPLC column (2 X 150 mm, 5-um
ODS(2) Phenomenex) equilibrated
with 85% methanol containing 0.2%
formic acid at a flow rate of 0.2

HpODE-PC

HODEBC ml/min. Oxidized phospholipids

HpODE-PC HODE-PC ) . .
were resolved using a linear gradi-
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2 o6l = 9-HODE 100 to 85% methanol in 0.5 min and
0al held for 6.5 min. Mass spectromet-
02l ric analyses were performed with a
00 : Quattro Ultima triple-quadrupole

Pair-fed Ethanol-fed .
mass spectrometer (Micromass,
17% ethanol calories 35% ethanol calories Wythenshawe, UK) configured with
Ethanol-fed the capillary voltage at 5 kV, the
2 da‘ys DlayO 1 wleek 2weleks 3w.eeks 4w‘eeks cone VOltage at 60 V, the source
Pair-fed temperature at 120 °C, and a desol-
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vation temperature at 250 °C. The

FIGURE 1. Hydroxy- and hydroperoxy-phospholipids increase in the circulation after chronic alcohol
exposure. A, plasma phospholipid hydroperoxides from alcoholic patients. Human plasma was collected
from patients with documented early stage alcoholic liver disease (n = 3) or healthy individuals (n = 5).
Circulating levels of the oxidized phospholipids HpODE-PC and HODE-PC were measured as described
under “Experimental Procedures.” B, plasma hydroperoxides in rats ingesting ethanol for 4 weeks. Plasma
HpODE-PCand HODE-PCinrats (n = 5) chronically ingesting ethanol to provide 35% of their caloric intake
orin paired control animals fed the same number of calories consumed by its paired ethanol-fed rat on the
previous day (inset timeline). *, p < 0.05 comparing ethanol-fed to paired control. , circulating oxidized
phospholipids are a mixture of regio- and stereocisomers. Stereo- and regioisomers of H(p)ODE esterified
in circulating phospholipids from rat plasma (n = 4) were determined by HPLC and mass spectrometry as
described under “Experimental Procedures.” *, p < 0.05 comparing ethanol-fed to paired controls. D, oxi-
dized fatty acyl residues in circulating neutral lipids. Regioisomers of arachidonoyl-derived HETEs and
linoleoyl-derived HODEs in neutral lipids of rats maintained for 4 weeks on the Lieber-DeCarli ethanol diet
or their isocaloric controls are shown. The inset depicts the experimental design where animals either
ingest an ethanol supplemented liquid diet or are pair-fed an isocaloric diet for the stated times. Two days
prior to the start of the experiment, animals in the ethanol-fed arm are habituated to the diet with lesser

flow rates for the nitrogen in the
cone and desolvation gas were 90
and 811 liters/h, respectively. Colli-
sion-induced  dissociation  was
obtained using argon gas. Analyses
were performed using electrospray
ionization in the positive-ion mode
with multiple reaction monitoring.
The transitions used to detect the
choline phospholipids were the mass-
to-charge ratio (m/z) for the molecu-

amounts of ethanol.

RNA Isolation and Quantitative Reverse Transcription-PCR for
TNF-« in Liver

Total RNA was extracted from liver tissues preserved in
RNAlater (Qiagen, Germantown, MD) using RNeasy mini kit
(Qiagen, Germantown, MD). RNA content was measured using
NanoDrop ND-1000 spectrophotometer. Messenger RNA
expression was quantified by SYBR Green one-step reverse
transcription-PCR for TNFa and S18 with the Bio-Rad MyiQ
real-time PCR detection system. The primers were: sense,
5'-CTA TGT GCT CCT CAC CCA CA-3’; antisense, 5'-TGG
AAG ACT CCT CCC AGG TA-3'. The expression of TNFa«
was normalized to S18 mRNA content and calculated relative
to normal control.

Mass Spectrometry Analysis of Intact Oxidized Phospholipids
in Rat Plasma

Lipids were extracted with [?H]PAF as an internal stan-
dard and quantified by liquid chromatography/electrospray
ionization/tandem mass spectrometry. PAF was purified by
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lar ion [M+H]" and the m/z 184
phosphocholine daughter ion.

Mass Spectrometry of Esterified H(p)ODE Stereo- and Regioisomers

Plasma was collected from rats (# = 4) maintained for 4
weeks on the Lieber-DeCarli ethanol diet or their paired isoca-
loric controls. Phospholipids were purified over an amino solid
phase extract column, reduced by NaBH,, and saponified by
NaOH to recover reduced free fatty acids. 13R-HODE and 135-
HODE from the total phospholipid pool were separated by
chiral HPLC with 13S-[*H,]HODE as an internal standard.
13R-HODE and 13S-HODE were quantified by LC/MS/MS,
whereas 9-HODE was directly quantified by LC/MS/MS.
Extracts were reconstituted in 50% methanol, injected into a
reverse phase HPLC column (2 X 150 mm, 5-um ODS(2) Phe-
nomenex) at a flow rate of 0.2 ml/min. The gradient was started
with methanol/water (1:1, v:v) containing 0.2% formic acid and
held for 1 min. The solvent was increased to 85% methanol in 1
min and held for 4 min and then linearly increased to 100%
methanol in 4 min and held for 8 min. The gradient was
dropped to 50% and held for 6.5 min. The mass spectrometer
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RESULTS

Plasma Peroxidized Phospholip-
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quantify circulating phospholipid
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utive patients undergoing a liver
biopsy at our institution for clini-
cal suspicion of alcoholic steato-
hepatitis, whose diagnosis was
then confirmed by liver biopsy.
We found a significant increase
in circulating peroxidized phos-
phatidylcholine in these patients
when compared with healthy con-
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FIGURE 2. Circulating oxidatively truncated phospholipids increase during chronic ethanol ingestion. A, sn-2
glutaroyl choline phospholipids. PG-PC, palmitoyl glutaroyl phosphatidylcholine; G-LPAF, glutaroyl lysoPAF (LPAF,
1-O-hexadecyl-sn-glycero-3-phosphocholine). B, sn-2 azelaoyl choline phospholipids. AZ-PC, azelaoyl phosphatidyl-
choline; AZ-LPAF, azelaoyl lysoPAF. C, platelet-activating factor. D, plasma PAF acetylhydrolase (PAFAH) activity.
Plasma was from rats (n = 5) maintained on the Lieber-DeCarli ethanol diet for 4 weeks or their pair-fed controls. PAF
and the truncated phospholipids were quantified by LC/MS/MS using [*H,JPAF as the internal standard. PAF acetyl-
hydrolase activity was quantified using [acetyl-*H-IPAF. Alkyl phospholipids contain a lysoPAF, rather than a lyso-
phosphatidylcholine, backbone. *, p < 0.05 comparing ethanol-fed to pair control.

parameters were: source capillary, 3.5 kV; cone voltage, 40 V;
source temperature, 120 °C; desolvation temperature, 250 °C; col-
lision energy, 10 eV; multiplier, 650 V. Negative-ion mode with
multiple reaction monitoring of parent (19) and individual daugh-
ter ions of oxidized and unoxidized fatty acids used the m/z tran-
sitions: 5-HETE (319—115); 8-HETE (319—155); 9-HETE
(319—151); 11-HETE (319—167); 12-HETE (319—179);
15-HETE  (319—175); 9-HODE (295—171); 13-HODE
(295—195); arachidonate (303—259); linoleate (279—261).

PAF Acetylhydrolase Activity

Hydrolysis of [acetyl->’H-]PAF by plasma was assessed by
separation and solvent recovery of [*H]acetate (20). PAF
hydrolysis was linear with the amount of plasma added.

Data Analysis

All data are presented as mean * S.E. Independent ¢ test
(two groups) or one way analysis of variance (multiple
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PAFAH Activity

Pair-fed

nate HODE-PC, formed by chem-
ical or enzymatic reduction of the
HpODE-PC hydroperoxide, was
not different between the two
groups. This unambiguous struc-
tural identification and quantita-
tion show that increased phospho-
lipid hydroperoxides described by
Adachi et al. (3), using a problem-
atic assay, do increase during
chronic alcoholic use.

We determined whether an
experimental model of chronic
alcoholic liver injury, the Lieber-
DeCarli diet, mirrored the in-
crease in circulating hydroperoxy-
containing phosphatidylcholines
that has been proposed as a new
marker of oxidative stress in alcoholic patients (3). Rats
chronically ingesting a diet where ethanol provides 35% of
their caloric intake were compared with rats where dextrin
maltose was isocalorically substituted for ethanol. We found
the content of HpODE-PC and HODE-PC was increased 3-
and 10-fold, respectively, in animals ingesting ethanol for 4
weeks when compared with their pair-fed controls (Fig. 1B).
We determined that the circulating hydroperoxy- and
hydroxy-phospholipids were non-enzymatic oxidation pro-
ducts because they were composed of an equal mixture of
R- and S-stereoisomers (Fig. 1C) rather than the single 135-
HpODE stereochemical product formed by 12/15-lipoxyge-
nase. We also found that neutral lipids did not accumulate
peroxidized fatty acyl residues during chronic ethanol inges-
tion (Fig. 1D), so phospholipid polyunsaturated fatty acyl
residues were oxidized in place because otherwise both
classes of complex lipids would have accumulated peroxi-
dized free fatty acids.

ACEVEN

Ethanol-fed
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FIGURE 3. The increase in circulating oxidized phospholipids during
chronic alcohol consumption is biphasic. A, HODE-PC and HpODE-PC
plasma levels in rats (n = 4) maintained on the Lieber-DeCarli liquid ethanol
diet and in their isocaloric pair-fed controls for the stated period of time. The
concentration of these phospholipids was determined as in Fig. 1. B, oxida-
tively truncated phospholipid palmitoyl azelaoyl phosphatidylcholine (AZ-
PC) was collected and analyzed after the stated time on the dietary regimen as
described in the legend for Fig. 2. Week two and three lipids were below a
quantifiable level. *, p < 0.05 comparing ethanol-fed to pair-fed.

Circulating Oxidatively Fragmented Phospholipids Are
Increased by Chronic Ethanol Ingestion—Phospholipid hy-
droperoxides are precursors for a host of truncated phospho-
lipids formed by further oxidation, with associated bond rear-
rangement and scission. We found that the amount of
truncated acyl and alkyl (phospholipids with an su-1 ether-
linked lysoPAF backbone) glutaroyl choline phospholipids,
which initiate endothelial cell interaction with inflammatory
cells (21), was increased 2-fold by prolonged ethanol ingestion
(Fig. 2A4). We also found (Fig. 2B) a 2-fold increase in acyl and
alkyl choline phospholipids containing the cytotoxic (14, 22)
and pro-inflammatory (11, 23) nine-carbon azelaoyl fragment
derived from cleavage of esterified 9-HpODE residues. The
2-fold increase in oxidatively fragmented phospholipids with
either glutaroyl or azelaoyl sn-2 residues occurred for both alkyl
and acyl phospholipids, although as expected from the relative
abundance of their precursors, the content of the diacyl trun-
cated phospholipid was far greater than that of the correspond-
ing alkyl acyl species.

Chronic ethanol ingestion also doubled the amount of PAF in
the circulation (Fig. 2C), providing de facto evidence of an
inflammatory response to this insult. The presence of both PAF
and alkyl species of oxidatively truncated phospholipids indi-
cates that the site of the oxidative attack on polyunsaturated
phospholipids was not hepatocytes because rat liver does not
contain the alkyl phospholipid precursors (24) required for
their production. In contrast, phospholipid-rich high density
lipoprotein particles oxidize in preference to neutral lipid-rich
low density lipoprotein, and high density lipoprotein particles
are the primary carriers of lipid hydroperoxides (25). This sug-
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FIGURE 4. Chronic ethanol feeding induces hepatic oxidative stress and
hepatocyte damage. A, 4-hydroxynonenol immunohistochemistry. Sec-
tions of livers from rats treated for the stated time and conditions were sec-
tioned and stained as described under “Experimental Procedures.” W, weeks;
E, ethanol; P, pair-fed. B, circulating alanine transaminase levels. ALT was
assessed in blood drawn from rats at the stated times and conditions by the
Cleveland Clinic medical laboratory. *, p < 0.05 comparing ethanol-fed to
pair-fed controls, & p < 0.05 comparing animals fed ethanol for a different
period.

gests that both phospholipid hydroperoxides and their trun-
cated phospholipid products were primarily derived from oxi-
dation of lipoproteins in the circulation.

The enzyme PAF acetylhydrolase hydrolyzes PAF, phospho-
lipid hydroperoxides, esterified isoprostane residues, and oxi-
datively truncated phospholipids (26, 27). However, accumula-
tion of all these substrates of plasma PAF acetylhydrolase was
not due to diminished circulating PAF acetylhydrolase activity
after 4 weeks of chronic ethanol ingestion (Fig. 2D).

Accumulation of Circulating Oxidized Phospholipids Is Tem-
porally Dissociated from Ethanol Catabolism—If circulating
HpODE-PC and HODE-PC arise from ethanol catabolism and
reactive oxygen specie production, then the increase in these
oxidized phospholipids should be contemporaneous with the
onset of ethanol consumption. We collected plasma weekly
from animals ingesting ethanol or the isocaloric control diet
and found that both HpODE-PC and HODE-PC were present
in the circulation after 1 week on the diet but that ethanol inges-
tion did not significantly increase these oxidized phospholipids
when compared with the isocaloric pair-fed control (Fig. 34).
Remarkably, these oxidized phospholipids then disappeared
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phospholipid largely disappeared
from the circulation over the subse-
quent 2 weeks (Fig. 3B). As with its
precursor, oxidized phospholipid
HpODE-PC, the oxidatively trun-
cated phospholipid azelaoyl phos-
phatidylcholine (AZ-PC) returned
to the circulation after 4 weeks on
the liquid diets with a significantly
larger amount in the circulation of
animals fed the ethanol-supple-
mented diet.

Diet and Ethanol Exposure
Increase Hepatic Oxidative Stress—
Hepatic oxidative stress was in-
creased in animals ingesting the
ethanol diet for a single week when
compared with the pair-fed controls
as determined by immunohisto-
chemical detection of 4-hydroxy-
nonenal protein adducts (Fig. 4A).
Hydroxynonenal adduct accumula-
tion developed throughout the eth-
anol feeding protocol, primarily
with a centrilobular distribution.
Hepatic oxidative stress developed
over time in ethanol-fed animals,
but oxidative stress was also in-
creased in a more uniform fashion
in pair-fed animals over time,
showing that the control diet itself
is not benign. Circulating alanine
transaminase (Fig. 4B) was signifi-
cantly increased after a single
week of ethanol ingestion, with a
small increase thereafter. Pair-fed
animals displayed no change in
this circulating marker of liver

rarl
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Pair Ethanol Pair Ethanol Pair Ethanol Pair Ethanol damage despite a generalized
Week 1 Week 2 Week 3 Week 4 increase in hepatic 4-hydroxynon-

FIGURE 5. Rats chronically ingesting ethanol develop steatohepatitis. A, hepatic histology as a function of
time on the Lieber-DeCarli ethanol diet. Images are at X 20 and X40 of hematoxylin and eosin-stained sections
from rats ingesting the ethanol liquid diet or their pair-fed controls for the stated times. B, score values of
hepatic steatosis and hepatic inflammation over time. Livers from rats treated for the stated time and condi-
tions were sectioned and stained with hematoxylin and eosin. Steatosis and steatohepatitis were scored by an
experienced pathologist in a blinded fashion with scores from 0 to 3. Values are mean * S.E., n = 3. %, p < 0.05

comparing ethanol-fed to pair-fed controls.

from the circulation during the subsequent 2 weeks of the eth-
anol supplemented dietary regimen, although ethanol contin-
ued to provide 35% of their caloric intake. This low background
of oxidized phospholipids during weeks two and three of the
diet then accentuates a sharp increase in the level of both oxi-
dized phospholipids at the 4th week of the protocol, which was
particularly prominent in ethanol-fed animals. Similarly, the
circulating oxidatively truncated phospholipid palmitoyl
azelaoyl phosphatidylcholine was also present at week one, with
no significant difference between the control and ethanol-fed
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enal immunostaining.
Steatohepatitis Develops over Time
in Animals Ingesting Ethanol—
Hepatic lipid accumulation, steato-
sis, was apparent and significant
after 2 weeks of ethanol ingestion,
and steatohepatitis, marked by foci
of inflammatory cells, was apparent and significant by week
three in hepatic sections of animals on the ethanol diet (Fig. 5, A
and B). The extent of these conditions was most marked in
animals that had spent 4 weeks on the ethanol diet. Frank hep-
atocyte nuclear condensation and necrotic lesions were only
observed in animals exposed to ethanol for 4 weeks, and hepa-
tocyte ballooning was not observed in these slices. Neither ste-
atosis nor steatohepatitis developed in pair-fed animals. The
developing hepatic oxidative stress, steatosis, and steatohepati-
tis in ethanol-fed animals were distinct from the initial increase
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azelaoyl phosphatidylcholine (AZ-
PC) or palmitoyl glutaroyl phos-
phatidylcholine (PG-PC) derived
from oxidized phospholipids but
again abolished the increase asso-
ciated with chronic ethanol inges-
tion. Taurine had a modest, but
significant, effect on plasma ALT
(Fig. 7), and it abolished the in-

Pair Ethanol crease in serum aspartate amino-

Week 1

FIGURE 6. TNFa accumulates in liver over time during chronic alcohol consumption. A, TNFa in rat
livers increased in a time-dependent manner after 1-4 weeks (W) of ethanol (E) feeding. Paraffin-embed-
ded livers were deparaffinized followed by immunodetection of TNFa. B, fluorescence intensity of anti-
TNFa was quantified using the ImagePro software. Values represent mean = S.E., n = 5-8, *, p < 0.05
comparing ethanol-fed to pair-fed (P) animals. C, quantitative PCR analysis of hepatic TNFa mRNA. RNA
from animals maintained on ethanol or pair-fed for 1 or 4 weeks was quantified as described under

“Experimental Procedures.”

in circulating ALT (Fig. 4B) and were more closely, although
not perfectly, allied with the increase in circulating oxidized
and truncated phospholipids.

TNFo Accumulates in Liver over Time during Chronic Etha-
nol Ingestion—We investigated whether chronic ethanol
ingestion initiated a progressive inflammatory reaction as a
source of reactive oxygen species distinct from that from
ethanol catabolism. TNFa promotes an inflammatory re-
sponse with oxidant generation (28) and PAF synthesis (29),
prompting us to analyze circulating TNFa by enzyme-linked
immunosorbent assay. We did not find this cytokine circu-
lating in ethanol-fed animals (not shown), but then TNFa is
cleared from the circulation with a £, of ~3 min through
uptake by liver and other organs (30, 31). Furthermore, its
clearance is sharply increased by acute ethanol exposure
(31). Accordingly, TNFa immunohistochemistry (Fig. 6, A
and B) showed that TNFa accumulated in the livers of ani-
mals ingesting ethanol that reached statistical significance
when compared with their pair-fed controls by weeks 3 and
4. The staining pattern did not correspond to Kupffer cells,
the primary cellular source of this cytokine, but rather was
enriched around the central vein. The increase in hepatic
TNFa was not accompanied by changes in hepatic mRNA for
this inflammatory cytokine (Fig. 6C), suggesting that its pro-
duction is not local and that circulating TNFe is not an
appropriate biomarker of hepatic inflammation.

The Organic Osmolyte Taurine Reduces Circulating Short
Chained Phospholipids—The osmolyte taurine is not itself an
antioxidant or free radical scavenger (32), but rather, alters cell
and organelle volume, reducing endoplasmic reticulum stress
and its associated radical production (33). We found (Fig. 7)

JULY 16, 2010+VOLUME 285+NUMBER 29

Week 4 transaminase (supplemental Fig. 3),
so taurine has interceded in events
promoting an inflammatory re-
sponse and liver damage. Circulat-
ing oxidized and truncated phos-
pholipids correlate to this event
and are informative markers of a
developing hepatic, and potentially systemic, inflammatory
reaction.

DISCUSSION

The main observations of this work are that pro-inflamma-
tory and pro-apoptotic agents accumulate in the circulation of
animals chronically ingesting alcohol. These arise from free
radical, versus enzymatic, attack on polyunsaturated phospho-
lipids. Circulating phospholipid hydroperoxides have been
proposed as new markers of oxidative stress in alcoholic
patients (3), but our data show that this measurement of oxi-
dative stress does not directly correlate with the hepatic oxida-
tive stress imposed by liver catabolism of ethanol. Instead, these
lipids reflect an unappreciated, temporally distinct, hepatic and
non-hepatic response to chronic ethanol exposure.

Enhanced amounts of peroxidized phospholipids and their
truncation products in the circulation have previously been
observed only in chronic models of atherosclerosis (34) and in
the presence of oxidative stressors such as aging (35) or tobacco
smoke exposure (35, 36). Ethanol is nearly exclusively metabo-
lized in liver, a process that increases liver production of reac-
tive oxygen species when metabolized through the ethanol-in-
ducible cytochrome P450 pathway (1). We therefore postulated
that ethanol catabolism might overwhelm the endogenous anti-
oxidant capacity of liver, allowing free and esterified lipid
hydroperoxides to escape the liver and appear in the systemic
circulation.

Animals ingesting alcohol for 4 weeks displayed an increase
in circulating HpODE-PC, similar to the increase in these oxi-
dized phospholipids that we (Fig. 1A) and others (3) detect in
human patients, so the Lieber-DeCarli model reproduces this
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from high variability from the small
sample that does not fully represent
overall liver health (37). Identifica-
tion of circulating markers of this
medically important transition may
prove to be a useful new diagnostic
tool.

Some phospholipids derived from
further oxidation and/or fragmenta-
tion of these phospholipid hydroper-
oxides are biologically active because
they interact with TLR4 (38), CD36
(39), or PAF (40) receptors, because
they chemically derivatize proteins
(41-44), or because they enter cells
and initiate the process of mito-
chondria-dependent apoptosis (14,
15). The presence of these types of
phospholipid oxidation products in
the circulation will have systemic
consequences that would extend the
oxidative stress of ethanol exposure
to distal organs.

The most potent of the biologi-
cally active oxidatively truncated
phospholipids are those that inter-
act with the PAF receptor (11). High
affinity, submicromolar recognition
by this inflammatory receptor re-
quires the ether bond of alkyl phos-
pholipids. Circulating oxidized alkyl
choline phospholipids containing
this ether bond were increased by
just more than 2-fold after 4 weeks
of ethanol feeding. The modified

2 after taurine supplementation for 4 weeks. Plasma ALT was measured as in Fig. 4.n = 4*, p < 0.05.

aspect of human disease. These peroxidized phospholipids are
markers of oxidative stress, but they themselves have only lim-
ited direct biologic effects. They are, however, precursors of
other phospholipids that can fulfill pathologic roles, including
the initiation of an inflammatory reaction (11) or cell death (14,
15), and so we additionally hypothesized that biologically active
agents such as these oxidative truncation products of phospho-
lipid hydroperoxides would appear in the circulation of animals
chronically ingesting ethanol.

We did find that truncated phospholipid oxidation products
were significantly increased in the plasma of human and rat
model after long term ethanol metabolism. However, in con-
trast to our expectations, we also found that these circulating
lipid oxidation products were not the direct consequence of
liver catabolism of ethanol by Cyp2E1l. Rather, the sharp
increase in circulating oxidatively modified phospholipids
between 3 and 4 weeks of ethanol ingestion marked the transi-
tion from simple excess fatty infiltration of liver to inflamma-
tory steatohepatitis. Currently, the sole diagnostic tool to
distinguish steatosis from the more problematic steatohepatitis
is through invasive liver biopsy, and even this technique suffers
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alkyl phospholipids we analyzed,
e.g. glutaroyl lysoPAF and azelaoyl
lysoPAF, display PAF-like bioactivity (11) and would be
expected to promote pro-inflammatory changes during ethanol
feeding. Oxidative truncation of HpODE-PC to phospholipids
containing an azelaoyl residue also has important conse-
quences for mitochondrial function in numerous types of cells
because alkyl and acyl azelaoyl choline phospholipids rapidly
enter cells to preferentially associate with mitochondria (14).
These oxidatively truncated phospholipids depolarize mito-
chondria, induce swelling, open the permeability transition
pore, and activate the intrinsic apoptotic cascade (15). The
presence of such bioactive phospholipids in the circulation
after chronic ethanol exposure will promote systemic meta-
bolic stress through impaired mitochondrial function.

Rats (45) and mice (46) maintained on the Lieber-DeCarli
ethanol diet for 4 weeks display hallmarks of chronic inflamma-
tory disease, and accordingly, animals in this study displayed
marked pathologic changes in liver oxidant stress including ste-
atosis, inflammation, and necrosis. We were unable to detect
increased circulating levels of TNFa, but this cytokine is rapidly
cleared from the circulation (30, 31) and disappears even more
rapidly after ethanol exposure (31), so it is a poor biomarker of
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systemic inflammation. Still, immunohistochemistry showed
that TNFa accumulated in the liver after 3 and 4 weeks of eth-
anol feeding. The lack of staining of non-parenchymal cells in
the inflammatory foci or sinusoids shows that production of
this inflammatory cytokine by resident or infiltrating inflam-
matory cells is not the primary driver of the developing steato-
hepatitis. Because the TNFa« increase occurred without a cor-
responding increase in TNFa mRNA levels and because the
protein was localized just around hepatic vessels, this inflam-
matory cytokine may reflect a developing systemic innate
immune response.

Additional support for the presence of a developing systemic
inflammatory response is the increase in circulating PAF in
animals chronically ingesting alcohol. PAF is the product of
activated inflammatory cells, with macrophages being the pri-
mary source of secreted PAF (47). The enzyme PAF acetylhy-
drolase (lipoprotein-associated phospholipase A,) hydrolyzes
phospholipid hydroperoxides (27), esterified isoprostane resi-
dues (48), and oxidatively truncated phospholipids (49) in
addition to PAF. However, accumulation of all these substrates
during chronic ethanol feeding was not due to decreased circu-
lating activity, indicating instead that plasma PAF acetylhydro-
lase does not afford complete protection from circulating oxi-
dized phospholipids under these conditions.

Taurine is an abundant intracellular osmolyte (50) that sup-
presses conditions favoring endoplasmic reticulum stress and
radical production (33) and so reduces ethanol-initiated deco-
ration of plasma (51) and hepatocyte (17) proteins with reactive
lipid fragments. Taurine as an oxidized sulfonic acid is not a
radical scavenger (32), so this reduction in markers of oxidative
attack reflects a reduction of cellular events that impose an
oxidative stress in the first place rather than elimination of rad-
icals after their formation. We found that manipulation of these
underlying events by taurine supplementation reduced circu-
lating oxidized phospholipids and their oxidatively truncated
phospholipid products. The accompanying decrease in circu-
lating PAF levels indicates that this taurine supplementation
reduced the inflammation caused by chronic ethanol consump-
tion, a postulate supported by decreased hepatic TNFa accu-
mulation (17). Plasma oxidized phospholipids, truncated phos-
pholipids, and PAF reflect events other than the oxidative stress
of liver ethanol catabolism or hepatocyte damage allowing ALT
escape. These mediators have the capacity to disseminate oxi-
dative stress beyond the site of ethanol catabolism, and moni-
toring them in the circulation provides a new way to mark the
transition from steatosis to steatohepatitis.
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