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Abstract Oxidative stress is a core abnormality responsible
for disease progression in nonalcoholic fatty liver disease
(NAFLD). However, the pathways that contribute to oxida-
tive damage in vivo are poorly understood. Our aims were
to define the circulating profile of lipid oxidation products
in NAFLD patients, the source of these products, and assess
whether their circulating levels reflect histological changes
in the liver. The levels of multiple structurally specific oxi-
dized fatty acids, including individual hydroxy-eicosatetra-
enoicacids (HETE), hydroxy-octadecadenoic acids (HODE),
and oxo-octadecadenoic acids (0xoODE), were measured
by mass spectrometry in plasma at time of liver biopsy in an
initial cohort of 73 and a validation cohort of 49 consecutive
patients. Of the markers monitored, 9- and 13-HODEs and
9- and 13-0x0ODEs, products of free radical-mediated oxi-
dation of linoleic acid (LA), were significantly elevated in
patients with nonalcoholic steatohepatitis (NASH), com-
pared with patients with steatosis. A strong correlation was
revealed between these oxidation products and liver histo-
pathology (inflammation, fibrosis, and steatosis). Further
analyses of HODEs showed equivalent R and S chiral distri-
bution. A risk score for NASH (oxNASH) was developed in
the initial clinical cohort and shown to have high diagnostic
accuracy for NASH versus steatosis in the independent vali-
dation cohort. Subjects with elevated oxNASH levels (top
tertile) were 9.7-fold (P < 0.0001) more likely to have NASH
than those with low levels (bottom tertile).Hli Collectively,
these findings support a key role for free radical-mediated
linoleic acid oxidation in human NASH and define a risk
score, oxXNASH, for noninvasive detection of the presence
of NASH.—Feldstein, A. E., R. Lopez, T. A-R. Tamimi, L.
Yerian, Y-M. Chung, M. Berk, R. Zhang, T. M. McIntyre, and
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Nonalcoholic fatty liver disease (NAFLD) is currently
the most common form of chronic liver disease affecting
both adults and children, and it is strongly associated with
obesity and insulin resistance (1, 2). One in three adults
and one in ten children or adolescents in the United States
have hepatic steatosis, a stage within the spectrum of
NAFLD that is characterized by triglyceride accumulation
in liver cells and follows a benign, nonprogressive clinical
course (3, 4). Nonalcoholic steatohepatitis (NASH) is de-
fined as lipid accumulation with evidence of cellular dam-
age, inflammation, and different degrees of scarring or
fibrosis (5). NASH is a serious condition as approximately
25% of these patients progress to cirrhosis and its feared
complications of portal hypertension, liver failure, and he-
patocellular carcinoma (6-8).

At present, the available noninvasive markers for
NAFLD include a set of clinical signs and symptoms, non-
specific laboratory and radiological imaging tests, and
combinations of clinical and blood test results (9). Al-
though several of these markers are generally useful for
the diagnostic evaluation of a patient with suspected

Abbreviations: AA, linoleic acid; ALT, alanine transaminase; AST,
aspartate transaminase; BMI, body mass index; HETE, hydroxy-eicosa-
tetraenoic acid; HODE, hydroxy-octadecadenoic acid; NAFLD, non-
alcoholic fatty liver disease; NAS, NAFLD activity score; NASH,
nonalcoholic steatohepatitis; OR, odds ratio; OS, oxidative stress; oxFA,
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NAFLD, they lack specificity and sensitivity to distinguish
NAFLD from NASH and to determine the presence and
stage of fibrosis (10). This represents a key clinical problem
because patients with NASH and fibrosis are those who
need closer monitoring and follow-up, and they are the po-
tential targets for therapeutic intervention when specific
treatments for this condition become available. To date,
liver biopsy, an invasive procedure, remains the gold stan-
dard for diagnosis of NAFLD and NASH (10). Therefore,
there is a great need for development of noninvasive meth-
ods that can reliably identify patients with NASH and stage
the magnitude of fibrosis present.

Oxidative stress (OS) is recognized as mechanism con-
tributing to hepatocyte injury and disease progression in
NAFLD (11-15). However, identification of structurally
specific oxidation products whose levels discriminate be-
tween NAFLD and NASH remains unknown. Identifica-
tion of noninvasive markers that reflect the magnitude of
hepatic oxidative stress is an attractive target for develop-
ment of a disease biomarker. While experimental and hu-
man studies have demonstrated enhanced OS and lipid
peroxidation products in circulation and the liver of dif-
ferent animal models and patients with NASH (16-18),
the studies have been limited due to the lack of sensitive
and structurally specific markers and poor understanding
of the relative importance of different oxidation pathways
in the context of NAFLD and NASH. In the present study,
by employing a highly sensitive liquid chromatography-
mass spectrometric approach in a well-characterized group
of patients, we are able to define the circulating profile of
bioactive lipid peroxidation products characteristic of
patients with NASH and the role of free radical-mediated
processes in the generation of these products. We also
show the surprising finding that circulating levels of only a
subset of structurally specific oxidized fatty acids (oxFA)
serve as markers of hepatic inflammation, steatosis, and
fibrosis in NASH patients.

METHODS

Patient characteristics and sample collection

The study was approved by the Cleveland Clinic Institutional
Review Board, and all patients gave written informed consent
prior to participation. Our cohort consisted of an initial group of
73 consecutive patients and a subsequent validation group of 49
consecutive patients in whom fasting blood was drawn the morn-
ing of scheduled elective liver biopsy at the Cleveland Clinic. The
inclusion/exclusion criteria are detailed below (see “Clinical
Diagnosis”). Extensive demographic, clinical, and laboratory data
were collected from each patient. Whole blood was collected into
ethylenediaminetetraacetic acid (EDTA) tubes. Blood was imme-
diately placed on ice or in a refrigerator, and samples centrifuged
at 3500 rpm for 10 min at 4°C within 2 h of collection. Plasma was
then immediately stored under conditions to minimize artificial
oxidation (i.e., with an antioxidant cocktail under inert atmo-
sphere) (19). Briefly, plasma aliquots were placed into cryotubes
with screw caps and o-rings. Antioxidant cocktail (from 100 x
stocks) was added, consisting of butylated hydroxytoluene (500
M final) and diethylenetriamine pentaacetic acid (2 mM final).
Head space in the cryotube was purged with argon, and then

sealed tubes were snap-frozen in liquid nitrogen for storage at
—80°C until analysis. Liver biopsy tissue was collected and sent to
the Department of Anatomic Pathology for histopathological
analysis (see “Liver biopsy”).

Clinical diagnosis

Information regarding demographics, medical history, and
medications were obtained by patient interview and confirmed
by chart review. Race information was based on self-reporting,
and the information used for analyses was prespecified prior to
the study. The clinical outcome data were verified by source doc-
umentation. Subjects included in the study were between the age
of 18 and 70 years inclusive, had less than 20 g/day of alcohol
consumption (for males) and less than 10 g/day (for females),
and were referred by the treating physician for a baseline liver
biopsy in the context of diagnostic evaluation for suspected
NAFLD. Currently there are no established guidelines of when to
perform a liver biopsy in either adult or pediatric patients with
suspected NAFLD. Thus, the decision to perform a baseline liver
biopsy in our patient population was made on an individual basis
by the treating gastroenterologist independent of the present
study. In the most cases, the decision for biopsy indication was
based on the presence of persistently abnormal liver enzymes
[mainly serum alanine transaminase (ALT)] in a patient with sus-
pected NAFLD. Patients were excluded from the study if other
liver diseases were detected, including viral, drug related, auto-
immune, and metabolic/genetic liver disease. These other liver
diseases were ruled out in all cases based on standard clinical
studies, imaging and/or liver biopsy features, or laboratory stud-
ies, including viral hepatitis panel, ceruloplasmin, a-l-antitrypsin,
autoantibodies, and metabolic/inborn error panel.

Liver biopsy

Liver histology was assessed by an experienced liver pathologist
blinded to patient clinical and laboratory data. Biopsy length and
the average number of portal tracts were recorded for each pa-
tient. The diagnosis of NASH was established based on Brunt’s
Criteria (20). The NAFLD activity scoring system developed by the
National Institute of Diabetes and Digestive and Kidney Diseases
(NIDDK) NASH Clinical Research Network (NASH CRN) was also
calculated for each patient (21). According to this scoring system,
the degree of steatosis, liver injury, and inflammatory activity are
measured using a 0 to 8 scale (steatosis, 0-3; lobular inflammation,
0-3; and ballooning, 0-2). The NAFLD activity score (NAS) is the
unweighted sum of the steatosis, lobular inflammation, and hepa-
tocellular ballooning score. The degree of fibrosis was measured
using a 6-point scale (la, b = zone 3 perisinusoidal fibrosis; 1c =
portal fibrosis only; 2 = zone 3 and portal/periportal fibrosis; 3 =
bridging fibrosis; and 4 = cirrhosis). Severity of fibrosis was defined
as: stage 1 = no fibrosis or mild fibrosis; stage 2 = moderate fibrosis;
and stage 3 or 4 = severe fibrosis. The quality of liver biopsies was
rated as follows: optimal-quality biopsy = greater than 2.5 cm
length, more than 10 portal tracts, and no fragmentation; good-
quality biopsy = greater than 1.5 cm length, more than 6 portal
tracts, and no fragmentation; inadequate biopsy = less than 1.5 cm
length, fewer than 6 portal tracts, and fragmentation. Only opti-
mal and good quality samples were included in the study.

Lipid extraction from human plasma

Lipid extractions and protein hydrolyses were performed us-
ing disposable threaded borosilicate glass test tubes with PTFE
lined caps. Before use, all glassware tubes, caps, and pipette tips
were washed with nitric acid to remove trace transition metals,
extensively rinsed with Chelex-treated water containing 1 uM di-
ethylenetriamine pentaacetic acid (DTPA; pH 7.0 in HyO), and
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then rinsed with pure Chelex-treated water. Plastic tips were fur-
ther rinsed in methanol and air-dried prior to use. Test tubes
were baked at 500°C overnight to remove residual potential or-
ganics. All plasma samples for analyses contained anti-oxidant
cocktail [DTPA (2 mM final) and butylated hydroxytoluene (500
M final) | with head space overlaid with argon. Samples were
thawed in ice/water bath immediately prior to sample handling
for LC/MS/MS analysis. Fatty acids and oxidized fatty acids in
plasma were extracted as previously described (22). Briefly,
plasma (50 pl), internal standard [synthetic 15(S)-HETE-d8]
and potassium hydroxide were added to the glass test tubes, over-
laid with argon, and sealed. Lipids were hydrolyzed at 60°C un-
der argon atmosphere for 2 h and then the released fatty acids
were extracted into the hexane layer twice by liquid/liquid ex-
traction. With each extraction, argon was used to purge the head
space of the tube prior to sealing and vortexing/centrifugation.
The combined hexane layers were dried under nitrogen gas and
then resuspended in 200 pl 85% methanol/water (v/v).

Liquid chromatography online electrospray ionization
tandem mass spectrometry

Levels of multiple fatty acid oxidation products (free plus esteri-
fied) in plasma were quantified using liquid chromatography on-
line electrospray ionization tandem mass spectrometry (LC/ESI/
MS/MS) (Fig. 1) (22). Briefly, lipid extract was injected onto an
HPLC (Waters 2690 Separations Module, Franklin, MA), and the
oxidized fatty acids and their precursors were separated through a
C18 column (Phenomenex ODS (2), 2 x 150 mm, 5 pwm, Rancho
Palos Verdes, CA) using a gradient starting from 85% methanol
containing 0.2% acetic acid over 10 min and then to 100% metha-
nol containing 0.2% acetic acid over 2 min, followed by 100%
methanol containing 0.2% acetic for 15 min. The oxidized fatty
acids and their precursors were quantified on a triple quadrupole
mass spectrometer (Quattro Ultima, Micromass, Manchester, UK)
using ESI in negative ion mode and multiple reaction monitoring
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Fig. 1. Detection and quantification of oxFA profile by ESI/LC/
MS/MS. Individual isomers of HETEs, EETs, HODEs, and oxoODEs
formed by oxidation of arachidonic acid and linoleic acid are
quantified with one single injection. Lipid extracts are resolved by
HPLC and monitored online by ESI/LC/MS/MS as detailed un-
der “Methods.” Abbreviations: EET, epoxy eicosatetraenoic acid;
HETE: hydroxy eicosatetraenoic acid; HODE: hydroxy octadecade-
noic acid; oxFA, oxidized fatty acid; oxoODE, oxo-octadecadenoic
acid; 15-HETE-dS8, internal standard.
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(MRM) using characteristic parent — daughter ion transitions for
the specific molecular species monitored (22). The lipid peroxi-
dation products analyzed included structurally specific species
of hydroxy-eicosatetraenoic acids (HETE 5, 8, 9, 11, 12, and 15),
hydroxy-octadecadienoic acids (HODE 9 and 13), oxo-octadecadi-
enoic acids (HODE 9 and 13) and their precursor’s arachidonic
acid and linoleic acid (AA). The sample preparation and the quan-
titation of oxidized fatty acids by LC/ESI/MS/MS were performed
by an investigator who was blinded to the liver histology and other
clinical data. 15-HETE-dg (Cayman Chemicals, Ann Arbor, MI)
was used as internal standard for calibration of oxidized fatty acids
in plasma, as previously described (22). To further assess the role
of free radical versus stereoselective (enzymatic) processes in for-
mation of the lipid peroxidation molecular species, isomers of 13-
HODE, 13(S)-HODE and 13(R)-HODE were separated by liquid
chromatography on a chiral phase to quantify stereo specificity.
Lipid extract was injected onto and separated through a Chiral
column (Chiralpak IA, 4.6 x 250 mm, Chiral Tech, West Chester,
PA) on a HPLC (Beckman 126, Palatine, IL) using mobile phase
hexane/2-propanol (90/10,v/v) at a flow rate of 0.5 ml/min.
Based on the difference of their retention time versus authentic
synthetic chiral standards, the HPLC fractions containing 13(S)-
HODE and 13(R)-HODE were individually collected, dried under
nitrogen gas flow, and reconstituted in 50% methanol. The quan-
tities of 13(S)-HODE and 13(R)-HODE were then determined by
LC/ESI/MS/MS.

In control studies, both the influence of sample processing time
and assay methodology were evaluated to ensure no artificial for-
mation of oxidation products occurred under the conditions
employed. Linoleate-d4 and arachidonate-d8 (Cayman Chemicals,
Ann Arbor, MI) were added to human plasma (100 uM each final)
that had either been isolated immediately following blood draw or
from whole blood (drawn into a purple top EDTA plasma tube)
that was kept on ice for 4 h prior to plasma isolation. Plasma sam-
ples were then treated with the typical antioxidant cocktail of BHT
and DTPA, and then analyzed under typical conditions as outlined
above. During LC/MS/MS analyses parent — daughter transitions
were monitored for the endogenous fatty acids and their oxidation
products, as well as the isotopomers that would be formed from
the deuterated parent fatty acids if artificial oxidation occurred.
After completion of the plasma analyses using the above assay
methods, only trace levels (or none for many species) of the deu-
terated HODEs, oxoODEs, and HETEs were detected, with calcu-
lated production of all monitored, structurally specific, oxidized
fatty acids being less than 5% of the endogenous levels detected.
Moreover, comparison of the analyses from plasma isolated imme-
diately upon blood draw, versus delay on ice prior to plasma isola-
tion, showed similar results (within £5%). These data confirm that
the sample handling prior to plasma isolation and the assay meth-
odology used did not significantly artificially produce the specific
lipid oxidation products monitored.

Statistical analysis

Clinical diagnosis, histopathological diagnosis, and laboratory
and mass spectrometry assays were performed by investigators
blinded to sample identity other than study barcode. Continuous
variables are presented as median (25th and 75th percentiles)
and categorical variables as numbers and percentages. Kruskal-
Wallis tests for continuous and ordinal factors and Pearson’s
chi-square for categorical factors were used to assess differences
between the three patient groups. Ad-hoc pairwise comparisons
were done using Pearson’s Chi-square for categorical factors and
the Stee-Dwass procedure for continuous factors; a significance
criterion of 0.017 was used for these. Spearman Rank correlation
coefficients (rho) were calculated to test the correlation between
the different oxidized fatty acid levels with liver histology features

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

JOURNAL OF LIPID RESEARCH

I

_html

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2010/07/14/jir.M007096.DC1

(inflammation, degree of steatosis, and degree of fibrosis) and
the HOMA index for metabolic function. A multivariable logistic
regression model for prediction of NASH in the initial cohort
was constructed by performing automated stepwise variable se-
lection on 1,000 bootstrap samples; the four most frequently
included variables were incorporated in the final model. The
multivariable logistic regression model (z) obtained from the
original cohort was defined as follows: z = —10.051 + 0.0463 x
Age(years) + 0.147 x BMI(kg/m2) + 0.0293 x AST(IU/1) + 2.658 x
HODE-13:LA ratio(mmol/mol). This value was then converted
into a probability distribution with a value between 0 to 100 and
called “oxNASH” by the following formula: oxXNASH = 100 x
exp(z)/[1 + exp(z)]. Using this formula, oxNASH was then cal-
culated for an independent group of patients to validate the pre-
dictive ability of the score. The area under the receiver operating
characteristic (ROC) curves for aspartate transaminase (AST),
ALT, and the final model were estimated and compared using

Delong’s method (23). Subgroup analyses were carried out to
compare 13-HODE, 9-HODE, and 9-0xoODE levels according to
the presence or absence of metabolic factors (diabetes mellitus,
hypertension, and obesity) in patients with histopathological di-
agnosis of NASH. A P < 0.05 was considered statistically signifi-
cant. SAS version 9.2 software (SAS Institute, Cary, NC) and R
version 2.4.1 software (R Foundation for Statistical Computing,
Vienna, Austria) were used for all analyses.

RESULTS

Systemic levels of a select subset of oxFA are markedly
increased in plasma of patients with NASH

We initially quantified the oxFA profile using LC/MS/
MS in a well-characterized group of patients with suspected
NAFLD. The main clinical and serological features of the

TABLE 1. Demographic, clinical, and histological characteristics of the patients

Factor Normal Biopsy (N = 13) Steatosis (N = 23) NASH (N = 37) P
Demographic
Female 7 (53.9) 11 (47.8) 21 (56.8) 0.8
Caucasian 10 (76.9) 18 (78.3 33 (89.2) 0.42
Age 45 (42, 53) 47 (38, 59) 53 (44, 58) 0.26
Clinical
BMI 29.7 (26.8, 32) 30.6 (27, 33.4) 32 (30.7, 34.5) 0.039
AST 43 (34, 56) 50 (36, 60) 63 (46, 84)“ 0.019
ALT 59 (44, 71) 65 (42, 90) 82 (42, 112) 0.56
HOMA 1 (0.4, 1.6) 1.4 (0.8,2.7) 5.5 (3,12. 9)“” <0.001
Diabetes’ 3 (25) 5 (21.7) 14 (38.9) 0.34
Hypcrlipidemiad 7 (58.3) 10 (43.5) 20 (55.6) 0.59
Hypertension® 3 (25) 8 (36.4) 18 (51.4) 0.22
Platelet 269 (231.5, 304.5) 247 (207, 312) 225 (199, 262) 0.076
Cholesterol 160 (158, 211) 211 (169, 239) 192 (162, 236) 0.39
Triglycerides 86 (69, 94) 160 (107, 210)“ 192 (139, 241)“ 0.003
HDL 62 (50, 70) 56 (47, 63) 44 (40, 50)“" 0.003
LDL 77.6 (75.2, 128) 119.0 (94.4, 135.6) 107.0 (94.4, 153.4) 0.54
Histologic
Fibrosis <0.001
0 13 (100) 20 (87) 2 (5.4)”"’
1 0 (0.0) 3 (13.0) 11 (29.7)
2 0 (0.0) 0 (0.0) 6 (16.2)
3 0 (0.0) 0 (0.0) 12 (32.4)
4 0 (0.0) 0 (0.0) 6 (16.2)
Inflammation -
None/minimal 13 (100) 19 (82.6) 0 (0.0)
Mild 0 (0.0) 4 (17.4) 16 (44.4)
Moderate 0 (0.0) 0 (0.0) 19 (52.8)
Severe 0 (0.0) 0 (0.0) 1 (2.8)
Steatosis -
None/minimal 13 (100) 0 (0.0) 0 (0.0)
5-33% 1(7.7) 13 (56.5) 4 (11.1)
34-66% 0 (0.0) 10 (43.5) 20 (55.6)
>66% 0 (0.0) 0 (0.0) 12 (33.3)
Ballooning -
None 13 (100) 21 (91.3) 1(2.8)
Few 0 (0.0) 2 (8.7) 16 (44.4)
Many 0 (0.0) 0 (0.0) 19 (52.8)
NAS 0.0 (0.0, 0.0) 2(1,2) 5 (5, 6) -

Values presented as mean (+ SD) or median (25th—75th quartile). Pairwise comparisons were done using
Pearson’s chi-square for categorical factors and the Stee-Dwass procedure for continuous factors. Significance
criterion is 0.017. ALT, alanine transaminase; AST, aspartate transaminase; BMI, body mass index; HOMA index:
Homeostatic Model Assessment index; NAS, NAFLD activity score. Boldface type indicates statistically significant.

(See Statistical methods for details.)

“Significantly different from normal biopsy group.
b . . :
Significantly different from hepatic steatosis group.

‘ Diabetes mellitus: history of diabetes, fasting plasma glucose =126 mg/dl and/or on hypoglycemic agents.
* Hyperlipidemia: history of high plasma cholesterol, total cholesterol =200 mg/dl, and/or on hypolipidemic

agents

‘ Hypertension: history of hypertension, systolic and diastolic blood pressure = 120/80 mm Hg, and/or on

anti-hypertensive agents.
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study participants, stratified according to their liver biopsy
results, are summarized in Table 1. Of the initial 73 sub-
jects (initial cohort), 37 had NASH (51%); 23 had hepatic
steatosis (32%); and 13 (17%), who had either no or mini-
mal steatosis (less than 5%) and no or minimal inflamma-
tion, were classified as “controls” (i.e., normal liver biopsy).
Participants were of similar age and predominantly Cauca-
sian. Subjects with NASH had greater prevalence of history
of diabetes mellitus, hyperlipidemia, and hypertension,
but this did not reach statistical significance. The level of
high density lipoprotein cholesterol (HDL) was lower in
participants with NASH, while triglyceride levels were sig-
nificantly higher in the NASH group. Patients with NASH
had significantly higher body mass index (BMI) and the
Homeostatic Model Assessment (HOMA) index, which is
a sensitive measure of insulin resistance (24).

Plasma levels of multiple, structurally specified oxFA were
quantified in our study participants, and the levels were ana-
lyzed for their relationship with histopathological changes.
Remarkably, of the markers monitored, only 9-HODE, 13-
HODE, 9-0x0ODE, and 13-0xoODE, products of free radi-
cal-mediated oxidation of linoleic acid, were significantly
elevated in patients with NASH compared with patients with
hepatic steatosis and normal liver biopsy (Fig. 2). Patients
with simple steatosis had slightly higher indices of oxidative
stress compared with patients with the normal liver biopsy,
but the difference in oxFA levels between the two groups
failed to reach statistical significance for most analytes
monitored (Fig. 2). The data expressed as the ratio of oxFA
product to specific precursor were consistent with these
findings and showed that patients with NASH had the
highest oxlipid/precursor ratio for -HODE, 13-HODE,
9-0x0ODE, and 13-ox0ODE compared with patients with
hepatic steatosis and normal liver biopsy (Table 2). The
lipid oxidation product/precursor ratio was similar in the
hepatic steatosis and normal liver biopsy groups for most of
the fatty acid oxidation products monitored.

OxFA levels correlate with liver histopathology
independent of other metabolic factors

A strong positive correlation was revealed between sys-
temic levels of specific oxidation products and liver histology
that included inflammation, degree of steatosis, and stage of
fibrosis (Table 3). The Spearman Rank correlation (r) be-
tween 13-HODE with inflammation was 0.42 (P< 0.001). A
similar positive correlation was observed between 13-HODE
and both degree of steatosis and stage of fibrosis (r=0.36,
P<0.01;and r=0.36, P=0.01, respectively). We also compared
circulating oxFA levels in the subgroup of NASH patients
according to the presence or absence of diabetes mellitus,
hypertension, and obesity. Of the 37 patients (initial cohort)
with NASH, 14 (38.9%) had diabetes, 18 (51.4%) hyperten-
sion, and 29 (78.4%) were obese. Levels of 13-HODE,
9-HODE, and 9-0xoODE were not found to be significantly
associated with either factor (supplementary Table I).

OxFA level profile for NASH diagnosis

To ascertain whether plasma oxFA levels independently
predicted the presence of NASH, we conducted multivari-

3050 Journal of Lipid Research Volume 51, 2010

5-HETE 8-HETE 9-HETE
120 p=0.33 sor p=024 p=0.26
60} 25 +
°F ¢ s n o
11-HETE 12-HETE 15-HETE
6or p=03s 60 p=0.34 p=0.23
30} 30F L
//
s
ol ot
9-HODE 13-HODE
600 p=0002 SO0 p =0.001
300 % % 250 | i é
or 0" ¢ s N
9-0x0ODE 13-0x0ODE
175 P<0.001 120 p =0.001
875} 60 | l
=
Sl i e
cC s N

e s N 0=

Fig. 2. OxFA levels are markedly increased in the blood of pa-
tients with NASH. The box-whisker plot is represented with the
lower boundary of the box indicating the 25th percentile, the line
within the box indicating the median value, and the upper bound-
ary of the box indicating the 75th percentile. The whiskers extend
to the most extreme data point, which is no more than 1.5 times
the interquartile range from the box. Pvalues represent differences
among groups. Abbreviations: HETE: hydroxy-eicosatetraenoic acid;
HODE: hydroxy-octadecadienoic acid; NASH, nonalcoholic steato-
hepatitis; oxFA, oxidized fatty acid; oxoODE: oxo-octadecadienoic
acid.

able logistic regression analysis. A risk score for the his-
topathologic diagnosis of NASH called “oxNASH” was
generated by multivariable modeling that showed the best
prediction for NASH diagnosis (see “Statistical Methods”).
The oxNASH was calculated from the ratio of 13-HODE to
LA, age, BMI, and AST (Fig. 3). In this prediction model,
a 0.5 mmol/mol increase in 13-HODE /LA ratio was asso-
ciated with a 3.8-fold increase in the likelihood of having
NASH [OR: 3.8 (95% CI: 1.4-10.6; P=0.01)] (Table 4).
The addition of other factors, including gender, race, his-
tory of diabetes, history of hypertension, HDL, Tg/HDL
ratio, history of hyperlipidemia, and HOMA did not have
a confounding effect on the model. Within the initial co-
hort, the area under the curve (AUC) for oxNASH was
estimated to be 0.83 (95% CI: 0.73, 0.93) and was found to
be significantly higher than the AUC of either serum ALT
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Lipid:Precursor Ratio” Normal Biopsy Steatosis NASH g
mmol/mol of plasma N=13 N=20 N=37

12-HETE 0.14 (0.09, 0.33) 0.24 (0.11, 0.32) 0.25 (0.16, 0.39) 0.17
15-HETE 0.54 (0.22, 1.09) 0.57 (0.30, 0.99) 0.86 (0.48, 1.09) 0.3
11-HETE 0.22 (0.09, 0.40) 0.25 (0.14, 0.32) 0.27 (0.19, 0.41) 0.31
8-HETE 0.24 (0.07, 0.27) 0.24 (0.12, 0.30) 0.25 (0.18, 0.35) 0.21
9-HETE 0.33 (0.06, 0.54) 0.30 (0.14, 0.43) 0.37 (0.28, 0.60) 0.16
5-HETE 0.37 (0.11, 0.64) 0.45 (0.24, 0.68) 0.51 (0.34, 0.72) 0.21
13-HODE 0.29 (0.22, 0.47) 0.31 (0.21, 0.57) 0.51 (0.85, 0.77) 0.01
9-HODE 0.43 (0.30, 0.74) 0.44 (0.28, 0.89) 0.72 (0.46, 1.08) 0.02
9-0xoODE 0.10 (0.08, 0.16) 0.13 (0.09, 0.19) 0.24 (0.16, 0.32) 0.002
13-0xoODE 0.09 (0.07,0.12) 0.11 (0.08, 0.14) 0.16 (0.10, 0.22) 0.01

Median (25th-75th percentile) reported for all parameters. HETE, hydroxy-eicosatetraenoic acid; HODE,
hydroxy-octadecadienoic acid; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; oxoODE,

oxo-octadecadienoic acid. Boldface type indicates statistically significant. (See Statistical methods for details.)

“Ratio of HETEs, HODEs, and oxoODEs to their parent compound arachidonic acid and linoleic acid,

respectively.

0.56 (95% CI: 0.43, 0.70) or serum AST 0.69 (95% CI:
0.56, 0.81) (P<0.01) (Fig. 3A). Fig. 3B illustrates how the
distribution of levels of oxNASH was significantly elevated
in patients with NASH compared with patients with ei-
ther hepatic steatosis (P< 0.01) or normal (P< 0.01) liver
biopsy (Fig. 3B). Using the AUC curve, two cutoff values
were selected to minimize the rate of false positive and
negative results. A low cutoff point for oxXNASH of 55 was
able to exclude the presence of NASH with a sensitivity of
81%, and a high cutoff value for oxNASH of 73 was able to
detect the presence of NASH with 97% specificity.

We next examined the diagnostic accuracy of the ox-
NASH prediction model in an independent validation
cohort of 49 consecutive patients. Within the validation
cohort, 19 (39%) had NASH, 22 (45%) had hepatic steato-
sis, and 8 were classified as normal biopsies (16%). The
AUC for oxNASH in the validation cohort for prediction
of histopathologic diagnosis of NASH was 0.74 (95% CI:
0.6, 0.88) (Fig. 3C). By applying the low cutoff point in the
validation set, the diagnosis of NASH on liver biopsy was
able to be excluded with a sensitivity of 84%. While apply-
ing the high cutoff, the presence of NASH was able to be

TABLE 3. Oxidized fatty acids and disease severity

Lipids Inflammation Steatosis Fibrosis NAS

Spearman’s correlation coefficients (rho)

12-HETE 0.096 0.131 0.121 0.187
15-HETE 0.136 0.127 0.118 0.16

11-HETE 0.085 0.082 0.081 0.119
8-HETE 0.126 0.109 0.11 0.137
9-HETE 0.098 0.186 0.111 0.185
5-HETE 0.106 0.125 0.073 0.17

AA —0.169 —0.211 —-0.18 —0.214
13-HODE 0.415° 0.355" 0.359" 0.418°
9-HODE 0.387° 0.338" 0.299" 0.399°
9-0x00DE 0.438° 0.440° 0.300" 0.499°
13-0x00DE 0.362" 0.396° 0.247° 0.425°
LA 0.095 0.031 0.114 0.059

AA, arachidonic acid; HETE: hydroxy-eicosatetraenoic acid;
HODE: hydroxy-octadecadienoic acid; LA, linoleic acid; NAS, NAFLD
activity score; oxoODE: oxo-octadecadienoic acid.

“P<0.05.

'P<0.01.

‘P<0.001.

established with a specificity of 63%. The risk of NASH
diagnosis for subjects with oxXNASH levels in the second or
third tertile versus the lowest tertile was 3.5-fold (P< 0.001)
and 9.7-fold (P< 0.001) higher odds, respectively (Fig. 4).

Free radical-mediated processes are key mediators of
lipid oxidation in NASH

The initial findings showing significantly higher levels
of 9-HODE and 13-HODE in patients with NASH sug-
gested that free radical-mediated oxidation processes are
involved in the generation of lipid oxidation products in
these patients. To further assess the role of free radical
versus stereoselective (enzymatic) processes in the forma-
tion of lipid oxidation products in patients with NAFLD,
chiral phase separation of individual stereoisomers cou-
pled with mass spectrometry was used to identify and quan-
tify the structural isomers and the chiral distribution of
specific oxidized lipid species. A significant increase in
peak areas of both 13(S)-HODE and 13(R)-HODE were
observed in patients with NASH compared with patients
with simple steatosis and compared with patients with nor-
mal liver biopsy. Furthermore, the peak area of 13(S)-
HODE was similar to that of 13(R)-HODE with a Pvalue of
0.1 (Fig. 5). Taken together, these observations strongly
suggest that in the context of NASH, free radical-mediated
processes are mainly responsible for generation of lipid
oxidation products (particularly 13-HODE).

DISCUSSION

The principal findings of this study relate to the identifica-
tion of specific fatty acid oxidation products as potential
novel, systemic, noninvasive (plasma) markers to identify
NASH. The results demonstrate that specific oxFA products
are markedly increased in the blood of patients with NASH
and are mainly the result of free radical-mediated processes.
The findings also show that the levels of these oxidation
products correlate with severity of liver disease, independent
of other metabolic factors. Finally, a risk score termed ox-
NASH was generated using the initial cohort and validated in
an independent validation cohort for the diagnosis of NASH.
While multiple laboratory values (e.g., triglcyerides, HDL,

Elevated plasma free radical linoleic acid oxidation products in NASH 3051
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Fig. 3. Circulating oxFA levels as predictors of NASH in patients
with suspected NAFLD. A scoring system (oxNASH) that included
13-HODE/LA ratio, age, BMI, and AST showed best prediction of
NASH diagnosis. (A) The AUC curve on the initial training cohort
(n =73) for oxNASH was estimated to be 0.83 (95% CI: 0.73, 0.93)
and was found to be significantly higher than the AUCs of both
that of serum AST 0.69 (95% CI: 0.56, 0.81) and serum ALT 0.56
(95% CI: 0.43, 0.70) (P< 0.01). (B) The box-whisker plot for ox-
NASH in the three groups of patients is represented with the lower
boundary of the box indicating the 25th percentile, the line within
the box indicating the median value, and the upper boundary of
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HOMA, ALT, and AST) are found to be elevated in NASH,
discrimination between simple steatosis versus NASH was op-
timized by including the 13-HODE/LA ratio, age, BMI, and
AST in oxNASH. This simple risk score may be clinically use-
ful in establishing the presence and severity of disease.
Obesity and type 2 diabetes have reached epidemic pro-
portions in most of the Western world, and both conditions
are strongly associated with NAFLD (25). NAFLD encom-
passes a wide spectrum of conditions associated with over-
accumulation of lipids in the liver, ranging from simple fatty
liver (hepatic steatosis), in which there is evidence for fat
accumulation without signs of liver cell injury or inflamma-
tion, to nonalcoholic steatohepatitis (NASH), characterized
by the accumulation of fat in the liver along with evidence
of liver cell damage, inflammation, and different degrees of
scarring or fibrosis (2). While most patients with steatosis
tend to have a benign, nonprogressive clinical course, a sig-
nificant proportion of those with NASH show progressive
liver disease with significant associated risk of developing
cirrhosis and its complications (portal hypertension, liver
failure, and hepatocellular carcinoma) (6-8). In light of the
dramatic increase in the prevalence of NASH together with
the significant research effort aimed at developing novel
therapies targeted to patients with NASH, the development
of noninvasive, simple, reproducible, and reliable biomark-
ers are greatly needed. They would not only help in the di-
agnosis of NASH but would also be useful for assessment of
treatment response and prognosis. Oxidative stress and for-
mation of bioactive lipid peroxidation products are associ-
ated with liver damage and disease progression to NASH
(26, 27), yet precise molecular species have not yet been
identified. Several oxidation pathways may play a role in the
overproduction of lipid peroxidation products in NASH,
including enzymatic and nonenzymatic free radical-medi-
ated processes. Each of these pathways may generate differ-
ent oxidation products that potentially could be quantified.
Based on the importance of oxidative stress in the patho-
genesis of NASH, several groups have attempted to eluci-
date whether measurement of systemic markers of OS may
be used as biomarkers (16-18, 28). However, three key
questions have remained unanswered: Which specific oxFA
are enriched in the livers during NASH development? What
are the primary pathways involved in their generation? And,
as ROS react rapidly in the environment they are produced,
does measuring these markers in blood reflect what is hap-
pening in the liver? By using a highly sensitive and specific
tandem mass spectrometry approach, we defined for the
first time the profile of oxFA in patients with NAFLD. In-
deed, our results demonstrate that a specific subset of oxFA

the box indicating the 75th percentile. The whiskers extend to the
most extreme data point, which is no more than 1.5 times the in-
terquartile range from the box. (C) The AUC in the independent
validation group (n = 49) was estimated to be 0.74 (95% CI: 0.6,
0.88). Abbreviations: ALT, alanine transaminase; AST, aspartate
transaminase; AUC, area under the curve; BMI, body mass index;
HODE, hydroxy-octadecadenoic acid; NAFLD, nonalcoholic fatty
liver disease; NASH, nonalcoholic steatohepatitis; oxFA, oxidized
fatty acid.
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TABLE 4. Multivariable modeling of oxidized fatty acids in
prediction of NASH

Factor Odds Ratio (95% CI) P
Age (5-year increase) 1.3 (0.97, 1.6) 0.083
BMI (1 kg/m” increase) 1.2 (1.02,1.3) 0.025
AST (5 IU/l increase) 1.2 (1.03, 1.3) 0.01
13-HODE/LA (0.5 mmol/mol 3.8 (1.4, 10.6) 0.011

increase)

AST, aspartate transaminase; BMI, body mass index; HODE:
hydroxy-octadecadienoic acid; LA, linoleic acid; NASH, nonalcoholic
steatohepatitis.

are markedly increased in blood from patients with NASH
and that theirlevels correlate with histopathological changes
found in the liver independent of other metabolic factors,
such as presence of diabetes or hypertension. Because of
the large amount of blood flow to the liver, this organ is the
likely source of much of the oxFA monitored in blood.

The current study has several strengths and limitations.
The mass spectrometry-based techniques employed served
as a powerful tool to identify relevant oxidation pathways
operative in NASH. They also allowed for definition of
novel mechanism-based markers for this disease. Another
strength is the clinical relevance of the patient population
studied—those undergoing elective liver biopsy for diag-
nostic evaluation for suspected NAFLD. The subjects
examined included a large group of consecutive, well-
characterized patients who represented the whole spec-
trum of normality and disease, thus minimizing a potential
selection bias that typically occurs in clinical studies on
NAFLD in which only patients with clearcut NASH or he-
patic steatosis are included. One potential limitation of
our study is the lack of a control group of apparently
healthy subjects with no known liver disease. Such a group,
however, does not by definition have elevated liver func-
tion tests and would be of little clinical relevance. Further-
more, recruitment of a healthy control group for a study
such as this is extremely difficult, as performing a liver bi-
opsy without clinical indication is ethically questionable.
Another potential limitation of our study is the intentional
exclusion of patients with chronic hepatitis C or alcohol

oxNASH Risk of NASH
Tertile
10-47) &
g 3.5
2 (>47-72) *
’ 9.7
3672 *—> 27.0

T T T T

0 2 4 6 8 10
Odds Ratio (95% CI)

Fig. 4. Risk of having NASH on liver biopsy based on oxNASH
levels. Forest plot illustrating the odds ratio and 95 confidence in-
tervals for risk of histopathologic diagnosis of NASH based upon
oxNASH tertiles. Numbers in parentheses represent oxNASH ter-
tile ranges. For each comparison, the first tertile served as the ref-
erence group. Abbreviation: NASH, nonalcoholic steatohepatitis.
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Fig. 5. Free radical-mediated processes are key mediators of lipid
oxidation in NAFLD. Specific oxidized lipid species were separated
by liquid chromatography on a chiral phase to identify and quan-
tify the structural isomers and their chiral distribution. A signifi-
cant increase in peak area of both 13-S HODE and 13-R HODE
were observed in patients with NASH compared with patients with
hepatic steatosis and patients with normal liver biopsy. The peak
area of 13-S HODE was similar to that of 13-R HODE in the three
groups of patients. Abbreviations: HODE, hydroxy-octadecadenoic
acid; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic
steatohepatitis.

liver disease (i.e., lack of a disease control group). Whether
oxNASH would allow distinguishing NASH patients from
those with other chronic liver diseases remains to be estab-
lished and requires future investigation.

There is currently a great need to develop tests that can
distinguish NASH from hepatic steatosis and assess the
severity of liver damage in patients (10, 29). Our data
suggest oxNASH or specific individual linoleic oxidation
products may serve as such a test. By multivariable model-
ing, we generated the scoring system oxNASH that pre-
dicted the presence of NASH with high accuracy. A
combination of 13-HODE/LA ratio, age, BMI, and AST
resulted in an AUC of 0.83 in the training set and 0.74 in
an independent validation group. The performance of
oxNASH is significantly better than the AUC for serum liver
enzymes, currently the most commonly used test to iden-
tify the presence of NASH and to select patients for liver
biopsy (9). These observations suggest that the oxXNASH
risk score has the potential to become a useful instrument
in clinical practice. Future, larger studies are clearly war-
ranted. The clinical utility of oxXNASH in monitoring inter-
val changes with links to outcomes is needed.

One of the more intriguing findings of the present study
is that direct examination of the distribution of circulating
oxFA in patients suggests that free radical-mediated pro-
cesses are the predominant oxidation pathway involved in
generation of lipid peroxidation products during NASH.
Surprisingly, NASH subjects showed specific elevations only
in a subset of linoleic acid oxidation products, including
marked increased levels of 13-HODE, 9-HODE, 9-oxoODE,
and 13-0xoODE. A role for free radical processes in produc-
tion of these species is supported both by the regiospecificity
of the products formed and the chirality of the oxFA. While
linoleic acid may serve as a substrate for lipid peroxidation by
enzymes such as lipoxygenases and cyclooxygenases, the re-
giospecificity for oxidation preferentially produces products
with oxidation sites alternative to the 9- and 13- positions. In
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contrast, free radical-driven oxidation shows significantly less
regiospecificity and produces the 9- and 13-HODEs and
0xoODEs monitored. A free radical origin for the species of
interest is further supported by the analyses of the stereo-
specificity of the oxFA as it showed a symmetric (50:50) R
and S chiral distribution. Such a distribution is typical of
free radical-mediated lipid oxidation (19). The precise
mechanism(s) of free radical generation in NASH, however,
will require further studies. It may reflect generation of a dif-
fusible radical intermediate that initiates lipid peroxidation,
or alternatively, it could represent the importance of free
radical processes in the propagation phase of lipid peroxida-
tion, with initiation involving a stereoselective enzymatic
source. Moreover, a chiral HODE, for example, can be also
be further oxidized to its corresponding keto form, and then
reduced again to a racemic compound. Thus, the precise
oxidative pathway(s) participating in NASH and elevation of
the linoleate lipid oxidation species within the circulation of
NASH subjects awaits further examination.

In summary, the current studies uncover the profile of
oxFA in human NAFLD and identify species that provide
strong discriminatory prognostic utility in the diagnosis of
NASH versus steatosis or normal liver biopsy. The results
support a model in which NASH development is accompa-
nied by generation of a subset of oxFAs, mainly by free
radical-mediated processes that are then released into the
bloodstream. OxNASH, a model risk score we developed
that may serve as a signature for NASH risk, is based upon
specific circulating markers of liver damage, including a
subset of those derived from free radical-mediated oxida-
tion of linoleic acid. The present data have significant im-
plications for both development of NASH biomarkers and
potential novel targets for therapeutic intervention. 2l
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