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Aims: Factors responsible for the progression of non-alcoholic fatty liver disease (NAFLD) to more severe
liver injury are poorly understood. In the present study, we investigated the association between immune
reactions triggered by oxidative stress and stage of NAFLD.
Methods: Titres of IgG against human serum albumin adducted with malondialdehyde (MDA-HSA) or
arachidonic acid hydroperoxide (AAHP) and against oxidised cardiolipin (Ox-CL) were measured in 167
NAFLD patients with steatosis only (n = 79), steatohepatitis (n = 74), or steatosis plus cirrhosis (n = 14), and
in 59 age and sex matched controls.
Results: Circulating IgG against lipid peroxidation products was significantly higher (p,0.001) in NAFLD
patients than in controls. Oxidative stress dependent immune responses were not associated with obesity,
type 2 diabetes, or with serum cholesterol, ferritin, or aminotransferase levels. Titres of lipid peroxidation
related antibodies were also independent of the extent of steatosis and were similarly distributed in
patients with and without necroinflammation. In contrast, the same antibodies were significantly increased
in patients with advanced fibrosis or cirrhosis. Logistic regression analysis confirmed that anti-MDA
antibodies were independently associated with progression of NALFD and that NAFLD patients with titres
of anti-MDA-HSA antibodies above the control threshold value had a threefold (relative risk 2.82 (95%
confidence interval 1.35–5.90); p =0.007) higher risk of having advanced fibrosis/cirrhosis than patients
whose antibody titres were within the control range.
Conclusions: These results indicate that the presence of immune reactions triggered by oxidative stress can
be an independent predictor of progression of NAFLD to advanced fibrosis.

R
ecent epidemiological data indicate that non-alcoholic
fatty liver disease (NAFLD)—ranging from simple
steatosis, to non-alcoholic steatohepatitis (NASH), to

cirrhosis—may be the most common liver ‘‘disease’’ in
western countries, with a prevalence in the general popula-
tion of at least 3–6%.1 2 The majority of patients with NAFLD
have one or more features of the recently characterised
metabolic syndrome and almost all are insulin resistant.3 4

Steatosis is therefore considered to be due to a combination
of an increased hepatic supply of free fatty acids from an
expanded, insulin resistant, adipose tissue mass together
with the hepatic effects of the associated hyperinsulinaemia.5

What is less clear is why only 15–25% of patients with
features of the metabolic syndrome progress from steatosis to
NASH, characterised by necroinflammation and fibrosis,6 7 at
least some of whom go on to develop cirrhosis.8 This is clearly
important as elucidating the factors involved in disease
progression would be a significant advance towards the
rational design of treatment strategies.
Evidence derived largely from studies in various animal

models has led to the notion that NASH is a disease of two
‘‘hits’’, with fatty liver being the first ‘‘hit’’, sensitising the
liver to a variety of second ‘‘hits’’ capable of initiating
hepatocyte injury, inflammation, and fibrosis.9 Although
there are some data suggesting that gut derived endotoxins
may be one of these second hits, most evidence supports a
role for oxidative stress mediated lipid peroxidation in the
progression of NAFLD from simple steatosis.5 Lipid peroxida-
tion is an attractive candidate mechanism for NASH as lipid
peroxidation products, including malondialdehyde (MDA)
and 4-hydroxynonenal (4-HNE), potentially explain all of the

histological features of NASH, including fibrosis.10 11 Studies
in animal models of NAFLD have demonstrated clear
evidence of increased reactive oxygen species production12–14

and lipid peroxidation.15 16 Further supporting a link between
steatosis severity, lipid peroxidation, and steatohepatitis, a
recent study in the MCD model has demonstrated that
enhancing hepatic lipid turnover with a peroxisome prolif-
erator activated receptor a agonist reduces oxidative stress
and steatohepatitis.17

The evidence supporting a role for oxidative stress in the
pathogenesis of human NASH is also increasing. Using
immunohistochemical techniques, oxidation products,
including 4-HNE, 8-hydroxy-deoxyguanosine, and nitrotyr-
osine, a marker of peroxynitrite formation, have been
detected in liver biopsies from patients with NAFLD, with
staining more intense in biopsies from patients with NASH
compared with those with simple steatosis.4 18 19 More
recently, an increase in liver and serum content of lipid
peroxidation products and a decrease in plasma antioxidant
ability has been documented in NAFLD patients.20 21 Indirect
evidence further supporting a role for oxidative stress in
‘‘human’’ NASH has also come from encouraging pilot

Abbreviations: AAHP-HSA, arachidonic acid hydroperoxide adduct
with human serum albumin; ELISA, enzyme linked immunoabsorbent
assay; 4-HNE, 4-hydroxynonenal; HSA, human serum albumin; HSC,
human hepatic stellate cells; MDD, 4-methyl-1,4-dihydropyridine-3,5-
dicarbaldehyde; NAFLD, non-alcoholic fatty liver disease; NASH, non-
alcoholic steatohepatitis; MDA-HSA, malondialdehyde adduct with
human serum albumin; Ox-CL, oxidised cardiolipin; BMI, body mass
index; PBS, phosphate buffered saline; AST/ALT, aspartate
aminotransferase/alanine aminotransferase
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studies using various antioxidants to attenuate NASH22–24 and
from a recent dietary survey reporting that obese patients
with NASH consume a diet lower in antioxidants than obese
patients with normal livers.25 Finally, microarray studies of
liver biopsies from patients with NASH have reported that
expression of mRNAs encoding several antioxidant enzymes
is lower in NASH compared with normal livers or livers from
patients with other liver diseases.26 Although these studies
suggest that oxidative stress is associated with NAFLD in
humans, evidence indicating its role in the progression of
steatosis to hepatocyte injury, inflammation, and/or fibrosis
is at best indirect.
Studies in our laboratories have shown that oxidative liver

damage in alcohol fed rodents27 as well as in patients with
alcoholic liver disease and/or chronic hepatitis C virus
infection is associated with the development of circulating
IgG antibodies against epitopes derived from proteins
modified by lipid peroxidation products or against oxidised
cardiolipin (Ox-CL) that correlate with disease severity.28–30

Moreover, a T cell mediated response towards lipid peroxida-
tion derived antigens is also evident in patients with
advanced alcoholic liver disease.31 With this rationale, we
asked the following questions: (i) are immune responses
mediated by oxidative stress evident in patients with non-
alcoholic fatty liver and (ii) do they have any association with
the presence of necroinflammation and/or severity of
fibrosis?

MATERIAL AND METHODS
Patients and controls
The study included 167 consecutive patients (102 men, 65
women) with NAFLD referred from 2001 to 2003 to the Liver
Unit at Newcastle Hospitals Trust (UK). All patients were
negative for serological markers of hepatitis viral infection or
autoimmune disease and none had any history of solvent
exposure or the use of hepatotoxic drugs. Significant alcohol
intake (greater than 20 g/day for men and 10 g/day for
women) was excluded by structured interview administered
by a specialist nurse, as described previously.32 All patients
underwent full clinical and laboratory evaluation, including
measurement of body mass index (BMI), waist hip ratio, and
determination of insulin resistance by the homeostasis model
assessment method.33 Type 2 diabetes mellitus was diagnosed
according to WHO criteria.
Liver biopsy was performed in all patients and immediately

fixed in formalin. Paraffin embedded sections (5 mm thick)
were stained with haematoxylin/eosin, Masson’s trichrome,
and periodic acid-Sciff after diastase digestion. Each biopsy
was evaluated by an experienced pathologist for severity of
steatosis (grade 1, ,33% of hepatocytes containing fat; grade
2, 33–66%; grade 3, .66%) and the presence of necroin-
flammation and stage of fibrosis (stage 1, focal pericellular
fibrosis confined to zone 3; stage 2, extensive pericellular/
perivenular zone two thirds fibrosis with or without
periportal fibrosis; stage 3, bridging fibrosis; stage 4,
cirrhosis) using a modification of the scoring system devised
by Brunt and colleagues.34

Fifty nine healthy controls (39 men, 20 women; mean age
47 (10) years (range 34–68)) originating from the same
geographical area were recruited from hospital and university
staff. All controls recorded alcohol consumption within
‘‘sensible’’ limits (,30 g/day for men, ,20 g/day for
women). All subjects gave informed consent to the analysis
and the study was planned according to the guidelines of the
local ethics committee. Blood samples (5 ml) were taken
after an overnight fast for preparation of serum. All groups
abstained from alcohol for at least 24 hours prior to blood
sampling.

Antigen preparation
Human serum albumin (HSA) complexed with MDA or with
reactive products of arachidonic acid oxidation (arachidonic
acid hydroperoxide (AAHP)) was prepared as previously
described.28 30 Briefly, 1 mg/ml HSA was reacted for two
hours at 37 C̊ with 100 mmol/l MDA in the presence of
100 mmol/l sodium cyanoborohydride or overnight at 20 C̊
with 3 mg of arachidonic acid previously allowed to auto-
oxidise for 72 hours in air. The modified HSA preparations
were dialysed overnight at 4 C̊ against phosphate buffered
saline (PBS), pH 7.4. Cardiolipin (88 mg/ml in PBS) was
oxidised by free radicals originating from the thermal
decomposition of 1 mmol/l 2,299-azo-bis-(2-amidinopropane)
hydrochloride (Polyscience Inc., Warrington, Pennsylvania,
USA), as reported by Rigamonti and colleagues.30

Measurement of antibody titres
Polystyrene microwell plates for enzyme linked immunosor-
bent assay (ELISA) (Nunc-Immuno Maxi-Sorb; Nunc, S/A,
Roskilde, Denmark) were coated for four hours at 37 C̊ with
0.05 mg/ml of either modified or native HSA solubilised in
0.1 M bicarbonate buffer, pH 9.6. After incubation, solutions
were removed and replaced by 0.3 ml of coating buffer
containing 3% bovine serum albumin in PBS, pH 7.4. Plates
were further incubated for one hour at 37 C̊ to block non-
specific binding sites. The coated wells were washed three
times with PBS containing 0.25% Triton X-100. Human sera
(0.20 ml, dilution 1:50 in the coating buffer) were added in
duplicate and incubated for one hour at 37 C̊. After washing
three times with PBS-0.25% Triton X-100, antibody binding
was revealed using peroxidase linked goat antihuman IgG
(dilution 1:6000) (Dako SPA, Milano, Italy) as previously
described.28 30 Results were expressed by subtracting the
background reactivity observed with unmodified HSA.
For determination of immune reactivity towards Ox-CL,

ELISA plates (Nunc-Immuno Poly-Sorb) were coated by
adding 30 ml of Ox-CL ethanol solution to each well and the
solvent was evaporated under vacuum. The same amount of
ethanol was added to reference wells. After two washes with
PBS 0.3 ml, non-specific binding sites were blocked by
incubation for one hour at 37 C̊ with a 1% (v/v) solution of
polyethylenglycol compound in PBS, pH 7.4. Coated wells
were then washed three times with PBS. Patient and control
sera (1:50 dilution in PBS) were incubated for one hour at
37 C̊ and IgG binding was revealed, as described above.
Results were expressed by subtracting the background
reactivity observed in the wells treated with ethanol alone.
Competitive ELISAs were performed by preincubating

overnight at 4 C̊ human sera (1:50 dilution) with 20 mmol/l
synthetic hexyl-4-methyl-1,4-dihydropyridine-3,5-dicarb-
aldehyde diluted in coating buffer. The same sera were also
similarly incubated overnight without additions. Aliquots of
the sera were then added in duplicate to ELISA plates coated
with MDA-HSA and antibody binding was assayed as
described above. Affinity purified rabbit polyclonal IgG
directed against the 4-methyl-1,4-dihydropyridine-3,5-dicar-
baldehyde (MDD) adduct were used as reference.

Materials
Malondialdehyde-bis-dimethylacetal, cardiolipin, arachido-
nic acid, fatty acid free human serum albumin (fraction V),
polyethylenglycol compound, and sodium cyanoborohydride
were supplied by Sigma Chemical Co. (St Louis, Missouri,
USA). All other chemicals were of analytical grade and were
supplied by Merck (Darmstad, Germany). Hexyl-4-methyl-
1,4-dihydropyridine-3,5-dicarbaldehyde and affinity purified
rabbit polyclonal IgG against the same antigen were a kind
gift from Dr G Thiele (University of Nebraska, Omaha, USA)
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Data analysis and statistical calculations
Statistical analyses were performed by SPSS statistical
software (SPSS Inc., Chicago, Illinois, USA) using the one
way ANOVA test or the Kruskal-Wallis test. Confidence
intervals (CI) were calculated using CIA software (by T
Bryant, University of Southampton, UK). Relative risk and
Fisher’s exact tests were used for comparison of frequency
data. Significance was taken at the 5% level. The independent
effect of significant variables was assessed using stepwise
logistic regression analysis. Cut off values were calculated as
97.5th percentiles in the control population after log

transformation of the values and assessment of the distribu-
tion normality by the Shapiro-Francia test.

RESULTS
Patient characteristics
Of 167 patients included in the study, 79 had steatosis only,
74 had steatosis, necroinflammation, and various degree of
fibrosis (NASH), and 14 had steatosis plus cirrhosis. The
biochemical and clinical features of the three groups are
shown in table 1. Consistent with results from previous
studies,7 8 35 36 patients with cirrhosis were older than those
with steatosis or NASH, and patients with NASH and
cirrhosis had a higher BMI and were more likely to be
diabetic than those with steatosis only. Patients with NASH
had higher serum transaminases than patients with steatosis.
Serum bilirubin, alkaline phosphatase, c-glutamyl transpep-
tidase levels, and aspartate aminotransferase/alanine amino-
transferase (AST/ALT) ratio were higher and serum albumin
levels lower in patients with cirrhosis compared with the two
other groups of patients.

Lipid peroxidation related antibodies in NAFLD
patients and controls
Figure 1 shows that the titres of IgG against MDA-HSA or
AAHP-HSA and against Ox-CL were significantly higher
(p,0.0001) in NAFLD patients than in controls.
Furthermore, approximately a third (29–39%) of NAFLD
patients had MDA-HSA, AAHP-HSA, and OxCL IgG titres
above the 97.5th percentile in controls—the ‘‘threshold’’
defining a ‘‘positive’’ titre (fig 1). These differences could not
be accounted for by differences in circulating IgG, which was
comparable in NAFLD and control subjects (11.36 (3.21) v
10.63 (3.15); 95% CI 21.68 to 0.22). Moreover, there was a
poor correlation between individual reactivity against the
different lipid peroxidation derived antigens and serum IgG
content (r ranged from 0.19 and 0.35). Titres of the three
antibodies did not correlate with BMI, serum cholesterol,
triglyceride or ferritin, any individual liver blood test (alka-
line phosphatase, alanine/aspartate transaminase, c-glutamyl
transpeptidase), or the AST/ALT ratio. In addition, titres of
lipid peroxidation derived antibodies were not different
between NAFLD patients with (n=49) and without
(n=118) type 2 diabetes (od490 nm for anti-MDA-HSA IgG
0.36 (0.12) v 0.35 (0.15), 95% CI20.053 to 0.034; od490 nm for
anti-AAPH-HSA IgG 0.08 (0.06) v 0.10 (0.07), 95% CI 20.001

Table 1 Clinical and biochemical characterisation of patients with non-alcoholic fatty
liver disease

Steatosis NASH Steatosis and cirrhosis

No of patients (M/F) 79 (54/25) 74 (39/35) 14 (8/6)
Age (y) 51.5 (13.7)** 53.6 (13.3)** 60.3 (9.9)
Body mass index (kg/m2) 32.4 (5.9)*� 34.5 (4.7) 36.7 (4.4)
Diabetes (%) 12 (15) 28 (38) 9 (64)
AST (U/l) 33.8 (15.1)**�� 47.8 (23.6) 50.3 (28.0)
ALT (U/L) 56.3 (34.2)� 73.8 (50.6) 53.5 (51.9)
AST/ALT ratio 0.70 (0.29)*** 0.73 (0.24)*** 1.28 (0.64)
c-glutamyl transpeptidase (U/l) 85.6 (54.7)** 73.3 (49.0)*** 170.9 (239.3)
Alkaline phosphatase (U/l) 86.0 (29.6)** 86.6 (33.0)** 107 (41.4)
IgG 10.91 (2.27)** 10.99 (3.29)** 15.51 (4.32)
Bilirubin (mmol/l) 11.9 (6.3)* 10.7 (6.6)* 16.0 (9.6)
Ferritin (mg/l) 153.2 (112.3) 175.9 (106.2) 175.0 (193.8)
Cholesterol (mmol/l) 6.0 (1.5)***� 5.6 (1.1)� 4.4 (1.1)
Triglycerides (mmol/l) 2.8 (1.8) 3.0 (2.0) 2.1 (0.9)
Albumin (g/l) 45.5 (2.8)*** 44.7 (3.5)*** 39.7 (5.6)

Statistically significant versus steatosis plus cirrhosis: *p,0.05; **p,0.01; ***p,0.0001. Statistically significant
versus NASH: �p,0.05; ��p,0.0001.
AST, aspartate aminotransferase; ALT, alanine aminotransferase.
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Figure 1 Titres of IgG against human serum albumin adducted with
malondialdehyde (MDA-HSA) and arachidonic acid hydroperoxides
(AAHP-HSA) or against oxidised cardiolipin (Ox-CL) in patients with
non-alcoholic fatty liver disease (NAFLD) and in healthy controls. Sera
were tested at a 1:50 dilution in microplate ELISA plates coated with
different antigens and revealed with peroxidase linked goat antihuman
IgG antiserum. Results are expressed as optical density (od) at 490 nm
after subtracting the background reactivity of each serum. Boxes show
values within 25th and 75th percentiles, horizontal bar represents the
median, 80% of values are between the extremities of the vertical bars
(10th–90th percentiles), and extreme values are represented by
individual symbols. Values under the boxes represent the percentage of
subjects with IgG titres above the cut off value, calculated on the 97.5th
percentile of the control population. Statistical significance, NAFLD
versus controls: MDA-HSA p,0.0001 (95% confidence interval (CI)
20.169 to 20.11); AAHP-HSA, p,0.0001 (95% CI 20.042 to
20.018); Ox-CL p,0.0001 (95% CI 20.059 to 20.020).
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to 0.041; od490 nm for anti-OxCL IgG 0.13 (0.10) v 0.13 (0.11),
95% CI 20.035 to 0.035).

Oxidative stress mediated immune response and
histology in patients with NAFLD
When lipid peroxidation induced immune responses were
investigated in relation to liver histology, no significant
difference in antibody titres was observed in relation to the
severity of steatosis (fig 2). Similarly, the titres of anti-MDA-
HSA, anti-AAHP-HSA, and anti-Ox-CL IgG were comparable
in patients with steatosis only and those with steatohepatitis
(fig 2). Patients with and without necroinflammation were
also not different in terms of frequency of ‘‘positive’’ lipid
peroxidation related antibody titres (fig 2).
To investigate the possible relationship between oxidative

stress mediated immune response and the degree of fibrosis,
NAFLD patients were regrouped according to stage of
fibrosis. Eighty four subjects (50%) had no evidence of

fibrosis, 35 (21%) had stage 1 fibrosis, 19 (11%) stage 2, 15
(9%) stage 3, and 14 (8%) stage 4 (cirrhosis). As shown in
fig 3, patients without fibrosis (score 0) or with mild fibrosis
(scores 1 and 2) had titres of anti-MDA-HSA and anti-Ox-CL
antibodies significantly lower than those with advanced
fibrosis (scores 3 and 4). In this latter group the percentage of
subjects positive for two or more lipid peroxidation related
antibodies (46%) was also significantly (95% CI 1–38%;
p,0.05) higher than in subjects without fibrosis or with mild
fibrosis only (27%). NAFLD patients with anti-MDA-HSA
antibodies above the control threshold value had a threefold
higher risk of having advanced fibrosis or cirrhosis (relative
risk 2.82; 95% CI 1.35–5.90; p=0.007) compared with
patients whose antibody titres were within the control range.
Previous studies have established obesity (BMI), diabetes,

age, and AST/ALT ratio .1 as independent predictors of
disease progression in NASH patients.7 35 36 To investigate
whether the magnitude of oxidative stress might represent an
additional predictor of the presence of advanced fibrosis, the
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Figure 2 Distribution of IgG against human serum albumin adducted
with malondialdehyde (MDA-HSA) and arachidonic acid hydroper-
oxides (AAHP-HSA) or against oxidised cardiolipin (Ox-CL) in patients
with non-alcoholic fatty liver disease (NAFLD) according to the extent of
steatosis (A) or the presence of necroinflammation (B). Steatosis was
scored as mild/moderate (grades 1–2) or severe (grade 3), as reported
in the methods section. Sera were tested at 1:50 dilution in microplate
enzyme linked immunoabsorbent assay plates and antibody binding
was revealed with peroxidase linked goat antihuman IgG antiserum.
Results are expressed as optical density (od) at 490 nm after subtracting
the background reactivity of each serum. Boxes show values within 25th
and 75th percentiles, horizontal bar represents the median, 80% of
values are between the extremities of the vertical bars (10th–90th
percentiles), and extreme values are represented by individual symbols.
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Figure 3 Titres of IgG against human serum albumin adducted with
malondialdehyde (MDA-HSA) (A) or against oxidised cardiolipin (Ox-
CL) (B) in patients with non-alcoholic fatty liver disease according to
fibrosis stage. Sera were tested at a 1:50 dilution in microplate enzyme
linked immunoabsorbent assay plates coated with different antigens and
revealed with peroxidase linked goat antihuman IgG antiserum. Boxes
show values within 25th and 75th percentiles, horizontal bar represents
the median, 80% of values are between the extremities of the vertical
bars (10th–90th percentiles), and extreme values are represented by
individual symbols. Statistical significance: *p,0.05 versus no fibrosis
(95% confidence interval (CI) 0.01 to 0.15) and fibrosis stages 1–2 (95%
CI 0.01 to 0.16); **p,0.05 versus no fibrosis (95% CI 0.01 to 0.12) and
fibrosis stages 1–2 (95% CI 0.01–0.11).
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above variables were investigated in combination with the
presence of anti-MDA antibodies. Univariate analysis con-
firmed that the presence of advanced fibrosis (stages 3, 4) in
our NAFLD patients was also associated with age .45 years
and with the presence of diabetes or an AST/ALT ratio .1 (p
value ranging from 0.015 to ,0.0001). However, following
stepwise logistic regression, only diabetes, AST/ALT ratio .1,
and anti-MDA antibodies were found to be independent
predictors of severe fibrosis in NAFLD (table 2) and their
combination was able to explain 39% of the variability in
disease severity.

Characterisation of the reactivity against MDA
adducts associated with progression of NAFLD
In view of the association between the IgG response against
MDA adducts and progression of NAFLD to fibrosis, we have
attempted to characterise the antigen specificity of the
antibodies involved. Previous studies have demonstrated that
MDD (fig 4), originating from the reaction of MDA with the
epsilon amino group of lysine, is one of the main MDA-
protein adducts and has strong antigenic properties.37

Competition experiments using 28 NAFLD sera with high
reactivity towards MDA-HSA and 13 control sera showed

that preincubation with 20 mmol/l of synthetic hexyl-MDD
derivative abolished the reactivity of affinity purified rabbit
IgG against the MDD adduct and reduced by approximately
40% the recognition of MDA-HSA by NAFLD sera (od490 nm

0.389 (0.153) v 0.178 (0.11); 95% CI 20.29 to 20.14;
p,0.0001) without significantly affecting that of control
sera (od490 nm 0.256 (0.196) v 0.194 (0.17); 95% CI 20.21 to
20.08) (fig 4). Moreover, following preadsorption with
hexyl-MDD, no significant difference in reactivity towards
MDA-HSA was appreciable between NAFLD and control sera
(od490 nm 0.178 (0.11) v 0.194 (0.17); 95% CI 20.091 to
0.124), suggesting that antibodies directed towards MDA
adducts specifically recognise dihydropyridine epitopes.

DISCUSSION
The mechanisms responsible for progression of NAFLD to
more severe liver injury are still poorly understood. The ‘‘two
hit’’ model proposes that fat accumulation—the ‘‘first hit’’—
sensitises the liver to the injurious effects of one or more
additional factor(s)—‘‘second hits’’—that lead to the devel-
opment of steatohepatitis and fibrosis.9 In this model,
oxidative stress, arising as a result of increased formation
of reactive oxygen species during fatty acid oxidation by
mitochondria and peroxisomes and by the induction of
cytochrome P450 isoenzymes (CYP2E1 and CYP4A), coupled
with the mitochondrial effects of tumour necrosis factor a,
has been proposed as one such factor.4 5 12 17 To date,
however, evidence supporting this hypothesis has been
derived largely from animal models. In the present study,
we measured titres of circulating antibodies against lipid
peroxidation products and demonstrated that approximately
a third of patients with NAFLD had titres of these antibodies
above the 97.5th percentile of healthy controls. Furthermore,
NAFLD patients with anti-MDA antibodies above the control
threshold value had an approximately threefold increased
risk of developing advanced fibrosis or cirrhosis compared
with subjects with antibody titres within the control range.
These data provide strong evidence that oxidative stress
promotes immune responses in a proportion of patients with
NAFLD and that these responses are associated with the
presence of advanced disease.
Partial characterisation of the epitope specificity of anti-

MDA antibodies associated with NAFLD shows that methyl-
1,4-dihydropyridine-3,5-dicarbaldehyde adducts play an
important role. It is noteworthy that the same di-hydropyr-
idine epitopes are responsible for a specific humoral immune
response towards adducts generated by the condensation of
MDA and acetaldehyde, also known as malondialdehyde-
acetaldehyde adducts,38 observed in both alcohol fed ani-
mals39 and patients with alcoholic liver disease.40 At present,
however, the mechanisms leading to the generation of di-
hydropyridine adducts in NAFLD are not known.
The lack of any correlation between the detection of

lipid peroxidation related antibodies and the presence of

Table 2 Logistic regression analysis of the association between independent predictors
and the presence of severe fibrosis in patients with non-alcoholic fatty liver disease

Variable

Regression
coefficient
(B)

SE of
regression
coefficient

Wald
value E ex (B)

p Value
(95% CI)

Diabetes 2.004 0.583 11.824 7.74 0.001 (2.37–23.26)
AST/ALT ratio .1 1.802 0.595 9.183 6.06 0.002 (1.89–19.46)
Anti-MDA antibodies 4.990 1.831 7.430 146.93 0.006 (4.06–5312.9)
Constant 24.843
Nagelkerke’s r2 0.390

Overall fit of the model x2 33.832 with 3 DF; p,0.0005.
Percent of correct predictions 87.3%
AST/ALT, aspartate aminotransferase/alanine aminotransferase; MDA, malondialdehyde.
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Figure 4 Characterisation of the antibody response towards
malondialdehyde (MDA) adducts in patients with non-alcoholic fatty liver
disease (NAFLD). Sera of 28 NAFLD patients with reactivity against
MDA adducts and 13 sera from healthy controls (1:50 dilution) were
preincubated overnight at 4 C̊ with 20 mmol/l synthetic hexyl-4-methyl-
1,4-dihydropyridine-3,5-dicarbaldehyde (MDD) diluted in coating
buffer. The same sera were also similarly incubated overnight without
additions. Aliquots of the sera were then added in duplicated to enzyme
linked immunoabsorbent assay plates coated with MDA-human serum
albumin (HSA) and the antibody binding was assayed as described in
the methods section. Affinity purified rabbit polyclonal IgG directed
against the MDD adduct was used as reference. The insert show the
chemical structure of the hexyl-MDD adduct.
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necroinflammation in human NAFLD is consistent with
other reports that have detected lipid peroxidation4 18 20 in
liver biopsies of NAFLD patients with steatosis only. This
suggests that oxidative stress is unlikely to be either a
necessary cause or an effect of necroinflammation in NAFLD.
It is noteworthy that the frequency (30–40%) of patients with
antibodies towards lipid peroxidation antigens observed in
this study is much lower than the increase in liver MDA and
4-HNE content (more that 90%) recently reported by
Loguercio and colleagues,20 suggesting that dietary or genetic
factors25 41 are required for the onset of the oxidative stress
dependent immune response in NAFLD patients.
The concept of oxidative stress as an important mechanism

of hepatic fibrosis is now well established.42 A more specific
profibrogenic role for lipid peroxidation protein adducts has
been suggested by recent studies demonstrating that human
hepatic stellate cells (HSC) have the capacity to specifically
recognise MDA modified proteins through an interaction
with CD36 scavenger receptors.43 Such an interaction not only
stimulates the synthesis of fibronectin and collagen by HSC,
but may also be important in promoting an immune response
to the adducts, as human HSC have recently been shown to
act as antigen presenting cells capable of stimulating
lymphocyte proliferation.44 This dual effect of lipid peroxida-
tion protein adducts on HSC offers a potential explanation for
the association between anti-MDA IgG titres and fibrosis
observed in the present study. A role for immune response
triggered by oxidative stress in the progression of NAFLD is at
present speculative although it is worth noting that an
accumulating body of evidence supports its role in the
pathogenesis of alcoholic liver disease31 45 as well as in
worsening of chronic hepatitis C by alcohol intake.30

Moreover, further support of a role of the immune response
in liver fibrosis has been provided by a recent report that
lymphocyte destruction by subletal irradiation reduces liver
fibrosis in mice treated with CCl4 or thioacetamide, while the
transfer of CD8+ lymphocytes from CCl4 treated mice to
immunodeficient SCID mice leads to fibrogenic activation of
HSC.46

In the recent years there has been a growing interest in
establishing reliable predictors for the presence of advanced
NAFLD in patients presenting with classical risk factors,
abnormal liver biochemistry, and ultrasound evidence of
steatosis.7 35 36 Given our observation that anti-MDA titres
were significantly higher in patients with advanced fibrosis,
we examined their predictive value for clinically significant
stage 3/4 fibrosis in a regression model, including the
previously described predictive clinical and laboratory factors.
This analysis demonstrated that diabetes, AST/ALT ratio .1,
and anti-MDA antibodies were independently associated
with severe fibrosis explaining, in combination, 39% of the
variability in fibrosis score, suggesting that anti-MDA titres
may be a clinically useful easy to measure serum marker of
advanced NAFLD. The observation that anti-MDA titres and
diabetes were independent predictors of fibrosis is important
given previous reports of antibodies against oxidised lipo-
proteins in the sera of patients with type 2 diabetes.47 48 This
excluded the possibility that the association between anti-
MDA and advanced fibrosis is explained by the confounding
effect of diabetes.
In conclusion, these results demonstrate that lipid perox-

idation related antibodies are present in a proportion of
patients with NAFLD and are associated with advanced
fibrosis, but not with steatosis severity or necroinflamma-
tion. This association provides further support for the
suggestions that oxidative stress is involved in the progres-
sion of NAFLD to fibrosis and is a rational target for therapy.
If confirmed in prospective studies, evaluation of IgG
reactivity towards dihydropyridine MDA adducts may

become a useful non-invasive serum marker both for the
presence of advanced disease and, more importantly, for
identification of NAFLD patients at risk of progression,
potentially with the most to gain from targeted antioxidant
therapy.22–24
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EDITOR’S QUIZ: GI SNAPSHOT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Answer
From question on page 965
The radiographs show extensive gas in the soft tissue due to gas gangrene. The differential
diagnosis includes clostridial gas gangrene, streptococcal fascitis, bacteroides infection, and
mechanical trauma. As this patient had developed necrotising fascitis, fasciotomy was the
appropriate procedure.
Unfortunately, this patient did not survive the procedure. Autopsy revealed carcinoma of

the ascending colon and blood cultures grew Clostridium histolyticum. Clostridial myonecrosis
is most commonly seen as a complication of heavily contaminated wounds. Spontaneous
clostridial myonecrosis has been described in association with colorectal malignancies,
haematological malignancies, diabetes, and radiation colitis. Clostridium perfringens and
septicum are the most frequent causative organisms. Gram stain of the wound drainage is a
rapid way of confirming the diagnosis. As disease is associated with a high mortality (80%),
rapid diagnosis and treatment is essential. Antibiotics and surgical debridement remain
essential components. Hyperbaric oxygen therapy has been tried with varying degree of
success.
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