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Abstract—Human nonalcoholic fatty liver disease (NAFLD) associated with obesity is characterized by depletion of

hepatic n-3 long-chain polyunsaturated fatty acids (LCPUFA), with lower LCPUFA product/precursor ratios and higher

18:1n-9 trans levels in adipose tissue, both in patients with steatosis and in those with steatohepatitis. These changes

point to modification of gene expression, with decreased fatty acid oxidation and triacylglycerol export and enhanced

lipid synthesis, thereby leading to fat accumulation in the liver. Changes in oxidative stress-related parameters indicate a

moderate enhancement in the pro-oxidant status of the liver in steatosis, which is further exacerbated in steatohepatitis. It

is proposed that oxidative stress plays a dual role in NAFLD by contributing to steatosis due to higher peroxidation of

LCPUFA, in addition to defective fatty acid desaturation and diet imbalance, and by promoting progression of steatosis to

steatohepatitis, features that might involve changes in the activity of transcriptional mediators. 
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is a rapidly

growing entity characterized by the presence of macro-

vesicular steatosis and hepatic necroinflammation with or

without fibrosis [1,2]. This clinicopathologic syndrome is

frequently associated with obesity and insulin resistance

in patients with negligible alcohol consumption [2].

Although in some cases steatosis may progress to

steatohepatitis, which increases the subsequent develop-

ment of cirrhosis [3], the mechanisms involved in the

progression of NAFLD are poorly understood.

Hepatic steatosis occurs in conditions of increased

lipogenesis, defective mitochondrial/peroxisomal h-oxi-
dation or microsomal cytochrome P4504A N-oxidation,
1499

ddress correspondence to: Luis A. Videla, Programa de Farm-

logı́a Molecular y Clı́nica, Instituto de Ciencias Biomédicas,

ultad de Medicina, Universidad de Chile, Casilla 70000, Santiago-

hile; Fax: +56 (2) 7372783; E-mail: lvidela@med.uchile.cl.
and/or a diminished ability of the liver to export lipids.

The above alterations may be induced by mutations of

genes encoding enzymes of lipid metabolism, as shown

for mice deficient in liver carnitine acyl transferase-1

[4] and triacylglycerol transferase [5] with consequent

impairment of fatty acid (FA) oxidation and triacylgly-

cerol export, respectively. Alternatively, dietary fats can

accomplish regulation of hepatic lipid metabolism

through modification of gene transcription [6]. This is

achieved by long-chain polyunsaturated fatty acids

(LCPUFA; 20:4n-6, 20:5n-3, and 22:6n-3) that are able

(i) to direct fatty acids away from triacylglycerol

storage, enhancing their oxidation, and (ii) to direct

glucose away from FA synthesis, increasing its flux to

glycogen [7–9]. This so-called fuel partitioning action

of LCPUFA requires both an adequate dietary supply of

the 18:2n-6 and 18:3n-3 precursor FA and an optimal

activity of the D-5/D-6 desaturases to synthesize

LCPUFA in the liver [8,10]. Furthermore, the main-

tenance of a low oxidative stress status in the liver



Fig. 2. Ratios of n-6/n-3 long-chain polyunsaturated fatty acids (20:4n-
6/(20:5 + 22:6)n-3) in the liver and adipose tissue of control subjects
and patients with nonalcoholic fatty liver disease showing steatosis or
steatohepatitis. Results are expressed as percentages of control valuesF
SEM [control values (n = 11): 0.16 F 0.01, 3.89 F 0.06, and 4.13 F
0.69 in liver phospholipid fractions, total liver lipids, and total adipose
tissue lipids, respectively].

a

p b .05 versus controls. For description of
subjects, analytical methodology, and statistical analysis, see legend for
Fig. 1 (modified from [13]; used by permission of the publisher).
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constitutes an additional requisite for optimum lipid

homeostasis. This contention is based on the high

susceptibility of LCPUFA to undergoing free radical

reactions, leading to further decomposition processes

with loss of unsaturated lipids [11,12]. The goal of this

work was to address the hypothesis that depletion of

hepatic LCPUFA was a major factor involved in the

mechanism of liver steatosis found in NAFLD asso-

ciated with obesity. This effect may be caused by

decreased fatty acid desaturation, diet imbalance, and/or

enhanced oxidative stress status in the liver, a redox

imbalance that may also contribute to the progression of

hepatic steatosis to steatohepatitis.

PATTERN OF LCPUFA IN THE LIVER AND ADIPOSE TISSUE

IN NAFLD

Recent studies by our group [13] assessed the levels of

LCPUFA in the livers of control subjects and in NAFLD

patients, grouped according to the presence of macro-

vesicular fatty liver alone (steatosis group) or steatosis and
Fig. 1. Content of n-3 long-chain polyunsaturated fatty acids [LCPUFA;
(20:5n-3 + 22:6n-3)] in the liver and adipose tissue of control subjects
and patients with nonalcoholic fatty liver disease showing steatosis or
steatohepatitis. Studies were performed in 19 patients with an average
body mass index (BMI) of 45.6 F 8.3 kg/m

2

and an age range of 39–45
years who underwent voluntary therapeutic gastroplasty or gastrectomy
with a gastrojejunal anastomosis. Eleven patients (BMI = 27.8 F 1.6
kg/m

2

; age range 38–44 years) who underwent voluntary anti-reflux
surgery were taken as the control group. All subjects exhibited normal
values for aminotransferases in plasma and for blood tests controlling
for diabetes and other chronic diseases and registered a consumption of
two alcohol drinks per week to none. The content of lipid in liver and
adipose tissue was assessed in methylated chloroform extracts by gas–
liquid chromatography analysis using purified standards. Original data
in g/100 g methyl esters are expressed as percentages of control values
F SEM (control values of n-3 LCPUFA in g/100 g methyl esters: 0.86
F 0.04, 1.29 F 1.4, 5.91 F 0.75, and 2.18 F 0.20 in liver
triacylglycerol fractions, hepatic phospholipid fractions, total liver
lipids, and total adipose tissue lipids, respectively). Significance studies:
a

p b .05 compared to control values, assessed by one-way ANOVA and
the BonferroniTs multiple comparison test (modified from [13]; used by
permission of the publisher).
lobular inflammation with hepatocyte ballooning (steato-

hepatitis group) (Fig. 1). The liver of NAFLD patients

exhibited a significant increased accumulation of triacyl-

glycerols compared to control values [mg/g liver: controls,

48 F 4 (n = 11); steatosis, 256 F 5* (n = 10);

steatohepatitis, 250F 4* (n = 9); *p b .05 versus controls]

[13] and decreases in LCPUFA, particularly of the n-3

series, in both whole liver extracts and hepatic triacyl-

glycerol or phospholipid fractions (Fig. 1). The latter

observation is independent of the presence of an

inflammatory component in the liver and occurs con-

comitant with (i) n-3 LCPUFA depletion in adipose

tissue (Fig. 1), (ii) higher n-6/n-3 LCPUFA ratios in total

liver lipids corresponding to higher ratios in hepatic

phospholipid fractions as well as in total adipose tissue

lipids (Fig. 2), (iii) reduced hepatic 20:4n-6/18:2n-6 and

(20:5 + 22:6)n-3/18:3n-3 ratios (Fig. 3A), and (iv)

enhanced levels of 18:1n-9 trans in adipose tissue (Fig.

3B). Collectively, these data suggest that the develop-

ment of fatty liver may involve different mechanisms

dysregulating lipid metabolism in the liver (Fig. 4).

First, LCPUFA downregulate sterol regulatory ele-

ment binding protein-1 (SREBP-1) expression and

impair its processing, leading to inhibition of the tran-

scription of lipogenic and glycolytic genes [14,15].

Decreased DNA binding of SREBP-1 may reduce that

of nuclear factor-Y and stimulatory protein-1, leading to

a lower transactivation activity of the three transcription

factors, thus reinforcing the downregulation of lipogenic

genes [16]. On the other hand, LCPUFA upregulate the

expression of genes encoding enzymes of FA oxidation,

due to their function as ligand activators of the

peroxisome proliferator-activated receptor-a (PPAR-a)



Fig. 3. (A) Liver LCPUFA product/precursor ratios and (B) adipose tissue content of 18:1n-9 trans, 18:2n-6, and 18:3n-3 in control
subjects and patients with nonalcoholic fatty liver disease showing steatosis or steatohepatitis. Results are expressed as percentages of
control values F SEM [control values (n = 11): (A) liver 20:4n-6/18:2n-6 ratio, 0.47 F 0.05; liver (20:5 + 22:6)n-3/18:3n-3 ratio,
17.3 F 1.0; (B) adipose tissue content (in g/100 g methyl esters) of 18:1n-9 trans, 5.96 F 2.4; 18:2n-6, 8.67 F 1.06; 18:3n-3, 1.88 F
0.18].

a

p b .05 versus controls. For description of subjects, analytical methodology, and statistical analysis, see legend for Fig. 1
(modified from [13]; used by permission of the publisher).
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[9,17,18]. Therefore, depletion of LCPUFA in the liver of

NAFLD patients is expected to favor FA and triacylgly-

cerol synthesis over FA oxidation (Fig. 4). Diminution in

triacylglycerol export from the liver is also likely to

occur under conditions of LCPUFA depletion, consider-

ing that PPAR-a activation by LCPUFA increases the

secretion of apolipoprotein B-100 (apoB-100), a rate-

limiting step in hepatic very low density lipoprotein

(VLDL) formation [19]. This is in agreement with the

reduced rate of apoB-100 synthesis reported in NAFLD
Fig. 4. Factors that influence liver LCPUFA depletion leading to hepat
fatty liver disease.
patients with steatohepatitis compared with BMI-

matched controls without steatohepatitis and lean con-

trols [20]. In addition, the assembly and secretion of

VLDL depend on liver FA binding protein [19], a

cytosolic protein that is upregulated by both LCPUFA

[21] and PPAR-a activation [22]. These views are further

strengthened by the substantial increase in hepatic n-6/n-

3 LCPUFA ratios found in NAFLD patients (Fig. 2),

considering that n-3 LCPUFA are more effective PPAR-

a activators than n-6 LCPUFA [8,23].
ic steatosis and its progression to steatohepatitis in nonalcoholic



L. A. Videla et al.1502
Second, pathways for desaturation and elongation of

the essential FA 18:2n-6 and 18:3n-3 are required for the

synthesis of LCPUFA in the liver, and the adipose tissue

content of these essential FA is a suitable biomarker of

dietary FA intake [24]. Although adipose tissue levels of

18:2n-6 FA are enhanced in NAFLD patients, suggesting

an adequate intake for utilization in the liver, those of

18:3n-3 are drastically decreased (Fig. 3B). The latter

finding points to a limiting factor in the hepatic synthesis

of 18:3n-3-derived LCPUFA such as 22:6n-3 [10] and is

consistent with the depletion of n-3 LCPUFA found in

the liver of NAFLD patients (Fig. 1). Furthermore,

impairment of D-5 and D-6 FA desaturases in the livers

of NAFLD patients is suggested by (i) the substantial

diminution in LCPUFA product/precursor ratios (Fig.

3A) and (ii) the increased content of the 18:1n-9 trans

isomer in adipose tissue (Fig. 3B). The latter trans FA

exerts a substantial inhibitory action on hepatic D-6

desaturase activity [10,25] and PUFA biosynthesis [10].

Thus, a decreased desaturation activity is likely to occur

in the livers of NAFLD patients due to dietary imbalance

(low 18:3n-3 intake) and trans FA-dependent inhibition

of desaturases (high 18:3n-3 trans intake) as contributory

factors leading to LCPUFA depletion (Fig. 4). However,

the assessment of the activity of hepatic desaturases is

needed to ensure the involvement of defective desatura-

tion in human NAFLD. Although data concerning n-3

LCPUFA pattern (Fig. 1) and n-6/n-3 ratios (Fig. 2) are

comparable in the liver of NAFLD patients with steatosis

and steatohepatitis exhibiting normal serum transaminase

levels [13], significant changes may occur with increased

severity of hepatic lesions. This is in agreement with the

low plasma levels of LCPUFA reported in patients with

end-stage liver disease [26] or in cirrhotic patients with

hepatitis B and C [27].
LIVER OXIDATIVE STRESS STATUS IN NAFLD

Imbalance in the pro-oxidant/antioxidant equilibrium

in favor of pro-oxidants constitutes themajor feature of the

oxidative stress phenomenon [11], a condition that leads to

a number of pathophysiological events in the liver [28–

30]. At the cellular level, oxidative stress induces a wide

spectrum of responses, depending on the cell type, the

magnitude of the level of reactive oxygen species (ROS)

achieved, and the duration of the exposure [31]. Under

conditions of a high and/or sustained production of ROS,

severe damage to PUFA, proteins, and DNA can occur,

with loss of their biological functions and cell viability

[11,28–31]. In addition, transient variations of low to

moderate levels of ROS may represent important regu-

latory signals triggering defensive mechanisms to liver

injury in Kupffer cells, resident macrophages in the liver

[30,31], or the regulation of protein function by reversible
oxidation or nitrosation of protein sulfhydryls [32].

Therefore, dysregulation of these mechanisms can induce

hepatotoxicity either through the activation of redox-

sensitive transcription factors such as NF-nB and AP-1,

with the upregulation of cytotoxic, proinflammatory, and/

or fibrogenic mediators [30], or by inducing irreversible

nonspecific protein oxidation leading to permanent loss of

function and elimination of the damaged protein [32].

Several lines of evidence suggest that chronic oxidative

stress is concomitant in human NAFLD [33–35]. As can

be observed in Table 1, the liver protein oxidation index is

markedly enhanced in NAFLD patients with steatosis

compared with controls, whereas GSH content, super-

oxide dismutase (SOD) activity, and the antioxidant

capacity of plasma are significantly lower. Hepatic

malondialdehyde (MDA) levels are increased in steatosis

when expressed per milligram of protein ( p b .05) but are

not significantly different from controls when expressed

per gram of liver (Table 1), a discrepancy that may be due

to underestimation of the values in the latter case.

Moreover, liver 3-nitrotyrosine reactivity also increases

significantly in steatosis compared to control values [36].

These findings are observed in the absence of significant

changes in the content of hepatic total cytochrome P450

[33], cytochrome P4502E1 (CYP2E1) (Table 1), and p-

nitrophenol hydroxylation ( p-NPH; as a measure of

CYP2E1 activity) [33] or in the plasma levels of the lipid

peroxidation end-products MDA and 4-hydroxynonenal

(HNE) (Table 1). Collectively, the data reported point to a

moderate enhancement in the oxidative stress status in the

liver of NAFLD patients with steatosis. Because this

enhanced pro-oxidant condition implies a higher free

radical activity in the liver of NAFLD patients with

steatosis, peroxidation of lipids containing PUFA is likely

to be favored, considering that their allylic hydrogen

atoms are easily removed to generate a radical site subject

to O2 addition [11,12]. These processes are followed by

decomposition reactions with loss of unsaturated lipids

[11,12], which are particularly relevant for LCPUFA, as

the degree of lipid unsaturation increases the length of

lipid radical-chain reactions [12]. Thus, oxidative stress-

dependent lipid peroxidation may represent an alternate

mechanism contributing to liver n-3 LCPUFA depletion,

leading to steatosis in NAFLD patients (Fig. 4). However,

the increased hepaticMDA levels found in steatosis (Table

1) suggest a higher free radical-mediated breakdown

involving n-6 LCPUFA rather than n-3 LCPUFA. This

observation is in agreement with the higher content of

20:6n-6 found in adipose tissue lipids [g/100 g FA methyl

esters: controls, 0.34 F 0.04 (n = 11); steatosis, 0.69 F
0.06* (n = 10); steatohepatitis, 0.63F 0.09* (n = 9); *p b

0.05 versus controls] and in liver phospholipid fractions

[g/100 g FA methyl esters: controls, 2.00F 1.00 (n = 11);

steatosis, 7.00 F 1.1* (n = 10); steatohepatitis, 6.90 F



Table 1. Oxidative Stress-related Parameters in the Liver and Plasma of Control Subjects and Patients with Nonalcoholic Fatty Liver Disease Showing

Steatosis or Steatohepatitis

Parameter Controls
(a)

Steatosis
(b)

Steatohepatitis
(c)

Reference

Liver
Superoxide dismutase activity 100 F 10 52 F 5a 36 F 7a [33]
Catalase activity 100 F 11 90 F 14 52 F 10a,b [33]
GSH content 100 F 10 43 F 8a 73 F 13a [33]
Cytochrome P4502E1 content 100 F 10 142 F 12c 242 F 22a,b [33]
Malondialdehyde content 100 F 5 281 F 9a 290 F 13a [33]

100 F 11 145 F 14 188 F 56a [34]
Protein oxidation index 100 F 26 403 F 103a,c 174 F 32b [33]

Plasma
Antioxidant capacity 100 F 3 79 F 2a,c 67 F 2a,b [33]
Malondialdehyde levels 100 124 133a [35]
4-Hydroxynonenal levels 100 145 188a [35]

Values shown correspond to means F SEM when available, expressed as a percentage of control values: superoxide dismutase activity, 12.6 F
1.2 (n = 6) U/mg protein; catalase activity, 0.55 F 0.06 (n = 6) k/mg protein; reduced glutathione (GSH) content, 23.8 F 2.4 (n = 5) nmol/mg

protein; cytochrome P4502E1 content, 1.0 F 0.1 (n = 6) arbitrary image density; liver malondialdehyde content, 2.25 F 0.11 (n = 11) nmol/mg

protein [33] and 25.3 F 2.8 (n = 4) nmol/g liver [34]; protein oxidation index, 0.98 F 0.26 (n = 5) nmol carbonyls/mg protein; antioxidant capacity

of plasma, 390 F 11 (n = 12) AM iron; plasma malondialdehyde levels, 0.3 nmol/ml; plasma 4-hydroxynonenal levels, 0.3 nmol/ml. The significant

differences between mean values ( p b .05) assessed by one-way ANOVA followed by BonferroniTs multiple comparison test [33,34] or the

Wilcoxon rank test [35] are shown by the letters identifying each group.
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1.0* (n = 9); *p b .05 versus controls] [13], indicating a

higher dietary intake and availability of the n-6 LCPUFA

to sustain enhanced peroxidation. The direct demonstra-

tion of n-3 LCPUFA oxidation by assessment of aldehydic

end-products such as 4-hydroxyhexenal from 22:6n-3

awaits further investigation.

Depression of liver SOD activity and GSH content

and enhancement of the MDA levels observed in NAFLD

patients with steatosis persist in those with steatohepati-

tis, features that are accompanied by (i) reduction in

hepatic catalase activity and CYP2E1 induction; (ii)

increases in plasma MDA and HNE levels, liver

inducible nitric oxide synthase [37], and hepatic nitro-

tyrosine reactivity [36,37]; and (iii) a further reduction in

the antioxidant capacity of plasma (Table 1). In addition

to the enhancement in hepatic lipid peroxidation as

shown by indicators such as MDA and HNE (Table 1)

[38], NAFLD patients with steatohepatitis exhibited

higher 8-hydroxydeoxyguanosine content in hepatocytes

and sinusoidal cells, a marker of oxidative DNA damage

[38]. However, the level of hepatic oxidized proteins in

steatohepatitis was comparable to that in controls (Table

1), a finding that may involve an enhanced protein

degradation due to the higher susceptibility to proteolytic

attack caused by ROS-induced protein carbonylation

[32,39]. These studies point to a further enhancement in

the oxidative stress status of the liver in steatohepatitis

compared with steatosis, which is coincident with an

enhanced p-NPH activity [32] related to upregulation of

CYP2E1 expression (Table 1) [33,40]. The latter finding

is in agreement with reports measuring liver CYP2E1 by

immunohistochemistry [41] or by the pharmacokinetics
of chlorzoxazone [40,42,43]. From a pathological point

of view, CYP2E1 is considered of particular interest due

to (i) its poor coupling with NADPH-cytochrome P450

reductase, with significant NADPH oxidase activity

generating the superoxide radical, hydrogen peroxide,

and consequent lipid peroxidation response [44]; and (ii)

its induction occurring primarily within the perivenular

region of the liver lobule [44], a response triggered by FA

and ketones [45] known to be increased in steatohepatitis

[36]. The regulation of hepatic CYP2E1 expression by

increased levels of FA and ketones is not exerted at the

transcriptional level [45] but rather through posttransla-

tional events prolonging its in vivo half-life [46]. In

addition, insulin resistance, which is a feature of clinical

nonalcoholic steatohepatitis associated with obesity,

diabetes type II, or hyperlipidemia, leads to increased

CYP2E1 levels by loss of the repressive effect of insulin

[47]. Therefore, induction of liver microsomal CYP2E1

represents a major free-radical generating system asso-

ciated with the higher oxidative stress status prevailing in

human steatohepatitis, although other mechanisms cannot

be ruled out. These include an increased production of

ROS by induction of CYP4A [47], stimulation of the

NADPH oxidase activity of polymorphonuclear cells

and/or mononuclear cells infiltrating the liver [1,2], or

enhanced hepatocyte mitochondrial, peroxisomal, and

microsomal FA oxidation activity [9]. However, the

relative contribution of the latter mechanism in ROS

production remains uncertain, considering that the basal

lipid oxidation rate in patients with steatohepatitis is

comparable to that reported in control subjects [36] and

that depletion of n-3 LCPUFA (Fig. 1) is likely to
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diminish rather than increase hepatic FA oxidation

pathways [8,9] (Fig. 4).
DUAL MECHANISTIC SIGNIFICANCE OF OXIDATIVE

STRESS IN NAFLD

The data discussed in this work provide substantial

evidence for a dual mechanistic significance of oxidative

stress in NAFLD associated with obesity, constituting a

signaling mechanism leading to hepatic steatosis and its

progression to steatohepatitis (Fig. 4).

Fatty liver can result from downregulation of FA

oxidation and triacylglycerol export genes and upregu-

lation of lipogenic genes triggered by n-3 LCPUFA

depletion induced by oxidative stress, diet imbalance,

and defective FA desaturation, through decreased

PPAR-a activation and/or enhanced expression and

activity of SREBP-1 and related transcriptional media-

tors, respectively (Fig. 4). The concurrence of additional

factors may contribute to hepatic steatosis, namely, (i)

gene polymorphisms of enzymes of FA oxidation and

lipid export that decrease lipid catabolism, (ii) mutations

of the genes encoding leptin or its receptor that increase

FA synthesis, (iii) excessive hepatic iron accumulation

leading to exacerbation of oxidative stress and LCPUFA

depletion [2,48,49], and/or (iv) enhanced peripheral

lipolysis secondary to insulin resistance that increases

the flux of free fatty acids and glycerol to the liver [13].

Insulin resistance and hyperinsulinemia are considered

primary metabolic abnormalities in many NAFLD

patients leading to fat accumulation in the liver,

probably caused by excess free fatty acids, release of

several peptide mediators, and/or genetic predisposition

[50]. However, both the role and the relative relevance

of the above mechanisms in mediating insulin resistance

and the significance of excessive insulin signaling with

respect to liver disease are major unresolved issues [50].

Progression of hepatic steatosis into steatohepatitis can

be promoted by oxidative stress, which is substantially

exacerbated in the latter stages of NAFLD (Table 1).

Oxidative stress-dependent NAFLD promotion may

involve stimulation of Kupffer cells and other resident

cells of the hepatic sinusoid, with activation of redox-

sensitive transcription factors such as NF-nB and AP-1

and the resultant expression and release of proinflamma-

tory cytokines, chemokines, adhesion molecules, and/or

fibrogenic mediators (Fig. 4) [30,31]. This proposal may

account for the increase in hepatic TNF-a mRNA and

TNF receptor 1 (p55) mRNA levels reported in NAFLD

patients with steatohepatitis [51] and agrees with the

elevated levels of TNF-a in serum found under conditions

of higher prevalence of small intestinal bacterial over-

growth but normal intestinal permeability and endotoxin

levels [52]. Increased plasma levels of TNF-a in patients
with steatohepatitis coincide with higher TNF-a produc-

tion by peripheral blood monocytes, with a concomitant

elevation in the levels and production of interleukins 6 and

8 [53]. Interestingly, TNF-a induced by ROS in Kupffer

cells further impairs electron flow in the mitochondrial

respiratory chain of hepatocytes, thus predisposing to

mitochondrial injury due to secondary enhancement in

ROS generation [54] and thereby reinforcing the increase

in the oxidative stress status of the liver. In line with this

view, ultrastructural mitochondrial lesions are present in

patients with steatohepatitis, with concomitant failure in

ATP synthesis leading to ATP depletion [36,55,56], a

critical factor determining loss of cell viability. It is

important to note that the inflammatory response induced

in the liver of NAFLD patients may also be related to

depressed PPAR-a activity secondary to LCPUFA deple-

tion (Fig. 4). This concept arises from observations that

PPAR-a negatively interferes with NF-nB or AP-1 tran-

scriptional activity by forming inactive complexes with

p65 or the amino-terminal domain of c-Jun and by

inducing InBa [57].
PERSPECTIVES

The proposed dual etiopathogenic role of oxidative

stress in NAFLD provides the basis for various directions

for future research. Thus, nutritional supplementation with

antioxidants might be a useful approach to prevent or

reverse human NAFLD, as suggested by pilot studies

showing that a-tocopherol administration improves liver

test results in children [58] and adult [59] NAFLD

patients. Contrary to these reports, it was found that loss

of weight with or without a-tocopherol administration

failed to counteract the dysregulation of proinflammatory

cytokine metabolism occurring in NADLD patients with

steatohepatitis, which provided no apparent added benefit

to concomitant low-fat diet and exercise [53]. In these

studies, however, indexes related to oxidative stress in

liver or blood were not evaluated [53,58,59] in order to

adequately assess the influence of this redox unbalance in

NAFLD. Moreover, modulation of the activity of tran-

scriptional mediators may have potential therapeutic value

in NAFLD, considering that (i) dietary PUFAs [5% 20:5n-

3 plus 15% triolein (18:1n-9)] ameliorate hepatic steatosis

through a reduction in mature SREBP-1 content with

improvement in insulin resistance in leptin-deficient ob/

ob mice [60]; (ii) the pharmacologic stimulation of PPAR-

a with Wy-14,643 prevents the development of dietary

steatohepatitis in mice [61], whereas activation of PPAR-g

with glitazones has a beneficial role in inflammatory

processes [57] and in lipodystrophy syndromes [50]; and

(iii) the inhibition of NF-nB by means of InB super-

repressor expression in rats prevents early alcohol-

induced liver injury even in the presence of oxidative
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stress [62]. Also, knowledge concerning the possible

upregulation of the expression of key proteins related to

steatosis (SREBP-1, lipogenic enzymes) and in NAFLD

progression (cytokines, chemokines, and fibrogenic medi-

ators) may enable the design of specific agents blunting

their expression (i.e., antisense oligonucleotides). Finally,

evidence has been presented that a mixture of polyenyl-

phosphatidylcholines (PPC) containing dilinoleoylphos-

phatidylcholine as a potent antioxidant [63] prevents

alcohol-induced oxidative stress in rat liver by restoring S-

adenosylmethionine levels with replenishment of GSH

stores [64]. Although PCC could be of importance in the

correction of hepatic oxidative stress in NAFLD, intake of

18:2n-6 may contribute to exacerbating the increase in the

n-6/n-3 (Fig. 2) ratio and the dysregulation of lipid

metabolism in the liver (Fig. 4). Thus, efforts are needed to

identify the etiopathogenic mechanisms underlying the

different stages of NAFLD in order to define the time

course effectiveness of therapies. These may include a

combination of pharmacological strategies with antiox-

idant supplementation and weight reduction diets to

interrupt the course of the disease and improve the

outcome of NAFLD patients.
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ABBREVIATIONS

AP-1—activator protein-1

ApoB-100—apolipoprotein B-100

BMI—body mass index

CYP2E1—cytochrome P4502E1

FA—fatty acid(s)
GSH—reduced glutathione

HNE—4-hydroxynonenal

LCPUFA—long-chain polyunsaturated fatty acid(s)

MDA—malondialdehyde

NAFLD—nonalcoholic fatty liver disease

NF-nB—nuclear factor-nB
PPAR-a—peroxisome proliferator-activated receptor-a

ROS—reactive oxygen species

SOD—superoxide dismutase

SREBP-1—sterol regulatory element binding protein-1

VLDL—very low density lipoprotein
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