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Abstract
Omega-3 (n-3) long-chain polyunsaturated fatty acids (n-3 LCPUFA) are associated with several physiological functions,
suggesting that their administration may prevent non transmissible chronic diseases. Therefore, we investigate whether
dietary n-3 LCPUFA supplementation triggers an antioxidant response preventing liver steatosis in mice fed a high fat diet
(HFD) in relation to n-3 LCPUFA levels. Male C57BL/6J mice received (a) control diet (10% fat, 20% protein, 70%
carbohydrate), (b) control diet plus n-3 LCPUFA (108 mg/kg/day eicosapentaenoic acid plus 92 mg/kg/day docosahexaenoic acid), (c) HFD (60% fat, 20% protein, 20% carbohydrate), or (d) HFD plus n-3 LCPUFA for 12 weeks. Parameters of liver
steatosis, glutathione status, protein carbonylation, and fatty acid analysis were determined, concomitantly with insulin
resistance and serum tumor necrosis factor-a (TNF-a), interleukin (IL)-1b, and IL-6 levels. HFD significantly increased total fat
and triacylglyceride contents with macrovesicular steatosis, concomitantly with higher fasting serum glucose and insulin
levels, HOMA, and serum TNF-a, IL-1b, and IL-6. Reduced and total liver glutathione contents were diminished by HFD, with
higher GSSG/GSH ratio and protein carbonylation, n-3 LCPUFA depletion and elevated n-6/n-3 ratio over control values.
These changes were either reduced or normalized to control values in animals subjected to HFD and n-3 LCPUFA, with
significant increased hepatic total n-3 LCPUFA content and reduced n-6/n-3 ratio being observed after n-3 LCPUFA
supplementation alone. So, repletion of liver n-3 LCPUFA levels by n-3 LCPUFA dietary supplementation in HFD obese mice
reduces hepatic lipid content, with concomitant antioxidant and anti-inflammatory responses favouring insulin sensitivity.
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(LCPUFAs) [5,6]. Under physiological conditions, the liver is
able to synthesize most of LCPUFAs from dietary precursors,
which constitute crucial components for both membrane
functions, due to their role in establishing adequate membrane
fluidity, and signaling functions, acting as second messengers
regulating signal transduction processes, with a minor contribution to the energy reserves within the cell [7]. Alterations in liver
LCPUFA status in NAFLD are characterised by significant
depletion of n-3 LCPUFA content and enhancement in the n-6/
n-3 LCPUFA ratio [5,6]. These changes also occur in cardiovascular disease [8], obesity [9], and diabetes type II [10], in
association with the inflammatory response component of these
pathologies [11]. A major factor associated with liver n-3
LCPUFA depletion in obesity is the development of prolonged
oxidative stress, which may be compounded by defective
desaturation activity and dietary imbalance, promoting hepatic
steatosis [4–6].
N-3 LCPUFAs eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) have been associated with key roles in several
physiological functions, suggesting that their administration may
prevent several non transmissible chronic diseases [12]. In fact,

Introduction
Non-alcoholic fatty liver disease (NAFLD) is characterized by
pathological accumulation of fat in the liver in the absence of any
other disease related to liver steatosis, which includes a wide
spectrum of liver disease ranging from mild asymptomatic fatty
liver to non-alcoholic steatohepatitis (NASH) and cirrhosis [1].
NAFLD is considered the hepatic expression of the metabolic
syndrome, a condition associated with hypertension, insulin
resistance, obesity, and dyslipidemia [2]. Although the pathogenic
mechanisms involved in hepatic lipid accumulation are not
completely understood, liver steatosis may result from an
imbalance between lipid availability, either from enhanced blood
uptake and/or de novo lipogenesis, and lipid disposal, either from
decreased mitochondrial and peroxisomal fatty acid (FA) boxidation and/or reduced ability of lipid output by the liver [3].
The establishment of steatosis in the liver may eventually lead to
lipid peroxidation with production of concomitant hepatic injury
[4].
NAFLD is characterised by impairment in the bioavailability of
liver n-6 and n-3 long-chain polyunsaturated fatty acids
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presence of steatosis and inflammation, both graded as absent,
mild, moderated and severe [15].

prevention of ischemia/reperfusion liver injury by n-3 LCPUFAs
has been established [13]. Furthermore, recent studies suggest
that the anti-steatotic effects of EPA and DHA in the liver include
directing fatty acids away from triglyceride storage with
promotion of their oxidation, as well as an enhanced glucose
flux to glycogen synthesis [14]. In the view of these considerations, the present study was aimed to test the hypothesis that
dietary n-3 LCPUFA supplementation triggers antioxidant and
anti-inflammatory responses that prevent liver steatosis induced
by high fat diet (HFD) administration in mice. For this purpose,
parameters related to liver morphological characteristics and
levels of serum transaminases, the metabolic syndrome (serum
glucose, insulin, HOMA index of insulin resistance, cholesterol,
and triglyceride levels), oxidative stress (glutathione status and
protein carbonylation), inflammation [serum levels of tumor
necrosis factor (TNF)- a, interleukin (IL)-1b, and IL-6] were
determined, in relation to liver total fat content and fatty acid
composition.

Measurements of serum glucose, insulin, cholesterol,
triacylglycerol, transaminases (AST and ALT), IL-1b, IL-6
and TNF-a levels
Serum glucose (mM), cholesterol (mg/100 mL), and triacylglycerol levels (g/L) were measured using specific diagnostic kits
(Wiener Lab, Argentina). A commercial immunoassay kit for
mice serum insulin assessment (mU/mL) was used, according to
the manufacturer’s instructions (Mercodia, Uppsala, Sweden).
Insulin resistance was estimated by the homeostasis model
assessment method (HOMA) [fasting insulin (mU/mL)6fasting
glucose (mM)/22.5] [16]. Serum aspartate transaminase (AST)
and alanine transaminase (ALT) activities (units/L) were measured using specific diagnostic kits (Biomerieux SA, Marcy
l,Etoile, France). ELISA kits were used for assessment of serum
levels (pg/mL) of IL-6, IL-1b and TNF-a (Thermo, Meridian,
Rd, USA).

Materials and Methods
Ethics Statement

Liver parameters related to oxidative stress

Experimental animal protocols and animal procedures complied with the Guide for the Care and Use of Laboratory Animals
(National Academy of Sciences, NIH Publication 6–23, revised
1985) and were approved by the Bioethics Committee for
Research in Animals, Faculty of Medicine, University of Chile
(CBA 0386 FMUCH).

In anesthetized animals, livers were perfused in situ with a cold
solution containing 150 mM KCl and 5 mM Tris (pH 7.4) to
remove blood for glutathione and protein carbonylation assessments. Reduced glutathione (GSH) and glutathione disulfide
(GSSG) contents were assessed with an enzymatic recycling
method [17] and protein carbonyl, and total protein contents were
spectrophotometrically measured [18].

Animal preparation and supplementation with n-3
LCPUFA (EPA plus DHA)

Liver total fat and triacylglycerol content and fatty acid
analysis

Weaning male C57BL/6J mice weighing 12–14 g (Bioterio
Central, ICBM, Faculty of Medicine, University of Chile) were
randomly assigned to each experimental group and allowed free
access to specially formulated control or high fat diets. The
composition of the control diet (expressed as % total calories) was
10% fat, 20% protein, and 70% carbohydrate, with a caloric
value of 3.85 kcal/g, free of EPA and DHA, and contained 0.7 g
of a-linolenic acid (ALA)/100 g of diet. The composition of the
HFD was 60% fat, 20% protein, and 20% carbohydrate, with a
caloric value of 5.24 kcal/g, free of EPA and DHA, and
contained 0.7 g of ALA/100 g of diet (Research Diet INC,
Rodent Diet, Product data D12450B and D12492, USA).
Animals received water ad libitum and were housed on a 12hour light/dark cycle. From days 1 to 84 (12 weeks), the n-3
LCPUFA supplemented groups received fish oil (encapsulated
fish oil containing 379 mg [EPA+DHA]/g; Acolest TG Product.
Procaps, Colombia) through oral administration and the control
groups isovolumetric amounts of saline, thus comprising four
experimental groups: (a) control diet (control), (b) control diet
plus n-3 LCPUFA, (c) HFD, and (d) HFD plus n-3 LCPUFA.
Under these conditions the n-3 LCPUFA groups received daily
doses of 108 mg/kg of EPA and 92 mg/kg of DHA. Weekly
controls of body weight and diet intake were performed through
the whole period. At the end of the 12th week, animals were
fasted (6–8 h), anesthetized with ketamine and xylazine (150 and
10 mg/kg, respectively), and blood samples were obtained by
cardiac puncture for serum AST, ALT, glucose, insulin, IL-1b,
IL-6, and TNF-a assessments. Liver samples were frozen in
liquid nitrogen (for determination of fatty acid composition) or
fixed in phosphate-buffered formalin, embedded in paraffin, and
stained with hematoxylin-eosin (for morphology assessment) and
analyse by optical microscopy in a blind fashion describing the
PLOS ONE | www.plosone.org

Total lipids were extracted from whole-liver homogenates using
a modified Bligh and Dyer extraction procedure [19], and hepatic
triacylglycerol content (mg/g liver) was determined using diagnostic kits (Wiener Lab, Argentina). For fatty acid analysis liver
samples were homogenized in distilled water and the lipid
components were extracted with a 1:2 chloroform:methanol
solution, followed by centrifugation (2,0006g for 10 minutes at
room temperature). After extraction of the chloroformic phase, the
solvent was allowed to evaporate and the samples were stored at
220uC [19]. Previous to the gas-liquid chromatography assay,
fatty acids from liver phospholipids were methylated by incubation
(100uC) with BF3 methanol (14%) and the fatty acid methyl esters
(FAME) were extracted with hexane. After evaporation with
nitrogen and resuspension in dichloromethane, the samples were
stored at 220uC until the gas-liquid chromatography assay [20]. A
Hewlett Packard gas chromatograph (model 7890A), equipped
with a capillary column (J and W DB-FFAP, 30 m60.25 mm; I.D.
0.25 mm), automatic injector and flame ionization detector, was
used for FAME separation and detection. Identification of FAME
was carried out by comparison of their retention times with those
of individual purified standards, and values were expressed as g/
100 g FAME.

Statistical Analyses
Values shown represent the mean 6 SEM for the number of
separate experiments indicated. Student,s t-test for unpaired data
or one-way ANOVA and the Newman-Keuls test assessed the
statistical significance of differences between mean values. A
P,0.05 was considered significant.
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Table 1. General and biochemical parameters of the experimental groups.

Groups
a) Control diet

b) Control diet+n-3
LCPUFA

c) HFD

d) HFD+n-3 LCPUFA

13.560.4

Liver parameters
Initial weight (g)

12.860.3

12.460.5

14.060.5

Final weight (g)

33.260.3c

29.260.9c

39.862.2a,b,d

Liver weight (g)
Total fat (mg/g liver)

1.3860.05

c

c,d

39.861.8

c,d

38.462.4

c,d

1.7660.05

a,b,d

33.562.1c
1.2060.08c

a,b,d

55.263.6a,b,c

a,b,d

98.964.6

32.760.5

30.260.7

87.862.9

48.760.3a,b,c

Fasting glucose (mg/dL)

13064.8c

12867.9c

22067.1a,b,d

12668.5c

Fasting insulin (unit/mL)

5.5761.6c

5.361.4c

16.660.7a,b,d

8.361.9c

Triacylglycerol (mg/g liver)

c,d

1.2060.02

c

Serum parameters

HOMA
Total Cholesterol (mg/dL)
Triacylglycerol (mg/dL)

1.7960.07
7363.0

d

c,d

12068.0

c

d

a,b,d

2.7560.16a,b,c

1.6860.1

9.160.51

c,d

12463

a,b

12264.0a,b

15664

b,d

13962.0b,c

6064.0

11462.0

c,d

AST (U/L)

187.2611.2

166.064.3

189.966.8

181.965.5

ALT (U/L)

68.162.2

71.863.6

84.162.0

66.163.8

IL-6

42.868.1c

37.665.6c

67.4613.0a,b,d

48.7612.8c

c

IL-1b

8.063.4

TNF-a (pg/mL)

26.261.0c

c

16.164.0

a,b,d

42.865.9

21.563.9c

26.061.0c

30.361.1a,b,d

26.660.9c

Body weight, liver weight, and biochemical variables in control and high fat diet (HFD) fed mice subjected to n-3 long-chain polyunsaturated fatty acid (n-3 LCPUFA)
supplementation.
Values represent means 6 SEM for 14 mice per experimental group. Significant differences between the groups are indicated by the letters identifying each group
(P,0.05; one-way ANOVA and the Newman-Keuls’ test).
doi:10.1371/journal.pone.0046400.t001

Figure 1. Effect of n-3 long-chain polyunsaturated fatty acid (n-3 LCPUFA) supplementation on liver histology. Representative liver
sections from animals given (A) control diet, (B) control diet plus n-3 LCPUFA, (C) HFD, and (D) HFD plus n-3 LCPUFA (hematoxylin-eosin liver sections
from a total of 9 animals per experimental group; original magnification 640).
doi:10.1371/journal.pone.0046400.g001
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Figure 2. Effect of n-3 long-chain polyunsaturated fatty acid (n-3 LCPUFA) supplementation in oxidative stress parameters. (A)
Reduced glutathione (GSH), (B) oxidized glutathione (GSSG), (C) GSSG/GSH ratio, (D) total glutathione (GSH+2GSSG), (E) and protein carbonyls. Values
shown represent means 6 SEM for six mice per experimental group. Significant differences between the groups are indicated by the letters
identifying each group (P,0.05; ANOVA and the Newman-Keuls’ test).
doi:10.1371/journal.pone.0046400.g002

energy intake in HFD groups were significantly higher than those
in control diet groups [c and d versus a and b; P,0.05],
independently of n-3 LCPUFA supplementation.
At the end of the 12th week, body weight in HFD was
significantly higher (P,0.05) in relation to controls (19.8%),
control diet plus n-3 PUFA (36.3%) and HFD plus n-3 LCPUFA
supplemented animals (18.8%) (Table 1). Net increments in body
weight in mice subjected to HFD plus n-3 PUFA (group d) relative
to control diet plus n-3 LCPUFA (group b) [d-b, 3.260.93 g
(n = 14)] were 41% lower (P,0.05) than those in animals receiving
HFD diet (group c) relative to controls (group a) [c-a, 5.460.3
(n = 14)] (Table 1). Furthermore, HFD elicited a significant
enhancement (P,0.05) in liver weight over control diet (28%) or
control diet plus n-3 LCPUFA (46%), which was not observed in
animals subjected to HFD plus n-3 LCPUFA (Table 1). Under
these conditions, HFD induced significant increments (P,0.05) in
total liver fat (148%) and triacylglycerol (169%) contents over
control values, whereas enhancements of 39% and 49% (P,0.05)
were observed in animals given HFD plus n-3 LCPUFA,
respectively (Table 1).

Results
N-3 LCPUFA supplementation reduces HFD-induced
increases in body weight, liver weight, and hepatic total
fat and triacylglycerol content
Mice subjected to the indicated dietary protocols showed no
significant changes in food intake, either at the beginning [assessed
at day 2: control diet, 2.160.2 g/day (n = 14); control diet+n-3
LCPUFA, 1.860.4 (n = 14); HFD, 2.260.7 (n = 14); HFD+n-3
LCPUFA, 1.960.4 (n = 14)] or at the end of the experimental
period [assessed at day 84: control diet, 5.260.3 g/day (n = 14);
control diet+n-3 LCPUFA, 5.160.2 (n = 14); HFD, 5.060.4
(n = 14); HFD+n-3 LCPUFA, 4.960.4 (n = 14)]. Energy intake in
animals subjected to either control diet or HFD were comparable
at the beginning [a) control diet, 8.161.1 kcal/day (n = 14) versus
b) control diet+n-3 LCPUFA, 6.961.7 (n = 14); not significant
(NS), and c) HFD, 11.561.5 (n = 14) versus d) HFD+n-3
LCPUFA, 10.062.4 (n = 14); NS] or at the end of treatment [a)
control diet, 20.061.8 kcal/day (n = 14) versus b) control diet+n-3
LCPUFA, 19.661.1 (n = 14); NS, and c) HFD, 26.262.3 (n = 14)
versus d) HFD+n-3 LCPUFA, 25.761.8 (n = 14); NS]. However,
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group exhibited significantly enhanced (P,0.05) serum levels of
IL-6, IL-1b, and TNF-a (57%, 436%, and 16%, respectively), an
effect that was suppressed by n-3 LCPUFA supplementation in the
HFD plus n-3 LCPUFA group (Table 1). Mice subjected to control
diet (Figure 1A) and control diet plus n-3 LCPUFA (Figure 1B)
exhibited normal histology, whereas those in the HFD group
showed macro and microvesicular steatosis, arquitectural distortion with moderate periportal and lobular inflammation and
necrosis foci (Figure 1C). N-3 LCPUFA supplementation reverted
hepatic steatosis, with persistence of only few steatosis foci, absence
of inflammation, and modest arquitectural distortion (Figure 1D).

HFD-induced changes in liver oxidative stress-related
parameters are abolished by n-3 LCPUFA
supplementation
Animals subjected to control diet and control diet plus n-3
LCPUFA administration exhibited comparable values in liver
GSH content (Figure 2A), GSSG levels (Figure 2B), GSSG/GSH
ratio (Figure 2C), total glutathione content (Figure 2D), and
protein carbonyl levels (Figure 2E). HFD induced significant 36%
diminution in hepatic GSH (Figure 2A) and total glutathione
content (Figure 2D), with 78% and 245% increases in GSSG/
GSH ratio (Figure 2C) and protein carbonyl content (Figure 2E),
respectively, without altering liver GSSG levels (Figure 2B),
changes that were abolished by combined HFD plus n-3 LCPUFA
supplementation.

Effects of HFD and n-3 LCPUFA supplementation on liver
fatty acid composition
Figure 3. Net changes in liver fatty acids. (A) Total saturated fatty
acids (SAFA), monounsaturated FA (MUFA), polyunsaturated FA (PUFA)
and (B) long-chain polyunsaturated FA (LCPUFA), total n-6 PUFA, total
n-3 PUFA, and n-6/n-3 ratio induced by high fat diet (HFD) in nonsupplemented mice and animals subjected to n-3 LCPUFA supplementation. Data was calculated by subtracting the mean values in the
control diet group from individual values in the group subjected to
control diet supplemented with n-3 LCPUFA and the mean values in the
HFD group from individual values in the group given HFD and n-3
LCPUFA. Values shown represent means 6 SEM for nine mice per
experimental group. aP,0.05 assessed by Student,s t-test for unpaired
data.
doi:10.1371/journal.pone.0046400.g003

N-3 LCPUFA supplementation in mice subjected to control diet
led to 28% decrease (P,0.05) in the content of total SAFA of the
liver, due to significant reductions in 14:0, 16:0, and 18:0 compare
to control diet, without changes in that of total MUFA and total
PUFA, whereas LCPUFA and total n-3 PUFA were enhanced
(P,0.05) (Table 2). Under these conditions, the total content of n-6
PUFA decreased by 23% (P,0.05), with a net 70% diminution in
the n-6/n-3 PUFA ratio (Table 2). Mice supplemented with HFD
showed 17% enhancement (P,0.05) in liver total SAFA content
over animals given control diet, without changes in that of total
MUFA, whereas total PUFA, LCPUFA, total n-6 PUFA, and total
n-3 PUFA were reduced by 31%, 38%, 31%, and 56%,
respectively (Table 2). Under these conditions, the hepatic n-6/
n-3 PUFA ratio was enhanced by 57% (P,0.05) (Table 2).
Combined HFD and n-3 LCPUFA supplementation elicited
comparable levels of total hepatic SAFA, MUFA, PUFA,
LCPUFA, n-6 PUFA, and n-3 PUFA to those elicited by control
diet, concomitantly with 36% decrease (P,0.05) in the n-6/n-3
PUFA ratio of the liver (Table 2). However, when the net
differences in fatty acid liver composition are considered [(control
diet+n-3 LCPUFA)2control diet] versus (HFD+n-3 LCPUFA)2HFD], n-3 PUFA supplementation elicited 39% and 54%
reduction in total SAFA and MUFA (Figure 3A), respectively, with
138% (Figure 3A) and 45% (Figure 3B) increases in total PUFA
and in LCPUFA, respectively (P,0.05). In addition, total n-3
PUFA decreased by 46%, whereas decrease in the n-6/n-3 ratio
was further elevated by 32% (P,0.05; Figure 3B).

N-3 LCPUFA supplementation normalized HFD-induced
enhancements in serum levels of glucose, insulin, and
HOMA values
Mice subjected to HFD exhibited 70% and 200% increases in
serum levels of glucose and insulin, respectively, with a consequent
5.1-fold enhancement in HOMA index (P,0.05), when compared
to control values, effects that were abolished in animals receiving
HFD plus n-3 LCPUFA supplementation (Table 1). Under these
conditions, total serum cholesterol was 70% and 67% higher in the
HFD and HFD plus n-3 LCPUFA groups, respectively, as
compared to values in controls. However no significant reduction
was achieved by n-3 LCPUFA supplementation in animals fed
either control or high fat diets. Interestingly, in animals subjected
to HFD n-3 LCPUFA significantly reduced serum triacylglycerol
levels by 11% (Table 1).

Discussion
N-3 LCPUFA supplementation suppressed HFD-induced
enhancement in serum IL-6, IL-1b, and TNF-a levels, liver
steatosis, and liver morphological alterations

N-3 supplementation in mice subjected to HFD for 12 weeks led
to significant reduction in body weight compared to unsupplemented animals, probably associated with lower adiposity due to
PPAR-a activation favouring fatty acid oxidation [21]. HFDinduced macro and microvesicular hepatic steatosis due to

Experimental groups exhibited no significant differences in
serum AST and ALT activities. In relation to controls, the HFD
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Table 2. Fatty acid composition of liver total lipids.

Fatty acid composition (g/100g FAME)
Groups
Fatty acid
14:0
14:1, n-7

a) Control diet
b,d

2.1860.3

0.4060.03

c

b) Control diet+n-3 LCPUFA c) HFD
1.3360.2

a,c

0.3660.1

c

d) HFD+n-3 LCPUFA

2.1960.2

b,d

1.3660.16a,c

1.7160.1

a,b,d

0.3760.04c

16:0

22.760.07b

15.462.0a,c

25.360.5b

22.760.4b

16:1, n-7

2.3060.14b,c,d

1.4060.2a,c

5.2360.2a,b,d

3.6160.1a,b,c

18:0

b

12.760.3

10.461.3

a,c,d

14.660.6

b

13.560.2b

18:1, n-9

22.560.6

20.462.6

23.360.5

23.660.5

18:2, n-6

12.660.5

11.861.5

9.7260.6

11.860.5

18:3, n-3

0.3060.02

0.3560.1

0.2460.03

0.3360.1

20:4, n-6

11.960.6b,c,d

7.7161.0a

8.7760.3a

8.160.4a

20:5, n-3

0.4960.1c

5.2160.02a,c,d

0.2160.03b,d

0.9760.2a,b,c

22:5, n-3

0.7060.14

c

1.1860.2

a,c,d

0.2660.1

a,b,d

0.8460.1b,c

22:6, n-3

3.9060.2c

7.7661.0a,c,d

1.6560.1a,b,d

5.0460.2b,c

Total SAFA

38.760.9b,c

27.863.5a,c

45.261.2a,b

38.560.4b

Total MUFA
Total PUFA
LCPUFA

27.160.6
c

34.260.9

c,b

20.560.9

b,c

23.062.9

c,d

37.964.8

c

24.763.1

a,c,d
a

Total n-6 PUFA

28.761.0

22.262.9

Total n-3 PUFA

5.4860.2c

14.261.a,c,d

n-6/n-3 ratio

b,d

5.3560.3

1.5860.1

31.060.6

b

29.160.6b

23.760.8

a,b,d

32.560.8c

12.860.3

a,b,d

18.960.5c,b

19.961.5

a

23.961.1

2.4160.2a,b,d

a,c,d

8.3860.6

a,b,d

7.1160.3c,b
3.4260.2a,b,c

Fatty acid composition of liver total lipids in control and high fat diet (HFD) fed mice subjected to n-3 long-chain polyunsaturated fatty acid (n-3 LCPUFA)
supplementation. Values represent means 6 SEM for nine mice per experimental group. Significant differences between the groups are indicated by the letters
identifying each group (P,0.05; ANOVA and the Newman-Keuls’ test). Saturated fatty acid (SAFA) ) are 12:0, 14:0, 16:0 and 18:0. Mono-unsaturated fatty acids (MUFA)
are 14:1,n-7, 16:1,n-7 and 18:1.Poly-unsaturated fatty acids (PUFA) are 18:2,n-6 and 18:3,n-3. Long-chain poly-unsaturated fatty acids are 20:4,n-6, 20:5n-3
(eicosapentaenoic acid, EPA), 22:5,n-3, and 22:6,n-3 (docosahexaenoic acid, DHA).
doi:10.1371/journal.pone.0046400.t002

fat in the liver, with concomitant normalization of insulin
resistance, in agreement with studies in ob/ob mice [30]. Several
mechanisms may be involved in the anti-steatotic action of n-3
LCPUFA supplementation. Acting as signaling molecules regulating hepatic lipid metabolism, n-3 LCPUFA down-regulate the
expression of transcription factor sterol regulatory element-binding
protein 1c (SREBP-1c) and its processing, with inhibition of the
transcription of lipogenic genes (fatty acid synthase, acetyl-CoA
carboxylase, stearoyl-CoA desaturase-1), and consequent reduction in de novo lipogenesis, whereas activation of peroxisome
proliferator-activated receptor-a (PPAR-a) triggers FA oxidation
[7]. In addition, n-3 LCPUFA may enhance the antioxidant
potential of the liver, acting through direct and/or indirect
mechanisms, a condition proposed to improve insulin sensitivity
[31]. Considering that n-3 LCPUFA are highly susceptible to freeradical reactions [4,13], a direct antioxidant action is evidenced by
the net decrease of 4.02 g n-3 LCPUFA/100 g FAME induced by
HFD in the liver of n-3 LCPUFA supplemented mice over those in
non-supplemented animals (from Table 1), an effect that is not
observed for n-6 PUFA. Indirect antioxidant action of n-3
LCPUFA supplementation may involve up-regulation of the
expression of antioxidant proteins such as heme-oxygenase,
glutamate cysteine ligase [32], glutathione peroxidase, glutathione
reductase, glutathione-S-transferase, and catalase [33], a mechanism associated with activation of NF-E2-related factor 2 (Nrf2) by
n-3 LCPUFA oxidation products [32]. In agreement with these
views, n-3 LCPUFA-induced antioxidant potential is associated

substantial enhancement in total fat and triacylglycerol contents of
the liver. These alterations are associated with the onset of
oxidative stress in the liver, as evidenced by (i) significant changes
in the glutathione status, namely, reduction in GSH content with
enhancement in the GSSG/GSH ratio; and (ii) a 3.5-fold increase
in protein carbonylation over control values. Liver GSSG levels in
HFD-treated rats were comparable to controls, a finding that may
be explained in terms of sinusoidal and/or canalicular efflux [22],
in agreement with the net diminution in total glutathione content
induced by HFD. HFD-induced liver oxidative stress is associated
with progressively increasing availability and oxidation of FAs in
the liver [4] and/or TNF-a-induced enhancement in mitochondrial reactive oxygen species (ROS) production [23,24], which is
related to liver n-3 PUFA and n-6 PUFA depletion with enhanced
n-6/n-3 ratio, and insulin resistance with hyperinsulinemic
response [9,25]. Under these conditions. HFD-induced depletion
of hepatic n-3 and n-6 PUFA is associated with consumption due
to ROS-dependent lipid peroxidation and/or decreased de novo
biosynthesis due to down-regulation of D6 and D5 desaturases
triggered by insulin resistance [4,6]. Underlying steatotic mechanisms induced by HFD include (i) insulin resistance-dependent
peripheral lipolysis and FA mobilization to the liver [26,27]; and
(ii) stimulation of hepatic de novo synthesis of saturated FAs under
conditions of liver n-3 LCPUFA depletion [28] and hyperinsulinemic response [29].
Dietary n-3 LCPUFA supplementation [200 mg/kg/day) in
mice subjected to HFD substantially prevents the accumulation of
PLOS ONE | www.plosone.org
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with normalization of insulin levels, insulin sensitivity, and glucose
homeostasis altered by HFD. Besides the significant reduction in
hepatic steatosis, mice subjected to HFD supplemented with n-3
LCPUFA exhibited a diminution in weight gain compared to
those given HFD alone. Weight loss was shown to improve liver
and erythrocyte n-3 LCPUFA status of obese patients, with
improvement in biomarkers of oxidative stress, membrane FA
insaturation, and n-3 LCPUFA biosynthetic capacity, thus
representing a crucial therapeutic issue in the improvement of
obesity-related metabolic alterations [34]. In agreement with this
contention, n-3 LCPUFA supplementation reduces hepatic steatosis in obese patients, as evidenced by ultrasonography [14,35–
37] or direct assessment in post-treatment liver biopsies [38].
Mice subjected to HFD showed enhanced pro-inflammatory
cytokine signaling evidenced by significant increases in serum
TNF-a, IL-1b, and IL-6 levels, with development of moderate
inflammation, responses that were suppressed by n-3 LCPUFA
supplementation. Studies in NAFLD patients revealed that n-3
LCPUFA administration decreased serum transaminases [35,38],
TNF-a [35], soluble TNF receptor 1 and 2 levels, and oxidative
stress markers [38], with improvement in hepatic steatosis [35,38],
fibrosis, hepatocyte ballooning, and lobular inflammation in 85%
of the patients [38]. These observations point to an antiinflammatory effect of n-3 LCPUFA supplementation, which
may involve down-regulation of inflammatory gene expression.
The latter feature may be due to n-3 LCPUFA activation of
PPAR-a, followed by PPAR-a-mediated inactivation of proinflammatory nuclear factor-kB (NF-kB) and/or activating protein
1 (AP-1) through inactive complex formation with either NF-kB
p65 or AP-1 c-Jun [39]. The anti-inflammatory effects of n-3
LCPUFA may be also mediated by resolvins and protectins,
derived either from EPA (E series) or DHA (D series) [40,41], as
shown for resolving D1 and protectin D1 enhanced formation in

adipose tissue from n-3 LCPUFA supplemented ob/ob mice [42]
over control values. Alternatively, targeting the G-protein-coupled
receptor GPR120 by n-3 LCPUFA leads to potent anti-inflammatory and insulin-sensitizing effects in macrophages and
adipocytes [43]. This signaling pathway of n-3 LCPUFA involves
recruitment of b-arrestin 2 to membrane bound GPR120 and
internalization of the GPR120-b-arrestin 2 complex, which upon
interaction with transforming growth factor b (TGF-b) activated
kinase 1 binding protein 1 (TAB1) inhibits the TAB1 interaction
with TGF-b activated kinase 1 (TAK1), thus abrogating inflammation [44]. Effects of n-3 LCPUFA supplementation on NASH
features are currently being addressed by randomized, controlled
trials [42].
Collectively, data reported support a role for n-3 LCPUFA
(EPA+DHA) dietary supplementation in reducing hepatic lipid
content in mice subjected to HFD, which may underlie (i) direct
and indirect antioxidant responses and n-3 LCPUFA repletion
favoring insulin sensitivity; (ii) PPAR-a activation and SREBP-1c
down-regulation favoring FA oxidation over lipogenesis; and (iii)
an anti-inflammatory response mediated by either n-3 LCPUFAderived resolvins and protectins and/or direct PPAR-a-dependent
NF-kB and AP-1 inhibition. Data presented strongly support the
potential therapeutic use of n-3 LCPUFA supplementation in the
treatment of human liver steatosis induced by nutritional factors or
other etiologies.
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