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Abstract: The purpose of this study was to clarify the hepatoprotective mechanisms of fish oil in
ethanol-fed rats based on lipid metabolism. Thirty eight-week-old male Wistar rats were divided
into six groups: C (control), CF25 (control diet with 25% fish oil substitution), CF57 (control diet
with 57% fish oil substitution), E (ethanol-containing diet) group, EF25 (ethanol-containing diet with
25% fish oil substitution), and EF57 (ethanol-containing diet with 57% fish oil substitution) groups.
All of the groups were pair-fed an isoenergetic diet based on E group. Rats were sacrificed after eight
weeks. When compared with C group, the plasma aspartate transaminase (AST) activity and hepatic
steatosis and inflammatory cell infiltration were significantly higher, while plasma adiponectin
level and hepatic AMP-activated protein kinase « (AMPK«) protein expression was significantly
lower in the E group. However, the hepatic damage, including steatosis and inflammation were
ameliorated in the EF25 and EF57 groups. Moreover, mRNA levels of fatty acid-oxidative enzymes,
such as medium-chain acyl-coenzyme A dehydrogenase (MCAD) and carnitine palmitoyltransferase I
(CPT-1) were significantly elevated in the EF57 group than those in E group. Partial replacement with
fish oil might improve the fatty acid oxidation by raising mRNA levels of downstream transcription
factors, finally inhibit the ethanol-induced hepatic steatosis in rats.
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1. Introduction

Alcohol abuse, alcohol dependence, and other alcohol-related health problems are important
public health issues worldwide [1]. Chronic ethanol intake can cause fatty liver, hepatitis, cirrhosis,
and even hepatoma. In Taiwan, hepatitis B and C are the main reasons for chronic liver disease.
Furthermore, patients with hepatitis B or C may exacerbate their liver disease and increase the
mortality rates by consuming alcohol [2]. Therefore, alcoholic liver disease (ALD) needs to garner
greater attention in Taiwan.

Fish oil contains abundant amounts of n-3 polyunsaturated fatty acids (PUFAs), such as
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), which were found to play important
roles in lipid metabolism, antioxidative status, and immune function [3]. However, the effects of fish
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oil in ALD are still controversial. The possible reason is that fish oil was used as the only dietary source
in many animal studies [4-6]. In our previous studies, we found that the replacement of olive oil with
fish oil for (25% or 57%) in the diet significantly decreased plasma and hepatic TG and total cholesterol
(TC) levels, thereby improving hepatic steatosis in rats fed with an ethanol-containing liquid diet for
eight weeks [7]. However, the mechanism is still unknown.

Adiponectin is secreted from adipose tissues. It can combine with adiponectin receptor 2 (adipoR2)
on hepatic membranes to activate AMP-activated protein kinase o (AMPK«) and NAD-dependent
deacetylase sirtuin-1 (SIRT1). Usually, AMPK« and SIRT1 have cooperative interactions that affect
hepatic lipid lipogenesis and lipolysis [8,9]. It was pointed out that plasma adiponectin levels
and hepatic adipoR2 expression were reduced after chronic ethanol intake, which might inhibit
the activation of hepatic AMPK« and SIRT1 [9]. The inactivation of hepatic AMPKa and SIRT1 caused
the elevation of mRNA expressions of sterol response element-binding protein (SREBP)-1c, which
is thought as a transcription factor of lipogenesis. SREBP-1c can induce the protein expression of
enzymes that are related to fatty acid synthesis, such as fatty acid synthase (FAS), acetyl co(-enzyme)
A carboxylase 1 (ACC1), and stearoyl coenzyme A desaturase (SCD)-1, to promote hepatic lipid
synthesis and cause lipid accumulation [10]. Moreover, inactivation of hepatic AMPKo and SIRT1 also
decreased peroxisome proliferator-activated receptor (PPAR)-« transcriptional activity and decreased
medium-chain acyl-CoA dehydrogenase (MCAD) and acyl-CoA oxidase 1 (ACO1) mRNA levels that
are related with lipolysis. In addition, inactivated AMPKa can decrease ACC1 phosphorylation, and
then increase ACC1 activity to produce malonyl-CoA. Increased malonyl-CoA might decrease CPT-1
activity to suppress hepatic fatty acid oxidation [11]. Thus, reduced adiponectin levels might play a
key role on hepatic lipogenesis and fatty acid oxidation after chronic ethanol consumption.

Therefore, we hypothesized that fish oil can improve chronic ethanol-induced steatosis by
means of raising the adiponectin level, and then regulating its downstream transcription factors
and enzymes that are related with lipogenesis or lipolysis. This animal study was performed to clarify
the proposed hypothesis.

2. Materials and Methods

2.1. Animals

Thirty eight-week-old male Wistar rats (BioLasco Taiwan, Ilan, Taiwan) weighing about 250~280 g
were used in this experiment. All of the rats were housed in individual cages in an animal room
maintained at 22 £ 2 °C with 50~70% humidity and a 12-h light-dark cycle. All the rats were allowed
free access to a standard rodent diet (LabDiet 5001 Rodent Diet; PMI Nutrition International, St. Louis,
MO, USA) and water for one week of acclimation before the study. All of the procedures were approved
by the Institutional Animal Care and Use Committee of Taipei Medical University.

2.2. Study Protocol

After one week of acclimation, rats were assigned to groups based on their plasma aspartate
transaminase (AST) and alanine transaminase (ALT) activities, so there would be no differences in the
plasma AST and ALT activities among groups. Rats were fed a control liquid diet or ethanol-containing
liquid diet, and the fat composition of both diets was adjusted with 25% or 57% fish oil substituted for
olive oil. Experimental models of ALD are commonly generated by feeding animals the Lieber-DeCarli
liquid diet, in which fats in the diet are rich in monounsaturated fatty acids (MUFAs) and low in
PUFAs [7]. Therefore, in this study, fish oil was used to substitute for part of the olive oil in the
Lieber-DeCarli liquid diet according to MUFA /PUFA ratios. The MUFA /PUFA ratio of the diets
without fish oil, and with 25% and 57% fish oil substitutions were 0.4, 0.7, and 1.5, respectively. Rats
were divided into six groups: C (control diet), CF25 (control diet with 25% fish oil), CF57 (control
diet with 57% fish oil), E (ethanol-containing diet), EF25 (ethanol-containing diet with 25% fish oil),
and EF57 (ethanol-containing diet with 57% fish oil). The composition of the liquid diet was modified
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from Lieber-DeCarli liquid diet with isoenergetic pair-feeding based on E group [7]. After eight weeks,
rats were anesthetized and sacrificed. Blood samples were collected in heparin-containing tubes
and centrifuged (1730 g for 15 min at 4 °C) to obtain the plasma. All of the plasma samples were
stored at —80 °C until being assayed. Liver tissues were rapidly excised and stored at —80 °C for
further analysis.

2.3. Measurements and Analytical Procedures

2.3.1. Plasma Biochemical Analyses

Plasma biochemical analyses, including AST and ALT activities, were conducted with the ADVIA®
1800 Chemistry System (Siemens Healthcare Diagnostics, Eschborn, Germany).

2.3.2. Plasma Adiponectin Concentration

The plasma adiponectin concentration was measured with an enzyme-linked immunosorbent
assay (ELISA) kit (AssayMax rat adiponectin ELISA kit Assaypro, St. Charles, MO, USA). The optical
density was read at 450 nm with a microplate reader (Molecular Devices, Sunnyvale, CA, USA).

2.3.3. Histological Examinations

Histological observation of the liver used hematoxylin A-eosin (H&E) dye stain. In addition,
semiquantitative histological evaluations of steatosis, inflammatory cell infiltration, and fibrosis were
carried out according to a method that was described by Chiu et al. [12]

2.3.4. Measurement of Hepatic TGs and TC

Hepatic lipids were extracted according to the method of Folch et al. [13]. Hepatic TG and TC
concentrations were determined using diagnostic kits (Randox Laboratories, Antrim, UK).

2.3.5. Hepatic adipoR2 and SIRT1 Protein Expressions

The method of crude extraction preparation from liver tissues was previously described [14].
Extracted crude protein (50 pug) was separated by 10% sodium dodecylsulfate polyacrylamide
gel electrophoresis (SDS-PAGE). Proteins were electroblotted onto a polyvinylidene difluoride
(PVDF) transfer membrane and then incubated with adipoR2 or SIRT1 antibodies, and (-actin or
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control. Finally, the blot
was treated with anti-mouse immunoglobulin G (IgG) or anti-rabbit IgG (Table 1), and specific bindings
of antibodies were detected with a Western Lightning kit (Merck Millipore, Darmstadt, Germany).
Bands were quantified using Image-Pro Plus 4.5 software.

Table 1. Antibodies used for Western blotting.

Antibody (Ab) Ab Type Product No. Source

adipoR2 monoclonal sc-514045 Santa Cruz Biotechnology
Primary antibod SIRT1 monoclonal #9475 Cell Signaling Technology
y Y AMPK«x polyclonal #2532 Cell Signaling Technology
phospho-AMPKa  monoclonal #2535 Cell Signaling Technology

Internal f3-actin monoclonal MAB1501 Millipore
control GAPDH monoclonal #97166 Cell Signaling Technology

anti-mouse IgG AP124P Millipore

Secondary antibody anti-rabbit IgG 111-035-003  Jackson ImmunoResearch Laboratories
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2.3.6. Hepatic AMPK« and Phosphorylated (p)-AMPKa Protein Expressions

Hepatic AMPK« and p-AMPKa were extracted, according to the method of Zhang et al., with
minor modifications [15]. Extracted crude proteins (30 ug for AMPK« and 50 ug for p-AMPK«) were
separated by 10% SDS-PAGE. Proteins were electroblotted onto a PVDF transfer membrane and then
incubated with AMPK«, p-AMPK«, and GAPDH antibodies. The blot was treated with anti-mouse
IgG and anti-rabbit IgG (Table 1). Methods of detection and quantification were the same as those that
are described above.

2.3.7. Total mRNA Extraction and Real-Time Quantitative Polymerase Chain Reaction (qQPCR)

Total RNA was extracted with TRIzol® reagent (Thermo Fisher Scientific, Waltham, MA, USA),
according to the manufacturer’s instructions, with minor modifications. Total RNA isolated from the
liver was reverse-transcribed with a RevertAid First Strand cDNA Synthesis kit (#K1621, Thermo
Fisher Scientific). The resulting complementary (c)DNA was amplified in a 96-well PCR plate with
SYBR Green/ROX qPCR Master Mix (2X) (Thermo Fisher Scientific) on an Applied Biosystems 7300
Real-Time PCR System (Thermo Fisher Scientific). Genes levels were normalized to that of (3-actin,
and the ratio to 3-actin was calculated by setting the value of group C as 1. Information on primers is
given in Table 2.

Table 2. Primers used for the quantitative polymerase chain reaction.

Forward 5’ —3’ Reverse 5/ —3’ GenBank No.
SREBP-1c¢ AGGAGGCCATCTTGTTGCTT GTTTTGACCCTTAGGGCAGC XR_001840090.1
FAS CGGCGTGTGATGGGGCTGGTA AGGAGTAGTAGGCGGTGGTGTAGA X62889.1
SCD1 GTTGGGTGCCTTATCGCTTTCC CTCCAGCCAGCCTCTTGTCTAC XM_006231433.2
PPAR«x CGGGTCATACTCGCAGGAAA AAGCGTCTTCTCAGCCATGC XM_017594681.1
MCAD GCGGGCATTAAGACCAAAGC GCCTTTCCCCCGTTGGTTAT XM_021158408.1
ACO1 TTCAAGACAAAGCCGTCCAA TGCTCCCCTCAAGAAAGTCC XM_021635981.1
CPT-1 GCATCCCAGGCAAAGAGACA CGAGCCCTCATAGAGCCAGA JN960994.1

-Actin CACCAGTTCGCCATGGATGACGA  CCATCACACCCTGGTGCCTAGGGC  XM_021163894.1

2.3.8. Fatty Acid Composition

Crude lipids of liver tissues were extracted as described for the method of hepatic TGs. Crude
lipids of red blood cells (RBCs), hepatic crude lipid extract, and lipids in the diets were extracted
according to the method of Lee et al. [16]. Details of the fatty-acid methyl ester (FAME) analysis
using a capillary gas chromatograph were the same as those given in Lee et al. [16] Fatty acid profiles
were identified according to retention times of appropriate FAME standards. Composition data are
expressed as weight percentages of total fatty acids.

2.3.9. Statistical Analysis

Data are presented as the mean =+ standard error of the mean (SEM). SAS software vers. 9.4 (SAS
Institute, Cary, NC, USA) and Student’s t-test was used to determine statistical differences between C
and E groups. A one-way analysis of variance (ANOVA), followed by Duncan’s new multiple-range
test was used to determine statistical differences among the C, CF25, and CF57 groups and among the
E, EF25, and EF57 groups. A two-way ANOVA was used to confirm the interaction between ethanol
and fish oil. Statistical significance was assigned at the p < 0.05 level.
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3. Results

3.1. Food Intake, Ethanol Consumption, Final Body Weight, and Relative Liver Weight

Food intake showed no differences among the six groups (C group: 74.97 £ 0.11 kcal/day, CF25
group: 75.08 & 0.12 kcal/day, CF57 group: 75.04 £ 0.15 kcal/day, E group: 73.77 £ 2.41 kcal /day, EF25
group: 69.54 & 1.97 kcal/day, and EF57 group: 70.31 & 0.87 kcal/day). Average ethanol consumption
levels in the E, EF25, and EF57 groups were 3.69 £ 0.12, 3.48 & 0.10, and 3.52 £ 0.04 g/day, respectively.
There was no difference in the ethanol intake among these groups.

Final body weights and relative liver weights are shown in Table 3. When compared to C group,
the final body weight of E group was significantly lower (p < 0.05). However, there was no difference
among the E, EF25, and EF57 groups. The relative liver weight of E group was significantly higher
than that of the C group, but there were no differences among the ethanol-fed groups.

Table 3. Effects of fish oil on the final body weight, relative liver weight, plasma alanine transaminase
(ALT) and aspartate transaminase (AST) activities, plasma adiponectin, and hepatic lipid profiles levels
in rats with chronic ethanol feeding 2.

F25 F57 Ethanol X Fish Oil
Final body weight (g) C  4252444¢ 4402+ 472 437.0+10.7P 0.74
yweight (g E  3920+119* 379.3 + 12.9 398.7 + 6.0
C 22+0Pb 2340P 25402 0.4533
o T ot (9) 3
Relative liver weight (%) E 294 0% 31401 32402
. C  3374+19°P 39.7 + 69 b 4184672 0.1781
Plasma ALT activity (U/L) E  780+150* 81.2 +21.4 662+ 13.4
. C  758450P 7724120 9154322 0.0003
Plasma AST activity (U/L
asma ASTactivity U/L) g y5150100%  1220+98° 1312+ 168
. . C 9.05 + 0.64 10.00 + 0.68 12.26 + 1.25 <0.0001
Hepatic TGs (mg TGs/gliver) oo ganse 1161+ 106f 893 40528
. . C  1310+070P 1460+1.002> 1710+ 1.102 0.8515
Hepatic TC (mg TC/gliver) 37507} (g0 + 19.00 + 1.30 20.50 + 1.40
Plasma adiponectin (g /mL) C 122+1.02 13.9 + 0.9ab 165 +2.0b 0.947
p HE E 51413 74 +13¢f 103+15¢

1 Values are expressed as the mean 4= SEM. An asterisk (*) shows a significant difference between the C and E
groups (p < 0.05). Means with different superscript letters (**<) shows a significant difference among the C, CF25,
and CF57 groups (p < 0.05). Means with different superscript letters shows a significant difference (48) among the
E, EF25, and EF57 groups (p < 0.05). 2 C, control group; CF25, control diet with fish oil substituted for 25% of olive
oil; CF57, control diet with fish oil substituted for 57% of olive oil; E, ethanol group; EF25, alcohol-containing diet
with fish oil substituted for 25% of olive oil; EF57, alcohol-containing diet with fish oil substituted for 57% of olive
oil. 3 Relative liver weight: (liver weight/body weight) x 100%. TGs: triglycerides; TC: total cholesterol.

3.2. Plasma AST and ALT Activities and Hepatic Histopathology Scores

Plasma AST and ALT activities in E group were significantly higher than those in C group after
eight weeks of feeding (p < 0.05). However, plasma AST activities of the EF25 and EF57 groups were
significantly lower than that of E group (Table 3). Hepatic steatosis and inflammatory cell infiltration in
E group showed significant elevation, while those scores were significantly lower in the EF25 and EF57
groups (Table 4). According to the hepatic histopathology, steatosis and inflammatory cell infiltration
were observed in E group (Figure 1).
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Table 4. Effects of fish oil on hepatic histopathology in rats with chronic ethanol feeding !2.

F25 F57 Ethanol x Fish Oil
Steatos C 02402 02+02 04+02 0.0194
catosts E 224+02% 1.0+04F 0.6+04f
Inflammatory cell infiltration ¢ 06 +0.2 04 0.2 00 0.042
E 28+02% 12+04f 08+05f
Fibrosi C 040 0+0 0+0 0.3157
1b1Os1s E 0.6+£02 02 +02 02 +02

! Values are expressed as the mean + SEM. An asterisk (*) shows a significant difference between C and E groups
(p < 0.05). Means with different superscript letters shows a significant difference ) among the E, EF25, and EF57
groups (p < 0.05). 2 Details are the same as those described in Table 3.

Figure 1. Effects of fish oil on liver pathology in rats with chronic ethanol feeding. CV, central vein;
PV, portal vein. C, control group; CF25, control diet with fish oil substituted for 25% of olive oil; CF57,
control diet with fish oil substituted for 57% of olive oil; E, ethanol group; EF25, alcohol-containing diet
with fish oil substituted for 25% of olive oil; EF57, alcohol-containing diet with fish oil substituted for
57% of olive oil. hematoxylin A & eosin (H&E) staining showed hepatocyte degeneration and necrosis
accompanied by inflammatory cell infiltration (arrow) in E group. Moreover, fatty changes (red circle)

were also found in E group.

3.3. Hepatic TG and TC Levels

Hepatic TG and TC levels in E group were significantly higher than those in C group. However,
hepatic TG levels were significantly decreased in the EF25 and EF57 groups. There were no differences
in hepatic TC levels among E, EF25, and EF57 groups (Table 3).

3.4. Plasma Adiponectin Levels, and Hepatic AdipoR2, AMPK«, p-AMPKuw, and SIRT1 Protein Expressions

When compared with C group, the plasma adiponectin level was significantly lower in E group.
However, EF57 group showed a significantly higher plasma adiponectin level when compared to
E group (Table 3). In E group, hepatic AdipoR2, AMPK«, and p-AMPKa protein expressions were
significantly lower than those in group C (Figure 2a—c). Hepatic SIRT1 protein expression showed no
difference between C and E groups, but it was significantly enhanced in EF57 group as compared to E
group (Figure 2d). There were no differences among E, EF25, and EF57 groups in hepatic AdipoR2,
AMPK, or p-AMPK« protein expressions Figure 2a—c).
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Figure 2. Effects of fish o0il on hepatic adiponectin receptor 2 (adipoR2), AMP-activated protein
kinase-o (AMPKw), phosphorylated (p)-AMPKa, and NAD-dependent deacetylase sirtuin-1 (SIRT1)
protein expressions in rats with chronic ethanol feeding. Western blots analysis of (a) adipoR2,
(b) AMPKg, (c) p-rAMPKg, and (d) SIRT1 protein expressions. (3-Actin or glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as an internal control. Quantitative analysis of protein levels
and the ratio to each internal control was calculated by setting the value of group C as 1. Values are
expressed as the mean + SEM. An asterisk (*) shows a significant difference between C and E groups
(p < 0.05). Means with different superscript letters shows a significant difference (a,b) among C, CF25,
and CF57 groups (p < 0.05). Means with different superscript letters shows a significant difference (e,f)
among E, EF25, and EF57 groups (p < 0.05).

3.5. Hepatic Fatty Acid Metabolism-Related Gene mRNA Levels

As Table 5 shows, mRNA level of SREBP-1c as the transcription factor of fatty acid synthesis
showed no differences between in C and E groups. Furthermore, mRNA levels of FAS and SCD-1 as
the target genes of SREBP-1c also showed no differences between C and E groups. SREBP-1c, FAS,
and SCD-1 mRNA levels did not differ among the E, EF25, and EF57 groups. On the other hand,
there was no change in PPAR-a mRNA level as a transcription factor of fatty acid oxidation between
C and E groups. However, when compared with C group, PPAR-a mRNA level was significantly
increased in the CF25 and CF57 group. However, there was no difference in PPAR-a mRNA level
among E, EF25, and EF57 groups. Representing a target gene of PPAR-«, the MCAD mRNA level did
not differ between C and E groups, while it was significantly higher in the EF57 group that of E group.
The mRNA level of ACO-1, which is another target gene of PPAR-«, did not change among all of the
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groups. The mRNA level of CPT-1, which is an enzyme of fatty acid oxidation, showed no difference
between the C and E groups. However, the CPT-1 mRNA level in EF57 group was significantly higher

when compared with E group.

Table 5. Effects of fish oil on hepatic fatty acid metabolism-related gene mRNA levels in rats with

chronic ethanol feeding 123,
mRNA Levels F25 F57 Ethanol X Fish Oil
SREBP-1c C 1.00 £ 0.30 1.54 + 0.29 1.90 + 0.38 0.5486
E 1.55 + 0.23 1.60 & 0.17 1.92 + 0.36
FAS C 1.00 £ 0.29 1.48 £+ 0.19 1.87 £ 0.50 0.2566
E 1.57 + 0.27 1.50 + 0.2 1.53 +£0.12
SCD-1 C 1.00 £ 0.22 1.34 £+ 0.19 1.37 £ 0.22 0.7705
E 1.41 £+ 0.29 1.48 +0.26 1.78 +0.19
PPAR«x C 1.00 £ 0.28 P 2.03+0.242 2.11 +0.282 0.7043
E 1.39 £ 0.40 2.15 + 0.42 2.03+0.19
MCAD C 1.00 £+ 0.14 0.96 + 0.14 1.20 £+ 0.14 0.2107
E 0.83+0.12f 1.13 + 0.05 &f 1.63 +033¢
ACO1 C 1.00 £ 0.51 1.32 £0.15 1.25 +0.14 09118
E 0.93 +0.18 1.41 £ 0.32 1.40 £ 0.21
CPT-1 C 1.00 £ 0.21 1.16 £ 0.17 1.37 £ 0.43 0.5085
E 0.99 +0.13f 1.09 +£0.12f 174 +0.14¢

! Values are expressed as the mean + SEM. Means with different superscript letters shows a significant difference
(*P) among C, CF25, and CF57 groups (p < 0.05). Means with different superscript letters shows a significant
difference (°f) among E, EF25, and EF57 groups (p < 0.05). 2 Details are the same as those described in Table 3.
3 Comparative quantification of each gene was normalized to B-actin using the 2~4Ct method. SREBP, sterol
response element-binding protein; FAS, fatty acid synthase; SCD, stearoyl coenzyme A desaturase; PPAR,
peroxisome proliferator-activated receptor; MCAD, medium-chain acyl-coenzyme A dehydrogenase; ACOI1,
acyl-CoA oxidase 1; CPT, carnitine palmitoyl transferase.

3.6. RBC Membranes and Hepatic Fatty Acid Composition

According to the fatty acid composition of RBC membranes, C16:0 and C18:1 levels were
significantly higher and the C18:0 level was significantly lower in the E group than in C group
(Table 6). However, the C18:1 level of RBC membranes was significantly lower and the C18:0 level
of RBC membranes was significantly higher in EF57 group than in E group (Table 6). There was no
difference in the ratio of n-6/n-3 among all of the groups (Table 6).

Table 6. Effects of fish oil on the red blood cell membrane fatty acid composition in rats with chronic

ethanol feeding 12.

Fatty Acid (%) C CF25 CF57 E EF25 EF57 Ethanol X Fish Oil
C16:0 48.87 +£2.35° 54.69 £14°? 51.75 4+ 1.422P 5868 +2.89 *¢ 56.83 -3¢ 48.39 + 046 F 0.0072
C18:0 21.72 £ 0.44 21.02 + 0.69 20.59 £ 0.81 373 +4.09%f 11.12+545F 2171 +039¢ 0.0034
C18:1 (OA, n-9) 15.59 &+ 0.53 1437 £ 0.8 15.01 £ 0.51 21414+ 128% 19194125 1723 +0.16f 0.0752
C18:2 (LA, n-6) 5.01 £ 0.39 431 £ 0.64 4.63 £+ 0.68 6.03 £0.45 5.26 £ 0.62 476 £0.17 0.5821
C18:3 (ALA, n-3) 0.82 +£0.29 0.76 £ 0.21 1.1+023 1.32+0.13 1.26 +£0.22 1.15+0.08 0.4043
C20:4 (AA, n-6) 1.67 +0.48 0.76 £0.21 135+ 05 1.99 +£0.45¢ 096 +£0.17f 1.19 +0.09 f 0.7422
C20:5 (EPA, n-3) 1.87 +1.34 0.41£0.12 0.67 £0.19 1.04 +0.24 0.82£0.3 0.98 +0.14 0.4347
C22:5 (DPA, n-3) 0.07 £ 0.05 0.11 £0.05 033 £0.14 0.05 =+ 0.06 & 0.03 +0.03 f 0.17 £0.04 ¢ 0.5656
C22:6 (DHA, n-3) 1.29 +0.94 04+0.1 0.73 £0.24 0.84 £0.09 ¢ 0.72 +0.15 0.49 +0.07f 0.5699
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Table 6. Cont.

Fatty Acid (%) C CF25 CF57 E EF25 EF57 Ethanol X Fish Oil
SFAs 71.48 £2.33 76.95 £ 2.05 7372 +£2.29 6416 + 151 *f  69.37 £2.62¢ 7171 +056°¢ 0.2471
MUFAs 15.59 &+ 0.53 1437 £ 0.8 15.01 +£0.51 21414+ 128% 1919+125%f 1723 +0.16f 0.0752
PUFAs 12.94 &+ 2.66 8.68 £ 1.32 1127 £2.21 14.44 +0.48°¢ 1144 + 1561  11.06 + 047 f 0.6211
Total n-3 4.06 & 2.04 1.68 £ 0.39 2.83 +0.68 3.26 & 0.45 2.83 £ 0.65 2.79 £0.25 0.539
Total n-6 3.87 £0.34 2.69 £ 0.46 3.82 £0.87 514 +0.21 *¢ 335+ 05f 3.51 +0.18f 0.2175
n-6/n-3 1.46 +0.26 1.84 +0.31 1.4+0.08 1.86 + 0.52 1.26 £0.09 1.29 +0.08 0.1641

! Values are expressed as the mean + SEM. An asterisk (*) shows a significant difference between C and E groups
(p < 0.05). Means with different superscript letters shows a significant difference (*?) among C, CF25, and CF57
groups (p < 0.05). Means with different superscript letters shows a significant difference (4f) among E, EF25, and EF57
groups (p < 0.05). 2 Crude lipids of red blood cells (RBCs) were extracted according to the method of Lee et al. [16].
Details of the fatty-acid methyl ester (FAME) analysis using a capillary gas chromatograph were same as those
given in Lee et al. [16]. Details are the same as those described in Table 3. OA, oleic acid; LA, linoleic acid; ALA,
alpha-linolenic acid; AA, arachidonic acid; EPA, eicosapentaenoic acid; DPA, all-cis-7,10,13,16,19-docosapentaenoic
acid; DHA, docosahexaenoic acid; SFAs, saturated fatty acids; PUFAs, polyunsaturated fatty acids; MUFAs,
monounsaturated fatty acids.

On the other hand, C16:0 and C18:3 (ALA) levels of hepatocytes were significantly lower and
the C18:1 level was significantly higher in E group than in C group (Table 7). However, C18:1, C18:2,
and C20:4 (AA) levels of hepatocytes were significantly lower and C20:5 (EPA), C22:5 (DPA), and C22:6
(DHA) levels of hepatocytes were significantly higher in EF25 and EF57 groups than in E group
(Table 7). There was no change in the ratio of n-6/1-3 in hepatocytes between C and E groups; however,
the ratio was significantly decreased not only in CF25 and CF57 groups, but also in EF25 and EF57
groups when compared with C and E groups, respectively (Table 7).

Table 7. Effects of fish oil on hepatic cell membrane fatty acid compositions in rats with chronic
ethanol feeding 12.

Fatty acid (%) C CF25 CF57 E EF25 EF57 Ethanol x Fish Oil
C16:0 2034+ 0.8 21.42 +£0.27 21.05+0.76  16.88 £ 0.48* 17.05 + 0.4 15.73 + 0.5 0.2562
C18:0 2016 +0.822 1872 +0.44%" 1833 +04P 20.26 + 0.47 20.5 + 0.45 21.48 + 091 0.0546

C18:1(0A,n-9) 1563 +1.432 1122 +049° 915+028° 19.03+066*¢ 1225+084f 9.72+0.638 0.18

C18:2 (LA, n-6) 1168 +032 119240342  925+049P  11.84+042°¢ 958 +£03f 929+021f 0.0005

C18:3 (ALA, n-3) 0.18 £ 0.01 0.17 £ 0.01 0.18 £ 0.02 0.09 £ 0.03* 0.19 £ 0.05 0.15 £ 0.05 0.1761
C20:4 (AA, n-6)  2335+1.122 1525+037P 159+039° 2351+035¢ 1461 +0578 1678 +0.69f 0.6259
C20:5 (EPA, n-3)  0.08 4 0.02¢ 407 +021° 458 4+0.132 0.27 £0.298 5244 0.15f 6444033°¢ 0.001
C22:5 (DPA, n-3)  0.47 +0.06 ¢ 1.81 +0.07P 2.02 4+ 0.072 0.5+ 0.07f 294017¢  252+024°¢ 0.0002
(C22:6 (DHA, n-3) 484+08¢ 1353+ 032 171440352 444028f 154+07¢ 1585+ 1.01°¢ 0.0367
SFAs 417240252 4057 +£048%P 3996 +069P  37.51+0.32 383 +0.55 38.08 + 1.15 0.1566
MUFAs 16241512 1152 +054P>  956+033P  19.03+066°¢ 12254+ 0.84f 9.784+0.688 0.2783
PUFAs 4208+154P 479140312 5048 +0.492 4347 +0418 4945+0.69f 5213 +0.59¢ 0.9785
Total -3 5534+085P 1959 +0212 239140282 526+052f 2373+071¢ 24964 1.16°¢ 0.0054
Total n-6 2486 +£1.082  164+038> 1732+041° 2637+£021¢ 1614+058 17.88+0.73f 0.3082
n-6/n-3 479 +0.482 0.84 +0.02° 0.72 £0.02° 52+ 045¢ 0.68+0.04f 073+£006f 0.5105

! Values are expressed as the mean + SEM. An asterisk (*) shows a significant difference between C and E groups
( < 0.05). Means with different superscript letters shows a significant difference (**<) among C, CF25, and CF57
groups (p < 0.05). Means with different superscript letters shows a significant difference (48) among E, EF25,
and EF57 groups (p < 0.05). 2 Crude lipids of hepatic cell membrane were extracted according to the method of
Lee et al. [16]. Details of the fatty-acid methyl ester (FAME) analysis using a capillary gas chromatograph were
same as those given in Lee et al. [16]. Details are the same as those described in Table 3. Abbreviations are described
in the footnotes to Table 6.

4. Discussion

4.1. Body Weight and Liver Damage

In the present study, rats fed with ethanol without fish oil showed the significantly lower body
weight and the significantly heavier related liver weight (Table 3). ALD patients are reported to have a
malnutrition problem, which causes muscle and body weight loss [17]. Moreover, 90~95% of ALD
patients are with hepatomegaly [18].
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Hepatic steatosis and the inflammatory cell infiltration score in the E group were significantly
higher as compared to those of C group (Table 4). Plasma AST and ALT activities were also significantly
increased in the E group. Chiu et al. reported that simultaneously evaluated plasma AST and ALT
activities and hepatic histopathological scores could reflect the actual liver damage status [12]. Based
on the data of liver damage, it was definite that the animal model of alcoholic liver damage was
successfully established in this study.

4.2. Ethanol, Fish Oil and Hepatic Lipid Profiles

It was pointed out that chronic ethanol consumption might contribute to adipose tissue lipolysis
and increase plasma free fatty acid influx into the liver [19]. At the same time, increased hepatic
glycerol-3-phosphate acyltransferase 3 (GPAT3) mRNA might lead to the increased lipogenesis and
TG levels [19]. It was also mentioned that acetaldehyde, which is produced by ethanol oxidation
through the ADH (alcohol dehydrogenase) and CYP2E1 pathway, might inhibit hepatic lipolysis by
downregulating PPAR-« transcriptional activity and decreasing levels of lipolysis-related genes [20].
In the present study, we found that the hepatic TG level was significantly increased in E group after
eight weeks of ethanol intake (Table 3). These results were similar to the previous study [7,12].

Results also showed that the hepatic TG level was alleviated by dietary fish oil replacement
(Table 3). A previous study indicated that after feeding on a fish oil-containing diet (10% w/w;
EPA:DHA = 4:3) for 16 weeks, hepatic SREBP-1c expression and the downstream gene mRNA level
significantly decreased in SD rats [21]. In addition, this diet might increase expressions of hepatic
lipolysis-related genes, and promote lipid exclusion from the liver [21]. Moreover, the hepatic TG
level was decreased, and steatohepatitis was improved in obese mice fed with an n-3 PUFA-abundant
diet [22]. However, in the 1990s, Nanji et al. indicated that fish oil might cause more-serious steatosis
and liver damage [4-6]. The reason for the inconsistent results may be that Nanji et al.’s study used
fish oil was the only one dietary fat source and excessive n-3 PUFAs might induce oxidative stress
and lead to liver damage. Therefore, we concluded that the dietary fat combination and fatty acid
composition might be the key point for improving ethanol-induced liver damage in rats [7].

4.3. Ethanol, Fish Oil, and the Adiponectin-AMPK«-SIRT1 Pathway

Results showed that after eight weeks of ethanol intake, the plasma adiponectin level and hepatic
adipoR2, AMPKw, and p-AMPK« protein expressions had significantly decreased (Table 3, Figure 2a—c),
while hepatic SIRT1 protein expression exhibited a downward trend (Figure 2d). It was pointed out
that rats with chronic ethanol intake had significantly lower plasma adiponectin levels [8]. It was
also reported that hepatic adipoR2 protein expression was significantly reduced in mice that were
chronically fed with ethanol [23]. It has been indicated that AMPK« and p-AMPK« protein expressions
were reduced that decreased ACC1 phosphorylation, in addition, the hepatic SIRT1 mRNA level and
protein expression were reduced in rats fed with ethanol for four weeks [24]. Therefore, we speculated
that the plasma adiponectin level and hepatic adipoR2 expression might have been reduced and then
led to decrease AMPKo expression to promote hepatic lipogenesis in rats after eight weeks of ethanol
intake. On the other hand, it was indicated that not only hepatic SIRT1 expression but also activity
was affected by the chronic ethanol intake [25]. In this study, the reduction of hepatic SIRT1 expression
was not obvious in E group. Therefore, SIRT1 expression and activity should be examined at the same
time to determine the actual effect of chronic ethanol intake on SIRT1.

When compared to E group, the plasma adiponectin level and hepatic SIRT1 protein expression
were significantly increased in the EF57 group (Table 3, Figure 2d). In non-alcoholic fatty liver disease
(NAFLD) patients and NAFLD model rats, fish oil supplementation increased the plasma adiponectin
level [26,27]. When mice were intravenously injected with adiponectin (30 pg/day) in chronic ethanol
intake, the AMPK« signaling pathway was activated for inhibiting hepatic steatosis [28]. In addition,
rat H4IIEC3 cells exhibited increased SIRT1 and AMPKo expressions after treating with adiponectin
for 24 h [29]. Thus, we supposed that the plasma adiponectin level was increased, which induced the
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hepatic SIRT1 expression when dietary olive oil was partially substituted with fish oil in rats after
eight weeks of ethanol intake.

4.4. Ethanol, Fish Oil and the SREBP-1c Pathway

SREBP-1c is a transcription factor of lipogenesis, and its target enzymes include FAS and SCD-1,
etc. In the present study, SREBP-1c, FAS, and SCD-1 mRNA levels only upward trends were observed
in E group (Table 5). Chronic ethanol intake decreased SIRT1 expression and reduced SREBP-1c
deacetylation, and then promoted SREBP1-c transcriptional activity. SREBP-1c might increase FAS
and SCD-1 mRNA levels to cause hepatic steatosis [9]. Although lipogenic genes only had upward
trends in the E group, hepatic steatosis was found in E group according to the hepatic histopathology.
We speculated that other factors that improve lipogenesis by ethanol intake might be involved, such as
hepatic lipoprotein secretion ability, the NAD+/NADH ratio, G3PD activity, etc.

In the present study, SREBP-1c, FAS, and SCD-1 mRNA levels showed no differences among the
E, EF25, and EF57 groups (Table 5). Nakatani et al. indicated that after giving different amounts of fish
oil to mice with NAFLD, protein expression of SREBP-1c had an upward trend in mice when 10~20%
of total calories were supplied as fish oil. However, protein expression of SREBP-1c and mRNA levels
of FAS and SCD-1 significantly decreased in mice that were provided with fish oil as 40~60% of total
calories [30]. Fish oil supplementation in EF25 and EF57 groups were 6% and 14% of total calories,
respectively. Thus, we supposed that the amount of fish oil was too low to showing the inhibiting
potential for lipogenesis. However, based on our hepatic histopathology scores, 25% or 57% fish oil
substitution for olive oil truly improved hepatic lipid accumulation.

4.5. Ethanol, Fish Oil and the PPAR-a Pathway

Under normal conditions, hepatic AMPKa and SIRT1 activate PGC-1a to promote PPAR-x
transcriptional activity and increase MCAD and ACO1 mRNA levels [9]. On the other hand, AMPK«x
also increases ACC1 phosphorylation to reduce the malonyl-CoA level and increase CPT-1 protein
expression to promote lipolysis [12]. In this study, MCAD, ACO1, and CPT-1 mRNA were not changed
in E group (Table 5). The factors that the mechanisms of chronic ethanol ingestion were complicated
and interrelated, thus, we strongly suggested that the activities of those enzymes have to be measured
in future.

MCAD and CPT-1 mRNA levels in EF57 group were significantly increased when compared to
those of group E (Table 5). After fish oil supplementation, mRNA levels of PPAR-o, MCAD, ACO1,
and CPT-1 were significantly increased in acute ethanol-treated mice [11]. In an NAFLD gerbil model,
EPA intervention significantly increased the hepatic PPAR-o mRNA level and decreased the hepatic
TG level [31]. Thus, we speculated that 57% fish oil substitution for olive oil could increase the MCAD
and CPT-1 mRNA levels to promote hepatic lipolysis in this study, although the PPAR-oc mRNA level
only showed the increasing trend.

4.6. Ethanol, Fish Oil and RBC Membrane and Hepatic Fatty Acid Compositions

Results showed that C16:0, C18:1, and total n-6 fatty acids were significantly increased, but C18:0
was significantly decreased in RBC membranes in E group (Table 6). We also found that hepatic C16:0
and C18:3 (ALA) decreased and C18:1 significantly increased in E group (Table 7). The change of C16:0
and C18:1 in RBC membrane and hepatocytes was totally opposite in rats that were fed with ethanol for
eight weeks. The fatty acid composition of RBC membrane can represent the whole-body circulation
during 2~3 months, while as the fatty acid composition in specific cells can reflect the situation of
the specific tissue per se. Many factors can regulate the fatty acid composition in RBC membrane,
including dietary pattern, metabolic stress, medicines, or chronic diseases, etc. The saturation index (SI)
in erythrocytes membrane, which is calculated by the C18:0/C18:1 ratio, was significantly decreased
in cancer patients [32,33]. Some previous studies also showed the changes of fatty acids composition
in specific cell membranes and indicated that C16:0 promoted inflammation and apoptosis in white
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adipose tissues. Moreover, 3T3-L1 adipocytes that were treated with C16:0 increased protein kinase C
(PKC), nuclear factor (NF)-«B, and mitogen-activated protein kinase (MAPK) expressions to promote
cytokine secretion [34]. Furthermore, hepatic C16:0 content was related with hepatic steatosis or
inflammation and hepatic SCD-1 could convert C16:0 to C18:1 to reduce the toxicity of C16:0 [35,36].
Therefore, we speculated that the changes of C16:0, C18:0, and C18:1 might play an important role in
the progression of ALD. We require more clarification in future study.

Only in EF57 group, C16:0 was significantly decrease in RBC membrane (Table 6). In hepatocytes,
C20:5, C22:5, C22:6, and total n-3 fatty acids were significantly increased, and C18:1, C18:2, C20:4, total
n-6, and the n-6/n-3 ratio were significantly decreased in the EF25 and EF57 groups (Table 7). These
results showed that dietary fish oil substituted for olive oil mainly regulated the fatty acid composition
in hepatocytes membranes rather than erythrocytes membranes, which might be related with the
severity of liver damage that is caused by chronic ethanol intake.

In order to clarify the relationship between fatty acid composition and liver damage, we also
analyzed the correlations of hepatic n-3, n-6 fatty acids and the n-6/n-3 ratio with the histopathology
scores and factors of lipid metabolism (Table 8). Our data showed that hepatic n-3 fatty acids were
negatively correlated with inflammatory cell infiltration (r = —0.44613, p = 0.00135), and were positively
correlated with lipid metabolism factors, SIRT1 expression (r = 0.46795, p = 0.004), and MCAD
(r=0.43524, p = 0.008) and CPT-1 (r = 0.37398, p = 0.0418) mRNA levels. On the contrary, n-6 fatty acids
were positively correlated with steatosis (r = 0.37631, p = 0.0404) and inflammatory cell infiltration
(r=0.50184, p = 0.0047) and negatively correlated with plasma adiponectin levels (r = —0.35711,
p = 0.0325). In addition, the n-6/n-3 ratio was positively correlated with inflammatory cell infiltration
(r = 0.50691, p = 0.0043) and negatively correlated with the plasma adiponectin level (r = —0.34411,
p =0.0399) and SIRT1 expression (r = —0.44387, p = 0.0067). Taken together, we speculated that
increased n-3 fatty acids and decreased n-6 fatty acids were strongly correlated with ameliorating
alcoholic liver damage.

Table 8. Correlations of hepatic n-3 and n-6 fatty acids, the n-6/n-3 ratio, and histopathology scores
with factors of lipid metabolism !.

Hepatic n-3 Fatty Acids ~ Hepatic n-6 Fatty Acids Hepatic n-6/n-3 Ratio

r p r p r p
Steatosis —0.28714 0.1239 0.37631 0.0404 0.35871 0.0516
Inflammatory cell infiltration —0.44613 0.00135 0.50184 0.0047 0.50691 0.0043
Adiponectin 0.29971 0.0758 —0.35711 0.0325 —0.34411 0.0399
SIRT1 0.46795 0.004 —0.32857 0.0504 —0.44387 0.0067
MCAD 0.43524 0.008 —0.25395 0.135 —0.32566 0.0526
CPT-1 0.37398 0.0418 —0.1905 0.3133 —0.32736 0.0774

1 SIRT1, NAD-dependent deacetylase sirtuin-1; MCAD, medium-chain acyl-coenzyme A dehydrogenase; CPT-1,
carnitine palmitoyl transferase I.

5. Conclusions

As shown in Figure 3, hepatosteatosis formation might be due to due to the low plasma
adiponectin level and the hepatic adiponectin receptor, which continuously regulated the downstream
factors, such as protein expressions of AMPKa and p-AMPKe in chronic ethanol-fed rats. However,
using 57% fish oil substitution for olive oil, inhibited the reduction of plasma adiponectin and
elevated hepatic CPT-1 and MCAD mRNA levels, which improved the fatty acid oxidation and
further prevented ethanol-induced hepatic steatosis in rats. More detailed studies are needed to
elucidate the mechanisms for explaining the ameliorating effects of fish oil on ALD.
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Figure 3. Effects of fish oil on improving alcoholic liver disease (ALD). The effects for ethanol are
presented as red-dotted and solid-line arrows, and dotted lines are presented as up- or down-trending
effects. The effects for ethanol with fish oil are presented as green solid-line arrows. (1) In this study, we
indicated that chronic ethanol intake decreased the plasma adiponectin level and hepatic adiponectin
receptor 2 (adipoR2) protein expression and then possibly reduced AMP-activated protein kinase «
(AMPKa). Decreased AMPKa might increase sterol response element-binding protein (SREBP)-1c,
fatty acid synthase (FAS), and stearoyl coenzyme A desaturase (SCD)-1 mRNA levels and improve
hepatic fatty acid synthesis (only an upward trend). The change of carnitine palmitoyl transferase I
(CPT1), medium-chain acyl-coenzyme A dehydrogenase (MCAD), and acyl-CoA oxidase 1 (ACO1)
mRNA levels were not observed in this study. (2) With 57% fish oil substitution for olive oil, the plasma
adiponectin level was significantly increased and the mRNA levels of downstream enzymes, such
as hepatic CPT1 and MCAD were also elevated, which might improve the lipolysis and ameliorate
hepatic steatosis in rats fed with ethanol for eight weeks. SIRT1, NAD-dependent deacetylase sirtuin-1.
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