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The present study investigated the regulatory effects of fish oil and chitosan on the signals of

hepatic lipid metabolism and the postulatedmechanism in high-fat diet-induced obese rats.

Diet supplementation of chitosan and fish oil efficiently suppressed the increased weights in

body and livers of high-fat diet-fed rats. Supplementation of chitosan andfish oil significantly

decreased the activities of hepatic lipid biosynthesis-related enzymes and efficiently regu-

lated plasma lipoprotein homeostasis. Both chitosan andfish oil significantly ameliorated the

alterations in the protein expressions of hepatic lipogenic transcription factors (LXRa and

PPARa), and could also significantly regulate the downstream hepatic lipogenic genes (FAS,

HMGCR, CYP7A1, FATP, FABP, AOX, and ABCA) expressions in high-fat diet-fed rats. These

results suggest that both fish oil and chitosan exerts downregulative effects on hepatic lipid

metabolism in high-fat diet-induced obese rats via the LXRa inhibition and PPARa activation,

which further affect the expressions of hepatic lipogenesis-associated genes.

Copyright © 2017, Food and Drug Administration, Taiwan. Published by Elsevier Taiwan

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Obesity is a metabolic syndrome-related complications,

caused by the presence of an energy imbalance involving
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The worldwide prevalence of overweight [body mass index

(BMI)� 25 kg/m2] and obesity (BMI� 30 kg/m2) in 2014 are 39%

(38% of men and 40% of women) and 13% (11% of men and
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Table 1 e Composition of experimental diets (%).

Ingredient (%) ND HF HF þ O HF þ CS HF þ
CS þ O

Casein 20 20 20 20 20

Lard 3 18 13 18 13

Soybean oil 2 2 2 2 2

Fish oil 5 5

Vitamin mixturea 1 1 1 1 1

Salt mixtureb 4 4 4 4 4

Cholesterol 0.5 0.5 0.5 0.5

Choline chloride 0.2 0.2 0.2 0.2 0.2

Cholic acid 0.2 0.2 0.2 0.2

Corn starch 64.8 49.1 49.1 49.1 49.1

Cellulose 5 5 5

Chitosanc 5 5

DD ¼ degree of deacetylation; HF ¼ high fat diet (18% Lard þ 2%

soybean oil); HFþ CS: high fat dietþ 5% chitosan; HFþ CSþO: high

fat diet þ 5% chitosan þ 5% fish oil; HF þ O: high fat diet (13% lard þ
2% soybean oil)þ 5% fish oil; MW¼molecular weight; ND¼ normal

control diet.
a AIN-93 vitamin mixture.
b AIN-93 mineral mixture.
c The average MW and viscosity of chitosan ~6.42 � 105 Dalton and

304.7 cps, respectively. DD was ~90.7%.
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15% of women), respectively, in adults aged 18 and over [1].

Moreover, obesity is also known as a high risk of accompany

comorbid disorders, such as cardiovascular disease, diabetes,

and nonalcoholic fatty liver disease, leading to poor quality of

human life and higher financial burden on the state [2,3].

Notably, dysregulation of hepatic lipid metabolism is an

obvious and major etiology of obesity, including a reduced

secretion of very-low-density lipoproteins (VLDL) [4], an in-

crease in free fatty acid (FFA) flux into the liver and in de novo

lipogenesis of more FFA [5]. Therefore, the strategy to

improve the imbalance of hepatic lipid metabolism is con-

cerned with antiobesity food and food ingredients against

human obesity.

The concept of functional food is widely accepted as the

ability to beneficially impact body functions by possessing

advantageous physiological effects and reducing the threat

of diseases [6]. Chitosan, a marine functional food, is

partially or fully deacetylated from the chitin composed of

N-acetyl-D-glucosamine [7]. Several studies have shown

that the chitosan acted as a drug delivery carrier or a dietary

fiber against hypertension, hypercholesterolemia, and

obesity [8e11]. The other well-known marine functional

food, fish oil, has been reported to possess the beneficial

effects on cardiovascular diseases and obesity, which are

attributed to omega-3 fatty acids, particularly to eicosa-

pentaenoic (EPA) and docosahexaenoic (DHA) acids [12,13].

Our previous studies have also shown that supplement of

chitosan alleviates lipid accumulation in the livers and ad-

ipose tissues in the type-2 diabetic rat model and high-fat

(HF) diet-induced obese rat model [14,15]. In addition,

foods and functional foods/dietary supplements has been

found to exert synergistic or additive effects on health

promotion and disease prevention [16]. Recently, the nu-

clear receptors liver X receptors (LXRs) and peroxisome

proliferator-activated receptors (PPARs) have been identified

as regulators of the cholesterol and phospholipid in the

liver, especially LXRa and PPARa. The activated LXRs have

been reported to increase fatty acid synthesis through in-

duction of the sterol regulatory element-binding protein-1c

(SREBP1c) triggering the downstream signaling expression of

fatty acid synthase (FAS) [17]. In order to energy homeo-

stasis, hepatic fatty acid oxidation, as well called b-oxida-

tion, occurs under the condition of elevated fatty acid (FA)

levels through induction of PPARa/acyl-CoA oxidase 1

(AOX1) signaling pathway [18]. For cholesterol regulation, a

high fat diet may trigger the cholesterol synthesis and

metabolism through the activation of liver LXRa/3-hydroxy-

3-methylglutaryl coenzyme A reductase (HMGCR) and the

induction of cytochrome P450 7A1 (CYP7A1) [17,19]. How-

ever, the mode of action and the possible molecular mech-

anism of synergistic or additive effects between chitosan

and fish oil on hepatic lipid responses and lipid metabolism

still remain unclear. Therefore, we hypothesized that chi-

tosan combined with fish oil might comediate hepatic lipid

metabolism profile in obesity conditions. In this study, we

aim to investigate the synergistic or additive effects and

mechanisms of chitosan combined with fish oil on hepatic

lipid metabolism in HF diet-fed rats, which are commonly

used as an in vivo obesity model.
2. Materials and methods

2.1. Materials

High molecular weight (MW) chitosan from crab shell was

supplied from Koyo Chemical Co. (Tokyo, Japan). The con-

cocted processing of chitosan was involved in the deminer-

alization, deproteinization, and deacetylation of crab shell.

The average MW and degree of deacetylation (DD) of chitosan

were measured by high-performance liquid chromatography

and Fourier transform infrared spectroscopy, respectively.

The viscosity of chitosan was detected by a viscometer (CV20,

HaakeMess-Technik GmbHu, Karlsruhe, Germany). The DD of

chitosan was ~90.7%, and the average MW and viscosity of

chitosan were ~642 kDa and 304.7 cP, respectively. Cellulose

was supplied from Sigma-Aldrich (St. Louis, MO, USA). Fish

oils were supplied from Sentosa Co. (Taipei, Taiwan).
2.2. Animals and diets

Six-week-old male Sprague-Dawley (SD) rats were supplied

from BioLASCO Taiwan Co., Ltd. (Taipei, Taiwan) andwere fed

a chow diet (Rodent Laboratory Chow, Ralston Purina, St.

Louis, MO, USA) for 1 week. Rats were randomly divided into

five groups (n ¼ 8 of each group): (1) standard rodent diet-fed

rats with 5% cellulose (ND); (2) HF diet-fed rats with 5% cel-

lulose; (3) HF diet-fed rats with 5% fish oils (HFþO); (4) HF diet-

fed rats with 5% high-MW chitosan (HF þ CS); and (5) HF diet-

fed rats with 5% high-MW chitosan and 5% fish oils

(HF þ CS þ O). The formulation of the experimental diets and

the fatty acid composition of fish oils are shown in Tables 1

and 2, respectively. Rats were housed in individual stainless-

https://doi.org/10.1016/j.jfda.2016.11.015
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Table 2 e Fatty acid composition of fish oil.

Fatty acida Dietary lipids (wt%)

Fish oil

C14:0 1.0

C16:0 1.6

C18:3 n-3 (ALA) 11.0

C18:4 n-3 2.2

C20:1 n-9 0.7

C20:3 n-3 1.6

C20:3 n-6 1.5

C20:4 n-3 2.4

C20:5 n-3 (EPA) 36.7

C21:5 n-3 6.2

C22:1 n-9 3.0

C22:5 n-3 7.3

C22:6 n-3 (DHA) 24.8

ALA ¼ alpha-linolenic acid; DHA ¼ docosahexaenoic; EPA ¼
eicosapentaenoic.
a Tridecanoic acid (C13:0) was used as an internal standard for

quantification.
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steel cages under controlled environmental conditions

(23 ± 1�C and 40e60% relative humidity with a 12-hour light

and dark cycle). The bodyweightwasmeasured everyweek for

5 weeks and the animals were sacrificed. This study was

approved by the Animal House Management Committee of

the National Taiwan Ocean University (permission number

103024) and experimental procedures of animals were in

accordance with the guidelines for the care and use of labo-

ratory animals [20].

2.3. Collection of feces and tissue samples

After 5 weeks of experimental administration, animals were

fasted for 12 hours prior to being sacrificed. Rats were sacri-

ficed under anesthesia. The collective liver tissues were

excised, dried, weighed, flash-frozen, and stored at �80�C
until biopsy. Feces were assembled for 3 consecutive days

before euthanasia and stocked at �80�C until lipid content

analysis.

2.4. Triglyceride and total cholesterol determination

The levels of plasma, hepatic and fecal triglyceride, and total

cholesterol were determined by the assay kits (Audit Di-

agnostics, Cork, Ireland) according to the manufacturer's in-

structions. As described previously, the lipoproteins from a

separate aliquot of plasma were isolated by density gradient

ultracentrifugation (Hitachi, SP85G, RPL 42T Rotor, Tokyo,

Japan) under the conditions of 194000 g at 10�C for 3 hours,

and the lipoproteins were recovered by tube slicing [21].

2.5. Determination of hepatic lipid-metabolism enzymes

Hepatic fatty acid synthase (FAS) was determined as described

previously by Nepokroeff et al (1975) [22]. 3-Hydroxy-3-

methylglutaryl coenzyme A (HMG-CoA) reductase was

assayed as described previously by Edwards et al (1980) [23].

The enzyme activities were determined by the rate of nmole
Dihydronicotinamide-adenine dinucleotide phosphate

(NADPH) increased.

2.6. Histological examination

Fixed liver tissues with 10% formalin were paraffin-

embedded. Five mm thick paraffin sections were prepared for

hematoxylin and eosin (H&E) staining. The H&E-stained sec-

tions were observed and photographed under Olympus BX51

light microscope (Olympus, Tokyo, Japan).

2.7. Western blot analysis

Protein extraction and Western blotting were performed as

described previously [15]. Briefly, the tissue proteins

(50e100 mg) were separated on SDS-PAGE gel and transferred

onto polyvinylidene difluoride membranes (Millipore, Bill-

erica, MA, USA). After blocking, membranes were probed with

antibodies for b-actin, peroxisome proliferator-activated re-

ceptor-a (PPARa) (Santa Cruz Biotechnology, Santa Cruz, CA,

USA), and liver X receptor-a (LXRa; Abcam, Cambridge, MA,

USA) at 4�C overnight. The membranes were incubated with

horseradish peroxidase-conjugated secondary antibodies,

and then the antibody bindings were revealed by an enhanced

chemiluminescence kit (BioRad Laboratories, Redmond, WA,

USA) and were used to expose to Kodak x-ray film. The

quantification of bands was determined by densitometric

analysis using Image J densitometry software (National In-

stitutes of Health, Bethesda, MD, USA).

2.8. Quantitative reverse transcription polymerase
chain reaction analysis

The Trizol (Invitrogen, Carlsbad, CA, USA) was applied to total

RNA extraction from the liver and epididymal fat tissues. RNA

was reverse-transcribed to cDNA using a commercial kit as

recommended by the manufacturer (Invitrogen). The se-

quences of the designed primers are shown in Table 3. The b-

actin was used as an internal control. The reaction of quanti-

tative reverse transcription polymerase chain reaction analysis

(qRT-PCR) was performed using SYBR Green/ROX qPCR Master

Mix (Thermo Scientific, Waltham,MA, USA) and analyzed with

the StepOne Real-Time PCR System (Life Technologies, Carls-

bad, CA, USA). Relative quantification of gene expressionswere

calculated by the comparative threshold cycle method (DDCT)

in which the expression level of each target gene was

normalized to the levels of b-actin. Results were expressed as

fold changes of mRNA expression levels, given by 2�DDCT.

2.9. Statistical evaluation

All results are expressed as the mean ± standard deviation

(SD) of at least three independent experiments. The signifi-

cant difference between the respective control and each

treated group is assessed using one-way analysis of variance

(ANOVA) and two-tailed Student t test using the statistical

software SPSS (Windows version 10.0.7C, SPSS, Chicago, IL,

USA).
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Table 3 e The primer sequences.

Genes Forward (50 to 30) Reverse (50 to 30)

ABCA1 GGTAGTGTGGCCACTTTCGT TCTGGGCCTGATGAAAAATC

AOX1 TCGGGCAAGTGAGGCGCATT AGCAACAGCATTGGGGCGGA

b-actin CTGGAACGGTGAAGGTGACA GGACTTCCTGTAACAATGCATGCA

CYP7A1 CCTCCTGGCCTTCCTAAATC AGACCTGGTCCCTCACACAC

FABP4 CCTTTGTGGGGACCTGGAAA TGACCGGATGACGACCAAGT

FAS CTTGGGTGCCGATTACAACC GCCCTCCCGTACACTCACTC

HMGCR TGTGGGAACGGTGACACTTA CTTCAAATTTTGGGCACTCA

SREBP1c AAACCAGCCTCCCCAGAGA CCAGTCCCCATCCACGAAGA

ABCA1 ¼ ATP-binding cassette subfamily A member-1; AOX1 ¼ acyl-CoA oxidase 1; CYP7A1 ¼ cytochrome P450 7A1; FABP4 ¼ fatty acid binding

proteins-4; FAS ¼ fatty acid synthase; HMGCR ¼ 3-hydroxy-3-methylglutaryl coenzyme A reductase; SREBP1c ¼ sterol regulatory element-

binding protein-1c.
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3. Results

3.1. Effects of chitosan and fish oil on changes of body
weight and liver weight in HF diet-fed rats

The change of body weight in 5 weeks of obesity induction

period was shown in Figure 1 and Table 4. The final body

weight of animals in the HF group was significantly higher

compared with ND group, whereas supplementation of com-

bined 5% chitosan and 5%fish oil had a significant reduction in

body weights compared with the HF group (9.73%, p < 0.05).

The food utilization of rats in the HF group was significantly

higher compared with the ND group although supplementa-

tion of combined 5% chitosan and 5% fish oil had also an

obvious reduction in food efficiency compared with the HF

group (22.58%, p < 0.05; Table 4). Moreover, the adipose tissue

weight was significantly increased in high fat-fed rats, which

could be reversed by supplementation of both chitosan and

fish oil (Table 4). There are the synergistic effects of fish oil and

chitosan on the body weight, adipose tissue weight, and food

utilization.
Figure 1 e Effects of chitosan and fish oil on body weights

of high-fat diet-fed rats. The changes of body weights in

rats fed with high-fat (HF) diet in the presence or absence

of chitosan (CS, 5%) or fish oil (O, 5%) or as combination for

5 weeks were shown. Results are expressed as mean ± SD

for each group (n ¼ 8). * p < 0.05 as compared with HF

diet alone group. § p < 0.05 as compared with HF diet

supplemented with 5% fish oil group. # p < 0.05 as

compared with HF diet supplemented with 5% chitosan

group. ND ¼ normal control diet; SD ¼ standard deviation.
After 5 weeks of the experiment, the liver tissues were

collected and measured. Table 4 indicated that the HF group

had a significantly higher liver weight of 1.8fold as compared

with the ND group, which could be significantly reversed by

the supplementation of 5% chitosan (20.82%, p < 0.05) or a

combination of 5% chitosan and 5% fish oil (29.39%, p < 0.05).

In addition, a lower liver weight in supplementation of a

combination of 5% chitosan and 5% fish oil group was

observed as compared with supplementation of 5% chitosan

group.
3.2. Effects of chitosan and fish oil on hepatic and fecal
lipid responses and lipid-related metabolic changes in HF
diet-fed rats

Plasma lipid profiles are shown in Table 5. The rats fed a HF

diet for 5 weeks significantly increased the plasma TC, LDL-

C þ VLDL-C and TC/HDL-C ratio, and decreased HDL/(LDL-

CþVLDL-C) ratio. The increased (TC, LDL-CþVLDL-C, and TC/

HDL-C ratio) and decreased (HDL/(LDL-C þ VLDL-C)) plasma

lipid metabolism profiles in HF diet-fed rats were effectively

reversed by the supplementation of 5% fish oil, 5% chitosan, or

a combination of chitosan and fish oil. Moreover, supple-

mentation with a combination of 5% chitosan and 5% fish oil

had a more improved efficiency on plasma lipid metabolism

profiles in HF diet-fed rats than supplementation with 5%

chitosan alone. However, these combined effects were not

synergistic, but were the additive effects of fish oil treatment

on chitosan treatment. Unexpectedly, the plasma TG levels in

HF group was lower in the ND group, which could be reversed

by neither supplementation of 5% chitosan or 5% fish oil

alone, nor as combination (Table 5).

The effects of chitosan and fish oil on the liver character-

istics are shown in Figure 2. Rats fed with HF diet showed a

qualitative increase in hepatic lipid accumulation. The sup-

plementation of either 5% chitosan or 5% fish oil alone, or as

combination, could also perform a qualitative amelioration in

the abnormal accumulation of lipid in the liver (Figure 2A).

The TG and TC levels in the livers were significantly elevated

in the HF diet-fed rats, and were markedly suppressed in the

HF diet-fed rats supplemented with a combination of 5%

chitosan and 5% fish oil (Figures 2B and 2C). Furthermore, the

increased hepatic enzyme activities of lipid biosynthesis [fatty

acid (FA) synthase andHMG-CoA reductase] in HF diet-fed rats

https://doi.org/10.1016/j.jfda.2016.11.015
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Table 4e The changes of bodyweight, adiposeweight, liver weight, food intake, and feed efficiency in rats fed the different
experimental diets for 5 weeks during treatment period.

Diet ND HF HF þ O HF þ CS HF þ CS þ O

Initial body weight (g) 238.3 ± 13.2 246.9 ± 18.5 245.6 ± 13.8 246.9 ± 17.6 246.6 ± 4.4

Final body weight (g) 449.5 ± 20.2* 478.7 ± 32.5 484.4 ± 43.3 462.4 ± 26.1 426.1 ± 23.3*x#

Adipose tissue weight (g) 18.1 ± 1.4* 23.4 ± 3.9 17.8 ± 2.5 17.2 ± 2.4* 12.5 ± 1.4*x#

Relative adipose weight (g/100 g BW) 4.1 ± 0.3* 4.9 ± 0.6 3.6 ± 0.4* 3.7 ± 0.4* 2.8 ± 0.4*x#

Liver weight (g) 13.7 ± 1.7* 24.5 ± 2.9 23.1 ± 2.9 19.4 ± 2.1* 17.3 ± 2.4*x

Relative liver weight (g/100 g BW) 3.1 ± 0.3* 5.1 ± 0.5 4.8 ± 0.2 4.2 ± 0.4* 4.0 ± 0.5*

Food intake (g/d) 26.6 ± 1.5 24.6 ± 2.9 23.5 ± 2.9 23.8 ± 2.2 25.4 ± 3.9

Feed efficiencya (%) 7.9 ± 0.8* 9.3 ± 0.9 9.8 ± 1.3 9.1 ± 0.6 7.2 ± 1.9*x#

* p < 0.05 versus HF.
x p < 0.05 versus HF þ O.
# p < 0.05 versus HF þ CS.

Results are expressed as mean ± SD for each group rats (n ¼ 8).

BW¼ bodyweight; CS¼ chitosan; HF¼ high fat diet (18% lardþ 2% soybean oil); HFþ CS: high fat dietþ 5% chitosan; HFþ CSþO: high fat dietþ
5% chitosan þ 5% fish oil; HF þ O: high fat diet (13% lard þ 2% soybean oil) þ 5% fish oil; ND ¼ normal control diet; SD ¼ standard deviation.
a Feed efficiency ¼ [weight gain (g)/food intake (g)] � 100%.

Table 5 e The change of plasma lipids concentration in rats fed the different experimental diet for 5 weeks during
treatment period.

Diet ND HF HF þ O HF þ CS HF þ CS þ O

Total cholesterol (mg/dL) 86.9 ± 11.3* 123.6 ± 33.4 37.0 ± 9.3* 65.2 ± 13.7* 38.5 ± 9.1*#

LDL-C þ VLDL-C (mg/dL) 23.7 ± 5.2* 87.7 ± 33.8 12.4 ± 4.3* 26.2 ± 12.5* 11.9 ± 7.0*#

TC / HDL-C ratio 1.38 ± 0.10* 3.52 ± 1.23 1.51 ± 0.13* 1.68 ± 0.31* 1.48 ± 0.34*

HDL-C / (LDL-C þ VLDL-C) ratio 2.80 ± 0.82* 0.49 ± 0.24 2.12 ± 0.71* 1.80 ± 0.87* 3.02 ± 1.72*

Triglyceride (mg/dL) 74.5 ± 16.2* 45.9 ± 9.1 21.4 ± 6.9* 39.7 ± 12.3 29.2 ± 6.7*

* p < 0.05 versus HF.
# p < 0.05 versus HF þ CS.

Results are expressed as mean ± SD for each group of rats (n ¼ 8).

CS ¼ chitosan; HF ¼ high fat diet (18% lard þ 2% soybean oil); HF þ CS: high fat diet þ 5% chitosan; HF þ CS þ O: high fat diet þ 5% chitosan þ 5%

fish oil; HF þ O: high fat diet (13% lard þ 2% soybean oil) þ 5% fish oil; ND ¼ normal control diet; SD ¼ standard deviation.
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could also be effectively ameliorated by supplementationwith

combined 5% chitosan and 5% fish oil (Figures 2D and 2E).

However, the single treatment of chitosan could only reduce

levels and activities of TC, TG, and FAS, and the single treat-

ment of fish oil could only downregulate levels and activities

of TC, TG, and HMG-CoA reductase. Therefore, these results

indicated that fish oil displayed synergistic and additive
Table 6 e The changes of fecal weight, total cholesterol, triglyc
experimental diets for 5 weeks during treatment period.

Diet ND HF

Feces wet weight (g/d) 2.4 ± 0.2 2.3 ± 0.3

Feces dry weight (g/d) 2.2 ± 0.1 2.1 ± 0.2

Total cholesterol

(mg/g feces) 2.4 ± 0.8* 16.8 ± 2.6

(mg/d) 5.3 ± 2.2* 34.6 ± 6.1

Triglyceride

(mg/g feces) 6.2 ± 1.5 5.3 ± 1.4

(mg/d) 13.5 ± 3.7 11.0 ± 3.1

Results are expressed as mean ± SD for each group of rats (n ¼ 8).

* p < 0.05 versus HF.
x p < 0.05 versus HF þ O.
# p < 0.05 versus HF þ CS.

CS ¼ chitosan; HF ¼ high fat diet (18% lard þ 2% soybean oil); HF þ CS: high

fish oil; HF þ O: high fat diet (13% lard þ 2% soybean oil) þ 5% fis

PPARa ¼ peroxisome proliferator-activated receptor alpha; SD ¼ standard
effects to the chitosan treatment in the downregulation of

hepatic lipid metabolism and accumulation in HF diet-fed

rats.

We next tested the levels of TG and TC in the feces. As

shown in Table 6, the feces of the HF diet-fed rats supple-

mented with either 5% chitosan or 5% fish oil alone, or as

combination significantly contained more TC than the HF
eride, and bile acid concentration in rats fed the different

HF þ O HF þ CS HF þ CS þ O

2.1 ± 0.2 3.0 ± 0.8* 3.6 ± 0.5*x

1.9 ± 0.2 2.6 ± 0.6* 3.1 ± 1.2*x

20.1 ± 1.8* 22.9 ± 5.1* 27.9 ± 3.9*x#

62.3 ± 24.4* 44.6 ± 11.1* 71.6 ± 15.9*x#

5.7 ± 0.7 5.9 ± 1.2 5.0 ± 1.6

18.2 ± 8.3 11.4 ± 2.5 12.8 ± 3.8

fat diet þ 5% chitosan; HF þ CS þ O: high fat diet þ 5% chitosan þ 5%

h oil; LXRa ¼ liver X receptor alpha; ND ¼ normal control diet;

deviation.
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Figure 2 e Effects of chitosan and fish oil on hepatic lipid profile and enzyme activity of lipid biosynthesis of high-fat (HF)

diet-fed rats. (A) Histological analysis of livers isolated from rats fed with different experimental diets for 5 weeks is shown.

Tissue sections were stained with H&E. The levels of (B) triglyceride, (C) total cholesterol, (D) fatty acid synthase, and (E)

HMG-CoA reductase in livers of rats fed with different experimental diets for 5 weeks was shown. Results are expressed as

mean ± SD for each group (n ¼ 8). Scale bar ¼ 100 mm. * p < 0.05 as compared with HF diet alone group. § p < 0.05 as

compared with HF diet supplemented with 5% fish oil group. # p < 0.05 as compared with HF diet supplemented with 5%

chitosan group. CS¼ chitosan; FO¼ fish oil; HMG-CoA¼ 3-hydroxy-3-methylglutaryl coenzyme A; H&E¼ hematoxylin and

eosin; ND ¼ normal control diet; SD ¼ standard deviation.
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diet-fed rats. HF diet-fed rats supplemented with a combina-

tion of 5% chitosan and 5% fish oil had a significant increase in

fecal cholesterol excretion as compared with HF diet-fed rats

supplemented with 5% chitosan alone. However, there were

no significant changes in fecal TG levels of all tested groups.
3.3. Effects of chitosan and fish oil on lipogenesis-related
factors in the livers of HF diet-fed rats

Recently, the liver X receptor a (LXRa) antagonist and the

peroxisome proliferator-activated receptor a (PPARa) agonist

https://doi.org/10.1016/j.jfda.2016.11.015
https://doi.org/10.1016/j.jfda.2016.11.015


Figure 3 e Effects of chitosan and fish oil on hepatic protein expressions of lipid metabolism of high-fat (HF) diet-fed rats.

Protein expressions of (A) LXRa, and (B) PPARaweremeasured byWestern blotting. Densitometric analysis for protein levels

corrected to each internal control was shown. Results are expressed as mean ± SD for each group (n ¼ 4e6). * p < 0.05 as

compared with HF diet alone group. § p < 0.05 as compared with HF diet supplemented with 5% fish oil group. # p < 0.05 as

compared with HF diet supplemented with 5% chitosan group. CS ¼ chitosan; FO ¼ fish oil; HF ¼ high-fat; LXRa ¼ liver X

receptor alpha; ND ¼ normal control diet; PPARa ¼ peroxisome proliferator-activated receptor alpha; SD ¼ standard

deviation.

Figure 4 e Effects of chitosan and fish oil on hepatic gene expressions of fatty acid biosynthesis, transport, and b-oxidation

in high-fat (HF) diet-fed rats. Hepatic gene expressions of fatty acid biosynthesis [(A) SREBP1c and (B) FAS], (B) transport

(FABP4), and (C) b-oxidation (AOX1) were determined by qRT-PCR. Results are expressed as mean ± SD for each group

(n ¼ 4e6). * p < 0.05 as compared with HF diet alone group. § p < 0.05 as compared with HF diet supplemented with 5% fish

oil group. # p < 0.05 as compared with HF diet supplemented with 5% chitosan group. AOX1 ¼ acyl-CoA oxidase 1;

CS ¼ chitosan; FABP4 ¼ fatty acid binding proteins-4; FAS ¼ fatty acid synthase; FO ¼ fish oil; HF ¼ high-fat; ND ¼ normal

control diet; qRT-PCR ¼ quantitative reverse transcription polymerase chain reaction analysis; SD ¼ standard deviation;

SREBP1c ¼ sterol regulatory element-binding protein-1c.
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Figure 5 e Effects of chitosan and fish oil on hepatic gene expressions of cholesterol biosynthesis, metabolism, and

excretion in high-fat (HF) diet-fed rats. Hepatic gene expressions of cholesterol (A) biosynthesis (HMGCR), (B) metabolism

(CYP7A1), and (C) excretion (ABCA1) were determined by qRT-PCR. Results are expressed as mean ± SD for each group (n¼ 4-

6). * p < 0.05 as compared with HF diet alone group. § p < 0.05 as comparedwith HF diet supplemented with 5% fish oil group.

# p < 0.05 as compared with HF diet supplemented with 5% chitosan group. ABCA1 ¼ ATP-binding cassette subfamily A

member-1; CS ¼ chitosan; CYP7A1 ¼ cytochrome P450 7A1; FO ¼ fish oil; HF ¼ high-fat; HMGCR ¼ 3-hydroxy-3-

methylglutaryl coenzyme A reductase; ND ¼ normal control diet; qRT-PCR ¼ quantitative reverse transcription polymerase

chain reaction analysis; SD ¼ standard deviation.
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have been shown to prevent fatty liver in HF diet-fed mice,

which serve as an important mediator in the regulation of

lipid metabolism [24,25]. We next investigated effects of chi-

tosan and fish oil on hepatic lipogenesis-associated protein/

gene expressions in HF diet-fed rats. As shown in Figure 3,

supplementation of 5% chitosan combined with 5% fish oil in

the diet could significantly attenuate the HF diet-increased

hepatic LXRa protein expression (Figure 3A) but enhance the

HF diet-decreased hepatic PPARa protein expression

(Figure 3B).

Further investigations were extended to explore effects of

chitosan and fish oil on regulation of hepatic lipogenesis-

associated gene expressions, such as sterol regulatory

element binding proteins-1c (SREBP1c), FAS, fatty acid binding

proteins-4 (FABP4), acyl-CoA oxidase (AOX1), HMGCR, cyto-

chrome P450 7A1 (CYP7A1), and ATP-binding cassette sub-

family A member-1 (ABCA1). As shown in Figure 4, the gene

expressions of FA synthesis (SREBP1c and FAS; Figures 4A and

4B), FA transport (FABP4; Figure 4C), and FA b-oxidation (AOX1;

Figure 4D) induced by HF diet were significantly inhibited by

HF diet supplemented with either 5% chitosan or 5% fish oil

alone, or as combination. In addition, supplementation of 5%

fish oil exerted an additive effect with 5% chitosan on FA b-

oxidation by upregulation of AOX expression as compared
with supplementation of 5% chitosan alone (Figure 4D).

Furthermore, supplementation of either 5% chitosan or 5%

fish oil alone or as combination in the diet significantly

inhibited/promoted the gene expressions of cholesterol syn-

thesis (HMGCR, CYP7A1; Figures 5A and 5B)/cholesterol

excretion (ABCA1; Figure 5C) in the livers of HF diet-fed rats,

respectively. The supplementation of 5% chitosan combined

with 5% fish oil in the diet led to a significant decrease in

CYP7A1 expression as compared with supplementation of 5%

chitosan alone (Figure 5B).
4. Discussion

The present study demonstrated for the first time that the

supplementation of chitosan or fish oil or as combination in

the diet exerted downregulative effects with on the hepatic

lipid metabolism in HF diet-induced obese rats via a mecha-

nism of LXRa inhibition and PPARa promotion-mediated

lipogenesis inhibition.

Functional foods alone or combined with other treatments

have aimed to assist in preventing or delaying the onset and

progression of various diseases. Tang et al [26] have shown

that dietary supplementation of fish oil, which contain

https://doi.org/10.1016/j.jfda.2016.11.015
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abundant omega-3 fatty acid (EPA and DHA), and combined

with lycopene can be against tumor growth, progression, and

inflammation of colon cancer in tumor bearing mice. Mikami

et al [27] (2012) have also indicated that fish oil in combination

with taurine (a sulfur-containing b-amino acid), which had

been considered to be beneficial for the prevention of obesity

via decreasing in hepatic cholesterol levels, improves fat

accumulation through promoting b-oxidation in the livers of

KK-Ag obesemice. In the current study, we found the similar

additive inhibitory effects of fish oil and chitosan on the body

weight and hepatic TC level in HF diet-fed rats after 5 weeks of

administration, although chitosan alone had protected

against obesity for 7 weeks administration in our previous

study [15]. The association between chitosan and obesity has

been well established, but the mode of action and the detailed

mechanism that connect between hepatic lipid-related

metabolic changes and chitosan combined with fish oil still

remain unclear.

In the present study, a paradoxical decrease in the levels of

plasma TG in HF diet-fed rats is consistent with our study and

other previous studies, which may attribute to the down-

regulative expressions of microsomal angiopoietin-like 4 (a

suppressor of lipoprotein lipase in the plasma), triglyceride

transfer protein (a transporter of TG in the liver), and apoli-

poprotein E (a VLDL-TG secretion enhancer in the liver),

causing the result of TG accumulation in the liver [15,28e30].

In addition, the possible mechanism of fish oil in lowering
Figure 6 e Schematic model. The schematic describes a propos

chitosan on the downregulation of hepatic lipid metabolism via

downstream lipogenesis inhibition, which can ameliorate lipid

activation. ⊕ indicates inhibition. Ⓐ indicates the additive effec

of fish oil with chitosan. ABCA1 ¼ ATP-binding cassette subfam

CHOL¼ cholesterol; CYP7A1¼ cytochrome P450 7A1; FA¼ fatty

synthase; HMGCR ¼ 3-hydroxy-3-methylglutaryl coenzyme A r

weight; PPARa ¼ peroxisome proliferator-activated receptor alph
plasma or liver TG is through decreasing activity of

triglyceride-synthesizing enzymes (e.g., diacylglycerol acyl-

transferase or phosphatidic acid phosphohydrolase) in the

liver [31,32]. Furthermore, several studies have indicated that

fish oil can improve the levels of lipoproteins and cholesterol

in the liver, plasma, and feces of humans and animals [33e36].

In the present study, we found that fish oil in combination

with chitosan could also improve the dysregulation of lipid

responses in the liver, plasma, and feces of HF diet-fed rats,

especially in the significant promotion of fecal cholesterol

excretion. These findings suggest that dietary supplementa-

tion of fish oilmay exert the synergistic and additive beneficial

effects with chitosan on the deviated lipid homeostasis

induced by a HF diet.

Recent studies demonstrated that hepatic lipogenic tran-

scription factors (LXRa and PPARa) can be coordinated by

activated adenosine monophosphate (AMP)-activated pro-

tein kinase (AMPK), an important sensor of the cellular en-

ergy homeostasis, and then regulate the downstream

lipogenesis-associated genes in the liver, including FAS,

HMGCR, CYP7A1, FATP, FABP, AOX, and ABCA [37e39]. Based

on these previous studies, LXRa and PPARa have become as

strategical targets for the treatment of obesity and fatty liver.

Hwahng et al [40] have reported that treatment of HF diet-

induced obese mice with dithiolethiones, a novel class of

AMPK activators, for 4 weeks of diet feeding can repress LXRa

activity in the liver, resulting in the inhibition of hepatic TG
ed model that fish oil can exert antiobesity effects with

LXRa inhibition and PPARa promotion-mediated

biosynthesis and accumulation in the liver. ⊖ indicates

t of fish oil with chitosan. Ⓢ indicates the synergistic effect

ily A member-1; AOX1 ¼ acyl-CoA oxidase 1;

acid; FABP4¼ fatty acid binding proteins-4; FAS¼ fatty acid

eductase; LXRa ¼ liver X receptor alpha; MW ¼ molecular

a; SREBP1c ¼ sterol regulatory element-binding protein-1c.
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accumulation and FAS induction. Moreover, Kim et al [41]

have also suggested that panduratin, a natural product iso-

lated from rhizomes of Boesenbergia pandurata Schltr., can

reduce TG accumulation in the livers of HF diet-fed C57BL/6J

mice through PPARa activation. FA synthesis has been

investigated through LXRa activation triggering SREBP1c

upregulation and then FAS induction [17]. The excess FA has

been returned to homeostasis by b-oxidation with the acti-

vation of PPARa/AOX1 signaling pathway [18]. LXR activation

induced by high fat/cholesterol diet may upregulate SREBP2

expressions and cholesterogenic target genes including

HMGCR and CYP7A1 to coordinately boost intracellular levels

of cholesterol [17,19,42]. In the present study, we found that

supplementation of chitosan with fish oil inhibited LXRa

protein expression which could significantly change

lipogenesis/cholesterolgenesis-associated gene expressions

in the livers of HF diet-fed rats, including an increase in FA

synthetic genes (SREBP1c/FAS) and a decrease in cholesterol

synthetic genes (HMGCR/CYP7A1). We further found that

administration of fish oil and chitosan-supplemented diet

could also additively elevate PPARa protein expression and

exert a synergistic promoted effect on the downstream gene

expression of FA b-oxidation (AOX1). Nakatani et al [43] have

indicated that fish oil contained abundant polyunsaturated

fatty acid (e.g., eicosapentaenoic acid) can suppress hepatic

lipogenesis via the binding inhibition of LXRa to LXR ele-

ments and then promote the decrease of the gene expression

of SREBP1c in the mice liver. Furthermore, omega-3 fatty

acids from fish oil have been reported to protect against he-

patic TG accumulation via the activation of PPARa and AOX1,

indicating facilitating hepatic b-oxidation capacity [44].

Therefore, it would be reasonable to assume that fish oil

supplementation could enhance the inhibition of lipogenic

transcription factors and their downstream target genes in

the livers of HF diet rats supplemented with chitosan. The

combination of chitosan and fish oil can serve as a functional

food complex for controlling lipid accumulation and choles-

terol biosynthesis in the liver via LXRa inhibition and PPARa

activation.

In obesity, the characteristics of fatty liver are not only

associated with FA and cholesterol synthesis but also with

the regulation of FA and cholesterol fluxes, including FATPs,

FABPs, and ABCAs [45e47]. Albumin-bound FA is delivered to

cell membrane transporters (FATPs) for translocation into

the liver cells and various membrane-associated FABPs (eg,

FABP4) facilitate the cellular entry of FA, which is subse-

quently esterified into TG and accumulated in the liver [48]. It

has been reported that the higher FABP4 expressions in the

liver could be as a predictor of insulin resistance in morbidly

obese patients [49]. Moreover, they also found that ob/ob

obese mice had a more significant increase in hepatic FABP4

expression than wild type mice [49]. For sterol transport,

ABCA1 is known as a major hepatic transporter to promote

the transfer of hepatic cholesterol and phospholipids to

apoprotein A-I to form HDL. Xie et al [50] have shown that

omega-3-rich fish oil and perilla oil can intervene against the

obesity through the elevation of the hepatic ABCA1 expres-

sion. In the present study, we found that dietary supple-

mentation of chitosan and fish oil significantly decreased/
increased the hepatic mRNA expressions of FABP4/ABCA1,

respectively, and alleviated the levels of TG and cholesterol

in the livers of HF diet-fed rats. It is therefore feasible that

fish oil can synergistically and additively ameliorate TG and

cholesterol accumulation in the liver via the inhibition

of FA synthesis and promotion of cholesterol effluxes,

respectively.

Recently, several studies have reported the impact of

combined therapy with various molecular species on obese-

related diseases including obesity and nonalcoholic fatty

liver disease through biochemical and histological ap-

proaches, but there are few reports with an investigation of

the combination treatment in the regulation hepatic lipid/

cholesterol metabolism through molecular approaches. Yoo

et al [51] (2013) have indicated a combined treatment of

probiotics Lactobacillus plantarum and Lactobacillus curvatus is

applied to ameliorate diet-induced obesity with an additive

effect on lowering final body weight and liver weight

through altering hepatic lipid-related metabolism genes.

The other study has shown that hepatic lipid accumulation

induced by high fat diet in C57BL/6J mice could be amelio-

rated by ursolic acid (UA, a natural pentacyclic triterpenoid

carboxyl acid from some traditional medicine herbs) or

rosiglitazone (RSG, a well-known antihyperglycemic rem-

edy), or as combination through the downregulation of

SREBP1c and FAS gene expressions and the upregulation of

PPARa gene and protein expression [52]. Besides, they have

also suggested that the additive effect of the UA with RSG on

TG and TC. In the present study, our results show the similar

additive effect of fish oil with chitosan as the previous study

[52] that hepatic lipid accumulation or higher cholesterol

levels could be reversed by fish oil or chitosan, or as com-

bination through the regulation of LXRa-mediated lipid or

cholesterol biosynthesis and metabolism. Furthermore, we

also suggested that the additive effects of fish oil with chi-

tosan on hepatic key lipid or cholesterol regulators LXRa and

PPARa protein or gene expressions and their related down-

stream signals, such as AOX1 and CYP7A1, were also per-

formed in the HF diet-fed rats.

Based on evidence shown in the present study, we

conclude that both fish oil and chitosan can significantly exert

antiobesity effects on the downregulation of hepatic lipid

metabolism via LXRa inhibition and PPARa promotion-

mediated downstream lipogenesis inhibition, which can

ameliorate lipid biosynthesis and accumulation in the liver

(Figure 6).
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