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Dietary supplementation with soy isoflavones or replacement
with soy proteins prevents hepatic lipid droplet accumulation
and alters expression of genes involved in lipid metabolism in rats

Chao Wu Xiao • Carla M. Wood • Dorcas Weber •

Syed A. Aziz • Rekha Mehta • Philip Griffin •

Kevin A. Cockell

Received: 21 June 2013 / Accepted: 19 November 2013 / Published online: 30 November 2013

� Her Majesty the Queen in Right of Canada as represented by the Minister of Health 2013

Abstract Accumulation of hepatic lipid droplet (HLD) is

the hallmark pathology of non-alcoholic fatty liver disease

(NAFLD). This study examined the effects of soy iso-

flavones (ISF) and different amounts of soy proteins on the

accumulation of HLD, lipid metabolism and related gene

expression in rats. Weanling Sprague–Dawley rats were

fed diets containing either 20 % casein protein without

(D1) or with (D2) supplemental ISF (50 mg/kg diet) or

substitution of casein with increasing amounts of alcohol-

washed soy protein isolate (SPI, 5, 10, and 20 %; D3, D4,

D5) for 90 days. Dietary casein (20 %) induced accumu-

lation of HLD in female, but not in male rats. Both soy

proteins and ISF remarkably prevented the formation of

HLD. Soy proteins lowered hepatic total cholesterol and

triglyceride in a dose-dependent manner. Interestingly, soy

proteins but not ISF significantly increased free fatty acids

in the liver of the female rats compared to D1. Proteomic

analysis showed that at least 3 enzymes involved in lipo-

genesis were down-regulated and 7 proteins related to fatty

acid b-oxidation or lipolysis were up-regulated by soy

protein over D1. Additionally, 9 differentially expressed

proteins identified were related to amino acid metabolism,

5 to glycolysis and 2 to cholesterol metabolism. Dietary

ISF and SPI markedly reduced hepatic-peroxisome-pro-

liferator-activated receptor c2 (PPARc2) and fat-specific

protein 27 (FSP27) in female rats. Overall, this study has

shown that partial or full replacement of dietary casein by

soy protein or supplementation with soy ISF can effec-

tively prevent the accumulation of HLD. The potential

molecular mechanism(s) involved might be due to sup-

pression of lipogenesis and stimulation of lipolysis and

down-regulation of PPARc2 and FSP27. This suggests that

consumption of soy foods or supplements might be a useful

strategy for the prevention or treatment of fatty liver

diseases.
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Introduction

Fatty liver is the most common chronic liver disease in the

Western world and has a prevalence of up to 34 % in the

USA. This rate increases to over 50 % in the obese pop-

ulation and 70 % in type II diabetic patients (Browning

et al. 2004; Ong and Younossi 2007). Accumulation of

triglyceride (TG) in hepatocytes and formation of exces-

sive hepatic lipid droplets (HLD) are typical features of

non-alcoholic fatty liver disease (NAFLD) (Angulo 2002).

NAFLD involves a variety of histological changes

Electronic supplementary material The online version of this
article (doi:10.1007/s12263-013-0373-3) contains supplementary
material, which is available to authorized users.

C. W. Xiao (&) � C. M. Wood � P. Griffin � K. A. Cockell

Nutrition Research Division, Bureau of Nutritional Sciences,

Health Products and Food Branch, Health Canada, Ottawa,

ON K1A 0K9, Canada

e-mail: chaowu.xiao@hc-sc.gc.ca

C. W. Xiao

Department of Cellular and Molecular Medicine, University of

Ottawa, Ottawa, ON, Canada

D. Weber

Food Research Division, Health Products and Food Branch,

Health Canada, Ottawa, ON K1A 0K9, Canada

S. A. Aziz � R. Mehta

Toxicological Research Division, Bureau of Chemical Safety,

Food Directorate, Health Products and Food Branch, Health

Canada, Ottawa, ON K1A 0K9, Canada

123

Genes Nutr (2014) 9:373

DOI 10.1007/s12263-013-0373-3

http://dx.doi.org/10.1007/s12263-013-0373-3


including simple steatosis progressing to steatohepatitis,

fibrosis and cirrhosis (Hakkak et al. 2012).

Soy consumption has been shown to improve blood lipid

profiles, reduce hepatic lipid accumulation, suppress gene

expression for lipogenic enzymes and up-regulate gene

expression for lipid degradation (Badger et al. 2008; Frigolet

et al. 2011) (Kitawaki et al. 2009) (Torre-Villalvazo et al.

2008). Feeding soy diets attenuated the formation and

accumulation of liver lipid droplets and reduced TG content

in both obese (Tovar et al. 2005; Gudbrandsen et al. 2006;

Davis et al. 2007) and non-obese rats (Simmen et al. 2010).

However, the molecular events involved in the hypolipi-

demic effects and NAFLD prevention of soy are different in

obese and non-obese animals. In non-obese rats, soy proteins

modulated the lipid metabolism through suppression of the

expression of hepatic lipogenic genes such as sterol regula-

tory element-binding protein-1, malic enzyme and fatty acid

synthase and increased 3-hydroxy-3-methyl-glutaryl-CoA

reductase, 3-hydroxy-3-methyl-glutaryl-CoA synthase and

low density lipoprotein receptor (Tovar et al. 2002). Con-

versely, in the obese rats, soy proteins (20 %) increased the

hepatic lipogenesis, which might be attributed to increased

serum insulin levels (Hakkak et al. 2012). Attenuation of the

hepatic fat accumulation and liver damage as well as hepa-

tocellular vacuolation by soy proteins was shown to be

through restoration of the b-catenin signaling which is sup-

pressed in obese rats compared to their lean mates (Zhou

et al. 2013).

Soy contains two major storage proteins, b-conglycinin

and glycinin which account for about 90 % of total protein

(Torres et al. 2006). The protein-associated isoflavones are

the major soy phytoestrogens, and mainly consist of geni-

stein, daidzein and glycitein (Anthony et al. 1996; Miniello

et al. 2003). Although many studies on the potential

physiological functions of soy proteins and isoflavones

have been conducted, the components involved in the

hypolipidemic functions of soy remain controversial. For

example, soy protein significantly lowered serum TG and

cholesterol levels and altered the expression of genes

involved in fatty acid and/or steroid synthesis in the liver of

the rats compared to casein. Isoflavone supplementation

had little effect on these parameters. This led to the con-

clusion that soy proteins, but not isoflavones, reduced liver

lipogenesis (Takahashi and Konishi 2011). Moreover,

prevention of fat droplet formation and accumulation in the

liver of non-obese rats fed soy diets was independent of

genistein (Simmen et al. 2010). On the other hand, iso-

flavones have been shown to regulate hepatic lipogenesis,

insulin resistance or adiposity as well as adipocytokines

involved in hepatic steatosis (Kim and Kang 2012).

Daidzein, one of the major soy isoflavones, down-regulated

carbohydrate-responsive element-binding protein, liver X

receptor b and its target genes for lipogenic enzymes in the

mice (Kim et al. 2011) (Crespillo et al. 2011). Genistein

remarkably ameliorated development of NAFLD in insu-

lin-resistant rats (Mohamed et al. 2009) and high-fat-fed

mice (Kim et al. 2010).

The molecular event(s) of soy proteins and isoflavones

involved in the modulation of HLD accumulation and

prevention of NAFLD are still not fully understood. Par-

ticularly, the amount of soy intake needed to be effective

has not been established. In most of the previous studies

published, soy proteins were used to completely replace

animal proteins (mainly casein). However, this appears to

be unlikely in human consumption except in the infants fed

soy-based formulas. This raises the question as to how

much soy proteins or isoflavones should be consumed to

have beneficial effects such as prevention of NAFLD. The

objective of this study was to determine the effect of

feeding soy-derived isoflavones or various amounts of soy

proteins on blood lipid levels and HLD formation as well

as hepatic gene expression in rats.

Materials and methods

Chemicals and reagents

Alcohol-washed soy protein isolate (SPI, Pro Fam 930) and

Novasoy soy isoflavone concentrate were purchased from

Archer Daniels Midland Company (Decatur, IL). Casein

protein (90 % purity) was from Harlan Laboratories

(Madison, WI). Tris, glycine and phenylmethylsulfonyl

fluoride (PMSF) were from Sigma Chemical Co. (St.

Louis, MO). ECL Western blotting detection kits and CL-

X PosureTM Film were obtained from Thermo Scientific

(Rockford, IL). Nitrocellulose membranes, Criterion pre-

cast gels, goat anti-rabbit IgG (H ? L)-horseradish per-

oxidase (HRP)-conjugated antibody, goat anti-mouse IgG

(H ? L)-HRP-conjugated antibody and Bio-Rad protein

assay kits were purchased from Bio-Rad Laboratories

(Hercules, CA). Rabbit polyclonal antibodies against fat-

specific protein 27 (FSP27) and peroxisome-proliferator-

activated receptor (PPAR) c2, mouse monoclonal anti-

bodies against FSP27 and b-tubulin were from Abcam Inc

(Cambridge, MA). Rabbit polyclonal antibody against

patatin-like phospholipase domain containing 3 (PNPLA3)

was purchased from LifeSpan BioSciences, Inc. (Seattle,

WA). Reagents for cholesterol, triglyceride and non-

esterified fatty acid (NEFA) were from Wako Chemicals

(Richmond, VA).

Animals and diets

Animal experimental protocols were approved by the

Health Canada-Ottawa Animal Care Committee, and all
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animal handling and care followed the guidelines of the

Canadian Council for Animal Care. Weanling Sprague–

Dawley rats were randomly divided into 5 groups (8

females and 8 males/group) and fed diets containing either

20 % casein without (D1) or with (D2) supplemental ISF

(50 mg/kg diet) to provide the same amount of ISF as

contained in 20 % SPI diet, or increasing amounts (5, 10,

or 20 %; D3, D4, D5) of alcohol-washed SPI for 90 days.

All diets were formulated according to the specifications

for the AIN93G diet (Reeves et al. 1993) except that

L-cystine was replaced by L-methionine, and in D3-5,

casein by equal amounts of alcohol-washed SPI (5, 10, and

20 %) (Table 1). At the end of the feeding, all rats were

necropsied for collection of blood and tissue samples. One

portion of the liver from the same lobe of each rat was

fixed in 4 % formaldehyde for immunohistological

analysis.

Measurement of liver and serum lipids

Total lipids were extracted from liver samples using

chloroform–methanol method (FOLCH et al. 1957).

Briefly, homogenized tissues were mixed with chloroform–

methanol mixture (2:1) in a final dilution of 20-fold the

volume of the tissue sample. The crude extract was col-

lected after centrifugation. After rinsing and washing, the

lipid phase was evaporated to dryness under nitrogen.

Lipids were resuspended in isopropanol and 10 % Triton

100 by sonication and stored at -84 �C until further ana-

lysis. Total cholesterol (TC), TG and free fatty acid (FFA)

levels in liver extracts, total, free, HDL and LDL choles-

terol, and TG in serum were measured by a microplate

enzymatic method (Wako Chemicals).

Measurement of HLD and immunohistological analysis

of FSP27

The fixed liver tissues were embedded and sectioned. For

the assessment of HLD formation and accumulation, sec-

tions were stained with hematoxylin and eosin. The cir-

cumference of 100 randomly selected fat droplets in five

fields of each section at 209 was measured under micro-

scope using the software Northern eclipse version 7.0

(Empix Imaging, Inc., Mississauga, ON), and the total

HLD areas were calculated. Liver sections were immuno-

stained with mouse anti-FSP27 monoclonal antibody

(1:100).

Total protein extraction and Western blotting

For the total protein extraction, rat liver samples were

homogenized in lysis buffer using an Ultra Turrax T8

homogenizer (VWR). The samples were centrifuged

(15,0009g, 20 min), and the supernatant was retained.

Protein content of the extracts was determined with the

Bio-Rad DC Protein Assay Reagent. Total protein samples

Table 1 Composition of experimental diets

Ingredient (g/kg diet) D1 D2 D3 D4 D5

Casein1 222.2 222.2 166.5 111.1 –

Soy protein2 – – 55.6 111.1 222.2

Sucrose 100.0 100.0 100.0 100.0 100.0

Cornstarch 375.3 375.1 375.3 375.3 375.3

Dextronized cornstarch 132.0 132.0 132.0 132.0 132.0

Soybean oil 70.0 70.0 70.0 70.0 70.0

Cellulose 50.0 50.0 50.0 50.0 50.0

Mineral mix3 35.0 35.0 35.0 35.0 35.0

Vitamin mix3 10.0 10.0 10.0 10.0 10.0

Choline Bitartrate 2.5 2.5 2.5 2.52.5

L-Methionine 3.0 3.0 3.0 3.0 3.0

Tert-Butylhydroquinone 0.014 0.014 0.014 0.014 0.014

Novasoy2 – 0.167 – – –

Actual content of isoflavones4 (mg/kg diet) 0.0 50.1 12.7 25.4 50.1

1 Casein from Harlan Laboratories (Madison, WI) contains 90 % crude protein
2 Alcohol-washed soy protein isolate containing 90 % crude protein and Novasoy isoflavone concentrate containing 30 % total isoflavones were

purchased from Archer Daniels Midland Company (Decatur, IL)
3 AIN-93G Mineral mix (Reeves et al. 1993) and AIN-93G Vitamin mix (Reeves et al. 1993) were from Harlan Laboratories
4 The actual content of isoflavones was determined by Waters HPLC linear gradient with UV detection monitored at 254 nm (Wang and Murphy

1994)
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(120 lg) were mixed with loading buffer, resolved by

8–16 % gradient SDS-PAGE and electrotransferred onto

nitrocellulose membranes. After blocking for 1 h with

nonfat milk powder (5 %) in Tris-buffered saline

(10 mmol/L Tris, 150 mmol/L NaCl; TBS) and Tween-20

(0.05 %; TBS-T), membranes were incubated overnight

with FSP27, PPARc2 or PNPLA3 antibodies in TBS-T

containing nonfat milk powder, and subsequently with

HRP-conjugated secondary antibody (1:5,000) in TBS-T

with milk powder at room temperature for 45 min.

Immunoreactivity was detected by chemiluminescence

autoradiography in accordance with the manufacturer’s

instructions, and the images were scanned. All membranes

were stripped and reprobed with b-tubulin antibody

(1:5000). The intensities of protein bands of interest and

the b-tubulin band were determined densitometrically

using Scion Image (Scion Corporation, Frederick, MA).

The intensities of the target proteins were normalized to the

respective b-tubulin intensity.

Proteomic analysis of liver proteins

Liver tissue samples (3/group) randomly chosen from the

rats fed diets containing either 20 % casein (D1) or 20 %

SPI (D5) were sonicated in 2-D cell lysis buffer, and then

centrifuged. The supernatant was collected and measured

for protein concentration using the Bradford assay (Bio-

Rad). An equal amount of protein from each sample was

mixed as the internal standard and labeled with diluted

Cyanine (Cy) 2. For each pair, 30 lg of protein was mixed

with 1.0 ll of diluted Cy3 (casein) and Cy5 (soy),

respectively, and kept in the dark on ice for 30 min. Each

Cy-dye-labeled soy and casein pair was mixed together,

and added with an equal volume of labeled internal stan-

dard, and loaded to pH 3–10 linear IPG strips (GE

Healthcare). The IEF was run for 12-h rehydration at

20 �C, followed by 500 V for 1,000 VHr, 1,000 V for

2,000 VHr and 8,000 V for 24,000 VHr. Upon completion

of the IEF, the IPG strips were transferred into 12 % SDS-

PAGE gels and run at 15 �C.

Gel images were scanned immediately using Typhoon

TRIO (Amersham BioSciences) and analyzed by Image

Quant software (version 6.0, Amersham BioSciences).

Biological Variation Analysis was conducted using

DeCyder 2D software Version 6.5 (Amersham BioSci-

ences). Protein expression fold changes and p-values were

obtained from DeCyder analysis. The spots of interest were

picked up by Ettan Spot Picker (Amersham BioSciences)

based on the inter-gel analysis and spot picking designed

by DeCyder software. Protein in-gel digestion was per-

formed and the peptides resulting from the digestion were

further cleaned up using C18 packed tips before injection

onto the nano LC/MS/MS system. Data acquisition was

performed using the Water’s Masslynx software in data-

directed analysis mode to obtain a list of MS and their

corresponding MS/MS spectra. The data were analyzed

using a bioinformatic software package: Mascot (from

Matrix Science) and Proteinlynx global server (PLGS from

Water’s) for the characterization and identification of

peptides and proteins.

Statistical analysis

One-way or two-way ANOVA were used to determine the

significance of overall effect. Differences between individ-

ual group means were determined by Fisher’s least signifi-

cant difference test. A probability of p \ 0.05 was

considered to be significant. Data are presented as the

mean ± SEM. Means with different letters differ, p \ 0.05.

Results

Food consumption, liver and body weights

Food consumption and body weights did not differ among

the dietary groups in both male and female rats (p [ 0.05,

data not shown). The relative liver weights (% body

weight) were not different among the dietary groups except

that the male rats fed 10 % (2.49 ± 0.05) (D4) or 20 % SPI

(2.48 ± 0.06) (D5) had significantly lower relative liver

weights compared to those fed Casein ? ISF (2.74 ± 0.09,

p \ 0.05) (D2).

Hepatic lipid droplets

The size and number of hepatic lipid droplets in the livers

of the female rats fed D1 (Fig. 1a) were remarkably larger

than those of the male rats fed the same diet (image not

shown) and were significantly reduced by addition of

supplemental isoflavones (D2, Fig. 1b). Partial (Fig. 1c, d)

or full (Fig. 1e) replacement of casein by increasing

amounts of soy proteins completely prevented the forma-

tion of lipid droplets (p \ 0.01). The total areas of lipid

droplets randomly measured in each liver section of the rats

fed isoflavones or soy proteins were remarkably smaller

than those of the rats fed D1 (p \ 0.001, Fig. 1f).

Liver total cholesterol (TC), triglycerides (TG)

and free fatty acid (FFA) contents

Hepatic total cholesterol contents were not different in the

rats fed casein with (D2) or without (D1) supplemental

isoflavones (p [ 0.05), however, were remarkably lowered

by increasing amounts of alcohol-washed soy proteins

(p \ 0.05, Fig. 2). Hepatic TG and FFA contents in the
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female rats fed D1 were markedly higher than those of the

male rats fed the same diet (p \ 0.01). Intake of higher

amounts of SPI (10 and 20 % in females, and 20 % in

males) significantly reduced liver TG compared to D1.

Interestingly, the hepatic FFA contents in the female rats

fed all SPI diets (D3-5) and males fed 20 % SPI (D5) were

markedly higher than in those fed D1 (p \ 0.05, Fig. 2).

Serum lipid profiles

Levels of serum lipids including free, total, HDL and LDL

cholesterol, and TG were unchanged among dietary groups

except that free, total, HDL and LDL cholesterol, and TG were

significantly lower in the male rats fed diet containing 10 %

Casein ? 10 % SPI (D4) than in those fed D1 (Table 2).
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Fig. 1 Liver histology of the female rats fed diets containing 20 %

casein in the absence (a) or presence (b) of supplemental ISF (50 mg/

kg diet) or increasing amounts of alcohol-washed SPI, 5 % (c), 10 %

(d) or 20 % (e) for 90 days. Hematoxylin and eosin staining shows

accumulation of intracellular lipid droplets, original magnification

9100 and the total areas of hepatic lipid droplets (f) were measured.

The images shown are representatives of 4 replicates of each
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Fig. 2 Hepatic total cholesterol

(TC), triglyceride (TG) and free

fatty acid (FFA) contents in the

female (a) and male (b) rats fed

diets containing 20 % casein in

the absence (D1) or presence

(D2) of supplemental ISF

(50 mg/kg diet) or increasing

amounts of alcohol-washed SPI

(D3: 5 %, D4: 10 %, or D5:

20 %) for 90 days. Values are

mean ± SEM, n = 8. Means

with different letter differ,

p \ 0.05

Table 2 Serum lipid content in rats fed diets containing either casein or increasing amounts of alcohol-washed SPI

mg/ml

D11 D21 D31 D41 D51

Male

Cholesterol

Total 1.05 ± 0.10a 0.95 ± 0.08a 0.90 ± 0.09ab 0.74 ± 0.06b 0.94 ± 0.10a

Free 0.23 ± 0.02a 0.21 ± 0.02ab 0.20 ± 0.02ab 0.17 ± 0.01b 0.24 ± 0.03a

LDL2 0.78 ± 0.08a 0.70 ± 0.06ab 0.68 ± 0.07ab 0.57 ± 0.04b 0.69 ± 0.06ab

HDL2 0.57 ± 0.05a 0.51 ± 0.04ab 0.49 ± 0.04ab 0.43 ± 0.03b 0.55 ± 0.05a

Triglyceride 0.68 ± 0.11 0.85 ± 0.17 0.98 ± 0.22 0.67 ± 0.12 0.90 ± 0.16

FFA2 (mmol/L) 0.61 ± 0.02 0.58 ± 0.03 0.59 ± 0.06 0.49 ± 0.04 0.54 ± 0.03

Female

Cholesterol

Total 0.92 ± 0.07 0.89 ± 0.07 0.93 ± 0.04 0.93 ± 0.10 0.91 ± 0.07

Free 0.24 ± 0.02 0.24 ± 0.02 0.25 ± 0.02 0.24 ± 0.03 0.23 ± 0.01

LDL 0.64 ± 0.05 0.61 ± 0.05 0.67 ± 0.04 0.71 ± 0.07 0.69 ± 0.05

HDL 0.53 ± 0.04 0.51 ± 0.03 0.50 ± 0.02 0.56 ± 0.06 0.54 ± 0.03

Triglyceride 0.58 ± 0.16 0.48 ± 0.10 0.42 ± 0.06 0.59 ± 0.09 0.41 ± 0.11

FFA (mmol/L) 0.73 ± 0.07a 0.60 ± 0.04b 0.66 ± 0.06ab 0.62 ± 0.04ab 0.61 ± 0.02b

Values are means ± SEM, n = 8. Means in the same row with different superscripts differ, p \ 0.05
1 D1: 20 % casein; D2: 20 % casein ? 50 mg isoflavones/kg diet; D3: 15 % casein ? 5 % SPI; D4: 10 % casein ? 10 % SPI; D5: 20 % SPI
2 LDL low density lipoprotein, HDL high density lipoprotein, FFA free fatty acids
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Table 3 Differentially

expressed liver proteins in the

female rats fed diets containing

either 20 % casein or SPI

Protein Ratio ofSPI/Casein p value

FA b-oxidation

Peroxisomal acyl-coenzyme A oxidase 1 1.34 0.002

Long-chain enoyl-CoA hydratase/3-hydroxycyl-CoA dehydrogenase a 1.42 0.002

Peroxisomal multifunctional enzyme type 2 1.89 0.026

Lipolysis

Liver carboxylesterase 3 1.49 0.037

Carboxylesterase 1.86 0.058

Acyl-CoA synthetase 2.11 0.070

ATP synthase c 1.56 0.015

FA synthesis

Fatty acid synthase -1.63 0.019

Cytoplasmic aconitate hydratase -1.87 0.094

Glucose-6-phosphate dehydrogenase -2.01 0.091

Glycolysis

Glyceraldehyde 3-phosphate-dehydrogenase 1.84 0.003

Cytochrome b-c1 complex subunit 2 1.33 0.034

Fructose-biphosphatase 1.60 0.097

Biliverdin reductase A precursor -1.38 0.06

Pyruvate dehydrogenase E1 a1 -1.36 0.00091

Cholesterol metabolism

Non-specific lipid-transfer protein 2.45 0.0027

SEC14-like protein 2 1.46 0.00027

Amino acid metabolism

Sarcosine dehydrogenase -2.62 0.0063

Carbamoyl-phosphate synthase -1.53 0.0180

X-amidase NIT2 1.31 0.0072

S-adenosylmethionine synthase isoform type-1 1.35 0.0017

Cystathionine c-lyase 1.77 0.0360

Alanine–glyoxylate aminotransferase 2 2.04 0.0013

Dihydrodipicolinate synthase-like 2.14 0.0055

4-trimethylaminobutyraldehyde dehydrogenase 2.19 3.9E - 05

Kynurenine aminotransferase III, isoform CRA_a 1.78 0.02

Oxidative stress

Glutathione S-transferase X-1 1.37 0.046

Glutathione S-transferase a-2 1.32 0.038

Hydroxyacid oxidase 1 1.56 0.001

Catalase 1.98 0.0002

Others

Low M(r) phosphotyrosine protein phosphatase isoenzyme AcP1 1.32 0.012

Rhodanese 1.90 0.0002

Ubfd1 protein 1.35 0.022

rCG50422, isoform CRA_a -1.83 -0.051

Cytokeratin 8 polypeptide -1.67 0.011

F alloantigen -1.48 0.005

Complement component C8 a -1.43 0.015

Early endosome antigen 1 -1.40 0.032

Hypothetical protein LOC499136 -1.39 0.001

PREDICTED: ribosomal protein L9-like 1.30 0.006

Keratin, type I cytoskeletal 10 1.37 0.002

Alcohol sulfotransferase 1.71 0.009

PREDICTED: hypothetical protein 1.73 0.013

rCG55900 1.73 0.001

Uricase 1.83 0.0005
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Hepatic proteins differentially expressed or modified

by dietary proteins in female rats

Fifty-eight protein spots were detected to be different

between the rats fed 20 % casein (D1) and 20 % SPI (D5)

(Suppl. Fig. 1) at a cut off of p \ 0.10 and were picked up

for identification. They were identified to be 35 proteins.

Among them, seven proteins involved in either FA b-oxi-

dation (peroxisomal acyl-CoA oxidase 1, long-chain enoyl-

CoA hydratase and peroxisomal multifunctional enzyme

type 2) or lipolysis (liver carboxyl- esterase 3, carboxyl-

esterase, acyl-CoA synthetase and ATP synthase c) were

up-regulated and 3 involved in lipogenesis (fatty acid

synthase, cytoplasmic aconitate hydratase and glucose-6-

phosphate dehydrogenase) were down-regulated by soy

proteins; Other differentially expressed or modified pro-

teins identified were 5 involved in glycolysis, 2 related to

cholesterol metabolism, 9 to amino acid metabolism, 4

oxidative stress and 3 to immune responses (Table 3).

Hepatic FSP27, PNPLA3 and PPARc2 expressions

Dietary SPI (D3-5) and ISF (D2) reduced hepatic FSP27

protein content compared to casein diet (D1, p \ 0.01) in

female (Fig. 3a), but not in male rats (Fig. 3b). Immuno-

histological results showed that FSP27 is heavily localized

in the cytoplasm of the liver cells in the female rats fed

20 % casein diet (D1, Fig. 4a). FSP27 labeling indexes

(percentage of the cells expressed FSP27 and abundance of

FSP27) in the rats fed ISF (D2) and soy proteins (D3-5)

were remarkably lower than in those fed D1 (p \ 0.01,

Fig. 4b).

The protein contents of the liver PPARc2, a direct

regulator of FSP27, in the female rats fed diets containing

supplemental ISF (D2) or increasing amounts of SPI (D3-

5) were markedly lower than that in the rats fed casein diet

(D1, p \ 0.01, Fig. 5). The abundances of hepatic

PNPLA3 protein in the female rats were not changed by

different diets (Suppl. Fig. 2).

Discussion

The present study showed that female rats fed casein diet

had much more and larger lipid droplets accumulated in the

livers than the male rats fed the same diet. Both dietary soy

proteins (D3-5) and ISF (D2) remarkably reduced the

formation of hepatic lipid droplets in the female rats. The

hepatic TC levels in both females and males fed 20 %

casein diet were similar, however, and were significantly

lowered by a replacement of as low as 5 % casein with the

same amount of SPI. Addition of soy ISF similar to the

amount contained in 20 % SPI diet (D5) into the casein diet

(D2) did not significantly reduce the hepatic TC compared

to casein control (D1). This indicates that soy protein may

play a major role in the hypocholesterolemic actions of the

soy observed in this study.

Interestingly, the hepatic TG content in the female rats

fed casein diet was 65 % higher than in the male rats fed

the same diet. This difference may explain why the HLD

was not formed and accumulated in the males. Intake of

increasing amounts of soy protein dose-dependently

reduced the hepatic levels of TG compared to the casein

diet in the female rats, whereas the ISF added in the casein

diet had no significant effect. These results were consistent

with previous studies showing that soy protein plays a

major role in the lipid-lowering action and hypocholeste-

rolemic properties of soy (Forsythe 1995; Adams et al.
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different letter differ, p \ 0.05
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2002; Jenkins et al. 2002). It has also been shown that

intact dietary soy protein, but not an ISF-rich soy extract

improved plasma lipids in ovariectomized cynomolgus

monkeys (Greaves et al. 1999). Additionally, 20 % SPI

significantly reduced abdominal fat, liver TG and accu-

mulation of lipid droplets in SD rats compared to 20 %

casein diet containing the similar amount of genistein to

the SPI diet (Simmen et al. 2010). Our results are also

supported by a study showing hypolipidemic effects of b-

conglycinin, one of the major soy storage proteins, in the

hypercholesterolemic rats, which are comparable to the

hypolipidemic drugs, fenofibrate and rosuvastatin (Ferreira

et al. 2012). It has been suggested that the lipid-lowering

actions of b-conglycinin might be a result of increased

insulin sensitivity of the rat liver (Tachibana et al. 2010).

However, short peptides derived from b-conglycinin were

able to suppress the synthesis of TG and cholesterol in the

cultured human liver cell line, HepG2 cells (Mochizuki

et al. 2009), with absence of insulin. This indicates that

other mechanisms may be involved in the action of soy

proteins. Glycinin, another storage protein, was also shown

to decrease liver TG and improve the atherogenic index in
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the rats exposed to hypercholesterolemic diet (Fassini et al.

2011).

Soy proteins and ISF had minimal or no effect on serum

lipids in the present study. This might be attributable to the

low fat content in the diets used, which failed to remark-

ably increase the base levels of the blood lipids in the

control rats. Interestingly, all soy protein diets significantly

increased FFA contents in the liver of the female rats

compared to the casein diets, and added ISF had no such

effect. The serum levels of FFA were significantly lower in

the female rats fed casein ? ISF (D2) and 20 % SPI (D5)

compared to the rats fed casein diet (D1). This suggests

that dietary soy proteins may be responsible for the high

levels of FFA in the liver, whereas ISF is associated with

decreased FFA levels in the blood. Increased liver FFA by

soy protein was probably derived from increased lipolysis

in the liver and/or adipose tissues (Bradbury 2006; Tovar

and Torres 2010) rather than de novo synthesis since the

content of the enzymes involved in FA synthesis were

suppressed while the abundances of lipolytic enzymes were

increased as demonstrated by the proteomic analysis in the

present study.

Casein is a major protein (80 %) in bovine milk, a basic

food for most infants and children and a common food for

adults in most western societies, while soy proteins are the

most consumed plant proteins worldwide. Our results

showed that dietary soy proteins compared to casein up-

regulated the expression of genes involved in FA b-oxi-

dation, lipolysis, glycolysis and oxidative stress, and down-

regulated the gene expression related to FA synthesis. This

indicates that the hypotriglyceridemic actions of soy pro-

teins may be mediated through suppressed synthesis and

enhanced catabolism of TG and FA in the liver. Interest-

ingly, it appears that the formation and accumulation of

HLD is not only determined by the amount of hepatic TG.

For example, although the hepatic TG content in the female

rats fed casein ? ISF (D2) and 5 % SPI (D3) were not

significantly different from that of the rats fed casein (D1),

their HLD accumulation was remarkably lowered. These

results suggest that soy protein and ISF may impact the

formation of lipid droplets through different mechanism(s).

To further understand the potential cellular events

involved in the modulation of HLD formation and accumu-

lation by soy protein and ISF, we measured the expression of

FSP27 and its upstream regulator PPARc2 (Uno et al. 2012)

as well as PNPLA3 in the liver. FSP27, originally identified

as a cell-death-inducing DFF45-like effector C, was shown

to be lipid-droplet-associated protein and promote the for-

mation of lipid droplet by enhancing TG accumulation

within lipid droplets and regulating fat storage (Puri et al.

2007, 2008; Keller et al. 2008). Overexpression of FSP27 in

the liver of the leptin-deficient (ob/ob) mouse increased

hepatic TG content (Matsusue et al. 2008). The expression of

liver PPARc2 was up-regulated in response to overnutrition

and genetic obesity (Vidal-Puig et al. 1996; Medina-Gomez

et al. 2005) and plays an important role in mediating the

preventive effect of b-conglycinin on high-fat-diet-induced

fatty liver in mouse (Yamazaki et al. 2012). PNPLA3 gene

polymorphisms (Romeo et al. 2008) and expression have

been recently shown to be associated with NAFLD. Hepatic

PNPLA3 expression was strongly correlated with hepatic

TG content in humans (Pirazzi et al. 2012), and reduced

PNPLA3 expression prevented NAFLD in rats (Kumashiro

et al. 2013).

Our results showed that the casein diet with addition of

ISF and all SPI diets markedly reduced the hepatic content

of FSP27 protein compared to the casein diet. This was also

supported by the immunohistological analysis showing that

the percentage of FSP27-expressed cells in the liver of the

female rats fed casein diet was markedly higher than those

fed ISF and SPI diets. This indicates that the reduced

accumulation of HLD by added ISF may be mainly med-

iated through suppression of FSP27 in the liver and that soy

proteins were able to attenuate the abundance of both

FSP27 and hepatic TG, thereby preventing fatty liver. We

further demonstrated that suppression of FSP27 by dietary

ISF and SPI was probably through dow-regulation of its

upstream transcription factor, PPARc2. This is consistent

with that soy-b-conglycinin-decreased FSP27 mRNA

expression and suppressed PPARc2 in mouse (Yamazaki

et al. 2012). To the best of our knowledge, the present

study is the first to show the inhibitory effects of soy iso-

flavones on hepatic FSP27 protein and accumulation of

HLD. PNPLA3 protein level was not affected by diets in

this study, indicating that it did not play a major role in

mediating the effect of dietary ISF and soy proteins on the

prevention of HLD accumulation.

In summary, this study demonstrated that feeding a very

low level (50 mg/kg diet) of ISF and partial or full
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replacement of dietary casein by soy proteins can effec-

tively prevent the formation and accumulation of HLD in

female rats. Dietary ISF and soy proteins markedly reduced

the liver FSP27 and PPARc2 proteins in female rats. The

potential underlying molecular mechanism(s) might be

through suppression of FA synthesis or stimulation of

lipolysis and down-regulation of PPARc2 and FSP27. The

results suggest that consumption of soy foods or supple-

ments might be a useful strategy in prevention or treatment

of fatty liver diseases. However, the gender difference in

diet-induced HLD accumulation and lipid profile observed

in this study remains to be elucidated.
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