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Abstract

Soy intake acts hypolipidemically. Besides isoflavones, soy protein itself is suggested to influence plasma lipid concentrations. We

investigated the effects of an alcohol-washed isoflavone-poor soy protein isolate on plasma and liver lipids and the hepatic expression of

genes encoding proteins involved in cholesterol and fatty acid metabolism. Therefore, rats were fed diets containing 200 g/kg of either

ethanol-extracted soy protein isolate or casein over 22 days. Rats fed soy protein isolate had markedly lower concentrations of liver

cholesterol and lower concentrations of triglycerides in the liver and in plasma than rats fed casein (Pb.05). Rats fed soy protein isolate had

lower relative mRNA concentrations of sterol-regulatory element-binding protein (SREBP)-2, 3-hydroxy-3-methylglutaryl coenzyme A

reductase, low-density lipoprotein receptor, cholesterol 7a-hydroxylase, apolipoprotein B, D9-desaturase and glucose-6-phosphate

dehydrogenase in the liver than rats fed casein (Pb.05). Hepatic mRNA concentration of SREBP-1c tended to be lower in rats fed soy

protein isolate (Pb.10). Hepatic mRNA concentrations of insulin-induced gene (Insig) 1 and Insig-2 and of microsomal triglyceride transfer

protein, as well as plasma concentrations of free fatty acids, insulin and glucagon, were not different between the two groups. In conclusion,

this study suggests that isoflavone-poor soy protein isolate affects cellular lipid homeostasis by the down-regulation of SREBPs and its target

genes in the liver, which are involved in the synthesis of cholesterol and triglycerides.

D 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Soy protein, compared with animal protein sources in

humans (e.g., Refs. [1,2]) and animals (e.g., Refs. [3,4]),

has a hypolipidemic potential. Soybean contains proteins,

lipids, fiber and a variety of bioactive phytochemicals such

as saponins, phytic acid, trypsin inhibitors, fiber and

isoflavones. Many investigations have focused on the

isoflavone components of soy protein, which are thought
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to be active components of soy protein and to be

responsible for many of its beneficial effects on plasma

lipids of humans and animals [5]. Afterwards, a series of

studies suggests that the lipid-lowering effect of soy protein

isolate is mainly attributed to protein content [6–12].

However, in other studies, it was found that soy protein

washed with alcohol to remove isoflavones had no

cholesterol-reducing effect on cynomolgus monkeys and

mice [13,14]. Several follow-up studies have been made to

elicit possible mechanisms by which isolated protein from

soy may act on lipid metabolism. Based on these cell

cultures and on animal and human experiments, suggested

mechanisms of soy protein include the stimulation of low-

density lipoprotein (LDL) receptor expression and activity

[15–20] and increase in the synthesis and fecal excretion of

bile acids [4], thereby reducing plasma cholesterol concen-

tration. Others have found a soy-protein-mediated down-

regulation of sterol-regulatory element-binding protein-1

(SREBP-1) — a transcriptional factor that is primarily

responsible for the regulation of genes involved in fatty acid
chemistry 18 (2007) 313–321
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biosynthesis [21–23]. Thus, soy protein isolates are

suggested to regulate cholesterol and fatty acid metabolism

by influencing genes involved in lipid metabolism at the

transcription and protein levels.

However, in most of these studies, the soy protein isolate

used for the experiment was not further characterized. It is

known that many bioactive compounds, such as isoflavones,

are found in soy protein isolate, and their abundance has

been shown to depend on the processing method used [24].

If soy protein is extracted by a water-isolation process,

many bioactive compounds remain in the soy protein

isolate, resulting in a high-isoflavone soy protein. In

contrast, if soy protein is isolated by an alcohol-wash

process, isoflavones, along with many other bioactive

compounds, are removed from the protein, resulting in a

low-isoflavone soy protein.

This study was designed to assess the role of an alcohol-

washed isoflavone-poor soy protein isolate on the expres-

sion of genes that appear to play a critical role in lipid

pathways such as lipogenesis, cholesterol biosynthesis and

cholesterol uptake from plasma to cells and in steroid

catabolism. It is suggested that some of the effects observed

with soy protein isolates in previous studies may be

different from those observed in this study, which used an

alcohol-wash-processed isolated soy protein. The experi-

ment was performed with rats to test whether SREBP-

mediated effects on triglycerides and cholesterol metabolism

were also obvious in animals fed an isoflavone-poor soy

protein isolate compared to animals fed casein. In accor-

dance with typical Western diets, the rats were fed diets

containing saturated fats and 0.5 g/kg of cholesterol. First,

we focused our attention on the possible mechanism of the

cholesterol-lowering effect of soy protein isolate. Besides

the concentration of cholesterol in plasma, in lipoproteins

and in the liver, we determined the relative mRNA

concentrations of 3-hydroxy-3-methylglutaryl coenzyme A

(HMG-CoA) reductase and LDL receptor in the liver, which

play a critical role in cholesterol biosynthesis and uptake

into cells. SREBP-2 has been identified as a transcription

factor responsible for the transcription activation of HMG-

CoA reductase and LDL receptor [25,26]. Since there is

currently no information on SREBP-2 expression in

response to soy protein isolate, we also measured the

relative mRNA concentration of SREBP-2. Nonactivated

SREBP is an integral protein of the endoplasmic reticulum

(ER). To gain access to nuclear DNA, SREBP must move in

vesicles into the Golgi complex, where it is processed

proteolytically [27,28]. Transport from the ER to the Golgi

complex is mediated by SREBP cleavage-activating protein

(SCAP), a polytropic ER membrane protein that forms

complexes with newly synthesized SREBP. The retention of

the SCAP/SREBP complex in the ER is mediated by sterol-

dependent binding of the complex to one of two ER

retention proteins designated as insulin-induced gene (Insig)

1 and Insig-2 [29,30]. Insig-1 and Insig-2 effectively block

the activation of SREBP by binding SCAP, thereby
preventing it from leaving the ER to escort SREBPs into

the Golgi complex [29–32]. If consumption of soy protein

alters SREBP expression, we can speculate that this could

be due to a modified Insig expression. Thus, we measured

the relative mRNA concentration of Insig-1 and Insig-2 in

the liver of rats in response to the feeding of isoflavone-poor

soy protein and casein. The hepatic gene expression of

cholesterol 7a-hydroxylase (CYP7A1), the key enzyme in

the synthesis of bile acids from cholesterol, should provide

additional information about the possible effects of soy

protein on cholesterol excretion via bile acids at the

transcription level.

Another purpose of the present work was to study

whether the effects of soy protein on the triglyceride and

fatty acid metabolism observed in previous studies can be

confirmed with the use of ethanol-washed soy protein

isolate. It is known that key genes of lipid homeostasis are

regulated by insulin and SREBP-1c, a transcriptional factor

involved in lipogenesis [33] that has emerged as a mediator

of insulin effects [34]. Additionally, recent evidence

indicates that soy protein modulates serum insulin concen-

tration, which in turn reduces the hepatic synthesis of

triglycerides via the down-regulation of SREBP-1c expres-

sion [23]. To test the effects of isoflavone-poor soy protein

isolate on fatty acid metabolism, we determined the

concentrations of triglycerides in plasma and in the liver;

the hepatic mRNA concentration of SREBP-1c, including

representative SREBP-1c target genes such as D9-desatur-
ase and glucose-6-phosphate dehydrogenase (G6PDH); and

the plasma concentrations of insulin and glucagon. The

hepatic gene expression of apolipoprotein (apo) B and

microsomal triglyceride transfer protein (MTP), the con-

centrations of apos in plasma lipoproteins, and the plasma

concentrations of free fatty acids may help to elaborate

possible mechanisms by which isoflavone-poor soy protein

acts hypotriglyceridemically.

It is suggested that protein-induced alterations of

cholesterol metabolism may be mediated by differences in

the amino acid patterns of dietary proteins or by bioactive

peptides [20,35–38]. To gain insights into which amino

acids could play an important role, we measured the

concentrations of amino acid in the diet and in plasma.
2. Materials and methods

2.1. Animals and experimental diets

Twenty-four male Sprague–Dawley rats (Charles River,

Sulzfeld, Germany) with an initial body weight of 76.8F
6.0 g were randomly assigned to 2 groups of 12 rats each.

All rats were kept individually in Macrolon cages in a room

maintained at 22F28C and 50–60% relative humidity, with

lighting from 0600 to 1800 h. All experimental procedures

followed established guidelines for the care and handling of

laboratory animals and were approved by the Council of

Saxony-Anhalt, Germany.



Table 1

Concentrations of amino acids in the experimental diets

Amino acid Casein diet Soy protein diet

Methionine 5.3 5.0

Cysteine 0.8 2.1

Glycine 3.4 7.0

Lysine 14.7 10.7

Arginine 6.3 14.1

Valine 12.1 8.5

Leucine 17.7 14.5

Isoleucine 8.8 8.4

Histidine 6.4 5.8

Tyrosine 8.6 5.9

Phenylalanine 9.7 9.6

Threonine 7.9 6.5

Serine 10.8 9.3

Alanine 5.5 7.2

Proline 20.2 9.8

Glutamic acid 42.2 37.2

Aspartic acid 13.2 20.8

The separation and quantification of amino acids in the diets were

performed by ion exchange chromatography with an amino acid analyzer

after postcolumn derivatization.
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All rats were fed a semisynthetic diet containing 200 g/kg

of either casein or isolated soy protein. The diets contained

the following ingredients (g/kg): soy protein or casein, 200;

sucrose, 200; lard, 100; cellulose, 50; corn starch, 389.5;

vitamin and mineral mixture, 60; cholesterol, 0.5. Lard (as

type of dietary fat) and cholesterol used for the experimental

diets were primarily added to the diet not to increase plasma

cholesterol concentration but to mimic Western diets, which

are commonly rich in saturated fats and cholesterol. The soy

protein diet was additionally supplemented with 3 g/kg of

dl-methionine at the expense of cellulose to adjust the

methionine concentrations of both diets to a similar level.

Vitamins and minerals were supplemented according to the

recommendations of the American Institute of Nutrition for

rat diets [39]. Food intake was controlled, and the amount of

food was slightly below that consumed ad libitum in similar

diets of rats in preliminary studies. The amount of food

offered daily was increased continuously from 6.0 to 14.0 g.

Thus, all rats were fed equal feed rations daily within the

duration of the experiment. Rats were fed once daily at

0800 h. Water was freely available from nipple drinkers.

The rats were fed experimental diets for 22 days.

2.2. Preparation and characterization of dietary proteins

To minimize the possible effects of soy-protein-associ-

ated isoflavones that may be partly responsible for

cholesterol reduction by soybean protein, the soy protein

isolate (Protein Technologies International, Ieper, Belgium)

used for this study was, in addition, ethanol-washed — a

process that has been shown to be an efficient way to

remove remaining isoflavones [40]. The soy protein isolate

that was washed twice with 60% ethanol for 2 h was then

filtered, freeze-dried and grounded. Quantitative determi-

nation of genistein, the major isoflavone in soy protein, was

used to prove the efficacy of the ethanol extraction process.

Genistein was analyzed by a modification of the method of

Bilia et al. [41]. In brief, soy protein isolate was hydrolyzed

with HCl (1 mol/L) in 50% ethanol for 1 h at room

temperature. After neutralization with NaOH, isoflavones

were extracted thrice with 20 ml of ethyl acetate. After the

evaporation of ethyl acetate, isoflavones were dissolved in

ethanol and used for quantitative high-performance liquid

chromatography (HPLC) analysis of genistein using an

ELITE LaChrom HPLC system (Hitachi, Mannheim,

Germany) with a gradient of phosphoric acid and acetoni-

trile as mobile phase at a flow rate of 1 ml/min. Genistein

was detected at 329 nm. The original soy protein isolate

had a genistein concentration of 0.5 mg/g. After the ethanol

washing process, the soy protein isolate had a genistein

concentration of 0.08 mg/g. Casein was obtained from

Meggle (Wasserburg, Germany) and was not processed

further. The crude components of the dietary proteins

determined by the official methods of Verband Deutscher

Landwirtschaftlicher Untersuchungs- und Forschungsan-

stalten [42] were similar in both proteins. The concen-

trations of crude protein in casein and soy protein were
93.0 and 98.0 g/kg dry matter, the concentrations of crude

ash were 4.7 and 3.6 g/kg dry matter and the concentrations

of crude fat were 0.9 and 0.6 g/kg of dry matter,

respectively. The amino acid concentrations of the diets

are shown in Table 1.

2.3. Sample collection

Rats were not fasted before being killed by decapitation

under light anesthesia with diethyl ether because food

deprivation led to a significant down-regulation of genes

encoding enzymes of lipid metabolism [33], which were to

be measured in this study. Plasma was separated from

heparinized whole blood by centrifugation at 1500�g for 10

min at 48C. The liver was excised, weighed and immedi-

ately snap-frozen in liquid nitrogen. Liver aliquots for RNA

isolation were stored at �808C; other samples were stored

at �208C.

2.4. Amino acid analysis

To determine amino acid concentrations in the diet, the

samples were oxidized and then hydrolyzed with 6 M HCl

[42]. The separation and quantification of amino acids

were performed by ion exchange chromatography follow-

ing postcolumn derivatization in an amino acid analyzer

(Biotronic LC 3000; Eppendorf, Hamburg, Germany).

Concentrations of free amino acids in the plasma of

rats were measured as isoindole derivatives by HPLC

(1100 series; Agilent Technologies, Waldbronn, Germany)

after precolumn derivatization, according to Schuster

[43]. Isoindole derivates were detected at an excitation

wavelength of 337 nm and at an emission wavelength of

454 nm.
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2.5. Plasma and liver lipids

Plasma lipoproteins [chylomicrons+very-low-density lip-

oproteins (VLDLs); LDLs; high-density lipoproteins

(HDLs)] were separated by stepwise ultracentrifugation

(900,000�g at 48C for 1.5 h, Mikro-Ultrazentrifuge;

Sorvall Products, Bad Homburg, Germany) by appropriate

density cuts commonly used for the measurement of rat

lipoproteins [44–46]. Plasma densities were adjusted by

sodium chloride and potassium bromide, and the lipoprotein

fractions qb1.006 kg/L (defined as VLDL+chylomicrons),

1.006 kg/Lbqb1.063 kg/L (defined as LDL) and qN1.063
kg/L (defined as HDL) were removed by suction. Lipids

from the liver were extracted with n-hexane/isopropanol

mixture (3:2, vol/vol) [47]. To determine the concentrations

of lipids in the liver, aliquots of lipid extracts were dried

and lipids were dissolved using Triton X-100 [48]. The

concentrations of cholesterol and triglycerides in plasma, in

lipoproteins and in the liver were determined using

enzymatic reagent kits (cat. nos. 1.14830 and 1.14856;

VWR International, Darmstadt, Germany). Fractions of free

cholesterol and esterified cholesterol in the liver were

separated by thin-layer chromatography and were deter-

mined densitometrically [49].

2.6. Estimation of apos

Separated plasma lipoproteins (VLDL+chylomicrons,

LDL, HDL) were subjected to analytical sodium dodecyl

sulfate (SDS) polyacrylamide gel electrophoresis, and apos

were estimated after the densitometric scanning of Coo-

massie-blue-stained bands, according to a modified method

of Karpe and Hamsten [50]. Briefly, polyacrylamide gels

were cast by a gradient from 4% to 15% acryl amide. The

4% acryl amide solution contained acryl amide (38.96 g/L),

bisacryl amide (1.04 g/L), Tris (0.375 M), SDS (0.1%),

tetramethylethylene diamine (0.875 Al/ml) and ammonium

persulfate (0.05%), whereas the 15% acryl amide solution

contained acryl amide (146.1 g/L), bisacryl amide (3.9 g/L),

Tris (0.375 M), SDS (0.1%), tetramethylethylene diamine

(0.875 Al/ml) and ammonium persulfate (0.05%).

The total protein content of lipoproteins was determined

by BCA assay, with bovine serum albumin as standard.

Lipoproteins (250 Ag/ml) were dissolved (1:1) in buffer

containing 0.22 M Tris, 41% glycerol, 0.7% SDS, 5%

mercaptoethanol and 0.002% bromophenol blue, and were

subsequently denaturated at 958C for 5 min. After chilling,

20 Al of denaturated probes containing 2.5 Ag of protein was
applied to the gels. Electrophoresis was run at 210 V for 1 h.

Gels were stained in 0.25% Coomassie blue, 40% methanol

and 10% acetic acid for 1 h, and destained in 12% methanol

and 7% acetic acid overnight. The gels were scanned with a

computer-connected gel documentation system (Gel-Pro

Analyzer; Intas, Gfttingen, Germany). Bands of apoB100,

apoB48, apoE and apoAI were identified by comparing the

Rf values with those of high-molecular-weight standards

(Serva, Heidelberg, Germany).
2.7. Measurement of free fatty acids, insulin and glucagon

in plasma

Concentrations of free fatty acids in plasma were assayed

using an acyl-CoA-oxidase-based colorimetric kit (Wako

NEFA-C; Wako Chemicals, Neuss, Germany). The concen-

tration of plasma glucagon was determined by radioimmu-

noassay (RIA) using a commercially available rat RIA kit

(GL-2K; Linco Research, St. Charles, MO, USA) with a

detection limit of 5.8 pmol/L. The concentration of plasma

insulin was determined by enzyme-linked immunoassay

using a commercially available rat insulin ELISA kit (EIA-

2048; DRG Instruments GmbH, Marburg, Germany). The

detection limit of insulin was 12.2 pmol/L.

2.8. Relative mRNA concentrations

Isolation of total RNA from the liver and cDNA

synthesis were performed as described previously [51].

The relative mRNA quantities of SREBP-1c and SREBP-2,

HMG-CoA reductase (EC 1.1.1.34), LDL receptor, apoB,

CYP7A1 (EC 1.14.13.17), Insig-1 and Insig-2, MTP,

G6PDH (EC 1.1.1.49) and D9-desaturase (EC 1.14.99.5),

as related to the reference gene glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) mRNA, were determined by

reverse transcription polymerase chain reaction (PCR).

cDNA was amplified in a 20-Al reaction containing 2 Al of
RT mixture, 0.2 Al of Biotherm DNA polymerase,

2 Al of 10� PCR buffer, 0.4 Al of DNA polymerization

mix (all from Genecraft, Lqdinghausen, Germany) and

gene-specific primers obtained from Carl Roth (Karlsruhe,

Germany). The primer sequences used were as follows:

5V-GCA-TGG-CCT-TCC-GTG-TTC-C-3V (forward) and

5V-GGG-TGG-TCC-AGG-GTT-TCT-TAC-TC-3V (reverse)

for rat GAPDH; 5V-AAG-GGG-CGT-GCA-AAG-ACA-
ATC-3V (forward) and 5V-ATA-CGG-CAC-GGA-AAG-
AAC-CAT-AGT-3V (reverse) for rat HMG-CoA reductase;

5V-ACG-GGC-TGG-CGG-TAG-ACT-GGA-3V (forward)

and 5V-TGA-GGC-GGT-TGG-CAC-TGA-AAA-3V (re-

verse) for rat LDL receptor; 5V-GGA-GCC-ATG-GAT-
TGC-ACA-TT-3V (forward) and 5V-AGG-AAG-GCT-
TCC-AGA-GAG-GA-3V (reverse) for rat SREBP-1c; 5V-
CCG-GTA-ATG-ATG-GGC-CAA-GAG-AAA-G-3V (for-

ward) and 5V-AGG-CCG-GGG-GAGACA-TCA-GAA-G-
3V (reverse) for rat SREBP-2; 5V-CAA-GAC-GCA-CCT-
CGC-TAT-CC-3V (forward) and 5V-CCG-GCA-GGT-CAT-
TCA-GTT-G-3V (reverse) for rat CYP7A1; 5V-GGA-AAG-
GGG-AGG-GAA-AAG-GTT-3V (forward) and 5V-TTA-
GGT-AGG-GGC-TCA-CAT-TAT-TGG-3V (reverse) for rat

apoB; 5V-CGC-GAG-TCT-AAA-ACC-CGA-GTG-3V (for-

ward) and 5V-CCC-TGC-CTG-TAG-ATA-GCC-TTT-CAT-
3V (reverse) for rat MTP; 5V-CCA-GCC-TCC-ACA-AGC-
ACC-TCA-AC-3V (forward) and 5V-AAT-TAG-CCC-CCA-
CGA-CCC-TCA-GTA-3V (reverse) for G6PDH; 5V-CCG-
TGG-CTT-TTT-CTT-CTC-TCA-3V (forward) and 5V-CTT-
TCC-GCC-CTT-CTC-TTT-G-3V (reverse) for D-9 desatur-

ase; 5V-ATT-TGG-CGT-GGT-CCT-GGC-TCT-GG-3V (for-



Table 2

Concentrations of amino acids in the plasma of rats fed the experimental

diets

Amino acid Casein diet (Amol/L) Soy protein isolate

diet (Amol/L)

Methionine 56F10 61F8

Taurine 60F20 122F384

Glycine 158F27 288F474

Lysine 474F61 258F544

Arginine 89F17 134F234

Valine 186F56 103F184

Leucine 119F32 86F214

Isoleucine 83F20 72F14

Histidine 43F12 36F9

Tyrosine 89F23 63F114

Phenylalanine 42F7 45F7

Tryptophan 67F11 69F8

Threonine 533F140 189F324

Serine 267F37 236F294

Alanine 533F61 540F78

Glutamic acid 93F12 98F16

Glutamine 665F88 603F50

Asparagine 450F107 568F764

Values are expressed as meanFSD (n =12).

The concentrations of free amino acids in the plasma were measured by

HPLC as isoindole derivatives after precolumn derivatization.

4 Different from rats fed the casein-based diet ( P b.05).

Table 3

Composition of plasma lipoproteins in rats fed the experimental diets

Dietary protein Casein diet Soy protein isolate diet

Plasma

Total cholesterol (mmol/L) 2.30F0.30 2.13F0.30

Triglycerides (mmol/L) 2.35F0.86 1.20F0.794

VLDL+chylomicrons

Total cholesterol (mmol/L) 0.47F0.12 0.23F0.094

Triglycerides (mmol/L) 1.67F0.58 1.02F0.344

Total protein (mg/L) 414F125 269F1474

ApoB100 (relative AU) 1.00F0.41 0.34F0.364

ApoB48 (relative AU) 1.00F0.25 0.46F0.224

ApoE (relative AU) 1.00F0.29 0.76F0.26

LDL
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ward) and 5V-GCG-TGG-CTA-GGA-AGG-CGA-TGG-
TG-3V (reverse) for Insig-1; 5V-AAG-CGT-GGC-CCC-
TAC-ATT-TCC-TC-3V (forward) and 5V-GGC-CAC-GCA-
GCG-CAT-AAC-AC-3V (reverse) for Insig-2. The DNA of

GAPDH and the genes involved in lipid metabolism, which

were to be measured in this study, were amplified in cycles

of 20 s of denaturation at 958C, 30 s of annealing at primer-

specific temperatures and 40 s of elongation at 728C.
Fluorescence was measured at 728C. A final melting curve

guaranteed the authenticity of the target product.

2.9. Statistical analysis

The means of the two groups were compared by

Student’s t test for each experiment. Values are presented

as meanFS.D. The means were considered significantly

different at Pb.05.

Total cholesterol (mmol/L) 0.44F0.09 0.49F0.09

Triglycerides (mmol/L) 0.32F0.08 0.22F0.074

Total protein (mg/L) 235F46 260F43

ApoB100 (relative AU) 1.00F0.09 1.00F0.15

HDL

Total cholesterol (mmol/L) 1.46F0.31 1.48F0.24

Triglycerides (mmol/L) 0.12F0.05 0.08F0.034

Total protein (mg/L) 1671F420 1706F425

ApoAI (relative AU) 1.00F0.06 0.81F0.34

Values are expressed as meanFS.D. (n =12).

AU, absorbance units.

The concentrations of triglycerides and cholesterol in plasma and lip-

oproteins were determined using commercially available enzymatic reagent

kits. Apos of different lipoprotein fractions were separated by SDS-PAGE

and estimated after the densitometric scanning of Coomassie-blue-stained

bands.

4 Different from rats fed the casein-based diet ( P b.05).
3. Results

3.1. Body weight gain and concentrations of plasma

amino acids

Food intake throughout the feeding period was the same

for each rat, averaging 10.5 g/day. Body weight gains did not

differ between the two groups of rats (casein group:

5.45F0.22 g/day; soy protein isolate group: 5.54F
0.27 g/day; n=12). Rats fed isoflavone-poor soy protein

isolate had lower concentrations of plasma lysine, valine,

leucine, tyrosine, threonine and serine, and higher concen-

trations of plasma taurine, glycine, arginine and asparagine

than rats fed casein (Table 2). The plasma concentrations of
methionine, isoleucine, histidine, phenylalanine, tryptophan,

alanine, glutamic acid and glutamine were not different

between the two groups of rats (Table 2).

3.2. Lipid concentrations in plasma, lipoproteins and liver,

and apo concentrations in lipoproteins

Rats fed soy protein isolate had lower concentrations of

cholesterol in the triglyceride-rich lipoprotein fraction

(chylomicrons+VLDL; Table 3). Concentrations of choles-

terol in plasma, LDLs and HDLs were not different

between the two groups of rats (Table 3). Concentrations

of triglycerides in plasma, triglyceride-rich lipoprotein

fraction (chylomicrons+VLDL), LDL and HDL were lower

in rats fed soy protein isolate than in rats fed casein

(Table 3). The concentrations of total protein, apoB100 and

apoB48 in the triglyceride-rich lipoprotein fraction (chylo-

microns+VLDL) were lower in rats fed soy protein isolate

than in rats fed casein (Table 3). Concentrations of apoE in

the triglyceride-rich lipoprotein fraction (qb1.006 kg/L;

chylomicrons+VLDL), of apoB100 in LDL and of apoAI

in HDL were not different between the two groups of rats

(Table 3). Liver weight per 100 g of body weight was

lower in rats fed soy protein isolate than in rats fed casein

(casein group: 4.51F0.37 g/100 g body weight; soy protein

isolate group: 4.14F0.28 g/100 g of body weight; n=12,

Pb.05). Concentrations of total cholesterol, cholesteryl

esters and triglycerides in the liver were lower in rats fed

soy protein isolate than in rats fed casein (Fig. 1).



Fig. 1. Concentrations of total cholesterol, cholesteryl esters and

triglycerides in the liver of male rats fed diets containing 200 g/kg of

casein or soy protein isolate for 22 days. Each bar represents meanFS.D.

(n =12). *Different from rats fed the casein-based diet (expressed as 100;

Student’s t test, P b.05).

Fig. 3. Relative mRNA concentrations of SREBP-1c, MTP, apoB, D9-

desaturase and G6PDH. Values were related to the reference gene GAPDH.

Each bar represents meanFS.D. (n =12). *Different from rats fed the

casein-based diet (expressed as 100; Student’s t test, P b.05).
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3.3. Plasma concentrations of free fatty acids, insulin and

glucagon

The plasma concentrations of free fatty acids (case-

in group: 0.46F0.13 mmol/L; soy protein isolate group:

0.42F0.12 mmol/L; n=12), insulin (casein group: 63.3F
16.9 pmol/L; soy protein isolate group: 54.1F10.1 pmol/L;

n=12) and glucagon (casein group: 22.6F7.9 pmol/L; soy

protein isolate group: 23.2F7.0 pmol/L; n=12) were not

different between rats fed casein and those fed isoflavone-

poor soy protein isolate. Additionally, no significant differ-

ence in insulin/glucagon ratio was observed between rats

fed casein and those fed soy protein isolate (casein group:

2.80F1.41 pmol/pmol; soy protein isolate group: 2.33F
0.77 pmol/pmol; n=12).

3.4. mRNA concentrations of hepatic genes

Rats fed soy protein isolate had lower relative mRNA

concentrations of SREBP-2, HMG-CoA reductase, LDL

receptor and CYP7A1 (Fig. 2). The relative gene expres-

sions of apoB, G6PDH and D9-desaturase were also lower

in rats fed soy protein isolate than in rats fed casein (Fig. 3).
Fig. 2. Relative mRNA concentrations of SREBP-2, HMG-CoA reductase,

LDL receptor, CYP7A1, Insig-1 and Insig-2 in the liver of male rats fed

diets containing 200 g/kg of casein or soy protein isolate for 22 days.

Values were related to the reference gene GAPDH. Each bar represents

meanFS.D. (n =12). *Different from rats fed the casein-based diet

(expressed as 100; Student’s t test, P b.05).
Gene expression of SREBP-1c tended to be lower in the

group fed soy protein than in the group fed casein (Pb.10).

The relative mRNA concentrations of Insig-1 and Insig-2

and MTP were not different between the two groups of

rats (Fig. 3).
4. Discussion

The results of this study demonstrate that ingestion of an

ethanol-extracted isoflavone-poor soy protein isolate com-

pared to casein led to a marked decrease of the concen-

trations of liver cholesterol, liver triglycerides and plasma

triglycerides. We found that isoflavone-poor soy protein

isolate down-regulates genes involved in cholesterol synthe-

sis (such as HMG-CoA reductase) and cholesterol uptake

(such as LDL receptor) via a reduced level of mRNA coding

for SREBP-2. This finding is in contrast to those of previous

experiments, in which soy protein increased mRNA con-

centrations of genes involved in cholesterol synthesis [4]

and LDL uptake [15–20]. However, the SREBP-2-mediated

up-regulation of these genes has been also observed after

the incubation of HepG2 cells with an isoflavone mixture

[52]. Thus, we can speculate that the increased mRNA

concentrations of HMG-CoA reductase and LDL receptor

observed in previous studies with nonpurified soy protein

are possibly caused by soy-protein-associated isoflavones,

while soy-protein-purified isoflavones probably exert the

opposite effect.

The down-regulation of HMG-CoA reductase observed

in the soy-protein-fed rats in this study is suggested to be, at

least in part, responsible for the diminished cholesterol

concentration in the liver. However, an increased excretion

of cholesterol from the liver into the intestine via bile acids

is unlikely to be the reason for the diminished cholesterol

concentration in the liver because the concentration of

mRNA coding for CYP7A1, the initial and rate-limiting

enzyme in the conversion of cholesterol to 7a-hydroxylated

bile acids, was decreased by 40% in rats fed soy protein

isolate compared to rats fed casein. This confirms the find-

ings from a recent study in which the soy-protein-induced
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reduction of hepatic cholesterol was associated with a low

expression of liver X receptor-a and the target gene

CYP7A1 [53], and supports the assumption that cholesterol

excretion via bile acids may probably not account for low

cholesterol concentrations in the liver.

The concentration of cholesterol in plasma and LDL,

which was not different from that in the groups fed soy

protein or casein, is in contrast to previously published

results obtained from human and animal studies showing a

distinct reduction of plasma and/or LDL cholesterol after the

administration of soy protein [1,54]. The LDL receptor is a

major regulator of circulating LDL cholesterol [55]. A

decreased removal of LDL from the circulation due to a

diminished LDL receptor expression, which was observed

in soy-protein-fed rats in this study, may explain the finding

that the concentration of cholesterol in plasma and LDL

increased although the key gene involved in cholesterol

synthesis was regulated. We suggest that the lower mRNA

concentrations of LDL receptor in rats fed soy protein

isolate may explain the finding that plasma LDL concen-

tration remained unchanged although the liver cholesterol

concentration was markedly decreased.

The diminished triglyceride concentrations observed in

the liver and in the plasma of rats fed isoflavone-poor soy

protein isolate could result from the moderate down-

regulation of SREBP-1c (P b.10) and the significant

down-regulation of SREBP-1c target genes (Pb.05) in-

volved in fatty acid synthesis, such as G6PDH and D9-
desaturase. However, these findings are consistent with

previous studies in which rats were fed soy protein diets

[22,23,53]. Thus, the triglyceride-lowering effect observed

with soy intake seems to be, at least in part, caused by the

protein itself. Recent evidence indicates that liver key genes

involved in triglyceride homeostasis are regulated by insulin

[34], and the findings of Ascencio et al. [23] indicate that

soy protein regulates SREBP-1c expression by modulating

insulin concentration and insulin/glucagon ratio in the

serum. However, significant differences in the plasma

concentrations of insulin and glucagon were not observed

in our study, although a slight reduction of the insulin/

glucagon ratio was obvious in rats fed soy protein isolate

compared to rats fed casein. However, the reason for the

failure of soy protein to affect plasma insulin concentration

in this study could be due to the fact that we focused on a

single measurement of hormone concentration at one point

in time. The measurement of plasma insulin concentration in

defined time intervals after the serving of food according to

a fixed time schedule, combined with the determination of

the area under the curve of insulin, should be elucidated in

further studies.

In addition to the fact that triglyceride synthesis in the

liver seemed to be lower in animals fed soy protein than in

animals fed casein via the down-regulation of lipogenic

genes, another interesting finding was that the level of

mRNA coding for apoB and the concentrations of apoB100

and apoB48 were reduced in response to soy protein
administration. This is consistent with a previous work

showing that incubation of HepG2 cells with soy protein

peptides devoid of isoflavone components inhibits apoB

production in the liver and the secretion of apoB from

the liver into the plasma [20]. Recent studies using HepG2

cells and primary rat hepatocytes have shown that the rate

of cholesterol synthesis and the availability of cellular

cholesteryl esters may regulate apoB production and

secretion and the gene expression of MTP [56–58].

However, although our data are not indicative of an altered

MTP expression in the liver of rats fed soy protein isolate

compared to rats fed casein, the significant differences of

apoB expression and concentrations between the two groups

of rats could result from the diminished availability of

cellular cholesteryl esters.

Together, this study suggests that the diminished

deposition of cholesterol and triglycerides in the livers of

rats fed alcohol-washed soy protein isolate compared to rats

fed casein is mediated by a down-regulation of SREBPs and

its target genes. SREBPs are synthesized as inactive

precursors bound to ER membranes. Insig-1 and Insig-2

have been recently identified as modulators of SREBP

activity [29,30]. Insig-1 and Insig-2 are proteins that prevent

the movement of the SREBP/SCAP complex from the ER to

the Golgi complex, thus blocking proteolytic cleavage and

the transcriptional activation of SREBP [29,30]. Our study

is therefore the first to show that Insig expression, which has

been shown to be critical for SREBP processing, was not

altered by soy protein isolate. Therefore, we suggest that

SREBP-mediated effects on lipid metabolism were regulat-

ed mainly at the transcription level and not via an Insig-

mediated alteration of SREBP processing.

Identifying which of the components of soy protein

isolate is the major contributor to effects on lipid metabo-

lism is still a subject of controversy. Alterations of plasma

amino acids, mediated by differences in amino acid patterns

of dietary proteins, could contribute to the observed effects

on lipid metabolism. Some studies showed that the effect of

soy protein on lipid metabolism is at least partially mediated

by its low methionine content [35–37]. We suggest that

methionine might not be involved in the effects of soy

protein on the lipid metabolism observed in this study

because we adjusted methionine concentrations of both diets

to a similar level. A recent study has shown that dietary

proteins with low lysine/arginine ratios act hypocholester-

olemically [38], and we found that this ratio was distinctly

lower in the soy protein diet than in the casein diet used in

our rat study and in the plasma of corresponding rats (the

lysine/arginine ratio was 2.33 for casein and 0.76 for soy

protein). Therefore, it is possible that the effects of soy

protein, in comparison to those of casein, were mediated by

the concentrations of arginine and lysine in the respective

diets. It is also possible that the effects of soy protein were

caused by specific peptides. Alpha and alphaV subunits from
7S soy globulin have been identified as peptides from soy

protein that may regulate cholesterol homeostasis in HepG2
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cells [20]. Whether amino acids or peptides are actually

responsible for the observed effects of soy protein on

hepatic genes remain to be clarified in further studies.

However, it seems not very likely that the remaining

isoflavones in the ethanol-washed soy protein isolate may

contribute to the observations made because their concen-

tration is extremely low compared to the concentrations

normally used for the induction of hypolipidemia (e.g.,

Refs. [52,59]).

In conclusion, this study shows that a dietary protein

with a low isoflavone content acts hypotriglyceridemically

and lowers the concentrations of cholesterol and triglycer-

ides in the rat liver. This effect may be due to the significant

down-regulation of SREBP-2, a trend toward lower

SREBP-1c mRNA concentrations, and the diminished

mRNA concentrations of its target genes in the liver, which

are involved in the synthesis of cholesterol and triglycer-

ides, respectively.
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