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Intake of Soy Protein Isolate Alters Hepatic Gene Expression in
Rats
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Soy protein isolate (SPI) can elicit various physiological effects such as cholesterol lowering and
antiobesity effects. To examine whether hepatic gene expression is altered by SPI intake, rats were
fed an SPI or casein diet for 8 weeks. After 8 weeks of feeding, liver weight and plasma triglyceride
and cholesterol levels were significantly lower in the SPI group than in the casein group. Hepatic
gene expression was investigated using DNA microarrays. The expression profiles and statistical
analysis showed clear and significant differences between the SPI and casein groups (p < 0.05); in
the SPI group, 63 genes were up-regulated and 57 genes were down-regulated, most involved in
various physiological functions such as lipid metabolism, antioxidant activity, transcriptional regulation,
and energy metabolism. Especially in lipid metabolism, the down-regulated genes are related to fatty
acid synthesis and the up-regulated genes are related to cholesterol synthesis and steroid catabolism.
These results suggest that SPI intake could maintain homeostasis primarily by modulating lipid and
energy metabolism.
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INTRODUCTION foods or their components can open new frontiers in nutritional
Soybeans contain abundant storage proteins and play an im-and food sciences because physiological effects can be described

portant role as a protein source. The nutritional and physiological in terms of gene expression profiles (18—20).

effects of a soybean protein isolate (SPI) diet have long been In this study, we used DNA microarrays to investigate the

studied, and it has been reported that an SPI diet brings variouseffects of feeding rate of an SPI diet for 8 weeks in normal

health benefits such as a cholesterol-lowering effeety), re- Sprague-Dawley rats and found the differential hepatic expres-

duction of plasma triglyceride level$,(7), antiobesity effect  sion of many genes, especially those involved in lipid metabo-

(8), antiatherosclerosis effect (9), and anticarcinogenesis effectlism.

(10,11). These physiological effects of an SPI diet can result in

alteration of the expression levels of several gefe$2). Igbal MATERIALS AND METHODS

et al. (13) used differential display of mMRNA analysis and re- Ani . - B
. ’ . . nimals and Diets. Twelve specific-pathogen-free male Sprague

ported the |nf|uence§ of soy protem including the difference of Dawley rats (SD rats), aged 5 weeks, were purchased from Japan SLC
isoflavone content in genetically obese rats. However, N0 co (Hamamatsu, Japan). Vitamin-free casein (casein; Oriental Yeast
detailed and comprehensive information about genes in normalco., Tokyo, Japan) and soy protein isolate (SPI; Fujipro, Fuiji Oil Co.,
rats is available. Osaka, Japan) were provided as dietary proteins. Crude protein content

DNA microarray experiments provide data on total gene was measured according to the Kjeldahl method with a Kjeltec Auto
expression4, 15). Endo et al. 16) reported that various dietary ~ 1030 analyzer (Nippon General Trading Co., Tokyo, Japan). Experi-
protein sources resulted in the differential of expression about mental diets were based on the AIN-93G formu#d)(and contained
281 genes in rat liver, suggesting a nutritional function of protein 20% protein supplied by SPI or caseifiable 1).
components. Lee et all17) reported that calorie restriction Nutritional Conditions. All animals were treated in accordance with
retards the aging process by causing a metabolic shift revealedhe guid_elines established by t_h_e J_apanese Society of Nutrition and
by using high-density oligonucleotide arrays. Such nutrigenom- Food Science (Law 105 and Notification 6 of the Japanese government).

. . . L . . All rats were housed individually in stainless steel cages under
ics to investigate the effects elicited by the intake of various controlled circumstances (temperater@3 + 1 °C, humidity= 55 4

5%, light from 7:00 a.m. to 7:00 p.m.). After acclimation on commercial
* Author to whom correspondence should be addressed (teleph8he chow (CRF-1, Oriental Yeast Co., Tokyo, Japan) for 5 days, the rats

7Zfrl—gjji13;?%;&«&%1—724—61—1356; e-mail 010110@so.fujioil.co.jp). were divided into two groups with similar average body weights. The
$The University of Tokyo. experimental diets and water were given ad libitum for 8 weeks. Food
#Tokyo University of Agriculture. intake was recorded daily, and body weight was measured twice a week.
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Table 1. Composition of Experimental Diets (g/100g Diet) Table 2. Growth Parameters of Rats Fed Experimental Diets for 8
Weeks
group
casein SPI group
casein? 224 casein SPl
SPIb 232 initial body wt? (g) 166.8+0.8 166.8+ 0.8
corn starch 37.65 36.85 final body wt? (g) 456.2 + 15.4 4216+87
dextrinized corn starch 13.2 13.2 food intake? (g/day) 21.7+0.7 20.3+0.3
sucrose 10.0 10.0 relative liver wt? (g/100 g of BW) 356+0.15 2.87 +£0.06*°
soybean oil® 7.0 7.0
ﬁﬂﬂ?;&?ﬁﬁ?g gg gg 2Values are means + SEM, n = 6. ”Values are means + SEM, n = 4. ¢,
vitamin mixture® 1:0 1:0 significantly different at p < 0.05 from casein group by Student's ¢ test.
choline bitartrate 0.25 0.25
total 100.0 100.0 Table 3. Plasma Chemistries of Rats Fed Experimental Diets for 8
Weeks?
a Crude protein/as is 89.1%. Oriental Yeast Co., Tokyo, Japan. ? Crude protein/ group

as is 86.2%. Fuji Oil Co., Osaka, Japan. ¢ Soybean oil contains 0.02% tert- -

buthylhydroxyquinone. ¢ AIN-93G mixtures, Oriental Yeast Co., Tokyo, Japan. ¢ AIN- casen SPI

93 mixtures, Oriental Yeast Co., Tokyo, Japan. glucose (mmoliL) 142+10 141+04

triglyceride (mmol/L) 212+0.24 1.18 +£0.16*>
cholesterol (mmol/L) 3.15+0.23 1.74 £ 0.07*

Biochemical Profiles in Plasma and Liver. After 8 weeks of
feeding, the rats were fasted for 6 h (from 8:00 a.m. to 2:00 p.m.) and
anesthetized with sodium pentobarbital [&0l/100 g of body weight
(BW)]. Blood samples were withdrawn from the abdominal aorta into

heparinized syringes. Livers were excised, frozen immediately, and kept o . )
at —80 °C until analyzed. Plasma fractions were separated by lable 4. Classification of DNA Microarray Gene Expression (Total

2Values are means + SEM; n = 6 for casein; n = 5 for SPI. o *, significantly
different at p < 0.05 from casein group by Student's ¢ test.

centrifugation at 1900¢pr 15 min at 5°C and frozen at-80 °C until Genes = 8740)

analyzed. Plasma glucose, triglycerides, and total cholesterol were spI

measured enzymatically using a Dry Chem 5500 analyzer (Fuji Film

Co., Tokyo, Japan). Liver lipids were extracted according to the method ppPP PPX PXX XXX
of Folch et al. (22) and analyzed for cholesterol, triglyceride, and  casein PPP 2905 232 60 9(3H
phosphorus according to the methods of Sperry and WaR)bRletcher PPX 92 131 92 43
(24), and Feldman and Feldma25), respectively. Differences in the PXX 2 81 128 162

measurements were analyzed by Studdrigst using standard software XXX 5(29 38 192 4543 (4280°)

(SPSS 10.0J for Windows, SPSS Japan Inc., Tokyo, Japan).

DNA Microarray Procedure. We selected three average rats from * Gene expression levels represented by the signatures P, “M", and "A", as
each group as determined by plasma total cholesterol and pIasmadetermined by the Affymetrix Expression Algorithm. “X” represents M or A. P, present
triglyceride levels. Total hepatic RNA was extracted from each of the expression level; M; marginal expression level; A; absent expression level. ? Genes

= . classified as AAA in either group. ¢ Genes classified as AAA in both groups.
selected rats using ISOGEN (Nippon Gene Co. Ltd., Toyama, Japan)
and purified with an RNeasy mini kit (Qiagen K.K. Chuo-ku, Tokyo,
Japan). The quality and quantity of the total RNA were checked by RESULTS
agarose gel electrophoresis and by spectrophotometry. Microarray  Growth and Blood Lipid Concentration. All rats consumed
analysis was performed according to the manufacturer’s instructions gimost the same amounts of diets throughout the feeding period,
(Affymetrix, Santa Clara, CA) as described previougg). Briefly, 5 but the final body weights of rats fed the SPI diet (SPI-rats)
“9 qf purified total RNA was used.to synthesize double-stranded cDNA. were slightly lower than those fed the casein diet (casein-rats)
B|c|>t|nylated ‘;RNA W?S 4 tran(sjcnzsd dfrtom thi CDNf‘. b);:z Tt7 GRNA as shown inrable 2. In addition, relative liver weight was signi-
polymerase, fragmented, and added to an Affymetrix Rat Genome ficantly lower in the SPI-rats than in the casein-rats. Concentra-

U34A array (contains probes for over 8000 rat genes) as described in,. . . .
the Expression Analysis Technical Manual (Affymetrix). After hybrid- tions of Chqles_t_erOI and tnglycendes in the blOOd Of. th‘? SI.Dl_
ization at 45°C for 16 h, the array was washed and labeled with TatS were significantly lower than in the casein-rats, indicating

phycoerythrin, and the fluorescent signals were scanned using thethat SPI intake has a plasma lipid-lowering effe€afjle 3).
Affymetrix GeneChip System. The scanning data were analyzed by On the other hand, plasma glucose levels were not significantly
Affymetrix software (Microarray Suite 5.0). All data obtained were different between the SPI- and casein-rats.
exported as text files or Microsoft Excel files. After a set of 59 probe- Three rats from each dietary group, whose plasma lipid con-
sets with the AFFX index used for quality control was removed, the centrations approximated the mean values of the six rats fed
remaining data were linearly normalized with the signal value of the the respective diet, were selected for further biochemical and
_ﬂ-actin gene (accession no. V0121_7) to correct_ for minor differences molecular biological analyses including DNA microarray analy-
in the amounts of each cRNA applied to the microarrays. sis as described below. The levels of cholesterol and triglycerides
Data Analysis. Genes were classified into 16 groups according 1o stored in the livers of the three SPI-rats were moderately lower
their combination of detection calls, and their data were treated by than those in the three casein-rats, and the level of liver
Affymetrix Statistical Algorithms to find differences between SPI-and -, ospholipids in the three SPI-rats was significantly higher than
casein-fed rats. With the detection calls *P", *A", and "M", meaning in the casein-rats (data not shown). These results indicate that

“present”, “absent”, and “marginal”, respectively, the data for the ) . S
detection calls of the genes of three rats were described as threeIong term intake of SPI has an effect, compared the casein diet,

signature combinations, PPP, PPX, PXX, and XXX, in which x O" lipid metabolism, especially in the liver.

represents either “A” or “M” Table 4). The changes in the expression Differentially Expressed Genes in the Livers of RatsTo

of 2905 genes expressed in all rats fed the SPI and casein diets werdnvestigate the nutritional influence of SPI intake in detail, DNA
statistically analyzed by Studentisest atp < 0.05. microarray analysis was carried out, and the data on gene
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Table 5. Functional Classification of Genes for Which Expressions
Were Significantly Different in the Livers of Rats Fed the SPI Diet for
8 Weeks?

no. of genes (>1.5-fold)

function? increased decreased
amino acid metabolism 4(1) 10(2)
antioxidant 9(6) 2(0)
cell growth and/or maintenance 6(2) 11(3)
energy metaholism 4(1) 7(@)
fatty acid metabolism 0 9(7)
immunity 3(2 0
signal transduction 7(0) 5(1)*
steroid metabolism 12 (10)* 0
structural molecule 0 4(0)
transcriptional regulator 4(0) 4(0)
others 12 (1)* 2 (0y**
total 61 (23)** 54 (15)***

@ Number of genes for which mRNA levels were significantly different (p < 0.05)
by Student’s t test between the casein and SPI group. ? Genes tentatively categor-
ized according to their physiological functions. ¢*, ** and ***, one, two, and three
genes, respectively, represent specifically expressed in one experimental group.

Table 6. Genes for Which Expressions Showed Differences >1.5-Fold
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expression in livers of both SPI- and casein-rats=(3) were
individually obtained. The correlation coefficients showing the
overall similarity of gene expression between any two individu-
als in the same dietary group were very high (0.993®86 and
0.986—0.992 among SPI- and casein-rats, respectively). Next,
differences in gene expression between the two dietary groups
were identified. Data on gene expression were classified into
16 groups according to the detection call by Affymetrix software
Microarray Suite Table 4). Genes showing reproducible results

in both dietary groups, a total of 4280, were further analyzed.
Statistical analysis by Student'sest of 2905 genes expressed

in all rats in both dietary groups articulated 115 genes showing
significant differences in expression levels (Figure 1). Among
these 115 genes, 61 were significantly up-regulated and 54 were
significantly down-regulated in SPI-rats as compared with
casein-rats. The expressions of one-third of the 115 genes
changed at least 1.5-fold. The presence of 2 genes in SPI-rats
and 3 genes in casein-rats was considered to demonstrate
biologically significant differencesT@able 4). Consequently, 120
genes were identified as showing significant alteration of

fold £ SEM gene name functions accession no. UniGene-ID
3.08£0.20 cysteine sulfinic acid decarboxylase amino acid metabolism M64755 Rn.43232
3.52+0.49 cytochrome P-450e antioxidant M13234 Rn.91353
320+£0.38 metallothionein-Il antioxidant Al176456 Rn.64596
253+0.22 metallothionein-2 and metallothionein-1 antioxidant M11794 Rn.54397
1.82+0.15 glutathione S-transferase Ya subunit antioxidant K00136 Rn.40574
1.61+0.13 epoxide hydrolase 1 antioxidant M26125 Rn.3603
1.60 +0.09 glutathione S-transferase Yb subunit antioxidant J02592 Rn.625
1.69+0.13 PRG1 cell growth and/or maintenance X96437
1.52 +0.08 deoxyribonuclease KIAA0218 cell growth and/or maintenance AAT799581 Rn.6207
210+0.13 carbonic anhydrase Il (CA3) energy metabolism AF037072 Rn.1647
1.86 +0.08 macrophage migration inhibitory factor immunity S73424
1.56 £ 0.07 interferon-inducible protein variant 10 immunity X61381 Rn.6945
2.32+0.20 sterol-C4-methyl oxidase-like steroid metabolism Al172293 Rn.7167
4.12 +£0.60 isopentenyl diphosphate-dimethylallyldiphosphate steroid metabolism AF003835 Rn.10780
isomerase
2.23+0.13 lanosterol 14-demethylase steroid metabolism AB004096 Rn.6150
2.09 £ 0.08 carboxylesterase steroid metabolism M20629 Rn.2549
2.03+0.03 carboxylesterase steroid metabolism D00362
1.89+0.10 carboxylesterase (Es-HVEL) steroid metabolism X65296
1.81+0.08 3-hydroxy-3-methylglutaryl-coenzyme A synthase 1 steroid metabolism Al177004 Rn.5106
1.63+0.07 3-hydroxy-3-methylglutaryl-coenzyme A synthase 1 steroid metabolism X52625 Rn.5106
1.81+0.16 faresyl diphosphate farnesyl transferase 1 steroid metabolism M95591 Rn.3252
1.74+0.16 farnesyl diphosphate farnesyl transferase 1 steroid metabolism M95591 Rn.3252
activated? squalene epoxidase steroid metabolism D37920 Rn.33239
2.96 + 0.09 GADII others E13557
activated? T-complex 1 others AA859980 Rn.7102
-1.60+0.13 kynurenine/a-aminoadipate aminotransferase amino acid metabolism 750144 Rn.11133
-1.90+0.17 serine dehydratase (SDH2) amino acid metabolism J03863 Rn.9918
-1.62+0.12 trans-golgi network protein 1 cell growth and/or maintenance AA926292 Rn.11349
-2.23+0.23 Arg/Abl-interacting protein ArgBP2 cell growth and/or maintenance AF026505 Rn.24612
-3.05+0.38 fatty acid-binding protein cell growth and/or maintenance S69874
-153+0.11 UDP-galactose: N-acetylglucosamine f3-1,4- energy metabolism S81025
galactosyltransferase
-1.67+0.12 L-type pyruvate kinase energy metaholism X05684 Rn.48821
-2.25+0.17 cytochrome P450 4A1 fatty acid metabolism AA924267 Rn.5721
-1.91+0.17 carnitine octanoyltransferase fatty acid metabolism J02844 Rn.4896
-1.56 +0.08 malic enzyme 1 fatty acid metabolism Al171506 Rn.3519
-1.67+0.12 malic enzyme 1 fatty acid metabolism Al171506 Rn.3519
-1.54+0.08 peroxisomal 3-ketoacyl-CoA thiolase fatty acid metabolism J02749 Rn.8913
-1.99+0.13 enoyl-coenzyme A, hydratase/3-hydroxy- fatty acid metabolism K03249 Rn.3671
acyl-coenzyme A dehydrogenase
-4.95+1.49 stearoyl-coenzyme A desaturase 1 fatty acid metabolism Al175764 Rn.1023
-1.53+0.07 protein kinase C d-binding protein signal transduction D85435 Rn.12281
suppressed? serine-threonine kinase receptor type | signal transduction 36088 Rn.10631
suppressed? EST others Al639525 Rn.74079
suppressed? EST others AAB75288 Rn.2791

aGene arbitrated as PPP in the SPI group and AAA in the casein group. ® Gene arbitrated as AAA in the SPI group and PPP in the casein group.
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4 On the other hand, the expression of genes related to fatty acid
B Wisesan s — synthesis was sigpificantly down-regulated in SPl-rats as
=k b | B Decreased in SPI group compared with casein-rats. The stearoyl-CoA Qesaturase-l gene,
. 23 which was the most down-regulated gene, is also concerned
with fatty acid metabolism27). Iritani et al. ) reported that
SPI intake suppresses the expression of genes encoding key
enzymes involved in fatty acid synthesis, such as fatty acid
synthase, ATP-citrate lyase, and malic enzyme. In addition, the
expressions of genes concerned with series of enzymes involved
in fatty acid synthetic pathways were also decreased by SPI
intake. This indicates that the collective suppression of the
expression of genes involved in fatty acid synthesis contributes
5 N B o B N 5 S g to a reduction in the concentration of lipids in the serum and
liver. On the metabolic map, de novo steroid synthesis links to
fold fatty acid synthesis via acetyl-CoA. Therefore, the effects of

Figure 1. Results of Student's t test (p < 0.05). The expressions of 115 SPI intake, such as the suppression of fatty acid synthesis and

of 2905 genes were significantly different (p < 0.05) between the SPI the progression of de novo steroid synthesis, indicate an overall
and casein groups. alteration in the expression of genes involved in lipid catabolism

and anabolism, indicating that SPI intake comprehensively

expression in rat liver between SPI- and casein-rats. Their Modulates lipid levels in vivo.
products may be related to various physiological functions such ~ One of the physiological effects of SPI intake is the repression
as immunity, transcription, antioxidation, and amino acid of renal damage. SPI intake brings about a significant progres-
metabolism (Table 5). Dietary SPI up-regulates the expression sion of urinary urea excretion, suppression of urinary protein
of genes related to antioxidation and steroid metabolism and excretion, and reduction of blood urea-N (28). In our present
down-regulates the expression of genes related to fatty acidstudy, the concentration of urea-N in the SPI-rats (13.Q.6,
metabolism, cell growth and/or maintenance, cytoarchitecture, n = 5) was significantly lower than in the casein-rats (183
and amino acid metabolism. Especially, genes showing signifi- 0.7, n = 6), suggesting an association of SPI with the
cant differences of-1.5-fold or expressed in only one of the suppression of renal damage. The enzymes involved in the urea
diet groups were mainly categorized as playing roles in cycle are all present in the liver, and the results of DNA
cholesterol metabolism, fatty acid metabolism, and antioxidation, microarray analysis also showed that genes concerned with
indicating that the effects on metabolism by SPI intake are amino acid metabolism were altered by the difference in dietary
predominantly in lipid metabolism and antioxidatioreples 5 proteins. Serine dehydratase 2, which mediates nonoxidative
and 6). These results suggest that global modifications with deamination and cleavedNH, from the amino acid directly
respect to the progression of steroid metabolism and theinto the urea cycle, was significantly up-regulated in SPI-rats
suppression of fatty acid synthesis in the liver can reduce plasmaas compared with casein-rats. In energy metabolism, carbonic
lipid concentrations by dietary SPI and that the suppression of anhydrase 11, which is concerned with ammonia catabolism,
the expression of genes concerned with cell growth and/or was also significantly up-regulated in the SPI-rats. These results
maintenance, cytoarchitecture, and amino acid metabolism cansuggest that these genes play important roles in reducing the
be related to the lower liver and body weights of SPI-rats. stress of renal function and promoting amino acid and energy
metabolism.

DISCUSSION Genes involved in antioxidative effects showed higher

DNA microarray technology that reveals an all-inclusive gene expressio_ns in the Iivgrs_of SPl-rats th_an in _casein-rats. Diet_ary
expression profile makes it possible to analyze the overall effects SP! contains such antioxidants as partially digested SPI peptides
of nutritional components; thus, nutrigenomics has arisen as a(30) as well as isoflavones and saponi$33), and, therefore,
new analytical field of food functions and nutritioh®, 17). In antioxidation is one of the major physiological roles of SPI.
this study, we succeeded in investigating the physiological T@kenaka et al. 34) reported that SPI intake suppressed
influences of dietary soy protein isolate in terms of biochemical Nyperoxidation confirmed by TBARs level in the liver. There-
analysis and nutrigenomics. fore, SPI intake ]ed to some sort of preyentive _effects. Among

Especially, alterations in the expressions of genes related tothe genes showing higher expressions in the livers of SPI-rats
lipid metabolism by SPI intake were characteristic. Potter (3) than in casein-rats are some genes related to xenobiotics, such
reviewed various effects of SPI and reported that its intake @S genes encoding glutathiofi¢ransferase, cytochrome P-450,
increased low-density lipoprotein (LDL) receptor activity. These and epoxide hydrolase. It is suggested that ingested SPI induces
results indicated that SPI intake significantly up-regulated the the expression of antioxidants to promote xenobiotic metabolism
expression of genes related to cholesterol de novo synthesis an@nd reduce oxidative stress.
steroid catabolism, but significantly decreased serum cholesterol Hyperlipidemia and hypercholesterolemia invite various
levels. These results suggest that SPI intake brings about thedisorders such as obesity and atherosclerdsis Thus, it is
progression of steroid excretion. In fact, the levels of the important that blood lipids are reduced in daily life. Especially,
excretion of acidic steroids, for example, bile acid, and neutral differences of the diet may bring about the possibility of
steroids, for example, cholesterol, were significantly higher in lowering blood lipids in connection with physiological changes.
SPI-rats than in casein-rats after 2 weeks of feeding (TachibanaAlthough the number of genes with altered expression profiles
et al., unpublished data). Taken together, the data suggest thabn microarrays represents only 1.4% of in the total genes in
the progression of steroid excretion due to SPI intake may resultthe rat genome, it is worth noting that these may trigger desirable
in a reduction of the serum cholesterol level and that its intake physiological effects of SPI intake, such as reductions in the
for 8 weeks can maintain serum cholesterol at a lower level. levels of liver and blood lipids, steroid excretion, and the
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mitigation of oxidative stress. Further investigations on rats of
different ages and feeding period will provide more precise
information about the multifunctionalities of this important food
protein, SPI.
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