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8 Abstract

9 Purpose The present study analyzes the effect of the

10 replacement of dietary casein by soy protein on the

11 mechanisms underlying dyslipidemia, liver steatosis and

12 altered glucose and lipid metabolism in the skeletal muscle

13 which developed in rats fed long-term a sucrose-rich diet

14 (SRD).

15 Methods Wistar rats were fed a SRD for 4 months. From

16 months 4 to 8, half the animals continued with the SRD,

17 and the other half were fed a SRD in which the source of

18 protein casein was replaced by soy. The control group

19 received a diet with cornstarch as source of carbohydrate.

20 Results Compared to SRD-fed animals, the rats fed soy

21 showed: A—in the liver: reduction of triglyceride and

22 cholesterol storage and decreased steatosis; normalization

23 of mature forms of the protein mass levels of SREBP-1 and

24 the activities of lipogenic enzymes, while the protein mass

25 level of PPAR-a and fatty acid oxidase activity increased.

26 B—in the gastrocnemius muscle: normalization of the

27 enhanced lipid storage and the altered glucose oxidation,

28 improving glucose phosphorylation; decreasing protein

29 mass level of nPKCh in the membrane fraction; reversion

30 of the impaired insulin-stimulated glucose transporter Glut-

31 4, and glucose-6-phosphate and glycogen concentrations.

32Besides, dyslipidemia and glucose homeostasis returned to

33control values.

34Conclusions This study provides new information con-

35cerning some key mechanisms related to the effect of

36dietary soy on hepatic lipid metabolism and insulin action

37in the skeletal muscle in the presence of pre-existing

38dyslipidemia and insulin resistance induced by a SRD. 39

40Keywords Soy protein � Liver � Skeletal muscle �
41Dyslipidemia � Insulin resistance

42Introduction

43Dysfunctional lipid metabolism is a key component in the

44development of the metabolic syndrome, a very frequent

45condition characterized by dyslipidemia, insulin resistance,

46abdominal adiposity and hypertension which are related to

47an elevated risk for type 2 diabetes mellitus [1]. This

48syndrome is physiologically related to both genetic factors

49and food intake habits, especially the consumption of a

50high-calorie, high-fat and high-carbohydrate diet.

51Dietary interventions may induce changes in the pre-

52vention or improvement of many metabolic disorders

53included in this syndrome by modulating the expression of

54important genes involved in these chronic manifestations.

55It has been reported that the ingestion of vegetable protein

56instead of animal protein lowers the risk of coronary

57diseases. In this regard, several studies in human and

58experimental animals have demonstrated the cholesterol-

59lowering anti-lipogenic and anti-hypertensive effects of

60soy protein [2–4]. Moreover, additional health benefits

61have been suggested to include anti-diabetic effects:

62reduced weight gain and improved body composition,

63glucose homeostasis and insulin sensitivity [5–7]. In
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64 addition to its macronutrient content, soy protein contains

65 bioactive components that directly or indirectly interact

66 with hepatic genes to modulate serum lipids levels [6–8]. It

67 has been reported that dietary soy protein in rodents had a

68 hypotriglyceridemic effect in liver, mediated by sterol

69 regulatory element-binding protein-1 (SREBP-1) depen-

70 dent lipogenesis [9]. In addition, in hyperinsulinemic obese

71 Zucker fa/fa rats, Tovar et al. [10] showed that soy protein

72 compared to casein increased mRNA levels of peroxisome

73 proliferator-activated receptor-a (PPAR-a). Thus, altera-

74 tions of hepatic lipogenesis and fatty acid oxidation may be

75 responsible for soy protein dependent decreases in lipo-

76 protein production. Studies in a rodent model have also

77 demonstrated the effect of soy protein isolates to reduce

78 insulin resistance [9]. Besides, in healthy and diabetic

79 animals, soybean peptides decreased blood glucose by

80 increasing insulin sensitivity and improving glucose toler-

81 ance [11–13].

82 Skeletal muscle accounts for 75 % of whole body

83 insulin-stimulated glucose uptake; therefore, this tissue

84 plays an important role in maintaining whole body glucose

85 homeostasis. Dietary proteins are important modulators of

86 insulin signaling and action in rat skeletal muscle. Lu et al.

87 [14] showed that the administration of the soy peptide

88 aglycin during 4 weeks can attenuate or prevent hyper-

89 glycemia by increasing the insulin receptor signaling

90 pathway in the skeletal muscle of streptozotocin/high-fat

91 diet-induced diabetic BALB/C mice.

92 On the other hand, male Wistar rats have been used as an

93 experimental model of insulin resistance, dyslipidemia,

94 altered glucose homeostasis and visceral adiposity because

95 of their susceptibility to these diseases in response to being

96 chronically fed a high sucrose/fructose diet [15, 16]. At

97 present, only few studies have investigated the capacity of

98 soy protein to prevent, improve or reverse dyslipidemia and

99 insulin resistance using this animal model. In this regard,

100 Lavigne et al. [17] showed that Wistar rats fed during

101 4 weeks a sucrose-rich diet (SRD), in which the source of

102 protein was isolate soy protein, improved fasting glucose

103 levels, glucose tolerance test and whole body insulin action

104 on glucose disposal compared with the isoenergetic amount

105 of casein. We have recently demonstrated that substituting

106 dietary casein by isolated soy protein in the SRD during the

107 last 4 of the 8-month feeding period leads to reverse the pre-

108 existing state of dyslipidemia by decreased hepatic VLDL-

109 Tg secretion and increased plasma triglyceride removal.

110 Besides, soy protein ameliorates the altered glucose

111 homeostasis and the impaired whole body peripheral insulin

112 sensitivity. In addition, soy protein was able to normalize

113 the enhanced body weight and reverse the increased liver

114 and skeletal muscle triglyceride storage [18].

115 In order to shed new light on this topic by further

116 exploring the mechanism/s underlying the beneficial effect

117of dietary soy protein on liver lipid metabolism and

118impaired insulin action in the skeletal muscle of dyslipemic

119insulin resistant rats fed a SRD, the aim of this study was

120twofold: (i)—to analyze in the liver the protein mass level

121of transcription factor SREBP-1 and nuclear receptor

122PPAR-a and their target enzymes activities involved in ‘‘de

123novo lipogenesis’’ and ‘‘fatty acid oxidation’’. These col-

124lectively could affect the fate of fatty acid metabolism and

125contribute to improved/reversed liver steatosis and dysli-

126pidemia; (ii)—to study in the skeletal muscle several bio-

127chemical and metabolic parameters involved in the glucose

128metabolism at the basal state and under insulin stimulation,

129and the protein mass levels of nPKCh. This study was

130conducted in rats fed a SRD for 8 months, in which the

131metabolic abnormalities mentioned above were pre-exist-

132ing before the source of dietary protein (casein) was

133replaced by an isocaloric amount of isolated soy for the last

1344 months of the experimental period in half the animals.

135Materials and methods

136Animals and diets

137Male Wistar rats initially weighing 180–190 g were

138maintained with unrestricted access to water and food

139under controlled temperature (22 ± 1 �C), humidity and

140air flow conditions, with a fixed 12 h light–dark cycle (light

14107.00–19.00 h). They were initially fed a standard nonpu-

142rified diet (Ralston, Purina, St Louis, MO). After one week

143of acclimatization period, the rats were randomly divided

144into two groups (control and experimental) and were

145housed individually. The experimental group received a

146purified sucrose-rich diet (SRD) containing by weight 62.5

147(g/100 g) sucrose, and the control group received the same

148purified diet but with sucrose replaced by cornstarch

149[control diet (CD)]. Details on the composition of the diets

150are given in Table 1. Both groups received each diet for

1514 months, after which the SRD group of rats was randomly

152subdivided into two subgroups. The rats in the first sub-

153group continued on the SRD up to 8 months of feeding.

154The second subgroup (SRD-S) received the SRD in which

155the source of protein casein was replaced by soy protein

156isolate (MP Biomedicals, Solon, OH, USA) for the next

1574 months. The composition of the soy protein isolate is

158given in Table 2. The control group received the control

159diet throughout the experimental period (Table 1). All diets

160provided approximately 16.30 kJ/g of food and were

161available ad libitum. Diets were prepared every week [18].

162The weight of each animal and the energy intake were

163recorded twice per week during the experimental period in

164all groups and subgroups of rats. At the end of the exper-

165imental period, food was removed at 07.00 h, and unless
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166 otherwise indicated experiments were performed between

167 07.00 and 09.00 h.

168 Rats from the three dietary groups were anesthetized

169 with intraperitoneal sodium pentobarbital (60 mg/kg body

170 weight). Blood samples were obtained from the jugular

171 vein and rapidly centrifuged. Plasma was either immedi-

172 ately assayed or stored at -20 �C. The liver and gastroc-

173 nemius muscle were totally removed and immediately

174 frozen and stored at the temperature of N2 liquid. The

175 experimental protocol was approved by the Human and

176 Animal Research Committee of the School of Biochemis-

177 try, University of Litoral, Santa Fe, Argentina.

178 Analytical methods

179 Plasma triglyceride, free fatty acids, total cholesterol and

180 glucose levels were determined by spectrophotometric

181 methods and insulin by immunoreactive assays as previously

182 described [18–20]. The insulin assay was calibrated against

183 rat insulin standard (Novo Nordisk, Copenhagen. Denmark).

184Enzymatic activity assays in liver tissue

185Acetyl CoA carboxylase was assayed according to Zim-

186mermann et al. [21]. Briefly, the cytosolic fraction was

187obtained after centrifugation of the supernatant at

18830,000 rpm for 1 h at 4 �C, and Acetyl CoA carboxylase

189was measured by an NADH-linked assay. Fatty acid syn-

190thase activity was assayed on the cytosolic fraction of liver

191by measuring malonyl-CoA-dependent NADPH oxidation

192at 37 �C as described recently [22]. Malic enzyme was

193measured according to Hsu et al. [23], Liver tissue glucose-

1946 phosphate dehydrogenase activity was measured

195according to Cohen et al. [24] as described recently [22].

196Peroxisomal fatty acid oxidase was measured in liver by

197the procedure reported by Vamecq [25] with the addition of

1980.1 g/L Brij 58 to the reaction mixture as described by

199Hein et al. [26]. Carnitine palmitoyltransferase-1 was

200measured spectrophotometrically using the method

201described by Karlic et al. [27].

202Western blot analysis of liver protein mass levels

203of PPAR-a and sterol regulatory element-binding

204protein-1 (SREBP-1)

205Liver homogenates were prepared for PPAR-a protein

206mass level analysis, and Western blots were run under

207reduced–denatured protein (Laemmli buffer) as described

208by Hein et al. [26]. Nuclear and microsomal membrane

209extracts of SREBP-1 from the liver of rats were assayed

210according to described by Rossi et al. [22]. The protein

211concentration of the extracts was determined by the

212Bradford assay. Protein samples were resolved on SDS–

213PAGE according to Laemmli and were transferred to

214polyvinyldifluoride (PVDF) membranes and were probed

215with specific antibodies (rabbit anti-PPAR-a antibody and

216rabbit anti-SREBP-1 antibody; Santa Cruz Biotechnology,

217Inc. CA, USA), respectively. The blots were then incubated

218with horseradish peroxidase-linked secondary antibody

Table 1 Composition of the

experimental diets (based on the

AIN-93 diet)

CD control diet, SRD sucrose-

rich diet, SRD-S SRD with soy

protein
a Soy protein isolated (MP

Biomedicals, Solon, OH, USA)
b AIN-93 VX
c AIN-93M-MX

Diet ingredients CD SRD SRD-Sa

g/100 g % Energy g/100 g % Energy g/100 g % Energy

Cornstarch 62.5 65 – – – –

Sucrose – – 62.5 65 62.5 65

Casein-free vitamin 18 19 18 19 – –

Soy protein – – – – 18 19

Corn oil 7 16 7 16 7 16

Vitamin mixb 1 1 1

Cellulose 7.5 7.5 7.5

Salt mixc 3.5 3.5 3.5

Choline bitartrate 0.2 0.2 0.2

DL- Methionine 0.3 0.3 0.3

Table 2 Composition of the soy protein isolate

Composition Soy protein isolate (g/100 g)

Protein 92

Water 6.0

Ash 4.1

Fat 0.8

Fiber 0.25

Carbohydrate 2.85

Isoflavones 0.0175

Calcium 0.15

Phosphor 0.8

Potassium 0.05

Sodium 1.3

Trypsin inhibitor (mg/g) 4.0–7.3

Soy protein isolate was purchased from MP Biomedicals, Solon, OH,

USA
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219 followed by chemiluminescence detection according to the

220 manufacturer’s instructions (Super Signal West Pico

221 chemiluminescence detection; Pierce Biotechnology,

222 Rackford, IL). b-actin was used as a loading control. The

223 intensity of bands was quantified by NIH imaging software

224 (http://rsb.info.nih.gov/nih-image/). The relationship

225 between the amount of samples subjected to immunoblot-

226 ting and the signal intensity observed was linear under the

227 aforementioned conditions. The liver SREBP-1 analysis

228 showed one electrophoretic band with an approximate

229 molecular weight of 125 kDa and another band of 68 kDa;

230 these bands represent the precursor and mature forms of

231 SREBP-1, respectively [28].

232 Gastrocnemius muscle assays

233 Triglyceride, long-chain acyl CoA, diacylglycerol, glyco-

234 gen and glucose-6-phosphate content as well as the activ-

235 ities of hexokinase and pyruvate dehydrogenase complex

236 (PDHc) were analyzed in muscle homogenate at the

237 beginning of the clamp studies, as recently described by

238 D’Alessandro et al. [29–31]. The protein mass level of

239 protein kinase C theta (nPKCh) in the cytosol and the

240 membrane fraction of the gastrocnemius muscle were

241 measured as described by D’Alessandro et al. [29, 30].

242 Briefly, total protein samples were resolved on SDS-

243 PAGE, transferred to PVDF membranes and probed with

244 specific antibody (polyclonal anti–rabbit anti-specific

245 nPKCh from Santa Cruz, Biotechnology, Inc, Santa Cruz,

246 CA, USA). The blot was incubated with horseradish per-

247 oxidase-linked secondary antibody followed by chemilu-

248 minescence, and the intensities of the bands were

249 quantified using the NIH imaging software as described

250 above. b-actin was used as a loading control.

251 Glycogen, glucose-6-phosphate content and Glut-4

252 protein mass levels in the gastrocnemius muscle (clamp

253 studies)

254 Whole body peripheral insulin sensitivity was measured

255 using the euglycemic-hyperinsulinemic clamp technique as

256 previously described elsewhere [31]. Briefly, after 5 h of

257 food deprivation, twelve rats from each dietary group were

258 anesthetized, a blood sample was withdrawn, and glucose

259 and insulin levels were assessed. The gastrocnemius mus-

260 cle of six rats from each group was rapidly removed

261 (starting clamp values), clamped in liquid N2 and stored at

262 -80 �C. In the other six rats from each dietary group, an

263 infusion of highly purified porcine neutral insulin (Act-

264 rapid, Novo Nordisk, Bagsvard, Denmark) was adminis-

265 tered at 0.8 units/(kg 9 h) for 2 h. Glycemia was

266 maintained at a euglycemic level by infusing glucose at a

267 variable rate. The glucose infusion rate during the second

268hour of the clamp study was taken as the net steady state of

269the whole body glucose. At the end of the clamp period, the

270gastrocnemius muscle was rapidly removed. The protein

271mass levels of Glut-4, glycogen and glucose-6-phosphate

272concentrations were determined at the beginning and at the

273end of the clamp. The assay of the protein mass level of

274Glut-4 was recently described by D’Alessandro et al. [29,

27530]. Briefly, total protein samples were resolved on SDS-

276PAGE, transferred to PVDF membranes and probed with

277specific antibody (polyclonal goat anti-Glut-4 from Santa

278Cruz Biotechnology, Inc, Santa Cruz, CA, USA). The blot

279was incubated with horseradish peroxidase-linked second-

280ary antibody followed by chemiluminesence, and the

281intensities of the bands were quantified as described above.

282b-actin was used as a loading control. Glycogen and glu-

283cose-6-phosphate contents were measured as recently

284described by D’Alessandro et al. [29, 30].

285Statistical analysis

286Sample sizes were calculated on the basis of measurements

287previously made with rats fed either a control diet or a SRD

288[16, 22, 29] considering an 80 % power [32]. Results were

289expressed as mean values with their standard errors. Sta-

290tistical comparisons were done transversely between dif-

291ferent dietary groups. The statistical significance between

292groups was determined by one-way ANOVA, with one

293factor (diet) followed by the inspection of all differences

294between pairs of means by the Newman Keuls’ test [33].

295Differences having P values lower than 0.05 were con-

296sidered to be statistically significant (SPSS 15.0 for Win-

297dows, SPSS INC, Chicago, Illinois). All reported P values

298are two-sided.

299Results

300Body weight gain and energy intake

301Body weight and energy intake were carefully monitored in

302all groups of rats throughout the experimental period. As

303shown in an early publication of our group [34] and con-

304firmed in the present work, increases in body weight gain

305and energy intake were comparable in rats fed the CD or

306SRD during the first 4 months of the feeding period of their

307respective diets (Fig. 1). However, a significant increase in

308both parameters was observed in the rats that continued

309with the SRD up to 8 months. Besides, in agreement with

310previous results, when the source of dietary casein in the

311SRD was replaced by soy for the last 4 months on diet

312(SRD-S), both energy intake and weight gain remained

313similar to those observed in the control diet fed rats

314[18, 34].
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315 Plasma metabolites and insulin levels

316 Both at 4 months and at the end of the experimental period

317 (8 months), plasma triglyceride, cholesterol, free fatty acid

318 and glucose levels were significantly higher (P \ 0.05) in

319 the SRD-fed rats compared to control rats fed a cornstarch

320 diet (Table 3). However, when soy protein replaced casein

321 for the last 4 months of the diet, a return of all the above

322 parameters was observed reaching values similar to those

323 recorded in the control group. No statistically significant

324 differences in plasma insulin levels were observed either at

325 4 months or at the end of the experimental period between

326 all dietary groups (Table 3).

327 Liver triglyceride, cholesterol and lipogenic enzyme

328 activities

329 Table 4 shows how the significant increases of liver tri-

330 glyceride storage and cholesterol concentrations recorded

331 in rats fed a SRD during 8 months were completely
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Energy intake (kJ/d) 

Initial to 4 months 4 to 8 months 

CD a

SRD b

SRD-S 

267.3 ± 6.2 270.0 ± 5.9

266.7 ± 3.6 337.1 ± 7.4

273.0 ± 3.7a

Soy protein 

*

*
*

*

*

CD 
SRD 
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0 

Fig. 1 Body weight and energy

intake in rats fed a control diet

(CD square), sucrose-rich diet

(SRD black square) or SRD

with soy protein (SRD-S gray

square). Values are expressed as

mean ± SEM (8 animals per

group) *P \ 0.05 SRD versus

CD and SRD-S at each time

point. In the table, values in a

column that do not share the

same superscript letter differ

(P \ 0.05) when one variable at

a time was compared by the

Newman Keuls’ test. For more

details, see animals and diets in

section ‘‘Materials and

methods’’

Table 3 Plasma metabolites and insulin levels in rats fed a control diet (CD), sucrose-rich diet (SRD) or the SRD with soy protein (SRD-S)

Diet Time-on diet (months) Triglyceride (mM) Cholesterol (mM) Free fatty acids (lM) Glucose (mM) Insulin (pM)

CD 4 0.61 ± 0.05a 2.04 ± 0.10a 325.0 ± 20.2a 6.3 ± 0.1a 370.0 ± 26.0

CD 8 0.66 ± 0.04a 2.15 ± 0.08a 315.0 ± 10.5a 6.2 ± 0.2a 375.0 ± 30.3

SRD 4 1.60 ± 0.09b 3.22 ± 0.08b 705.0 ± 46.0b 8.1 ± 0.3b 360.0 ± 28.0

SRD 8 1.70 ± 0.12b 3.18 ± 0.06b 734.0 ± 32.8b 8.2 ± 0.2b 369.0 ± 33.0

SRD? 4?

SRD-S 4 0.69 ± 0.05a 2.05 ± 0.05a 323.0 ± 34.0a 6.7 ± 0.3a 370.0 ± 27.0

Values are expressed as mean ± SEM, n = 6. Values in a column that do not share the same superscript letter are significantly different

(P \ 0.05) when one variable at a time was compared by the Newman Keuls’ test

Table 4 Triglyceride and cholesterol contents and acetyl CoA car-

boxylase, fatty acid synthase, glucose-6-phosphate dehydrogenase

and malic enzyme activities in the liver of rats fed a control diet (CD),

sucrose-rich diet (SRD) or the SRD with soy protein (SRD-S)

CD SRD SRD-S

Metabolites (lmol/g wet tissue)

Triglyceride 11.80 ± 0.53a 20.40 ± 0.90b 10.45 ± 0.70a

Cholesterol 3.42 ± 0.10a 4.88 ± 0.16b 3.48 ± 0.15a

Lipogenic enzyme activities (pKtal/mg protein)

Acetyl CoA

carboxylase

728.4 ± 36.6a 1,536.6 ± 31.6b 863.1 ± 38.2c

Fatty acid

synthase

118.1 ± 3.3a 301.0 ± 14.9b 134.7 ± 4.9a

Glucose-6-

phosphate

dehydrogenase

375.8 ± 29.9a 606.9 ± 23.3b 429.0 ± 9.9a

Malic enzyme 114.7 ± 4.9a 211.2 ± 9.9b 181.3 ± 6.6c

Values are expressed as mean ± SEM, n = 6. Values in a line that do

not share the same superscript letter are significantly different

(P \ 0.05) when one variable at a time was compared by the Newman

Keuls’ test
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332 normalized in the group of rats fed SRD-S. Furthermore,

333 the activities of the key enzymes involved in de novo

334 lipogenesis, which reached an almost twofold increase in

335 the liver of the SRD-fed groups, were significantly

336 improved, reaching values similar to those recorded in the

337 CD-fed group, after soy protein administration.

338 Liver SREBP-1 protein mass levels in the membrane

339 fraction (precursor form) and nuclear extracts (mature

340 form)

341 Figure 2 shows the Western blot analysis of the precursor

342 and mature forms of SREBP-1 protein mass levels in the

343 liver of CD, SRD and SRD-S-fed rats. The antibody of

344 SREBP-1 reacted with both SREBP-1a and SREBP-1c

345 forms; therefore, we could not distinguish these two forms

346 and thus used the noncommittal term SREBP-1 (in the

347 mouse liver, the ratio of SREBP-1c:1a transcriptors was

348 9:1) [28]. The 125 and 68 kDa proteins observed represent

349 the precursor and mature forms of SREBP-1. Each gel

350 contained an equal number of samples from the CD, SRD

351 and SRD-S groups (Fig. 2a, b). After the densitometry of

352 immunoblots, the precursor and mature forms of SREBP-1

353 of the CD group were normalized to 100 % and both SRD

354and SRD-S were expressed relative to this. The qualitative

355and quantitative analyses of Western blots showed no

356changes in the relative abundance of the precursor form of

357SREBP-1 in the three dietary groups (Fig. 2a). As previ-

358ously shown, the relative abundance of the mature form of

359the SREBP-1 protein was significantly increased

360(P \ 0.05) in SRD-fed rats (Fig. 2b). The present results

361show that when casein was replaced by soy protein in the

362SRD group, the relative abundance of the mature form of

363SREBP-1 protein mass levels returned to values similar to

364those observed in the CD group (Fig. 2b). The ratios of

365mature: precursor relative protein levels of SREBP-1 (six

366animals per group) were 1.2 ± 0.05 in the SRD versus

3670.95 ± 0.04 in SRD-S (P \ 0.05).

368Liver oxidative enzyme activities and PPAR-a protein

369mass levels

370The table inserted in Fig. 3 depicts the hepatic activities of

371key enzymes involved in mitochondrial (carnitine palmi-

372toyltransferase-1) and peroxisomal (fatty acid oxidase)

373fatty acid oxidation in the three dietary groups. Soy protein

374was able to reverse the decreased activity of carnitine

375palmitoyltransferase-1 observed in rats fed the SRD, which
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Lane 1 2 3 Lane 1 2 3

β β

Fig. 2 Liver protein mass levels of a the precursor and b the mature

forms of sterol regulatory element-binding protein-1 (SREBP-1) of

rats fed a control diet (CD square), a sucrose-rich diet (SRD black

square) or a SRD with soy protein (SRD-S gray square). Top a

representative immunoblot of the liver precursor and mature form of

SREBP-1 from the CD, SRD and SRD-S fed rats. Molecular marker is

shown on the right. Lane 1 CD; lane 2 SRD; lane 3 SRD-S. Bottom

Densitometric immunoblot analysis of the precursor form of SREBP-1

protein mass levels in the liver tissue of rats fed a CD, SRD or SRD-S,

and densitometric immunoblot analysis of the mature form of SREBP-1

protein mass levels in the liver tissue of rats fed a CD, SRD or SRD-S.

Values are expressed as mean ± SEM (six animals per group), with

their standard errors represented by vertical bars, and expressed as a

percentage relative to each CD, respectively. *Mean values were

significantly different from those of the CD and SRD-S groups

(P \ 0.05)
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376 achieved values similar to the CD-fed group. Compared

377 with the CD-fed group, no changes in peroxisomal fatty

378 acid oxidase activity were observed in rats fed the SRD.

379 However, the activity of this enzyme was almost 50 %

380 increased in the SRD-S group, reaching values above those

381 observed in age-matched control fed rats.

382 From the above results, we examined the protein mass

383 levels of the nuclear receptor PPAR-a. The immunoblot-

384 ting of liver tissue revealed a single 55 kDa band consistent

385 with PPAR-a. Each gel contained an equal number of

386 samples from the CD, SRD and SRD-S groups (Fig. 3 Top

387panel). After the densitometry of immunoblots, the PPAR-

388a of the CD group was normalized to 100 %, and both SRD

389and SRD-S were expressed relative to this. The qualitative

390and quantitative abundances of the Western blot showed

391that the relative abundance of PPAR-a protein mass levels

392significantly decreased (P \ 0.05) in the liver of the SRD

393group when compared with rats fed the CD (Fig. 3 Bottom

394panel). The replacement of casein by soy protein was able

395to significantly increase the PPAR-a protein mass levels,

396reaching values above those of the CD group (P \ 0.05

397SRD-S vs. CD).

SRD-SSRDCD

Oxidative enzyme activities 

(pKat/mg protein)
a b aCarnitine palmitoyltransferase-1 19.12 ± 1.83

Fatty acid oxidase 35.42 ± 1.66a a

11.97 ± 0.66 23.78 ± 2.33

33.26 ± 2.66 49.56 ± 5.15b
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Fig. 3 Liver protein mass levels of PPAR-a of rats fed a control diet

(CD square), a sucrose-rich diet (SRD black square) or a SRD with

soy protein (SRD-S gray square). In the table values are expressed as

mean ± SEM (six animals per group). Values in a line that do not

share the same superscript letter are significantly different (P \ 0.05)

when one variable at a time was compared by the Newman Keuls’

test. Top a representative immunoblot of liver PPAR-a from the CD,

SRD and SRD-S-fed rats. Molecular marker is shown on the right.

Lane 1 CD; lane 2 SRD; lane 3 SRD-S. Bottom Densitometric

immunoblot analysis of PPAR-a protein mass levels in the liver tissue

of rats fed a CD, SRD or SRD-S. Values are expressed as

mean ± SEM (six animals per group), with their standard errors

represented by vertical bars, and expressed as a percentage relative to

the CD. *Mean values were significantly different from those of the

CD and SRD-S groups (P \ 0.05). #Mean values were significantly

different from those of the CD group (P \ 0.05)
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398 Gastrocnemius muscle metabolite concentration,

399 enzyme activities and nPKCh protein mass levels

400 Confirming previous results [29, 30], at the beginning of

401 the clamp study, the gastrocnemious muscle of SRD-fed

402 rats showed a significant increase of triglyceride, long-

403 chain acyl CoA and diacylglycerol contents without

404 changes in glycogen and glucose-6-phosphate levels com-

405 pared to that of CD-fed rats (Table 5). The present study

406 shows that dietary soy protein was able to decrease tri-

407 glyceride storage and long-chain acyl CoA concentration

408 which reached values similar to those recorded in the CD-

409 fed group. Besides, a significant reduction of diacylglyc-

410 erol concentration was observed in the skeletal muscle of

411 the SRD-S-fed group. The administration of dietary soy

412 protein did not produce any changes in the glycogen and

413 glucose-6-phosphate levels. Moreover, the significant

414 reduction of both glucose phosphorylation and oxidation

415 estimated by hexokinase and pyruvate dehydrogenase

416 activities were improved or normalized when dietary soy

417 protein replaced casein in the SRD-fed group (Table 5).

418 Besides, the relative abundance of the nPKCh isozyme in

419 the membrane fraction of the gastrocnemius muscle, which

420 was significantly increased (P \ 0.05) in the SRD-fed rats,

421 returned to values similar to those recorded in the CD-fed

422 group in the SRD-S. No significant changes in the nPKCh
423 protein mass levels in the cytosol fraction were observed

424 between the three dietary groups (Table 5).

425 Protein mass levels of Glut-4 in the gastrocnemius

426 muscle at the beginning and end of the clamp studies

427 In Fig. 4, the immunoblotting of the gastrocnemius muscle

428 revealed a single 45 kDa band consistent with Glut-4. Each

429 gel contained an equal number of samples from rats fed a

430 CD, SRD and SRD-S at the beginning (0 min) and at the

431 end (120 min) of the euglycemic-hyperinsulinemic clamp.

432 After the densitometry of immunoblots, the Glut-4 of the

433 CD group at the beginning of the clamp was normalized to

434 100 % and both SRD and SRD-S at the beginning, and also

435 the three dietary groups at the end of the study, were

436 expressed relative to this. At the beginning of the clamp,

437 the qualitative and quantitative analyses of the Western

438 blot showed no differences in the relative abundance of the

439 total plasma membrane of Glut-4 protein between all die-

440 tary groups. As expected, under insulin stimulation the

441 translocation of Glut-4 to the plasma membrane signifi-

442 cantly increased in CD-fed rats, while the increase of

443 plasma membrane Glut-4 was lower in the SRD-fed group

444 under the same experimental conditions. By shifting the

445 source of protein in the diet to soy protein in the SRD-fed

446 group, the Glut-4 protein mass significantly increased,

447 although values are still lower than those recorded in the

448CD-fed group. This was accompanied by a significant

449improvement of the glucose infusion rate (GIR) although

450values in the rats fed a SRD-S were lower than the rats fed

451a CD. Furthermore, under the stimulus of the hormone the

452SRD-S group showed an increase of glucose-6-phosphate

453and glycogen concentration, which reached values similar

454to those obtained in the CD-fed group (Table inserted in

455Fig. 4).

456Discussion

457The present study focuses on the effect of dietary soy

458protein upon the mechanism/s involved in the reversion or

459improvement of dyslipidemia, liver steatosis and the

460impaired skeletal muscle lipid and glucose metabolism,

Table 5 Metabolites, enzyme activities and protein mass levels of

nPKCh in gastrocnemius muscle of rats fed a control diet (CD), a

sucrose-rich diet (SRD) or a SRD with soy protein (SRD-S)

CD SRD SRD-S

Metabolites

Triglyceride

(lmol/g wet

tissue)

3.6 ± 0.1a 7.1 ± 0.3b 4.0 ± 0.4a

Long-chain acyl

CoA (lmol/g

wet tissue)

5.8 ± 0.5a 11.9 ± 0.8b 6.3 ± 0.6a

Diacylglycerol

(nmol/g wet

tissue)

108.3 ± 13a 203.3 ± 20b 150.8 ± 10.9c

Glycogen (mg/g

wet tissue)

4.5 ± 0.2 4.6 ± 0.1 5.3 ± 1.4

Glucose-6-

Phosphate

(lmol/g wet

tissue)

0.43 ± 0.02 0.42 ± 0.03 0.48 ± 0.02

Enzyme activities

Hexokinase (pkat/

mg protein)

750.0 ± 38.0a 541.8 ± 31.3b 653.4 ± 14.0c

PDHaa (% of total

PDHc)

35.9 ± 0.7a 20.2 ± 1.6b 37.3 ± 1.0a

Protein mass

levels (% of

control diet)

nPKCh membrane

fraction

100.0 ± 3.0a 168.0 ± 9.8b 121 ± 6.2c

nPKCh citosol

fraction

100.0 ± 2.5 89.0 ± 8.1 91.2 ± 10.0

Values are expressed as mean ± SEM, n = 6 Values in each line that

do not share the same superscript letter are significantly different

(P \ 0.05) when one variable at a time was compared by the Newman

Keuls’ test
a PDHa: active form of PDHcomplex, expressed as percentage of

total PDHc activity (PDHa: basal activity 9 100/total activity)
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461 which developed in rats chronically fed a SRD [22, 26, 29].

462 Expanding our previous findings, the new main results of

463 this work are the following: In the liver of SRD-fed rats,

464 the administration of dietary soy protein (i) reduced the

465 increased triglyceride and cholesterol storage and

466 decreased liver steatosis, (ii) decreased both the enhanced

467 protein mass level of the mature form of SREBP-1 and the

468 activities of key enzymes involved in ‘‘de novo’’

469lipogenesis, (iii) increased the protein mass level of PPAR-

470a and the enzymatic activity of fatty acid oxidase. Both

471parameters reached values higher than those recorded in

472the CD-fed rats. In the gastrocnemious muscle, soy protein

473normalized the enhanced lipid storage and the altered glu-

474cose oxidation and improved the glucose phosphorylation

475observed in the SRD-fed rats. Moreover, soy protein was

476able to significantly decrease the protein mass level of

S-DRSDRSDC

Glucose infusión rate (GIR)  
[µmol/(Kg*min)] 

Glucose-6-phosphate 
(µmol/g wet tissue) 

Glycogen 
(mg/g wet tissue) 

63.7 ± 4.7a 25.0 ± 4.1b 46.8 ± 3.9c

0.81 ± 0.08a 0.50 ± 0.04b 0.74 ± 0.05a

6.7 ± 0.20a 5.4 ± 0.23b 6.13 ± 0.14a
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Fig. 4 Skeletal muscle protein mass level of Glut-4 at the beginning

(square 0 min) and under the insulin stimulation at the end (gray

square 120 min) of the clamp studies in rats fed a control diet (CD), a

sucrose-rich diet (SRD) or the SRD with soy protein (SRD-S). Top

immunoblot of Glut-4 of skeletal muscle from the CD, SRD and

SRD-S. Molecular marker is shown on the right. Lane 1 CD 0 min,

lane 2 CD 120 min; lane 3 SRD 0 min; lane 4 SRD 120 min; lane 5

SRD-S 0 min; lane 6 SRD-S 120 min. Bottom Densitometric

immunoblot analysis of Glut-4 protein mass in the skeletal muscle

of rats fed a CD, SRD or SRD-S at the beginning and at the end of

clamp studies. Values are expressed as mean ± SEM (six animals per

group) with their standard errors represented by vertical bars and

expressed as percentage relative to the control diet at 0 min of the

clamp. *Mean values were significantly different from those of the

CD, SRD and SRD-S rats at 120 min of the clamp versus CD, SRD

and SRD-S rats at 0 min of the clamp P \ 0.05. �Mean values were

significantly different from those of the SRD-rats at 120 min of the

clamp versus CD and SRD-S rats at 120 min of the clamp P \ 0.05.
�Mean values were significantly different from those of the SRD-S

rats at 120 min of the clamp versus CD at 120 min of the clamp

P \ 0.05. In the table, values are expressed as mean ± SEM (six

animals per group). Values in a line that do not share the same

superscript letter are significantly different (P \ 0.05) when one

variable at a time was compared by the Newman Keuls’ test
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477 nPKCh in the membrane fraction of the skeletal muscle of

478 rats fed a SRD, reaching values similar to those of the CD-

479 fed rats. In addition, soy protein reversed the impaired

480 insulin-stimulated glucose transporter Glut-4, glucose-6-

481 phosphate and glycogen levels during the euglycemic-

482 hyperinsulinemic clamp. Besides, as previously shown, this

483 was accompanied by a reduction of body weight gain,

484 improving of whole body peripheral insulin insensitivity

485 and normalization of dyslipidemia and plasma glucose

486 levels without changes in insulinemia. All the changes

487 mentioned above were obtained by shifting the source of

488 protein in the sucrose-rich diet from casein to soy during

489 the last 4 of the 8-month experimental period.

490 Several studies with rodent models demonstrated that the

491 administration of soy protein isolate reduces plasma lipid

492 levels, hepatic lipogenic enzymes gene expression, hepa-

493 tosteatosis and increases insulin sensitivity [4, 9, 17]. We

494 previously showed that the increase of liver lipids storage

495 during dyslipidemia and insulin resistance in the SRD-fed

496 rats was the result of the enhanced uptake of free fatty acids

497 released from adipose tissue and through an increase in

498 endogenous fatty acid biosynthesis and decreased oxidation

499 [22]. The present data show that in the SRD-fed rats the

500 replacement of dietary casein by soy protein significantly

501 reduced fatty liver decreasing triglyceride and cholesterol

502 concentrations. In addition, soy protein normalized dysli-

503 pidemia and reduced the excessive availability of plasma-

504 free fatty acid. Concerning this, we previously showed that

505 soy protein normalized the enhanced lipolysis from adipose

506 tissue of SRD-fed rats and limited the accretion of visceral

507 adiposity [34]. Different transcription factors are involved

508 in the expression of genes that could contribute to the

509 accumulation of lipids in the liver. Our results show a sig-

510 nificant decrease of the relative abundance of the protein

511 mass level of the mature form of SREBP-1 without changes

512 in their precursor form and an increase of the protein mass

513 level of the nuclear receptor PPAR-a in the SRD-S group.

514 Similar changes were observed regarding the activities of

515 target enzymes involved in ‘‘de novo’’ lipogenesis (fatty

516 acid synthase, acetyl CoA carboxylase, glucose-6-phos-

517 phate dehydrogenase and malic enzyme) and fatty acid

518 oxidation (fatty acid oxidase and carnitine palmitoyl-

519 transferase-1). These findings suggest that changes in the

520 direction of the metabolic fate of fatty acids from synthesis

521 and storage of lipids toward oxidation could be at least a

522 mechanism contributing to the lipid lowering effect of soy

523 protein in the SRD-fed group. In addition to these results,

524 we previously demonstrated [18] that soy protein was able

525 to reduce the secretion of VLDL-TG from the liver limiting

526 the formation of LDL particles and, therefore, reducing

527plasma triglyceride and cholesterol levels in rats chronically

528fed a SRD.

529Similarly, different studies showed that the gene

530expression of liver SREBP-1 and the hepatic enzymes fatty

531acid synthase, malic enzyme, stearoyl CoA desaturase,

532delta 5 and 6 desaturases decreased while the gene

533expression of carnitine palmitoyltransferase-1 and PPAR-a
534increased when dietary soy protein was given to normal

535rats or obese Zucker fa/fa rats for different periods of time

536[7, 9, 10, 35]. Moreover, Torre-Villalvazo et al. [4]

537observed a decrease of liver gene expression of SREBP-1

538and lipid deposition in Sprague–Dawley rats fed a high-fat

539diet during 6 months when soy protein instead of casein

540was administered. Tovar et al. [10] showed in Zucker obese

541fa/fa rats that soy protein reduced liver cholesterol levels;

542this reduction was associated with low expression of liver

543X receptor a and its target genes. Recently, Yamazaki et al.

544[36] showed in ddY mice that b conglycinin, a major

545protein of soy, significantly prevented increases in mRNAs

546of SREBP-1c and ChREBP and lipogenic genes such as

547fatty acid synthase, stearoyl CoA desaturase1, acetyl CoA

548carboxylase1 and liver-type pyruvate kinase in sucrose—

549supplemented mice contributing to the anti-fatty liver

550effects of b conglycinin.

551Our data contribute to the studies mentioned above since

552its shows that soy protein isolate was able to improve/

553reverse the pre-existing severe dyslipidemia and liver ste-

554atosis which developed in rats fed a SRD when this mac-

555ronutrient replaced casein as a source of protein.

556On the other hand, soy protein also contains fiber, lipids

557and isoflavones, among other components, that directly or

558indirectly could interact with hepatic genes to modulate

559lipid metabolism. In cultured human hepatoma (HepG2)

560cell line, Kim et al. [37] showed that genistein, a major

561isoflavone of soy protein, increased the gene expression of

562liver carnitine palmitoyltransferase-1 and PPAR-a. Bor-

563radaile et al. [38] found that genistein and daidzein inhib-

564ited the ApoB secretion in HepG2 cell line through several

565mechanisms including, among others, inhibition of cho-

566lesterol synthesis and esterification and increased expres-

567sion of LDL receptors. Besides, genistein added to a

568control diet lower serum triglyceride and affected mRNA

569levels of several genes involved in fatty acid, cholesterol

570and steroids metabolism, decreasing the activities of many

571lipogenic enzymes while those related to b oxidation in the

572liver of normal rats increased [39]. Moreover, a reduction

573of liver cholesterol and triglyceride contents was observed

574in obese fa/fa Zucker rats fed with isolate soy protein, low

575or high in isoflavones contents [40]. The isolated soy

576protein used in the present study contains a moderate
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577 amount of isoflavones (175.4 mg/Kg of diet). Therefore,

578 we cannot discard the possibility that a cooperative inter-

579 vention between soy protein and isoflavones as well as the

580 other components could contribute to our findings.

581 The metabolic shift of lipid fate in the liver induced by

582 dietary soy protein also ameliorated the impaired glucose

583 and lipid metabolism present in the skeletal muscle of

584 SRD-fed rats by a reduction of the accumulation of fatty

585 acid derivatives and normalized the increased protein mass

586 level of nPKCh in the membrane fraction. It is well known

587 that an increase of nPKCh could inhibit insulin signaling

588 and altered glucose metabolism [41]. Muscle nPKCh can

589 be activated by an increase of intracellular fatty acids and

590 metabolites, such as fatty acid acyl CoA and diacylglycerol

591 as well as by chronic elevation of plasma-free fatty acids

592 levels, which has been associated with an increase in

593 expression and activity of this PKC isoform [42]. In this

594 regard, the substantial reduction of plasma-free fatty acid

595 levels induced by dietary soy protein might contribute to

596 the decrease of both lipid storage and the protein mass

597 levels of nPKCh in the skeletal muscle of SRD-fed rats.

598 The normalization of dyslipidemia and lipid contents

599 within the skeletal muscle of SRD-rats fed soy protein was

600 accompanied by a significant increase of both hexokinase

601 and PDHc enzyme activities, which suggests an improve-

602 ment of glucose phosphorylation and glucose oxidation,

603 respectively. Insulin-stimulated glucose uptake by the

604 skeletal muscle plays an important role in maintaining

605 whole body glucose homeostasis. Concerning this, our data

606 showed both a significant increase of the protein mass level

607 of glucose transporter Glut-4 translocation to the cell

608 membrane and an improvement of the whole body

609 peripheral insulin sensitivity under insulin stimulation

610 when soy protein replaced casein in the SRD-fed rats.

611 Besides, the moderate hyperglycemia observed in the SRD-

612 fed group reached values similar to those of the CD-fed rats

613 after soy administration. In this vein, Lavigne et al. [17], in

614 normal rats fed soy protein, demonstrated an improvement

615 of fasting and postprandial insulin response when com-

616 pared to rats fed casein, suggesting that the effect of soy

617 protein on glucose and insulin dynamics appears to be an

618 increased insulin action in the skeletal muscle. Noriega

619 et al. [7] showed that soy protein attenuated insulin resis-

620 tance ‘‘in vivo’’ (clamp study) in rats fed a high-fat diet.

621Besides, the administration of aglycin, a soybean peptide,

622prevented or attenuated hyperglycemia by increasing the

623insulin receptor signaling pathway in the skeletal muscle of

624diabetic mice [14].

625On the other hand, the effect of dietary soy protein on

626the skeletal muscle of SRD-fed rats mentioned above could

627also be related to the hypoglycemic effects of soy iso-

628flavone genistein and daidzein [6, 43, 44]. A recent study of

629Arunkumar et al. [45] on Swiss albino mice fed a high-fat

630high-fructose diet showed that the administration of geni-

631stein corrected the defects of insulin signaling pathways,

632increasing Glut-4 protein levels in the cell membrane of

633muscle, lowering blood glucose and improving insulin

634action by targeting AMPK. Cederroth et al. [46], in CD1

635mice fed with a soy diet containing genistein and daidzein,

636showed a reduction of whole body adiposity, improving

637insulin sensitivity at least in part by activating AMPK in

638tissues including skeletal muscle and improving glucose

639uptake.

640At present, we are unaware of any study analyzing the

641underlying possible mechanism/s involved in the effect of

642dietary soy protein isolate on improving the altered glucose

643metabolism and insulin sensitivity in the skeletal muscle of

644a dyslipemic insulin resistant SRD-fed rat model. Our

645results suggest that at least one possible mechanism

646involved the lipid lowering effect of soy protein that con-

647tributes to normalize the lipid fuel availability and the

648accretion of lipid storage in the muscle. Thus, in turn, it

649improves the translocation of Glut-4 and the oxidative and

650nonoxidative pathways of glucose metabolism leading to

651ameliorate the overall peripheral insulin sensitivity. How-

652ever, since we do not evaluate the effect of the amount of

653isoflavones present in the soy protein by itself, the sug-

654gested mechanisms might include the known beneficial

655effect of these phytoestrogens.

656In conclusion, this work provides new information about

657the possible mechanisms underlying the beneficial effect of

658dietary soy protein on lipid liver metabolism and insulin

659action on skeletal muscle in the presence of dyslipidemia

660and insulin resistance induced by a SRD. Although caution

661is warranted before the extrapolation results from rodents to

662humans, this rat model proves to be useful to study the

663influence of nutrients on the management of these metabolic

664alterations susceptible to dietary manipulations (Fig. 5).
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Fig. 5 Possible mechanisms through which the dietary soy protein

reverses or improves in the liver and skeletal muscle the metabolic

abnormalities induced by the intake of long-term a SRD. In the liver,

the administration of dietary soy protein may exert their effects by

regulating the expression of genes encoding proteins involved in the

fatty acid oxidation (through PPARs) while simultaneously normal-

izing protein mass levels of SREBP-1 and the activities of the

enzymes involved in ‘‘de novo’’ lipogenesis. Changes in the direction

of the metabolic fate of fatty acids from synthesis and storage of lipids

toward oxidation lead to a reduction of hepatic lipogenesis, the

triglyceride pool size, the VLDL-Tg secretion and normalized plasma

triglyceride and cholesterol levels. In muscle, dietary soy protein

reduces the accumulation of fatty acid derivatives and significantly

decreases protein mass level of PKCh in the membrane fraction.

Besides, it improves glucose phosphorylation while restoring the

nonoxidative glucose pathway under insulin stimulation. All these

effects could contribute to ameliorate the overall peripheral insulin

insensitivity. black color SRD, gray color SRD-S: thick black up

arrow increase; thin gray up arrow moderate increase; thick black

down arrow decrease; thin gray down arrow moderate decrease;

perpendicular to normal

Eur J Nutr

123
Journal : Large 394 Dispatch : 2-6-2014 Pages : 13

Article No. : 721
h LE h TYPESET

MS Code : EJON-D-13-00551 h CP h DISK4 4



R
E

V
IS

E
D

PR
O

O
F

715 13. Moriyama T, Kishimoto K, Nagai K, Urade R, Ogawa T, Utsumi
716 S, Maruyama N, Maebuchi M (2004) Soybean b-conglycinin diet
717 suppresses serum triglyceride levels in normal and genetically
718 obese mice by induction of b-oxidation, downregulation of fatty
719 acid synthase, and inhibition of triglyceride adsorption. Biosci
720 Biotechnol Biochem 68:352–359
721 14. Lu J, Zeng Y, Hou W, Zhang S, Li L, Luo X, Xi W, Chen Z,
722 Xiang M (2012) The soybean peptide aglycin regulates glucose
723 homeostasis in type 2 diabetic mice via IR/IRS1 pathway. J Nutr
724 Biochem 23:1449–1457
725 15. Lombardo YB, Chicco A (2006) Effects of dietary polyunsatu-
726 rated n-3 fatty acids on dyslipidemia and insulin resistance in
727 rodents and humans. A review. J Nutr Biochem 17:1–13
728 16. Rossi AS, Lombardo YB, Chicco AG (2010) Lipogenic enzyme
729 activities and glucose uptake in fat tissue of dyslipemic, insulin-
730 resistant rats: effects of fish oil. Nutrition 26:209–217
731 17. Lavigne C, Marette A, Jacques H (2000) Cod and soy proteins
732 compared with casein improve glucose tolerance and insulin
733 sensitivity in rats. Am J Physiol Endocrinol Metab 278:E491–
734 E500
735 18. Oliva ME, Chicco AG, Lombardo YB (2009) Soya protein
736 reverses dyslipidemia and the altered capacity of insulin-stimu-
737 lated glucose utilization in the skeletal muscle of sucrose-rich
738 diet-fed rats. Brit J of Nutr 102:60–68
739 19. Herbert V, Lau KS, Gottlieb CH, Bleicher SJ (1965) Coated
740 charcoal immunoassay of insulin. J Clin Endocrinol Metab
741 25:1375–1384
742 20. Lombardo YB, Chicco A, Bası́lico MZ, Bernal C, Gutman R
743 (1985) Effect of brominated vegetable oils on heart lipid
744 metabolism. Lipids 7:425–432
745 21. Zimmermann R, Haemmerle G, Wagner EM (2003) Decreased
746 fatty acid esterification compensates for the reduced lipolytic
747 activity in hormone-sensitive lipase deficient white adipose tis-
748 sue. J Lipid Res 44:2089–2099
749 22. Rossi A, Oliva ME, Ferreira MR, Chicco A, Lombardo YB
750 (2013) Dietary chia seed induced changes in hepatic transcription
751 factors and their target lipogenic and oxidative enzyme activities
752 in dyslipidemic insulin resistant rats. Br J Nutr 109:1617–1627
753 23. Hsu RY (1969) Malic enzyme HA. Methods Enzymol
754 13:230–235
755 24. Cohen AM, Briller S, Shafrir E (1972) Effect of long term
756 sucrose feeding on the activity of some enzymes regulating
757 glycolysis, lipogenesis and gluconeogenesis in rat liver and adi-
758 pose tissue. Biochim Biophys Acta 279:129–138
759 25. Vamecq J (1990) Fluorometric assay of peroxisomal oxidase.
760 Anal Biochem 186:340–349
761 26. Hein GJ, Bernasconi AM, Montanaro MA, Pellon-Maison M,
762 Finarelli G, Chicco A, Lombardo YB, Brenner RR (2010)
763 Nuclear receptors and hepatic lipidogenic enzyme response to a
764 dyslipidemic sucrose-rich diet and its reversal by fish oil n-3
765 polyunsaturated fatty acids. Am J Physiol Endocrinol Metab
766 298:E429–E439
767 27. Karlic H, Lohninger S, Koeck T, Lohninger A (2002) L-Carnitine
768 stimulates carnitine acyltransferases in the liver of aged rats.
769 J Histochem Cytochem 50:205–212
770 28. Nakatani T, Kim HJ, Kaburagi Y, Yasuda K, Ezaki O (2003) A
771 low fish oil inhibits SREBP-1 proteolytic cascade, while a high-
772 fish-oil feeding decreases SREBP-1 mRNA in mice liver: rela-
773 tionship to anti-obesity. J Lipid Res 44:369–379
774 29. D’Alessandro ME, Chicco AG, Lombardo YB (2006) A long-
775 term sucrose-rich diet increases diacylglycerol content and
776 membrane nPKCh expression and alters glucose metabolism in
777 skeletal muscle of rats. Nutr Res 26(2006):289–296
778 30. D’Alessandro ME, Chicco A, Lombardo YB (2013) Fish oil
779 reverses the altered glucose transporter, phosphorylation, insulin
780 receptor substrate-1 protein level and lipid contents in the skeletal

781muscle of sucrose-rich diet fed rats. Prostaglandins Leukot Essent
782Fatty Acids 88:171–177
78331. Chicco A, D’Alessandro ME, Karabatas L, Pastorale C, Basabe
784JC, Lombardo YB (2003) Muscle lipid metabolism and insulina
785secretion are altered in insulin-resistant rats fed a high sucrose
786diet. J Nutr 133:127–133
78732. Glantz SA (2005) Primer of Biostatistic. McGraw Hill, New York
78833. Snedecor GWP, Cochran WG (1967) Factorial experiments. In:
789Ames IA (ed) Statistical methods applied to experimental agri-
790culture and biology. Iowa State University Press, Ames,
791pp 339–350
79234. Oliva ME, Selenscig D, D’Alessandro ME, Chicco A, Lombardo
793YB (2011) Soya protein ameliorates the metabolic abnormalities
794of dysfunctional adipose tissue of dyslipidemic rats fed a sucrose-
795rich diet. Br J Nutr 105:1188–1198
79635. Ronis MJ, Chen Y, Badeaux J, Badgerm TM (2009) Dietary soy
797protein isolate attenuates metabolic syndrome in rats via effects
798on PPAR, LXR and SREBP signaling. J Nutr 139:1431–1438
79936. Yamazaki T, Kishimoto K, Miura S, Ezaki O (2012) Dietary b-
800conglycinin prevents fatty liver induced by a high-fat diet by a
801decrease in peroxisome proliferator-activated receptor c2 protein.
802J Nutr Biochem 23:123–132
80337. Kim S, Shin H, Kim SY, Kim JH, Lee YS, Kim D, Lee M (2004)
804Genistein enhances expression of genes involved in fatty acid
805catabolism through activation of PPARa. Mol Cel Endoc
806220:51–58
80738. Borradaile NM, de Dreu LE, Wilcox LJ, Edwards JY, Huff MW
808(2009) Soya phytoestrogens, genistein and daidzein, decrease
809apolipoprotein B secretion from HepG2 cells through multiple
810mechanisms. Biochem J 366:531–539
81139. Takahashi Y, Odbayar TO, Ide T (2009) A comparative analysis
812of genistein and daidzein in affecting lipid metabolism in rat
813liver. J Clin Biochem Nutr 44:223–230
81440. Peluso MR, Winters TA, Shanahan MF, Banz WJ (2000) A
815cooperative interaction between soy protein and its isoflavone-
816enriched fraction lowers hepatic lipids in male obese Zucker rats
817and reduces blood platelet sensitivity in male Sprague-Dawley
818rats. J Nutr 130:2333–2342
81941. Li Y, Soos TJ, Li X, Wu J, Degennaro M, Sun X, Littman DR,
820Birnbaum MJ, Polakiewicz RD (2004) Protein kinase C Theta
821inhibits insulin signaling by phosphorylating IRS1 at Ser(1101).
822J Biol Chem 29:45304–45307
82342. Griffin ME, Marcucci MJ, Cline GW, Bell K, Barucci N, Lee D,
824Goodyear LJ, Kraegen EW, White MF, Shulman GI (1999) Free
825fatty acid-induced insulin resistance is associated with activation
826of protein kinase C theta and alterations in the insulin signaling
827cascade. Diabetes 48:1270–1274
82843. Lee JS (2006) Effects of soy protein and genistein on blood
829glucose, antioxidant enzyme activities, and lipid profile in
830streptozotocin-induced diabetic rats. Life Sci 13:1578–1584
83144. Ae Park S, Choi MS, Cho SY, Seo JS, Jung UJ, Kim MJ, Sung
832MK, Park YB, Lee MK (2006) Genistein and daidzein modulate
833hepatic glucose and lipid regulating enzyme activities in C57BL/
834KsJ-db/db mice. Life Sci 79:1207–1213
83545. Arunkumar E, Anuradha CV (2012) Genistein promotes insulin
836action through adenosine monophosphate-activated protein
837kinase activation and p70 ribosomal protein S6 kinase 1 inhibi-
838tion in the skeletal muscle of mice fed a high energy diet. Nutr
839Res 32:617–625
84046. Cederroth CR, Vinciguerra M, Gjinovci A, Kühne F, Klein M,
841Cederroth M, Caille D, Suter M, Neumann D, James RW, Doerge
842DR, Wallimann T, Meda P, Foti M, Rohner-Jeanrenaud F,
843Vassalli J, Nef S (2008) Dietary phytoestrogens activate AMP-
844activated protein kinase with improvement in lipid and glucose
845metabolism. Diabetes 57:1176–1185

846

Eur J Nutr

123
Journal : Large 394 Dispatch : 2-6-2014 Pages : 13

Article No. : 721
h LE h TYPESET

MS Code : EJON-D-13-00551 h CP h DISK4 4


	Mechanisms underlying the beneficial effect of soy protein in improving the metabolic abnormalities in the liver and skeletal muscle of dyslipemic insulin resistant rats
	Abstract
	Purpose
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Animals and diets
	Analytical methods
	Enzymatic activity assays in liver tissue
	Western blot analysis of liver protein mass levels of PPAR- alpha and sterol regulatory element-binding protein-1 (SREBP-1)
	Gastrocnemius muscle assays
	Glycogen, glucose-6-phosphate content and Glut-4 protein mass levels in the gastrocnemius muscle (clamp studies)
	Statistical analysis

	Results
	Body weight gain and energy intake
	Plasma metabolites and insulin levels
	Liver triglyceride, cholesterol and lipogenic enzyme activities
	Liver SREBP-1 protein mass levels in the membrane fraction (precursor form) and nuclear extracts (mature form)
	Liver oxidative enzyme activities and PPAR- alpha protein mass levels
	Gastrocnemius muscle metabolite concentration, enzyme activities and nPKC theta protein mass levels
	Protein mass levels of Glut-4 in the gastrocnemius muscle at the beginning and end of the clamp studies

	Discussion
	Acknowledgments
	References


