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Abstract 24 

In this study we evaluated the effect of the administration of different 25 

soluble fiber enriched-diets on inflammatory and redox state of Zucker fatty rats. 26 

Four groups of ten 8 week-old female Zucker fatty rats were used. The four 27 

groups were respectively fed the following diets until the 15th week of life: 28 

standard diet (obese control), 10% high methoxylated apple pectin (HMAP), 5% 29 

soluble cocoa fiber (SCF), and 10% β-glucan enriched diets. A group of Zucker 30 

lean rats fed the standard diet as control for normal values of this rat model was 31 

also used.  The plasma levels of tumoral necrosis factor-α (TNF-α), adiponectin, 32 

malondialdehyde (MDA) and reduced glutathione liver levels were measured at 33 

the end of treatment. TNF-α plasma levels decreased somewhat in Zucker fatty 34 

rats fed the different fibers, and MDA plasma levels significantly decreased in 35 

these animals. Nevertheless, adiponectin plasma levels increased in the Zucker 36 

fatty rats fed the SCF enriched diet, but did not change in the HMAP and the β-37 

glucan group. The Zucker fatty rats fed the different fiber showed a trend 38 

towards increased the reduced glutathione liver levels, but significant 39 

differences with  obese control levels were only obtained in the β-glucan group. 40 

The results obtained in this study suggest that the intake of the different soluble 41 

fiber-enriched diets that we have evaluated could prevent and/or attenuate the 42 

inflammatory and/or the prooxidative state of the metabolic syndrome.  43 
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1 Introduction 48 

 49 

The metabolic syndrome, which clusters different metabolic abnormalities 50 

such as central obesity, low concentrations of plasma high-density lipoprotein 51 

cholesterol, high levels of triglycerides, hypertension and hyperglycemia, 52 

together with insulin resistance [1,2], is associated with an increased risk of 53 

both cardiovascular disease [3,4] and type 2 diabetes [5]. Elevated levels of 54 

inflammatory biomarkers and proinflammatory cytokines evidenced the 55 

implications of  an the inflammatory state in the metabolic syndrome [6-9]. 56 

Special attention is focussed on the effects of dietary fibers or high-fiber 57 

foods and the mechanisms by which they could regulate the production of 58 

inflammation markers involved in the pathogenic pathway of metabolic 59 

syndrome such as proinflammatory cytokines, acute-phase response markers 60 

and the anti-inflammatory adipocytokine adiponectin [10,11]. In addition, it has 61 

been also reported that dietary fiber intake may reduce the risk of several 62 

cardiometabolic diseases by mediating the proinflammatory process [12-14]. 63 

Two mechanistic hypotheses have emerged. Firstly, dietary fiber may decrease 64 

oxidation of glucose and lipids while maintaining a healthy intestinal 65 

environment. Secondly, dietary fiber may prevent inflammation by altering 66 

adipocytokines in adipose tissue and by increasing enterohepatic circulation of 67 

lipids and lipophilic compounds [15]. In this context, several researchers have 68 

recently reported an inverse association between dietary fiber intake and levels 69 

of the inflammatory biomarkers in hypertensive diabetic or obese people [16-70 

19]. 71 

Zucker fatty rats can be considered as the most appropriate best 72 

experimental model of genetic obesity and resistance to insulin. These animals 73 



resemble in many ways the human metabolic syndrome. Additionally, Zucker 74 

fatty rats develop a proinflammatory response and oxidative stress [20]. 75 

Previous studies have shown that soluble fibers, such as high methoxylated 76 

apple pectin (HMAP), soluble cocoa fiber (SCF) and β-glucan attenuated some 77 

of the main clinical alterations that characterize the metabolic syndrome [21-23]. 78 

Therefore, the aim of this study was to evaluate the effect of the above 79 

mentioned fibers on the inflammatory and oxidative stress status of Zucker fatty 80 

rats. For this purpose, we assessed different biomarkers in plasma and tissues 81 

of Zucker fatty rats fed these fibers. 82 

 83 

2 Material and Methods 84 

 85 

Forty female 8 week-old Zucker fatty rats, weighing 260-275 g, and ten 8 86 

week-old female Zucker lean rats, weighing 150-175 g, all purchased from 87 

Charles River Laboratories (Charles River Laboratories, Spain), were used in 88 

this study. The Zucker fatty rats were randomly divided into four groups of ten 89 

animals that were respectively fed the following diets until the 15th week of life: 90 

standard diet (obese control), 10% high methoxylated apple pectin (HMAP), 5% 91 

soluble cocoa fiber (SCF) and 10% β-glucan enriched diets. The Zucker lean 92 

rats were fed the standard diet. This group of animals was used as control for 93 

normal values of this rat model. The diets were prepared by Harlan Interfauna 94 

Ibérica (Barcelona, Spain). The standard diet (AIN-93M purified Rodent Diet) 95 

provides the nutrients required by adult rats according to the National Research 96 

Council guidelines (National Research Council, NIH Publication No. 85, 97 

Washington DC, 1985, p. 23). The other three diets contained either 10% 98 



HMAP (apple pectin with 73% methylation degree, provided by Obipektin, 99 

Switzerland), 5% SCF (Soluble Cocoa Fiber product provided by Natraceutical 100 

Group, Spain), or 10% β-glucan [oat bran concentrate provided by Glambia 101 

Nutritionals, Belgium]. The four diets were prepared and formulated to provide 102 

the same amount of protein (14%), fat (4%) and carbohydrates (72%), and 103 

therefore, the same energy value. In particular, the β-glucan and SCF-enriched 104 

diets were formulated taking into account the amount of protein, fat and 105 

carbohydrates provided by oat bran concentrate and SCF. The composition of 106 

the four diets is presented in table 1.  107 

The 10 lean Zucker rats were in turn fed the standard diet until the 15th 108 

week of life. During the experimental period the animals were maintained at a 109 

temperature of 23º C, with 12 h light/dark cycles and were fed ad libitum with 110 

free access to water. The values of solid and liquid diet intake, systolic and 111 

diastolic blood pressures, body weight, glucose, cholesterol and insulin of all 112 

these Zucker rats have been previously described in detail [21,22]. At the end of 113 

the experimental period (15th weeks of life), the rats were sacrificed by 114 

decapitation after an over-night fasting. Blood and liver samples were obtained 115 

to carry out the following biochemical determinations: plasma TNF-α, plasma 116 

adiponectin, plasma MDA and reduced glutathione in liver. 117 

In this study, all the experiments were performed as authorized for 118 

scientific research (European Directive 86/609/CEE and Royal Decree 119 

223/1988 of the Spanish Ministry of Agriculture, Fisheries and Food). 120 

 121 

2.1 Plasma and tissue preparations 122 



Blood samples from the sacrificed animals were collected into tubes 123 

containing lithium heparin as anticoagulant. These samples were centrifuged at 124 

2500 g for 20 minutes at 4ºC to obtain the plasma which was divided into 125 

aliquots and kept frozen at -80ºC until analysis of TNF-  adiponectin and 126 

MDA. Livers were homogenized at 4 ºC in a Potter with PBS (0.01 M PBS, 0.15 127 

M NaCl, pH 7.4), the homogenates were centrifuged at 5000 g for 15 min at 4ºC 128 

and the supernatant was recovered. The supernatants of the centrifuged 129 

samples were kept frozen at –80ºC until used for hepatic reduced gluthation 130 

evaluation. The protein content of the homogenates was determined by the Bio-131 

Rad protein assay (Bio-Rad Laboratories, Hercules, CA, USA), using bovine 132 

serum albumin as standard. 133 

 134 

2.2 Plasma TNF- determination  135 

 136 

TNF- concentration in plasma was determined using a rat TNF- ELISA 137 

kit (Bender Medsystems, Austria) according to the manufacturer instructions. 138 

Spectrophotometric measurements were made at 450 nm using a 139 

spectrophotometer (Molecular Devices Thermo max Inc. Sunnyvale, USA). The 140 

plasma TNF- values were expressed as pg/ml.  141 

 142 

2.3 Plasma adiponectin determination 143 

Plasma adiponectin concentration was determined using a mouse/rat 144 

adiponectin ELISA kit (B-Bridge International, USA). Spectrophotometric 145 

measurements were made at 450 nm with a spectrophotometer (Molecular 146 

Devices Thermo max Inc. Sunnyvale, USA). The plasma adiponectin values 147 



were expressed as µg/ml. The analytical sensitivity of the ELISA E091R yields < 148 

0.081 ng/ml. 149 

 150 

2.4 Malondialdehyde determination 151 

Plasma malondialdehyde (MDA) levels were measured by a 152 

thiobarbituric acid assay [24].Plasma were mixed with 20% trichloroacetic acid 153 

in 0.6 M HCl (1:1, v/v), and the tubes were kept in ice for 20 min to precipitate 154 

plasma components and avoid possible interferences. Samples were 155 

centrifuged at 1500 g for 15 min before adding thiobarbituric acid (120 mM in 156 

Tris 260 mM, pH 7) to the supernatant in a proportion of 1:5 (v/v); then, the 157 

mixture was boiled at 97ºC for 30 min. Spectrophotometric readings at 535 nm 158 

were made at 20ºC. The plasma MDA values were expressed as µmol/mL 159 

MDA. 160 

 161 

2.5 Glutathione determination 162 

Reduced glutathione hepatic levels were determined by 163 

monochlorobimane fluorimetric method [25]. For this, 90 l of liver homogenized 164 

supernatants were mixed with 10 l of glutathione S-transferase solution 165 

(1U/ml) obtained from horse liver (Sigma-Aldrich, USA), and monochlorobimane 166 

(Fluka Biochemical, Switzerland) (100 mM). This reaction is catalysed by 167 

glutathione S-transferase. The levels of glutathione were quantified by a 168 

fluorimeter (Multiscan Asccent Labsystems, Spain) and were expressed as 169 

mol/g tissue protein. 170 

 171 

2.6 Statistical analysis 172 

http://www.amdcc.org/shared/showFile.aspx?docID=33&docTypeID=3


The results are expressed as mean values ± S.E.M. for a minimum of 8 173 

rats. The data were analyzed by one-way ANOVA using GraphPad Prism 4 174 

software. Differences between the groups were assessed by the Bonferroni 175 

test. Differences between the means were considered to be significant when P< 176 

0.05. 177 

 178 

 179 

3 Results 180 

The results revealed that the TNF-α plasma levels in the Zucker fatty 181 

group fed the standard diet were the highest, whereas the Zucker lean rats 182 

showed the lowest levels of plasma TNF-α. Although the consumption of 183 

soluble fiber enriched-diets (HMAP, SCF or β-glucan) resulted in a slight trend 184 

to decrease of TNF-α plasma levels, no statistical differences were observed 185 

between these values and the values of this biomarker in the Zucker fatty rats 186 

fed the standard diet. Differences were neither observed between TNF-α 187 

plasma levels in the groups treated with fiber and TNF-α plasma levels in the 188 

Zucker lean rats (Figure 1). 189 

No differences were observed between the Zucker fatty group and the 190 

Zucker lean group fed the standard diet. The Zucker fatty group fed the β-191 

glucan-enriched diet showed the lowest value of adiponectin plasma levels, but 192 

no differences were observed between this group and the above mentioned 193 

groups. Differences were neither observed between The Zucker fatty rats fed 194 

the HMAP enriched diet nor the groups fed standard diet. Nevertheless, the 195 

Zucker fatty rats fed the SCF-enriched diet showed higher levels of plasma 196 

adiponectin when compared with the other groups (Figure 2). 197 



MDA plasma levels were significantly higher in the Zucker fatty rats fed 198 

the standard diet than in the other Zucker rats. No differences were observed 199 

between the MDA plasma levels in the Zucker fatty groups fed fiber and in the 200 

Zucker lean rats. In addition, differences were neither observed in the levels of 201 

this metabolite between the three groups fed different fiber-enriched diets 202 

(Figure 3). 203 

No differences were found between the liver glutathione levels of the 204 

Zucker fatty rats fed the standard diet and the levels of this biomarker in the 205 

Zucker lean rats. The Zucker fatty rats fed the different fiber showed a trend 206 

towards increased this variable, but significant differences with obese control 207 

levels were only obtained in the β-glucan group. However, no differences were 208 

observed between the liver glutathione levels in the animals fed the β-glucan 209 

enriched diet and those found in the animals fed the other fibers (Figure 4). 210 

 211 

4 Discussion 212 

 213 

The metabolic syndrome is associated with a long-term inflammatory 214 

condition and it causes an unusual production of cytokines [26], such as TNF-215 

  [27,28]. This factor is over expressed in obesity and may regulate insulin 216 

resistance [27]. It has been also reported that Zucker fatty rats are characterized 217 

by TNF- overproduction in adipose tissue [29, 30] and by a decreased plasma 218 

concentration of adiponectin, which contribute to insulin resistance [10]. In our 219 

study, the Zucker fatty rats fed the standard diet showed TNF- plasma levels 220 

higher than those of the Zucker lean rats. The Zucker fatty rats fed the HMAP-, 221 

-glucan- or the SCF- enriched diets showed a slight trend to decrease TNF- 222 



plasma levels when compared to the Zucker fatty rats fed the standard diet. 223 

These results suggest that the intake of soluble fiber may improve the 224 

proinflammatory state that characterizes obesity. The results mentioned above 225 

are in agreement with the results reported by Galisteo et al., in 2005. These 226 

researchers demonstrated that the intake of a diet supplemented with husk of 227 

Plantago ovata, rich in soluble fiber, decreased TNF- plasma levels in Zucker 228 

fatty rats [10]. In addition, several epidemiologic studies have shown an inverse 229 

association between the intake of fiber and TNF- plasma levels [31] and also 230 

between the intake of fiber and other proinflammatoy mediators, such as C-231 

reactive protein [31,32] and different interleukins [33].  232 

In this study, the adiponectin plasma levels in the different groups of 233 

Zucker rats were also determined. It has been described that this adipocytokine 234 

have antiatherogenic and antidiabetic properties and may protect against insulin 235 

resistance [34]. Some studies have demonstrated that adiponectin levels are 236 

lower in diabetic than in healthy subjects. The decrease of adiponectin plasma 237 

levels in patients with type 2 diabetes was reported [35], and the levels of this 238 

cytokine also decreased in monkeys that develop type 2 diabetes when insulin 239 

sensibility decreased in these animals [36]. In our study, the Zucker fatty rats 240 

fed the SCF-enriched diet showed higher adiponectin plasma levels than the 241 

Zucker fatty rats fed the standard diet. However, no increase in the adiponectin 242 

levels was shown in the fatty animals fed HMAP, and slightly decreased in 243 

those fed β-glucan. These results suggest that SCF may protect against insulin 244 

resistance. In this context, the intake for 25 weeks of a diet supplemented with 245 

husk of Plantago ovata increased the adiponectin levels in Zucker fatty rats [10]. 246 

These researchers also concluded that the increase in adiponectin levels may 247 



be involved in the improvement of insulin resistance in this animal model [10]. It 248 

is worth noting that the adiponectin plasma levels observed in the Zucker fatty 249 

rats fed the standard diet were similar to those of the Zucker lean rats. 250 

Nevertheless, Oana et al, reported that adiponectin plasma levels in 17 week-251 

old Zucker fatty rats were higher than in 17 week-old Zucker lean rats [37]. They 252 

concluded that the adiponectin receptor was less expressed in Zucker fatty rats 253 

than in Zucker lean rats. The levels of adiponectin in our study were obtained 254 

with 15 week-old Zucker fatty rats and the slightly increase in this biomarker 255 

was observed in the fatty animals when compared with 15 week-old Zucker lean 256 

animals. In view of all these data, we propose that the differences in adiponectin 257 

plasma levels between the fatty and the lean strain could increase with time, 258 

becoming significant in the aged rats.  259 

 It has been reported that the increase of the oxidative stress in the 260 

adipose tissue of obese patients could be one of the main mechanisms involved 261 

in the metabolic syndrome [38]. According to Furukawa et al., these patients 262 

exhibited an increase of oxygen reactive species and other free radicals and a 263 

decrease in the expression of antioxidant enzymes such as dismutase 264 

superoxide, reductase glutathione and catalase [39]. In addition, it is known that 265 

TNF- overexpression activates nicotin-adenin dinucleotide phosphate oxidase 266 

in Zucker fatty rats. This activation promotes an increase in superoxide anion in 267 

these animals [40]. Accordingly, recent studies have suggested the potential 268 

therapeutic role of dietary antioxidant supplementation in the reduction of body 269 

weight, and its beneficial effect on several obesity related disorders [41].  270 

Plasma MDA and reduced glutathione in the liver enabled us respectively 271 

to know the lipid peroxidation and the antioxidant protection degree of the 272 



animals. It is known that the oxidative stress is higher in the Zucker obese 273 

animals than in the lean animals [42]. Accordingly, in this study, Zucker fatty 274 

rats fed the standard diet showed higher MDA plasma levels than Zucker lean 275 

rats. In addition, our results indicated that the intake of the different soluble 276 

fibers resulted in a decreased lipid peroxidation. The consumption of cereal 277 

varieties, particularly rich in anthocyanins such as red or black rice, was 278 

reported to affect some oxidative stress biomarkers [43], and it should be noted 279 

that the SCF also contains polyphenols [22,23]. On the other hand, studies 280 

performed in rats fed whole-grain and refined wheat flours [44], in pigs fed 281 

wheat bran [45], and in human fed dietary supplements of wheat bran [46], did 282 

not show an effect on plasma MDA levels. It was suggested that the lack of 283 

effects may be due to the low antioxidant concentrations attained [44].  284 

 Reduced glutathione can scavenge reactive oxygen species and other 285 

free radicals. In our study, no changes were observed in the liver levels of this 286 

molecule when comparing the Zucker fatty rats fed standard diet and the Zucker 287 

lean rats. However, the reduced glutathione liver levels of Zucker fatty rats fed 288 

fiber enriched-diets were higher than those of Zucker lean rats. Nevertheless, 289 

there was only a significant difference in the -glucan group. These results are 290 

in agreement with other studies. In fact, it was observed that the diet enriched in 291 

whole-grain and refined wheat flours produced an increase in liver glutathione in 292 

rats, and consequently improved the redox status in these animals [44]. 293 

Moreover, water-soluble corn bran hemicellulose suppressed the development 294 

of liver injury in rats [47]. It was suggested that the observed finding was partly 295 

due to the increase in glutathione concentration in this tissue. Therefore, we 296 

could also suggest that the soluble fibers used in this study may improve the 297 



redox state and attenuate the oxidative injury. In fact, the modification of the 298 

redox state in adipose tissue could be a therapeutic tool against obesity in the 299 

metabolic syndrome. 300 

In conclusion, we have demonstrated that all the soluble fibers used in 301 

this study, and in particular SCF, improve the proinflammatory state associated 302 

with obesity and also protect from the oxidative stress that characterizes this 303 

pathology. Accordingly, we suggest that the studied fibres could be incorporated 304 

as ingredients in functional foods for beneficial use in obesity and other 305 

associated disorders. Nevertheless, human studies should be run to further 306 

confirm the findings of the present study in rats. 307 

308 
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Figure legends 317 

 318 

Figure 1: TNF- plasma levels in different groups of rats: Zucker lean fed 319 

standard diet (  ), Zucker fatty fed standard diet (□), Zucker fatty fed 10% 320 

HMAP-enriched diet (  ), Zucker fatty fed 5% SCF-enriched diet (  ), Zucker fatty 321 

fed 10% -glucan-enriched diet (■). The results are expressed as mean values 322 

 SEM for a minimum of 8 rats. Different letters represent statistical differences 323 

(p<0.05). 324 

 325 

Figure 2: Adiponectin plasma levels in different groups of rats: Zucker lean fed 326 

standard diet (  ), Zucker fatty fed standard diet (□), Zucker fatty fed 10% 327 

HMAP-enriched diet (  ), Zucker fatty fed 5% SCF-enriched diet (  ), Zucker fatty 328 

fed 10% -glucan-enriched diet (■). The results are expressed as mean values 329 

 SEM for a minimum of 8 rats. Different letters represent statistical differences 330 

[p<0.05]. 331 

 332 

Figure 3: Malondialdehyde plasma levels in different groups of rats: Zucker 333 

lean fed standard diet (  ), Zucker fatty fed standard diet (□), Zucker fatty fed 334 

10% HMAP-enriched diet (  ), Zucker fatty fed 5% SCF-enriched diet (  ), Zucker 335 

fatty fed 10% -glucan-enriched diet (■). The results are expressed as mean 336 

values  SEM for a minimum of 8 rats. Different letters represent statistical 337 

differences [p<0.05]. 338 

 339 

Figure 4: Liver reduced glutathione in different groups of rats: Zucker lean fed 340 

standard diet (  ), Zucker fatty fed standard diet (□), Zucker fatty fed 10% 341 



HMAP-enriched diet (  ), Zucker fatty fed 5% SCF-enriched diet (  ), Zucker fatty 342 

fed 10% -glucan-enriched diet (■). The results are expressed as mean values 343 

 SEM for a minimum of 8 rats. Different letters represent statistical differences 344 

[p<0.05]. 345 

 346 

 347 

348 



Table 1. Composition of the diets [g/100 g dry weight]. 349 

 Standard 

diet 

5 % SCF 10% apple 

pectin 

10% -glucan 

     

PROTEIN 14 14 14 14 

Casein 14 11.8 14 10.5 

FAT 4 4 4 4 

Soy Bean oil 4 3.36 4 3.63 

CARBOHYDRATE 72 72 72 72 

Sucrose 10 8.70 8.27 7.97 

Dextrin 15.5 13.49 12.81 12.35 

Corn starch 46.56 40.53 38.48 37.11 

Powdered cellulose 5 5 5 5 

SCF1 0 12.15 0 0 

Brown Ribbon pure apple 

pectin2 

0 0 12.5 0 

Oat bran concentrate3 0 0 0 18.52 

TBHQ 0.0008 0.0008 0.0008 0.0008 

AIN 93 Mineral mixture 3.5 3.5 3.5 3.5 

AIN 93 Vitamin mixture 1 1 1 1 

L-Cystine 0.18 0.18 0.18 0.18 

Choline bitartrate 0.25 0.25 0.25 0.25 

ENERGY [kJ/100 g]4 1589 1589 1589 1589 

1 SCF is Soluble Cocoa Fiber product that contains protein (17.92 %) and fat (5.26%); the exact 350 

amount of soluble cocoa fiber is 41.16%.  351 

2 Brown Ribbon pure apple pectin contains 80% of dietary fiber, 8-10% sugar, 8.7% water and 352 

2-5% salts (viscosity = 188 mPas in 2% solution; density =  0.6-0.9 g/cm3). The fiber is high 353 

methoxylated apple pectin (HMAP) with 73% methylation degree and a polygalacturonic acid 354 

content of 65%.   355 



3 Oat bran concentrate contains protein (19 %), fat (<2%) and carbohydrate (>77%); the amount 356 

of oat -glucan is 54%.  357 

4 Energy value was determined by calculation in order Atwater system. 358 

The carbohydrates substitution in both experimental diets was formulated at the expense of 359 

sucrose, dextrin and starch proportionally. 360 

 361 

 362 

 363 

 364 

 365 

 366 

 367 
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