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Diabetes is one of the most costly of the chronic diseases and is increasing in epidemic proportions
in developing countries. It has been found that some antioxidants play a role in protection against
oxidative stress, which is associated with diabetes. In this study, enzyme-released feruloyl
oligosaccharides from wheat bran were given intragastrically (ig) to test their effect on antioxidant
capacity, body weight restoring capacity, and serum glucose level in alloxan-induced diabetic
Sprague—Dawley (SD) rats, using sodium ferulate and vitamin C as positive control groups. The
levels of blood glucose, total antioxidant capacity (TAOC), and malondiadehyde (MDA) and the
activities of superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), and xanthine oxidase
(XOD) were determined in rat serum, liver, and testes. Feruloyl oligosaccharides significantly increased
TAOC level, GSH-Px, and SOD activities, but decreased blood glucose and MDA levels and XOD
activity in serum, liver, and testes of diabetic rats compared to diabetic controls. Feruloyl oligosac-
charides were, overall, more efficient in mitigating oxidative damage in diabetic rats than sodium
ferulate and vitamin C. In this feruloyl oligosaccharide feeding study, the antioxidant restoring capacity
varied across the tissues observed, and also the activity change of the various antioxidant enzymes
varied within a single tissue. Feruloy! oligosaccharides showed greater antioxidant capacity in vivo
than in vitro when compared with vitamin C.

KEYWORDS: Feruloyl oligosaccharides; wheat bran; diabetes; oxidative stress, total antioxidant activity
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INTRODUCTION the plasma elimination half-life period in the organism and
gecreasing the level of urinary excretion in 24 T2)( In

Free radicals have been associated with the pathogenesis of. : - . .
itro studies also indicated that feruloyl oligosaccharides

various disorders such as cancer, diabetes, cardiovascula’ 4 a high ioxid ivity than free ferulic adid
diseases, autoimmune diseases, and neurodegenerative disord OW\(Itha hlg eL_antlhqu] ant aCF'V't.)ét an lree teru |cfa ; .
and are also implicated in aging. Antioxidants are emerging as ~>7" . e‘ltl erbt ISI '% erdarl1t|o>r<]|. ant daCt'V'ty IS hoc;J'nb n
prophylactic and therapeutic agents, which scavenge free radicals/!VO 1S still to be elucidated. In this study, rats with diabetes
and prevent the damage caused by than Wheat bran is a mellitus induced by alloxan injection were used to test the
major source of dietary fiber and phenolic compounds such as antioxidant activity of feruloyl oligosaccharides prepared from
hydroxycinnamic acids and hydroxybenzoic acids, which are Wheat bran. S
known for their antioxidant activity—4). Among wheat bran _Currently, 6.2% of the U.S. population is estimated to have
phenolic compounds, ferulic acid has been the most extensivelydiabetes, with 35% of these cases undiagnod€&)l. Slightly -
investigated because of its physiological roles in antioxidant, lower percentages suffer from diabetes in newly industrializing
antimicrobial, anti-inflammatory, antithrombotic, and anticancer countries such as China, but these percentages are increasing.
activities and in the prevention of coronary disease, lowering Diabetes is associated with a risk of atherosclerosis, which
cholesterol in serum and liver, and increasing sperm viability involves endothelial dysfunction. Platelet activation in the
(4). There are many reports on the release of ferulic acid from narrowed arteries is the most proximate event in the culmination
wheat bran and other cereal brans to produce ferulic acid andof acute myocardial infarction and stroke7). Hyperglycemia
its oligosaccharide esters5€11). It was reported that IS associated with atherosclerogenesis. The effect of diabetes
ferulic acid bound to arabinoxylans from wheat bran is more (hyperglycemia) is mediated, in large part, by a state of enhanced
bioavailable in the rat than the free compound by increasing 0xidative stress, which is associated with disruption and
uncoupling of several key oxidative reactions that result in
T Department of Food Science and Engineering, Jinan University. excess_ive production of reactive oxygen species at the mito-
8 Department of Nutrition, Medical College, Jinan University. chondrial and cellular levels (17.8).
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Many antioxidants or antioxidant-containing foods have been of body weight; day 2, 130 mg/kg of body weight; day 3, 100 mg/kg
investigated as protection against diabetic oxidative stress, andof body weight. Rats with serum glucose at 72 h (blood collection from
it has been shown that some antioxidants play a large role intail) of =11.1 mmol/L were regarded as diabetic.
the mitigation of oxidative stress in diabetes mellitus 19;- A total of 50 rats were randomly divided into 5 groups (10 per
22). Recently, much attention has been paid to replacing 9roup): group 1, normal control rats; group 2, diabetic rats; group 3,
synthetic antioxidants with natural alternatives, primarily plant diabetic rats fed YVIth feruloyl ollgosaccha_rldes' intragastrically _(|g) at
phenolics (23). Feruloyl oligosaccharides, the ferulic acid ester ?b(\]/lvc;tsegigigoztizgdswgbfﬁ?l:;ti ffeerg“Cr:s?gggvzflfo\?v}imesggihm
of oligosaccharides, produced e|the_r by microorganisms in theferulate and vitamin C ig at a dose of G@nolikg of bw.
colon or from cereal bran fermentatiof) (are natural phenolic

s . . Feed and water were provided. At the end of the 42-day feeding
antioxidants. As purified natural extracts, they have the potential period, the rats were deprived of food, body weight was determined,

for industrial scale production as nutraceutical products. This 54 piood was collected from tails into tubes containing 10% EDTA.

investigation of the antioxidant activity of feruloyl oligosac-  serum was separated for estimating blood glucose, enzymatic antioxi-
charides in diabetic rats demonstrates the potential of a naturaldants, total antioxidant activity, and lipid peroxides. The rats were killed

antioxidant for ameliorating the symptoms of diabetes. by cervical dislocation, and their liver and testes were collected and
homogenized. The homogenate was centrifuged at IPROPO min
MATERIALS AND METHODS at 2°C and the supernatant used for the determination of antioxidant

content and enzymatic activity.

Analytical Methods. Protein content was estimated according to
the method of Lowry et al 25) using bovine serum albumin as standard
at 640 nm. Serum glucose levels were estimated with OneTouch Brand
serum glucose test strips from Lifescan Inc..

Total antioxidant capacity (TAOC), MDA (malondialdehyde), and
activities of GSH-Px, XOD, and SOD were determined using com-
mercially available kits from Nanjing Jiancheng Bioengineering Co.
TAOC was determined spectrophotometrically at 593 nm by ferric
reducing/antioxidant power assay with kit AO15; MDA was determined
by thiobarbituric acid (TBA) reaction according to the method of
Nagababu and LakshmaiaPg) using kit AO03; GSH-Px was assayed
on the basis of the method of Rotruck et &7) using kit AO05; SOD
and XOD were assayed according to the method of Zhu e28). (
using kit AOO1 and kit A002, respectively. The activities of the
antioxidant enzymes were defined as follows: 1 unit/mL for GSH-Px
was defined as gmol/L of glutathione consumed by 1 mL of enzyme
per minute at 37C; 1 unit/mL for SOD was defined as 1 mL of enzyme
required to inhibit 50% of nitrite formation in 1 mL of reaction solution
in 1 min at 37°C; 1 unit for XOD was definedsl L of enzyme
required to transform Zmol of hypoxanthine to xanthine in 1 min at

Materials. Wheat bran was provided by Nanfang Flour Co. in
Guangzhou.

Viscozyme L (25-55 units/mL), heat-stable-amylase Termamyl
120 L (EC 3.2.1.1, fromBacillus licheniformis, 120000 units/g),
Alcalase 2.4 L protease (EC 3.4.21.62, frBmlicheniformis 2.4 units/

g), and AMG 300 L amyloglucosidase (EC 3.2.1.3, fréwspergillus
niger, 300 units/g) were purchased from Novo Nordisk (Bagsvaerd,
Denmark).

Anion macroporous resin D201, which is a strong-alkali anion
macroporous resin, was purchased from the Chemical Company of
Nankai University (Nanjing, Jiangsu Province, China).

Male Sprague Dawley (SD) rats and their feed were purchased from
Guangdong Medical Experimental Animal Center (Guangzhou, Guang-
dong Province, China).

Alloxan, ferulic acid, and vitamin C were purchased from Sigma-
Aldrich (St. Louis, MO). All other chemicals and solvents used were
of analytical grade.

OneTouch Brand serum glucose test strips were purchased from
Lifescan Inc. (Milpitas, CA). Test kits for total antioxidant capacity
(TAOC), the activities of superoxide dismutase (SOD), glutathione
peroxidase (GSH-Px), and xanthine oxidase (XOD), and the level of

malondiadehyde (MDA) were purchased from Nanjing Jiancheng 37°C. . . . . .
Bioengineering Co., Nanjing, Jiangsu Province, China (www.njjcbio- Ferulic acid in feruloyl oligosaccharides was determined spectro-
com). photometrically at 320 nm using a UV-2101 PC YMVis scanning

spectrophotometer (Shimadzu) (29); oligosaccharides were acid-
hydrolyzed and determined according to the method of Yuan et al.

Pretreatment of Wheat Bran. Fresh wheat bran was oven-dried at
110°C for 6 h and then ground to pass an 80-mesh sieve. Dried wheat
bran (2000 g) was destarched and deproteinized in a 30-L biological 14).
reactor (Zhenjiang East Bioengineering Co., Zhenjiang, Jiangsu Prov-  Statistical Analysis.Data on body weight and blood measurements
ince7 Ch|na) by heat_Stab‘ﬁ.arny|asel ar‘nyk_)g|u(_';osidase7 and protease were analyzed USing the anaIySiS of variance procedure of the SPSS
sequentially, and the water-insoluble dietary fiber was separated as13.0 for Windows.
described by Yuan et al. (13).

Enzymatic Hydrolysis of Destarched and Deproteinized Wheat RESULTS
Bran. One thousand grams of pretreated wheat bran was added to 15
L of Viscozyme L at a concentration of 0.2% (v/v) and reacted in a Data for change in rat body weight and blood measurements
30-L biological reactor (Zhenjiang East Bioengineering Co.) at pH 4.5 gre presented ifiable 1. A significant increase in blood glucose
and 40°C for 6 h. Reaction was stopped by heating at"@5for 30 and a decrease in body weight were observed in the alloxan-
min and cooled by cycling cold water, and the supernatant was collected induced rats. Feeding feruloyl oligosaccharides for 42 days

by a basket centrifuge and filtered at 5 kDa using an NUF model . . - o . o
ultrafiltrator from Wuxi Ultrafiltration Equipment Co. (Jiangsu, China); reversed the diabetic weight loss by 27.6%, reaching 89.1% of

the filtrate was collected for further purification of feruloyl ofi- th€ normal level (calculated fromable 1). Feeding feruloyl
gosaccahrides. oligosaccharides proved to be more effective in reversing
Preparation of Feruloyl Oligosaccharides.Free ferulic acid was ~ diabetic weight loss than feeding sodium ferulate and vitamin
removed from the ultrafiltration filtrates by anion exchange chroma- C. Feeding feruloyl oligosaccharides decreased the serum
tography as described previously (24). Ferulic acid was separated onglucose level by>70% but did not reach the normal level and

anion macroporous resin D201. The combined eluents, containing 3.42showed no significant difference from feeding sodium ferulate
mmol/L bound ferulic acid and 5.6% oligosaccharides based on xylose, gnd vitamin C (Table 1).

were vacuum-concentrated to 5 L, bottled in separate 500-mL contain- . : . . -
ers, sterilized at 88C for 30 min, cooled, and refrigerated. Diabetic rats fed feruloyl oligosaccharides significantly

: : : o increased serum antioxidant capacity. In comparison to diabetic
Rats, Diets, and Experimental DesignMale SD rats weighin NS
between 180 and 200 gpwere maintaineg at25°C and 75% regllativg controls, SOD and GSH-Px activities increased 27.9 and 30.6%,
humidity on an alternating 12-h light/12-h dark cycle. Diabetes was espectively; MDA content and XOD activity (an enzyme
induced in rats by intraperitoneal injection of freshly prepared alloxan increasing the oxidative stress level in the body) decreased 29.2
solution in normal saline on three successive days: day 1, 100 mg/kg and 9.7%, respectively.
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Table 1. Body Weight and Serum Glucose of Rats in Different Groups?

body weight (g) serum glucose (mmol/L)
group prior to alloxan end of feeding trial prior to alloxan end of feeding trial
normal 250.3+215a 3785+23.0d 441+049a 409+025a
diabetic 248.9+19.8a 2643+322a 13.89+2.82b 17.63+£3.67¢
diabetic fed SF 249.9+293a 302.8+34.3b 1486 £3.15h 10.29+2.81h
diabetic fed Vc 243.7+26.3a 3185+339b 14.31+3.67b 10.76 £ 2.56 b
diabetic fed FO 250.8+22.9a 337.4+36.6¢ 14.00+£2.42b 10.04+£2.71b

@Values (means + SD, n = 10) with different letters within a column are significantly different at the 5% level. SF, sodium ferulate; Vc, vitamin C; FO, feruloyl
oligosaccharides.

Table 2. TAOC, Activities of SOD, GSH-Px, and XOD, and Content of MDA in Serum of Rats?

group TAOC (units/mL) SOD (units/mL) GSH-Px (units/mL) XOD (units/L) MDA (nmol/mL)
normal 80x18b 137.1+£11.3bc 4199+22.8b 57+16a 55+12ab
diabetic 62+12a 1145+ 139a 3392+276a 72+12c 89+16¢C
diabetic fed SF 72+12a 133.0+145ab 439.6+23.7¢ 58+14a 49+08a
diabetic fed Vc 69+16a 1234+123a 4287+253b 6.7£20b 6.0+£08b
diabetic fed FO 71+15a 146.5+15.0d 4431+19.7¢ 65+11b 6.3+16b

2Values (means + SD, n = 10) with different letters within a column are significantly different at the 5% level. SF, sodium ferulate; Vc, vitamin C; FO, feruloyl
oligosaccharides.

Table 3. TAOC, Activities of SOD, GSH-Px, and XOD, and Content of MDA in the Liver of Rats?

group TAOC (units/mL) SOD (units/mL) GSH-Px (units/mL) XOD (units/L) MDA (nmol/mL)
normal 14+03c¢ 218.1+23.7d 63.4+122b 78+15b 12+0.2b
diabetic 03+01la 156.8+216a 488+9.2a 96+11lc 19+04c
diabetic fed SF 09+02b 197.8+£206b 70.1+134¢ 78+11b 09+02a
diabetic fed Vc 04+01la 219.2+184d 58.7+10.3b 94+13c 09+03a
diabetic fed FO 0.7+0.2b 2069+19.1c 63.1+135b 66+18a 08+02a

2Values (means + SD, n = 10) with different letters within a column are significantly different at the 5% level. SF, sodium ferulate; Vc, vitamin C; FO, feruloyl
oligosaccharides.

Table 4. TAOC, Activities of SOD, GSH-Px, and XOD, and Content of MDA in the Testes of Rats?

group TAOC (units/mL) SOD (units/mL) GSH-Px (units/mL) XOD (units/mL) MDA (nmol/mL)
normal 11+0.3hbc 1133+22.7b 91+16¢ 6.7+18a 0.7+0.1b
diabetic 07+02a 823+134a 72%x20a 113+12¢ 09+02c
diabetic fed SF 1.0+0.2b 1287+171c 84+21b 6.7+14a 07+0.1b
diabetic fed Vc 09+02b 119.1+146b 80+27hb 82+19b 0.7+02b
diabetic fed FO 13+02c 1188+122b 81+24Db 84+19b 05+0.1a

@Values (means + SD, n = 10) with different letters within a column are significantly different at the 5% level. SF, sodium ferulate; Vc, vitamin C; FO, feruloyl
oligosaccharides.

Feeding feruloyl oligosaccharides increased the level of sodium ferulate and vitamin C, feeding feruloyl oligosaccharides
antioxidant capacity about 1 unit/mL in serum, but this increase showed a higher capacity for the prevention of oxidative stress
was not statistically significant at the 5% level fbr= 10 in liver than in testes.

(Table 2). Feeding feruloyl oligosaccharides, compared to

feeding sodium ferulate and vitamin C, significantly increased pscyssion

SOD activity and GSH in the serum of diabetic rats, but showed

no significant difference for XOD activity or MDA content Oxidative free radical induced degeneration of pancreatic
(Table 2). p-islet cells has been implicated in the etiopathogenesis of

Compared to diabetic controls, the tested indices in liver and clinical diabetes mellitus. In keeping with this postulate,
testes of rats fed feruloyl oligosaccharides were all significantly experimental diabetogenic agents such as alloxan have been
improved Tables 3 and 4). In the liver, feeding feruloyl designed. Alloxan is converted to dialuric acid by a two-electron
oligosaccharides increased TAOC, SOD activity, and GSH-Px reduction, and dialuric acid is unstable and converted back to
activity by 133.3, 32.0, and 29.3%, respectively, and decreasedalloxan, a reaction accompanied by the reduction of oxygen to
XOD activity and MDA content by 31.3 and 57.9%, respec- the oxidative free radical, £ and HO,. The latter, through
tively. In the testes, feeding feruloyl oligosaccharides increased the Fenton reaction in the presence of Fiens, generates the
TAOC, SOD activity, and GSH-Px activity by 85.7, 44.3, and highly toxic hydroxyl radical. Use of radical scavengers protects
12.5%, respectively, and decreased XOD activity and MDA animals against alloxan-induced diabetes mellitus &2,
content by 25.7 and 44.4%, respectively. These findings strongly Enzyme-released feruloyl oligosaccharides from wheat bran
indicate that feruloyl oligosaccharides could protect against exhibited restoring capacity for serum glucose level in diabetic
oxidative stress in diabetic rats. Also, compared with feeding rats induced by alloxan injection. Being a potential antioxidant,
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as the extract of some plants are, feruloyl oligosaccharides may
bring about an anti-hyperglycemic effect through insulin secre-
tion from the remnang-cells and from regeneratg¢tcells and
exert hypoglycemic activity through insulin release stimulatory
effects (31,32), thus mitigating the syndrome of diabetes and
restoring lost body weight.

Feruloyl oligosaccharides also restored antioxidant capacity
by increasing the activities of SOD and GSH-Px and decreasing
XOD activity and MDA content. Many studies have proved the
reduction in the antioxidant enzyme activities of SOD, CAT,
and GPx in diabetic condition, which is possibly due to increased
oxygen metabolites causing a decrease in the activity of the
antioxidant defense system and due to nonenzymatic glycosyl-
ation of the enzymes3@). Feruloyl oligosaccharides a play role
in the inhibition of lipid peroxidation and the scavenging of
free radicals by their antioxidant nature and protected against

damage of pancreatic tissue and restored antioxidant enzyme

activities. However, the reasons why feruloyl oligosaccharides
have shown less antioxidant capacity in vitro than in vit6)(

and have different restoring capacities in serum, liver, and testes
must be further investigated. Also, their effects on human

subjects need to be studied.

Moreover, the diabetic rats fed feruloyl oligosaccharides
showed a higher protection effect against oxidative stress than
the diabetic rats fed the same concentration of sodium ferulate
and vitamin C. Test results indicated that feruloyl oligosaccha-
rides ranked differently according to antioxidant capacity in the
serum, liver, and testes in diabetic rats and also ranked
differently according to the activity of antioxidant enzymes in

Ou et al.

(6) Figueroa-Espinoza, M. C.; Poulsen, C.; Soe, J. B.; Zargahi, M.
R.; Rouau, X. Enzymatic solubilization of arabinoxylans from
native, extruded, and high-shear-treated rye bran by different
endo-xylanases and other hydrolyzing enzynieggric. Food
Chem.2004,52, 4240—4249.

(7) Mathew, S.; Abraham, T. E. Studies on the production of feruloyl
esterase from cereal brans and sugar cane bagasse by microbial
fermentation Enzyme Microb. Techno2005, 36, 565—570.

(8) Panda, T.; Gowrishankar, B. S. Production and applications of
esterasesAppl. Microbiol. Biotechnol2005,67, 160—169.

(9) Sorensen, H. R.; Pedersen, S.; Vikso-Nielsen, A.; Meyer, A. S.

Efficiencies of designed enzyme combinations in releasing

arabinose and xylose from wheat arabinoxylan in an industrial

ethanol fermentation residu&nzyme Microb. TechnoR005,

36, 773—784.

Topakas, E.; Kalogeris, E.; Kekos, D.; Macris, B. J.; Christa-

kopoulos, P. Production of phenolics from corncobs by coupling

enzymic treatment and solid-state fermentatiéng. Life Sci.

2004,4, 283—286.

Yu, P. Q.; McKinnon, J. J.; Maenz, D. D.; Racz, V. J,;

Christensen, D. A. The specificity and the abilityAdépergillus

feruloyl esterase to releagpecoumaric acid from complex cell

walls of oat hullsJ. Chem. Technol. Biotechn@004,79, 729—

733.

(12) Rondini, L.; Peyrat-Maillard, M. N.; Marsset-Baglieri, A.;
Fromentin, G.; Durand, P.; Tome, D.; Prost, M.; Berset, C. Bound
ferulic acid from bran is more bioavailable than the free
compound in ratJ. Agric. Food Chem2004,52, 4338—4343.

(13) Yuan, X. P.; Wang, J.; Yao, H. Y. Production of feruloyl
oligosaccharides from wheat bran insoluble dietary fibre by
xylanases fronBacillus subtilis.Food Chem2006,95, 484—
492.

[
(=}
~

(11

the same tissue. The precise mechanism for these effects requires14) vuan, X. P.; Wang, J.; Yao, H. Y.; Chen, F. Free radical-

further investigation.

In summary, feeding feruloyl oligosaccharides significantly
increased the antioxidant capacity of alloxan-induced diabetic
rats and restored it to almost normal level or even higher, thus
greatly mitigating the diabetes syndrome. Moreover, the rats
fed feruloyl oligosaccharides showed less serious diabetes
syndrome than rats fed sodium ferulate and vitamin C, leading
to the conclusion that feruloyl oligosaccharides are a suitable
antioxidant for protection against oxidative damage in diabetes.
Furthermore, feruloyl oligosaccharides have other benefits. First,
they are a nonionic chemical species that may pass through cell
membranes with a high density of inner negative charges more
easily than the negative antioxidants vitamin C and free phenolic

scavenging capacity and inhibitory activity on rat erythrocyte
hemolysis of feruloyl oligosaccharides from wheat bran insoluble
dietary fiber.LWT—Food Sci. TechnoR005,38, 877—883.

(15) Zhang, J.; Ou, S. Y.; Zhang, N. The scavenging capacity of free
radicals by enzyme-hydrolyzed wheat bran in vitata Nutr.
Sin.2005,27, 25-29.

(16) Gesler, W. M.; Arcury, T. A.; Skelly, A. H.; Nash, S.; Soward,
A.; Dougherty, M. Identifying diabetes knowledge network nodes
as sites for a diabetes prevention progréfealth Place 2006,

12, 449—-464.

(17) Mehta, J. L.; Rasouli, N.; Sinha, A. K.; Molavi, B. Oxidative
stress in diabetes: a mechanistic overview of its effects on
atherogenesis and myocardial dysfunction. J. Biochem. Cell
Biol. 2006,38, 794—803.

compounds. Second, they can form resonance-stabilized free (18) Robertson, R. P.; Harmon, J. S. Diabetes, glucose toxicity, and

radicals that would not actively attack other substances after
free radical formation, and, third, they contain oligosaccha-

rides that are beneficial for gastrointestinal function and

immunology (34).
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