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bstract

Reactive oxygen species detoxification potentials of Sorghum  bicolor  polyphenolic extract was investigated in the liver of N-nitrosodiethylamine-
reated rats. Male rats, weighing (135 ±  5.5) g were completely randomized into 7 groups (A–G) of five rats each. Rats in C, D, E and F were
dministered orally once daily at 24-h interval for 7 d with 500, 125, 250 and 500 mg/kg body weight of polyphenolic extract of S.  bicolor,
espectively. Group G was given 100 mg/kg body weight of vitamin C. On the sixth day, groups B, D, E, F and G were administered with 100 mg/kg
ody weight N-nitrosodiethylamine (NDEA). Group A, which served as the control was treated like the test groups except, that the animals
eceived distilled water only. Reactive oxygen species detoxifying enzymes (superoxide dismutase, catalase, glutathione peroxidase, glutathione
eductase and glucose 6-phosphate dehydrogenase) activities were significantly (P  < 0.05) induced by S.  bicolor.  These inductions significantly
P  < 0.05) attenuated the NDEA-mediated decrease in reactive oxygen species detoxifying enzymes and compared favourably with vitamin C.
DEA-mediated elevation in the concentrations of oxidative stress biomarkers; malondialdehyde, conjugated dienes, lipid hydroperoxides, protein

arbonyl and percentage DNA fragmentation were significantly (P  < 0.05) lowered by S.  bicolor  polyphenolic extract. Overall, the results obtained
rom this study revealed that the polyphenolic extract of S.  bicolor  grains enhanced the detoxification of reactive oxygen species in NDEA-treated

ats. The polyphenols also prevented the peroxidation of lipid, oxidation of proteins as well as fragmentation of DNA component in the liver of
ats and hence gave the evidence of possible prophylactic potentials of S.  bicolor  grains.

 2013 Beijing Academy of Food Sciences. Production and hosting by Elsevier B.V. All rights reserved.
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.  Introduction

N-nitrosodiethylamine (NDEA) is a potent hepatocarcino-
enic nitrosamine present in tobacco smoke, ground water
ith high level of nitrates, cheddar cheese, cured and fried
eals, soya beans, alcoholic beverages, occupational settings,
∗ Corresponding author. Tel.: +234 8035844608.
E-mail address: ajiboyeyong@yahoo.com (T.O. Ajiboye).
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osmetics, agricultural chemicals and pharmaceutical agents
1,2]. In the liver, cytochrome P450 (CYP2E1) activates N-
itrosodiethylamine [3] to form electrophilic and reactive
xygen species [4], which causes oxidative damage leading to
ytotoxicity, carcinogenicity and mutagenicity [5,6].

Oxygen-derived radicals known as reactive oxygen species
ROS) include the highly reactive superoxide (O2

− �), hydroxyl
�OH) and peroxyl (RO2 �) as well as non-radicals such as
ydrogen peroxide (H2O2) and peroxynitrite (ONOO−) [7].
he productions of these reactive species (O2

− �, �OH, RO2 �,
2O2 and ONOO−) are usually in response to endogenous

nd exogenous stimulus [8]. Regardless of the origin, increased
OS production or oxidative stress results to either activation
f specific signal transduction pathways or damage to cellular

omponents resulting to adaptive and maladaptive molecular
esponses, respectively [9]. Cell death arising from carbony-
ation of protein, peroxidation of lipids and fragmentation of

http://www.sciencedirect.com/science/journal/aip/22134530
dx.doi.org/10.1016/j.fshw.2013.02.001
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NA are consequential effects of ROS-induced oxidative stress
10]. Furthermore, excessive ROS production has been reported
o stimulate oncogenesis via  alterations in redox regulated
ignaling pathways suggesting that the redox state plays a critical
ole in signal transduction, cellular proliferation, differentiation
nd apoptosis [11,12].

Antioxidant defense arsenal in liver cells is responsible for
he detoxification of ROS and repair damage resulting from ROS
13]. Thus, catastrophic free radical events such as lipid perox-
dation, protein oxidation and fragmentation of DNA are rarely
he cause of cell death in realistic in  vivo  condition [14]. How-
ver, when the antioxidant defense arsenals are overwhelmed,
OS cause direct damage to proteins, lipids, and nucleic acids,

eading to cell death [15]. Consumptions of dietary antioxidants
omplement the cellular defense system to prevent oxidative
amage to cellular macromolecules. Recently, we have reported
he antioxidants and cytoprotective activities of some dietary

edicinal plants and alluded the protective role to the polyphe-
olic and flavonoid constituents of the plants [16–19]. Sorghum
icolor grains represent one of the common cereals that is widely
onsumed in Nigeria because of the good amount of antioxidant,
arbohydrate and protein contents.

Sorghum (S.  bicolor  (L.) Moench) is an important staple food
n developing countries of the semi-arid tropics. It is the world’s
fth most important cereal, with higher protein content than
orn [20]. It is particularly important as human food resource
nd folk medicine in Asia and Africa. Studies have shown that
orghum has antioxidant activity, anti-carcinogenic effects, anti-
utagenic effects, cholesterol-lowering effects and can reduce

he risk of cardiovascular disease [21,22]. Most of these activ-
ties have been shown to be due to the presence of numerous
avonoids, phenolics and anthocyanins in sorghum. Recently,
jiboye et al. [23] reported that S.  bicolor  grains extract pro-

ected NDEA-induced oxidative stress in rat microsomes in  vitro
23].

Phytochemical constituents of sorghum include phenolic
ompounds, polyflavonols and thiols, anthocyanins and tan-
ins. Several flavonoids have been identified and characterized
n sorghum over the years. Recently, 3-deoxyanthocyanidin,
avone, and flavanone levels were reported in red/black sorghum
enotypes [22]. Despite these myriad studies on S.  bicolor,
here is little or no literature that describes the effects of the
olyphenolic rich extract of S.  bicolor  grains on ROS detoxify-
ng enzymes in  vivo. This study thus investigates the capability
f polyphenolic rich-extract of S.  bicolor  grains to promote ROS
etoxification in the liver of NDEA-treated rats.

.  Materials  and  methods

.1.  Materials

.1.1.  Plant  materials
Red variety of S.  bicolor  grains were obtained from Igbona
arket, Osogbo, Nigeria and was authenticated by Prof. F.A.
ladele of the Department of Plant Biology, University of Ilorin,

lorin, Nigeria, where a voucher specimen was deposited in the
erbarium.
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.1.2.  Experimental  animals
Two-month-old, healthy male albino rats (Rattus  norvegi-

us) of Wistar strain, weighing (135 ±  5.5) g were obtained
rom Animal House of the Department of Veterinary Physi-
logy, Biochemistry and Pharmacology, University of Ibadan,
igeria. They were kept in clean plastic cages contained in well-
entilated house conditions with free access to feeds (Capfeed
td., Osogbo, Nigeria) and tap water. The animals were used
ccording to the Guidelines of National Research Council Guide
or the Care and Use of Laboratory Animals [24] and in accor-
ance with the principles of Good Laboratory Procedure (GLP)
25].

.1.3.  Chemicals  and  assay  kits
Diphenylamine 5,5′-Dithio-bis(2-nitrobenzoic acid), guani-

ine hydrochloride, and N-ethyl-maleimide (NEM) were
rocured from Research Organics, Cleveland, Ohio, USA.
uperoxide dismutase (SOD), glutathione peroxidase (GSH-
x), glutathione reductase (GSH-Red) and glucose 6-phosphate
ehydrogenase (Glc 6-PD) were products of Randox Laborato-
ies Ltd. Co., Antrim, United Kingdom. All other reagents used
ere supplied by Sigma–Aldrich Inc., St. Louis, USA.

.2.  Methods

.2.1.  Preparation  of  polyphenolic  rich-extract  of  Sorghum
icolor grains

Finely ground S.  bicolor  grains were defatted exhaustively
n hexane for 24 h with constant shaking. The residue was
e-extracted exhaustively with methanol for 48 h. The filtered
xtract was concentrated under reduced pressure using rota-
ory evaporator (R-200, BUCHI, Flawil, Switzerland) and kept
rozen till further use.

.2.2.  Animal  treatment
Thirty-five male rats were completely randomized into seven

roups (A–G) of 5 animals each. Rats in groups C, D, E and
 were administered orally once daily at 24-h interval for 7 d
ith 500, 125, 250 and 500 mg/kg bodyweight of polyphenolic

xtract of S.  bicolor  grains, respectively. Group G was given
00 mg/kg bodyweight of vitamin C. On the sixth day, groups
, D, E, F and G were administered with 100 mg/kg bodyweight
f NDEA. Group A, which served as the control was treated like
he test groups except, that the animals received distilled water
nly.

.2.3. Preparation  of  serum  and  tissue  homogenates
The rats were sacrificed 24 h after their last daily doses using

he anesthetic method described by Yakubu et al. [26]. Under
iethyl ether anesthesia, rats were made to bleed through their
ut jugular veins (slightly displaced to prevent blood from being
ontaminated with interstitial fluid) into centrifuge tubes. The

lood samples were allowed to clot for 15 min and centrifuged
t 33.5 ×  g for 15 min to obtain the sera. The sera were frozen
nd used within 12 h of preparation for the biochemical assay.
iver excised from the animals were blotted in tissue paper, cut
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Table 1
Specific activities of hepatic marker enzymes following the administration of polyphenolic extract of Sorghum bicolor to N-nitrosodiethylamine-treated rats.

Treatment/tissues Alkaline phosphatase Alanine aminotransferase Aspartate aminotransferase

Liver Serum Liver Serum Liver Serum

Distilled water (control) 5.77 ± 0.52a 0.058 ± 0.001a 65.23 ± 1.48a 5.23 ± 0.13a 97.34 ± 1.89a 10.32 ± 0.23a

NDEA treated 1.55 ± 0.31b 0.168 ± 0.002b 22.05 ± 3.81b 18.23 ± 0.69b 50.52 ± 3.21b 22.26 ± 0.11b

500 mg/kg body weight of extract 5.75 ± 0.04a 0.059 ± 0.001a 65.00 ± 2.06a 5.86 ± 0.42a 98.04 ± 2.76a 10.01 ± 0.17a

NDEA + 125 mg/kg body weight of extract 2.47 ± 0.48c 0.123 ± 0.001c 35.49 ± 3.12c 15.73 ± 0.49c 63.81 ± 3.96c 17.15 ± 0.12c

NDEA + 250 mg/kg body weight of extract 3.98 ± 0.23a 0.092 ± 0.003c 49.87 ± 3.14d 11.25 ± 0.16c 75.72 ± 1.81c 15.92 ± 0.34c

NDEA + 500 mg/kg body weight of extract 5.23 ± 0.61a 0.061 ± 0.001a 61.15 ± 2.83a 5.89 ± 0.25a 89.51 ± 6.84b 11.03 ± 0.51a

NDEA + 100 mg/kg body weight of vitamin C 5.60 ± 0.17a 0.056 ± 0.002a 62.70 ± 5.18a 5.72 ± 0.11a 87.07 ± 2.12a 10.72 ± 0.32a
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ote: Data are mean of five determinations ± SD. Specific enzyme activities are
he liver and serum of each enzyme are significantly different (P < 0.05).

hinly with sterile scalpel blade and then homogenized in ice-
old 0.25 mol/L sucrose solution (1:5, w/v). The homogenates
ere centrifuged at 800 ×  g  at 4 ◦C for 10 min to obtain the

upernatant that was kept frozen at −20 ◦C before being used
or the various biochemical assays.

.2.4. Biochemical  assay
The activities of alkaline phosphatase (ALP), alanine and

spartate aminotrasferases (ALT and AST) were determined as
escribed by Wright et al. [27] and Bergmeyer et al. [28,29],
espectively. SOD, Catalase, GSH-Px, GSH-red and Glc 6-PD
ctivities were assayed according to the procedures described by
isra and Fridovich [30], Beers and Sizers [31], Rotruck et al.

32], Mavis and Stellwagen [33] and Kornberg and Horecker
34], respectively. The concentration of protein carbonyl in the
iver homogenates was determined according to the procedure
escribed by Levine et al. [35]. The concentrations of conju-
ated dienes, lipid hydroperoxides and malondialdehyde were
ssessed according to the procedure described by Bus et al. [36].
he quantity of fragmented DNA was quantified according to

he procedure described by Burton [37].

.2.5. Statistical  analysis
Results were expressed as the mean of five determi-

ations ±  SD. Analysis of variance (ANOVA) followed by
ukey–Kramer test for differences between means was used to

etect any significant differences (P  < 0.05) between the treat-
ent groups in this study using StatPlus, 2011 (AnalystSoft Inc.,
lexandria, VA, USA).

r
a
d
(

able 2
pecific activities of antioxidant enzymes following the administration of polypheno

reatments Superoxide
dismutase

Catalase 

istilled water (control) 66.47 ± 5.24a 30.93 ± 3.7
DEA treated 27.83 ± 2.52b 7.43 ± 1.2
00 mg/kg body weight of extract 98.77 ± 3.77c 52.91 ± 3.5
DEA + 125 mg/kg body weight of extract 36.34 ± 2.15d 18.52 ± 1.5
DEA + 250 mg/kg body weight of extract 45.72 ± 1.82d 29.08 ± 0.2
DEA + 500 mg/kg body weight of extract 60.66 ± 2.70a 30.59 ± 2.1
DEA + 100 mg/kg body weight of vitamin C 64.95 ± 3.58a 26.92 ± 1.4
essed as nmol min−1 per mg protein. Values carrying superscripts different for

.  Results

.1.  Hepatocellular  enzymes

Administration of NDEA alone significantly (P  < 0.05)
educed the activities of ALP, ALT and AST in the liver with cor-
esponding increase in the activities of these enzymes (ALP, ALT
nd AST) in the serum (Table 1). This trend was reversed when
he polyphenolic extract of S.  bicolor  grains at various doses
ere administered to NDEA-treated rats, as the activities of the

iver and serum enzymes compared favourably (P  > 0.05) with
hat of the control and vitamin C pretreated groups (Table 1).

.2.  Reactive  oxygen  detoxifying  enzymes

ROS detoxifying enzymes (SOD, CAT, GSH-Px, GSH-Red
nd Glc 6-PD) were significantly (P  < 0.05) reduced follow-
ng the administration of 100 mg/kg body weight of NDEA
Table 2). In addition to the increase in the activities of
OS detoxifying enzymes following the administration of the
olyphenolic extract of S.  bicolor  grains alone, the extract com-
letely attenuated NDEA-mediated decrease in these enzymes
Table 2).

.3.  Non-enzymatic  antioxidants

The level of the non-enzymatic antioxidant glutathione

educed (GSH) was significantly reduced following the
dministration of NDEA. While the concentration of peroxi-
ised glutathione (GSSG) in the liver increased significantly
P < 0.05), GSH:GSSG ratio decreased significantly following

lic extract of Sorghum bicolor to N-nitrosodiethylamine-treated rats.

Glutathione
peroxidase

Glutathione
reductase

Glucose 6-phosphate
dehydrogenase

6a 346.17 ± 2.14a 55.70 ± 1.52a 24.40 ± 1.30a

9b 98.48 ± 2.67b 15.44 ± 1.05b 6.33 ± 0.43b

2c 512.17 ± 4.90c 108.02 ± 1.38c 32.23 ± 1.82c

3d 164.92 ± 1.51d 20.86 ± 1.99d 12.55 ± 1.37d

0a 292.98 ± 5.68e 39.84 ± 1.06e 18.60 ± 1.44d

8a 323.90 ± 12.86a 45.08 ± 1.24f 20.89 ± 1.62a

6a 336.15 ± 4.24a 40.45 ± 1.62f 24.03 ± 1.00a
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Table 3
Levels of non-enzymic antioxidants following the administration of polyphenolic extract of Sorghum bicolor to N-nitrosodiethylamine-treated rats.

Treatments Glutathione (reduced) Glutathione (oxidized) GSH:GSSG ratio

Distilled water (control) 60.90 ± 0.54a 3.67 ± 0.16a 16.59 ± 0.23a

NDEA treated 26.25 ± 0.62b 18.93 ± 0.13b 1.39 ± 0.21b

500 mg/kg body weight of extract 101.52 ± 0.35c 3.84 ± 0.42a 26.44 ± 0.19c

NDEA + 125 mg/kg body weight of extract 53.71 ± 0.36d 12.87 ± 0.21c 4.17 ± 0.11d

NDEA + 250 mg/kg body weight of extract 58.72 ± 0.31a 8.59 ± 0.45d 6.84 ± 0.31e

NDEA + 500 mg/kg body weight of extract 68.92 ± 0.40e 4.48 ± 0.26a 15.38 ± 0.48a

NDEA + 100 mg/kg body weight of vitamin C 57.32 ± 0.91a 5.02 ± 0.41e 11.42 ± 0.23f

Table 4
Levels of lipid peroxidised products following the administration of polyphenolic extract of Sorghum bicolor to N-nitrosodiethylamine-treated rats.

Treatments Conjugated dienes Lipid hydroperoxide Malondialdehyde

Distilled water (control) 51.58 ± 0.86a 49.81 ± 0.45a 5.69 ± 0.43a

NDEA treated 118.59 ± 3.51b 123.92 ± 0.48b 15.70 ± 0.23b

500 mg/kg body weight of extract 50.92 ± 2.43a 49.14 ± 0.35a 5.28 ± 0.24a

NDEA + 125 mg/kg body weight of extract 85.48 ± 1.62c 80.93 ± 0.31c 11.83 ± 0.10c

NDEA + 250 mg/kg body weight of extract 69.59 ± 0.58d 71.56 ± 0.22c 9.37 ± 0.14d
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DEA + 500 mg/kg body weight of extract 56.32 ± 0.32
DEA + 100 mg/kg body weight of vitamin C 58.58 ± 0.40

he administration of NDEA (Table 3). The polyphenolic rich
xtract of S.  bicolor  grains significantly (P  < 0.05) reversed the
DEA-mediated alterations in the levels of these non-enzymatic

ntioxidants (Table 3).

.4.  Lipid  peroxidation

NDEA administration resulted to significant (P  < 0.05)
ncrease in the levels of lipid peroxidation products (conjugated
ienes, lipid hydroperoxides and malondialdehyde) in the liver
f rats (Table 4). The NDEA-mediated increase in the lipid per-
xidation products were significantly (P  < 0.05) reduced in the
iver of rats by the polyphenolic extract of S.  bicolor  grains.

.5.  Protein  oxidation

Carbonylation of protein resulting from the oxidation of liver
rotein significantly (P  < 0.05) increased in the liver of NDEA-
reated rats. Although, treatment of rats with only polyphenolic

ich extract of S.  bicolor  grains produced no change in the level
f protein carbonyl, it significantly (P  < 0.05) reduced the protein
arbonyl level in the liver of NDEA-treated rats (Table 5).

4

b

able 5
evels of protein carbonyl and fragmented DNA following the administration of poly

reatments P

istilled water (control) 4
DEA treated 8
00 mg/kg body weight of extract 3
DEA + 125 mg/kg body weight of extract 7
DEA + 250 mg/kg body weight of extract 6
DEA + 500 mg/kg body weight of extract 5
DEA + 100 mg/kg body weight of vitamin C 4
54.77 ± 0.35 6.16 ± 0.23
59.01 ± 0.53d 5.89 ± 0.13a

.6.  DNA  fragmentation

The extent of DNA damage in the liver as assessed by
he measurement of DNA fragmentation in NDEA-treated
ats increased significantly (P  < 0.05). S.  bicolor  significantly
P < 0.05) reversed the NDEA-mediated increase in DNA frag-
entation and it compared significantly (P  < 0.05) with the

ontrol and vitamin C treated groups (Table 5).

.  Discussion

Dietary antioxidants elicit protective activities by interacting
ith biomolecules at cellular and molecular levels to induce

ytoprotective enzymes or inhibits/inactivates those involve in
arcinogen activation. In this study, the capability of the polyphe-
olic extract of S.  bicolor  grains to enhance reactive oxygen
pecies detoxification in the liver of NDEA-treated rats was
nvestigated.
.1.  Hepatocellular  enzymes

Alkaline phosphatase is a marker enzyme for plasma mem-
rane such that any alteration in the level of this enzyme shows

phenolic extract of Sorghum bicolor to N-nitrosodiethylamine-treated rats.

rotein carbonyl Fragmented DNA (%)

.81 ± 0.11a 5.07 ± 0.58a

.05 ± 0.18b 84.81 ± 1.25b

.66 ± 0.13c 5.05 ± 0.31a

.52 ± 0.12b 60.09 ± 3.21c

.10 ± 0.33c 47.48 ± 0.42d

.13 ± 0.25a 15.19 ± 0.13e

.76 ± 0.24a 15.33 ± 0.37e
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ompromise of the integrity of the plasma membrane [38]. The
ignificant reduction in specific activity of ALP in the liver of rats
ith a corresponding increase in serum is an indication of loss of

ntegrity in the liver plasma membrane. The decrease in specific
ctivity of ALP in the liver of rats might have resulted from per-
xidation of polyunsaturated fatty acids of the plasma membrane
y ROS (O2

− �, �OH, RO2 �, H2O2 and ONOO−) generated
uring NDEA metabolism [4]. The capability of polyphenolic
xtract of S.  bicolor  grains to prevent NDEA-mediated alteration
n ALP could be attributed to free radical and ROS scavenging
apability of S.  bicolor  made possible by flavonoids, phenolics,
nthocyanins and thiols present in S.  bicolor  grain [21].

The reduction in specific activities of ALT (cytosolic) and
ST (cytosolic and mitochondrial) in the liver of DEN treated

ats is not surprising, as the pattern of alterations on ALP
evealed that integrity of the plasma membrane had been com-
romised. Damage to plasma membrane will consequentially
ead to leakage of cellular cytosolic content to the external

ilieu. The capability of the extract to reverse this trend in a
anner similar to vitamin C suggests antioxidant potential of

he extract. This amelioration may be adduced to capability of
he extract to scavenge ROS (O2

− �, �OH, RO2 �, H2O2 and
NOO−) generated during NDEA metabolism [4].

.2.  Reactive  oxygen  detoxifying  enzymes

Oxidative damage to cellular macromolecules (lipid, protein,
NA, etc.) arising from redox imbalances is normally coun-

eracted by ROS detoxifying enzymes (SOD, CAT, GSH-Px,
SH-Red and Glc 6-PD) [16]. The reduction in the specific

ctivities of these ROS detoxifying enzymes could have resulted
rom the excessive mobilization of antioxidant enzymes towards
he detoxification of ROS (O2

− �, �OH, RO2 �, H2O2 and
NOO−) during NDEA carcinogenesis [4]. These reductions

ould lead to uncontrolled oxidative attack on the cellular macro-
olecules resulting to oxidative damage and cell death. Similar

eduction in the activities of these enzymes (SOD, CAT, GSH-Px
nd GSH-Red) were reported to be due to the excessive gen-
ration of ROS during NDEA hepatocarcinogenesis [1,39,40].
hus, the significant attenuation of NDEA-mediated reduction

n specific activities of ROS detoxifying enzymes (SOD, CAT,
SH-Px, GSH-Red and Glc 6-PD) by the polyphenolic rich

xtract of S.  bicolor  grains might have resulted from capabil-
ty of the extract to scavenge ROS generated during NDEA

etabolism. It might also have resulted from the capability of
. bicolor  to induce ROS detoxifying enzymes. Reports have
hown attenuation of NDEA-mediated decrease in the antioxi-
ant enzymes by medicinal plants and plant components [5,41].

.3.  Non-enzymatic  Antioxidant

The significant (P  < 0.05) reduction in the level of GSH,
 non-enzymatic antioxidant playing complementary role in

revention of oxidative damage resulting from ROS gener-
ted during NDEA metabolism might have resulted from the
epletion of GSH-Px and GSH-Red, as they have direct rela-
ionship with GSH [42]. Conversely, NDEA-mediated increase

t
r
a

uman Wellness 2 (2013) 39–45 43

n the level of GSSG might have resulted from the oxida-
ion of GSH or mobilization of GSH towards the production
f GSH-Px. The reduction in GSH:GSSG ratio following the
dministration of NDEA indicates that the liver cell is prone to
xidative attack. Thus, the preservation of the levels of GSH,
igh GSH:GSSG and low GSSG in the liver of NDEA-treated
ats by the polyphenolic rich-extract of S.  bicolor  grains shows
he possible antioxidant potentials.

.4.  Lipid  peroxidation

Elevation in the status of lipid peroxidation in liver during
DEA treatment has been reported [43,44]. Thus, the sig-
ificant increase in the levels of lipid peroxidation products
conjugated dienes, lipid hydroperoxides and malondialdehy-
es) shows indiscriminate oxidative assaults on the cellular
ipids. These increase (most especially conjugated dienes) could
esult to mutation [45]. The capability of S.  bicolor  extract to
everse the NDEA-mediated increase in conjugated dienes, lipid
ydroperoxide and malondialdehyde might have resulted from
he ROS scavenging activity of the extract. It might have also
esulted from the capability of the extract to promote the detoxi-
cation (through the induction of antioxidant enzymes) of ROS,
hich could cause the peroxidation of polyunsaturated fatty

cids of plasma membrane. Pradeep et al. [6] also reported simi-
ar reduction in level of lipid peroxidised products following the
dministration of Silymarin to NDEA-treated rats.

.5.  Protein  oxidation

Protein carbonyl content, an indicator of irreversible oxida-
ive damage leading to protein oxidation [46], may have lasting
etrimental effects on cells and tissues [47]. Thus, the signifi-
ant increase in protein carbonyl, a marker of protein oxidation
n NDEA-treated rat could have resulted from the oxidation of
rotein by the free radicals and ROS generated during NDEA
etabolism. The attenuation of NDEA-mediated increase in the

evel of protein carbonyl by the polyphenolic extract of S.  bicolor
rains further shows possible ROS scavenging and its capabil-
ty to promote the detoxification of ROS via  the induction of
ntioxidant enzymes.

.6.  DNA  fragmentation

Oxidative stress and accumulation of calcium ion have been
eported to mediate DNA fragmentation [48]. This damage,
hich usually results from OH.−, can lead to either arrest or

nduction of transcription, induction of signal transduction path-
ays, replication errors and genomic instability, all of which

re associated with carcinogenesis [49]. Thus, the significant
ncrease in the level of fragmented DNA in the liver of NDEA-
reated rat shows the genotoxicity arising from NDEA treatment.
t also denotes possible initiation of carcinogenesis. The reduc-

ion in the level of fragmented DNA in the liver of NDEA-treated
at by the polyphenolic extract of S.  bicolor  grains shows the
ntioxidants and antigenotoxic role of the extract.
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.  Conclusion

The results from this study show that the polyphenolic
xtract of S.  bicolor  grains enhanced the detoxification of N-
itrosodiethylamine possibly by enhancing the activities of
eactive oxygen species detoxifying enzymes, thus preventing
he oxidation and fragmentation of cellular macromolecules
uch as DNA, lipids and proteins. Hence, the consumption of
. bicolor  grains as staple food is encouraged because of its
rophylactic potentials.
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