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a  b  s  t  r  a  c  t

Crude  fucoidan  from  Sargassum  plagiophyllum  extracted  from  blade  and  purified  by Q-Sepharose  fast
flow anion-exchange  chromatography  and  three  fucoidan  fractions  were  obtained.  Maximum  sulphate
containing  fucoidan  fraction  was  considered  as purified  fucoidan  and  purity  was  checked  with  agarose
gel  electrophoresis.  The  monosaccharides  of  purified  fucoidan  analysed  by HPLC  revealed  the  presence
of the  sugars  such  as fucose  as a  major  sugar  were  70.8  mol%.  The  percentages  of  other  sugars  were  galac-
tose (13.5%),  xylose  (2.5%)  and  mannose  (11.2%).  GPC  was  used  to  analyse  molecular  weight  of  purified
fucoidan  and  it was  found  to be  35  kDa.  The  levels  of ICDH,  SDH,  MDH,  a-KGDH,  Phase-I  biotransformation
eywords:
ucoidan
argassum plagiophyllum
iethylnitrosamine
epatocarcinogenesis
itochondrial enzymes

enzymes,  and  Phase-II  biotransformation  enzymes  were  decreased  in  cancer  bearing  animals  which  may
be  due  to  oxidative  stress  and  mitochondrial  damage  and  fucoidan  restored  these  enzyme  activities.  The
inhibition  of  carcinogen  metabolic  activation  indicates  the  anticancer  activity  of  fucoidan  in  DEN  induced
liver cancer.

© 2012 Elsevier Ltd. All rights reserved.

iotransformation enzymes

. Introduction

Brown algal derived fucoidan plays a vital role in human health
nd nutrition. Furthermore, seaweed processing by-products with
ioactive fucoidan can be easily utilized for producing functional

ngredients. The possibilities of designing new functional foods
nd pharmaceuticals to support reducing or regulating the diet
elated chronic malfunctions are promising. Therefore, it can be
uggested that due to valuable biological functions with health ben-
ficial effects, fucoidan has a large potential as an active ingredient
or preparation of nutraceutical, cosmeceutical and pharmaceuti-
al products. Until now, most of the biological activities of fucoidan

ave been observed in vitro or in mouse model systems (Kim & Bae,
010; Kong, Kim, Yoon, & Kim, 2009; Ordonez, Escrig, & Ruperez,
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2010; Shibata, Ishimaru, Kawaguchi, Yoshikawa, & Hama, 2008;
Wijesekara, Pangestuti, & Kim, 2011).

The nitrosamines are widely recognized as carcinogenic com-
pounds, but they require metabolic activation to exert their
cytotoxic and carcinogenic activities. The International Agency
for Research on Cancer (IARC) has recognized that the diethyl-
nitrosamine (DEN) as hepato-carcinogen (IARC, 1978), which on
administration to experimental animals, induces cancer in liver
and at lower incidences in other organs (Poirier & Beland, 1994;
Schuller, 1992). The primary routes of potential human exposure
to DEN are ingestion, inhalation, and dermal contact. The general
population may  possibly be exposed to unknown quantities of DEN,
has been found to distribute in tobacco smoke, beverages, herbi-
cides, pesticides and ground water with high level of nitrates. In
this context an estimate indicated that air, diet and smoking con-
tribute to potential human exposure at levels of a few �g per day.
In addition DEN is present in a variety of foods, including cheeses at
concentrations of 0.5–30 �g/kg, soybeans at 0.2 �g/kg, various fish
at <1–147 �g/kg, salt-dried fish at 1.2–21 mg/kg, cured meats at up

to 40 �g/kg, and alcoholic beverages at 0.1 �g/kg (IARC, 1978). DEN
acts as a potent hepato-carcinogen in rats by influencing the initi-
ation stage of carcinogenesis, and during the period of enhanced
cell proliferation induces hepatocellular necrosis and forms
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NA-carcinogen adducts, which results in DNA-strand breaks
nd in turn leads to hepatocellular carcinomas without cirrhosis
hrough the development of putative preneoplastic focal lesions
Dragan et al., 1991; Tatematsu, Nagamine, & Farber, 1988). It
as been suggested that, on metabolic activation, DEN produces
he pro-mutagenic products, 06-ethyl deoxy guanosine and 04
nd 06-ethyl deoxy thymidine in liver which are responsible for
ts carcinogenic effects (Nakae et al., 1997; Verna, Whysner, &

illiams, 1996). DEN is metabolized to reactive electrophilic reac-
ants, alter the structure of DNA, and form alkyl DNA adducts,
nducing chromosomal aberrations and micronuclei in the rat liver
Yoshiji et al., 1991). It is reported that the free radicals partici-
ate in DEN-induced hepatocarcinogenesis, which was  confirmed
y over expression of 8-hydroxyguanine in DEN administered rat

iver. In this context, it is suggested that the generation of reac-
ive oxygen species (ROS) by DEN causes carcinogenic effects.
OS are potentially dangerous by-products of cellular metabolism
hat can produce a direct effect on cell development, growth, and
urvival. In addition oxidative stress generated by ROS has been
eported in membrane lipid peroxidation, DNA damage and muta-
enesis associated with various stages of tumour formation process
Cleveland & Kastan, 2000; Parola & Robino, 2001; Sivalokanathan,
layaraja, & Balasubramanian, 2005). However, no reports exist con-
erning the influence of brown seaweed polysaccharide on the
itochondrial and microsomal energy metabolism. The objective

f this study is to examine whether fucoidan of S. plagiophyl-
um could be effective against destabilization of mitochondrial
nd microsomal enzymes of DEN induced Wister albino rat
iver.

. Materials and methods

.1. Extraction and purification of fucoidan

The blade of S. plagiophyllum (fresh weight) was collected along
he coast of Mandapam (Lat. 09◦ 17′N; Long. 79◦ 08′E), Palk Bay,
amil Nadu, India in November 2009. After thoroughly washing
ith the seawater and manual sorting to remove the epiphytes,

he fresh biomass was exhaustively washed first with tap water
nd then with distilled water. The seaweeds were then shade dried
nd ground to pieces of about 1 mm.  One hundred grams of blade
lgal powder (dry biomass) was soaked in acetone–methanol sol-
ent system (7:3, v:v) for 2 days at shaker at 200 rpm (REMI,
umbai). The process was repeated twice to ensure the complete

ecolouration and defatting of dry biomass. This solvent extracted
iomass was dried into powder and was dispersed in 1 L of 0.1 M
f HCl for 24 h at constant stirring in room temperature. The pel-
et was re-extracted as above and the supernatants were pooled.
he resultant supernatant was kept at 4 ◦C overnight and precip-
tated with two vol. of absolute ethanol 1:1 (v:v). The precipitate

as collected and again dissolved in water and dialysed against
ater using the membrane (MW  CO 14,000) at 4 ◦C for 2 days

nd the dialysate was freeze dried. The crude polysaccharides dis-
olved in 0.1 M sodium phosphate buffer (pH 7.2) were applied to

 column of Q-Sepharose fast flow (4 × 25 cm), followed by step-
ise elution with 0.1 M sodium phosphate buffer, 0.2, 0.7, and

.5 M sodium chloride solutions at a flow rate of 60 mL/h. The elu-
nt (5 mL/tube) was collected and the carbohydrate content was
etermined by the phenol–sulphuric acid method, using fucose as
tandard. Finally, three fractions of polysaccharides were obtained,
ialysed with water, and lyophilized for further study. Total sugar

as determined by the phenol–sulphuric acid method (Dubois,
illes, Hamilton, Rebers, & Smith, 1956). The sulphate content was
easured according to Dodgson and Price (1962).  Total uronic acid

ontent was analysed colorimetrically by the m-phenyl phenol
ers 92 (2013) 1377– 1385

method using gluco-uronic acid as standard (Filisetti-Cozzi and
Carpita, 1991).

2.2. Monosaccharide identification

To determine the neutral sugar composition of the purified
fucoidan, the samples (5 mg)  were added with tri-fluoroacetic acid
(100% TFA, 4 mL)  in round-bottom flask. The mixtures were left
overnight at ambient temperature and subsequently refluxed for
2 h. The solutions were then diluted to 80% TFA using deionized
water. After refluxed for 30 min, the solutions were diluted to
30% TFA using deionized water and refluxed for 4 h. The TFA was
removed using a rotary vacuum evaporator and deionized water
was then added to the solids to wash them and this was followed
by re-evaporation. This procedure was  repeated several times until
the hydrolysates obtained were neutral. The dry hydrolysate solids
were finally dissolved in deionized water (5 mL) and used in the
preparation of the HPLC analysis. Hydrolysed fraction was analysed
by Agilante 1100 High Performance Liquid Chromatography (HPLC)
(Agilante Technologies, Santa Clara, CA, USA) on a C18 column
(ZORBAX Eclipse XDB-C18, 4.6 × 150 mm 3.5 �).

2.3. Agarose gel electrophoresis

Purity of purified fucoidan was checked with Agarose gel elec-
trophoresis according to the method of Björnsson, 1993. The SPs
(1 mg/mL  dry weight) were electrophoresed in 1.0% by agarose gels
using the sample gel procedure and 0.01 M Tris/acetate (pH 8.3) as
running buffer. The gel was run at 90 V for 90 min. Staining was
done with 0.02% (w/v) toluidine blue O in 3% acetic acid containing
0.5% (v/v) Triton X-100 and the gels were de-stained with 3% acetic
acid.

2.4. FT-IR spectral analysis

The Fourier Transmission-Infrared spectrum of 1 mg  of purified
fucoidan was  mixed with KBr and recorded using a spectral range
of 450–4500 cm−1(Perkin Elmer MPF  44B, Waltham, MA, USA).

2.5. Molecular weight analysis

Molecular mass of fucoidan was  analysed by gel permeation
chromatography (GPC). The purified fucoidan (10 mg)  was chro-
matographed on a Sepharose 6B column (Sigma–Aldrich, USA)
(90 cm × 1.0 cm)  using 100 mM sodium phosphate buffer (pH 7.2)
as eluant. The flow rate of the column was 0.6 mL/min, and frac-
tions of 2 mL  were collected and checked by the phenol–sulphuric
acid reaction (Dubois et al., 1956). The column was calibrated with
standard dextrans (500, 70, 40 and 10 kDa).

2.6. Animals and experimental design

Male Wister strain of albino rats weighing ca. 185–220 g was
purchased from Small Animal Section, King Institute of Preventive
Medicine and Research, Chennai and it was chosen for the in vivo
studies. The experiments were designed and conducted according
to the ethical norms approved by the Institutional Animal Ethics
Committee guidelines, India (IAEC No. 28/09/2011). In the present
attempt, effective dosage fixation experiment was conducted with
fucoidan on the animals, which revealed that 75 mg/kg body weight
significantly (p < 0.05) altered the activities of marker enzymes such
as acid phosphatase, alkaline phosphatase, aspartate transaminase,

alanine transaminase and lactate de-hydrogenase (LDH) in liver
tissues. Hence, the dose of 75 mg/kg was chosen for the further
study. The experimental animals were divided into four groups,
each group comprising of six animals. Group I: normal control rats
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Table  1
Yields, compositions and molecular weight of fucoidan obtained by ion exchange chromatography from crude fucoidan.

Yield (% in mass) Total sugar
(%m/m)

Total sulphate
(%m/m)

Total uronic
acid (%m/m)

Composition of sugar (mol%) MW (kDa)

12.6

(
h
w
a
b
a
t
d

2

o
t
3
w
s
T
F
a
s
t
(
G
d
M

2

o
N
d
p
c
w
w
f
s
p
1
m
f

2

S
m
b
r
V

2

P

Purified fucoidan 23.7 63.3 21.9

fed with standard diet) for 16 weeks, group II: rats induced with
epatocellular carcinoma by providing 0.01% DEN through drinking
ater for 16 weeks, group III: rats administrated with 0.01% DEN for

 period of 10 weeks followed by treated with fucoidan 75 mg/kg
ody weight for 5 weeks and group IV: rats treated with fucoidan
lone 75 mg/kg body weight for 16 weeks. After the experimen-
al period the rats were anaesthetized, and sacrificed by cervical
ecapitation and different parameters were recorded.

.7. Assay of mitochondrial enzymes

1 g of tissue was cut into small pieces and homogenized in 9 mL
f 0.25 M sucrose, 10 mM Tris–HCl buffer containing 0.1 mM di-
hiothreitol. The homogenate was centrifuged at 12,000 rpm, for
0 min, at 4 ◦C. The pellet formed the mitochondrial fraction and it
as washed with the above buffer and used for the estimation of

pecific activities of enzymes involved in tri-carboxylic acid cycle.
otal protein was estimated by the method of Lowry, Rosebrough,
arr, and Randall (1951).  The iso-citrate dehydrogenase (ICDH)
ctivity was assayed according to the method of King (1965).  The
uccinate dehydrogenase (SDH) activity was assayed according to
he method of Slater and Borner (1952).  The malate dehydrogenase
MDH) activity was assayed by the method of Mehler, Kornberg,
risolia, and Ochoa (1948).  The activity of �-ketoglutarate dehy-
rogenase was assayed by the method of Reed, Jurgensmeier, and
atsuyama (1998).

.8. Assay of biotransformation enzymes

The liver microsomes were separated according to the method
f Boyd and Burka (1978) with slight modification by Kamath and
arayan (1972).  2.5 g of tissue was homogenized with 10 mL  of
istilled water in Potter-Elvehjem homogenizer fitted with Teflon
estle at 4 ◦C at uniform speed with 5 return strokes to give a
oncentration of 25% homogenate. Then the tubes were covered
ith parafilm and mixed gently by inversion. Then the homogenate
as centrifuged for post mitochondrial supernatant at 10,000 rpm

or 30 min  at 2–4 ◦C. The floating lipid layer on the top of the
upernatant was discarded. Calcium chloride was  added to the
ost mitochondrial supernatant and centrifuged at 15,000 rpm for
0–15 min. The pellet was resuspended in buffer, homogenized and
ade up to a known volume. The microsomal suspension was used

or the analysis of biotransformation enzymes.

.9. Assay of Phase-I hepatic drug metabolizing enzymes

Cytochrome P450 was estimated by the method of Omura and
ato (1964).  The amount of cytochrome b5 was measured by the
ethod of Omura and Sato (1964).  Cytochrome P450 was estimated

y the method of Omura and Sato (1964).  NADH-cytochrome b5
eductase activity was assayed by the method of Strittmatter and
erlick (1956).
.10. Assay of Phase-II biotransformation enzymes

Glutathione S-transferase was assayed by the method of Habig,
abst, and Jakoby (1974).  The UDP-glucuronyl transferase was
Fucose Galactose Xylose Mannose

70.8 13.5 2.5 11.2 35

estimated by the method of Isselbacher, Chrabas, and Quimi (1962)
modified by Hollman and Touster (1962).

2.11. Histopathological studies

A portion of the liver was  fixed in 10% formalin, processed by
routine histology procedures, embedded in paraffin, cut in 5 �m
pieces, and mounted on the slide. The samples were stained with
haematoxylin and eosin for histopathological examination. Each
visual field was magnified at 400×. The average value of at least
four different sections from four different rats was counted.

2.12. Statistical analysis

The results were expressed using One-way Analysis of Variance
ANOVAand Turkey’s Multiple Comparison Test was  done to eval-
uate the significance of difference of means of various treatment
groups, using SPSS statistical package (version: 17). The values are
presented as mean ± SD and p value less than 0.05 was taken as
statistically significant.

3. Results

3.1. Purification and characterization of fucoidan

The resulting crude fucoidan was  fractionated by stepwise elu-
tion from Q-Sepharose fast flow in aqueous sodium chloride of
increasing concentration. The yield and composition of three frac-
tions (F1, F2 and F3) obtained were analysed. Among the three
fractions, it was  observed that F2 fractions possess high sulphate
content. The F2 fraction was  considered as purified fucoidan and
composition is shown in Table 1. The purity of purified fucoidan
checked with agarose gel electrophoresis and single band indicates
purity of purified fucoidan that was  shown in Fig. 1a. Molecular
weight of purified fucoidan analysed using size exclusion chro-
matography on Sepharose 6B column suggests that the polymer
is homogeneous (Fig. 1b). Based on calibration with standard dex-
trans, the apparent molecular weight of purified fucoidan would be
35 kDa (Fig. 1c). The monosaccharides of purified fucoidan analysed
by HPLC revealed the presence of the sugars as fucose, galac-
tose, xylose, and mannose (Table 1). Among these of fucose as a
major sugar was 70.8 mol%. The percentages of other sugars were
galactose (13.5), xylose (2.5), and xylose (12.2). The FTIR spec-
trum of purified fucoidan contained intense absorption band at
1240–1270 cm−1 (S O) common to all the sulphate esters and an
additional sulphate absorption band recorded at 848 cm−1 (C O S,
secondary axial sulphate) (Fig. 2). Subsequently, purified fucoidan
was subjected to further study.

3.2. Mitochondrial TCA cycle enzymes

The experimental data in Fig. 3a–d show the levels of
ICDH, SDH, MDH  and �-KGDH in liver of control and exper-

imental animals. A highly significant (p < 0.05) decrease in
the levels of TCA cycle enzymes were observed in group II
cancer bearing animals when compared to group I control ani-
mals. The fucoidan treatment normalized the levels of ICDH,
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Fig. 1. (a) Purified fucoidan through agarose gel electrophoresis. (b) Gel filtration profile 

chromatogram (GPC) of purified fucoidan calibration curve obtained from dextran standa

S
w
n
a

F
(
i

Fig. 2. FT-IR spectrum of purified fucoidan.
DH, MDH  and �-KGDH in group III fucoidan treated animals
hen compared to group II animals (p < 0.05). There was no
oticeable change observed in group IV fucoidan alone treated
nimals.

ig. 3. The level of mitochondrial TCA cycle enzymes in liver of control and experimental
b)  The levels of SDH in groups II, III and IV were compared with group I. (c) The levels of 

n  groups II, III and IV were compared with group I. *p < 0.05, NSnot significant. Each value
of different fractions on Sepharose 6B column chromatography. (c) Gel permeation
rds with molecular weight determination using Sepharose 6B column.

3.3. Biotransformation enzymes

Data in Fig. 4a–d show the effects of fucoidan on Phase
1 and Phase-II biotransformation enzymes such as cytochrome
P450, cytochrome b5, NADPH cytochrome P450 reductase, NADPH
cytochrome b5 reductase, GST and UDP-GT of liver microsomes
in control and experimental animals. In group II cancer induced
animals, the levels of Phase-I biotransformation enzymes were
decreased (p < 0.05) when compared to the group I control ani-
mals. On the other hand, Phase-II biotransformation enzymes were
increased in group II cancer bearing animals (p < 0.05, Fig. 5). Mod-
ulation of these enzymes towards the normal range was observed
in purified fucoidan treated group III animals (p < 0.05). However,
there was no significant change observed in group IV animals when
compared to group I control animals.
3.4. Histopathological studies

The morphological changes were presented in Fig. 6. The
group I animal showed normal hepatocytes (Fig. 6a), group II

 animals. (a) The levels of ICDH in groups II, III and IV were compared with group I.
MDH  in groups II, III and IV were compared with group I. (d) The levels of �-KGDH

 represents mean ± SD of six animals.
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Fig. 4. The level of Phase-I drug metabolizing enzymes in liver of control and experimental animals. (a) The levels of Cytochrome P450 in groups II, III and IV were compared
w ith g
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ith  group I. (b) The levels of Cytochrome b5 in group II, III and IV were compared w
ere  compared with group I. (d) The levels of NADHPH-cytochrome b5 in groups II
ean  ± SD of six animals.

nimal showed damaged hepatocytic tissue (Fig. 6b), relatively less
amaged hepatocytes were found in the fucoidan treated alone
roup III (Fig. 6c), and group IV animal showed normal hepatocytes
Fig. 6d).

. Discussion

In recent studies several reports had been indicated that sul-
hate groups of fucoidan play a major role in the suppression
f cancer cell growth by binding with cationic proteins on the
ell surface (Koyanagi, Tanigawa, Nakagawa, Soeda, & Shimeno,
003; Qiu, Amarasekara, & Doctor, 2006; Soeda, Kozako, Iwata, &
himeno, 2000). This implied that the molecular conformation of
ucoidan of brown algae, which might influence the binding prop-

rties of sulphate groups, could be another factor affecting the
nhibition potency of the cancer cell growth. This is because that
f fucoidan was in the compact spherical conformation through the
ntramolecular interactions, the anionic sulphate groups available

ig. 5. The level of Phase-II drug metabolizing enzymes in liver of control and experimen
ompared with group I. (b) The levels of UDP-GT in groups II, III and IV were compared
nimals.
roup I. (c) The levels of NADHPH-cytochrome P450 reductase in groups II, III and IV
d IV were compared with group I. *p < 0.05, NSnot significant. Each value represents

to bind proteins on the cell surface may  be hidden inside the chains.
Consequently, this would cause the reduction of sulphates avail-
able to bind the proteins. Hence, in this present study sulphated
rich fraction was chosen.

In this present study, the purified fucoidan has low molec-
ular weight and apparent molecular weight 35 kDa. You, Yang,
Lee, and Lee (2010) reported that low molecular weight sulphated
fucan may  have greater molecular mobility and diffusivity than
high molecular weight sulphated fucan, which appears to improve
the interaction with cancer cell components, and thus induce the
enhanced anticancer activity. Haroun-Bouhedja, Ellouali, Sinquin,
and Boisson-Vidal (2000) also reported that low molecular weight
fucoidans (18.6 kDa) from Ascophyllum nodosum at the concentra-
tion of 0.1 mg/mL  showed more than 70% inhibition activity on

CCL39 cell growth. Recent studies also indicated that the sulphated
fucan polymers could modulate the cell growth in a different man-
ner depending on their molecular weights. Koyanagi et al. (2003)
reported that fucoidan polymers obtained from Fucus vesiculosus

tal animals. (a) The levels of Glutathaione-S-trasferase in groups II, III and IV were
 with group II. *p < 0.05, NSnot significant. Each value represents mean ± SD of six
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ig. 6. Histopathological studies by light microscope showing the morphological ch
roup  I. (b) DEN induced rate liver tissue group II. (c) Fucoidan treated on DEN induc
ere  stained with haematoxylin and eosin and viewed by light microscopy (400×)

aving the Mw  of 100–130 kDa effectively suppressed the growth
f Sarcoma 180, Lewis lung carcinoma and B16 melanoma cells by
nhibiting the neovascularization, called angiogenesis, due to their
nti-angiogenic potency. On the other hand, low molecular weight
ucoidans (16 kDa and 4 kDa) obtained from A. nodosum enhanced
he neovascularization of human umbilical vein endothelial cells
HUVEC) and endothelial progenitor cells (EPC) in the presence of
broblast growth factor-2, which resulted in the increase of cell
roliferation (Matou, Helley, Chabut, Bros, & Fischer, 2002; Zemani
t al., 2005).

.1. Mitochondrial TCA cycle enzymes

Mitochondria are important for cell viability due to the nature
f their functions. They play a central role in the regulation of
ntracellular Golgi apparatus especially during toxic insult or stress
Carafoli, 1987) and mitochondrial oxidative phosphorylation
rovides approximately 95% of cellular energy needs (Erecinska

 Wilson, 1982). Numerous toxic compounds that targeted
itochondria and mitochondrial injury have been investigated as

 potential initiating factor in various organ toxicities caused by
hemicals (Wong, Card, & Racz, 2000). Since mitochondrial oxida-
ive phosphorylation plays a central role in the maintenance of
ellular energy supply (Burcham & Harman, 1991), the deleterious
ffect of xenobiotics on mitochondrial respiration may  have seri-
us consequences for the cell viability. Donnelly, Walker, and Racz
1994) suggested that mitochondrial respiratory function acts as a

ossible initiator for an early inhibition of drug induced hepato cel-

ular carcinoma (HCC). Since mitochondrial integrity is important
or cell viability, the protective effect of the fucoidan was  assessed
gainst DEN induced HCC in Wister rats.
 of normal liver and fucoidan treated tissues from Wister albino male rat (a) Control
liver tissue group III. (d) Fucoidan alone treated liver tissue group IV. Tissue sections

DEN administration resulted in the significant decrease in the
levels of liver mitochondrial enzymes such as SDH, ICDH, �-KGDH
and MDH. Among these enzymes succinate dehydrogenase (SDH)
is an important enzyme of TCA cycle and it is also associated with
the electron transport chain due to its ability to transfer electrons to
respiratory chain (Singh, Agarwal, & Shankar, 1990). SDH is known
to contain a number of cysteine rich sulphur clusters and it can be
inhibited by a number of agents that modify sulphhydryl groups.
The N-acetyl para benzo quinone imine (NAPQI) directly interacts
with sulphhydryl groups on SDH, causing the loss of its activity
(Burcham & Harman, 1991). The NAPQI also oxidizes other essential
protein sulphhydryl groups in the mitochondrial respiratory chain,
thereby limiting the ability of the mitochondria to meet the energy
demands of the cell and disrupting cellular energy homeostasis
(Streeter, Dahlin, Nelson, & Baillie, 1984).

The increased superoxide production results in oxidative dam-
age to mitochondria, thus comprising their ability to meet cellular
energy demands (Sohal & Sohal, 1991), which could have reduced
the activities of pyruvate dehydrogenase and �-ketoglutarate
dehydrogenase. The accumulation of pyruvate and �-ketoglutarate
results in the lowering of activities of iso-citrate dehydroge-
nase and succinate dehydrogenase (Zhang, Redman, Churchill, &
Churchill, 1990). Ironically treatment with fucoidan prevented
the decrease in the levels of liver and kidney SDH and also the
levels of ICDH, �-KGDH and MDH  probably by promoting the
elimination of NAPQI by mitochondrial GSH, thereby protecting
the critical nucleophilic sites on the enzymes against the toxic

electrophilic metabolite of NAPQI (Burcham & Harman, 1991).
This may  be due to the antioxidant nature of the fucoidan,
which nullified the mitochondrial damage due to DEN adminis-
tration.
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.2. Biotransformation enzymes

.2.1. Phase-I hepatic drug metabolizing enzymes
In the present study, there was an increase in the Phase-

 enzymes such as cytochrome P450, cytochrome b5, NADPH
ytochrome c (P450) reductase and NADPH cytochrome b5
nzymes in DEN induced HCC in Wister rats. This may  be due to
nduction of Phase-I enzymes by DEN (Nagata et al., 1985). It is

idely accepted that the metabolic activation of nitrosamines by
hase-I enzymes to reactive electrophiles is required for their cyto-
oxic, mutagenic and carcinogenic activities. The expression of the
hase-I enzymes is preferentially localized to the most common
ites where tumour arises (Godoy et al., 2002).

It has been hypothesized that DEN undergoes reductive oxida-
ion at cytochrome P450 of liver microsomes to produce reactive
lkylating agents, which in turn produce alkylated DNA adducts.
uring biotransformation of DEN the microsomal mixed function
xidase, superoxide ions are released within the system. Aruoma,
alliwell, Laughton, Quinlan, and Gutteridge (1989) has suggested

hat the Phase-I enzymes are involved in lipid peroxidation (LPO)
nd at least partially resemble the drug-hydroxylating system. In
ddition approximate parallelism was observed between the for-
ation of malondialdehyde and the loss of microsomal enzymes

nd cytochrome P450 (Reiner, Athanassopoulos, Hellmer, Murray,
 Uehleke, 1972). In the present study, the observed decrease in
hase-I enzymes of cancer bearing animals may  either be due to
esult of damage to membrane lipids by free radicals or to complex
ormation between alkylating agents and DNA (Sarkar, Bishayee, &
hattejee, 1995).

Cytochromes P450 catalyse the oxidation reactions and also are
nducible, particularly by xenobiotics that bind to specific intracel-
ular receptors and consequently modulate the expression. These
nzymes are expressed in many tissues, but the highest levels are
ound in liver (Vrzal, Ulrichova, & Dvorak, 2004). In the present
tudy, decreased level of this enzyme was observed in cancer bear-
ng animals, which may  be due to increased utilization of this
nzyme to excrete the carcinogen. Cytochrome b5 is involved in
he cytochrome P450 mediated biotransformation through elec-
ron donation by NADH via cytochrome b5 reductase (Timbrell,
991). In the present investigation, a decreased level of cytochrome
5 was observed in DEN-induced HCC Wister rats. This inhibition
ay  be due to the alterations in metabolism of DEN. In DEN induced

iotransformation the NADPH are transferred through cytochrome
450 reductase to cytochrome P450 via cytochrome b5. DEN may
ttack and inactivate the reductase and thus, electron transport
rom NADPH to cytochrome P450 is interrupted. The rate of drug

etabolism is more closely linked to NADPH-cytochrome P450
eductase than to the amount of cytochrome P450 present (Testa &
enner, 1976). The inhibition of this enzyme resulted from binding
f the toxin, either to the reductase or to cytochrome P450 (Koster

 Slee, 1980). Feuer (1988) has reported a 40% reduction in the
nzyme activity in HCC. NADH is unable to replace NADPH effi-
iently in many microsomal mixed function oxidase reactions but
n the presence of NADPH, a synergistic effect of NADH on metabolic
rocess is apparent (Testa & Jenner, 1976). The decreased activity
f NADPH-cytochrome P450 reductase in cancer bearing animals
ay  lead to the inhibition of NADH-cytochrome b5 reductase.
In fucoidan treated group III animals, the Phase-I enzymes lev-

ls were reverted back to near normal, when compared to group
I animals, and this may  be due to the anticancer activity of the
ucoidan.
.2.2. Phase-II hepatic drug metabolizing enzymes
In the present investigation, there was a decrease in the Phase-II

nzymes such as GST and UDP-GT in DEN induced HCC in Wister
ats. Reduction in carcinogenic effect is mainly carried out by GST,
ers 92 (2013) 1377– 1385 1383

which catalyses the nucleophilic substitution of the nitro group of
DEN with thiols. Greater thiol loss under toxic and hypoxic con-
ditions suggested oxidation by superoxide, peroxide or hydroxyl
radical formed in the course of DEN reductions (Varnes & Biaglow,
1979). Oxidative stress produced by DEN reduction depletes thiol
and inactivates GST and UDP-GT, which cause mutation and HCC.

Similarly, GST is a soluble protein located in the cytosol and plays
an important role in detoxification and excretion of xenobiotics
(Bansal, Bansal, Soni, & Bhatnagar, 2005; Sreepriya & Bali, 2005;
Sivaramakrishnan & Devaraj, 2009). GST catalyses the conjugation
of the thiol functional groups of GSH to electrophilic xenobiotics
and results in increasing solubility. The xenobiotic-GSH conjugate
is then either eliminated or converted to mercapturic acid (Rao,
Rao, Pushpangadan, & Amiie, 2006). Induction of xenobiotic detox-
ifying enzymes is an additional mechanism by which antioxidant
rich compound may  act as anti-carcinogens as they compete with
steps in xenobiotic activation and metabolize toxic compounds to
non-toxic ones (Bergmeyer and Bernt, 1974). As the activity of GST
increased in fucoidan treated group III rats, it appears that the
drug induces greater coupling of electrophilic intermediates with
GSH. It was found that liver activities increased in the fucoidan
treated rats, suggesting that fucoidan administration contributes
to the liver protection against the oxidative induced injury. In this
regard, it has been demonstrated that different natural compounds
and terpenes are reported to induce GST as one of the principal
anti-carcinogenic mechanisms (Kuo, Chou, Young, Chang, & Wang,
2005). In addition some report pointed out that the induction of GST
as a mechanism to protect against chemically induced cancer and
oxidative stress by increasing the metabolism of electrophilic inter-
mediates and ROS (Masella, Di Benedetto, Vari, Filesi, & Giovannini,
2005; Sehrawat & Sultana, 2006). Uridine 5′-diphospho-glucuronyl
transferases (UDP-GT) catalyse the transfer of glucuronic acid from
UDP-glucoronic acid to phenols, hydroxylamines, carboxylic acid,
etc. UDP-GT is a family of integral proteins of the endoplasmic reti-
culum membranes and the nuclear envelope which are present in
many tissues of vertebrates. In the present investigation, increased
level of UDP-GT was observed in cancer bearing animals. It was
suggested that the synthesis of glucuronides by microsomal UDP-
glucuronyl transferase is the major pathway for the inactivation
and subsequent excretion of both endogenous and xenobiotic
organic compounds (George, 1994; Lech & Vodicinik, 1985; Mulder,
Coughtrie, & Burchell, 1990).

In this study, a salient increase in the activities of UDP-GT and
GST is observed. Hepatic microsomal UDP-GT and GST are known
to be important pre-neoplastic and neoplastic markers to evaluate
the extent of free radical damage caused by exposure to various
carcinogens. In addition to marginal changes in the activities of all
the bio-transforming enzymes tested in the fucoidan treated group
III rats, there is a significant reduction in the activities of GST and
UDP-GT compared to carcinogen induced group II rats in liver tis-
sue. The probable mechanism of this is that fucoidan arrests the
formation of free radicals and oxidative threat to the animals gen-
erated by exposure to DEN. UDP-GT is constrained to phospholipids
of the microsomal membrane (Erickson & Zakim, 1978) and hence
the observed decrease in fucoidan treated animals may  be due to
peroxidation damage to the microsomal lipids in cancer conditions.
Hence, the present investigation suggested that purified fucoidan
has been shown to prevent chemically induced cancer presumably
by the up-regulation of Phase-I and down regulation of Phase-II
metabolizing enzymes.

The histopathological studies of the liver tissues supported the
biochemical alterations well and thus inevitably confirm the anti-
neoplastic activity of fucoidan against experimental liver cancer.
Further studies are in progress to elucidate the detailed mech-

anism of action of fucoidan against DEN induced hepatocellular
carcinoma.
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. Conclusion

In the present study results revealed that, the levels of ICDH,
DH, MDH  and �-KGDH were decreased in cancer bearing ani-
als which may  be due to oxidative stress and mitochondrial

amage and fucoidan restored these enzyme activities. Hepatic
icrosomal drug metabolizing enzymes play a vital role in DEN

nduced carcinogenesis, because of their involvement in activation
nd detoxification of DEN. The Phase-I biotransformation enzymes
amely cytochrome P450, cytochrome b5 NADPH-cytochrome
450 reductase, NADH-cytochrome b5 reductase and Phase-II
nzymes GST, and UDP-GT were significantly decreased in HCC
earing animals. On the other hand the Phase-II enzymes GST, and
DP-GT were increased in cancer bearing animals, and fucoidan
cts as a functional inducer and hence activities of all these enzymes
ere reverted back to near normal in fucoidan treated animals. The

nhibition of carcinogen metabolic activation indicates the anti-
ancer activity of fucoidan in DEN induced liver cancer Wister rats.
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