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j Abstract Background Retinol
deficiency is a major public health
problem world wide, affecting
children and women, in particular.
It causes a variety of disorders in
the body affecting various cellular
functions. Aim of the study To
study the effect of fucoxanthin
(FUCO), a non-provitamin-A
carotenoid in comparison with
retinol (ROH) on changes in anti-
oxidant molecules, lipid peroxi-
dation and membrane bound
enzymes in tissue and micro-
somes, induced by ROH deficiency
in rats. Methods After induction
of ROH deficiency by feeding a
diet devoid of ROH for 8 weeks,
rats were divided into two groups
(n = 20/group) and administered
orally a dose of either FUCO
(0.83 lmol) or ROH (0.87 lmol).
A group of ROH deficient rats
(n = 5) and rats (n = 5) fed with
ROH sufficient diet was consid-
ered as baseline and control
groups respectively. Over a period
of 8 h, activity of catalase (CAT),
glutathione transferase (GST), le-
vel of lipid peroxidation (LPx),
fatty acids in plasma, liver and
liver microsomes and activity of
Na+K+-ATPase in liver micro-
somes were evaluated. Results
ROH restriction increased LPx
(P < 0.05) in liver (~19%) and
plasma (~34%) while the activities
of CAT (90 ± 1%) and GST

(17 ± 4%) decreased compared to
control. Significant elevation
(91%) was observed for Na+K+-
ATPase activity in liver micro-
somes of ROH deficient when
compared to control group and
levels were lowered on adminis-
tration of ROH (37–69%) and
FUCO (51–57%), towards control
over a period of 8 h. ROH and
FUCO suppressed (P < 0.05) the
LPx level (%) in plasma (34–62, 7–
85), liver homogenate (9–71, 24–
72) and liver microsomes (83–92,
61–87), while the activities of CAT
in plasma (89–97%, 91–95%) and
liver microsomes (84–93%, 85–
93%) and GST in liver homoge-
nate (43–53%, 44–51%) and liver
microsomes (36–52%, 22–51%)
were increased (P < 0.05) com-
pared to ROH deficient group.
Conclusions Results show that
FUCO, a non-provitamin-A carot-
enoid protects cell membrane by
modulating Na+K+-ATPase (51–
57% lowering) and the activities of
CAT and GST at the tissue and
microsomal level which are af-
fected by ROH deficiency. This
may be due to its antioxidant
nature. These in turn reduce LPx
caused by ROH deficiency.

j Key words antioxidant en-
zyme – fucoxanthin –
lipid peroxidation –
retinol – retinol deficiency
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Introduction

Free radicals are produced continuously in all cells as
part of normal cellular function. However, excess free
radical production originating from endogenous
sources due to vitamin A deficiency might play a role
in many diseases. Use of antioxidant vitamins and
phytochemicals are reported to avert free radicals
induced tissue damage by scavenging or decomposing
them. In-vitro and in vivo radical scavenging prop-
erties of retinol (ROH) have been well established [9,
25]. ROH is known to act effectively as an antioxidant
and radical scavenger [27]. Barber et al. [6] reported
oxidative damage to liver mitochondria in rats due to
vitamin A deficiency of tissue membrane and related
the peroxidation-induced damage to the membrane
and its function.

Growing evidences advocate that retinoids and
carotenoids protect cells from oxidative stress caused
either by pro-oxidants or nutrient deficiency [6]. Pro-
oxidative nature of ROH deficiency in rat’s heart tis-
sue has been well documented [24]. Increased lipid
peroxidation (LPx) due to vitamin A deficiency is
reported to be indicative of serious damage to cell
membrane structure-function, in turn contributing to
pathological abnormalities in tissues as well [6, 24].
Gatica et al. [11] reported vitamin A deficiency in-
duced pro-oxidant environment and inflammation in
rat aorta. ROH is reported to activate membrane
bound ATPase and antioxidant enzymes and partici-
pate in the regulation of Na+, K+, Ca+ and Mg+ ions
across the membrane [18]. Kaul and Krishnakantha
[18] studied the effect of ROH deficiency on mem-
brane function in rats and reported an elevated
activity of microsomal enzyme Na+K+-ATPase and
altered membrane fluidity in tissue. ROH deficiency
related changes at cellular level could be modulated
by feeding either ROH itself or antioxidant molecules
like carotenoids.

Carotenoids, in general, afford various physiolog-
ical effects. Nara et al. [19] has studied the antioxidant
property of canthaxanthin, b-carotene and 8¢-apo-b-
carotenal under in vitro conditions. They have also
studied the antioxidant effect of b-carotene against
pro-oxidant induced LPx. Fucoxanthin (FUCO) which
is the major non-provitamin A carotenoid found in
brown seaweed, reported to show a strong antioxidant
property against certain types of cancer in vitro [19].
Previously, Sugawara et al. [31] and Asai et al. [5]
have reported that FUCO hydrolyzed to fucoxanthinol
(FUOH) and amarouciaxanthin (AAx) in mice and the
metabolites exhibit higher antioxidant property than
FUCO in vitro [28]. FUCO along with its metabolites
has been shown to establish anti-obesity and anti-

carcinogenic properties [28]. Although modulation of
LPx by FUCO has been established by in vitro [8], in
vivo experimental evidence on the role of FUCO in
altering LPx arising from oxidative stress due to
vitamin A deficiency is not investigated in detail.
Hence, the present study aimed at evaluating the ef-
fect of FUCO on oxidative stress indicators (catalase,
glutathione transferase, Na+K+-ATPase) and its pos-
sible role in suppressing LPx resulting from ROH
deficiency. The effect of FUCO was compared with
ROH in rats.

Materials and methods

j Materials

Chemicals

All-trans ROH (95%), retinyl palmitate, DL-a-
tocopherol, fatty acid standards, thiobarbituric acid
(TBA), adenosine tri-phosphate, di sodium (ATP),
ouabain, 1,1,3,3-Tetramethoxypropane (TMP) and
boron trifluoride-methanol solution were purchased
from Sigma Chem. Co. (USA). HPLC grade acetoni-
trile, hexane, methanol and dichloromethane were
purchased from Sisco Research Laboratories (Mum-
bai, India). Vitamin A-free casein, vitamins, minerals,
cellulose, dextrin and methionine were purchased
from Hi-Media (Mumbai, India) and were of high
purity food grade. Choline chloride was purchased
from Loba Chem. Lab (Mumbai, India). FUCO
(>97%) was extracted and purified from brown sea-
weed Padina tetrastromatica. Cornstarch and peanut
oil were obtained from local super market. All other
chemicals used were of analytical grade.

Animals and diets

Animal experiments were conducted after due clear-
ance from the Institutional animal Ethics Committee.
Weanling male albino rats (OUTB-Wistar, IND-CFT
2c) weighing 35 ± 2 g were housed in individual
stainless steel cages in the institute animal house
facility at room temperature (28 ± 2�C). A 12-h light
and dark cycle was maintained and the rats had free
access to food and water ad libitum.

j Methods

Extraction and purification of FUCO

FUCO was extracted and purified from P. tetra-
stromatica by the procedure previously described
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[15]. In brief, FUCO was extracted by homogenisation
with cold acetone (4 times). The extracts were pooled
and filtered. The filtrate was evaporated to dryness
and dissolved in methanol. The extract was parti-
tioned in methanol: water: hexane (10: 1: 10, v/v/v)
and washed several times with hexane. The lower
methanol/water phase was subjected to extraction by
diethyl ether. FUCO was purified by open column
chromatography, on a silica (60–120 mesh size) col-
umn equilibrated with hexane. Chlorophylls and
carotenoids other than FUCO were eluted with hexane
(100%) followed by hexane: acetone (9:1, 4:1, v/v).
The extract was further purified by preparatory HPLC
using a TSK-gel ODS 80Ts column with methanol as
mobile phase and the purity was checked by HPLC.
The purified FUCO was used for obtaining fucox-
anthinol (FUOH) and AAx as described by Asai et al.
[5]. The HPLC profile and spectrum of the purified
FUCO, FUOH and AAx is shown in Fig. 1.

Induction of ROH deficiency and intubations with FUCO
& ROH

ROH deficiency was induced in a group (n = 45) of
rats by feeding a semi-synthetic diet devoid of ROH
[2, 18] for a period of 8 weeks. For comparison, a
separate group of rats (n = 5) was fed on a diet with
sufficient ROH and this group was designated as
control. The composition of ROH sufficient diet (g/
Kg) is as follows: vitamin A free casein (200), methi-
onine (3), cellulose (50), corn starch (325), glucose
(324) mineral mix (35), vitamin A free vitamin mix
(10), choline chloride (2), ascorbic acid (1) groundnut
oil (50) and ROH (400,000 IU) whereas, the compo-
sition of the ROH deficient is identical except with no
added ROH. The ROH deficiency was confirmed by
estimating its level in blood (0.53 lmol/l) drawn from
the orbital plexus. Feed intake and gain in body
weight of animals were recorded during the experi-
ment. During the course of this study, a group of ROH
deficient rats (n = 5) received only peanut oil equiv-
alent to the volume given to treatment groups and
these animals were sacrificed to get the base line data.
The remaining ROH deficient rats were divided in to
two groups (n = 20/group). Each group was further
divided in to 4 sub-groups (n = 5/sub-group) to study
time course effect of ROH or FUCO. The first group
was administered orally a dose of ROH (0.87 lmol)
while the second group received FUCO (0.83 lmol),
both solubilized in peanut oil (0.5 ml). Rats in each
sub-group (n = 5) of ROH or FUCO were sacrificed

Fig. 1 HPLC profile and UV–visible spectrum of purified FUCO, FUOH and AAx
(1), HPLC profile of retinol (2) and FUCO metabolites (3) from plasma (a) and
Liver (b) of ROH deficient rats intubated with either ROH or FUCO. Extraction
and HPLC analytical details are given in methodology section. FUCO
fucoxanthin, FUOH fucoxanthinol, AAx amarouciaxanthin, ROH retinol
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using anesthetic at 2, 4, 6 and 8 h after intubations,
for collection of blood and tissue.

Preparation of plasma, liver homogenate and liver
microsomes

At the end of each pre-determined interval, rats were
sacrificed; blood was sampled into heparin-coated
tubes. Liver from each animal was separated imme-
diately, rinsed in saline and weighed. All the samples
were processed under a dim yellow light on ice (<5�C)
to minimize isomerization and photooxidation of
FUCO. The plasma was separated from blood by
centrifugation (Remi India Ltd., Mumbai) at 1,000·g
for 15 min at 4�C. Liver samples (1 g) were homog-
enized at 4�C in buffered saline for ROH assay or in
120 mM KCl and 30 mM phosphate buffer (pH 7.2)
for LPx and enzyme assay. The suspension was cen-
trifuged at 10,000·g for 10 min at 4�C to remove
nuclei and cell debris. The supernatant was used for
enzyme assays [26]. Liver microsomes (hereafter re-
ferred as microsomes) were prepared according to the
procedure of Yehuda and Shamir [33] from a 10%
homogenate in 0.25 M sucrose, 0.03 M histidine and
0.001 M EDTA (pH 7.4). Protein in plasma, liver and
microsomes was measured by the method of Lowry
et al. [20].

HPLC analysis

ROH, retinyl palmitate and FUCO and its metabolites
were extracted from the plasma and liver samples as
previously described [5, 31] with slight modification.
Briefly, plasma (0.8 ml) was diluted with 3 ml of
dichloromethane: methanol (1:2; v/v) containing
2 mM a-tocopherol, mixed for 1 min using a vortex
mixer, followed by the addition of 1.5 ml hexane. The
mixture was centrifuged at 5,000·g for 3 min at 4�C.
The upper hexane-dichloromethane layer was with-
drawn. The extraction procedure was repeated for the
lower phase twice using dichloromethane: hexane
(1:1.5, v/v). The pooled extract was evaporated to
dryness under a stream of nitrogen, re-dissolved in
dichloromethane: methanol (2:1; v/v) and used for
analysis of ROH, retinyl palmitate and FUOH by
HPLC. ROH extraction in 10% liver homogenate
(0.8 ml) was by the same procedure as described for
plasma.

ROH, retinyl palmitate and FUOH in plasma and
liver extracts were quantified with an HPLC system
(LC-10Avp; Shimadzu, Kyoto, Japan) equipped with
Shimadzu photodiode array detector (SPD-M20A). All
the components were separated on a Phenomenex
C18-ODS column (250 mm · 4.6 mm; 5 lm) by iso-
cratically eluting with 1 ml/minute of acetonitrile:
dichloromethane: methanol (60:20:20; v/v/v) con-

taining 0.1% ammonium acetate as mobile phase.
ROH, retinyl palmitate and FUOH were monitored at
325 and 450 nm respectively using Shimadzu Class-
VP version 6.14SP1 software. The peak identity of
each component was confirmed by their characteristic
spectrum. Quantification of individual compounds
was evaluated by comparing their peak area with
authentic standards.

Analysis of LPx

Lipid peroxidation in plasma, liver homogenate and
microsomes was estimated using TBA as described
previously [23]. Briefly, 20% acetic acid (1.5 ml), 8%
sodium dodecyl sulphate (0.2 ml) and 0.8% TBA
(1.5 ml) were added to the sample in that order
and the reaction mixture were incubated for 1 h in
constantly boiling water (97 ± 2 �C). The reaction
mixture was allowed to cool followed by the addition
of n-butanol (5 ml) and centrifuged at 3,000·g for
15 min. The upper butanol phase containing TBA-
reactive substances (TBARS) was read spectro-
fluorometrically (Hitachi, Japan) with an excitation at
515 nm and emission at 553 nm. 1,1,3,3-Tetrameth-
oxypropane (TMP) was used as a standard to estimate
the TBARS.

Assay for antioxidant enzymes

Activity of CAT in plasma and liver homogenates was
determined by measuring the decrease in absorption
at 240 nm in a reaction mixture containing phosphate
buffer (PB) (0.1 mM, pH 7.0) and H2O2 (8.8 mM)
according to the procedure described by Aebi [1]. One
CAT unit is defined as the amount of enzyme required
to decompose 1 lM of H2O2/min. Similarly, GST
activity in liver homogenates and microsomes was
determined following the formation of conjugate of
reduced glutathione (GSH) and 1-chloro-dinitro-
benzene (CDNB) at 340 nm in a reaction mixture
containing GSH (20 mM), CDNB (20 mM), PB
(0.1 mM, pH 6.5) [12].

Na+K+-ATPase assay

Na+K+-ATPase activity in microsomes was estimated
by the method of Kaplay [17]. Briefly, buffer com-
position used for the assay was as follows—MgCl2
(3 mM), KCl (14 mM), NaCl (140 mM), EDTA
(0.2 mM) and Tris–HCl (20 mM, pH 7.4). Samples
were simultaneously run in two batches, one con-
taining inhibitor ouabain (2 mM) and the other
without. The sample blank containing no assay stan-
dard and experimental sample (microsomes) were
also run simultaneously. The reaction was stopped by
the addition of trichloroacetic acid (10%). Inorganic
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phosphate (Pi) liberated was determined in aliquots
(0.7 ml) of incubated mixtures by the addition of
ascorbic acid-ammonium molybdate solution (0.3 ml)
prepared according to the method of Ames [3]. Then,
the reaction mixture was mixed well and incubated at
45�C for 20 min. Extinction at 820 nm was measured
by UV–visible spectrophotometer (Shimadzu 1601,
Kyoto, Japan). Specific activity was expressed as lmol
Pi/h/mg protein.

Analysis of fatty acids

Plasma and liver microsomal fatty acids were meth-
ylated using boron triflouride (BF3) in MeOH as de-
scribed by Morrison and Smith [22] to obtain fatty
acid methyl esters (FAME). FAME were analyzed by
GC (Shimadzu 14B, Shimadzu, Kyoto, Japan) fitted
with flame ionization detector (FID) and a fused silica
capillary column (25 m · 0.25 mm; Konik Tech,
Barcelona, Spain) to identify individual fatty acids by
comparing the retention times with that of authentic
standards. The injector, column and detector tem-
peratures were 220, 230 and 240�C respectively with
nitrogen as carrier gas at 1 ml/min.

Statistical analysis

The experimental data obtained for different param-
eters (n = 5) were subjected to analysis of variance
(ANOVA). In case of significant difference, mean
separation was accomplished by Tukey’s highest sig-
nificant difference test using STATISTICA software
[30]. The level of statistical significance was set to
P < 0.05 for all the tests.

Results and discussion

j Changes in food intake and body weight during
ROH deficiency

Although the food intake was not different between
rats fed on diet with or devoid of ROH, the gain in
body weight of rats fed on diet devoid of ROH was
25% lower (P < 0.05). Deprivation of ROH for
8 weeks did not affect liver weight, while the ROH
stores were depleted significantly in liver and plasma
as compared to ROH fed (control) group. The ROH
deficient rats did not exhibit abnormal morphological
and behavioral signs during the experimental run.

j HPLC analysis of ROH and FUCO

Typical HPLC chromatograms of ROH, retinyl pal-
mitate, FUOH and AAx (hydrolytic products of

FUCO) extracted from plasma and liver of ROH
deficient rats after administration of FUCO is pre-
sented in Fig. 1. FUCO or its metabolites were not
detected in the plasma and liver of ROH deficient
group (base line). Both in the case of plasma and liver,
FUOH and AAx peaks appeared 2 h after adminis-
tration of FUCO and were confirmed from their UV–
Vis spectra, and mass spectra at m/z 617 (M + H)+,
599 (M + H-18)+ ions and 615 (M + H)+, 596
(M + H-18)+, 579 (M + H-36)+ respectively (6 h
sample; MS spectra not shown). Plasma and liver
levels of FUCO metabolites (FUOH + AAx) in ROH
deficient rats 8 h after administration of FUCO was
0.12 pmol/ml and 14.8 pmol/g, respectively. FUOH
+ AAx concentration reached maximum at 6 h after
administration of FUCO in case of plasma and re-
mained at detectable levels up to 8 h (Fig. 2). FUCO
was not detected in plasma in its native, non-metab-
olized form at any time point during the time-course
studies. Sugawara et al. [31] and Asai et al. [5] also
identified FUOH as the major metabolic product of
FUCO, and AAx in mice.

j ROH levels in liver and plasma after ROH
deficiency

The ROH and retinyl palmitate levels in plasma, liver
and microsomes of ROH deficient rats along with
their levels after administration of either ROH or
FUCO are shown in Fig. 2b–d. The plasma and liver
ROH concentration of ROH deficient group (base line
value) was significantly lower (5.3 nmol/ml and
1.0 lmol/g respectively) than that of control
(59.3 nmol/ml and 306.4 lmol/g respectively). On
administration of ROH to ROH deficient rats, its
plasma and liver levels (ROH + retinyl palmitate)
reached maxima after 4 (70.5 nmol/ml) and 8 h
(11.1 lmol/g) of intubation, respectively (base line
corrected). However, no significant difference was
noticed in the ROH level in plasma and liver of ROH
deficient rats that received FUCO indicating that even
under deficient conditions rats fail to accept FUCO as
a retinoid precursor.

j Modulation of LPx by FUCO and ROH

ROH deficiency is reported to affect tissue membrane
lipids through initiation of LPx [18] and hence it was
of interest to elucidate LPx status in plasma, liver and
microsomes due to ROH deficiency. Results showed
that LPx in plasma was significantly higher (81.1 TMP
nmol/ml) in ROH deficient group as compared to
control group (53.3 TMP nmol/ml) that received
ROH. The LPx level in plasma decreased significantly
8 h after administration of either ROH (62.3%) or
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FUCO (84.9%) to ROH deficient rats compared to
ROH deficient (Fig. 3a). LPx levels in liver tissue and
microsomes of control group were 2.08 ± 0.22 lmol/
g and 3.09 ± 0.23 lmol/ml, respectively. Corre-
sponding values in treatment groups are presented in
Fig. 3. As can be seen in the figure, similar to ROH
intubated group, there is significant (P < 0.05) de-
crease in LPx over a period of 8 h after intubation of
FUCO to ROH deficient rats in plasma (7–85%), liver
(24–72%) and microsomes (61–87%). Due to rela-
tively high concentration of PUFA and close prox-
imity to pro-oxidative factors (like oxygen, metal0
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ions, peroxidases etc), the cellular and subcellular
membranes are highly susceptible to LPx [24]. The
present results corroborate well with other works
related to ROH deficiency in rats [4, 18], which
indicated that ROH deficiency results in elevated lev-
els of LPx in liver (63.87 ± 3.15 pmol MDA/mg pro-
tein) as well as its microsomes (2.47 ± 0.09 nmoles
MDA/mg/h). It is clear from the results that increased
LPx resulting from ROH deficiency was greatly de-
creased on administration of ROH or FUCO, which
can possibly be attributed to their anti-oxidative
properties. Further, FUCO is a non-provitamin A
carotenoid that can suppress oxidative stress [28] as it
gets embedded in bi-layers of lipid membrane due to
its poor aqueous solubility [32]. FUCO and its
metabolites are known antioxidants found in marine
brown algae [31] whose antioxidant properties have
been proven through in vitro studies [8, 28]. Although

several marine carotenoids and xanthophylls do not
possess pro-vitamin A activity, they have been re-
ported to be similar or even greater in antioxidative
potency as compared to b-carotene [7, 21, 28]. As
FUCO possesses a similar acyclic carbon skeleton
(C40H56) in its structure like the one in ROH and b-
carotene, it is presumed that it may produce free
radical scavenging effects in tissues which in turn
decrease oxidative stress.

j Effect of FUCO and ROH on fatty acid profile

Tables 1 and 2 illustrate the composition of fatty acids
(FAs) in plasma and microsomes of ROH deficient
group and after administration of either ROH or
FUCO. The result shows that ROH deficiency de-
creased (P < 0.05) C18:1, C18:2 and 20:4 levels in

Table 2 Effect of ROH deficiency and subsequent intubations with ROH or FUCO on fatty acid profile of liver microsomes of rats

Fatty acids (% w/w) ROH deficient Control ROH fed group FUCO fed group

2 h 4 h 6 h 8 h 2 h 4 h 6 h 8 h

12:0 3.45 1.87 2.40 2.25 1.95 2.50 3.15 2.95 3.00 3.00
13:0 30.1 21.08 23.90 26.20 22.65 25.9 22.45 21.70 23.70 22.00
14:0 4.85 3.85 4.90 3.70 3.95 4.25 5.25 4.30 3.60 3.75
15:0 2.60 1.97 2.20 2.05 2.35 2.1 2.65 2.00 2.20 2.25
16:0 30.8 27.65 27.45 28.00 28.60 25.45 23.85 28.30 22.90 21.65
18:0 10.25 9.50 10.10 9.70 10.05 9.95 8.50 9.25 10.80 8.25
16:1 2.10 4.55 3.55 3.50 2.75 2.75 4.30 2.75 2.80 2.25
18:1 8.20 13.33 11.85 10.90 12.60 12.10 9.65 12.45 12.9 10.20
18:2 2.05 5.30 3.95 4.65 3.10 3.60 2.95 4.50 4.20 3.35
Unidentified 5.60 10.90 9.70 9.95 12.00 11.40 17.25 11.80 13.90 23.30
Total SFA 82.05a 65.92b 70.95c 71.00c 69.55c 70.15c 65.85b 68.50c 66.20b 60.90c

Total MUFA 10.30a 17.88b 15.40c 14.40c 15.35c 14.85c 13.95c 15.20c 15.70c 12.45c

Total PUFA 2.05a 5.30b 3.95c 4.65b 3.10c 3.60c 2.95c 4.50c 4.20c 3.35c

Data represent mean ± SD (n = 5/time point). Values not sharing a similar superscript within the row in a group are significantly different (P < 0.05) as determined
by one-way ANOVA followed by Tukey’s test

Table 1 Effect of ROH deficiency and subsequent intubations with ROH or FUCO on fatty acid profile of plasma of rats

Fatty acids (% w/w) ROH deficient Control ROH fed group FUCO fed group

2 h 4 h 6 h 8 h 2 h 4 h 6 h 8 h

12:0 0.60 0.42 1.00 1.50 0.80 0.80 1.25 0.80 0.75 0.90
14:0 0.45 0.27 0.80 0.60 0.85 0.55 0.75 0.50 0.40 0.35
16:0 34.25 22.30 27.10 26.50 30.60 26.25 28.10 23.10 23.20 24.10
18:0 17.45 9.50 11.15 12.90 13.05 11.15 12.05 11.05 10.55 10.95
16:1 2.20 1.95 2.90 2.25 2.55 1.95 2.60 2.10 2.40 2.40
18:1 17.55 31.00 22.00 25.55 23.00 26.85 20.35 23.65 26.50 26.3
18:2 6.20 19.27 11.75 10.55 9.85 12.70 9.00 10.80 12.90 11.30
20:4 7.40 10.95 18.20 18.35 17.15 17.35 22.35 17.90 17.20 16.35
Unidentified 13.90 4.34 5.10 1.80 2.15 2.40 3.55 10.10 6.10 7.35
Total SFA 52.75a 32.49b 40.05c 41.50c 45.30c 38.75c 35.45c 34.90c 42.15c 36.30c

Total MUFA 19.75a 32.95b 24.90c 27.80c 25.55c 28.80c 25.75c 28.90c 22.95a 28.70c

Total PUFA 13.60a 30.22b 29.95b 28.90b 27.00b 30.05b 28.70b 30.10b 31.35b 28.65b

Data represent mean ± SD (n = 5/time point). Values not sharing a similar superscript within the row in a group are significantly different (P < 0.05) as determined
by one-way ANOVA followed by Tukey’s test
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plasma (49, 68 and 32.4%). Reduction in unsaturates
itself may be one of the contributing factors for in-
crease in LPx [16] seen under ROH deficient condi-
tion. An increase in plasma levels of C18:1, C18:2 and
20:4 was observed on administration of either ROH
(48.6, 70.2 and 5.5%) or FUCO (34.8, 74.2 and 2.9%).
The percentage of saturated FAs (except 16:0) also
improved with FUCO and ROH intubation (Table 1).

There was a slight elevation (4.8, 20.6, 10.2 and
7.3%) in 12:0, 14:0, 16:0 and 18:0 and a significant
decrease(53.9, 38.5 and 61.3%) in 16:1, 18:1 and 18:2
in microsomes of ROH deficient group as compared
to control group fed diet with ROH (P < 0.05). Intu-
bating with FUCO significantly brought their levels
towards control (P < 0.05). The decrease in saturates
and increase in unsaturates in FUCO administered
group can be attributed to the fact that FUCO might
inhibit desaturase activity and thereby increase the
content of a-linoleic acid, suggesting that the metab-
olism of FAs is affected [13, 14].

j Effect of FUCO and ROH on the activities of
antioxidant enzymes

Vitamins and carotenoids are known to scavenge
reactive oxygen species and up-regulate the activities
of antioxidant enzymes [10]. Results show a pro-
gressive increase in CAT and GST activities on feeding
ROH or FUCO to ROH deficient rats (Table 3). In case
of plasma, the activity of CAT significantly increased
by 89.6% 90.5% in ROH and FUCO intubated groups
respectively as compared to rats deficient in ROH
(P < 0.05). Likewise, ROH and FUCO elevated the
activity of GST in liver homogenates to maximum of
46% in ROH and 44% in FUCO intubated groups,

compared to ROH deficient group (0.797 lmol/min/
lg protein). Activity of CAT and GST in plasma, liver
and microsomes of ROH and FUCO groups were
enhanced when compared to ROH deficient group. At
the end of 8 h after gavages, in case of microsomes of
ROH and FUCO groups, the CAT activity increased
significantly than ROH deficient group and reached
the level as seen in control rats (fed diet with ROH).
Likewise, GST activity in microsomes rose from
0.37 lmol/min/lg protein (ROH deficient) and
0.43 lmol/min/lg protein (ROH fed control) to 0.49
and 0.55 lmol/min/lg protein in ROH and FUCO fed
groups, respectively.

The present results demonstrate that ROH defi-
ciency alters the activities of CAT and GST, possibly
resulting in increased LPx. However, administration of
ROH or FUCO to ROH deficient rats resulted in de-
creased LPx levels (Fig. 3a–c) which concur with in-
creased activities of CAT and GST (Table 3). Increased
GST activity in both liver and its microsomes of FUCO
and ROH groups is indicative of adaptability of the
system against oxidative stress due to ROH deficiency
[24]. Results of the study demonstrate the possibility of
adaptive changes in antioxidant defense system due to
ROH and FUCO. This possibly could be a mechanism
to suppress LPx caused by ROH deficiency. Suppres-
sion of LPx by FUCO was similar in effect as ROH.

j Na+K+-ATPase activity in microsomes

ATPases are very sensitive to peroxidation reactions
and they are intimately associated with the plasma
membrane and participate in the energy requiring
translocation of Na+ and K+ ions [29]. Gavage of ei-
ther ROH or FUCO significantly decreased the activity

Table 3 Effect of ROH deficiency and subsequent intubations with ROH or FUCO on the activity of antioxidant enzymes in plasma, liver homogenate, liver
microsomes and Na+K+-ATPase in liver microsomes of rats

Group Control ROH deficient 2 h 4 h 6 h 8 h

Plasma catalase (nmol/min/lg protein)
ROH group 7.46 ± 0.3a 0.79 ± 0.2b 17.75 ± 0.5c 23.77 ± 0.5d 8.96 ± 0.2a 7.57 ± 1.4a

FUCO group 7.46 ± 0.3a 0.79 ± 0.2b 8.41 ± 0.2a 14.53 ± 1.0c 13.82 ± 1.0c 8.33 ± 0.5a

Liver microsomes catalase (nmol/min/lg protein)
ROH group 5.66 ± 0.3a 0.53 ± 0.0b 3.38 ± 0.0c 5.07 ± 0.2a 7.20 ± 0.2d 6.03 ± 0.0a

FUCO group 5.66 ± 0.3a 0.53 ± 0.0b 3.55 ± 0.1c 5.76 ± 0.1a 7.23 ± 0.2d 5.65 ± 0.4a

Liver total homogenate glutathione transferase (lmol/min/mg protein)
ROH group 1.01 ± 0.02a 0.80 ± 0.07b 1.31 ± 0.05c 1.23 ± 0.07d 1.31 ± 0.03c 1.48 ± 0.03e

FUCO group 1.01 ± 0.02a 0.80 ± 0.07b 1.42 ± 0.03c 1.42 ± 0.08c 1.26 ± 0.05d 1.30 ± 0.02d

Liver microsomes glutathione transferase (lmol/min/mg protein)
ROH group 0.43 ± 0.02a 0.37 ± 0.0b 0.56 ± 0.2c 0.47 ± 0.01a 0.63 ± 0.01d 0.49 ± 0.02a

FUCO group 0.43 ± 0.02a 0.37 ± 0.0b 0.61 ± 0.01c 0.38 ± 0.03b 0.53 ± 0.04d 0.55 ± 0.03d

Liver microsomes Na+K+-ATPase (lmol of Pi /h/mg protein)
ROH group 2.27 ± 1.01 24.39 ± 0.2a 13.69 ± 1.8b 15.33 ± 2.2b 7.63 ± 0.03c 9.36 ± 0.07c

FUCO group 2.27 ± 1.01 24.39 ± 0.2a 12.01 ± 1.4b 11.88 ± 0.5b 10.59 ± 0.2b 10.46 ± 0.05b

Data represent mean ± SD (n = 5/time point). Values within the same row with similar superscript are not significantly different (P > 0.05) as determined by one-
way ANOVA followed by Tukey’s test
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of Na+/K+- ATPase from the high levels seen in ROH
deficient group (Table 3). The decreased ATPase
activity in FUCO and ROH groups may be due to
increased CAT and GST activity in those groups,
thereby affording protection against LPx in the
membranes. Higher Na+/K+-ATPase activity recorded
in ROH deficient group might therefore be due to
increased LPx at membrane level. The results indicate
that FUCO and ROH tend to restore the ATPase
activity towards normalcy by modulating the activity
of GST and/or CAT thereby protecting membranes
against LPx due to ROH deficiency. Long-term feed-
ing trials may provide more information to support
the ameliorating effect of FUCO on biochemical
changes caused by ROH deficiency.

In conclusion, ROH deficiency increases LPx in
tissues leading to alteration in membrane lipids and
structure, which become further susceptible to oxi-

dative stress with changes in antioxidant and mem-
brane bound enzymes. Results demonstrate that
administration of ROH and FUCO suppresses the LPx
induced by ROH deficiency possibly by modulating
CAT, GST and Na+K+-ATPase activities. It was found
that FUCO is slightly more effective than ROH in
reducing LPx in plasma and liver homogenate
resulting from ROH deficiency. FUCO being a non-
provitamin A carotenoid, it would be very interesting
to understand the mechanism by which it helps in
protecting the tissue against oxidative stress induced
by ROH.
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