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EL CONSUMO DE CARNE DE CERDO REESTRUC-
TURADA CONTENIENDO NORI O, ESPAGUETTI

DE MAR, PERO NO EL DE WAKAME, REDUCE LOS
EFECTOS HIPERCOLESTEROLEMIANTES Y 
PROAPOPTOTICOS HEPATICOS INDUCIDOS 
POR ALTAS CANTIDADES DE COLESTEROL 

EN LA DIETA

Resumen

La incorporación de algas, ricas en fibra y compuestos
asociados, a reestructurados de carne de cerdo (R) resulta
en derivados cárnicos potencialmente funcionales. En
este trabajo se estudian los efectos antiapoptóticos e hipo-
colesterolemiantes de dietas en las que se incluyen agentes
hipercolesterolemiantes y R enriquecidos en diferentes
algas, Wakame (RW), Nori-R (RN) y Espagueti de Mar
(RE). Durante una semana grupos de seis ratas cada uno
recibieron una mezcla constituida por 85% de dieta AIN-
93M para roedores suplementada con colesterol y ácido
cólico, como agente hipercolesterolemiante, y 15% de
RW, RN o RE. Estas dietas fueron comparadas con otras
a las que se incorporó R control y a las que se añadió o no
el agente hipercolesterolemiante. Después de 1 semana de
tratamiento el incremento de marcadores de apoptosis
hepática observado en el lote control con colesterol se
redujo por el consumo de las dietas RE (DNA ciclo celu-
lar, caspasa-3, y citocromo c), RN (caspasa-3, y citocromo
c) and RW (caspasa-3). Sólo las dietas con RN and RE
bloquearon significativamente la inducción hipercoleste-
rolemiante de la dieta control enriquecida en colesterol.
Teniendo en cuenta las diferencias observadas entre los
lotes respecto a sus efectos hipocolesterolémicos y antia-
poptóticos, debe evitarse cualquier generalización sobre
el consumo de algas y en particular de carnes conteniendo
algas. Aunque los resultados son relevantes, deben reali-
zarse estudios futuros para determinar la utilidad del
consumo de estos R enriquecidos en algas dentro de dietas
habituales.
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Abstract

Restructured pork (RP) enriched in Seaweeds are
potential functional foods. The antiapoptotic and hypo-
cholesterolemic effects of consuming cholesterol enriched
diets containing Wakame-RP (CW), Nori-RP (CN) and
Sea Spaghetti (CS) were tested in a 1-wk study. Groups of
six rats per group were fed a mix of 85% AIN-93M
rodent-diet containing cholesterol and cholic acid as a
cholesterol rising agent plus 15% RP containing alga.
These diets were compared to control-RP diets enriched
or not in cholesterol (CC and C, respectively). After 1-wk,
cholesterol feeding significantly increased liver apoptosis
markers which were significantly reduced by CS (cellular
cycle DNA, caspase-3, and cytochrome c), CN (caspase-3
and cytochrome c) and CW (caspase-3) diets. CN and CS
diets significantly blocked the cholesterolaemic rising
effect observed in the CC group but no protective effect
was observed in the CW group. Differences in seaweed
composition added to RP appear responsible for blocking
or not the proapoptotic and hypercholesterolemic effects
of high cholesterol-RP consumption; thus, any generali-
zation on seaweed effects or food containing seaweeds
must be avoided. Although present results are worthy,
future studies are demanded to ascertain the utility of
consuming algal-RP as part of usual diets.
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Abbreviations

C: Control-group.
CC: Cholesterol-control.
CN: Cholesterol-Nori.
CS: Cholesterol-Sea spaghetti.
CW: Cholesterol-Wakame.
PUFA: Polyunsaturated fatty acids.
RP: Restructured pork.

Introduction

Seaweeds have gained importance as healthy foods-
tuffs in Western countries.1 High consumption of red
meats has been related to increased incidence and
prevalence of degenerative diseases.2,3 Pork-based
functional foods containing seaweeds is an opportunity
to improve the “image” of the meat product as these
marine vegetables would positively modify meat
composition increasing omega-3 fatty acid,4 fibre and
associate bioactive ingredient contents5,6 and, there-
fore, exert positive effects on cardiovascular disease
risk factors.7,8

Cholesterol consumption has been found to produce
hepatomegalia, liver-fat infiltration and to increase
some liver damage markers.9,10 The benefits of seaweed
consumption on liver disease have been suggested;
Ecklonia cava11 and Spirulina12 were found to be effec-
tive in preventing the development of hepatic fibrosis.
However, no rat-liver damage protection was observed
after 5-wk on diets based on restructured pork (RP)
containing seaweed and highly enriched in cholesterol.10

In addition, previous results13-18 suggest that generaliza-
tion on the effects of seaweeds is misleading as these
vegetables display differential effects attributable to
differences in their composition (e.g. total and soluble
dietary fibre, mineral, vitamin, and phytochemical
contents).

On the other hand, the liver is the main detoxifying
organ for many toxic substances and drugs that contri-
bute to oxidative stress.19 Very recently, our group has
reported that the hypocholesterolemic effect of
Seaweed-RP would have a double-edge effect probably
related to the CYP P450 hemo enzyme prooxidant
effect.10 Indications of adverse effects associated with
herbal medications, which include among others, liver
failure, toxic hepatitis, and death have been reported.20

Increased intake of polyunsaturated fatty acids (PUFAs)
induces fatty acid oxidation in the liver and increase
lipid peroxidation and cause severe hepatic injury.21

Hepatocellular injury is accompanied by activation of
the apoptotic pathways.22 Cellular cycle modifications
and changes in caspase-3 as indicators of apoptosis
level have been used to demonstrate cellular and tissue
injury.23,24 To the best of our knowledge no studies on
these liver damage markers have been performed in
rats fed diets containing algal-RP, whether or not they
were enriched in cholesterol.

As some seaweeds are hypocholesterolaemic and
also antioxidants,18,25 and the cholesterol elimination
via cholic acid and bile induces prooxidant stress,10 the
hypothesis of the present paper is that, in the short-
term, seaweed-enriched-RP check liver-cell cycle
modification and damage induced by cholesterol
consumption. Moreover, the protective effects are
different and depend on the seaweed included in the
RP. Thus, the objective of this paper was to study the
short-term protective effect on the liver cellular cycle
and apoptosis (measured as liver cytochrome c expres-
sion and caspase-3 activity) in Wistar rats which
consumed algal-RP as part of hypercholesterolaemic
diets.

Materials and methods

Materials

Wakame (Undaria pinnatifida), Nori (Porphyra
umbilicalis) and Sea Spaghetti (Himanthalia elongata)
were obtained from a local supplier (Algamar C.B.,
Redondela, Pontevedra, Spain). These seaweeds were
ground in a mill (ZM 200, Retsch GmbH and Co., KG,
Haan, Germany), passed through a screen with an aper-
ture of 0.25 mm and stored in plastic flasks at 4 ± 2º C
until used. Raw meat materials (post-rigor pork and
pork backfat), seaweeds and additives (sodium chlo-
ride, sodium tripolyphosphate and sodium nitrite) were
used as reported by Cofrades et al.26 Table I gives infor-
mation on protein, fat, soluble and insoluble fibre, and
ash of the different RP employed for diet preparation. 

Diet preparation and experimental design

Eight experimental semi-synthetic diets (table I)
were prepared: (a) the control RP diet (C) contained
85% rodent feed (AIN-93 M, purified rodent diet;
Dyets #180729, DYETS, Inc., Bethlehem, PA, USA)
and 15% freeze-dried control RP to which 4% cellulose
had been added; (b) the Cholesterol-control RP diet
(CC) was identical to the C diet but with 2.43% choles-
terol (95%-98% purity) and 0.49% cholic acid (> 98%
purity) substituting an equal amount of starch (AIN-93
M # 180730 diet); (c) the cholesterol Wakame RP diet
(CW) consisted of a mixture of AIN-93 M #180730
feed (85%) and freeze-dried Wakame RP (15%); (d)
the Cholesterol-Nori RP diet (CN) was a mixture of
AIN-93 M #180730 feed (85%) and freeze-dried Nori
RP (15%); (d) the cholesterol-Sea Spaghetti RP diet
(CS) consisted of a mixture of AIN-93 M #180730 feed
(85%) and freeze-dried Sea Spaghetti RP (15%).
Details of experimental diet composition are summa-
rized in table I. 

This experiment was approved by the Spanish Science
and Technology Advisory Committee and by an ethics
committee of the Universidad Complutense de Madrid
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(Spain). All experiments were performed in compliance
with Directive 86/609/EEC of November 24, 1986.

Animals and maintenance

Thirty Wistar rats with a body weight of approxima-
tely 90 g at the outset, obtained from Harlan Laborato-
ries Models, SL, Barcelona (Spain), were kept in a
temperature-controlled room (22.3 ± 1.8° C) with a 12
h light-dark cycle for 1 week to adapt to environmental
conditions and fed commercial rat pellets (Panlab,
Barcelona, Spain). Rats were later distributed into 5
groups of 6 animals each. The Control group received
the C diet while the CC, CW, CN, and CS groups
received their respective experimental diets enriched in
cholesterol and the different RP. Water and food were
provided ad libitum. Diets contained approximately
20.7% protein, 8.7% fat, and 4.2% total dietary fibre.
At the end of the experiment, rats were anaesthetised
with an intraperitoneal injection of sodium pentobar-
bital (45 mg/kg body weight) and euthanized by blood
extraction from descendent aorta. 

Food consumption and body weight change

Food intake was checked daily and body weights were
measured at the start and end of the experimental week.

Plasma cholesterol

Plasma cholesterol was determined by the enzy-
matic colorimetric method of SPINREACT (Sant
Esteve de Bas, Girona, Spain).

Liver perfusion

Livers were prepared for perfusion, caspase-3 activity,
and flow cytometry analysis of DNA content, taking one
animal at a time from each of the 5 experimental groups.
Hepatocytes were isolated from rats by the collagenase
perfusion technique as previously described.28 The viabi-
lity of isolated hepatocytes (> 90%) was assessed by
trypan blue exclusion as previously described.29

DNA content and cellular cycle evaluation

106 isolated viable hepatocytes were stained with
propidium iodide following the multistep procedure of
Vindelov et al.30 The emitted fluorescence of the DNA-
propidium iodide complex was assayed in a FACScan
flow cytometer (Becton-Dickinson, San Jose, Cali-
fornia, USA) in the FL2-A channel. A double discrimi-
nator module was used to distinguish between signals
coming from a single nucleus and those produced by
nuclear aggregation. Data analysis was carried out by
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Table I
Composition of the experimental diets containing restructured pork (RP)

Control CC CW CN CS

Diet AIN-93Ma (g/kg diet)

Maize starch 382.75 353.59 353.59 353.59 353.59
Cholesterol 24.31 24.31 24.31 24.31
Cholic acid 4.85 4.85 4.85 4.85

Pork (freeze-dried)b (g/kg diet)

Control restructured porkb 150 150
Wakame-, Nori- or Sea Spaghetti-RPb 150 150 150
Soluble fibre (g/100 g wet matter)c 1.1 1.33 1.35
Insoluble fibre (g/100 g wet matter)c 2.81 2.81 1.2 0.66 1.46
Polyphenols (as gallic acid equivalent/100g wet matter)c Tr Tr 820 2170 2570

Control, control diet containing control restructured pork, CC, control diet added with cholesterol and cholic acid containing control RP; CW, CN,

and CS, Diets containing Wakame (Undaria pinnatifida) Nori (Porphyra umbilicalis) and Sea Spaghetti (Himanthalia elongata) RP added with

cholesterol and cholic acid. 
aOther ingredients (g/kg diet): casein, 127.5; soyabean oil, 34; dyetrose (carbohydrate composition: monosaccharides, 10; disaccharides, 40; tri-

saccharides, 50; tetrasaccharides and higher, 900), 131.75; sucrose, 85; microcrystalline cellulose, 42.5; AIN-93M mineral mix, 29.75; AIN-

93VX vitamin mixture, 12.16; choline bitartrate, 3.06; L-cystine, 1.53; t-butylhydroquinone, 0.0068. 

AIM-93M mineral mix (g/kg): calcium carbonate, 357.00; potassium phosphate monobasic, 250.00; potassium citrate·H
2
O, 28.00; sodium chlo-

ride, 74.00; potassium sulfate, 46.60; magnesium oxide, 24.00; ferric citrate U.S.P, 6.06; zinc carbonate, 1.65; manganous carbonate, 0.63; cupric

carbonate, 0.30; potassium iodate, 0.01; sodium selenate, 0.01025; ammonium paramolybdate 4H
2
O, 0.00795; sodium metasilicate·9H

2
O, 1.45;

chromium potassium sulfate·12H
2
O, 0.275; lithium chloride, 0.0174; boric acid, 0.0815; sodium fluoride, 0.0635; nickel carbonate, 0.0318;

ammonium vanadate, 0.0066; finely powdered sucrose, 209.806. AIN-93VX vitamin mixture (g/kg): niacin, 3.00; calcium pantothenate, 1.60;

pyridoxine HCl, 0.70; thiamine HCl, 0.60; riboflavin, 0.60; folic acid, 0.20; biotin, 0.02; vitamin E acetate (500 IU/g), 15.00; vitamin B12 (0.1%),

2.50; vitamin A palmitate (500,000 IU/g), 0.80; vitamin D3 (400,000 IU/g), 0.25; vitamin K1-dextrose mix (10 mg/g), 7.50; sucrose, 967.23. 
bProtein (g), fat (g), minerals (g) (ash) and fibre (g) present in the 150 g of Control, Wakame, Nori and Sea Spaghetti freeze-dried restructured-

pork; Control restructured pork: 76.99, 51.52, 15.61 and 4 (microcrystalline cellulose), respectively; Nori-restructured pork: 73.94, 53.10, 17.40

and 3.0, respectively; Wakame-restructured pork: 73.94, 53.10, 17.40 and 3.45; Sea Spaghetti restructured pork: 69.56, 51.25, 15.05 and 14.12.
cData in restructured pork27.
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evaluation of single inputs (104 nuclei/assay) and was
expressed as the percentage of DNA distribution in
G0/G1 diploid population (2C), S1 population (2C →
4C), G

2
+ M tetraploid population (4C) phases of the cell

cycle. The C DNA index was calculated as G
0
/G

1
diploid

population mean seaweed-RP divided by G
0
/G

1
diploid

population mean of C-RP. CC DNA index was calcu-
lated as G

0
/G

1
diploid population mean seaweed-RP

divided by G
0
/G

1
diploid population mean of CC-RP.

Liver Caspase-3 activity assay

The caspase-3 activity was measured as a marker of
cell apoptosis. Fluorometric assays of caspase-3 activity
were conducted as described previously,31 with some
modifications, in 96-well clear-bottom plates, and all
measurements were carried out in triplicate wells. To
each well, 100 µl of assay buffer (50 mM HEPES, pH
7.4, 10% glycerol, 10 mM dithiothreitol) was added. The
peptide substrate for caspase-3 (AC-DEVD-AMC) was
added to each well up to a final concentration of 20 µM.
Cells were lysed with 100 µl of lysis buffer, vortexed for
30 min and centrifuged at 13,000 g for 5 min at 4º C.
Protein concentrations in the supernatants were deter-
mined using the Bradford method.32 Cell lysates (20 µg
protein) were added to start the reaction. Fluorescence
was measured on a fluorescence plate reader at 360 nm
excitation and 460 nm emission after 1 hour in incuba-
tion at 37º C. Caspase activity was calculated as [(mean
AMC fluorescence from triplicate wells)-(background
fluorescence)]/μg protein. 

Assesment of liver apoptosis of cytochome c

Tissue samples were homogenized for 5 min in PBS
buffer at a ratio of 100 mg tissue/0.5 mL PBS. The
homogenates were placed on ice and then centrifuged
at 12,000 g for 30 min. 40 µg of protein sample was

loaded and analysed by Western blot analysis. Briefly,
proteins were separated by 12% SDS-PAGE and trans-
ferred onto PVDF membranes (Millipore, Belford, NJ,
USA). Membranes were blocked with blocking buffer
(PBS-T containing 0.1% Tween 20) for at least 1 h with
primary antibody in the above solution on an orbit
shaker at 4º C overnight. Incubation was followed by
washing with PBS and incubation with horseradish
peroxidase-conjugated secondary antibody (anti-
rabbit) in 1:1000 dilution for 1 h at room temperature.
β-actin antibody (Santa Cruz Biotechnology Inc, Santa
Cruz, California, USA) was used as loading control. 

Statistical analyses

All results were expressed as the means ± SD of six
animals in duplicate. Differences between groups were
analysed by one-way ANOVA followed by Tukey
post-hoc study. Statistical analyses were conducted
using the SPSS version 15.0 statistical analysis
packages. Differences were accepted as significant
when p ≤ 0.05.

Results

Feed intake, body weight gain and feed conversion

No significant effects were observed in feed
consumption, bodyweight increase or conversion rate
(p > 0.05) (table II). 

Plasma cholesterol

Cholesterol in diet increased plasma cholesterolemia
in all groups (p < 0.001). However, CN and CS diets
induced lower plasma cholesterolemia than C and CW
groups (p < 0.05) (table I). 

Seaweed-restructured pork 

and liver damage
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Table II
Body weight gain, feed consumption, conversion index, and plasma cholesterol in Wistar rats fed the control diet (C),

the cholesterol-control diet (CC), the cholesterol-Wakame diet (CW), the cholesterol-Nori diet (CN), and the cholesterol-Sea
Spaghetti diet (CS)

Body weight gain Feed consumption Conversion index Plasma cholesterol
(g) (g) (g/g) (mmol/L)

Control 36.9 ± 5.0 127.3 ± 8.0 0.29 ± 0.04 1.37 ± 0.13a

CC 35.6 ± 4.3 118.3 ± 5.3 0.30 ± 0.02 2.23 ± 0.19c

CW 38.8 ± 5.9 120.5 ± 5.6 0.32 ± 0.02 1.99 ± 0.21c

CN 37.4 ± 10.1 119.3 ± 12.4 0.31 ± 0.06 1.68 ± 0.14b

CS 37.6 ± 7.8 117.7 ± 7.1 0.32 ± 0.04 1.66 ± 0.11b

ANOVA (P) 0.345 0.467 0.155 < 0.001

Each value is the mean ± SD of six determinations. For diet composition details see table I and text. Columns with unlike superscript letters were

significantly different (at least, p < 0.05).
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Hepatocyte cellular cycle and DNA content

Table III shows the percentage of cell cycle popula-
tions in relation to ploidy and DNA content. For the
percentage of apoptotic cells (sub G1), content of DNA
lesser 2n, analyzed in the cell cycle was affected by diet
(p = 0.030) and increased 2.5 fold in the CC vs. C
animals. The sub G1 was significantly decreased by CS
when compared to CC rats, while no difference was
observed when compared to the C group. By contrast,
CN and CW resulted in a decreased sub G1 although no
significant respect CC groups. Non-significant diffe-
rences were observed in the pattern of DNA distribu-
tion and DNA indices between groups CC DNA index.

Caspase-3 activity assay

Caspase-3 activity was assayed in liver cytosolic
fraction in all experimental groups and is presented in

figure 1. There was a significant increase in the
caspase-3 activity in hypercholesterolemic rats when
compared to the control group (p < 0.05). The caspase-
3 activity was significantly decreased by algae-diets
when compared to hypercholesterolemic rats (p <
0.001). CS, CW, and CN displayed no differences (p >
0.05) when compared to the C group.

Cytochrome c expression

The release of mitochondrial cytochrome c into
cytosol is one indicator of perturbation of mitochon-
drial membrane stability. We further detected cytoch-
rome c protein levels in cytosol using western blot
analysis. Immunoblot analysis showed higher release
of cytosolic cytochrome c in CC rats in comparison to
the C group (p < 0.05), while a consequent diminution
of mitochondrial cytochrome c levels was observed
when compared to the C group. Cytosolic cytochrome
c protein levels analyzed by quantitative densitometry
were increased by 250% (p < 0.05) in CC rats
compared with the C group. The levels of cytosolic
cytochrome c were decreased by CN and CS groups
compared with the CC animals, while no difference
was observed when compared to the C group (fig. 2). 

Discussion

The experiment was designed to test possible bene-
fits of 1-wk consumption of seaweed-RP as part of
cholesterol enriched diets on liver apoptosis and DNA
cell cycle. For the first time, flow cytometry analyses
were tested in seaweed-RP diets both with and without
added cholesterol. Rat groups present similar food
acceptation and feed conversion; thus results should be
related to differences in composition of seaweeds. The
inclusion of cholesterol in diet promptly and highly
affected the cholesterolemia; however, clear diffe-
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Table III
Quantitative analysis of DNA ploidy (%) in cell cycle (sub G

1
phase (cell death zone), G

0
/G

1
phase, S phase, G

2
/M phase),

DNA index, in isolated hepatocytes of Wistar rats fed the control diet (C), the cholesterol-control diet (CC), the cholesterol-
Wakame diet (CW), the cholesterol-Nori diet (CN), and the cholesterol-Sea Spaghetti diet (CS)

Cell contribution Sub G
1

G
0
/G

1
S phase G

2
/M C DNA indexa CC DNA indexb

C 5.3 ± 2.10 78.6 ± 2.2 3.6 ± 1.3 12.4 ± 1.6 1.08 ± 0.06

CC 12.8 ± 3.01a 73.0 ± 2.9 4.0 ± 0.50 10.1 ± 1.9 0.93 ± 0.20

CW 8.4 ± 2.1ab 71.9 ± 4.7 4.3 ± 1.0 15.0 ± 3.4 0.91 ± 0.21 0.98 ± 0.06

CN 7.5 ± 3.0ab 74.0 ± 1.7 5.3 ± 1.1 13.2 ± 3.0 0.94 ± 0.08 1.01 ± 0.02

CS 5.5 ± 1.8a 74.6 ± 1.4 5.2 ± 1.8 14.4 ± 2.0 0.95 ± 0.10 1.02 ± 0.12

ANOVA (P) 0.030 0.092 0.344 0.120 0.616 0.616

Each value is the mean ± SD of six determinations. Columns with unlike superscript letters were significantly different (at least, p < 0.05).

Sub G
1
is expressed as the percentage of cell death zone. The values are expressed as the percentage of DNA in G

0
/G

1
diploid population (2C), S1

population (2C → 4C), G
2
+ M tetraploid population (4C) phases of the cell cycle. 

aThe C DNA index was calculated as G
0
/G

1
diploid population mean seaweed-RP divided by G

0
/G

1
diploid population mean of C-RP. 

bThe CC DNA index was calculated as G
0
/ G

1
diploid population mean seaweed-RP divided by G

0
/G

1
diploid population mean of CC-RP.

Fig. 1.—Caspase-3 activity was determined in isolated hepatocy-
tes of Wistar rats fed the control diet (C), the cholesterol-control
diet (CC), the cholesterol-Wakame diet (CW), the cholesterol-No-
ri diet (CN), and the cholesterol-Sea Spaghetti diet (CS). Data are
the mean ± SD of six animals per group. Bars bearing different
letters were significantly different (at least p < 0.05).
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rences were observed between groups as CC increased
plasma cholesterol 64%, CW 43%, and CN and CS by
25%. Semisynthetic casein-based diets with added
cholesterol have been found to increase cholestero-
lemia in medium1,9,33 and large-term studies.16 However,
the hypocholesterolaemic effects observed due to
seaweed inclusion were different and highly dependent
on the type of alga included in diet.1,16 According to Ren
et al.,34 some seaweed polysaccharides exert hypolipemic
effects in rats fed a diet rich in sodium and cholesterol.
However, sodium alginate, funoran, porphyran, and
carrageenan were found to interact with dietary choles-
terol to facilitate its excretion, whilst dietary agar was
almost inactive.35

Mammal livers contain polyploid hepatocytes,
whose number depends on the animal’s age and
species.36 Thus, rat foetal hepatocytes are mainly
diploids (85.3% of cells are in the diploid phase), 7.3%
in DNA synthesis phase and 7.4% polyploids (tetra-
ploids plus octoploids).37 In the current study, the
diploid phase accounted for 73.0 to 78.6 % and tended
to decrease after cholesterol feeding, while S plus tetra-
ploid phases represented 14.1 to 19.6%. Apoptosis
increased by cholesterol feeding in CC rats but CS rats
showed similar apoptotic level to the C group while
CW and CN intermediate values with respect to those
of CC and CN groups. The necrosis-regeneration
process is characterized by a change in the distribution
of different populations of hepatocytes and, while
normal hepatocytes have stability in their DNA content
and chromosome organization, proliferative state of
hepatocytes (regenerating) are involved in the replica-

tion process through the cell cycle including DNA
synthesis programmed to duplicate the genomic mate-
rial of the cell before its division. Regenerating cells,
therefore, have a higher DNA content than quiescent
cells (resting phase) and this content can vary in each
cycle according to the progression of DNA synthesis.
Thus, according to the cellular apoptosis/cellular DNA
the inclusion of seaweed to RP diets induced moderate
antiapoptotic effects, mostly in the CN diet.

Free radicals induce oxidative stress, which is
balanced by the body’s endogenous antioxidant
systems with an input from co-factors, and by the
ingestion of exogenous antioxidants. Disturbances in
mitochondrial membrane permeability cause leakage
of free radicals and cytochrome c from the mitochon-
dria to the cytosol. Once cytochrome c is released into
the cytosol, it binds to another protein, Apaf-1, and
promotes activation of the caspase cascade, leading to
cell death.38 In CC diet-fed rats, the levels of cytosolic
cytochrome c and the activation of caspase-3 were
much greater than those of the C group. This indicates
that the release of cytochrome c into the cytosol is due
to mitochondrial membrane damage, which is induced
by increased levels of radicals. Cytosolic cytochrome c
activates protease activators (caspases), and this may
cause further apoptosis, which is also supported from
the cellular cycle-DNA content. As also reported by
Zamora et al.,39 dietary cholesterol increased apoptosis.
However, the inclusion of alga blocked those effects in
the CS group, which remained at basal levels, while
CW and CN diets partially blocked the apoptotic effect
of dietary cholesterol. However, seaweeds contain
antioxidants and other substances that probably block
the negative effect on the antioxidant status of reducing
plasma cholesterol. Thus, some amino acids and anti-
oxidant activity molecules (e.g. zinc)40 of red and
brown seaweeds have been reported to be antiapop-
totic.39 In addition, vitamins A and E, and some polyp-
henols present in seaweeds1 could act as antioxidants
and have a role in the partial antiapoptotic effects
observed. Fucose-containing sulphated polysaccha-
rides extracted from Sargassum sp. and from Fucus
vesiculosus respectively have been reported to induce
growth inhibition and apoptosis of melanoma B16 cells
in vitro.41,42

The pro-apoptotic effect of dietary cholesterol and
the antiapoptotic effect of seaweed-RP diet were also
supported by the results of caspase-3 activity. In fact
CW, CN, and CS rats displayed much lower caspase-3
activities than their CC counterparts. Similarly, cyto-
solic cytochrome c expression increased 2.5-fold in CC
animals and decreased to C rat values with consump-
tion of CN and CS diets. All these results suggest that
algal compounds, mostly in the case of CS and CN,
blocked the proapoptotic effect of dietary cholesterol
and reduced the release of mitochondrial cytochrome c
into the cytosol occurring in CC rats. Thiruchenduran
et al.43 reported that the increase in the expression of
caspase-3 and cytochrome c observed in cholesterol fed
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Fig. 2.—Immuno-detection of cytochrome c released to cytosol
in liver of rats fed the control (C), the cholesterol-control (CC),
the cholesterol-Wakame (CW), cholesterol-Nori (CN), the cho-
lesterol-Sea Spaghetti (CS) diets. β-actin was used as internal
control for cytosolic fraction. The results, expressed as arbi-
trary units (AU), are the mean ± SD of 6 animals per group.
Bars bearing different letters were significantly different (at le-
ast p < 0.05).
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rats was partially blocked in the grape seed proanthocya-
nidin-treated group via their ability to reduce, directly or
indirectly, free radicals production. Although we did not
measure free radical production in this short-term experi-
ment, CN and CS diets probably reduced free radical
levels via algal antioxidants and other compounds,
consequently maintaining mitochondrial membrane
permeability.18 This would, in turn, lead to tissue
damage and/or apoptosis reduction. Mohamed et al.44

reported that seaweed consumption increases the antio-
xidant endogenous production in vivo and that malon-
dialdehyde were significantly reduced in liver and
other organs of aging animals by porphyrans and sulp-
hated galactans from Porphyra spp. However, a hysto-
logycal study performed in Wistar rats fed the same RP
showed, after 5-wk treatment, that the antiapoptotic
and other protective effects were lost.10 As in the
Schultz Moreira et al.10 study plasma cholesterol were
much higher than those observed in the present study, it
must be suggested that long-term cholesterol feeding
must increase plasma cholesterolemia to a level that
implies a high cholesterol to cholic acid conversion.44 In
the cholesterol to bile acids conversion, the cytochrome
P450 7A-1 hemoenzyme is induced, highly increasing
the production of free radicals.45,46 This effect probably
blocks the protection again apoptosis observed in the
present short-term study and deserve future studies.

Conclusion

In summary, in this 1-week short-term study, sea
Spaghetti-RP, and Nori-RP to a lesser extent, reduced
the apoptosis induced by cholesterol feeding. More
studies are needed to understand the results obtained
and to ascertain the utility of consuming algal-RP as
part of very cholesterol-rich diets.
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