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Abstract Cholesterolemia is associated with pro-
oxidative and proinflammatory effects. Glucomannan-
or glucomannan plus spirulina-enriched surimis were
included in cholesterol-enriched high-saturated diets to
test the effects on lipemia; antioxidant status (glutathione
status, and antioxidant enzymatic levels, expressions and
activities); and inflammation biomarkers (endothelial
nitric oxide synthase (eNOS), inducible nitric oxide syn-
thase (iNOS), tumor necrosis factor alpha (TNF-α)) in
Zucker fa/fa rats. Groups of eight rats each received diet
containing squid-surimi (C), squid-surimi cholesterol-
enriched diet (HC), glucomannan-squid-surimi
cholesterol-enriched diet (HG), or glucomannan-
spirulina-squid-surimi cholesterol-enriched diet (HGS)
over a period of 7 weeks. HC diet induced severe

hyperlipemia, hepatomegalia, increased inflammation
markers, and impaired antioxidant status significantly
(at least p<0.05) vs. C diet. HG diet decreased lipemia
and liver size and normalized antioxidant status to C
group levels, but increased TNF-α with respect to HC
diet (p<0.05). In general terms, 3 g/kg of spirulina in diet
maintained the positive results observed in the HG diet
but, in addition, increased inflammation index
[eNOS/(eNOS + iNOS)] and decreased plasma TNF-α
(both p<0.05). In conclusion, glucomannan plus a small
amount of spirulina blocks negative effects promoted by
hypercholesterolemic diets. Although more studies are
needed, present results suggest the utility of including
glucomannan and/or spirulina as functional ingredients
into fish derivates to be consumed by people on meta-
bolic syndrome risk.
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Introduction

A plethora of potential functional foods have been de-
veloped during the last few decades [3]. As ample
evidence exists of the health benefits of fish and fish
derivate consumption [15], our research team is engaged
in assessing the health impact of potential new function-
al foods containing seaweeds [12] and fish derivates/
ingredients [33]. Squid-surimi admits the addition of
ingredients with known health benefits and/or removes
potentially undesirable components for the development
of functional foods [6, 33].

Westernized countries, where there is a high preva-
lence of degenerative chronic diseases, are also charac-
ter ized by consumpt ion of hyperenerget ic ,
hypersaturated, cholesterol-rich diets believed to cause
imbalances in reactive oxygen species (ROS) produc-
tion [5]. Free radicals and ROS are considered to be
crucial in the development of degenerative diseases such
as obesity, cardiovascular diseases and type 2 diabetes
[21]. In addition, hypercholesterolemia, increases free
radical production and related inflammation mecha-
nisms [30]. Oxidative stress is defined as an overbalance
of the net levels of ROS and reactive nitrogen species
(RNS) in comparison to the antioxidant capacity. En-
dogenous antioxidant defense capacity consists of en-
zymes that catalyze oxidant-modifying reactions and
interacting molecules with antioxidant activity (Fig. 1).
Endothelial nitric oxide synthase (eNOS) is habitually
expressed in cells, synthesizing nitric oxide, which is
involved in the regulation of the cardiovascular system
and homeostatic mechanisms [31]. Inducible nitric
oxide synthase (iNOS) activation is strongly pro-
moted by pathophysiological situations in response
to cytokines and leads to sustained higher nitric
oxide levels, which have antioxidant and anti-
inflammatory effects [32].

The role of plant bioactive components and dietary
fiber as free radical scavengers is now an area of active
research. Glucomannan, a dietary fiber extracted from
Amorphophallus konjac, is known to possess satiating,
laxative, and hypocholesterolemic properties [11], while
Spirulina platensis, has been considered a microalga
rich in minerals and antioxidant compounds such as
carotenoids and phycocyanin [23].

Zucker fa/fa rats are very sensitive to hypercaloric
and hyperlipemic diets, developing a chronic low-level
inflammation state, closely linked to oxidative stress,
which leads to cell damage [9].

To the best of our knowledge, there have been few
studies to date on the effects of squid-surimi on antiox-
idant status and hypercholesterolemia, and much less on
the effects of glucomannan-enriched surimi in the frame
of hypercholesterolemic diets. A previous study demon-
strated that glucomannan-enriched surimi induced anti-
oxidant and proinflammatory effects , while
glucomannan plus spirulina-enriched surimi kept the
antioxidant effects but ameliorated the inflammatory
ones [33]. The hypothesis of the present work is that
glucomannan-enriched and glucomannan plus
spirulina-enriched squid-surimis act as functional foods
by reducing the oxidative and inflammatory status orig-
inated by hypercholesterolemia induction in fa/fa rats.
The purpose of our study, then, is to determine the
effects of large amounts of glucomannan-enriched
squid-surimi consumption in a hyperenergetic,
hypersaturated-fat diet, enriched with cholesterolemic
agents, on liver fat and cholesterol; liver antioxidant
(superoxide dismutase (SOD), glutathione peroxidase
(GPx), glutathione reductase (GR), catalase (CAT), ox-
idized and reduced glutathione); and inflammation
(eNOS, iNOS, and tumor necrosis factor alpha
(TNF-α) biomarkers.

Material and methods

Diet preparation and experimental design

All experiments were performed in compliance with
Directive 86/609/EEC of 24 November 1986 (modified
by Directive 2003/65/CE of 22 July 2003) for the pro-
tection of scientific research animals. The present study
was approved by the Spanish Science and Technology
Advisory Committee (project AGL 2008-04892-C03-
02 and Consolider Ingenio 2010, CSD 2007–00016)
and by an ethics committee of the Universidad
Complutense of Madrid (Spain). A total of 24 male
growing Zucker fa/fa rats with an initial body weight
of approximately 120 g were obtained from Harlan
Laboratories Models (Harlan, SL, Barcelona, Spain).
The animals were housed individually in metabolic cells
in a temperature-controlled room (22.3±1.9 °C) with a
12-h light/12-h dark cycle. The rats were fed commer-
cial rat pellets (Panlab, Barcelona, Spain) during a 1-
week adaptation period to environmental conditions and
then distributed into three groups of eight animals each,
according to their average body weight.
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Four experimental semi-synthetic diets were pre-
pared in a room under appropriate environmental con-
ditions (4 °C and low enlightenment) to reduce changes
in their antioxidant properties blending AIM-93 M diets
and surimi. Vitamin and mineral contents of AIN-93 M
diets were designed to cover requirements for rats once
the whole diet was prepared (Table 1). Control diet (C)
was composed of a homogeneous mixture of 70 %
rodent diet (AIN-93 M #102634 purified rodent diet;
Dyets, Inc., Bethlehem, PA, USA) and 30 % freeze-
dried restructured squid-surimi (with 15 % microcrys-
talline cellulose). Hypercholesterolemic control diet
(HC) was composed of a homogeneous mixture of
70 % rodent diet (AIN-93 M #102636 purified rodent
diet; Dyets, Inc., Bethlehem, PA, USA) and 30 %
freeze-dried restructured squid-surimi (with 15 % mi-
crocrystalline cellulose); Hypercholesterolemic
glucomannan diet (HG) consisted of a mixture of AIN-
93 M #102637 feed (70 %) and freeze-dried,
restructured glucomannan-enriched squid-surimi
(30 %, 15 % of glucomannan into surimi) and hyper-
cholesterolemic glucomannan plus spirulina diet (HGS)
consisted in a mixture of AIN-93 M #102637 feed
(70 %) and freeze-dried, restructured glucomannan plus

spirulina-enriched squid-surimi (30, 15 % glucomannan
into surimi and 3 g/kg diet of spirulina). All hypercho-
lesterolemic diets contained 2 % cholesterol (95–98 %
purity) and 0.4 % cholic acid (98 % purity). Water and
food were provided ad libitum over the 7-week experi-
mental period. At the end of the experiment, in order to
avoid inter-assay variations that could affect the com-
parison of data from the different groups, fasting rats
were taken, one at a time from each of the six groups,
anesthetized and euthanized by extracting blood from
the descending aorta.

Liver fat and cholesterol determinations

Lipids from homogeneous samples of hepatic tissue
from the major lobe of liver were extracted with
chloroform/methanol (2:1, v/v). Extract was dissolved
in isopropanol and tested for total cholesterol, using the
enzymatic colorimetric method (kit references
#1001090) of Spinreact (Sant Esteve de Bas, Girona,
Spain). Turbidity in samples, when present, was elimi-
nated by centrifuging at 2200 g at 4 °C for 5 min after
the enzymatic-colorimetric reaction and before spectro-
photometric reading.

Fig. 1 General endogenous
antioxidant defense system
diagram. Figure modified from
Vázquez-Velasco et al. [33]
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Glutathione determination

Total, reduced (GSH) and oxidized glutathione (GSSG)
levels were determined in liver following the Hissin and
Hill [13] method. Liver tissue was homogenized with
phosphate-EDTA (0.1 M sodium phosphate and
0.005 M EDTA) buffer (pH=8) at 100 mg/mL concen-
tration, adding 10μL/mL tissue of HClO4 (60%). Then,
tissue homogenates were spun at 10,000 RPM (6000g)
for 10 min at 4 °C and supernatant were at 4 °C until
GSH and GSSG determination. Fluorescence was mea-
sured in a FLX 800 fluorimeter (Bio-Tek Instruments,

Winooski, Vermont, USA) at λexc=350 nm and λem=
420 nm.

The redox index (RI), a parameter that indicates the
antioxidant status of the tissue, was expressed as fol-
lows: RI=GSH/(GSH+GSSG).

Western blotting. Antioxidant enzyme
and inflammation biomarker levels

Equal amounts of protein lysates obtained from rat liver
homogenates were separated in 10 % sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). The gels were blotted onto a PVDFAmersham
Hybond-P membrane (GE Healthcare, Buckingham-
shire, UK) and incubated with the appropriate antibod-
ies (S2147, C0979, A2228 and A9917 from Sigma-
Aldrich, St. Louis, MI, USA; Ab60275, Ab5589 and
Ab21775 from Abcam, Cambridge, UK; sc-32886, sc-
1350, sc-2490 and sc-2004 from Santa Cruz Biotech-
nology, Dallas, TX, USA). Blots were developed by
enhanced chemo luminescence using an Amersham
ECL Plus Western Blotting Detection Reagents (GE
Healthcare, Buckinghamshire, UK) according to the
manufacturer’s instructions. β-actin was used as a load-
ing control.

Extraction and analysis of RNA and quantification
by reverse transcription-polymerase chain reaction.
Enzymes’ gene expression

Total RNA was isolated from 100 mg of liver using
TRIzol (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. RNA samples were then
treated with DNase I RNase-free, DNase treatment and
removal reagents (Thermo Fisher Scientific, Waltham,
MA, USA) to remove any contamination with genomic
DNA. The yield and quality of the RNAwere assessed by
measuring absorbance at 260, 270, 280, and 310 nm and
by electrophoresis on agarose gels (1.3 %). Total RNA of
each sample (1.5 mg) was reverse-transcribed to first-
strand complementary DNA (cDNA) using a revert aid H
minus first-strand cDNA synthesis kit (Thermo Fisher
Scientific, Waltham, MA, USA).

Relative CAT, Cu, Zn-SOD,Mn-SOD,GPx, GR, and
cytochrome P450 7A1 (CYP7A1) messenger RNA
(mRNA) levels were quantified using real-time PCR
with a LightCyclerTM Real-Time PCR Detection Sys-
tem (Roche diagnostics, Indianapolis, IN, USA), using a

Table 1 Composition (g/kg) of the experimental diets

C HC HG HGS

Cornstarch 213.49 189.48 230.65 230.65

Microcrystalline cellulose 49.41 49.41 8.23 8.23

Cholesterol 0 20.02 20.02 20.02

Cholic acid 0 3.99 3.99 3.99

Squid surimi 300 300 255 255

Glucomannan 0 0 45 45

Spirulina 0 0 0 3

Energy content (MJ/kg diet) 13.33 12.97 13.81 13.87

Other ingredients (g/kg diet): casein, 105.0; palm olein, 115.29;
dyetrose (carbohydrate composition: monosaccharides, 10; disac-
charides, 40; trisaccharides, 50; tetrasaccharides and higher, 900),
108.5; sucrose, 70.0; AIN-93 M mineral mix, 29.75; AIN-93VX
vitamin mixture, 12.16; choline bitartrate, 3.06; L-cystine, 1.26; t-
butylhydroquinone, 0.02. Mineral mix #210050 24.5; vitamin mix
#310025, 162.07. AIN-93 M mineral mix (g/kg): calcium carbon-
ate, 357.00; potassium phosphate monobasic, 250.00; potassium
citrate.H2O, 28.00; sodium chloride, 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; ammoni-
um paramolybdate 4H2O, 0.00795; sodium metasilicate 9H2O,
1.45; chromium potassium sulfate 12H2O, 0.275; lithium chloride,
0.0174; boric acid, 0.0815; sodium fluoride, 0.0635; nickel car-
bonate, 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, (150000 μg/g), 0.80; vitamin D3 (10000 μg/g), 0.25;
vitamin K1–dextrose mix (10 mg/g), 7.50; sucrose, 967.23

C AIN-93 M (70 %) plus control squid-surimi (30 %), HC AIN-
93 M (70 %) plus control squid-surimi (30 %) plus hypercholes-
terolemic agents, HG AIN-93 M (70 %) plus glucomannan-
enriched squid-surimi (30 %) plus hypercholesterolemic agents,
HGS AIN-93M (70 %) plus glucomannan plus spirulina-enriched
squid-surimi (30 %) plus hypercholesterolemic agents
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SYBR® Green (Biotools, Madrid, Spain) for the nor-
malization of the results.

The PCR parameters were as follows: preincubation
at 95 °C for 5 s followed by 40 cycles of denaturation at
95 °C for 5 s, with an annealing temperature dependent
of each couple primer (55 °C for Mn-SOD; 56 °C for
Cu, Zn-SOD and 60 °C for CAT, GPx, GR and
CYP7A1), extension 72 °C for 30 s. Melting curve
95–65–95 °C. Cooling 40 °C.

Primers sequences:

Cu, Zn-SOD: sense 5 -GCCGTGTGCGTGCTGAA-
3
antisense -TGACGATGCCGTGCTGCATG-3
Mn-SOD: sense 5 -GACAAACCTGAGCCCTAA
GGG-3
antisense 5 -CTTCTTGCAAACTATG-3
CAT: sense 5 -ATCAGGGATGCCATGTTGTT-3
antisense 5 -GGGTCCTTCAGGTGAGTTTG-3
GPx: sense 5 -GCAATCAGTTCGGACACCAG-3
antisense 5 -AAAGTTCCAGGCAATGTCGT-3
GR: sense 5 -TCACTGCTCCGCACATCC-3
antisense 5 -CTCAACACCGCCAGCGTTCTCC-3
CYP7A1: sense 5 -CACCATTCCTGCAACCTT-3
antisense 5 -GTACCGGCAGGTCATTCA-3

All sample mRNA levels were normalized to their
values of β-actin and the results expressed as fold
changes of threshold cycle (Ct) value relative to controls
using the 2−ΔΔCt method [18].

Enzyme assays

GPx activity was determined as Se-dependent GPx and
total GPx activities. Se-dependent GPx activity was
assessed following the Paglia and Valentine method
[24], while total GPx activity was assessed by the Law-
rence and Burk method [16]. CAT activity was deter-
mined according to Aebi [1]. Total SOD activity was
determined as indicated by Marklund [20]. Enzyme
activities were standardized to liver protein concentra-
tions that were determined according to Bradford [7].

Plasma assays

Cholesterol and triglycerides were determined by the
enzymatic colorimetric method (kit references
#1001090 and #1001312, respectively) of Spinreact
(Sant Esteve de Bas, Girona, Spain). TNF-α was

measured using the #DE4774 rat ELISA kit from
Diagenics (Milton Keynes, Buckinghamshire, UK).

Statistical analyses

Statistical analyses were performed using the SPSS
version 22.0 statistical analysis package (SPSS, Inc.,
Chicago, IL, USA). Results were expressed as means
and standard deviations. One-way ANOVA followed by
Bonferroni test was used to assess the effect of the diets.
When variances were assumed not to be equal, the T2 of
Tamhane post hoc test was applied. Contingence tables
to assess differences in prevalence of severe hypercho-
lesterolemia between groups were performed by chi-
square test. Results were accepted as significant when
p<0.05.

Results

Body and liver weight, hepatosomatic index

As shown in Table 2, all fa/fa rats became obese. HC
diet intake reduced body weight (p<0.05), but increased
liver weight and hepatosomatic index in comparison
with C rats (both p<0.001).

Liver fat and cholesterol

HG diet significantly reduced liver weight and
hepatosomatic index vs. HC diet (both p<0.001), but
no extra effect of spirulina addition was observed (HGS
vs. HG, p>0.05).

Liver fat and liver cholesterol significantly increased
in HC vs. C rats (p<0.001). Both HG and HGS diets
significantly reduced liver fat but only HGS diet was
able to decrease significantly liver cholesterol with re-
spect to HC diet (at least p<0.05).

Plasma lipids and CYP7A1 expression

HC diet considerably modified the cholesterolemia and
hypertriglyceridemia with respect to C diet (Table 2).
Glucomannan-supplemented diets significantly reduced
(p<0.001) plasma cholesterol and triglycerides in com-
parison to HC diet (Table 2). In fact, the prevalence of
severe hypercholesterolemia (plasma cholesterol
≥200 mg/dL [27]) differed significantly (p=0.002) be-
tween rat groups: all HC rats were severely

Glucomannan squid surimis in hypercholesterolemia 615



hypercholesterolemic, but the same applied to only
37.5 % and 12.5 % from groups HG and HGS, respec-
tively. Furthermore, some of the animals in the HG and
HGS groups became normocholesterolemic (<100 mg/
dL [27]). Glucomannan consumption reduced triglycer-
ides by more than 80 %; all triglycerides values in HG
and HGS groups were below 150 mg/dL. Liver weight
appears to correlate significantly with both plasma cho-
lesterol and triglycerides (p<0.01).

Low cytochrome P450 expression has been reported
in fa/fa rats [14]. The HC diet reduced this theoretically
low CYP7A1 expression even more. Both HG and HGS
diets significantly increased CYP7A1 expression
(p<0.05). However, the addition of spirulina (HGS vs.
HG) has no extra effects (p>0.05) on CYP7A1
expression.

Total, reduced, and oxidized glutathione levels

Dietary cholesterol significantly reduced GSH levels
(p<0.05) and the redox index (p<0.001) in HC vs. C
rats (Table 2). GSH levels were greater in HG rats than
in their HC counterparts, but GSSG levels were

unaffected (Table 2). The addition of Spirulina (HGS
vs. HG) has no extra effects (p>0.05) on GSH or GSSG
levels. The redox index was higher in HG and HGS vs.
HC liver extracts (p<0.05).

Antioxidant enzyme activities, levels, and expressions

Table 3 and Fig. 2 show information on liver antioxidant
enzyme activities, levels, and expressions. SOD activity
increased significantly (p<0.05) while total GPx, Se-
GPx, and non-Se-GPx activities tended to increase, and
CAT activity to decrease in HC vs. C rats.

HC diet significantly increased GPx levels (14 %)
and MnSOD expression (38-fold), and reduced CAT
(65 %) and GPx (58 %) expressions. As noted, HC
rats displayed cholesterol levels six times higher
than C rats.

HG vs. HC diet reduced SOD and total GPx activities
(Table 3). In fact, the MnSOD expression was reduced
considerably. The addition of spirulina to HG diet in-
duced important changes. GPx and MnSOD expression
decreased. Levels of GR and GPx also diminished.

Table 2 Liver weight, fat, and cholesterol, hepatosomatic index, CYP7A1 expression, plasma lipids, glutathione levels, and red-ox and
inflammation indexes in fa/fa rats fed modified AIM-93 diet containing control-surimi (C) and fa/fa rats fed cholesterol-enriched modified
AIM-93 diet containing control-surimi (HC), glucomannan-surimi (HG), and glucomannan-surimi plus spirulina (HGS)

C HC HG HGS ANOVA (p)

Final weight (g) 326.51±15.01a 276.13±33.76b 251.06±52.6b 275.89±42.28b 0.002

Cumulative intake (g) 1196.4±89.5 1202.8±77.0 1102.5±61.6 1185.9±66.5 0.086

Liver weight (g) 12.31±0.84b 23.36±2.60a 13.64±2.18b 14.46±1.46b <0.001

Hepatosomatic index (g/100 g) 3.82±0.26c 8.62±0.48a 5.55±0.74b 5.39±0.76b <0.001

Liver fat (g/100 g) 11.10±2.51b 19.35±2.83a 13.23±2.22b 13.85±3.16b <0.001

Liver cholesterol (μmol/g) 10.83±1.24c 25.20±2.20a 22.12±1.30ab 20.13±2.23b 0.002

Liver CYP7A1 expression (% vs. C) 100.00±12.65b 33.75±6.06c 136.93±21.23a 134.08±13.08a 0.006

Plasma insulin (μ UI/mL) 10.81±2.04b 18.57±6.29a 14.60±5.23ab 5.75±1.40c 0.038

Plasma cholesterol (mg/dL) 130.24±24.85b 794.78±257.35a 166.49±72.39b 141.53±48.86b <0.001

Plasma HDL-cholesterol (mg/dL) 85.83±19.60ab 125.72±29.15a 98.70±36.75ab 79.29±20.96b 0.016

Plasma triglycerides (mg/dL) 162.59±73.40a 195.60±88.83a 34.85±20.49b 43.94±43.88b <0.001

GSH (mg/mg tissue) 0.51±0.09a 0.43±0.05b 0.51±0.02a 0.49±0.06ab 0.21

GSSG (mg/mg tissue) 0.79±0.18 0.87±0.08 0.80±0.11 0.82±0.09 0.89

Redox index [GSH/(GSH+GSSG)] 0.39±0.03a 0.33±0.02b 0.39±0.03a 0.38±0.01a 0.018

Inflammation index [eNOS/(eNOS + iNOS)] 0.50±0.02b 0.49±0.03b 0.51±0.01b 0.65±0.01a <0.001

Plasma TNF-α (pg/mL) 71.05±12.64b 88.82±15.53b 119.23±13.68a 41.60±10.69c 0.40

Values (mean±standard deviation of eight rats per group) within a row with unlike letters were significantly different (a>b>c, post hoc
Bonferroni test or T2 of Tamhane, p<0.05)
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Inflammation biomarkers

Table 2 and Fig. 3 show data on inflammation bio-
markers. C rats presented very high plasma TNF-α
values. HC diet increased liver eNOS and iNOS levels
(p<0.05) but not the eNOS/(eNOS + iNOS) index in
comparison to C diet. eNOS and iNOS expressions were
not significantly different (p>0.05) in HG animals with
respect to their HC counterparts. HGS diet reduced
significantly iNOS expression and the inflammation
ratio with respect to the other three experimental diets
(at least p<0.05).

HG reduced liver TNF-α (p<0.05) while HGS re-
duced liver iNOS and TNF-α levels (all p<0.05) with
respect to the HC diet. In comparison with HG diet, HGS
diet improved iNOS and the inflammation index but
increased liver TNF-α levels (p<0.05). Plasma TNF-α
values were higher in HG than in HC rats (p<0.05).
However, HGS diet significantly reduced plasma
TNF-α vs. all other tested diets (at least p<0.05).

Discussion

Present results show for the first time that the consump-
tion of squid surimi added with glucomannan highly

arrested the negative effect of cholesterol feeding on
cholesterolemia and antioxidant status in fa/fa rats, al-
though induced negative proinflammatory effects. The
inclusion of small amounts of spirulina in the
glucomannan-squid surimi blocked those negative ef-
fects but enhanced the hypolipemic and antioxidant
effects of glucomannan-squid surimi.

In order to control the results of the present study in
the fa/fa rats fed cholesterol-enriched diets, the inclusion
of a fa/fa group fed control diet in the study was obliged.
Nonetheless, it has to be pointed out that these results
were also included in other parallel study testing the
effect of glucomannan and and/or glucomannan plus
spirulina in the frame of non-added cholesterol diets
where squid surimis were tested [33].

Body and liver weight, fat, and cholesterol

According to a previous study fromAguirre et al. [2], all
fa/fa rats became obese. Hepatomegalia and steatosis
have been previously observed in fa/fa rats suffering
frommetabolic syndrome [8]. Results reveal that dietary
cholesterol reduced body weight but increased liver
weight and hepatosomatic index and this organ fat and
cholesterol contents, suggesting that a high cholesterol
dietary enrichment aggravates liver enlargement in this

Table 3 Liver antioxidant enzymes expressions and activities of fa/fa rats fed modified AIM-93 diet containing control-surimi (C) and fa/fa
rats fed cholesterol-enriched modified AIM-93 diet containing control-surimi (HC), glucomannan-surimi (HG), and glucomannan-surimi
plus spirulina (HGS)

C HC HG HGS ANOVA (p)

SOD

CuZnSOD expression (% vs. C) 100.00±30.86ab 130.47±19.66a 119.69±35.92ab 53.17±17.04b <0.001

MnSOD expression (% vs.C) 100.00±17.62c 3781.8±1076.30a 288.07±49.67b 110.69±13.49c <0.001

SOD activity (U/mg protein) 0.11±0.04b 0.20±0.01a 0.15±0.02b 0.15±0.02b <0.001

CAT

CAT expression (% vs. C) 100.00±23.45a 45.98±3.86c 54.21±8.08bc 59.24±3.17b 0.001

CAT activity (U/mg protein) 58.45±17.60 49.58±18.75 48.32±13.92 52.62±8.64 0.87

GPx

GPx expression (% vs. C) 100.00±14.86a 51.90±10.94b 90.45±28.09a 55.97±22.33b 0.013

Se-GPx activity (U/mg protein) 8.79±4.67 9.82±1.54 8.13±1.19 7.96±1.53 0.074

Non-Se-GPx activity (U/mg protein) 6.47±4.70 9.32±1.18 7.13±0.88 8.12±1.42 0.019

Total GPx activity (U/mg protein) 15.26±8.81ab 19.14±2.61a 15.26±1.67b 16.08±2.93b 0.037

GR

GR expression (% vs. C) 100.00±16.57b 149.72±37.29ab 124.73±23.41b 182.28±19.84a 0.001

Values (mean±standard deviation of eight rats per group) within a row with unlike letters were significantly different (a>b>c, post hoc
Bonferroni test or T2 of Tamhane, p<0.05)
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animal model already fed with a high saturated fat diet.
Results agree with previous reports in Wistar rats fed
semisynthetic cholesterol-enriched diets [4, 28].

Glucomannan addition to restructured squid surimi
diet added with hypercholesterolemic agent reduced
liver weight and fat and the hepatosomatic index in
comparison to the HC diet. Thus, these results can be
attributed to the dietary inclusion of konjac fiber. How-
ever, spirulina addition decreased liver cholesterol, sug-
gesting that some ingredients of spirulina (e.g., omega-3
fatty acids, polyphenols) exert this extra effect. We are
far from knowing the precise mechanism involved.

Plasma lipids and CYP7A1 expression

The dyslipemic profile of the control group was similar
to the one reported by Aguirre et al. [2]. This effect
could be ascribed, at least partially, to the ability of

glucomannan to create a matrix which partially blocks
fat, cholesterol and bile acid absorption [11].

CYP7A1 is a hemo enzyme of the cytochrome P450
protein family which helps to remove cholesterol from
the liver via bile acid, generating free radicals [29].
Glucomannan addition increased CYP7A1 expression,
helping to improve cholesterol excretion from the liver.
Spirulina inclusion did not display extra effects on
CYP7A1 expression, although in previous studies on
hypercholesterolemic rats fed algae, this expression
were found to increase [28].

Total, reduced, and oxidized glutathione levels

The present results clearly suggest a decline of the
glutathione status, given by the redox index, in compar-
ison to that found in Wistar rats fed cholesterol enriched
diets [28]. However, the redox index was higher when

Fig. 2 Effects of cholesterol enriched diets containing
glucomannan-squid surimi added or not with spirulina on major
enzymatic antioxidants, determined by western blotting. 2.1. Effects
on superoxide dismutase (SOD) level. 2.2. Effects on catalase (CAT)
level. 2.3. Effects on glutathione peroxidase (GPx) level. 2.4. Effects
on glutathione reductase (GR) level. Bars (mean±standard deviation
of eight rats per group) bearing unlike superscript letters were signif-
icantly different (a>b>c, post hoc Bonferroni test or T2 of Tamhane,

p<0.05). A representative band of each enzyme result is set together
to aβ-actin band, used as a loading control. C, fa/fa rats fed modified
AIM-93 diet containing control-surimi; HC, fa/fa rats fed cholesterol-
enriched modified AIM-93 diet containing control-surimi; HG, fa/fa
rats fed cholesterol-enriched modified AIM-93 diet containing
glucomannan-surimi; HGS, fa/fa rats fed cholesterol-enriched mod-
ified AIM-93 diet containing glucomannan-surimi plus spirulina
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glucomannan was added to cholesterol enriched diet.
Similar tendencies were observes in fa/fa rats fed non-
added cholesterol diets containing squid surimis [33].
Fiber is known to act as an antioxidant [17]; thus sug-
gesting the ability of glucomannan to scavenge free
radicals.

Antioxidant enzyme activities, levels, and expressions

A comparison of these activities with previous results in
Wistar rats shows that C and HC rats in the present study
displayed similar values of SOD but four times higher
Se-GPx values and six to eight times lower CAT values
in rats fed with and without added cholesterol than in
Wistar rats [4, 28], suggesting antioxidant status impair-
ment in fa/fa rats, as previously discussed for GSH and
GSSG.

The tremendous increase in MnSOD expression to-
gether with the 73 % increase in SOD activity, was not
observed in a parallel study performed in non-
cholesterol fed-fa/fa rats [33], suggesting that cholester-
ol feeding and/or cholesterolemia regulation fueled a
process linked to O2

− production and elimination in
HC rats. The CYP7A1 enzyme implies O2

− production
[29], which would explain the observed increase in
SOD. However, the SOD increase was coupled with
an increase of total GPx (40 %, 15.26 vs. 19.14 mmol
NADPH/min/mg protein) but not of CAT. In fact, the
CAT/GPx activity ratio was reduced almost to the half in
HC rats vs. C rats. We are far from understanding the
mechanism involved. A decrease in CAT, together with
the decrease in NADPH needed for a normal GSSG/
GSH pathway, has been reported in diabetes [34]. Pre-
liminary data suggest that HC rats presented higher
insulinemia than C rats (18.57 vs. 10.81 μ UI/mL; p=
0.017); that would explain, at least in part, data on the
redox index, that in turn appears as a consequence of the
tendency of GPx activity to increase (Tables 2 and 3,
Fig. 1). Nonetheless, there would have to be some
modulations in the expressions and levels of GPx and
GR to avoid excess conversion of GSH to GSSG. In
fact, the ratio of GPx/GR expressions was lower in HC
vs. C animals (0.31 vs. 1, respectively).

HG vs. HC diet reduced SOD activity (Table 3)
suggesting that less ROS (O2

−) is produced. In fact,
the MnSOD expression was reduced considerably
(Table 3). The increase in GPx expression appears to
be linked to H2O2 elimination. Here, again, no clear
explanation is available, but the increase in CYP7A1

Fig. 3 Effects of cholesterol enriched diets containing
glucomannan-squid surimi added or not with spirulina on inflam-
mation biomarkers, determined bywestern blotting. 3.1. Effects on
endothelial nitric oxide synthase (eNOS) level. 3.2. Effects on
inducible nitric oxide synthase (iNOS) level. 3.3. Effects on tumor
necrosis factor alpha (TNF-α) level. Bars (mean±standard devia-
tion of eight rats per group) bearing unlike superscript letters were
significantly different (a>b>c, post hoc Bonferroni test or T2 of
Tamhane, p<0.05). A representative band of each enzyme result is
set together to a β-actin band, used as a loading control. C, fa/fa
rats fed modified AIM-93 diet containing control-surimi; HC, fa/fa
rats fed cholesterol-enriched modified AIM-93 diet containing
control-surimi; HG, fa/fa rats fed cholesterol-enriched modified
AIM-93 diet containing glucomannan-surimi; HGS, fa/fa rats fed
cholesterol-enriched modified AIM-93 diet containing
glucomannan-surimi plus spirulina

Glucomannan squid surimis in hypercholesterolemia 619



expression and the lower cholesterol levels of HG with
respect to HC animals, could at least partially explain
those results. The redox index improvement in HG vs.
HC rats appears to be related to the decrease in GPx
activity (Table 3). Preliminary data on these fa/fa rats
suggest that insulinemia was lower (21%) in HG than in
HC positively affecting GSSG/GSH pathway as report-
ed by Winiarska et al. [34].

The addition of spirulina to HG diet induced impor-
tant changes. GPx and MnSOD expression decreased.
Levels of GR and GPx also diminished, suggesting that
the GSH ↔ GSSG pathway was less active. Spirulina
contains bioactive compounds of recognized antioxi-
dant activity [23], explaining the need for less antioxi-
dant enzymes. It also seems possible that spirulina or its
ingredients modulate the gene expression of these anti-
oxidant enzymes. It can be speculated again that the
relationship of the GSH/GSSG pathway and
insulinemia, as HGS rats presented much lower
insulinemia than HC rats (5.75 vs. 18.57 μU/mL;
p<0.001).

Inflammation biomarkers

HC diet ingestion increased both eNOS and iNOS ex-
pressions keeping stable the inflammation index with
respect to the C diet. The consumption of glucomannan
in squid surimi did not modify thus parameters suggest-
ing that this fermentable fiber did not affect NOS system
in our experimental conditions. However, glucomannan
plus spirulina largely decreased the iNOS expression.
Spirulina contains C-phycocyanin that present anti-
inflammatory effects [19]. The anti-inflammatory ef-
fects of glucomannan plus spirulina were also observed
in fa/fa rats fed squid surimis in the frame of non-added
cholesterol diets [33].

C rats presented very high plasma TNF-α values,
approximately 3.4-times higher than reported by Plaza-
Díaz et al. [25] in obese fa/fa rats, suggesting consider-
able inflammation caused by the high dietary consump-
tion of saturated fat in this sensitive model. These data
suggest that cholesterol feeding further increased the
liver inflammation present in fa/fa rats, although there
seems to have been a compensatory effect from activa-
tion of nitric oxide production. Mells et al. [22] reported
increased TNF-α on a high-fat, high-cholesterol fed
metabolic syndrome murine model, suggesting a clear
relationship between cholesterol feeding and liver
inflammation.

Plasma TNF-α values were augmented by cholester-
ol feeding in the glucomannan group. However, HGS
diet significantly reduced plasma TNF-α, suggesting
anti-inflammatory effects of spirulina. We are far from
having an understanding of the mechanisms involved in
differences between liver and plasma levels. Raju and
Bird [26] proposed that increased levels of plasma
TNF-α are in part due to its rapid release from other
tissues to the vascular bed, including that released from
the fatty liver. Thus, the increase in plasma could be due
to higher liver TNF-α release induced by an inflamma-
tory reaction. Glucomannan has been posited as a cause
of jaundice and increased transaminase counts after the
exclusion of other causes of liver injury such as alcohol
consumption [10]. Spirulina contains omega-3 polyun-
saturated fatty acids and C-phycocyanin. The former
have anti-inflammatory effects [19], and the structure
of the latter is very similar to biliverdin, a free radical
scavenger and NADPH oxidase inhibitor [35], which
would at least partially explain the present results.

Some potential limitations of the present paper are as
follows: (a) only male growth fa/fa rats were used, (b)
the study was performed with only one level of
glucomannan or glucomannan plus spirulina added to
squid surimi, and( c) only one dose of hypercholester-
olemic agent was tested. Future studies should assess
potential benefits of different levels of glucomannan/
and glucomannan plus spirulina-squid surimis and in
an ampler age range of fa/fa rats and their possible
extrapolation to obese and dyslipidemic humans.

Conclusions

Adding cholesterol to a high-energy, high-saturated-fat,
squid-surimi diet increased cholesterolemia in fa/fa rats,
leading to antioxidant status impairment. Glucomannan
addition to a cholesterol-enriched squid-surimi diet pro-
duced strongly hypolipemic effects, improving antioxi-
dant status but inducing proinflammatory effects. The
inclusion of spirulina maintained the hypolipemic ef-
fects, enhanced the antioxidant benefits, and partially
blocked the negative proinflammatory effects induced
by glucomannan.More studies are needed to understand
the effects induced by HG and HGS diets in the gluta-
thione and NOS systems, and hence to ascertain the
utility of including different doses of these ingredients
in the diet to determine the optimal dosage for functional
food design and to avoid potential liver damage.
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