N
N

N

HAL

open science

Effect of spirulina and silicon-enriched spirulina on
metabolic syndrome features, oxidative stress and
mitochondrial activity in Zucker fatty rats

Joris Vidé, Béatrice Bonafos, Gilles Fouret, Francois Casas, Bernard Jover,

Nicolas Jouy, Christine Feillet-Coudray, Sylvie Gaillet, Charles Coudray,

Christine Feillet-coudray

» To cite this version:

Joris Vidé, Béatrice Bonafos, Gilles Fouret, Francois Casas, Bernard Jover, et al.. Effect of spir-
ulina and silicon-enriched spirulina on metabolic syndrome features, oxidative stress and mito-
chondrial activity in Zucker fatty rats. Journal of Food Biochemistry, 2019, 43 (9), pp.e12979.

10.1111/jfbc.12979 . hal-02281123

HAL Id: hal-02281123
https://hal.science/hal-02281123

Submitted on 24 Jun 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-02281123
https://hal.archives-ouvertes.fr

Effect of spirulina and silicon-enriched spirulina on metabolic
syndrome features, oxidative stress and mitochondrial activity

in Zucker fatty rats

Joris Vidé! | Béatrice Bonafos! | Gilles Fouret! | Francois Casas® | Bernard Jover?

Nicolas Jouy® | Christine Feillet-Coudray® | Sylvie Gaillet! | Charles Coudray?!

1DMEM, INRA, University of Montpellier,
Montpellier, France

2PhyMedExp, INSERM, CNRS, Université
Montpellier, Montpellier, France

3Phyco—Biotech SAS, Montpellier, France

Correspondence

Charles Coudray, UMR 866 Dynamique
du muscule aire & Métabolisme, Centre
INRA de Montpellier, 2 Place Viala, 34060
Montpellier, France.

Email: Charles.coudray@inra.fr

Funding information

The results of this work are part of the
Spirulicium Cardio project co-funded by
the Occitanie region (France) and by the
European Regional Development Fund

Abstract

The use of Spirulina platensis (Sp) as a functional food was suggested decades ago.
Biological incorporation of Silicon (Si) into Sp increases its bioavailability for potential
food supplement applications. This work aimed at determining the effects of Sp and
Si-enriched Sp (Sp+Si) on metabolic syndrome features in Zucker fatty rats. Thirty
Zucker fatty rats were divided into three groups and supplemented with placebo or
Sp or Sp+Si croquettes for 12 weeks. Food consumption, glucose intolerance, hepatic
steatosis, and mitochondrial and oxidative stress were determined. Zucker fatty rats
exhibited several hepatic metabolic alterations as well as mitochondrial and oxidative
stress perturbations. The intake of Sp increased plasma TG levels and decreased the
hepatic NADPH oxidase activity and ameliorated transitorily the glucose intolerance.
However, Si-spirulina does not appear to have more beneficial effects than spirulina
alone. Other experiments with different species of rats/mice, different diets, or dura-

tions of diet intake should be undertaken to confirm or infirm these results.

Practical applications

Glucose intolerance and hepatic steatosis, two major components of metabolic
syndrome, are increasing and becomes a major public health issue. Use of Spirulina
platensis (Sp) as a functional food was suggested as a protein-dense food source.
Bioavailable silicon (Si) may be an essential nutrient for higher animals, including hu-
mans. Sp but not Sp+Si decreased liver NADPH oxidase activity and improved transi-
torily glucose tolerance. This is the first study where Sp and Sp+Si effect on glucose
intolerance is reported in Zucker rat. Other experiments should be undertaken to
confirm or infirm invalidate the beneficial effects of Sp+Si supplement in the meta-

bolic syndrome features.
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Abbreviations: AGEs, advanced glycoxidation end products; ALAT, alanine transaminase; AUC, area under the curve; FA, fatty acids; FFA, free fatty acid; GPx, glutathione peroxidase;
GSH, glutathione; GssG, oxidized glutathione; HOMA-IR, homeostasis Model Assessment-Insulin Resistance; ROS, reactive oxygene species; SOD, superoxide dismutase; TBARS,
thiobarbituric acid reactive substances; TG, triglycerides; p-HAD, p-hydroxyacyl-CoA dehydrogenase.



1 | INTRODUCTION

Spirulina platensis (Sp) and its processing products are employed in
agriculture, food industry, pharmaceutics, perfumery, and medicine
(Hosseini, Khosravi-Darani, & Mozafari, 2013). Indeed, Sp has several
pharmacological activities such as antimicrobial, anticancer, metallo-
protective (Konickova et al., 2014), as well as immunostimulant and
antioxidant effects due to its rich content of protein, polysaccharide,
lipid, essential amino and fatty acids, dietary minerals, and vitamins
(Lupatini, Colla, Canan, & Colla, 2017). Recently, Sp supplementation
at a dose of 1 g/d for 12 weeks was showed to be effective in mod-
ulating body weight and appetite and partly modifies serum lipids in
obese individuals (Zeinalian, Farhangi, Shariat, & Saghafi-Asl, 2017).
This can further confirm the efficacy of this herbal supplement in
control and prevention of obesity and obesity-related disorders. Sp
is particularly suitable for the production of specific bioactive com-
pounds and nutritional elements, in particular minerals, that they are
able to accumulate in an organically biotransformed form. Several
reports have described successful enrichment of Sp biomass in se-
lenium, iron, or chromium (Chen, Wong, & Zheng, 2006). So, a new
type of food supplements has thus been developed and could serve
as a rich source of bioavailable trace elements (Cases et al., 2002;
Mazo, Gmoshinski, & Zorin, 2007).

Evidence exists indicating that Silicon (Si) may be an essential
nutrient for higher animals, including humans (Price, Langford, &
Liporace, 2012). The biological importance of Si has to be consid-
ered in the context of its body specific distribution. The highest con-
centrations are found in bone and connective tissues, such as aorta,
tendons, and skin, where Si appears to act positively on extracellular
matrix turnover via collagen and elastin synthesis (Jugdaohsingh,
Watson, Pedro, & Powell, 2015). Indeed, Si supplementation has
been reported to have beneficial effects on these tissues, especially
bones and skin. In contrast, Si deficiency has been associated with
detrimental effects on bone mineralization and growth and on skin
elasticity and healing (Price, Koval, & Langford, 2013).

The prevalence of major metabolic syndrome components,
namely glucose intolerance and hepatic steatosis, diabetes, and
cardiovascular diseases, is rapidly increasing and becomes a major
public health issue (O'Neill & O'Driscoll, 2015). The importance of
Si has been indeed demonstrated in cardiovascular pathophysiology,
namely in the prevention of atherosclerosis being highly concen-
trated in the aorta. Indeed, several studies have shown an inverse
relationship between the ingestion of Si and the development
of atherosclerosis (Loeper, Goy, Fragny, Troniou, & Bedu, 1988).
Furthermore, Si supplementation has been shown to reduce hyper-
tension and increase antihypertensive and antiatherogenic gene ex-
pression in the aorta of spontaneously hypertensive rats (Maehira et
al., 2011). Incorporating Si into Sp could so be a way to produce bio-
available Si-enriched food supplements. Therefore, and in line with
the antioxidant, hypolipidemic, and antiinflammatory properties of
Sp and the reported beneficial effects of Si, we undertook this work
to determine the potential effects of Sp and Sp+Si supplements
on the major metabolic syndrome components, namely glucose

intolerance and hepatic steatosis and their associated metabolic al-
terations, specifically inflammation, oxidative stress, and mitochon-
drial dysfunction, in a large chronic study of 12 weeks, in Zucker
fatty rat. Our results showed that dietary intake of Sp but no Sp+Si
supplement could decrease the liver enzymatic activity of NADPH
oxidase and improve transitorily glucose tolerance. However, Si sup-
plementation of spirulina does not appear to have more beneficial/

adverse effects than spirulina alone.

2 | MATERIALS AND METHODS

2.1 | Animals and diets

Thirty young male Zucker fatty rats (Charles River, LArbresle, France)
aged 6 weeks (weighing 190-200 g) were housed (two per cage) under
conditions of constant temperature (20-22°C), humidity (45%-50%),
and a standard dark cycle (20.00-08.00 hr). The rats were randomized
into three groups of 10 animals each and fed for 12 weeks a semi-pu-
rified control diet (See Supplementary Table S1) and rats were sup-
plemented with placebo or Sp or Sp+Si croquettes for 12 weeks. Our
institution guidelines for the care and use of laboratory animals were
observed and all experimental procedures were approved by the local
ethical committee in Montpellier, France (Reference CEEA-LR-12002).

2.2 | Preparation and administration of Sp and
Sp+Si croquettes

Sp and Sp+Si were produced and the administered croquettes were
prepared by Phyco-Biotech, Lunel, France as previously described
(Vide et al., 2018). Small croquettes of placebo, Sp, or Sp+Si (about
30 mg) were administered daily orally with a small forceps. The rats
of each group received a placebo croquette (Zucker group), a Sp cro-
quette (28.5 mg/kg body weight, Zucker+Sp group), or a Sp+Si cro-
quette (28.5 mg Sp with 0.57 mg Si/kg body weight, Zucker+Sp+Si
group). Sp dosage and its Si content (2%) were determined accord-
ing to previous studies (Vidé, Romain, et al., 2015) and this corre-
sponds to daily intake of about 2,000 mg of Sp and 40 mg of Si for
a 70 kg-human (Reagan-Shaw, Nihal, & Ahmad, 2008). Zucker rats
were given free access to tap water and food and their body weight

and food consumption were recorded weekly.

2.3 | Oral glucose tolerance test

The oral glucose tolerance test (OGTT) was performed in the mid-
dle and at the end of the study as previously described (Aoun et
al., 2012). Briefly, 6-hr fasting rats received by gavage 2.5 g glu-
cose/kg body weight. Blood was collected through the tail vein of
conscious rats immediately prior to the gavage, and 20, 40, 60, 90,
120, and 180 min afterward and blood glucose was measured on
a whole blood drop using glucose strips and a commercial glucom-
eter (ACCU-CHEK performa, Roche Diagnostics). The area under the
curve (AUC) values were calculated by the trapezium method. The
AUC values are expressed as g glucose.l™ /180 min.



2.4 | Animal sacrifice and blood and tissue sampling

The 16 hr-fasted rats were anesthetized with pentobarbital (40 mg/
kg b.w) and blood was drawn from the inferior vena cava with 10 ml
syringes. Blood tubes were centrifuged at 1,000 g for 10 min at 4°C,
plasma or serum were collected and stored at —80°C until analysis.
Liver, muscles and adipose tissue were removed, rinsed with 0.9%

of NaCl, weighed and frozen in N2 and kept at —80°C until analyses.

2.5 | Blood biochemical analyses

Plasma glucose levels were measured by enzymatic techniques
(Konelab, Thermo Electron Corp, Vantaa, Finland). Plasma levels of
insulin, leptin, adiponectin (Linco Research, St Charles, Missouri,
USA) and IL-6, TNF-a, and MCP-1 (Invitrogen, Life Technologies,
Cergy Pontoise, France) were quantified with ELISA kits accord-
ing to the manufacturers’ instruction. Insulin resistance (IR) was
evaluated by the homeostasis model of IR (HOMA-IR) formula:
[(fasting plasma glucose level, mmol/L x fasting plasma insulin
level, mlU/L)/22.5].

2.6 | Blood and liver lipid levels and
histological analysis

Serum levels of total cholesterol, triglycerides (TG), and free fatty
acids (FFA) were measured by enzymatic techniques (Konelab,
Thermo Electron Corp, Vantaa, Finland).

Liver samples were homogenized in 0.9% NaCl solution con-
taining 0.1% of Triton X-100 using a Polytron homogenizer. Total
cholesterol, TG, and FFA levels were quantified on the liver ho-
mogenate by enzymatic methods (Cholesterol RTU kit; TAG PAP
kit, Biomerieux, Lyon, France and Wako-NEFA-C kit, Oxoid,
Dardilly, France).

For microscopic studies, liver samples were frozen-fixed and 5-
micron serial tissue sections were processed. Liver injury, such as
steatosis, was evaluated by histological examination after Oil Red O
(ORO) staining as previously described (Djohan et al., 2018). Results
are expressed as the percentage of total area within the field stained
by ORO. At least 10 fields per sample have been examined and
scored.

2.7 | Enzymatic activitiy of hepatic NADPH oxidase

NADPH oxidase dependent-superoxide anion production was deter-
mined on rat liver samples as previously described (Feillet-Coudray
et al., 2009). Briefly, liver homogenates were incubated at 37°C for
30 min in the presence or absence of Diphenyleneiodonium (DPI), a
NADPH oxidase inhibitor. Lucigenin-enhanced chemiluminescence
was assessed to determine O, generation after adding NADPH,
the substrate for NADPH oxidase. The chemiluminescence sig-
nals were measured by a microplate luminometer LB96V (Berthold
Technologies, Yvelines, France). The results were expressed as rela-
tive light units (RLU) and were corrected for protein concentration.

2.8 | Liver mitochondrial respiratory
complex activities

Citrate synthase (CS) activity was measured according to Srere
(1969). The enzymatic activity of the complex | was measured ac-
cording to Janssen et al. (2007), the complex Il (ClI) and the complex
11+111 (CII+ClII) according to Rustin et al. (1994) and the cytochrome
c oxidase (COX) was measured according to Wharton and Tzagoloff
(1967) by following the oxidation of Cytochrome C at 550 nm. In ad-
dition, the enzymatic activity p-hydroxyacyl-CoA dehydrogenase (-
HAD) was determined by a spectrophotometric technique according
to Clayton et al. (2001).

2.9 | Blood and liver oxidative stress parameters

Thiobarbituric acid-reactive substances (TBARS), representing
lipid peroxidation levels, were measured in plasma according to the
method of Yagi (1984) and in liver homogenates according to the
method of Sunderman, Marzouk, Hopfer, Zaharia, and Reid (1985).
Protein oxidation was assessed in plasma and liver supernatant by
measuring the sulfhydryl groups using the Ellman reagent (Jocelyn,
1987). Advanced oxidation protein product was assessed by moni-
toring the optical density at 430 nm after simple dilution in PBS-ace-
tic acid buffer (Witko-Sarsat et al., 1998).

Total glutathione (GSH) and oxidized GSH (GssG) were measured
in blood and liver homogenate according to the method of Griffith
(1980). Catalase activity was measured in red blood cells (RBC) and
liver supernatant according to the method of Beers and Sizer (1952).
Glutathione peroxidase (GPx) was measured in plasma and liver
supernatant according to the method of Flohe and Gunzler (1984).
Superoxide dismutase were measured in plasma and liver superna-
tant according to the method of Marklund (1976).

2.10 | Real-time quantitative RT-qPCR analysis

Gene expression of major players of lipid metabolism and redox
status was measure by real-time Quantitative Polymerase Chain
Reaction (RT-qPCR). Liver total RNA was extracted with Trizol rea-
gent (Invitrogen Life Technologies, Cergy Pontoise, France). Reverse
transcription reaction was performed with 2 pg total RNA. cDNA
was synthesized with the use of SuperScript || Reverse Transcriptase
for first strand cDNA synthesis (Invitrogen Life Technologies, Cergy
Pontoise, France) and Oligo (dT) primers. The mRNA expressions of
target genes were determined by RT-qPCR, using IQTM SYBR Green
Supermix (Biorad, Hercules, CA, USA) with a MiniOpticon detection
system (Biorad, Hercules, CA, USA). Data were normalized to Ppia
used as reference gene. The primer sequences used for real-time RT-

PCR are shown in the supplementary Table S2.

2.11 | Statistical analysis

Data are expressed as means = SD with n = 9-10 animals per group.
One-way ANOVA test, with the Fischer test as a posttest, was



used to detect statistical significance among the four experimental
groups. The limit of statistical significance was set at an « level of
p < 0.10. Means in a row with different letters differ. Statistical anal-
ysis data was performed using the StatView program (SAS Institute,
Cary, NC, USA).

3 | RESULTS

3.1 | Dietary consumption and rat body and organs
weights

The cumulative dietary intake (g/rat) of the three groups is shown
in the Figure 1a. The daily dietary intake (g/day/rat) was tended
to decrease with Sp and Sp+Si supplements (1B). The slight de-
crease in dietary intake, observed on the Figure 1b, was without
significant effect on the body weight evolution during this study
(Figure 2a). Indeed, the final body weight as well as the body weight
gain remained unchanged among the three groups (Figure 2b,c). As
expected, liver and adipose tissue weights were markedly high in the
Zucker rats (about 25 g each) but the Sp or Sp-Si supplements had
shown no significant effect on these two parameters (Figure 2d,e).

3.2 | Glucose tolerance and blood lipid parameters

Oral glucose tolerance test (OGTT) was carried out twice; at the 6th
and the 11th weeks of diet. The Figure 3a,b show the blood glucose
evolution after oral glucose gavage. During the first OGTT test, the
area under the curve (AUC) was significantly decreased with the Sp

diet compared to the other two groups. However, neither Sp nor
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Sp+Si supplement was efficient to modify this parameter during the
second OGTT test.

As shown in Table 1, Si and Sp+Si supplements remained without
effect on blood levels of glucose, insulin, and as well as leptin and
adiponectin. Consequently, HOMA-IR index remained statistically
unchanged (Table 1). Surprisingly, blood TG levels were increased
with the Sp diet but not with the Sp+Si diet compared to the Zucker
rats, whereas blood cholesterol and FFA levels remained statistically
unchanged (Table 1). In line with this, both Si and Sp+Si supplements
did not affect the enzymatic activtity of the blood paraoxonase.
Indeed, plasma paraoxonase, bound to high-density lipoproteins
(HDL), prevents the oxidation of LDL, and scavenges oxidized phos-

pholipids, thus protecting from atherogenesis.

3.3 | Hepatic lipids and steatosis and liver integrity

Liver levels of cholesterol, TG, and FFA as well as plasma activity of
alanine transaminase (ALAT) remained statistically similar within the
three studied diets. Table 1). In agreement with the above results,
the liver histological staining with Oil Red O, reflecting steatosis,
did not show any significant difference among the studied groups
(Figure 4). More specifically, both Sp and Sp+Si supplements had
no significant effect although they tended to improve the later

parameter.

3.4 | Liver and muscle mitochondrial activity

The liver enzymatic activity of citrate synthase as well as that of the

complexes |, I, lI+lll, and IV remained unchanged among the three
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FIGURE 1 Time-course of rat food intake throughout the experiment. Note: Cumulative rat food intake during the whole study (a).
mean rat food intake (b). Data are expressed as means * SD (n = 10). One-way ANOVA test, with Fischer test as a posttest, was performed
to detect statistical significance among the three experimental groups. Statistical significance was set at an a level of p < 0.10. Means with
different letters differ. Sp, spirulina supplement; Sp+Si, spirulina+silicon supplement
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FIGURE 2 Time-course of rat body weight and rat characteristics throughout the experiment. Note: Time-course of rat body weight
throughout the experiment (a). Mean rat body weight at the end of the study (b). Body weight gain (final weight-initial weight/number
days of the study) (c). Rat liver weight (d). Adipose tissue weights (retroperitoneal+epididymal spots) (e). Data are expressed as means + SD
(n = 10). One-way ANOVA test, with Fischer test as a posttest, was performed to detect statistical significance among the three
experimental groups. Statistical significance was set at an a level of p < 0.10. Means with different letters differ. Sp, spirulina supplement;

Sp+Si, spirulina+silicon supplement
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FIGURE 3 Oral glucose tolerance test on 6 and 11 weeks of diet intake. Note: Oral glucose tolerance test was performed on the 6th
week (a) and the 11th week (b) of diet. Rats received orally 2.5 g glucose/kg b.w. and blood was sampled before and 20, 40, 60 90, 120,
and 180 min after glucose gavage. Data are expressed as means + SD (n = 10). One-way ANOVA test, with Fischer test as a posttest, was
performed to detect statistical significance among the three experimental groups. Statistical significance was set at an a level of p < 0.10.
Means with different letters differ. Sp, spirulina supplement; Sp+Si, spirulina+silicon supplement

experimental groups (Supplemntary Table S3). In addition, the mus-
cle gastrocnemus enzymatic activity of citrate synthase as well as
that of the complexes I, I, lI+lll, and IV remained unchanged among
the three experimental groups (Supplemntary Table S3). Finally,
the enzymatic activity of liver and muscle mitochondrial 3-HAD
remained also unchanged among the three experimental groups
(Supplementary Table S3). So, both Sp and Sp+Si supplements were
without effect on liver and muscle mitochondrial activity in the
Zucker rats.

3.5 | Blood inflammation and oxidative
stress parameters

The blood levels of the three major cytokines, TNF-a, IL-6, and
MCP-1 and that of the CRP were assessed. The serum levels of these
three cytokines and that of the CRP remained unchanged among the
three experimental groups (Table 2).

Several long-established oxidative stress parameters were
measured in blood and tissues. Among the blood oxidative stress



TABLE 1 Blood glucose and lipid and

hepatic lipid parameters in the Zucker rat AL

Plasma glucose, g/L
Serum insulin, pg/L
HOMA-IR

Serum leptin, pug/L

Serum adiponectin,
mg/L

Serum triglycerides,
mM

Serum free fatty
acids, mM

Serum total choles-
terol, MM

Serum paraoxonase
activity, U/L

Serum ALAT, U/L

Liver triglycerides,
mg/g ww

Liver free fatty acids,
mg/g ww

Liver total choles-
terol, mg/g ww

Zucker Zucker+Sp Zucker+Sp+Si p
2.20+0.74 2.16 +£0.61 2.31+0.77 NS
17.3+1.6 15.2+3.2 16.8+2.7 NS
228 +91 185 + 69 224 + 53 NS
108 + 49 114 + 49 97 + 29 NS
9.56 +1.67 993 +3.17 9.59 +2.21 NS
4.34 +1.62a 6.31 +2.09b 4.47 +2.09a 0.0753
198+ 1.03 3.22+1.62 2.58 £0.56 NS
3.55+0.36 3.68 £ 1.06 4.07 £0.82 NS
394 £ 126 324 + 151 394 + 143 NS
69.8 +19.6 88.2+44.7 67.3+19.4 NS
83.8+27.1 77.2+32.0 86.7+17.0 NS
3.71 £ 0.65 3.74+£0.48 3.34+0.54 NS
7.31+1.24 6.92+1.12 7.27 +0.97 NS

Note: Data are expressed as means * SD (n = 10). One-way ANOVA test, with Fischer test as a
posttest, was performed to detect statistical significance among the four experimental groups.
Statistical significance was set at an a level of p < 0.10. Means in a row with different letters differ.
HOMA-IR, Homeostasis Model Assessment-Insulin Resistance; ALAT, alanine transaminase; Sp,

spirulina; Si, silicon.

parameters, GssG levels were significantly increased with both the
Sp and Sp+Si supplements (Table 2). All the other oxidative and
antioxidative parameters measured in this study, namely TBARS,
FRAP, sulfhydryl groups, and total GSH as well as SOD, and GPx
activities remained unchanged among the three experimental

groups (Table 2).

3.6 | Liver and muscle oxidative stress parameters

The effects of Sp and Sp+Si supplements on hepatic oxidative stress
parameters were nearly similar to those observed on blood oxida-
tive stress parameters. Only the liver NADPH oxidase-dependent
O3 production was significantly decreased with the Sp but not with
the Sp+Si supplement (Table 3). However, this decrease was not
accompanied by any major alteration in neither oxidative nor anti-
oxidative parameters. Indeed, hepatic levels of TBARS, sulfhydryl
groups, GSH, GssG, as well as the hepatic enzymatic activity of SOD,
catalase, GPx and aconitase remained unchanged. So, both Sp and
Sp+Si supplements remained without any effect on these param-
eters (Table 3).

The effects of Sp and Sp+Si supplements on muscle oxidative
stress parameters were also investigated. As shown in the supple-
mentary Table S4, all the measured parameters, namely TBARS,

sulfhydryl groups, and GSH as well as SOD, catalase and GPx ac-
tivities remained unchanged among the three experimental groups.

3.7 | Gene expression of lipid metabolism,
mitochondrial activity, inflammation, and redox status

We studied hepatic expression of genes playing a key role in lipid
metabolism, including Fat/CD36, Srebp-1c, Cpt-1, and Fasn. As shown
in Table S4, the hepatic expression of all these genes remained simi-
lar among the Zucker group and the Zucker+Sp and Zucker+Sp+Si
groups.

The gene expression of Glut2, Geck, and Pck1, controlling glucose
metabolism, were investigated. While the gene expression of Glut2
and Gck remained unchanged, that of Pck1 increased with Sp suppel-
ment but returned to the Zucker control value under the Si-enriched
Sp (Table 4). Regarding mitochondrial activity, the gene expression
of Pgc-1a and NRF1 remained unchanged, whereas that of Tfam in-
creased with Sp suppelment and returned to the Zucker control value
with the Si-enriched Sp. Finally, the hepatic gene expression of Rela,
Tnf-a, Nrf2, and Hmox1, controlling inflammation and redox status,
remained unchanged compared to the Zucker group. However, Si-
enriched Sp decreased significantly the gene expression of Hmox1,
in comparsion to the Zucker+Sp group (Table 4).
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FIGURE 4 Oil Red O staining observation of rat liver tissue and hepatic steatosis score. Note: Histologic evaluation of hepatic steatosis

in Zucker (a), Zucker+Sp (b) and Zucker+Sp+Si (c) rat groups. lllustrated images represent liver sections (400 magnification). To determine the
hepatic steatosis score, at least 10 fields were scored and averaged for each liver sample (d). Data are expressed as means + SD (n = 3-4).
One-way ANOVA test, with Fischer test as a posttest, was performed to detect statistical significance among the three experimental groups.
Statistical significance was set at an « level of p < 0.10. Means with different letters differ. Sp, spirulina supplement; Sp+Si, spirulina+silicon

supplement

4 | DISCUSSION

The present work was designed to determine the potential effects
of Sp and Sp+Si supplements on the major metabolic syndrome
features, namely glucose intolerance and hepatic steatosis and
their associated metabolic alterations, specifically inflammation,
oxidative stress, and mitochondrial dysfunction, in a large chronic
study of 12 weeks, in Zucker fatty rat. We have fixed these
both doses of Sp and Si in a prelimiary study (Vidé, Romain, et
al., 2015). The daily dose of Sp we supplied in the present study
was 28.5 mg/kg, which represents 2 g of Sp/day for un adulte of
70 kg. A wide range of spirulina supplements in human studies has
been reported. This varied from 1 g/day (Mazokopakis, Starakis,
Papadomanolaki, Mavroeidi, & Ganotakis, 2014), up to 10 g/day
(Ngo-Matip et al., 2014) with various physiopathological states and
different durations of administration. The daily dose of Si supplied
in the present study was 0.57 mg/kg, which represents 40 mg of
Si for un adulte of 70 kg which could considered as nutritional sup-
plementation. Si supplementation studies, available in humans and
animals, are generally in connection with bone metabolism, where

high amounts of Si were often administered, and considered as
pharmacological supplementations. Belles, Albina, Sanchez, and
Domingo (1999) have administered Si to pregnant mice in drinking
water at 118 and 236 mg Si/l which correspond to about 0.5 and
1 mg Si/kg b.w. In a rat study, soluble Si was given daily in water
at the dose 20 mg/kg body weight/day (Qi & Zheng, 2017). In an-
other rat study, a high dose, 250 mg Si/kg diet, and a very high
dose 750 mg Si/kg diet were tested in ovariectomized rats under
calcium-replete condition (Bu, Kim, & Choi, 2016). In a mouse
study, Si was administered orally in the drinking water as a form of
sodium metasilicate at different doses (250, 500, and 750 mg/L)
for 4 weeks (Kim, Kim, Jung, & Choi, 2014).

It is well known that Zucker fatty rats presented obesity, insulin
resistance, hyperlipidemia, and high liver weight associated with overt
steatosis (Saito et al., 2018). These characteristics and metabolic alter-
ations are generally reported to be associated with high free radical
production and oxidative stress onset (Raza, John, & Howarth, 2015).
Our results indicate that Sp, but not Sp+Si supplement, has shown
some moderate effects on rat characteristics and blood/hepatic met-

abolic parameters. Globally, Sp supplement increased serum TG level,



TABLE 2 Blood inflammation and

oxidative stress and antioxidant status in Rarameter Zucker AAELER ZuciersSpas| .
the Zucker rat Inflammation
parameters
Serum TNFa, ng/L 13.4+1.5 127 +1.6 13.6 +1.7 NS
Serum IL-6, ng/L 157 +6.1 13.8+6.3 124+ 3.2 NS
MCP-1, ug/L 38.8+16.8 36.9 £15.0 37.2+8.2 NS
CRP, mg/L 455 + 107 412 + 130 438 + 115 NS

Oxidative stress and
antioxidant status

Plasma TBARS, uM 124+1.6 13.6 £2.0 13.1+£21 NS
Plasma FRAP, uM Eq 10.8+4.1 152+ 6.9 13.3+9.2 NS
Fe?/L
Plasma SH Gp, mM 0.47 £ 0.07 0.54 £0.07 0.53+0.12 NS
Blood GSH, uM 701+ 62 694 + 63 707 + 141 NS
Blood GssG, uM 3.97 +4.04a 10.67 + 5.54b 8.79 £4.22b 0.0146
Blood GssG/GSH 1.08 + 1.00a 3.04 + 1.61b 2.52 +1.20b 0.0095
RBC catalase, KU/mL 777 £4.6 757 £34 74.7 £5.0 NS
Plasma SOD, U/L FiL.5 &= 30 32.6+4.6 30.0+3.1 NS
Plasma GPx, U/L 28.5+2.38 28.6+ 6.6 30.1+4.4 NS

Note: Data are expressed as means + SD (n = 10). One-way ANOVA test, with Fischer test as a
posttest, was performed to detect statistical significance among the four experimental groups.
Statistical significance was set at an a level of p < 0.10. Means in a row with different letters differ.
TNF-a, tumor necrosis factor-a; IL-6, interleukine 6; MCP-1, Monocyte chemoattractant protein
1; CRP, C-reactive protein; TBARS, thiobarbituric acid reactive substances; FRAP, ferric reducing
antioxidant power; SH Gp, sulfhydryl groups; GSH, glutathione; GssG, oxidized glutathione; RBC,
red blood cells; SOD, superoxide dismutase; GPx, glutathione peroxidase; Sp, spirulina; Si, silicon.

TABLE 3 Liver oxidative stress and

Parameter Zucker Zucker+Sp Zucker+Sp+Si p antioxidant status in the Zucker rat

NADPH oxidase, AU 15.5+ 3.6a 12.3 £ 3.6b 15.0 £ 2.6a 0.0803

TBARS, nmol/g ww 87.3+18.7 98.5 +13.9 89.4+17.4 NS

-SH Gp, nmol/mg 182+ 24 169 + 40 178 + 27 NS
protein

GSH, nmol/g ww 2,540 + 356 2,332 £ 619 2,363 £ 311 NS

GssG, nmol/g ww 271+11.3 21.5+10.7 199+ 6.4 NS

(GssG/GSH) x 100 1.06 +0.39 0.89 £0.23 0.85+0.31 NS

SOD, U/mg protein 39.3+6.3 38.2+2.6 37.3+3.3 NS

Catalase, U/mg 1,185 + 103 1,133 + 102 1,191+ 73 NS
protein

GPx, mU/mg protein 6,168 + 1,255 6,652 + 527 6,334 + 762 NS

Aconitase, mU/mg 31.6£95 33.8+6.8 34.0+99 NS
protein

Note: Data are expressed as means + SD (n = 10). One-way ANOVA test, with Fischer test as a
posttest, was performed to detect statistical significance among the four experimental groups.
Statistical significance was set at an a level of p < 0.10. Means in a row with different letters differ.
TBARS, thiobarbituric acid reactive substances; SH Gp, sulfhydryl groups; GSH, glutathione; GssG,
oxidized glutathione; SOD, superoxide dismutase; GPx, glutathione peroxidase; Sp, spirulina; Si,
silicon.



TABLE 4 Gene expression of

key regulators of lipid and glucose
metabolism, inflammation and redox
status and mitochondrial biogenesis and
activity in the Zucker rat liver

Parameter

Lipid metabolism
FAT/CD36

Srebflc

Cpt-1

Fasn

Glucose metabolism
Glut2

Gcek

Pck-1

Inflammation and redox
status

NF-kB
TNFa
Nfe2I2
Hmox-1

Mitochondrial biogen-
esis & activity

Pgc-1a
Tfam
NRF-1

Zucker Zucker+Sp Zucker+Sp+Si p

100 + 61 117 + 38 85+ 28 NS
100+ 23 95+ 31 81+24 NS
100 + 37 109 £ 41 89 + 29 NS
100 + 32 116 + 48 101 £ 40 NS
100 + 32 132 +£48 95 + 42 NS
100 + 80 65 + 49 97 £ 58 NS
100 + 19a 128 + 41b 95 + 32a 0.0671
100 £ 42 103 £ 34 82+ 28 NS
100 + 27 107 + 36 91 +18 NS
100 + 32 115+ 35 96 + 32 NS
100 + 36ab 115+ 42b 74 + 27a 0.0619
100+ 40 142 + 86 81+27 NS
100 + 18a 145 + 50b 105 + 30a 0.0216
100 + 19 120 + 29 100 + 25 NS

Note: Data are expressed as means + SD (n = 10). One-way ANOVA test, with Fischer test as a
posttest, was performed to detect statistical significance among the four experimental groups.
Statistical significance was set at an a level of p < 0.10. Means in a row with different letters differ.
Fat/Cd36, Fatty acid translocase; Srebfic (Srebp-1c), Sterol regulatory element binding transcrip-
tion factor-1c; Cpt-1, Carnitine palmitoyltransferase I; Fasn, Fatty acid synthase; Glut2, glucose
transporter 2; Gek, Glucokinase; Pck1, Phosphoenolpyruvate carboxykinase 1; NF-kB (Rela p65),
Nuclear factor-kappa B (Rela = p65); Tnfa, Tumor Necrosis Factor a; Nfe2I2 (Nrf2), Nuclear factor
erythroid-2-related factor-2; Hmox1, Heme oxygenase-1; Pgc-1a (Ppargc-1a), Peroxisome prolifera-
tor-activated receptor gamma coactivator-1a; Tfam, Mitochondrial transcription factor A; NRF1,
Nuclear respiratory factor 1; Ppia (CypA), Cyclophiline A. Sp, spirulina; Si, silicon.

decreased hepatic NADPH oxidase activity and ameliorated glucose
tolerance at the 6th but not at the 11th week of diet, associated with
some hepatic gene expression alterations. However, Sp+Si supple-
ment does not appear to have any major beneficial/adverse effect,
except an increase in blood GssG levels in the Zucker fatty rat in the
experimental conditions of this study.

One of the major metabolic characteristics of Zucker fatty rat
is glucose intolerance and insulin resistance. As already reported,
Zucker fatty rat exhibited high plasma levels of glucose and insu-
lin and HOMA-IR index, however, both Sp and Sp+Si supplements
did not show any effect of these parameters. Based on the glucose
tolerence test, the Sp supplement, but not with Sp+Si supplement,
ameliorated significantly glucose tolerance at the sixth week but not
at the end of the experiment. It is possible that the disappearance of
this effect toward the 11 weeks may be due to a biological adapta-
tion process. However, this 6-week effect of Sp remains a good re-
sult. In obesogenic diet-fed rats (Vide et al., 2018), we have reported
that both Sp and Sp+Si supplements significantly reduced glucose
intolerance that were observed at both 6th and 11th week of the
diet. The effects of Sp and Sp+Si supplements were thus different

between Zucker fatty rat and obesogenic diet-fed rats. Rare are
the studies concerning Sp effect on glucose intolerance in Zucker
or in obesogenic diet-fed rats. In a recent study, Vidé, Virsolvy, et
al. (2015) have fed syrian hamsters for 12 weeks with an athero-
genic diet containing 10% hydrogenated coconut oil and 2 g/kg
cholesterol. They reported that Sp intake decreased blood insulin
level, whereas blood glucose remained unchanged. In diabetec rats,
Moura et al. (2011) have reported that Sp supplementation was not
able to improve serum glucose homeostasis in diabetic rats. In addi-
tion, Ou, Lin, Pan, Yang, and Cheng (2012) have investigated the pre-
ventive effect of Sp on alloxan-injured mice. They reported that Sp
ameliorates alloxan-induced diabetes mellitus by activating insulin
signaling pathway and glucokinase expression in pancreas and liver
in diabetic mice. Finally, Simon, Baskaran, Shallauddin, Ramalingam,
and Evan Prince (2018) have shown that Sp possesses significant an-
tidiabetic and antihyperlipidemic effects in streptozotocin-induced
diabetic rats by effectively reducing the rise in blood glucose levels
and lipid profile.

Another major characteristic of Zucker fatty rats is dyslipidemia
with liver fat accumulation and hepatic steatosis. Indeed, Zucker



fatty rat exhibited high plasma levels of cholesterol, TG and FFA.
Only Sp but not Sp+Si supplement increased significantly and non-
significantly plasma TG and FFA levels, respectively. In this study, the
12-week Sp and Sp+Si supplementation showed no major effects on
liver fat accumulation and hepatic steatosis. Indeed, liver contents
of cholesterol, TG and FFA as well as plasma ALAT activity remained
unchanged in the three experimental groups. Similar results have
been obtained by our group when Sp and Sp+Si supplements were
tested in obesogenic diet-fed rats (Vide et al., 2018). This is also in
agreement with our previous study performed on Syrian hamsters,
where we reported that supplementation with Sp, enriched or not,
provided no protection against liver steatosis (Vidé, Virsolvy, et al.,
2015). However, Yigit et al. (2016) have reported that Sp supplemen-
tation reduced serum cholesterol and triglyceride levels in rats fed a
high-fat diet to near control levels, with a decrease in the apoptotic
index in the groups fed a high fat or a basic diet when supplemented
with Sp. In addition, Moura et al. (2011) showed that Sp supplemen-
tation was effective in reducing total circulating levels of LDL-cho-
lesterol as well as hepatic lipids contents. In a recent study, Yousefi,
Mottaghi, and Saidpour (2018) have shown that SP, as a complemen-
tary therapy may have beneficial effects on management of weight
loss and also reduction in TG levels through possible modulatory ef-
fects on anti-inflammatory pathways. Finally, Pak et al. (2012) have
reported that Sp administration to a NASH rat model might lessen
the inflammatory response through antioxidative and anti-inflamma-
tory mechanisms, breaking the crosstalk between oxidative stress
and inflammation, and effectively inhibited NASH progression.
Liver mitochondria play a fundamental role in the development,
perpetuation and worsening of glucose intolerance and hepatic ste-
atosis. Since mitochondria are the main producers of both cellular
energy and free radicals, dysfunctional mitochondria may play a key
role in the development of insulin resistance and ectopic fat stor-
age in the liver, thus supporting the emerging idea that mitochon-
drial dysfunction is closely related to the development of obesity,
NAFLD and type-2 diabetes mellitus (Pessayre, 2007). The results
of the current study have shown that neither Sp nor Sp+Si has any
effect on hepatic or muscle mitochondrial function compared to
the Zucker rat without supplementation. In addition, the enzymatic
activity of p-HAD, a major key in the mitochondrial fatty acid oxi-
dation, also remained unchanged in both liver and muscle under Sp
or Si-enriched Sp. Although some studies have suggested possible
mitochondrial dysfunction in obese Zucker rats, many others have
failed to observe such a dysfunction. Brady and Hoppel (1983) have
studied the hepatic mitochondrial function in lean and obese Zucker
rats in the fed state and at 3 and 6 days of starvation. Their results
indicated that mitochondrial capacity to oxidize fatty acids and to
produce keto acids was not affected by genetic obesity. Another
study has reported no role for mitochondrial dysfunction in fatty
liver and insulin resistance in obese Zucker rats (Flamment et al.,
2008). Indeed, they have showed that isolated liver mitochondria
from lean and obese insulin-resistant Zucker rats had strictly the
same mitochondrial function. If mitochondrial function was not al-
tered in the Zucker fatty rat tissues, this may explain why Sp or Sp+Si

supplements had no major effect on hepatic and muscle mitochon-
drial function in this study.

The critical roles of cellular ROS and oxidative stress involved in
the pathogenesis of liver diseases have been highlighted for decades,
and accumulating evidence showed that a vicious cycle could be cre-
ated by oxidative stress and inflammation. Oxidative stress could el-
evate proinflammatory gene expression by signaling pathways such
as NF-kB, while infiltrated inflammatory cells and cytokines like IL-6
could produce more oxidative stress (Tariq, Green, & Hodson, 2014).
We have investigated in this study one of the major sources of hepatic
ROS production; namely NADPH oxidase, which is also an essential
component of redox signaling mechanisms. Indeed, abnormal acti-
vation of NADPH oxidase can lead to overproduction of superoxide
anions, which are linked to oxidative stress-induced tissue injury. In
the present study, liver NADPH oxidase dependent-superoxide anion
production was markedly decreased with the Sp supplement but not
with the Sp+Si supplement compared to the Zucker rats. Otherwise,
several long-established oxidative and antioxidative biomarkers have
been performed to assess in vivo oxidative stress in blood, liver, and
muscle. Among the blood oxidative stress markers, only oxidized glu-
tathione levels and GssG/GSH ratio were decreased with both Sp and
Sp+Si supplements compared to the Zucker rats, although enzymatic
activity of plasma GPx remained unchanged. All the other measured
oxidative stress markers in blood, liver, and muscle remained un-
changed. This may mean that the decrease in NADPH oxidase activity
was modest to alter the tissue oxidative stress markers. In the context
of this study, the Sp and Sp+Si supplements did not exhibit any major
effect on these plasma or liver or muscle oxidative stress markers.

Although we observed few significant biological effects of Sp or
Sp+Si supplements in Zucker rats in this study, we investigated at
the molecular level whether these supplements may have effects on
lipid and glucose metabolism, as well as on mitochondrial activity
and redox status, by determining the liver gene expression of key
actors controlling these metabolic pathways. The hepatic expression
of the four genes involved in the lipid metabolism, namely Fat/CD36,
Srebpic, Cpt1, and Fasn, was not affected by Sp or Sp+Si supplements
compared to the Zucker rats. This is in agreement with the biologi-
cal results where liver lipid content was not affected neither by Sp
nor by Sp+Si supplements. Regarding glucose metabolism, the gene
expression of Glut2 and Gck remained unchanged, whereas that of
Pck1 was increased with the Sp supplement but not with the Sp+Si
supplement compared to the Zucker rats. It is questionable whether
there is a possible association between the increased expression of
this gluconeogenic gene and the reduced intolerance to glucose at
6 weeks of diet under the Sp supplementation.

Regarding mitochondrial activity, Sp supplement increased the
hepatic gene expression of the mitochondrial transcription factor
A, Tfam, that plays a key role for the regulation of mtDNA replica-
tion, and therefore, for the mitochondrial biogenesis. However, this
increase was not translated into higher mitochondrial activity in this
group, probably because the gene expression of the transcription fac-
tors Pgc-1a and NRF1, playing a central role in a regulatory network
governing the transcriptional control of mitochondrial biogenesis and



respiratory function, remained unchanged. Finally, the inflammation
and the redox status were investigated by measuring the liver gene
expression of NF-kB (p65), Tnfa, Nrf2, and Hmox1. Only the gene ex-
pression of Hmox1 was increased with the Sp supplement but not
with the Sp+Si supplement compared to the Zucke rats, whereas the
hepatic expression of the three other genes remained unchanged. We
may speculate that the decrease in the NADPH oxidase activity may
be responsible for the higher gene expression of Hmox1 observed
under the Sp supplement in this diabetic animal model. Indeed, heme
oxygenases have important biological functions in vascular homeo-
stasis and NADPH oxidase has been implicated in the development
of hypertension and hypertension-related organ injuries. Indeed, it
has been recently reported that heme oxygenase-1 can modulate
production of reactive oxygen species, both in vivo and in vitro, from
NADPH oxidase, a major enzymatic source of reactive oxygen species
generation in the vascular wall (Chan, Dusting, Liu, & Jiang, 2014).

In conclusion, it is well known that Zucker fatty rats exhibited
glucose intolerance, high hepatic lipid accumulation and overt
steatosis with supposed mitochondrial dysfunction and oxidative
stress. In the present study, the Sp and Sp+Si supplements showed
very limited effects on rat characteristics and on blood, hepatic,
and muscle metabolic parameters in this animal model. Indeed, the
dietary intake of Sp supplement but not Sp+Si supplement mainly
improved transitorily glucose tolerance and decreased the enzy-
matic activity of hepatic NADPH oxidase. Overall, Si supplementa-
tion of spirulina does not appear to have more beneficial/adverse
effects than spirulina alone. Other experiments with different
species of rats/mice, different diets, or different durations of diet

intake should be undertaken to confirm or invalidate these results.
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