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Summary. Introduction: Chronic low grade inflammation is generally linked to the development of obesity-re-
lated metabolic diseases and tissue-resident macrophages play a major role in the regulation of the inflammation
markers in the tissues. The cyanobacterium Arthrospira platensis also named spirulina is a blue green microalgae
which has anti-inflammatory and anti diabetic properties. This study aimed to evaluate its potential therapeutic
benefits on insulin resistance and peritoneal macrophages arginine metabolism in experimental gerbils named
Psammomys obesus. Methods: A control group was fed its vegetable -based low caloric diet (halophilic plants). Two
experimental groups were fed a high caloric diet for 12 weeks. Spirulina, or its vehicle (0.9% NaCl solution)
were administrated daily by gastric intubation during 12 weeks. At the end of experiments, serum was collected
to assess biochemical parameters and arginine metabolism was studied from isolated peritoneal macrophages.
Results: Spirulina attenuated hyperlipidemia and prevented hyperinsulinemia, avoiding metabolic disturbances.
Psammomys fed a high caloric diet displayed macrophages arginine metabolism toward pro-inflammatory phe-
notype while spirulina supplementation maintained peritoneal macrophages’ iNOS activity similar to that of the
control group. Conclusion: Our study suggests that Ar¢hrospira platensis is effective in improving insulin sensitivity
by regulating peritoneal macrophages’ arginine metabolism.
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Introduction

Chronic low-grade inflammation is commonly
associated with the pathogenesis of several metabolic
diseases, such as insulin resistance and metabolic syn-
drome (1). Macrophages contribute to the inflamma-
tory process and their plasticity allows them to ex-
change their phenotype under certain conditions. For
example, high fat diets affect macrophage polarization
by switching their phenotype toward pro-inflammato-
ry M1 macrophages, promoting the low grade inflam-
mation and insulin resistance (2).

Based on their phenotype, macrophages differ in
the way that they metabolize arginine (3): M1 mac-
rophages metabolize arginine through the inducible

nitric oxide synthase (iNOS) pathway, producing ni-
tric oxide (NO), while M2 macrophages metabolize
arginine through the Arginase 1(Argl) pathway, pro-
ducing ornithine and urea (4).

Phytotherapy represents an alternative approach to
improve insulin sensitivity by inhibiting pro-inflamma-
tory macrophages (5). Arthrospira platensis, a cyanobac-
teria within the Oscillatoraceae family is a rich source
of proteins and essential nutrients (6). Furthermore,
antioxidant and anti-inflammatory molecules such as
c-phycocyanin, vitamins, B-carotene, phenolic com-
pounds, y-linolenic acid and minerals (7) confer to this
algae many favorable effects in preventing the metabolic
syndrome and its complications (8). Moreover, 4. plat-
ensis exert anti-inflammatory actions either by inhibit-
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ing the secretion of pro-inflammatory cytokines (9) or
by decreasing macrophage tissue infiltration (10).

Several rodent models have been used to study the
pathogenesis of metabolic syndrome. Among them, the
desert gerbil Psammomys obesus, is an established nutri-
tional model of insulin resistance and type 2 diabetes
(11). Interestingly, this rodent remains healthy in its
natural habitat when it consumes exclusively low caloric
vegetation. However, it develops metabolic dysregula-
tions when fed standard laboratory chow, which is com-
paratively a high energy food (12). To our knowledge,
no study has reported the effect of spirulina on mac-
rophage metabolism in the model Psammomys obesus.

Therefore, the present study was conducted on
insulin resistant Psammomys obesus to investigate the
effect of Arthrospira platensis supplementation on in-
sulin resistance and peritoneal macrophages polariza-
tion by assaying their arginine metabolism.

Materials and methods

Animals and diet
Psammomys obesus were captured in the area of

Beni Abbes, in the Algerian Sahara (Wilaya of Béchar:

30°7 North latitude and 2°10 West longitude). They

were housed in individual cages under controlled tem-
perature and lighting conditions (25°C, 12:12 hours
light:dark cycles), with free access to food and water.

During a 2-week acclimatization period, the animals

were fed their natural diet i.e. halophilic plants (Che-

nopodiaceae family) with a poor energy content (0,4

Kcal.g"). Thereafter, they were randomly divided into

three groups (n=6 per group):

- Control group (C) maintained on the halophilic
plants and receiving the vehicle solution (Iml of
0.9% NaCl)

- Standard group (STD) fed standard laboratory diet
and receiving the vehicle solution.

- Spirulina-treated group (SP) fed standard laboratory
diet plus the daily 1 ml of 10% A. platensis suspen-
sion by oral gavage.

The compositions of the diets are shown in Tablel.

The animals were maintained under these conditions

and body weight was controlled weekly. On the 12th

week, diets were removed from the cages 12h before

the P obesus were anesthetized, blood serum samples
and peritoneal cells were collected .

All experimental procedures were authorized by
the Institutional Animal Care Committee of the Na-
tional Administration of Algerian Higher Education
and Scientific Research, ethical approval number: 98-
11, law of 22 august 1998.

Biochemical analysis

Serum glucose, triglycerides and total cholesterol
were measured by a spectrophotometric method us-
ing commercial kits (Spinreact, Spain). Insulin was
determined by Enzyme linked Immunosorbent As-
say (DRG Insulin rat Elisa). The Homeostasis Model
Assessment of Insulin Resistance (HOMA-IR) index
was calculated as follows: (fasting glucose (mM)x fast-
ing insulin (pU.mL")/22.5 (13).

Peritoneal macrophages isolation

Peritoneal macrophages were isolated as de-
scribed elsewhere (14). They were removed by washing
the peritoneal cavity with 3 ml of RPMI (Roswelle
Park Memorial Institute) 1640 culture medium con-
taining 10% fetal calf serum (FCS) supplemented with
1% antibiotics (streptomycin 50mg.mL", penicillin 50
IU.mL", Sigma), 1.2% glutamine (Sigma-Aldrich) and
5% Hepes to maintain pH. Then, cells were adjusted
to 10° cells.mL* medium. Macrophages were purified
by adherence to the surface of non treated tissue cul-

Table 1. Composition of the diets per 100g

Diet composition ~ Natural diet (%) Standard
laboratory diet (%)

Energy Keal/g 0.4 3.25

Water 80.8 9
Minerals salts 6.8 7.1

Lipids 0.4 75
Proteins 3.5 25
Carbohydrates 2.5 47.4
Cellulose 6 4
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ture plates at 37°C for 2 h in an air/CO, (95%/5%)
atmosphere. Non adherent cells were discarded and
the remaining adherent cells (>95% macrophages (15))
were incubated in the same conditions.

After 24 h, the culture supernatant was collected
to determine the production of NO, and the cells were
lysed in Arginine Lysis Buffer for arginase activity assay.

NO assay

NO was determined as the amount of nitrite (16)
as follows: to 50 pl of culture medium, 50 pl of 1% sul-
fanilamide solution and 50 pl of 0.1% naphthylethyl-
ene diamine dihydrochloride solution were added. The
microplate was incubated in dark conditions at room
temperature for 10 min to achieve the desired maxi-
mum absorbance and read at 540 nm using microplate
reader (Biotek Instruments®, USA). The concentration
of nitrite was calculated using solutions with increased
concentrations of NaNQO, as standard curve (0.001 to

0.128 mM). Results are expressed as mM.10 cells.

Arginase assay

The arginase activity was evaluated by a method
described by Corraliza et al. (17). Briefly, 10 pl of 10
mM of MnCl, were added to 100 pl of cell lysate and
incubated at 55°C. After 10 min, 100 pl of 0.5M L-
arginine were added and the mixture was incubated for
2-3 hours at 37°C. Urea was then measured by colori-
metric reagent (Spinreact, Spain.)

The concentration of urea was calculated by com-
parison to the standard curve obtained with known
concentrations of urea (0.39 to 50mM). Data are ex-
pressed as mM.10 cells

Statistical analysis

All data are expressed as mean + standard error of the
mean (SEM). Statistical analyses were achieved by Stu-
dent’s t test using SPSS 20.0 (SPSS Inc., Chicago, IL).

Differences were considered significant at p<0.05.

Results

Effect of Spirulina on body weight and serum parameters

At the end of the experiment, P obesus fed standard
diet showed significant increase in their body weight
gain in comparison to that of controls (P<0.01), (Table
2), yet this weight gain was partly reduced with 4. plaz-
ensis treatment (Table 2). Moreover, in the STD group,
fasting blood glucose had a tendency to be slightly
higher (+34.64%) than in controls or spirulina-treated
animals, albeit no statistically significant changes were
observed (Table 2).

However, this hypercaloric diet induced a signifi-
cantly large increase in serum insulin which rose almost
277%, as compared with control animals (p<0.001).

These changes were associated with an impor-
tant increase in insulin resistance, as demonstrated by
the significantly higher value of HOMA-IR in the
STD animals as compared with the control animals
(p<0.01). Both plasma insulin and HOMA-IR values
were considerably corrected in spirulina-treated group
as compared with STD group and were close to those
of the control group (Table 2).

As presented in table 2, a dyslipidemia was re-
vealed in the STD group by the increase of serum tri-
glycerides (+180%), and total cholesterol (+101%) in

Table 2. Effect of Spirulina on body weight, glycemic homeostasis and plasma lipids in P obesus

Control (C) Standard (STD) Treated (SP)
Initial body weight (g) 80 + 4.27 80.3 +6.22 78 £3.51
Final body weight (g) 82.8+5.99 113.6 + 3.38™ 101.6 + 2.60°°
Glucose (mM) 3,002 £ 0,17 4,042 + 0,69 2,915 +0,48
Triglycerides (g.L") 0.623 +0.10 1.750 + 0.18™ 0.643+ 0.09 %
Total Cholesterol (g.L") 0.633 + 0.15 1.275 £ 0.12* 0.939 = 0.07°
Insulin (pU.ml?) 38,23 + 2,62 144,3 + 4,98 45.09 + 4,68 5%

HOMA 5,136 £ 0,56

25,652 + 4,04

5,715 £ 0,94 %
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comparison with the control animals while oral sup-

plementation of 4. platensis prevented this dyslipidem-
ia (Table 2).

Effect of spirulina on macrophages arginine metabolism

The iNOS activity was estimated from nitrites ac-
cumulation in the culture supernatant. As shown in Fig-
ure 1A, the STD group’s macrophages exhibited signifi-
cantly higher iNOS activity regarding the macrophages
stemming from the control group (p<0.05). In contrast,
no significant discrepancy of iNOS activity between
control group and spirulina group was noted.

On the other hand, arginase activity evaluated by
urea production in the lysed cells was not significantly
different in the three groups (Figure 1B).

In order to estimate the effect of spirulina on
macrophage M1/M2 polarization, the NO/Urea ratio
was calculated. This ratio was largely elevated in the
standard group as compared with the control group
(p<0.001). Nevertheless, in macrophage cultures from
spirulina-treated rats, the NO/Urea ratio decreased
substantially and was comparable to that observed in
control animals (Figure 2)

Discussion

Among such attractive novel therapeutic possi-
bilities, apirulina has caught our interest because of its

various properties. In this experiment, we studied its
efficacy on metabolic syndrome and peritoneal mac-
rophages phenotypes. Previous results from clinical
and experimental studies reported that spirulina in-
duced, at least partly, an improvement of body weight
and lipid metabolism (8, 18). In our study, after feeding
standard laboratory chow for 12 weeks, P obesus ger-
bils showed metabolic disturbances in the STD group
while the insulin sensitivity was restored by spiruli-
natreatment as indicated by normalized insulinemia,
HOMA-IR and plasma lipids profile. These results
are in accordance with previous studies that showed
beneficial effects of spirulina on metabolic abnormali-
ties and insulin resistance (19, 20).

On the other hand, it has been reported that di-
abetic-insulin resistant rats showed alteration of peri-
toneal macrophages arginine metabolism (21). High
caloric diet is associated, at least in the adipose tissue,
with a modification in macrophage polarization, as M1
polarized macrophages with high iNOS activity be-
come abundant while a decrease in arginase-expressing
M2 macrophages is observed (2, 22).

In this work, we focus our interest on the effect of
A. platensis on macrophages polarization and since M1
and M2 macrophages differ in the arginine metabo-
lism pathway (3), we exploited this difference by evalu-
ating the ratio NO/Urea in peritoneal macrophages.

Our results showed a significantly higher NO/

Urea ratio in the standard group, suggesting mac-
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Figure 1. NO (fig A) and Urea (fig B) production by mac-
rophages from control (C), standard (STD) and spirulina-

treated (SP) Psammomys obesus. Data are shown as the mean *
SEM; * P<0.05 (STD vs C); § P<0.05 (SP vs STD)

Figure 2. NO/Urea ratio calculated from NO and Urea pro-
duction by macrophages from control (C), standard (STD) and
spirulina-treated (SP) Psammomys obesus. Data are shown as the
mean + SEM; ** P<0.001 (STD vs C); § P<0.05 (SP vs STD)
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rophages polarization toward M1 macrophages, which
exacerbate insulin resistance. In contrary, despite high
caloric diet consumption, spirulina-treated group ex-
hibited a lower but non significative ratio similar to
that observed in the Control group. These results sup-
port similar beneficial outcomes of 4. platensis in hu-
man medicine. A possible explanation for this may
be linked to its diverse active ingredients which have
antioxidant and anti-inflamatory properties (7, 23).
Indeed, phycocyanin particulary has been reported to
inhibit iINOS expression in macrophages stimulated by
lipopolysaccharides (LPS) (24).

In summary, this study showed that macrophag-
es’s NO/Urea ratio is correlated with insulin resistance,
which are both affected by spirulina intake; these find-
ings suggest that spirulina administration at an early
stage of pathogenesis prevents insulin resistance at
least partly via the regulation of M1/M2 macrophages

polarization.

Funding sources

This research did not receive any specific grant from fund-
ing agencies in the public, commercial, or not-for-profit sectors.

References

1.Johnson A, Olefsky J. The origins and drivers of insulin
resistance. Cell. 2013 ; 152 (4) : 673-684

2. Lumeng C. N, Bodzin J. L, Saltiel A. R. Obesity induces a
phenotypic switch in adipose tissue macrophage polariza-
tion. J Clin Invest 2007 ; 117(1) : 175-184

3.Mills C. D. M1 and M2 macrophages: oracles of health
and disease. Critical reviews in immunology 2012 ; 32 (6) :
463-488

4. Rath M, Miller I, Kropf P, Closs E I, Munder M. Me-
tabolism via arginase or nnitric oxyd synthase: two copeting
arginine pathways in macrophages. Frontiers in Immunol-
ogy 2014 ;5 (532)

5.Leng J, Chen M H, Zhou Z H, Lu Y W, Wen X D, Yang
J. Triterpenoids-Enriched Extract from the Aerial Parts
of Salvia miltiorrhiza Regulates Macrophage Polarization
and Ameliorates Insulin Resistance in High-Fat Fed Mice.
Phytother Res 2016.

6. Sautier C, Trémoliére J. Food value of Spirulina in humans.
Annales de la Nutrition et de I’Alimentation 1976 ; (30) :
517-534.

7. Khan Z, Bhadouria P, Bisen P. Nutritional and therapeutic

potential of Spirulina 2005 ; 6 (5) : 373-379
8. Jarouliya U, Zacharia J A, Kumar P, Bisen P S, Prasad G
B. Alleviation of metabolic abnormalities induced by exces-
siffructose administration in Wistar rats by Spirulina maxi-
ma. Indian ] Med Res 2012 ; 135 : 422-428
9. Abdel Daim M M, Farouk S M, Madkour F F, Azab S S.

Anti-inflammatory and immunomodulatory effects of Spir-
ulina platensis in comparison to Dunaliella salina in acetic
acid-induced rat experimental colitis. Journal Immunophar-
macology and Immunotoxicology 2015 ; 37 (2) : 126-139

10. Fujimoto M, Tsuneyama K, Fujimoto T, Selmi C, Gershwin
M E, Shimada Y. Spirulina improves non-alcoholic stea-
tohepatitis, visceral fat macrophage aggregation, and serum
leptin in a mouse model of mtabolic syndrome. Digestive
and liver disease 2012 ; 44 : 767-774

11. Kalman R, Ziv E, Shafrir E, Bar-On H, Perez R. Psammo-
mys obesus and the albino rat—two different models of nu-
tritional insulin resistance, representing two different types
of human populations. Lab Anim 2001 ; 35 (4) : 346-352

12. Shmidt-Nielsen K, Haines H. B, Hackel D. B. Diabetes
mellitus in the sand rat induced by standard laboratory diets.
Science 1964 ; 143 (3607) : 689-690

13. Bonora E, Targher G, Alberiche M. et al. Homeostasis
model assessment closely mirrors the glucose clamp tech-
nique in the assessment of insulin sensitivity: studies in sub-
jects with various degrees of glucose tolerance and insulin
sensitivity. Diabetes Care 2000 ; 23, (1) : 57-63

14. Zhang X, Goncalves R, Mosser D. D. The Isolation and
Characterization of Murine Macrophages. Curr Protoc Im-
munol 2008 ; Author manuscript

15. Donnely S, O’Neil S M, Sekiya M, Mulcahy G, Dalton
J P. Thioredoxin Peroxidase Secreted by Fasciola hepatica
Induces the Alternative Activation of Macrophages. Infect
Immun 2005 ; 73 (1) : 166-173

16. Ignarro L. J, Fukuto J] M, Griscavage ] M, Rogers N E,
Byrns R E. Oxidation of nitric oxide in aqueous solution
to nitrite but not nitrate: Comparison with enzymatically
formed nitric oxide from L-arginine. Proc. Natl. Acad. Sci.
1993 ;90 : 8103-8107

17. Corraliza I. M, Campo M L, Soler G, Modollel M. Deter-
mination of arginase activity in marophages: a micromethod.
Journal of Immunological Methods 1994 ; 174 : 231-235

18. Colla L. M, Muccillo-Baisch A. L, Vieira Costa, J. A. Spir-
ulina platensis Effects on the Levels of Total Cholesterol,
HDL and Triacylglycerols in Rabbits Fed with a Hyper-
cholesterolemic Diet. Braz. Arch. Biol. Technol 2008 ; 51
(2) : 405-411

19. Hee Lee E H, Park J E, Choi Y J, Huh K B, Kim W Y. A
randomized study to establish the effects of spirulina in type
2 diabetes mellitus patients. Nutrition Research and Prac-
tice 2008 ; 2 (4) : 295-300

20. Layam A, Kasi Redy C. L. Antidiabetic property of spir-
ulina. Diabetologia Croatica 2006 ; 35 (2) : 29-33

21. Breuillard C, Belabed L, Bonhomme S. et al. Arginine
availability modulates arginine metabolism and TNFa pro-
duction in peritoneal macrophages from Zucker Diabetic



Arthrospira platensis improves macrophages arginine metabolism and prevents insulin resistance in Psammomys obesus 441

22.

23.

24.

Fatty Rats. Clin Nutr 2012 ; 31 : 415-421

Fujisaka S, Usui I, Bukhari A. et al. Regulatory mechanisms
for adipose tissue M1 and M2 macrophages in diet-induced
obese mice. Diabetes 2009 ; 58 (11) : 2574-2582

Romay C, Delgado R, Remirez D, Gonzalez R, Rojas A.
Effects of phycocyanin extract on tumor necrosis factor-
alpha and nitrite levels in serum of mice treated with endo-
toxin. Arzneimittelforschung 2001 ; 9 (51) : 733-736
Chergn S. C, Cheng S N, Tarn A, Chou T C. Anti-inflam-
matory activity of c-phycocyanin in lipopolysaccharide-
stimulated RAW 264.7 macrophages. Life Sci 2007 ; 81
(19-20) : 1431-1435

Correspondence:

Anissa Ghennai

Laboratoire de Bioénergétique et Métabolisme Intermédiaire,
Département de Biologie et Physiologie des Organismes,
USTHB, Algeria

E-mail: anissaghennai@gmail.com



