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Background and Aims: Myocardial infarction (Ml) is the clinical manifestation of
atherosclerotic coronary artery disease. Spirulina is an algae known to ameliorate
cardiometabolic disorders and with proven anti-inflammatory and anti-oxidant effects.
We investigated, in a highly translatable animal model, whether oral supplementation with
spirulina protects against the deleterious effects triggered by ST-elevation Ml (STEMI).

Methods: Pigs were fed a regular diet supplemented with spirulina (1 g/animal/bid) or
placebo-control for 10 days. Thereafter, animals were subjected to 1.5 h percutaneous
balloon-induced coronary occlusion (STEMI) followed by 2.5h reperfusion and then
sacrificed. We assessed infarct size and cardiac function. Blood samples and infarcted
and remote myocardial tissue were obtained.

Results: Spirulina supplementation reduced infarct size by 64%, increased myocardial
salvage by 18%, and improved cardiac function by 30% vs. controls (p < 0.05). These
benefits were associated with attenuation in DNA-oxidative damage and apoptotic
markers and increased iINOS in the infarcted myocardium, higher AMPK activation in
the remote myocardium, and lower myocardial MCP-1 expression. Systemically, spirulina
attenuated Cox-2 expression in STEMI-activated peripheral blood mononuclear cells and
enhanced TNF-a release acutely post-STEMI. Additionally, spirulina decreased weight gain
progression over time (p < 0.05) without changes in lipids, glucose, liver or kidney
parameters.

Conclusion: A 10-day supplementation with spirulina exerts cardioprotection in a
preclinical setting of STEMI by limiting cardiac damage and improving ventricular
contractility through anti-oxidative, anti-inflammatory, and anti-apoptotic mechanisms.
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INTRODUCTION
Despite significant improvement in the treatment of

atherosclerotic cardiovascular disease (ASCVD), cardiovascular
mortality remains the leading cause of death in developed
countries (Badimon et al, 2017). Rupture of coronary
atherosclerotic plaques and subsequent thrombus formation
leads to coronary vessel occlusion and ensuing myocardial
infarction (MI). Following an acute ST-segment elevation
myocardial infarction (STEMI), the size of the resultant
infarction is the major determinant of post-infarct left
ventricular dysfunction and the subsequent development of
heart failure (Heusch and Gersh, 2017), a condition which
exerts a considerable global burden on healthcare and
economic resources (Moran et al., 2014). New treatment
strategies are needed in order to limit myocardial injury and
improve clinical outcomes in patients presenting with acute
STEMI.

Nutraceuticals are a group of naturally produced bioactive
compounds that have proven health benefits besides their
nutritive properties (Badimon et al.,, 2010; Vilahur et al., 2018;
Carrizzo et al.,, 2020). In this specific cluster, microalgae have
stood out as photosynthetic microorganisms capable of
generating biofunctional molecules with several cytoprotective
activities. Particularly, spirulina, a filamentous cyanobacterium
which accounts for up to 30% of the overall microalgal biomass
produced worldwide (Costa et al., 2019). Spirulina is primarily
comprised of proteins and essential aminoacids providing high
nutritional  value, but additionally contains phenolic
phytochemicals including ~ C-phycocyanin,  vitamins,
polyunsaturated fatty acids, and an elevated concentration of
beta-carotene, delivering substantial antioxidative, anti-
inflammatory, and anti-atherosclerotic properties beyond its
beneficial effects in metabolic-associated cardiovascular
disorders (Finamore et al., 2017; DiNicolantonio et al., 2020).
A systematic review including 18 randomized controlled trials
has reported that spirulina supplementation is safe and displays
positive effects in multiple metabolic syndrome components
(Yousefi et al., 2019). As such, spirulina has shown to exert a
noteworthy weight management capacity eliciting a reduction in
both waist circumference and body mass index in several clinical
trials (DiNicolantonio et al., 2020; Grosshagauer et al., 2020).
Besides, several studies with spirulina have shown an
improvement in insulin sensitivity and glucose uptake
mediated by C-phycocyanin activity, and, in some studies
spirulina has displayed hypolipidemic properties (Park et al,
2008; Mazokopakis et al., 2014b; Serban et al., 2016). On the other
hand, cell culture approaches have demonstrated the ability of
spirulina to exhibit anti-atherosclerotic effects by preventing
monocyte migration through direct inhibition of P- and E-
selectin adhesion molecules (Vo and Kim, 2013; Ren et al,
2018), and to effectively inhibit doxorubicin-induced cardiac
damage (Khan et al., 2005; Khan et al, 2006a). However,
whether oral supplementation with spirulina is able to limit
infarct size and ameliorate cardiac dysfunction in the setting
of myocardial infarction remains to be addressed. With this in
mind, we sought to examine the potential cardioprotective effects

Spirulina Limits Infarct Size Post-STEMI

associated with oral daily supplementation with spirulina in a
highly translatable preclinical animal model of STEML

MATERIALS AND METHODS

Animal Procedures

Animal management was performed following European
Directive 2010/63/EU and in accordance with the ARRIVE 2.0
guidelines (Percie du Sert et al.,, 2020) and complies with the '3Rs
(Animal Ethics Infolink, 2019). Experimental protocols were
approved by the Institutional Animal Care and Use Committees.

Study Design

The experimental design involved crossbred commercial female
swine (n = 12; Landrace x Largewhite) fed a regular pig chow diet
randomly supplemented with spirulina (1 g/animal/bid; n = 6) or
placebo-control (n = 6) for 10days. Animals were fed a
normocholesterolemic diet dosed at 3.5% of pig’s body weight
adjusted on a daily basis. The regular chow included: gross
protein 15.1%; gross fat 3.40%; gross fiber 4.00%; gross ash
5.50%; calcium 0.81%; phosphorus 0.57%; sodium 0.15%;
lysine 0.89%; methionine 0.24%. All pigs were monitored to
ensure intake of their chow and exclude any potential bias due
to a decrease in food intake. Spirulina capsules were composed of
100% spirulina platensis (Pranarom, ACL 7846467). Placebo
tablets were comprised of standard commercially available
gelatin capsules. At the end of the treatment period and 2h
after the last dosage, pigs were subjected to a 1.5 h experimental
STEMI induction followed by 2.5 h phase of complete reperfusion
(i.e., ischemia/reperfusion). Thereafter pigs were sacrificed and
cardiac tissue samples collected. The dosage of spirulina
administered in this study was selected according to the use in
both pigs (Yordanova et al., 2015) and clinical trials (Huang et al.,
2018).

Closed-Chest Animal Model of ST-Segment

Elevation Myocardial Infarction

STEMI was experimentally induced by fluoroscopy-guided
percutaneous coronary intervention as previously described
(Vilahur et al.,, 2009; Mendieta et al., 2019a; Mendieta et al.,
2020) in a preclinical animal model with human resemblance.
Briefly, prior to the procedure, pigs were anesthetized with a
combination of intramuscular tiletamine + zolazepam (7 mg/kg)
+ medetomidine (0.07 mg/kg). Animals received a continuous
and stable flow of oxygen (inspired fraction of 0.5%) during all the
intervention with permanent control of arterial saturation.
Anesthesia was maintained with inhalatory isofluorane (2%)
throughout the entire procedure (both in the course of
myocardial infarction induction as well as in the reperfusion
period). Continuous electrocardiographic monitoring with
hemodynamic parameters was performed. Coronary occlusion
of the mid left anterior descending artery posterior to the
emergence of the first diagonal branch was induced by balloon
inflation, verifying a Thrombolysis In Myocardial Infarction
(TIMI) 0 flow downwards. A period of 1.5h was sustained
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with complete coronary obstruction and subsequently
reperfusion was achieved by balloon deflation confirming
TIMI 3 flow restoration.

Cardiac Function Evaluation

A Phillips iE33 echocardiography system equipped with a S5-1
Sector Array transducer was employed for the attainment of
transthoracic echocardiography in every animal prior to STEMI
induction, post-STEMI, and after 2.5h of reperfusion as
previously performed (Vilahur et al, 2014b). Left ventricle
ejection fraction (LVEF) was assessed as a surrogate for LV
global systolic function. All measurements were acquired by
an independent operator blinded to treatment group.

Cardiac Sample Collection and Myocardial

Damage Assessment

After the 2.5h reperfusion period animals were injected with
Evan’s Blue dye to properly define the area-at-risk (AAR) in order
to ensure comparable degree of jeopardized myocardium
(i.e., ischemic heart). Subsequently, pigs were sacrificed during
anesthesia with an intravenous administration of 10 ml KCI 2M.
Hearts were carefully excised and segmented in six transverse
divisions (1 cm width) in order to alternatively collect slices for
2,3,5-triphenyltetrazolium  (TTC) staining (infarct size
assessment) or molecular/immunohistochemical analyses. In
this latter regard, myocardial samples from both infarcted and
remote regions were obtained,®frozen, pulverized in liquid
nitrogen and minced in Tripure or lysis buffer for RNA and
protein isolation, respectively. The AAR and TTC staining were
appraised by an independent blinded . observer through
planimetry assessment employing Image] software analysis
(NIH). Infarct size was expressed as % AAR.

Myocardial Oxidative Damage

Paraffin-embedded myocardial tissue from the infarcted region
was cut and placed on poly-L-lysine-coated slides and
deparaffinized. Antigen removal was required before staining
for 8-hydroxyguanosine (80H-G, mouse monoclonal antibody;
Abcam ab48508), a sensitive biomarker of intracellular DNA
damage induced by oxidative stress. Four images per animal were
captured by Nikon Eclipse 80i microscope and digitized by Retiga
1300i Fast camera, and staining of the myocardial tissue was
quantified and expressed as % stained area.

Molecular Footprint of the Infarcted Heart
We assessed in both the infarcted and remote myocardium
protein expression levels of: 1) inducible nitric oxide synthase
(iNOS); 2) monocyte chemoattractant protein-1 (MCP-1), an
inflammatory chemokine; 3) adenosine monophosphate
activated protein kinase (AMPK) phosphorylation, a key
marker of cardiac metabolism and autophagy; and 4) total and
truncated caspase-3, a marker for apoptotic cell death execution.
Besides, we also investigated caspase-3 transcript levels by real-
time PCR-7000 Sequence Detection System of ABIPRISM
(Applied Biosystems) by an assay-on demand. Protein
expression was normalized to f3-actin and presented in

Spirulina Limits Infarct Size Post-STEMI

arbitrary density units (AU) whereas for gene expression
analyses, the threshold cycle (Ct) values were determined and
normalized to the housekeeping 18SrRNA.

Systemic Inflammatory Response:
Peripheral Blood Mononuclear Cells and
Circulating Cytokine Levels

We assessed the impact of spirulina supplementation on
peripheral blood mononuclear cells (PBMCs) activation and
cytokine release. For this purpose, 20ml of blood were
collected into EDTA tubes at the three tested time points
(prior-STEMI, post-STEMI, and 2.5h post-reperfusion) from
all animals. Blood samples were immediately subjected to
Ficoll-paque Plus (Amersham Biosciences, Piscataway, NJ,
United States) density gradient centrifugations to isolate
PBMCs. PBMC were processed for protein analyses of
cyclooxygenase 2 (Cox-2) which was normalized to Ponceau
staining. We also analyzed tumor necrosis factor-a (TNF-a)
and interleukin-1p (IL-1p) levels in plasma using commercially
available enzyme-linked immunosorbent assay kits (porcine
TNF-a and IL-1p from Quantikine Porcine Kits from R&D
Systems). According to the manufacturers, the minimum
detection limits for TNF-a and IL-1p were 23.4 and 39.1 pg/
ml™!, respectively.

Biochemical Plasma Analysis

Blood samples were obtained at baseline, day 10, prior-STEMI,
acutely post-STEMI (5 min following coronary occlusion) and
after 2.5 h of reperfusion (sacrifice) for haematological (System
9000, Serono-Baker Diagnostics) and biochemical analysis
(glucose and lipid levels, and kidney and liver function
parameters; Clima MC-15 RAL Biotechnologies).

Weight Control

Animals were subjected to weight assessment at baseline and after
completion of the 10-day experimental period.

Statistical Analysis

Continuous variables were expressed as mean * standard
deviation (SD). After testing for normal distribution
(Shapiro-Wilk test), repeated ANOVA measures and
paired t-test as appropriate were used to analyze variables
within each group, whereas unpaired t-test was used for all
single time-point measurements. A cut-off value of p < 0.05
was used to consider statistical significance. Statistical
analyses were performed with the GraphPad Prism
software package.

RESULTS

Spirulina Supplementation Limits Weight
Gain

Weight gain was significantly lower in animals receiving spirulina
supplementation as compared to controls (19% vs. 29%,
respectively; p = 0.01; Figure 1).
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FIGURE 1 | Effects of Spirulina supplementation on weight.xp < 0.05 vs. control; o < 0.05 vs. baseline. Data expressed as mean + SD.

A Control
AAR —
®mControl O Spirulina
100 s
0
d o
60 g Spirulina
=3
40— Ak
20 H .
0- T T T
AAR/LV  Necrosis/AAR  Myocardial
salvage index
B

LVEF

®m Control O Spirulina
80

60— - A

o3

o
X 40— Ml A X
1. !
A o | o
20
0- T T T

Prior-STEMI  Post-STEMI  Post-Reperfusion

FIGURE 2 | Effect of Spirulina supplementation on cardiac damage and function. (A) Effect of Spirulina on infarct size. (B) Effect of Spirulina on cardiac function
assessed by echocardiography. AAR, area at risk; LV, left ventricle; LVEF, left ventricular ejection fraction; STEMI, ST-elevation myocardial infarction.xp < 0.05 vs.
control. Data expressed as mean = SD.
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FIGURE 3 | Antioxidant effects of Spirulina on the infarcted myocardium. Effects of Spirulina on DNA oxidative damage assessed by 8 hydroxydeoxyguanosine
(B0OH-dG) staining.*p < 0.05 vs. control. Data expressed as mean + SD. Arrow heads depict 8-OH-dG statining.

Spirulina Supplementation Reduces
Myocardial Damage and Improves Cardiac
Function Acutely Post-ST-Segment

Elevation Myocardial Infarction

Both placebo-control and spirulina-treated animals displayed a
similar extent of jeopardized myocardium (AAR/LV) (67.7% *
3.5% vs. 69.4% + 4.9%, respectively; p = 0.5) indicating a
comparable severity of balloon-induced myocardial ischemic
damage (Figure 2A).

A 10-day supplementation regime with spirulina markedly
limited infarct size by 64% as compared to placebo-control
animals (29.8% * 11.5% vs. 10.5% + 3.7% AAR, respectively; p =
0.007). Accordingly, myocardial salvage was 19% greater in the
spirulina group as compared to placebo-control animals (p < 0.05).

The overall reduction in myocardial damage was associated with a
38% improvement in LVEF vs. controls, an effect already detected post-
STEMI that persisted up to 2.5 h post-reperfusion (p < 0.05; Figure 2B).

Spirulina Supplementation Attenuates
Myocardial DNA-Oxidative Damage

Spirulina supplemented-animals displayed a marked 58%
reduction in oxidative DNA damage in the infarcted
myocardium as compared to placebo-control animals (p <

0.05; seen in dark-brown in Figure 3). 80H-dG staining was
barely detected in the remote myocardium of all pigs.

Effects of Spirulina on Myocardial

Molecular Footprint

We assessed protein levels of iNOS, MCP-1, and P-AMPK. As
observed in Figures 4A, D, spirulina supplementation led to a
significantly higher iNOS protein level in the infarcted region (p <
0.05 vs. control animals) whereas exerted no impact on the
remote myocardial tissue. Regarding MCP-1, spirulina
supplemented-animals showed a significant reduction in both
the infarcted and remote myocardium as compared to the control
arm (p < 0.05; Figures 4B-D). P-AMPK showed higher levels in
the infarcted myocardium of control pigs as compared to the
remote myocardial region (p < 0.05) whereas levels were higher in
the entire left ventricle of spirulina supplemented pigs (p < 0.05
vs. remote cardiac tissue from control pigs; Figures 4C,D).

Spirulina Supplementation Reduces
Apoptosis Execution in the Infarcted

Cardiac Region
Caspase-3 mRNA was found to be upregulated in the infarcted
tissue of all animals as compared to remote cardiac regions;
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yet, no differences were detected in caspase-3 protein
expression (Figures 5A,B). In contrast, spirulina
supplementation was associated with a significant lower
levels of truncated caspase-3 in the infarcted cardiac region
as compared to controls (p < 0.05; Figure 5C). No changes
were observed in active caspase-3 in the remote myocardium
of both animal groups.

Spirulina Supplementation Exerts Systemic
Anti-Inflammatory Effects

Control animals showed an induction of Cox-2 protein
expression in PBMCs acutely post-STEMI that was not found
in spirulina supplemented animals (Figure 6A). All animals
showed higher circulating levels of TNF-a 2.5h post-
reperfusion as compared to baseline, although these levels
were significantly higher in the spirulina supplemented
subgroup as compared to controls (p < 0.05). No changes

were detected in IL-1p circulating levels in both groups at all
tested time points (Figure 6B).

Spirulina Effects on the Metabolic Profile,
and Hematological and Biochemical
Parameters

Liver, kidney, lipid and glucose levels and hematological
parameters were all within physiological ranges throughout the
entire study (Table 1).

DISCUSSION

Atherosclerotic plaque rupture is the most common cause of MI
(Vilahur et al, 2014a). MI-size largely determines patient’s
outcome. Hence, efforts have focused on the identification of
strategies able to limit myocardial damage. In the following study
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we demonstrate for the first time that a 10-day oral
supplementation with spirulina exerts cardioprotection in a
preclinical setting of STEMI by enhancing myocardial salvage
and improving ventricular contractility through antioxidative,
anti-inflammatory, and anti-apoptotic mechanisms.

Spirulina is a blue-green algae increasingly employed as a
nutritional supplement because of the health outcomes associated
to its regular intake, particularly regarding metabolic syndrome
components (Khan et al., 2006b; Stone et al., 2016). Herein, we
further prove that a 10-day supplementation with spirulina
significantly limits coronary artery occlusion-related cardiac
damage (ie., infarct size). The size of infarction is strongly
related to mortality and heart failure development in STEMI
patients (Heusch et al., 2014). Despite efforts have focused on
testing therapies to promote myocardial salvage, currently there is
no therapy routinely used in the clinical setting (Heusch and
Gersh, 2020).

So far, the in vivo effects of spirulina on the myocardium have
been only investigated in a mice model of doxorubicin-induced
cardiotoxicity where oral spirulina supplementation for 7 weeks
elicited a decrease in lipid peroxidation, normalized antioxidant
enzymes, and limited doxorubicin-induced myocardial
ultrastructural changes leading to an overall significant

reduction in mortality (Khan et al, 2005). In our study we
further expand spirulina-related cardioprotective properties to
the setting of coronary artery total occlusion and elucidate the
mechanisms behind its action. As such, we have evidenced that
animals receiving spirulina supplementation have significantly
higher iNOS protein levels and a diminished myocardial
oxidative injury in the infarcted heart and a higher AMPK
activation levels in the entire myocardial tissue. Activation of
iNOS/NO signaling in the setting of MI has shown to exert both
protective and detrimental effects (Yu et al., 2018). On the one
hand, there is overwhelming evidence supporting the ability of
NO-derived iNOS to mediate the anti-stunning, vasodilator and
anti-infarct effects in preconditioned hearts (i.e., hearts more
resistant to sustained ischemia-related damage because of the
previous exposure to multiple short episodes of ischemia and
reperfusion) (Xi et al., 1999; Bolli, 2001). In fact, iNOS was the
first gene identified to mediate late ischemic pre-conditioning
(Madonna et al., 2015), and gene therapy with iNOS, either 3 days
or up to 2 months prior-MI induction (Li et al., 2006; Li et al.,
2011), has shown to exert cardioprotection. Yet, it should also be
considered that enhanced iNOS/NO may lead to peroxynitrite
formation and subsequently associated oxidative damage.
However, in such scenario, the powerful antioxidant properties

Frontiers in Pharmacology | www.frontiersin.org

May 2022 | Volume 13 | Article 891801


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Vilahur et al.

Spirulina Limits Infarct Size Post-STEMI

Cox-2 protein expression PBMC

A
4 —
H Control
5| x4 & O Spirulina
=)
g
a2 *
x
o
O
1
ﬁ
0- T T
Prior-STEMI  Post-STEMI 2.5h Post-
reperfusion
B TNF-a C IL-18
m Control O Spirulina mControl O Spirulina
800 800
600 i 600
E E
E) 400 + = 400
o
A
A
200 200
o n
0 “‘h T T 0 ‘_ﬁ T ﬁ I T !
Prior-STEMI 2.5h Post- Prior-STEMI 2.5h Post-
reperfusion reperfusion

FIGURE 6 | Effect of espirulina on the systemic inflammatory response. (A) Cox-2 protein expression in peripheral blood mononuclear cells (PBMC). Circulating
levels of (B) TNF-a and (C) IL-1B.#p < 0.05 vs. control; o < 0.05 vs. prior-Ml. Data expressed as mean = SD.

of spirulina might have blunted iNOS-related oxidative stress
thereby switching iNOS from detrimental to protective and
consequently enhancing the ability of the heart to withstand
STEMI-related injury. Nevertheless, further research is warranted
to determine the mechanism by which spirulina acutely induces a
higher iNOS expression in the ischemic myocardium in the
setting of MI. TNF-a, a cytokine known to acutely protect
against infarction and contractile dysfunction, has shown to
regulate iNOS (Lecour et al, 2002). Here, we detect a
significant and acute increase in TNF-a plasma levels with an
enhanced iNOS expression and reduced oxidative damage in the
infarcted heart of spirulina supplemented animals. TNF-a has an
ambivalent role in MI. Transient increase in TNF-a has shown to
protect against ischemia-reperfusion injury by interacting with
myocardial TNF receptor type 2 and consequent downstream
activation of the cardioprotective SAFE pathway (Lecour et al.,
2005) whereas excessive and long-lasting release of TNF-a has
shown to exert detrimental effects (Schulz and Heusch, 2009).
Moreover, we also evidence higher AMPK activation in the
remote myocardium of spirulina supplemented animals

indicating that spirulina cardioprotective benefits are not only
confined to the infarcted region but to the entire left ventricle. We
and others have reported that AMPK signaling, besides being
essential to maintain cardiac energy metabolism under ischemic
stress, induces autophagy protecting against the progression of
post-STEMI adverse cardiac remodeling (Kanamori et al., 2011;
Vilahur et al., 2016; Mendieta et al., 2019b). A recent study has
demonstrated the ability of spirulina to induce mRNA expression
levels of autophagy-associated genes (i.e., AMPK and ULK1) in
the liver of growing lambs, supporting our findings in the heart
tissue (Liang et al., 2020). We also identify lower levels of the
inflammatory marker MCP-1 in the entire myocardium of
spirulina supplemented pigs. Furthermore, spirulina anti-
inflammatory effects are also evident systemically by a reduced
Cox-2 expression in the acute phase after coronary occlusion in
PBMCs. Of note, no changes were observed in IL-1p plasma
values among all animals at the different tested time points. In
this regard, a low intrinsic expression of myocardial NLRP3
inflammasome (involved in processing of pro-IL-1P into its
active form) has been detected in the acute phase of infarcted
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Spirulina Limits Infarct Size Post-STEMI

TABLE 1 | Haematological parameters, (A) liver and kidney function markers, (B) plasma glucose levels and lipid profile (C) at baseline, 10 days, prior-STEMI (ST-elevation

myocardial infarction), 5 min post-STEMI and at 2.5 h post-reperfusion (sacrifice).

A. Haematological parameters

Hematocrit (vol %)

Hemoglobin (g/dl)

White blood cells (10%/L)

Platelet count (10%/L)

B. Kidney and liver function markers

Blood urea nitrogen (mg/dl)

Creatinine (mg/dl)

Alanine aminotransferase (U/L)

C. Plasma glucose levels and lipid profile

Glucose (mg/dl)

Total cholesterol (mg/dl)

Triglycerides (mg/dl)

High-density lipoprotein cholesterol (mg/dl)

Time

Baseline
10 days
Prior-STEMI
Post-STEMI
Sacrifice

Baseline
10 days
Prior-STEMI
Post-STEMI
Sacrifice

Baseline
10 days
Prior-STEMI
Post-STEMI
Sacrifice

Baseline
10 days
Prior-STEMI
Post-STEMI
Sacrifice

Baseline
10 days
Prior-STEMI
Post-STEMI
Sacrifice

Baseline
10 days
Prior-STEMI
Post-STEMI
Sacrifice

Baseline
10 days
Prior-STEMI
Post-STEMI
Sacrifice

Baseline
10 days
Prior-STEMI
Post-STEMI
Sacrifice

Baseline
10 days
Prior-STEMI
Post-STEMI
Sacrifice

Baseline
10 days
Prior-STEMI
Post-STEMI
Sacrifice

Baseline
10 days
Prior-STEMI

Control

27.0+0.9
268 +1.2
25.7 + 01
269 +1.6
258 +1.2

9.7 + 0.6
9.7 £ 0.54
10.8 = 0.1
9.5+05
9.7+0.5

15.0+1.9
16524
292 +7.2
148 £2.3
165+24

2455 +27.5
232.1 + 28.6
291.5 +79.5
236.8 + 29.8
232.1 + 28.6

11.0+ 21
156.7+£7.8
248 +2.8
15.0 £ 3.1
16.7+£7.8

1.0 £ 0.1
1.2+0.1
1.0+0.2
1.2 +0.1
1.2+0.1

39.3+11.8
372+ 03
459 +22
277 + 4.4
372+ 0.3

95.6 + 11.9
95.6 + 11.9
76.2 + 101
129.8 + 14.5
96.6 + 11.9

97.5 +39
95.6 + 12.9
785 +17.5
90.6 + 7.6
96.6 + 12.9

258 + 3.9
28.3 +4.3
225+ 0.5
26.8 +2.4
28.3 + 4.3

359 +4.2
57.8 +8.0
21.6 £ 4.7

Spirulina

256 +0.5
248 +1.4
23.8 + 0.9
222 +09
248 1.4

9.3+04
9.1+05
89+06
83+04
9.1+05

14.4 +1.3
11.3+£15
143+1.8
11.9+21
11.3+15

354.2 +28.2
324.8 + 31.6
362.7 + 33.6
317.1 £ 26.7
324.8 + 31.6

171 +£4.0
16.7 £ 4.7
172+23
17.6 £ 3.1
16.7 £ 4.7

1.2 £ 041
1.3+01
1.3 £ 01
1.56+£02
1.3+01

359+26
36.2+17.0
50.0 + 16.9
26.6 + 4.0
36.2+17.0

1185 +7.2
112.8 £ 23.2
108.7 + 8.6
140.2 £ 121
112.8 + 231

82.4+6.9
76.7 £ 5.7
84.5 +6.2
83.1+54
76.7 £ 5.7

356.0+7.3
325 +25
23.6 + 3.1
29.6 + 3.6
325 +25

479 +13.2
64.5 +4.4
429+7.4

p value

0.20
0.60
0.09
0.03
0.60

0.63
0.45
0.03
0.08
0.45

0.81
0.10
0.27
0.36
0.10

0.02
0.06
0.53
0.07
0.06

0.22
0.99
0.14
0.56
0.99

0.12
0.44
0.53
0.15
0.44

0.78
0.91
0.81
0.85
0.91

0.13
0.56
0.09
0.59
0.56

0.10
0.27
0.78
0.44
0.27

0.37
0.49
0.83
0.67
0.49

0.43
0.51
0.06

(Continued on following page)
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Spirulina Limits Infarct Size Post-STEMI

TABLE 1 | (Continued) Haematological parameters, (A) liver and kidney function markers, (B) plasma glucose levels and lipid profile (C) at baseline, 10 days, prior-STEMI
(ST-elevation myocardial infarction), 5 min post-STEMI and at 2.5 h post-reperfusion (sacrifice).

Time

Post-STEMI
Sacrifice

Baseline
10 days
Prior-STEMI
Post-STEMI
Sacrifice

Low-density lipoprotein colesterol (mg/dl)

Control Spirulina p value
31.0+6.8 474 +75 0.13
57.8 +8.0 64.5+4.4 0.51
85.2 +16.2 56.2 + 16.5 0.25
96.2 + 12.1 51.0 £ 14.22 0.06
52.3 +12.8 58.3+8.7 0.73
78.8 +17.0 64.1 +10.2 0.47
96.2 + 12.1 51.0 £ 14.2 0.06

Data are expressed as mean + SD. p value denotes differences between control pigs and spirulina-treated animals. All values are within physiological ranges based on our in-house data for

young healhy pigs.

a) Placebo
b) Spirulina (1 gr/bid)

e A
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™ N
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FIGURE 7 | Study design and spirulina’s cardioprotective effects in a pig model of STEMI.

Spirulina (1 gr/bid) x10 days

=

| Weight gain

hearts (Jong et al, 2014), and could potentially support the
detected low IL-1pB levels. Nevertheless, the overall antioxidant
and anti-inflammatory effects may explain the reduction in
caspase-3 activation observed in the infarcted myocardium of
spirulina supplemented pigs which, in turn, has likely contributed
to promote myocardial salvage and limit cardiac dysfunction in
the setting of STEML

It has been claimed that spirulina improves several well-
established cardiovascular risk factors providing benefits
around weight loss and hyperlipidaemia. A recent systematic
review and meta-analysis of five randomized clinical trials
assessing spirulina effect on weight loss found that spirulina
supplementation significantly decreases total weight, body fat
percentage, and waist circumference in obese subjects (Moradi
et al,, 2019). Of note, there is no clinical evidence to support a
potential modulation of spirulina in food intake (Moradi et al.,
2019) and, in line with our observations, spirulina has shown to
exert no effects in food intake in mice (Zhao et al., 2019). We
observe that animals supplemented with spirulina for 10 days
displayed a significant decrease in the rate of weight gain
progression in comparison to control pigs. Several mechanistic
pathways have been proposed to explain spirulina’s ability to
improve weight management. As such, spirulina high content of

anti-oxidative molecules has shown to partly inhibit lipase
activity while modulating appetite and food intake (Fujimoto
etal., 2012; Hassan and El-Gharib, 2015). Besides, phenylalanine,
one of the essential aminoacids comprised in spirulina structure,
has also shown to directly inhibit the brain appetite center
(Mazokopakis et al., 2014a). Regarding the hypolipidemic
response to spirulina supplementation, this has been observed
to differ in clinical trials based on the dosage, duration of
treatment, and the presence of comorbidities (Finamore et al.,
2017; Hernandez-Lepe et al., 2019). A small trial in 30 healthy
volunteers with mild hyperlipidaemia demonstrated a notable
reduction in total cholesterol after an 8 week supplementation
with 4.2 g spirulina, although no changes were reported for HDL-
cholesterol or triglyceride levels (Nakaya and Goto, 1988).
Another clinical trial in Korean patients demonstrated that a
12 week supplementation with spirulina 8 g/day significantly
displayed lipid-lowering activity in non-obese subjects, while
in the obese subgroup no substantial change in lipid
metabolism was found (Park and Lee, 2016). Moreover,
spirulina supplementation for long periods has recently shown
to alter the gut microbiota that ultimately affect lipid metabolism
and weight (Li et al, 2021). Conversely, a study in obese
individuals observed no changes in lipid profile after a 12-
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week supplementation of spirulina 1 g/day despite a reduction in
weight gain. We do not observe any changes in lipid profile or
glucose levels after this short-term spirulina administration at
doses of 1 gr/animal/bid. Further research is warranted to
determine the optimal spirulina dose and timing required to
improve glucose metabolism and lipid profile in each specific
setting and whether these benefits are associated with changes in
the gut microbiome. Importantly, it deserves to be stated that
spirulina supplementation for 10 days confirmed its adequate
safety profile, and no adverse events were registered, with kidney
and liver function remaining unmodified throughout the entire
experimental period.

This study was carried out in young and healthy pigs without
comorbidities and/or associated medication. We intended to
address spirulina’s cardioprotective activity based on its
nutraceutical profile and its consumption as a dietary
supplement in subjects with no overt cardiovascular diseases
exposed to a sudden ischemic event. In fact, spirulina has
been proposed as a supplementary nutritional additive in
healthy subjects with the aim to improve their overall health
status (Karkos et al., 2011). Future studies should investigate the
effects of spirulina in normal healthy hearts as well as in clinical
scenarios combining metabolic comorbidities and ischemic heart
disease.

In conclusion, dietary spirulina supplementation for only
10 days has proven to elicit a cardioprotective effect in case of
presentation of an ischemic event, through antioxidative, anti-
inflammatory, and anti-apoptotic mechanisms that leads to a
reduced size of infarction an improved cardiac function
(Figure 7). Because of the absence of adverse effects, spirulina
supplementation may represent a simple way to counteract the
deleterious mechanism triggered during STEMI and may be a
promising novel strategy to enhance myocardial salvage in the
setting of MI.
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