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Nitric oxide (NO) is a versatile mediator implicated in a variety of physiological processes, with the ultimate goal
of maintaining organism homeostasis. In the present work, aqueous extracts from ten cyanobacteria strains
isolated from the Cape Verde archipelago were explored as potential NO donors. None of the strains are toxin
producers, as demonstrated by PCR and LC-MS analysis. The extracts were mainly composed by phycobilipro-
teins (9.1 to 43.8 %), followed by polysaccharides (7.7 to 35.1 %), phenols (1.49 to 3.3 %) and chlorophylls (0 to
0.45 %). All the extracts revealed antioxidant potential, with Salileptolyngbya sp. LEGE 181184 presenting the
lowest ICsq value for superoxide anion radical scavenging (46.50 pg mL™1), and ability to inhibit the pro-
inflammatory enzyme lipoxygenase (LOX), Salileptolyngbya sp. LEGE 181150 presenting an ICys similar to the
positive control quercetin (28.49 and 31.77 pg mL™?, respectively), highlighting the potential of cyanobacteria
extracts as natural ingredients for LOX inhibition. All the extracts were able to increase the NO produced by the
macrophage cell line RAW 264.7 through iNOS modulation (from concentrations starting in 12.5 pg mL™1), in a
similar mechanism and superior extend to that of LPS. None of the extracts induced cytotoxicity to RAW 264.7
cells and to the endothelial hCMEC/d3, the fibroblast 3 T3/L1 and the keratinocytes HaCaT cell lines, and no
environmental hazard is predicted, as demonstrated through the zebrafish (Danio rerio) embryo acute toxicity
test (zFET). This pioneer study points-out cyanobacteria aqueous extracts as innovative and biobased natural
antimicrobial ingredients which, through a NO-donating mechanism, may potentially act against important
antibiotic-resistant strains, thus being worth of consideration as therapeutic agents in dermatology.

1. Introduction

Nitric oxide (NO) is an essential pleiotropic physiological regulator,
synthesized enzymatically in various tissues of the human body by nitric
oxide synthases (NOS), through the conversion of L-arginine into L-
citrulline and NO. There are three main isoforms of NOS: endothelial
(eNOS), neuronal (nNOS) and induced (iNOS), in addition to a mito-
chondrial isoform (mtNOS) [1]. eNOS and nNOS are calcium-dependent
enzymes that produce small amounts of NO for cellular signaling and
protein regulation. In contrast, iNOS, which is calcium-independent,
generates large quantities of NO in response to inflammatory signals
and other stimuli [2]. NO can also be generated by non-enzymatic

processes, such as the photodecomposition of nitrite and S-nitro-
sothiols under UV-A radiation [3], and through the activity of
commensal bacteria that possess the enzyme nitrate reductase, capable
of acting on sweat-derived nitrite [2].

As mediator in homeostasis NO participates in metabolic processes,
such as cardiac oxygen metabolism [4], maintenance of the vasodilator
tone that is essential for the regulation of blood flow and pressure
erectile response [5], insulin secretion and glucose metabolism [6]. In
central nervous system, NO acts as a mediator of cell-cell signaling
namely in inflammatory processes [7].

Particularly concerning the skin, NO performs vital functions, such
as dermal vasodilation and consequently regulation of body
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temperature, response to infection and wound healing [8]. NO plays a
crucial role in wound healing by supporting cell proliferation, collagen
synthesis, angiogenesis, and both antimicrobial and inflammatory re-
sponses. Its application in dermatology extends to treatments for bac-
terial infections, wound healing, leishmaniasis, and cosmetic issues such
as acne and skin aging [9].

Beyond natural production, research in NO focusing on advanced
materials designed to release it in a controlled and sustained manner to
improve therapeutic is increasing. Recent advancements emphasize the
use of innovative NO-releasing nanomaterials and biomaterials, which
offer targeted and sustained release of NO. This controlled delivery is
particularly interesting for skin as significantly enhances the effective-
ness of skin treatments [2,9], including cosmetic applications for con-
ditions such as acne vulgaris [10], in addition to the crucial role of NO in
the root hair formation [11].

Studies involving effects on the production and function of NO by
microalgae and cyanobacteria extracts and compounds, have shown
promise as recently described in studies where it was found that the
aqueous extracts of the Cyanobacteria Limnospira (formerly Arthrospira)
improved vasomotor function in the aorta of aged and hypertensive rats
by enhancing antioxidant defenses and increasing NO availability
[12,13].

Cyanobacteria, commonly referred to as blue-green algae, are a
diverse group of photosynthetic organisms that significantly contribute
to both aquatic and terrestrial ecosystems. While not all Cyanobacteria
produce cyanotoxins, they are notorious for the harmful toxins they do
produce, such as microcystins, cylindrospermopsins, and anatoxins,
which pose significant risks to human health [14]. Despite this, some
species of cyanobacteria generate high-value bioactive compounds,
including pigments and specialized metabolites, that have valuable ap-
plications in the clinical, pharmaceutical, cosmetic, and textile in-
dustries [15]. These bioactive compounds, such as phycobiliproteins
(PBPs), polysaccharides, carotenoids, fatty acids, and various phenolic
compounds, exhibit diverse biological activities with increasing indus-
trial interest [16]. An as example, cyanobacterial PBPs, commercially
produced from species like Limnospira platensis (formerly Arthrospira
platensis), Anabaena sp., and Galdieria sulphuraria, have been widely used
for their antioxidant, anti-inflammatory, nutraceutical and anticancer
benefits [17,18].

This growing application of cyanobacterial-based ingredients ex-
tends into the realm of cosmeceuticals, where their inclusion in for-
mulations can complement the benefits provided by other compounds.
For instance, PBPs derived from Nostoc sp. have shown promise as
natural and effective ingredients for skin care products such as soaps,
anti-acne gels and hand sanitizers [19]. In addition to these compounds,
others able to act as NO-donors may play a crucial role in skin health [9].
The use of NO in cosmeceuticals is highly beneficial due to its multiple
functions in regulating blood circulation, promoting healing, modu-
lating the immune response, and protecting against damage caused by
UV radiation. Additionally, NO has antimicrobial properties that help
prevent skin infections [10,20]. Thus, integrating cyanobacterial
aqueous extracts into skincare formulations may represent a promising
advancement in creating innovative and eco-conscious formulations in
the field of dermatology.

Given the multifaceted role of NO in skin health and its therapeutic
potential, it is essential to explore novel sources that could enhance its
availability and effectiveness. Cyanobacteria, particularly those from
the Cape Verde archipelago, may offer a promising avenue for such
research. These microorganisms are known for their diverse bioactive
compounds, with antioxidant and anti-inflammatory activity [21]. By
investigating the aqueous extracts of cyanobacteria from this unique
region, we aim to evaluate their potential as effective NO donors and to
advance the development of innovative ingredients in the fields of cos-
metics and dermatology. This approach not only aligns with the growing
interest in natural and sustainable materials but also leverages the
unique properties of cyanobacteria to potentially improve skincare and
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therapeutic outcomes through enhanced NO-mediated mechanisms.
2. Material and methods
2.1. Cyanobacteria strains and biomass production

Ten filamentous strains were selected for this study: Salileptolyngbya
sp. LEGE 181184, Salileptolyngbya sp. LEGE 181201, Baaleninema sp.
LEGE 181148, Salileptolyngbya sp. LEGE 181187, Neolyngbya sp. LEGE
181188, Nodosilinea sp. LEGE 181189, Salileptolyngbya sp. LEGE
181150, Leptothoe sp. LEGE 181156, Nodosilineales LEGE 181157 and
Salileptolyngbya sp. LEGE 181158. These strains, isolated from the ma-
rine environments of Cape Verde and preserved in the Blue Biotech-
nology and Ecotoxicology Culture Collection (LEGE-CC) of the
Interdisciplinary Center for Marine and Environmental Research (CII-
MAR), were previously taxonomically identified in a recent study
developed by our research [21]. The primary objective of this study was
to expand the knowledge on the biological potential of these strains,
exploring them as sustainable resources for the production of natural
ingredients acting as NO donors. A scale-up culture scheme was imple-
mented with a maximum capacity of 4 L, for biomass production. The
strains were grown in Z8 medium [22], enriched with 10 pg L' of
vitamin B12, and supplemented with 25 g L1 of synthetic sea salts
(Tropic marine, Berlin, Germany). The cultures were maintained in the
bioterium of aquatic organism of CIIMAR (BOGA) at a constant tem-
perature of 25 °C, with aeration, under a controlled light intensity of
10-30 pmol photons m~2 s~! and a photoperiod of 14 h light:10 h dark.
The Cyanobacteria biomass was harvested by filtration with a net mesh
(pore size 30 pm) and the salt of the culture medium was removed by
washing with distilled water. The fresh biomass was frozen and, sub-
sequently, freeze-dried and stored at —20 °C until extracts preparation.

2.2. Extracts preparation

Aqueous extracts were prepared after the biomass pre-extraction
with acetone [21] following a sequential extraction scheme that
allowed the profitability of the biomass and the obtaining of extracts of
different polarities and with different biological activities. Briefly, after
acetone extracts preparation (recently explored by us), cell debris were
left to dry in a fume hood. Then, 2 g of dry biomass were suspended in
80 mL of distilled water and extracted for 5 min in an ultrasonic bath
(Fisherbrand® FB15053). The supernatant was collected by centrifu-
gation at 5000 xg for 5 min at 4 °C (Thermo Scientific™ HERAUS
Megafuge™ 16R), to remove cell debris. This extraction process was
repeated, re-extracting the biomass two additional times. The superna-
tants from each extraction were pooled, frozen, and lyophilized (Lyo-
Quest, Telstar, Barcelona, Spain) under reduced pressure (0.1 mbar with
the condenser at —47 °C). The dried aqueous extracts were stored at
—20 °C until further chemical and biological analyses.

2.3. Cell assays

2.3.1. Cell lines

To predict the safety profile of aqueous extracts of Cyanobacteria as
natural ingredients for dermatological applications, an initial in vitro
cytotoxicity assessment was performed using three cell lines represen-
tative of different skin layers: HaCaT human keratinocytes (ATCC), 3
T3/L1 mouse fibroblasts (ATCC) and human endothelial cells. hCMEC/
D3 cells. Cells culture and maintenance methods adhered to protocols
described in our previous studies [23].

2.3.2. Cytotoxicity assessment

The cytotoxicity of the extracts was assessed using the 3-(4,5-dime-
thylthiazole-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, as
described in a previous study [23]. Aqueous extracts were resuspended
in distilled water and diluted with DMEM Glutamax medium
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(Dulbecco’s Modified Eagle Medium DMEM GlutaMAXTM—Gibco,
Massachusetts, USA), supplemented with 10 % (v/v) fetal bovine serum
(Biochrom, Berlin, Germany), 0.1 % Amphotericin B (GE Healthcare,
Little Chafont, United Kingdom) and 1 % Pen-Strep (pen-
icillin-streptomycin, 100 IU m — 1 and 10 mg mL — 1, respectively)
(Biochrom, Berlin, Germany), before cells exposure. Briefly, keratino-
cytes, fibroblasts and endothelial cells were seeded in 96 wells plates at a
density of 2.5 x 10% cells mL™?, 3.3 x 10* cells mL ™! and 1.0 x 10° cells
mL~}, respectively. After 24 h of adhesion, cells were exposed for 24 and
48 h to fresh medium supplemented with 1 % of extract to final con-
centrations of 12.5 to 200 pg mL~'. DMEM and DMSO at 20 % were used
as solvent and positive (cells death) controls, respectively. After 24 and
48 h of incubation, 20 pL of 1 mg mL™! MTT (Sigma-Aldrich) were
added to each well, and the cell plates were further incubated at 37 °C
for 3 h. Post-incubation, the culture medium was removed by aspiration,
and the resulting purple formazan salts were dissolved with 100 pL of
DMSO. Absorbance was measured at 550 nm using a Synergy HT Multi-
Detection Microplate Reader (Biotek, Bad Friedrichshall, Germany) with
GEN5™ software. Each assay was performed in quadruplicate and
averaged, with cytotoxicity expressed as a percentage of cells viability
relative to the solvent control (100 % viability). To ensure reproduc-
ibility, each experiment was independently repeated three times.

2.4. Chemical profiling of cyanobacteria extracts

2.4.1. Total phenolic content (TPC)

The TPC of the cyanobacterial extracts was determined using the
colorimetric assay of Folin-Ciocalteu, according to Barroso et al. [24].
The dry extracts were resuspended in water. Briefly, a volume of 25 L of
each extract (10 mg mL ') was thoroughly mixed with 25 pL of Folin-
Ciocalteu reagent (Sigma-Aldrich, St. Louis, MO, USA), 200 pL of
NayCOs solution (75 g L 1) and 500 pL of deionized water. After the
incubation period (60 min at room temperature), the absorbance of the
colored product was measured at 725 nm, using a Synergy HT Multi-
detection microplate reader (Biotek, Bad Friedrichshall, Germany)
operated by GEN5™ software. Standard calibration curve (y = 2.245 x
+0.0119, % = 0.9997) was obtained with seven concentrations of gallic
acid (GA) (0.016 to 0.5 mg mL ™). TPC in each extract was expressed in
pg of gallic acid equivalents (GAE) per mg of dry extract. Three inde-
pendent determinations were carried out in triplicate.

2.4.2. Phycobiliproteins (PBPs) and total chlorophylls (TChls)

The PBPs and TChls present in aqueous extracts were quantified
spectrophotometrically. For PBPs quantification, aqueous extracts were
resuspended in water to a final concentration of 0.5 mg mL™!. PBPs were
determined by measuring the absorbances at different wavelengths
(562, 615 and 652 nm), in a cell with 1 cm of optical path. For TChls
quantification, aqueous extracts were resuspended in acetone (90 %) to
a final concentration of 0.5 mg mL ™. The corresponding formulas were
applied, as previously described [25] [26]:

Ag15nm — 0.474 X Agsonm

Phycocyanin(PC) = 534

Allophycocyanin(APC) = Ags2nm — 0520098 X Ag1snm
Asgonm — 2.41 x PC — 0. AP

Phycoerythrin(PE) = =% 41 x PC — 0.849 x APC

9.62

Total Chlorophylls (TChls) =21.3877 Agzonm + 10.3739 Ass7om
+5.3805 Agganm + 55309 Asginm

The experiment was carried out in triplicate, and the results were
expressed in pg of the respective PBP or TChls, per mg of dry extract.
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2.4.3. Total carbohydrates (TCarb) analysis

The carbohydrates present in the cyanobacteria extracts were
analyzed based on the method proposed by Masuko and co-workers
[27], a sensitive phenol-sulfuric acid method that has been used for
measuring neutral sugars in oligosaccharides, proteoglycans, glycopro-
teins, and glycolipids. Briefly, 100 pL of aqueous extracts (resuspended
in ethanol 80 %) were mixed with 500 pL of HySO4 and 100 pL of phenol
(20 %), and allowed to incubate during 30 min, at room temperature.
The absorbance of the formed chromophore was measured at 490 nm,
using a Synergy HT Multi-detection microplate reader (Biotek, Bad
Friedrichshall, Germany) operated by GEN5™ software. Standard cali-
bration curve (y = 0.4458 x — 0.0051, 2 = 0.9993) was obtained with
five concentrations of D-(4)-Glucose (Gluc) (0.0625 to 1 mg mL ™). The
experiment was carried out in duplicate, and the TCarb were expressed
in pg of Gluc equivalents per mg of dry extract.

2.5. Biological activities
2.5.1. Cell-free assays

2.5.1.1. Superoxide anion radical (0z°) scavenging. The superoxide
anion radical (03°) scavenging ability of the extracts was determined
following a previously described method, with some modifications [28].
Aqueous extracts were resuspended in water, and six serial dilutions,
starting from 10 mg mL~, were prepared for each extract to evaluate
their dose-dependent activity and determine IC values. All reagents, as
well as extracts dilutions, were prepared in phosphate buffer (19 pM, pH
7.4). In a 96-wells plate, 50 pL of each extract dilution were mixed with
50 pL of 166 uM B-nicotinamide adenine dinucleotide reduced form
(NADH) solution and 150 pL of 43 pM nitrotetrazolium blue chloride
(NBT). Subsequently, 50 pL of 2.7 pM phenazine methosulphate (PMS)
was added to each well. The radical scavenging activity was monitored
using a Synergy HT Multi-Detection Microplate Reader (Biotek, Bad
Friedrichshall, Germany) operated by GEN5™ software. Measurements
were taken kinetically at room temperature for 2 min at 562 nm. Three
independent assays were performed in triplicate. GA was used as a
positive control. Results were expressed as the percentage of free radical
scavenging compared to the untreated control. IC values and corre-
sponding dose-response curves were calculated using GraphPad Prism®
software (version 10, for macOS), with results reported as mean + SD
(ug mL™Y) from at least three independent assays performed in
duplicate.

2.5.1.2. °NO scavenging. The *NO scavenging activity of cyanobacterial
extracts was assessed using the Griess reaction, following Barbosa et al.
[29]. Briefly, serial dilutions of extracts (7.81 to 1000 pg mL_l) were
incubated with a SNP solution (serving as *NO donor) in KH;PO4 buffer
(pH 7.4) for 60 min at room temperature under light exposure. After
incubation, Griess reagent was added, and the absorbance was measured
at 562 nm. Results were expressed as the percentage inhibition of *NO
production relative to the control. Quercetin served as the positive
control. IC values and dose-response curves were calculated using
GraphPad Prism® software (version 10, for macOS). Three independent
assays were conducted in duplicate.

2.5.1.3. Lipoxygenase (LOX) inhibition assay. To investigate the inhibi-
tory effect of cyanobacterial extracts on LOX, a modified procedure
based on Fernandes et al. [30], was followed. Serial dilutions of extracts,
up to a maximum concentration of 500 pg mL~!, were prepared. Each
extract (20 pL) was pre-incubated in a reaction mixture containing 200
pL of phosphate buffer (pH 9.0) and 20 pL of LOX (100 U/20 pL) for 5
min at room temperature. After incubation, 20 pL of the substrate
(linoleic acid, 4.18 mM in ethanol) was added to initiate the reaction.
Absorbance was measured continuously at 234 nm for 3 min using a
Synergy™ HT plate reader (Biotek Instruments, Winooski, USA)
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operated by Gen5™ Software. LOX inhibition was determined by
comparing the reaction rates in the presence of the extracts to those of
the untreated control. Each assay was performed in duplicate and
repeated at least three times independently. Quercetin was used as
positive control.

2.5.2. Cell assays

The murine macrophage cell line RAW 264.7 was used to evaluate
the effect of Cyanobacteria extracts on *NO production. Cytotoxicity was
measured using the MTT assay as reported before.

2.5.2.1. Cell culture conditions and maintenance. The murine macro-
phages cell line RAW 264.7 was maintained in Dulbecco’s Modified
Eagle medium (DMEM), supplemented with GlutaMAX™-I, 10 % of
inactivated FBS and 1 % Pen Strep, in a humidified atmosphere of 5 %
COo, at 37 °C. Cells used for experiments were grown in ventilated flasks
with medium renewal every two days.

2.5.2.2. Cytotoxicity evaluation. The MTT assay was performed after 24-
h incubation with the extracts, according to recognized methodologies
with slight modifications [31]. Cells were treated with 20 pL of 1 mg
mL~! MTT solution (dissolved in PBS), and absorbance of the formed
formazan salts was measured at 550 nm to determine cells viability.
Results were expressed in percentage face to the untreated control
(DMEM). Each test was performed in duplicate and repeated at least four
times.

2.5.2.3. Evaluation of nitric oxide levels in culture medium. The effect of
the extracts on *NO levels in the culture medium was evaluated using a
RAW 264.7 cells density of 3.5 x 10* cells/well, following a previously
established protocol [31]. Cells were treated with extracts serial di-
lutions (12.5 to 200 pg mL_l) for 24 h. Nitrite (NO3) accumulation,
indicating *NO production, was measured in the cells culture superna-
tant using the Griess reagent, by measuring the absorbance of the
chromophore at 562 nm. The percentage of *NO reduction was calcu-
lated and compared to untreated controls (Basal cells metabolism) and
to LPS-stimulated cells. The results were expressed as the % of NO3
relative to the untreated control and compared with the LPS-stimulated
cells. Four independent assays were performed in triplicate.

2.5.2.4. Determination of L-citrulline levels. The levels of L-citrulline in
the RAW 264.7 cells supernatant were measured according to a previ-
ously described protocol, with slight modifications [29]. RAW 264.7
cells were seeded into 48-wells plates at a density of 3.0 x 10° cells mL ™!
and allowed to adhere for 24 h at 37 °C in a 5 % CO» atmosphere. Cells
were treated with non-cytotoxic concentrations of aqueous Cyanobac-
teria extracts (ranging from 12.5 to 200 pg mL™Y), LPS (1 pg mL™!) or
DMEM, and followed a 24-h incubation. Afterwards, the culture medium
was removed, cells were washed with Hank’s Balanced Salt Solution
(HBSS), and subsequently treated with 300 pL of L-arginine (200 pM),
prepared in HBSS. After 2-h incubation, L-citrulline levels in the cell’s
supernatant were measured. For quantification, 250 pL of supernatant
were combined with diacetyl monoxime (79 mM), antipyrine E (47.8
mM), and HySO4 (7.5 M), and incubated for 25 min at 96 °C. After
cooling, absorbance was recorded at 405 nm. Controls included RAW
264.7 cells without extract (Basal metabolism), and LPS-stimulated
cells. The impact of cyanobacteria extracts on L-citrulline levels was
compared to the LPS-stimulated control. Three independent experi-
ments were performed in duplicate.

2.5.2.5. Polymyxin B (PB) neutralizing effects on cyanobacteria extracts.

In order to screen the presence of Cyanobacteria polysaccharides in the
aqueous extracts, capable of stimulating NO production by RAW 264.7
cells, the effect of the extracts was assessed in the presence of polymyxin
B (PB), following a previously established protocol [32]. Briefly, the
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RAW 264.7 cells (3.5 x 10* cells/well) were seeded in 96-wells plates
and incubated for 24 h at 37 °C in a humidified atmosphere with 5 %
CO,. Serial dilutions of extracts (12.5 to 200 pg mL™!) were prepared
and pre-treated with two concentrations of PB (25 and 50 pg mL™}, in
PBS) during 24-h at 37 °C. After incubation, the cells supernatant was
removed, and the PB-treated extracts were added to the cells. Following
24 h of exposure, 75 pL of cells supernatant from each well were
transferred to a new 96-wells plate. The effect of the PB-treated extracts
on NO production by RAW 264.7 cells was measured using the Griess
reagent as before. Controls included RAW 264.7 cells in DMEM (Basal
metabolism) and LPS-stimulated, as well as cells treated with LPS-PB
and PB alone. The effect of the PB-treated Cyanobacteria extracts on
*NO levels was compared to the basal control. Four independent ex-
periments were conducted in quadruplicate.

2.5.2.6. Cytotoxicity of PB. Cytotoxicity of PB was analyzed using the
MTT assay, according to Lopes et al. 2020, with slight modifications
[31]. Briefly, RAW264.7 cells were plated at a density of 3.5 x 10 *
cells/well in a 96-wells plate. After 24-h incubation, the cells were
treated with two concentrations of PB (25 and 50 pg mL™}), pre-mixed
with extract serial dilutions for 24 h at 37 °C in 5 % CO,. The cells
were then incubated with MTT for 45 min at 37 °C. The culture medium
was removed, the colored formazan salts dissolved in 100 pL of DMSO,
and the absorbance measured at 550 nm using a Synergy HT Multi-
Detection Microplate Reader (Biotek, Bad Friedrichshall, Germany)
with GEN5™ software. Each assay was performed in quadruplicate and
averaged, with cytotoxicity expressed as a percentage of cell viability
relative to the solvent control (considered 100 % viable). To ensure
reproducibility, each experiment was independently repeated four
times.

2.6. Photomicrographs

Photomicrographs of strain Salileptolyngbya sp. LEGE 181184 were
captured using an Olympus BX41 microscope, equipped with an
Olympus DP72 camera, and processed with the cellSens Entry v.2.3
software. The slides were prepared with aliquots of the culture mixed in
a 1:1 ratio with Alcian Blue formulation [33]. Furthermore, Chinalnk
was used to evidence the exopolysaccharides (EPS) surrounding the
cyanobacterial colonies.

2.7. PCR amplification for detection of toxin-producing genes

PCR was used to amplify toxin-synthesis-related genes encoding
microcystin (mcyA), the amino transferase (AMT) of the microcystin and
nodularin synthetases complexes (mcyE), saxitoxin (sxtA, sxtG, and
sxtI), anatoxin (anaC), and cylindrospermopsin (cyrJ) by using specific
primer sets and PCR programs, as described previously [34] (See table
Al in the supplemental information online).

2.8. Cyanotoxins profiling by LC-MS

Lyophilized cell crude extracts and GFC Filters: biomass (10 mg) or
filters from environmental water were treated with adequate homoge-
nizing volume, 10 up to 100 mL, of aqueous MeOH (70 % (v/v)). The
cells are then lysed by sonication on ice at 60 Hz for 5 x 1 min (VibraCell
50-sonics & Material Inc. Danbury, CT, USA). The homogenate is
centrifuged (4495 g; 4 °C) for 5 min to remove cell debris. The resulting
clear supernatant is collected in a glass beaker and stored at —4 °C. The
remaining pellet is re-extracted with new extraction solvent and the
supernatants combined. All the process its repeated if detected unbroken
cells. The process was repeated three times. The extracts were diluted in
1 mg mL ™! and subsequently filtered through a 0.22 pm pore membrane.

A well-established standard operation protocol was followed to
determine cyanotoxins presence in the extracts. Cyanobacteria 70 %
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methanol extracts were injected in a Liquid Chromatograph Thermo
Finnigan Surveyor HPLC System (Thermo Scientific, MA, USA), coupled
with a Mass Spectrometry LCQ Fleet™ Ion Trap Mass Spectrometer
(Thermo Scientific, MA, USA), with LC-column ACE Excel C18 (50 x 2.1
mm LD., 1.7 pm, Batch: V17-1253, Avantor® ACE ®, VWR, PT. The
analysis of cyanotoxins followed a method described previously [35].
Data processing was executed using XcaliburTM version 2 software from
Waters, USA.

Compounds were identified by comparing their retention times and
mass spectra with those of authentic standards. Identification of cya-
notoxins was achieved by comparing the mass spectra of the samples,
relative to external standards. Calibration curves were constructed using
five different standard concentrations, selected to represent the con-
centration range found in the samples. The calibration plots and corre-
sponding r® values, as well as the limit of detection for the analyzed
cyanotoxins are displayed in Table A2.

2.9. Zebrafish embryo acute toxicity test (zFET)

The zFET was selected to predict the environmental safety of the
cyanobacteria extracts, as new natural ingredients with application in
the fields of cosmeceuticals and dermatology. The OECD guideline 236
[36], with some modifications, was used to assess lethal and sub-lethal
effects of exposure of wild type zebrafish embryos to aqueous extracts.
Breeding, maintenance and embryo collection were conducted in our
certified BOGA, CIIMAR, Porto, in accordance with the ethical guide-
lines of the European Union Council (Directive 2010/63/EU) and the
Portuguese Ministry of Agriculture, Sea, Environment, and Spatial
Planning (Decree-Law no. 113/2013, 7 August) for the protection of
animals used for experimental and other scientific purposes. The expo-
sure was carried out in E3 medium (pH 8.6), at 28 °C, and adapted for
96-well plates. Briefly, fertilized eggs within the first hour post fertil-
ization (hpf) were exposed to a logarithmic range of Salileptolyngbya sp.
LEGE 181184 aqueous extract concentrations, up to 1 mg mL~}, until 96

Salileptolyngbya sp. LEGE 181184

Salileptolyngbya sp. LEGE 181201

Basal LPS 125 25 50 100 200

Basal L 125 25 50 100 200
Concentration (ug mL") Concentration (g mL™)
Neolyngbya sp. LEGE 181188 Nodosilinea sp. LEGE 181189

1000 1000
750 750
500 T 500

250

Concentration (ug mL™) Concentration (ug mL™)

Nodosilineales LEGE 181157 Salileptolyngbya sp. LEGE 181158

10004

" Basal LPS 25 50 Y Basal L

100 200 125 25 50 100 200

Concentration (ug mL") Concentration (g mL™)
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hpf. This sample was selected due to its high capacity to stimulate *NO
production in macrophages (Fig. 1), and its availability in sufficient
quantity for experimentation. Ten embryos were exposed, per condition,
and daily inspected under a microscope, with solution renewal after
each examination. Lethal (coagulation of fertilized eggs, absence of
heartbeat or somite formation, and failure of tail detachment from the
yolk sac) and sub-lethal (hatching time, tail deformities, presence of
heart or yolk sac edemas) were recorded. The assay was repeated three
times.

2.10. Statistical analysis

Statistical analysis was performed using IBM SPSS STATISTICS
software (version 29.0.1.1 for MacOS, IBM Corporation, New York, USA,
2021). Data were analyzed for normality and homogeneity of variances
by Kolmogorov-Smirnov and Leven’s tests, then submitted to a one-way
ANOVA using a Tukey’s HSD (honest significant difference) as a post-
hoc test, or to an unpaired t-test. A Pearson correlation test was used
to compare normalized expression data between the chemical profiles
and biological activities of cyanobacteria extracts. Dose-response curves
and both IC values for cells and zebrafish median lethal concentration
(LCs0) estimates were obtained by nonlinear fitting to a four-parameter
logistic equation through the least squares statistical method using
Graphpad Prism® software (version 10.2.3 and 8.2.1 for MacOS,
respectively).

3. Results and discussion

In this study, aqueous extracts were obtained through a sequential
extraction method, which offered several advantages in terms of yield
and variability of pigments with different biological properties. This
method allowed the efficient targeted-extraction of pigments with
different chemical and biological characteristics, effectively separating
lipophilic and hydrophilic ones. Furthermore, it maximized the total

Baaleninema sp. LEGE 181148 Salileptolyngbya sp. LEGE 181187

10004

7504

500

2504

0 . 0
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Salileptolyngbya sp. LEGE 181150

Leptothoe sp. LEGE181156
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Fig. 1. Effect of cyanobacteria aqueous extracts on nitric oxide (*NO) production in lipopolysaccharide (LPS)-stimulated RAW 264.7 cells. Results are expressed as
percentage of nitrite (NO3), face to the untreated control (Basal metabolism) (mean + SD three determinations, each performed in triplicate). *p < 0.05; **p < 0.01;

**¥p < 0.001, ****p < 0.0001 (ANOVA, Turkey HSD multiple comparison test).



J. Morone et al.

yield of the extraction, preserving the biological activity of the com-
pounds from different classes by reducing interferences and making
their characterization easier. The results showed that the yield of the
extraction was significantly better for the aqueous extracts, as shown in
Table 1. In all cases, the yield values of aqueous extracts were much
higher than those obtained with acetone.

3.1. Cytotoxicity

The evaluation of cytotoxicity of natural extracts is crucial for the
development of safe and effective ingredients, to ensure the absence of
toxic compounds and prevent adverse effects. Furthermore, they pro-
mote the sustainable use of natural resources, reduce the need for animal
testing and enable innovation through the discovery of new bioactive
compounds. The use of keratinocytes (HaCaT), fibroblasts (3 T3/L1) and
endothelial cells (hCMEC/D3) in cytotoxicity assays is essential to pre-
dict the safety and efficacy of natural extracts in cosmetics. Keratino-
cytes ensure that the barrier function of the epidermis is not
compromised, fibroblasts assess the integrity of the dermis and healing,
and endothelial cells ensure that there is no damage to microcirculation
or induction of inflammation [37]. Altogether, these cell lines provide a
holistic view of the effects of extracts, ensuring that these natural in-
gredients for dermatologic or cosmetic applications do not cause adverse
effects before their commercialization.

In this study, Neolyngbya sp. LEGE 181188 was the only strain that
showed cytotoxicity, in one of the cell lines analyzed, namely, 3 T3/L1,
from the concentration 25 pg mL~", showing a cell viability of 60 %,
after 48 h of exposure (p < 0.05). For all other strains, the aqueous ex-
tracts did not demonstrate cytotoxicity in the range of concentrations
under study (p > 0.05) (Fig. Al). As a result, all extracts underwent
additional analysis.

3.2. Phytochemical analysis

3.2.1. Total phenolic content (TPC)

The determination of TPC by the Folin-Ciocalteu method is widely
used due to its simplicity, low-cost, speed and reproducibility, despite
the limitations inherent to colorimetric assays, such as interference from
other compounds. This method not only measures the TPC, but also
allows inferring the antioxidant potential of the extracts, since phenolic
compounds are recognized for their antioxidant properties [38]. As
recently reported by us [21,28], acetone extracts often have a higher
phenolic content than aqueous extracts, as many phenolic compounds
are soluble in organic solvents, such as acetone. Furthermore, the
sequential extraction with acetone followed by water, results in an
initial removal of most phenolic compounds, leaving fewer phenolic
compounds to be extracted in the subsequent aqueous phase. Although
aqueous extracts sequentially obtained from acetone are poorer in total

Table 1
Yield (%, w/w) obtained from sequential acetonic [28] and aqueous
extractions.”

Strains” Solvents
Acetone Water

Salileptolyngbya sp. LEGE 181184 1.22 +£0.17 31.1 + 3.60
Salileptolyngbya sp. LEGE 181201 0.55 + 0.19 43.75 + 5.30
Baaleninema sp. LEGE 181148 1.35 + 0.08 28.5 £ 1.41
Salileptolyngbya sp. LEGE 181187 0.80 + 0.16 25.25 £ 0.35
Neolyngbya sp. LEGE 181188 1.28 + 0.04 26.13 £ 1.59
Nodosilinea sp. LEGE 181189 1.12 + 0.24 27.00 + 0.71
Salileptolyngbya sp. LEGE 181150 1.41 +£0.39 39.0 £5.21
Leptothoe sp. LEGE 181156 1.91 + 0.59 26.6 £ 5.26
Nodosilineales LEGE 181157 1.63 £ 0.56 31.72 + 8.41
Salileptolyngbya sp. LEGE 181158 1.51 + 0.32 23.35 + 5.66

@ Values are expressed as mean =+ SD of at least three extractions.
Y Taxonomic classifications.
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phenols, they have advantages like the higher extraction yields, sus-
tainability and safety profile. This approach can contribute to the
development of innovative and environmentally responsible natural
ingredients from cyanobacteria biomass.

The TPC values ranged from 14.49 up to 32.59 pg GAE mg ™! dry
extract, Salileptolyngbya sp. LEGE 181184 being the strain with the highest
TPC value, followed by Neolyngbya sp. LEGE 181188 (p < 0.05) and
Nodosilinea sp. LEGE 181189 (32.59, 26.97 and 26.42 g GAE mg ™ dry
extract, Tespectively) (Table 2).

Although the TPC values of aqueous extracts are lower than that of
acetonic extracts, the results become promising when converted into dry
biomass, due to the excellent yield that aqueous extraction can provide.
For example, Salileptolyngbya sp. LEGE 181184 and Neolyngbya sp. LEGE
181188 presented 10.95 and 6.74 mg GAE per gram of dry biomass,
respectively. For the acetone extracts of these strains, the values were
significantly lower, with 0.71 and 0.16 mg GAE per gram of dry biomass,
respectively. In a previous work [23], using 70 % ethanol, Cyanobium sp.
LEGE 07175 was the strain with the highest value in terms of dry
biomass (1.09 mg GAE ggrly biomass)- In the study by Nabti et al. 2023
[39], the cyanobacterium used was Limnospira platensis (formerly
Arthrospira platensis). The results obtained for total phenols in the
methanolic extract were 28.33 mg GAE ggrly biomass- Trabelsi et al., 2016
[40], showed a high production of phenolic compounds and flavonoids,
especially under the influence of high temperatures in methanolic ex-
tracts by Leptolyngbya sp. (139 mg GAE g&rly biomass) and the study
concluded that optimizing cultivation conditions, mainly taking
advantage of high temperatures, can significantly boost the production
of these compounds in Leptolyngbya sp., thereby enhancing its antioxi-
dant potential. Phenolic compounds are recognized for their positive
effects on the skin, serving as antioxidants and anti-inflammatory agents
[41].

Although the TPC values of aqueous extracts are lower than those of
ethanolic and methanolic extractions previously reported, their advan-
tage lies in sustainability and lower environmental impact, making them
a preferable choice for ecological and sustainable practices. Further-
more, optimization of cultivation conditions, such as increasing tem-
perature, can also be applied to aqueous extracts. This can enhance the
production of phenolic compounds and other antioxidants, making
aqueous extraction even more effective and beneficial. To our knowl-
edge, there are no previous studies on TPC in aqueous extracts of marine
cyanobacteria from Cape Verde archipelago, which opens new oppor-
tunities for research and development in this field.

3.2.2. Phycobiliproteins and chlorophylls

Present mainly in Cyanobacteria, PBPs are biodegradable, hydro-
philic and non-toxic proteins, composed of phycobilins with tetrapyrrole
structures. In Cyanobacteria, they are organized into phycobilisomes
and play a role in photosynthesis, improving light capture and protect-
ing their cells against photolysis under high light intensity. This pro-
tective role is crucial for the survival and efficiency of Cyanobacteria
under varying light conditions [15]. PBPs are classified into three main
categories: phycoerythrin (PE), phycocyanin (PC) and allophycocyanin
(APC), which have diverse biotechnological applications, being used as
natural dyes, in biophotonics, in the food industry and with biomedical
potential due to their fluorescent and antioxidant properties [15,38,42].

PBPs and TChls were quantified spectrophotometrically in aqueous
extracts. Table 2 presents a detailed summary of the PBPs and TChls
profile in the studied strains. Salileptolyngbya sp. LEGE 181150 and
Salileptolyngbya sp. LEGE 181184 were the strains exhibiting the highest
values for the PC pigment, showing no significant differences (222.76
and 220.75 pg mL&rly extract, respectively). They were followed by Baal-
eninema sp. LEGE 181148, with a value of 211.60 pg ngrly extract @ <
0.05), correlating with the intense blue color present in their extracts. In
contrast, Nodosilineales LEGE 181157 and Leptothoe sp. LEGE 181156,
the strains presenting a vibrant purple-pink color in their extracts,
exhibited a higher abundance of PE (275.04 and 159.05 pg mLarly extracts
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Table 2

Total phenolic content (TPC), phycobiliproteins (PBPs), total chlorophylls (TChls) and total carbohydrates (TCarb) content in cyanobacterial aqueous extracts.
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a,b

Strains* TPS (pg (GAE) mg ! Phycobiliproteins (ug mg ! DE) Total chlorophylls (pg Total carbohydrates (g (CarbE)
-1 -1
DE) Phycocyanin Allophycocyanin ~ Phycoerythrin mg DE) mg DE)

Salileptolyngbya sp. LEGE 32.59" + 0.38 220.75% + 35.59€ + 1.84 14.43" £ 040 253 +0.16 167.71%€ + 6.34
181184 4.18

Salileptolyngbya sp. LEGE 16.24 + 0.88 17.70° £ 0.28  6.41% + 0.44 67.34°+0.18  0.73°P +0.18 76.81° +12.36
181201

Baaleninema sp. LEGE 24.29% + 0.11 211.60° + 35.29€ + 0.32 10.20° £ 0.06  1.26° + 0.02 300.24* + 3.96
181148 0.81

Salileptolyngbya sp. LEGE 16.74€ + 2.09 69.69¢ + 0.67  9.76° + 0.10 4.03% +0.32 0.06° + 0.01 295.75% + 1.06
181187

Neolyngbya sp. LEGE 26.97° + 0.42 30.31'+1.50  9.50° + 1.42 32117+ 0.67  0.07° £ 0.01 350.66" + 37.15
181188

Nodosilinea sp. LEGE 26.42% + 0.28 87.81 £ 0.95  4.04" + 0.54 5.09" + 0.01 0.07° + 0.01 85.46" + 14.27
181189

Salileptolyngbya sp. LEGE 14.49 + 0.48 222.76" + 57.29% +0.17 17.31% £ 0.11 4.56" + 0.78 103.58%P + 0.77
181150 0.79

Leptothoe sp. LEGE 181156 14.93¢ + 0.27 76.10° £ 0.13  37.05° + 0.28 159.05% + 0.45%P + 0.04 196.89% + 24.51

0.14

Nodosilineales LEGE 14.92° + 0.66 117.94° + 44.575 + 0.28 275.04% + 0.33%P 4+ 0.03 190.47° + 2.19
181157 0.12 0.30

Salileptolyngbya sp. LEGE 15.67¢ + 0.23 194.43¢ + 44528 4 0.34 17.42F + 0.22 3.822+ 0.1 79.86° + 14.27
181158 0.39

DE, dry extract; GAE, gallic acid equivalents; GlucE, glucose equivalents.

@ Mean = SD of at least three independent experiments, performed in duplicate.

b Different superscript letters in the same column correspond to statistical differences at p < 0.05 (ANOVA; Tukey’s HSD).

¢ Taxonomic classifications.

respectively) (p < 0.05). Regarding TChls, Salileptolyngbya sp. LEGE
181150 and Salileptolyngbya sp. LEGE 181158 were the strains which
showed the highest values with no significant differences (4.56 and 3.82
ug ngrly extract, respectively), followed by Salileptolyngbya sp. LEGE
181184 (2.53 pg mLary extract, P < 0.05).

In a previous study by Rodrigues et al. [43], it was shown that the
strain Leptolyngbya boryana LEGE 15486 was one of the richest strains in
PC, while Leptothoe sp. LEGE 11479 stood out for its high PE content
(204.52 and 78.49 pg mgarly extract, respectively). The authors high-
lighted the importance of optimizing cultivation conditions to maximize
PBPs production. High temperature, for example, may increase biomass
and PC productivity. Furthermore, significant differences in the amount
of PBPs between strains of the same species indicate that the production
of these pigments is strictly individual and related to the characteristics
of each cyanobacteria strain. In another work by Silva et al. [44],
examining the pigment profile of extremophile cyanobacteria from the
Volcanic Lake Chichonal, Mexico, it was shown the variability in the
content of PBPs among different genera of cyanobacteria, such as Tol-
ypothrix sp. and Nostoc sp. (50.61 and 57.66 pg mg&rly extract, for PE and
PC, respectively), emphasizing the importance of selecting specific
strains to maximize the production of PBPs. In our work, the genera
Salileptolyngbya sp. and Baaleninema sp. demonstrated superior PC pro-
duction, while Nodosilineales and Leptothoe sp. stood out in the pro-
duction of PE (Table 2), surpassing previous results. This diversity
allows the selection of more efficient strains for specific PBPs produc-
tion, thus reducing production time and associated costs, what translates
into significant advantages in the field of biotechnology. For instance, a
study on PC and PE extracts from Limnospira platensis (formerly
Arthrospira platensis) and Nostoc commune [45] conducted cytotoxicity
analyses and examined the release of inflammatory cytokines (IL-6 and
TNF-a). The results demonstrated that PC and PE extracts did not induce
significant inflammatory responses in human fibroblast cells, reinforc-
ing their potential as safe anti-inflammatory agents for use in cosmetic
and pharmaceutical products. Likewise, in another study [46], the
aqueous extracts of Planktothricoides raciborskii and Pseudochroococcus
couteii strains stood out for their ability to inhibit the production of the
pro-inflammatory cytokine IL-1p (with inhibition of 57 % and 31 % at
50 pg mL ™}, respectively), suggesting that the presence of PC pigment,
as well as other bioactive compounds, have great therapeutic potential

for use in medications or thermal therapies. Similarly, a study by
Nowruzi & Hashemi [19], showed that PC and PE isolated from Lim-
nospira platensis (formerly Arthrospira platensis) and Nostoc, were effec-
tive for skin care products such as soaps, anti-acne gels and hand
sanitizers.

3.2.3. Total carbohydrates

Total carbohydrates were quantified spectrophotometrically in
aqueous extracts. The method used for the quantification of total car-
bohydrates is widely recognized and commonly employed in scientific
research, making it a reliable approach for measuring carbohydrate
content in various samples, including cyanobacterial extracts [27].

According to Table 2, the total carbohydrates values ranged from
76.81 up to 350.66 pg GlucE mg~! dry extract- Neolyngbya sp. LEGE
181188, Baaleninema sp. LEGE 181148 and Salileptolyngbya sp. LEGE
181187 were the strains exhibiting the highest values for the total car-
bohydrates, showing no significant differences, (350.66, 300.24 and
295.75 pg GlucE mg_1 dry extract» Tespectively). In comparison, the
cyanobacterium Nostoc muscorum is reported in the literature [47] with
a total carbohydrate content of 319.89 pg mg’1 dry extract- This value is
comparable to those obtained for Neolyngbya sp. LEGE 181188 (350.66
ng mg™Y), Baaleninema sp. LEGE 181148 (300.24 pg mg™'), and Sali-
leptolyngbya sp. LEGE 181187 (295.75 pg mg ). Such results highlight
the significant potential of Desmonostoc muscorum (formerly Nostoc
muscorum) for carbohydrate production, which is in the range of the
highest-performing strains identified in this study. Furthermore, to the
best of our knowledge, there is no evidence of other cyanobacterial
strains exhibiting higher total carbohydrate values than those obtained
herein. The data from the previously reviewed paper [48], as well as the
most recent analysis, do not show any strain outperforming Neolyngbya
sp. LEGE 181188, Baaleninema sp. LEGE 181148, and Salileptolyngbya sp.
LEGE 181187. Although Spirulina species are often recognized for their
high nutritional and biochemical potential, including carbohydrate
production, the reviewed studies did not report carbohydrate values
exceeding those observed in our strains. This further highlights the
exceptional carbohydrate yield achieved in our study.

Carbohydrates play a vital role in Cyanobacteria, serving as primary
energy reserves and essential structural components for their survival
and adaptation to diverse environmental conditions. These compounds
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enable cyanobacteria to withstand stressors such as nutrient scarcity,
extreme temperatures, and high salinity, highlighting their ecological
resilience. Typically found in the form of glycogen, sucrose, and extra-
cellular polysaccharides (EPS), carbohydrates are present in the intra-
cellular and extracellular matrices of cyanobacteria. They contribute to
energy storage, structural integrity, and environmental interactions
such as biofilm formation and nutrient capture [48]. On average, car-
bohydrates constitute approximately 20-30 % of the dry weight of
cyanobacteria, depending on the species and environmental conditions,
and can reach up to 70 % in Limnospira maxima (formerly Spirulina
maxima) [49]. Quantification of total carbohydrates in cyanobacterial
extracts therefore not only provides insights into their metabolic po-
tential but also highlights their importance as a renewable resource for
sustainable applications [48].

3.3. Biological activities

3.3.1. Antioxidant capacities

Oxidative stress is one of the main causes of tissues damage, being an
ever-present condition in the majority of metabolic diseases and an
important factor for the acceleration of skin aging. Free radicals, such as
03 ° and °*NO, are relevant physiological reactive species that can cause
damage to skin cells and tissues. The antioxidant compounds present in
cyanobacteria extracts can neutralize these free radicals, preventing
premature aging and other organs damage [44].

In terms of Oz * scavenging, Salileptolyngbya sp. LEGE 181184 was the
most effective strain, with the lowest ICsq (46.50 pg mL™1), followed by
Neolyngbya sp. LEGE 181188 (47.86 pg mL™') and Nodosilineales LEGE.
181157 (63.24 pg mL™1), with no significant differences (Table 3).
Furthermore, Salileptolyngbya sp. LEGE 181184 was one of the strains
that also presented the highest values for TPC (32.59 pg GAE mgarly ex-
tracts) and PC (220.75 pg rngarly extract), While Nodosilineales LEGE
181157 presented the highest value for PE (275.04 pg mg&rly extract)
(Table 2). It is worth highlighting that a significant negative correlation
was found between O2° elimination and TPC (—0.440, p < 0.05).
Furthermore, a significant negative correlation between O3 ® elimination
and total carbohydrates content (—0,592, p < 0.01, for ICsp), PC and
APC (—0.528 and — 0.673, p < 0.05, for IC ;5 respectively) and a
negative, yet not significant, correlation between O3 * elimination and

Table 3

Inhibitory concentration (IC) values (g mL ™) of cyanobacteria aqueous extracts.
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PE were found, suggesting the contribution of the phenolic compounds,
carbohydrates and PBPs to radicals scavenging. Rodrigues et al. [43],
also reported a negative correlation between O3° scavenging and PBPs
content of different Cyanobacteria, corroborating our findings. In their
study, Leptolyngbya boryana showed the best ICsy value for O3° scav-
enging (49.24 g mL™ ). A recent work [50] has shown that micro-
encapsulated C-PC from Limnospira platensis (formerly Arthrospira
platensis) has high antioxidant capacity and is effective in neutralizing
free radicals (ICsg ranged from 7.6 to 13.5 mg mL"}, for DPPH). Another
study [51], demonstrated that PE from Nostoc had efficient scavenging
effects (ICso = 57 pg mL~! for 07*). Sonani et al. [52], provided several
protocols to facilitate the purification of PBPs. Although the isolation
and purification of PBPs offers significant benefits in terms of purity,
efficacy, consistency and potential for specific applications, the use of
targeted aqueous extracts may be more advantageous for the develop-
ment of natural ingredients, once they are less expensive, faster and
easier to obtain. Moreover, the synergistic effects and multitarget ac-
tivity of PBP-rich extracts brings an added value to cyanobacteria as
sustainable bioresources for the production of natural ingredients with
application in different dermatological affections.

Regarding *NO elimination, Salileptolyngbya LEGE 181150 was the
only one capable of reaching ICsq (964.58 pg mL™1). In terms of ICas,
Salileptolyngbya LEGE 101184 was the most effective, followed by the
strains Salileptolyngbya LEGE 181150 and Salileptolyngbya LEGE 181158
(296.07; 301.13 and 334.95 pug mL’l, respectively) (Table 3). Silva and
coworkers [44] showed that only the aqueous extract of the strain Tol-
ypothrix sp. LEGE 221228 was able to reach ICsq (1220 pg mL 1), and this
strain also presented the best value for ICy5 (689.91 pg mL™Y). In their
work, the acetone extract of the strain Tolypothrix sp. LEGE 221228 had
the best IC5¢ (57.68 pg mL D). Rodrigues et al. [43] revealed that
aqueous extracts from Cephalothrix lacustris may be an exception, with
an ICsg of 36.68 pg mL ™!, since acetone extracts generally showed better
values than aqueous ones. In our previous work [21] that characterized
carotenoid extracts from the same strains presented herein, the ICsg
results for *°NO scavenging were better than for Oz * and, in fact, statis-
tical analyzes showed a significant negative correlation between zeax-
anthin and chlorophyll and ICsg values (p < 0.01).

According to those previous studies, acetone extracts have been
shown to be much more effective in terms of *NO scavenging, due to the

a,b,c

Strains’ O%scavenging (pg mL ™) *NO scavenging (ug mL™1) LOX inhibition (ug mL™)
(O ICso ICys ICso ICys ICso
Salileptolyngbya sp. LEGE 181184 22,224 46.50* 296.074 nd 52,4878 430.76"
+3.84 +4.73 +36.99 +7.70 +25.72
Salileptolyngbya sp. LEGE 181201 85.00° 194.33F nd nd 240.67° nd
+15.05 +11.72 +27.64
Baaleninema sp. LEGE 181148 34.50% 76.60%5:C 993.95° nd 79.514B:C 376.41%CP
+0.71 +7.83 +8.55 +3.62 +6.00
Salileptolyngbya sp. LEGE 181187 68.00%CP 110.00%PE nd nd 266.47° nd
+3.16 +13.00 +12.44
Neolyngbya sp. LEGE 181188 24.50" 47.86" nd nd 170.425¢P nd
+5.51 +1.57 +35.13
Nodosilinea sp. LEGE 181189 76.50%P 144.00% nd nd 197.6° nd
+2.12 +14.31 +82.73
Salileptolyngbya sp. LEGE 181150 24.29% 112.18PE 301.134 964.58 28.49" 254.624
+9.46 +12.46 +58.93 +27.52 +1.79 +55.86
Leptothoe sp. LEGE 181156 41.10%8 nd nd nd 39.15% 268.54"5
+5.24 +18.21 +15.72
Nodosilineales LEGE 181157 25.48% 63.24%8 nd nd 62.67%P 370.08%CP
+6.81 +24.67 +9.88 +30.78
Salileptolyngbya sp. LEGE 181158 51.22AB.C 404.59% 334.95" nd 50.90*F 285.614BC
+24.20 +14.30 +71.37 +11.38 +52.00

@ Mean = SD of at least three independent experiments, performed in duplicate.

b nd: not determined.

¢ Different superscript letters in the same column correspond to statistical differences at p < 0.05 (ANOVA; Tukey’s HSD).

4 Taxonomic classifications.



J. Morone et al.

presence of compounds such as carotenoids and chlorophylls, which are
less polar and have a greater ability to eliminate this free radical. Despite
this, there is a lack of studies for comparison on the scavenging of *°NO by
cyanobacteria aqueous extracts. Although the aqueous extracts were not
efficient in eliminating *NO, the ICsq values for O3° scavenging were
very interesting. These findings suggest that aqueous extracts of cya-
nobacteria could be effective in preventing oxidative stress-related skin
aging by efficiently scavenging Oy*™.

3.3.2. Lipoxygenase (LOX) inhibition

Inflammation is a critical physiological process necessary for healing
and maintaining tissue homeostasis. However, when inflammation be-
comes chronic, it can contribute to the development of various diseases.
The transition from acute to chronic inflammation involves intricate
networks of cells and molecules, including enzymes, growth factors,
cytokines, and biolipid mediators. Among these mediators are prosta-
glandins, leukotrienes, and thromboxanes, which are produced from
arachidonic acid (AA) through the action of cyclooxygenase (COX) and
lipoxygenase (LOX) enzymes [53]. LOXs are a diverse group of enzymes
that oxygenate polyunsaturated fatty acids, resulting in the formation of
both pro-inflammatory and pro-resolving lipid mediators. These en-
zymes play a crucial role in various aspects of the inflammatory
response, such as the recruitment of leukocytes (white blood cells), the
regulation of vascular permeability, and the resolution of inflammation
[43].

Targeting the LOX pathway, particularly in macrophages, offers a
promising therapeutic strategy. By modulating this pathway, it may be
possible to develop treatments that effectively reduce harmful inflam-
mation while preserving the essential physiological functions of these
enzymes. This approach aims to balance the need for resolving inflam-
mation without disrupting the normal processes necessary for main-
taining tissue health and homeostasis.

Salileptolyngbya sp. LEGE 181150 presented the lowest ICs, followed
by Leptothoe sp. LEGE 181156 and Salileptolyngbya sp. LEGE 181158
(254.62; 268.54 and 285.61 pg mL~!, respectively). The extracts were
tested up to a maximum concentration of 300 pg mL~L. It is worth
reporting that the values of ICy5 were significantly lower, for the same
strains (28.49; 39.15 and 50.90 pug mL’l, respectively) (Table 3).
Moreover, the ICys5 values displayed by the extracts were in the same
order of magnitude as that obtained with the positive control, quercetin
(ICo5 = 31.77 + 7.61 pg mL™1), highlighting the potential of cyano-
bacteria extracts as natural ingredients for LOX inhibition. According to
the statistical analysis, there is a negative correlation (p < 0.01) between
PC, APC, and PE and TChls (p < 0.05) and the calculated IC values,
suggesting the contribution of these PBPs and Chlorophylls to LOX in-
hibition. Rodrigues et al. [43] reported that aqueous extract from
Oscillatoria meretrix (formerly Leptolyngbya boryana) LEGE 15486 and
Nodosilinea nodulosa LEGE 06104, rich in PC, presented ICsq of 142.75
and 206.02 pg mL™}, respectively, for LOX inhibition. In fact, the effect
of purified PC on LOX has already been explored, showing the inhibitory
properties of this PBP in the pro-inflammatory enzyme. For instance,
Prasanth and co-workers reported that the PC-LOX interaction is of a
function-freezing, protein-protein interaction in nature, and that the
wide spectrum of properties of PC might be due to its function as a
powerful protein hub showing non-specific protein-protein interactions
[54]. Prabakaran and co-workers [55] also reported the ability of PC to
inhibit LOX in 50 % for a concentration of 300 pg mL ™, our results being
more promising, with a significantly lower ICsy, highlighting the po-
tential of the aqueous extracts for biotechnological application as LOX
inhibitors.

Beyond PBPs, other compounds produced by cyanobacteria may
contribute to LOX inhibition. In a work [56] investigating a new aqueous
extract of Limnospira platensis (formerly Arthrospira platensis), enriched
in PC and containing a high concentration of non-PC bioactive com-
pounds, it was found that the inhibition of LOX was specifically asso-
ciated with the non-PC fraction of the extract, suggesting that other
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bioactive compounds may contribute to the activity observed. For
instance, Fagundes et al. [57] provided evidence that phytosterols
extracted from Microcoleus autumnalis (formerly Phormidium autumnale)
are potentially responsible for the inhibition of LOX, among other
neuroprotective activities. Furthermore, Morone et al. [21] revealed
that acetone extracts from de same strains studied herein, exhibited ICsq
values of the same order of magnitude, ranging from 202.43 to 367.26
pg mL~L. In their study, the authors found a significant negative corre-
lation between carotenoids and chlorophylls and IC values, suggesting
that a variety of compounds produced by cyanobacteria contribute to
the inhibition of LOX. Studies focusing the effect of Cyanobacteria ex-
tracts on the essential enzymes for arachidonic acid to eicosanoids
conversion are scarce. Nevertheless, as for LOX, some reports point-out
the effect of Cyanobacteria-derived compounds in COX. Reddy and co-
workers [58] revealed that PC from Limnospira platensis (formerly
Arthrospira platensis) had potent ability to inhibit COX-2 activity at
dosages between 1 and 30 pg mL~_. Likewise, Leung et al. [59] reported
that, in addition to promoting the downregulation of NF-kB, C-PC
derived from L. platensis showed potent inhibition of COX-2. Pagels et al.
[25], studying PBP-rich extract of Cyanobium sp., showed that their
extracts were capable to reduce COX-1 and COX-2 enzymes activity,
emphasizing the biotechnological importance of cyanobacteria targeted
extracts as natural ingredients.

Thus, according to the literature, cyanobacterial extracts are rich in
bioactive compounds that promote anti-inflammatory activity. Specif-
ically, aqueous cyanobacterial extracts are particularly advantageous for
use in cosmeceuticals as they are not only rich in these bioactive com-
pounds but also sustainable, cost-effective, and environmentally
friendly. These qualities make them ideal for natural and eco-conscious
ingredients for both application in dermatologic and cosmeceutical
formulations to treat skin affections with an associated inflammatory
scenario.

3.3.3. Evaluation of NO levels in RAW 264.7 cells

The determination of NO levels in LPS-stimulated RAW 264.7 cells is
widely used to evaluate the anti-inflammatory potential of different
compounds, including cyanobacteria extracts. With this model,
numerous inflammatory mediators can be initially measured to screen
possible anti-inflammatory effects, sometimes being difficult to reach
consensus on which mediators evaluate, and the rationality of
measuring inflammatory mediators together with NO. In our study, we
chose to do this approach by measuring the effect of the extracts on NO
levels produced by RAW 264.7 cells. The results of NO levels produced
RAW 264.7 cells in the presence of aqueous Cyanobacteria extracts are
displayed in Fig. 1.

None of the extracts showed cytotoxicity to RAW 264.7 cells under
the range of concentrations tested (Fig. A2). On the other hand, all ex-
tracts showed a significant capacity to increase the NO production by
macrophages, after the 24-h incubation period, for all the concentrations
investigated. This increment in NO production occurred in a dose-
dependent manner, with the exception of Salileptolyngbya sp. LEGE
181187, Neolyngbya sp. LEGE 181188 and Salileptolyngbya sp. LEGE
181150 strains, where the levels of NO were similar for the tested range
(Fig. 1). The Nodosilinea sp. LEGE 181189 extract showed a significant
increase from the concentration of 50 pg mL™ and Salileptolyngbya sp.
LEGE 181201 extracts from the concentration of 25 pg mL™'. Four
strains were found to exceed NO levels produced by RAW 264.7 upon
LPS stimulation, namely Salileptolyngbya sp. LEGE 181184, Baaleninema
sp. LEGE 181148, Leptothoe sp. LEGE 181156 and Salileptolyngbya sp.
LEGE 181158, attesting the ability of these extracts to act as NO-
producing ingredients. In a recent study carried out by us [21] using
carotenoid-rich extracts obtained from the same strains, a contrary
behavior was observed, with NO levels suffering a dose-dependent
decrease. This highlights the importance of sequential and targeted ex-
tractions, that allow to obtain extracts with different biological activities
from the same cyanobacteria strain. Rodrigues et al. [43] obtained
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similar results for both aqueous and acetone extracts when studying
other cyanobacteria strains.

Overall, data focusing cyanobacteria bioactivities points out the
wide range of applications of their targeted extracts, which bioactivities
widely vary depending on the strain and extraction methodologies. For
instance, in a study conducted by Demay et al. [46], aqueous extracts of
certain Cyanobacteria strains exhibited complex patterns of cytokine
secretion, with some increasing the levels of one cytokine while
decreasing another, complicating the assessment of their overall anti-
inflammatory activity. The aqueous extracts of two strains, namely,
Planktothricoides raciborskii PMC 877.14 and Pseudochroococcus coutei
PMC 885.14, stood out for inhibiting one or more pro-inflammatory
cytokines, such as IL-1p and IL-6, while for the Aliinostoc sp. PMC
882.14 there was an increase in the secretion of IL-1p and an inhibition
of the secretion of IL-6. According to them, the anti-inflammatory
properties of the aqueous extract could be conferred by the PC
pigment and probably lipids. Nevertheless, for the strain P. coutei PMC
885.14, as it has a thick polysaccharide sheath and presents low levels of
PC, the anti-inflammatory activity was attributed to the EPS as they are
water-soluble. In a study by Zampieri et al. [60], EPS produced by
Phormidium sp. ETS05 demonstrated anti-inflammatory potential in
zebrafish models of inflammation, significantly reducing luciferase ac-
tivity and the number of neutrophils in the inflamed area, without
toxicity in human skin fibroblasts (HSF). These results suggested that
Phormidium EPS may have important therapeutic properties due to their
anti-inflammatory and pro-resolution activities. In contrast, the study by
Swartzendruber et al. [61] investigated LPS from another cyanobacte-
rium, Geitlerinema sp., and found that these LPS induce an inflammatory
response in mice, increasing the production of pro-inflammatory cyto-
kines such as IL-6, TNF-a, IFN-y, and do not increase the production of
anti-inflammatory cytokine IL-10. Furthermore, the study raised the
possibility that microcystin, a toxin produced by many cyanobacteria,
may also be responsible for the observed increase in NO, highlighting
the importance of investigating the combined impact of LPS and
microcystin on immune cells activation.

The divergence in results can be attributed to several reasons,
including differences in the chemical composition of LPS and EPS be-
tween different species of cyanobacteria, the experimental environment
(in vivo vs. in vitro), and the biological models used (zebrafish vs. mice).

Recognizing that PBPs constitute the majority of compounds present
in the aqueous extracts prepared in this study and considering their anti-
inflammatory activity previously recognized [62] and discussed herein,
we hypothesize that LPS or cyanotoxins might be present in our extracts
and stimulating macrophages to produce NO. To better understand the
mechanisms underlying the increment in NO production, and the
possible contribution of the different compounds in the cyanobacteria
aqueous extracts, we started evaluating the effect in the NO-producing
enzyme, iNOS, by measuring the levels of L-citrulline, an amino-acid
produced in stoichiometric amounts with NO. The colorimetric
method employed herein takes advantage of the ureido group-specific
reaction with diacetyl monoxime/antipyrine in the presence of sulfu-
ric acid, using cell assay conditions that avoid the interferences pro-
moted by the serum proteins and pH indicator present in cell culture
medium [63]. With this assay, we intended to clarify if the increase in
NO production observed comes from the overexpression of iNOS, pro-
moted by compounds acting in a similar mechanism as that of bacterial
LPS.

3.3.4. Determination of L-citrulline levels

L-citrulline is a non-essential amino acid that plays a crucial role in
the urea cycle, where it helps eliminate ammonium from the body. In the
context of inflammation and NO production, L-citrulline is of particular
interest due to its direct relationship with the activity of the enzyme
iNOS. During NO production, L-citrulline is generated as a byproduct of
the conversion of L-arginine to NO by iNOS [9]. Therefore, measuring L-
citrulline levels serves as a reliable indicator of iNOS expression, activity
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and NO production. For this purpose, we selected the aqueous extract of
Salileptolyngbya sp. LEGE 181184, the one available in higher amount,
and presenting significant results in terms of NO production by RAW
264.7 cells in the presence of the extract. The results are displayed in
Fig. 2.

A significant increase in the percentage of L-citrulline was observed
compared to the basal levels, demonstrating that the extract increases
iNOS expression, without being toxic to RAW 264.7 cells (Fig. A2). As
iNOS overexpression occurs through TLR4 activation, we can presup-
pose that aqueous extracts may contain compounds that increase iNOS
expression at mRNA levels, in a similar manner to bacterial LPS.

It is important to consider that Cyanobacteria, being Gram-negative,
may contain LPS themselves, in their membranes, though, these LPS are
generally less potent than those from pathogenic Gram-negative bacte-
ria (LPS from E. coli) [64]. Moreover, Cyanobacteria may produce a
variety of cyanotoxins, which are toxic compounds capable of causing
adverse effects on both aquatic and terrestrial organisms. These cya-
notoxins exhibit diverse activities, including hepatotoxic, neurotoxic
and dermatotoxic effects. The presence of cyanotoxins in cyanobacteria
extracts may also contribute to the observed NO overproduction, in
addition to those caused by LPS.

To better understand whether the NO overproduction detected with
our extracts is actually due to the presence of LPS or cyanotoxins, we
screened out the presence of toxins in the extracts under study, as well as
the presence of toxin-producing genes in the cyanobacteria biomass. As
well, we performed an assay using polymyxin B (PB), an antibiotic that
neutralizes LPS. This approach allows us to discern whether the stimu-
lation of *NO production in the presence of the extracts is predominantly
caused by LPS or by other compounds, such as cyanotoxins.

3.3.5. Neutralizing effects with polymyxin B

PB is an antibiotic that specifically binds to LPS, neutralizing their
ability to induce inflammatory responses. If our extracts contain LPS,
they will bind to PB and, as expected, be reflected in a lower *NO pro-
duction by macrophages in the presence of PB-treated extracts. The
aqueous extracts were pre-treated with PB for 24 h, RAW 264.7 cells
were subsequently exposed to PB-treated extracts and, after 24 h of in-
cubation, NO levels and cells viability were determined (Figs. 3 and A3).

The results showed a significant decrease in the *NO produced by the
cells, for all extract concentrations, when compared with the LPS-

Salileptolyngbya sp. LEGE 181184
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Fig. 2. L-citrulline production by RAW 264.7 cells in the presence of aqueous
extract of Salileptolyngbya sp. LEGE 181184. Results are expressed as % of
citrulline production relative to the untreated control (Basal, without LPS-
stimulation). Results are expressed as the mean + SD of at least four indepen-
dent assays, performed in duplicate. **p < 0.01, ***p < 0.001 (ANOVA,
Tukey HSD).
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Fig. 3. Effect of Salileptolyngbya sp. LEGE 181184 aqueous extract pre-treated with Polymyxin B (PB, 25 pg mL™1), on nitric oxide (*NO) produced by RAW 264.7
cells. Results are expressed as percentage of nitrite (NO3) face to the control (Basal) (mean +SD of three determinations, each performed in triplicate). *p < 0.05; **p
< 0.01; ***p < 0.001, ****p < 0.0001 (ANOVA, Turkey HSD multiple comparison test).

stimulated cells, and as it was observed with the extract alone (as dis-
played in Fig. 1). Although the *NO production is still significantly su-
perior to the basal levels (Fig. 3), it seems clear that PB-treatment has
inactivated the compounds responsible for stimulating *NO production,
indicating that the *"NO overproduction previously observed (Fig. 1) may
be attributed to the presence of LPS in the Cyanobacteria extracts
(Fig. 3), corroborating the conclusions of the study by Swartzendruber
et al. [61]. These findings provide additional evidence that LPS are
primarily responsible for inducing the *NO overproduction in our assays.

It is worth mention that, for higher PB concentrations (50 pg mL™1),
a significant impact in cells viability is observed (Fig. A3), the same
happening when PB is in combination with LPS, for both 25 and 50 pg
mL~! (Fig. 3). Based on the observed results, it is evident that a con-
centration of 50 pg mL ™! of PB cannot be used due to the occurrence of
cell death. This finding emphasizes the importance of carefully selecting
appropriate PB concentrations to avoid cytotoxic effects, ensuring that
any observed changes in *NO production are solely due to the neutral-
ization of LPS and not a consequence of compromised cell viability.
Nevertheless, is has been well demonstrated that the LPS-neutralizing
ability of PB lead to a NO production significantly lower than that pre-
viously observed with the extracts alone, indicating the presence of LPS-

like compounds in the cyanobacteria aqueous extracts.

As previously mentioned, carbohydrates can be found in the form of
polysaccharides, in the intracellular and extracellular matrices of Cya-
nobacteria. To validate our assumptions about the presence of LPS-like
compounds in Cyanobacteria, we examined the strain Salileptolyngbya
sp. LEGE 181184 using optical microscopy, with the application of
Alcian Blue and China Ink dyes. The Alcian blue formulation links to
neutral LPS, allowing the detection of these compounds while the Chi-
nalnk evidences the LPS surrounding the cyanobacterial colonies. As
shown in Fig. 4, under the experimental conditions used in this study,
Salileptolyngbya sp. LEGE 181184 is confirmed to be an LPS-producing
strain, which aligns with the results depicted in Table 2 and with pre-
viously reported findings.

However, the possibility that other compounds, such as microcystins,
may also contribute to this observation cannot be ruled out, highlighting
the need to specifically identify and characterize the components of
aqueous extracts responsible for these responses. In this regard, we have
analyzed the Cyanobacteria strains under study for the presence of
toxins.

Fig. 4. Morphological analysis of Salileptolyngbya sp. LEGE 181184 with Alcian Blue staining (a) and with Chinalnk (b). All photos were taken with 10x magni-
fication. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.3.6. Screening of toxins production by PCR (Polymerase Chain Reaction)
and by LC-MS

To complement our studies and investigate in more detail the po-
tential contribution of compounds other than LPS to the increase in NO
production, we performed a PCR assay to screen the presence of genes
responsible for the production of cyanotoxins in Cyanobacteria extracts.
The detection of specific genes, such as mcyA and mcyE, which are
associated with the biosynthesis of microcystins and nodularins,
respectively, allows us to identify strains of Cyanobacteria potentially
producing these toxins [34]. This assay provides a more comprehensive
understanding of the molecular composition of the extracts and helps
clarify the role of different cyanotoxins in modulating the observed re-
sponses. The identification of such genes could also provide important
clues about the mechanisms of toxicity and help direct future research
towards mitigation and control strategies for toxic cyanobacteria.

For all the Cyanobacteria strains under study, PCR results were
negative for the presence of the genes responsible for cyanotoxin pro-
duction (Fig. A4). Additionally, and to complement this search, the LC-
MS analysis of the extracts did not reveal any mass peak consistent with
the presence of toxins (limits of detection in Table A2). This absence
suggests that the increased NO production observed in our experiments,
was predominantly mediated by cyanobacteria LPS, rather than by
cyanotoxins such as microcystins or nodularins. Although the possibility
of other unknown compounds contributing to NO overproduction
cannot be completely ruled out, our data reinforce the hypothesis that
cyanobacterial LPS are the main NO-production stimulating agents.
These findings highlight the importance of focusing on the character-
ization of LPS and its interactions with the immune system, as well as on
the identification of other possible bioactive molecules present in Cya-
nobacteria targeted extracts. Future studies could explore different
strains and environmental conditions to broaden our understanding on
the diversity and mechanisms of toxicity of Cyanobacteria.

3.3.7. Environmental safety of the NO-production stimulating extract

The Zebrafish Embryo Toxicity Test (ZFET) as outlined in OECD Test
Guideline 236 [36], is a widely recognized, robust and reliable method
used for both natural product discovery and environmental compati-
bility assessments of such products and/or extracts [65,66]. ZFET pro-
vides critical data on acute toxicity and animal development, serving as
a key initial step in identifying exposure hazards in a biological system
(in vivo). This is essential for evaluating potential environmental im-
pacts of substances [67,68] such as natural extracts intended for various
applications, including cosmetics [66,69,70].

In this study, zFET was used as a proxy for hazard identification to
depict major environmental problems, once release to the environment.
For this study, as all aqueous extracts exhibited similar behavior in
macrophages by stimulating *NO production, the extract from Sali-
leptolyngbya sp. LEGE 181184 was selected due to its strong capacity for
°*NO stimulation, serving as a representative model for aqueous extracts.
Additionally, this extract demonstrated no cytotoxicity in HaCaT, 3 T3/
L1, and hCMEC/D3 cell lines (Fig. A1), and was available in sufficient
quantity for experimental use. All three replicates of Salileptolyngbya sp.
LEGE 181184 aqueous extracts met the required control criteria, with
survival and normal development rates of at least 90 %. Nominal con-
centrations were used and the 96 h — LCsy was determined to be 0.1712
mg mL ! with a 90 % confidence interval between 0.1542 and 0.1858
mg mL ™! (Fig. 5). Sublethal effects, such as lordosis or edemas, were
minimal. No effects on the hatching rate were observed.

These findings showed good agreement with the results obtained
from the cellular cytotoxicity assay, in which, except for Neolyngbya sp.
LEGE 181188, no strains showed cellular cytotoxicity (Fig. Al).

While ZFET provides important initial data on the toxicity of natural
extracts, inferring comprehensive environmental safety requires the
integration of these data with additional tests and studies (e.g., multi-
species testing, environmental fate, and bioaccumulation). This holistic
approach ensures a more accurate and complete understanding of the
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Fig. 5. Dose-response curve: Danio rerio (zebrafish) embryos survival at 96 h
post fertilization (hpf) (full line) and respective confidence intervals (inter-
mittent line) following exposure to Salileptolyngbya sp. LEGE 181184
aqueous extract.

potential ecological risks associated with the substance. Nevertheless,
we compared our values with hazard classifications available in the
literature. According to the OECD Harmonized Integrated Classification
System for Human Health and Environmental Hazards of Chemical
Substances and Mixtures [71] our results fall above category III, in
which the 96 h — LCsy for fish is between >10 - <100 mg L~L. This OECD
document also refers to the possibility that compounds with 96 h — LCsq
> 100 mg L~! could be reconsidered in a new category, with less
toxicity. In fact, this is in accordance with a hazard classification
established by Passino and Smith [72] who characterized substances
with acute toxicities between 100 and 1000 mg L~! as practically
harmless.

Given these findings, our extracts can be considered environmentally
safe, as the calculated IC values fall within concentration ranges that
showed no cytotoxicity in the zFET. For example, the ICsy values for
antioxidant activity against the Oz° radical ranged from 46.50 to
194.33 pg mL ™, except for Leptothoe sp. LEGE 181156 and Salilepto-
lyngbya sp. LEGE 181158 (Table 3). In the LOX inhibition assay, ICos
values ranged from 28.49 to 197.64 pg mL ™!, except for Salileptolyngbya
sp. LEGE 181201 and LEGE 181187 strains (Table 3).

3.3.7.1. Potential cosmetic and dermatologic applications of cyanobacteria
extracts as NO donors. NO is a diffusible mediator recognized for its
dualistic nature, the regulation of its levels being a key point for main-
taining the organism’s homeostasis, and for acting in specific situations
of different nature. While inappropriate inducible NOS upregulation is
implicated in a multitude of dermatologic disorders, there are specific
situations where NO can represent a potent cosmeceutical with legiti-
mate biological activity by conferring beautifying and protective effects.
While it is true that much of the research directed at this mediator fo-
cuses on inhibiting its production, it is also true that in recent years its
beneficial effects have been explored, particularly through substances
that act as NO donors, both isolated and associated with nanoparticles.
Special attention has been paid to the antimicrobial activity of NO,
where the most significant aspect relies on the lack of resistance to date.
Many resistant bacteria, such as Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae and Pseudomonas aeruginosa, among others,
able to escape most of antibiotics, are susceptible to the effects of NO. In
the field of cosmetics, NO donors are being explored as non-UV-based
tanning agents capable of reducing photoaging and skin cancer risk
[20].

Based on the results present herein, it seems evident the biotechno-
logical interest of Cyanobacteria extracts as NO donors, with potential
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application as broad-spectrum topical antimicrobial agents with activity
against Gram-positive and -negative bacteria, fungi and parasites.
Additionally, it is worth mentioning that Cyanobacteria-based formu-
lations are already used in cosmetics, with Limnospira (formerly Spir-
ulina) species being the most representative. This gives support to the
safety of several strains of these Gram-negative microorganisms for
humans use [73]. Beyond their low-cost, ease of production and high
yields, the targeted extracts of the non-toxin producing Cyanobacteria
from Cape Verde revealed a safe profile, with no cytotoxicity to the cell
lines analyzed under the tested concentrations, as well as environmental
safety demonstrated through the zFET acute toxicity test.

4. Conclusions

Aqueous extracts of the cyanobacterial strains Salileptolyngbya sp.
LEGE 181184 and LEGE 181150, Leptothoe sp. LEGE 181156 and
Nodosilineales LEGE 181157 have been shown to have substantial
antioxidant and anti-inflammatory potential, evidenced by effective
scavenging of the Oz ° and inhibition of LOX, respectively. On the other
hand, these non-toxin producing strains showed a significant stimula-
tion of NO production in RAW 264.7 cells through the upregulation of
iNOS expression, without presenting cytotoxicity to several cell lines
studied.

These findings are particularly promising for the development of
innovative natural antimicrobial ingredients acting against antibiotic-
resistant strains, through a NO-donating mechanism. The antioxidant
properties of these extracts, combined with the ability to promote
vasodilation through increased NO synthesis, also make these strains
valuable candidates for the development of innovative ingredients
acting against cellulite and alopecia, as well as non-UV-based tanning
agents. Although further studies are needed, namely exploring the sta-
bility of these extracts in topical release systems, their biotechnological
advantages and environmental safety puts them at the forefront as
serious candidates for the development of natural ingredients for
dermatologic and cosmeceutical applications.
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