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Abstract: Neurodegenerative diseases are linked to the process of neurodegeneration. This can
be caused by several mechanisms, including inflammation and accumulation of reactive oxygen
species. Despite their high incidence, there is still no effective treatment or cure for these diseases.
Cyanobacteria have been seen as a possible source for new compounds with anti-inflammatory
and antioxidant potential, such as polysaccharides (sacran), phycobiliproteins (phycocyanin) and
lipopeptides (honaucins and malyngamides), which can be interesting to combat neurodegenera-
tion. As a promising case of success, Arthrospira (formerly Spirulina) has revealed a high potential
for preventing neurodegeneration. Additionally, advantageous culture conditions and sustainable
production of cyanobacteria, which are allied to the development of genetic, metabolic, and bio-
chemical engineering, are promising. The aim of this review is to compile and highlight research on
the anti-inflammatory and antioxidant potential of cyanobacteria with focus on the application as
neuroprotective agents. Also, a major goal is to address essential features that brand cyanobacteria as
an ecoefficient and economically viable option, linking health to sustainability.
antioxidant;

Keywords: cyanobacteria; neurodegenerative diseases; anti-inflammatory;

neuroprotection; sustainability

1. Introduction

Although difficult to define, neurodegeneration is widely characterized by the pro-
gressive dysfunction and death of neurons in the central nervous system (CNS) or in the
peripheral nervous system (PNS). The neurodegenerative process is believed to be caused
by a set of interconnected mechanisms that include synaptic loss, accumulation of mis-
folded proteins, mitochondrial dysfunction, chronic inflammation, and excessive amounts
of reactive oxygen species (ROS) and reactive nitrogen species (RNS), which cause oxidative
stress [1]. Neurodegeneration is associated with a set of neurodegenerative diseases (ND)
whose overall symptoms and signals include memory disturbance, dysregulation of move-
ment, namely involuntary movements, and difficulty in speaking and walking [2]. ND is
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a highly incident, prevalent, and debilitating health condition with a significant impact
on individuals, families, and healthcare systems. Highly associated with aging, ND is
becoming an increasingly significant problem as the world’s population ages, emphasizing
the importance of developing effective therapies and prevention strategies.

The most incident ND include Alzheimer’s disease (AD), Parkinson’s disease (PD),
Huntington’s disease (HD), and Amyotrophic lateral sclerosis (ALS) [3]. Briefly, AD
is characterized by a slow decline in cognitive abilities, memory loss, and behavioral
changes [4]. Although the precise etiology behind AD is unknown, it is thought to be a result
of a confluence of hereditary, environmental, and lifestyle factors [4]. Age is considered
the primary risk factor for the development of this disease, and it is estimated that around
half of the population over the age of 85 can be affected [5]. Moreover, it is anticipated
that over 100 million people will have AD by the year 2050 [5]. Brain atrophy in this
neurological disease may result from synaptic degradation, neuronal death, amyloid-{3 (Ap)
plaque deposition, tau protein aggregation and deposition, and inflammatory and oxidative
processes [6]. In patients with AD, there is a deficiency in the levels of the neurotransmitters
acetylcholine (ACh) and butyrylcholine (BCh) and an overexpression of the enzymes
acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) [7,8]. Therapeutics for AD
are typically neuroprotective, anti-inflammatory, and antioxidant [9]. Other treatments
include AChE inhibitors such as donepezil, rivastigmine, and galantamine, which have all
been approved by the Food and Drugs Administration (FDA) [10]. Memantine is another
FDA-approved drug used to treat moderate to severe AD, as it acts as an N-methyl-D-
aspartate (NMDA) receptor antagonist. This drug inhibits glutamate hyperactivation,
which causes excitotoxicity and neuronal vulnerability [11].

Parkinson’s disease is the second most common ND. Despite age being the main risk
factor for this pathology, 5-10% of PD cases are caused by genetic factors that include
mutations in the PARKIN and a-synuclein genes [12]. Patients with this disease suffer
from bradykinesia (slowness of movement), tremors (typically at rest and absent during
movement), rigidity (resistance to movement), and balance changes [12]. This pathology is
the result of dopaminergic neuron loss in the substantia nigra pars compacta (SNpc) of the
brain. The loss of these neurons is believed to be associated with an increase in ROS pro-
duction due to inflammation and loss of mitochondrial functions. An unusual aggregation
of a-synuclein in Lewy bodies is also observed in PD [13]. The current treatment for PD
focuses mainly on the dopaminergic mechanism. The preferred drug for PD treatment is
levodopa, which is converted into dopamine in the SNpc. Monoamine oxidase B (MAO-B)
inhibitors, which degrade dopamine, are also used in PD therapy [14].

Huntington’s disease is characterized by progressive physical weakening and cogni-
tive decline [15]. HD is an autosomal dominant inherited disease caused by overexpression
of the triplet cytosine, adenine, and guanine (CAG) in the huntingtin gene (HTT) on chro-
mosome 4 (4p16.3) [15]. With this mutation, HTT proteins become more susceptible to
misfolding, resulting in the formation of aggregates and subsequent deposition, affecting
several areas of the brain, especially the striatum [16]. Furthermore, abnormal HTT causes
mitochondrial dysfunction, leading to increased production and accumulation of ROS
and RNS [17]. Patients suffering from HD show reduced levels of the glucose transporter
(GLUT) 1 and 3, increased amounts of lactate, and alterations in the respiratory chain which
affect the activity of complexes II, III, and IV [17,18]. Eastern countries such as Japan, Korea,
and Hong Kong show a lower prevalence of this condition compared to countries like
Canada, United States, and the United Kingdom, which may be related to low mutation
rates in these East Asian countries [19]. Despite a correlation between HD and oxidative
stress, treatment with antioxidants has not proven effective [17].

Amyotrophic lateral sclerosis, also known as Lou Gehrig’s disease, is a ND that affects
upper and lower motor neurons as well as other brain neurons, such as the frontotemporal
region [20]. This ND is characterized by weakness, muscle degeneration, and fascicula-
tions. People suffering from this disease normally have a survival time of up to 50 months
after diagnosis and usually die from respiratory failure [1,20]. ALS is currently classified
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as sporadic amyotrophic lateral sclerosis (sALS) or familial amyotrophic lateral sclerosis
(fALS). The majority of patients with this disease are included in sALS [21]. In fALS, a
large percentage of the cases are caused by mutations in SOD1, C9orf72, TARDBP, and
FUS genes [21]. The SOD1 gene, for instance, is important for the modulation of cellular
respiration and scavenging excessive superoxide (O,* ™) radicals [22]. ALS leads to various
alterations at the cellular level, such as alterations in RNA metabolism, mitochondrial
dysfunction, oxidative stress, excitotoxicity, and neuroinflammation [23]. There is no cure
for ALS. However, there are drugs that can slow down the progression of this illness
and prolong the survival of the patients, such as riluzole, edavarone, sodium phenylbu-
tyrate, and taurursodiol (PB-TURSO) [24-26]. New treatments might include the use of
stem cells, antibodies, RNA interventions, and small molecules related to oxidative stress
and inflammation [26].

Natural compounds have been on the front line as good candidates for neurodegener-
ation prevention and ND therapies [7]. Within a wide range of organisms, cyanobacteria
emerged as a promising source of natural compounds with potential application in specific
features of ND, as recently reviewed [7,27]. In fact, several cyanobacterial compounds were
found to be active in specific mechanisms of each ND, such as AChE and BChE, inhibition
and reduction in A3 accumulation in AD, and reduction in x-synuclein inclusions in PD.

Although each ND has specific characteristics and affects different areas of the neu-
ronal systems, they share several common features, which include inflammation and
oxidative stress, as described above [17]. Cyanobacteria were found to possess strong
anti-inflammatory properties that have been shown to impact microglial function, decrease
inflammatory mediators, and increase the expression of inflammation-related genes in
microglial cells [28]. NDs are also linked to elevated levels of oxidative stress, making
the CNS particularly vulnerable due to its high oxidizable substrate content [29]. To pro-
tect from oxidative stress, there is substantial evidence that several cyanobacteria genera,
namely Arthrospira, have strong antioxidant capacity by scavenging ROS, inhibiting lipid
peroxidation, and modulating genes related to the oxidative stress response [30].

Identifying new compounds to combat inflammation and oxidative stress represents
a significant advance in preventing neurodegeneration and, consequently, the onset of
the diseases [27,31]. Cyanobacteria have been considered a rich source of extracts and
compounds with putative neuroprotective potential [32] (Figure 1). Therefore, the aim
of this review is to provide a comprehensive and integrated view of current evidence
on the ability of cyanobacteria to prevent and treat neurodegeneration, focusing on the
anti-inflammatory and antioxidant potential, to identify existing knowledge gaps and
suggest directions for future research. Moreover, considering that the production of natural
compounds directed to human health is founded on the culture of the producer organisms,
this review highlights the sustainability of cyanobacteria culture, stressing its importance
in environmental terms.
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Figure 1. General mechanisms of neurodegeneration and the most promising cyanobacterial natural
products for the prevention of neurological disorders include those with well-documented anti-
inflammatory and antioxidant properties.

2. Cyanobacteria

Cyanobacteria, also known as blue-green algae, are Gram-negative prokaryotes and
are considered the most primitive photosynthetic organisms on Earth [33]. These are partic-
ularly resistant microorganisms that can thrive in a wide range of extreme environments,
such as hot springs, frozen systems, and extremely saline environments [33]. These mi-
croorganisms can be found in a variety of colors, such as green, red, and yellow [34], due to
the presence of natural pigments such as chlorophylls and derivatives, phycobiliproteins
(PBPs) and carotenoids that have been used as natural colorants and antioxidants [35].

Cyanobacteria taxonomy has undergone some changes mostly related to the advances
in 16S rRNA gene sequencing. In the last years, more than 270 species in 140 genera
were newly described with an actual number of 19 orders [36]. Cyanobacteria can have
different morphologies; they can be found in unicellular, colonial, and multicellular fila-
mentous forms [33]. Unicellular cyanobacteria have round, oval, or cylindrical cells that
can aggregate into irregular or regular colonies bound. The number of cells in each colony
deviates from two to several thousand according to the species [33,37]. In the filamentous
cyanobacteria forms, cells are connected to each other, forming a chain called “trichomes”.
Branches and /or “pseudobranches” are formed when trichomes break or fragment [33].

Cyanobacteria are a boundless source of compounds and products of interest in the
areas of health, food and feed, cosmetics, and energy production [38,39]. These include
lipids, alkaloids, polyketides, peptides (lipopeptides, depsipeptides), vitamins, pheno-
lic compounds, amino acids, polysaccharides, terpenes, and phycobiliproteins. Due to
their rich bioactive content, cyanobacteria possess promising pro-health properties such
as antioxidant, anti-inflammatory, antibacterial, antifungal, antidiabetic, anticancer, and
neuroprotective activities [32,39].
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3. The Beneficial Role of Cyanobacterial Natural Products in Inflammation and
Oxidative Stress

Accruing evidence suggests the connection between inflammation, oxidative stress,
and ND, like AD, PD, and ALS. Inflammation is the body’s natural response to infections,
exposure to pathological health agents, chronic and autoimmune diseases, and unhealthy
lifestyles [40]. This defense mechanism can take two stages: acute and chronic. Acute
inflammation is the immune system’s first response, and it is usually temporary. When
this defense mechanism fails, chronic and persistent inflammation occurs, leading to
diseases such as diabetes, ND, and cancer [40]. Inflammation activates multiple cellular
biochemical mediators, including cytokines such as interleukins (IL-1f3 and IL-6), tumor
necrosis factor o (TNF-o), kinases, and transcription factors such as the nuclear factor kB
(NF-«B) [41]. Nowadays, therapy for inflammation and inflammatory diseases is based
on steroidal and non-steroidal anti-inflammatory drugs (NSAIDs). These NSAIDs act as
prostaglandin inhibitors by inhibiting the cyclooxygenase (COX) enzymes. Despite their
numerous benefits, long-term use of steroidal and non-steroidal drugs has been linked to
hypertension, hyperglycemia, osteoporosis, and cardiovascular, gastrointestinal, and renal
toxicity [41]. Therefore, the search for new therapies, namely those of natural origin, has
become essential [42].

Neuroinflammation is the term used to describe inflammation of the CNS. This pro-
cess occurs in response to endogenous or exogenous stimuli such as protein misfolding,
mitochondria dysfunction, toxins, and pathogens [43]. During this defense mechanism,
microglia and astrocytes are activated, leading to the production of inflammatory media-
tors such as cytokines and chemokines [44]. When these pro-inflammatory elements are
overproduced, severe neurological damage can occur, resulting in neuronal death [45].

The use of neuroinflammation biomarkers is extremely important for disease prognosis.
However, there are no specific biomarkers for various neurological diseases. Nevertheless,
biomarkers for neuroinflammation include the translocator protein (18-kDa) (TSPO) and
monoamine oxidase B (MAO-B) [43]. TSPO is a transmembrane protein located in the
outer mitochondrial membrane [46]. In response to an inflammatory stimulus, the brain
defense cells produce TPSO at higher levels. This biomarker is involved in several CNS
functions, such as apoptosis regulation [47]. TSPO ligands have been demonstrated to be
effective in reducing neuroinflammation and neuronal damage both in in vivo and in vitro
models of neurodegenerative diseases. Neurosteroids’ production, cytokine release, and
ROS metabolism are thought to be some of the events related to these findings [48].

Monoamine oxidase (MAQO) enzymes regulate the amine levels in the brain [45]. These
enzymes have two isoforms: monoamine oxidase A (MAO-A) and MAO-B, with the latter
being predominant in brain glial cells [49]. MAO-B inhibitors, such as PD, are used to treat
ND [49]. As astrocytes (glial cells) regulate MAO-B activity, it is thought that this enzyme
can be used as a biomarker for neuroinflammation [45].

Reactive oxygen species are produced from molecular oxygen and are the result
of cellular metabolism [50]. Superoxide anion (O,°~), hydrogen peroxide (H,O;), and
hydroxyl radical (HO®) are some examples of this species [51]. ROS are mainly pro-
duced from the cytoplasmic membrane NADPH oxidase and from the mitochondrial
respiratory chain [51].

The brain is very susceptible to oxidative stress since it consumes high amounts of
molecular oxygen and has an elevated quantity of polyunsaturated fatty acids, which are
very sensitive to peroxidation [51]. Most ND is associated with the atypical formation
of protein aggregates, an event that can lead to oxidative stress due to mitochondrial
dysfunction and ROS production [51]. Oxidative stress arises when there is an imbalance
between the production of ROS and the capacity of antioxidant molecules to remove these
radicals from the system. An antioxidant is a substance or molecule that can eliminate
and/or prevent cell damage caused by ROS, which is produced in the system during
physiological processes or can be related to external factors such as smoking, pollution,
and radiation [52]. Excessive quantities of ROS can cause alterations in DNA molecules,
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lipids, and proteins. These modifications can lead to the development of diseases such as
asthma, chronic inflammation, neurodegenerative and cardiovascular diseases, diabetes,
and cancer [52].

In order to be protected against the harmful effects of ROS, human cells depend on
their antioxidant capacity. Tissues incorporated antioxidant systems composed of various
liposoluble (vitamin E, carotenoids) and hydrosoluble (ascorbic acid) components, and
enzymatic machinery such as glutathione peroxidase (GSH), superoxide dismutase (SOD)
and catalase (CAT) [29,53,54].

Most of the assays employed to assess the antioxidant potential of compounds
or extracts rely on nonenzymatic assays. In those the most common ones include the
2,2'-azinobis-(3-ethylbenzothiazoline-6-sulphonate) radical (ABTS®*) scavenging, the
1,1-diphenyl-2-picrylhydrazyl (DPPH®) radical scavenging, the Fe*-Fe?* transformation
assay, the ferric reducing antioxidant power (FRAP) assay, the cupric ions (Cu?*) reducing
power assay (Cuprac), O,* ~, H,O, scavenging assay, *OH scavenging assay, the singlet
oxygen (0,) quenching assay and *NO- scavenging assay [55].

In the last decades, researchers have been investigating the anti-inflammatory and
antioxidant properties of cyanobacterial natural products, focusing on extracts and pure
compounds [32,50,51]. Most of the compounds described as potential anti-inflammatories
were also found to induce antioxidant activity, and this includes polysaccharides, lipids,
peptides, alkaloids, and pigments such as phycobiliproteins. A summary of these studies is
presented in Table 1.
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Table 1. Cyanobacteria in inflammation and oxidative stress.
Genus/Species/Code Compound/Extract Mechanism/Effect In Vitro Assays In Vivo Assays Reference
o . .. Human skin fibroblasts (HSF) exposed =~ Chemical (copper and DSS) and injury
Phormidium sp. ETS05 Exopolysaccharides (EPS) Anti-inflammatory to EPS (amputation) zebrafish larvae [56]
Nostoc commune Polysaccharides Antioxidant Antibacterial H,0,, O,*~, DPPH®, RP - [57]
Phormidium versicolor Polysaccharides Antioxidant Antimicrobial DPPH, FRAP, B:carotene bleaching, - [58]
HO?® assays
Leptolyngbya sp. Polysaccharides Antioxidant DPPH, HO®, Fe?* - [59]
. . Antioxidant .
Nostoc flagelliforme Capsular polysaccharides Anti-inflammatory - Male C57BL/6] mice [60]
Nostoc flagelliforme Polysaccharides Antioxidant DPPH, ABTS*, HO® assays - [61]
Male Wistar rats and female BALB/c
. mice with paw edema induced by
Aphanothece sacrum Sacran Anti-inflammatory. HaCaT human keratinocyte cells. carrageenan, kaolin and dextran and [62]
WST-1 method .
ear edema induced by TPA.
Histological analysis.
Anti-inflammatory. HaCaT keratinocytes cells. ROS
Aphanothece sacrum Sacran Antioxidant induced by SLS and IL-1c. i [63]
Topical treatment with
sacrun-containing serum in human
. .. volunteer (size, percentage of thick
Aphanothece sacrun Polysaccharide Anti-inflammatory - abrasion, ratio of SH to SS groups, [64]
ratio of IL-1 receptor antagonist to
IL-1a, and carbonylated protein level).
Anti-inflammatory . .
Nodularia harveyana Glycolipids Downregulation of TNF-oc LPS-stimulated leukemic monocyte - [65]
cells (THP-1)
and NF-«B
Monounsaturated fatty acid HEK293 ARE-luc cells
VPFK21-7 7(E)-9-keto-hexadec-7- Anti-inflammatory (ARE-Luciferase Reporter Assay) - [66]
enoic acid RAW264.7 cells (*NO levels)
Arthrospira subsalsa Lipid fractions Anti-inflammatory hPRP (anti-PAF, - [67]

antohrombotic activities)
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Table 1. Cont.
Genus/Species/Code Compound/Extract Mechanism/Effect In Vitro Assays In Vivo Assays Reference
Antioxidant ABTS®**, DPPH®, °*°NO, O,°*~
Gloethece sp. Lipidic extracts Anti-inflammatory HRBC, COX-2 - [68]
Anti-tumor TUNEL in AGS cancer cells
Lipopetides .. LPS-stimulated RAW264.7 cell line
Leptolyngbya crossbyana (Honaucins A-C) Anti-inflammatory (*NO production) - [69]
. Lipopeptide - LPS-induced RAW 264.7 cell line )
Lyngbya sordida (Malyngamide) Anti-inflammatory (*NO production) [70]
Anti-inflammator hTNF-a—-stimulated HLMVECs cells
Nostoc Aeruginosin-865 ammatory (AlphaLISA assay). IL-8 and - [71]
NF-«B inhibition
ICAM-1 levels
. Aeruginosin 828A and .. Human hepatoma cell line Huh7 .
Planktothrix rubescens cyanopeptolin 1020 Anti-inflammatory (IL-8, TNF-a) Zebrafish AG 828A expoused [72]
Mouse cell line RAW264.7 (*NO assay)
. . . . . Neocortical neurons from Swiss
Oscillatoria margaritifera Ethyl tumonoate A Anti-inflammatory webster mice (intracellular Ca2* - [73]
monitoritation)
Antigen-stimulated RBL-2H3
. . Peptides (LDAVNR .. mast cells.
Arthrospira maxima and MMLDF) Anti-inflammatory Histamine-stimulated EA.hy926 - (741
endhothelial cells
Anti-inflammator LPS- induced macrophages
Aphanothece halophytica Mycosporine-2-glycine . y (RAW 264.7). iNOS, NF-«B, - [75]
Antioxidant
COX-2, H,0O5.
) Scvtonemin Anti-inflammator LPS-stimulated RAW 264.7 cells BALC/c mice with TPA-induced ear [76]
y y (TNF-o and NF-kB) edema (TNF-«, iNOS)
. - Cyanobacterial cells treated with
Scytonema sp. R77DM Scytonemin Antioxidant scytonemin (ROS production) - [77]
. Phycobiliproteins Anti-inflammatory ABTS**, °NO, O,*~ scavenging
Cyanobium sp. and carotenoids Antioxidant COX inhibition 78]
Anti-inflammator Male Wistar rats with ethanol-induced
Arthrospira maxima C-phycocyanin Y - gastric ulcers (MDA, GSH, SOD, CAT, [79]

Anti-ulcerogenic

TNF-a, NF-kB)
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Table 1. Cont.
Genus/Species/Code Compound/Extract Mechanism/Effect In Vitro Assays In Vivo Assays Reference
Antioxidant EAE indued male Lewis rats and
. . . .. female C57BL/6 mice: MDA assay. PP
Arthrospira platensis C-Phycocyanin ﬁnti—lgﬂlan;n:atzr}; - assay. FRA assay. ELISA (IL-17, [80]
euronal protectio IL-6, IFN-v).
Antiinflammatory DOX + CP- induced C57BL/6 male
Nostoc sphaeroides C-phycocyanin Mitochondria protection - mice (MWM, TNF-q, IL-183, IL-6, [81]
prok MDA, GSH and SOD levels)
Synapse protection
o . .. Phosphomolybdenum, DPPH®, H,O,,
Geitlerinema sp. TRV57 Phycocyanin Antioxidant FRAP, Antilipid peroxidation assays - [82]
. . L N2 Bristol wild type C. elegans
Halomicronema sp. R31DM Phycoerythrin Antioxidant DPPH, FRAP, RP (ROS levels) [83]
. . Phycobiliproteins, Phenolic . o
Lyngbya sp. and Oscillatoria sp. and Flavonoids compounds Antioxidant TPC, TEC, PBPs, FRAP and DPPH - [84]
Aphanothece microscopica Nageli Carotenoids Antioxidant ROQO*® scavenger capacity - [85]
Trichodesmium sp. Carotenoids Anti-inflammatory COX-1 and COX-2 inhibition - [86]
. . . .. Primary microglia (IL-13, TNF-«,
Arthrospira platensis Acetonic extract Anti-inflammatory iNOS, Nrf2, HO-1) [87]
; ) . L. PC 12 cells (Ferric- reducing
Arthrospira platensis Non-protein extract Antioxidant antioxidant activity and DPPH?®) - [88]
DJ-1BA93 Drosophila Melanogaster
. . Diet supplementation Antioxidant exposed to paraquat: Survival assay.
Arthrospira platensis (5 and 10% w/v) Reduced cellular stress Locomotor assay. Enzymatic assays (891
(SOD and CAT).
. . 70% ethanol extract Neuroprotection AB1_gp- induced PC12 cells (MTT,
Arthrospira maxima (SM70EE) Antioxidant PARP, LDH, GSH levels, western blot) [°0]
Arthrospira maxima 70% ethanol extract Antioxidant TMT- induced HT-22 cells (MTT, PARP, Scopolamine-induced ICR mice [91]
P (SM70EE) ACHhE inhibition western blotting) (MWM, Passive avoidance test)
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Table 1. Cont.
Genus/Species/Code Compound/Extract Mechanism/Effect In Vitro Assays In Vivo Assays Reference
. Wistar rats induced with AICI3: GSH
. . Diet supplementation .. Antioxidant content assay. Total thiol content assay.
Arthrospira platensis (1500 mg /kg, tablets) Anti-inflammatory Negronal - TAC assay. ELISA (TNF-). Histology. [92]
morphology protection

Immunofluorescence (Af).

Abbreviations: NF-kB—Nuclear factor kB; hTNF-a—human tumor necrosis factor o; HLMVECs—human lung microvascular endothelial cells; IL-8—Interleukin-8; ICAM-1—intercellular
adhesion molecule 1; WST-1—water-soluble tetrazolium salt; TPA—12-O-Tetradecanoylphorbol13-acetate; HEK293 ARE-luc—human embryonic kidney cells stably transfected with fire-
fly luciferase reporter gene; ARE—antioxidant response element; NO—nitric oxide; ABTS—2,2’-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid; DPPH—2,2-diphenyl-1-picrylhydrazyl;
*NO-—mnitric oxide; O,*~—Superoxide anion; HRBC—Human red blood cell; COX-2—cyclooxygenase-2; TUNEL—Terminal deoxynucleotidyl transferase dUTP nick-end labeling;
AGS—gastric adenocarcinoma cell-line; H,O,—Hydrogen peroxide; RP—reducing power; DOX—Doxorubicin; CP—C-phycocyanin; MWM—Morris water maze; TNF-x—Tumor necro-
sis factor alpha; IL-13—Interleukin 1 beta; IL-6—Interleukin-6; MDA—Malondialdehyde; GSH—Glutathione; SOD—Superoxide dismutase; FRAP—Ferric ion reducing ability of plasma;
C. elegans—Caenorhabditis elegans; PC 12—Pheochromocytoma; MTT—3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; PARP—poly (ADP-ribose) polymerase;
LDH—Ilactate dehydrogenase; ICR—institute of cancer research; CAT—catalase; hPRP—human platelet-rich plasma; PAF—platelet-activating factor; SLS—sodium lauryl sul-
fate; HSF—human skin fibroblasts; DSS—Dextran sulfate sodium; TMT—trimethyltin; SH—sulfhydryl; SS—disulfide; ROO®*—Peroxyl radical; Nrf2—nuclear factor erythroid2-related
factor; HO-1—heme oxygenase-1.
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3.1. Polysaccharides

Polysaccharides are high molecular weight carbohydrates used by organisms as
intracellular energy storage compounds, as structural cell wall components, or can be
secreted as extracellular polymeric substances conferring protection against biotic and
abiotic factors [93]. In cyanobacteria, most of the studied polysaccharides are extracellular
polysaccharides that can be excreted into the surrounding medium, mostly referred to
as exopolysaccharides (EPS), or remain more or less tightly bound to the cells forming
capsules or mucilages. EPS from cyanobacteria are among the classes of compounds that
have demonstrated anti-inflammatory and antioxidant effects in both in vivo and in vitro
tests [94,95]. Cyanobacteria EPS are produced by several strains such as Anabaena spp.,
Calothrix marchica, Cyanospira capsulate, Cyanothece sp., Leptolyngbya sp., Plectonema sp.,
Phormidium sp. and Nostoc spp. These strains can produce, on average, up to >1 g/L of EPS,
with Nostoc sp. CCALA H06/21 is the highest producer at around 8 g/L [96]. Zampieri
et al. [56] extracted EPS from the cyanobacterium Phormidium sp. ETS05 and found that
a concentration of 50 ug/mL EPS showed anti-inflammatory properties in chemical and
physically injured zebrafish larvae by the reduction of NF-«B activity. Also, using the
human skin fibroblast cell line HSF, the authors found that EPS concentrations ranging
from 25 to 100 ug/mL increased cell viability.

Considering the antioxidant potential of polysaccharides, the antioxidant activity of
polysaccharides extracted from the cyanobacterium Nostoc commune was assessed using
several in vitro antioxidant assays (H,O,, O,*~, DPPH®, and FRAP). The DPPH*® assay
showed the best results, with an ECsg of 2719.1 mg/L. Also, Phormidium versicolor polysac-
charides were evaluated for their antioxidant activity in vitro, showing that the compounds
strongly scavenged radicals, prevented bleaching of 3-carotene, and reduced activity [57].

Capsular polysaccharides are natural polysaccharides strongly bound to the external
cell wall surface [58]. Capsular polysaccharides and releasing polysaccharides from a
methanolic extract of a Leptolyngbya sp. strain were examined for their antioxidant activities
by means of DPPH, hydroxyl radical scavenging, and ferrous ion chelating assays [59].
Biomass methanolic extract presented both the highest DPPH and hydroxyl radical scav-
enging ability with an IC50 of 0.07 and 0. 38 mg/mL, respectively. The results of the
ferrous ion chelating assays revealed that capsular polysaccharides methanolic extract
presented the highest ferric chelating capacity with an IC 50 equal to 0.59 mg/mL. Also,
capsular polysaccharides from Nostoc flagelliforme were found to improve the serum levels
of inflammatory factors and antioxidant enzyme activity in the liver of male C57BL/6]
mice [60]. From the same cyanobacteria species, Shen et al. [61] described the antioxidant
potential of polysaccharides extracted from capsules. In this study, three polysaccharides
(WL-CPS-1, NaCl-CPS-1, and Glu-CPS-1) were isolated. Antioxidant in vitro assays showed
that WL-CPS-1, NaCl-CPS-1, and GluCPS-1 exhibited strong scavenging activity on ABTS+
and hydroxyl radicals. In fact, at the concentration of 2.5 mg/mL, the ABTS + radical
scavenging abilities of WL-CPS-1, NaCl-CPS-1, and Glu-CPS-1 reached 89.54%, 91.62%,
and 94.96%, respectively and the scavenging activities of hydroxyl radicals of WL-CPS-1,
NaCl-CPS-1, and Glu-CPS-1 were 62.94%, 70.20% and 78.63%, respectively.

Sacran is a sulfated polysaccharide extracted from the cyanobacterium Aphanothece sacrun
that has shown anti-inflammatory and antioxidant effects. Moytoma et al. [62] found that
sacran inhibited paw edema induced by carrageenan, kaolin, and dextran, as well as ear
edema induced by 12-O-Tetradecanoylphorbol-13-acetate (TPA) in male Wistar rats and
female BALB/c mice. During the study, sacran inhibited edema in all the phlogistic agents
at concentrations of 0.01% and 0.05% (w/v) for kaolin and 0.05% (w/v) for carrageenan,
dextran, and TPA. Sacran cytotoxicity was studied in the HaCaT cell line, and no cytotoxic
effects were observed. In another study, sacran reduced cell damage induced by sodium
lauryl sulfate (SLS) and also restored the ROS levels stimulated by SLS and by Interleukin-1
alpha (IL-1c). The authors suggest that the anti-inflammatory and antioxidant effects of
sacran are based on its trapping effect [63].
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The antioxidant potential of sacran was also described by Doi et al. [64], in which
sacran isolated from Aphanotece sacrum was tested in serum in human volunteers; a reduc-
tion in intracellular oxidation through decreases in IL-1x was observed, which indicated a
reduction in oxidative stress.

3.2. Lipids

Cyanobacteria produce nonpolar and polar lipids that include glycerolipids, fatty
acids, and their derivatives, as well as phospholipids and glycolipids, respectively. Also,
cyanobacteria produce lipopeptides, which are amphiphilic molecules containing both
a polar and an apolar moiety in their structure [97]. Glycolipids are a common type of
lipid in cyanobacteria, serving as components of thylakoid membranes and heterocyst
cell walls [98]. These molecules were discovered to induce anti-inflammatory activity [99].
Tena Pérez et al. [65] studied the effects of glycolipid fractions from Nodularia harveyana
in lipopolysaccharide (LPS)- stimulated leukemic monocyte cells (THP-1) for their TNF-oc
and NF-«B inhibition. The fraction containing digalactosyldiacyl glycerols was the one
with the highest inhibition for both factors, with an ICsq of 5.81 + 0.23 uM for TNF-«
and 3.75 & 0.63 uM for NF-«B. This fraction also exhibited the lowest cytotoxicity (ICsq of
31.27 £ 0.12 uM).

In a study conducted by Al-Awadhi et al. [66], a monounsaturated fatty acid (7(E)-
9-keto-hexadec-7-enoic acid) isolated from VPFK21-7 cyanobacterial mat presented anti-
inflammatory and antioxidant activities. An ARE-luciferase reported assay was performed
in HEK293 cells, and the compound was found to induce Nrf2 activity in a concentration
of 10 and 32 uM, which demonstrates its antioxidant activity. The anti-inflammatory
activity was tested by measuring the NO levels in LPS-activated mouse macrophage
RAW 264.7 cells. The compound showed a decrease of NO levels in a dose-dependent
manner due to a reduction in the inducible nitric oxide synthase (iNOs) transcript levels.

Lipidic factions of Arthrospira subsalsa exhibited strong anti-inflammatory properties
in human platelets. These fractions strongly reduced platelet aggregation induced by
platelet-activating factor (PAF), with ICsq values between 60 and 100 pg of polar lipids [67].

Moreover, Gloeothece sp. lipidic extracts were studied for their anti-inflammatory
capacity by human red blood cell membrane stabilization and COX-2 screening assays and
antitumor capacity by TUNEL assay in AGS cancer cells [68]. Several solvents (acetone,
ethanol, ethyl lactate, and hexane: isopropanol) were tested to extract the lipidic com-
pounds; the HI (3:2 hexane: isopropanol) appeared to be the most promising for use in the
nutraceutical industry. HI extracts showed a 50% COX-2 inhibition with 130.2 £+ 7.4 ug/mL;
61.6 £ 9.2% of lysosomes protection from heat damage and induced AGS cell proliferation
up to 40% in a concentration of 23.2 &+ 1.9 pg/mL. In the same study, the lipidic extract
was also studied for its antioxidant activity by employing the ABTS**, DPPH®, *NO.,
and O,°~ assays. HI extracts showed *NO- radical scavenging capacity with an ICsy of
1258 + 0.353 pg/mL [68].

Cyanobacteria produce a variety of chemically diverse lipopeptides, from linear
lipopeptides to cyclic lipopeptides, that were found to induce anti-inflammatory and
antioxidant properties [100]. The anti-inflammatory activity of the lipopeptides honaucins
A-C isolated from a Leptolyngbya crossbyana strain was investigated by the NO production
in LPS-stimulated macrophages RAW264.7 [69]. The NO production was inhibited by the
compounds with ICsg values of 4.0, 4.5, and 7.8 uM, respectively. Honaucin A, in particular,
was found to exert its anti-inflammatory activity through the activation of the cytoprotec-
tive nuclear erythroid 2-related factor 2 (Nrf2)-antioxidant response element/electrophile
response element (ARE/EpRE) signaling pathway. The activation of this pathway was
confirmed in cultured human MCF7 cells using an Nrf2 luciferase reporter assay [101].

In the same line, the oxidized lipopeptide malyngamide 2 (1) (Figure 2), isolated from
Lyngbya sordida, displayed anti-inflammatory properties by inhibiting NO production with
an IC5p = 8.0 uM in the murine RAW264.7 macrophage cell line treated with LPS [70].
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Malyngamide 2 (1)
Figure 2. Structure of Malyngamide 2 (1), a lipopeptide that inhibits NO production.

3.3. Peptides

Peptides are the most abundant family of bioactive compounds produced by cyanobac-
teria [102]. Among these, the nonribosomal linear tetrapeptide aeruginosin-865 (2) (Figure 3)
isolated from Nostoc sp. was shown to have pronounced anti-inflammatory effects. Kapus-
cik et al. [71] observed these findings using human lung microvascular endothelial cells
(HLMVECs) stimulated with Human tumor necrosis factor-a (WTNF-o). Aeruginosin-865
inhibited interleukin-8 (IL-8) and intercellular adhesion molecule-1 (ICAM-1) levels in a
dose-dependent manner, with ECsg values of 3.5 £ 1.5 ug/mL and 50.0 £+ 13.4 pg/mL,
respectively. The authors also discovered that this tetrapeptide partially or totally inhibits
the translocation of the NF-kB dimer into the nucleus of endothelial cells.
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aeruginosin-865 (2)

Figure 3. Structure of aeruginosin-865 (2) is a nonribosomal linear tetrapeptide that inhibits
interleukin-8 (IL-8).

Another two cyanobacterial peptides, Aeruginosin 828A and cyanopeptolin 1020, were
found to have anti-inflammatory potential by decreased transcription of pro-inflammatory
agents, like IL-8 and TNF-« in the TNF-«a- simulated human liver cell line, Huh7 cells [72].
In addition, Ethyl tumonoate A isolated from Oscillatoria margaritifera revealed an anti-
inflammatory effect through the NO assay without any cytotoxicity on mouse cell line
RAW264.7 [73]. From Arthrospira maxima, two peptides, LDAVNR and MMLDYF, isolated
from the enzymatic hydrolysis of protein content, reduced the release of histamine and the
production of IL-8 in response to histamine in endothelial cells [74].

3.4. Ultraviolet Absorbing Compounds

Mycosporine-like amino acids (MAAs) and scytonemin (SCY) are ultraviolet-absorbing
compounds that help cyanobacteria to cope with UV radiation. Aside from this photo-
protective effect, these compounds have been investigated as anti-inflammatories. The
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MA As mycosporine-2-glycine (3) (Figure 4) extracted from Aphanothece halophytica was
evaluated for its anti-inflammatory effects in LPS-induced RAW 264.7 macrophages. This
compound was able to inhibit iNOS and suppress the NF-«B pathway at concentrations
of 0.1-10 uM [75].
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mycosporine-2-glycine (3)

Figure 4. Structure of mycosporine-2-glycine (3) a Mycosporine-like amino acid able to inhibit iNOS
and suppress the NF-kB pathway.

Scytonemin (4) (Figure 5) is a yellow-green ultraviolet absorber pigment found in
several genera of cyanobacteria [76]. This indole alkaloid demonstrated anti-inflammatory
properties in both in vivo and in vitro studies [76]. In BALB/c mice, topical application
of scytonemin (300 ng per ear) inhibited TPA-induced ear edema. It was also verified
that TNF-o expression and iNos levels were suppressed in animal models. In addition,
in LPS-stimulated RAW 264.7 macrophages, SCY (10-20 ng/mL) inhibited TNF-« and
NF-kB expression.

scytonemin (4)

Figure 5. The structure of scytonemin (4) is an indole-alkaloid able to inhibit iNOS and suppress the
NF-«B pathway:.

Also for SCY, Rastogi et al. [77] reported significant inhibitory effects on ROS produc-
tion in cyanobacterial cells treated with SCY (20.83%), ascorbic acid (AA) (45.75%), and
SCY + AA (58.65%), after exposure to UVA 1 UVB 1, the photosynthetically active radiation.
These results also indicate the potential role of SCY as a natural antioxidant.

3.5. Phycobiliproteins

Phycobiliproteins (PBP) are colored macromolecules that form part of the light-
harvesting system in cyanobacteria. These water-soluble proteins can be classified ac-
cording to their structure and light absorption properties as phycoerythrin, phycocyanin,
phycoerythrocyanin, and allophycocyanin and are described as pigments with very inter-
esting anti-inflammatory and antioxidant potential [103].



Molecules 2024, 29, 4799

15 of 23

Phycobiliprotein extracts from Cyanobium sp. at a concentration of 100 ng/mL had
the capacity to inhibit COX-1 and COX-2 in 50% and 40%, respectively. This extract also
presented great antioxidant capacity [78].

C-phycocyanin (C-PC)isolated from Arthrospira maxima was tested for its anti-
inflammatory and antiulcerogenic effects in rats with ethanol-induced gastric ulcers.
Ethanol administration has been associated with ROS production. This was confirmed
by the elevated malondialdehyde (MDA) concentration and decreased SOD, GSH, and
CAT activity in rats treated with ethanol (96%, 5 mL/kg). In this group, TNF-« levels
decreased in 54.10% and NF-kB levels in 28.37%. In contrast, in rats who received C-PC at
200 mg/kg, MDA activity was decreased, and SOD and CAT activities were increased [79].
Another in vivo study investigated the effects of oral C-PC (200 mg/kg) Arthrospira platensis
on EAE (experimental autoimmune encephalomyelitis) induced Lewis rats. This ad-
ministration reduced MDA, PP, and FRA levels while preventing myelin integrity. In
the same study, treatment with phycocyanobilin (5 mg/kg) in EAE-C57BL/6 mice re-
duced neuroinflammation by lowering the expression of pro-inflammatory cytokines, IL-6,
and IFN-y [80].

C-phycocyanin, isolated from Nostoc sphaeroides, was studied in Doxorubicin
(DOX) + C-PC induced C57BL/6 male mice in another study to investigate its neuropro-
tective activity. DOX is a drug commonly used in cancer treatment. However, it causes
cognitive dysfunctions in patients. C-PC was shown to have neuroprotective effects mostly
due to its antioxidant, anti-inflammatory, and mitochondrial properties. After several tests
(MWM, quantification of TNF-«, IL-13, IL-6, MDA, GSH, and SOD levels), the authors
observed that C-PC treatment (50 mg/kg) suppressed all the neuronal problems caused by
DOX treatment. In this sense, C-PC proves to be a good option choice for neuroinflamma-
tion and oxidative stress attenuation. As the registered anti-inflammatory potential, C-PC
was shown to have neuroprotective effects, mostly due to its antioxidant properties. The
authors observed that C-PC treatment (50 mg/kg) increases the activity of the antioxidant
enzymatic system constituted by GSH and SOD [81].

Phycocyanin extracted from the cyanobacterium Geitlerinema sp. was investigated for
its antioxidant activity [82]. Several methods were performed, such as phosphomolybde-
num assay, DPPH®, HyO,, FRAP, and anti-lipid peroxidation assay. At 200 pug/mL, the blue
pigment had a maximum absorbance of 0.49 nm by phosphomolybdenum assay, 0.85 nm
absorbance by FRAP assay, 78.75% DPPH® scavenging activity, 95.27% H,O, scavenging
activity and in the anti-lipid peroxidation assay an activity of 53.65%. These findings
suggest that C-PC acts as a promising antioxidant compound with potential for use in
oxidative stress-related diseases.

Phycoerythrin (PE) extract from Halomicronema sp. R31DM demonstrated excellent
in vivo and in vitro antioxidant activity [83]. A decrease in ROS levels was registered
in a Caenorhabditis elegans model. In this in vivo test, C. elegans worms were exposed to
an atmosphere of high temperature and strong oxidizing agents. Worms fed with PE
(100 pg/mL) showed a higher survival rate (72%) compared to the control group. Also,
the worms were exposed to 10 mM paraquat solution, which induces ROS production.
ROS levels were measured with DCFH-DA staining. Fluorescence was measured, and the
groups fed with PE showed no fluorescence, indicating PE’s ROS scavenging potential. The
in vitro antioxidant activity of PE was measured by the DPPH®, FRAP, and RP (reducing
power) assays. In the DPPH® assay, PE showed a scavenging activity of 64% at 100 ug/mL.
Ascorbic acid, the positive control used in this assay, showed a 100% scavenging activity
at the same concentration. The FRAP assay demonstrated a direct relation between the
absorbance and the increasing PE concentration. Regarding the RP assay, it showed a
dose-dependent increase in the OD at 700 nm.
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3.6. Carotenoids and Phenolic Compounds

Carotenoids are tetraterpenoid molecules present in all photosynthetic organisms,
namely cyanobacteria, from which rich carotenoid extracts exert anti-inflammatory and
antioxidant properties [104]. Phenolic compounds are also common in cyanobacteria and
are also responsible for anti-inflammatory and antioxidant properties [105].

Several works on the anti-inflammatory and antioxidant potential of cyanobacteria
were performed in characterized extracts for carotenoid and phenolic content [106].
Lyngbya sp. and Oscillatoria sp. extracts were characterized for their total phenolic con-
tent (TPC), total flavonoid content (TFC), and PBP. Lyngbya sp., showed TPC values of
5.02 £ 0.20 mg/g, TFC of 664.07 £ 19.76 mg/g, and total PBPs of 127.01 mg/g. When
these two species were compared in terms of antioxidant potential, the FRAP assay was
higher in Oscillatoria sp. (39.63 & 7.02 uM Fe [1I] /100 g). DPPH radical scavenging activity
was also highest in Oscillatoria sp. (465.31 & 25.76 mg/g). The authors suggest that these
two cyanobacteria strains may be good sources of antioxidants with special use in the food
and pharmaceutical industry [84].

The freshwater Aphanothece microscopica Nigeli (RSMan92) [85], the marine Cyanobium sp.
LEGE 06113 [78] and the marine Trichodesmium sp. [86] are also excellent sources of
carotenoids. In Aphanothece microscopica, the highly potent antioxidant all-trans-b-carotene
and small amounts of 9-cis-b-carotene and retinyl palmitate were detected and described as
responsible for the antioxidant potential of the strain in non-polar and polar organic extracts
with mean FRAP values of 66.9 & 0.25 and 41.7 &= 1.2 mM per mg crude organic extract
in the non-polar and polar organic extracts. In Cyanobium sp. LEGE 06113, the bioactive
potential was assessed for antioxidant capacity by ABTS**, *°NO, and O,°~ scavenging
assays and anti-inflammatory capacity by COX inhibition assay. In this cyanobacteria strain,
W-A showed a higher antioxidant capacity and higher content of carotenoids. In terms of
anti-inflammatory capacity, 100 ugg mL~! of E-W extract exhibited the capacity to inhibit
both COX-1 and COX-2 enzymes Trichodesmium sp.

4. Arthrospira Studies of Success

Arthospira species are attractive producers of many valuable compounds useful for
food, feed, and pharmaceutical industries, namely due to their anti-inflammatory and
antioxidant effects [107,108]. Several research works point to Arthospira as a potential case
of success in neuroprotection, as described below.

In a study by Chen et al., [28] it was found that Arthrospira and C-PC reduced cytotoxi-
city and inflammation-related gene expression of microglial cells. In BV-2 microglial cells
treated with LPS (1 ug/mL) and Arthrospira platensis water extract and C-PC, a significant
reduction in LDH release occurred along with the reduction in the expression of iNOS,
COX-2, TNF-«, and IL-6 mRNAs. Thus, it was hypothesized that A. platensis inhibits the
expression of inflammation-related genes of LPS-stimulated BV-2 microglial cells. These
findings can open the hypothesis that orally administered A. platensis or C-PC may provide
protection from NDs in which microglia cells play a pathogenic role.

Also working with microglia activation in neurodegeneration, Piovan, and co-authors
studied the effect of an A. platensis acetone extract on the release of IL-13 and TNF-«,
expression of iNOS, nuclear factor erythroid 2-related factor 2 (Nrf2) and the activation
of NF-«B in primary microglia firstly stimulated with LPS [87]. Results indicated that the
extract downregulated the release of IL-13 and TNF-« and led to the over-expression of
iNOS. The extract blocked the LPS-induced nuclear translocation of NF-kB p65 subunit and
upregulated gene and protein levels of Nrf2, as well as gene expression of HO-1, indicating
a control in microglia activation and thus protection against neuroinflammation.

A non-protein extract from A. platensis was also tested for neuroprotective properties
using PC12 (pheochromocytoma) cells [88]. Abnormal iron accumulation in the brain has
been pointed out as one of the causes of oxidative damage and neuronal cell death. The
ferric-reducing antioxidant potency and the free radical scavenging activity were assessed.
These assays showed good results at concentrations between 5 and 50 mg/mL. The authors



Molecules 2024, 29, 4799

17 of 23

conclude that A. platensis has properties that can be effective against oxidative damage in
neuronal cells.

In an in vivo study using DJ-1p2% flies, a PD model in Drosophila, exposed to
paraquat to induce oxidative stress, Arthrospira supplementation (5% or 10%) and C-PC
(1 or 2 pg/mL) reduced cellular stress and showed antioxidant effects. A diet with
Arthrospira increased the lifespan and locomotor activity in the flies and downregulated
SOD and CAT activity [89].

Koh et al. [90] used a 70% Arthrospira maxima ethanol extract (SM70EE, 100 pg/mL)
in order to investigate its effects against Af3;_45- induced neurotoxicity in PC12 cells.
High levels of A induce oxidative stress in the brain and neuronal cell death. Also, A3
stimulates the cleavage of poly (ADP-ribose) polymerase (PARP). Overactivation of PARP
is related to cell death and neuroinflammation. Neurotoxicity was induced with 4 nug/mL
of AB1_4. The results showed that SM70EE prevented PC12 cell death and reduced PARP
cleavage. Oxidative stress was reduced, and GSH levels were restored.

In another study, SM70EE was used in trimethyltin (TMT, 10uM)- induced HT-22
cells and scopolamine (1 mg/kg body weight/day)-induced ICR (Institute of Cancer
Research) mice [91]. TMT induces neuronal cell apoptosis, is related to oxidative stress and
mitochondrial and neurotransmitter dysfunction, and increases AChE activity. Once again,
PARP cleavage was inhibited, and ROS production was decreased in the presence of the
extract (50 and 100 ng/mL). Moreover, AChE activity was blocked with SM70EE. Regarding
the in vivo tests, oral administration of 200 and 400 mg/kg body weight/day of SM70EE
prevented learning and memory damage related to scopolamine-induced neurotoxicity.

A 70% ethanolic extract of A. maxima was tested in mouse RAW264.7 macrophages,
previously treated with LPS [109]. The results indicated that the extract suppressed
LPS-induced upregulation of the pro-inflammatory cytokines tumor necrosis factor-c,
interleukin (IL)-12, IL-1$3, and IL-18 in RAW264.7 and attenuated the generation of ERK1-
induced ROS, resulting in decreased expression of NF-kB, highlighting its anti-inflammatory
and antioxidant potential.

In a study by Angelica et al., [30] the neuroprotective effect of A. platensis against
kainic acid neuronal death was evaluated. In this study, male SW mice were treated with
A. platensis for 24 days, at doses of 0, 200, and 800 mg/kg, once daily, and with kainic acid
(35 mg/kg, ip) as a single dose on day 14. The authors found that a pretreatment reduces
mice mortality and neurobehaviour improvement, which was correlated with the capacity
of A. platensis to reduce kainic acid -neuronal death in CA3 hippocampal cells. The authors
believe that the neuroprotection may be related to the antioxidant properties of A. platensis.

In a comparative study of the anti-inflammatory and antioxidant activity of methanolic
extracts from A. platensis and A. maxima strains in RAW 264.7 macrophages stimulated
with LPS, it was described a reduction in NO release and a suppression in iNOS and
COX-2 expression by A. platensis, while A. maxima lacked effects [110]. However, A. maxima
showed the highest inhibition of NLRP3 and IL1-f3 expression and IL1-f secretion. It also
found that both strains displayed direct antioxidant activity and counteracted LPS-induced
SOD2 overexpression without affecting HO-1 expression.

Still considering Arthrospira, tablets of A. platensis (1500 mg/kg) showed neuroprotec-
tive potential in aluminum chloride (AICl3) induced Wistar rats. The treatment reduced
TNF-«, indicating anti-inflammatory activity. It also showed high antioxidant potential by
restoring GSH levels, thiol content, and total antioxidant capacity (TAC) [92].

5. Opportunities, Prospects, and Research Directions

The quest for novel anti-inflammatory and antioxidant compounds grips special
attention in neurodegeneration research and development. Anti-inflammatories are pivotal
in reducing inflammation, and antioxidants are crucial in neutralizing oxidative stress,
which is linked to the neurodegenerative process.

The increasing interest in natural compounds to fight inflammation and oxidative
stress is highly linked with the potential toxicity associated with synthetic ones to both
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human health and the environment [111]. The awareness in investigating these activities in
cyanobacteria stems from their rich list of compounds, including polysaccharides, lipids,
pigments, carotenoids, and polyphenols, to the sustainability in the production of biomass
and extraction procedures. In fact, the growing awareness of the health benefits of natural
compounds allied with the World Health Organization (WHO) Intersectoral global action
plan on epilepsy and other neurological disorders emphasizing diets enriched with natural
compounds is an opportunity that drives more research in the biotechnological potential of
cyanobacteria [79,80]. Moreover, the forthcoming climate crisis has encouraged an interest
in cyanobacteria not only due to their potential source of natural compounds but also to
the sustainability of biomass production and extraction [112].

As photosynthetic organisms, cyanobacteria energy production relies on water, CO,,
and sunlight, making these organisms a promising alternative for carbon sequestration,
which provides an efficient and feasible strategy to sequester excess carbon. Cyanobac-
teria show a higher photosynthetic efficiency of up to 10% than terrestrial plants and, in
addition, require minimal land and nutrient input [113]. Also, the major advantages of
cyanobacteria in neuroprotection come from the fact that the same strain can produce
both anti-inflammatory and antioxidant compounds, improve disease onset, and improve
behavior and lifespan, as reviewed by Ramos et al. [114].

A successful example of the use of cyanobacteria for related health purposes is the
genus Arthrospira and Nostoc. Arthrospira is a well-known and largely consumed cyanobac-
terium, and Nostoc is widely used as food in Asia and South America [83,104]. At present,
more than 70 countries have commercialized products of nutritional importance that are
obtained from cyanobacteria [115]. Athrospira maxima and Arthrospira platensis are edible
cyanobacteria commonly cultivated for their protein content, carbohydrates and vita-
mins (A, C and E), minerals (iron, calcium, chromium, copper, magnesium, manganese,
phosphorus, potassium, sodium and zinc), essential fatty acids, carotenoids ([3-carotene),
chlorophyll-a, and PBS (C-PC and allophycocyanin) and globally commercialized as dietary
supplements in forms as powder, capsules and tablets [83,84,106]. Nostoc sphaeroides is an
edible cyanobacterium with high nutritional value and is widely used in dietary supple-
ments and therapeutic products. As described, N. sphaeroides contains protein, minerals,
vitamins, polysaccharides, PBP, and some lipids with high bioactive potential, namely in an-
tioxidation and anti-inflammation-reducing functions [116]. For example, the PBP, namely
C-PC isolated from N. sphaeroides, proved to be a good option for neuroinflammation and
oxidative stress attenuation [57].

Notwithstanding the industrial interest in cyanobacteria, many species are still under-
exploited, mainly due to lower production yields. However, the development of industrial
culture systems, namely large-scale production of biomass and the improvement of down-
stream processes, associated with increased knowledge about factors affecting production,
could support the development of the market chain. Additionally, with the current avail-
ability of the genome sequences and metabolic models of several cyanobacteria strains, the
development of cell factories can now be accelerated by means of genetic and metabolic
engineering approaches directing cyanobacteria to produce specific compounds.

6. Conclusions

Cyanobacteria proved to be a promising source of anti-inflammatory and antioxidant
compounds. Their minimal growth requirements, higher efficiency of photosynthesis
and growth rates, presence of considerable amounts of different bioactive compounds,
cosmopolitan nature, and the ability to culture on non-arable land make these organisms
a safe and sustainable alternative to producing compounds with a potential focus on
neurodegeneration. Cyanobacteria are a promising candidate to act as a new approach
to the treatment of ND. Nevertheless, their use has yet to be fully explored, and further
research is needed, especially in human clinical trials. However, the commitment to
exploring safer and sustainable alternatives such as cyanobacteria presents an opportunity
for curing or preventing this type of disease.



Molecules 2024, 29, 4799 19 of 23

Author Contributions: Conceptualization, FR. and R.M.; resources, R.M.; data curation, ER., M.R.
and L.F; writing—original draft preparation, ER. and R.M.; writing—review and editing, M.R., L.F,,
C.G, RE, M.V, V.V. and R.M,; supervision, M.R. and R.M.; funding acquisition R.M. and V.V. All
authors have read and agreed to the published version of the manuscript.

Funding: This work received financial support from the Foundation for Science and Technology-
FCT/MCTES to CIIMAR (UIDB/04423 /2020 and UIDP/04423/2020) and to WP9-Portuguese Blue
Biobank under the Blue Economy Pact-Project N°. C644915664-00000026 co-funded by PRR, The
Portuguese Republic, and the European Union. This work also received financial support from
FCT/MCTES (UIDB/50006/2020 DOI 10.54499/UIDB /50006 /2020) and FCT/MCTES (LA /P/0008/
2020 DOI 10.54499/LA /P /0008/2020, UIDP/50006/2020 DOI 10.54499 /UIDP/50006/2020, through
national funds.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: No new data were created or analyzed in this study.

Acknowledgments: Clara Grosso is thankful for her contract (CEECIND/03436/2020, DOI 10.54499/
2020.03436.CEECIND/CP1596 /CT0008) financed by FCT/MCTES—CEEC Individual 2020 Program.
Leonor Ferreira acknowledges Fundagao para a Ciéncia e Tecnologia (FCT) grant 2022.11979.BD.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Dugger, B.N.; Dickson, D.W. Pathology of Neurodegenerative Diseases. Cold Spring Harb. Perspect. Biol. 2017, 9, a028035.
[CrossRef]

2. Wilson, D.M.; Cookson, M.R.; Van Den Bosch, L.; Zetterberg, H.; Holtzman, D.M.; Dewachter, I. Hallmarks of neurodegenerative
diseases. Cell 2023, 186, 693-714. [CrossRef]

3.  Erkkinen, M.G.; Kim, M.-O.; Geschwind, M.D. Clinical Neurology and Epidemiology of the Major Neurodegenerative Diseases.
Cold Spring Harb. Perspect. Biol. 2018, 10, a033118. [CrossRef] [PubMed]

4. Zhang, X.-X,; Tian, Y.; Wang, Z.-T.; Ma, Y.-H.; Tan, L.; Yu, ].-T. The Epidemiology of Alzheimer’s Disease Modifiable Risk Factors
and Prevention. J. Prev. Alzheimers Dis. 2021, 8, 313-321. [CrossRef] [PubMed]

5. Andrade-Guerrero, J.; Santiago-Balmaseda, A.; Jeronimo-Aguilar, P; Vargas-Rodriguez, I.; Cadena-Suarez, A.R.; Sinchez-Garibay, C.;
Pozo-Molina, G.; Méndez-Catala, C.F,; Cardenas-Aguayo, M.-d.-C.; Diaz-Cintra, S.; et al. Alzheimer’s Disease: An Updated
Overview of Its Genetics. Int. J. Mol. Sci. 2023, 24, 3754. [CrossRef]

6. Rostagno, A.A. Pathogenesis of Alzheimer’s Disease. Int. J. Mol. Sci. 2023, 24, 107. [CrossRef]

7. Castaneda, A.; Ferraz, R.; Vieira, M.; Cardoso, I.; Vasconcelos, V.; Martins, R. Bridging Cyanobacteria to Neurodegenerative
Diseases: A New Potential Source of Bioactive Compounds against Alzheimer’s Disease. Mar. Drugs 2021, 19, 343. [CrossRef]

8. Gholami, A.; Minai-Tehrani, D.; Eriksson, L.A. In silico and in vitro studies confirm Ondansetron as a novel acetylcholinesterase
and butyrylcholinesterase inhibitor. Sci. Rep. 2023, 13, 643. [CrossRef]

9.  Athar, T.; Al Balushi, K.; Khan, S.A. Recent advances on drug development and emerging therapeutic agents for Alzheimer’s
disease. Mol. Biol. Rep. 2021, 48, 5629-5645. [CrossRef]

10. Doroszkiewicz, J.; Mroczko, B. New Possibilities in the Therapeutic Approach to Alzheimer’s Disease. Int. J. Mol. Sci. 2022, 23,
8902. [CrossRef]

11. Tang, B.; Wang, Y,; Ren, ]J. Basic information about memantine and its treatment of Alzheimer’s disease and other clinical
applications. Ibrain 2023, 9, 340-348. [CrossRef]

12.  Dorsey, E.R.; Sherer, T.; Okun, M.S.; Bloem, B.R. The Emerging Evidence of the Parkinson Pandemic. J. Park. Dis. 2018, 8, S3-S8.
[CrossRef]

13. Tolosa, E.; Garrido, A.; Scholz, S.W.; Poewe, W. Challenges in the diagnosis of Parkinson’s disease. Lancet Neurol. 2021, 20,
385-397. [CrossRef]

14. Balestrino, R.; Schapira, A.H.V. Parkinson disease. Eur. ]. Neurol. 2020, 27, 27-42. [CrossRef] [PubMed]

15.  McColgan, P; Tabrizi, S.J. Huntington’s disease: A clinical review. Eur. J. Neurol. 2018, 25, 24-34. [CrossRef] [PubMed]

16. Rib, U,; Seidel, K.; Heinsen, H.; Vonsattel, ].P.; den Dunnen, W.E,; Korf, H.W. Huntington’s disease (HD): The neuropathology of
a multisystem neurodegenerative disorder of the human brain. Brain Pathol. 2016, 26, 726-740. [CrossRef]

17.  Teleanu, D.M.; Niculescu, A.-G.; Lungu, LI; Radu, C.I.; Vladacenco, O.; Roza, E.; Costachescu, B.; Grumezescu, A.M.; Teleanu, R.L
An Overview of Oxidative Stress, Neuroinflammation, and Neurodegenerative Diseases. Int. ]. Mol. Sci. 2022, 23, 5938. [CrossRef]

18. Morea, V.; Bidollari, E.; Colotti, G.; Fiorillo, A.; Rosati, J.; De Filippis, L.; Squitieri, F,; Ilari, A. Glucose transportation in the brain

and its impairment in Huntington disease: One more shade of the energetic metabolism failure? Amino Acids 2017, 49, 1147-1157.
[CrossRef]



Molecules 2024, 29, 4799 20 of 23

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Rawlins, M.D.; Wexler, N.S.; Wexler, A.R.; Tabrizi, S.J.; Douglas, I.; Evans, S.J.; Smeeth, L. The Prevalence of Huntington’s Disease.
Neuroepidemiology 2016, 46, 144-153. [CrossRef]

Longinetti, E.; Fang, F. Epidemiology of amyotrophic lateral sclerosis: An update of recent literature. Curr. Opin. Neurol. 2019, 32,
771-776. [CrossRef]

Mead, R.J.; Shan, N.; Reiser, H.].; Marshall, F.; Shaw, PJ. Amyotrophic lateral sclerosis: A neurodegenerative disorder poised for
successful therapeutic translation. Nat. Rev. Drug Discov. 2023, 22, 185-212. [CrossRef] [PubMed]

Berdyniski, M.; Miszta, P.; Safranow, K.; Andersen, PM.; Morita, M.; Filipek, S.; Zekanowski, C.; Kuzma-Kozakiewicz, M. SOD1
mutations associated with amyotrophic lateral sclerosis analysis of variant severity. Sci. Rep. 2022, 12, 103. [CrossRef] [PubMed]

Oliveira, N.A.S.; Pinho, B.R,; Oliveira, ] M.A. Swimming against ALS: How to model disease in zebrafish for pathophysiological
and behavioral studies. Neurosci. Biobehav. Rev. 2023, 148, 105138. [CrossRef] [PubMed]

Geronimo, A.; Albertson, R.M.; Noto, J.; Simmons, Z. Ten years of riluzole use in a tertiary ALS clinic. Muscle Nerve 2022, 65,
659-666. [CrossRef] [PubMed]

Shefner, J.; Heiman-Patterson, T.; Pioro, E.P.; Wiedau-Pazos, M.; Liu, S.; Zhang, J.; Agnese, W.; Apple, S. Long-term edaravone
efficacy in amyotrophic lateral sclerosis: Post-hoc analyses of Study 19 (MCI186-19). Muscle Nerve 2020, 61, 218-221. [CrossRef]

Johnson, S.A.; Fang, T.; De Marchi, F,; Neel, D.; Van Weehaeghe, D.; Berry, ].D.; Paganoni, S. Pharmacotherapy for Amyotrophic
Lateral Sclerosis: A Review of Approved and Upcoming Agents. Drugs 2022, 82, 1367-1388. [CrossRef]

Naz, S.; Beach, J.; Heckert, B.; Tummala, T.; Pashchenko, O.; Banerjee, T.; Santra, S. Cerium oxide nanoparticles: A ‘radical’
approach to neurodegenerative disease treatment. Nanomedicine 2017, 12, 545-553. [CrossRef]

Chen, J.-C.; Liu, K.S.; Yang, T.-J.; Hwang, J.-H.; Chan, Y.-C.; Lee, L-T. Spirulina and C-phycocyanin reduce cytotoxicity and
inflammation-related genes expression of microglial cells. Nutr. Neurosci. 2012, 15, 252-256. [CrossRef]

Singh, E.; Devasahayam, G. Neurodegeneration by oxidative stress: A review on prospective use of small molecules for
neuroprotection. Mol. Biol. Rep. 2020, 47, 3133-3140. [CrossRef]

Pérez-Juarez, A.; Chamorro, G.; Alva-Sanchez, C.; Paniagua-Castro, N.; Pacheco-Rosado, J. Neuroprotective effect of Arthrospira
(Spirulina) platensis against kainic acid-neuronal death. Pharm. Biol. 2016, 54, 1408-1412. [CrossRef]

Pathak, N.; Vimal, SK.; Tandon, I.; Agrawal, L.; Hongyi, C.; Bhattacharyya, S. Neurodegenerative Disorders of Alzheimer,
Parkinsonism, Amyotrophic Lateral Sclerosis and Multiple Sclerosis: An Early Diagnostic Approach for Precision Treatment.
Metab. Brain Dis. 2022, 37, 67-104. [CrossRef] [PubMed]

Perera, RM.T.D.; Herath, KH.ILN.M.; Sanjeewa, K.K.A.; Jayawardena, T.U. Recent Reports on Bioactive Compounds from Marine
Cyanobacteria in Relation to Human Health Applications. Life 2023, 13, 1411. [CrossRef]

Mehdizadeh Allaf, M.; Peerhossaini, H. Cyanobacteria: Model Microorganisms and Beyond. Microorganisms 2022, 10, 696.
[CrossRef] [PubMed]

Zymaniczyk-Duda, E.; Samson, S.0.; Brzezifiska-Rodak, M.; Klimek-Ochab, M. Versatile Applications of Cyanobacteria in
Biotechnology. Microorganisms 2022, 10, 2318. [CrossRef] [PubMed]

Morone, ].; Lopes, G.; Oliveira, B.; Vasconcelos, V.; Martins, R. Chapter 9—Cyanobacteria in Cosmetics: A Natural Alternative for
Anti-Aging Ingredients. In The Pharmacological Potential of Cyanobacteria; Lopes, G., Silva, M., Vasconcelos, V., Eds.; Academic
Press: Cambridge, MA, USA, 2022; pp. 257-286. [CrossRef]

Strunecky, O.; Ivanova, A.P; Mares$, ]. An updated classification of cyanobacterial orders and families based on phylogenomic
and polyphasic analysis. J. Phycol. 2023, 59, 12-51. [CrossRef]

Demoulin, C.E; Lara, Y.J.; Cornet, L.; Frangois, C.; Baurain, D.; Wilmotte, A.; Javaux, E.J. Cyanobacteria evolution: Insight from
the fossil record. Free Radic. Biol. Med. 2019, 140, 206-223. [CrossRef]

Khalifa, S.A.M.; Shedid, E.S.; Saied, E.M.; Jassbi, A.R.; Jamebozorgi, FH.; Rateb, M.E.; Du, M.; Abdel-Daim, M.M; Kai, G.-Y,;
Al-Hammady, M.A.M.; et al. Cyanobacteria—From the Oceans to the Potential Biotechnological and Biomedical Applications.
Mar. Drugs 2021, 19, 241. [CrossRef]

Morone, J.; Alfeus, A.; Vasconcelos, V.; Martins, R. Revealing the potential of cyanobacteria in cosmetics and cosmeceuticals—A
new bioactive approach. Algal Res. 2019, 41, 101541. [CrossRef]

Chen, L.; Deng, H.; Cui, H.; Fang, J.; Zuo, Z.; Deng, J.; Li, Y.; Wang, X.; Zhao, L. Inflammatory responses and inflammation-
associated diseases in organs. Oncotarget 2018, 9, 7204-7218. [CrossRef]

Patil, K.R.; Mahajan, U.B.; Unger, B.S.; Goyal, S.N.; Belemkar, S.; Surana, S.J.; Ojha, S.; Patil, C.R. Animal Models of Inflammation
for Screening of Anti-inflammatory Drugs: Implications for the Discovery and Development of Phytopharmaceuticals. Int. J. Mol.
Sci. 2019, 20, 4367. [CrossRef]

Arulselvan, P.; Fard, M.T.; Tan, W.S.; Gothai, S.; Fakurazi, S.; Norhaizan, M.E.; Kumar, S.S. Role of Antioxidants and Natural
Products in Inflammation. Oxid. Med. Cell. Longev. 2016, 2016, 5276130. [CrossRef] [PubMed]

Stephenson, J.; Nutma, E.; van der Valk, P.; Amor, S. Inflammation in CNS neurodegenerative diseases. Immunology 2018, 154,
204-219. [CrossRef] [PubMed]

Koronyo-Hamaoui, M.; Gaire, B.P.; Frautschy, S.A.; Alvarez, ].I. Editorial: Role of Inflammation in Neurodegenerative Diseases.
Front. Immunol. 2022, 13, 958487. [CrossRef]

Schain, M.; Kreisl, W.C. Neuroinflammation in Neurodegenerative Disorders—A Review. Curr. Neurol. Neurosci. Rep 2017, 17, 25.
[CrossRef]



Molecules 2024, 29, 4799 21 of 23

46.

47.

48.

49.

50.

51.

52.

53.
54.
55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Liu, J.; Huang, J.; Zhang, Z.; Zhang, R.; Zhang, Z.; Liu, Y.; Ma, B. Translocator Protein 18 kDa (TSPO) as a Novel Therapeutic
Target for Chronic Pain. Neural Plast. 2022, 2022, e8057854. [CrossRef]

Ching, A.S.C.; Kuhnast, B.; Damont, A.; Roeda, D.; Tavitian, B.; Dollé, F. Current paradigm of the 18-kDa translocator protein
(TSPO) as a molecular target for PET imaging in neuroinflammation and neurodegenerative diseases. Insights Imaging 2012, 3,
111-119. [CrossRef] [PubMed]

Tremolanti, C.; Germelli, L.; Barresi, E.; Da Pozzo, E.; Simorini, F.; Castellano, S.; Taliani, S.; Da Settimo, F.; Martini, C.; Costa, B.
Translocator Protein 18-kDa: A Promising Target to Treat Neuroinflammation- related Degenerative Diseases. Curr. Med. Chem.
2022, 29, 4831-4861. [CrossRef]

Baweja, G.S.; Gupta, S.; Kumar, B.; Patel, P.; Asati, V. Recent updates on structural insights of MAO-B inhibitors: A review on
target-based approach. Mol. Divers. 2023, 28, 1823-1845. [CrossRef]

Almeida, J.R.; Freitas, M.; Cruz, S.; Leao, PN.; Vasconcelos, V.; Cunha, I. Acetylcholinesterase in Biofouling Species: Characteriza-
tion and Mode of Action of Cyanobacteria-Derived Antifouling Agents. Toxins 2015, 7, 2739-2756. [CrossRef]

Collin, F. Chemical Basis of Reactive Oxygen Species Reactivity and Involvement in Neurodegenerative Diseases. Int. |. Mol. Sci.
2019, 20, 2407. [CrossRef]

Mendonga, J.d.S.; Guimaraes, R.d.C.A.; Zorgetto-Pinheiro, V.A.; Fernandes, C.D.P.; Marcelino, G.; Bogo, D.; Freitas, K.d.C;
Hiane, P.A.; de Padua Melo, E.S.; Vilela, M.L.B.; et al. Natural Antioxidant Evaluation: A Review of Detection Methods. Molecules
2022, 27, 3563. [CrossRef] [PubMed]

Soutinho, S.M.A. Avaliacdo Dos Compostos Fenolicos E Da Actividade Antioxidante De Frutos Vermelhos Produzidos Em Modo
Bioldgico. 2012. Available online: http://hdl.handle.net/10400.19/1770 (accessed on 15 April 2024).

Silva, M.L.C.; Costa, R.S.; Santana, A.D.S.; Koblitz, M.G.B. Compostos fendlicos, carotendides e atividade antioxidante em
produtos vegetais. Semina Ciénc. Agrdr. 2010, 31, 669. [CrossRef]

Gulcin, I. Antioxidants and antioxidant methods: An updated overview. Arch. Toxicol. 2020, 94, 651-715. [CrossRef] [PubMed]
Zampieri, RM.; Adessi, A.; Caldara, F.; Codato, A.; Furlan, M.; Rampazzo, C.; De Philippis, R.; La Rocca, N.; Dalla Valle, L.
Anti-Inflammatory Activity of Exopolysaccharides from Phormidium sp. ETS05, the Most Abundant Cyanobacterium of the
Therapeutic Euganean Thermal Muds, Using the Zebrafish Model. Biomolecules 2020, 10, 582. [CrossRef]

Quan, Y,; Yang, S.; Wan, J.; Su, T.; Zhang, J.; Wang, Z. Optimization for the extraction of polysaccharides from Nostoc commune
and its antioxidant and antibacterial activities. J. Taiwan Inst. Chem. Eng. 2015, 52, 14-21. [CrossRef]

Belhaj, D.; Frikha, D.; Athmouni, K; Jerbi, B.; Ahmed, M.B.; Bouallagui, Z.; Kallel, M.; Maalej, S.; Zhou, J.; Ayadi, H. Box-Behnken
design for extraction optimization of crude polysaccharides from Tunisian Phormidium versicolor cyanobacteria (NCC 466):
Partial characterization, in vitro antioxidant and antimicrobial activities. Int. |. Biol. Macromol. 2017, 105, 1501-1510. [CrossRef]
Trabelsi, L.; Mnari, A.; Abdel-Daim, M.M.; Abid-Essafi, S.; Aleya, L. Therapeutic properties in Tunisian hot springs: First
evidence of phenolic compounds in the cyanobacterium Leptolyngbya sp. biomass, capsular polysaccharides and releasing
polysaccharides. BMC Complement. Altern. Med. 2016, 16, 515. [CrossRef]

Li, J.; Shen, S.G.; Han, C.F; Liu, S.T.; Chen, N.; Jia, S.R.; Han, PP. Nostoc flagelliforme capsular polysaccharides from different
culture conditions improve hyperlipidemia and regulate intestinal flora in C57BL/6] mice to varying degrees. Int. ]. Biol.
Macromol. 2022, 202, 224-233. [CrossRef]

Shen, S.G.; Jia, S.R.; Wu, YK,; Yan, R.R.; Lin, Y.H.; Zhao, D.X.; Han, P.P. Effect of culture conditions on the physicochemical
properties and antioxidant activities of polysaccharides from Nostoc flagelliforme. Carbohydr. Polym. 2018, 198, 426—433.
[CrossRef]

Motoyama, K.; Tanida, Y.; Hata, K.; Hayashi, T.; Hashim, L.I.A.; Higashi, T.; Ishitsuka, Y.; Kondo, Y,; Irie, T.; Kaneko, S.; et al.
Anti-inflammatory Effects of Novel Polysaccharide Sacran Extracted from Cyanobacterium Aphanothece sacrum in Various
Inflammatory Animal Models. Biol. Pharm. Bull. 2016, 39, 1172-1178. [CrossRef]

Doi, M.; Sagawa, Y.; Tanaka, T.; Mizutani, T.; Okano, Y.; Masaki, H. Defensive Effects of a Unique Polysaccharide, Sacran, to
Protect Keratinocytes against Extracellular Stimuli and Its Possible Mechanism of Action. Biol. Pharm. Bull. 2018, 41, 1554-1560.
[CrossRef] [PubMed]

Doi, M.; Sagawa, Y.; Momose, S.; Tanaka, T.; Mizutani, T.; Okano, Y.; Masaki, H. Topical treatment with sacran, a sulfated
polysaccharide from Aphanothece sacrum, improves corneocyte-derived parameters. J. Dermatol. 2017, 44, 1360-1367. [CrossRef]
[PubMed]

Tena Pérez, V.; Apaza Ticona, L.; Cabanillas, A.H.; Maderuelo Corral, S.; Rosero Valencia, D.F,; Quintana, A.M.; Ortega Domenech,
M.; Rumbero Sanchez, A. Anti-inflammatory activity of glycolipids isolated from cyanobacterium Nodularia harveyana. Nat. Prod.
Res. 2021, 35, 6204-6209. [CrossRef] [PubMed]

Al-Awadhi, FH.; Simon, E.F; Liu, N.; Ratnayake, R.; Paul, V].; Luesch, H. Discovery and Anti-Inflammatory Activity of a
Cyanobacterial Fatty Acid Targeting the Keap1/Nrf2 Pathway. Mar. Drugs 2023, 21, 553. [CrossRef]

Shiels, K.; Tsoupras, A.; Lordan, R.; Zabetakis, I.; Murray, P.; Kumar Saha, S. Anti-inflammatory and antithrombotic properties of
polar lipid extracts, rich in unsaturated fatty acids, from the Irish marine cyanobacterium Spirulina subsalsa. J. Funct. Foods 2022,
94,105124. [CrossRef]

Amaro, HM,; Barros, R.; Tavares, T.; Almeida, R.; Pinto, I.S.; Malcata, EX.; Guedes, A.C. Gloeothece sp.—Exploiting a New
Source of Antioxidant, Anti-Inflammatory, and Antitumor Agents. Mar. Drugs 2021, 19, 623. [CrossRef]



Molecules 2024, 29, 4799 22 of 23

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Choi, H.; Mascuch, S.J.; Villa, EA.; Byrum, T.; Teasdale, M.E.; Smith, J.E.; Preskitt, L.B.; Rowley, D.C.; Gerwick, L.; Gerwick, W.H.
Honaucins A-C, Potent Inhibitors of Eukaryotic Inflammation and Bacterial Quorum Sensing: Synthetic Derivatives and
Structure-Activity Relationships. Chem. Biol. 2012, 19, 589-598. [CrossRef]

Malloy, K.L.; Villa, F.A.; Engene, N.; Matainaho, T.; Gerwick, L.; Gerwick, W.H. Malyngamide 2, an Oxidized Lipopeptide with
Nitric Oxide Inhibiting Activity from a Papua New Guinea Marine Cyanobacterium. J. Nat. Prod. 2011, 74, 95-98. [CrossRef]
Kapuscik, A.; Hrouzek, P.; Kuzma, M.; Bartova, S.; Novak, P; Jokela, J.; Pfltiger, M.; Eger, A.; Hundsberger, H.; Kopecky, J. Novel
Aeruginosin-865 from Nostoc sp. as a Potent Anti-inflammatory Agent. ChemBioChem 2013, 14, 2329-2337. [CrossRef] [PubMed]
Faltermann, S.; Hutter, S.; Christen, V.; Hettich, T.; Fent, K. Anti-Inflammatory Activity of Cyanobacterial Serine Protease
Inhibitors Aeruginosin 828A and Cyanopeptolin 1020 in Human Hepatoma Cell Line Huh7 and Effects in Zebrafish (Danio rerio).
Toxins 2016, 8, 219. [CrossRef]

Engene, N.; Choi, H.; Esquenazi, E.; Byrum, T.; Villa, EA.; Cao, Z.; Murray, T.F,; Dorrestein, P.C.; Gerwick, L.; Gerwick, W.H.
Phylogeny-Guided Isolation of Ethyl Tumonoate A from the Marine Cyanobacterium cf. Oscillatoria margaritifera. J. Nat. Prod.
2011, 74, 1737-1743. [CrossRef] [PubMed]

Vo, T.-S.; Ryu, B.; Kim, S.-K. Purification of novel anti-inflammatory peptides from enzymatic hydrolysate of the edible microalgal
Spirulina maxima. J. Funct. Foods 2013, 5, 1336-1346. [CrossRef]

Tarasuntisuk, S.; Palaga, T.; Kageyama, H.; Waditee-Sirisattha, R. Mycosporine-2-glycine exerts anti-inflammatory and antioxidant
effects in lipopolysaccharide (LPS)-stimulated RAW 264.7 macrophages. Arch. Biochem. Biophys. 2019, 662, 33-39. [CrossRef]
[PubMed]

Kang, M.R; Jo, S.A; Lee, H.; Yoon, Y.D.; Kwon, J.-H.; Yang, J.-W.; Choi, B.J.; Park, K.H.; Lee, M.Y.; Lee, C.W.; et al. Inhibition of
Skin Inflammation by Scytonemin, an Ultraviolet Sunscreen Pigment. Mar. Drugs 2020, 18, 300. [CrossRef]

Rastogi, R.P; Sonani, R.R.; Madamwar, D. The high-energy radiation protectant extracellular sheath pigment scytonemin and its
reduced counterpart in the cyanobacterium Scytonema sp. R77DM. Bioresour. Technol. 2014, 171, 396—400. [CrossRef]

Pagels, F.; Salvaterra, D.; Amaro, H.M.; Lopes, G.; Sousa-Pinto, I.; Vasconcelos, V.; Guedes, A.C. Bioactive potential of Cyanobium
sp. pigment-rich extracts. J. Appl. Phycol. 2020, 32, 3031-3040. [CrossRef]

Alzokaky, A.A.; Abdelkader, E.M.; El-Dessouki, A.M.; Khaleel, S.A.; Raslan, N.A. C-phycocyanin protects against ethanol-induced
gastric ulcers in rats: Role of HMGB1/NLRP3/NF-«B pathway. Basic Clin. Pharmacol. Toxicol. 2020, 127, 265-277. [CrossRef]
Cervantes-Llanos, M.; Lagumersindez-Denis, N.; Marin-Prida, J.; Pavon-Fuentes, N.; Falcon-Cama, V.; Piniella-Matamoros, B.;
Camacho-Rodriguez, H.; Fernandez-Masso, J.R.; Valenzuela-Silva, C.; Raices-Cruz, I.; et al. Beneficial effects of oral administration
of C-Phycocyanin and Phycocyanobilin in rodent models of experimental autoimmune encephalomyelitis. Life Sci. 2018, 194,
130-138. [CrossRef]

Wang, C.; Zhao, Y.; Wang, L.; Pan, S.; Liu, Y,; Li, S.; Wang, D. C-phycocyanin Mitigates Cognitive Impairment in Doxorubicin-
Induced Chemobrain: Impact on Neuroinflammation, Oxidative Stress, and Brain Mitochondrial and Synaptic Alterations.
Neurochem. Res. 2021, 46, 149-158. [CrossRef]

Renugadevi, K,; Valli Nachiyar, C.; Sowmiya, P.; Sunkar, S. Antioxidant activity of phycocyanin pigment extracted from marine
filamentous cyanobacteria Geitlerinema sp TRV57. Biocatal. Agric. Biotechnol. 2018, 16, 237-242. [CrossRef]

Patel, S.N.; Sonani, R.R.; Jakharia, K.; Bhastana, B.; Patel, H.M.; Chaubey, M.G.; Singh, N.K.; Madamwar, D. Antioxidant activity
and associated structural attributes of Halomicronema phycoerythrin. Int. ]. Biol. Macromol. 2018, 111, 359-369. [CrossRef] [PubMed]
Hossain, M.E; Ratnayake, R.R.; Meerajini, K.; Wasantha Kumara, K.L. Antioxidant properties in some selected cyanobacteria
isolated from fresh water bodies of Sri Lanka. Food Sci. Nutr. 2016, 4, 753-758. [CrossRef] [PubMed]

Patias, L.D. Carotenoid profile of three microalgae/cyanobacteria species with peroxyl radical scavenger capacity. Food Res. Int.
2017, 100, 260-266. [CrossRef] [PubMed]

Kelman, D.; Ben-Amotz, A.; Berman-Frank, I. Carotenoids provide the major antioxidant defence in the globally significant
N2-fixing marine cyanobacterium Trichodesmium. Environ. Microbiol. 2009, 11, 1897-1908. [CrossRef]

Piovan, A.; Battaglia, J.; Filippini, R.; Dalla Costa, V.; Facci, L.; Argentini, C.; Pagetta, A.; Giusti, P.; Zusso, M. Pre- and Early Post-
treatment With Arthrospira platensis (Spirulina) Extract Impedes Lipopolysaccharide-triggered Neuroinflammation in Microglia.
Front. Pharmacol. 2021, 12, 724993. [CrossRef]

Sagara, T.; Nishibori, N.; Kishibuchi, R.; Itoh, M.; Morita, K. Non-protein components of Arthrospira (Spirulina) platensis protect
PC12 cells against iron-evoked neurotoxic injury. J. Appl. Phycol. 2015, 27, 849-855. [CrossRef]

Kumar, A.; Christian, PK.; Panchal, K.; Guruprasad, B.R.; Tiwari, A.K. Supplementation of Spirulina (Arthrospira platensis)
Improves Lifespan and Locomotor Activity in Paraquat-Sensitive DJ-1BA93 Flies, a Parkinson’s Disease Model in
Drosophila melanogaster. |. Diet. Suppl. 2017, 14, 573-588. [CrossRef]

Koh, E.-J.; Kim, K.-J.; Choi, J.; Kang, D.-H.; Lee, B.-Y. Spirulina maxima extract prevents cell death through BDNF activation against
amyloid beta 1-42 (A 1-42 ) induced neurotoxicity in PC12 cells. Neurosci. Lett. 2018, 673, 33-38. [CrossRef]

Koh, E.-J.; Seo, Y.-].; Choi, J.; Lee, H.Y.; Kang, D.-H.; Kim, K.-J.; Lee, B.-Y. Spirulina maxima Extract Prevents Neurotoxicity via
Promoting Activation of BDNF/CREB Signaling Pathways in Neuronal Cells and Mice. Molecules 2017, 22, 1363. [CrossRef]
Yousef, M.I.; Abdou, HM.; Abd Elkader, H.T.A.; Hussein, H.K.; Abou Samra, W.E.M. Neuroprotective Potential of
Spirulina Platensis Against Aluminium Chloride-Induced Neural Degeneration. Curr. Top. Nutraceutical Res. 2019, 18, 310-318.
[CrossRef]



Molecules 2024, 29, 4799 23 of 23

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Laroche, C. Exopolysaccharides from Microalgae and Cyanobacteria: Diversity of Strains, Production Strategies, and Applications.
Mar. Drugs 2022, 20, 336. [CrossRef] [PubMed]

Tabarzad, M.; Atabaki, V.; Hosseinabadi, T. Anti-inflammatory Activity of Bioactive Compounds from Microalgae and Cyanobac-
teria by Focusing on the Mechanisms of Action. Mol. Biol. Rep. 2020, 47, 6193-6205. [CrossRef] [PubMed]

Chandra, P,; Sharma, R.K,; Arora, D.S. Antioxidant compounds from microbial sources: A review. Food Res. Int. 2020, 129, 108849.
[CrossRef]

Debnath, S.; Muthuraj, M.; Bandyopadhyay, T.K.; Bobby, M.N.; Vanitha, K.; Tiwari, O.N.; Bhunia, B. Engineering strategies and
applications of cyanobacterial exopolysaccharides: A review on past achievements and recent perspectives. Carbohydr. Polym.
2024, 328, 121686. [CrossRef]

Manning, S.R. Microalgal lipids: Biochemistry and biotechnology. Curr. Opin. Biotechnol. 2022, 74, 1-7. [CrossRef] [PubMed]
Paul-André, S.; Norio, M. (Eds.) Lipids in Photosynthesis: Structure, Function and Genetics, vol. 6; Advances in Photosynthesis and
Respiration, vol. 6; Springer: Dordrecht, The Netherlands, 1998. [CrossRef]

Pérez Gallego, R.; Bale, N.J.; Sinninghe Damste, ].S.; Villanueva, L. Developing a genetic approach to target cyanobacterial
producers of heterocyte glycolipids in the environment. Front. Microbiol. 2023, 14, 1257040. [CrossRef]

Iwasaki, A.; Ohno, O.; Sumimoto, S.; Ogawa, H.; Nguyen, K.A.; Suenaga, K. Jahanyne, an apoptosis-inducing lipopeptide from
the marine cyanobacterium Lyngbya sp. Org. Lett. 2015, 17, 652-655. [CrossRef]

Mascuch, S.J.; Boudreau, P.D.; Carland, T.M.; Pierce, N.T.; Olson, J.; Hensler, M.E.; Choi, H.; Campanale, J.; Hamdoun, A.; Nizet,
V.; et al. Marine Natural Product Honaucin A Attenuates Inflammation by Activating the Nrf2-ARE Pathway. J. Nat. Prod. 2018,
81, 506-514. [CrossRef]

Demay, J.; Bernard, C.; Reinhardt, A.; Marie, B. Natural Products from Cyanobacteria: Focus on Beneficial Activities. Mar. Drugs
2019, 17, 320. [CrossRef] [PubMed]

Pagels, F.; Guedes, A.C.; Amaro, H.M.; Kijjoa, A.; Vasconcelos, V. Phycobiliproteins from cyanobacteria: Chemistry and
biotechnological applications. Biotechnol. Adv. 2019, 37, 422-443. [CrossRef]

Pagels, F.; Vasconcelos, V.; Guedes, A.C. Carotenoids from Cyanobacteria: Biotechnological Potential and Optimization Strategies.
Biomolecules 2021, 11, 735. [CrossRef] [PubMed]

Nandagopal, P,; Steven, A.N.; Chan, L.-W.; Rahmat, Z.; Jamaluddin, H.; Mohd, N.I. Noh, Bioactive Metabolites Produced by
Cyanobacteria for Growth Adaptation and Their Pharmacological Properties. Biology 2021, 10, 1061. [CrossRef]

Martins, S.; Mussatto, S.I.; Martinez-Avila, G.L.; Montafiez-Saenz, J.; Aguilar, C.N.; Teixeira, ].A. Bioactive phenolic compounds:
Production and extraction by solid-state fermentation. A review. Biotechnol. Adv. 2011, 29, 365-373. [CrossRef] [PubMed]
Trotta, T.; Porro, C.; Cianciulli, A.; Panaro, M.A. Beneficial Effects of Spirulina Consumption on Brain Health. Nutrients 2022, 14,
676. [CrossRef]

Ai, X; Yu, P; Li, X;; Lai, X,; Yang, M.; Liu, F; Luan, F.; Meng, X. Polysaccharides from Spirulina platensis: Extraction methods,
structural features and bioactivities diversity. Int. J. Biol. Macromol. 2023, 231, 123211. [CrossRef]

Chei, S.; Oh, H.J.; Song, ].H.; Seo, Y.J.; Lee, K.; Kim, K.J.; Lee, B.Y. Spirulina maxima extract prevents activation of the NLRP3
inflammasome by inhibiting ERK signaling. Sci. Rep. 2020, 10, 2075. [CrossRef]

Bigagli, E.; D’Ambrosio, M.; Cinci, L.; Pieraccini, G.; Romoli, R.; Biondi, N.; Niccolai, A.; Rodolfi, L.; Tredici, M.R.; Luceri, C.
A comparative study of metabolites profiles, anti-inflammatory and antioxidant activity of methanolic extracts from three
Arthrospira strains in RAW 264.7 macrophages. Algal Res. 2023, 73, 103171. [CrossRef]

Gongalves-Filho, D.; De Souza, D. Detection of Synthetic Antioxidants: What Factors Affect the Efficiency in the Chromatographic
Analysis and in the Electrochemical Analysis? Molecules 2022, 27, 7137. [CrossRef]

Deepika, C.; Wolf, J.; Roles, J.; Ross, I.; Hankamer, B. Sustainable Production of Pigments from Cyanobacteria. Adv. Biochem. Eng.
Biotechnol. 2023, 183, 171-251. [CrossRef]

Lewis, N.S.; Nocera, D.G. Powering the planet: Chemical challenges in solar energy utilization. Proc. Natl. Acad. Sci. United States
Am. 2006, 103, 15729-15735. [CrossRef]

Ramos, V,; Reis, M.; Ferreira, L.; Silva, A.M.; Ferraz, R.; Vieira, M.; Vasconcelos, V.; Martins, R. Stalling the Course of Neurodegen-
erative Diseases: Could Cyanobacteria Constitute a New Approach toward Therapy? Biomolecules 2023, 13, 1444. [CrossRef]
[PubMed]

Chittora, D.; Meena, M.; Barupal, T.; Swapnil, P.; Sharma, K. Cyanobacteria as a source of biofertilizers for sustainable agriculture.
Biochem. Biophys. Rep. 2020, 22, 100737. [CrossRef] [PubMed]

Zhu, S.; Xu, J.; Adhikari, B.; Lv, W.; Chen, H. Nostoc sphaeroides Cyanobacteria: A review of its nutritional characteristics and
processing technologies. Crit. Rev. Food Sci. Nutr. 2023, 63, 8975-8991. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



