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Abstract: The rapid aging of the Western countries” populations makes increasingly necessary the
promotion of healthy lifestyles in order to prevent/delay the onset of age-related diseases. The use of
functional foods can significantly help to achieve this aim, thanks to the contribution of biologically
active compounds suitable to protect cellular and metabolic homeostasis from damage caused by stress
factors. Indeed, the excessive production of reactive oxygen species (ROS), favored by incorrect eating
and behavioral habits, are considered causal elements of oxidative stress, which in turn favors tissue
and organism aging. Microalgae represent a convenient and suitable functional food because of their
extraordinary ability to concentrate various active compounds, comprising omega-3 polyunsaturated
fatty acids, sterols, phenolic compounds, carotenoids and others. Within cells, mitochondria are the
cellular organelles most affected by the accumulation of molecular damage produced by oxidative
stress. Since, in addition to producing the chemical energy for cellular metabolism, mitochondria
control numerous cell cycle regulation processes, including intrinsic apoptosis, responses to inflam-
matory signals and other biochemical pathways, their dysfunction is considered decisive for many
pathologies. Among these, some degenerative diseases of the nervous system, cardiovascular system,
kidney function and even cancer are found. From this viewpoint, bioactive compounds of microalgae,
in addition to possessing high antioxidant properties, can enhance mitochondrial functionality by
modulating the expression of numerous protective factors and enzymes, which in turn regulate some
essential biochemical pathways for the preservation of the functional integrity of the cell. Here, we
summarize the current knowledge on the role played by microalgal compounds in the regulation of
the mitochondrial life cycle, expression of protective and reparative enzymes, regulation of intrinsic
apoptosis and modulation of some key biochemical pathways. Special attention was paid to the
composition of some cultivable microalgae strains selected for their high content of active compounds
suitable to protect and improve mitochondrial functions.

Keywords: microalgae; mitochondria; oxidative stress; antioxidants; PUFA; carotenoids; sterols;
polyphenols; chronic diseases

1. Introduction

In the last 70 years, the world population has grown from 2.5 billion to over 7 billion,
but a general aging process has been occurring since 1980, albeit geographically uneven,
which will lead to the number of people aged between 15 and 59 in developed countries
halving by 2100 [1]. Among the consequent impacts, healthcare costs represent a problem
deserving special attention, both for the present situation and, in perspective, for the future
evolution of the world population [2-5]. In particular, long-term chronic-degenerative
diseases increase with the fraction of the elderly population [2], and the adoption of policies
aimed at delaying the onset and severity of these diseases represents the best strategy for
managing their social and economic impact [3-5].

There is a general scientific consensus considering the diet as one of the main factors
promoting and maintaining human health status, especially aiming at the prevention of
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diseases due to aging [6,7]. Unfortunately, the Western diet constitutes a primary risk
factor, together with insufficient physical activity, being characterized by an excessive
intake of calories, ultra-processed foods, saturated fats, carbohydrates with a high glycemic
index and salt [8]. At the same time, it is often deficient in healthy compounds which are
abundant in plants, i.e., antioxidants, minerals, vitamins and fibers [9], and which can
significantly contribute to the reduction of certain diseases and extend lifespan [7].

As part of a synergistic effort of scientific research and sustainable economic de-
velopment aimed at promoting healthy aging, the identification and characterization of
functional foods assume great relevance. These, even taken in modest amounts, can effec-
tively contribute to favor the improvement of the diet of populations with a high aging rate
while, at the same time, supporting economic policies oriented towards a sustainable de-
velopment model [10-12]. In this context, many microalgae are now considered innovative
functional foods which could play an important role in delaying aging and also in reducing
the impact of many age-related diseases [13-16]. The literature reports on a huge variety of
studies highlighting the value of microalgae as a source of healthful substances, especially
antioxidant compounds [14,16-21]. Indeed, oxidative stress represents one of the main
mechanisms of alteration of cellular and tissue homeostasis at the basis of aging and many
important diseases, including various types of cancer and neurological diseases [22,23].

Mitochondria represent the cellular components in which the highest number of
redox reactions take place and are, therefore, the organelles most exposed to oxidative
damage. The significant endowment of enzymes aimed at preventing oxidative damage
and the related functional implications confers a primary role to the mitochondrion in the
protection of the cell from oxidative stress and related pathologies [24-26]. Notwithstanding,
the importance of proper nutrition for preserving the mitochondrion’s functional integrity
is still an insufficiently understood topic, despite being increasingly at the center of clinical
research. In this short review, the potential benefits of microalgal compounds in the
prevention of functional mitochondrial disorders are specifically discussed. In particular,
we tried to summarize some mechanisms of action of the main active compounds present
in microalgae, highlighting how their action is not only due to mere chemical protection
from oxidant compounds but also to their ability to modulate the life cycle of mitochondria
and their main biochemical pathways.

This contribution is dedicated to the memory of Prof. Mario Roberto Tredici (Uni-
versity of Florence) in recognition of his irreplaceable contribution to the development of
microalgae biotechnology and of his passionate dedication, which he passed to those who
had the fortune to collaborate with him.

2. Functions of Mitochondria

Mitochondria are involved in many other essential metabolic activities, including the
control of cellular apoptosis, in addition to being responsible for the processes of cellular
respiration and ATP synthesis.

Their outer membrane delimits a space further compartmentalized by the inner mem-
brane, very developed and folded into ridges, where numerous enzymes are integrated,
such as those constituting the respiratory chain, also known as the electron transport
chain. The inner membrane delimits an internal matrix in which a specific DNA strand
and ribosomes can be found, allowing the synthesis of part of mitochondrial structural
and enzymatic proteins. However, most of them must be synthesized in the cytoplasm
and then imported by specific transporters. Mitochondria follow a complex life cycle
within the cell, the main phases of which are defined as biogenesis, fusion, fission and
mitophagy (Figure 1). These phases, also called mitochondrial dynamics, are characterized
by interactive processes among the organelles, which behave as an integrated mitochon-
drial reticulum [27]. During the biogenesis phase, mitochondria modulate their mass,
function, size and morphology through processes controlled by a network of transcription
factors and coregulators (cf. Table 1) which, in addition to the fewer but essential genes of
the mtDNA, also require the coordinated transcription of a large number of genes in the
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nucleus [28-30]. Furthermore, mitochondria can mix their content and generate extended
organelle networks through a process named fusion [27]. This phase implies the fusion of
the outer membrane controlled by mitofusins, i.e., large Mfn1 and Mfn2 GTPases, whereas
OPA1 Mitochondrial Dynamin Like GTPase (OPA1) intermembrane protein is required for
inner membrane fusion [31,32].
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Figure 1. Conceptual illustration of the mitochondrial life cycle and the contribution of mitochondrial
dynamics and mitophagy to maintain organelle shape, size and functionality. Abbreviations: Drp1,
dynamin-related-protein 1; Mfn, mitofusin; OPA1, mitochondrial dynamin like GTPase; parkin, E3
ubiquitin-protein ligase parkin; Pink1, PTEN-induced putative kinase protein 1.

Following the replication of their single chromosome, mitochondria can proceed to
the division phase, called fission [33]. This allows for the replacement of dysfunctional mi-
tochondria or, in the case of cell replication, provides an adequate number of organelles to
be segregated between daughter cells. Fission requires the intervention of dynamin-related
protein 1 (Drp1), a cytosolic GTPase that translocates to the outer mitochondrial membrane
for assembling multimeric rings, which induce mitochondrial division [27,34-36]. Impor-
tantly, fission also allows the separation of dysfunctional parts of the mitochondrion [37].
The degradation of dysfunctional parts, or entire damaged mitochondria, occurs through a
special autophagy clearance phase known as mitophagy. This phase is controlled by the
PTEN-induced putative kinase protein 1 (PINK1), a protein kinase activated by the depo-
larization of the organelle membrane and which recruits the E3 ubiquitin-protein ligase
parkin (parkin) to the outer mitochondrial membrane, which in turn promotes mitophagy
by binding ubiquitin moieties as degradation signal (ubiquitination) [38—-40]. An alternative
pathway is regulated by the mitophagic receptors BCL-2 interacting protein 3 Like (Bnip3L
alias Nix) and BCL-2 interacting protein 3 (Bnip3) [40]. Mitophagy, however, is a complex
phase involving selective autophagic events, in which mitochondrial and other cytoplasmic
materials are sequestered in double-membrane-delimited vesicles, called autophagosomes,
then fused to lysosomes to form autolysosomes where materials are degraded. Several
enzymes, membrane transporters and receptors are involved, among which a pivotal
function is attributed to processing regulators, such as autophagy related 5 (Atg5) and
beclin-1 (BECNT1) [40].
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Table 1. Compounds known for their modulatory activities on the main mitochondrial cycle phases
and on their main regulatory enzymes/pathways (the compounds found in microalgae are under-
lined). Abbreviations: Atg5, autophagy related 5; BCN1, beclin-1; Bnip3, BCL-2 interacting protein
3; DHA, docosahexaenoic acid; Drpl, dynamin-related-protein 1; EPA, eicosapentaenoic acid; Fis1,
mitochondrial fission 1 protein; Mfns, mitofusins; MT, mitochondrion; NRF1, nuclear respiratory
factor-1; parkin, E3 ubiquitin-protein ligase parkin; Nrf2, nuclear factor erythroid 2-related factor 2;
OPA1, mitochondrial dynamin like GTPase; PGC-1¢, peroxisome proliferator-activated receptor-y
coactivator-1«; Pink1, PTEN-induced kinase 1; Prk2, protein kinase C-related kinase 2; SIRT1, silent
information regulator-1; TFAM, transcription factor A mitochondrial; TFBM, transcription factor B

mitochondrial.
. Key Regulatory
I(\:/Io(;ciu:)aggrc'ly Active Ref. Enzymes Cycle Phase Description
P or Pathways
Astaxanthin [41,42] PGC-1«, Tfam
NRF-1, TFAM, COXIV,
EPA [43] SIRT1, PGC-1ax , o
EPA/DHA, curcumin [44-46] PGC-1&, NRF1 MTs increase by organelle division. The
Fucoxanthin [47] NRF1, NRF2 Biogenesis organelles undergo mtDNA replication
Quercetin, resveratrol [45] Nrf2 and subsequent division.
Salidroside (Rhodiola) [48] SIRT1
Fucoxanthin, curcumin [45,47,49] PGCla, Tfam
Fucoxanthin [47] Mins; Opal Coordinated fusion of the inner and outer
- ! membranes between two organelles
Omega-3 fatty acids [46] Mifns; Opal Fusion aimed to merge intact and slightly
R trol dysfunctional MTs. It is particularly
Resveratro: [32] Mfn2 useful in case of damaged mtDNA.
Omega-3 fatty acids [46] Drpl, Fisl
1H-pyrrole-2- Separation of the MT into two smaller
carboxamide [34] Drpl Fissi units. Fission allows the isolation of
compounds (synthetic) 1sston damaged MT parts for elimination, but it
Astaxanthin [42,50] Drpl becomes massive in the case of apoptosis.
Curcumin, astaxanthin,
resveratrol Modulation of several
[51] . .
hydroxytyrosol, mitophagy mediators ) ) ) ]
oleuropein, spermidine Mitophagy Autophagic degradation of irreversibly
Astaxanthin [42] PINK, parkin damaged MTs or part of them.
. Pink1, Prk2, Bnip3,
Fucoxanthin [49] BECNT, Atg5

The regulation of mitochondrial dynamics can directly affect the mass and functionality
of the mitochondrial reticulum. Many compounds, some reported in Table 1, modulate
mitochondrial dynamics by acting on key enzymes or regulating the expression of relevant
cytosolic and mitochondrial factors. Among these, central functions are performed by
peroxisome proliferator-activated receptor-y coactivator-1oc (PGC-1wx), nuclear respiratory
factor-1 (NRF1), nuclear factor erythroid 2-related factor 2 (Nrf2), transcription factor A
mitochondrial (TFAM) and transcription factor B mitochondrial (TFBM), which are all
positive regulators of the mitochondrial biogenesis.

PGC-1« interacts with many cell functions and is regulated at both transcription and
post-translation levels, e.g., activated by deacetylation by silent information regulator-1
(SIRT1). Among other effects, it modulates mitochondrial biogenesis by interacting with
both NRF1 and Nrf2 nuclear respiratory factors [29]. In turn, NRF1 and Nrf2 regulate the
expression of subunits of the electron transfer chain and promote mtDNA transcription [29].
NRF1 is also a promoter factor of the expression of TFAM and of other promoters required
for the basal transcription of mitochondrial DNA, in particular of TFB1IM and TFB2M
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(transcription factor Bl and B2, mitochondrial, respectively) [29,52]. In the activated form,
Nrf2 translocates to the nucleus, where it regulates the expression of several genes by
binding to the antioxidant response elements (AREs) included in their promoter regions,
four of which are also in the NRF1 promoter [29].

As the powerhouse of the cell, the mitochondrial enzymatic machinery carries out the
redox processes by which the chemical energy of organic compounds is transferred to ATP
molecules (glycolysis, Krebs cycle and beta-oxidation of fatty acids), then directly used
as an energy source for the cell. The transfer of electrons through the respiratory chain
implies the production of a high amount of reactive oxygen species (ROS), i.e., the main
actors involved in the oxidative stress, which in turn is believed to be the main cause of
the molecular damage at the base of cellular aging processes [24,53-55]. Oxidative damage
produced by ROS is kept under control by several enzymes (Table 2), which perform two
essential functions: the prevention of the excessive concentration or persistence of ROS and
the repair of molecular damage produced by these reactive compounds.

The biochemical network of protection mechanisms against oxidative damage and
related signaling pathways is indicated by the term “mitohormesis” [30]. Despite defense
mechanisms, the progressive accumulation of oxidative damage leads to dysfunctionalities
of the mitochondrial reticulum, which is considered to be among the main causes of
aging [56,57] and of numerous chronic degenerative noncommunicable diseases (NCDs),
such as nonalcoholic steatohepatitis (NASH) [58—61], muscle insulin resistance related to
obesity [62,63], kidney pathologies [64], cardiovascular pathologies [25,65,66], Parkinson’s
disease [67], Huntington’s disease [68], and Alzheimer’s disease [54,69]. The study of the
correlation among the morpho-functional alteration of mitochondria, the aging processes
and the onset of numerous chronic and degenerative diseases made it possible to highlight
the importance of diet in the preservation of mitohormesis. In particular, the intake of foods
containing compounds suitable to enhance the protective mechanisms of mitochondrial
functionality is now considered a primary factor for delaying aging and for preventing
related diseases [51]. Tables 1 and 2 list some compounds which have been shown to
modulate protective enzymes or specific processes of the mitochondrial life cycle. Notably,
most of these molecules present antioxidant properties in vitro, therefore, they are able to
inactivate ROS by direct chemical interaction, and this has often led to the belief that their
primary biological activity is due to this mechanism. However, even if it is evident that
antioxidant activity is, to varying degrees, involved in the effects produced by antioxidants,
it was demonstrated that these compounds often trigger much more complex interactions
and show biological properties different from those just attributable to antioxidant activity.
As an illustrative example, the highly studied case of resveratrol can be considered referring
to the so-called “French paradox” [70]. This consists in the low incidence of coronary heart
disease observed in French people, while having a diet relatively rich in saturated fats.
According to authors” hypothesis, this was attributed to the protective effect of resveratrol,
taken through a moderate consumption of red wine. Resveratrol is a polyphenol with
antioxidant properties modulating various cellular and even mitochondrial processes (cf.
Tables 1 and 2), producing a protective action against cardiovascular pathologies. However,
this protection occurs even assuming very small amounts of this compound, which would
not justify a significant effect in terms of chemical antioxidant action.
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Table 2. Factors/proteins/compounds known as regulators of activity or gene expression of mito-
chondrial enzymes involved in the prevention and repair of damage due to ROS. Abbreviations:
AP-1, activator protein 1; AP-2, adaptor protein complex 2; ARE, antioxidant response element;
C/EPB, CCAAT/enhancer-binding protein; CREB, cAMP response element-binding protein; DHA,
docosahexaenoic acid; Egrl, Early growth response protein 1; FOXO3a, forkhead box O3a; HIF-1,
hypoxia-inducible factor 1; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells;
NRF-1, nuclear respiratory factor-1; Nrf2, nuclear factor erythroid 2-related factor 2; Oct-1, POU
domain, class 2, transcription factor 1; p53, cellular tumor antigen p53; PIG3, p53 inducible gene 3;
PPARY, peroxisome proliferator activated receptor v; SIRT, sirtuin; Sp1, specificity protein 1.

Factor/Protein/Compound Able to

Regulate Target Enzyme or Its Gene Effect Ref. Target Enzyme Target Enzyme Function
Expression
PPARy Up [71]
Oct-1 Up [71]
Astaxanthin U [72] Hydrogen peroxide (H,O,) decomposition to
p Catalase
D;—;AP(I\&ig Nrf2) DUp {;i} oxygen (O,) and water (H,O).
pas, own
MicroRNA-30b Up [75]
g}II;iEKBB, (Sp1), C/EBP, SIRT, FOXO3a, Up [73,76-78]
AP-1 Up [79] Manganese enzyme exp_ressed in the inner
AP-2 Down [76] Mn-Superoxide matrix catalyzes the dismutation of the
p53, p50 Down [78,80] dismuta};e (SOD2) superoxide radical (O,e7) into ordinary
81R—14t6_a Bown %g%} molecular oxygeg1 (O3) and hydrogen
uercetin own eroxide (H,O»).
Curcumin Up [83] p (H20,)
Astaxanthin Up [72]
;Ir) c}’ée? r{ sElji\]IEegl‘glt; (1)\1Trf2, NF-«B, ELAV-like Up [84-87] Cu,Zn-Superoxyde Copper-zinc enzyme with the same function
AP-1 Down [78,89] dismutase (SOD1) as SOD-2 but expressed in the
Quercetin Down [82] inter-membrane space [77,88].
Enzymes are able to catalyze the oxidation of
ARE/EpRE Up [90] Peroxiredoxins the redox-active cysteine (i.e., peroxidatic
. . Prx3) cysteine) to a sulfenic acid by the peroxide
Angiotensin II Down [91] ( 4 ) substrate. y P
Enzymes are expressed by a nuclear gene
SOD2 Up [92] Thioredoxin and imported into the mitochondrion, which
. (TNX2) carries out ROS scavenging activity with the
Curcumin Up 83] concomitant anti-apoptotic effect [93].
Resveratrol Up [85] A selenocysteine-containing enzyme
Genistein U [94] Glutathione involved in the reductive detoxification of
) p peroxidase-1(GPx-1) peroxides. Its expression seems stimulated by
Quercetin Down [82] the epidermal growth factor (EGF).
Resveratrol Up [85] It protects the cell from respiration-induced
Quercetin Down [45] Glutathione (GSH) reactive oxygen species and detoxifies lipid
Nrf2/Nrfl via ARE, AP-1 and NF-kB Up [95] hydroperoxides and electrophiles.
Lo . . Mitochondrial GSTs display both GSH
Procyanidin B2 (upregulation of P1 Up [96] Glutathione-S- transferase and peroxidase activities for the

isoform via nuclear translocation of Nrf2) transferases (GSTs)

detoxification of harmful byproducts [97].

Obtusilactone A (OA) and They decompose damaged and misfolded
(—)-sesamin Down o8l proteins tagged for degradation at their
—COOH or -NH3 terminus [57].

Acute stressors, such as heat shock, serum Lon proteases . R e ]
starvation, and oxidative stress (Nrf-2, Up [100] Mltqchondrlal biogenesis in mammallan cells
HIF-1) is partly regulated by the matrix Lon

protease [99].

Only synthetic molecules are known:
{-lactones (A2-32-01); Phenyl esters

(AV167, TG42, TG53); a-aminoboronic Down [101] Variants of chaperon ATPase subunits (ClpA,
acid Clp proteases ClpC, CIpE etc.) combined with a proteolytic
Only synthetic molecules are known: subunit (ClpP) [57].
Acyldepsipeptide analogs (ADEP-41); Up [101]

imipridones (ONC201, ONC212, TR57)
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Mitochondrial Apoptosis and the Role of BCL-2 Family Proteins

Many compounds found in microalgae show to affect the regulation of apoptosis, a
cell death process in which mitochondria are key players. Apoptosis is a complex and still
not fully understood process, the discussion of which is beyond the scope of the present
review. However, some essential mechanisms of action are summarized here since they
will be frequently mentioned in the following discussion of the bioactivities of microalgal
compounds.

In healthy subjects, apoptosis is a physiological mechanism by which the transforma-
tion of cells into cancerous cells is prevented; therefore, its regulation assumes relevant
therapeutic applications. Mitochondrial activation of apoptosis is controlled by proteins of
the BCL-2 family, i.e., proteins sharing the BCL-2 homology (BH) domains, numbered from
1 to 4, and playing both pro- and anti-apoptotic roles. The antiapoptotic proteins which
contain four BH domains (BH1-BH4) include B-cell lymphoma 2 (BCL-2), B-cell lymphoma-
extra-large (BCL-xL), BCL-2-like protein 2 (BCL2L2 alias BCL-w), BCL-2 family protein
myeloid cell leukemia-1 (Mcl-1), and BCL-2-related protein Al (A1) [102]. Proapoptotic
BH1-BH4 effectors, which directly promote the mitochondrial outer membrane permeabi-
lization, consist of BCL-2-associated X protein (Bax) and BCL-2 homologous antagonist
killer (Bak) [102]. The BCL-2 family also includes pro-apoptotic BH-3 only proteins: BH3
interacting-domain death agonist (Bid), BCL-2-like protein 11 (Bim), BCL-2-interacting killer
(Bik), BCL-2-associated death promoter (Bad), BCL-2-modifying factor (Bmf), harakiri BCL-
2 interacting protein (Hrk), phorbol-12-myristate-13-acetate-induced protein 1 (PMAIP1,
generally mentioned with the alias Noxa), and p53-upregulated modulator of apoptosis
(Puma) [103,104].

The interaction among these apoptosis actors and regulators is complicated and
not completely elucidated, but some recent reviews with complementary insights were
published by Pefia-Blanco and Garcia-Saez [102], Kale et al. [105], and Roufayel et al. [103],
from which some of the following concepts were here synthesized.

As a very schematic model, Bak and Bax represent the apoptotic effectors, which
translocate from cytosol to the mitochondrial outer membrane following their activation,
where they can accumulate. There, they induce the formation of pores though which
activators of the caspase cascade, such as SMAC/DIABLO protein and cytochrome ¢
(Cyt-c), are released to the cytosol, triggering cell death in a short time. Concerning the
apoptotic event, Bak/Bax can be activated by the interaction with BH3-only proteins or
by dephosphorylation as an effect of specific direct activators. On the contrary, their
inhibition occurs by dimerization binding with antiapoptotic BCL-2 proteins. On the other
side, BH3-only proteins can antagonize Bak/Bax to bind antiapoptotic BCL-2 proteins and
form heterodimers, thus releasing the apoptotic proteins, which can accumulate on the
mitochondrial membrane.

Various models describe how BCL-2 family proteins competitively interact with each
other to control apoptosis [103]. It is interesting to note that activation/inhibition of differ-
ent BCL-2 proteins is triggered by some biochemical pathways, with which compounds
found in microalgae can interact and by oxidative stress itself. For instance, the regulation
of the activity of BCL-2 proteins, which can occur at the gene expression level and/or by
phosphorylation/de-phosphorylation, is strongly affected by the ERK1/2 MAP kinase
signaling (ERK, extracellular signal-regulated kinase; MAP, mitogen-activated protein)
through several and alternative biochemical routes [106].

3. Conceptualization of the Functionality of Foods and Implications of Their
Active Compounds

Many compounds with an activity on the protection of mitochondria, and other cellu-
lar components, are normally present in the human diet, but only in very small amounts.
The recent awareness of their relevance has progressively pushed the research to look
for functional foods, i.e., foods particularly rich in suitable molecules for significant diet
supplementation. There is no internationally agreed definition of functional food, but the
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regulations issued by several countries share the assumption that it “has the ability to promote
well-being and health beyond basic nutritional properties” [107]. The definition introduced by
the European Food Safety Authority (EFSA) specifies that the effects of functional foods
must be: “... relevant to either an improved state of health and well-being and/or reduction of risk
of disease. [...] and it must demonstrate their effects in amounts that can normally be expected
to be consumed in the diet”, while experts of the Functional Food Center (USA) specified
that active food compounds must “. .. provide a clinically proven and documented health benefit
utilizing specific biomarkers for the prevention, management, or treatment of chronic disease or its
symptoms” [10]. Beyond the above definitions, a shared concept is that a functional food
must contain compounds considered not essential for human nutrition and yet able to
positively modulate metabolic processes and cellular functions as well as to protect from
detrimental alterations of the well-being state. The latter can be intended as consistent
with the functional decay due to aging or even related to actual pathological conditions.
Furthermore, some compounds found in functional foods could be included in a further
functional category of relatively recent and fairly uncertain definition, namely nutraceu-
tical compounds. This term implies an intermediate biological activity between that of a
nutrient and that of a drug, but the proposed definitions are, once again, grounded on the
effectiveness of preventing or treating pathologies or metabolic disorders [108,109]. The
significant overlap with the definition of functional food is evident, even if nutraceuticals
do not necessarily have to be foods or part of them. Generally, nutraceuticals are provided
as one or more natural nutrients in powder or tablet form, therefore similar to typical drug
preparations, without however falling into this category [110]. It is worth noting here that
the concepts underlying these definitions, often influenced by commercial needs, are not
really new, having already been implicitly introduced by various forms of traditional or
alternative medicine, such as traditional Chinese medicine, Indian Ayurvedic medicine or,
for some aspects, homeopathic medicine [111,112].

The most interesting point of this heritage of concepts, beyond the implicit inter-
pretations of many definitions, relies on a novel approach for the interaction among diet,
metabolism and health state. The ever deeper understanding of the mechanisms of action of
biologically active substances, such as polyphenols, carotenoids, omega-3 polyunsaturated
fatty acids (PUFAs), polysaccharides, alkaloids, etc., has encouraged the research for novel
sources of compounds suitable to support a thriving industry focused on the development
of food supplements.

In the last two decades, microalgae have been particularly studied for their ability
to concentrate in a unique cell, several actives suitable to promote well-being and health,
which are often rare in foods from terrestrial ecosystems [13,14,16,113-116]. Even if some
microalgal species can be considered for their relevant contribution to macronutrients, in
general, the nutritional interest of these microorganisms is closely related to their supply
of active compounds. For instance, the food use of Haematococcus derivatives provides a
high amount of astaxanthin (a very active carotenoid) which cannot be compared with any
traditional food [19]. Furthermore, an ethical issue concerning the preservation of natural
resources should be considered. In a previous review, we showed that a daily intake of
6 g dry weight (DW) of Nannochloropsis can guarantee the intake of 240 mg/day of eicos-
apentaenoic acid (EPA), as recommended by EFSA, comparable to a weekly consumption
of about 236 g fresh weight of seabream or seabass [117]. Fish oil required to produce
these prized fishes can be obtained from 800-1200 g of wild forage fish, which appears
ecologically unsustainable.

Generally, microalgae are cultivated for the content of their most represented active
compound, justifying the claim of their nutritional “functionality”. However, if also all
minor active compounds comprised in the same biomass are considered, microalgae should
be regarded as “multifunctional” foods, as will become evident in the following part of the
present review. Indeed, it is opportune here to mention that microalgae and cyanobacteria
are rich in several compounds, not treated in the following discussion, but very useful
for human health and even for therapeutic applications. For instance, the cyanobacteria
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Arthrospira can contain up to 60% DW of proteins rich in essential amino acids [118]. Mi-
croalgal polysaccharides of the cell wall can contribute approximately 10% of the DW [119]
and comprise different heteropolysaccharides and monosaccharides, with potential and
still unexplored bioactivities, whereas some microalgae are known sources of extracellular
sulfated polysaccharides with relevant effects on the human metabolism [120]. Moreover,
microalgae are a valuable source of vitamins such as tocopherols and important vitamins
of the B group (e.g., B, By, B12), also comprising some of them poorly found in terrestrial
plants, such as vitamins D and K [15]. The high content of minerals is consistent with the
composition of ash, which can vary between 13-18% in marine microalgae and 4.5-6.7%
in some freshwater species, such as Chlorella and Arthrospira [119]. Some minerals of high
interest for nutritional scopes can be abundant: for instance, Phaeodactylum tricornutum
contains about 5% DW of Ca and 0.24% DW of Fe [119].

Importantly, fish farmers exploited for decades the exceptional nutritional properties
of some microalgae for weaning larvae of fish and shrimps [117]. This provided strong
evidence of their potential and safety as a source of bioactive compounds for human
nutritional applications, also because microalgae do not share common pathogens with
humans. Interestingly, their rigid cell wall can be exploited as a natural encapsulation to
protect new-generation therapeutics from the aggressive environment of the stomach, as
recently proposed for an edible preparation of S-glycoprotein and soluble angiotensin-
converting enzyme 2 (ACE2) for the treatment/inhibition of SARS-CoV-2 [121]. Despite
this, still few microalgal strains are Generally Recognized As Safe (GRAS) in the USA or
are authorized for human food use in other relevant markets. In this regard, the situation is
quite confusing since some microalgae were already approved as raw biomass ingredients,
but in other cases, only as a source of edible extracts (generally oils). However, there are
inconsistencies among the consulted references, whereas databases of national authorities
are not easily searchable. Consequently, some inaccuracies or deficiencies could also be
reported in the present work. To the best of our knowledge, only the following species were
authorized for human consumption [117,122,123]: Arthrospira platensis in the USA, Canada,
the EU, India, Japan and China; Haematococcus pluvialis, and Chlamydomonas reinhardtii
in the USA and China; Auxenochlorella pyrenoidosa in the EU and China; A. protothecoides
in the USA, the EU and Japan; Chlorella vulgaris in the EU and Japan; C. sorokiniana in
Canada and the EU; C. reqularis in Canada; Dunaliella bardawil in the USA; Dunaliella salina
in Canada and China; Euglena gracilis in Canada, the EU, China and Japan; Schizochytrium
sp. as a fermented ingredient in the USA; Aphanizomenon flos-aquae, Parachlorella kessleri,
Jaagichlorella luteoviridis, Tetraselmis chui and Odontella aurita in the EU; Nostoc sphaeroides
and Microchloropsis gaditana in China. Furthermore, the following algal derivatives (not the
algal biomass) were authorized as food ingredients:

e In the EU [117]: B-carotene and a mixture of carotenoids from Dunaliella salina; oil
rich in PUFAs from Ulkenia sp.; DHA and EPA ethyl esters oil from Schizochytrium sp.;
astaxanthin-rich oleoresin from Haematococcus pluvialis; oil rich in EPA from Phaeo-
dactylum tricornutum;

e Inthe USA (data by Food and Drug Administration or cited reference): DHA Algal
Oil from Schizochytrium sp.; EPA oil from Microchloropsis gaditana [124]; Astaxan-
thin extracted from Haematococcus pluvialis; algal fat from Prototheca zopfii (syn. mori-
formis) [125]; oil from Ulkenia sp.;

e  National Health Commission (People’s Republic of China): DHA oil from Schizochytrium sp.,
Ulkenia amoeboida, Crypthecodinium cohnii.

Surprisingly, moreover, the analysis of these microorganisms as potential sources of
compounds useful for the maintenance of mitohormesis was still insufficiently investigated.

3.1. Protective Features of Crude Extracts of Microalgae

Studies focused on the use of microalgae as food for their protective action on mito-
chondria are still very scarce, and most of the information, therefore, comes from the study
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of individual compounds present in their composition. In this section, the few works to our
knowledge were considered, including experimental results obtained on cultivated cells.

An ethanol/water extract obtained from Tetraselmis suecica (phylum: Chlorophyta,
class: Chlorodendrophyceae [126]) was tested on a human lung cancer cell line chal-
lenged with HyO, and showed enhanced oxidative stress resilience and cell survival by
the upregulation of several enzymes, including mitochondrial SOD2 and GPx1 [127]. In-
terestingly, the extract treatment also upregulated the expression of SIRT2, a cytosolic
deacetylase, which promotes mitochondrial biogenesis, whereas it inhibited Drpl and
the related fission activity [128]. A 10% dietary supplementation with Nannochloropsis
gaditana (phylum: Ochrophyta, class: Eustigmatophyceae, currently accepted name: Mi-
crochloropsis gaditana [126]) was able to reduce the peroxidation on some mitochondrial
components of the liver of diabetic rats, using malondialdehyde and carbonyl proteins as
damage markers [129]. These effects mitigated the decreased activities of catalase (CAT)
and superoxide dismutase (SOD), as well as the concentration of reduced glutathione (GSH)
observed in untreated diabetic rats in comparison to healthy controls. A 70% methanolic
extract of Euglena tuba (phylum: Euglenozoa, class: Euglenophyceae [126]) showed an-
titumoral activity against Dalton’s lymphoma cells in inbred populations of a BALB/c
(H2d) mice strain [130]. This result was consistent with the detected alteration of the
mitochondrial membrane potential, upregulation of proapoptotic proteins Bax and cellular
tumor antigen p53 (p53), while the anti-apoptotic protein regulator BCL-2 was downreg-
ulated. Mitochondria-mediated apoptosis in non-small cell lung cancer lines was also
demonstrated for hot water extracts of Chlorella sorokiniana (phylum: Chlorophyta, class:
Trebouxiophyceae [126]). This conclusion was supported by the downregulation of the
anti-apoptotic BCL-2, E3 ubiquitin-protein ligase XIAP (XIAP) and survivin, whereas the
proapoptotic caspase-3, caspase-9, and poly [ADP-ribose] polymerase (PARP) were acti-
vated by peptide bond cleavage [131]. An anticancer effect due to mitochondrial apoptosis
was also proposed for methanol and ethyl acetate extracts of Picochlorum sp. RCC486 [132]
(phylum: Chlorophyta, class: Trebouxiophyceae [126]), ethanol extracts of an unclassi-
fied Antarctic freshwater of the Botryidiopsidaceae family [133] (phylum: Ochrophyta,
class: Xanthophyceae [126]), and ethanol extracts of Chaetoceros calcitrans [134] (phylum:
Bacillariophyta, class: Mediophyceae [126]). Most of these anticarcinogenic activities can
be explained by the high content of polyphenols and carotenoids in microalgae, suitable
to modulate mitochondrial metabolism, reported below. However, it should be kept in
mind that part of these results was obtained only on tumor-derived cell lines, and their
verification in vivo is recommended for robust confirmation.

Other activities of interest mainly concerned disorders related to aging and chronic
diseases. The attenuation of hepatic steatosis was shown in a murine model following
the treatment with ethanol extracts of Nitzschia laevis (phylum: Bacillariophyta, class:
Bacillariophyceae, accepted name: Nitzschia amabilis [126]) prepared using a Super High
Pressure-Low Temperature Flowing Cell Cracker. The disease improvement was due to the
enhancement of hepatic mitochondrial function and the repression of fatty acid synthesis
by the phosphorylation of acetyl-CoA carboxylase [135]. In another study carried out
in vitro, both on primary skin cells and on ex vivo full-thickness skin, an aqueous extract
of Scenedesmus rubescens (phylum: Chlorophyta, class: Chlorophyceae, accepted name:
Halochlorella rubescens [126]) showed protective effects against UV radiation damage by an
increase of both mitochondrial efficiency and of cell proliferation [136].

An interesting finding was obtained using Spirulina platensis (phylum: Cyanobacteria,
class: Cyanophyceae, currently accepted name: Arthrospira platensis [126]) treating a horse’s
endocrine disorder named Equine Metabolic Syndrome, a severe pathology linked to
insulin resistance, oxidative stress, and systemic inflammation [137]. In vivo trials carried
out with pelleted Spirulina, as well as in vitro tests on cell line models with a water extract of
Spirulina, have shown that this cyanobacterium improved the mitochondrial functionality,
downregulated the proapoptotic proteins p21, p53 and Bax, as well as the pro-mitophagic
proteins PINK1 and parkin.
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3.2. Activity of Long-Chain Polyunsaturated Fatty Acids (PUFAs)

Microalgae are known for their ability to synthesize and concentrate long-chain PUFAs,
and in particular EPA and docosahexaenoic acid (DHA), especially if culture conditions
aimed at maximizing the accumulation of these compounds are adopted. For instance, DHA
can reach up to 40% of the total fatty acids in some Dinophytes, 30% of the total fatty acids
in some Haptophytes and even up to 60% of total fatty acids in the form of triacylglycerols
in Thraustochytrids belonging to the genus Aurantiochytrium and Schizochytrium [115]. The
content of EPA, on the other hand, can reach up to 20% of the fatty acids in Diatoms, e.g.,
Phaeodactylum tricornutum, while among the Eustigmatophytes, EPA can range between 15
and 30% of the lipo-acidic profile of Nannochloropsis oculata [115].

In addition to presenting an antioxidant effect, PUFAs provide benefits to human
health through various mechanisms of action and metabolic pathways. Clinical trials
involving PUFAs are generally based on the intake of fish oil, whose EPA and DHA content,
in any case, derives from microalgae through the fish food chain. When focusing on the
biology of mitochondria, it has been shown that omega-3-rich diets improved mitochondrial
dynamics and morphology, increasing the expression of mitofusins (Mfns) and OPA1, while
a downregulation of Drpl and mitochondrial fission 1 protein (Fis1) was observed [46].
The overall effect was to promote mitochondrial fusion and inhibit fission processes, thus
increasing the mitochondrial reticulum and enhancing its functionality.

It is worth mentioning that a diet rich in EPA and DHA modifies the composition of
the mitochondrial membrane phospholipids by partially replacing arachidonic acid [138],
so improving stress tolerance and reducing the incidence of heart attack [65,139]. Among
the lipids almost exclusively synthesized in mitochondria, cardiolipins constitute approx-
imately 15-20% of the total mitochondrial phospholipids. Among many functions, they
regulate mitochondrial dynamics stabilizing the interaction of key enzymes with the or-
ganelle membrane, especially Drpl and OPA1 [65]. Cardiolipins anchor Cyt-c to the internal
mitochondrial membrane, and their integrity seems to be fundamental for the prevention
of the “mitochondrial permeability transition pore” opening, which triggers the release of
Cyt-c into the cytosol and cell apoptosis [65]. However, cardiolipins’ integrity is threatened
by oxidative reactions, to which they are particularly exposed due to their position with
respect to oxidative phosphorylation enzymes. Several studies have shown that PUFAs
play an important role in the functionality and protection of cardiolipins (see the review by
Paradies et al. [65]). Dietary supplementation with DHA and EPA can increase the total
cardiolipin content in cardiac mitochondria [139]. In hearts subjected to prolonged ischemic
conditions, DHA has been shown to counteract the decline of tetralinoleyl cardiolipin, i.e.,
the primary moiety of cardiolipin, preventing cardiomyocyte death by the formation of the
mitochondrial permeability transition pore [65,139].

Studies focused on overweight subjects show that EPA-treated adipocytes improved
their mitochondrial reticulum and its functionality through the upregulation of mRNA
expression of NRF-1, MTFA and Cyt-c oxidase [43]. These effects were accompanied by
the upregulation of genes involved in mitochondrial biogenesis, such as sirtuin 1, PGC1-o
and 5'-AMP-activated protein kinase (AMPK). Moreover, mitochondrial biogenesis was
stimulated via upregulation of PGC1-oc and NRF-1 also by treating C57BL /6] mice with a
high-fat diet comprising an EPA and DHA concentrate (6% EPA, 51% DHA) [44]. At the
same time, a tissue-specific modulation of lipid metabolism was observed. Indeed, the
expression of carnitine palmitoyltransferase 1A and fatty acid catabolism were increased in
epididymal, but not subcutaneous, fat cells.

Interestingly, it has long been known that EPA can be found in low amounts in the
fatty liver of diabetic patients [140]. A study carried out on myotubes prepared using cells
obtained from obese type 2 diabetic patients have shown an impaired mitochondrial capac-
ity for fatty acid and glucose oxidation. The treatment with EPA (100 umol/L) enhanced
glucose oxidation, whereas positive effects on lipid metabolism were also observed, but
with less clear results [141]. Furthermore, in rats, EPA significantly increased the expression
of thermogenic genes, such as uncoupling protein 1-3 (UCP1-3), cell death-inducing DFFA-
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like effector A (CIDEA) and vascular endothelial growth factor A (VEGF«) [142], consistent
with the promotion of the beige-like adipocytes differentiation observed in humans [43].

3.3. Sterols

These compounds are synthesized in microalgae mainly as components of the cell
membrane, in quantities that can vary in response to environmental conditions, such as
salinity, temperature and light intensity [143]. Several microalgal sterol compounds have
been described, including campesterol, stigmasterol, beta-sitosterol, monomethylsterol,
brassicasterol, ergosterol and cholesterol [143,144]. Some molecules of this group are quite
uncommon if compared to those occurring among higher plants, such as poriferasterol
and clionasterol, identified in Chlorella pringsheimii (phylum: Chlorophyta, class: Treboux-
iophyceae, currently accepted name: Pseudochlorella pringsheimii [126]), or ergosterol and
chondrillasterol in Chlorella fusca (phylum: Chlorophyta, class: Chlorophyceae, currently
accepted name: Desmodesmus abundans [126]) [18]. Interestingly, appreciable contents of
(-sitosterol and stigmasterol were detected in Nannochloropsis sp. [145].

The interactions of sterols with the biology of mitochondria have been studied mainly
as modulators of the apoptotic process and, in general, for the related effects on cancer
prevention. Stigmasterol, a sterol extracted from Navicula incerta (phylum: Bacillariophyta,
class: Bacillariophyceae [126]), promoted the apoptosis of hepatocarcinoma cells (HepG2)
by upregulating the expression of BAX and P53, both powerful pro-apoptotic genes, and
by downregulating the anti-apoptotic BCL2 gene [146]. The activation of cellular apoptosis
via the mitochondrial route suggests possible applications of microalgal sterols for the
treatment of cancer, but also potential uses aimed at promoting the clearance of dysfunc-
tional cells, which could be candidates to transform into neoplastic cells, thus favoring the
renewal of tissue composition.

In a cellular model of colon cancer, the effect of different phytosterols, pure substances
or mixtures, was also studied in combination with a carotenoid, i.e., f-cryptoxanthin, by
treatments at concentrations comparable to values present in human serum after the intake
of functional drinks. Various effects were detected at the mitochondrial level with conse-
quent apoptosis activation and inhibition of cell proliferation, according to the following
efficacy scale: phytosterols-mix > stigmasterol > (3-cryptoxanthin + phytosterols-mix >
campesterol > 3-cryptoxanthin [147].

3.4. Phenolic Compounds

Phenolic compounds are secondary metabolites with antioxidant properties and sev-
eral biological activities. They are abundant in plants and comprise phenolic acids and
polyphenols (i.e., flavonoids and tannins), stilbenes, lignans and lignins [148]. Considering
the data reported in the literature for this group of compounds, it should be kept in mind
that the quantification of phenolic compounds is a challenging topic since they generally
show limited solubility in water, and the extraction efficiency varies significantly with
the method and solvent used. The commonest methodologies are based on the extraction
using hydrophilic solvents, or their mixtures, such as ethanol, methanol, or water (in the
latter case, preferably with a microwave-assisted process), but various other techniques
are currently also available [149,150]. The composition of phenolic compounds in different
microalgal species, however, should be critically considered for representing their actual
total amount. In general, results obtained by a specific extraction process, even if deemed
sufficiently efficient, still represent an underestimate of the actual content of phenolic
compounds, as will be evident in some examples below. Importantly, the quantification is
generally expressed in terms of standard antioxidant capacity, conventionally established
in pmol or, more frequently, in mg of gallic acid equivalents (mg GAE) per gram of sample.
However, the latter conventional concentration unit can be applied just for the antioxidant
capacity, and it is not suitable for representing the impact of these substances on biological
functions, such as the regulation of enzymes and nuclear factors.
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Goiris et al. [151] studied the fractional extraction of phenolic compounds from mi-
croalgae, obtaining the highest quantities with an ethanol-water mixture, followed by hot
water, and only modest amounts with hexane or ethyl acetate. This is consistent with
the abundance of polar hydroxyl groups in the molecules of phenolic compounds, which
therefore confer a prevailingly hydrophilic behavior, as also demonstrated by studies on
the partitioning between aqueous and olive oil phases of phenolic compounds of olive
fruits [152]. In work carried out on biomasses of Nannochlorospis sp. and of Spirulina sp.,
Scaglioni et al. [153] quantified the insoluble part of phenolic compounds, believed to be
bound to cell walls after extraction of the soluble fraction using methanol and/or ethanol.
Extractions of Spirulina using the two alcohols produced quantitatively similar extracts,
while the ethanolic fraction obtained from Nannochloropsis was higher than the methanolic
fraction by about 40%. Finally, the insoluble polyphenol fraction was quantitatively lower
than 4% and 8% of the phenols extracted by ethanol (i.e., the most effective solvent) in
Spirulina and Nannochloropsis, respectively.

The few data presented here point out that phenolic composition varies significantly
with the adopted extraction technique and the species-specific composition of the microal-
gal cell wall. This should suggest a reflection on the criticalities inherent in the available
literature, but also on the bioavailability of phenolic compounds of microalgae for nutri-
tional purposes. Their effectiveness, in fact, does not only depend on their content and
composition in the considered microalga, but also on their relative bioavailability and
their uncertain stability throughout the digestive processes of the human intestine. From
a biochemical point of view, there are well-founded reasons to consider that the in vitro
antioxidant activity of microalgal polyphenols is less relevant than other, more specific,
effects of microalgal compounds.

Goh et al. [154] quantified the phenolic compounds obtained by different solvents
from Chaetoceros and Nannochloropsis, two algal genera widely used in aquaculture, and
then compared their antioxidant activity by means of widely used assays. Surprisingly,
this study showed that the extracts with the highest antioxidant activity were not those
richest in phenolic compounds. Therefore, antioxidant capacity must have been mainly
attributable to different antioxidant compounds, of which many microalgae are rich. It
is noteworthy that the antioxidant activity of polyphenols is strongly dependent on their
chemical structure, beyond their abundance, and influenced by the arrangements of hy-
droxyl groups and double bounds in their molecule [155]. Considering the abovementioned
results, literature data on microalgae indicate highly variable total contents of phenolic com-
pounds among genera (Table 3). Andriopoulos et al. [156] revised the total phenolic content
(TPC) in 35 genera of microalgae and cyanobacteria, showing that these compounds range
on average between 0.9 and 38.5 mg GAE/g DW, with few exceptions below the minimum
value and most of the data ranging between 2 and 7 mg GAE/g DW. The same authors
cultivated and analyzed five species of microalgae (Chlorella minutissima (phylum: Chloro-
phyta, class: Chlorophyceae, currently accepted name: Mychonastes homosphaera [126]),
Dunaliella salina, Nannochloropsis oculata, Tisochrysis lutea and Isochrysis galbana) detecting
values of TPC (calculated as the sum of aqueous and methanolic extracts) between 6 and
12 mg GAE/g DW. An example of TPC occurring in some microalgae is shown in Table 3.
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Table 3. Total phenolic content in some microalgae biomasses (mgGAE/g DW).

Total Phenolic Content

Species mg GAE/g Biomass DW Reference

Euglena cantabrica 0.6-12.6 [157]
Demodesmus sp. 7.7 [158]
Tetraselmis suecica 4.3 [151]
Dunaliella salina 4.5 [158]
Huaematococcus pluvialis 1.9 [151]
Nannochloropsis limnetica 5.8 [158]
Nannochloropsis salina 6.5 [158]
Galdieria sulphuraria 1.6-5.3 [159]
Nannochloropsis sp. 2.2 [151]
Isochrysis sp. 7.8 [151]
Chaetoceros calcitrans 2.3 [151]
Porphyridium cruentum 1 [151]

Phaeodactylum tricornutum 3.2-6.1 [151,158]
Chlorella sorokiniana 5.8-5.9 [158]
Auxenochlorella pyrenoidosa 13.2-25.8 [160]
Arthrospira platensis 17-43.2 [160]
Arthrospira fusiformis 47.3-88.5 [161]
Nostoc commune 0.9 [162]

Many phenolic acids and polyphenols can have strong positive effects on human
metabolism, and their importance as micronutrients for preserving health is now well
documented [163]. The specific activities of these substances on the regulation of mito-
chondrial functions have been investigated: Chodari et al. [164] reviewed the activities
of polyphenols on biogenesis, Sandoval-Acuna et al. [165] their activities not explained
by antioxidant effects, and Naoi et al. [166] their modulatory effects on the mitochondrial
apoptosis machinery. However, studies relating polyphenols obtained from microalgal
extraction on mitochondria are lacking. Note that the mechanisms of action of this group
of compounds are far from being well understood and can vary in relation to cell type and
metabolic conditions.

Some polyphenols have been shown to modulate the biochemical pathways involved
in mitochondrial biogenesis. The disclosed activity of resveratrol as an upregulator of
SIRT1, which in turn inactivates the proapoptotic p53 by deacetylation, shined a light on
the importance of polyphenols for cell cycle regulation [167]. It was shown that this activity
was not explained by the mere antioxidant property and was also observed with quercetin
and with other polyphenols, which are not known in microalgae (fisetin, piceatannol,
butein, and soliquiritigenin) [167]. As already said, SIRT1 is an activator of PGC-1x, which
in turn is a strong enhancer of mitochondrial biogenesis. According to Chodari et al. [164],
the activation of AMPK by resveratrol represents a collateral effect of biogenesis activation
via PGC-1«. A significant increase of SIRT1, PGC-1, mtDNA, Cyt-c, and mitochondrial
biogenesis was detected in the muscle and brain of mice following dietary administration of
quercetin [168]. It should be noted, however, that the treated groups received 12.5 mg/kg
or 25 mg/kg, which are considered quite high dosages. Moreover, polyphenols have been
shown to increase mitochondrial biogenesis and activation of AREs by upregulating Nrf2,
possibly by displacing this factor from the inhibition binding to Kelch ECH associating pro-
tein 1 (Keap1) [165]. Apocynin, epicatechin, cyanidin, cyanidin-3-glucoside and curcumin
(not all identified in microalgae) have been shown to inhibit or repress some superoxide
anion generators, among which are xanthine oxidase and monoamine oxidase (MAO) [165].
In this regard, the inhibition of MAO-B can have relevant neuroprotective effects [166].
Apigenin, biapigenin, curcumin, oroxylin A, ferulic acid, quercetin, resveratrol, and hes-
peridin were reported to interact with the mitochondrial membrane in complex ways,
promoting or inhibiting the opening of the mitochondrial permeability transition pore [166],
above discussed considering the role of cardiolipins. Even if it is not possible to explain
in detail here the structure and regulation of the mitochondrial permeability transition
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pore, the overall results of these effects lead to a neuroprotective activity against important
neurodegenerative pathologies [166].

As examples of biological activities of polyphenols, hydroxytyrosol, an abundant
polyphenol in olives that is not yet identified in microalgae, was reported to stimulate
the mitochondrial functionality and biogenesis via PCG-1x and to increase the activity
and protein expression of respiratory complexes I, II, Il and V in 3T3-L1 adipocytes [169].
The same compound produced a similar upregulation of the respiratory chain in human
fibroblast cultures, explained by the activation of protein kinase A (PKA), cAMP response
element-binding protein (CREB) and PGC-1« [170]. Moreover, a trial conducted on high-fat,
high-sucrose (HFHS) diet-fed rats showed that a polyphenol extract from red wine could
significantly enhance the mitochondrial respiratory chain and NADPH oxidase system,
reducing oxidative stress in liver and heart tissues, with a strong preventive effect on
steatosis development in the liver [171].

Considering some polyphenols found in microalgae (Table 4), ellagic acid, a com-
pound found at a concentration of 860 ng/g DW in Galdieria sulphuraria cultivated under
specific conditions [172], regulated ROS production in hepatocytes under oxidative stress,
preventing cell damage and consequent apoptosis [173]. Moreover, this substance showed
protective activities toward inflammations induced by arsenic on nerve cells via mito-
chondrial regulation [174] and against BCL-2 protein Bnip3-mediated oxidative stress in
cardiomyocytes [175]. In apparent contrast with these cytoprotective activities, the same
compound has shown proapoptotic mitochondrial effects in different types of cancer cells,
such as human colon adenocarcinoma Caco-2 cells [176], in cancerous B-lymphocytes [177],
in bladder cancer cells [178], in pancreatic cancer cells [179] and in lung cancer [180]. A very
scholarly review discussing the anticancer mechanisms of action of selected polyphenols was
published by Gorlach et al. [181]. Furthermore, apigenin, luteolin, kaempferol, and quercetin
inhibited the growth of HepG2 cells and induced morphological changes associated with
apoptosis in a dosage- and time-dependent manner by upregulating the expression of
the proapoptotic p53-inducible gene 3 (PIG3) [182]. Therefore, even if polyphenols were
reported to improve several mitochondrial functions, especially the electron transport chain
activity, by modulating the redox state and inhibiting the apoptotic process, they can also
promote this last phenomenon depending on their concentration and cell environmental
conditions [166,183]. Indeed, the fine-tuning of biochemical mechanisms need to be eluci-
dated in detail, in consideration that many of the reported results, although not all, have
been obtained using cell models. In this last case, even if the demonstrated interactions are
surely well founded, there are no certainties about the reproducibility in vivo.
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Table 4. Phenolic compounds detected in microalgae species. For each strain, any compound
reported in at least one of the cited references was included. Synonyms: Porphyridium purpureum =
Porphyridium cruentum; Microchloropsis salina = Nannochloropsis salina; Auxenochlorella pyrenoidosa =
Chlorella pyrenoidosa; Arthrospira platensis = Spirulina platensis [126].

Phenolic Compound

Euglena cantabrica
Desmodesmus sp.
Tetraselmis suecica
Dunaliella salina
Haematoc. pluvialis
Nannochl. limnetica
Microchl. salina
Galdieria sulphuraria
Nannochloropsis sp.
Diacronema lutheri
Porph. purpureum
Phaeod. tricornutum
Chlorella sorokiniana
Auxenoc. pyrenoidosa
Arthrospira platensis
Arthrospira sp.
Nostoc commune

+
+
+
+
+
+
+

Phloroglucinol
Pyrocatechol
Pyrogallol
Gallic ac. + + + +
4-Hydroxy benzoic ac. + +
3,4-Dihydroxy benzoic ac. + +
Protocatechuic ac. + +
Quinic ac.
Salicylic ac. + + + +
Syringic ac. + +
Vanillic ac. +
Vanillin +
4-Aminobenzoic ac. +
Caffeic ac. + + + + + + +
Cinnamic ac.
Ferulic ac. + + + + + + + + + + +
2/3/4-Hydroxy-cinnamic ac.
P-Coumaric ac. + + + + + + + + + +
Chlorogenic ac. + +
Phloretin +
Rosmarinic ac.
Apigenin + + + + +
Catechin hydrate + + +
Daidzein + + +
Dihydrokaempferol
Dihydroquercetin
Epicatechin + +
Epigallocatechin +
Genistein
Kaempferol
Luteolin
Naringenin
Quercetin
Ellagic ac. +
Rutin
Resveratrol

+
+
+

S I T

+

+

+
+

+ + + o+

+ +

+ +

+ + + + +
+ +

53]

References

[153]
[150]

[150]
[158]
[150,184]
[158]
[184]
[158]
[158]
[172]
[160,184-186] | + + + +

[184]
[184]
[142,150,176]
[158]
[160]

3.5. Carotenoids

Carotenoids are excellent antioxidants, which can contribute to preventing dysfunc-
tions due to oxidative stress and appear to be particularly active on membranes and the
enzymatic machinery of the mitochondria, nuclei and microsomes [120]. It is widely ac-
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cepted that their intake is able to modulate the metabolism of cancer cells and significantly
reduce the incidence of various types of cancer [187]. However, the activity of carotenoids
depends on their bioavailability, which appears to be variable; e.g., fucoxanthin was de-
scribed to be better absorbed than lutein or astaxanthin in mice [120].

Over 1100 naturally occurring carotenoids were estimated [125], among which more
than 750 have been identified, whereas only 40 are commonly consumed, mainly repre-
sented by [3-carotene, lycopene, lutein, 3-cryptoxanthin, o-carotene and zeaxanthin [188].

Each microalgal species is generally characterized by a few prevailing carotenoids.
For instance, 3-carotene is the main metabolite in algae of the genus Dunaliella, astaxanthin
in Haematococcus pluvialis (phylum: Chlorophyta; class: Chlorophyceae [126]), violaxan-
thin and vaucheriaxanthin in Nannochloropsis, accompanied by other compounds of the
violaxanthin cycle, i.e., antheraxanthin and zeaxanthin [189] (Table 5).

However, the synthetic pathways of carotenoids lead to the production of several
intermediate metabolites. Thus, many of them are detected in the microalgal composition
in addition to the main metabolite, albeit at lower concentrations.

The beneficial activity of carotenoids on human health has been studied for only a few
of them, and often with insufficient detail. Among these, the most studied are probably:
[-carotene, astaxanthin and fucoxanthin. Specifically, $-carotene belongs to the carotene
family, i.e., carotenoids which do not contain oxygen, and, possibly, it represents the
molecule studied for the longest time as a supplement in the human diet, always being
considered an excellent provitamin A.

Some clinical studies associated the intake of B-carotene with several beneficial out-
comes, such as a reduced risk of cardiovascular disease, the prevention of several age-
related cancers and the improvement of endogenous cellular antioxidants via modulation of
Nrf2/ARE pathway in response to oxidative stress conditions [190]. Moreover, 3-carotene
has been shown to protect mitochondrial membranes from the impairment of mitochondrial
import receptor subunit TOM20 homolog (Tom20) due to oxidative stress [190]. Notably,
Tom?20 is an import receptor of the outer-membrane translocator TOM40 complex and plays
an essential role in the import of mitochondrial proteins [191]. Low-doses of 3-carotene
were shown to modulate autophagy and to downregulate the NF-«B inflammatory fac-
tor, whereas mitochondrial biogenesis was stimulated via Nrf2 and apoptotic signals of
caspase 3 and 9 were downregulated [190]. Trials carried out on Drosophila melanogaster
with 9-cis-3-carotene obtained from Dunaliella salina showed that this carotenoid improved
the mitochondrial function in terms of organelle mobility and ATP production, leading
to the extension of the mean lifespan [192]. On the other side, adverse effects concerning
cardiovascular disease were observed in smoker subjects treated with (3-carotene [193].
Furthermore, according to the meta-analysis proposed by Pecollo et al. [194], an increased
risk of lung and gastric cancer was observed in smokers and asbestos workers treated with
[3-carotene at a dosage equal to or above 20 mg/day, whereas no protective effect on other
kinds of cancer was observed at lower dosages. However, this topic remains the object of
discussion, and some evidence of protective effects at physiological dosages was proposed
for breast cancer [195,196], colon cancer [197], esophageal cancer [198] and others.

Astaxanthin and fucoxanthin are xanthophylls, i.e., oxygen-containing carotenoids,
which derive from carotenes through the carotenoid synthesis pathway [199]. They act
by upregulating peroxisome proliferator-activated receptors (PPARs) [188]. Importantly,
PPARy increases the PGClo, NRF1/2, and TFAM transcription factors, with consequent
positive effects on mitochondrial biogenesis, oxygen consumption, mitochondrial mem-
brane potential, antioxidant defenses, etc. [200].
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Table 5. Carotenoids detected in microalgae species. Some reported data are significantly higher than
values expected from standard cultures because of referred biomasses cultivated under stressing
conditions or adopting modified methods (including heterotrophic cultures), in order to maximize
the synthesis and accumulation of the desired metabolite. Some species names used in the cited
references have been updated according to the current taxonomic status reported in AlgaeBase [126].

Major . Compound Total .
Species . Ref. Carotenoid Ref.
Component Concentration C .
oncentration
B-carotene Dunaliella salina Up to 10-13% DW [201] up to 29% [188]
Tetraselmis suecica 0.1% DW 0.35-1.1% DW [202]
Vischeria stellata 5.9% DW [203] 7.7% DW [203]
Chromochloris zofingiensis 0.9% DW [201] 0.7-0.88% DW [204,205]
Astaxanthin Haematococcus pluvialis 2.3-7.7% DW [206] astaxanthin accounts for 85-90%
Up to 5% DW [188] of total carotenoids [207]
Chromochloris zofingiensis 0.3-0.6% DW [208] 0.7% DW [204]
0.53-0.6% DW [188] 0.7% DW [204]
Canthaxanthin Coelastrella striolata var. multistriata 4.75% DW [205] 5.6% DW [205]
Fucoxanthin Isochrysis aff. galbana 1.7-2.1% DW [209] 2% DW [209]
Mallomonas sp. SBV13 2.6% [210]
Isochrysis galbana 0.22-1.35% DW [130,211] 1.76% DW [211]
Odontella aurita up to 2.2% DW [201] ~1.5% DW [212]
Phaeodactylum tricornutum 0.78-1.65% DW [201,211] 0.61-1% DW [151,211]
Lutein Auxenochlorella protothecoides 0.54 DW [201] 0.8% DW [213]
Chlorella sorokiniana 0.21-0.32% DW [158] 0.4% DW [214]
Coelastrella sp. 0.69% DW [201]
Desmodesmus sp. 0.51% DW [158] 0.67% DW [158]
Chromochloris zofingiensis (mutant strain) 1.38% DW [215] 2.74% DW [215]
Scenedesmus almeriensis 0.54% DW [201]
Violaxanthin Nannochloropsis sp. 0.12-0.58% DW [117] 0.30-0.86% DW [117]
Zeaxanthin Chloroidium saccharophila 1.1% DW [216] 1.6% DW [217]
Chloroidium ellipsoideum 0.42% DW [216]
Chromochloris zofingiensis (mutant strain) 0.7% DW [215] 2.74% DW [215]
Dunaliella salina (mutant strain) 0.42-0.59% DW [218] 1.1-1.28% DW [218]

Astaxanthin is one of the most studied carotenoids for its high antioxidant power,
effective anti-inflammatory activity, and many other effects due to the modulation of
several enzymes and genetic factors. Moreover, it was reported to inhibit the generation
of mitochondrial-derived ROS by protecting its membranes from lipid peroxidation [219].
The cystic form of Haematococcus pluvialis is the richest source in nature of this compound
with about 3% DW [19], which can reach 5-7% DW under special culture conditions (cf.
Table 5). Astaxanthin has been shown to significantly extend the lifespan by affecting
the biogenesis of the mitochondrial respiratory complex III (CIII), in plants, Caenorhabditis
elegans (a nematode often used as a model organism), rodents and humans [220]. Mutant-
lines of the animal model Drosophila melanogaster with reduced levels of SOD1, SOD2
and catalase were fed with experimental diets comprising Haematococcus pluvialis extracts,
which, at specific concentrations (1 mg/mL), have shown a significant lifespan extension
and amelioration of age-related decline of motility [221].

Astaxanthin appears to act on various biochemical pathways, and, in many cases,
its action is not attributable to the mere antioxidant activity, of which the review by
Sztretye et al. [222] proposed a perusal analysis. Under some experimental conditions,
astaxanthin has been shown to protect mitochondrial functionality, possibly by protecting
membranes from oxidative damage rather than by preventing excessive ROS produc-
tion [223]. At the same time, it increased the expression of the PINK-parkin pathway, thus
promoting the mitophagic degradation of damaged mitochondria or their dysfunctional
parts [42]. In addition to the scavenging of free radicals and membrane integrity preser-
vation, an important activity of astaxanthin as a neuroprotector was observed. This was
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explained as due to the modulation of Nrf2, FOXO3 (a transcriptional activator which has
been shown to promote mtDNA transcription under reduction of nutrient intake [224]) and
SIRT1, i.e., key regulators which control the metabolic mechanisms of longevity, directly or
indirectly involving mitochondria [225]. It was also reported that, under hypoxic stress, i.e.,
conditions of special interest for cardiovascular diseases, astaxanthin promoted the phos-
phorylation of ERK1/2 in response to the concomitant administration of acetyl-L-carnitine
and was able to stimulate mitochondrial biogenesis by upregulating PGC-1¢, or NRF-1 via
upregulation of Nrf2 [156]. Furthermore, several studies show that this carotenoid was
able to effectively protect mitochondria from the damage resulting from oxidative stress in
experimental models of pathologies, such as myocardial ischemia, homocysteine-induced
cardiotoxicity, pulmonary fibrosis, hyperglycemia, hepatic inflammation and fibrosis, and
nonalcoholic steatosis [226]. In another study on cells subjected to stress, astaxanthin was
shown to stimulate both the mitophagy of dysfunctional mitochondria via the PINK-Parkin
pathway and organelle biogenesis for maintaining the overall mitochondrial efficiency
via upregulation of TFAM and PGC-1« [42]. Moreover, astaxanthin increased the oxida-
tive metabolism of lipids by promoting the activation of carnitine palmitoyl-transferase I
(CPT ]) in the muscle cells of endurance athletes, protecting this enzyme from alterations
induced by hexanoyl-lysine (an oxidative stress marker) produced during prolonged physi-
cal exercise [227]. This mitochondrial enzyme catalyzes the transfer of the acyl group of a
long-chain fatty acyl-CoA from coenzyme A to L-carnitine, producing acyl carnitine that is
suitable to be moved from the cytosol into the mitochondria and to undergo the oxidative
degradation. For this reason, astaxanthin is adopted by athletes to improve their perfor-
mances, even if the effectiveness can depend on the muscle effort required. In addition
to this, several genes suitable for protecting mitochondrial functionality from oxidative
stress are upregulated by lycopene and astaxanthin, thanks to the activation of Nrf2 via
different pathways, only partially elucidated and possibly including the dissociation of
Nrf2 from the Keapl repressor [219]. KEAP1 forms part of an E3 ubiquitin ligase, which
binds NRF2 by targeting it for ubiquitination and proteasome-dependent degradation.
The action of lycopene and astaxanthin, if confirmed, would be interesting since it would
support the assumption that, under oxidative stress conditions, their reaction with ROS
attributes an electrophilic property to these carotenoids. These reaction products could be
sufficiently electrophilic to react with cysteine thiol groups of Keap1, which in turn will act
as an oxidative stress sensor, weakening its binding to Nrf2. Upon dissociation from Keap1,
Nrf2 evades proteasome degradation, accumulates in the cytosol, and finally translocates
to the nucleus, where it exerts its regulatory activities.

Among the most important activities of astaxanthin and fucoxanthin, the regulation of
apoptosis should be mentioned, with relevant implications for the prevention or reduction
of tumors. Although it is generally accepted that carotenoids help cancer prevention, their
interaction with several biochemical pathways producing both proapoptotic and antiapop-
totic effects, depending on the cell environment, was reported. Sathasivam and Ki [201]
reviewed the bioactivities of carotenoids and, within a complex network of reactions,
pointed out three key metabolic pathways involving MAP kinases and mitochondrion as
organelle effectors:

e  Activation of the PI3K/Akt (phosphatidylinositol 3-kinase; AKT-serine/threonine
kinase also known as PKB, protein kinase B) survival pathway, which inactivates Bax
by phosphorylation and reduces the release of Cyt-c (antiapoptotic effect). Indeed,
according to Kale et al. [105], the phosphorylation at residue 5184 by Akt inhibits Bax,
thus preventing its translocation into the mitochondrion.

e  Activation of the p38 MAPK signaling pathway, which promotes the release of Cyt-
¢ and activates the apoptosome (apoptotic effect). Specifically, p38 MAPK can act
on the mitochondrial permeability by activating Bim by phosphorylation, which
in turn activates Bax or, alternatively, it can phosphorylate p53, which induces the
expression of death receptors and can activate members of the BCL-2 family to promote
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apoptosis [228]. Other proapoptotic mechanisms of action have been hypothesized for
P38MAPK, beyond the scope of the present review.

e  Stimulation of MEK1/2-ERK1/2 signaling pathway, which in turn activates the pro-
survival BCL-2 proteins (antiapoptotic effect), as shortly explained in the first part of
this contribution.

Interestingly, the activation of ERK1/2 can also stimulate DRP1 expression and, thus,
promote mitochondrial fission [106], which is functional to the segregation of mitochondria
between the two daughter cells during mitosis, but also to the separation and subsequent
mitophagy of dysfunctional parts of the mitochondrial reticulum. On the other side, a mas-
sive activation of mitochondrial fission is consistent with a proapoptotic effect described
for ERK1/2 by activation of the pro-death BCL-2 protein, NOXA, which can occur as an
alternative route to the classic pro-survival Ras/Raf/MEK/ERK signaling [106]. There-
fore, as already remarked concerning the activities of phenolic compounds, it should be
noted that carotenoids can produce a complex and variable range of effects, depending
on both the considered molecule and the metabolic situation of the cell. For example, it
has been shown that fucoxanthin and siphonaxanthin were able to inhibit the activation
of ERK1/2 by phosphorylation mediated by FGF-2, in vascular endothelial cells [229].
However, astaxanthin stimulated the activation of ERK1/2 in HCT-116 colon cancer cells
as part of an overall pro-apoptotic effect [230]. Again, astaxanthin prevented apoptosis
induced by cytotoxic treatments aimed at increasing ROS in the substantia nigra neurons in
a mouse model of Parkinson’s disease and in human neuroblastoma SH-SY5Y cells [72].
This effect was due to the increased expression of BCL-2 protein, the downregulation
of a-synuclein and Bax, and the inhibition of the cleavage of caspase-3. However, the
administration of a diet supplemented with astaxanthin showed pro-apoptotic activity in
Syrian hamsters treated with carcinogenic stimuli, producing protective effects against the
onset of squamous cell carcinomas [231]. The study showed an antiproliferative effect of
astaxanthin by inhibiting the MEK/ERK and PI3K/Akt pathways and the related down-
stream IKKf /NF-kB and GSK-33 / Wnt-catenin signaling, promoting intrinsic apoptosis as
a final outcome. Notably, in this study, astaxanthin showed opposite effects with respect
to the above-reported stimulations of MEK/ERK and PI3/Akt, suggesting that the same
receptors can produce alternative modulations on the underling pathways depending on
the cellular environmental context. According to Kavitha et al. [231], astaxanthin prevented
the inactivation of GSK-3f3 by phosphorylation, which, therefore, can constitute, with
other proteins, the “destruction complex” responsible for the phosphorylation and sub-
sequent degradation of (3-catenin. This last protein, therefore, interrupts its translocation
into the nucleus and its activation of genes involved in cell proliferation and apoptosis
evasion. Besides, in the same context, astaxanthin also inhibited the Akt kinase, respon-
sible, among other activities, for the inactivating phosphorylation of Bad (in addition to
the inhibiting phosphorylation of Bax, above mentioned). Bad, in the dephosphorylated
form, can translocate to the mitochondrial membrane, selectively displacing Bax from
the inhibiting binding to antiapoptotic BCL-2 proteins. In this free form, Bax is then able
to initiate the mitochondrial membrane permeability process by inducing the release of
Cyt-c and Smac/DIABLO proteins, which in turn trigger the caspase cascade and, finally,
apoptosis. Similarly, astaxanthin has shown pro-apototic activities by inhibiting NF-«B and
Wnt/ 3-catenin in human hepatoma cell lines [232]. These cases are of special interest in
order to point out the complexity of the response characterizing the intra-cell secondary
messages and the related biochemical pathways.

Considering the above-reported studies, it should be noted that NF-kB, a typical
pro-inflammatory factor, can act as a pro- or anti-apoptotic intermediate depending on
the upstream stimulus [233], with relevant implications on the efficacy of some anticancer
chemotherapies [234]. More generally, the pleiotropic action of astaxanthin and its ability to
act in different cellular contexts as a promoter of biogenesis and mitochondrial functionality
or as a pro-apoptotic and anticarcinogenic agent, depends on its ability to interact with a
high number of enzymes involved in cell cycle regulation. The different outcomes depend
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on the cell metabolic condition and on the concomitant presence of other stimuli. Recent
studies suggested that astaxanthin can interact with a number of proteins involved in cell
growth pathways, including EGFR (epidermal growth factor receptor), IGFIR (insulin-like
growth factor 1 receptor), AKT1, AKT2, ERK1, and ERK2 [235].

Fucoxanthin, another carotenoid synthesized by several microalgae, has been shown
to protect mitochondrial function in a cell model treated with pro-inflammatory stimuli,
specifically by preserving the membrane potential and by modulating mitochondrial
dynamics, i.e., by promoting the mitophagy of dysfunctional mitochondria and, at the
same time, stimulating their renewal via biogenesis [49]. This carotenoid is known for its
peculiar ability to modulate the metabolism of adipocytes and to reduce the accumulation
of fat by promoting the mitochondrial expression of UCP1 and the uptake of glucose in the
muscles via increased expression of GLUT4 glucose transporter [236,237]. In addition to
this, the improved metabolism of fat also appeared due to the upregulation of PGC-1x and
improved mitochondrial dynamics [47]. Importantly, the combination of the antioxidant
activity with the regulation of glucose uptake makes fucoxanthin an ideal candidate for
the treatment of metabolic syndrome, since there is strong evidence of the important role
played by ROS in various types of insulin resistances [238]. Moreover, fucoxanthin has
shown neuroprotective activity, in vivo and in vitro, upregulating the expression of the DJ-1
stress-sensing protein in rats and protecting mitochondria from oxidative stress following
the treatment with hydrogen peroxide [239].

3.6. Other Bioactive Compounds

Some microalgal compounds have shown important bioactivities, possibly influencing
the biology of the mitochondria, although their mechanisms of action are still not sufficiently
known. Many of these have been characterized as anticarcinogens [17,240-242], even if
often by tests conducted only on cell lines, as already pointed out in many above-reported
examples. In this regard, it should be kept in mind that if the microalgal preparation has
to be taken orally, as happens with functional foods, the data obtained by treating cell
cultures should be confirmed in vivo since active molecules may not be absorbed or can
be modified during digestion or after absorption. These compounds include, by way of
example, polysaccharides (often sulfated), glycosides, terpenoids and galactolipids.

Among polysaccharides, 3-glucans or chrysolaminarins are produced by several mi-
croalgae and especially by Bacillariophyta [189]. In particular, 1,3-1,6 3-glucans have been
shown to improve mitochondrial respiration and functionality in a model of Duchenne
muscular dystrophy [243]. A fatty alcohol ester isolated from Phaeodactylum tricornu-
tum, nonyl 8-acetoxy-6-methyloctanoate, was described to promote intrinsic apoptosis in
promyeloblast HL-60 cells by activating the pro-apoptotic Bax protein and by suppressing
the anti-apoptotic BCL-2-like protein 1 (alias BCL-xL) [244].

Cyclic peptides synthesized by some marine cyanobacteria, such as cyclic depsipep-
tidesaurilide B and C produced by Lyngbya majusculus, or the cyclic depsipeptide Coiba-
made A produced by Leptolyngbya sp., showed cytotoxicity in several human tumor cell
lines. A perusal revision was proposed by Mondal et al. [240]. Some of these compounds,
e.g., aurilides isolated from the cyanobacterium Moorena bouillonii, have been shown to act
on mitochondria by binding prohibitin 1 (PHB1) and by stimulating OPA1 synthesis, thus
promoting mitochondrial fission and apoptosis [240]. PHB1 regulates the organization and
maintenance of the mitochondrial genome by the accurate organization of mitochondrial
nucleoids and controls the copy number of mtDNA by stabilizing TFAM [245].

4. Discussion and Conclusions

The interest in the use of microalgae as a source of active compounds is grounded on
their ability to produce and concentrate bioactive substances suitable to protect the cell
from harmful processes and to preserve some needful functionalities, many of which are
related to the functional integrity of mitochondria. As shown in many cases discussed
above, the preservation of mitochondrial functionality is essential to prevent damages due
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to oxidative stress, the main cause of aging. Oxidative stress also promotes many chronic
and degenerative diseases, such as cardiovascular diseases, diseases of the nervous system,
diabetes, and many types of cancer. In addition to this, these single-cell organisms assume
high economic interest because they can be industrially cultivated in purity by means of
bioreactors or in semi-purity in suitable open-pond plants [246]. Their culture does not
require the use of pesticides or drugs and can also occur in infertile soils, ensuring the
logistical and insolation conditions to successfully manage bioreactor plants. Furthermore,
microalgae can be produced in wastewater treatment plants, even with some applicative
limitations on the use of the biomasses obtained [247]. From a technical point of view,
therefore, microalgae are perfect candidates to play a relevant role in the development of
an innovative, sustainable and green economy. Moreover, microalgae can be processed in
order to obtain dehydrated flours, which can be commercialized as raw materials and easily
mixed to obtain a balanced combination of desirable actives. In this sense, they represent
an ideal source of ingredients for functional foods and nutritional supplements. In 2020,
the global microalgae market was estimated at USD 3.4 billion, and the annual growth rate
is estimated at 4.3%, so in 2027, this value is expected to reach USD 4.6 billion [248]. The
attention paid to the antioxidant properties of many microalgal active compounds, such
as carotenoids, PUFAs, polyphenols, etc., is consistent with the fact that aging is largely
derived from molecular damage due to oxidative reactions triggered by free radicals.
Importantly, even if many of these active compounds are industrially synthesized at lower
costs, there is evidence that the biological activity of synthetic analogs is different, and in
some cases considerably lower, than that of natural compounds [249-251].

On the other hand, mitochondria, due to their function as cell “powerhouses” and sites
of high-intensity redox reactions, represent a fundamental target to protect the functional
integrity of the cell. However, from the above-reported data, it is evident that the protective
activity exerted by the mentioned bio-actives is only partly related to their antioxidant
properties. Indeed, it seems that the relevance of their biological action is broader and corre-
lated with their ability to interact with some biochemical pathways involving inflammation,
gene expression of antioxidant enzymes, intrinsic apoptosis and mitochondrial dynamics.
Simplified synthesis of some key pathways involving mitochondria as final organelle ex-
ecutors and affected by microalgal compounds are shown in Figure 2. Interestingly, the
regulatory action exerted by microalgal bioactive compounds on cell signaling explains how
they can be effective, even if taken in limited quantities, compatible with dietary intake.
Works currently available in the literature are often focused on the beneficial properties of
individual compounds present in microalgae, but studies aimed at verifying the benefits
deriving from the natural combination of different active compounds are very scarce.

Nevertheless, multifunctionality is one of the most interesting characteristics of mi-
croalgae and suggests that they can represent excellent functional foods, potentially suitable
for simultaneously providing protection against different types of metabolic disorders and
for delaying cellular aging through complementary and synergistic mechanisms of action.
However, multifunctional actions can hardly be evaluated using in vitro experimental
models, while they would require the execution of long-term clinical trials. Another aspect
in which the study of microalgae is still unsatisfactory concerns the chemical characteri-
zation of their composition, containing different compounds potentially active in human
metabolism. For example, the quantitative comparison between the identified phenolic
compounds and the total phenolic content observed in many case studies shows that most
of the compounds have not been characterized yet. This is probably due to the fact that
analyses were carried out looking for phenolic compounds already known in terrestrial
plants, whereas it is known that these microorganisms produce molecules (e.g., carotenoids
and long-chain fatty acids) that are rare or even absent in the terrestrial biomes.

Importantly, the use of microalgae for foods would require further development of the
downstream processing of cell-mass and products in order to improve the bioavailability
of active compounds of interest and, in addition, to ensure preservation until consump-
tion [252]. Indeed, the cell wall of some strains can represent an important impairment
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to intestinal absorption of part of the actives [119,253-255], which, due to their reducing
properties, are also susceptible to being modified during their processing or storage. In any
case, the potential of microalgae as sources of active compounds deserves intense research

efforts.
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Figure 2. Simplified scheme of relevant interactions of microalgal bioactive compounds acting on
mitochondrial functionality and apoptosis. The direction of the arrows indicates the modulation of
enzyme/compound activity, not of gene expression. Abbreviations: AMPK, 5'-AMP-activated protein
kinase; Bad, Bcl-2-associated death promoter; Bax, BCL-2-associated X protein; BCL-2, B-cell lymphoma 2;
Bnip3, BCL2 interacting protein 3; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; ERKs,
extracellular signal-regulated kinases; MEK, MAPK/ERK kinase; NF-kB, nuclear factor kappa-light-
chain-enhancer of activated B cells; Nrfl, nuclear respiratory factor-1; N1f2, nuclear factor erythroid
2-related factor 2; p53, cellular tumor antigen p53; PGC-1«, peroxisome proliferator-activated receptor-y
coactivator-1o; PINK, PTEN-induced kinase; Raf, RAF proto-oncogene serine/threonine-protein kinase
(alias rapidly accelerated fibrosarcoma kinase); Ras, KRAS Proto-Oncogene, GTPase; SIRT1, silent
information regulator-1; TFAM, transcription factor A mitochondrial; UCPs, uncoupling proteins.

Even if the chemical characterization of algal biomass is still insufficient, the most
important deficiency relies on the current lack of an overall evaluation of the nutraceutical
functions attributable to the different microalgal species already authorized for food use
and the relative recommended rations. To date, trials on humans are available for a few
microalgae and are often based on dietary treatments for a few weeks. In this regard,
some relevant findings are available for Phaeodactylum tricornutum (Bacillariophyta) [256],
species of the genus Chlorella (Trebouxiophyceae) [257-262], Haematococcus pluvialis (Chloro-
phyceae) [263-266], species of the genus Tetraselmis (Chlorodendrophyceae) [267], Eu-
glena gracilis (Euglenophyceae) [268], species of the genus Nannochloropsis (Eustigmato-
phyceae) [269] and cyanobacteria of the genus Arthrospira (Cyanophyceae) [270,271].

In conclusion, authors considered of particular interest the promotion of further trials
involving significant numbers of subjects and carried out over a long period of time. Indeed,
the effects of functional foods based on the response of biochemical markers can be very
useful, but unlike the behavior of drugs for the treatment of specific pathologies, the
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assessment of a preventive approach requires long-term studies and data based on large
sample sizes in order to support robust statistical analyses.
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