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ARTICLE INFO ABSTRACT

Keywords: The ubiquitin-proteasome system (UPS) is a key player in the maintenance of cellular protein homeostasis
Proteasome (proteostasis). Since proteasome function declines upon aging leading to the acceleration of its progression and
Marine natural products the manifestation of age-related pathologies, many attempts have been performed towards proteasome activation
gzz:zgigmon as a strategy to promote healthspan and longevity. The marine environment hosts a plethora of organisms that
Antioxadant produce a vast array of primary and secondary metabolites, the majority of which are unique, exhibiting a wide
Anti-photoaging spectrum of biological activities. The fact that these biologically important compounds are also present in edible

marine organisms has sparked the interest for elucidating their potential health-related applications. In this
review, we focus on the antioxidant, anti-aging, anti-aggregation and anti-photoaging properties of various
marine constituents. We further discuss representatives of marine compounds classes with regard to their po-
tential (direct or indirect) action on UPS components that could serve as UPS modulators and exert beneficial
effects on conditions such as oxidative stress, aging and age-related diseases.

1. The ubiquitin-proteasome system

The ubiquitin-proteasome system (UPS) is a highly conserved
pathway among eukaryotic organisms [1]. Its role is to surveil protein
homeostasis and to maintain the balance between continuous synthesis
of new proteins and elimination of abnormal, damaged, short-lived or
regulatory proteins by determining the time and the rate that a protein
will be degraded. The proteasome is the core of this system. It is a
multicatalytic enzyme complex located in the cytosol and nucleus [2,3].
Its functions are not limited to the maintenance of proteostasis; the
proteasome is involved in a wide array of biological processes, including
cell differentiation and proliferation, DNA repair and apoptosis, regu-
lation of gene expression and response to stress [4,5], among others,
highlighting its pivotal role for cell survival. The proteasome consists of
a concave barrel-shaped proteolytic core particle (CP or 20S protea-
some) and the regulatory particle (RP) known as the 19S RP. When one
19S RP caps the 20S core, it gives rise to the 26S proteasome confor-
mation, while the attachment of the 19S RP in both sides of the CP leads
to the formation of the 30S proteasome conformation [1,3]. Since both
30S and 26S conformations are frequently mentioned as 26S proteasome
in the literature [6], we will refer to both conformations as 26S
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proteasome hereafter.

Ubiquitin is a crucial molecule for the UPS-mediated degradation of
proteins. It is a 76 amino acid globular protein required for the ATP-
dependent proteolysis [7]. The role of ubiquitin is to modify/tag the
protein substrate that is destined for degradation with a process called
ubiquitination. Three enzymes catalyze ubiquitination; E1
ubiquitin-activating enzyme, E2 ubiquitin-conjugating enzyme and E3
ubiquitin ligase enzyme [2,8]. El1 activates ubiquitin in an
ATP-dependent manner. Activated ubiquitin is transferred to an E2
enzyme. The final step of ubiquitination is mediated by an E3 ubiquitin
ligase, which is responsible for the ubiquitin transfer from the E2
enzyme to the substrate that will be degraded. This process is repeated to
form a poly-ubiquitin chain that facilitates substrate recognition by the
proteasome. Four ubiquitin moieties are the standard form of ubiquiti-
nation (tetra-ubiquitination); however, mono-ubiquitination and mul-
tiple mono-ubiquitinations have also been reported [9]. E3 ligases are
essential regulators of the ubiquitination cascade as they control the
efficiency and the specificity of this reaction. Besides, the several hun-
dreds of E3 ligases that are present in human cells, in contrast with few
dozens of E2 and the only two E1 enzymes, reflect their crucial role [2,
10]. As the protein substrate attaches to the 19S RP, deubiquitinating
enzymes (DUBs; Rpnl1, USP14 and UCH37) remove the ubiquitin chain
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Abbreviations

6-OHDA 6-hydroxydopamine

AAA ATPase ATPase associated with different cellular activities
AAPH  2,2'-azobis (2-amidinopropane) dihydrochloride
AChE acetylcholinesterase

AD Alzheimer’s disease
AKT-1/-2 protein kinase B

AP-1 activator protein 1

ARE antioxidant response element

BChE butyrylcholinesterase
BDNF brain-derived neurotrophic factor

bZip basic region leucine zipper
CAT catalase

ChAT choline acetyltransferase
C-L caspase-like activity

CNC cap ‘n’ collar

CP core particle

CT-L chymotrypsin-like activity

Cul-Rbx Cullin-RING box

D-Gal p-galactose

DHA-OOH DHA hydroperoxide

DPPH  1,1-diphenyl-2-picrylhydrazyl

DUBs deubiquitinating enzymes

ECM extracellular matrix

ERK extracellular-signal-regulated kinase
FDA Food and Drug Administration
FOXO forkhead box O

Glb1 B-galactosidase 1

GPx glutathione peroxidase

GSH glutathione

GSK-1  serum- and glucocorticoid-inducible kinase 1
GSSG glutathione disulfide

GST glutathione S-transferase

HD Huntington’s disease

HO-1 heme oxygenase-1

HSF-1  heat shock factor 1

IDRs intrinsically disordered regions

IGF-1 insulin-like growth factor-1

IIS pathway insulin/insulin-like growth factor-1 pathway
INF-y interferon-y

INrf2 inhibitor of Nrf2

Keapl  Kelch-like ECH-associated protein 1

MAA mycosporine-like amino acid

MAPK  mitogen-activated protein kinase

MDA malondialdehyde

MMP matrix metalloproteinase

MPP"  1-methyl-4-phenylpyridinum

MPTP 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine
NF-kB  nuclear factor-kB

NQO-1 NADPH quinone oxidoreductase-1

Nrf2 nuclear factor erythroid 2-related factor 2

PD Parkinson’s disease

PDK-1  3-phosphoinositide-dependent protein kinase-1
PGPH peptidylglutamyl-peptide hydrolyzing activity
PI3K phosphatidylinositol-3-OH kinase

PIP, phosphatidylinositol 4,5-bisphosphate

PIP, phosphatidylinositol 3,4,5-trisphosphate

PKC protein kinase C; polyQ, polyglutamine

RNS reactive nitrogen species

ROS reactive oxygen species

RP regulatory particle

Rpn RP non-ATPase

Rpt Regulatory particle triple-A protein
RPTP receptor protein tyrosine phosphatase
RTK receptor tyrosine kinase

SA-B-Gal senescence-associated f-galactosidase
SKN-1 skinhead 1; SOD, superoxide dismutase
tBHP tert-butyl hydroperoxide

TGFRI  transforming growth factor p receptor I

T-L trypsin-like activity
UPS ubiquitin-proteasome system
wt wild type

y-GCS  y-glutamylcysteine synthetase

moieties to promote the substrate translocation into the core and to
prevent the ubiquitin molecules from being degraded along with the
substrate that they are bound to [2,11,12] (Fig. la). All proteins
mentioned above are considered as UPS constituents.

Apart from the ubiquitin-dependent protein degradation, ubiquitin-
independent proteolysis also occurs (Fig. 1b) [5]. This type of protein
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degradation is mainly conducted by the 20S proteasome. Studies have
shown that the 20S proteasome plays a leading role in maintaining
proteostasis under stress conditions, especially oxidative stress, where
the cell has to cope with multiple damaged proteins [13-16]. The nar-
row entrance of the 20S CP, as well as the lack of the 19S subunits (that
facilitate substrate unfolding), have led to the assumption that partially

Fig. 1. The ubiquitin-dependent and ubiquitin-

Ubiquitin-independent proteolysis independent  proteolysis. (a) The ubiquitin-

dependent proteolysis is a three-step process that

requires the presence of ubiquitin molecules and

ATP consumption. E1 ubiquitin-activating enzyme,

E2 ubiquitin-conjugating enzyme and E3 ubiquitin
Partially or loosely ligase enzyme are responsible for tagging the pro-
unfolded proteins . . L .

tein substrate with ubiquitin molecules. This pro-
cess is repeated to generate a poly-ubiquitin chain,
the standard form of which is tetra-ubiquitin. The
ubiquitinated protein is recognized, unfolded and
degraded by the 26S proteasome after the deubi-
quitinating enzymes (DUBs) remove the ubiquitin
molecules from the protein substrate. The released
free ubiquitin molecules will be used in another
ubiquitination cycle. (b) Oxidatively modified pro-
teins and partially or loosely unfolded proteins are
degraded mainly by the 20S proteasome in a
ubiquitin/ATP-independent manner.
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or loosely unfolded proteins are targets of ubiquitin-independent pro-
teolysis. More specifically, these are proteins that either have intrinsi-
cally disordered regions (IDRs) or proteins that have lost their tertiary
structure [16,17].

1.1. 20S proteasome

Four heptameric rings are stacked to form the 700 kDa barrel-shaped
complex of the 20S CP. This complex consists of two f-rings that are
located in the center of the CP and two a-rings covering each side of the
barrel. There are seven different, but structurally similar, o~ and f-sub-
units that form the configuration o;.7B1.7p1.701.7. The inner -subunits
are forming a chamber in which the protein degradation takes place.
Three p-subunits in each ring (f1, 2 and p5) have proteolytic activity
with a different cleavage preference, which is attributed to the threonine
residue of their catalytic centers [2,5,8]. The f1 subunit possesses a
caspase-like activity (C-L) [also known as peptidylglutamyl-peptide
hydrolyzing (PGPH) activity], the 2 subunit has a trypsin-like activity
(T-L) and the #5 subunit confers a chymotrypsin-like activity (CT-L) [5,
18]. The C-L, T-L and CT-L proteolytic activities lead to the cleavage of
the peptide backbone after acidic, basic or hydrophobic residues,
respectively [2]. The amino (N)-terminal tails of a-subunits form the
gate of the proteasome with a diameter of approximately 13 A [2,5,6,
18]. This narrow aperture serves as the proteasome gate allowing the
protein substrate to enter the proteolytic chamber. The N-terminal res-
idues of a3 subunit have an important role as they control substrate
entrance and gate opening [19,20].

1.2. 19S regulatory particle

Because of the small pore diameter of the 20S CP, folded proteins are
not able to access the proteolytic chamber of the proteasome and
therefore escape from degradation. Thus, the protein substrate must be
unfolded [2,8]. In this step, 19S RP has a crucial role as it is responsible
for the recognition, binding, deubiquitination, unfolding and subse-
quent translocation of the protein substrate to the 20S core after opening
its a-gate [2,5,19]. RP is composed of 19 subunits, and it can be bio-
chemically divided into the base and the lid [4,8]. The base consists of
10 subunits; six AAA ATPases arranged in a heterohexameric ring and
four non-ATPase subunits. The AAA ATPase subunits are known as the
Regulatory particle triple-A protein 1 (Rptl)- Rpt6 [1,5], while the
additional four are the RP non-ATPase 1 (Rpnl), Rpn2, Rpnl0 and
Rpnl3. The lid is formed by nine non-ATPase subunits; Rpn3,
Rpn5-Rpn9, Rpnll, Rpnl2 and Sem 1. The lid functions as a bridge that
connects the 20S core proteasome and the 19S RP. Rpn3, Rpn7, Rpn8
and Rpnll (from the lid) and Rpt3-Rpt6 and Rpn2 subunits (from the
base) are the subunits that facilitate this function [5]. Rpnl, Rpn10 and
Rpnl3 serve as ubiquitin receptors that recognize the ubiquitinated
protein substrate [1,2,5,6,8,18,19], while Rpn11 subunit is a DUB with
metalloprotease activity that cleaves the ubiquitin chains before sub-
strate degradation [1,5,6]. Finally, the ring formed by the AAA ATPase
subunits along with Rpnl, Rpn2 and Rpn13 (from the base) attaches to
the a-ring of the CP [8], being responsible for the gate regulation and
translocation of the substrate into the 20S CP [1].

1.3. Immunoproteasome

Immunoproteasomes are tissue-specific versions of proteasomes.
They were initially identified to be continuously expressed in the cells of
the immune system but they were then revealed to be expressed in
almost all tissues upon stimulation by proinflammatory cytokines,
interferon (INF)-y and tumor necrosis factor (TNF)-a [21]. Immuno-
proteasomes are formed when f1, p2 and B5 catalytic subunits are
substituted by f1i, f2i and f5i immunosubunits, respectively, following
de novo synthesis and assembly [22]. The $2i subunit has a T-L activity,
while both p1i (unlike the 20S p1 subunit) and p5i immunoproteasome
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subunits possess a CT-L activity thus explaining the enhanced CT-L ac-
tivity exhibited by the immunoproteasomes [23]. Due to the difference
in the cleavage sites, immunoproteasomes generate peptides that facil-
itate antigen presentation by the major histocompatibility complex
(MHC) class I (peptides with hydrophobic C-termini that fit in the
groove of MHC class I molecules) [22-24]. Apart from their implication
in the immune response, immunoproteasomes participate in cellular
adaptation to oxidative stress through the selective degradation of
oxidized proteins [13,23,25]. In support, mice lacking one or two
immunoproteasome subunits are more susceptible to oxidative stress
[26].

The ring-shaped 11S regulator complex PA28 (also known as REG) is
another important proteasome regulator that has been suggested to
preferentially bind to the immunoproteasome and to increase its activity
[13,23]. Three isoforms of PA28 have been described; the hetero-
heptamer PA28a and PA28f and the homoheptamer PA28y [27]. It has
been suggested that the 11S regulator enhances the selectivity of
immunoproteasomes for oxidized proteins, thus playing a pivotal role in
conditions where oxidative stress is excessive such as aging or various
age-related diseases [25,28].

2. Proteasome implication in aging and disease

The integrity of the proteome is challenged upon aging progression
[29]. The age-related decline of the proteostasis network, one of the
hallmarks of aging [30], impedes the cells from maintaining a functional
proteome [29,31]. As one of the main systems that surveil protein
quality control, the proteasome has a pivotal role in this process. Indeed,
it is well established that proteasome function and content are dimin-
ished with progressive aging [32,33]. Consequently, the accumulation
of damaged, misfolded or aggregated proteins along with their escape
from proteasome elimination confers to the onset and progression of
aging and age-related diseases [31,34,35].

The proteasome has been shown to get impaired in various levels
during aging; downregulated expression and/or post-translational
modifications of subunits, disassembly, accumulation of damaged,
aggregated or cross-linked proteins that clog the proteasome, resulting
in decreased proteasome activities [29,32,34]. Many studies have
revealed the correlation between increasing age and the decrease in
proteasome activity in various mammalian tissues, including lympho-
cytes, lens, skeletal muscle, epidermis, adipose, retina, lung, muscle,
heart, brain, spinal cord, hippocampus and cortex [29,32,34-36], while
controversy has been observed for various tissues, including the liver
[32,34,35,37]. Partial proteasome inhibition in young cells elicited an
irreversible, premature senescence-like phenotype [38], supporting its
causal role in the aging process. In addition, in vivo studies argued for the
age-related proteasome impairment. Deletion of UMP1, a key regulator
of the proteasome assembly, led to proteasome dysfunction, increased
levels of oxidized proteins and reduction of cell survival in Saccharo-
myces cerevisiae [39]. In contrast, overexpression of UMP1 increased
CT-L activity and extended the lifespan in yeast [40]. Aging-associated
disturbance of the 26S proteasome assembly has also been found in
adult and old brains of the killifish Nothobranchius furzeri [41] and old
Drosophila melanogaster [42]. In contrast, overexpression of 5 protea-
some subunit in adult flies increased CT-L activity, reduced ubiquiti-
nated protein levels and extended their lifespan [43]. Likewise,
overexpression of rpn-6 or pbs-5 (homolog of p5) proteasome subunits in
Caenorhabditis elegans resulted in prolonged lifespan and healthspan
improvement [44,45]. Tomaru et al. also illustrated that decreased CT-L
activity afflicted lifespan in a transgenic mouse model [46]. On the other
hand, the naked mole rat Heterocephalus glaber, the longest-lived rodent,
has been shown to have higher CT-L and T-L activities compared to the
control animals, which possibly attribute to their extended lifespan [47].
Similarly, fibroblast cultures from healthy centenarians revealed that
proteasome function and activity remained unaltered compared to the
ones in cultures from old (but not centenarians) donors [48],
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highlighting that “successful” aging seems to be correlated with func-
tional proteasomes.

The proteasome also has a pivotal role in the progression of various
age-related diseases [49], especially neurodegenerative diseases (spe-
cifically the ones that are categorized as proteinopathies), including
Alzheimer’s (AD), Parkinson’s (PD), and Huntington’s (HD) diseases.
These pathologies are characterized by the accumulation of
aggregate-prone neurotoxic proteins, such as Af peptide and tau in AD,
a-synuclein in PD and mutant huntingtin containing a long polyglut-
amine (polyQ) tract at the N-terminus of the protein in HD [49]. Studies
have revealed a correlation between UPS malfunction and the initiation
and aggravation of the disease pathogenesis. Indeed, proteasome failure
to clear aggregated, misfolded or damaged proteins subsequently led to
their accumulation in neurons and, ultimately, to disease progression
[50]. Dysregulation of the UPS has been observed in the brain of AD [51,
52], PD [53] and HD patients [54]. Ap peptide, a-synuclein and mutant
huntingtin have been revealed to interact directly with the 26S protea-
some and to negatively affect its activity [43,44]. These observations
suggest a vicious cycle in which age-related decreased proteasome
content and function feed the accumulation of damaged proteins, while
this accumulation further hinders proteasome activity. However, in-
terventions aiming at proteasome activation seem to be beneficial for
alleviating the age-related phenotypes [34,35].

2.1. Insulin/insulin-like growth factor-1 (IGF-1) signaling (IIS) pathway

Aging pathways can directly modulate elements of the proteostasis
network, including the proteasome, as a mechanism for lifespan exten-
sion. The IIS pathway is a very well conserved pathway among organ-
isms that regulates the homeostasis of nutrients, growth, aging and
longevity [30,55,56]. It was the first aging pathway discovered
following the identification of the C. elegans mutants age-1 (encoding the
sole phosphatidylinositol-3-OH kinase, PI3K) and daf-2 (encoding the
IGF-1 receptor) that led to a dramatically extended lifespan [57].
Further studies revealed that these two genes belong to a single
pathway, the IIS pathway [57]. This pathway is triggered by insulin-like
peptides that bind to the IGF-1/DAF-2 receptor. This binding leads to the
activation of the PI3K/AGE-1, which in turn converts phosphatidylino-
sitol 4, 5-bisphosphate (PIP5) into phosphatidylinositol 3, 4, 5-trisphos-
phate (PIP3); the process is facilitated by the PTEN/DAF-18
phosphatase. This signal activates downstream kinases; 3-phosphoinosi-
tide-dependent protein kinase 1 (PDK-1), protein kinase B (AKT-1/-2)
and serum- and glucocorticoid-inducible kinase 1 (GSK-1). These ki-
nases mediate the phosphorylation of the forkhead box O FOXO/DAF-16
transcription factor. The phosphorylated form of FOXO/DAF-16 is
inactive in the cytoplasm. In contrast, upon downregulation of the IIS
pathway, activation of FOXO/DAF-16 is enhanced. It is translocated into
the nucleus and initiates the transcription of genes involved in longevity.
Besides, the IIS pathway has been strongly implicated in age-related
diseases [58,59], in which the activation of the downstream transcrip-
tion factors alleviates the disease phenotypes.

Heat shock factor 1 (HSF-1) and nuclear factor erythroid 2-related
factor 2 (Nrf2)/skinhead 1 (SKN-1) are also key transcription factors
that interact with the IIS pathway and modulate stress resistance,
detoxification and longevity. HSF-1 and Nrf2/SKN-1 are activated under
conditions that attenuate the function of the IIS pathway [55,56,59-61].
Sirtuins that represent another nutrient-sensing pathway related to
longevity [30,55,60] have been revealed to regulate the FOXO/DAF-16
transcription factor [55,56]. Sirtuins are NAD'-dependent protein
deacetylases; their overexpression has been found to prolong lifespan
[55]. Overexpression of the sirtuin gene sir-2.1 in C. elegans extended the
nematode’s lifespan in a daf-16-dependent manner [62], while in
mammals SIRT1 has been found to deacetylate FOXO and modulate its
downstream targets that are related to the oxidative stress response
[63].

Importantly, various studies have deciphered how FOXO/DAF-16
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modulates the UPS [64-66]. Under conditions of reduced IIS pathway,
a DAF-16-dependent enhancement of the UPS activity was detected in
the intestinal cells of the nematode C. elegans. More specifically, acti-
vation of DAF-16 led to repression of the proteasome-associated deu-
biquitinating enzyme UBH-4 that in turn promoted enhanced UPS
activity. UBH-4 and the mammalian ortholog UCHL5 were revealed to
interact with the RPN-13 proteasome subunit [67,68] and to negatively
regulate UPS activity [64]. DAF-16 was shown to be essential for the
increased proteasome activity detected in nematodes lacking their
germline. More specifically, Vilchez and colleagues revealed that
DAF-16 regulated the rpn-6.1 subunit of the 19S RP by elevating its
expression in these animals that subsequently resulted in increased
proteasome function [45]. In support, the increase in proteasome con-
tent and function that was observed following 20S proteasome activa-
tion through pbs-5 overexpression in C. elegans was found to be
dependent on DAF-16/FOXO transcription factor, among others [44].
Finally, FOXO1 was recently shown to directly regulate the expression of
B5 20S proteasome catalytic subunit and, hence, proteasome activity
[69]. Consequently, it is possible that compounds that affect the IIS
pathway may act at least partially through  the
FOXO/DAF-16-dependent UPS activation.

2.2. Nrf2

Nrf2 regulates the expression of many proteasome genes and,
consequently, positively modulates its activity [70-74]. Nrf2 belongs to
the cap ‘n’ collar (CNC) subfamily of the basic region leucine zipper
(bZip) transcription factors [75]. Under normal conditions, Nrf2 is
retained in the cytoplasm via binding with a specific cytosolic inhibitor,
namely inhibitor of Nrf2 (INrf2) or Kelch-like ECH-associated protein 1
(Keapl) [76-78]. The Keapl/Nrf2 complex binds the Cul3-RbX1 holo-
enzyme, a Cullin-RING box (Cul-Rbx) E3 ubiquitin ligase, which ubiqg-
uitinates Nrf2. Nrf2 is then driven for degradation by the 26S
proteasome [71,75,76,78]. On the other hand, upon oxidative stress,
Keapl gets oxidized and loses its ability to bind Nrf2, which is then
released into the cytosol [71,76]. Additionally, various kinases [such as
protein kinase C (PKC), several mitogen-activated protein kinases
(MAPKSs) or PI3K] phosphorylate Nrf2, which is then translocated into
the nucleus [71,76,77]. Nrf2 then heterodimerizes with small Maf
(Musculoaponeurotic fibrosarcoma) or c-Jun proteins to bind to the
antioxidant response elements (ARE) located in the promoter regions of
various genes involved in antioxidant response [75,78]. Such genes
include NQO-1 (NADPH quinone oxidoreductase-1), HO-1 (Heme
oxygenase-1), GSTs (Glutathione S-transferases), y-GCS (y-Gluta-
mylcysteine synthetase) and several proteasome subunits [70,71,78],
among others.

Various natural terrestrial compounds have been identified to in-
crease proteasome content and function through Nrf2 activation as
reviewed by Chondrogianni et al., 2020 and references therein [79].
More specifically, the triterpenoids hederagenin and 18a-glycyrrhetinic
acid (18ua-GA) have been found to enhance proteasome activities in an
Nrf2-dependent manner, to extend cellular lifespan and to confer pro-
tection against oxidative stress in HFL-1 primary human fibroblasts
[72]. Similar results were obtained in C. elegans, where treatment with
18a-GA led to enhanced proteasome activity and prolonged the lifespan
of the nematodes in a SKN-1-dependent manner while it also conferred
resistance to proteotoxicity [80]. Quercetin, a flavonoid belonging to
polyphenols and known for its ability to induce Nrf2 activation [81],
was also found to stimulate proteasome function with subsequent
anti-aging and antioxidant effects [82]. The Ginkgo biloba extract
(EGb), which contains 24% ginkgo-flavone glycosides and 6% terpe-
noids, has been also identified as an Nrf2 activator that could enhance
proteasome activity through the induction of proteasome subunits gene
expression [83,84]. Concurrently, the beneficial properties of EGb in
cells expressing polyQ proteins has been also reported [84].
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2.3. HSF-1

HSF-1 is the main transcription factor that regulates the heat shock
response. Under normal conditions, HSF-1 remains inactive, while upon
stress, it accumulates to the nucleus and triggers the expression of heat
shock response genes [85]. In nematodes, reduced HSF-1 activity led to
decreased lifespan and promoted polyQ aggregate formation [86]. On
the contrary, HSF-1 overexpression extended C. elegans lifespan in a
DAF-16-dependent manner [62,87], thus strengthening its involvement
in longevity.

Various studies have related HSF-1 signaling with the UPS function.
Recently, Bianchi and coworkers deciphered that HSF-1 is required for
the transcriptional induction of the poly-ubiquitin gene ubiquitin C
(UBC) under oxidative stress and proteotoxic conditions. As UBC is one
of the four genes encoding ubiquitin, its upregulation under stress
conditions is related to the increased cellular demand for ubiquitin to
eliminate toxic misfolded proteins [88]. We have also shown that HSF-1
is an essential transcription factor in inducing lifespan extension and
resistance to oxidative stress following 20S proteasome activation
through pbs-5 overexpression in C. elegans, as HSF-1 mutants that
overexpress pbs-5 subunit did not exhibit the abovementioned beneficial
properties [44]. In addition, HSF-1 has been revealed to promote the
expression of UPS components (various E2 and E3 ligases) to facilitate
linker-cell type-death, a morphologically conserved non-apoptotic cell
death process occurring during C. elegans and vertebrate development
[89]. Finally, carqueja hydroalcoholic extract (GHE), derived from the
South Africa native plant Baccharis trimera was found to possess anti-
oxidant and anti-aggregation properties. More specifically, GHE pro-
tected against Apj.4p-induced paralysis in an AD nematode model
through enhanced protein homeostasis represented by increased pro-
teasome activity and upregulated hsp-4 and hsp-16.2 gene expression
[901.

3. The proteasome as a regulator of oxidative stress

Aerobic organisms need oxygen (O3) to survive and inevitably pro-
duce reactive oxygen species (ROS). The term ROS refers to both free
radicals and non-radicals. The free radicals are derived from oxygen,
including superoxide anion (03 ), hydroxyl ("OH) and peroxyl (ROO®)
radicals, while the non-radicals include hydrogen peroxide (H203) and
singlet oxygen, among others, that can also generate free radicals [76,
77,91]. Except for ROS, reactive nitrogen species (RNS) also exist,
including nitric oxide (*°NO) radicals [71,92]. Endogenous and exoge-
nous sources can produce ROS/RNS; mitochondrial metabolism is the
primary endogenous source that generates superoxide anion radicals,
while smoke, air pollutants and radiation are representative exogenous
sources [70,77,92]. Importantly, low levels of ROS/RNS are essential for
cells since they serve as messengers for signaling cascades, including
PI3K/Akt, MAPK, Wnt-f-catenin pathways [77]. However, ROS/RNS
can target lipids, proteins and DNA and therefore cause cellular damage
[77,91]. When the equilibrium between oxidants and antioxidants is
disturbed in favor of the oxidants, oxidative stress occurs. To maintain
redox balance, organisms have a network of antioxidant defense systems
that consists of antioxidant enzymes and nonenzymatic antioxidants.
Paradigms of nonenzymatic antioxidants are r-y-glutamyl-L-cysteinyl
glycine (glutathione, GSH), vitamin C and E, which scavenge ROS or
prevent their formation [77,93]. Superoxide dismutases (SODs), gluta-
thione peroxidases (GPxs) and catalases (CATs) are among the enzy-
matic antioxidants [77]. SODs, like Cu, ZnSOD (SOD1) or MnSOD
(SOD2), can transform superoxide anion radicals into less reactive
hydrogen peroxide and oxygen. Hydrogen peroxide is then converted to
water (H20) mainly through GPxs, which are present in the cytoplasm
and mitochondria, CATs, which are heme-containing enzymes mainly
located in the peroxisomes, and peroxiredoxins that are peroxidases
consisted of six isoforms that localize in the cytosol, mitochondria and
endoplasmic reticulum, among other cellular compartments [71,76,77,
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94]. GSH is an essential antioxidant and the ratio of GSH to its oxidized
form glutathione disulfide (GSSG) is an indicator of the cellular redox
status [71]. GSH protects protein thiol groups against oxidation via its
reaction with reactive species or through the recruitment of GPxs [77].

Besides the primary antioxidant defense system, proteolysis and
several transcription factors, such as the transcription factor Nrf2 that is
activated upon oxidative stress, are also recruited to combat the con-
sequences of oxidative stress in cells [70,76]. Ubiquitin-independent
proteasome-mediated proteolysis serves in the degradation of oxidized
proteins [71,91,93,95]. Since the (at least partially) unfolded state is a
typical characteristic of oxidatively modified proteins, the 20S protea-
some is recruited [70,96]. Studies have shown that the 20S proteasome
is more resistant to oxidative stress than the 26S proteasome [13,70,91,
96]. Indeed, the exposure of the 20S and 26S proteasomes to hydrogen
peroxide revealed that the 20S proteasome activity was not affected by
oxidative stress, while the 26S proteasome function was impaired [97,
98]. Additionally, studies have deciphered that under oxidative stress
conditions, the 26S proteasome is dissociated into the 20S CP and the
19S RP, leading to increased levels of the 20S proteasome [91,95,96].
Also, redox-dependent post-translational modifications, such as S-glu-
tathionylation [99], have been shown to enhance the activity of the 20S
proteasome and its further involvement in the redox regulation [70,71].

ROS play a crucial role in the aging process and age-related diseases.
According to the Free Radical Theory of Aging, proposed by Harman in
1956 [100] that has evolved since then to integrate new evidence into
the overall theory [101], aging is linked, among others, to the excessive
accumulation of free radical damage and its deleterious effects in cells
and tissues [100,102]. Indeed, when high ROS levels are present for an
extended period in an organism, they can serve as mediators of cellular
senescence progression [103]. Furthermore, heavily oxidatively modi-
fied and cross-linked proteins are resistant to degradation. During aging,
reduced proteasome activity, decline of Nrf2 function and ineffective
cellular response to oxidative stress lead to damaged protein accumu-
lation that accelerates aging and triggers the pathogenesis of several
diseases [13,70,77,93,96,104]. On the contrary, interventions that lead
to increased expression of the antioxidant enzymes, controlled Nrf2
activation, and proteasome function enhancement are beneficial both
for longevity and age-related diseases by alleviating the ROS-related
effects, among others [35,74,75,105].

4. Marine-derived compounds with antioxidant, anti-aging and
anti-aggregation properties as potential UPS modulators

Since the oceans cover the biggest part of Earth and represent the
largest habitat, more than half of the recorded biodiversity consists of
marine organisms. To adapt to a plethora of distinct, and in some cases,
extreme environments, marine organisms have developed biochemical
pathways that allow the production of a variety of compounds that may
serve as an excellent reservoir of active biomolecules [106,107]. Indeed,
to date, many marine natural products have been identified to display a
wide range of beneficial properties, including antioxidation, anti-aging
or anti-aggregation. Although these protective properties have been
linked with proteasome modulation for several compounds derived from
terrestrial organisms as reviewed by Panagiotidou and Chondrogianni,
2020 and references therein [108], very few marine compounds have
been studied directly for their potential to modulate the UPS (in terms of
20S/26S proteasome complex modulation and/or modulation of the
ubiquitination machinery including modulation of E1, E2, E3 ligases).
Nevertheless, many of them have been shown to affect various pathways
that have been associated with the UPS expression and function, such as
the IIS pathway and the FOXO/DAF-16 transcription factor or the Nrf2
and the HSF-1 signaling pathways. In this context, these compounds may
represent potential UPS modulators and it is possible that these prop-
erties will be revealed in the near future. Herein, we describe the few
marine compounds that have been revealed to activate directly the
proteasome and its function. Moreover, we present the current
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knowledge on marine-derived compounds that have been shown to
serve as antioxidant, anti-aging or anti-aggregation agents and we sug-
gest their potential to represent UPS modulators in an indirect manner
through the modulation of UPS-associated pathways. In this context,
polysaccharides, phenolic compounds and carotenoids are of great in-
terest with regard to their properties to delay aging and age-related
diseases (Fig. 2).

Finally, since multiple marine organisms live in shallow waters, they
are exposed to UV radiation during their lifetime. Consequently, they
have developed photoprotective mechanisms to combat the subsequent
adverse effects. Hence, the involved compounds may represent prom-
ising anti-photoaging agents. Therefore, photoaging will be also pre-
sented in the last section of this review along with its link with the UPS
and the various marine compounds with known anti-photoaging prop-
erties. Moreover, those ones for which the link with the UPS is already
known will be further discussed.

4.1. Polysaccharides

Carbohydrates, also known as saccharides, include mono-, di-, oligo-
and poly-saccharides [109]. Among them, polysaccharides serve as
structural components and have a role in energy storage in marine and
terrestrial organisms [109,110]. However, polysaccharides derived from
marine organisms, especially the sulfated ones, have attracted signifi-
cant attention in recent years due to their bioactivity, with marine
macroalgae (or seaweeds) being the most important source of
non-animal sulfated polysaccharides [111-113].

Three algal phyla are the most abundant source of sulfated poly-
saccharides, namely Rhodophyta (red macroalgae), Ochrophyta (brown
macroalgae) and Chlorophyta (green macroalgae) [111,114]. The
sulfated polysaccharides that are present in red algae are galactans that
are further classified into the carrageenans and agarans [113,115,116].
Ulvans are the major polysaccharides derived from green macroalgae,
while fucans represent the most common sulfated polysaccharides found
in brown algae [115,116]. According to the macroalgal source, the ob-
tained polysaccharides possess unique structures and, subsequently,
different biological activities [113]. Their variety is not only related to
the algal source, as different polysaccharides have been extracted even
from the same species depending on the location and the time of algal
harvest [112,116]. The relationship between the structure of poly-
saccharides and their biological properties is difficult to be established
due to the complexity of their structures [113,115], yet they are very
promising compounds. Their antioxidant, anti-aging and
anti-aggregation properties are summarized in Fig. 3.

» Fucoidan
* Porphyran
» Miscellaneous

« Phlorotannins

« Astaxanthin
 Fucoxanthin

Carotenoids

Other

* Mycosporine-like amino acids

Fig. 2. Marine classes of natural products and their major representatives. The
illustrated marine compounds have been suggested to possess beneficial prop-
erties against aging, photoaging and age-related diseases.
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4.1.1. Fucoidan

The water-soluble polysaccharide fucoidan is one of the best-studied
fucans derived from the cell wall of brown algae [114,115,117,118]. It
was first isolated in 1913 and it is a complex sulfated polysaccharide
with a wide variety of chemical structures depending on the species from
which it is extracted [115,119]. Fucoidans are neither present in other
marine algal phyla nor terrestrial plants. Since fucoidans derived from
marine invertebrates do not possess such heterogeneous and complex
structures, the algal-extracted fucoidans are considered more attractive
for applications in the biomedical field [120].

The antioxidant capacity of fucoidans is the most significant property
of these biopolymers, with fucoidans from brown seaweeds, such as
Sargassum filipendula and Laminaria japonica, exerting in vitro antioxi-
dant activity stronger than vitamin C [113,121,122]. In a recent study,
Ryu and colleagues showed that fucoidan could effectively reduce
oxidative stress. Treatment of human keratinocyte cells (HaCaT) with
fucoidan increased the HO-1 and SOD1 mRNA and protein expression
levels in a dose-dependent manner through the Nrf2/ERK signaling
pathway [123]. Fucoidan isolated from Ecklonia cava was shown to
possess antioxidant activity against peroxyl radicals in vitro. Its antiox-
idant activities were further evaluated against 2,2'-azobis (2-amidino-
propane) dihydrochloride (AAPH)-induced oxidative stress in Vero cells
(African green monkey kidney fibroblasts) and zebrafish (Danio rerio),
where fucoidan also exerted protective effects against ROS production
[124].

Zhang and colleagues revealed the anti-aging properties of a fucoi-
dan fraction (with a molecular weight of 52.7 kDa and 15.3% sulfate
content) isolated from the brown alga Sargassum fusiforme [125]. More
specifically, the treatment of D. melanogaster with this fraction extended
its lifespan and increased the SOD, CAT and GSH-Px activities, yet
reduced the content of malondialdehyde (MDA) that, as the main index
of lipid peroxidation, is a reflection of the ROS-induced cellular damage
[96]. These observations point out that this fraction restored the anti-
oxidant defense system that tends to decline upon aging. Finally, acti-
vation of the Keap1l/Nrf2/ARE signaling pathway was found to mediate
the observed lifespan extension and this activation subsequently
contributed to the recorded heat stress resistance [125]. Finally, fucoi-
dans extracted from Fucus distichus and Fucus vesiculosus were found to
be potent stimulators of SIRT6, an NAD-dependent histone deacety-
lase, in vitro [126].

Various studies have also evaluated the neuroprotective effects of
fucoidan. In primary cultures of rat basal forebrain cholinergic neurons,
fucoidan improved both neuronal survival and cell morphology against
Ap-induced toxicity. Co-incubation of fucoidan with Af;.45 peptide did
not show any ability of the polysaccharide to block Ap aggregation in
vitro, implying a different mechanism of action. Indeed, pre-treated cells
with fucoidan showed that it impeded ROS generation induced by the Ap
peptide and maintained the phosphorylated form of PKC, which is
otherwise blocked in the presence of Ap [127]. Furthermore, treatment
with fucoidan from Undaria pinnatifida secured cell viability and
increased SOD activity and GSH content in PC12 cells (derived from a
pheochromocytoma of rat adrenal medulla) challenged with a combi-
nation of Afys.35 and p-galactose (D-Gal); elevated levels of galactitol, a
D-Gal metabolite, in the brain cannot be metabolized leading to
neuronal loss and aging [128]. In the same study, fucoidan ameliorated
spatial and memory impairment in ICR mice that were injected with
D-Gal. Also, fucoidan restored SOD activity and GSH content in the
animals blood serum, two proteins that are both impaired due to
increased free radicals induced by Afas.35 and D-Gal [128]. Moreover, in
a rat AD model, oral administration of fucoidan attenuated cognitive
impairment and increased SOD and GSH-Px levels while it decreased
MDA production [129]. Alghazwi et al. found that fucoidans from the
brown seaweeds F. vesiculosus and U. pinnatifida protected PC12 cells
against cytotoxicity induced by hydrogen peroxide and Afj.42. More-
over, fucoidan from both species reduced Ap;.42 aggregates [130]. The
positive effect of fucoidan has also been described in a PD model;
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Fig. 3. The antioxidant, anti-aging and anti-aggregation properties of marine-derived polysaccharides.

fucoidan increased GSH, SOD, GSH-Px, CAT activities and total antiox-
idant capacity (a measure of the nonenzymatic antioxidant defense
system [131]) in the substantia nigra of C57BL/6 mice injected with
1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP) [132].

A direct relationship between fucoidan and proteasome function was
also suggested by Wang et al. Administration of fucoidan to the GMC101
C. elegans strain (transgenic nematodes expressing human Af;_45 peptide
in their body wall muscle cells) delayed the paralysis onset of the worms
through reduced Ap protein levels and deposition. In addition, while A
was found to impair proteasome activity in the nematodes, fucoidan
inhibited the decrease of pbs-2 and pbs-5 gene expression and elevated
proteasome activity. Fucoidan treatment also restored the expression of
the heat shock protein hsp-16.2, which is involved in the protection
against oxidative stress [133]. Two additional studies have implied that
fucoidan can modulate proteasome function; fucoidan treatment of
breast [134] or lung cancer cells [135] reduced the expression of
transforming growth factor p receptor I (TGFRI) and TGFRII proteins,
which participate in the epithelial to mesenchymal transition, via the
ubiquitin-dependent proteasome degradation. The addition of MG132
proteasome inhibitor impeded fucoidan’s ability to induce the degra-
dation of these two proteins.

4.1.2. Porphyran

Porphyran is a sulfated polysaccharide and one of the best-studied
agarans. It is produced by red algae from Porphyra species, which are
edible seaweeds found in East and Southeast Asia. They are commonly
known as nori, laver or gim and they have been used as drugs in tradi-
tional Chinese medicine for many decades. The cell walls of Porphyra

algae are rich in porphyrans [114,115,136].

A sulfated polysaccharide fraction isolated from the red alga Por-
phyra haitanensis was identified to have antioxidant activity in vivo.
Administration of this fraction increased the activity of SOD and GSH-Px
and the total antioxidant capacity in aging Kunming mice, while MDA
production was reduced. Importantly, the impact of this fraction was
similar or stronger than that of vitamin C, which was used as a positive
control [137]. The same research group revealed that the antioxidant
activity of P. haitanensis was not limited in the particular fraction, as
similar positive results were observed following administration of
another fraction of the alga, differing in the sulfate and 3,6-anhydroga-
lactose content [138].

Additional studies have deciphered that porphyrans can alleviate cell
damage and aging. Zhang and colleagues showed that porphyran from
P. haitanensis secured cell viability following hydrogen peroxide-
induced premature senescence in human lung WI-38 fibroblasts. More
specifically, porphyran could restore the cellular morphological changes
following exposure to hydrogen peroxide, while it diminished the pro-
portion of cells positive for senescence-associated p-galactosidase ac-
tivity (SA-B-Gal) [139], a widely used biomarker of senescent cells
[140]. At the same time, porphyran downregulated the expression of
p53 and p21 proteins, the activation of which is associated with DNA
damage induced by oxidative stress that subsequently drives cellular
senescence [139]. Porphyran has also exhibited anti-aging properties in
vivo; two polysaccharide fractions isolated from P. haitanensis extended
the lifespan of D. melanogaster and improved their resistance to thermal
stress. These fractions improved the flies’ vitality by encouraging the
mating process. However, the involved mechanisms were not elucidated
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[141].

Finally, a recent study suggested the neuroprotective effects of a
porphyran fraction extracted from P. haitanensis. In an AD-mouse model,
porphyran ameliorated the adverse effects of Apy.40 peptide on learning
and memory. Administration of porphyran increased the choline ace-
tyltransferase (ChAT) activity in the hippocampus and decreased the
acetylcholinesterase (AChE) activity in both the hippocampus and the
cortex of the mice. These two enzymes have an essential role in proper
brain function. Nevertheless, the exact mechanism of action was not
revealed [142], highlighting the necessity to elucidate the way the
porphyrans act on aging and age-related diseases progression.

4.1.3. Miscellaneous

The partially purified polysaccharides extracted from Chlorella pyr-
enoidosa were found to possess antioxidant activities in vitro through
scavenging of the superoxide anion, hydroxyl and 1,1-diphenyl-2-picryl-
hydrazyl (DPPH) radicals. D. melanogaster treated with this
polysaccharide-rich fraction exhibited lifespan extension, which was
accompanied by increased activities of the antioxidant enzymes SOD,
CAT and GPx. Nevertheless, the correlation between the enhancement of
the antioxidant enzymes activities and the observed lifespan extension
was not verified, implying another mechanism of action [143]. In a
recent study, Wang and colleagues deciphered the anti-aging properties
of polysaccharides derived from the marine microalga Gracilaria lema-
neiformis. These polysaccharides extended the lifespan and improved the
healthspan of the wild type (wt) C. elegans. Moreover, in a nematode
model for HD (AM141 strain), they delayed the progression of the polyQ
aggregation. These positive effects were mediated through the
enhancement of the DAF-16 nuclear translocation and its subsequent
activation [144].

4.2. Phenolic compounds

Phenolic compounds are classified as phenols or polyphenols based
on the number of the incorporated phenol groups [145]. Their synthesis
is mediated via the shikimic acid and acetate-malonate pathways [117,
145]. Phenolic compounds are secondary metabolites of algae involved
in a wide range of biological functions, such as signaling, defense and
stress resistance [117,120]. The most common types of polyphenolic
compounds found in algae are phenolic acids, flavonoids and phlor-
otannins, among others [145].

Phlorotannins are the most interesting polyphenolic compounds.
They are very hydrophilic compounds and their molecular sizes range
between 126 Da and 650 kDa [145-148]. They are composed of oligo-
mers or polymers of phloroglucinol (1,3,5-trihydroxynenzene)

OH

OH O OH
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monomeric units biosynthesized through the acetate-malonate pathway
[120,146-149]. Fuhalols, phlorethols, fucols, fucophloroethols, eckols
and carmalols are classes of phlorotannins, which are generated by
several units of phloroglucinol linked to each other in different ways
(Fig. 4) [145,147,148]. Phlorotannins are present mainly in brown algae
[145-147,149], they exhibit seasonal variations [147,149] and they are
absent from terrestrial plants [120]. Among the brown algae, the edible
seaweed Ecklonia cava has been reported as one of the most abundant
sources of phlorotannins [145].

Many studies have shown that phlorotannins derived from brown
algae are strong antioxidants. Phlorotannins (eckol, phlorofucofur-
oeckol A, dieckol, 8,8"-bieckol) extracted from the brown algae Eisenia
bicyclis, E. cava and Ecklonia kurome were found to exert both antioxi-
dant and radical scavenging activities against superoxide anion radicals
and DPPH. Indeed, these compounds are more effective than terrestrial
polyphenols (e.g., catechin (—)-epigallocatechin-3-gallate) and vitamins
(e.g., ascorbic acid, a-tocopherol), [150]. Kang and coworkers described
the antioxidant properties of eckol. It enhanced the activity of HO-1 by
upregulating its expression in Chinese hamster lung V79-4 fibroblasts.
HO-1 activation resulted in protection against hydrogen
peroxide-induced oxidative stress. This process was mediated through
Nrf2 activation in an ERK/PI3K/Akt-dependent manner [151]. In
another study, extracts of 17 algal species were evaluated for their
antioxidant activity; extracts from Ulva pertusa, Symphyocladia latiuscula
and Ecklonia stolonifera were shown to inhibit ROS production in Wistar
rat kidney homogenates in vitro, with the extract of E. stolonifera
exhibiting the strongest antioxidant activity [152]. Dieckol, eckol, eck-
stolonol, triphloroethol A and phloroglucinol isolated from E. cava
inhibited intracellular ROS formation, reduced lipid peroxidation and
prevented cell death against AAPH-induced oxidative stress in zebrafish
embryos [153]. These observations support the intense antioxidant ac-
tivity of these compounds in vivo. The extract from the brown alga
Ascophyllum nodosum, a seaweed rich in phlorotannins, was found to
protect human epithelial cells from tert-butyl hydroperoxide
(tBHP)-induced oxidative stress by reducing ROS production. Moreover,
A. nodosum extract increased SIRT1 activity [154]. Phloroglucinol pos-
sesses antioxidant activity, as in vitro studies showed that it scavenged
nitric oxide, superoxide anion and hydroxyl radicals in a
dose-dependent manner. These results were also confirmed in LLC-PK1
porcine kidney cells, where phloroglucinol alleviated oxidative stress,
increased cell viability and decreased lipid peroxidation. At the same
time, phloroglucinol exhibited anti-aging properties; treatment of
WI-38 cells with phloroglucinol protected cell viability and reduced
MDA production against premature senescence induced by hydrogen
peroxide [155].

A,
fera

(b)

Fig. 4. The chemical structures of the marine-derived phlorotannins (a) eckol, (b) dieckol, and (c) phloroglucinol.
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Research towards the discovery of phlorotannins as potential com-
pounds against neurodegenerative diseases has been also performed. A
phlorotannin-rich extract from E. cava, which was found to exert anti-
oxidant activities in vitro, protected PC12 and human neuroblastoma SH-
SYS5Y cells against hydrogen peroxide and AAPH-induced oxidative
stress. It was also found to inhibit the activity of AChE and butyr-
ylcholinesterase (BChE) enzymes, thus pinpointing its potential neuro-
protective effect [156]. Phloroglucinol offered protection in SH-SY5Y
cells against hydrogen peroxide-induced cytotoxicity [157]. More spe-
cifically, cells pretreated with phloroglucinol exhibited decreased ROS
levels and lipid peroxidation content, while lower levels of carbonylated
proteins (a marker of protein oxidation) and DNA damage were also
recorded [157]. The same results were observed following induction of
cytotoxicity in SH-SY5Y cells with 6-hydroxydopamine (6-OHDA)
[158]. In addition, phloroglucinol was found to increase both the pro-
tein expression and activities of CAT and GPx and to reverse Nrf2
reduction in the nucleus. Also, phloroglucinol ameliorated 6-OHDA-in-
duced motor functional deficits in a rat PD model [158], highlighting
its beneficial properties in vivo. In support, oral administration of
phloroglucinol in an AD mouse model attenuated the cognitive
impairment of the animals. Phloroglucinol reduced Af protein levels
and the number of amyloid plaques in the brain, while it also decreased
lipid peroxidation [159]. The advantages of phloroglucinol were also
explained by Yang et al. [160]; AP1.42-induced ROS levels were reduced
following treatment with phloroglucinol in immortalized mouse hip-
pocampal HT22 cells. Moreover, in an AD-transgenic mouse model,
phloroglucinol alleviated memory deficits, albeit no changes in Ap levels
were recorded between transgenic and control animals.

Redox Biology 41 (2021) 101897

All the studies mentioned above could lead to the assumption that
the beneficial effects of phlorotannins might be attributed to their
scavenging and antioxidant activities. Especially for phloroglucinol,
studies have indicated that it has an electron-rich component that might
function as a stabilizer for free radicals [158,160]. Moreover, its ability
to activate UPS-related pathways, such as the Nrf2/ARE pathway,
strengthens the possibility of serving as a potent anti-aging and neuro-
protective compound via the UPS modulation. The antioxidant,
anti-aging and anti-aggregation properties of phlorotannins are sum-
marized in Fig. 5.

4.3. Carotenoids

Carotenoids are natural pigments that are typically composed of 40
carbon atoms [161-163]. The end of their carbon chains may be
completed by rings or oxygenated functional groups, giving rise to
carotenes and xanthophylls, respectively [161-163]. However, there are
carotenoids with more complex structures, such as violaxanthin and
fucoxanthin [164]. Most carotenoids have the ability to absorb blue and
violet light (400-500 nm), which attributes their colour ranging from
red to yellow, depending on their structure and concentration, as well as
their potential interactions with proteins [163]. They are lipophilic
compounds found in membranes (usually thylakoid membranes) and
oily droplets or in lipid vesicles in the cytosol [162,163,165].

Carotenoids serve a variety of functions in marine organisms, such as
cellular structure, photosynthesis, photoprotection and protection
against stressful environmental conditions, during which organisms
induce carotenogenesis to produce carotenoids [120,162,163,166]. One
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of the most significant benefits of carotenoids is related to their anti-
oxidant properties [165]. They are quenchers of singlet oxygen, scav-
engers of free radicals or Nrf2/ARE activators [163,165]. Nevertheless,
under certain conditions [163], they can switch to pro-oxidant com-
pounds [163,165] being effective in states such as cancer, where they
induce apoptosis to damaged cells by stimulating the cellular response to
oxidative stress. The antioxidant, anti-aging and anti-aggregation
properties of marine-derived carotenoids are summarized in Fig. 6.

4.3.1. Astaxanthin

Astaxanthin (3,3'-dihydroxy-f, p’-carotene-4,4’-dione) is a red-
orange keto-carotenoid pigment that belongs to xanthophylls (Fig. 7a).
It is present in marine organisms, such as macroalgae, microalgae,
bacteria and crustaceans (shrimps, crabs, krill). However, animals
cannot biosynthesize astaxanthin; they obtain it through diet, which
endows them the red colour they have in their flesh, skin or exoskeleton.
The green microalga Haematococcus pluvialis is the most abundant
source of astaxanthin [167-169]. The United States Food and Drug
Administration (FDA) has approved astaxanthin as a colour additive in
animals and fish foods since 1999 [165,168]. Its antioxidant activity is
among its most significant characteristics, as it is found to surpass those
of vitamin E and p-carotene [167,170,171]. In addition, astaxanthin can
pass the blood-brain barrier. These observations, along with the so far
lack of side effects from its use, have made astaxanthin more attractive,
especially in the field of aging and neurodegenerative diseases [169,
172-174].

The antioxidant activity of astaxanthin has been established through
in vitro and in vivo studies. Treatment of immortalized human hepatoma
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Fig. 7. The chemical structures of marine-derived carotenoids (a) astaxanthin
and (b) fucoxanthin.

HepG2 cells with astaxanthin increased the intracellular levels of GSH
and the total antioxidant activity. Astaxanthin induced Nrf2 expression
and its downstream target genes, namely HO-1, NQO-1 and GSTM2
[175]. These results may suggest the dependency of its antioxidant
character on the Nrf2/ARE pathway. Administration of astaxanthin was
compared in Swiss albino young and old mice to elucidate its potential
antioxidant activity between the different age groups. Astaxanthin
alleviated oxidative stress in the tested brain areas via reducing lipid
peroxidation, nitric oxide radical levels and advanced protein oxidation
products. On the other hand, astaxanthin increased the activity of CAT
and SOD and the GSH levels. Even though astaxanthin improved the
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oxidative markers in both age groups, the improvement in young mice
was more considerable [176]. Furthermore, astaxanthin was found to
exert antioxidant activity in the D-Gal-induced brain aging of rats via the
decrease of MDA levels and protein carbonylation, while it alleviated the
reduction of GSH-Px and SOD activities and protected against DNA
damage. Importantly, astaxanthin administration restored the expres-
sion of the brain-derived neurotrophic factor (BDNF) in the brain of aged
rats, which regulates neuronal development and survival and is also
implicated in the regulation of cognition and memory storage [177].

In a recent study, aging was induced in mice through D-Gal treat-
ment and jet lag. Administration of astaxanthin ameliorated the
impaired locomotor activity. Besides, astaxanthin induced SOD, CAT
and GSH-Px activities and decreased lipid peroxidation in the aged mice.
The expression of the antioxidant genes Cat, Gpx 1, Sod1 and Sod2, the
anti-aging gene Sirt] and the aging-suppressor gene Klotho were
induced, while the expression of f-galactosidase 1 (GIb1) gene was
decreased [178]. Interestingly, the anti-aging mechanism of Klotho may
be related to FOXO activation and the inhibition of oxidative stress via
the induction of the MnSOD expression [179]. In support, Sudharshan
and coworkers showed that astaxanthin protected S. cerevisiae antioxi-
dant deficient strains against hydrogen peroxide-induced oxidative
stress by scavenging ROS. Also, astaxanthin exerted anti-aging proper-
ties since it improved the chronological lifespan in yeast via ROS
reduction and offered protection against apoptosis [180]. In C. elegans,
astaxanthin was found to extend the lifespan of the wt nematodes and
the age-1 long-lived mutants via the modulation of the IIS pathway.
Astaxanthin promoted the DAF-16/FOXO nuclear translocation and
decreased the mitochondrial ROS production. Moreover, in
astaxanthin-exposed animals, the expression of the DAF-16 target genes,
namely sod-3, sod-5, ctl-1 and ctl-2 was induced [181]. Finally, the
anti-aging potential of astaxanthin was also revealed in D. melanogaster.
Wt flies treated with astaxanthin had a longer survival time than the
control-treated flies. Similarly, in SOD™% mutant flies, astaxanthin
improved their lifespan, as well as their locomotor activity. In addition,
astaxanthin protected flies against mortality induced by oxidative stress
[182]. Given the effects of astaxanthin on IIS and Nrf2 pathways (both
shown to affect the UPS), one cannot rule out the possibility that this
compound may act as a UPS activator.

As for the neuroprotective properties of astaxanthin, it protected SH-
SY5Y cells against Afss.3s5-induced cytotoxicity via the enhancement of
HO-1 expression in a concentration-dependent manner through the
activation of the ERK signaling pathway [183]. In PC12 cells treated
with 1-methyl-4-phenylpyridinum (MPP™"), astaxanthin also attenuated
ROS production and induced HO-1 mRNA expression [184], which
supports the involvement of the Nrf2/ARE pathway in astaxanthin’s
mechanism of action. Furthermore, astaxanthin treatment protected
SH-SY5Y cells against cytotoxicity induced by DHA hydroperoxide
(DHA-OOH), 6-OHDA [185] and MPP™ [186] through reduction of ROS
production. Besides, astaxanthin inhibited the MPTP-induced a-synu-
clein levels in the substantia nigra of a PD mouse model, pointing out its
neuroprotective role in vivo [186]. Finally, similar results were revealed
in PC12 cells challenged with increased Ap;_42 levels [187].

4.3.2. Fucoxanthin

Fucoxanthin is an orange xanthophyll found in brown seaweeds,
microalgae or diatoms, such as Phaeodactylum tricornutum and the edible
algae U. pinnatifida, Hijika fusiformis, Sargassum fulvellum and L. japonica
[165,168,188,189]. Its structure contains an allene moiety, an epoxide
group and a conjugated carbonyl group in a polyene chain (Fig. 7b)
[165,188,189].

Many studies have shown that fucoxanthin exerts a broad range of
biological activities [120,168,189]. Research on the metabolism and
toxicity of fucoxanthin revealed fuxoxanthinol and amarouciaxanthin A
as the main metabolic products. More specifically, fucoxanthin is hy-
drolyzed in the gastrointestinal tract by digestive enzymes to fucox-
anthinol, which is then converted to amarouciaxanthin A in the liver.
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Concerning the toxicity, no adverse effects have been observed in animal
studies, whereas those that include humans are limited [165,188,189].
Nevertheless, two clinical trials have been launched to elucidate the
beneficial effects of daily consumption of fucoxanthin [189-191]. It is
worth noting that the FDA has allowed fucoxanthin extracted from
P. tricornutum as a dietary supplement [189].

Liu and colleagues suggested that fucoxanthin may act as a pro-
oxidant. Six hours incubation of murine embryonic liver BNL CL.2
cells with fucoxanthin induced intracellular ROS production. At the
same time, fucoxanthin induced Nrf2 activation via its nuclear trans-
location, which subsequently upregulated both the mRNA and protein
expression levels of HO-1, NQO-1 genes in a concentration-dependent
manner. The researchers attributed these effects to the activation of
the Nrf2/ARE pathway via the ERK/p38 pathway [192]. Furthermore,
fucoxanthin protected against hydrogen peroxide-induced oxidative
stress in vitro [193,194] by blocking ROS generation, rescuing cell
viability and inducing antioxidant enzymes. The antioxidant activity of
fucoxanthin was mediated through the Nrf2 activation in a
PI3K-dependent manner [194].

The beneficial effects of fucoxanthin have also been investigated in
aging and age-related diseases. Fucoxanthin increased the lifespan of wt
D. melanogaster and improved healthspan as shown by the enhancement
of fecundity, fertility, food consumption and locomotor activity [195,
196]. Fucoxanthin conferred resistance to oxidative stress in the pres-
ence of paraquat (a generator of superoxide anion radicals) in flies and
induced the expression of genes related to stress response, DNA repair,
detoxification of ROS, heat shock response and apoptosis; CncC (the
homolog of the mammalian Nrf2 gene) and dSir2/SIRT1 were involved
in these responses. These results were dependent on the administered
dose of fucoxanthin and the sex of the flies [195]. Nevertheless, con-
tradictory results were also shown by another group [196]. Tran-
scriptome analysis revealed that fucoxanthin downregulated the
expression of Hsp70Ab gene, yet it induced the mRNA expression of the
antioxidant enzyme SOD3. Importantly, in old flies, fucoxanthin
administration induced the expression of 49 genes involved in the MAPK
and Wnt signaling pathways and autophagy [196]. Moreover, fuco-
xanthin prolonged the lifespan of C. elegans [195], yet the mechanism
was not revealed. In a recent study, late passage human embryonic lung
fibroblasts treated with fucoxanthin exhibited decreased SA-p-Gal ac-
tivity, while fucoxanthin protected cells against oxidative stress induced
by the electron chain complex I inhibitor rotenone. Finally, tran-
scriptome analysis in young and late passage cells treated with fuco-
xanthin revealed that it promoted differential expression of genes
involved in aging-related pathways, such as Wnt and FOXO signaling
pathways [197]. Since various proteasome subunits have been shown to
be regulated by FOXO/DAF-16 transcription factor [44,45,64,69], the
potential fucoxanthin-mediated proteasome modulation cannot be ruled
out.

In addition, fucoxanthin inhibited Ap;.45 fibril formation and ag-
gregation in vitro [187,198] and rescued cells from apoptosis [187].
Xiang and colleagues suggested that this effect was mediated via hy-
drophobic interactions of fucoxanthin with the AP peptide. Also, in
APi.42 oligomer-treated mice, fucoxanthin administration alleviated
cognitive impairment and improved spatial learning and memory.
Moreover, it enhanced the activity of SOD, CAT and GSH in the hippo-
campus of mice, while it restored the reduced expression of BDNF and
ChAT [198]. Data also showed that fucoxanthin possesses neuro-
protective properties since it reduced apoptosis in mice with traumatic
brain injury. Fucoxanthin administration reduced oxidative stress and
decreased lipid peroxidation, while it activated the Nrf2/ARE pathway
and Nrf2-dependent autophagy [199]. These results could also imply a
potential implication of the UPS. If we take into account that Nrf2
activation induces the transcription of proteasome subunits and the fact
that there is a cross-talk between the proteasome and autophagy under
stress conditions [200], fucoxanthin could indeed modulate the UPS.
Finally, fucoxanthin reduced oxidative stress and protected SH-SY5Y
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cells and primary cerebellar granule neurons against hydrogen
peroxide-induced toxicity. These effects were mediated through the
activation of the PI3K/Akt pathway and the inhibition of the
pro-apoptotic ERK signaling pathway [201,202].

4.4. Other marine-derived compounds

Besides the compounds belonging to the chemical classes that have
been discussed above, other marine-derived compounds have also been
characterized as anti-aging or anti-aggregation agents. The extracts from
the red algae Acanthophora spicifera, Jania acutilobum and Peyssonnelia
sp., which are rich in lipids, prolonged the lifespan of a small multi-
cellular invertebrate animal belonging to the phylum Rotifera named
Brachionus manjavacas. Although the extracts possessed antioxidant
activity, the observed lifespan extension was not linked to this property
[203]. Furthermore, a benzo-1, 3-oxazine xyloketal derivative extracted
from the mangrove-derived fungus Xylaria sp. prolonged the lifespan of
wt C. elegans and improved its healthspan. It also protected the nema-
todes from heat stress and delayed the paralysis progression in an AD
nematode model (CL4176 strain). Data from docking studies and an
hsf-1 mutant of C. elegans revealed that these effects were dependent on
HSF-1 [204]. Although proteasome activities were not examined in the
animals treated with the extract, given the interconnection of HSF-1
signaling pathway with the proteasome, it is possible that the extract
affected the UPS status, among others. The extract of the ubiquitous
Mediterranean brown alga Padina pavonica alleviated the adverse effects
in viability induced by Af42 and a-synuclein aggregates in yeast and
D. melanogaster. The extract inhibited Af4o and a-synuclein fibril for-
mation in vitro, although the exact mechanism was not revealed [205].
Moreover, zonarol, a sesquiterpene hydroquinone from the brown alga
Dictyopteris undulata, ensured cell viability under oxidative stress con-
ditions in vitro by activating the Nrf2/ARE signaling pathway [206].
Finally, gracilins, norditerpenes isolated from the sponge Spongionella
sp., have exerted neuroprotective activity. More specifically, gracilins
reduced tau phosphorylation in vitro through the inhibition of ERK
activation. Likewise, gracilins improved the cognitive impairment in an
AD mouse model and inhibited ERK and tau phosphorylation, while
ApP4o levels were found reduced in the mouse brain [207]. Taking into
account that gracilins have been suggested to have antioxidant activity
and to promote Nrf2 nuclear translocation in vitro [208], we can hy-
pothesize that the neuroprotective properties of these sponge-derived
secondary metabolites may be attributed to the Nrf2 activation that
may, in turn, modulate the proteasome, among others.

5. Marine-derived compounds against photoaging

Skin is the biggest organ in vertebrates that executes multiple func-
tions, with the maintenance of organismal homeostasis and the protec-
tion against harmful microorganisms and substances being among the
most significant ones [209,210]. Skin is composed of three layers;
epidermis, dermis and subcutaneous tissue [211]. Just like all our body
organs, skin also undergoes aging. Apart from intrinsic (chronological)
aging, which is an inevitable process occurring in all living organisms,
extrinsic aging also affects the skin. Extrinsic aging is caused by envi-
ronmental factors, such as air pollution, smoking, poor nutrition and
exposure to sunlight [209,210,212-215]. Sun exposure (especially the
solar UVA and UVB radiation) is the main factor affecting skin photo-
aging [209,210,213,215], initially suggested in 1969 [210,216]. Several
visible signs characterize skin photoaging; coarse wrinkles, laxity, loss of
elasticity and hyperpigmentation differentiate photoaging from the
intrinsically aged skin [209,210,213], while both types of skin aging
share almost the same molecular pathways [213,214].

Many molecular mechanisms have been involved in photoaging
[210,211,217]. DNA is directly or indirectly affected by UV radiation.
UVB absorption can directly damage the DNA by stimulating pyrimidine
dimer generation that results in mutations and chromosomal instability
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[210,213,214,217]. Skin cells (fibroblasts, keratinocytes) exposed to
UVB radiation exhibit DNA damage, cell cycle arrest and various hall-
marks of senescence (i.e., SA-p-Gal positivity) [140,210]. The same re-
sults were also observed in vivo [210]. On the contrary, UVA radiation
indirectly affects DNA since DNA cannot absorb this range of solar ra-
diation. When skin is exposed to UVA, the latter mediates a reaction that
produces singlet oxygen radicals, leading to purine base modifications
and subsequent DNA mutations [214,217]. Moreover, in contrast with
the UVB radiation that mainly affects the epidermis, UVA can penetrate
both the epidermis and dermis [213,215], resulting in detrimental ef-
fects in the extracellular matrix (ECM). The dermis is composed of the
ECM that is structured from collagen, elastin and glycosaminoglycans,
which are responsible for the maintenance of the skin strength, elasticity
and hydration [211,213].

ROS participate in the process of photoaging with deleterious effects
on ECM. During UV exposure, ROS inhibit the receptor protein tyrosine
phosphatases (RPTPs) activity and induce the phosphorylation of re-
ceptor tyrosine kinases (RTKs), activating downstream signaling path-
ways [210,211]. Activation of MAPKs results in the induction of the
downstream transcription factors, namely activator protein 1 (AP-1) and
nuclear factor-kB (NF-kB). AP-1 and NF-kB regulate the transcription of
several matrix metalloproteinases (MMPs). The activation of these two
transcription factors leads to the increased expression of MMPs, which
are secreted in the skin by keratinocytes and dermal fibroblasts,
resulting in increased fragmentation of the ECM by triggering the
degradation of collagen fibrils [210,211,214,217,218].

Data have shown that the proteasome is also implicated in photo-
aging. In fact, the decline of proteasome activity was observed in
epidermal cells and dermal fibroblasts from middle-aged and aged
healthy donors [219,220], as well as in vitro in aged keratinocytes [219]
and UV-radiated cells [221,222]. Decreased proteasome activity was
accompanied by elevated levels of oxidatively modified proteins [219,
221,222] and ROS [220,221], while increased expression of MMP-1, the
main matrix metalloproteinase responsible for collagen degradation
[217], was also detected [221]. Transcriptomic analysis comparing
samples from young and aged skin has not revealed any significant
differences in the protein expression of almost all proteasome subunits
with the exception of PSMD8 subunit, which encodes the Rpnl2 lid
subunit. PSMD8 was found reduced by almost 30% in aged skin [223,
224]. In contrast, Imbert and colleagues stated that proteasome activa-
tion by a dimerized tripeptide led to the reduction of the UVB-induced
protein carbonylation and improvement of the senescent morphology
of aged keratinocytes in vitro and in skin biopsies [222]. Furthermore,
WI-38/T cells that were stably transfected with p5 proteasome subunit
exhibited lower mRNA levels of MMP-1 compared to cells transfected
with an empty vector [221]. These results suggest that proteasome
activation may be a promising strategy against photoaging.

Marine organisms, and in particular those living in the euphotic
zone, have received considerable attention in this field. Due to their
habitat, they are exposed to extreme environmental conditions,
including continuous sun exposure. Thus, they produce photoprotective
substances to minimize the harmful damage they are subjected to [107,
225]. These characteristics have driven to the exploitation of
marine-derived extracts or compounds in the pharmaceutical and
cosmetic industries as anti-photoaging and photoprotective products.
Their anti-photoaging properties are summarized in Fig. 8.

Mycosporine-like amino acids (MAAs) are among the fascinating
substances that can be found in a plethora of marine organisms,
including cyanobacteria, phytoplankton, sponges and marine algae,
among others [107]. Red algae produce most of the MAAs that have
been identified so far [107]. MAAs are typically small (<400 Da),
water-soluble and colourless molecules composed of a cyclohexanone or
cyclohexenimine chromophore conjugated to the nitrogen substituent of
an amino acid or imino alcohol [217,226,227]. The type and concen-
tration of MAAs isolated from marine organisms vary among species and
depend on harvesting sites, season, climate, the depth that the organism
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lives in, and various other environmental factors [107,227]. MAAs’
absorption ranges between 268 and 362 nm, covering the UVA and UVB
spectrum [227]. They are considered the most potent compounds in
nature that can absorb UVA radiation [217].

Antioxidation, anti-photoaging, photoprotection and protection
against DNA damage are characteristic biological properties of MAAs
[107,217,226,227]. Moreover, the fact that the MAAs exert antioxidant
activity and suppress the stress induced by UV radiation via the energy
dissipation as heat in the absence of ROS generation [217,226,227] is a
desirable advantage, as both UV and ROS are closely related to photo-
aging. Porphyra-334 (Fig. 9a), one of the most studied MAA isolated
from Porphyra umbilicalis, was identified as a photoprotectant. Treat-
ment of human skin fibroblasts with porphyra-334 inhibited the
UVA-induced ROS intracellular accumulation and exerted anti-aging
activity. Moreover, it protected cells against collagen degradation and
decreased elastase activity, which are related to wrinkle formation. At
the same time, incubation of the UVA-exposed cells with porphyra-334
inhibited the mRNA expression of MMP-1 [228]. In another study,
porphyra-334 was applied twice daily on the inner side of the forearm in
20 women. These areas were irradiated with UVA twice a week in a
range that mimics the daily UVA radiation that the skin is exposed to.
Porphyra-334 offered protection against UVA by reducing lipid peroxi-
dation, improving skin elasticity, smoothness and hydration [229]. The
combination of the MAAs, porphyra-334 and shinorine (Fig. 9b),
extracted from the red alga Porphyra rosengurttii was applied topically to
the dorsal skin of albino hairless mice (Skh: hr-1) followed by UV ra-
diation. The two MAAs acted photoprotectively, rescued the decreased
activity of SOD and CAT antioxidant enzymes and elevated the Hsp 70
expression levels [230]. Finally, bioinformatic analysis revealed that
mycosporine-glycine, mycosporine-glycine-valine and porphyra-334
were potential activators of the Nrf2 transcription factor, while this
observation was confirmed in vitro for porphyra-334 [227,231,232].

Fucoidans have also been extensively investigated for their anti-
photoaging properties. Fucoidan was found to inhibit the UVB-
induced mRNA and protein expression of MMP-1 in vitro in a UVB-
dependent manner since fucoidan-treated cells without prior exposure

—— MMP-1,9,13

Improvement of skin elasticity, smoothness
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Fig. 8. The photoprotective mechanisms of marine-
derived compounds.

Exposure to the sun, especially the solar UVA and
UVB radiation, promotes reactive oxygen species
(ROS) production that enhances DNA damage, lipid
peroxidation and protein carbonylation, major
causative factors of photoaging. Moreover, sun
exposure stimulates the expression of several matrix
metalloproteinases (MMPs) that result in increased
collagen fibrils degradation contributing to photo-
aging.  Marine-derived  compounds (MAAs;
Mycosporine-like amino acids, fucoidans, phlor-
otannins, and carotenoids) prevent photoaging
through reduction of ROS generation and inhibition
of MMPs expression. The extract from P. tricornutum
stimulates proteasome activity resulting in
decreased cellular levels of carbonylated and
oxidatively damaged proteins. Consequently,
marine-derived compounds alleviate photoaging
markers leading to improvement of skin elasticity,
smoothness and hydration, reduction of wrinkle
formation, prevention of epidermal hypertrophy
and inhibition of hyperpigmentation.

Collagen
degradation

Photoaging

to UVB radiation did not exhibit any changes. Also, fucoidan induced the
mRNA and protein expression of the type I procollagen [233,234]. In
addition, topical application of low molecular weight fucoidan in the
skin of HR-1 hairless mice exposed to UVB radiation alleviated photo-
aging markers (wrinkle formation, inflammation) and decreased the
mRNA expression of MMP-1, -9 and -13. Moreover, it increased GSH
activity and decreased MDA content and superoxide anion radicals in
mice after UVB exposure [235]. Oral administration of fucoidan isolated
from the sporophylls of U. pinnatifida in UVB-irradiated mice also
exerted protective activity [236]. Furthermore, carrageenans (sulfated
polysaccharides extracted from red algae) were found to exert photo-
protective activities [107]. Incubation of UVB-treated HaCaT cells with
carrageenan rescued cell viability, decreased ROS production and acted
as a free radical scavenger in a way similar to vitamin E [237].

Studies revealed that phlorotannins (phloroglucinol, eckol, dieckol)
isolated from E. cava and E. stolonifera decreased the intracellular ROS
accumulation and prevented DNA damage in cells exposed to UVB ra-
diation [238,239]. Besides, eckol and dieckol from E. stolonifera
inhibited MMP-1 expression in human dermal fibroblasts after UVB ra-
diation [239]. Treatment of UVB-exposed HaCaT cells with phlor-
oglucinol inhibited lipid peroxidation, DNA damage and protein
carbonylation while scavenging ROS and restoring SOD, CAT and GSH
activities [240]. The anti-photoaging properties of phlorotannins were
further supported by in vivo experiments. In UVB-radiated zebrafish,
dieckol reduced ROS and nitric oxide radical production, rescued cell
death and inhibited hyperpigmentation [241,242], while phloroglucinol
alleviated lipid peroxidation, protein carbonylation and DNA damage in
Balb/c mice after UVB radiation. At the same time, it decreased the
number of mast cells, which are involved in the initiation of
UVB-induced oxidative stress and inflammation, and improved the
epidermal and dermal thickness in the dorsal skin of the radiated mice
[243].

Carotenoids have also been proposed as suitable agents for photo-
aging prevention. Their absorption range, their ability to act photo-
protectively in the photosynthetic organisms, along with the
observation that they accumulate in both terrestrial and marine plants
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Fig. 9. The chemical structures of the marine-derived mycosporine-like amino
acids (a) porphyra-334 and (b) shinorine.

following enhanced UVB radiation, make them attractive targets [107].
In astaxanthin-treated human dermal fibroblasts, the MMP-1 mRNA and
protein expression levels were significantly reduced after UVA radiation
[244]. Moreover, astaxanthin administration to UV-radiated hairless
mice prevented wrinkle formation, ameliorated skin thickness and
reduced the loss of collagen fibers and ROS generation [245,246]. The
orally administered astaxanthin was found accumulated in the dermis
and epidermis of these mice [245]. Furthermore, fucoxanthin protected
human fibroblasts against UVB radiation by maintaining cell viability
and reducing ROS levels and DNA damage [247]. In vivo, the topical
application of fucoxanthin in hairless mice prevented wrinkle formation
and epidermal hypertrophy and reduced the expression of MMP-13 after
UVB exposure [248].

In another study, an extract of the diatom P. tricornutum exerted
potent photoprotectant activity via proteasome activity stimulation.
More specifically, its isopropanol extract, which contained 99% fatty
acids and 1% xanthophylls, increased the three proteasome activities
both in human purified proteasome and in treated human keratinocyte
cells. Proteasome activation was also maintained after UVA and UVB
radiation of the treated cells, which was accompanied by a decrease of
the oxidatively modified proteins [249]. The P. tricornutum lipid-rich
extract was also found to reduce the carbonylated proteins in the
human stratum corneum, the outermost layer of the epidermis, after
applying the extract twice a day for three weeks [250].
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6. Conclusions

The proteasome is a multicatalytic enzymatic complex that orches-
trates many cellular functions and assures the maintenance of proteo-
stasis. However, its function declines upon aging, leaving the cell
unprotected at the mercy of damaged, misfolded or aggregated proteins,
a condition that accelerates the aging process and constitutes a high-risk
factor for age-related diseases. Due to the significant role of the pro-
teasome in the surveillance of protein quality control systems, multiple
studies have been performed to find means to “rescue” its function as the
organism ages, with many of them directed to natural compounds. From
ancient times, human beings use natural products for cosmetic purposes,
improvement of health or therapeutic reasons (drugs). Thus, significant
efforts have been devoted to deciphering the beneficial biological ac-
tivities of natural compounds and correlate them with conditions that
affect their well-being; aging and diseases are among these conditions.
Even though various terrestrial compounds have been revealed to
enhance proteasome activity and act protectively against aging, marine
natural products have been largely unexplored. Despite the fact that
only a few studies have directly linked a marine metabolite with the
proteasome, many others have illustrated marine-derived compounds to
modulate pathways/molecules known to be potentially involved in
proteasome modulation, such as FOXO/DAF-16 and Nrf2 transcription
factors [34,35,64,65,72,80]. Still, the precise mechanism through which
marine natural products act has to be elucidated to strengthen their
potential link with proteasome activation. Moreover, efforts have been
made towards the improvement of bioaccessibility and bioavailability of
marine products. Enhancement of those properties along with their
ability to cross the blood-brain barrier could convert marine products to
“natural weapons” to prevent or even treat age-related diseases. Taking
into account that significant progress has also been achieved towards
more efficient and cost-effective methods for the production of marine
natural products, the oceans and their “hidden treasures” represent a
very promising source of compounds to be used towards longevity and
healthspan improvement.
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