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Abstract: An enriched diet with antioxidants, such as vitamin E, vitamin C, B-carotene and
phenolic compounds, has always been suggested to improve oxidative stress, preventing
related diseases. In this respect, marine natural product (MNP), such as COX inhibitors,
marine steroids, molecules interfering with factors involved in the modulation of gene
expression (such as NF-kB), macrolides, many antioxidant agents, thermogenic substances
and even substances that could help the immune system and that result in the protection of
cartilage, have been recently gaining attention. The marine world represents a reserve of
bioactive ingredients, with considerable potential as functional food. Substances, such as
chitin, chitosan, n-3 oils, carotenoids, vitamins, minerals and bioactive peptides, can
provide several health benefits, such as the reduction of cardiovascular diseases,
anti-inflammatory and anticarcinogenic activities. In addition, new marine bioactive
substances with potential anti-inflammatory, antioxidant and thermogenic capacity may
provide health benefits and performance improvement, especially in those who practice
physical activity, because of their increased free radical and Reacting Oxygen Species
(ROS) production during exercise, and, particularly, in athletes. The aim of this review is
to examine the potential pharmacological properties and application of many marine
bioactive substances in sports.
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1. Introduction

Free radicals are unstable molecules oxidizing other molecules in order to become stable. In basal
conditions, the skeletal muscle produces Reacting Oxygen Species (ROS) at a low rate, represented in
particular by superoxide anions, mainly at the mitochondrial Complex III. However, during contractile
activity, this production increases. In fact, acrobic exercise increases oxygen consumption, especially
by the contracting muscle, with an increase of 15-fold in the rate of whole body oxygen uptake and an
increase of more than 100-fold in the oxygen flux in active muscles [1]. ROS production by
contracting muscle during exercise happens through several mechanisms: the activation of endothelial
xanthine oxidase, electron leak at the mitochondrial electron transport chain, inflammatory response
and increased release and autoxidation of catecholamines, determining a depletion of cellular
antioxidant concentration in the blood, such as glutathione, altering the oxidation-reduction
balance [2]. As a consequence, exercise leads to the upregulation of the body’s antioxidant defense
mechanisms, in order to minimize the oxidative stress. Free radicals can have useful roles in cells:
ROS are produced by immune cells in order to eliminate antigens [3] and stimulate signals of several
genes encoding transcription factors involved in cell proliferation and antioxidant enzyme expression.
However ROS and other oxidants enhance oxidative reactions with proteins, lipids and DNA [4], and
this oxidative stress can impair cellular functions, causing secondary damage, such as lipid
peroxidation (Figure 1). Oxidants have been directly linked to the stimulation of inflammation genes in
endothelial cells. Similarly, ROS have been attributed to an aggravating role in inflammation that
accompanies asthma and exercise-induced muscle damage [5]. In fact, during exercise, ROS
production can be higher than antioxidant capacity. As ROS accumulates in contracting muscles,
protein and lipid oxidation might inhibit force production, contributing to the development of acute
fatigue [6]. In addition, oxidative DNA modification might inhibit the locomotory and bactericidal
activity of both neutrophils and natural killer cells and T- and B-lymphocytes proliferation [7]. This
negative action of reactive species and free radicals in lipid, protein and DNA damage has led
researchers to analyze the efficacy of dietary antioxidant supplementation. Vitamin and mineral
supplements are often used by athletes as ergogenic aids to improve performance: in particular,
vitamin E has been found to protect cellular membranes from lipid peroxidation, protecting muscle
cells against exercise-induced damage. In the same way, antioxidants deriving from marine natural
products (MNPs) could also bring benefits to athletes in order to attenuate muscle oxidative stress
generation and, thus, improve muscular performance and immune function [8].

2. Marine Carotenoids as Antioxidant and Thermogenic Agents

The great potential of marine compounds, as such or as extracts, for applications in different areas,
such as human nutrition, as anti-inflammatory, antiallergic and analgesic agents, is gaining more
attention in the literature. Habitual intake of marine fish and seafood, such as microalgae, which are
very rich in some chemical compounds, has been strongly associated with several benefits in human
health (Table 1). It was shown to promote cardiovascular health and to enhance immune competence,
preventing infectious diseases [9]. Another possible reason for marine bioactives’ potential success
may be their thermogenic effect. This thermogenic effect of some foods consists in the increase both in
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energy expenditure above the baseline, following their consumption, and the energy required for the
digestion, absorption and disposal of the ingested nutrients. The effect on thermogenesis seems to be
influenced by consumed food composition: for example, the typical thermic effect of protein is
20%—-35% of the energy consumed, and for carbohydrate it is 5%—15% [10], so diets higher in protein
were shown to exert a larger effect on energy expenditure than diets lower in protein. The thermogenic
capacity of some food could become clinically significant with chronic consumption, because it
increases daily energy expenditure, contrasting weight gain. In addition, marine bioactives have also a
great antioxidant capacity. Some studies [11] reported that diets high in carotenoids are associated with
a reduced risk of developing inflammatory polyarthritis (IP). In particular, beta-cryptoxanthin and
probably zeaxanthin intake may have a stronger association with the onset of joint inflammation than
other dietary carotenoids. The strongest relation was observed between beta-cryptoxanthin intake and
inflammatory polyarthritis (IP) onset, which supports the finding from the lowa Women’s Health
Study of an inverse association between high carotenoids level and the risk of IP development [11].
The outcome of interest in this study was the decreased risk of developing IP and rheumatoid arthritis
(RA) thanks to some terrestrial carotenoid, but our hypothesis is that some antioxidant nutrients present
also in marine carotenoids may protect against inflammatory arthritis and musculoskeletal inflammation
and, thus, all cases that are sports related could be included.

Figure 1. Reacting Oxygen Species (ROS) enhance oxidative reactions with proteins,
lipids and DNA: oxidative stress activates signaling pathways and can impair cellular
functions, causing secondary damage. ROS accumulation can decrease an organism’s
fitness, because oxidative damage is a contributor to fatigue and senescence.
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Antioxidants, carotenoids in particular, protect cells against oxidative damage, but they are
implicated in regulating gene expression and in cell-to-cell signaling [12]. Carotenoids are present in
plants, algae and microorganisms; they are able to bind heavy metals and toxic substances, preventing
their accumulation in humans [13]. Unfortunately, humans are not able to synthesize carotenoids and
require them as part of their diets. There are two classes of carotenoids: carotenes and xanthophylls. The
major marine carotenoids are astaxanthin and fucoxanthin, whose strong antioxidant activity is attributed
to quenching single oxygen atoms and scavenging free radicals [14].
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Table 1. The health applications of some marine bioactive compounds.

Group Bioactives Source Activity Health Application
Pigments B-Carotene Dunaliella salina Pro-vitamin A; antioxidant Food supplement [15,16]
Astaxanthin Haematococcus pluvialis Anti-inflammatory; antioxidant CTS and muscle soreness [5,15,17-23]
Fucoxanthin Undaria pinnatifida B-oxidation and UCP upregulation Increase in energy release from fat [24-28]
Lutein, zeaxanthin Chlorella pyrenoidosa Antioxidant Food supplement [15,29]
Phycocyanin Spirulina Anti-inflammatory; antioxidant Muscle soreness [15,29]

Sterols Stigmasterol Chaetoceros Hypocholesterolemic Dyslipidemia [15,30]
Contignasterol Petrosia contignata Anti-inflammatory; antiallergic Asthma/inflammatory diseases [31-37]
Xestobergsterol Xestospongia bergquistia Anti-inflammatory; antiallergic Asthma/inflammatory diseases [38,39]

Clathriols Clathria lissosclera Anti-inflammatory Inflammatory diseases [40—43]

Vitamins C,K Bl2, A E Arthrospira Antioxidant; blood cell formation Immune system reinforcement [15,44]
Paviova and blood clotting mechanisms
Proteins Dunaliella Anti-catabolic Muscular status and
Arthrospira platensis performance improvement [15]
Enzymes SOD Anabaena Antioxidant; anti-inflammatory Food supplement [15,44]
Carbonic Anhydrase 1. galbana CO; conversion into H,CO3;/HCO; Muscular performance improvement [15]
PUFA EPA Odontella, Pavilova Antimicrobial; Immune system improvement [45—55]
y-Linolenic acid Arthrospira Strongly anti-inflammatory Tissues integrity; delay of aging
Others Pacifenols Laurencia claviformis and tasmanica COX-inhibitor Anti-inflammatory [56—60]

Epitaondiol Stypopodium flabelliforme COX-inhibitor; negative inotropism  Anti-inflammatory; reduced cardiac stress [61-66]
Cycloprodigiosine Serratia marcescens NF-«B inhibitor; NO stimulator Anti-inflammatory/anti-arthritic [67-71]
Macrolides Stylocheilus longicauda NF-«kB inhibitor; antibiotical effect Immunomodulation; Anti-inflammatory [72,73]
GABA Porphyridium Neurotransmitter; antioxidant [15,74] CNS regulation; immune improvement
Hymenialdisine Stylissa massa Inhibition of proteoglycan degradation Decrease in joint injuries risk [75—78]
Stypotriol Stypopodium flabelliforme PA2 and elastase release inhibition Anti-inflammatory; less cartilage damage[63,79]

Abbreviations: CTS, carpal tunnel syndrome; SOD, superoxide dismutase; EPA, eicosapentaenoic acid; COX, cyclooxygenase; CNS, central nervous system; PA2,
phospholipase A2; PUFA, polyunsaturated fatty acid.
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2.1. Astaxanthin

Astaxanthin is the main carotenoid pigment found in the chlorophyte alga, Haematococcus
pluvialis, and in aquatic animals, especially in some popular seafood, such as shrimp, trout, salmon,
lobster and fish roe [80]. Astaxanthin possesses powerful antioxidant and free radical scavenging
activities, even stronger than vitamin E and B-carotene, because it contains two additional oxygenated
groups on each ring than other carotenoids [17] and several essential biological functions. It protects
against UV light effects, contrasts inflammation, aging and age-related diseases and promotes the
immune response in the heart, eyes liver, kidney and joints. Astaxanthin protects membranous
phospholipids from peroxidation (which is well known to be higher after physical exercise), and it
resulted in being associated with shifts in inflammatory response [18]. The effects of the combination
of astaxanthin and fish oil (FO) are summative and synergistic: FO components, well known as n-3
polyunsaturated fatty acids (PUFA), are antioxidant compounds, which significantly diminish
superoxide (O-2) and hydrogen peroxide (H,O,) production in activated neutrophils [19]. In addition,
they increase anti-inflammatory responses by stimulating anti-inflammatory interleukin production and
phagocytic activity in activated neutrophils [20]. Astaxanthin offers antioxidant/anti-apoptotic effects,
through glutathione redox balance improvement. Thus, habitual consumption of marine fish, such as
salmon, which is a natural source of both astaxanthin and fish oil, is associated with immune response
improvement and lower risks for vascular and infective diseases [21]. This results in being helpful,
especially to athletes, whose intense exercise causes not only a greater ROS production, but also an
immune reaction to stress: in particular, in the case of excessive training, there is a greater
susceptibility to infections, for temporary immunosuppression. Clinical studies also demonstrated
reductions in the cardiovascular risk markers of oxidative stress and inflammation, improved blood
status [22] and a potential in the prevention of various chronic inflammatory disorders, such as cancer,
arthritis, metabolic syndrome, diabetes and also gastrointestinal, liver and neurodegenerative
diseases [23]. An improvement as a result of Haematococcus astaxanthin supplementation was
observed in 88% of the considered health conditions, such as sore muscles and joints or back pain. In
comparisons with popular brands of prescription drugs, Haematococcus astaxanthin supplementation
was reported to be as effective as or more effective than the anti-inflammatory drugs in 92% of the
comparisons. Of 62 comparisons with aspirin or ibuprofen, astaxanthin supplementation was reported
as effective or more effective in 76% of the comparisons [5]. This nutritional supplementation has also
been valued as a potential adjunct in the conservative management of carpal tunnel syndrome
(CTS) [15]. Therefore, its daily consumption is a beneficial strategy in human health management, and
in particular, it could result in being successful in fighting oxidative stress in athletes, whose free
radical production is accentuated, because of physical exercise.

2.2. Fucoxanthin

Fucoxanthin is a brown pigment belonging to the class of xanthophylls, with antioxidant properties
(even under anoxic conditions) and free-radical quenching functions through electrons cession [24].
During normal metabolism, the human body produces heat: fucoxanthin affects many enzymes
involved in fat metabolism, determining an increase of thermogenesis and an increased release of
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energy from fat [25]. Some human overfeeding studies [26] support the view that in diets with
increasing thermogenesis, there is an effort to homeostatically waste energy: an increase in
thermogenesis ensures an adequate supply of nutrients, avoiding the risks associated with excess
weight gain. The increased amount of energy attributable to this thermic effect may significantly
increase the total weight lost, especially the percentage of fat lost in favor of lean mass, which is
positively related to physical performance. In this sense, several studies showed a potential anti-obesity
effect of fucoxanthin, which may be mediated by altering the plasma adipokine level, downregulating
fat production, upregulating B-oxidation and UCP gene expressions in visceral adipose tissues:
fucoxanthin upregulates the gene expression of the uncoupling proteins, UCP1 and UCP3, in brown
adipose tissue (BAT) and UCP2 in white adipose tissue (WAT), which is a primary site of energy
storage, accumulating triglycerides during nutritional excess [27]. The UCP1 in BAT explain a
significant component of whole body energy expenditure: its dysfunction contributes to the
development of obesity [28], and its expression would also be an attractive target for the development
of anti-obesity therapies. Both athletes and coaches believe that thinness can exploit a significant effect
on physical performance [81]. Studies on distance runners reported that leaner runners display better
sports performance: one study reported that medal-winning gymnasts tended to have lower body fat
than the non-medal-winning gymnasts [82]. Another study found a correlation between low Body
Mass Index (BMI) and better performance among gymnasts participating in the world championships,
but pointed out that this trend was reversed when BMI became very low [83]. This suggests that,
although weight loss and low weight may enhance athletic performance in certain sports, there is a
point beyond which excessive weight loss produces a negative effect on performance, presumably due
to the excessive loss of fluid and lean mass. UCP2 and UCP3 are expressed in various tissues, such as
BAT, skeletal muscle, WAT, lung, liver, kidney and the immune system. In particular, UCP2 and
UCP3 in skeletal muscles regulate the thermogenesis in obese mice and attenuate the mitochondrial
production of free radicals in cells, protecting against oxidative damage [84]. For these reasons, UCP2
and UCP3 can be important targets for the treatment of aging, degenerative diseases, diabetes and,
perhaps, obesity [85]. Thus, fucoxanthin seems to enhance the thermogenic capacity of BAT and the
UCP1 gene expression in WAT, acting as a regulator of lipid metabolism in fat tissues and of energy
expenditure. Fucoxanthin resulted in being also a powerful antioxidant protecting cells from oxidative
damage and providing other health benefits, such as improved liver function and cardiovascular health
and the reduction of inflammation, cholesterol, triglycerides (TG) levels and blood pressure levels [86],
preventing oxidative stress and related diseases both in athletes and in non-athletes. Future clinical studies
will determine the effectiveness of these marine carotenoids (astaxanthin and fucoxanthin) on
cartilage, both in osteoarthritis patients and subjects overtraining their joints and exposing themselves
to cartilage wear risk, in particular athletes practicing high articular impact sports.

3. Marine Natural Products: A Potential Inmunomodulating and Anti-Inflammatory Strategy?

Pain is a natural mechanism of protection against injuries and overuse, representing an important
diagnostic feature [86]. Athletes are frequently exposed to unpleasant sensory experiences during their
daily physical efforts, and high physical and psychological resistances must be overcome during
competitions or very exhausting activities. Even if the mental attitude of athletes towards pain
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significantly differs from that of normally active controls [87] with a consistently higher
pain tolerance, a large number of athletes sustain musculoskeletal injuries and inflammation. The most
frequent sports injuries happens in football and handball, often involving the lower extremity,
primarily consisting of distortions and ligament tears, sometimes of fractures. Ski injuries usually lead
to knee problems. Spine injuries are observed most often during horse riding and head injuries in
bicycle accidents [88]. The modern pentathlon can cause idiopathic injuries, because it requires a high
degree of physical fitness. The technique required by each sport is very complex and differs in
each sport, and this is necessary to perform static and dynamic games. Sports injuries show diversity
based on the injury type and environment. They are generally accompanied with functional
degradation on the peripheral of the injury, and when the consideration of this functional degradation
is insufficient during rehabilitation, redamage or a decrease in athletic performance can be caused.
Generally, repeated injury or incomplete recovery can cause instability and degradation of muscular
strength [89]. This can affect the sports ability of the entire body and cause kinetic changes. Most
anti-inflammatory drugs used against inflammation and pain are cyclooxygenase (COX) inhibitors.
Analgesic effects of non-steroidal anti-inflammatory agents, such as aspirin and indomethacin, consist
of inhibiting the production of prostaglandins and decreasing the sensitivity of peripheral
nociceptors [90]. The enzyme, COX-1, produces prostaglandins, which protect kidney and stomach
from tissue and mucosal damage: its inhibition relieves pain, but causes renal damage and gastric
irritation, the typical side effects of aspirin-like drugs [91]. The other enzyme, COX-2, contributes to
the inflammation, but requires more time to form prostaglandins. However, among
inflammation-related targets, we should consider not only COX, but also molecules able to interfere
with factors involved in the modulation of gene expression, such as NF-kB, which could also act as
potential anti-inflammatory agents [31]. In this respect, marine natural bioactives were recently shown
to contain not only antioxidant agents, but also steroids and many molecular entities potentially able to
target COX-1, COX-2 and the NF-xB pathway [92], resulting in the helpful blocking of pain and
inflammation, sometimes avoiding drug consumption. This pharmacological potential could increase
athletic performance in the future and provide alternative rehabilitation program development.

3.1. COX Inhibitors: Pacifenol and Epitaondiol

Pacifenol, whose structure was characterized by crystallographic analysis in 1971, is a terpenoid
obtained from the marine alga, Laurencia claviformis, in Easter Island [56]. This halogenated
sesquiterpene is the first example of a natural bioactive obtained from algae containing bromine and
chlorine atoms that are covalently bound in the chemical literature [57]. The precursor of pacifenol,
prepacifenol, was originally isolated from the Australian red alga, Laurencia filiformis, but later,
pacifenol was naturally found in Laurencia tasmanica [58]. Subsequently, these new metabolites,
pacifenol and prepacifenol, were found also in some marine invertebrates, for example in the digestive
system of the mollusk, Aplysia californica [59]. Pacifenol inhibits inflammation by decreasing
leukotriene B4 (LTB4) and thromboxane B2 (TXB2) production, and it also blocks the degranulation
response [60]: This anti-inflammatory action, exercised through the inhibition of the key enzyme,
phospholipase A2, and the consequent modulation of the cyclooxygenase pathway and its anti-allergy
effect could contrast phlogistic processes and allergic diseases. Furthermore, epitaondiol is a terpenoid,
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isolated from the seaweed, Stypopodium flabelliforme, collected near Easter Island in the South Pacific
Ocean [61]. The genus Stypopodium is a tropical group of brown algae, Phaeophyceae, with rich
components of polycyclic meroditerpenoids, possessing several biological activities [61]. Epitaondiol
diacetate showed pharmacological effects in the rat cardiovascular system; a negative inotropic and
chronotropic effect was noticed [62], but it also revealed marked anti-inflammatory effects through the
inhibition of eicosanoids (LTB4 and TXB2) release and modulation of the cyclooxygenase pathway,
through the inhibition of the key enzyme, phospholipase A2, which plays an important role in the
release of arachidonic acid and the formation of lipid mediators [63]. It possesses both
anti-inflammatory activity even stronger than indomethacin [64] and a dose-dependent
gastroprotective activity in mice gastric lesions, similar to lansoprazole [65]. This strong
anti-inflammatory effect could be exploited against exercise-related inflammation. In fact, exercise
triggers the simultaneous increase of various antagonistic mediators. It also elevates catabolic
proinflammatory cytokines, such as interleukin 1p (IL-1B) and tumor necrosis factor alpha (TNFa). On
the other hand, it also stimulates anabolic components, such as interleukin 6 (IL-6), interleukin 10
(IL-10) and heat shock proteins (Hsps), which protect against stressors. If an anabolic response is
stronger, training will probably, ultimately, lead to an enhanced muscle mass and improved exercise
adaptation. At the same time, an excessive IL-1f and TNFa release may be responsible for the
overtraining [66]. Pacifenol’s and Epitaondiol’s double effect, both anti-inflammatory and
gastroprotective, could be a fascinating treatment strategy without the well-known side effects of drugs
that are conventionally prescribed for the treatment of pain and inflammation. In addition, epitaondiol
exhibited antimicrobial effects [93,94] and antiproliferative properties, especially against human
colorectal adenocarcinoma and neuroblastoma cell lines [95]. In addition, its derivative,
2B-3a-epitaondiol, possesses sodium channel blocking activity, resulting in cytotoxicity against human
lung cancer cells [96]. A similar molecule, called isoepitaondiol, showed a radical scavenging activity
even more powerful than ascorbic acid [97]. These anti-inflammatory and antioxidant effects deserve
further study, since they may be helpful in targeting the inflammation and oxidative stress happening
both in inflammatory disease and in sports. At present, it is known that pro- and
anti-inflammatory cytokine concentrations alter as a result of physical activity in a way dependent on
the discipline. Ongoing studies are considering further and more specific data, including the number of
matches played, their intensity and duration; in addition, it is fundamental to plan trainings in order
both to emphasize the anti-inflammatory pathways and to stimulate recovery from inflammation
in athletes.

3.2. Marine Steroids: Contignasterol, Xestobergsterol and Clathriols

Steroids are synthetic drugs widely used for treating a wide variety of inflammatory conditions, by
decreasing inflammation and reducing the activity of the immune system. Their action provides relief
from phlogosis-related symptoms, such as articular pain or stiffness and dyspnea. Marine sponges have
recently been recognized as a source of uncommon steroids showing potent biological anti-inflammatory
activities. Contignasterol is a natural polyoxygenated steroid, isolated from the marine sponge,
Petrosia contignata, in Papua New Guinea [32]. It presents a particular chemical structure with a new
side chain and with an unusual set of functional groups [33]. Study results have shown that it inhibits
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the release of histamine from human basophils and lung tissue and attenuates the contractile response
to histamine. Probably, contignasterol indirectly interacts with cellular signaling systems, leading to
the inhibition of phospholipase C activity [34]. In this way, it protects from bronchoconstriction, with a
potential value in the treatment of asthma and other inflammatory diseases [31]. These effects of
contignasterol could result in helping to counter exercise-induced bronchoconstriction. This term
describes the narrowing of the airways during or following exercise and is associated with
exercise-induced symptoms of breathlessness, wheeze and cough. It is a common symptom in asthma
and is a marker of the presence of airway inflammation. However, up to 20% of individuals with
exercise-induced bronchoconstriction do not have a diagnosis of asthma, so do not assume
therapies [35], and, therefore, may represent a discreet clinical entity that can benefit from non-drug
remedies. Dietary antioxidants, such as vitamin C, in the epithelial lining and lining fluids of the lung
have been shown to result in a beneficial the reduction of oxidative damage [36]. Both terrestrial and
marine antioxidant may therefore be of benefit in reducing the symptoms of inflammatory airway
conditions, such as asthma, and may also be beneficial in reducing exercise-induced bronchoconstriction,
which is a well-recognized feature of asthma and is considered a marker of airway inflammation.
However, the association between dietary antioxidants and asthma severity or exercise-induced
bronchoconstriction is not fully understood yet. In addition, contignasterol showed an anti-thrombolytic
activity, through inhibiting platelet aggregation in response to the collagen exposure of vessels and to
their activating factor, PAF (representing a local mediator of thrombotic events). As a consequence,
the pharmacological potential of contignasterol as a cardiovascular and antiallergic drug could be
exploited to treat asthma, allergic rhinitis, psoriasis, rashes, osteoarthritis, hemodynamic disorders
involving platelets, hypertension or hypotension, thrombosis and inflammation in general [37].
Xestobergsterol is pentacyclic polyhydroxylated steroid, isolated in 1992 from the Okinawan marine
sponge, Xestospongia bergquisita [38]. It inhibits IgE-mediated histamine release from activated mast
cells [39], with an inhibitory effect that resulted in being even stronger than some anti-allergy drugs,
such as disodium cromoglycate [33]. In detail, xestobergsterol A blocks the generation of inositol
triphosphate (IP3) and phospholipase C (PLC) activity in a dose-dependent way and inhibits early
events in IgE-dependent mediator release, such as Ca*"-mobilization from intracellular stores [38,39].
Therefore, like contignasterol, it could be considered as a potential anti-asthma agent with a promising
pharmacological potential [31]. Other novel marine steroids are clathriols. In particular, clathriols A
and B, isolated from the sponge, Clathria lissosclera, in New Zealand seas, possess the rare natural
14-B-stereochemistry [40], which makes them quite similar to contignasterol from a biological and
structural point of view, but less strong in inhibiting histamine release. Both are anti-allergy and also
anti-inflammatory molecules [40—43], through blocking superoxide production in human blood
neutrophils [95]. As a consequence, these marine steroids may be able to interfere with the
pathogenesis of inflammatory diseases and may alleviate inflammation, which often occurs in sports
after trauma or overtraining, and the concomitant oxidative stress.

3.3. Molecules Interfering with NF-kB and Immunomodulation: Cycloprodigiosin and Marine Macrolides

Cycloprodigiosin, which belongs to the prodigiosin family [67], is a red pigment produced by

various marine bacteria, such as Pseudoalteromonas denitrificans and Serratia marcenses.
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Cycloprodigiosin possesses apoptotic and immunosuppressive properties, because of its interference
on p65 and the nuclear factor, kB (NF-kB), pathway [68]. This inhibition of the NF-kB pathway confers
both immunosuppressant and anti-tumor effects [69]. Cycloprodigiosin was also shown to stimulate
nitric oxide production, improving the cell status by regulating the expression of NF-kB-dependent
genes, such as inducible nitric oxide synthase (iNOS) [70]. Both suppression of NF-kB (an important
transcription factor regulating inflammatory response) and increased NO production have been
suggested as an anti-inflammatory strategy in inflammatory bowel disease (IBD) and in rheumatoid
arthritis (AR). Similarly, the administration of cycloprodigiosine may limit inflammation, which often
occurs in muscle injuries during physical exercise. Anti-inflammatory and anti-arthritic properties
possessed by cycloprodigiosin, together with the increased production of NO, notoriously determining
useful vasodilatation, could also be exploited in athletes. Another class of marine bioactives with a
good potential, both in anticancer and in theumatologic research therapy, is represented by macrolides,
because of their cytotoxic, immunosuppressant and anti-inflammatory properties. These highly oxygenated
natural products, structurally characterized by a macrocyclic lactone, includes more than 200 substances,
such as the aplysiatoxins, obtained from the sea hare, Stylocheilus longicauda, which showed
immunomodulation, antiviral and antifungal properties [71]. Other macrolides, such as lobophorins A
and B, isolated from an actinomycetes, found in the Caribbean brown alga, Lobophora variegata,
showed antibiotic, anticancer and anti-inflammatory properties, even stronger than indomethacin.
In fact, physiological and biochemical studies in murine inflammatory models demonstrated that these
anti-inflammatory marine natural products selectively inhibit 5-lipoxigenase [72]. Their
anti-inflammatory action can result in helping to counter exercise-related inflammation, due to
physical stress, and repeated microtrauma, due to many kinds of sports. In non-damaging,
endurance-type activities (that induce no structural and functional damage to the muscle), the stress
response is thought to be mediated by redox signaling, because of transient and reversible oxidation of
muscle proteins as opposed to increases in the contracting muscle temperature. On the other side, in
damaging forms of exercise, the stress response is initiated by mechanical damage to the protein
structure and further augmented by secondary damage associated with inflammatory processes
occurring several days following the initial insult. In addition, exercise training induces an increase in
baseline heat shock protein (HSP) levels, which is dependent on a sustained and currently unknown
dose of training and also on the individual’s initial training status [73]. Further studies are necessary to
characterize the exercise-induced stress response to exercise protocols. In this respect, marine
bioactives could offer a non-pharmacological intervention; the possible correction of pro-inflammatory
pathways may prove effective in providing protection against stress oxidative-related diseases and in
preserving muscle function during aging.

4. Negative Effects of Exercise on Articular Cartilage and the Protective Role of Sea Food:
Stypotriol and Hymenialdisine

The effect of exercise on articular cartilage has been studied in animal models and in humans
through various imaging techniques. Joint cartilage maintains the load distribution and joint function
under sports activities or prolonged immobilization, thanks to its water content and to the synovial
fluid; however, when these factors are reversed, deformed cartilage returns to its former state under
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normal conditions. Even if moderate exercise contributes to cartilage healing and can decrease the
number of cases requiring arthroplasty, on the other side, excessive exercise may be associated with
increased cartilage damage or degenerative changes. Despite the presence of osteophytic changes in
the joint cartilage of athletes performing mild sports activities, these may not result in osteoarthritis,
due to the adaptive feature of joint cartilage, which, unfortunately, is limited in the case of excessive
load bearing. Conversely, the risk for osteoarthritis is increased in professional sportsmen exposed to
acute repetitive impact and torsional loading [98]. Many studies suggest that participation in sports that
subject joints to high levels of impact and torsional loading increases the risk of joint injury and
subsequent joint degeneration. This can lead to post-traumatic osteoarthritis, a clinical syndrome
caused by trauma-initiated joint degeneration that results in permanent and often progressive joint pain
and dysfunction. An evaluation of joint structure and function, muscle strength and neuromuscular
function before participating in vigorous physical activity and an immediate diagnosis with appropriate
treatment and rehabilitation following joint injuries decrease the risk of subsequent injuries and
posttraumatic osteoarthritis [99]. In this sense, nutrition could have a potential preventive and
therapeutic role in cartilage health. Some marine bioactives were shown to have a beneficial effect on
articular tissue with a positive influence on weight, muscle strength and possibly synovial
inflammation. The polycyclic meroditerpenoid, Stypotriol Triacetate, isolated from the seaweed,
Stypopodium flabelliforme [100], showed good anti-inflammatory activity [79]. Stypotriol modulates
the cyclooxygenase pathway through inhibition of phospholipase A2, decreasing the secretion of
eicosanoids [63]. In addition, it interferes with elastase release, resulting in inhibiting inflammation
and reducing elastase-induced cartilage degradation and damage, typical of articular overuse and of
diseases, such as osteoarthritis (OA) and rheumatoid arthritis (RA), and responsible for pain and the
loss of joint function. In this respect, another interesting marine natural product is the alkaloid,
hymenialdisine, isolated from marine sponges, such as Stylissa massa [75], and investigated for its
inhibitory effect on IL-8, IL-2, IL-1B and TNF-a production [76]. Hymenialdisine blocks some
proteins regulating the cellular cycle, such as glycogen synthase kinase-3f3, cyclin-dependent kinases
and casein kinase 1, through its competition with ATP for binding to these kinases [77]. It also inhibits
NF-«B activity, by inhibiting both protein kinase C and I-kB phosphorylation [78], resulting in it being
able to interfere with the factors involved in the modulation of gene expression, such as NF-xB. In
addition, hymenialdisine was tested on bovine articular cartilage, showing an inhibitory effect on
proteoglycan degradation [101]: This promising inhibitory effect on proteoglycan degradation should
be investigated in human cartilage and articular damage.

5. Sports and Immune System: A Valuable Ally from the Sea

Sports can determine hormonal effects, in particular, the secretion of cortisol and catecholamines.
This involves an immune reaction to stress (Figure 2). In addition, exercise depletes the “reservoir” of
body energy, mostly represented by glycogen. Another type of immunologic stress is caused by
microtraumatic muscle injuries associated with exercise: in particular, a mechanical eccentric stress
activates macrophages, with the subsequent release of cytokines. For these reasons, intense exercise
causes an immune reaction to stress. This situation can be often recognized through a slight increase in
creatine kinase, because of the destruction of the “Z structure” in the muscle [102]. During moderate
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exercise, significant changes in lymphocyte populations happen: after physical activity lasting
45 min, there is both an increase (six times the physiological blood levels) of natural killer cells, which
are important to counter viral infections and neoplasms, and an increase of 20% of the initial value in
“CD8-suppressors” [103]. This positive action of moderate exercise on the immune system does not
exist after very intense stress, for example in marathon runners, where excessive fatigue is associated
with increases in the risk of respiratory tract infections even seven times greater than the control
population [104]. Not only in marathon runners, but in general, in the case of excessive training, there
is a greater susceptibility to infections, for temporary immunosuppression. In this respect, a valuable
aid is represented by some marine natural products with antimicrobial action. For example, epitaondiol
exhibited antimicrobial effects against Gram-positive and Gram-negative bacteria, especially against
E. faecalis [100], and antiviral activity against herpes simplex [94]. The antimicrobial activity of
Pacifenol derivatives has previously been reported, too, after testing against some microrganisms,
especially against Pseudomonas aeruginosa and Streptococcus enteriditis. Cyclomarins, three cyclic
heptapeptides (A, B and C) belonging to Streptomyces sp., isolated from the marine bacterium
actinomycete, along the Californian coast, showed antibacterial and anticancer properties [105]. These
molecules also showed an ability to kill Mycobacterium tuberculosis by targeting its caseinolytic
protease, resulting in a promising component of antitubercular drugs [106]. Five other peptides
(salinamide A, B, C, D and E) isolated, like cyclomarin, from marine actinomycetes belonging to
Streptomyces sp. on the surface of the jellyfish, Cassiopea xamachana, found in Florida waters [107],
had antimicrobial activities. In particular, salinamides A and B, could be used in the treatment of tissue
inflammation and some infections, because of their topical anti-inflammatory activity and moderate
antibiotic activity against Gram-positive bacteria [108]. This could be exploited to contrast the mild
immunodepression typical of overtrained athletes.

Figure 2. The hormonal effects of physical exercise: the production of cortisol and
catecholamines increases, and macrophages are activated and produce proinflammatory
cytokines, determining a stress-induced immunodeficiency.
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6. PUF As as the Ideal Sports Supplement

Polyunsaturated fatty acids (PUFAs) are fatty acids that contain more than one double bond in
their backbone. This class includes many important compounds, such as essential fatty acids and those
that give drying oils their characteristic property. Polyunsaturated fatty acids can be classified in
various groups by their chemical structure: Methylene-interrupted polyenes (omega-3, omega-6,
omega-9), which have two or more cis double bonds that are separated from each other by a single
methylene bridge (CH, unit), conjugated fatty acids and other polyunsaturated fats. The n-3 and n-6
PUFAs are stored in membrane phospholipids and are responsible for numerous cellular functions, like
the cell membrane structure, fluidity, signaling and cell-to-cell interaction [45]. The sea represents the
most important source of polyunsaturated fatty acids. In particular, omega-3 marine fatty acids
(Table 2) are essential in human nutrition: they also regulate blood pressure, blood clotting,
glucose tolerance, inflammatory processes and nervous system function, being helpful in preventing
and treating several diseases. In particular, Docosahexaenoic acid (DHA) has been shown to enhance
lipid oxidation and insulin sensitivity in skeletal muscle, and it can increase glycolytic capacity in
muscle cells. Acid eicosapentaenoic (EPA) and DHA can be found in all fish species, but especially in
fatty fish from cold climates, such as salmon, mullet and mackerel. Other important marine sources of
omega-3 are algae and crustaceans, such as krill [46]. For example, green seaweeds, like Ulva pertusa,
are characterized by the presence of hexadecatetraenoic (n-3), oleic and palmitic acids. The n-3 fatty
acid, octadecatetraecnoic acid, is abundant in Laminaria sp. and Undaria pinnatifida, while
hexadecatetraenoic acid is prominent in Ulva sp. [47]. Omega-3 polyunsaturated fatty acids (PUFAs)
have been shown to decrease the production of inflammatory eicosanoids, cytokines and reactive
oxygen species, have immunomodulatory effects and attenuate inflammatory diseases. While a number
of studies have assessed the efficacy of omega-3PUFA supplementation on red blood cell
deformability, muscle damage, inflammation and metabolism during exercise, only a few have
evaluated the impact of omega-3 PUFA supplementation on exercise performance. The optimum
balance between n-3 and n-6 fatty acids of macroalgae makes these marine foods that are effective as
supplements in a balanced diet for sports [48]. In fact, marine fatty acids have also a stimulating effect
on protein synthesis and have been shown to increase fat oxidation, to reduce body weight and to
prevent weight gain. The omega-3 modulator effect on the permeability of cell membranes and on the
sensitivity to insulin can probably be an ergogenic aid: it could determine the improvement of athletic
performance, by making muscle cells more permeable to nutrients, such as glucose and amino-acids.
This is supported by the upregulation of the GLUT4 transporter, so that regular consumption of
omega-3 could result in being a metabolic stimulator in muscle cells [49]. Many recent studies
evidenced a positive outcome of omega-3 consumption in athletes: Omega-3 fatty acid
supplementation attenuates oxidative stress and inflammatory markers, such as IL-6, TNF-a, LDH and
CK, after eccentric exercise, both in athletes and untrained men [50]; it enhances stroke volume and
cardiac output during dynamic exercise, increasing oxygen delivery during exercise, which may have
beneficial clinical implications for individuals with reduced exercise tolerance [51]. On the other side,
fish oil consumption was shown to reduce heart rate and oxygen consumption during exercise:
omega-3 supplementation lowered the heart rate (including peak heart rate) during incremental
workloads to exhaustion and lowered the steady-state submaximal exercise heart rate, whole-body O,
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consumption and blood pressure. Therefore, fish oil may act within the healthy heart and skeletal
muscle to reduce both whole-body and myocardial O, demand during exercise, without a decrement in
performance [52]. In addition, several studies evidenced the positive effects of omega-3 ingestion on
free tryptophan and exercise fatigue [53] and on the attention and reactivity in athletes, improving
mood state and reactivity. The reaction time reduction appears to be due to a central nervous system
effect, as shown by the reduced latency of movement-related brain macropotentials and
Electromyographic EMG activation: this positive effect on the cognitive processes involved in the
control of reactivity was demonstrated in karateka engaged in attention tests [54]. Finally, a positive
consequence of omega-3 ingestion was evidenced on perceived pain and external symptoms of delayed
onset muscle soreness after eccentric exercise in knee extensors, also in untrained men [55].

Table 2. Classification of omega-3.

Common Name Lipid Name Chemical Name
Hexadecatrienoic acid (HTA) 16:3 (n-3) all-cis-7,10,13-hexadecatrienoic acid
a-linolenic acid (ALA) 18:3 (n-3) all-cis-9,12,15-octadecatrienoic acid
Stearidonic acid (SDA) 18:4 (n-3) all-cis-6,9,12,15,-octadecatetraenoic acid
Eicosatrienoic acid (ETE) 20:3 (n-3) all-cis-11,14,17-eicosatrienoic acid
Eicosatetraenoic acid (ETA) 20:4 (n-3) all-cis-8,11,14,17-eicosatetraenoic acid
Eicosapentaenoic acid (EPA, timnodonic acid) 20:5 (n-3) all-cis-5,8,11,14,17-eicosapentaenoic acid
Heneicosapentaenoic acid (HPA) 21:5 (n-3) all-cis-6,9,12,15,18-heneicosapentaenoic acid
Docosapentaenoic acid (DPA, clupanodonic acid)  22:5 (n-3) all-cis-7,10,13,16,19-docosapentaenoic acid
Docosahexaenoic acid (DHA, cervonic acid) 22:6 (n-3) all-cis-4,7,10,13,16,19-docosahexaenoic acid
Tetracosapentaenoic acid 24:5 (n-3) all-cis-9,12,15,18,21-tetracosapentaenoic acid
Tetracosahexaenoic acid (nisinic acid) 24:6 (n-3)  all-cis-6,9,12,15,18,21-tetracosahexaenoic acid

It has been suggested that the ingestion of EPA and DHA of approximately 1-2 g/day, at a ratio of
EPA to DHA of 2:1, may be beneficial in counteracting muscular fatigue and exercise-induced
inflammation and for the overall health of the athlete [109]. However, it is known that high omega-3
PUFA consumption may prolong bleeding time. Thus, attempts should be made to establish an optimal
omega-3 fatty-acid dosage to maximize the risk-to-reward ratio of supplementation, since the human
data are inconclusive as to whether omega-3 PUFA supplementation at this dosage is also effective in
improving performance and not only in attenuating the inflammatory and immunomodulatory response

to exercise.
7. Other Compounds
7.1. Proteins

Proteins are biopolymers of amino acids, some of which are essential for human beings, as they
cannot be obtained unless by feeding, because of some deficiency in synthesizing them or in
the amount being sufficient. In addition, some proteins, smaller peptides and amino acids have
functions that contribute to some health benefits, besides the nutritional benefits. Dietary guidelines
state that an adequate daily dietary protein intake for healthy people is 0.9 g protein/kg body weight.
According to the US/Canadian Dietary Reference Intakes, this RDA is sufficient to meet the nutrient
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requirement of nearly all healthy individuals. The US and Canadian Dietetic Association states that
protein recommendations for endurance and strength-trained athletes range from 1.2 to 1.7 g/kg/day.
This practical recommendation for athletes may reflect a situation where an adaptive advantage of
protein intakes higher than recommended protein requirements exists [110]. However, the lack of
awareness of some athletes regarding required nutritional practices is reflected by a frequent
consumption of protein supplements, amino acid supplements, carnitine, minerals and vitamin
supplements and sports drinks to enhance performance in training. An adequate and balanced diet,
which meets their higher vitamin and mineral requirements, with sufficient water supply, represents a safe
and healthy alternative that can promote peak athletic performance. In particular, during times of high
physical activity, an adequate and balanced diet should ensure that the energy and macronutrient needs
are met to maintain body weight, to replenish glycogen stores, to provide adequate protein to build and
repair tissues and to provide essential fatty acids and fat-soluble vitamins [111]. In crustaceans and
mollusks, protein levels can vary from 7% to 23%; therefore, it is worthwhile to look at the protein
complement in fish and shellfish. Fish and shellfish muscle proteins are classified into three main
groups: sarcoplasmic, myofibrillar and stroma proteins. Sarcoplasmic proteins account for approximately
15%—-35% of the total muscle tissue protein. These proteins, which are present in the sarcoplasm, consist
mainly of enzymes associated with energy production, such as creatine kinase, aldolase and
glyceraldehyde-3-phosphate dehydrogenase. Compositional differences have been reported between fish
and mammalian-derived sarcoplasmic protein: for example, fish myoglobin was shown to contain
cysteine, while the mammalian equivalent lacks this residue; invertebrate muscle contains paramyosin,
a protein not present in vertebrate muscle [112]. Microalgae are sources of valuable amino acids and
peptides, too: C. vulgaris is rich in proteins with excellent emulsifying properties, which could find
valorization as a food complement. Its amino acid profile includes both essential (valine, tryptophan,
lysine, methionine, threonine, isoleucine, leucine, phenylalanine) and non-essential amino acids:
aspartic acid, serine, glutamic acid, proline, glycine, alanine, cysteine, tyrosine, histidine and
arginine [113]. Therefore, microalgae, such as Arthrospira and Chlorella, because of their richness in
protein and their amino acid profile, may be used as nutraceuticals or be included in functional foods
to prevent some diseases and damage in cells/tissues, resulting in them being good supplements in the
diet of athletes. As a matter of fact, there are already some brand mark pills in the market made of
dried Arthrospira and Chlorella, as it is the case of Hawaiian Pacifica’s Spirulina [15]. Until now,
most of the biological effects of marine-derived protein hydrolysates and peptides have been seen
in vitro or in animal models. A limited number of human studies has been performed to date, so that
human intervention trials need to be performed to demonstrate the efficacy of their bioactivities and
more a detailed understanding of the mechanisms by which different peptides and amino acid may
mediate their physiological effects.

7.2. Enzymes and Vitamins

Amino acids are also the constituents of some other biocompounds, such as hormones and
enzymes, that along with proteins, are used for growth, the replacement of damaged tissues, which is
really important in the time recovery of athletes after sports injuries, and other functions responsible for
maintaining human health. Enzymes, such as superoxide dismutase, are metalloenzymes that can
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contain iron, manganese or zinc and function against free radicals as antioxidants, defending cells
against oxidative damage. Different kinds of these enzymes are also produced by microalgae, such as
Anabaena and Porphyridium. Carbonic anhydrase is another metalloenzyme present in the blood cells,
which catalyzes the reaction that converts CO; into carbonic acid and bicarbonate ions in the tissues.
It was found in the marine microalgae, Isochrysis galbana [15]. In addition, Haslea ostrearia is
particularly rich in vitamin E, while P. cruentum is another microalga rich in vitamins C and E and
provitamin A (B-carotene). D. salina not only produces B-carotene (provitamin A), but also thiamine,
pyridoxine, riboflavin, nicotinic acid, biotin and tocopherol [44].

7.3. GABA

Porphyridium is one of the marine microalgae that produces gamma-amino butyric acid (GABA),
an amino acid that is the main inhibitor neurotransmitter for the central nervous system of adult
mammals [15]. It is responsible for regulating neuronal excitability and also for muscle tone. A great
deal of effort has been expended in attempting to define the role of GABA in mediating the
transmission and perception of pain. The pursuit of this question has been stimulated by the fact that
GABAergic neurons are widely distributed throughout the central nervous system, including regions of
the spinal cord dorsal horn known to be important for transmitting pain impulses to the brain.
In addition, GABA neurons and receptors are found in supraspinal sites known to coordinate the
perception and response to painful stimuli, and this neurotransmitter system has been shown to
regulate the control of sensory information processing in the spinal cord. The discovery that the GABA
receptor agonists show antinociceptive properties in a variety of animal models of pain has provided an
impetus for developing such agents for this purpose. It has been shown that GABA receptor agonists,
as well as inhibitors of GABA uptake or metabolism are clinically effective in treating this symptom,
and the stimulation of the GABA receptor could be of benefit in the management of pain [74].

8. Conclusions

Increased muscle oxidative stress and inflammatory responses among athletes have been
reported consistently. In addition, it is well known that exhaustive or exercise that on is unaccustomed
to can lead to muscle fatigue, delayed-onset muscle soreness and a decrement in performance. Intense
physical exercise determines increased oxidative stress and a tendency toward inflammation, because
of a greater respiratory activation chain and the insufficient disposal of excess oxygen. Consequently,
increasing antioxidant intake would reduce oxidative stress, with a subsequent benefit to athletes.
According to the American Dietetic Association and to the American College of Sports Medicine,
physical activity, athletic performance and recovery from exercise are improved by optimal
nutrition [114]. Physiological adaptations produced as a consequence of physical exercise lead to the
necessity to increase the caloric (considering the greater energy output), protein (because of the
increased trophic needs of the organism during and after exercise) and antioxidant intake (on the basis of
the higher oxidative stress). Athletes have to follow a diet that is adequate for greater energy output and
for higher metabolic turnover. Supplementation varies according to different sports practices and
individual athletes; nevertheless, antioxidant, anti-inflammatory and cartilage-protecting bioactives
could be useful in every kind of sport, because of both health reasons and sports performance. The sea is a



Mar. Drugs 2014, 12 2373

rich source of useful compounds with new chemical structures and pharmacological effects: significant
immunomodulation (against allergy), anti-inflammatory (and as a consequence, analgesic), antibacterial
and antiviral activities [115]. It may represent a convenient and practical means of providing the
special nutrient requirements for exercise, and it may be used to prevent nutritional deficiencies that
commonly occur among athletes. The role of food in improving health has been recognized, activating
the development of new classes of food, known as functional foods [116], which could improve the
quality of life and performance and decrease the risk of illness. Fish oils and marine bacteria are
known to be excellent sources of omega-3 fatty acids (whose importance in the treatment of arthritis
has been greatly investigated [117], assessing their analgesic effects in joint pain), while seaweeds and
crustaceans seem to contain powerful antioxidants, such as carotenoids and phenolic compounds [118].
Although several points of discussion still exist, such as the necessary doses and efficacy, not only in
the antioxidant effect, but also in improving physical performance, the question of whether
antioxidants have a protective role in exercise-induced muscle damage can be answered affirmatively.
Numerous human studies indicate that antioxidant supplementation can be recommended to individuals
performing regular physical exercise. Moreover, trained individuals have an advantage compared with
untrained individuals, as training results in the increased activity of several major antioxidant enzymes and
the overall antioxidant status [119]. The pharmacology of structurally-characterized products extracted
from marine seafood (fishes, crustaceans, sponges, fungi, algae and bacteria) has recently been
discussed [120]. Antibacterial, antiviral, antifungal, antiprotozoal and anti-tuberculosis
pharmacological activities were reported for about 100 marine natural compounds. In addition, about
150 marine metabolites were showed to possess anti-inflammatory effects, to enhance the immune and
nervous system and to interact with a variety of receptors and molecular targets, as well. In particular,
marine pharmacology studies are now focusing on the in vitro anti-inflammatory effect through the
inhibition of NF-«kB by ethanolic extracts from the brown alga, Ishige okamurae [121]; on the
antioxidant activity in phenolic compounds isolated from the marine alga, Halimeda macroloba, that
protected against chemically-induced injury in vivo (animal studies on rat) [122]; on the high
antioxidant property in methanolic extracts of the Korean red alga, Polysiphonia morrowii, that
showed protection against radical-induced DNA damage in vitro [120]; on the antioxidant effects of
polysaccharides from a marine fungus, Penicillium sp., against superoxide and hydroxyl radicals; on
the antioxidant activities of the phosphorylated, acetylated and benzoylated metabolites of the marine
red alga, Porphyra haitanensis, shown in vitro [120]; on the human neutrophil anti-elastase activity of
sulfated polysaccharides from the red alga, Delesseria sanguinea [123]; and finally, on the acceleration
of skin wound healing by amino acids extracted from the mollusk, Rapana venosa [124], suggesting a
possible therapeutic use in sports injuries. In this respect, we could theorize about the protective effect
of marine bioactives, especially in athletes. In conclusion, marine bioactives could potentially develop
as functional foods influencing the pathogenesis and the clinical course of several inflammatory
diseases [125], and in the future, their introduction into the human habitual diet could lead not only to
a reduction in the incidence and severity of many disorders [126,127], but also to a practical and
valuable aid for athletes’ health and, consequently, performance. At present, the great potential of
marine compounds, as such or as extracts, for applications in different areas, such as human nutrition,
as anti-inflammatory, antiallergic and analgesic agents, is gaining more attention in the literature
(Table 1). Actually, some researchers also highlighted the fact that some marine unicellular algae, such
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as Porphyridium and Rhodella, and cyanobacteria, such as Arthrospira, can produce sulfated
polysaccharides, which have already found application as antiviral agents, either in vivo or
in vitro [128], but also as nutraceuticals [129], as agents to prevent tumor cell growth [130], as
therapeuticals [131] or even as ion exchangers [15]. However, there are many other compounds
produced by unicellular marine algae that have already found or could have some health applications;
for example, sterols, pigments, proteins and enzymes, vitamins and several other substances. Ongoing
studies are showing that marine microalgae and cyanobacteria, which synthesize several high-value
compounds, can grow under controlled conditions. Therefore, these valuable biochemical compounds
have already proven their wide range of applications, but there are further potentialities yet to be
explored. It would be very challenging to use these substances in order to enhance athletes’
performance with no contraindications and side effects. Furthermore, future human studies
investigating the efficacy of marine bioactives supplementation in exercise-trained individuals should
consider an exercise protocol of sufficient duration and intensity to produce a more robust oxidative

and inflammatory response.
Acknowledgments

The authors thank the Department of Sperimental and Clinical Sciences for supporting the project.
Author Contribution

Nicolantonio D’Orazio designed the project and contributed to manuscript preparation.
Maria Alessandra Gammone researched data and wrote the manuscript. Graziano Riccioni contributed
to constructive discussions and Eugenio Gemello added some references.

Conflicts of Interest
The authors declare no conflict of interest.
References

1.  Sen, C.K. Oxidants and antioxidants in exercise. J. Appl. Physiol. 1995, 79, 675—686.

2. Powers, S.K.; Jackson, M.J. Exercise-induced oxidative stress: Cellular mechanisms and impact
on muscle force production. Physiol. Rev. 2008, 88, 1243—-1276.

3.  Freitas, M.; Gomes, A.; Porto, G.; Fernandes, E. Nickel induces oxidative burst, NF-xB
activation and interleukin-8 production in human neutrophils. J. Biol. Inorg. Chem. 2010, 15,
1275-1283.

4.  Fisher-Wellman, K.; Bloomer, R.J. Acute exercise and oxidative stress: A 30 year history. Dyn.
Med. 2009, 8, 1-25.

5. Guerin, M.; Huntley, M.E.; Olaizola, M. Haematococcus astaxanthin: Applications for human
health and nutrition. Trends Biotechnol. 2003, 21, 210-216.

6. Reid, M.B. Nitric oxide, reactive oxygen species, and skeletal muscle contraction. Med. Sci.
Sports Exerc. 2001, 33, 371-376.



Mar. Drugs 2014, 12 2375

10.

1.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

Niess, A.M.; Simon, P. Response and adaptation of skeletal muscle to exercise: The role of
reactive oxygen species. Front. Biosci. 2007, 12, 4826—4838.

Sobal, J.; Marquart, L.F. Vitamin/Mineral supplement use among athletes: A review of the
literature. Int. J. Sport Nutr. 1994, 4, 320-334.

Barros, M.P.; Marin, D.P.; Bolin, A.P.; de Céssia-Santos-Macedo, R.; Campoio, T.R.; Fineto, C.;
Guerra, B.A.; Polotow, T.G.; Vardaris, C.; Mattei, R.; et a/. Combined astaxanthin and fish oil
supplementation improves glutathione-based redox balance in rat plasma and neutrophils. Chem.
Biol. Interact. 2012, 197, 58-67.

Westerterp, K.R.; Wilson, S.A.J.; Rolland, V. Diet induced thermogenesis measured over 24 h in
a respiration chamber: Effect of diet composition. Int. J. Obes. 1999, 23, 287-292.

Pattison, D.J.; Symmons, D.P.M.; Lunt, M.; Welch, A.; Bingham, S.A.; Day, N.E;
Silman, A.J. Dietary beta-cryptoxanthin and inflammatory polyarthritis: Results from a
population-based prospective study. Am. J. Clin. Nutr. 2005. 82, 451-455.

Allen, R.G.; Tresini, M. Oxidative stress and gene regulation. Free Radic. Biol. Med. 2000, 28,
463-499.

Zaccaroni, A.; Perugini, M.; D’Orazio, N.; Manera, M.; Giannella, B.; Zucchini, M.;
Giammarino, A.; Riccioni, G.; Ficoneri, C.; Naccari, C.; et al. Investigation of totalarsenic in fish
from the central adriatic sea (Italy) in relation to levels found in fishermen’s hair. J. Vet
Pharmacol. Ther. 2006, 29, 178-179.

Miyashita, K. Function of marine carotenoids. Forum Nutr. 2009, 61, 136—146.

DelJesus-Raposo, M.F.; DeMorais, R.M.S.C.; DeMorais, A.M.M.B. Health application of
bioactive compounds from marine microalgae. Life Sci. 2013, 93, 479-486.

Plaza, M.; Herrero, M.; Cifuentes, A.; Ibafiez, E. Innovative natural functional ingredients from
microalgae. J. Agric. Food Chem. 2009, 57, 7159—7170.

Shimidzu, N. Carotenoids as singlet oxygen quenchers in marine organisms. Fish. Sci. 1996, 62,
134-137.

Bennedsen, M.; Wang, X.; Willén, R.; Wadstrom, T.; Andersen, L.P. Treatment of H. pylori
infected mice with antioxidant astaxanthin reduces gastric inflammation, bacterial load and
modulates cytokine release by splenocytes. Immunol. Lett. 1999, 70, 185—189.

Bartelt, S.; Timm, M.; Damsgaard, C.T.; Hansen, E.W.; Hansen, H.S.; Lauritzen, L.
The effect of dietary fish oil-supplementation to healthy young men on oxidative burst measured
by whole blood chemiluminescence. Br. J. Nutr. 2008, 99, 1230-1238.

Caughey, G.E.; Mantzioris, E.; Gibson, R.A.; Cleland, L.G.; James, M.J. The effect on human
tumor necrosis factor alpha and interleukin 1 beta production of diets enriched in
n-3 fatty acids from vegetable oil or fish oil. Am. J. Clin. Nutr. 1996, 63, 116—122.

Lara, J.J.; Economou, M.; Wallace, A.M.; Rumley, A.; Lowe, G.; Slater, C.; Caslake, M.;
Sattar, N.; Lean, M.E. Benefits of salmon eating on traditional and novel vascular risk factors in
young, non-obese healthy subjects. Atherosclerosis 2007, 193,213-221.

Riccioni, G.; D’Orazio, N.; Franceschelli, S.; Speranza, L. Marine carotenoids cardiovascular
risk markers. Mar. Drugs 2011, 9, 1166—-1175.

Pashkow, F.J.; Watumull, D.G.; Campbell, C.L. Astaxanthin: A novel potential treatment for
oxidative stress and inflammation in cardiovascular disease. Am. J. Cardiol. 2008, 101, 58—68.



Mar. Drugs 2014, 12 2376

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Nomura, T.; Kikuchi, M.; Kubodera, A.; Kawakami, Y. Proton-donative antioxidant activity of
fucoxanthin with 1,1-diphenyl-2-picrylhydrazyl (DPPH). Biochem. Mol. Biol. Int. 1997, 42,
361-370.

Woo, M.N.; Jeon, S.M.; Shin, Y.C.; Lee, M.K.; Kang, M.A.; Choi, M.S. Anti-obese property of
fucoxanthin is partly mediated by altering lipid-regulating enzymes and uncoupling proteins of
visceral adipose tissue in mice. Mol. Nutr. Food Res. 2009, 53, 1603—-1611.

Stock, M.J. Gluttony and thermogenesis revisited. Int. J. Obes. Relat. Metab. Disord. 1999, 23,
1105-1117.

Gesta, S.; Tseng, Y.H.; Kahn, C.R. Developmental origin of fat: Tracking obesity to its source.
Cell 2007, 131, 242-256.

Lowell, B.B.; Susullc, V.S.; Hamann, A.; Lawitts, J.A. Development of obesity in transgenic
mice after genetic ablation of brown adipose tissue. Nature 1993, 366, 740-742.

Pulz, O.; Gross, W. Valuable products from biotechnology of microalgae. Appl. Microbiol.
Biotechnol. 2004, 65, 635-648.

Bandarra, N.M.; Pereira, P.A.; Batista, I.; Vilela, M. Fatty acids, sterols and a-tocopherol in
Isochrysis galbana. J. Food Lipids 2003, 10, 25-34.

Terracciano, S.; Aquino, M.; Rodriguez, M.; Monti, M.C.; Casapullo, A.; Riccio, R,
Gomez-Paloma, L. Chemistry and biology of anti-inflammatory marine natural products:
Molecule interfering with cyclooxygenase, NF-kB and other unidentified targets.
Curr. Med. Chem. 2006, 13, 1947—1969.

Izzo, L.; Pironti, V.; Della Monica, C.; Sodano, G.; de Riccardis, F. Stereocontrolled synthesis of
contignasterol’s side chain. Tetrahedron Lett. 2001, 42, 8977-8980.

Burgoyne, D.L.; Andersen, R.J.; Alle, T.M. Contignasterol, a highly oxygenated steroid with the
unnatural 14-beta configuration from the marine sponge Petrosia contignata Thiele, 1899.
J. Org. Chem. 1992, 57, 525-528.

Takei, M.; Burgoyne, D.L.; Andersen, R.J. Effect of contignasterol on histamine release induced
by anti-immunoglobulin E from rat peritoneal mast cells. J. Pharm. Sci. 1994, 83, 1234-1235.
Parsons, J.P.; Hallstrand, T.S.; Mastronarde, J.G.; Kaminsky, D.A.; Rundell, K.W.; Hull, J.H.
An official American Thoracic Society clinical practice guideline: Exercise-induced
bronchoconstriction. Am. J. Respir. Crit. Care Med. 2013, 187, 1016-1027.

Milan, S.J.; Hart, A.; Wilkinson, M. Vitamin C for asthma and exercise-induced
bronchoconstriction. Cochrane Libr. 2013, 23, 10—11.

Gross, H.; Conig, G.M. Terpenoids from marine organisms: Unique structures and their
pharmacological potential. Phytochem. Rev. 2006, 5, 115-141.

Kobayashi, J.; Shinonaga, H.; Shigemori, H. Xestobergsterol C, a New Pentacyclic Steroid from
the Okinawan Marine Sponge [rcinia sp. and Absolute Stereochemistry of Xestobergsterol A.
J. Nat. Prod. 1995, 58, 312-318.

Nakamura, A.; Kaji, Y.; Saida, K.; Ito, M.; Nagatoshi, Y.; Hara, N.; Fujimoto, Y. Synthesis of
xestobergsterol A from dehydroepiandrosterone. Tetrahedron Lett. 2005, 46, 6373—6376.

Jung, M.E.; Johnson, T.W. First total synthesis of xestobergsterol A and active structural
analogues of the xestobergsterols. Tetrahedron 2001, 57, 1449—1481.



Mar. Drugs 2014, 12 2377

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Keyzers, R.A.; Northcote, P.T.; Berridge, M. V. Clathriol B, a new 14 beta marine sterol from the
New Zealand sponge Clathria lissosclera. Aust. J. Chem. 2003, 56, 279-282.

Mayer, A.M.S.; Lehmann, V.K.B. Marine pharmacology in 1998: Marine compounds
with antibacterial, anticoagulant, antifungal, anti-inflammatory, anthelmintic, antiplatelet,
antiprotozoal and antiviral activities; with actions on the cardiovascular, endocrine, immune, and
nervous systems and other miscellaneous mechanisms of action. Pharmacologist 2000, 42,
62-69.

Joseph, B.; Sujatha, S. Pharmacologically important natural products from marine sponges.
J. Nat. Prod. 2011, 4, 5-12.

Yingying, S.; Changai, W. The optimal growth conditions for the biomass production of
Isochrysis galbana. Biotechnol. Bioprocess Eng. 2009, 14, 225-231.

Schmitz, G.; Ecker, J. The opposing effects of n-3 and »n-6 fatty acids. Prog. Lipid Res. 2008, 47,
147-155.

Adarme-Vega, T.C.; Lim, D.K.; Timmins, M.; Vernen, F.; Li, Y.; Schenk, P.M.
Microalgal biofactories: A promising approach towards sustainable omega-3 fatty acid
production. Microb. Cell Fact. 2012, 25, 11-96.

Bocanegra, A.; Bastida, S.; Benedi, J.; Rodenas, S.; Sdnchez-Muniz, F.J. Characteristics and
nutritional and cardiovascular-health properties of seaweeds. J. Med. Food 2009, 12, 236-258.
Lunn, J.; Theobald, H. The health effects of dietary unsaturated fatty acids. Nutr. Bull. 2006, 31,
178-224.

Vaughan, R.A.; Garcia-Smith, R.; Bisoffi, M.; Conn, C.A.; Trujillo, K.A. Conjugated linoleic acid
or omega 3 fatty acids increase mitochondrial biosynthesis and metabolism in skeletal muscle
cells. Lipids Health Dis. 2012, 11, 142—-143.

Tartibian, B.; Maleki, B.H.; Abbasi, A. Omega-3 fatty acid supplementation attenuates oxidative
stress and inflammatory markers after eccentric exercise in untrained men. Clin. J. Sport Med.
2011, 27, 131-137.

Walser, B.; Stebbins, C.L. Omega-3 fatty acid supplementation enhances stroke volume and
cardiac output during dynamic exercise. Eur. J. Appl. Physiol. 2008, 104, 455-461.

Peoples, G.E.; McLennan, P.L.; Howe, P.R.; Groeller, H. Fish oil reduces heart rate and oxygen
consumption during exercise. J. Cardiovasc. Pharmacol. 2008, 52, 504-507.

Huffman, D.M; Altena, T.S.; Mawhinney, T.P.; Thomas, T.R. Effects of n-3 fatty acid on free
tryptophan and exercise fatigue. Eur. J. Appl. Physiol. 2004, 92, 584-591.

Fontani, G.; Lodi, L.; Migliorini, S.; Corradeschi, F. Effects of omega-3 and policosanol
supplementation on attention and reactivity in athletes. J. Am. Coll. Nutr. 2009, 28, 4735—481s.
Tartibian, B.; Maleki, B.H.; Abbasi, A. Effects of ingestion of omega-3 on perceived pain and
external symptoms of delayed onset muscle soreness also in untrained men. Clin. J. Sport Med.
2009, /9, 115-119.

Clifford, W.; Chang, J. Marine natural products other than pigments. J. Chem. Educ. 1973, 50,
260-262.

Baker, J.T. Some metabolites from australian marine organisms. Pure Appl. Chem. 1976, 48,
35-44.



Mar. Drugs 2014, 12 2378

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Dembitsky, V.M.; Tolstkov, G.A. Natural Halogenated sesquiterpenes from marine organisms.
Chem. Sustain. Dev. 2004, 12, 1-12.

San Martin, A.; Rovirosa, J.; Astudillo, L.; Sepulveda, B.; Ruiz, D.; San Martin, C.
Biotransformation of the marine sesquiterpene pacifenol by a facultative marine fungus. Nat.
Prod. Res. 2008, 22, 1627-1632.

Areche, C.; San Martin, A.; Rovirosa, J.; Munoz, M.A.; Barragan, A.H.; Bucio, M.A,;
Nathan, P.J. Stereostructure reassignment and absolute configuration of isoepitaondiol, a
meroditerpenoid from Stypopodium flabelliforme. J. Nat. Prod. 2010, 73, 79-82.

Areche, C.; Vaca, 1.; Labbe, P.; Delgado, J.S.; Astudillo, L.; Silva, M.; Rovirosa, J.;
San Martin, A. Biotransformation of Stypotriol triacetate by Aspergillus niger. J. Mol. Struct.
2011, 998, 167-170.

Martinez, J.L.; Sepulveda, S.P.; Rovirosa, J.; San Martin, A. Efectos en aorta y auricula aisladas
de rata de diacetil epitaondiol, diterpenoide del alga Stypopodium flabelliforme. An. Asoc. Quim.
Argent. 1997, 85, 69-75.

Gil, B.; Ferrandiz, M.L.; Sanz, M.J.; Terencio, M.C.; Ubeda, A.; Rovirosa, J.; San Martin, A.;
Alcaraz, M.J.; Paya, M. Inhibition of inflammatory responses by epitaondiol and other marine
natural products. Life Sci. 1995, 57, 25-30.

Llanio, M.; Fernandez, M.D.; Cabrera, B.; Bermejo, P.; Abad, M.J.; Paya, M.; Alcaraz, M.J.
The marine plant thalassia testudinum possesses anti-inflammatory and analgesic properties.
Pharmacologyonline 2006, 3, 594—600.

Areche, C.; San Martin, A.; Rovirosa, J.; Sepulveda, B. Gastroprotective activity of epitaondiol
and sargaol. Nat. Prod. Commun. 2011, 6, 1073—-1074.

Ziemann, E.; Zembroi-Lacny, A.; Kasperska, A.; Antosiewicz, A.; Grzywacz, T.; Garsztka, T.;
Laskowski, R. Exercise training-induced changes in inflammatory mediators and heat shock
proteins in young tennis players. J. Sports Sci. Med. 2013, 12, 282-289.

Mayer, A.M.S.; Rodriguez, A.D.; Berlinck, R.G.S.; Hamann, M.T. Marine pharmacology in
2003-04: Marine compounds with anthelminthic, antibacterial, anticoagulant, antifungal,
anti-inflammatory, antimalarial, antiplatelet, antiprotozoal, antituberculosis, and antiviral
activities affecting the cardiovascular, immune and nervous systems and other miscellaneous
mechanisms of action. Comp. Biochem. Physiol. 2007, 145, 553-581.

Lee, J.S.; Kim, Y.S.; Park, S.; Kim, J; Kang, S.J.; Lee, M.H.; Ryu, S.; Choi, J.M,
Oh, T.K.;Yoon, J.H. Exceptional production of both prodigiosin and cycloprodigiosin as major
metabolic constituents by a novel marine bacterium, Zooshikella rubidus S1-1. Appl. Environ.
Microbiol. 2011, 77, 4967-4973.

Kamata, K.; Okamoto, S.; Oka, S.; Kamata, H.; Yagisawa, H.; Hirata, H. Cycloprodigiosin
hydrocloride suppresses tumor necrosis factor (TNF) alpha-induced transcriptional activatio by
NF-«B. FEBS Lett. 2001, 507, 74-80.

Teshima, S.; Nakanishi, H.; Kamata, K.; Kaibori, M.; Kwon, A.H.; Kamiyama, Y.;
Nishizawa, M.; Ito, S.; Okumura, T. Cycloprodigiosin up-regulates inducible nitric oxide
synthase gene expression in hepatocytes stimulated by interleukin-1B. Nitric Oxide 2004, 11,
9-16.



Mar. Drugs 2014, 12 2379

71.

72.

73.

74.

75.

76.

T7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Higa, T.; Tanaka, J. Studies in Natural Products Chemistry: Bioactive marine macrolides. Struct.
Chem. 1996, 19, 549—626.

Jacobson, P.B.; Jacobs, R.S. Fuscoside: An anti-inflammatory marine natural product which
selectively inhibits 5-lipoxigenase. Part I: Physiological and biochemical studies in murine
inflammatory models. J. Pharmacol. Exp. Ther. 1992, 262, 866—873.

Morton, J.P.; Kayani, A.C.; McArdle, A.; Drust, B. The exercise-induced stress response of
skeletal muscle, with specific emphasis on humans. Sports Med. 2009, 39, 643—662.

Enna, S.J; McCarson, K.E. The role of GABA in the mediation and perception of pain. Adv.
Pharmacol. 2006, 54, 1-27.

Tasdemir, D.; Mallon, R.; Greenstein, M.; Feldberg, L.; Kim, S.; Collins, K.; Wojciechowicz, D.;
Mangalindan, G.; Concepcion, G.; Harper, M.K.; et al. Aldisine alkaloids from the Philippine
sponge Stylissa massa are potent inhibitors of mitogen-activated protein kinase-1 (MEK-I).
J. Med. Chem. 2002, 45, 529-532.

Breton, J.J.; Fletcher, M.C. The natural product hymenialdisine inhibits interleukin-8 production
in U937 cells by inhibition of nuclear factor-B. J. Pharmacol. Exp. Ther. 1997, 282, 459—466.
Skropeta, D.; Pastro, N.; Zivanovic, A. Kinase inhibitors from marine sponges. Mar. Drugs
2011, 9,2131-2154.

Meijer, L.; Thunnissen, A.M.; White, A.W.; Garnier, M.; Nikolic, M.; Tsai, L.H.;
Walter, J.; Cleverley, K.E.; Salinas, P.C.; Wu, Y.Z.; et al. Inhibition of cyclin-dependent kinases,
GSK-3beta and CK1 by hymenialdisine, a marine sponge constituent. Chem. Biol. 2000, 7,
51-63.

Tan, A.S.; Berridge, M.V. Superoxide produced by activated neutrophils efficiently reduces the
tetrazolium salt, WST-1 to produce a soluble formazan: a simple colorimetric assay for measuring
respiratory burst activation and for screening anti-inflammatory agents. J. Immunol. Methods 2000,
238, 59-68.

Higuera-Ciapara, 1.; Valenzuela, L.F.; Goycoolea, F.M. Astaxanthin: A review of its chemistry
and applications. Crit. Rev. Food Sci. Nutr. 2006, 46, 185—-196.

De Bruin, A.P.K.; Oudejans, R.R.D.; Bakker, F.C. Dieting and body image in aesthetic sports:
A comparison of Dutch female gymnasts and non-aesthetic sport participants. Psychol. Sport
Exerc. 2007, 40, 507-520.

El Ghoch, M.; Soave, F.; Calugi, S.; Dalle Grave, R. Eating disorders, physical fitness and sport
performance: A systematic review. Nutrients 2013, 5, 5140-5160.

Sherman, R.; Thompson, R.A.; Rose, J. Body mass index and athletic performance in elite
female gymnasts. J. Sport Behav. 1996, 19, 9—10.

Cederberg, A.; Gronning, L.M.; Ahren, B.; Tasken, K.; Carlsson, P.; Enerbick, S. FOXC2 is a
winged helix gene that counteracts obesity, hypertriglyceridemia, and diet-induced insulin
resistance. Cell 2001, 106, 563-573.

Echtay, K.S. Mitochondrial uncoupling proteins: What is their physiological role? Free Radic.
Biol. Med. 2007, 43, 1351-1371.

Jeon, SM.; Kim, H.J.; Woo, M.N.; Lee, MK.; Shin, Y.C.; Park, Y.B.; Choi, M.S.
Fucoxanthin-rich seaweed extract suppresses body weight gain and improves lipid metabolism in
high-fat-fed C57BL/6J mice. Biotechnol. J. 2010, 5, 961-969.



Mar. Drugs 2014, 12 2380

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Nicholls, A.R.; Polman, R.C. Coping in sport: A systematic review. J. Sports Sci. 2007, 25,
11-31.

Habelt, S.; Hasler, C.C.; Steinbriick, K.; Majewski, M. Sport injuries in adolescents. Orthop.
Rev. 2011, 3, 82-86.

Lee, B.A.; Lee, S.H.; Oh, D.J. Effects of peripheral injury in athletes with long-term exercise
participation in modern pentathlons. J. Exerc. Rehabil. 2013, 9, 481-488.

Ferreira, S.H.; Vane, J.R. New aspects of the mode of action of non steroid anti-inflammatory
drugs. Ann. Rev. Pharmacol. 1974, 14, 57-73.

Bjorkman, D.J. The effect of aspirin and non steroidal anti-inflammatory drugs on prostaglandins.
Am. J. Med. 1998, 105, 8—12.

Sims, J.; Fenical, W.; Wing, R.; Radlick, P. Marine natural products, pacifenol, a rare
sesquiterpene containing bromine and chlorine from the red alga, Laurencia pacifica.
J. Am.Chem. Soc. 1971, 93, 3774-3775.

Rovirosa, J.; San Martin, A. Antimicrobial activity of the brown alga Stypopodium flabelliforme
constituents. Fitoterapia 1997, 68, 473-475.

Soares, A.R.; Abrantes, J.L.;, Souza, T.M.L.; Fontes, C.F.L.; Pereira, R.C;
Frugulhetti, I.C.D.P.P.; Teixeira, V.L. In vitro antiviral effect of meroditerpenes isolated from the
Brazilian seaweed Stypopodium zonale (Dictyotales). Planta Med. 2007, 73, 1221-1224.

Pereira, D.M.; Cheel, J.; Areche, C.; San Martin, A.; Rovirosa, J.; Silva, L.R.; Valentao, P.;
Andrade, P.B. Anti-proliferative activity of meroditerpenoids isolated from the brown alga
Stypopodium flabelliforme against several cancer cell lines. Mar. Drugs 2011, 9, 852—862.

Al Sabi, A.; McArthur, J.; Ostroumov, V.; French, R.J. Marine toxins that target voltage-gated
sodium channels. Mar. Drugs 2006, 4, 157—-192.

Nahas, R.; Abatis, D.; Anagnostopoulou, M.A.; Kefalas, P.; Vagias, C.; Roussis, V.
Radical-scavenging activity of Aegean Sea marine algae. Food Chem. 2007, 102, 577-581.
Ozkan, C.; Sarpel, Y.; Bicer, O.S. The effects of exercise on articular cartilage. Acta Orthop.
Traumatol. Turc. 2007, 41, 13—18.

Buckwalter, J.A.J. Sports, joint injury, and post-traumatic osteoarthritis. Orthop. Sports Phys.
Ther. 2003, 33, 578-588.

Ferrando, F.S.; San Martin, A. Epitaondiol: The first polycyclic meroditerpenoid containing two
fused six-membered rings forced into the twist-boat conformation. J. Org. Chem. 1995, 60,
1475-1478.

Badger, A.M.; Cook, M.N.; Swift, B.A.; Newman-Tarr, T.M.; Gowen, M.; Lark, M. Inhibition of
interleukin-1-induced proteoglycan degradation and nitric oxide production in bovine articular
cartilage/chondrocyte cultures by the natural product, hymenialdisine. J. Pharmacol. Exp. Ther.
1999, 290, 587-593.

Bruunsgaard, H. Exercise induced increase in serum interleukin 6 in humans is related to muscle
damage. J. Physiol. 1997, 499, 833—-841.

Baum, M.; Liesen, H. Exhausting interval exercise as a trigger for activation of the immune and
coagulation system. Deutsch. Z. Sportmed. 1993, 44, 423—-428.

Niemann, D.V.; Johanssen, L.M.; Lee, J.W.; Arabatzis, K. Infectious episodes in runners before
and after the Los Angeles marathon. J. Sportmed. Phys. 1990, 30, 316-328.



Mar. Drugs 2014, 12 2381

105.

106.

107.

108.

109.

110.

I11.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Jensen, P.R.; Williams, P.G.; Oh, D.C.; Zeigler, L.; Fenical, W. Species specific secondary
metabolite production in marine actinomycetes of the Genus Salinispora. Appl. Environ.
Microbiol. 2007, 73, 1146—1152.

Schmitt, E.K.; Riwanto, M.; Sambandamurthy, V.; Roggo, S.; Miault, C.; Zwingelstein, C.;
Krastel, P.; Noble, C.; Beer, D.; Rao, S.P.S.; et al. The natural product cyclomarin kills
mycobacterium tuberculosis by targeting the Clp-C1 subunit of the caseinolytic protease. Angew.
Chem. Int. Ed. 2011, 50, 5889-5891.

Trischman, J.A.; Tapiolas, D.M.; Jensen, P.R.; Dwight, R.; Fenical, W.; McKee, T.C;
Ireland, C.M.; Stout, T.J.; Clardy, J. Salinamides A and B: Anti-inflammatory depsipeptides
from amarine Streptomycetes. J. Am. Chem. Soc. 1994, 116, 757-758.

Pietra, F. Secondary metabolites from marine microorganisms: Bacteria, protozoa, algae and
fungi. Achievements and prospects. Nat. Prod. Rep. 1997, 14, 453—464.

Mickleborough, T.D. Omega-3 polyunsaturated fatty acids in physical performance optimization.
Int. J. Sport Nutr. Exerc. Metab. 2013, 23, 83-96.

Phillips, S.M. Dietary protein requirements and adaptive advantages in athletes. Br. J. Nutr.
2012, 7108, 158-167.

Waly, M.1.; Kilani, H.A.; Al-Busafi, M.S. Nutritional practise of atlete in Oman: A descriptive
study? Oman Med. J. 2013, 28, 360-364.

Harnedy, P.A.; FitzGerald, R.J. Bioactive peptides from marine processing waste and shellfish:
A review. J. Funct. Foods 2012, 4, 6-24.

Ursu, A.V.; Marcati, A.; Sayd, T.; Sante-Lhoutellier, V.; Djelveh, G.; Michaud, P.
Extraction, fractionation and functional properties of proteins from the microalgae
Chlorella vulgaris. Bioresour. Technol. 2014, 157, 134—139.

Rodriguez, N.R.; Di Marco, N.M.; Langley, S. American college of sports medicine position
stand. Nutrition and athletic performance. Med. Sci. Sports Exerc. 2009, 41, 709-731.

Lordan, S.; Ross, R.P.; Stanton, C. Marine bioactives as functional food ingredients: Potential to
reduce the incidence of chronic diseases. Mar. Drugs 2011, 9, 1056—1100.

Honkanen, P. Consumer acceptance of (marine) functional food. Mari. Funct. Food 2009, 1,
141-154.

Hurst, S.; Zainal, Z.; Caterson, B.; Hughes, C.E.; Harwood, J.L. Dietary fatty acids
and arthritis. Prostaglandins Leukot. Essent. Fatty Acids 2010, 82, 315-318.

Stamp, L.K.; James, M.J.; Cleland, L.G. Diet and rheumatoid arthritis: A review of theliterature.
Semin. Arthritis Rheum. 2005, 35, 77-94.

Dekkers, J.C.; van Doornen, L.J.; Kemper, H.C. The role of antioxidant vitamins and enzymes in
the prevention of exercise-induced muscle damage. Sports Med. 1996, 21, 213-238.

Mayer, A.M.S.; Rodriguez, A.D.; Taglialatela-Scafati, O.; Fusetani, N. Marine pharmacology in
2009-2011: Marine compounds with antibacterial, antidiabetic, antifungal, anti-inflammatory,
antiprotozoal, antituberculosis, and antiviral activities; affecting the immune and nervous
systems, and other miscellaneous mechanisms of action. Mar. Drugs 2013, 11, 2510-2573.

Kim, M.M.; Rajapakse, N.; Kim, S.K. Anti-inflammatory effect of Ishige okamurae ethanolic
extract via inhibition of NF-kB transcription factor in RAW264.7 cells. Phytother. Res. 2009, 23,
628-634.



Mar. Drugs 2014, 12 2382

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Mancini-Filho, J.; Novoa, A.V.; Gonzalez, A.E.; de Andrade-Wartha, E.R.; de Silva, A.M.;
Pinto, J.R.; Mancini, D.A. Free phenolic acids from the seaweed Halimeda monile with
antioxidant effect protecting against liver injury. Z. Naturforsch C 2009, 64, 657-663.
Griinewald, N.; Alban, S. Optimized and standardized isolation and structural characterization of
anti-inflammatory sulfated polysaccharides from the red alga Delesseria sanguinea (Hudson)
Lamouroux (Ceramiales, Delesseriaceae). Biomacromolecules 2009, 9, 2998-3008.

Badiu, D.L; Luque, R.; Dumitrescu, E.; Craciun, A.; Dinca, D. Amino acids from
Mytilus galloprovincialis and Rapana venosa molluscs accelerate skin wounds healing via
enhancement of dermal and epidermal neoformation. Protein J. 2010, 29, 81-92.

Newman, D.; Cragg, G. Marine natural products and related compounds in clinical and advanced
preclinical trials. J. Nat. Prod. 2004, 67, 1216—1238.

D’Orazio, N.; Gammone, M.A.; Gemello, E.; DeGirolamo, M.; Cusenza, S.; Riccioni, G. Marine
bioactives: Pharmacological properties and potential applications against inflammatory diseases.
Mar. Drugs 2012, 10, 812—833.

D’Orazio, N.; Gemello, E.; Gammone, M.A.; DeGirolamo, M.; Ficoneri, C.; Riccioni, G.
Fucoxantin: A treasure from the sea. Mar. Drugs 2012, 10, 604-616.

Huleihel, M.; Ishanu, V.; Tal, J.; Arad, S.M. Activity of Porphyridium sp. polysaccharide against
Herpes simplex viruses in vitro and in vivo. J. Biochem. Biophys. Methods 2002, 50, 189-200.
Dvir, 1.; Stark, A.H.; Chayoth, R.; Madar, Z.; Arad, S.M. Hypocholesterolemic effects of
nutraceuticals produced from the red microalga Porphyridium sp. in rats. Nutrients 2009, I,
156-167.

Gardeva, E.; Toshkova, R.; Minkova, K.; Gigova, L. Cancer protective action of polysaccharide
derived from microalga Porphyridium cruentum, a biological background. Biotechnol. Equip.
2009, 23, 783-787.

Arad, S.M.; Atar, D. Viscosupplementation with algal polysaccharides in the treatment of
arthritis. Patent No. W0O/2007/066340 (Ben Gurion University of the Negev Research and
Development Authority), Minneapolis, MN, USA, 14 June 2007.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



