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Abstract

Microalgae are photosynthetic microorganisms that produce numerous bioactive molecules
that can be used as food supplement to prevent chronic disease installation. Indeed, they
produce phycobiliproteins, polysaccharides, lipids, carotenoids and sterolic compounds. The
use of microalgae in human nutrition provide a mixture of these molecules with synergistic
effect.

The aim of this review is to present the specific roles played by the xanthophylls, and
gpecifically astaxanthin and fucoxanthin, two high added val ue carotenoids, and by microal gal
phytosterols such as -sitosterol, campesterol and stigmasterol on several cell mechanisms
involved in the prevention of cardiometabolic diseases and cancers.

This review explains how these microalga molecules modulate cell signaling pathways
involved in carbohydrate and lipid metabolisms, inflammation, apoptosis, invasion and
metastasis. Xanthophylls and phytosterols are involved in the reduction of inflammatory
markers in relation with the regulation of the c-Jun N-terminal kinases and nuclear factor-
kappa B signaling pathways, and suppression of production of pro-inflammatory mediators.
Xanthophylls act on glucose and lipid metabolisms via both the upregulation of peroxisome
proliferator-activated receptors (PPARs) and glucose transporters and its effects on the
expression of enzymesinvolved in fatty acid synthesis and cholesterol metabolism. Their anti-
cancer effects are related to the induction of intrinsic apoptosis due to down-regulation of key
regulatory kinases. The anti-angiogenesis, anti-proliferative and anti-invasive effects are
correlated with decreased production of endothelial growth factors and of matrix
metall oproteinases.

Phytosterols have a major role on cholesterol absorption via modification of the activities of

Niemann-Pick C1 like 1 and ATP-binding cassette transporters and on cholesterol



26  edterification. Thelr action are also related with the modulation of PPARs and sterol
27  regulatory element-binding protein-1 activities.
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phosphate, EGR: early growth factor, EPS: exopalysarides, ERK: extracellular signal-
regulated kinase, FADD: Fas-associated protein dethd domain, FAS: fatty acid synthase,
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123 1. Introduction

124

125  For more than twenty five years, worldwide prodoctof oilseed crops — soybean, peanut,
126  rapeseed, sunflower, olive or coprah — has beereasig in order to answer the strong
127  population growth in many countries in which foott@ss is not easy, thereby resulting in
128 caloric deficits and therefore precarious healthtust [1]. Recently, there has been an
129 increased interest for the use of microalgae asswmuces of bioactive molecules for animal
130 and human nutrition, but also due to the growingrawess and search for healthier foods [2].
131  Microalgae are able to produce numerous bioactiyggehemicals which major compounds
132 are phycobiliproteins, polysaccharides, carotenaiadd lipids [3]. Other molecules such as
133  phenolic and sterolic compounds are also produgethibroalgae. All these molecules are
134  known to provide health benefits when they are @sefbod supplement for human nutrition.
135  For this use, molecules have to be extracted froeshf frozen, dried or freeze-dried
136  microalgal biomass. Several extraction technigqaeshe used such as mechanical treatments,
137  solvents, pressurized extraction, ultrasounds goiidectric field [4], resonance frequency [5]
138 and microwaves. With the exception of polar carot#s such as crocetin, carotenoids, as
139  hydrophobic pigments, are extracted with organilwesds such as acetone, diethyl ether,
140  ethanol and methanol [6]. Numerous studies hava beeducted to optimize these extraction
141  methods, by the use of combined methods with gemdvents. For example, in the green
142  microalga Chlorella vulgaris, it has been shown that the extraction of caratisneovas
143  enhanced by the use of a mixture of ethanol ance@witetrahydrofuran, a green solvent,
144  coupled with high temperature (110°C) [7]. Speaeillig for the extraction of astaxanthin, a
145  well-known bioactive carotenoid, it has been repdrin the red phaselaematococcus
146  pluvialis, that the use of acetone and ethanol, combineld mgchanical pre-treatment to

147  disrupt the hard double wall red cysts, was ablexivact around 90% of total astaxanthin
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avoiding any degradation [8]. In this microalga,h&s also been shown that the use of
different types of 1-ethyl-3-methylimidazolium-bds@nic liquids was efficient for cell
disruption [9], and supercritical carbon dioxidetragtion combined with temperature and
pressure was able to extract more than 98% of &stalxanthin [10]. For an overview of the
different techniques used for the extraction of noatgal hydrophobic molecules, see the
review by Mubaralet al [11].

One major interest for proposing microalgae as feadplement is that they are able to
provide a mixture of all these molecules, with apexted synergistic effect. Indeed, some of
these microalgal chemicals can be used to countdraanflammation and oxidative stress
that are associated with diseases such as cardidaasliseases, aging or cancer, notably due
to damages caused by reactive oxygen species (RAi)ds, proteins and nucleic acids. For
example, it is well-known that the blue photosytithepigment phycocyanin, a
phycobiliprotein produced by the cyanobactekighrospira sp., also calle@pirulina, has a
real potential in cholesterol metabolism regulataor in the inhibition of lipid peroxidation.
Recently, it has been shown that a phycocyanin eidhact fromSpirulina, protects against
fibrosis during nonalcoholic steatohepatitis, watlilecrease in superoxide anion, nitric oxide
(NO) and thiobarbituric reactive substances [12yvide diversity of polysaccharides (PS) are
produced by marine microalgae [13]. PS and exopolysarides (EPS) can be found also as
sulfated derivates (S-PS and S-EPS, respectivitlylas been reported that these different
molecular species produced by numerous cyanobaciad microalgae exhibit antiviral and
antibacterial activities [14]. PS and EPS, sulfatechot, have also been shown to have anti-
inflammatory and immunomodulatory properties, arttleo biological activities such as
antioxidant, free radical scavenging, anti-tumomd aagainst vascular muscle cell
proliferation. Finally, they have preventive projes of cardiovascular diseases (CVD), such

as anti-lipidemic, anti-glycemic, anti-coagulandaanti-thrombotic activities [13]. Phenolic



173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

compounds produced by microalgae accentuate thiaxédant properties. Indeed, numerous
microalgae are able to produce phenolic acids asctaffeic and chlorogenic acids, that, in
association with 13-cis-retinoic acid, are known tlave high antioxidant activity by
preventing lipid peroxidation [15].

In clinical studies, the use of whole microalgae fasd supplement have shown their
efficiency. Indeed, the use Blunaliella sp. (0.56-3 g/day) afforded an antioxidant protect
and counteracted diabetes and hyperlipidemia laital. The administration ofrthrospira

sp. in diabetes, dyslipidemia and ischemic heagalie patients led to significant decreases in
blood cholesterol, low density lipoproteins (LDL)cavery low density lipoproteins (VLDL),
triacyglycerols and lipid peroxidation (malondiahyele, MDA) levels with an improvement
in total antioxidant status [16]. In high fat-feats, it has been reported that the use of freeze-
dried Odontella aurita, a marine diatom, had a preventive role in dydepiia, oxidative
stress and platelet aggregation [17] with bettsulte than those observed with fish oil [18],
as earlier reported with the microalgzlorella pyrenoidosa [19]. In diabetic rats, the
microalga Isochrysis galbana has been reported to decrease blood levels ofosgguc
triacylglycerols and cholesterol [20].

To better understand the role played by microabgehpounds, the aim of this review will
focus on the effects of microalgal-derived molesukgpecifically carotenoids (Figure 1) and
phytosterols (Figure 2), regarding the regulatidnbmchemical mechanisms involved in
chronic diseases such as inflammation, cardiovasatiseases and cancer. Informations

concerning the ability of microalgae to producestheolecules will be also given.

2. Bioactive molecules synthesized by microalgae



197  Bioactive compounds are molecules that have funatiproperties for human health. Several
198  of these functional ingredients could be used wdfand pharmaceutical industries such as
199 carotenoids, sterols, polyphenols or polyunsatdrédady acids (PUFA). Microalgae have the
200 advantage to produce these compounds but alsomthlecules such as vitamins, enzymes or
201 PS that can also be used for commercial use. Mgabarimary metabolism, such as
202 described in diatoms, requires different subcelluleompartments as chloroplast,
203  peroxisomes, mitochondria and cytoplasm involvedthia Calvin-Benson cycle with the
204  synthesis of glyceraldehyde-3-phosphate, fatty agidation, the Krebs cycle and glycolysis
205 and neoglucogenesis, respectivgdl]. To produce all the molecules that can be used for
206 nutrition and health, the microalgal metabolismuiegp light as the essential energy source

207  but also water, C& and nutrients as nitrogen and phosphorus (Figure

208

209 2.1 Production of carotenoids by microalgae

210 The fat-soluble carotenoids are divided into careseand xanthophylls. Total carotenoids in
211 the different microalgae, range from 0.(&dhedesmus obliquus) to 291 mg/g dry weight
212  (Dunaliella salina). Carotenes are representedobyandf3-carotenesa-Carotene is present in
213 Chlorophyceae andCryptophyceae while B-carotene is present in all classes of microal§pe
214  In addition to carotene&hlorophytae (Chlorophyceae and Prasinophyceae) produce lutein
215 and siphonaxanthin as major xanthophylls, and mmgments or pigments limited to some
216  specific groups, as antheraxanthin, astaxanthintheaanthin, prasinoxanthin, neoxanthin,
217  violaxanthin, or/and zeaxanthi{22]. In addition top-carotene, theéBacillariophyceae and
218  Prymnesiophyceae groups produce mainly diadinoxanthin, diatoxantramd fucoxanthin
219 (Table 1). Concerning fucoxanthin, its productiondiatoms range from 0.07 to 26.6 mg/g

220 dry weight (the highest level being producedviallomonas sp.) compared to 2.19 mg/g dry

10
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weight in the haptophytésochrysis galbana, [6]. Astaxanthin is produced by the green

microalgaHaematococcus pluvialis when during its red phase can accumulate up t@b¥%

dry weight[23]. In Chlorella zofingiensis, another freshwater green microalga, it has been
shown that under stress conditions (high lightdiaace, salt stress and low nitrogen), the

content of astaxanthin can reach 5.32 to 6.02 miygveight of biomasg24].

2.2 Production of phytosterols by microalgae

Phytosterols are important structural componentsnembranes and are involved in the
regulation of membrane fluidity and permeabilithiey also act as hormonal precursors
involved in signal transductions in organisms [ZBjey are found in all microalgal species.
In microalgal oil extracts, the phytosterol conteas been reported as ranging from 7 to 34 g
per kg (0.7-3.4%) when issued frorsochrysis galbana, Nannochloropsis sp. and
Phaeodactylum tricornutum [26]. Recently, Diacronema lutheri (syn. Paviova lutheri),
Tetraselmis sp. andNannochloropsis sp. have been identified as the highest phytdstero
producers, with content ranging from 0.4% to 2.686weight biomass, and reaching 5.1%,
depending on nutrients, salinity and cultivationradion [27]. According to the results
reported by Volkman [28] in the gen@hlorella, a freshwater green alg&h|orophyceae),

the highest levels of sterols (expressed as pexgentf total sterols) are represented by
campesterol (23-31%) and by stigmasterol (56-72%o)the class of thdé°rasinophyceae,
campesterol range from 34 to 99% of total steroisTétraselmis sp. The haptophyte
(Prymnesiophyceae) Diacronema lutheri is characterized by levels @fsitosterol ranging
from 23 to 73% of total sterols and by levels ompasterol and stigmasterol about 16-18%
and 10-31%, respectively. In diatont3aillariophyceae), a large variety of sterols can be

found, depending on species. Indeed the didtbahassiosira pseudonana is characterized by

11
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268

100% of stigmasterol while irAsterionella glacialis, the level of 3-sitosterol is 95%.
Campesterol is mainly found in the diato@dontella aurita andChaetoceros sp. with levels
from 18 to 38% of total sterols. A summary of thaimclasses of microalgae producing
campesterol3-sitosterol and stigmasterol, is given in TableMore detailed information
concerning the main microalgal producers, are tegoin an exhaustive review written by

Volkman [29] and in Mimouneét al. [30].

2.3 Characteristics and synthesis of carotenoids

Carotenoids belong to the family of terpenoid commus and has more than 750 members
[31]. Carotenoids are represented by carotenes dhattrue hydrocarbons without any
substituent in their structure, and by xanthophwylisoxycarotenoids, that contain oxygen
atoms [32]. Carotenoids are C30-C50 molecules cheniaed by an extended network of
conjugated double bonds forming the chromophoreghwvlabsorbs visible light in the violet-
green region. A consequence of the presence ofleldadnds is the abundant number of
carotenoid isomers [33]. Thus, carotenoids may adeperal 3D-configurations that are
important for their biological properties. For iaste,cis-isomers of fucoxanthin have been
reported to be more efficient than alkns-isomers in human cancer lines [31]. Another
consequence of the extended network of conjugateflld bonds resides in their capacity to
act as antioxidants [31]. Although the carotendiceisity in microalgae is very large and in
many cases specific of taxa, in addition to theulagcarotenoids also found in land plants,
microalgae can produce molecular species with wnichemical structures [34]. It is out of
the scope of this review to describe here the wdiffe types of carotenoids present in
microalgae; therefore, for more information, readae directed towards excellent reviews on

that specific topic [34].
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Fucoxanthin (Figure 1A) is a carotenoid presenthie chloroplast of most of the algae
belonging to the Heterokonta. In the photosynthapparatus, fucoxanthin is associated to
pigments and has an essential role in photon aapourmphotosynthesis. Like any carotenoid,
fucoxanthin exhibits a polyene chain with a confedacarbonyl, an epoxide and a hydroxyl
groups. The presence of an allenic bond makestthetwe of fucoxanthin unique (Figure
1A). Altogether, these features confer to fucoxamghstrong antioxidant capacity as well as a
nonusual color for a carotenoid i.e. khaki color.

Astaxanthin (Figure 1B) is a ketocarotenoid accuatiod under stress conditions [35] in
several green microalgae [36], the most famous goelaematococcus pluvialis [37]. In
contrast to fucoxanthin and most of other carosioiastaxanthin accumulates in the
cytoplasm within lipid/carotenoid droplets. As fuemthin, astaxanthin exhibits a polyene
chain with an epoxide and a hydroxyl groups on eand cycle. The astaxanthin that
accumulates in microalgae is usually esterifiedhwhatty acids [38], which might be
interesting from the nutritional point of view [39Altogether, these features confer to
astaxanthin a very strong antioxidant capacityediaolor and a potential for nutrition. The
main characteristics of fucoxanthin and astaxanthith their microalgal location and role,
are reported in Table 2.

The first step in the carotenogenesis is the sgmhef isopentenyl pyrophosphate (IPP)
through the mevalonate (MVA) pathway or the 1-deB®xyylulose-5-phosphate (DOXP)
pathway, that will be converted into geranyl getapyrophosphate (GGPP) [40]. The
carotenoid synthesis requires a condensing enztmephytoene synthase, to produce the
condensation of two molecules of GGPP to yield pége [41]. From this molecule, all the
carotenoids will be synthesized, among whifhcarotene, astaxanthin, lutein and
xanthophylls as violaxanthin, diatoxanthin, andoftenthin through the xanthophyll cycles

[32].
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2.4 Characteristics and synthesis of phytosterols

Phytosterols are tetracyclic cyclopenta phenanghrstiuctures (ring A, B, C, and D)
associated with an aliphatic chain on the carbon(ring D) that can be analyzed by
chromatography techniques and detected with nursenoethods[42]. They are the end
products of isoprenoid synthesis, derived from IBRd dimethylallyl pyrophosphate
(DMAPP). Phytosterols are essential components embranes [43], controlling fluidity,
permeability or activities of membrane-bound enzyrivet]. In microalgae, there is a wide
range of structures due to the great diversity afroalgal classes, genera and species,
combined with a long evolutionary history of mosicroalgae [29]. Some sterols can be
restricted to few microalgal classes while otheeswaidespread. A large diversity of sterols
are found in microalgae. For a review, it can bescidted a very interesting work in this field
[29]. The aim of our review is to focus on some tplsterols that are known to have benefits
on human health. In this context, here will be pneéed some characteristics of stigmasterol,
[3-sitosterol, and campesterol (Table 2). All micgaed contain sterols dominated witl\a
double bond and no methyl group on C4. Stigmastanol3-sitosterol (Figure 2) are C29
sterols (C29:2 and C29:1, respectively), and teggtematic names are @4thylcholesta-
5,22E-dien-B-ol and 24-ethylcholest-5-en{3-ol, respectively. One of the characteristics of
C29 sterols is that they have a 24-ethyl substitudriie C28 sterols have a 24-methyl group.
Even if stigmasterol anfl-sitosterol are commonly associated with highentslathey can
also be found in numerous microalgal species ssctlidoms, chlorophytes, chrysophytes,
haptophytes and freshwater eustigmatophytes [4ding&sterol (Figure 2) is a C28 sterol
with one double bond (C28:1) and its systematic enas 24&-methylcholest-5-en{30l.

Campesterol is more specifically found in chlorojgsy{29].
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Two metabolic pathways are involved in their bidkgsis. The MVA pathway and the
methylerythritol phosphate (MEP) pathway [44]. Taristence of these two metabolic
pathways have been proved in numerous microaldgdeNcroalgal-derived phytosterols are
reported as 4-desmethfb-sterols, 4-desmethy7-sterols, 4-methyl-sterols and

dihydroxylated sterols [46].

In Figure 4 is reported a short view of the two coom metabolic pathways involved in the

synthesis of microalgal carotenoids and sterols.

3. Bioavailability and absorption of carotenoids and fnytosterols

3.1 Carotenoids

3.1.1 Bioavailability

The absorption of hydrophobic molecules as caratsnaeed different steps as follows:
release from food matrix, lipid emulsion, solukaliion into mixed micelles, uptake by
enterocytes and secretion into lymphatic systemh M@reover, the increase of diet fat seems
to enhance the absorption of carotenoids [48]. ©amd bioavailability depends on
numerous dietary factors such as the source, famttixnfood processing or lipid levels but
also depends on host-related factors, e.g. diselfgestyle habits age or genetic variations
[49]. It is difficult to compare bioavailabilitiesf carotenoids from different plant sources as
vegetables, fruits or microalgae because diffenenvivo andin vitro approaches have been
used, even if high correlations have been founds thtressing that estimatirig vitro

bioaccessibility (solubility/ micellarization) cape indicative of the amount available for
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uptake in the gastro-intestinal tract vivo [50]. Moreover, there is a lack of information
concerning microalgal sources. Nevertheless, be&ldivbe presented some reported results

with different plant sources.

According to the literature, more than 750 caroigispecies have been identified and only 40
are consumed, the most abundant bedrcarotene, lycopene, luteifd-cryptoxanthin,a-
carotene and zeaxanthin. Astaxanthin and cantaixaatd absorbed in subjects fed with diets
rich in sea food [49]. It has been reported thgetable and fruit carotene bioavailability was
ranged from 1.5 to 39%; concerning xanthophyllg thoavailability was of 4 to 59% [51].
Carotenoids from microalgae have also been reptooté@ bioavailable for nutrition studies.
Indeed, a study has been conducted in rats witls dientaining Spirulina platensis,
Haematococcus pluvialis or Botryococcus braunii, providing 200 pumol/L off3-carotene,
astaxanthin or lutein, respectively [52]. After Htays of diet, plasma levels of these
carotenoids range from 255 to 485 nmol/L, the hsghevel being obtained for astaxanthin,
probably due to astaxanthin esterification, whiem éncrease astaxanthin absorption [53].
Moreover, in a previous similar nutritional studywas also reported that the peak level of
individual carotenoids in plasma was observed 2rdaiter administration of microlagal

biomass [54].

3.1.2 Mechanisms of absorption

When carotenoids are released from the food matrey are incorporated into lipid droplets
and then in mixed micelles after action of pandedgiases and bile salts that are absorbed in
the enterocytes. For a long time, it has been thiotigat carotenoids were absorbed by
passive diffusion but recently it has been propoexirole of proteins involved in their

uptake but also in their secretion. Indeed, thekgbf carotenoids are captured by the apical

16



365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

membrane transporters as scavenger recefatss B type 1 (SR-B1), cluster of differentiation
36 (CD36) and Niemann-Pick Cl-like (NPC1L1) [55]. Carotenoids are transported by
lipoproteins with a specific accumulation [dicarotene in chylomicrons and very low density
lipoproteins (VLDL), while xanthophylls are moreesifically incorporated into LDL and
high density lipoproteins (HDL) [40] (Figure 5). 8lde liver, the main tissue target @f

carotene in which it will be accumulated is adiptissue [56].

3.2Phytosterols

3.2.1 Bioavailability

Campesterol3-sitosterol and stigmasterol are the most commagtogkerols, with a chemical
structure resembling cholesterol one. As humanrs adtl not synthesize them, phytosterol
levels and activities depend on plant origin dit][ In human serum, phytosterol levels are
hundred times lower than cholesterol ones, in gegaof 3-20 mg/L. This can be partially
explained by the fact that less than 10% of phgroé$ are absorbed by comparison with the
levels of absorbed cholesterol that are around (86-6§58]. However, due to the poor
solubility and bioavailability of free phytosterpl@ minimum intake of 2-3 g/days is
necessary for a cholesterol-lowering effect [27f. Various animal species, it has been
reported an absorption ranging from 0% in rabb4%oin rat; and in human subjects fed with

240 to 320 mg of sitosterol, the estimated absomptias from 1.5% to 5% [59].

3.2.2 Mechanisms of absorption
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Intestinal uptake of phytosterols takes place afteir incorporation into mixed micelles.

Then, sterols are released from the micelles aadsported into the enterocyte via the
NPC1L1 transporter [60]. Once incorporated, theogiigon is inhibited by ATP-binding

cassette (ABC) efflux transporters as ABCG5 and &BGhat are involved in the secretion
of phytosterols in the inter-intestinal lumen [6l].the enterocytes, contrary to cholesterol,
phytosterols are not esterified, resulting in a dowincorporation into the nascent
chylomicrons which enter the lymphatic system drehtblood circulation. Then, phytosterols
are taken up by liver in which there are metabdlizdowever, based upon a higher rate of
bile excretion of phytosterols compared to cholestehis can also explain the low serum

levels of these molecules [62].

4. Carotenoids and disease prevention

In microalgae,3-carotene, astaxanthin and fucoxanthin are amomeg ntlost interesting
compounds based upon their antioxidant functionsi10Ag the carotenoid$i-carotene is
responsible for the production of retinol and reitn acid, thus activating numerous
transcription factors such as retinoid X recepRXR) and peroxisome proliferator-activated
receptors (PPARSs), and hormone receptors [B6jitro andin vivo studies have reported that
[3-carotene was also involved in the reduction ofi@genesis through decreasing new formed
blood vessels and suppression of cell proliferatod migration. The expression of matrix
metalloproteinases (MMP)-2 and -9 was downregulataxd a decrease of the pro-
inflammatory cytokine levels has also been obsefé&]. Concerning diabetes, serysn
carotene levels have been reported to be inversetglated with levels of HbAlc that are

linked to impaired insulin sensitivity.
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In the following sections, only the effects of Xamphylls on biochemical mechanisms in
disease prevention and health benefits will beildetaand more specifically the role played
by astaxanthin and fucoxanthin, two microalgal hagtded value products. Indeed, these
molecules have been proposed to have benefits mamiealth through antioxidant activity,
hypolipidemic, anti-inflammatory and hypotensivéeets, and through the improvement of

endothelial function [64]. A summary of the rolex@nthophylls is given in Figure 6.

4.1 Metabolic disease prevention

Astaxanthin, one of the most important carotendids can be extracted from the microalga
Haematococcus pluvialis, has a real anti-hypertensive effect. This proteceffect has been
reported in SHR and Zucker rats with a systoliobdi@ressure lowering action [65] [66]. It
has been proposed that this effect could be metiageNO-related mechanisms and by the
activity of the renin-angiotensin system. Astaxamthas also been shown to have a great
potential in diabetes prevention and treatmentthi db/db mouse model, treatment with
astaxanthin induced a decrease of glucose tolenaitheattenuation of blood glucose levels
and serum insulin enhancement. Moreover, due tant®xidant properties, astaxanthin was
reported to help in the preservation of pancrefteell function [67]. In high fat diet-fed
mice, it has been shown that this xanthophyll wake @0 reduce ROS production, lipid
accumulation, and the hepatic expression of endoptareticulum stress and inflammatory
markers. These reductions have been related teeddi+Jun N-terminal kinase 1 (JNK1) and
nuclear factor-kappa B (NKkB) cell signaling pathways, leading to the conausihat
astaxanthin might be used as a treatment for msediistant patients [68]. This carotenoid has
also been shown to bind to PPARecrease glycemia and triglyceridemia and imps®arem

HDL-cholesterol and adiponectin levels, thus reésglin an anti-hyperglycemic effect [41].
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Still concerning the carbohydrate metabolism reguta the xanthophyll fucoxanthin, like
astaxanthin, has the ability to regulate glycenmd msulin levels in diabetic/obese mice but
it also upregulates the mRNA levels of the gluctvaasporter 4 protein (GLUT4), known to
be involved in the uptake of glucose. The trandlonaof GLUT4 from intracellular vesicles
to plasma membrane would result from the incregbedphorylation levels of protein kinase

B (Akt) and from the induction of PPARoactivator-ix [69].

Fucoxanthin is also recognized to have an antiigbastivity. Indeed, several mechanisms
are regulated by this carotenoid in relation witkigit loss and lipid metabolism. It has thus
been reported that fucoxanthin decreased the mRXphession of the fatty acid synthase
(FAS) and inhibited the adipocyte uptake of glucbgeeducing the phosphorylation of the
insulin receptor substrate 1 (IRS-1). Its anti-ofyeeffects would also be due to the
stimulation of the uncoupling protein-1 (UCP-1) eegsion in white adipose tissue.
Thermogenesis and lipolysis are increased by the-WGtimulation and also by the increased
MRNA expression of thB3-adrenergic receptor (Adrb3) [70]. This anti-obesiction is also
related to a decrease in plasma leptin levels aral down-regulation of the liver stearoyl-
CoA desaturase-1 (SCD1), a rate limiting step i $haturated and monounsaturated fatty
acids. This alteration of fatty acid compositionshdeen proposed to stem from leptin
signaling in mice [71]. This anti-obesity effectalso due to the action of fucoxanthin and its
derivates on lipid metabolism. Fucoxanthin has breported to regulate the hydroxyl methyl
glutaryl CoA (HMG-CoA), acyl-CoA cholesterol acwyirsferase (ACAT), lecithin-
cholesterol acyltransferase (LCAT) and carnitinémiyl-transferase (CPT-1) activities as

well as sterol regulatory element-binding protei(SREBP-1) [70].

4.2 Anti-cancer and anti-angiogenic activities
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The anti-cancer effects of astaxanthin have beadiext in numerous cancers in murine
models in which it has been reported a significamter occurrence of cancer, an anti-
proliferative activity, a reduction of metastasisluced by stress, and a reduction of weights
and sizes of tumors [41]. The pro-cell death effettastaxanthin could go through the
activation of a caspase-dependent mitochondriaptagpioc pathway; this would involve a
downregulation of the expression of anti-apoptptiateins (egBcl-2, p-Bad, and surviving),
and an upregulation of pro-apoptotic proteiBax andBad), with a release of cytochrome ¢
from mitochondria and cleavage of ADP-ribose polsase [72]. In oral cancer, astaxanthin
has been shown to inhibit invasion through a deaea the mRNA and protein levels of
overexpressed MMP-2 and -9, and through an incredséhe protein levels of their

endogenous inhibitors [73].

In relation with these observations, molecular ets@f astaxanthin have been proposed that
would explain its role in cancer prevention. Thetivation of the caspase-mediated
mitochondrial apoptotic pathway would be due to thieibition of the NFkB signaling
pathway and to the down-regulation of the key ratuly kinases, | kappa B kinase (IRK
and glycogen synthase kinagg-@GSK-33) [72]. The anti-proliferative and anti-angiogenic
effects of astaxanthin have been related to thibitidn of the JAK-2 (Janus kinase-2)/STAT-
3 (signal transducers and activators of transomp8) signaling with an inhibition of STAT-3
phosphorylation and its nuclear translocation legdo down-regulation of STAT-3 target
genes involved in cell proliferation (cyclin D1pviasion (MMP) and angiogenesis (vascular
endothelial growth factor (VEGF) and its receptdEGFR-2) [73]. Among the signaling
pathways regulating cell survival, the phosphoitidsi3-kinase PI3K/Akt has an important
role. Astaxanthin decreased the phosphorylatiofKoF to induce apoptosis. Other molecular

targets such as mitogen-activated protein kina$#&PKs), PPAR/ and nuclear factor
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erythroid-2 related factor 2 (Nrf-2) are regulateyl astaxanthin. For a detailed review see

Zhang and Wang [74].

Fucoxanthin seems to have a better anti-canceritgotompared with lycopeng-carotene

or astaxanthin. Indeed, in the human leukemia HicéDline, only fucoxanthin induced high
levels of DNA fragmentation. In this study, the fauts stated that the apoptosis induced by
fucoxanthin was related to the generation of RG%adihg to cytotoxicity involving the
cleavage of caspases-3 and -9 [75]. In prostateecanell lines, fucoxanthin and its
metabolite fucoxanthinol have been reported tobmhsell-growth rate [76] and to induce
apoptosis in prostate cancer PC-3 cells by actigattaspase-3 [77]. Fucoxanthin and
fucoxanthinol have also been reported to induckogele arrest in numerous human tumor
cell lines by modulating expression of various naales and signal transduction pathways
[78]. In osteosarcoma, they induceg €&ll cycle arrest by reducing the expression afiny
dependent kinases. In this bone tumor, fucoxarghohfucoxanthinol also induced apoptosis
with a reduced expression of survivin, an X-linkedibitor of apoptosis protein, and of the
anti-apoptotic gene8cl-2 and Bcl-xL. The resulting apoptosis is associated with caspas
activation and with an inhibition of the Akt pathyvaMigration and invasion inhibitions have
been associated with the reduced MMP-1 expressidrtlte activator protein-1 signal [79].
Studies reported in human umbilical vein endothele@ls (HUVEC) have demonstrated the
anti-angiogenic activity of fucoxanthin and fucos@nol. Indeed, it has been shown a
suppression of the growth of microvessels [80] amdwn-regulation of the fibroblast growth
factor-2 (FGF-2), its receptor FGFR-1 as well aghef factor of transcription early growth
response protein 1 (EGR-1). In this study, it Has &een shown that fucoxanthin hampered
the phosphorylation of signaling proteins suchxdsaeellular signal-regulated kinases (ERK)

and Akt [81].
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508 4.3 Anti-inflammatory activities

509 The anti-inflammatory effects of astaxanthin haeerbreported in numerous vitro andin
510 vivo studies on lipopolysaccharide (LPS)-induced inflaatory reactions, with suppression of
511 the production of NO, prostaglandin GE,, interleukin (IL)-13 and tumor necrosis factor
512 alpha (TNFe), and prevention of the expression of inductiblgimioxide synthase (iNOS)
513 and cyclooxygenase (COX)-2. All these results haeen related with the inhibition of the
514 NF-kB signaling pathway. The same results have beearodd in LPS-stimulated murine
515 macrophages, in which fucoxanthin was able to redecels of pro-inflammatory molecules
516 such as NO, PGE IL-1B3/6, TNF<, by the suppression of the MNB but also by the

517 inhibition of the MAPK pathways signaling [75].

518

519 4.4 Anti-oxidant activities

520 Astaxanthin scavenges free radicals and otherxad#ots to protect lipids from peroxidation.
521 It inhibits HO,-mediated activation of the transcription factor-KE that is involved in the
522  expression of heme oxygenase-1 (HO-1) and iNOS gatgagainst oxidative stress [82];
523  subsequently, the production of pro-inflammatortokines was blocked through the increase
524  of tyrosine phosphatase-1 expression [83]. In brthie use of astaxanthin has been reported
525 to protect from oxidative stress with a decreasaeell of MDA and NO and increased
526  activities of catalase and of superoxide dismu(&€§&D) and higher glutathione (GSH) levels
527 [84]. It also protects the steroidogenesis frondakive stress with a prevention in the down-
528 regulation of the steroidogenic acute regulatorgtgin (StAR), a protein involved in the
529 transport of cholesterol. Indeed, during oxidaswess, the protein kinase A (PKA) pathway
530 is attenuated, leading to the suppression of thgression of StAR; administration of

531 astaxanthin acts on the PKA pathway, thereby riegfdhe StAR expression [85].
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In vivo studies have shown that fucoxanthin exhibit andiamt activities through the increase
of catalase, SOD and glutathione peroxidase (GSHaetvities, as well as the plasmatic
expression of Nrf2 and NADPH quinone oxidoreductag®lQO1) [86]. The increased Nrf2
protein accumulation is accompanied by an enhanceaidRK, p38 phosphorylation and of

HO-1expression [87].

5. Phytosterols and disease prevention

5.1 Cholesterol-lowering activity and lipid metabolism

Phytosterols have been reported to interact wighctiolesterol absorption through inhibitory
mechanisms. Among suggested mechanisms, it haspgoeposed the release of cholesterol
from mixed micelles, the modification of the gemngpression of NPC1L1 and of ABCG5 and
ABCGS8 transporters, or the decrease of the intalstinolesterol esterification rate [88]. The
selective binding of sitosterol to the ABCG5 and @G®3 transporters involved in the
regulation of liver and intestinal sterol absorptand secretion, is related to blood cholesterol
lowering [89]. Microalgal phytosterols as campesitend [3-sitosterol are also involved in
cholesterol level decrease through the down-reigulaif hepatic HMG-CoA reductase and
the stimulation of the LDL-C receptors, thus fdatiing the removal of plasma cholesterol
[90]. Moreover,3-sitosterol has a competing activity with NPC1LL])[OLXRs are nuclear
receptors involved in the regulation of lipid methdém. Even if the main function of LXRs is
the regulation of cholesterol metabolism, theiivation inhibits inflammation, autoimmune
reactions and atherogenesis [92]. The treatmenhtektinal cells with phytosterols, like
campesterol anf-sitosterol, would lead to an increase in the esgion of LXR target genes,
suggesting a ligand action of these molecules oR4.)Specifically, phytosterols increase the

ABCAL expression and decrease cholesterol absarfA). In rat, it has been shown that the
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incorporation of3-sitosterol into liver membranes, decreased itslify while an increase in
liver desaturasesA@, A6 andA5 desaturases) was observed, probably as a conpegnsa

mechanism for the decreased fluidity [94] [57].

As phytosterols are supposed to be metabolizeleérsame way as cholesterol in intestinal
lumen, the effect of campest-5-en-3-one (campes®nan oxidized derivate of campesterol,
has been studied on lipid metabolism in rats. & b@en reported that campestenone increased
the activities and mMRNA expressions of enzymeslireain liver-oxidation; it also reduced
visceral fat weight, triacylglycerol and cholestelevels in serum and liver, as well as the
activities and mRNA expression of enzymes involvedatty acid synthesis [95]. In this
study, it has also been reported an activationuoidn PPAR and a decreased mRNA level
of SREBP-1. All these results are in favor of afe&fof dietary campesterol and its oxidized

derivate to prevent CVD by improving obesity andlghidemia.

In human pancreatic islet and in the INS-1 insuhaocell line, the use of stigmasterol
prevents the increase of both cholesterol and R®&d induced by glucolipotoxicity. In this
study, stigmasterol has been shown to decrease cne&esterol levels resulting from
glucolipotoxicity, with a real potential to protgeancreatic cells during diabetes progression

[96].

Recently, in mice fed high-fat western-style diehas been reported that stigmasterol gnd
sitosterol were able to attenuate the nonalcoHality liver disease (NAFLD) and to alter
lipid metabolism. Administered at a dose correspamtb what is suggested for human, it has
been shown an amelioration of high fat diet-indué&atly liver, including liver total lipid,
triacylgycerol and cholesterol levels. Moreoverthbphytosterols were able to decrease the
intestinal bile acid levels. Analyses of gene egpi@ns have shown a prevention of the

decreased mRNA expression of HMG-CoA reductasavier Iby both phytosterols. Only
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stigmasterol was reported to suppress lipogenefased genes such as SCD1 and FAS, while
both increased the expression of PRARNd CD36. The hepatic expressions of the

cytochrome P450s CYP7A1, CYP8B1 and CYP27A1 wege imicreased [35].

5.2 Anti-inflammatory activities

Ergosterol and peroxide-derived ergosterol fromradtga such af€hlorella vulgaris and
Dunaliella tertiolecta have been shown to reduce the LPS-induced inflaompnaiesponse
through the reduction of pro-inflammatory cytokin@dNF-a, IL-6, IL-10) [98]. B-sitosterol,
has been shown to have anti-inflammatory activitynurine macrophages. Indeed, treatment
with this phytosterol inhibited both the STAT1 paty and the translocation of NéB, two
pro-inflammatory signal transduction pathways, Wwhigere supposed to be mediated by the
activation of the tyrosine phosphatase SHP-1 [S8masterol has been described to have
anti-osteoarthritic properties with inhibition ofrgpinflammatory and matrix degradation
mediators involved in cartilage degradation in paat the NFkB pathway [100]. In LPS-
induced innate immune responses in mice, stign@sters also been reported to decrease

fever response, lung inflammation, transaminaseites and liver damages [101].

5.3 Anti-cancer activities

Numerous studies have reported that phytosterdidb#bioactivities against tumours. Thus,
stigmasterol isolated from the microalgavicula incerta induces toxicity in HepG2 cells and
triggers apoptosis via up-regulationBdx and down-regulation dcl-2 [102]. 3-sitosterol is
also involved in the increase of tBax/Bcl-2 ratio and in the activation of caspase-3, thus

enhancing apoptosis and inhibiting proliferatiorhibiman leukemic cells [103n MDA-MB-
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231 cells, this phytosterol has been shown to ihi#O/G1 cell cycle associated with
induction of apoptosis. The use @-sitosterol indeed induced the depolarization of
mitochondrial membrane potential and also incredlseBax/Bcl-2 ratio in this human breast
cancer line [104]. The Fas/CD95 apoptotic pathwayuman breast cancer has also been
suggested to be affected Bysitosterol. Indeed, its incorporation in cell meares induced
an increase in Fas protein levels, and caspasén8tygcresulting in an inhibition of tumor

cell growth [105].

As shown in macrophages, another mechanism of iecancer activity of phytosterols
might occur through the increase of antioxidantyemzs, like the manganese SOD and the
GSH-Px, resulting in a protection of cells from daya caused by ROS and depending on the

estrogen/PI3K pathway [106].

As phospholipids interact with cholesterol in cetiembranes, the incorporation of
phytosterols into membranes could modify their gttite and thus cell signaling [107].
Indeed, lipid rafts, where sterols are highly comicgted, regulate phosphorylation chain
reactions, and the incorporation of phytosterolghhniead to beneficial changes in signal
transduction [108]. To explain the role @fsitosterol on the inhibition of tumor growth, the
signaling pathways involving the protein kinaseRKC) and sphingomyelin cycle have been
investigatedln vivo andin vitro studies did not report any effect @fsitosterol on the PKC
pathway and on the phospholipase C activity. Howetlee in vitro studies showed an
activation of the sphingomyelin cycle, in cells plgmented witl3-sitosterol, resulting in an
increased production of ceramide, a major cell sdanessenger promoting cell cycle arrest
and apoptosis [57]n vitro studies have further shown the roleBeditosterol in the reduction

of sphingomyelin levels via the activation of sgiomyelinase leading to an increase Iin
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ceramide [109]. A summary of the role of the maircroalgal phytosterols is reported in

Figure 6.

6. Conclusion

The results reported in this review explain how nwédégae could be promising food
supplement for health and disease prevention. Thelevcell can be used in nutrition to
provide a mixture of molecules that possess préxentffects towards several chronic
diseases; on the other hand, extracted moleculdd atso be proposed for targeting specific
effects. In this review, the effects of microalga8 PUFA have not been discussed but their
high amounts contained in microalgae help in theciehcy of these microorganisms in
cardiometabolic disease prevention and anti-tumatvities. Fish oils provide high levels of
w3 PUFA but the advantage of microalgae is that thksp provide molecules such as
carotenoids and sterols that have obvious heatieflotal effects. At present, few microalgae
can be used in human nutrition because cytotoxitsts must be conducted prior to
agreement by food authorities. However, as empedsiz this review, extracted molecules
might be directly used for nutrition in order ta apecifically on cell signaling pathways and

thus, might be considered not only as preventianegbut also as therapeutic agents.
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Figure 1. Chemical structures of the main high adde value bioactive xanthophylls
produced by microalgae.

A: fucoxanthin, B: astaxanthin

Figure 2. Chemical structures of bioactive phytost®ls produced by microalgae.

A: stigmasterol, Bf-sitosterol, C: campesterol

Figure 3. Synthesis of bioactive compounds by micatgae.
CH: chloroplast, CW: cell wall, ER: endoplasmic icetum, LD: lipid droplet, MT:

mitochondria, N, nucleus.

Figure 4. Common metabolic pathways of microalgal arotenoid and sterol syntheses
[32] [45] [110].

DMAPP: dimethylallyl pyrophosphate, DOXP / MEP: &exy-D-xylulose-5-phosphate /
methylerythrol phosphate, GGPP: geranyl geranyl oplyosphate, IPP: isopentenyl

pyrophosphate, MVA: mevalonate.

Figure 5. Intestinal uptake and secretion pathway®f carotenoids and phytosterold55]
[88] [111][112].

ABC: ATP-binding cassette, ACAT2: acyl-coenzyme Wolesterol acyltransferase 2, ApoB-
48: apolipoprotein B48, CD36: cluster of differetitbn 36, FA: fatty acid, HDL: high density
lipoprotein, LXR: liver X receptor, MTP: mitochondt transfer protein, NPC1L1: Niemann-
Pick C1-like 1, PS-E: esterified phytosterol, SR-Bdavenger receptor class B type 1, TAG:

triacylglycerol.
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Figure 6. The roles of microalgal xanthophylls andphytosterols in the regulation of
biochemical parameters involved in chronic diseases

ABC: ATP-binding cassette, Akt: protein kinase BDXC cyclooxygenase, CYP: cytochrome
P450, EGR: early growth factor, ERK: extracelluagnal-regulated kinase, FAS: fatty acid
synthase, FGF: fibroblast growth factor, FGFR: dlidast growth factor receptor, GLUT:
glucose transporter protein, GSH-Px: glutathionexidase, HO: heme oxygenase, IKK: |
kappa B kinase, IL: interleukin, INOS: inductiblérit oxide synthase, IRS: insulin receptor
substrate, JAK: Janus kinase, JNK: c-Jun N-terminadse, LXR: liver X receptor, MMP:
matrix metalloproteinase, NKB: nuclear factor-kappa B, NO: nitric oxide, NPC1iL1
Niemann-Pick C1 like 1, NQO: NADPH quinone oxidanethse, Nrf2: nuclear factor
erythroid-2 related factor 2, PI3K: phosphoinogtRikinase, PPAR: peroxisome proliferator-
activated receptor, SCD: stearoyl CoA desaturaB®BF: sterol regulatory element-binding
protein, SOD: superoxide dismutase, STAT: sigrahsducer and activator of transcription,
TNF: tumor necrosis factor, VEGF: vascular endatheajrowth factor, VEGFR: vascular

endothelial growth factor receptor.
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Tablel.

Main microalgal producersof carotenoids and selected phytosterols|[6,22,28,31].

Results are expressed in mg of total carotenoids per g dry weight of microalgal biomass * and

in percentage of total sterols**. Main accessory carotenoids in bold.

Classes Carotenoids Contents*  Activitiesin
human health
Chlorophyceae a-, B-, y-carotenes, lutein 0.02-291 Anti-cancer
Prasinophyceae siphonaxanthin, siphonein, Anti-inflammatory
antheraxanthin, astaxanthin, Anti-oxidant
canthaxanthin, prasinoxanthin, Anti-obesity
neoxanthin, violaxanthin, Cardiovascular
zeaxanthin
Bacillariophyceae  B-carotene, fucoxanthin 0.11-26.6
Prymnesiophyceae  djatoxanthin, diadinoxanthin
cantaxanthin
Classes Phytosterol Contents**  Activitiesin
human health
Campesterol
Chlorophyceae 2-48 Anti-angiogenic
Prasinophyceae 34-99 Anti-cancer
Anti-oxidant
Bacillariophyceae 1-39 Cholesterol-lowering
Prymnesiophyceae 6-18
[3-Sitosterol
Chlorophyceae 1-33 Analgesic activity
Prasinophyceae - Anti-cancer
Anti-inflammatory
Bacillariophyceae 1-95 Anti-mutagenic
Prymnesiophyceae 1-73
Stigmasterol
Chlorophyceae 19-72 Anti-cancer
Prasinophyceae - Anti-oxidant
Cholesterol-lowering
Bacillariophyceae 1-100 Hypoglycaemic
Prymnesiophyceae 10-47




Table 2.

Main characteristics of selected bioactive moleculesin microalgae [6,25,29,42,43].

Carotenoids Chemical Color Detection L ocation Role
structure Spectrophotometry
(nm)
Astaxanthin  C4Hs5,0s4 Red 472 (methanal) Cytoplasm Photosynthetic
466 (hexane) Lipiddroplets  apparatus
485 (chloroform)
Fucoxanthin  C4HssOs  Orange 449 (acetone) Chloroplast Photosynthetic
453 (petroleum ether) apparatus
Phytosterols Chemical Systematic Detection L ocation Role
structure name Chromatography
(al sterols)
Campesterol  CygHys0 240-methylcholest  Flame ionization Membranes Fluidity / Permability
-5-en-3p-ol detection Brassinosteroid synthesis
M ass spectrometry
B-Sitosterol CoHs500 24B-ethylcholest U_V 208 nm ' Membranes Fluidity / Permeability
-5-en-3p-ol Diode array detection Membrane-bound enzyme effector
Evaporative light
Stigmasterol  CyoH4s0 24a-ethylcholesta-  scattering detection Membranes Fluidity / Permeability

5,22E-dien-3p3-ol

Membrane-bound enzyme effector
Cdll proliferation
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Highlights

* Microalgae produce high added value molecules involved in human health and disease
prevention

* Microalga xantophylls and phytosterols regulate cell signaling pathways involved in
chronic disease

e Astaxanthin and fucoxanthin exhibit anti-oxidant, hypolipidemic, anti-inflammatory
and anti-tumoral activities

* Microalga sterols regulate cholesterol and lipid metabolisms and possess anti-cancer

activities



