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1. Uvod

Ocean pokryva vice nez 70 % zemského povrchu
a skryva v sobé neuvéfitelnou biodiverzitu, pticemz fasy
patii mezi jedny z nejvice prozkoumanych motskych orga-
nismii'. Krom& mote se fasy vyskytuji také ve sladkych
vodach, v pudé ¢i v symbidze s zivoCichy nebo rostlina-
mi’. Rasy jsou fazeny do nékolika odlignych ¥i&i. Do spo-
leénych charakteristik patii skute¢nosti, ze si béhem evolu-
ce opattily chloroplast, ziskaly schopnost fotosyntézy,
a tak predstavuji v potravnich fetézcich primarni produ-
centy. Jelikoz se jedna o velmi nepifibuzné skupiny orga-
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nismi, vyznacuji se nevidanou variabilitou, co se tyce
slozeni a organizace bunék i jejich mnohobunécnych
stélek’. Rasy mohou byt rozdéleny na zaklads velikosti na
mikrofasy o velikosti n€kolika mikrometri a makrofasy
dosahujici az 60 metri (cit.?). Dnes jiz zastaralé, aviak pro
svou jednoduchost stale pouzivané ¢lenéni fas, je zalozeno
na obsazenych pigmentech, podle kterych rozeznavame
fasy zelené, Cervené, hnédé a dale pak sinice, které jsou
vSak prokaryotického piivodu. Navzdory faktu, Ze sinice
nepatii mezi fasy (jsou piibuzné bakteriim), jsou obvykle
zahrnovéany v publikacich tykajicich se fas®*. Velmi zjed-
nodusené lze fict, Ze mikrofasy jsou pfitomny témét ve
a Amoebozoa. Mezi makrofasy patfi hnédé chaluhy
(Phaeophyceae z tise SAR) a dale pak Cervené ruduchy
(Rhodophyta) a  zelené makrotasy (Ulvophyceae
a Charophyceae), které vSak jsou vzhledem ke své prislus-
nosti k #isi Archaeplastida piibuzngjsi rostlinam®. Motské
fasy se musely pfizplsobit nepfiznivym podminkam, na-
priklad kolisajici osmolarité, teploté, intenzité slune¢niho
zateni a dostupnosti zivin. Pravé diky témto faktorim jsou
moiské fasy stimulovany k produkci sekundérnich meta-
bolitli s jedine¢nou chemickou strukturou a vyjimecnou
biologickou aktivitou’. Nékteré z téchto metabolitii jsou
halogenovany, coz mé souvislost s dostupnosti chlorido-
vych, bromidovych a jodidovych iontli v moiské vod&’.
Sulfatace polysacharidll je dal$im adaptacnim mechanis-
mem moftskych fas na zvySenou salinitu moiského prostie-
di’. Tyto specifické modifikace jsou &asto zodpovédné za
biologickou aktivitu téchto latek nebo ji alespori modifi-
kuji®®”?,

Rasy samotné nebo jejich metabolity nachazeji vyuzi-
ti ve vSech odvétvich biotechnologii. Vyuzivaji se napii-
klad pfi bioremediaci odpadnich vod nebo jako krmivo,
hnojivo a biostimulator v zemedglstvi>'®!". Diky vybor-
nym nutricnim  vlastnostem  jsou fasy sbirany
a konzumovany uz cela tisicileti. V posledni dobé¢ se tento
trend celosvétové rozsifil a fasy jsou hojné pouzivany
v potravinaiském primyslu. Vzhledem k ztenCujicim se
zasobam fosilnich paliv a zvySujici se spotiebé energie
jsou fasy také slibnym zdrojem biomasy pro produkei bio-
paliv’. Oviem nejcennéjsimi produkty fas jsou rozliéné
biologicky aktivni latky, kam nalezi celda fada sloucenin
lisicich se strukturou i biologickou aktivitou (obr. 1). Patfi
mezi n¢ napriklad sulfatované polysacharidy, mastné kyse-
liny, terpenoidy, pigmenty, fenolické latky a halogenované
slouceniny. U téchto slouc¢enin byly mimo jiné prokazany
antibakterialni, antivirové, protirakovinné, antioxidacni,
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nomodulaéni a neuroprotektivni u¢inky'®'?. Na produkci
téchto cennych metabolitli ma velky vliv i zptsob kultiva-
ce fas, nebot’ za normalnich podminek je obsah téchto
latek velmi nizky a k jejich akumulaci dochézi az po in-
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PRIME VYUZITi
potravina k primé spotrebé
krmivo pro hospodaiska zvirata
dopliiky stravy
fykoremediace

PRUMYSLOVE VYUZITI
zemédélstvi
hnojiva a biostimulanty
potravinarsky primysl|

pigmenty
ztuzovadla a Zelirovaci latky
emulgatory a stabilizatory
kosmeticky pramysl
zvlhcovace
bioaktivni slozky
bioplasty a biopaliva

VYUZITi BIOAKTIVNICH
SLOUCENIN
protinadorovy U¢inek
antioxidacni U¢inek
antivirotika
antibakterialni Gcinek
imunomodulacni ucinek
antinociceptivni uc¢inek
|&é€ba obezity a diabetu
fungicidni ucinek
fotoprotektivni Gcinek

Obr. 1. Pfehled vyuziti Fas a jejich produkti v riznych biotechnologickych odvétvich

dukci stresovymi faktory, jako jsou nadmérné osvétleni,
vysoka teplota, deprivace Zivin &i UV zafeni'’. Rasy mo-
hou byt kultivovany v otevienych systémech nebo uzavie-
nych fotobioreaktorech v zavislosti na poZadavcich na
vystupni produkt'®.

Tento ¢lanek predstavuje zékladni pfehled biologicky
aktivnich latek pfitomnych v motskych tfasach a sinicich,
ato jak zhlediska struktury a biologickych aktivit, tak
i jejich realného vyuziti.

2. Polysacharidy

Motské fasy obsahuji velké mnozstvi polysacharidd,
jez slouzi jako stavebni prvky bunécné stény a také jako
zasoba energie. Krom¢ dobfe znamych strukturnich poly-
sacharidii (celulosa, hemicelulosa atd.) obsahuji moiské
fasy i druhové specifické polysacharidy, které jsou ve vét-
$in¢ pripadt sulfatované. Obsah a slozeni polysacharidi je
znaéné variabilni v zavislosti na druhu, vyvojové fazi,
lokalizaci a roénim obdobi'>'®. Z ekonomického hlediska
polysacharidy ptedstavuji nejvyznamnéjsi produkty z fas,
a to diky hojnému vyuziti v potravinafském a zemeé-
délském primyslu. V kosmetickém a farmaceutickém
prumyslu nachézeji uplatnéni zejména sulfatované polysa-
charidy, které jsou zndmé pro své rozmanité biologické
ucinky, vcetné antioxidacni, antivirové, imunomodulacni,
antimikrobialni a protirakovinné aktivity'®'>'7,
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2.1. Polysacharidy chaluh (hnédych tas) — alginaty,
fukoidany, laminariny

Alginaty jsou linearni kopolymery B-D-manuronové
a a-L-guluronové kyseliny spojené (1,4)-glykosidovou
vazbou'®. Pomér B-p-manuronovych a a-L-guluronovych
kyselin a jejich uspofadani v ramci tohoto fykokoloidu
uréuje jeho fyzikaln&-chemické vlastnosti'®. Diky schop-
nosti vytvaret termostabilni gely a zvySovat viskozitu roz-
toku se alginaty vyuzivaji v potravinafském pramyslu
zejména jako zahustovadla, zelirujici latky, emulgatory ¢i
stabilizatory. Dale nalezly uplatnéni v kosmetic-
kém, textilnim, papirenském, zeméd€lském a farmaceu-
tickém prumyslu. Biomaterialy na bazi alginatd se vyuzi-
vaji k regeneraci srdeéni tkané, kryti ran ¢i jako vypliiovy
material estetické mediciny'®.

Fukoidany jsou heteropolymery fukosy, pficemz vice
jak 90 % polysacharidu tvofi a-L-fukosa. Zbylych 10 %
tvoii zejména galaktosa, arabinosa, xylosa, rthamnosa ¢i
uronové kyseliny a jsou soucasti vétveni. Rozlisujeme dva
typy polysacharidové kostry fukoidanu, prvni obsahuje
pouze o-L-fukosy spojené (1,3)-glykosidovou vazbou,
zatimco u druhého typu se stfida (1,3) a (1,4)-glykosidova
vazba'®. A¢koliv u t&chto polymeri byla popséana cel4 fada
biologickych aktivit a vhodnych vlastnosti pro tkanové
inzenyrstvi Ci cileny transport 1éCiv, jejich neuvéfitelna
variabilita pfedstavuje velky problém pro primyslové vyu-
7iti'"™'"”. Bylo zjiténo, Ze nizkid molekulovd hmotnost
a vysoky stupen sulfatace maji pozitivni vliv na potlaceni
rakovinného bujeni®”. Mechanismus protirakovinnych
ucinki neni jesté kompletné popsan, nicméné byla proka-
zana inhibice angiogeneze, prevence tvorby metastaz Ci

stimulace imunitniho systému®'®.
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Laminariny jsou nizkomolekularni zasobni polysa-
charidy vyskytujici se zejména v rodech Ecklonia, Eisenia,
Saccharina a Laminaria. Strukturné se jedna o B-(1,3)-
-glukany s moznym fB-(1,6) vétvenim a nizkym obsahem
uronovych kyselin'®. Vyzkum téchto polysacharidii se
soustied’'uje na nejrizngjsi strukturni modifikace, které
zlepSuji jejich fyzikalné-chemické a mechanické vlastnosti
a biologické ucinky. Modifikované laminariny, naptiklad
methakrylovany laminarin, se vyuzivaji v tkafiovém inZe-
nyrstvi ve vyvoji hydrogeli urychlujicich hojeni'>*..

2.2. Polysacharidy ruduch (¢ervenych fas) —
karagenany, agar

Karagenany jsou linearni sulfatované polysacharidy
tvofené opakujicimi se jednotkami disacharidu sestavajici-
ho z B-p-galaktosy vazané bud’ na a-p-galaktosu nebo na
3,6-anhydro-o-D-galaktosu pomoci stfidajicich se (1,3)
a (1,4)-glykosidovych vazeb. Na zéklad¢ stupné sulfatace
rozliSuyjeme A, k, 1, € a p karagenany, pfiCemz
z komeréniho hlediska jsou nejvyznamngjsi «, A a 1 (cit.??).
Jejich vyskyt a zastoupeni se 1i§i v jednotlivych druzich
tas, nékdy dokonce v jednotlivych vyvojovych stadiich.
Karagenany jsou rozpustné ve vodnych roztocich o vyso-
kém pH, ve kterych vytvari termoreverzibilni gely (1 a x)
nebo viskézni roztoky (A). Diky svym fyzikalné-
chemickym vlastnostem nachazeji uplatnéni zejména
v potravinaiském primyslu, ve kterém se vyuzivaji jako
stabilizatory nebo Zelirovaci latky. Déle jsou soucasti zub-
nich past, gelovych osvézovact vzduchu ¢i krmiv a mohou
byt vyuzity k imobilizaci bunk nebo enzymi'®. Karagena-
ny se také vyuZzivaji k vyvolani akutni zanétlivé reakce
u laboratornich zvitat'"®. Carragelose®™ (1 karagenan ve spre-
ji) pfedstavuje prozatim jediny lécivy piipravek na trhu
s antivirovymi t&inky izolovany z fas>.

Agar je posledni ze tfi hlavnich fykokoloidi
z motskych tas. Jedna se o smés agarosy a agaropektinu,
ktera se ziskava zejména z rodu Gracilaria a Gelidium.
U obou polysacharidt je zakladni strukturni jednotka tvo-
fena z -D-galaktosy a 3,6-anhydro-a-L-galaktosy. Zatim-
co agarosa je neutralni linearni kopolymer schopny vytva-
fet tuhy gel, agaropektin je nabity a vétveny polymer, kte-
ry gel netvofi. V porovnani s ostatnimi fykokoloidy nevy-
zaduje agar pro tvorbu gelu pfitomnost kationtti a diky
niz§imu stupni sulfatace ma vznikly gel vétsi pevnost
avy$si teplotu tani nez karagenan'®. Hojné se vyuZiva
v potravinaiském primyslu jako stabilizator, emulgator ¢i
ztuzovadlo a v kosmetickém primyslu jako zvlhcovaci
slozka. V biotechnologii je agar soucasti zivnych pud
a agarosa se pouziva k elektroforetické separaci nukleo-
vych kyselin nebo jako stacionarni faze u chromatografic-
kych technik'’. Za poviimnuti také stoji mozné vyuziti
modifikovaného agaru jako biodegradabilniho obalového
materialu'®.

2.3. Polysacharidy zelenych fas — ulvany

Nejcast€jsimi stavebnimi prvky ulvanu jsou bud’ B-b-
glukuronova kyselina nebo o-L-iduronova kyselina nava-
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zand na o-L-thamnosu-3-sulfat (1,4)-glykosidovou vazbou.
Tyto polysacharidy maji unikatni komplexni mechanismus
tvorby termostabilnich gelii, ktery doposud nebyl presné
popsan a je ovlivnén pH, teplotou a pfitomnosti bivalent-
nich iontdl & kyseliny borité¢">. Ulvany jsou strukturné
podobné savéim glykosaminoglykaniim a tudiZ je u nich
velka pravdépodobnost celé fady biologickych ucinka.
Velmi slibnou aplikaci ulvanu je vyroba vakcin, nebot
jeho pridavek do vakcin zvySuje ucinnost ockovéani az
0100 % (cit.'®). Dalsi vyuziti nachazi v zem&délstvi diky
schopnosti aktivovat rostlinné obranné mechanismy induk-
ci signalni drahy kyseliny jasmonové, kterd predstavuje
Géinny fytohormon®.

3. Lipidy

Rasy jsou bohatym zdrojem lipidfi, pfi¢em? nejhojngji
jsou zastoupeny membranové lipidy, ale nalezneme v nich
i dalsi skupiny lipidt jako naptiklad terpenoidy, sfingolipi-
dy, steroly ¢i pigmenty. Dale fasy obsahuji celou fadu
netradi¢nich lipidd, jako napfiklad halogenované mastné
kyseliny ¢i fosfatidylsulfocholin, které jsou vétSinou dru-
hové specifické”. Z hlediska vyuziti biologicky aktivnich
latek jsou nejzajimavéjsi terpenoidy a polynenasycené
mastné kyseliny'.

3.1. Polynenasycené mastné kyseliny

Polynenasycené mastné kyseliny (PUFA), konkrétné
®-3 a -6 PUFA, jsou pro ¢lovéka a fadu dalSich organis-
mit esencialni, a tudiz musi byt pfijimany v potravé. Primarni-
mi zastupci t€chto skupin je kyselina linolova (18:2n-6)
a linolenova (18:3n-3), které mohou byt v lidském téle
dale pfeménény pomoci desaturas a elongas na kyselinu
arachidonovou (20:4n-6), eikosapentaenovou (20:5n-3) ¢i
dokosahexaenovou (22:6n-3) (cit.?®). PUFA s dlouhymi
tetézei (20-22 C) jsou prekurzory fady signalnich molekul
zvanych eikosanoidy?’. Velmi zjednodu$ené je mozné fict,
ze signalni molekuly vychazejici z w-6 PUFA maji proza-
nétlivé ucinky, zatimco z -3 PUFA protizanétlivé u¢in-
ky*. Avsak nejnovéjsi studie naznacuji, Ze tato pfeména je
znacné limitovand, a proto je nezbytné PUFA s dlouhymi
fetézci také piijimat z potravy. Nedostatek ¢i nespravny
pomér PUFA muzZe vést k celé fadé zavaznych onemocné-
ni zejména chronického zanétlivého pivodu, kam se fadi
naptiklad artritida, kardiovaskularni, neurodegenerativni ¢i
autoimunitni onemocnéni’. Doposud byly hlavnimi zdroji
PUFA v potravé rybi tuky, av§ak primarnimi producenty
téchto mastnych kyselin jsou fasy (pfedevs§im motské mi-
kroskopické tasy rodu Nannochloropsis), které rybi tuk
s nejvetsi pravdépodobnosti v budoucnu kompletné nahra-
di*®. Zavérem jesté dodejme, e -3 PUFA jsou hlavni
slozkou membrany neurontl, a tudiz jsou nezbytné pro
spravny vyvoj mozku. Z tohoto divodu jsou posledni de-
setileti ®-3 PUFA izolované z tuku mofskych ryb soucasti
umélé vyzivy novorozenct a v posledni dob¢ zacinaji byt
nahrazovany w-3 PUFA z moiskych fas®’.
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3.2. Terpenoidy

Terpenoidy piredstavuji jednu z nepocetnéjsich a nej-
rozmanitéjSich skupin pfirodnich produktdl, pfi¢emz do
dne$niho dne bylo izolovdno vice nez 70 000 riznych
terpenoidd®. Nalezneme je ve viech organismech, zejmé-
na vsak v rostlinach, nebot’ jsou nedilnou soucasti elektro-
nového transportniho fetézce, bunéénych membran, svét-
losbérnych systémi a ucastni se fady obrannych reakci®.
Na zékladé poctu isoprenovych jednotek se déli na hemi-
terpeny (CS5), monoterpeny (C10), seskviterpeny (C15),
diterpeny (C20), triterpeny (C30), tetraterpeny (C40)
a polyterpeny s jeSt¢ vyS$§im poctem isoprenovych jedno-
tek'”. Prekurzory terpenoidi jsou syntetizovany bud’ dobie
znamou mevalonovou drdhou nebo 2-C-methyl-D-
-erythritol-4-fosfatovou drahou, ktera je hlavnim zdrojem
terpenoidii pravé u fas®®. V dnesni dobé terpenoidy tvori
60-75 % léciv vyuzivanych k 1é¢bé infek¢nich onemocné-
ni a rakoviny, a to diky hojnym biologickym funkcim,
mezi néZ patfi antimalarické, protirakovinné, antibiotické,

tektivni uginky'?. Rada t&chto G&inkt vychazi z inhibice
NF-kB signalizace. Ackoliv jsou fasy dobrym zdrojem
terpenoidil, vétSina biologicky aktivnich latek na trhu po-
chazi z vysich rostlin®'. Piestoze u terpenoidi izolova-
nych zfas (zejména ruduch, ale i chaluh a zelenych fas)
a piipadn¢ sinic byly prokazany stejné biologické ucinky
analezeme zde fadu strukturné unikatnich terpenoidd,
vétsina studii je soustiedéna spiSe na vyuziti fas jako systé-

mi pro rekombinantni produkci rostlinnych terpenoi-
dﬁ12,29‘

4. Pigmenty

V fasach nalezneme Siroké spektrum pigmentt, které
jim proptjéuji jejich specifické zbarveni. Patii mezi né
chlorofyly, karotenoidy, fykobiliproteiny a scytonemin®”.
Potravinatsky, kosmeticky a textilni primysl pomalu na-
hrazuje synteticka barviva, ktera mohou mit skodlivé Gcin-
ky jak na lidské zdravi, tak i na zivotni prostfedi, pfirodni-
mi barvivy. Pigmenty z fas ptedstavuji udrzitelny zdroj
pfirodnich barviv, ktera jsou na rozdil od syntetickych
barviv zdravi prosp&sna®. Déle diky hojnym biologickym
ucinkim (za zminku stoji zejména velmi silna antioxidacni
aktivita) nachazeji pigmenty své uplatnéni i ve farmaceu-
tickém pramyslu™, konkrétné pfi potladovani nezadoucich
vlivli oxidativniho stresu, ktery se podili na rozvoji fady
onemocnéni veetné diabetu, rakoviny a neurodegenerativ-
nich onemocnéni®”.

4.1. Chlorofyly

Chlorofyly patii k fotosyntetickym pigmentim a na-
jdeme je jak ve vyssich rostlinach, tak i fasach. Zakladem
struktury je porfirinovy kruh s centralné vazanym atomem
Mg*" a dlouhy uhlovodikovy fetézec (fytol)**. Existuje
nékolik forem chlorofylu, oznacovanych a, b, ¢, d, e af,
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které se lisi funkéni skupinou a jeji lokalizaci v rdmci por-
fyrinového kruhu, coz ovliviiuje jejich absorpéni spek-
trum. NejdileZitéjsi pro fotosyntézu obecné je chlorofyl a,
ktery se nachazi ve vSech fotosyntetizujicich organismech.
Vyssi rostliny a zelené fasy obsahuji chlorofyl a a b casto
v poméru 3:1, hnédé fasy obsahuji chlorofyl a a c a Cerve-
né fasy pouze formu a. Ackoliv chlorofyly nachazeji uplat-
néni ve farmaceutickém a kosmetickém pramyslu, pro své
antioxidacni, antibakterialni, hojivé, protizanétlivé ¢i proti-
rakovinné 0c¢inky, vyuzivaji se zejména jako barviva
v potravinaiském primyslu™’. Nejéastji se jako zelena
barviva vyuzivaji chlorofyly a a b a jejich feofytiny. Hlav-
nimi nevyhodami vyuZiti pfirodnich chlorofylt jako barviv
je jejich nestabilita a Spatnd rozpustnost, které mohou byt
eliminovany modifikacemi jejich struktury. Za ucelem
zvyseni stability se nahrazuje centralné vézany atom Mg*"
atomem Cu*" a vy$3i rozpustnosti se dosahne hydrolyzou
fytolového fetézce®.

4.2. Karotenoidy

Chlorofyly jsou vétSinou doprovazeny karotenoidy,
které absorbuji odlisnou ¢ast svételného spektra a zaroven
chrani fotosynteticky aparat pred nadbytkem slunecniho
zateni. Jedna se o derivaty tetraterpenti a mizeme je dale
délit na karoteny a xanthofyly®*. Karoteny neobsahuji ve
své struktufe molekulu kysliku, jedna se o vysoce nenasy-
cené alifatické a alicyklické uhlovodiky. Xanthofyly nao-
pak obsahuji ve své struktufe kyslik, a to v podobé hydro-
xylové, epoxidové, karbonylové, karboxylové nebo metho-
xy skupiny. Dale mohou obsahovat unikatni allenovou
skupinu ¢i acetylenovou skupinu, ktera se vyskytuje pouze
v fasach. Casto obsahuji i nékolik funké&nich skupin zaro-
veit’’. Vzhledem k tomu, Ze lidé ani zvifata nedokazi syn-
tetizovat karotenoidy de novo, je nezbytné je ziskavat
z potravy, pri¢emZ nékteré znich slouzi jako prekurzory
vitaminu A, konkrétné -karoten, B-kryptoxanthin a o-karoten.
B-Karoten je nejucinnéj§i provitamin A, nebot z kazdé
molekuly P-karotenu vznikaji dvé molekuly retinalu®.
Karotenoidy patii mezi velmi silné antioxidanty schopné
zhaset reaktivni formy kysliku véetné singletového kysli-
ku. Zatimco jejich schopnost zhasSet singletovy kyslik
vzrusta s poctem konjugovanych dvojnych vazeb, antioxi-
daéni aktivita vzrista spoctem funkénich skupin
v terminalnich cyklech®. Mezi diikladng prozkoumané
a z hlediska biologickych aktivit zajimavé patii asta-
xanthin a fukoxanthin. Fukoxanthin, ktery se vyskytuje
zejména v hnédych fasach a rozsivkach, je povazovan za
nejhojnéjsi karotenoid v piirodé*™*!. Astaxanthin i fuko-
xanthin maji celou fadu biologickych aktivit, pfi¢emz nej-
vyznamné&jsi jsou jejich antioxidacni, fotoprotektivni, pro-
tizanétlivé a protirakovinné G&inky'?. Zatimco astaxanthin
ma neuroprotektivni G¢inky diky kombinaci silné antioxi-
dacni aktivity a schopnosti snadno pfechazet pres hemato-
encefalickou membranu®’, fukoxanthin snizuje mnozstvi
télesného tuku ovlivnénim hladiny thermogeninu, syntézy

mastnych kyselin, lipolyzy a Zzaludeéniho mikrobio-
B
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4.3. Fykobiliproteiny

Fykobiliproteiny jsou soucésti velkého doprovodného
svétlosbérného komplexu zvaného fykobilisom a nachézi
se vyhradné v sinicich a ruduchach. Na zéklad¢ jejich
spektralnich vlastnosti rozliSujeme Ctyfi typy: fykoerytrin
(Amax = 490-570 nm), fykocyanin (Apx = 610-625 nm),
allofykocyanin (Ayax = 650-660 nm) a fykoerytrocyanin
(Mmax = 560-600 nm)**. Kromé& proteinové &asti obsahuiji
fykobiliproteiny také fykobiliny, coZ jsou oteviené tetrapy-
rolové chromofory zodpovédné za zachyt svételného zare-
ni, které jsou kovalentné navazany thioetherovou vazbou
na specifickd cysteinova rezidua®. Diky témto vysoce
ucinnym svétlosbérnym komplextiim dokazi tyto fasy pre-
zivat 1 v hlubokych vodach, kam pronika zejména modro-
zelené svétlo o nizké intenzits*. Fykocyanobilin se pouZi-
vé jako modré barvivo v potravinafském primyslu. Fyko-
biliproteiny by také mohly nalézt uplatnéni ve farmaceu-
tickém a kosmetickém primyslu, a to diky antioxida¢nim,
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fykocyanin je schopen inhibovat prozanétlivy transkripéni
faktor NF-xB i aktivitu cyklooxygenasy-2, ktera je zodpo-
v&dna za tvorbu dalsich prozanstlivych mediatora*. Proti-
rakovinné G¢inky fykocyaninu jsou dany jeho schopnosti
indukovat apoptdézu a =zastavit proliferaci rakovinnych
bun¢k. Navic mohou byt fykobiliproteiny vyuzity
k fotodynamické terapii*’. Dal3i uplatnéni nalezly fykobili-
proteiny jako fluorescenéni sondy v cytometrii, fluorescen-
¢ni mikroskopii a imunometodach™.

4.4. Scytonemin

Scytonemin je zlutohnédy pigment pfitomny
v extracelularni matrix nékterych sinic. Strukturné se jedna
o indolovy alkaloid, vznikly kondenzaci podjednotek od-
vozenych od tyrosinu a tryptofanu®. Scytonemin existuje
bud’ v redukované, nebo oxidované formé v zavislosti na
redoxnich podminkach. Komplexni cyklicka struktura
umoznuje silnou absorpci UV zéafeni s maximem okolo
370 nm (cit.*?). V sinicich je syntetizovan v rdmci obranné
reakce na stresové faktory, zejména na zvySenou expozici
UV zafeni ¢i na nedostatek zivin. Velkou vyhodou scyto-
neminu je jeho vysoka stabilita, diky které chrani sinice
i v momentu, kdy ostatni obranné mechanismy selzou®’.
Diky silnym fotoprotektivnim, antioxidacnim a protizanét-
livym uc¢inkiim a soucasné lipofilni povaze by mohl najit
uplatnéni v kosmetickém prumyslu jako soucast opalova-
cich krémi*.

5. Proteiny a latky odvozené od aminokyselin

Nekteré fasy jsou skvélym alternativnim zdrojem
proteinti pro stale rostouci populaci. Zaroven v nich byly
objeveny i proteiny s biologickymi u¢inky jako naptiklad
vySe zminéné fykobiliproteiny, dale pak lektiny ¢i biolo-
gicky aktivni peptidy, vznikajici hydrolyzou ptvodnich
proteindi bez biologickych u¢inka*. Velmi zajimavou sku-
pinou biologicky aktivnich latek, ktera zde bude podrobné-
ji popsana, jsou mykosporinu podobné aminokyseliny'”.
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5.1. Mykosporinu podobné aminokyseliny

Mykosporinu podobné aminokyseliny (MAA) jsou
nizkomolekularni amfolyty, které nalezneme ve vodnich
organismech, které jsou vystaveny vysokym hodnotdm
UV zéfeni. Nejvetsi mnozstvi a také diverzitu MAA nalez-
neme v &ervenych fasach®. Zakladnim stavebnim prvkem
je chromofor, bud’ cyklohexenon nebo cyklohexenimin,
ktery je dale konjugovan s jednou nebo dvéma aminokyse-
linami, piipadné aminoalkoholy®'. Tyto latky jsou synteti-
zovany prostfednictvim Sikimatové drahy. MAA jsou po-
vazovany za nejucinnéjsi pfirodni UV-A absorbujici latky,
jez maji absorpcni maximum v rozmezi 310 az 362 nm
a vysoky molarni absorp¢ni koeficient. Doposud je zndmo
vice nez 30 riznych MAA (cit.”'*?). Vyjma silné fotopro-
tektivni funkce také hraji roli v obrané vii¢i dalSim abiotic-
kym stresovym faktorm, napiiklad zvySené salinits*’.
MAA maji celou fadu biologickych tc¢inkd, jejichz aplika-
ci se zabyva vice nez 60 patentll. Komercni vyuziti nalezly
tyto latky jako soucast opalovacich krémi, konkrétné He-
lioguard® 365 a Helionori®, které krom& ochrany proti
UV zéfeni také zpomaluji starnuti pleti*™'. Mechanismus
jejich ucinku spociva v ochrané DNA pted poSkozenim,
omezeni neenzymové glykosylace proteintl, inhibici proteas
podilejicich se na starnuti (napi. kolagenas a elastas) a dale
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i vjejich antioxidaénim a protizanétlivém pisobeni®”.
5.2. Lektiny

Lektiny pfedstavuji rozmanitou skupinu proteind,
které se s vysokou mirou specifity reverzibilné¢ vazou na
sacharidy at’ uz volné, nebo ve formé glykokonjugati.
Lektiny nalezneme v Siroké Skale organisml vcetné fas
(ruduch, chaluh i zelenych fas) a sinic™. Lektiny ptitomné
v fasach se vyznamné odlisuji od rostlinnych lektinu, jeli-
koz jsou to ve vétsing piipadd monomerni, nizkomoleku-
larni proteiny s vy$§im obsahem kyselych aminokyselin,
jejichz aktivita neni zavisla na pfitomnosti iontd kovd.
Dale témé&f vyhradné interaguji s glykoproteiny®*. Stejné
jako rostlinné lektiny, maji i lektiny pfitomné v fasich
celou fadu biologickych ucinkl. K nejvyznamnéj$im patfi
antivirové pusobeni vuci Siroké Skale vird, nebot’ zabranuji
vstupu viru do hostitelské bunky navazanim lektind na
glykoproteiny piitomné na povrchu vira***. Déle by moh-
ly slouzit jako diagnosticky nastroj pro vcasné odhaleni
rakoviny, protoze hned né¢kolik lektinG z fas specificky
rozpoznava pozménénou fukosylaci glykani, typickou pro
rakovinné bunky. Zaroven u nich byly popsany antinoci-
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ucinky. Jejich schopnost specifické vazby na cilovou mo-
lekulu by bylo mozné dale vyuzit pro cileny transport 1é-
«: 53,54

Civ

5.3. Bioaktivni peptidy

Bioaktivni peptidy s biologickymi ¢inky podobnymi
hormontim tradi¢n€ obsahuji 2-20 aminokyselin a vznikaji
hydrolyzou biologicky neaktivniho proteinu. U peptidl
ziskanych z chaluh, ruduch i zelenych fas byly popsany
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antioxidacni, protirakovinné, antihypertenzni, antiatero-
sklerotické, imunomodula¢ni, fotoprotektivni, antikoagu-
laéni a antiosteoporézni c¢inky'>*. Piesny mechanismus
plisobeni peptidi s protirakovinnymi uc¢inky musi byt jeste
podrobné prostudovan, ale doposud je znamo, Ze jsou
schopné zastavit bunény cyklus, iniciovat apoptézu
a inhibovat angiogenezi. Antihypertenzni G¢inky jsou dany
inhibici angiotenzin konvertujiciho enzymu a reninu. Imu-
nomodulacni peptidy aktivuji jak vrozenou, tak i ziskanou
imunitu, zvySuji pocet lymfocytli, monocytil a granulocyti
a zarovenn moduluji hladiny cytokinti. Veskeré dosud obje-
vené mechanismy UC€inkd jsou shrnuty v fad¢é piehledo-
vych &lanka' %%,

6. Fenolické latky

Tyto chemické slouceniny, hojné zastoupené
v rostlinné i§i vCetné fas, jsou charakterizované pfitom-
nosti minimaln¢ jedné fenolové jednotky. Fenolické latky
hraji dilezitou roli v zivotnim cyklu fas a také jsou nepo-
stradatelnou soucasti jejich obrannych mechanismi™*®.
Jejich silné antioxidacni u¢inky jsou spojeny s fadou dal-
Sich biologickych aktivit. Ackoliv byla v fasach popsana
pfitomnost riznych fenolickych latek, ¢asto s unikatni
strukturou, veskery vyzkum je soustfedén pouze na floro-
taniny. Florotaniny pfedstavuji jeden ze tfi typl tanint
anachdzeji se vyhradné v hnédych moiskych tasach'>*,
Jedna se o polymery floroglucinolu a jsou to produkty
acetat-malonatové drahy. Na zaklade¢ typu vazeb se déli do
¢ty skupin: 1) fuhaloly a floroetholy (etherové vazby), 2)
fukoly (fenylové vazby), 3) fukofloroetholy (etherové
a fenylové vazby) a 4) eckoly (vazby typu dibenzo-1,4-
-dioxin)**. V rAmci bunék se nachdzeji bud’ ve vadcich
zvanych fysody nebo navazané na polysacharidy bunécné
stény’’. Antioxida¢ni aktivita florotanini je dana jejich
schopnosti vychytavat volné radikaly a dale jejich redukc-
nimi a chelataénimi G&inky™>. Florotaniny absorbuji UV
zafeni v rozmezi vinovych délek 200-300 nm a tudiz chra-
ni fasy pied jeho fototoxickymi G&inky>. Kromé zde jiz
mnohokrat popsanych antioxidacnich, protirakovinnych,
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zajimava jejich schopnost inhibovat enzymovou aktivitu
enzymt, které jsou cilem fady 1é¢iv, nebot’ hraji dulezitou
roli ve vyvoji vaznych onemocnéni. Casto tyto enzymy
inhibuji 1épe nez dostupna 1éCiva na trhu. Jako ptiklad
mohou slouzit inhibitory hyaluronidasy (G¢astni se alergic-
kych reakcei, tvorby metastaz a zanétlivych procest), tyro-
sinasy (hraje roli v poruchach pigmentace) ¢i a-amylasy
a a-glukosidasy (ovliviiji vznik hyperglykémie u diabetes
mellitus typu 2)*°. Dale inhibuji cholinesterasy, coz je
principem 1é¢by Alzheimerovy choroby. Taktéz by mohly
byt Zlyuiity k 1é¢bé AIDS, jelikoz inhibuji replikaci viru
HIV”.

7. Alkaloidy
Alkaloidy jsou heterocyklické slouceniny, které obsa-

huji jeden ¢i vice atomtl dusiku, které jsou soucasti cyklu.
Ackoliv jsou alkaloidy predmétem fady studii diky jejich
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vyznamnym farmakologickym aktivitam, pouze hrstka
znich se vénuje alkaloidim pfitomnym v fasach. Prvni
alkaloid izolovany zftas (hordenin) byl izolovan v roce
1969 z ruduchy. Alkaloidy motskych fas mizeme na za-
klad¢ struktury rozd¢€lit na dvé hlavni skupiny: 1) alkaloi-
dy odvozené od fenylethylaminu nachézejici se zejména
v ruduchach a 2) indolové alkaloidy vyskytujici se pie-
vazné v zelenych fasach a ruduchéach. Indolové alkaloidy
jsou Casto halogenovany, coz je jev unikatni pouze pro
moiské organismy a fasy®’. U alkaloidi z fas byly doposud
deklarovany antibakteridlni, antimykotické, antioxidacni,
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protektivni uginky'?. Napiiklad vyse zminény hordenin
inhibuje monoaminoxidasu B, ¢imz zvySuje hladinu nore-
pinefrinu a také inhibuje pyruvatdehydrogenasakinasu 3,
ktera hraje dileZitou roli v progresi rakoviny®.

8. Zavér

Neni pochyb, Ze motské fasy jsou skvélym zdrojem
velmi ucinnych biologicky aktivnich latek. Velkd cast
jejich biologickych uc¢inkli vSak byla dosud prokazana
pouze na zakladé in vitro testil. Pro jejich budouci komerc-
ni vyuziti je ovSem potfeba potvrdit tyto aktivity
v systémech in vivo i klinickych testech. Jejich praktické
pouziti navic komplikuje i neuvéfitelna strukturni variabi-
lita té€chto biologicky aktivnich molekul, zavisla na risto-
vych podminkéch fas. Prozatim je na trhu dostupny pouze
jeden lécivy ptipravek pochazejici z fas, a to jiz zminova-
né antivirotikum Carragelose®. Ostatni biologicky aktivni
produkty fas jsou soucasti potravinovych doplnkid a kos-
metickych pfipravki. Aby bylo mozné rozsitit sortiment
1é¢ivych ptipravki na trhu, je nezbytné vylepsit kultivaéni
a extrakeni postupy, tak aby se dlouhodobé zajistily pro-
dukty s deklarovanou strukturou i U€inky.
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T. Prerovskd, E. BeneSova, and P. Lipovova
(Department of biochemistry a microbiology, UCT Pra-
gue, Prague): Biologically Active Compounds from
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ous diseases from time immemorial and even nowadays
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biological activities of algal compounds, so far only one of
them was approved as antiviral drug. Nevertheless, with
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1. Introduction

The ocean covers more than 70% of the earth's sur-
face and hides incredible biodiversity, while algae belong
among the most explored marine organisms'. In addition
to the sea, algae also occur in freshwater, soil, or symbio-
sis with animals or plants®. Algae are classified into sever-
al different kingdoms, they have in common that they have
obtained a chloroplast during evolution, acquired the abil-
ity to photosynthesize, and thus represent primary produc-
ers in food chains. As these are very unrelated groups of
organisms, they are characterized by unprecedented varia-
bility in the composition and organization of cells and their

multicellular thallus®. Algae can be divided based on their
size into microalgae with a size of several micrometers and
macroalgae reaching up to 60 meters’. Nowadays already
obsolete, but for its simplicity still used division of algae is
based on the contained pigments, according to which we
distinguish green, red and brown algae, as well as cyano-
bacteria which are, however, of prokaryotic origin. Al-
though cyanobacteria are not algae and are related to bac-
teria, they are often included in publications on algae“.
Very simply, microalgae are present in almost all known
supergroups except the kingdoms of Opisthokonta and
Amoebozoa. Among macroalgae belong brown seaweeds
(Phaeophyceae) from the SAR kingdom, while red
(Rhodophyta) and green (Ulvophyceae and Charophyceae)
seaweeds from the kingdom Archaeplastida are more relat-
ed to plants™. Marine algae had to adapt to adverse condi-
tions, such as fluctuating osmolarity, temperature, sun-
light, and nutrient availability. Thanks to these factors
marine algae are stimulated to produce secondary metabo-
lites with a unique chemical structure and exceptional bio-
logical activity’. Some of them are halogenated, which is
related to the availability of chloride, bromide, and iodide
ions in seawater®. Sulfation of polysaccharides is another
adaptation mechanism of marine algae to increased salinity
of the marine environment’. These specific modifications
are often responsible for or at least modify the biological
activity of these substances®’.

Algae themselves or their metabolites are used in all
branches of biotechnology. They are used, for example, in
the bioremediation of wastewater or as feed, fertilizer, and
biostimulator in agriculture®'®"". Thanks to their excellent
nutritional properties, algae have been collected and con-
sumed for millennia. Recently, this trend has spread
worldwide, and algae are widely used in the food industry.
Due to dwindling fossil fuel reserves and increasing ener-
gy consumption, algae are also a promising source of bio-
mass for biofuel production®. However, the most valuable
products of algae are various biologically active sub-
stances, which include a large number of compounds dif-
fering in structure and biological activity (Fig. 1). Among
them belong, for example, sulfated polysaccharides, fatty
acids, terpenoids, pigments, phenolics, and halogenated
compounds. These compounds have been shown to have,
inter alia, antibacterial, antiviral, anticancer, antioxidant,
anti-inflammatory, hepatoprotective, cardioprotective,
immunomodulatory, and neuroprotective effects'®'?. The
production of these valuable metabolites is also greatly
influenced by the way algae are cultivated, because under
normal conditions the content of these substances is very
low and their accumulation occurs only after induction by
stress factors such as excessive lighting, high temperature,
nutrient deprivation, or UV radiation'”. Algae can be cul-
tured in open systems or closed photobioreactors depend-
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DIRECT USE

Food for direct consumption
Livestock feed
Dietary supplements
Phytoremediation

INDUSTRIAL USE

Fertilizers and biostimulants in agriculture
Pigments in food industry
Thickeners and gelling agents
Emulsifiers and stabilizers
Bioplastics and biofuels

BIOACTIVE COMPOUNDS
Anticancer effect
Antioxidant effect

Anti-inflammatory effect
Antivirotic effect
Immunomodulatory effect
Antinoceptive effect

Treatment of obesity and diabetes
Fungicidal effect
Photoprotective effect

Fig. 1. An overview of the use of algae and their products in various biotechnology industries

ing on the requirements of the output product*.

This article presents a basic overview of biologically
active substances present in marine algae and cyanobacte-
ria, both in terms of structure and biological activities and
their real use.

2. Polysaccharides

Marine algae contain a large number of polysaccha-
rides which serve as building blocks of the cell wall and
also as a source of energy. In addition to the well-known
structural polysaccharides (cellulose, hemicellulose, etc.),
marine algae also contain species-specific polysaccharides
which in most cases are sulfated. The content and compo-
sition of polysaccharides is highly variable depending on
the species, developmental stage, location, and season'>!®,
From an economic point of view, polysaccharides are the
most important algal products, thanks to their abundant use
in the food and agricultural industries. In the cosmetic and
pharmaceutical industries, sulfated polysaccharides, in
particular, are known for their diverse biological effects,
including antioxidant, antiviral, immunomodulatory, anti-
microbial, and anticancer activity'®'%!".

2.1. Polysaccharides of brown algae — alginates,
fucoidans, laminarins

Alginates are linear copolymers of B-pD-manuronic and
o-L-guluronic acid linked by a (1,4)-glycosidic bond". The
ratio of B-D-manuronic and a-L-guluronic acids and their
arrangement within this phycocolloid determines its physi-
cochemical properties'®. Due to the ability to form thermo-
stable gels and increase the viscosity of the solution, algi-

nates are used in the food industry mainly as thickeners,
gelling agents, emulsifiers, or stabilizers. They have also
found application in the cosmetics, textile, paper, agricul-
tural and pharmaceutical industries. Alginate-based bio-
materials are used to regenerate heart tissue, cover
wounds, or as a filler in aesthetic medicine'®.

Fucoidans are heteropolymers of fucose, with more
than 90% of the polysaccharide being a-L-fucose. The
remaining 10% consists mainly of galactose, arabinose,
xylose, thamnose, or uronic acids and are part of the
branching. We distinguish two types of polysaccharide
backbone of fucoidan, the first one containing only o-L-
-fucose linked by a (1,3)-glycosidic bond, while the sec-
ond type alternates between (1,3) and (1,4)-glycosidic
bond". Although a number of biological activities and
suitable properties for tissue engineering or targeted drug
delivery have been described for these polymers, their
incredible variability poses a major problem for industrial
use'™". Tt has been found that low molecular weight and
a high degree of sulfation have a positive effect on the
suppression of cancer growth®®. Although the mechanism
of anticancer effects has not yet been fully described, inhi-
bition of angiogenesis, prevention of metastasis, or stimu-
lation of the immune system have been demonstrated'®.

Laminarins are low molecular weight storage polysac-
charides found mainly in the genera Ecklonia, Eisenia,
Saccharina, and Laminaria. Structurally, these are B-(1,3)-
-glucans with possible B-(1,6) branching and a low content
of uronic acids'®. Research of these polysaccharides focus-
es on a variety of structural modifications that improve
their physicochemical, mechanical properties, and biologi-
cal effects. Modified laminarins, such as methacrylated
laminarin, have been used in tissue engineering to develop
healing accelerating hydrogels'*2'.
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2.2. Polysaccharides of red algae — carrageenans,
agar

Carrageenans are linear sulfated polysaccharides
formed by repeating disaccharide units consisting of B-b-
-galactose bound to either a-D-galactose or 3,6-anhydro-a-
-D-galactose by alternating (1,3) and (1,4)-glycosidic
bonds. Based on the degree of sulfation, we distinguish A,
K, 1, & and p carrageenans, with K, A, and 1 being the most
important from a commercial point of view*?. Their occur-
rence and representation differ in individual species of
algae, sometimes even in individual developmental stages.
Carrageenans are soluble in high pH aqueous solutions, in
which they form thermoreversible gels (1 and «) or viscous
solutions (A). Due to their physicochemical properties,
they are used mainly in the food industry, where they are
used as stabilizers or gelling agents. They also form a part
of toothpaste, gel air fresheners, or feeds and can be used
to immobilize cells or enzymes'®. Carrageenans are also
used to elicit an acute inflammatory response in laboratory
animals'®. Carragelose® (1 carrageenan spray) is currently
the only medicinal product isolated from algae on the mar-
ket with antiviral effects™.

Agar is the last of the three main phycocolloids from
seaweeds. It is a mixture of agarose and agaropectin,
which is obtained mainly from the genera Gracilaria and
Gelidium. In both polysaccharides, the basic structural unit
consists of B-pD-galactose and 3,6-anhydro-o-L-galactose.
While agarose is an electrically neutral linear copolymer
capable of forming a solid gel, agaropectin is a charged
and branched polymer that does not form a gel. Compared
to other phycocolloids, agar does not require the presence
of cations to form a gel and, due to a lower degree of sul-
fation, the resulting gel has greater strength and a higher
melting point than carrageenan'®. It is widely used in the
food industry as a stabilizer, emulsifier, or hardener and in
the cosmetic industry as a moisturizing component. In
biotechnology, agar is part of the broth, and agarose is
used for the electrophoretic separation of nucleic acids or
as a stationary phase in chromatographic techniques'”. It is
also worth noting the possible use of modified agar as
a biodegradable packaging material'®.

2.3. Polysaccharides of green algae — ulvans

The most common building blocks of ulvan are either
B-p-glucuronic acid or o-L-iduronic acid linked to a-L-
-thamnose-3-sulfate by a (1,4)-glycosidic bond. These
polysaccharides have a unique complex mechanism of
thermostable gel formation which has not been precisely
described so far and is influenced by pH, temperature, and
the presence of bivalent ions or boric acid". Ulvans are
structurally similar to mammalian glycosaminoglycans and
are therefore highly probable to have a variety of biologi-
cal effects. A very promising application of ulvan is the
production of vaccines, as its addition to vaccines increas-
es the efficiency of vaccination by up to 100% (ref.'®). It
finds further use in agriculture due to its ability to activate
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plant defence mechanisms by inducing the jasmonic acid
signaling pathway, which is an efficient phytohormone®*.

3. Lipids

Algae are a rich source of lipids, with membrane
lipids being the most abundant, but other groups of lipids
can also be found in them, such as terpenoids, sphin-
golipids, sterols, or pigments. Besides, algae contain
anumber of non-traditional lipids, such as halogenated
fatty acids or phosphatidylsulfocholine, which are mostly
species-specific”’. Terpenoids and polyunsaturated fatty
acids are the most interesting in terms of their biological
activity'?.

3.1. Polyunsaturated fatty acids

Polyunsaturated fatty acids (PUFAs), specifically ®-3
and -6 PUFAs, are essential for humans and many other
organisms and therefore must be taken in the diet. The
primary representatives of these groups are linoleic acid
(18:2n-6) and linolenic acid (18:3n-3), which can be fur-
ther converted in the human body by desaturases and elon-
gases to arachidonic acid (20:4n-6), eicosapentaenoic acid
(20:5n-3), or docosahexaenoic (22:6n-3) (ref.*®). Long-
chain PUFAs (20-22C) are precursors of several signaling
molecules called eicosanoids®’. Very simply, signaling
molecules derived from w-6 PUFA have pro-inflammatory
effects, while from ®-3 PUFA have anti-inflammatory
effects”. However, recent studies suggest that this conver-
sion is severely limited, and therefore it is necessary to
take long-chain PUFAs from food as well. Insufficient or
incorrect PUFA ratio can lead to several serious diseases,
especially of chronic inflammatory origin, such as arthritis,
cardiovascular, neurodegenerative, or autoimmune diseas-
es®. Until now, the main sources of PUFASs in the diet have
been fish oils, but the primary producers of these fatty
acids are algae (especially marine microscopic algae of the
genus Nannochloropsis), which are most likely to com-
pletely replace fish oil in the future®®. Finally, w-3 PUFAs
are a major component of the neuronal membrane and are
therefore essential for proper brain development. For this
reason, ®-3 PUFAs isolated from marine fish fat have
been part of infant formula for the last decade and have
recently begun to be replaced by o-3 PUFAs from marine
algae®’.

3.2. Terpenoids

Terpenoids are one of the most numerous and diverse
groups of natural products, with more than 70,000 differ-
ent terpenoids isolated to date®. We find them in all or-
ganisms, but especially in plants, since they are an integral
part of the electron transport chain, cell membranes, light-
harvesting systems and participate in a number of defence
reactions®’. Based on the number of isoprene units, they
are divided into hemiterpenes (C5), monoterpenes (C10),
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sesquiterpenes (C15), diterpenes (C20), triterpenes (C30),
tetraterpenes (C40), and polyterpenes with an even higher
number of isoprene units'’. Terpenoid precursors are syn-
thesized by either the well-known mevalonate pathway or
the 2-C-methyl-p-erythritol-4-phosphate pathway, which
is the major source of terpenoids in algae™’. Today, terpe-
noids account for 60—75% of drugs used to treat infectious
diseases and cancer, due to their abundant biological func-
tions, including antimalarial, anticancer, antibiotic, anti-
inflammatory, antinociceptive, antiviral, and hepatoprotec-
tive effects'”. Many of these effects are based on the inhi-
bition of NF-«kB signaling. Although algae are a good
source of terpenoids, most biologically active substances
on the market come from higher plants®'. Although terpe-
noids isolated from algae (especially red seaweeds, but
also brown and green algae) or cyanobacteria have been
shown to have the same biological effects and we can find
several structurally unique terpenoids in them, most stud-
ies are focused on the use of algae as systems for recombi-
nant production of higher plant terpenoids'*%.

4. Pigments

In algae, a wide range of pigments can be found and
give them their specific color. These include chlorophylls,
carotenoids, phycobiliproteins, and scytonemin®’. The
food, cosmetics, and textile industries are slowly replacing
synthetic colorants, which can have harmful effects on
both human health and the environment, with natural col-
orants. Algal pigments represent a sustainable source of
natural colorants, which, unlike synthetic colorants, are
beneficial to health®®. Furthermore, due to the abundant
biological effects (especially strong antioxidant activity),
pigments are also used in the pharmaceutical industry™*,
specifically in suppressing the adverse effects of oxidative
stress, which is involved in the development of many dis-
eases, including diabetes, cancer, and neurodegenerative
diseases™.

4.1. Chlorophylls

Chlorophylls belong to photosynthetic pigments and
can be found in both higher plants and algae. The basis of
the structure is a porphyrin ring with a centrally bound
Mg atom and a long hydrocarbon chain (phytol)*. There
are several forms of chlorophyll, termed a, b, c, d, e, and f,
which differ in functional groups and their location within
the porphyrin ring affecting absorption spectrum of chloro-
phyll. In general, it is chlorophyll a, being found in all
photosynthetic organisms, which is the most important
form for photosynthesis. Higher plants and green algae
contain chlorophyll a and b often in a ratio of 3:1, brown
algae contain chlorophyll a and ¢ and red algae only form
a. Although chlorophylls are used in the pharmaceutical
and cosmetic industries for their antioxidant, antibacterial,
healing, anti-inflammatory, or anticancer effects, they are
mainly used as colorants in the food industry®>. Chloro-
phylls @ and b and their pheophytins are the most com-
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monly used green colorants. The main disadvantages of
using natural chlorophylls as colorants are their instability
and poor solubility, which can be eliminated by modifying
their structure. To increase the stability, the centrally
bound Mg”*" atom is replaced by a Cu®" atom, and a higher
solubility is achieved by hydrolysis of the phytol chain™.

4.2. Carotenoids

Chlorophylls are usually accompanied by carotenoids,
which absorb a different part of the light spectrum and at
the same time protect the photosynthetic apparatus from
excess sunlight. These are derivatives of tetraterpenes and
can be further divided into carotenes and xanthophylls®.
Carotenes are comprised of highly unsaturated aliphatic
and alicyclic hydrocarbons and do not contain any oxygen
molecule in their structure. Xanthophylls, on the other
hand, contain oxygen in their structure in the form of hy-
droxyl, epoxy, carbonyl, carboxyl, or methoxy groups. In
addition, they may contain a unique allene group or an
acetylene group that occurs only in algae. They often con-
tain several functional groups at the same time*’. Because
neither humans nor animals can synthesize carotenoids de
novo, it is necessary to obtain them from food because
some of them serve as precursors of such essential sub-
stances like vitamin A, namely p-carotene, B-crypto-
xanthin, and o-carotene. B-Carotene is the most potent
provitamin A, as two molecules of retinal are formed from
each molecule of B-carotene®. Carotenoids are among the
most potent antioxidants capable of quenching reactive
oxygen species, including singlet oxygen. While their abil-
ity to quench singlet oxygen increases with the number of
conjugated double bonds, their antioxidant activity in-
creases with the number of functional groups in the ter-
minal cycles®®. Astaxanthin and fucoxanthin are being
thoroughly studied and are interesting in terms of biologi-
cal activities. Fucoxanthin, which occurs mainly in brown
algae and diatoms, is considered to be the most abundant
carotenoid in nature*™*'. Both astaxanthin and fucoxanthin
possess a variety of biological activities, the most im-
portant of which are their antioxidant, photoprotective, anti-
inflammatory, and anticancer effects'?. While astaxanthin
shows neuroprotective effects due to a combination of
strong antioxidant activity and the ability to cross the
blood-brain membrane easily*, fucoxanthin reduces body
fat by affecting thermogenin levels, fatty acid synthesis,
lipolysis, and gastric microbiome****%.

4.3. Phycobiliproteins

Phycobiliproteins form a part of a large accompanying
light-harvesting complex called phycobilisome and are
found exclusively in cyanobacteria and red algae. Based
on their spectral properties, four types can be distin-
guished: phycoerythrin (4,.x = 490-570 nm), phycocyanin
(Amax = 610—625 nm), allophycocyanin (Ay.x = 650-660 nm)
and phycoerythrocyanin (., = 560600 nm)**. In addition
to the protein moiety, phycobiliproteins also contain phy-
cobilins, consisting of open tetrapyrrole chromophores
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responsible for capturing light radiation that are covalently
linked by a thioether bond to specific cysteine residues of
protein part®’. Thanks to these highly efficient light-
harvesting complexes, these algae can survive even in
deep waters, where mainly blue-green light of low intensi-
ty penetrates*®. Phycocyanobilin is used as a blue colorant
in the food industry. Phycobiliproteins could also find
their application in the pharmaceutical and cosmetic indus-
tries, due to their antioxidant, anti-inflammatory, and anti-
cancer effects. For example, phycocyanin can inhibit the
proinflammatory transcription factor NF-«xB, as well as the
activity of cyclooxygenase-2 which is responsible for the
production of other proinflammatory mediators**. The
anticancer effects of phycocyanin are due to its ability to
induce apoptosis and stop the proliferation of cancer cells.
Besides, phycobiliproteins can be used for photodynamic
therapy*. Phycobiliproteins have found further application
as fluorescent probes in cytometry, fluorescence microsco-
py, and immunomethods®?,

4.4. Scytonemin

Scytonemin is a yellow-brown pigment present in the
extracellular matrix of some cyanobacteria. Structurally, it
is an indole alkaloid formed by the condensation of sub-
units derived from tyrosine and tryptophan®®. Scytonemin
exists in either reduced or oxidized form depending on
redox conditions. The complex cyclic structure allows
strong absorption of UV radiation with a maximum of
about 370 nm (ref.*?). In cyanobacteria, it is synthesized as
part of a defensive response to stress factors, especially to
increased exposure to UV radiation or a lack of nutrients.
The great advantage of scytonemin is its high stability,
thanks to which it protects cyanobacteria even when other
defence mechanisms fail*’. Due to its strong photoprotec-
tive, antioxidant, and anti-inflammatory effects and at the
same time lipophilic nature, it could find an application in
the cosmetic industry as a part of sunscreens*.

5. Proteins and substances derived
from amino acids

Some algae represent a great alternative source of
protein for an ever-growing population. At the same time,
proteins with biological effects were discovered in them,
such as the above-mentioned phycobiliproteins, as well as
lectins or biologically active peptides, resulting from the
hydrolysis of the original proteins without biological ef-
fects®. A very interesting group of biologically active
substances, which will be described in more detail here,
are mycosporine-like amino acids'”.

5.1. Mycosporine-like amino acids

Mycosporine-like amino acids (MAAs) are low mo-
lecular weight ampholytes found in aquatic organisms that
are exposed to high levels of UV radiation. The largest
amount and also the diversity of MAAs can be found in
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red algae®. The basic building block is a chromophore,
either cyclohexenone or cyclohexenimine, which is further
conjugated to one or two amino acids or amino alcohols™'.
These substances are synthesized via the shikimate path-
way. MAAs are considered to be the most effective natural
UV-A absorbers, having an absorption maximum in the
range of 310 to 362 nm and a high molar absorption coef-
ficient. To date, more than 30 different MAAs are
known>"*. In addition to strong photoprotective function,
they also play a role in the defence against other abiotic
stressors, such as increased salinity’’. MAAs have a wide
range of biological effects, the application of which is
covered by more than 60 patents. These substances have
found commercial use as part of sunscreens, namely Helio-
guard® 365 and Helionori® which, in addition to UV
protection, also slow down skin aging®®>'. The mechanism
of their action lies in the protection of DNA from damage,
reduction of non-enzymatic glycosylation of proteins, inhi-
bition of proteases involved in aging (e.g., collagenases
and elastases), and also in their antioxidant and anti-
inflammatory action®”.

5.2. Lectins

Lectins represent a diverse group of proteins that re-
versibly bind to either free carbohydrates or glycoconju-
gates with a high degree of specificity. Lectins can be
found in a wide range of organisms, including algae (red,
brown, and green algae) and cyanobacteria®™. The lectins
present in algae differ significantly from higher plant lec-
tins since they are in most cases monomeric, low molecu-
lar weight proteins with a higher content of acidic amino
acids, the activity of which is not dependent on the pres-
ence of metal ions. Furthermore, they interact almost ex-
clusively with glycoproteins®. Like higher plant lectins,
lectins present in algae have a number of biological ef-
fects. One of the most important effects is the antiviral
action against a wide range of viruses, as they prevent the
virus from entering the host cell by binding to glycopro-
teins present on the surface of the viruses***. Further-
more, they could serve as a diagnostic tool for an early
detection of cancer, as several lectins from algae specifi-
cally recognize the altered fucosylation of glycans typical
for cancer cells. At the same time, antinociceptive, anti-
inflammatory, anticancer, and antibacterial effects have
also been described. Their ability to specifically bind to
a target molecule could be further exploited for targeted
drug delivery™>™.

5.3. Bioactive peptides

Bioactive peptides with hormone-like biological ef-
fects traditionally contain 2-20 amino acids and are
formed by hydrolysis of a biologically inactive protein.
Antioxidant, anticancer, antihypertensive, antiatheroscle-
rotic, immunomodulatory, photoprotective, anticoagulant,
and antiosteoporotic effects have been described for pep-
tides obtained from brown, red, and green algae'**®. The
exact mechanism of action of peptides with anticancer
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effects has yet to be studied in detail, but so far it is known
that they are able to arrest the cell cycle, initiate apoptosis
and inhibit angiogenesis. Antihypertensive effects are due
to the inhibition of angiotensin-converting enzyme and
renin. Immunomodulatory peptides activate both innate
and acquired immunity, increase the number of lympho-
cytes, monocytes, and granulocytes, and at the same time
modulate cytokine levels. All the mechanisms of action

discovered so far are summarized in several review arti-
cles 2557

6. Phenolic substances

These chemical compounds, abundant in the plant
kingdom including algae, are characterized by the pres-
ence of at least one phenolic unit. Phenolic substances play
an important role in the life cycle of algae and are also an
indispensable part of their defence mechanisms®**®. Their
strong antioxidant effects are associated with a number of
other biological activities. Although the presence of vari-
ous phenolic substances has been described in algae, often
with a unique structure, all research is focused only on
phlorotannins. Phlorotannins are one of the three types of
tannins and are found exclusively in brown seaweeds'*™.
These are polymers of phloroglucinol and are products of
the acetate-malonate pathway. Based on the type of bonds,
they are divided into four groups: 1) fuhalols and fluo-
rethols (ether bonds), 2) fucols (phenyl bonds), 3) fuco-
phlorethols (ether and phenyl bonds), and 4) eckols
(abond type of dibenzo-1,4-dioxin)**. Within cells, they
are found either in vesicles called physodes or bound to
cell wall polysaccharides®. The antioxidant activity of
phlorotannins is based on their ability to scavenge free
radicals and their reducing and chelating effects®”. Phlo-
rotannins absorb UV radiation in the wavelength range
200-300 nm and thus protect algae from its phototoxic
effects™. In addition to the antioxidant, anticancer, anti-
inflammatory, and antibacterial effects described many
times here, their ability to inhibit the enzymatic activity of
enzymes that are the target of many drugs is of particular
interest, as they play an important role in the development
of serious diseases. Phlorotannins often inhibit these en-
zymes better than drugs available on the market, such as in
the case of hyaluronidase (involved in allergic reactions,
metastasis, and inflammatory processes), tyrosinase (plays
a role in pigmentation disorders), or a-amylase and
a-glucosidase (affect the development of hyperglycemia in
type 2 diabetes mellitus)®. They also inhibit cholinesteras-
es, which is the principle of Alzheimer's disease treatment.
They could also be used to treat AIDS as they inhibit HIV
replication®’.

7. Alkaloids

Alkaloids are heterocyclic compounds that contain
one or more nitrogen atoms constituting a part of the ring.
Although alkaloids are the subject of many studies due to
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their significant pharmacological activities, only a handful
deal with alkaloids present in algae. The first alkaloid iso-
lated from algae (hordenine) was isolated in 1969 from red
seaweed. Based on the structure, marine algal alkaloids
can be divided into two main groups: 1) alkaloids derived
from phenylethylamine found mainly in red seaweeds and
2) indole alkaloids occurring mainly in green and red al-
gae. Indole alkaloids are often halogenated, a phenomenon
unique to marine organisms and algae®’. Antibacterial,
antifungal, antioxidant, antinociceptive, anti-inflammatory,
anticancer, and neuroprotective effects have so far been
declared for alkaloids from algae'’. For example, the
aforementioned hordenine inhibits monoamine oxidase B,
thereby increasing norepinephrine levels and also inhibits
pyruvate dehydrogenase kinase 3, which plays an im-
portant role in cancer progression®.

8. Conclusion

There is no doubt that marine algae are a great source
of very effective biologically active substances. However,
a large part of their biological effects has so far been
demonstrated only on the basis of in vitro tests. However,
for their future commercial use, it is necessary to confirm
these activities in in vivo systems, as well as in clinical
trials. Their practical usage is further complicated by the
incredible structural variability of these biologically active
molecules, depending on the growth conditions of algae.
So far, only one algal-derived medicine is available on the
market, the antiviral drug Carragelose”™. Other biologically
active algae products are part of food supplements and
cosmetics. To expand the range of medicinal products on
the market, it is necessary to improve cultivation and ex-
traction procedures to ensure long-term products with
a declared structure and effects.
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Review Article

Abstract

Natural products have been used as a treatment of
various diseases from time immemorial and even nowa-
days the majority of commercially available drugs on the
market are derived from natural compounds. Ocean pro-
vides a home to a number of marine organisms including
algae and shelter endless sources of new natural biologi-
cally active compounds. Marine algae had to cope with
harsh stress conditions which gave them outstanding varia-
bility and made them one of the major sources of com-
pounds with unique chemical features and with exception-
al biological activity. Amongst these compounds belong
sulfated polysaccharides, special pigments, halogenated
compounds, mycosporine-like amino acids, and many
other compounds beneficial to human health. Despite the
tremendous amount of publications declaring impressive
biological activities of algal compounds, so far only one of
them was approved as an antiviral drug. Nevertheless, with
the advancements in technology, soon others will follow.
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