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ABSTRACT

Nature derived compounds represent a valuable source of bioactive molecules with enormous
potential. The sea is one of the richest environments, full of skilled organisms, where algae stand
out due to their unique characteristics. Marine macroalgae adapt their phenotypic characteristics,
such as chemical composition, depending on the environmental conditions where they live. The
compounds produced by these organisms show tremendous potential to be used in the biomed-
ical field, due to their antioxidant, anti-inflammatory, immunomodulatory, and anti-cancer
properties.

Cancer is one of the deadliest diseases in the world, and the lack of effective treatments high-
lights the urgent need for the development of new therapeutic strategies. This review provides
an overview of the current advances regarding the anti-cancer activity of the three major groups
of marine macroalgae, i.e., red algae (Rhodophyta), brown algae (Phaeophyceae), and green algae
(Chlorophyta) on pancreatic, lung, breast, cervical, colorectal, liver, and gastric cancers as well as
leukemia and melanoma. In addition, future perspectives, and limitations regarding this field of
work are also discussed.
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Introduction that might have potential therapeutic applications
[7-10].

Cancer is a major health concern with multifactorial
etiology, including genetic mutations, environmental
toxins, immune conditions, unhealthy diets, and hor-
mones [11]. Although cancer is considered an assort-

ment of diseases, all share common cellular and

The marine environment is an untapped source of
unique and efficient compounds with biomedical
potential, where algae stand out as an attractive source
[1-3]. Marine macroalgae are photosynthetic plant-like
eukaryotic organisms classified into three major groups:
(1) green algae (Chlorophyta); (2) red algae

(Rhodophyta); and (3) brown algae (Phaeophyceae) [4,5].
These organisms grow in very harsh environmental
conditions and their chemical composition is greatly
influenced by: temperature, pH, sunlight, physiological
status, and carbon dioxide supply [4,6]. As a conse-
quence of the seasonal and environmental adaptations,
as well as taxonomic diversity, algae produce a wide
range of bioactive compounds, such as polysaccharides,
enzymes, glycoproteins, polyunsaturated fatty acids,
sulfolipids, phenolics, terpenoids, peptides, and other
secondary metabolites. These compounds exhibit inter-
esting properties, such as antioxidant, anti-inflamma-
tory, immunomodulatory, and anti-cancer activities,

molecular trends [11]. In every country of the world, it
is an important barrier to life expectancy, and its bur-
den incidence and mortality are rapidly rising [11]. In
fact, in 2020, 19.3 million new cancer cases were diag-
nosed with 10 million related deaths, being lung (18%),
colorectal (9.4%), liver (8.3%), stomach (7.7%), and
breast (6.9%) cancer the leading causes [11].
Notwithstanding being less frequent, pancreatic cancer
(PC) has the poorest prognosis among all types of can-
cers, with extremely low survival (only 7% of patients
reach 5-year survival) [12].

Despite substantial improvements in modern drug
design and manufacturing, cancer treatment still
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depends on surgery resection, chemotherapy, and
radiotherapy, with serious side effects and limited cura-
tive results [13]. Moreover, immunotherapy, a promising
treatment for many cancer types, by stimulating the
patient immune system, has shown limited applications
in several types of cancer such as pancreatic, or glio-
blastoma [14,15]. Pancreatic tumors, for example, due
to the dense fibrous matrix layer around cancer cells,
display an immunosuppressive microenvironment,
which explains their resistance to both chemo and
immunotherapy treatments [14,16]. Glioblastoma
presents a similar multifactorial phenomenon, along
with the presence of the blood-brain barrier and the
limited knowledge of the neuroimmune system, that
plague immunotherapy efficacy [17].

Given the burden of cancer in society, the existing
therapeutic options, and side effects, it is urgent to
explore different solutions such as the finding of new
compounds with anti-cancer activity [9,18,19]. The dis-
covery of compounds with anti-cancer potential is
actively growing [9]. This review will innovatively dis-
cuss the last five years’ current advances in the three
major groups of marine macroalgae, i.e, brown, red,
and green-derived compounds on several types of can-
cer, as well as the future perspectives and limitations.

Macroalgae compounds with anti-cancer
potential

Macroalgae are multicellular organisms that live in
water or humid places [17]. They can perform photo-
synthesis which transforms light into chemical energy
using carbon dioxide to create complex organic com-
pounds with biological activity, and during the process
of organic synthesis, oxygen (O,) is released [17]. As a
result of their photosynthetic activity, macroalgae are
the main producers of the Earth’s O,. Although the
interest of the scientific community in these organisms
is increasing, they are still an underused natural
resource with great potential, namely for biomedical
applications [16-18].

Recently, many reviews were published compiling
the scientific literature about the anti-cancer potential
of marine macroalgae [1,9,19,20]. This review compiles
the last five years’ research on several species of brown,
green, and red macroalgae derived compounds with
anti-cancer effects over pancreatic, lung, breast,
cervical, colorectal, liver, gastric, leukemic, and melan-
oma cancer models. Additionally, the mechanisms
underlying these anti-cancer actions of algae specific
compounds will be discussed. Different types of extrac-
tions led to obtaining different types of compounds,

such as polysaccharides, enzymes, glycoproteins,
polyunsaturated fatty acids, sulfolipids, phenolics, ter-
penoids, peptides, and other secondary metabolites
that exhibit antioxidant, anti-inflammatory, immunomo-
dulatory, and anti-cancer activities [8].

Macroalgae compounds extraction uses different
types of solvents: acetone, water, methanol, n-hexane,
and chloroform (Table 1). These extractions are based
on the principle of solvent extraction — using a liquid
(solvent) to dissolve (solvate) a target molecule or
group of compounds, separating the desired natural
compounds from the raw material [51,52]. The extrac-
tion process has four stages: (1) penetration of the solv-
ent into the solid matrix; (2) dissolution of the solute on
the solvent; (3) diffusion of the solute from the solid
matrix; (4) collection, an eventual concentration, of the
extracted solute [51,53]. For the process of solvent
extraction, several aspects need to be considered, such
as: the solvent properties, the particle size of raw mate-
rials, temperature, extraction duration, among others,
to maximize the extraction efficacy [52]. Furthermore,
the extraction process results in a mixture of different
types of compounds [54]. Some of the studies herein
presented include purification methods such as ion
exchange chromatography (a process that relies on the
affinity of ion exchangers to perform the separation
of ions and polar molecules) which further isolate indi-
vidual compounds from the main algae extract [55].
Table 1 summarizes the studies published in the last
5 years, which will be discussed in the following
subsections.

Brown macroalgae

Of the three major groups of macroalgae, brown algae
are the most studied for cancer therapy [19]. This mar-
ine resource is rich in sulfated polysaccharides and
other secondary metabolites like fucoxanthin, phloro-
tannins, and fucoidans, which have revealed promising
results against several types of cancer [19,56-58].
Fucoidan has been extensively studied [19,56-58].
Geisen et al. explored the effects of a purified acetonic
extract of Fucus vesiculosus, a Baltic brown seaweed, on
PANC-1: PancTu1, Panc89, and Colo357 human PC cell
lines [21]. This extract led to reduced viability, corrobo-
rated by cell cycle inhibition of proliferating cells [21].
On the other hand, F. vesiculosus extract presented low
cytotoxic activity against terminally differentiated cells,
like erythrocytes and non-malignant resting T cells,
which demonstrates that proliferation is a pre-requisite
for the effectiveness of the macroalgae extract [21]. As



[92] |e 12 oew

CRITICAL REVIEWS IN BIOTECHNOLOGY 3

[S¢] “[e 19 Buem

[¥2] '[e 19 nX

[€2] "e 10 ewieQ

[N CRERUIE

S|P L-NTHUS
pue 65y JO 1sa.e 3PAd [|9d pue sisoydode
40 uondnpuj 's||3 L-NT-NS pue 6¥SY
Jsutebe aAI1I9YD dI0W S| UOIIGIYU! YIMOID
‘uoljeAlde undyped-3 ueyoid Jossaiddns
Jown] Buijeubis uomqiyul YO1W/IMY/NE
el sisoydode Jo uondNpu| 's||3d 6HSY JO
saiuadoud A1ojeibiw pue aAIseAul JO uoIqIyu|
'S|aA9] au 01k Alojewwepyul buiseasnul
INOYUM S[[93 JadURd Ul WIISAS dsudsap
juepIXonue 3y} Jo uondNpay ‘suidloid
Ajiwey z-12g Jo uoissaidxa paseasdng
(YNDd pue L@ uipAd) s1aonpul uoissaiboid
1192 Jown} Jo uolssaidxd paseasdaq 's|9Ad)
SOY paseanu; pue sisoydode jo uondnpu|
|92
135ued dneasnued uj sisoydode s1epIp pue
yjeissosd gi{N-£5d 1961ey Aew sueploon4
"A|9A1dadsal “s||9d L-INVd pue z-ededelpy
ul G4-ueplodny yum sajndsjow Aemyled g¢
pue /g jo uomiqiyu| ‘dyvd jo abeaes)d pue
‘6- pue ‘g- ‘¢-se) Jo uolieAlde ‘sisoydode
Jo uondnpu| Jw/brl g 1e uoniqiyul
JewIxXew Yiim ‘|BAIAINS [|3D JO U yui
1U3pUIdap-3sop JuedLIUBIS pue JU)SISU0)
"9JNJ|ND Ul SWI} YUM S9sealdul
Saul| 192 Yioq ui A1ID1X03034D JO uoidNpul
Tw/br QoL Iy “uomiqIyul sanAde
6- pue Z-dWW ‘jenualod djuaboibue
se ||9m se sisoydode jo uopdnpul pue
uoneuayljoid 13> Jo uomqiyur uedubis
w/brl oL UBY) SUOIIRIIUIIUOD JIMO| IY
‘ABeydoine
JO SI0NQIYUI YUM UOIIRUIqWOD Ul
S99 dnoldode pajeldaddy |3 | bunsal
Jueubijew-uoU pue S||3d palenUIIAYIP
Ajjeuiwiay 1sutebe A31d1x0103140 Mo
“Jauuew juapuadapul-se) e ul bulkp s||22
Yam sioqiyur 3343 |19 jo uorienbaidn

Y 104
W 0oL pue ‘05 ‘Sz
‘STL ST TL'E'SSL 0

Yz oy
Juybr og pue gz

Y T 104 Tw/WM 0
pue ‘sz ‘07 ‘SL ‘0L ‘S ‘0

yzL pue
¥z 104 qw/bri 0§
pue ‘sz ‘S°7L ‘ST9 ‘STL'E

Yy pue
‘8 ‘pg 104 Jw/Brl 001
‘05 ‘ST 'STL 'ST9

[ull 93
leasnued yoes 1oy
uofleuiwialsp 0513

LTVY “1-NTNS
'6¥SV 'LT8DDH 04uA uj

6YSY 04IA U

L-DONVd :043iA U]

€-2dxg
'[T€-dued ‘T-EDRJRIN
‘L-DNVd 04 U]

L-ONVd
‘z-eDedeI [04lA Uf

£5€0]0D
‘6goued ‘|njoued

(panunuod)
*S|192 61SY 40 sisoydode padnpul spnposd
uoliepelbap 9A133dSII pue ueplodNy AR
ul panjoaul si yolw Aemyred buijeubis
9y] ‘panIasqo aiam sisoydode dje| pue
‘€- pUB 6-SBD IAIDR ‘DSBI[RI DAD PIsea.nul Yy 8y o}
‘lennuajod sueiquidw [RLIPUOYIOHW JO quwy/br gog pue (10eA3X3 J91EM
SSO| ‘U0ISSaIdXd Z-|Dg pasea.daq ‘sueplodny ‘00% ‘sueplodny papesbap pue
[£2] e 3 N papeibap pue aaneu £Aq sisoydode jo uomdnpul ‘00€ ‘00T ‘001 ‘0S ‘0 6¥SY (04 U] dAI11RU) WNJ[OJISSDII Winsspbips

(OW ‘sino7 1S
‘Upup|y-ewbIS [enIswwod
'|0J331503n)) DADD DIPOPIT
(Auewuan
‘uauILls ‘suonnjos
Buninsuo) soyy [eJAWWOd
‘|oXI31p) bADD DIUOPDT bun

(OW ‘sino7 1S
‘Yd1p|y-ewbIS [eIaWWod
‘|o)231p) DAL DIUOPIF

(1eaxa Jrem
‘UepIOdNY) S3PIOUOD DLDUIGIN]

(10eA%3 DJU0lRdR

[LZ] ‘|e 33 uasien 01 anp Aujigela jo uoniqiyur buons y gz 01 dn ‘L-DNVd 043 uf payund) snsojnoisan snon4 Jl3ealnuey aebjeosnew umoug
S9DUIJRY S)nsay uofieinp pue |9pow yd1easay (punodwod) adfy aebjeosepy
uol1eJIUIDUOD) uawipads J3dUR)

‘aebjeooew udalb pue ‘pal ‘umoiq Jo [enualod Jsdued-puy ‘| 3|qel



4 (&) P.NOVA ET AL

(panunuod)

[v€] e 19 npedoy

[g€] e 19 Buep

[zel "fe 33 uehd

'suol1deIIUI [eDIUID
JuedIUBIS JO S INOYLM UDJIXOWe) pue
9]0Z0113] YlUM AJJUBHWODUOD Ude] 3] P|nod
ueplodn4 ‘paodal a19m yeiul ueplodny
J0 AJIDIX0} 1O S1D9Y9 3SISAPE ON "PIAIISCO
9J9M UBPIOdN) YUM UOLIRIISIUIWpR
-02 J9)e $9)I[0geIdW UdjIXOWwe)
10 ‘udjIxowe) ‘9|0z0433| Jo sdnRUBjodRWIRYd
3y} ul sabueyd juediiubis oN
‘sisauabolbueydwiA|
pue ymmolb Jowny Jo uoniqgiyul
‘04iA uj sisauaboibueydwi|
pasnpui-Jowny Jo UogIyu|
"LET-AN-YAW JO D-4D3A JO Ul
pue ‘uoiseau] ‘uonelbiw jJo asearaq
"D3TH 4o buijeubis
P-AN/MY/NEId Jo uoissaiddns pue
‘uolyewloy agny
‘uonjesbiw ‘uonesayijold ‘yimoib jo uoniqiyu)
‘Kemyjed sisordode paje|paw-eLpuoyd0} W
9y) eIA paadoid $1d9y3 "saul| |13 Yyioq
40 9]PA> ||90 paisasie pue ‘uonewloy Apoq
onoydode ‘abewep yNQG pasesidu| ‘saul|
1192 Pa1sa) Yl0q Uo 19943 dAnesajjoidiuy
*Aj9A11dadsal ‘saul| 19 0LZL] pue
‘09-TH ‘88€d 404 WH 8T F £'LL O} L'E F T'T
wouy buibuels sanjea 95| yum ‘saul

S}IOM
€ 4oy Ajiep ad1my B 00g

skep 9z 1o}

‘Rep Kians Aisyduad

Jowny ay) 1e paaful

/10w poS pue 0oL

Y 8t 10 '¥T ‘L 104
J/10wr QoL pue ‘0§ ‘st

Y ¥ 404 Jw/brl ooL
pue ‘0§ ‘Sz ‘STl

YL 1oy

sjuaned Jadued Jsealq
‘(sa1desayy [euowloy
pasn) usjixowe)y
pue 3|0zond)
Yum ueploony
JO uonessiulwpe

-0D b} [D21UlD

|9pow
asnow yesbouax
LEC-AN-VAW ‘oMA U]
LEC-AN-YAW

D3 ‘o u

L-4DN “09-TH 04HA uj

oLel1

(ssax01d uondRIXD
yoaiepy

‘ueplodny) ppynpuuld buUppUN

(I19H ueynm
[eIDJWWOD ‘UIYIUBX0dNy)

ppynpuuid pLppun jsealg

(1eNIXD
JnewAzus ‘uepiodny)
wnysfAjod wnsspbipg

(Penxe
dljoueyld ‘y uiskwisojey)

[LE] ‘|e 32 epewej 1192 el N3 ||e 1sulebe A11d1x01014> buoisg W 00T pPue ‘0z ‘z ‘09-TH ‘88€d :041A Uf pibiaquny} wnsspbivs EENEY]
‘sIXe Y-493IN/€LVLS/90S
-giw eIA oAl uf sisauabolbue 'skep 61 104 |]9pow 3snow
padnpul-1adued Hun| |9 |jews-uou pajenuany 1ybram Apoq by/6w 0oL yesbouax d/g7vg ‘oniA uj
"JIauuew juapuadap-asop (OW ‘sino7
e Ul uolssaidxa y-493A Jo uonenbaiumoq 1S “Youp|y-ewbis
‘sisauabolbue padnpui-1adued Yy 8t 404 Jw/brl o7 |eJaWwWod ‘pide djuibje)
[0€] "|e 1@ buep Bun| |92 ||ews-uou Jo uomIqIyul 0LlA Uj pue ‘50 ‘Z’0 ‘00 SSLLH ‘6¥SY :04uA uj aeb|y umoig payadsun
SYIIM €
10} uepiodn} Yum pay
*OAIA U] UOIINP3II A|je1o |9pow asnow
9ZIS Jown] pue sisauablown} JO UOIUINAIY Yyeibouax-1J77 ‘shep (OW ‘sinot
"0J3IA Ul pue oAJA skep 1 10j d1w Ayyeay 1S ‘Youp|y-ewbis
ur yieap |19 onoydode 03 buipes| ‘Kemyied 1 o} Ajiep/by/bw 4z 0} uonesisiujwpe |eI2J3WWOod ‘ueplodny)
dOHD-741Y-)43d Jo uoneande Aq asuodsal ysy 1eJQ :0AIA Uf pajuodpf plpUIWDT
[62] "o 38 nsH $S311S WiNjnNdf1a4 djwsejdopus Jo uoidNpu| 1o} Jw/brl oo pue 0oz S-LTD ‘6¥SY :04uA uj pue snsojnaisaA snn{
‘sisoydode
padnpul sueplodny 03 paje[as 3q pjnod
Kemyied 9S/4OLWw/MY "yieap |19 dnoydode
ut 3joJ A3y e Aeid 0} sieadde juajuod
91ey|nS *s||92 19d>ued Hun| Jo sisoydode (Suep10dN} Pa3eyINSISA0)
[82] "o 39 oeISH panoidwil 0} SPes| UOIIR)NSISA0 Ueplodn4 y 8¢ oy Jw/brl 00z 6YSY “043IA Ul wnijoyinbo wnsspbivg 9ebjeosdew umolg
S9DUIJRY synsay uoineinp pue |9poW yd1easay (punodwod) adfy
UOI1RIIUIIUOD) uswads JEBIITH)

5319 eIWNN3T

‘panunuo) °| 3|qel



CRITICAL REVIEWS IN BIOTECHNOLOGY 5

(panunuoo)
SOIIIAIIR DY) PasIanal Ajauediiubis 3 ‘sasop Aq sies Jeisipm 1 Waydoiyg
[Lt] ‘e 1@ J9]jews Yyum uosuedwod ul Ay Alybiy By/6w ot pue ‘0z ‘0L 3jew uj padnpul N3S37 [eIDIBWWod
Jewnyysaspes sem yb1am Apoq 6%/6w O Jo uonessiuIwpy JO uonessiujwpe [e1o — |9pow DDH :oMA uj ‘|ox231p) bADD bUOpIF

(o] "|e 38 ueyq

[6€] "|e 19 died

[8€] “|e 12 oyjuateAje)y

*Z-1>9 Jo uoissaidxa
3y} paseanap pue ‘xeg Jo uoissaidxd
9y} paseadul ‘s|j9> godsH jo sisoydode
palejnwils pue oA ul s|j9d g9daH
01 A121X010340 Judpuadap asop ybiy pasnpuj
‘uolssaiboid 924> |13 i Isaule |H pIdNpUl
pue ‘obewep |93 ‘sisoydode pasnpul
UepIOdN} ‘UOIIRIIUIDUOD SIYL 1Y 'S|[d
|Inu pue 3dA} piIm Yy10q 104 J1X030314d SS3|
paJapIsuod asem Jw/brl oG Jo suoneiusdu0)

'sjoy1aiojyd pue uoiielpels Jo UOLRUIGUWIOD
|edyaUSq B S1edIpUl ABw YdIyMm
‘uonjeipeut Aei-x JIX01-uou Mo| 0} ANANISUDS
113y} pPaduBYUS pUE §|[9) J9dUBD UOJ0d Ul
uolewloy Auojod Jo uomIqIyul 3yl 0} pes|
sjoyiaiojyd JO UOIIRIIUSIUOD JIX0)-UOU Y|
S| (qu/brt $6=55))
9LLIDH pue (quw/Br z6= %5)1)

6C-1H 1suiebe A11a1de J1x010314)
“Juswieas
V |0xy2301nj0onjosojyd Aq paseasdur (yiesp
1192 3uapuadap-sisoydode pue sisoydode
JO JdpeWOI] B) dYVd JO [9A9] abeaes)d
3y} ybnouy sisoydode ayy Aq paulejdxa
3q Aew ydiym ‘Kemyied pareipaw
-€41V @A saul| |92 palsal [le ur ANigelA (|3

skesse sisoydode

pue A311x03014>

- YzLpue gy

¥ 404 Tw/Bw 000C
pue ‘0001 ‘005 ‘0S¢ ‘STl

Aujigein |12

= Y8 4oy qw/br g1
pue ‘00l ‘0§ ‘ST ‘0L
S||92 pajelpeu) uo

S

3y} Jo uoneulwidldg
(£9 01
0} 7 WOl d)el 3S0p e
1e £eJ-X) uoneipes 0}
S|192 3y3 Jo ANAIISUIS
3y} Jo uoneulwIIRQ
Aupgein |9

= Y 1oy qw/br 000L-0

7OdaH :o4A uyj

9LLIDH _,€5d
pue . eqd :omn uf

6C-1H
‘9LL1DH paieiped Ael
-X pue |ewiou o4A uf

(10RAIXD 13)JeM ‘Sd4S)
awiojisny wnsspbips

(OW ‘sinoT 1S
‘YdUp|y-ewbIS [eIaWWod
‘ueplodny) snsojndisaA snan4

(uonoey
sjoysaio|yd) pp}sOd DLDISOD)

(1eNX3 jouRyIdW

JAAI aebjeosdew umoug

JO uondNpal padnpul y |oxr30.njodn0i0(yd Yz 1oy 67-1H ‘ONOT 'y |0¥2301nj0onj0.0yd)
[£€] e 19 03 JO SUOIIRIIUIDUOD PISEADU| wr 0oL pue ‘05 ‘0 ‘087MS ‘OLLIDH :043A uj sI12/21q piuasi3 [e13310]0)
w/buw |
pue §°0 ‘AVD-13H
Wbrom Kesse WyD-13H
Apoq Bx/6w 000z pue (21w Jua3adwod)
"10RAIXD Jo 3sop uwi| e 1531 A1dIX0}
Aue 1oy panIasgo sem A1dIX0) 10 uoNelLIl ON 11593 A1dIX0} 91nde 051 21nde 0517 0AIA Uf
‘paseasnul skemyyed
JISULIX3 pue JisuLiul Juspuadapul
-se) pue juspuadap-se) yioq ui sausb
snoydode-oid Auew jo uoissaidxa pasealdu| (s1oeNIX3 JouRYIDW 1sealq
*(B79H) S||92 BWOUIDIRIOUIPE [BIIAIDD Yy 8f J0j 1oRIIXD Yoed L-4DW pue pue ‘wiojolo|yd ‘duexay-u) ‘le1d310[0d
[9€] ‘Je 19 JBuno 1sutebe £jjenadsa ‘Aujiqela |92 ul uondnpay Jo Jw/br g pue ‘s ‘50 ‘7-00®) ‘eT3H 04 U] pLDd0Js sia1dojDH ‘led1ni)
(s1eaxaqns
“Jw/brl o°ze 01 san|eA WI0JOJO|YD pue sauexay
[s€] e 19 9'LL woJj Buibues sanjea 95y yum ymmoib 05| 3y} sulwIRp -u ‘sauadiaup diphoe
sojnodooiuiAws S92 LEZ-9W-YAW 4O uomiqgiyul S1esapopy 01 Y g/ 40j Jw/brl goL-0 LEC-9W-YAW :041iA U| pa1eusbAxo) pp2inyiq pupINjIg sebjeosdew umoig
EERIVEICTEN| s}nsay uoneInp pue [9pow ydieasay (punodwiod) adfy sebjeonepy
UOI1RIIUIIUOD) uswads JEBIITH)

‘panunuo) °| 3|qel



6 (&) P.NOVAETAL.

(panunuod)

192 uo apueyddeskjod Jo 19949
9y} paseanul (Wd/A 00g) uonelodoidad|d
Jo uonedijdde jeuonippy Juspuadap adA}

[8t] ‘|e 32 eAojONIN |92 pue 3sop aq 0} paseadde [eAlMNsS |19

‘[9A3] 193 POO|q duym
9y} pue siowny 3y} Jo 3zIS Y} pasealda|
153} A1dIX0}

IUOIYD-NS Y} 40} PaAIISCO Sem A}dIxol ON

“Jw/Bw |y Jo anjea 95H| ue yum

y 8t 404 Jw/bri oL
10 'S/ 05 ‘ST ‘0L

S)ooM

LL 404 BY/Bw 00€

JO uonensiuiwpe |eiQ

$)99Mm g o} A11dIX0)

- Altep (3ybram

Apoq B3/6w 0007
uoljelsiuiwpe [eiQ

- Yz Joy qw/bw §|

LEC-AN-VAW pue
[-4DW paiesodoidsje

pue [eWION — 0JNA U|

|9pow
1e1 gWa Aq paonpul
sisauaboupied
Alewwew pue
sies Ayyeay ur A1d1xo}
21U0IYIGNS 0AIA Uf

(sepueyddesk|od)
wnpipios wnipuAydiod

(1peAX3 dIjoueYIBW)

[Z¥] "|e 3@ Bueyd ‘U1 192 £-4D Uo A1PIX03014d Jo uondNpu| pue ‘zL ‘6 ‘L€'l LW 04314 U] 11zaipA|p snaAydoddpy 1seaig debjeonnew pay
'SWI)SAS ISUOP JUepIXoijue djewAzusuou
pue dpewAzua dneday ay3 jo syjusuodwod
snoleA pajenpow pue abewep
d13eday jo si91sweled wnias pabueyd
sapueyddesAjod pareyns "1peixa snoanbe
9Y} YUM PaAIasqo sem sisauabourdied
J9A1] 181 JO uonIqIyul 3sapoly “sisoydode YEEIN sjed ul YN3Q 4O
JO uopPNpul pue uofesdjoid (|95 [ewlouqe ¥Z pue ‘g1 ‘z 1o} uondafur Aq padnpul (1esx2 snoanbe
Jo uoniqiyur ybnoiyy sisausbourdiedoleday Ajiep by/bw 05 sissuabouiedoleday pue sapueyddesAjod
[9%] ‘|2 39 uldssnH paleiul-yN3Q Jo uonuaraidowsayd paylep JO uopieiS|UIWpE [BI0 0AIA Uf pa1ey|Ns) banpv| bAIN J9AI
skesse sisoydode
'S3U| ||92 43DURD ISBAIQ PUR JIAI| UO pue Aujigein (3e43X3 dIjouRYIRDW 15eaig
[St] DIlew-IY saiae dioydode-oid pue sanesapjoidiuy 1190 — W oF pue ‘0z ‘oL /-4DW ‘7odaH - oA | ‘ulueA>01Ayd) panyp| LAIN J9AIT
‘ds bydiowojapy) Jo S}eIXD |ourYlID
JO SUOI1RJIUIDUOD JUAIIYIP AQ pardaye
Ajpuediubis a1am saul| |35 JdUed Isealq
LEZ-9N-VAW "1Pe1IX3 snoanbe o0y pasedwod
A)IA1DR J9dURD-JUR puR juepIXOluUR Aupgern (19 LEZ-9N (s312R43%3 Snoanbe
[#¥] ‘e 33 bey 19yb1y passassod aebje Jo 1oenxd |oueyly -y g/ oy qw/brl 00z-0T -VAW ‘Z-4DW — o4uA uj pue [oueyd) ‘ds bydiowolany) 1seaig
‘paraye sem Abojoydiow |]9) “Jw/bw Of 1yb1ussno Jw/bw 0oL
J0 057] ue yum ‘s||9d Sy 1sulebe pue ‘06 ‘08 ‘0L (sdN by jo debjeonew
[£¥] ‘|e 19 bueyz A3121x03014> payqIyxe SdN Py pazisayjuhsolg ‘09 ‘0S ‘0% ‘0€ ‘0T ‘OL 6¥SY — 04lIA U SISOYIUAS 10J) DIjojIxp) DAIaIND) bun7 VEET)
|opow
'SISRISRIdW JIAI| JO JqUInu ‘skep Lz 104 BY/6 | asnow yeibouax
9y} JO ISEIIIIP pue ZIS JOWN] JO UOIDNPIY YlM uoneisiuiwpe [elQ €WTDDH :onin uf
‘Kemyyed buijeubis
1423/24S/£gAL ubayul ayy Buneandesp sAesse buljeay (euryd
Aq Jauuew Juapuadap-asOp B Ul UOIeWIO) punom pue ‘uoiseAul ‘ue I ‘ABojouyda] [edibojoig
eipodopenul syuanaid ueplodn4 “saul| ‘uonebIy - Y g/ pue anA
[[92 J9oURd PIIS] D3IY} DY) SO} UOISRAUI ‘S ‘iz 10} qw/Bbw of €WTDDH pue zynHy Bueyl Ixueeys |elJaWWOd
[z¥] "2 19 ueg pue uoneibiw jo uoniqiyul Juspuadap-asoq pue ‘o€ ‘0z ‘0L ‘0 ‘LTLL-OWWS “04uA uj ‘ueplodny) wnsspbips
“J9AI| 3Y1 Ul
uoI1e1]UIDUOD YIJN PIseadap pue ‘apedsed SY9IM G|
JUBpIXOIIUR PaseadU| ‘sidjJew dAepixosad [SEEI 10} ¥IAN 40 % LO0 (43pinoid
pidi] paseasnap ‘sawAhzus Jaspew dneday jo G| Joy ybram Apoq Yyum Jazem bupjuup uonN|oS 1eIIXJ SqIdH
S9DUIJRY synsay uoineinp pue |9poW yd1easay (punodwod) adfy sebjeosnepy
uoI1RJIUIIUOD) uawipads 130U8)

‘panunuo) °| 3|qel



CRITICAL REVIEWS IN BIOTECHNOLOGY 7

‘dulwe|AY131posoiIu-N YIAN ‘ewouied Jejnjiedoleday :)JH ‘spueyddesjod
awuoyisny wnsspbivs :Sd4s ‘s|ewiue paisa) 3yl JO %05 JIM 1Byl SdURISYNS B JO 3SOP |BY13| SY) UOIEUIWISISP 05T ‘dueiquwidw djojue|jeolioyd 1s3) b6 s,usH :WVI-L1IH ‘%05 A9 yimolb |92 uqiyur 0y paiinbai
9JURISYNS 3] JO ASOP ANIAYS Y3 05| ‘duiwesoinuiAyiaip :yNIQ ‘uvloid X paledosse g-Pg :xeg ) awoiyd0ihd DA ‘uondudsueny JoHD Bupnpur ur sjo1 Aoy e sAejd :Aemyled JOHD-t4LV-MY3d ‘[eAIMNS pue
‘uofieibiw ‘uoriesdjijoid ‘UOISBAUL SB UINS SUOIIdUNY [|9D |RI9AIS 01 palejdl — Aemyied upAwedel jo 1961e) UelleWIWERW/DY HOLW ‘Ymoib pue ‘uopiesdpjosd ‘|ealains |93 Jadued Hun| ul 3jol A3y e sAejd :Kemysed
HOLW/IMV/NENd ‘saads uabAxo anndeal :50Y ‘asesswhjod asoqu day Ajod :ddvd ‘Z-elwaxna| |[92-g :z-|]2g ‘g J01de) Jespnu :@i4N ‘asedsed :se) !sasea104dojje1sw Xujew g ‘dul] |[93 JSdUBD BWOUEB|SW Isnow
:9Lg ‘J9AI[-31IS D11BISEISW WOJ) PIALISP ‘BWOUIDIRD0USpPE Jejngnl dL1seb woly aul| |92 Jadued dulseb uewny :@ZNMW ‘ewouldied Jejnjja>01eday woly aul| [[93 J9dued JaAI| uewny :EWTIDH ‘ewouied sejn|jadoleday
WwioJ) U] [|92 JDUBD JSAI| UBWINY :ZYNH ‘BWOUIDIBI0UIPE [EDIAIDI0PUS palejai-sniiaewojjided wouy aul |92 Jadued uewny :LzZZ-DWINS ‘ewolsejqoleday woly aul| [|93 Jadued JSAl| uewny :gHdaH ‘ewoupiedouspe
UOJ0d WOJ BUI| |9 Jdued [eIIRI0J0d UBWNY :6Z-1H ‘@pou ydwA| sejndireeidns 1ya| — d)IS DIIRISEISW WO} PIALISP ‘BWIOUIDIEIOUSPE UOJOd WOJ) dUl| [[32 J9dUed |e133J0j0d UewNy :OAO0T ‘BWOUIDIEIOUSpE UOj0d
WwioJ) U] [|9D J9UBD [B1II0[0D UBWNY :08HMS ‘BWOUIDIED UOJOD WOJ) Sul| [|9 JSJUED [B1D310]0d UBWNY :9LL]JH ‘BWOUIDIEIOUSPE UOJ0D WOJ) Ul [[33 JDUBD UBWNY :Z-0)ED) ‘BWOUIDIEIOUSPE [EDIAISD0PUS P31e|i
-snuinewoljided wouy 3ul| |9 J9dued UBWINY BTdH ‘UoISNYS |edndjd — 31IS D[1LISeISW WOJ) PIALISP ‘BLIOUIDIEIOUSPE 1SBRIG WOJ Ul [|9 J9dued 1sealq uewny :LEZ-gW-YAW ‘S||92 [ellpylopua dneydwA| uewny
2D3TH ‘uoisnys [eanajd — a)1s dlleIseISW Wl paAUap ‘adAl |epads ou Jo BWOUIDIED 1SBAIQ AISEAUL WOJ) DUl [[90 JSOUED 1SBRIq UBWNY :/-4DW ‘PILSYNS| SSNOW WOJ) Uil |92 JdURD :QLZLT ‘elwayns| plojeAw
91Nde JNpe WoJj dul| |92 JIDUED BIWAYNI| UewWNY :09-TH ‘ewoydwA| Ssnow wolj aul| ||93 JadUed eIWNST :88E ‘BwoUIEIOUSPE Bun| WOl dull |93 J3dued bun| uewny :g-17) ‘ewourdiedouspe bun| woly aul|
|]92 42dued bun| uewny :ZzyY ‘ewoupiedouspe bun| woly sull |9 J3dued Bun| uewny :1-N7-)S ‘Pwouidiedouape bun| woly aul| [[33 J9dued Hun| uewny :£gg8)JH ‘ewouldJedouspe Hun| woly auj| [|93 Jdued bunj
uewny :64SYy ‘ewouIdIedoudpe [e1dNp dneasnued woiy sul| (193 Jadued djjeanued uewny g-)dXg ‘ewourdiedouape dieasnued woly sul |93 Jadued djeasnued uewny £z g-dued ‘ewouidiedouspe enp dieanued
woJy aul| |92 Jadued dneanued uewny :z-eJedely ‘ewouIedouspe djeasdued d11eIselaw woly aull |92 Jadued dneanued uewny :£6€0]0) Bpou ydwA| — S1s J11eISeI9W W0} PIALISP BWOUIDIEIOUSPE [B1ONP WOJ)

ou

|92 J9dued dj3eanURd UBWINY :g8IURY ‘RUIOUIDIRI0USPER [2IONP dljeasnued WOJ) Uil |[9 J3dued djeasnued uewny iLnjdued ‘ewouidiedouspe [enp dieasnued woly aull |19 Jadued dpeanued uewny L-)NVd

"ysiyelgaz ul ymmolb Jowny jo uomqiyul

"0AIA Ul A)IADR Aloje[npowounwiwi
JO uofdNpuUl pue ymoib Jowny Jo uoqIyu|
*Ajl9Adadsal ‘uonesapjosd
pue sisoydode jo sio03edipul ueyodwi
dJe /9Iy pue g-se) paea)d Jo duasaid ay|
*JSUUBW JUSPUIAIP-UOIIRIIUSIUOD B U] IdIW
ul siown} payelbouax JO UoIGIYUl YImoio
'saul| |19
pa3sa1 931y} |[e Jo4 sisoydode jo uondnpul

ysipiqaz ui

sisAjpup Aydixo} d1uoiyd
pup 23n3y — skep Q| 10}
Kep/6ri 09 pue ‘sy ‘0¢
‘G| uonessiujwpe [elo
skep gz 10}

wb1em Apoq Byy/bw 0o
pue ‘00Z ‘001

S4dS yum pay £jjeio

"SHIIM 9 10j 3IIM
e 1M} 1ybram Apoq
Bx/6w 08 pue ‘o ‘0T e
uondafur [eauoiuadenu
sAesse >oydode
pue Aujigela 12>

|9pow ysiyeiqaz
3lew ynpe :oAA uj

|[9pow asnow
Yyeibouax-godaH :0n uf

[9pow dsnow
Yeibouax-64SYy 0MIA U|

Aq uonesayljoid |19 jo uoniqiyu| ‘Kemyied -y g/ pue ‘gy yz (Penxs ewoueR
Buyjeubis se4/se4 pajejas pue ‘Abojoydiow Joy qw/brl ooL 4o ‘08 919 pue 191eM ‘saplieyddesAjod) JIsen
[05] '|e 12 Buey ‘sisoydode ‘AyjiqelA |35 Jo uonenpop ‘09 ‘0S ‘Ov ‘0€ ‘0T ‘0L ‘'S 'STNMW ‘6¥SV :04iA Uf siwioyfupwia| sisdoup|idpio bun
'sisoydode skesse d1j01dode
[6¥] ‘|e 39 wnbag JO UOIdNPU] S [|9M S UOI1ez|uo|od pue Aujiqela (193 (uonoenxa
gooqeye|y ejaaze4 pue ‘uopeibiw ‘uoneayljoid |33 Jo uoqIyu| - Yz oy qw/bw z-1°0 6YSY “043IA U] Jennuanbas) psoiadp pjjalpijan bun
‘ABojoydiow [|9> ul sabueyd
pue AJ|IQeIA Ul 3SB31D3P %0 B O} P3|
uolies0dosndd|d wd/A 00Z+ dpuUeyddeskjod
Jui/brl 67 :uonesapjosd
S9DUIJRY synsay uoineinp pue |9poW yd1easay (punodwod) adfy sebjeosnepy
uoI1RJIUIIUOD) uawipads 130U8)

‘panunuo) °| 3|qel



8 @ P. NOVA ET AL.

highlighted by the authors, future in vivo studies should
explore such results and the mechanisms of action over
the cell cycle [21]. The effects of fucoidan isolated with
water extract from Turbinaria conoides, macroalgae
found along the south-east coast of India, was tested
with Mia PaCa-2 and PANC-1 human PC cell lines, show-
ing interesting results [22]. This fucoidan effectively
inhibited cell proliferation and induced apoptotic death
in both cell lines [22]. Additionally, the extract exhibited
significant anti-angiogenic potential at 100 g/mL lead-
ing to complete inhibition of human aortic endothelial
cell tube formation [22]. The same authors, in a recent
study, characterized the active fractions of Turbinaria
conoides fucoidan extract, exploring the mechanisms
involved in its pancreatic anti-cancer activity [23]. Five
fractions of fucoidan isolated by ion exchange chroma-
tography were tested with: PANC-1, MiaPaCa-2,
Panc-3.27, and BxPC-3 human PC cell lines. All fractions
presented a dose and time-dependent regulation of
cell survival [23]. In addition, fucoidan induced apop-
tosis, cleavage of poly ADP ribose polymerase (an
enzyme involved in DNA repair), and activated caspases
3, 8, and 9 (each play a critical role in mediating apop-
totic cell death) [23]. A specific fraction of the extract
(f5) inhibited the NF-xB pathway (related to transcrip-
tion of several genes associated with tumorigenesis and
progression) in Mia PaCa-2 and PANC-1 cells [23].
Furthermore, fucoidan inhibited constitutive and tumor
necrosis factor-o mediated NFkB DNA-binding activity
in PC cells [23]. NFxB is a key player in the apoptotic
resistance of PC cells, and the inhibition of this nuclear
transcription factor can lead to apoptosis, sensitizing
cells to chemotherapy treatments [59,60].

Dieckol, a phlorotannin polyphenolic compound pre-
sent in the brown alga Ecklodia cava, was tested with
PANC-1 cells [24]. Dieckol decreased the expression of
cell progression inducers cyclin D1 and proliferating cell
nuclear antigen — PCNA, the anti-apoptotic protein B-
cell leukemia-2 (Bcl-2), and increased the expression of
pro-apoptotic protein Bax [24]. The apoptotic effects on
PC cells were related to increased levels of reactive oxy-
gen species (ROS) [24]. In cancer cells, chemoresistance
is associated with the antioxidant defense system and,
as such, these anti-cancer drugs should increase ROS
levels, promoting cancer cell death [24].

Dieckol extracted from Ecklodia cava (commercial
AKos Consulting & Solutions, Steinen, Germany) was
tested with human A549 lung cancer cells [25]. This
compound inhibited cell migration and invasion and
induced apoptosis by activating tumor suppressing E-
cadherin (a glycoprotein of the adherens junctions, cru-
cial in cell adhesion and maintenance of epithelial

phenotype with major importance on epithelial-mesen-
chymal transition (EMT)) levels [24]. Furthermore, apop-
tosis was induced via inhibition of the mTOR signaling
pathway [24]. This pathway regulates cellular metabol-
ism, differentiation, and proliferation, being its activa-
tion closely related to tumor development and cancer
therapy resistance [25]. Investigation toward the discov-
ery of drugs that can inhibit the PI3K signaling cascade
is needed [25,61]. In this sense, dieckol presents great
potential to be considered for lung cancer therapy [25].

Fucosterol, a phytosterol that can be also found in
Ecklonia cava or Ecklonia stolonifera, as well as in other
plant species, was evaluated as a possible anti-cancer
compound for lung cancer [26]. It was effective against
A549 and SK-LU-1 lung cancer cell growth and invasion,
by inducing apoptosis and cell cycle arrest [26]. In add-
ition, this compound inhibited the growth of A549-xen-
ografted tumors in mice in increasing doses
(intraperitoneal administration at 20, 40, and 80 mg/kg
body weight twice a week for 6 weeks), making it a
promising candidate for lung cancer therapy [26].

Wu et al. tested the effects of a native and three
degraded fucoidans by extrusion (a bioreaction process
of short duration that involves heating, mixing, shear-
ing, pressurizing, and shaping, to increase the extrac-
tion yield of fucoidan) from Sargassum crassifolium with
A549 cells [27]. The chemical compositions among the
different fucoidans varied, though the structural fea-
tures were similar [27]. All types of fucoidan promoted
apoptosis of A549 cells, by observation of mitochon-
drial membrane potential loss, an increase of cyto-
chrome c release, activation of caspases 9 and F3, and
decrease of Bcl-2 expression [27]. In addition, the
authors concluded that mTOR (signaling pathway
related to several cellular functions - proliferation, inva-
sion, and survival, frequently activated in cancer) is
involved in fucoidan induced apoptosis [27].

Fucoidan biological activity is related to molecular:
weight, degree, and pattern of sulfation, and glycosidic
branches [28]. As an extension of the previous work
[27], Hsiao et al. analyzed the effect of oversulfation on
fucoidan from Sargassum aquifolium and tested its anti-
cancer activity on A549 cells [27,28]. The authors con-
cluded that fucoidan with increased sulfate content
induced more apoptosis of lung cancer cells and that
the mTOR pathway was involved [28].

Hsu et al. explored for the first time the effects of
fucoidan over cell apoptosis via endoplasmic reticulum
stress studies [29]. The endoplasmic reticulum is an
intracellular organelle with important functions, such
as: lipid biogenesis, maintenance of Ca’" homeostasis,
and protein folding, and its stress-induced apoptosis is



related to several pathologies, including cancer [29].
The authors analyzed the effects of fucoidan in vitro
(A549 and CL1-5 lung cancer cell lines treated with 200
and 400 pg/mL of fucoidan for 48h) and in vivo (lung
cancer murine LLC1-xenograft model orally fed with
fucoidan for 3 weeks) and found that fucoidan acti-
vated one of the major pathways in endoplasmic reticu-
lum stress-mediated apoptosis - PERK-ATF4-CHOP,
which conducted to apoptotic cell death in vitro and
tumor reduction in vivo [29].

Alginic acid is a natural polyuronic acid very com-
mon in edible brown algae. This compound possesses
anti-inflammatory properties [30]. Wang et al. explored
the effects of alginic acid in vitro on A549 and H1155
lung cancer cells and in vivo on an A549-xenograft
mouse cancer model orally fed with 100 mg/kg body
weight of alginic acid for 19 days [30]. The authors
focused on lung cancer-driven angiogenesis and ana-
lyzed the expression of VEGF-A (angiogenesis pro-
moter), and found that alginic acid downregulated
VEGF-A expression [30].

Leukemia is the common terminology to classify a
group of malignant disorders related to an increased
number of leucocytes in the bone marrow and/or blood
[62]. Halosmysin A, a metabolite isolated from the mar-
ine brown algae Sargassum thunbergia was tested with
murine P388 and L1210, and human HL-60 leukemic
cell lines, showing high cytotoxicity [31]. Future investi-
gations should address the structure-activity relation-
ship of this compound to elucidate the mechanisms
and specific molecular pathways underlying its action
[31]. Fucoidan from Sargassum polycystum was
extracted using an enzyme (cellulase), purified by anion
exchange chromatography, and evaluated with HL-60
leukemia and MCF-7 breast cancer cells [32]. The
authors observed that this fucoidan exhibited anti-pro-
liferative effects via mitochondria-mediated apoptosis
(one of the main pathways for apoptosis, frequently
inactivated in cancer cells), increasing DNA damage and
apoptotic body formation [32,63]. The carotenoid fuco-
xanthin extracted from Undaria pinnatifida was eval-
uated with human lymphatic endothelial cells (LEC) and
MDA-MB-231 breast cancer cells [33]. Fucoxanthin
inhibited the migration, proliferation, and formation of
tube-like structures by human LEC [33]. This phenom-
enon is important, once the proliferation and migration
of LEC in lymphatic vessels surrounding the tumor
(tumor-related lymphangiogenesis) diminish the growth
of the tumor [33]. Furthermore, these results were cor-
roborated in vivo in mice MDA-MB-231 derived tumors
and treated daily for 26 days with fucoxanthin 100 and
500 pmol/L injected at the tumor periphery. It was
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observed a decrease in tumor growth and lymph tube
density [33]. In a clinical trial setting, Tocaciu et al.
explored the effects of fucoidan extracted from Undaria
pinnatifida on the pharmacokinetics of two drugs com-
monly used for breast cancer therapy - letrozole and
tamoxifen [34]. The breast cancer patients were divided
into two groups: tamoxifen or letrozole and taken
500 mg of fucoidan orally twice a day. Relevant param-
eters (letrozole, tamoxifen, 4-hydroxytamoxifen, and
endoxifen) were measured at baseline and after fucoi-
dan administration, through plasma concentration [34].
Fucoidan did not affect plasma concentrations of the
drugs, nor its metabolites, presenting no adverse effects
or toxicity [34]. Future studies should address the pos-
sible fucoidan concomitant administration with phar-
maceuticals on other types of cancer.

Smyrniotopoulos et al. studied the effects of oxygen-
ated acyclic diterpenes isolated from the Irish brown
algae Bifurcaria bifurcata over MDA-MB-231 cells [35].
The authors isolated eight different compounds - six
new and two known acyclic diterpenes — eleganediol
and bifurcane [35]. Only three of the tested oxygenated
acyclic diterpenes, one new, C20H3203, and the two
known, presented anti-cancer activity by reducing
MDA-MB-231 cell viability [35]. The effects of methanol,
chloroform, and n-hexane derived extracts from macro-
algae Halopteris scoparia were tested with Hela (cer-
vical), CaCo-2 (colorectal), and MCF7 (breast) cell lines
by Gulner et al. [36]. All extracts reduced cell viability
with more pronounced effects on Hela cells [36]. In
addition, the expression of pro-apoptotic genes in cas-
pase pathways increased [36]. Moreover, no toxicity
was observed in vivo in mice fed with 2000 mg/kg body
weight of Halopteris scoparia extracts, which reinforces
the potential of Halopteris scoparia extracts to be incor-
porated in pharmaceuticals aiming at human cancer
therapy [36]. Eo et al. explored the molecular mechan-
ism of phlorofucofuroeckol A, a phlorotannin isolated
from Eisenia bicyclis in colorectal cancer [37].
Phlorofucofuroeckol A induced apoptosis and
decreased cell viability of human colorectal cancer cells
(HCT116, SW480, LoVo, and HT-29) via ATF3-mediated
pathway (ATF3 is a master regulator of metabolic
homeostasis, directly influencing cancer proliferation)
[37,64].

Radiotherapy is one of the most effective treatments
for cancer [38,65]. It relies on the use of radiation to kill
cancer cells and diminish tumor size [65]. However,
increasing radiation therapy doses lead to severe dam-
age to healthy cells [38,65]. One option to boost radio-
therapy is to augment the radiosensitivity of cancer
cells, and that premise was tested by Malyarenko et al.
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on colon cancer [38]. The authors studied the effects of
phlorethols from Costaria costata, a brown macroalga,
on HT-29 and HCT 116 cells [38]. These compounds
exerted cytotoxic activity and enhanced cell sensitivity
to non-toxic low X-ray irradiation doses [38].
Furthermore, the combination of phlorethols with radi-
ation led to a synergistic effect — the treatment with X-
ray (2 Gy) and phlorethols at 5, 10, and 20 pg/mL led to
colony formation inhibition of HT-29 by 28%, 39%, and
41%, and of HTC 116 by 15%, 24%, and 40%, respect-
ively, in comparison to irradiated cells (doses of 2, 4, 8,
and 10 Gy lead to inhibition of the colonies number of
HT-29 by 26%, 55%, 95%, and 97% AND HCT 116 by
18%, 30%, 47%, and 61%, respectively) [38]. Park et al.
aimed to investigate the anti-cancer effect of fucoidan
on two p53 isogenic HCT116 cells (one without the
gene p53 and the wild-type with the gene p53) and
concluded that regard from the p53 status, fucoidan
presents the capacity to induce apoptosis, inhibit cell
viability and lead to DNA damage in similar proportions
for both cell lines [39]. The gene p53 is a transcription
factor with pro-apoptotic functions that is absent in
most tumor cells [66].

Liver cancer ranks number three as the deadliest
cancer [40]. Fan et al. investigated the therapeutic
potential of Sargassum fusiforme extracts for this type
of cancer [40]. An in vivo HepG2 xenograft mouse
model was orally administrated with Sargassum fusi-
forme extract at 100, 200, and 400 mg/kg body weight
for 28 days. The authors concluded that the extract
inhibited cell growth and increased NO, IgM, TNF-o,
and IL-1 levels [40]. Furthermore, an increase of Bax and
a decrease in Bcl-2 expression were detected, which led
to the inhibition of tumor progression [40].

Dieckol from Ecklodia Cava, a compound previously
cited in this review for its potential therapeutical appli-
cation on pancreatic and lung cancer [24,25], was also
tested in liver cancer [41]. An in vivo rat hepatocarcino-
genesis model (liver cancer induced in rats by ingestion
of 0.01% of N-nitrosodiethylamine (NDEA) through
drinking water for 15 weeks) was used [41]. Dieckol
orally administrated at 40 mg/kg body weight for
15 weeks: decreased lipid peroxidative markers,
increased antioxidant cascade, reversed hepatic marker
enzymes activity, and decreased NDEA concentration
[41]. Oxidative damage is closely related to chronic
inflammation and liver cancer, and lipid peroxidation
plays a key role in carcinogenesis leading to the pro-
duction of toxic products that can attack cellular targets
[41,67]. Since dieckol decreased lipid peroxidative
markers and NDEA concentration in the liver, it seems
to be a promising candidate to target liver cancer [41].

Pan et al. explored the effects of fucoidan extracted
from Sargassum brown macroalgae on in vitro and
in vivo models of liver cancer [42]. Fucoidan was tested
for 24 h, 48 h, and 72 h with concentrations of 10, 20,
30, and 40 mg/mL and this compound was able to
reduce the migration and invasion in a dose-dependent
manner of SMMC-7721, Huh7, and HCCLM3 liver cancer
cell lines [42]. Furthermore, decreased expression of
several invadopodium-related proteins (Src, Cortactin,
N-WASP, ARP3, CDC42, MMP2, MT1-MMP, integrin Av,
and B3) was detected in the HCCLM3 cells as well as
increased levels of several endoplasmic reticulum-
related proteins (GRP78, IRE1, SPARC, integrin a1, and
B1) [42]. The in vivo mouse model (HCCLM3 xenograft
mice liver cancer model) supplemented with 1 g/kg
body weight for 21 days, presented decreased liver
tumor size and 40% less occurrence of lung cancer
metastasis [42].

Green macroalgae

Green macroalgae show a tremendously wide variability
of size, shape, and habit, being the most heteroge-
neous group of photoautotrophic protists on earth [68].
At least 7000 species are known, being the most diverse
of the algal groups [69]. This type of algae can be found
on all continents and curiously, the earliest evidence of
green algae species comes from fossils a billion years
old [69]. Regarding green algae compounds, sulfated
polysaccharides, sulfolipids, glycolipids, among others,
have been exhibiting potential against cancer [68]. One
such example is biosynthesized silver nanoparticles (Ag
NPs) using the algae Caulerpa taxifolia (obtained by
mixing HPLC purified algae extract with Ag NO3 aque-
ous extract) against A549 cells [43]. At a dose of
40 mg/mL, this compound showed cytotoxicity and cell
morphology damage [43]. Haq et al. tested the anti-
cancer activity of Chaetomorpha sp. ethanolic and aque-
ous extracts against MCF-7 and MDA-MB-231 cells [44].
The ethanolic extract presented pronounced anti-can-
cer activity by inhibiting the growth of MDA-MB-231
cells, but not in MCF-7 cells [44]. Furthermore, dichloro-
acetic acid, oximes, and L-a-terpineol were identified as
some of the compounds present in the ethanolic
extract responsible for this anti-cancer activity [44]. Ulva
lactuca algae methanolic extract loaded on albumin
nanoparticles also demonstrated anti-cancer activity
against MCF7 and HepG2 cancer cells, inducing cell
death by increasing of caspase 8 and 9 levels [45]. The
effects of Ulva lactuca polysaccharide sulfate and aque-
ous extract against liver cancer were also tested by
Hussein et al. [46]. The authors used an in vivo induced



hepatocarcinogenesis rat model (as in [41]) fed with
50 mg/kg daily of each extract for 2, 12, and 24 weeks
[46]. Sulfated polysaccharides of this green macroalga
inhibited cancer cell proliferation inducing apoptosis
[46]. Furthermore, several serum parameters related to
hepatic damage (AST, ALT, ALP, and y-GT) were altered,
as well as the components of hepatic non-enzymatic
and enzymatic antioxidant defense systems [46]. The
authors propose that sulfated polysaccharides from U.
lactuca inhibit severe oxidative damage initiated by
DENA by indirectly activating the antioxidant defense
system and interacting directly with ROS [46].

Red macroalgae

Red algae or Rhodophyta comprises more than 5000 dif-
ferent species of algae [70]. Their composition is unique
and most of them possess novel sulfated galactans and
polysaccharides, such as carrageenans and agars, and
glycoproteins, among other compounds, with scientific-
ally documented health benefits [1,70-72]. Crude
extract from Kappaphycus alvarezii was tested over
MCF-7 cells, and given to rats (2000 mg/kg body weight
for 60 days to evaluate the eventual chronic toxicity
and heavy metal toxicity studies (determination of: cad-
mium, arsenic, chromium, iron, manganese, lead, mer-
cury, nickel, selenium, and zinc in the liver) [47]. The
authors also tested the effects of the extract on a rat
mammary tumor model (induced by 65 mg/kg body
weight of dimethylbenz[a]lanthracene (DMBA) intake),
by feeding them with 300 mg/kg for 11 weeks, after
tumor development [47]. Kappaphycus alvarezii reduced
MCF-7 cell viability from 84.91% to 0.81% [47]. For the
sub-chronic and heavy metal toxicity in rats, no differ-
ences were found between the control and test groups
[47]. In the mammary cancer model, the untreated
group presented a significantly higher growth rate of
tumors in comparison with the experimental group
[47]. Nikolova et al. explored the anti-cancer potential
of a new extracellular polysaccharide (composed of
xylose:glucose and galactose:mannose:rhamnose in a
molar ratio of 1:0.52:0.44:0.31) isolated from the red
algae Porphyridium sordidum with MCF-7 and MDA-
MB231, and concluded that after 48 h of administration,
cell survival appeared to be dose and cell type depend-
ent [48]. Furthermore, the authors administrated the
red algae derived polysaccharides to cells by reversible
electroporation (a method to increase the transport of
compounds through the plasma membrane) and con-
cluded that the application of 200 V/cm electroporation
combined with 75 pg/mL of algae polysaccharide
decreased MDA-MB231 cells viability in 40%, as well as
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induced cell morphology alterations [48]. Fazeela
Mahaboob Begum et al. tested an extract with solvents
of different polarity, rich in polyphenols and flavonoids,
from the red algae Gelidiella acerosa against A549 cells
and in vivo using a lung cancer zebrafish model (injec-
tion of A549 cells in the muscle to develop tumors) fed
with 15, 30, 45, and 60 pg/mL daily for 10 days [49]. It
also tested the acute and chronic toxicity, by feeding
zebrafish with 100, 250, and 500 pg of crude extract/-
day [49]. Gelidiella acerosa extract inhibited cell: prolifer-
ation, migration, and colonization, inducing apoptosis
by activation of caspase 3 and Bax protein, with
decreased expression of Bcl-2 and Bcl-XL [49].
Additionally, GSK3p was activated, PI3K/Akt was down-
regulated and MMP2 expression decreased in vitro [49].
The extract led to the inhibition of tumor growth
in vivo, and no acute or chronic toxicity was observed
[49]. The PI3K/Akt cascade is typically deregulated in
lung cancer, which leads to metastasis, prolonged cell
survival, and evasion of apoptosis [49]. The decreased
expression of matrix metalloproteinase MMP2 (a mol-
ecule that plays a key role in tumor proliferation,
growth, and invasion) indicates that the algae extract
presents anti-metastatic activity [49]. In the in vivo
model, the experimental group presented: less angio-
genesis, lysing tumor cells (cancer cells die by large
numbers within a short period), normal muscle path-
ology, and an increase in the normal cell population at
a dose of 60 pg/day [49]. Polysaccharides extracted
from Gracilariopsis lemaneiformis were tested on human
A549 lung and MKN28 gastric cancer cell lines, and
mouse melanoma cell line B16, by Kang et al. [50]. The
authors concluded that these polysaccharides were
capable of exerting anti-tumor activity by modulating
cell morphology, viability, and apoptosis on all cell
types [50]. Furthermore, at 30 pg/mL concentration,
polysaccharides inhibited cell growth in a dose and
time dependent manner, particularly over A549 cells
[50] (Figure 1).

Conclusions, limitations, and future perspectives

The burden of cancer in society hungers for novel com-
pounds that can effectively target tumors without the
side effects implied by currently available therapies.
Brown macroalgae have been the most widely studied
type of algae with 14 species tested on at least one of
these types of cancer: pancreatic, lung, breast, cervical,
colorectal, and liver (Figure 2). Three species of brown
algae demonstrated the potential to target three differ-
ent types of cancer, showing immense biomedical
potential: F. vesiculosus, E. cava, and H. scoparia
(Figure 2).
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Figure 1. Mechanisms of action of macroalgae major bioactive compounds in cancer cells.
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Figure 2. Brown, green, and red macroalgae species and targeted types of cancer.

About green macroalgae, three different species (C.
taxifolia, Chaetomorpha sp., and U. lactuca) were identi-
fied with the potential to target lung, breast, or liver
cancer. Ulva lactuca presented anti-cancer activity for
breast and liver cancer.

Similarly to the green macroalgae, red macroalgae
also revealed anti-cancer potential, being worth men-
tioning G. lemaneiformis, which showed evidence to

target melanoma, lung, and gastric tumors (Figure 2). In
what concerns molecules with anti-cancer activity, fucoi-
dan from brown algae has been the most widely
studied. This natural compound has been widely used
by biomedical and pharmaceutical industries because of
its promising therapeutic properties against cancer and
low toxicity. Fucoidan shows the capacity to induce cell
cycle arrest and apoptosis on several cancer cell lines,



but the corresponding mechanisms of action remain
uncertain. Future studies should address the discovery
of these mechanisms and test the anti-cancer activity of
fucoidan in more relevant cancer models, and/or in co-
administration with current chemotherapeutic agents.

Most of the studies performed with macroalgae
compounds/extracts are performed on in vitro cell and
in vivo mouse models of cancer. In vitro studies are
excellent to start the studies such as a preliminary func-
tional screening, and to identify the molecular of a
compound or extract. However, these assays constitute
a poor predictor of therapeutic response because sev-
eral processes that occur in the human body such as
the interaction between nutrients/pharmaceuticals,
metabolic activity, and variation in dose, among others,
are not considered. On the other hand, animal studies
bring to the equation some of these factors, leading to
a more flexible approach for health effect studies,
although, due to animals’ different physiological sys-
tems, these conclusions are still limited for humans. The
extraction method should be considered carefully for
each macroalga to maximize the extraction of com-
pounds with functional properties. Choosing the most
appropriate extraction method will condition the recov-
ery of the seaweed fractions which might affect further
applications, including cancer.

As presented in this review, macroalgae of marine origin
possess molecules that can be incorporated into the devel-
opment of novel pharmaceuticals targeting several types
of cancer. However, to confirm such anti-cancer activities,
the promising results obtained in in vitro and in vivo stud-
ies should be tested on human subjects. Despite some
advances in recent years, the literature about the anti-can-
cer activity of marine macroalgae remains incomplete.
More studies are needed to clarify such anti-cancer activ-
ities and determine the real potential of these compounds
for the development of novel pharmaceuticals.
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