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ABSTRACT

Recently, the isolation and characterization of the biologically active components from sea-
weeds have gained much attention from various research groups across the world. The
marine algae have been studied for biologically active components and phlorotannins are
one among them. Among marine algae, brown algal species such as Ecklonia cava, Eisenia
arborea, Ecklonia stolinifera and Eisenia bicyclis have been studied for their potential biolog-
ical activities. Majority of the investigations on phlorotannins derived from brown algae
have exhibited their potentiality as antioxidant, anti-inflammatory, antidiabetic, antitumor,
antihypertensive, anti-allergic, hyaluronidase enzyme inhibition and in matrix metallopro-
teinases (MMPs) inhibition activity. In this review, we have made an attempt to discuss the
potential biological activities of phlorotannins from marine brown algae and their possible
candidature in the pharmaceutical applications.

© 2011 Elsevier B.V. All rights reserved.
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N components including phlorotannins, polysaccharides such
1. Introduction 8P '

In Asian countries such as Korea, Japan and China, marine
algae are considered as sea vegetables in the diet and also as
an alternative medicine since ancient times (Ali et al., 2000).
Recent epidemiological and clinical studies have specified that
consumption of plant derived foods and drinks for instance
tea, red wine and soya bean products could reduce the risk
of oxidative damage related diseases like aging and other
lifestyle diseases (Shibata et al., 2008). The health preserva-
tive aspects for these natural foods are thought to be attributed
because of the presence of polyphenols with antioxidant activ-
ity, and many active substances (e.g., catechins, resveratrol
and isoflavones) (Aggarwal and Shishodia, 2006). The polyphe-
nols are common secondary metabolites found universally
in all plants (Haslam and Cai, 1994). Although terrestrial
polyphenols, flavonoids and gallic acids are known to have
several bioactive functions (Hollman and Katan, 1999), litera-
ture on marine algal polyphenols from a human physiological
viewpoint is very sparse (Shibata et al,, 2008). Latest studies
have focused on the role of dietary factors such as pheno-
lic compounds or polyphenols in the prevention of significant
diseases including cancer, coronary heart diseases and aller-
gies (Shibata et al., 2003).

Marine brown algae Ecklonia cava and Eisenia bicyclis
have been investigated for its human beneficial bioactive

as alginic acid, fucoidans, pyropheophytin, tripeptides and
oxylipin and also the beneficial bioactivities that include
anti-inflammation, inhibition of hyaluronidase activity and
anti-diabetic activity (Kojima et al,, 1993; Kousaka et al,
2003; Okada et al., 2004; Shibata et al,, 2002; Whitaker and
Carlson, 1975). A summary of marine algal phlorotannins
and their possible pharmacological activities is shown in
Table 1. Phlorotannins are suggested to be formed biosyntheti-
cally via acetate-malonate pathway, also known as polyketide
pathway (Amold and Targett, 2002). The phlorotannins are
highly hydrophilic components with a wide range of molec-
ular sizes ranging between 126 kDa and 650kDa (Ragan and
Glombitza, 1986). Phlorotannins are tannin derivatives com-
posed of several phloroglucinol units linked to each other
in different ways and mostly isolated from brown algae and
the chemical structures of few marine algal phlorotannins
are shown in Fig. 1 (Singh and Bharate, 2006). The mem-
bers of Laminariaceae are reported to be the rich resources of
phlorotannins among other marine algae (Okada et al,, 2004).
The well studied phlorotannins from E. bicyclis and E. cava
are phloroglucinol, phloroglucinol tetramer, eckol, phlorofu-
cofuroeckol A, dieckol, 8,8'-bieckol, dioxinodehydroeckol (lung
et al., 2010; Li et al., 2009; Shibata et al., 2004). Moreover, few
other novel phlorotannins from other edible sea weeds have
been reported such as phlorofucofuroeckol A, triphloroethol
B, 2-phloroeckol, 7-phloroeckol, diphloroethol, fucofuroeckol

Table 1 ~ Summary. of sea-weed derived phlorotannins and their possible pharmacological applications.
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Fig. 1 - Chemical structures of phlorotannins from marine brown algae.

A from Ecklonia stolinifera and phlorofucofuroeckol A from Eck-
lonia kurome (Wijesekara et al., 2010). In this review we have
made an attempt to narrate the health beneficial activities of
brown algal phlorotannins and their possible potential role in
pharmaceutical, food and cosmeceutical industries.

2, Potential pharmacological applications
of marine brown algal phlorotannins

2.1,  Anti-diabetic activity

Diabetes mellitus (DM) is one of the most expensive and trou-
blesome chronic diseases and is recognized as a condition
that is increasing in the epidemic proportions throughout the
world (King et al., 1998). According to the World Health Orga-
nization'’s 2009 report (WHO, 2010a), it is believed that more
than 220 million people worldwide have DM and the treat-
ment for diabetes without any side effects is still a challenge
in the medical research (Chakrabarti and Rajagopalan, 2002).
In medical terms, DM is considered as a chronic disease that
is caused by inherited or acquired deficiency in insulin secre-
tion and by decreased responsiveness of the organs to secreted
insulin. Such a deficiency results in increased blood glucose

28318554A__ 1 >

level, which in tum could damage many of the body’s sys-
tems, including blood vessels and nerves (Matsui et al., 2007).
DM is classified into two types, type I and type II. While type I
diabetes can be effectively controlled by the administration of
insulin, butitis difficult to find an effective treatment for type
II diabetes, due to its noninsulin-dependent nature, that con-
tributes for more than 90% of diabetic population (Apostolidis
and Lee, 2010). The enzymes a-glucosidase and «-amylase
play a significant role in the digestion of dietary complex car-
bohydrates. Inhibition of these two enzymes can not only
slowdown the digestion of oligosaccharides and disaccharides
but also delays glucose absorption as well as reduction of
glucose levels in plasma, that ultimately leads to the suppres-
sion of postprandial hyperglycemia (Lebovitz, 1997). To control
glycemic responses in DM type II patients, synthetic glucosi-
dase inhibitor drugs like acarbose (glucobay), miglitol are used
(van de Laar et al,, 2005). But increasing efforts are being con-
sidered to explore and discover potential «-glucosidase and
a-amylase inhibitors from natural resources (Bhandari et al.,
2008; Welsch et al., 1989). The inhibitory effects of phlorogluci-
nol derivatives from E. bicyclis on the glycation and «-amylase
have been reported by one of the research groups. They have
isolated one novel (compound 1) and two known phloroglu-
cinol derivatives (compound 2 and compound 3). Compound
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1 which had maximum similarities with eckol but had extra
four glucinol rings, compound 2 was confirmed as eckol and
compound 3 was confirmed as dieckol. The inhibitory effect
on glycation by ELISA technique revealed the percentages of
inhibition as 91.1% for compound 1, 96.2% for compound 2
and 86.7% for compound 3 at 1mM. On the other hand, at
1mM concentration, percent inhibition for «-amylase was
found to be 89.5%, 87.5% and 97.5% for compounds 1, 2 and
3 respectively recommending phloroglucinol derivatives from
brown algae exhibit anti-diabetic properties (Okada et al,,
2004). Phlorofucofuroeckol-A isolated from Ecklonia stolonifera
has shown preventive effects on diabetic complications by
exhibiting significant inhibitory effects against advanced gly-
cation end products (AGE), Angiotensin converting enzyme
(ACE), rat lens aldose reductase (RLAR), peroxynitrite and reac-
tive oxygen species in vitro. Thus suggesting phlorotannins
derived from E. stolonifera as promising natural products for
the treatment of diabetic complications (Jung et al., 2008).
According to another research team, polyphenol-rich extract
from E. cava (ECM) is capable of improving the hyperglycemic
status in streptozotocin-induced type [ diabetes mellitus rats.
Their in vivo studies suggest that treatment with ECM signifi-
cantly lowered the plasma glucose level by 66.4% in diabetes
mellitus rats, These results hint that ECM could aid in improv-
ing the hyperglycemic status of type I diabetes (Kang et al,,
2010).

In the search of natural «-glucosidase inhibitors from
marine algal sources, methanolic extracts of E. stolonifera
(MEE) were checked for their antidiabetic activities in genet-
ically diabetic KK-AY mice. Interestingly, the MEE that are
rich in polyphenolic compounds called phlorotannins have
successfully suppressed the increase in plasma glucose and
lipid peroxidation levels. Therefore it can be suggested that
E. stolonifera and its bioactive polyphenols have the poten-
tiality to be developed as antidiabetic pharmaceuticals and
functional foods (Iwai, 2008). The antidiabetic activities of E.
cava derived phlorotannin dieckol were evaluated and it was
reported that at [Csq values of 10.8 uM/l and 124.9 uM/1 dieckol
has successfully inhibited the rat intestinal «-glucosidase
and porcine pancreatic «-amylase, respectively. Moreover,
Lineweaver-Burk plots suggested that dieckol had exhibited a
non-competitive mode of inhibitory activity on «-glucosidase
(Lee et al,, 2009). Diphlorethohydroxycarmalol (DPHC), a kind
of phlorotannin that was isolated from Ishige okamurae, a
brown algae has shown inhibitory effect against a-glucosidase
and «-amylase. The ICsp values of DPHC against «-glucosidase
and «-amylase were 0.16 mM and 0.53 mM, respectively, which
were considered to be effective than that of acarbose, a
commercial carbohydrate digestive enzyme inhibitor. Further,
DPHC may delay the absorption of dietary carbohydrates in the
intestine, leading to suppression of an increased blood glu-
cose level after a meal. Thus suggesting DPHC as a potential
therapeutic candidate for treating diabetes (Heo et al., 2009a).

2.2,  Anti-cancer activity

Phlorotannins possess anticarcinogenic effects (Harada and
Kamei, 1997). Phlorotannin extract (PE) derived from brown
algae Laminaria japonica has shown considerable anti-
proliferative activity in the human hepatocellular carcinoma
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cell line (BEL-7402) and on murine leukemic cell line (P388)
in a dose dependant manner. The half-inhibitory concentra-
tion of PE (ICso) on P388 and BEL-7402 cells was 120 pg/ml
and >200 pg/ml, respectively. Microscopic observations have
revealed that the morphologic features of tumor cells treated
with PE and 5-fluorouracil (a commercial chemotherapy drug)
are markedly different from the normal control group sug-
gesting the anti-proliferative effect of PE (Yang et al., 2010).
Dioxinodehydroeckol isolated from E. cava has exhibited a
remarkable anti-proliferative effect on human breast cancer
cells (MCF-7). Dioxinodehydroeckol inhibited the proliferation
of MCF-7 cells with rates of approximately 25%, 40%, 53%, 56%
and 64% at concentrations of 1, 5, 10, 50 and 100 pM, respec-
tively, compared to the control group. In vitro studies suggests
that dioxinodehydroeckol’s potential anti-proliferative activ-
ity might be associated with the induction of apoptosis
through nuclear factor kappa-light-chain-enhance of acti-
vated B cells (NF-«B) family and NF-«xB dependent pathway
(Kong et al., 2009). The enzymatic extract of E. cava together
with its crude polysaccharide (CpoF) and crude polyphenolic
fractions (CphF) have been reported to possess antiprolifera-
tive and antiradical activities. Especially the CphF at an ICsg
value 5.1 pg/ml has inhibited cell proliferation in murine colon
cancer cell line (CT-26). The anti-proliferative effect of CphF is .
believed to be associated with apoptotic cell demise in CT-
26 confirmed by the nuclear staining experiment (Athukorala
et al., 2006). The anti-proliferative activity depends on the
total polyphenolic content in the algae, For example, the anti-
proliferative effects of red alga, Palmaria palmate and three kelp
Laminaria setchellii, Macrocystis integrifolia, Nereocystis leutkeana
extracts has been studied on human cervical adenocarcinoma
cell line (HeLa cells). Hela cell proliferation was inhibited
between 0% and 78% by P. palmate; 0% and 55% by L. setchel-
lii and 0% and 69% by M. integrifolia and N. leutkeana at 0.5-5
pg/ml algal extract. Thisinvestigation proves the effectiveness
of polyphenolic compounds in controlling tumor growth and
brings front a fact that marine algae could serve beneficial for
anti-cancer properties (Yuan and Walsh, 2006). In pre-tumor
bearingmouse, the dietary feeding of brown algae polyphenols
at the rate of 0.1% and 0.5% has significantly reduced tumor
multiplicity by 45% and 56% and tumor volume by 54% and
65%, and the topical administration at 3 and 6 mg has sig-
nificantly decreased tumor multiplicity by 60% and 46% and
tumor volume by 66% and 57%, respectively. It is believed that
brown algal polyphenols inhibit the cyclooxygenase-2 activity
and cell proliferation hence preventing the tumor progression
(Hwang et al., 2006).

2.3.  ACE inhibition activity

Increased blood pressure or hypertension is one of the
chronic medical conditions that aids for the progress of
cardiovascular diseases, stroke and the end stage of renal
disease (Zhang et al., 2006). Angiotensin I converting enzyme
(ACE) plays a significant physiological role in regulating blood
pressure ([royukifujita et al., 2000). ACE (peptidyl carboxy
peptidase, EC 3.4.15.1) belongs to the class of zinc proteases
that needs zinc and chloride for activation. ACE converts the
inactive form of the decapeptide, angiotensin I, to potent
vasopressor octapeptide, angiotensin II. Consequently, the
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best therapeutic approach to control hypertension is to
inhibit the ACE activity (Lee et al,, 2010). The unwanted side-
effects of synthetic ACE inhibitors have diverted the focus of
researchers on ACE inhibitors derived from functional foods
and natural bio-resources (Actis-Goretta et al., 2006; Atkinson
and Robertson, 1979).

In the course of exploration for the potential ACE inhibitors
from natural sources, six phlorotannins and a fucosterol
obtained from E. stolonifera have been studied for their ACE
inhibitory effects. Among the six isolated phlorotannins eckol,
phlorofucofuroeckol A and dieckol have shown a marked ACE
inhibitory activity with ICs, values of 70.82 £0.25,12.74 +0.15,
and 34.25:+3.56 uM, respectively (Jung et al, 2006). It is
believed that polyphenolic compounds inhibit ACE activity
through sequestration of the enzyme metal factor, Zn?* ion
(Liu et al,, 2008). Therefore, it can be assumed that phlorotan-
nins might form a complex with the proteins or glycoproteins
that are involved in the inhibition of ACE activity. The enzy-
matic digest of E. cava by flavourzyme is reported to possess
high capacity of phlorotannins that were checked for poten-
tial ACE inhibition in comparison with the commercial ACE
inhibitor captopril. The ICsy value of flavourzyme enzymatic
digest of E. cava was reported to be 0.3 pg/ml where as for cap-
topril it was 0.05 pg/ml, suggesting high phlorotannin content
gives better ACE inhibition (Athukorala and Jeon, 2005). Apart
from brown algae, metabolites from marine red algae are
beingconsidered as potential ACE inhibitors. Another research
group has worked on the aqueous extracts of red algae Lomen-
taria catenata and Lithophyllum okamurae. Their observations
have reported that aqueous extracts of these red algae at
20°C exhibited potent ACE inhibitory activity with ICsp values
of 12.21pg/ml and 13.78 pg/ml, respectively. The methano-
lic extracts from Ahnfeltiopsis flabelliformis that were obtained
at 20°C possessed the highest ACE inhibitory activity at ICsg
value of 13.8 ug/ml (Cha et al., 2006). As per the above dis-
cussed reports, it is evident that phlorotannins from marine
algae could serve as a source for ACE inhibitory substances.
It is also recommended that the screening of phlorotannins
from other members of marine algae as a comparative study
to those that are derived from brown algae could aid for estab-
lishing a wide choice for natural ACE inhibitory substances,

2.4.  Photoaging prevention activity

Human skin is considered as a potential anatomical bar-
rier that acts as an important screen between internal and
external environment and supports bodily defense against
pathogens and damage (Pallela et al, 2010). Continuous
exposure to ultra violet (UV) radiations leads to numerous
complications that are correlated with various pathological
consequences of the skin damage and when the exposure
to UV light exceeds the protective capacity of an individ-
ual’s melanin is affected and sunburn occurs (Agar et al.,
2004; Ryu et al,, 2009b). Cosmetics are commercially avail-
able products that are used to improve the appearance of
the skin. In recent years, the number of women concern-
ing about whiter skin complexion has increased dramatically,
especially in Asian continent (Tengamnuay et al., 2006), When
skin is repeatedly exposed to UV rays, it undergoes oxidative
stress that ultimately manifests as erythema (Thiele et al.,
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1997). UV radiations have a strong oxidative component, and
photo-oxidative stress has been directly linked to the onset
of skin photodamage (Caddeo et al., 2008; Fuchs, 1998). Hence
it is recommended that regular intake of dietary antioxidants
(Messina et al., 1994) or treatment of the skin with products
containing antioxidantingredients might be useful in prevent-
ing UV-induced skin damages. Further, itis known that marine
brown algae contain phenolic compounds with antioxidant
activity and the phlorotannins show an ability to absorb UV
light (Henty and Van Alstyne, 2004; Pavia et al,, 1997; Ragan
and Glombitza, 1986).

UV-Bradiations are known to induce photo-oxidative stress
(Xie et al,, 2009). Phlorotannins isolated from E. cava have
been screened for their ability to inhibit melanogenesis as
well as the protective effect against photo-oxidative stress
induced by UV-B radiation. Among the other phlorotannins,
dieckol was found to have exceptional protective activity
against photo-oxidative stress. Out of those three phlorotan-
nins, dieckol effectively decreased the generated reactive
oxygen species (ROS) which was recorded as 100.7% at 250
M. Phloroglucinol and eckol exhibited slightly lower activ-
ity against UV-B radiation-mediated ROS levels as 192.4% and
174.4%, respectively at 250 pM. The in vitro studies revealed
that dieckol exhibited 57.8% protective properties against UV-
B radiation-induced DNA damage at a concentration of 50 WM
(Heo et al,, 2009b). The phlorotannins eckol and dieckol iso-
lated from E. stolonifera have attenuated the expression of
matrix metalloproteinase -1 (MMP-1) expression in human
dermal fibroblasts. These findings reveal that the inhibition of
MMP-1 (which is an interstitial collagenase, is mainly respon-
sible for the degradation of dermal collagen in human skin
aging process) expression by E. stolonifera derived phlorotan-
nins was in correlation with the inhibition of both NF-«B and
activator protein-1 (AP-1) reporter activity (Joe et al., 2006).
Thus suggesting eckol and dieckol as potential agents to
prevent and treat skin aging. A schematic representation of
the role of phlorotannins in controlling photoaging is shown
in Fig. 2. The effectiveness of brown algal polyphenols in
inhibiting UVB-induced skin carcinogenesis in SKH-1 hair-
less mouse skin model was evaluated. Their in vivo reports
demonstrated that both dietary feeding and topical treatment
of brown algal polyphenols has suppressed cyclooxygenase-2
(COX-2) expression and cell proliferation (Hwang et al., 2006).
These results suggest the role of brown algae polyphenols,
phlorotannins as potential cancer chemopreventive agents
against photocarcinogenesis and other adverse effects of UVB
exposure.

2.5. Matrix metalloproteinase inhibition activity

Matrix metalloproteinases (MMPs) are a class of structurally
similar enzymes that contribute for the extracellular matrix
degradation and play a major role in normal and pathological
tissue remodeling. Imbalance in the expression of MMPs leads
to severe pathological condition that could instigate the risk
of cardiac, cartilage, cancer related diseases. Based on sub-
strate specificity, the MMPs are categorized into three major
functional groups. The main three groups include interstitial
collagenases that have affinities toward collagen types I, II,
and III (MMP-1, -8, and -13), the stromelysins with specificity
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Fig. 2 - Marine algal phlorotannins inhibit the ROS and cytokine production which inturn reduces the expression of MMP-1

and prevents the photoaging.

for laminin, fibronectin, and proteoglycans (MMP-3, -10, and
-11), and the gelatinases that effectively cleave type IV and V
collagen (MMP-2 and -9) (Nelson et al., 2000; Rajapakse et al.,
2007). Commercially successful matrix metalloproteinases
inhibitors (MMPIs) like Batimastat (BB-94), Marimastat (BB-
516) are known to have strong Zn?* chelating group,
hydroxamate. The poor selectivity, improper metabolism, low
oral bioavailability, poor solubility, side effects and the risk
of increased drug toxicity have strongly eliminated the few
synthetic MMPIs from clinical trials (Coussens et al.,, 2002;
Pavlakiand Zucker, 2003; Zhang and Kim, 2009). Until now, sev-
eral research groups have reported natural MMPIs terrestrial
sources (Ha et al., 2004; Seo et al., 2005). For instance, the in vivo
studies suggest that oral administration of green tea polyphe-
nols (GTPs) has reduced UVB-induced tumor incidence by 35%,
tumor multiplicity by 63%, and tumor growth by 55% in UV-
B irradiated mice. This study reveals that GTPs reduced the
expression of MMP-2 and MMP-9 which have crucial roles in
tumor growth and metastasis (Mantena et al., 2005). How-
ever, the diversity in marine life forms offers a wide scope
to screen biologically active compounds that could be benefi-
cial in designing efficient MMPIs (jain et al., 2009; Noel Vinay
and Se-Kwon, 2010). The inhibition of MMP activity by marine
derived chitooligosaccharides, flavonoids, polyphenols, and
fatty acids has been previously reviewed (Zhang and Kim,
2009). Dieckol and 1-(3,5-dihydroxyphenoxy)-7-(2”,4”,6"-
trihydroxyphenoxy) 2,4,9-trihydroxydibenzo-1,4-dioxin from
the methanolic extract of E. cava has remarkably promoted
osteosarcoma differentiation by elevating the alkaline phos-
phatase activity, mineralization, total protein and collagen

28318554A_|_>

synthesis in human osteosarcoma cells (MG-63). Moreover
the inhibition of MMP-1, MMP-3, and MMP-13 by these
phlorotannins at gene and protein levels was confirmed by
casein zymography, western blot and reverse transcriptase-
polymerase chain reaction (RT-PCR) assays (Ryu et al., 2009a).
A detailed in vitro study on the inhibitory effects of phlorotan-
nins derived from E. cava on MMPs activities has revealed
that at 20ug/ml, these phlorotannins have inhibited the
bacterial collagenase-1 activity suggesting the phlorotannins
efficacy to inhibit collagenases that could aid in MMPIs devel-
opment (Kim et al,, 2006). E. bicyclis derived phlorotannins
fucofuroeckol-A and eckol inhibited the expression of MMP-
2 and MMP-9 in human fibrosarcoma cell line HT1080. It
was reported that fucofuroeckol-A and eckol inhibited the
NF-kB expression and also had a significant inhibitory effect
on activator protein-1 (AP-1) expression. Thus inhibiting the
expression of MMP-2 and -9 via blocking the transcription of
both NF-«B and (AP-1) (Lee, 2010). Therefore, marine brown
algal members could serve as potential sources for the devel-
opment of pharmaceuticals against MMPs and cancer.

2.6.  Reactive oxygen species scavenging activity

Reactive oxygen species (ROS) such as superoxide anion
{(027), hydroxyl radical (HO®*) and hydrogen peroxide (H;0,)
formed during aerobic life. DNA, cell membranes, pro-
teins and other cellular constituents are the target sites
of the degradation processes, and could induce atheroscle-
rosis, theumatoid arthritis, muscular dystrophy, cataracts,
some neurological disorders and some types of cancer as




BNSDOCID: <XP.

ENVIRONMENTAL TOXICOLOGY AND PHARMACOLOGY 32 (2011) 325-335 331

well as aging (Ruberto et al, 2001). As a protection for
cellular biomolecules, equilibrium between oxidants for-
mation and endogenous antioxidant defense mechanisms
exist. If this balance is disturbed, it can produce oxida-
tive stress., Some synthetic antioxidants such as butylated
hydroxytoluene (BHT), butylated hydroxyanisole (BHA), tert-
butylhydroquinone, and propyl gallate used in food industry
have been identified as mutagens (Kahl, 1984; Kahl and
Kappus, 1993). The proteolytic hydrolysates from E. cava were
investigated for its radical scavenging effect and inhibition of
H,0; induced DNA damage. All the proteolytic hydrolysates
exhibited strong dose-dependent radical scavenging activities
(above 80%) at a concentration of 2.5 ug/ml (Heo et al., 2005).
Similarly, another research group has reported the potential
antioxidant activities of three phlorotannins (phloroglucinol,
eckol and dieckol) purified from E. cava. Their results suggest
that eckol samples scavenged around 93% of DPPH at 0.25,
0.5, 1mg/ml of concentrations and were higher than the other
phlorotannins. Moreover protective effects of the phlorotan-
nins against H,0, mediated DNA damage increased with
increased concentrations of the samples in the mouse T-cell
lymphoma cell line (L5178Y-R) (Ahn et al., 2007). In the evalua-
tion of radical scavenging capability of the enzymatic extracts
from I. okamurae, it has been reported that all of the enzymatic
extracts showed profound dose-dependent radical scavenging
abilities. The enzymatic digests of the five proteases, alcalase,
flavourzyme, kojizyme, neutrase and protamex had shown
DPPH scavenging activities of 94.30, 81.70, 66.85, 73.70, and
83.72%, respectively. In particular, the cytoprotective effects
of the Kojizyme extract against H,0;-induced DNA damage
increased significantly with increasing extract concentrations
(Heo and Jeon, 2008). Oligomers of phloroglucinol (1,3,5-
trihydroxybenzene), eckol (a trimer), phlorofucofuroeckol A (a
pentamer), dieckol and 8,8'-bieckol (hexamers), isolated from
the Laminarian brown algae E. bicyclis, E. cava and E. kurome,
showed potentinhibition of phospholipid peroxidation at 1 uM
in the liposome system. The phlorotannins had significant
radical scavenging activities against the superoxide anion
(50% effective concentration values: 6.5-8.4 pM) and DPPH
(50% effective concentration values: 12-26 pM). The ECso val-
ues of the phlorotannins eckol, phlorofucofuroeckol A, dieckol
and 8,8'-bieckol were 26, 12, 13 and 15 pM, respectively. In con-
trast, those of catechin, EGCG, ascorbic acid and «-tocopherol
were 32, 7.4, 30, and 52 pM, respectively. The phlorotannins
were potent free radical scavengers and about twice as effec-
tive as catechin, ascorbic acid and «-tocopherol (Shibata et al.,
2008).

2.7.  Anti-HIV activity

Human immunodeficiency virus type-1 (HIV-1) has been
recognized as the responsible agent for acquired immunodefi-
ciency syndrome (AIDS) which is one of the most extensively
studied diseases and that by the end of 2008 an estimated
33.4 million people worldwide were living with HIV (WHO,
2010b). The first generation anti-HIV drugs have been devel-
oped to treat AIDS patients after the introduction of AIDS in
early 1980. However, due to the development of drug resistant
strains of virus majorly attributed for the failure of anti-
AIDS treatment in most of the patients infected with HIV.
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Therefore, the exploration for potential drug candidates those
could render higher inhibitory activity against various HIV
strainsisincreasingin pharmaceutical industry. In this regard,
natural bioactive compounds and their derivatives are great
sources for the development of new generation anti-HIV ther-
apeutics, which are more effective with minor side-effects
(Schaeffer and Krylov, 2000). Having such a big potential, natu-
ral product research has increasingly turned to marine natural
products, and some of them are currently in clinical or pre-
clinical evaluation. Marine organisms are among the leading
sources of anti-HIV natural products. The antiviral proper-
ties of cyanovirin-N, an 11-kDa protein from cyanobacteria,
were investigated and found that it irreversibly inactivates
HIV through its high affinity to glycoprotein 120 (gp120) (De
Clercq, 2000; Queiroz et al., 2008). 6,6’-Bieckol, one of the major
phloroglucinol derivative that naturally occurs in E. cava, has
been reported to inhibit HIV-1 induced syncytia formation,
lytic effects, and viral p24 antigen production in vitro and in
cellular experiments. Moreover, at [Csq values of 1.07 pM, 6,6/~
bieckol has selectively inhibited the activity of HIV-1 reverse
transcriptase enzyme and also has prevented the entry of HIV-
1. Furthermore, it exhibited no cytotoxicity at concentration,
where it has inhibited HIV-1 replication almost completely
(Artan et al., 2008). Another research group has reported the
inhibitory activity of 8,8'-bieckol and 8,4”-dieckol on HIV-1
reverse transcriptase (RT) and protease. Their investigations
revealed that these phlorotannins have inhibited RT more
potently than protease. The inhibitory activity of 8,8'-bieckol
(ICs0, 0.51 nM) against HIV-1 RT could be comparable to that of
nevirapine (ICso, 0.28 puM), a commercial drug for HIV-1 treat-
ment (Ahn et al, 2004). These results clearly suggest that
phlorotannins can serve as potential inhibitory substances for
HIV-1 infections. However, until now in vitro anti HIV-1 activ-
ities are confined with phlorotannins isolated from E. cava
species. As phlorotannins are found in the members of brown
marine algae, there is a wide scope to come up with more effi-
cient anti-HIV-1 inhibitory substances from other brown algal
members.

2.8.  Anti-pruritic inflammatory activity

One of the most challenging pruritic skin inflammatory dis-
eases that need a better therapeutic approach to be devised
is Atopic dermatitis (AD). This skin inflammatory disease can
occur at any age and is characterized exclusively by the ele-
vated serum immunoglobulin E (IgE) levels and eosinophilia.
Clinically it is understood that AD is the cutaneous man-
ifestation of a systemic disorder that would also promote
asthma, food allergy and allergic rhinitis (Novak and Bieber,
2003). Understanding the fact that inhibition of IgE production
or reduction in the concentration of IgE could be the best
medical practices to control AD, recombinant humanized
anti-IgE monoclonal antibody (mAb), omalizumab (a com-
mercial drug) is being considered for the management of
AD (Sheinkopf et al, 2008) and it has shown fair results in
managing asthma. However, an enormous amount of mAb
is required to remove the IgE from AD patients and hence
regarded as an expensive approach. This might have made the
researchers to screen for bioactive substances from natural
resources that could potentially inhibit the production of IgE.
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One of the investigations for the screening of anti-allergic
polyphenolic substances from marine algae has resulted in
the isolation of phlorotannin derivatives 6,6’-bieckol and
1-(3,5/-dihydroxyphenoxy)-7-(2” 4" 6-trihydroxyphenoxy)-
2,4,9-trihydroxydibenzo-1,4-dioxin for the first time from E.
cava. These derivatives have exhibited potential anti-allergic
mechanism by suppression of binding activity between IgE
and FceRI in human basophilic leukemia (KU812) and rat
basophilic leukemia (RBL-2H3) cell lines in vitre (Le et al,
2009). Their results suggest that phlorotannins could be used
as potential leads for the formulation of drugs to treat AD.
In vitro studies on phlorofucofurceckol-B isolated from Eisenia
arborea in rat basophile leukemia (RBL)-2H3 cells have con-
firmed the anti-allergic property of phlorotannins (Sugiura
et al., 2006). The anti-allergic activity of phlorofucofuroeckol-
B was compared with that of epigallocatechin gallate and
the resultant ICso values obtained were 7.8puM and 22 uM
respectively suggesting the phlorofucofuroeckol-B as a potent
anti-inflammatory agent that could be beneficial to treat
AD. FceRI, a high-affinity receptor for IgE, is expressed by
basophils and mast cells on the cell surface and they act
as effector cells in allergic related reactions. The effects
of methanolic extracts from E. cava on the expression of
FceRI in human basbphilic KU812F cells suggest that there
was reduction in the cell surface expression of FceRI and
RT-PCR data has reported that mRNA expression of total
cellular FceRI o-chain was reduced which is essential in
eliciting inflammatory responses (Shim et al, 2009). From
these results, it is understood that phlorotannins can be
useful in the management of AD through the reduction of IgE
concentration and their histamine inhibitory activities. On
the other hand phlorotannins eckol and dieckol isolated from
E. stolonifera were reported to inhibit the expression of matrix
metalloproteinase-1 (which is an interstitial collagenase, is
mainly responsible for the degradation of dermal collagen
in human skin aging process expression) in human dermal
fibroblasts. The inhibition of MMP-1 was thought to be in
correlation with the inhibition of both NF-«B and activator
protein-1 (AP-1) reporter activity (Joe et al., 2006).

2.9, Other biological activities

Eckstolonol and phlorofucofuroeckol A isolated from active
ethyl acetate fraction of E. stolonifera Okamura exhibited
protective effect against the cytotoxic effects of tacrine (com-
mercial cholinesterase inhibitor), in human hepatoma cell
line (Hep G2). The ECsq values for eckstolonol and phlorfuco-
furoeckol 62.0 and 79.2 pg/ml, respectively, where as the ECsq
values for phloroglucinol, eckol and dieckol were >100 png/ml
(Kim et al, 2005). Thus suggesting marine brown algae
derived phlorotannins as possible hepatoprotective agents.
In the process of screening novel anti-hyperlipidemic agents,
E. stolonifera was considered by a research team. In their
in vivo studies, the ethanolic extracts of E. stolonifera and its
phlorotannin constituents, eckol and dieckol, were tested for
their anti-hyperlipidemic activity. Eckol and dieckol induced a
significant reduction in serum triglycerides, total cholesterol
levels, as well as in the atherogenic index suggesting their
potentiality to be exploited for the prevention of hyperlipi-
demic atherosclerosis (Yoon et al,, 2008b). Hyaluronidase (EC
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3.2,1.35) is an enzyme that depolymerizes the polysaccharide,
hyaluronic acid in the extra cellular matrix of connective tis-
sue. This enzyme is known to be involved in allergic effects,
migration of cancers and inflammation. Phlorotannins such as
eckol, phlorofucofuroeckol A, dieckol, and 8,8'-bieckol isolated
from E. bicyclis and E. kurome have shown a stronger inhibition
effect against hyaluronidase than well-known inhibitors such
as catechin and sodium cromoglycate (Shibata et al.,, 2002).
Dried powder of E. arborea has suppressed levels of serum
immunoglobulin E (IgE) and histamine in Brown Norway rats
which strongly respond to IgE. It is suggested that the anti-
allergic effect of E. arborea dried powder is by inhibition
of IgE and anti-degranulation of chemical mediators via a
change in the T helper cell clones (Th1/Th2) balance that
are responsible for allergic reactions. This clearly suggests
that marine brown algal derivatives can be used as potential
anti-allergic agents (Sugiura et al., 2008). A new phlorotan-
nin, phlorofucofuroeckol-B was isolated from the E. arborea
has been reported to exhibit profound inhibitory effect on
histamine release from rat basophile leukemia cells (RBL)-
7H3 (Sugiura et al., 2006). In addition, some phlorotannins
such as 7-phloroeckol, phlorofucofuroeckol A, and 6,6'-bieckol
could be used as potential functional food ingredients or
nutraceuticals for the prevention of Alzheimer’s disease due
to their inhibitory activities against the both enzymes acetyl-
cholinesterase and butyrylcholinesterase in vitro (Yoon et al,,
2008a, 2009).

3. Conclusions and future prospects

In conclusion, due to the abundant chemical distribution of
phlorotannins among marine brown algae, it is suggested for
future prospects that much focus on the biological and phar-
macological activities of phlorotannins from other brown algal
species should be considered. It is recommended to screen
phlorotannins from other marine macro algae and evaluate
their biological activities as a comparative study. In this review,
we have made an attempt to discuss the various biological
activities associated with phlorotannins that are confined to
invitroand in vivo. With the latest advancements in the fields of
molecular biology and biochemistry, a sophisticated approach
to study the interactions of phlorotannins with human cellular
systems could prove beneficial in understanding parameters
like bioavailability, molecular interactions of phlorotannins
involved in the management of various human diseases. On
the other hand, this would broaden the chances of screen-
ing more biologically efficient phlorotannins and provide with
resourceful drug candidates for pharmacological purposes.
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