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Botryococcus braunii and Nannochloropsis oculata extracts inhibit
cholinesterases and protect human dopaminergic SH-SYSY cells
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Abstract Extracts of Botryococcus braunii and
Nannochloropsis oculata were evaluated for inhibitory activ-
ity against acetylcholinesterase (AChE), butyrylcholinesterase
(BChE) and tyrosinase (TYRO) and capacity to attenuate
hydrogen peroxide (H,O;)-induced injury in the human do-
paminergic cell line SH-SY5Y. We also report the antioxidant
activity, the total phenolic content (TPC) and the fatty acid
(FA) profile of these microalgae. Both species had low levels
of TPC and considerable amounts of polyunsaturated fatty
acids (PUFA). The highest radical scavenging activity (RSA)
against 1,1-diphenyl-2-picrylhydrazyl (DPPH) was observed
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in the acetone extract of B. braunii and in the diethyl ether
extracts of both strains. The acetone extract of B. braunii had
the highest RSA against 2,2'-azino-bis(3-ethylbenzothiazo-
line-6-sulphonic acid). The extracts had a higher capacity to
chelate iron than copper, and the highest iron chelation was
achieved with the hexane extract of N. oculata. The diethyl
ether and water extracts of the latter species also displayed the
highest copper chelation. Except for the acetone extract of
B. braunii and the water extract of N. oculata, all samples
inhibited AChE, especially the hexane extract of N. oculata.
Samples had moderate BChE inhibition and no effect towards
TYRO. Almost all samples effectively protected neuronal
cells against oxidative stress induced by H,O,. These results
suggest possible novel applications of biomass from those
microalgae in the pharmaceutical industry and/or as functional
foods.

Keywords ChE inhibitors - Functional foods - Microalgae -
Neuroprotection - Oxidative stress

Introduction

Microalgae are an almost unlimited resource of bioactive
compounds, such as fatty acids (FA), carotenoids and vitamins
(Guedes et al. 2011; Borowitzka 2013). These organisms,
which can be grown in large photobioreactors, are able to
rapidly produce biomass and can be enriched in a particular
compound upon exposure to abiotic stresses (Coesel et al.
2008). These features make microalgae extremely attractive
for the search of novel molecules, with applications in the
cosmetic, pharmaceutical and food industries (Borowitzka
2013).

Alzheimer’s disease (AD) affects more than 35 million
people worldwide and accounts for 50-60 % of the overall
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cases of dementia in the elderly population (Filho et al. 2006;
Prince et al. 2012). AD has no cure and is characterized by the
deterioration of multiple cognitive functions, such as memory,
thinking and comprehension. AD is associated with reduced
levels of the neurotransmitter acetylcholine (ACh), due to
hydrolytic reactions catalyzed by acetylcholinesterase
(AChE) and butyrylcholinesterase (BChE) (Filho et al.
2006). The use of cholinesterase inhibitors (ChE-I) in AD
patients, especially AChE inhibitors (AChE-I), results in the
increase of ACh levels at the nerve synapse with the conse-
quent relief of the neuropsychiatric symptoms and improve-
ment of the cognitive ability (Filho et al. 2006). The most
prescribed drugs for the treatment of AD act on this principle
and can also be useful in the treatment of other neurological
disorders associated with the reduction of ACh levels, includ-
ing Parkinson’s disease (PD) (Orhan et al. 2007; Pulok et al.
2007).

PD affects about 1 % of the population older than 50 years
of age and is the second prevalent form of dementia in aged
people, after AD (Ebadi and Sharma 2006). PD leads to a
progressive lack of control over voluntary movement, and its
clinical symptoms may include tremor, slow movements,
rigidity, loss of balance and muscle pain. PD is linked to the
selective degeneration of dopamine (DA)-containing
pigmented neurons mainly located in the substantia nigra pars
compacta of the midbrain (Hasegawa 2010). Those neurons
are particularly vulnerable to degeneration, and their depig-
mentation is considered a hallmark of the advanced stages of
the disease (Hasegawa 2010). The degeneration of DA-
containing neurons can result from the activity of oxidized
metabolites of dopamine known as dopamine quinone deriv-
atives, which are usually a product of the autoxidation of
catecholamines (Hasegawa 2010). Tyrosinase (TYRO) is a
multifunctional copper-containing enzyme involved in
neuromelanin formation in the human brain. Due to its oxi-
dase activity, TYRO can potentially accelerate the induction
of catecholamine quinone derivatives, contributing to dopa-
mine neurotoxicity and, thus, to the neurodegeneration asso-
ciated with PD (Khan 2007). In this sense, TYRO inhibitors
have become an attractive target for the treatment of PD. AD
and PD are also associated with high levels of oxidative stress
and with the accumulation of metal ions, namely, iron and
copper (Qureshi and Parvez 2007; Uttara et al. 2009; Weinreb
et al. 2011). Compounds with antioxidant properties, includ-
ing metal chelating activity, are considered effective in the
prevention of cerebral oxidative stress and neuronal loss
which are implicated in the onset of several neurodegenerative
disorders (Gaeta and Hider 2005; Weinreb et al. 2011).

Hydrogen peroxide (H,O,), one of the main reactive oxy-
gen species (ROS), is produced during the redox process and
is considered a messenger in cellular metabolism and prolif-
eration (Stone and Yang 2006). H,O, can induce apoptosis in
many different cells and may be involved in the activation of
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AChE and BChE (Xiao et al. 2000; Kim et al. 2005). More-
over, H,0, is generated during catecholamine oxidation and
during the decay of redox-active quinones, which are products
of the autoxidation of DA (Hasegawa 2010). These links
between the cholinergic signal, H,O, and DA degeneration
provide additional therapeutic targets for neuroprotective
compounds.

Information on the role of microalgae as sources of neuro-
protective compounds is rather scarce (Custddio et al. 2012,
2014; Aremu et al. 2014). This work evaluates the in vitro
AChE, BChE and TYRO inhibitory activities of organic and
water extracts of Botryococcus braunii (Chlorophyta, Trebou-
xiophyceae) and Nannochloropsis oculata (Ochrophyta,
Eustigmatophyceae) and their capacity to attenuate H,O,-
induced injury in the human dopaminergic cell line SH-
SYS5Y. The antioxidant and iron and copper ions chelating
activities, the total phenolic compounds and the FA profile of
both microalgae were determined as well.

Materials and methods

1,1-Diphenyl-2-picrylhydrazyl (DPPH), 2,2'-azino-bis(3-eth-
ylbenzothiazoline-6-sulphonic acid (ABTS), 3-(4,5-dimethyl-
thiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT), potas-
sium persulfate, AChE (from Electrophorus electricus, Type
V-S, EC 3.1.1.7), BChE (from horse serum, EC 3.1.1.8),
TYRO (from mushroom, EC 1.14.1.8.1, 30 U) and fatty acid
methyl ester (FAME) standards (Supelco® 37 Component
FAME Mix) were purchased from Sigma (Germany).

Algae samples

Algae samples were provided by Necton S.A. (Portugal) in the
form of a dark green solid frozen paste. Microalgae were
grown in a semi-continuous cultivation system outdoors, in
closed ‘flat panel flow through’ and ‘tubular’
photobioreactors. Microalgae cultures were kept sterile by
mechanical and physical pre-treatment of the water used for
algal production and also by weekly assessment of the pres-
ence of contaminants (e.g. Vibrio and total marine bacteria).
The microalgal biomass was collected and concentrated by
centrifugation, packed and frozen at —20°C. Before the exper-
iments, samples were freeze-dried, reduced to powder and
stored in the dark at —20°C.

Extracts preparation

For the preparation of the extracts, dried biomass was mixed
with hexane (1:10 w/v) and homogenized using an Ultra-
Turrax IKA T10B disperser at room temperature (RT). Ho-
mogenized samples were then centrifuged (5,000xg, 10 min,
RT) and the supernatants recovered. The extraction was
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repeated three times, the supernatants combined and filtered
(Whatman no. 4) and the residue was sequentially extracted
with diethyl ether, acetone and water. Organic extracts were
dried under reduced pressure at 40°C, while the water extracts
were freeze-dried. The extracts were dissolved in DMSO at
the concentration of 50 mg mL™" and stored at 4 °C.

Phytochemical analysis

Determination of total phenolic content Total phenolic con-
tent (TPC) was determined on samples at the concentration of
10 mg mL™" by the F-C assay (Julkunen-Tiitto 1985) as
described previously (Custodio et al. 2014). The absorbances
were measured at 725 nm, after 90 min incubation at RT, on a
microplate reader (BioTek Synergy 4), and results were
expressed as gallic acid equivalents (GAE) in ug g ' extract
(dry weight, DW), using a calibration curve made of gallic
acid (GA) at six different concentrations (01,500 pug mL™").

Fatty acid composition Fatty acid (FA) was extracted and
converted to the corresponding FAME by a direct
transesterification method with acetyl chloride/methanol
followed by extraction into hexane according to Lepage and
Roy (1984) as described by Pereira et al. (2012).

Determination of antioxidant activity by radical-based assays

Radical scavenging activity on DPPH The radical scavenging
activity (RSA) against DPPH radical was determined on ex-
tracts at different concentrations (0.25-10 mg mL ™), accord-
ing to the method of Brand-Williams et al. (1995) adapted to
96-well microplates (Moreno et al. 2006). A methanol solu-
tion of DPPH was used (120 M), and the absorbances were
measured at 515 nm (BioTek Synergy 4). Results were
expressed as antioxidant activity (%), relative to a control
containing DMSO and as half maximal inhibitory concentra-
tion (ICso, mg mL™"). BHT (E320) was used as the positive
control at the same concentrations of the biological samples.

RSA4 on ABTS radical The RSA on ABTS radical was evalu-
ated by the method described by Wang et al. (2007) on
extracts at concentrations ranging from 0.25 to 10 mg mL ™.
The absorbance was measured at 734 nm (BioTek Synergy 4).
Results were expressed as RSA (%) relative to a control
containing DMSO and as ICsy values (mg mL™"). BHT
(E320) was used as the positive control at the same concen-
trations of the extracts.

Antioxidant activity by metal-related methods
Iron and copper chelating activities Iron chelating activity

(ICA) and copper chelating activity (CCA) were determined
according to Megias et al. (2009) on extracts at different

concentrations (0.25-10 mg mL™"). Change in colour was
measured in a microplate reader (BioTek Synergy 4) at
562 nm (ICA) or 632 nm (CCA), and results were expressed
as percentage of inhibition, relative to a control containing
DMSO in place of the sample and as ICs, values (mg mL ™).
Ethylenediamine tetraacetic acid (EDTA) was used as the
positive control at the same concentrations of the extracts.

Enzyme inhibition assays

AChE and BChE inhibitory activity The inhibitory effect on
AChE and BChE activities was measured on samples at
different concentrations (0.25-1.0 mg mL™"), by the Ellman
method (Ellman et al. 1961) as described by Orhan et al.
(2007). The hydrolysis of acetylthiocholine or
butyrylthiocholine iodide was monitored by the formation of
the yellow 5-thio-2-nitrobenzoate anion as a result of the
reaction of DTNB with thiocholines catalyzed by the enzyme,
at412 nm, using a 96-well microplate reader (BioTek Synergy
4). Results were expressed as AChE and BChE percentage
inhibition relative to a control containing DMSO in place of
the sample and as ICs, values (mg mL ™). Galanthamine was
used as a positive control at the same concentration of the
samples.

Tyrosinase inhibitory activity The inhibitory activity against
TYRO was determined by the method reported by Nerya et al.
(2003) with modifications, using L-tyrosine as substrate. Sam-
ples were tested at concentrations ranging from 0.25 to
1 mg mL™', and the optical densities read at 492 nm using a
96-well microplate reader (BioTek Synergy 4). Results were
expressed as TYRO percentage inhibition relative to a control
containing DMSO in place of the sample. Arbutin was used as
the positive control at the concentration of 1 mg mL ™.

Cytotoxicity of the extracts and protective effect
against H,O,-induced injury

Cell culture and viability determination The human neuro-
blastoma cell line (SH-SYSY cells) was kindly provided by
Dr. Eduardo Soriano (Barcelona Science Park, Spain). Cells
were maintained in Dulbecco’s modified eagle medium
(DMEM) with 4,500 mg mL ™' of glucose, 10 % heat-
inactivated fetal bovine serum (FBS), L-glutamine (2 mM),
penicillin (50 U mL™") and streptomycin (50 ug mL ') and
were grown in an incubator at 37 °C, 5.1 % CO, in humidified
atmosphere. To evaluate the effect of the extracts on SH-
SYS5Y cells viability, they were seeded in 96-well plates at a
density of 2x10* cells well ' and incubated for 24 h. Then,
100 pL of the extracts were added at concentrations ranging
from 3 to 50 pug mL™', incubated for 24 h and cell viability
was determined by the MTT assay (Mosmann 1983) as de-
scribed previously (Custodio et al. 2014).
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Protective effect on H>Ox-induced cell cytotoxicity SH-SYSY
cells were seeded at a density of 20x 10* cells well ' in 96-well
culture plates, left to attach overnight, treated with different
concentrations of the extracts in culture medium and incubated
for 24 h. Then, the extracts were gently removed, cells were
treated with H,O, (100 uM) for 30 min (Kim et al. 2005) and
cell viability was determined by the MTT assay. The stock
solution of H,O, was prepared on phosphate-buffered saline
(PBS, pH 7.4) and diluted with DMEM without FBS immedi-
ately before use. Negative control cells were treated with DMSO
at the highest concentration used in test wells (0.5 %, v/v).

Statistical analysis

Results are expressed as mean+standard error of the mean
(SEM), and experiments were conducted at least in triplicate
(n=9). Significant differences were assessed by analysis of
variance (ANOVA) or using Duncan’s new multiple range test
when parametricity of data did not prevail. SPSS statistical
package for Windows (release 15.0, SPSS INC) was used.

Results

Fractions yield and TPC Both species have a high content in
polar (water-extractable) compounds, as revealed by the higher
yields obtained in the water extraction (Table 1). N. oculata had
the highest TPC (578 ug GAE g '), present in higher concen-
tration in the diethyl ether extract followed by acetone, water and

Table 1 Extraction yields (%), total phenolic content (TPC, ug GAE g
microalgae) and radical scavenging activity (RSA) on 1,1-diphenyl-2-
picrylhydrazyl (DPPH) and 2,2'-azino-bis(3-ethylbenzothiazoline-6-

hexane (Table 1). In B. braunii, the TPC was 431 pug GAE g ',
and the highest values were detected in the acetone extracts
followed by water, diethyl ether and hexane (Table 1).

FA profile The FA profile of B. braunii is mainly composed of
palmitic (C16:0), oleic (C18:1) and linoleic acids (C18:2n-6),
which accounted for more than 77 % of the total fatty acids
(TFA) detected (Table 2). In comparison, palmitic, palmitoleic
(C16:1) and eicosapentaenoic acids (C20:5n-3; EPA) were the
most abundant FA detected in N. oculata and represented
84 % of the total FA of this microalga (Table 2). Therefore,
B. braunii displayed a lower percentage of polyunsaturated
fatty acids (PUFA) (32 %) when compared with N. oculata
(46 %). Although both strains had considerable amounts of
PUFA with a ratio of PUFA/SFA of 1.56 for B. braunii and
2.11 for N. oculata, B. braunii had only 3 % of n-3 FA,
compared to nearly 42 % of EPA registered in N. oculata.

Antioxidant activity The highest RSA against the DPPH rad-
ical was achieved after application of the acetone extract of
B. braunii (IC5,=3.96 mg mLﬁl), and with the diethyl ether
extracts, with ICso values of 4.02 and 4.19 mg mL™" for
B. braunii and N. oculata, respectively (Table 1). The acetone
extract of B. braunii had the highest capacity to scavenge
ABTSe with an ICs, value of 1.19 mg mL™" (Table 1). The
extracts exhibited a higher ability to chelate Fe*" than Cu**
(Table 3). N. oculata had the highest metal chelation potential,
and the utmost results were observed with the hexane extract
for iron (ICso=0.70 mg mL ") and with the water extract for
copper (ICso=3.23 mg mL™") (Table 3).

sulphonic acid) (ABTS) radicals (ICso, mg mL ") of organic and water
extracts of Botryococcus braunii and Nannochloropsis oculata

Species/compound Extract Yield (%) TPC DPPH ABTS

B. braunii Hexane 0.76 11+6° 8.55+0.58° 8.32+0.388
Diethyl ether 0.48 100+3° 4.02+0.14 3.8+0.37¢
Acetone 1.06 170+66° 3.96+0.27° 1.19+0.05*
Water 2.67 150+21° >10 4.60+0.04°
Total 2.30 431469

N. oculata Hexane 1.35 18+£3°¢ 4.93+0.37° 6.93+0.16"
Diethyl ether 0.93 26146 4.19+0.17* 1.80+0.16°
Acetone 1.50 177+5° 6.70£0.44° 2.02+0.03°
Water 2.89 122+6¢ 7.31+0.71¢ 4.05+0.18°
Total 3.78 578+10

BHT* 0.07+0.00

Values represent the mean+standard error of mean (SEM) of at least three experiments performed in triplicate (n= 9). For the same column, different
letters are significantly different for all extracts of both species (Duncan’s new multiple range test, p<0.05)

*Butylated hydroxytoluene (BHT, E320): positive control

Italic is used to distinguish partial from total values
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Table 2 Fatty acids methyl esters (FAME) composition, expressed as
percentage of total fatty acids, of Botryococcus braunii and
Nannochloropsis oculata

Common name B. braunii N. oculata
C10:0 Capric acid nd 0.33+0.01
C12:0 Lauric acid nd 0.51+0.01
Cl14:0 Myristic acid nd 4.60+0.18
C15:0 Pentadecanoic acid nd 0.35+0.02
Cl16:0 Palmitic acid 18.05+0.27 15.67+0.88
C17:0 Margaric acid nd 0.35+0.02
C18:0 Stearic acid 0.84+0.06 0.34+0.05
C22:0+ Behenic acid 1.21£0.05 nd
C24:0 Lignoceric acid 0.89+0.01 nd
> SFA 20.98+0.39 22.17+1.16
Clé6:1 Palmitoleic acid 9.71£0.04 26.89+0.49
Cl18:1 Oleic acid 35.85+2.84 426+0.28
C20:1 Eicosenoic acid 0.66+0.10 nd
> MUFA 46.22+2.97 31.16x£0.77

C16:2(n-6) Hexadecadienoic acid 2.24+0.05 0.32+0.01
C18:2(n-6) Linoleic acid 23.15+0.30 4.48+0.10
C16:3(n-3) Hexadecatrienoic acid 3.14+0.07 nd
C16:3(n-6) Hexadecatrienoic acid 0.91+0.01 nd

C18:3(n-3) «-Linolenic acid 3.38+0.09 nd
C20:5(n-3) Eicosapentaenoic acid nd 41.88+2.01
> PUFA 32.81+0.25 46.68+2.11
>n-3 3.14+0.07 41.88+2.01
Yn-6 29.67+0.18 4.80+0.10
Y n-6/yn-3 9.51 0.15
PUFA/SFA 1.56 2.11

Values represent average+standard error (n=4)

nd not detected, SFA saturated fatty acids, MUFA monounsaturated fatty
acids, PUFA polyunsaturated fatty acids

Numbers in italics are ratios or sums that depend on the other values

Cholinesterases and TYRO inhibitory activity The inhibitory
activity (%) against AChE, BChE and TYRO was classified
as potent (>50 %), moderate (30—50 %), low (<30 %) or nil
(<5 %) as described in Vinutha et al. (2007). In accordance
with this classification, all extracts exhibited potent AChE
inhibitory activity at the highest concentration tested, except
for the acetone extract of N. oculata, which had moderate
inhibition, and the water extract of the same species, with nil
activity (Fig. 1a, c). The highest AChE inhibition was obtain-
ed with the hexane extract of N. oculata, with an ICsq value of
0.31 mgmL ™" (Table 3). Except for the diethyl ether extract of
B. braunii, which had moderate inhibitory activity on BChE
(32 % at 1 mg mL™"), all extracts exhibited low inhibitory
activity on this enzyme (Fig. 1b, d). None of the extracts was
effective against TYRO (data not shown).

Neuroprotective effect against H>O»-induced cytotoxicity on
SH-SY5Y cells The neuroprotective effect of the microalgae
extracts was evaluated against H,O,-induced cytotoxicity on
SH-SY5Y human neuroblastoma cells. Extracts were tested at
non-toxic concentrations, that is, at concentrations that did not
reduce SH-SYSY cells viability to values lower than 80 % of
the control. For these extracts, this means that a range of 3—
50 ug mL™" had to be used. The extracts exhibited different
cytotoxicity, depending on their nature and concentration
applied, and generally, extracts from N. oculata were less
toxic (data not shown). The pre-treatment of cells with the
acetone extract of B. braunii at the concentration of
25 ug mL™" significantly reduced the cytotoxicity induced
by exposure to H,O,, increasing cell viability from 60 to 75 %
(Fig. 2a). Regarding N. oculata, only the diethyl ether extract
did not protect neuronal cells from H,O, toxicity, and the
water extract, applied at the concentrations of 6 ug mL ™",
allowed the highest cell viability (76 %, Fig. 2b).

Table 3 Iron and copper chelating activity and AChE inhibitory activity (ICso, mg mL™") of organic and water extracts of Botryococcus braunii and

Nannochloropsis oculata

Species/compound Extract Iron Copper AChE

B. braunii Hexane 9.25+0.23f >10 0.39+0.06°
Diethyl ether 8.57+0.95° >10 0.69+0.17¢
Acetone 74240234 >10 >10
Water 5.44+0.03° 3.73+0.17° 0.76+0.11°

N. oculata Hexane 0.70+0.03° 5.99+0.30° 0.31+0.02°
Diethyl ether 5.04+0.26° 3.52+0.06" 0.49+0.02°
Acetone 2.70+0.14° 5.42+0.29° 1.53+0.82"
Water 2.53+0.14° 3.23+0.06° >10

EDTA* - 0.10+0.00

Galanthamine* 0.14+0.03

Values represent the mean+standard error of mean (SEM) of at least three experiments performed in triplicate (n=9). For the same column, different
letters are significantly different for all extracts of both species (Duncan’s new multiple range test, P<0.05)

*Ethylenediamine tetraacetic acid (EDTA) and galanthamine: positive controls
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Fig. 1 AChE and BChE inhibitory activity of organic and water extracts
of B. braunii (a, b) and N. oculata (c, d). Different letters in the same
extract indicate significant differences between concentrations by the
Duncan’s new multiple range test at P<0.05. Solid bars and errors bars

represent the average and standard error values, respectively (n=9).
Galanthamine (positive control) had an inhibitory activity of 78.1 %
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100 100
A S Hexane B SN Hexane
3 Diethyl ether [ Diethyl ether

p— N Acctone PP N Acetone
= 801 ey 4% 00s [ Water 80 O
E s,k =
g *| T P
< Xk &
"s 60 l ek - 60 %
g\e ** Z
z 3
= 404 L40 ©
E X% E
> =
— —
= E
O 204 * 20 =

0 = T T T T 3 0
3 6 12 25 50 H,0, 3 6 12 25 50 H,0,

Extract (png mL") +H,0,
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SH-SYS5Y cells pre-treated with the extracts at different concentrations
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@ Springer

Extract (ng mL") + H,0,

+SEM of three replicates. Significantly different than that of the H,O,-
treated group: *P<0.05; ***P<0.001



J Appl Phycol (2015) 27:839-848

845

Discussion

Microalgae dried biomass was sequentially extracted with
different solvents of increasing polarity index (PI), namely,
hexane (PI=0.1), diethyl ether (PI=2.8), acetone (PI=5.1) and
water (PI=10.1), in order to fractionate compounds between
extracts and maximize its concentration, reducing the occur-
rence of false negative results (Tempone et al. 2011). The
extracts were evaluated for their TPC, given that phenolics
are one of the most common bioactive compounds, with an
important role in the prevention of oxidative stress-related
diseases, namely, cancer and neurological disorders (Dai and
Mumper 2010). B. braunii and N. oculata presented lower
TPC than other microalgal species belonging, for example, to
the Chlorella and Nostoc genera (Li et al. 2007;
Hajimahmoodi et al. 2010). This can be either a characteristic
of'the studied algae or the result of different culture conditions,
which are known to have a high impact on the chemical
composition of microalgae (Coesel et al. 2008).

Marine microalgae are acknowledged for the accumulation
of substantial amounts of omega-3 FA (Sijtsma and Swaaf
2004; Doughman et al. 2007). The obtained FAME profiles
are in accordance with the results reported previously by other
authors, in the same species (Huerlimann et al. 2010; Zhila
et al. 2011). Martins et al. (2013) reviewed the potential of
marine microalgae for EPA production: Nannochloropsis
strains (5-39 % of TFA) along with Phaeodactylum
tricornutum (28-57 % of TFA) and Porphyridium cruentum
(25-41 % of TFA) are considered the most promising strains
for EPA production. The value obtained in this work was
slightly higher (41 % of TFA) and may represent 7 to 8 % of
the biomass DW. Considering the importance of these PUFA
for a balanced diet (Martins et al. 2013), these species may be
regarded as valuable ingredients in human nutrition.

Although oxygen is vital for life, the imbalanced metabo-
lism and the surplus production of ROS is linked with the
onset of several diseases, including neural disorders (Qureshi
and Parvez 2007; Uttara et al. 2009). ROS are particularly
active in the brain, as a result of the excitatory amino acids and
neurotransmitters, and they can damage glial cells and neu-
rons, leading to neuronal damage (Gilgun-Sherki et al. 2001;
Nunomura et al. 2006; Ebadi and Sharma 2006; Qureshi and
Parvez 2007; Danielson and Andersen 2008; Kidd 2008; Uttar
et al. 2009). In this sense, the use of antioxidant compounds
aiming the prevention of cerebral oxidative stress and neuro-
nal loss has gained increasing importance due to their capacity
to neutralize free radicals (Konishi 2009; Uttar et al. 2009). In
this work, both microalgae exhibited a considerable capacity
to scavenge DPPH and ABTS radicals, a process in which
different classes of molecules are likely to participate. In the
polar extracts (acetone), the antioxidant activity can be par-
tially ascribed to the presence of phenolics (Hajimahmoodi
et al. 2010), and particularly, in B. braunii, the antioxidant

activity of the acetone extract can be linked to carotenoids,
namely, violaxanthin, astaxanthin, lutein, zeaxanthin, chloro-
phylls a and b and 3-carotene which are usually present in this
extract (Rao et al. 2006). However, in the non-polar extracts
(hexane), the RSA detected cannot be attributed to the pres-
ence of phenolics since these compounds were present in
those samples at very low levels. In this case, the antioxidant
activity is probably more related to the presence of PUFAs.
Oleic acid, the major FA of B. braunii (35 % of the total
FAME) has antioxidant properties against the DPPH radical
(Cerdn et al. 2007), while palmitic acid, which ranged from 16
to 18 % of the total FAME profile in N. oculata and B. braunii,
respectively, has high activity against the peroxynitrite anion
(ONOQO'; Fang et al. 2010). Accordingly, the high amount of
lipids of this microalga (18-20 % of DW, data supplied by
Necton S.A.), of which 41 % are EPA, suggests that this
PUFA might contribute or even be responsible for the activity
observed in the less polar extracts.

The accumulation of Fe** and Cu®" has a significant im-
pact on ROS generation through the promotion of the Haber-
Weiss/Fenton reaction (Weinreb et al. 2011). Thus, besides
acting directly by scavenging free radicals, antioxidants can
act indirectly through the chelation of redox metals, thus
preventing free radical generation (Gilgun-Sherki et al.
2001). Metal chelation is of particular importance for the
prevention of neurological diseases, and the use of Fe*" and
Cu”' chelators is often considered a valuable strategy for the
management of oxidative stress-related neurological disorders
(Gaeta and Hider 2005; Weinreb et al. 2011). The extracts
were tested for chelating activity on Fe*" and Cu®" and gen-
erally displayed a higher ability to chelate the first transition
metal, and N. oculata had the highest metal chelation. This is
in agreement with previous findings for the same species,
although our results were lower than the ICA values previous-
ly reported (Custoédio et al. 2012), most probably due to
differences in the extraction methods used. Our results point
to the presence of Fe*" and Cu®" chelators in the microalgae
extracts under study, probably with different chemical natures.
In the more polar extracts, such as acetone and water, that
activity can be due to the presence of phenolics, which are
known to exhibit metal chelation potential (Megias et al.
2009). In fact, phenolic compounds are considered adequate
for the management of neurological disorders involving oxi-
dative damage mediated by divalent metals (Weinreb et al.
2011). Taken together, our results on the antioxidant capacity
of B. braunii and N. oculata, both in terms of radical scav-
enging and metal chelation potential, suggest that the biomass
of both species contain molecules with potential to prevent
oxidative stress-linked diseases, namely, those involving brain
degeneration.

The most frequently used drugs for the treatment of AD
patients are ChE inhibitors, namely, donepezil and
galanthamine, which are selective AChE inhibitors, and

@ Springer



846

J Appl Phycol (2015) 27:839-848

rivastigmine, with a dual inhibition against AChE and BChE
(Dall’Acqua 2013). In spite of their recognized value in the
symptomatic relief of patients with mild to moderate AD
(Pettenati et al. 2003), there is still a need for new AChE
inhibitory compounds with lower toxicity and higher central
nervous system penetration (Dall’Acqua 2013). In spite of
previous studies reporting the occurrence of bioactive com-
pounds in microalgae, there is little information about their
neuroprotective potential, except for a few studies on the
cholinesterase inhibitory activity of selected species
(Custodio et al. 2012, 2014; Aremu et al. 2014). In this work,
B. braunii and N. oculata were evaluated for inhibitory activ-
ity in vitro on AChE, BChE and TYRO, which are enzymes
implicated in the onset of neurodegenerative ailments, namely,
AD and PD. The extracts had a higher capacity to inhibit
AChE and were more effective against this enzyme than
Melissa officinalis and Salvia officinalis, which are medicinal
herbs with recognized memory-improving properties (Ferreira
et al. 2006). Our results suggests a possible therapeutic value
of the bioactive molecules present in those microalgae as
inhibitors of AChE, with potential application in the manage-
ment of neurological disorders characterized by reduced levels
of ACh, such as PD and myasthenia gravis (Pulok et al. 2007;
Williams et al. 2011). The FA profile of these microalgae, rich
inn-3 PUFA, also indicates that the species under study have a
potential interest in the field of neuroprotection. Although
studies on the effect of FA on AChE and BChE inhibition
are scarce, there are some indications that a diet deficient in n-
3 PUFA can be related with the development of AD (Igarashi
et al. 2011). PUFA are known to improve the cholinergic
neurotransmission and lighten AD symptoms and are consid-
ered as potent neuroprotectors (Lauritzen et al. 2000; Willis
et al. 2009). A diet rich in omega-3 PUFAs can replace the
membrane fluidity, which is decreased in situations of oxida-
tive stress, thereby overcoming the damaging effects of the
free radicals on neuronal cells (Yehuda et al. 2002).

Based on promising cholinesterase inhibitory results, an
in vitro neuroprotective test was performed using a SH-SY5Y
human neuroblastoma cell line. SH-SYS5Y cells are widely
used as an in vitro model to study the effects and mode of
action of drugs on neuronal diseases (Kim et al. 2005). Cells
were pre-treated with non-toxic concentrations of the extracts,
and then oxidative stress was induced through the application
of 100 uM of H,0,, which is one of the main ROS produced
in the brain during AD progression (Pan et al. 2009). The non-
radical H,O, easily enter the cells due to its high membrane
permeability and can originate the hydroxyl radical, one of the
most unstable and damaging radicals involved in tissue injury.
A significant increase in cellular viability was observed after
the application of the microalgal extracts, and those from
N. oculata were especially efficient in the protection of cells
from oxidative stress induced by H,O,. This protective effect
is not likely due to the direct antioxidant effect of the extracts,
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since they were removed from the cells before H,O, treat-
ment. Instead, it may be linked to the activation of intercellular
and intracellular excitoprotective signalling pathways, for ex-
ample, mitogen-activated protein kinase (MAPK), tumour
necrosis factor (TNF) and those involving the preservation
of mitochondrial function (reviewed in Mattson 2002). In fact,
the treatment of cultured neurons with antioxidant compounds
such as vitamin E and lipoic acid has been reported to effec-
tively protect cells against glutamate toxicity and ischemia-
like conditions (Muller and Krieglstein 1995; Gurney et al.
1996). Further work will be necessary to determine the mech-
anism(s) underlying the observed protective effect.

In conclusion, in this study, multiple biological activities
were observed after the application of different algae extracts,
indicating that B. braunii and N. oculata are endowed with
different bioactive molecules. In this sense, the inclusion of
biomass from B. braunii and N. oculata in the human diet can
provide health benefits at different levels, either improving
well-being and/or reducing the incidence of different disorders
(Ibafiez and Cifuentes 2013). Assays will be pursued in order
to ascertain the in vivo health-promoting effects suggested by
the results obtained with the in vitro studies included in this
work. Those studies are mandatory before a health claim can
be made regarding a particular food product (Ibafiez and
Cifuentes 2013). Moreover, and aiming the pharmaceutical
industry, assays are now being conducted in order to isolate
and identify the bioactive compounds and to elucidate their
modes of action.
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