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Abstract

The oceans harbour a great reservoir of molecules with unknown bioactivities, which
could be useful for the treatment of illnesses that nowadays have no cure, such as
neurodegenerative diseases. In this work, we evaluated the neuroprotective potential of
the marine Fijian compounds tavarua deoxyriboside A and jasplakinolide against
oxidative stress and neuroinflammation, crucial mechanisms in neurodegeneration. Both
metabolites protected SH-SY5Y human neuroblastoma cells from H202 damage,
improving mitochondrial function and activating the antioxidant systems of cells. These
effects were mediated by their ability of inducing Nrf2 translocation. In BV2 microglial
cells activated with lipopolysaccharide, Fijian metabolites also displayed promising
results, decreasing the release of pro-inflammatory mediators (ROS, NO, cytokines)
through the reduction of gp91 and NFkB-p65 expression. Finally, we performed a co-
culture among both cell lines, in which treatment with compounds protected SH-SY5Y

cells from activated microglia, corroborating their neuroprotective effects. These results



suggest that tavarua deoxyriboside A and jasplakinolide could be used as candidate

molecules for further studies against neurodegeneration.

Keywords: oxidative stress, neuroinflammation, gp91, Nrf2, jasplakinolide, tavarua

deoxyriboside A
1. Introduction

Neurodegenerative diseases constitute an emerging public health issue. Cognitive decline
and dementia prevalence are increasing worldwide, and they are projected to continue
augmenting due to the aging of developed countries population. Currently, about 50
million people are affected by dementia worldwide. This number is expected to double
by 2030 and more than triple by 2050 ®. In fact, the World Health Organization has
published a global action plan of public health response for 2017-2025, which includes a
specific area for dementia as a public health priority focused on diagnosis, treatment, and

care of these diseases?.

Oxidative stress and mitochondrial dysfunction play a crucial role in neurodegeneration.
Neurons are very sensitive to oxidative damage for many reasons, such as their great rate
of oxygen consumption and their low amount of antioxidant defences. They have
approximately 50 times lower catalase and glutathione (GSH) content compared to other
cells . Increasing age leads to an augmentation in the release of reactive oxygen species
(ROS), which are mainly produced by mitochondria through the electron transport chain.
As mitochondria are great ROS producers, the organelles are also the principal target of
oxidative damage*. Since mitochondria produce ATP through oxidative phosphorylation,
their dysfunction has serious effects on cell viability. High concentrations of ROS can

induce the opening of the mitochondrial permeability transition pore, with the resultant



collapse of the mitochondrial membrane potential (A%¥m) and the rupture of the organelle,

which can finally lead to cell death?®.

ROS accumulation is also involved in neuroinflammation, since these toxic species can
induce the activation and proliferation of microglial cells. Furthermore, microglia
contribute to oxidative stress by releasing more ROS ©. Although the primary objective
of these molecules is to kill pathogens, the immune cells of the brain are abnormally
activated in neurodegenerative diseases and contribute to their pathogenesis. Along with
the production of ROS, microglia releases cytokines such as interleukin-6 (I1L-6) or tumor

necrosis-alpha (TNF-a) that are damaging to neurons and can even produce their death /.

In this context, compounds capable of reducing oxidative stress and neuroinflammation
have emerged as a promising therapeutic strategy to counteract neurodegenerative
pathologies that nowadays have no cure, such as Parkinson’s disease (PD) and
Alzheimer’s disease (AD)* 8. In particular, the oceans harbour an exceptional pool of
molecules with a great structural diversity and unknown biological activities, so the
research conducted through the elucidation of their mechanisms of action could be helpful

for therapeutic approaches directed to these pathologies®.

The Fiji Islands, in the South Pacific, possess a great marine biodiversity. More than 400
compounds have been isolated from Fijian organisms, being sponges, ascidians and soft
corals the major sources of bioactive products . In this study, the neuroprotective
abilities of tavarua deoxyriboside A and jasplakinolide (Figure 1), obtained from Fijian
organisms, have been evaluated. The first one was obtained from a tunicate !, whilst the
cyclic depsipeptide jasplakinolide (also named jaspamide) was isolated from the sponge
Jaspis splendens 2. The biological activity of tavarua deoxyriboside A remains unknown,
as it has not been tested so far, whereas jasplakinolide has shown anticancer activity

through the promotion of actin polymerization . We have determined their



neuroprotective potential in two in vitro models of oxidative stress and
neuroinflammation with SH-SY5Y human neuroblastoma cells and BV2 murine

microglial cells, respectively.
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Figure 1. Chemical structures of Fijian compounds
2. Results

2.1 Compounds protect neuronal cells from oxidative stress improving their antioxidant

defences

Before starting oxidative stress experiments, the effects of compounds on neuroblastoma
cells viability was tested. With this purpose, SH-SY5Y cells were treated with tavarua
deoxyriboside A and jasplakinolide at concentrations ranging from 0.1 nM to 10 uM for
24 h and MTT test was performed (Figure 2a). Tavarua A did not display significant
cytotoxicity at any of the concentrations assayed, although a slight decrease was detected
at 10 uM. As expected, jasplakinolide was significantly toxic at the highest concentrations
(10 nM-10 pM). The half maximal inhibitory concentration (ICso) of this compound was

calculated, obtaining a value of 3.3 nM (95% confidence interval: 2.2-5.1 nM, R?: 0.95),



which is in agreement with previous results in other cell lines 14%°, Therefore, in oxidative

stress assays, tavarua deoxyriboside A was used at concentrations ranging from 1 to 1000

nM, whilst jasplakinolide was tested at 0.01, 0.1 and 1 nM.
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Figure 2. Cytotoxic and antioxidant effects of compounds on SH-SY5Y cells. (a)

Cytotoxicity of tavarua A and jasplakinolide after 24 h incubation. (b) Cell viability of

neuroblastoma cells after treatment with compounds for 6 h with and without 150 pM

H202. (c) Measurement of ROS levels after an incubation of 6 h with Fijian metabolites

with and without 150 uM H202. (d) Effects of compounds on mitochondrial membrane

potential (A¥Wm) after 6 h of incubation with or without H202. Vitamin E (Vit E) at 25

MM was used as positive control in oxidative stress assays. Mean +SEM of three

experiments performed by triplicate. Data expressed as percentage of control cells and

compared by one-way ANOVA and Dunnett’s tests. # p<0.05, ## p<0.01, ### p<0.001
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compared to untreated control cells. *p<0.05, **p<0.01 compared to cells treated with

H>0- alone

To determine the neuroprotective effects of compounds against oxidative stress, SH-
SY5Y cells were co-treated with the secondary metabolites and 150 uM H202 for 6 h 6,
Firstly, the capacity of compounds to improve cell survival was analysed with MTT test
(Figure 2b). Treatment with compounds alone does not produce any toxicity on
neuroblastoma cells. The addition of 150 uM H20: significantly reduced cell survival
(54.7£6.8%, p<0.001). This decrease was recovered by both compounds at all the
concentrations assayed. Tavarua deoxyriboside A increased cell survival until levels
among 82.5-95.8% of control cells, and treatment with jasplakinolide reached
percentages of 92.9-95.2%. These results were similar to those obtained with the known

antioxidant Vitamin E (Vit E) at 25 uM (87.5+7.6 %, p<0.05).

Next, the effect of compounds on ROS release was evaluated. As Figure 2c shows, neither
tavarua A nor jasplakinolide affected ROS levels when added alone. Otherwise,
compounds reduced ROS levels when SH-SY5Y cells were treated with the pro-oxidant.
Cells treated only with 150 uM H202 presented a significant increase in ROS levels
(127.7£4.3%, p<0.01) compared to untreated cells. Addition of tavarua A at 100 and 1000
nM decreased ROS release to 106.2+9.3% (p<0.05) and 104.2+5.1% (p<0.05),
respectively. ROS levels were also reduced by jasplakinolide at 0.01 nM (101+6.3%,

p<0.01) and 1 nM (104.4+4.4%, p<0.05).

We finally determined whether compounds were able to improve mitochondrial function,
since the organelle is the main producer of ROS and its dysfunction is closely related to
neurodegeneration . Therefore, A%m was analysed with the fluorescent dye tetramethyl
rhodamine methyl ester (TMRM) after treatment with tavarua A and jasplakinolide for 6

h, with and without presence of H202 (Figure 2d). The addition of compounds alone did

6



not affect to A¥m, whereas treatment with the pro-oxidant depolarized the mitochondrial
membrane up to 83.5+1.8% (p<0.05). Tavarua A significantly recovered AWm, increasing
TMRM signal at all the concentrations assayed until levels among 96.1-105.3%.
Treatment with jasplakinolide also improved mitochondrial function at the highest
concentrations (0.1 and 1 nM), with levels of 98.0+5.7% (p<0.05) and 96.5+3.2 %

(p<0.05), respectively.

In view of the promising results obtained, we next examined the effects of compounds on
the antioxidant defences of neuronal cells. At first, the amount of GSH, the main non-
enzymatic antioxidant in cells, was evaluated (Figure 3a). Addition of 1000 nM tavarua
deoxyriboside A alone produced a significant increase in GSH levels until 146.2+14.7 %
(p<0.05), and treatment with jasplakinolide at 1 nM also augmented GSH content to
125.3+3.7% (p<0.05) of untreated cells. In the oxidative stress model, SH-SY5Y cells
treated with 150 uM H202 presented a reduction in GSH content (74.3+6.0%, p<0.01),
which was recovered by both marine compounds. Tavarua deoxyriboside A significantly
increased the antioxidant molecule at 10 (114.4+11.9%, p<0.01), 100 (118.3+4.4%,
p<0.01) and 1000 nM (123.4+2.8%, p<0.01). Treatment with jasplakinolide also
augmented GSH levels to percentages among 92.5-102.5% of control cells. The recovery
of GSH content with compounds was similar to the result obtained with 25 uM Vit E

(109.7+4.0 %, p<0.01).

Then, the activity of superoxide dismutases (SODs) was evaluated. This enzymatic family
is one of the main antioxidant systems in cells, specialized in eliminating superoxide ions.
In this case, treatment with compounds alone did not produce any effect on SODs activity
(Figure 3b). Addition of 150 uM H202 reduced the enzyme activity (77.2+1.9%, p<0.05),

a decrease that was recovered by tavarua deoxyriboside A. The compound increased



SODs activity at concentrations ranging from 1-100 nM to levels about 94% (p<0.05) of

control cells.
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Figure 3. Evaluation of compound effects on antioxidant systems in neuroblastoma cells.
Cells were treated with tavarua deoxyriboside A and jasplakinolide at non-toxic
concentrations with or without 150 uM H202 for 6 h. (a) GSH levels. (b) Activity of
SODs. Mean +SEM of three replicates presented as percentage of control cells. Vitamin
E (Vit E) at 25 uM was used as positive control. Statistical differences were determined
by one-way ANOVA test followed by Dunnett’s post hoc test. # p<0.05, ## p<0.01

compared to untreated control cells. *p<0.05, **p<0.01 compared H202 control cells

The results obtained in oxidative stress assays, in which Fijian compounds were able to
protect SH-SY5Y cells from H202 damage by reducing ROS and improving antioxidant
systems, led us to analyse the effect of compounds on Nuclear factor E2-related factor
(Nrf2). The translocation of this transcription factor to the nucleus induces the expression
of several antioxidant enzymes, as well as genes related to mitochondrial function®®. In

this context, neuroblastoma cells were treated with compounds for 6 h and Nrf2



expression was determined by Western blot in the nuclear and cytosolic fractions (Figure

4).
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Figure 4. Nrf2 expression in SH-SY5Y cells after treatment with Fijian metabolites. Cells
were treated with compounds for 6 h and the expression of the transcription factor was
determined by western blot. (a) Nrf2 expression in the nuclear fraction of cells treated
with tavarua deoxyriboside A. (b) Cytosolic expression in SH-SY5Y cells after addition
of tavarua deoxyriboside A. (c) Nuclear expression of Nrf2 in neuroblastoma cells treated
with jasplakinolide. (d) Expression of the transcription factor in the cytosol after
treatment with jasplakinolide. Protein band expression was normalized by lamin B1 and
actin in nuclear and cytosolic fractions, respectively. In the case of jasplakinolide,
cytosolic band expression was also normalized with GAPDH. Results are mean +SEM of

three replicates carried out by duplicate, expressed as percentage of control cells.



Statistical significance determined by one-way ANOVA and Dunnett’s tests. # p<0.05

compared to control cells

Treatment with tavarua deoxyriboside A produced a significant increase in Nrf2 nuclear
expression, reaching levels between 320.2-243.8% of control cells (Figure 4a). With
respect to cytosolic expression, no significant differences were found (Figure 4b).
Jasplakinolide also augmented the expression of Nrf2 in the nucleus when neuroblastoma
cells were treated with the compound at 0.1 (125.1£3.8%, p<0.05) and 1 nM
(117.3£11.9%, p<0.05) (Figure 4c). Again, the expression of the transcription factor in
the cytosol did not present differences after treatment with the compound (Figure 4d).
Due to the known effects of jasplakinolide on actin polymerization at toxic
concentrations, the cytosolic expression of Nrf2 was normalized using both anti-actin and
anti- glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibodies. No differences
in Nrf2 expression were found after normalizing its quantification with both proteins (data
not shown), discarding an effect of the compound on actin at the concentrations used in

these assays. Therefore, anti-actin antibody was used in the following experiments.
2.2 Tavarua deoxyriboside A and jasplakinolide modulate the activation of microglia

The effect of compounds on neuroinflammation was determined in BV2 murine
microglial cells, which were pre-treated with compounds for 1 h and activated with 500
ng/mL lipopolysaccharide (LPS), a component of Gram-negative bacteria membrane,
during 24 h *°. Firstly, compound safety was evaluated with MTT assay. Cells were
treated for 24 h at the concentrations used in oxidative stress assays, and no cytotoxicity

was observed (data not shown).

Then, the levels of ROS production were determined after treatment with compounds in

non-activated and LPS-activated cells (Figure 5a). The addition of tavarua A and
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jasplakinolide alone did not affect to ROS release at any of the concentrations tested.
Microglial activation with the endotoxin augmented ROS production up to 155.6+10.8 %
(p<0.01), an increase significantly reduced by pre-treatment with both secondary
metabolites. Tavarua deoxyriboside A diminished ROS levels at the four concentrations
assayed, reaching the highest inhibition at 1000 nM (79.4+1.6%, p<0.001). Jasplakinolide
reduced ROS release at 0.01 (113.5+3.2%, p<0.01) and 0.1 nM (112.0+2.2%, p<0.01).
We next evaluated the levels of GSH (Figure 5b), which did not present differences after
treatment with compounds alone compared to inactivated cells. However, the activation
with LPS produced a decrease in GSH content (80.2+2.0%, p<0.01). Both compounds
increased the levels of the antioxidant molecule, tavarua A at 1 (95.6+£2.6%, p<0.05) and

100 nM (93.9+4.1%, p<0.05), and jasplakinolide at the lowest concentration (90.924.1%,

p<0.05).
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Figure 5. Effect of compounds on oxidative stress mediators in BV2 microglial cells.
Cells were pre-treated with metabolites for 1 h, followed by addition of 500 ng/mL LPS
during 24 h. Microglia was also treated with compounds alone to determine their effects
on cells activation. (a) Measurement of ROS levels. (b) Determination of GSH content.

Values presented as percentage of control cells. Meant SEM of three replicates

11



performed by triplicate, compared by one-way ANOVA and Dunnett’s tests. ## p<0.01
compared to inactivated cells. *p<0.05, **p<0.01, ***p<0.001 compared to LPS control

cells

In view of the reduction in ROS release generated by the compounds, their effects on
NADPH-oxidase (NOX) expression were evaluated. The enzyme is the principal source
of ROS production in microglial cells, and is composed by five subunits: p40phox,
p47phox, p67phox, p22phox and gp91phox. The latter, located in the plasma membrane,
is the main responsible for superoxide production 2°, so its expression was quantified in

the membrane and the cytosol of BV2 cells (Figure 6).
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Figure 6. Evaluation of gp91 expression in microglia. BV2 cells were treated during 1 h
with compounds, followed by stimulation with 500 ng/mL LPS for 24 h. gp91 expression

in the (a) membranous fraction and (b) cytosolic fraction of cells treated with tavarua
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deoxyriboside A. (c) Expression of the NOX subunit in the membrane after treatment
with jasplakinolide. (d) Cytosolic expression of gp91 in BV2 cells treated with
jasplakinolide. Protein band expression was normalized by Na*-K* ATPase and actin in
membranous and cytosolic fractions, respectively. Meant SEM of four replicates
performed by triplicate, compared by one-way ANOVA and Dunnett’s tests. # p<0.05

compared to inactivated control cells. *p<0.05 compared to LPS control cells

Due to the lack of effect of the treatment with compounds alone on microglial activation,
these experiments were performed only in LPS-activated cells. Pre-treatment with tavarua
deoxyriboside A produced a significant decrease in gp91 expression in both fractions
(Figure 6a-b), reaching levels of inactivated cells. In the case of jasplakinolide, a
reduction in gp91 expression was observed in the membranous fraction (Figure 6c¢) at 0.1
and 1 nM, with percentages ranging between 21.7+11.7% and 23.3£3.5% (p<0.05) of
LPS-activated cells. On the other hand, this compound did not present any effects on the

cytosolic expression of NOX subunit (Figure 6d).

The study of neuroinflammation was followed by assessing the release of the pro-
inflammatory mediators NO, IL-6 and TNF-o, and the anti-inflammatory molecule
interleukin-10 (IL-10) (Figure 7). Regarding NO, as Figure 7a shows, LPS addition
significantly augmented its release a 47.9+6.3 % (p <0.001) with respect to inactivated
cells. Tavarua deoxyriboside A diminished NO levels to percentages about 74.7-83.6%
of LPS control cells. Jasplakinolide also decreased its release at the highest concentrations
assayed (0.1 and 1 nM) with levels of 72.9£1.7 % (p<0.05) and 76.6+0.5% (p<0.05),
respectively. Next, the expression of inducible nitric oxide synthase (iNOS), the enzyme
responsible for NO production, was assessed. The enzyme was not detected in inactivated
cells, but stimulation of microglial cells with LPS induced a significant augmentation of

its expression. Addition of tavarua deoxyriboside A produced a reduction in INOS
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expression at 1 and 10 nM (54.5£5.3 % and 55.2+9.0%, respectively) (Figure 7b),

whereas no differences were found after treatment with jasplakinolide (Figure 7c).
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Figure 7. Analysis of neuroinflammation mediators after treatment with Fijian
metabolites. BV2 microglial cells were pre-treated with compounds at non-toxic
concentrations for 1 h and 500 ng/mL LPS for 24 h. (a) NO levels in microglial medium,
and (b) INOS expression after treatment with tavarua deoxyriboside A and (c)
jasplakinolide. (d) IL-6 release, (¢) TNF-a content and (f) IL-10 levels in BV2 medium.
Values expressed as percentage of cells treated with LPS alone. Mean £SEM of three
replicates. Statistical differences determined by one-way ANOVA followed by Dunnett’s

post hoc test. ### p<0.001 compared to inactivated cells. *p<0.05, **p<0.01 compared

LPS control cells

Next, the amount of IL-6 in cell medium was monitored (Figure 7d). The differences
among inactivated and LPS-activated cells reached a 99.9% (p<0.001). Only tavarua A

reduced the cytokine release at 1 nM (60.9£1.8%, p<0.05) and 100 nM (77.9+£11.9%,
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p<0.05). The same occurred with TNF-a, which was significantly decreased by tavarua
A at the highest concentrations with levels ranging between 76.3-89.8% (p<0.05)
compared to LPS control cells (Figure 7e). Finally, the anti-inflammatory cytokine I1L-10
was quantified in BV2 medium (Figure 7f). Tavarua A increased its release at the highest
concentrations, being 100 nM the most effective (127.4+7.4%, p<0.01). Jasplakinolide
also augmented IL-10 levels when added to BV2 cells at 0.1 nM, with a percentage of
129.1+12.9% (p<0.05).

The transcription factor Nuclear factor kappa-light-chain-enhancer of activated B cells
(NFkB) is considered the most important regulator of the inflammatory cascade, so we
next determined its expression. In particular, the levels of the domain p65 were assessed,
since its increase in the nucleus leads to the expression of pro-inflammatory mediators 2.

The results obtained are shown in Figure 8.
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Figure 8. Effect of Fijian compounds on NFkB expression in microglial cells. BV2 cells
were pre-treated with compounds for 1 h and activated with 500 ng/mL LPS during 24 h.
(@) Nuclear and (b) cytosolic expression of NFkB-p65 after addition of tavarua
deoxyriboside A. (c) Expression of the transcription factor in the nuclear and (d) cytosolic
fractions after treatment with jasplakinolide. Protein band expression was normalized by
lamin B1 and actin in nuclear and cytosolic fractions, respectively. Meant SEM of four
replicates performed by duplicate, compared by one-way ANOVA and Dunnett’s tests.
#p<0.01 compared to inactivated cells. *p<0.05, **p<0.01 compared to cells treated with

LPS alone.

As expected, NFKB —p65 expression was increased about 50% in LPS-activated cells.
Tavarua A reduced the transcription factor expression at the highest concentrations, with
levels around 29.8-39% of LPS control cells (Figure 8a). Otherwise, the cytosolic
expression remained unaffected (Figure 8b). Treatment with 0.01 nM jasplakinolide also
reduced the nuclear expression of p65 (48.9+£15.8%, p<0.05) (Figure 8c), whilst no effect
was found on cytosolic levels (Figure 8d).

Due to the results obtained in SH-SY5Y cells and its involvement in antioxidant and anti-
inflammatory responses 22, we next analysed Nrf2 expression. As Figure 9 shows, only
tavarua deoxyriboside A induced a significant increase in Nrf2 nuclear expression,

reaching a percentage of 134.8+19.5% (p<0.05) at 100 nM (Figure 9a).

16



LPS

a b LPS
150
: T
—_ T c = 150
5% T £ T
@ £ 100 T 2 E T
o O
£0 50 100 -
x x
oa @ o
gy 22
i Sz =0
0 0t
v ~ ) o o g & L 8
& &£ S & R: K »\“@
Nrf2 . - B o Nrf2 SEr e
Lamin B1 ™= S S S5 s s g o S o F e Rl S ——
cl LPs 1 10 100 1000 o LPs 1 10 100 1000
Concentration (nM) Concentration (nM)
C LPS d LPS
150
100
c= c=
g9 o o
A= BE
@ =3 ] o
o 8o
59 so R
o - s0
= £x
0 [
A & N N ~ A ) LS o »
< N < © < N N
N2 s e o e e e Nrf2 .!' 3 i”"--
Lamin B1 -—- . ——— Actin s ——— —— — —
T s 001 04 1 ci P 001 04 1
Concentration (nM) Concentration (nM)

Figure 9. Nrf2 expression in microglial cells treated with Fijian metabolites. Compounds
were added to BV2 for 1 h, followed by treatment with 500 ng/mL LPS during 24 h.
Expression of the transcription factor in the (a) nucleus and (b) cytosol of microglia after
treatment with tavarua deoxyriboside A. Nrf2 expression in (c) nuclear and (d) cytosolic
fractions after addition of jasplakinolide. Protein band expression was normalized by
lamin B1 and actin in nuclear and cytosolic fractions, respectively. Meant SEM of four
replicates performed by duplicate, compared by one-way ANOVA and Dunnett’s tests.

*p<0.05 compared to LPS control cells.

Finally, a trans-well co-culture between microglial and neuronal cells was carried out to
confirm the neuroprotective properties of Fijian metabolites. BV2 cells were seeded in
culture inserts placed on SH-SY5Y cells, and microglia was treated with compounds and

LPS as described before. Then, neuroblastoma survival was determined with MTT test.
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As Figure 10 shows, the addition of 500 ng/mL LPS produced a decrease in SH-SY5Y
cells viability (85.8+0.5%, p<0.05). Treatment with tavarua deoxyriboside A protected
neuroblastoma survival at 1, 100 and 1000 nM reaching percentages between 99.3-
101.1% of cells co-cultured with inactivated microglia. Jasplakinolide also augmented

the viability of neuroblastoma cells to 96.5 £2.7% (p<0.05) at 0.01 nM.
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FigurelO. Cell viability of SH-SY5Y cells in a trans-well co-culture with BV2 microglial
cells. Microglia was seeded in inserts placed above neuroblastoma cells, treated with
tavarua A deoxyriboside and jasplakinolide for 1 h and activated with 500 ng/mL LPS
for 24 h. Then, SH-SY5Y viability was determined by MTT test. Mean £SEM of three
replicates performed by duplicate. Values expressed as percentage of cells co-cultured
with inactivated microglia. Statistical differences determined by one-way ANOVA and
Dunnett’s tests. # p<0.05 compared to control cells. *p<0.05, **p<0.01 compared to cells

co-cultured with microglia treated only with LPS
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3. Discussion

The search of compounds for the treatment of the most common neurodegenerative
diseases, AD and PD, has been traditionally focused on the disaggregation of protein
deposits. In AD, much effort has been carried out with respect to amyloid beta aggregates,
with several strategies, such as active and passive immunization or inhibition of key
enzymes involved in the processing of this protein 2. In the same way, PD research has
been centred in a-synuclein, mainly through the reduction of its synthesis,
immunotherapy or anti-aggregative molecules 24, However, due to the disappointing
results obtained with these therapeutic approaches, other targets have emerged as
promising pharmacological options, such as oxidative stress, mitochondrial dysfunction
and neuroinflammation 2>26, These pathological events occur on early phases of
neurodegenerative diseases, so their simultaneous modulation could lead to slow the
progress of the illnesses. Specifically, natural products present great potential as
antioxidant and anti-inflammatory drugs and could be used for the treatment of
neurodegeneration?’. In this context, the effects of tavarua deoxyriboside A and
jasplakinolide were tested on in vitro models of oxidative stress and neuroinflammation

for first time.

In neuronal cells, we observed that both Fijian compounds reduced ROS levels, improved
mitochondrial function and enhanced the antioxidant defences. These neuroprotective
properties seem to be mediated by the capacity of the metabolites to translocate Nrf2 to
the nucleus. The transcription factor is an essential regulator of the expression of
antioxidant enzymes (catalase, SODs, glutathione reductase ...) and its activity in
neuronal cells is limited 3, so its activation is crucial for counteracting neurodegeneration.

In recent years, the classical role of Nrf2 as an inductor of antioxidant enzymes has been
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extended, and its function on mitochondrial metabolism, autophagy and inflammation has

been revealed, making Nrf2 inductors promising drugs for facing neurodegeneration 8,

With regard to neuroinflammation, both compounds were able to reduce ROS levels and
to improve GSH content in LPS-activated microglial cells. We therefore analysed their
effects on NOX, the most important source of oxidants in microglial cells. In particular,
the expression of the catalytic subunit of the enzyme, gp91, was determined. This subunit
removes electrons from NADPH and transports them across the membrane to generate
superoxide 2. Our results indicate that both compounds diminish gp91 expression in the
plasmatic membrane, so the decrease observed in ROS release may be related to this
inhibition. NADPH plays a pivotal role in microglial activation, since it is also needed
for GSH generation by glutathione reductase and for iNOS activity 28. A reduction in NO
levels was also produced by compounds, so the decrease in NADPH consumption by
NOX and iNOS could be involved in the increase in GSH content produced by
compounds.

All these effects are also related to the inhibition of NFKB activation by both compounds.
The enzyme is a crucial regulator of the inflammatory response, when it is translocated
to the nucleus, the transcription factor interacts with the promoter region of the iINOS
gene, inducing its expression 2°. Otherwise, the interplay among NFkB and NOX is
unclear, since gp91 overexpression increases NFKB activation and viceversa. The
transcription factor activation is also responsible of IL-6 and TNF-a release %, so the
reduction in their levels produced by tavarua deoxyriboside A is due to its ability to inhibit
NFkB translocation.

Tavarua deoxyriboside A was also capable of activating Nrf2 in BV2 cells. The
transcription factor, together to its antioxidant properties, is involved in microglial

activation. Nrf2 represses the activation of pro-inflammatory genes and potentiates the
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anti-inflammatory signalling, i.e. it inhibits the transcription of IL-6 and IL-1f by binding
to DNA sequences near to their genes 3. Therefore, to some extent, Nrf2 acts as an
antagonist of NFkB. The activation of both transcription factors is tightly regulated by
the redox status of the cells ® and there are many evidences of an interplay between these
pathways at molecular level 2,

The upregulation of IL-10 by Fijian metabolites is also remarkable, because the cytokine
Is involved in the inhibition of many pro-inflammatory genes (IL-1, TNF-a, IL-6...),
reduces NFKB translocation 3 and inhibits NOX activity 2°. In summary, both
jasplakinolide and tavarua deoxyriboside A affected key pathways involved in
neuroinflammation, but the latter presented more promising results in the modulation of
microglial immune response. In fact, the co-culture between microglial and neuronal cells
further confirmed the neuroprotective effects of this compound. In this assay,
jasplakinolide also presented positive results at picomolar concentrations, probably

related to its effects on ROS and NO.

It should be noted that jasplakinolide has presented anticancer properties in several cell
lines through the induction of actin polymerization '°. These anticancer effects were found
at concentrations among 50-100 nM, whilst the neuroprotective characteristics of
jasplakinolide reported in this work have been obtained at picomolar concentrations. This
dual behaviour has been reported in natural compounds such as curcumin, resveratrol or
quercetin, which present antioxidant and anti-inflammatory effects at low doses, and

anticancer and pro-inflammatory properties at higher concentrations 346,

In conclusion, we have demonstrated for first time the neuroprotective capacity of tavarua
deoxyriboside A and jasplakinolide, related to their ability to activate Nrf2 and to affect

to crucial enzymes involved in inflammation, such as NFkB and gp91. The results
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obtained make these marine compounds promising molecules for future studies about

their effects on neurodegenerative diseases.

4. Material and methods

4.1 Chemicals and solutions

TMRM, Thiol Tracker™Violet, 5-(and-6)-carboxy-2’, 7'-dichlorodihydrofluorescein
diacetate (carboxy-H2DCFDA), Griess Reagent Kit, Pierce ™ Protease Inhibitor Mini
Tablets, Pierce ™ Phosphatase Inhibitor Mini Tablets, Supersignal West Pico
Luminiscent Substrate and Supersignal West Femto Maximum Sensitivity Substrate were
purchased from Thermo Fisher Scientific (Waltham, MA, USA). Other chemical were

reagent grade and purchased from Sigma-Aldrich (Madrid, Spain).

4.2 Isolation of compounds

Tavarua deoxyriboside A was obtained from the tunicate Tavarua-2, belonging to the
family Didemnidae, collected in the island of Tavarua at a depth of 20 m, as previously
described . Samples were extracted with MeOH and CH2Cl>, placed in glass vials, and
dried under the flow of nitrogen gas at 39 °C using a Microlab Aarhus A/S Supertherm
mini-oven evaporator. The dried samples were then fractionated based on polarity using
C18 SPE cartridges. Each sample was loaded to the SPE cartridge and then flushed with
100% H20 to remove salts and highly polar compounds. This was followed by flushing
with 25% MeOH in H20, 50% MeOH-H:0, then by 100% MeOH. Finally, the column
was flushed with 100% MeOH containing 0.05% trifluoroacetic acid. The SPE-50
fraction of Tavarua-2 was purified using an ACE 5 C18 HL, 250 x 100 mm HPLC column
and a solvent gradient system from 0 to 100% CH3sCN containing 0.05% trifluoroacetic

acid in 30 min at a flow rate of 1.5 mL/min to yield Tavarua deoxyriboside A (1.2 mg).
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Jasplakinolide was isolated from the sponge Jaspis splendens, collected from Suva
Harbour, Fiji Islands and extracted with MeOH and dichloromethane, dried and
transported to Aberdeen. The sample was fractionated on Sephadex LH-20 using
CH2CI2—MeOH (1: 1). The fraction containing jasplakinolide was purified by C18 HPLC

using acetonitrile—water (80: 20) as solvent 2,
4.3 Cell culture

Human neuroblastoma SH-SY5Y cell line was obtained from American Type Culture
Collection (ATCC), number CRL2266. Cells were cultured in Dulbecco’s Modified
Eagle’s medium: Nutrient Mix F-12 (DMEM/F-12) supplemented with 10% fetal bovine
serum (FBS), 1% glutamax, 100 U/mL penicillin and 100 pg/mL streptomycin. BV2
murine microglial cell line was purchased from Interlab Cell Line Collection (ICLC),
number ATL03001. Cells were maintained in RPMI 1640 medium with 10 % FBS, 100
U/mL penicillin and 100 pg/mL streptomycin. Cells were maintained at 37°C in a
humidified atmosphere of 5% CO2 and 95% air. SH-SY5Y were dissociated weekly
using 0.05% trypsin/EDTA, whilst BV2 cells were sub-cultured twice a week. All the

reagents were provided by Thermo Fischer Scientific.

4.4 Cell viability assessment

The cytotoxicity of compounds was determined with MTT (3-(4, 5-dimethyl thiazol-2-
yl)-2, 5-diphenyl tetrazolium bromide) assay, as previously described . Cells were
treated with compounds (0.1 nM-10 uM) for 24 h. After the incubation, cells were washed
three times with Locke's solution (154 mM NaCl, 5.6 mM KCI, 1.3 mM CaClz, 1 mM
MgClz, 5.6 mM glucose and 10 mM HEPES, pH 7.4). Then, 500 pg/mL MTT dissolved
in Locke’s buffer was added to the cells, which were incubated in an orbital shaker at 300

rpm and 37°C for 1 h. Finally, cells were disaggregated with 5% sodium dodecyl sulphate
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and the absorbance of formazan crystals was measured at 595 nm with a
spectrophotometer plate reader. Saponin from quillaja bark at 40 mg/mL was used as
death control and its absorbance was subtracted from the other data. The experiments

were carried out three times.
4.5 Mitochondrial membrane potential and neuroprotection assays

For oxidative stress assays, SH-SY5Y cells were co-treated with the compounds at non-
toxic concentrations and 150 pM H202 for 6 h. Vit E at 25 pM was used as positive

control. All the experiments were performed as previously described *°.

The ability of Fijian compounds to recover AWm was determined with TMRM dye. Cells
were rinsed twice with Locke’s solution and TMRM at 1 uM was added to each well. The
plate was incubated in an orbital shaker at 300 rpm and 37 °C for 30 min, and cells were
lysed with H20 and DMSO mixture (1:1). The fluorescence was read in a

spectrophotometer plate reader at 535 nm excitation and 590 nm emission.

The capacity of compounds to protect SH-SY5Y cells from H202 damage was determined
with MTT assay as described above. All the assays were performed three independent

times.
4.6 Determination of superoxide dismutases activity

SODs activity was determined with a SOD determination Kit (Sigma-Aldrich), following
manufacturer’s instructions. Briefly, SH-SY5Y cells were seeded in 12-well plates at
5x10° cells per well and incubated with compounds and 150 uM H20: for 6 h. Then, 100
pL of lysis buffer (0.1 M Tris- HCI, pH 7.4 containing 0.5% Triton X-100, 5 mM B-
mercaptoethanol and 0.1 mg/mL PMSF) were added to each well. Lysates were
centrifuged for 5 min at 14000 g and 4°C. Then, 20 pL of each sample were mixed with

200 pL of WST solution ((2-(4-lodophenyl) -3-(4-nitrophenyl)-5-(2, 4-disulfophenyl) -
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2H tetrazolium, monosodium salt) and 20 pL of enzyme working solution. The mixture
was incubated for 20 min at 37°C and 300 rpm in an orbital shaker, and the absorbance
was read at 450 nm. SODs activity was determined by subtracting the sample values to

the no-SODs blank. The experiments were carried out three independent times.
4.7 Determination of cytokine levels and nitric oxide release

For neuroinflammation assays, BV2 microglial cells were pre-treated with compounds at
non-toxic concentrations for 1 h and activated with 500 ng/mL LPS for 24 h. All the

experiments were carried out as previously described *°.

The levels of IL-6, TNF-a and 1L-10 were evaluated with a ProCartaPlex Multiplex kit
(Thermo Fisher Scientific), following manufacturer’s instructions. Luminex 200™
instrument and XPONENT® software (LuminexCorp, Austin, TX) were used to collect

the data.

The levels of NO were determined with Griess Reagent Kit, which evaluates the
spontaneous oxidation of NO to nitrite under physiological conditions. Cells were
cultured in DMEM without phenol red at 1x10° cells per well in 12-well plates and treated
as described before. Then, 150 pL of medium were mixed with 20 puL of Griess reagent
and 130 pL of deionized water. Samples were incubated during 30 min at room
temperature and the absorbance was measured at 548 nm in a plate reader. All the

experiments were performed three times by duplicate.
4.8 Evaluation of reactive oxygen species levels and glutathione content

SH-SY5Y and BV2 cells were seeded in 96-well plates at 5x10* and 4x10* cells per well,
respectively. The levels of ROS were analysed with the fluorescent dye carboxy-
H2DCFDA (5-(and-6)-carboxy-2’, 7'-dichlorodihydrofluorescein diacetate). After

treatment with compounds, cells were washed twice with serum-free medium. Then, 20
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UM carboxy-H2DCFDA dissolved in serum-free medium was added and the plate was
incubated in an orbital shaker for 1 h at 37 °C and 300 rpm. After the incubation,
phosphate buffered saline (PBS) was added to each well and the plate was incubated for
30 min at 37 °C and 300 rpm. The fluorescence was read at 527 nm, with an excitation
wavelength of 495 nm.

GSH levels were determined with Thiol Tracker™ Violet dye, following manufacturer’s
instructions. Cells were rinsed twice with PBS and loaded with the fluorescence dye at
10 uM for 30 min at 37 °C. The resulting fluorescence was read at 404 nm excitation and
526 nm emission in a spectrophotometer plate reader. All experiments were carried out

three times in triplicate.
4.9 Protein extraction

BV2 and SH-SY5Y cells were cultured in 12-well plates at 1x10° cells per well and
allowed to settle down for 24 h. BV2 cells were pre-treated with compounds for 1 h and
LPS at 500 ng/mL was added during 24 h. SH-SY5Y cells were treated with the

compounds at non-toxic concentrations for 6 h.

Nuclear and cytosolic extraction was performed as previously described *°. Cells were
washed twice with ice-cold PBS and a hypotonic solution was added (20 mM Tris-HCI
pH 7.4, 10 mM NaCl and 3 mM MgCl2, containing a phosphatase/protease inhibitors
cocktail). Cells were incubated for 15 min on ice and centrifuged at 3000 rpm and 4 °C
for 15 min. The supernatant was collected as the cytosolic fraction and the protein
concentration was quantified with the infrared spectrometer Direct Detect (Merck,
Darmstadt, Germany). The pellet was resuspended in a nuclear extraction buffer (100 mM
Tris pH 7.4, 2 mM NasVOs, 100 mM NaCl, 1% Triton X-100, 1 mM EDTA, 10%

glycerol, 1 mM EGTA, 0.1% SDS, 1 mM NaF, 0.5% deoxycholate, and 20 mM NasP207,
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containing 1 mM PMSF and a protease inhibitor cocktail). Samples were incubated in ice
for 30 min, vortexing in intervals of 10 min, and centrifuged at 14000 rpm and 4 °C for
30 min. The supernatant was saved as the nuclear fraction and quantified by Bradford

method.

For the extraction of membranous and cytosolic fractions, cells were lysed with a different
buffer (50 mM Tris HCI pH 7.4, 150 mM NaCl, 1mM EDTA and 1% Triton x-100,
supplemented with a complete phosphatase/protease inhibitor cocktail), as previously
described *'. Cells were sonicated and centrifuged at 3000 rpm and 4 °C for 15 min. The
supernatant was collected as cytosolic fraction and the pellet was homogenized in the
same lysis buffer. Samples were incubated on ice for 30 min, sonicated in intervals of 10
min, and centrifuged at 12000 rpm and 4 °C for 30 min. The supernatant obtained was
used as the membranous fraction. Protein concentration in both fractions was quantified

with Bradford method.
4.10 Western blot assays

Samples containing 20 pg of cytosolic protein or 10 pg of nuclear and membranous
protein were loaded in 4-20 % sodium dodecyl sulphate polyacrylamide gels (Biorad,
Hercules, CA, USA). Proteins were transferred to PVDF membranes (Merck) with a
Trans-Blot® semi-dry transfer cell (Biorad). The Snap i.d. system (Merck) was used for
membrane blocking and antibody incubation as previously described °. Anti-Nrf2
primary antibody (1:1000, Merck), anti- NFkB-p65 (1:1000, Merck), anti-iNOS antibody
(1:5000, Abcam, Cambridge, UK) and anti-gp91-phox (1:1000, Merck) were used to
detect their corresponding proteins. Protein band intensity was corrected using anti- lamin
B1 (1:5000, Abcam), anti-sodium potassium ATPase (1:10000, Abcam), anti-B-actin

(1:10000, Merck) and anti-GAPDH (1:5000, Merck) in nuclear, membranous, and
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cytosolic fractions, respectively. The immunoreactive bands were detected with
Supersignal West Pico Luminiscent Substrate and Supersignal West Femto Maximum
Sensitivity Substrate. Diversity GeneSnap system and software (Syngene, Cambridge,
U.K.) were used for protein bands detection. Experiments were performed at least three

independent times by duplicate.
4.11 Trans-well co-culture

SH-SY5Y cells were seeded in 24-well plates at 5x10° cells per well and BV2 microglial
cells were seeded in culture inserts (0.4 pM pore size, Merck) placed above
neuroblastoma cells at 2.5x10° cells per well. Cells were allowed to grow for 24 h and
microglial cells were treated with compounds at selected concentrations for 1 h and 500
ng/mL LPS for 24 h. After the incubation, the cell viability of SH-SY5Y cells was

assessed with MTT assay as described above *°.
4.12 Statistical analysis

Data are presented as mean = SEM. Differences were evaluated by one-way ANOVA and
Dunnett’s post hoc test with Graph Pad Prism 8.0 software. Statistical significance was

considered at *p < 0.05, **p<0.01 and ***p<0.001.
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