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/Abstract h

The aging of the world’s population is a challenging reality. Biological aging begins at birth and continues to death. Sev-
eral mechanisms have been reported as causes of this evolutionary process, such as: oxidative stress, telomere wear, hormonal
dysregulation and immunosenescence. Among the first, oxidative stress has been one of the most accepted to explain aging
and death. Antioxidants are compounds capable of inhibiting or slowing down the oxidation of biomolecules and act to protect
against oxidative damage. The present study aims to evaluate the protective and modulating comparative effects of Resveratrol
on Neuro 2-A and Human Leukocyte cells (donors aged 50-80 years old) in the aging process. The Neuro 2-A cell line was
cultured by appropriate methods; as well as the recruitment of donors for venipuncture and subsequent isolation of leukocytes
was performed through established protocols. For the evaluation of the production of reactive oxygen species, the chemilumi-
nescence luminol dependent test of luminol was used. Nitric Oxide production was verified by the Griess reaction. The results
showed that 5 uM Resveratrol was able to significantly decrease the production of Reactive Oxygen Species in Human Leuko-
cytes, increase the production of Nitric Oxide in Neuro 2-A and Human Leukocytes and decrease the formation of peroxynitrite
in the same immune and neural cells as mentioned above. Polyphenols exhibit various biological activities, including the preven-
tion of oxidative stress common in atherosclerosis and aging. Our findings suggest that: Resveratrol behaves as an intervener to
combat reactive species; neuro and protective immune, since it increases the production of nitric oxide, previously diminished by
the oxidative environment to which the cells were exposed. It is also an efficient antioxidant in the fight against oxidative stress
at the peripheral level - immune cells and central - neural cells, reducing the formation of peroxynitrite.
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Keywords: Aging; Human leukocytes; Hydrogen peroxide; respond to stress and by a greatly increased risk of morbidity and
Neuro 2-A; Nitric oxide; Oxidative stress; Peroxynitrite; Resvera- mortality. This complex and multi-factorial process is character-

trol; ROS ized by a progressive failure in maintaining tissue homeostasis
. with a consequent direct impact on the functional ability of organs
Introduction and eventually of the entire organism that causes a significant loss

of fitness. The process of aging is recognized as the dominant risk
factor for most human diseases; including cancer, cardiovascular
diseases and neurodegenerative disorders that ultimately lead aged
organisms to death [2,3].

Global aging is a challenging reality of this century. In 2010,
there were 576 million people aged 65 years old and over, world-
wide. The expectation for 2050 is that this number will triple,
reaching 1.5 billion people [1].

Aging is a time-related process of functional deterioration

Agi fi th 1 biological impai t . . .
ging can be defined as the gradual biological impairmen at cellular, tissue, organelle, and organismal level that ultimately

of normal body functions accompanied by a decreased ability to
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brings life to end. Cellular senescence, a state of permanent cell
growth arrest in response to cellular stress, it is believed to be the
driver of the aging process and age-related disorders [4]. Thus,
senescence corresponds to a complex phenotype of biology that
manifests itself in all systems and organs, affecting the physiology,
thus exerting an impact on the functional capacity of the individual
to the one that is more susceptible to chronic diseases [5].

Thus, it becomes crucial to understand aging mechanisms.
The process of aging involves different interdependent hallmarks
on cellular, molecular and organ level [6].

The mitochondrial free radical theory of aging, later termed
the Oxidative Stress Theory (OST), is currently one of the most
popular correlative theories of the aging process. OST explains
aging at the molecular level and results from failure to maintain
oxidative defences, mitochondrial integrity, proteostasis, barrier
structures, DNA repair, telomeres, immune function, metabolic
regulation, and regenerative capacity [7].

Free radicals are highly reactive atoms or molecules with
one or more unpaired electron(s) in their external shell and can
be formed when oxygen interacts with certain molecules. These
radicals can be produced in cells by losing or accepting a single
electron, therefore, behaving as oxidants or reductants. The terms
Reactive Oxygen Species (ROS) and Reactive Nitrogen Species
(RNYS) refer to reactive radical and non-radical derivatives of oxy-
gen and nitrogen, respectively. ROS and RNS are produced by all
aerobic cells and play an important role in aging process as well
as in age-related diseases. ROS and RNS generation is not only
limited to determine deleterious effects but it is also involved in
the extraction of energy from organic molecules, in immune de-
fense, and in the signalling process [8]. Incomplete reduction of
oxygen leads to the generation of different species of free radicals,
such as: superoxide anion(O2*), hydroxyl(*OH) and hydrogen
peroxide(H,0,) the latter being the main cause of cellular oxida-
tive damage and exogenous senescence inducer) [6,9].

Besides their detrimental effects, low to moderate doses
of ROS are beneficial and essential to cellular signalling and re-
sponse to infectious agents [10]. Therefore, it is important to keep
a balance of redox homeostasis with the help of redox-modulators/
anti-oxidants within the cell, either by enzymes that convert ROS
to less dangerous species (e.g., superoxide dismutase) or by anti-
oxidant molecules that scavenge ROS in a non-specific manner
(glutathione, thioredoxin). However, the appropriate pro-oxidant/
anti-oxidant balance in a normal cell can be shifted towards the
pro-oxidant state called OST, when the production of oxygen spe-
cies is increased greatly or when the levels of anti-oxidants are
diminished. Exogenous anti-oxidants can be categorized as natural
and synthetic [11].

Antioxidants are compounds capable of inhibiting or slowing
the oxidation of biomolecules and the ability to protect against oxi-
dants. They can be enzymatic or non-enzymatic, being produced

endogenously or not. Among non-enzymes, include polyphenols,
in situ, foods, vegetables and fruits [12].

Resveratrol (RSV) (3,5,4’-trihydroxy-trans-stilbene) a phy-
toalexin naturally synthesized or induced in plants (particularly
grape skin, cranberries, blueberries and red wine), is a widely known
antioxidant and anti-inflammatory agent and it has been shown to
reverse age-associated pathologies in small mammals [13,14].

RSV is a natural polyphenol primarily found in plants pro-
tecting them against pathogens, as well as harmful effects of physi-
cal and chemical agents. In higher eukaryotic cells and organisms,
this compound displays a remarkable range of biological activities,
such as anti-oxidant, anti-inflammatory, anti-cancer, anti-aging,
cardio- and neuro-protective properties [13,14].

In view of this scenario, the present study aims to evaluate
the protective and modulating comparative effects of Resveratrol
on Neuro 2-A and Human Leukocyte cells (donors aged 50-80
years old) in the aging process.

Methodology
Cellular Culture of Neuro 2-A Lineage

The Neuro 2-A cell line (ATCC CCL131) (N2-A), derived
from spontaneous albino mouse tumour, was purchased from the
Cell Bank of Rio de Janeiro(Brazil). For culturing, they were placed
in sterile 75 ¢m? growth bottles containing Dulbecco’s Phosphate
Buffered Saline(DMEM) culture medium. It was added 10% (v/v)
foetal bovine serum. The bottles were incubated in an oven at 37°C
humidified with 5% carbon dioxide (CO,). The medium was re-
placed every two or three days, according to the confluence of the
cell monolayer (observed under inverted microscope — MOTIC
AE21) and subcultures (passages). When the bottles reached 80%
confluence, the medium was aspirated, and the cell monolayer
washed twice with calcium-free and magnesium-free Phosphate
Buffer Solution (PBS). Subsequently, 5 mL of trypsin solution
(0.20% trypsin solution and 0.02% EDTA) was used to detach the
monolayers. After detachment, the cells were withdrawn from the
flask, placed in Falcon tube with 5 mL of DMEM, and centrifuged
at 1500 rpm for 10 minutes. After centrifugation, the supernatant
was removed, and the pellet re-suspended in 1 ml DMEM. The
cells were then counted with 0.3% Trypan Blue in the Neubauer
chamber (OPITIK LABOR).

Selection of Individuals for Donation of Blood Cells

Individuals between 50 and 80 years old, of both sexes,
who were in a normal aging process, were selected. For the se-
lection of donors, we adopted exclusion criteria according to the
SENIEURS protocol [15], which is a system of study in which a
healthy individual is differentiated from the unhealthy, and pres-
ents exclusion criteria; diseases and medicines that influence the
immunogenic parameters. The exclusion criteria indicated in the
protocol are: smokers, patients with infection, inflammation, lipo-
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proliferative disorders, arteriosclerosis, heart failure, use of drugs
that directly influence the immune function. Those who were able
to participate were submitted to the signing of a Free and Informed
Consent Term (FICT). Consubstantiated Opinion of the Ethics and
Research Committee of the Federal University of Minas Gerais:
1.171.758.

Venous Peripheral Blood Collection and Separation of
Human Leucocytes

After reading and signing TCLE, peripheral blood was ob-
tained by venipuncture from healthy adult volunteers using tubes
containing heparin as anticoagulant14 and the leukocytes were iso-
lated according to the technique described by Bicalho et al. [16].

Briefly

4 mL of heparinized blood was added over 3 mL of Leuco-
paque gradient (density = 1.13) in glass tubes. After adequate cen-
trifugation two distinct phases separated by a ring of leukocytes
were obtained. These were packed in a siliconized tube, which had
its volume filled with PBS for two washing sessions. Subsequently,

oxidant species

Luminol

—

the Human Leucocytes (HL) were suspended in 1.0 ml of DMEM.
The final volume was adjusted to 1 x 10° cells in 100 pL.

Cell Viability Test for Trypan Blue Incorporation

For the accomplishment of the experiments of cytotoxicity,
the number of viable cells was estimated with the use of Trypan
Blue dye. The basis of this method is based on the microscopic
observation that viable cells are impermeable to this dye, whereas
non-viable cells have permeability; due to the formation of pores
in the membrane. In this way, non-viable cells exhibit blue staining
after treatment [17]. For this test, the Trypan Blue dye (0.3%) was
added and the cells counted in Neubauer chamber. For the experi-
ment to be considered valid, the equivalent samples should have at
least 75% viable cells.

Chemiluminescence Assay

The cells produce a natural luminosity defined as native or nat-
ural chemiluminescence. However, this luminosity can be amplified
by using chemical reagents that, when reacted with ROS produced,
emit the amplified luminescence, according to the reaction below:

I E

aaminophthalate+N2+Light(425nm)

This technique is based on the reaction between luminol (5-amino-2,3-dihydro-1,4-phthalozinedione) and the reactive species generated
in the absence or presence of the different concentrations of the substances H,0, and RSV, individually.

Chemiluminescence in N2-A and HL Cells

A total of (5 x 10° N2-A cells) and (1 x 10° HL) were pre-
incubated in siliconized tubes for 20 minutes with 30% v/v H,O,,
temperature of 37°C and 5% CO, to mimic an environment of oxi-
dative stress, while cells from the control and RSV groups were
stimulated with incubated PBS alone. After the 20 minutes incu-
bation, both cells were washed with PBS and centrifuged for 3
minutes at 1500 rpm, where all the supernatant was removed, and
the cell pellet was re-suspended in 200 pL of DMEM. The cells
were stimulated with 5 pMRSV and were incubated for 24 hours.
After these 24 hours, cells were centrifuged at 1500 rpm and re-
suspended in 100 uL of DMEM for the chemiluminescence proce-
dures. In specific tubes for Luminometer were placed the 100 puL
of cells, 10 pL of 10* M luminol and PBS to complete the final
volume of 700 pL. Each tube was placed in the Luminometer and
the reading was performed in 15-minute runs. The experiments
were done in triplicate.

Production of Nitric Oxide by Griess Reaction in N2-A
and HL Cells
Quantification of nitrite according to Griess Reaction [18]

was performed to observe the production of Nitric Oxide (NO) by
N2-A cells and HL using the following protocol: A total cell (5 x 10°

N2-A) (1 x 10° HL) were used in a final volume of 200 pl — 96well
plate- of DMEM culture medium (plus 10% foetal bovine serum).
They were incubated in a humidified oven at 37°C and 5% CO, for
24 hours. After that time, the supernatant was removed and in the
specific wells 30% H,O, v/v was added for 20 minutes at 37°C and
5% CO, to mimic an oxidative stress environment. After this time
the cells were washed with PBS and the specific wells were stimu-
lated with 5 pM RSV. The plate was incubated again at 37°C and
5% CO, for 24 hours. Subsequently, the supernatant was collected
and used for nitrite dosing. The pellet was re-suspended in 200 pl
of DMEM and immediately subjected to cell viability analysis. For
nitrite dosing, supernatant was used, which were arranged in 96
well plates. The supernatants were added 100 pl Griess solution
(1% sulfanylamine in 2.5% phosphoric acid and 0.1% naphthyl-
enediamine in 25% phosphoric acid, 1:1 ratio). The contents of
the plate were analysed by microplate reader, at wavelength 540
nm. The nitrite concentration was calculated by linear regression
using the standard curve obtained from a solution of 1 mM so-
dium nitrite and DMEM culture medium. This experiment was
performed in triplicate for each sample and repeated for 3 times.

Production of Peroxynitrite in N2-A and HL Cells

The peroxynitrite(ONOOQO") quantification was evaluated ac-
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cording to Hughes & Nicklin’s [19] technique to observe ONOO"
production by N2-A and HL using the following protocol: both
cell types were plated in 6 wells culture plates at 1 x 10° cells/well
in a final volume of 2 ml of DMEM culture medium (plus 10%
foetal bovine serum). They were incubated in a humidified oven at
37°C and 5% CO, for 24 hours. After that time the supernatant was
removed and 30% v/v H,O, was added and continuously incubated
for 30 minutes to mimic an oxidative stress environment in the
specific wells. After this time the cells were washed with PBS and
the specific wells were stimulated with 5 puM RSV. The plate was
incubated again at 37°C and 5% CO, for 16 hours. After this incu-
bation period, the supernatant was discarded and 2 mL of ultrapure
water was added to the cell pellets and vortexed for 1 minute. Such
content was measured and quantified in a plate spectrometer at
wavelength of 302 nm.

Statistical Analysis

The experiments were submitted to statistical analysis by the
program GraphPad Prism Program 5.

Results

Comparative Evaluation by Chemiluminescence of the
Effect of RSV on the Production of ROS Induced by
H,0O, in N2-A and HL Cells

In view of the certification that 30% v/v H,O, promotes an
oxidative stress environment in N2-A and HL both remain viable,
the power of RSV in modifying the production of ROS generated
by the stressor stimulus. The results obtained can be observed in
Figure 1.
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Figure 1: Comparative chemiluminescence evaluation of the effect of
RSV on the production of ROS induced H,0, in N2-A and HL. Panel
A= Generation of ROS in N2-A expressed in RLU/min (Relative Light
Unit) Panel***p <0.0001 = significant result by Kruskal-Wallis test, fol-
lowed by Dunn’s post-test. B=Generation of ROS in HL expressed in
RLU/min***p <0.0001 = significant result by ANOVA test, followed by
Bonferroni’s post-test.

The experiments were done in triplicate with a final num-
ber of 45 readings. Analysing Figure 1 (Panel A), we noticed that
RSV was not able to alter the profile of increased ROS production
by N2-A, caused by their exposure to H,O,. In contrast, Figure 1
(Panel B) shows an opposite profile. That is, RSV as an isolated
stimulus to HL decreased the basal ROS production exhibited by
these cells. In addition, it has markedly decreased the ROS exacer-
bation seen when these blood cells were exposed to H,O,.

Comparative Evaluation of the Production of NO in N2-A
and HL Cells in the Environment of Oxidative Stress and
the Involvement of the RSV

In order to quantify the production of nitric oxide (NO-
another important component of oxidative stress/aging), Griess
method [18] was used for N2-A and HL. The ability of RSV to
alter NO production was evaluated in the presence of a stressor
stimulus. The results are shown in Figure 2.
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Figure 2: Comparative effect of RSV on the production of NO
in N2-A and HL exposed to H,0O,. Panel A= Generation of NO
in N2-A expressed in mM Panel B= Generation of NO in HL ex-
pressed in mM***p <0.0001 = significant result by ANOVA test,
followed by Bonferroni’s post-test.

The experiments were done in triplicate with a final number
of 45 readings. Analysing Panels A and B of Figure 2, it can be
seen that the profile for both N2-A and HL against the proposed
stimuli were the same. The antioxidant increased NO production
by both cells, compared to baseline cellular quantification of this
reactive species. And, it was able to change the NO decrease profile
displayed when neural and blood cells were stimulated by H,O,. In
conclusion, RSV acted to increase NO production by N2-A and HL.

Comparative Evaluation of ONOO- Production in N2-A
and HL cells in the Environment of Oxidative Stress and
the Involvement of the RSV

In order to quantify the production of ONOO- by N2-A and
HL and the role of RSV in an oxidative stress environment, the

technique postulated by Hughes & Nicklin was used [19]. The
ability of RSV to alter the production of ONOO- in the presence of
H,O, was evaluated. The results are shown in Figure 3.
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Figure 3: Comparative effect of RSV on ONOO- production in N2-A and
HL exposed to H,O,. Panel A= Generation of ONOO" in N2A expressed
in D.O. Panel B= Generation of ONOO- in HL expressed in D.O.***p
<0.0001 = significant result by ANOVA test, followed by Bonferroni’s
post-test.

The experiments were done in triplicate with a final num-
ber of 45 readings. Analysing Figure 3 (Panel A), we noticed that
RSV was able to decrease in 20% of ONOO- production by N2-A,
caused by their exposure to H,O,. In contrast, Figure 3 (Panel B)
illustrates that RSV as an isolated stimulus to HL decreased in
47.57% basal ONOO- production exhibited by these cells. In addi-
tion, it markedly decreased in 58.24% the exacerbation of ONOO
seen when these blood cells were exposed to H,0O,.
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Discussion

The causes of aging are due to multi-factorial processes. It
is well known that aging is associated with inflammation, NF-xB
activation, increased apoptosis, impaired mitochondrial activity,
and a decline in immune function, as well as increased free-radical
production rate [20].

N2-A cell clone from a spontaneous albino mouse neuro-
blastoma originated from spinal cord cells is a widely used lineage
in neuronal models in vitro [21]. It shows neuronal phenotype both
morphologically and neurochemically [22]. These neuronal cells
have also been studied for the evaluation of antioxidants, mito-
chondrial activity and oxidative [23].

H,0O, originates from the enzymatic or spontaneous dismuta-
tion of superoxide anions, which are the by-products of a wide and
ubiquitous variety of oxidases. Because of its high membrane per-
meability, intracellularly formed hydrogen peroxide induces del-
eterious intracellular effects and in neighbouring cells. Although
H,0, induced toxicity has been observed in different cell types,
neurons are particularly vulnerable to H,O,-induced toxicity [24].

The data supporting the important role of oxidative stress in
the aging process and neurodegenerative diseases support the ben-
eficial effect of antioxidants as adjuvant therapy. This is because,
the brain does not present fully efficient antioxidant defenses,
making it vulnerable to the damage of this oxidative stress and
deficient in preventing oxidative diseases with the senescence of
the organism. The levels of glutathione and antioxidant enzymes
are much lower in the Central Nervous System, compared to eryth-
rocytes and peripheral tissues [25-27].

A recent study showed that the administration of RSV de-
creases nuclear-factor kappa B (NF-kB) and reduces the pro-in-
flammatory and pro-oxidant status associated with aging, which
restores the function of the affected pancreas of aged SAMPS8
(mice-accelerated-senescence prone, short-lived mice) [28-30].

Chaves et al. [31,32] demonstrated in granulocytes an in-
crease in ROS from the age of 40 and RNS from the age of 50
years. Concomitantly with this increase, these authors observed a
significant decrease in antioxidant power, suggesting a metabolic
cellular imbalance in aging. Our results suggest that in N2-A, RSV
failed to behave as an antioxidant. It was not effective in reducing
the production of ROS (augmented by exposure to H,0,).

In contrast, in immune cells - HL -, RSV was able to sharp-
ly and sharply decrease the production of ROS that had been in-
creased by exposure to H,O,. These results are in agreement with
the findings described by BAARINE et al. [33] in cardio myo-
cytes; where such polyphenol was able to protect the cardiac cells
from the harmful effects of H O,.

NO is an important signalling molecule with multiple pivotal
roles in the cardiovascular and neural systems, as well as in inflam-

matory response [34]. (NO is an important molecular messenger in
the brain and plays an important role in learning and memory and
functions as a neuroprotective agent [35].

Findings of Simao & cols, which is RSV positively regulates
NO production by signalling pathways together PI3-kinase/Akt
(phosphatidylinositol 3-kinases/protein kinase B) and ERK (ki-
nase-regulated extracellular signalling) [36]. These data provide a
mechanistic basis for a potential application of RSV in therapy for
neurovascular repair.

The results obtained show that RSV is able to increase NO
production in both cell types of our study (N2-A, HL), a highly
positive finding that corroborates the study by Xia et al., which
points out that part of the protective effects of RSV are attribut-
able to eNOS-derived NO. RSV enhances NO bioavailability by
stimulating NO production and by preventing superoxide-mediat-
ed NO breakdown and it still plays an important role in learning
and memory, which should by no means be neglected when we
talk about aging [37].

The ONOO:-, potent oxidant, is formed by 02 and NO, on a
base controlled by the diffusion rate of both radicals [38]. A gen-
eration of ONOO- in vivo can lead to the oxidation and nitration of
lipids, DNA and proteins [39].

Immune cells, including circulating mononuclear cells, can
reach the CNS as part of the immune surveillance process [40].
Our results in both N2-A and HL cells show that RSV was able to
decrease the ONOO" synthesis in such neural and immune cells,
evidencing the neuroprotective and immunomodulatory capacity
of the polyphenol in question.

Such findings are seen against the literary: Studies by Brito
et al. showing that RSV could block oxidation of LDL by ONOO
and by Olas et al. showing that RSV reduced peroxynitrite-medi-
ated oxidation and nitration of serum proteins and platelet proteins
led us to examine the ONOO" scavenging activity of RSV [41].

Conclusion

The results of our study showed that 5 pM RSV concentra-
tion was able to: decrease the production of reactive oxygen spe-
cies in HL, increase the production of nitric oxide in N2-A and
HL that had been decreased by exposure to hydrogen peroxide. It
also, decrease the formation of ONOO- which is a highly damag-
ing molecule to the organism in both studied cell types.

Our findings suggest that: RSV behaves as an intervener
to combat reactive species; neuro and protective immune, since
it increases the production of NO, previously diminished by the
oxidative environment to which the cells were exposed. It is also
an efficient antioxidant in the fight against oxidative stress at the
peripheral level - immune cells and central - neural cells, reducing
the formation of ONOO".
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