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ABSTRACT: Ogxidative stress is involved in cell death in neurodegenerative diseases. Dietary polyphenols can exert health
benefits, but their direct effects on neuronal cells are debatable because most phenolics are metabolized and do not reach the
brain as they occur in the dietary sources. Herein, we evaluate the effects of a panel of bioavailable polyphenols and derived
metabolites at physiologically relevant conditions against H,O,-induced apoptosis in human neuroblastoma SH-SYSY cells.
Among the 19 metabolites tested, 3,4-dihydroxyphenylpropionic acid, 3,4-dihydroxyphenylacetic acid, gallic acid, ellagic acid, and
urolithins prevented neuronal apoptosis via attenuation of ROS levels, increased REDOX activity, and decreased oxidative stress-
induced apoptosis by preventing the caspase-3 activation via the mitochondrial apoptotic pathway in SH-SYSY cells. This
suggests that dietary sources containing the polyphenol precursors of these molecules such as cocoa, berries, walnuts, and tea
could be potential functional foods to reduce oxidative stress associated with the onset and progress of neurodegenerative

diseases.
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B INTRODUCTION

Oxidative stress is involved in neuronal cell death, which is one
of the leading causes of neurodegenerative diseases such as
Alzheimer’s disease, Parkison’s disease, or cerebral ischemia
reperfusion after stroke.' Oxidative stress is characterized by the
imbalance between antioxidants and the accumulation of
reactive oxygen species (ROS) and reactive nitrogen species
that can be spontaneously generated, such as superoxide anion
and hydrogen peroxide, or made due to exogenous factors, such
as drug exposure or radiation.” ROS generally are found in the
course of cell death, mainly by apoptosis caused by intracellular
microenvironmental changes, and in the brain, leading to
neurodegeneration and cognitive decline.’

There is much evidence showing that naturally occurring
antioxidants such as vitamins, minerals, and phenolic
compounds present in high amounts in fruits, vegetables, and
natural products scavenge the free radicals, and their intake acts
as an upstream preventive measure to neurodegenerationf*’5 In
fact, dietary polyphenols have been reported to display
potential neuroprotective effects as antioxidants preventing
oxidation of proteins, lipid peroxidation, and generation of ROS
as well as anti-inflammatory and anti-apoptotic properties in
several in vitro models of toxicity and animal models of
neurological disorders.”” In this regard, previous studies have
indicated the neuroprotective effect of red wine-, grape-,
pomegranate-, cocoa-, and tea-derived polyphenols as sources
of flavan-3-ols, stilbenes such as resveratrol (RSV), and
ellagitannins (ETs) using animal models of neurodegenerative
diseases.”~"" However, polyphenols are poorly bioavailable and
cannot reach systemic tissues as they occur in the dietary
sources. On the contrary, they are extensively metabolized and
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converted by colonic microbiota into other metabolic forms.”'*
Therefore, the actual metabolites responsible for the in vivo
neuroprotective effects of polyphenols are not entirely known.

To date, only low concentrations of a few polyphenol-
derived metabolites have been detected in the brain of animals,
that is, gallic acid (GA), ellagic acid (EA) and its gut microbial
derived metabolites urolithins,'>~"° resveratrol and its microbial
metabolites,'® and also anthocyanins.”’ls Nevertheless, many
derived metabolites have been detected in the human
bloodstream, so that they should be taken into account as
potential candidates to exert the neuroprotective effects
attributed to the polyphenolic dietary precursors.'”*°

Whereas dietary polyphenols such as ETs, procyanidins, and
stilbenes are poorly bioavailable, we hypothesize here that their
derived metabolites, which can target the brain, could protect
neuronal cells from oxidative stress-induced cell death. To
check this hypothesis, we aimed at determining the anti-
apoptotic and antioxidant effects of a panel of 19 polyphenol-
derived metabolites (Figure 1), at physiologically relevant
concentrations, on H,0,-induced neurotoxicity in human
neuroblastoma SH-SYSY cells.

B MATERIALS AND METHODS

Materials and Reagents. Trypan blue, 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), hydrogen
peroxide solution, gallic acid (GA), ellagic acid (EA), 3,4-
dihydroxyphenylpropionic acid (DHPPA), 3,4-dihydroxyphenylacetic
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Figure 1. Chemical structures of polyphenol-derived metabolites
evaluated in the study.

acid (DHPAA), and trans-resveratrol (RSV) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). The microbial EA-derived
urolithins were chemically synthesized and purified by Villapharma
Research S.L. (Parque Tecnoldgico de Fuente Alamo, Murcia, Spain).
Urolithin D (Uro-D) and urolithin C (Uro-C) were purchased from
Dalton Pharma Services (Toronto, Canada). RES-sulfate, RES-
glucuronide, and the microbial RES-derived metabolites dihydror-
esveratrol (DHR) and DHR-glucuronide were obtained as described
in Azorin-Ortufio et al.'® Phosphate-buffered saline (PBS) was
obtained from Fisher Scientific (USA). Dimethyl sulfoxide (DMSO)
was obtained from Panreac (Barcelona, Spain). Milli-Q system
(Millipore Corp., USA) ultrapure water was used throughout the
study.

Cell Culture. The SH-SYSY neuroblastoma cell line was purchased
from the European Collection of Authenticated Cell Cultures
(ECACC) (Salisbury, UK). Cells were cultured as recommended by
the ECACC in Ham’s F12:EMEM (EBSS) (1:1) + 2 mM glutamine +
1% nonessential amino acids + 15% fetal bovine serum (FBS). Cells
were incubated at 37 °C in a humidified atmosphere of 95% air/5%
CO,. Test compounds were solubilized in DMSO (<0.5% in the
culture medium) and were filter sterilized (0.2 ym) prior to addition
to the culture media. Control cells were also run in parallel and
subjected to the same changes in medium with 0.5% DMSO. Passages
from 22, after recultivation from —80 °C stocks, to 28 were used for all
of the experiments.

Cell Treatments and Viability. Cells (1.5 x 10* cells/well) were
seeded in 96-well plates and were incubated for 1 day to allow for
attachment and acclimatization. H,0, was used to induce oxidative
stress. SH-SYSY cells were treated with H,0O, at concentrations
ranging from 20 to 400 yM for 24 h, and 100 yM was finally selected
(showing 40—60% inhibition) to examine the neuroprotective effects
of polyphenol-derived metabolites. To assess the dose-dependent
neuroprotective effects of the phenolic compounds and derived
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metabolites against H,O,-induced oxidative stress, cells were pre-
treated with each test molecule (1, 5, or 10 uM) for 6 h and then
exposed to 100 uM H,0, for 24 h (i, pretreatment) or cells were
not pretreated with the molecules but incubated jointly with H,O, for
24 h (1, 5, or 10 uM test molecule + 100 uM H,0,) (ie,
cotreatment).

After each assay, cell viability was measured using the MTT assay as
described elsewhere.”' The cytotoxic effect was calculated as the
percentage of cell proliferation values with respect to the control cells
(0.5% DMSO; 100%). Data are presented as the mean =+ SD of at least
five separate experiments.

Measurement of Reactive Oxygen Species. The measurement
of ROS was performed using the ROS-sensitive 2',7’-dichlorodihydro-
fluorescein diacetate (H2DCFDA) staining method (Sigma, St. Louis,
MO, USA). Following treatments, the medium was removed and
incubated with 25 yM H2DCFDA for 2 h at 37 °C in the dark.
H2DCFDA, a cell permeable nonfluorescent, is de-esterified intra-
cellularly and turns to the highly fluorescent permeant molecule 2',7'-
dichlorofluorescein (DCF) in the presence of intracellular ROS upon
oxidation. Fluorescence intensity was measured at an excitation
wavelength of 495 nm and an emission wavelength of 520 nm using a
multimode microplate reader (FLUOstar Omega, BMG Labtech,
Ortenberg, Germany).

Measurement of Mitochondrial Oxidation—Reduction
(REDOX) Activity. The analysis of REDOX activity was performed
using the fluorogenic oxidation—reduction indicator resazurin (Life
Techonologies Inc., Rockville, MD, USA). After treatments, resazurin
dissolved in water at a final concentration of 5 uM was added to the
wells, and the fluorescence intensity was examined at an excitation of
530 nm and an emission of 590 nm. The plate was incubated for 2 h,
and then fluorescence was measured using a microplate reader
described above.

Analysis of Apoptosis by Annexin V/PI Assay. The analyses of
apoptosis induction were performed in triplicate (n = 2 plates per
experiment) for each treatment and were carried out using the
Annexin V/propidium iodide (PI) detection kit (Molecular Probes,
Life Technologies Inc.) as specified by the manufacturer. Briefly,
floating and adherent cells (0.5 X 10°) were resuspended in 400 uL of
binding buffer and incubated in the dark with both Annexin V and PI
for 15 min. Then, a minimum of 25,000 cells per sample was analyzed
by flow cytometry (Coulter, EPICS XL-MCL, Miami, FL, USA).
Staurosporine (Sigma) S uM was assayed as a standard inducer of
apoptosis. The percentage of living (negative in both Annexin V-FITC
and PI), early apoptotic (positive in Annexin V-FITC and negative in
PI), late apoptotic (positive in both Annexin V-FITC and PI), and
necrotic cells (positive only in PI) was calculated.

Evaluation of Caspase Activation by Flow Cytometry. The
activation of caspase-3, -8, and -9 was evaluated by flow cytometry
using the carboxyfluorescein (FAM) FLICA apoptosis detection kits
FAM-DEVD-EMK, FAM-LETD-FMK and FAM-LEHD-FMK, re-
spectively (Immunochemistry Technologies LLC, Bloomington, MN,
USA).*!

Experiments were carried out three times for each treatment (n = 2
plates per experiment) in FLI1-A channel (Coulter, EPICS XL-MCL).
A minimum of 2 X 10* cells was analyzed for each sample.

Statistical Analysis. Data are presented as mean values + SD.
Graphs of the experimental data were performed using Sigma Plot 13.0
(Systat Software, San Jose, CA, USA). Two-tailed unpaired Student’s ¢
test was used for statistical analysis of the data. A p value <0.0S was
considered significant.

B RESULTS

Bioavailable Phenolics and Derived Metabolites
Protect SH-SY5Y Cells from H,0,-Induced Cytotoxicity.
The compounds did not exert cytotoxic effects when incubated
for 6—48 h using the highest concentration (10 M) as cell
growth or viability (always >90%) was not significantly affected
(data not shown). H,0, alone decreased SH-SYSY cell viability
around 40—50% compared with the DMSO control (Figure 2).
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Figure 2. Effect of polyphenol-derived metabolites (10 uM) (6 h
pretreatment and 24 h cotreatment with H,0,, 100 uM) on cell
viability (%) in SH-SYSY cells (A, B). Effect of DHPPA, DHPAA, GA,
and EA (5 and 1 uM) (pretreatment and cotreatment with H,0,) on
cell viability (%) in SH-SYSY cells (C). Values (%) are expressed as
the mean = SD (n = S). (a) Significant difference (p < 0.05) compared
to control cells. (b) Significant difference (p < 0.05) compared to
H,0, treatment alone.

Both the pretreatment and cotreatment experiments with GA,
EA, DHPPA, and DHPAA (10 uM) significantly attenuated the
H,0,-induced cytotoxicity (p < 0.05) (Figure 2A) compared
with the H,O, treatment alone. The pretreatment with
urolithins (10 pM) showed slight neuroprotective effects,
although significant (p < 0.05), except for Uro-B glucuronide,
whereas no effects were observed with the cotreatment for any
urolithin (Figure 2B). No protective effects were observed for
any compound at 1 or S uM (data not shown), except for
DHPPA, DHPAA, GA (cotreatment and pretreatment), and
EA (only pretreatment) (p < 0.05) at S uM (Figure 2C).

We next investigated the potential mechanisms involved in
the neuroprotective effects, so that only the most effective
compounds (DHPPA, DHPAA, GA, EA, and urolithin A (Uro-
A), a representative urolithin) were used for subsequent
experiments.

Effects on H,0,-Induced Intracellular ROS Accumu-
lation and REDOX Activity. The effects of the selected
metabolites (DHPPA, DHPAA, GA, EA, and Uro-A) on

754

intracellular ROS levels and REDOX activity are shown in
Tables 1 and 2, respectively. As cell viability was reduced by

Table 1. Effect of Metabolite Pretreatment and Cotreatment
on ROS Generation in SH-SYSY Cells

relative amount of intracellular ROS® (%)

treatment 0 h, no oxidative stress 2 h pretreatment 2 h cotreatment
control 100.0 + 3.5 100.0 + 7.8 100.0 + 11.3
H,0, 4155 + 13262 3867 + 174s
Uro-A 77.7 + 8.8a 393.4 + 120.1ab 398.0 + 14.0a
DHPPA 623 + 13.5a 338.5 + 133.8ab 289.0 + 17.9ab
DHPAA 64.9 + 17.3a 332.8 + 144.8ab 3389 + 15.3ab
GA 105.2 + 2.4 360.1 + 137.6ab 332.5 + 19.4ab
EA 109.3 + 9.6 383.0 & 135.9ab 357.6 + 13.2ab

“Values (%) are expressed as the mean + SD (n = 3). (a) Significant
difference (p < 0.0S) compared to control cells. (b) Significant
difference (p < 0.05) compared to H,O, treatment alone.

Table 2. Effect of Metabolite Pretreatment and Cotreatment
with H,0, on REDOX Activity in SH-SYSY Cells

relative amount of REDOX activity” (%)

treatment 0 h, no oxidative stress 2 h pretreatment 2 h cotreatment
control 100.0 + 6.1 100.0 £ 7.8 100.0 £ 9.1
H,0, 57.05 + 8.4a 54.8 + 592
Uro-A 81.6 + 9.8a 62.6 + 7.0a 60.0 £+ 7.2a
DHPPA 92.0 + 6.7 69.0 + 7.1ab 72.3 + 8.3ab
DHPAA 90.3 + 13.7 70.9 + 12.3ab 71.1 + 5.5ab
GA 91.0 + 4.9 72.3 + 5.1ab 82.0 &+ 7.3ab
EA 924 + 4.8 65.9 + 8.0ab 72.1 + 4.4ab

“Values (%) are expressed as the mean + SD (n = 3). (a) Significant
difference (p < 0.05) compared to control cells. (b) Significant
difference (p < 0.05) compared to H,O, treatment alone.

50% in H,0,-treated cells, with the subsequent loss of
fluorescence, we evaluated the intracellular ROS generation
and REDOX activity at shorter incubation time (2 h) to
confirm the protective effect of the metabolites on H,O,-
induced oxidative stress. We also evaluated the intracellular
ROS generation and REDOX activity of each metabolite alone,
without H,0, treatment, after 6 h of incubation.

As shown in Table 1, H,O, remarkably boosted the
intracellular ROS levels in SH-SYSY cells, yielding DCE-
fluorescence intensity around 4-fold higher (p < 0.05) than in
control cells. Both pretreatment and cotreatments with
DHPPA, DHPAA, GA, EA, and Uro-A led to a significant
decrease in ROS levels compared to H,0, treatment alone (p <
0.05), except for the cotreatment with Uro-A (Table 1).

With regard to REDOX activity, H,O, treatment led to a
significant decrease of REDOX activity (p < 0.05) compared to
control cells (Table 2), which was attenuated by both
pretreatment and cotreatment with DHPPA, DHPAA, GA,
and EA (p < 0.05), but not with Uro-A (Table 2). No
differences were observed in REDOX activity between control
cells and pretreatment with each metabolite alone for 6 h,
except in the case of Uro-A, in which a slight decrease (p <
0.05) was observed.

Bioavailable Phenolics and Derived Metabolites
Decrease H,0,-Induced Apoptosis. H,O, treatment
significantly increased the percentage of late apoptotic cells
(~17%, p < 0.05) when compared to the control (Figure 3).
Consistent with the neuroprotective effects observed in the
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Figure 3. Effect of DHPPA, DHPAA, GA, EA, and Uro-A (10 uM) on
apoptosis induction (early and late apoptosis) in SH-SYSY cells: 6 h of
pretreatment (A) and 24 h of cotreatment with H,0, (B). Values (%)
are expressed as the mean + SD (n = 5). (a) Significant difference (p <
0.05) compared to control cells. (b) Significant difference (p < 0.05)
compared to H,0, treatment alone.

MTT assay, pretreatment with DHPPA, DHPAA, GA, EA, or
Uro-A significantly decreased the percentage of late apoptosis
(8—12%, p < 0.05) compared to H,O, treatment, with no
significant differences between each metabolite (Figure 3A). A
similar trend was observed after cotreatment with DHPPA,
DHPAA, GA, or EA, except in the case of Uro-A, for which the
cotreatment did not protect SH-SYSY cells from apoptosis
(Figure 3B).

Prevention of H,0,-Induced Caspase Activation by
Bioavailable Phenolics and Derived Metabolites. Figure 4
shows the activation of caspase-3 and -9 (10—14%, p < 0.05),
but not caspase-8, after H,O, treatment. Pretreatment with
each metabolite significantly attenuated H,O,-induced activa-
tion of both caspases-3 and -9 (p < 0.05) (Figure 4A). The
cotreatment with each metabolite exerted a similar attenuation
in the activation of both caspases (p < 0.05), except for Uro-A
(Figure 4B). Notably, although no differences were found
between these metabolites, higher attenuations were observed
by DHPPA and DHPAA.
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Figure 4. Effect of DHPPA, DHPAA, GA, EA, and Uro-A (10 uM) on
caspase-3, -8, and -9 activation in SH-SYSY cells: 6 h pretreatment (A)
and 24 h cotreatment with H,0O, (B). Values (%) are expressed as the
mean + SD (n = ). (a) Significant difference (p < 0.05) compared to
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B DISCUSSION

Epidemiological studies link the adherence to healthy diets such
as the Japanese and Mediterranean diets to a lower risk of
neurodegenerative diseases.”’ Given the involvement of ROS in
neurodegenerative diseases, research has focused on the
potential beneficial effects of natural antioxidant compounds
due to their ability to inhibit ROS generation and protect
neuronal cells from oxidative damage or death.” On this point, a
number of studies have highlighted the potential role of dietary
polyphenols in neurodegenerative disease prevention and
treatment, in which the attenuation of ROS generation,
apoptotic signal, or inﬂammatorX response has been proposed
as a mechanism of action.'”?*** However, clinical evidence
supporting the specific role of dietary polyphenols in the
prevention of neurodegenerative diseases is still very limited. In
this regard, better knowledge about the bioavailability, tissue
distribution, and metabolism of dietary polyphenols will
facilitate the identification of the putative actors in the
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prevention of neurodegenerative diseases following polyphenol-
rich diets.”® However, to date, most studies have been
performed following exposure of cultured neuronal cells to
food extracts, complex polyphenols, or single compounds in
molecular forms and concentrations that do not occur in vivo.
This means that the in vivo potential neuroprotective effect of
dietary polyphenols remains unclear. Indeed, the ability of
dietary phenolics or their derived metabolites produced in vivo
to prevent oxidative stress in the central nervous system will
depend on their bioavailability as well as their capacity to cross
the blood—brain barrier (BBB).'”** Therefore, there is a need
to design improved in vitro studies that better reflect, at least
partially, the in vivo environment. For the above reasons, and
taking into account previous bioavailability human studies, we
assayed here some bioavailable phenolic compounds and their
phase II conjugates as well as microbial-derived metabolites,
which can reach the bloodstream and even pass through the
BBB."

Our results revealed that among 19 different metabolites
examined, the pretreatment and cotreatment of SH-SYSY cells
with DHPPA, DHPAA, GA, or EA as well as the pretreatment
with urolithins exerted a potent protection against H,0,-
induced oxidative stress. It is well-known that H,0,-induced
oxidative stress markedly increases the intracellular ROS levels
and may induce apoptosis or necrosis by intracellular
microenvironmental changes.”*° In our study we performed
the exogenous H,0, treatment that has been widely used to
induce oxidative stress”” in the human neuroblastoma SH-SYSY
cell line. Our data confirmed both the increase of ROS levels
and apoptosis induction through the intrinsic pathway because
caspase-9 is activated, which finally leads to caspase-3
activation, without affecting caspase-8 activation in H,0,-
treated SH-SYSY human neuroblastoma cells. In general, these
metabolites reduced intracellular ROS levels, increased REDOX
activity, and decreased oxidative stress-induced apoptosis by
preventing caspase-3 activation via the mitochondrial apoptotic
pathway in SH-SYSY cells. On the contrary, other studies have
reported the activation of both extrinsic and intrinsic apoptotic
pathways***? as well as the activation of caspase-3 only via
caspase-8 after higher treatments with H,O, on SH-SYSY
cells.”

To the best of our knowledge, this study represents the first
attempt to identify the molecule(s) responsible for the
neuroprotective effects of dietary phenolic compounds in a
more realistic approximation to the in vivo scenario.

Resveratrol (RSV) is a plant-derived polyphenol with
promising activity against neurodegenerative diseases.”"*
However, most studies aiming at identifying mechanisms
related to the potential neuroprotective activity of RSV did
not take into account its limited bioavailability, microbial
biotransformation into DHR, and subsequent phase-II
metabolism to yield different conjugated metabolites, which
are more likely to interact with systemic tissues such as the
central nervous system.‘?’2 In fact, RSV and different metabolites,
both microbial and phase II conjugates, have been detected in
the cerebrospinal fluid (CSF) and brain of pigs after oral RSV
administration.'® In our study, unlike previous papers that
showed protection against H,0O,-induced oxidative injury after
treatment with high RSV aglycone concentrations,”””* we did
not observe significant protection against oxidative stress-
induced damage using physiologically relevant RSV metabolites
and low concentrations. Remarkably, Turner et al.*® recently
described the occurrence of RSV and derived metabolites in the
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CSF of patients with mild—moderate Alzheimer’s disease.
Despite the high RSV amount administered (from 0.5 to 2 g
daily for 1 year), no clinical effects were observed in these
patients.”> Therefore, our in vitro results support that
physiologically relevant concentrations of RSV and its derived
metabolites do not seem to be useful in the prevention of
oxidative-triggered neurodegenerative processes.

With regard to EA and GA, both phenolics are well-known
antioxidant compounds with reported neuroprotective activity
in different models of neurodegeneration, neurotoxicity, and
oxidative stress, although more studies are needed to verify
their real implication in the neuroprotective effect.”®*” To the
best of our knowledge, the present study shows for the first
time that EA exerted neuroprotective activity by preventing
H,0,-induced oxidative stress. A recent pharmacokinetic
human study has reported that EA bioavailability is not as
low as previously described and can reach low micromolar
levels in the bloodstream.”® EA has also been detected in the rat
brain after the consumption of EA."> Therefore, EA could be a
putative actor in the neuroprotection associated with the intake
of certain plant foods.>® With regard to GA, it has also been
detected in the brain of a mouse model of Alzheimer’s disease
following grape seed extract administration'® and also in rats
after intravenous administration.'* Our data support previous
in vitro studies conducted in different neuronal models that
have reported the neuroprotective effect of GA by inhibiting
neuroinflammation in microglia and Neuro-2A cells** and by
the attenuation of ROS generation in human astrocytoma U373
MG cells.*!

The potential biological activity of the EA microbial-derived
metabolites urolithins is gaining increasing interest.”” However,
the evidence regarding their role in neuroprotection is still very
limited. To date, only an in vitro study has reported the
potential effect of Uro-A and urolithin B (Uro-B) on the
survival of human neuroblastoma SK-N-MC cells subjected to
mild oxidative stress by incubation with 2,3-dimethoxy-1,4-
naphthoquinone (DMNQ).” In addition, a recent study has
also shown that Uro-A, Uro-B, and their methylated conjugates
prevented the fibrillation of f-amyloid proteins in vitro and
exerted a protective effect post-induction of f-amyloid induced
neurotoxicity and paralysis in the nematode Caenorhabditis
elegans.44 Notably, urolithins are able to cross the BBB,
suggesting their possible role in the neuroprotective activity
following the intake of ET-rich foods."* On this point, our
present study describes for the first time the potential
neuroprotective activity of urolithins (Uro-A, -B, -C, and -D)
and their bloodstream-occurring glucuronide conjugates against
H,0,-induced cell injury. Our results showed that neither the
differential hydroxylation pattern of urolithins or the phase II
metabolism was critical for its neuroprotective effect, showing
no differences among all of the urolithins, aglycones, and
glucuronide conjugates, except the lack of effect for Uro-B.
Although our results suggest a lower neuroprotective activity of
urolithins against oxidative stress-induced cell death than their
parent compound EA, further studies are needed to identify the
real bioactive components responsible for the neuroprotective
effects observed in preclinical studies after ET-rich food
intake.”

Finally, the strongest neuroprotective activity was observed
with the phenolic acids DHPPA and DHPAA. In agreement
with our results, the 30 min pretreatment of DHPPA acid and
DHPAA at similar doses exhibited a slight, but significant,
protective effect in human neuroblastoma SK-N-MC cells
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subjected to DMNQ-induced oxidative stress.*” These
phenolics are the primary microbial-derived phenolic acids
that can be found in the bloodstream (up to 10 uM)™* after the
ingestion of plant foods containing proanthocyanidins and
flavan-3-ols such as cocoa, tea, and wine.”® Therefore, our data
suggest that these compounds could play an important role in
the neuroprotective actions associated with flavanol-rich food
intake in human studies.*”**

In conclusion, our approach provides further evidence
regarding the neuroprotective activity of physiologically
relevant polyphenol-derived metabolites. Unlike previous
impressive in vitro effects reported for polyphenols as they
occur in the dietary source, the activity exerted by the
circulating metabolites is much lower. Overall, our results
suggest that a diet rich in foods containing polyphenol
precursors of DHPPA, DHPAA, GA, and EA such as cocoa,
tea, strawberry, walnut, and pomegranate could contribute to
reduce oxidative stress in relation to the onset of neuro-
degenerative diseases. However, further studies are needed to
investigate the detailed molecular mechanisms underlying the
neuroprotective effects of these polyphenol-derived metabo-
lites.
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DCEF, 2/,7'-dichlorofluorescein; DHPAA, 3,4-dihydroxyphenyl-
acetic acid; DHPPA, 3,4-dihydroxyphenylpropionic acid; DHR,
dihydroresveratrol; DMNQ, 2,3-dimethoxy-1,4-naphthoqui-
none; DMSO, dimethyl sulfoxide; EA, ellagic acid; ECACC,
European Collection of Authenticated Cell Cultures; EMEM,
Eagle’s minimal essential medium; ETs, ellagitannins; FAM,
carboxyfluorescein; FBS, fetal bovine serum; GA, gallic acid;
glur, glucuronide; H2DCFDA, 2/,7’-dichlorodihydrofluorescein
diacetate; IsoUro-A, isourolithin A; MTT, 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide; PBS, phos-
phate-buffered saline; PI, propidium iodide; ROS, reactive
oxygen species; RSV, trans-resveratrol; SD, standard deviation;
sulf, sulfate; Uro-A, urolithin A; Uro-B, urolithin B; Uro-C,
urolithin C; Uro-D, urolithin D

B REFERENCES

(1) Tabnmer, B. J; El-Agnaf, O. M,; Turnbull, S;; German, M. J;
Paleologou, K. E.; Hayashi, Y.; Cooper, L. J.; Fullwood, N. J,; Allsop,
D. Hydrogen peroxide is generated during the very early stages of
aggregation of the amyloid peptides implicated in Alzheimer disease
and familial British dementia. J. Biol. Chem. 2005, 280, 35789—35792.

757

(2) Uttara, B;; Singh, A. V.; Zamboni, P.; Mahajan, R. T. Oxidative
stress and neurodegenerative diseases: a review of upstream and
downstream antioxidant therapeutic options. Curr. Neuropharmacol.
2009, 7, 65—74.

(3) Rosini, M.; Simoni, E.; Milelli, A.; Minarini, A.; Melchiorre, C.
Oxidative stress in Alzheimer’s disease: are we connecting the dots? J.
Med. Chem. 2014, 57, 2821—2831.

(4) Dai, Q; Borenstein, A. R; Wu, Y.; Jackson, J. C.; Larson, E. B.
Fruit and vegetable juices and Alzheimer’s disease: the Kame Project.
Am. J. Med. 2006, 119, 751—759.

(5) Letenneur, L.; Proust-Lima, C.; Le Gouge, A.; Dartigues, J. F.;
Barberger-Gateau, P. Flavonoid intake and cognitive decline over a 10-
year period. Am. J. Epidemiol. 2007, 165, 1364—1371.

(6) Singh, M.; Arseneault, M.; Sanderson, T.; Murthy, V,;
Ramassamy, C. Challenges for research on polyphenols from foods
in Alzheimer’s disease: bioavailability, metabolism, and cellular and
molecular mechanisms. J. Agric. Food Chem. 2008, 56, 4855—4873.

(7) Panickar, K. S.; Jang, S. Dietary and plant polyphenols exert
neuroprotective effects and improve cognitive function in cerebral
ischemia. Recent Pat. Food, Nutr. Agric. 2013, S, 128—143.

(8) Ahmed, A. H.; Subaiea, G. M,; Eid, A,; Li, L.; Seeram, N. P.;
Zawia, N. H. Pomegranate extract modulates processing of amyloid-#
precursor protein in an aged Alzheimer’s disease animal model. Curr.
Alzheimer Res. 2014, 11, 834—843.

(9) Hartman, R. E.,; Shah, A; Fagan, A. M,; Schwetye, K. E;
Parsadanian, M.; Schulman, R. N.; Finn, M. B.,; Holtzman, D. M.
Pomegranate juice decreases amyloid load and improves behavior in a
mouse model of Alzheimer’s disease. Neurobiol. Dis. 2006, 24, 506—
S18.

(10) Rojanathammanee, L.; Puig, K. L.; Combs, C. K. Pomegranate
polyphenols and extract inhibit nuclear factor of activated T-cell
activity and microglial activation in vitro and in a transgenic mouse
model of Alzheimer disease. J. Nutr. 2013, 143, 597—605.

(11) Singh, N.; Agrawal, M.; Doré, S. Neuroprotective properties and
mechanisms of resveratrol in in vitro and in vivo experimental cerebral
stroke models. ACS Chem. Neurosci. 2013, 4, 1151—1162.

(12) Selma, M. V.; Espin, J. C.; Tomas-Barberan, F. A. Interaction
between phenolics and gut microbiota: role in human health. J. Agric.
Food Chem. 2009, 57, 6485—6501.

(13) Ferruzzi, M. G.; Lobo, J. K; Janle, E. M.; Cooper, B.; Simon, J.
E; Wu, Q. L; Welch, C; Ho, L.; Weaver, C.; Pasinetti G. M.
Bioavailability of gallic acid and catechins from grape seed polyphenol
extract is improved by repeated dosing in rats: implications for
treatment in Alzheimer’s disease. J. Alzheimer Dis. 2009, 18, 113—124.

(14) Gasperotti, M.; Passamonti, S.; Tramer, F.; Masuero, D.; Guella,
G.; Mattivi, F.; Vrhovsek, U. Fate of microbial metabolites of dietary
polyphenols in rats: is the brain their target destination? ACS Chem.
Neurosci. 20185, 6, 1341—1352.

(15) Yan, L; Yin, P;; Ma, C.; Liu, Y. Method development and
validation for pharmacokinetic and tissue distributions of ellagic acid
using ultrahigh performance liquid chromatography-tandem mass
spectrometry (UPLC-MS/MS). Molecules 2014, 19, 18923—18935.

(16) Azorin-Ortufio, M.; Yafiez-Gascén, M. J.; Vallejo, F.; Pallarés, F.
J; Larrosa, M.; Lucas, R; Morales, J. C; Tomaés-Barberdn, F. A;
Garcia-Conesa, M. T.; Espin, J. C. Metabolites and tissue distribution
of resveratrol in the pig. Mol. Nutr. Food Res. 2011, 55, 1154—1168.

(17) Andres-Lacueva, C.; Shukitt-Hale, B.; Galli, R. L.; Jauregui, O.;
Lamuela-Raventos, R. M.; Joseph, J. A. Anthocyanins in aged
blueberry-fed rats are found centrally and may enhance memory.
Nutr. Neurosci. 2005, 8, 111—120.

(18) Fornasaro, S.; Ziberna, L.; Gasperotti, M.; Tramer, F.; Vrhov3ek,
U,; Mattivi, F.; Passamonti, S. Determination of cyanidin-3-glucoside
in rat brain, liver and kidneys by UPLC/MS-MS and its application to
a short-term phamacokinetic study. Sci. Rep. 2016, 6, 2281S.

(19) Del Rio, D.; Rodriguez-Mateos, A.; Spencer, J. P.; Tognolini,
M,; Borges, G.; Crozier, A. Dietary (poly)phenolics in human health:
structures, bioavailability, and evidence of protective effects against
chronic diseases. Antioxid. Redox Signaling 2013, 18, 1818—1892.

DOI: 10.1021/acs jafc.6b04538
J. Agric. Food Chem. 2017, 65, 752—758


mailto:agsarrias@cebas.csic.es
http://orcid.org/0000-0002-3407-0678
http://dx.doi.org/10.1021/acs.jafc.6b04538

Journal of Agricultural and Food Chemistry

(20) Hu, N; Yu, J. T; Tan, L, Wang, Y. L; Sun, L; Tan, L.
Nutrition and the risk of Alzheimer’s diseases. BioMed Res. Int. 2013,
2013, 524820.

(21) Gonzalez-Sarrias, A.; Nafiez-Sanchez, M. A.; Garcia-Villalba, R;
Tomas-Barberan, F. A; Espin, J. C. Antiproliferative activity of the
ellagic acid-derived gut microbiota isourolithin A and comparison with
its urolithin A isomer: the role of cell metabolism. Eur. J. Nutr. 2015,
DOI: 10.1007/s00394-015-1131-7.

(22) Darvesh, A. S.; Carroll, R. T.; Bishayee, A.;; Geldenhuys, W. J;
Van der Schyf, C. J. Oxidative stress and Alzheimer’s disease: dietary
polyphenols as potential therapeutic agents. Expert Rev. Neurother.
2010, 10, 729—745.

(23) Spencer, J. P. E.; Vafeiadou, K; Williams, R. J.; Vauzour, D.
Neuroinflammation: modulation by flavonoids and mechanisms of
action. Mol. Aspects Med. 2012, 33, 83—97.

(24) Pandareesh, M. D.; Mythri, R. B.; Srinivas Bharath, M. M.
Bioavailability of dietary polyphenols: Factors contributing to their
clinical application in CNS diseases. Neurochem. Int. 20185, 89, 198—
208.

(25) Mattson, M. P. Neuronal life-and-death signaling, apoptosis, and
neurodegenerative disorders. Antioxid. Redox Signaling 2006, 8, 1997—
2006.

(26) Valencia, A.; Moran, J. Reactive oxygen species induce different
cell death mechanisms in cultured neurons. Free Radical Biol. Med.
2004, 36, 1112—1125.

(27) Wang, X; Wang, W,; Li, L,; Perry, G.; Lee, H. G; Zhu, X.
Oxidative stress and mitochondrial dysfunction in Alzheimer’s disease.
Biochim. Biophys. Acta, Mol. Basis Dis. 2014, 1842, 1240—1247.

(28) Park, H. R.; Lee, H.; Park, H,; Jeon, J. W.; Cho, W. K;; Ma, J. Y.
Neuroprotective effects of Liriope platyphylla extract against hydrogen
peroxide-induced cytotoxicity in human neuroblastoma SH-SYSY cells.
BMC Complementary Altern. Med. 2018, 15, 171.

(29) Law, B. N; Ling, A. P,; Koh, R. Y,; Chye, S. M.; Wong, Y. P.
Neuroprotective effects of orientin on hydrogen peroxide induced
apoptosis in SH SYSY cells. Mol. Med. Rep. 2014, 9, 947—954.

(30) Garcimartin, A.; Merino, J. J.; Gonzilez, M. P.; Sanchez-Reus,
M. I; Sanchez-Muniz, F. J; Bastida, S.; Benedi, J. Organic silicon
protects human neuroblastoma SH-SYSY cells against hydrogen
peroxide effects. BMC Complementary Altern. Med. 2014, 14, 384.

(31) Braidy, N.; Jugder, B. E.; Poljak, A; Jayasena, T.; Mansour, H.;
Nabavi, S. M,; Sachdev, P; Grant, R. Resveratrol as a potential
therapeutic candidate for the treatment and management of
Alzheimer’s disease. Curr. Top. Med. Chem. 2016, 16, 1951—1960.

(32) Tomé-Carneiro, J.; Larrosa, M.; Gonzéilez-Sarrias, A.; Tomas-
Barberan, F. A,; Garcia-Conesa, M. T.; Espin, J. C. Resveratrol and
clinical trials: the crossroad from in vitro studies to human evidence.
Curr. Pharm. Des. 2013, 19, 6064—6093.

(33) de Almeida, L. M,; Leite, M. C,; Thomazi, A. P.; Battu, C,;
Nardin, P.; Tortorelli, L. S.; Zanotto, C.; Posser, T.; Wofchuk, S. T;
Leal, R. B.; Gongalves, C. A.; Gottfried, C. Resveratrol protects against
oxidative injury induced by H202 in acute hippocampal slice
preparations from Wistar rats. Arch. Biochem. Biophys. 2008, 480,
27-32.

(34) Quincozes-Santos, A.; Andreazza, A. C.; Nardin, P.; Funchal, C.;
Gongalves, C. A, Gottfried, C. Resveratrol attenuates oxidative-
induced DNA damage in C6 Glioma cells. NeuroToxicology 2007, 28,
886—891.

(35) Turner, R. S; Thomas, R. G; Craft, S; van Dyck, C. H;
Mintzer, J.; Reynolds, B. A.; Brewer, J. B.; Rissman, R. A.; Raman, R;;
Aisen, P. S. A randomized, double-blind, placebo-controlled trial of
resveratrol for Alzheimer disease. Neurology 2015, 85, 1383—1391.

(36) Daglia, M.; Di Lorenzo, A.; Nabavi, S. F.; Talas, Z. S.; Nabavi, S.
M. Polyphenols: well beyond the antioxidant capacity: gallic acid and
related compounds as neuroprotective agents: you are what you eat!
Curr. Pharm. Biotechnol. 2014, 15, 362—372.

(37) de Oliveira, M. R. The effects of ellagic acid upon brain cells: a
mechanistic view and future directions. Neurochem. Res. 2016, 41,
1219—-1228.

758

(38) Gonzalez-Sarrias, A.; Garcia-Villalba, R.; Ntfiez-Sanchez, M. A.;
Tomé-Carneiro, J.; Zafrilla, P.; Mulero, J.; Tomas-Barberan, F. A;
Espin, J. C. Identifying the limits for ellagic acid bioavailability: a
crossover pharmacokinetic study in healthy volunteers after con-
sumption of pomegranate extracts. J. Funct. Foods 2015, 19, 225—-235.

(39) Sanchez-Gonzilez, C.; Ciudad, C.; Noé, V.; Izquierdo-Pulido,
M. Health benefits of walnut polyphenols: an exploration beyond their
lipid profile. Crit. Rev. Food Sci. Nutr. 2015, DOI:10.1080/
10408398.2015.1126218.

(40) Kim, M. J.; Seong, A. R; Yoo, J. Y,; Jin, C. H,; Lee, Y. H.; Kim,
Y. J; Lee, J; Jun, W. J; Yoon, H. G. Gallic acid, a histone
acetyltransferase inhibitor, suppresses f-amyloid neurotoxicity by
inhibiting microglial-mediated neuroinflammation. Mol. Nutr. Food
Res. 2011, 55, 1789—1808.

(41) Martin, S.; Gonzilez-Burgos, E.; Carretero, M. E,; Gdémez-
Serranillos, M. P. Neuroprotective properties of Spanish red wine and
its isolated polyphenols on astrocytes. Food Chem. 2011, 128, 40—48.

(42) Tomas-Barberan, F. A.; Gonzalez-Sarrias, A.; Garcia-Villalba, R.;
Nuifiez-Sanchez, M. A.; Selma, M. V.; Garcia-Conesa, M. T.; Espin, J.
C. Urolithins, the rescue of ‘old’ metabolites to understand a ‘new’
concept: metabotypes as a nexus between phenolic metabolism,
microbiota dysbiosis and host health status. Mol. Nutr. Food Res. 2016,
DOI: 10.1002/mnfr.201500901.

(43) Verzelloni, E.; Pellacani, C.; Tagliazucchi, D.; Tagliaferri, S.;
Calani, L,; Costa, L. G.; Brighenti, F.; Borges, G.; Crozier, A.; Conte,
A.; Del Rio, D. Antiglycative and neuroprotective activity of colon-
derived polyphenol catabolites. Mol. Nutr. Food Res. 2011, 55, 35—43.

(44) Yuan, T.; Ma, H;; Liu, W.; Niesen, D. B,; Shah, N.; Crews, R
Rose, K. N.; Vattem, D. A.; Seeram, N. P. Pomegranate’s
neuroportective effects against Alzheimer’s disease are mediated by
urolithins, its ellagitannin-gut microbial metabolites. ACS Chem.
Neurosci. 2016, 7, 26—33.

(45) Urpi-Sarda, M.; Monagas, M.; Khan, N.; Llorach, R.; Lamuela-
Raventos, R. M,; Jauregui, O.; Estruch, R.; Izquierdo-Pulido, M,;
Andres-Lacueva, C. Targeted metabolic profiling of phenolics in urine
and plasma after regular consumption of cocoa by liquid
chromatography-tandem mass spectrometry. J. Chromatogr. A 2009,
1216, 7258—-7267.

(46) Monagas, M.; Urpi-Sarda, M.; Sanchez-Patan, F.; Llorach, R;
Garrido, I; Gémez-Cordovés, C.; Andres-Lacueva, C.; Bartolomé, B.
Insights into the metabolism and microbial biotransformation of
dietary flavan-3-ols and the bioactivity of their metabolites. Food Funct.
2010, 1, 233—253.

(47) Beking, K; Vieira, A. Flavonoid intake and disability-adjusted
life years due to Alzheimer’s and related dementias: a population-based
study involving twenty-three developed countries. Public Health Nutr.
2010, 13, 1403—1409.

(48) Sokolov, A. N; Pavlova, M. A; Klosterhalfen, S.; Enck, P.
Chocolate and the brain: neurobiological impact of cocoa flavanols on
cognition and behavior. Neurosci. Biobehav. Rev. 2013, 37, 2445—2453.

DOI: 10.1021/acs jafc.6b04538
J. Agric. Food Chem. 2017, 65, 752—758


http://dx.doi.org/10.1007/s00394-015-1131-7
http://dx.doi.org/10.1080/10408398.2015.1126218
http://dx.doi.org/10.1080/10408398.2015.1126218
http://dx.doi.org/10.1002/mnfr.201500901
http://dx.doi.org/10.1021/acs.jafc.6b04538

