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It is becoming widely accepted that polyphenols may act
as strong dietary strategies to combat neurodegenerative
diseases. The articles in this special issue include both
basic scientiﬁc studies along with review articles focused
on demonstrating and understanding the underlying
mechanisms by which puriﬁed polyphenols and/or polyphenols containing plant extracts aﬀect cultured brain
cells, animal models of Parkinson’s or Alzheimer’s diseases, and depression.
Alzheimer’s disease is a proteinopathy characterised by
the accumulation of hyperphosphorylated Tau and β-amyloid. Autophagy is a physiological process by which aggregated proteins and damaged organelles are eliminated
through lysosomal digestion. Autophagy deﬁciency has
been demonstrated in Alzheimer’s patients. In the research
article “Beneﬁt of Oleuropein Aglycone for Alzheimer’s
Disease by Promoting Autophagy” by J. G. Cordero
et al., the authors demonstrated that oleuropein aglycone,
present in high concentration in extra virgin olive oil, is
capable of inducing autophagy in both in vitro and
in vivo models, and that this leads to an improvement in
cognitive impairment as well as in β-amyloid and Tau
aggregation. The authors propose that supplementation
of diet with extra virgin olive oil may have potential beneﬁts for Alzheimer’s disease patients through the induction
of autophagy by oleuropein aglycone.
The aim of the paper entitled “Mangiferin and Morin
Attenuate Oxidative Stress, Mitochondrial Dysfunction, and
Neurocytotoxicity, Induced by Amyloid Beta Oligomers” by

E. Alberdi et al. was to investigate the neuroprotective eﬀects
of the polyphenols morin and mangiferin against Aβ oligomers and their mechanisms of action. The authors found
that these polyphenols mitigated the mitochondrial dysfunction by mechanisms that regulated mitochondrial calcium homeostasis, mitochondrial membrane potential, and
release to cytosol of proapoptotic cytochrome c. Moreover,
morin and mangiferin treatments restored the altered
redox homeostasis of antioxidant enzymes in neurons
treated with oligomeric Aβ. Consequently, these polyphenols
reduced protein oxidation and reestablished bioenergetic
failure in Aβ-treated neurons, contributing to the substantial
reduction of neuronal death.
Chlorogenic acid is a plant polyphenol, which was
found to be a major bioactive constituent of Dendropanax
morbiferus leaves extract. The contribution by S.-Y. Park
et al. entitled “Aqueous Extract of Dendropanax morbiferus
Leaves Eﬀectively Alleviated Neuroinﬂammation and Behavioral Impediments in MPTP-Induced Parkinson’s Mouse
Model” evaluated the underlying molecular mechanism of
the antineuroinﬂammatory activity and the neuroprotective potential of Dendropanax morbiferus leaves and its
bioactive compound chlorogenic acid in in vitro and
in vivo experimental models of Parkinson’s disease. The
authors demonstrate that prophylactic treatment of Dendropanax morbiferus leaves improved the behavioral deﬁcits, inhibited the microglial-mediated neuroinﬂammation,
and protected dopaminergic neuronal loss by restoring
tyrosine hydroxylase levels in brain tissues of the MPTP-
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induced Parkinson’s mouse model. Further, polyphenols that
aﬀect Alzheimer’s and Parkinson’s diseases were also summarised in the systematic review article entitled “Flavonoids
as Therapeutic Agents in Alzheimer’s and Parkinson’s
Diseases: A Systematic Review of Preclinical Evidences” by
R. B. de Andrade Teles et al. The results of their survey
showed that ﬂavonoids, which are the major group of polyphenols, are promising candidates for drug development,
but there is a lack of translational research and clinical
evidences which might facilitate their development as drugs.
Polyphenols also received growing interest due to their
potential beneﬁts in treating psychiatric disorders. Their
antioxidant and anti-inﬂammatory activities as well as their
ability to modulate synaptic plasticity contribute to their
mechanism of action. The paper by J. Wang et al. entitled
“An Extract of Artemisia dracunculus L. Promotes Psychological Resilience in a Mouse Model of Depression” aims at
investigating the potential therapeutic value of this botanical
extract in a model of depression. Artemisia dracunculus L.
(Russian tarragon) extract contains ﬂavonoids, coumarins,
and phenylpropanoid acids. Using a repeated social defeat
stress (RSDS) model of depression, the authors demonstrate
that oral administration of Artemisia dracunculus L. extract
promotes resilience to RSDS-mediated depression-like phenotypes. The authors also show that the behavioral improvements are associated with attenuation of stress-mediated
induction of inﬂammatory cytokines in the periphery and
alteration of synaptic plasticity in the nucleus accumbens.
We hope that this special issue would stimulate scientists
from the agricultural, plant sciences, and the medical communities to promote interdisciplinary studies that will lead
to the development of polyphenols as drugs or food supplements for neurodegenerative diseases.
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Amyloid beta- (Aβ-) mediated ROS overproduction disrupts intraneuronal redox balance and exacerbates mitochondrial
dysfunction which leads to neuronal injury. Polyphenols have been investigated as therapeutic agents that promote
neuroprotective eﬀects in experimental models of brain injury and neurodegenerative diseases. The aim of this study was to
identify the neuroprotective eﬀects of morin and mangiferin against Aβ oligomers in cultured cortical neurons and organotypic
slices as well as their mechanisms of action. Cell death caused by Aβ oligomers in neuronal cultures was decreased in the
presence of micromolar concentrations of mangiferin or morin, which in turn attenuated oxidative stress. The neuroprotective
eﬀects of antioxidants against Aβ were associated with the reduction of Aβ-induced calcium load to mitochondria;
mitochondrial membrane depolarization; and release of cytochrome c from mitochondria, a key trigger of apoptosis.
Additionally, we observed that both polyphenols activated the endogenous enzymatic antioxidant system and restored oxidized
protein levels. Finally, Aβ induced an impairment of energy homeostasis due to a decreased respiratory capacity that was
mitigated by morin and mangiferin. Overall, the beneﬁcial eﬀects of polyphenols in preventing mitochondrial dysfunction and
neuronal injury in AD cell models suggest that morin and mangiferin hold promise for the treatment of this neurological disorder.

1. Introduction
Alzheimer’s disease (AD) is characterized clinically by progressive cognitive decline and neuropathologically by the
accumulation of amyloid β (Aβ) peptides in extracellular
plaques and hyperphosphorylated tau protein in intraneuronal tangles in the brain [1]. In addition to the well-known
amyloid ﬁbrils involved in plaque formation, Aβ spontaneously forms small, soluble oligomeric assemblies [2]. These
forms are described as mainly responsible for cognitive
impairment in the disease [3–5]. Aβ oligomers alter the
homeostasis of mitochondrial physiology since they increase

mitochondrial calcium levels [6], promote the mitochondrial
permeability transition pore opening and release of mitochondrial proapoptotic factors, and consequently cause
mitochondrial-dependent neuronal cell death [7].
In addition, oxidative stress is another key feature in the
disease [8]. Numerous studies have reported the presence of
elevated DNA [9], RNA [10], lipid [11], and protein oxidation [12] in brains of subjects with AD and mild cognitive
impairment, suggesting that oxidative stress is an early event
in AD. Previous attempts to quench ROS have demonstrated
beneﬁts to prevent mitochondrial and neuronal injury in AD
patients as well as AD animal and cell models [13–16],
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suggesting that ROS scavengers hold promise for the treatment of AD. Natural polyphenolic compounds exhibit their
antioxidant eﬀect by quenching free radical species and/or
promoting endogenous antioxidant capacity. Thus, the antioxidant properties certainly may contribute to their neuroprotective eﬀects. The naturally occurring polyphenols,
mangiferin, and morin are known to be powerful antioxidants. Mangiferin is a xantone which is abundantly found
in fruits and in the cortex of the stalk of Mangifera indica
L. (mango) [17], whereas morin is present at relatively high
concentrations in the branches of Morus alba L. (white
mulberry) and red wine [18].
The neuroprotective capacity of these polyfenols has been
characterized in in vitro and in vivo models of ischemic neuronal death involving NMDA receptor overactivation and
involves attenuation of receptor-mediated calcium inﬂux
and oxidative stress as well as apoptosis [19, 20]. Moreover,
in Alzheimer’s disease animal models, mangiferin and morin
have exhibited neuroprotective properties. In APP/PS1
animal model, mangiferin diminished the inﬂammatory
processes, measured by microglia and astrocyte burdens
[21]. In the triple transgenic Alzheimer’s disease mouse
models, morin was described as a novel inhibitor of GSK3β
that can reduce tau pathology in vivo [22]. In addition,
morin reverses neuropathological and cognitive impairments
in APPswe/PS1dE9 mice by targeting multiple pathogenic
mechanisms [23].
Here, we explored novel neuroprotective mechanisms
of mangiferin and morin in Aβ oligomer-induced neuronal injury. We found that natural polyphenols mitigated
the mitochondrial dysfunction by mechanisms that regulated mitochondrial calcium homeostasis, mitochondrial
membrane potential, and release to cytosol of proapoptotic
cytochrome c. Moreover, morin and mangiferin treatments
restored the altered redox homeostasis of antioxidant
enzymes in neurons treated with oligomeric Aβ. Consequently, natural polyphenols reduced protein oxidation and
reestablished bioenergetic failure in Aβ-treated neurons,
contributing to the substantial reduction of neuronal death.
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oligomers (4°C for 24 h). Monomeric Aβ was dissolved in
PBS to a concentration of 100 μM.
2.3. Cortical Cell Culture and Transfection Procedures. Cortical neurons were obtained from the cortical lobes of E18
Sprague-Dawley rat embryos according to previously
described procedures [19]. Neurons were resuspended in
B27 Neurobasal medium plus 10% FBS and then seeded onto
poly-L-ornithine-coated 48-well plates or glass coverslips
(12 mm in diameter) at 1.5 × 105 cells per well. For confocal
single-cell imaging experiments, cells were plated onto
glass-bottom μ-dishes (Ibidi GmbH, Germany). The medium
was replaced by serum-free, B27-supplemented Neurobasal
medium 24 hours later. The cultures were essentially free of
astrocytes and microglia and were maintained at 37°C and
5% CO2 as was previously described [25, 26].
For transfection of cells, 4 × 106 rat neurons were transfected in suspension before plating with 3 μg of cDNA using
the Rat Neuron Nucleofector kit (Lonza, Switzerland)
according to the manufacturer instructions and plated and
maintained as described above. Cultures were used at 8–9
days in vitro.
2.4. Organotypic Slice Culture of Neocortex. Cultures were
prepared from coronal cerebral sections (400 μm thick with
a McIlwain tissue chopper) of brains from Sprague-Dawley
rat pups (5–7 days old) using a modiﬁcation of the deﬁned
method [27]. Two slices were plated on each Millicell CM
culture inserts (Millipore Ibérica; Madrid, Spain); maintained
in 75% HME 03 (Cell Concept, Berlin, Germany), 2 mM
L-glutamine (Sigma; St Louis, MO, USA), 25% horse serum,
and 25 mg/ml gentamycin (Sigma; St Louis, MO, USA) for
3 days at 37°C; and then shifted in Neurobasal medium
supplemented with 0.5% B27 supplement. Experiments
were performed at 7–10 days in vitro.

2.1. Drugs and Culture Medium. Neurobasal medium, B27
supplement, foetal bovine serum, horse serum, and other
culture reagents were from Gibco (Invitrogen, Barcelona,
Spain). Receptor antagonists MK801 was obtained from
Tocris (Cookson, Bristol, UK). Morin and mangiferin
(Mng) were obtained by Sigma (Sigma, St. Louis, MO, USA).

2.5. Ca2+ Imaging in the Cytosol. For [Ca2+]i measurements,
neurons were loaded with Fluo-4 AM (1 μM; Molecular
Probes, Invitrogen, Barcelona, Spain) in Ca2+- and Mg2+-free
HBSS containing 20 mM HEPES, pH 7.4, 10 mM glucose,
10 μM glycine, and 2 mM CaCl2 (incubation buﬀer) for
30 min at 37°C followed by a 20 min wash to allow deesteriﬁcation. For data analysis, a homogeneous population
of 15–25 cells was selected in the ﬁeld of view, and neuronal
somata were selected as ROIs. Background values were
always subtracted, and data are expressed as F/F 0 ± SEM
(%) in which F represents the ﬂuorescence value for a
given time point and F 0 represents the mean of the resting
level ﬂuorescence.

2.2. Preparation of Amyloid β Peptides. Oligomeric amyloid
β (Aβ1-42) was prepared as reported previously [24]. Brieﬂy,
Aβ1-42 (ABX, Radeberg, Germany) was initially dissolved
in hexaﬂuoroisopropanol (HFIP, Sigma, St. Louis, MO,
USA) to a concentration of 1 mM. For the aggregation
protocol, the peptide was resuspended in dry dimethylsulfoxide (5 mM; Sigma, St. Louis, MO, USA). Hams F-12
(PromoCell, LabClinics, Barcelona, Spain) was added to
adjust the ﬁnal peptide concentration to 100 μM to obtain

2.6. Mitochondrial Ca2+ Imaging. Neurons transfected with
mitochondria-targeted 2mtD4cpv Ca2+ indicator [28] were
transferred to an incubation buﬀer (see above) and imaged
by a TCS SP8X confocal microscope (Leica, Germany). Cells
were excited at 458 nm, and cfp and yfp emissions were
acquired for FRET ratio quantiﬁcation at an acquisition rate
of 1 frame/15 s for 5 or 10 min depending on the experiment.
For data analysis, a homogeneous population of 5–12 cells
was selected in the ﬁeld of view and neuronal somata were
selected as ROIs. Background values were always subtracted,

2. Materials and Methods
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and data are expressed as R/R0 ± SEM (%), in which R represents the yfp/cpf ﬂuorescence ratio for a given time point and
R0 represents the mean of the resting FRET ratio.
2.7. Cell Viability and Toxicity Assays. Cell toxicity assays
were performed as described previously with modiﬁcations
[6]. Cortical neurons at 8–10 days in culture were exposed
for 24 hours to Aβ oligomers. Antagonists and inhibitors
were added to the cultures 30 min before Aβ oligomers.
Twenty-four hours after drug application, cellular damage
was estimated by measuring the level of lactate dehydrogenase released (LDH; Cytotox 96®, Promega, Madison, WI)
from damaged cells into the culture media. Data were normalized to the activity of LDH released from vehicle-treated
cells (100%) and calculated as a percentage of the control.
Results were expressed as the means ± SEM of at least three
independent experiments performed in triplicates.
Cortical slice cultures were exposed to Aβ oligomers at
5 μM for 24 h. Antagonists were added to cultures 30 min
before the Aβ preparation. Cell death in organotypic cultures
was evaluated by using the cellular uptake of propidium
iodide (PI). Slices were stained by adding 10 μM PI into the
culture for 2 h at 37°C and washed with PBS by two times
for 10 min. Slices were ﬁxed with 4% PFA in PBS for
40 min at room temperature. Afterwards, the slices were
excited with 510–560 nm light and the emitted ﬂuorescence
acquired at 610 nm using a rhodamine ﬁlter on an inverted
ﬂuorescence microscope (Cell Observer Z1, Zeiss). PI ﬂuorescence images were captured with a Plan NeoFluar 2.5x
objective (Zeiss), using an EM CCD camera (Hamamatsu,
C9100–13), controlled by the Axio Vision program (Zeiss).
Images were analyzed with the ImageJ analysis program
(NIH, MD, USA), and PI uptake was expressed as the mean
gray value per area total analyzed.
2.8. Immunocytochemistry in Cultured Neurons. Cells were
preincubated with antioxidants (1 μM, 30 min), treated with
Aβ oligomers (5 μM; 2 h), and ﬁxed with 4% paraformaldehyde in PBS 10 min. Immunocytochemistry, using a polyclonal antibody to cytochrome c (Santa Cruz Biotechnology,
Santa Cruz, CA), was performed as described previously [29].
Cells were washed twice in PBS for 5 min at RT and permeabilized in PBS containing 0.2% Triton X-100 (TX100) for
30 min, and nonspeciﬁc binding sites were blocked in 3%
BSA in PBS–0.2% TX100 for 30 min. The primary antibody
was diluted 1 : 100 in PBS–0.1% TX100 and 5% NGS and
applied overnight at 4°C. Cells were labeled for 2 h at RT with
ﬂuorescein-conjugated goat anti-rabbit IgG. In all cases, cells
were counterstained with Hoechst 33258 to simultaneously
evaluate viable cells. Fluorescence intensity quantiﬁcation of
micrographs was measured using Image J software.
2.9. Detection of Protein Carbonyls by Oxyblot. The carbonyl
content was determined by the derivatization of protein
carbonyl groups with 2,4-dinitrophenylhydrazine (DNPH)
leading to the formation of stable dinitrophenyl (DNP)
hydrazone adducts, which can be detected by Western blot
analysis using anti-DNP antibody. The DNPH derivatization was carried out on 12 μg of neuronal protein extracts
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for 15 min using Oxyblot Kit (Millipore-Chemicon) following the manufacturer’s instruction. The derivatives were then
resolved by a broad range SDS-PAGE and transferred to a
nitrocellulose membrane (Biorad). After blocking in PBST
containing 1% BSA at RT for 60 min, the membranes were
washed with PBST and incubated overnight with anti-DNP
(1 : 200) at 4°C. The membranes were washed with PBST
and incubated with horseradish peroxidase- (HRP-) conjugated anti-rabbit IgG at RT for 45 min. The membranes were
washed again with PBST, and the proteins were visualized
with the ECL chemiluminescence kit (SuperSignal® West
Dura, Thermo Fisher Scientiﬁc, Inc, Barcelona, Spain)
according to the manufacturer’s protocol. Quantiﬁcation
of protein carbonyl content on blots was performed using
the automatic band detection and band volume analysis
applications of ImageLab 4.1 software.
2.10. Measurement of Catalase and Superoxide Dismutase
Activity. Neurons were collected by centrifugation, and the
cell pellet was sonicated on ice in 70 μl of cold PBS, 1 mM
EDTA. Cell lysate was centrifugated at 10,000 ×g for 15 min
at 4°C, and the supernatant was assayed for catalase and
SOD activity by colorimetric assay procedures following the
manufacturer’s instructions (OxySelect™ catalase and SOD
activity assays kits; Cell Biolabs, Inc, San Diego, CA, USA).
2.11. Measurement of Intracellular Reactive Oxygen Species.
Neurons were exposed to Aβ oligomers alone or with antioxidants as described. Cells were loaded with CM-H2DCFDA
at 30 μM to assay the ROS levels. Calcein-AM (1 μM; Molecular Probes, Invitrogen, Barcelona, Spain) was used to quantify the number of cells within the reading ﬁeld. Fluorescence
was measured using a Synergy-HT ﬂuorimeter (Bio-Tek
Instruments Incl, Beverly, MA, USA; excitation at 485 nm,
emission at 527 nm). All experiments (n ≥ 3) were performed
at least in quadruplicate and plotted as means ± SEM.
2.12. Analysis of Mitochondrial Membrane Potential. Neurons were exposed to Aβ oligomers alone or in the presence
of antioxidants, and changes in mitochondrial membrane
potential were monitored by the reduction of JC-1 (Molecular Probes, Invitrogen, Barcelona, Spain), according to the
manufacturer protocol. Brieﬂy, after drug treatment, cells
were loaded with 3 μM JC-1 for 15 min at 37°C and were
washed with HBSS without phenol red two times to eliminate
the excess dye. In the cytosol, the monomeric form of this
dye ﬂuoresces green (excitation at 485 nm, emission at
527 nm), whereas within the mitochondrial matrix, highly
concentrated JC-1 forms aggregates that ﬂuoresce red
(excitation at 485 nm, emission at 590 nm). Both JC-1 monomers and aggregates were detectable using a Synergy-HT
ﬂuorimeter (Bio-Tek Instruments Incl, Beverly, MA, USA),
and the changes in mitochondrial potential were calculated
as the red/green ratio in each condition. All experiments
(n ≥ 3) were performed at least in triplicate and plotted
as mean ± SEM.
2.13. Measurement of Oxygen Consumption Rate. The oxygen
consumption rate (OCR) was analyzed by an XF96 Extracellular Flux Analyzer and XF Cell Mito Stress Test kit
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(Seahorse Bioscience, Agilent Technologies, Santa Clara, CA,
USA) following manufacturer instructions. OCR is measured
before and after the addition of inhibitors to derive several
parameters of mitochondrial respiration. Initially, the baseline cellular OCR is measured, from which basal respiration can be derived by subtracting nonmitochondrial
respiration. Next oligomycin, a complex V inhibitor, is
added, and the resulting OCR is used to derive ATPlinked respiration (by subtracting the oligomycin rate from
baseline cellular OCR) and proton leak respiration (by
subtracting nonmitochondrial respiration from the oligomycin rate). Next carbonyl cyanide-p-triﬂuoromethoxyphenyl-hydrazon (FCCP), a protonophore, is added to
collapse the inner membrane gradient, allowing the ETC
to function at its maximal rate, and maximal respiratory
capacity is derived by subtracting nonmitochondrial respiration from the FCCP rate. Lastly, antimycin A and rotenone, inhibitors of complexes III and I, are added to
shut down ETC function, revealing nonmitochondrial respiration. Neurons (3 × 104 per well) were seeded on a polyL-ornithine-coated XF96 plate and cultured for 9 days
according to protocol as above. One hour before starting
experiments, cells were incubated in an XF Base medium
(Seahorse Bioscience), containing 1 mM pyruvate, 2 mM glutamine, and 10 mM glucose. Cells were treated with either
vehicle, Aβ oligomers (5 μM), morin (1 μM), or mangiferin
(1 μM), alone and in combination. For the determination
of basal respiration, ATP-linked OCR, and maximal respiration, three baseline recordings were made, followed by the
sequential addition of oligomycin (2 μM), FCCP (1 μM),
and rotenone/antimycin A (500 nM). Values were normalized to cell viability by calcein measurement per well after
XF assay completion.
2.14. Data Analysis. All data are expressed as mean ± SE
M n , where n refers to the number of cultures assayed,
each obtained from a diﬀerent group of animals. In single
live-cell imaging experiments, n refers to number of cells
recorded from at least three independent cultures obtained
from diﬀerent groups of animals. For statistical analysis of
the [Ca2+]cyt, [Ca2+]mit, basal line-extracted area under
curve was calculated from single-cell imaging time lapse
curves. One-way analyses of variance followed by Bonferroni post hoc tests and one-tailed Student’s t-tests were
used unless otherwise indicated. Statistical signiﬁcance
was set at P ≤ 0 05.

3. Results
3.1. Characterization of Aβ Oligomers. Aβ1-42 peptide rapidly aggregates to form oligomers, protoﬁbrils, and ﬁbrils.
To conﬁrm the aggregation state of peptide preparation,
a synthetic Aβ sample was subjected to Western blot processing and immunolabeling with 6E10 antibody, which
displayed discrete bands corresponding to Aβ monomer,
trimer, and tetramer sizes (Figure 1(a)). In addition, transmission electron microscopy (TEM) revealed that synthetic
peptide preparation showed a nearly homogenous distribution of round particles which were identiﬁed as Aβ1-42
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oligomers [30] (Figure 1(b)). Moreover, the diﬀerential
activity of stable Aβ1-42 oligomers and monomers was
found in the dysregulation of neuronal calcium homeostasis.
Thus, oligomers, but not monomers, triggered a robust
NMDA receptor-dependent calcium response in primary
neuronal cultures (Figure 1(c)), as reported earlier [6]. Overall, synthetic Aβ preparation consistently yielded oligomeric
forms that selectively activated NMDA receptors expressed
in neurons.
3.2. Antioxidants Attenuate Aβ-Induced ROS Production and
Cell Death in Neurons. Excessive production of oxygen-free
radicals and other radical species plays an important role in
neuronal pathology resulting from Aβ oligomer activity
[6, 31]. We examined whether the pharmacological inhibition of ROS could reverse the Aβ-induced neuronal cell
death. We found by real-time ﬂuorescence measurements
that Aβ oligomers induced ROS generation after 1 hour,
which was blocked by compounds that prevent the assembly of NADPH oxidase, apocynin, and diphenyleneiodonium (DPI) (Figure 2(a); 141 ± 8.4%, 110 ± 12%, and 100
± 4%, respectively; ANOVA, P < 0 001; Bonferroni post
hoc Aβ versus control, P < 0 001; Aβ versus Aβ + apocynin,
P < 0 001; Aβ versus Aβ + DPI, P < 0 001, n = 6 cultures).
In addition, neurons treated with EUK-134, a mitoprotective
antioxidant with superoxide dismutase and catalase activity,
showed a robust attenuated oligomeric Aβ-induced signal
(102 ± 7%; ANOVA, P < 0 001; Bonferroni post hoc Aβ
versus Aβ + EUK-134, P < 0 05). Treatments of apocynin,
DPI, and EUK-134 alone did not modify ROS levels as
were compared to vehicle control (Figure 2(a)). Moreover,
the DPI rescued cortical neurons from Aβ-induced toxicity
(Figure 2(b), 7.5 ± 1% versus 15.7 ± 2.4%, respectively, n = 4
cultures; ANOVA, P < 0 001; Bonferroni post hoc Aβ versus
Aβ + DPI, P < 0 05; Aβ versus control, P < 0 001). Overall,
these results suggest that the reduction of oxidative stress
by NADPH oxidase inhibitors is neuroprotective against
Aβ-mediated neuronal cell death.
3.3. Antioxidant Polyphenols Reduce Aβ-Produced ROS and
Neuronal Death in Cultured Neurons. Mng and morin, two
natural antioxidant polyphenols, have a wide spectrum of
antioxidant and antiapoptotic properties, which can reduce
the mitochondrial dysfunction and neuronal damage associated with the sustained overactivation of glutamate receptor
in vivo [19] and in vitro [20]. Here, we asked whether these
two antioxidants might attenuate neuronal oxidative stress
and cell death in Aβ oligomer-treated neurons in vitro and
in cerebral cortex organotypic slices. First, ROS production
by Aβ oligomers increased to reach a plateau after 1 hour,
which was stayed at the same level for 1 more hour
(132 ± 6% and 138 ± 10%, resp., n = 4 cultures; ANOVA,
P < 0 01; Bonferroni post hoc Aβ versus control, P < 0 05).
ROS levels were attenuated by morin 1 μM and Mng 1 μM
(107 ± 3 and 110 ± 4%, resp.; ANOVA, P < 0 01; Bonferroni
post hoc Aβ versus Aβ + morin, P < 0 01; Aβ versus
Aβ + Mng P < 0 05), showing an eﬀective antioxidant
capacity against Aβ-generated oxidative stress (Figure 3(a)).
Accordingly, both morin and Mng greatly reduced
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Figure 1: Characterization of oligomeric forms of Aβ1-42 peptide. (a) Representative Western blot showing a broad range of molecular
weight protein markers (lane 1), Aβ monomers (lane 2), and Aβ oligomers incubated at 4°C for 24 h (lane 3). Aβ was detected using the
monoclonal 6E10 anti-Aβ antibody. Arrows show monomers and oligomers migrating at ~18 kDa. (b) Characterization of Aβ preparation
(4°C for 24 h) by TEM showed mainly Aβ oligomers (white arrowheads) and very few protoﬁbrils (black arrow). (c) Ca2+ recordings of
cultured neurons showed a robust increase in the cytosolic Ca2+ concentration induced by Aβ oligomers, but not monomers, both at
5 μM, which is reduced by the NMDA antagonist MK801 (50 μM).

signiﬁcantly the Aβ cytotoxicity (5 μM, 24 h) as was
revealed by the DNA-binding dye propidium iodide staining (PI; Figure 3(b)) and by lactate dehydrogenase release
assays (Figure 3(c); ANOVA, P < 0 01; Bonferroni post
hoc Aβ versus Aβ + morin and Aβ versus Ab + Mng, P <
0 05). Treatments of morin and mangiferin alone did not
modify ROS levels and cell viability observed in vehicle
control samples (Figure 3(c)).
To further characterize the neuroprotective eﬀects of
these antioxidants, we used a more integral preparation,
organotypic cultures from the cerebral cortex, to analyze
Aβ oligomer-induced ROS and cell death. Slices were prepared to preserve neuronal structural integrity as shown
by intense MAP2 staining in the somato-dendritic regions
(Figure 3(e)). ROS generation by a short incubation of Aβ
for 30 min (157 ± 19, n = 4 cultures; ANOVA, P < 0 05;
Bonferroni post hoc Aβ versus vehicle, P < 0 05) were
detected in cultured slices. Incubation of slices with morin
and Mng reduced the Aβ-induced ROS to control levels
(Figure 3(d); 100 ± 10% and 104 ± 2%, n = 4 cultures;
ANOVA, P < 0 05; Bonferroni post hoc Aβ versus
Aβ + morin and Aβ versus Aβ + Mng, P < 0 05). Moreover,
exposure of rat cortical slices to Aβ oligomers for 24 h
caused a signiﬁcant increase of PI uptake by damaged/
dead cells, which was strongly reduced by morin and
Mng treatment (Figures 3(e) and 3(f); ANOVA P < 0 001,
Bonferroni post hoc Aβ versus control P < 0 001, Aβ versus
Aβ + morin, P < 0 05; Aβ versus Aβ + Mng, P < 0 001, n = 4
cultures). The localization of PI staining on Figure 3(e)
suggests pyramidal neurons as the most vulnerable cells
to Aβ oligomer treatment in cortical slices. In turn, the
blockade of NMDA receptors with MK801, used as a
positive control, was highly protective as well. Treatments
of morin and Mng did not modify the PI uptake observed
in vehicle-treatment slices (Figure 3(f)).
These results indicate that the two polyphenol antioxidants protect neurons from Aβ oligomer-induced oxidative

stress and toxicity in dissociated cortical neurons as well as
in cortical organotypic cultures.
3.4. Antioxidant Polyphenols Mitigate Aβ-Induced
Mitochondrial Dysfunction in Neurons. Next, we asked
whether these two antioxidants might attenuate mitochondrial damage in Aβ oligomer-treated neurons. First, we
observed that neuronal [Ca2+]mit increased to 2.35-fold
the basal levels following application of Aβ 5 μM. The preincubation of morin 1 μM, but not of mangiferin, reduced
signiﬁcantly the [Ca2+]mit overload to twofold (Figures 4(a)
and 4(c); ANOVA, P < 0 01; Bonferroni post hoc Aβ versus
Aβ + morin, P > 0 05,). In turn, mangiferin increased the
[Ca2+]cyt overload induced by Aβ from 2 to 2.3-fold of the
basal levels (Figures 4(b) and 4(c); ANOVA, P < 0 05;
Bonferroni post hoc Aβ versus Aβ + Mng, P < 0 05, n = 4
cultures). Moreover, morin and mangiferin prevented the
loss of mitochondrial membrane potential (Figure 4(d)) and
of cytochrome c release to cytosol (Figures 4(e) and 4(f))
induced by Aβ oligomers. The mitochondrial potential
was monitored with the ﬂuorescent probe JC-1 and quantiﬁed at 1 h of peptide poststimulus. Aβ oligomers induced
a reduction in JC-1 ﬂuorescence in neurons (74.9 ± 5%),
which was restored by the coincubation of peptides with
morin (84.8 ± 5%) and Mng (81.4 ± 3%). Treatments of
morin and mangiferin did not modify the mitochondrial
potential observed in vehicle-treated cells (Figure 4(d);
ANOVA, P < 0 01; Bonferroni post hoc Aβ versus vehicle,
P < 0 001; Aβ versus Aβ + morin, P < 0 01; Aβ versus
Aβ + Mng, P < 0 05, n = 4 cultures).
Similarly, neurons were incubated with Aβ oligomers in
the presence or absence of polyphenols as above, and then
cytochrome c was visualized by immunocytochemistry.
We found that Aβ-treated cells demonstrate a more
diﬀuse and signiﬁcantly decreased intensity of cytochrome
c staining than vehicle-treated cells, suggesting that Aβ
oligomers induce cytochrome c release from mitochondria
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Figure 2: NADPH oxidase inhibitors are neuroprotective against Aβ oligomers. (a) Neurons were treated with Αβ (5 μM) for 60 min, and
ROS generation was monitored with CM-H2DCFDA (30 μM). Apocynin (5 nM), DPI (0.5 μM), and EUK-134 (100 nM) reduced Αβinduced ROS generation in neurons. (b) The toxicity of Aβ oligomers (5 μM) in cultured cortical neurons as measured 24 h later with the
LDH viability assay is prevented by the coapplication of Aβ oligomers with NOX inhibitor DPI. Data represent mean ± SEM of the CMH2DCFDA/calcein and LDH signals in n = 4 cultures, expressed as a percentage of control untreated levels (100%). ∗∗∗ P < 0 001
compared with untreated cells; ### P < 0 001, # P < 0 05 compared with Aβ-treated cells.

[32]. Treatments with Aβ together morin or Mng restored
signiﬁcantly the cytochrome c ﬂuorescence intensity and
the punctuate pattern throughout the cytoplasm suggestive
of a mitochondria localization (Figures 4(e) and 4(f);
ANOVA, P < 0 01; Bonferroni post hoc Aβ versus vehicle,
P < 0 01; Aβ versus Aβ + morin, P < 0 05; Aβ versus
Aβ + Mng, P < 0 05, n = 3 cultures).
Taken together, these results indicate that polyphenol
antioxidants reduce [Ca2+]mit overload, restore mitochondrial membrane potential, and inhibit cytochrome c release
to the cytosol induced by Aβ in neurons.
3.5. Morin and Magiferin Restore the Aβ-Reduced Enzymatic
Antioxidant Activities and Protein Carbonylation. The antioxidant activity of EUK134 against Aβ oligomer-induced
oxidative stress observed in neurons (Figure 2), suggested
that a reduced activity of antioxidant enzymes in these cells
may underlie Aβ-caused neuronal damage.
Because of that, we veriﬁed the eﬀect of Aβ oligomers on
the antioxidant capability of neurons. SOD and catalase
activities on neurons were signiﬁcantly weaker after Aβ treatment for 2 h (Figure 5(a); 89 ± 1% and 86 ± 4%, respectively;
ANOVA, P < 0 001; Bonferroni post hoc Aβ versus vehicle,
P < 0 05 for both SOD and catalase analysis) than those of
vehicle-treated cells. Morin and Mng restored signiﬁcantly
the decreased SOD to 107 ± 2% and 113 ± 5%, respectively
(ANOVA, P < 0 001; Bonferroni post hoc Aβ versus
Aβ + morin, P < 0 05; Aβ versus Aβ + Mng, P < 0 01), and
the catalase activity was signiﬁcantly restored to 114 ± 5%
for Mng (Figure 5(a); ANOVA, P < 001; Bonferroni post
hoc Aβ versus Aβ + Mng P < 0 001).
Among the various oxidative insults to proteins, carbonylation is the most common and severe because of its

irreversible and irreparable nature. These derivatives are
chemically stable and serve as markers of oxidative stress
for most types of ROS. Accordingly, we performed immunoblot analysis using anti-DNP antibody to test protein carbonylation (Figure 5(b), see Methods). Neuronal samples
(12 μg) after Aβ treatment (5 μM, 2 h) showed higher levels
of total carbonyl content, and morin and Mng antioxidants
totally prevented them (153 ± 24%, 89 ± 8%, and 91 ± 8%,
respectively; ANOVA, P < 0 01; Bonferroni post hoc Aβ versus vehicle, Aβ versus Aβ + morin and Aβ versus Aβ + Mng,
P < 0 05, n = 5 cultures). Morin and Mng alone increased
slightly the total carbonyl content of neuronal proteins when
levels were compared to them from vehicle-treated cells
(100%, Figures 5(b) and 5(c))
Overall, these results showed that morin and Mng
may protect neurons against oxidative stress caused by
Aβ oligomers by mechanisms which restore the activity
of antioxidant enzymes and consequently reduce protein
oxidation of neurons.
3.6. Aβ-Induced Respiratory Inhibition Is Rescued by
Morin and Mangiferin. The regulation of ATP production
depends on calcium concentration and respiratory state of
mitochondria [33]. Since Aβ oligomers increased the basal
levels of [Ca2+]mit, we next analyzed the impact of Aβ on
bioenergetics. O2 consumption rate (OCR, see Methods)
was measured in vehicle- and Aβ-treated cells before
and after the addition of oligomycin to calculate basal
respiration (BR) and ATP-linked respiration (ATP) of
cells, respectively. Next, FCCP was added to calculate the
maximal respiratory capacity (MUR). In all cases, neuronal OCR was inhibited after the addition of Aβ oligomers
(Figures 6(a) and 6(b), ∗ P < 0 05 compared to control
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Figure 3: Mangiferin and morin prevent Aβ-induced ROS and neuronal death in dissociated neurons and in cortical organotypic cultures.
Cultured neurons (A–C) or cortical organotypic slices (D–F) were incubated with Aβ 5 μM in the presence or absence of polyphenols (1 μM).
(a) Mangiferin and morin reduce ROS generation after Aβ stimulus for 1 and 2 h. (b) Photographs show representative ﬁelds of calcein and PI
ﬂuorescence in cultured neurons displaying cell viability and death, respectively. Scale bar = 50 μM. (c) The toxicity of Aβ oligomers was
measured 24 h later with the LDH viability assay. (d) ROS levels in slices, monitored with CM-H2DCFDA after Aβ treatment (30 min)
coincubated with morin and mangiferin (1 μM), are shown. (E and F) Representative ﬁelds (green MAP-2 and red IP) of cortical
organotypic slices and histogram showing Aβ (5 μM, 24 h) toxicity in cultures and protection when oligomers are applied in conjunction
with morin (1 μM), mangiferin (1 μM), or MK801 (10 μM). Scale bar in (E) represents 100 μm. Bars represent the mean ± SEM of IP
uptake from at least 4–7 cultures per graph, expressed as arbitrary units of mean grey intensity value. ∗ P < 0 05, ∗∗∗ P < 0 001 compared
with vehicle-treated cells; # P < 0 05, ## P < 0 01, ### P < 0 001 compared with Aβ-treated cells.

cells) The coincubation of Aβ oligomers together morin and
Mng antioxidants prevented signiﬁcantly the inhibition of
Aβ-induced OCR as is shown in Figure 6(c) (ANOVA, P

< 0 05; Bonferroni post hoc ∗ P < 0 05, ∗∗ P < 0 01). The
treatment of neurons with morin and Mng alone did not
signiﬁcantly change BR, ATP, and MUR (Figure 6(d)).

8

Oxidative Medicine and Cellular Longevity
Cytosolic [Ca2+]
Fluo-4 fluorescence (AU %)

Mitochondrial [Ca2+]
mtD4 yfp/cfp (AU %)

250
200
150
100
0

100
200
Time (s)

275
250
225
200
175
150
125
100
0

300

(b)

110

⁎

% JC-1 (ratio red/green)

Area under curve
(% of control)

⁎

100

50

+ Mng

+ Morin

A훽

+ Mng

+ Morin

0
A훽

300

A훽 5 휇M
+ Mng 1 휇M
+ Morin 1 휇M

(a)

100
##

90

⁎

80

#

70
60
50
A훽 5 휇M
+ Morin
+ Mng

Vehicle
Morin 1 휇M
Mng 1 휇M

Cytosolic Ca2+
Mitochondrial Ca2+

(d)

A훽

Cyt c intensity/cell number
(a.u)

(c)

Ctrl

200

Time (s)

A훽 5 휇M
+ Mng 1 휇M
+ Morin 1 휇M

150

100

50
40
#

30

#

⁎⁎

20
10

(e)

A훽 + Mng

A훽

Mng

A훽 + Mng

A훽 + Morin

A훽 + Morin

Morin

Vehicle

0

(f)

Figure 4: Mangiferin and morin attenuate Aβ-induced mitochondrial dyshomeostasis. (a) Aβ oligomers induce an accumulation of Ca2+ in
mitochondria of neurons. Cells were transfected with the genetically encoded Ca2+ indicator 2mtD4cpv at DIV0, and [Ca2+]mit was recorded
after 8–10 days in culture. Morin, but not mangiferin, reduces signiﬁcantly the mitochondrial Ca2+ overload. (b) Neurons were loaded with
Fluo-4 ﬂuorescence dye and cytosolic [Ca2+] changes measured upon the addition of Aβ oligomers. Mangiferin increases the cytosolic
calcium levels observed with Aβ oligomers. (A, B) Traces represent the time course of normalized average of f luorescence ± SEM. (c)
Graphs illustrate average ± SEM responses of 263 (A) and 187 (B) cells from at least 5 experiments. ∗ P < 0 05, compared to Aβ-treated
cells. (d) Morin and mangiferin attenuate mitochondrial membrane depolarization during Aβ stimulation. Cells were treated with Aβ
(5 μM, 1 h) after the addition of polyphenols, and the mitochondrial membrane potential was measured using JC-1 ﬂuorescent dye 45 min
after Aβ application. Data represent normalized mean ± SEM of the JC-1 red/green ﬂuorescence ratio. ∗ P < 0 05 compared with vehicletreated cells; # P < 0 05, ## P < 0 01 compared with Aβ-treated cells. (e) Micrographs illustrate cytochrome c immunolabeling in cultured
neurons after Aβ treatment (5 μM, 2 h) alone or together with morin and Mng (1 μM). Graph bars represent the intensities of cytochrome
c ﬂuorescence normalized to cell number values (average ± SEM, n = 3 cultures) displayed as arbitrary units of ﬂuorescence. ∗∗ P < 0 01
compared with vehicle-treated cells; # P < 0 05 compared with Aβ-treated cells.
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Figure 5: Eﬀects of morin and mangiferin on antioxidant enzyme activities and protein oxidation in Aβ-treated neurons. (a) Neurons were
pretreated with morin and mangiferin (1 μM, 30 min) and then exposed to 5 μM Aβ for 2 h. Cells were then harvested and lysed for the
determination of levels of catalase and SOD. Data (average ± SEM) from 4 experiments were normalized to the enzyme activity of vehicletreated cells. ∗ P < 0 05 compared with vehicle-treated cells, # P < 0 05, ## P < 0 01, ### P < 0 001 compared with Aβ-treated cells. (b, c)
Detection of protein carbonyls on neuronal protein extracts was performed by immunoblotting assays based on the use of
antidinitrophenyl (DNP) antibody. The Western blot analysis of dinitrophenyl content of 12 μg of proteins illustrates the eﬀects of Aβ
(5 μg, 2 h) together with antioxidants in protein carbonyl levels. Graph bars represent the intensities of bands normalized to total protein
load (average ± SEM, n = 6 cultures) displayed as a percentage of untreated cells. ∗ P < 0 05 compared with untreated cells; # P < 0 05
compared with Aβ-treated cells.

Overall, the Aβ-induced impairment of energy homeostasis due to a decreased respiratory capacity is blocked by
antioxidants morin and mangiferin, a feature which, in turn,
may reduce neuron demise.

4. Discussion
Under physiological conditions, low levels of ROS are necessary components of signal transduction cascades in a
number of functions [34]. However, high levels of ROS,
generated when their rate of production exceeds cellular
scavenging capacity, are harmful in AD. In addition to
oxidative stress, AD is characterized by the disruption of

Ca2+ homeostasis, mitochondrial dysfunction, and increased
sensitivity to apoptosis. All these alterations are involved
in Aβ neurotoxicity.
Here, we provided evidence that two antioxidant polyphenols, mangiferin and morin, attenuate oxidative stress,
mitochondrial dysfunction, and cell death caused by Αβ peptide oligomers in neurons in culture and in cortical organotypic slices. In addition, we showed that both antioxidants
restore enzymatic antioxidant activities and consequently
mitigate the protein oxidation levels and, importantly, attenuate the impairment of energy homeostasis after Aβ oligomer treatment. These natural polyphenolic compounds
could be therefore promising therapeutic tools in AD.
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Figure 6: Aβ-induced respiratory inhibition is rescued by morin and mangiferin. (a) Primary neurons in the presence or absence of morin or
mangiferin (1 μM) were exposed to vehicle or Aβ (5 μM, 1 h) in XF Base medium (Seahorse Bioscience) containing 1 mM pyruvate, 2 mM
glutamine, and 10 mM glucose, and mitochondrial oxygen consumption rate (OCR) was measured using a extracellular ﬂux analyzer
(Seahorse XFe96 analyzer). Mitochondrial function in neurons was determined through sequential addition of 2 μM oligomycin, 1 μM
FCCP, and rotenone plus antimycin A (both 0.5 μM). This allowed the determination of basal oxygen consumption (BR), oxygen
consumption linked to ATP synthesis (ATP) and mitochondrial uncoupled respiration (MUR) (see methods for OCR calculation). (b) Aβ
oligomers caused mitochondrial dysfunction. Graph bars represent the average ± SEM of BR, ATP, and MUR OCR in vehicle-treated cells
(37 ± 2.5, 25.3 ± 1.5 and 45.4 ± 1.8 pmol/min) versus Aβ-treated cells (31 ± 2, 21 ± 1.5 and 35.2 ± 3 pmol/min), respectively. ∗ P < 0 05, n = 5
cultures. (c) Morin and Mng rescued the Aβ-induced mitochondrial respiration inhibition. Graph bars represent the average ± SEM of BR,
ATP, and MUR OCR in Aβ-treated, Aβ + morin-treated, and Aβ + Mng-treated cells. ∗ P < 0 05, P < 0 01 comparing antioxidant-treated
cells with Aβ-treated cells. (d) Morin and Mng treatments did not change signiﬁcantly the OCR in any parameters of mitochondrial
respiration BR, ATP, and MUR (n.s.: not signiﬁcant).

The main cellular sources of ROS are the mitochondria
and NADPH oxidases which contribute to rapid ROS generation that in turn is dependent on cytosolic Ca2+ load in
cortical neurons [35]. Furthermore, crosstalk between the
mitochondria and NOX enzymes may represent a feedforward vicious circle of ROS production, which can be pharmacologically targeted under conditions of oxidative stress
[36]. In our study, we showed that ROS quenching and neuronal cell death is reduced by NOX enzyme inhibitors, as DPI
and apocinin, thus conﬁrming the production of ROS
through this enzymatic complex after Aβ stimulation. Previous ﬁndings have demonstrated a role for NOX-mediated
ROS production in the cytotoxic eﬀects of Aβ on cortical
neurons since a speciﬁc peptide inhibitor of NOX, Gp91dstat, eﬀectively abrogated Aβ-induced ROS production. In
this context, a major polyphenolic component of green tea,

EGCG [(−)-epigallocatechin-3-gallate], prevented ROS production by NOX and mitochondrial dysfunction demonstrating the therapeutic potential of dietary polyphenols on
Aβ toxicity [37]. Furthermore, our results showed that the
mitoprotective antioxidant EUK134 robustly reduced ROS
levels in neurons treated with Aβ oligomeric, suggesting a
causal relationship between mitochondrial ROS imbalance
and Aβ-induced impairments. In a similar scenario, the naturally occurring polyphenols morin and mangiferin with
oxygen radical scavenging activity [25] reduced signiﬁcantly
the increase in ROS and prevented neuronal demise, which
suggests that both ﬂavonoids, in a similar way as EGCG,
are potent scavengers of ROS generated by both NOX
enzyme activity and mitochondria.
In addition, we speculated that our ﬁndings may be
related to the capacity of morin and mangiferin to protect
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the mitochondria from damage that was caused by Aβ oligomers and, in this manner, to break a vicious circle between
the ROS sources, described in pathophysiological processes
[36]. Indeed, a sustained overactivation of glutamate receptors by Aβ oligomers markedly produces mitochondrial
Ca2+ overload causing the depolarization of the mitochondrial membrane, ROS generation, and apoptotic neuronal
death [6, 38, 39]. The results of the current study show that
polyphenols attenuate mitochondrial calcium uptake and
depolarization produced by Aβ oligomers. These ﬁndings
may be related to the capacity of morin to reduce calcium
entry via the mitochondria without changes on the Ca2+ permeability of glutamate receptor, as was previously showed
after excitotoxic insults in cultured neurons with NMDA
and AMPA agonists [19, 25]. Previous data have demonstrated that polyphenols may facilitate the balance of cellular
Ca2+ by modulation Ca2+ channel and pump activities on
pathophysiological conditions. Speciﬁcally, mangiferin prevented methylmercury-mediated Ca2+ inﬂux in a human
neuroblastoma cell line, showing a neuroprotective potential
activity [40]. According to these ﬁndings, Roselle polyphenols elicited a negative ionotropic response of agonists for
L-type Ca2+ channels by possibly modulating calcium entry
in cardiac cells [41]. However, in cancer cells, resveratrol
and picetannol strongly enhanced the mitochondrial Ca2+
uptake by mechanisms involving SERCA activity reduction
[42]. Therefore, polyphenol eﬀects on controlling Ca2+
mechanisms that are associated with mitochondrial injury
may prevent Aβ-induced neuronal demise.
Antiapoptotic activities for antioxidants morin and
mangiferin were previously described in neuronal and oligodendroglial excitotoxic cell deaths [19, 25]. Both antioxidants
showed the capacity to reduce caspase-3 activation, a cell
death eﬀector related to cytosolic cytochrome c. Here, we
showed that both antioxidants reduced cytochrome c release
from mitochondria membranes to cytosol. The release of
cytochrome c from the mitochondria is a key initiative step
in the apoptotic process, although the mechanisms regulating
the permeabilization of the outer mitochondrial membrane
and the release of intermembrane space proteins remain controversial [43]. Cytochrome c is normally bound to the inner
mitochondrial membrane by an association with the anionic
phospholipid cardiolipin. It seems that the dissociation of
cytochrome c from peroxidated cardiolipin might be a critical ﬁrst step for cytochrome c release into the cytosol and
activation of the caspase cascade [44, 45]. A plausible explanation for the antiapoptotic eﬀects reported here for morin
and mangiferin is the ability to maintain the homeostasis of
the enzymatic antioxidant system after Aβ-oligomeric neuronal injury (Figure 5(a)), a feature that was also described
in excitotoxic events [20]. Additionally, mangiferin is capable
of chelating iron, avoiding its participation in the Fenton
reaction, and preventing lipid peroxidation induced by iron
more eﬃciently than that induced by peroxide [46]. In
contrast, morin can inhibit xanthine oxidase, reducing the
production of ROS [18] and radicals derived from nitrogen
[47]. Thus, antioxidant properties and restoration of enzymatic antioxidant activities by morin and mangiferin might
explain their antiapoptotic eﬀects.
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Among a wide range of ROS-derived modiﬁcations,
biomolecule carbonylation is known to be a major hallmark
of oxidative stress [48]. Carbonyl stress, characterized by
the accumulation of reactive carbonylated species and their
reactivity toward nucleophilic substrates, results in biomolecule malfunctions and increased toxicity and can ﬁnally lead
to apoptotic cell death [49]. Further evidence to support the
role of protein carbonylation in the pathogenesis of human
disorders has provided a strong link between disease onset/
progression and oxidative stress. In our study, we found that
the acute treatment of neurons with Aβ oligomers increased
levels of protein carbonyls of cultured neurons and that
morin and mangiferin prevented them. Furthermore, protein
carbonyls were observed in the hippocampi of the triple
transgenic Alzheimer’s disease mice as compared to the nontransgenic controls [50]. In addition, the majority of carbonylated proteins identiﬁed by redox proteomics were found
in CSF at early stages of AD. Thus, oxidatively modiﬁed
CSF proteins are already present in mild cognitive impairment compared with controls and remain oxidized in late
AD, thus suggesting that the dysfunction of selected proteins
initiate many years before severe dementia occurs [51].
Therefore, antioxidants such morin and mangiferin, which
reduced carbonyl stress in the Alzheimer’s disease, hold
promise for early treatment of the disease.
Another key ﬁnding of this study was that Aβ oligomers
promote a functional energetic decline aﬀecting the mitochondrial basal respiration; oligomycin-sensitive respiration
or ATP turnover; and the maximal respiration in the presence of FCCP, resulting in neuronal energy deﬁcits. In this
scenario, morin and mangiferin restored the cell respiratory
control, the predominant physiological function of mitochondria. According to these ﬁndings, polyphenolic compounds EGCG and resveratrol reversed severe impairments
of mitochondrial bioenergetics of hippocampal progenitor
cells in Ts65Dn mice, a severe trisomic Down Syndrome
mouse model, promoting neuronal progenitors cell proliferation [52]. Overall, the neuroprotective role of morin
and mangiferin may derive essentially from its ability to
reactivate mitochondrial bioenergetics.

5. Conclusion
In summary, we described in this study that morin and
mangiferin strongly protect against Aβ-induced mitochondrial dysfunction and neuronal cell death. Speciﬁcally, we
provided evidence showing clearly that these two natural
antioxidants preserve cell respiration, promote detoxiﬁcation of reactive oxygen species, protect from some forms
of apoptosis, and regulate mitochondrial matrix calcium
in neurons exposed to Aβ. Together, these results strongly
suggest that morin and mangiferin are promising therapeutic tools to restore mitochondrial functions and redox
homeostasis in AD.
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Stress-induced peripheral inﬂammation contributes to depression-like behaviors in both human and experimental models. PMI
5011, a botanical extract of Artemisia dracunculus L., was previously shown to have multiple bioactivities, including antiinﬂammatory activity. In this work, using a repeated social defeat stress (RSDS) model of depression, we demonstrate that oral
administration of the botanical extract PMI 5011 promotes resilience to RSDS-mediated depression-like phenotypes. We also
show that the behavioral improvements are associated with attenuation of stress-mediated induction of inﬂammatory cytokines
in the periphery and alteration of synaptic plasticity in the nucleus accumbens (NAc). Our studies provide experimental
evidence that botanical extracts such as PMI 5011, which target pathological mechanisms (i.e., peripheral inﬂammation) not
addressed by currently available antidepressants, could be further developed as novel therapeutics for the treatment of stress
disorders and anxiety in humans.

1. Introduction
Depression and anxiety are widespread psychological conditions with broad health implications. Currently available
antidepressant treatments are mainly designed to target the
serotonergic and/or the noradrenergic system in the brain.
Approximately half of the patients, however, do not fully
respond to the approved antidepressants [1], and these treatments are often associated with therapeutic time lag and a
wide range of undesirable “adverse” events [2]. This may
reﬂect the heterogeneity of the mechanisms underlying
depression, highlighting an urgent need for new therapeutic
targets that are not addressed by standard antidepressants.
Depression is a multicausal disorder and the underlying
etiology and pathophysiology are not completely understood.
Peripheral inﬂammation has received increasing attention in
the past two decades. Many neuroimmune factors have been
implicated in depressive disorders. Clinical studies report

higher levels of circulating proinﬂammatory cytokines, such
as interleukin-1β, interleukin-6 (IL-6), and tumor necrosis
factor-α (TNF-α), in patients with major depressive disorder
(MDD) [3–5]. How peripheral inﬂammation may modulate
depression phenotypes is currently under intense investigation. More recently, it was reported that in both human
and rodent models of depression, chronic social stress
alters blood vessel ultrastructure and, in combination with
stress-induced peripheral inﬂammation, increases blood
brain barrier (BBB) leakiness that allows the inﬁltration of
inﬂammatory molecules into the brain [6]. These inﬂammatory molecules, once in the brain, can act directly on neurons
or indirectly through modulation of microglia and/or other
CNS immune cells leading to alteration of neuroplasticity
and the development of depression-like behaviors [6, 7].
This is further supported by the observation that intracranial infusion of proinﬂammatory cytokine IL-6 increases
depression-associated behavior [8], and systemic treatment

2
with monoclonal IL-6 antibody can eﬀectively reduce circulating IL-6 and promote resilience to chronic social stressinduced depression-like behaviors [9]. These studies suggest
that modulations of peripheral inﬂammation and associated
immune signaling pathways may provide novel therapeutic
strategies to prevent and/or treat depression.
Therapeutic interventions derived from natural origin
are receiving increased attention due to their lack of adverse
secondary eﬀects and multitargeting mechanisms of action
which may increase the likelihood of therapeutic eﬃcacy
[10]. Artemisia dracunculus L. (Russian tarragon) is a culinary herb that has many healthy properties. Several bioactive
constituents have been described in Artemisia dracunculus,
including ﬂavonoids (ﬂavones, ﬂavanones, dihydroﬂavanols,
and chalcones) and phenolic acids (hydroxybenzoic, caﬀeic,
or 5-O-caﬀeoylquinic acids, among others), as well as small
amounts of sesquiterpenoids or vitamins. However, its composition widely varies depending on the plant phenotype and
geographic origin [11]. Various bioactivities have been
described in rodents, including strong anti-inﬂammatory,
hepatoprotective, antihyperglycemic, antihyperlipidaemic,
and antioxidant activities.
PMI-5011 is a well-characterized ethanol extract of Artemisia dracunculus L. that has been studied for at least 18
years and is the subject of many published research articles.
Some of the earlier studies were focused on the identiﬁcation
of speciﬁc bioactive compounds using bioactivity-guided
fractionation. The characterization of the extract was published over a series of research articles [12] and was summarized very succinctly in a review article by Schmidt et al. [13].
Three distinct assays were used independently to identify
6 bioactive compounds including 4,5-di-O-caﬀeoylquinic
acid, davidigenin, 6-demethoxycapillarisin, 2′,4′-dihydroxy4-methoxydihydrochalcone, 2′,4-dihydroxy-4′-methoxydihydrochalcone, and sakuranetin. The structures of these
compounds were conﬁrmed using LC-MS and 2D NMR,
and their potential antidiabetic activities were tested both
in vitro [14, 15] and in vivo in rodent models of type 2 diabetes [14, 16, 17]. For example, 2′,4′-dihydroxy-4-methoxydihydrochalcone is bioactive in vitro to inhibit (1) aldose
reductase enzyme, (2) protein tyrosine phosphatase 1B activity and expression, and (3) phosphoenolpyruvate carboxykinase overexpression and its activities, validated in vivo by
demonstrating acute glucose-lowering eﬀects in mice [14].
The exact molecular mechanisms underlying the eﬀect of
PMI 5011 on diabetes are still under active investigation.
However, in vitro studies have demonstrated that PMI
5011, at 10 μg/ml, can signiﬁcantly improve insulin and
insulin receptor signaling in primary human skeletal muscle cells [16] whereas in cultured human primary skeletal
muscle myoblasts, at 5 μg/ml, PMI 5011 notably attenuates
inﬂammatory response to cytokine stimuli through inhibition of nuclear factor-κB (NF-κB) signaling [17]. The antiinﬂammatory activity of PMI 5011 was demonstrated in
mouse and human pancreatic cells, whereas at 5-10 μg/ml,
it reduces nitric oxide (NO), NO synthase activity (iNOS),
and IL-6 [18]. In vivo eﬃcacies of PMI 5011 were also
reported in several studies. For example, the administration
of PMI 5011 (500 mg/kg/day) to mice fed on a high-fat diet
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Table 1: Relative concentrations of the bioactive compounds
from PMI 5011. The relative concentrations of davidigenin, 6demethoxycapillarisin, DMC-1, and sakuranetin were quantiﬁed
based on the equivalents of DMC-2 as measured by LC-MS.
The standard for DMC-2 was commercially synthesized. The
ﬁngerprint of PMI-5011 is consistently comprised of these
compounds in approximately these ratios.
Bioactive components of PMI 5011
Davidigenin
6-Demethoxycapillarisin
2′,4-Dihydroxy-4′-methoxydihydrochalcone
(DMC-1)
2′,4′-Dihydroxy-4-methoxydihydrochalcone
(DMC-2)
Sakuranetin

% of PMI-5011
extract (w/w)
1.2%
0.74%
0.63%
2.5%
2.8%

showed antidiabetic eﬀects comparable to conventional drug
treatment, such as metformin (P < 0 05) [14]; the treatment
with 500 mg/kg/day PMI 5011 for 7 weeks normalized glycemia (P < 0 01), alleviated nerve conduction slowing and
sensory neuropathy (P < 0 05), and decreased lipoxygenase
and nitrated protein accumulation in a mouse model of
prediabetic neuropathy [19]. In a mouse model of diabetes,
diet supplemented with 1% PMI 5011 for 8 weeks improved
insulin signaling via Akt and IRS-associated PI3 kinase
(P < 0 001) [20].
The extraction procedure for PMI 5011 from Artemisia
dracunculus L. has been standardized and provides a consistent ﬁngerprint of these bioactive compounds (Table 1).
Acute and chronic stress has long been used to model
mood and anxiety disorders. In mice, a variety of physiological and psychological stressors have been shown to produce
behaviors resembling depression-like symptoms [21–25],
among which the repeated social defeat stress (RSDS) model
recapitulates many key behavioral features associated with
psychosocial stress in humans. The RSDS paradigm consists
of repeated subordinations of an experimental C57BL/6
mouse by an aggressive dominant CD-1 mouse, leading to
long-lasting behavioral consequences. As in humans, chronic
social subordination of susceptible mice leads to a spectrum
of depression-like behaviors, among which social avoidance
and anhedonia are most relevant to human depression. Similar to human psychopathology, in which some individuals
develop depression while others do not, a subset of resilient
mice resist the development of such behaviors following
RSDS [26]. Depression and anxiety are associated with functional abnormalities in brain regions involved in fear conditioning and emotion regulation [27], and these pathogenic
alterations likely contribute to the vulnerability of certain
individuals for developing depression/anxiety. Similarly,
RSDS mice exhibit stress-induced abnormalities in synaptic
remodeling, which include altered synaptic strength and connectivity [28–31] in the nucleus accumbens (NAc), a brain
structure important for the development of anxiety/depression in response to trauma-related stimuli. Moreover, in the
RSDS model, leukocyte-derived IL-6 regulates susceptibility
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Table 2: Diet formulation used in the study.

Product number
Protein
Carbohydrate
Fat
Total
kcal/gm

D11112201
OpenStandard
Diet
gm%
kcal%
19
63
7

20
65
15
100

3.81

Ingredient
gm
Casein
200
L-Cystine
3
Cornstarch
381
Maltodextrin 10
110
Dextrose
150
Cellulose, BW200
75
Inulin
25
Soybean oil
70
Mineral mix S10026
10
Dicalcium phosphate
13
Calcium carbonate
5.5
Potassium citrate, 1 H2O
16.5
Vitamin mix V10001
10
Choline bitartrate
2
PMI 5011
0
Yellow dye number 5, FD&C
0.025
Red dye number 40, FD&C
0
Blue dye number 1, FD&C
0.025
Total
1071.05
PMI 5011 (%)
0

D17020901
OpenStandard
Diet
gm% kcal%
19
62
6

20
65
15
100

3.77
kcal
800
12
1524
440
600
0
37.5
630
0
0
0
0
40
0
0
0
0
0
4084
0

gm
200
3
381
110
150
75
25
70
10
13
5.5
16.5
10
2
10.9
0
0.025
0.025
1082
1.0074

kcal
800
12
1524
440
600
0
37.5
630
0
0
0
0
40
0
0
0
0
0
4084
0

versus resilience to stress, emphasizing the key role of peripheral IL-6 in depression [9, 32].
Based on the important contribution of peripheral
inﬂammation in the pathophysiology of depression and the
established anti-inﬂammatory activity of PMI 5011, we
hypothesized that the administration of PMI 5011 may be
able to attenuate depression-like phenotypes through modulation of stress-induced peripheral inﬂammation. In this
study, we tested the preclinical eﬃcacy of PMI 5011 in modulating depression-like behavior in the repeated social defeat
stress (RSDS) mouse model of depression.

2. Materials and Methods
2.1. Materials. PMI 5011, a dried ethanolic extract of Artemisia dracunculus L., was prepared and analyzed as previously
described [14]. Brieﬂy, the harvested shoots were heated with
80% ethanol (v/v) to 80°C for 2 h. The extraction continued
for an additional 10 h at 20°C. The extract was then ﬁltered
through cheese cloth and evaporated with a rotary evaporator. The aqueous extract was freeze-dried for 48 h, and the

dried extract was homogenized with a mortar and pestle.
The composition of bioactive components of PMI 5011 used
in this study is shown in Table 1.
2.2. Animals. All C57BL/6J male mice were purchased from
the Jackson Laboratory (Stock number 000664). Retired
breeder CD-1 mice were purchased from Charles River Laboratory. All animals had access to regular chow ad lib and
were maintained on a 12 : 12 h light/dark cycle with lights
on at 07:00 h in a temperature-controlled (20 ± 2°C) vivarium, and all procedures were approved by the Institutional
Animal Care and Use Committee (Protocol number
IACUC-2014-0081).
2.3. Treatment. The male C57BL/6J mice (n = 22 per group)
were group housed (n = 4-5 per cage) until the initiation of
RSDS. The number of mice was calculated based on our previous social interaction studies employing RSDS. Power calculation found that 15 mice/group will have 90% statistical
power to detect 25% (0.32 log2) fold change. Due to the
nature of the defeat and associated injury, we used a larger
number of mice (n = 22/group) to ensure that we will have
suﬃcient statistical power to identify the behavioral changes
in the event that not all mice complete the study. All mice
were fed with a polyphenol-free diet for 10 days and were
then randomly grouped into two groups: one group received
a regular diet (OpenStandard Diet, D11112201, Research
Diets) and the other group was treated with the same diet
with 1% PMI 5011 incorporated (OpenStandard Diet,
D17020901, Research Diets, Table 2), starting 2 weeks prior
to RSDS and throughout RSDS and SI testing. The dose we
use is a standard dose we used in all the preclinical studies
conducted in diabetes research. The dose is well tolerated
and has consistently produced improvement in glucose
metabolism and inﬂammation [14, 20, 33–36]. Potential toxicity of PMI 5011 has been thoroughly tested, and we have
established that dosage up to 1000 mg/kg/day for 90 days
appears to be safe and nontoxic [37]. The treatment duration
was based on our previous study demonstrating the eﬃcacy
of a bioactive dietary polyphenol-rich preparation in the
same RSDS model [32]. One mouse from the vehicletreated control group had to be euthanized due to the injury
sustained from the RSDS. All remaining mice were subjected
to SI. Twenty-four hours after the SI, one set of mice (n = 8
per group) was sacriﬁced for plasma cytokine and brain synaptic protein expression analysis without other behavioral
testing, as splash testing and sucrose preference testing can
potentially inﬂuence the reward circuit, which will aﬀect synaptic gene expression. The other set of mice (n = 13 for the
control group and n = 14 for the treatment group) was subjected to sucrose preference and splash testing.
2.4. Behavioral Testing
2.4.1. RSDS. RSDS was performed as previously described
[26, 38]. CD-1 mice were screened for aggressive characteristics prior to the start of social defeat experiments based on
previously described criteria [26]. Speciﬁcally, CD-1 mice
were individually caged, and on the day of screening, a
C57BL/6J mouse was placed directly into the home cage of
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the CD-1 mouse for 180 seconds. The latency to aggression
was noted and the same procedure repeated for two more
times in the next two days, each time with a diﬀerent
C57BL/6J mouse as screener. The CD-1 mouse that (1) successfully attacked in at least two consecutive sessions and
(2) has the latency to initial aggression less than 60 seconds
was chosen and housed within the social defeat cage
(26.7 w × 48.3 d × 15.2 h cm; Allentown Inc.) 24 hours prior
to the start of defeats on one side of a clear, perforated plexiglass divider (0.6 × 45.7 × 15.2 cm; Nationwide Plastics). The
RSDS was conducted every day under regular house light.
Brieﬂy, the mice subjected to RSDS were exposed to a novel
CD-1 aggressor mouse for 10 minutes once per day, over
10 consecutive days. Following the 10 minutes of interaction,
the experimental C57/BL6J mice were removed to the opposite side of the social defeat cage, and sensory contact during
the following 24-hour period was allowed. The C57BL/6 mice
were returned to a single house following the last defeat and
before the social avoidance testing.
2.4.2. Social Avoidance Test (Social Interaction Test). Social
interaction (SI) testing was performed as previously
described [26]. All SI tests were performed under red light
conditions. The mice were placed in a novel interaction
open-ﬁeld arena custom-crafted from opaque plexiglass
(42 × 42 × 42 cm; Nationwide Plastics) with a small animal
cage placed at one end. Their movements were then automatically monitored and recorded (Ethovision 3.0; Noldus
Information Technology) for 2.5 minutes in the absence
(target absent phase) of a novel CD-1 mouse. This phase is
used to determine baseline exploratory behavior. We then
immediately measured 2.5 minutes of exploratory behavior
in the presence of a caged CD-1 mouse (target present
phase), again recording the total distance travelled and the
duration of time spent in the interaction and corner zones.
SI behavior was then calculated as total time spent in each
zone or as a ratio of the time spent in the interaction with
the target present divided by the time spent in the interaction zone with the target absent. All mice with a ratio above
1.0 were classiﬁed as resilient whereas below 1.0 were classiﬁed as susceptible.
2.4.3. Splash Test. Following the SI testing, a sucrose splash
test was carried out in the home cage under a red light
[39]. Brieﬂy, the mice were sprayed with 200 μl of a 10%
(wt/vol) sucrose solution directly onto the animal’s back
using a small atomizer to induce grooming behavior. The
grooming frequency and latency were recorded for 5 minutes
and manually scored.
2.4.4. Sucrose Preference Testing. Following the last defeat,
the mice were habituated to 50 ml tubes with a sipper top
(a two-bottle choice) ﬁlled with drinking water. After the
splash testing, the mice were given access to a two-bottle
choice of water or 1% sucrose solution, and the consumption
of each solution was recorded once every 24 hours for 48
hours. Sucrose preference was calculated as a percentage of
sucrose consumption over total liquid consumption.
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2.5. RNA Isolation and Gene Expression Assessment. One set
of mice (n = 8) was sacriﬁced by decapitation without anesthesia 24 hours following the SI test. Trunk blood was collected from each mouse in EDTA-coated tubes, and plasma
was collected following centrifugation at 2000g for 15
minutes. Total RNA from brain NAc of each mouse was isolated using the RNeasy Mini Kit (Qiagen, Valencia, CA) and
reverse transcribed. Gene expression was measured in 4 replicates by quantitative RT-PCR using Maxima SYBR Green
Master Mix (Fermentas) in ABI Prism 7900HT. The following are primer sequences: mouse hypoxanthine phosphoribosyltransferase (HPRT) forward: CCCCAAAATGGTTA
AGGTTGC, HPRT reverse: CCCCAAAATGGTTAAGGTT
GC, Rac1 forward: GGTAGGTGATGGGAGTCAGC, Rac1
reverse: CTGAAGTGCGACACCACTGT, vGlut2 forward:
GCTCACCTCTACCCTCAATATG, vGlut2 reverse: CCAC
TTGCTCCATATCCCATG, PSD95 forward: CGGGAG
AAAATGGAGAAGGAC, PSD95 reverse: GCATTGGCT
GAGACATCAAG, VGAT forward: ACGACAAACCCA
AGATCACG, and VGAT reverse: AAGATGATGAGGAA
CAACCCC. HPRT expression level was used as an internal
control. Data were normalized using the 2-ΔΔCt method as
previously described [40, 41]. Levels of target gene mRNAs
were expressed relative to those in control mice and plotted
in GraphPad Prism.
2.6. Plasma Collection and Multiplex ELISA Assay for
Peripheral Cytokines. The plasma collected from the trunk
blood (n = 8 per group, see above) was assayed for cytokine
levels 24 hours after the SI test. Multiplex MAP mouse cytokine/chemokine panel (EMD Millipore) was used to measure
the levels of 32 cytokines/chemokines following the manufacturer’s instruction. Brieﬂy, 12.5 μl of plasma was incubated
with the mouse cytokine/chemokine magnetic premixed
beads at 4°C overnight and washed three times with the
washing buﬀer, followed by incubation with mouse cytokine/chemokine detection antibodies for 1 hour at room temperature (RT). Streptavidin-phycoerythrin was then added
and incubated for 30 minutes at RT followed by three times
washing and subjected to analysis on Luminex 200® Instrument xPONENT3.1 (Luminex, Austin, TX).
2.7. Overall Statistics. All values are expressed as mean and
standard error of the mean (SEM). Unpaired two-tailed Student’s t-tests with Welch’s correction were used. In all studies, outliers are deﬁned as 2 standard deviations (SD) from
the mean and were excluded. The null hypothesis was
rejected at the 0.05 level. All statistical analyses were performed using Prism Stat program (GraphPad Software Inc.).

3. Results
3.1. Prophylactic Treatment with PMI 5011 Promotes
Resilience to RSDS-Mediated Depression Phenotypes. To test
the eﬃcacy of PMI 5011 in stress-mediated depression, we
treated C57BL/6 male mice with PMI 5011 or vehicle delivered through their diet for 2 weeks prior to and throughout
RSDS and then performed social avoidance/interaction (SI)
testing (Figure 1(a)). We found that treatment with PMI
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Figure 1: Oral administration of PMI 5011 promotes resilience to RSDS. (a) Schematic design of the experiment. (b) Treatment with PMI
5011 that increases the proportion of mice showing a resilient phenotype, as measured by the social interaction ratio (two-tailed unpaired
t-test, t 39 = 2 786, P = 0 018, n = 20, 21 mice; one mouse from each group was excluded as outlier). (c) Representative heat maps
(left) and bar graph (right) of the social avoidance behavioral test of duration spent in interaction zone (seconds) in the absence or
presence of social target in vehicle- and PMI 5011-treated mice (vehicle group: two-tailed paired t-test, t 19 = 4 552, P = 0 0002;
PMI 5011 group: two-tailed paired t-test, t 20 = 0 166, P = 0 870). (d) Splash test (two-tailed unpaired t-test, t 25 = 6 031, P < 0 0001,
n = 13, 14 mice). (e) Sucrose preference test (two-tailed unpaired t-test, t 25 = 0 584, P = 0 565, n = 13, 14 mice). All bar graphs represent
mean ± SEM, ∗ P < 0 05, ∗∗∗ P < 0 001.

5011 greatly increased the proportion of mice resilient to
stress compared to the vehicle-treated animals (Figure 1(b),
P < 0 05). Overall, over 50% of mice receiving PMI 5011
showed a resilient behavioral phenotype, whereas ~20% were
resilient in the vehicle control group. Moreover, we found
that there was a signiﬁcant reduction of duration of time
spent in the interaction zone (i.z.) in the presence of an interactive mouse (target) in the vehicle-treated group compared
to that in the absence of the interactive mouse following
RSDS (Figure 1(c), P < 0 001), while there was no diﬀerence
in the time spent in the i.z. in the absence of the interactive
mouse in the PMI 5011 group (Figure 1(c)).
We next conducted the splash test, a measure of stressinduced decreased self-care that is only reversible by
chronic standard antidepressant treatment [9]. We found
that mice from the PMI 5011-treated group spent signiﬁcantly increased time grooming following aerosol delivery
of a 10% sucrose solution to the fur compared to the
vehicle-treated group (Figure 1(d), P < 0 001), suggesting
PMI 5011 treatment attenuates stress-induced self-neglect
behavior. Following the splash test, we then conducted a
sucrose preference test to evaluate the eﬀect of PMI 5011
on stress-induced anhedonia behavior. We found that both
groups had similar average sucrose consumption implicating PMI 5011 treatment does not attenuate stress-induced
anhedonia phenotypes (Figure 1(e)).

3.2. Eﬀect of PMI 5011 on Stress-Mediated Peripheral
Inﬂammation. As peripheral inﬂammation is our potential
target for PMI 5011, we next measured the plasma level of
cytokines 24 hours after the defeat. We found that, compared
to the vehicle-treated group, PMI 5011-treated mice had
signiﬁcantly lower levels of IL-6, TNF-α, MCP-1, G-CSF,
GM-CSF, IL-17, IP-10, MIP-1α, and MIP-β (Figure 2(a)).
We also found that, compared to the vehicle-treated group,
PMI 5011 treatment led to an increased level of eotaxin,
LIX, and M-CSF (Figure 2(b)).
3.3. Eﬀect of PMI 5011 on Stress-Mediated Synaptic
Plasticity. We previously found that, in both humans and
rodents, chronic stress reduces the expression of RASrelated C3 botulinum toxin substrate 1 (Rac1) in the
NAc and stress-mediated downregulation of Rac1 in the
NAc correlates with social avoidance behavior in the RSDS
model of depression [28]. We showed that downregulation
of Rac1 is necessary and suﬃcient for social avoidance behavior and that pharmacological modulation of Rac1 attenuated
stress-induced depression phenotypes [28, 32]. Moreover,
Rac1 can also inﬂuence excitatory synapses, such as postsynaptic density protein 95 (PSD95) and vesicular glutamate
transporter 2 (vGlut2) both in vivo and in vitro [28, 32].
We also demonstrated that peripheral inﬂammation can
causally inﬂuence the expression of genes that are important

6

Oxidative Medicine and Cellular Longevity
IL-17

IL-6

6000
⁎

2000

100

0

GM-CSF

⁎

10

MCP-1

MCP-1 (pg/ml)

0

⁎⁎

5
0

Control PMI 5011

Eotaxin (pg/ml)

Control PMI 5011
M-CSF

TNF-훼
3000

⁎

50

6
⁎

4
2

⁎

2000

1000

0

0
Control PMI 5011

1000

0

8

10

⁎

2000

Control PMI 5011

15

100

LIX
3000

20

Control PMI 5011

150

1000
Control PMI 5011

0

0
Control PMI 5011

2000

MIP-1훽

⁎⁎

200

3000

0

30
MIP-1훽 (pg/ml)

8000

⁎

4000

Control PMI 5011

IP-10

IP-10 (pg/ml)

G-CSF (pg/ml)

50

0

300

10000

GM-CSF (pg/ml)

⁎⁎⁎

Control PMI 5011

G-CSF

4000

100

0
Control PMI 5011

5000

LIX (pg/ml)

0

⁎⁎

5

MIP-1훼 (pg/ml)

⁎

100

10

TNF-훼 (pg/ml)

IL-6 (pg/ml)

200

IL-17 (pg/ml)

15

300

Eotaxin

MIP-1훼

150

M-CSF (pg/ml)

400

Control PMI 5011

Control PMI 5011
(b)

(a)

Figure 2: PMI 5011 treatment attenuates RSDS-induced inﬂammation in the periphery. (a) Plasma level of cytokines that was
signiﬁcantly reduced following PMI 5011 treatment 24 hours after last defeat (two-tailed unpaired t-test, t 14 = 2 786, P = 0 0116 for
IL-6; t 14 = 4 019, P = 0 0013 for IL-17; t 14 = 5 181, P = 0 0001 for MIP-1α; t 14 = 2 469, P = 0 027 for G-CSF; t 14 = 3 080, P = 0 0082 for
IP-10; t 14 = 2 196, P = 000455 for MIP-1β; t 14 = 2 393, P = 0 0313 for GM-CSF; t 14 = 3 146, P = 0 0072 for MCP-1 and t 14 = 2 549, P =
0 0231 for TNF-α; n = 8 per group). (b) Plasma level of cytokines that was signiﬁcantly increased following PMI 5011 treatment 24 hours
after last defeat (two-tailed unpaired t-test, t 14 = 2 429, P = 0 0292 for eotaxin; t 14 = 2 487, P = 0 0261 for LIX; t 14 = 2 706, P = 0 0180 for
M-CSF, n = 8 per group). All bar graphs represent mean ± SEM, ∗ P < 0 05, ∗∗ P < 0 01, ∗∗∗ P < 0 001.

for synaptic function in the NAc [32]. Therefore, we next
measured the expression of synaptic protein in the NAc of
mice following RSDS by real-time PCR. We found that
there was an ~25% signiﬁcant increase in the expression
of Rac1 in the NAc in the PMI 5011-treated group compared to vehicle-treated mice (Figure 3(a), P < 0 050).
Moreover, we found that treatment with PMI 5011 led
to a signiﬁcant reduction of >60% in the expression of
vGlut2 (P < 0 050) and an ~25% reduction of PSD-95,
however, did not reach statistical signiﬁcance. Both vGlut
2 and PSD95 are markers of excitatory neurons that are
shown to be increased in the NAc following RSDS. Consistent with our previous ﬁndings, there were no diﬀerences in
the expression of GABAergic vesicular GABA transporter
(VGAT) (Figures 3(b)–3(d)).

4. Discussion
Major depressive disorder is a psychiatric disease that is
the fourth most common cause of disability worldwide.
Molecular mechanisms underlying the pathophysiology of
major depressive disorders (MDD) are very complex and
are aﬀected by genetic, environmental, and biological processes. Currently, three major aspects of depression are being
actively investigated. First of all, depression is inﬂuenced by
an imbalance of neurotransmitters and receptors, including
serotonin, adrenaline, dopamine, and glutamate [42]. Secondly, depression is associated with the hyperactivity of
immune inﬂammatory responses as manifested by elevated
expression of proinﬂammatory molecules, such as IL-6 and
TNF-α. The overall elevated status of inﬂammation together
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Figure 3: PMI 5011 treatment normalizes the expression of stress-induced excitatory synaptic protein in the NAc (a) Expression of
Rac1 in the NAc (t 14 = 2 354, P = 0 0337, n = 8 per group). (b, c) Expression of glutamatergic neuron markers vGlut2 and PSD95 (t 14 =
2 137, P = 0 050 for vGlut2; t 14 = 1 265, P = 0 2264 for PSD95, n = 8 per group). (d) Expression of GABAergic neuron marker VGAT
(t 14 = 0 3679, P = 0 7184, n = 8 per group). All bar graphs represent mean ± SEM, ∗ P < 0 05.

with neurovasculature pathology and impaired BBB structural function leads to malfunction of the brain circuits
related to mood and anxiety [5]. Lastly, stress-induced
depression causes a disruption in the normal synaptic
plasticity and induces changes in brain architecture [43].
Conventional antidepressant therapies mainly target neurotransmitters and are associated with low overall treatment
eﬃcacy and various unwanted side eﬀects. Therefore, therapy
targeting inﬂammation and brain synaptic plasticity may
provide novel treatment strategies for MDD.
In recent years, natural products, especially polyphenols, have received growing interest due to their potential
beneﬁts in treating psychiatric disorders. It is believed that
their strong antioxidant and anti-inﬂammatory activities
and their ability to modulate synaptic plasticity may contribute to their mechanisms of action [10, 42, 44]. PMI
5011 is an ethanol extract from A. drancunculus, characterized by a high content of secondary metabolites, including
coumarins, ﬂavonoids, and phenylpropanoid acids [11]. In
this study, we demonstrated that treatment with PMI 5011
signiﬁcantly attenuated stress-induced social avoidance and
self-neglect behaviors in a mouse model of depression. Moreover, we found that the improvement of behavior was associated with signiﬁcant reduction of inﬂammatory cytokines in
the blood.
Previous studies demonstrated that increased glutamatergic transmission on ventral striatum medium spiny
neurons (MSNs) mediates stress-induced susceptibility following RSDS [45, 46]. More recently, we showed a causeeﬀect relationship among leukocyte-derived proinﬂammatory responses, brain reward circuitry synaptic remodeling,
and the manifestation of depression-like behavioral phenotypes [32]. Here, we demonstrated that PMI 5011 treatment
also reduced the expression of excitatory markers in the
NAc, which may contribute to the phenotypes we observed.
This modulation of glutamatergic synapses could be a result
of PMI 5011-mediated downregulation of peripheral inﬂammation. It is also possible that selected metabolites derived
from PMI 5011 may pass the BBB and reach the brain to
directly modulate synaptic plasticity.

We demonstrated that treatment with PMI 5011 protects against susceptibility to stress-mediated depression
phenotypes by reducing peripheral inﬂammation and preserving synaptic plasticity in the NAc. Our observation is
consistent with clinical and preclinical evidence that overly
active peripheral inﬂammation processes involving inﬂammatory cytokines and disruptions in the normal synaptic
plasticity responses in the NAc are two key pathological
mechanisms underlying depression and anxiety. The eﬃcacy of PMI 5011 in alleviating depression-like symptoms
may also be suitable for treating other neuropsychological
disorders such as posttraumatic stress disorder, traumatic
brain injury-induced mood disorder, and bipolar depression,
which share similar symptoms with MDD. Our evidence
supports the development of PMI 5011 as a novel therapeutic
agent to treat patients with treatment-resistant MDD, particularly among the majority of patients who are characterized
as having high plasma levels of inﬂammatory cytokines [9].
Given the excellent safety proﬁle of PMI 5011 [11] and its
noted anti-inﬂammatory potential [17], it can be readily
tested in clinical studies for the treatment of stress disorders
and depression either alone or in combination with currently
available antidepressants.
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Alzheimer’s and Parkinson’s diseases are considered the most common neurodegenerative disorders, representing a major focus of
neuroscience research to understanding the cellular alterations and pathophysiological mechanisms involved. Several natural
products, including ﬂavonoids, are considered able to cross the blood-brain barrier and are known for their central nervous
system-related activity. Therefore, studies are being conducted with these chemical constituents to analyze their activities in
slowing down the progression of neurodegenerative diseases. The present systematic review summarizes the pharmacological
eﬀects of ﬂavonoids in animal models for Alzheimer’s and Parkinson’s diseases. A PRISMA model for systematic review was
utilized for this search. The research was conducted in the following databases: PubMed, Web of Science, BIREME, and Science
Direct. Based on the inclusion criteria, 31 articles were selected and discussed in this review. The studies listed revealed that the
main targets of action for Alzheimer’s disease therapy were reduction of reactive oxygen species and amyloid beta-protein
production, while for Parkinson’s disease reduction of the cellular oxidative potential and the activation of mechanisms of
neuronal death. Results showed that a variety of ﬂavonoids is being studied and can be promising for the development of new
drugs to treat neurodegenerative diseases. Moreover, it was possible to verify that there is a lack of translational research and
clinical evidence of these promising compounds.

1. Introduction
For many years, neurodegenerative diseases such as Alzheimer’s and Parkinson’s diseases have been a major focus of
neuroscience research to understanding the cellular alterations
and pathophysiological mechanisms [1]. Neurodegenerative

diseases are multifactorial conditions in which many biological
processes become unregularly [2] mediated by endogenous,
genetic, and environmental factors [3] intimately associated
with progressive brain damage [4].
The generation of free radicals and oxidative stress producing cellular impairments is often cited as an important

2
factor in the etiology of neurodegenerative diseases [5, 6].
Beyond the oxidative stress, the neurodegenerative disease
pathogenesis has some common characteristics such as neuroinﬂammation, abnormal accumulation of proteins, and
aging [7–9].
Alzheimer’s disease (AD) is a chronic progression characterized by loss of memory and cognitive deﬁcits such as
agnosia, aphasia, and apraxia, among others, facts that cause
interference in daily life and in the individual’s work. The
prevalence rate is about 7% for individuals aged 65 or more,
with the risk doubling every 5 years [10].
Parkinson’s disease (PD) is the second most common
neurodegenerative disease after Alzheimer’s. PD is a chronic
neurodegenerative disease characterized by the loss of dopaminergic neurons in the substantia nigra which leads to
decreased levels of dopamine in the striatum and disrupted
motor control [11, 12]. Its incidence is usually comprised
between 10 and 50/100,000 person-years, and its prevalence
between 100 and 300/100,000 population and prevalence
both increase progressively after 60 years of age [13].
Recently, studies showed considerable eﬀorts on search
of antioxidant plant-derived polyphenol compounds with
neuroprotective potential for the treatment of neurodegenerative diseases [14]. Dietary ﬂavonoids have been suggested to
prevent and treat neurodegenerative diseases [9].
Flavonoids are found in numerous plants, fruits, and
vegetables [15] and are known as the most common phytochemicals which possess a multiple range of pharmacological
eﬀects [16]. These secondary metabolites have been described
as potent antioxidant, free radical scavengers, and metal chelators [4–17], also presenting anticholinesterase [18], antiaging
[7], neuroprotective [2, 19] and anti-inﬂammatory properties
[5, 20, 21], and neurotrophic roles [22], ameliorating learning
and memory [23], possessing potent antidepressant and antiamyloidogenic eﬀects [16], suppressing the activation of
microglia, and mediating inﬂammatory processes in the central nervous system (CNS) [24]. Moreover, ﬂavonoids are
able to cross the blood-brain barrier with chronic or acute
administration suggesting that these compounds can feasibly
have a direct eﬀect on the brain, so this chemical compounds
could be used as a prophylactic, in order to slow down the
progression of diseases such as AD and PD [11].
Considering that neurodegenerative diseases represent
some of the greatest challenges for basic science and clinical
medicine, our study consists a systematic review of pharmacological reports involving the use of ﬂavonoids on neurodegenerative conditions, especially AD and PD.

2. Materials and Methods
2.1. Search Strategy. The present systematic review was conducted according to the guidelines for Transparent Reporting of Systematic Reviews and Meta-Analyses (PRISMA
statement) [25]. In this review, the specialized databases
Pubmed, Web of Science, “Biblioteca Regional de Medicina”
(BIREME), and Science Direct were used for the literature
search in September and October 2017, using the terms “ﬂavonoids, bioﬂavonoids, ﬂavonols, ﬂavonoid, anthocyanin, ﬂavone, ﬂavones, 2-phenyl-benzopyrans, 2-phenyl-chromenes,
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isoﬂavonoids or ﬂavonones,” combined with “neurodegenerative diseases, Alzheimer disease or Parkinson disease.” We
did not contact investigators, nor did we attempt to identify
unpublished data.
2.2. Study Selection. In this step, two independent researchers
(T.C.C.P. and T.C.D.) conducted the selection, and electronic
search titles, selected abstracts, and full-text articles were
independently reviewed by a third researcher who conducted
the analysis of the full text. Disagreements on study inclusion/exclusion were resolved with a consensus between all
investigators. The following inclusion criteria were applied:
studies with ﬂavonoids acting on CNS in animal models.
Studies were excluded according to the following exclusion
criteria: review articles, meta-analyses, abstracts, conference proceedings, editorials/letters, case reports, studies in
humans, and published over 5 years. Additional papers were
included in our study after analyses of all references from the
selected articles.
2.3. Data Extraction. Data were extracted by one reviewer using
standardized forms and were checked by a second reviewer.
Extracted information included the substance, animal models,
doses and concentrations, and evaluated parameters.
2.4. Methodological Quality Assessment. The risk of bias and
quality of preclinical evidences were assessed using a checklist adapted from Hooijmans et al. [26] and Siqueira-Lima
et al. [27]. This analysis allowed evaluating the methodological quality of the selected manuscripts regarding the outcome measurements, randomization of treatment allocation,
blinded drug administration, blinded outcome assessment,
appropriate description of the doses and routes of administration used, and appropriately reported statistical analysis of
data. Studies that reported randomization of animals, blinding, outcome measurements, and statistical analysis were considered to be of higher methodological quality.

3. Results and Discussion
3.1. Study Selection. The primary search identiﬁed 2456 articles, including 347 from PubMed, 1338 from BIREME, 595
from Web of Science, and 176 from Science Direct. Among
these, 1157 documents were published more than ﬁve years
ago and were therefore excluded from the review. In addition, 305 manuscripts were indexed in two or more databases
and were considered only once, resulting in 994 eligible articles. After an initial screening of titles and abstracts, followed
by a full text analysis, 31 articles were included in this systematic review, while the reminder (n = 728) was excluded since
they did not meet the inclusion criteria. A ﬂowchart illustrating the progressive study selection and numbers at each stage
is shown in Figure 1.
3.2. Characteristics of Included Studies. In general, the studies
were conducted by research groups from several countries,
mainly China (10 reports, 32.3%), Republic of Korea (07
reports, 22.6%), and India (05 reports, 16.1%). These ﬁndings
reﬂect the contribution of Oriental medicine in the search for
new drugs from natural products. In fact, Ayurveda and

Identification
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Search PubMed, BIREME, Web of Science
e Science Direct databases
(n = 2,456)
1,157 citations excluded: studies
published 5 years ago

Screening

Articles (n = 1,299)
305 citations excluded:
duplicate studies
Articles (n = 994)

Eligibility

238 citations exclued:
nonoriginal studies
Articles deemed potentially relevant
(n = 756)

Included

725 citations excluded: not
relevant by full text review

Final selection (n = 31)

Figure 1: Flowchart for the literature searching and screening.

Traditional Chinese Medicine (TCM) are major traditional
treatment systems used not only in India and China, but also
in several countries [28, 29]. These systems have provided
important information for the development of new pharmaceutical products based on plant extracts or even small molecules of original chemical structure and with innovative
mechanisms of action. Their by-products have been applied
in a variety of diseases, including central nervous system disorders such as AD and PD [30, 31].
Chinese herbal medicines have been clinically used to
treat AD for a long time with signiﬁcant eﬀectiveness [32].
Recently, Jiang et al. [33] have described the progress of
TCM in the treatment of AD, highlighting traditional
Chinese medicinal herbs as potential AChE inhibitors
for anti-AD approach. Among bioactive molecules, numerous
ﬂavonoids have been cited, including quercetin, apigenin,
epigallocatechin-3-gallate, catechin, epigallocatechin, epicatechin-3-O-gallate, icariin, procyanidin, and silibinin. Similarly, TCM has also been reported for the treatment of PD.
Several Chinese plant derivatives have been shown to be
promising neuroprotective agents in PD, including resveratrol, curcumin, and ginsenoside [34, 35]. In this context, such
information justiﬁes the signiﬁcant number of Chinese
authorship studies included in this review.
Although most of the manuscripts was focused on AD
(20 reports), a relevant number of studies involving experimental protocols in PD were also found (13 reports). Many
studies have evaluated important behavioral parameters
related to memory, motor functions, and cognitive activities
of animals. However, biochemical and molecular targets were

also veriﬁed by colorimetric and enzymatic assays; histological, biochemical, and hematological analyses; and western
blot, immunohistochemical, and immunoﬂuorescence techniques. The parameters evaluated and main outcomes are
summarized in Table 1.
3.3. Methodological Quality. Concerning the methodological
quality, all reports were carefully evaluated through a standard checklist. As shown in Figure 2, only one of the included
articles reported sample size calculations. Only 48.4% of the
studies reported randomization of animals for outcome
assessment. Allocation of the animals in diﬀerent treated
groups was adequately reported by 64.5% of the studies.
Blinding of investigators during animal treatment and outcome evaluation was found only in 16.1 and 12.9% of the
studies, respectively. The remaining studies did not report
any blindness strategy.
Although these parameters are most often applied in
clinical trials, the need of randomization, blinding, allocation concealment, and attempt to minimize variation has
been discussed and strongly recommended for preclinical
studies, especially when the experimental protocols involve
the evaluation of behavioral parameters. Since human
studies are often justiﬁed based on results from animal
studies, it is extremely important to plan preclinical protocols that follow the same rigor of clinical trials. In addition
to reducing the risk of bias, this research strategy avoids
obtaining distinct results between the two study designs
(preclinical and clinical) [67–69]. In this context, the methodological quality of the studies included in our review was
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Table 1: Characteristics of studies inserted in the review.
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(light-dark box)
(iii) Learning (Barnes maze)

Preclinical
models

Table 1: Continued.

(i) Immunohistochemisty: p-PERK,
p-IRE1α, NLRP3, and p-tau
(ii) Light microscopy: CA1
(iii) Western blot: AMPK, p-AMPK,
IRE1α, p-IRE1α, eIF-2α, p-IF-2α,
TXNIP, NLRP3, GSK-3β, p-GSK3βser9, tau, and p-tau

(i) Hematological

(i) Histological analysis
(ii) Real-time PCR: miR-34a
(iii) SA-β-gal staining
(iv) Western blot: caspase-3, Bcl-2,
SIRT1, p53, p21, Atg7,
LC3-II/LC3-I, GFAP, and mTOR
(i) Immunohistochemical Nissl and
FJB staining
(ii) Immunoﬂuorescence
(iii) Western blot: Aβ, BACE-1,
SNAP23, synaptophysin,
p-AMPARs, p-PI3K, p-Akt,
p-GSK3β, p-tau, PSD95, caspase-3,
Cyt c, Bax, Bcl2, and poly (ADPribose) polymerase-(PARP-1)

(i) ELISA: Aβ1–42

Biochemical/molecular
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Alzheimer’s

Quercetin and
quercetin
nanoparticles

Fisetin

Palle and
Neerati, 2016
[50], India

Ahmad et al.,
2016 [51],
Republic of
Korea

Alzheimer’s

Alzheimer’s

Quercetin

Godoy et al.,
2016 [49],
Chile

Alzheimer’s

Alzheimer’s

Disease

Quercetin and
quercetin-loaded
nanoparticles

Silibinin

Substance(s)

Moreno et al.,
2017 [48],
Spain

Song et al.,
2017 [47],
China

Authors, year,
country

Amyloid beta
(Aβ25–35)

25, 50, and
100 mg/kg,
p.o., 28 days

Mice (C57BL/6N/
M), n = 12

Rats (W/M), n = 6

Rats (B6.129S7Sod2tm1Leb/J/
NR), NR

20 mg/kg,
i.p., 2 weeks

30 mg/kg,
i.p., 8 days

50 mg/kg, two
times a week,
p.o., 4 weeks

Amyloid beta
Aβ1–42

Scopolamine

Amyloid beta
(Aβ25–35)

Senescenceaccelerated
prone mouse
(SAMP8)
model

Preclinical
models

Doses, route,
administration,
period

Quercetin (25 mg/kg,
p.o., 2 months)
Quercetin-loaded
Rats (SAMP8/M),
nanoparticles
n=8
(25 mg/kg every 48
hours, p.o., 2
months)

Rats (SD/M),
NR

Animals, (strain/
sex) n (per group)

Table 1: Continued.

(i) Biochemical: MDA, GPx,
AChE, and CAT
(ii) Histological analysis

(i) Conditioning, avoidance
responses (conditioned
avoidance test)
(ii) Learning, memory
(rectangular maze test)

(i) FJB staining
(ii) Immunoﬂuorescence: Aβ (B4),
(i) Spatial memory and both
synaptophysin, PSD95, p-tau,
the working and
GFAP, and Iba-1
reference memory
(iii) Immunohistochemistry: caspase-3
functions (Morris water
(iv) Western blot: caspase-9, SYN,
maze test)
p-AMPAR1, p-CREB, p-CAMKII,
p-PI3K, and p-Akt

(i) Electrophysiology

(i) Western blot: GFAP and CD11b

(i) Biochemical: MDA and GSH
(ii) ELISA: IL-1β, IL-4
(iii) Flow cytometric analysis
(iv) Transmission electron microscopy
(v) Western blot: NF-κB, COX-2, iNOS,
p53, and p-p53

Biochemical/molecular

(i) NR

(i) Anxiety and locomotor
activity (Elevated plus
maze test)
(ii) Spatial learning and
memory ability (Morris
water maze test)
(iii) Learning and memory
(novel objectrecognition test)
(iv) Memory (memory
ﬂexibility test)
(i) Locomotor activity
(open ﬁeld test)
(ii) Motor coordination and
balance (rotarod test)
(ii) Exploratory motivation
(marble burying test)
(iii) Spatial memory and both
the working and
reference memory
functions (Morris water
maze test)

Behavior

Evaluated parameters
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Anthocyanins

Rehman et al.,
2017 [52],
Republic of
Korea

Alzheimer’s

Disease

Quercetin

Naringin

Baicalein

Sharma et al.,
2016 [54],
India

Jeong et al.,
2015 [55],
Republic of
Korea

Lee et al., 2014
[56], Republic
of Korea

Rats (W/M),
n=6

Mice (C57BL/6N/
M), n = 8

Rats (SD/M),
n = 13

Animals, (strain/
sex) n (per group)

Parkinson’s

Mice (C57B/6/M),
n = 8 – 14

Epilepsy,
Parkinson’s, Mice (C57BL/6/M)
NR
and
Alzheimer’s

Alzheimer’s
and
Parkinson’s

Anthocyanins
alone and
anthocyaninKim et al., 2017
loaded poly
Alzheimer’s
[53], Republic
(ethylene glycol)
of Korea
gold nanoparticles
(PEG-AuNPs)

Substance(s)

Authors, year,
country

1 and 10 mg/kg
(i.p.), 7 days

80 mg/kg,
i.p., 7 days

10 mg/kg,
p.o., 12 weeks

10 mg/kg,
i.v., 14 days

100 mg/kg,
i.p., 7 weeks

Doses, route,
administration,
period

MPTP

Kainic acid

Aluminum

Amyloid β
(Aβ1–42)

D-galactose

Preclinical
models

Table 1: Continued.

Biochemical/molecular

(i) Biochemical: ROS, MDA
(ii) Immunoﬂuorescence: Aβ, 8-OxoG,
p-JNK, GFAP, and Iba-1
(i) Spatial learning and
(iii) Western blot: Aβ, BACE-1, RAGE,
memory (Morris water
8-OxoG, TNF-α, iNOS, p-JNK, Bax,
maze and Y-maze tests)
Bcl2, PARP-1, syntaxin,
synaptophysin, SNAP-23, p-CREB,
GFAP, and Iba-1
(i) ICP-AES
(ii) Immunoﬂuorescence: GFAP, Iba-1,
and RAGE
(iii) Nissl staining
(iv) TEM
(i) NR
(v) Western blot: Aβ, BACE-1, GSK3β,
CDK5, tau, NF-κB, iNOS, p-JNK,
Bcl2, Bax, Cyt c, FJB, COX-2, NOS3,
IL-1β, and TNF-α
(i) Biochemical: ROS, MnSOD
(ii) DNA isolation for DNA
fragmentation
(iii) Electron microscopy analysis
(iv) Histological analysis
(i) NR
(v) Immunohistochemistry: MnSOD,
c-c, and caspase-3
(vi) RT-PCR: MnSOD;
(vi) Western blot: MnSOD, Cyt c, Bax,
Bcl-2, p53, and caspase-3
(i) Immunohistochemical: NeuN
and Iba-1
(i) NR
(ii) Light microscopy: CA1
(iii) Western blot: LC3B and TNFα
(i) DAB immunostaining: TH
(ii) Double label immunostaining: TH,
(i) Motor coordination and
GFAP, and Iba-1
balance (rotarod test)
(iii) Histological analysis
(iv) Western blot: GFAP

Behavior

Evaluated parameters
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Substance(s)

Hesperidin

Naringenin

Tanshinone I

Silibilin

Quercetin

Silibinin

Baicalein

Authors, year,
country

Antunes et al.,
2014 [57],
Brazil

Lou et al., 2014
[58], China

Wang et al.,
2015 [59],
China

Chen et al.,
2015 [60],
China

Mu et al., 2016
[61], China

Lee et al., 2015
[62], Korea

Hu et al., 2016
[63], China

Parkinson’s

Parkinson’s

Parkinson’s

Mice (C57BL/6/
M), NR

Mice (C57B/6/M),
n = 10 or 12

Rats (SD/M), NR

100 mg/kg, i.p.,
7 weeks to 12 weeks

1 or 10 mg/kg, i.p.,
5 days

100, 200, and
400 mg/kg, i.g., NR

25 and 50 mg/kg,
p.o. in second day

5, 10 mg/kg,
p.o., 7 days

70 mg/kg,
p.o., 4 days

Mice (C57BL/6/F),
n = 10

Mice (C57BL/6/
M), NR

50 mg/kg,
p.o., 28 days

Doses, route,
administration,
period

Mice (C57 BL/6/F),
n = 10

Animals, (strain/
sex) n (per group)

Parkinson’s Rats (M and F), NR

Parkinson’s

Parkinson’s

Parkinson’s

Disease

Rotenone

MPTP

6-OHDA

Increased
neonatal iron
intake

MPTP

6-OHDA

6-OHDA

Preclinical
models

Table 1: Continued.

Biochemical/molecular

(i) Depression (Tailsuspension test)
(ii) Spatial learning and
(i) Biochemical: GSH, ROS, TRAP,
memory (Morris water
SOD, CAT, GR, GPx, GST, DA,
maze)
DOPAC, and HVA
(iii) Locomotor activity and
time spent in the center
zone (open ﬁeld test)
(i) HPLC-MS: DA, DOPAC, and HVA
(i) Rotational
(ii) Immunohistochemistry: TH
behavior—numbers of
rotations (apomorphine- (iii) Western blot: Nrf2, HO-1, GCLM,
GCLC, Lamin A, cleaved caspase-3,
induced circling
p-JNK, JNK, p-p38, and p38
behavior)
(i) Biochemical: ALT, AST, and ALP
(ii) ELISA: TNF-α and IL-10
(i) Motor coordination and (iii) HPLC: DA, DOPAC, HVA, and
balance (rotarod test)
MPP+
(iv) Immunohistochemistry: TH and
Iba-1
(i) Locomotor activity and
time spent in the center
(i) Biochemical: MDA and GSH
zone (open ﬁeld test)
(ii) HPLC-ECD: DA and 5-HT
(ii) Motor coordination and
balance (rotarod test)
(i) Rotational
behavior—numbers of
(i) HPLC-ECD: DA, DOPAC, HVA,
rotations (apomorphine5-HT, and 5-HIAA
induced circling
behavior)
(i) DAB immunostaining: TH
(i) Motor coordination and
(ii) Double label immunostaining:
balance (rotarod test)
GFAP and Iba-1
(i) HPLC: DA, DOPAC, and HVA
(ii) Immunoﬂuorescence: α-syn, TH,
(i) Motor coordination and
and ChAT
balance (rotarod test)
(iii) Real-time PCR: α-syn
(ii) Motor dysfunctions (grid
(iv) TEM
test)
(v) Western blot: α-synuclein and
GAPDH

Behavior

Evaluated parameters
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Parkinson’s

Quercetin and
quercetincontaining
formulation
(QB3C)
Mice (MitoPark
and C57BL/6/M/
F), n = 8 or n = 9

Mice (C57B/6J/M),
n=6

Rats (SD/M),
n = 15, or 10

Animals, (strain/
sex) n (per group)

Quercetin (25 mg/kg,
MitoPark
p.o., 6 weeks)
transgenic
QB3C comprising
quercetin (175 mg/ mouse models
kg, p.o., 8 weeks)

6-OHDA

Rotenone

100, 200, and
400 mg/kg, p.o.,
28 days

10 mg/kg, p.o.,
28 days

Preclinical
models

Doses, route,
administration,
period

(i) Locomotor activity
(open ﬁeld test)
(ii) Motor coordination and
balance (rotarod test)

(i) Locomotor activity
(open ﬁeld test)
(ii) Motor coordination and
balance (rotarod test)
(iii) The inclined plane
assessment
(i) Motor coordination and
balance (rotarod test)
(ii) Rotational
behavior—numbers of
rotations (apomorphineinduced circling
behavior)

Behavior

Evaluated parameters

(i) HPLC: DA, DOPAC, and HVA
(ii) DAB immunostaining: TH

(i) ELISA: IFN-γ, TNF-α, IL-6, IL-10,
NF-κB, S100B, BDNF, GDNF,
and NGF
(ii) HPLC: DA, DOPAC, and HVA
(iii) TRAP and TAR
(iv) Immunohistochemistry: TH+
neurons

(i) Immunohistochemistry: TH
(ii) TEM
(iii) TUNEL staining
(iv) Western blot: caspase-3, PGC-1α,
NRF-1, and TFAM

Biochemical/molecular

Animals: SD: Sprague-Dawley; W: Wistar; S: Swiss; SAMP8: senescence-accelerated prone mouse 8; NR: not reported. Parameters assessed: DPPH: 2,2-diphenyl-1-picrylhydrazyl radical; MDA: malonaldehyde;
TBARS: thiobarbituric acid reactive substances; AAPH: 2,2′-azobis(2-methylpropionamidine) dihydrochloride; FeSO4: ferrous sulphate; 6-OHDA: 6-hydroxydopamine; MPTP: 1-methyl-4-phenyl-1,2,3,4tetrahydropyridine; FJB: Fluoro-Jade B; GSH: reduced glutathione; GSSG: oxidized glutathione; AP-1: activator protein-1; BDNF: brain-derived neurotrophic factor; CREB: cAMP response element-binding
protein; p-CREB: phosphorylated; SOD: superoxide dismutase; CAT: catalase; GPx: glutathione peroxidase; GR: glutathione reductase; GSH: reduced glutathione; LDH: lactate dehydrogenase; CK: creatine
kinase; AChE: acetylcholinesterase; MDA: malondialdehyde; p-tau: phosphorylated tau; TGF-β1: transforming growth factor beta 1; SYN: synaptophysin; p-AMPAR1: phospho-α-amino-3-hydroxy-5-methyl4-isoxazolepropionic acid receptors; p-CRE: phosphorylated cAMP response element binding protein; p-CAMKII: phosphorylated calcium/calmodulin-dependent protein kinase II; p-PI3K: phosphorylated
phosphatidylinositol-4,5-bisphosphate 3-kinase; p-Akt: phosphorylated protein kinase B; GFAP: antiglial ﬁbrillary acidic protein; Iba-1: anti-ionized calcium-binding adapter molecule 1; 8-OxoG: 8oxoguanine; p-JNK: C-jun N-terminal kinase; ICP-AES: inductively coupled plasma-atomic emission spectrometer; TEM: transmission electron microscopy; Aβ: brain expression levels of amyloid beta; BACE1: beta-site APP cleaving enzyme 1; GSK3β: glycogen synthase kinase-3β; CDK5: cyclin-dependent kinase 5; GFAP: glial ﬁbrillary acidic protein; NF-κB: nuclear factor kappa B; iNOS: inducible nitric oxide
synthase; COX-2; NOS3; IL-1β; TNF-α; p-JNK: phospho-JNK; Bcl2; Bax; Cyt c: cytochrome c; FJB. RAGE receptor for advanced glycation end products; MnSOD: mitochondrial superoxide dismutase; NeuN:
neuronal nuclei; LC3B: microtubule-associated protein light chain 3 isoform B; MS: mass spectrometry; DA: dopamine; DOPAC: dihydroxyphenylacetic acid; HVA: homovanillic acid; HO-1: hemeoxygenase;
Nrf2: nuclear factor E2-related factor 2; GCLC: glutathione cysteine ligase regulatory subunit; GCLM: glutathione cysteine ligase modulatory subunit; JNK: c-Jun N-terminal kinase; MPP+: 1-methyl-4phenylpyridinium; ALT: alanine aminotransferase; AST: aspartate aminotransferase; ALP: alkaline phosphatase; HPLC: high-performance liquid chromatography; ECD: equipped with electro chemical
detector; TRAP: total reactive antioxidant potential; TAR: total antioxidant reactivity; S100B: calcium-binding protein B; GDNF: glial cell line-derived neurotrophic factor; NGF: nerve growth factor; DAB:
diaminobenzidine; SA-β-Gal: senescence-associated β-galactosidase.

Ay et al., 2017
[66], USA

Parkinson’s

Chrysin

Goes et al.,
2017 [65],
Brazil

Parkinson’s

Baicalein

Zhang et al.,
2017 [64],
China

Disease

Substance(s)

Authors, year,
country

Table 1: Continued.
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Was the data statistically analyzed?

31

Was the dose and route of administration of the flavonoid properly reported?

31
4 1

Was the outcome assessor blinded?

26
15

Were animals selected at random for outcome assessment?
Were the investigators blinded from knowledge which treatment used?

16

5 1

25
20

Was the allocation adequately reported?
Were sample size calculations reported? 1

4
30

Are the main findings of the study clearly described?

31

Are the main outcomes to be measured clearly described?

31

Is the hypothesis/aim/objective of the study clearly described?

31
0

7

4

8

12 16 20 24
Number of studies

28

32

Yes
No
Unclear

Figure 2: Methodological quality of included studies. Light bars indicate the proportion of articles that met each criterion; dark bars indicate
the proportion of studies that did not; and white gray bars indicate the proportion of studies with unclear answers.

considered low to moderate, which limits the interpretation of the results.

brain lesions, and neuronal mechanism underlying memory
dysfunction [72, 73].

3.4. Animal Models in Alzheimer’s Disease. AD is a gradual
and highly prevalent neurodegenerative disease and has as
pathological neuroinﬂammation characteristic, neuronal
loss, and impairment of cognitive function [47, 70]. AD is
classiﬁed into two subtypes: early-onset familial outcome,
related to speciﬁc mutations in genes that code for presenilin
1 (PS1), presenilin 2 (PS2), and amyloid precursor protein
(APP), and late-onset sporadic disease, associated with mutations in genes that code for apolipoprotein E (ApoE), which
include several environmental and genetic risk factors, yet
unknown [71].
Among the pathological features, there is an amyloid
dense core of β-amyloid peptide (Aβ) and intracellular neuroﬁbrillary tangles (NFTs) composed of an abnormally phosphorylated form of the tau protein [41]. The deposition of
amyloid β peptide culminates in pathological processes of synaptic and cognitive dysfunction and neuronal death [47, 70].
Animal models recapitulate pathological feature characteristic of AD in addition to several phenotypic traits simulate of the disease, acting as therapeutic targets and in their
preclinical validation. According to Laurijssens et al. [72],
animal models used in AD can be divided into three categories: natural (dog, mouse lemur, Octodon, and Rhesus monkey), genetic (APP mice, Tg2576 mice, and PSAPP mice),
and interventional models (rat, intrahippocampal amyloid
infusion model).
In the selected studies, interventional models were the
most used [39, 44, 47, 49, 51, 53]. In fact, interventional
models would generally be better at identifying symptomatic
or corrective treatment. These models can provide important
insights such as the Aβ pharmacochemical substanceinduced model and the understanding of inﬂammation, neurotoxicity, neurodegeneration and synaptic function, speciﬁc

3.5. Animal Models in Parkinson’s Disease. PD is a progressive neurodegenerative disease deﬁned by the selective loss
of dopaminergic neurons in the nigrostriatal pathway [62].
A disruption of synaptic activity may represent the primary
event in PD pathogenesis. Recently, studies on the neurodegeneration mechanisms in PD have revealed pathological
features and important genetic inﬂuences. Common pathogenic pathways are present in PD, such as proteostatic
deﬁcits, mitochondrial dysfunctions, oxidative stress, and
inﬂammation process [74, 75].
As well as knowledge of new pathophysiological mechanisms involved, the development of experimental models in
PD has also advanced. As in other neurodegenerative disorders, PD experimental protocols have become increasingly
sensitive and accurate, allowing not only the evaluation of
new drugs, but also the understanding of the molecular
mechanisms that play an important role in the disease [74].
However, it is important to note that animal models still cannot express the complexity of human pathological hallmarks
and clinical features, each one has speciﬁc limitations, and its
choice must be conditioned to what best responds to the
research objective [74, 76].
The papers selected in this review reported animal
models to evaluate pathogenic mechanisms, motor and
nonmotor manifestations of PD by administering diﬀerent
neurotoxic agents such as 6-hydroxydopamine (6-OHDA)
[57, 58, 61, 65], 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) [56, 59, 62], or rotenone [63, 64]. The most
cited animal model in the selected studies was 6-OHDA. It
exerts toxic eﬀects on catecholaminergic neurons and is characterized as a neurotoxin structural analogue of catecholamines, dopamine, and noradrenaline. It is toxic at the
peripheral and central levels although its toxicity in the
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CNS is only possible through direct stereotaxic surgery. Its
neurotoxicity involves the accumulation of toxin in the catecholaminergic neurons triggering the alteration of the cellular homeostasis and neuronal damages. 6-OHDA oxidation
by MAO-A generates H2O2 which, besides being highly cytotoxic, triggers the production of oxygen radicals [77–79].
Another model included the alteration of dopaminergic neurotransmission by drugs, such as reserpine [80], or by genetic
manipulation to study the progression of dopaminergic cell
degeneration and motor signs [81].
The models that use toxins are widely used and act in the
replication of most pathological and phenotypic features of
the disease. However, as a limitation of this tool, the loss of
approximately 70 to 80% of the dopaminergic neurons in
the acutely induced neurodegeneration is diﬃcult to achieve,
making it diﬃcult to explore dysfunction and progression. In
view of the early synaptic dysfunction and neurodegeneration that are inherent to the pathology, new models are necessary to help the early stages of the disease, as well as new
therapeutic strategies for the treatment of PD [76].
3.6. Flavonoids in the AD and PD Treatment. The plants use
adaptation systems in extreme conditions, such as high temperatures, lighting, and water scarcity, which culminate in
oxidative damages leading to excessive production of free
radicals. Among the main natural antioxidant agents, we
highlight carotenoids, ﬂavonoids, anthocyanins, and phenolic derivatives that act in several mechanisms against oxidative stress [82].
Flavonoids are a class of secondary metabolites that
always attract the attention of the pharmaceutical industry
due to their versatility in therapeutic properties. Additionally, they are part of the human diet due to their abundance
in vegetables, fruits, seeds, and beverages such as coﬀee, tea,
and red wine, as well as in medicinal herbs. More than
9000 diﬀerent ﬂavonoids have been identiﬁed and are
divided into six subclasses based on their molecular structure. These subclasses include ﬂavonols (rutin, quercetin),
ﬂavanols (catechin, epicatechin, and epigallocatechin), isoﬂavones (genistein, daidzein, glycetin, and formanantine),
anthocyanidins (cyanidin, malvidine, and delphinidine), ﬂavanones (hesperetin, naringenin), and ﬂavones (apigenin,
luteolin) [83].
Studies indicate that phenolic compounds play an important role in prevention and treatment of age-associated neurodegenerative diseases. Among the neuroprotective actions
of dietary ﬂavonoids, we highlighted their potential to modulate cell signaling pathways, protect neurons against oxidative
stress, inhibit nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase, subsequently decrease reactive oxygen
species production, and downregulate proinﬂammatory transcription factors, as well as its ability to suppress neuroinﬂammation through reduction of the release of cytokines [84].
In our systematic review, quercetin, rutin, silibinin, naringin, baicalein, hesperidin, and anthocyanins (Figure 3)
were the most studied ﬂavonoids for PD and AD treatment.
In this sense, we describe below the pharmacological eﬀects
of these compounds to better understand the role of ﬂavonoids in the treatment of AD and PD (Figures 4 and 5,
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resp.). In general, they act to improve the progression of
the disease, but in the included reports, there is no consensus
of dose, treatment duration, and route of administration of
these ﬂavonoids. However, the researchers argue that they
have good bioavailability.
3.6.1. Quercetin. Quercetin (3,3′,4′,5,7-pentahydroxyﬂavone)
is a ﬂavonoid found naturally in plants and among other
foods such as onions, apples, broccoli, and red wine. It
presents pharmacological, antioxidant, cardioprotective,
and antiapoptotic properties [85]. Some studies relate their
neuroprotective action in the prevention of neurodegenerative diseases like AD and PD [86]. Sharma et al. [54]
evaluated the eﬀect of quercetin manipulation in young
rats treated with aluminum on isolated mitochondrial hippocampus. A decrease in the levels of reactive oxygen
species (ROS) was observed; however, there were no signiﬁcant changes in mitochondrial superoxide dismutase
activity (MnSOD) [54].
Expression of the apoptotic markers in the mitochondrial fraction revealed levels of reduced Bax and increased
Bcl. When the cytosolic fractions were evaluated, the
expression of Bcl-2 and Cyt c was decreased, reducing the
activation of caspase-3 suggesting that the administration
of quercetin inhibits apoptosis. Quercetin prevents the
release of Cyt c and subsequent activation of caspase-3
and decreases p53 expression. The histopathological analysis revealed no signiﬁcant degeneration [54]. Thus, the
study performed by Sharma et al. [54] has shown that
quercetin attenuates aluminum-induced mitochondrial turgor, loss of ridge, and chromatin condensation.
Environmental factors such as hyperlipidemic diet consumption may increase the inﬂammatory response in the
brain by increasing the release of cytokines such as TNF-α
and IL-6 [87]. Studies have shown that the action of these
cytokines promotes neuronal death by activating the apoptotic cascade [88]. Quercetin is also involved in the activity of
AMPK, an energy sensor, which has the ability to prevent
the phosphorylation of tau protein [89]. Tau protein facilitates the polymerization of tubulin in the cell, resulting in
microtubule formation. In the neuroﬁbrillary tangles, the
aggregation of Tau is by irreversible phosphorylation suffered by this protein. This prevents its normal function and
at the same time facilitates its aggregation in ﬁbrils, preventing the normal functioning of the neuron [90].
Chen et al. [46] evaluated whether the activation of
AMPK through the action of quercetin is able to block
or not the phosphorylation of tau protein in animals submitted to a hyperlipidic diet. It was seen that quercetin
was able to promote downregulation in blood levels of
TNF-α and IL-6. And it especially prevented tau phosphorylation by restoring AMPK activation. Additionally,
quercetin inhibits GSK3β enzyme activity by dephosphorylation, attenuates the expression of P-PERK and P-IRE1α
(membrane sensors present in the endoplasmic reticulum
whose activation indicates oxidative stress), and normalizes
the inﬂammation of NLRP3 (inﬂammation promoter).
Improvement in learning and spatial memory was also
seen [46].
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Figure 3: Chemical structures of ﬂavonoids most cited in this review.

In a study that evaluated the manipulation of quercetin
nanoparticle facilitating oral absorption, it was seen that
there was no change in coordination or locomotor activity
[48]. The nanoparticle treatment of quercetin is capable of
promoting reversal of abnormal exploratory behavior by
improving learning and memory assessed by the Morris
water maze test. In addition, the expression of an inﬂammatory marker GFAP (glial ﬁbrillary acidic protein) in the hippocampus was signiﬁcantly reduced, which was not observed
with free quercetin. On the other hand, the expression of
CD11b, a member of the complement cascade, whose function is adhesion and leukocyte migration in response to
inﬂammation, did not present signiﬁcant results. Therefore,

manipulation of quercetin-loaded nanoparticles has been
shown to increase the concentration of this ﬂavonoid in the
brain of animals [48].
In the study performed by Palle and Neerati [50], the protective eﬀect of quercetin nanoparticles compared to free
quercetin against the induction of spatial memory deﬁciency
promoted by scopolamine in animals was evaluated. This
work highlighted a relevant role of quercetin nanoparticles
on oxidative stress, revealing that these nanoparticles are able
to signiﬁcantly reduce malonaldehyde levels and increase
levels of glutathione peroxidase and catalase in the brain. In
observing the eﬀect of treatment of quercetin nanoparticles
on the pharmacological action of scopolamine, it has been
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Figure 4: Possible mechanisms of action of ﬂavonoids against Alzheimer’s disease.
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Figure 5: Possible mechanisms of action of ﬂavonoids against Parkinson’s disease.

seen that they are able to reduce the induction of elevation of
scopolamine-promoted anticholinesterase activity. In addition, treatment with quercetin nanoparticles signiﬁcantly
reduces morphological abnormalities revealing the cellular
protective eﬀect of this ﬂavonoid [50].
It is believed that changes in mitochondrial activity are
the main cause of the occurrence of neurodegenerative disorders because they are the main producers of ROS [76]. Godoy
et al. [49] have observed that quercetin exhibits antioxidant
activity protecting against neuronal toxicity induced by
hydrogen peroxide, although this protection has been partial
in rat hippocampal neurons. Animals treated with quercetin
caused a reduction in ROS levels, recovered normal mitochondrial morphology, and prevented mitochondrial dysfunction in neurons that were manipulated with hydrogen
peroxide [49].
Of all the works selected in this review, only one demonstrated the role of quercetin on Parkinson’s disease. Mu et al.

[61] investigated the antitremor eﬀect of quercetin in the
experimental model of PD induced by the application of
6-hydroxydopamine (6-OHDA). The study demonstrated
that injection of 6-OHDA into the striatum induces marked
decrease in serotonin levels and its metabolite 5-hydroxyindole-3-acetic acid (5-HIAA). Therefore, it was seen that these
animals when treated with quercetin had attenuated serotonin levels, which may be related to an improvement in the
tremor level of these animals [61].
Quercetin seems to act by inhibiting the cell oxidative
potential, in addition to exhibiting anti-inﬂammatory action.
Both events may minimize the progression of PD and AD.
3.6.2. Silibinin. Silibinin, (2R,3R)-3,5,7-trihydroxy-2-[(2R,
3R)-3-(4-hydroxy-3-methoxyphenyl)-2- (hydroxymethyl)2,3-dihydro-1,4-benzodioxin-6-yl]-2,3-dihydro-4H -chromen4-one, is a ﬂavonoid derived from milk thistle of the species
Silybum marianum [91]. Recent research investigated the
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eﬀects of silibinin on the inﬂammatory process, oxidative
stress, and autophagy [92, 93]. Following this subject, Song
et al. [47] investigated the eﬀect of silibinin treatment on
locomotor activity, learning, and spatial memory. In addition
to the concentration of the proinﬂammatory cytokines IL1β, IL-4, and the levels of the antioxidant enzyme (GSH)
and malondialdehyde (MDA), a lipid peroxidation marker,
which occurs in response to excess free radicals the NF-κB
(nuclear factor kappa B), a regulator of the immune
response released in diﬀerent situations among these
oxidative stress, cyclooxygenase-2 (COX-2), i-NOS (nitric
oxide synthase) are products of glial cells contributing to an
inﬂammatory response in the brain. P-53, a tumor
suppressor agent, is a critical component of the acute stress
cell response, and p-p53 is its phosphorylated component. It
has been seen that silibinin decreases anxiety-like behavior,
reverses memory damage and spatial learning caused by the
treatment of Aβ25-35, and improves the ability to recognize
new objects and memory ﬂexibility. Silibinin is able to
suppress the inﬂammatory response and improve oxidative
stress levels in the hippocampus, in addition to suppressing
the expression of p-p53 and p-53 [47].
Chen et al. [60] analyzed the levels of glutathione and
malondialdehyde in animals that underwent neonatal
manipulation with carbonyl iron dose and its consequence
in young adult and old animals as well as treatment with
silibinin. It was ﬁrst seen that iron consumption resulted
in abnormal behavior of coordination and locomotor activity only in the old animals. Also in these animals, iron in
the neonatal period also increased levels of malondialdehyde and reduced those of glutathione enzyme. Treatment
with silibinin in aging animal’s decrease dopamine depletion in the striatum improving motor behavior was also able
to signiﬁcantly reduce the content of MDA and increase the
content of GSH in the nervous system. It is concluded that
silibinin acts as a neuroprotective factor preventing oxidative stress; one of the consequences of neurodegenerative
diseases, among them, is Parkinson’s disease [60].
Using a model of dopaminergic neuronal death caused
by the pharmacological agent MPTP (1-methyl-4-phenyl1,2,3,6-tetrahydropyridine), a neurotoxin capable of inducing
Parkinsonism, Lee et al. [62] investigated the neuroprotective
mechanism of sibilinin. Treatment with silibinin prevented
motor dysfunction in the pharmacological parkinsonism
(MPTP) model, as well as neuronal loss (TH-positive neurons) in the striatum and substantia nigra. Silibinin eﬀectively protects dopaminergic neurons in the striatum and
black matter of neuronal death caused by MPTP, but does
not impede the inﬂammatory response, since it does not act
eﬀectively on glial cell activation or modulation of oxidative
stress. The latter result diﬀers from the previous work probably due to the dose diﬀerence used in the present study,
from 1 to 10 mg/kg body weight. This demonstrates that
the neuroprotective action of silibinin is dose dependent [62].
It can be concluded that silibinin is a ﬂavonoid with a
neuroprotective characteristic especially acting on the
inﬂammatory response and on the components of oxidative
stress and neuronal death, thus having a potential therapeutic
agent in neurodegenerative diseases.
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In summary, silibinin is a ﬂavonoid with a neuroprotective potential, especially acting on the inﬂammatory
response, on components of oxidative stress, and on neuronal death.
3.6.3. Anthocyanins. Anthocyanins are polyphenolic ﬂavonoids widely found in fruits, ﬂowers, grains, and vegetables
[94]. This ﬂavonoid has antioxidant, anti-inﬂammatory,
and antiapoptosis properties, in addition to improving memory and cognition [95]. They are characterized by the basic
ﬂavylium core (2-phenylbenzopyryl cation) consisting of
two aromatic rings joined by a three-carbon unit and condensed by an oxygen. The anthocyanin molecule consists of
two or three portions, an aglycone (anthocyanidin), a group
of sugars, and often a group of organic acids [96].
There are several evidences that relate the role of this ﬂavonoid in cognition and memory, being characterized with a
neuroprotective factor in the dementias among them AD.
Alim et al. [44] observed in genetically modiﬁed mice (Aβ1–
42 mouse model of AD) the ability of anthocyanin particles
and (ethylene glycol) gold nanoparticles (PEG-AuNPs)
(polyphenolic ﬂavonoid anthocyanins for conjugation to
PEG-AuNPs) to improve memory loss and synaptic deﬁcit
and neurodegeneration. The behavioral assessment showed
that the latency times of there quired to reach the hidden
platform in were shorter, increased the number of platform
crossings and time spent in the target quadrant during the
probe test in mice treated with anthocyanins and
anthocyanin-loaded PEG-AuNPs. Furthermore, anthocyanins and anthocyanin-loaded PEG-AuNPs increased the
spontaneous alteration behavior. Anthocyanin-loaded PEGAuNPs reduced the levels of Aβ (β-amyloid protein),
BACE-1 (a beta-secretase, a key enzyme in the formation of
the β-amyloid protein), and APP (protein precursor antiamyloid). This demonstrates a potential action of this ﬂavonoid on the production of beta-amyloid protein. The
administration of free anthocyanins and anthocyaninloaded PEG-AuNPs mitigated the eﬀect of Aβ1–42 and
increased the expression levels of synaptophysin, PSD95,
and SNAP23; these molecules are related to the synapse process between the neurons. Anthocyanins and anthocyaninloaded PEG-AuNPs increased the phosphorylation of GluR1
at Ser845 and increased the expression level of p-CREB
(Ser133), which can improve the memory process. The
administration of free anthocyanins and anthocyaninloaded PEG-AuNPs increased phosphorylation and elevated
the levels of p-PI3K and p-Aktat Ser473, increased the level
of p-GSK3β at Ser9, and reduced the level of p-tau at
Ser413 and Ser404, which consequently may reduce the
level of formation of ﬁbrillar components. The results
showed a reduction of the ratio of Bax/Bcl2 and Cyt c,
but anthocyanin-loaded PEG-AuNPs were more eﬀective
than free anthocyanin. A reduction in the caspase-9,
cleaved caspase-3, and PARP-1 levels in the hippocampus
was also observed, and these results demonstrate the neuroprotective action of this ﬂavonoid. Finally, an increase in
the number of surviving neurons and a reduction in the
Aβ1–42-induced-degenerated neuronal cells in the hippocampus and cortex were seen [44].
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In the work of Kim et al. [53], the therapeutic eﬃcacy of
anthocyanins alone and anthocyanin-loaded PEG-AuNPs in
the Aβ1–42-induced AD mouse model was also investigated.
It was observed that the anthocyanin-loaded PEG-AuNPs
can cross the blood-brain barrier and accumulate in the
Aβ-injected mice. Furthermore, the anthocyanin-loaded
PEG-AuNPs reduced β-amyloid and BACE-1 expressions
and also prevented tau hyperphosphorylation GSK-3β/
CDK5 pathway. Anthocyanin-loaded PEG-AuNPs also
reduced Aβ1–42-induced microglia and astrocyte cell activation [53].
In another study, the anthocyanins inhibited activated
astrocytes and various inﬂammatory markers including
p-NF-κB, inducible nitric oxide synthase (iNOS), and tumor
necrosis factor-alpha (TNF-α) in the hippocampus and cortex regions of D-gal-treated rats [52].
Anthocyanins are able to inhibit the cascade of myeloid
beta-protein production and to decrease synaptogenesis
and neuronal death. They also induce microglial activation
in areas important to the process of memory as hippocampus
and cortex.
3.6.4. Naringin. Naringin (4′,5,7-trihydroxyﬂavanone 7rhamnoglucoside) belongs to a family of C6-C3-C6 polyphenol compounds and exists in grapefruit and other citrus
fruits. This ﬂavonoid has been shown to possess numerous
biological beneﬁts such as antioxidant and anti-inﬂammatory
[97]. Preclinical models of atherosclerosis, cardiovascular
disorders, diabetes mellitus, neurodegenerative disorders,
osteoporosis, and rheumatological disorders were established
in a few studies of naringin in vitro and in vivo [98]. Recently,
studies demonstrated a neuroprotective eﬀect of naringin by
modulation of endogenous biomarkers and downregulation
of free radical and cytokines, including tumor necrosis factor-α (TNF-α) in streptozotocin-induced painful diabetic
neuropathy [99]. Mani et al. [37] investigated the eﬀect of
naringin against deltamethrin-induced neurotoxicity in male
Wistar rats. The result showed that treatment leads to a signiﬁcant revival of the oxidative status, which conﬁrms the
protective eﬀect of naringin.
Behavioral analysis of the eﬀect of naringin on memory deﬁcit in a pharmacological model (donepezil and scopolamine) in animals has demonstrated a signiﬁcant
diﬀerence in the locomotor activity and conﬁrmed that
naringin has no confounding inﬂuence on locomotion on
improving the potential for episodic memory, in the familiarization trial no preference or discrimination toward any
of the objects used. The ﬂavonoid reversed the timeinduced episodic memory deﬁcit increase in novel object
exploration time compared with familiar object and
improvement in recognition and discriminative indices.
Therefore, naringin reversed the scopolamine-induced
short-term episodic memory deﬁcits and improved discrimination and recognition [45].
In a model of animal excitotoxicity by treatment with kainic acid (KA), a potent agonist of excitatory amino acids,
especially glutamate, the prevention eﬀect of autophagy and
neuroinﬂammation of naringin was investigated [55]. Excess
KA becomes a neurotoxin leading to neuronal death due to
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excitotoxicity. The naringin treatment signiﬁcantly decreased
the frequency of chronic spontaneous seizures in KA-treated
mice compared with KA alone suggesting that naringin
might have beneﬁcial properties as an antiepileptic agent.
Additionally, treatment with naringin attenuated the loss of
hippocampal neurons in the KA-treated CA1 region, suggesting that naringin might have a property of reducing
autophagic stress, which could be involved in neuronal cell
death. In addition, the naringin treatment attenuated an
increase in TNF-α within Iba1-positive microglia in the
KA-treated hippocampus characteristic of diseases such as
Parkinson’s and Alzheimer’s [55].
The naringenin (5,7-dihydroxy-2-(4-hydroxyphenyl)chroman-4-one) is a ﬂavonoid of citrus fruits, predominantly
found in grapefruit. The antinociceptive, anti-inﬂammatory,
and antioxidant eﬀects of the naringenin have already been
demonstrated [100]. Lou et al. [58] investigated the eﬀect of
naringenin on PD through the pharmacological parkinsonism model (6-OHDA). Naringenin treatment resulted in an
increase in nuclear factor E2-related factor 2 (Nrf2) protein
(regulatory factor of the expression of antioxidant protein
genes) levels and subsequent activation of antioxidant
response element (ARE) pathway genes. Additionally, the
pretreatment with naringenin protected mice against 6OHDA-associated ROS damage in striatum. The 6-OHDAinduced loss of TH-positive neurons in the striatum and
SNC were remarkably attenuated by naringenin treatment.
Therefore, there was a profound reduction in striatal DA
and its metabolites after 6-OHDA lesioning that was attenuated by naringenin treatment, which produced a signiﬁcant
elevation in striatal DA and the metabolites DOPAC (dihydroxyphenylacetic acid) and HVA (homovanillic acid). Furthermore, apomorphine-induced asymmetrical rotations
contralateral to the 6-OHDA injection site were signiﬁcantly
reduced by naringenin treatment as compared to mice
lesioned with 6-OHDA [58].
Narigin seems to act especially through the inhibition of
oxidative cellular stress, which reﬂects in reduction of neuronal loss (autophagic stress). It is known that oxidative stress
is a strong mechanism of neuroinﬂammation and has an
important consequence for neurodegenerative diseases.
3.6.5. Baicalein. Baicalein (5,6,7-trihydroxyﬂavone) is a ﬂavonoid originally isolated from the roots of Scutellaria baicalensis and Scutellaria lateriﬂora [101]. It has neuroprotective
properties against PD and antioxidant and antiinﬂammatory properties [102]. Hu et al. [63] noted that baicalein treatment attenuated the motor deﬁcits, in addition to
increase in striatal neurotransmitters: DA (dopamine),
DOPAC (3,4-dihydroxyphenylacetic acid), and HVA
(homovanillic acid). Analysis of ﬂuorescence intensity by
microscopy and the amount of α-syn in enteric nervous system was also lower and increased of the in the number of THpositive neurons. There was a decrease of α-synoligomers,
not monomers, in ileum, thoracic spinal cord, and midbrain;
baicalein had no eﬀect on α-syn mRNA expression. Therefore, it can be inferred that this ﬂavonoid can prevent the
progression of α-syn accumulation in PD, by inhibiting the
formation of α-syn oligomers [63].
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When investigating the therapeutic eﬀects of baicalein on
rotenone-induced PD rats and exploring whether the neuroprotective potential practices by baicalein were through
intervening in mitochondrial function and mitobiogenesis,
it was found that baicalein partially ameliorated the motor
dysfunction and increased the number of TH+ cells in the
substance nigra (SN) in rotenone-induced PD rats [64]. This
ﬂavonoid also protected neurons in the SN against rotenoneinduced apoptosis. The baicalein ameliorated the dysfunction
of mitochondrial complex I in the ventral midbrain that was
damaged by rotenone [64]. In addition, the administration
of baicalein increased the protein levels of PGC-1α (a regulator
of mitochondrial mitobiogenesis), NRF-1 (transcription factor that regulates the expression of antioxidant proteins),
and TFAM (mitochondrial transcription factor) in the ventral midbrain, which may improve the brain’s response to
oxidative stress and consequent neuronal loss observed in
Parkinson’s disease [64].
Lee et al. [56], through a model of pharmacological parkinsonism in animals (MPTP administration), observed that
the, in low doses, baicalein improves motor ability and prevented the loss of dopaminergic neurons caused by MPTP.
In addition, microglial activation and astrocyte activation
were reduced in the animal with pretreated baicalein PD.
This study reveals the importance of astrocyte activation for
the occurrence of the neurodegenerative process. It has also
been reported that baicalein reduces MPP (a toxic molecule
that interferes with oxidative phosphorylation in mitochondria) that is capable of inducing the activation of NF-κB,
ERK (protein kinase intracellular signaling), and JNK
(c-jun N-terminal kinase) in the astrocyte leading to a mechanism of neuroinﬂammation considered as a potent inducer
of PD [56].
These studies taken together reveal the neuroprotective
action of baicalein especially on mitochondrial activity and
activation of glial cells. Both processes are recognized with
potential mechanisms capable of increasing the risk of neurodegenerative diseases. This ﬂavonoid proved to be eﬀective as
a therapeutic strategy especially against PD disease.
3.6.6. Hesperidin. Hesperidin, (2S)-5-hydroxy-2-(3-hydroxy4-methoxyphenyl)-4-oxo-3,4-dihydro-2H-chromen-7-yl 6O-(6-deoxy-α-L-mannopyranosyl)-β-D-glucopyranoside, is
the major ﬂavanone glycoside present in citrus fruits. This
compound has an important neuroprotective property and
radical scavenging properties related to diverse neuronal
insults, such as ischemia [103], stroke [104], and oxidativeinduced damage [105], as well as pathology related to AD
[106] and Huntington’s disease [107].
Nones et al. [108] showed that hesperidin promotes neuronal diﬀerentiation and survival and also enhances the neuroprotective capacity of astrocytes, by inducing them to
secrete soluble factors involved in neuronal survival in vitro.
Li et al. [40] investigated the potential therapeutic eﬀect
of hesperidin on behavioral dysfunction, Aβ deposition, and
neuroinﬂammation in the transgenic APP/PS1–21 mouse
model. In this research, the treatment with hesperidin
caused a decrease in the nesting ability and social interaction. Furthermore, the improvement of amyloid beta
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accumulation and APP expression, with reduction of microglial activation, suggests that hesperidin might be a potential candidate for the treatment of AD or even of other
neurodegenerative diseases.
An investigation into the anti-inﬂammatory potential,
antioxidants, and protective eﬀects of hesperidin was performed by Javed et al. [41] using the mouse model of sporadic
dementia of Alzheimer’s type (SDAT). In this model,
researchers have shown that hesperidin can be used for the
treatment of cognitive disorders because of its neuronal cell
death modulation by inhibiting the overexpression of inﬂammatory markers like nuclear factor κB, coupled with the
inducible nitric oxide synthase, cyclooxygenase-2, and glial
ﬁbrillary acidic protein-positive astrocytes.
Antunes et al. [57] evaluate the role of the ﬂavonoid hesperidin in an animal model of PD induced by 6-OHDA and
demonstrated that hesperidin (50 mg/kg) treatment was eﬀective in preventing memory impairment and depression-like
behavior with reduction in glutathione peroxidase and catalase
activity, total reactive antioxidant potential, and the dopamine
and its metabolite levels in the striatum of aged mice.
Matias et al. [109] described hesperidin as a new drug
able to improve memory in healthy adult mice by two main
mechanisms: by inducing synapse formation and function
between hippocampal and cortical neurons. In addition,
other mechanisms enhance the synaptogenic ability of cortical astrocytes by means of increased secretion of transforming growth factor beta-1 (TGF-β1) by these cells.
Hesperidin appears to present a neuroprotective role
through its action on glial cells, microglia, and astrocytes,
promoting reduction of neuroinﬂammation and oxidative
stress. In addition, it may induce synapse formation in brain
regions involved with memory and decision-making.
3.6.7. Rutin. Rutin (2-(3,4-dihydroxyphenyl)-5,7-dihydroxy4-oxo-4H-chromen-3-yl 6-O-(6-deoxy-α-L-mannopyranosyl)-β-D-glucopyranoside) is a glycone of quercetin with a
ﬂavonol structure. This substance modiﬁes the cognitive
and various behavioral symptoms of neurodegenerative diseases due to the ability of rutin and/or its metabolites to cross
the blood-brain barrier; this way causes eﬀects on the various
cellular functions under pathological conditions [110, 111].
Some reports have demonstrated that rutin scavenges
superoxide radicals, increases antioxidant enzymatic activity
in vitro, reduces lipid peroxidation and cytokine production,
and prevents cognitive deﬁcits including CNS injuries in rat
models [112, 113].
In recent studies, Rodrigues et al. [114] investigate the
eﬀect of treatment with rutin after induction of focal cortical
ischemia and results that shown that rutin is a putative candidate to treat stroke. Few studies have evaluated the treatment with rutin in models of global and focal brain
ischemia, showing positive eﬀects [115].
According to Hhan et al. [116], similar to other ﬂavonoids, the main expected mechanisms of action of rutin are
its anti-inﬂammatory and antioxidative potentials. Thus,
anti-inﬂammatory action of rutin was demonstrated with
reduction of inducible nitric oxide synthase expression in a
model of PD.
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Moghbelinejada et al. [39] investigated the possible
eﬀects of rutin on MAPK and BDNF gene expression and
memory retrieval in β-amyloid-injected rats. Their results
demonstrated improved memory impairment caused by
injection of Aβ in rats through activation of MAPK and
BDNF, as also reduced oxidative stress in the hippocampus
of rats by reducing MDA level and increasing thiol content
in the hippocampus. Further studies are necessary to clarify
the eﬀects and molecular mechanisms of this ﬂavonoid.
Rutin has antioxidant and anti-inﬂammatory roles; its
mechanism of action is not yet completely elucidated but
may be related to the MAPK pathway and reduction of nitric
oxide synthase activation.

4. Conclusion and Perspective
This systematic review suggests that the ﬂavonoids reported
have a potential for the treatment of neurodegenerative diseases such as PD and AD and are considered drug candidates
in the future clinical research. The studies listed in this review
revealed that the main targets of action for Alzheimer’s disease therapy were reduction of reactive oxygen species and
amyloid beta-protein production. In Parkinson’s disease,
reduction of the cellular oxidative potential and mechanisms
of neuronal death are often involved in the neuroprotective
potential of ﬂavonoids.
It was observed that ﬂavonoids had been studied using
various in vivo animal models, including the evaluation of
its mechanism of action and eﬀects on the molecular level.
However, it is essential to improve the rigor of study design
and data in view of the fact that most of the included studies
presented low to moderate methodological quality, which
limits the interpretation of the results and the continuity of
the studies.
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Parkinson’s disease (PD) is a commonly reported age-related neurodegenerative disorder. Microglial-mediated neuroinﬂammation is
one of the cardinal hallmarks of various neurodegenerative disorders, including PD progression. Inadequate therapeutic strategies and
substantial adverse eﬀects of well-established drug candidates demand new therapeutic leads to treat PD. Dendropanax morbifera (DM)
is an endemic plant species of South Korea, and it has been used extensively as traditional medicine to treat numerous clinical
complications. In this study, we conducted an initial proﬁling of the few major phytoconstituents of aqueous DM leaf extracts (DML)
and quantiﬁed the same using high-performance liquid chromatography tandem mass spectrometry with electrospray ionization
(HPLC-ESI-MS/MS). We subsequently evaluated the antineuroinﬂammatory activity and ameliorative potential of DML in both
in vitro and in vivo experimental PD models. The prophylactic treatment of DML eﬀectually improved the behavioral deﬁcits, curbed
the microglial-mediated neuroinﬂammation, and protected dopaminergic (DA) neuronal loss by restoring tyrosine hydroxylase (TH)
levels in brain tissue of the MPTP-induced PD mouse model. We conducted chromatographic proﬁling and identiﬁed chlorogenic
acid (CA) as a major constituent (19.5 mg/g of BuOH fraction), which has been well documented as an antioxidant and
anti-inﬂammatory agent. This was found to be in harmony with our in vitro results, where DML suppressed the level of
inﬂammatory mediators and allied the signaling pathway in LPS-stimulated microglial cells. The results of our study indicate that
DML and its bioactive constituents can be developed as potential therapeutic candidates against progressive PD complications.

1. Introduction
Parkinson’s disease (PD) is the second most commonly
reported age-related neurodegenerative disorder, and it is
substantially characterized by progressive dopaminergic
(DA) neuronal loss in the substantia nigra pars compacta
(SNpc) of the nigrostriatal system, functional impairment

of microglial cells, and motor dysfunction (i.e., resting
tremor, bradykinesia, and postural instability) [1, 2]. Microglia, the resident macrophages of the central nervous system
(CNS), play a major role in retaining the homeostasis in the
brain milieu by providing a ﬁrst-line defense against various
exogenous and endogenous contaminants, curbing the
potential spread of injury inﬂicted by clinical complications
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[3]. Previous studies suggested that the microglia involved in
the phagocytosing of dead neuronal cells in the brain milieu
also aid in the survival of nerve cells by releasing varied neurotrophic factors [4, 5]. Increasing evidence suggests that the
activation of resting glial cells was attained either by direct
factors, that is, toxins, pathogens, or endogenous proteins,
or by indirect factors due to neuronal death cascades [6, 7].
Precisely, activated glial cells trigger the inﬂammatory cascade by releasing proinﬂammatory cytokines (tumor necrosis
factor-alpha (TNF-α) and interleukin (IL-1β and IL-6)) and
inﬂammatory mediators (nitric oxide (NO), inducible nitric
oxide synthase (iNOS), and cyclooxygenase-2 (COX-2)) by
activating nuclear factor kappa-light-chain-enhancer (NFκB) and mitogen-activated protein kinase (MAPK) pathways
[8, 9]. These cascades lead to NO accumulation and exhaustive DA neuronal loss, as clinically observed in the autopsy
reports of several PD patients [10–13]. The exogenous activation of microglial cells was achieved both in vitro and
in vivo via exposure of lipopolysaccharide (LPS), 1-methyl4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), and other
neurotoxins [14–16]. In particular, the MPTP-induced
mouse model is the most commonly used PD model, and
it depicts signiﬁcant clinical hallmarks of PD pathogenesis,
that is, neuroinﬂammation and DA neuronal cell death
more proximal to human brains [17]. MPTP was also
reported to reduce the ratio of tyrosine hydroxylase (TH)
positive in the SNpc and striatum (STR) regions compared
to wild-type control, which subsequently contributes to
the striatal DA deﬁciency and results in behavioral defects.
In addition to the histopathological alterations, MPTPtreated mice exhibit substantial motor deﬁcits, which shall
be associated to tremors, rigidity, and posture imbalance
of mice. However, experimentally, the behavioral alternation of the animals was measured using pole and rotarod
tests, which shall relatively measure the motor skills of
the animals (i.e., bradykinesia and hypokinesia). Current
therapeutic strategies for PD provide inadequate beneﬁts
with substantial adverse eﬀects; so to overcome this limitation, a safe and eﬀective alternative should be developed.
In recent years, phytotherapeutic leads have been in the limelight due to their improved potential with minimal or null
toxicity in PD.
Dendropanax morbiferus (DM) is an endemic plant species that is widely distributed in the southern parts of Korea
[18]. The leaves of this plant were used as prebiotic, probiotic,
and antibacterial agents against various pathogens [19]. Various other parts of the plant have been documented as alternative, folkloric medicine against dermal complications and
other infectious diseases [18–20]. Numerous scientiﬁc studies have reported the antioxidant, antidiabetic, anticarcinogenic, and nephroprotective potential of this plant species
[21–23]. DM has also been recently reported to eﬀectively
alleviate the hippocampal function in mercury-induced neurotoxic rats by improving the endogenous antioxidant levels
[24]. Though several studies reported broad medicinal properties of DML, its mechanism of action in the PD model has
been poorly understood. In this study, we evaluated the
underlying molecular mechanism of the antineuroinﬂammatory activity and the neuroprotective potential of DML and
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its bioactive compound (CA) in in vitro and in vivo experimental models of PD.

2. Materials and Methods
2.1. Reagents. Dendropanax morbiferus leaves were procured
from Hanna arboretum (Jeonnam, Korea). 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), lipopolysaccharide
(LPS), dimethyl sulfoxide (DMSO), 3-(3,4-dimethylthiazole-2-yl)-2,5-diphenyl-tetrazoliumbromide (MTT), chloroform, quercetin, kaempferol, rutin, vitexin, luteolin, tricin,
ferulic acid, caﬀeic acid, chlorogenic acid, and N-1(1naphthyl)ethylene-diamine dihydrochloride were obtained
from Sigma-Aldrich (St. Louis, MO, USA). A 10x RIPA
buﬀer was obtained from Millipore (Milford, MA, USA).
Protease inhibitor and phosphatase inhibitor cocktail tablets
were purchased from Roche (Indianapolis, IN, USA). Plastic
wares (6-well, 12-well, and 24-well tissue culture plates and
100 mm culture dishes) were purchased from SPL (Korea).
Dulbecco’s modiﬁed Eagle’s medium (DMEM), fetal bovine
serum (FBS), 1x trypsin-EDTA (TE), and 100,000 U/ml
penicillin-streptomycin (P-S) were obtained from Gibco/Invitrogen (Carlsbad, CA, USA). Primary antibodies anti-ERK
(1 : 2000), anti-p-ERK (1 : 2000), anti-JNK (1 : 1000), anti-pJNK (1 : 1000), anti-p38 (1 : 2000), anti-p-p38 (1 : 2000), and
anti-TH (1 : 1000) were obtained from Cell Signaling Technology (Danvers, MA, USA); anti-COX-2 (1 : 1000) and anti-TH
(1 : 200) for IHC were obtained from Abcam (Cambridge, UK)
and Calbiochem (San Diego, CA, USA); anti-Iba-1 (1 : 1000)
and anti-iNOS (1 : 1000) were procured from Wako-chem
(Chuo-ku, Osaka, Japan) and BD Biosciences (San Jose,
CA, USA), respectively. Secondary antibodies antimouse
(1 : 2000) and antirabbit (1 : 2000) were obtained from Cell
Signaling Technology (Danvers, MA, USA) and Bio-Rad
(Hercules, CA, USA), respectively.
2.2. Plant Leaf Extraction of Dendropanax morbiferus Leaves.
DM leaves were purchased from Hanna arboretum, Republic of Korea. The obtained fresh DM leaves were washed in
running tap water, oven-dried (50–60°C) for 3–5 days, and
it is crushed manually to obtain the leaf ﬂakes. The ﬂakes
were subjected to heat maceration in 1 l of distilled water
at 100°C for 2 h, and the extract was ﬁltered through Whatman® ﬁlter paper number 2. The obtained ﬁltrate was further concentrated using rotary evaporator (EYELA N-1000,
Tokyo), for 2 h, 3 times. The DM leaf extract (DML) residual was freeze-dried for 7 days and stored in an airtight
container at −20°C.
2.3. Cell Culture Treatment. The BV-2 microglial cells were
generously provided by Dr. K. Suk (Kyung-Pook National
University, Daegu, Korea). As previously reported [25], the
cells were cultured and maintained in Dulbecco’s modiﬁed
Eagle’s medium (DMEM) supplemented with 5% FBS
and 50 μg/ml penicillin-streptomycin and maintained in a
humidiﬁed incubator supplied with 5% CO2 and 95% O2.
The cells were seeded at a density of 5 × 104 cells/ml and
were pretreated for 1 h with varying concentrations of DML
(100, 250, and 500 μg/ml), followed by LPS incubation
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(200 ng/ml) at the respective time points (30 min, 6 h,
and 24 h).

Table 1: Quantiﬁcation of phytophenolic constituents in DMLBuOH fraction.

2.4. Animal Experimental Design. Six-week-old male C57BL/
6N mice were obtained from DBL (Chungbuk, Korea) and
acclimatized for 1 week before the start of the experiment.
The 7-8-week-old (25–27 g) mice were used in this study.
All experiments were performed in accordance with the
principles of laboratory animal care (NIH publication
number 85-23, revised 1985) and were approved by Konkuk
University Institutional Animal Care and Use Committee
(KU 17009). The animals were housed in a controlled environment (23 ± 1°C and 50% ± 5% humidity; 12 h dark-light
cycle) and allowed food and water ad libitum. The animals
(n = 24) were divided into three groups (n = 8 per group).
The groups included a vehicle group (untreated), MPTP
group (20 mg/kg of bw—four times, day 7 at 2 h intervals,
i.p.), and DML group (200 mg/kg of bw—single dose/day
until day 7, p.o.). MPTP and DML were dissolved in saline
and prepared just prior to dosing.

Compounds

2.5. Cell Cytotoxicity and NO Release. BV-2 cells were seeded
at a density of 5 × 104 cells/well and were pretreated with various concentrations of DM (100, 250, and 500 μg/ml) for 1 h,
followed by LPS (200 ng/ml) induction for 24 h. 20 μl of MTT
(2.0 mg/ml) was added to each well, and after 2 h of incubation at 37°C in 5% CO2, the supernatants were removed from
each well, and the formed formazan crystals in viable cells
were dissolved in DMSO. The absorbance was determined
at 540 nm using a microplate reader (Tecan Trading AG,
Basel, Switzerland). The inhibitory eﬀect of DM on NO production was determined as previously described [25]. BV-2
microglial cells (5 × 104 cells/well) were incubated with LPS
(200 ng/ml) in the presence or absence of DM (100, 250,
and 500 μg/ml) for 24 h. After 24 h, 100 μl of supernatants
was initially collected and assayed for NO release using commercially available Griess reagent (1 vol. 0.1% naphthylethylenediamine and 1 vol. 1% sulfanilamide in 5% H3PO4).
Absorbance was determined at 540 nm using a microplate
reader (Tecan Trading AG).
2.6. RNA Isolation and Reverse Transcription Polymerase
Chain Reaction (RT-PCR) Analysis. Total RNA was isolated
from BV-2 microglial cells (5 × 104 cells/well) treated for
6 h, using TRIzol reagent (Invitrogen Life Technologies,
Carlsbad, CA, USA) according to the manufacturer’s instructions. cDNA synthesis was primarily performed using
2500 ng of total RNA and GoScriptTM Reverse Transcription
System (Promega, USA). Polymerase chain reaction was performed using an initial step of denaturation (2 min at 95°C),
24–30 cycles of ampliﬁcation (95°C for 30 s, 55–58°C for 45 s,
and 72°C for 1 min), and extension at 72°C for 5 min. The
primer sequences used for inﬂammatory genes are represented in Table 1. PCR products were analyzed in 1% agarose
gels. For quantiﬁcation, the gels were photographed and the
pixel intensity for each band was determined using the ImageJ (NIH) software and was normalized to the band intensity
of GAPDH mRNA. The results are representative of three
independent experiments.

Quercetin
Kaempferol
Rutin
Vitexin
Luteolin
Tricin
Ferulic acid
Chlorogenic acid
Caﬀeic acid

Contents (mg) (per 1 g aqueous DML)
0.1
0.02
6.38
0.23
0.02
0.06
0.03
19.5
0.10

2.7. Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR) Analysis. Real-time PCRs (RT-PCRs) were performed in a Roche LightCycler 96 Real-Time System using
Power SYBR green master mix (Life Technologies), according to the manufacturer’s instructions, in a ﬁnal volume of
20 μl reactions. The PCR conditions were as follows: initially
incubated for 10 minutes at 95°C, followed by 15 sec incubation at 95°C (40 cycles) and a ﬁnal 60 sec incubation at 60°C.
Further, the speciﬁcity of each primer was veriﬁed by melting
curve analysis (at 65–95°C, with ﬂuorescence recording at
every 0.5°C).
2.8. Immunocytochemistry (ICC) Analysis. BV-2 microglia
cells (1 × 105 cells/well in a 12-well plate) were cultured on
sterile 12 mm cover slips in 24-well plates and treated with
DM (100, 250, and 500 μg/ml) and LPS (200 ng/ml) to detect
the intracellular location of the nuclear factor kappa-B (NFκB) p65 subunit. A ﬂuorescence immunocytochemistry assay
was performed, and the representative images were obtained
using a ﬂuorescence microscope (Carl Zeiss Inc., Oberkochen, Germany) as previously described [25, 26].
2.9. Behavioral Studies
2.9.1. Pole Test. The pole test for bradykinesia was conducted
as previously described [27]. The mice were placed at the top
of a rough-surfaced pole (8 mm diameter and 55 height) with
the head-up posture, and the total locomotor activity (TLA)
was measured. The TLA is the time taken by the mouse to
reach the ﬂoor. The duration of these parameters reﬂects bradykinesia in PD. This test was performed successively ﬁve
times for each mouse, and the average was analyzed.
2.9.2. Rotarod Test. The rotarod test was conducted to evaluate the motor deﬁcits, as previously described with slight
modiﬁcation [28]. A computerized, automated rotarod 5unit lane (DBL-02-MA5, Korea) machine was used for each
mouse per lane. The rotarod machine was set with a preprogrammed protocol and was allowed to rotate at selective
speed and time limits. The machine detects the mouse fall
and records the time and distance covered by each mouse
on their corresponding lanes. The mice from all groups were
pretrained in the rotarod machine, at 10 rpm (5 min), once
per day for three consecutive days (days 5–7), prior to MPTP
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injection. On day 14, the experiment was started at a low
speed limit of 4 rpm, with a gradual increase until reaching
a high speed limit of 40 rpm. The time taken to fall—latency
of fall (LTF) and total distance (TD) covered by each mouse
during their respective sessions—was recorded and analyzed.
2.10. Western Blot Analysis. Treated BV-2 cells (5 × 105 cells/
well) and animal brain tissue were washed twice with PBS
and lysed for 10 min using 1x RIPA lysis buﬀer (4°C), respectively. Cell and tissue lysates were centrifuged at 14,000 rpm,
4°C, and the corresponding supernatants were collected and
separately stored for further analysis. The protein concentration of each sample was obtained using a DC Protein
Assay kit (Bio-Rad). Equal amounts of protein (20–40 μg
for cells/600 μg for animal) were separated electrophoretically by 10% sodium dodecyl sulfate-polyacrylamide electrophoresis, and the resolved proteins were transferred to
polyvinylidene diﬂuoride membranes (Millipore, Bedford,
MA, USA). The membranes were incubated for 1 h with 3%
BSA in TBS buﬀer to block nonspeciﬁc binding. The membranes were then incubated with primary antibodies to
anti-inducible nitric oxide synthase, antityrosine hydroxylase
(TH), anti-IκB-α, anti-phospho-IκB-α, anti-p65, anti-cyclooxygenase-2, anti-β-actin, and anti-ionized calcium-binding
adapter molecule 1 (Iba-1), followed by incubation for 1 h
with horseradish peroxidase-conjugated-speciﬁc secondary
antibodies (1 : 2000; Cell Signaling, MA). The blots were visualized by a PowerOpti-ECL kit obtained from the Animal
Genetics Inc. (Gyeonggi-do, Korea) detection system according to the recommended procedures.
2.11. Immunohistochemistry (IHC) Analysis. Following the
behavioral tests, the mice were anesthetized using 23%
urethane (i.p.) for immunohistochemical investigations.
The brains of each mice were perfusion ﬁxed via cardiac
puncture with 4% paraformaldehyde, followed by a saline
ﬂush (Biosesang, Korea). The brains were removed after perfusion ﬁxation at 4°C, immersed in the same ﬁxative, and
dehydrated in 30% sucrose solution. Subsequently, the brain
was frozen-embedded using tissue freezing medium (Leica,
GmbH Heidelberger, Germany). The ﬁxed frozen brains
were sectioned (30 μm) coronally to obtain the striatum
and substantia nigra (n = 3/group). The free-ﬂoating brain
sections (30 μm) were then incubated with speciﬁc anti-TH
(1 : 200; Calbiochem; Merck KGaA, Darmstadt, Germany),
VECTASTAIN ABC kit, and biotinylated secondary antibodies. The samples were visualized using DAB peroxidase
(HRP) substrate kit (Vector Laboratories, CA, USA) by
following the manufacturer’s protocol.
2.12. Fractionation and Chromatographic Analysis. To identify the potential bioactive compounds responsible for the
therapeutic eﬃcacy of DML, we further obtained phenolenriched ethyl acetate and butanol fractions of DML. The
HPLC analysis of DML and its fractions were conducted
using Agilent Technologies 6410 Triple Quad LC-MS/MS
(Agilent, Santa Clara, CA, USA) with C18, 2.1 × 100 mm,
2.7 μm column. The mobile phases—solvent A (0.1% formic
acid in water) and solvent B (0.1% formic acid in
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acetonitrile)—were used at a ﬂow rate of 400 μl/min. The
sample injection volume was 3 μl/sample. The gradient program set for the analysis is as follows: 95% solvent A : 5% solvent B, 0–30 min; 50% solvent A : 50% solvent B, 30–40 min.
Compound identiﬁcation was achieved using a coupled mass
spectrometry system with the following source parameters:
gas temp 350°C; capillary volt. 4000 V; nebulizer 40 psi; fragmentor 190 V allied with a MassHunter Software system. To
quantify the identiﬁed compounds, commercially acquired
authentic standards of quercetin, kaempferol, rutin, vitexin,
luteolin, tricin, ferulic acid, chlorogenic acid, and caﬀeic acid
dissolved in MeOH were used for the analysis.
2.13. Statistical Analysis. All the data were analyzed using
GraphPad Prism software ver. 5.01 (GraphPad Inc., La Jolla,
CA, USA). All data are expressed as mean ± standard deviation of at least three independent experiments. The statistical
analysis was performed with a one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison tests.
The P values < 0.05 were considered to be signiﬁcant.

3. Results
3.1. Eﬀects of DML on the Cell Viability and Nitric Oxide
Production in LPS-Stimulated BV-2 Microglial Cells. In this
preliminarily study, we investigated the cytotoxic nature of
DML in BV-2 microglial cells, to observe the toxic traits of
the extract. The cells were treated with various concentrations of DML (100, 250, and 500 μg/ml) alone or with LPS
(200 ng/ml), and the cytotoxicity was assayed using MTT.
The results of our study indicated that at selected concentrations, LPS alone or with DML-treated cells did not show any
signiﬁcant toxicity. Interestingly, we observed that the DML
alone at the chosen higher concentration of 500 μg/ml
showed no toxic eﬀects in BV-2 cells (Figure 1(a)). To further
evaluate the inhibitory eﬀect of DML in LPS-induced inﬂammatory responses, NO released from the DML-pretreated
(100, 250, and 500 μg/ml) LPS-inﬂicted cells or DML-treated
cells alone was analyzed. Cells treated with DML alone did
not exhibit any changes in NO levels, similar to the control
cells. On the other hand, cells incubated with LPS (200 ng/ml)
signiﬁcantly elevated the NO release (28 ± 2.2 μM, P < 0 05),
which was dose dependently suppressed by DML treatment
at described doses with values of 16.5 ± 0.3 μM, 11.7 ± 0.2 μM,
and 4.9 ± 0.7 μM, respectively (Figure 1(b)).
3.2. DML Attenuates the Proinﬂammatory Mediators in LPSStimulated BV-2 Cells. To examine the impact of DML in
modulating the proinﬂammatory mediators, the BV-2
microglial cells were stimulated with LPS (200 ng/ml) and
treated with or without DML at indicated concentrations
(100, 250, and 500 μg/ml). The alterations in the mRNA
levels of the proinﬂammatory cytokines (TNF-α, IL-1β, and
IL-6) and associated mediator (iNOS, COX-2) genes were
observed after 6 h followed by LPS induction, using RTPCR analysis. The densitometric analysis of the bands
showed that LPS-stimulated BV-2 cells signiﬁcantly upregulated the proinﬂammatory cytokine level with a ninefold
increase in TNF-α, sixfold increase in both IL-1β and IL-6
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Figure 1: DML attenuates nitric oxide production, cell viability, and proinﬂammatory mediators in LPS-stimulated BV-2 cells. The cells were
incubated with DML in the presence or absence of LPS (200 ng/ml) for 6 h (RNA levels) and 24 h (NO assay, MTT assay, and protein levels).
The cytotoxicity and NO release results were displayed as percentage of control (a) and released NO in μM (b), respectively. The RT-PCR
results of the inﬂammatory cytokines were expressed as bands and fold-change quantiﬁcation with respect to GAPDH ratio of iNOS (c),
COX-2 (d), TNF-α, IL-1β, and IL-6 (e–h). The immunoblot results of inﬂammatory mediators iNOS (i) and COX-2 (j) were expressed as
blots and fold-change quantiﬁcation with respect to β-actin ratio. Data are presented as mean ± standard error (n = 3) of three
independent experiments. The values are mean ± standard error (## P < 0 05 versus control group and ∗∗ P < 0 05 versus LPS-treated group).
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level, and around fourfold increase in both iNOS and
COX-2 level compared to the control group. Meanwhile,
pretreatment of LPS-stimulated BV-2 cells with DML for
1 h eﬀectively alleviated the upregulation of proinﬂammatory cytokines (TNF-α, IL-1β, and IL-6) and associated
mediator (iNOS, COX-2) (Figures 1(c)–1(h)) genes in a
dose-dependent manner. These results indicate that DML
substantially suppress the proinﬂammatory mediators at
the transcriptional level.
3.3. DML Attenuates the Inﬂammatory Protein Expression
Level in LPS-Stimulated BV-2 Cells. To evaluate the eﬀect
of DML on the inﬂammatory protein expression in LPSstimulated BV-2 microglia, the cells were pretreated with
DML at described concentrations (100, 250, and 500 μg/
ml) and after 1 h incubated with LPS (200 ng/ml) for
24 h, followed by an evaluation of the protein markers
using a Western blot analysis. The LPS-induced BV-2 cells
signiﬁcantly upregulated the iNOS and COX-2 protein levels
with around a onefold increase compared to the control
groups, and these have been substantially alleviated by
DML treatment in a dose-dependent manner (Figures 1(i)
and 1(j)).
3.4. DML Inhibits Inﬂammatory Response in LPS-Stimulated
BV-2 Microglial Cells via Regulation of NF-κB and JNK
Pathways. To explore the underlying molecular mechanism
through which DML inhibits the inﬂammatory response in
LPS-stimulated BV-2 microglia, we evaluated the protein
expression level of the biomarkers associated with the
NF-κB pathway (p-IκB-α, p-p65) and MAPK pathway biomarkers (p-ERK, p-p38, and p-JNK). BV-2 microglia cells
were pretreated with DML at described concentrations
(100, 250, and 500 μg/ml) for one hour, incubated with
LPS (200 ng/ml) for 30 min, and then evaluated for protein
markers via Western blot. Our results indicate that the
LPS stimulation signiﬁcantly improved the IκB-α phosphorylation, nuclear translocation, and phosphorylation
of the NF-κB p65 subunit and also involved in the upregulated phosphorylation of ERK, p38, and JNK protein expression in BV-2 cells. In contrast, the DML dose dependently
suppressed the phosphorylation of both the IκB-α and NFκB p65 subunit (Figures 2(e)–2(h)). Interestingly, among
the evaluated MAPK biomarkers, DML suppressed only
the phosphorylation of JNK and showed no eﬀects for
ERK and p38 (Figures 2(a)–2(d)). Thus, from this data,
we understand that the DML eﬀectively suppressed the
inﬂammatory response in BV-2 cells by regulating both
NF-κB and JNK pathways.
3.5. DML Alleviated the Tyrosine Hydroxylase (TH) Depletion
in MPTP-Intoxicated Mouse Model of PD. To evaluate the
protective eﬀects of DML against MPTP-inﬂicted TH
depletion in mice, the protein expression of TH levels in
the ventral midbrain (VM) was evaluated via Western blot
(Figure 3(b)) and the immunoreactivity of the TH-positive
cells in SNpc and STR was obtained through IHC
(Figure 3(a)). As expected, MPTP intoxication signiﬁcantly
reduced the TH protein level expression in VM (P < 0 05),
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with a relative loss of TH-immunopositive ﬁbers in striatum
and SNpc compared to the control group, whereas
DML-treated mice showed signiﬁcant (P < 0 05) elevation
in TH protein levels with substantial protection of THimmunopositive ﬁbers in striatum and SNpc as in the
control group.
3.6. DML Suppress the Inﬂammatory Protein Expression and
Microglial Activation Markers in MPTP-Intoxicated Mouse
Model of PD. Neuronal inﬂammation mediated by microglial
cell activation is a clinical hallmark of PD. To evaluate the
neuroprotective eﬀect of DML, mice were intoxicated with
MPTP (20 mg/kg of bw, i.p.) followed by DML pretreatment (200 mg/kg of bw, p.o.) or saline treated or untreated
(control), and the characteristic inﬂammatory (iNOS, COX2) and microglial activation (Iba-1) protein expressions of
the brain procured from respective groups were analyzed
via Western blot (Figure 3(c)). MPTP-intoxicated mice
substantially upregulated the expression of inﬂammatory
proteins (iNOS: sixfold/COX-2: twofold) (Figures 3(d)
and 3(e)) and microglial activation (Iba-1: onefold) protein
(Figure 3(f)) compared to the control group. This upregulation of the characteristic protein expression was signiﬁcantly suppressed by DML treatment, and it is quite
equivalent to that of control.
3.7. DML Improved the Behavioral Deﬁcits in MPTPIntoxicated Mouse Model of PD. To evaluate the protective
eﬀects of DML in terms of behavioral deﬁcits, the mice were
intoxicated with MPTP (20 mg/kg of bw, i.p.) followed by
DML pretreatment (200 mg/kg of bw, p.o.) or saline treated
or untreated (control), and their behavioral modulations
were evaluated by performing a pole test and a rotarod
test. The MPTP-intoxicated mice signiﬁcantly reduced the
latency to fall (LTF) (85.7 ± 20.9 s) (Figure 4(a)) and total
distance (TD) covered (1.7 ± 0.7 m) (Figure 4(b)) in the
rotarod test with an increased total locomotor activity
(TLA) (45.4 ± 17.8 s) (Figure 4(c)) in the pole test, compared
to the control group, whereas pretreatment with DML significantly ameliorated the behavioral deﬁcit with improved LTF
(139.7 ± 30.8 s) (Figure 4(a)), TD (4.3 ± 1.5 m) (Figure 4(b)),
and reduced TLA (8.7 ± 3.1 s) (Figure 4(c)). This data suggests that DML improves the behavioral deﬁcits exerted by
MPTP intoxication in a mouse model of PD.
3.8. Chromatographic Analysis of DML/Fractions and
Quantiﬁcation of Its Phenolic Constituents. Among the chromatographic proﬁles of DML and its fractions, the butanol
fraction of DML exhibited a relatively higher quantity of phenolic constituents, which have been quantiﬁed and enlisted
in Table 1. Despite this, the chlorogenic acid (CA) was
reported to be present in a higher amount (19.5 mg/g of fraction) in the butanol fraction compared to other quantiﬁed
phenolic constituents. The chromatographic proﬁles of the
standard mixtures, DML-BuOH fraction, and CA are represented in Figures 5(a)–5(c), respectively.
3.9. Chlorogenic Acid Alleviates the Proinﬂammatory
Mediators in LPS-Stimulated BV-2 Cells. In accordance with
our chromatographic results, CA was found to be a major
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Figure 2: DML modulates the protein levels of MAPKs, NF-κB, and IκB-α in LPS-stimulated BV-2 cells. The protein expressions of MAPKs
(a–d) were represented as blots and fold-change quantiﬁcation with respect to their corresponding phosphorylated protein ratio. The IκB-α,
phospho-IκB-α, and phospho-p65 (e, f, and h) were represented with respect to β-actin ratio. Data were mean ± standard error (n = 3) of three
independent experiments. Values are mean ± standard error (## P < 0 05 versus control group and ∗∗ P < 0 05 versus LPS-treated group). The
subcellular location of NF-κB p65 subunit was determined by immunoﬂuorescence assay (g), using Alexa Fluor® 568 red with Hoechst
background staining.
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Figure 3: Defensive eﬀect of DML on MPTP-induced loss of TH and elevated inﬂammatory mediator expression in substantia nigra pars
compacta (SNpc). (a) Representative image of TH-positive cell immunoreactivity (IR) in substantia nigra pars compacta (SNpc) section and
optical density (OD) analysis for TH-positive ﬁbers in striatum (STR) section. The protein expressions of TH (b), iNOS, COX-2, and Iba-1
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experiments. The values were mean ± standard error (## P < 0 05 versus control group and ∗∗ P < 0 05 versus MPTP-treated group).
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Figure 4: DML ameliorated the behavioral deﬁcits in MPTP-intoxicated mouse. The rotarod and pole test were conducted on day 14. The
latency of fall (LTF) time, total distance (TD), and total locomotor activity (TLA) of the animals were recorded and graphically
represented in a, b, and c, respectively. Values shown were mean ± standard error for ﬁve mice (each group) (## P < 0 05 versus control
group and ∗∗ P < 0 05 versus MPTP-treated group).

bioactive constituent of DML-butanol fraction. Thus, we
further extended our study to evaluate the antineuroinﬂammatory potential of CA. The qRT-PCR and Western
blot results of our study indicated that CA substantially
downregulated the gene (Figures 6(a)–6(d)) as well as the
protein expressions (Figures 6(e) and 6(f)) of proinﬂammatory cytokines and associated inﬂammatory mediators
in a dose-dependent manner in LPS-induced BV-2 microglial cells. This result indicates that CA could possibly
contribute to the antineuroinﬂammatory and ameliorative
potential of DML in the MPTP-induced PD model.

4. Discussion
Neuroinﬂammation is a major hallmark of various progressive neurodegenerative disorders, including PD [29, 30]. An
increase in in vitro and in vivo evidence suggests that inhibiting inﬂammatory cascades mediated by microglial activation
is an eﬀective therapeutic strategy to curb the progression of
PD [31–34]. Lately, DML was also reported to show remedial
eﬀects on few neuronal-associated complications, that is,
paralysis, stroke, and migraines [35]. Thus, in this study,
we investigated the antineuroinﬂammatory and neuroprotective role of DML in the MPTP model. DML substantially
curbed the advancement of microglia-mediated neuroinﬂammatory cascades both in vitro and in vivo and eﬀectively

alleviated the behavioral deﬁciencies detected in an MPTPintoxicated PD mouse model. The resting microglia can be
evoked by various inﬂammatory insults, such as LPS/
MPTP-induced toxicity, which in turn leads to an upsurge
in proinﬂammatory cytokines (TNF-α, IL-1β, and IL-6)
and inﬂammatory mediators (COX-2 and inducible nitric
oxide synthase (iNOS)), generating a ROS/RNS environment
[14, 36, 37]. Jiang et al. described the antineuroinﬂammatory
role of Acorus gramineus leaf aqueous extract by elucidating
its potential modulating role on inﬂammatory mediators in
MPTP-induced mouse model of Parkinson’s disease [38]. A
recent study reported that the aqueous extract of Withania
somnifera leaves eﬀectively suppressed the LPS-induced
microglial inﬂammatory action by modulating the reported
inﬂammatory mediators [39]. Accordingly, in our study,
DML evidently alleviated the inﬂammatory eﬀects inﬂicted
by LPS- and MPTP-mediated glial cell activation both
in vitro and in vivo, respectively, with a signiﬁcant downregulation of proinﬂammatory cytokine (TNF-α, IL-1β, and IL6) levels and inﬂammatory mediators (iNOS and COX-2).
The underlying neuroinﬂammation event has been generally reported to be interlinked with several molecular pathways, among them are NF-κB and MAPK signaling
pathways, which are well documented [8, 40]. Phosphorylated IκB-α-mediated nuclear translocation of NF-κB and
subsequent phosphorylation of mitogen-activated protein
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Figure 6: Modulatory eﬀects of chlorogenic acid (CA) on proinﬂammatory cytokines and inﬂammatory mediators in LPS-activated BV-2
microglial cells. Cells were incubated with various concentrations of CA (0.5, 1, and 2 mM) in the presence or absence of LPS (200 ng/ml)
for 6 h (RNA levels) and 24 h (protein levels). The qPCR results of the inﬂammatory cytokines were expressed as bands and fold-change
quantiﬁcation with respect to GAPDH ratio for iNOS (a), COX-2 (b), TNF-α (c), and IL-1β (d). The immunoblot results of inﬂammatory
mediators iNOS (e) and COX-2 (f) were expressed as blots and fold-change quantiﬁcation with respect to β-actin ratio. Data were
mean ± standard error (n = 3) of three independent experiments. Values were mean ± standard error (## P < 0 05 versus control group and
∗∗
P < 0 05 versus LPS-treated group).

kinases (MAPKs, i.e., p-ERK, p-p38, and p-JNK) were
reported to play an essential role in regulating transcriptional
genes for iNOS and COX-2 production [40–42]. In this
study, DML eﬀectively suppressed the activation of NF-κB
by inhibiting the phosphorylation of IκB-α and mediating
the nuclear translocation of NF-κB p65 subunit. Consequently, this inhibits iNOS and COX-2 production. Interestingly, our results also indicated that DML achieved the
same results by suppressing the phosphorylation of JNK,
but not other MAPKs. Earlier studies employed Iba-1 as an

eﬀective biomarker to positively stain the activated microglia,
immunohistochemically [43]. In this study, the microgliosis
inhibitory action of DML was double conﬁrmed by capturing
its suppressive role on microglial activation, with a decreased
Iba-1 immunoreactivity in DML-treated MPTP-intoxicated
mouse brains. Since DML inhibits neuroinﬂammation by
targeting multiple molecular targets, it can be further developed as a potential therapeutic agent to halt the neuroinﬂammation in PD progression. MPTP intoxication inﬂicts motor
deﬁcits and bradykinesia in mice [44–46]. Ren et al. reported
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that dihydromyricetin, a natural ﬂavonoid from Ampelopsis
grossedentata sp., eﬀectively alleviated motor impairments
inﬂicted by MPTP-intoxicated PD mouse model, as
observed in climbing pole and rotarod test results [47].
Accordingly, the results of our study indicated that MPTP
intoxication exhibited severe behavioral deﬁcits, including
prolonged TLA in the pole test with reduced LTF and TD
in the rotarod test. This was signiﬁcantly alleviated by the
DML pretreatment and remarkably improved the behavioral motor function. Numerous studies documented the
reduction of dopamine levels associated with enormous loss
of tyrosine hydroxylase- (TH-) positive ﬁbers in the striatum and SNpc as a characteristic event of PD progression
[44, 48–51]. In accordance, TH-positive (TH+) stains as a
potential marker to immunohistochemically depict the
dopaminergic neuron status [52, 53]. In this study, the
MPTP intoxication inﬂicted substantial DA neuronal loss
at STR and SNpc, with a decline in TH staining. In contrast,
DML-treated animals showed signiﬁcant positive TH staining, which indicates the neuroprotective activity of DML
by shielding the loss of DA neurons in the PD pathogenesis. The chromatographic proﬁling of the DML/fraction
showed that the butanol fraction of DML exhibited a relatively higher concentration of phenolic-ﬂavonoids. Previous
reports indicated that phenolic-ﬂavonoids, such as kaempferol, quercetin, apigenin, coumaric acid, and caﬀeic acid,
were reported to possess anti-inﬂammatory potential. In
accordance, in this study, among several identiﬁed phenolic
constituents of DML-butanol fraction, CA was found to be
present at a higher concentration, and it exhibited substantial
antineuroinﬂammatory potential in LPS-induced microglia
cells. It is also worth noting that CA has been earlier reported
to have signiﬁcant antioxidant, anti-inﬂammation, antidiabetic, anticarcinogenic, and antiobesity activities, thereby
facilitating a nonpharmacological and noninvasive approach
for treatment or prevention of some chronic disease [54].
Taken together, we report that CA is a potential therapeutic
candidate that contributes to the enhanced neuroprotective
potential of DML.

5. Conclusion
In conclusion, our study showed that DML signiﬁcantly
attenuated neuroinﬂammatory cascades in activated microglia and restored the behavioral motor deﬁcits in PD progression. The underlying molecular mechanism of DML can be
explained as it eﬀectively curbs the microglia-stimulated
neuroinﬂammation by modulating the NF-κB/IκB-α and
JNK-MAPK signaling pathways. However, further preclinical/clinical investigations of DML/bioactive compound on
the inﬂammation trail shall pave the way to produce an
eﬀective therapeutic candidate to treat various neurodegenerative disorders.
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Alzheimer’s disease is a proteinopathy characterized by accumulation of hyperphosphorylated Tau and β-amyloid. Autophagy is a
physiological process by which aggregated proteins and damaged organelles are eliminated through lysosomal digestion.
Autophagy deﬁciency has been demonstrated in Alzheimer’s patients impairing eﬀective elimination of aggregates and damaged
mitochondria, leading to their accumulation, increasing their toxicity and oxidative stress. In the present study, we
demonstrated by microarray analysis the downregulation of fundamental autophagy and mitophagy pathways in Alzheimer’s
patients. The beneﬁts of the Mediterranean diet on Alzheimer’s disease and cognitive impairment are well known, attributing
this eﬀect to several polyphenols, such as oleuropein aglycone (OLE), present in extra virgin olive oil. OLE is able to induce
autophagy, achieving a decrease of aggregated proteins and a reduction of cognitive impairment in vivo. This eﬀect is caused by
the modulation of several pathways including the AMPK/mTOR axis and the activation of autophagy gene expression mediated
by sirtuins and histone acetylation or EB transcription factor. We propose that supplementation of diet with extra virgin olive
oil might have potential beneﬁts for Alzheimer’s patients by the induction of autophagy by OLE.

1. Introduction
1.1. Alzheimer’s Disease. Alzheimer’s disease (AD) is a
progressive, fatal, and currently incurable neurodegenerative
disease. It is clinically characterized by a gradual loss of
cognitive function, including slow deterioration of memory,
reasoning, abstraction, language, and emotional stability
[1]. As a consequence, in the ﬁnal stages of the disease, the
patient is unable to perform any daily task without adequate
assistance from family members or social services [1]. AD is
the most common cause of dementia worldwide, accounting

for between 50% and 70% of the cases recorded among
people over 65 years old. The aging population presents the
highest risk of the disease, especially in developed countries,
therefore the number of aﬀected people is expected to
increase dramatically up to 115 million in 2050 [2].
The causes of the disease have not been fully clariﬁed,
but several risk factors have been associated with AD.
These are genetic factors (presenilin 1 and 2, apolipoprotein Eɛ4 allele), vascular events, history of traumatic brain
injury, oxidative stress, decreased endothelial nitric oxide
production and consequent inﬂammation, hypertension,
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hyperhomocysteinemia, diabetes, insulin resistance, hypercholesterolemia, obesity, hormonal alterations, lifestyle
factors (saturated fat intake, vitamin E intake, low physical
activity, smoking, etc.), and psychological factors [3].
The main histologic sign conﬁrming the AD diagnosis is
the presence of intracellular neuroﬁbrillary tangles of hyperphosphorylated Tau protein and extracellular deposits of
beta-amyloid (Aβ) peptide (senile plaques) in certain areas
of the brain. Tau belongs to the microtubule-associated
proteins (MAPs) family that participates in the assembly
and stabilization of microtubules. This process is necessary
for the maintenance of cellular shape and transport of proteins, organelles, and other biological components through
axons [4]. Additionally, it is important in the connections
between microtubules and other elements of the cytoskeleton
such as neuroﬁlaments, spectrin, or actin ﬁlaments [4]. The
Aβ is a peptide that contains between 39 and 43 amino acids,
being a natural product of proteolytic processing of the
amyloid precursor protein (APP), due to the sequential
action of enzymes β- and γ-secretase [5].
For causes not entirely clariﬁed, in AD, both proteins
tend to generate cytotoxic aggregates. These trigger series of
neuronal alterations such as loss of synaptic transmission,
gliosis or proliferation and abnormal activation of glial
cells (astrocytes and microglia) [6], vascular dysfunction
due to ﬁbrillary amyloid deposition at cerebral vessel walls
[7], increased oxidative stress, augmented inﬂammatory
response, and deregulation of calcium homeostasis [8].
1.2. Autophagy Pathway. Within eukaryotic cells, there are
two systems responsible for the degradation of cytoplasmic
proteins: the ubiquitin-proteasome system (UPS) and the
autophagy. In the case of poorly folded protein aggregates,
it is suggested that autophagy (speciﬁcally macroautophagy)
is more eﬃcient in degrading them than UPS. This is due
to the small pore size of proteasomes, which hinders the
entry of proaggregating oligomers and their subsequent
elimination [9].
Autophagy is a process by which the diﬀerent cellular
components and organelles are transferred to lysosomes
to be degraded by their hydrolytic enzymes [10]. It is a
key process for the correct cell function, acting as a recycling system in energy restriction conditions and allowing
the cell to degrade nonessential organelles and proteins to
reuse their components. In addition, it functions as a
system for eliminating aggregated protein and cytotoxic
damaged organelles [11].
Macroautophagy process (or “autophagy” as we will call
it from now onwards for simplicity) can be divided into three
phases [11]: autophagosome formation, substrate recognition, and autophagosome traﬃcking and degradation.
1.2.1. Formation of the Autophagosome. First, cellular
materials to be degraded are isolated into a double membrane
vesicle known as autophagosome. Its formation requires the
fusion of several smaller membranous vesicles to form a
ﬂattened structure called phagophore. This fusion process
continues until the autophagosome with a double membrane
is formed enveloping small fragments of the cytoplasm and

Oxidative Medicine and Cellular Longevity
organelles. Initiation of phagosome formation requires activation of the quaternary complex ULK1-ATG13-ATG101FIP200 [12]. This complex is controlled by two signaling
pathways: the mTORC1 pathway which acts as an autophagy
blocker by inhibiting ULK1 phosphorylation and the adenosine monophosphate activated protein kinase (AMPK) which
activates ULK1 by phosphorylation of mTORC1 diﬀerent
residues [13]. Once activated ULK1 phosphorylates and
activates Beclin-1, which in turn triggers the activation of
the VPS34 complex. The latter produces an accumulation
of phosphatidylinositol-3-phosphate (PI3P) in phagophore,
allowing the recruitment of numerous binding proteins
among which the ATG5-ATG12-ATG16L1 complex stands
out. This complex is necessary for phagophore elongation
through the binding to microtubule-associated protein 1
light chain 3 (LC3), which after several conjugations will
result in the active form LC3-II [14]. Finally, the ATG5ATG12-ATG16L1 complex is dissociated from the phagophore membrane and it ends up closing, creating the
autophagosome and leaving LC3-II associated with the two
faces (external and internal) of autophagosomes [14].
1.2.2. Substrate Recognition and Selective Autophagy. There
are several adaptor proteins that recognize cargo to be
engulfed into autophagosomes such as p62 (sequestosome
1), Next to BRCA1 gene 1 protein (NBR1), Nuclear Domain
10 Protein 52 (NDP52; also known as CALCOCO2), and
optineurin. These proteins recognize substrates speciﬁcally
labeled for degradation by ubiquitination, for example, and
bind to LC3 family proteins of phagosome mediating the
recruitment of cargoes [15]. Selective targeting can also
be mediated by autophagy receptors that form a bridge
between the cargo-autophagy receptor complex and components of the autophagosome membrane such as ATG5
and PI3P [16]. This is the case of autophagy-linked FYVE
protein (ALFY) that serves as a scaﬀold protein for p62
mediated labeling [16]. Additionally, BNIP3L is a mitochondrial membrane protein containing a LC3-interacting
region motif involved in the targeted clearance of damaged
mitochondria [17].
1.2.3. Autophagosome Traﬃcking and Degradation. Once the
autophagosome is formed, it is transported by dynein
engines through microtubules to the perinuclear region. In
this pathway, autophagosome may fuse with vesicles from
the endocytic pathway to form amphysomes. Finally, autophagosomes and amphysomes fuse with lysosomes forming
autolysosomes [18]. In them, the degradation of the compounds will be achieved, thanks to the combined action of
acid pH and lysosomal enzymes. The macromolecules
resulting from lysosomal digestion are released to the cytosol
by permeases [19]. Transcription factor EB (TFEB) is as a
master regulator for lysosomal biogenesis, therefore its
activation favors the degradation phase of autophagy [20].
1.3. Autophagy Deﬁciency in AD. The accumulation of extracellular protein aggregates, mainly composed by polymeric
Aβ42 peptide, a product of proteolysis of APP, is one of the
main responsible for neurological damage and cognitive
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deﬁcit. Under normal conditions, protein aggregates and
damaged organelles are eliminated through autophagy system, avoiding their cytotoxic eﬀect. But, as a consequence of
age and oxidative stress, the eﬃcacy of this system is reduced.
This results in the accumulation of poorly digested proteins
in autophagic vacuoles and damaged mitochondria, which
cause an increase in oxidative stress and neuronal death [21].
Several key regulatory proteins in autophagy are reduced
in AD, such as Beclin-1, PARK2/parkin and Nuclear Receptor Binding Factor 2 (NRBF2). Beclin-1 is a fundamental
protein for autophagy regulation and cell death that is found
decreased in brain samples from early-stage Alzheimer’s
patients [22]. In addition, inhibition of Beclin-1 gene expression in a mice model that expresses human APP produces
intraneuronal accumulation of Aβ, extracellular Aβ deposition, and neurodegeneration [22]. PARK2 is one of the
proteins involved in mitophagy, a specialized form of
autophagy by which mitochondria are selectively degraded
and recycled. PARK2 labels damaged mitochondria for their
subsequent degradation by its E3 ubiquitin ligase activity.
PARK2 is found reduced in the cerebral cortex of AD
patients, leading to a pathological increase of oxidative stress
[23]. NRBF2 is a Beclin-1-Vps34-binding protein that
modulates autophagy via Atg14L-linked Vps34 activity
regulation [24]. NRBF2 expression is found reduced in the
hippocampus of transgenic mice model that reproduces
amyloid pathology characteristic of AD in humans [25].
It has been also proposed that Aβ can cause a pathological accumulation of autophagic vacuoles. Intracellular
Aβ can also modulate the autophagy process by RAGEcalcium-CaMKKβ-AMPK pathway [26] or by generating
ROS by mitochondrial damage [27].

2. Gene Expression Profiling Demonstrates
Autophagy Dysfunction in AD
In the last years, the advances of high-throughput genomic
analysis have generated data from patients that allow us
the integration of gene deregulations and the determination of what biological processes are aﬀected in diﬀerent
pathologies such as neurodegenerations. Particularly in
AD, these gene expression datasets have demonstrated a
signiﬁcant deregulation of biological processes associated
with calcium signaling, inﬂammation, and mitochondrial
dysfunction [28]. Several of these processes are known to
have a deep implication in AD pathology. However, these
are not related to one of the main defects associated to
AD, as it is proteotoxicity [28, 29]. Trying to shed light
on this issue, we have analyzed a microarray dataset of brain
samples of AD patients compared to healthy subjects, in
which we focused in protein degradation-associated processes. The row data of this microarray dataset were previously published by the group of Berchtold [30]. Using
gene enrichment analysis of main genes down or upregulated in AD versus healthy with signiﬁcant diﬀerences
(p value <0.01), we analyzed what biological processes
were altered by Gene Ontology. We could observe that
several metabolism and catabolism linked processes such
as mTORC1 pathway, autophagy, and mitophagy were

3
aﬀected in AD with respect to healthy individuals. These
results are shown in Figure 1, in which the principal modiﬁed genes were represented as well as the gene enrichment
p values for each pathway. Multiple genes from mTORC1
pathway were increased in AD patients which generates an
inhibitory eﬀect over autophagy route, as we mentioned
before. Accordingly, autophagy and mitophagy pathways
were downregulated in these patients’ brain samples. These
eﬀects together determine that the autophagy process was
impaired in AD. Due to the fact that our data is derived from
a large number of patients and diﬀerent brain zones, this
kind of study by global genomic analysis allows unraveling
how speciﬁc biological processes with deep clinic and therapeutic involvement are aﬀected. These analyses as well as
multiple other studies that demonstrate an alteration of
metabolic/catabolic pathways that converge in autophagy
deﬁciency show us an evident necessity to evaluate new
compounds that modulate these routes.

3. Activation of Autophagy as a Therapeutic
Strategy for AD
If the autophagy pathway is altered as part of the pathological
process of AD, autophagy activation may be eﬀective in combating the cellular aggregate characteristic of this pathology.
Numerous studies have shown that the pharmacological
activation of autophagy might be beneﬁcial for AD pathology. For example, the eﬀect of 10-week treatment with
rapamycin, an mTOR inhibitor, was studied in a transgenic
mice model that reproduces amyloid and Tau pathology
characteristic of AD in humans. They could achieve a reduction of Tau and Aβ accumulation as well as cognitive and
memory improvement measured by the spatial reference
version of Morris’s water maze associated to increased
autophagy [31]. However, in a later study, it was demonstrated that rapamycin accelerated the degeneration of motor
neurons and reduced life expectancy in transgenic mice
models. These results suggested that the pharmacological
activation of rapamycin might aﬀect other pathways that
restricted neuron survival [32].
Other studies have demonstrated the beneﬁcial eﬀect of
promoting autophagy by increasing PARK2 levels. These
works use viral vectors to transfer PARK2 to a triple transgenic AD mice model demonstrating the enhancement of
Aβ and phospho-Tau clearance by autophagy activation that
improved mitochondrial function and restored synaptic
function [33, 34]. This mitophagy improvement was further
demonstrated in a human cell model of sporadic AD [23].
On the other hand, the activation of degradation phase of
autophagy has also demonstrated its therapeutic potential in
AD. The deletion of cystatin B, an endogenous inhibitor of
cysteine proteases, to relieve cathepsins inhibition improving
lysosomal function demonstrated to decrease extracellular
amyloid pathology. This change prevented the development
of learning and memory deﬁcits of a transgenic model of
AD (TgCRND8 mice that overexpress APP695 version
including Swe and Ind mutations) [35].
Although the activation of autophagy has demonstrated a
proven eﬀect in the early stages and as a preventive, it is still
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mTORC1 pathway
(AD versus control)
p value = 0.004

Autophagy
(AD versus control)
p value = 0.002

Mitophagy
(AD versus control)
p value = 0.006

Figure 1: Gene expression proﬁling revealed dysregulation of mTOR, autophagy, and mitophagy pathways in Alzheimer’s disease patients.
Genes having signiﬁcant diﬀerential expression between brain samples from normal controls subjects and AD patients were extracted. The
analysis was done from a microarray dataset having 253 samples from 84 patients (n = 56 normal; n = 28 AD patients [30]). Samples were
collected from four brain regions: hippocampus, entorhinal cortex, superior frontal cortex, postcentral gyrus. Enrichment in pathways and
biological processes of deregulated genes was done using GSEA and Gene Ontology analyses, and the signiﬁcance of the results (p value)
for each pathway was represented in the graph. We could observe that mTOR pathway was signiﬁcantly upregulated, whereas autophagy
and mitophagy were signiﬁcantly downregulated in AD. Genes that exhibited up or downregulation with p value <0.01 using two-tailed
Student’s t-test were selected for representation. Graphs show nodes plots of these altered genes in AD versus controls in each of these
pathways using NetworkAnalyst software (http://www.networkanalyst.ca/faces/home.xhtml).

under debate whether this may have poor eﬀect in the
advanced stages of the disease [36].
All these works are the proof of concept that activating
autophagy may be used as a therapeutic approach for AD.
Therefore, it is necessary to ﬁnd new substances to induce
autophagy minimizing collateral eﬀects.

4. Neuroprotective Role of Mediterranean Diet
and Extra Virgin Olive Oil
Alzheimer’s disease is a multifactorial pathology in which
both genetic and environmental factors are involved,
highlighting among the latter certain aspects of lifestyle

such as nutrition. Diet is a modiﬁable risk factor for
dementia; thus, increasing eﬀorts have been done to ﬁnd
nutrients that help to ﬁght cognitive impairment. Some
diets have been associated to reduced risk of AD; therefore, they may be helpful to ﬁnd new compounds that
may be beneﬁcial for AD patients. LipiDiDiet is a research
consortium, which studies the preclinical and clinical
impact of nutrition in Alzheimer’s disease (http://www.
lipididiet.eu/). A recent study has demonstrated that the
multinutrient combination Fortasyn Connect was able to
slow hippocampal atrophy and functional decline by supplying rate-limiting compounds for brain phospholipid
synthesis [37].

Oxidative Medicine and Cellular Longevity
The Mediterranean diet (MD) has already demonstrated
on multiple occasions its beneﬁcial eﬀects in preventing agespeciﬁc defects, including attenuating and preventing AD
and cognitive impairment [38, 39]. For example, the 4-year
study in a population of 2258 New York City residents found
that increased adherence to MD reduced the risk of developing AD and was especially eﬀective in preventing the
conversion of mild cognitive impairment to AD [40]. This
study showed that individuals with high adherence to MD
had a 40% lower risk of developing AD and a 48% lower risk
of progressing from mild cognitive impairment to AD [40].
In another study using a population of 1410 Bordeaux
citizens over 65 years of age, high adherence to MD was
associated with a reduction of cognitive impairment demonstrated by the Mini-Mental State Examination [41].
This neuroprotective eﬀect has been associated with
several foods found in MD, including wine and extra virgin
olive oil (EVOO) standing out, the latter being one of the
most internationally recognized due to its multiple beneﬁcial
properties. Among them, it is worth mentioning its role as a
mental health promoter and in slowing cognitive decline in
neurodegenerative diseases in the elderly population. This
was demonstrated by the “three-cities study” on an elderly
population of more than 8000 subjects, being the ﬁrst report
relating olive oil consumption with lower reduction of visual
memory in a population over 65 years old [42].
Similar beneﬁcial eﬀect has been observed in both in vitro
and in vivo studies where supplementation with EVOO is
able to reduce the advance of Tau and Aβ pathology and
cognitive deterioration [43–45]. The most recent study
concludes that consumption of EVOO in early ages and for
a long time could provide a protective eﬀect against AD
pathology and cognitive deterioration [45].
Several studies in animal models have shown that this
beneﬁcial action is due to a series of substances known
as polyphenols [46], including oleuropein aglycone (OLE)
present in EVOO [47].

5. Oleuropein Aglycone as
an Autophagy Inducer
5.1. Polyphenols and Autophagy. Since the discovery of the
beneﬁts of moderate wine consumption for the prevention
of dementia thanks to the presence of a substance called
resveratrol (and not alcohol as initially suggested), numerous
studies have attributed the beneﬁcial eﬀects of polyphenols
on health. They are considered the substances responsible
for the multiple mental health beneﬁts attributed to the
Mediterranean and Oriental diet [48].
Polyphenols are an extensive group of nonenergetic
substances present in plant-based foods characterized by
the presence of one or more phenolic rings. They can be
classiﬁed according to their number of phenolic rings and
the structural elements present these rings. The main groups
are phenolic acids (derived from hydroxybenzoic acid or
hydroxycinnamic acid), stilbenes, lignans, phenolic alcohols,
and ﬂavonoids [49].
An interesting fact showed by the diﬀerent studies is that
polyphenols do not act in a single pathway or modulating a
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certain aspect of AD, such as inhibition of Aβ aggregation.
Their neuroprotective function comes from the modulation
of diﬀerent cellular and tissue processes that together are
responsible for the reduction of cognitive impairment
[35]. The Aβ toxic aggregates inhibition and the decrease
in ROS produced by mitochondria and neuroinﬂammation
are the main positive eﬀects of polyphenols. But some of
these eﬀects may be in part due to another not so well
studied action of these substances, and that is the induction
of autophagy [50].
As we have previously described, autophagy plays a
crucial role in AD, whose alterations have been considered
preclinical events to pathology. In addition, induction of this
process has proven to be a promising target for pharmacological action. Hence, it would be very helpful to look for new
substances that have a positive eﬀect on this detoxiﬁcation
system, and this is where polyphenols come in.
There are multiple pathways by which polyphenols can
modulate autophagy, and not all of them act through the
same route. See Hasima and Ozpolat [51] for a summary of
involved pathways.
Polyphenols are able to modulate autophagy through
canonical (Beclin-1 dependent) and noncanonical (Beclin-1
independent) signaling pathways. In the canonical pathway,
Beclin-1 together with the regulatory subunits Vps34 and
Vps15 form a protein complex known as Class III phosphatidylinositol 3-kinase (PI3K), inducing autophagy by
modulating the autophagosomal nucleation. While in noncanonical or Beclin-1 independent, two activation mechanisms
can be given, Atg5/Atg7 dependent or independent [51, 52].
For example, genistein is able to induce PI3K/Aktdependent autophagy by reducing Akt phosphorylation
levels, leading to autophagy induction as a false signal of calorie restriction [53]. Curcumin performs its function through
inhibition of Akt/mTOR/p70S6K protein complex and Erk1/
2 protein kinase activation, demonstrating an increase of
autophagy in glioblastoma cells [54]. Rottlerin, a polyphenol
extracted from the Asian Mallotus philippensis tree, has
demonstrated its eﬀect as an autophagy inducer through its
antioxidant function. Rottlerin blocks the generation of free
radicals and triggers inhibition of NF-κB and activation of
AMPK, which is associated with a decrease of ATP levels.
The cell translates this ATP drop as a state of caloric restriction, so it activates autophagy as a regulatory mechanism
[55]. Rottlerin is also able to activate autophagy through
inhibition of PKCδ, a protein kinase that blocks autophagy
through activation of tissue transglutaminase 2 (TG2) [56].
One of the most studied mechanisms of action of
polyphenols is through sirtuins, a group of deacetylases that
regulate cellular functions as important as metabolism,
immunity, inﬂammation, and cell survival. Sirtuins act as
modulators of autophagy both directly by promoting the
deacetylation of key components such as autophagic gene
products Atg5, Atg7, and Atg8 and indirectly by regulating
FOXO3a transcription factor [52]. Once activated, FOXO3a
induces autophagy by synthesis of glutamine synthetase, an
enzyme that increases glutamine levels. This increase in
glutamine causes inhibition of mTOR and the consequent
activation of autophagy [57]. Resveratrol, genistein, and
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quercitin have been shown to be promising activators of
sirtuins [38, 52].
5.2. Mechanisms of Autophagy Induction by Oleuropein
Aglycone. One of the polyphenols better characterized as an
autophagy inducer is oleuropein aglycone (OLE), which is
found in EVOO. Oleuropein is a secoiridoid glycoside with
a phenylpropanoid alcohol obtained from the biosynthesis
of mevalonic acid. From the chemical point of view, it is an
11-methyl-ester (elenolic acid glucoside) ester combined
with 3,4-dihydroxyphenylethanol (3,4-DHPEA). It is the
major phenolic component of the pulp of the green olives
and leaves of the Gentianaceae, Cornaceae, and Oleaceae
families, in the latter family being especially relevant in the
variety Olea europaea L. (which gives its name to the
glycoside) [58]. After the process of maturation and extraction of the olive juice, in the EVOO, due to the action of
the enzyme β-glucosidase, we can only ﬁnd this secoiridoid
in its aglyconic form as OLE (3,4-DHPEA-EA), being
aldehydic form of OLE, the main responsible for its bitter
taste [59, 60]. The relative amount of OLE in EVOO depends
on the variety of olive fruit used, being in many of them one
of the most abundant polyphenols [61].
Several in vitro and in vivo studies have demonstrated the
multiple beneﬁts of oleuropein and its derivatives associated
to their antioxidant, antidiabetic, antimicrobial, antiviral,
antitumor, hepatoprotective, cardioprotective, neuroprotective, antiaging, and anti-inﬂammatory properties [62–65].
In terms of neuroprotective activity, the most recent experimental studies have shown that OLE reduces cognitive
impairment and improves synaptic function in animal
models. This is due to the inhibition of the aggregation
and toxicity of Tau [66] and Aβ [67], the epigenetic modulation by histone acetylation [68], the reduction of astrocytosis
and modulation of astroglia activity, and the induction of
autophagy [69].
The eﬀects of OLE on Tau aggregation was demonstrated
by studying the antiaggregant capacity of oleuropein and its
derivatives (OLE and hydroxytyrosol) over wild-type and
P301L Tau protein in vitro. They were able to obtain results
similar to methylene blue in inhibiting ﬁbrillization at
low micromolar concentrations of Tau, demonstrating a
higher inhibitory capacity of OLE related to the presence
of aldehyde groups in its structure [66]. A posterior study
demonstrated the inhibition of Aβ aggregation using the
transgenic strain CL2006 of Caenorhabditis elegans, a simpliﬁed model of AD expressing human Aβ peptide in the
cytoplasm of muscle cells of the body wall. They found
that larvae fed with OLE showed a reduction of Aβ plaque
deposits, a lower content of toxic Aβ oligomers, a marked
decrease of paralysis, and an increase of life expectancy
with respect to untreated animals [67].
On the other hand, several reports have associated the
eﬀect of OLE to a positive modulation of autophagy pathway
that leads to cognitive improvement in animal models. One
of the ﬁrst works that demonstrated this hypothesis was the
study carried out by Grossi and collaborators using wildtype and TgCRND8 transgenic mice, as mentioned before,
a model for human Aβ pathology [35, 70]. In this study, mice
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whose diet was supplemented with OLE (50 mg/kg of food)
exhibited an increase of autophagic vesicles. This was
demonstrated by the augmented levels of Beclin-1 and LC3
in the soma and dendrites of neurons from diﬀerent parts
of the somatosensory/parietal and entorhinal/piriform
cerebral cortex correlating with increased LC3II/LC3I ratio.
This induction was more signiﬁcant in TgCRND8 transgenic
mice rather than in wild-type. Additionally, these authors
demonstrated that OLE improved the autophagosomelysosome fusion measured as the increase of p62 and cathepsin B levels in OLE supplemented TgCRND8 mice up to the
levels found in wild-type mice. They also reported the colocalization of both p62 and cathepsin B labels suggesting a
proper fusion of lysosomes to autophagic vesicles and,
therefore, functional degradation phase of autophagy. They
proposed that the mechanism of autophagy activation might
be due to the inhibition of mTOR pathway reﬂected in the
decrease of phosphorylation of its target p70S6 protein
kinase in cell culture.
5.2.1. OLE as Modulator of Ca+2-CaMKK-AMPK-mTOR
Axis. Initially, it was proposed that the mechanism by which
OLE induced autophagy would be through the increase of
cytosolic levels of Ca+2 and the subsequent activation of
the enzyme complex AMPK through Ca2+/Calmodulin
Protein Kinase Kinase β (CaMKKβ). This complex facilitates mTORC1 inhibition and ULK1 activation to generate
autophagic vacuole induction [71] (Figure 2). This is also the
case of other polyphenols such as resveratrol [72] and epigallocatechin gallate (EGCG) [73]. Accordingly, they demonstrated a biphasic phosphorylation of the regulatory residue
Thr172 of AMPK correlating with elevated Beclin-1 levels
in SH-SY5Y cells treated with 50 μM OLE [71]. This was
mediated by the biphasic increase of intracellular Ca2+ levels
that come from the endoplasmic reticulum that induce
CaMKKβ activation. This correlates with a fast increase of
Beclin-1 levels that was proposed to arise from the Beclin-1
fraction complexed with Bcl-2/Bcl-xL in the cytoplasm
rather than to new synthesis. The release of Beclin-1 from
this complex is critical for inducing autophagy because free
Beclin-1 interaction with VPS34 is needed to initiate autophagosome formation [74]. The activation of autophagy by
OLE was partially inhibited by STO-609 and component C,
inhibitors of CaMKKβ and AMPK, respectively, suggesting
that autophagy activation by OLE occurs mainly through
the Ca2+ increase that induces CaMKKβ activation and the
subsequent AMPK phosphorylation [71].
All these results together indicate that OLE activates
AMPK, which can allow the formation of ULK1 quaternary
complex directly or indirectly by the inhibition of mTOR
that inhibits ULK1 (Figure 2). ULK1 promotes autophagy
by Beclin-1 phosphorylation and VPS34 lipid kinase activation that produces phosphatidylinositol 3-phosphate,
necessary for the formation of the early autophagosomal
membrane [75].
5.2.2. OLE as Modulator of PARP1-SIRT1 Axis. Multiple
polyphenols are known to induce autophagy by the activation of sirtuins (SIRT) [52]. SIRT1 deacetylates many
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Figure 2: Pleiotropic action of OLE over autophagy induction. Summary of autophagy pathways in which OLE has demonstrated an eﬀect.

transcription factors such as p53, NF-κB, and FOXO, a mediator of autophagy. SIRT1 could inﬂuence autophagy directly
via deacetylation of key components of the autophagy induction network, such as the products of autophagy genes Atg5,
Atg7, and Atg8 [76]. The treatment of TgCRND8 mice with
OLE (50 mg/Kg of diet) was able to reduce the activation of
Poly (ADP-ribose) polymerase-1 (PARP1) at both RNA
and protein levels as well as the subsequent accumulation
of PAR polymers up to the levels found in wild-type mice
[77]. Moreover, OLE was able to abolish the increase of
the apoptotic mediators phospho-NF-κB and phospho-p53
Ser46 in these animals. PARP1 activation causes a reduction
of NAD+ levels that result in SIRT1 inhibition [78]. Therefore, OLE-mediated reduction of PARP1 increased NAD+
levels that were able to induce SIRT1 in TgCRND8 mice
[77] (Figure 2). Accordingly, the treatment of N2a cells
with OLE 100 μM for 24 h was able to reverse the PARP1
activation caused by methylnitronitrosoguanidine (MNNG),
a mutagen that activates PARP1 expression, as well as
increased SIRT1 and Beclin-1 [77].
5.2.3. OLE as Epigenetic Modulator. It is also worth mentioning the action of OLE as an epigenetic modulator. It is known
that abnormal acetylation takes place in memory and
learning disorders such as AD, where signiﬁcant increase of
histone deacetylase 2 (HDAC2) inhibits gene expression of
speciﬁc locus, such as autophagy markers [79]. Moreover,
histone acetylation has been shown to ameliorate cognitive
deﬁcits in AD animal models suggesting its targeting as a
promising therapeutic strategy for this disease [79]. Polyphenols have shown to regulate gene expression by modulating
histone acetylation and DNA methylation, as is the case of
EGCG in cancer cells [80].
Noteworthy, TgCRND8 mice showed increased levels of
HDAC2 correlating with decreased levels of histone 3

acetylation on lysine 9 (H3K9) and of histone 4 acetylation
on lysine 5 (H4K5) in cortex and hippocampus [68]. The
treatment with OLE (50 mg/kg of diet for 8 weeks) signiﬁcantly decreased the levels of HDAC2 in both wild-type
and TgCRND8 mice and increased H3K9 and H4K5 especially in the transgenic model (Figure 2). This was accompanied by an improvement of synaptic function revealed
by restoring high-frequency stimulation-induced long-term
potentiation as well as 3-theta burst and high-frequency
stimulation-evoked posttetanic potentiation in slices of
brains of OLE-treated transgenic mice.
On the other hand, transcription factor EB (TFEB) is
a master regulator of lysosomal and autophagic function
[81, 82]. Previous studies demonstrated that mTORmediated phosphorylation of TFEB in Ser 211 promotes the
interaction of TFEB with the 14-3-3 protein and results in a
cytoplasmic localization, therefore inhibiting its function as
a transcriptional factor [83] (Figure 2). It has been recently
shown that activation of calcineurin by lysosomal Ca2+
releases binds and dephosphorylates TFEB, thus promoting
its nuclear translocation inducing autophagy and lysosomal
biogenesis [84]. As we previously mentioned, OLE was able
to increase intracellular Ca2+ that activates Ca2+/CaMKKβ/
AMPK axis [71]. Hence, Ca2+ release coming from diﬀerent
organelles might induce autophagic ﬂux independently
but possibly, synergistically. Further studies will be necessary to unravel if intracellular Ca2+ increase mediated by
OLE is able to activate calcineurin and the subsequent
TFEB dephosphorylation and activation which induce
autophagy (Figure 2).

6. Bioavailability and Effective Dose of OLE
Before presuming an eﬀect of OLE in neurons in humans, it
is important to know its bioavailability in the organism once

8
ingested and if it arrives in its full form or with modiﬁcations.
In humans, it has been demonstrated that the apparent
absorption of olive oil phenols, among which is OLE, ranges
between 55 and 66% of the ingested dose [85]. This is
performed mainly in the small intestine and in a minor proportion in the colon and, once in the blood, the oleuropein is
transported by lipoproteins where it is rapidly distributed
[85, 86] (Figure 2). The mechanism of OLE absorption is still
unknown, as well as those of other olive oil polyphenols [87].
However, it is known that intestinal absorption and renal
clearance of oleuropein and hydroxytyrosol are relatively
rapid, reaching their maximum plasma concentration at half
an hour after ingestion, followed by a rapid decline culminating in 2.5 hours [86]. The main metabolites that can be found
in plasma and urine after oleuropein ingestion are hydroxytyrosol and its conjugates (sulfated and glucuronidated)
followed by OLE [86]. In addition, there is a strong individual
component regarding the bioavailability and metabolism of
oleuropein depending on the gender, being men the most
eﬃcient in conjugating this substance, which explains the
lower plasma levels compared to the increased levels of
conjugated forms of hydroxytyrosol [86]. On the other hand,
the absorption of oleuropein is much more eﬃcient if the
compound is taken in liquid form rather than ingestion in
capsules [86].
In addition, it has been suggested that OLE, being one of
the less polar compounds of the olive oil polyphenols, is
mostly transformed in hydroxytyrosol either in the gastrointestinal tract before it is absorbed or in the intestinal cells,
blood, or liver after its absorption [85]. Nonetheless, it has
been recently demonstrated that hydroxytyrosol is able to
induce autophagy in chondrocytes after oxidative stress
exposure mainly, but not exclusively, by SIRT1 induction
[88]. This opens the possibility that not only OLE but also
its derivatives are able to induce the protective autophagy
induction described in this review.
The autophagy induction by OLE can occur even at
low doses. It was demonstrated that high concentrations
(50 mg/kg) of a mixture of polyphenols present in olive
mill waste water (among which was OLE), as well as
medium (12.5 mg/kg) and low concentrations (0.5 mg/kg)
of OLE increased autophagic activity in the cortex of
TgCRND8 mice [89]. They could also observe that
12.5 mg/kg of OLE or 50 mg/kg of polyphenols mix signiﬁcantly improved cognitive functions and diminished
Aβ deposition of TgCRND8 mice.
Considering a variety of EVOO specially enriched in
OLE as is Seggianese oil, an Italian olive oil whose OLE
content is above 30% of total secoiridoids of which are
ranging 619 ± 128 mg/L [90], the amount of OLE is over
185.7 mg/L in this EVOO variety. The daily recommendation
of EVOO consumption in the Mediterranean diet is 25–50 ml
[91] that would represent between 4.6 and 9.3 mg of OLE
using Seggianese oil. Taking into consideration the diﬀerences of weight between mice (20 g) and humans (e.g.,
60 Kg), the daily concentration of OLE would be the equivalent to 1.5–3.1 μg/day in mice. The OLE daily intake at which
autophagy induction was achieved in the study by Pantano
et al. was 0.5 mg/kg of food [89]. Considering that mice
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model eats 3–5 g/day (http://www.researchdiets.com), this
would correspond to a dose of 1.5–2.5 μg/day of OLE. As
we calculated before, this amount of OLE was equivalent to
the daily intake of Seggianese oil. The minimum dose in the
study by Pantano et al. that achieved functional recovery
and reduced amyloid beta burden was 12.5 mg/Kg of food
[89] that would correspond to 37.5–62.5 μg/day of OLE. This
amount exceeds the OLE quantity guaranteed by the daily
intake of EVOO and this may indicate that the eﬀect of
EVOO might not be enough in advanced stages of the
disease. However, EVOO contains many other components
with potential beneﬁcial eﬀects over health and cognitive
improvement apart from OLE. Therefore, further studies
are necessary to determine the minimum active dose of
OLE and the potential beneﬁt of EVOO intake.
In addition, administration of 50 mg/Kg OLE in the diet
was safe and none of the TgCRND8 mice involved in the
experiment died or suﬀered any side eﬀects due to high
intake of OLE [70]. Moreover, the presence of several foods
with substantial levels of polyphenols is one of the main
explanations for the healthy properties of the Mediterranean
and Asian diets [92, 93]. Taking in consideration all these
studies, we can deduce that high doses of polyphenols
might not be harmful to humans. However, speciﬁc studies
of OLE intake in humans are necessary to rule out its
possible toxicity.
Many open questions remain regarding the action of
OLE once ingested and whether it is able to reach the neurons and exert its function. Furthermore, the determination
of these metabolites’ bioactivity and the levels at which
OLE can become toxic needs to be analyzed. Regarding the
possible eﬀect of OLE in humans, further studies are necessary to determine OLE stability in human gastric ﬂuids and
blood. Additionally, it is important to unravel whether OLE
is absorbed and is able to cross the blood-brain barrier
unmodiﬁed. One important limitation for these studies is
that puriﬁed OLE is not available for human consumption
so far. Notwithstanding, there are many ongoing studies that
analyze the beneﬁcial eﬀects of EVOO consumption in
humans; from those, it might be possible to extrapolate
conclusions about OLE eﬀect. With this aim, it will be necessary to determine the exact concentration of OLE in a
concrete EVOO variety and supplement volunteers with an
exact daily dose. This would allow to estimate the concentration of OLE and its derivatives in blood and cerebrospinal
ﬂuid. However, being EVOO a mixture of many polyphenols,
which most of them generate similar derivatives, this determination might be inexact. Moreover, as several polyphenols
and derivatives may have similar beneﬁcial eﬀects on health,
it would be diﬃcult to attribute this outcome to one single
compound. It is mandatory to clarify if the autophagy
induction mediated by OLE depends on its unmodiﬁed form
or on its conversion in hydroxytyrosol. This issue would be
easier to achieve in vitro by studying autophagy induction
after treatment of human cells, such as SH-SY5Y, with equivalent doses of OLE or hydroxytyrosol and evaluating their
stability during experimental conditions.
Finally, unless we could acquire puriﬁed OLE for human
consumption, the conclusions obtained from these studies

Oxidative Medicine and Cellular Longevity
will be merely speculative and should be carefully supported
by equivalent experiments in animals where puriﬁed OLE
and EVOO can be compared.
In summary, the cognitive improvement developed in
animal models of Alzheimer’s disease, such as TgCRND8
mice [70], indicates that supplementation of the diet with
OLE may have beneﬁcial eﬀects in slowing cognitive decline
in these patients. This clearly indicates that either directly
OLE or its derivatives are able to cross the blood-brain
barrier and develop their neuroprotective function in the
brain, where a decrease in protein aggregates and a signiﬁcant activation of autophagy were observed.

7. Conclusions
Polyphenols are known to be the substances responsible
for the neuroprotective properties attributed to the Asian
and Mediterranean diets, rich in foods that contain a large
amount of these compounds of plant origin [50]. We have
focused our attention in OLE, one of the polyphenols
abundant in EVOO and one of the bases of the Mediterranean diet [94].
In the present work, we have summarized all the
works that have demonstrated that OLE reduced symptoms of AD and cognitive impairment [68, 70, 71, 89].
Several studies have proposed that OLE mechanism of
action associated to this cognitive improvement was by
autophagy induction that has been also shown to reduce
amyloid aggregates [50, 68–71, 77, 89]. Furthermore, OLE
does not show side eﬀect (cell death or apoptosis), as is the
case of some polyphenols such as curcumin [48], nor neurodegeneration as is the case of prolonged treatment with
rapamycin [32]. This, together with its ability to ﬁght cytotoxicity derived from the accumulation of Aβ and reduce
inﬂammation derived from the activation of astrocytes and
microglia are responsible for the decrease in cognitive
impairment in TgCRND8 mice. Unfortunately, there are no
evidences of OLE beneﬁts in humans due to the complexity
of these studies. But extrapolating the results of the studies
that related adherence to the Mediterranean diet [40] or olive
oil consumption [42] with the decrease in the prevalence of
neurodegenerative diseases, the cognitive improvement in
AD mice model [70] and the results in human SH-SY5Y
neuroblastoma cells [71], we can conclude that OLE consumption might be useful for delaying cognitive impairment
in humans.
The data presented in our study conﬁrm that OLE is a
compound capable of inducing autophagy in both in vitro
and in vivo models and that this leads to an improvement
in cognitive impairment as well as in β amyloid and Tau
aggregation. Therefore, based on studies on the consumption
of EVOO and adherence to the Mediterranean diet, rich in
polyphenols including OLE, we can hypothesize OLE would
be useful to prevent and lessen symptoms associated with
AD. However, more studies are needed to test the eﬀects of
OLE in humans, in terms of metabolic pathways and
bioavailability, as well as to demonstrate the eﬀects of OLE
on gene expression.
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