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Neurodegenerative diseases (NDs) constitute a large group of
pathological conditions, characterized by a progressive loss
of neuronal cells, which compromise motor and/or cognitive
functions. The most common NDs are Alzheimer’s disease
(AD), amyotrophic lateral sclerosis (ALS), Parkinson’s disease (PD), and Huntington’s disease (HD). The causes of
these pathologies are multifactorial and not fully understood,
but it is well known that factors related to aging and to the
overproduction of free radical and reactive oxygen species
lead to oxidative stress and to cell death, which are extremely
related. Whereas oxidative stress plays an unquestionable
and central role in NDs, the control of free radicals and reactive oxygen species levels represents an interesting and promising strategy to delay neurodegeneration and attenuate the
associated symptoms.
In this context, several natural bioactive compounds
isolated from plants, fungi, and algae, among others, and also
synthetic compounds inspired by natural scaﬀolds, which
present antioxidant properties, including vitamins C and E,
anthocyanins, and phenolic compounds, are extensively
described as potential palliative agents of neurodegenerative
symptoms. In vitro and in vivo studies, performed with
extracts and fractions of plants and with isolated natural
bioactive compounds, provide evidence of the role of these

substances in the modulation of the cellular redox balance
and in the reduction of the formation of reactive oxygen species originating from oxidative stress, thereby demonstrating
their great value as antioxidant agents and cellular protectors.
In this special issue, articles were selected that address
new therapeutic alternatives on the antioxidant and antiinﬂammatory role and the consequent neuroprotetor of
natural (or inspired) bioactive compounds in the prevention/treatment or improvement of neurodegenerative diseases.
This special issue compiles ﬁfteen (15) manuscripts including
three (3) reviews and twelve (12) research papers, which show
recent research about the discovery of plant-derived antioxidants with application in neurodegenerative diseases.
The review by R. Avila-Sosa et al. describes the antioxidant eﬀects of main bioactive components isolated from
Amazonian fruits. Among other activities, the authors highlight antioxidants, immunomodulatory, anticancer, antiinﬂammatory, and antidepressant properties of phenolic
compounds, unsaturated fatty acids, carotenoids, phytosterols, and tocopherols.
The review by X. Zhao et al. highlights the beneﬁts of
vitamin supplementation in the treatment or improvement
of the clinical symptoms of Parkinson’s disease. The authors
summarized the biological correlations between vitamins and
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PD as well as the underlying pathophysiological mechanisms, demonstrating that the antioxidant properties and
the regulatory gene expression promoted by vitamins are
beneﬁcial for the treatment/prevention of PD.
Due to the fact that many diseases that aﬀect the central
nervous system also promote blood-brain barrier (BBB)
destruction, consequently increasing BBB permeability, in
the third review, Z. Chen et al. carry out a systematic review
of about the evidence of possible neuroprotective borneol
(terpenoid) eﬀects for ischemic stroke. The authors have
found much evidence that borneol exerted a signiﬁcant
decrease of BBB permeability, thus acting as a neuroprotector.
Ten of the eleven research articles deal with the proof of
antioxidant, anti-inﬂammatory, and neuroprotective activities in in vitro and/or in vivo models, of plant and/or cyanobacteria extracts, and natural products isolated or
chemically modiﬁed. The only article that eludes this
theme is the work of A. F. M. Monteiro et al. which carried
out in silico studies aimed at the identiﬁcation of potentially
useful ﬂavonoids for in vitro/in vivo screening in Parkinson
and Alzheimer models.
G. Oboh et al.’s group found that the alkaloid extract
from the African Jointﬁr (Gnetum africanum) is capable to
counteract the Mn-induced elevation in AChE activity, NO,
and ROS levels. I. K. Martins et al. observed the neuroprotective eﬀect of the methanolic fraction of Anacardium microcarpum (from Brazil). This fraction was able to prevent
neurodegeneration through the chelating properties toward
ROS species, which is dependent on ERK1/2 and AKT phosphorylation; however, it does not prevent mitochondrial
damage by 6-OHDA.
K. Adamczyk et al. evaluated the antihyaluronidase, antiacetylcholinestarase, and anti-DPPH activities of several
Eleutherococcus species cultivated in Poland. The methanolic
extract was shown to be rich in polyphenols and promoted a
reduction in DPPH in a time-dependent mode. E. gracilistylus and E. sessiliﬂorus showed the highest inhibition of AChE,
and E. henryi was the best hyaluronidase inhibitor. R. B. de
Oliveira Caland et al. observed the neuroprotective and antioxidative eﬀect of pasteurized orange juice (Citrus sinensis L.)
rich in carotenoids. The authors observed reduction in ROS
production and upregulation of the expression of antioxidant
and chaperonin genes, generating greater resistance to
oxidative stress.
I.-C. Chen et al. evaluated the neuroprotective eﬀects of
formulated Chinese herbal medicines in a cell model of
tauopathy. Shaoyao Gancao Tang (P. lactiﬂora and G.
uralensis in a 1 : 1 ratio) presented the best antioxidative
and anti-inﬂammatory results, reducing the tau misfolding
and the production of the reactive oxygen species (ROS)
level, especially nitric oxide (NO). In the research article by
D. Nuzzo et al.’s group, the authors observed the neuroprotective eﬀect of the cyanobacteria extract (Klamin®).
Klamin® interferes with Aβ aggregation kinetics, exerts a
protective role against beta amyloid (Aβ), and promotes
activation of IL-6 and IL-1β inﬂammatory cytokines.
Y.-J. Wang et al. observed the antioxidant and neuroprotective activities of the extract of Centipeda minima and four
isolated sesquiterpenoids. They found that the extract
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reduces glutamate and tert-butyl hydroperoxide-induced
neuronal death, ROS production, and mitochondria dysfunction. Among the isolated sesquiterpenoids, 6-O-Angeloylplenolin and arnicolide D were the most active and responsible
for the activation of the Nrf2 pathway and inhibition of ROS
production. The study conducted by K. K. S. Narasimhan
et al. has demonstrated that scopoletin (one of the main components from Morinda citrifolia) prevents oxidative injury
and mitigates protein aggregation by the markedly upregulated DJ-1/Nrf2/ARE pathway.
L. Subedi et al. observed the antioxidant and antiinﬂammatory eﬀects of sulforaphane-enriched broccoli
sprouts (SEBS) which lead to their neuroprotective eﬀects.
SEBS has protective eﬀects of neuroinﬂammatory conditions
by inhibition of the LPS-induced activation of the NF-κB signaling pathway, by the secretion of inﬂammatory proteins
(inhibition of inﬂammatory cascade), and least by the upregulation of the expression of Nrf2 and HO-1, improving the
scopolamine-induced memory impairment in mice. Y. Lee
et al. veriﬁed that γ-mangostin (one of the major constituents
from Garcinia mangostana fruits) reduces the oxidative
neurotoxicity through the inhibition of H2O2-induced DNA
fragmentation, ROS generation, lipid peroxidation, and
DPPH radical formation, which is associated with the protection against H2O2-induced oxidative neuronal death. Orally,
in vivo, γ-mangostin also improved scopolamine-induced
memory impairment in mice. And ﬁnally, J.-S. Ye et al.
observe the neuroprotective eﬀect of Honokiol (a lignan isolated from the Magnolia genus) in postoperative cognitive
change. Honokiol-mediated mitophagy inhibits the activation of the NLRP3 inﬂammasome and neuroinﬂammation
in the hippocampus by increasing the expression of LC3-II,
Beclin-1, Parkin, and PINK-1 at protein levels and through
attenuation of mitochondrial structure damage and reduction of mtROS and MDA generation.
This compilation of articles gives us an up-to-date sample
of the therapeutic potential of natural products in providing
potential drugs and/or plant candidates to treat, prevent, or
ameliorate the oxidative stress associated with neurodegenerative diseases including, but not limited to, Parkinson’s and
Alzheimer’s diseases. We are sure that the information available in this issue will be very useful and will contribute to the
future success of new therapies for neurodegenerative diseases.
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Given the role of oxidative stress in PD pathogenesis and oﬀ-target side eﬀects of currently available drugs, several natural
phytochemicals seem to be promising in the management of PD. Here, we tested the hypothesis that scopoletin, an active
principle obtained from Morinda citrifolia (MC), eﬃciently quenches oxidative stress through DJ-1/Nrf2 signaling and
ameliorates rotenone-induced PD. Despite reducing oxidative stress, the administration of MC extract (MCE) has lessened
protein aggregation as evident from decreased levels of nitrotyrosine and α-synuclein. In vitro studies revealed that scopoletin
lessened rotenone-induced apoptosis in SH-SY5Y cells through preventing oxidative injury. Particularly, scopoletin markedly
upregulated DJ-1, which then promoted the nuclear translocation of Nrf2 and transactivation of antioxidant genes.
Furthermore, we found that scopoletin prevents the nuclear exportation of Nrf2 by reducing the levels of Keap1 and thereby
enhancing the neuronal defense system. Overall, our ﬁndings suggest that scopoletin acts through DJ-1-mediated Nrf2 signaling
to protect the brain from rotenone-induced oxidative stress and PD. Thus, we postulate that scopoletin could be a potential
drug to treat PD.

1. Introduction
Although the causal mechanisms of Parkinson’s disease
(PD) remain elusive, excess production of reactive oxygen
species (ROS), mitochondrial dysfunction, neuroinﬂammation, and environmental toxins are reported to promote
the loss of dopaminergic neurons in PD [1]. Oxidative
stress has been shown to induce misfolding, aggregation,
and accumulation of such aggregates leading to the

pathogenesis of many neurodegenerative diseases including
PD [2]. Intracellular inclusions known as Lewy bodies
(LBs) are regarded as a hallmark of common pathological
manifestation in both familial and sporadic PD patients
with α-synuclein (α-Syn) serving as the main component
of LB [3]. α-Syn is natively unfolded and is prone to form
ﬁbrils during oxidative stress [4], indicating that redox
signaling may play a signiﬁcant role in the aggregation of
α-Syn.
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Previous studies have reported that the loss of antioxidant defense aggravates PD progression [5, 6]. A key
example includes DJ-1/PARK7, a molecular chaperone
known to regulate Keap1-Nrf2 signaling, which is the primary sensor for reactive electrophiles activating Nrf2
nuclear translocation and transactivation of the antioxidant
response element (ARE) in a battery of cytoprotective genes
facilitating protection from oxidative stress pathogenesis [7]
including experimental models of PD [8]. Thus, pharmacological activation of the Nrf2 in the brain is likely to preserve
neuronal health. Therefore, exploration for therapeutic
compounds with lesser neurotoxic eﬀects that activates
Nrf2 signaling would be promising to treat PD.
In this context, identifying potential principles from
medicinal plants would be ideal as plant extracts have been
reported to have several therapeutic beneﬁts, due to the
synergistic eﬀect of various natural ingredients [9]. However,
such plant sources have not been in clinical practice or in
global market due to the lack of scientiﬁc validation. Morinda citrifolia fruit extract (MCE) has potential antioxidant
properties due to the presence of several active constituents
(including scopoletin and quercetin) and protects skeletal
muscle from apoptosis [10] and also prevents striatal degeneration [11] in experimental Parkinsonian rats. Here, we
hypothesized that MCE and scopoletin prevent rotenoneinduced oxidative stress and apoptosis through the activation
of DJ-1/Nrf2 signaling and investigated its neuroprotective
eﬀects using in vivo (Sprague-Dawley rats) and in vitro (SHSY5Y cells) models of PD.

2. Materials and Methods
2.1. Animals, Intranigral Rotenone Infusion, and Treatment.
Adult male Sprague-Dawley rats were used in this study.
All experiments were performed in accordance with the
guidelines approved by the Institutional Animal Ethical
Committee (IAEC No. 01/09/12). Rats were divided into ﬁve
groups (n = 10/gp). Group I served as control, while groups II
to V were subjected to stereotaxic surgery. Group II served as
sham controls and groups III-V were stereotaxically infused
with rotenone to induce Parkinsonism. Brieﬂy, rats were
anaesthetized with ketamine hydrochloride and xylazine
(80 mg/kg and 10 mg/kg; i.p.) and placed on a small animal
stereotaxic frame (Stoelting, IL, USA). Rotenone dissolved in
DMSO (1 μg/1 μl) was infused into the right ventral tegmental
area (VTA, anterior-posterior (AP): 5.0 mm; laterally (L):
1.0 mm; dorso-ventral (DV): 7.8 mm) and into the right substantia nigra pars compacta (SNPc, AP: 5.0 mm; L: 2.0 mm;
DV: 8.0 mm) at a ﬂow rate of 0.2 μl/min using a Hamilton
26-gauge needle [10, 11]. The infusion needle was left in place
for additional ﬁve minutes for complete diﬀusion of the drug.
Sham controls were infused with DMSO and polyethylene glycol in the ratio of 1 : 1 during stereotaxic surgery. Two weeks
postsurgery, rats in groups IV and V were treated with levodopa (LD, 100 mg/kg with 25 mg/kg benserazide [12]) and
ethyl acetate extract of Morinda citrifolia fruit (MCE,
150 mg/kg body weight), respectively, for the next 30 days.
To determine the eﬃciency of intranigral infusion of rotenone,
animals were subjected to behavioural analysis [11].
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2.2. In Vitro Studies Using SH-SY5Y Cells. SH-SY5Y cells
were initially grown in 1 : 1 mixture of DMEM and F12K
Medium supplemented with 10% fetal bovine serum (v/v),
100 U/ml penicillin, and 100 μg/ml streptomycin in a
25 cm2 and 75 cm2 vented culture ﬂasks. The cultures were
incubated at 37°C in 5% CO2/95% humidiﬁed air. When
cells had reached 80–90% conﬂuence in the ﬂask, they were
trypsinized and seeded onto 96-well plates or 6-well plates.
Rotenone and scopoletin were dissolved in dimethyl sulfoxide (DMSO, ﬁnal concentration of DMSO was 0.01%). Rotenone (500 nM) was used for 24 h to induce cell damage [13].
Preliminary studies were carried out with diﬀerent concentrations (1 μM, 10 μM, 30 μM, 50 μM, and 100 μM) and different time intervals (0 h, 1 h, 3 h, and 6 h) of scopoletin to
ﬁx the time of exposure and dosage using MTT assay and
the optimal concentration was found to be 30 μM pretreated
for 3 h (Supplementary Figure 2). To investigate whether
scopoletin protects cells from rotenone-induced cell death,
cells were divided into three groups: control group,
rotenone group (treated with rotenone for 24 h), and
scopoletin group (pretreated with 30 μM scopoletin for 3 h
followed by exposure to rotenone).
2.3. Analysis of Apoptotic Cells by Flow Cytometry. The diﬀerent stages of apoptosis in control and treated SH-SY5Y cells
were analyzed by ﬂow cytometry using annexin V-FITC/PI
double staining kit (Cayman Chemicals, Carlsbad, USA).
After the incubation period, cells were washed with cold
phosphate buﬀered saline (PBS), centrifuged twice at
1500 rpm for 5 min, and suspended in 500 μl of binding
buﬀer. FITC-labeled annexin V (5 μl) and propidium iodide
(PI, 5 μl) were added and incubated with the cells at room
temperature for 15 min. Apoptotic cells were measured
using a FACSCalibur ﬂow cytometer (Becton Dickinson,
NJ, USA). Annexin V-positive, PI-negative cells were scored
as early apoptotic cells. Cells that were positive for both
annexin V and PI were considered as late apoptotic cells.
2.4. mRNA Expression Studies by Reverse TranscriptionPolymerase Chain Reaction (RT-PCR). Total RNA was isolated from the striatal tissue using total RNA isolation reagent
(TRIZOL, Invitrogen, Carlsbad, CA, USA). Oligonucleotide
primer sequences (Supplementary Table 1) of the selected
genes for reverse transcription-polymerase chain reaction
(RT-PCR) were synthesized by Sigma-Aldrich (St. Louis,
MO, USA) and Euroﬁns Genomics (India). The ampliﬁed
products were separated by electrophoresis on 1-2% agarose
gel. Speciﬁcity was conﬁrmed by the size of the ampliﬁed
products with reference to 100 bp DNA ladder (BioVision,
USA) and the band intensities were quantiﬁed by Quantity
One Software (Bio-Rad, USA).
2.5. Western Blotting. Striatal tissue lysates (50 μg protein)
and SH-SY5Y cell lysates were separated by SDS-PAGE on
10–12% polyacrylamide gels and transferred to polyvinylidene diﬂuoride membranes. The membranes were incubated
with speciﬁc primary antibodies and the antibodies used
were DJ-1, Nrf2, phosphoS40-Nrf2 (Abcam 1 : 1000 dilution), Keap1, NQO1, Cullin3, PKC-δ (Pierce Antibodies,
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1 : 1000 dilution), γGCLC, HO-1, nitrotyrosine (Santa Cruz
Biotech, 1 : 1000 dilution), α-synuclein, and iNOS (Cell Signaling Technology, 1 : 1000 dilution). To verify the uniformity of protein load and transfer eﬃciency across the test
samples, membranes were reprobed with β-actin and Lamin
B (Cell Signaling Technology, 1 : 1000 dilution). Immunoreactive bands were developed with Immobilon Western
Chemiluminescent HRP substrate (Millipore Corporation,
Billerica, USA) and visualized by using an enhanced chemiluminescence system (ChemiDoc, Bio-Rad, USA) and presented in comparison to β-actin/Lamin B expression.
2.6. Statistical Analysis. Data are presented as mean ±
standard error of mean (SEM) of the results obtained from
the average of at least three to six independent experiments.
Results were analyzed by one-way analysis of variance
(ANOVA) using the SPSS software package for Windows
(Version 20.0; SPSS Inc., Chicago, IL, USA) and p values were
determined using the Student-Newman-Keuls and least
signiﬁcant diﬀerence post hoc test. Diﬀerences among means
were considered statistically signiﬁcant when the p value was
less than 0.05.

3. Results
3.1. Impact of MCE on Nigrostriatal Tyrosine Hydroxylase
(TH) Immunoreactivity. Immunohistochemical localization
of TH-positive neurons in the striatum as well as the substantia nigra pars compacta (SNPc) of control and experimental
rats is presented in Figure 1(a). Histochemical analysis of
SNPc along with the striatum makes it convenient to understand the eﬃcacy of the MCE treatment. The striatum ipsilateral to the side of infusion showed signiﬁcant loss of TH
immunostaining. TH immunoreactivity of the ipsilateral striatum shows a remarkable refurbishment of dopaminergic neurons seen in MCE-administered rats. Rotenone-infused SNPc
showed less number of TH-positive cells as compared to control animals. MCE treatment in these animals restored, to a
great extent, the loss of these cells. While there was a 43%
decrease in TH-positive neurons in response to rotenone
administration, MCE treatment curtailed this to 30%
(Figure 1(b)).
3.2. MCE Counteracts Rotenone-Induced Oxidative Stress in
Experimental PD Rats. Analyses of various oxidative stress
markers indicated that MCE was an eﬃcacious treatment
to reduce oxidative stress in rotenone-induced PD rats.
We ﬁrst determined the levels of nitric oxide (NO) which
was signiﬁcantly increased (p < 0 05) in the striatum of
rotenone-infused PD rats and this was blunted in response
to MCE treatment. Next, quantiﬁcation of lipid peroxidation (LPO) and protein carbonyls (PC) revealed that rotenone infusion increased the levels of these oxidative byproducts to 22 and 41%, respectively, in relation to sham
controls (Figure 1(c)). However, upon treating with MCE,
LPO and PC content was signiﬁcantly decreased.
3.3. MCE Protects from Rotenone-Induced Protein
Aggregation. Considering the interrelationships between nitric
oxide, oxidative stress, and protein aggregation [14], we
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further determined the impact of MCE on the levels of iNOS
and nitrotyrosine as the former is involved in the synthesis
of NO and the latter is a marker for protein aggregation.
Rotenone-infused Parkinsonian rats showed a signiﬁcant
(p < 0 05) increase in the protein levels of iNOS and nitrotyrosine when compared with controls (Figure 1(d)). Treatment
with MCE signiﬁcantly ameliorated rotenone-mediated NO
production through diminishing the levels of iNOS. As a result,
we also found that MCE was particularly eﬃcient in blocking
the formation of nitrotyrosine adducts (i.e. α-synuclein), which
are the primary events in the process of protein aggregation
that occurs in response to oxidative insults, such as those triggered by rotenone.
To further conﬁrm the suppression of protein aggregation by MCE, we analyzed both the protein levels and the
immunostaining for α-synuclein (α-Syn), a pathological
protein that is aggregated in PD. While immunostaining
showed a signiﬁcant increase in α-Syn aggregation
(Figures 2(a) and 2(b)) in the striatum of rotenone-induced
rats which correlates with the increase in the nitrotyrosine
levels, MCE treatment abolished these changes and signiﬁcantly reduced the aggregation of α-Syn suggesting that oxidative stress promotes the aggregation of α-Syn. Moreover,
rotenone-infused Parkinsonian rats exhibited a signiﬁcant
(p < 0 05) increment in the protein levels of α-Syn by 79%
(Figure 2(c)), which further aggravated the aggregation of αSyn in these rats.
3.4. MCE Prevents Rotenone-Induced Oxidative Stress by
Augmenting the Antioxidant Defense. We postulated that
the antioxidative potential of MCE might be associated with
diminished oxidative stress. A signiﬁcant decline (p < 0 05)
in the activities of antioxidant enzymes, namely, superoxide
dismutase (SOD), catalase, glutathione peroxidase (GPx),
glutathione reductase (GR), and glutathione-S-Transferase
(GST), was observed (Table 1(a)) in the rotenone-induced
Parkinsonian rats when compared with controls. However,
upon supplementing with MCE, a signiﬁcant augmentation
in the activities of SOD, CAT, and GST was observed with
a maximum improvement in the SOD activity (36%). However, there were no signiﬁcant changes in the activities of
other enzymatic antioxidants GPx, GR. In addition, the
levels of reduced glutathione (GSH), a vital ubiquitous
antioxidant thiol, decreased in response to rotenoneinduced oxidative stress. MCE supplementation signiﬁcantly
increased the levels of GSH back to near normal when compared with the rotenone-infused rats. Because the Nrf2 pathway transcriptionally activates glutathione-biosynthesizing
enzymes, we next assessed whether GSH changes were
mechanistically linked to Nrf2 signaling in the MCEtreated animals.
3.5. MCE Induces Nrf2/ARE Pathway and Suppresses
Rotenone-Induced Oxidative Stress. The downregulation of
the Nrf2/ARE pathway exacerbates oxidative stress which
potentiates dopaminergic degeneration and pathogenesis
of PD [15]. As we noticed a signiﬁcant alteration in cellular
redox status, elevated α-Syn expression, and aggregation in
the current study, we further analyzed the levels of Nrf2
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Figure 1: (a) Photographic representation of the TH-positive neurons in the striatum and in SNPc. (b) Quantiﬁcation of relative intensity of
TH staining in the striatum using the densitometry protocol through ImageJ was performed to substantiate the potentials of salvaging activity
of MCE. (c) Impact of MCE on rotenone-induced oxidative stress: values are expressed as for six animals in each group. (d) Immunoblot
analysis of iNOS and nitrotyrosine (i.e. α-synuclein) and representative densitometry quantiﬁcation. Statistical signiﬁcance (p < 0 05) was
calculated by Student-Newman-Keuls and least signiﬁcant diﬀerence post hoc test, where ∗ represents control vs. other groups, ∗∗
represents rotenone vs. LD, MCE.
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Figure 2: Rotenone-induced aggregation of α-synuclein (α-Syn) measured by immunoﬂuorescence analysis. (a) The cells were visualized
using ﬂuorescence microscopy and images captured using 20x magniﬁcation. The control and sham groups show very low level of
expression; however, the expression is punctate and high in the rotenone-induced group; the expression is meager in levodopa; on the
contrary, expression in the MCE groups is comparable with that in the control group. (b) Relative ﬂuorescence intensity was calculated.
(c) Immunoblot analysis of α-Syn and representative densitometry quantiﬁcation. Statistical signiﬁcance (p < 0 05) was calculated by
Student-Newman-Keuls and least signiﬁcant diﬀerence post hoc test, where ∗ represents control vs. other groups, ∗∗ represents rotenone
vs. LD, MCE.

and its interacting proteins to test the hypothesis that the
MCE-mediated augmentation of antioxidative system
occurs through the activation of Nrf2/ARE signaling.
Immunoblotting analysis revealed that rotenone
infusion signiﬁcantly decreased Nrf2 protein levels. In compounding fashion, Keap1 and Cullin3, scaﬀold and adaptor
proteins responsible for cytosolic sequestration and proteasomal degradation of Nrf2, respectively, were signiﬁcantly
increased in rotenone-infused rats. Interestingly, MCE
treatment signiﬁcantly rescued the levels of Nrf2 and
reversed the rotenone-induced increase in Keap1 and Cullin3 (Figure 3(a)). Recent reports indicate that nuclear
translocation of Nrf2 is not only mediated by phosphorylation by PKC-δ but also by intact DJ-1, which binds and stabilizes the Nrf2 and favours its translocation to the nucleus
[16]. Next, we extended our immunoblotting analyses to
DJ-1; similar to that of Nrf2, the DJ-1 is also downregulated
in rotenone-infused rats and this was reversed upon MCE
administration (Figure 3(a)). To delineate the diﬀerence in

total protein expression, we performed the immunoblotting
of Nrf2 and Keap1 in nuclear and cytosolic fractions
(Figure 3(b)). Our results indeed conﬁrmed that rotenone
infusion signiﬁcantly repressed the translocation of Nrf2
from the cytosol to the nucleus as evident from decreased
levels of nuclear Nrf2 in rotenone versus control rats.
Hence, rotenone infusion not only decreases total Nrf2 protein levels but also impairs its nuclear translocation by
downregulating DJ-1 and augmenting cytosolic Keap1
levels. As such, supplementation with MCE signiﬁcantly
augmented the nuclear translocation of Nrf2 as evident
from increased levels of nuclear Nrf2 (83%) by augmenting
the DJ-1 and decreasing the nuclear Keap1 levels when
compared with rotenone-infused rats.
3.6. MCE Augments Nrf2/ARE Downstream Genes. Nrf2, a
member of Cap'n'Collar family of basic region-leucine zipper (bZIP) transcription factors, plays an important role in
ARE-mediated gene expression through the transcriptional
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Table 1: (a) Impact of MCE on antioxidant defense system. Values are expressed as mean ± SEM for six animals in each group. SOD:
units/mg protein. One unit is equal to the amount of enzyme that inhibits the pyrogallol autoxidation by 50%; CAT: μmoles of H2O2
consumed/min/mg protein; GPx: μg of GSH consumed/min/mg protein; GR: nmoles of NADPH oxidized/min/mg protein; GST: μmoles
of CDNB conjugate formed/minute/mg protein; GSH: nmoles/mg protein. (b) Impact of MCE on the activities of Nrf2/ARE downstream
enzymes. Values are expressed as mean ± SEM for six animals in each group. γGCLC: millimoles of NADH oxidized/min/mg protein;
NQO1: nmoles DCPIP utilized/min/mg protein; HO-1: nmoles of bilirubin/h/mg protein. Statistical signiﬁcance (p < 0 05) was calculated
by Student-Newman-Keuls and least signiﬁcant diﬀerence post hoc test, where ∗ represents control vs. other groups, ∗∗ represents
rotenone vs. LD, MCE.
(a) Impact of MCE on antioxidant defense system
Parameter

Control

Sham control

Rotenone induced

LD

MCE

SOD

0 58 ± 0 018

0 52 ± 0 017

0 33 ± 0 015∗

0 41±0 016∗∗

0 45±0 014∗∗

CAD

17 43 ± 0 60

16 36 ± 0 36

12 13 ± 0 38∗

14 21±0 32∗∗

15 22±0 41∗∗

GPx

8 25 ± 0 37

8 22 ± 0 32

5 66 ± 0 23

6 59±0 31

6 64±0 20∗∗

GR

5 16 ± 0 25

5 12 ± 0 22

3 90 ± 0 15∗

4 47±0 19∗∗

4 48±0 15∗∗

GST

9 08 ± 0 394

9 01 ± 0 468

6 38 ± 0 271∗

7 75±0 298∗∗

7 86±0 241∗∗

∗

∗∗

1 65±0 062∗∗

GSH

1 93 ± 0 055

1 76 ± 0 048

∗

1 28 ± 0 058

∗∗

1 61±0 059

(b) Impact of MCE on the activities of Nrf2/ARE downstream enzymes
Parameter
γGCL

Control
2 54 ± 0 084

Sham control
2 46 ± 0 083

Rotenone induced
∗

1 35 ± 0 051

MCE
∗∗

2 01±0 068∗∗

∗∗

1 90±0 071

NQO1

5 88 ± 0 193

5 85 ± 0 193

3 15 ± 0 111

4 57±0 151

4 82±0 153∗∗

HO-1

0 81 ± 0 026

0 80 ± 0 026

0 48 ± 0 016∗

0 63±0 021∗∗

0 65±0 018∗∗

activation of antioxidant genes such as heme oxygenase-1
(Ho-1), gamma-glutamyl cysteine ligase (γGclc), and
NAD(P)H:quinone oxidoreductase 1 (Nqo1). As we
observed a signiﬁcant decline in Nrf2 protein levels, we further assayed transcript and protein levels for Nrf2 gene targets. Consistent with our observation of oxidative insult
and Nrf2 pathway antagonism, rotenone treatment was
associated with a prominent decline in the mRNA
(Figure 4(a)) and protein (Figure 4(b)) levels of several
ARE targets with a maximum decrease being observed in
Ho-1 (45%). However, supplementation with MCE signiﬁcantly enhanced the levels of these proteins both at the transcriptional and translational levels by an average of 40%. The
improved protein levels are reﬂected in the activities of these
enzymes (Table 1(b)).
After characterizing the neuroprotective eﬀect of MCE
in an in vivo model of PD and conﬁrming its ability to augment Nrf2 signaling and reverse oxidative insult, we further
examined the neuroprotective eﬃcacy of scopoletin, a
major and active principle of MCE using SH-SY5Y cells.
To choose an optimal concentration of scopoletin for this
study, we pretreated SH-SY5Y neuroblastoma cells with different doses of scopoletin ranging from 1 to 100 μM at diﬀerent time intervals (from 0 hours to 6 hours). Until 50 μM
scopoletin, there was no toxicity observed in SH-SY5Y cells.
Maximum viability was achieved at the concentration of
30 μM scopoletin (Supplementary Figure 2). Hence, further
studies were carried out using 30 μM scopoletin.
3.7. Scopoletin Prevented Rotenone-Induced Cell Death. SHSY5Y cells undergoing various stages of apoptosis (early,

∗

LD

midstage, and late stage) were analyzed by ﬂow cytometry
using annexin V and propidium iodide (PI) dual staining.
Treatment of SH-SY5Y cells with rotenone (500 nM for
24 h) resulted in 40% cell death, which was attenuated by
pretreating the cells with 30 μM scopoletin for 3 h
(Figures 5(a) and 5(b)). These data indicate that scopoletin
protects SH-SY5Y from rotenone-induced cell death.
3.8. Scopoletin-Mediated Neuroprotective Eﬀects Were
Associated with the Translocation of Nuclear p40Nrf2 and
Upregulation of DJ-1. The activation of the Nrf2/ARE pathway is known to confer resistance to oxidative stress-induced
cell death [17]. As scopoletin prevented rotenone-induced cell
death, we further assessed Nrf2 pathway constituents. Along
these lines, both the unphosphorylated (total/cytosolic form)
and the serine 40-phosphorylated Nrf2 (pNrf2S40) levels were
measured by immunoblotting. Consistent with animal studies
demonstrating that MCE improves nuclear levels of Nrf2,
scopoletin also increased the nuclear translocation of Nrf2
as evident from the increased nuclear levels of pNrf2 (S40)
(Figure 5(d)). This increase in the nuclear levels of Nrf2
may be attributed to the phosphorylation of Nrf2 by PKC-δ
which is also augmented upon pretreating with scopoletin
(Figure 5(c)). Concomitant with the animal studies, both
the total and nuclear levels of Keap1 were signiﬁcantly elevated in rotenone-treated SH-SY5Y cells when compared
with untreated control cells. Furthermore, rotenone treatment also increased the levels of E3 ubiquitin ligase Cullin3
(Figure 5(c)) by 46%.
In order to determine whether DJ-1 plays an important
role in scopoletin-mediated Nrf2 translocation, we further
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Figure 3: Immunoblot analysis of Nrf2 and its negative regulators Keap1 and Cullin3 in the striatum of rotenone-induced PD rats. (a) The
total protein levels of Nrf2, Keap1, Cullin3, and DJ-1. (b) The protein levels of Nrf2 and Keap1 in cytosolic and nuclear compartment of
striatal neuronal cells. Statistical signiﬁcance (p < 0 05) was calculated by Student-Newman-Keuls and least signiﬁcant diﬀerence post hoc
test, where ∗ represents control vs. other groups, ∗∗ represents rotenone vs. LD, MCE.

analyzed the levels of DJ-1 in rotenone-induced SH-SY5Y
cells pretreated with or without scopoletin. Rotenonetreated cells exhibited a relative decrease in the protein

levels of DJ-1 (Figure 5(c)) which may be attributed to
the impaired Nrf2 nuclear translocation in these cells. Conversely, scopoletin-pretreated cells showed an augmented
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Figure 4: Increased Nrf2 regulated antioxidant genes in response to MCE supplementation in rotenone-induced PD rats. (a) The mRNA
levels of Nrf2 downstream genes γGCLC, NQO1, and HO-1. (b) The protein levels of γGCLC, NQO1, and HO-1. Statistical signiﬁcance
(p < 0 05) was calculated by Student-Newman-Keuls and least signiﬁcant diﬀerence post hoc test, where ∗ represents control vs. other
groups, ∗∗ represents rotenone vs. LD, MCE.

expression of DJ-1 (46%), suggesting that DJ-1 may be vital
for scopoletin-mediated neuroprotective eﬀects. From these
observations, it is clear that scopoletin augments the
Nrf2/ARE pathway by increasing levels of DJ-1 and concomitantly prevents the cytosolic degradation of Nrf2 by
reducing the levels of its negative regulators Keap1 and
Cullin3.

4. Discussion
Increasing interest has been focused on identifying dietary
supplements and phytoconstituents that can inhibit ROSmediated protein aggregation and neuronal cell death and
thereby reverse the multifaceted pathophysiological events
underlying PD. Here, we investigated whether Morinda
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Figure 5: (a) Rotenone-induced apoptosis is counteracted by scopoletin in SH-SY5Y cells. At the end of the experiment, cells were stained
with annexin V/FITC and read immediately by ﬂow cytometry to measure the extent of apoptosis; x-axis FL-1H denotes the FITC and y
-axis FL-2H denotes the PI. (b) Quantiﬁcation of percentage dead cells. (c) Immunoblot analysis of several proteins involved in Nrf2/ARE
pathway is performed in SH-SY5Y cells treated with/without rotenone and scopoletin. (d) Immunoblot analysis of phospho (S40) Nrf2
and nuclear Keap1 in SH-SY5Y cells. Statistical signiﬁcance (p < 0 05) was calculated by Student-Newman-Keuls and least signiﬁcant
diﬀerence post hoc test, where ∗ represents control vs. other groups, ∗∗ represents rotenone vs. scopoletin.
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citrifolia fruit extract attenuates rotenone-induced oxidative
stress by activating the Nrf2-dependent antioxidant
response and tested whether this mechanism may prevent
the loss of dopaminergic neurons. After conﬁrming its
neuroprotective eﬀect in vivo, we elucidated the mechanism
of action for scopoletin, a major compound present in the
MCE, in vitro using SH-SY5Y cells and identiﬁed that the
therapeutic eﬀect of scopoletin is facilitated through the
activation of the DJ-1/Nrf2/ARE signaling cascade.
While the pathogenic mechanism of PD is poorly
known, it is believed that oxidative stress involving the
imbalance of nitric oxide (NO) signaling is a major player
in the prognosis of PD [14]. A signiﬁcant increase in the
levels of NO in the striatum of rotenone-infused Parkinsonian rats is in line with previous reports [18]. However, supplementation of MCE reduced the levels of NO in the
striatum of PD-induced rats. Recent reports documented
that the ethyl acetate extract of noni fruit is shown to reduce
oxidative and nitrosative stress in the brain [19]. As NO
homeostasis is signiﬁcantly impaired in response to rotenone infusion, our further analysis revealed an increase in
the levels of iNOS in the striatal tissues in these rats. Thus,
the increased iNOS might have been responsible for
increased nitric oxide levels. The administration of MCE
safeguarded the striatum from the deleterious eﬀect of nitric
oxide by attenuating the iNOS expression induced by rotenone
(Figure 1).
As protein aggregation is a common event underlying
neurodegenerative diseases including PD, wherein α-synuclein (α-Syn) comprises the bulk of Lewy bodies [20, 21],
further investigations were directed to assess the rate of αSyn aggregation. α-Syn expression and its aggregation were
increased in the striatum of rotenone-infused rats when
compared with the control rats (Figure 2). This increased
aggregation of α-Syn might also be due to NO-mediated
oxidative stress in PD rats (Table 1(a)), as it has been previously shown that ﬁbrillary α-Syn aggregates with perinuclear localization were formed in cells exposed to NO [22].
Interestingly, treatment with MCE reduced the α-Syn
aggregation which might be due to the reduction in the
levels of NO and the consequent tyrosine nitration in
MCE-treated rats.
Intracellular defense is maintained through a variety of
antioxidant enzymes and low molecular weight antioxidants
such as glutathione to combat the deleterious eﬀects of ROS
overproduction and oxidative damage [23]. Elevated ROS
production, in the absence of increased antioxidant defenses,
will exacerbate oxidative damage and oxidative stress [24].
In the current study, an overall decline in the activities of
antioxidant enzymes such as superoxide dismutase (SOD),
catalase (CAT), glutathione peroxidase (GPx), glutathione
reductase (GR), and glutathione-s-transferase (GST) was
noticed along with signiﬁcantly decreased glutathione
(GSH) content in the striatum of intranigrally rotenoneinfused rats when compared with control rats. Notably,
MCE supplementation restored the overall antioxidant
status, rescuing glutathione levels in the striatum of
rotenone-infused PD rats. These results support recent work
demonstrating that the ethyl acetate extract of Morinda
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citrifolia fruit boosts SOD, GPx, and GR enzymatic activity
in β-amyloid-induced cognitive dysfunction in mice [25]
and in the skeletal muscle of rotenone-infused hemiParkinsonian rats [10].
In the present investigation, the total protein level of Nrf2
was signiﬁcantly reduced in rotenone-induced rats while
Keap1 and Cullin3, negative regulators of Nrf2, were markedly elevated. High levels of oxidative stress may reduce the
activity of Nrf2, although the molecular mechanism for this
defect is uncertain [26]. Interestingly, the administration of
MCE reversed the rotenone-mediated increase in Keap1
and Cullin3, thereby preventing the degradation of Nrf2
in vivo. Keap1 is capable of restraining Nrf2 activity not only
via its capacity to target Nrf2 to a cytoplasmic Cullin3-based
E3 ligase [27] but also by transiently entering into the
nucleus and targeting Nrf2 for ubiquitylation in this compartment under stressed conditions [28]. This instigated us
to analyze the nuclear levels of Nrf2 and Keap1 which gives
us an unblemished picture of the nuclear translocation and
activated form of Nrf2.
The nuclear level of Nrf2 was reduced in the striatum of
rotenone-infused Parkinsonian rats when compared with
the control rats and the opposite trend was observed for
Keap1. From these observations, it may be inferred that
not only is a lower concentration of Nrf2 protein present
in the nucleus but that it also may be bound by Keap1,
thereby preventing Nrf2 from binding to AREs. Indeed, this
notion is consistent with our observation of a lower antioxidant status in these rats. However, the redox milieu inside
the striatal nucleus of PD rats treated with MCE is diﬀerent,
where MCE with its rich phytoconstituents favours the
translocation of Nrf2 into the nucleus and detains Keap1
in the cytosol, which is further reﬂected in the results
obtained for antioxidant status in these rats. From these
observations, it is clear that MCE increases the nuclear
translocation of Nrf2.
Since we observed a signiﬁcant decline in the transcriptional activity of Nrf2, we further assessed its downstream
eﬀectors (γGclc, Nqo1 and Ho-1) by analyzing the levels of
mRNA and protein. Overall, both the mRNA and protein
levels of γGclc, Nqo1 and Ho-1 were signiﬁcantly decreased
in the striatum of rats stereotaxically infused with rotenone
when compared with the control rats. The consequence of
impaired transcription and translation of these proteins was
also reﬂected in the diminished activities of these enzymes
on rotenone infusion. However, upon treating with MCE,
the activities and mRNA and protein levels of these proteins
were signiﬁcantly increased, likely a downstream eﬀect of
enhanced Nrf2 stability and activation.
Overall, from the in vivo studies, it is clear that MCE, with
its antioxidant property, scavenges the free radicals, and it
also reduces the expression of iNOS and prevents rotenoneinduced aggregation of α-synuclein. MCE also augments
the total levels of Nrf2 and subsequently translocates Nrf2
to the nucleus by preventing its degradation mediated by
Keap1/Cullin3 complex which in turn leads to transcription
and enhanced activities of its downstream eﬀectors γGclc,
Ho-1 and Nqo1. This neuroprotective eﬀect of MCE might
be attributed to the presence of identiﬁed phytoconstituents
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quercetin, rutin, and scopoletin and also other unidentiﬁed
constituents [10]. However, as scopoletin is the biomarker
for Morinda citrifolia [29] while other compounds such as
rutin and quercetin are commonly present in most of the
plants [30, 31], further emphasis was given to scopoletin,
and its mechanism of action in boosting DJ-1/Nrf2/ARE
pathway was studied in in vitro cell culture using SH-SY5Y
dopaminergic cells, in order to delineate the ability of the
phytochemical derived from Morinda citrifolia on dopaminergic neuronal cell survival.
We observed a signiﬁcant reduction in cell viability on
rotenone-exposed SH-SY5Y cells (data not shown), which
was attenuated by pretreatment with scopoletin. Hence, we
further analyzed the status of cellular apoptosis using
annexin V/propidium iodide staining. Rotenone exposure
of SH-SY5Y cells shows a signiﬁcant increase in the proportion of early apoptotic cells compared with the controls. Our
observation is in coherence with the previous reports by Jang
et al. [32], who have stated that rotenone at a concentration
of 200 nM induces apoptosis in SH-SY5Y cells by generating
ROS. However, this shift is reversed when the cells are pretreated with scopoletin, and the possible explanation for this
eﬀect would be scopoletin with its antioxidant potential [33]
should have ameliorated rotenone-induced apoptosis by
quenching free radicals. To the best of our knowledge, this
is the ﬁrst study to show that scopoletin prevents apoptosis
in an in vitro rotenone exposure unless otherwise like literature which poses it as a potent proapoptotic agent in various
cancer cell lines [34–36].
In light of our observations on MCE-mediated Nrf2 activation, we examined the capacity of scopoletin to inﬂuence the
Nrf2 signaling by aiding the nuclear translocation of Nrf2.
We analyzed the levels of phospho-Nrf2 and PKC-δ that phosphorylate serine 40 of Nrf2, thereby aiding in its nuclear translocation, in SH-SY5Y cells exposed to rotenone. Pretreatment
with scopoletin augmented the nuclear levels of phospho-Nrf2
which may be associated with our observation of increased
PKC-δ expression. Indeed, Nam and Kim [37] have shown
that scopoletin inﬂuences the expression of reprogramming
genes and exerts antiaging eﬀects by regulating the transcription factor Nrf2 (Figure 5). Previous reports have shown that
DJ-1 stabilizes Nrf2 and promotes its nuclear translocation
[38]. Intriguingly, mutations in DJ-1 are associated with the
risk of developing PD [39]. Hence, we further evaluated the
eﬀect of scopoletin on DJ-1 levels in SH-SY5Y cells. We found
that rotenone exposure of cells resulted in diminished levels of
DJ-1. Angeline et al. [40] have reported that chronic exposure
to rotenone reduced the cytoprotective proteins Parkin,
Hsp70, and DJ-1. However, on pretreating with scopoletin,
DJ-1 protein levels were augmented, subsequently conferring
protection against rotenone-induced oxidative stress, as overexpression of DJ-1 rescued MN9D cells exposed to rotenone,
indicating that DJ-1 protected nigral DA neurons from
rotenone-induced cell death [41].

5. Conclusions
This study has provided evidence that MCE prevented αsynuclein aggregation through augmenting Nrf2 antioxidant
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signaling, leading to the suppression of oxidative stress.
Notably, scopoletin, the active component from MCE, seems
to be responsible for stabilizing Nrf2/ARE pathway by augmenting the phosphorylation of Nrf2 and its nuclear translocation, in a DJ-1-dependent manner. Thus, we propose that
DJ-1 might be a potential target for scopoletin-based therapeutic strategy against neurodegenerative diseases.
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‘Cara Cara’ is a red orange (Citrus sinensis (L.) Osbeck) variety originally from Venezuela characterized by a signiﬁcantly higher and
diversiﬁed carotenoid content including higher-concentration lycopene, all-E-β-carotene, phytoene, and other carotenoids when
compared with the carotenoid proﬁle of its isogenic blond counterpart ‘Bahia’, also known as Washington navel. The
exceptionally high carotenoid content of ‘Cara Cara’ is of special interest due to its neuroprotective potential. Here, we used the
nematode Caenorhabditis elegans to analyze the antioxidant eﬀect and the protection against β-amyloid-induced toxicity of
pasteurized orange juice (POJ) obtained from ‘Cara Cara’ and compare to that from ‘Bahia’. POJ treatment reduced the
endogenous ROS levels and increased the worm’s survival rate under normal and oxidative stress conditions. POJ treatment also
upregulated the expression of antioxidant (gcs-1, gst-4, and sod-3) and chaperonin (hsp-16.2) genes. Remarkably, ROS reduction,
gene expression activation, oxidative stress resistance, and longevity extension were signiﬁcantly increased in the animals treated
with ‘Cara Cara’ orange juice compared to animals treated with ‘Bahia’ orange juice. Furthermore, the body paralysis induced by
β-amyloid peptide was delayed by both POJs but the mean paralysis time for the worms treated with ‘Cara Cara’ orange juice
was signiﬁcantly higher compared to ‘Bahia’ orange juice. Our mechanistic studies indicated that POJ-reduced ROS levels are
primarily a result of the direct scavenging action of natural compounds available in the orange juice. Moreover, POJ-induced
gst-4::GFP expression and –increased stress resistance was dependent of the SKN-1/Nrf2 transcription factor. Finally, the
transcription factors SKN-1, DAF-16, and HSF-1 were required for the POJ-mediated protective eﬀect against Aβ toxicity.
Collectively, these results suggest that orange juice from ‘Cara Cara’ induced a stronger response against oxidative stress and
β-amyloid toxicity compared to orange juice from ‘Bahia’ possibly due to its higher carotenoid content.

1. Introduction
Citrus sinensis L. Osbeck orange juice is considered an
excellent dietary source of several bioactive compounds
with beneﬁcial properties for human health due to its high
content of ﬂavonoids, carotenoids, sugars, minerals, and
ﬁber. Numerous epidemiological and intervention studies

have provided substantial evidence to support an inverse correlation between orange juice intake and the occurrence of cardiovascular disease, cancer, and aging-related disorders [1, 2].
Among sweet oranges, there is increasing interest in C.
sinensis Osbeck cv. ‘Cara Cara’, a bud mutation originated
from ‘Bahia’ navel orange, also known as ‘Washington’
navel orange. ‘Cara Cara’ orange pulp is characterized by
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a bright red coloration due to a signiﬁcantly higher and
diversiﬁed carotenoid content compared to ‘Bahia’ juice,
with a mixture of (Z)-isomers of lycopene, all-E-β-carotene,
phytoene, and phytoﬂuene isomers [3]. Total ﬂavanone
content as well as hesperidin levels are usually comparable
in ‘Cara Cara’ and ‘Bahia’ pasteurized juice [1]. On the
other hand, ‘Bahia’ presents a higher ascorbic acid content
compared to ‘Cara Cara’ [1]. The exceptionally high carotenoid content of ‘Cara Cara’ may be of special interest due
to recent nutritional studies that have demonstrated its
association with the prevention and treatment of various
diseases, including neurodegenerative diseases (ND) [4].
Carotenoids are the main pigments responsible for the
color of the peel and pulp of citrus fruits. They have been
indicated as important dietary nutrients having antioxidant,
anti-inﬂammatory, antimutagenic, anticarcinogenic, and
autophagy-modulatory activities [4, 5]. In addition to their
direct antioxidant activities, carotenoids can protect cells
from oxidative stress by activating the antioxidant network
enzymes, including superoxide dismutase (SOD) and
catalase (CAT) [4].
Given that oxidative damage and increased neuroinﬂammation are critically related with the pathogenesis of
and neuronal loss in neurodegenerative diseases, the neuroprotective eﬀect of carotenoids has been of speciﬁc interest in the search for eﬀective treatments for these diseases.
The beneﬁcial eﬀects of dietary carotenoids such as lycopene, astaxanthin, crocin, crocetin, and fucoxanthin on
neurodegenerative diseases have been recently studied in
animal and cell culture models for Alzheimer’s disease
(AD) [4]. In a recent paper, Hwang et al. [6] showed that
lycopene signiﬁcantly inhibited intracellular β-amyloid
accumulation and reduced mitochondrial ROS levels and
apoptotic cell death in human neuronal SH-SY5Y cells.
In the rodent models, administration of certain types of
carotenoids, including lycopene, successfully attenuated
not only cellular-level phenotypes such as mitochondrial
oxidative damage and increased neuroinﬂammation but
also organism-level phenotypes such as memory impairment and locomotive defects [7]. Despite these studies,
there is a substantial lack of AD animal models to show
the therapeutic potential of carotenoids against neurodegenerative disease [8–11].
The nematode worm Caenorhabditis elegans is an established model organism to study aging and age-related disorders [12–14] and an attractive platform for rapidly screening
drug safety and eﬃcacy [15]. It has been demonstrated that
lutein supplementation in C. elegans is able to suppress the
ROS generation induced by the hepatotoxin microcystin-LR
(MIC-LR) and restore the levels of the antioxidant enzyme
CAT, as well as their survival rate [16]. Pons et al. [17]
showed that transgenic β-carotene-enriched orange
increases C. elegans survival under oxidative stress induced
by hydrogen peroxide. Furthermore, a delay of paralysis in
a β-amyloid peptide transgenic C. elegans strain was induced
by lycopene [18], while fucoxanthin, but not β-carotene, provided positive eﬀects on the C. elegans lifespan [19].
A number of genes and pathways have been identiﬁed
to modulate lifespan, stress resistance, and proteostasis in
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C. elegans [20, 21]. These highly conserved pathways
include the transcription factors heat shock factor 1 homologue HSF-1, the FOXO homologue DAF-16, and the
Nrf-1/2 homologue SKN-1. HSF-1 controls the inducible
transcription of a family of genes encoding heat shock proteins (HSPs), many of which are molecular chaperones. The
DAF-16/FOXO target genes include speciﬁc hsps and other
stress response/longevity genes. SKN-1 mediates the expression of genes involved in a wide range of detoxiﬁcation
processes, as well as in immunity, proteostasis, and metabolism. Collectively, these transcription factors orchestrate
the expression of genes that contribute to longevity.
Up to date, there are no data demonstrating the antioxidant and neuroprotective capacity of pasteurized orange
juice (POJ). Here in this work, we assessed and compared
the antioxidant capacity and the protective eﬀect against
the β-amyloid peptide of pasteurized orange juice from
‘Cara Cara’ with respect to that from the ‘Bahia’ counterpart using the nematode C. elegans.

2. Materials and Methods
2.1. Chemicals, Reagents, and Strains. tert-Butyl hydroperoxide (TBHP), ﬂuorodeoxyuridine (FUdR), and 2,7-dichlorodihydroﬂuorescein diacetate (H2DCFDA) were purchased
from Sigma-Aldrich (St. Louis, MO, USA).
The following Caenorhabditis elegans strains were used: N2
(wild-type strain), EU40 (skn-1(zu129) IV/nT1 [unc-?(n754)
let-?]) (IV;V), CF1038 (daf-16(mu86) I), PS3551 (hsf-1(sy441)
I), CL2006 (dvIs2[pCL12(unc-54/human Abeta peptide 1-42
minigene) + pRF4]), CF1553 (muIs84 [pAD76(sod-3::GFP)]),
CL2166 (dvls19[pAF15(gst-4::GFP::NLS)]), LD1171 (ldIs3[gcs1p::GFP + rol-6(su1006)]), and TJ375 (gpls[hsp-16.2::GFP]).
2.2. Pasteurized Orange Juice (POJ) Preparation. Pasteurized
orange juices obtained from C. sinensis L. Osbeck cv. ‘Cara
Cara’ and cv. ‘Bahia’ were provided by Citrosuco (Matão,
São Paulo, Brazil). Oranges from both cultivars were collected
on June 7th 2016 in Araraquara (São Paulo, Brazil) located in
southeastern São Paulo at 23°23′19′′ S and 48°43′22′′ W with
an elevation of 600 m above sea level. Orange juices were
obtained by cutting and squeezing, using an industrial extractor (model 391, JBT). The pasteurization process was achieved
in an industrial pasteurizer (UHT/HTST Lab-25-DH, MicroThermics) at 92− 94°C for 17 s (750 mL/min). After processing, the juices were ﬁlled into 1 L plastic ﬂasks and cooled to
1°C. All juices were immediately stored at −20°C.
2.3. POJ Characterization. Determination of °Brix/acidity
ratio: juice acidity was determined by titration with phenolphthalein and 0.1 N NaOH and was expressed as mg
citric acid per 100 g. The soluble solid content (°Brix)
was estimated by refractometry, using an Atago® refractometer. The maturity index is expressed as the ratio of
°
Brix/acidity.
Determination of limonin and vitamin C: limonin
extraction was performed by centrifugation of orange juice
(50 mL) for 15 min at 5000 rpm. Subsequently, a volume of
2 mL of juice sample was passed through a C18 Sep-Pak
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cartridge (Waters), and water was added to the concentrated sample and eluted with vacuum using acetonitrile.
Finally, the elution was ﬁltered and prepared for HPLC
analysis [22]. Vitamin C content was evaluated by the titration method described by Stevens [23].
Carotenoids were extracted as is described in Alquezar
et al. [24]. UPLC analysis of individual carotenoids: the
carotenoid composition of each sample was analyzed by
UPLC with a Nexera X2 Shimadzu liquid chromatography
system equipped with a LC-30AD pump and a
SPD-M20A photodiode array detector, as well as LabSolutions software (version 5.57 SP1). An Acquity BEH C18
carotenoid column (100 mm × 2 1 mm, 1.8 μm) coupled to
a C18 guard column (20 mm × 2 1 mm) (Waters, USA)
was used. Samples were prepared for UPLC by dissolving
the dried carotenoid extracts in CHCl3 : MeOH : acetone
(3 : 2 : 1, v v v). For carotenoid separation, a binary gradient elution was adapted from the ternary described by
Alquezar et al. [24] by using the Gradient Method Calculator (Thermo Scientiﬁc). The initial solvent composition
consisted of 100% MeOH : water (90 : 5, v/v) and 5% methyl
tert-butyl ether (MTBE). The solvent composition changed
in a linear fashion to 95% MeOH : water and 5% MTBE at
0.91 min. During the next minute, the solvent composition
was changed to 86% MeOH : water and 14% MTBE. After
reaching this concentration, the solvent was gradually changed to 75% MeOH : water and 25% MTBE at 2.28 min, 50%
MeOH : water and 50% MTBE 50% at 3.8 min, and 25%
MeOH : water and 75% MTBE at 5.32 min. The initial conditions were reached at 6 min, and the column was equilibrated for 2 min before the next injection. The ﬂow rate
was 0.5 mL min−1, column temperature was set to 27°C,
and the injection volume was 3 μL. The photodiode array
detector was set to scan from 250 to 800 nm, and for each
elution a MaxPlot chromatogram was obtained, which plots
each carotenoid peak at its corresponding maximum absorbance wavelength. Carotenoids were identiﬁed by their
retention time, absorption, and ﬁne spectra [25–29]. The
carotenoid peaks were integrated at their individual maxima wavelength, and their contents were calculated using
calibration curves of β-carotene (Sigma) for α- and β-carotene; β-cryptoxanthin (Extrasynthese) for β-cryptoxanthin;
zeaxanthin (Extrasynthese) for zeaxanthin; lutein (Sigma)
for violaxanthin isomers, mutatoxanthin and antheraxanthin; lycopene (Sigma) for lycopene; and phytoene
(Sigma) for phytoene and phytoﬂuene.
2.4. C. elegans Culture Conditions. For all the experimental
procedures, C. elegans were cultured at 20°C on Nematode
Growth Medium (NGM) plates [30] seeded with Escherichia coli OP50. For treatment, worms were cultivated on
NGM plates containing 1, 2, 5, or 10% POJ of either
‘Bahia’ or ‘Cara Cara’. The control group was prepared
in the same manner but without POJ. Tests were also performed with heat-killed E. coli OP50 (OP50-HK).
Heat-killed bacteria were prepared by incubating liquid
cultures of E. coli OP50 to 75°C for 1 hour. Synchronized
populations were obtained by either bleach treatment or
egg-laying.
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RNA interference (RNAi) was carried out using the
feeding method described previously [31]. Brieﬂy, RNAi
clones were grown with 12.5 μg/mL tetracycline and
100 μg/mL ampicillin. On the following day, cultures were
diluted in LB supplemented with 60 μg/mL ampicillin and
grown to an OD600 of 1. This culture was used to seed
plates containing ampicillin and 1 mM IPTG and left to
dry for 2 days at room temperature. Synchronized L1 larvae were then placed at 20°C on E. coli HT115 that
expressed target gene RNAi or control RNAi (empty vector pL4440) for 48 h, until they reached the L4 stage.
skn-1 RNAi eﬃciency was veriﬁed by the absence of F1
larvae. For daf-16, RNAi eﬃciency was conﬁrmed by the
suppression of GFP emission on DAF-16::GFP transgenic
line (TJ356). For hsf-1, RNAi eﬃciency was conﬁrmed by
the worms reduced survival at 35°C.
2.5. Quantiﬁcation of Intracellular ROS. N2 wild-type animals synchronized at ﬁrst-stage larvae (L1) were cultivated
on NGM with diﬀerent concentrations of POJ for 48 h. The
experiments were performed under standard and stress
conditions as described previously by de Freitas Bonomo
et al. [32] with modiﬁcation. For the stress condition, the
animals were exposed to 10 mM tert-butyl hydroperoxide
(TBHP) in M9 medium for 1 hour. Subsequently, 20 to
40 worms per group were collected in PBS+ 1% Tween-20,
washed twice, and transferred to a 96-well microtiter plate,
to which 50 μM H2DCF-DA was added. Measurements
were performed in triplicate in a multilabel microplate
reader GloMax®-Multi Detection System (Promega, Wisconsin, USA), with excitation at 490 nm and emission at
510-570 nm, and the mean values were calculated. Readings
were performed every 30 min for 4 h.
2.6. Reporter Gene Analysis. Transgenic lines expressing
gcs-1::GFP, gst-4::GFP, sod-3::GFP, and hsp-16.2::GFP were
treated with 2% POJ for 48 h at 20°C since L1 until the
L4 stage. The experiments were performed under standard
and stress conditions. For gcs-1::GFP, gst-4::GFP, and
sod-3::GFP animals, the stress condition was induced by
incubating in 10 mM TBHP in M9 medium for 1 hour.
For hsp-16.2::GFP, the stress condition was induced for
1 h at 35°C. Images of 25 worms from each group were
acquired using the optic microscope Olympus BX51
(Tokyo, Japan) and ﬂuorescent signals were measured with
NIH ImageJ software.
2.7. Lifespan and Stress Resistance Assays. The lifespan assay
was performed with synchronized N2 wild-type animals
treated with 2% POJ starting at the L4 stage. We analyzed
approximately 90 animals per group divided into 3 NGM
plates containing FUdR to prevent progeny growth. The
survival analysis consisted of scoring dead/alive animals
every day beginning at the ﬁrst day of adulthood
(t0 = day 1) at 25°C. The animals were determined to be
dead if no movement was shown with or without stimulation, and those animals with hatched eggs internally,
extruded parts, or those who went missing, were excluded
from analysis.
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To evaluate the resistance to oxidative stress, L4 larval
stage of wild-type animals and skn-1(zu129), daf-16(mu86),
and hsf-1(sy441) mutants were treated with 2% POJ for 48 h
on NGM plates containing FUdR seeded with either E. coli
OP50 (OP50) or heat-killed E. coli OP50 (OP50-HK). After
that, they were exposed to 10 mM TBHP. Approximately 50
animals were analyzed for each experimental group.
Survival fractions were scored every three hours until all
animals were considered dead, without pumping or pharyngeal movement. The oxidative stress resistance test was
performed three times.
2.8. Bioassays for β-Amyloid-Induced Paralysis. CL2006
strains, which constitutively express Aβ1–42 peptide in
the body wall muscle tissue, were treated since L1 until
L4 stage on NGM plates with E. coli OP50 for 48 hours
at 20°C. Animals were then transferred to new plates containing 2% POJ seeded with either E. coli OP50 or
OP50-HK for another 48 hours at 20°C. The paralysis phenotype was accelerated by transferring the worms to 35°C.
Paralysis was scored at 1 h intervals for up to 12 h. The
worms were scored as “paralyzed” based on either the failure of the worms to move their body with the touch of a
platinum loop or the formation of a halo on the bacterial
lawn indicating a paralyzed condition. Each experiment
was performed using at least 30 worms. The data represents
mean of three diﬀerent experiments.
2.9. Statistical Analyses. All experiments were performed
three times. Statistical analyses were performed using
GraphPad Prism (v. 5.0) software (CA, USA). Data were
analyzed by Kolmogorov-Smirnov test for normality. For
normally distributed data, Student’s t test was used to compare pairs of groups, whereas a one-way ANOVA followed
by Tukey’s posttest was used to compare three or more
groups. Nonparametric data were analyzed using the
Mann–Whitney test when comparing two groups and the
Kruskal-Wallis test followed by Dunn’s posttest for comparing three or more groups. Survival curves were analyzed
by the log-rank (Mantel-Cox) test. For all tests, statistical
signiﬁcance was determined as p < 0 05.

3. Results and Discussion
3.1. Quality and Phytochemical Characterization of
Pasteurized Juice from ‘Cara Cara’ and ‘Bahia’ Oranges. After
pasteurization, we compared some quality and phytochemical compounds of the ‘Bahia’ sweet orange juice and its
spontaneous red-ﬂeshed mutant ‘Cara Cara’, which contains large proportions of linear carotenes. Pasteurized
‘Bahia’ juice (PBJ) was more acidic than pasteurized ‘Cara
Cara’ juice (PCJ) (Table 1). A higher content of ascorbic
acid and limonin was recorded in PBJ compared to PCJ
(Table 1). As expected, the total carotenoid content was
signiﬁcantly higher in ‘Cara Cara’ juice compared to
‘Bahia’, especially Z-violaxanthin, zeaxanthin, phytoene,
phytoﬂuene, lycopene, and β-carotene (Table 2). These
results are comparable essentially to those of the previous
studies by Brasili et al. [1] and Lee [3], which showed that
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Table 1: Quality parameters of pasteurized juices from ‘Bahia’ and
‘Cara Cara’ oranges.
Parameters

Bahia

Cara Cara

Brix

10 8 ± 0 2

9 5±0 1

Acidity (g/100 g)

0 8±0 0

0 5±0 0

Ratio Brix/acidity

14 1 ± 0 3

18 6 ± 0 1

Vitamin C (mg/L)

424 9 ± 20 7

215 7 ± 9 8

7 4±1 4

2 7±0 3

°

°

Limonin (mg/L)

Table 2: Content of carotenoids in pasteurized juices from ‘Bahia’
and ‘Cara Cara’ oranges.
Carotenoid (ng/mL)
E-violaxanthin
Z-Luteoxanthina

Bahia

Cara Cara

Tr.
34 52 ± 5 26

n.d.

Tr.

all-E-Luteoxanthina

271 89 ± 32 79

n.d.

Z-Violaxanthin

815 68 ± 26 42

1021 94 ± 109 94

Tr.

195 01 ± 48 78

Zeaxanthina
Anteraxanthin

20 82 ± 8 27

n.d.

Mutatoxanthina

66 09 ± 9 92

n.d.

Zeinoxanthina

196 31 ± 10 6

n.d.

β-Cryptoxanthin

456 50 ± 14 08

351 07 ± 4 69

Phytoene

n.d.

6172 03 ± 113 78

Phytoﬂuene

n.d.

2661 61 ± 136 84

Lycopene

n.d.

469 05 ± 26 55

n.d
n.d.

Tr.
228 89 ± 78 47

1564 81 ± 70 41

11099 25 ± 158 88

α-Carotene

a

β-Carotene
Totalb:

n.d.: not detected. Tr.: traces. aIdentiﬁed tentatively, dtotal carotenoids
calculated as the sum of all the carotenoids identiﬁed individually.

lycopene and β-carotene accumulated at high levels in
PCJ but their concentrations were very low or undetectable in PBJ.
3.2. POJ Treatment Reduces Intracellular ROS Accumulation
Primarily as a Result of Direct Scavenging. In order to determine the antioxidant capacity of POJ from ‘Bahia’ and
‘Cara Cara’ orange, we investigated the inﬂuence of the
POJ treatment on the intracellular accumulation of ROS
in C. elegans. Under standard condition, wild-type worms
treated with 1, 2, 5, and 10% of either ‘Bahia’ or ‘Cara Cara’
juice displayed reduced ROS levels compared to the control
group of untreated worms (p < 0 0001) (Figure 1(a)). Interestingly, ROS levels were signiﬁcantly lower in the animals
treated with 2% ‘Cara Cara’ juice compared to those from
worms treated with 2% ‘Bahia’ juice (p = 0 0026)
(Figure 1(a)). Similar results were also observed when the
worms were treated with POJ and then subjected to stress
conditions (Figure 1(b)). All concentrations tested of POJ
were able to reduce ROS production under stress
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Figure 1: Eﬀect of pasteurized juice from ‘Bahia’ and ‘Cara Cara’ oranges on intracellular ROS accumulation in C. elegans. (a) Wild-type
animals were treated with either 1, 2, 5, or 10% of ‘Bahia’ or ‘Cara Cara’ juice for approximately 48 h since L1. ROS production was
measured using the dye H2DCFDA. Results are expressed as H2DCFDA ﬂuorescence levels. ∗∗∗∗ p < 0 0001 compared to respective not
treated (NT) control and # p = 0 0026 comparing 2% ‘Bahia’ with 2% ‘Cara Cara’ juice by 2-way ANOVA. (b) Wild-type animals were
treated with either 1, 2, 5, or 10% of ‘Bahia’ or ‘Cara Cara’ juices for approximately 48 h since L1 and then incubated on 10 mM TBHP for
1 hour to induce oxidative stress. Results are expressed as mean H2DCFDA ﬂuorescence levels ± SEM of values. & p < 0 0001 compared to
NT under standard conditions by a two-tailed Student’s t-test, ∗∗∗∗ p < 0 0001 compared to respective NT control under stress and # p <
0 0001 comparing ‘Bahia’ orange with ‘Cara Cara’ juice in each concentration by 2-way ANOVA. Percentage diﬀerence (%) between
‘Bahia’ and ‘Cara Cara’ juices are indicated for those with #statistically signiﬁcance.
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Figure 2: Contribution of SKN-1, DAF-16, and HSF-1 on ROS
accumulation in POJ-treated worms. RNAi animals were treated
with 2% POJ for approximately 48 h since L1. ROS production
was measured using the dye H2DCFDA. Results are expressed as
mean H2DCFDA ﬂuorescence levels ± SEM of values. ∗∗∗∗ p <
0 0001, ∗∗ p < 0 0016, and ∗ p < 0 0111 compared to respective
untreated RNAi by 2-way ANOVA.

conditions to a level below to those observed in the animals
subjected to standard condition (p < 0 0001) (Figure 1(b)).
Under stress conditions, ‘Cara Cara’ juice reduced ROS
production more eﬃciently than ‘Bahia’ juice did in all
concentrations tested (p < 0 0001). Since 2% ‘Cara Cara’
juice was the only concentration that showed better results
than ‘Bahia’ juice under standard conditions, we performed
all following assays using 2% POJ treatment.
Phytochemicals have the potential to modulate intracellular oxidative stress directly by scavenging free radicals.
Besides that, they are also able to modulate oxidative stress
indirectly by upregulating antioxidant and phase II detoxiﬁcation enzymes which are the major enzymatic line of
defense against electrophilic toxicants and oxidative stress.

The induction of these adaptive systems by phytochemicals may be related to the fact that they function as
xenobiotics in animals [33, 34]. The metabolism of xenobiotics/phytochemicals can produce reactive species, reactive intermediates, and metabolites that can act as
prooxidants [35]. Therefore, phytonutrients would play a
role as a mild stress trigger leading to the activation of
defense mechanisms for their own detoxiﬁcation, which
in turn could induce organisms’ resistance to a more
severe oxidative stress condition. In C. elegans, these
defense mechanisms are at least partly a result of the activation of three transcription factors, DAF-16, SKN-1, and
HSF-1 [36].
In order to elucidate whether ROS reduction was
related to POJ direct or an indirect mechanism of action,
we performed ROS quantiﬁcation in animals submitted to
RNAi for the SKN-1, DAF-16, and HSF-1 transcription factors. Under standard conditions, knockdown of skn-1,
daf-16, and hsf-1 signiﬁcantly reduced the ROS production
in the worms treated with 2% of either ‘Bahia’ or ‘Cara
Cara’ juices (Figure 2) suggesting that ROS reduction
induced by POJ may be independent of these transcription
factors. Interestingly, quantiﬁcation of ROS levels showed
that the lowest reduction was on skn-1(RNAi) animals
(Figure 2). The ROS level diminished only by 6.75 and
8.18% on skn-1(RNAi) worms treated with 2% ‘Bahia’ and
2% ‘Cara Cara’ juices, respectively. Meanwhile, ROS reduction was 14.48% and 23.35% on daf-16(RNAi) animals and
33.88% and 66% on hsf-1(RNAi) animals treated with 2%
‘Bahia’ or ‘Cara Cara’ juices, respectively. This result suggests that ROS reduction promoted by POJ treatment was
primarily a result of the direct scavenging action of the
carotenoids and other phytonutrients present in the orange
juice and secondly an outcome of the transcription factor
SKN-1 indirect action.
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Figure 3: Eﬀect of pasteurized juice from ‘Bahia’ and ‘Cara Cara’ oranges on the expression of antioxidant and detoxiﬁcation genes. Analysis
of gcs-1::GFP (a), gst-4::GFP (b), sod-3::GFP (c), and hsp-16.2::GFP (d) ﬂuorescent expression levels. Transgenic worms were treated or not
with 2% ‘Bahia’ or 2% ‘Cara Cara’ juice for 48 h. After this period, animals were submitted to stress conditions. For gcs-1::GFP (a),
gst-4::GFP (b), and sod-3::GFP (c); the stress condition was incubation for 1 h on 10 mM TBHP. For hsp-16.2::GFP, the stress condition
was incubation for 1 h at 35°C. Photographs were taken on a ﬂuorescence microscope, and GFP ﬂuorescence signals were measured using
NIH ImageJ software. The results represent mean GFP levels ± SEM of values. ∗∗∗∗ p < 0 0008 by a two-tailed Student’s t-test compared to
the untreated group, # p < 0 0003 by a two-tailed Student’s t-test for 2% ‘Bahia’ with 2% ‘Cara Cara’ juice.
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Figure 4: Contribution of SKN-1, DAF-16, and HSF-1 on
gst-4::GFP expression induced by POJ treatment. RNAi animals
were treated with 2% POJ for approximately 48 h since L1.
Photographs were taken on a ﬂuorescence microscope, and GFP
ﬂuorescence signals were measured using NIH ImageJ software.
The results represent mean GFP levels ± SEM of values. & p <
0 0001 compared to untreated (NT) control(RNAi) under standard
conditions and ∗∗∗∗ p < 0 0001, compared to respective
POJ-treated control(RNAi) by 1-way ANOVA.

3.3. POJ Treatment Induces the Expression of Antioxidant,
Detoxiﬁcation, and Chaperonin Genes. To better characterize the molecular responses associated with the direct
and indirect antioxidant eﬀects of POJ in C. elegans, we
analyzed the gene expression of four reporter genes related
to stress resistance, detoxiﬁcation, and longevity. We
selected γ-glutamyl cysteine synthetase (gcs-1) and glutathione-s-transferase-4 (gst-4), two SKN-1 target genes
[37, 38], superoxide dismutase 3 (sod-3), a well-known
DAF-16 target gene [39], and the chaperone hsp-16.2::GFP
whose expression is regulated by DAF-16 and HSF-1 [40].
The ﬂuorescence signals of gcs-1::GFP, gst-4::GFP,
sod-3::GFP, and hsp-16.2::GFP animals were signiﬁcantly
increased after 2% POJ treatment with either ‘Bahia’ or
‘Cara Cara’ juices compared to untreated worms, both at
standard and stress conditions (Figures 3(a)–3(d)). Interestingly, the expression signal of gcs-1::GFP (Figure 3(a)),
gst-4::GFP (Figure 3(b)), and hsf-16.2::GFP (Figure 3(d))
from the animals treated with 2% ‘Cara Cara’ juice were
signiﬁcantly higher than that of the animals treated with
2% ‘Bahia’ juice under standard conditions. Under stress
conditions, the treatment with 2% ‘Cara Cara’ juice significantly increased the expression of gcs-1::GFP and
sod-3::GFP.
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Figure 5: Eﬀect of pasteurized juice from ‘Bahia’ and ‘Cara Cara’ oranges on C. elegans stress resistance and longevity. (a) Survival curves of
wild-type (N2) animals under standard laboratory conditions. Worms were treated with either 2% ‘Bahia’ or 2% ‘Cara Cara’ juice beginning at
L4. Survival was veriﬁed every day at 25°C. ∗∗∗∗ p < 0 0001 compared to respective controls and # p = 0 0003 comparing animals treated with
2% ‘Bahia’ with 2% ‘Cara Cara’ juice by log-rank (Mantel-Cox) test. (b) Survival curves of wild-type (N2) animals under oxidative stress
conditions. Worms were treated with either 2% ‘Bahia’ or 2% ‘Cara Cara’ juice beginning at L4 and transferred to plates with 10 mM
TBPH. Survival was veriﬁed every 3 hours at 20°C. ∗∗∗∗ p < 0 0001 compared to the untreated control group and # p = 0 0134 comparing
animals treated with 2% ‘Bahia’ with 2% ‘Cara Cara’ juice by log-rank (Mantel-Cox) test.

Table 3: Eﬀect of pasteurized juice from ‘Bahia’ and ‘Cara Cara’ oranges on C. elegans lifespan.
% mean survival time
variation vs. untreated

p value (log rank) POJa
vs. untreatedb

14 75 ± 0 17

22.0

<0.0001

15 64 ± 0 18

29.5

Condition

Maximum survival
(days ± SEM)

Mean survival
(days ± SEM)

Untreated

17 33 ± 2 31

12 11 ± 0 13

2% Bahia

19 00 ± 1 73

2% Cara Cara

19 33 ± 2 31

p value (log rank)
PBJc vs. PCJb,d

Ne
243 (3)

<0.0001

255 (3)
0.0003

234 (3)

POJ, pasteurized orange juice, comparisons were performed using log-rank (Mantel-Cox) test. PBJ, pasteurized ‘Bahia’ orange juice, PCJ, pasteurized ‘Cara
Cara’ orange juice, etotal number of animals analyzed. The number in parentheses indicates the number of independent trials.

a

b

The POJ induction, rather than an inhibition, of the antioxidant and detoxiﬁcation genes indicates that the phytonutrients present in the POJ were not only directly scavenging
ROS but also acting as prooxidants and inducing a mild cellular stress response [41, 42]. This phenomenon is also
referred as hormesis since the phytochemicals are toxic and
protect plants against insects and other harmful organisms
and stresses. However, at the subtoxic doses, the phytochemicals involve kinases and transcription factors in order to
induce the expression of genes that encode antioxidant
enzymes, protein chaperones, phase-2 enzymes, neurotrophic factors, and other cytoprotective proteins [41, 42].
Since gst-4::GFP showed the strongest expression after
POJ treatments, we assessed whether it was dependent on
SKN-1, DAF-16, and HSF-1. RNAi of all three transcription factors reduced signiﬁcantly gst-4::GFP expression
induced by the POJ treatments suggesting that they all contribute to its activation (Figure 4). Moreover, knocking
down of skn-1 caused the greatest reduction on gst-4::GFP
expression induced by the POJ treatments. The ﬂuorescent

c

d

levels of gst-4::GFP in the worms treated with ‘Bahia’ juice
were 3.26 times lower on skn-1(RNAi) animals compared
to control(RNAi) animals while the reduction was 2.54
and 1.34 times lower on daf-16(RNAi) and hsf-1(RNAi) animals, respectively. This result suggests that SKN-1 seemed
to play a more important role on gst-4 expression compared to DAF-16 or HSF-1.
3.4. POJ Treatment Increases Longevity and Oxidative Stress
Resistance. To explore whether POJ antioxidant properties
have a protective eﬀect in vivo, we tested whether POJ
could aﬀect the lifespan of C. elegans under standard laboratory conditions. We determined the lifespan of N2 worms
with and without 2% POJ treatment. The maximum and
mean lifespan of N2 worms fed with either 2% pasteurized
‘Bahia’ or ‘Cara Cara’ juice was signiﬁcantly increased compared to untreated worms (Figure 5(a), Table 3). Remarkably, animals treated with 2% ‘Cara Cara’ juice showed an
increased lifespan compared to animals treated with 2%
‘Bahia’ juice (p = 0 0003) (Table 3).
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Table 4: Eﬀect of pasteurized juice from ‘Bahia’ and ‘Cara Cara’ oranges on C. elegans stress resistance.

Strains and
conditions

Maximum
% maximum survival
Mean survival
survival
time variation vs.
(hours ± SEM)
(hours ± SEM)
untreated

% mean survival
time variation vs.
untreated

p value (log
rank) POJa vs.
untreatedb

p value
Ne
(log rank)
c
b,d
PBJ vs. PCJ

WT on E. coli OP50
Untreated

20 33 ± 1 15

2% Bahia

32 00 ± 1 73

57.0

27 72 ± 0 47

68.0

<0.0001

2% Cara Cara

35 00 ± 1 73

71.0

28 63 ± 0 47

73.5

<0.0001

16 50 ± 0 16

0.0134

145
(3)
144
(3)
149
(3)

WT on E. coli OP50-HK
Untreated

20 00 ± 1 00

2% Bahia

23 66 ± 0 58

14.0

17 14 ± 0 33

11.0

<0.0001

2% Cara Cara

26 66 ± 0 58

28.0

20 42 ± 0 26

32.0

<0.0001

15 44 ± 0 28

<0.0001

126
(3)
134
(3)
131
(3)

skn-1(zu67) on E. coli OP50
Control

11 33 ± 0 58

2% Bahia

11 00 ± 1 00

0.0

8 90 ± 0 11

-2.0

0.2405

2% Cara Cara

11 67 ± 0 58

0.0

9 14 ± 0 09

1.0

0.7441

9 08 ± 0 10

0.1396

150
(3)
150
(3)
150
(3)

daf-16(mu86) on E. coli OP50
Control

12 00 ± 1 73

2% Bahia

15 00 ± 1 73

21.0

7 26 ± 0 26

24.0

<0.0001

2% Cara Cara

18 00 ± 1 73

42.0

8 30 ± 0 35

42.0

<0.0001

5 84 ± 0 15

0.0097

146
(3)
147
(3)
148
(3)

hsf-1(sy441) on E. coli OP50
Control

18 00 ± 1 73

2% Bahia

23 00 ± 0 00

15.0

17 60 ± 0 38

20.0

<0.0001

2% Cara Cara

25 00 ± 1 73

30.0

19 86 ± 0 37

35.0

<0.0001

14 67 ± 0 22

<0.0001

141
(3)
150
(3)
150
(3)

HK: heat killed. POJ, pasteurized orange juice, bcomparisons were performed using log-rank (Mantel-Cox) test. cPBJ, pasteurized ‘Bahia’ orange juice, dPCJ,
pasteurized ‘Cara Cara’ orange juice, eTotal number of animals analyzed. The number in parentheses indicates the number of independent trials.

Several studies have shown that lifespan extension is
closely associated with enhanced resistance to various
forms of environmental stressors [43]. Thus, we assessed
the eﬀects of the POJ treatments on C. elegans oxidative
stress resistance. Oxidative stress assays were performed
in wild-type animals treated with 2% POJ for 48 h and then
submitted to stress conditions induced by tert-butyl hydroperoxide (TBHP). We observed that animals treated with
either 2% ‘Bahia’ or ‘Cara Cara’ juice showed an increased
maximum and mean lifespan, when compared to untreated
controls (Figure 5(b), Table 4). Similar to the longevity
assay, animals treated with 2% ‘Cara Cara’ juice showed
increased oxidative stress resistance compared to animals
treated with 2% ‘Bahia’ juice (p = 0 0134).

We also repeated the oxidative stress resistance assay in
skn-1, daf-16, and hsf-1 knockout animals. POJ treatment
with either 2% ‘Bahia’ or ‘Cara Cara’ juices signiﬁcantly
increased the maximum and mean survival time of daf-16
and hsf-1 mutants under stress conditions (Table 4). However, treatment with either 2% POJ ‘Bahia’ or ‘Cara Cara’
failed to increase skn-1 mutant survival under stress conditions (Table 4). These results suggest that the oxidative
stress resistance induced by POJ could be mediated by
the transcription factor SKN-1. In this work, POJ antioxidant capacity was positively related to an increase in survival under standard and oxidative stress conditions
which would be in agreement with the free radical theory
of aging.
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Figure 6: Eﬀect of pasteurized juice from oranges cv. ‘Bahia’ and cv.
‘Cara Cara’ treatment on the β-amyloid induced paralysis in C.
elegans transgenic model of Alzheimer’s disease. Paralysis curves
for C. elegans strain CL2006 which expresses β-amyloid peptide
constitutively in the muscle. Worms were treated beginning at L4
with 2% POJ for 48 h at L4 stage. Paralysis was veriﬁed at 1 h
intervals at 35°C. ∗∗∗∗ p < 0 0001 compared to untreated control
and # p < 0 0001 comparing 2% ‘Bahia’ with 2% ‘Cara Cara’ juice
by log-rank (Mantel-Cox) test.

Together, these results indicate that pasteurized juice
treatment improves C. elegans antioxidant capacity, which
is associated with the upregulation of antioxidant and chaperonin genes and increased lifespan and stress resistance.
It is noteworthy that the treatment with ‘Cara Cara’
orange juice provided better results on all parameters
analyzed here compared to ‘Bahia’ orange juice with the
only exception for the expression of sod-3::GFP
(Figure 3(c)) under standard conditions and for gst-4::GFP
(Figure 3(b)) and hsp-16.2 (Figure 3(d)) under stress conditions. The beneﬁcial eﬀects of ‘Cara Cara’ orange juice
could be related to its higher carotenoid content, especially
Z-violaxanthin, phytoene, phytoﬂuene, lycopene, and
β-carotene, even though ‘Bahia’ juice has higher levels of
vitamin C and limonin (Table 2). However, the additional
eﬀects of ‘Cara Cara’ orange juice compared to ‘Bahia’
orange juice are either moderate or small to be explained
solely based on the total carotenoid diﬀerence between
these two varieties.
3.5. POJ Treatment Delays Paralysis Induced by β-Amyloid
(Aβ) Expression. The oxidative stress state has an important
role in the development of neurodegenerative diseases such
as Alzheimer’s disease (AD). Accumulation of ROS and
deposition of toxic amyloid species have been proposed to
exacerbate the symptoms observed in AD patients [44,
45]. The observation that POJ has antioxidant properties
in vivo led us to ask whether POJ could protect against
β-amyloid-induced toxicity in a C. elegans model for Alzheimer’s disease. The expression of human Aβ1–42 in the
muscle of transgenic CL2006 strain promotes a paralysis
that can be monitored over time. We observed that the
onset of paralysis was signiﬁcantly delayed in POJ-treated

animals (Figure 6). The mean paralysis time for worms
treated with 2% ‘Bahia’ and 2% ‘Cara Cara’ juices was
increased by 25.0% and 46.0%, respectively, compared to
untreated worms (Figure 6, Table 5).
Various studies have shown that the protective eﬀect of
ﬂavonoids and carotenoids against amyloid-induced neurotoxicity is due to their antioxidant properties. Other possible mechanisms could be attenuation of Aβ aggregation
in vivo by downregulating the expression level of β-amyloid precursor protein (APP) [18] and/or activation of protein degradation pathways [46]. In the present study, the
POJ treatment delayed Aβ1–42-induced paralysis in
worms suggesting that POJ may be able to attenuate the
development of AD by altering Aβ aggregate states
in vivo. Most importantly, our results indicate that ‘Cara
Cara’ juice, with higher carotenoid contents, provides a
superior protection against Aβ1–42-induced paralysis over
that provided by Bahia.
We also evaluated the role of SKN-1, DAF-16, and
HSF-1 in POJ-mediated protection against Aβ1-42 toxicity.
To this end, we examined the eﬀect of POJ on CL2006
worms using RNAi to knock down skn-1, daf-16, and hsf-1
expression. POJ treatment signiﬁcantly delayed the paralysis
rate of CL2006 worms with control(RNAi) (Table 5). In contrast, RNAi of skn-1 and daf-16 in CL2006 worms
completely abolished POJ-mediated beneﬁcial eﬀects on
delaying the progression of paralysis (Table 5). RNAi of
hsf-1 in CL2006 worms only prevented the beneﬁcial eﬀect
against β-amyloid paralysis for those animals treated with
2% ‘Cara Cara’ juice (Table 5). Together, these ﬁndings suggest that the transcription factors SKN-1, DAF-16, and
HSF-1 are required for POJ-mediated protective eﬀect
against Aβ toxicity.
Taking these data together, our mechanistic studies
indicated that POJ improves the antioxidant status of a
whole organism by direct and indirect mechanisms.
POJ-reduced ROS levels were primarily a result of the
direct scavenging action of natural compounds available
in the orange juice and secondly an outcome of the transcription factor SKN-1 indirect action. POJ promotes
gst-4::GFP expression and oxidative stress resistance mainly
through SKN-1 although DAF-16 and HSF-1 also contribute to a less extent to these eﬀects. Finally, POJ delayed
Aβ-induced onset paralysis on a SKN-1-, DAF-16-, and
HSF-1-dependent manner. Previous studies in the nematode reported that DAF-16, SKN-1, and HSF-1 play pivotal
roles in regulating longevity and ameliorating Aβ [12].
Since these transcription factors are key regulators of many
important biological processes, including lifespan, stress
responses, and proteostasis, we reasoned that POJ treatments might protect worms against Aβ1–42 toxicity by
increasing antioxidant capacity and proteostasis.
3.6. POJ Protection against Oxidative Stress and Aβ Toxicity
Is Partially Related to Antimicrobial Eﬀect. Since E. coli has
a pathogenic eﬀect on C. elegans, which may alter its longevity, resistance to stress, and Aβ1–42-induced paralysis [47,
48], we investigated whether the POJ protective eﬀects could
be a secondary response of a possible POJ antimicrobial
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Table 5: Eﬀect of pasteurized juice from ‘Bahia’ and ‘Cara Cara’ oranges on C. elegans paralysis induced by β-amyloid expression.

Strain and conditions

Mean paralysis time
(hours ± SEM)

% mean paralysis time p value (log rank)
variation vs. control POJa vs. untreatedb

p value (log rank)
PBJc vs. PCJb,d

Ne

<0.0001

84
(3)
85
(3)
84
(3)

<0.0001

86
(3)
80
(3)
82
(3)

CL2006 on E. coli OP50
Untreated

4 59 ± 0 11

2% Bahia

5 75 ± 0 12

25.0

<0.0001

2% Cara Cara

6 70 ± 0 13

46.0

<0.0001

CL2006 on E. coli OP50-HKa
Untreated

5 29 ± 0 16

2% Bahia

6 50 ± 0 18

23.0

<0.0001

2% Cara Cara

7 82 ± 0 22

48.0

<0.0001

CL2006 on control(RNAi)
Untreated

4 80 ± 0 10

2% Bahia

5 48 ± 0 12

14.0

<0.0001

2% Cara Cara

5 54 ± 0 16

15.0

<0.0001

0.5562

88
(3)
89
(3)
89
(3)

CL2006 on skn-1(RNAi)
Untreated

4 20 ± 0 07

2% Bahia

3 95 ± 0 07

-6.0

0.0191

2% Cara Cara

3 94 ± 0 07

-6.1

0.0151

0.8555

87
(3)
88
(3)
89
(3)

CL2006 on daf-16(RNAi)
Untreated

4 09 ± 0 07

2% Bahia

4 13 ± 0 08

0.9

0.6016

2% Cara Cara

4 17 ± 0 08

1.9

0.4024

0.8582

89
(3)
88
(3)
89
(3)

CL2006 on hsf-1(RNAi)
Untreated

4 26 ± 0 08

2% Bahia

4 57 ± 0 08

7.2

0.0069

2% Cara Cara

3 84 ± 0 07

-9.8

<0.0001

<0.0001

88
(3)
89
(3)
89
(3)

HK: heat killed, aPOJ, pasteurized orange juice, bcomparisons were performed using log-rank (Mantel-Cox) test. cPBJ, pasteurized ‘Bahia’ orange juice, dPCJ,
pasteurized ‘Cara Cara’ orange juice, etotal number of animals analyzed. The number in parentheses indicates the number of independent trials.

property. First, we repeated the oxidative stress resistance
assay in animals treated with POJ on dead bacteria. We
observed that wild-type animals treated with 2% POJ still
showed increased survival on 10 mM TBHP compared to
untreated controls (p < 0 0001) (Figure 7(a), Table 4). However, the mean survival variation observed for the
POJ-treated animals on dead bacteria was considerably
lower compared to the, respectively, POJ-treated animals

on live bacteria (Table 4). The mean survival variation was
11 and 68% for the animals treated with 2% ‘Bahia’ juice
on dead and live bacteria, respectively. Likewise, the mean
survival variation was 32 and 73.5% for the animals treated
with 2% ‘Cara Cara’ juice on dead and living bacteria,
respectively (Table 4).
The role of bacterial in aﬀecting longevity of aging C.
elegans is well known [49]. Much experimental evidence
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Figure 7: Eﬀect of POJ on oxidative stress resistance and Aβ1-42-induced paralysis on C. elegans grown on dead bacteria. (a) Stress resistance
assay on bacteria dead bacteria. Worms were treated with 2% POJ on E. coli OP50 heat-killed beginning at L4 and transferred to plates with
10 mM TBPH. Survival was veriﬁed every 3 hours at 20°C. ∗∗∗∗ p < 0 0001 compared to the untreated control group, log-rank (Mantel-Cox)
test. (b) Paralysis proﬁle of CL2006 transgenic animals fed with 2% POJ mixed with OP50 heat-killed. Paralysis was veriﬁed at 1 h intervals at
35°C. ∗∗∗∗ p < 0 0001 compared to untreated control by log-rank (Mantel-Cox) test.

supports bacterial infection and proliferation within the
intestine of adults as a potential pathogen that triggers
innate immune and stress host responses which may contribute as a double-edged eﬀect to tissue damage and aging
[47]. The conserved PMK1-p38 mitogen-activated protein
kinase (MAPK) pathway is the major mediator of innate
immunity in C. elegans. Interestingly, the PMK-1 pathway
is also required for the activation of the transcription factor
SKN-1 under stress conditions [50]. Thus, any intervention
that attenuates bacterial pathogenicity and toxicity extends
lifespan and stress resistance. The reduction of the variation
survival time on stress when the POJ-treated animals were
fed on bacterial previously killed by heat indicates that part
of the survival extension observed on POJ-treated animals
fed on live bacteria is due to its antimicrobial eﬀect. It is
also reasonable to suppose that this reduction of the variation survival time on stress could be a result of the animals
acquiring less antioxidant buﬀer from their living bacterial
food source [49]. Another possibility could be related to
the fact that in the absence of pathogenic bacteria, the
PMK-1-SKN-1 signaling pathway is also diminished and
therefore the defense mechanisms activation is attenuated.
Next, we performed the Aβ1-42-induced paralysis assay
also using bacteria killed by heat. Interestingly, the mean
variation observed for the Aβ1-42-induced paralysis was
not particularly diﬀerent between the POJ treatments on
dead or living bacteria (Figure 7(b), Table 5). The mean
paralysis time variation for the animals treated with 2%
‘Bahia’ juice on dead bacteria was 23% compared to
untreated animals while the variation for the same treatment on living bacteria was 25% (Table 5). For ‘Cara Cara’
juice treatment, the mean paralysis time variation was 48%
compared to untreated animals on dead bacteria and 46%
compared to untreated animals on living bacteria (Table 5).

Although the onset paralysis in the CL2006 animals
grown on live OP50 was faster compared to those grown
on dead OP50 as expected, we did not observe any signiﬁcant diﬀerence of the paralysis time variation on the
POJ-treated animals fed on dead bacteria compared to
those fed on live bacteria (Table 5). This result suggests that
the beneﬁcial eﬀect of POJ against Aβ toxicity is independent of the bacterial pathogenicity. This observation seems
contradictory since many studies have shown a link
between food source and proteotoxicity [48, 51]. Steinkraus
et al. [51] showed that bacterial food deprivation suppresses
proteotoxicity in Aβ worms through an hsf-1-dependent
mechanism. It would be interesting for further studies to
shed light on the possible relationship between POJ
protection against Aβ in the absence of bacteria depends
on HSF-1.

4. Conclusions
In this work, we investigated the in vivo eﬀects of POJ from
the ‘Bahia’ and ‘Cara Cara’ varieties using the C. elegans
model. Treatment with POJ reduced the endogenous levels
of ROS and increased the rate of survival of the worms
under normal and stress conditions. Our mechanistic studies indicated that POJ promotes resistance to oxidative
stress by acting through the transcription factor SKN-1.
We observed that POJ treatments increased the expression
of the antioxidant genes (gcs-1, gst-4, and sod-3) and chaperonin (hsp-16.2), which are known to be regulated by
the transcription of SKN-1, DAF-16, and HSF-1 factors.
In addition, POJ treatments delayed β-amyloid-induced
paralysis in the transgenic model C. elegans in a manner
requiring SKN-1, DAF-16, and HSF-1. Noteworthy, the
treatment with the two juice types produced excellent
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results; however, ‘Cara Cara’ juice induced signiﬁcantly better responses than ‘Bahia’ juice did in almost all experiments, possibly due to its higher content of carotenoids
such as Z-violaxanthin, zeaxanthin, phytoene, phytoﬂuene,
lycopene, and β-carotene.
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Oxidative stress is implicated in the pathogenesis of neurodegeneration and other aging-related diseases. Previous studies have
found that the whole herb of Centipeda minima has remarkable antioxidant activities. However, there have been no reports on
the neuroprotective eﬀects of C. minima, and the underlying mechanism of its antioxidant properties is unclear. Here, we
examined the underlying mechanism of the antioxidant activities of the ethanol extract of C. minima (ECM) both in vivo and in
vitro and found that ECM treatment attenuated glutamate and tert-butyl hydroperoxide (tBHP)-induced neuronal death,
reactive oxygen species (ROS) production, and mitochondria dysfunction. tBHP-induced phosphorylation of p38 mitogenactivated protein kinase (p38 MAPK) and c-Jun N-terminal kinases (JNK) was reduced by ECM, and ECM sustained
phosphorylation level of extracellular signal regulated kinase (ERK) in SH-SY5Y and PC12 cells. Moreover, ECM induced the
activation of nuclear factor erythroid 2-related factor 2 (Nrf2) and the upregulation of phase II detoxiﬁcation enzymes,
including heme oxygenase-1 (HO-1), superoxide dismutase-2 (SOD2), and NAD(P)H quinone oxidoreductase-1 (NQO-1) in
both two cell types. In a D-galactose (D-gal) and aluminum muriate (AlCl3)-induced neurodegenerative mouse model,
administration of ECM improved the learning and memory of mice in the Morris water maze test and ameliorated the eﬀects of
neurodegenerative disorders. ECM sustained the expression level of postsynaptic density 95 (PSD95) and synaptophysin (SYN),
activated the Nrf2 signaling pathway, and restored the levels of cellular antioxidants in the hippocampus of mice. In addition,
four sesquiterpenoids were isolated from C. minima to identify the bioactive components responsible for the
antioxidant activity of C. minima; 6-O-angeloylplenolin and arnicolide D were found to be the active compounds
responsible for the activation of the Nrf2 signaling pathway and inhibition of ROS production. Our study examined the
mechanism of C. minima and its active components in the amelioration of oxidative stress, which holds the promise for the
treatment of neurodegenerative disease.

1. Introduction
Aging is a complex molecular process that is associated with
many life-threatening diseases, such as neurodegenerative
disease, diabetes, and cardiovascular disease [1, 2]. The hippocampus is the most vulnerable region in the central nervous system (CNS), as it can be severely aﬀected by the

aging process [3]; neurodegeneration can be induced in the
hippocampus and can result in cognitive dysfunction, which
has a close relationship with the pathological progression of
Alzheimer’s disease and markedly decreases quality of life
[4–6]. Various drugs have been developed to ameliorate
neurodegenerative diseases. Donepezil is one of the most
commonly used drugs approved for dementia; however,
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adverse side eﬀects could be induced by long-term and highdose treatment [7–9]. Development of novel drugs for the
prevention and treatment of neurodegenerative diseases is
urgently needed.
Oxidative damage, mitochondrial dysfunction, and
carbonyl toxiﬁcation have been widely accepted as the primary causes for the development of aging processes, especially the pathogenesis of most neurodegenerative disorders
[10, 11]. Previous research has shown that high levels of
ROS and abnormal redox changes can markedly induce neuronal death and potentiate the pathogenesis of neurodegenerative disease [12]. Excessive free radicals can attack
biological macromolecules, including nucleic acids, lipids,
and proteins through peroxidation, which induces malonyl
dialdehyde (MDA) production, nucleic acid crosslinking,
and antioxidative enzyme overconsumption, consequently
leading to neurological senescence in the hippocampus and
cortex [13–15]. Several signaling pathways have been
reported to protect normal tissues from oxidative damage,
and compelling evidence has demonstrated that the phase
II detoxiﬁcation systems exert neuroprotective eﬀects against
carcinogens and oxidants via the Nrf2 signaling pathways
[16, 17]. Nrf2 is a pivotal regulator that can activate genes
in the CNS, such as HO-1, NQO-1, SOD1, glutathione peroxidase, thioredoxins, and glutathione S-transferase (GST)
[18–20]. Several studies have shown that HO-1 and NQO-1
exert neuroprotective eﬀects by directly reducing oxidative
stress and maintaining the integrity of the mitochondria [21,
22]. Meanwhile, altered levels of HO-1 and NQO-1 expression
have been found in the temporal cortex and hippocampus of
patients with dementia [23, 24]. Furthermore, Nrf2 overexpression has been shown to protect against neurotoxicity
caused by amyloid ﬁbrils [25, 26], indicating that phase II
detoxiﬁcation enzymes have an indispensable role in alleviating the pathogenesis of neurodegenerative disease. Therefore,
stimulation of the Nrf2 signaling pathway could be a valuable
tool for amelioration of oxidative stress and treatment of neurodegenerative diseases.
Traditional Chinese medicine (TCM) has been widely
used for the treatment of aging diseases based on its antioxidant properties. The crude extracts and active components in
TCM exert antioxidant activities either by directly scavenging free radical or enhancing the function of the antioxidant
enzymes [27]. C. minima is widely distributed over the areas
of East and Southeast Asia, is well known as a medicinal herb
that has antibacterial and antiprotozoal activities, and is used
for the treatment of nasal allergy, headache, cough, malaria,
and asthma in China and Korea [28–31]. Both the aqueous
and hydroalcoholic extracts of C. minima have been reported
to attenuate oxidative stress by increasing the activities of
antioxidant enzymes, which suggests that C. minima may
contain bioactive components that have antioxidant properties [32]. Several compounds, including sesquiterpene
lactones and terpenoids, have been isolated from C. minima
and tested for antiproliferation activity in cancer cells
[33–37]. However, the role of C. minima in treating neurodegenerative diseases remains unknown, and the bioactive
components of C. minima and their antioxidant activities
have never been reported. Here, we examined the
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neuroprotective eﬀects of ECM against oxidative stress and
explored its underlying mechanism both in vivo and
in vitro. We also tested the antioxidant activity of the sesquiterpene lactones isolated from ECM. Our results suggest that
C. minima and its isolated bioactive compounds hold the
promise as antioxidant agents for the treatment of agingrelated neurodegenerative diseases.

2. Materials and Methods
2.1. Materials. tBHP, D-gal, AlCl3, and glutamate were purchased from Sigma-Aldrich (St. Louis, MO). Kits used for
MDA, SOD, glutathione (GSH), the bicinchoninic acid
(BCA) protein assay, the ROS assay, and mitochondrial
membrane potential detection were purchased from Beyotime (Shanghai, China). Antibodies against Nrf2, HO-1,
SOD2, NQO-1, and Lamin B1 were obtained from Abcam
(Cambridge, MA). Antibodies against β-actin, phosphop38, p38, phospho-ERK, ERK, phospho-JNK, GAPDH,
SYN, PSD95, Bcl-2, and Bax were purchased from Cell Signaling Technology (Beverly, MA). All secondary antibodies
(horseradish peroxidase-conjugated anti-rabbit IgG and
anti-mouse IgG) were purchased from Cell Signaling Technology (Beverly, MA). All reagents used were of the highest grade
available commercially.
2.2. Centipeda minima Extract Preparation. The C. minima
powders were extracted by 95% EtOH with ultrasound (twice
in 6-fold solvent for 1 h each) followed by concentration in
vacuo and lyophilization to produce a 10.3% yield dried
extract. The ECM was stored at 4°C until use. For the cell
treatment, the ECM sample was dissolved in DMSO to make
a stock concentration of 20 mg/ml. For the animal experiments, the ECM sample was dissolved in a solution of 10%
ethanol in normal saline to the concentrations of 20, 40,
and 80 mg/ml, which corresponded to the low-, middle-,
and high-dose groups of ECM, respectively. The compound
6-O-angeloylplenolin, referred to as EBSC-26A, was puriﬁed
from the ethanol extract of C. minima as previously
described [37]. We separated and enriched the EBSC-26A
by high-performance liquid chromatography (HPLC) and
also got the other three compounds EBSC-26B–EBSC-26D
(see Supplementary Information). The structures of EBSC26A to EBSC-26D with HPLC grade purity were identiﬁed
as 6-O-angeloylplenolin, arnicolide D, arnicolide C, and
microhelenin C by spectroscopic methods as well as
comparison with literature data [28, 38] (Supplementary
Figures S2–S9). The samples were dissolved in DMSO at a
stock solution of 20 mmol/l.
2.3. Cell Culture and Treatment. The human neuroblastoma
cell line SH-SY5Y was purchased from the cell bank Interlab
Cell Line Collection (Genova, Italy). The highly diﬀerentiated mouse pheochromocytoma line PC12 was obtained
from American Type Culture Collection (Rockville, MD).
Cells were cultured in DMEM medium (Gibco, CA) contained with 10% fetal bovine serum (Gibco, CA), penicillin
(100 U/ml, Gibco, CA), and streptomycin (100 mg/ml,
Gibco, CA) in a humidiﬁed incubator containing 95% air
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and 5% CO2 at 37°C. For the experiments, the cells were pretreated with the indicated concentrations of ECM (0.5, 1, or
2 μg/ml) or the compounds EBSC-26A−EBSC-26D (0.5, 1,
or 2 μM) for 2 h prior to the addition of tBHP (300 μM)
and glutamate (10 mM), and vitamin E was used as a positive
control for investigation of antioxidant activity of ECM.
2.4. Animals. All experiments in this study were approved by
and performed in accordance with the guidelines of the Animal
Ethics Committee of Guangzhou University of Chinese Medicine. Six-week-old male Kunming mice were purchased from
Shanghai Laboratory Animal Research Center (Shanghai,
China). The mice were kept for a minimum of one week prior
to the experiments at a temperature of 23 ± 1° C on a 12 h light/dark cycle with access to water and food ad libitum. The mice
were randomly divided into six groups (n = 10 per group): (1)
vehicle control (solvent: 10% ethanol in normal saline); (2)
D-gal (120 mg/kg)/AlCl3 (20 mg/kg); (3) D − gal/AlCl3 + EC
M (100, 200, or 400 mg/kg); (4) D-gal/AlCl3 + vitamin E
(80 mg/kg); Vitamin E (16 mg/ml, dissolved with 10% ethanol
in normal saline) was used as apositive control. The experimental groups were treated with D-gal (hypodermic injection,
120 mg/kg/d, Sigma-Aldrich, St. Louis, MO) and AlCl3 (intragastric administration, 20 mg/kg/d, Sigma-Aldrich, St. Louis,
MO) for 90 days to establish a subacute aging model. After
treatment with D-gal and AlCl3 for an uninterrupted 60 days,
ECM and vitamin E were administrated intragastrically to each
of the treatment group every day for 30 d. At the end of the
treatment period, behavioral tests were performed at regular
intervals to assess learning and memory of the mice.
2.5. Cell Viability. MTT assay was used to detect the viability
of SH-SY5Y and PC12 cells in 96-well plates. 1 × 104 cells per
well were pretreated with ECM or EBSC-26A−EBSC-26D at
the indicated concentrations for 2 h and further incubated
with tBHP (300 μM) for 6 h or glutamate (10 mM) for 24 h.
The cell morphology was observed using a Leica optical
microscope at the end of treatment. 10 μl of an MTT working
solution containing 5 mg/ml MTT was added into each well
and incubated for 3 h at 37°C. The supernatant was then
replaced with 100 μl of DMSO, and the absorbance was
detected at 490 nm using a microplate reader (Thermo
Fisher, Waltham, MA). The results were expressed as the
mean percentage of absorbance (treated versus control cells).
2.6. Determination of ROS Production. The intracellular ROS
levels were measured using a 2′,7′-dichloroﬂuorescin diacetate (DCFH-DA) ﬂuorescent probe as previously described
[39]. Brieﬂy, SH-SY5Y and PC12 cells were washed with
ice-cold PBS and incubated with 5 μM DCFH-DA in phenol
red-free DMEM medium for 30 min at 37°C in the dark. The
cells were then washed with PBS and stained with Hoechst
33342 for 5 min. DCFH-DA will be cleaved by intracellular
esterases and be oxidized into the highly ﬂuorescent
dichloroﬂuorescein (DCF) by ROS. ROS-positive cells were
monitored using a ﬂuorescence microscope (Spectra MAX,
Gemini EM, Molecular Devices, Sunnyvale, CA).
2.7. Measurement of MDA, GSH, and SOD Activities. The
contents of the MDA and GSH, and the activities of SOD
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were determined as described previously [40]. Brieﬂy, the
cells were harvested and lysed in 0.2 ml of lysis buﬀer (1%
Triton X-100 in PBS, pH 7.0) with sonication on ice. The
homogenate was centrifuged at 13,200×g for 10 min at 4°C,
and the supernatant was collected to determine the activity
of SOD and the contents of MDA and GSH using assay kits
(Beyotime, Shanghai). For the in vivo tests, the hippocampus
and cortex were homogenized in ice-cold saline. The homogenate was centrifuged at 13,200×g for 10 min at 4°C. The
supernatant was collected for the measurement of the activity
of SOD and the contents of MDA and GSH according to
the manufacturer’s instructions. The total protein concentration of the supernatant was determined using a BCA
Protein Assay.
2.8. Determination of Mitochondrial Membrane Potential
(MMP). The ﬂuorescent probe JC-1 exists as a green ﬂuorescent monomer in cells at low MMP and forms red ﬂuorescent
aggregates at high MMP and can be used to measure MMP as
previously described [41]. In brief, the cell culture medium
was removed and the cells were further incubated with
500 μl of Hank’s solution containing 10 mg/ml JC-1 for
20 min at 37°C. After removal of the Hank’s solution, the cells
were washed with PBS. The green ﬂuorescence of the JC-1
monomer and the red ﬂuorescence of the JC-1 oligomer were
observed using ﬂuorescence microscopy.
2.9. Extracting Cytoplasmic and Nuclear Proteins. The cultured cells were harvested and washed twice with cold PBS.
The cytoplasmic and nuclear protein fractions were extracted
using a Nuclear and Cytoplasmic Extraction Kit (Thermo
Fisher Scientiﬁc, Rockford, IL) according to the manufacturer’s protocol.
2.10. Morris Water Maze Test. The Morris water maze test
was performed according to the method described by Morris
[42]. The water maze equipment (Guangzhou Feidi Biology
Technology Co. Ltd., Guangzhou, China) consists of a black
circular pool, black platform, and recording system. The pool
was divided into four imaginary quadrants (target, opposite,
left, and right) by a computerized tracking/image analysis
system. A circular, transparent escape platform (10 cm diameter) was placed 2 cm below the surface of the water in the
target quadrant of the pool. The learning and memory abilities of the mice were assessed using the Morris water maze
test in a dark room. The mice were given a place navigation
test on ﬁve consecutive days. Each daily trial consisted of four
sequential training trials that began with placing the animal
in the water facing the wall of the pool. The drop location
changed for each trial at random. The recording system
started to record the time upon placement of the animal in
the water. The escape latency was recorded at the time
required for the mice to ﬁnd the platform. If the mice failed
to ﬁnd the platform within 90 s, it would be guided to
the platform by the trainer and was allowed to remain
there for 10 s; in this instance, the escape latency was
recorded as 90 s. On the sixth day, the mice were allowed
to swim freely in the pool for 90 s without the platform,
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and the number of crossing through the original platform
position was recorded.
2.11. Western Blotting. At the end of treatment, the cells and
tissues were harvested and lysed using RIPA lysis buﬀer.
Equal amounts of protein per sample were loaded in each
lane and separated by 12% SDS-PAGE and then transferred
to PVDF membranes. The membranes were blocked with
5% skimmed milk for 2 h at room temperature and incubated
with the indicated antibodies overnight at 4°C. The PVDF
membranes were further incubated with HRP-conjugated
secondary antibodies for 2 h at room temperature. The
protein bands were visualized using a Super Signal West Pico
Chemiluminescent Substrate Trial Kit (Pierce, Rockford, IL).
Images were obtained using a ChemiDoc XRS system
with Quantity One software (Bio-Rad, Richmond, CA).
The results were obtained from a minimum of three
independent experiments.
2.12. Statistical Analyses. The data are presented as the mea
n ± SD unless noted otherwise. Unpaired t-tests or one-way
analysis of variance (ANOVA) followed by Dunnett’s post
hoc tests were performed to determine the statistical signiﬁcance of the diﬀerences. P < 0 05 was considered statistically
signiﬁcant (error bars, SEM). Data handling and statistical
processing were performed using GraphPad Prism 7.0
(GraphPad Software, San Diego, CA). All experiments were
performed at least three times.

3. Results
3.1. ECM Attenuates Oxidative Stress-Induced Cell Death. To
determine the neuroprotective eﬀects of ECM against
oxidative stress, the well-known ROS inducers tBHP and
glutamate were used to generate excessive ROS in neuronal
SH-SY5Y and PC12 cells. First, a cell viability assay was performed to examine the toxic eﬀects of ECM on neuronal cells.
No obvious cytotoxicity of ECM was observed at the indicated concentrations (Figure 1(a)), suggesting that ECM is
safe for neuronal cells. We then tested the neuroprotective
eﬀects of ECM. tBHP and glutamate treatment reduced the
cell viability of SH-SY5Y and PC12 cells to 30-50% at the
indicated time points. However, ECM pretreatment protected the cells against oxidative damage, as the ratio of viable
cells of SH-SY5Y and PC12 increased to nearly 90%
(Figures 1(b) and 1(c)). Cell morphological changes were
examined to detect the neuroprotective eﬀects of ECM.
SH-SY5Y and PC12 cells shrank and became round after
treatment with tBHP and glutamate, suggesting that massive
cytotoxicity had been induced by excessive oxidative stress.
ECM pretreatment reversed the morphological changes, with
the cells treated with ECM at a high dose almost returning to
normal in comparison with the control cells (Figures 1(d)
and 1(e)). These results indicated that ECM exerted neuroprotective eﬀects through the attenuation of oxidative stress.
3.2. ECM Inhibits ROS Production and Mitochondria
Dysfunction in Neuronal Cells. To conﬁrm the neuroprotective eﬀect of ECM via the amelioration of oxidative stress,
we detected the ROS scavenging activity of ECM in
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SH-SY5Y and PC12 cells using the oxidation-sensitive ﬂuorescent probe DCFH-DA. The results showed that tBHP signiﬁcantly increased intracellular ROS generation in SHSY5Y and PC12 cells relative to the control cells that the
eﬀect could be reversed by ECM and vitamin E treatment,
and that ECM treatment at a high dose had a ROS scavenging
activity comparable to vitamin E (Figures 2(a) and 2(b)).
Moreover, MDA production was increased, and the levels
of GSH and SOD activities were decreased after tBHP treatment (Figures 2(c) and 2(e)), indicating that intracellular
antioxidative capacity had been reduced. ECM and vitamin
E pretreatment signiﬁcantly decreased the level of MDA
and increased the level of GSH and SOD activities in SHSY5Y and PC12 cells (Figures 2(c) and 2(e)).
Excessive ROS generation can induce depolarization of
mitochondria and changes in the MMP, which accelerate
ROS-induced neuronal damage. Moreover, Bcl-2 family proteins are major regulators of MMP, Bcl-2 possesses antiapoptotic activity, whereas Bax exerts proapoptotic eﬀect, and the
Bcl-2/Bax ratio is of particular interest in assessing
mitochondria-mediated cell death. To determine the role of
ECM in mitochondrial protection, we detected MMP by
JC-1 staining and further examined the ratio of Bcl-2/Bax
expression by Western blot. The control cells with normal
MMP exhibited red ﬂuorescence after JC1 staining; however,
tBHP treatment for 6 h signiﬁcantly increased the ratio of
green/red ﬂuorescence (Figure 2(f)), representing a decline
in MMP in the SH-SY5Y cells. Meanwhile, ECM and vitamin
E treatment markedly attenuated the tBHP-induced collapse
of MMP, as indicated by an increased red/green ﬂorescence
ratio (Figure 2(f)). Consistently, exposure to tBHP decreased
the ratio of Bcl-2/Bax expression in comparison with control
cells, whereas ECM treatment increased the ratio of Bcl2/Bax (Figures 2(g) and 2(h)), suggesting that ECM sustained
MMP and protected mitochondrial function from oxidantinduced damage, thus exerting neuroprotective eﬀects.
3.3. ECM Attenuates tBHP-Induced Oxidative Stress through
Modulation of the MAPK and Nrf2 Signaling Pathways. It has
previously been demonstrated that oxidative stress can activate members of MAPK family such as p38 MAPK and
JNK, which are critical in mediating intracellular stress. We
further assessed whether ECM exerts antioxidant eﬀects via
regulation of the MAPK kinase pathway. We found that
tBHP exposure for 1 h caused a signiﬁcant increase in the
phosphorylation levels of p38 MAPK and JNK in SH-SY5Y
and PC12 cells. However, preincubation with ECM markedly
attenuated the tBHP-induced p38 MAPK and JNK phosphorylation (Figures 3(a) and 3(b)). In contrast, the phosphorylation level of ERK was signiﬁcantly decreased in cells
exposed to tBHP, while ECM pretreatment increased the
phosphorylation level of ERK (Figures 3(a) and 3(b)). These
results suggest that alteration of the phosphorylation level of
MAPK kinase can mediate the antioxidant activity of ECM,
and that p38 MAPK and ERK may play diﬀerent role in
mediating the antioxidant eﬀects of ECM.
ERK has been reported to regulate Nrf2 nuclear translocation and the antioxidative response, and numerous studies
have demonstrated that natural products can improve the
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Figure 1: ECM inhibits oxidative stress-induced cell death. (a) Relative viability of SH-SY5Y and PC12 cells treated with 0.5-2 μg/ml ECM at
37°C for 24 h. (b) Relative viability of SH-SY5Y and PC12 cells pretreated with 0.5-2 μg/ml ECM for 2 h and then exposed to 300 μM tBHP for
an additional 6 h. (c) Relative viability of SH-SY5Y and PC12 cells pretreated with 0.5-2 μg/ml ECM for 2 h and then exposed to 10 mM
glutamate for an additional 24 h. Cells were pretreated with ECM and then treated with 300 μM tBHP for 4 h (d) or 10 mM glutamate for
18 h (e). The morphological changes were observed in the bright ﬁeld of microscope. Scale bar, 50 μm. All data are normalized to control
cells and presented as the mean ± SEM of three independent experiments. #p < 0 05 and ##p < 0 01 in comparison with control cells.
∗
p < 0 05 and ∗∗ p < 0 01 in comparison with the cells exposed to glutamate (b) or tBHP (c) alone.

antioxidant capacity by increasing the level of phase II detoxiﬁcation enzymes. We examined whether ECM improved the
intracellular antioxidant capacity via regulation of the Nrf2
signaling pathway. SH-SY5Y and PC12 cells were pretreated
with ECM for 2 h before exposing them to tBHP for an additional 6 h. We found that ECM treatment obviously increased
the nuclear level of Nrf2 in the presence of tBHP, while the

cytoplasmic part of Nrf2 did not change (Figures 3(c) and
3(e)), suggesting that ECM inhibited Nrf2 degradation and
induced Nrf2 nuclear translocation. Further, the expression
levels of the Nrf2 downstream proteins, the phase II detoxiﬁcation enzymes, were checked by Western blot. tBHP treatment alone slightly altered the expression levels of HO-1,
SOD2, and NQO-1. However, pretreatment with ECM
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Figure 2: ECM attenuates oxidative stress-induced mitochondrial dysfunction. The cells were pretreated with 0.5-2 μg/ml ECM and 50 μM
vitamin E for 2 h and then exposed to 300 μM tBHP for an additional 6 h. (a) SH-SY5Y (upper panel) or PC12 cells (lower panel) were treated
with DCFH-DA for 30 min; Hoechst 33342 was used to counterstain cell nuclei. Scale bar, 50 μm. (b) The percentage of ROS-positive cells
among cultured SH-SY5Y or PC12 cells was quantiﬁed and was shown as histogram. Intracellular MDA content (c), SOD activity (d), and
GSH levels (e) were detected using a kit assay and are presented as a histogram. (f) SH-SY5Y cells were pretreated with 0.5-2 μg/ml ECM
for 2 h and then exposed to 300 μM tBHP for an additional 6 h. The mitochondrial membrane potential was determined using the JC-1
ﬂuorescence probe, and representative pictures have been shown for comparison. (g) Western blot analysis was performed using
antibodies against Bax and Bcl-2, and β-actin was used as a loading control. (h) The ratio of Bcl-2 to Bax was quantiﬁed by densitometry
and is shown as a histogram. The results are shown as the mean ± SEM of three independent experiments. ##p < 0 01 in comparison with
control cells. ∗ p < 0 05 and ∗∗ p < 0 01 in comparison with the cells exposed to tBHP alone.

signiﬁcantly upregulated the expression levels of HO-1,
SOD2, and NQO-1 in the presence of tBHP (Figures 3(d)
and 3(e)). Our results indicated that ECM has a role in attenuating ROS production via the enhancement of intracellular
antioxidant capacity.
3.4. Active Compounds in ECM Alleviate tBHP-Induced
Oxidative Stress through the Nrf2 Signaling Pathway.
Recently, several sesquiterpene lactones have been isolated
from C. minima. However, the active compounds that contribute to the antioxidative properties of C. minima have
never been reported. In order to identify the active components that exert neuroprotective eﬀects, we isolated a series
of sesquiterpenoids from the ethanol extracts of C. minima,
including 6-O-angeloylplenolin, arnicolide D, arnicolide C,
and microhelenin C, referred to as EBSC-26A−EBSC-26D,
respectively. We ﬁrst tested the antioxidative activities of
these compounds. None of the compounds showed obvious
cytotoxicity towards SH-SY5Y or PC12 cells at indicated
concentrations (Figure 4(a), upper panel). Intriguingly, the
compounds protected the neuronal cells from the oxidative
damage induced by tBHP (Figure 4(a), lower panel). In particular, EBSC-26A and EBSC-26B signiﬁcantly reverse the cytotoxic eﬀects induced by tBHP at lower-dose treatment.

Meanwhile, the tBHP-induced ROS production was also attenuated by EBSC-26A and EBSC-26B (Figures 4(b) and 4(c)). We
then examined whether EBSC-26A and EBSC-26B exerted
antioxidant eﬀects via the Nrf2 signaling pathway. SH-SY5Y
cells were pretreated with EBSC-26A and EBSC-26B for 2 h
before tBHP treatment for an additional 6 h. We found that
both EBSC-26A and EBSC-26B markedly increased the
nuclear levels of Nrf2 and subsequently upregulated the
expression levels of HO-1, NQO-1, and SOD2 (Figures 4(d)
and 4(e)), suggesting that the sesquiterpenoids in C. minima
act as the active compounds that attenuate oxidative stress,
and that 6-O-angeloylplenolin and arnicolide D are the
potent antioxidant compounds in C. minima.
3.5. ECM Improves Learning and Memory Ability in a
D-gal/AlCl3-Induced Mouse Model. D-gal can produce oxidative stress and induce neurodegeneration and memory
impairment. AlCl3 is also frequently used to reduce neuronal
viability in the hippocampus and promote memory impairment. Thus, we evaluated the therapeutic potential of ECM
in a D-gal/AlCl3-induced neurodegenerative mouse model.
The mice were treated with D-gal/AlCl3 for 3 months to
induce neurodegeneration. ECM was administrated during
the ﬁnal month of D-gal/AlCl3 treatment, and the Morris
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Figure 3: ECM inhibits oxidative stress via the regulation of the MAPK and Nrf2 signaling pathways. The cells were pretreated with
0.5-2 μg/ml ECM and 50 μM vitamin E for 2 h and then exposed to 300 μM tBHP for an additional 1 h. Western blot analysis was
performed using antibodies against p-p38, p38, p-ERK, ERK, p-JNK, and GAPDH; β-actin was used as a loading control in SH-SY5Y (a)
and PC12 cells (b). Nuclear and cytoplasmic proteins were extracted after treatment, and Nrf2 was detected using Western blot analysis in
SH-SY5Y (c) and PC12 cells (d); GAPDH and Lamin B1 were used as loading controls. Western blot analysis was performed using
antibodies against HO-1, NQO1, and SOD2 in SH-SY5Y (e) and PC12 cells (f); GAPDH was used as a loading control.

water maze test was performed to assess learning and
memory. During the ﬁve days of spatial acquisition training,
we found that the time required for the mice to ﬁnd the
hidden platform decreased progressively (Figure 5(a)). The
D-gal/AlCl3 group exhibited signiﬁcantly longer escape
latency than the vehicle control group. ECM or vitamin E
treatment decreased the escape latency (Figure 5(a)). The
ECM or vitamin E treatment group had a shorter swimming
path to the platform than the D-gal/AlCl3 group
(Figure 5(b)). Subsequently, the platform was removed on
day 6, the spatial probe test was performed, and the number
of crossings over the position of the removed platform was
recorded (Figure 5(c)). The ECM or vitamin E treatment
group had signiﬁcantly more platform crossings than the
mice in the D-gal/AlCl3 group (Figure 5(c)), indicating that
ECM could improve learning and memory.
The synaptic proteins, PSD95 and SYN, play critical roles
in synaptic plasticity and cognitive function [43, 44]. Oxidative stress can induce a decrease of the expression of PSD95
and SYN in the hippocampus, leading to cognitive impairment and development of neurodegenerative diseases
[45, 46]. Thus, we examined the neuroprotective eﬀects of
ECM on the hippocampus. In D-gal/AlCl3-treated mice, we
found that the expression levels of PSD95 and SYN were
decreased in the hippocampal tissues (Figure 5(d)); meanwhile, the neurons in the hippocampus were remarkably
shrunken and irregularly arranged, and the pyknotic nuclei

were also increased based on H&E staining (Supplementary
Figure 1), indicating that oxidative stress contributes to
neuronal damage in the hippocampus. However, ECM and
vitamin E treatment groups exhibited tightly packed and
regularly arranged neurons (Supplementary Figure 1). In
line with this, ECM or vitamin E treatment sustained the
expression levels of PSD95 and SYN (Figures 5(d) and 5(e)).
The results indicate that ECM could protect neurons against
oxidative stress in a D-gal/AlCl3-induced neurodegenerative
mouse model.
3.6. ECM Protects Hippocampus Neurons from Oxidative
Stress via the Nrf2 Signaling Pathway. To determine the antioxidant eﬀects of ECM, we ﬁrst detected the levels of MDA,
GSH, and SOD activities in the brain. In the hippocampus
and cortex of D-gal/AlCl3-treated mice, the level of MDA
was signiﬁcantly higher, and the SOD activity and GSH level
were lower than those of the control group (Figure 6(a));
these levels were markedly reversed by ECM treatment. In
particular, the levels in the high-dose ECM group were comparable to those in the vitamin E group (Figure 6(a)). These
results indicate that ECM exerts neuroprotective eﬀects via
alleviation of oxidative stress in a D-gal/AlCl3 mouse model.
To determine whether ECM ameliorates oxidative stress
via the MAPK and Nrf2 signaling pathways in D-gal/AlCl3challgened mice, the levels of phosphorylated p38 MAPK
and ERK and phase II detoxiﬁcation enzymes in the
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Figure 4: The active compounds EBSC-26A−EBSC-26D ameliorate oxidative stress. (a) SH-SY5Y and PC12 cells were treated with 0.5-2 μM
EBSC-26A−EBSC-26D at 37°C for 24 h (upper panel) or pretreated with 0.5-2 μM EBSC-26A−EBSC-26D for 2 h and then exposed to 300 μM
tBHP for an additional 6 h (lower panel); the relative viability of cells was measured by MTT assay. (b, c) SH-SY5Y cells were probed with
DCFH-DA (b) and the percentage of ROS-positive cells among culture cells was quantiﬁed (c). Scale bar, 50 μm. (d) After pretreatment with
1-2 μM EBSC-26A, EBSC-26B, and vitamin E for 2 h, SH-SY5Y cells were exposed to 300 μM tBHP for an additional 6 h, and then nuclear
Nrf2, HO-1, NQO-1, and SOD2 levels were detected by Western blot; β-actin was used as a loading control. (e) Relative protein levels were
quantiﬁed by densitometry and normalized to Lamin B or β-actin. The results are shown as the mean ± SEM of three independent
experiments. #p < 0 05 in comparison with control cells. ∗ p < 0 05 and ∗∗ p < 0 01 in comparison with the cells exposed to tBHP alone.
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Figure 5: ECM improves learning and memory in a neurodegenerative mouse model. (a) Escape latency on ﬁve consecutive days of testing. (b)
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hippocampus were examined by Western blot. In line with
the in vitro results, phosphor-p38 MAPK was increased,
while phosphor-ERK was decreased, in the hippocampus of
D-gal/AlCl3-treated mice (Figures 6(b) and 6(c)). However,
ECM and vitamin E treatment reduced the phosphorylation
of p38 MAPK and increased the phosphorylation of ERK,
especially in the high-dose ECM and vitamin E treatment
groups (Figures 6(b) and 6(c)). We then detected the expression levels of Nrf2 and its downstream proteins. Nrf2, HO-1,
SOD2, and NQO-1 had relatively lower expression levels in
the D-gal/AlCl3 model group than those in the control group,
whereas ECM or vitamin E treatment signiﬁcantly increased
the levels of Nrf2, HO-1, SOD2, and NQO-1 (Figures 6(b)
and 6(c)), which was consistent with the in vitro results.
These data suggest that ECM treatment can activate the
Nrf2 signaling pathway and induce the expression of phase
II detoxiﬁcation enzymes, which are responsible for ameliorating oxidative stress and improving neurodegenerative diseases.

4. Discussion
Numerous reports have indicated that natural products harbor great chemical diversity, in turn exhibiting multiple biological activities. Increasing evidence has demonstrated that
some natural products contain antioxidants that protect
against oxidative stress in chronic disease, especially agingrelated diseases. Identiﬁcation of safe therapeutic regimens
for oxidative stress-related diseases has attracted great attention. C. minima has been used as a medicinal herb to treat a
number of diseases. Both aqueous and hydroalcoholic
extracts of C. minima have been reported to scavenge free
radicals and ameliorate oxidative stress, and the hydroalcoholic extracts express higher antioxidant activity [32].
However, the underlying mechanism of C. minima as an
antioxidant agent was previously unknown. In this study,
we examined the therapeutic potential and underlying mechanism of ECM in the treatment of oxidative stress-induced
neurodegenerative disease and found that the ethanol
extracts of C. minima exhibited signiﬁcant antioxidant
activity both in vitro and in vivo, mainly through upregulating nonenzymatic and enzymatic antioxidants. In this study,
we also found that ECM protected mitochondrial function
through the reduction of oxidative stress and by sustaining
the Bcl-2/Bax ratio. Therefore, ECM could protect neurons
in the brain from oxidative stress, which in turn attenuates
the process of neurodegeneration and improves learning
and memory capacity in a D-gal/AlCl3-induced mouse model.
Although polyphenol and ﬂavonoids are thought to be
responsible for the antioxidant activity of C. minima, the
active compounds had not been identiﬁed. A series of
sesquiterpene lactones have been isolated from C. minima,
with 6-O-angeloylplenolin found to be one of the most abundant compounds in ECM; 6-O-angeloylplenolin has been
reported to exhibit antiallergy, antibacterial, and antiproliferative eﬀects [34–37]. Arnicolide D and arnicolide C have also
been shown to have antibacterial and antiproliferative eﬀects
[28, 36]. However, the antioxidant eﬀects of these sesquiterpenoids in C. minima have never been reported. Therefore,
we examined whether the sesquiterpenoids mediated the
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antioxidant activity of ECM. Intriguingly, we found that all
four sesquiterpenoids had antioxidant activity, as they inhibited the neuronal death induced by tBHP, with 6-O-angeloylplenolin and arnicolide D exhibiting antioxidant activity
even at low concentrations. Meanwhile, 6-O-angeloylplenolin and arnicolide D markedly induced the expression of
phase II detoxiﬁcation enzymes responsible for alleviating
oxidant stress. Moreover, we analyzed the concentration of
the compounds in ECM and found that both 6-O-angeloylplenolin and arnicolide D were highly concentrated in the
extract of C. minima (see Supplementary Material), further
indicating that 6-O-angeloylplenolin and arnicolide D act
as active compounds that exhibit antioxidant properties.
Our results suggest that sesquiterpenoids could be considered the active compounds in C. minima responsible for
ameliorating oxidative stress; therefore, the therapeutic
potential of sesquiterpenoids in treating neurodegenerative
diseases warrants further investigation. The compound 6O-angeloylplenolin and arnicolide D have been reported to
exhibit antiproliferative activities against cancer cells; however, no obvious cytotoxicity was observed in our study,
which may be due to that the compounds were used at lower
concentrations than that used for antiproliferation studies,
indicating that the compounds exert diﬀerent activities at different concentrations. We will further examine the toxic
eﬀects of 6-O-angeloylplenolin and arnicolide D in vivo.
Increasing evidence has demonstrated that the transcription factor Nrf2 plays a key role in antagonizing oxidative
stress, with Nrf2 exerting cytoprotective eﬀects via the upregulation of a series of phase II detoxiﬁcation enzymes.
Recently, certain Nrf2 inducers have been studied clinically,
and Nrf2 has been considered an emerging therapeutic target
[47]. Nrf2 activation is under strict regulation; usually, Nrf2
is retained in the cytoplasm by Kelch-like ECH-associated
protein 1 (Keap1) and tends to be degraded. Certain kinases,
including ERK, protein kinase C, and AKT, regulate Nrf2
activation, and multiple natural products have been reported
to regulate Nrf2 activation and nuclear translocation.
Vitamin E and sulforaphane have been extensively examined
for the ability to attenuate oxidative stress via the regulation
of the Nrf2 signaling pathway. In this study, we used vitamin
E as a positive agent for attenuating oxidative stress and
found that ECM ameliorated oxidative stress both in vitro
and in vivo, mainly through the activation of ERK and
induction of Nrf2 nuclear translocation. The active compounds 6-O-angeloylplenolin and arnicolide D also markedly induced activation of Nrf2. Our results suggest that the
ECM-induced activation of Nrf2 may occur, at least in part,
through the induction of ERK activation. It is also possible
that the active compounds in ECM directly disrupt the binding interface between Nrf2 and Keaps. Therefore, the role of
the active compounds of C. minima in Nrf2 activation
requires further investigation.

5. Conclusion
In summary, we found that the ethanol extract of C. minima
is able to protect neuronal cells against oxidative stressinduced neurodegeneration through activation of the Nrf2
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signaling pathway. We also found that 6-O-angeloylplenolin
and arnicolide D are the potential active compounds in C.
minima, which provides strong evidence that C. minima
has a therapeutic potential in ameliorating neurodegenerative diseases. C. minima could be used as a source of antioxidant and neuroprotective compounds.
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Activated microglia-mediated neuroinﬂammation plays a key pathogenic role in neurodegenerative diseases, such as Alzheimer’s
disease, Parkinson’s disease, multiple sclerosis, and ischemia. Sulforaphane is an active compound produced after conversion of
glucoraphanin by the myrosinase enzyme in broccoli (Brassica oleracea var) sprouts. Dietary broccoli extract as well as
sulforaphane has previously known to mitigate inﬂammatory conditions in aged models involving microglial activation. Here,
we produced sulforaphane-enriched broccoli sprouts through the pretreatment of pulsed electric ﬁelds in order to trigger the
biological role of normal broccoli against lipopolysaccharide-activated microglia. The sulforaphane-enriched broccoli sprouts
showed excellent potency against neuroinﬂammation conditions, as evidenced by its protective eﬀects in both 6 and 24 h of
microglial activation in vitro. We further postulated the underlying mechanism of action of sulforaphane in broccoli sprouts,
which was the inhibition of an inﬂammatory cascade via the downregulation of mitogen-activated protein kinase (MAPK)
signaling. Simultaneously, sulforaphane-enriched broccoli sprouts inhibited the LPS-induced activation of the NF-κB signaling
pathway and the secretions of inﬂammatory proteins (iNOS, COX-2, TNF-α, IL-6, IL-1β, PGE2, etc.), which are responsible for
the inﬂammatory cascades in both acute and chronic inﬂammation. It also upregulated the expression of Nrf2 and HO-1 in
normal and activated microglia followed by the lowered neuronal apoptosis induced by activated microglia. Based on these
results, it may exhibit anti-inﬂammatory eﬀects via the NF-κB and Nrf2 pathways. Interestingly, sulforaphane-enriched broccoli
sprouts improved the scopolamine-induced memory impairment in mice through Nrf2 activation, inhibiting neuronal apoptosis
particularly through inhibition of caspase-3 activation which could lead to the neuroprotection against neurodegenerative
disorders. The present study suggests that sulforaphane-enriched broccoli sprouts might be a potential nutraceutical with
antineuroinﬂammatory and neuroprotective activities.

1. Introduction
Neuroinﬂammation plays a key role in the regulation of
aging, Alzheimer’s disease (AD), Parkinson’s disease (PD),
Huntington’s disease (HD), multiple sclerosis (MS), stroke,
depression, dementia, and metabolic disorders such as
hypertension and diabetes [1]. Neuroinﬂammation is also
the pathogenic hallmark of aging-related neurodegenerative

conditions [1, 2]. Therefore, anti-inﬂammatory strategies
could be eﬃcient prophylactic and therapeutic management
strategies for a number of central nervous system (CNS) disorders [3, 4]. CNS disorders may develop owing to chronic
microglial activation. Glial cells, particularly microglia, are
immune cells in the CNS that are responsible for the maintenance of normal homeostasis as well as repair after injury in
the brain [5]. Although activated microglia are required for
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host defense and debris clearance in the brain, chronic
microglial activation is toxic to the CNS [6]. Conversion of
normal microglia to the toxic microglial phenotype (known
as the M1 phenotype) is responsible for the initiation of
inﬂammatory cascades in the CNS, particularly the production of reactive oxygen species (ROS), nitric oxide (NO),
proteases, arachidonic acids, excitatory amino acids, and
cytokines [7]. These neurotoxic substances trigger the oxidative stress and are responsible for the disruption of the architecture and functions of neurons, consequently leading to
synaptic degeneration and neurodegeneration [8]. These
neuroinﬂammatory and neurotoxic cascades are responsible
for the hippocampal neuronal damage leading to cognitive
dysfunction [9]. Inhibition of the neuroinﬂammation or activation of the endogenous antioxidant system might be a
better alternative for the repairment of this damage. Particularly, activation of the Nrf2 and its mediated antioxidant
enzyme, HO-1, can not only inhibit the inﬂammatory
cascades but also increase the neuronal survival and hippocampal neurogenesis [10]. Extensive neuropharmacology
research has succeeded in ﬁnding novel drug candidates for
the treatment of CNS disorders. However, they have failed
to prove their eﬃcacy in human biological systems during
clinical trials. Potential reasons for these failures were suggested to be diﬀerences in tissue physiology of the CNS,
unstable pharmacokinetics, or diﬃculty in crossing the
blood-brain barrier (BBB) [11, 12]. Given the lack of proper
allopathic medications to treat neuroinﬂammatory disorders,
there is a growing interest in complementary and alternative
medication, including nutraceuticals. Consumption of dietary nutraceuticals with neuroprotection could prevent CNS
diseases, overcoming the limitations of allopathic drug delivery to the CNS.
Previous reports highlight the beneﬁcial eﬀects of broccoli
and its active compound, sulforaphane, in neurodegenerative
disorders. Although broccoli has a mild eﬀect against
age-related neuroinﬂammation, it does not show a signiﬁcant
eﬀect against lipopolysaccharide- (LPS-) induced inﬂammatory conditions [13]. Another independent study has revealed
that sulforaphane can reverse the hyperammonemia-induced
glial activation, neuroinﬂammation, and disturbances in neurotransmitter receptors in the hippocampus that impaired
spatial learning [14]. The anti-inﬂammatory eﬀect of sulforaphane has also been previously reported in rat primary
microglia [15]. These previous studies suggest that bioconversion of glucoraphanin in the broccoli may increase the
yield of sulforaphane. It could lead to better health beneﬁts
for patients with neuroinﬂammatory disorders. Either the
induction of myrosin production or the increase in myrosinase activity can increase the bioconversion of glucoraphanin
into sulforaphane [16]. The presence of some other proteins,
such as epithiospeciﬁer protein (ESP), can also convert glucoraphanin to sulforaphane nitrile, without aﬀecting sulforaphane’s anti-inﬂammatory eﬀects [17]. An increase in
myrosinase activity with reduced ESP activity can selectively
enhance sulforaphane yield in the broccoli sprout, making it
a better candidate for the treatment of several pathological
conditions, including cancer, inﬂammation, neurodegeneration, and aging [18]. Pharmacokinetic studies have revealed
that, in mice, sulforaphane has good absorption and
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distribution patterns, in various tissues of the body, including
the brain, lungs, heart, liver, kidneys, and muscles, after oral
administration [19]. Previous reports suggest that sulforaphane and its metabolites do not readily cross the BBB [20].
However, the disruption of the BBB during neuroinﬂammation and neurodegenerative conditions allows sulforaphane
to permeate the BBB and enhances its anti-inﬂammatory
eﬀects along the brain axis [20].
Former reports have revealed that activation of myrosinase in steamed broccoli sprouts can enhance the yield of
sulforaphane [20]. Similarly, pulsed electric ﬁeld (PEF) pretreatment enhances the production of glucosinolate in the
broccoli ﬂower and stalk. It also increased anthocyanin’s production in red cabbage [21, 22]. Thus, we postulated that PEF
might also be eﬀective in enhancing the production of sulforaphane in broccoli sprouts.
In the current study, we are to reveal whether PEF
treatment can increase the sulforaphane yield in broccoli
sprouts or not. We also try to ﬁgure out the diﬀerence in
the biological activity of broccoli sprout before and after PEF
treatment. To determine the molecular mechanism underlying
the sulforaphane-enriched broccoli sprout-mediated neuroprotective eﬀect, we assessed the eﬀect of sulforaphaneenriched broccoli sprouts on lipopolysaccharide- (LPS-)
induced proinﬂammatory responses in both acute and chronic
microglial activation in vitro. In vivo study will be done whether
sulforaphane-enriched broccoli sprouts improve the scopol
amine-induced memory impairment in mice or not.

2. Materials and Methods
2.1. Reagents. The pulsed electric ﬁeld (PEF) was purchased
from HVP 5 (Elea, DIL, Quakenbrueck, Germany). Lipopolysaccharide (LPS) and sulforaphane were purchased from
Sigma Chemical (St. Louis, MO). Dulbecco’s modiﬁed Eagle
medium (DMEM), Fetal bovine serum (FBS), and
penicillin-streptomycin were purchased from Invitrogen
(Carlsbad, CA, USA). Antibodies for cyclooxygenase 2
(COX-2), β-actin, GAPDH, and histone-3 were obtained from
Santa Cruz Biotechnology (Dallas, Texas, United States). The
antibody of inducible nitric oxide synthase (iNOS) was purchased from Abcam (Cambridge, UK). The primary antibody
for α-tubulin, C-Jun N-terminal kinase (JNK), p38, extracellular signal-regulated kinases (ERK), NF-κB, I-κB, pI-κB, C-Jun,
pC-Jun, C-Fos, and pC-Fos were purchased from Cell Signaling (Beverly, MA, USA). Various ELISA kits like interleukin-6
(IL-6), prostaglandin E2 (PGE2), tumor necrosis factor alpha
(TNF-α), and interleukin-β (IL-1β) were acquired from
R&D Systems (Minneapolis, MN, USA).
2.2. Animals. Male ICR mice (6 weeks; 25-30 g) were purchased from Orient Bio, Seoul, Korea. Four or ﬁve mice were
placed in each cage and acclimatized for one week in laboratory conditions with food and water ad libitum. They were
maintained under temperature (23 ± 1° C) and relative
humidity (60 ± 10%) conditions and in a 12/12 h light and
dark cycle. Animal handling and experimental procedures
were conducted in accordance with the Principles of Laboratory Animal Care (GIACUC-R2017016) and the Animal
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Scheme 1: Experimental design for the in vivo experiment.
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Scheme 2: Preparation of PEF-treated broccoli sprout powder.

Care and Use Guidelines of Gachon University, Korea. The
experimental protocol is shown in Scheme 1.
2.3. PEF-Broccoli Preparation and Extraction. Broccoli sprout
extraction was performed according to a previous study with
slight modiﬁcations [23]. Each whole broccoli sprout (SB) as
well as the hypocotyl (H), cotyledon (C), and radicle (R) were
treated with PEF, at 0–7 kJ, for 3 s each, followed by
freeze-drying and grinding to make ﬁne powder ready for
myrosinase activity induction. The powdered broccoli or its
parts were incubated with 10x volume of distilled water,
and the suspension was kept at 37°C for a total of 2 h for
the induction of myrosinase activity, yielding a greater
amount of glucoraphanin to sulforaphane as a ﬁnal product.
During this conversion, sulforaphane nitrile could also be
formed with the help of epithiospeciﬁer protein (ESP). This
conversion was prevented by placing/heating the mixture at
80°C for 10 min. The mixture was cooled down by keeping
it in the ice. As a ﬁnal step, the suspension was mixed with
methanol making the solvent as 70% methanol in total and
the extraction was performed. Extraction was performed
with continuous stirring and sonication for about 3 h in total.
We used each sample as the following; broccoli sprout
cotyledons (C) or sprout cotyledons with both PEF and
myrosinase activity (C-P) and hypocotyls from broccoli
sprouts (H) or hypocotyls from broccoli sprouts treated with
both PEF and myrosinase activity (H-P). The supernatant
was ﬁltered (HYUNDAI Micro No. 20 ﬁlter paper, Korea)
and evaporated using a rotary evaporator to remove the
methanol. The extract was free-dried, and the lyophilized
powder was used for subsequent experiments. Preparation
of PEF-broccoli samples is shown in Scheme 2.

2.4. Broccoli Extract HPLC Standardization. High-performance liquid chromatography (HPLC) analysis was performed to measure the sulforaphane content in the broccoli
sprout extract. The HPLC analysis was performed using a
Waters system (Waters Corp., Milford, MA), consisting of a
separation module (e2695) with an integrated column heater,
autosampler, and photodiode array detector (2998). The UV
absorbance was monitored at 200–400 nm. Quantiﬁcation
was conducted by integrating the peak areas at 235 nm. The
injection volume was 10 μL. A column (250 × 4 6 mm; particle size, 5 μm; Phenomenex, USA) was installed in a column
oven and maintained at 25°C. The mobile phase was composed of water containing 1% acetic acid (solvent A) and acetonitrile (solvent B). The ﬂow rate was 0.5 mL/min. The
gradient was 0.0 min, 10% B; 5 min, 20% B; 15.0 min, 40%
B; 25.0 min, 60% B; 35.0 min, 90% B; and 40.0 min, 10% B.
The re-equilibration time between runs was 20 min.
2.5. Cell Culture. The murine microglia cell (BV2) was used
as a representative cell of brain microglia. The neuroblastoma
cell (N2a) was used as a representative cell line of the neuron
[24]. BV2 cells were kindly obtained by Dr. E. Choi at Korea
University (Seoul, Korea), while N2a cells were obtained
from the Korean Cell Line Bank (Seoul, Korea). BV2 & N2a
cells were maintained in high-glucose DMEM supplemented
with 10% heat-inactivated FBS and 1% penicillin (1 × 105 U/L)
and streptomycin (100 mg/L), in a humidiﬁed incubator with
5% CO2 at 37°C.
2.6. Cell Treatment and Cytotoxicity Assay. Cytotoxicity of the
samples was evaluated through 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay also
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called the cell viability assay [25]. BV2 cells were seeded in
96-well plates overnight, and they were treated (pre/post)
with diﬀerent concentrations of broccoli extract with or
without LPS. LPS (100 ng/mL) was added 30 min after sample treatment in case of pretreatment of prophylactic treatment condition. LPS activation in the seeded cells occurred
30 min before the sample treatment in case of posttreatment/therapeutic treatment strategy. Cells were incubated
for 24 h after LPS activation, for the nitrite and cell viability
assays. In case of neuronal cell viability, conditioned media
from 24 h treated BV2 cells were transferred to the seeded
N2a cells and incubated for another 24 h as described previously [26]. Treated cells were incubated for an hour with
the MTT solution of 0.5 mg/mL concentration that will
stain the viable cells into a blue color. The MTT solution
was suctioned out, and 200 μL of dimethyl sulfoxide was
added to each well that converts the blue-stained cells to
a purple-colored solution. The optical density (OD) was
measured using a plate reader at 570 nm. The results were
expressed as a percentage of the LPS-treated cells (LPStreated group).
2.7. Nitric Oxide (NO) Measurement. Nitric oxide production inhibition by the treatment of broccoli extract and
sulforaphane on LPS-stimulated BV2 cells was performed
through Griess assay as described previously with slight
modiﬁcation [27]. BV2 cells were seeded in a 96-well plate
(4 × 104 cells/well) and activated with 100 ng/mL LPS, in
the presence or absence of diﬀerent concentrations of
broccoli extract or sulforaphane, for 24 h. The nitrite level
in the culture media was measured using Griess reagent
(1% sulfanilamide and 0.1% N-1-napthylethylenediamine
dihydrochloride in 5% phosphoric acid). A total of 50 μL
of supernatant was mixed with an equal volume of Griess
reagent, and OD was measured at 570 nm. NG-Mono-methyl-L-arginine (L-NMMA), a well-known nitric oxide
synthase (NOS) inhibitor, was used as a positive control.
The pretreatment and posttreatment conditions were performed to evaluate its eﬀect for prophylactic and therapeutic purposes.
2.8. Measurement of TNF-α, IL-1β, IL-6, and PGE2
Production. Cells were plated in a 6-well plate at a density
of 1 5 × 106 cells/well in DMEM and incubated for 24 h, to
measure TNF-α, IL-1β, PGE2, and IL-6 production. The
cultures were prepared and stimulated with LPS in the
presence or absence of sample. After a 24 h incubation,
the supernatant from the culture medium was harvested.
The levels of PGE2, TNF-α, IL-1β, and IL-6 were measured. PGE2 was measured using a competitive enzyme
immunoassay kit (Cayman Chemical, Ann Arbor, MI,
USA), and TNF-α, IL-1β, and IL-6 were measured using
ELISA development kits (R&D Systems, Minneapolis,
MN, USA). The % of CV was set below 10 for every
ELISA assay.
2.9. NF-κB Assay. Nuclear and cytosolic extracts from treated
microglial cells were prepared using a Nuclear/Cytosolic
Extraction Kit (Active Motif, Carlsbad, CA) according to the
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manufacturer’s protocol. Protein levels of NF-κB, histone-3,
I-κB, and pI-κB were determined using western blot analysis.
Expression of nucleolic and cytosolic NF-κB was measured
using histone-3 and β-actin as loading controls, respectively.
The expressions of I-κB and pI-κB in the cytosolic fraction
were observed. The absence of β-actin expression in the neucleolic fraction suggested the clear separation of the neucleolic
and cytosolic fractions during fractionation, without any contamination. Densitometry analysis of the bands was performed using ImageMaster™ 2D Elite software (version 3.1,
Amersham Pharmacia Biotech, Buckinghamshire, UK).
2.10. Western Blot Analysis. Western blot analysis was conducted as previously described [26], with slight modiﬁcation.
Proteins obtained from BV2 cells (6 × 105 cells/well), which
were seeded in a 6-well plate, were used for western blot analysis. Total proteins (30 μg) from each group were separated
by 10% SDS-PAGE gel electrophoresis, transferred to nitrocellulose membranes, and incubated with primary antibodies
against tubulin, iNOS, COX-2, ERK, pERK, JNK, pJNK, p38,
pp38, NF-κB, histone-3, β-actin, I-κB, pI-κB, C-Fos, pC-Fos,
C-Jun, pC-Jun, and α-tubulin. Membranes were incubated
with horseradish peroxidase-conjugated secondary antibodies, and protein bands were visualized using ECL Western
Blotting Detection Reagents (Amersham Pharmacia Biotech). Densitometry analysis of the bands was performed
using ImageMaster™ 2D Elite software (version 3.1, Amersham Pharmacia Biotech).
2.11. Y-Maze Test. The Y-maze test was performed to evaluate the spatial memory or perception of the mice after
scopolamine-induced neuronal injury. The Y-shaped maze
having 5 : 20 : 10 of width : length : height was prepared, and
the three arms of Y shape were allocated as A, B, and C. Mice
were trained in the Y-maze before the start of the experiment.
Mice were randomly divided into groups of saline, donepezil
(2 mg/kg, p.o.), and diﬀerent extracts of the broccoli sprout
(200 mg/kg, p.o.). Mice for the donepezil and extractadministered groups were challenged with scopolamine
(1.2 mg/kg, i.p.) 30 min after drug administration. Donepezil
is a well-known acetylcholine esterase inhibitor and is widely
used as a positive control for the scopolamine-induced memory impairment model [28, 29]. Scopolamine-administered
and sample treated mice were kept in the center of the
maze, and the mice were allowed to enter into the arms
of the maze. Mice were let to habituate for 2 min, and their
entry in the arms for 8 min was evaluated. Mouse entry is
set when the mouse body (from nose to tail) was fully
entered into the arms. Only the entry of the mouse in all
the 3 diﬀerent arms consecutively was assigned with point
1 for each arm entered. Alternation behavior was deﬁned
as 3 consecutive entries into 3 diﬀerent arms of the maze.
Spatial perception ability was calculated according to the
formula below [30].

Voluntary alternation behavior rate % =

N alteration
× 100,
N entries − 2
1
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where N alterations is the number of times alternation behavior was observed (scored by points), and N entries is the total
number of arm entries.
2.12. Novel-Object Recognition Test (NORT). In order to
determine the role of the broccoli sprout extract enriched
with sulforaphane in memory boost, a novel object recognition test (NORT) was performed. The mouse was placed into
a 45 cm × 45 cm × 50 cm box containing the novel object for
about 5 minutes to habituate in the testing environment. Following the habituation, response of the mouse (time) for
object recognition was recorded for 3 minutes. On the third
day of testing, 1 of the objects was replaced with a new object,
and the response time for the new object recognition was
recorded. The concentration of mouse to recognize the new
object was evaluated by the recognition index (%) as follows:
Recognition index % = time novel/time novel + time familiar × 100

2
Here, time novel is the time spent exploring the novel
object, and time familiar is the time spent exploring the
familiar object.
2.13. Passive Avoidance Task. A passive avoidance test was
performed using identical boxes which are illuminated or
nonilluminated of the size (20 × 20 × 20 cm), separated by a
guillotine door (5 × 5 cm) as described elsewhere [31]. The
illuminated compartment contained a 50 W bulb, and the
ﬂoor of the nonilluminated compartment (20 × 20 × 20 cm)
was composed of 2 mm stainless steel rods spaced 1 cm apart.
For an acquisition trial, mice were placed in the illuminated
compartment and, after 10 s, the door between the two compartments was opened. When mice entered the dark compartment, the door automatically closed and an electric foot
shock (0.25 mA) was delivered for 3 s through the stainless
steel rods. Twenty-four hours after the acquisition trial, the
retrieval trial was conducted by placing the mice in the illuminated compartment. The latency to enter the dark compartment after opening the door was recorded. Cut-oﬀ
latency was set at 600 s to avoid ceiling eﬀects.
2.14. Acetylcholinesterase Activity Assay. Colorimetric assay
was performed to determine the acetylcholinesterase activity
using acetylthiocholine enzyme and acetylthiocholine iodide
substrate as described previously [32], with slight modiﬁcations. The mouse brains were quickly harvested after CO2
euthanasia and well homogenized in a homogenization
buﬀer (12.5 mM sodium phosphate buﬀer, pH 7.0, 400 mM
NaCl) using a glass Teﬂon homogenizer (EYELA, Japan),
and the supernatant was used for the acetylthiocholine activity assay as described previously [32]. In brief, 0.02%
Tanshinone congeners were prepared in dimethyl sulfoxide
and mixed with acetylthiocholine iodide solution (75 mM),
buﬀered Ellman’s reagent (10 mM), 5,5′-dithio-bis(2-nitrobenzoic acid), and 15 mM sodium bicarbonate. The total
mixture was incubated for 30 min for reaction at room temperature. Absorbance was measured at 410 nm immediately
after adding the enzyme source to the reaction mixtures,

and readings were taken at 30 s intervals for 5 min. Donepezil
was used as a positive control.
2.15. Data and Statistical Analysis. All results are expressed
as mean ± standard error of the mean (SEM). Statistical signiﬁcance between experimental groups was determined by
using one-way analysis of variance (ANOVA) followed by
the Tukey post hoc test using GraphPad Prism 5 (GraphPad Software Inc., La Jolla, CA, USA). Statistical signiﬁcance was set at P < 0 05. Each experiment was performed
in triplicate.

3. Results
3.1. PEF Exposure Enriched Sulforaphane Content in Broccoli
Sprouts. We conﬁrmed the content of sulforaphane as a surrogate marker, using HPLC, for the quality control of broccoli sprouts. Figure 1 shows the chromatogram of broccoli
sprouts compared to that of sulforaphane. The linearity of
the compound was calculated using ﬁve concentrations.
The sulforaphane content of adult broccoli is found to be
almost 4.5-fold lesser than that of the broccoli sprouts. Enzymatic activation of broccoli sprouts increased the sulforaphane content almost 1.2-fold more than that of the normal
broccoli sprout. Sulforaphane content was increased by
2.5-fold in a broccoli sample treated with PEF only. When
the enzymatically activated broccoli sprout was treated with
PEF, sulforaphane yield was 4.2-fold, in particular in the cotyledon, in comparison to the broccoli sprouts. Our experiment revealed that the sulforaphane content of broccoli
sprouts, particularly in the hypocotyls and cotyledons, was
increased to the highest extent with the combined treatment
of PEF and enhanced enzymatic activity. The radicle of the
broccoli had the lowest amount of sulforaphane, which was
not altered, even with exposure to PEF and enzymatic activity. Compared to broccoli sprouts, adult broccoli contains
less amount of sulforaphane, which was increased with activation of enzymatic activity, PEF exposure, and the combination of both conditions as shown in Figure 1. Overall,
increased enzymatic activity and PEF exposure showed a
synergistic eﬀect in upregulating the amount of sulforaphane
in broccoli sprouts.
3.2. Broccoli Sprouts Exposed to PEF Inhibited Nitrite
Production in LPS-Activated Microglia. The ability of young
and adult broccoli to inhibit NO was more pronounced when
the broccoli sprouts were exposed to PEF and enzyme
activity. Broccoli plants exposed to this combination were
approximately 2-fold more eﬀective at inhibiting nitrite production, compared to those exposed to either PEF or enzymatic activity only. Compared to the hypocotyls, broccoli
plant cotyledons exposed to enzyme and PEF showed the
highest potency. After conﬁrming the eﬀect of PEF and
enzyme activity on broccoli, we evaluated diﬀerences in its
activity, during pre-treatment and post-treatment, on
LPS-activated microglial cells. The pattern of activity, as well
as the extent of potency, was similar to its eﬀects on nitrite production during pre- and post-treatment. Broccoli sprout cotyledons (C) exposed with PEF (C-P) showed better potency in
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Figure 1: Pulsed electric ﬁeld (PEF) and enzyme activity increased sulforaphane content in broccoli sprouts. Broccoli sprout was treated with
PEF and extracted followed by the treatment of myrosinase for increased enzyme activity to convert glucoraphane to sulforaphane.
High-performance liquid chromatography (HPLC) evaluation of diﬀerent broccoli extracts was performed. (a, b) Quantitative evaluations of
sulforaphane in adult broccoli (AB), broccoli sprouts (SB), broccoli and induced enzyme activity (SB-Enz), sprout broccoli with PEF
(SB-PEF), and sprout broccoli with PEF and induced enzyme activity (SB-PEF + Enz), and pure sulforaphane compound samples, using
HPLC. (c, d) Amount of sulforaphane in broccoli plants, particularly in the hypocotyls, cotyledons, or radicle, following diﬀerent PEF
concentrations, with or without enzyme activity. All data are presented as mean ± standard error of the mean of three independent experiments.
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comparison to normal hypocotyls (H) or PEF-exposed hypocotyls (H-P) as shown in Figure 2. From this screening, we
select 100 μg/mL of the concentration of C, C-P, H, and H-P
for further experiment and mechanism study.
3.3. Broccoli Sprouts Exposed to PEF Inhibited the Expression
of iNOS and COX-2, during 6 and 24 h LPS Activation.
LPS-mediated inﬂammation is mainly characterized by
increased nitrite production and the expression of iNOS
and COX-2 [27]. The expression of iNOS and COX-2 significantly increased in BV2 cells treated with LPS [26]. The
PEF-enzyme activity increased the inhibitory eﬀect of the
cotyledons and hypocotyls of broccoli sprouts on the expression of these inﬂammatory proteins. Further, the expression
of these proteins in the BV2 cells returned to almost normal
levels with cotyledon and hypocotyl treatment, even in the
presence of LPS in microglial cells. Sprout broccoli cotyledons (C) and cotyledon-P (C-P) were less eﬀective at
inhibiting the expression of COX-2 than that of iNOS. However, C-P and H-P signiﬁcantly inhibited COX-2 expression
after LPS activation as shown in Figure 3. Interestingly,
normal broccoli H showed a higher potency to inhibit
COX-2 expression 24 h following microglial activation.
Taken together, untreated broccoli plants as well as those
exposed to PEF eﬀectively inhibited LPS-induced iNOS
and COX-2 expression.
3.4. Broccoli Sprout Cotyledons/Hypocotyls Exposed to PEF
Modulated Eﬀector Signaling, Speciﬁcally ERK and p38
Phosphorylation. MAPK eﬀector signaling pathways control
the production of inﬂammatory mediators and proinﬂammatory cytokines. The activation (phosphorylation) of
MAPK proteins (i.e., p38, JNK, and ERK) is responsible for
controlling transcription factors and ultimately the production of inﬂammatory mediators [33]. LPS signiﬁcantly
increased JNK, ERK, and p38, and this eﬀect was inhibited
by C-P. C-P inhibited the phosphorylation of ERK and p38
to an unexpectedly high extent as shown in Figure 4.
3.5. Broccoli Sprout Cotyledons/Hypocotyls Exposed to PEF
Modulated Eﬀector Signaling Short-Term and Chronic LPS
Activation in BV2 Microglial Cells. Both 6 h and 24 h LPS
activation suﬃciently activated MAPK phosphorylation,
which was slightly or signiﬁcantly altered by C, C-P, H, and
H-P treatment. Although both C-P and H-P extensively
inhibited ERK phosphorylation during the 6 h (short-term)
and 24 h (chronic) LPS activation, the inhibitory eﬀect of cotyledons was weak. H samples, however, increased ERK phosphorylation during chronic activation. The inhibitory eﬀect
of C and C-P treatment on p38 was very promising during
the 6 h short-term activation and 24 h chronic activation as
shown in Figure 5. Tubulin was used as a loading control
for these experiments.
3.6. Broccoli Sprout Cotyledons Exposed to PEF Inhibited
NF-κB- and AP-1-Mediated Transcription of Inﬂammatory
Proteins. NF-κB and AP-1 are the major transcription factors
that are responsible for altering the production of inﬂammatory proteins and proinﬂammatory cytokines in LPSactivated BV2 cells. Both the cotyledons and hypocotyls of

7
broccoli sprouts can inhibit NF-κB activity; however, this
eﬀect was more prominent following exposure to PEF. LPS
treatment signiﬁcantly upregulated nuclear NF-κB and
decreased cytosolic NF-κB. This eﬀective translocation was
necessary for further transcription. However, this cascade
was reversed by PEF-treated broccoli sprout treatment. In
addition to inhibiting NF-κB translocation, broccoli C-P
and H-P also inhibited the phosphorylation of I-κB and
increased its inactive form. Histone-3 was used as a loading
control for nuclear proteins, while B-actin was used for cytosolic proteins as shown in Figure 6. No signiﬁcant changes
were measured in AP-1 signaling after broccoli treatment.
3.7. Broccoli Sprout Cotyledons Exposed to PEF Inhibited
Production of Proinﬂammatory Cytokines and Inhibited
Neuronal Death Induced by Activated Microglia. Next, we
evaluated the eﬀects of broccoli cotyledons and hypocotyls
on the production of inﬂammatory cytokines. The cotyledons and hypocotyls of normal broccoli sprouts, as well as
those exposed to PEF and enzyme, signiﬁcantly inhibited
the production of proinﬂammatory cytokines, such as
TNF-α, IL-6, IL-1β, and PGE2. We demonstrated that broccoli plants showed the highest eﬀect inhibiting IL-6 and
IL-1β production and the lowest eﬃcacy in inhibiting TNF-α
and PGE2 production. The low potency by that in inhibiting
COX-2 production is due to weak potency in inhibiting
PGE2 production as shown in Figure 7. After conﬁrming
the anti-inﬂammatory potential of C and C-P, we checked
its role in the neuronal survival against activated microgliainduced toxicity to neurons. LPS-induced activation of the
microglia resulted in the production of various inﬂammatory
mediators which are lethal to neuronal cells, but treatment of
C and C-P to the activated microglia lowered the inﬂammatory cascades and hence made it possible to inhibit neuronal
death by lowering the Bax/Bcl2 ration and expression of
cleaved caspase-3. In both of the cases, C-P showed a
slightly higher potential to that of C alone. This result provides a strong cue that C and C-P might prevent neuronal
death, and hence, they can prevent neurodegeneration
induced either by neuroinﬂammation/activated microglia
or by other toxicities.
3.8. Broccoli Samples with or without PEF Increased the
Nuclear Factor Erythroid 2–Related Factor 2 (Nrf2) and
Heme Oxygenase- (HO-) 1 Expression in the Normal BV2
Cells and against Scopolamine-Induced Amnesia in Mouse
Brain Tissue Samples. Sulforaphane is known as an Nrf2 activator; in our study, we also observed that treatment of C and
C-P signiﬁcantly increased the expression of Nrf2 and antioxidant protein HO-1 in normal as well as LPS-activated
microglia as shown in Figure 8. The increased HO-1 and
Nrf2 are higher in the case of the PEF-exposed sample, and
it must be because of the increased sulforaphane content in
it. This suggests that the better potency of C-P to induce
Nrf2/HO-1 activation in direct as well as LPS-activated
microglia not only can show its antioxidant eﬀect directly
in the brain cells but also can lower the activated microgliainduced inﬂammatory cascades. In addition to this, SB-PEF
or SB-Enz-PEF has the highest amount of sulforaphane,
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Figure 2: Pulsed electric ﬁeld (PEF) and enzyme activity-treated broccoli sprouts inhibited nitrite production in lipopolysaccharide- (LPS-)
activated BV2 microglial cells. BV2 microglial cells were pretreated with broccoli extracts, and LPS (100 ng/mL) stimulation was performed
after 30 min. (a, b) Nitrite production and cell viability after diﬀerent types of broccoli sample treatment. (c, d) Nitrite production and cell
viability of LPS-activated microglia following pretreatment of broccoli samples. (e) IC50 value for the nitrite inhibition by C, C-P, H, and
H-P treatment in LPS-activated microglia. (f-i) Nitrite inhibition and cell viability after C, C-P, H, and H-P pre- and post-treatment in
LPS-activated microglia. All data are presented as mean ± standard error of the mean of three independent experiments. ∗ P < 0 05, ∗∗ P <
0 01, and ∗∗∗ P < 0 001 indicate signiﬁcant diﬀerences compared with treatment with LPS alone, while # P < 0 05 and ### P < 0 001 indicate
the signiﬁcant diﬀerences compared with an untreated control group. Ctl: control; LPS: lipopolysaccharide; SB: sprout broccoli; AB: adult
broccoli; SB-Enz: broccoli sprouts with induced enzyme activity; SB-PEF: broccoli sprouts with PEF treatment; SB-PEF + Enz: broccoli
sprouts with PEF treatment and induced enzyme activity; C: cotyledons; C-P: cotyledons exposed with PEF + enzyme activity; H:
hypocotyls; H-P: hypocotyls exposed with PEF + enzyme activity.

which is responsible for the inhibition of the neuroinﬂammation and neurodegeneration against scopolamine toxicity. In
the animal brain, we clearly noticed that SB-Enz-PEF showed
a sharp increase in Nrf2 expression (Figure 8) suggesting that
increased Nrf2 was responsible for the improved memory,
cognition, and increased latency time in the passive avoidance test.

3.9. Sprout Broccoli Samples Repair the Scopolamine-Induced
Memory and Cognitive Impairment In Vivo. Oral administration of the sprout broccoli sample 30 min before scopolamine
administration signiﬁcantly inhibited the spontaneous alteration almost 3-fold in comparison to the untreated control
group (Figure 9). The sprout broccoli treated with PEF and
sprout broccoli with enzyme activation and PEF treatment
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Figure 3: Pulsed electric ﬁeld (PEF) and enzyme activity-treated broccoli sprouts inhibited expression of inducible nitric oxide synthase (iNOS)
and cyclooxygenase 2 (COX-2) in lipopolysaccharide- (LPS-) activated BV2 microglial cells. BV2 microglial cells were pretreated with broccoli
extracts; LPS (100 ng/mL) stimulation was performed after 30 min. (a-c) iNOS and COX-2 expression and band intensity observed in
LPS-activated BV2 microglial cells after a 6 h sample treatment and LPS activation. (d-f) iNOS and COX-2 expression and band intensity
observed in a 24 h sample and LPS activation in BV2 cells. All data are presented as mean ± standard error of the mean of three independent
experiments. ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001 indicate signiﬁcant diﬀerences compared with treatment with LPS alone, while ### P <
0 001 indicates the signiﬁcant diﬀerences compared with an untreated control group. Ctl: control; LPS: lipopolysaccharide; C: cotyledons;
C-P: cotyledons exposed with PEF + enzyme activity; H: hypocotyls; H-P: hypocotyls exposed with PEF + enzyme activity.

showed the highest and signiﬁcant ability to repair the
memory impairment. SB-PEF and SB-Enz-PEF bring the
value of spontaneous alteration almost similar to that of
untreated control mice. The role of SB-PEF and SB-EnzPEF on memory impairment was reaﬃrmed through the
NORT assay. The broccoli samples showed a signiﬁcantly
improved ability to recognize the novel object compared to
that of scopolamine-administered mice. Interestingly, the
eﬀects of SB-Enz and SB-Enz-PEF for the novel object recognition were higher than that of the well-known positive control, donepezil. Additionally, acetylcholine esterase activity in
the brain samples revealed that only the sprout broccoli with
enhanced enzyme activity and SB-Enz-PEF signiﬁcantly
inhibited the level of AchE in the brain which might be
responsible for the memory improvement against scopolamine toxicity. Beside these changes, normal/PEF broccoli
further improved the cognitive ability of mice against
scopolamine-induced memory impairment as evidenced by
the passive avoidance test in scopolamine-induced acute
and chronic models of memory impairment. Scopolamine
dramatically reduced the latency time while the sprout broccoli with PEF and SB-Enz-PEF treatment remarkably recovered the latency time in the acute model. In case of chronic
impairment, the broccoli samples increased the latency time
suggesting their capacity to inhibit scopolamine toxicity. In
both cases, SB-PEF and SB-Enz-PEF showed better potency

than did the positive control donepezil (Figure 9). Donepezil and all the broccoli samples lowered the Bax/Bcl2
ration while only the broccoli samples lowered the expression of cleaved caspase-3 suggesting that the broccoli sample, especially SB-Enz-PEF, possesses higher potency to
increase cell survival and decrease neuronal death in the
dementia model like scopolamine treatment. Inhibition of
the apoptosis-related proteins in SB-ENZ, SB-PEF, and
especially SB-Enz-PEF further clariﬁed that inhibition of
neuronal death induced survival which could also take
part in the higher potency to improve the cognitive function against scopolamine-induced amentia mice.

4. Discussion
Sulforaphane is an active compound of broccoli, Brassica
oleracea var. italic, which is produced after conversion of glucoraphanin in the presence of the myrosinase enzyme [34].
Increased amounts of glucoraphanin or myrosinase activity
can enhance sulforaphane production in broccoli or broccoli
sprouts. We selected broccoli sprout for the current study
since it contains more glucoraphanin than does the adult
broccoli [16]. Previous studies suggested that steaming
broccoli sprouts increases the enzymatic conversion of
glucoraphanin to sulforaphane by lowering sulforaphane
nitrile [35]. PEF pretreatment promotes the production of
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Figure 4: Pulsed electric ﬁeld (PEF) and enzyme activity-treated broccoli sprouts modulated mitogen-activated protein kinase (MAPK)
eﬀector signaling in a 30 min lipopolysaccharide (LPS) activation. BV2 microglial cells were pretreated with broccoli extracts; LPS
(100 ng/mL) stimulation was performed after 30 min. MAPK expression was measured after a 30 min LPS activation. The expression and
band intensities of (a, b) JNK and pJNK, (c, d) ERK and pERK, and (e, f) p38 and pp38 in LPS-activated BV2 microglia are shown. (g-i)
AP-1 signaling in LPS-activated BV2 microglia. All data are presented as mean ± standard error of the mean of three independent
experiments. ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001 indicate signiﬁcant diﬀerences compared with treatment with LPS alone, while
#
P < 0 05, ## P < 0 01, and ### P < 0 001 indicate signiﬁcant diﬀerences compared with an untreated control group. Ctl: control;
LPS: lipopolysaccharide; C: cotyledons; C-P: cotyledons exposed with PEF + enzyme activity; H: hypocotyls; H-P: hypocotyls
exposed with PEF + enzyme activity.

glucosinolate, including glucoraphanin, in broccoli ﬂowers
and stalk [21]. Thus, we exposed broccoli sprouts to PEF
and myrosinase and evaluated its eﬀect on sulforaphane production. The amount of sulforaphane was increased after
enzymatic activity, which was further elevated following
PEF exposure. In this study, the elevated sulforaphane content in the broccoli sprout showed better anti-inﬂammatory
activities than did the untreated control, emphasizing the
importance of enzymatic activation and PEF treatment.
Accumulating evidences regarding the anti-inﬂammatory
potential of natural products and their isolated compounds
focus on the scavenging of oxidative stress and downregulating the inﬂammatory cascades [36]. One of the key molecules

participating in such inﬂammatory disease conditions,
especially in neuroinﬂammatory disorders, is NO [37]. NO
in the inﬂammatory condition is produced by iNOS, which
mainly exaggerates oxidative stress in the neurons leading
to their degeneration [38]. Inhibition of iNOS or NO production, therefore, could mitigate oxidative stress and further
inﬂammatory cascades in neurodegenerative diseases. Previous studies reported that broccoli sprout inhibited inﬂammation in endothelial cells [39] and in LPS-treated mice [13].
Additionally, sulforaphane inhibited iNOS-mediated NO
production in activated microglia [40]. Along with iNOSmediated NO production, COX-2-mediated prostaglandin
release is also the key pathogenic event in various
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Figure 5: Pulsed electric ﬁeld (PEF) and enzyme activity-treated broccoli sprouts modulated mitogen-activated protein kinase (MAPK)
eﬀector signaling after 6 and 24 h of lipopolysaccharide (LPS) activation. BV2 microglial cells were pretreated with broccoli extracts; LPS
(100 ng/mL) stimulation was performed after 30 min. MAPK modulation was observed after 6 and 24 h of LPS activation. (a) MAPK
expression in 6 h and 24 h LPS activation. (b-d) JNK and pJNK, ERK and pERK, and p38 and pp38 band intensity in 6 h LPS-activated
BV2 microglia. (e-g) JNK and pJNK, ERK and pERK, and p38/pp38 band intensity in 24 h LPS-activated BV2 microglia. All data are
presented as mean ± standard error of the mean of three independent experiments. ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001 indicate
signiﬁcant diﬀerences compared with treatment with LPS alone, while # P < 0 05, ## P < 0 01, and ### P < 0 001 indicate signiﬁcant
diﬀerences compared with an untreated control group. Ctl: control; LPS: lipopolysaccharide; C: cotyledons; C-P: cotyledons exposed with
PEF + enzyme activity; H: hypocotyls; H-P: hypocotyls exposed with PEF + enzyme activity.

inﬂammatory conditions [41]. Elevated expression of iNOS
and COX-2 can occur with toxin exposure and in neuroinﬂammatory diseases. The chronic overexpression of iNOS and
COX-2 is typical in AD, PD, neuropathic pain, etc., in which
overexpression of these proteins mainly occurs in microglia
[42, 43]. Therefore, minimizing the activation of COX in neuroinﬂammatoryconditionsisadesirableapproach toachieving
the neuroprotective eﬀects. In the current study, enhanced
expression of sulforaphane in broccoli sprout dramatically
downregulated the COX-2-mediated PGE2 production in activated microglia. Although C-P did not signiﬁcantly alter the
expression of COX-2 in long-term microglial activation, its
potency in inhibiting iNOS was much better in long-term LPS
exposure than that in short-term microglial activation. Previously, sulforaphane is reported to downregulate COX-2

expression [44]. Our study not only conﬁrms these existing evidences but also provides noble insights exploring that PEF
treatment further increased the NO inhibiting potential of
broccoli sprout through elevated sulforaphane content.
MAPK eﬀector signaling is responsible for altering the
expression and secretion of inﬂammatory mediators as well
as proinﬂammatory cytokines [45]. MAPK proteins such as
ERK, JNK, and p38 play essential roles in neuroinﬂammation [46]. P38, in particular, is responsible for the induction
of apoptosis, diﬀerentiation, and regulation of inﬂammatory
responses. LPS activates p38 downstream from TLR4 activation, promoting proinﬂammatory cytokines, such as TNF-α,
IFN-γ, IL-1β, IL-12, IL-6, and IL-23, which are responsible
for neuroinﬂammation [47, 48]. Similarly, JNK pathways
can further phosphorylate c-Jun and respond to cytokines,
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Figure 6: Pulsed electric ﬁeld (PEF) and enzyme activity-treated broccoli sprouts inhibited NF-κB translocation and I-κB phosphorylation in
lipopolysaccharide- (LPS-) activated BV2 cells. BV2 microglial cells were pretreated with broccoli extracts; LPS (100 ng/mL) stimulation was
performed after 30 min. NF-κB, I-κB, and pI-κB expression was observed after 1 h of LPS activation. (a, b) Nuclear NF-κB expression and
band intensity. Histone-3 was used as loading control. (c, d) Cytosolic NF-κB expression and band intensity. β-Actin was used as loading
control. (e, f) Cytosolic I-κB and pI-κB expression and band intensity. β-Actin was used as loading control. All data are presented as
mean ± standard error of the mean of three independent experiments. ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001 indicate signiﬁcant
diﬀerences compared with treatment with LPS alone, while # P < 0 05, ## P < 0 01, and ### P < 0 001 indicate signiﬁcant diﬀerences
compared with an untreated control group. Ctl: control; LPS: lipopolysaccharide; C: cotyledons; C-P: cotyledons exposed with PEF + enzyme
activity; H: hypocotyls; H-P: hypocotyls exposed with PEF + enzyme activity.

like TNF-α and IL-1β, and growth factors [49]. The
activation of JNK pathways plays a signiﬁcant role in Tau
pathology; therefore, inhibition of JNK/NF-κB pathways is

beneﬁcial for AD and other neuroinﬂammatory conditions
[50]. A growing body of evidences also suggests that MEK/
ERK pathways are responsible for the elevated level of
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Figure 7: Pulsed electric ﬁeld (PEF) and enzyme activity-treated broccoli sprouts inhibited proinﬂammatory cytokine production in
LPS-activated microglia and also reduced the neuronal death caused by activated microglia. BV2 microglial cells were pretreated with
broccoli extracts; LPS (100 ng/mL) stimulation was performed after 30 min. Proinﬂammatory cytokines were measured in the conditioned
medium of the treated cells using enzyme-linked immunosorbent assays after 24 h of LPS activation. (a) Interleukin- (IL-) 6 production.
(b) Tumor necrosis factor- (TNF-) α secretion. (c) Prostaglandin E2 (PGE2) secretion. (d) IL-1β secretion. Similarly treated BV2 cells in
the conditioned medium were transferred to seeded N2a cells in the 6-well plate. Cell viability and proteins expression in the N2a cells
were evaluated after 24 h of CM treatment. (f) N2a cell viability after activated microglial CM treatment. (f-h) Apoptosis-related protein
expression in BV2 CM-treated N2a cells and their quantiﬁcation. All data are presented as mean ± standard error of the mean of three
independent experiments. ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001 indicate signiﬁcant diﬀerences compared with treatment with LPS
alone, while # P < 0 05, ## P < 0 01, and ### P < 0 001 indicate signiﬁcant diﬀerences compared with the untreated control group. NC:
normal control; Ctl: control; LPS: lipopolysaccharide; C: cotyledons; C-P: cotyledons exposed with PEF + enzyme activity; H: hypocotyls;
H-P: hypocotyls exposed with PEF + enzyme activity.

TNF-α, IL-1β, IL-6, and iNOS following ischemia, which
further highlights their neuroinﬂammatory role [50]. Thus,
modulation of p38, JNK, and ERK could be the potential
therapeutic strategy in various inﬂammatory and neurodegenerative conditions in the brain. In the present study, the
broccoli sprouts exposed to PEF enzyme signiﬁcantly inhibited the phosphorylation of ERK, JNK, and p38, during the
30 min and 6 h LPS activation; p38 activation alone was
maintained for 24 h of LPS activation. The sulforaphaneenriched broccoli did not change in the activation (phosphorylation) of c-Jun. However, H-P showed the signiﬁcant
inhibition of C-Fos in LPS-activated microglia. This result
suggests that PEF-exposed broccoli hypocotyls might have

a role in inhibiting pC-Fos-mediated signaling for inﬂammatory cascades.
MAPK signaling controls NF-κB-mediated transcription
of inﬂammatory mediators such as cytokines and chemokines. NF-κB/AP-1 and MAPK pathways play a key role in
the production of cytokines such as TNF-α, IL-6, and IL-8
in BV2 microglial cells [51, 52]. In our study, C-P signiﬁcantly inhibited the phosphorylation of ERK, JNK, and P38
nonspeciﬁcally, during the 30 min, 6 h, and 24 h LPSinduced microglial activation. This alteration might induce
the signiﬁcant inhibition of nuclear NF-κB while increasing
cytosolic NF-κB. The inhibition of NF-κB-mediated transcription of inﬂammatory proteins was further conﬁrmed
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Figure 8: Broccoli sample treatment increased the Nrf2-HO-1 expression showing antioxidant eﬀect in microglial cells (normal and
LPS-activated conditions) as well as against a scopolamine-induced amnesia model in mice. BV2 microglial cells were treated with the
broccoli sample itself. (a-c) Nrf2-HO-1 expression in normal microglia after broccoli cotyledon treatment and their quantiﬁcations. (d-f)
Nrf2-HO-1 expression in LPS-activated microglia after broccoli cotyledon treatment and their quantiﬁcations. Mice were continuously
exposed with scopolamine and broccoli samples for two weeks’ period. Animal were sacriﬁces, and the brain samples were homogenized
and tissue lysates were separated using the western blot technique. (g, h) Nrf2 expression and its quantiﬁcation in the mouse whole brain
sample. Histone-3 and GAPDH were used as a loading control for respective proteins. All data are presented as mean ± standard error of
the mean of three independent experiments. ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001 indicate signiﬁcant diﬀerences compared with the
untreated control group in (c, d) and only scopolamine-treated group in (f) while # P < 0 05 and ### P < 0 001 indicate signiﬁcant
diﬀerences compared with the untreated control group. C: cotyledons; C-P: cotyledons exposed with PEF and enzyme activity; SB: sprout
broccoli; SB-Enz: sprout broccoli with induced enzyme activity; SB-PEF: sprout broccoli with PEF treatment; SB-Enz-PEF: sprout broccoli
with activated enzyme activity and PEF treatment.

by the increased and decreased expression of I-κB and pI-κB,
respectively. The inhibition of MAPK-NF-κB was further
characterized by the signiﬁcant inhibition of TNF-α and
IL-6 production in LPS-activated BV2 microglial cells. C-P
showed the highest potency for all these events, and this
might be due to the higher amount of sulforaphane.
Previously, broccoli sprout extract and sulforaphane are
reported as activators of well-known antioxidant molecules
Nrf2/HO-1 [53]. Treatment of C and C-P activated the

expression of Nrf2 and HO-1 as did by the sulforaphane
treatment in normal and LPS-activated microglial cells. This
eﬀect of broccoli extract and sulforaphane can further inhibit
the inﬂammatory cascades either through inhibiting TLR4mediated inﬂammatory cascades or by their antioxidant
potentials. Therefore, it is thought to be a potential mechanism that indicates the antineuroinﬂammatory eﬀect of sulforaphane. Nrf2 inhibits the neuroinﬂammation as well as
neurodegeneration against various models of brain disorders
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Figure 9: Broccoli sprout extract repaired the memory impairment by inhibiting neuronal apoptosis against scopolamine induced toxicity
in vivo. Experimental animals were exposed with 1.2 mg/kg scopolamine and 2 mg/kg of donepezil for the donepezil group and 200 mg/kg
broccoli samples. The treated animal’s spatial memory was evaluated by the (a, b) Y-maze test, (c) novel object recognition test (NORT),
(d) acetylcholine esterase activity assay in animal brain, (e, f) passive avoidance test in acute condition (one time per-oral treatment and
toxicity induction) and chronic condition (two weeks’ per-oral treatment and toxicity induction). After sacriﬁce, mouse whole brains were
collected and homogenized with tissue lysis buﬀer and western blot analysis was performed. (g-i) Bax, Bcl2, and cleaved caspase-3
expression and their quantiﬁcation. All data are presented as mean ± standard error of the mean of three independent experiments. ∗ P <
0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001 indicate signiﬁcant diﬀerences compared with treatment with scopolamine alone while ## P < 0 01 and
###
P < 0 001 indicate the signiﬁcant diﬀerences compared with an untreated control group. Ctl: control; SB: sprout broccoli; SB-Enz:
sprout broccoli with induced enzyme activity; SB-PEF: sprout broccoli with PEF treatment; SB-Enz-PEF: sprout broccoli with activated
enzyme activity and PEF treatment.
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in both in vitro and in vivo experimental models [54, 55].
Previous reports suggested that sulforaphane protected neurons against rotenone-induced toxicity in an in vivo model
which is mediated through the activation of the Nrf2 pathway [56]. In this study, SB-Enz-PEF signiﬁcantly improved
the scopolamine-induced spontaneous alteration as determined by the Y-maze test, novel object recognition test, and
AchE activity inhibition test indicating that sulforaphane
could improve memory impairment in diﬀerent neurological
disorders. SB-Enz-PEF also increased latency time in PAT
assay. Moreover, through in vitro analysis, we found that
the SB-Enz-PEF-treated conditioned medium from LPSstimulated BV2 cells not only increased the neuronal cell survival but also attenuated the apoptotic proteins in neurons.
Our data demonstrated that the protective eﬀects of SBENZ-PEF are mediated through the Nrf2 signaling pathway;
however, the overall neuroprotection of broccoli and sulforaphane might be mediated through the antiapoptotic
eﬀects, in particular downregulating caspase-3 activation.
Sulforaphane-enriched broccoli extract, therefore, could
mediate the neuroprotection in various neurodegenerative
models, and the plausible pathway for the neuroprotection
could be due to the combination of Nrf2 activation and its
antiapoptotic eﬀects.
Taken together, in this study, we provided the new
insight of increased-sulforaphane-mediated protective eﬀects
in neuroinﬂammatory models. Being multifunctional, identiﬁcation of a particular therapeutic target for phytochemicals/nutraceuticals to show desired biological activity is a
key issue for the new drug development [57, 58]. However,
the technique that increased the particular bioactive compounds, as PEF-induced sulforaphane in this study, could
enhance the therapeutic beneﬁt of phytochemicals. Additionally, a time point study of iNOS/COX-2 and MAPK signaling
in this study could be the magniﬁcent cues for the further
in vivo experiment including both acute (such as ischemia,
traumatic brain injury) and chronic (such as AD, PD)
inﬂammatory conditions. Our ﬁndings demonstrated that
sulforaphane-enriched broccoli sprout showed antineuroinﬂammatory and neuroprotective eﬀects in vitro and showed
the protective eﬀects in mice against scopolamine-induced
amnesia in vivo through Nrf2 activation. Finally, in most
studies, the biological activity of sulforaphane, speciﬁcally
of (−)L-isothiocyanato-4R-(methyl-sulﬁnyl)-butane, is demonstrated using the racemic mixture, despite the fact that
humans are exposed only to the R-enantiomer through their
diet. Therefore, it would be tempting to determine the role of
R- and S-sulforaphane as future independent studies. The
overall ﬁndings of our current study are summarized in
Figure 10.
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Among a series of xanthones identiﬁed from mangosteen, the fruit of Garcinia mangostana L. (Guttifereae), α- and γ-mangostins
are known to be major constituents exhibiting diverse biological activities. However, the eﬀects of γ-mangostin on oxidative
neurotoxicity and impaired memory are yet to be elucidated. In the present study, the protective eﬀect of γ-mangostin on
oxidative stress-induced neuronal cell death and its underlying action mechanism(s) were investigated and compared to that of
α-mangostin using primary cultured rat cortical cells. In addition, the eﬀect of orally administered γ-mangostin on
scopolamine-induced memory impairment was evaluated in mice. We found that γ-mangostin exhibited prominent protection
against H2O2- or xanthine/xanthine oxidase-induced oxidative neuronal death and inhibited reactive oxygen species (ROS)
generation triggered by these oxidative insults. In contrast, α-mangostin had no eﬀects on the oxidative neuronal damage or
associated ROS production. We also found that γ-mangostin, not α-mangostin, signiﬁcantly inhibited H2O2-induced DNA
fragmentation and activation of caspases 3 and 9, demonstrating its antiapoptotic action. In addition, only γ-mangostin was
found to eﬀectively inhibit lipid peroxidation and DPPH radical formation, while both mangostins inhibited β-secretase activity.
Furthermore, we observed that the oral administration of γ-mangostin at dosages of 10 and 30 mg/kg markedly improved
scopolamine-induced memory impairment in mice. Collectively, these results provide both in vitro and in vivo evidences for the
neuroprotective and memory enhancing eﬀects of γ-mangostin. Multiple mechanisms underlying this neuroprotective action
were suggested in this study. Based on our ﬁndings, γ-mangostin could serve as a potentially preferable candidate over
α-mangostin in combatting oxidative stress-associated neurodegenerative diseases including Alzheimer’s disease.

1. Introduction
The generation of reactive oxygen species (ROS) including
superoxide anion (⋅O2-), hydroxyl radical (⋅OH), and hydrogen
peroxide is recognised as a key factor in oxidative stress to the
cells [1]. The accumulation of ROS in neuronal cells causes
lipid peroxidation as well as damage to the structure and function of proteins and DNA molecules, ultimately leading to cell
death [2]. The brain is known to be particularly susceptible to
oxidative stress, due to its relative deﬁciency of endogenous
antioxidant defence mechanisms, enriched levels of transition

metals and unsaturated lipids, and high utilisation of oxygen
[3]. Consequently, oxidative stress-induced neuronal damage
has been recognised as an important mechanism involved in
many neurodegenerative diseases, including Alzheimer’s disease (AD) and Parkinson’s disease [4, 5].
AD is characterised by the progressive impairment of cognition which is strongly correlated with neuronal degeneration
and death. One of the hallmarks of AD is the appearance of
senile plaques generated through the extracellular deposition
of β-amyloid (Aβ) peptide, which is derived from amyloid precursor protein (APP) upon enzymatic cleavage by β- and
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γ-secretases [6, 7]. Aβ peptide can induce oxidative damage
through the production of ROS, potentially triggering neurotoxic events. Furthermore, it has been suggested that an augmentation in the cellular level of ROS and free radicals
produces more Aβ peptide, which in turn exerts further oxidative stress and toxic insults on neurons [8]. With the accumulative evidence for oxidative stress as an important factor in
AD, antioxidants that reduce ROS and prevent oxidative
stress-induced neuronal death have been intriguing potential
candidates to prevent or treat AD [4, 5]. However, the results
from many clinical studies have been rather disappointing so
far. Nonetheless, various approaches considering heterogeneous and multifactorial characteristics of AD are attempted
to explore favorable eﬃcacy of antioxidant therapy in AD [9].
Mangosteen, Garcinia mangostana L. (G. mangostana,
Guttifereae), is a tree cultivated in Southeast Asia including
Indonesia, Philippines, and India. Its fruit is edible and also
known to have medicinal beneﬁts. The pericarp of the fruit
has been traditionally used in these countries to treat infection, wounds, inﬂammation, and diarrhea [10]. In addition,
mangosteen products in the form of juice or tablets account
for some of the best-selling dietary supplements in the U.S.
market [11]. The major bioactive secondary metabolites of
mangosteen have been found to be xanthone derivatives,
among which α-mangostin is the most studied xanthone
[12, 13]. Using cell-free in vitro assays, α-mangostin was
reported to scavenge singlet oxygen and superoxide anion,
while it was shown to be unable to scavenge hydroxyl radicals
and hydrogen peroxide [14]. Additionally, using primary
cultures of cerebellar granule neurons, α-mangostin was found
to exhibit ROS scavenging and neuroprotective eﬀects against
the mitochondrial toxin 3-nitropropionic acid or iodoacetate,
an inhibitor of the glycolytic enzyme glyceraldehyde-3phosphate dehydrogenase inducing metabolic inhibition in
neurons [14, 15]. Moreover, α-mangostin has been demonstrated to attenuate β-amyloid oligomers-induced neurotoxicity by inhibiting amyloid aggregation and also to decrease
Aβ production via modulation of the amyloidogenic pathway
[16, 17]. Together, these ﬁndings suggest that α-mangostin
may serve as a multifunctional therapeutic intervention to
combat the multiple pathological processes of AD [18, 19].
Unlike α-mangostin, however, there have only been limited ﬁndings supporting the neuroprotective eﬀects of γ-mangostin. It has been reported that γ-mangostin, along with other
xanthones from G. mangostana, inhibits glutamate-induced
cell death in the HT22 hippocampal neuronal cell line and
self-induced Aβ42 aggregation in vitro [18]. These ﬁndings also
suggest that, in addition to α-mangostin, γ-mangostin could
be a promising compound for AD therapy [18].
In order to conﬁrm and further characterise the neuroprotective actions of these mangostins, the present study evaluated the eﬀect of γ-mangostin on the oxidative insults using
primary cultured rat cortical cells as a model and compared
it to that of α-mangostin. To elucidate the probable action
mechanism(s) underlying the neuroprotective eﬀect, we next
investigated the eﬀects on the H2O2-induced DNA fragmentation and activation of caspases. Their antioxidant properties
and eﬀects on β-secretase activity were further examined
using cell-free in vitro assays. In order to provide in vivo
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Figure 1: Chemical structures of α-mangostin (a) and γ-mangostin
(b) isolated from G. mangostana.

evidence of its therapeutic potential in AD, we ﬁnally evaluated the memory enhancing eﬀect of orally administered
γ-mangostin in a mouse model of scopolamine-induced memory impairment using the passive avoidance test.

2. Materials and Methods
2.1. Materials. G. mangostana fruits were collected from Indonesia, and their pericarps were extracted with methanol. Further separation and identiﬁcation of α- and γ-mangostins
were performed according to the method described previously
[20]. Spectroscopic data for α- and γ-mangostins are depicted
in Supplementary Materials (available here), and their chemical structures are shown in Figure 1. The puriﬁcation yields of
α- and γ-mangostins were 0.57% (w/w) and 0.06% (w/w),
respectively, based on the total weight of mangosteen pericarp.
The purity of these compounds as determined by HPLC-UV
analysis was >95%. Minimum essential medium (MEM, supplemented with Earle’s salt), fetal bovine serum (FBS), horse
serum (HS), and antibiotic-antimycotic agent were procured
from Invitrogen (Carlsbad, CA, USA). Laminin, poly-L-lysine,
glucose, L-glutamine, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 2′,7′-dichloroﬂuorescin diacetate (DCFH-DA), H2O2, xanthine (X), xanthine oxidase (XO),
cytosine arabinoside, 2-thiobarbituric acid (TBA), 1,1-diphenyl-2-picrylhydrazyl (DPPH), and anti-β-actin antibody
(monoclonal) were obtained from Sigma-Aldrich (St. Louis,
MO, USA). Polyethylene glycol (PEG) was from Yakuri
Pure Chemicals Co. Ltd. (Kyoto, Japan). Anti-caspase 3
(8G10), anti-caspase 9 (Asp353), and horseradish peroxidase- (HRP-) linked anti-rabbit or anti-mouse immunoglobulin G (IgG) antibodies were purchased from Cell
Signaling Technology (Danvers, MA, USA).
2.2. Animals. Timed-pregnant Sprague-Dawley (SD) rats and
ICR mice were procured from Daehan Biolink (Chungbuk,
Korea). Animals were maintained under conditions of
controlled temperature (22 ± 2°C) and relative humidity
(40-60%) with a 12 h light-dark cycle. They were given access
to a standard chow diet and water ad libitum. All experimental procedures including the use, care, and handling of
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animals were conducted following the international guidelines (Guide for the Care and Use of Laboratory Animals,
Institute of Laboratory Animal Resources, Commission on
Life Sciences, National Research Council; National Academy
Press: Washington D.C., 1996). Prior to the study, the rationale, design, and protocols of the experiments were approved
by the Institutional Animal Ethical Committee of Dongguk
University (approval numbers: IACUC-2013-0005 and
IACUC-2016-035-2).
2.3. Cell Culture. Primary culture of rat cerebrocortical cells
containing neuronal and nonneuronal cells was carried out
as previously described [21, 22]. Brieﬂy, pregnant SD rats
on the 17th day of gestation were sacriﬁced using anesthesia,
and their uteri were promptly removed. Embryos were
harvested, and their cerebral cortices were excised and
mechanically dissociated into single cells by triturating with
ﬁre-polished Pasteur pipettes. The isolated cells were then
seeded on either 35 mm culture dishes (6 × 106 cells/dish)
or 24-well culture plates (6 × 105 cells/well) precoated with
the mixture of poly-L-lysine and laminin in MEM (containing
Earle’s salt) supplemented with 2 mM glutamine, 25 mM glucose, 5% FBS, 5% HS, and 1% antibiotic-antimycotic agent.
The cultures plated on 35 mm dishes were employed for
Western blotting analysis, and those on 24-well plates were
for the remaining experiments. The cells were maintained
in the same medium in an incubator at 37°C with a humidiﬁed atmosphere of 95% air/5% CO2. On day 7 of plating, the
cultures were treated with 10 μM cytosine arabinoside in
order to arrest the proliferation of nonneuronal cells. Finally,
the neuronal cells were used for experimentation on days
10-11 of culturing.
2.4. Treatment of Cells and Assessment of Cell Viability.
Before starting any treatment, the cultured cortical cells
were washed with HEPES-buﬀered control salt solution
(HCSS, 20 mM HEPES, pH 7.4; 120 mM NaCl; 5.4 mM
KCl; 1.6 mM MgCl2·6H2O; 2.3 mM CaCl2·2H2O; 15 mM
glucose; 10 mM NaOH). To assess the potential cytotoxic
eﬀects of α- or γ-mangostin, the HCSS-washed cultured cells
were treated with these compounds at the concentrations of
0.3~10 μM in MEM supplemented with 25 mM glucose
(MEMG) for 24 h. To induce oxidative damage, the cultured
cells were exposed to 100 μM H2O2 for 5 min or 0.5 mM X
and 10 mU/ml XO for 10 min in MEMG, washed with HCSS,
and then incubated in MEMG for 18-20 h [23]. For each
experiment, the control cells were exposed to the vehicle
(MEMG) without any agent.
In order to evaluate the protective eﬀects of α- or
γ-mangostin on the oxidative neuronal damage elicited by
the above-mentioned inducers, the cultured cells were
simultaneously treated with mangostin compounds at the
concentrations of 0.3~10 μM with the respective insults.
Following the termination of desired treatments, the viability of cells was determined by the MTT reduction assay, as
previously described [22, 23]. In brief, MTT was added to the
treated cells at a ﬁnal concentration of 1.0 mg/ml and incubated for 3 h at 37°C. Upon completion of the MTT reaction,
the culture media were carefully removed, and 500 μl DMSO
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was added. Following the incubation of cells for 15 min to
dissolve the formazan crystal products, the absorbance was
measured at 550 nm using a microplate reader (SpectraMax M2e, Molecular Devices, Sunnyvale, CA, USA). The
viability of control cells in terms of absorbance was expressed
as 100%.
2.5. Determination of Intracellular ROS. The eﬀect of α- or
γ-mangostin on the generation of intracellular ROS was measured spectroﬂuorometrically using DCFH-DA ﬂuorogenic
dye as a probe [22]. Brieﬂy, after washing with HCSS, the cultured cells were treated with DCFH-DA at a ﬁnal concentration of 10 μM in MEMG for 30 min at 37°C, washed with
HCSS, and then treated with the corresponding insults
(100 μM H2O2 or 0.5 mM X in combination with 10 mU/ml
XO) in MEMG for 2 h in the absence or presence of α- or
γ-mangostin at the concentrations of 0.3~10 μM. Intracellular ROS generation was determined by the ﬂuorescence
detection of 2′,7′-dichloroﬂuorescein on a microplate reader
(SpectraMax M2e, Molecular Devices) with excitation and
emission wavelengths at 490 nm and 520 nm, respectively,
and expressed as % control.
2.6. Fluorescence Microscopy. The eﬀect of α- or γ-mangostin
on the H2O2-induced ROS generation in the cultured cells
was further conﬁrmed by ﬂuorescence microscopy using
DCFH-DA ﬂuorogenic dye as a probe. Brieﬂy, following
DCFH-DA probing and subsequent treatment with 100 μM
H2O2 in the absence or presence of either α- or γ-mangostin
(10 μM) as described above, the intracellular ROS was
visualised under a Nikon Eclipse Ti-U inverted microscope
(Nikon, Tokyo, Japan) with excitation and emission wavelengths of 495 and 530 nm, respectively [24].
2.7. Terminal Deoxynucleotidyl Transferase-Mediated
Deoxyuridine Triphosphate (dUTP) Nick End-Labeling
(TUNEL) Assay. The eﬀect of α- or γ-mangostin at 10 μM
on H2O2-treated apoptotic cells was evaluated by detection
of fragmented DNA using a TUNEL assay kit (DeadEnd™
Colorimetric TUNEL System, Promega, Madison, WI,
USA), performed according to the manufacturer’s instructions [22]. Brieﬂy, the cells were treated, washed with PBS,
and ﬁxed for 25 min in 4% paraformaldehyde. The cells were
then washed with PBS and incubated for 5 min with 0.2%
Triton X-100 for permeabilisation. Following washing and
incubation in equilibration buﬀer for 10 min at room temperature, the cells were transferred into terminal deoxynucleotidyl transferase reaction mixture containing biotinylated
nucleotide mix and then incubated for 60 min at 37°C to permit the nick end-labeling reaction. After terminating the reaction, the cells were immersed in saline sodium citrate solution
and subsequently incubated with streptavidin-conjugated
HRP. After washing with PBS, the cells were ﬁnally stained
with diaminobenzidine. The cells were washed twice with
PBS, and the TUNEL-positive cells stained as dark brown
color were detected using a TS-100 inverted microscope
(Nikon, Tokyo, Japan).
2.8. Western Blotting. The immunodetection of the cleaved
caspases 3 and 9 was performed by Western blotting as
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previously described [25]. Brieﬂy, the cultured cells were
serum-starved overnight, exposed to either α- or γ-mangostin for 30 min in serum-free medium prior to cotreatment
with 100 μM H2O2 for 2 h, and then the cells were lysed for
30 min on ice in the lysis buﬀer (10 mM Tris-HCl, pH 7.4;
150 mM NaCl; 2 mM EDTA; 4.5 mM sodium pyrophosphate;
10 mM β-glycerophosphate; 1 mM NaF; 1 mM Na3VO4; 1%
(v/v) Triton X-100; 0.5% (v/v) NP-40; and one tablet of
protease inhibitor cocktail (Roche Diagnostic GmbH, Mannheim, Germany)). The resultant lysates were then centrifuged
at 14,000 rpm for 30 min at 4°C, and the supernatants were
collected. The protein concentrations of the supernatants
were determined using a Bio-Rad DC protein assay kit
(Bio-Rad, Hercules, CA, USA). Equal amounts of lysate
proteins (30 μg) were then resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis on 12% gels and
electrophoretically transferred to nitrocellulose membranes
(Whatman, Clifton, NJ, USA) for 1.5 h at 100 V. After blocking for 1.5 h with Tris-buﬀered saline (TBS) containing 0.1%
Tween 20 (TBST) and 5% nonfat dry milk (BD Falcon,
Sparks, MD, USA), the membranes were incubated overnight
at 4°C with anti-caspase 3 or 9 antibodies in TBST containing
5% bovine serum albumin (USB, Canton, OH, USA). Next,
the membranes were washed three times with TBST and
incubated for 1.5 h with HRP-conjugated anti-rabbit IgG secondary antibody. The immunoreactive bands in the membranes were detected by a Bio-Rad ChemiDoc XRS imaging
system (Bio-Rad) using Super Signal West Pico ECL reagent
(Thermo Fisher Scientiﬁc, San Jose, CA, USA). In order to
detect β-actin as an internal control, the membranes were
stripped and incubated with anti-β-actin antibody.
2.9. Determination of DPPH Radical Scavenging Activity. The
eﬀect of α- or γ-mangostin on DPPH radicals was measured
as previously described [26]. Brieﬂy, the reaction mixture
containing α- or γ-mangostin at the concentrations of
0.3~30 μM and methanolic solution of DPPH (150 μM) was
incubated at 37°C for 30 min. The absorbance was then measured at 520 nm on a microplate reader (SpectraMax M2e,
Molecular Devices). The radical scavenging activity of the
samples was determined as % inhibition of DPPH absorbance using the following equation:
Inhibition % = 100 ×

Abscontrol − Abssample
,
Abscontrol

1

where Abscontrol represents the absorbance of the control
(without test sample) and Abssample denotes the absorbance
in the presence of the test sample.
2.10. Assay of Lipid Peroxidation (LPO) in Rat Brain
Homogenates. The eﬀect of α- or γ-mangostin on LPO initiated by Fe2+ (10 μM) and L-ascorbic acid (100 μM) in
the rat forebrain homogenates was measured as previously
described [26]. Brieﬂy, the reaction mixture was incubated at
37°C for 1 h in the absence (control) or presence of α- or
γ-mangostin at the concentrations of 0.3~30 μM. After stopping the reaction by adding trichloroacetic acid (28%w/v)
and TBA (1%w/v), the mixture was heated at 100°C for

15 min and centrifuged to remove the precipitates. The
absorbance of the supernatant was read at 532 nm on a
microplate reader (SpectraMax M2e, Molecular Devices),
and the percent inhibition of LPO was calculated using the
above formula.
2.11. Assay of In Vitro β-Secretase Activity. The eﬀect of α- or
γ-mangostin on the β-secretase activity was determined
using a β-secretase ﬂuorescence resonance energy transfer
(FRET) assay kit (Invitrogen, Carlsbad, CA, USA) following
the manufacturer’s instructions with some modiﬁcations
[22]. In brief, a 10 μl aliquot of assay buﬀer containing αor γ-mangostin at the concentrations of 0.3~10 μM was
mixed with 20 μl of the substrate (750 nM) in a 96-well plate.
Subsequently, 10 μl of β-secretase enzyme (1.0 U/ml) was
added and incubated for 2 h at room temperature. The ﬂuorescence was measured on a microplate reader (SpectraMax
M2e, Molecular Devices) with excitation and emission wavelengths set at 545 and 585 nm, respectively.
2.12. Passive Avoidance Test. The passive avoidance test was
performed as previously described [27, 28] on six-week-old
ICR mice (28~30 g body weight) using two identical compartments (lighted and dark compartments) with an automated guillotine door in between them (Gemini Avoidance
System, San Diego Instruments Inc., San Diego, CA, USA).
For the acquisition trial, the animals were placed in the
lighted chamber, and the guillotine door was opened 15 s
later. After the animals entered into the dark compartment,
the door was automatically shut down, and an electrical foot
shock (0.5 mA for 5 s) was delivered to the animals through
the grid ﬂoor. Twenty-four hours after the acquisition trial,
the animals were again placed in the lighted compartment
in order to conduct a retention trial. The duration of each
trial was 300 s, and the time latency for entry into the dark
compartment was measured.
The animals were orally administered with γ-mangostin
(5, 10, and 30 mg/kg in 40%v/v PEG in water), donepezil
(10 mg/kg), or vehicle (for control and scopolamine groups).
After 30 min of administration, memory impairment was
induced by intraperitoneal administration of scopolamine
(3 mg/kg, prepared in normal saline); the control group
received normal saline only. Following 30 min of scopolamine
injection, the acquisition trial was initiated as described above.
2.13. Statistical Analysis. All experiments were performed
individually at least three times. Quantitative data are
expressed as the mean ± S E M Statistical analyses were performed by one-way ANOVA followed by Tukey’s post hoc
test using SigmaPlot 12.5 software (Systat Software, San Jose,
CA, USA). A P < 0 05 was considered to be signiﬁcant.

3. Results
3.1. Eﬀects of α- and γ-Mangostins on Neuronal Cell Viability
in Primary Cultured Rat Cortical Cells. Exposure of the primary cultured rat brain cortical cells to either α- or γ-mangostin at concentrations ranging from 0.3~10 μM for 24 h
did not produce any cytotoxicity (Figure 2). Accordingly,
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3 and 10 μM concentrations (Figure 3(e) (∗ , P < 0 05 vs.
X/XO-treated cells without α- or γ-mangostin)). However,
α-mangostin showed no signiﬁcant eﬀects on X/XO-induced
oxidative damage or ROS production at the concentrations
tested (Figures 3(d) and 3(e)).
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Figure 2: Eﬀects of α- and γ-mangostins on neuronal cell viability
in primary cultured rat cortical cells. Cells were exposed to the
indicated concentrations of α- or γ-mangostin for 24 h. The
control cells were treated with vehicle (DMSO) only. Cell viability
was determined by the MTT reduction assay, as described in
Materials and Methods. The viability of control cells treated with
vehicle only was considered to be 100%, and the data were
expressed as percentages of the control. Each point represents the
mean ± S E M from at least three independent experiments,
performed in duplicate.

upcoming experiments with α- or γ-mangostin were performed using this concentration range.
3.2. Eﬀects of α- and γ-Mangostins on the H2O2- or
X/XO-Induced Oxidative Neuronal Damage and ROS
Generation in Primary Cultured Rat Cortical Cells. In
agreement with the previous reports [22, 26], treatment of
the cultured cells with 100 μM of H2O2 for 5 min caused
approximately 80% or more cell death and approximately
200% increase in intracellular ROS production (Figures 3(a)
and 3(b), respectively (#, P < 0 05 vs. vehicle-treated control
cells without H2O2, α-mangostin, or γ-mangostin treatment)). The reduced viability of the H2O2-treated cells was
completely reversed by γ-mangostin at the concentration of
10 μM (Figure 3(a) (∗ , P < 0 05 vs. H2O2-treated cells without
α- or γ-mangostin)). Since its protective eﬀect against the
H2O2-induced oxidative damage was so dramatic, we further tested the eﬀect of γ-mangostin at the concentrations
between 3 and 10 μM. As shown in Figure 3(a) (inset), 5
and 7 μM of γ-mangostin also exhibited dramatic increases
in the viability of H2O2-treated cells. In addition, the H2O2-induced ROS production was signiﬁcantly inhibited by γ-mangostin at 3~10 μM concentrations (Figure 3(b) (∗ , P < 0 05
vs. H2O2-treated cells without α- or γ-mangostin)), which
was conﬁrmed by ﬂuorescence microscopy (Figure 3(c)). In
contrast, α-mangostin showed no signiﬁcant eﬀects on
H2O2-induced oxidative damage or ROS production at the
concentrations tested in this study (Figures 3(a)–3(c)).
Treatment of the cultured cells with 0.5 mM X and
10 mU/ml XO caused approximately 80% or more cell death

3.3. Eﬀects of α- and γ-Mangostins on the H2O2-Induced
Apoptosis in Primary Cultured Rat Cortical Cells. In order
to elucidate the probable mechanism(s) underlying the neuroprotective role of γ-mangostin, we next examined the eﬀect
of this compound on H2O2-induced apoptosis and compared
it to that of α-mangostin. In agreement with the previous
report [29], the exposure of cultured cells to H2O2 caused
DNA fragmentation, an important hallmark of apoptosis,
as reﬂected by a dramatic increase in the TUNEL-positive cell
population (Figures 4(a) (B and F) and Figure 4(b) (#, P <
0 05 vs. vehicle-treated control cells without α- or γ-mangostin treatment)). The H2O2-induced DNA fragmentation was
remarkably inhibited by γ-mangostin at 10 μM (Figure 4(a)
(G) and Figure 4(b) (∗ , P < 0 05 vs. H2O2-treated cells without α- or γ-mangostin treatment)). We also examined their
eﬀects on the H2O2-induced activation of caspases, another
important molecular event during the apoptotic process. As
illustrated in Figures 4(c) and 4(d), γ-mangostin signiﬁcantly
attenuated the H2O2-induced activation of both caspases 3
and 9. In contrast, α-mangostin neither prevented DNA fragmentation nor inhibited caspase activities in the H2O2-treated cells (Figure 4).
3.4. Eﬀects of α- and γ-Mangostins on DPPH Radical
Formation and Lipid Peroxidation. The antioxidant properties of α- and γ-mangostins were further substantiated by
evaluating their radical scavenging activities using stable free
radical DPPH as a probe (Figure 5(a)). In addition, their ability to inhibit LPO initiated by Fe2+ and L-ascorbic acid in rat
brain homogenate was also examined (Figure 5(b)). Our
results demonstrated that γ-mangostin considerably attenuated the formation of DPPH radicals and eﬀectively inhibited
lipid peroxide formation in concentration-dependent manners. In contrast, α-mangostin showed no DPPH radical
scavenging activity with only a minimal inhibition of LPO
at the concentrations tested (Figures 5(a) and 5(b), respectively). Vit. C and BHA were used as reference compounds
to validate the assay procedures for DPPH radical scavenging
activity and inhibition of LPO, respectively (grey bars).
3.5. Eﬀects of α- and γ-Mangostins on In Vitro β-Secretase
Enzyme Activity. Since β-secretase plays a vital role in
the generation of the Aβ peptide from APP [6, 7], we also
examined the impact of α- and γ-mangostins on the activity
of this enzyme using the in vitro β-secretase FRET assay
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Figure 3: Eﬀects of α- and γ-mangostins on H2O2- or X/XO-induced oxidative neurotoxicity and ROS generation in primary cultured rat
cortical cells. (a and d) The cells were exposed to 100 μM H2O2 for 5 min (a) or 0.5 mM X in combination with 10 mU/ml XO for 10 min
(d) in the absence or presence of either α- or γ-mangostin at various concentrations as indicated. Cell viability was determined by the
MTT reduction assay at 18-20 h after exposure, as described in Materials and Methods. The cell survival was expressed as percentages of
the control treated with vehicle only. (b and e) The cells were preincubated with 10 μM DCFH-DA for 30 min at 37°C in the dark, then
treated with 100 μM H2O2 for 2 h (b) or 0.5 mM X in combination with 10 mU/ml XO for 2 h (e) in the absence or presence of
either α- or γ-mangostin at various concentrations as indicated. The generation of intracellular ROS was measured as described in
Materials and Methods. The ROS levels were expressed as percentages of the control treated with vehicle only. Each data point represents
the mean ± S E M from at least three independent experiments, performed in duplicate (# P < 0 05 vs. vehicle-treated control cells without
α- or γ-mangostin treatment; ∗ P < 0 05 vs. H2O2- or X/XO-treated cells). (c) Fluorescence microscopic images showing the inhibition of
H2O2-induced ROS generation by γ-mangostin in primary cultured rat cortical cells. The cells were preincubated with 10 μM DCFH-DA
for 30 min at 37°C in the dark and treated with 100 μM H2O2 in the absence (B) or presence of 10 μM α-mangostin (C) or γ-mangostin
(D) for 2 h. The control cells were treated with vehicle only without α- or γ-mangostin (A). Following the desired treatment, ROS levels
were imaged using epiﬂuorescence microscopy as described in Materials and Methods. Representative photomicrographs from three
independent experiments are shown.

kit. We found that both α- and γ-mangostins potently
inhibited β-secretase activity in concentration-dependent
fashion (Figure 6).
3.6. Eﬀect of γ-Mangostin on the Scopolamine-Induced
Memory Impairment in Mice. Using cell-based and cell-free
in vitro assays, our ﬁndings demonstrated that γ-mangostin
showed more potent antioxidant and neuroprotective activities than α-mangostin, although both compounds showed
similar degrees of inhibition against β-secretase activity.
Based on these ﬁndings, we selected γ-mangostin to examine
whether it could improve scopolamine-induced memory
impairment in mice using the passive avoidance test.
As illustrated in Figure 7, the acquisition trials did not
show signiﬁcant diﬀerences in the time latency of all groups
(black bars). During the retention trials (white bars), the
scopolamine-treated group (without γ-mangostin or donepezil administration) showed marked reduction of the
time latency than the control group treated with vehicle only
(#, P < 0 05 vs. vehicle-treated control group), indicating that
signiﬁcant memory impairment was induced by scopolamine injection. The groups administered with γ-mangostin
at the dosages of 10 and 30 mg/kg signiﬁcantly restored the

scopolamine-induced decrease in time latency (∗ , P < 0 05
vs. scopolamine-treated amnesia group). Donepezil, a wellknown cholinesterase inhibitor clinically used for the treatment of AD, was employed as a reference drug to validate
our experimental procedures and compare its eﬀect with
that of γ-mangostin. The reduced time latency by scopolamine injection was also recovered by the oral administration of donepezil at the dosage of 10 mg/kg (∗ , P < 0 05 vs.
scopolamine-treated amnesia group). The inhibition of
scopolamine-induced memory impairment by γ-mangostin
administration (10 and 30 mg/kg of dosage) was nearly comparable to that of the donepezil-treated group (Figure 7).
However, administration of γ-mangostin at the dosage of
5 mg/kg did not show a signiﬁcant eﬀect on reversing
scopolamine-induced memory impairment in mice.

4. Discussion
Oxidative stress-induced cell damage is known to be involved
in a number of neurodegenerative diseases such as AD,
Parkinson’s disease, and stroke [4, 5], where ROS such as
superoxide anion, hydroxyl radical, and hydrogen peroxide
play pivotal roles. It has been demonstrated that H2O2 can
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Figure 4: Eﬀects of α- and γ-mangostins on H2O2-induced apoptosis in primary cultured rat cortical cells. (a and b) Inhibition of
H2O2-induced DNA fragmentation by γ-mangostin. Cells were treated with 100 μM H2O2 for 2 h with or without α- or γ-mangostin at
the concentration of 10 μM, and the TUNEL assay was carried out as described in Materials and Methods. Representative microscopic
images from at least three individual experiments are shown (a). (A and E) Control cells were treated with vehicle only; (B and F) cells
were treated with 100 μM H2O2 for 2 h; (C and G) cells were treated for 2 h with either 10 μM α-mangostin (C) or γ-mangostin (G) in
combination with 100 μM H2O2; (D and H) cells were treated with 10 μM α-mangostin (D) or γ-mangostin for 2 h without H2O2 (H).
Scale bar = 10 μm. Quantitative analyses of the TUNEL-positive cells from at least three independent experiments are shown (b)
(# P < 0 05 vs. vehicle-treated control cells without α- or γ-mangostin treatment; ∗ P < 0 05 vs. H2O2-treated cells without α- or
γ-mangostin). (c and d) Inhibition of the H2O2-induced activation of caspases 3 and 9 by γ-mangostin. Cells were treated with 100 μM
H2O2 for 2 h in the absence or presence of either α- or γ-mangostin at 3 and 10 μM. The expression of cleaved caspases 3 and 9 was
assessed by Western blotting as described in Materials and Methods. Representative blots from at least three individual experiments are
shown (c). The intensities of the bands from at least three independent experiments were quantiﬁed by densitometric analyses and
normalised to β-actin (d) (# P < 0 05 vs. vehicle-treated control cells without α- or γ-mangostin treatment; ∗ P < 0 05 vs. H2O2-treated cells
without α- or γ-mangostin).

readily cross the cell membrane and cause injuries to the tissues through a number of diﬀerent mechanisms, including
the production of hydroxyl radicals and destabilisation of
the oxidant/antioxidant pathway, ultimately leading to apoptotic and/or necrotic cell death [30]. The oxidation of X by
XO also serves as an important source of ROS, generating

H2O2 and superoxide anions that are known to contribute
to the onset of neuronal damage in many neurodegenerative
diseases [31, 32]. Taking critical roles of these ROS into
account, we treated the primary cultured rat cortical cells
with either H2O2 or X and XO in this study to induce oxidative neuronal damage as well as ROS generation and tested
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Figure 5: Eﬀects of α- and γ-mangostins on DPPH radical formation and lipid peroxidation (LPO). Inhibition of DPPH radical (a) and LPO
induced by Fe2+ (10 μM) and L-ascorbic acid (100 μM) in rat forebrain homogenate (b) by α- or γ-mangostin at the indicated concentrations
were measured as described in Materials and Methods. Each data point represents the mean ± S E M from at least three independent
experiments, performed in duplicate (∗ P < 0 05 vs. vehicle-treated control without α- or γ-mangostin treatment). Vit. C and BHA were
used as references to validate the assay procedures for DPPH radical scavenging activity and inhibition of LPO, respectively (grey bars).
Vit. C: vitamin C; BHA: butylhydroxyanisole.

the eﬀects of α- and γ-mangostins, the two xanthones isolated from the fruit hull of mangosteen, on this oxidative
damage and ROS.
Our results demonstrated that the exposure of cultured
cells to these oxidative insults produced approximately
80% cell death and marked increases in ROS production
(Figures 3(a)–3(e)). We found in this study that only γ-mangostin, not α-mangostin, completely reversed the H2O2- or
X/XO-induced oxidative neuronal damage and signiﬁcantly
attenuated ROS production. These results are in line with
those of an earlier report, demonstrating that, among the
sixteen xanthones including α- and γ-mangostins, only
γ-mangostin exhibited HO. scavenging activity in an in vitro
cell-free assay [33].
It has been previously reported that α-mangostin provides ROS scavenging activity and neuroprotective action
against 3-nitropropionic acid- or iodoacetic acid-treated
primary cultures of cerebellar granule neurons [14, 15].
However, in our study, α-mangostin neither exhibited neuroprotective activity against the H2O2- or X/XO-induced
oxidative damage nor inhibited associated ROS production
at any concentration tested (Figures 3(a)–3(e)). The discrepancies between the earlier reports [14, 15] and our results
may be due to the diﬀerent cell types used in these studies.
Another plausible reason for these contradictory results
may be due to the diﬀerent species of radicals generated by
the diﬀerent oxidative inducers used in these studies. According to the report by Pedraza-Chaverrí et al. [14], α-mangostin
was able to scavenge superoxide anion and peroxynitrite
anion, whereas it was unable to scavenge hydroxyl radicals
and hydrogen peroxide. Since α-mangostin was found to
inhibit 3-nitropropionic acid-induced neurotoxicity and

ROS production, Pedraza-Chaverrí et al. suggested that
superoxide radical and peroxynitrite anion may be involved
in 3-nitropropionic acid-induced toxicity in cerebellar granule neurons [14]. In our study, however, hydroxyl radicals
and hydrogen peroxide were produced in cortical neurons
by the treatment with H2O2 and X/XO, and α-mangostin
did not inhibit the neurotoxicity and ROS production
caused by these inducers. Thus, our ﬁndings on α-mangostin are entirely in agreement with the observation by
Pedraza-Chaverrí et al. It would be interesting to clarify
preferable species of ROS, if any, to be scavenged by γ-mangostin under the same experimental conditions employed for
α-mangostin. Further study will be required to elucidate
underlying mechanisms by which these xanthones distinguish diﬀerent species of radicals to scavenge. We further
conﬁrmed that γ-mangostin exhibits more potent radical
scavenging activity and antioxidant eﬀect than α-mangostin
using in vitro assays for DPPH radical scavenging activity
and LPO. Again, unlike γ-mangostin, α-mangostin showed
no DPPH radical scavenging activity and only minimal inhibition of LPO (Figure 5).
The action of H2O2 as an inducer of apoptosis and
DNA damage has been well documented [34, 35]. It has
been found that in PC12 cells and SH-SY5Y neuroblatoma
cells, H2O2 can induce ROS generation and the activation
of caspase cascades and ultimately triggers apoptosis [29]. In
agreement with these previous reports [29, 34, 35], the exposure of our cultured cells to H2O2 also caused DNA fragmentation (Figure 4(a), B and F), as evidenced by the increased
number of TUNEL-positive cells (Figure 4(b)). The H2O2induced DNA fragmentation was markedly inhibited by
γ-mangostin but not by α-mangostin (Figures 4(a) and
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Figure 6: Eﬀects of α- and γ-mangostins on β-secretase activity.
The inhibitory eﬀects of α- and γ-mangostins on the enzymatic
activity of β-secretase were determined by the β-secretase FRET
assay as described in Materials and Methods. The data were
expressed as percentages of the control treated without α- or
γ-mangostin. Each data point represents the mean ± S E M from
at least three independent experiments, performed in duplicate
(∗ P < 0 05 vs. vehicle-treated control without α- or γ-mangostin
treatment).

4(b)). Furthermore, the H2O2 treatment of the cultured cells
triggered the activation of caspases 3 and 9, the major molecular events in the apoptotic process. The activated caspases 3
and 9 were signiﬁcantly suppressed only by γ-mangostin
(Figures 4(c) and 4(d)). Recently, γ-mangostin was found
to inhibit caspase 3 activity in 6-hydroxy dopamine-treated
SH-SY5Y cells [36], which is consistent with our ﬁnding.
Taken together, it is conceivable that the underlying mechanism(s) for the neuroprotective eﬀect of γ-mangostin against
H2O2-induced oxidative damage may involve the inhibition
of ROS production, as well as its antiapoptotic action inhibiting DNA fragmentation and activation of caspases 3 and 9.
Furthermore, the antioxidant activities of γ-mangostin, not
α-mangostin, scavenging DPPH radical and inhibiting LPO
may also contribute to its neuroprotective action (Figure 5).
Among the diverse pathophysiological factors involved in
the onset and development of AD, Aβ peptide plays a key role
in neuronal cell death [37]. In this study, we found that both
α- and γ-mangostins inhibited β-secretase activity, an
enzyme involved in the generation of the Aβ peptides from
APP in the amyloidogenic pathway [6, 7]. Previously, a series
of xanthones isolated from G. mangostana were reported
to modestly inhibit BACE1 activity, exhibiting 60.3 and
42.1% inhibition by α- and γ-mangostins at the concentration of 100 μM, respectively [17]. Our study expanded their
ﬁndings, illustrating the concentration-dependent inhibition
of β-secretase activity by both α- and γ-mangostins at the
concentration range of 0.3~10 μM (Figure 6). For some reason, however, the inhibition by α- or γ-mangostin was
observed to be much more potent in our study than that
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dosages of 5, 10, or 30 mg/kg as indicated. For the reference
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was only administered. After 30 min of each administration,
memory impairment was induced by intraperitoneal injection of
scopolamine (3 mg/kg in normal saline) in 5 groups as indicated
above in the ﬁgure; for the control group, normal saline without
scopolamine was injected. Following 30 min of scopolamine or
saline injection, the acquisition trial was initiated by delivering a
foot shock to the animals. Twenty-four hours after the acquisition
trials, the retention trials were performed. The detailed experimental
procedures are described in Materials and Methods. The time
latency was calculated from three independent experiments. Each
data point represents the mean ± S E M (# P < 0 05 vs. vehicletreated control group without scopolamine, γ-mangostin, or
donepezil treatment; ∗ P < 0 05 vs. scopolamine group treated with
scopolamine only without γ-mangostin or donepezil).

shown by a previous report [18], as approximately 60-70%
inhibition of β-secretase activity was achieved at the concentration as low as 3 μM of α- or γ-mangostin (Figure 6). One
of the possible explanations for this potency discrepancy
may be due to the diﬀerences in the bioactivities of β-secretase in the assay kits employed in our study and in the previous report. In order to test this possibility, the β-secretase
activity has to be reevaluated in the presence of the testing
xanthones under the same experimental conditions, using
assay kits manufactured by the same company. In any event,
our and previous ﬁndings strongly support that both α- and
γ-mangostins may reduce Aβ formation from APP through
the inhibition of β-secretase activity.
It has been previously reported that α-mangostin concentration dependently attenuated the neurotoxicity induced by
Aβ-(1-40) or Aβ-(1-42) oligomers in primary rat cerebral cortical
neurons [16]. Based on molecular docking simulations,

12
the thioﬂavin T ﬂuorescence assay and electron microscopy
imaging, α-mangostin was found to inhibit and dissociate
amyloid aggregation, which could contribute to its eﬀect of
attenuating Aβ oligomers-induced neurotoxicity [16]. We
also attempted to evaluate the eﬀects of α- and γ-mangostins
on the neurotoxicity induced in our culture model by
Aβ-(25-35), the active fragment of Aβ, as previously described
[22]. We treated the cultured cells with 40 μM of Aβ-(25-35)
for 24 h in the absence or presence of α- or γ-mangostin at
the concentration range of 0.3~10 μM. Both mangostins
appeared to exhibit weak protective eﬀect on Aβ-(25-35)-induced neurotoxicity (data not shown). However, the apparent eﬀects were not statistically signiﬁcant by one-way
ANOVA analysis. Further extensive studies under the same
experimental conditions with the same Aβ peptides may be
necessary to evaluate and compare their eﬀects on the Aβ-induced neurotoxicity.
It has long been believed that acetylcholine is one of the
most important neurotransmitters in learning and memory
processes [38], and thus, cholinergic dysfunction is closely
associated with AD pathology [39, 40]. Based on this cholinergic hypothesis, AChE inhibitors such as donepezil are currently used to alleviate the symptoms of AD in clinical
situations. Recently, several prenylated xanthones from mangosteen, including α- and γ-mangostins, have been reported
to inhibit AChE activity with IC50 values of lower than
20.5 μM, as determined by Ellman’s colorimetric method
[41, 42]. The protein-ligand interactions between AChE
and xanthones were conﬁrmed by molecular docking studies
[41]. In our study, we also tested the eﬀects of α- and γ-mangostins on AChE activity in vitro and veriﬁed the previous
ﬁndings (data not shown). Collectively, based on our results
and previous ﬁndings [18, 41, 42], both α- and γ-mangostins
may reduce Aβ formation and improve cholinergic transmission through the inhibition of β-secretase and AChE
activities, respectively.
The α- and γ-mangostins are the most extensively studied xanthone derivatives of mangosteen [12]. Although they
share a common chemical backbone, their chemical structures diﬀer with respect to the numbers of hydroxyl and
methoxy groups (Figure 1). While α-mangostin possesses
three hydroxyl groups (at positions 1, 3, and 6) and a methoxy group (at position 7), γ-mangostin has four hydroxyl
groups (at positions 1, 3, 6, and 7) without any methoxy
group. We observed that only γ-mangostin, not α-mangostin, exhibited marked and potent neuroprotective and
antioxidant eﬀects. The exact mechanisms by which the
structural discrepancy between these two xanthones can
account for such a decisive diﬀerence in their neuroprotective and antioxidant eﬀects are not yet understood. The
catechol moiety of γ-mangostin or the hydroxyl group itself
at position 7 may play crucial role in its neuroprotective
and radical scavenging activities. Interestingly, however, the
structural diﬀerence between α- and γ-mangostins was not
reﬂected in their inhibitory eﬀects on β-secretase and AChE
enzyme activities, as both mangostins exhibited similar
degrees of inhibition (Figure 6) [41, 42]. It is assumed that
the hydroxyl groups at positions 1, 3, and 6 may play important roles in the inhibition of these enzyme activities. The
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methoxy group at position 7 of α-mangostin may not
be directly involved in the interactions with these enzymes.
Further studies are needed to explain the basis of such differential or similar pharmacological actions by the two
mangostin compounds.
Even though both mangostins exhibited similar inhibition against β-secretase and AChE activities as measured in
cell-free in vitro assays, γ-mangostin appeared to be a substantially more potent antioxidant and neuroprotective agent
than α-mangostin, based on our ﬁndings in cell-based as well
as cell-free in vitro studies. These beneﬁcial pharmacological
proﬁles of γ-mangostin strongly suggest its therapeutic
potential for AD and other neurodegenerative diseases associated with oxidative stress.
In order to test this possibility, we next conducted a passive avoidance test using a scopolamine-induced amnesia
model in mice to investigate the memory-improving eﬀect
of γ-mangostin in vivo. It has been previously revealed that
memory deﬁcit induced by scopolamine, a nonselective muscarinic receptor antagonist, is associated with oxidative stress
[43], an event known to play a vital role in neurodegenerative
disorders such as AD [4, 5]. As shown in Figure 7, the memory impairment induced by scopolamine was signiﬁcantly
improved by a single oral administration of γ-mangostin
at dosages of 10 and 30 mg/kg. The memory-improving
eﬀects of γ-mangostin at these dosages were quite comparable to that of donepezil, a reference drug. Our results are
in alignment with those of a previous report, demonstrating the protective eﬀect of the mangosteen extract on
scopolamine-induced amnesia [28]. In addition, the ability
of γ-mangostin to penetrate the blood-brain barrier and
reach CNS targets was predicted in vitro using a parallel artiﬁcial membrane penetration assay [18]. Taken together, our
result and the previous ﬁndings suggest that γ-mangostin
could be a promising candidate for therapeutic interventions of AD. To the best of our knowledge, our present
study is the ﬁrst report revealing the neuroprotective eﬀect
of γ-mangostin against oxidative neurotoxicity, as well as
its memory-enhancing eﬀect in mice.

5. Conclusions
The present study demonstrated that γ-mangostin, a xanthone derivative isolated from the fruit hull of mangosteen,
exhibited a potent neuroprotective eﬀect against H2O2- or
X/XO-induced oxidative neuronal damage. The underlying
mechanisms for this neuroprotective action may involve the
inhibition of ROS generation triggered by these oxidative
insults, antioxidant activities as evident by inhibition of
DPPH radical formation and LPO, and its antiapoptotic
properties as demonstrated by the inhibition of H2O2-induced DNA fragmentation and activation of caspases. Unlike
γ-mangostin, however, α-mangostin neither exhibited neuroprotective activity nor demonstrated antioxidant properties in our study. Moreover, γ-mangostin was shown to
exhibit a potent inhibitory eﬀect on β-secretase activity and
strongly improved scopolamine-induced memory deﬁcits in
mice. Based on our study providing in vitro and in vivo evidences, γ-mangostin may be considered to be a promising
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candidate in the prevention and treatment of various neurodegenerative diseases including AD.
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Secondary metabolites of the roots of Eleutherococcus spp. cultivated in Poland, or the bioactivity, are not fully known. The 75%
methanol extracts of ﬁve Eleutherococcus spp. (E. senticosus, E. divaricatus, E. sessiliﬂorus, E. gracilistylus, and E. henryi) were
examined for the content of polyphenols and phenolic acids as well as for antiacetylcholinesterase, antihyaluronidase,
anti-DPPH∗ , and cytotoxic activities. The richest in polyphenols were the roots of E. henryi (10.4 mg/g DW), while in ﬂavonoids
the roots of E. divaricatus (6.5 mg/g DW). The richest in phenolic acids occurred the roots of E. henryi [protocatechuic acid
(1865 μg/g DE), caﬀeic acid (244 μg/g DE), and p-coumaric and ferulic acids (55 μg/g DE)]. The highest inhibition of AChE was
observed for E. gracilistylus and E. sessiliﬂorus (32%), at the concentration of 100 μg/0.19 mL of the reaction mixture, while that
of Hyal for the roots of E. henryi (40.7%), at the concentration of 100 μg/0.16 mL of the reaction mixture. Among ﬁve species
tested, the E. henryi extract exhibited the strongest HL-60 cell line growth’s inhibition (IC50 270 μg/mL). The extracts reduced
DPPH∗ in a time-dependent mode, at the concentration of 0.8 mg/mL. After 90 min from 14.7 to 26.2%, DPPH∗ was reduced. A
phytochemical composition and activity of the Eleutherococcus species, cultivated in Poland, are still under research; however,
on the basis of the results obtained, it may be concluded that they may become a source of phytochemicals and be useful for
Europe’s citizens.

1. Introduction
There are at least 250,000 species of higher plants that
exist on the planet, but merely 5-10% of these have been
investigated so far. Because plants represent an unlimited
source of novel chemical entities (NCE) with potential as

drug leads, they are still used by herbalists to treat various
ailments [1]. The Eleutherococcus species are mostly found
in eastern Asia and the far eastern areas of the Russian
taiga. The species are a source of plant-based chemicals,
such as eleutherosides (derivatives of lignans, coumarins,
and phenylpropanoids). These compounds are said to be
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responsible for antioxidative, immunomodulating, hepatoprotective, antirheumatic, or anti-inﬂammatory activities
[2–8]. One of the best-known worldwide species from this
genus is Eleutherococcus senticosus (Rupr. et Maxim.)
Maxim. that has been used in TCM (Traditional Chinese
Medicine) for years to treat combined neurosis, coronary
heart disease, inﬂammation, angina pectoris, stress-induced
pathophysiologic changes, and menopausal syndrome. That
species has been recognized as an adaptogenic plant. The
adaptogen increases the state of nonspeciﬁc resistance and
is safe in long-term use in the appropriate dose level. In addition to this, the adaptogen should reduce stress reactions in
the alarm phase. Some researchers think that eleutherosides
are responsible for that activity, whereas the others do not.
Nevertheless, there has been a lack of studies on isolated
eleutherosides and their adaptogenic activity [3, 5, 9–11].
In the literature, there is no information on an antihyaluronidase (anti-Hyal) activity of Eleutherococcus spp., apart
from Załuski et al.’s reports [6, 12]. Hyaluronidase is the
enzyme that takes part in tumor invasiveness and the development of inﬂammation. The overexpression of Hyal has
an impact, among others, on the development of varicose
veins [13, 14]. The Hyal inhibitors used in the treatment have
a low inhibitory potency (aescin isolated from Hippocastani
semen; Aesculus hippocastanum L.), and new inhibitors are
required in the clinic.
In the TCM, Eleutherococcus spp. are used to improve a
mental process; however, the biochemical mechanisms of
their action are not yet known. In a majority of studies, an
inhibitory eﬀect on amyloid β (Aβ) peptide formation is
reported, in in vitro and in vivo models [15, 16]. There are
not a lot of reports on the inhibitory activity of Eleutherococcus spp. towards acetylcholinesterase (AChE).
Taking into account the above information, the phytochemical and ethnopharmacological knowledge of Eleutherococcus spp. should be now conﬁrmed with using new
approaches, in in vitro and in vivo models. A chemical metabolomics strategy is used to identify the potential biomarkers
for assessing their action mechanism and searching for the
structure-activity relationship. The knowledge about their
valuable medicinal properties is based, mainly, on the Traditional Chinese Medicine and scientiﬁc investigations done in
Asia. The European species have not been investigated in
details; therefore, the results of these studies may become
an alternative for the species imported from Asia, very often,
with poor quality and substituted with Periploca sepium.
As part of a program to search for bioactive constituents from Eleutherococcus species, the aim of this study
was to evaluate whether the 75% methanol extracts from
the roots of ﬁve Eleutherococcus species contain phytochemicals inhibiting the activity of Hyal, AChE, DPPH∗ ,
and the HL-60 cell line’s growth. The phenolic acid proﬁle
has been also determined.

and LC grade acetonitrile were provided by Sigma-Aldrich
Fine Chemicals (St. Louis, MO, USA). Gentisic and sinapic
acid were provided by ChromaDex (Irvine, USA). FolinCiocalteu reagent, 1,1-diphenyl-2-picryl-hydrazyl (DPPH),
ascorbic acid, DMSO, bovine albumin, hyaluronidase from
bovine testes type I-S, Streptococcus equi hyaluronic acid,
DTNB (5,5′-dithiobis(2-nitrobenzoic acid)), acetylcholinesterase (AChE), ACTI (acetylthiocholine iodide), and sodium
phosphate buﬀer pH 7.0 were obtained from Sigma-Aldrich.
FeCl3 and methanol were obtained from POCH (Lublin,
Poland). The acetate buﬀer, pH 4.5, was purchased from
J.T.Baker, USA. Liquid chromatography- (LC-) grade methanol (MeOH) and acetonitrile (ACN) were purchased from
Merck (Darmstadt, Germany). LC grade water was prepared
using a Millipore Direct-Q3 puriﬁcation system (Bedford,
MA, USA). All reagents were of analytical grade.

2. Experimental

2.6. LC-ESI-MS/MS Conditions of Analysis of Phenolic Acids.
Phenolic acid proﬁle was determined according to the modiﬁed methods of Nowacka et al., [19], Pietrzak et al., [20],
and Załuski et al., [12]. In this case, the Agilent 1200 Series
HPLC system (Agilent Technologies, USA) connected to a

2.1. Standards and Reagents. Standards of caﬀeic, ferulic, gallic, protocatechuic, 4-OH-benzoic, salicylic, rosmarinic,
vanillic, syringic, m-coumaric, p-coumaric, and veratric acids

2.2. Plant Materials. The roots of E. senticosus (Rupr. et
Maxim.) Maxim., E. divaricatus (Siebold et Zucc.) S.Y. Hu,
E. sessiliﬂorus (Rupr. et Maxim.) S.Y. Hu, E. gracilistylus
(W.W. Smith) S.Y. Hu, and E. henryi Oliv. were obtained
from the arboretum in Rogów (Poland) in October 2017.
Voucher specimen was deposited at the Department of Pharmacognosy, Collegium Medicum in Bydgoszcz, Poland (Nr.:
ES01/17, ED02/17, ESes04/17, EG05/17, EH06/17). The
following are the growth’s conditions: geographic data 51°
49′N and 19° 53′E; the average, long-term temperature—20.1°C, the 6bth subclimate (according to USDA Frost
Hardiness Zones), and the second zone according to the Kórnik’s category. These plants are grown on the acidic, luvic,
and sandy soils.
2.3. Dried Material Extraction with 75% Methanol. The air-dried, grinded roots (10 g each) were soaked in 100 mL of
75% methanol for 24 h. Subsequently, the samples were soniﬁcated three times (100, 2 × 50 mL of 75% methanol) in the
following conditions: room temperature and time 15 min
for each cycle. Finally, 200 mL of each extract was obtained.
The solvents were evaporated under vacuum conditions at
45°C and subjected to lyophilisation. The extraction yield
was calculated based on the dry weight of the extract (%).
2.4. Total Phenolic Content (TPC). The total phenolic content
of extracts was determined using the method of Singleton
and Rossi [17]. Gallic acid was used to calculate the calibration curve (20-100 μg/mL; y = 0 0026x + 0 044; r2 = 0 999),
and TPC was expressed as gallic acid equivalents (GAE/mL).
The experiments were done in triplicate.
2.5. Total Flavonoid Content (TFC). The TFC in investigated
samples was determined using the FeCl3 method [18]. TFC
were expressed as the mean (±S.E.) mg of quercetin equivalent
(QEs/mL for FeCl3 method; 20-100 μg/mL; y = 0 0041x +
0 236; r 2 = 0 999). The experiments were done in triplicate.
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3200 QTRAP MS/MS (AB Sciex, USA) was used. The separation’s conditions were as follows: temperature 25°C, a Zorbax
SB-C18 column (2 1 × 50 mm, 1.8 μm particle size; Agilent
Technologies. USA), and injection volume 3 μL. Gradient
elution was applied using water containing 0.1% HCOOH
(A) and methanol (B) with the ﬂow rate of 500 μL/min. The
gradient was as follows: 0-1 min 5% B; 2-3 min 20% B;
5-8 min 100% B; and 9-12 min 5% B.
To quantify phenolic acids, the parameters of analysis
were optimized. The 3200 QTRAP ESI-MS/MS system in
the negative mode was used. The optimal mass spectrometer
parameters were as follows: curtain gas 25 psi; capillary temperature 500°C; nebulizer gas 60 psi; and negative ionization
mode source voltage -4500 V. Nitrogen was used as a curtain
and collision gas. For the quantitative analysis of compounds,
the data were processed using Analyst 1.5 software from AB
Sciex, USA, and in a multiple reaction monitoring system
(MRM). The identiﬁcation of analytes was done by comparing the retention times and m/z values obtained by MS and
MS2 with the mass spectra of the corresponding standards
tested under the same conditions. The calibration curves
obtained in the MRM mode were used for the quantiﬁcation
of all analytes. The identiﬁed compounds were quantiﬁed
based on their peak areas and comparison with a calibration
curve for the corresponding standards. Linearity ranges for
calibration curves were speciﬁed. The limits of detection
(LOD) and quantiﬁcation (LOQ) for phenolic acids were
determined at a signal-to-noise ratio of 3 : 1 and 10 : 1,
respectively, by injecting a series of dilute solutions of
known concentrations.
2.7. Antihyaluronidase Studies. The modiﬁed spectrophotometric method was used to determine the antihyaluronidase
(Hyal) activity of the extracts [21]. The extracts (4.6 mg/mL)
were dissolved in 10% water ethanol solution, the ﬁnal concentration in the reaction’s mixture was 100 μg/0.16 mL.
50 μL of enzyme (30 U/mg) in acetate buﬀer pH 4.5, 50 μL
of sodium phosphate buﬀer (50 mM, pH 7.0; with 77 mM
NaCl and 1 mg/mL of albumin), and 22 μL of the analyzed
samples were combined and next incubated at 37°C for
10 min. After that time, 50 μL of HA (0.3 mg/mL of acetate
buﬀer pH 4.5) was added and incubated at 37°C for 45 min.
The unhydrolyzed HA was precipitated with 1 mL acid albumin solution (0.1% bovine serum albumin in 24 mM sodium
acetate and 85 mM acetic acid). After 10 min incubation of
the mixture at room temperature, the absorbance of the mixture was measured at 600 nm (Multi-Detection Microplate
Reader Synergy™ HT, BioTek). Aescin was used as the positive control at the following concentration 0.05, 0.1, 0.2, 0.4,
0.6, and 0.8 mg/0.16 mL, and the absorbance in the absence
of enzyme was used as the blind control. All assays were
done in triplicate. The percentage of inhibition was calculated as follows:
% inhibition =

AB − AE
× 100,
AS − AE

1

where AB is the absorbance of the enzyme+substrate
+extract, AE is the absorbance of the enzyme+substrate

sample, and AS is the absorbance of the enzyme+substance sample.
2.8. Antiacetylcholinesterase Studies. To determine the ability
of the extracts to inhibit AChE, the modiﬁed spectrophotometric method of Ellman et al. [22] was applied. The extracts
(1.0 mg/mL) were dissolved in 10% water ethanol solution.
The ﬁnal concentration in the reaction’s mixture was
100 μg/0.19 mL. Physostigmine was used as the positive control at the following concentrations: 2, 3, 4, 15, 30, and
40 μg/0.19 mL. Every assay was done in triplicate.
2.9. Cytotoxic Activity. Leukemic cells (HL-60-human Caucasian promyelocytic leukemia from American Type Culture
Collection (ATCC CCL-240™)) were incubated at the concentration of 5 × 105 cells/mL in 5% CO2 atmosphere for
24 h at 37°C, in a growing medium [RPMI 1640 medium
(Sigma-Aldrich, St. Luis, USA), with 15% fetal bovine serum
(Sigma-Aldrich), 2 mM L-glutamine, and antibiotics (100 U/
mL penicillin, 100 μM/mL streptomycin, and 2.5 μg/mL
amphotericin B; Gibco, Carlsbad, USA)].
The trypan blue test was used to assay the extracts’ cytotoxicity. The cell lines were treated with diﬀerent concentrations of the extracts (from 10 to 500 μg/mL of cell culture)
and incubated for 24 h at 37°C in air atmosphere humidiﬁed
by 5% CO2. After that, the medium was removed from each
plate by aspiration, the cells were washed with PBS and centrifuged at 800 rpm for 10 min, and PBS was removed by
aspiration. Then, 10 μL suspension cells were incubated for
5 min with the 10 μL 0.4% trypan blue solution (Bio-Rad
Laboratories Inc., Hercules, CA) and analyzed using an
Olympus BX41 light microscope. The extracts were dissolved
in DMSO. As a positive control, podophyllotoxin was used.
The experiments were done in triplicate.
2.10. DPPH Assay. The DPPH∗ scavenging activity of the
extracts was measured by using the modiﬁed method of
Brand-Williams et al. [23]. The extracts’ concentration was
0.8 mg/mL. As a positive control, ascorbic acid was used (1,
10, 20, 40, and 80 μg/mL). A multidetection BioTek spectrophotometer was applied to measurement of absorbance. The
experiments were done in triplicate.
2.11. Statistical Analysis. Determinations were performed by
triplicate. The Statistica 7.0. programme (StatSoft, Cracow)
was used for the statistical analysis. The evaluations were
analyzed for one-factor variance analysis. Statistical diﬀerences between the treatment groups were estimated by Spearman’s (R) and Person’s (r) tests. All statistical tests were
carried out at signiﬁcance level of α = 0 05.

3. Results and Discussion
3.1. Extraction Yield, TPC, and TFC Contents. The extraction
of the roots yielded 5.7 and 10.7%. The extracts were a yellow-brown, odorless powder. The 75% methanol root
extracts contained 4.1 to 10.4 mg of polyphenols (mg GAE/g
DW) and 1.8 to 6.5 mg of ﬂavonoids (mg QEs/g DW),
(Table 1). The richest in polyphenols were the roots of E. henryi (10.4 mg/g DW), while in ﬂavonoids the roots of E.
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Table 1: Yield, TPC, and TFC in 75% methanol extracts from the
roots of Eleutherococcus spp. (g GAE/g and QEs/g DW∗ ).
Sample

Yield (%)

TPC

TFC

E. gracilistylus

10.7

4 1±1 4

1 8 ± 0 02

E. divaricatus

5.7

9 4±0 9

6 5±1 1

E. senticosus

8.3

7 9±0 3

4 6±0 9

E. henryi

6.4

10 4 ± 1 3

4 8±0 3

E. sessiliﬂorus

10.7

9 7±0 5

6 2±0 7

∗

Results are the means ± standard deviation of triplicates.

divaricatus (6.5 mg/g DW). The previous studies of Załuski
et al. [24] have shown that the 75% ethanol root extracts contained 6.9 to 10.6 mg/g DW of polyphenols. Those results are
in an agreement with those obtained in another study that
may suggest that both 75% ethanol and 75% methanol are
the good solvents for polyphenol extraction. There is not
many literature reports on polyphenols in Eleutherococcus
spp. growing, e.g., in Asia. Ondrejovič et al. [25] studied the
TPC content in the roots of E. senticosus, the roots of which
contained 6.2 to 21.8 mg/g plant material of polyphenols.
The amount was dependent on the ethanol concentration
and extraction’s temperature. The other studies have revealed
that the roots of E. senticosus and E. koreanum, growing in
Korea, contained 44 and 34 mg GAE/g DW of TPC [5]. As
may be seen, the TPC is dependent on species, the type of
raw material, extraction type, and solvent used. In this case,
it is hard to make a reliable comparison; however, this is
important that Eleutherococcus spp. growing in Poland contain polyphenols. When comparing the Eleutherococcus
spp. with other medicinal plants, it should be also reported
that the content of polyphenols depends on a morphological
part of plants. The underground and woody tissues contain
less polyphenols than the aerial parts.
3.2. LC-ESI-MS/MS Analysis of Phenolic Acids. To identify
phenolic acids, a triple quadrupole tandem mass spectrometer
(MS/MS) with multiple-reaction monitoring mode (MRM)
spectra was employed (Tables 2 and 3). Among fourteen phenolic acids, just ﬁve were qualitatively and quantitatively
determined in the roots (Table 4, Figure 1). The content of
phenolic acids ranged between 11 and 1865 μg/g DE. Among
ﬁve identiﬁed acids, the richest occurred in the roots of E. henryi (protocatechuic acid occurred in the largest amount,
1865 μg/g DE; followed by caﬀeic acid, 244 μg/g DE; and
p-coumaric and ferulic acids, 55 μg/g DE, respectively). Protocatechuic acid has been detected in all species as a predominant constituent. The previous studies of Załuski et al. [6]
provided that protocatechuic acid has been detected in the
75% ethanol inﬂorescence extracts from E. senticosus, E. gracilistylus, and E. giraldii, in the amounts of 614.7, 833.4 and
855.6 μg/g DE, respectively. In turn, the 75% ethanol extracts
from the fruits of E. divaricatus and E. sessiliﬂorus contained
893 and 818 μg/100 g DE of protocatechuic acid. A lower content was quantiﬁed in the fruit infusion of these species (270
and 267 μg/100 g DE, respectively) [26].

There are not a lot of reports on phenolic acid content in
Eleutherococcus species growing in Asia or Russia and in
their native habitat. Li et al. [4] studied the content of protocatechuic acid in ten commercial E. senticosus samples, purchased from TCM shops of diﬀerent places in China. The
content varied from 3.1 to 23.1 μg/g.
Protocatechuic acid has been determined in many other
plants, however, mostly in the aerial parts, which makes it
diﬃcult to interpret when compared to underground parts.
The aerial parts, usually, contain more phenolic acids.
3.3. Antienzymatic Activity. Acetylcholinesterase is the
enzyme located in the nervous system and muscles, which
regulates the AChE concentration. It decreases the acetylcholine level which implies the gradual loss of memory and
learning ability. By far, the AChE inhibitors galantamine, rivastigmine, and donepezil are commonly used. Because of
their unfavorable side eﬀects, bioprospecting studies in
searching for AChEIs are still ongoing [27–29].
The Eleutherococcus spp. are known for their improvement of the mental ability; therefore, the impact of the
extracts, at the concentration of 100 μg/0.19 mL of the reaction mixture, on AChE (5 U/mg) activity was measured
(Table 5). The ﬁve extracts have been tested, for which the
inhibition was established to be between 19.6 and 32%, with
the highest inhibitory level for E. gracilistylus and E. sessiliﬂorus (32%). Physostigmine, used as a control, inhibited
AChE at the level of 30% at concentration 2 μg.
The previous studies of Załuski et al. [30] on the antiAChE activity of the 75% ethanol extracts from the roots of
Eleutherococcus spp. have shown 50% inhibition for the
extract concentration in the range of 300-1750 μg/mL. The
highest activity was observed for E. sessiliﬂorus and E. setchuenensis (IC50 300 μg/mL), the lowest for E. henryi (IC50
1750 μg/mL). It is very interesting that in the case of two
types of solvents used, 75% EtOH and 75% MeOH extracts,
the same species (E. sessiliﬂorus) has shown the highest
inhibitory activity.
Nino et al. [31] studied 27 methanol extracts from diﬀerent species collected in Colombia (AChE, 0.3 U/mL). Solanum leucocarpum Dunal and Witheringia coccoloboides
(Damm) have shown the highest inhibition (IC50 204.5 and
220.6 mg/L). Nwidu et al. [32] showed that the methanol,
ethyl acetate, and aqueous root fractions from Carpolobia
lutea G. Don inhibited AChE activity with the IC50 value
0.3-3 μg/mL. Kostelnik and Pohanka [33] found out that
boldine inhibited AChE (100 U/mg) with an IC50 value of
372 μmol/L. A new promising group of AChE inhibitors are
compounds found in fungi and bacteria. Thabthimsuk et al.
[28] studied the anti-AChE activity of polysaccharidepeptide complexes extracted from 3 types of edible fungi,
including white shimeji (Hypsizygus marmoreus), brown shimeji (Hypsizygus marmoreus), and enokitake (Flammulina
velutipes). The highest activity to inhibit AChE (0.28 U/mL)
was showed by brown shimeji (71.3%). In turn, Tan et al.
[27] evaluated the anti-AChE (0.22 U) activity of 55 ethyl
acetate extracts from 55 bacterial strains belonging to nine
bacterial families (Vibrionaceae, Bacillaceae, Microbacteriaceae, Aerococcaceae, Brevibacteriaceae, Staphylococcaceae,
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Table 2: Optimized LC-MS (MRM) parameters for all analytes. Compounds conﬁrmed by comparison with authentic standards.
Compound

Retention time (min)

Q1 (m/z)

Gallic acid

1.01

168.7

Protocatechuic acid

2.16

152.9

Gentisic acid

3.32

352.9

4-OH-benzoic acid

4.25

136.8

Vanillic acid

5.51

166.8

Caﬀeic acid

5.69

178.7

Syringic acid

6.34

196.9

p-Coumaric acid

6.67

162.8

Ferulic acid

6.83

192.8

Salicylic acid

6.86

136.9

Veratric acid

6.88

180.7

Sinapic acid

6.88

222.8

m-Coumaric acid

6.89

162.8

Rosmarinic acid

7.01

358.7

Q3 (m/z)

DPa (V)

EPb (V)

CEPc (V)

CEd (eV)

CXPe (eV)

178.9
124.9
80.9
107.8
80
96.9
92.9
107.9
123
88.9
134.9
122.8
181.9
93
119
133.9
177.9
75
93
121.9
136.9
121
148.9
91
119
132.6
160.8

-35
-35
-55
-55
-70
-70
-30
-35
-35
-30
-30
-30
-30
-30
-30
-25
-25
-35
-35
-35
-35
-35
-35
-35
-35
-50
-50

-3
-3
-1
-1
-4
-4
-7
-4
-4
-6.5
-6.5
-9
-9
-8
-8
-11.5
-11.5
-4
-4
-6
-6
-8.5
-8.5
-4.5
-4.5
-5
-5

-12
-12
-10
-10
-16
-16
-10
-12
-12
-12
-12
-12
-12
-12
-12
-14
-14
-10
-10
-14
-14
-10
-10
-12
-12
-26
-26

-36
-14
-26
-38
-110
-52
-18
-18
-12
-46
-16
-24
-12
-44
-14
-16
-12
-48
-16
-18
-12
-36
-20
-36
-14
-44
-20

0
0
0
0
0
0
0
0
0
0
0
0
-2
0
0
0
-2
0
-2
0
0
0
0
0
0
0
-2

a

DP: declustering potential; bEP: entrance potential; cCEP: cell entrance potential; dCE: collision energy; eCXP: collision cell exit potential.

Table 3: Limit of detection (LOD), limit of quantiﬁcation (LOQ),
and calibration curve parameters for all analytes.
Compound
Gallic acid
Protocatechuic acid
Gentisic acid
4-OH-benzoic acid
Vanillic acid
Caﬀeic acid
Syringic acid
p-Coumaric acid
Ferulic acid
Salicylic acid
Veratric acid
Sinapic acid
m-Coumaric acid
Rosmarinic acid

LOD
LOQ
(ng/μL) (ng/μL)
0.05
0.01
0.008
0.05
0.1
0.04
0.05
0.01
0.01
0.01
0.4
0.007
0.02
0.005

0.1
0.02
0.015
0.1
0.2
0.085
0.1
0.025
0.025
0.02
0.7
0.025
0.05
0.01

R2

Linearity range
(ng/μL)

0.9991
0.9967
0.9993
0.9972
0.9999
0.9975
0.9997
0.9982
0.9997
0.9986
0.9977
0.9987
0.9994
0.9985

0.1- 10
0.025-25
0.025-25
0.1-5
0.2-50
0.1-5
0.1-50
0.05-2.5
0.025-5
0.02-0.7
0.5-25
0.025-5
0.05-2.5
0.025-25

Pseudoalteromonadaceae, Enterobacteriaceae, and Shewanellaceae) isolated from coral reefs in Hainan (China). The highest inhibition was shown by Vibrio neocaledonicus (98.9%).

In the next step, the impact of the extract on the Hyal
(30 U/mg) inhibition, at the concentration 100 μg/0.16 mL
of the reaction mixture, was measured (Table 5). An inhibition ranged from 9.1 to 40.7%. The most active was the
extract from the roots of E. henryi (40.7%). In Załuski
et al.’s previous studies, aescin was used as the standard compound. The 30.1% level of inhibition was obtained for the
concentration of 100 μg [12]. It should be noticed that
the extract possesses chemical structures that may be used
as possible inhibitors of Hyal, showing a stronger potency
than aescin.
Kuźniewski et al. [34] have shown that the 75% ethanol
extracts from the autumn and spring leaves E. senticosus, at
the concentration of 22 μg/0.16 mL of the reaction mixture,
inhibited Hyal at the level of 74.3 and 33%, respectively.
The higher inhibition of the autumn leaves might result
from the higher amount of polyphenolic compounds, such
as tannins.
Furusawa et al. [35] reported the anti-Hyal activity of the
coﬀee silverskin, a by-product of the roasting procedure for
coﬀee beans. The IC50 value was at the level of 0.27 mg/mL.
In turn, McCook et al. [36] showed that tannic acid, at the
concentration of 0.05 mg/mL, inhibited Hyal at the level of
100%. Liyanaarachchi et al. [37] studied the inﬂuence of the
18 ethanol extracts on Hyal (4200 U/mL) activity at the
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Table 4: Phenolic acid contents expressed in μg per 1 g of dry weight of extracts. Mean values of three replicate assays with standard deviation.
E. gracilistylus

E. divaricatus∗

E. senticosus∗

E. henryi∗

E. sessiliﬂorus∗

Protocatechuic acid

446 ± 1

435 5 ± 5 5

838 ± 12

1865 ± 35

529 ± 1

Salicylic acid

<LOQ

30 6 ± 0 2

16 8 ± 1

<LOQ

41 4 ± 2 6

Caﬀeic acid

nd

49 ± 0 3

135 5 ± 3 5

244 ± 2

49 1 ± 0 3

30 6 ± 0 95

12 35 ± 0 12

23 6 ± 0 3

55 ± 0 2

<LOQ

64 6 ± 3

46 6 ± 3

43 9 ± 2 4

55 ± 1 8

11 ± 0 3

Phenolic acid

p-Coumaric acid
Ferulic acid
nd: not detected.

XIC of −MRM (27 pairs): 178.7/134.9 Da ID: caffeic 1 from Sample 75(2-10 mg/mL 066) of Datakrakow.wiff (Turbo Spray)

XIC of −MRM (27 pairs): 152.9/107.8 Da ID: protocatechuic 1 from Sample 75(2-10 mg/mL 066) of Datakrakow.wiff (Turbo Spray)
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Figure 1: An exemplary chromatogram in the MRM mode of phenolic acids occurring in E. henryi: 1—protocatechuic acid; 2—caﬀeic acid;
3—p-coumaric acid; 4—ferulic acid.

concentration of 500 μg/mL. The studies have revealed that
only 8 extracts have exhibited such an activity in the range
of 34.8 and 95% of inhibition. Curcuma aromatica exhibited
the best hyaluronidase inhibition activity (95%). Large-scale
studies were performed by Hwang et al. [38], in which the
inhibitory activity of 500 methanolic extracts of 500 species
from medicinal plants was analyzed. Only three MeOH
extracts inhibited more than 50% of Hyal activity at a

concentration of 2 mg/mL. The level of inhibition for these
3 species, Styrax japonica (stem extract), Deutzia coreana
(stem extract), Osmanthus insularis (stem-bark extract),
was 57.2, 53.5, and 53.1%, respectively.
Considering the anti-AChE and anti-Hyal activities of
diﬀerent extracts, it is hard to make a reliable comparison
because the researchers use the diﬀerent enzyme activity
units and extract concentrations. It is a major problem in
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Table 5: Antihyaluronidase and antiacetylcholinesterase activities
of extracts.
Sample

Anti-AChE∗
Anti-Hyal∗
(% inhibition)

E. gracilistylus

32 ± 0 8

14 9 ± 0 3

E. divaricatus

23 2 ± 0 9

11 ± 0 2

E. senticosus

26 1 ± 0 05

10 4 ± 0 6

E. henryi

19 6 ± 0 4

40 7 ± 1 1

32 ± 0 6

9 1 ± 0 05

E. sessiliﬂorus
∗

Results are the means ± standard deviation of triplicates.

antienzymatic activity assays for which the general protocols
for the assay should be developed. When the enzyme activity
unit was given, we included it in the manuscript. This problem has been resolved, e.g., in case of cytotoxic activity, where
according to the National Cancer Institute (United States)
plant screening program, a crude extract is generally considered to have in vitro cytotoxic activity if the IC50 is
<20 μg/mL. For compounds, the limit has been established
as 4 μg/mL [39].
3.4. Cytotoxic Activity. About 6 million of people die of cancer each year, and this trend is about to grow in the next
decades. Leukemia is a haematological disease caused by persistence of immature white blood cells in diﬀerent compartments of the organism mainly the bone marrow, lymph
node, spleen, and circulating blood. Plant-based chemicals
are a promising group of antileukemic agents, especially the
polyphenol group [40, 41]. Because Eleutherococcus spp.
contain polyphenols, we have studied an antileukemic activity of the extracts. The extracts inhibited a HL-60 cell line
growth with an IC50 value in the range of 270-2000 μg/mL
(Table 6). As a positive control, podophyllotoxin was used,
with the IC50 value of 0.0084 μg/mL. The previous studies
of Załuski et al. [42], on the cytotoxic activity of the 75% ethanol extracts from the roots of Eleutherococcus spp., have
revealed that the IC50 values ranged between 49 and
522 μg/mL, with the highest for E. divaricatus (49 μg/mL).
Comparing the 75% EtOH extracts to the 75% MeOH
extracts, it is seen that both types exhibited a weak inhibitory activity.
The higher IC50 values have been obtained for the isolated compounds and their derivatives. Hu et al. [43] studied
the cytotoxic activities of ﬁve stilbenoids isolated from the
stem bark of Acanthopanax leucorrhizus and six derivatives
against HL-60. Among 17 compounds, only two derivatives
(E)-3,5-dimethoxy-3′,4′-methylenedioxystilbene and 2-(3′hydroxy-4′-isopentenyl-5′-methoxyphenyl)-4-hydroxybenzofuran exhibited moderate cytotoxicities against HL-60
cell lines with the lower IC50 values of 30 51 ± 5 37 and
40 23 ± 6 12 μM, respectively. In turn, isolates showed a
weak inhibitory activity against HL-60, in the range of
98.6-200 μM.
The cytotoxic activity, against HL-60, was also exhibited
by the diﬀerent extracts [petroleum ether, Ch2Cl2, EtOAc,

EtOH, and EtOH/H2O (1 : 1 v/v)] prepared from the aerial
parts of Artemisia biennis Willd. Nevertheless, high IC50
values have been obtained, in the range of 54.3-200 μg/mL
[44]. The n-hexane, Ch2Cl2, EtOAc, EtOH, and EtOH/H2O
(1 : 1 v/v) extracts from another Artemisia species, Artemisia
turanica Krasch., have also shown a weak cytotoxic eﬀect
with the IC50 values of 68.8-450 μg/mL [45]. It should be
mentioned that petroleum ether, dichloromethane, ethyl acetate, ethanol, and 50% aqueous ethanol extracts of the aerial
parts of Artemisia ciniformis inhibited HL60 cell growth with
the IC50 value of 31.3-200 μg/mL [46].
Teixeira et al. [47] reported on the cytotoxic activity of
four ﬂavonoids isolated from the roots of Tephrosia egregia
Sandwith. Three compounds (pongaﬂavone, praecansone
B, and 12a-hydroxyrotenone) exhibited a high activity
against HL-60 cell line with the IC50 values of 1.4, 8.1, and
1.9 μg/mL.
Taking into account the antileukemic activity of polyphenols, we noticed that E. henryi was the most active
towards HL-60 and contains the highest amount of protocatechuic, p-coumaric, and caﬀeic acids. Another observation resulted from this study is that nonpolar extracts
are more cytotoxic than polar ones. A moderate/low cytotoxicity in our study may result from a high polarity of
extract constituents, for which a cell wall penetration is
limited. Further studies are needed to conﬁrm this activity
for the isolated compounds.
3.5. The Capacity of DPPH∗ Reduction. It is known that free
radicals are responsible for the development of many diseases, such as Parkinson’s disease, Alzheimer’s disease, or
amyotrophic latera sclerosis. Free radicals are constantly
produced in the brain in vivo, contributing to oxidative
damage of proteins and lipids. For this reason, in searching
for new antioxidants, a special attention should be paid to
compounds that act as an antioxidant and inhibitor of
AChE or BuChE. Nature is a signiﬁcant source of healthpromoting compounds that may be divided into two groups:
fruits and vegetables and medicinal plants [48]. Therefore,
in the next step, an antioxidative activity of the extracts
was examined. The extracts reduced DPPH∗ in a timedependent mode, at the concentration of 0.8 mg/mL
(Figure 2). After 90 min from 14.7 to 26.2%, DPPH∗ was
reduced. As a positive control, ascorbic acid was used, with
an EC50 value of 38 μg/mL (after 5 min of incubation). A
slow change of antioxidant activity in the time is in agreement with the adaptogen’s deﬁnition, according to which,
adaptogen should act slowly in a long-term mode. It should
be noticed that E. gracilistylus expressed the highest antiAChE activity and anti-DPPH∗ scavenging. Usually, free
radicals are associated with the neurodegenerative process
development; in this case, we can suppose that E. gracilistylus contain both compounds with anti-AChE activity and
anti-DPPH∗ .
Since a few years, the main attention has been paid to
fungi as a new source of antioxidants. By far, they were only
of culinary interest; however, around 650 species contain
therapeutic properties, e.g., Lentinus edodes, Boletus edulis,
or Grifola frondosa. They are rich in phenolic acids, such as
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Table 6: The cytotoxic impact of the extracts on HL-60 cell line (IC50 μg/mL).

E. gracilistylus
890 ± 3 7

E. divaricatus∗

E. senticosus∗

E. henryi∗

E. sessiliﬂorus∗

650 ± 2 9

450 ± 2 5

270 ± 1 1

2000 ± 3 4

Abbreviations

DPPH reduction (%)
26.2 ± 0.9

25
20

23.4 ± 0.44

18.9 ± 0.62

15

20.3 ± 0.7

19.4 ± 0.19

21 ± 0.63

24.7 ± 0.83
22.5 ± 0.8
21.5 ± 0.62
18.9 ± 0.49

16.4 ± 0.42

13.7 ± 0.3

8.1 ± 0.23

17.8 ± 0.43
17.9 ± 0.92

13.7 ± 0.48

13.3 ± 0.43

10

24.1 ± 0.11

23 ± 0.79
19.7 ±

18.1 ± 0.89
14.7 ± 0.94

13.6 ± 0.76

14.7 ± 0.57

9.7 ± 0.29

5
0
1 min

5 min

E. henryi
E. sessiliflorus
E. senticosus

10 min

60 min

90 min

E. gracilistylus
E. divaricatus

Figure 2: A time-dependent DPPH∗ reduction (%).

cinnamic, protocatechuic, p-hydroxybenzoic, p-coumaric,
and gallic [48].
The acetonic extracts from Boletus edulis and Boletus aestivalis have showed a powerful antioxidant activity with the
IC50 value of 4.72 and 8.63 μg/mL which were similar or
greater than those of the standard antioxidants, ascorbic acid
(EC50 4.22 μg/mL), BHA (EC50 6.42 μg/mL), and α-tocopherol (EC50 62.43 μg/mL) [49]. Higher values have been
obtained for Agaricus brasiliensis and Agaricus bisporus.
The 60% ethanol extracts from those fungi have shown a radical scavenging capability for EC50 1.6 and 2.7 mg/mL. In
turn, the aqueous extracts have had the EC50 value at the level
of 3.8 and 4.5 mg/mL [50].

4. Conclusions
The ethnopharmacological uses of Eleutherococcus spp. are
now conﬁrmed with an application of new approaches and
tools, in in vitro and in vivo models. Considering the inhibition of an AChE activity and DPPH∗ reduction, new inhibitors should be searched for in the roots of E. gracilistylus,
while inhibitors with an anti-Hyal or cytotoxic activity
should be searched for in the roots of E. henryi. New Hyal
inhibitors may have a possible use as ingredients of plantbased products, used, e.g., topically as cosmetics or in
treatment of skin diseases. Taking into account the results
obtained in this work, a further research should focus on
the isolation of single phytochemicals being responsible for
the anti-AChE, anti-Hyal, and cytotoxic eﬀects. Further
researches are needed to determine the antienzymatic activity with the use of modern approaches, such as the isothermal
calorimetric titration (ITC).

TPC:
TFC:
DNPH:
FeCl3:
GA:
HE:
QE:
DPPH∗ :
HL-60:
Hyal:
AChE:

Total phenolic content
Total ﬂavonoid content
2,4-Dinitrophenylhydrazine
Iron (III) chloride
Gallic acid
Hesperetin equivalent
Quercetin equivalent
2,2-Diphenyl-1-picrylhydrazyl
Human Caucasian promyelocytic leukemia from
American Type Culture Collection (ATCC CCL240™)
Hyaluronidase
Acetylcholinesterase.
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Background. The potential mechanism of postoperative cognitive impairment is still largely unclear. The activation of NLRP3
inﬂammasome had been reported to be involved in neurodegenerative diseases, including postoperative cognitive change, and is
closely related to mitochondrial ROS and mitophagy. Honokiol (HNK) owns multiple organic protective eﬀects. This study is
aimed at observing the neuroprotective eﬀect of HNK in postoperative cognitive change and examining the role of HNK in the
regulation of mitophagy and the relationship between these eﬀects and NLRP3 inﬂammasome activation in mice induced by
surgery/anesthesia. Methods. In this study, mice were divided into several groups: control group, surgery group, surgery+HNK
group, and surgery+HNK+3-methyladenine (3-MA) group. Hippocampal tissue samples were harvested and used for
proinﬂammatory cytokines, mitochondrial ROS, and malondialdehyde (MDA) assay. The process of mitophagy and the
activation of NLRP3 inﬂammasome were observed by Western blot, immunohistochemistry, and transmission electron
microscopy. Results. The results showed that HNK treatment obviously recovered the postoperative decline and enhanced the
expressions of LC3-II, Beclin-1, Parkin, and PINK1 at protein levels after surgery/sevoﬂurane treatment, which are both an
autophagy marker and a mitophagy marker. In addition, HNK attenuated mitochondrial structure damage and reduced
mtROS and MDA generation, which are closely associated with NLRP3 inﬂammasome activation. Honokiol-mediated
mitophagy inhibited the activation of NLRP3 inﬂammasome and neuroinﬂammation in the hippocampus. Using 3-MA, an
autophagy inhibitor, the neuroprotective eﬀects of HNK on mitophagy and NLRP3 inﬂammasome activation were eliminated.
Conclusion. These results indicated that HNK-mediated mitophagy ameliorates postoperative cognitive impairment induced by
surgery/sevoﬂurane. This neuroprotective eﬀect may be involved in inhibiting the activation of NLRP3 inﬂammasome and
suppressing inﬂammatory responses in the hippocampus.

1. Introduction
Surgery/anesthesia is often an inevitable medical intervention in many patients during hospitalization. Postoperative
cognitive decline (POCD) describes a cluster of cognitive
behavior abnormalities including a relative drop in learning and memory performance on a set of neuropsychological tests from before to after surgery [1]. Dissecting the
mechanisms of POCD becomes important, not only

because it is a pathophysiological problem that we do
not yet illuminate completely but also because it is a
common postoperative complication that aﬀects the quality of the patients’ daily life and long-term outcome [2].
Like Alzheimer’s disease (AD) and other neurodegenerative diseases, the potential pathophysiological mechanism
of POCD may also be involved in neuroinﬂammation,
oxidative stress, blood-brain barrier dysfunction, and
apoptosis [2–6].

2
In recent years, several lines of studies have focused their
attention on inﬂammasomes, which are essential components of the innate immune system and play a pivotal role
in pro- or anti-inﬂammatory homeostasis [6–8]. Inﬂammasomes are intracellular multiprotein complexes that drive
the activation of inﬂammatory responses. Among all types
of inﬂammasomes, such as NLRP1, NLRP3, NLRC4, and
AIM2, NLRP3 is the most studied one, especially in the
central neural system [9, 10]. NLRP3 inﬂammasome activation could recruit and activate Caspase-1, leading to the
secretion of mature IL-1β and IL-18 and the initiation of a
novel form of cell death named pyroptosis [11]. Emerging
evidence showed that NLRP3 inﬂammasomes could be identiﬁed in microglia, astrocytes and neurons, which induced
neuroinﬂammation in a series of neurodegenerative diseases
[7, 8, 12, 13]. So, in the surgery/sevoﬂurane model, we can
observe whether the NLRP3 inﬂammasome was activated
and could inﬂuence the neurological outcome. Moreover, a
set of researches have also uncovered that the high levels of
reactive oxygen species (ROS) are a common step that is
essential for the formation of NLRP3 inﬂammasome [14].
Mitophagy, an autophagic process that speciﬁcally autophagically degrades damaged and free radical-generating
mitochondria, regulates the mitochondrial homeostasis and
cellular survival [15]. As mitophagy is impaired, the overaccumulation of mitochondrial ROS from the damaged mitochondria could induce NLRP3 inﬂammasome activation
and lead to the inﬂammatory cascade [16]. Therefore, recent
studies have demonstrated that regulation of autophagy/
mitophagy may be a novel target for NLRP3-dependent
proinﬂammatory responses in CNS disorders and metabolic
inﬂammation.
Honokiol (HNK) (2-(4-hydroxy-3-prop-2-enyl-phenyl)4-prop-2-enyl-phenol) is a bioactive compound obtained
from Magnolia grandiﬂora, a species of magnolia common
in Japan, which possesses multiple properties including antitumor, antiarrhythmic, antithrombocytic, anti-inﬂammatory,
antiangiogenesis, and antioxidative activities in vivo and
in vitro [17–21]. In previous studies, we found that honokiol
have the protective eﬀect on amyloid β oligomer-induced
Alzheimer’s disease in mice via attenuating mitochondrial
apoptosis [22]. And in our preliminary studies (unpublished),
honokiol could also ameliorate the oxidative stress and
neuroinﬂammation in mice induced by surgery/anesthesia.
However, the inﬂuence of HNK on mitophagy and its
relationship with the NLRP3 inﬂammasome in surgery/
sevoﬂurane models are still unknown.
In the present study, to improve the understanding of
the neuroprotective eﬀect of HNK in POCD, we observed
the role of HNK in the regulation of mitophagy and the
relationship between these eﬀects and NLRP3 inﬂammasome
activation in mice induced by surgery/anesthesia.

2. Materials and Methods
2.1. Animals. The animal use and care protocols were
approved by the Animal Ethics Committee of Zhongnan
Hospital of Wuhan University, Hubei, China. 4-month-old
adult female C57BL/6J mice weighing 20–25 g were
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purchased from the Beijing Vital River Laboratory. All animals were acclimatized to the laboratory condition for at
least 7 days prior to use. The environment of animal
housing was under a 12-h/12-h light/dark cycle at 25°C
and 50%-65% humidity with free access to food and water.
2.2. Experimental Group and Treatment. Animals were
divided into six groups: (1) control group; (2) surgery+
vehicle group (mice treated with vehicle for 1 week and
underwent surgical operation); (3) surgery+HNK group
(mice treated with HNK and underwent surgical operation);
(4) surgery+HNK+3-MA group (mice treated with HNK and
3-MA and underwent surgical operation); (5) control+HNK
group (control mice pretreated with HNK); and (6) control+
HNK+3-MA group (control mice pretreated with HNK and
3-MA). Both honokiol and 3-MA were obtained from
Sigma–Aldrich (St. Louis, MO, USA). They were dissolved
in 0.5% dimethyl sulfoxide (DMSO). The animals received
daily intraperitoneal injections of HNK at a dose of 10 mg/kg,
3-MA at a dose of 2 mg/kg, or DMSO for 7 days before the
surgery. The control group mice received daily intraperitoneal injections of equal volume (0.5 mL) 0.5% DMSO for 7
days. Drug dosages were selected based on data from previous studies [23, 24] and preliminary experiments.
After fear conditioning training for 1 day, all animals
received surgery/sevoﬂurane exposure. The open-ﬁeld test
(OFT) was achieved 20 min before each test phase of fear
conditioning at postoperative 1, 3, and 7 days. And then the
mice performed the fear conditioning test (FCT). After each
test, the OFT and the FCT were washed with 75% ethanol to
eliminate olfactory cues. The mice were sacriﬁced for biochemistry detection 1 h after all behavioral evaluations. The
detailed study plan is graphically described in Figure 1.
2.3. Anesthesia and Surgery. The mice were subjected to
abdominal exploratory surgery under general anesthesia via
inhaling sevoﬂurane. Brieﬂy, animals were anesthetized with
5% sevoﬂurane and maintained with 3% sevoﬂurane carried
by 5 L/min oxygen. To avoid carbon dioxide retention and
deep anesthesia, the concentration of sevoﬂurane and carbon
dioxide was continuously monitored by an anesthesia gas
monitor (Dräger Medical GmbH, Lübeck, Germany). Under
spontaneous breathing, a 3 cm midline abdominal incision
was made in the midline and the abdominal organs were
explored gently with sterilized gauze. Using 9/0 Prolene
sutures (Ethicon, USA), the incision was closed neatly. Then,
a 0.2% lidocaine solution was administered subcutaneously
for postoperative analgesia. All processes lasted approximately 50 mins. And a heat pad was utilized to keep the rats’
body temperature at ~37°C during the surgery. At the end of
the operation, 0.5 mL saline was administered by intraperitoneal injection for ﬂuid supplementation. The mice of the
control group did not receive the surgical operation.
2.4. Open-Field Test. To assess the eﬀect of surgery/
sevoﬂurane on locomotor activity of the mice, we performed
the open-ﬁeld test in an open-ﬁeld chamber (60 × 60 × 40 cm)
under dim light. The ﬂoor of a plastic transparent box was
divided in 16 equal-sized squares. The center zone was the

Oxidative Medicine and Cellular Longevity

3

3-MA (2 mg/kg, i.p.)
treatment daily for 1 week
−1

0

OFT, FCT OFT, FCT
1
3

OFT, FCT
7 (days)

FCT training Surgery/
sevoflurane
HNK (10 mg/kg, i.p.)
treatment daily for 1 week

HC tissue HC tissue
collection collection
and assay and assay

HC tissue
collection
and assay

Figure 1: The study plan and schematic diagram of the experimental timeline. HNK: honokiol; FCT: fear conditioning test; OFT: open-ﬁeld
test; HC: hippocampus.

four squares in the center and the periphery was the 12
squares along the walls. Each animal was put into the center
of the box and was permitted to travel for 5 min. The total
travelled distance and the amount of time spent in the center
zone were recorded via the ANY-maze animal tracking
system software (Xinruan, Shanghai, China).
2.5. Fear Conditioning Test. Fear conditioning tests (FCT)
were performed to assess memory in animals. The freezing
behavior times of the mice reﬂect the capacity of learning
and memory. Based on previously published studies, FCT
includes two parts: a training phase at 1 day before surgical
operation and a test phase at postoperative 1 day and 3 days.
In the training phase, the mice were trained for fear
conditioning to establish the long-term memory. All animals
were in the same training session and allowed to adapt to
the environments (context) for 120 seconds, followed by
six cycles of conditional-unconditional stimuli. A cycle of
conditional-unconditional stimuli was then applied as a
20 s, 80 dB tone (conditional stimuli)—30 s delay—5 s,
0.75 mA electrical foot shock (unconditional stimuli). The
cycles of conditional-unconditional stimuli were separated
by random intervals from 45 to 60 seconds.
The context test, which reﬂects hippocampal-dependent
memory, is the part of FCT. 1, 3, and 7 days after surgical
operation, all the mice were placed back into the original
conditioning box for 5 min, where no tone and no shock
were produced. The percentage of time spent not moving
(percentage freezing time) was captured and recorded by
a video camera mounted above the center of the pool.
2.6. Apoptosis Detection in the Hippocampus. After behavioral tests, the mice were deeply anesthetized with pentobarbital sodium (50 mg/kg). To clear the blood in the circulatory
system, the mice underwent a thoracotomy for transcardial
perfusion with 0.9% NaCl, followed by 4% paraformaldehyde. Then, the ﬁxed brain was removed and postﬁxed in
4% paraformaldehyde overnight at 4°C, then embedded in
paraﬃn. Terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) staining was performed
according to the manufacturer’s instruction (Roche, South
San Francisco, CA, USA). Neuronal apoptosis was analyzed
in the hippocampus sections. The quantiﬁcation of TUNEL-

positiveneurons in the hippocampal CA1 and DG was performed by a pathologist in 3 ﬁelds per slide randomly at
200× magniﬁcation.
2.7. Immunohistochemistry. The mice were deeply anesthetized with pentobarbital sodium (50 mg/kg) and perfused
intracardially with saline followed by 4% paraformaldehyde.
Then, the ﬁxed cerebral tissues were postﬁxed in 4% paraformaldehyde at 4°C for 24 h and embedded in paraﬃn. The
brain sections (4 μm thickness) were incubated overnight at
4°C with a primary antibody against NLRP3. After washing
carefully in PBS for about 15 min, the sections were then
incubated with a second antibody (1 : 200) and AB work solution (Vector Laboratories, Burlingame, CA, USA) for 30 min
at room temperature. DAB solution was used to visualize the
staining of NLRP3.
2.8. Transmission Electron Microscopy. 1 mm3 tissue from the
brain tissues from each group of mice was cut and ﬁxed with
a solution containing 2% (v/v) glutaraldehyde and 4% formaldehyde in 0.1 M sodium cacodylate, pH 7.4, for 15 min at
room temperature. The ﬁxed samples were then treated
at the Wuhan Institute of Virology, Chinese Academy of
Sciences, for further steps as previously described. Images
were acquired using a Tecnai G2 20 TWIN transmission
electron microscope.
2.9. Western Blot. After behavior tests, the mice were killed
and their hippocampal tissues were harvested. Total proteins
were separated by SDS-PAGE after denaturation and transferred onto polyvinylidene diﬂuoride (PVDF) membranes.
After blocking with 5% skim milk, the membranes were
incubated with rabbit anti-mouse monoclonal antibodies
against NLRP3 (1 : 200, Novus, USA); Caspase-1 and ASC
(1 : 200, Santa Cruz, CA, USA); PINK1, Parkin, and
Beclin-1 (1 : 500, 1 : 1000, and 1 : 500, respectively, Abcam,
Cambridge, UK); LC-3 (1 : 10000; Cell Signaling, USA); and
GAPDH (1 : 1000, Abcam, Cambridge, UK) overnight at
4°C with shaking. Then, the membranes were washed in
TBST. After that, the membranes were washed and incubated
with secondary antibody anti-rabbit IgG (1 : 2000, Santa
Cruz, CA, USA) for 1.5 h at room temperature. All blots were
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scanned and analyzed using the Odyssey Infrared Imaging
System (LI-COR Biosciences).
2.10. Isolation of Mitochondria from the Hippocampus. The
intact mitochondria of the hippocampal region were isolated
from the fresh hippocampus by using a tissue mitochondria
isolation kit (Beyotime, China). Brieﬂy, the hippocampus
tissues were homogenized in an ice-cold buﬀer as previously
described [25]. And then, the homogenate was centrifuged at
6000×g at 4°C for 5 min. After that, the collected supernatant
was then centrifuged at 11000×g at 4°C for 10 min to
obtain a mitochondrial pellet. Then, the pellet was stored
as mitochondria and suspended in the mitochondrial storage
ﬂuid provided in the kit.
2.11. Enzyme-Linked Immunosorbent Assay (ELISA). We
detected the hippocampal levels of IL-1β and TNF-α at 24 h
after isoﬂurane exposure by ELISA kits (R&D Systems,
DY401) following the protocols provided by the manufacturer (Abcam). Readings were normalized to the amount of
a standard protein.
2.12. Statistical Analysis. All statistical analyses were performed with SPSS12 (SPSS Inc., Chicago, IL) and GraphPad
Prism 5 (GraphPad, San Diego, CA). All data are presented
as mean ± standard error of the mean (SEM). Statistical analysis of diﬀerences between groups was performed by using a
one-way ANOVA followed by a SNK test for post hoc comparisons; p < 0 05 was considered statistically signiﬁcant.

3. Results
3.1. HNK Enhanced Cognitive Recovery in Surgery/
Sevoﬂurane-Treated Mice. Previous and our preliminary
studies showed that surgery/anesthesia (sevoﬂurane or isoﬂurane) induced behavioral and cognitive impairment in
mice.
To evaluate the postoperative cognitive decline in mice
induced by surgery/sevoﬂurane and the protective eﬀect of
HNK, we assessed locomotor activity, learning, and memory
by using the open-ﬁeld test and the contextual fear conditioning tests, respectively.
In the open-ﬁeld test, there are no signiﬁcant diﬀerences
in the total distance among the groups at postoperative 1, 3,
and 7 days. These data suggested that surgery/sevoﬂurane,
HNK, and 3-MA had no eﬀect on the locomotor activity of
the mice.
In the contextual fear conditioning test, there are signiﬁcant diﬀerences among the groups at postoperative 1, 3, and 7
days. Meanwhile, we found that HNK or 3-MA pretreatment
alone did not change the cognitive function of the control
mice (p > 0 05). Besides, we also observed that surgery under
sevoﬂurane anesthesia could reduce the freezing time of the
contextual fear response compared with the control group
up to postoperative 7 days, indicating the hippocampal
impairments with postoperative cognitive decline (p < 0 05,
Figures 2(d)–2(f)). Notably, HNK prevented the memory
impairment from surgical stress and restored freezing
behavior, the index for memory retention in mice (p < 0 05,
Figures 2(d)–2(f)). However, 3-MA, an autophagy and
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mitophagy inhibitor, abolished the protective eﬀect of
HNK (p < 0 05, Figures 2(d)–2(f)). These data indicated that
HNK may regulate autophagy or mitophagy to provide neuroprotection in postoperative cognitive impairment.
3.2. HNK Improved Mitophagy and Reduced the Levels of
Mitochondrial ROS in the Hippocampus of Mice Induced by
Surgery/Sevoﬂurane. To evaluate the levels of autophagy
and mitophagy in mice under surgery operation, we examined the expressions of autophagy and mitophagy biomarkers
by Western blotting and immunoﬂuorescence. And ultrastructural morphological changes of the mitochondria were
observed by transmission electron microscopy (TEM). Surgery under sevoﬂurane could upregulate the expression
levels of autophagy-related proteins, LC3-II, and Beclin-1,
compared with the control group up to postoperative 7
days (p < 0 05, Figure 3). Intriguingly, pretreatment with
HNK could further enhance the expression of autophagy
biomarkers compared with the surgery/sevoﬂurane group
(p < 0 05, Figure 3). And 3-MA markedly decreased the
HNK-induced autophagy enhancement in mice under
surgery/sevoﬂurane (p < 0 05, Figure 3).
Double immunoﬂuorescence suggested that Beclin-1
was colocalized with positive staining of Iba-1 and NeuN
(microglia and neuron marker, respectively) in the hippocampus at 1 day after surgery/sevoﬂurane. These results
demonstrated that autophagy activation could occur in
the two most common types of neuronal cells of mice
induced by surgery/sevoﬂurane. Meanwhile, the expression
of microglial marker Iba-1 was upregulated in the hippocampus of the mice in the surgery group on postoperative
1 day compared to the control group (Figure 3, p < 0 05).
For autophagy, the expression of Beclin-1 was upregulated
in the hippocampus of mice at 1 day after surgery/anesthesia
compared to the control group, while HNK pretreatment
could further augment the Beclin-1 expression in the hippocampus and 3-MA inhibited these results (Figure 3, p < 0 05).
However, diﬀerent treatments had no eﬀect on the NeuN
expression (p > 0 05).
Mitophagy, a process of selective autophagy, removed
damaged and superﬂuous mitochondria from the cell by
the Parkin/PINK1 pathway. The mice underwent surgery/
sevoﬂurane and promoted the PINK1 and Parkin protein
expression compared with the control group up to postoperative 7 days, whereas HNK pretreatment further improved
these expressions (p < 0 05, Figures 4(a)–4(c)). Moreover,
3-MA intervention could ameliorate the upregulation of
these mitophagy-related proteins (p < 0 05, Figures 4(a)–
4(c)). Mitochondrial ROS (mtROS) and malondialdehyde
(MDA) can also reﬂect mitochondria function and the degree
of oxidative stress. There are signiﬁcant diﬀerences among
the groups at postoperative 1, 3, and 7 days (Figures 4(d)
and 4(e)). The levels of MDA and mtROS were signiﬁcantly
increased in the surgery/sevoﬂurane mice compared with
the control group, which was consistent with mitochondrial
structure damage. And HNK treatment made a marked
reduction on mtROS and MDA compared with the control
group (p < 0 05, Figures 4(d) and 4(e)). Inhibition of mitophagy by 3-MA exaggerated the content of mtROS and
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Figure 2: The eﬀects of HNK on cognitive recovery in surgery/sevoﬂurane-treated mice. (a–c) The total distance traveled during 5 min of
open-ﬁeld exploration at postoperative 1, 3, and 7 days. (d–f) The percentage of freezing time during 5 min in context test (test phase of
the FCT) at postoperative 1, 3, and 7 days. The data are presented as the mean ± standard error of the mean for each group (n = 6 per
group). # p < 0 05 versus the control group; $ p < 0 05 versus the surgery+vehicle group; and & p < 0 05 versus the surgery+HNK group.

MDA in the mice which underwent surgical stress up to 7
days (p < 0 05, Figures 4(d) and 4(e)).
Based on TEM, we observed that surgery under sevoﬂurane could induce mitochondrial structure damage at
postoperative 1 day (Figure 5). Compared to healthy cellular
organelles in the control group, severe cell damage appeared
in the surgery/sevoﬂurane group. Nuclear membrane shrinkage, dark mitochondrial matrix, and structural disorganization of the mitochondrial cristae were found in the
hippocampus of the surgery/sevoﬂurane mice. Besides, other
organelles are vague and diﬃcult to recognize; HNK ameliorated the destruction of mitochondria in the hippocampus.
However, the protective eﬀects were eliminated in the
3-MA intervention group.
These above results suggested that the augmentation of
mitophagy by HNK may contribute to the maintenance of
mitochondrial quality following surgery/sevoﬂurane.
3.3. HNK Alleviates the Activation of NLRP3 Inﬂammasome
and Microglia in the Hippocampus of Mice Treated by
Surgery/Sevoﬂurane. Accumulation of mitochondrial ROS is
one of the triggers of NLRP3 inﬂammasome activation,

which exaggerates the inﬂammatory response and expedites
proinﬂammatory cytokine release.
We determined the eﬀects of surgery and HNK and/or
3-MA pretreatment on the expression of NLRP3, ASC,
Caspase-1, IL-1, and IL-8 in the hippocampus of the mice
on postoperative days 1, 3, and 7 by Western blotting, ELISA,
and immunohistochemistry, respectively. Surgery/anesthesia
led a marked increase in the expressions of NLRP3, ASC, and
Caspase-1 in the hippocampus on postoperative days 1, 3,
and 7 compared to the control group (Figures 6(a)–6(d)).
These mice that received HNK pretreatment had downregulated the expression of NLRP3, as well as decreased
the hippocampal expression of ASC and Caspase-1 on
postoperative days 1, 3, and 7. Additionally, 3-MA eradicated the inhibition eﬀects of HNK on NLRP3 inﬂammasome activation.
The increased secretion of proinﬂammatory cytokines,
including IL-1β and IL-18, is in parallel with the NLRP3
inﬂammasome activation. ELISA analysis showed that the
concentration of IL-1β and IL-18 increased signiﬁcantly in
the surgery/anesthesia group at postoperative 1, 3, and 7 days,
whereas HNK treatment notably suppressed the expressions
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Figure 3: The eﬀects of HNK on autophagy in the hippocampus of mice induced by surgery/sevoﬂurane. (a–d) The Western blot
representative blots of autophagy-related proteins, LC3-II, and Beclin-1 (n = 6 per group). (e, f) Representative double
immunoﬂuorescence labeling of Beclin-1 with NeuN and Iba-1 in the CA1 at 24 h after surgery/sevoﬂurane. Scale bar = 50 μm. The data
are presented as the mean ± standard error of the mean for each group (n = 6 per group). # p < 0 05 versus the control group; $ p < 0 05
versus the surgery+vehicle group; and & p < 0 05 versus the surgery+HNK group.

of IL-1β and IL-18 compared with the surgery/anesthesiainduced mice (Figures 6(e)–6(g)). Microglia activation
also reﬂects neuroinﬂammation. Pretreatment with HNK
resulted in a decreased Iba-1 expression on postoperative
1 day, while 3-MA treatment could result in an increased
Iba-1 expression compared to the surgery group, which
indicated the diﬀerent activation of microglia (Figure 3(f)).
3.4. HNK Suppresses Neuronal Apoptosis in the Hippocampal
CA1 and DG Regions of Mice Induced by Surgery/Sevoﬂurane.
To reveal whether mitophagy was associated with the

neuronal apoptosis, 3-MA was utilized as described above
in the surgery/sevoﬂurane-induced mice. As shown in
Figure 7, TUNEL-positive cells were rarely detected in the
control group, whereas there were more TUNEL-positive
cells in the surgery/sevoﬂurane group compared to the control group, suggesting that surgery/sevoﬂurane led to neuronal damage. HNK pretreatment dramatically deceased the
neuronal apoptosis in both the hippocampal CA1 and DG
regions compared with the surgery/sevoﬂurane group.
However, 3-MA inhibited the neuroprotection of HNK on
neuronal apoptosis.

Oxidative Medicine and Cellular Longevity

7
1 day

3 days

7 days

PINK1

63kDa

Parkin

52kDa

GAPDH

37kDa

(d)

&

0.5
S + HNK

S + 3-MA + HNK

0.0

60

7 days
#

40

$

&

20
S + 3-MA + HNK

S + HNK

Surgery

0
Control

MDA (nmol/mgprot)

S + 3-MA + HNK

S + HNK

S + 3-MA + HNK

S + HNK

0

&

$

Surgery

20

3 days
#

50
40
30
20
10
0
Control

$

&

MDA (nmol/mgprot)

40

Surgery

S + 3-MA + HNK

S + HNK

Surgery

$

60

1 day
#

Control

&

MDA (nmol/mgprot)

#

Control

S + HNK

7 days

400
300
200
100
0

S + 3-MA + HNK

$

mtROS level
control (%)

&

#

Surgery

S + 3-MA + HNK

S + HNK

Surgery

$

400
300
200
100
0

#

(c)
3 days

Control

&

mtROS level
control (%)

400
300
200
100
0
Control

mtROS level
control (%)

(b)
1 day
#

&

0.0

$

1.0

Surgery

0.5

7 days

1.5

Control

#

Relative expression
Parkin/GAPDH

S + HNK

S + 3-MA + HNK

Surgery

0.0

1.0

S + 3-MA + HNK

0.5

&

Surgery

#

$

S + HNK

1.0

3 days

1.5

Control

$

Relative expression
Parkin/GAPDH

1 day

1.5

Control

S + 3-MA + HNK

&

S + HNK

Surgery

#

Relative expression
Parkin/GAPDH

7 days
$

1.0
0.8
0.6
0.4
0.2
0.0
Control

Relative expression
PINK1/GAPDH

S + HNK

S + 3-MA + HNK

&

#

Surgery

S + 3-MA + HNK

&

S + HNK

Surgery

#

3 days
$

1.0
0.8
0.6
0.4
0.2
0.0
Control

$

Relative expression
PINK1/GAPDH

1 day

0.8
0.6
0.4
0.2
0.0
Control

Relative expression
PINK1/GAPDH

(a)

(e)

Figure 4: The eﬀects of HNK on mitophagy and oxidative stress in the hippocampus of mice induced by surgery/sevoﬂurane. (a–c) The
Western blot representative blots of mitophagy-related proteins, Parkin, and PINK1 (n = 6 per group). (d, e) The oxidative indicators
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Figure 5: Ultrastructural mitochondrial change in the hippocampus after surgery/sevoﬂurane exposure: (a) healthy nuclear membrane (black
arrowheads), mitochondria (white arrowheads), and cytoplasmic Golgi complexes (black pentagram) in the control group; (b) severe cell
damage appeared in the surgery/sevoﬂurane group: nuclear membrane shrinkage (black arrowheads), mitochondrial matrix appeared
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(c) in the surgery+HNK group, the degree of cellular organelles above were reduced; and (d) in the surgery+HNK+3-MA group, the
protective eﬀects of HNK on cellular organelles were reversed (scale bar = 1 μm).
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Figure 6: The eﬀects of HNK on NLRP3 inﬂammasome activation in the hippocampus induced by surgery/sevoﬂurane. (a–c) The Western
blot representative blots of NLRP3, ASC, and Caspase-1 (n = 6 per group). (d) The immunohistochemistry of NLRP3 in the hippocampus at
24 h after surgery/sevoﬂurane. (e–g) The concentration of IL-1β and IL-18 in the hippocampus at postoperative 1, 3, and 7 days. The data are
presented as the mean ± standard error of the mean for each group. # p < 0 05 versus the control group; $ p < 0 05 versus the surgery+vehicle
group; and & p < 0 05 versus the surgery+HNK group.

4. Discussion
POCD can deteriorate surgery and lead to an induction of
morbidity and mortality in patients [26]. Revealing the
pathogeny and treatments for POCD are beneﬁcial for the

increase of hospitalization comfort and improvement of the
long-term outcome. In the current study, we ﬁrst provided
evidence that mitophagy or autophagy was involved in
postoperative cognitive impairment induced by surgery/
sevoﬂurane in mice. Honokiol could further induce the
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Figure 7: The eﬀects of HNK on neuronal apoptosis in the hippocampal CA1 and DG regions of mice induced by surgery/sevoﬂurane.
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control group; $ p < 0 05 versus the surgery+vehicle group; and & p < 0 05 versus the surgery+HNK group.

mitophagy in surgery/sevoﬂurane-induced mice. Besides,
honokiol inhibited the activation of NLRP3 inﬂammasome
after surgery/sevoﬂurane treatment and alleviated the neuroinﬂammation in mice. Pretreatment with honokiol could
also preserve neuronal apoptosis and alleviate cognitive
decline following surgery/sevoﬂurane treatment. In addition,
3-MA, an autophagy and mitophagy inhibitor, reversed the
neuroprotective eﬀect of HNK on the inhibition of NLRP3
inﬂammasome activation. These results demonstrated that
HNK-mediated mitophagy ameliorates postoperative cognitive impairment induced by surgery/sevoﬂurane in mice via
inhibiting the activation of the NLRP3 inﬂammasome.
Surgical stress and long duration of inhaled anesthetics
can then prompt the activation of immune cells which
contributes to neuroinﬂammation and cognitive change
[27, 28]. Without eﬀective intervention, the transformation
from acute neuroinﬂammation to chronic neuroinﬂammation, which was accompanied by neutrophil inﬁltration and
microglia/macrophage activation, may result in neuronal
death, disruption of the blood-brain barrier, and brain
edema [26, 29–32]. All the time, anti-neuroinﬂammatory

strategies exhibit potential therapeutic eﬀects against surgery/
anesthesia exposure and improve cognitive functions after
surgery/anesthesia stress. In recent years, the NLRP3
inﬂammasome became a research focus in a series of diseases, such as diabetes, neurodegenerative disorders, and
brain trauma. Previous studies showed that the MPTP
mouse model of Parkinson’s disease, traumatic brain injury,
cerebral ischemia-reperfusion injury, and isoﬂuraneinducedhippocampal inﬂammation can induce the NLRP3
inﬂammasome activation [6, 8, 33]. Moreover, the inhibition of the NLRP3 inﬂammasome provided robust neuroprotective response in these pathophysiological processes,
which was associated with NLRP3-mediated inﬂammation and reduction of proinﬂammatory cytokines. Our
ﬁndings also suggested that HNK could eﬀectively suppress
NLRP3 inﬂammasome activation and subsequent inﬂammatory cytokine expression. Immunoﬂuorescence results also
showed that trends of microglia activation are correlated with
the NLRP3 inﬂammasome expression in surgery/sevoﬂurane-induced mice, which is consistent with previous studies. Emerging evidences demonstrated that NLRP3 seems
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sensitive to the imbalance of cellular homeostasis, so there
are a great many of NLRP3 activators, such as low intracellular K+ concentration, lysosomal lysis, mitochondrial ROS,
or mitochondrial DNA released from damaged mitochondria and Ca2 ﬂux [11]. In our studies, we further detected
the levels of mitochondrial ROS and MDA, which could
reﬂect the relationships between oxidative stress and the
NLRP3 inﬂammasome. Our results showed that HNK
possessed strongly antioxidant capacity which decreased
the levels of mtROS and was critical for the reduction
of the NLRP3 inﬂammasome. This study may be the ﬁrst
to exhibit the bridge between oxidative stress and
NLRP3-mediated neuroinﬂammation in postoperative
cognitive decline induced by surgery/sevoﬂurane.
Mitochondria are the primary platforms for energy production and are hypersensitive to the surgical stress. When
mitochondrial function is damaged, the overplus of ROS,
especially for mitochondrial ROS, is deleterious for the
normal physiological state and could cause oxidative stress
and inﬂammation, which are the basis of a wealth of diseases, such as diabetes and cerebral/myocardial ischemiareperfusion injury [34, 35]. In the view of mitochondrial
morphology and biochemical results, we found that HNK
eﬀectively blunted the mitochondrial injury (decrease of
swelling mitochondria) and the degrees of oxidative stress.
These results provided a novel sight for NLRP3 inﬂammasome activation in postoperative cognitive decline induced
by surgery/sevoﬂurane.
Mitophagy, as a selective autophagy, is a crucial mediator of the degradation of injured mitochondria. Larger numbers of evidence have indicated that autophagy/mitophagy
emerges in response to various conditions, such as nutrient
depletion, mitochondrial dysfunction, or red blood cell maturation, and has a signiﬁcant impact on a series of diseases
[36]. Lin et al. showed that inhibition of mitophagy could
aggravate the neuroinﬂammation induced by traumatic
brain injury. And melatonin enhanced mitophagy through
the mTOR signaling pathway, then ameliorated the TBItriggered neuroinﬂammation [37]. And not all mitophagy
is processed by the Parkin/PINK1 pathway. Studies of the
Bnip3/Nix pathway and the Parkin/PINK1 signaling pathway all have a direct connection between defective mitochondria and mitophagy [36]. The diﬀerence is that the Parkin/
PINK1 pathway depends on the voltage-dependent inhibition in the autophagosome clearance process [38, 39]. And
the dysfunction of the Parkin/PINK1 mechanism may lead
to defects in mitochondrial morphology, dynamics, and
function and result in an imbalance in mitochondrial fusion
and ﬁssion. However, mitophagy involved in the Bnip3/Nix
pathway may be crucial for maintaining the number and
the function of mitochondria during cell diﬀerentiation and
dediﬀerentiation [40]. In our studies, we found that HNK
increased the mitophagy-related proteins, Parkin/PINK1,
and protected the abnormal mitochondrial structure (e.g.,
fragmented cristae and swollen, distorted mitochondrial
morphology) in the surgery/sevoﬂurane model, suggesting
that increased mitophagy may eliminate more damaged
and dysfunctional mitochondria and may be helpful in
reducing the overproduction of ROS. These signaling
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pathways may be the upstream of NLRP3 inﬂammasome
activation. And diﬀerent disease models have demonstrated
the assumption above. For example, Kim et al. demonstrated
that SESN2/sestrin2, an autophagic inducer, prevents sepsis
by inducing mitophagy and inhibiting NLRP3 via an increase
of unc-51-like kinase 1 protein activity and levels [41].
Consistent with these outcomes, Zhong et al. observed that
the NF-κB signaling pathway can translocate the increased
cargo receptor p62 to damaged mitochondria, which are
recognized by Parkin-dependent ubiquitin and induce
mitophagic clearance. The intrinsic regulatory loop “NF-κBp62-mitophagy” in the macrophage restrains NLRP3 inﬂammasome activation and maintains homeostasis [42]. Our
ﬁndings and these studies indicate that mitophagy is one of
the self-limiting systems to protect tissues and organs from
hyperinﬂammation and favor tissue repair.
However, it is noted that there are some limitations in our
current study. Firstly, in view of behavior tests, we just
performed three timepoints (postoperative 1, 3, and 7 days).
Due to lack of behavioral data at postoperative 28 days and
continuous monitoring within postoperative 24 hours, we
failed to understand the ﬂuctuations of cognitive impairment. Further investigation would observe the long-term
postoperative cognitive change. Second, in our studies, we
just measured the related indicator only in the hippocampus.
Several studies also have reported that other brain regions,
such as the prefrontal cortex and amygdaloid nucleus,
could participate in cognitive function. So, these regions
would be investigated in the future. Third, considering the
antianxiety property of HNK and our previous study, we
cannot exclude the possibility that the change in anxiety
levels by HNK hindered the freezing behavior in the fear
conditioning test in mice. Finally, due to the expensive
price and limited number, we only used 8-week-old female
mice but not the aged mice. However, several studies have
shown that surgical stress could also induce cognitive
change in female mice. And in the future investigation,
we will add the observation of the eﬀects of surgery/sevoﬂurane on postoperative cognitive decline in mice of diﬀerent sexes and ages.

5. Conclusions
Taken together, our study deepened the understanding of the
neuroprotective eﬀects of HNK on surgery/sevoﬂuraneinduced postoperative cognitive impairment and detected a
novel therapeutic target. Our results indicated that honokiolmediatedmitophagy ameliorates postoperative cognitive
impairment induced by surgery/sevoﬂurane. This neuroprotective eﬀect may be involved in inhibiting the activation of
the NLRP3 inﬂammasome and suppressing inﬂammatory
responses in the hippocampus.
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The datasets analyzed during the current study are available
from the corresponding author on reasonable request.
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Parkinson’s disease (PD) is the second most common neurodegenerative disease in the elderly, which is clinically characterized by
bradykinesia, resting tremor, abnormal posture balance, and hypermyotonia. Currently, the pathogenic mechanism of PD remains
unclear. Numerous clinical studies as well as animal and cell experiments have found a certain relationship between the vitamin
family and PD. The antioxidant properties of vitamins and their biological functions of regulating gene expression may be
beneﬁcial for the treatment of PD. Current clinical evidence indicates that proper supplementation of various vitamins can
reduce the incidence of PD in the general population and improve the clinical symptoms of patients with PD; nevertheless, the
safety of regular vitamin supplements still needs to be highlighted. Vitamin supplementation may be an eﬀective adjuvant
treatment for PD. In this review, we summarized the biological correlations between vitamins and PD as well as the underlying
pathophysiological mechanisms. Additionally, we elaborated the therapeutic potentials of vitamins for PD.

1. Introduction
Parkinson’s disease (PD) is the second most common neurodegenerative disorder following Alzheimer’s disease. Clinically, PD is characterized by resting tremor, hypermyotonia,
postural instability, and bradykinesia [1]. Additionally,
patients with PD can also manifest with nonmotor symptoms,
such as cognitive decline, olfactory dysfunction, constipation,
sleep disorders, and autonomic symptoms [2], and these nonmotor symptoms usually occur prior to the onset of motor
symptoms [3]. PD severely aﬀects the quality of life of the
individual with the disease and also creates a great burden
on the caregivers. The typical pathological hallmark of PD
is degeneration of dopaminergic neurons in the substantia
nigra pars compacta (SNpc) and eosinophilic inclusion bodies (Lewy bodies) in the remaining neurons, which is the
major contributor to the deﬁciency of dopamine in the basal
ganglia [4, 5]. The exact pathogenetic mechanisms of PD is

not yet fully understood. Current theories regard PD as a
multifactorial disease, involving various genetic and environmental factors, among which mitochondrial dysfunction
and oxidative stress play an important role in the pathogenesis and development of PD [6, 7]. The treatment for PD is
challenging, and the existing therapeutic strategies can only
relieve clinical symptoms but fail to control the progression
of PD.
Vitamins are natural bioactive products with antioxidant
properties, which are necessities for maintaining the normal
functions of human organisms. Essential vitamins cannot
be endogenously synthesized in the organism and therefore
must be obtained through the diet. Clinically, vitamin deﬁciency is quite common, especially in infants and elderly.
Vitamins are generally divided into fat-soluble variants
(vitamins A, D, E, and K) and water-soluble variants (vitamins
B and C). The former mainly bind to cellular nuclear receptors
and aﬀect the expression of speciﬁc genes [8]. The latter
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mainly constitute a cofactor for the enzyme, aﬀecting the
enzymatic activity [9].
Numerous clinical studies as well as animal and cell
experiments have found a certain relationship between the
vitamin family and PD [10]. The antioxidant properties of
vitamins and their biological functions of regulating gene
expression may be beneﬁcial for the treatment of PD. Current clinical evidence indicates that proper supplementation
of various vitamins can reduce the incidence of PD in the
general population and improve the clinical symptoms of
patients with PD; nevertheless, the safety of regular vitamin
supplements still needs to be highlighted. Vitamin supplementation may represent an eﬀective adjuvant treatment
for PD. In this review, we summarized the biological correlations between vitamins and PD as well as the underlying
pathophysiological mechanisms. Additionally, we elaborated
the therapeutic potentials of vitamins for PD.

2. The Pathogenesis of Oxidative Stress in PD
Oxidative stress refers to the imbalance between the oxidation system and antioxidant system, resulting in excessive
accumulation of oxidative substances, such as reactive oxygen species (ROS) and reactive nitrogen species (RNS) [11].
ROS include superoxide anion radical (O2-), hydroxyl radical
(OH-), and hydrogen peroxide (H2O2); RNS include nitric
oxide (NO), nitrogen dioxide (NO2), and peroxynitrite
(ONOO-). The antioxidant system mainly consists of two
subtypes: (1) enzymatic antioxidant system, including superoxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GSH-Px), and (2) nonenzymatic antioxidant system, including vitamin C, vitamin E, glutathione, melatonin,
alpha-lipoic acid, carotenoids, and trace elements copper,
zinc, and selenium.
Oxidative stress plays an important physiological role in
the organism. For example, phagocytic cells kill pathogenic
microorganisms, participate in detoxiﬁcation and enzymatic
reactions, and synthesize some essential biologically active
substances. Meanwhile, it can as well cause damage to the
body, such as cell membrane destruction, protein denaturation, and nucleic acid changes.
There is increasing evidence that oxidative stress represents a pathophysiological characteristic of PD, and the production of reactive oxygen species can result in neuronal
death [12, 13]. The mitochondrial respiratory chain is
regarded as the major source of ROS [14]. Additionally, previous studies have found that mitochondrial dysfunction
exists in the substantia nigra of patients with PD [15].
Reduced glutathione (GSH) can enhance the production of
ROS and RNS [16], and oxidation of dopamine and dopamine metabolites such as 3,4-dihydroxyphenylacetic acid
(DOPAC) can inhibit the activity of complex I [17]. These
ﬁndings indicate that the downstream metabolites of
dopamine may make dopamine neurons more susceptible.
Moreover, iron accumulation in the substantia nigra is common in patients with PD, leading to overproduction of
hydrogen peroxide and molecular oxygen in the Fenton reaction from Fe2+ to Fe3+; hydrogen peroxide generates a highly
toxic hydroxyl radical through the Haber-Weiss reaction in
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the presence of Fe2+, which causes severe oxidative damage
to the cellular components [18]. From the above, the oxidant
stress is closely associated with the pathogenesis of PD.
Oxidative stress can cause neuronal loss through some
underlying intracellular damage, such as protein aggregation,
mitochondrial dysfunction, and DNA rupture. Therefore,
antioxidant damage has become a potential target for the
treatment of PD.

3. Vitamin B and PD
The B family of vitamins is water-soluble, which includes thiamine (vitamin B1), riboﬂavin (vitamin B2), niacin (vitamin
B3), pantothenic acid (vitamin B5), pyridoxine (vitamin B6),
biotin (vitamin B7), folate (vitamin B9), and cobalamin
(vitamin B12) [19]. These vitamins play an important role
as enzyme cofactors in multiple biochemical pathways in all
tissues, such as regulating metabolism, improving the function of the immune system and nervous system, and promoting cell growth and division [20].
Almost all of these B family vitamins are essential variants dependent on diet supply, except niacin which can
also be synthesized from tryptophan. Vitamin B deﬁciencies are frequent in the children, elderly, vegetarians, pregnant women, and patients with gastrointestinal diseases.
Recently, the association with vitamin B and PD is getting
more and more attention. Herein, we use vitamin B3 as a
representative to discuss the relationship between vitamin
B and PD.
3.1. Vitamin B3. Nicotinamide is the active form of niacin,
and it is the precursor of coenzymes NADH and NADPH,
which are essential for over 200 enzymatic reactions in the
organism, especially the production of adenosine triphosphate (ATP). Meat, ﬁsh, and wheat are generally rich in nicotinamide, while vegetables have a low nicotinamide content
[21]. Deﬁciency of nicotinamide/niacin can lead to pellagra,
causing dermatitis, diarrhea, and depression [22]. Nicotinamide has neuroprotective and antioxidant functions at low
doses but exhibits neurotoxicity, especially dopaminergic
toxicity, at high doses [23]. Fukushima also suggests that
excessive nicotinamide is related to the development of PD
[24]; excessive nicotinamide can induce overproduction of
1-methylnicotinamide (MNA), which is increased in patients
with PD [25]. In an in vitro study, Griﬃn et al. found that
low-dose nicotinamide (10 mM) has a signiﬁcant eﬀect on
inducing diﬀerentiation from embryonic stem cells into neurons; however, higher doses (>20 mM) of nicotinamide
induce cytotoxicity and cell death [26]. The deﬁnitive protective dose of vitamin B3 still needs further researches.
3.2. Possible Neuroprotective Mechanisms of Vitamin B3 in
PD. Firstly, numerous studies have demonstrated that mitochondrial dysfunction and cellular energy failure are pathophysiological features of PD. Nicotinamide participates in
the biosynthesis of nicotinamide adenine dinucleotide
(NAD; oxidized form: NAD+; reduced form: NADH) via various metabolic pathways [27]. NADH is an essential cofactor
assisting the tetrahydrobiopterin functioning in tyrosine
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hydroxylase, which can hydroxylate tyrosine and produce
dopamine; NADH deﬁciency is common in PD [28].
Secondly, NADH is indispensable for the physiological
function of mitochondrial complex I in ATP synthesis, and
the corresponding dysfunction is involved in PD patients
and animal models [15, 29, 30]. Nicotinamide mononucleotide (NMN) constitutes one of the key precursors of NAD+.
In previous in vitro studies, the scholars have established a
cellular model of PD using rotenone-treated PC12 cells,
and they found the NMN (0.1 mM or 1 mM) treatment was
associated with a signiﬁcantly higher survival rate in the
rotenone-treated (0.5 μm) PC12 cells. NMN is assumed to
enhance the intracellular levels of NAD+ and ATP in the
cellular model of PD [31].
In addition, nicotinamide can act a neuroprotective
role by inhibiting the oxidative stress. In 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine- (MPTP-) induced mouse
models of PD, nicotinamide (500 mg/kg) was injected before
subacute (30 mg/kg/d for 5 days) MPTP administration. This
study showed that cotreatment with MPTP and nicotinamide
signiﬁcantly improved the locomotor activity compared
to single-agent treatment with MPTP. Nicotinamide
administration signiﬁcantly attenuated the MPTP-induced
dopamine depletion (47 11 ± 21 06 vs. 12 77 ± 8 06).
Meanwhile, nicotinamide pretreatment markedly inhibited
MPTP-induced lactate dehydrogenase (LDH) and NOS
activities, which prevented the oxidative stress and alleviated
the oxidative damage.
Sirtuins (SIRTs) are NAD+-dependent protein deacetylases involved in vital biological processes [32]. Recently, sirtuin 5 (SIRT5) has received considerable attention. Liu et al.
investigated the role of SIRT5 in MPTP-induced mouse PD
models [33]. They found that deletion of SIRT5 exacerbated
motor deﬁcits, nigrostriatal dopaminergic degeneration in
the compact part of substantia nigra (SNc), and mitochondrial antioxidant activities in the PD models. These ﬁndings
provide new insight into the therapeutic strategies for PD.
However, the protective eﬀects of nicotinamide are still
controversial, and further researches are needed to clarify
the biological function of vitamin B3 in PD.
3.3. Clinical Studies regarding Vitamin B3 in PD. Current
existing clinical studies have shown that a high-niacin diet
can reduce the risk of PD [34, 35]. A previous case report also
demonstrated that oral niacin (500 mg twice daily for three
months) signiﬁcantly improved rigidity and bradykinesia in
a patient with idiopathic PD, though the original purpose
was to treat hypertriglyceridemia; after the cessation of oral
niacin due to obvious adverse eﬀects (unacceptable nightmares and skin rash), the symptoms of rigidity and bradykinesia relapsed [36]. However, other studies failed to notice
the remarkable clinical eﬃcacy [37, 38]. Therefore, more
clinical observations are warranted to verify the eﬃcacy as
well as side eﬀects of niacin in PD.

4. Vitamin C and PD
Vitamin C (ascorbic acid) is another water-soluble, essential
vitamin, which is widely distributed in various tissues. This
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nutriment is abundant in vegetables, fresh fruits, and animal
livers. Vitamin C contains two molecular subforms in organisms: the reduced form (ascorbic acid (AA)) and the oxidized
form (dehydroascorbic acid (DHA)). Deﬁciency of vitamin C
is common, especially in children and elderly. A long-term
lack of vitamin C can cause scurvy. Vitamin C is very important for the physiological function of the nervous system and
the antioxidant function by inhibiting oxidative stress,
reducing lipid peroxidation, and scavenging free radicals
[39]. Moreover, it is also involved in many nonoxidative
stress processes, such as synthesis of collagen, cholesterol,
carnitine, catecholamines, amino acids, and some peptide
hormones [40, 41].
Dopamine metabolism can produce oxidative stress
products, which in return induce accumulation of abnormal
proteins in PD [42]. Vitamin C has potentials for the
treatment of PD considering the following reasons. Firstly,
vitamin C is mainly distributed in areas that are rich in
neurons [43, 44]. Secondly, vitamin C can be transported
to the brain by SVCT2 (vitamin C transporter type 2)
[45], and DHA can be transported to the brain by GLUT1
(glucose transporter type 1) and GLUT3 (glucose transporter
type 3) [46].
4.1. Possible Neuroprotective Mechanisms of Vitamin C in
PD. There is evidence that ascorbic acid can protect against
both levodopa toxicity and the MPTP neurotoxicity
[47, 48]. Vitamin C can increase the production of dihydroxyphenylalanine (DOPA). Seitz et al. noted overproduction of DOPA in a dose-dependent manner after
incubation of the human neuroblastoma cell line SK-N-SH
with ascorbic acid (100-500 mM) for 2 hours. Additionally,
the gene expression of tyrosine hydroxylase increased threefold after incubation with ascorbic acid (200 mM) for 5days.
The scholars speculated that ascorbic acid may be eﬀective in
the treatment of early-stage PD [49].
Vitamin C can improve the absorption of levodopa in
elderly PD patients with a poor levodopa bioavailability
[50]. Previous studies showed that ascorbic acid can reduce
the levodopa dosage under the premise of equal eﬃcacy
[51]. Combination of anti-PD drugs and vitamin C may be
more eﬀective for alleviating the symptoms of PD.
Vitamin C is essential for the brain development. A study
showed that ascorbic acid treatment can promote a 10-fold
increase of dopaminergic diﬀerentiation in CNS precursor
cells derived from the E12 rat mesencephalon [52]. Soon
after, another in vitro study also reported that AA can
stimulate the CNS precursor cells diﬀerentiating into
CNS neurons and glia [53]. Recently, He et al. proposed
that vitamin C can greatly enhance the embryonic midbrain neural stem cells diﬀerentiating into midbrain dopaminergic neurons in vitro. Vitamin C induces the gain of
5-hydroxymethylcytosine (5HMC) and loss of H3K27m3
in dopaminergic phenotype gene promoters, which are catalysed by ten-eleven translocation 1 methylcytosine dioxygenase 1 (TET1) and histone H3K27 demethylase (JMJD3),
respectively. However, subsequent TET1 and JMJD3
knockdown/inhibition experiments did not show this
eﬀect of vitamin C, and the epigenetic role of vitamin C
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may be associated with the midbrain dopaminergic neuron
development [54, 55].
4.2. Clinical Studies regarding Vitamin C in PD. Although
vitamin C has many potential positive eﬀects on PD, the
serum level of vitamin C in patients with PD remains controversial [56, 57]. Noteworthily, the vitamin C level in lymphocytes has been found signiﬁcantly lower in patients with
severe PD [58]. Theoretically, vitamin C supplementation
may be beneﬁcial for the treatment of PD. A cohort study
involving 1036 patients with PD supported this hypothesis,
which found that dietary vitamin C intake signiﬁcantly
reduced the risk of PD, but this eﬀect is invalid for a
4-year-lag analysis [59]. Controversially, many studies did
not support that vitamin C supplementation can reduce the
risk of PD [10, 60, 61]. We speculate this contradiction may
be related to the timing of vitamin application.

5. Vitamin E and PD
Vitamin E is a fat-soluble vitamin with high antioxidant
properties. Natural vitamin E includes two subgroups:
tocopherols and tocotrienols; and they can further be divided
into four lipophilic molecules, respectively: α-, β-, γ-, and
δ-tocopherol (αT, βT, γT, and δT) and α-, β-, γ-, and
δ-tocotrienol (αTE, βTE, γTE, and δTE). The major diﬀerence between tocopherols and tocotrienols is the side
chain. Tocopherols have a saturated phytyl tail, while
tocotrienols possess an unsaturated isoprenoid side chain
[62]. Because of this unsaturated side chain, the tocotrienol
is superior to the tocopherol as an antioxidant by increasing
the molecular mobility through lipid membranes and by
accepting electrons readily. Overt vitamin E deﬁciency is
relatively rare, mainly in infants and premature babies.
In addition to its potent antioxidant capacity, vitamin E is
involved in many physiological processes such as immune
function [63], cognitive function, physical performance
[64, 65], and regulation of gene expression. In humans,
deﬁciency of vitamin E is clinically characterized by
peripheral neuropathy, ataxia, and anemia [66, 67].
5.1. Possible Neuroprotective Mechanisms of Vitamin E in PD.
Unilateral 6-hydroxydopamine (6-OHDA) injections into
the striatum can cause circling behaviours and biochemical
abnormalities in rats. Cadet et al. found that pretreatment
with either D-alpha-tocopherol or all-racemic-alpha-tocopherol signiﬁcantly attenuated these pathological
changes [68]. Roghani and Behzadi [69] and Sharma and
Nehru [70] also demonstrated the similar phenomenon in
6-OHDA-induced PD models and in rotenone-induced PD
models, respectively. However, some studies have shown that
vitamin E did not completely protect dopaminergic neurons
from MPTP-mediated damage in PD models [71, 72]. The
protective eﬀects of vitamin E may be achieved through
preventing oxidative stress in cells and inhibiting apoptosis. Moreover, one study has found that tocotrienol participates not only in antioxidant stress but also in estrogen
receptor beta (ERβ) signal transduction [73]. Then, Nakaso’s
team demonstrated a protective eﬀect of vitamin E via
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this signaling pathway. Firstly, they reported that γ-tocotrienol/δ-tocotrienol exerts neuroprotective eﬀects through
the ERβ-PI3K/Akt signaling pathways in SH-SY5Y cells
by resisting 1-methyl-4-phenylpyridiniumion- (MPP+-)
induced toxicity [74]. Secondly, they veriﬁed this mechanism in a mouse model of PD. Meanwhile, they found
δ-tocotrienol administration can reduce the loss of dopaminergic neurons in the substantia nigra and ER inhibitors can attenuate this neuroprotective eﬀect [75]. These
ﬁndings indicate vitamin E may be potential therapeutic
agents for PD.
5.2. Clinical Studies regarding Vitamin E in PD. The DATATOP (Deprenyl and Tocopherol Antioxidative Therapy of
Parkinsonism) experiment is a multicentre-controlled clinical trial to investigate the long-term eﬃcacy of treatment
with deprenyl and/or copherol (vitamin E) and to explore
whether it is possible to extend the time before the application of levodopa treatment. At 28 US and Canadian sites,
800 eligible patients with untreated early-stage PD were
enrolled in DATATOP and randomized to four groups: (1)
deprenyl 10 mg/d, (2) copherol 2000 IU/d, (3) placebo-controlled, and (4) deprenyl 10 mg/d and copherol 2000 IU/d.
Deprenyl can delay the development of functional disorders,
delay the application of levodopa, and improve motor symptoms, but vitamin E is disappointing [76]. Similarly, another
two population-based studies also did not ﬁnd the association between vitamin E intake and risk of PD [10, 77].
However, a large community-based study showed that
high intake of dietary vitamin E (10 mg/day) may reduce
the occurrence of PD [78]. Another pilot trail suggests that
long-term treatment with vitamin E may delay the use of
levodopa in patients with PD [79]. Further research is needed
to verify these results.
Although there seems to be no diﬀerence in the level of
alpha-tocopherol (vitamin E) in serum, cerebrospinal ﬂuid,
and brains between PD and normal controls [80–82], there
is evidence showing that high-dose vitamin E (2000 IU/day)
can signiﬁcantly elevate the vitamin E level in cerebrospinal
ﬂuid [83]. At present, the protective mechanism of vitamin
E in PD is still unclear and may be related to the strong antioxidant eﬀect of vitamin E. Further research is needed to
determine whether vitamin E can be used as a potential treatment for PD.

6. Vitamin D and PD
Vitamin D, a steroid hormone, is crucial for calcium homeostasis and skeletal health. This nutriment mainly includes
two forms: vitamin D2 and vitamin D3; the latter is endogenously produced when skin is exposed to UV-B rays from
the sun. Both of the above forms are inactive, and they are
transformed into the active form 1,25-dihydroxy vitamin
D3 (1,25-(OH)2-D3) after being hydroxylated twice [84, 85].
1,25-(OH)2-D3 were secreted into the blood system by the
kidney, having a direct eﬀect on gene regulation by binding
to the nuclear vitamin D receptor (VDR) [86, 87]. Vitamin
D deﬁciency is prevalent at all ages, especially in elderly.
Vitamin D not only regulates the calcium homeostasis
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Table 1: The other clinical study of vitamins and Parkinson’s disease.
Vitamins
Vitamin B3

Authors

Type of study

Patients/controls

Conclusions

Abbott et al. [37]

A Honolulu-Asia Aging
Study in
Japanese-American

Total 8006 and observed
137 PD

Niacin has no obvious
relationship with clinical PD

Johnson et al. [38]

A case-control study in US

126/432

Fall et al. [34]
Hellenbrand et al. [35]

Vitamin C

342/342

A prospective study in
Sweden

Total 84,774 and observed
1329 PD cases

Hughes et al. [59]

A prospective study in
American

Total 129,422 and observed
1036 PD cases

Ide et al. [58]

A case-case study in Japan

62 PD

Miyake et al. [60]

A case-control study in
Japan

249/368

Zhang et al. [10]

A prospective study in US

Total 124,221 and observed
371 PD cases

King et al. [127]

Yang et al. [61]

Hughes et al. [59]
Miyake et al. [60]

A case-control study in
Spain
A case-control study in
United States

63/63
27/16

A prospective study in
Sweden

Total 84,774 and observed
1329 PD cases

A prospective study in
American
A case-control study in
Japan

Total 129,422 and observed
1036 PD cases
249/368

Zhang et al. [10]

A prospective study in US

Total 124,221 and observed
371 PD cases

Molina et al. [82]

A case-control study in
Spain

34/47

de Rijk et al. [78]
Logroscino et al. [77]

Vitamin D

113/263

Yang et al. [61]

Férnandez-Calle et al. [56]

Vitamin E

A case-control study in
Sweden
A case-control study in
German

A cross-sectional study in
Netherlands
A case-control study in
USA

5342 individuals including
31 PD cases
110/287

Férnandez-Calle et al. [80]

A case-control study in
Spain

42/42

Kim et al. [128]

A prospective,
observational study in
Korea

39 PD cases

Sleeman et al. [112]

A prospective observational
study in England

145/94

Niacin has no relationship with
PD
High-niacin diet can reduce the
risk of PD
PD patients with lower intake of
niacin than controls
Intake of vitamin C has a negative
correlation with PD risk in
women at borderline signiﬁcance
(P = 0 04)
Intake of vitamin C has no
relationship with PD risk
The severe PD patients with
signiﬁcantly lower lymphocyte
vitamin C levels (P < 0 01)
Intake of vitamin C has no
relationship with PD risk
Intake of vitamin C has no
relationship with PD risk
Vitamin C has no relationship
with PD
Vitamin C was higher in PD
groups
Dietary intake of vitamin E has
negative correlation with the
incidence of PD in women
(P = 0 02)
Vitamin E has no relationship
with PD risk
Vitamin E signiﬁcantly reduced
the risk of PD
Intaking foods containing more
vitamin E can reduce the risk of
Parkinson’s disease
CSF and serum vitamin E levels
have no diﬀerence between two
groups
Intaking 10 mg dietary vitamin E
daily may reduce the risk of PD
Vitamins A, C, and E were not
associated with PD
Serum levels of alpha-tocopherol
(vitamin E) have no diﬀerence
between two groups
The level of vitamin D might
impact the olfactory dysfunction
in PD
Serum 25(OH)D concentrations
are often lower in PD patients
than controls and relate to the
severity of motor symptoms

6

Oxidative Medicine and Cellular Longevity
Table 1: Continued.

Vitamins

Authors

Type of study

Patients/controls

Wang et al. [110]

A case-control study in
China

201/199

Shrestha et al. [129]

A prospective study in USA

Total 12,762 participants
and observed 67 PD cases

Liu and Zhang [111]

A case-control study in
China

229/120

Lin et al. [130]

A case-control study in
China

700/792

Zhu et al. [131]

A case-control study in
China

209/210

Petersen et al. [132]

A case-control study in
Denmark

121/235

Török et al. [133]

A case-control study in
Hungary

100/109

Lv et al. [134]

A case-control study in
China

483/498

Peterson et al. [135]

A cross-sectional,
observational study in USA

40 PD

Suzuki et al. [96]

A prospective cohort study
in Japan

137 PD

Kenborg et al. [108]

A case-control study in
Denmark

3819/19,282

Evatt et al. [136]

A survey study in USA

199 PD (from DATATOP)

Miyake et al. [137]

A case-control study in
Japan

249/368

Knekt et al. [106]

The Mini-Finland Health
Survey in Finland

Total 3173 and observed 50
PD cases

Kim et al. [94]

A case-control study in
Korea

85/231

and skeletal health but also regulates the physiological and
pathological processes, such as cell proliferation and diﬀerentiation, immunomodulatory, and antioxidative stress [88–90].
Children with a lack of vitamin D may suﬀer from rickets,
and adults may develop osteomalacia. Additionally, vitamin D deﬁciency is also associated with cardiovascular
diseases, muscle weakness, diabetes mellitus, cancers, and
multiple sclerosis [91]. The relationship between vitamin D
and PD has gradually attracted attention [92].

Conclusions
The serum 25(OH)D and
sunlight exposure inversely
correlated with PD occurrence
This study did not suggest that
the vitamin D can reduce the risk
of PD
The 25(OH) D levels may be
inversely associated with the PD
severity
They have not found the
associations between the genetic
variants of VDR and PD
occurrence
Outdoor activity and total
vitamin D intake may reduce the
risk of PD
They have not found the
association between PD and
vitamin D polymorphisms and/or
25(OH)D levels
It showed the association between
the FokI C allele and PD
The study did not support the
relationship between VDR gene
and PD
Serum vitamin D levels are
inversely related to the severity of
Parkinson’s disease and play an
important role in balance of PD
The 25-hydroxyvitamin D levels
and the vitamin D receptor FokI
CC genotype may be associated
with the severity of the PD
This study supports that working
outdoors can reduce the risk of
PD
Vitamin D insuﬃciency is very
common in early PD patients
The study showed that vitamin D
was not related to the PD
The serum vitamin D
concentrations were inversely
correlated with the risk of PD
Vitamin D receptor gene
polymorphism was associated
with the PD

6.1. Possible Neuroprotective Mechanisms of Vitamin D in
PD. VDR belongs to the intranuclear receptor superfamily,
composing of eight coding exons and three alternative
5′ noncoding exons, spanning over 105 kb, on chromosome
12 [93]. The most widely studied biallelic polymorphic sites
are BsmI, TaqI, ApaI, and FokI. Substantial researches have
been carried out to explore the relationship between these
allelic variations and PD. Kim et al. detected VDR gene BsmI
polymorphisms in over 300 Korean individuals (85 PD and
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Table 2: The clinical intervention trial of vitamins and Parkinson’s disease.
Vitamins

Authors

Patients

Vitamin C

Nagayama et al. [50]

67 elderly PD patients

Vitamin E

Parkinson Study Group
(DATATOP study) [76]

800 untreated and early PD
patients

Parkinson Study Group
(DATATOP study) [124]

800 untreated and early PD
patients

Vatassery et al. (DATATOP
study) [83]

n = 18 (vitamin E
group)/n = 5 (placebo
group)

Taghizadeh et al. [125]

n = 30 (vitamin E
group)/n = 30 (placebo
group)

Suzuki et al. [113]

n = 56 (vitamin D3
group)/n = 58 placebo
group)

Sato et al. [126]

n = 43 (vitamin D
group)/n = 43 (placebo
group)

Vitamin D

231 controls). The frequency of VDR genotype bb was significantly increased in the PD patients (84.7%) than that in the
controls (72.7%). The bb genotype was more common in PD
patients with postural instability and gait diﬃculty than in
the PD patients with tremor (94.3% vs. 75.6%) [94]. A
meta-analysis showed that VDR BsmI and FokI polymorphisms were associated with the risk of PD [95], and VDR
FokI genotype was associated with the severity and cognitive
decline of PD [96, 97]. Muscular and motor impairments,
which can seriously aﬀect the motor behaviour, were found
in the VDR-knockout mice [98], indicating that vitamin D
may be involved in the pathogenesis of PD.
Glial cell line-derived neurotrophic factor (GDNF) is
a protein that is essential for the maintenance and survival of dopaminergic neurons and can inhibit microglial
activation [99]. Many animal studies showed that
1,25-(OH)2-D3 could enhance the endogenous GDNF
expression in vitro and in vivo and inhibit the glial cell
activation to protect dopaminergic neurons from immune
inﬂammation [100–102].
Vitamin D3 can protect dopaminergic neurons against
6-hydroxydopamine-mediated neurotoxicity and improve
the motor performance in the 6-hydroxydopamine-induced
PD rat [103]. It may be related to vitamin D’s properties of
inhibiting oxidative stress and decreasing the production of
reactive oxygen species and free radicals [104]. In addition,
endothelial dysfunction may be associated with low vitamin
D levels in patients with PD [105]. The deﬁnitive correlations
between vitamin D and PD require more researches.

Treatment

Conclusions

200 mg ascorbic acid

Ascorbic acid can improve
levodopa absorption in elderly
PD patients

Deprenyl 10 mg/d and/or
tocopherol (vitamin E)
2000 IU/d
Deprenyl 10 mg/d and/or
tocopherol (vitamin E)
2000 IU/d

There was no eﬀect of tocopherol
on PD

Alpha-tocopherol did not
improve clinical features in
patients with Parkinson’s disease
Treatment with vitamin E
Tocopherol (vitamin E)
signiﬁcantly increased the
2000 IU/d
alpha-tocopherol concentrations
in cerebrospinal ﬂuid
Omega-3 and vitamin E
1000 mg omega-3 fatty
cosupplementation in PD
acids plus 400 IU vitamin or
patients improved UPDRS
placebo
compared with the placebo
Vitamin D3 prevented the
Vitamin D3 1200 IU/d or
deterioration of the PD and
placebo for 12 months
especially patients with FokI
TT genes
1alpha-hydroxyvitamin D3
1α(OH)D3 1 μg/d or
supplements can reduce the risk
placebo for 12 months
of hip and other nonvertebral
fractures in PD patients

6.2. Clinical Studies regarding Vitamin D in PD. Substantial epidemiological and clinical studies suggest that vitamin D has a positive eﬀect on PD. In a cohort study,
over 7000 Finnish’s serum samples were collected for
measuring the 25-hydroxy vitamin D level, and meanwhile, the occurrence of PD was instigated over a
30-year follow-up period. The results showed that individuals with higher serum vitamin D concentrations had
a lower risk of PD [106]. Evatt et al. also noted consistent
ﬁndings [107].
As mentioned above, vitamin D3 can be endogenously
synthesized upon sunlight exposure in the skin. In a large
case-control study of Danish men, involving 3819 PD
patients and 19,282 controls, the scholars proposed that
men working outdoors have a lower risk of PD [108].
Another nationwide ecologic study in France also suggests
that vitamin D levels are negatively correlated with the
risk of PD, but this result needs taking ages into account
[109]. Wang et al. not only demonstrated a positive correlation between serum 25-hydroxy vitamin D and sunlight
exposure but also noted that lower serum levels of
25-hydroxy vitamin D and sunlight exposure can increase
the risk of PD [110].
Furthermore, PD patients with lower 25-hydroxy vitamin
D levels may exhibit more severe symptoms compared with
normal controls [111, 112]. Unsurprisingly, a randomized,
double-blind, placebo-controlled trial found that vitamin
D3 supplementation (1200 IU/day for 12 months) signiﬁcantly prevented the deterioration of PD [113].
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Table 3: The basic study of vitamins in PD.

Vitamin
Vitamin B3
(nicotinamide)

Authors

Object of study

Treatment

Conclusions

Rotenone-PC12 cells

NMN (0.1 mM, 1.0 mM,
5 mM, and 10 mM)
coculture

Attenuated apoptosis and
improved energy metabolism

Xu et al. [114]

MPTP-C57BL/6 mice

500 mg/kg/day for 5
days i.p.

Nicotinamide can alleviate
MPTP-induced damage to
dopaminergic neurons through
antioxidant stress

Jia et al. [115]

MPP(+)-SK-N-MC human
neuroblastoma cells and
alpha-synuclein transgenic
Drosophila PD model

Nicotinamide
concentration (21, 51, 101,
301, and 501 mg/L and 3,
15, 30, and 60 mg/100 g)

High doses of nicotinamide can
reduce oxidative stress and
improve mitochondrial function

Lu et al. [31]

Anderson et al. [116]

Vitamin C
(ascorbic acid)

Khan et al. [117]

Yan et al. [52]

Seitz et al. [49]

Pardo et al. [47]

Sershen et al. [48]

Vitamin E

Nakaso et al. [75]

Sharma and Nehru
[70]

Ortiz et al. [118]
Pasbakhsh et al.
[119]

Roghani and
Behzadi [69]

Recovered the striatal DA levels
Nicotinamide (125, 250, or
and SNc neurons after accepting
500 mg/kg i.p.)
nicotinamide
Except 11 35 × 10−5 M, other
L-Ascorbic acid (AA, 11 35
concentrations of AA attenuated
× 10−5 M, 22 71 × 10−5 M,
PD Drosophila model
the loss of climbing ability of PD
−5
45 42 × 10 M, and 68 13
model ﬂies in a dose-dependent
× 10−5 M for 21 days)
manner
Ascorbic acid (0.1 μM,
Mesencephalic precursors
Ascorbic acid promoted the
1 μM, 10 μM, 100 μM, and
from the E12 rat
dopaminergic diﬀerentiation
1 mM)
Short-term incubation
Ascorbic acid increased the
Human neuroblastoma cell (100–500 μM for 2 h) and
DOPA production and tyrosine
line SK-N-SH
long-term incubation
hydroxylase gene expression
(200 μM for 5 days)
Ascorbic acid prevents the
10-3 M ascorbic acid or 23
Human neuroblastoma cell
levodopa toxicity and quinone
-3
and 115 × 10 M
NB69
formation, but alpha-tocopherol
alpha-tocopherol
did not
Ascorbic acid may protect against
MPTP-BALB/cBy mice
Ascorbic acid 100 mg/kg i.p.
the MPTP neurotoxicity
δ-Tocotrienol administration
inhibited the loss of
δ-Tocotrienol (100 μg/kg
MPTP-C57BL/6 mice
dopaminergic neurons and
for 4 days, p.o.)
improved the motor performance
Vitamin E administration
Rotenone-Sprague-Dawley Vitamin E (100 IU/kg/day signiﬁcantly improved locomotor
activity and increased the
rats
for 35 days i.m.)
dopamine level, GSH, and SOD
Vitamin E administration has
Vitamin E (50 mg/kg/day
MPTP-C57BL/6 mice
decreased the COX-2 activity,
p.o.)
LPO, and nitrite/nitrate level
Vitamin E treatment can protect
Alpha-tocopherol acid
6-OHDA-rat
locus coeruleus neurons in the
succinate (24 IU/kg, i.m.)
PD model
Vitamin E treatment improved
the rotational behaviour and
6-OHDA –
D-α-Tocopheryl acid
prevented the reduction of
Sprague-Dawley rats
succinate (24 I.U./kg, i.m.)
tyrosine
hydroxylase-immunoreactive
cells
MPTP-adult male C57Bl/6
mice
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Table 3: Continued.

Vitamin
Vitamin D

Authors

Object of study

Treatment

Lima et al. [120]

6-OHDA-Wistar rats

1,25-(OH)2D3 (1 μg/kg for
7 days or for 14 days, p.o.)

Calvello et al. [121]

MPTP-male C57BL/6 N
mice

Vitamin D (1 μg/kg for 10
days, i.g.)

Li et al. [122]

MPTP-C57BL/6 mice

Calcitriol (0.2, 1, and
5 μg/kg/day for 7 days p.o.)

Jang et al. [104]

Rotenone-SH-SY5Y cells

Calcitriol (0.0 μM, 0.63 μM,
1.25 μM, 2.5 μM, 5 μM, and
10 μM)

Cass et al. [123]

6-OHDA-male Fischer-344
rats

Calcitriol (0.3 or
1.0 μg/kg/day for 8 days,
i.h.)

Sanchez et al. [100]

1,25(OH)(2)D(3)
6-OHDA-Sprague-Dawley
(1 μg/mL/kg/day for 7 days
rats
i.p.)

Kim et al. [102]

6-OHDA Sprague-Dawley
1,25-(OH)2D3 (1 μg/mL at
rats and MPTP-C57BL/6
1 mL/kg/day for 7 days, i.p.)
mice

Conclusions
Vitamin D can protect the
dopaminergic neurons by its
anti-inﬂammatory and
antioxidant properties
Vitamin D administration
attenuates neuroinﬂammation
and dopaminergic
neurodegeneration
Calcitriol can signiﬁcantly
attenuate the neurotoxicity
induced by MPTP
1,25-Dyhydroxyvitamin D3 can
induce the autophagy to protect
against the rotenone-induced
neurotoxicity
Calcitriol can promote functional
recovery of dopaminergic
neurons and release of dopamine
1,25(OH)(2)D(3) treatment
increased the GDNF protein
expression and partially restored
TH expression
1,25-(OH)2D3 can inhibit the
microglial activation and protect
against nigrostriatal degeneration

LPO: lipid peroxides; COX-2: ciclooxigenase-2; TH: tyrosine hydroxylase; i.p.: intraperitoneal; i.m.: intramuscular; i.g.: intragastrical; i.h.: hypodermic injection;
p.o.: peros.

7. Conclusion
In summary, vitamins may play a protective role in PD.
Among the fat-soluble vitamins, we brieﬂy summarized the
eﬀects of vitamin E and vitamin D. At present, although
many studies have shown that vitamin E supplementation
can reduce the risk of Parkinson’s disease (Table 1), the
DATATOP study has showed that vitamin E supplementation is ineﬀective in Parkinson’s disease (Table 2). Many noninterventional studies found that the high levels of serum
vitamin D can reduce the risk of PD (Table 1), and several
clinical intervention trials also proposed that vitamin D supplementation can attenuate the deterioration of the Parkinson’s disease and reduce the occurrence of fractures in
patients with PD (Table 2). Among the water-soluble vitamins, we elaborated the functions of vitamin B3 and vitamin
C. There is still a paucity of clinical evidence for determining
the pros and cons of vitamin B3 in PD (Table 2). Vitamin C is
vital to the human organism, and it can improve levodopa
absorption in elderly PD patients (Table 2); current epidemiological evidence is still insuﬃcient to establish a correlation
between the serum level or dietary intakes of vitamin C and
the risk of PD (Table 1). Although there have been many
researches on the relationship between vitamins and PD
(Tables 1–3), there is still lack of a clinical intervention trial
explicitly conﬁrming that vitamin supplementation can
reduce the incidence of PD and prevent the progression of
the disease. Moreover, the individual physical and chemical

properties, absorption rate, and bioavailability of vitamins
may aﬀect the eﬃcacy. Further studies are still needed to
clarify the potentials of vitamins for the treatment of PD.
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Brazil, Colombia, Ecuador, Peru, Bolivia, Venezuela, Suriname, Guyana, and French Guiana share an area of 7,295,710 km2 of the
Amazon region. It is estimated that the Amazonian forest oﬀers the greatest ﬂora and fauna biodiversity on the planet and on its
surface could cohabit 50% of the total existing living species; according to some botanists, it would contain about 16-20% of the
species that exist today. This region has native fruit trees in which functional properties are reported as antioxidant and
antiproliferative characteristics. Amazon plants oﬀer a great therapeutic potential attributed to the content of bioactive
phytochemicals. The aim of this mini review is to examine the state of the art of the main bioactive components of the most
studied Amazonian plants. Among the main functional compounds reported were phenolic compounds, unsaturated fatty acids,
carotenoids, phytosterols, and tocopherols, with ﬂavonoids and carotenoids being the groups of greatest interest. The main
beneﬁcial eﬀect reported has been the antioxidant eﬀect, evaluated in most of the fruits investigated; other reported functional
properties were antimicrobial, antimutagenic, antigenotoxic, analgesic, immunomodulatory, anticancer, bronchodilator,
antiproliferative, and anti-inﬂammatory, including hypercholesterolemic eﬀects, leishmanicidal activity, induction of apoptosis,
protective action against diabetes, gastroprotective activity, and antidepressant eﬀects.

1. Introduction

2. Methodology

In the vicinity of the Amazon River, a large number of plants
grow. Many of them are slightly known by a large part of the
population living in this region. Most of these plant fruits not
only are edible but are potentially functional with a variety of
beneﬁcial compounds to health. Basically, the problem with
native Amazonian fruits is summarized in poor processing
technologies and ignorance of their functional compounds
and that outside the region, we have very little knowledge
of it. The aim of this mini review is to examine the state of
the art of the main bioactive components of the most studied
Amazonian plants.

Studies with original data related to the presence of
functional activity compounds in Amazonian plants (published between 1999 and 2018) were identiﬁed by searching
electronic databases and reviewing citations. Among the
databases were Elsevier, ScIELO, Dialnet, and Redalyc,
including publications in English, Spanish, and Portuguese.
Eligible studies for this review included randomized controlled trials in humans, experimental animals, or cell cultures, with prospective, parallel, or crossed designs, with full
text, and whose results showed a protective eﬀect against oxidative stress and/or favorable eﬀects on some pathological
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Table 1: Biological activity and main responsible compounds of some Amazonian plants.

Botanical name

Functional compounds

Functional properties

Eugenia stipitata

Phenolic compounds (chlorogenic, gallic, and caﬀeic
acids), carotenoids (xanthophylls and carotenes)

Euterpe oleracea

Phenolic compounds (ﬂavonoids) and carotenoids

Antioxidant, antimutagenic, and
antigenotoxic
Antioxidant, leishmanicide,
antimicrobial, immunomodulatory,
and antigenotoxic
Antioxidant, antimicrobial, and
antigenotoxic

Phenolic compounds (ﬂavonoids), carotenoids, and
vitamin C
Ascorbic acid, p-coumaric acid, p-hydroxy
dihydro coumaric acid, naringenin, methyl
Solanum
salicylate, long chain hydrocarbons, fatty acids,
sessiliﬂorum
and their methyl and ethyl esters
Theobromine, volatile compounds (aldehydes,
Theobroma
ketones and alcohols, ethyl butanoate, ethyl hexanoate,
grandiﬂorum
and linalool), unsaturated fatty acids, and ﬂavonoids
Phenolic compounds (phenolic acids and ﬂavonoids)
Mauritia ﬂexuosa
and carotenoids
Polyunsaturated fatty acids, tocopherols, phytosterols,
Plukenetia volubilis
and phenolic compounds
Unsaturated fatty acids (oleic, linoleic, and linolenic),
Bactris gasipaes
carotenoids (β-carotene, lutein, zeaxanthin,
β-cryptoxanthin, and α-carotene), and dietary ﬁber
Phenolic compounds: catechin, epicatechin, and
Paullinia cupana
proanthocyanidins; also dietary ﬁber, theobromine,
theophylline, and caﬀeine
Myrciaria dubia

Reference
[5, 7, 15]
[14, 16, 18, 19],
[26–29, 31, 32]

Antioxidant, hypocholesterolemic,
and antigenotoxic

[39, 40]

Antioxidant, probiotic, and reduction
of hypertriglyceridemia

[42, 43, 45, 47]

Antioxidant and antimicrobial

[46, 48, 49]

Antioxidant

[52, 53]

Antioxidant, precursor of
vitamin A

[54–60]

Antioxidant, stimulant,
antimicrobial, antihyperglycemic,
and cytoprotective eﬀect

[62–64]

Eugenia stipitata (Mc Vaugh, 1956)
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Figure 1: Eugenia stipitata McVaugh and its main compounds with functional activity.

conditions. There was no restriction on the type of publication or sample size. Documents whose main information
was related to technological processing or could not verify
the functional eﬀects of Amazonian plants were excluded.
Table 1 shows the main compounds and the biological activities reported for the plants reviewed.

3. Monographs
3.1. Eugenia stipitata (McVaugh, 1956). Also known as
quince, Amazonic guava, arazá, or araςa in Brazil, it is a climacteric fruit of the Myrtaceae family from the Ecuadorian

Amazon region. It grows in deep, fertile, and well-drained
soils. It is harvested from 38 days of the transition from
ﬂower to fruit with a frequency of three crops per year. It
has an oval shape (Figure 1), with a longitudinal diameter
and transverse diameter of 5-10 cm and 7-8 cm, respectively, with a yellow pulp and skin and an average weight
of 150 g (per fresh fruit). Its epicarp is thin, with ﬁne pubescence and light-green color that turns yellowish or orange
at maturity [1, 2].
It has a moisture content of 82-83% and an acidic taste
(pH~2.5). It is a delicate and easily decomposable fruit; the
postharvest shelf life is shortened as a result of anthracnose
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Figure 2: Euterpe oleracea Mart and its main compounds with functional activity.

and other decay problems [3]. Protein content and minerals
are 11 9 ± 0 5 and 4 ± 0.1, respectively (dry base); soluble
sugar content represents around 50% of the dry weight being
its main constituent fructose. Total dietary ﬁber content is
high compared to other tropical fruits, reaching about 35%
(d/w) [2]. It is rich in volatile terpenes, ﬁber, and mainly vitamin C. Some studies have shown antioxidant activity and a
high phenolic content that diﬀer between diﬀerent arazá
genotypes. Arazá fruit revealed a total phenolic quantity of
184 05 ± 8 25 mg of gallic acid/100 g of extract with antioxidant activity. No cytostatic eﬀects have been demonstrated;
however, antimutagenic and antigenotoxic activities were
observed at doses of 300 mg of extract/kg of body weight;
so, E. stipitata could contribute to antimutagenic and antigenotoxic activities [4, 5].
A greater antioxidant activity is showed in the green state.
As maturity degree advances, especially in the epicarp,
chlorogenic, gallic, and caﬀeic acids are the major phenols
responsible for antioxidant activity [6, 7]. Among the identiﬁed carotenoids, lutein and esters with palmitic and myristic
acids were identiﬁed: lutein dipalmitate, lutein palmitate-myristate, β-cryptoxanthin palmitate, and zeaxanthin palmitate [6]. Essential oils present in tree leaves showed a complex
pattern of monoterpenes and sesquiterpenes (69.5%), of
which approximately 52% of them being oxygenated. One
of these molecules, Germacrene D, could be responsible for
the cytotoxic activity on the HCT116 human colon carcinoma cell line [8, 9], as well as its antimicrobial capacity [10].
3.2. Euterpe oleracea (Mart, 1824). It is a widespread palm
tree, with an incidence and economic importance in the
Amazonian delta ﬂood plains, known by the names of palm
of asaí, azaí, huasaí, palma murrapo, naidí, or generally acai.
The fruit is produced in clusters from a third-year growth.
Each fruit (Figure 2) is a sessile stone fruit with a woody
endocarp, round shape, 1-2 cm diameter, and mass that varies from 0.8 to 2.3 g. Its fruits are constituted by a slightly
hard seed, surrounded by a greyish and oily pulp, covered

by a dark-purple epidermis [11, 12]. Fruits and roots are traditionally being used against diarrhea, jaundice, skin complications (acne, eczema), and parasitic infections (helminths)
and as a remedy against inﬂuenza, fever, and pain [13].
The polyphenolic proﬁle and antioxidant activity of
Colombian acai are diﬀerent from the one carried out with
several Brazilian acai studies. Colombian acai has higher proportions of delphinidin, cyanidin (cyanidin-3-glucoside),
and ferulic acid with high antioxidant activity [14, 15].
Proanthocyanidins were detected from acai seed aqueous
extract, as well as their bioactivity (antioxidant and cytotoxic
activities) depending strongly on their phenolic proﬁle. However, other nonphenolic compounds may be involved in their
antioxidant activity [16]. Moreover, in healthy women, it has
been observed that the consumption of acai pulp improves
the concentration of antioxidant cellular enzymes and serum
biomarkers increasing catalase activity, total antioxidant
capacity, and the reduction of reactive oxygen species and
carbonyl protein concentration [17].
Among other studies, acai showed antiparasitic activity
against L. infantum and L. amazonensis without cytotoxic
eﬀects to the host cell [18], reduction of early carcinogenesis
in the colon of mice, mitigation of DNA damage induced by
azoxymethane [19], antitumorigenic potential in the MCF-7
cell line [20], reduction in selected markers of metabolic disease risk in overweight adults [21], protection against renal
damage in diabetic rats [22], inhibition of urinary bladder
carcinogenesis in mice [23], improvement of cardiac dysfunction and exercise intolerance in rats subjected to myocardial infarction [24], and prevention of oxidative damage
in the brain of rats [25].
3.3. Myrciaria dubia (HBK) (McVaugh). Its common names
are camu-camu, caçari, arazá de agua, guayabo, guayabito,
or guapuro blanco. It grows near the river and lake margins
(Figure 3). Its high phenolic and vitamin C concentration
contributes to a high antioxidant capacity and the consequent health beneﬁts [26, 27].
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Figure 3: Myrciaria dubia McVaugh and its main compounds with functional activity.
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Figure 4: Solanum sessiliﬂorum Dunal and some compounds with functional activity.

Camu-camu is a spherical fruit (with a diameter and
length of approximately 1.0-3.2 cm and 1.2-2.5 cm, respectively) [28]. Polyphenolic compounds, antioxidant concentration, and antioxidant capacity depend on their maturity
state [28]. Before harvest, carotenoids, ﬂavonoids, and anthocyanins, as well as vitamin C, are in higher concentrations.
When the fruit ripens, ascorbic acid concentration decreases,
while anthocyanin, ﬂavonol, and ﬂavanol content, as well as
the antioxidant capacity, increased [26, 29].
Chemical analysis by HPLC identiﬁed the presence of
catechin, delphinidin 3-glucoside, cyanidin 3-glucoside, ellagic acid, and rutin. Other phenolic compounds were also
present such as ﬂavan-3-ol, ﬂavonol, ﬂavanone, and ellagic
acid derivatives. Acid hydrolysis of phenolic fraction revealed
the presence mainly of gallic and ellagic acids, which suggests
that this fruit has important quantities of hydrolyzed tannins
(gallotannins and/or ellagitannins) [29].
It has been observed in rats with diabetes type 1 that
camu-camu frozen pulp extracts attenuate hyperlipidemia
and lipid peroxidation. This could be due to the presence of
ﬂavonoids such as quercetin and myricetin that would be
contributing to avoid oxidative damage, relieving diabetic
complications in this animal model [30]. Camu-camu juice
has an antigenotoxic eﬀect in acute, subacute, and chronic
treatments in blood cells of mice. This eﬀect is being observed
only in ex vivo studies, with more signiﬁcant results in juice
acute administration, without toxic eﬀects or posttreatment

death [31]. Moreover, compounds such as ellagitannins, ellagic acid, quercetin glucosides, syringic acid, and myricetin
could be the main reason for a protection eﬀect against
microvascular complications (associated with diabetes type
2) and against some bacterial infections; in vitro evaluation
showed antihyperglycemic, antihypertensive, antimicrobial,
and cell rejuvenation activities [32]. Camu-camu residues
have also demonstrated antioxidant, antimicrobial, and antienzymatic activities [33].
3.4. Solanum sessiliﬂorum (Dunal, 1814). Its name is cocona
and it is an herbaceous shrub whose fruits vary from almost
spherical or ovoid to oval. With a 4 to 12 cm width and a 3
to 6 cm length and a 240 to 250 g weight, it has a color from
yellow to reddish (Figure 4). Their hull is soft and is surrounded by a thick, yellow, and watery mesocarp; it has an
unusual taste, highly acid. It is consumed in salads and juices
[34]. Cocona is slightly known mainly due its small-scale
production [35]. However, local population consumes it very
frequently as hypocholesterolemic and hypoglycemic remedies and for skin disease treatment [36, 37].
Its components include the presence of p-coumaric
acid, p-hydroxydihydrocoumaric acid, naringenin, methyl
salicylate, long-chain hydrocarbons, fatty acids, and their
methyl and ethyl esters. Some of these compounds accumulate only in fruit epicarp. Chromatographic proﬁle comparison between volatile compounds and diﬀerent morphotypes
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Figure 5: Theobroma grandiﬂorum and its main compounds with functional activity.

(oval, small round, and large round) showed chemical diﬀerences; the oval morphotype exhibits greater chemical complexity in terms of volatile and nonvolatile metabolites.
Furthermore, cytotoxic, genotoxic, and antigenotoxic potential was evaluated in vivo, observing a noncytotoxic eﬀect
on bone marrow cells and a nongenotoxic eﬀect on Wistar
rats. Cocona antioxidant capacity may contribute to the antigenotoxic eﬀects [38, 39]. Finally, cocona ﬂour administration showed a reduction of total cholesterol concentration,
low-density lipoprotein (LDL-c), and liver cholesterol and
increasing cholesterol and high-density lipoprotein (HDL-c)
fecal excretion in hypercholesterolemic rats [40].
3.5. Theobroma grandiﬂorum (Willd. ex Spreng.) (K. Schum,
1886). It is a tree that reaches 15-20 m high; it belongs to
the Sterculiaceae family [41]. Its fruits have diﬀerent shapes
(oblong, round oval), weighing between 200 g and 4000 g
(Figure 5) [42]. It is known as copoazú and belongs to the
Theobroma genus, like cocoa, and is considered as one of
the most popular fruits in the Amazonian market [43].
From copoazú almonds, it is obtained as a cocoa-like
liquor, with improved characteristics on unsaturated fatty
acid percentages and a smooth and pleasant ﬂavor. It has
active antioxidant substances, low percentage of theobromine, and high content of linoleic and oleic unsaturated fatty
acids. It is considered a suitable product for cosmetic, chocolate, beverage, liquor, and food industries [44]. Its main components in pulp were detected such as volatile compounds:
24 esters, 13 terpenes, 8 alcohols, 4 carbonyls, 4 acids, 2
lactones and phenol, ethyl butanoate, ethyl hexanoate,
and linalool [41].
Polyphenols derived from copoazú were studied evaluating the distribution and metabolism in the gastrointestinal
tract of mice and the microbial metabolic conversion of a
unique combination of ﬂavonoids (ﬂavan-3-ols, procyanidins, and ﬂavones). These compounds are accumulated
mainly in the stomach and small intestine where they could
exert local eﬀects. Procyanidin microbial metabolism was different from cocoa that contains procyanidin too [43]. Further, copoazú and cocoa liquors were chronically provided

to diabetic rats with streptokin. Copoazú liquor improves
their lipid proﬁle and antioxidant status, which could suggest
a superior eﬀect of the cocoa liquor [45].
3.6. Mauritia ﬂexuosa L.f. (1782). It is commonly known as
canangucha, buriti, or moriche palm. It is considered the
most abundant native palm that grows naturally in the Brazilian Amazon biome. Its fruit is highly nutritious with a
yellow-orange pulp (Figure 6) and bittersweet taste. Its endocarp is surrounded by a spongy material made of starch and
oil, with a hard skin, and contains a small reddish-brown
scale-like fruit [46]. It is possible to extract oil from its pulp,
whose main components are palmitic (18.7%), stearic (1.5%),
oleic (76.7%), linoleic (1.5%), linolenic (0.7%), and arachidic
acid (0.5%) [47].
The moriche plant has phenolic compounds mainly ﬂavonoids and glycosylated anthocyanins like the following:
catechin, caﬀeic acid, chlorogenic acid, quercetin, naringenin, myricetin, vitexin, scoparin, rutin, cyanidin-3-rutinoside, cyanidin-3-glucoside, epicatechin, and kaempferol
[48]. On the other hand, the fruits show a reasonable amount
of phenolic compounds, carotenoids (with predominance of
β-carotenes), and antioxidant activity, which conﬁrms the
functional potential of moriche [49]. Fruit pulp extracts
showed six phenolic acids: p-coumaric, ferulic, caﬀeic, protocatechuic, chlorogenic, and quinic. Quinic acid is much more
abundant than other phenolic acids in pulp; extracts also
show seven kinds of ﬂavonoids such as catechin, epicatechin,
apigenin, luteolin, myricetin, kaempferol, and quercetin [50].
In leaves, tricine-7-O-rutinoside, apigenin-6-C-arabinoside,
8-C-glucoside (isoschaftoside), kaempferol-3-O-rutinoside
(nicotiﬂorine), quercetin-3-O-rutinoside (rutin), luteolin-8C-glucoside (orientin), and luteolin-6-C-glucoside (isoorientin) were identiﬁed [51]. Leaf extract revealed its great ability
to inhibit food pathogens, like Pseudomonas aeruginosa, and
a moderate antimicrobial activity when applied in fruits [48].
3.7. Plukenetia volubilis L. It is a domesticated grapevine
known also as sacha inchi, sacha yuchi, sacha yuchiqui, mountain peanuts, wild peanuts, or inca peanuts among others. It
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grows in warm climates, at high altitude in the Andean rainforest to the Peruvian Amazon lowlands (Figure 7). Due to
its oil content, it is used as food supplement, in skin care,
and for wound treatment, insect bites, and skin infections [52].
The most studied and interesting fraction of this fruit is
its oil. Fruit seeds are a suitable oil source (35-60%) rich in
omega 3 and 6, whose composition varies according to seed
varieties. Found were signiﬁcant contents of α-linolenic acid
and a low linolenic acid/linoleic acid ratio, as well as considerable amounts of tocopherols (γ- and δ-tocopherols), phytosterols (β-sitosterol and stigmasterol), and phenolic
compounds like ferulic acid. However, no correlations have
been found between hydrophilic and lipophilic bioactive
compounds and antioxidant capacity. It suggests a complex
interaction of diﬀerent antioxidant compounds with diﬀerent action modes. Although there are few studies on the
sacha inchi oil eﬀects on health, there are evidences that it
could act by improving the lipid proﬁle [52]. Regarding its
use for skin care, sacha inchi oil was very active as a nonstick
(preventive) in keratinocytes and in the detachment of
Staphylococcus aureus on the adherence to in vitro human
skin explants [53].

3.8. Bactris gasipaes H. B. Kunth. It is an Amazonian palm
grown mainly for fruit production (Figure 8), known as
chontaduro, pejiballe, acana, or pupunha [54]. The chontaduro fruit has considerable concentration of proteins and
oil [55], with an important content of linoleic and linolenic
polyunsaturated fatty acids [56], as well as β-carotenes [57].
Chontaduro ﬂour residues contain diﬀerent types of
carotenoids: violaxanthin, lutein, zeaxanthin, 15-cis β-carotene, 13-cis β-carotene, all-trans β-carotene, 9-cis β-carotene, and α-carotene, as the main carotenoid pigment.
Retinol equivalent values found for chontaduro cooked
fruit (traditional consumption form) and ﬂour are higher
than those reported for popular products such as tomato
and papaya [58, 59]. Chontaduro ﬂour carbohydrates are
predominantly composed of insoluble ﬁber, highly esteriﬁed homogalacturonan (70% of esteriﬁcation). It contains
linear methyl and minor portions of xylogalacturonan
and rhamnogalacturonan that may promote health beneﬁts.
Although not very well documented in the literature, probably refer to their antioxidant capacity and their nutritional
value since their protein contains eight essential amino
acids [60].

Oxidative Medicine and Cellular Longevity

7
Bactris gasipaes H. B. Kunth
OH
O
O
HO

O
O

COO

COO

−

OH

−

O

CH2CO
O
HO

OH
HO O
O

O

Violaxanthin

HO O

HO

3

OH

H

O

O
COO

O

H

H

OH
HO O

CH3CO

H

O
COOCH1
COO−
O
HO
OH
HOO

H

O

O

H

H

COOCH3

−

HO
O

H

H

CH3CO
O

H

COOCH

COO−
O

HO
O

H
H

H

Zeaxanthin

H

COO−

O

Galacturonan

OH

Figure 8: Bactris gasipaes H. B. Kunth and its main functional compounds.
Paullinia cupana Kunth 1823
O

OH
O

HO

O

O
OH

N

N

OH

N

N

OH

O

Caﬀeine

OH

O

OH

OH

O
HO
OH

HOH3C

Epicatechin gallate

O

OH O
COOH
O

HO

O

COOH

O

COOH
O
OH

O

O
H3C
HO
HO
O

H3C

O

OH O

O
HOH3C OH

H3C
HO

OH
O

HO
HO

OH

OH

H3C
CH3

HO

COOH O

O

O
HO
COOH O

HO
COOH
O

HO

COOH
O
O

CH3OH
CHOH
O

HO
OH

HO

OH

H3C
O
O

HO

COOH
O
OH

O

OH
O

O

HO

COOH

O

O
HO

HO

Rhamnogalacturonan

COOH
O
O

O

O
O

COOH

O

OH
O

H3C

COOH

O

OH

C CH3

O

O
HO

O
OH

HO

C CH
3

O

O
O

CH3OH
O

O
O

O

HO

OO

H3C

HOOC
HO
HO

HO

O
O

O

O

O

O
O

HO

O
H 3C
O
HO
HO OH

H 3C
HO

O

OH

COOH
HOH3C
O

OH

OH

O

HO

COOH
O
OH
O

Figure 9: Paullinia cupana Kunth, 1823, and some functional compounds.

3.9. Paullinia cupana Kunth (1823). This climbing shrub,
better known as guarana, is rich in vitamins and stimulants such as caﬀeine; so, it is used mainly for consumption as beverage (Figure 9). It is produced mainly in the
Brazilian states of Amazonas and Bahia, and approximately 70% of its production is used in soft and energy
drink industries [61]. Its seeds are used to produce guarana
powder, which is consumed mainly due to its stimulating
activity [62]. The main reason so far to study guarana is
its caﬀeine content, and this probably will continue due
to the high demand of this alkaloid in the pharmaceutical
and cosmetic industries. Semipuriﬁed guarana extract shows

antidepressant and panicolytic eﬀects [63]. Guarana seed
extracts present antimicrobial activity against Escherichia
coli, Pseudomonas ﬂuorescens, Bacillus cereus, and spoilage
fungi such as Aspergillus niger, Trichoderma viride, and
Penicillium cyclopium [64].
All guarana seed extracts have antioxidant activity
with high amounts of total phenolic compounds like catechins, such as epicatechin, catechin, and epicatechin gallate.
Due to their high antioxidant, antibacterial, and antifungal
activities, guarana extracts have a promising potential as natural antioxidants in food, cosmetic, and pharmaceutical
industries [64].

Euterpe oleracea

N/R
N/R
IC50 = 8 5 μg/mL
(approximate value taken from the graph)
N/R

13,628 ± 184 μmol
TE/100 g DW
6.5 – 9.8 μmol TE/g
N/R

N/R

IC 50 19 58 ± 0 064 mg/mL

1,913 ± 228 μmol TE/100 g DW

N/R

N/R

TE: Trolox equivalent, VCE: vitamin C equivalent, DW: dry weight; FW: fresh weight; NR: not reported

Paullinia cupana

Plukenetia volubilis
Bactris gasipaes

Theobroma grandiﬂorum

Mauritia ﬂexuosa

Solanum sessiliﬂorum

185 ± 11 μmol TE/g FW ;
1,002 ± 27 (μmol TE/g DW;
1,679 ± 75 μmol TE/g DW ;
3,060.8 μmol TE/g DW
2,138 7 μmol TE/g DW IC 50 1,116 87 ± 0 064 μg/mL

101,336.1 μmol
TE/100 g DW;
686.0 μmol TE/100 g DW

21,049 ± 3,071 0 μmol
TE/100 g DW;
12,420 μmol TE ± 465/100 g DW;
609 1 μmol TE/g DW IC50 8 8 ± 0 27 μg/mL

Myrciaria dubia

N/R

IC 500 69 ± 0 23 μg/mL

Eugenia stipitata

N/R

N/R
N/R

N/R

33.02 μmol TE/g FW

N/R

N/R

24 7 ± 10 6 μmol TE/100 g DW;
40,330 ± 19,656 μmol TE/100 g DW

ABTS

ORAC
371 98 ± 11 50 μmol
TE/100 g DW

DPPH

Name

Table 2: Antioxidant capacity of native Amazonian fruits.

N/R

N/R
N/R

N/R

N/R
280 80 ± 37 99 μmol
FeSO 4·7H2O
equiv/100 g

N/R

3,834 ± 56 mg ascorbic
acid/100 g DW

N/R

FRAP

[63]

[29]

[51]

[48, 49]

[26, 30, 31]

[6, 14, 16]

[5]

Reference
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The presence of dietary ﬁber, including pectic and hemicellulose polysaccharides has been reported, and a homogalacturonan with rhamnogalacturonan and xylans has also
been isolated and characterized. Pectic polysaccharides and
methanolic extract exhibited antioxidant activity, and part
of the possible antioxidant eﬀects of guarana could be attributed to their pectic component [62].

4. Antioxidant Capacity of Native
Amazonian Fruits
In summary, most of the compounds with functional activity
correspond to compounds with antioxidant activity; Table 2
shows the diﬀerent methods used in the references examined
in the present mini review. However, the comparisons are
extremely complicated so it would be more appropriate to
review clinical studies performed on animals, but unfortunately, to date, there are very few of them. The antioxidant
capacity methods were DPPH, FRAP, TEAC, ABTS, and
ORAC. Comparison of antioxidant capacity between fruits
should be made only when the conditions (method, solvent,
sampling, expression of results, etc.) analyzed are the same;
therefore, results are not comparable with a great disadvantage that presents to compare the antioxidant capacities of
various fruits.

9

[4]

[5]

[6]

[7]

[8]

[9]

5. Conclusion
According to numerous authors, many Amazonian fruits are
an adequate source of multiple compounds with potential
health beneﬁts, mainly antioxidant eﬀects, which has also
been proven through numerous studies such as those detailed
in this mini review. However, among its diﬀerences in composition, quality, and insuﬃcient in vivo tests, scientiﬁc evidence oﬀers challenges and great opportunities in diﬀerent
areas of research (toxicology, food safety, food technology,
and processing). Therefore, new trends in functional foods
should be conducted considering the enormous potential of
these Amazonian fruits in human health.
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Borneol, a natural product in the Asteraceae family, is widely used as an upper ushering drug for various brain diseases in many
Chinese herbal formulae. The blood-brain barrier (BBB) plays an essential role in maintaining a stable homeostatic
environment, while BBB destruction and the increasing BBB permeability are common pathological processes in many serious
central nervous system (CNS) diseases, which is especially an essential pathological basis of cerebral ischemic injury. Here, we
aimed to conduct a systematic review to assess preclinical evidence of borneol for experimental ischemic stroke as well as
investigate in the possible neuroprotective mechanisms, which mainly focused on regulating the permeability of BBB. Seven
databases were searched from their inception to July 2018. The studies of borneol for ischemic stroke in animal models were
included. RevMan 5.3 was applied for data analysis. Fifteen studies investigated the eﬀects of borneol in experimental ischemic
stroke involving 308 animals were ultimately identiﬁed. The present study showed that the administration of borneol exerted a
signiﬁcant decrease of BBB permeability during cerebral ischemic injury according to brain Evans blue content and brain water
content compared with controls (P < 0 01). In addition, borneol could improve neurological function scores (NFS) and cerebral
infarction area. Thus, borneol may be a promising neuroprotective agent for cerebral ischemic injury, largely through alleviating
the BBB disruption, reducing oxidative reactions, inhibiting the occurrence of inﬂammation, inhibiting apoptosis, and
improving the activity of lactate dehydrogenase (LDH) as well as P-glycoprotein (P-GP) and NO signaling pathway.

1. Introduction
The blood-brain barrier (BBB) is an anatomical and biochemical barrier, consisting of endothelial cells, a basal lamina, and
astrocytic end feet [1]. The BBB integrity is of great signiﬁcance for brain homeostasis, while the dysfunction of BBB
can lead to complications of neurological diseases, such as
stroke, chronic neurodegenerative disorders, neuroinﬂammatory disorders, and brain tumor [1–3]. Moreover, a disruption
of BBB integrity, characterized by increased permeability, is

associated with several neurological pathologies, such as
ischemia/hypoxia, hemorrhage, multiple sclerosis, and amyotrophic lateral sclerosis [4]. During the cerebral ischemia/reperfusion injury, changes in BBB structures result in the
increase of its permeability and the loss of its protective function, which may deteriorate the tissue injury [5, 6]. Thus, the
disruption of BBB is an essential pathological basis of cerebral
ischemic injury. The long-lasting BBB disruption can directly
contribute to cerebral edema and the inﬂux of immune
cell and inﬂammatory materials, ultimately resulting in the

2

Oxidative Medicine and Cellular Longevity
2.2. Eligibility Criteria

H

OH

Figure 1: Chemical structures of borneol.

neuronal death, damage to the brain tissue, and neurological
deﬁcits, which plays a dominant role in the pathophysiological process of cerebral ischemic injury [7–10]. Further,
extravasation of blood-borne albumin due to the increase of
BBB permeability is assumed to trigger stroke-related complications like astrocyte-mediated epileptogenesis [11]. Consequently, those ﬁndings could provide a key basis that
restore BBB integrity or reduce BBB opening is of great
importance for the treatments of cerebral ischemic injury.
Borneol (Figure 1), a highly lipid-soluble bicyclic terpene chemical extracted from Blumea balsamifera (L.)
DC. in the Asteraceae family or Cinnamomum camphora
(L.) Presl. or chemically transformed based on camphor
and turpentine oil [12], is early described in a Chinese
herbology volume The Compendium of Materia Medica
(Bencao Gangmu) during the 16th century. It is widely
used as a common ingredient in many traditional Chinese
herbal formulas against stroke, such as Angong Niuhuang
pill [13]. According to traditional Chinese medicine
(TCM) Emperor-Minister-Assistant-Courier theory, borneol is classiﬁed as a “courier herb” that guides the herbs
upward to target organ, especially in the upper part of the
body, such as the brain. Many studies reported that
borneol had neuroprotective eﬀects through a variety of
mechanisms like antinociception [14], anti-inﬂammatory
[15, 16], antioxidation [16], and antiepilepsy [17]. Here,
we conducted a preclinical systematic review to provide
the current evidence of borneol for experimental ischemic
stroke, mainly through possible mechanisms of regulating
the BBB permeability.

2. Methods
2.1. Search Strategy. A comprehensive search strategy was
conducted in seven databases, including PubMed, Embase,
CENTRAL (the Cochrane Library), China National Knowledge Infrastructure, VIP database, Wanfang database, and
Chinese Biomedical Database from their inceptions to July
2018. The search terms were as follows: “(borneol OR
camphol) AND (ischemic stroke OR cerebral ischemic injury
OR cerebral infarction OR brain infraction).” No restrictions
were placed on the date, country, or language of publication.
All searches were limited to animal studies.

2.2.1. Types of Studies. All in vivo studies evaluating the eﬀect
of borneol on ischemic stroke were selected, regardless of
animal species or publication status. The following eligibility
criteria should be met: (1) the administration of borneol was
performed on the animal model of ischemic stroke, regardless of its mode, dosage, and frequency; (2) the BBB integrity
was assessed by qualitative assessments and/or quantitative
evaluations of the brain or both the brain and the blood for
a substance remaining stable in the blood or for an agent
additionally injected into the blood, including brain water
content, drugs used for ischemic stroke, Evans blue (EB),
and imaging contrast agents; and (3) the control group
receiving vehicle or no adjunct intervention was included in
the studies.
2.2.2. Types of Outcome Measures. The primary outcome
measures were the brain EB content, the brain water content, and the ultrastructure of BBB. The secondary outcome measures were neurological function score (NFS),
triphenyltetrazolium chloride (TTC) staining, measurement
of superoxide dismutase (SOD) activity, and malonaldialdehyde (MDA) level.
2.3. Exclusion Criteria. Exclusion criteria were as follows:
(1) the study was a case report, clinical trial, review, abstract,
comment, editorial, or in vitro study; (2) the targeting disease
was not ischemic stroke; (3) the intervention was a combination of borneol and another agent with potential eﬀect on
ischemic stroke; (4) the eﬀect of borneol was not tested on
BBB permeability; and (5) lack of the control group.
2.4. Data Extraction. Two independent reviewers assessed
the articles for the eligibility and extracted the following
details: (1) author, year, method of anesthesia, and/or model;
(2) individual data, including animal species, sex, and weight;
(3) the method of administration from both treatment and
control groups, including drug, dose, mode, and frequency;
and (4) the outcome measures and samples for individual
comparison were included. A comparison was deﬁned as the
qualitative and/or quantitative assessments of the BBB permeability in the treatment and corresponding control groups
after the administration of borneol or vehicle with a given dosage, mode, and frequency. If a drug was used for outcome
assessment, both the drug and the method of drug administration were obtained. All available data from quantitative
assessments of the BBB integrity were extracted for every
comparison including mean outcome and standard deviation.
2.5. Quality of Evidence. Quality of evidence in included studies was conducted by two independent reviewers according
to a ten-item modiﬁed scale [18, 19]: (1) peer reviewed publication; (2) statement of physiological parameter control,
such as temperature; (3) random allocation; (4) blinded conduct of the experiments; (5) blinded assessment of outcome;
(6) use of anesthetic without signiﬁcant intrinsic neuroprotective activity; (7) appropriate animal and/or model (aged,
diabetic, or hypertensive); (8) sample size calculation; (9)
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Records identified through database
searching (n = 511)

Additional records identified
through other sources (n = 0)

Screening

Records after duplicates and irrelevant articles
removed (n = 511)

Records excluded (n = 393)
Records screened title
and abstract (n = 118)

(i) Case reports; clinical trials; reviews;
abstracts; comments and editorials

Eligibility

Full-text articles excluded (n = 103)

Full-text articles
assessed for eligibility
(n = 15)

(i) Not in vivo studies (n = 19)
(ii) The targeting disease was not ischemic
stroke (n = 27)
(iii) Not test the effect of borneol on
experimental ischemic stroke (n = 18)

Included

(iv) The intervention was a combination of
borneol and another agent with potential
effect on ischemic stroke (n = 5)
(v) Lackof outcome assessment for BBB
permeability (n = 32)
(vi) Lack of control group (n = 2)
Studies included in
quantitative synthesis
(meta-analysis) (n =15)

Full-text articles excluded (n = 0)
(i) No available data

Figure 2: Flow diagram of the search process.

compliance with animal welfare regulations; (10) statement
of potential conﬂict of interests.
2.6. Statistical Analysis. The statistical analysis was conducted via RevMan version 5.3. To estimate the eﬀect of
borneol on ischemic stroke, a model of random eﬀect (RE)
was applied to estimate pooled eﬀect with 95% conﬁdence
intervals (CI) if statistical heterogeneity was found (P < 0 1,
I 2 > 50%), while a model of ﬁxed eﬀect (FE) was set with
95% CI if no statistical evidence of heterogeneity existed
(p ≥ 0 1, I 2 ≤ 50%). The weighted mean diﬀerence (WMD)
was calculated as a summary statistic if the outcomes were
applied the same scale, while standardized mean diﬀerences
(SMD) was used if the same outcome measurements were
measured in a variety of ways. Heterogeneity was assessed
via a standard chi-square test and I2 statistic. A probability
value less than 0.05 was considered statistically signiﬁcant.

3. Results
3.1. Study Selection. After primary search from seven databases, a total of 511 potentially relevant studies were included.
By reviewing titles and abstracts, 393 studies that were
case reports, clinical trials, reviews, abstracts, comments, or

editorials were excluded. After reading the remaining 118
full-text articles for eligibility, 103 studies were removed for
at least one of following reasons: (1) not an in vivo study;
(2) the targeting disease was not ischemic stroke; (3) the
study did not access the eﬀects of borneol on the animal
model of ischemic stroke; (4) the intervention was a combination of borneol and another agent with potential eﬀect on
ischemic stroke; (5) lack of outcome assessments for BBB
integrity; and (6) lack of the control group. Ultimately, 15
studies involving 308 animals were selected for quantitative
analysis (Figure 2).
3.2. Study Characteristics. Fifteen studies [20–34] involving
308 animals were included. Five species were referred,
including SD rats (n = 225) [21–23, 25, 27–30, 33, 34], Wistar
rats (n = 24) [24], ICR mice (n = 21) [33], Kunming mice
(n = 14) [31], and C57 BL/6J mice (n = 24) [20]. The weight
of rats ranged from 180 g to 400 g, and the weight of mice
ranged from 18 g to 25 g. Cerebral ischemic injury in the
included studies was induced by temporary middle cerebral artery occlusion (MCAO) for two hours [25–27, 30],
permanent MCAO [21, 32], temporary occlusion of bilateral common carotid arteries for a range of 20-60 min
[20, 22, 23, 33], transient occlusion of bilateral hemisphere
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for 20 min by Pulsinelli-4VO method [24], or permanent
ligation of bilateral common carotid arteries [28, 29, 31, 34].
Chloral hydrate was used in twelve studies, while the anesthetic in three study [21, 26, 28] cannot be conﬁrmed from
the primary data.
Among all the included studies, one study [21] assessed
the eﬀects of L-borneol, D-borneol, and synthetic borneol,
one study [23] assessed the eﬀects of synthetic borneol as well
as L-borneol, three studies [23, 29, 31] used synthetic borneol, one study [24] used D-borneol, two studies declared
the administration of natural borneol [30] but without
reporting the type of borneol, and the remaining studies used
the borneol without further information provided. The mode
of borneol application consisted of oral gavage (14 studies)
and intravenous injection (1 study) [34]. The frequency of
the treatment varied from once daily for the duration of 3
days [20, 21, 24, 26, 27, 29–31] to 8 days [33]. Two studies
applied the borneol to the animals before as well as after
the model establishment [20, 25], while the other thirteen
studies applied it before the model establishment.
Four studies [23, 26–28] reported the ultrastructure of
BBB when six studies performed the quantitative assessments
of brain for EB [20, 24, 25, 30, 31], and ten studies performed
the quantitative assessments of brain for water content
[20, 22–25, 27, 29, 32–34]. More details about the characteristics of the included studies were shown in Table 1.
3.3. Quality of Included Study. The quality scores varied from
2/10 to 5/10 with the average of 3.13. Twelve studies were
peer-reviewed publications, while three studies were unpublished master’s thesis or PhD thesis. Four studies described
the control of temperature. Fourteen studies declared the
random allocation. Twelve studies described the use of anesthetic without signiﬁcant intrinsic neuroprotective activity.
Four studies stated the compliance with animal welfare regulations. One study had a statement of potential conﬂict of
interests. None of the included studies reported the masked
conduct of experiments, the blinded assessments of outcome,
and the application of animal or model with relevant comorbidities or a sample size calculation. The quality scores for the
included studies shown in Table 2.
3.4. Eﬀectiveness Assessment
3.4.1. The Brain EB Content. The assessments of the brain EB
content were performed in six studies [20, 24, 25, 28, 30, 31]
at a time point ranged from 20 min to 72 hours after the
induction of the model. Combining available data in a
meta-analysis from the above six studies showed the signiﬁcantly protective eﬀect of borneol on the BBB during cerebral
ischemic injury according to the brain EB content
[nTreatment /nControl nT /nC = 40/38, WMD -4.16, 95% CI:
-4.68~-3.64, P < 0 00001; heterogeneity χ2 = 12 34, df = 5,
I 2 = 59%]. After sequentially omitting each study, one outlier
study [24] reporting Pulsinelli four-vessel method was considered as the potential sources of the heterogeneity.
Meta-analysis of remaining four studies showed a more
homogeneous result (nT /nC = 34/32, WMD -3.81, 95% CI:
-4.39~-3.23, P < 0 00001; heterogeneity χ2 = 4 94, df = 4,

Oxidative Medicine and Cellular Longevity
I 2 = 19%, Figure 3). It was indicated that the method of
model induction may be one possible explanation for
the heterogeneity.
3.4.2. The Brain Water Content. Ten studies [20, 22–25, 27,
29, 32–34] with eleven comparisons evaluated the brain
water content at a time point ranged from 10 min to 72 hours
after the induction of the model. Among them, nine studies
assessed brain water content by using dry-wet weight method
and showed the signiﬁcant decreasing of BBB permeability in
the treatment of cerebral ischemic injury (nT /nC = 72/72,
WMD -1.28, 95% CI: -1.93~-0.63, P = 0 0001; heterogeneity
χ2 = 61 26, df = 8, I 2 = 87%). After sequential removal of
each study, the outlier study [24] with model induced by Pulsinelli four-vessel method was removed. The meta-analysis of
eight studies showed a homogeneous result (nT /nC = 68/68,
WMD -0.92, 95% CI: -1.10~-0.75, P < 0 00001; heterogeneity
χ2 = 3 96, df = 7, I 2 = 0%, Figure 4), which also indicated a
possible explanation for the heterogeneity. The remaining
study [27] with two comparisons reported the rate of cerebral
edema based on wet weight and meta-analysis of them
showed signiﬁcant eﬀects of borneol for alleviating BBB permeability during cerebral ischemic injury (nT /nC = 16/16,
WMD -9.09, 95% CI: -12.11~-6.07, P < 0 00001; heterogeneity χ2 = 0 02, df = 1, I 2 = 0%, Figure 4).
3.4.3. The Ultrastructure of BBB. For cerebral ischemic injury,
four studies [21, 23, 26, 27] with seven comparisons assessed
the impacts of borneol on the ultrastructure of BBB, involving six comparisons reporting signiﬁcantly neuroprotective
eﬀects and one comparison reporting no diﬀerence.
3.4.4. NFS. NFS was reported in two studies [21, 32] with four
comparisons, examined according to the ﬁve-point scale
described previously by Longa et al. (Longa et al., 1989).
Meta-analysis showed a signiﬁcant diﬀerence in improving
NFS but with substantial heterogeneity (nT /nC = 45/45, MD
-0.42, 95% CI: -0.65 to -0.20, P < 0 00001, heterogeneity
χ2 = 300 05, df = 3, I 2 = 99%). Zhang et al. [32] compared
administration of borneol (0.4 g per animal, ig, qd) with the
same volume of 1% Tween (ig, qd) for 7 days before occlusion and reported no signiﬁcant diﬀerence in NFS between
the two groups (nT /nC = 9/9). Comparing L-borneol
(0.2 g/kg, ig, qd), D-borneol (0.2 g/kg, ig, qd), or synthetic
borneol (0.6 g/kg, ig, qd) with the same volume of 5% Tween
80 solution (ig, qd) for 3 days before occlusion, respectively,
Dong et al. [21] found that these three comparisons
had a signiﬁcant diﬀerence in improving NFS (L-borneol:
nT /nC = 12/12; D-borneol: nT /nC = 12/12; and synthetic
borneol: nT /nC = 12/12).
3.4.5. TTC Staining. Two studies [21, 32] with four comparisons applied TTC staining to evaluate cerebral infarction area,
showing a signiﬁcant diﬀerence but with substantial heterogeneity (nT /nC = 24/24, MD -6.64, 95% CI: -12.53 to -0.75,
P < 0 00001, heterogeneity χ2 = 252 43, df = 3, I 2 = 99%).
Using borneol (0.4 g per animal, ig, qd) for 7 days before
occlusion as an experimental administration (nT /nC = 9/9),
Zhang et al. [32] found that the infarction area was

Male, C57
BL/6J mice

Male, SD rats

Male, SD rats

Dong 2018
[21] a

Dong 2018
[21] b

Species

Chen et al.
2010 [20]

Study
(author, years)

230–270 g

230–270 g

18–20 g

Weight

NS

NS

Chloral hydrate
(300 mg/kg, ip)

Anesthetic

Same volume of 5%
L-borneol, 0.2 g/kg, ig,
Tween 80 solution, ig,
once daily for 3 days
once daily for 3 days
before occlusion
before occlusion

Same volume of 5%
D-borneol, 0.2 g/kg,
Tween 80 solution, ig,
ig, once daily for 3
once daily for 3 days
days before occlusion
before occlusion

Permanent middle
cerebral artery
occlusion

Permanent middle
cerebral artery
occlusion

Same volume of 10%
ethanol, ig, at 30 min
before model and
once daily for 2 days
after occlusion

Method of administration
Treatment group
Control group

Borneol, 0.01 g/kg, ig,
Temporary occlusion
at 30 min before
of bilateral common
model and once daily
carotid arteries for
for 2 days after
25 min
occlusion

Conditions or model
induction

Table 1: Summary of the eﬃcacy of borneol for ischemic stroke.

(1) Brain EB content,
48 h (6/6)
(2) Brain water
content, 24 h (6/6)
(3) Morris water maze
test, 4 d (12/12)
(4) MDA, SOD, 4 d
(6/6)
(5) GFAP, 4 d (3/3)
(1) Neurological
function score,
24 h (12/12)
(2) Brain water
content, 24 h (8/8)
(3) Cerebral infarction
rate with TTC
staining, 24 h (5/5)
(4) The ultrastructure
of BBB, NS
(5) VEGF levels in the
serum, 24 h (7/7)
(6) TNF-α levels in the
serum, 24 h (7/7)
(7) Bax mRNA, 24 h
(3/3)
(8) Bcl-2 mRNA, 24 h
(3/3)
(9) Claudin-5 mRNA,
24 h (3/3)
(1) Neurological
function score,
24 h (12/12)
(2) Brain water
content, 24 h (8/8)
(3) Cerebral infarction
rate with TTC
staining, 24 h (5/5)
(4) The ultrastructure
of BBB, NS
(5) VEGF levels in the
serum, 24 h (7/7)

Outcome measures
(sample)

(1) P > 0 05
(2) P > 0 05
(3) P > 0 05
(4) NS
(5) P < 0 01
(6) P < 0 01
(7) P > 0 05
(8) P > 0 05
(9) P < 0 05

(1) P < 0 05
(2) P < 0 01
(3) P < 0 01
(4) NS
(5) P < 0 01
(6) P < 0 01
(7) P > 0 05
(8) P > 0 05
(9) P > 0 05

(1) P < 0 05
(2) P < 0 05
(3) P > 0 05
(4) P > 0 05

Intergroup
diﬀerences

Oxidative Medicine and Cellular Longevity
5

230–270 g

200–300 g

180–200 g

Male and
female, SD
rats

Male and
female, SD
rats

Fang et al.
2004 [22]

Huang et al.
2000 [23]

Weight

Male, SD rats

Species

Dong 2018
[21] c

Study
(author, years)

NS

10% chloral hydrate
(300 mg kg, ip)

NS

Anesthetic

Same volume of
distilled water, ig,
once daily for 7 days
before model
establishment

Same volume of
Borneol, 0.2 g/kg, ig,
normal saline, ig, once
once daily for 7 days
daily for 7 days before
before occlusion
occlusion

Temporary occlusion
of bilateral common
carotid arteries for
60 min

Synthetic borneol,
1 g/kg, ig, once daily
for 7 days before
model establishment

Synthetic borneol,
Same volume of 5%
0.6 g/kg, ig, once daily Tween 80 solution, ig,
for 3 days before
once daily for 3 days
occlusion
before occlusion

Permanent middle
cerebral artery
occlusion

Temporary
obstruction of
bilateral common
carotid arteries for
45 min

Method of administration
Treatment group
Control group

Conditions or model
induction

Table 1: Continued.

(6) TNF-α levels in the
serum, 24 h (7/7)
(7) Bax mRNA, 24 h
(3/3)
(8) Bcl-2 mRNA, 24 h
(3/3)
(9) Claudin-5 mRNA,
24 h (3/3)
(1) Neurological
function score,
24 h (12/12)
(2) Brain water
content, 24 h (8/8)
(3) Cerebral infarction
rate with TTC
staining, 24 h (5/5)
(4) The ultrastructure
of BBB, NS
(5) VEGF levels in the
serum, 24 h (7/7)
(6) TNF-α levels in the
serum, 24 h (7/7)
(7) Bax mRNA, 24 h
(3/3)
(8) Bcl-2 mRNA, 24 h
(3/3)
(9) Claudin-5 mRNA,
24 h (3/3)
(1) Brain water
content, NS
(10/10)
(2) BAX, NS (10/10)
(3) BCL-XL, NS
(10/10)
(1) Brain water
content, 1 h
(10/10)
(2) The ultrastructure
of BBB, 1 h (10/10)

Outcome measures
(sample)

(1) P > 0 05
(2) NS

(1) P < 0 001
(2) P < 0 001
(3) P < 0 05

(1) P > 0 05
(2) P < 0 01
(3) P < 0 01
(4) P < 0 01
(5) P < 0 01
(6) P < 0 01
(7) P < 0 05
(8) P > 0 05
(9) P < 0 01

Intergroup
diﬀerences
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240–280 g

260–300 g

280–350 g

300–400 g

180–220 g

Male, Wistar
rats

Male and
female, SD
rats

Male, SD rats

Male, SD rats

Male, SD rats

Male &
female, SD
rats

Male and
female, SD
rats

Jia 2014 [24]

Liu et al. 2007
[25]

Ni et al. 2011
[26]

Tian 2013
[27] a

Tian 2013
[27] b

Shao 2018
[28]

Wang 2011
[29]

280–350 g

280–320 g

Weight

Species

Study
(author, years)

10% chloral hydrate
(300 mg/kg, ip)

NS

10% chloral hydrate
(350 mg/kg, ip)

10% chloral hydrate
(350 mg/kg, ip)

10% chloral hydrate
(350 mg/kg, ip)

10% chloral hydrate
(350 mg/kg, ip)

10% chloral hydrate
(NS, ip)

Anesthetic

Method of administration
Treatment group
Control group

Synthetic borneol,
0.20 g/kg, ig, once
daily for 3 days before
occlusion

Temporary middle
cerebral artery
occlusion for 2 h

Synthetic Borneol,
Permanent ligation of
0.2 g/kg, ig, once daily
bilateral common
for 3 days before
carotid arteries
model establishment

Borneol, 0.5 g/kg, ig,
once daily for 7 days
before model
establishment

L-borneol, 0.20 g/kg,
ig, once daily for 3
days before occlusion

Temporary middle
cerebral artery
occlusion for 2 h

Permanent ligation of
bilateral common
carotid arteries

Borneol, 0.2 g/kg, ig,
once daily for 3 days
before occlusion

Temporary middle
cerebral artery
occlusion for 2 h

Intergroup
diﬀerences

(1) P > 0 05
(2) P < 0 05
(3) P < 0 05
(4) P < 0 05

(1) P < 0 01
(2) P < 0 01
(3) P < 0 01
(4) NS

(1) P < 0 01
(2) P < 0 05
(3) P < 0 01
(4) P < 0 01
(5) NS

(1) P < 0 01
(2) P < 0 05
(3) P < 0 01
(4) P < 0 01
(5) NS

(1) NS
(2) P < 0 05
(3) P > 0 05

(1) Brain EB content,
(1) P < 0 01
24 h (5/5)
(2) P > 0 05
(2) Brain water
content, 24 h (5/5)

(1) Brain EB content,
(1) P < 0 05
72 h (6/6)
(2) P < 0 05
(2) Brain water
content, 72 h (6/6) (3) P < 0 05
(3) ZO-1, 72 h (6/6)

Outcome measures
(sample)

(1) The ultrastructure
Same volume of 5%
of BBB, 22 h
Tween, ig, once daily
(NS/NS)
for 3 days before
(2) VEGF, 22 h (8/8)
occlusion
(3) MMP-9, 22 h (8/8)
(1) Rate of cerebral
edema, 22 h (8/8)
Same volume of
(2) MDA, 22 h (8/8)
normal saline, ig, once
(3) SOD, 22 h (8/8)
daily for 3 days before
(4) P-GP, 22 h (8/8)
occlusion
(5) The ultrastructure
of BBB, 22 h (2/2)
(1) Rate of cerebral
edema, 22 h (8/8)
Same volume of
(2) MDA, 22 h (8/8)
normal saline, ig, once
(3) SOD, 22 h (8/8)
daily for 3 days before
(4) P-GP, 22 h (8/8)
occlusion
(5) The ultrastructure
of BBB, 22 h (2/2)
(1) Brain EB content,
Same volume of
24 h (10/10)
normal saline, ig, once
(2) SOD, NS (10/10)
daily for 7 days before
(3) MPO, NS (10/10)
model establishment
(4) TNF-α, NS (10/10)
(1) Brain water
content, 3 h (9/10)
Same volume of
(2) SOD,
normal saline, ig, once
Na+-K+-ATPase,
daily for 3 days before
3 h (9/10)
model establishment
(3) MDA, 3 h (9/10)
(4) LDH, 3 h (9/10)

Transient occlusion of
Same volume of 70%
bilateral hemisphere
D-borneol, 0.2 g/kg,
ethanol, ig, once daily
for 20 min
ig, once daily for 3
for 3 days before
(Pulsinelli-4VO
days before occlusion
occlusion
method)
Same volume of 1%
Borneol, 0.003 g/kg,
Tween, ig, at 12 hr,
ig, at 12 h, 30 min
Temporary middle
before model and at 30 min before model
cerebral artery
and at 12 hr, 24 hr
12 h, 24 h after
occlusion for 2 h
after occlusion
occlusion

Conditions or model
induction

Table 1: Continued.
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Species

18–22 g

200–250 g

Male and
female, ICR
mice

Zhang et al.
2011 [33]

Zhu et al. 2007
Male, SD rats
[34]

10% chloral hydrate
(400 mg/kg, ip)

4% chloral hydrate
(0.4 mg/kg, NS)

10% chloral hydrate
(350 mg/kg, ip)

4% chloral hydrate
(400 mg/kg, ip)

10% chloral hydrate
(NS, NS)

Anesthetic

Method of administration
Treatment group
Control group

Outcome measures
(sample)

Temporary middle
cerebral artery
occlusion for 2 h

(1) Brain EB content,
Same volume of
Natural borneol,
24 h (5/5)
0.028 g/kg, ig, once normal saline, ig, once
(2) ZO-1, 24 h (5/5)
daily for 3 days before daily for 3 days before
(3) Claudin-5, 24 h
occlusion
occlusion
(5/5)
Synthetic borneol,
Same volume of
Permanent ligation of
0.0666 g/kg, ig, once normal saline, ig, once
Brain EB content,
bilateral common
daily for 3 days before daily for 3 days before
20 min (8/6)
carotid arteries
occlusion
occlusion
(1) Brain water
content, 24 h (9/9)
Borneol, 0.4 g per
Same volume of 1%
(2) Neurological
Permanent middle
animal, ig, once daily Tween, ig, once daily
function score, NS
cerebral artery
for 7 days before
for 7 days before
(9/9)
occlusion
occlusion
occlusion
(3) Infarction volume,
NS (9/9)
(1) Brain water
content, 10 min
Temporary occlusion
Borneol, 0.5 g per
Same volume of 1%
(11/10)
of bilateral common animal, ig, once daily Tween, ig, once daily
(2) SOD, 10 min
carotid arteries for
for 8 days before
for 8 days before
(11/10)
20 min
occlusion
occlusion
(3) MDA, 10 min
(11/10)
Borneol, 0.020 g/kg,
Same volume of
Permanent ligation of
iv, once daily for 4 normal saline, iv, once Brain water content,
bilateral common
days before model daily for 4 days before 3 h (8/8)
carotid arteries
establishment
model establishment

Conditions or model
induction

P > 0 05

(1) P > 0 05
(2) P > 0 05
(3) P > 0 05

(1) P > 0 05
(2) P > 0 05
(3) P > 0 05

P > 0 05

(1) P > 0 05
(2 P > 0 05
(3) P > 0 05

Intergroup
diﬀerences

Note: BBB: the blood-brain barrier; increased: a signiﬁcantly increasing blood-brain barrier permeability after the administration of borneol; decreased: a signiﬁcantly decreasing blood-brain barrier permeability
after the administration of borneol; ND: no statistical diﬀerence between treatment and control groups; Increased? or decreased?: the eﬃcacy result was reported as increasing or decreasing blood brain barrier
permeability with the absence of statistical analysis or available original data; ig: intragastric administration; ip: intraperitoneal administration; iv: intravenous injection; NS: not stated; SOD: superoxide
dismutase; MDA: malondialdehyde; ET: endothelin; NO: nitric oxide; LDH: lactated hydrogenase; EB: Evans blue; ZO-1: zonula occludens-1; GFAP: glioﬁbrillar acid protein; BAX: Bcl-2 associated X protein;
BCL: B-cell lymphoma; VEGF: vascular endothelial growth factor; MMP-9: matrix metalloproteinase-9; P-GP: P-glycoprotein.

250–280 g

22 ± 3 g

Male, SD rats

Male and
female,
Kunming
mice

250 ± 20 g

Weight

Zhang et al.
2011 [32]

Yao et al. 2011
[31]

Xu and Zhang
Male, SD rats
2015 [30]

Study
(author, years)

Table 1: Continued.
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Table 2: Quality assessment of included studies.
Study

A B C D E F G H

I

Chen et al. [20]
Dong et al. [21]
Fang et al. [22]
Huang et al.[23]
Jia [24]
Liu et al. [25]
Ni et al. [26]
Tian [27]
Shao et al. [28]
Wang [29]
Xu and Zhang [30]
Yao et al. [31]
Zhang et al. [32]
Zhang et al. [33]
Zhu et al. [34]

+ + +
+ + +
+
+
+
+
+
+
+
+
+ +
+
+
+
+
+
+
+
+ + +
+
+
+
+

+
+ +

+
+
+
+
+
+
+
+
+
+
+
+

+
+

J

Total
5
5
3
2
3
3
3
3
2
2
3
3
4
3
3

A: peer-reviewed publication; B: monitoring of physiological parameters
such as temperature; C: random allocation; D: blinded conduct of the
experiments; E: blinded assessment of outcome; F: use of anesthetic
without signiﬁcant intrinsic neuroprotective activity (e.g., ketamine); G:
animal and/or model (aged, diabetic, or hypertensive); H: sample size
calculation; I: compliance with animal welfare regulations; J: statement of
potential conﬂict of interests.

statistically similar between the borneol group and the control group (same volume of 1% Tween, ig, qd). Comparing
L-borneol (0.2 g/kg, ig, qd), D-borneol (0.2 g/kg, ig, qd), or
synthetic borneol (0.6 g/kg, ig, qd) with the same volume of
5% Tween 80 solution (ig, qd) for 3 days before occlusion,
respectively, Dong et al. [21] found that these three comparisons had a signiﬁcant diﬀerence in alleviating the infarction
area (L-borneol: nT /nC = 5/5; D-borneol: nT /nC = 5/5; and
synthetic borneol: nT /nC = 5/5).
3.4.6. SOD. Meta-analysis of four studies [20, 28, 29, 33]
showed that animals in the borneol group had statistically signiﬁcant higher SOD activity than the control
group (nT /nC = 34/35, MD 17.22, 95% CI: -10.00 to 24.44,
P < 0 00001, heterogeneity χ2 = 20 56, df = 3, I 2 = 85%).
Sensitivity analyses were conducted to explore potential
sources of heterogeneity after the omissions of each individual study from the original analysis. Sensitivity analyses
pointed to one study [28] as a likely source of heterogeneity.
After removal of the study, the SOD activity between the
two groups had signiﬁcant diﬀerence and the heterogeneity was reduced (nT /nC = 24/25, MD 14.51, 95% CI: 10.93 to
18.09, P < 0 00001, heterogeneity χ2 = 3 65, df = 2, I 2 = 45%,
Figure 5).
3.4.7. MDA. Three studies [20, 29, 33] based on the measurement of MDA level showed no signiﬁcant diﬀerence between
the borneol group and the control group but with substantial
heterogeneity (nT /nC = 24/24, WMD -0.39, CI: -6.25~1.63,
P = 0 86, I 2 = 66%). Sensitivity analyses were conducted to
explore potential sources of heterogeneity after the omissions

of each individual study from the original analysis. Sensitivity
analyses pointed to one study [20] as a likely source of
heterogeneity. After removal of the study, the MDA outcomes between the two groups remained similar and the
heterogeneity was reduced (nT /nC = 18/18, WMD -0.32,
CI: -0.80~0.16, P = 0 19, I 2 = 0%, Figure 6).
3.4.8. Possible Neuroprotective Mechanisms of Borneol.
According to the included studies, the possible neuroprotective mechanisms of borneol for ischemic stroke lie in the
following aspects: (1) borneol could help alleviate the pathological BBB disruption [21, 23, 24, 26, 27, 30]. (2) Borneol
could eﬀectively reduce oxidative reactions through increasing the activity of SOD and decreasing the concentration of
MDA [28, 29, 33]. (3) Borneol could inhibit the occurrence
of inﬂammation by decreasing the expression of proinﬂammatory cytokines such as TNF-α [21, 28]. (4) Borneol could
exert antiapoptotic eﬀects, resulting in neuroprotection
[21, 22]. (5) Borneol could improve the activity of lactate
dehydrogenase (LDH) in brain tissue to inhibit the increase
of lactic acid, which reduces the accumulation of lactic acid
and exerts neuroprotective eﬀect [29]. (6) Borneol could
improve the energy metabolism disorder by upregulating
the activity of Na+-K+-ATPase [27, 29], Ca2+-Mg2+-ATPase
[27], and T-ATPase [27]. (7) Borneol could exert the neuroprotective eﬀect via P-glycoprotein (P-GP) signaling pathway
[27]. (8) Borneol exerts the neuroprotective eﬀect via NO
signaling pathway [27]. More details were shown in Table 3.

4. Discussion
4.1. Summary of Results. As far as we know, this is the ﬁrst preclinical systematic review to determine the eﬀects of borneol
for experimental ischemic stroke, mainly through possible
mechanisms of regulating the BBB permeability. In the present study, thirteen studies with 230 animals were selected
for analysis. Borneol were identiﬁed to have a decreased
impact on pathological BBB permeability from animals with
cerebral ischemic injury. The pooled data suggested that
borneol exerts a signiﬁcant protection on the experimental
model of ischemic stroke.
4.2. Limitations. First, all the databases we searched were in
English or Chinese, which may cause selective bias as studies
published in other languages may be left out. Second, the
present study found that only one animal species (rodent)
was used, which potentially posed a threat to the promotion
of the ﬁndings. Third, the methodological quality of most
included studies was moderate, which was an inherent drawback in the primary study. Methodological ﬂaws in most
included studies lie in blinding, sample size calculation, lacking animals with relevant comorbidities, and lacking statement of potential conﬂict of interests. Thus, the conclusions
in the present study should be partially treated with caution.
4.3. Implications. Currently, it is increasingly recognized that
the regulation of BBB permeability is a complicated process,
which involves multiple components, such as endothelial
cells, tight junction, basal lamina, and pericytes [35–38],
and a variety of genes. BBB can eﬀectively prevent the entry
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Study or subgroup
Chen et al. 2010 [20]
Jia 2014 [24]
Liu et al. 2007 [25]
Shao et al. 2018 [28]
Xu and Zhang 2015 [30]
Yao et al. 2011 [31]

Borneol
SD

Mean

Control
Total

4.57
0.88
72.17
0.75
4.87
1.83
5.36
1.02
26.79
2.24
30.578 13.449

6
6
5
10
5
8

Mean

SD

8.84
1.79
77.83
1.3
10.65
3.99
9.13
0.13
27.38
3.5
39.659 11.995

Total (95% CI)
34
Heterogeneity: Chi2 = 4.94, df = 4 (P = 0.29); I2 = 19%
Test for overall eﬀect: Z = 12.94 (P < 0.00001)

Total

Weight

Mean diﬀerence

Mean diﬀerence

IV, ﬁxed, 95% CI

IV, ﬁxed, 95% CI

6
6
5
10
5
6

13.1%
2.2%
82.0%
2.5%
0.2%

−4.27 [−5.87, −2.67]
Not estimable
−5.78 [−9.63, −1.93]
−3.77 [−4.41, −3.13]
−0.59 [−4.23, 3.05]
−9.08 [−22.46, 4.30]

32

100.0%

−3.81 [−4.39, −3.23]
−20 −10 0 10 20
Favours [borneol] Favours [control]

Figure 3: The forest plots: the borneol group versus the control group on brain Evans blue content under pathological conditions.

Study or subgroup

Control

Borneol
Mean

SD Total Mean

1.2.1 celebral ischemic injury - brain water sontent 1
79.33 0.18
6
80.43
Chen et al. 2010 [20]
77.3 0.27 10 78.23
Fang et al 2004 [22]
Huang et al. 2000 [23] 82.22 1.84 10 82.14
80.79 0.93
5
81.51
Liu et al. 2007 [25]
78.55 0.19
9
79.45
Wang 2011 [29]
82.22 1.24
9
83.05
Zhang et al. 2011 [32]
80.08 2.02 11 81.13
Zhang et al. 2011 [33]
79.19 1.13
8
79.79
Zhu et al. 2007 [34]
68
Subtotal [95% CI]
Heterogeneity: Chi2 = 3.96; df = 7 (P = 0.78); I2 = 0%
Test for overall effect: Z = 10.21 (P < 0.00001)

Weight

Mean difference

Mean difference

IV, fixed, 95% CI

IV, fixed, 95% CI

SD

Total

0.4
0.52
0.95
0.53
0.41
2.06
1.63
0.91

6
10
10
5
10
9
10
8
68

18.6%
18.4%
7.9%
11.1%
19.3%
6.0%
6.1%
10.4%
99.7%

−1.10 [−1.45, −0.75]
−0.93 [−1.29, −0.57]
0.08 [−1.20, −1.36]
−0.72 [−1.66, −0.22]
−0.90 [−1.18, −0.62]
−0.83 [−2.40, −0.74]
−1.05 [−2.61, −0.51]
−0.60 [−1.61, −0.41]
−0.92 [−1.10, −0.75]

8
8
16

0.2%
0.2%
0.3%

−9.30 [−13.43, −5.17]
−8.85 [−13.27, −4.43]
−9.09 [−12.11, −6.07]

1.2.2 cerebral ischemic injury - brain water content 2
17.21 5.15
Tian 2013 [27] a
7.91 3.01
8
17.21 5.15
Tian 2013 [27] b
8.36 3.77
8
16
Subtotal (95% CI)
Heterogeneity: Chi2 = 0.02; df = 1 (P = 0.88); I2 = 0%
Test for overall effect: Z = 5.90 (P < 0.00001)

84
84 100.0%
Total (95% CI)
Heterogeneity: Chi2 = 31.97, df = 9 (P = 0.0002); I2 = 72%
Test for overall effect: Z = 4.25 (P < 0.00001)
Test for subgroup difference: Chi2 =27.99. df = 1 (P < 0.00001), I2 = 96.4%

−0.95 [−1.13, −0.78]
−10
−5
0
5
10
Favours [borneol] Favours [control]

Figure 4: The forest plots: the borneol group versus the control group on brain water content under pathological conditions.

Study or subgroup
Chen et al. 2010 [20]
Wang 2011 [29]
Zhang et al. 2011 [33]

Borneol
Mean

SD

375.31 30.11
122.89 2.34
105.45 14.58

Control
Total Mean
6
7
11

SD

344.04 17.83
107.63 4.96
98.68 9.84

Total (95% CI)
24
Heterogeneity: Chi2 = 3.65, df = 2 (P = 0.16); I2 = 45%
Test for overall effect: Z = 7.95 (P < 0.00001)

Total

Weight

Mean difference

Mean difference

IV, fixed, 95% CI

IV, fixed, 95% CI

6
8
11

1.6%
86.5%
11.9%

25

100.0% 14.51 [10.93, 18.09]

31.27 [3.27, 59,27]
15.26 [11,41, 19.11]
6.77 [−3.62, 17.16]

−100

−50
Favours [control]

0

50
100
Favours [borneol]

Figure 5: The forest plots: the borneol group versus the control group on SOD activity under pathological conditions.

of lipophilic potential neurotoxins, protect the brain from
most pathogens, and selectively transport essential molecules,
which is of great importance in the homeostatic regulation of

the brain microenvironment. As common pathological processes in many serious CNS diseases, the BBB destruction
and the increasing BBB permeability are especially essential
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Figure 6: The forest plots: the borneol group versus the control group on MDA level under pathological conditions.

pathological bases of ischemic stroke. The present study demonstrated that the borneol could alleviate the increased BBB
permeability by protecting the functions of endothelial cells
and maintaining the integrity of the tight junction and basal
lamina during cerebral ischemic injury, which exerts potential
neuroprotective eﬀect.
The possible neuroprotective mechanisms of borneol for
ischemic stroke are summarized as follows: (1) BBB: borneol
can alleviate the pathological BBB disruption through protecting the function of endothelial cells, maintaining the
integrity of the basal lamina, and reducing the damage of
tight junction integrity [23, 24, 26, 27, 30]. (2) Oxidative
reactions: borneol can reduce oxidative reactions and the
neurotoxicity of free radicals through increasing the activity
of SOD and decreasing the concentration of MDA [29, 33].
SOD is a potent natural antioxidant enzyme that plays a
bioprotective role by alternately catalyzing the dismutation
or partitioning of the superoxide (O2-) radical into either ordinary molecular oxygen (O2) or hydrogen peroxide (H2O2),
which is a prominent antioxidant defense in nearly all living
cells exposed to oxygen [39]. As part of the brain ischemic
antioxidant defense, an increase of SOD activities can ameliorate the oxidative stress damages [40]. MDA is a main product
of lipid peroxidation of polyunsaturated fatty acids [41]. MDA
can be overproduced, resulting from an increase in free radicals [42]. Thus, MDA is commonly used as a biomarker to
measure the level of oxidative stress [43, 44]. Oxidative stress,
including lipid peroxidation, plays an important role in the
pathogenesis of acute brain injury and the breakdown of
BBB [45]. Lipid peroxidation, mediated by superoxide, could
cause alterations of membrane permeability as well as structural and functional impairment of cellular components. Free
radicals are generally generated in the ischemic areas during
ischemic stroke, leading to neuronal damage by promoting
lipid peroxidation, protein breakdown, and DNA damage,
which in turn results in cellular apoptosis and BBB permeability [46]. The pooled data showed that borneol signiﬁcantly
increases the activity of SOD and decreases the concentration
of MDA which reduced the neurotoxicity of free radicals. (3)
Anti-inﬂammation: borneol can exert anti-inﬂammation
eﬀects by decreasing the expression of proinﬂammatory cytokine TNF-α [21, 28]. Inﬂammation has been well recognized
as a predominate contributor in ischemic stroke, playing an
important role in all stages of the ischemic cascade [47, 48].
After ischemia, proinﬂammatory cytokines, such as TNF-α,
were released, which resulted in BBB breakdown and neuronal
death [21]. TNF-α, as a key proinﬂammatory mediator, plays a

critical role in inﬂammatory responses. The present study
indicated that borneol may be a potential anti-inﬂammatory
drug, particularly in respect to cytokine suppression, resulting
from the decreased expression of TNF-α induced by ischemic
stroke. (4) Antiapoptosis: apoptosis is essential in the pathogenesis of acute and chronic neurodegenerative diseases, such
as ischemic stroke, which can cause neuronal death and irreversible cerebral dysfunction [49]. It was found that inhibition
of apoptosis could alleviate ischemic injury [50, 51]. The
expression of Bcl-2 family plays a predominate role in apoptosis, which could either promote (Bax, Bak, Bad, Bim, and Bid)
or prevent (Bcl-2, Bcl-XL, and Bcl-w) apoptosis [52, 53]. The
present study revealed that borneol had antiapoptosis eﬀects
by decreasing the mRNA expression of Bax [22], increasing
the mRNA expression of Bcl-XL [22] and modulating the
Bax/Bcl-2 expression at both the mRNA and protein levels
[21]. (5) LDH: LDH is an enzyme that is widely distributed
in the cytoplasm of neurons and glial cells. LDH is abundant
in the brain under physiological condition, which would
release into the blood and consequently increase the accumulation of lactic acid during cerebral ischemic injury. The accumulation of lactic acid can cause acidosis in ischemic injury,
which increases free radicals and decreases the use of glucose
in the brain, ultimately resulting in the oxidative stress and
the decrease in ATP levels [29]. Borneol can improve the activity of LDH to inhibit an increase in lactic acid [29]. (6) Energy
metabolism: ischemic stroke easily causes the energy metabolism disorder including mitochondria functional impairment
and imbalance of ion homeostasis [54]. Borneol can improve
the energy metabolism disorder through upregulating the
activity of Na+-K+-ATPase [27, 29], Ca2+-Mg2+-ATPase
[27], and T-ATPase [27]. (7) P-glycoprotein (P-GP): P-GP is
an important protein of the cell membrane and more accurately an ATP-dependent eﬄux pump with broad substrate
speciﬁcity. P-GP expressed in the capillary endothelial cells
composes the BBB [55–57]. Borneol could decrease the
expression of P-GP. (8) NO: excessive nitric oxide (NO) generated during the cerebral ischemic stroke may be combined
with free radicals, which causes damage to lipid membranes,
nucleic acids, and cell protein. Borneol exerts the neuroprotective eﬀect via NO signaling pathway [27]. Borneol could
decrease the expression of NO [27]. During cerebral ischemia
and reperfusion, signaling cascades can be triggered by cross
talk. As mentioned above, BBB disruption, oxidative stress,
acidosis, the energy metabolism disorder, P-GP, and NO can
aﬀect each other and interact as both cause and eﬀect. The
present study showed the neuroprotective mechanism of
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Table 3: Characteristics of mechanism studies of borneol on experimental ischemic stroke.

Study

Model

Method of administration (experimental
group versus control group)

Possible mechanism

Dong et al. [21]

pMCAO in SD rats

(1) Alleviate the pathological BBB
disruption by upregulating tight
junction proteins Claudin-5
(2) Accelerate the proliferation of vascular
endothelial cells and by initiating
(1) L-borneol versus 5% Tween 80
angiogenesis.
(2) D-borneol versus 5% Tween 80
(3) Synthetic borneol versus 5% Tween 80 (3) Anti-inﬂammation by decreasing the
expression of TNF-α
(4) Antiapoptosis by modulating the
Bax/Bcl-2 expression at both the
mRNA and protein levels

Fang et al. [22]

BCO/1 h in SD rats

Borneol versus normal saline

Antiapoptosis by decreasing the mRNA
expression of Bax and increasing the
mRNA expression of Bcl-XL

Synthetic borneol versus distilled water

Alleviate the pathological BBB disruption
by protecting the function of endothelial
cells and maintaining the integrity of the
basal lamina

Huang et al. [23]

Jia [24]

Ni et al. [26]

Tian [27]

Shao et al. [28]

Wang [29]

BCO/45 min in SD rats

Occlusion of bilateral
hemisphere (Pulsinelli-4VO
D-borneol versus 70% ethanol
method)/20 min in Wistar
rats

Alleviate the pathological BBB disruption
by upregulating tight junction proteins
ZO-1
Alleviate the pathological BBB disruption
by downregulating VEGF and MMP-9

MCAO/2 h in SD rats

Borneol versus 5% Tween

MCAO/2 h in SD rats

(1) Alleviate the pathological BBB
disruption by alleviating the damage
of the BBB tight junction integrity
(2) Reduce oxidative reactions by
increasing the activity of SOD and
decreasing the concentration of MDA
(3) Improve the energy metabolism
(1) L-borneol versus normal saline
disorder by upregulating the activity of
(2) Synthetic borneol versus normal saline
Na+-K+-ATPase, Ca2+-Mg2+-ATPase,
and T-ATPase
(4) Neuroprotection via P-GP signaling
pathway
(5) Neuroprotection via NO signaling
pathway

Permanent BCO in SD rats

Permanent BCO in SD rats

Borneol versus normal saline

(1) Reduce oxidative reactions by
increasing the activity of SOD
(2) Anti-inﬂammation by decreasing the
expression of TNF-α

Synthetic borneol versus 1% Tween

(1) Reduce oxidative reactions by
increasing the activity of SOD and
decreasing the concentration of MDA
(2) Improve the activity of LDH
(3) Improve the energy metabolism
disorder by upregulating the activity of
Na+-K+-ATPase
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Table 3: Continued.

Study

Xu and Zhang [30]

Zhang et al. [33]

Model

MCAO/2 h in SD rats

BCO/20 min in ICR mice

Method of administration (experimental
group versus control group)

Possible mechanism

Borneol versus normal saline

Alleviate the pathological BBB disruption
by upregulating tight junction proteins
ZO-1 and claudin-5

Borneol versus 1% Tween

Reduce oxidative reactions by increasing
the activity of SOD and decreasing the
concentration of MDA

Note: BCO, bilateral carotid occlusion; MCAO, middle cerebral artery occlusion; pMCAO, permanent middle cerebral artery occlusion; LDH, lactate
dehydrogenase; ZO-1, Zonula occludens-1; VEGF, vascular endothelial cell growth factor; MMP-9matrix metalloproteinase-9; P-GP, P-glycoprotein.

borneol in the treatment of cerebral ischemic injury was
mainly attributed to the decrease of BBB permeability.
However, cellular and molecular alteration mechanisms of
borneol for ischemic stroke have not been clearly elucidated
yet, which presented an exciting investigative direction of
further research in this ﬁeld. In addition, the administration
of borneol could expand to other diseases with similar
pathologies, namely, the increased BBB permeability, which
was associated with the development and progression of
many CNS diseases, such as multiple sclerosis, Alzheimer’s
disease, and HIV-associated dementia.
Infarct volume (IV) is a common index for assessing the
extent of cerebral ischemic injury. Infarct on imaging is one
of the common identiﬁed predictors of clinical outcome for
ischemic stroke [58]. In addition, IV measurement is clinically
helpful in the accurate selection of patients for decompressive
surgery and the determination of the time of surgery [59].
Therefore, it is essential for further experimental trails of borneol for ischemic stroke to choose IV as outcome measures.
The methodological quality of the included studies was
moderate. In particular, no study estimated the sample size,
since inadequate sample size can miss the real intervention
eﬀect in an experiment or excessive sample size can result
in wasting animals and raising animal ethical issues [60].
No study blindingly assessed outcome, which could attribute
to a 27% overestimation of the mean reported eﬀect size [61].
No study used animals with relevant comorbidities, which
was rarely like human pathology under the clinical conditions [18]. Thus, it is necessary for further research of borneol
for ischemic stroke to take a rigor experimental design into
consideration. We recommended that the Animal Research:
Reporting of In Vivo Experiments (ARRIVE) [62], a reporting guideline consisting of a 20-item checklist for the introduction, methods, results, and discussion, should be used as
guidelines for the design and reporting of further experimental research examining borneol for ischemic stroke, which
can extremely help improve the methodological quality.

5. Conclusion
Borneol can alleviate the BBB disruption and plays a protective role on cerebral ischemic injury through multiple signaling pathways. Further relevant molecular mechanisms
deserve adequate research.
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Neurodegenerative diseases, such as Parkinson’s and Alzheimer’s, are understood as occurring through genetic, cellular, and
multifactor pathophysiological mechanisms. Several natural products such as ﬂavonoids have been reported in the literature for
having the capacity to cross the blood-brain barrier and slow the progression of such diseases. The present article reports on in
silico enzymatic target studies and natural products as inhibitors for the treatment of Parkinson’s and Alzheimer’s diseases. In
this study we evaluated 39 ﬂavonoids using prediction of molecular properties and in silico docking studies, while comparing
against 7 standard reference compounds: 4 for Parkinson’s and 3 for Alzheimer’s. Osiris analysis revealed that most of the
ﬂavonoids presented no toxicity and good absorption parameters. The Parkinson’s docking results using selected
ﬂavonoids as compared to the standards with four proteins revealed similar binding energies, indicating that the compounds
8-prenylnaringenin, europinidin, epicatechin gallate, homoeriodictyol, capensinidin, and rosinidin are potential leads with the
necessary pharmacological and structural properties to be drug candidates. The Alzheimer’s docking results suggested that
seven of the 39 ﬂavonoids studied, being those with the best molecular docking results, presenting no toxicity risks, and
having good absorption rates (8-prenylnaringenin, europinidin, epicatechin gallate, homoeriodictyol, aspalathin, butin, and
norartocarpetin) for the targets analyzed, are the ﬂavonoids which possess the most adequate pharmacological proﬁles.

1. Introduction
Neurodegenerative diseases (NDDs) arise as a progressive
loss of neuron structure and function, resulting in muscle
weakness and deterioration of the body’s physiological functions [1, 2]. During this process, postmitotic cells undergo
cell death, leading to cellular apoptosis signaling and further
oxidative stress [3]. In addition to neuronal loss, other pathological genetic, biochemical, and molecular factors aﬀect the
progression of the disease. Recent studies have demonstrated

the presence of proteins in the brains of the aﬀected (involved
in the process of NDDs), with modiﬁed physicochemical
properties [4]. NDDs include Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington disease (HD), schizophrenia, amyotrophic lateral sclerosis (ALS), seizure disorders,
and head injuries along with other systemic disorders [5].
Phytochemicals are a diversiﬁed group of naturally
occurring bioactive compounds in plants; they include ﬂavonoids, alkaloids, terpenoids, lignans, and phenols. Since they
have a wide range of chemical, biochemical, and molecular
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characteristics, phytochemicals are of considerable interest
for treating NDDs. Phytochemicals are promising candidates
for various pathological conditions involving modulation of
multiple signal pathways and serving as antioxidant and
anti-inﬂammatory agents [6], agents against cancer and neurodegenerative diseases [7–9], or as antifungal agents [10].
Several studies have addressed the protective activity of natural derivatives such as alkaloids when applied to neurodegenerative diseases such as Alzheimer’s and Parkinson’s
[11]; genistein brings neuroprotective eﬀects [12, 13]; hesperetin presents potent antioxidant and neuroprotective eﬀects
[14]; quercetin [15] and xanthones present multifunctional
activities against Alzheimer’s disease [16].
Flavonoids ﬁt the NDDs proﬁle, and in a process dependent on the suppression of lipid peroxidation, inhibition of
inﬂammatory mediators, modulation of gene expression,
and activation of antioxidant enzymes, ﬂavonoids help maintain the endogenous antioxidant status of neurons, protecting them from neurodegeneration [17, 18]. Based on their
chemical structure, they are classiﬁed into several categories
including ﬂavanols, ﬂavonols, ﬂavones, ﬂavanones, isoﬂavones, anthocyanidins, and chalcones [19].
This article focuses on ﬂavonoids found in the literature for anti-Parkinson and anti-Alzheimer activity,
including targets involved in the degenerative process of
each disease. Molecular docking studies detail the structural parameters involved that best contribute to the activity of such compounds. This study facilitates knowledge as
applied to two NDDs concerning ﬂavonoid structural
enhancements and the pharmacophores involved in the
receptor-protein complex.

2. Parkinson’s Disease
Parkinson’s disease (PD) is the second most common neurodegenerative disease globally and has been increasing considerably without evidence of cure [20, 21]. PD is reported as a
loss of dopaminergic neurons located in the substantia nigra
(SN) and aﬀects 1-2% of people over the age of 60 [22]. Estimates of the disease range from 5 to 35 new cases per 100,000
individuals [23]; this increases with age [24]. The prevalence
of PD is increasing considerably, corroborating a doubling by
the year 2030 [25].
To characterize PD, progressive degeneration of dopaminergic (DA) neurons causing depletion of striatal dopamine
and formation of Lewy bodies in the substantia nigra (SN)
are the principal neuropathological correlations of motor
damage in PD. The symptoms include resting tremor, rigidity, bradykinesia, gait diﬃculty, postural instability, and
behavioral problems [26]; nonmotor symptoms include
depression, anxiety, emotional changes, cognitive impairment, sleep diﬃculty, and olfactory dysfunction [27]. There
are several studies that report neurodegenerative factors such
as neuroinﬂammation [28] and cytotoxic factors such as IL1,
NO, ROS, and TNF [29].
The treatment of PD focuses on carbidopa to replace
dopamine, levodopa drugs, monoamine oxidase B inhibitors,
dopamine agonists, catechol-o-methyltransferase inhibitors,
anticholinergics, and amantadine [30]. Levodopa is the single
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most used drug to treat Parkinson’s disease [31]. However,
these drugs cause many side eﬀects [32], and they usually
lead to other complications, yet without curing or stopping
disease progression. The search for new therapeutic agents
with few side eﬀects is essential.
The use of natural products against PD has intensiﬁed in
recent years, chieﬂy compounds derived from plants, since
they are known to have fewer side eﬀects than synthetic compounds [33, 34]. These advances in the treatment of PD give
the disease a chance to be administered eﬀectively, leading to
symptom control and improvement of patient quality of life,
often for decades after onset of the disease.
2.1. Molecular Docking Applied to Natural Products for
Parkinson’s Disease. Molecular docking studies are based on
joining a particular ligand to a receptor region, providing
information about conformation, orientation, and organization at the receptor site [35]. Studies using computational
chemistry to predict potential inhibitors for neurodegenerative diseases have been reported in the literature [36–38],
and studies involving molecular docking have been reported
in the literature for Parkinson’s disease and ﬂavonoid
derivatives [39].
Desideri et al. [40] reported the in vitro and in silico activity
of a series of homo-isoﬂavonoids as potent inhibitors of
human monoamine oxidase-B. Presenting better in vitro
results than the standard drug, selegiline, (E)-3-(4-(Dimethylamino)benzylidene)chroman-4-one and (E)-5,7-dihydroxy3-(4-hydroxybenzylidene)chroman-4-one also demonstrated
selectivity and high potency during the in silico studies, interacting with hydrogen and hydrophobic bonds at the active site.
Our research group applied ligand-based-virtual screening
together with structure based-virtual screening (docking) for
469 alkaloids of the Apocynaceae family in a study of human
AChE inhibitory activity [41]. As a result, 9 alkaloids presenting
better inhibition proﬁles for both Parkinson’s and Alzheimer’s
(dihydro-cylindrocarpine, 14,19-dihydro-11-methoxycondylocarpine, Di (demethoxycarbonyl) tetrahydrosecamine, tetrahydrosecamine, 16-demethoxycarbonyltetrahydrosecamine,
16-hydroxytetrahydrosecamine, usambarensine, 4′,5′,6′,17tetrahydro-usambarensine-N-oxide, and 6,7-seco-angustilobine) were selected for future studies.
Baul and Rajiniraja [42] performed a molecular docking
study using ﬂavonoids such as quercetin, epigallocatechin
gallate (EGCG), and acacetin to predict inhibitory activities
and their ability to inhibit the enzyme α-synuclein. The
results showed that the ﬂavonoids present low energy value
interactions with residues Lys45, Lys43, Lys32, and Val40,
being essential for activity in this protein.
In silico studies involving Parkinson’s disease antiinﬂammatory activity have also been targeted for novel bioactive compounds. As a general rule for anti-inﬂammatory
activity, both hydrogen and π-π hydrophobic interactions
between the active site of the macromolecule and the compounds are essential. Madeswaran et al. [43] reported the
inhibition activity of nine ﬂavonoids (morin, naringenin,
taxifolin, esculatin, daidzein, genistein, scopoletin, galangin,
and silbinin) against human lipoxygenase enzyme. The ﬂavonoid interactions especially those of morin were similar to
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Azelastine, a ﬂavonoid already reported in the literature
for lipoxygenase inhibition activity, thus deﬁning amino
acids Tyr359, Gln358, and Gln539 as critical to the activity
of these compounds.
2.2. Targets in Parkinson’s Disease
2.2.1. Adenosine A2A Receptors. Adenosine receptors are
members of the G protein-coupled receptor superfamily
and considered potential targets for treatment of numerous
diseases. Adenosine binds four types of G-protein receptors
known as A1, A2A, A2B, and A3 all with distribution in the
brain. A2A has a more speciﬁc and abundant distribution in
the basal ganglia. This selective distribution for receptors
can help guarantee fewer adverse eﬀects and make nondopaminergic antagonists more promising for the treatment of
PD [44].
The A2A adenosine receptor (A2AAR) is highly expressed
in the basal ganglia and depends on Gs and other protein
interactions for signal interpretation [45]. In mammals, high
expression of this protein is found in the striatum in the basal
ganglia, with an important route for the regulation of dopaminergic transmission [46]. The A2A receptor subtype presents
signaling involving activation of serine/threonine kinase
[47, 48], which modulates phosphorylation of ionotropic
glutamate receptors [49, 50]. The A2A receptor may provide improvement in motor abnormalities for patients
with PD, by controlling hyperphosphorylation of the
glutamatergic receptor.
Indeed, ﬁve A2A receptor antagonists are now in clinical
trials (phases I to III) for Parkinson’s disease, and other
antagonists have been reported in the literature [51]. The
use of these receptors is due to various preclinical studies
which have shown that adenosinergic neuromodulation
antagonizes dopaminergic neurotransmission in aspects relevant to motor control. The adenosine A2A receptor activates
adenylyl cyclase and certain voltage-sensitive Ca2+ channels
[52]. These receptors are expressed in the GABAergic neurons and in glutamatergic neuronal terminals [53].
Schwarzschild et al. [54] proposed an anti-Parkinson
activity reactive mechanism for the A2A receptor. In the
normal state, the dopamine of the neurons is found in the
substantia nigra and acts on two receptors: D1 receptors
(direct stimulatory pathway) and D2 receptors (indirect
inhibitory pathway). Adenosine, which is released by A2A
receptors, stimulates neurons at the D2 receptor pathway.
In degenerative processes, as is the case in PD, the central
nervous system (CNS) degeneration blocks the entry of
striatum dopamine, which increases GABA’s inhibitory
inﬂuence, consequently mitigating PD motor deﬁcits.
The restriction of striatum region expression contributes
to fewer side eﬀects in PD patients [55–57]. Several studies
have reported the activity of nondopaminergic A2A receptor
antagonists [58, 59], a good target for the development of
anti-Parkinson drugs.
2.2.2. α-Synuclein. A 140 amino acid protein, α-synuclein is
commonly located in presynaptic terminals [60, 61]. Alphasynuclein represents the most abundant protein in Lewy
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bodies (LB), cytoplasmic inclusions found in PD and in
LB dementia (LBD), which have a little understood physiology. The synuclein family has three members, α-synuclein,
β-synuclein, and γ-synuclein, ranging from 127 to 140 amino
acids, with about 55 to 62% of homologous sequences, and
where α and β have an identical carboxy-terminal domain.
These proteins are commonly found in nerve terminals, close
to synaptic vesicles; β-synucleins are present in almost all
nerve cells [62].
Among the factors that inﬂuence α-synuclein abnormalities, genetic factors (protein gene, PARK3, and PARK4 locus
mutations) and environmental factors (oxidative damages)
often lead to errors in the ordering and conformation of
α-synuclein ﬁlaments [63].
Recent studies report a mutation of alanine to threonine
at position 53 of the protein gene causing a rare and familial
form of PD in four families [64]. The identiﬁcation of
this mutation in autosomal dominant families of inherited Parkinson’s led to the discovery of a new target for
PD pathology.
Olanow and Brundin [65] provided evidence of
α-synuclein activity in prion-like proteins acting in PD, thus
suggesting new studies for the development of inhibitors.
Recent studies have reported that a doubling or tripling of
the α-synuclein gene leads to a similar type of PD [66, 67].
Mutagenic studies involved in the α-synuclein response
associate and reinforce the hypothesis that mutations are
involved in the pathogenesis of PD.
2.2.3. Catechol-O-Methyltransferase. The enzyme catecholO-methyltransferase, also known as COMT, is as an important enzyme involved in biochemistry, pharmacology, and
genetic mechanisms. Methylation of endogenous catecholamines, as well as other catechols, is catalyzed by the enzyme
catechol-O-methyltransferase (COMT). COMT transfers
the methyl group of S-adenosylmethionine (SAM) to the
meta- or para-hydroxyl group present in catechols [68, 69];
COMT is considered a SAM-dependent methyltransferase
[70]. COMT substrates involve both endogenous and
exogenous catechols, such as dopamine, norepinephrine,
and epinephrine. In the brain, COMT is involved in mental
processes, as studies have reported for Parkinson’s disease
[71]. COMT is considered a target for study and development of new anti-Parkinson drugs using coadministration
with levodopa [72, 73]. The enzyme has two forms: a soluble
form, known as S-COMT, presenting 221 residues; and a
second form, known as membrane based (MB-COMT),
exhibiting 50 residues at the N-terminus [74]. The COMT
active site has a SAM binding site and an S-COMT catalytic
site. In addition, the presence of Mg2+ in the catalytic site
is responsible for converting catechol hydroxyl groups to
substrates [68].
The COMT enzyme has the single domain structure containing α and β moieties, where 8 helices are disposed around
a central β sheet. The active site of the enzyme is composed
of an S-adenosyl-L-methionine-(AdoMet-) binding domain,
similar to a Rossmann fold, and present in numerous proteins
that interact with nucleotides [68].
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The catechol-O-methyltransferase (COMT) gene encodes
an enzyme that performs catecholamine (such as dopamine,
epinephrine, and norepinephrine) degradation [75]; this process is depressed in patients with PD. The COMT gene is
located on chromosome 22q11, which has been reported as
one of the major loci related to schizophrenia [76]. Recent
studies have shown a polymorphism at codon 158 (Val158Met, called rs4680) that inﬂuences the COMT enzyme, by
decreasing its activity [77], and which interferes with executive cognitive performance [78, 79].
2.2.4. Monoamine Oxidase B. The enzyme monoamine oxidase B (MAO-B) has been reported as a therapeutic target
for the treatment of Parkinson’s disease [80, 81] and is also
a brain glial biomarker [82]. Studies have shown that MAO
is located in the outer mitochondrial membrane, in the liver,
and in the brain [83] and presents FAD as a cofactor in its
active site, where irreversible MAO inhibitors bind, such
as rasagiline.
MAO’s mechanism of reaction involves oxidative
deamination of primary, secondary, and tertiary amines,
to the corresponding aldehyde, and free amine with
the generation of hydrogen peroxide. As for the aldehyde,
this is metabolized by the enzyme aldehydedehydrogenase,
producing acids such as 5-hydroxyindole acetic acid
(5-HIAA) or dihydroxy-phenyl-acetic acid (DOPAC), metabolites used as MAO activity drugs. MAO also produces
hydrogen peroxide, leading to oxidative stress and neuronal
cell death [84, 85].
MAO can be found in two isoforms, known as isoform A
and isoform B, with diﬀerences that are of great pharmacological importance [86]. Isoform A is located next to catecholaminergic neurons, whereas the B isoform is located in
neurotransmitters. Among the two subtypes, MAO-B is one
of the enzymes that oxidize the neurotransmitter dopamine
in addition to metabolizing other amines. This enzyme is
found in large numbers in astrocytes but is also present in
serotonin neuron cell bodies, whereas MAO-A is located in
neurons in the brain [87]. Isoform A is inhibited by low concentrations of clorgiline, while MAO-B is inhibited by selegiline and rasagiline [88–90], drugs used to elevate brain
dopamine by inhibiting its breakdown and promoting beneﬁcial symptomatic eﬀects for the patient.
Studies have reported the expression of MAO-B in
human brains or more precisely in the substantia nigra of
patients aﬀected by PD [91, 92]. Human MAO-B presents
two cavities in its structure, and the FAD coenzyme is present in the active site. The N5 atom is present in the external
region, and the residues Tyr398 and Tyr435 play important
roles in hMAO-B catalytic activity [93]. The inhibition of
MAO-B using rasagiline may promote increased dopaminergic activity of the striatum, leading to symptomatic beneﬁts
due to interference in dopamine degradation. Improvements
also result from decreased free radicals as generated from
dopamine oxidation. The development of selective and
reversible MAO-B inhibitors may reduce undesirable adverse
eﬀects and present long-term eﬃcacy in neurodegenerative
disease treatment.
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3. Alzheimer’s Disease
Alzheimer’s disease (AD) is a progressive neurodegenerative
disease common in older people (from 60 years of age and
upwards). It consists in memory loss and gradual impairment of cognitive function due to mainly cholinergic neuron
death, which makes accomplishment of daily activities diﬃcult, leading the patient to dependence for the basic activities
of their daily routine. Because the neurological impairment
compromises the autonomic nervous system (ANS), it eventually leads to death. [94–98].
One of the symptoms of AD is dementia, and according
to the World Health Organization (WHO) Bulletin, AD is
the main pathology responsible for up to 70% of individuals
with dementia. WHO estimates that more than 47 million
people suﬀer from dementia, and more than half are from
underdeveloped countries. Alzheimer’s has no cure and its
treatment consists of trying to slow the progression of the
disease and oﬀer symptomatic relief [99, 100].
Alzheimer’s is clinically explained by neuronal decreases
linked to deﬁcient synthesis of acetylcholine (ACh) involved
in memory, learning, and SNA. Thus, studies commonly aim
at inhibiting acetylcholinesterase (AChE) to prevent ACh
breakdown and consequent loss of memory and cognitive
functions [101–104].
3.1. Molecular Docking Applied to Natural Products for
Alzheimer’s Disease. Bioactive beta-secretase-1 (BACE1)
inhibitors are currently being studied as therapeutic targets.
BACE1 inhibition prevents the amyloid β-amyloid peptide
(Aβ) from increasing, preventing cleavage of localized amyloid precursor protein (APP), and thus portion C99 enters
the membrane while the (sAPPβ) portion enters the extracellular environment. Inhibition of BACE1 is a therapeutic
alternative that inhibits the evolution of AD. This hypothesis
has been known since the 1990s as “amyloid cascade”
because it consists of a set of neuropathological events that
occur in chain, initiated by the accumulation of Aβ,
followed by the dysfunction of Tau proteins (which normally stabilize neuronal microtubules), which results in cell
death through the agglomeration of Tau proteins in the cell;
this compromises both dendrite and the neuronal cell body
functions [105–109].
In a molecular docking study [110] to identify molecules
that potentiate Alzheimer’s inhibition in the BACE1 target,
docking of 14 molecules using Molex Virtual Docker was
performed with PDB ID 2XFJ and presented interactions
with amino acid residues Thr292, Asp93, Asp289, Thr293,
Gln134, Asn294, and Thr133. For the compounds studied,
hydrogen bonds and hydrophobic interactions with these
residues favored inhibitory activity.
Barai et al. [111] using the GOLD suite v.5 program
analyzed molecular docking interactions of bergenin
(Figure 1(a)) 2 with the objective of highlighting its neuroprotective eﬀects against AD. The docking data in this
study were obtained from interactions of the natural product
with acetylcholinesterase (PDB ID 1B41), butyrylcholinesterase (PDB ID 1P0I), Tau protein kinase 1 (PDB ID 1J1B), and
BACE-1 (PDB ID 1FKN). The docking results were compared
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Figure 1: 2D structure of Alzheimer’s disease inhibitors. (a) Bergenin. (b) 5,7-dihydroxy-4′-methoxy-8-prenylﬂavanone.

with the standard drugs donepezil, galantamine, and physostigmine. In the AChE target interactions, hydrogen bonds
were present with residues Val340, Gly342, and Phe346; for
the BuChE target, hydrogen bond interactions appeared with
residues Asn245, Phe278, Val280, and Pro281; for GSK-3β,
hydrogen bond interactions appeared with residues Ile62,
Gly68, Lys85, Leu132, Asp133, Tyr134, Val135, Arg141, and
Asp200, with hydrogen bonds also appearing in most of the
residues; and ﬁnally for BACE1, hydrogen bond interactions
with the amino acids Asp32, Gly34, Asp228, Thr231, and
Arg235 were present. In each target, bergenin presented
amino acid residue interactions similar to those of the standard drugs studied: Arg24, Lys32, Val340, Gly342, Ala343,
and Phe346.
Das et al. [112] performed in silico molecular docking
studies with 5,7-dihydroxy-4′-methoxy-8-prenylﬂavanone
(Figure 1(b)) using the FlexX of Biosolveit LeadIT program
along with the drugs donepezil, galantamine, rivastigmine,
tacrine, huperzine, methoxytaxine, and others. The target
(PDB ID 5HF6) was chosen with the help of the PharmMapper
tool (http://lilab.ecust.edu.cn) and is involved in inhibition of
acetylcholinesterase. The aim of this study was to predict
anti-Alzheimer activity through molecular docking and
QSAR. As a conclusion of this research, the studied ﬂavonoid
presented a better ligand-receptor score (−13.576 kJ.mol−1)
than 9 of the 21 controls used for comparison.
3.2. Targets in Alzheimer’s Disease
3.2.1. Glycogen Synthase Kinase 3 (GSK3). Glycogen synthase
kinase-3 (GSK-3) is a protein responsible for the addition
of phosphate molecules to serine and threonine residues
[113–115] and is generally encoded by two GSK3α and
GSK3β genes. GSK3β phosphorylates the Tau protein and
its expression is related to diseases such as Alzheimer’s,
cancer, and diabetes [113–116].
GSK3β phosphorylates the Tau protein; amino acid residue Tyr216 activates protein kinase, while Ser9 contributes to
inhibition. Studies by Nicolia et al. [117] in neuroblastoma
cells, analyzing hypomethylation in postmortem frontal cortex, showed that patients with initial AD present inactive

GSK3β decreases, whereas patients in the pathological stage
V-VI level present large increases in inactive GSK3β.
According to Chinchalongporn et al. [118] who analyzed
the inhibitory eﬀect of melatonin on the production of
β-amyloid peptide, activation of the GSK3β gene contributes
to the formation of Aβ and neuritic plaque and thus a large
increase in Tau phosphorylation.
3.2.2. TNF-α Converting Enzyme (TACE). Two factors are
associated with the incidence of Alzheimer’s, the increase of
β-amyloid plaques that form and impede neurotransmissions and the presence of neuroﬁbrillary structures containing Tau in the brain. Tumor necrosis factor-α (TNF-α) is a
transmembrane protein that when undergoing TACE
(TNF-α converting enzyme) action releases its extracellular
domain or soluble TNF-α. TNFsα is a signaling protein; its
deregulation is directly related to neuronal degeneration and
inﬂammation [119, 120]. Many studies show that neuroinﬂammation can trigger pathological processes, including AD.
TNF-α is usually maintained at very low concentrations, but
with the development of AD the levels increase. [120–123].
3.2.3. Human Angiotensin-Converting Enzyme (ACE). ACE is
a zinc metalloenzyme that helps regulate blood pressure and
body ﬂuids, by converting the hormone angiotensin I into
angiotensin II, a potent vasoconstrictor which is widely used
in cardiovascular disease therapies such as degradation of
β-amyloid [124–126]. ACE is a peptide and widely distributed as an ectoenzyme in vascular endothelial cell membranes, in epithelial and neuroepithelial cells, and also in
its plasma soluble form. Studies have shown that ACE
inhibition is a promising therapeutic target for Alzheimer’s
because angiotensin II in some studies has blocked memory consolidation [127–130].
3.2.4. BACE1 Inhibitor. BACE1, a β-secretase involved in the
production of β-amyloid peptide, is the cleavage enzyme of
the amyloid precursor protein site 1 and is very important
in AD studies. BACE1 has become an increasingly wellstudied pharmacological target; many research groups seek
bioactives with inhibitory action against this enzyme, yet
major problems with inhibitory drugs that cross the blood-
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Table 1: Structure, name, structural formula, and molar mass of the ﬂavonoids present in the study.

No.

Structure

Molecular name

Molecular formula

Mass

3-O-Methylquercetin

C16H12O7

316.058

8-Prenylnaringenin

C20H20O5

340.131

Afzelechin

C15H14O5

274.084

Ampelopsin

C15H12O8

320.053

Aromadendrin

C15H12O6

288.063

Aspalathin

C21H24O11

452.131

Aurantinidin

C15H11O6

287.055

Butin

C15H12O5

272.068

Capensinidin

C18H17O7

345.097

Chrysin

C15H10O4

254.057

Delphinidin

C15H11O7

303.050
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Table 1: Continued.

No.

Structure

Molecular name

Molecular formula

Mass

Di-hydrogossypetin

C15H12O8

320.053

Di-hydromorin

C15H12O7

304.058

Epicatechin

C15H14O6

290.07

Eriodictyol

C15H12O6

288.063

Europinidin

C17H15O7

331.081

Fisetin

C15H10O6

286.047

Fisetinidol

C15H14O5

274.084

Fustin

C15H12O6

288.063

Epicatechin gallate

C22H18O10

442.090

Genistein

C15H10O5

270.052

Gossypetin

C15H10O8

318.037
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Table 1: Continued.

No.

Structure

Molecular name

Molecular formula

Mass

Hesperidin

C28H34O15

610.189

Hibiscetin

C15H10O9

334.032

Homoeriodictyol

C16H14O6

302.079

Isosakuranetin

C16H14O5

286.084

Luteolinidin

C15H11O5

271.060

Meciadanol

C16H16O6

304.094

Mesquitol

C15H14O6

290.079

Morin

C15H10O7

302.042

Norartocarpetin

C15H10O6

286.047

Pinocembrin

C15H12O4

256.073

O
O
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O

O

O

O
O

O

O

O

O
O

O

O
O
O

O
O

O
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O
O

O

O

O
O

O

25

O

O

O

O
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O

O

O

O
O
O
+

O

O
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O
O
O

28

O

O

O
O
O

29

O

O

O
O

O
O

O

O

O

30
O
O

O
O

O

O

O

31
O

O

O

O

32
O

O
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Table 1: Continued.

No.

Structure

Molecular name

Molecular formula

Mass

Procyanidins

C45H38O18

866.205

Rhamnetin

C16H12O7

316.058

Robinetidinol

C15H14O6

290.079

Rosinidin

C17H15O6

315.086

Sakuranetin

C16H14O5

286.084

Sterubin

C16H14O6

302.079

Taxifolin

C15H12O7

304.058

Control 4TG-Aden2A-Parkinson

C17H27N3O15P2

575.357

Control CLR01–Parkinson

C42H32O8P2

726.658

Control BIA–Parkinson

C16H20N4O2

300.360

O
O
O

O

O
O

O
O O
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O

O
O

O
O

O
O

O
O
O
O
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O

O
O
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O
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O
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O
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O
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O
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N
N
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O
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O

O

41

CAH
CBH
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O
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P
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O
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O
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O
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Table 1: Continued.

No.

Structure
O

N

43

N+

Molecular name

Molecular formula

Mass

Control ladostigil-Parkinson

C16H20N2O2

272.340

Control rivastigmine-Alzheimer

C14H22N2O2

250.337

Control galantamine-Alzheimer

C17H21NO3

287.340

Control donepezil-Alzheimer

C24H29NO3

379.480

O

O

44

N
O

O

N

O
O

45
N

O

46

O

O

N

brain barrier remain [131–134]. Studies with mice show that
BACE1 inhibitors are eﬃcient in combating new Aβ plaques
but ineﬃcient against growth of existing plaques, suggesting
early treatment with the aim of preventing initial plaque
formation [135, 136].

4. Materials and Methods
4.1. Data Set. From the literature, we selected the set of 39
ﬂavonoid structure, known for their antioxidant action. The
compounds were submitted to molecular modeling and
molecular docking tools to provide their important structural
information and activity as multitarget compounds. Data for
the physicochemical characteristics of the compounds has
been reported (Table 1).
4.2. Molecular Modeling. All of the structures were drawn in
HyperChem for Windows v. 8.0.5 (HyperChem, 2009) [137],
and their molecular geometries were minimized using the
molecular mechanics MM+ force ﬁeld, without restrictions
for aromatic form conversions, and clean molecular graphing
in three dimensions. The optimized structures were subjected
to conformational analysis using a random search method
with 1000 interactions, 100 cycles of optimization, and the
10 lowest minimum energy conformers. The compounds
were saved in the MOL format.
4.3. Quantitative Structure-Activity Relationship: OSIRIS.
The cytotoxicity risk study was performed using OSIRIS
DataWarrior 4.7.3 [138]. The cytotoxic eﬀects were mutagenicity, carcinogenicity, and irritability to the skin and reproductive system. The TPSA (topological polar surface area)
values were used to calculate the rate of absorption (%) of
ﬂavonoids and control as drugs by the formula
%ABS = 109 − 0 345 × TPSA

1

4.4. Molecular Docking. For Parkinson’s disease, the structures of human adenosine receptor A2A (PDB ID 3UZA, at

a resolution of 3.2 Å), α-synuclein (PDB ID 1XQ8), COMT
(PDB ID 1H1D, at a resolution of 2 Å), and MAO-B
(PDB ID 2C65, at a resolution of 1.7 Å) were downloaded
from the Protein Data Bank (PDB) [139]. The choice of
these proteins relied on protein validations reported in
the literature, with anti-Parkinson activity as a prerequisite.
The adenosine receptor A2A, COMT, and MAO-B proteins,
respectively, contained 6-(2,6-dimethylpyridin-4-yl)-5phenyl-1,2,4-triazin-3-amine (T4G) (an inhibitory drug),
1-(3,4,dihydroxy-5-nitrophenyl)-3-{4-[3-(triﬂuoromethyl)
phenyl] piperazin-1-yl}propan-1-one (BIA), and ladostigil
which served as bases for active site labeling and as control
compounds for comparing energy values with the ﬂavonoids.
As for the α-synuclein protein, the option was chosen to
detect 10 possible cavities, admitted as possible active sites
on which to run the molecular docking. In order to compare
the results of the 39 ﬂavonoids, the docking was also run
with the compound CLR01, an α-synuclein inhibitor from
the literature.
For Alzheimer’s, 4 targets with respect to pathology
were analyzed, PDB ID 160 K (resolution of 1.94 Å) the
crystal structure of glycogen synthase kinase 3 (GSK-3)
with a complexed inhibitor [114], PDB ID 2FV5 (2.1 Å
resolution) for the TACE crystal structure complexed
with IK682 [140], PDB ID 3BKL (resolution 2.18 Å) for
the ACE cocrystal structure with kAW inhibitor [141],
and PDB ID 4DJU (resolution 1.8 Å) for the crystalline
structure of BACE bound to 2-imino-3-methyl-5,5-diphenylimidazolidin-4-one [142]. The targets were selected
based on scientiﬁc papers on in silico studies of molecules
with anti-Alzheimer activity. The inhibitor for GSK-3
complexed together with the crystal structure was N-(4methoxybenzyl)-N′-(5-nitro-1,3-thiazol-2-yl) urea (TMU),
for TACE it was (2R)-N-hydroxy-2-[(3S)-3-methyl-3-{4[(2-methylquinolin-4-yl)methoxy]
phenyl}-2-oxopyrrolidin-1-yl] propanamide (541), and for ACE it was
N-{(5S)-4,4-dihydroxy-6-phenyl-5-[(phenylcarbonyl)amino]
hexanoyl}-L-tryptophan (kAW).
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All 39 ﬂavonoid structures (in MOL format) were submitted to molecular docking using the Molegro Virtual
Docker v. 6.0.1 (MVD) [143]. All of the water compounds
were deleted from the enzyme structure. For the molecular
docking simulation, the bonds for all the compounds and
the protein residues in the binding site were set as ﬂexible,
with a tolerance of 1.0, strength of 0.80, and with the torsional degrees of freedom for the ﬂexible residues and ligands
at 2000 steps of energy minimization. The enzyme and compound structures were prepared using the same default
parameter settings in the same software package (score functions: MolDock score; ligand evaluation: internal ES, internal
HBond, were all veriﬁed; number of runs: 10; algorithm:
MolDock SE; maximum interactions: 1500; max. population
size: 50; max. steps: 300; neighbor distance factor: 1.00; max.
number of poses returned: 5). The docking procedure was
performed using a 15 Å radius GRID and 0.30 of resolution
to cover the ligand-binding site of the protein. For pose organizer, the MolDock score (GRID) algorithm was used as the
score function and the Moldock search algorithm was used.

5. Results and Discussion
5.1. Quantitative Structure-Activity Relationship. Studies in
structure-based design have become routine in drug discovery, searching for the best proﬁles against a disease. Thus, it
is possible to analyze and discover various pharmacophoric
groups and predict possible activities against a certain target.
This study was performed through analysis of the physicochemical properties of drugs, such as TPSA and drug absorption, and using studies related to structure-based protein
drug design. Toxicity risks and TPSA data, calculated in
Osiris software, are presented in Table 2.
Mutagenicity studies can be used to quantify the role
played by various organics in promoting or interfering with
the way a drug can associate with DNA. According to the
data from the Osiris program, ﬂavonoids present low tendencies to be toxic. There were only six compounds that presented mutagenic toxicity (ﬁsetin, genistein, gossypetin,
hibiscetin, morin, and rhamnetin); two presented reproductive toxicity (genistein and procyanidin) and one presented
tumor activity (genistein). These compounds present high
risk and do not possess good drug proﬁles.
5.2. Molecular Docking in Parkinson’s Disease. The molecular
docking studies for the ﬂavonoids and the control drugs with
the PD targets are presented in Table 3.
For the enzyme Aden2A, it was observed that the three
ﬂavonoids (epicatechin gallate, hesperidin, and procyanidin)
with respective energy values of −113.727 kcal/mol,
−101.446 kcal/mol, and −98.216 kcal/mol presented higher
aﬃnities when compared to the PDB ligand (4TG).
The ﬂavonoids pre PDB ligand; hydrogen bonds present
in hydroxyl groups with residues Asn253, Ala63, His250,
His278, and steric interactions were observed for Asn253,
Phe168, Trp246, and Leu249 for the ﬂavonoids which presented higher score values. Key interactions were detected
at His278, Leu249, and Asn253, being present in all of the
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Table 2: Toxicity data, TPSA, and %ABS calculated on the Osiris
tool for ﬂavonoids.
Flavonoids
3-O-methylquercetin
8-prenylnaringenin
Afzelechin
Ampelopsin
Aromadendrin
Aspalathin
Aurantinidin
Butin
Capensinidin
Chrysin
Delphinidin
Di-hydrogossypetin
Di-hydromorin
Epicatechin
Eriodictyol
Europinidin
Fisetin
Fisetinidol
Fustin
Epicatechin gallate
Genistein
Gossypetin
Hesperidin
Hibiscetin
Homoeriodictyol
Isosakuranetin
Luteolinidin
Meciadanol
Mesquitol
Morin
Norartocarpetin
Pinocembrin
Procyanidin
Rhamnetin
Robinetinidol
Rosinidin
Sakuranetin
Sterubin
Taxifolin

Toxicity risks

TPSA

%ABS

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
Mutagenic
No
No
No
Mutagenic/tumor/
reproductive
Mutagenic
No
Mutagenic
No
No
No
No
No
Mutagenic
No
No
Reproductive
Mutagenic
No
No
No
No
No

116.450
86.990
90.150
147.680
107.220
208.370
101.150
86.990
88.380
66.760
121.380
147.680
127.450
110.380
107.220
99.380
107.220
90.150
107.220
177.140

68.824
78.9884
77.8982
58.050
72.009
37.112
74.103
78.988
78.508
85.967
67.123
58.050
65.029
70.918
72.009
74.713
72.009
77.898
72.009
47.886

86.990

78.988

147.680
234.290
167.910
96.220
75.990
80.920
99.380
110.380
127.450
107.220
66.760
331.140
116.450
110.380
92.290
75.990
96.220
127.450

58.050
28.169
51.071
75.804
82.783
81.082
74.713
70.918
65.029
72.009
85.967
−5.243
68.824
70.918
77.159
82.783
75.804
65.029

ﬂavonoids studied, principally at residue Asn253, because it
is also present for the ligand PDB (Figure 2(a)).
For the enzyme α-synuclein, the observed value of PDB
(CLR01 = −147.800 kcal/mol) presented better energy values
as compared to ﬂavonoids in the study. However, three of
the compounds presented energy values close to that of the
PDB ligand; these were procyanidin (−130.002 kcal/mol),
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Table 3: Description of energy scores of ﬂavonoids and control compounds on PD target proteins.

Flavonoids

Aden A2A

α-Synuclein

COMT

MAO-B

3-O-methylquercetin
8-prenylnaringenin
Afzelechin
Ampelopsin
Aromadendrin
Aspalathin
Aurantinidin
Butin
Capensinidin
Chrysin
Delphinidin
Di-hydrogossypetin
Di-hydromorin
Epicatechin
Eriodictyol
Europinidin
Fisetin
Fisetinidol
Fustin
Epicatechin gallate
Genistein
Gossypetin
Hesperidin
Hibiscetin
Homoeriodictyol
Isosakuranetin
Luteolinidin
Meciadanol
Mesquitol
Morin
Norartocarpetin
Pinocembrin
Procyanidin
Rhamnetin
Robinetinidol
Rosinidin
Sakuranetin
Sterubin
Taxifolin

−71.095
−83.692
−61.973
−60.848
−53.880
−55.009
−67.749
−68.355
−84.669
−59.594
−70.457
−56.359
−61.416
−66.996
−66.790
−75.421
−67.182
−64.279
−59.854
−113.727
−68.316
−63.019
−101.446
−71.879
−75.599
−65.924
−65.240
−73.596
−60.219
−70.744
−67.527
−56.707
−98.216
−69.702
−62.594
−83.735
−70.695
−69.560
−56.665

−74.901
−83.012
−70.911
−74.188
−66.701
−86.361
−75.414
−77.949
−87.321
−70.872
−82.877
−73.612
−66.071
−74.661
−74.167
−79.694
−79.763
−72.271
−76.510
−98.330
−73.585
−75.620
−89.698
−75.302
−82.786
−71.351
−80.031
−77.668
−74.776
−84.587
−77.898
−66.573
−130.002
−83.582
−78.967
−95.587
−74.984
−77.022
−69.743

−53.659
−67.998
−51.278
−53.806
−45.951
−56.396
−56.591
−60.034
−71.529
−52.576
−68.376
−48.949
−54.329
−53.054
−55.545
−74.993
−64.252
−59.406
−56.851
−96.205
−58.867
−58.446
−65.656
−60.718
−62.698
−49.177
−57.149
−55.342
−51.753
−59.595
−60.514
−46.254
−85.226
−49.586
−51.172
−63.376
−51.408
−56.015
−52.804

−140.763
−145.425
−107.22
−134.626
−123.726
−150.386
−117.977
−124.25
−140.926
−120.287
−126.481
−135.483
−131.088
−122.78
−119.801
−140.585
−130.773
−118.506
−135.63
−174.333
−119.162
−139.059
−181.222
−137.019
−141.639
−131.514
−122.481
−126.337
−128.058
−139.778
−137.774
−113.423
−88.460
−142.785
−125.203
−149.196
−129.56
−141.623
−126.612

epicatechin gallate (−98.330 kcal/mol), and rosinidin
(−95.587 kcal/mol). For the ﬂavonoids, hydrogen bonds were
present for Lys43, Leu38, and Glu35. Key interactions were
also observed for ﬂavonoid activity in hydroxyl group steric
interactions with residues Lys32, Lys43, and Glu35 considered key interactions for complex formation. These residues
also appeared for the PDB ligand (Figure 2(b)).
Most COMT inhibitors have a catechol ring in their
structure, such as entacapone and tolcapone, the most
famous COMT inhibitor drugs. In our studies the enzyme

COMT also presented ﬂavonoid compound activity, being
epicatechin gallate (−96.205 kcal/mol) a stronger interaction
than the PDB ligand (BIA = −80.800 kcal/mol). For ﬂavonoid
activity, interactions with the active site presented eight residues, such as Asp141, Asn170, Lys144, Met40, and Glu199,
forming hydrogen interactions with the catechol portions of
the ﬂavonoids. Residues Asn170, Glu199, Trp38, Leu198,
Asp141, and Trp143 presented hydrophobic interactions
with the hydroxyl portions of the ﬂavonoids (Figure 2(c)).
Similar results have been presented by Lee and Kim [144]
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(a)

(c)
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(b)

(d)

Figure 2: Molecular docking of ﬂavonoids at the active site of Aden A2A (PDB: 3UZA), α-synuclein (PDB: 1XQ8), COMT (PDB: 1H1D),
and MAO-B (PDB: 2C65). (a) Docking of ﬂavonoids at the active site of Aden2A (green to epicatechin gallate, yellow to procyanidin, and
blue to hesperidin). (b) Docking of ﬂavonoids at the active site of α-synuclein (green to procyanidin, yellow to epicatechin gallate, and
blue to rosinidin). (c) Docking of ﬂavonoids at the COMT active site (green to epicatechin gallate and yellow to procyanidin and blue to
europinidin) (ligand PDB). (d) Docking of ﬂavonoids at the active site of MAO-B (green to hesperidin, yellow to epicatechin, and blue
to aspalathin).

and Tervo et al. [145], using molecular docking applied to
compounds containing catechol and revealing potent COMT
inhibition, which highlight the presence of these same interactions previously reported. The residues Asp141 and
Asn170 were present for all of the ﬂavonoids in our study,
including the PDB ligand, making them key residues for the
activity of these compounds.
MAO-B enzyme docking was performed at the two active
PDB ligand sites. At the active site we saw that all of the ﬂavonoids in the study were bound to the enzyme at both sites, with
the same prevalence of compounds and presenting very close
values at both sites. We also observed that the B subunit presents greater interaction with the compounds than subunit A
(Table 3). Comparing the subunit B values, we found that
the 10 ﬂavonoid interactions were even more active than
the PDB binder (4CR = −140 kcal/mol): 3-O-methylquercetin
(−140.763 kcal/mol), 8-prenylnaringenin (−145.425 kcal/mol),

aspalathin (−150.386 kcal/mol), capensinidin (−140.926 kcal/
mol), europinidin (−140.585 kcal/mol), epicatechin gallate
(−174.333 kcal/mol), hesperidin (−181.222 kcal/mol), homoeriodictyol (−141.639 kcal/mol), rosinidin (−149.196 kcal/mol),
and sterubin (−141.623 kcal/mol). All these compounds presented steric interactions with residues Cys172, Tyr435,
Leu171, Tyr435, Tyr326, Tyr60, and Gln206. Hydrogen
bonds at Tyr398 and Met436 and Cys397 were presented
with the hydroxyl portions of the ﬂavonoids (Figure 2(d)).
Similar results were also reported by Turkmenoglu et al.
[39], using diﬀering ﬂavonoid derivatives in molecular
docking (from a Sideritis species) for human monoamine
oxidase (hMAO) isoform A and B, and by Shireen et al.
[146] using ﬂavonones from Boesenbergia rotunda for monoamine oxidase B, both of which presented interactions
similar to our studied ﬂavonoids, with docking results
that presented signiﬁcant hMAO-B inhibitory activity.
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Table 4: Energy scores of ﬂavonoids and control compounds against Alzheimer’s disease.

Name

1Q5K

2FV5

3BKL

4DJU

−77.844
−97.365
−69.480
−71.079
−65.678
−91.374
−77.482
−80.350
−77.262
−77.346
−86.937
−66.795
−67.026

−137.815
−132.520
−120.893
−119.645
−115.123
−153.001
−113.425
−132.235
−134.112
−117.834
−132.828
−120.679
−121.489

−89.583
−96.493
−79.982
−83.823
−81.374
−125.583
−84.517
−89.736
−108.407
−88.051
−98.687
−80.429
−87.870

−81.959
−85.052
−65.259
−68.341
−145.179
−92.594
−60.915
−110.684
−118.415
−85.052
−73.381
−72.832
−71.631

−112.609

−154.722

−119.399

−83.404

Epicatechin
Eriodictyol
Europinidin
Fisetin
Fisetinidol
Fustin
Galantamine∗

−72.393
−74.681
−85.511
−81.627
−74.131
−74.571

−127.619
−124.042
−140.803
−139.645
−116.368
−116.130

−83.552
−87.631
−108.977
−95.587
−83.084
−80.078

−78.328
−90.944
−89.075
−73.317
−65.914
−74.650

−84.430

−156.068

−93.838

−115.428

Epicatechin gallate
Genistin
Gossypetin
Hesperidin
Hibiscetin
Homoeriodictyol
Isosakuranetin
Luteolinidin
Meciadanol
Mesquitol
Morin
Norartocarpetin
Pinocembrin
Procyanidin
Rhamnetin
Rivastigmine∗

−105.952
−78.990
−69.944
−85.551
−66.573
−85.345
−76.492
−76.499
−73.882
−81.114
−79.444
−79.739
−67.298
−115.164
−81.950

−187.352
−127.356
−142.715
−145.093
−144.530
−134.677
−124.546
−121.014
−127.300
−130.982
−130.332
−128.750
−113.647
−154.184
−127.432

−114.841
−89.509
−84.131
−97.557
−103.117
−93.198
−81.779
−84.251
−84.290
−92.321
−97.326
−99.216
−81.535
−113.990
−89.885

−83.154
−90.625
−79.410
−80.780
−81.446
−82.368
−70.443
−87.799
−74.119
−80.051
−80.051
−106.335
−56.405
−81.313
130.736

−76.582

−121.774

−85.559

186.829

Robinetidinol
Rosinidin
Sakuranetin
Sterubin
Taxifolin

−86.339
−96.375
−74.645
−85.628
−69.263

−124.910
−134.734
−118.156
−124.397
−120.177

−95.178
−111.602
−88.698
−91.209
−77.806

−136.143
266.611
−89.075
−145.179
−82.368

3-O-Methylquercetin
8-Prenylnaringenin
Afzelechin
Ampelopsin
Aromadendrin
Aspalathin
Aurantinidin
Butin
Capensinidin
Chrysin
Delphinidin
Di-hydrogossypetin
Di-hydromorin
Donepezil∗

∗

Drugs used as a control for Alzheimer’s molecular docking.

Such activity is recommended for ﬁrst-line drugs to treat
Parkinson’s disease.
We observed that the interactions between ﬂavonoids
and the study proteins occurred close to the hydroxyl groups
present in the ligand structure and a strong interaction with

the catechol ring. It was also observed that molecules with
greater molecular mass, and electron-donating hydrophilic
hydroxyl groups in ring position B, were more reactive
with the enzyme, this, given the greater number of steric
and electrostatic interactions with the catalytic site. The
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(b)

(c)

(d)

Figure 3: Molecular docking of ﬂavonoids in the active site of GSK3 (PDB: 1Q5K), TACE (PDB: EFV5), ACE (PDB: 3BKL), and BACE1
(PDB: 4DJU). (a) Docking of ﬂavonoids in the active site of GSK3 (green to procyanidin and yellow to epicatechin gallate). (b) Docking of
ﬂavonoids in the active site of TACE (green to epicatechin gallate, yellow to procyanidin, and blue to aspalathin). (c) Docking of
ﬂavonoids in the active site of ACE (green to aspalathin, yellow to epicatechin gallate, and blue to procyanidin). (d) Docking of ﬂavonoids
in the active site of BACE1 (green to sterubin, yellow to aromadendrin, and blue to robinetidinol).

observations led to the hypothesis that such clusters can
be viewed as possible pharmacophores for the development
of anti-PD drugs.
Our screening results (yielding the best values against
the four studied proteins) indicated that 8-prenylnaringenin, europinidin, epicatechin gallate, homoeriodictyol,
capensinidin, and rosinidin present structural characteristics
which guarantee their potential pharmacological activity
against PD.
5.3. Molecular Docking in Alzheimer’s Disease. Molecular
docking of the 39 ﬂavonoids was performed to analyze
ligand-receptor integration for AD targets; the total interaction energy values are presented in Table 4.
For the GSK-3 target, two ﬂavonoids (procyanidin and
epicatechin gallate) presented better receptor interaction
results with respective energy values of −115.164 kJ/mol

and− 105.952 kJ/mol. However, procyanidin presents toxicity risks to the reproductive system. Analyzing interactions
with the amino acid residues, we perceived hydrogen bonds
of hydroxyls at residue Val135, as well as Asp133, and
discretely at Arg141, Pro136, and Try134 for most of the
studied ﬂavonoids. Comparing the common amino acid
residues of the interaction of the complexed ligand with
the crystalline target, we noticed the common contribution
of two residues with hydrogen bonds, 2 interactions with
residue Val135, and 1 interaction with Pro136, leading to
the hypothesis that these residues contribute to GSK-3
inhibitory activity.
For the TACE target, three ﬂavonoids presented
interaction energies below 150.0000 kJ/mol (epicatechin
gallate, procyanidin, and aspalathin) with respective
interaction energies of −187.352 kJ/mol, −154.184 kJ/mol,
and− 153.001 kJ/mol. In addition to the abovementioned
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toxicity of procyanidin, there is little possibility for oral
absorption since the %ABS = −5.241. For this target the
molecules showed an interaction tendency for hydrogen
bonding with Try433, Try436, and Pro437. For most of
the compounds studied, the ligand when complexed with
the PDB presented hydrogen-bonding interactions with
residues Gly349, His409, His405, Glu406, Leu348, Gly349,
and Asn447.
For the ACE target, thirteen compounds presented better
interactions (below the median dock energy for each target
studied) and hydrogen bond interactions with at least one of
the amino acid residues: Tyr520, His513, Lys511, Tyr523,
His353, Glu411, Glu384, and Ala356. Of these, ﬁve had molecular docking energies below −100.000 kJ/mol, aspalathin,
epicatechin gallate, rosinidin, europinidin, and capensinidin.
Finally, for the BACE1 inhibition study, seventeen molecules presented satisfactory molecular docking energies, of
which six (aromadendrin, sterubin, robinetidinol, capensidin, butin, and norartocarpetin) presented energies between
−106.335 kJ/mol and −145.179 kJ/mol. The amino acid residues involved in the ligand-receptor interaction, with hydrogen bonds in important residues, Ile187, Glu95, Thr292,
Asp289, Phe169, Thy132, Asn98, Trp137, Ser97, and
Arg189, appeared with a high number of molecular bonds.
In Figure 3, the docking of the 3 ﬂavonoid enhancements
for each target is presented.
By cross-checking the virtual screening data of the 39 ﬂavonoids with the best interactions for each chosen PDB target, 7 ﬂavonoids with the best results were obtained and are
presented in this research: 8-prenylnaringenin, europinidin,
epicatechin gallate, homoeriodictyol, aspalathin, butin, and
norartocarpetin.

6. Conclusions
We conclude that the ﬂavonoids of the study demonstrate
potential neuroprotective activity by virtue of binding
to certain key targets for Parkinson’s and Alzheimer’s.
Based on our molecular docking studies, the ﬂavonoids
8-prenylnaringenin, europinidin, epicatechin gallate, homoeriodictyol, capensinidin, and rosinidin present the best
results for Parkinson’s, whereas for Alzheimer’s, the ﬂavonoids 8-prenylnaringenin, europinidin, epicatechin gallate,
homoeriodictyol, aspalathin, butin, and norartocarpetin present the best results. With lower and comparable binding energies (compared to crystallized binders), four ﬂavonoids were
observed in common for both diseases, presenting interactions and similarities consistent to those reported in the literature. For these ﬂavonoid derivatives, it was observed that
having greater ﬂexibility together with hydrophobic hydroxyl
groups facilitates interactions with hydrophobic regions of the
target protein-binding sites.
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Metal-induced toxicity in fruit ﬂy (Drosophila melanogaster) is one of the established models for studying neurotoxicity and
neurodegenerative diseases. Phytochemicals, especially alkaloids, have been reported to exhibit neuroprotection. Here, we
assessed the protective eﬀect of alkaloid extract from African Jointﬁr (Gnetum africanum) leaf on manganese- (Mn-) induced
toxicity in wild type fruit ﬂy. Flies were exposed to 10 mM Mn, the alkaloid extract and cotreatment of Mn plus extract,
respectively. The survival rate and locomotor performance of the ﬂies were assessed 5 days posttreatment, at which point the
ﬂies were homogenized and assayed for acetylcholinesterase (AChE) activity, nitric oxide (NO), and reactive oxygen species
(ROS) levels. Results showed that the extract signiﬁcantly reverted Mn-induced reduction in the survival rate and locomotor
performance of the ﬂies. Furthermore, the extract counteracted the Mn-induced elevation in AChE activity, NO, and ROS levels.
The alkaloid extract of the African Jointﬁr leaf may hence be a source of useful phytochemicals for the development of novel
therapies for the management of neurodegeneration.

1. Introduction
Manganese (Mn) is essential for a wide array of biochemical
processes in the body [1]. However, exposure to excessive
level of Mn through, for example, occupational means can
induce neurodegenerative diseases with pathophysiological
features similar to Parkinson’s disease [2]. Neurodegenerative diseases are pathologies of multiple causative factors;
examples include Alzheimer’s disease (AD) and Parkinson’s
disease (PD). Studies reveal that these diseases are characterized by decline in neurotransmitters associated with the
brain, such as acetylcholine and neuroactive amines, as well
as oxidative stress caused by excessive levels of metal ions
in the brain [3]. It has therefore become essential to develop
holistic therapeutic approach for preventing and managing
these diseases by focusing attention on the diﬀerent risk factors. Cholinergic neurons make use of the neurotransmitter

acetylcholine which is metabolized by cholinesterase
enzymes [4–6]. Therefore, cholinesterase inhibitors such as
galantamine and donepezil have been used as therapeutic
intervention for AD [6, 7]. Over the years, cholinesterase
and monoamine oxidase inhibitors have been used as
therapeutic approach for managing these diseases. These
interventions have, however, been shown to pose serious
adverse eﬀects. Therefore, the importance of complementary/alternative dietary/medicinal interventions as a managerial and preventive approach cannot be overemphasized.
The fruit ﬂy (Drosophila melanogaster) has gained a lot of
use as an alternative animal model for biomedical research,
especially for unraveling the molecular mechanisms behind
several human diseases. Furthermore, studies have shown
that up to 75% of the human disease-causing genes are
conserved in Drosophila [8]. The similarity between human
and Drosophila genomes is not only limited to genetic
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elements but also includes the relationship between them,
with numerous examples of conserved biological mechanisms [9]. Metal-induced toxicity in D. melanogaster is an
established model for studying neurotoxicity and neurodegenerative diseases. Previous studies have used metals such
as Fe, Al, Cu, and Mn to induce neurotoxicity as models of
neurodegeneration in D. melanogaster; Fe-, Cu-, and Mninduced toxicity have been linked with PD and Parkinsonism
[10], while Al is used to model Alzheimer-like pathology in
D. melanogaster [11]. Speciﬁcally, the hallmark of Mninduced neurotoxicity in D. melanogaster includes reduction
in life span and locomotor performance, increased ROS
generation, and impaired cholinergic and doperminergic
systems [12–14].
Plant-based bioactive phytochemicals such as polyphenols and alkaloids have shown promising neuroprotective
potentials in both in vitro [15] and in vivo rat [16, 17] and
drosophila models [18, 19]. Green leafy vegetables form a
major constituent of local diets and are the major sources
of plant bioactive phytochemicals. They are desired not only
for their nutritional beneﬁts but also for their medicinal
properties as reported in folklore. Notable among them is
African Jointﬁr (Gnetum africanum). African Jointﬁr (AFJ)
is a leafy vegetable desired in diﬀerent African countries
and especially south-eastern Nigeria (where it is commonly
referred to as “Okazi”) for its nourishment and medicinal
properties [14, 20, 21]. The leaves are reported to be abundant in alkaloid phytochemicals [22] and has been used
traditionally for treatment of several diseases such as fever,
ulcer, and diabetes [23]. The leaves are consumed as spice
and in preparation of soups and stews [24]. Furthermore, the
hypolipidermic, hyperglycemic, anti-inﬂammatory, and antioxidant properties of this vegetable has been previously
reported [25, 26]. This study, therefore, evaluated some of
the biochemical mechanisms behind the protective properties of alkaloid extract of AFJ against manganese-induced
neurotoxicity model in D. melanogaster.

2. Materials and Method
2.1. Sample Collection and Extraction of Crude Alkaloids
Compounds. Fresh sample of African Jointﬁr (Gnetum africanum) leaves was sourced from local market in Akure, (South
West) Nigeria, during the raining season (May) of 2017. The
sample was identiﬁed and authenticated at the Department
of Biology, Federal University of Technology, Akure, Nigeria
(identiﬁcation number: FUTA/BIO/404). The leaves were
carefully separated, rinsed under running tap water, and
dried for twenty days at room temperature (under shade) to
constant weight. The pulverized sample was kept in an airtight container prior the extraction of the alkaloids.
2.2. Reagents. Chemical reagents such as acetylthiocholine
iodide, thiobarbituric acid, sulphanilamide, reduced glutathione, DEPPD, DMSO, DPPH, trichloroacetic acid, and
sodium acetate were sourced from Sigma-Aldrich (now
Merck KGaA, Darmstadt, Germany). Hydrogen peroxide,
methanol, acetic acid, hydrochloric acid, aluminium chloride, potassium acetate, sodium dodecyl sulphate, iron (II)

Oxidative Medicine and Cellular Longevity
sulphate, manganese chloride, potassium ferrycyanide, and
ferric chloride were sourced from BDH Chemicals Ltd.,
(Poole, England). Except stated otherwise, all other chemicals
and reagents were of analytical grades and the water was
glass distilled.
2.3. Fruit Fly (Drosophila melanogaster) Culturing. Wild type
fruit ﬂy (Harwich strain) stock culture (originally from the
National Species Stock Centre (Bowling Green, OH, USA))
was obtained from the Drosophila Laboratory, Department
of Biochemistry, University of Ibadan, Oyo State. The ﬂies
were maintained and reared on a normal diet made up of
corn meal medium containing 1% w/v brewer’s yeast and
0.08% v/w nipagin at room temperature under 12 h dark/
light cycle conditions in the Drosophila Research Laboratory,
Functional Foods and Nutraceutical Unit, Federal University
of Technology, Akure, Nigeria. All the experiments were
carried out with the same D. melanogaster strain.
2.4. Alkaloid Extract Preparation. Alkaloid extract of the
sample was prepared according to the method of Harborne
[27], with slight modiﬁcations [28]. This involved extracting
10 g of the samples in 100 mL of 10% alcoholic-acetic acid for
24 hours. The mixture was subsequently ﬁltered to obtain
clear ﬁltrate. The ﬁltrate was concentrated under a vacuum
at 45°C in a rotary evaporator (Laborota 4000 Eﬃcient,
Heidolph, Germany), which was followed by NH3OH precipitation. The precipitate was collected as the crude alkaloid
extract, dried thoroughly at 45°C and stored in the refrigerator at 4°C for all subsequent analysis. The yield of the
extract obtained was 95 mg/g of dried leaf sample of
African Jointﬁr. The extracts were dissolved in 1% DMSO
for all subsequent analysis.
2.5. In Vitro Analysis
2.5.1. Cholinesterase Activity Assay. The eﬀect of the alkaloid
extract on AChE activity was assessed by the modiﬁed Ellman
colorimetric method [29]. The reaction consisted of 135 μL of
distilled water, 20 μL of 100 mM sodium phosphate buﬀer
(pH 8.0), 20 μL of 10 mM DTNB, ﬂy homogenate in 0.1 M
phosphate buﬀer (pH 8.0) (see below for details of tissue
homogenate preparation), appropriate dilutions of extract,
and 20 μL of 8 mM acetylthiocholine iodide as initiator. The
reaction was monitored for 5 min (15 s intervals) at 412 nm
using a spectrophotometer. A negative control assay was conducted to include the extract and homogenate, without the
substrate. The AChE activity was thereafter expressed as percentage inhibition of the reference (homogenate AChE activity in the absence of the extract).
2.5.2. Free Radical Scavenging Ability. The ability of the
extract to scavenge free radicals using the DPPH model was
assessed by the method of Gyamﬁ et al. [30] as previously
reported [31] in a reaction mixture consisting of the extract
(0-1 mL) and 1 mL of 0.4 mM methanolic-DPPH solution.
This was followed by incubation in the dark for 30 min, and
the absorbance was measured at 516 nm. The radical scavenging ability was expressed as percentage of the reference
(reaction mixture excluding the extract).
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Figure 1: Eﬀect of African Jointﬁr (AFJ) leaf alkaloid extract on: (a) survival, (b) day 5 survival rate, and (c) day 20 survival rate in Mninduced toxicity in Drosophila melanogaster. Bars represent mean ± SEM. Mean values are signiﬁcantly diﬀerent at P < 0 05∗ ; P < 0 01∗∗
compared to control. Mean values are signiﬁcantly diﬀerent at P < 0 05# ; P < 0 01## ; P < 0 001### compared to Mn-treated group.

2.5.3. Iron Chelation Assay. The chelating ability of the
extract against iron was determined using the method of
Puntel et al. [32]. An aliquot of 150 μL of 500 μM FeSO4
which serve as the iron source was reacted with 168 μL
0.1 M Tris–HCl (pH 7.4), 218 μL saline, and the extract
(0–25 μL). The reaction mixture was incubated for 5 min,
before addition of 13 μL 0.25% 1, 10-phenanthroline (w/v).
The absorbance was subsequently measured at 510 nm in a
spectrophotometer. The Fe2+ chelating ability was expressed
as percentage of the reference (reaction mixture excluding
the extract).
2.6. In Vivo Analysis
2.6.1. Experimental Design. Harwich strain of D. melanogaster (both gender, 3–5 days old) was divided into 5 groups
containing 50 ﬂies each (n = 3). Group 1 was placed on a normal diet (without alkaloid), while groups 2–4 were placed on
a diet containing 10 mM Mn (sourced as MnCl2), Mn + AFJ

alkaloid extract (ﬁnal concentration of 2.5 mg/g of diet),
and AFJ alkaloid extract alone, respectively. The ﬂies were
exposed to these treatments for 20 days and maintained at
ambient temperature before being used for diﬀerent assays.
The choice of dose for Mn was based on preliminary survival
study (data not shown) in which ﬂies were exposed to varying
concentrations of Mn (2–10 mM) supported by previously
published data [14]. A preliminary study was conducted to
ascertain that the dose of AFJ extract chosen and the vehicle
(1% DMSO) showed no signiﬁcant mortality to the ﬂies (data
not shown).
2.6.2. Lethality Response. The ﬂies were observed daily for the
incidence of mortality, and the survival rate was determined
by counting the number of dead ﬂies, while the survivors
were transferred to a freshly prepared diet weekly. The
data were subsequently analysed and plotted as cumulative
mortality and percentage of live ﬂies after the treatment
period [13].
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Figure 2: Eﬀect of African Jointﬁr (AFJ) leaf alkaloid extract on:
locomotor performance (climbing ability) in Mn-induced toxicity
in Drosophila melanogaster. Bars represent mean ± SEM. Mean
values are signiﬁcantly diﬀerent at P < 0 01∗∗ compared to control.
Mean values are signiﬁcantly diﬀerent at P < 0 01## ; P < 0 001###
compared to Mn-treated group.

2.6.3. Measurement of Locomotor Performance by Negative
Geotaxis Assay. The negative geotaxis assay was used to
evaluate the locomotor performance of ﬂies [33]. In brief,
after the treatment period of ﬁve days, the ﬂies from each
group were brieﬂy immobilized in ice and transferred into
a clean tube (11 cm in length and 3.5 cm in diameter)
labelled accordingly. The ﬂies were initially allowed to
recover from immobilization for 10 min and thereafter
were tapped at the bottom of the tubes. Observations that
were made for the total number of ﬂies that crossed the
6 cm line within a period of 6 s were recorded. The results
are expressed as percentage of ﬂies that escaped beyond a
minimum distance of 6 cm in 6 s during three independent
experiments.
2.6.4. Preparation of Tissue Homogenate. The ﬂies were
immobilized in ice and homogenized in 0.1 M phosphate
buﬀer, pH 7.4. The resulting homogenates were centrifuged
at 10,000 × g at 4°C for 10 minutes in a Kenxin refrigerated
centrifuge Model KX3400C (KENXIN Intl. Co., Hong Kong).
Subsequently, the supernatant was separated from the pellet
into labelled Eppendorf microtubes and used for various biochemical assays.
2.7. Bioassays
2.7.1. Acetylcholinesterase (AChE) Activity Assay. AChE
activity was assayed according to the method of Ellman
[34], with slight modiﬁcations. The reaction mixture was
made up of 195 μL of distilled water, 20 μL of 100 mM
sodium phosphate buﬀer (pH 8.0), 20 μL of 10 mM DTNB,
5 μL of homogenate, and 20 μL of 8 mM acetylthiocholine
(as initiator). Thereafter, reaction was monitored for 5
minutes (15-second intervals) at 412 nm. The AChE activity
was thereafter calculated and expressed as mmolAcSch/h/
mg protein.

2.7.2. Total Reactive Oxygen Species (ROS) Level. Total ROS
level in the whole ﬂy tissue homogenates was estimated as
H2O2 equivalent according to a previously reported method
[35], with slight modiﬁcations. The reaction mixture consist
of 50 μL of tissue homogenate, 1400 μL of 0.1 M sodium acetate buﬀer (pH 4.8), and 1000 μL of reagent mixture of 6 mg/
mL DEPPD and 4.37 μM of FeSO4 dissolve in the sodium
acetate buﬀer (1 : 25). The reaction was incubated at 37°C
for 5 min, followed by absorbance measurement at 505 nm
in a spectrophotometer. ROS levels were estimated from an
H2O2 standard calibration curve and expressed as unit/mg
protein, where 1 unit = 1 mg H2O2/L.
2.7.3. Measurement of Nitric Oxide (NO). NO content in the
whole ﬂy tissue homogenate was estimated using the
Greiss reagent spectrophotometric based method [36] with
slight modiﬁcations. Brieﬂy, the reaction mixture consist
of 150 μL of tissue homogenate, 50 μL of distilled water,
and 600 μL of Greiss reagent (0.1% N-(1-naphthyl)-ethylenediamine dihydrochloride, 1% sulfanilamide, and 2.5%
phosphoric acid). This was followed by 10 min incubation
at room temperature in the dark and absorbance measurement at 540 nm. The concentration of nitrite and nitrate
as a measure of NO level was determined from the
sodium nitrate standard curve and expressed as μmol of
NO/mg protein.
2.7.4. Determination of Total Protein. The Bradford method
[37], with bovine serum albumin (BSA) as standard, was used
to quantify the total protein content of ﬂy homogenates.
2.8. GC-MS Characterization. A qualitative characterization
analysis of possible compounds present in AFJ was carried
out using GC-MS (using scan mode) as previously
reported [28] with slight modiﬁcations. Brieﬂy, an aliquot
of samples (500 mg) was dissolved in 10 mL of methanol.
Thereafter, the analysis was performed using 7890A gas chromatograph coupled to 5975C inert mass spectrometer with
electron-impact source (Agilent Technologies). The stationary phase of separation of the compounds was HP-5MS capillary column coated with 5% phenyl methyl siloxane (30 m
length × 0.32 mm diameter × 0.25 μm ﬁlm thickness) (Agilent
Technologies). The carrier gas was helium used at a constant
ﬂow of 1.0 mL/min at an initial nominal pressure of 19.6 MPa
and average velocity of 33.425 cm/sec. An aliquot of the samples (1 μL) was injected in splitless mode at an injection temperature of 110°C. Purge ﬂow was 3 mL/min with a total ﬂow
of 11.762 mL/min; gas saver mode was switched on. Oven was
initially programmed at 110°C (2 min) then ramped at 10°C/
min to 200°C (2 min) then 5°C/min to 280°C (9 min). Run
time was 38 min with a 3 min solvent delay. The mass spectrometer was operated in electron ionization mode with ionization energy of 70 eV with ion source temperature of
230°C, quadrupole temperature of 150°C, and transfer line
temperature of 280°C.
Prior to analysis, the MS was autotuned to perﬂuorotributylamine (PFTBA) using already established criteria to
check the abundance of m/z 69, 219, 502, and other instrument optimal and sensitivity conditions.
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Analysis validation was conducted by running replicate
samples in order to see the consistency of the constituent
compound name, respective retention time, and molecular
weight. These abundances were outputs from the NIST 11
library search report of the extracts constituents. Each compound identiﬁed via the NIST library search report has a corresponding mass spectrum showing the abundance of the
possible numerous m/z peaks per compound.
2.9. Data Analysis. Data obtained were reported as mean ±
standard error of mean (SEM) and appropriately analysed
using one-way analysis of variance (ANOVA) with a subsequent Tukey’s post hoc test (levels of signiﬁcance were
accepted at p < 0 05, p < 0 01, and p < 0 001). All statistical
analysis was carried out using the software GraphPad PRISM
(V.5.0).

3. Results and Discussion
In this present study, we assessed the mechanisms behind the
protective ability of alkaloid extract of African Jointﬁr (AFJ)
against manganese-induced neurotoxicity model in D. melanogaster. This study reveals that exposure of D. melanogaster
to 10 mM of Mn for 20 days signiﬁcantly (P < 0 05) reduced
ﬂies’ survival rate (Figures 1(a)–1(c)) and locomotor performance (Figure 2). However, cotreatment with AFJ alkaloid
extract signiﬁcantly ameliorated the reduction in the survival
rate and locomotor performance of Mn-induced ﬂies. Previous studies have also reported that 10 mM Mn signiﬁcantly
reduced the survival rate and locomotor performance of D.
melanogaster, and this could be associated with the cytotoxic
eﬀect of Mn [13]. Our ﬁndings also agree with earlier ﬁndings
on the ability of plant alkaloid extracts to ameliorate Mn-
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induced impairment in the locomotor performance and survival rate of D. melanogaster [14, 38]. Furthermore, it has also
been reported that plant alkaloid extract ameliorated Mninduced neurotoxicity in rats [39, 40].
Our ﬁndings showed that AFJ exhibit AChE inhibitory
eﬀect (in vitro) concentration dependently (Figure 3(b))
and also signiﬁcantly ameliorate the elevation in the activity
of AChE induced by Mn in vivo in Drosophila
(Figure 3(a)). AChE catalyses the hydrolysis of acetylcholine
to acetate and choline, thus regulating the cholinergic neuronal function [7]. Acetylcholine as a neurotransmitter is
essential to regulate cognitive function, learning/memory,
motor function, and locomotion [41]. Neurotoxic levels of
Mn have been reported to impair the cholinergic system
which is associated with Mn-induced impairments of motor
function, locomotion, and cognitive dysfunction [41]. Therefore, as demonstrated in this present study, the increase in
AChE activity after ﬁve days of exposure to Mn correlates
to the signiﬁcant decrease in their climbing abilities. The
impairment observed in the climbing ability of the ﬂies could
be associated with a decrease in bioavailability of acetylcholine available for cholinergic neurotransmission [13, 42].
This phenomenon has been reported as a major risk factor
in the development and progression of dementia [7]. Also,
our ﬁndings are in agreement with earlier reports that
short-term administration of Mn brought about a signiﬁcant
elevation in rat brain AChE activity [43, 44]. Another study
revealed that exposure of rat to Mn caused an elevation in
AChE activity in their serum and brain [45]. Consequently,
the ability of AFJ alkaloid extract to ameliorate Mn-induced
elevated AChE activity in ﬂies, as well as increase the
climbing ability of Mn-treated ﬂies could suggest one of the
mechanisms behind the protective eﬀect of the extract
against Mn-induced toxicity. In agreement with previous
ﬁndings, anticholinesterase properties of plant extract have
been substantially linked to their constituent phytochemicals
including alkaloids; alkaloid extracts exhibit cholinesterase
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Figure 6: Total ion chromatogram (TIC) from GC-MS
characterization of African Jointﬁr (Gnetum africanum) leaf
alkaloid extract.

inhibitory properties in vitro [46, 47]. Konrath et al. reported
that alkaloid extracts from Lycopodiaceae species from South
America exhibited anticholinesterase activities in vitro and
in vivo in the cerebral cortex, striatum, and hippocampus of
rats following acute administration [48]. In addition, plantderived alkaloids such as berberine, caﬀeine, evodiamine,
isorhynchophylline, tetramethylpyrazine, and trigonelline
have also been reported to show neuroprotective properties
in various experimental models and are often associated with
their anticholinesterase, antioxidant, and anti-inﬂammatory
properties [49–54]. Therefore, AFJ alkaloid extracts also
present a source of potent neuroprotective alkaloids. Generally, plant alkaloids are being promoted as drug leads for
the management of neurodegenerative diseases owing to a
number of their therapeutic mechanisms including anticholinesterase properties [55].
Earlier ﬁndings have implicated oxidative stress in Mninduced neurotoxicity [13, 56, 57]. Oxidative stress, a consequence of ROS overload which cannot be eﬀectively
counteracted by the antioxidant defence mechanisms and
hence, initiating cellular damage [58, 59]. In physiological
systems, antioxidant enzymes including catalase, superoxide
dismutase, and glutathione peroxidase are involved in preventing free radical overload and consequent oxidative stress.
Results from this study showed that ﬂies exposed to Mn
exhibited a signiﬁcant elevation in ROS level (Figure 4(a))
which is an indicator of oxidative stress. This is in agreement
with earlier report on elevation of ROS level following Mninduced toxicity in Drosophila [13, 60, 61]. However, cotreatment with AFJ alkaloid extract signiﬁcantly ameliorated ROS
level in Mn-intoxicate ﬂies. This observation could be associated with the antioxidant properties of AFJ extract which can
be further substantiated by their DPPH free radical scavenging and Fe2+ chelating abilities (Figure 4(b)). DPPH scavenging ability and Fe2+ chelation are two common assays carried
out to assess the antioxidant potential of a test compound.
Previous studies have shown that plant alkaloid extracts
exhibit antioxidant properties which have been associated
with their neuroprotective potentials [62]. The Fe2+ chelating

Oxidative Medicine and Cellular Longevity

7

Table 1: Possible compounds from GC-MS characterization of African Jointﬁr (Gnetum africanum) leaf alkaloid extract.
S/N

RT (min)∗ Molecular formula MW∗∗ Exact mass (g/mol) CAS number EN∗∗∗

Possible structure
N

NH2

1

9.158

[C9H10N2S]

178

178.056469

29927-08-0

291167

13.438

[C20H40O]

296

296.307917

150-86-7

375015

S
HO

2
∗

RT (min) = retention time (min); ∗∗ MW = molecular weight (g/mol); ∗∗∗ entry number in NIST 11 library.

ability of the extract in this study could be of signiﬁcant therapeutic importance; ﬁrst, excessive accumulation of Fe2+
could trigger chain redox reactions especially the Fenton
reaction which can initiate the generation of cytotoxic ROS.
Secondly, the chemical similarities between Mn and Fe have
suggested that the neurotoxic eﬀect of Mn is mediated by
competing with Fe for “nonredox” domains in proteins
[63]. Therefore, therapeutic agents with Fe chelating abilities
are shown to be promising in ameliorating Mn-induced
toxicity [41].
This study also shows that Mn was able to signiﬁcantly
elevate NO level in ﬂies (Figure 5). This is similar to previous
study which reported that Mn-induced toxicity caused elevation in NO level in rat brain cerebral cortex [2]. Nitric oxide
is a diﬀusible signalling molecule in the nervous system of
both vertebrates and insects [64]. In D. melanogaster, NO
has been shown to mediate in cell proliferation and diﬀerentiation during ﬂy developmental stages [65, 66]. NO also
mediates in immune responses of the ﬂies to pathogens and
parasites [67, 68]. Generally, NO is reported to act as a
proinﬂammatory mediator in which there is NO synthesis
by inducible nitric oxide synthase (iNOS) that is signiﬁcantly
elevated [69]. Consequently, the ability of AFJ alkaloid
extract to signiﬁcantly ameliorate Mn-induced elevation
in NO level in ﬂies could suggest its potential antiinﬂammatory property. In Figure 6 and Table 1, the result
of the GC-MS characterization was presented, and the
molecular structure of possible compounds in the extract
were determined; this however demands further studies
to fully elucidate the precise structural composition of
constituent alkaloids in the extract for further pharmacological investigations.
Conclusion can therefore be drawn from this present
study that alkaloid extract of AFJ was able to protect against
manganese-induced toxicity by mechanisms including
reducing oxidative stress, repressing AChE activity and proinﬂammatory mediator NO, and a consequent increase in
climbing and locomotion activities in Drosophila melanogaster. Therefore, AFJ alkaloid extract could represent a novel
source of neuroprotective compounds.
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Parkinson’s disease is a degenerative and progressive illness characterized by the degeneration of dopaminergic neurons.
6-hydroxydopamine (6-OHDA) is a widespread model for induction of molecular and behavioral alterations similar to Parkinson
and has contributed for testing of compounds with neuroprotective potential. The Brazilian plant Anacardium microcarpum is used
in folk medicine for treatment of several illnesses; however, the knowledge about toxicology and biological eﬀects for this plant is
very rare. The neuroprotective eﬀect from hydroalcoholic extract and methanolic and acetate fraction of A. microcarpum on
6-OHDA-induced damage on chicken brain slices was investigated in this study. 6-OHDA decreased cellular viability
measured by MTT reduction assay, induced lipid peroxidation by HPLC, stimulated Glutathione-S-Transferase and
Thioredoxin Reductase activity, and decreased Glutathione Peroxidase activity and the total content of thiols containing
compounds. The methanolic fraction of A. microcarpum presented the better neuroprotective eﬀects in 6-OHDA-induced
damage in relation with hydroalcoholic and acetate fraction. The presence of AKT and ERK1/2 pharmacological inhibitors
blocked the protective eﬀect of methanolic fraction suggesting the involvement of survival pathways in the neuroprotection
by the plant. The plant did not prevent 6-OHDA autoxidation or 6-OHDA-induced mitochondrial dysfunction. Thus, the
neuroprotective eﬀect of the methanolic fraction of A. microcarpum appears to be attributed in part to chelating properties
of extract toward reactive species and is dependent on ERK1/2 and AKT phosphorylation. This study contributes to the
understanding of biochemical mechanisms implied in neuroprotective eﬀects of the vegetal species A. microcarpum.

1. Introduction
The Brazilian plant Anacardium microcarpum, popularly
known as “cajui,” belongs to the Anacardiaceae family. It is
found in the Northeast Region of Brazil and is used in

traditional folk medicine for treatment of infectious diseases, inﬂammation, rheumatism, and tumor. Phytochemical constitution of A. microcarpum stem bark crude extract
and fractions demonstrating the presence of diﬀerent ﬂavonoids such as gallic acid, caﬀeic acid, and quercetin [1].
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Although a limited number of studies on this plant is available, our group demonstrated in vitro antioxidant potential
and antibacterial eﬀect of this plant [2].
Parkinson’s disease (PD), which was described by James
Parkinson in 1817, is the second most frequent neurodegenerative disease after Alzheimer’s disease and is characterized
by a progressive nigrostriatal neurodegeneration. This illness
reaches all ethnic groups and socioeconomic classes and is
present in approximately 1% of the world population over
the 60s [3]. PD symptoms include resting tremor, stiﬀness,
bradykinesia, and gait impairment [4]. The symptoms onset
indicates an advanced stage of disease, with a substantial loss
of dopaminergic cells in the substantia nigra and an 80%
depletion of striatum dopamine [5]. It is known that genetic,
environmental, and aging factors contribute to the progression of disease [6]. Moreover, biochemical factors such
as oxidative stress, mitochondrial dysfunction, inﬂammation, and apoptotic cell death play important roles in the
pathogenesis of PD [7, 8].
Substances able to damage selectively dopaminergic neurons are useful tools to study molecular mechanisms implied
in neurodegeneration in PD and for screening of neuroprotective potential of chemicals. Among those substances are
MPTP, paraquat, rotenone, and 6-hydroxydopamine [9].
6-hydroxydopamine (6-OHDA) is a toxic dopamine
metabolite which is rapidly and nonenzymatically oxidized
by molecular oxygen to form p-quinone and hydrogen peroxide [10] and is proposed as a putative neurotoxic factor
contributing for PD pathogenesis. The induction of reactive
oxygen species (ROS) formation is a major mechanism
implied in neurotoxicity of 6-OHDA. Some characteristics
of the brain tissue make it very susceptible to oxidative stress
such as the elevated consumption of oxygen, high content of
unsaturated fatty acids, and iron levels [11].
The most eﬀective drug in the treatment of PD is
L-DOPA; however, its frequent use is associated with
neurotoxicity once L-DOPA gives rise to 6-OHDA via
nonenzymatic reactions [12]. It is important to consider
that the therapies available for PD delay the progression
of degeneration and symptoms instead of providing an
eﬀective treatment for the disease. Thus, the search for
alternative therapies such as natural antioxidants has
grown greatly over the years; besides, there are evidence
that plant extracts have beneﬁcial potential, attenuating
the progression of PD, through antioxidant compounds
present in extracts [13–15]. The model of brain slices
has provided an important contribution for detailing of
brain circuits and neurochemical mechanisms and testing
of the neuroprotective potential of compounds. The main
factor why this model is considered appropriate for studying
biochemical events in the brain is the maintenance of extracellular matrix, neuronal connectivity, and neuronal-glial
interactions [16].
This study is aimed at evaluating the neuroprotective
potential and the mechanisms that mediate the neuroprotection of A. microcarpum hydroalcoholic extract (AMHE),
methanolic (AMMF), and ethyl acetate (AMEAF) fractions
against 6-hydroxydopamine- (6-OHDA-) induced damage
on cortical slices.
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2. Materials and Methods
2.1. Chemicals. Dimetil sulfoxide (DMSO), Folin-Ciocalteu,
2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid diammonium salt, sodium acetate, HEPES minimum 99.5% titration,
albumin from bovine serum (BSA), reduced glutathione (GSH),
oxidized glutathione, tetramethylethylenediamine (TEMED),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), D-Manitol, K2HPO4, KH2PO4, Triton X-100, β-mercaptoethanol, anti-rabbit immunoglobulin (HRP peroxidaselinked antibody), and carbonyl cyanide 4-(triﬂuoromethoxy)
phenylhydrate (FCCP) were obtained from Sigma-Aldrich
(São Paulo, SP, Brazil). SDS, acrylamide, bis-acrylamide,
and hybond nitrocellulose were obtained from GE Healthcare Life Division (Uppsala, Sweden). Anti-phospho-p38
(Thr180/Tyr182) and total form, anti phospho-AKT
(Thr308) and total form, anti-phospho PTEN, antiphospho and total JNK1/2 (Thr183/Tyr185), anti-phospho
ERK1/2 (Thr202/Tyr204) and anti-total-ERK1/2, and
β-actin antibodies were purchased from Cell Signaling
Technology (Danvers, MA). Poly (ADP)-ribose polymerase
(PARP) antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Kit Caspase-Glo 3/7 was obtained
from Promega (Madison, WI). All other reagents were commercial products of the highest purity grade available.
2.2. Animals. For this study, it used chicks of Gallus gallus
species from both genders with age among 5–15 days. The
animals were maintained in the animal facility at controlled
conditions of light and temperature with food and water ad
libitum. All procedures were performed in accordance with
the approval, under protocol no. 011/2012, of the CEUA/
UNIPAMPA (Animal Ethics Committee from Universidade
Federal do Pampa).
2.3. Plant Collection and Extractions. The stem barks of
A. microcarpum were collected from Barreiro Grande,
Crato-Ceará (7°22_S; 39°28_W; 892 m sea level), Brazil, in
November 2011. The plant material was identiﬁed by Dr.
Maria Arlene Pessoa da Silva of the herbarium Caririense
Dárdano de Andrade-Lima (HCDAL) of the Regional
University of Cariri (URCA), and a voucher specimen was
deposited (n° 6702). The fresh barks of A. microcarpum were
macerated with 99.9% of ethanol and water (1 : 1, v/v) for
3 days. The suspension was ﬁltered, and the solvent evaporated and lyophilized under reduced pressure to obtain
490 g of hydroalcoholic extract. One hundred and ﬁfty grams
(150 g) of this was partitioned with ethyl acetate and methanol to obtain 12.5 g of ethyl acetate fraction and 105.23 g of
the methanolic fraction. All fractions were stored in the
freezer and resuspended in water prior to experiments.
2.4. Identiﬁcation and Quantiﬁcation of Phenolic Compounds
and Flavonoids of Anacardium microcarpum by HPLC-DAD.
The chemical composition of the A. microcarpum hydroalcoholic extract (AMHE), A. microcarpum methanolic
fraction (AMMF), and A. microcarpum ethyl acetate fraction (AMEAF) was previously determined by our group
[1] as shown in Table 1. The complete study can be
found in literature where diﬀerences were veriﬁed between
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Table 1: Phytochemical characterization of extract and fractions
of Anacardium microcarpum. (Adapted from Barbosa-Filho
et al., 2014.)
Compounds
Gallic acid
Chlorogenic acid
Caﬀeic acid
Ellagic acid
Catechin
Epicatechin
Rutin
Isoquercitrin
Quercetrin
Quercetin
Kaempferol
Kaempferol glycoside

AMHE
(mg/g)

AMMF
(mg/g)

AMEAF
(mg/g)

14.53 ± 0.02
5.83 ± 0.03
19.36 ± 0.02
15.12 ± 0.01
3.79 ± 0.01
4.53 ± 0.01
3.81 ± 0.03
14.25 ± 0.01
7.29 ± 0.02
28.03 ± 0.04
3.54 ± 0.01
9.06 ± 0.03

7.13 ± 0.01
—
13.57 ± 0.05
13.19 ± 0.01
3.05 ± 0.04
3.11 ± 0.01
9.86 ± 0.03
15.79 ± 0.03
13.20 ± 0.02
18.16 ± 0.01
9.93 ± 0.02
3.15 ± 0.04

21.32 ± 0.04
10.57 ± 0.03
27.19 ± 0.03
25.61 ± 0.05
6.24 ± 0.02
9.35 ± 0.01
7.03 ± 0.01
25.98 ± 0.02
20.64 ± 0.02
27.02 ± 0.01
11.25 ± 0.02
3.47 ± 0.01

hydroalcoholic extract, methanolic, and ethyl acetate fractions, respectively.
2.5. Tissue Slice Preparation and Treatment. Animals were
euthanized by decapitation under anesthesia. The brain was
dissected and placed in cutting solution oxygenated at 4°C
(110 mM sucrose, 60 mM NaCl, 3 mM KCl, 0.5 mM CaCl2,
7 mM MgSO4, 5 mM glucose, and 25 mM HEPES pH 7.4).
The cortical region was separated, and 400 μm thickness
slices were prepared in a McIlwain tissue slicer [17]. The
diameter of slices was standardized using a 3 mm punch.
Brieﬂy, slices were transferred to 96-well plates containing
HEPES-saline buﬀer (124 mM NaCl, 4 mM KCl, 1.2 mM
MgSO4, 12 mM glucose, 1 mM CaCl2, and 25 mM HEPES
pH 7.4) previously oxygenated during 30 minutes (200 μL/
slice). After 30 min of preincubation, the buﬀer was removed,
and fresh buﬀer was added. Tissue slices were subsequently
incubated for 120 minutes at 37°C in the presence/absence
of 6-OHDA 500 μM and/or hydroalcoholic extract (AMHE),
methanolic (AMME), and ethyl acetate A. microcarpum
fractions (AMEA) (concentrations among 0.1–1 mg/mL).
All dissolved in the culture medium.
2.6. Cell Viability. Cell viability was determined by the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) (0.05% HEPES-saline). After 120 minutes of
treatment, slices were incubated for 30 minutes at 37°C in the
presence of MTT [17]. Subsequently, MTT was removed, and
samples were incubated in DMSO for 30 min (37°C). The
absorbance resulted from formazan product diluted in
DMSO was read at 540 nm in an EnsPire® multimode plate
reader (PerkinElmer, USA).
2.7. Spectrophotometric Studies of 6-OHDA Autoxidation.
The autoxidation of 6-OHDA was followed by monitoring
the formation of p-quinone at 490 nm [10]. A Cary 60-UVVisible Spectrophotometer by Agilent Technologies was
used for the assay. The cuvette holder was thermostatically

maintained at 37°C. For each assay, 1 mL of phosphate
buﬀer (pH 7.4) was incubated in a quartz cuvette for
10 min to reach the set temperature. Then, the autoxidation
was initiated with the addition of 5 μL of a stock solution of
6-OHDA (100 mM) at a ﬁnal concentration of 0.5 mM. The
monitoring of the corresponding kinetics was immediately
initiated and maintained for subsequent 3 min. To verify if
AMHE, AMMF, and AMEAF could prevent autoxidation
of the compound, diﬀerent concentrations of the plant
extract or fractions (1 μg/mL, 10 μg/mL, and 100 μg/mL)
were added in the presence or absence of 6-OHDA. GSH
10 mM was used as positive control.
2.8. Lipid Peroxidation. The ﬁnal product from lipid
peroxidation was determined with thiobarbituric acid as the
reactive substance (TBARS) with some modiﬁcations [18].
Tissue slices were incubated for 120 minutes at 37°C in diﬀerent extract concentrations (0.1–1 mg/mL) in the presence/
absence of 6-OHDA (500 μM). For the next step, ﬁve slices
per treatment group were homogenized in 150 μL of HEPES
20 mM buﬀer. Further, all content was incubated during
60 minutes at 95°C into acetic acid/HCl 0.45 M buﬀer,
thiobarbituric acid 0.8% (TBA), SDS 8.1% to promote
the coloring, and absorbance was measured at 532 nm.
2.9. Enzyme Assays. Glutathione S-transferase activity (GST)
was assayed using 1-chloro 2,4-dinitrobenzene (CDNB) as
substrate [19]. The assay is based on the formation of the
conjugated complex of CDNB and GSH. The reaction was
conducted in a mix consisting of 0.1 M phosphate buﬀer
pH 7.0, 1 mM EDTA, 1 mM GSH, and 2.5 mM CDNB.
Glutathione peroxidase activity (GPx) was measured and
deﬁned as the rate of NADPH oxidation by the coupled
reaction with glutathione reductase [20]. One unit of GPx
will consume 1.0 μmol of NADP+ from NADPH per minute
(ε = 6 22 M−1 cm−1 ). Thioredoxin reductase (Trx-R) activity
consists in measuring the rate of reduction of DTNB
by NADPH [21]. One unit of enzyme activity was considered the amount of enzyme that catalyzes the formation of 1.0 μmol of DTNB per minute at 25°C, pH 7.0
(ε = 13 60 M−1 cm−1 ). All spectrophotometric assays were
performed at 340 nm in an Agilent Cary 60 UV/VIS spectrophotometer with an 18 cell holder accessory coupled to
a Peltier Water System temperature controller (Santa
Clara, CA).
2.10. Determination of Reduced (GSH) and Oxidized
Glutathione (GSSG). For the measurement of GSH and GSSG
levels, brain homogenate was treated with 0.5 mL of 13%
trichloroacetic acid and centrifuged at 100.000 g for 30 min
at 4°C. Aliquots (10 μL) of supernatant were mixed with
100 mM NaH2PO4 buﬀer, pH 8.0, containing 5 mM EDTA.
O-phthalaldehyde (OPT) (1 mg/mL) was added, and ﬂuorescence was measured 15 min later using the 350/420 nm
excitation/emission wavelength pair in Perkin Elmer inspire
[22]. For measurement of GSSG levels, brain supernatant
was incubated at room temperature with N-ethylmaleimide
(NEM) (0.04 M) for 30 min at room temperature, and after
that, were added NaOH (0.1 N) buﬀer, following of added
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OPT and incubated for 15 min in the dark, using the procedure outlined above for GSH assay. Results were presented
as the GSH/GSSG ratio.
2.11. High-Resolution Respirometry (HRR) In Vitro. For
respirometry determination, chick brain (400 mg) was
weighed and transferred to 1 mL of cold homogenization
buﬀer containing 5 mM Tris-HCl, 250 mM sucrose, and
2 mM EGTA (pH 7.4), and brain homogenate was used to
the HRR. Oxygraph-2k (O2k, OROBOROS Instruments,
Innsbruck, Austria) was employed for all respiration measurements. Experiments were performed in 2 mL of MiR05
buﬀer (110 mM sucrose, 60 mM K-lactobionate, 0.5 mM
EGTA, 3 mM MgCl2, 20 mM taurine, 10 mM KH2PO4,
20 mM HEPES pH 7.4, and 0.1% BSA) [23]. All experiments
were performed at 37°C using DatLab 4.0 software (Oroboros
Inc., Austria), with continuous stirring at 750 RPM, and all
experiments started by registering the endogenous substrate
supported respiration, following protocols established in the
literature [24].
All experiments of mitochondrial bioenergetics analysis
in brain homogenate were performed following [25] with
minor modiﬁcations at the O2k-chamber. All concentrations
of compounds (control group without treatment, 100 μg/mL
of a methanolic fraction, 6-OHDA 500 μM in the absence
or presence of methanolic fraction) were added at the
O2k-chamber after signal stabilization of the basal respiration supported by endogenous substrates. Four individual
preparations of the brain homogenate were performed
per group.
2.12. Mitochondrial Respiration Assays. Titration protocols of
multiple substrates and inhibitors were used to assess mitochondrial function in terms of diﬀerent respiration states.
The routine of electron transport system activities in brain
homogenate was carried out according to literature [26].
Malate, glutamate, and succinate were used as oxidizable substrates in all experiments. Complex I- (CI-) mediated Leak
(LEAK) respiration was determined using 2 mM malate and
10 mM glutamate. CI-mediated OXPHOS (OXPHOS) was
determined using ADP (2.5 mM). Respiratory control ratios
(RCR = CIOXPHOS/CILEAK) were used as a quality control
of isolated mitochondria. The convergent electron ﬂow
during the maximal OXPHOS respiration (CI + CIIOXPHOS)
was determined with substrates of CI and CII (10 mM
Succinate). CI + CII-mediated ETS (electron transfer system)
(CI + CIIETS) was determined using Carbonyl cyanide-4-(triﬂuoromethoxy) phenylhydrazone (FCCP) (optimum concentration reached between 0.5 and 1.5 μM). CII-mediated
ETS respiration (CIIETS) was determined with 0.5 μM rotenone. Addition of 2.5 μM antimycin A inhibited complex
III, resulting in nonmitochondrial respiration (ROX) with
small contributions from electron leak in the uncoupled state.
2.13. Western Blotting Analysis. Analysis of protein phosphorylation in cortical slices was performed using western
blotting with slight modiﬁcation [27]. Four slices were
homogenized in 100 μL of 4% SDS stop solution (4% SDS,
50 mM Tris, 100 mM EDTA, pH 6.8), and 10 μL of sample
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was taken out for protein analysis. In the remaining sample
was added 25% Glycerol sample and 8% β-mercaptoethanol.
The proteins were separated by SDS–PAGE using 10% gels
and then electrotransferred to nitrocellulose membranes.
The membranes were washed in Tris-buﬀered saline with
Tween-20 (100 mM Tris–HCl, pH 7.5, 0.9% NaCl, and
0.1% Tween-20) and incubated overnight at 4°C with primary antibodies anti-phospho p38, anti-total and phosphoERK1/2, anti-total and phospho-JNK1/2, anti-phospho and
total-AKT, anti-phospho PTEN. Subsequently, membranes
were washed in Tris-buﬀered saline with Tween-20 and incubated for 1 hour at 25°C with horseradish peroxidase-linked
anti-IgG secondary speciﬁc antibodies. The blottings were
visualized on the IS4000MM Pro Bruker imaging system
using ECL-detection reagent, and the band density was quantiﬁed using the Scion Image® software. The density of the
bands was measured and expressed as a rate (%) of increase
in relation to control (slices treated only with media).
2.14. PI3K/AKT and MEK Inhibitors. To determine the
implication of signaling pathway involved in cell survival in
the neuroprotective eﬀect of A. microcarpum methanolic
fraction, PI3K/AKT inhibitor LY294002 at ﬁnal concentration of 20 μM and MEK/ERK inhibitor PD98059 at ﬁnal
concentration of 50 μM. PD98059 acts on inhibition of
MEK1 in a reversible, allosteric, and noncompetitive manner
with respect to ATP and ERK1/2 binding whereas LY294002
acts at an ATP-binding site of PI3K enzyme, thus selectively
inhibiting the PI3K-Akt interaction. The inhibitors were
added to the medium 30 min prior to the addition of 6OHDA plus AMMF. After 2 hours of treatment, MTT assay
was conducted to verify the slices viability as described above.
Inhibitors were diluted in DMSO; the ﬁnal concentration of
DMSO in the wells was 0.5%.
2.15. Protein Quantiﬁcation. The protein concentration in
samples was estimated using BSA as standard [28, 29].
2.16. Statistical Analysis. All data were tested for normal
distribution by Kolmogorov-Smirnov. Statistical analysis
was performed using one-way analysis of variance (ANOVA)
followed by Newman-Keuls post hoc analysis. Results were
considered statistically signiﬁcant when p < 0 05.

3. Results
3.1. Analysis of 6-Hydroxydopamine Autoxidation in the
Presence of Extract and Fractions of A. microcarpum.
6-OHDA undergoes spontaneous autoxidation in the presence of oxygen under physiological conditions forming
hydrogen peroxide (H2O2) and the corresponding p-quinone
whose formation can be monitored spectrophotometrically
at 490 nm [10]. The absorbance of 6-OHDA at the end of
3 min of incubation with phosphate buﬀer is visualized in
the graph (Figures 1(a)–1(c)). The presence of fractions of
A. microcarpum did not alter the 6-OHDA absorbance,
whereas hydroalcoholic fraction decreased it partially. The
antioxidant glutathione (GSH) was used as a positive control
preventing 6-OHDA autoxidation due to the ability of
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Figure 1: 6-OHDA autoxidation in the presence of A. microcarpum and GSH. The autoxidation of 6-OHDA (500 μM) was
followed spectrophotometrically by monitoring the formation of p-quinone at 490 nm in the presence or absence of extract or
fractions (a) 6-OHDA + AMHE, (b) 6-OHDA + AMMF, and (c) 6-OHDA + AMEAF. GSH 10 mM was used as positive control preventing
6-OHDA autoxidation. Data are expressed as percentage of the untreated control ± SE (n = 3). ∗∗∗ p < 0 0001 as compared to GSH control.
##p < 0 001 and ###p < 0 0001 as compared to 6-OHDA group.

sulfhydryl compounds to remove the H2O2 formed during
the autoxidation reaction of 6-OHDA.
3.2. Evaluation of Toxicity and Neuroprotective Potential of
A. microcarpum Hydroalcoholic Extract and Fractions. In
order to investigate a possible neurotoxic eﬀect of A. microcarpum, cortical slices were incubated for 2 hours with diﬀerent concentrations of hydroalcoholic extract and fractions: 0,
1 μg/mL, 10 μg/mL, 100 μg/mL, and 1000 μg/mL. At the end
of incubation period, cell viability assay was performed by
MTT test. Our data showed that A. microcarpum per se was
unable to aﬀect the viability of slices (Figures 2(a)–2(c)).
To investigate the neuroprotective potential of A. microcarpum, slices were incubated with neurotoxin 6-OHDA
500 μM for 2 hours in the presence or absence of diﬀerent
extracts or fraction concentration (1–100 μg/mL). 6-OHDA
concentration was deﬁned in a dose-response curve, and
the concentration able to decrease in approximately 30%
the cell viability was chosen for further studies. The hydroalcoholic extract was unable to protect against damage caused
by 6-OHDA (Figure 2(d)); however, AMMF and AMEAF
reverted the drop in cell viability promoted by 6-OHDA at
a concentration of 100 μg/mL (p < 0 0001) (Figures 2(e) and
2(f), respectively).
3.3. Lipid Peroxidation in Response to the Treatment with
Methanolic and Acetate Fractions of A. microcarpum and
6-OHDA. Oxidative stress is implied in dopaminergic cell

death induced by 6-OHDA [11]. AMMF and AMEAF but
not AMHE presented neuroprotective potential in the MTT
assay; thus, it was investigated a possible antioxidant potential of these fraction on slices exposed to 6-OHDA by its
ability to prevent lipid peroxidation. 6-OHDA induced lipid
peroxidation in 25% (p < 0 0001) when compared to control
group. Only AMMF prevented this eﬀect (Figures 3(a) and
3(b)); thus, further studies were conducted in the presence
of methanolic fraction.
3.4. Analysis of ERK, AKT, PTEN Phosphorylation, and PARP
Cleavage in Response to the Treatment with 6-OHDA and
Methanolic Fraction of A. microcarpum. In this study, the
eﬀect of 6-OHDA on phosphorylation of proteins p38,
JNK1/2, ERK1/2, AKT, cleavage of PARP protein, and
phosphatase PTEN was analyzed by western blotting technique. No alterations in phosphorylation and total levels of
p38 and JNK1/2 were detected (data not shown). The
phosphorylation of ERK was increased in 30% only in the
presence of extract and 6-OHDA (Figure 4(b)); no alterations
were observed in the other groups. AKT phosphorylation
(Figure 4(c)) was inhibited in approximately 25% by 6OHDA treatment and remained at control level when
fraction was present. The cleavage of PARP protein in an
89 kDa fragment was evaluated as an indicator of apoptotic
cell death. No alteration in PARP cleavage was visualized
by treatments as observed in the blotting. PTEN phosphorylation was unchanged by the treatments (Figure 4(d)).
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Figure 2: Eﬀects of A. microcarpum and 6-OHDA on the viability of cortical slices. Cortical slices were incubated for 2 h in diﬀerent
concentrations (1–1000 μg/mL) of (a) AMHE, (b) AMMF, and (c) AMEAF and in the presence or absence of 6-OHDA (500 μM) during
2 h, (d) AMHE, (e) AMMF, and (f) AMEAF. Cell viability was measured by MTT test. Data are expressed as percentage of the untreated
control ± SEM (n = 3). ∗ p < 0 05, ∗∗ p < 0 001, and ∗∗∗ p < 0 0001 diﬀerent from control group.
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Figure 3: Eﬀects of A. microcarpum on 6-OHDA (500 μM) induced lipid peroxidation (LPO) in cortical slices. Cortical slices were incubated
with (a) AMMF and (b) AMEAF in the presence/absence of 6-OHDA for two hours, and lipid peroxidation was evaluated by formation of
TBARS at 532 nm. Data are expressed as percentage of the untreated control ± SEM (n = 3). ∗∗∗ p < 0 0001 as compared to control.
##p < 0 001 as compared to 6-OHDA group.
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Figure 4: Modulation of ERK, AKT and PTEN phosphorylation, PARP cleavage in response to treatment with methanolic fraction of
A. microcarpum and 6-OHDA in cortical slices. Proteins were separated by SDS–PAGE and transferred to nitrocellulose membrane.
Total content and phosphorylation of proteins were detected by speciﬁc antibodies, and the reaction was developed by ECL. (a) Western
blotting of phosphorylated and total forms of ERK2 and AKT phosphorylation and total forms and phospho-PTEN. (b) Quantitative
analysis of ERK2 phosphorylation expressed as a ratio with its respective total form. (c) Quantitative analysis of AKT phosphorylation
expressed as a ratio with its respective total form. (d) Quantitative analysis of PTEN phosphorylation expressed as a ratio with β-actin.
The data are expressed as fold increase related to control group and represent mean ± SE of 4 independent experiments. Statistical analysis
was performed by ANOVA, followed by the Newman-Keuls test. ∗ p < 0 05, ∗∗ p < 0 001, and ∗∗∗ p < 0 0001 diﬀerent from control group.
#p < 0 05, ##p < 0 001, and ###p < 0 0001 when compared to 6-OHDA group.

3.5. Involvement of ERK and AKT Signaling Pathways in the
Neuroprotective Mechanisms of Fraction. The participation
of ERK1/2 and AKT in the protective potential of the methanolic fraction was investigated. Slices were incubated with
synthetic inhibitors of ERK1/2 phosphorylation (PD98059)
and AKT phosphorylation (LY294002) for 30 min prior to
the addition of 6-OHDA or methanolic fraction. As shown
in Figure 5, the inhibition of ERK and AKT blocked the
protective eﬀects of extract.
3.6. Activity of Antioxidant Enzymes and Redox State of Cells
in Response to the Treatment with the Methanolic Fraction of
A. microcarpum and 6-OHDA. As shown in Table 2, 6OHDA caused a 1.68-fold increase in GST activity, and
this eﬀect was not observed in the presence of methanolic
fraction and 6-OHDA. 6-OHDA induced TRx-R activity
in 1.9-fold; this eﬀect was not observed in the presence
of methanolic fraction. On the other hand, GPx was inhibited in 1.71-fold by 6-OHDA when comparing to control,
and this eﬀect was not observed in the presence of methanolic fraction. The total glutathione content and oxidized
glutathione were decreased by 34% and 39%, respectively,

by 6-OHDA treatment, and the ratio GSH/GSSG was
increased by 6-OHDA. This eﬀect was not observed when
6-OHDA was present. The plant per se increased levels of
reduced GSH (Table 3).
3.7. Mitochondrial Respiration in Response to 6-OHDA and
A. microcarpum Methanolic Fraction. The mitochondrial
respiration in response to 6-OHDA and methanolic fraction
was measured in brain homogenate by cellular oxygen consumption. Basal respiration was unchanged in the brain by
treatments (data not shown). After glutamate and malate
substrate (CILeak) addition, a signiﬁcant decrease (p < 0 05)
on CI activity was induced by 6-OHDA. This drop in CI
activity persisted when methanolic fraction was added
(p < 0 05). AMMF per se did not change the activity of CI.
In order to see CIOXPHOS, it was added succinate and ADP
(CIOXPHOS); this parameter was also inhibited by 6-OHDA,
and the fraction was unable to avoid it. The convergent
electron ﬂow during the maximal oxidative phosphorylation
(CI + CIIOXPHOS) was also signiﬁcantly decreased by 6OHDA, and the fraction did not avoid this eﬀect. Maximal
mitochondrial respiration (CI + CIIETS) was determined with
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Figure 5: Eﬀects of A. microcarpum and 6-OHDA on the viability of cortical slices in the presence of LY (294002) inhibitors and PD (98059).
Slices were incubated with AMMF in the presence or absence of 6-OHDA (500 μM) and inhibitors for 2 h. The inhibitors were added 30 min
prior to the addition of fraction and 6-OHDA and remained during all period of the treatment. Data are expressed as percentage of the
untreated control ± SE (n = 3). ∗∗∗ p < 0 0001 as compared to control. ###p < 0 0001 as compared to only inhibitor treated group;
++p < 0 001 as compared to cotreated group 6-OHDA + AMMF.

Table 2: Activity of antioxidant enzymes in cortical slices submitted to treatment with the neurotoxin 6-OHDA and A. microcarpum
methanolic fraction.
GST
(mg/mU protein)

GPx
(mg/mU protein)

TrxR
(mg/mU protein)

6-OHDA 500 μM

241.2 ± 8.49
406.4 ± 75.89∗

41.37 ± 5.01
23.82 ± 2.07∗

2.375 ± 0.342
4.675 ± 0.608∗

AMMF 100 μg/mL
AMMF 100 μg/mL + 6-OHDA 500 μM

186.2 ± 42.13#
251.5 ± 36.48#

51.01 ± 4.04
46.29 ± 3.20##

2.459 ± 0.137##
3.164 ± 0.496#

Control

Data are expressed as percentage of the untreated control ± SEM. ∗ p < 0 05 in relation to control group, #p < 0 05 in relation to control group, ##p < 0 001 in
relation to 6-OHDA group.

Table 3: Eﬀect of treatment with 6-OHDA and A. microcarpum on GSH and GSSG levels and ratio GSH/GSSG.
GSH
(% of control)

GSSG
(% of control)

Total glutathione
(% of control)

GSH/GSSG
(% of control)

88.05 ± 6.73

100.0 ± 10.66
66.56 ± 11.34∗

100.0 ± 2.51
168.1 ± 19.64∗∗

6-OHDA 500 μM

87.49 ± 5.41

90.60 ± 5.48
61.61 ± 12.87∗

AMMF 100 μg/mL

136.7 ± 6.54∗∗

117.2 ± 10.04##

129.7 ± 4.18##

120.7 ± 9.21##

AMMF 100 μg/mL + 6-OHDA 500 μM

111.4 ± 13.28

111.9 ± 3.17##

111.8 ± 4.96#

99.61 ± 8.99##

Control

Data are expressed as percentage of the untreated control ± SEM. ∗ p < 0 05;
6-OHDA group.

∗∗

p < 0 001 in relation to control group. ##p < 0 001 when compared to
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Figure 6: O2 ﬂux measured in the mitochondria of cortex homogenate exposed to 6-OHDA and/or A. microcarpum. Mitochondrial function
is presented with the abbreviation(s) of the complex(es) involved followed by the state of respiration measured in the presence of
glutamate + malate (CILEAK), +ADP (CIOXPHOS), +succinate (CIIOXPHOS), +FCCP (CI + IIETS), +rotenone (CIIETS). Antimycin A was used
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diﬀerent from control group. ##p < 0 001 and ###p < 0 0001 when compared to 6-OHDA group.

the addition of the uncoupler FCCP. This parameter was
inhibited by 6-OHDA and not avoided by the fraction
(p < 0 001). CIIETS activity was analyzed after inhibition
of CI by rotenone, and no signiﬁcant changes occurred
by treatments. AMMF per se but not in the presence of
6-OHDA induced CILEAK, CIOXPHOS, CI + CIIOXPHOS, and
CI + IIETS (Figure 6).

4. Discussion
Oxidative stress, mitochondrial dysfunction, genetic, and
environmental factors are mechanisms associated with neuronal damage observed in PD [30–32]. A number of studies
have proposed antioxidant therapies to attenuate PD symptoms [33, 34]. In this study, methanolic and acetate fraction
but not hydroalcoholic extract protected against neurotoxicity induced by 6-OHDA in brain slices, but methanolic
fraction was more eﬀective in protecting against induction
in lipid peroxidation by 6-OHDA.
The cytotoxic eﬀect of 6-OHDA is attributed to the
formation of reactive species such as superoxide radical,
para-quinone, and hydrogen peroxide from enzymatic and
autoxidation reactions [35]. It this study, plant extract or
fractions did not block eﬀectively the autoxidation of 6OHDA in vitro. With the base in this ﬁnding, it can be
inferred that the mechanism implied in the protective eﬀect
of the plant is the neutralization of reactive species secondary
to the autoxidation reaction and not a direct interaction with
6-OHDA molecule. In previous studies, 6-OHDA induced
mitochondrial dysfunction by inhibition of I and IV complexes, disrupting the mitochondrial function, and producing
superoxide anion, which in turn may form hydroxyl radicals which reacts with nitric oxide generating peroxynitrite
[36–39]. In the present study, the 6-OHDA inhibited in
55% complex I activity in basal respiration around 75%

the ATP production CI-dependent and compromise the
mitochondrial electron transport system in 50%. This is
in accordance with a similar work that showed a 20% of
inhibition of complex I at a concentration of 100 μM,
approximately [40]. This phenomenon was not blocked by
A. microcarpum. Considering the inability of the plant to
hamper the mitochondrial damage caused by 6-OHDA, it
could be supposed that the neuroprotective eﬀect by the plant
is due to the neutralization of reactive species resulted from
mitochondrial dysfunction.
Reactive oxygen species production, detoxiﬁcation, and
signaling pathways have been considered interesting targets
for intervention in neurodegenerative diseases [41, 42].
Endogenous enzymatic and nonenzymatic antioxidants, such
as GSH, glutathione S-transferase, glutathione peroxidase,
and thioredoxin reductase (TRx-R), delay or prevent oxidative damage to proteins, lipids, and DNA [43, 44]. Glutathione peroxidase (GPx) is an intracellular antioxidant that
reduces hydrogen peroxide to water at expenses of GSH
and limits its harmful eﬀect. In this study, 6-OHDA caused
a substantial inhibition in GPx activity that was not observed
in presence of methanolic fraction. Similar data were demonstrated in neuroblastoma cells treated with 6-OHDA [45]. In
PD patients, the degree of symptom severity correlates with
intracellular GSH loss in substantia nigra [46]. In our study,
GSH content was not altered, and GSSG was decreased by
6-OHDA; this eﬀect may be related to GPx inhibition and
consequently a lower oxidation of GSH by this system. On
the other hand, the TRx-R activity was stimulated by 6OHDA, and the same data were observed in neuroblastoma
cell line SH-SY5Y [47]. Our results suggest the participation
of peroxiredoxins catalyzing peroxide reduction as a compensatory mechanism to replace the inhibited activity of
GPx. Herein, 6-OHDA increased the activity of GST, which
is implied in neuronal detoxiﬁcation of quinones resulted
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from catecholamine oxidation and free radicals [48], and this
eﬀect was not observed when plant was present. All these
eﬀects were prevented by the methanolic fraction of plant,
showing a protective mechanism against oxidative stress
induced by the 6-OHDA. Due to methodological issues, we
were not able to detect quantiﬁable levels of the enzymes
Superoxide Dismutase and Catalase, but their analysis will
be considered in further studies.
Extracellular signal-regulated kinases (ERKs) have been
implicated in the cellular response to reactive oxygen species
[49–52]. Growth factors and other extracellular stimuli
activate the kinase MEK1/2 by Ras/Raf pathway; MEK1/2
then phosphorylates and activates ERK1/2 [53]. ERK1/2
activates transcription factors such as cAMP response element–binding protein (CREB) and Elk, thereby increasing
transcription of neurotrophic factors and prosurvival genes
such as Bcl-2 [54]. In this study, the use of MEK1/2 inhibitor
weakened the protective potential of methanolic fraction
against the 6-OHDA, suggesting that the antioxidant potential of fraction per se is not enough to protect the brains
slices, but the activation of prosurvival factors plays an
important role in this eﬀect. Experiments of western blotting
showed that 6-OHDA did not alter ERK phosphorylation in
brain slices after two hours of incubation with 6-OHDA.
Previous studies reported an ERK1/2 phosphorylation peak
after 10–15 min of exposure of dopaminergic cells to 6OHDA; the phosphorylation of prosurvival protein CREB
followed this temporal proﬁle as well [54]. Authors showed
that the inhibition of early phosphorylation of ERK1/2 abolished CREB activation and increased 6-OHDA toxicity.
Thus, the possibility of an early activation of ERK1/2 in slices
submitted to the treatment and the contribution of this
activation for a self-protective response of cells that was
prevented with use of inhibitors could not be discarded.
AKT is a serine/threonine kinase and its signaling
pathway plays an important role in fundamental cellular
functions, such as cell proliferation and survival, by phosphorylating a variety of enzymes, including proapoptotic
regulators, antioxidant proteins, and transcription factors
[55]. It is reported that AKT phosphorylation is reduced in
the striatum of patients with PD, suggesting that its inactivation has an important role in PD [56]; being so, it is a substantial therapeutic target for treating neurodegenerative
diseases, beyond other pathologies [57]. Herein, 6-OHDA
inhibited phosphorylation level of AKT, and the plant
prevented this eﬀect. There was no alteration in phosphorylation level of PTEN (Phosphatase and tensin homolog
deleted on chromosome ten), a negative regulator of AKT.
Similar results were reported in SH-SY5Y and dopaminergic
cell lines [58, 59]. In this study, AKT phosphorylation seems
to display a role in neuroprotective eﬀect of fraction against
6-OHDA, once the use of PI3K/AKT inhibitor blocked the
protective eﬀect of fraction. This result proposes that survival
signaling pathways ERK and AKT contribute for neuroprotection by methanolic fraction of A. microcarpum.
Recent studies have suggested that several signal
transduction pathways, including phosphatidylinositol 3
kinase (PI3K) pathways and MAPKs, are involved in releasing transcription factor Nrf2 from the complex Keap1-Nrf2
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promoting Nfr2 translocation to the nucleus [60]. Nrf2
promotes transcriptional activation of a variety of antioxidant genes [61]. AMMF-mediated cytoprotection against 6OHDA was abolished by ERK and AKT pathway inhibitors;
these data support a possible involvement of Nrf2 activation
leading to expression of downstream antioxidant genes
through the modulation of AKT and ERK1/2 pathways by
the fraction. According to another study, inhibition of AKT
and ERK has also abolished the neuroprotective eﬀect of a
triterpenoid isolated from plant [62].

5. Conclusion
The present work shows for the ﬁrst time the potential of
the Brazilian plant A. microcarpum in protecting against
6-OHDA-induced damage in brain slices. Inhibition of
mitochondrial complexes by 6-OHDA was not avoided by
the extract. ERK and AKT phosphorylation display a role
in the neuroprotective eﬀect by the plant which was
decreased by the presence of pharmacological inhibitors of
those pathways.
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Misfolded tau proteins induce accumulation of free radicals and promote neuroinﬂammation by activating microglia-releasing
proinﬂammatory cytokines, leading to neuronal cell death. Traditional Chinese herbal medicines (CHMs) have been widely used
in clinical practice to treat neurodegenerative diseases associated with oxidative stress and neuroinﬂammation. This study
examined the neuroprotection eﬀects of formulated CHMs Bai-Shao (made of Paeonia lactiﬂora), Gan-Cao (made of
Glycyrrhiza uralensis), and Shaoyao Gancao Tang (SG-Tang, made of P. lactiﬂora and G. uralensis at 1 : 1 ratio) in cell model
of tauopathy. Our results showed that SG-Tang displayed a greater antioxidative and antiaggregation eﬀect than Bai-Shao and
Gan-Cao and a stronger anti-inﬂammatory activity than Bai-Shao but similar to Gan-Cao. In inducible 293/SH-SY5Y cells
expressing proaggregant human tau repeat domain (ΔK280 tauRD), SG-Tang reduced tau misfolding and reactive oxygen
species (ROS) level in ΔK280 tauRD 293 cells and promoted neurite outgrowth in ΔK280 tauRD SH-SY5Y cells. Furthermore,
SG-Tang displayed anti-inﬂammatory eﬀects by reducing nitric oxide (NO) production in mouse BV-2 microglia and
increased cell viability of ΔK280 tauRD-expressing SH-SY5Y cells inﬂamed by BV-2 conditioned medium. To uncover the
neuroprotective mechanisms of SG-Tang, apoptosis protein array analysis of inﬂamed tau expressing SH-SY5Y cells was
conducted and the suppression of proapoptotic proteins was conﬁrmed. In conclusion, SG-Tang displays neuroprotection by
exerting antioxidative and anti-inﬂammatory activities to suppress neuronal apoptosis in human tau cell models. The study
results lay the base for future applications of SG-Tang on tau animal models to validate its eﬀect of reducing tau misfolding
and potential disease modiﬁcation.

1. Introduction
Neurodegenerative diseases including Alzheimer’s disease
(AD) and tauopathy are characterized by the presence of
hyperphosphorylated, insoluble, and ﬁlamentous tau protein,
which leads to neuronal dysfunction and loss [1]. Tau is an
ubiquitously distributed microtubule-associated protein that
promotes and stabilizes microtubule assembly. Aside from
helping microtubule assembly, tau also interacts with other
cytoskeleton components to play a role in axonal transport

[2]. Tau is encoded by MAPT (microtubule-associated protein tau) gene located on chromosome 17q21, containing
16 exons [3]. By alternative splicing, tau proteins exist as
six diﬀerent isoforms in human central nervous system
(CNS). Exons 9–12 encode four C-terminal microtubule
binding motifs which are imperfect copies of an 18-aminoacid tau repeat domain (tauRD). Diﬀerent point mutations
found in tauRD reduced the ability of tau to promote microtubule assembly [4] and accelerated aggregation of tau into
ﬁlaments [5]. In addition, a single amino acid deletion
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(ΔK280) was found in patients with frontotemporal dementia and AD [6–8]. ΔK280 is extremely ﬁbrillogenic and frequently used to model tau aggregation [9–11].
Emerging evidence has shown protein aggregation as a
trigger for inﬂammation and neurodegeneration [12]. Activated microglia are found in the postmortem brain tissues
of human tauopathy, and microglial burden correlated with
tau burden in most of the pathologically aﬄicted areas
[13, 14]. Chronic activation of microglia may enhance the
hyperphosphorylation of tau and the subsequent development of neuroﬁbrillary tangles [15]. Activated microglia contribute to neuroﬁbrillary pathology in AD through production
of interleukin (IL)-1 and activation of neuronal p38-MAPK
(mitogen-activated protein kinase 1) in vitro [16] and
in vivo [17]. In transgenic mice that develop both tau and
amyloid pathologies (3 × Tg-AD line), lipopolysaccharide(LPS-) induced activation of glia exacerbates tau pathology
[18]. Tau oligomers colocalize with astrocytes and microglia
to induce inﬂammation, leading to neuronal damage and
eventual cell death [19]. Being a critical component in pathogenesis, neuroinﬂammation provides an attractive therapeutic target in the treatment and prevention of AD and
other tauopathy [20, 21].
Traditional Chinese herbal medicines (CHMs) have
accumulated several lines of beneﬁcial evidence in the treatment of AD [22–24]. However, treatment approaches
addressing inﬂammatory processes in tauopathy have not
been well investigated. Bai-Shao and Gan-Cao are formulated CHMs prepared from herbs Paeonia lactiﬂora (P. lactiﬂora) and Glycyrrhiza uralensis (G. uralensis), respectively.
Total glucosides of paeony extracted from P. lactiﬂora may
exert anti-inﬂammatory activities that contribute to its analgesic eﬀect through modulating production of proinﬂammatory cytokines from macrophage-like synoviocytes [25]. In
addition, ethanol extracts of G. uralensis possess inhibitory
eﬀects against NF-κB-mediated inﬂammatory response and
strong activation of the Nrf2-ARE-antioxidative stress signaling pathways [26]. In this study, Bai-Shao, Gan-Cao,
and Shaoyao Gancao Tang (SG-Tang), a formulated CHM
made of P. lactiﬂora and G. uralensis at 1 : 1 ratio, were tested
in a tau aggregation model [27] to reveal underlying pathogenesis and develop therapeutic strategy targeting neuroinﬂammation in tauopathy.

2. Materials and Methods
2.1. Preparation of Formulated CHMs. Bai-Shao (Code:
5722), Gan-Cao (Code: 5536), and SG-Tang (Code: 0703H)
were provided by Sun Ten Pharmaceutical Co. Ltd. (New
Taipei City, Taiwan). To prepare the CHM stock solution,
5 g powder was dissolved in 10 ml ddH2O, vortexed to mix
well, and then centrifuged at 4000 rpm for 10 min at room
temperature. The supernatant was collected and used for
further experiments.
2.2. HPLC Analysis. High-performance liquid chromatography (HPLC) was performed using a LaChrom Elite HPLC
system (Hitachi, Tokyo, Japan) equipped with photodiode
array detector. The chromatographic separation of Bai-Shao,
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Gan-Cao, and SG-Tang (500 mg/ml) was achieved using a
Hypersil ODS (C18) column (250 × 4.6 mm, 5 μm). The
mobile phase consisted of 0.1% phosphoric acid in water
(A) and acetonitrile (B). The linear gradient elution was used
as follows: 10~50% B (0~40 min), 50~90% B (40~45 min),
90% B (45~55 min), 90~10% B (55~60 min), and 10% B
(60~70 min). The ﬂow rate was 0.8 ml/min. The column
and autosampler were maintained at 30°C and 20°C, respectively. Reference compounds were paeoniﬂorin and ammonium glycyrrhizinate (Sigma-Aldrich, St. Louis, MO, USA)
and absorbance was monitored at 230 nm and 250 nm,
respectively. The scan range for photo diode array was
190~600 nm. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 1,1-diphenyl-2-picrylhydrazyl
(DPPH), LPS, and Congo red were purchased from SigmaAldrich. Interferon- (IFN-) γ was obtained from Santa Cruz.
2.3. Cell Culture. Two mouse cell lines, RAW 264.7 macrophage (BCRC 60001, Food Industry Research and Development Institute, Taiwan) and BV-2 microglia (kind gift
from Dr. Han-Min Chen, Catholic Fu-Jen University, New
Taipei City, Taiwan), were used in this study. The murine
RAW 264.7 and microglial BV-2 cells were routinely maintained in DMEM supplemented with 10% FBS (Invitrogen,
Waltham, MA, USA) at 37°C under 5% CO2 and 95% relative humidity.
Four human cell lines, HEK-293 cells (ATCC no. CRL1573), SH-SY5Y neuronal cells (ATCC no. CRL-2266) and
Tet-on ΔK280 tauRD-DsRed 293/SH-SY5Y cells [27] were
used. HEK-293 cells were grown in DMEM with 10% FBS,
and SH-SY5Y cells were maintained in DMEM-F12 with
10% FBS. In addition to the basal media for HEK-293 and
SH-SY5Y, 5 μg/ml blasticidin and 100 μg/ml hygromycin
(InvivoGen, San Diego, CA, USA) were applied for Tet-On
ΔK280 tauRD-DsRed cells.
2.4. MTT Assay. To evaluate cell viability, 5 × 104 HEK-293/
SH-SY5Y cells were plated into 48-well dishes, grown for
20 h, and treated with tested Chinese medicine formulas
(0.1~1000 μg/ml Bai-Shao, Gan-Cao, or SG-Tang). After 1
day, 20 μl of 5 mg/ml MTT was added onto each 48-well containing cells with 200 μl of cultured medium at 37°C for 3 h.
200 μl of lysis buﬀer (10% Triton X-100, 0.1 N HCl, 18% isopropanol) was then added onto 48-well and the absorbance
at OD 570 nm was read by a microplate reader (FLx800 ﬂuorescence microplate reader, Bio-Tek, Winooski, VT, USA).
The half maximal inhibitory concentration (IC50) were calculated using the interpolation method.
2.5. DPPH Assay. The DPPH radical-scavenging activity was
measured in a reaction mixture containing 0.1 ml of 0.2 mM
DPPH radical solution and 0.1 ml of each tested formulas
(100~1000 μg/ml). The solution was rapidly mixed and
incubated for 30 min at 25°C. The scavenging capacity
was measured by monitoring the absorbance at 517 nm
with a microplate reader (Multiskan GO, Thermo Scientiﬁc,
Waltham, MA, USA). The half maximal eﬀective concentrations (EC50) were calculated using the interpolation method.
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2.6. Detection of Inﬂammatory Mediators. Murine RAW
264.7 macrophage cells were seeded in DMEM containing
1% FBS and pretreated with tested formulas (0.5~2 mg/ml)
or celecoxib (50 μM) for 8 h followed by LPS (1 μg/ml)
stimulation. The release of NO was evaluated by Griess
assay according to the manufacturer’s protocol (SigmaAldrich). The levels of tumor necrosis factor- (TNF-) α,
IL-1β, and IL-6 were determined using a mouse enzymelinked immunosorbent assay (ELISA) system (R&D Systems, Minneapolis, MN, USA) following the manufacturer’s
protocol. The optical density at 450 nm was detected using
a microplate reader (ELISA Reader: SpectraMAX340PC;
Molecular Devices, Sunnyvale, CA, USA). In addition, the
immortalized murine microglial BV-2 cells, an alternative
model system for primary microglia, were used. BV-2 cells
were seeded in DMEM containing 1% FBS. Next day,
cells were pretreated with SG-Tang for 8~24 h, stimulated
with LPS (1 μg/ml) for 20 h, and released of NO in the
media determined.
2.7. ΔK280 tauRD-DsRed Fluorescence Assay. DsRed ﬂuorescence was evaluated to reﬂect tau aggregation. On the ﬁrst
day, ΔK280 tauRD-DsRed 293 cells were seeded into the 96well dish in a density of 0.8 × 104 cells/well and one day after
seeding, 5~20 μM Congo red or 50~200 μg/ml Bai-Shao,
Gan-Cao, and SG-Tang were added. After 8 h of culture,
doxycycline (1 μg/ml; Sigma-Aldrich) was added to induce
misfolded tau expression. On the ﬁfth day, cells were stained
with Hoechst 33342 (0.1 μg/ml) for 30 min, and ﬂuorescence
intensities (543 nm excitation and 593 nm emission for
DsRed; 377 nm excitation and 447 nm emission for Hoechst
33342) were measured using a high content analysis (HCA)
system (ImageXpressMICRO, Molecular Devices). All
images were analyzed by MetaXpress Image Acquisition
and Analysis Software (Molecular Devices).
2.8. ROS Assay. Cellular ROS of the above Tet-On ΔK280
tauRD-DsRed 293 cells was measured by ﬂuorogenic reagent
(CellROX™ Deep Red, Molecular Probes, Eugene, OR,
USA) with ﬁnal concentration of 5 μM and incubated at
37°C for 30 min. Then, cells were washed with PBS and analyzed by ﬂow cytometer (Becton-Dickinson, Franklin Lakes,
NJ, USA) with excitation/emission wavelengths at 640/
665 nm. For each sample, 5 × 104 cells are analyzed.
2.9. Neurite Outgrowth Analysis. 3 × 104 of ΔK280 tauRDDsRed SH-SY5Y cells/well were seeded in a 24-well plate,
and 10 μM retinoic acid (Sigma-Aldrich) was added to initiate neuronal diﬀerentiation. On the second day, cells were
treated with SG-Tang (200 μg/ml) or Congo red (20 μM)
for 8 h before tau expression induction by adding doxycycline
(1 μg/ml). On day 9, cells were ﬁxed in 4% paraformaldehyde
in PBS for 15 min, permeabilized in 0.1% Triton X-100 in
PBS for 10 min, and blocked in 3% bovine serum albumin
(BSA) in PBS for 20 min. Primary TUBB3 antibody
(1 : 1000 dilution in PBS with 1% BSA, 0.05% Tween 20, and
0.02% NaN3; Covance, Princeton, NJ, USA) was used to stain
neuronal cells, followed by secondary goat anti-rabbit Alexa
Fluor ®555 antibody (1 : 1000 dilution; Molecular probes)
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at room temperature. After nuclei staining by 4′-6-diamidino-2-phenylindole (DAPI), images of cells were taken
via the HCA system and analyzed as described.
2.10. Cell Viability/Cytotoxicity Assays of Inﬂamed SH-SY5Y
Cells. Previously, cell-free media obtained from LPS/IFN-γexposed microglia-like cells resulted in the highest toxicity
on cell viability of SH-SY5Y cells [28]. To prepare conditioned medium (CM) with inﬂammatory factors, BV-2 cells
were stimulated with a combination of LPS (1 μg/ml) and
IFN-γ (100 ng/ml) for 24 h. After morphology examination,
the BV-2 CM were collected, pooled, and centrifuged to
remove cell debris. The induced inﬂammation was conﬁrmed
by release of NO, TNF-α, IL-1β, and IL-6 in the media and
increased Iba1 expression in the cell lysate.
For SH-SY5Y cell viability assay, DMEM-F12 was then
mixed with two times volume of BV-2 CM (a ﬁnal FBS
concentration at 10%) and added to undiﬀerentiated ΔK280
tauRD-DsRed SH-SY5Y cells for 2 days to induce inﬂammation. Cell viability was determined by MTT assay as
described. For SH-SY5Y cytotoxicity assay, neuronaldiﬀerentiated ΔK280 tauRD-DsRed SH-SY5Y cells were
treated with BV-2 CM for 5 days as described and media
were collected. 100 μl of supernatant from each sample
was transferred to 96-well plate to examine the release of
lactate dehydrogenase (LDH) by using LDH cytotoxicity
assay kit (Cayman, Ann Arbor, MI, USA). The absorbance
was read at 490 nm with a microplate reader (Multiskan
GO, Thermo Scientiﬁc).
2.11. Human Apoptosis Antibody Array. Protein samples
from ΔK280 tauRD-DsRed SH-SY5Y cells with diﬀerent
treatments (Dox uninduced/induced, CM unstimulated/
stimulated, and SG-Tang unpretreated/pretreated) were prepared and incubated with apoptosis antibody array membranes (RayBiotech, Norcross, GA, USA). The relative
levels of 43 apoptosis-related proteins in human cell lysates
were measured with the array. The detected changes in protein levels were conﬁrmed by Western blot or caspase 3 activity assay.
2.12. Western Blot Analysis. Cells were lysed in hypotonic
buﬀer (20 mM HEPES pH 7.4, 1 mM MgCl2, 10 mM KCl,
1 mM DTT, 1 mM EDTA pH 8.0) containing the protease
inhibitor mixture (Sigma-Aldrich). After sonication and
sitting on ice for 20 min, the lysates were centrifuged at
14000 × g for 30 min at 4°C. Protein concentrations were
determined using the Bio-Rad protein assay kit (Bio-Rad,
Hercules, CA, USA), with albumin as standards. Total
proteins (25 μg) were electrophoresed on 10% or 12% SDSpolyacrylamide gel and transferred onto nitrocellulose
membrane (Bio-Rad) by reverse electrophoresis. After being
blocked, the membrane is stained with Iba1 (1 : 500; Wako,
Osaka, Japan), Tau (1 : 200; Dako, Santa Clara, CA, USA),
p-Tau Ser202 (1 : 200; Fremont, CA, USA), p-Tau Thr231
(1 : 500, Invitrogen), p-Tau Ser396 (1 : 500; Invitrogen), BID
(1 : 1000; Cell Signaling, Danvers, MA, USA), BAD (1 : 500;
Santa Cruz, Dallas, TX, USA), CYCS (1 : 500; Biovision, Milpitas, CA, USA), CASP8 (1 : 1000; Cell Signaling), DsRed
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(1 : 500; Santa Cruz), tubulin (1 : 1000; Sigma-Aldrich), or
GAPDH (1 : 1000, MDBio) primary antibodies. The immune
complexes are detected using horseradish peroxidaseconjugated goat anti-mouse (Jackson ImmunoResearch, West
Grove, PA, USA) or goat anti-rabbit (Rockland, Pottstown,
PA, USA) IgG antibody (1 : 10000 dilution) and ImmobilonTM Western Chemiluminescent HRP substrate (Millipore,
Billerica, MA, USA).
2.13. Caspase 3 Activity Measurement. Cells were lysed in
1 × lysis buﬀer by repeated cycles of freezing and thawing.
Caspase 3 activity was measured with the caspase 3 assay
kit according to the manufacturer’s instructions (SigmaAldrich).
2.14. Statistical Analysis. For each set of values, data are represented as mean ± SD of three independent experiments.
Diﬀerences between groups were evaluated by two-tailed Student’s t-test or ANOVA (one-way and two-way) with post
hoc LSD test where appropriate. p values < 0.05 were considered signiﬁcant.

3. Results
3.1. Formulated CHMs and Cytotoxicity. Three formulated
CHMs, Bai-Shao, Gan-Cao, and SG-Tang were studied. To
examine the cytotoxicity of these CHM formulas, MTT
assay was performed on HEK-293 or SH-SY5Y cells after
treatment with the tested formulas for 24 h. As shown in
Figure 1(a), Bai-Shao, Gan-Cao, and SG-Tang exhibited
very low cytotoxicity in HEK-293 and SH-SY5Y cells.
Next, the amounts of active constituents, paeoniﬂorin
and ammonium glycyrrhizinate, in these CHM formulas
were analyzed by full-spectrum analytic HPLC. As shown
in Figure 1(b), chromatographic patterns showed peaks at
230 and 250 nm corresponding to the retention time compatible with paeoniﬂorin and ammonium glycyrrhizinate, respectively. The amounts of active constituents in these CHM
formulas (0.5 g/ml) were 4.06% (42.25 mM) for paeoniﬂorin
in Bai-Shao, 5.78% (34.41 mM) for ammonium glycyrrhizinate in Gan-Cao, and 2.81% (29.33 mM) for paeoniﬂorin
and 2.43% (14.52 mM) for ammonium glycyrrhizinate in
SG-Tang.
3.2. Radical-Scavenging Activity and Anti-Inﬂammatory
Activity of the Tested Formulas. To evaluate the radicalscavenging activity of these CHM formulas, DPPH scavenging assay was conducted. As shown in Figure 2(a), Bai-Shao,
Gan-Cao, and SG-Tang displayed free radical-scavenging
activities with EC50 at 305 μg/ml, 794 μg/ml, and 292 μg/ml,
respectively, indicating SG-Tang has a greater radicalscavenging activity than Bai-Shao or Gan-Cao. The antiinﬂammatory responses of formulated CHMs were examined
using RAW 264.7 cells, as LPS induced NO, TNF-α, and IL-6
production in murine macrophages [29, 30]. As shown in
Figure 2(b), the exposure of RAW 264.7 cells to LPS resulted
in a signiﬁcant increase of NO, TNF-α, IL-1β, and IL-6 after
24 h of incubation (100% vs. 1~12%, p < 0 001). The elevations in NO, TNF-α, IL-1β, and IL-6 were reduced signiﬁcantly in the presence of the nonsteroidal anti-inﬂammatory
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drug (NSAID) celecoxib (a selective cyclooxygenase (COX)
inhibitor as a positive control) (NO: 39%, p < 0 001; TNFα: 23%, p = 0 003; IL-1β: 20%, p = 0 001; IL-6: 29%, p =
0 002). Similar inhibitory phenomena were observed in the
cells treated with Gan-Cao and SG-Tang (NO: 72~16%,
p = 0 023~<0.001; TNF-α: 66~42%, p = 0 044~0.001; IL-1β:
44~26%, p = 0 004~<0.001; IL-6: 51~20%, p = 0 003
~<0.001). Our results demonstrated that formulated CHMs
Gan-Cao and SG-Tang possess anti-inﬂammatory eﬀects
by reducing production of inﬂammatory mediators.
3.3. Reduction of Tau Misfolding and Promotion of Neurite
Outgrowth of the Tested Formulas. Previously, we generated
a proaggregant (ΔK280) tauRD cell model targeting tau misfolding [27]. Inhibition of tau aggregation may improve
DsRed misfolding, leading to increased ﬂuorescence in
tauRD-DsRed expressing cells. Utilizing the established Teton ΔK280 tauRD-DsRed 293 cells, Bai-Shao, Gan-Cao, and
SG-Tang were tested for eﬀects of reducing tau misfolding
and antioxidation (Figure 3(a)). Fluorescent images of the
cells were automatically recorded by a HCA system. As a positive control, Congo red (5~20 μM) signiﬁcantly increased
the ΔK280 tauRD-DsRed ﬂuorescence compared to no treatment (113~127% vs. 100%, p = 0 023~0.004). Signiﬁcantly
increased DsRed ﬂuorescence was observed with Bai-Shao
(109~117% for 100~200 μg/ml treatment, p = 0 028~0.023),
Gan-Cao (109~123% for 50~200 μg/ml treatment, p = 0 017
~0.003), and SG-Tang (108~130% for 50~200 μg/ml
treatment, p = 0 003~ < 0.001) compared to no treatment
(Figure 3(b)). Representative ﬂuorescent images of ΔK280
tauRD-DsRed cells untreated or treated with Congo red
(20 μM) or SG-Tang (200 μg/ml) are shown in Figure 3(c).
The results indicated that Bai-Shao, Gan-Cao, and SG-Tang
reduced tau misfolding in our tauopathy 293 cell model
and SG-Tang demonstrated a better antiaggregation function
than Bai-Shao or Gan-Cao.
Misfolded tau may increase the production of reactive
oxygen species (ROS) [31]. To examine whether these
CHM formulas display antioxidative eﬀects, ROS level was
evaluated in Tet-On ΔK280 tauRD-DsRed 293 cells. As
Figure 3(d) shows, pretreatment with Congo red (10 μM, a
positive control) or formulas (100 μg/ml) signiﬁcantly
reversed the ROS level elevated by misfolded tau production
compared to no treatment (88~95% vs. 100%, p = 0 045
~<0.001). These data showed the anti-oxidative eﬀects of
Bai-Shao, Gan-Cao, and SG-Tang, and SG-Tang possesses a
greater anti-oxidative eﬀect than Bai-Shao or Gan-Cao.
Since our study showed that SG-Tang has greater eﬀects
in free radical scavenging, antioxidation, and antiaggregation
than Bai-Shao or Gan-Cao, we focused on SG-Tang treatment in subsequent experiments. The neuroprotective potential of SG-Tang was examined (Figure 4(a)). As Figure 4(b)
shows, misfolded tau induction signiﬁcantly reduced the
length of neurites as compared to the absence of induction
(93% vs. 100%, p = 0 030) and 20 μM Congo red (positive
control) or 200 μg/ml SG-Tang pretreatment ameliorated
this negative eﬀect (103% vs. 93%, p = 0 041 for Congo
red; 101% vs. 93%, p = 0 039 for SG-Tang). Representative
neurite outgrowth images uninduced (− Dox), untreated
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Figure 1: Cytotoxicity and chemical proﬁles of Bai-Shao, Gan-Cao, and SG-Tang. (a) MTT cell viability assay of HEK-293 and SH-SY5Y cells
after treatment with Bai-Shao, Gan-Cao, and SG-Tang (0.1~1000 μg/ml) for 24 h. To normalize, the relative viability of untreated cells was set
as 100%. The red line represents 50% viability. (b) HPLC analysis of Bai-Shao, Gan-Cao, and SG-Tang. Chromatographic patterns (230 and
250 nm) show peaks compatible with paeoniﬂorin and ammonium glycyrrhizinate. Also shown below are chemical structures of paeoniﬂorin
and ammonium glycyrrhizinate and the relative amounts (in % and mM) of these molecules in Bai-Shao, Gan-Cao, and SG-Tang (0.5 g/ml).

(+ Dox), and after treatment with Congo red and SG-Tang
are shown in Figure 4(c). Thus, SG-Tang exerts neuroprotective eﬀect by rescuing the reduction of neurite outgrowth
induced by tau misfolding.
3.4. Anti-Inﬂammatory Eﬀects of SG-Tang in LPS-Stimulated
BV-2 Microglia. In the brain, activated microglia release

proinﬂammatory mediators such as NO and cytokines as a
response to inﬂammation [32]. Thus, the anti-inﬂammatory
eﬀects of SG-Tang were determined using LPS-stimulated
BV-2 microglia (Figure 5(a)). Figure 5(b) demonstrates that
NO production of BV-2 cells signiﬁcantly increased by LPS
stimulation (33.9 μM vs. 4.8 μM, p < 0 001) and pretreatment
of 100~500 μg/ml SG-Tang for 8~24 h signiﬁcantly reduced
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Figure 2: Antioxidative and anti-inﬂammatory activities of Bai-Shao, Gan-Cao, and SG-Tang. (a) DPPH radical-scavenging activities of the
tested CHM formulas (100~1000 μg/ml). The EC50 of each formula is shown under the columns. (b) Anti-inﬂammatory activities of the tested
formulas on RAW 264.7 macrophages. Cells (106) were pretreated with formulas (0.5~2 mg/ml) or compound celecoxib (Celec., 50 μM) as a
positive control for 8 h, and LPS (1 μg/ml) was applied to induce inﬂammation. After 20 h, the levels of NO (assessed by Griess reagent),
TNF-α, IL-1β, and IL-6 (assessed by ELISA) released into cultured media were determined (n = 3). For normalization, the relative NO,
TNF-α, IL-1β, and IL-6 levels of LPS-treated cells were set as 100%. ∗ p < 0 05, ∗∗ p < 0 01, and ∗∗∗ p < 0 001, celecoxib/formulas treated
vs. untreated cells.

NO production (100 μg/ml for 8 h: 23.7 μM, p = 0 008;
500 μg/ml for 8 h: 19.4 μM, p = 0 002; 100 μg/ml for 24 h:
17.5 μM, p = 0 001; 500 μg/ml for 24 h: 12.2 μM, p = 0 002).

The results indicate that SG-Tang displayed antiinﬂammatory eﬀects by reducing NO production in microglia. We then applied LPS and IFN-γ to BV-2 cells for 24 h for
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Figure 3: The eﬀects of Bai-Shao, Gan-Cao, and SG-Tang on tau misfolding and ROS production in Tet-on ΔK280 tauRD-DsRed 293 cells. (a)
Experiment ﬂow chart. ΔK280 tauRD-DsRed 293 cells were pretreated with the tested formulas or Congo red (Congo, as a positive control) for
8 h before misfolded tau induction by doxycycline (Dox, 1 μg/ml) for three days. (b) DsRed ﬂuorescence analysis with Congo red (5~20 μM)
or the Chinese medicine formulas Bai-Shao, Gan-Cao, and SG-Tang (50~200 μg/ml) treatment (n = 3). The relative DsRed ﬂuorescence of
untreated cells is normalized (100%). ∗ p < 0 05, ∗∗ p < 0 01, and ∗∗∗ p < 0 001, treated vs. untreated cells. (c) Representative microscopy
images (upper row: merged DsRed and Hoechst 33342 signals; low row: DsRed signal alone) of ΔK280 tauRD-DsRed 293 cells untreated or
treated with Congo red (20 μM) or SG-Tang (200 μg/ml). (d) ROS assay of ΔK280 tauRD-DsRed 293 cells untreated or treated with Congo
red (10 μM) or the tested formulas Bai-Shao (B-S), Gan-Cao (G-C), and SG-Tang (SG-T) (100 μg/ml) (n = 3). The relative ROS of
untreated cells was normalized as 100%. ∗ p < 0 05 and ∗∗∗ p < 0 001, treated vs. untreated cells.

conditioned medium (CM) collection (Figure 5(b)). The resting BV-2 microglia showed a ramiﬁed morphology but more
extended processes with elongated morphology were
observed after LPS/IFN-γ treatment for 24 h (Figure 5(d)).
As shown in Figures 5(e) and 5(f), elevated Iba1 (induction
of brown adipocytes 1, a microglial marker) expression in
inﬂamed BV-2 cells (100% vs. 240%, p = 0 042) and increased
release of NO, TNF-α, IL-1β, and IL-6 in BV-2 CM (NO:
0.5 μM vs. 49.6 μM, p = 0 001; TNF-α: 0.9 ng/ml vs. 28.1 ng/
ml, p = 0 002; IL-1β: 2.9 pg/ml vs. 8.9 pg/ml, p < 0 001; IL-6:
0 ng/ml vs. 33.6 ng/ml, p = 0 021) were conﬁrmed. The collected CM was then used to provide inﬂammatory mediators
to ΔK280 tauRD-DsRed SH-SY5Y cells.
3.5. Eﬀects of SG-Tang on BV-2 Conditioned MediumInﬂamed ΔK280 tauRD-DsRed SH-SY5Y Cells. Undiﬀerentiated (without retinoic acid, − RA) or diﬀerentiated (with
retinoic acid, + RA) ΔK280 tauRD-DsRed SH-SY5Y cells were
pretreated with SG-Tang (200 μg/ml) for 8 h before misfolded tau induction and then BV-2 CM was added to

provoke inﬂammatory damage on SH-SY5Y cells for two
days (Figure 6(a)). Figure 6(b) shows that misfolded tau
induction reduced the viability of ΔK280 tauRD-DsRed SHSY5Y cells (− RA: 91% vs. 100%, p = 0 012; + RA: 90% vs.
100%, p = 0 035) and application of SG-Tang rescued the
decreased cell viability caused by misfolded tau induction
and BV-2 CM addition (− RA: 122% vs. 88%, p = 0 015; +
RA: 122% vs. 91%, p = 0 014). Thus, the reduced viability of
inﬂamed ΔK280 tauRD-DsRed SH-SY5Y cells was not inﬂuenced by retinoic acid.
Diﬀerentiated SH-SY5Y cells expressing ΔK280 tauRDDsRed were further evaluated on day 8 for LDH release,
neurite outgrowth, and tau phosphorylation (Figure 6(c)).
Both addition of Dox (118% vs. 100%, p = 0 019) and BV-2
CM (184% vs. 118%, p < 0 001) increased the LDH release
of ΔK280 tauRD-DsRed SH-SY5Y cells and application of
SG-Tang attenuated the LDH release (156% vs. 184%, p =
0 010) (Figure 6(d)). Misfolded tau induction signiﬁcantly
reduced the length of neurites compared to the uninduced
cells (94% vs. 100%, p = 0 005), and addition of BV-2 CM
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Figure 4: The eﬀects of Bai-Shao, Gan-Cao and SG-Tang on neurite outgrowth in Tet-on ΔK280 tauRD-DsRed SH-SY5Y cells. (a)
Experiment ﬂow chart. ΔK280 tauRD-DsRed SH-SY5Y cells were seeded in 24-well (3 × 104/well) plate with all trans retinoic acid (RA,
10 μM). On day 2, cells were treated with Congo red (20 μM) or SG-Tang (200 μg/ml) for 8 h, induced tauRD-DsRed expression with
doxycycline (Dox, 1 μg/ml), and neurite outgrowth assayed on day 9. (b) Neurite outgrowth assay (n = 3) with Congo red or SG-Tang
(SG-T) treatment. To normalize, the relative neurite outgrowth of untreated cells is set as 100%. ∗ p < 0 05, induced vs. un-induced cells;
&
p < 0 05, treated vs. untreated cells. (c) Representative microscopy images of neuronally diﬀerentiated ΔK280 tauRD-DsRed SH-SY5Y
cells uninduced (− Dox), untreated (+ Dox), and after treatment with Congo red (+ Dox/Congo red) or SG-Tang (+ Dox/SG-Tang).
Neurites were stained with TUBB3 (neuronal class III β-tubulin, green) antibody. Nuclei were detected using (DAPI, blue). Upper row,
merged TUBB3 and DAPI signals; lower row, images of the neurites and the body of individual cells being outlined by the same color for
outgrowth quantiﬁcation.

aggravated this condition (88% vs. 94%, p < 0 001). Pretreatment of SG-Tang resulted in signiﬁcant increase of neurite
outgrowth (98% vs. 88%, p = 0 004) (Figure 6(e)). Representative images of neurite outgrowth of the above cells are
shown in Figure 6(f).
The abnormal hyperphosphorylation of tau plays a role
in the molecular pathogenesis of AD and other tauopathies.
Therefore, the amount of phosphorylated tau was examined
and Western blot showed that misfolded tau induction
increased tau phosphorylation at residue Ser202, Thr231,
and Ser396 compared to uninduced cells (Ser202: 130% vs.
100%, p = 0 020; Thr231: 119% vs. 100%, p = 0 016; Ser396:
127% vs. 100%, p = 0 012). Although addition of BV-2 CM
in misfolded tau-expressing cells did not cause further
increase of tau phosphorylation at Ser202, Thr231, and
Ser396, pretreatment of SG-Tang could reverse abnormal
tau hyperphosphorylation at Ser202 (76% vs. 107%, p =
0 022) and Thr231 (79% vs. 122%, p = 0 021) (Figure 6(g)).
Our results demonstrate that SG-Tang could protect cells
from cell death, increase neurite outgrowth, and reduce
hyperphosphorylation of tau in inﬂamed misfolded tauexpressing ΔK280 tauRD-DsRed cells.

3.6. Identiﬁcation of SG-Tang Targets by Human Apoptosis
Antibody Array. TNF-α has been long considered as an eﬀecter of inﬂammation-induced cell death. It has been shown
that TNF-α binds to receptor TNFR1 to permit the release
of silencer of death domain (SODD) and the recruitment of
intracellular death signaling inducing signaling complex
(DISC) proteins, including TNFR-associated death domain
protein (TRADD) and Fas-associated protein with death
domain (FADD), which then activates caspase 8 leading to
apoptosis [33]. Caspase 8 is also a key mediator of inﬂammation and processing of pro-IL-1β to IL-1β [34]. Since
we have found SG-Tang decreased TNF-α and IL-1β in
CM of BV-2, we proposed that SG-Tang may also act on
the inﬂammation-induced cell death. To elucidate the molecular mechanisms underlying the rescue from inﬂammationinduced cell death by SG-Tang, proteins from uninduced
(− Dox), induced (+ Dox), inﬂamed (+ Dox/CM), and SGTang-pretreated inﬂamed (+ Dox/CM/SG-Tang) ΔK280
tauRD-DsRed SH-SY5Y cells were examined by using human
apoptosis array to evaluate expression levels of 43 apoptosisrelated proteins (Figure 7(a)). Among these targets, expression of proapoptotic Bcl2-associated agonist of cell death
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Figure 5: Anti-inﬂammatory eﬀects of SG-Tang and BV-2 conditioned medium preparation. (a) Experiment ﬂow chart for LPS stimulation.
BV-2 cells were seeded in 1% fetal bovine serum (FBS) and pretreated with 50 μM celecoxib (Celec.) for 8 h or 100~500 μg/ml SG-Tang
(SG-T) 8~24 h followed by 1 μg/ml LPS stimulation 20 h. NO level was evaluated with Griess reagent. (b) Anti-inﬂammatory eﬀect of
celecoxib (Celec.) and SG-Tang (SG-T) on BV-2 cells (n = 3). ∗∗ p < 0 01 and ∗∗∗ p < 0 001, treated vs. untreated cells. (c) Experiment
ﬂow chart for LPS/IFN-γ stimulation. For preparation of BV-2 conditioned medium (CM), BV-2 cells were seeded in Dulbecco’s
modiﬁed Eagle’s medium (DMEM) with 1% FBS medium. Next day, cells were stimulated with a combination of LPS (1 μg/ml) and
IFN-γ (100 ng/ml). After 24 h stimulation, the BV-2 CM was collected and examined for inﬂammation by morphology, Iba1 Western
blotting and NO/TNF-α/IL-1β/IL-6 determination. (d) Morphology of BV-2 cells. (e) Western blot analysis of Iba1 expression in
inﬂamed BV-2 cells (n = 3). To normalize, Iba1 expression level in uninﬂamed cells was set as 100%. ∗ p < 0 05, stimulated vs.
unstimulated cells. (f) Secretion of NO, TNF-α, IL-1β, and IL-6 in BV-2 CM. ∗∗ p < 0 01 and ∗∗∗ p < 0 001, stimulated vs. unstimulated cells.

(BAD), BH3-interacting domain death agonist (BID), caspase 3 (CASP3), caspase 8 (CASP8) and cytochrome c, and
somatic (CYCS) were apparently reduced by SG-Tang treatment (Table 1). Western blot analysis of BAD, BID, CASP8,
and CYCS expression changes and caspase 3 activity assay
further conﬁrmed that pretreatment of SG-Tang could
signiﬁcantly decrease these identiﬁed targets (BAD: from
228% to 157%, p = 0 023; BID: from 139% to 110%, p =
0 038; CASP8: from 118% to 104%, p = 0 024; CYCS: from
163% to 96%, p = 0 040; caspase 3 activity: from 165% to
103%, p = 0 005). Moreover, addition of SG-Tang improved
ΔK280 tauRD-DsRed misfolding and enhanced soluble
tauRD-DsRed protein level in inﬂamed ΔK280 tauRD-DsRed
SH-SY5Y cells (from 90% to 115%, p = 0 004) (Figure 7(b)).
Our results indicated that SG-Tang may protect inﬂamed

ΔK280 tauRD-DsRed SH-SY5Y cells by inhibiting production
of proapoptotic proteins.

4. Discussion
In this study, we demonstrated neuroprotection, antioxidative and anti-inﬂammatory eﬀects of formulated CHM SGTang. Our results showed that SG-Tang displayed a greater
antioxidative and antiaggregation eﬀect than Bai-Shao and
Gan-Cao and a stronger anti-inﬂammatory activity than
Bai-Shao but similar to Gan-Cao (Figures 2 and 3). Moreover, SG-Tang showed neuroprotective eﬀect of promoting
neurite outgrowth probably by ameliorating tau misfolding
and oxidative stress in our tauopathy model (Figures 3 and
4). The anti-inﬂammatory eﬀects of SG-Tang were further
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Figure 6: Neuroprotection of SG-Tang on ΔK280 tauRD-DsRed SH-SY5Y cells from BV-2 conditioned medium-induced cell death. (a)
Experiment ﬂow chart for cell viability assay. ΔK280 tauRD-DsRed SH-SY5Y cells were plated in media with/without retinoic acid (± RA,
10 μM) on day 1 and pretreated with SG-Tang the next day for 8 h, followed by doxycycline addition (Dox, 1 μg/ml) to induce misfolded
tau expression. On day 3, DMEM-F12 media was mixed with BV-2 CM and cell viability was assessed by MTT assay on day 5. (b) Cell
viability assay (∗ p < 0 05, − Dox vs. + Dox; &p < 0 05, + Dox/CM vs. + Dox/CM/SG-Tang-treated cells) (n = 3). (c) Experiment ﬂow chart
for LDH release, neurite outgrowth, and tau phosphorylation assays. RA (10 μM, present in cultures throughout) diﬀerentiated ΔK280
tauRD-DsRed SH-SY5Y cells were pretreated with SG-Tang (200 μg/ml) on day 2 for 8 h, followed by inducing ΔK280 tauRD-DsRed
expression (+ Dox, 1 μg/ml). On day 3, DMEM-F12 was mixed with BV-2 CM and added to the cells. After ﬁve days, media were
collected for LDH release examination. In addition, cells were examined for neurite outgrowth and tau phosphorylation. (d) LDH assay
(∗ p < 0 05, − Dox vs. + Dox; ###p < 0 001, + Dox vs. +Dox/CM; &p < 0 05, + Dox/CM vs. + Dox/CM/SG-Tang treated cells) (n = 3).
(e) Neurite outgrowth assay (n = 3). To normalize, the relative neurite outgrowth of uninduced cells is set as 100%. ∗∗ p < 0 01, − Dox
vs. + Dox; ###p < 0 001, + Dox vs. + Dox/CM; &&p < 0 01, + Dox/CM vs. + Dox/CM/SG-Tang-treated cells. (f) Representative microscopy
images of diﬀerentiated ΔK280 tauRD-DsRed SH-SY5Y cells uninduced (− Dox), induced (+ Dox), inﬂamed (+ Dox/CM), or treated with
SG-Tang (+ Dox/CM/SG-Tang). Neurites were stained with TUBB3 (green) antibody. Nuclei were detected using DAPI (blue). Upper
row, merged TUBB3 and DAPI signals; lower row, images of the neurites and the body of a cell being outlined by the same color for
outgrowth quantiﬁcation. (g) Western blot analysis of total and phosphorylated (Ser202, Thr231, and Ser396) tau (normalized to GAPDH
internal control, n = 3). ∗ p < 0 05, − Dox vs. + Dox; &p < 0 05, + Dox/CM vs. + Dox/CM/SG-Tang-treated cells.

demonstrated by using LPS-stimulated BV-2 microglia
(Figure 5). Targets identiﬁed from human apoptosis protein array indicate SG-Tang may suppress the expression
levels of proapoptotic proteins in inﬂamed ΔK280 tauRDDsRed SH-SY5Y cells and thus elevate the cell viability
(Figures 6 and 7).
In human tauopathy, substantial activated microglia are
found in regions of phosphorylated tau accumulation [35].
In tau P301S transgenic mice, prominent glial activation precedes tangle formation and the pattern of activated glia correlates closely with the distribution and density of NFTs [36].
As neuroinﬂammation is linked to the progression of tauopathy, anti-inﬂammatory strategy may be eﬀective at reducing
tau-related pathology. Indeed, FK506 attenuates tau pathology and increased lifespan in tau P301S mouse model [36].
Treatment of 3xTg-AD mice with anti-inﬂammatory drug
ibuprofen reduces tau phosphorylation and memory impairment [37]. Administration of potent anti-inﬂammatory minocycline reduces the development of disease-associated tau
species in the htau mouse model [38] by reducing several
inﬂammatory factors [39]. In the present study, we applied
BV-2 conditioned medium to proaggregant ΔK280 tauRDDsRed 293/SH-SY5Y cells to mimic neuroinﬂammation.
The study results reveal that CHM formula SG-Tang displays
neuroprotection by exerting anti-inﬂammatory and antiapoptotic activities.
Inﬂammation is a double-edged sword. Inﬂammatory
response could lead to activation of immune system and
elimination of pathogens thereby reducing further cell loss.

Although inﬂammation might be protective and beneﬁcial
to cells, prolonged or dysregulated inﬂammatory process
could also result in production of neurotoxic factors that
exacerbate neurodegenerative pathology and cause cell death
[12]. Thus, a potential strategy for treating tauopathies is to
intervene in microglial activation and neuroinﬂammation.
NSAID has been commonly used as treatment of inﬂammation and known to be neuroprotective [40]. The mechanism
of NSAID has been shown to inhibit the synthesis or activity
of inﬂammatory mediators such as prostaglandin and COX
isoforms 1 and 2. Although NSAID could eﬀectively suppress
the inﬂammatory symptoms, these agents may also induce
signiﬁcant side eﬀects such as increased risk of thrombotic
cardiovascular and cerebrovascular events [41]. Therefore,
more safely, anti-inﬂammatory drugs need to be explored
and developed.
There is a growing interest in natural compounds/products with anti-inﬂammatory activities which have long been
used for treating inﬂammation-related diseases. In this study,
SG-Tang used was formulated with Bai-Shao (P. lactiﬂora)
and Gan-Cao (G. uralensis) and analyzed by HPLC using
two main active constituents, paeoniﬂorin and ammonium
glycyrrhizinate (Figure 1). Both paeoniﬂorin and glycyrrhizinic acid were demonstrated to be able to cross the bloodbrain barrier (BBB) in middle cerebral artery occlusion rats
[42]. However, multiplicity of the components in P. lactiﬂora
and G. uralensis contributes to the eﬀects of antioxidation
and anti-inﬂammation. In the root of P. lactiﬂora, a total
of 40 components including 29 monoterpene glycosides,
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Figure 7: Apoptosis-related protein targets of SG-Tang in BV-2 conditioned medium-stimulated ΔK280 tauRD-DsRed SH-SY5Y cells.
(a) Representative images of apoptosis antibody array of proteins collected from Figure 6(c). (b) Western blot analysis of BAD, CYCS,
CASP8, BID, and tauRD-DsRed protein levels (normalized to tubulin or GAPDH internal control, n = 3) and caspase 3 activity assay
from each sample. ∗ p < 0 05 and ∗∗ p < 0 01, − Dox vs. + Dox; #p < 0 05, + Dox vs. + Dox/CM; &p < 0 05 and &&p < 0 01, + Dox/CM
vs. + Dox/CM/SG-Tang-treated cells.
Table 1: Proteins identiﬁed by human apoptosis antibody array.
Gene symbol
BAD
BID
CASP3
CASP8
CYCS

UniProt
accession number

Protein

Fold change
(+ Dox/CM vs. − Dox)

Fold change
(+ Dox/CM/SG-T vs. + Dox/CM)

Q92934
P55957
P42574
Q14790
P99999

Bcl2-associated agonist of cell death
BH3-interacting domain death agonist
Caspase 3
Caspase 8
Cytochrome c, somatic

1.16
1.33
1.49
1.34
0.92

0.63
0.41
0.71
0.62
0.62

8 galloyl glucoses, and 3 phenolic compounds were identiﬁed [43]. Among them, paeoniﬂorin, a monoterpene glycoside, is known to possess anti-inﬂammatory eﬀect and
has been applied to cerebral ischemic injury [44]. Paeoniﬂorin also exhibits neuroprotective eﬀects via inhibiting

neuroinﬂammation in APP/PS1 and in PS2 mutant mice
[45, 46]. Paeoniﬂorin and the isomer albiﬂorin attenuated
neuropathic pain by inhibiting the activation of p38 MAPK
pathway in spinal microglia and subsequent upregulated
IL-1β and TNF-α [47]. Benzoylpaeoniﬂorin, another
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paeoniﬂorin-related glycoside in P. lactiﬂora root, protected
primary rat cortical cells against H2O2-induced oxidative
stress [48]. In addition to monoterpene glycosides, gallic
acid, a phenolic compound in P. lactiﬂora root, displayed
antioxidative eﬀect by scavenging free radicals, inhibiting
lipid peroxidation, and protecting against oxidative DNA
damage [49]. Paeonol, another phenolic compound in P.
lactiﬂora root, exerted neuroprotective eﬀect in the model
of ischemia through reducing proinﬂammatory receptors/
mediators [50].
The main bioactive components of G. uralensis are triterpene saponins and various types of ﬂavonoids, including
glycyrrhetinic acid, glycyrrhizic acid, liquiritigenin, isoliquiritigenin, liquiritin, and licochalcone A [51]. Glycyrrhizin and
related compounds were found to show anti-inﬂammatory
activity in vitro [52] and in vivo [53]. Although diammonium glycyrrhizinate rescues neurotoxicity in Aβ1–42induced mice [54], its eﬀect in tauopathy models is not
known. Isoliquiritigenin, isoliquiritin, and liquiritigenin signiﬁcantly suppressed iNOS, TNF-α, and IL-6 expression in
IL-1β-treated rat hepatocytes [55]. Interestingly, the puriﬁed
glycyrrhiza polysaccharides increased the pinocytic activity,
the production of NO, IL-1, IL-6, and IL-12 in macrophages
of mice [56]. Glycyrrhetinic acid, liquiritigenin, isoliquiritigenin, and liquiritin were also found to be all potent NRF2
inducers [57]. Moreover, Calzia et al. has shown that polyphenolic phytochemicals displayed a potent antioxidant
action by modulating the ectopic F0F1-ATP synthase activity
of the rod outer segments of the retina and prevented the
induction of apoptosis [58]. Therefore, polyphenolic compounds from Bai-Shao and Gan-Cao may also exert antioxidative activities not only in but also outside of mitochondria.
Given that multiple diﬀerent compounds in both Bai-Shao
and Gan-Cao are exerting eﬀects on diﬀerent pathways, the
combination of Bai-Shao and Gan-Cao may thus have additive protection eﬀects than each alone, which is supported by
our study results.
The anti-inﬂammatory eﬀect of Jakyakgamcho-tang, a
formulated P. lactiﬂora and G. uralensis in Korea, has been
shown by inhibiting the NF-κB signaling pathway in keratinocytes [59]. Aberrant activation of NF-κB signaling may
lead to apoptosis and cell death [60]. We found that several
proapoptotic proteins including BAD, BID, CASP3, CASP8,
and CYCS were induced by misfolded tau expression and/
or caused by LPS/IFN-γ-stimulated BV2 microglia. BAD
protein is a proapoptotic member of the Bcl-2 gene family
involved in initiating apoptosis [61]. BID is also a proapoptotic
protein which plays a role as a sentinel for protease-mediated
death signals [62]. Caspases are well-studied important
mediators of apoptosis. CYCS is known to be released from
mitochondria into cytosol to stimulate cell apoptosis [63].
Administration of SG-Tang decreased the production of
these proapoptotic proteins, indicating that SG-Tang may
target on inhibiting proapoptotic proteins to protect neuron
cells from inﬂammatory damage.
Finally, pretreatment of SG-Tang reversed abnormal
hyperphosphorylation at tau Ser202 and Thr231 in inﬂamed
misfolded tau-expressing SH-SY5Y cells (Figure 6). Tau
function is regulated by phosphorylation at speciﬁc sites,
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and tau phosphorylation plays both physiological and pathological roles in the cells. Tau Ser199/202 and Thr205 were
found to be locally phosphorylated along the nascent axon
during axonogenesis [64]. Phosphorylation of tau Thr231
inhibited tau to bind and stabilize microtubules [65]. Both
Ser202 and Thr231 are hyperphosphorylated in degenerating
AD brain [66]. Among kinases that regulate tau Ser202 and
Thr231 phosphorylation, cyclic AMP-dependent protein
kinase (PKA) and cyclin-dependent kinase 2 (CDC2) might
be the potential targets of SG-Tang, and SG-Tang treatment may result in activity suppression of these two kinases
[66, 67]. The exact mechanism for PKA or CDC2 regulation
by SG-Tang remains to be determined in our future work.

5. Conclusions
Plant-derived natural medications have been used for centuries and becoming more popular because of their low side
eﬀects. Despite the fact that natural compounds are relatively safe, the complexity of natural products makes nutraceutical preparations diﬃcult to be appropriately designed. In
this study, we showed antioxidative and anti-inﬂammatory
eﬀects of SG-Tang as a potential agent for treatment or
prevention of neuroinﬂammation-associated tauopathy. In
future, studies of main active compounds paeoniﬂorin and
ammonium glycyrrhizinate in SG-Tang, separately or in
combination, in tauopathy cell model are warranted to provide a novel avenue for protection against tauopathy.
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Cyanobacteria have been recognized as a source of bioactive molecules to be employed in nutraceuticals, pharmaceuticals, and
functional foods. An extract of Aphanizomenon ﬂos-aquae (AFA), commercialized as Klamin®, was subjected to chemical
analysis to determine its compounds. The AFA extract Klamin® resulted to be nontoxic, also at high doses, when administered
onto LAN5 neuronal cells. Its scavenging properties against ROS generation were evaluated by using DCFH-DA assay, and its
mitochondrial protective role was determined by JC-1 and MitoSOX assays. Klamin® exerts a protective role against beta
amyloid- (Aβ-) induced toxicity and against oxidative stress. Anti-inﬂammatory properties were demonstrated by NFβB nuclear
localization and activation of IL-6 and IL-1β inﬂammatory cytokines through ELISA. Finally, by using thioﬂavin T (ThT) and
ﬂuorimetric measures, we found that Klamin® interferes with Aβ aggregation kinetics, supporting the formation of smaller and
nontoxic structures compared to toxic Aβ aggregates alone. Altogether, these data indicate that the AFA extract may play a
protective role against mechanisms leading to neurodegeneration.

1. Introduction
Blue-green algae, including Aphanizomenon ﬂos-aquae
(AFA), are unicellular prokaryotic microorganism belonging
to the Cyanobacteria (Cyanophyta) phylum. These bacteria
are among the oldest life forms, are the only microorganisms
to achieve oxygenic photosynthesis, and probably have
been the main biotic source of oxygen on early Earth
[1]. These microorganisms are widely diﬀused, colonizing
both salt- and freshwater around the world, alone or in
a symbiotic relationship with plants or fungi [2]. Cyanobacteria are a source of bioactive compounds such as
polyunsaturated fatty acids, proteins, pigments, and minerals
and are rich in substances with anti-inﬂammatory and
antioxidant properties [3–8].
The Aphanizomenon genus includes several species
including the ﬂos-aquae. AFA is a cyanobacterial unicellular
organism endowed with several health-enhancing properties

that, unlike other commercial “microalgae,” spontaneously
grows in Upper Klamath Lake (southern Oregon, USA)
where it also inhibits, when in bloom, the growth of other
cyanobacterial species. Upper Klamath Lake is an ideal natural ecosystem, in which the AFA microalga ﬁnds the perfect
conditions that allow its proliferation, especially between late
summer and early fall, while going quiescent in the winter.
The 300 days of sunshine that characterize the Klamath Basin
favor its intense photosynthetic activity, managed by the
microalga through various pigments, including its unique
type of phycocyanins. Being placed at 1300 meters of height,
in the winter, the lake freezes over, a condition which
stimulates the production of fatty acids, including omega 3,
by the AFA microalgae. AFA contains a high concentration
of vitamins, especially of the B group. Vitamin B12 is essential for the synthesis of nucleic acids, of erythrocytes, and for
myelin formation. B12 deﬁciency can cause a series of more
or less severe nervous system-associated symptoms [9, 10].
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Due to the volcanic origin of the lake, AFA contains a wide
and complete spectrum of minerals and trace minerals [11].
It is also rich in pigments such as carotene, beta-carotene,
and chlorophylls [12]. Of particular relevance are its phycocyanins, which have a particular structure [13] and have proven
to have signiﬁcant antioxidant [14], anti-inﬂammatory [15],
and antiproliferative [16] properties.
Furthermore, AFA contains signiﬁcant amounts of
phenylethylamine (PEA), an endogenous molecule that is
considered a general neuromodulator [17] and which is
lacking in certain forms of depression and aﬀective disturbances [18, 19]. Klamin® is an AFA extract which concentrates phenylethylamine, as well as other molecules, such as
AFA-phycocyanins and the mycosporine-like amino acids
(MAAs) porphyra and shinorine, which act as powerful
MAO-B inhibitors [20]. Klamin® has proven to be eﬀective
in countering depression, anxiety, and other pathologies
[21–23]. This is why Klamin® is emerging as a nutritional
supplement supporting the correct functioning of the neurological system, and its role in neurodegenerative diseases has
been reported [24]. The PEA contained in Klamin® has also
been shown to play a role in modulating the immune system
response [25]. All these properties make Klamin® a potential
therapeutic agent, especially for those pathologies in which
oxidative stress, inﬂammation, and mitochondrial and neurological dysfunction play a relevant role.
With the increase of the life expectancy, the number of
people aﬀected by neurodegenerative diseases is growing.
Among these diseases, Alzheimer’s disease (AD) is the most
diﬀuse form of dementia [26–29]. Currently, no eﬀective
treatment is available. Hence, there is a great interest in
studying natural bioactive compounds to use as neuroprotective and neuroregenerative agents. One of the histopathological hallmarks of AD is the amyloid plaque formation in the
brain. These plaques are mainly constituted by aggregates
of the Aβ peptide, a peptide generated by proteolytic
cleavage of the amyloid precursor protein (APP) [30]. At
the molecular level, Aβ induces oxidative stress, inﬂammation, mitochondrial dysfunction associated with speciﬁc
signaling impairment, and apoptosis [31–36]. Antioxidant
molecules, such as ferulic acid, have been successfully
employed to inhibit oxidative stress, mitochondrial dysfunction, and apoptosis in an in vitro model of Alzheimer’s
[37–39]. An attractive approach for preventing or reducing
neurodegeneration could consist in introducing dietary supplements with antioxidant, anti-inﬂammatory, and neuromodulating properties. Antioxidant and anti-inﬂammatory
substances from natural, food-derived sources display
elevated bioavailability and a higher eﬃcacy than synthetic
antioxidants that do produce scarce if any eﬀect [40].
Thus, a proper intake of natural, food-derived antioxidant
and anti-inﬂammatory substances can play an important
role in preventing and controlling diseases. Some studies
have shown that the AFA extract Klamin® can improve
mood, reduce anxiety, and enhance attention and learning,
suggesting that it could have a role in clinical areas including
mood disorders and neurodegenerative diseases [20, 21].
In the present study, we investigate some biological
properties of Klamin®’s compounds, thus evaluating the
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possibility to use it as a dietary supplement playing a
protective role against neurodegenerative disease. A soluble
preparation of the AFA extract Klamin® was used to identify
the antioxidant properties in a neuronal LAN5 cell model
and its protective eﬀect on neurodegeneration by biochemical assay and inhibition of Aβ ﬁbrillogenesis kinetics.

2. Materials and Methods
2.1. Solubilization of Klamin®. The Klamin® extract was
kindly provided by Nutrigea Research s.r.l. (Republic of San
Marino). Klamin® tablets were pulverized using a mortar and
pestle and 10 mg of powder was dissolved in 10 ml of PBS
(pH = 7.4; 137 mM NaCl, 2.7 mM KCl, 8 mM Na3PO4). The
solution was sonicated (70% of the maximum power, twice
for 30 seconds) and magnetically stirred for an hour. The insoluble faction was removed by centrifugation at 14,000 rpm
for 30 min at 4°C. The supernatant was collected, ﬁltered
by using a 0.45 μm Sartorius ﬁlter, aliquoted (1 ml/vial), and
stored at −20°C. We will call this fraction “AFA extract.”
2.2. Chemical Analysis. The solubilized Klamin® (1 : 100) was
loaded on a cuvette and measured by using a spectrophotometer in the range between 310 and 360 nm for mycosporinelike amino acid (MAA) identiﬁcation and in the spectrum
range of 400–600 nm for carotenoid, phycoerythrin, and
phycocyanin identiﬁcation. Phyco-complexes were visualized by using a ﬂuorescence microscope (ZEISS) and speciﬁc
excitation ﬁlters for UV (blue emission), FITC (green emission), and Texas Red (red emission). Phenolic compounds
were determined according to Ignat et al. [41] and Naczk
and Shahidi [42] and by employing reverse-phase highperformance liquid chromatography (HPLC) combined with
a photodiode array detector (DAD) (Accela Thermo Fisher
Scientiﬁc) and UV detection at 280 nm wavelength (Zang
et al., 2013) and by using 3-hydroxytyrosol (Sigma), caﬀeic
acid (Fluka), and vanillic acid (Fluka) as standard. The
column was a C18 THERMO Accucore (2.1 mm × 100 mm,
particle size 2.6 μm) thermostated at 30°C. The mobile phase
was obtained by a gradients composed by 50% methanol/
50% acetonitrile (solution A) and H2O/0.2% H3PO4 (solution B). The ﬂow rate is 450 μl/min. The identity of the
phenolic compounds was ascertained by comparing their
retention times and UV–Vis spectra with that of authentic
standards. Carbohydrates were analyzed according to RojasEscudero et al. [43] and by using a gas chromatographymass spectrometry (GC-MS) (GC-MS ISQ LT 300 Thermo
Fisher Scientiﬁc) instrument and D-Pinitol (Sigma) and
inositol (Sigma) as standard. The solubilized Klamin® sample
(1 ml) was submitted to the derivatization method to increase
its volatility by using SYLON HTP kit HDMS+TMCS+PYRIDINE 3 : 1 : 9 Supelco at 80°C for 1 hour. Then, the sample
was centrifuged at 5000 rpm for 30 minutes and the supernatant was freeze-dried in nitrogen. After the addition of
hexane (1 ml), the sample was analyzed by GC-MS. Mineral
compounds were evaluated by inductively coupled plasmamass spectrometry (ICP-MS) (ICP X-SERIES 2 Thermo
Scientiﬁc Instrument). The AFA extract (5 gr) was ionized
by microwave digestion by using a MARS Xpress instrument
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(CEM) and in the presence of nitric acid (10 ml) at 400 W
for 15 minutes and at 800 W for additional 15 minutes.
After digestion, 500 ml of H2O was added to the sample
for qualitative and quantitative mineral determinations by
mass spectrometry.
2.3. Folin-Ciocalteu Colorimetric Assay. Hydrosoluble biophenolic content was determined by using Folin-Ciocalteu
colorimetric assay.
An aliquot (0.2 ml) of the AFA hydrosoluble extract was
diluted with distilled water to a total volume of 5 ml, and
0.5 ml of the Folin-Ciocalteu reagent was added. After
3 min, 1 ml of Na2CO3 (20% w/v) was added to the reaction
mixture that was mixed and diluted with water to 10 ml.
The samples were stored for 2 hours at room temperature,
and the absorbance of the solution was measured at 765 nm
by using a spectrophotometer (Shimadzu) and quantiﬁed
by using a gallic acid standard curve.
2.4. Oxygen Radical Absorbance Capacity (ORAC) Assay of
Klamin®’s Phenolic Extract. The ORAC assay was performed according to Ninfali et al. [44] and Cao et al.
[45], slightly modiﬁed. The reaction was carried out using
a 96-well plate: 160 μl of 0.04 μM ﬂuorescein in 0.075 M
Na-K phosphate buﬀer (pH 7.0), 20 μl of the diluted phenolic extract, or 20 μl of 100 μM Trolox. The mixture
was incubated for 10 min at 37°C in the dark; after this
incubation, 20 μl of 40 mM 2,2′-Azobis-(2-methylpropionamidine) dihydrochloride (AAPH) solution was added.
The microplate was immediately placed in a microplate
reader (Thermo Scientiﬁc Fluoroskan Ascent F2 Microplate)
and the ﬂuorescence recorded (excitation and emission
wavelengths of 485 and 527 nm, respectively) every ﬁve
minutes for 60 min. The ORAC value refers to the net area
under the curve of ﬂuorescein decay in the presence of the
Klamin® phenolic extract or Trolox, minus the blank area.
The activity of the sample was expressed by μmol of Trolox
equivalents (TE)/g of Klamin®, with the following equation:
ORAC μmol TE/g = kah

Ssample − Sblank
STrolox − Sblank

,

1

where k is the ﬁnal dilution of the water soluble extract, a is
the ratio between the volume (liters) of the water soluble
extract and grams of Klamin®, h is the ﬁnal concentration
of Trolox expressed as μmol/l, and S is the area under the
curve of ﬂuorescein in the presence of sample, Trolox, or
buﬀer solution. All the reaction mixtures were prepared
in triplicate, and at least three independent assays were
performed for each sample.
2.5. Cell Cultures and Treatment. Cells were cultured with
RPMI 1640 medium (Celbio srl, Milan, Italy) supplemented
with 10% fetal bovine serum (Gibco-Invitrogen, Milan, Italy)
and 1% antibiotics (50 mg ml−1 penicillin and 50 mg ml−1
streptomycin). Cells were maintained in a humidiﬁed
5% CO2 atmosphere at 37 ± 0.1°C. For dose- and timedependent assay, LAN5 cells were treated with 50, 100,
200, 400, and 800 ng/μl of extract for 3, 24, 48, and 72 hours.

For the DCFH-DA, MitoRed, and JC-1 assays and immunoﬂuorescence experiment, the AFA extract was utilized at
800 ng/μl for 24 h. The treated and control cells were
analyzed by using microscopy (Axio Scope 2 microscope;
Zeiss, Germany). In the experiments in which the Aβ peptide eﬀect was analyzed, 40 μM of a recombinant peptide
produced according to Carrotta et al. [46] was utilized.
2.6. Determination of Cell Viability. Cell viability was
measured by MTS assay (Promega Italia S.r.l., Milan, Italy).
MTS was utilized according to the manufacturer’s instructions. After cell treatments, the incubation was continued
for 3 hours at 37°C in 5% CO2. The absorbance was read at
490 nm on the Microplate reader WallacVictor 2 1420
Multilabel Counter (Perkin Elmer Inc., Monza, Italy). Results
were expressed as the percentage MTS reduction with
reference to the control cells.
2.7. Oxidation Kinetics. LAN5 cells were treated with 1 mM
TBH or 40 μM Aβ to induce oxidative stress and cotreated
with ﬁve diﬀerent concentrations of the AFA extract (50,
100, 200, 400, and 800 ng/μl). The production of reactive
oxygen species (ROS) was evaluated using 2′,7′-dichlorodiidroﬂuorescineacetate (DCFH-DA) (Molecular Probes,
Eugene, OR). The oxidation kinetics was evaluated using
the GloMax® Discover System (Promega) in a 96-multiwell
plate incubated for 2 hours at 37°C at the excitation wavelength of 475 nm and emission wavelength 555 nm. After
treatment, cells were analyzed with the microscope Leica
Microsystems (Leica, Heidelberg, Germany). Results were
compared with untreated cells, used as control.
2.8. ROS Generation and Mitochondrial Transmembrane
Potential Modiﬁcation. To assess ROS generation, the cells
were incubated as mentioned above. Afterwards, cells were
incubated with 1 mM DCFH-DA in PBS for 10 min at room
temperature in the dark. After washing with PBS, the cells
were analyzed by a ﬂuorescence microscope (Axio Scope 2
microscope; Zeiss, Oberkochen, Germany) and a ﬂuorimeter
(Microplate reader WallacVictor 2 1420 Multilabel Counter;
PerkinElmer Inc.) for ﬂuorescence intensity. Then, cells were
treated with 800 ng/μl of the AFA extract and incubated for
30 min at 37°C with 2 mM JC-1 using the MitoProbe JC-1
assay kit (Molecular Probes, Eugene, OR, USA) ﬂuorescent
dye. CCCP (carbonyl cyanide 3-chlorophenylhydrazone)
(50 μm), a mitochondrial membrane potential disrupter,
was used as positive control. Fluorescence emission shift of
JC-1 from red (590 nm) to green (529 nm) was evaluated by
ﬂuorimeter (Microplate reader WallacVictor 2 1420 Multilabel Counter; PerkinElmer, Inc.) and ﬂuorescence microscope
(Axio Scope 2 microscope; Zeiss) equipped with 488 nm
excitation laser. The mitochondrial production of superoxides was analyzed by ﬂuorescence using the MitoSOX Red
reagent. After the treatment, the cells were washed with
PBS and incubated with 5 μM MitoSOX reagent working
solution for 10 min at 37°C in the dark. At the end of the
incubation, cells were washed in PBS and analyzed by
ﬂuorimeter. MitoSOX ﬂuorescence was measured using
supercontinuum white laser (Leica Microsystems CMS,
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Figure 1: Hydrosoluble Klamin® extract compounds. (a) Spectrophotometric measure of the extract presenting diﬀerent peaks of absorption
both in the spectrum range between 310 and 360 nm (MAAs) and in the spectrum range of 400–600 nm. (b) Fluorescence analysis of
phyco-complexes. (c) Spectrum of minerals obtained by ICP-MS analysis. (d) Phenolic components separated by HPLC. (e) Spectrum of
carbohydrate obtained by GC-mass analysis.
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Mannheim, Germany) at the excitation wavelength of
514 nm and recording the emission spectrum in the range
540–640 nm.
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2.9. Immunoﬂuorescence. 10 /ml LAN5 cells were cultured
on Lab-Tek II Chambered Coverglass (Nunc) and treated
as described above. After washing in PBS, the cells were ﬁxed
in 4% paraformaldehyde for 30 min and stored at 4°C. After
incubation with 3% BSA/PBS for 1 h, the cells were immunostained with anti-phosphorylated-NFκB (1 : 100; Cell Signaling) antibody at 4°C overnight. After washing in PBS, the
samples were incubated with anti-rabbit Cy3-conjugate
secondary antibody (1 : 500; Sigma). For nuclear staining,
the cells were incubated with Hoechst 33258 (5 μg/ml) for
20 minutes. After washing, the cells were visualized by using
a Leica DM5000 upright microscope (Leica Microsystems,
Heidelberg, Germany) at 20x magniﬁcation.
2.10. ELISA. Supernatant of LAN5 cultured cells was
centrifuged at 14,000 rpm for 30 min at 4°C. 100 μl of the
supernatant were used to measure interleukin-1β and
interleukin-6 (Cloud-Clone Corp) according to manufacturer’s instructions. The samples were red on iMark™ Microplate Absorbance Reader at 450 nm.
2.11. Kinetics of Aβ Aggregation. Samples containing Aβ
(40 μM) alone and Aβ with AFA extract (Aβ-AFA)
(800 ng/μl) were placed in a 96 black multiwell plate at which
thioﬂavin T (8 μM) was added. The kinetics was followed
by using a ﬂuorimeter at the wavelength of 485 nm at
37°C for 8 hours until the samples arrived to the plateau.
The formation and mean size of Aβ aggregates was evaluated
by using a ﬂuorescence microscope (Leica Microsystems,
Heidelberg, Germany).
2.12. Statistical Analysis. All experiments were repeated at
least three times and each experiment was performed in triplicate. The results are presented as mean + SD. A one-way
ANOVA was performed, followed by Bonferroni post hoc
test for analysis of signiﬁcance. Results with a p value < 0.05
were considered statistically signiﬁcant.

3. Results
3.1. Characterization of the Water-Soluble Klamin® Extract.
With the aim to test the biological eﬀect of AFA compounds
on in vitro cell culture, the extract was dissolved in PBS and
submitted to diﬀerent chemical analyses. Spectrophotometer
absorption measures in the range between 310 and 360 nm
indicated the presence of mycosporine-like amino acids
(MAAs), whereas absorption in the spectrum range between
400 and 600 nm indicated the presence of carotenoids, phycoerythrins, and phycocyanins (Figure 1(a)). The presence
of phyco-complexes was conﬁrmed by using ﬂuorescence
microscope at diﬀerent wavelengths, by using appropriate
excitation and emission ﬁlters (Figure 1(b)).
By ICP-MS, a spectrum of minerals was identiﬁed and an
unusual presence of molybdenum and tungsten was revealed
(Figure 1(d)). The polyphenolic component was separated by
HPLC, and peaks corresponding to hydroxytyrosol, vanillic
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Table 1: Antioxidant capacity of the hydrosoluble Klamin® extract
assayed by ORAC and F–C reducing capacity.
Test
ORAC
FOLIN

Value
86.54 ± 15.6 μmol TE/g
86 ± 11.4 mg/l

acid, and caﬀeic acid were detected (Figure 1(d)). Presence
of inositol and pinitol was revealed by GC-Mass spectrum
(Figure 1(e)). Thus, the hydrosoluble Klamin® extract contains molecules with potential bioactive activity.
AFA extract antioxidant activity expressed as μmol of
Trolox equivalents (TE) per gr of extract for ORAC assays
and as mg of gallic acid equivalents per gr of extract for the
Folin-Ciocalteu (F-C) assay are reported in Table 1.
3.2. Klamin® Is Not Cytotoxic. To evaluate the possible
toxicity of the AFA extract, diﬀerent concentrations were
added to LAN5 cells, and after incubation at diﬀerent times,
an MTS assay was performed. Figure 2(a) shows that no toxicity was detected at all concentrations and times compared
with the control. The result was conﬁrmed by the morphological observation of the cells treated with the highest AFA
extract concentration and incubated at diﬀerent times
(Figure 2(b)). Correct cell shape was observed and measures
of the cell body conﬁrmed the absence of any cell damage
(Figure 2(c)).
3.3. Klamin® Prevents Oxidative Stress. The AFA extract
protective property was evaluated by treating LAN5 cells
with TBH alone or in combination with increasing concentrations of the AFA extract and after 3 hours of incubation.
As detected by MTS assay, the AFA extract is able to inhibit
TBH-induced toxicity at 50 ng/μl in a dose-dependent
manner (Figure 3(a)); the results were also conﬁrmed by
microscopic observation in which a signiﬁcant recovery of
the altered cell morphology was observed (Figure 3(b)).
Furthermore, Klamin® antioxidant ability was analyzed by
using DCFH-DA assay. Presence of Klamin® decreases
TBH-induced ROS generation at 800 ng/μl (Figure 3(c)).
The result was also conﬁrmed by ﬂuorescence microscope
inspection (Figure 3(d)), in which untreated, or AFA extract
treated cells, did not show any ﬂuorescence; in contrast,
cells treated with TBH showed green ﬂuorescence due to
ROS generation. The result suggests that the components
of AFA extract, such as carotenoids, phycoerythrins, phycocyanins, MAAs, and polyphenols, play a signiﬁcant role
as antioxidant agents.
The possible protective eﬀect of the AFA extract on mitochondrial dysfunction was also evaluated. LAN5 cells treated
with TBH and CCCP, as positive control, show an intense
green ﬂuorescence indicating that a high depolarization of
the mitochondrial membrane is occurred. Cells cotreated
with TBH and AFA extract, or alone with AFA extract,
showed instead a higher red ﬂuorescence emission similar
to the untreated control (Figure 3(e)). The red/green ﬂuorescence ratio is represented in the histogram in Figure 3(f).
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Figure 2: Cytotoxicity of the AFA extract on LAN5 cells. (a) MTS cell viability assay. (b) Representative morphological images of untreated
cells (CTR) and after 24, 48, and 72 hours from the addition of 800 ng/μl of the extract. (c) Analysis of the body size of untreated cells (CTR)
and cells treated with the AFA extract at diﬀerent concentrations and times. Bar: 50 μm.

The ability of the AFA extract in counteracting the mitochondrial superoxide ions, generated as byproducts of oxidative phosphorylation, was investigated through MitoSOX
assay. LAN5 cells treated with TBH exhibited a high ﬂuorescence intensity. On the contrary, the cells treated with the
AFA extract alone, or with TBH and Klamin®, do not show
any ﬂuorescent signal (Figure 3(g)). The ﬂuorescence was
quantiﬁed by ﬂuorimeter analysis and illustrated in the relative histogram (Figure 3(h)). This data is in agreement with
the presence of biomolecules such as hydroxytyrosol, vanillic
acid, and caﬀeic acid in the AFA extract, whose antioxidant
properties are well known, plus carotenoids and the speciﬁc
cyanobacterial antioxidant molecules such as phycocyanins
and phycoerythrins.

3.4. Klamin® Protects LAN5 Cells from Toxicity and
Oxidative Stress Induced by Aβ. The potential neuroprotective eﬀect of the AFA extract was evaluated by treating
LAN5 cells with Aβ peptide alone and with two AFA extract
concentrations and submitted to MTS assay. The Aβinduced toxicity was inhibited by the coadministration
of the AFA extract between 100 ng/μl and 800 ng/μl
(Figure 4(a)). Observation of cell morphology conﬁrmed
the viability assay results (Figure 4(b)). The antioxidant
capacity of AFA extract against the Aβ peptide-induced oxidative stress was evaluated by DCFH-DA assay. Fluorescence
analysis indicated that cells treated with Aβ alone exhibit
high levels of ROS generation, whereas cotreatment of Aβ
and AFA extract (Aβ-AFA) did not produce any ﬂuorescent
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Figure 3: AFA extract protects LAN5 cells from oxidative insult. (a) Viability assay on untreated cells (CTR) or cells treated with TBH or
cotreated with TBH and AFA extracts at increasing concentrations for 3 hours. (b) Representative morphological images of untreated cells
(CTR) or cells treated with TBH or cotreated with TBH and the AFA extract and treated with the AFA extract. (c) Oxidation kinetics of
LAN5 cells alone (CTR) or in the presence of TBH or TBH and AFA at two concentrations measured by the DCFH-DA assay. (d)
Fluorescence microscopy images of untreated cells (CTR) and cells treated with TBH or cotreated with TBH and the AFA extract. Bar:
50 μm. AFA extract protects against mitochondrial damage. (e) Fluorescence microscope images of cells untreated (CTR) or treated with
TBH alone or with the AFA extract or with CCCP and submitted to JC-1. (f) Values of the ratio between the red and green ﬂuorescence
intensities as compared with the control. (g) MitoSOX assay on control cells (CTR) and cells treated with TBH, with TBH and the AFA
extract, with AFA alone, and with CCCP. (h) Histogram representing the red ﬂuorescence intensity. Bar: 50 μm.
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Figure 4: AFA protects against Aβ-induced toxicity. (a) MTS of untreated LAN5 cells (CTR) or cells treated with the AFA extract at two
concentrations, with Aβ alone, or with Aβ-AFA at two concentrations for 24 hours. (b) Morphological representative images of samples
indicated in (a). (c) DCFH-DA assay of untreated LAN5 cells (CTR) or cells treated with Aβ alone or with Aβ-AFA at two
concentrations. (d) Fluorescence representative images of samples indicated in (c). Bar: 50 μm.

signal (Figure 4(d)). The same samples were observed at ﬂuorescent microscopy (Figure 4(d)).
3.5. Neuroinﬂammation. NFκB is a transcription factor that
under stimulation is phosphorylated and translocates from
the cytoplasm to the nucleus where several genes including
those triggering inﬂammation responses are activated. We
assessed the ability of AFA to inhibit Aβ-induced inﬂammation by analyzing activated NFκB (p-NFκB) localization.
Immunoﬂuorescence analysis showed that after LAN5 Aβ
stimulation, p-NFκB was localized in the nucleus, whereas
after AFA or Aβ-AFA treatment, no presence of p-NFκB in
the nuclei of the cells (Figure 5(a)) was detected. In addition,
to take another evidence that Klamin® protects the cells
against Aβ inﬂammatory response activation, the expression
of cytokines1β and 6 (IL1β and IL6) was measured. The data

shown in Figures 5(b) and 5(c) indicate that, in agreement
with NFκB activation, the AFA extract signiﬁcantly reduces
the expression of proinﬂammatory cytokines.
3.6. Klamin® Aﬀects Aβ Peptide Aggregation. The eﬀect of
the AFA extract on the aggregation kinetics of Aβ peptide
was measured in presence of thioﬂavin T (ThT). Results,
showed in Figure 6, indicated that the AFA extract interferes
with the Aβ aggregation kinetics. Fluorescence microscopy analysis on samples containing Aβ alone, or Aβ
plus AFA extract, was done at time O (t = 0 and after 8 hours
(t = 8). At t = 0, no signal was detected in any samples
(Figure 6(a)). At t = 8 in Aβ sample, a diﬀuse ﬂuorescence
is detectable and objects with an average size of about
90 μm were present (Figure 6(b)). On the contrary, a slight
ﬂuorescence was visible in Aβ + AFA extract sample in which
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Figure 5: AFA extract inhibits Aβ-induced NFκB nuclear translocation. (a) Immunoﬂuorescence of untreated LAN5 cells (CTR) or cells
treated with Aβ, with Aβ-AFA, or AFA alone and incubated with an antibody against p-NFκB. (b–c) Measurement of the level of
expression of IL-1β and IL-6 in untreated LAN5 cells (CTR) or cells treated with Aβ, with Aβ-AFA, or AFA alone, by the ELISA test.

objects having mean size of 50 μm was present (Figure 6(c)).
These results reveal that the AFA extract aﬀects Aβ aggregation inducing formation of smaller aggregates.
Furthermore, the toxicity and antioxidant ability of the
Aβ aggregates formed in the absence or in the presence of
the AFA extracts on LAN5 cells was evaluated through
MTS (Figure 7(a)) and DCFH-DA assay (Figure 7(b)).
Aggregates of Aβ peptide (Aβag) caused a reduction of about
40% of cell viability when compared with the control. On the
contrary, the addition of Aβ + Klamin® aggregates (AβAFAag) did not signiﬁcantly aﬀect cell viability. Microscope
ﬂuorescence images performed after DCFH-DA assay
showed that a diﬀuse green ﬂuorescent signal was mainly
present in cells treated with Aβag while no signal was
revealed after treatments with Aβ + AFAag. Furthermore,
no signiﬁcant morphological diﬀerences were observed from
cells incubated with Aβ + AFAag or control cells or cells
treated with the AFA extract (Figure 7(b)).

4. Discussion
Cyanobacteria are a source of structurally diﬀerent
bioactive compounds with potential nutraceutical, pharmaceutical, and cosmeceutical employment [47]. The AFA
extract Klamin® contains secondary metabolites such as
MMAs, polyphenols, sugars, and diﬀerent minerals. By

spectrophotometer analysis, MMAs were detected in the
UV absorbing range of 310–360 nm and carotenoids,
phycoerythrins, and phycocyanins in the visible spectrum
of light between 400 and 650 nm. MMAs are synthesized
and accumulated by the algae as defense against exposition
to environmental UV [48]. Use of high-resolution nuclear
magnetic resonance (NMR) has evidenced in Klamin® a high
concentration of MAAs and in particular of porphyra-334
(P334) and shinorine (Shi), two monoamine oxidase
(MAO) inhibitors [49]. These molecules can cross the
blood-brain barrier (BBB) and express their MAO-B inhibitory potential in the brain [20]. Most of the mycosporines
exhibit high antioxidant activity by scavenging large amounts
of reactive oxygen such as superoxide anions and hydroxyl
radicals [50]. Thus, their antioxidant properties, born to
contrast environmental stress, can be exploited to enhance
human health. Molybdenum and tungsten, two transition
metals, also known as enzymes cofactors [51, 52] were found
in high concentration in Klamin® and, even though additional studies would be required, we can plausibly expect that
they can activate biochemical pathways with a beneﬁcial
eﬀect. Presence of polyphenols such as hydroxytyrosol,
vanillic acid, caﬀeic acid; of phytosynthetic pigments such
as carotenoids and phycoerythrins, endowed with wellknown antioxidant properties: and most of all of the AFAphycocyanins, which have shown to be the most powerful
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Figure 6: Eﬀects of the AFA extract on Aβ aggregation. (a) Kinetics of Aβ aggregation alone or with AFA incubated with ThT. (b)
Fluorescence microscopic images representing size and morphology of Aβ aggregates at t = 0 and t = 8 in the absence or presence of AFA.
(c) Histogram of medium size of Aβ aggregates formed in the absence or presence of AFA at t = 8.

antioxidants among all puriﬁed molecules [14], suggests
that the AFA extract can be regarded as a valuable resource
for human nutrition and health.
Klamin® does not show any toxicological risks on the
LAN5 cell line even at high doses, indicating that it does
not contain any unhealthy by-products for this test. The
radical scavenging activity of the AFA extract was conﬁrmed by in vitro experiments in which an oxidant agent

was used. The antioxidant activity found with the AFA
extract is probably particularly strong thanks to the synergic eﬀect of all its various components. TBH-induced
mitochondrial dysfunction was also prevented by the
administration of Klamin®, indicating that its scavenging
eﬀect is also extended to mitochondrial ROS. TBHinduced mitochondrial membrane damage is inhibited by
Klamin®, indicating that it exerts a protective role in the
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Figure 7: Aβ-AFA aggregates do not aﬀect toxicity and oxidative stress. (a) MTS assay of untreated LAN5 cells (CTR) or cells treated with
Aβag, Aβ-AFAag, or AFA alone for 24 hours. (b) DCFH-DA assay of untreated LAN5 cells (CTR) or cells treated with Aβag, Aβ-AFAag, or
AFA alone. (c) Fluorescence intensity of the samples shown in (b). Barr: 20 μm.

cell’s fundamental organelle, involved in several pathological dysfunctions.
Free radical generation is one of the main causes of
aging and aging-related diseases in humans, and antioxidants may have a positive antiaging eﬀect [53]. The use
of natural nutritional supplement could be an important
milestone for the prevention and treatment of neurodegenerative diseases. Here, we found, for the ﬁrst time, that the
AFA extract Klamin® has a beneﬁcial eﬀect on neurons in
which toxicity was induced by Aβ peptide, suggesting
that the AFA extract, consumed as a nutraceutical, could
play a signiﬁcant neuroprotective role. Furthermore, the
AFA extract exerts anti-inﬂammatory activity as a response
to Aβ toxic stimulus. Inﬂammation is a pathological

mechanism underlying many chronical diseases, including
neurodegenerative diseases, and chronic inﬂammation
have been found in the brain of early AD [54]. The
anti-inﬂammatory function of the molecular components
of Klamin® is mediated by its inhibition of the nuclear
factor kappa B (NFκB) activation and by its decreasing
the production of proinﬂammatory cytokines such as IL-6
and IL-1β. However, we cannot exclude that Klamin® neuroprotective activity can be exerted through other components.
By molecular docking, simulation studies have been demonstrated that phlorotannins derived from Eisenia bicyclis, a
Japanese alga, can be a potential inhibitor of β-amyloid
cleavage enzyme (BACE1) activity, a protease involved in
Aβ formation [55].
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Fibrillogenesis of Aβ is a relevant event, leading to
deposition of amyloid plaques in AD brain. Use of inhibitors
can prevent this process [56]. Klamin® interferes on Aβ
aggregation stabilizing Aβ aggregates in a protective way to
reduce oxidative stress. The kinetics of amyloid formation
can be described in a sigmoid curve subdivided in three
stages: (a) the slow lag nucleation phase, (b) the fastexponential elongation phase, and (c) the saturation phase.
Klamin® blocks the elongation phase, producing aggregates
of shorter dimensions. We can suppose that the various antioxidant components of AFA extract, from its polyphenols to
its phycocyanins, interact with Aβ, inhibiting its extension
and destabilizing the preformed ﬁbrils. It is known that antioxidants, containing one or more phenolic rings, are able to
interact with the aromatic residues of the amyloid peptides,
destabilizing their well-ordered self-assembly process [37].
Thus, Klamin® could have a disaggregating activity on Aβ.
In conclusion, Klamin® is a reservoir of eﬀective
molecules with numerous health beneﬁts. The intrinsic
antioxidant, anti-inﬂammatory, and antiﬁbrillogenesis properties of its compounds suggest that it could be used as an
innovative approach for the treatment and/or prevention of
neurodegenerative disease.
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