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Hypericum perforatum is a perennial plant, with worldwide distribution, commonly
known as St. John’s wort. It has been used for centuries in traditional medicine
for the treatment of several disorders, such as minor burns, anxiety, and mild to
moderate depression. In the past years, its antidepressant properties have been
extensively studied. Despite that, other H. perforatum biological activities, as its
neuroprotective properties have also been evaluated. The present review aims to
provide a comprehensive summary of the main biologically active compounds of
H. perforatum, as for its chemistry, pharmacological activities, drug interactions and
adverse reactions and gather scattered information about its neuroprotective abilities. As
for this, it has been demonstrated that H. perforatum extracts and several of its major
molecular components have the ability to protect against toxic insults, either directly,
through neuroprotective mechanisms, or indirectly, through is antioxidant properties.
H. perforatum has therefore the potential to become an effective neuroprotective
therapeutic agent, despite further studies that need to be carried out.
Keywords: Hypericum perforatum, extracts, compounds, neuroprotection, antioxidant activity

INTRODUCTION
Hypericum perforatum, also known as St. John’s wort, hypericum or millepertuis is a member of the
family Hypericaceae and a herbaceous perennial plant native Europe, western Asia, and northern
Africa. Nowadays it has a worldwide distribution. The crude drug, called herba hyperici, consists
of the upper aerial parts of the plant collected just before or during the flowering period (Barnes
et al., 2001; Greeson et al., 2001; Patocka, 2003).
Hypericum perforatum has been used as a medicinal plant for centuries, for the treatment of
external and internal disorders. Externally, oily preparations of the plant may be applied to treat
minor burns, wounds, skin inflammation, and nerve pain (Barnes et al., 2001; Greeson et al., 2001;
Patocka, 2003). Internally, it is indicated for the treatment of anxiety and mild to moderately severe
depression (Barnes et al., 2001; Greeson et al., 2001; Patocka, 2003; Butterweck and Schmidt, 2007)
competing for status as a standard antidepressant therapy and being the only herbal alternative to
synthetic antidepressants (Wurglics and Schubert-Zsilavecz, 2006).
Hypericum perforatum contains several classes of biologically active compounds. These
constituents often vary in its concentration, due to genetic variation within the species and/or
adulteration, ecological factors, time of harvesting, preparation and processing of sample
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found in nature and for its specific properties, such as a
strong absorption at longer wavelength, minimal dark toxicity,
certain tumor selectivity and much higher clearance rate
from the host body than hematoporphyrins, its potential
for antitumoral photodynamic therapy has been explored
in several studies (Agostinis et al., 2002; Miskovsky, 2002;
Martinez-Poveda et al., 2005b). Hyperforin and its stable,
hydrosoluble derivate, aristoforin has also been reported
to possess antitumoral activity, namely anticarcinogenic,
antiproliferative, proapoptotic, antiinvasive, antimetastatic, and
antiangiogenic effects (Hostanska et al., 2003; Schwarz et al.,
2003; Dona et al., 2004; Martarelli et al., 2004; Gartner et al.,
2005; Martinez-Poveda et al., 2005a; Rothley et al., 2009).
Anti-inflammatory, wound healing and anti-nociceptive
effects have also been associated with H. perforatum
(Motallebnejad et al., 2008; Suntar et al., 2010).

material and storage conditions, such as exposure to light, time
of harvesting. Important bioactive components are concentrated
in buds, blossoms, and tips of twigs. Despite this variation, it
is known that around 20% of the plant extract is comprised of
bioactive compounds (Nahrstedt and Butterweck, 1997; Patocka,
2003; Wurglics and Schubert-Zsilavecz, 2006; Linde, 2009).

PHARMACOLOGICAL ACTIVITY OF
Hypericum perforatum
St John’s wort most investigated pharmacological activity has
been its antidepressant properties. There are several reports
of higher H. perforatum effectiveness compared to placebo
intake and a similar activity, when comparing to several
antidepressant drugs. The exact mechanism of H. perforatum’s
antidepressant activity is still unclear, as to which are the
most relevant constituents. Early in vitro research suggested an
antidepressant activity due to hypericin, through the inhibition
of the monoamine oxidase (MAO) enzyme (Suzuki et al., 1984;
De Vry et al., 1999; Gaster and Holroyd, 2000; Behnke et al.,
2002; Linde et al., 2005; Linde, 2009; Rahimi et al., 2009).
However, its concentration was too low to explain the clinical
effects (Butterweck, 2003) detected. Further studies showed that
hyperforin was capable of inhibiting the reuptake of serotonin,
dopamine, noradrenaline, GABA, and L-glutamate (Chatterjee
et al., 1998). Antidepressive activity was also reported in several
flavonoids. Taking all these results in consideration and the fact
that the mechanisms underlying depression are still not well
understood, it is more likely that H. perforatum’s antidepressant
activity is due to a multiplicity of bioactive compounds and not to
a single constituent and/or mechanism of action (Greeson et al.,
2001; Butterweck and Schmidt, 2007; Nahrstedt and Butterweck,
2010).
Hypericum perforatum also presents antimicrobial properties.
Regarding the antibacterial activity, crude plant extracts of the
aerial parts of the plant, fractions and isolated compounds have
been tested, demonstrating positive results. Concerning specific
compounds, hyperforin is reported to present antibacterial
activity against Staphylococcus aureus and Gram-positive
bacteria, such as Streptococcus pyogenes and Corynebacterium
diphtheriae being considered the antibacterial agent of
H. perforatum. As for antifungal properties the flavonoids
quercitrin, hyperoside, avicularin, rutin, quercetin, and
kaempferol were reported to present antifungal activity against
Helminthosporium sativum (Schempp et al., 1999; Reichling
et al., 2001; Saddiqe et al., 2010). Another compound extendedly
studied, in what concerns its antimicrobial, more specifically,
antiviral activity, is hypericin. This naphtodianthrone has
demonstrated in vitro antiviral activity against a variety of
viruses, light and oxygen influenced (Kubin et al., 2005). The
in vivo studies did not, however, retrieve as promising results,
possibly due to differences in terms of light irradiation (Karioti
and Bilia, 2010) in many regions of the human body.
Besides its antiviral properties, hypericin has aroused
interest in the scientific community for its antitumoral activity.
Since hypericin is probably the most powerful photosensitizer
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Hypericum perforatum–Drug
Interactions and Adverse Reactions
A number of clinically significant pharmacokinetic and
pharmacodynamic interactions have been reported (Henderson
et al., 2002) over the years suggesting that H. perforatum use
concomitantly with several other drugs may represent its most
relevant risk (Knuppel and Linde, 2004). These interactions are
possibly due to a modulation of isoenzymes of the cytochrome
P450 (CYP; Borrelli and Izzo, 2009), which metabolizes a series of
pharmaceutical substances and an induction of P-glycoprotein,
which is responsible for an increase of drugs’ excretion from the
organism (Muller, 2003). Table 1 summarizes the most known
interactions.
As to what adverse reactions concerns, H. perforatum is
referred to as generally well tolerated. When side effects occur
they are considered mild and transient. The most common are
gastrointestinal symptoms, dizziness, confusion, fatigue and/or
sedation, skin reactions, restlessness or anxiety, headache, dry
mouth and allergic reactions. These may occur in 1–3% of
patients taking H. perforatum. There have also been described
rare adverse reactions that include phototoxicity. Symptoms
indicative of phototoxicity include dermal erythema, rash,
and pruritus. These adverse reactions have been attributed
to naphthodianthrones. Other rare adverse reactions described
comprehend alopecia, neuropathy and mania (Barnes et al., 2001;
Greeson et al., 2001; Hammerness et al., 2003; Schulz, 2006;
Wurglics and Schubert-Zsilavecz, 2006; Russo et al., 2013).

NEUROPROTECTIVE ACTIVITY AND
Hypericum perforatum
The Central Nervous System (CNS) is known for being particularly sensitive to oxidative stress, which can be described as
an imbalance between generation and elimination of reactive
oxygen species (ROS) and reactive nitrogen species (RNS). This
particular susceptibility of the brain is caused by a high metabolic
rate, a low concentration of glutathione and antioxidant enzyme
catalase (CAT) and a high proportion of polyunsaturated fatty
acids. The general inability of neurons to divide explains some
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TABLE 1 | Hypericum perforatum–drug interactions.
Drug

Possible interaction

Type of interaction

Reference

Warfarin

Induction of CYP1A2 and CYP2C9

Pharmacokinetic

Karminsky and Zhang, 1997;
Hammerness et al., 2003

Cyclosporin

Induction of CYP3A4 and P-glycoprotein transport

Pharmacokinetic

Henderson et al., 2002;
Hammerness et al., 2003

Risk of transplant rejection

Pharmacodynamic

Muller, 2003

Induction CYP1A2 and CYP3A4

Pharmacokinetic

Ball et al., 1990; Schmider
et al., 1997

Oral contraceptives

Inhibition of CYP2C9 and CYP2C19

Pfrunder et al., 2003

Theophylline

Induction of CYP1A2 and CYP2C9 and P-glycoprotein
transport

Pharmacokinetic

Henderson et al., 2002;
Hammerness et al., 2003;
Wurglics and
Schubert-Zsilavecz, 2006

Digoxin

Induction of CYP2C9, CYP2D6, CYP3A4, CYP1A2,
CYP2C19, affecting P-glycoprotein transport, and
reduction of drug’s plasmatic concentration

Pharmacokinetic

Barnes et al., 2001; Greeson
et al., 2001; Henderson et al.,
2002

HIV protease inhibitors

Induction of CYP3A4

Pharmacokinetic

Piscitelli et al., 2000

HIV non-nucleoside reverse
transcriptase inhibitors

Induction of CYP3A4

Pharmacokinetic

Henderson et al., 2002;
Hammerness et al., 2003

Anticonvulsivants

Induction of CYP2C9, CYP3A4, CYP1A2, and affecting
P-glycoprotein transport

Pharmacokinetic

Barnes et al., 2001; Henderson
et al., 2002

Phenprocoumon

Induction of CYP2C9, CYP2D6, CYP3A4, CYP1A2,
CYP2C19, and affecting P-glycoprotein transport

Pharmacokinetic

Barnes et al., 2001

Induction of CYP3A4;

Pharmacokinetic

Nifedipin

Induction of CYP3A4 and CYP2C19
Statins

Hammerness et al., 2003
Wang et al., 2007

Induction of CYP3A4;

Pharmacokinetic

Induction of P-glycoprotein transport

Hammerness et al., 2003
Holtzman et al., 2006

Midazolam

Induction of CYP3A4;

Pharmacokinetic

Verapamil

Induction of first-pass CYP3A4 metabolism

Pharmacokinetic

Hammerness et al., 2003
Russo et al., 2013

Omeprazol, esomeprazole, and
pantoprazole

Induction of CYP2C19

Pharmacokinetic

Wang et al., 2004

Loperamide

Theoretical induction of monoamine oxidase
inhibitor-drug reaction

Pharmacokinetic

Khawaja et al., 1999

Ibuprofen

Increase of expression of glycoprotein G

Pharmacokinetic

Russo et al., 2013

Dexamethasone, prednisone, and
budesonide

Induction of CYP3A4

Pharmacokinetic

Russo et al., 2013

Methadone and pethidine

Induction of CYP2D2

Pharmacokinetic

Dostalek et al., 2005

Dextromethorphan and oxicodone

Induction of CYP3A4

Pharmacokinetic

Nieminen et al., 2010

Voriconazole

Induction of CYP3A4, CYP2C19, and CYP2C9

Pharmacokinetic

Borrelli and Izzo, 2009

Erythromycin

Induction of CYP3A4

Pharmacokinetic

Borrelli and Izzo, 2009

Imatinib

Induction of CYP3A4 and P-gp

Pharmacokinetic

Smith et al., 2004

Triptans

Risk of increased serotoninergic effects with the
possibility of an increased risk of adverse reactions

Pharmacodynamic

Barnes et al., 2001; Henderson
et al., 2002; Hammerness
et al., 2003

Selective serotonin reuptake inhibitors

Risk of increased serotoninergic effects with the
possibility of an increased risk of adverse reactions

Pharmacodynamic

Barnes et al., 2001; Greeson
et al., 2001; Henderson et al.,
2002; Hammerness et al., 2003

Antineoplastic drugs directed against to
topoisomerase II alpha

May antagonize therapeutic activity of the drugs

Pharmacodynamic

Hammerness et al., 2003

Thyroid agentes

Increase in thyroid-stimulating hormone

Pharmacodynamic

Ferko and Levine, 2001; Russo
et al., 2013

aging and neurodegenerative disease related loss of function,
as neurons die, without chance to be replaced. Apoptosis and
excitotoxicity are among the mechanisms that cause neuronal
death, involving ROS and RNS Therefore oxidative stress plays
an important role in the development of neurodegenerative
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diseases, such as Alzheimer’s and Parkinson’s disease and stroke.
In order to prevent these cause-dependent diseases it is important
to preserve redox environment and mitochondrial function of
the cell. This can be achieved by avoiding the causes of oxidative
stress and strengthen the defenses with the usage endogenous
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apoptotic process, triggering a proteolytic cleavage cascade in
mammalian cells (Cohen, 1997).
Using the same biological model and insult, a flavonoid-rich
extract, particularly in rutin, hyperoside, isoquercetin, avicularin,
and quercitrin (Zou et al., 2004), proven significant protective
effects against induced apoptosis, in the studied concentrations
above 6.25 µg/mL (Zou et al., 2010). Similar results (regarding
induced-apoptosis protection and attenuation of caspase 3activity) have been described for a H. perforatum’s methanolic
dried extract in human neuroblastoma cell line SK-N-MC.
There was also observed, under the phase-contrast microscope,
that cells treated with H2 O2 (at a concentration of 10−10 mM)
for 5 h were detached from the dish, with cell rounding,
cytoplasmic blebbing, and irregularity in shape. All of the
morphological alterations described were less frequent among
cells pre-treated with H. perforatum. The DAPI assay revealed
nuclear condensation, DNA fragmentation, and perinuclear
apoptotic bodies under the same treatment conditions with
H2 O2 . The appearance of cells pre-treated with H. perforatum
was, like described above, closer to that of control (Jang et al.,
2002). H. perforatum standardized extract has also been described
to have the ability to protect against enzymatic and nonenzymatic lipid peroxidation in rat brain, inhibiting NADPHdependent lipid peroxidation and attenuating of non-enzymatic
Fe2+/ ascorbate-dependent lipid peroxidation in cerebral cortex
mitochondria. Inhibition of lipid peroxidation was reported to
be the results of the extract’s scavenging effect on NADPH and
Fe2+ /ascorbate generated free radicals (Benedi et al., 2004).
Glutamate, a neurotransmitter, which extracellular accumulation leads to overstimulation of postsynaptic glutamate
receptors, with consequent inhibition of intracellular glutathione
synthesis and Ca2+ overload, can act as a toxic, leading to
cell death (Ankarcrona et al., 1995; Breyer et al., 2007). Taking
this in consideration Breyer et al. (2007) investigated the
neuroprotective activity of H. perforatum extract in glutamateinduced cell death in hippocampal HT22 nerve cell line. Preincubation for 2–25 h with the extract and/or simultaneous
incubation with glutamate and extract-incubation of the cells up
to 8 h after glutamate exposition prevented cell death. There
is no statistically significant difference between the control cells
and the cells pre and co-incubated with the extract, whereas
the glutamate-exposure cells decrease in cell viability more than
80%. It was also demonstrated that H. perforatum extract was
able to counteract the energy losses induced by the glutamate.
The authors concluded that the extract protected HT22 cells
from glutamate-induced cytotoxicity by reducing or attenuating
glutathione loss, calcium fluxes, energy status, and ROS-mediated
cell death, but only up to 8 h after glutamate exposition.
Alzheimer’s disease is characterized by neuronal degeneration,
particularly of pyramidal hippocampal neurons, entorhinal
cortex, and other neocortical areas, which include the specific loss
of cholinergic neurons in the median forebrain (Bains and Shaw,
1997). Besides that, two hallmarks of this neurodegenerative
disorder are neurofibrillary tangles and senile plaques (Silva et al.,
2004), the last mainly constituted by amyloid protein fibers,
derived from an amyloid precursor protein, arranged in a socalled cross-β-pleated sheet conformation. This heterogeneous

antioxidants and the intake of others. Endogenous antioxidants
include enzymatic and non-enzymatic defenses. Enzymatic
antioxidants react with reactive species and are, subsequently,
efficiently recycled, preventing most of the formation of the toxic
free radicals. Only small amounts of these enzymes are therefore
needed to offer protection. Relevant enzymatic antioxidants are
Se-glutathione peroxidase (GPx), CAT, and superoxide dismutase
(SOD) that metabolizes superoxide, hydrogen peroxide (H2 O2 ),
and lipid peroxides. Non-enzymatic defenses can be divided
in hydrophobic and hydrophilic antioxidants. Lipophilic
antioxidants comprise α-tocoferol, carotenoids, and ubiquinone10 and are mostly present in membranes and lipoproteins.
Hydrophilic antioxidants include glutathione, histone-peptides,
the iron-binding proteins transferring and ferritin, dihydrolipoic
acid, melatonin, uric acid, and ascorbic acid. They can be found
in cytosolic, mitochondrial, and nuclear aqueous compartments.
These defense mechanisms are complementary to each other,
due to the different species and cellular compartments that they
act against. Exogenous antioxidants include several vitamins,
such as A, E, and C, carotenoids and polyphenolic compounds,
such as flavonoids (Pietta, 2000; Emerit et al., 2004; Silva et al.,
2005; Zhao, 2005; Silva B.A. et al., 2008; Butterfield et al., 2007;
Boots et al., 2008; Ansari et al., 2009).
Besides their usage in the prevention of neurodegenerative
diseases, antioxidants could also be relevant on its treatment, as
a single compound or in supplementary combination with drugs
targeting other pathogenic mechanisms (Behl, 1999).

Neuroprotective Activity of Hypericum
perforatum Extracts
Lu et al. (2004) reported a neuroprotective effect of standard
H. perforatum extracts on H2 O2 trauma induced by an optimum
concentration of 200 µM in rat pheochromocytome cell line
PC12 (cell line widely used in in vitro model of neuronal
injury and oxidative stress (Sasaki et al., 2003; Zou et al., 2010)
within 24 h treatment. The extract improved the survival rate
of neural cells, in a dose-dependent manner, at concentrations
of 1 ∼40 µg/mL, with a 133% improvement at 40 µg/mL.
In extract concentrations ranging from 60 to 100 µg/mL, a
decrease in cell viability was reported, maintaining, however,
higher viability levels, when comparing to control (p < 0.05).
H. perforatum extract, at concentrations of 1∼100 µg/mL also
decreased intra- and extracellular ROS levels, at 71 and 50%,
respectively, when comparing to the control group. This is
indicative of a limitation in the intracellular ROS generation
during cell aerobic metabolism and of the extract’s entrance in
the cells, with a consequent reduction of ROS levels. There also
was reported a block in DNA fragmentation of H2 O2 -induced
apoptosis (which reflects the endonuclease activity characteristic
of apoptosis) at concentrations of 10 to 100 µg/mL (Lu et al.,
2004; Zou et al., 2010). These results are in accordance with
those described by Benedi et al. (2004) but with an insult of
300 µM H2 O2 . Pre-treatment with the standardized extract also
attenuated caspase-3 activity, increased by H2 O2 insult. Caspases,
of which caspase-3 is the most widely studied, are a class of
cysteine proteases, considered of extreme importance in the
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(Talesa, 2001). The inhibitory effects of ethyl acetate, methanol
and water H. perforatum extracts against butyrylcholinesterase
and acetylcholinesterase were, therefore, investigated. Methanol
extract was the one that, from the three tested, exerted
the highest acetylcholinesterase inhibition (49.54 ± 4.44%),
while the ethyl acetate extract had the best inhibition toward
butyrylcholinesterase (50.79 ± 3.07%). The water extract
presented no inhibitory effect in the tested concentrations (50–
200 µg/mL). Another enzyme that has become a research target
in neurodegenerative diseases investigation has been tyrosinase,
a multifunctional enzyme, involved in neuromelanin production
and damaged neurons associated with Parkinson’s disease. The
three H. perforatum extracts described above were also tested
against tyrosinase, and only the methanol extract was found to
have a low inhibitory effect (19.21 ± 1.44%; Asanuma et al., 2003;
Altun et al., 2013).
Hypericum perforatum’s neuroprotective activity has also been
investigated in association with other compounds. For instance,
a drug commonly used for the treatment of Parkinson’s disease
is bromocriptine, which is reported to have strong free radical
scavenging action in vivo and potent neuroprotective actions
(Muralikrishnan and Mohanakumar, 1998; Mohanasundari
et al., 2006). Due to several adverse effects of bromocriptine
monotherapy, Mohanasundari et al. (2006) evaluated the
combined effect of bromocriptine and H. perforatum alcoholic
extract against 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), a neurotoxin, in mice. Lipid peroxidation increased
in the MPTP-treated group when compared to the control (in
91%). H. perforatum extract and bromocriptine alone lowered
lipid peroxidation (p < 0.05) and the combined treatment
showed even better results, when comparing with all the other
groups (control, H. perforatum and MPTP-treated groups;
p < 0.05). A mixture of Panax quinquefolius, Ginkgo biloba,
and H. perforatum was proven to enhance retinal ganglion cell
survival after axotomy, increasing the number of regenerating
retinal ganglion cell in 87%, 21 days after optic nerve transaction.
Effects of the herbal extracts mixture on the survival of
axotomized retinal ganglion cells 7 days after axotomy showed a
delay in cell death, offering, therefore, significant neuroprotection
(p < 0.01) versus optical nerve transaction (Cheung et al., 2002).
Axotomy-induced retinal ganglion cell death has been adopted
as an animal model in the investigation of neuronal death in
the CNS. It is known to be related to the activation of apoptotic
pathways (Cheung et al., 2008), like caspase-3 and -9 (Cheung
et al., 2004). When investigating the mechanisms underlying
a neuroprotective activity of the herbal mixture described,
Cheung et al. (2008) verified an apoptotic property, through
the inhibition of cell’s nuclear fragmentation, with no effect
on caspase-3 action, suggesting that the reduction of nuclear
fragmentation was not achieved by the limitation of caspase-3
activation. The mixture, nonetheless, reduced the percentage
of caspase-3-negative fragmented nuclei, though with no effect
in caspase-3-dependent nuclear fragmentation, suggesting an
inhibition by a caspase-3 independent pathway. Additionally,
an intravitreal injection with wortannin, a phosphoinositide-3
kinase (PI3K) inhibitor, abolished the neuroprotective effect of
the herbal mixture, indicating, according to the authors, that this

peptide in size is proven to be neurotoxic and this general
toxicity appears mediated in some part by oxidative stress (Behl,
1999; Behl and Moosmann, 2002; Ansari et al., 2009). In fact,
amyloid-β-induced toxicity on neuronal cells is proposed as a
main route to neuronal loss in Alzheimer’s disease (Butterfield
et al., 2007). Taking this in consideration and the protective
characteristics of H. perforatum extracts, Silva et al. (2004)
studied its potential neuroprotective action in β-amyloid-induced
cell toxicity, through lipid peroxidation and Syto-13/PI assay.
After incubating hippocampal wistar rat neurons with nontoxic concentrations of ethanolic extract H. perforatum and
fractions, a significant inhibition of ascorbate/Fe2+ -induced
lipid peroxidation was observed on the fractions containing
caffeoylquinic acids and flavonol glycosides, flavonol glycosides
(quercetin-type), flavonol and biflavone aglycones and several
phenols (19, 21 (p < 0.05), 77, and 98% (p < 0.001),
respectively). H. perforatum extract and the fractions containing
bianthraquinones, flavonol glycosides and flavonol and biflavone
aglycones significantly inhibited lipid peroxidation, after cell
incubation with β-amyloid(25−35) 25 µM (p < 0.001), with
levels lower than the control basal peroxidation. Cell viability
was determined by Syto-13/PI assay. H. perforatum ethanolic
extract and fractions containing flavonol glycosides, flavonol,
and biflavone aglycones reduced cell death [65, 58, and
59%, respectively, when comparing to control (p < 0.001)].
Morphological analysis with cells stained with cresyl violet
showed that after cell exposure to amyloid β-peptide a pattern
of neuronal death was observed, specifically by a decrease in cell
volume, nuclear condensation, appearance of apoptotic bodies
and dendritic retraction. These alterations were not evident in
the presence of H. perforatum extract and fractions containing
bianthraquinones and flavonol glycosides. Accordingly with
these results, the authors concluded that H. perforatum alcoholic
extract and studied fractions have neuroprotective activity, which
can be of relevance on preventing amyloid-β peptide neuronal
degeneration. The senile plaques, in Alzheimer’s disease, are
also enriched with reactive microglia and astrocytes (Akiyama
et al., 2000). As immunocompetent cells of the brain, the
microglia are able to counteract the deleterious effects of
amyloid-β in Alzheimer’s disease. Taking this in consideration
and amyloid β-peptide toxicity described above, Kraus et al.
(2007) investigated the effects of the peptide on cell viability
of microglia and a possible protective mode of action of
H. perforatum extract by studying the influence of a pretreatment
on cell survival. In BV2 and N11 cells (microglial cell lines)
pretreated with H. perforatum ethanolic extract 50–100 µg/mL,
the cell death evoked by treatment with amyloid-β(25−35) and
amyloid-β(1−40) was significantly attenuated in a dose-dependent
manner. It was concluded that treatment with H. perforatum
ethanolic extract may restore or improve microglial viability,
attenuating amyloid-β mediated toxicity in Alzheimer’s disease.
Regarding biochemical and neurotransmitter alterations in the
brain, this neurodegenerative disorder is characterized by a loss
of cholinergic markers butyrylcholine and acetylcholine that
are hydrolyzed butyrylcholinesterase and acetylcholinesterase,
respectively. Cholinesterases are an ubiquitous class of serine
hydrolases that hydrolyze choline esters with various efficiency
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Pretreatment of rats with H. perforatum extract before insult
with rotenone resulted in an antioxidant activity with a decrease
in brain MDA formation and an increase of SOD, CAT, and
GPx levels. Regarding enzyme activities, H. perforatum extract
recovered brain mRNA levels of SOD and GPx, altered by
rotenone. In the case of CAT, pretreatment with the extract
also revealed an antioxidant effect reducing mRNA levels of the
enzyme elevated after rotenone administration, but this result
was different from those of activity (Sanchez-Reus et al., 2007).
This could be explained by an up-regulation of the relevant gene
expression, protecting therefore the cell from rotenone toxicity
(Alia et al., 2006).
Similarly to neuroprotective, also antioxidant properties
of H. perforatum extracts have been tested in combined
treatment regimens. When in simultaneous administration with
bromocriptine and after an insult with MPTP, restoration of
CAT, SOD, reduced glutathione (GSH), and GPx levels (CAT –
0.19 ± 0.01 to 0.57 ± 0.02; SOD – 1.97 ± 0.12 to 3.51 ± 0.08;
GSH – 0.28 ± 0.02 to 0.53 ± 0.02; GPx – 8.6 ± 0.02 to 12.0 ± 0.07)
to near normal (CAT – 0.58 ± 0.01; SOD – 3.83 ± 0.02; GSH –
0.62 ± 0.01; GPx –12.21 ± 0.17) was verified (Mohanasundari
et al., 2006). The herbal mixture of P. quinquefolius, G. biloba,
and H. perforatum described previously also exhibited antioxidant activity, mainly NO scavenging property, by lowering
NO content in axotomized retinas [treatment with 30 mg of the
mixture significantly lowered the amount of nitrite (p < 0.05)
versus PBS-treated control group] without affecting NO synthase
activity (Cheung et al., 2008).

effect was PI3K-dependent. It’s important to refer that PI3K–Akt
(Akt: protein kinase identified in the AKT virus [also known
as protein kinase B]) signaling pathway plays a critical role in
mediating survival signals in a wide range of neuronal cell types
(Brunet et al., 2001).
Since the removal of excessive ROS or suppression of their
generation by antioxidants may be effective in the prevention
of oxidative cell damage (Benedi et al., 2004), having therefore
a neuroprotective effect, the protective antioxidant properties of
H. perforatum will also be described.
El-Sherbiny et al. (2003) studied the effect of a dried
ethanolic H. perforatum extract on brain oxidative status of
naïve rats upon the administration of an amnesic dose of
scopolamine. When in doses equivalent to the ones used to treat
depression, the extract proven to inhibit brain malondialdehyde
(MDA) formation, modulating also the activity of GPx and
the glutathione levels without any alteration on any of the
measured oxidative stress indices, suggesting that low doses of
H. perforatum extract have antioxidant properties, protecting rat
brain from elevated oxidative status due to the administration
of antidepressants. These protective activities have also been
reported in a hydroethanolic standardized and ethanolic (Benedi
et al., 2004; Silva et al., 2005; Silva B.A. et al., 2008) extracts of
H. perforatum through a direct radical scavenging activity on 1,1diphenyl-2-pycryl-hydrazyl (DPPH) radical [EC50 = 109 µg/mL
(Benedi et al., 2004), 49.3 ± 1.05 µg/dwb/mL (Silva B.A. et al.,
2008), and 21 µg/dwb/mL (Silva et al., 2005)] and inhibition of
xanthine oxidase (XO) activity (at a concentration of 5 µg/mL
the reported inhibition of XO activity was by 16% with an
IC50 = 68.3 µg/mL), which may also contribute to the scavenging
action of the O2− radical by H. perforatum. According to these
findings, H. perforatum may have the ability to bind iron ions and
a moderate to high direct scavenging action for hydroxyl radical,
independent of any enzymatic activity (Benedi et al., 2004; Silva
et al., 2005; Silva B.A. et al., 2008). Besides these properties,
H. perforatum ethanolic and aqueous extracts has the ability to
inhibit stress induced by 2,20 -azo-bis(2-methylpropianamidine)
dihydrochloride (AAPH), an inductor of lipid peroxidation by
formation of peroxyl radicals [IC50 = 50.4 ± 2.57 µg/dwb/mL
(Silva B.A. et al., 2008) and 16.77 µmol of Trolox equivalent/g
of fresh weight (Zheng and Wang, 2001)] and scavenge nitric
oxide (NO) [through nitrite measurement, used as an estimate
for the NO content (Cheung et al., 2008; Silva B.A. et al., 2008)]
(10 µg/dwb/mL extract showed 78.7 ± 1.3% reduction of release
of nitrite) and hypochlorous acid (through the reduction of 5thio-2-nitrobenzoic acid (TNB; 50 µg/dwb/mL extract showed
17.1 ± 1.3% reduction in TNB oxidation; Silva B.A. et al., 2008).
As stated previously, Parkinson’s a neurodegenerative disease.
In patients suffering from this pathology a reduction of
mitochondrial complex I activity has been reported. Rotenone,
a pesticide and specific inhibitor of this complex, causes tissue
damage due to its toxic effect (Sanchez-Reus et al., 2007), with an
involvement of oxidative damage (Sherer et al., 2003). Taken this
in consideration, the potential antioxidant protective effect of a
standardized extract of H. perforatum against rotenone-exposed
rats was investigated. The extract was tested on brain MDA,
GPx, CAT, MnSOD, and CuZnSOD expression and activities.
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Neuroprotective Activity of Hypericum
perforatum Major Compounds
Hypericum perforatum’s major compounds are described as
neuroprotective in several studies, being this activity related with
direct pathways, such as an in vitro and in vivo cytoprotective
effect and indirect pathways, particularly through its antioxidant
properties.

Quercetin
Quercetin, whose ability to interact with multiple cellular targets
is likely the basis of its therapeutic activity (Dajas, 2012) has
been described to protect against several insults, such as H2 O2
(Dok-Go et al., 2003; Arredondo et al., 2004, 2010; Heo and Lee,
2004; Suematsu et al., 2011), linoleic acid hydroperoxide (LOOH;
Sasaki et al., 2003), 6-hydroxydopamine (6-OHDA; Zhang et al.,
2011), and tert-butylhydroperoxide (t-BOOH; Silva J.P. et al.,
2008), in PC12 cells (Sasaki et al., 2003; Arredondo et al., 2004;
Heo and Lee, 2004; Silva J.P. et al., 2008; Zhang et al., 2011),
primary cultured rat cortical cells (Dok-Go et al., 2003) and rat
cerebellar granule neurons (Arredondo et al., 2010) and human
neuronal SH-SY5Y cells (Suematsu et al., 2011). In the first case,
it’s described a cytoprotective action of quercetin 25 and 50 µM
and 30–100 µM against H2 O2 200 and 400 µM (Arredondo et al.,
2004; Heo and Lee, 2004), respectively, in PC12 cells. Similar
effects were described, for primary cultured rat cortical cells, with
quercetin at concentrations of 3 and 10 µg/mL, facing a H2 O2 injury at 100 µM (IC50 = 4.1 µg/mL; Dok-Go et al., 2003).
In primary rat cerebellar granule neurons a pretreatment with

6

July 2016 | Volume 7 | Article 1004

Oliveira et al.

Neuroprotective Activity of Hypericum perforatum

quercetin 25 µM significantly protected (p < 0.001) the cells
from H2 O2 -injury at 60 µM. These findings were supported by
morphological analysis of the cells (Arredondo et al., 2010). Heo
and Lee (2004) also studied quercetin’s ability to block H2 O2 induced membrane damage, verifying a significantly protective
effect of this flavonol (p < 0.05). In human neuronal SH-SY5Y
cells, quercetin increased the viability of H2 O2 -treated cells in a
concentration dependent manner, becoming about 67% of that of
the vehicle-treated ones at 100 µM. There were also suppressed
H2 O2 -induced apoptotic features, such as DNA fragmentation,
by co-treatment with quercetin, in a concentration dependent
manner. In addition, quercetin suppressed the caspase cascade
and pro-apoptotic Bax gene expression and increased antiapoptotic Bcl-2 gene expression (Suematsu et al., 2011).
Regarding LOOH insult, protective effects were reported in
undifferentiated and differentiated PC12 cells with quercetin 25
and 50 µM, respectively, in pre- and co-incubation regimens
(Sasaki et al., 2003). Pretreatment with quercetin 12.5–200 µM
protected PC12 cells against 6-OHDA-induced damage (at a
concentration of 1 mM) in a dose-dependent manner and
significantly reduced (p < 0.05) the LDH leakage caused by the
neurotoxin. Likewise, quercetin prevented 6-OHDA-induced cell
apoptosis and attenuated 6-OHDA-induced NO over-production
and iNOS over-expression. Morphological analysis of the cells
treated with 6-OHDA revealed the presence of bright condensed
dots, apoptotic bodies. There was also verified a reduction in
colony density and cell size. Pretreatment with quercetin 25, 50,
and 100 µM significantly attenuated nuclear condensation and
at higher concentrations (50 and 100 µM) inhibited 6-OHDAinduced colony reduction and cell shrinkage (Zhang et al., 2011).
Regarding NO production, it’s believed that its augment and
consequent iNOS induction plays an important role in the
initial phase of 6-OHDA-induced neuro-damage in in vitro and
in vivo models (Lin et al., 2007). Taking this in consideration,
Zhang et al. (2011) with a mechanistic study, tested the effect
of quercetin on 6-OHDA-induced NO over-production and
iNOS over-expression in PC12 cells, concluding that quercetin
attenuated NO over-production via down-regulation of iNOS
over-expression in 6-OHDA-treated cells. Silva J.P. et al. (2008)
studied the protective effect of quercetin against t-BOOHinduced strand breaks. When added simultaneously with the
insult, quercetin’s protective effect was significantly increased
(p ≤ 0.001, compared with t-BOOH 200 µM), when comparing
with a co-incubation regimen (p ≤ 0.01).
Likewise, pretreatment of HT22 cells with quercetin 5
and 10 µM significantly attenuated amyloid-β(1−42) -induced
cytotoxicity (p < 0.001) and decreased 4-hydroxinonenal levels
(an index of lipid peroxidation), in comparison to control
(p < 0.001). Low doses of quercetin (5 and 10 µM) also
mitigated morphological alterations induced by amyloid-β(1−42) ,
characterized by vacuolated soma and fragmented neurites,
membrane blebbings and cell shrinkage, inhibiting, therefore
amyloid-β(1−42) -induced apoptotic cell death (Ansari et al.,
2009).
Liu et al. (2013) studied the effect of quercetin in the
neurovascular unit (NVU) and its underlying mechanisms.
The NVU comprises cerebral blood vessels and surrounding
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cells, such as astrocytes, neurons, and pericytes (Abbott,
2002) where the receptor for advanced glycation end products
(RAGE) and low density lipoprotein receptor related protein1 play an important role in the control of amyloid-β
levels in the brain (Deane et al., 2009), maintaining it.
After injecting amyloid-β(25−35), quercetin, in concentrations
from 5 to 40 mg/kg, was orally administrated, in male
Kunming mice, for 8 days. Quercetin treatment improved the
learning and memory capabilities and conferred neurovascular
coupling protection, involving maintenance of the NVU
integrity, reduction of neurovascular oxidation, modulation of
microvascular function, improvement of cholinergic system,
and regulation of neurovascular RAGE signaling pathway. The
authors conclude on a possible quercetin mechanism through
reduction of oxidative damage, inactivation of RAGE-mediated
pathway and preservation of cholinergic neurons (Liu et al.,
2013).
Silva B. et al. (2008) investigated the effects of H. perforatum’s
phenolic compounds, such as quercetin, against neuronal
excitotoxicity and mitochondrial disfunction. Quercetin 10 µM
significantly reduced neuronal death due to kainate and NMDAinsult (p < 0.05). The authors correlated this protection with
prevention of toxic-induced delayed calcium deregulation and
the maintenance of mitochondrial electric potential. Quercetin
10 µM was also able to reduce mitochondrial lipid peroxidation
and loss of mitochondrial transmembrane electric potential
caused by oxidative stress ADP plus Fe-induced.
In Sprague-Dawley rats, with Parkinsonism induced by
the neurotoxin 6-OHDA, a 14 days treatment with quercetin
significantly increased the striatal dopamine (p < 0.05) by 34,56%
and decreased the striatal protein carbonyl level (p < 0.05)
by 49.69% compared with levels found in the 6-OHDA
treated group (Haleagrahara et al., 2011). The increase of
protein carbonyls is a proof of oxidatively damaged proteins,
characteristic of Parkinson’s disease (McNaught et al., 2003). In
zebrafish, considered a good model to study disorders of the
dopaminergic system (Rink and Wullimann, 2001), co-treatment
with quercetin (6 or 12 µM) significantly inhibited 6-OHDAinduced dopaminergic neuron loss (p < 0.05). However, there
was no reversion of the neuron loss by quercetin after a 48 h
exposure to 6-OHDA, what could be attributed to the poor
permeability of quercetin across the blood–brain-barrier (Ossola
et al., 2009; Zhang et al., 2011).
Regarding its antioxidant properties, quercetin has been
shown to have an excellent in vitro antioxidant activity and
it is considered the most potent scavenger of ROS, RNS,
and peroxynitrite of the flavonoid family (Boots et al., 2008).
In human hepatoma HepG2 cell line, quercetin 50 and
100 µM evoked a significant increase of intracellular GSH
(76 ± 6 ng/mg/protein and 83 ± 7 ng/mg/protein, respectively),
after 4 h treatment (p < 0.05; Alia et al., 2006), which can be
expected, assuming the preparation of the cell against a potential
oxidative insult (Myhrstad et al., 2002). This flavonol was also
able to inhibit significantly ROS generation (p < 0.05), after insult
with t-BOOH, therefore preventing or delaying conditions which
favor oxidative stress in the cell (Alia et al., 2006). Increase of
intracellular GSH has also been reported in rat primary cerebellar
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granule neurons, after a 24 h quercetin 25 µM pretreatment
(146.3 ± 12%, in comparison to control; Arredondo et al., 2010).
Regarding GSH synthesis, it’s important to refer the role of the
Nuclear factor erythroid 2 related factor 2 (Nrf2)-dependent
cytoprotective pathway in the induction of gene expression of
enzymes involved in it. Taking into account that Nrf2 is a
translocation factor, it is essential that it translocates to the
nucleus in order to transactivate (Myhrstad et al., 2002; Zhang
et al., 2013). Consequently, Liu et al. (2013) studied the activity
of quercetin in nuclear translocation of Nrf2 in neurons. By the
use of immunocytochemistry, there was verified that quercetintreated cultures presented a major Nrf2 signal in both cytoplasm
and, particularly, nucleus. The authors conclude that quercetin
has the ability to cause nuclear translocation of Nrf2 in neuronal
cultures, therefore activating the Nrf2 cytoprotective signaling
pathway. Similarly, quercetin’s protective activity was verified by
the inhibition of the oxidative injury induced by xanthine/XO
in primary cultured rat cortical cells (quercetin 10 µg/mL and
IC50 = 5.5 µg/mL; Dok-Go et al., 2003).
Quercetin prevents DNA single strand breakage and
cytotoxicity, in U937 lymphoblast human cell line, caused
by t-BOOH through its iron chelation properties. In fact,
quercetin 100 µM and desferroxamine, an iron chelator (used
as a control for this activity) prevented DNA cleavage generated
by H2 O2 , whereas antioxidants trolox and N,N 0 -diphenyl-1,4phenylenediamine were not efficient (Sestili et al., 1998). Metallic
ions chelating is also involved in quercetin’s ability to diminish
and prevent the oxidative hepatic damage produced by ethanol,
besides interrupting the chain reaction that takes place on the
lipid membrane. Pre-treatment with quercetin in mices treated
with chronic doses of ethanol is more effective for CAT, selenium
dependent-GPx, total GPx and GSH, which can be explained by
a possible promotion of the antioxidant endogenous defenses
(Molina et al., 2003).
According to Inal and Kahraman (2000), quercetin may be
useful in reducing or preventing photobiologic damage, caused
by ultraviolet A light, since it significantly decreases MDA levels
(p < 0.05 and p < 0.001) and increases antioxidant defenses,
namely SOD and CAT activities (p < 0.001), in Sprague-Dawley
rats. In the same animal model, with Parkinsonism induced by
6-OHDA, a 14 days treatment with quercetin partially restored
GSH levels, increasing it by 97.88% as compared with GSH in rats
treated only with 6-OHDA (p < 0.05; Haleagrahara et al., 2011).
Antioxidant activities of quercetin have also been reported
through its antiradical activity on DPPH [EC50 = 8.30 ± 1.03 µM
(Silva B.A. et al., 2008), 11.34 ± 0.04 µM (Ramos et al., 2008)
and 10.37 ± 1.53 µg/mL (Dok-Go et al., 2003)] and AAPH
(EC50 = 29.4 ± 2.29 µM), lipid peroxidation inhibition potential
(EC50 = 0.08 ± 1.90 µM; Silva B.A. et al., 2008) and inhibitory
effect on NO synthase in a concentration-dependent manner,
determined in rat cerebral homogenate and blood (IC50 = 63.06
and 57.54 µM, respectively; Luo et al., 2004).
Despite its beneficial activities, quercetin has also been
reported to have toxic effects (Dok-Go et al., 2003; Arredondo
et al., 2004, 2010; Boots et al., 2008; Ansari et al., 2009),
being consequently important, to define, the therapeutical
concentration of this compound (Ansari et al., 2009), for
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different pathologies, in order to maximize positive and minimize
deleterious effects. It’s also relevant to refer that studies of in vivo
quercetin’s neuroprotective activity remains controversial which
can be due to the failure to examine prolonged exposures to
micromolar levels of the flavonol and a required unattainable
in vivo concentration (Ossola et al., 2009; Dajas, 2012).

Hyperoside
Hyperoside is the main active component of H. perforatum
(Silva B.A. et al., 2008). Despite this, its neuroprotective activity
has not been explored. Liu et al. (2005) evaluated hyperoside’s
ability to prevent ROS generation and diminishing neuronal
damage, in PC12 cells. Alone, hyperoside promoted the growth
rate of the cells among the concentrations of 10–180 µg/mL,
markedly between 10 and 120 µg/mL. As for its cytoprotective
activity, hyperoside was effective preventing t-BOOH- and
H2 O2 -induced toxicity, in a dose dependent manner, with the
best improvement for 175% of control group at 160 µg/mL
and 177% of control group at 100 µg/mL. These results were
concordant to those of flow cytometry assay, where apoptotic
cells formed via t-BOOH- and H2 O2 -induced toxicity were
measured (sub-G1 peak). Hyperoside (160 and 100 µg/mL)
attenuated cell death via apoptosis to 1.0 and 1.3%, respectively
(Abbott, 2002). Protective properties of hyperoside in amyloidβ(25−35) -induced toxicity, in primary cortical rat neurons, were
also studied. After exposure to amyloid-β(25−35) (20 µM) for
24 h cell viability decreased to 63.1 ± 3.2%. Pretreatment for
30 min with hyperoside 5, 10, and 20 µM significantly increased
cell viability [p < 0.05 for 5 and 10 µM and p < 0.01 for
20 µM, in comparison with amyloid-β(25−35) treatment group].
Morphological analysis of the cells supported these results,
with an effective reversion of amyloid-β(25−35) neurite injury
(observed as neurite loss and cleavage) after pretreatment with
hyperoside (2.5, 5, 10, and 20 µM). Apoptosis was also reverted
in a dose dependent manner, after pretreatment with hyperoside,
by reversing the amyloid-β-induced mitochondrial disfunction,
including mitochondrial membrane potential decrease, ROS
production, and mitochondrial release of cytochrome c. Caspase9 and caspase-3 activities were also significantly inhibited
(p < 0.01), after pretreatment with hyperoside (5, 10, and
20 µM) and amyloid-β(25−35) -induced injury. Further study
indicated that hyperoside can activate PI3K/Akt signaling,
resulting in inhibition of Bad–BclXL interaction, without
intervening in Bad–Bcl-2 interaction. It was concluded that
hyperoside can protect amyloid-β(25−35) -induced injury in
primary cultured cortical neurons via PI3K/Akt/Bad/BclXL regulated mitochondrial apoptotic pathway (Zeng et al., 2011).
In the same biological model, the neuroprotective activity of
hyperoside was investigated, by using an in vitro ischemic model
of oxygen-glucose deprivation followed by reperfusion (OGD-R).
Pretreatment with hyperoside (3, 10, 30, and 100 µM) for 24 h
was able to significantly protect cultured cortical neurons from
OGD-R injury (p < 0.05 for 3 µM and p < 0.01 for 10, 30, and
100 µM, in comparison to OGD-R group). In order to investigate
the protective effect of hyperoside in neuronal excitotoxicity
that can occur after OGD-R injury, cultured cortical neurons
were exposed to glutamate 200 µM combined with glycine
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10 µM for 2 h, followed by 24 h reperfusion. Pretreatment with
hyperoside 24 h prior to the glutamate-exposure reversed the
degradation of cell viability in a concentration dependent manner
and significantly increased the neuronal survival rate (p < 0.05
for 1 µM and p < 0.01 for 3, 10, 30, and 100 µM in comparison
to glutamate-exposure group). Hyperoside (10 µM) also relieved
NMDA receptor-induced [Ca2+ ]i elevation (p < 0.01, compared
to NMDA group). NMDA receptor mediates Ca2+ influx, which
is responsible for excitotoxicity (Liu et al., 2012). As for possible
related mechanisms, the authors describe attenuation of CaMKII
phosphorylation caused by OGD-R lesions. Hyperoside also
lessened iNOS expression induced by OGD-R via inhibition of
Nf-kB activation and ameliorated extracellular signal-regulated
kinase, c-Jun NH2 -terminal kinase, and Bcl-2 family-related
apoptotic signaling pathways (Liu et al., 2012), related to NO
signaling pathway.
As for its antioxidant activity, hyperoside is known for its
ROS scavenging activity (Liu et al., 2005). It has active antiradical
activity on DPPH (EC50 = 6.38 ± 1.06 µM) and APPH
(EC50 = 11.5 ± 1.76 µM), lipid peroxidation inhibition potential
(EC50 = 5.37 ± 1.05 µM; Silva B.A. et al., 2008) and inhibitory
effect on NO synthase in a concentration-dependent manner,
determined in rat cerebral homogenate and blood (IC50 = 56.23
and 158.49 µM, respectively; Luo et al., 2004).

on amyloid-β(25−35) -induced ROS accumulation. It was
hypothesized that a long exposure of cells to quercitrin could
alter intracellular antioxidant defense system, including the
production of GSH, SOD, and GPx. However, only GPx
significantly increased its activity after co-exposure to quercitrin
and amyloid-β(25−35) (p < 0.05; Rattanajarasroj and Unchern,
2010).
Antioxidant activities of quercitrin have also been reported
through its antiradical activity on DPPH (EC50 = 13.0 ±
1.10 µM) and lipid peroxidation inhibition potential (Wagner
et al., 2006; Silva B.A. et al., 2008; EC50 = 7.33 ± 1.16 µM; Silva
B.A. et al., 2008).

Rutin
Neuroprotective properties of rutin, a flavonoid with a wide
range of biological activities, have been investigated. Wang et al.
(2012) studied the interference of rutin in the pathogenic factors
of Alzheimer’s disease. Morphological analysis of amyloid-β
fibrillization revealed that amyloid-β42 co-incubation with rutin
200 µM inhibited by more than 95% fibril formation. In
SH-SY5Y cells rutin 20 µM significantly inhibited amyloidβ42 cytotoxicity (p < 0.05), also restoring cells fluorescent
intensity ratio value in a concentration-dependent manner, which
is, according to the authors, indicative of an attenuation of
amyloid-β42 -induced mitochondrial dysfunction. In order to
determine rutin’s ability to protect against an oxidative damage,
SH-SY5Y cells were treated with amyloid-β42 , in the presence
and absence of rutin. The flavonoid decreased amyloid-β42 induced ROS production in a concentration dependent-manner,
with a significant inhibition when rutin 8 µM was employed
(p < 0.05). Likewise, MDA levels were significantly decreased
with rutin 0.8 and 8 µM (p < 0.05). Regarding the regulatory
effect of rutin on GSH content, rutin 0.8 and 8 µM increased,
in a concentration-dependent manner, GSH content of BV-2
microglial cells and decreased GSSG levels. The GSH/GSSG
ratios were also decreased by amyloid-β42 and increased with the
addition of rutin 8 µM (p < 0.05). Rutin’s effects on aldehyde
dehydrogenase 2 (enzyme which metabolizes acetaldehyde into
non-toxic acetate; ALDH2) activity in HT22 cells were also
studied. Pretreatment with rutin 1 µg/mL, significantly inhibited
ethanol-induced cell death (p < 0.01). Co-treatment with rutin
also significantly reversed ethanol-increased Bax (p < 0.05,
compared with ethanol), caspase 3 activity, and decreased Bcl2 and Bcl-xL protein expression (p < 0.01, compared with
ethanol). In order to clarify the mechanisms involved in rutin’s
protective effects, an ALDH2 inhibitor, daidizin, was employed.
Taking into account that pretreatment with rutin also lowered
cytochrome c expression (involved in ethanol-induced apoptosis
in HT22 cells; p < 0.01) and increased ALDH2 expression, it is
concluded that rutin protects HT22 cells against ethanol-induced
neurotoxicity by increasing ALDH2 activity (Song et al., 2014).
Nakayama et al. also investigated the effects of rutin under the
three types of stress conditions mentioned above. Regarding
hypoxia stress, the retinal ganglion cells survival rate was reduced
in cells without rutin 56.0 ± 3.1%. Treatment with rutin 1, 10,
and 100 nM significantly increased retinal ganglion cell viability
(p < 0.05). As for glutamate-induced cell death similar results

Quercitrin
Quercitrin is thought to possibly overcome quercetin in
its antioxidant and neuroprotective activity due to its high
bioavailability in the digestive track (Hollman et al., 1995).
Despite this, few studies have been published focusing on
the neuroprotective activity of quercitrin. Rattanajarasroj and
Unchern (2010) studied the neuroprotective effects of quercitrin
on amyloid-β(25−35) -induced injury in cultured hippocampal
rat neurons, as well as its possible mechanisms. Co-incubation
of quercitrin (50 and 100 µM) and amyloid-β(25−35) for 72 h
significantly increased cell viability (p < 0.01), in comparison
to cells only subjected to amyloid-β(25−35) injury. These results
were supported by the analysis of cell death, through LDH
leakage assay. Here and in all experimental conditions, the
magnitude of cell death was correlated with the percentage of cell
viability in a complementary manner. Neuroprotective potential
of quercitrin, using a rat primary-isolated retinal ganglion cells
cultured under three types of stress conditions: hypoxia, excessive
glutamate levels, and oxidative stress, was also evaluated. After
12 h of hypoxia stress, the retinal ganglion cells survival
rate was reduced in cells without quercitrin to 55.5 ± 10%.
Treatment with quercitrin 100 nM and 1 µM significantly
increased retinal ganglion cell viability (p < 0.05; Nakayama et al.,
2011). Regarding glutamate-induced cell death similar results
were verified, with the quercitrin-treated retinal ganglion cells
[increase in cell viability, in the same concentrations referred
above (p < 0.05)].
As for its antioxidant activity, co-exposure of quercitrin
(50 and 100 µM) and amyloid-β(25−35) for 72 h significantly
decreased cellular lipid peroxidation in a concentration
dependent manner (p < 0.05, compared to amyloid-β(25−35) exposure group). There were, however, no significant effects
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demonstrated to be less active than quercetin, which could be
related to its lower bioavailability (Alia et al., 2006).
As to in vivo studies, antioxidant activities have also been
reported (La Casa et al., 2000; Kamalakkannan and Stanely
Mainzen Prince, 2006; Khan et al., 2009; Xu et al., 2014).
Pre-treating Wistar rats with rutin (25 mg/kg, for 21 days)
significantly restored (p < 0.05) GSH, GPx, GR, SOD, and CAT in
hippocampus (GPx – from −35.69 to 31.31%; GR – from −45.12
to 48.65%; SOD – from −45.18 to 39.42%; CAT – from −54.28 to
66.96%) and frontal cortex (GPx – from −41.53 to 45.56%; GR –
from −46.36 to 36.53%; SOD – from −50.51 to 68.73%; CAT –
from −55.95 to 43.80%), in comparison to lesioned rats (Khan
et al., 2009).
Antioxidant activities of rutin have also been reported through
its antiradical activity on DPPH [Ramos et al., 2008; Silva B.A.
et al., 2008; Yang et al., 2008; EC50 = 11.3 ± 1.06 µM (Silva
B.A. et al., 2008) IC50 = 18.27 ± 0.62 µM (Ramos et al., 2008)],
AAPH [EC50 = 31.5 ± 4.93 µM (Silva B.A. et al., 2008)], lipid
peroxidation inhibition potential (EC50 = 8.98 ± 1.03 µM) and
scavenging of superoxide radicals (IC50 = 0,13 mg/mL) and
hydrogen peroxide (IC50 = 24 µg/mL; Yang et al., 2008).

were verified [increase in cell viability, in the same concentrations
referred above (p < 0.05)]. Under oxidative stress conditions,
the activity of caspase-3 and calpain were studied, in order to
investigate the effect of rutin in apoptotic and necrotic cell death
signaling, respectively. Calpains are a family of cytosolic cysteine
proteinases whose enzymatic activities depend on Ca2+ and are
believed to function in various biological processes, including cell
death, more specifically, necrosis. Rutin at final concentrations
of 1, 10, and 100 nM showed significant reduction of caspase-3
activity under hypoxia and by glutamate stress (p < 0.05) and
of calpain activity by oxidative stress (p < 0.05; Goll et al., 2003;
Nakayama et al., 2011).
Khan et al. (2009) investigated the protective effects of rutin
on cerebral ischemia on Wistar rats. Pretreatment with rutin
(25 mg/kg, for 21 days) protected the animals from motor
deficit and lead to recovered motor coordination (p < 0.05,
in comparison with the lesion group), improving, therefore,
the neurological outcomes. It was also verified a significant
attenuation (p < 0.05) on thiobarbituric acid reactive species,
H2 O2 levels and protein carbonyl content, in comparison to
lesioned rats. Morphological analysis of rats’ brains revealed that
activation of p53 up-regulation (associated with neuronal cell
death in cerebral ischemia) was also attenuated by rutin. These
results lead the authors to conclude that rutin offered significant
protection on middle cerebral artery occlusion rats, probably
due to inhibition of neurological deficit, lipid peroxidation,
p53 expression and increase in endogenous antioxidant defense
enzymes (data shown downward), evoking neuroprotection to
the degenerating dopaminergic neurons (Khan et al., 2012).
Taking the previous results into consideration, Khan et al.
(2012) investigated the neuroprotective activity of rutin on 6OHDA-induced Parkinson’s disease in rats. Similar results were
obtained concerning the rutin’s protective activity, leading the
authors to suggest that the consumption of rutin may have
positive effects on the prevention on neurological disorders,
such as Parkinson’s disease. Regarding Alzheimer’s disease and
in following the study of Wang et al. (2012) and Xu et al.
(2014) investigated the effects of rutin on APPswe/PS1dE9
transgenic mice. These animals overproduce human amyloid-β40
and amyloid-β42 , also developing progressive cerebral β-amyloid
deposit and learning and memory impairment, being considered
animal models for Alzheimer’s disease (Garcia-Alloza et al.,
2006). Oral administration of rutin (100 mg/kg for 6 weeks)
significantly attenuated memory deficits, associated with the
reduction in β-amyloid oligomer formation. It also improved
spatial memory (p < 0.05, compared with disease’s control group)
in transgenic mice. Similarly to in vitro studied performed by
Wang et al. (2012), there was also reported a protective activity
by rutin in the attenuation on β-amyloid-induced oxidative stress
and lipid peroxidation. Rutin was also able to reduce neuroinflammation in transgenic mice by attenuating microgliosis and
astrocytosis (Xu et al., 2014).
Rutin is considered to have powerful antioxidant capacity
against several antioxidant in vitro systems, being a concentration
dependent property (Yang et al., 2008). Alike quercetin, in HepG2
cells, rutin 100 µM significantly increased intracellular GSH
(52 ± 2 ng/mg/protein; p < 0.05). Despite its similar effects, rutin
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Hypericin
The effect of hypericin (neuroprotection or apoptosis) on the
transcription factor NF-kB, which is involved in regulation of
genes relevant in several cellular processes, like neuronal survival
and inflammatory response, has been accessed (Kaltschmidt
et al., 2002). One hour treatment of cerebellar granule cells
with 0.1 µM hypericin resulted in activation of NF-kB, which
is further enhanced with 1 or 10 µM hypericin. Despite of
the hypothesis that long-lasting activation of the transcription
factor would result in neuroprotection, a 24 h treatment with
different hypericin concentrations lead to a loss of the NFkB activation previously observed. Basing on these results the
authors investigated the effect of hypericin in Fe2+ ion-induced
cell death. While low concentrations of hypericin (0.1 and 1 µM)
had no effect on cell survival, 10 µM exerted cell death up to 100%
after 24 h treatment, having therefore a synergistic effect with
Fe2+ . It was concluded that stimulus like hypericin, depending on
the gene promoters that are activated, may have a neuroprotective
therefore anti- or apoptotic activity (Kaltschmidt et al., 2002).
Low antioxidant activity of hypericin have been reported
through its lipid peroxidation inhibition potential (EC50 = 21.0
± 2.86 µM; Silva B.A. et al., 2008).

Kaempferol
Filomeni et al. (2012) studied the ability of kaempferol to protect
SH-SY5Y cells and primary neurons from rotenone-induced
toxicity. Pre-treating cells with kaempferol 30 µM for 1 h prior
to a 1 µM rotenone-insult significantly counteracted rotenoneinduced toxicity (p < 0.01). Microscopic morphologic analysis
indicated that kaempferol was able to inhibit rotenone-induced
round shape phenotype and cell detachment, characteristics of
apoptotic process. At a molecular level, kaempferol was proven to
significantly inhibit rotenone-induced caspase-3 and -9 cleavage
(p < 0.001). Kaempferol was also able to preserve and restore
mitochondrial function upon rotenone-mediated challenge, at
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least if provided before caspases activation, within upon 12 h.
Underlying kaempferol protective activity was its autophagic’s
ability, prior demonstrated in carcinoma cells by altering cellular
energetics. The authors conclude that this maintained at lower
doses and protects neuronal cells against from rotenone-induced
toxicity. Note that autophagy has been observed to be deregulated
in Parkinson’s disease (Chu et al., 2009; Filomeni et al., 2010,
2012).
Kaempferol was also investigated for its ability to protect
neurons from excitotoxicity and mitochondrial dysfunction.
Results were similar to those of quercetin, what lead the authors
to conclude for a possible neuroprotective activity induced by the
antioxidant properties of these compounds (Silva B. et al., 2008).
Antioxidant activities of kaempferol have been reported
through its antiradical activity on DPPH (EC50 = 21.3 ±
1.04 µM) and lipid peroxidation inhibition potential
(EC50 = 0.69 ± 1.62 µM; Silva B.A. et al., 2008).

properties, being potentially considered as an antidementia
compound (Klusa et al., 2001).
In vivo and in transgenic mice, Dinamarca et al. (2008) verified
that IDN 5706 was able to remove the acetylcholinesterase
present in the plaques and improved the animal behavior,
indicating that the presence of the enzyme was correlated to the
behavioral impairment observed.
In a subsequent work, Inestrosa et al. (2011) studied the
in vivo effects of IDN 5706 on β-amyloid neurotoxicity using
young transgenic mice. Five months old mice were treated
for 10 weeks, tested for spatial memory and their brains
analyzed through several techniques. The authors reported that
IDN 5706 significantly reduced spatial memory impairments,
tau hyperphosphorylation, β-amyloid oligomer accumulation
and increased long-term potentiation, suggesting that this
compounds could be a novel pharmacological tool for the
treatment of Alzheimer’s disease (Inestrosa et al., 2011).

Biapigenin

CONCLUSION

Biapigenin is a sparingly studied compound for its possible
neuroprotective activity. It was studied (as well as quercetin and
kaempferol) its ability to protect neurons from excitotoxicity and
mitochondrial dysfunction. Besides the results already described,
that were similar for biapigenin, this biflavone significantly
affects mitochondrial bioenergetics (p < 0.001, in comparison
to insult) and decreased the mitochondria’s ability to accumulate
calcium (p < 0.05, in comparison to control; Silva B. et al.,
2008). Biapigenin modulates the mitochondrial permeability
transition pore, reducing calcium burden and contributing
against excitotoxic insults (Silva et al., 2010).
Antioxidant activities of biapigenin have been reported
through its lipid peroxidation inhibition potential (EC50 = 5.10
± 1.11 µM; Silva B.A. et al., 2008).

Hypericum perforatum has been used in traditional medicine
for several hundred years. Despite of not fully studied or
understood, the extract and isolated compounds of this plant have
demonstrated neuroprotective activities. Neuroprotection can be
achieved by a direct action on one or several mechanisms, such
as an anti-apoptotic effect, or indirectly, through antioxidant
properties. Chemically, structure-activity relationships suggest
that sugar side chain of flavonoids might be important for
neuroprotective activities (Nakayama et al., 2011) and multiple
hydroxyl groups confer these compounds substantial antioxidant
properties (Heim et al., 2002). Taken together, the data collected
suggests a protective effect of H. perforatum and some of its
major compounds in neurotoxicity, thus a possible beneficial
activity in neurodegenerative disorders, such as Alzheimer’s and
Parkinson’s disease. Nonetheless, further studies are needed to
fully understand and characterize the activity of this plant and
its compounds and its possible therapeutic activity.

Hyperforin
Hyperforin is the major lipophilic constituent of H. perforatum
(Albert et al., 2002) and considered the major active compound
for the anti-depressant activity (Singer et al., 1999).
Dinamarca et al. (2008) studied the ability of a hyperforin
synthetic analog, tetrahydroperforin (IDN 5706) on the reduction
of β-amyloid deposition and the improvement of spatial
learning acquisition, destabilizing amyloidβ -acetylcholinesterase
interaction. It is important to refer that in vivo and in vitro
studies are indicative of an enhancement of amyloidβ aggregation
and amyloid fibril formation by acetylcholinesterase (Dinamarca
et al., 2008). This study showed that IDN 5706 decreased the
formation of β-amyloid fibrils in vitro, depolymerizing them.
An oral administration of 1.25 mg/kg/day, for 7 days, in
rats, improved learning ability from the second day onward.
Additionally the memory of the learned responses acquired
during the administration time and training was retained after
9 days without further treatment or training. Klusa et al.
(2001) also verified that on mice, a single dose of 1.25 mg/kg
of hyperforin improved memory acquisition and consolidation
and completely reversed scopolamine-induced amnesia. The
authors concluded that hyperforin possesses memory enhancing

Frontiers in Plant Science | www.frontiersin.org

AUTHOR CONTRIBUTIONS
All authors contributed on the conception and design of the
work. AO and CP specifically intervened on the acquisition and
interpretation of data and AO, BS, and AD collaborated on the
structure of the work. AO was the main responsible for drafting.
CP, BS, and AD critically revised it. All authors approved the final
version of this work and agree to be accountable for all aspects of
the work.

ACKNOWLEDGMENTS
This work was supported by Fundação para a Ciência e
Tecnologia (FCT), projects PTDC/AGR-ALI/105169/2008, PEstOE/AGR/UI4033/2014. AO was supported by Escola Superior de
Tecnologia da Saúde do Porto and Instituto Politécnico do Porto
(Programa de Formação Avançada de Docentes).

11

July 2016 | Volume 7 | Article 1004

Oliveira et al.

Neuroprotective Activity of Hypericum perforatum

REFERENCES

Borrelli, F., and Izzo, A. A. (2009). Herb-drug interactions with St John’s wort
(Hypericum perforatum): an update on clinical observations. AAPS J. 11, 710–
727. doi: 10.1208/s12248-009-9146-8
Breyer, A., Elstner, M., Gillessen, T., Weiser, D., and Elstner, E. (2007). Glutamateinduced cell death in neuronal HT22 cells is attenuated by extracts from
St. John’s wort (Hypericum perforatum L.). Phytomedicine 14, 250–255. doi:
10.1016/j.phymed.2007.02.001
Brunet, A., Datta, S. R., and Greenberg, M. E. (2001). Transcription-dependent and
-independent control of neuronal survival by the PI3K-Akt signaling pathway.
Curr. Opin. Neurobiol. 11, 297–305. doi: 10.1016/S0959-4388(00)00211-7
Butterfield, D. A., Reed, T., Newman, S. F., and Sultana, R. (2007). Roles of amyloid
beta-peptide-associated oxidative stress and brain protein modifications in the
pathogenesis of Alzheimer’s disease and mild cognitive impairment. Free Radic.
Biol. Med. 43, 658–677. doi: 10.1016/j.freeradbiomed.2007.05.037
Butterweck, V. (2003). Mechanism of action of St John’s wort in depression : what
is known? CNS Drugs 17, 539–562. doi: 10.2165/00023210-200317080-00001
Butterweck, V., and Schmidt, M. (2007). St. John’s wort: role of active compounds
for its mechanism of action and efficacy. Wien Med Wochenschr 157, 356–361.
doi: 10.1007/s10354-007-0440-8
Chatterjee, S. S., Bhattacharya, S. K., Wonnemann, M., Singer, A., and Muller,
W. E. (1998). Hyperforin as a possible antidepressant component of hypericum
extracts. Life Sci. 63, 499–510. doi: 10.1016/S0024-3205(98)00299-9
Cheung, Z. H., Chan, Y. M., Siu, F. K., Yip, H. K., Wu, W., Leung, M. C., et al.
(2004). Regulation of caspase activation in axotomized retinal ganglion cells.
Mol. Cell. Neurosci. 25, 383–393. doi: 10.1016/j.mcn.2003.11.001
Cheung, Z. H., Leung, M. C., Yip, H. K., Wu, W., Siu, F. K., and So, K. F. (2008).
A neuroprotective herbal mixture inhibits caspase-3-independent apoptosis in
retinal ganglion cells. Cell Mol. Neurobiol. 28, 137–155. doi: 10.1007/s10571007-9175-8
Cheung, Z. H., So, K. F., Lu, Q., Yip, H. K., Wu, W., Shan, J. J., et al.
(2002). Enhanced survival and regeneration of axotomized retinal ganglion
cells by a mixture of herbal extracts. J. Neurotrauma 19, 369–378. doi:
10.1089/089771502753594936
Chu, Y., Dodiya, H., Aebischer, P., Olanow, C. W., and Kordower, J. H. (2009).
Alterations in lysosomal and proteasomal markers in Parkinson’s disease:
relationship to alpha-synuclein inclusions. Neurobiol. Dis. 35, 385–398. doi:
10.1016/j.nbd.2009.05.023
Cohen, G. M. (1997). Caspases: the executioners of apoptosis. Biochem. J. 326( Pt
1), 1–16. doi: 10.1042/bj3260001
Dajas, F. (2012). Life or death: neuroprotective and anticancer effects of quercetin.
J. Ethnopharmacol. 143, 383–396. doi: 10.1016/j.jep.2012.07.005
De Vry, J., Maurel, S., Schreiber, R., de Beun, R., and Jentzsch, K. R. (1999).
Comparison of hypericum extracts with imipramine and fluoxetine in animal
models of depression and alcoholism. Eur. Neuropsychopharmacol. 9, 461–468.
doi: 10.1016/S0924-977X(99)00005-X
Deane, R., Bell, R. D., Sagare, A., and Zlokovic, B. V. (2009). Clearance of
amyloid-beta peptide across the blood-brain barrier: implication for therapies
in Alzheimer’s disease. CNS Neurol. Disord. Drug Targets 8, 16–30. doi:
10.2174/187152709787601867
Dinamarca, M. C., Arrázola, M., Toledo, E., Cerpa, W. F., Hancke, J., Inestrosa,
N. C., et al. (2008). Release of acethylcolinesterase (AChE) from β-amyloid
plaques assemblies te spatial memory impairments in APP-transgenic mice.
Chem. Biol. Interact. 175, 142–149. doi: 10.1016/j.cbi.2008.05.026
Dok-Go, H., Lee, K. H., Kim, H. J., Lee, E. H., Lee, J., Song, Y. S.,
et al. (2003). Neuroprotective effects of antioxidative flavonoids, quercetin,
(+) dihydroquercetin and quercetin 3-methyl ether, isolated from Opuntia
ficus-indica var. saboten. Brain Res. 965, 130–136. doi: 10.1016/S00068993(02)04150-1
Dona, M., Dell’Aica, I., Pezzato, E., Sartor, L., Calabrese, F., Della Barbera, M.,
et al. (2004). Hyperforin inhibits cancer invasion and metastasis. Cancer Res.
64, 6225–6232. doi: 10.1158/0008-5472.CAN-04-0280
Dostalek, M., Pistovcakova, J., Jurica, J., Tomandl, J., Linhart, I., Sulcova, A., et al.
(2005). Effect of St John’s wort (Hypericum perforatum) on cytochrome P-450
activity in perfused rat liver. Life Sci. 78, 239–244. doi: 10.1016/j.lfs.2005.04.055
El-Sherbiny, D. A., Khalifa, A. E., Attia, A. S., and Eldenshary Eel, D. (2003).
Hypericum perforatum extract demonstrates antioxidant properties against
elevated rat brain oxidative status induced by amnestic dose of scopolamine.
Pharmacol. Biochem. Behav. 76, 525–533. doi: 10.1016/j.pbb.2003.09.014

Abbott, N. J. (2002). Astrocyte-endothelial interactions and blood-brain barrier
permeability. J. Anat. 200, 629–638. doi: 10.1046/j.1469-7580.2002.00064.x
Agostinis, P., Vantieghem, A., Merlevede, W., and de Witte, P. A. (2002). Hypericin
in cancer treatment: more light on the way. Int. J. Biochem. Cell Biol. 34,
221–241. doi: 10.1016/S1357-2725(01)00126-1
Akiyama, H., Barger, S., Barnum, S., Bradt, B., Bauer, J., Cole, G. M., et al.
(2000). Inflammation and Alzheimer’s disease. Neurobiol. Aging 21, 383–421.
doi: 10.1016/S0197-4580(00)00124-X
Albert, D., Zundorf, I., Dingermann, T., Muller, W. E., Steinhilber, D., and Werz, O.
(2002). Hyperforin is a dual inhibitor of cyclooxygenase-1 and 5-lipoxygenase.
Biochem. Pharmacol. 64, 1767–1775. doi: 10.1016/S0006-2952(02)01387-4
Alia, M., Mateos, R., Ramos, S., Lecumberri, E., Bravo, L., and Goya, L. (2006).
Influence of quercetin and rutin on growth and antioxidant defense system
of a human hepatoma cell line (HepG2). Eur. J. Nutr. 45, 19–28. doi:
10.1007/s00394-005-0558-7
Altun, M. L., Yilmaz, B. S., Orhan, I. E., and Citoglu, G. S. (2013).
Assessment of cholinesterase and tyrosinase inhibitory and antioxidant effects
of Hypericum perforatum L. (St. John’s wort). Ind. Crops Prod. 43, 87–92. doi:
10.1016/j.indcrop.2012.07.017
Ankarcrona, M., Dypbukt, J. M., Bonfoco, E., Zhivotovsky, B., Orrenius, S., Lipton,
S. A., et al. (1995). Glutamate-induced neuronal death: a succession of necrosis
or apoptosis depending on mitochondrial function. Neuron 15, 961–973. doi:
10.1016/0896-6273(95)90186-8
Ansari, M. A., Abdul, H. M., Joshi, G., Opii, W. O., and Butterfield, D. A.
(2009). Protective effect of quercetin in primary neurons against Abeta(142): relevance to Alzheimer’s disease. J. Nutr. Biochem. 20, 269–275. doi:
10.1016/j.jnutbio.2008.03.002
Arredondo, F., Echeverry, C., Abin-Carriquiry, J. A., Blasina, F., Antunez, K.,
Jones, D. P., et al. (2010). After cellular internalization, quercetin causes
Nrf2 nuclear translocation, increases glutathione levels, and prevents neuronal
death against an oxidative insult. Free Radic. Biol. Med. 49, 738–747. doi:
10.1016/j.freeradbiomed.2010.05.020
Arredondo, M. F., Blasina, F., Echeverry, C., Morquio, A., Ferreira, M., AbinCarriquiry, J. A., et al. (2004). Cytoprotection by Achyrocline satureioides
(Lam) D.C. and some of its main flavonoids against oxidative stress.
J. Ethnopharmacol. 91, 13–20. doi: 10.1016/j.jep.2003.11.012
Asanuma, M., Miyazaki, I., and Ogawa, N. (2003). Dopamine- or L-DOPAinduced neurotoxicity: the role of dopamine quinone formation and
tyrosinase in a model of Parkinson’s disease. Neurotox. Res. 5, 165–176. doi:
10.1007/BF03033137
Bains, J. C., and Shaw, C. A. (1997). Neurodegenerative disorders in humans: the
role of glutathione in oxidative stress-mediated neuronal death. Brain Res. Rev.
25, 335–358. doi: 10.1016/S0165-0173(97)00045-3
Ball, S. E., Forrester, L. M., Wolf, C. R., and Back, D. J. (1990). Differences in the
cytochrome P-450 isoenzymes involved in the 2-hydroxylation of oestradiol and
17 alpha-ethinyloestradiol. Relative activities of rat and human liver enzymes.
Biochem. J. 267, 221–226. doi: 10.1042/bj2670221
Barnes, J., Anderson, L. A., and Phillipson, J. D. (2001). St John’s wort (Hypericum
perforatum L.): a review of its chemistry, pharmacology and clinical properties.
J. Pharm. Pharmacol. 53, 583–600. doi: 10.1211/0022357011775910
Behl, C. (1999). Alzheimer’s disease and oxidative stress: implications for novel
therapeutic approaches. Prog. Neurobiol. 57, 301–323. doi: 10.1016/S03010082(98)00055-0
Behl, C., and Moosmann, B. (2002). Antioxidant neuroprotection in Alzheimer’s
disease as preventive and therapeutic approach. Free Radic. Biol. Med. 33,
182–191. doi: 10.1016/S0891-5849(02)00883-3
Behnke, K., Jensen, G. S., Graubaum, H. J., and Gruenwald, J. (2002). Hypericum
perforatum versus fluoxetine in the treatment of mild to moderate depression.
Adv. Ther. 19, 43–52. doi: 10.1007/BF02850017
Benedi, J., Arroyo, R., Romero, C., Martin-Aragon, S., and Villar, A. M. (2004).
Antioxidant properties and protective effects of a standardized extract of
Hypericum perforatum on hydrogen peroxide-induced oxidative damage in
PC12 cells. Life Sci. 75, 1263–1276. doi: 10.1016/j.lfs.2004.05.001
Boots, A. W., Haenen, G. R., and Bast, A. (2008). Health effects of quercetin:
from antioxidant to nutraceutical. Eur. J. Pharmacol. 585, 325–337. doi:
10.1016/j.ejphar.2008.03.008

Frontiers in Plant Science | www.frontiersin.org

12

July 2016 | Volume 7 | Article 1004

Oliveira et al.

Neuroprotective Activity of Hypericum perforatum

hydrogen peroxide-induced apoptosis on human neuroblastoma cells. Neurosci.
Lett. 329, 177–180. doi: 10.1016/S0304-3940(02)00644-4
Kaltschmidt, B., Heinrich, M., and Kaltschmidt, C. (2002). Stimulus-dependent
activation of NF-kappaB specifies apoptosis or neuroprotection in cerebellar
granule cells. Neuromol. Med. 2, 299–309. doi: 10.1385/NMM:2:3:299
Kamalakkannan, N., and Stanely Mainzen Prince, P. (2006). Rutin improves the
antioxidant status in streptozotocin-induced diabetic rat tissues. Mol. Cell.
Biochem. 293, 211–219. doi: 10.1007/s11010-006-9244-1
Karioti, A., and Bilia, A. R. (2010). Hypericins as potential leads for new
therapeutics. Int. J. Mol. Sci. 11, 562–594. doi: 10.3390/ijms11020562
Karminsky, L. S., and Zhang, Z. Y. (1997). Human P450 metabolism of warfarin.
Pharmacol. Ther. 73, 67–74. doi: 10.1016/S0163-7258(96)00140-4
Khan, M. M., Ahmad, A., Ishrat, T., Khuwaja, G., Srivastawa, P., Khan, M. B., et al.
(2009). Rutin protects the neural damage induced by transient focal ischemia in
rats. Brain Res. 1292, 123–135. doi: 10.1016/j.brainres.2009.07.026
Khan, M. M., Raza, S. S., Javed, H., Ahmad, A., Khan, A., Islam, F., et al. (2012).
Rutin protects dopaminergic neurons from oxidative stress in an animal model
of Parkinson’s disease. Neurotox. Res. 22, 1–15. doi: 10.1007/s12640-011-9295-2
Khawaja, I. S., Marotta, R. F., and Lippmann, S. (1999). Herbal medicines as a factor
in delirium. Psychiatr. Serv. 50, 969–970. doi: 10.1176/ps.50.7.969a
Klusa, V., Germane, S., Noldner, M., and Chaterjee, S. S. (2001). Hypericum
extract and hyperforin: memory – enhancing properties in rodents.
Pharmacopsychiatry 34(Suppl. 1), S61–S69. doi: 10.1055/s-2001-15451
Knuppel, L., and Linde, K. (2004). Adverse effects of St. John’s Wort: a systematic
review. J. Clin. Psychiatry 65, 1470–1479. doi: 10.4088/JCP.v65n1105
Kraus, B., Wolff, H., Heilmann, J., and Elstner, E. F. (2007). Influence of Hypericum
perforatum extract and its single compounds on amyloid-beta mediated toxicity
in microglial cells. Life Sci. 81, 884–894. doi: 10.1016/j.lfs.2007.07.020
Kubin, A., Wierrani, F., Burner, U., Alth, G., and Grunberger, W. (2005).
Hypericin–the facts about a controversial agent. Curr. Pharm. Des. 11, 233–253.
doi: 10.2174/1381612053382287
La Casa, C., Villegas, I., Alarcon de la Lastra, C., Motilva, V., and Martin Calero,
M. J. (2000). Evidence for protective and antioxidant properties of rutin, a
natural flavone, against ethanol induced gastric lesions. J. Ethnopharmacol. 71,
45–53. doi: 10.1016/S0378-8741(99)00174-9
Lin, Y. C., Uang, H. W., Lin, R. J., Chen, I. J., and Lo, Y. C. (2007).
Neuroprotective effects of glyceryl nonivamide against microglia-like
cells and 6-hydroxydopamine-induced neurotoxicity in SH-SY5Y human
dopaminergic neuroblastoma cells. J. Pharmacol. Exp. Ther. 323, 877–887. doi:
10.1124/jpet.107.125955
Linde, K. (2009). St. John’s wort - an overview. Forsch. Komplementmed. 16,
146–155. doi: 10.1159/000209290
Linde, K., Berner, M., Egger, M., and Mulrow, C. (2005). St John’s wort for
depression: meta-analysis of randomised controlled trials. Br. J. Psychiatry 186,
99–107. doi: 10.1192/bjp.186.2.99
Liu, R., Zhang, T. T., Zhou, D., Bai, X. Y., Zhou, W. L., Huang, C.,
et al. (2013). Quercetin protects against the Abeta(25-35)-induced
amnesic injury: involvement of inactivation of rage-mediated pathway
and conservation of the NVU. Neuropharmacology 67, 419–431. doi:
10.1016/j.neuropharm.2012.11.018
Liu, R. L., Xiong, Q. J., Shu, Q., Wu, W. N., Cheng, J., Fu, H., et al.
(2012). Hyperoside protects cortical neurons from oxygen-glucose deprivationreperfusion induced injury via nitric oxide signal pathway. Brain Res. 1469,
164–173. doi: 10.1016/j.brainres.2012.06.044
Liu, Z., Tao, X., Zhang, C., Lu, Y., and Wei, D. (2005). Protective effects
of hyperoside (quercetin-3-o-galactoside) to PC12 cells against cytotoxicity
induced by hydrogen peroxide and tert-butyl hydroperoxide. Biomed.
Pharmacother. 59, 481–490. doi: 10.1016/j.biopha.2005.06.009
Lu, Y. H., Du, C. B., Liu, J. W., Hong, W., and Wei, D. Z. (2004). Neuroprotective
effects of Hypericum perforatum on trauma induced by hydrogen peroxide in
PC12 cells. Am. J. Chin. Med. 32, 397–405. doi: 10.1142/S0192415X04002053
Luo, L., Sun, Q., Mao, Y. Y., Lu, Y. H., and Tan, R. X. (2004). Inhibitory
effects of flavonoids from Hypericum perforatum on nitric oxide synthase.
J. Ethnopharmacol. 93, 221–225. doi: 10.1016/j.jep.2004.03.042
Martarelli, D., Martarelli, B., Pediconi, D., Nabissi, M. I., Perfumi, M., and
Pompei, P. (2004). Hypericum perforatum methanolic extract inhibits growth
of human prostatic carcinoma cell line orthotopically implanted in nude mice.
Cancer Lett. 210, 27–33. doi: 10.1016/j.canlet.2004.01.031

Emerit, J., Edeas, M., and Bricaire, F. (2004). Neurodegenerative
diseases and oxidative stress. Biomed. Pharmacother. 58, 39–46. doi:
10.1016/j.biopha.2003.11.004
Ferko, N., and Levine, M. A. (2001). Evaluation of the association between St.
John’s wort and elevated thyroid-stimulating hormone. Pharmacotherapy 21,
1574–1578. doi: 10.1592/phco.21.20.1574.34483
Filomeni, G., Desideri, E., Cardaci, S., Graziani, I., Piccirillo, S., Rotilio, G.,
et al. (2010). Carcinoma cells activate AMP-activated protein kinase-dependent
autophagy as survival response to kaempferol-mediated energetic impairment.
Autophagy 6, 202–216. doi: 10.4161/auto.6.2.10971
Filomeni, G., Graziani, I., De Zio, D., Dini, L., Centonze, D., Rotilio, G.,
et al. (2012). Neuroprotection of kaempferol by autophagy in models of
rotenone-mediated acute toxicity: possible implications for Parkinson’s disease.
Neurobiol. Aging 33, 767–785. doi: 10.1016/j.neurobiolaging.2010.05.021
Garcia-Alloza, M., Robbins, E. M., Zhang-Nunes, S. X., Purcell, S. M., Betensky,
R. A., Raju, S., et al. (2006). Characterization of amyloid deposition in the
APPswe/PS1dE9 mouse model of Alzheimer disease. Neurobiol. Dis. 24, 516–
524. doi: 10.1016/j.nbd.2006.08.017
Gartner, M., Muller, T., Simon, J. C., Giannis, A., and Sleeman, J. P. (2005).
Aristoforin, a novel stable derivative of hyperforin, is a potent anticancer agent.
Chembiochem 6, 171–177. doi: 10.1002/cbic.200400195
Gaster, B., and Holroyd, J. (2000). St John’s wort for depression: a systematic review.
Arch. Intern. Med. 160, 152–156. doi: 10.1001/archinte.160.2.152
Goll, D. E., Thompson, V. F., Li, H., Wei, W., and Cong, J. (2003). The calpain
system. Physiol. Rev. 83, 731–801. doi: 10.1152/physrev.00029.2002
Greeson, J. M., Sanford, B., and Monti, D. A. (2001). St. John’s wort (Hypericum
perforatum): a review of the current pharmacological, toxicological,
and clinical literature. Psychopharmacology (Berl.) 153, 402–414. doi:
10.1007/s002130000625
Haleagrahara, N., Siew, C. J., Mitra, N. K., and Kumari, M. (2011). Neuroprotective
effect of bioflavonoid quercetin in 6-hydroxydopamine-induced oxidative
stress biomarkers in the rat striatum. Neurosci. Lett. 500, 139–143. doi:
10.1016/j.neulet.2011.06.021
Hammerness, P., Basch, E., Ulbricht, C., Barrette, E. P., Foppa, I., Basch, S.,
et al. (2003). St John’s wort: a systematic review of adverse effects and drug
interactions for the consultation psychiatrist. Psychosomatics 44, 271–282. doi:
10.1176/appi.psy.44.4.271
Heim, K. E., Tagliaferro, A. R., and Bobilya, D. J. (2002). Flavonoid antioxidants:
chemistry, metabolism and structure-activity relationships. J. Nutr. Biochem.
13, 572–584. doi: 10.1016/S0955-2863(02)00208-5
Henderson, L., Yue, Q. Y., Bergquist, C., Gerden, B., and Arlett, P. (2002).
St John’s wort (Hypericum perforatum): drug interactions and clinical
outcomes. Br. J. Clin. Pharmacol. 54, 349–356. doi: 10.1046/j.1365-2125.2002.
01683.x
Heo, H. J., and Lee, C. Y. (2004). Protective effects of quercetin and vitamin C
against oxidative stress-induced neurodegeneration. J. Agric. Food Chem. 52,
7514–7517. doi: 10.1021/jf049243r
Hollman, P. C., de Vries, J. H., van Leeuwen, S. D., Mengelers, M. J., and Katan,
M. B. (1995). Absorption of dietary quercetin glycosides and quercetin in
healthy ileostomy volunteers. Am. J. Clin. Nutr. 62, 1276–1282.
Holtzman, C. W., Wiggins, B. S., and Spinler, S. A. (2006). Role of
P-glycoprotein in statin drug interactions. Pharmacotherapy 26, 1601–1607. doi:
10.1592/phco.26.11.1601
Hostanska, K., Reichling, J., Bommer, S., Weber, M., and Saller, R. (2003).
Hyperforin a constituent of St John’s wort (Hypericum perforatum L.) extract
induces apoptosis by triggering activation of caspases and with hypericin
synergistically exerts cytotoxicity towards human malignant cell lines. Eur. J.
Pharm. Biopharm. 56, 121–132. doi: 10.1016/S0939-6411(03)00046-8
Inal, M. E., and Kahraman, A. (2000). The protective effect of flavonol quercetin
against ultraviolet a induced oxidative stress in rats. Toxicology 154, 21–29. doi:
10.1016/S0300-483X(00)00268-7
Inestrosa, N. C., Tapia-Rojas, C., Griffith, T. N., Carvajal, F. J., Benito, M. J., RiveraDictter, A., et al. (2011). Tetrahydrohyperforin prevents cognitive deficits, Aβ
deposition, tau phosphorylaton and aynaptotoxicity in the APPswe/PSEN1E9
model of Alzheimer’s disease: a possible effect on APP processing. Transl.
Psychiatry 1:e20. doi: 10.1038/tp.2011.19
Jang, M. H., Lee, T. H., Shin, M. C., Bahn, G. H., Kim, J. W., Shin, D. H., et al.
(2002). Protective effect of Hypericum perforatum Linn (St. John’s wort) against

Frontiers in Plant Science | www.frontiersin.org

13

July 2016 | Volume 7 | Article 1004

Oliveira et al.

Neuroprotective Activity of Hypericum perforatum

on HepG2 cells: evaluation by the comet assay. Toxicol. Lett. 177, 66–73. doi:
10.1016/j.toxlet.2008.01.001
Rattanajarasroj, S., and Unchern, S. (2010). Comparable attenuation of Abeta(2535)-induced neurotoxicity by quercitrin and 17beta-estradiol in cultured rat
hippocampal neurons. Neurochem. Res. 35, 1196–1205. doi: 10.1007/s11064010-0175-6
Reichling, J., Weseler, A., and Saller, R. (2001). A current review of
the antimicrobial activity of Hypericum perforatum L. Pharmacopsychiatry
34(Suppl. 1), S116–S118. doi: 10.1055/s-2001-15514
Rink, E., and Wullimann, M. F. (2001). The teleostean (zebrafish) dopaminergic
system ascending to the subpallium (striatum) is located in the basal
diencephalon (posterior tuberculum). Brain Res. 889, 316–330. doi:
10.1016/S0006-8993(00)03174-7
Rothley, M., Schmid, A., Thiele, W., Schacht, V., Plaumann, D., Gartner, M.,
et al. (2009). Hyperforin and aristoforin inhibit lymphatic endothelial cell
proliferation in vitro and suppress tumor-induced lymphangiogenesis in vivo.
Int. J. Cancer 125, 34–42. doi: 10.1002/ijc.24295
Russo, E., Scicchitano, F., Whalley, B. J., Mazzitello, C., Ciriaco, M., Esposito, S.,
et al. (2013). Hypericum perforatum: pharmacokinetic, mechanism of action,
tolerability, and clinical drug-drug interactions. Phytother. Res. 28, 643–655.
doi: 10.1002/ptr.5050
Saddiqe, Z., Naeem, I., and Maimoona, A. (2010). A review of the antibacterial
activity of Hypericum perforatum L. J. Ethnopharmacol. 131, 511–521. doi:
10.1016/j.jep.2010.07.034
Sanchez-Reus, M. I., Gomez del Rio, M. A., Iglesias, I., Elorza, M., Slowing, K., and
Benedi, J. (2007). Standardized Hypericum perforatum reduces oxidative stress
and increases gene expression of antioxidant enzymes on rotenone-exposed
rats. Neuropharmacology 52, 606–616. doi: 10.1016/j.neuropharm.2006.
09.003
Sasaki, N., Toda, T., Kaneko, T., Baba, N., and Matsuo, M. (2003). Protective
effects of flavonoids on the cytotoxicity of linoleic acid hydroperoxide toward
rat pheochromocytoma PC12 cells. Chem. Biol. Interact. 145, 101–116. doi:
10.1016/S0009-2797(02)00248-X
Schempp, C. M., Pelz, K., Wittmer, A., Schopf, E., and Simon, J. C. (1999).
Antibacterial activity of hyperforin from St John’s wort, against multiresistant
Staphylococcus aureus and gram-positive bacteria. Lancet 353, 2129. doi:
10.1016/S0140-6736(99)00214-7
Schmider, J., Greenblatt, D. J., von Moltke, L. L., Karsov, D., Vena, R., Friedman,
H. L., et al. (1997). Biotransformation of mestranol to ethinyl estradiol in vitro:
the role of cytochrome P-450 2C9 and metabolic inhibitors. J. Clin. Pharmacol.
37, 193–200. doi: 10.1002/j.1552-4604.1997.tb04781.x
Schulz, V. (2006). Safety of St. John’s Wort extract compared to synthetic
antidepressants. Phytomedicine 13, 199–204. doi: 10.1016/j.phymed.2005.
07.005
Schwarz, D., Kisselev, P., and Roots, I. (2003). St. John’s wort extracts and some
of their constituents potently inhibit ultimate carcinogen formation from
benzo[a]pyrene-7,8-dihydrodiol by human CYP1A1. Cancer Res. 63, 8062–
8068.
Sestili, P., Guidarelli, A., Dacha, M., and Cantoni, O. (1998). Quercetin
prevents DNA single strand breakage and cytotoxicity caused by tertbutylhydroperoxide: free radical scavenging versus iron chelating mechanism.
Free Radic. Biol. Med. 25, 196–200. doi: 10.1016/S0891-5849(98)00040-9
Sherer, T. B., Betarbet, R., Testa, C. M., Seo, B. B., Richardson, J. R., Kim, J. H.,
et al. (2003). Mechanism of toxicity in rotenone models of Parkinson’s disease.
J. Neurosci. 23, 10756–10764.
Silva, B., Oliveira, P. J., Dias, A., and Malva, J. O. (2008). Quercetin, kaempferol and
biapigenin from Hypericum perforatum are neuroprotective against excitotoxic
insults. Neurotox. Res. 13, 265–279. doi: 10.1007/BF03033510
Silva, B. A., Dias, A. C. P., Ferreres, F., Malva, J. O., and Oliveira, C. R.
(2004). Neuroprotective effect of H. perforatum extracts on B-amyloid-induced
neurotoxicity. Neurotox. Res. 6, 119–130. doi: 10.1007/BF03033214
Silva, B. A., Ferreres, F., Malva, J. O., and Dias, A. C. P. (2005). Phytochemical and
antioxidant characterization of Hypericum perforatum alcoholic extracts. Food
Chem. 90, 157–167. doi: 10.1016/j.foodchem.2004.03.049
Silva, B. A., Malva, J. O., and Dias, A. C. P. (2008). St John’s Wort (Hypericum
perforatum) extracts ans isolated phenolic compounds are effective antioxidants
in several in vitro models of oxidative stress. Food Chem. 110, 611–619. doi:
10.1016/j.foodchem.2008.02.047

Martinez-Poveda, B., Quesada, A. R., and Medina, M. A. (2005a). Hyperforin, a
bio-active compound of St. John’s Wort, is a new inhibitor of angiogenesis
targeting several key steps of the process. Int. J. Cancer 117, 775–780. doi:
10.1002/ijc.21246
Martinez-Poveda, B., Quesada, A. R., and Medina, M. A. (2005b). Hypericin in the
dark inhibits key steps of angiogenesis in vitro. Eur. J. Pharmacol 516, 97–103.
doi: 10.1016/j.ejphar.2005.03.047
McNaught, K. S., Belizaire, R., Isacson, O., Jenner, P., and Olanow, C. W. (2003).
Altered proteasomal function in sporadic Parkinson’s disease. Exp. Neurol. 179,
38–46. doi: 10.1006/exnr.2002.8050
Miskovsky, P. (2002). Hypericin–a new antiviral and antitumor photosensitizer:
mechanism of action and interaction with biological macromolecules. Curr.
Drug Targets 3, 55–84. doi: 10.2174/1389450023348091
Mohanasundari, M., Srinivasan, M. S., Sethupathy, S., and Sabesan, M. (2006).
Enhanced neuroprotective effect by combination of bromocriptine and
Hypericum perforatum extract against MPTP-induced neurotoxicity in mice.
J. Neurol. Sci. 249, 140–144. doi: 10.1016/j.jns.2006.06.018
Molina, M. F., Sanchez-Reus, I., Iglesias, I., and Benedi, J. (2003). Quercetin, a
flavonoid antioxidant, prevents and protects against ethanol-induced oxidative
stress in mouse liver. Biol. Pharm. Bull. 26, 1398–1402. doi: 10.1248/bpp.26.1398
Motallebnejad, M., Moghadamnia, A., and Talei, M. (2008). The efficacy of
Hypericum perforatum extract on recurrent aphthous ulcers. J. Med. Sci. 8,
39–43. doi: 10.3923/jms.2008.39.43
Muller, W. E. (2003). Current St John’s wort research from mode of action
to clinical efficacy. Pharmacol. Res. 47, 101–109. doi: 10.1016/S10436618(02)00266-9
Muralikrishnan, D., and Mohanakumar, K. P. (1998). Neuroprotection by
bromocriptine against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced
neurotoxicity in mice. FASEB J. 12, 905–912.
Myhrstad, M. C., Carlsen, H., Nordstrom, O., Blomhoff, R., and Moskaug, J. O.
(2002). Flavonoids increase the intracellular glutathione level by transactivation
of the gamma-glutamylcysteine synthetase catalytical subunit promoter. Free
Radic. Biol. Med. 32, 386–393. doi: 10.1016/S0891-5849(01)00812-7
Nahrstedt, A., and Butterweck, V. (1997). Biologically active and other chemical
constituents of the herb of Hypericum perforatum L. Pharmacopsychiatry
30(Suppl. 2), 129–134. doi: 10.1055/s-2007-979533
Nahrstedt, A., and Butterweck, V. (2010). Lessons learned from herbal medicinal
products: the example of St. John’s Wort (perpendicular). J. Nat. Prod. 73,
1015–1021. doi: 10.1021/np1000329
Nakayama, M., Aihara, M., Chen, Y. N., Araie, M., Tomita-Yokotani, K.,
and Iwashina, T. (2011). Neuroprotective effects of flavonoids on hypoxia-,
glutamate-, and oxidative stress-induced retinal ganglion cell death. Mol. Vis.
17, 1784–1793.
Nieminen, T. H., Hagelberg, N. M., Saari, T. I., Neuvonen, M., Laine, K., Neuvonen,
P. J., et al. (2010). St John’s wort greatly reduces the concentrations of oral
oxycodone. Eur. J. Pain 14, 854–859. doi: 10.1016/j.ejpain.2009.12.007
Ossola, B., Kaariainen, T. M., and Mannisto, P. T. (2009). The multiple faces
of quercetin in neuroprotection. Exp. Opin. Drug Saf. 8, 397–409. doi:
10.1517/14740330903026944
Patocka, J. (2003). The chemistry, pharmacology, and toxicology of the biologically
active constituents of the herb Hypericum perforatum L. J. Appl. Biomed. 1,
61–70.
Pfrunder, A., Schiesser, M., Gerber, S., Haschke, M., Bitzer, J., and Drewe, J.
(2003). Interaction of St John’s wort with low-dose oral contraceptive therapy:
a randomized controlled trial. Br. J. Clin. Pharmacol. 56, 683–690. doi:
10.1046/j.1365-2125.2003.02005.x
Pietta, P. G. (2000). Flavonoids as antioxidants. J. Nat. Prod. 63, 1035–1042. doi:
10.1021/np9904509
Piscitelli, S. C., Burstein, A. H., Chaitt, D., Alfaro, R. M., and Falloon, J.
(2000). Indinavir concentrations and St John’s wort. Lancet 355, 547–548. doi:
10.1016/S0140-6736(99)05712-8
Rahimi, R., Nikfar, S., and Abdollahi, M. (2009). Efficacy and tolerability
of Hypericum perforatum in major depressive disorder in comparison
with selective serotonin reuptake inhibitors: a meta-analysis.
Prog. Neuropsychopharmacol. Biol. Psychiatry 33, 118–127. doi:
10.1016/j.pnpbp.2008.10.018
Ramos, A. A., Lima, C. F., Pereira, M. L., Fernandes-Ferreira, M., and PereiraWilson, C. (2008). Antigenotoxic effects of quercetin, rutin and ursolic acid

Frontiers in Plant Science | www.frontiersin.org

14

July 2016 | Volume 7 | Article 1004

Oliveira et al.

Neuroprotective Activity of Hypericum perforatum

Analyt. Technol. Biomed. Life Sci. 852, 534–544. doi: 10.1016/j.jchromb.2007.
02.026
Wurglics, M., and Schubert-Zsilavecz, M. (2006). Hypericum perforatum: a
‘modern’ herbal antidepressant: pharmacokinetics of active ingredients. Clin.
Pharmacokinet. 45, 449–468. doi: 10.2165/00003088-200645050-00002
Xu, P. X., Wang, S. W., Yu, X. L., Su, Y. J., Wang, T., Zhou, W. W.,
et al. (2014). Rutin improves spatial memory in Alzheimer’s disease
transgenic mice by reducing Abeta oligomer level and attenuating
oxidative stress and neuroinflammation. Behav. Brain Res. 264, 173–180.
doi: 10.1016/j.bbr.2014.02.002
Yang, J., Guo, J., and Yuan, J. (2008). In vitro antioxidant properties of rutin. LWT
41, 1060–1066. doi: 10.1016/j.lwt.2007.06.010
Zeng, K. W., Wang, X. M., Ko, H., Kwon, H. C., Cha, J. W., and Yang,
H. O. (2011). Hyperoside protects primary rat cortical neurons from
neurotoxicity induced by amyloid beta-protein via the PI3K/Akt/Bad/Bcl(XL)regulated mitochondrial apoptotic pathway. Eur. J. Pharmacol. 672, 45–55. doi:
10.1016/j.ejphar.2011.09.177
Zhang, M., An, C., Gao, Y., Leak, R. K., Chen, J., and Zhang, F. (2013). Emerging
roles of Nrf2 and phase II antioxidant enzymes in neuroprotection. Prog.
Neurobiol. 100, 30–47. doi: 10.1016/j.pneurobio.2012.09.003
Zhang, Z. J., Cheang, L. C., Wang, M. W., and Lee, S. M. (2011). Quercetin exerts
a neuroprotective effect through inhibition of the iNOS/NO system and proinflammation gene expression in PC12 cells and in zebrafish. Int. J. Mol. Med.
27, 195–203. doi: 10.3892/ijmm.2010.571
Zhao, B. (2005). Natural antioxidants for neurodegenerative diseases. Mol.
Neurobiol. 31, 283–293. doi: 10.1385/MN:31:1-3:283
Zheng, W., and Wang, S. Y. (2001). Antioxidant activity and phenolic compounds
in selected herbs. J. Agric. Food Chem. 49, 5165–5170. doi: 10.1021/jf010697n
Zou, Y., Lu, Y., and Wei, D. (2004). Antioxidant activity of a flavonoid-rich extract
of Hypericum perforatum L. in vitro. J. Agric. Food Chem. 52, 5032–5039. doi:
10.1021/jf049571r
Zou, Y. P., Lu, Y. H., and Wei, D. Z. (2010). Protective effects of a
flavonoid-rich extract of Hypericum perforatum L. against hydrogen peroxideinduced apoptosis in PC12 cells. Phytother. Res. 24(Suppl. 1), S6–S10. doi:
10.1002/ptr.2852

Silva, B. A., Oliveira, P. J., Cristóvão, A., Dias, A. C. P., and Malva, J. (2010).
Biapigenin modulates the activity of the adenine nucleotide translocator in
isolated rat brain mitochondria. Neurotox Res. 17, 75–90. doi:10.1007/s12640009-9082-5
Silva, J. P., Gomes, A. C., and Coutinho, O. P. (2008). Oxidative DNA damage
protection and repair by polyphenolic compounds in PC12 cells. Eur. J.
Pharmacol. 601, 50–60. doi: 10.1016/j.ejphar.2008.10.046
Singer, A., Wonnemann, M., and Muller, W. E. (1999). Hyperforin, a major
antidepressant constituent of St. Jonh’s Wort, inhibits serotonin uptake by
elevating free intracellular Na+1 . J. Pharmacol. Exp. Ther. 290, 1363–1368.
Smith, P., Bullock, J. M., Booker, B. M., Haas, C. E., Berenson, C. S., and Jusko,
W. J. (2004). The influence of St. John’s wort on the pharmacokinetics and
protein binding of imatinib mesylate. Pharmacotherapy 24, 1508–1514. doi:
10.1592/phco.24.16.1508.50958
Song, K., Kim, S., Na, J. Y., Park, J. H., Kim, J. K., Kim, J. H., et al. (2014).
Rutin attenuates ethanol-induced neurotoxicity in hippocampal neuronal cells
by increasing aldehyde dehydrogenase 2. Food Chem. Toxicol. 72, 228–233. doi:
10.1016/j.fct.2014.07.028
Suematsu, N., Hosoda, M., and Fujimori, K. (2011). Protective effects of quercetin
against hydrogen peroxide-induced apoptosis in human neuronal SH-SY5Y
cells. Neurosci. Lett. 504, 223–227. doi: 10.1016/j.neulet.2011.09.028
Suntar, I. P., Akkol, E. K., Yilmazer, D., Baykal, T., Kirmizibekmez, H., Alper, M.,
et al. (2010). Investigations on the in vivo wound healing potential of Hypericum
perforatum L. J. Ethnopharmacol. 127, 468–477. doi: 10.1016/j.jep.2009.10.011
Suzuki, O., Katsumata, Y., Oya, M., Bladt, S., and Wagner, H. (1984). Inhibition
of monoamine oxidase by hypericin. Planta Med. 50, 272–274. doi: 10.1055/s2007-969700
Talesa, V. N. (2001). Acetylcholinesterase in Alzheimer’s disease. Mech. Ageing Dev.
122, 1961–1969. doi: 10.1016/S0047-6374(01)00309-8
Wagner, C., Fachinetto, R., Dalla Corte, C. L., Brito, V. B., Severo, D., de
Oliveira Costa Dias, G., et al. (2006). Quercitrin, a glycoside form of
quercetin, prevents lipid peroxidation in vitro. Brain Res. 1107, 192–198. doi:
10.1016/j.brainres.2006.05.084
Wang, L. S., Zhu, B., Abd El-Aty, A. M., Zhou, G., Li, Z., Wu, J., et al.
(2004). The influence of St. John’s Wort on CYP2C19 activity with respect
to genotype. J. Clin. Pharmacol. 44, 577–581. doi: 10.1177/0091270004
265642
Wang, S. W., Wang, Y. J., Su, Y. J., Zhou, W. W., Yang, S. G., Zhang, R., et al. (2012).
Rutin inhibits beta-amyloid aggregation and cytotoxicity, attenuates oxidative
stress, and decreases the production of nitric oxide and proinflammatory
cytokines. Neurotoxicology 33, 482–490. doi: 10.1016/j.neuro.2012.
03.003
Wang, X. D., Li, J. L., Lu, Y., Chen, X., Huang, M., Chowbay, B., et al. (2007).
Rapid and simultaneous determination of nifedipine and dehydronifedipine
in human plasma by liquid chromatography-tandem mass spectrometry:
application to a clinical herb-drug interaction study. J. Chromatogr. B

Frontiers in Plant Science | www.frontiersin.org

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Oliveira, Pinho, Sarmento and Dias. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

15

July 2016 | Volume 7 | Article 1004

