
Potential 
Neuromodulatory 
Profile of 
Phytocompounds 
in Brain Disorders

Luigia Trabace

www.mdpi.com/journal/molecules

Edited by

Printed Edition of the Special Issue Published in Molecules

molecules



 

 
Potential Neuromodulatory 
Profile of Phytocompounds in 
Brain Disorders 
 
 
Special Issue Editor 
Luigia Trabace 
 
 
 
 
 
 
 
 
 

  



Special Issue Editor 
Luigia Trabace 
Department of Clinical and Experimental Medicine 
University of Foggia  
Italy 
 
Editorial Office 
MDPI AG 
St. Alban-Anlage 66 
Basel, Switzerland 
 
 
 
 
 
This edition is a reprint of the Special Issue published online in the open access 
journal Molecules (ISSN 1420-3049) from 2016–2017 (available at: 
http://www.mdpi.com/journal/molecules/special_issues/neuromodulatory_profile
_phytocompounds). 
 
For citation purposes, cite each article independently as indicated on the article 
page online and as indicated below: 
 
Author 1; Author 2; Author 3 etc. Article title. Journalname. Year. Article 
number/page range. 
 
 
 
 
ISBN 978-3-03842-316-4 (Pbk) 
ISBN 978-3-03842-317-1 (PDF) 
 

 

 

Articles in this volume are Open Access and distributed under the Creative Commons Attribution 
license (CC BY), which allows users to download, copy and build upon published articles even for 
commercial purposes, as long as the author and publisher are properly credited, which ensures 
maximum dissemination and a wider impact of our publications. The book taken as a whole is © 2017 
MDPI, Basel, Switzerland, distributed under the terms and conditions of the Creative Commons by 
Attribution (CC BY-NC-ND) license (http://creativecommons.org/licenses/by-nc-nd/4.0/).  

http://www.mdpi.com/journal/molecules
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 

  III 

 

Table of Contents 
About the Guest Editor .............................................................................................................................. V 

Preface to “Potential Neuromodulatory Profile of Phytocompounds in Brain Disorders” .............. VII 

 
Luigia Trabace and Maria Grazia Morgese 
Editorial: Special Issue “Potential Neuromodulatory Profile of Phytocompounds in Brain  
Disorders” 
Reprinted from: Molecules 2017, 22(1), 40; doi: 10.3390/molecules22010040 
http://www.mdpi.com/1420-3049/22/1/40 ............................................................................................... 1 

 
Jianming Wu, Haixia Chen, Hua Li, Yong Tang, Le Yang, Shousong Cao and Dalian Qin 
Antidepressant Potential of Chlorogenic Acid-Enriched Extract from Eucommia ulmoides  
Oliver Bark with Neuron Protection and Promotion of Serotonin Release through Enhancing 
Synapsin I Expression 
Reprinted from: Molecules 2016, 21(3), 260; doi: 10.3390/molecules21030260 
http://www.mdpi.com/1420-3049/21/3/260 ............................................................................................. 4 

Rosaliana Libro, Sabrina Giacoppo, Thangavelu Soundara Rajan, Placido Bramantiand 
Emanuela Mazzon 
Natural Phytochemicals in the Treatment and Prevention of Dementia: An Overview 
Reprinted from: Molecules 2016, 21(4), 518; doi: 10.3390/molecules21040518 
http://www.mdpi.com/1420-3049/21/4/518 ............................................................................................. 21 

Atsushi Sawamoto, Satoshi Okuyama, Kana Yamamoto, Yoshiaki Amakura, Morio Yoshimura, 
Mitsunari Nakajima 1and Yoshiko Furukawa 

3,5,6,7,8,3′,4′-Heptamethoxyflavone, a Citrus Flavonoid, Ameliorates Corticosterone-Induced 
Depression-like Behavior and Restores Brain-Derived Neurotrophic Factor Expression, 
Neurogenesis, and Neuroplasticity in the Hippocampus 
Reprinted from: Molecules 2016, 21(4), 541; doi: 10.3390/molecules21040541 
http://www.mdpi.com/1420-3049/21/4/541 ............................................................................................. 59 

Chong-Un Cheong, Ching-Sheng Yeh, Yi-Wen Hsieh, Ying-Ray Lee, Mei-Ying Lin,  
Chung-Yi Chen and Chien-Hsing Lee 

Protective Effects of Costunolide against Hydrogen Peroxide-Induced Injury in PC12 Cells 
Reprinted from: Molecules 2016, 21(7), 898; doi: 10.3390/molecules21070898 
http://www.mdpi.com/1420-3049/21/7/898 ............................................................................................. 72 

Dorothea Kaufmann, Anudeep Kaur Dogra, Ahmad Tahrani, Florian Herrmann and  
Michael Wink 

Extracts from Traditional Chinese Medicinal Plants Inhibit Acetylcholinesterase, a Known 
Alzheimer’s Disease Target 
Reprinted from: Molecules 2016, 21(9), 1161; doi: 10.3390/molecules21091161 
http://www.mdpi.com/1420-3049/21/9/1161 ........................................................................................... 82 

Gabriela Mazzanti and Silvia Di Giacomo 

Curcumin and Resveratrol in the Management of Cognitive Disorders: What is the  
Clinical Evidence? 
Reprinted from: Molecules 2016, 21(9), 1243; doi: 10.3390/molecules21091243 
http://www.mdpi.com/1420-3049/21/9/1243 ........................................................................................... 98 



 
 

  IV 

 

Gihyun Lee and Sun Kwang Kim 
Therapeutic Effects of Phytochemicals and Medicinal Herbs on Chemotherapy-Induced  
Peripheral Neuropathy 
Reprinted from: Molecules 2016, 21(9), 1252; doi: 10.3390/molecules21091252 
http://www.mdpi.com/1420-3049/21/9/1252 ........................................................................................... 125 

Changmin Kim, Ji Hwan Lee, Woojin Kim, Dongxing Li, Yangseok Kim, Kyungjin Lee and  
Sun Kwang Kim 

The Suppressive Effects of Cinnamomi Cortex and Its Phytocompound Coumarin on Oxaliplatin-
Induced Neuropathic Cold Allodynia in Rats 
Reprinted from: Molecules 2016, 21(9), 1253; doi: 10.3390/molecules21091253 
http://www.mdpi.com/1420-3049/21/9/1253 ........................................................................................... 142 

Rita Citraro, Michele Navarra, Antonio Leo, Eugenio Donato Di Paola, Ermenegildo Santangelo, 
Pellegrino Lippiello, Rossana Aiello, Emilio Russo and Giovambattista De Sarro 

The Anticonvulsant Activity of a Flavonoid-Rich Extract from Orange Juice Involves both NMDA 
and GABA-Benzodiazepine Receptor Complexes 
Reprinted from: Molecules 2016, 21(9), 1261; doi: 10.3390/molecules21091261 
http://www.mdpi.com/1420-3049/21/9/1261 ........................................................................................... 154 

Maria Grazia Morgese, Emanuela Mhillaj, Matteo Francavilla, Maria Bove, Lucia Morgano, 
Paolo Tucci, Luigia Trabace and Stefania Schiavone 

Chlorella sorokiniana Extract Improves Short-Term Memory in Rats 
Reprinted from: Molecules 2016, 21(10), 1311; doi: 10.3390/molecules21101311 
http://www.mdpi.com/1420-3049/21/10/1311 ......................................................................................... 169 

Santa Cirmi, Nadia Ferlazzo, Giovanni E. Lombardo, Elvira Ventura-Spagnolo,  
Sebastiano Gangemi, Gioacchino Calapai and Michele Navarra 

Neurodegenerative Diseases: Might Citrus Flavonoids Play a Protective Role? 
Reprinted from: Molecules 2016, 21(10), 1312; doi: 10.3390/molecules21101312 
http://www.mdpi.com/1420-3049/21/10/1312 ......................................................................................... 186 

  



 
 

  V 

 

About the Guest Editor 
Luigia Trabace is Full Professor of Pharmacology at the Department of Clinical and Experimental 
Medicine at the University of Foggia, Italy. In 1996, she obtained a PhD in Pharmacology at the 
University of Bari and became a post-doctoral fellow at the Department of Cognitive and Molecular 
Neuroscience at the Babraham Institute, Cambridge, UK. From 1996 to 2001 she was an Assistant 
Professor of Pharmacology at the University of Bari, Italy. From 2001 to 2006 she was Associate 
Professor of Pharmacology at the Department of Biomedical Sciences at the University of Foggia, Italy. 
From 2008 to 2012 she was also Head of this same department. From 2001 to the present,  
Luigia Trabace was assigned several teaching and institutional activities and received many national 
and international honors and awards. She is a member of various scientific societies and author of 
numerous peer-reviewed papers published in eminent international scientific journals. 





 
 

  VII 

 

Preface to “Potential Neuromodulatory Profile of 
Phytocompounds in Brain Disorders” 

This Special Issue is dedicated to the neuromodulatory effects of phytocompounds in brain 
pathologies. Nowadays, natural and chemical compounds, derived from plants, algae, vegetables, and 
fruits, are used as dietary supplements, as well as alternative medicines. Several studies have 
evidenced that herbal preparations have been used to treat brain disorders because of their chemical 
properties and abilities to pass the blood brain barriers and by influencing the brain’s neurochemical 
and functional pathways. In particular, several plants have been reported to treat cognitive, 
psychiatric and mood disorders, although the mechanisms of these actions remain to be elucidated.  
In vitro and in vivo studies have demonstrated a key role of medicinal plants in maintaining the 
brain’s function by influencing the expression of different receptors, signal transduction pathways, 
transcription factors, and neurotransmitter release. Moreover, neuroinflammation and oxidative stress 
have been proposed to be crucially involved in central nervous system dysfunctions, and recent 
investigations are elucidating novel therapeutic targets based on the neuroprotective properties of 
different phytoderivates. Thus, the aim of the present Special Issue is to highlight the 
neuromodulatory effects of different natural and chemical phyto-derivates in order to identify novel 
mechanisms and signaling molecules that, in the future, could provide a potential and promising class 
of therapeutics for the treatment of psychiatric and neurodegenerative disorders. 

Luigia Trabace 
Guest Editor 
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Several lines of evidence have highlighted that herbal preparations hold great potential for
the treating of brain disorders, ranging from neurodegenerative to neuropsychiatric diseases.
Phytocompounds have been shown to easily pass the blood brain barrier, thereby influencing the
cerebral neurochemical and functional pathways. In vitro and in vivo studies have underlined a key
role of medicinal plants in maintaining brain functioning through the modulation of the expression of
different receptors, signal transduction pathways, transcription factors, and neurotransmitter release.

In this special issue, a team of international experts discusses all the most relevant topics in regard
to the potential use of plant-derived chemicals as a potential and promising class of therapeutics for
the treatment of psychiatric and neurodegenerative disorders.

In the search for novel substrates useful to obtain promising natural bioactive compounds,
microalgae represent a novel field yet to be explored. In particular, the green microalga Chlorella,
can be used as natural source to obtain a whole variety of compounds, such as omega (ω)-3 and
ω-6 polyunsaturated fatty acids. Morgese and colleagues [1] report in an original work the memory-
enhancing properties of a lipid extract of Chlorella sorokiniana in rats. This behavioural outcome was
associated to a selective increase in serotonin and noradrenaline content in the hippocampal area,
pointing towards a beneficial effect of Chlorella sorokiniana extract on short-term memory.

Novel complementary therapy for the treatment of neurological disorders, such as epilepsy,
is another possible treatment approach in a context of a multitarget pharmacological strategy.
In this regard, Citraro et al., [2] have shown that flavonoid-rich extract from orange juice displays
anti-convulsant properties in murine models of epilepsy. Such an effect is likely mediated by
inhibition of NMDA receptors at the glycine-binding site and by acting as an agonist on the
benzodiazepine-binding site at GABAA receptors.

Among neurological disorders, Alzheimer’s disease (AD) is a neurodegenerative disease that
represents the most common form of dementia in elderly people. However, the treatment options are
nowadays still very limited. Acetylcholinesterase (AChE) inhibitors remain the first choice of drugs for
the treatment of AD. Various plant-derived compounds are already used for the treatment of AD and
they represent a promising source of new bioactive compounds with anti-AChE activity. In this regard,
Kaufmann and co-workers have evidenced in their research that traditional Chinese medicines, such as
extracts of Berberis bealei (formerly Mahonia bealei), Coptis chinensis and Phellodendron chinense, very rich
in isoquinoline alkaloids, inhibit AChE via synergistic interaction of their secondary metabolites.
These drugs may represent an alternative and less expensive anti-AChE-based cure for AD [3].
The protective role of phytocompounds in neurodegeneration has also been covered in this special
issue by the work of Cirmi et al., who reviewed the most prominent findings in the literature related
to Citrus-derived flavonoids [4]. Interestingly, Sawamoto et al. found in their original research that
3,5,6,7,8,3′,4′-heptamethoxyflavone (HMF), a Citrus flavonoid, exerts antidepressant effects by inducing
the expression of brain-derived neurotrophic factor (BDNF). In particular, HMF treatment was shown
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to ameliorate corticosterone-induced depression-like behavior, and corticosterone-induced reductions
in BDNF production in the hippocampus. In addition, HMF treatment restored corticosterone-induced
reductions in neurogenesis in the dentate gyrus subgranular zone and corticosterone-induced
reductions in the expression levels of phosphorylated calcium-calmodulin-dependent protein kinase
II and extracellular signal-regulated kinase1/2 [5]. Neuroprotective and antidepressant effects have
also been reported for a chlorogenic acid (CGA)-enriched extract from Eucommia ulmoides in the
article of Wu and co-workers. The authors showed for the first time in vivo that CGA can cross the
blood-cerebrospinal fluid barrier, is neuroprotective and promotes serotonin release through enhancing
synapsin I expression [6].

Furthermore, neurodegenerative disorders are very often accompanied by cognitive decline.
Mazzanti and Di Giacomo show in their review article the state of art and they discuss the
disappointing and inconclusive results originated by clinical trials investigating curcumin and
resveratrol in the prevention or treatment of cognitive disorders. The authors conclude by encouraging
long-term exposure clinical trials with well standardized preparations and with high bioavailability [7].
In addition, AD and other neurological disorders are often characterized by dementing processes.
Dementia describes a class of heterogeneous diseases with still unravelled etiopathogenetic
mechanisms. In this regard, Libro and colleagues have drawn in their manuscript an overview
of literature evidences related to phytocompounds with demonstrated preventive properties for
dementia [8].

On the other hand, oxidative stress-mediated cellular injury has been considered as a major cause
of neurodegenerative diseases, including AD, thus antioxidant-based therapies may represent a great
potential option to slow down neurodegenerative progression. Cheong et al. have reported that
costunolide (CS), a known sesquiterpene lactone, is an useful scavenger of reactive oxygen species,
stabilizes the mitochondria membrane potential, and is able to reduce apoptosis-related protein,
such as caspase 3, as well as to inhibit of phosphorylation of p38 and the extracellular signal-regulated
kinase [9].

Ultimately, in this special issue neuronal impairment secondary to chemical exposure, particularly
to chemotherapy drugs, it has also been taken into account. In this regard, Lee and Kim revised
literature data available concerning phytochemicals and medicinal herbs on chemotherapy-induced
peripheral neuropathy, a frequent adverse effect of neurotoxic anticancer medicines [10]. In this light,
Kim et al. reported in their original research a potent anti-allodynic effect of Cinnamomi Cortex,
a widely used medicinal herb in East Asia for cold-related diseases, in oxaliplatin-injected rats through
inhibiting spinal glial cells and pro-inflammatory cytokines [11].

In conclusion, we hope that this special issue will result intriguing for the readers and will prompt
to further research in this novel field. We take the occasion to thank all the contributors for the great
work carried out.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Morgese, M.G.; Mhillaj, E.; Francavilla, M.; Bove, M.; Morgano, L.; Tucci, P.; Trabace, L.; Schiavone, S.
Chlorella sorokiniana extract improves short-term memory in rats. Molecules 2016, 21, 1311. [CrossRef]
[PubMed]

2. Citraro, R.; Navarra, M.; Leo, A.; Donato Di Paola, E.; Santangelo, E.; Lippiello, P.; Aiello, R.; Russo, E.;
de Sarro, G. The anticonvulsant activity of a flavonoid-rich extract from orange juice involves both nmda
and gaba-benzodiazepine receptor complexes. Molecules 2016, 21, 1261. [CrossRef] [PubMed]

3. Kaufmann, D.; Kaur Dogra, A.; Tahrani, A.; Herrmann, F.; Wink, M. Extracts from traditional chinese
medicinal plants inhibit acetylcholinesterase, a known Alzheimer’s disease target. Molecules 2016, 21, 1161.
[CrossRef] [PubMed]

2



Molecules 2017, 22, 40

4. Cirmi, S.; Ferlazzo, N.; Lombardo, G.E.; Ventura-Spagnolo, E.; Gangemi, S.; Calapai, G.; Navarra, M.
Neurodegenerative diseases: Might citrus flavonoids play a protective role? Molecules 2016, 21, 1312.
[CrossRef] [PubMed]

5. Sawamoto, A.; Okuyama, S.; Yamamoto, K.; Amakura, Y.; Yoshimura, M.; Nakajima, M.; Furukawa, Y.
3,5,6,7,8,3′,4′-heptamethoxyflavone, a citrus flavonoid, ameliorates corticosterone-induced depression-like
behavior and restores brain-derived neurotrophic factor expression, neurogenesis, and neuroplasticity in the
hippocampus. Molecules 2016, 21, 541. [CrossRef] [PubMed]

6. Wu, J.; Chen, H.; Li, H.; Tang, Y.; Yang, L.; Cao, S.; Qin, D. Antidepressant potential of chlorogenic
acid-enriched extract from eucommia ulmoides oliver bark with neuron protection and promotion of
serotonin release through enhancing synapsin i expression. Molecules 2016, 21, 260. [CrossRef] [PubMed]

7. Mazzanti, G.; Di Giacomo, S. Curcumin and resveratrol in the management of cognitive disorders: What is
the clinical evidence? Molecules 2016, 21, 1243. [CrossRef] [PubMed]

8. Libro, R.; Giacoppo, S.; Soundara Rajan, T.; Bramanti, P.; Mazzon, E. Natural phytochemicals in the treatment
and prevention of dementia: An overview. Molecules 2016, 21, 518. [CrossRef] [PubMed]

9. Cheong, C.U.; Yeh, C.S.; Hsieh, Y.W.; Lee, Y.R.; Lin, M.Y.; Chen, C.Y.; Lee, C.H. Protective effects of costunolide
against hydrogen peroxide-induced injury in pc12 cells. Molecules 2016, 21, 898. [CrossRef] [PubMed]

10. Lee, G.; Kim, S.K. Therapeutic effects of phytochemicals and medicinal herbs on chemotherapy-induced
peripheral neuropathy. Molecules 2016, 21, 1252. [CrossRef] [PubMed]

11. Kim, C.; Lee, J.H.; Kim, W.; Li, D.; Kim, Y.; Lee, K.; Kim, S.K. The suppressive effects of cinnamomi cortex
and its phytocompound coumarin on oxaliplatin-induced neuropathic cold allodynia in rats. Molecules 2016,
21, 1253. [CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

3



molecules

Article

Antidepressant Potential of Chlorogenic
Acid-Enriched Extract from Eucommia ulmoides
Oliver Bark with Neuron Protection and Promotion
of Serotonin Release through Enhancing
Synapsin I Expression

Jianming Wu 1,*,†, Haixia Chen 1,†, Hua Li 1, Yong Tang 1, Le Yang 2, Shousong Cao 1

and Dalian Qin 1,*

1 Department of Pharmacology, School of Pharmacy, Sichuan Medical University, Luzhou 86646-000,
Sichuan, China; chx@lzmc.edu.cn (H.C.); lihua@lzmc.edu.cn (H.L.); tangy1989@yeah.net (Y.T.);
shousongc@gmail.com (S.C.)

2 Chengdu Analytical Applications Center, Shimadzu (China) Co. Ltd., Chengdu 86610-063, Sichuan, China;
sscyl@shimadzu.com.cn

* Correspondence: jianmingwu@lzmc.edu.cn (J.W.); dalianqin@lzmc.edu.cn (D.Q.);
Tel.: +86-830-316-2291 (J.W. & D.Q.)

† These authors contributed equally to this work.

Academic Editor: Luigia Trabace
Received: 28 December 2015 ; Accepted: 18 February 2016 ; Published: 25 February 2016

Abstract: Eucommia ulmoides Oliver (E. ulmoides) is a traditional Chinese medicine with many beneficial
effects, used as a tonic medicine in China and other countries. Chlorogenic acid (CGA) is an important
compound in E. ulmoides with neuroprotective, cognition improvement and other pharmacological
effects. However, it is unknown whether chlorogenic acid-enriched Eucommia ulmoides Oliver bark has
antidepressant potential through neuron protection, serotonin release promotion and penetration of
blood-cerebrospinal fluid barrier. In the present study, we demonstrated that CGA could stimulate
axon and dendrite growth and promote serotonin release through enhancing synapsin I expression
in the cells of fetal rat raphe neurons in vitro. More importantly, CGA-enriched extract of E. ulmoides
(EUWE) at 200 and 400 mg/kg/day orally administered for 7 days showed antidepressant-like effects
in the tail suspension test of KM mice. Furthermore, we also found CGA could be detected in the
the cerebrospinal fluid of the rats orally treated with EUWE and reach the level of pharmacological
effect for neuroprotection by UHPLC-ESI-MS/MS. The findings indicate CGA is able to cross the
blood-cerebrospinal fluid barrier to exhibit its neuron protection and promotion of serotonin release
through enhancing synapsin I expression. This is the first report of the effect of CGA on promoting 5-HT
release through enhancing synapsin I expression and CGA-enriched EUWE has antidepressant-like
effect in vivo. EUWE may be developed as the natural drugs for the treatment of depression.

Keywords: chlorogenic acid; Eucommia ulmoides Oliver; cerebrospinal fluid; UHPLC-ESI-MS/MS;
antidepressant; raphe neurons; serotonin; synapsin I

1. Introduction

Eucommia ulmoides Oliver (E. ulmoides) known as Du-zhong (in Chinese) or Tuchong (in Japanese),
is a traditional Chinese medicine (TCM) used as a tonic medicine in China, Japan, Korea, and other
countries for a long time [1,2]. E. ulmoides has been widely used to tonify the liver and kidney, and
strengthen tendons and bones according to the theory of TCM [3]. Pharmacological studies have shown
that E. ulmoides exhibits many beneficial effects, including neuroprotection [4], bone loss prevention [5],
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learning and memory improvement [6,7], ameliorating insulin resistance [8], antihypertension [9],
antibacterial [10], lipid-lowering and anti-obesity [11,12], treatment of osteoarthritis [2] and so on.
Meanwhile, phytochemical studies have displayed the component complexity of E. ulmoides, from
which 112 compounds have been isolated and identified, including 28 lignans, 24 iridoids, 27 phenolics,
six steroids, five terpenoids, 13 flavonoids and nine others [1]. Among them, chlorogenic acid (CGA,
3-O-caffeoylquinic acid), a flavonoid with neuroprotection [13,14], cognition improvement, and other
pharmacological effects [15–17], has been frequently used as the quality control marker for E. ulmoides and
its preparations. Therefore, CGA, as the mainly active compound of E. ulmoides may be used in treatment
of various diseases of central nervous system (CNS). Usually, as the most important feature for the agents
used in treatment of CNS diseases, the penetration ability of crossing the blood-cerebrospinal fluid barrier
(BLB) and blood-brain barrier (BBB) is critical for their therapeutic effect in the CNS [18]. However,
CGA does not seem to be beneficial for crossing BLB and BBB due to its good aqueous solubility [19].
Previous study has clearly demonstrated that CGA from E. ulmoides has CNS pharmacological therapeutic
activities, but it is unknown whether it can penetrate the BLB and BBB or not. A study by Park et al.
showed that CGA isolated from Artemisia capillaris Thunb exhibited a potent antidepressant effect in
a mouse model (30 mg/kg/day for 14 day oral administration) [20]. The study supports the idea that
CGA may be able to cross the BLB and BBB of mice to display its therapeutical effects.

Depression is a state of affective disorder that can cause deficits in learning, memory and cognition
and a major burden on society. These depression-related pathophysiological changes could be induced
by excessive exposure to glucocorticoids, whose secretion is regulated by negative feedback loop in
response to short-span mild stress [21]. However, this feedback regulation is lost when exposed to
major or prolonged stress, causing a significant rise of glucocorticoid levels [22]. A main and potent
glucocorticoid, corticosterone (Cort) could decrease serotonin (5-HT or 5-hydroxytryptamine) release
and lead to neurodegeneration when chronic exposure to stress levels of Cort [23], which provided
a basis for understanding the impairment of 5-HT decrease in depressive illness. Furthermore,
clinical studies found that the hippocampal volume and the level of 5-HT were decreased in the
patients with major depression [24]. Meanwhile, agents with enhancing 5-HT concentration at the
synapse could alleviate the symptoms of depression [25]. Actually, 5-HT is an important monoamine
neurotransmitter and can be found in neurons, platelets, mast cells, and enterochromaffin cells.
Because 5-HT cannot cross the BBB, the brain synthesizes its own 5-HT which accounts for 1%–2%
of the whole 5-HT supply of body, which is exclusively expressed in the dorsal and median raphe
of the rostral brain, a heterogeneous region located between the periaquaduct and fourth ventricle
of the midbrain [26]. However, numerous evidence indicates that the expression level of synapsin I,
a presynaptic phosphoprotein that anchors synaptic vesicles containing neurotransmitters to the
actin cytoskeleton in the distal pool, is positively associated with the maturation of 5-HT release
mechanisms [27] and structural maintenance of presynaptic terminals [28], as well as neuronal
differentiation, axonal outgrowth and synaptogenesis [29]. Those revelations indicate that 5-HT
release via synapsin I plays the key role in the depression. As mentioned above, CGA from the extract
of E. ulmoides is involved various CNS pharmacological and therapeutic activities, but the mode of
action and associated mechanism(s) are still unclear. In the present study, we investigate whether CGA
can protect neurons from Cort-induced injury and promote 5-HT release through enhancing synapsin I
expression in the cultured cells of fetal rat raphe neurons in vitro and CGA-enriched water extract from
E. ulmoides (EUWE) can cross BLB of rats and exhibit antidepressant-like effect in mice in vivo.

2. Results

2.1. CGA Promotes the Cell Growth of Fetal Rat Raphe Neurons in Vitro

In order to study the protective effect of CGA on Cort-induced cell injury of fetal rat raphe
neurons, cell-proliferative assay was performed in vitro with cultured cells of raphe neurons treated
with 10 μM Cort and 0.001–10.0 μM CGA alone or in combination. As shown in Figure 1, treatment
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with 10 μM Cort decreased the cell growth of raphe neurons, whereas CGA reversed the Cort-induced
decrease of raphe neurons in a dose-dependent (Figure 1A) and time-dependent (Figure 1B) manner.
Furthermore, although CGA alone does not affect the cell growth of neurons as similar to the cells
of control morphologically (Figure 1C,D), we demonstrate that the inhibition of cell growth by Cort
(10 μM) is involved in neuron damage including cell body atrophy, axon and dendrite loss (Figure 1E).
Whereas CGA (1 nM) prevents Cort-induced cell damage of raphe neurons by stimulating new axon
and dendrite growth (Figure 1F), suggesting the pharmacological effect of CGA on protection of
Cort-induced neuron damage is likely to be associated with neurogenesis, which has been proved to
be an important factor for antidepressant efficacy [30,31].
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Figure 1. The effects of CGA ˘ Cort on the cell growth of fetal rat raphe neurons in vitro. (A) CGA dose
response in protection of Cort-induced cell inhibition, CGA 0.001–10 μM and Cort 10 μM; (B) Time
response curve of CGA in protection of Cort-induced cell inhibition; � Control; � CGA 1 nM; � Cort
10 μM; and CGA 1 nM + Cort 10 μM; (C) A representative image of control showing normal neurons;
(D) A representative image of CGA (1 nM) treatment showing no neurons damage; (E) A representative
image of Cort (10 μM) treatment showing Cort-induced neurons damage including cell body atrophy,
axon and dendrite loss; (F) A representative image of co-treatment of CGA (1 nM) and Cort (10 μM)
showing prevention of Cort-induced neurons damage by CGA. The control cells were treated with
culture medium with 0.1% DMSO. The results are representative of at least three independent
experiments run in triplicate and expressed as the mean ˘ SD. ** p < 0.01 vs. Cort treatment.
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2.2. Effect of CGA on 5-HT Release in the Cells of Fetal Rat Raphe Neurons in Vitro

In order to study the effect of CGA on 5-HT release, Enzyme-linked immunosorbent assay (ELISA)
was applied to examine the concentrations of 5-HT in the cultured cells of fetal rat raphe neurons
after the cells were treated with 10 μM Cort alone or in combination with CGA at 0.5 nM or 1.0 nM.
As shown in Figure 2, the level of 5-HT in culture supernatant is significantly reduced after treatment
with 10 μM Cort compared to that of the control (p < 0.01), however, the reduction induced by Cort is
remarkably averted by co-treatment with 0.5 and 1 nM CGA (p < 0.01). These results suggest that CGA
may promote 5-HT release in the cells of fetal rat raphe neurons.
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Figure 2. The effects of CGA ˘ Cort on 5-HT release from the cells of fetal rat raphe neurons in vitro.
The results are representative of at least three independent experiments run in triplicate and expressed
as the mean ˘ SD. ** p < 0.01 vs. Cort-treated group. The control cells were treated with culture medium
with 0.1% DMSO.

2.3. CGA Enhances the Expression of Synapsin I of the Cells of Fetal Rat Raphe Neurons in Vitro

Synapsin I is an abundant synaptic vesicle-related protein that plays a critical role in the regulation
of neurotransmitter release [32]. We hypothesized that synapsin I may involve in the neurotransmitter
release in neurons. For this purpose, we used anti-synapsin I to examine the location and expression
of synapsin I in cultured cells of fetal rat raphe neurons. The fluorescence images shown in Figure 3
illustrate 14-day-old cells of fetal rat raphe neurons, at which point synapsin I distributes to presynaptic
terminals in a punctuate manner, concurrent with the formation of synaptic network in normal
neurons (Figure 3A). CGA at 1.0 nM has no significant effect on the cells of neurons (Figure 3B).
However, the loss of synapsin I puncta and the synaptic network is obvious in the cells of neurons
treated with Cort at the concentration of 10 μM (Figure 3C). In contrast to Cort-treated cells of
neurons, the loss of synapsin I puncta and the synaptic network are prevented by the co-treatment
with CGA at the concentration of 1 nM (Figure 3D). Western blot analysis shows that synapsin I
expression levels are significantly down-regulated in Cort-treated cells of neurons compared to that
of normal control (p < 0.01), while it is significantly up-regulated in Cort plus CGA-treated group
compared to that of Cort-treated group (p < 0.01), even much higher than that of control, quantified by
densitometric analysis (Figure 4). These results indicate that the neurotransmitter release caused by
CGA is associated with the expression of synapsin I, suggesting a possible mechanism involved in
presynaptic vesicle-related proteins and related signaling pathways.
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A B

C D
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Figure 3. The effects of CGA ˘ Cort on the expression of synapsin I in the cells of fetal rat raphe
neurons. (A) Control; (B) CGA treatment; (C) Cort treatment; and (D) Cort + CGA treatment. Notes:
Fluorescence microscopy shows the representative images of neurons stained by FITC. The cells were
treated with culture medium with 0.1% DMSO (control), or 1 nM CGA ˘ 10 μM Cort. The results are
representative of at least three independent experiments.
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Figure 4. CGA up-regulates protein expression of synapsin I in the cells of fetal rat raphe neurons
treated with Cort by western blotting. The cells were treated with culture medium with 0.1% DMSO
(control), or 10 μM Cort, or 10 μM Cort + 1 nM CGA. Beta-actin was used as the loading control.
The band intensities were quantified by densitometric analysis. The results are representative of at
least three independent experiments run in triplicate and expressed as the mean ˘ SD. ** p < 0.01 vs.
Cort-treated group.
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2.4. EUWE Shows Antidepressant-like Effect in the Tail Suspension Test of KM Mice in Vivo

The tail suspension test is widely used for screening potential antidepressants. The immobility
behavior displays in rodents when subjected to an unavoidable and inescapable stress has been
hypothesized to reflect behavioral despair which in turn to reflect similar depressive disorders in
human. There is, indeed, a significant correlation between clinical potency and effectiveness of
antidepressants [20]. In proof-of- principle study for antidepressant effect of EUWE, we performed
the tail suspension test in KM mice with EUWE at 200 and 400 mg/kg/day daily for 7 days, while
same volume of distilled water as vehicle control and fluoxetine at 8 mg/kg/day as positive control.
As the data shown in Figure 5, the duration of immobility is highest in the distilled water-treated
group (control, 130.3 ˘ 15.9 s), however, it is significantly lessened in fluoxetine (109.1 ˘ 17.8 s) or
EUWE-treated (115.2 ˘ 16.0 and 109.8 ˘ 21.9 s, respectively) groups compared to that of control group
(p < 0.05), indicating EUWE may have antidepressant effects in vivo.
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Figure 5. Antidepressant effect of water extract of E. ulmoides of (EUWE) in the tail suspension
test of mice in vivo. The mice were treated orally with EUWE at 200 or 400 mg/kg/day, fluoxetine
(FLX) at 8 mg/kg/day and distilled water as vehicle control daily for 7 days. The bars indicate the
mean ˘ SD. The number of mice used for each group was 12. * p < 0.05 compared with distilled water
(vehicle) group.

2.5. Qualitative Analysis of CGA in the CSF of the Rats Treated with CGA-Enriched Water Extract
of E. ulmoides

After we demonstrated the pharmacological effects of CGA on the cells of fetal rat raphe neurons,
next, we investigate whether CGA can be absorbed into the CSF of the rats treated with CGA-Enriched
water extract of E. ulmoides (EUWE). In order to qualitative analysis of CGA in the CSF of rat, ultra high
performance liquid chromatography coupled to tandem mass spectrometry (UHPLC-ESI-MS/MS) was
employed in positive and negative scan modes to optimize conditions of mass spectrum (Figure 6A,B).
Then MS/MS spectrum of m/z 353.10 in the negative ion mode was acquired (Figure 6C), and MRM
mode was used to monitor both quasimolecular and fragment ions. Therefore, MRM chromatogram of
m/z 353.10 > m/z 191.15 and m/z 353.10 > m/z 179.00 for CGA and CSF samples in the rats treated
with EUWE were obtained, respectively (Figure 6D,E). The MRM negative mode was selected due to
high sensitivity. As shown in Figure 7, the retention time and mass spectra of the CSF samples in the
rats treated with EUWE are similar to that of CGA, indicating the CSF samples may contain CGA.

To further identify whether the CSF of the rats treated with EUWE contains CGA, UHPLC-ESI-MS/MS
with both positive and negative ion modes were employed to study the fragmentation behaviors of
authentic standard of CGA in ESI-MS/MS at first in order to facilitate the structure characterization
of the marker constituent. The marker constituent are identified according to their fragmentation data
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and comparison with the authentic standard from previous studies [33,34]. The ion fragmentations and
structure of marker constituent are shown in Figure 7 and Scheme 1. The quasi-molecular ions [M + H]+

and [M ´ H]´ of marker constituent are observed at m/z 355.15 and m/z 353.10 in MS spectrum. In the
MS2 spectrum, the precursor ion [M ´ H]´ at m/z 353.10 (C16H17O9) fragmented into product ions at
m/z 191.15 (C7H11O6, [M ´ H ´ C9H6O3]´) and m/z 179.00 (C9H7O4, [M ´ H ´ C7H10O5]´). The ion at
m/z 191.15 [C7H11O6]´ and m/z 179.00 [C9H7O4]´ are characteristic fragment ions for identifying the
structures of caffeoyl and quinic acid from previous reports [35–37], which are also observed in the MS
spectrum of the authentic standard. Therefore, the data demonstrate that the CSF of the rats treated with
EUWE contains CGA and CGA-enriched EUWE can be absorbed into CSF of rats, indicating that CGA can
cross the BLB of rats.

Figure 6. Analysis of CGA and CSF samples in the rats treated with water extract of E. ulmoides (EUWE)
by UHPLC-ESI-MS/MS chromatogram. (A) Positive Scan m/z 100–500 of CGA; (B) Negative Scan m/z
100–500 of CGA; (C) MS/MS spectrum of m/z 353.10 of CGA in the negative ion mode; (D) MRM of
channels ESI´ 353.10/191.15 for CGA and CSF samples in rat treated with EUWE; (E) MRM of channels
ESI´ 353.10/179.00 for CGA and CSF samples in the rat treated with EUWE. Notes: chromatographic
conditions are provided in the Experimental Section. The rats were treated with EUWE at 4.0 g/kg.
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Figure 7. Marker constituents in the CSF of the rats treated with EUWE (4.0 g/kg) identified by
ESI-MS/MS spectra in the negative ion mode.

Scheme 1. The chemical structures and metabolic pathway of CGA fragmentations identified in the
CSF of the rats treated with EUWE (4.0 g/kg).

2.6. Quantitative Measurement of CGA in the CSF of Rat

In order to achieve a better MS condition, both CGA and toosendanin (TSN, as the internal
standard) were examined by negative scan in the MS or MS/MS scan mode (Figure 8A–D). Then MRM
mode was used to monitor both quasimolecular and fragment ions, in which channel ESI´m/z 353.10 >
m/z 191.15 was selected for CGA and channel ESI´m/z 573.15 > m/z 531.15 was selected for TSN.
Notably, no endogenous interfering peaks are observed at or near the retention times of CGA and TSN
by comparing with blank CSF, and TSN doesn’t contribute to CGA signal (Figure 8E–H), indicating
that CGA doesn’t contribute to TSN response and endogenous interfering. Consequently, these results
suggest the method has high selectivity for the measurement of CGA.

The calibration curve of CGA in the CSF of rat was constructed by plotting peak area ratios of
CGA using the weight (1/C) linear regression. The method shows good linearity over the range from
0.5 to 200 ng/mL with a correlation coefficient r >0.999. The typical calibration curve is presented
in Figure 9. The lower limit of quantitation is 0.5 ng/mL. The intra-day accuracy is 111.3% and the
relative standard deviation (RSD) of intra-day precision is 7.11% at the concentration of 0.5 ng/mL.
In addition, the matrix effect of CGA is 106.15%. Therefore, the method was proved to be sensitive for
the measurement of CGA in the CSF of rat.

The established UHPLC-ESI-MS/MS analytical method was subsequently used to determine the
CGA concentration in the CSF of the rats treated with EUWE at the dose of 4.0 g/kg and the mean
CGA concentrations are 0.41954 ng/mL (1.184 nM) and 0.56224 ng/mL (1.588 nM) for 60 min and
90 min, respectively.
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Figure 8. UHPLC-ESI-MS/MS chromatogram of CGA and toosendanin (TSN). (A) Negative Scan m/z
100–500 of CGA; (B) MS/MS spectrum of m/z 353.10 in the negative ion mode; (C) Negative Scan m/z
100–700 of TSN; (D) MS/MS spectrum of m/z 573.10 in the negative ion mode; (E) MRM of channels
ESI´ 353.10/191.15 and 353.10/161.10 for blank CSF sample; (F) MRM of channels ESI´ 353.10/191.15
and 353.10/161.10 for CSF spiked with CGA; (G) MRM of channels ESI´ 573.15/531.15 for blank CSF
sample; (H) MRM of channels ESI´ 573.15/531.15 for CSF spiked with TSN. Notes: Chromatographic
conditions are provided in the Experimental Section.
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Figure 9. Linear regression calibration curves of CGA (A) and the six consecutive MRM of blank CSF
spiked with 0.5 ng/mL CGA (B) in the CSF of rats.

3. Discussion

The present study aimed to explore whether CGA can protect from Cort-induced damage and
promote 5-HT release through synapsin I expressionin in the cells of fetal rat raphe neurons in vitro
and cross BLB of the rats orally treated with CGA-enriched EUWE in vivo. Our results indicate that
CGA can indeed stimulate axon and dendrite growth, promote 5-HT release and enhance synapsin I
expression in the cultured cells of fetal rat raphe neurons evidenced by immunofluorescence staining
and western blots analysis. More important, our study of in vivo antidepressant-like effect in the
tail suspension test of mice demonstrated that CGA-enriched EUWE exhibited antidepressant effect
(Figure 5). Furthermore, our results also show that CGA could be detected in the CSF of the rats orally
treated with CGA-enriched EUWE at 4.0 g/kg and reach to the level of pharmacological effect for
neuroprotection, indicating CGA can pass through the BLB of the rats treated with EUWE. Therefore,
our findings suggest that CGA and CGA-enriched EUWE may have the potential to become the natural
drugs for the treatment of depression. However, their action mode and associated mechanism(s) with
anti-depression are still unclear and need to be further investigated.

Synapsin I is a presynaptic phosphoprotein that anchors synaptic vesicles containing neurotransmitters
to the actin cytoskeleton in the distal pool [37]. The striking evidence indicates that the expression level
of synapsin I is positively associated with the maturation of neurotransmitter release mechanisms [27].
In the present study, we found CGA significantly promoted 5-HT release and stimulated synapsin I
expression in the cells of fetal rat raphe neurons in vitro, which may provide valuable information for the
applications of CGA and CGA-enriched EUWE in potential treatment of depressive disorders in clinic.
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However, synapsin I controls the fraction of synaptic vesicles available for release and thereby regulates
the efficiency of neurotransmitter release by changing its phosphorylation state [38]. The phosphorylation
of synapsin I is mediated by multiple protein kinases involved in various signaling pathways, including
extracellular signal-regulated kinase (ERK) in mitogen-associated protein kinase (MAPK)/ERK pathway
that modulates presynaptic plasticity and learning [39], protein kinase A (PKA) in cAMP-dependent
pathway that modulates synaptic vesicle exocytosis [40], and Ca2+/calmodulin-dependent protein kinase
II (CaMK II) that modulates neurotransmitter release and synaptic plasticity [41]. Therefore, our further
investigation into the molecular mechanisms associated with the anti-depression effects of CGA and
CGA-enriched EUWE should include the study of phosphorylation of the respective site-specific kinases
ERK, PKA and CaMK II in MAPK/ERK, cAMP/PKA, and Ca2+/CaMK II pathways, which are upstream
of synapsin I.

As we all know, several brain regions including hippocampus have been involved in depression.
The hippocampus is an important region of the brain that is in charge of numerous cognitive and
behavioral functions and related to the systems of 5-HT and glutamate, which are involved in the
mechanism of action of antidepressants so the hippocampus is a key region in which to study
depression [42,43]. Moreover, 5-HT has been shown to regulate synaptic neurotransmission in the
hippocampus [44]. However, 5-HT is exclusively expressed in the dorsal and median raphe in the
brain [26]. Then in order to study the effect of CGA and CGA-enriched EUWE on 5-HT release and its
effects in hippocampus simultaneously, the method with a neuronal raphe/hippocampal co-culture
in vitro should be developed to perform electrophysiological experiments as literature reported [25].

A most important feature for development of antidepressant is the ability to cross BLB and
BBB in vivo to display its therapeutic efficacy [18]. In the present study, our data demonstrate that
CGA-enriched EUWE at 200 and 400 mg/kg/day for 7 days showed antidepressant-like effect in the
tail suspension test of mice and CGA from the rats orally treated with CGA-enriched EUWE can be
detected in the CSF of rats by UHPLC-ESI-MS/MS analyses, indicating that CGA from EUWE can
cross the BLB of the rats. This is the basic for further development of CGA and CGA-enriched EUWE
as the antidepressants.

4. Experimental Section

4.1. Materials

CGA (Lot: 110753-200413) was purchased from National Institutes for Food and Drug Control
(Beijing, China). The CGA structure was confirmed on a LCMS-8040 triple quadrupole mass
spectrometer (Shimadzu Corporation, Kyoto, Japan). The CSF samples were analyzed by an ultrahigh
performance liquid chromatography (UHPLC) system (LC-20 AD, Shimadzu Corporation) coupled to
LCMS-8040 triple quadrupole mass spectrometer (Shimadzu Corporation). Acetonitrile (MS grade)
and formic acid (MS grade) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Deionized
water was prepared using a Milli-Q water purification system (Millipore, Molsheim, France).

Dulbecco’s modified Eagle’s medium (DMEM), neurobasal medium, fetal bovine serum (FBS)
and B-27 supplement were purchased from GIBCO Invitrogen (Carlsbad, CA, USA). Polylysine and
Cort were purchased from Sigma-Aldrich. Anti-synapsin Ia/b antibody (H-170) was purchased from
Santa Cruz Biotechnology (Dallas, TX, USA). Rat 5-HT ELISA kit was purchased from Cusabio Biotech
(Newark, DE, USA).

4.2. Plant Material and Extraction

The bark of E. ulmoides used in this study was purchased from Taiji Group Limited Company
(Chongqing, China), and were authenticated by Professor Can Tang at the Sichuan Medical University
(Luzhou, Sichuan, China). The dry bark of E. ulmoides (100 g) was extracted three times with 1 L
distilled water at 100 ˝C for 60 min each. Then the total extract was concentrated to dryness using
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a rotary vacuum evaporator and yielded 10.26 g dried extract. This crude EUWE was used for
the experiments.

4.3. Animals and Sample Collection

Eight-to-ten-week old (body weight 250–300 g), and pregnant (16–20 weeks old and body
weight 300–350 g, for primary raphe neuron study) Sprague Dawley rats (SPF Grade, Certificate
No. SCXK2013-24) and Six-to-eight-week old (body weight 20–25 g) KM mice (for tail suspension test,
SPF Grade, Certificate No. SCXK2013-24) were purchased from Experimental Animal Centre, Sichuan
Provincial Academy of Medical Sciences in China (Chengdu, Sichuan, China). All animal experiments
were performed in accordance with institutional guidelines and were approved by the Committee on
Use and Care of Animals, Sichuan, China (Permit number: SYXK2013-065). All animals were housed
under standard environmental conditions and fed with standard diet and water ad libitum. The adult
rats in the EUWE group were administrated orally with a single dose of 4.0 g/kg EUWE and in the
control group with same volume of deionized water before the CSF samples were collected. According
to literature [45], rats were anesthetized by 40 mg/kg pentobarbitone, then the atlanto-occipital
membrane was exposed by blunt dissection. CSF was collected by lowering a 25-gauge needle attached
to polyethylene tubing into the cisterna magna. The pregnant Sprague Dawley rats on embryonic day
15 were used for preparing primary raphe neurons as literature reported [25].

4.4. Cell Culture and Treatment

The cells of primary raphe neurons were prepared from pregnant Sprague Dawley rats on
embryonic day 15 as previously reported with slight modification [25]. Briefly, cells were gently
dissociated with a pasteur pipette after digestion with 0.125% trypsin for 15 min at 37 ˝C, plated at
a final density of 1 ˆ 106 cells/well on polylysine-coated 6-well plates and cultured at 37 ˝C in a 5%
CO2 humidified incubator. After 24 h culture, the DMEM medium (with 10% FBS) was replaced by
neurobasal medium containing 2% B-27 supplement. For cell proliferative assay, the cells of neurons
were seeded into 96-well plates at a density of 3 ˆ 104 cells/well and treated with 10 μM Cort for
24 h, then CGA was applied with different concentrations (0.001, 0.01, 0.1, 1 and 10 μM) or same
volume of culture medium containing 0.1% DMSO as control. The assays were performed on the 2nd,
4th, 6th, 8th day using the Dojindo Cell Counting kit-8 according to the instruction supplied by the
manufacturer. Absorbance values (490 nm) were recorded in triplicate using M5 Microplate Reader
(Molecular Devices, Sunnyvale, CA, USA).

4.5. Neurotransmitter Detection

CGA was applied to Cort-pretreated cells of neurons for 5 days. Then the cells were washed
3 times and incubated in KPH buffer (130 mM NaCl, 5 mM KCl, 1.2 mM NaH2PO4, 1.8 mM CaCl2,
10 mM glucose, 1% BSA, 25 mM HEPES, pH 7.4) for 10 min at 37 ˝C, and subjected to 0.5 nM or 1.0 nM
CGA, all treatments were brought up to final concentration in neurobasal medium containing 2% B-27
supplement. After 10 days, the supernatants were concentrated 10-fold using a nitrogen evaporator
and the levels of 5-HT were determined using a rat 5-HT ELISA kit.

4.6. Immunofluorescence Staining

CGA (1 nM) was applied to Cort-pretreated cells of neurons for 8 days. The cells were fixed with
4% paraformaldehyde containing 0.05% Triton X-100 for 20 min and rinsed with PBS. After blocked
with 4% BSA, the cells were incubated overnight at 4 ˝C with anti-synapsin I antibody (1:50). Afterward,
fluorescein isothiocyanate (FITC) conjugated secondary antibodies (1:100) were applied at room
temperature for 1 h. Immunoreactivity was observed with an IX51 fluorescence microscope (Olympus,
Tokyo, Japan).
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4.7. Western Blot Analysis

Neurons were harvested after 7 days CGA (1 nM), and/or Cort (10 μM) or medium with 0.1%
DMSO (control) treatment and disrupted in cell RIPA buffer (0.5% NP-40, 50 mM Tris-HCl, 120 mM
NaCl, 1 mM EDTA, 0.1mM Na3VO4, 1 mM NaF, 1 mM PMSF, 1 μg/mL leupeptin, pH 7.5), and then
lysates were centrifuged at 12,000 rpm for 15 min at 4˝C. The protein concentration was determined
using the BCA method, after which equal amounts of protein (30 μg) were electrophoresedon 10%
density SDS-acrylamide gels. Following electrophoresis, the proteins were transferred from the gel
to a nitrocellulose membrane using an electric transfer system. Non-specific binding was blocked
with 5% skim milk in TBST buffer (5 mM Tris-HCl, pH 7.6, 136 mM NaCl and 0.1% Tween-20) for 1 h.
The blots were incubated with antibodies against synapsin I (1:200) overnight at 4 ˝C and were washed
three times with 1 ˆ TBST. Then, the blots were incubated for 1 h at room temperature with a 1:5000
dilution of horseradish peroxidase-labeled anti-rabbit or anti-mouse IgG and washed three times with
1 ˆ TBST, the membranes were developed by incubation within the ECL western detection reagents.

4.8. Tail Suspension Test of Mice

The experiments were performed according to the method of Park et al. [20]. Briefly, forty-eight
male KM mice were divided into four groups, and the mice were treated orally with distilled water
(vehicle control), fluoxetine (FLX) at 8 mg/kg (as positive control), or EUWE at 200 and 400 mg/kg/day
with a volume of 0.2 mL/20 g of body weight once a day for 7 days. One hour after the last
administration of vehicle, FLX or EUWE, the mice were suspended by the tail to a horizontal ring
stand bar (distance from floor 25 cm) using adhesive tape (distance from tip of tail 2 cm). Then the
duration of immobility was recorded for the last 4 min during 6-min test session. There are 12 mice for
each experimental group.

4.9. UHPLC-ESI-MS/MS Analysis

The UHPLC-ESI-MS/MS analyses were performed on a Shimadzu LCMS-8040 UHPLC system
comprised of two LC-30AD pumps, a SIL-30AC autosampler with a CTO-30AC column oven,
a DGU-20A5 degasser, a Shimadzu CBM-20A system controller, a Labsolution LCMS Ver.5.75
workstation, an ESI ion source and a LCMS-8040 mass spectrometer. Chromatographic analyses were
achieved at 45 ˝C with an InertSustain C18 column (GL Science, 2.0 μM particle size, 50 mm ˆ 2.1 mm),
using water-formic acid (100:0.05, v/v) and acetonitrile as the mobile phase A and phase B, respectively.
The mobile phase was delivered at a rate of 0.35 mL/min. The injection volume was 10 μL. For the
gradient separation, the gradient program was as follows: 5%–5% B at 0–0.8 min, 5%–100% B at
0.8–1.3 min, 100%–100% B at 1.3–2.5 min, 100%–5% B at 2.5–3.0 min, 5%–5% B at 3.0–4.0 min. For mass
detection, the mass spectrometer was programmed to carry out a full scan over m/z 100–500 (MS1) and
the secondary mass spectrum data were collected by dependence pattern (MS2) in positive ion and
negative ion detection modes with a spray capillary voltage of 3.0 kV. The detector voltage was 2.04 kV.
The desolvation line was heated to 250 ˝C and the heat block was heated to 450 ˝C. Nebulizing gas
was introduced at 2.5 L/min, and the drying gas was set to 10.0 L/min. Collision-induced dissociation
gas pressure was set to 230 kPa. The data analysis was performed using LabSolutions software
(version 5.75, Shimadzu).

4.10. Statistical Analysis

All data were presented as means ˘ SD. The statistical significance of the data was analyzed by
one-way analysis of variance (ANOVA), and values of p < 0.05 were considered statistically significant.

5. Conclusions

In the present study, we demonstrated that CGA plays an important role in neuron protection,
promotion of 5-HT release and enhancement of synapsin I expression in the cultured cells of fetal rat
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raphe neurons. Furthermore, using UHPLC-ESI-MS/MS we also detected and identified CGA in the
CSF of the rats after oral administration of CGA-enriched EUWE, indicating CGA could pass through
the BLB of rats treated with EUWE in vivo. These results may provide important insights into potential
discovery and development of CGA and CGA-enriched EUWE as the new antidepressants clinically.
However, more studies are needed to further investigate the action mode and associated mechanism(s)
of CGA and EUWE as the novel antidepressants. In addition, the in vivo antidepressant efficacy of
CGA and EUWE should be tested in animal models of depression to validate the results.
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Abbreviations

E. ulmoides Eucommia ulmoides Oliver
TCM Traditional Chinese Medicine
CGA Chlorogenic acid
BLB Blood-cerebrospinal fluid barrier
BBB Blood-brain barrier
Cort Corticosterone
5-HT 5-hydroxytryptamine or serotonin
ELISA Enzyme-linked immunosorbent assay
EUWE Water extract of E. ulmoides
FLX Fluoxetine
TSN Toosendanin
RSD Relative standard deviation
ERK Extracellular signal-regulated kinase
MAPK Mitogen-associated protein kinase
PKA Protein kinase A
CaMK Calmodulin-dependent protein kinase
UHPLC Ultrahigh performance liquid chromatography
DMEM Dulbecco’s modified Eagle’s medium
FBS Fetal bovine serum
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Abstract: The word dementia describes a class of heterogeneous diseases which etiopathogenetic
mechanisms are not well understood. There are different types of dementia, among which,
Alzheimer’s disease (AD), vascular dementia (VaD), dementia with Lewy bodies (DLB) and
frontotemporal dementia (FTD) are the more common. Currently approved pharmacological
treatments for most forms of dementia seem to act only on symptoms without having profound
disease-modifying effects. Thus, alternative strategies capable of preventing the progressive loss
of specific neuronal populations are urgently required. In particular, the attention of researchers
has been focused on phytochemical compounds that have shown antioxidative, anti-amyloidogenic,
anti-inflammatory and anti-apoptotic properties and that could represent important resources in the
discovery of drug candidates against dementia. In this review, we summarize the neuroprotective
effects of the main phytochemicals belonging to the polyphenol, isothiocyanate, alkaloid and
cannabinoid families in the prevention and treatment of the most common kinds of dementia.
We believe that natural phytochemicals may represent a promising sources of alternative medicine, at
least in association with therapies approved to date for dementia.

Keywords: dementia; phytochemicals; polyphenols; isothiocyanates; alkaloids; cannabinoids

1. Introduction

The Etiopathogenesis of Dementia

Dementia is an age-related irreversible condition resulting in a progressive cognitive decline that
reduces a person’s ability to perform daily activities. Despite the progress made in the field of dementia
in the last decades, the precise pathogenetic mechanisms of dementia are still not well understood.
Dementia affects nearly 47.5 million patients worldwide and its incidence is predicted to increase
significantly in the next decades since the average age of the population is increasing [1]. There are
many different forms of dementia classified by the National Institute of Health: Alzheimer’s disease
(AD), vascular dementia (VaD), dementia with Lewy bodies (DLB), frontotemporal dementia (FTD),
and mixed dementias [2].

AD is the most common form of dementia worldwide, accounting for approximately 60% of all
dementia cases, followed by VaD (20%), DLB (10%) and FTD (2%) [3]. AD is characterized by a gradual
degeneration of the cholinergic neurons, in particular in the hippocampus and cortex areas that imply
a loss of cognitive function causing symptoms such as memory loss, impaired judgement, depression
and mental deterioration. The main pathological hallmarks of AD, including senile plaques, resulted
from the extracellular accumulation of the amyloid beta (Aβ) protein, and the neurofibrillary tangles
(NFTs), formed by hyperphosphorylated and aggregated Tau protein [4]. Aβ accumulation generates a
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cascade of events including oxidative stress and inflammation [5]. Furthermore, microglia activated by
Aβ release pro-inflammatory cytokines, reactive oxygen species (ROS) and reactive nitrogen species
(RNS), which cause mitochondrial dysfunction, leading to glutamate release and excitotoxic neuronal
death. Additionally, NFTs form insoluble filaments that limit the transportation of neurotransmitters
like acetylcholine (ACh) and interfere with communication between neurons contributing with Aβ

oligomers to affect synaptic transmission, leading to cognitive impairment. Conventional therapies for
AD are mainly symptomatic and consist of acetylcholinesterase inhibitors (AChEIs), among which
donepezil (Aricept®), rivastigmine (RIV, Exelon®) and galantamine (GAL, Reminyl®) are widely used
in AD patients. AChEIs enhance cholinergic transmission and show modest but statistically significant
improvements on cognition and global functioning in mild to moderate AD [6]. To date another
treatment recognized for moderate to severe AD is memantine (Namenda®), an antagonist of the
N-methyl-D-aspartate (NMDA) receptor that has proven beneficial effects on the cognition, behavior
and activities of daily living of AD patients [7].

VaD refers to a whole spectrum of cognitive dysfunctions, ranging from mild cognitive impairment
to more severe cases that are characterized by a cerebrovascular etiology (cerebral ischemia, stroke).
Reduced blood flow in the brain generates hypoxia and oxidative stress that trigger inflammatory
responses and damage endothelial vessels, glial and neuronal cells [8]. In addition, cholinergic deficits
have been reported in VaD patients. Although cholinergic therapies have shown promising effects
on cognitive improvement [9], until now these treatments have not been validated for VaD. Current
treatment approaches for VaD are aimed at preventing future vascular insults by controlling the major
risk factors such as hypertension, hypercholesterolemia and diabetes mellitus [10].

DLB is a neurodegenerative dementia that generally occurs during the course of Parkinson’s
disease, characterized by the abnormal aggregation of the α-synuclein (α-Syn) protein in neuronal
cells, known as Lewy bodies [11]. The pathogenetic mechanisms involved in DLB are multifactorial,
although genetic mutations in the α-Syn family genes have been implicated in the formation of
Lewy bodies [12]. Clinically, DLB is characterized by cognitive decline, fluctuations in alertness
and cognition, recurrent visual hallucinations, sleep disturbances, slowed movements, stiff limbs,
and tremors (Parkinsonism). Neurodegeneration associated with DLB involves multiple brain areas
including both dopaminergic and cholinergic neurons and for these reasons, it is often misdiagnosed
as AD or other forms of dementia. Moreover, oxidative stress is significantly involved in the pathology
of DLB [13]. In particular, α-Syn accumulation causes mitochondrial degeneration, which leads to
the induction of oxidative stress followed by neurodegeneration. Current DLB therapies are directed
at alleviating the symptoms and consist of drugs that restore dopamine signaling, such as levodopa,
dopamine agonists and dopamine reuptake inhibitors [14].

FTD is a dementia characterized by early onset, and thus considered a dementia of the presenile
age (<65 years of age). FTD is genetically and pathologically heterogeneous, characterized by
progressive atrophy in the frontal or temporal lobes resulting in a gradual and progressive decline
in behavior or language. In addition, neurovascular dysfunction contributes to FTD [1]. However,
therapies for FTD are still missing and antipsychotics or antidepressants are typically administered to
manage the symptoms [15].

The exact etiopathogenetic mechanisms leading to dementia have not yet been completely
identified and the ongoing therapeutic strategies are generally based on the different aspects of
dementia: to reduce protein aggregation, including β-amyloidosis and abnormal Tau phosphorylation
in AD, and α-Syn deposition in DLB; to prevent further cerebrovascular and ischemic events in VaD
and FTD; to restore specific neurotransmitter impairment, including cholinergic abnormalities in AD,
and dysfunction of glutamatergic and dopaminergic system in DLB.

As already cited, conventional drugs used for most forms of dementia seem to act solely on
symptoms, without having any profound disease-modifying effects. Although such treatments are
effective in the early stages of the disease, long-term therapy has been associated with serious adverse
effects [16,17]. Moreover, given the involvement of Aβ-induced oxidative stress in the etiology and
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pathology of dementia, one of the promising approaches of preventive interventions for dementia may
be represented by antioxidant therapy which inhibits the detrimental effects of excess ROS through
induction of endogenous antioxidant enzymes. Over the last decade, in an attempt to discover new
alternative therapies for the most common form of dementia, basic science has focused on the discovery
of natural compounds as potential candidates that can protect neurons against various insults and
exert beneficial effects on neuronal cells. It is very likely that a dietary intake of foods or plant-based
extracts with antioxidant as well as anti-inflammatory properties might have beneficial effects on
human health and improve brain functions.

This review summarizes and discusses major in vitro/in vivo studies and clinical data
demonstrating the neuroprotective effects of the most common natural phytochemicals belonging to
the polyphenol, isothiocyanate, alkaloid and cannabinoid families in the prevention and/or in the
treatment of the most common forms of dementia.

2. Polyphenols

Polyphenols are a class of natural compounds found mainly in fruits, vegetables, cereals and
beverages, and considered the most abundant dietary antioxidants with an average consumption
of around 1 g/day per person [18]. Polyphenol compounds can be classified into two main groups:
non-flavonoids and flavonoids. More than 8000 phenolic structures are currently known and among
them, more than 4000 flavonoids have been identified [19]. Non-flavonoid compounds include
phenolic acids, stilbenes, lignans and other polyphenols (Table 1) [20]. Flavonoids are classified into
six subgroups: flavones, flavonols, flavanols, flavanones, isoflavones, and anthocyanins [21].

Table 1. Polyphenols are classified into two main groups: non-flavonoids and flavonoids. Non-flavonoids
include phenolic acids, stilbenes, and lignans. Flavonoids are distinct in six subgroups: flavones, flavonols,
flavanols, flavanones, isoflavones, and anthocyanins.

Subclass

Polyphenols

SourceNon-Flavonoids

Phytochemical

Stilbenes resveratrol grapeskin, red wine, blueberries
and blackberries

Lignans secoisolariciresinol linseed, cereals and grain

Flavonoids

Flavones apigenin, luteolin parsley and celery

Flavonols kaempferol, quercetin onions, leeks and broccoli

Flavanols catechin, epicatechin, epigallocatechin
and epigallocatechin gallate green tea, red wine and chocolate

Flavanones hesperetin, naringenin citrus fruits and tomatoes

Isoflavones daidzein, genistein, glycetin soy and soy products

Anthocyanins pelargonidin, cyanidin, malvidin red wine and berry fruits

The first evidence of the beneficial role of polyphenols in human health came from investigations
in the 1960s and 1970s [22,23]. Further epidemiological studies have indicated that polyphenol
consumption can be associated with a decreased risk to develop cancer [24], cardiovascular
diseases [25] and neurodegenerative disorders [26]. Over the last decade, polyphenols have been
suggested in the prevention and treatment of cognitive diseases, due to their antioxidative and
anti-amyloidogenic features [27,28].

We performed a literature search using PubMed to identify articles about polyphenols and
dementia, and found three most investigated polyphenols. By using the keywords “curcumin and
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dementia” 225 publications were found; by “resveratrol and dementia” 109 publications were found;
and by searching for “epigallocatechin 3-gallate and dementia” 61 publications were found.

2.1. Curcumin: A Non-Flavonoid

Curcumin (CUR) or diferuloylmethane is extracted from Curcuma longa, a member of the ginger
family, used for centuries in traditional Indian and Chinese medicine as a herbal remedy to cure
inflammation of the skin and muscles [29]. The observation that Indian people aged 70–79 years
consuming a diet rich in CUR had an incidence about 4.4-fold lower to develop AD than American
people of the same age [30], led us to suppose that CUR could exert a neuroprotective role [31].
Indeed, numerous studies suggest CUR as a promising candidate for dementia therapy due to
its neuroprotective activities including antioxidative, anti-inflammatory and anti-amyloidogenic
effects [32,33]. The antioxidant properties of CUR are ascribed mainly to the presence of a phenolic
group attached to two methoxy groups (Figure 1), which confers CUR the ability to transfer hydrogen
atoms or sequentially transfer an electron and a proton [34]. CUR can scavenge hydroxyl and
superoxide radicals in vitro and its antioxidant activity is considered to be around fourfold higher than
α-tocopherol, a form of vitamin E [35]. CUR can act also as metal-chelator in vivo by binding with the
redox-active metals iron and copper, and prevents neuroinflammation via metal induction inhibition
of the Nuclear Factor Kappa B (NFκB) pathway in the brain of AD animal models [36].

 

Figure 1. Molecular structure of curcumin.

Jin et al. [37] investigated the effect of CUR pre-treatment in lipopolysaccharide (LPS)-stimulated
BV2 microglia cells. They found that CUR prevented the increased expression of inducible nitric oxide
synthase (iNOS) and cyclooxygenase 2 (COX-2) which inhibited the consequent production of nitric
oxide (NO) and prostaglandin E2 (PGE2), respectively. Moreover, CUR reduced the transcription levels
of the pro-inflammatory cytokines interleukin-1beta (IL-1β), interleukin-6 (IL-6), and Tumor Necrosis
Factor-alpha (TNF-α) by NFκB signaling inhibition. Similar results by Shi et al. [38] demonstrated
that CUR protected mouse primary microglia cells from Aβ-toxicity in a dose-dependent manner by
attenuating the release of IL-β, IL-6 and TNF-α via p38 mitogen-activated protein kinase (MAPK) and
extracellular-signal-regulated kinases (ERK) inhibition. Parallel to these in vitro studies, CUR-mediated
anti-inflammatory effects have been reported in in vivo models. The effect of CUR supplementation
in diet at low (160 ppm) or at high doses (5000 ppm) for 6 months was investigated in Tg2576, an
AD transgenic mouse model by Lim et al. [39]. The authors found that both doses of CUR decreased
the expression of the pro-inflammatory cytokines, such as IL-1β, that was elevated in Tg2576 brains,
as well as reduced the levels of oxidized proteins. Furthermore, they observed that animal treated
with CUR at low doses showed a reduction of both insoluble amyloid and plaque burden as well as
reduced levels of the glial fibrillary acidic protein (GFAP), a well-known marker of activated astrocytes.
Rinwa et al. [40] investigated the effect of daily administration of CUR (20 mg/kg for 14 days) in
another AD mouse model obtained by intracerebroventricular (icv) administration of streptozocin
(STZ) (icv-STZ mouse). They found that CUR supplementation in this model reduced memory deficits
by decreasing oxidative stress and AChE activity. In addition, they investigated the role of peroxisome
proliferator-activated receptor gamma (PPAR-γ), an important negative regulator of inflammation [41],
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in CUR-stimulated anti-inflammatory effects. They found that icv-STZ AD mice pretreated with
PPARγ antagonist failed to show the protective effect of CUR, suggesting a crucial role of PPARγ
receptor in CUR-triggered anti-inflammatory effects [40].

Furthermore, several in vitro and in vivo studies highlighted the anti-amyloidogenic properties of
CUR. Park and coauthors [42] reported that CUR pre-treatment (10 μg/mL for 1 h) reduced oxidative
stress, intracellular calcium influx, and Tau hyperphosphorylation induced by Aβ exposure in rat
pheocromocytoma PC12 cells. In human neuroblastoma cells SH-SY5Y expressing the Swedish mutant of
the Amyloid Precursor Protein (APPswe), CUR treatment significantly reduced Aβ production in a dose-
and time-dependent manner and this Aβ reduction was mediated by serine 9 residue phosphorylation
of Glycogen Synthase Kinase 3 (GSK3β), a key enzyme involved in the phosphorylation of the Amyloid
Precursor Protein (APP) and Tau proteins [43]. In murine neuroblastoma cells Neuro2a overexpressing
the mutant APPswe (N2a/APPswe), CUR treatment decreased the expression of presenilin-1 (PS1;
γ-secretase) and beta-site amyloid precursor protein cleaving enzyme 1 (BACE-1; β-secretase), proteases
involved in the synthesis of Aβ plaques [44].

Indeed, similar anti-amyloidogenic feature of CUR has been also demonstrated in in vivo models.
1,7-Bis(41-hydroxy-31-trifluoromethoxyphenyl)4-methoxycarbonylethyl-1,6-heptadiene-3,5-dione)
(FMeC1), a novel curcumin derivative, significantly decreased the insoluble Aβ deposits, glial
activation, and ameliorated the cognitive deficits in APP/PS1 double transgenic AD mice [45]. Another
interesting study performed by Wang et al. [46] demonstrated that CUR may exert anti-amyloidogenic
effects by inhibiting Phosphatidylinositol 3-Kinase (PI3K), phosphorylated protein kinase B (Akt) and
mammalian target of rapamycin (mTOR) pathway (PI3K/Akt/mTOR pathway)-mediated formation
of Aβ deposits in APP/PS1 AD mice [46]. Moreover, enzymes required for Aβ degradation, such as
insulin-degrading enzymes and neprilysin, were found to be increased in these mice administered
with CUR, which eventually improved the spatial learning and memory abilities [47]. Data reported
by Garcia-Alloza et al. [48] provided further evidences for the anti-amyloidogenic effect of CUR.
They showed that CUR crossed the blood brain barrier (BBB) and label Aβ, which eventually causes
Aβ degradation in APP/PS1 AD mice. Furthermore, in vivo administration of CUR was shown
to reduce high-cholesterol, a well-known risk factor for VaD and AD [49]. Tian et al. [50] showed
that CUR administration lowered the cholesterol levels and ameliorated the vascular cognitive
impairment in rat with chronic cerebral hypoperfusion (CCH), a VaD model [51,52]. They found
that CUR decreased cholesterol levels by inducing the expression of the ATP-binding cassette
transporter and apolipoprotein A1, which mediate cholesterol transmembrane transportation.
The summary of molecular mechanisms underlying CUR-induced antioxidative, anti-inflammatory
and anti-amyloidogenic effects discussed above is listed in Table 2.

Significant preclinical data obtained from in vitro and in vivo studies made clinicians to explore
the therapeutic efficacy of CUR in dementia patients [53–57]. However, these clinical trials have failed
to produce any convincing protection in AD patients. Possible reasons behind the unsuccessful results
of these clinical trials are: (1) the molecular pathology underlying animal models with dementia is not
same as that of humans; (2) the metabolism of CUR in rodents and in humans may differ.

Besides, the role of CUR in VaD, DLB and FTD patients is yet to be investigated. In summary,
we propose the urgent need of compelling animal models of dementia, which reflect the similar
pathology in dementia patients in order to successfully evaluate the therapeutic efficacy of CUR.
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2.2. Resveratrol: A Non-Flavonoid

Resveratrol (RESV) belongs to a non-flavonoids class of polyphenolic compounds, called stilbenes,
found in more than 70 different plants [58], including gnetum, butterfly orchid tree, white hellebore,
Scots pine, corn lily, eucalyptus, spruce, and also in a lot of fruits and beverages, including grapes,
cranberry, and wine. RESV is a phytoalexin synthesized from plants after exposure to stress, such as
injury, fungal infections and UV radiation [58]. RESV can cross the BBB and produce neuroprotective
effects against cerebral injury [59]. Structural studies demonstrated that the antioxidant properties
of RESV depend on the presence of three hydroxyl groups in positions 3, 4 and 5 attached to the
aromatic rings that offer RESV the ability to remove free radical species [60] (Figure 2). The antioxidant
properties of RESV have been associated also with its ability to stimulate the expression of endogenous
antioxidant enzymes. In healthy rats, RESV administration increased the activity of some detoxifying
enzymes, such as superoxide dismutase (SOD) and catalase (CAT), while decreasing the activity of the
pro-oxidant enzyme malondialdehyde (MDA) in mouse brain [61].

 

Figure 2. Molecular structure of resveratrol.

Many in vitro and in vivo studies have demonstrated the therapeutic efficacy of RESV in dementia
models associated with AD. Kim et al. [62] found that pre-incubation with RESV (20 μM) in rat
C6 glioma cells protected them against Aβ toxicity, by inhibiting iNOS and COX-2 expression
and consequently reducing the production of PGE2 and NO. In PC12 cells exposed to Aβ toxicity,
RESV pre-treatment (25 μM) protected cells against Aβ-induced oxidative cell death, by decreasing
ROS accumulation, by attenuating the increased expression of pro-apoptotic proteins such as the
Bcl-2-associated X protein (Bax), and by blocking the activation of the c-Jun N-terminal kinases (JNK)
and NFκB [63]. Han et al. [64] showed that RESV treatment in rat hippocampal cells attenuated
Aβ-induced cell-death in a concentration-dependent manner. Furthermore, they demonstrated that
cells pre-treated with the protein kinase C (PKC) inhibitor significantly reduced the neuroprotective
effect of RESV, suggesting the role of PKC in RESV-mediated neuroprotection [65]. RESV treatment in
HEK293 and Neuro2a cells transfected with APPswe variant attenuated Aβ accumulation by activating
51 adenosine monophosphate-activated protein kinase (AMPK), a crucial regulator of cellular energy
metabolism [66]. AMPK activation inhibits mTOR signaling and promotes autophagy and lysosomal
degradation of Aβ [67]. Similar AMPK pathway activation by RESV has been reported in in vivo AD
models. In senescence accelerated mouse (SAMP8) model of AD, dietary administration (1 g/kg) of
RESV reduced the Aβ burden and Tau hyperphosphorylation via AMPK activation. These results were
paralleled with the reduction in cognitive impairment. Moreover, activation of Sirtuin 1 (SIRT1), a class
III histone deacetylase enzyme implicated in ROS control [68], was observed in RESV treatment [69].
In APP/PS1 mice model of AD, oral chronic administration of RESV reduced Aβ deposits and increased
the protein levels of the mitochondrial complex IV, by activating both SIRT-1 and AMPK pathways [70].
These results suggested that RESV-induced reduction in cognitive impairment in AD models may
have resulted via activation of AMPK pathway-mediated Aβ clearance and SIRT1 pathway-mediated
prevention of oxidative stress and forkhead transcription factors-induced apoptosis.

Antioxidative and anti-apoptotic effects of RESV have also been investigated in in vivo VaD models.
Ma et al. [71] showed that daily intragastric administration of RESV (25 mg/kg) improved learning and
memory ability in a CCH rat model of VaD, by decreasing oxidative stress through MDA reduction,
and SOD and glutathione (GSH) upregulation in the hippocampus and cerebral cortex [71]. A recent
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study reported similar data that in CCH rats, RESV treatment (10 mg/kg) prevented oxidative stress
by decreasing lipid peroxidation and restoring the reduced glutathione-S-transferase (GST) level [72].
Sun et al. [73] reported that oral doses of RESV (25 mg/kg) attenuated memory impairment in the
CCH rat model. This protective effect was supported by the reduction of expression of pro-apoptotic
proteins, such as Bax, cleaved caspase-3 and cleaved poly(ADP-ribose) polymerase (PARP). RESV
pre-treatment (40 mg/kg) in CCH rats ameliorated spatial learning and memory abilities by restoring
the synaptic plasticity, by increasing the activity of protein kinase A (PKA) and by inducing the
phosphorylation of the cAMP-responsive element-binding protein (CREB), a critical transcriptional
factor involved in the memory process [74]. The summary of molecular mechanisms underlying
RESV-induced antioxidative, anti-apoptotic, and anti-amyloidogenic effects discussed above is listed
in Table 3. Although all these evidences suggest that RESV possesses a lot of neuroprotective features
against dementia, the efficacy of RESV in dementia patients has not yet been demonstrated.

Accordingly, we recommend that clinical trials with dementia patients to evaluate the therapeutic
features of RESV may provide more information in the context of the therapeutic implications of RESV
in dementia.

Table 3. Preclinical studies of resveratrol-mediated neuroprotective effects.

Model
RESV-Mediated

Protective Effects
Proposed

Mechanisms Involved
Up/Down References

In vitro

Aβ-induced rat C6 glioma cells anti-inflammatory iNOS, NO, COX-2, PGE2 Ó [62]

Aβ-induced rat PC12 cells anti-apoptotic
anti-inflammatory ROS, Bax, JNK, NFκB Ó [63]

Aβ-induced rat hippocampal cells anti-apoptotic PKCphosphorylation Ò [64]

Mutant APPswe over expression in
Neuro 2A and in HEK293 cells anti-amyloidogenic AMPK Ò [66]

In vivo

Healthy rats antioxidative SOD, CAT
MDA

Ò
Ó [61]

SAMP8 mice anti-amyloidogenic
antioxidative AMPK, SIRT-1 Ò [68]

APP/PS1 double
transgenic AD mice

anti-amyloidogenic
antioxidative AMPK, SIRT-1 Ò [69]

CCH rats antioxidative MDA
GSH, SOD, GST

Ó
Ò

[71]
[72]

CCH rats anti-apoptotic Bax, PARP Ó [73]

CCH rats spatial learning and
memory improvement

PKA, CREB
phosphorylation Ò [74]

2.3. Epigallocatechin-3-Gallate: A Flavonoid

The flavanol epigallocatechin-3-gallate (EGCG) is the most abundant catechin found in tea,
extracted from Camellia sinensis, a member of the Theaceae family. EGCG is considered a powerful
antioxidant for its direct scavenging properties due to the presence of the trihydroxyl group in the
B ring and the gallate moiety esterified at the 3rd position in the C ring [75] (Figure 3). In addition,
EGCG possesses the indirect antioxidant ability by activating the nuclear erythroid-2 related factor
(Nrf2) and its downstream antioxidant phase II enzymes, including glutathione peroxidase (GPx),
glutamate cysteine ligase (GCLC), GST, SOD, NAD(P)H:quinone oxidoreductase 1 (NQO1), and heme
oxygenase-1 (HO-1) [76].

Antioxidative and anti-inflammatory effects of EGCG have been investigated in in vitro and in vivo
models associated with AD and dementia. Cheng-Chung et al. [77] demonstrated that EGCG treatment
of mouse microglia cells (EOC 13.31) suppressed Aβ-induced inflammatory response of microglia by
inhibiting the expression of TNF-α, IL-1β, IL-6, and iNOS. Additionally, EGCG protected Neuro2a
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cells against microglia-mediated neurotoxicity by restoring the levels of Nrf2 and HO-1. In IL-1β/Aβ

exposed human astrocytoma cells (U373MG), pre-incubation of EGCG (20 μM) reduced the level
of IL-6, IL-8, Vascular Endothelial Growth Factor (VEGF), PGE, and COX2. Activation of NFκB,
MAPK and JNK signaling pathways were also inhibited by EGCG [78]. EGCG administration in
APP/PS1 mice reduced Aβ level and restored the mitochondrial respiratory rates by decreasing ROS
production and by increasing ATP levels in mitochondria derived from the hippocampus, cortex and
striatum [79]. Improvement in cognitive impairment and reduction in ROS and AChE activity was
observed in icv-STZ rats treated with EGCG (10 mg/kg/day for 4 weeks) [80]. Lee et al. [81] showed that
EGCG pre-treatment (1.5 mg/kg for three weeks) prevented cognitive impairment in Aβ-treated-mice.
In addition, they noticed that EGCG treatment (3 mg/kg for one week) ameliorated the cognitive deficits
in AD (PS2-mutant) transgenic mice. Aβ plaques were decreased in both experimental AD mouse models.
Interestingly, they found that EGCG inhibited the activation of ERK/NFκB pathway, which resulted in
the reduction of Aβ-synthesizing β- and γ-secretases, and increased the activity of non-amyloidogenic
α-secretase. Another important study in APP/PS1 mice demonstrated that EGCG may reduce Aβ levels
and ameliorate cognitive impairment via two putative mechanisms: (1) neurogenesis induction via
nerve growth factor (NGF)-Tropomyosin receptor kinase A (TrkA) pathway activation, which regulates
c-Raf/ERK1-2/CREB cascade; (2) apoptosis inhibition, via suppression of pro-apoptotic full length
neurotrophin receptor (p75NTR)/intracellular domain fragment neurotrophin receptor (p75ICD) and
reduction of JNK2/cleaved-caspase 3 activity [82]. The summary of molecular mechanisms underlying
EGCG-induced antioxidative, anti-inflammatory, and anti-amyloidogenic effects discussed above is
listed in Table 4.

 

Figure 3. Molecular structure of epigallocatechin-3-gallate.

Table 4. Preclinical studies of the epigallocatechin 3-Gallate-mediated neuroprotective effects.

Model
EGCG-Mediated
Protective Effects

Proposed
Mechanisms Involved

Up/Down References

In vitro

EOC 13.31 anti-inflammatory TNF-α, IL-1β, IL-6, iNOS. Ó [77]

Neuro2a antioxidative Nrf2, HO-1 Ò [77]

IL-1β/Aβ exposed U373MG cells anti-inflammatory IL-6, IL-8, VEGF, PGE,
COX2. NFκB, MAPK, JNK Ó [78]

In vivo

APP/PS1 double
transgenic AD mice

antioxidative
anti-amyloidogenic

ROS
ATP

Ó
Ò [79]

icv-STZ rats anti-amyloidogenic
anti-oxidative ROS, AChE Ó [80]

AD (PS2-mutant) transgenic mice;
Aβ-treated mice anti-amyloidogenic ERK/NFκB, γ-secretases,

β-secretases Ó [81]

APP/PS1 double
transgenic AD mice

neurogenesis
anti-amyloidogenic
anti-apoptotic

NGF, TrKa
p75NTR,

JNK/cleaved-caspase 3

Ò

Ó
[82]
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Although significant preclinical data from in vitro and in vivo studies have shown the neuroprotective
effects of EGCG, it is important to mention that EGCG, at concentrations of 500 mg/kg body weight
and above, has been recognized to be hepatotoxic in mice [83], and sporadic incidents of hepatotoxicity
in humans have also been reported [84]. However, clinical trials with EGCG, at daily doses of 800 mg,
in AD patients have shown no adverse effects (ClinicalTrials.gov identifier: NCT00951834), and the
results of these clinical trials have not been reported yet.

3. Isothiocyanates

Isothiocyanates (ITCs), belonging mainly to the family of the Brassicacae (Brussels sprouts,
kale, cauliflower and broccoli), are sulfur-containing phytochemicals derived from myrosinase
(β-thioglucoside glucohydrolase) hydrolysis of glucosinolates (GLs) [85]. GLs coexist in the same
plant, but in separate cells, with the myrosinase enzyme and they are also found within human bowel
microflora [86,87]. After mechanical damage of cells, for example, predation/mastication by humans
or animals, freeze-thaw injury, or plant pathogens, GLs undergo hydrolysis and release, apart from
glucose and sulfate, several biologically active compounds, including ITCs, thiocyanates, and nitriles,
depending on the hydrolytic conditions [88,89]. Overall, GLs display a structural homogeneity based
on a β-D-glucopyranosyl unit and an O-sulfated anomeric (Z)-thiohydroximate function connected to
a variable side chain depending on the amino acid metabolism of the plant species [90].

The beneficial effects of ITCs consumption have been known since the 1950s, as several studies
have reported that regular consumption of Brassicaceae vegetables can contribute to reduce the risk of
carcinogenesis and certain chronic diseases, such as cardiovascular diseases and neurodegenerative
diseases [91]. In the last three years, ITCs were investigated in the prevention and treatment of
cognitive diseases, due to their antioxidant and anti-amyloidogenic features. From a literature search
in PubMed, by using the keywords “isothiocyanates and dementia” 23 papers were found, of which
20 papers were focused exclusively on the role of ITCs in AD, highlighting the emerging role of these
phytochemicals in the field of dementia.

3.1. Sulforaphane

Among ITCs, R-sulforaphane (4R-1-isothiocyanato-4-(methylsulfinyl)butane; SFN) derived from the
enzymatic action of myrosinase on the GL precursor glucoraphanin (GRA; (RS)-4-methylsulfinylbutyl
GL) [92] is the most extensively studied ITC in the course of the past two decades. The configuration
of the sulfoxide stereogenic center in the GRA side chain was recently ascertained by NMR to be
RS, a configuration retained in the hydrolysis product R-sulforaphane (Figure 4) [93]. In the last
decade, SFN has been proven to have neuroprotective activity in both in vitro and in vivo models of
neurodegeneration due to their ability not only to address many targets, but also to modulate different
pathways in neuronal cells [94–96]. It seems very likely that the beneficial effects of SFN could be mainly
ascribed to its peculiar capacity to activate Nrf2/antioxidant response element (ARE) pathway [97].
In addition, many papers published about the biological properties of SFN in experimental models of
neurodegeneration have demonstrated that this phytochemical is able to decrease NFκB translocation
and consequent production of the main pro-inflammatory cytokines, oxidative species generation and
to inhibit neuronal apoptotic death pathway [98–101].

Figure 4. Molecular structure of sulforaphane.

According to these findings, Lee et al. [102] examined the protective effect and the molecular
mechanism of SFN against Aβ-induced oxidative and apoptosis. SH-SY5Y cells pre-treated with SFN at

30



Molecules 2016, 21, 518

different concentrations (1 μM, 2 μM, and 5 μM for 30 min) and exposed for 24 h to Aβ(25-35) showed
a direct evidence that SFN protects SH-SY5Y cells from Aβ-induced toxicity through increasing cell
viability as well as inhibiting the apoptotic cell death in a dose-dependent manner. Pre-treatment
with SFN attenuated also JNK activation via inhibition of its phosphorylation and regulated the ratio
of Bax to Bcl-2. Furthermore, it was observed that SFN reduced ROS production by upregulating
the expression of antioxidant enzymes, including GCLC, NQO1 and HO-1 through the activation of
the Nrf2 pathway. In addition, by using siRNA targeting Nrf2 expression, the same authors further
demonstrated that the protective effect of SFN against Aβ-induced apoptotic cell death was mediated
via Nrf2 activation [102].

Moreover, several studies performed on neuronal cell lines have shown that the neuroprotective
effects of SFN against oxidative stress and Aβ-mediated cytotoxicity could be due in part to the
regulation of the proteasome system [103–105]. Specifically, Park et al. [103] reported that SFN treatment
protected Neuro2A and N1E115 murine neuronal cells from Aβ-induced oxidative damage and
promoted also Aβ clearance, by enhancing the proteasome activity. Furthermore, they observed that
the SFN protective effect was abolished by a specific inhibitor of the proteasome, suggesting that SFN
protected cells from oxidative damage by increasing the expression of the Nrf2 pathway that in turn
enhanced the expression of multiple subunits of the proteasome. Kwak et al. [106] reported that SFN
protected Neuro2a cells from hydrogen peroxide-mediated cytotoxicity by promoting the proteasome
activity via the up-regulation of the proteasome catalytic subunit, 26S. Similar results were obtained
in another study performed by Gan et al. [104] in which SFN (10 and 7.5 μM) treatment on HeLa
and COS-1 cells reduced the level of oxidized proteins and amyloid β by enhancing the proteasome
activities through heat shock protein, Hsp27 activation. According to these results, it is likely that the
induction of proteasome by SFN may facilitate the clearance of the Aβ aggregates, which leads to the
improvement of protein folding in AD.

A study by Brandenburg et al. [107] suggested SFN as a good candidate for anti-inflammatory
treatment of the central nervous system. Here, the authors demonstrated that SFN administration
prevented the anti-inflammatory and pro-apoptotic response induced by LPS stimulation in primary
rat microglia and in BV2 microglia cells. In particular, it was demonstrated that SFN reduced the
expression of IL-1β, IL-6, and TNF-α and NO production from microglia in a dose-dependent manner
through the inhibition of the NF-kB and activator protein-1 (AP-1). SFN was shown also to inhibit
LPS-mediated phosphorylation and activation of pro-apoptotic ERK1/2 and JNK. Zhang et al. [108]
proposed that SFN has potential application in AD therapeutics. SFN oral treatment (25 mg/kg)
in mice with AD-like lesions (induced by combined administration of aluminum and D-galactose)
reduced the cholinergic neuronal loss by lowering aluminum levels and ameliorated the cognitive
impairment. In addition, it was proposed that SFN reduced brain aluminum cargo by accelerating
blood aluminum excretion, and also in this model the antioxidative effect of SFN was attributed to its
ability to activate the Nrf2 pathway. In a further study, Zhang and coauthors [109], using the same
animal model and the same concentration of SFN, investigated the anti-amyloidogenic properties of
SFN. They found that SFN administration reduced the numbers of Aβ plaques and caused a significant
increase in carbonyl group levels as well as decreased the levels of GPx in the hippocampus and
cerebral cortex areas. Since carbonyl formation is an important marker of protein oxidation, results
from this study suggested that SFN could exert a protective effect against lipid peroxidation in AD
mouse brain by restoring the endogenous antioxidant defenses.

The role of SFN in modulating the cholinergic system has been proven in mouse model of
scopolamine-induced memory impairment [110]. In this study, it was demonstrated that oral
treatment with SFN (10 or 50 mg/kg) exerted a significant neuroprotective effect on cholinergic
deficit and cognitive impairment in mice. Of note, scopolamine is a non-selective muscarinic ACh
receptor (mAChR) antagonist that mainly targets M1AChR and M2AChR, thereby impairing learning
acquisition and short-term memory in rodents as well as in humans [111], and it was found that
SFN improved the cholinergic system reactivity by increasing ACh and choline acetyltransferase
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(ChAT) levels in the hippocampus and frontal cortex. AChE activity was decreased by SFN. Similar
results were obtained in in vitro study. SFN (10 or 20 μM) treatment increased ACh level and showed
protection in scopolamine-activated primary cortical neurons [110].

In a recent study, Dwivedi et al. [112] investigated the role of SFN in rats treated with
Okadaic acid (OKA). OKA is an polyether toxins produced by marine microalgae which causes
hyperphosphorylation of Tau and development of AD-like symptoms due to its property to inhibit
phosphatase activity of PP1 and PP2A phosphatases [113]. The administration of SFN (5 and 10 mg/kg
i.p.) in OKA-treated rats ameliorated the cognitive impairment by reducing the release of pro-oxidant
species (ROS and nitrite), pro-inflammatory mediators and cytokines (NFκB, TNF-α and IL-10)
and blocking neuronal cell death in the hippocampus and cerebral cortex of the OKA-treated rats.
Furthermore, they observed that SFN increased Nrf2 expression as well as the expression of the
downstream antioxidant enzymes, GCLC and HO-1. In the same study, It was demonstrated that the
protective effects of SFN were abolished with Nrf2 siRNA treatment in a rat astrocytoma cell line (C6),
suggested the possible Nrf2-dependent activation of cellular antioxidant machinery in SFN-mediated
protection against OKA-induced memory loss in rats. Although current evidence indicates that SFN
possesses several neuroprotective properties in vivo and in vitro (as showed in Table 5), clinical trials to
test its efficacy in patients suffering from dementia have not yet been investigated.

Table 5. Preclinical studies of sulforaphane-mediated neuroprotective effects.

Model
SFN-Mediated

Protective Effects
Proposed

Mechanisms Involved
Up/Down References

In vitro

Aβ-exposed SHSY5Y cells anti-apoptotic
antioxidative

JNK
Nrf2

Ó
Ò [102]

Neuro 2A cells N1E115 cells anti-amyloidogenic
antioxidative Nrf2 Ò [103]

Hela and COS-1 cells antioxidative
anti-amyloidogenic Hsp27 Ò [104]

BV2 microglia cells anti-inflammatory
anti-apoptotic NFκB, ERK1/2, JNK Ó [107]

In vivo

Scopolamine-infused mice improve scopolamine-induced
memory impairment ACh Ò [110]

Rats treated with OKA antioxidative
anti-inflammatory Nrf2 Ò [112]

3.2. Moringin

Recently, the attention of researchers has been focused on the study of the glycosylated
isothiocyanate moringin (MG) or [4-(α-L-rhamnosyloxy)benzyl isothiocyanate; GMG-ITC], resulting
from quantitative myrosinase-induced hydrolysis of glucomoringin (GMG) (4-(α-L-rhamno-
pyranosyloxy)benzyl GL), an uncommon member of the arylaliphatic GL class, which is present
in fair amounts in vegetables belonging to the family Moringaceae (Figure 5) [114]. Growing in many
tropical and equatorial areas and commonly known as “horse-radish tree”, Moringa oleifera is the
most widely distributed species in the genus Moringa [115]. MG has been shown to exert many
beneficial activities, including anti-inflammatory as well as antioxidant effects, protecting against
neurodegenerative disorders [114–118].
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Figure 5. Molecular structure of moringin.

The neuroprotective effect of M. oleifera extracts was also investigated in animal models of
age-related dementia. AD was induced in rats by bilateral intracerebroventricular administration of
the cholinergic neurotoxin ethylcholine ariridinium (AF64A). AF64A-treated rats orally administered
with M. oleifera leaves extract at doses of 100, 200, and 400 mg/kg for a period of 7 days before and
7 days after the AD induction improved spatial memory and neurodegeneration especially in CA1,
CA2, CA3, and dentate gyrus of hippocampus areas. The effects produced by treatment with M. oleifera
extract may occur partly via the decreased oxidative stress and the enhanced cholinergic function,
as proven by reduction of MDA and AChE levels, and increase of SOD, CAT [119].

In addition, M. oleifera leaf extract ameliorates memory impairment via nootropic activity and
provides notable antioxidants to counteract oxidative stress in rats infused with colchicine (15 μg).
Several lines of evidence also suggest that chronic oral treatment with M. oleifera at different doses
(50, 100, 150, 200, 250, 300 and 350 mg/kg) can alter electrical activity in the brain and the production
of monoamines, including norepinephrine, dopamine and serotonin, involved in memory processing,
thus ameliorating cognitive functions [120]. It was shown also that this extract increases SOD and CAT
enzymatic activity as well as to decrease activity of lipid peroxidase in the cerebral cortex of AD rats by
acting as free-radical scavenger [121]. The preclinical studies about the neuroprotective mechanisms of
MG are summarized in Table 6.

Although these in vitro studies showed the neuroprotective effect of MG in dementia models,
further in vitro and in vivo studies based on different dementia models are required to investigate the
efficiency of MG in dementia, which may support to initiate clinical trials in dementia patients with
MG treatment.

Table 6. Preclinical studies of moringin-mediated neuroprotective effects.

Model
MG-Mediated

Protective Effects
Proposed

Mechanisms Involved
Up/Down References

In vivo

AF64A rats antioxidative SOD, CAT
MDA, AChE

Ò
Ó [119]

Rats infused
with colchicine

ameliorating
cognitive functions SOD, CAT Ò [120]

4. Alkaloids

Alkaloids are a class of naturally occurring organic nitrogen-containing compounds extracted from
several flowering plants such as the Papaveraceae, Ranunculaceae, Solanaceae and Amaryllidaceae [122–124].
Alkaloids represent a wide and ancient family of compounds with analgesic, antiasthmatic,
antiarrhythmic, anticancer, antihypertensive, antipyretics, antibacterial and antihyperglycemic
activities. Since the 1960s, the role of alkaloids in the field of dementia has been extensively investigated.
The Food and Drug Administration (FDA) approval of the two alkaloid-based drugs, GAL and RIV,
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for AD treatment in the early 2000s has led to a renewed interest in alkaloids for dementia therapy. In
addition, the intrinsic anticholinesterase activity found in alkaloid compounds makes them potential
therapeutic agents for dementia.

In this review, we report some of the alkaloids that have shown beneficial effects in the treatment
of dementia. Specifically, by a literature search in PubMed we found 61 papers for morphine, 84 and
220 papers for caffeine and nicotine, respectively, 123 papers for huperzine A, and 33 papers for berberine.

4.1. Rivastigmine

RIV (Figure 6G) is a synthetic analog derived from the natural alkaloid physostigmine, isolated from
the poisonous seeds of Physostigma venosum (Calabar bean) belonging to the Fabaceae family [125]. RIV
possesses a better therapeutic and safety profile than physostigmine. RIV is a reversible, non-competitive
inhibitor of AChE [126]. In 2000 RIV (Exelon®) was approved by the FDA as a transdermal patch [127]
to treat mild to moderate AD [128], and as of 2014, it has been used for the treatment of AD in more than
90 countries worldwide. Furthermore, from 2006 it has also been used for Parkinson's disease dementia
(PDD) [129]. The transdermal patch formulation has shown fewer gastrointestinal side effects than the
oral formulation and a higher tolerability rate that permits the administration OF higher doses of RIV in
advanced stages of AD [130].

 

Figure 6. Chemical structures of some alkaloids: (A) berberine; (B) caffeine; (C) galantamine;
(D) huperzine A; (E) morphine; (F) nicotine; (G) rivastigmine.

A recent Cochrane review [131] evaluated all controlled, double-blind, randomized clinical trials
in which RIV was administered daily orally (6 to 12 mg) as well as transdermally (9.5 mg) in patients
with AD for 12 weeks or more. The results of this study showed that RIV ameliorated the cognitive
decline function and daily living in patients affected by mild to moderate AD compared with placebo,
but did not induce any changes in behavior and in the clinical global assessment.

Of note, the transdermal patch as well as capsules showed comparable efficacy but the transdermal
patch manifested fewer side effects than the capsules. Studies in recent years strongly support the
efficacy of RIV in AD treatment. The Okayama Rivastigmine Study (ORS) carried out in 2015 [132]
analyzed the clinical effects of RIV and donepezil in AD patients at 3, 6, and 12 months. According to
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this study, it is evident that RIV improved both cognitive and affective functions at 3 and 6 months,
showed more benefits compared to donepezil. Ehret et al. [133] illustrated in a recent systematic review
that AChEIs, including RIV, have consistent but modest effects even in late-phase trials. Additionally,
Spalletta et al. [134] demonstrated that RIV treatment attenuated the frequency and severity of
depressive episodes in patients with mild AD during a 6-month open-label observational study.

In addition to AD and PDD treatment, studies have also suggested a potential therapeutic role of
RIV in VaD. In particular, a clinical study evaluated the effect of RIV on the cognitive performance
of elderly subjects affected by different subtypes of VaD. After six months of treatment, it was
demonstrated that RIV ameliorated the cognitive ability, particularly in patients affected by subcortical
ischemic vascular dementia, a VaD subtype characterized by small vessel disease dementia [135].
Furthermore, Birks et al. [136], by analyzing different clinical trials, observed that RIV exhibited
beneficial effects on vascular cognitive impairment, but it also showed a lot of adverse effects such
as vomiting, nausea, diarrhea, anorexia and withdrawals. Although RIV has displayed beneficial
effects in patients affected by DLB [137], a recent systematic review reported that RIV has greater risk
of adverse events [138]. Moreover, RIV treatment in patients suffering from FTD reduced behavioral
impairment and caregiver burden, but failed to prevent the cognitive impairment after 12-month
of follow-up.

Overall, RIV is able to slow the cognitive decline in AD patients and some trend of efficacy in
the management of behavioral symptoms associated with the disease, while in the other forms of
dementia, it exhibits a greater risk of adverse effects.

4.2. Galantamine

GAL (Figure 6C) is a synthetic isoquinoline alkaloid, originally extracted in the 1950s from the
bulbs and flowers of Galanthus nivalis L., belonging to the Amaryllidaceae family. GAL has been used
in humans for decades as an anesthetic drug and to treat neuropathic pain. To date, after the first
approval in Sweden in 2000, GAL (Reminyl®, Razadyne®) is prescribed in sustained-release capsules
to treat mild to moderate AD in European Union as well as in the United States [109,139]. GAL has
shown to be a selective, competitive and reversible AChE inhibitor. In particular, it is characterized by
two pharmacological mechanisms by which it increases the acetylcholine concentration in the synapses
and compensates the decline of cholinergic function in AD patients: (i) the inhibition of acetylcholine
esterase and (ii) the allosteric modulation of the nicotinic cholinergic receptor [140].

During the 1990s, clinical studies were focused to investigate the therapeutic potential of
GAL in AD patients and to evaluate its safety and efficacy in clinical practice. Particularly, it
was demonstrated that GAL administration at 8–32 mg/day resulted in consistent symptomatic
improvement of cognitive functions and activities of daily living in patients with mild to moderate AD
over 3–6 months [139,141,142]. Also, it was found that GAL (24 mg/day) exerted a sustained effect for
12 months [143]. Richarz et al. [144] carried out an open-label trial for three years in order to assess
long-term effectiveness of GAL in patients with mild AD. Results showed that after the first year
of treatment, GAL improved cognition, behavior, and activities of daily living. Interestingly, after
three years the beneficial effect of GAL on cognition was well maintained in AD patients, although
a worsening in the general outcomes was recorded. Recently, a clinical study was performed to
investigate the influence of cholinesterase inhibitors including GAL, RIV and donezepil on sleep
pattern and sleep disturbance in 87 mild to moderate stage dementia patients [145]. In this study, GAL
was proved to ameliorate sleep quality compared to treatment with RIV and donepezil, by evaluating
the Pittsburgh Sleep Quality Index at the beginning and at the final assessment. Furthermore, GAL
has displayed pleiotropic activity in experimental studies such as the ability to inhibit Aβ aggregation
and cytotoxicity in vitro [146] and to prevent Aβ-induced oxidative stress [147], due to its scavenging
properties [148,149].
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Only a limited number of clinical studies have evaluated the therapeutic relevance of GAL in the
other forms of dementia. In a randomized double-blind trial, Birks et al. [150] found that GAL treatment
(at the dose of 16–24 mg/day) in VaD patients ameliorated the cognitive impairment and the global
assessment, and showed good safety and tolerability [151]. However, gastrointestinal side-effects were
observed in these patients. In another clinical study, Edwards et al. [152] tested GAL efficacy and
safety in a cohort of 50 patients affected by DLB and found that GAL attenuated the neuropsychiatric
symptoms associated with the disease such as hallucinations. Moreover, GAL-induced side effects were
mild and transient. According to these findings, O'Brien et al. [153] affirmed that AChEIs, including
GAL, can improve cognitive performance in DLB patients and suggested the application of AChEIs
especially for the treatment of neuropsychiatric symptoms associated with DLB. Another open clinical
trial evaluated the effect of GAL treatment for a period of 8 weeks in a cohort of patients affected
by the two most common varieties of FTD: the behavioral variety FTD and the primary progressive
aphasia. Results from this trial reported that GAL showed a trend of efficacy only in patients affected
by the aphasic variety of FTD according to the clinical global impressions scale [154].

A recent meta-analysis [155] evaluated whether treatment with AChEIs could provide cognitive
benefits in VaD patients. Here, it was found that patients treated with donepezil as well as with
GAL showed relevant improvement in Alzheimer's Disease Assessment Scale-cognitive subscale
(ADAS-cog) compared to the placebo group, but not in the Mini Mental State Examination (MMSE).
Conversely, RIV treatment did not show any benefit on AD [155].

Overall, GAL has demonstrated to slow cognitive decline in AD patients and thus to be useful
in the management of some behavioral symptoms. Furthermore, it has shown some efficacy in VaD,
DLB and FTD patients. However, we assume that the achieved results in these forms of dementia need
further validation.

4.3. Morphine

Morphine (MOR, Figure 6E) is a benzylisoquinoline alkaloid first isolated from Papaver somniferum
about 200 years ago. MOR is considered an opiod compound as it targets the opioid receptors. Since
the 1950s MOR is recognized as one of the leading analgesics for alleviating acute and chronic pain
and it has been also administered in palliative care in the terminal stages of cancer [156]. MOR is
also considered a narcotic drug, characterized by important side effects such as heavy sedation and
physical dependence, and as such it was added to the list of narcotic drugs.

In the last years, literature data has reported that MOR possesses anti-amyloidogenic properties
in experimental models of AD. MOR treatment in rat primary neuronal cultures as well as in APP/PS1
mice was shown to protect against Aβ toxicity by promoting the estradiol release from neurons and
by up-regulating the Heat shock protein-70 (Hsp70), which in turn restores the proteasome activity
impaired by Aβ [157]. In addition, Wang et al. [158] showed that MOR pre-treatment attenuated Aβ

oligomers-induced neurotoxicity in primary cultured cortical neurons in a dose-dependent manner.
This effect was shown to be dependent on activation of μ-opioid receptor and was mediated by reversal
of Aβ oligomers-induced downregulation of mTOR signaling. The role of mTOR pathway has been
widely investigated in the pathogenesis of AD. Indeed, mTOR signaling is involved in modulating
long-lasting synaptic plasticity [159] and the consolidation of long-term learning and memory [160]
processes, which are dramatically impaired during AD. These studies suggest opioid receptors as
potential therapeutic targets for AD. To date, there are no relevant data reported in the literature on
the use of MOR in the treatment of VaD or other forms of dementia.

MOR has also been evaluated in the management of dementia-related symptoms. In a randomized
clinical trial in patients with moderate to severe AD, Husebo et al. [161] demonstrated that pain
treatment with MOR seems to reduce agitation behaviors. Furthermore, the same group, in a
previous clinical study, has observed that MOR administration in these patients could ameliorate
mood symptoms including depression [162]. Although the preclinical results (summarized in Table 7)
indicated that MOR could be protective against Aβ toxicity and clinical studies suggested that MOR
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may help to manage some AD symptoms, its sedative side effects could be a limiting factor for its
potential application in the treatment of dementia.

Table 7. Preclinical studies of morphine-mediated neuroprotective effects.

Model
MOR-Mediated

Protective Effects
Proposed

Mechanisms Involved
Up/Down References

In vitro

Aβ-exposed rat primary neurons anti-amyloidogenic Hsp70 Ò [157]

Aβ-primary cortical neurons anti-amyloidogenic mTOR Ó [158]

In vivo

APP/PS1 double transgenic AD mice anti-amyloidogenic Hsp70 Ò [159]

4.4. Caffeine

Caffeine (CAF, 1,3,7-trimethylxanthine, Figure 6B) is a purine alkaloid isolated from coffee plants
(C. arabica L.), present in high concentrations in beverages, including coffee, tea, soft drinks and chocolate.
It is considered a non-selective antagonist of the adenosine A2A receptor [163]. Literature data regarding
the role of CAF in several human diseases are still controversial. However, epidemiological and
observational studies have suggested that habitual consumption of CAF can be associated with a
decreased risk to develop Parkinson’s disease [164–166], which encouraged other studies in the field of
the neurological disorders.

Indeed, preclinical studies have proposed that CAF intake can prevent memory decline during
aging and can reduce the risk to develop dementia and particularly AD [167–169]. In line with these
findings, Laurent et al. [170] demonstrated that chronic CAF administration (10 months) through drinking
water (0.3 g/L) in the THY-Tau22 transgenic mousemodel of progressive AD improved spatial memory
performance in the Morris Water Maze test. In addition, CAF treatment significantly reduced hippocampal
Tau phosphorylation and the respective proteolytic Tau fragments in THY-Tau22 mice, and these effects
were paralleled by down-regulation of inflammatory mediators (TNF-α, GFAP and MAPK) and oxidative
stress markers (Nrf2 and manganese-dependent superoxide dismutase (MnSOD)) [170]. In line with these
findings, Arendash et al. [171] demonstrated that daily CAF administration (1.5 mg/mouse, corresponding
to five cups of coffee/day in humans) for six weeks in drinking water decreased hippocampal Aβ levels
by reducing the expression of PS1 and BACE-1in young Tg APPswe mice. In the same study, the effect
of CAF to reduce Aβ production was confirmed in N2a/APPswe cells, where concentration-dependent
reduction in both Aβ1–40 and Aβ1–42 was observed [171]. In another study, the same authors, using
old TgAPPswe mice (aged 18–19 months), found similar results, demonstrated that CAF administration
reduced Aβ burden and the memory impairment [172]. Han et al. [173] showed that low (0.75 mg/day)
and high (1.5 mg/day) doses of CAF administered for eight weeks in APP/PS1 double transgenic mice
ameliorated the spatial learning and memory abilities and increased the hippocampal expression of BDNF
and its receptor, the tropomyosin receptor kinase B (TrkB), in a dose dependent manner. The role of
BDNF and TrkB in the pathophysiology and cognitive deficits of AD has been well reported in previous
studies [174] and it seems that the protective role of CAF against memory impairment in AD might
be resulted from the activation of BDNF/TrkB signaling. Furthermore, in a rabbit model of sporadic
AD induced by cholesterol-enriched diet, CAF administration (0.5 and 30 mg/day for 12 weeks in the
drinking water) restored the increased levels of Aβ and phosphorylated Tau, and decreased the oxidative
stress levels induced by cholesterol [175]. The summary of molecular mechanisms of CAF described
earlier is listed in Table 8.
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Table 8. Preclinical studies of caffeine-mediated neuroprotective effects.

Model
CAF-Mediated

Protective Effects
Proposed

Mechanisms Involved
Up/Down References

In vivo

THY-Tau22
Transgenic mouse

anti-inflammatory
antioxidative

TNF-α, GFAP, MAPK,
Nrf2, MnSOD

Ó
Ò [170]

AD transgenic mouse
model (Tg APPswe) anti-amyloidogenic PS1, BACE-1 Ó [171]

APP/PS1 double
transgenic AD mice anti-amyloidogenic BDNF, TrkB Ò [173]

The beneficial effects of CAF in AD progression and prevention have been evaluated in several
clinical studies. In Maia and de Mendonça study [167] the association between CAF intake and AD
risk was investigated by comparing AD patients, who had an average daily caffeine intake of 74 mg
during the 20 years that preceded the diagnosis of AD, with the healthy controls who had an average
daily CAF intake of 199 mg during the corresponding 20 years of their lifetimes. By logistic regression
analysis it was found that the CAF intake during this period was inversely associated with AD.
Similarly, another study reported that coffee drinkers (3–5 cups per day) at midlife had lower risk to
develop dementia compared with those drinking no or only little coffee [176]. In another case-control
study with two separated cohorts of elderly (65–88 years old), it was observed that high plasma CAF
levels were associated with a reduced risk to develop dementia [169]. However, controversial results
have also been documented in clinical trials. A latest meta-analysis of observational epidemiological
studies found that there was no correlation associated between CAF intake and the risk of cognitive
disorders [177].

Similarly, Gelber and colleagues [178] proved a lack of association between coffee intake and
development or progression of cognitive impairment, overall dementia, AD, VaD, or moderate/high
levels of the individual neuropathologic lesion types. Consequently, further clinical trials with longer
follow-up periods are needed to investigate the relationship between CAF and AD development.

4.5. Nicotine

Nicotine (NIC, Figure 6F) is a pyrrolidine alkaloid isolated from tobacco (Nicotiana tabacum L.)
leaf and it is also the main psychoactive component of tobacco smoke. Although smoking is
associated with negative health effects, the pure form of NIC has been investigated by researchers
as potential therapeutic agent in AD [179] since NIC is an allosteric modulator of the ACh nicotininc
receptors (nAChRs). Indeed, a great amount of studies has reported that the activation of brain
nAChRs can potentiate the cholinergic system, representing an important therapeutic target in
AD [180–182]. According to these findings, NIC has shown a neuroprotective effect against Aβ

toxicity and neuroinflammation [183]. Structural and in vitro studies demonstrated that NIC was able
to break down preformed Aβ fibrils due to the ability of its N-methylpyrrolidine moieties to bind with
the Aβ histidine residues, which exerted a neuroprotective effects [182,184].

In vivo chronic administration of NIC (2 mg/kg for 6 weeks) in AD rat model reduced BACE-1
expression and Aβ levels, attenuated the Aβ-induced memory and learning impairment and
furthermore, prevented the decreased expression of the nicotinic receptors α7- and α4-nAChR induced
by Aβ [185]. Moreover, in transgenic mice (aged 12 months) expressing neuron-specific enolase
(NSE)-controlled APPswe, low, middle, and high doses treatment of NIC for 6 months displayed an
improvement in memory and increased the expression of nAchRα7 receptors [186]. Likewise, in
another study, it has been demonstrated that male Wistar rats subjected to intermittent and repeated
exposure of NIC (0.35 mg/kg every 12 h for 14 days) improved memory performance and increased the
expression of choline acetyltransferase (ChAT), vesicular ACh transporter (VAChT) and NGF receptor,
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TrkA [187]. Conversely, another study found that chronic NIC-treated-water supplementation in the
transgenic AD mouse model (3xTg) increased the levels of nicotinic receptors that in turn increased Tau
aggregation and phosphorylation state, which eventually exacerbated Tau pathology [188]. Similarly,
a study of Deng et al. [189] reported that NIC did not improve cognitive impairment in rats Aβ-injected,
and increased Aβ-induced Tau phosphorylation. Until now, the effects of NIC in VaD and in FTD
have not been investigated. Ono et al. study [190] demonstrated that NIC inhibited in vitro α-Syn
aggregation in a dose-dependent manner, suggested a protective role of NIC in DLB. The molecular
mechanisms of NIC described earlier are summarized in Table 9.

Table 9. Preclinical studies of nicotine-mediated neuroprotective effects.

Model
NIC-Mediated

Protective Effects
Proposed

Mechanisms Involved
Up/Down References

In vivo

AD rat model anti-amyloidogenic BACE-1 Ó [185]

AD transgenic mouse
model (Tg APPswe) anti-amyloidogenic nAchRα7 Ò [186]

Male Wistar rats improved memory
performance

ChAT, VAChT
NGF, TrkA Ò [187]

The therapeutic value of NIC has been investigated in clinical trials. A double-blind, cross-over
study reported that NIC transdermal patches, worn for 16 h a day at the following doses: 5 mg/day
during week 1, 10 mg/day during week 2 and week 3 and 5 mg/day during week 4, improved
only attentional performance in AD patients but not motor and memory abilities [191]. In addition,
Newhouse et al. [192] demonstrated in a preliminary study that NIC therapy for six months through
transdermal patches (15 mg/day) improved cognitive test performance in patients with mild cognitive
impairment but did not ameliorate the clinical global impression. However, further clinical studies are
required to have more data in order to assess the therapeutic relevance.

4.6. Huperzine A

Huperzine A (HupA, Figure 6D) is an alkaloid compound extracted from the Chinese herb
Huperzia serrata. The beneficial effects of HupA were discovered centuries ago, when HupA was
administered to treat different diseases such as fever, rheumatism, schizophrenia, contusions and
myastenia gravis [193].

A review by Ma et al. [193], by collecting the data obtained from different clinical trials performed
in China in AD patients (around 100,000), reported that HupA significantly improved memory deficits.
The convincing results obtained about the efficacy of HupA have led to its approval in China for AD
treatment in 1994 [194].

Furthermore, in the last decade, many in vitro and in vivo studies have elucidated the
neuroprotective effects of HupA. Tang et al. [195] showed that HupA pre-treatment (10 μM) protected
neuroblastoma cells SHSY5Y from hydrogen peroxide (H2O2)-induced toxicity in part by up-regulating
the expression of NGF and its receptors P75NTR and TrkA and in part by activating the ERK/MAPK
signal pathway, suppressing H2O2-induced apoptosis. Antioxidative property of HupA has been
investigated in different cell lines exposed to Aβ-induced toxicity. HupA treatment increased the
level of antioxidant enzymes, such as GPx and CAT, enhanced the level of ATP to improve the
mitochondrial energy metabolism, and reduced ROS accumulation, cleaved-caspase-3 expression and
nuclei fragmentation induced by Aβ toxicity [196–198]. HupA has shown a greater penetration ability
to cross BBB [199] and higher AChE inhibitory effects compared to that of tacrine, donezepil and
RIV drugs [200] in in vivo studies. Additionally, the neurogenesis effect of HupA has been observed
in the subgranular zone of the hippocampus in adult mice, via MAPK/ERK signaling pathway
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activation [201]. Anti-amyloidogenic effects of HupA have been demonstrated in rats subjected
to Aβ icv-infusion. Daily i.p. administration of HupA (0.1–0.2 mg/kg for 12 consecutive days)
significantly ameliorated learning deficits. Furthermore, HupA reduced apoptosis by up-regulating the
anti-apoptotic Bcl-2 and downregulating the expression of pro-apoptotic Bax and p53 [202]. Another
study showed significant reduction of Aβ accumulation in HupA treated rats exposed to Aβ. In this
study, the authors suggested that HupA might increase the activity of PKC, which stimulated the
non-amyloidogenic pathway of APP formation. Similar PKC activation was noticed in mutant APPswe

(HEK293swe) expressing HEK293 cells treated with HupA [203].
A summary of molecular mechanisms underlying HupA-induced antioxidative and

anti-amyloidogenic effects discussed above is listed in Table 10. It has been demonstrated that,
in dementia patients, HupA showed a selective inhibitory effect against AChE and increased the ACh
level in the brain. Cognitive impairment was ameliorated by HupA treatment. In addition, HupA
reduced the glutamate excitotoxicity by antagonising NMDA receptors [204]. As regard VaD, HupA
was found to improve the cognitive function in a randomized double-blind clinical trial, performed
on a cohort of patients with mild to moderate VaD [205], and confirmed also by a meta-analysis
study [194]. However, a systematic Cochrane review reported controversial data about the efficacy of
HupA in VaD patients [206].

Overall, HupA may represent one of the most interesting alkaloid candidates in dementia, since
several clinical studies have demonstrated its efficacy in AD treatment and preclinical studies have
highlited its neuroprotective features. Nevertheless, controversial evidence from the literature suggests
that large scale clinical trials are required to validate the efficacy of HupA in dementia.

Table 10. Preclinical studies of huperzine A-mediated neuroprotective effects.

Model
HupA-Mediated Protective

Effects
Proposed

Mechanisms Involved
Up/Down References

In vitro

SHSY5Y exposed to H2O2 antioxidative NGF, P75NTR,
MAPK/ERK

Ò [195]

Aβ-exposed cell lines
antioxidative
anti-amyloidogenic
anti-apoptotic

GPx, CAT, ATP
ROS
Cleaved-caspase 3

Ò

Ó

[196,197]

[198]

Mutant APPswe over
expression in HEK293 cells anti-amyloidogenic PKC Ò [203]

In vivo

Aβ-infused rats anti-amyloidogenic PKC Ò [203]

Aβ-infused rats neurogenesis MAPK/ERK Ò [201]

Aβ-infused rats improved memory
performance anti-apoptotic Bax, p53 Ó [202]

4.7. Berberine

Berberine (BER, Figure 6A) is a natural isoquinoline alkaloid extracted from Coptis chinensis
and other plants, which displays a lot of pharmacological benefits such as antioxidative [207],
anti-inflammatory [208], neuroprotective, antitumor [209] and antimalarial [210]. Like HupA, BER has
been used for centuries in Chinese herbal medicine to cure different kind of infections [211]. Since the
1970s BER has been widely investigated by researchers for its anti-tumor properties [212].

Recently, the attention of researchers has grown considerably with regard to the role of BER in
dementia. It has been reported that BER acts on the central nervous system by crossing the BBB [213,214],
where it increases the cholinergic transmission by inhibiting AchE and butyryl-cholinesterase
(BChE) [215]. The role of BER in cholinergic transmission has been greatly explored in in vitro and in vivo
models of AD [216,217]. BER could reduce Aβ production by enhancing the non-amyloidogenic pathway.
Asai et al. [218] showed that BER treatment in APPswe variant expressing human neuroglioma H4 cells
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significantly reduced the level of Aβ accumulation, in part by stimulating the α-secretase activity and in
part by inhibiting the β-secretase, which resulted in a shift of APP processing towards non-amyloidogenic
pathway. A similar reduction of β-secretase and Aβ synthesis was observed in HEK293-APPswe cells
treated with BER. This study suggested that BER-mediated ERK1/2 pathway activation may attenuate
β-secretase and Aβ synthesis [219]. Moreover, BER administration in N2a/APPswe cells inhibited
Aβ generation and Tau hyperphosphorylation by modulating the Akt/GSK3β signaling pathway.
Interestingly, BER administration for 4 months (25 mg/day) in AD transgenic mouse model (TgCRND8)
reduced the learning deficits as well as ameliorated the long-term spatial memory impairment [43].

Antioxidative and anti-inflammatory effects of BER have also been investigated in in vitro model
of AD. In normal rat primary astrocytes, BER treatment (10 μM) increased the HO-1 expression in
a dose-dependent manner, by activating the PI3-kinase/Akt pathway [220]. In Aβ exposed murine
microglia BV2 cells, BER treatment (5 μM) decreased the release of IL-6, monocyte chemoattractant
protein-1 (MCP-1), iNOS, and COX-2, via inhibiting MAPK and NFκB signaling [221]. However, it
is important to mention that some in vitro and in vivo studies have demonstrated the neurotoxic
effects BER in PD model. Kwon et al. [222] observed that BER administration aggravated the
6-hydroxydopamine (6-OHDA)-induced cytotoxicity in PC12 cells and promoted in vivo degeneration
of dopaminergic neuronal cells in the substantia nigra of OHDA-lesioned rats. In addition, BER
treatment decreased the levels of dopamine, norepinephrine, 3,4-dihydroxy- phenylacetic acid
(DOPAC) and homovanillic acid (HVA) in the striatum. The summary of molecular mechanisms
underlying BER-induced antioxidative and anti-amyloidogenic effects discussed above is listed in
Table 11.

Many clinical trials have reported the therapeutic effects of BER in patients with various diseases,
such as type 2 diabetes [223] non-alcoholic fatty liver disease [224] and diarrhea-predominant irritable
bowel syndrome [225]. However, its neuroprotective effects in dementia patients has yet to be
demonstrated. Combined neuroprotective and neurotoxic effects obtained from preclinical studies
with different models described earlier suggest the requirement of further evaluation of protective and
adverse effects of BER in dementia models, which may assist to commence BER-based clinical trials in
dementia patients.

Table 11. Preclinical studies of berberine-mediated neuroprotective effects.

Model
BER-Mediated

Protective Effects
Proposed

Mechanisms Involved
Up/Down References

In vitro

Mutant APPswe over expression in H4 anti-amyloidogenic β-secretase Ó [218]

Mutant APPswe over expression in
HEK293 cells anti-amyloidogenic β-secretase

ERK1/2
Ó
Ò [219]

Mutant APPswe over expression in
Neuro 2A anti-amyloidogenic GSK3β Ó [43]

rat primary astrocytes antioxidative PI3-kinase/Akt, HO-1 Ò [220]

Aβ-exposed microglia BV2 cells anti-inflammatory MAPK, NF-kB Ó [220]

In vivo

AD transgenic mouse model
(TgCRND8)

improved learning deficits
and long-term spatial memory [43]

5. Phytocannabinoids

Phytocannabinoids (pCBs) are lipid-soluble phytochemicals present in the plant Cannabis sativa L.,
used for a thousand years for both recreational and medicinal purposes [226]. pCBs are terpenophenol
compounds, produced by the enzymatic condensation of a terpenic moiety (geranyl diphosphate) with
a phenolic group (mainly olivetolic or divarinic acid) [227].

By a literature search in PubMed, we found that the application of pCBs in the treatment of human
diseases has been developed in an exponential manner in the last decade. Particularly, by using the
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keywords “cannabinoids and dementia” 105 papers were found, of which 59 have been published
from 2010 to 2016. Interestingly, the recent interest of researchers for cannabinoids is focused not only
on their role in alleviating AD-related symptoms but also as potential neuroprotective compounds.
Indeed, many Galenic formulations of two important pCBs, namely cannabidiol (CBD, Figure 7) and
delta-9 tetrahydrocannabinol (Δ9-THC) in different percentages are available in the market (Bedrocan®,
Bedrobinol®, Bediol®, Bedrolite® and Bedica®).

Among pCBs, Δ9-THC is the most widely investigated one, but the predominant psychotropic
activity strongly limiting its therapeutic use as an isolated agent. Consequently, the therapeutic
efficiency of CBD, a non-psychoactive compound, has been studied in central nervous system diseases.
Most of the evidence supporting the potential therapeutic utility of CBD in AD have been obtained by
using in vitro and in vivo models of dementia variety of AD-related changes.

 

Figure 7. Molecular structure of cannabidiol.

Cannabidiol

An in vitro study demonstrated that treatment with CBD (10´7 to 10´5 M) inhibited
hyper-phosphorylation of Tau protein in Aβ-stimulated PC12 neuronal cells via the reduction of
the phosphorylated active form of GSK-3β, one of the known Tau kinases, that leads to rescue
Wnt/β-catenin pathway and subsequent reduction of neuronal cell loss [228]. In a further study,
the same authors showed that CBD treatment (10´6 to 10´4 M) reduced the expression of iNOS in
Aβ-stimulated PC12 cells, by inhibiting the phosphorylation of MAPK, limiting the transcription of
pro-inflammatory downstream genes and preventing the translocation of NFκB into the nucleus [229].

The evidence that CBD exerts a combination of neuroprotective, antioxidative and anti-apoptotic
effects against Aβ-peptide toxicity was provided by Iuvone et al. study [230] which showed that CBD
(10´7–10´4 M) treatment in PC12 cells exposed to Aβ prevented ROS production, lipid peroxidation,
and reduced apoptosis by down-regulating caspase 3 expression, DNA fragmentation and intracellular
calcium concentration. Moreover, in similar conditions CBD reduced the levels of NO and iNOS,
thus confirming its antioxidative properties [231]. In addition, both CBD and Δ9-THC prevented
the cell death in glutamate induced toxicity in rat cortical neurons, and this neuroprotection was
mediated by NMDA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and kainate
receptors [232]. Besides, CBD protected neuron cultures against hydroperoxide toxicity and showed
about 30%–50% more efficacy against oxidative stress compared to other antioxidants such as
α-tocopherol or ascorbate [232].

Scuderi et al. [233] investigated CBD as a possible modulating compound of APP in transfected
human neuroblastoma SHSY5YAPP+ cells. They demonstrated that CBD treatment (10´9 to 10´6 M)
induced the ubiquitination of APP protein, leading to a significant decrease in APP full length protein
levels in SHSY5YAPP+ with the consequent decrease in Aβ production. Additionally, CBD promoted
an increased survival of SHSY5YAPP+ cells, reduced apoptotic rate and increased the survival over
long periods in culture. In line with these findings, the anti amyloidogenic, anti-inflammatory and
antioxidant properties of CBD were also demonstrated in in vivo studies, supporting the consideration
of a cannabis-based medicine as a potential therapy in AD. The role of PPARγ in the mediating
anti-inflammatory and neuroprotective effects of CBD was examined in rat AD model. Specifically,
it was demonstrated that administration of CBD (10 mg/kg, i.p.) in Aβ-injected rats, antagonized the
Aβ-mediated release of pro-inflammatory molecules and cytokines (NO, IL-1β and TNF-α). However,
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by using a PPARγ antagonist, it was observed that CBD effect was completely suppressed, suggested
that CBD activities are regulated by PPARγ [234].

In mice inoculated with human Aβ (1-42) peptide into the right dorsal hippocampus, CBD treatment
(2.5 or 10 mg/kg´1, i.p.) attenuated Aβ plaques formation, modulated iNOS expression, and decreased
MAPK and NFκB levels. In this experiment, CBD suppressed the production of proinflammatory
molecules, including IL-1β and NO, thus limiting the propagation of neuro-inflammation and oxidative
stress, in a dose-dependent manner [235]. Martín-Moreno et al. [236] showed that subchronic and
systemic administration of CBD (20 mg/kg for 3 weeks) as well as synthetic cannabinoid WIN 55,212-2
in Aβ-injected mice improved learning behavior. Furthermore, they demonstrated that CBD treatment
modulate the microglial cell function and cytokine expression.

To date, the only commercially available preparation containing cannabinoids is Sativex®

(GW Pharma, Ltd., Salisbury, Wiltshire, UK), an oral spray consists approximately 1:1 mixture of
Δ9-THC:CBD in an aromatized water-ethanol solution, approved for the treatment of spasticity and
pain in some forms of multiple sclerosis (MS) [237]. In a recent work, Aso and coworkers [238] tested the
therapeutic effects of the combination of Δ9-THC + CBD (0.75 mg/kg each) in a APP/PS1 transgenic
mouse which mimics the most common features of the disease, including cognitive impairment
and several pathological alterations, such as Aβ deposition, dystrophic neurites, synaptic failure,
mitochondrial dysfunction, and oxidative stress damage. They demonstrated that administration of
the mixture of these two compounds in the early stage of the pathology reduced the expression of
several cytokines and pro-inflammatory mediators in APP/PS1 transgenic mice, preserved memory
and reduced learning impairment [238]. In addition, a considerable decrease in soluble Aβ (1–42)
peptide levels and a change in plaques composition were observed in Δ9-THC + CBD-treated APP/PS1
transgenic mice, due to a reduced microgliosis and expression of several cytokines and related
molecules of neuro-inflammation [238]. In this study, the authors suggested that the combination of
Δ9-THC + CBD exhibits a better beneficial effect than each Cannabis component alone.

Moreover, the effects of pCBs on the regulation of cerebral blood flow may contribute to their
potential benefits in AD. Several studies have proved that cannabinoids may cause vasodilation of
brain blood vessels and consequently increase cerebral blood flow [239,240]. As decreased cerebral
blood flow in AD contributes to the reduction of oxygen and nutrients in brain [8], it is possible that
treatment with cannabinoids could improve cerebral perfusion. In this context, CBD was shown
to reduce the infarct volume in animal models of focal or global cerebral ischemia, and since VaD
is a consequence of brain ischemia, it was suggested that CBD may prevent VaD [241]. In mouse
model of focal ischemia with middle cerebral artery (MCA) occlusion used for studying VaD, CBD
treatment (3 mg/kg) before and 3 h after MCA occlusion reduced the infarct volume and increased
cerebral blood flow. Furthermore, it was demonstrated that the neuroprotective effect of CBD was
inhibited by a serotonin 5-hydroxytriptamine1A (5-HT1A) receptor antagonist (WAY100135), suggested
that CBD prevented cerebral infarction though a serotonergic receptor-dependent mechanism [242].
The summary of molecular mechanisms underlying CBD discussed above is listed in Table 12.

Currently, there are few data regarding clinical effects of pCBs on human AD. A single, open-label,
non-placebo controlled study performed in AD patients reported that dronabinol, derived from
Δ9-THC, has a beneficial role in reducing anorexia and improving behavior, like nocturnal motor
activity and agitation [243]. Similarly, one clinical trial, including 15 patients suffering from AD
showed a decreased severity of altered behavior and an increase in the body weight in AD patients
after 6 weeks of treatment with dronabinol. Adverse effects associated with this treatment were
limited to euphoria, somnolence and tiredness, but these effects did not warrant discontinuation of
therapy [244]. Moreover, a systematic Cochrane review identified only one study that meets the criteria
to assess the efficacy of cannabinoids to treat dementia [245]. However, since the data are insufficient,
the effectiveness of cannabinoids in the improvement of behavior and other parameters of dementia
patients are still unclear. Therefore, more controlled trials are needed to assess the effectiveness of
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pCBs in the treatment of dementia and even more for VaD and other dementia since there are still no
clinical studies in these forms.

Table 12. Preclinical studies of cannabidiol-mediated neuroprotective effects.

Model
CBD-Mediated

Protective Effects
Proposed

Mechanisms Involved
Up/Down References

Aβ-stimulated PC12 neuronal cells anti-amyloidogenic GSK3β
Wnt/β-catenin

Ó
Ò [228]

Aβ-stimulated PC12 neuronal cells antioxidative
anti-apoptotic

ROS, iNOS,
NO, Casp3 Ó [230,231]

rat cortical neurons exposed to toxic
glutamate

antioxidative
anti-apoptotic

NMDA, AMPA and
kainate receptor toxicity Ó [232]

SHSY5Y overexpressing APPswe anti-amyloidogenic PPARγ Ò [233]

In vivo

Aβ-infused mice
anti-amyloidogenic
antioxidative
anti-inflammatory

iNOS, NO, MAPK, NFκB,
IL-1β Ó [235]

Aβ-injected rats anti-inflammatory PPARγ Ò [234]

6. Conclusions

New drug candidates acting on multiple molecular targets for the treatment of dementia
are urgently required. In this review, we aimed at elucidating the pleiotropic effects of some
phytochemicals, belonging to the polyphenol, isothiocyanate, alkaloid and cannabinoid families,
and their ability to target in parallel several pathological pathways involved in dementia.

Polyphenols have displayed antioxidative, anti-amyloidogenic and anti-inflammatory properties
in preclinical studies, representing interesting candidates in the prevention and treatment of dementia.
Nevertheless, clinical trials for therapeutic assessment of polyphenols in dementia patients have not
shown encouraging data. Isothiocyanates have exhibited antioxidative properties in AD models,
suggesting a potential role in dementia treatment. However, clinical studies to assess their efficacy are
still missing.

Alkaloids have displayed a trend of efficacy in the management of behavioral symptoms associated
with AD, but in parallel they have also shown side effects, such as toxicity or addiction properties.
To date, among alkaloids, HupA is likely to be the most interesting candidate for dementia treatment.

CBD is one of the most promising cannabinoid family members, lacking psycoactive properties
and characterized by antioxidative and anti-inflammatory features. However, clinical studies have not
shown promising results.

Therefore, our opinion is that phytochemicals could represent an important resource in the
development of new medications or as starting point to develop new synthetic analogs or alternatively,
they can be associated to conventional therapies for dementia. However, an exhaustive amount of
clinical evidence are missing or controversial, and new designed clinical trials are required to better
understand their therapeutic or preventive potential in dementia.
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Abbreviations

The following abbreviations are used in this manuscript:

α-Syn α-Synuclein
ACh Acetylcholine
AChE Acetylcholinesterase
AChEIs Acetylcholinesterase inhibitors
AD Alzheimer’s disease
Akt protein kinase B
AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
AMPK 51 adenosine monophosphate-activated protein kinase activated protein kinase
APP Amyloid Precursor Protein
APPswe Swedish mutant of the Amyloid Precursor Protein
ARE Antioxidant Responsive Element
Aβ Amyloid beta
BACE-1 Beta-site amyloid precursor protein cleaving enzyme 1
BBB Blood brain barrier
Bax Bcl-2-associated X protein
BChE Butyryl-cholinesterase
BER Berberine
CAF Caffeine
CBD Cannabidiol
CCH Chronic cerebral hypoperfusion
ChAT Choline acetyltransferase
COX-2 Cyclooxygenase 2
CREB cAMP-responsive element-binding protein
CUR Curcumin
DLB Dementia with Lewy bodies
EGCG Epigallocatechin 3-Gallate
ERK Extracellular-signal-regulated kinases
FDA Food and Drug Administration
FTD Frontotemporal Dementia
GAL Galantamine
GCLC Glutamate cysteine ligase
GFAP Glial fibrillary acidic protein
GPx Glutathione peroxidase
GSH Glutathione
GSK3β Glycogen synthase kinase 3 β

GST glutathione-S-transferase
HEK293swe HEK293 cells trasnsfected with APPswe variant
5-HT1A 5-hydroxytriptamine1A
HO-1 Heme oxygenase-1
Hsp Heat shock protein
HupA Huperzine A
icv intracerebroventricular
icv-STZ Intracerebroventricular administration of streptozocin
IL-1β Interleukin-1beta
IL-6 Interleukin-6
iNOS Inducible nitric oxide synthase
ITCs Isothiocyanates
JNK c-Jun N-terminal kinases
LPS Lipopolysaccharide
MCP-1 Monocyte Chemoattractant Protein-1
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MG Moringin
MnSOD Manganese-dependent Superoxide Dismutase
mTOR Mammalian target of rapamycin
N2a/APPswe Neuro2a cells overexpressing mutant APPswe gene
NFκB Nuclear Factor Kappa B
NFTs Neurofibrillary tangles
NIC Nicotine
NMDA N-methyl-D-aspartate
NO Nitric oxide
NQO1 NAD(P)H:quinone oxidoreductase 1
Nrf2 Nuclear erythroid-2 related factor
OGD/R Oxygen-Glucose Deprivation/Reoxygenation
OKA Okadaic acid
pCBs Phytocannabinoids
PDD Parkinson’s disease dementia
PGE2 Prostaglandin E2
PI3K Phosphatidylinositol 3-Kinase
PKA Protein kinase A
PKC Protein kinase C
PPARγ Proliferator-activated receptor gamma antagonist
PS1 Presenilin-1
PS2 Presenilin 2
RESV Resveratrol
RIV Rivastigmine
RNS Reactive Nitrogen Species
ROS Reactive Oxygen Species
SIRT-1 Sirtuin-1
SOD Superoxide dismutase
TNF-α Tumor Necrosis Factor-alpha
TrkA Tropomyosin receptor kinase A
TrkB Tropomyosin receptor kinase B
VAChT Vesicular ACh transporter
VaD Vascular Dementia
Δ9-THC Delta-9 tetrahydrocannabinol
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Abstract: We previously reported that the citrus flavonoid 3,5,6,7,8,31,41-heptamethoxyflavone (HMF)
increased the expression of brain-derived neurotrophic factor (BDNF) in the hippocampus of a
transient global ischemia mouse model. Since the BDNF hypothesis of depression postulates that
a reduction in BDNF is directly involved in the pathophysiology of depression, we evaluated
the anti-depressive effects of HMF in mice with subcutaneously administered corticosterone at
a dose of 20 mg/kg/day for 25 days. We demonstrated that the HMF treatment ameliorated
(1) corticosterone-induced body weight loss, (2) corticosterone-induced depression-like behavior,
and (3) corticosterone-induced reductions in BDNF production in the hippocampus. We also
showed that the HMF treatment restored (4) corticosterone-induced reductions in neurogenesis in the
dentate gyrus subgranular zone and (5) corticosterone-induced reductions in the expression levels of
phosphorylated calcium-calmodulin-dependent protein kinase II and extracellular signal-regulated
kinase1/2. These results suggest that HMF exerts its effects as an anti-depressant drug by inducing
the expression of BDNF.

Keywords: heptamethoxyflavone; depression; corticosterone; hippocampus; brain-derived neurotrophic
factor; neurogenesis

1. Introduction

The incidence of depression is increasing in every generation worldwide. A large number of studies
have identified genetic factors, environmental factors, and stress as major risk factors for depression [1].
Stress induces the activation of the hypothalamic-pituitary-adrenal (HPA) axis [2], resulting in the
over-secretion of glucocorticoids, which, in turn, leads to the depressive symptomatology [3]. Recent
studies also showed that decreases in the levels of hippocampal brain-derived neurotrophic factor
(BDNF), the most important neurotrophic factor in the brain, correlated with stress-induced depressive
behavior; however, treatments with anti-depressants have been suggested to restore BDNF levels [4–6].
The BDNF hypothesis of depression was recently proposed based on these findings [7].
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In addition to increasing evidence to show that BDNF is one of the representative molecules for
depression, we previously demonstrated that 3,5,6,7,8,31,41-heptamethoxyflavone (HMF; Figure 1), a
citrus polymethoxyflavone, has the potential to accelerate the synthesis of BDNF in the hippocampus
following ischemia [8,9]. Therefore, we herein determined whether HMF ameliorates depressive-like
behavior and depressive disorders in a depression mouse model. In the present study, a depression
mice model was developed through the chronic administration of glucocorticoids, which was based
on clinical observations that glucocorticoid levels are elevated in depressed patients [3]. Patients with
elevated glucocorticoid levels (for example, by the administration of a high dose of corticosteroids)
exhibit a depression-like state [10]. We previously reported that the repeated administration of
corticosterone at a dose of 20 mg/kg for 3 weeks induced depressive conditions in mice [11].
These mice exhibited 1) depression-like behavior, 2) reduced body weight, and 3) decreases in the
phosphorylated levels of extracellular signal-regulated kinase1/2 (ERK1/2), an important intracellular
signal transduction molecule for neuronal function; cAMP response element-binding protein (CREB),
a transcription factor that regulates neuronal function; and Akt, a critical factor in cell survival and
apoptosis, in the hippocampus and cerebral cortex [11]. Moreover, the chronic administration of
corticosterone at a dose of 32 mg/kg/day for 21 days [12] or the implantation of a corticosterone
pellet (100 mg/kg/day for 21 days) [13] led to decreases in BDNF mRNA and protein levels in the
hippocampus of the brain. These findings suggest that corticosterone-injected mice are a useful and
reliable animal model for investigating the resilient effects of HMF on BDNF levels.

 

 

Figure 1. Structure of 3,5,6,7,8,31,41-heptamethoxyflavone (HMF).

We used fluoxetine (FLX), a selective serotonin reuptake inhibitor (SSRI), as a positive control of
an anti-depressant drug in the present study. FLX was previously shown to increase not only serotonin
concentrations in the synaptic cleft, but also BDNF concentrations [7,14,15].

2. Results

2.1. Effects of Corticosterone and HMF on Body Weight Changes

Figure 2 shows changes in the body weights of mice during the experimental period, indicating
that the repeated administration of corticosterone significantly induced decreases in body weight before
Day 7, as reported previously [11,16]. Body weight gain by Day 21 in the CORT group (1.1 ˘ 0.4 g)
was approximately 50% that in the CON group (2.0 ˘ 0.2 g). Figure 2 also shows that this decrease was
attenuated by the administration of HMF; body weight gain in the CORT + HMF group was 1.9 ˘ 0.3 g
on Day 21, which was similar to that in the CON group. This result indicated that HMF significantly
suppressed corticosterone-induced body weight loss. Body weight gain in the CORT + FLX group on
Day 21 was 1.3 ˘ 0.4 g, indicating that the representative anti-depressant drug, FLX, did not suppress
body weight loss during the experimental period.
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Figure 2. Body weight changes on Days 7, 14, and 21. Values are means ˘ SEM (n = 8). Symbols show
significant differences between the following conditions: CON vs. CORT (* p < 0.05, ** p < 0.01) and
CORT vs. CORT + HMF (## p < 0.01).

2.2. Effects of Corticosterone and HMF on Depressive-Like Behavior

The depressive-like behavior of mice was evaluated in the forced swim and tail suspension
tests. Immobility times in the forced swim test were examined on Day 22. Figure 3A shows that the
immobility time in the CORT group (57.1 ˘ 9.8 s) was approximately two-fold that in the CON group
(29.6 ˘ 5.7 s), and also that the corticosterone treatment significantly (* p < 0.05) prolonged immobility
times in the forced swim test. The immobility time in the CORT + HMF group was 28.1 ˘ 5.3 s,
indicating that HMF significantly (# p < 0.05) suppressed corticosterone-induced depression-like
behavior. In this test, the immobility time in the CORT + FLX group (70.1 ˘ 19.8 s) was markedly
longer than that in the CORT group, which is consistent with previous findings [17].

Figure 3. Effects of HMF on corticosterone-induced behavioral abnormalities in the forced swim test (A)
and tail suspension test (B). Values are means ˘ SEM (n = 7–8). Symbols show significant differences
between the following conditions: CON vs. CORT (* p < 0.05), CORT vs. CORT + HMF (# p < 0.05), and
CORT vs. CORT + FLX ($ p < 0.05).

As another method to assess depressive-like behavior, immobility times in the tail suspension test
were examined on Day 23. Figure 3B shows that the immobility time in the CORT group (142.6 ˘ 9.6 s)
was significantly (* p < 0.05) longer than that in the CON group (94.5 ˘ 14.7 s). Figure 3B also shows
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that the administration of FLX significantly ($ p < 0.05) attenuated corticosterone-induced increases in
immobility times, whereas HMF did not.

2.3. Effects of Corticosterone and HMF on the Expression of BDNF in the Hippocampus

Previous studies indicated that modifications in the expression of BDNF in the hippocampus
may correlate with depression [7,18], and our previous findings demonstrated that HMF enhanced
the synthesis of BDNF in the hippocampus of the ischemic brain [8,9]. Therefore, we investigated
the effects of HMF on the expression of BDNF in the hippocampus on Days 10, 17, and 26 using an
immunofluorescence method. Figure 4A shows representative photographs of the hippocampal region
on Day 26. The BDNF signal on Day 26 was markedly weaker in the CORT group (b) than in the CON
group (a), while those in the CORT + HMF group (c) and CORT + FLX group (d) were stronger than
that in the CORT group. A quantitative analysis of BDNF-positive signal density (Figure 4B) showed
that although BDNF signals in the CORT group were not weaker on Day 10, their densities gradually
became weaker on Day 17; corticosterone significantly (*** p < 0.001) reduced the expression of BDNF
at Day 26, while HMF and FLX significantly (## p < 0.01 and $$ p < 0.01, respectively) attenuated this
decrease. These results indicated that HMF attenuated the corticosterone-induced suppression of
BDNF expression in the hippocampus, similar to FLX.

 

Figure 4. Cont.
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Figure 4. Effects of HMF on the expression of BDNF and GFAP immunoreactivity in the
corticosterone-induced depressive mouse hippocampus. (A) Sagittal sections on Day 26 after
continuous corticosterone injections were stained with specific antibodies, either anti-BDNF (green; a,
b, c, d, e) or anti-GFAP with DAPI staining (red and blue, respectively; f, g, h, i, j). Each signal was
merged in k, l, m, n and o, respectively. White squares in the CON group showed a typical astrocyte
expressing BDNF, and each high-power magnification picture was shown as e, j, and o. The white and
the pink scale bar show 50 μm and 25 μm, respectively. The location of the captured images in the
hippocampus and quantification is shown with a square (0.22 mm2). (B) A quantitative analysis of
BDNF-positive signal densities using ImageJ software. Values are means ˘ SEM (Day 10; n = 4, Day 17;
n = 8, Day 26; n = 8–10). Symbols show significant differences between the following conditions: CON
vs. CORT (*** p < 0.001), CORT vs. CORT + HMF (# p < 0.05, ## p < 0.01), and CORT vs. CORT + FLX
($$ p < 0.01). A quantitative analysis of the average size (C) of GFAP-positive signals on Day 26 using
ImageJ software. Values are means ˘ SEM (n = 8–10). Symbols show significant differences between
the following conditions: CON vs. CORT (* p < 0.05), CORT vs. CORT + HMF (# p < 0.05), and CORT vs.
CORT + FLX ($ p < 0.05).

Figure 4A also shows that BDNF-positive cells (a, b, c, d) and glial fibrillary acidic protein (GFAP;
a marker of activated astrocytes)-positive cells with DAPI staining (f, g, h, i) had nearly merged (k,
l, m, n), and also that the size of GFAP-positive cells was markedly smaller in the CORT group (g)
than in the CON group (f), CORT + HMF group (h), and CORP + FLX group (i). Figure 4C shows that
corticosterone significantly (* p < 0.05) reduced the size of GFAP-positive cells and that HMF and FLX
significantly (# p < 0.05 and $ p < 0.05, respectively) attenuated this decrease. These results indicated
that corticosterone inactivated astrocytes, resulting in a decrease in the expression of BDNF.
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2.4. Effects of Corticosterone and HMF on Neurogenesis in the Hippocampus

Decreases in hippocampal neurogenesis have been reported in corticosterone-treated rats [19] and
chronic stress-loaded rats [20]. Therefore, we herein investigated the effects of HMF on neurogenesis
in the subgranular zone of the dentate gyrus in the hippocampus using an anti-doublecortin (DCX)
antibody, which recognizes a microtubule-associated protein expressed by neuronal precursor cells,
on Days 10, 17, and 26. We defined and manually counted DCX-positive cells, which had more than
10μm diameter, in the hippocampal dentate gyrus. Figure 5A shows representative photographs of the
hippocampal dentate gyrus region on Day 26, indicating that the DCX signal was markedly weaker in
the CORT group (b) than in the CON group (a), CORT + HMF group (c), and CORT + FLX group (d).
Figure 5B shows that the DCX signal was not significantly different among the three groups on Day
10, but was significantly (** p < 0.01) weaker in the CORT group on Day 17. It was also significantly
(** p < 0.01) weaker than that in the CON group on Day 26, while the HMF and FLX treatments
significantly attenuated these changes (### p < 0.001 and $$ p < 0.01, respectively). These results
indicated that HMF and FLX attenuated corticosterone-induced reductions in neurogenesis.

 

Figure 5. Effects of HMF on the expression of doublecortin immunoreactivity in the corticosterone-
induced depressive mouse hippocampal dentate gyrus. (A) Sagittal sections on Day 26 after continuous
corticosterone injections were stained with specific antibodies, either anti-doublecortin (green; a, b, c,
d) or anti-NeuN (red; e, f, g, h). The scale bar shows 50 μm. The location of the captured images in the
hippocampus is shown with a square (0.09 mm2). (B) A quantitative analysis of doublecortin-positive
cell counts was performed manually. Values are means ˘ SEM (Day 10; n = 4, Day 17; n = 8, Day 26;
n = 8–10). Symbols show significant differences between the following conditions: CON vs. CORT
(** p < 0.01), CORT vs. CORT + HMF (### p < 0.001), and CORT vs. CORT + FLX ($$ p < 0.01).
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2.5. Effects of Corticosterone and HMF on the Neuronal Network in the Hippocampus

We evaluated the effects of corticosterone and HMF on the neuronal network in the hippocampus
using experiments with an anti-phosphorylated calcium-calmodulin-dependent protein kinase II
(p-CaMK II) antibody. CaMK II is one of the serine/threonine protein kinases, the autophosphorylation
of which is known to be important for neuroplasticity [21]. Figure 6A shows representative
photographs of the hippocampus on Day 26, indicating that the p-CaMK II signal was markedly weaker
in the CORT group (b) than in the CON group (a). Figure 6A also shows that corticosterone-induced
reductions in the intensity of the p-CaMK II signal were attenuated in the CORT + HMF group (c) and
CORT + FLX group (d). The signal of NeuN, a neuronal marker, was similar among the four groups
(e, f, g, h) on Day 26, suggesting that corticosterone did not injure neuronal cells.

 

Figure 6. Effects of HMF on the expression of phosphorylated CaMK II and NeuN immunoreactivity
in the corticosterone-induced depressive mouse hippocampus. (A) Sagittal sections on Day 26 after
continuous corticosterone injections were stained with specific antibodies, either anti-phospho-CaMK
II (green; a, b, c, d) or anti-NeuN (red; e, f, g, h). Each signal was merged in i, j, k and l, respectively. The
scale bar shows 200 μm. The location of the captured images in the hippocampus and quantification
is shown with a square (1.0 mm2). (B) A quantitative analysis of phospho-CaMK II-positive signal
density using ImageJ software. Values are means ˘ SEM (Day 10; n = 4, Day 17; n = 8, Day 26; n = 8–10).
Symbols show significant differences between the following conditions: CON vs. CORT (* p < 0.05,
*** p < 0.001), CORT vs. CORT + HMF (# p < 0.05), and CORT vs. CORT + FLX ($ p < 0.05).
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Figure 6B shows that the p-CaMK II signal was not significantly different among the three groups
on Day 10, but was significantly (* p < 0.05) weaker in the CORT group on Day 17 (63.2% ˘ 6.2% of
CON group). On Day 26, the p-CaMK II signal was significantly (*** p < 0.001) weaker in the CORT
group than in the CON group, and this change was attenuated by the HMF and FLX treatments
(# p < 0.05 and $ p < 0.05, respectively).

2.6. Effects of Corticosterone and HMF on ERK1/2-Phosphorylation in the Hippocampus

ERK1/2 has been implicated in the depression-like symptoms elicited by stress-related
insults [22,23]. We previously reported that HMF activates (phosphorylates) ERK1/2 in cortical
neurons in vitro [24] and in the hippocampus in vivo [9], while corticosterone decreases the level of
phosphorylated ERK1/2 (p-ERK1/2) [11]. Therefore, we herein investigated the effects of HMF on
the activation of ERK1/2 in corticosterone-treated brains using a western blot analysis. The band
intensity of p-ERK1/2 was not influenced by corticosterone or HMF on Day 10 (Figure 7A), whereas
that in the CORT group significantly (** p < 0.01) reduced on Day 17 and the HMF treatment
slightly restored phosphorylation levels (Figure 7B). These results suggested that HMF attenuated
corticosterone-induced decreases in the activation of ERK1/2.

Figure 7. A Western blot analysis of the influence of HMF on the expression of phosphorylated ERK
in the corticosterone-induced depressive mouse hippocampus. (A) Representative band patterns of
p-ERK1/2 and ERK1/2. (B) A quantitative analysis of the p-ERK/ERK ratio using ImageJ software.
Values are means ˘ SEM (Day 10; n = 4, Day 17; n = 5). Symbols show significant differences between
the following conditions: CON vs. CORT (** p < 0.01).

3. Discussion

Several theories exist for the basis of depression. The monoamine hypothesis of depression
suggests that mood disorders including depression are caused by an imbalance in monoamines,
particularly serotonin, in the brain, and this imbalance may be corrected by the administration of
anti-depressant drugs [25]. On the other hand, the neurotrophin hypothesis of depression suggests
that a decrease in neurotrophins, particularly BDNF, is an important cause of depression, and that
anti-depressant drugs exert their effects by increasing BDNF levels [7]. The neuroplastic hypothesis of
depression suggests that alterations in the plasticity of neural networks are a relevant factor in mood
disorders including depression [26], and FLX restores structural plasticity [27]. The cytokine hypothesis
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of depression implicates the immune system in the development of depression, and suggests that
anti-depressant drugs prevent microembolism-induced changes in inflammation and behavior [28,29].

By focusing on the neurotrophin (BDNF) hypothesis of depression, we herein demonstrated that
the HMF treatment attenuated corticosterone-induced reductions in BDNF levels in the hippocampus
(Figure 4) as well as corticosterone-induced depression-like symptoms (Figures 2 and 3), suggesting
that HMF has potential as an anti-depressant agent. BDNF is the most abundant neurotrophic
factor in the brain and plays an important role not only in neural development, survival, and
function, but also in neurogenesis and neuroplasticity, both of which are important targets for
depressive disorder treatments [30]. Neurogenesis in the hippocampus was previously reported to
be suppressed during depression [19,20], and chronic treatments with SSRIs increased the expression
of BDNF, proliferation/differentiation of neuronal progenitor cells, and maturation of newborn
neurons [31]. We showed that the HMF treatment attenuated corticosterone-induced reductions
in the expression of DCX in the hippocampus (Figure 5). Neuroplasticity in the hippocampus is also
known to be suppressed during depression [32,33], and anti-depressant drugs induce plastic changes
in neuronal connectivity, which gradually lead to improvements in neuronal information processing
and mood recovery. In the present study, we demonstrated that the HMF treatment attenuated
corticosterone-induced reductions in the expression of p-CaMK II in the hippocampus (Figure 6).

Consistent with previous findings showing that SSRIs activate glial cells, particularly
astrocytes [34], we found that the HMF treatment attenuated the corticosterone-induced inactivation
of astrocytes in the hippocampus (Figure 4A and C). The results of the immunohistochemical study
(Figure 4A) revealed that BDNF-positive cells merged with GFAP-positive cells. Collectively, our
results and previous findings showed that HMF and SSRIs enhance neurogenesis and neuroplasticity
in the depressive hippocampus via BDNF synthesized by astrocytes, and we are now investigating the
mechanisms responsible for the effects of HMF on astrocytes in vitro.

Commonly used depressive-like behavioral tests are the forced swim test and tail suspension test,
with increases in immobility times reflecting a depressive state. The results of the present study showed
that the HMF treatment decreased corticosterone-induced increases in immobility times in the forced
swim test, but not in the tail suspension test. In contrast, the FLX treatment decreased immobility
times in the tail suspension test, but not in the forced swim test (Figure 3). This inconsistency suggests
that HMF attenuates depressive-like behavior through different mechanism(s) to those of FLX.

A previous study that examined postmortem tissues demonstrated that hippocampal volumes
were significantly smaller in patients with major depressive disorders [35]. The findings of a
neuroimaging study also revealed smaller hippocampal volumes in depressed patients that were
attenuated by an anti-depressant treatment [36]. We herein found that the average size of GFAP-positive
cells were significantly reduced in the hippocampus in the CORT group, but were attenuated by
the HMF treatment (Figure 4). Since 1) the total number, somal volume, and protrusion length
of GFAP-positive astrocytes correlate with hippocampal volume [37], and 2) astrocytes contribute
to enhancements in neurotrophic support and associated augmentations in synaptic plasticity [38],
the HMF treatment may effectively maintain astrocyte function, and this may be followed by the
production of BDNF.

On the other hand, ERK1/2, a signal transduction factor for several receptors, was previously
reported to contribute to depression. The treatment of mice with corticosterone was previously
shown to selectively decrease p-ERK1/2 levels in the dentate gyrus, but not in the CA1/CA3 regions;
therefore, decreases in the levels of p-ERK1/2 temporally coincided with depressive-like behavioral
responses [22]. The phosphorylation level of ERK1/2 may mediate the efficacy of anti-depressant drugs
in depressed humans and animal models of depression [23]. We herein showed that the HMF treatment
attenuated corticosterone-induced reductions in p-ERK1/2 levels in the hippocampus (Figure 7).

The results of the present study suggest the potential of HMF as a novel anti-depressant drug
based on the “BDNF hypothesis of depression”.
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4. Materials and Methods

4.1. Animals

Male C57BL/6 strain mice (seven weeks old) were purchased from Japan SLC, Inc. (Hamamatsu,
Shizuoka, Japan). Stock diets and tap water were freely available during the experimental period.
Mice were kept at 23 ˘ 1 ˝C on a 12-h light/dark cycle (lights on 8:00–20:00). All animal experiments
were carried out in accordance with the Guidelines for Animal Experimentation and approved by the
Animal Care and Use Committee of Matsuyama University. Mice were divided into 10 experimental
groups, and each group contained 5–8 mice.

4.2. Administration of Corticosterone and Test Drugs

Mice in the seven groups were subcutaneously (s.c.) administered corticosterone (Wako Pure
Chemical Industries, Ltd., Osaka, Japan) at a dose of 20 mg/kg/day in a volume of 5 mL/kg once
a day. The administration periods used were 9 days for two groups, 16 days for another two
groups, and 25 days for the last three groups. The remaining three groups were administered vehicle
(DMSO/polyethylene glycol (PEG)-300 (3:7) solution). The administration periods used were 9 days,
16 days, and 25 days for each group.

HMF was prepared from orange oil (Wako Pure Chemical Industries, Ltd., Osaka, Japan)
as described previously [24]. FLX was purchased from LKT Laboratories, Inc. (St. Paul, MN,
USA). Both chemicals were dissolved in DMSO/PEG-300 (3:7) solution. In the corticosterone plus
HMF-treated group (CORT + HMF group) or corticosterone plus FLX-treated group (CORT + FLX
group), HMF (50 mg/kg/day) or FLX (10 mg/kg/day) was s.c. administered simultaneously with
corticosterone for 9, 16, or 25 days. The control group (CON group) and corticosterone-treated group
(CORT group) were s.c. administered the same volume of vehicle (DMSO/PEG-300 solution).

4.3. Forced Swim Test

On Day 22, 30 min after the administration of corticosterone/test drugs, mice were subjected to
the forced swim test with a minor modification to the methods described by Porsolt [39]. Mice were
individually placed in the center of a plastic cylinder (10 (Φ) ˆ 25 (H) cm) filled with water (up to
15 cm in height) at an ambient temperature, and allowed to swim freely for 6 min. Immobility times
were manually counted during the last 4 min. Mice were judged to be immobile when only making
small movements necessary, namely, moving their limbs subtly, in order to keep their heads above the
water and also when floating.

4.4. Tail Suspension Test

On Day 23, mice were subjected to the tail suspension test according to previously described
methods [40] 30 min after the administration of corticosterone/test drugs. Mice were individually
suspended 10 cm above a tabletop with a peg positioned 2 cm from the tip of the tail for 6 min, and
immobility times were manually counted in the last 4 min. Mice were judged to be immobile when
they hung passively and completely motionless.

4.5. Immunofluorescence for Confocal Microscopy

Mice were transcardially perfused with ice-cold phosphate buffered-saline (PBS) 1 day after the
final administration of samples (Day 10, 17, or 26), and their brains were used in immunohistochemical
and biochemical analyses. In the immunohistochemical analysis, brains were postfixed as previously
described [41], and sagittal sections at 30 μm were incubated with the following primary antibodies;
mouse anti-GFAP (1:200; Sigma-Aldrich, St. Louis, MO, USA), rabbit anti-BDNF (dilution 1:150;
Epitomics, Burlingame, CA, USA), mouse anti-NeuN (1:300; Millipore, Billerica, MA, USA), rabbit
anti-phospho CaMK II (p-Thr286, 1:500; Sigma-Aldrich), and goat anti-DCX (1:50; Santa Cruz
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Biotechnology, Santa Cruz, CA, USA). As secondary antibodies, Alexa Fluor 488 goat anti-rabbit IgG
(H + L) (1:300; Invitrogen, Carlsbad, CA, USA), Alexa Fluor 488 donkey anti-goat IgG (H + L) (1:300),
Alexa Fluor 568 goat anti-rabbit IgG (H + L) (1:300), and Alexa Fluor 568 goat anti-mouse IgG (H + L)
(1:300) were used. A mounting medium with DAPI was employed (Vectashield; Vector Laboratories,
Burlingame, CA, USA), and images were captured with a confocal fluorescence microscopy system
(LSM510; Zeiss, Oberkochen, Germany). ImageJ software (NIH, Bethesda, Rockville, MD, USA)
was used for the quantification of fluorescence signals for BDNF and phospho-CaMK II in images
as described previously [8]. The fluorescence signals of doublecortin-positive cells were manually
counted with a confocal fluorescence microscopy system. The location of the captured images and
quantification is shown with a square in each figure.

4.6. Western Blot Analysis

Hippocampal regions after perfusion were weighed and homogenized in 10 volumes of RIPA
buffer (20 mM Tris-HCl, pH 7.5, 0.1% SDS, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate,
2 mM EDTA, and a protease inhibitor cocktail (Roche, Mannheim, Germany)). Lysates were then
centrifuged at 20,000ˆ g at 4 ˝C for 30 min, and supernatant solutions were collected as the protein
extract. SDS-polyacrylamide gel electrophoresis was used to separate equal amounts of protein (20 μg),
which were then electroblotted onto an Immuno-BlotTM PVDF Membrane (Bio-Rad, Hercules, CA,
USA) as previously described [9]. The primary antibodies used were rabbit antibodies against 44/42
ERK1/2 (Millipore), which recognize 44-kDa ERK1 and 42-kDa ERK2, and phospho-44/42 MAPK
(Thr202/Tyr204; Cell Signaling, Woburn, MA, USA), which recognize phosphorylated ERK1 and
ERK2. The secondary antibody was horseradish peroxidase-linked anti-rabbit IgG (Cell Signaling).
Immunoreactive bands were visualized by ECL-prime (GE Healthcare, Chalfont St. Giles, UK), and
band intensities were measured using a LAS-3000 imaging system (Fujifilm, Tokyo, Japan).

4.7. Statistical Analysis

Data for individual groups were expressed as means ˘ SEM. Data were analyzed using an
unpaired t-test, and a value of p < 0.05 was considered significant.

5. Conclusions

HMF attenuated corticosterone-induced body weight loss, corticosterone-induced depressive-like
behavior, the corticosterone-induced down-regulation of BDNF and GFAP, and corticosterone-induced
reductions in the expression of DCX, p-CaMK II, and ERK1/2 in the hippocampus. These results
suggest that HMF enhances the production of BDNF in the hippocampus, resulting in the attenuation
of corticosterone-induced depression through enhancements in the production of BDNF.
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Abstract: Oxidative stress-mediated cellular injury has been considered as a major cause of
neurodegenerative diseases including Alzheimer’s and Parkinson’s diseases. The scavenging of
reactive oxygen species (ROS) mediated by antioxidants may be a potential strategy for retarding the
diseases’ progression. Costunolide (CS) is a well-known sesquiterpene lactone, used as a popular
herbal remedy, which possesses anti-inflammatory and antioxidant activity. This study aimed to
investigate the protective role of CS against the cytotoxicity induced by hydrogen peroxide (H2O2)
and to elucidate potential protective mechanisms in PC12 cells. The results showed that the treatment
of PC12 cells with CS prior to H2O2 exposure effectively increased the cell viability. Furthermore,
it decreased the intracellular ROS, stabilized the mitochondria membrane potential (MMP), and
reduced apoptosis-related protein such as caspase 3. In addition, CS treatment attenuated the cell
injury by H2O2 through the inhibition of phosphorylation of p38 and the extracellular signal-regulated
kinase (ERK). These results demonstrated that CS is promising as a potential therapeutic candidate
for neurodegenerative diseases resulting from oxidative damage and further research on this topic
should be encouraged.

Keywords: reactive oxygen species; costunolide; PC12 cells; mitochondria membrane potential

1. Introduction

Reactive oxygen species (ROS), a substance resulting from neuronal injury during oxidative stress,
regulates many cellular activities under physiological conditions [1]. Oxidative stress- mediated cellular
injury has long been associated with a variety of neurodegenerative diseases such as Alzheimer’s
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disease, Parkinson’s disease, stroke, and amyotrophic lateral sclerosis [2–5]. Furthermore, H2O2 is
thought to be the major precursor of ROS and has been utilized extensively as an inducer of oxidative
damage to interpret mechanisms and the neuroprotective potential of therapeutics [6].

Several evidences have showed that H2O2 induces cytotoxicity in rat pheochromocytoma (PC12),
which has neuron-like characteristics and provides a useful model system in analyzing the neurological
apoptosis and the prevention mechanisms of antioxidants [7–9]. Moreover, H2O2-induced apoptosis
has been linked to various key alterations including in anti-apoptosis proteins, pro-apoptosis proteins
and caspases. Therapeutic strategies focusing on prevention of the ROS mediated by antioxidants
seem to have potential for delaying the diseases’ progression [10]. Many synthetic antioxidants have
been demonstrated to be strong radical scavengers, but they are also carcinogenic and cause liver
damage [11]. Therefore, much attention has recently been focused on the isolation and identification of
antioxidants from natural sources with neuroprotective potential [12,13].

Costunolide (CS) is a sesquiterpene lactone found in the leaves of Laurus nobilis (Lauraceae),
which has been reported to have anti-inflammatory [14], neuronal dopaminergic cells protection [15],
anti-viral and anti-fungal properties [16,17], as well as cytotoxic effects on various human cancer
cells [18] and antioxidant activity [19]. The chemical structure of CS is shown in Figure 1. However,
its neuroprotective activity has yet to be explored. In this study, we used H2O2-induced oxidative
damage in PC12 cells as an in vitro model to determine the neuroprotective activity of CS and to
further investigate the mechanism.

Figure 1. Chemical structure of costunolide (CS).

2. Results and Discussion

2.1. Effect of Costunolide on Viability of H2O2-Induced PC12 Cells

Overproduction of ROS causes damages to the cellular structures of neurons including lipids
and membranes, proteins, and DNA [20]. The oxidative stress-induced ROS is involved in
the pathophysiology of major neurodegenerative diseases such as Parkinson’s and Alzheimer’s
diseases [20–22]. Several reports suggest therapeutic strategies focused on searching for the potential
targets involved in the neuroprotection of natural compounds that can scavenge free radicals and
protect cells from oxidative damage [12,13]. Previous studies have revealed that CS possesses
antioxidant activities [19]. However, whether CS can exert protective effects against oxidative
cytotoxicity in neuronal models as a result of its antioxidant properties has not been established
in the literature.

A pilot study revealed that H2O2 ranging from 0.1 to 1.5 mM leads to cell death in a dose
dependent manner and 0.75 mM H2O2 induced cell injury in a moderate manner (Figure 2A). These
morphological alterations are reported illustrated in Figure 2B. The aim of the study was to investigate
the effects of antioxidants over a short time frame (0–6 h). Therefore this concentration (0.75 mM
H2O2) was used for all further experiments. The high concentration of H2O2 exposure of PC12 cells is
consistent with investigations of the neuroprotective effects of macranthoin G [9] and the flavonoid
extracts [23].
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Figure 2. Effects of H2O2 on PC12 cell viability and cell morphology. (A) Effect of H2O2 on
viability of PC12 cells (exposure to 4 h). A MTT assay showed that H2O2 decreased cell viability
in a concentration-dependent manner; (B) treatments with different concentrations induced cell
morphological alterations. Data were summarized from three independent experiments. * p < 0.05 vs.
control group.

To characterize the effects of CS on cell viability in the H2O2-stressed cultured PC12 cells, the cells
were incubated with CS and 0.75 mM H2O2. The H2O2-induced cell death of cells was determined
by MTT assays. As shown in Figure 3A, PC12 cells exposed to CS (0–200 μM) for 4 h did not exhibit
any significant viability or proliferation alterations. However, incubation with 0.75 mM H2O2 for 4 h
resulted in a cell viability rate of 26.9% compared to the control (Figure 3B). In contrast, pretreatment
of the cells with CS (10, 30, 50, or 100 μM) for 1 h could remarkably restore cell survival to 34.0%,
55.33%, 90.8%, and 95.87%, respectively. The potency of 100 μM vitamin E was similar to that of 50 μM
CS (data not shown). Moreover, the H2O2-induced neuronal injury was accompanied by changes
in cell morphology as observed in the loss of the characteristic round form and grouping shaped in
PC12 cells. According to the respective calculations, it was shown that the protection rates of CS
were reported in Figure 3C. Results suggested that CS could be considered as a neuroprotective agent
against H2O2-induced oxidative stress.

Figure 3. Cytotoxicity and cytoprotective activity of costunolide (CS). (A) PC12 cells were pretreated
with various concentrations of CS for 4 h; (B) Cell viability of PC12 cells pretreated with CS (10, 30, 50
and 100 μM) 1 h before exposure to H2O2 (0.75 mM) 4 h was measured by the MTT assay. Data are
presented as mean ˘ SD (n = 3) and (C) The protection rates of CS are shown. Values with the same
superscript letters are not significantly different from each other. # p < 0.01 compared with the control
group; * p < 0.05, compared with the model group.
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2.2. Effect of CS on H2O2-Induced ROS Production and Mitochondria Membrane Potential (MMP) in
PC12 Cells

Oxidative stress-induced ROS production contributes to cell death by oxidation of many important
proteins, leading to mitochondrial dysfunction and cell death [24,25]. To provide further evidence
that CS could prevent H2O2-induced ROS generation and oxidative stress, levels of ROS production
in the cells were determined using the fluorescence probe DCFH-DA for measuring the fluorescent
compound dichlorofluorescein (DCF) [26]. As shown in Figure 4A, when cells were only exposed to
0.75 mM H2O2 for 6 h, the DCF fluorescence intensity increased significantly (305.18% of control group).
Pretreatment with CS suppressed the fluorescence intensity in the H2O2-induced PC12 cells, suggesting
that CS exerts its antioxidant effect in the intracellular compartment. A recent study indicated that the
CS possessed protective effects on ethanol-induced oxidative gastrointestinal mucosal injury through
restoration of oxidative stress markers, such as superoxide dismutase (SOD) and malondialdehyde
(MDA) [27]. These results confirm that CS has antioxidant activity against ROS.

Figure 4. Effect of costunolide (CS) on H2O2-induced intracellular accumulation of ROS and
mitochondria membrane potential (MMP). Intracellular ROS levels and MMP were measured using
the MitoCapture™ Kit. PC12 cells were pretreated with various concentrations of CS for 30 min
before exposure to 0.75 mM H2O2 for 6 h. (A) Histogram showing the ROS level in PC12 cells after
treatment with H2O2 in presence or absence of CS compared to untreated groups; (B) Histogram
showing the number of cells with a low potential in PC12 cells after treatment with H2O2 in presence
or absence of CS compared to untreated groups. Cells were stained with MitoCapture™ solution,
demonstrating both a reduced number of healthy cells (red signal) and increased number of cells with
disrupted mitochondrial potential (green signal) in the presence of CS. Data are presented as mean ˘ SD
(n = 3). Values with the same superscript letters are not significantly different from each other at
# p < 0.01 compared with the control group; * p < 0.05, compared with the model group.

Excessive ROS production would damage mitochondrial membrane integrity and affect the
energy production in mitochondria, resulting in mitochondrial dysfunction [28,29]. Furthermore,
mitochondrial dysfunction includes a decrease in mitochondria membrane potential (MMP), activation
of caspase-3, and apoptosis [30]. Therefore, we studied the effect of CS on MMP induced by H2O2

using the MitoCapture™ Apoptosis Detection Kit. The MitoCapture™ fluorescent dye was used as
a marker for apoptosis. In healthy cells, the reagent congregates in the mitochondria and is detected
as a red fluorescence signal. Conversely, in apoptotic cells, the dye remains in the cell cytosol (due
to the disrupted mitochondrial membrane potential) and can be monitored as a green fluorescent
signal [31]. Exposure of PC12 cells to H2O2 (0.75 mM) for 6 h induced a significant loss of MMP
(Figure 4B), green fluorescence was increased by 45% ˘ 8%, while red fluorescence was decreased by
51% ˘ 6% (in both cases n = 30 and p < 0.001 compared with controls). Pretreatment with 50 μM CS
significantly enhanced the reduction in MMP induced by H2O2, demonstrating that CS might change
the occurrence of mitochondrial dysfunction after oxidative stress.
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2.3. Effect of CS on H2O2-Induced Apoptosis in PC12 Cells

ROS have been demonstrated to induce damage biological molecules resulting in apoptotic
or necrotic cell death [32]. Caspase-3 has been reported to be a key executioner caspase involved
in neuronal apoptosis which modulates the mitochondria-dependent pathway [31]. To determine
whether the cytoprotection by CS was due to the inhibition of apoptosis, the PC12 cells were treated
with H2O2 and various concentrations of CS. As shown in Figure 5A, H2O2 treatment caused
a remarkable increase of caspase-3 activity. However, adding 50 and 100 μM CS before H2O2 treatment
decreased the caspase-3 activity to 205.68% and 158.63%, respectively. It can therefore be concluded
that CS was effective in decreasing H2O2-induced apoptotic cell death. This supports the conclusion
that CS inhibits H2O2-induced apoptosis through the regulation of intracellular ROS levels and
mitochondria-dependent caspase-3 pathway.

Figure 5. Effect of costunolide (CS) on H2O2-induced apoptosis in PC12 cells. PC12 cells were
pretreated with various concentrations of MCG for 30 min before exposure to 0.75 mM H2O2 for 6 h.
(A) The effect of CS on caspase-3 activity in H2O2-induced PC12 cells. Cells were pretreated with
various concentrations of CS for 30 min before exposure to 0.75 mM H2O2 for 6 h. Caspase-3 activity
was determined using a commercial kit according to the manufacturer’s instruction. Values with the
same color bars with the same superscript letters are not significantly different from each other at
# p < 0.01 compared with the control group; * p < 0.05, compared with the model group; (B) Following
the same treatment, the levels of phospho- or total mitogen activated protein kinases (MAPKs)
(ERK and p38) were identified by their antibodies. Results are representative of three experiments.

2.4. Effect of CS on MAPK Phosphorylation in H2O2-Induced PC12 Cells

The mitogen-activated protein kinases (MAPK) signaling pathway plays an important role in
cell proliferation, differentiation, and apoptosis [33,34]. They are also involved in ROS-mediated
oxidative stress. ROS activates MAPKs in PC12 cells leading to apoptosis through activation of various
downstream signal related events, such as MMP dissipation and activation of caspase-3 [35–38].
To further explore the effect of CS on the modulation of upstream signaling events against
H2O2-stimulated oxidative stress, we examined MAPKs pathway by the immunoblot analysis.
As shown in Figure 5B, pretreatment of cells with 50 and 100 μM CS significantly inhibited the
H2O2-induced activation of phosphorylation of p38 MAPK and ERK. Consistent with the previous
results, CS markedly inhibited LPS-induced activation of p38 MAPK and ERK [39]. A number of
reports have shown that NF-κB/Rel activity is mediated by MAPKs [40]. Thus, our results provided
a possible mechanism responsible for the neuroprotective effect of CS on NF-κB/Rel activity. Taken
together, the inhibitory effects of CS on H2O2-induced apoptosis in PC12 cells was not only due to
ROS scavenging, but also to the specific modulation of phosphorylation of p38 and ERK.
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In addition, the neuroprotective effect of CS was also observed in dopamine-induced apoptosis
in SH-SY5Y cells through reduction of α-synuclen [15] which increases the rate of production of
ROS [41]. These results confirmed that CS is a cytoprotective agent for neurodegenerative diseases
caused by ROS.

3. Materials and Methods

3.1. Chemicals and Reagents

Costunolide (CS), dimethylsulfoxide (DMSO), 1,1-diphenyl-2-picrylhydrazyl (DPPH), and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were obtained from Sigma
(St. Louis, MO, USA). Dulbecco’s modified Eagle’s medium (DMEM) was purchased from Hyclone
(Logan, UT, USA). Fetal bovine serum (FBS) and a penicillin/streptomycin mixture were purchased
from Gibco (Grand Island, NY, USA). Vitamin E, catechin hydrate, Reactive Oxygen Species Assay
Kit (S0033), cell lysis buffer for western blots and immunoprecipitation (IP) (P0013), 6ˆ SDS-PAGE
Sample Loading Buffer (P0015F) were obtained from Cell Signaling Technology (Danvers, MA, USA).

3.2. Cell Culture

PC12 cells were obtained from the American Type Culture Collection (ATCC), Rockville, MD,
USA). PC12 cells were cultured in RPMI 1640 supplemented with 5% heat-inactivated FBS, 10% HS,
100 U/mL of penicillin, and 100 μg/mL of streptomycin. Cells were incubated at 37 ˝C in a humidified
atmosphere of 95% air and 5% CO2.

3.3. Cell Viability Assay

Cytoprotective activity of CS on H2O2-induced cell injury was investigated by an MTT assay.
The PC12 cells were seeded into 96 well plates at a density of 5 ˆ 104 cells/well for 16 h and then
pretreated with vehicle alone or different concentrations of CS for 30 min before exposure to 0.75 mM
H2O2 for 6 h. After removing the supernatant of each well, a total of 10 μL of MTT solution (5 mg/mL
in phosphate-buffered saline (PBS)) and 90 μL of FBS-free medium were added to each well at the time
of incubation for 4 h at 37 ˝C. The dark blue formazan crystals formed inside the intact mitochondria
were solubilized with 100 μL of MTT stop solution (containing 10% sodium dodecyl sulfate (SDS) and
0.01 M hydrochloric acid). The amount of MTT formazan was determined based on the adsorption
at 550 nm in a microplate reader (SpectraMax 250, Molecular Devices Inc., Sunnyvale, CA, USA).
The optical density of formazan formed in control cells was taken as 100% viability. The protection rate
of tested compounds was calculated using the following equation/protection rate (%) = (cell viability
of drug group ´ cell viability of model group)/(cell viability of control group ´ cell viability of model
group) ˆ 100%.

3.4. Measurement of ROS

Generation of intracellular ROS was detected using a ROS-sensitive fluorescent probe (DCFH-DA).
DCFH-DA is oxidized to highly fluorescent dichlorofluorescein (DCF) in the presence of ROS, which
is readily detected by a flow cytometry [25]. A total of 1 ˆ 105 PC12 cells was plated per well in
6 well plates with 2 mL culture medium for 16 h for stabilization and exposed to CS for 30 min before
exposure to 0.75 mM H2O2 for 6 h. The cells were detached by gentle pipetting and washed with
PBS. Cells were treated with 20 μM DHFH-DA for 30 min in the dark at room temperature. After
DCFH-DA was removed, the cells were rinsed by PBS and collected in 15 mL centrifuge tubes by
gentle centrifugation. Then, the supernatants were aspirated and cell pellets re-suspended in 1 mL PBS.
Cells were finally transferred to flow cytometry tubes and intracellular ROS was measured via flow
cytometry (Becton-Dickinson, Franklin Lakes, NJ, USA) at an excitation wavelength of 498 nm and an
emission wavelength of 522 nm. The mean fluorescent intensity (MFI) of 10,000 cells was analyzed
using three replicates for each experimental condition.
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3.5. Measurement of Mitochondrial Transmembrane Potential

Mitochondrial transmembrane potential was evaluated with a MitoCapture™ Mitochondrial
Apoptosis Detection kit (MBL, Nagoya, Japan), according to the manufacturer’s instructions. CS were
subjected to assays at 4 h. Images were taken under a fluorescence microscope using a bandpass filter
to detect FITC and rhodamine. The cells with many aggregates giving off a bright red fluorescence
represented those with a intact mitochondrial transmembrane potential and were enumerated.

3.6. Measurement of Caspase-3 Activity

Caspase-3 activity was measured using a commercial kit (Beyotime, Haimen, China) according to
manufacturer’s instruction. Briefly, a total of 1 ˆ 106 cells was plated per well in 6 well plates with
2 mL culture medium for 16 h and exposed to CS for 30 min before exposure to 0.75 mM H2O2 for 6 h.
Cells were harvested, washed twice with cold PBS and resuspended in lysis buffer on ice for 4 min.
Next, cell lysates were centrifuged at 10,000ˆ g at 4 ˝C for 10 min. Caspase-3 activity was measured by
using reaction buffer and optical density was determined based on the adsorption at 405 nm using
reaction buffer and optical density was determined based on the adsorption at 405 nm using an Infinite
M200 Pro spectrophotometer (Tecan, Männedorf, Switzerland).

3.7. Data Analysis

All tests were carried out in triplicate (n = 3). The data are expressed as the mean ˘ standard
derivation (SD). One-way analysis of variance (ANOVA) was used to determine the significant
differences between the groups followed by a Dunnett’s t-test for multiple comparisons. A probability
<0.05 was considered as significant. All analyses were performed using SPSS for Windows 7,
version 19.0 (IBM Corp., New York, NY, USA).

4. Conclusions

The neuroprotective effect of CS against H2O2-induced apoptosis in PC12 cells was investigated.
It was found that CS can decrease H2O2-induced oxidative stress in PC12 cells by decreasing the
ROS level and elevating MMP as well as restoring the mitochondria-dependent caspase-3 pathway.
Furthermore, CS possibly affects upstream regulatory elements, such as p38, and ERK to attenuate the
oxidative stress injury induced by H2O2 in PC12 cells. CS has been proved to possess aqueous solubility,
good intestinal absorption and blood-brain barrier penetration [42]. These results demonstrate the
potential of CS, providing a basis for further studies on its application to combat neurologic diseases,
despite the fact that CS can be quite cytotoxic against other cells so its use to combat neurological
disorders would probably be quite limited.
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Abstract: Inhibition of acetylcholinesterase (AChE) is a common treatment for early stages of the
most general form of dementia, Alzheimer’s Disease (AD). In this study, methanol, dichloromethane
and aqueous crude extracts from 80 Traditional Chinese Medical (TCM) plants were tested for their
in vitro anti-acetylcholinesterase activity based on Ellman’s colorimetric assay. All three extracts of
Berberis bealei (formerly Mahonia bealei), Coptis chinensis and Phellodendron chinense, which contain
numerous isoquinoline alkaloids, substantially inhibited AChE. The methanol and aqueous extracts
of Coptis chinensis showed IC50 values of 0.031 μg/mL and 2.5 μg/mL, therefore having an up to
100-fold stronger AChE inhibitory activity than the already known AChE inhibitor galantamine
(IC50 = 4.33 μg/mL). Combinations of individual alkaloids berberine, coptisine and palmatine
resulted in a synergistic enhancement of ACh inhibition. Therefore, the mode of AChE inhibition of
crude extracts of Coptis chinensis, Berberis bealei and Phellodendron chinense is probably due to of this
synergism of isoquinoline alkaloids. All extracts were also tested for their cytotoxicity in COS7 cells
and none of the most active extracts was cytotoxic at the concentrations which inhibit AChE. Based on
these results it can be stated that some TCM plants inhibit AChE via synergistic interaction of their
secondary metabolites. The possibility to isolate pure lead compounds from the crude extracts or
to administer these as nutraceuticals or as cheap alternative to drugs in third world countries make
TCM plants a versatile source of natural inhibitors of AChE.

Keywords: acetylcholinesterase; acetylcholinesterase inhibitor; isoquinoline alkaloids; berberine;
coptisine; palmatine; Alzheimer’s; Coptis; natural products; Traditional Chinese Medicine

1. Introduction

With more than 46 million people suffering from Alzheimer’s disease (AD) worldwide [1],
this neuro-degenerative disorder is the most common form of dementia in elderly people [2].
The progressive degenerative brain syndromes connected to dementia affect memory, thinking,
behaviour and emotion. Typical symptoms include loss of memory and difficulties to perform
previously routine tasks. Patients also have problems with finding the right words or understand what
people are saying and they often undergo personality and mood changes [3]. During the progression
of AD, the death of nerve cells in the cerebral cortex leads to a shrinkage of the brain. In consequence,
gaps develop in the temporal lobe and hippocampus, where new information is stored and retrieved.
These lesions affect the ability to remember, think, speak and make decisions [3].
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Brain processing speed and memory is determined by the neurotransmitter acetylcholine (ACh).
A low level of ACh results in impaired learning and memory as well as general “slow thinking”.
Furthermore, a deficiency of ACh seems to be directly correlated to AD [4]. The level of ACh in
the brain of patients suffering from AD is greatly reduced compared to the healthy patients. In late
stages of AD, levels of ACh have declined by up to 85% [5]. This decrease results from the inability to
synthesise enough ACh for sufficient transmission of information. Furthermore, ACh is broken down
in the synaptic cleft by acetylcholinesterase (AChE). Therefore, one way to elevate ACh levels in the
brain is to inhibit AChE. The breakdown of ACh is decreased and more ACh is available to bind to ACh
receptors resulting in an improvement of cognitive function [6,7]. AChE inhibitors are still the first
choice of drugs for the treatment of AD. The AChE inhibitors galantamine and rivastigmine are used
in mild to moderate stages of the disease; donepezil is the drug of choice for all stages. This therapy
is no longer considered to be only symptomatic, but also disease modifying [8,9]. Another option is
memantine, which is an antagonist of the N-methyl-D-aspartate receptor and prescribed for moderate
to severe cases of AD either as single compound or in combination with donepezil. Although all of
these therapies improve the length and quality of life of the patients, they are only symptomatic and
fail to cure the disease [10,11].

Various plant-derived compounds are already used for the treatment of AD. The most prominent
examples are physostigmine, galantamine (Reminyl®) and huperzine A, but more than 150 different
plant species in various preparations and mixtures have been used in the context of age related CNS
disorders [12–15]. We have also already showed the anti-AChE activity of myrtenal, a monoterpene
derived from Taxus baccata [16]. Therefore, it can be assumed that plants are still a promising source of
new bioactive compounds with anti-AChE activity.

This study investigates the use of plants from Traditional Chinese Medicine (TCM), a complete
medical system used to diagnose, treat and prevent illness for thousands of years, as inhibitors of
AChE. Eighty of the most commonly used TCM plants were tested for their in vitro inhibitory activity
of AChE. Contrary to the approach of isolating single compounds from plants our idea was to use
complex extracts. These consist of a wide variety of different secondary metabolites, usually belonging
to different chemical classes. These chemical compounds can interfere with their targets in a pleiotropic
manner. The overall effect is sometimes not only additive, but even synergistic. This means that the
overall effect of a mixture is greater than the sum of the individual effects [17,18].

We were able to show that three of the TCM plants, which contain isoquinoline alkaloids,
substantially inhibited AChE. The most remarkable finding was that the alkaloid containing methanol
extract of Coptis chinensis showed a 100-fold more powerful AChE inhibition than galantamine.
The mode of action of the highly active extracts is probably due to synergistic interactions, which could
be shown when individual alkaloids, such as berberine, coptisine and palmatine (which occur in the
extracts) were combined.

2. Results

2.1. Inhibition of Acetylcholinesterase by Extracts from TCM Plants

In this study methanol, dichloromethane and aqueous crude extracts from 80 TCM plants were
tested for their in vitro anti-acetylcholinesterase activity. Physostigmine and galantamine, both known
acetylcholinesterase inhibitors [19], were used as the positive controls. The extracts of Berberis
bealei Carrière, Berberidaceae (formerly Mahonia bealei; Shi Da Gong Lao), Coptis chinensis Franch,
Ranunculaceae (Huang Lian) and Phellodendron chinense Scheid., Rutaceae (Huang Bai) showed the
highest inhibition of AChE activity. None of these extracts was cytotoxic in COS7 cells at their
respective AChE inhibitory concentrations (Table 1) suggesting their potential therapeutic application.
A high ratio between the IC50 in COS7 cells and corresponding AChE inhibition denotes a beneficial
therapeutic profile of the compound. IC50 values for all other plant extracts are listed in Table 2.
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Table 1. AChE inhibitory (AChEi) activity and cytotoxicity in COS7 cells of the most active TCM
plant extracts. All data are expressed as mean ± standard deviation; all experiments were carried
out in triplicates and repeated independently. (AChE assay: n = 3; n = 9 for Coptis chinensis samples.
Cytotoxicity: n = 3).

Sample IC50 AChE Inhibition (mg/mL) IC50 COS7 (μg/mL) Ratio IC50 COS7/AChE

Berberis bealei MeOH 34.10 ± 4.89 35.37 ± 4.21 1.0
Berberis bealei CH2Cl2 9.99 ± 1.18 13.36 ± 1.76 1.3

Berberis bealei H2O 87.77 ± 4.11 270.0 ± 13.5 3.1
Coptis chinensis MeOH 0.031 ± 0.002 3.72 ± 0.74 120
Coptis chinensis CH2Cl2 8.13 ± 0.90 39.57 ± 4.87 4.9

Coptis chinensis H2O 2.5 ± 0.61 118.3 ± 7.4 47
Phellodendron chinense MeOH 8.03 ± 0.98 85.52 ± 11.90 10
Phellodendron chinense CH2Cl2 6.34 ± 1.37 71.33 ± 6.87 11

Phellodendron chinense H2O 84.83 ± 1.84 282.9 ± 15.3 3.3
Berberine 1.48 ± 0.07 - -
Coptisine 1.27 ± 0.06 - -
Palmatine 5.21 ± 0.48 - -

Physostigmine 2.24 ± 0.27 - -
Galantamine 4.33 ± 0.21 - -

2.2. Phytochemical Analysis of Most Active Extracts

Literature lists the alkaloids berberine, coptisine and palmatine as the main compounds of
Berberis bealei [20–24], Coptis chinensis [25–27] and Phellodendron chinense [28]. Therefore HPLC and
LC-MS was used to confirm the presence of these alkaloids. Figure 1 illustrates the HPLC profile of the
methanol extract of Coptis chinensis and lists the alkaloids detected in the different crude extracts of the
three most active species. Berberine and palmatine were found in all nine extracts; coptisine only in the
crude extracts of Coptis chinensis. Total alkaloids were highest in the methanol extract of Coptis chinensis
and lowest in the aqueous extract of Berberis bealei. Berberine is the main alkaloid of all extracts of
Coptis chinensis and Phellodendron chinense. The main alkaloid of Berberis bealei is palmatine.

Figure 1. HPLC-MS total ion current chromatogram of a methanol extract of Coptis chinensis. Peaks:
1: Tetradehydroscoulerine / tetrahydrocheilanthifolinium (m/z = 322); 2: columbamine (m/z = 338);
3: epiberberine (m/z = 336); 4: coptisine (m/z = 320); 5: palmatine (m/z = 352); 6: berberine (m/z = 336).
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2.3. Inhibition of Acetylcholinesterase by Pure Substances

Plants produce a high diversity of secondary metabolites representing a complex mixture of
compounds belonging to several chemical classes. The mode of action of most plants cannot be
attributed to one single chemical compound, but to the pleiotropic effects of the secondary metabolites
contained in the plant [29]. To understand the potential mode of action of the aforementioned TCM
plants, the isolated alkaloids berberine, coptisine and palmatine were tested for their individual
inhibition of AChE (Table 1). It is notable that none of the three alkaloids inhibits AChE as strong as
the crude methanol extract of Coptis chinensis.

2.4. Inhibition of ACh is Based on Synergism

The finding that none of the tested alkaloids showed an equally strong AChE inhibitory effect as
the crude methanol extract of Coptis chinensis led to the assumption that the mode of action of this crude
extract could be based on synergism of individual alkaloids. Therefore, synergism studies were carried
out: the AChE assay was conducted with a dilution series of one of the isolated alkaloids (1st alkaloid)
in combination with a steady IC30 concentration of the other alkaloids (2nd alkaloid). Data is shown in
Table 3. Comparing the FIC values obtained at constant concentrations of the 2nd alkaloid with varying
concentrations of the 1st alkaloid showed decreasing FIC values by increasing the concentration of the
1st alkaloid. In some of the tested combinations an FIC value of ≤0.5 was observed, which signifies
a synergistic effect.

Figure 2. AChE inhibitory effect and synergistic effects of berberine in combination with coptisine and
palmatine. The combination of berberine with other alkaloids inhibits ACh stronger than berberine
alone (top); The combination index (CI) increases with higher concentrations of berberine (bottom).
Data is shown as mean ± SD from three individual experiments, each carried out in triplicates.
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The most apparent synergistic effect was found in the experiments in which coptisine and
palmatine were combined with berberine (Figure 2, Table 3). Here, synergy was detected up to
IC60 concentration of berberine combined with the IC30 concentration of coptisine or palmatine.
At higher concentrations of berberine, FIC values between 0.5 and 1.0 indicate an additive effect.

In the experiments where coptisine and palmatine were used as 1st alkaloids synergy was only
observed at very low concentrations of the 1st alkaloid. Again, FIC values decreased with increasing
concentrations of the 1st alkaloid. At high concentrations of the 1st alkaloid even antagonistic effects
of the alkaloids analysed were noted.

3. Discussion

Nature offers a high diversity of chemical compounds that might be beneficial as potential
treatments for human diseases. Therefore, this study aimed at elucidating the potential of 80 TCM
plants as inhibitors of acetylcholinesterase, a known Alzheimer target. For that purpose, inhibition of
acetylcholinesterase was observed in a high-throughput enzymatic assay. Furthermore, cytotoxicity in
COS7 cells was assessed and potential synergistic effects of the chemical compounds contained in the
TCM plant extracts were evaluated. In contrast to other research approaches where natural products
are used as lead compounds and modified synthetically [30,31] we concentrated on the question if
a crude extract comprised of various constituents has benefits over the isolated single components of it.

A range of secondary plant metabolites has shown anti-cholinesterase activity including alkaloids,
flavonoids and lignans with alkaloids being the largest group of ACh inhibitors [32,33]. The strong
inhibitory activity of alkaloids is associated with their similarity to ACh. Many alkaloids have
a positively-charged nitrogen which can bind in the gorge of active site of actetylcholinesterase [34].

Several plant drugs are used to treat deficits in memory and symptoms of AD, including
Coptis chinensis [25,35], Magnolia officinalis [36–38], Cinnamomum cassia [39] and most commonly,
Ginkgo biloba. Ginkgo is the most popular plant for the treatment of memory-affiliated problems
although no direct anti-acetylcholinesterase activity has been observed so far. In this study none of
the crude plant extracts of Ginkgo biloba showed any substantial AChE inhibitory activity. The same
accounts for Magnolia officinalis with only meagre AChE inhibitory activity.

The AChE inhibitory activity of the root of Coptis chinensis (Coptidis rhizoma) and its isolated
alkaloids has been discussed earlier [25] but the mode of action has not been described so far.
Here, a distinctive anti-AChE effect was observed in all three extracts. These effects might be credited
to berberine, the main alkaloid of Coptis chinensis, as well as the other protoberberine alkaloid
coptisine and the benzo[c]phenanthridine alkaloid palmatine (Figure 3). Both the methanol and
the aqueous extracts show a stronger inhibition of AChE than galantamine. Remarkably, the methanol
extract exhibits an AChE inhibition that is 100-fold stronger than the one observed for galantamine.
Usually plants contain a complex profile of secondary metabolites therefore the effect of a plant extract
usually cannot be accredited to one single compound. Also synergistic effects have to be taken into
account [17,18]. When comparing the IC50 values of the crude plant extracts to the IC50 values of
the pure alkaloids berberine, coptisine and palmatine it strikes out that the methanol extract is much
more active than any of the pure alkaloids tested. This suggests that not berberine alone causes the
AChE inhibitory activity but rather the combination of alkaloids and other chemical compounds that
apparently act synergistically. This study provides evidence that the AChE inhibitory effect of the
alkaloids berberine, coptisine and palmatine is clearly synergistic (Table 3, Figure 1). The strongest
synergism was observed for the combination of berberine and coptisine. Also the combination of
berberine with coptisine and palmatine together produced strong synergistic effects.

LC-MS analysis indicated that in Coptis chinensis berberine is the main alkaloid followed by
coptisine and palmatine. Therefore, it can be assumed that the strong AChE inhibition of this drug is
based on synergistic action of these alkaloids. Furthermore, the methanol extract of Coptis chinensis has
the highest concentration of alkaloids of all extracts tested, which might explain its extremely strong
inhibition of AChE.
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Protoberberine Benzo[c]phenanthridine

 
Berberine Columbamine Palmatine 

 
Epiberberine Tetrahydrocheilanthifolinium Tetradehydroscoulerine 

 

 

Coptisine 

Figure 3. Alkaloids contained in Coptis chinensis.

Berberis bealei comprises of a variety of bioactive secondary metabolites such as protoberberine
alkaloids like berberine, columbamine, jatrorrhizine and palmatine [20–24]. All three crude extracts
showed an apparent inhibition of AChE. The dichloromethane extract contains the largest amount
of alkaloids of the extracts of Berberis bealei and also shows the strongest AChE inhibitory activity.
The very low IC50 of the dichloromethane extract points to the fact that the combination of palmatine
and berberine enhances the AChE inhibition. Here, this synergistic effect of this combination is
clearly proven but the presence of other compounds like flavonoids or saponins has to be taken into
account as well.

The main constituents of Phellodendron chinense are isoquinoline alkaloids such as berberine,
palmatine, jatrorrhizine and sesquiterpene lactones [28]. So far it can be stated that the active
component is largely the alkaloid berberine [40]. All three extracts inhibited AChE substantially.
Again, AChE inhibitory activity of these three extracts can be accredited to synergy. In all extracts
berberine is the main alkaloid and the synergism experiments hint to the fact that the combination with
palmatine increases the AChE inhibitory activity. Compared to Coptis chinensis, the AChE inhibitory
activity of Phellodendron chinense is significantly lower which might be credited to the absence of
coptisine in this extract.

Of the TCM plants analysed in this study, Coptis chinensis, Berberis bealei and Phellodendron chinense
seem to be the most promising candidates for an apparent inhibition of AChE activity as all three
crude plant extracts show a distinctive inhibitory effect. Most striking of all results is the finding that
the methanol extract of Coptis chinensis exhibits a 100-fold stronger AChE inhibitory activity than the
already known and widely sold AChE inhibitor galantamine, which might be due to the synergistic
interaction of the individual alkaloids in this extract.

So far, no data is available about the physiological absorption rate of alkaloids contained in these
extracts and it remains unclear if they can pass the blood-brain border. In vivo tests should be carried
out to confirm these promising in vitro results in a mouse or rat model of Alzheimer’s Disease.

These findings suggest that TCM plants represent an important source of natural compounds that
affect the activity of AChE. Apart from isolating pure compounds as lead structures for novel drugs it
might also be possible to administer TCM plant extracts as nutriceuticals. Furthermore, these extracts
could be used as cheap alternative to other drugs in third world countries for the treatment of
Alzheimer’s Disease.
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4. Materials and Methods

4.1. TCM Plants

All TCM plants were kindly provided by Prof. Thomas Efferth, Johannes Gutenberg University
Mainz, Germany and were obtained commercially in China. Identity of the TCM plants was
authenticated via DNA barcoding. All samples have accession numbers and voucher specimens
were deposited at the IPMB, Department of Biology, Heidelberg University, Germany.

4.2. Chemicals

DMEM (Dulbecco’s Modified Eagle’s Medium) media, supplements, fetal bovine serum
(FBS), trypsin-EDTA and dimethyl sulphoxide (DMSO) were purchased from Gibco Invitrogen
(Karlsruhe, Germany). Berberine, coptisine, galantamine, physostigmine and palmatine were obtained
from Fluka/Sigma-Aldrich (Steinheim, Germany).

4.3. DNA Barcoding

TCM plants were chosen according to their traditional use. TCM plant samples were obtained
commercially. In order to authenticate the plant species, DNA barcoding was carried out to identify
the respective species. The plant DNA was isolated from tissue using phenol chloroform extraction
protocol [41]. A 700 bp fragment of the chloroplast marker gene rbcL was amplified using PCR.

The PCR products were sequenced and the identity of the plant species was confirmed on either
the genus or the species level by comparing the respective sequence with database (NCBI) entries of
authentic species.

Clustal W was used to align the sequences [42]; the genetic distances were calculated using MEGA
4.0 following the Kimura 2-Parameter (K2P) model [43]. BLAST database search was performed as
described previously [44]; neighbour-joining was used for the phylogenetic tree construction [45].

4.4. Preparation of TCM Extracts

50 g finely milled TCM drugs were boiled in reflux in 500 mL of the solvent of choice
(methanol, dichloromethane or water) for 6 h. The extract was then filtered through a grade 603 filter.
After this, the filtrate was evaporated in a Rotavapor R-200 (Büchi, Flawil, Switzerland). The residual
material was resolved in DMSO to a concentration of 50 mg/mL and stored at −20 ◦C until use.

4.5. Cytotoxicity / MTT Assay

COS7 (African green monkey epithelial kidney cells) cells were maintained in DMEM complete media
(L-glutamine supplemented with 10% heat-inactivated fetal bovine serum, 5% penicillin/streptomycin).
Cells were grown at 37 ◦C in a humidified atmosphere of 5% CO2. All experiments were performed
with cells in the logarithmic growth phase. Cytotoxicity of TCM extracts in COS7 cells was determined
using different concentrations of extracts. MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] was used in a colorimetric assay to determine cell viability and assess cytotoxicity [46].
All experiments were carried out in triplicates and repeated three times. The viability of the cells was
determined and data are presented as the percentage of viable cells compared to the control (cells in
serum-free medium) in relation to the concentration of the extract.

4.6. AChE Assay

An adapted version of the Ellmann assay [47] in 96-well plates was used to measure AChE activity.
A mastermix consisting of 25 μL acetylthiocholine iodide (ACTI, 15 mM in phosphate buffer pH 7),
125 μL dithionitrobenzoic acid (DTNB, 3 mM in phosphate buffer pH 8) and 50 μL phosphate buffer
(50 mM, pH 8) was prepared and added to 5 μL of TCM crude plant extract (stock 50 mg/mL) or 5 μL
essential oil per well. It turned out to be crucial to prepare all reaction solutions freshly for every set of
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experiments. Two known AChE inhibitors, physostigmine and galantamine (50 mg/mL in phosphate
buffer pH 8), served as positive controls. As all crude extracts (water, methanol, dichloromethane)
were evaporated and then resolved in DMSO beforehand, DMSO was used as negative control in
all experiments.

After shaking for 20 s, measurements at time t = 0, 3, 6, and 9 min were recorded at 450 nm using
the EL808 plate reader (BioTek, Winooski, VT 05404, United States) to avoid interference of results due
to spontaneous activity. After 9 min reading, 25 μL of acetylcholinesterase (AChE from electric eel,
3 U/mL in phosphate buffer pH 8) were added to each well and the plate was left to incubate at room
temperature for 3 min. After shaking for 20 s a final reading was recorded at 450 nm. The inhibitory
activity was calculated in comparison to the negative control. Potential effects were expressed as the
percentage of inhibition. The experiments were carried out three times and all samples were measured
three times. For the most active Coptis chinensis samples the experiment was carried out nine times to
corroborate that the findings were correct.

4.7. Phytochemical Analysis

The most active extracts were analysed phytochemically by high performance liquid
chromatography (HPLC) and mass spectrometry (MS).

HPLC: A Merck Hitachi HPLC system (Merck, Darmstadt, Germany) composed of a binary
L-6200A intelligent pump and an ERC-3215α degasser was used. The extracts, with a final concentration
of 500 μg/mL in methanol, were injected in the HPLC system via a Rheodyne system with a 20 μL loop.
Separation was achieved using a RP-C18e Lichrospher 100 (250 mm length, 4 mm diameter column,
5 μm particle size) (Merck, Darmstadt, Germany). The mobile phase consisted of: A: Water HPLC
grade with 0.5% formic acid and ammonium acetate pH = 7; B: acetonitrile. The gradient program at
a flow rate of 1 mL/min as following: 0% to 40% B in 15 min, then to 100% B in 10 min, then in 5 min.
back to the initial condition. A mechanical split with 10% to the MS machine and 90% as waste was
used after the separation column.

MS: A Quattro II system (Waters, Eschborn, Germany) from VG with an ESI interface was used
in the positive ion mode under the following conditions: Drying and nebulizing gas: N2, capillary
temperature: 120 ◦C; capillary voltage: 3.50 kV; lens voltage: 0.5 kV; cone voltage: 30 V. Scan mode at
range m/z 300–600. Chromatograms were processed using Waters MassLynx software (Version 4.0,
Waters, Eschborn, Germany).

4.8. Evaluation of Synergistic Effects

After screening the TCM crude extracts and their chemical compounds it became clear that the
distinctive inhibitory effect of some of the crude extracts must be based on synergism of individual
isoquinoline alkaloids in the extracts. Therefore, synergism studies were carried out with isoquinoline
alkaloids berberine, coptisine and palmatine. First the IC30 values for all samples were calculated.
For “compound A” a serial dilution was prepared and seeded to the 96-well plate. “Compound B”
was added to each well at a fixed concentration that corresponded to its IC30 value. After this the
AChE inhibition assay was carried out as described before. All possible combinations of diluted
“compound A” and fixed “compound B” were analysed.

Drug interaction was classified as either synergistic, additive indifferent or antagonistic based
on the fractional inhibitory concentration (FIC) index. The fractional effect (FE) of two compounds
is calculated from the effect caused by two compounds in combination in relation to the effect of
one compound alone: FEa = IC50(a + b)/IC50(a); FEb = IC50(a + b)/IC50(b). By plotting these values
against each other the isobologram showing the areas of synergy is obtained.

The FIC index is the sum of both FE indexes. According to Berenbaum [48], FIC ≤ 1.0 signifies
synergy, FIC = 1.0 an additive effect and FIC ≥ 1.0 antagonism. Schelz [49] regards FIC ≤ 0.5 as synergy,
FIC > 0.5 to 1.0 as additive, FIC = 1.0 to 4.0 as indifferent and FIC ≥ 4.0 as antagonism. We were
following the second perspective.
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4.9. Statistical Analysis

All experiments were carried out in triplicates and repeated at three individual days. All data are
expressed as mean ± standard deviation (n = 3). The IC50 values were calculated using a four-parameter
logistic curve (SigmaPlot® 11.0) representing 50% reduction of activity. Statistical analysis of the
effects of increasing concentrations of samples on the viability of COS7 cells and activity of AChE
was performed using Student’s t-test in SigmaPlot® 11.0 (Systat, Erkrath, Germany) to determine
significance of the difference between two data sets. The significance level of p < 0.05 denotes
significance for all cytotoxicity and AChE experiments.

5. Conclusions

Various plant-derived compounds are already used for the treatments of Alzheimer’s Disease
indicating that nature is a valuable source of new bioactive agents. We tested various plants from
Traditional Chinese Medicine for their potential inhibition of AChE activity. Based on our results
it can be stated that some TCM plants inhibit AChE via synergistic interaction of their secondary
metabolites. The possibility to isolate pure lead compounds from the crude extracts or to administer
these as nutraceuticals or as cheap alternative to drugs in third world countries make TCM plants
a versatile source of natural inhibitors of AChE.
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Abstract: A growing body of in vitro and in vivo evidences shows a possible role of polyphenols
in counteracting neurodegeneration: curcumin and resveratrol are attractive substances in this
regard. In fact, epidemiological studies highlight a neuroprotective effect of turmeric (rhizome of
Curcuma longa L.), the main source of curcumin. Moreover, the consumption of red wine, the main
source of resveratrol, has been related to a lower risk of developing dementia. In this review, we
analyzed the published clinical trials investigating curcumin and resveratrol in the prevention or
treatment of cognitive disorders. The ongoing studies were also described, in order to give an
overview of the current search on this topic. The results of published trials (five for curcumin,
six for resveratrol) are disappointing and do not allow to draw conclusions about the therapeutic or
neuroprotective potential of curcumin and resveratrol. These compounds, being capable of interfering
with several processes implicated in the early stages of dementia, could be useful in preventing or in
slowing down the pathology. To this aim, an early diagnosis using peripheral biomarkers becomes
necessary. Furthermore, the potential preventive activity of curcumin and resveratrol should be
evaluated in long-term exposure clinical trials, using preparations with high bioavailability and that
are well standardized.

Keywords: polyphenols; curcumin; turmeric; resveratrol; grape wine; dementia; Alzheimer; cognitive
disorders; clinical trials

1. Introduction

Growing evidence suggests that polyphenols have potential health-promoting properties. In fact,
these compounds have been associated to pleiotropic biological effects: they are known to behave as
potent antioxidants, as direct radical scavengers in the lipid peroxidation, and to interact with a number
of signalling targets involved in biological processes, such as carcinogenesis and inflammation [1].
Due to their multiple biological activities, polyphenols have been described as cardio-protective,
anti-cancer, anti-microbial, and hepato-protective agents [2]. Evidence also suggests that polyphenols
can counteract neurodegeneration so having a possible role in preventing or treating cognitive disorders
and neurodegenerative diseases, particularly dementia.

Dementia is a multifactorial syndrome that affects memory, thinking, language, behavior and
ability to perform everyday activities. According to the World Alzheimer Report [3], today, dementia
affects over 46 million people worldwide and this number is estimated to increase to 131.5 million
by 2050 due to increased expectation of life and an aging population [3]. The most common form of
dementia is Alzheimer disease (AD) that possibly contributes to 60%–70% of cases, with a greater
proportion in the higher age ranges [4]. AD is a multifactorial disease with genetic (70%) and
environmental (30%) causes. The familial early-onset form of AD is caused by mutations in genes
APP (amyloid precursor protein), PSEN1 (Presenilin 1) and PSEN2 (Presenilin 2). The APOE gene
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is responsible for the sporadic form of the disease [5]. The pathology initiates in the hippocampus
brain region that is involved in memory and learning, then affects the entire brain. Major pathological
features of AD include the accumulation of extracellular amyloid plaques and fibrils, intracellular
neurofibrillary tangles, as well as chronic inflammation, an abnormal increase of oxidative stress and
disruption of cholinergic transmission, including reduced acetylcholine levels in the basal forebrain.
The neurodegenerative process leads to synaptic damage, neuronal loss accompanied by astrogliosis
and microglial cell proliferation, ultimately leading to brain dysfunction and marked atrophy in
susceptible regions of the brain, such as the hippocampus, amygdale and basal forebrain [6–9].

Amyloid plaques, also known as “senile plaques”, originate from the amyloid beta (Aβ) peptide,
following up its aberrant cleavage by β-secretase, of the transmembrane protein amyloid precursor
protein (APP), whose function is unclear but thought to be involved in neuronal development. Aβ

monomers aggregate into soluble oligomers and coalesce to form fibrils insoluble deposited outside
neurons in dense formations, the amyloid plaques, in less dense aggregates as diffuse plaques, and
sometimes in the walls of small blood vessels in the brain. Small Aβ oligomers (40 and 42 amino-acids)
are particularly toxic to neurons causing membrane damage, Ca2+ leakage, oxidative damage,
disruptions to insulin signaling pathways and synaptic function, and mitochondrial dysfunction [8,10].
Abnormal Aβ accumulation may be associated with disruption in cholinergic neurotransmission and
initiate inflammatory mechanisms that produce reactive oxygen species (ROS). Abnormal release of
neurotransmitters such as glutamate contributes to neuronal death and inflammation [11].

In AD, abnormal aggregation of the tau protein (P-tau), a microtubule-associated protein
expressed in neurons, is also observed. P-tau acts to stabilize microtubules in the cell cytoskeleton.
Like most microtubule-associated proteins, tau protein is normally regulated by phosphorylation;
in AD patients, hyperphosphorylated P-tau accumulates as paired helical filaments that in turn
aggregate into masses inside nerve cell bodies known as neurofibrillary tangles (NFTs), the other key
pathological hallmark of AD [6,12].

There is a direct evidence for free radical oxidative damage in brain of patients with AD [13].
Oxidative stress is associated with various aspects of AD such as metabolic, mitochondrial, metal, and
cell cycle abnormalities [14]. Dysregulation of metal homeostasis can lead to the binding of these metal
ions to Aβ and acceleration of Aβ aggregation [15]. Oxidative stress is evidenced by lipid peroxidation
end products, formation of toxic peroxides, alcohols, free carbonyl, and oxidative modifications in
nuclear and mitochondrial DNA [16].

Neuroinflammation is also involved in the complex cascade leading to AD pathology and
symptoms. It has been shown that AD is associated with increased levels of cycloxygenase 1 and 2
and of prostaglandins, release of cytokines and chemokines, acute phase reaction, astrocytosis and
microgliosis [17]. These pro-inflammatory factors may induce degeneration of normal neurons through
upregulation of nuclear factor-κB, mitogen-activated protein kinase, and c-Jun N-terminal kinase [18].

Finally, in patients with AD epigenetic alterations such as changes in DNA methylation, histone
modifications, or changes in miRNA expression have been reported. Histone acetyltransferases (HATs)
and histone deacetylases (HDACs) promote histone post-translational modifications, which lead to an
epigenetic alteration in gene expression. Aberrant regulation of HATs and HDACs in neuronal cells
results in pathological consequences such as neurodegeneration [19–21].

In summary, AD appears to be a complex and multifactorial disorder in which extracellular Aβ

and intraneuronal hyperphosphorylated tau protein are the hallmark neuropathological features,
along with oxidative stress and inflammation. Actually, no current effective disease-modifying
treatments are available. Moreover, as Aβ-induced changes are believed to occur a long time before the
impairment of cognitive function appears, so strategies to stop or to slow the progression of the disease
are of greater importance as is an early diagnosis. Owing to the particular multifactorial nature of the
disease, a novel approach consists in evaluating substances having multi-target mechanisms, such as
polyphenols. Curcumin and resveratrol are naturally occurring polyphenols of emerging interest in
this field (Figure 1). They show close similarity with the presence of several phenolic groups as well
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as unsaturated carbon chains. Moreover, they share similar biosynthetic pathways in spite of having
different biological origins, being 4-hydroxycinnamic acid of the shikimate pathway their starting
compound [22]. Curcumin and resveratrol share also other biological properties such as anticancer
properties, in which they exert synergistic effects [23,24].

Figure 1. Chemical structures of (a) curcumin; (b) trans-resveratrol and (c) cis-resveratrol.

Despite the huge number of pharmacological studies on the potential beneficial effects of curcumin
and resveratrol on cognitive disorders, very few of the studies have investigated their efficacy in
humans. The present review is aimed not so much at establishing the effectiveness of curcumin and
resveratrol in treating cognitive disorder, but rather to give an overview of the studies conducted or
in progress using these substances and, possibly, to offer food for thought useful to better directing
future research.

2. Mechanism of Neuroprotective Action of Curcumin and Resveratrol

Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-2,5-dione) is a polyphenolic
compound obtained by turmeric, the dried rhizome of Curcuma longa L. (Fam. Zingiberaceae).
Turmeric is the spice that gives curry its yellow color. It has been used in India for thousands of
years as a food flavoring and preservative, and as a herbal remedy [8,25]. It is known in traditional
medicine for its antiinflammatory, antioxidant, anticarcinogenic, hepatoprotective, cardioprotective,
vasodilator, hypoglycemic, and anti-arthritic properties [26]. Turmeric has also been reputed to
possess neuroprotective effects [27,28]; in fact, a lower prevalence of AD has been observed in Indian
people, who regularly consume turmeric as a part of curry [29–31]. Moreover, some epidemiological
studies support a link between dietary curry consumption and improved cognitive performance in
elderly populations [32]. It is believed that the properties of turmeric are mainly due to its curcumin
content [26].

Resveratrol (3,5,4′-trihydroxystilbene) belongs to a family of polyphenolic compounds known
as stilbenes, a group of widespread plant secondary metabolites. Resveratrol is also one of the
phytoalexins, a group of low-molecular-mass substances with antimicrobial activity, produced by
plants as a defence response to some exogenous stimuli, such as UV radiation, chemical stressors,
and particularly, microbial infections [33]. Sources of resveratrol in human diet are mainly peanuts,
pistachios, berries and grapes; however, the most important dietary source of resveratrol is red
wine [34]. The compound exists in two isomeric forms, the trans-isomer occurs in the berry skins of
most grape cultivars, and its synthesis is stimulated by UV light, injury, and fungal infection. Cis-isomer
is produced by UV irradiation of the trans-isomer; it is generally absent or only slightly detectable in
grapes but originates from its trans-isomer during vinification, so both forms are present in variable
amounts in commercial wines [33,35]. Most research on resveratrol concerns the trans-isomer owing to
its natural presence in grapes and its greater stability [36].

The research interest in the therapeutic relevance of resveratrol has originated from its association
with the “French Paradox” in the early 1990s [37]. It has been reported that the consumption of
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red wine on a regular basis may be related to a lower risk of developing dementia, such as AD and
vascular dementia [38]. Orgogozo et al. [39] have shown a positive correlation between a moderate
consumption of red wine and a decreased incidence of dementia. This protective effect is most likely
due to the presence in wine of phenolic compounds, in particular resveratrol [1,33].

The neuroprotective potential of curcumin and resveratrol has been highlighted by in vitro and
in vivo studies in which the compounds seem to slow down the progression of AD by multiple
mechanisms. Both compounds possess anti-amyloidogenic effects. Curcumin has been shown
to inhibit the formation and extension of neurotoxic Aβ fibrils, and to destabilize preformed Aβ

fibrils [40,41]. A recent study conducted by Fu and coworkers [42] found that curcumin interacts
with the N-terminus of Aβ1-42 monomers and prevents the enlargement of oligomers from 1–2 nm to
3–5 nm. In another study, it was found that curcumin induces significant conformational changes in the
Asp-23-Lys-28 salt bridge region and near the Aβ1-42 C terminus. Mithu et al. [43] also showed, by using
electron microscopy, that curcumin was able to disrupt the Aβ1-42 fibrils architecture. Furthermore,
the preventive administration of curcumin in Sprague-Dawley rats infused with Aβ40 and Aβ42 to
induce neurodegeneration and Aβ deposits improved memory function [44]. These results were
confirmed by a later study carried out by Ahmed et al. [45] who demonstrated that curcumin increased
the expression levels of genes involved in synaptic plasticity, such as synaptophysin. More recently,
Belviranli et al. [46] found that supplementation with curcumin for 12 days in aged female rat improves
spatial memory. Also, resveratrol is reported to reduce the level of secreted or intracellular Aβ

peptides by modulating the proteasome [47]. It may act indirectly by selectively stimulating the
proteasomal degradation of critical regulators of Aβ clearance. The protective effect of resveratrol
was also associated with the activation of protein kinase C, which stimulates α-secretase enzyme and
consequently the non-amyloidogenic pathway, resulting in a reduction in the Aβ production [48].
In addition, a direct action of resveratrol towards Aβ plaques was also observed. In fact, it was
shown to directly interact with Aβ peptides by inhibiting and destabilizing the formation of Aβ1-42

fibrils [49]. Conversely, Granzotto and Zatta [50] reported that resveratrol was unable to prevent Aβ

fibril formation in human neuroblastoma cells exposed to Aβ suggesting that resveratrol acts not
through anti-aggregative pathways but mainly via its scavenging properties.

Curcumin and resveratrol have potent antioxidant activity that could have a role in preventing
neurodegeneration in AD [51]. Cognitive deficits were shown to be associated with higher levels of
reactive oxygen (ROS) and nitrogen species (RNS). Moreover, it seems that oxidative stress precedes
the formation of senile plaques [52]. The brain possesses a relative deficiency of antioxidant systems
and is very prone to oxidative imbalance and consequently to oxidative damage. The source of
oxidant species in the AD brain may include unbound transition metals, damaged mitochondria
and Aβ peptides themselves [51]. In vitro studies showed that curcumin scavenges nitric oxide (NO)
radicals and protects the brain from lipid peroxidation [53]. It also prevents the DNA-oxidative
damage by scavenging the hydroxyl radicals [54]. Curcumin was shown to bind Cu2+ and Fe2+ ions,
which are involved in the exacerbation of Aβ aggregation and in the subsequent oxidative damage
in the AD brain [55]. Recently, these results were confirmed by Banerjee [56], which demonstrated
that curcumin is able to give complexes with Cu2+ and/or Zn2+ and consequently to inhibit the
formation of β-sheet-rich Aβ protofibrils from less structured oligomers. Curcumin also activates
glutathione S-transferase [57], partially restores glutathione content in the brain [58], and induces the
antioxidant enzyme heme oxygenase-1 (HO-1), which has been shown to increase tolerance of the
brain to stresses [59]. González-Reyes et al. [60] showed that the pre-treatment of cerebellar granule
neurons of rats with curcumin effectively increased the HO-1 expression and GSH levels, by inducing
nuclear factor (erythroid-derived 2)-like 2 (Nrf2) translocation into the nucleus. Besides, in vivo
studies showed the ability of curcumin to reduce the brain levels of oxidized proteins containing
carbonyl groups [41]. Begum et al. [61] observed a lower protein oxidation in the curcumin-treated
Tg2576 mice and suggested that the dienone bridge, present in the chemical structure of curcumin,
is necessary for this. In an in vivo study conducted by Belviranli et al. [46], a decrease of MDA
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levels in brain tissue was observed after curcumin supplementation. Also, resveratrol may block
oxidative stress involved in the pathogenesis of AD. It scavenges free radicals, protects neurons and
microglia [62,63] and attenuates Aβ-induced intracellular ROS accumulation [64]. Kwon et al. [65]
found that the treatment of a murine HT22 hippocampal cell line with resveratrol attenuated ROS
production and mitochondrial membrane-potential disruption; moreover, it restored the normal levels
of GSH depleted by the Aβ1-42. It is known that beta amyloid induces production of radical oxygen
species and oxidative stress in neuronal cells, which in turn upregulates BACE-1 expression and beta
amyloid levels, thereby propagating oxidative stress and increasing neuronal injury. Resveratrol is able to
attenuate Aβ-induced intracellular ROS accumulation [64,66]. It also induces the up-regulation of cellular
antioxidants (i.e., glutathione) and the gene expression of phase 2 enzymes, protects against oxidative and
electrophilic injury [67], and, like curcumin, it potentiates the HO-1 pathway [68]. Chronic administration
of this compound also significantly reduces the elevated levels of malondialdehyde in rats [69,70].

Another important pathological hallmark of AD is represented by brain inflammation.
Inflammatory mediators such as cytokines and chemokines released by activated cells (microglia,
astrocytes, macrophages and lymphocytes) contribute to the neuronal damage and enhance Aβ

formation [71]. Curcumin has been reported to regulate inflammatory responses by suppressing the
activity of the transcription factors, nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-κB) and activator protein-1 [72–74]. Additionally, curcumin blocks the induction of inducible
nitric oxide synthase (iNOS) and inhibits lipoxygenase and cyclooxygenase-2 (COX-2) [72–74]. In vitro
and in vivo studies also showed that it inhibits TNF-α, IL-1, -2, -6, -8, and -12 [75,76]. Resveratrol
as well was shown to interfere with the neuroinflammatory process [77]. Particularly, it suppresses
the activation of astrocytes and microglia [63,78,79], TNF-α and NO production by inhibiting NF-κB
activation and p38 mitogen-activated protein kinase (MAPK) phosphorylation [79,80]. Resveratrol
also blocks the expression of COX-2 and iNOS [81]. In a recent study carried out by Huang and
coworkers [82], resveratrol treatment was shown to reverse the Aβ-induced iNOS overexpression.
This compound is also able to reduce the expression of prostaglandin E synthase-1 [63]. Furthermore,
the anti-inflammatory effects of resveratrol are due to the inhibition of TNF-α, IL-1β, and IL-6
expression [80,83], and STAT1 and STAT3 phosphorylation [84].

At last, the interference with epigenetic mechanisms has also been ascribed to curcumin and
resveratrol. Epigenetic mechanisms modulate gene expression patterns without affecting the DNA
sequence. Gene expression can be activated or silenced via epigenetic regulations; so, epigenetic
changes may mediate the differences in risk for certain diseases [85]. Recently, it has been shown that
curcumin is a potent inhibitor of histone acetyltransferases (HAT) [86] and DNA methyltransferase
(DNMT1) [87]. These enzymes control the expression of genes involved in AD pathogenesis [88].
DNA methylation and histone post-translational modifications are crucial for synaptic plasticity,
learning, memory, neuronal survival [89] and repair [90]. Also, resveratrol is able to inhibit
DNMT activity [87] and to induce histone post-translational modifications. Indeed, it contributes
to improvement of cognitive functions by activating SIRT1, a member of nicotinamide adenine
dinucleotide (NAD+)-dependent deacetylases family [91,92].

3. Methods

A systematic research of the literature was carried out on PubMed, MedlinePlus and Google
Scholar databases using the key words: curcumin, curcuminoids, turmeric, Curcuma longa, resveratrol,
grapes, stilbenes, and wine. Each term was matched with the key words: neurodegenerative disorders,
cognitive impairment, cognitive disorders, cognitive function, memory, learning, brain disease,
dementia, Alzheimer, neuroprotection, and clinical trials. Furthermore, in order to find ongoing
studies on curcumin and resveratrol in cognitive disorders, some accessible databases on clinical
trials [93,94] were examined, using the methodology described above. No time or language restrictions
were applied to the search strategy.
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As yet stated, the aim of present review was to give an overview of the studies conducted or
in progress using these substances, so all studies identified (both published and ongoing) in which
curcumin and resveratrol are used in prevention, in treatment and in diagnosis of cognitive disorders,
were selected and included in the review. Some studies carried out to evaluate the capability of
the substances to increase the cerebral blood flow were included too, because this parameter is
associated with improved cognitive performance [95]. Published studies were retrieved and carefully
analyzed, also to acquire further relevant references. Ongoing studies were carefully examined and
described, too.

4. Results

Our search identified five published studies for curcumin and six for resveratrol, along with
10 ongoing clinical trials on curcumin and nine on resveratrol. Following, the results of published
studies will be described along with the characteristics of the ongoing ones (Tables 1 and 2).

4.1. Curcumin

Baum et al. [96] carried out a six-month randomized, double blind, placebo-controlled clinical trial
on 34 Chinese patients of both sexes, ≥50 years old, with progressive decline in memory and cognitive
function for 6 months, and diagnosis of probable or possible AD, to examine the curcumin safety
and effects on biochemical parameters and cognitive function. Subjects received curcumin 1 g/day
or 4 g/day; they were also given an additional treatment consisting in 120 mg/day of standardized
gingko leaf extract. Patients treated with anticoagulant or antiplatelet agents or with bleeding risk
factors were excluded. The main outcome measures were the Mini-Mental Status Examination (MMSE)
score at baseline and at 6 months, plasma isoprostanes iPF2α-III and serum Aβ (at 0, 1, and 6 months);
plasma levels of curcumin and its metabolites were also measured. No significant differences in
MMSE score between treatments (1 g/day and 4 g/day) and placebo were observed, and neither was a
reduction in serum Aβ40 levels nor differences in plasma isoprostanes iPF2α-III found. Plasma levels of
curcuminoids, measured at 1 month, did not differ significantly between 1 g/day and 4 g/day groups
so they were pooled and the results were as follows (in nanomolar): 250 ± 80 curcumin, 150 ± 50
demetoxycurcumin, 90 ± 30 bisdemetoxycurcumin, 440 ± 100 tetrahydrocurcumin. No differences in
adverse events between curcumin groups and placebo were reported.

Ringman et al. [97] performed a randomized, double blind, placebo-controlled clinical trial on
36 subjects with mild-to-moderate AD. Patients were treated with Curcumin C3 Complex® (95%
curcuminoids with curcumin 70%–80%, demethoxycurcumin 15%–25%, bisdemethoxycurcumin
2.5%–6.5%) at 2 g/day or 4 g/day for 24 weeks with an open-label extension to 48 weeks. Other
medications such as acetylcholinesterase inhibitors and memantine were allowed, instead antioxidant,
anticoagulant or antiplatelet drugs, including Ginkgo biloba, were not allowed. The purpose of the
study was to acquire data on safety and tolerability and preliminary data on efficacy with regard
to cognition, by measuring the incidence of adverse events, changes in clinical laboratory tests and
Alzheimer’s Disease Assessment Scale-Cognitive (ADAS-Cog) subscale, Neuropsychiatric Inventory
(NPI), Alzheimer’s Disease Co-operative Study-Activities of Daily Living (ADCS-ADL), MMSE
score, plasma levels of Aβ1-40 and Aβ1-42, cerebrospinal fluid levels of Aβ1-42, t-tau, p-tau181 and
F2-isoprostanes. Plasma levels of curcumin and its metabolites were also measured. No significant
differences between curcumin and placebo in ADAS-Cog, NPI, ADCS-ADL or MMSE score were
registered, as well as no differences between treatment groups in biomarker efficacy measures.
Plasma levels of native curcumin and tetrahydrocurcumin, measured at a 24-week visit and 3 h
after medication, were 7.76 ± 3.23 and 3.73 ± 2.0 ng/mL, respectively. The levels of glucuronidated
curcumin and tetrahydrocurcumin were 96.05 ± 26 ng/mL and 298.2 ± 140.04 ng/mL. Levels of native
curcumin were undetectable in the cerebrospinal fluid. Curcumin was generally well tolerated. On the
whole, authors were unable to demonstrate clinical or biochemical evidence of curcumin efficacy
against AD.
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Hishikawa et al. [98] reported three cases of patients (79, 83, and 84 years old, respectively)
with AD whose behavioral symptoms were improved remarkably as a result of turmeric treatment.
Patients received turmeric 764 mg/day (curcumin 100 mg/day) for more than 1 year. After
12 weeks of treatment, all three patients experienced a reduction (≥50%) of the Japanese version
of Neuropsychiatric Inventory-brief Questionnaire (NPI-Q) score and the burden of caregivers was
reduced (38%–86%), too. Particularly, agitation, apathy, anxiety, and irritability symptoms were
relieved. One patient also increased his MMSE score from 12/30 to 17/30, improving calculation,
concentration, transcription of the figure, and spontaneous writing. Of note, two patients were on
donepezil treatment before starting curcumin.

Cox and colleagues [99] performed a randomized, double-bind, placebo controlled, phase 3/4
trial in healthy older subjects using Longvida® Optimized Curcumin, in dose of 400 mg, containing
approximately 80 mg curcumin in a solid lipid formulation. Participants (aged 60–85 years) were
randomly assigned to either curcumin (n = 30) or placebo (n = 30) treatment groups. The acute
(1 and 3 h after a single dose), chronic (4 weeks) and acute-on-chronic (1 and 3 h after single dose
following chronic treatment) effects of curcumin preparation on cognitive function, mood and blood
biomarkers were examined. The authors reported significantly improved performance in sustained
attention and working memory tasks, compared with placebo, one hour after administration of
curcumin. Following chronic treatment, working memory and mood (general fatigue and change in
state calmness, contentedness and fatigue induced by psychological stress) were significantly improved.
A significant acute-on-chronic treatment effect on alertness and contentedness was also observed.
Curcumin was associated with significant reduction of total and LDL cholesterol levels. Curcumin
treatment was well tolerated and did not significantly impact any of the examined hematological
safety measures.

A recent randomized, double-bind, placebo controlled trial (ACTRN12611000437965) was carried
out on healthy older adults, to evaluate the potential efficacy of BCM-95®CG (Biocurcumax™),
a standardised extract of Curcuma longa L. (88% curcuminoids and 7% volatile oil), in preventing
cognitive decline [100]. One hundred and sixty healthy subjects (40–90 years aged) were selected
for the study and randomly divided into two groups: an experimental group, taking Biocurcumax™
1500 mg/day (1 capsule 500 mg three times a day), and a control group, taking a placebo (roasted
rice powder). Sixty four subjects (23 in the placebo group and 41 in the curcumin group) did not
complete the study for various reasons (ineligibility to remain in the study, suspect adverse reaction,
intervention non-compliance, etc.) so 96 participants were included in the final analysis. The study
lasted 12 months during which subjects were evaluated at the baseline and at the 6- and 12-months
follow-ups. Mood was assessed by administration of the Depression Anxiety Stress Scale (DASS) [127].
Cognitive measures were obtained by a battery of cognitive tests for general cognitive function
(MoCA) [128], verbal fluency, percentual motor speed, psychomotor speed, working memory, executive
functions and visual memory. Blood pressure and weight were checked at baseline and every 3 months.
No differences were observed in all clinical measures as well as for cognitive measures except for a
significant interaction between time and treatment group in the MoCA test that, however, was due
to a decline in general cognitive function of the placebo group at 6 months that was not observed in
curcumin treatment group.

Besides the published ones, a number of studies of curcumin supplementation in healthy older
people or in patients with Mild Cognitive Impairment (MCI) or AD are still underway or completed
but results are not yet available.

A clinical trial (NCT00595582) [101] aimed at determining the efficacy of curcumin in the treatment
of MCI or mild AD has been registered at the U.S. National Institutes of Health. Ten subjects (both
sexes, ≥55 years old) already enrolled in another study (NCT00243451) [129] have been included in
this clinical trial. They had to receive 5.4 g/day of curcumin in combination with bioperine, to improve
curcumin bioavailability, for 24 months. Primary outcome was to determine if curcumin had an effect
on neuropsychological scores, while determining if curcumin impacted the metabolic lesions found in
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patients who had MCI or might develop MCI was the secondary outcome. Unfortunately, none of the
patients terminated the study. In particular, two out of 10 interrupted the study because of adverse
effects (dyspepsia).

Another randomized, double-blind, placebo-controlled phase 2 study (NCT01001637) [102] has
been designated to evaluate the efficacy and safety of the high-bioavailability curcumin formulation
(Longvida®) in AD. The study planned to enrol 26 patients (both sexes ≥50 years old) with
AD, who had to be treated with placebo, 4 g/day or 6 g/day of curcumin supplementation
for 2 months. The main outcomes were to determine if curcumin formulation affects cognitive function
in Alzheimer’s patients, based on mental exams, and blood concentrations of Aβ. The recruitment
status of this study is unknown.

A larger phase 2 clinical trial (NCT01383161) [103] has been designed to determine the effects
of the curcumin supplement on age-related cognitive impairment, after 18 months’ treatment.
The investigators will study 132 subjects with MCI (aged 50–90 years), which will be randomly
assigned to placebo or curcumin group (six 465 mg Theracurmin™ capsules/day, containing 30 mg
of curcumin each). The main outcomes will be a change in cognitive testing results, in level of
inflammatory markers in blood, and in the amount of brain amyloid protein. This study is ongoing,
but is not recruiting participants.

Additionally, a randomized, double-blind, placebo-controlled phase 2 study (NCT01811381) [104]
will evaluate the clinical benefits of curcumin alone or in combination with yoga in 80 individuals
with MCI, 55–90 years old. For the first 6 months of the study, subjects will take either 800 mg of
curcumin (Longvida® formulation) or placebo, before meals. Over the second 6 months of study,
the curcumin and placebo groups will be further divided into groups receiving training in either
aerobic or non-aerobic yoga (attendance at 2 classes of 1 h duration and 2 home practices of 30 min
duration per week) to determine the synergism between curcumin supplementation and aerobic
exercise. Primary outcome will be to determine if curcumin (first six month period), alone or associated
to aerobic yoga (second six month period), reduces the levels of blood biomarkers for MCI. Secondary
outcome will be to evaluate imaging changes in all subjects and adverse events. This study is currently
recruiting participants.

Several clinical trials are also underway in Australia. The randomized, double-blind,
placebo-controlled, phase 3/4 clinical trial ACTRN12616000484448 [105] will soon start to recruit
participants. This study will investigate the effects of 12 weeks of treatment with a bioavailability
enhanced curcumin supplement on cognitive function, mood and wellbeing in healthy older adults
(n = 80; aged 50–85 years). Participants will receive 400 mg of Longvida® Optimized Curcumin
(containing about 80–90 mg curcumin) daily. The study will also evaluate the effects of curcumin on
cardiovascular function and a range of blood markers of health, to better understand how cognitive
and mood benefits might be achieved. In a subset of participants, the effects of curcumin on brain
function will be explored by functional Magnetic Resonance Imaging (fMRI). Finally, the study will
investigate whether genetic differences can influence the effects of curcumin.

Another randomized, double-blind, placebo-controlled, phase 2 study (ACTRN12613000681752) [106]
is in progress in Australia. This clinical trial will investigate the role of curcumin in preventing AD.
Participants (n = 100; 65–90 years old) assessed as at high risk of AD will be assigned to placebo
or curcumin (Biocurcumax™) group. The latter will receive 500 mg daily of curcumin for 2 weeks,
progressing to 500 mg twice daily (1000 mg/daily) for another 2 weeks, then 500 mg three times daily,
(1500 mg) until the end of the study (12 months). Primarily, the ability of Biocurcumax to positively
alter AD-related blood biomarker profiles compared with placebo will be investigated, secondarily the
possible increase in brain glucose utilisation, as measured by FDG-PET, and the correlation with the
improvement in cognitive functioning will be studied. Currently, the recruitment of participants is in
progress. Present clinical trial includes also a sub study (ACTRN12614001024639) [107], which will
be performed in 48 subjects (24 healthy older people and 24 with MCI) to examine the influence of
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curcumin on expression of inflammatory genetic markers, by measuring associated proteins in the
blood, and on existing lifestyle patterns including sleep, activity levels and nutrition.

In addition, three clinical trials have been designed to assess the possible use of curcumin
in the early diagnosis of AD. It has been proposed, in fact, that beta-amyloid plaques may first
appear in the retina, at the back of the eye, before they are detectable in the brain. Curcumin
has molecular and optical properties that allow to image amyloid plaques using a specialized eye
camera, and hence to detect Alzheimer’s disease earlier. In these open, not randomized phase 2
or phase 2/3 studies, all groups receive the same intervention, i.e., 20 g of Longvida® (equivalent
to 4 g of curcumin) along with Vitamin E supplement capsules, equivalent to 500 IU daily, for seven
consecutive days; participants will be asked to have eye imaging done before and after taking curcumin
for 7 days. The trial ACTRN12613000367741 [108] includes three groups of subjects: with AD, with
MCI and healthy controls. The association between retinal imaging and brain amyloid imaging will
be determined in AD and in MCI in comparison with the healthy controls. The second diagnosis
trial (ACTRN12615000465550) [109] is recruiting subjects with MCI and healthy controls. Participants
must have completed curcumin based fluorescence retinal imaging under the ACTRN12613000367741
study (parent study) [108] within the previous 21 months. The primary endpoint will be to evaluate
the ability to detect changes over time in retinal Aβ plaque burden, and at this aim the results from
participants with MCI will be compared with the results from the healthy controls and, in addition,
with the participants’ results from the parent study. Finally, ACTRN12615000677505 [110] has been
designed to investigate the presence/absence of retinal amyloid plaques in a middle-aged control
cohort (40–60 years). Furthermore, the comparison between retinal Aβ protein plaque burden with
brain Aβ protein plaque burden will be done. Currently, the present study is not recruiting subjects.

4.2. Resveratrol

Six studies, aimed at evaluating the effects of resveratrol on cognitive function in humans, were
retrieved (see Table 2).

In 2010, Kennedy et al. [111] performed a randomized double-blind, placebo-controlled, crossover
study to investigate the possibility that single oral doses of resveratrol modulate mental function and
increase cerebral blood flow (CBF) in the frontal cortex of healthy humans. Cognitive performance
was measured by a battery of tasks and the cerebral blood flow in the prefrontal cortex was detected
by Near-Infrared Spectroscopy (NIRS), during the tasks. The 24 subjects enrolled (age 18–25 years)
received three single dose treatments: placebo, 250 mg trans-resveratrol, and 500 mg trans-resveratrol.
The bioavailability of resveratrol and its metabolites (resveratrol glucuronide and resveratrol sulfate)
at time points relevant to the CBF/cognitive task assessment, were also evaluated in a separate
cohort of 9 healthy young adults. The 500 mg resveratrol supplementation significantly increased
CBF and hemoglobin status in the period of 45–81 min following administration. Also, the 250 mg
resveratrol dose increased CBF compared to placebo, although in a lesser extent and at fewer time
points than the higher dose, suggesting that resveratrol improves CBF in a dose-dependent manner.
The peak plasma levels after treatment with 250 and 500 mg of trans-resveratrol were 5.65 ng/mL
and 14.4 ng/mL respectively; at the same doses, peak plasma levels of trans-resveratrol glucuronide
were about 30 ng/mL and 200 ng/mL, respectively, while those of trans-resveratrol sulfate were
about 300 ng/mL and 750 ng/mL, respectively. Despite increased blood flow in both treatment groups,
resveratrol did not enhance cognitive function.

A further randomized, double-blind, placebo controlled, crossover clinical trial has been designed
to evaluate the effects of resveratrol on circulatory function and cognitive performance in obese
adults [112]. Twenty-eight subjects of both sexes (40–75 years old), obese but otherwise healthy, were
enrolled. Participants were randomized to consume a capsule containing either 75 mg of resveratrol
(resVida) or a color-matched placebo daily for 6 weeks. Then, participants were crossed over to an
alternate dose for another 6 weeks. The assessments were done at baseline, at week 6, and at week 12.
Moreover, following the assessments in week 6 and 12, participants consumed a single additional
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dose of the supplement and further assessments were performed 1 h after consumption. The primary
outcome was to measure the degree of change in vasodilator function assessed by flow mediated
dilatation (FMD) in the brachial artery. Secondary outcomes were the ability to maintain attention
and concentration during the test (measured by the Stroop test), supine blood pressure, heart rate and
arterial compliance. Resveratrol supplementation was found to be well tolerated and induced a 23%
increase in FMD compared with placebo. Moreover, a single dose of resveratrol (75 mg) following
chronic resveratrol supplementation resulted in an acute FMD response 35% greater than placebo.
However, blood pressure, arterial compliance, and all components of the Stroop Color-Word Test were
unaffected by chronic resveratrol supplementation.

Witte and colleagues in 2014 [113] carried out a double-blind placebo-controlled study aimed
to assess the ability of resveratrol, given over 26 weeks, to enhance the cognitive performance.
Forty-six overweight older adults (50–80 years old) were recruited and randomly divided in: treatment
group, receiving 200 mg/day of resveratrol in a formulation with quercetin (320 mg) to increase
its bioavailability and control group, receiving placebo. Memory retention was evaluated by a
battery of tasks; volume, microstructure, and functional connectivity of the hippocampus were
explored by magnetic resonance imaging (MRI). Further anthropometric measures were: glucose
and lipid metabolism, inflammation, neurotrophic factors, and vascular parameters. Resveratrol
supplementation induced retention of memory and improved the functional connectivity between
hippocampus and frontal, parietal, and occipital areas, in healthy older overweight adults compared
with placebo. The changes in resting-state functional connectivity networks of the hippocampus after
resveratrol intake were linked with behavioral improvements. Also, glucose metabolism was improved
and this may account for some of the beneficial effects of resveratrol on neuronal function. Finally,
a significant reduction of body fat and increases in leptin compared with placebo was observed.

In 2014, Wightman et al. [114] performed a randomized, double-blind, placebo controlled,
cross-over study investigating the effects of 250 mg resveratrol administered alone or co-supplemented
with 20 mg piperine. The aim was to ascertain whether piperine is able to enhance the bioefficacy
of resveratrol with regard to CBF and cognitive performance in a cohort of 23 healthy adults
(age 19–34 years). Plasma concentrations of resveratrol were also measured in a separate cohort
of 6 male adults, to investigate whether bioavailability correlated with bioefficacy. Participants were
given placebo, trans-resveratrol (250 mg) and trans-resveratrol with 20 mg piperine on separate days,
at least a week apart. Whereas 250 mg of orally administered trans-resveratrol had no significant
effects on overall CBF during the performance of cognitively demanding tasks, co-administration
of the same dose of resveratrol with 20 mg piperine resulted in significantly increased CBF for the
duration of the 40 min post-dose task period. Cognitive function, mood and blood pressure were
not affected. In subjects treated with resveratrol alone plasma concentrations of total resveratrol
metabolites ranged from 2 to 18.2 μM. Resveratrol 3-O-sulphate was the major metabolite, contributing
59%–81% of total metabolites. The 4′-O-glucuronide and the 3-O-glucuronide forms made roughly
equal contribution to the remaining metabolites. No significant differences were observed in the
plasma concentrations of resveratrol in subjects receiving resveratrol plus piperine, so suggesting
that piperine increases the efficacy of resveratrol on CBF by potentiating its vasorelaxant properties.
Despite the piperine-mediated potentiation of CBF during task performance, no effects were found on
cognitive performance.

Another randomized, placebo-controlled, double-blind, multicenter 52-week phase 2 trial
of resveratrol in individuals with mild-to-moderate AD was conducted between June 2012 and
March 2014 to assess the safety and efficacy of resveratrol [115]. Participants (n = 119, >49 years
old) were recruited and randomly divided in placebo group and resveratrol group (500 mg orally
once daily with dose escalation by 500 mg increments every 13 weeks, ending with 1000 mg twice
daily). Pharmacokinetic studies were performed on a subset (n = 15) at baseline and weeks 13,
26, 39, and 52. The trial showed that resveratrol, also at the higher oral dose, was safe and
well-tolerated. In fact, the most common AEs were nausea and diarrhea, but their frequency
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was similar to placebo. In the treatment group, weight loss was also highlighted. The levels of
Aβ40 in the cerebrospinal fluid (CSF) and plasma declined more in the placebo group than the
resveratrol-treated group with a significant difference at week 52 (note that Aβ40 levels decline as
dementia advances). No effects of drug treatment were found on plasma Aβ42, CSF Aβ42, CSF
tau, CSF phospho-tau 181, hippocampal volume, entorhinal cortex thickness, MMSE score, Clinical
Dementia Rating (CDR) score, ADAS-cog score, NPI score, and glucose or insulin metabolism.
Plasma levels of resveratrol and its metabolites at 45 weeks were approximately: resveratrol
22 ng/mL, 3-O-glucuronidated resveratrol 3800 ng/mL, 4-O-glucuronidated resveratrol 5000 ng/mL,
sulphated resveratrol 7400 ng/mL. The levels in CSF were approximately: resveratrol 0.45 ng/mL,
3-O-glucuronidated resveratrol 8.5 ng/mL, 4-O-glucuronidated resveratrol 12 ng/mL, sulphated
resveratrol 13 ng/mL. The altered CSF Aβ40 path and the pharmacokinetic data suggest that the drug
penetrates the blood–brain barrier to have central effects; however, the authors concluded that this
result must be interpreted with caution, because although it is suggestive of CNS effects, it does not
indicate benefit.

Recently, Wong et al. [116] carried out a randomized, double blind, placebo controlled, crossover
clinical trial (registered as ACTRN12614000891628) to evaluate the effect of resveratrol supplementation
on cerebrovascular function, in adults with a diagnosis of type 2 diabetes mellitus (T2DM). To manage
T2DM, volunteers were using diet or exercise alone, or oral hypoglycemic agents. Enrolled participants
(38 subjects of both sexes 40–80 years old) were randomly allocated to receive placebo or the resveratrol
supplement Resvida™, at doses of 75 mg, 150 mg, or 300 mg, taken as a single dose during four
intervention visits that took place at seven day intervals over 4 weeks. The main outcome was to
determine the most effective dose of resveratrol to improve the cerebral vasodilator responsiveness
(CVR) to hypercapnia in the middle cerebral artery, using Transcranial Doppler ultrasound. Effect
of resveratrol on CVR in the posterior cerebral artery was the secondary outcome. Cerebral blood
flow velocities were also measured. Any symptom of illness appearing during the trial was recorded.
Thirty six participants concluded the study, while two withdrew their consent to participate before the
first intervention visit. Resveratrol consumption significantly increased CVR in the middle cerebral
artery at all tested doses with maximum improvement being observed with the lowest dose. CVR
in the posterior cerebral artery was increased only at 75 mg. No adverse events occurred during
the intervention.

Interestingly, several clinical trials evaluating the efficacy of resveratrol, alone or in combination
with other supplements, in AD or MCI, are currently at various stages of completion. A randomized,
double-blind, placebo-controlled phase three study (NCT00743743) [117] was being designed in order
to determine the effects on cognitive and global functioning in patients with mild-to-moderate AD
on standard therapy. Fifty patients (50–90 years old) had to be enrolled in the study. The treatment
group had to receive 1 capsule daily for 52 weeks of Longevinex brand resveratrol supplement,
containing 215 mg of resveratrol active ingredient, while the control group 1 capsule of placebo.
However, this study was withdrawn prior to enrolment.

Another randomized, double-blind, placebo-controlled phase 3 study (NCT00678431) [118]
recruited 27 subjects of both sexes (50–90 years old) with mild-to-moderate AD. The treatment group
received liquid resveratrol (dose not reported) together with glucose and malate, using grape juice
as the delivery system. The aim of this trial was to investigate the ability of resveratrol to slow
the progression of AD. This endpoint was measured by the ADAS-Cog scale and Clinical Global
Impression of Change (CGIC) scale at regular intervals up to 1 year after the study’s beginning.
Also, the adverse effects reported by patients were examined. Although this trial was completed in
June 2011, results are not available at the moment.

Additionally, a randomized, double-blind, placebo-controlled phase 1 study (NCT01126229) [119]
was aimed to assess the longer-term safety (3 months) and efficacy of resveratrol supplementation on
cognitive function and physical performance in older adults. Thirty-two participants, of both sexes and
aged 65–100 years, were enrolled. Subjects were randomly assigned with equal probability to receive
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either resveratrol (300 mg/day or 1000 mg/day) or placebo for 12 weeks. A follow-up evaluation
was provided at 10 and 30 days following completion of the final post-treatment assessment. At the
moment, the results on resveratrol safety have been published [120]; conversely, those about the effects
on cognitive function and physical performance are still not available.

In the NCT01794351 [121] clinical trial (randomized, double-blind, placebo-controlled, cross-over
study), the potentially cognitive enhancing effects of 500 mg trans-resveratrol in 50 healthy young
humans (both sexes, 18–35 years old) were evaluated. In this study, participants received firstly placebo
and then resveratrol, on separate days, with a 7–14 day wash-out period between visits and, in the
second part of the study, first resveratrol and then placebo. The main outcome was to measure the
number of participants with altered cognitive function which differed from the baseline, in a time
range between 40 min and 6 h post-dose. The secondary outcome was to measure the number of
participants with altered mood which differed from the baseline (time range 40 min–6 h post-dose).
This study was completed in December 2012, but still results are not available.

Another larger double-blind, placebo-controlled phase four clinical trial (NCT01219244) [122]
investigating whether dietary modification could provide positive effects on brain functions in
elderly people with MCI is still recruiting participants. The researchers of this study planned to
enrol 330 subjects (50–80 years old) with MCI. Participants will be randomly divided in 4 groups
receiving placebo, or omega-3 supplementation, or resveratrol supplementation or they will undergo
caloric restriction, for 6 months. The study plans also a second step in which the most effective
dietary intervention will be combined with physical and cognitive training in order to highlighted the
enhancing of memory functions. The effect of dietary modification on brain functions will be measured
by ADAs-Cog scale. Moreover, functional and structural brain changes and plasma biomarkers will be
evaluated prior to intervention and after 6 months of intervention.

The randomized double-blind placebo-controlled clinical trial NCT01766180 [123] has been
designed to determine whether the intake of resveratrol (Resvida; resveratrol 150 mg/day), alone or in
combination with Fruitflow-II (tomato extract; 150 mg/day), for a period of 3 months, is effective in
improving memory. A cohort of 80 subjects (both sexes aged 50–80 years) with memory impairment
will be enrolled. The effects of the medications on brain blood flow and fitness will be also evaluated
to find out whether the possible improvement in memory is associated with the alterations in these
parameters. Memory improvement will be measured by CANTAB (Cambridge Neuropsychological
Test Automated Battery), maximal oxygen uptake and blood flow to the brain. At the moment,
the present clinical trial is recruiting participants.

The clinical trial NCT02621554 [124] (randomized, double-blind, placebo-controlled phase 2/3
study) will investigate whether resveratrol could provide positive effects on memory and brain
structures and functions in healthy elderly participants (both sexes ≥50 years old) with subjective
memory complaints. Resveratrol (exact dose not reported) will be administered to the subjects for
6 months. Primary and secondary outcomes will be used to evaluate changes from baseline, after 6
and 12 months, with Verbal Learning Task Scores, MMSE score, structural and functional changes on
the brain MRI images and plasma biomarkers. The present clinical trial is recruiting participants.

Additionally, a randomized double-blind clinical trial phase 1 (NCT02502253) [125] will evaluate
the effects of a Bioactive Dietary Polyphenol Preparation (BDPP), a combination of three nutraceutical
preparations (grape seed polyphenolic extract, resveratrol, and Concord grape juice) in patients
with MCI and prediabetes. Forty-eight subjects of both sexes and aged 55–85 years will be enrolled.
Participants will receive for 4 months BDPP preparation at low, moderate and high doses (the exact
concentrations of BDPP are not reported in the website of clinicaltrial.gov). The main outcomes of
this study will be to assess adverse events and serious adverse events, to confirm brain penetration of
BDPP by measuring levels of its constituents in CBF, to evaluate the BDPP effect on mood with NPI and
Cornell Scale for Depression in Dementia, and to assess the BDPP effect on cognition with a battery of
memory, executive function, and attention measures. The present clinical trial is recruiting participants.
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Finally, the study ACTRN12611001288910 [126] (placebo-controlled, double-blind, randomized,
phase 1/2, crossover study) is aimed at evaluating the effect of resveratrol in red wine on cognitive
function in older adults. Participants (20 healthy subjects ≥65 years old) will be randomized to receive
either 100 mg of grape derived resveratrol in 100 mL of red wine and 100 mL of red wine, such that at
the conclusion of the study all participants will have received both treatments. The main outcomes
will be to assess the effects of a moderate daily amount of resveratrol-enriched red wine on cognitive
performance in older adults using the Cognitive Demand Battery (CDB) and to establish whether
the dose of resveratrol (100 mg) is significant enough to reach detectable concentrations in the body.
At present, the recruitment has been completed.

5. Discussion

Our search retrieved five published clinical trials on curcumin and six on resveratrol, investigating
their efficacy in preserving or restoring cognitive function. In the range of doses used and relatively to
the duration of studies, curcumin and resveratrol appear to be generally safe and well tolerated.

Among the curcumin trials, three were performed in adult or old patients with AD of various
degrees; among these, only one [98] was found to have positive effects on AD symptoms: it is
worthwhile to point out that this study reported only three single cases. Two studies [99,100] enrolled
healthy subjects and only in one of them [99] an improvement in cognitive function was observed;
conversely, no effect was observed by Rainey-Smith et al. [100] in their one year long study.

Among the resveratrol studies, only one [115] enrolled patients with AD (mild-to-moderate);
in this, a decrease of Aβ40 and CSF plasma levels was observed but with no improvement in cognitive
score. The other five studies enrolled young, healthy subjects or adult/old subjects with obesity or
diabetes mellitus type 2. Results showed an increase in cerebral blood flow but cognitive function was
not generally affected, except in one case [113]. Then, present data do not allow to draw conclusions
on the efficacy of curcumin and resveratrol in neurodegenerative disorders.

Curcumin and resveratrol possess multitargeting biological effects, both in vitro and in vivo, such
as inhibition of Aβ aggregation, reduction of oxidative stress, promotion of cell growth, inhibition of
cholinesterase activity, inhibition of brain pro-inflammatory responses, prevention of neuronal cell
death, enhancement of neuroprotective sirtuin-1 activity, etc., [8,130] that make them ideal candidates
in the battle against neurodegenerative diseases. However, despite their attractive neuroprotective
properties, the results obtained in clinical trials are generally disappointing: what is the reason for the
discrepancy between pre-clinical and clinical data? Different points deserve to be taken into account in
this regard.

First of all, the number of available studies is small and their experimental design is different.
The number of subjects enrolled is generally small, too (<50 in eight out of eleven studies published);
the duration of follow-up is <6 months in six out of 11 trials and sometimes less than one month, which
is inadequate to detect potential changes in cognitive function. A further variable is represented by
the dose, particularly as regards curcumin. Doses of curcumin used in the trials vary greatly: from
80 mg/day to 4 g/day. Of note, in patients with AD, Hishikawa et al. [98] observed an improvement
of behavioral symptoms and quality of life with curcumin 100 mg/day. Analogously, in healthy
subjects, Cox et al. [99] observed an improvement of cognitive functions with curcumin 80 mg/day (as
Longvida® Optimized Curcumin). Instead, Baum et al. [96] administrating curcumin at 1 g/day and
4 g/day did not highlight any positive effect. These authors did not even find difference in curcumin
plasma levels between 1 g/day and 4 g/day, suggesting that the use of curcumin at doses higher than
one gram is not justified. Resveratrol doses used in the trials are generally in the range of between
250 mg/day and 500 mg/day.

Besides the dose, the clinical effect of a substance depends on its bioavailability, then on its
formulation: this is a crucial point when talking about curcumin and resveratrol. In clinical trials,
these substances are generally administered by oral route. Both curcumin and resveratrol have low
water solubility and after oral administration, their absorption is very low (<1%), as reported in
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the clinical trial above described and in literature [131,132]. After absorption, the substances are
metabolized mainly in glucuronides and sulfates while the plasma levels of parent compounds
are very low [22]. Poor absorption, rapid metabolism within the human gastro-intestinal tract
and rapid systemic elimination result in poor systemic bioavailability of curcumin and resveratrol:
this has been the primary challenge to their clinical application [133–135]. To overcome these
problems, different delivery systems, like adjuvants, nanoparticles, liposomes, micelles, phospholipid
complexes and nanogels, have been investigated or are being developed as strategies to improve
the bioavailability of the two polyphenols. Among the adjuvants, piperine, a known inhibitor
of hepatic and intestinal glucuronidation, has been shown to strongly increase the bioavailability
of curcumin and resveratrol when co-administered [136,137]. The solid lipid curcumin particle
preparation, commercially available as Longvida®, has been reported to give increased bioavailability
compared with a generic curcumin [138]. Theracurmin® is a nanoparticle-based curcumin preparation
with a greater than 30-fold increase in bioavailability, compared with conventional curcumin [139].
The patented formulation Biocurcumax™ is reported to give a curcumin bioavailability of about
6.93-fold greater than normal curcumin owing to the synergism between the sesquiterpenoids present
in turmeric and the curcuminoids [140]. In the formulation Longevinex®, resveratrol is supplemented
with 5% quercetin and 5% rice bran phytate: these ingredients are micronized to increase the
bioavailability. Resveratrol is sometimes administered in red wine to increase its bioavailability.
In fact, the pharmacokinetics of resveratrol may dramatically change depending on the food matrix in
which it is found: when it is part of wine uptake it is higher than the pure compound [134].

Noteworthy, some of the preparations mentioned above have been used in the clinical trials
that gave positive results. For instance, Cox et al. [99] used the formulation Longvida® while
Hishikawa et al. [98] administered turmeric as a source of curcumin. Studies have indicated that
turmeric oil, present in turmeric, can enhance the bioavailability of curcumin. Moreover, some
individual components of turmeric, including turmerin, turmerone, elemene, furanodiene, curdione,
bisacurone, cyclocurcumin, calebin A, and germacrone possess biological activity that can potentiate
the beneficial effects of curcumin [141]. In addition, Witte et al. [113] obtained a significant retention
of memory by administering resveratrol in a formula with quercetin, while Wightman et al. [114]
observed that piperine enhances the bioavailability of resveratrol and its effect on cerebral flow, even if
the cognitive performance was not affected. We can then suppose that the use of novel formulations
can allow to better highlight the possible clinical efficacy of curcumin and resveratrol.

Besides the problems above discussed, it has to be considered that Aβ-induced alterations occur
in the earliest stages of AD. When symptoms occur there has already been a substantial loss of neurons,
so it is only possible to counteract the symptoms; this is the reason for the limited efficacy of current
pharmaceutical drugs and, probably, of the failure of curcumin and resveratrol. Then, it emerges in a
compelling way the need for an early diagnosis of the disease that, in turn, requires the identification
of suitable peripheral biomarkers, not only in the blood but also in other districts. In this context, the
ongoing studies using curcumin in the early diagnosis of AD are of particular interest. This approach
is based on the ability of curcumin to fluorescence and to bind Aβ both in the brain and in the
retina [142,143]. Since the pathology in the retina can be detected before it could be detected in the
brain, curcumin can represent a useful pre-clinical biomarker.

Furthermore, future studies aimed at highlighting the ability of new substances to prevent AD or
to slow the progression of cognitive decline should be carried out in healthy older subjects and should
have a long-lasting follow-up.

Finally, new drugs able to act in the early stages of AD are needed. Curcumin and resveratrol are
pleiotropic substances that interfere with numerous pathophysiological mechanisms that precede the
onset of AD, then they could be more likely effective at the earliest pre-clinical stages, before onset of
symptoms and could act by slowing the disease progression.

As already stated, several clinical trials on curcumin and resveratrol are ongoing, most of them
using curcumin and resveratrol formulations with high bioavailability; it is hoped that these trials
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provide more information on the possible efficacy of curcumin and resveratrol in preserving or
restoring the cognitive function. Also, these, however, present some critical points, particularly as
regards the standardization of products. For example, in the trial ACTRN12613000367741 [108],
the treatment reported is “curcumin 20 g/day” but probably the dose is referred to the whole
supplement (Longvida®) which contains 20% of curcumin, corresponding to 4 g of active substance.
In the trial NCT02502253 [125], the treatment Bioactive Dietary Polyphenol Preparation (BDPP),
a combination of grape seed polyphenolic extract [GSE], resveratrol, and Concord grape juice, is
administered at low, moderate and high doses, but neither the doses nor the amount of resveratrol
contained in the preparation is described. In order to obtain repeatable data it should be mandatory to
use well standardized products: this should always be kept in mind in the search for natural products,
particularly when they are used in the form of phytocomplexes.

6. Conclusions

AD is a multifactorial disorder that requires drugs capable of operating on multiple brain targets.
Polyphenols, particularly curcumin and resveratrol, having pleiotropic protective effects appear to be
ideal candidates to prevent or treat neurodegenerative disorders, however, their clinical efficacy and
utility is still an open question. In order to exploit the protective properties of these compounds, some
key points should be addressed.

Considering the scarce efficacy of current pharmacological treatments, the goal should be an
early diagnosis of the pathology and intervention should be aimed at preventing or slowing down its
progress. In this context, it appears of primary importance to identify suitable biomarkers, particularly
blood biomarkers, easy to obtain and that can be repeated as necessary.

Curcumin and resveratrol, owing to their capability to interfere with a series of processes
implicated in the early stages of pathology, when clinical symptoms have not yet appeared, could be
useful in preventing neurodegeneration or slowing it down. However, it is of primary importance
to establish the effective dose, improve the bioavailability of substances and use well standardized
preparations, capable of ensuring plasma levels sufficient for the protective action. Considering that
curcumin and resveratrol are generally marketed as food supplements and that for each substance
exists a wide variety of preparations, the bioavailability of the different formulations should be
assayed comparatively.

Finally, the potential preventive activity of curcumin and resveratrol should be evaluated in
long-term exposure clinical trials, using specific designs, different from therapeutic effect trials.
Such information is also requested by authorities like the FDA (Food and Drug Administration)
and EFSA (European Food Safety Authority) to support health claims.
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Abbreviations

The following abbreviations are used in this manuscript:

AD Alzheimer disease
ADAS-Cog Alzheimer’s Disease Assessment Scale-Cognitive subscale
ADCS-ADL Alzheimer’s Disease Co-operative Study-Activities of Daily Living
AEs Adverse Events
Aβ Amyloid β

AUC Area under the curve
BDPP Bioactive Dietary Polyphenol Preparation
CANTAB Cambridge Neuropsychological Test Automated Battery
CBF Cerebral Blood Flow
CDB Cognitive Demand Battery
CDR Clinical Dementia Rating
CGIC Clinical Global Impression of Change

116



Molecules 2016, 21, 1243

CVR Cerebral Vasodilator Responsiveness
DNMT1 DNA Methyltransferase
EFSA European Food Safety Authority
FDA Food and Drug Administration
FDG-PET 2-Deoxy-2-[fluorine-18]fluoro-D-glucose Positron Emission Tomography
FMD Flow Mediated Dilatation
fMRI functional Magnetic Resonance Imaging
HAT Histone Acetyltransferases
HO-1 Heme oxygenase-1
iNOS Inducible Nitric Oxide Synthase
MAPK p38 Mitogen-activated protein kinase
MCI Mild Cognitive Impairment
MMSE Mini-Mental Status Examination
NF-kB Nuclear factor kappa-light-chain-enhancer of activated B cells
NIRS Near-Infrared Spectroscopy
NPI Neuropsychiatric Inventory
NPI-Q Neuropsychiatric Inventory-brief Questionnaire
PET Positron Emission Tomography
RAI Retinal Amyloid Index
RNS Reactive Nitrogen Species
ROS Reactive Oxygen Species
SAEs Serious Adverse Events
SIRT-1 Sirtuin-1
STAT1 Signal Transducer and Activator of Transcription 1
STAT3 Signal Transducer and Activator of Transcription 3
TNF-α Tumour Necrosis Factor α
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Abstract: Chemotherapy-induced peripheral neuropathy (CIPN) is a frequent adverse effect of
neurotoxic anticancer medicines. It leads to autonomic and somatic system dysfunction and decreases
the patient’s quality of life. This side effect eventually causes chemotherapy non-compliance.
Patients are prompted to seek alternative treatment options since there is no conventional remedy for
CIPN. A range of medicinal herbs have multifarious effects, and they have shown some evidence of
efficacy in various neurological and immunological diseases. While CIPN has multiple mechanisms of
neurotoxicity, these phytomedicines might offer neuronal protection or regeneration with the multiple
targets in CIPN. Thus far, researchers have investigated the therapeutic benefits of several herbs,
herbal formulas, and phytochemicals in preventing the onset and progress of CIPN in animals and
humans. Here, we summarize current knowledge regarding the role of phytochemicals, herb extracts,
and herbal formulas in alleviating CIPN.

Keywords: phytochemical; medicinal herb; chemotherapy-induced peripheral neuropathy

1. Introduction

Several antineoplastic medicines are reported to cause neurotoxicity and can develop
chemotherapy-induced peripheral neuropathy (CIPN) [1]. These drugs have effects on sensory
nerves and cause substantial pain, dysfunction, and finally chemotherapy non-compliance [2,3].
This adverse effect damages peripheral nerves and can lead to sensory deficits, gait impairment [4],
or severe neuropathic pain [5], and can severely degrade the patient’s quality of life [6]. The most
common symptoms reported by patients include sensory symptoms such as numbness, burning,
tingling, throbbing, and burning feelings. Moreover, patients may experience motor symptoms, such
as dropping items, splaying fingers, and inability to complete normal daily activities [7,8].

CIPN is difficult to prevent and control without dose-reduction or cessation of anticancer drugs [9].
The overall incidence of this adverse effect is remarkably high [10], although the population affected
depends on chemotherapy drugs, dose, and exposure time [11,12]. Usually the symptoms of CIPN are
reversible; however, sometimes symptoms are irreversible [13] and worsen after withdrawal of drugs,
including vincristine, cisplatin, oxaliplatin, or paclitaxel [14–16].

Thus far, various pharmacological tactics have been attempted to attenuate CIPN symptoms.
These medications include acetyl-L-carnitine, amifostine, glutathione, glutamine, vitamin E, PARP
inhibitors, leukemia inhibitory factor, N-acetylcysteine, Ca/Mg, and venlafaxine [17–19]. The therapeutic
potentials of these drugs are limited by unexpected adverse effects and contradictory results, although
these drugs have shown benefits in preventing CIPN [20,21]. Still, no approach has sufficient evidence

Molecules 2016, 21, 1252 125 www.mdpi.com/journal/molecules



Molecules 2016, 21, 1252

for recommending use in CIPN treatment. Hence, alternative methods of preventing or treating CIPN
are necessary.

Medicinal herbs have been used as therapeutics for centuries throughout the world.
Phytochemicals derived from these medicinal plants are used to treat various neurological and
immunological disorders. On the basis of recent literature, several phytochemicals, herbs, and
herbal formulas exhibiting promising effects on CIPN have been identified. Here, we summarize the
therapeutic effects of phytochemicals (see also Table 1), medicinal herbs (Table 2), and herbal formulas
(Table 3) against CIPN induced by vincristine, cisplatin, oxaliplatin, and paclitaxel.

Table 1. Phytochemicals against CIPN.

Phytochemical Dose Chemotherapy Effects Refs.

Auraptenol

0.05–0.8 mg/kg Vincristine in mice
Suppresses mechanical hyperalgesia
and alteration of behavioral and
biochemical changes

[22]

Cannabidiol

2.5–10 mg/kg Paclitaxel in mice

Inhibits neuropathic pain through
5-HT1A receptor signaling without
diminishing chemothferapy efficacy
or nervous system function

[23]

Curcumin

10 mg/kg Cisplatin or
oxaliplatin in rats

Reverses the alterations of
neurotensin levels in the plasma,
protects the sciatic nerve from injury,
and reduces drug absorption in the
sciatic nerve

[24]

Rutin

& quercetin
25–100 mg/kg Oxaliplatin in rats prevent the shrinkage of neurons

and inhibit edema [25]

Verticinone

1.5–3 mg/kg Paclitaxel in rats

Has a relatively constant analgesic
effect; the analgesic effect of
morphine was decreased after
repeated medication

[26]

Xylopic acid

10–100 mg/kg Vincristine in rats Has anti-allodynic and
anti-hyperalgesic properties [27]
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2. Phytochemicals and Medicinal Herbs against Vincristine-Induced Peripheral Neuropathy

Vincristine is one of the most extensively used chemotherapeutic agents to treat diverse types of
cancer, including Hodgkin‘s disease, small cell lung cancer, acute myeloid leukemia, acute lymphocytic
leukemia, and neuroblastoma. Vincristine inhibits chromosome separation during the metaphase
resulting in cell apoptosis [49]. Patients can experience some side effects from vincristine treatment,
such as headaches, hair loss, walking difficulty, constipation, and a change in sensation. In serious cases,
neuropathic pain, classically resulting in autonomic and peripheral sensory-motor neuropathy limits the
dose of vincristine. Vincristine-induced peripheral neuropathy can worsen after therapy has ended [50].

2.1. Acorus calamus

Acorus calamus is a medicinal herb used to alleviate pain or severe inflammation in Ayurveda. The root
of the plant is widely used to treat a number of illnesses such as abdominal tumors, chronic diarrhea,
dysentery, epilepsy, fever, mental ailments, kidney and liver issues, and rheumatism [51]. Hydro-alcoholic
extracts of A. calamus rhizoma (100–200 mg/kg, p.o. for 14 consecutive days) protect against painful
neuropathy induced by vincristine in rats. The extracts inhibit vincristine-induced biochemical (increase
in superoxide anion generation level and total calcium level, and myeloperoxidase activity in the
sciatic nerve) and behavioral (thermal- and mechano-hyperalgesia) changes to an extent comparable to
Lyrica (pregabalin) [28]. The ethanolic extract of A. calamus (up to 600 mg/kg) did not cause lethality
and any changes in the general behavior in rats in both acute and chronic toxicity tests [52].

2.2. Auraptenol

Auraptenol (8-(2-hydroxy-3-methylbut-3-enyl)-7-methoxychromen-2-one) is a phytochemical
isolated from Angelicae dahuricae radix. The root of the plant is used to treat harmful exterior stimuli
on the skin, such as dryness, dampness, heat, and cold in Oriental medicine [53]. It has been shown
that its antinociceptive effects are linked to the facilitated release of endogenous opioids [54] and
that a single oral administration of A. dahuricae (3.25 g or 6.5 g) decreased cold-induced tonic pain
in a dose-dependent manner in clinical trials [55]. It reverted mechanical hyperalgesia induced by
vincristine through 5-HT1A receptors in a dose-dependent manner (within the 0.05–0.8 mg/kg range).
The highest dose of auraptenol (0.8 mg/kg, i.p.) totally suppressed the mechanical hyperalgesia
without affecting the general locomotor activity [22].

2.3. Butea monosperma

Butea monosperma is a medium-sized deciduous tree that has been used as an aphrodisiac, astringent,
tonic, and diuretic in Ayurveda [56]. The plant contains many phytocomponents, including saponins,
glycosides, mucilage, gums, and fatty acids [57]. Oral intake of ethanolic extract of B. monosperma
(200–400 mg/kg for 14 days) suppressed histological, biochemical, and behavioral changes induced
by vincristine in rats. Authors have suggested that the therapeutic benefits might originate from its
calcium channel inactivating, anti-oxidative, anti-inflammatory, and neuroprotective effects [29].

2.4. Cannabinoids

Historically, Cannabis sativa has used to treat neuropathic pain. Cannabinoids repress
neurotransmitter release in the brain by binding on cannabinoid receptors in cells [58] and have
anti-inflammatory effects [59]. Rahn et al. investigated the effect of synthetic Δ9-tetrahydrocannabinol
analog on vincristine-induced mechanical allodynia in rats. The experiment demonstrated that
cannabinoids can inhibit vincristine-induced mechanical allodynia through the cannabinoid receptor
1/2 pathway and the effect is mediated at the level of the spinal cord in part, although these
synthetic cannabinoids may have some different pharmacological effects from phytocannabinoids [60].
Cannabinoids have shown anti-cancer activities in animal models of cancer, and they are currently
being tested as anti-tumor agents in phase I/II clinical trials [61].

129



Molecules 2016, 21, 1252

2.5. Ginkgo biloba L.

Ginkgo leaf extract has been used for pharmaceutical purposes since 1965 and is one of the
bestselling herbal medicines in the world [62]. Park et al. showed that Ginkgo biloba extract
(50–150 mg/kg, p.o.) decreased the paw withdrawal frequency to cold stimuli and increased
the withdrawal threshold to mechanical stimuli in peripheral neuropathy-induced rats [30].
They suggested that the anti-hyperalgesic effect of G. biloba extract may be related to suppression of
axonal degradation, improved axonal transport, and inhibition of TNF-α and NO production. The few
recent studies on the anticancer activity of the extract in in vitro models showed the cell proliferation
inhibition, tumor suppression, and DNA damage-repairing effects of the extract [63–65]. Biggs et al.
analyzed the risk of cancer hospitalization between participants assigned to Ginkgo extract treatment
and those assigned to placebo and reported that the data do not support the regular use of G. biloba for
reducing the risk of cancer [66].

2.6. Ocimum sanctum L.

In traditional medicine, Ocimum sanctum L. has been recommended for the treatment of skin
diseases, bronchitis, diarrhea, malaria, and arthritis. Recent research has also demonstrated its
cardioprotective, anti-microbial, anti-fungal, anti-fertility, anti-diabetic, anti-cancer, and analgesic
properties [67]. Its leaf oil contains eugenol, eugenic acid, ursolic acid, carvacrol, linalool, limatrol,
caryophyllene, and methyl carvacrol [68]. Kaur et al. demonstrated that oral administration of
O. sanctum or its saponin-rich fraction (100 and 200 mg/kg, for 14 days) reduced neurotoxicity induced
by vincristine in rats with a decline in calcium levels and oxidative stress, thus helping to prevent
CIPN symptoms. They estimated that the saponin-rich fraction may mediate the therapeutic effects of
O. sanctum in neuropathic pain [33]. Seed oil supplementation of O. sanctum L. (100 μL/kg) reduced
20-methaylcholathrene-induced tumor incidence and tumor volume and enhanced the survival rate
in mice [69].

2.7. Xylopic Acid

Traditionally, the fruit of Xylopia aethiopica has been used to manage pain disorders, including
neuralgia and headache [70]. Ethanolic extract of X. aethiopica (30–300 mg/kg, p.o.) and its major
diterpene xylopic acid (15-(acetyloxy)kaur-16-en-18-oic acid; 10–100 mg/kg, p.o.) exhibit anti-allodynic
and anti-hyperalgesic properties in vincristine-induced neuropathic pain. Diterpene xylopic acid from
X. aethiopica exhibited greater potency than the ethanolic extract of X. aethiopica itself, while pregabalin
(10–100 mg/kg) showed a comparable effect to xylopic acid [27]. Treatment with X. aethiopica extract
led to a dose-dependent growth inhibition in many cell lines, including HCT116 colon cancer cells,
U937, and KG1a leukemia cells, and the C-33A cervical cancer cell line [71,72], but xylopic acid, unlike
kaurenoic acid, has no cytotoxic effects on human cancer cells [73].

3. Phytochemicals and Medicinal Herbs against Cisplatin-Induced Peripheral Neuropathy

Cisplatin is the first member of platinum-based antineoplastic medicine. This platinum complex
causes the crosslinking of two DNA strands in cells, which prevents cell division and finally leads to
programmed cell death. In addition to nephrotoxicity, neurotoxicity and ototoxicity are dose-limiting
adverse effects of cisplatin treatment [74,75].

3.1. Curcumin

Curcumin ((1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) is a yellow
pigment component of Curcuma longa. This phytochemical is well known for its powerful
anti-inflammatory and antioxidant properties. It has demonstrated benefits in neuronal diseases such
as alcoholic neuropathy and diabetic neuropathy [76–78]. In the cisplatin-treated model, curcumin
(10 mg/kg, oral) reversed the neurotensin changes in the plasma, reduced cisplatin absorption in the
sciatic nerve, and notably ameliorated sciatic nerve histology [24]. Curcumin regulates the growth
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of cancer cells by the modulation of multiple cell signaling pathways, including protein kinase,
mitochondrial, death receptor, caspase activation, cell survival, tumor suppressor, and cell proliferation
pathways [79]. Extensive in vivo data support curcumin’s beneficial effects against cancer [80–82];
however, there are also conflicting reports that curcumin can promote cancer in mice [83,84].

3.2. Ginkgo biloba L.

Ozturk et al. showed that oral administration of G. biloba alcoholic extract is beneficial in
preventing peripheral neuropathy induced by cisplatin in mice. In their experiments, G. biloba
extract reduced cisplatin-induced immigrated cell numbers, sensory nerve conduction velocity, and
outgrowing of axons [31].

3.3. Salvia officinalis

Salvia officinalis (Sage) is a perennial herb with well-known carminative, antispasmodic, antiseptic,
astringent, and antihydrotic properties [85]. The phytocomplexes of S. officinalis contain monoterpenes
with a broad range of carbon skeletons, including acyclic, monocyclic, and bicyclic compounds,
phenolic compounds, diterpenes, triterpenes [86,87]. An alcoholic extract of S. officinalis leaf
(100 mg/kg i.p.) exhibited an anti-nociceptive effect on cisplatin-induced hyperalgesia in mice.
In the formalin test, the aqueous extract effectively suppressed the second phase of pain. The extract
even showed stronger benefits than morphine [34]. Vujosevic et al. showed anti-mutagenic effects
of S. officinalis in a mammalian system in vivo [88], and Keshavarz et al. showed its anti-angiogenic
properties for anti-tumor effect in chicken eggs [89].

3.4. Walnut

Walnut is one of the traditional anti-tumor, anti-inflammatory, blood purifying, and antioxidant
agents. Shabani et al. investigated whether walnut has a neuroprotective property on neurotoxicity
induced by cisplatin. Dietary walnut (6%) altered cerebellum- and hippocampus- related behaviors
caused by continuous cisplatin injection in male rats. Dietary walnut also ameliorated motor and
memory capacities in cisplatin-treated rats. Cisplatin increased, but walnut decreased the latency to
nociceptive stimuli [35]. Dietary walnut suppressed mammary gland tumorigenesis in the C(3)1 TAg
mouse [90] and growth of implanted MDA-MB 231 human breast cancer cells in nude mice [91]. It has
also been demonstrated that walnut reduces growth of prostate cancer [92,93] and colorectal cancer [94].

4. Phytochemicals and Medicinal Herbs against Oxaliplatin-Induced Peripheral Neuropathy

Oxaliplatin is a platinum-based anti-neoplastic agent used for treating advanced colorectal
cancer [95]. Its cytotoxicity is considered to result from the inhibition of DNA synthesis, similar
to that of other platinum complexes. Oxaliplatin forms both intra- and inter-strand crosslinks in
DNA, which prevent DNA transcription and replication, resulting in programmed cell death [96].
This chemotherapeutic drug is typically used alongside a combination of folinic acid and 5-fluorouracil
(FOLFOX). Oxaliplatin has less ototoxicity and nephrotoxicity than cisplatin; however, oxaliplatin
treatment can still cause neurotoxicity and ototoxicity [97].

4.1. Curcumin

Al Moundhri et al. showed that oral administration of curcumin (10 mg/kg) reduced drug
consistency in the sciatic nerve and prominently ameliorated sciatic nerve injury in oxaliplatin-induced
neurotoxicity in rats [24]. Wassem and Parvez showed that curcumin can ameliorate changes in both
enzymatic and nonenzymatic antioxidants of mitochondria in vitro. The results reveal the potential of
curcumin as a substance that can diminish oxaliplatin-induced peripheral neurotoxicity [98].
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4.2. Rutin and Quercetin

Rutin (2-(3,4-dihydroxyphenyl)-5,7-dihydroxy-3-{[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-({[(2R,3R,
4R,5R,6S)-3,4,5-trihydroxy-6-methyloxan-2-yl]oxy}methyl)oxan-2-yl]oxy}-4H-chromen-4-one) and
quercetin (2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one) are polyphenolic flavonoids
found in many medicinal herbs and vegetables. They have been reported to have powerful antioxidant,
anti-inflammatory, and anti-nociceptive activities. Rutin is water-soluble and is converted to quercetin
once it enters the bloodstream [99]. In alcohol-induced neuropathy, quercetin compound showed
remarkable anti-nociceptive and neuroprotective effects [100]. In oxaliplatin-treated rats, rutin and
quercetin (25, 50, and 100 mg/kg, i.p.) suppressed neuronal contraction and averted development
of edema. Moreover, c-Fos, a marker of neuroplasticity, was decreased by rutin- or quercetin-
pretreatment [25]. The neuroprotective mechanism of these phytochemicals is connected to its
amelioration of mitochondrial dysfunction [98]. Interestingly, quercetin, but not rutin, inhibited
azoxymethane-induced colorectal carcinogenesis in rats [101]. Quercetin has been used in clinical trials
in cancer patients. The results demonstrated that quercetin can be safely administered by i.v. and that
its anticancer properties are detectable [102].

4.3. Camellia sinensis (Green Tea)

Camellia sinensis is a small tree in which the leaves are used to produce green tea, a popular
beverage with therapeutic applications. The key bioactive substances of C. sinensis are catechins.
A range of studies have demonstrated that these substances have strong anti-inflammatory, antioxidant,
and anticancer properties [103]. The therapeutic property of C. sinensis was tested against
oxaliplatin-induced peripheral neuropathy. Oral administration of green tea extract (300 mg/kg
for 6 weeks) forcefully attenuated thermal hyperalgesia and mechanical allodynia; however, it did
not avert morphometric or electrophysiological changes [32]. The experimental evidence exhibiting
the cancer-preventive activity of green tea is increasing rapidly [104]. Nakachi et al. suggested that
consumption of green tea prior to cancer development was markedly associated with improved
prognosis of stage I/II breast cancer [105].

4.4. Gyeryongtongrac-Bang (Guilongtongluofang in Chinese)

Gyeryongtongrac-Bang is a traditional medicine used to relieve numbness and cold sensation
in patients. One hundred twenty colorectal cancer patients who were treated with oxaliplatin were
randomly assigned to the Gyeryongtongrac-Bang-treated group (which received aqueous extract from
Ramulus cinnamomi, Earthworm, Radix astragali, Safflower, Radix angelicae sinensis, Ligusticum, Spatholobus,
Radix paeoniae alba, Rhizoma curcumae, and Licorice once a day) and the control group (which received
placebo) in a double-blind trial. A total of 51.7% patients in the Gyeryongtongrac-Bang-treated
group showed neurotoxicity, whereas, it was seen in 70.0% of the placebo-treated group after 4 cycles
of treatment. The results suggest that Gyeryongtongrac-Bang can be a potent agent that prevents
neurotoxic pain without diminishing oxaliplatin-attributed benefits. Additionally, the development of
sensory neurotoxicity was delayed in the Gyeryongtongrac-Bang-treated group [37].

4.5. Gyejigachulbu-Tang (Keishikajutsubuto in Japanese)

Gyejigachulbu-Tang is an herbal formula including Aconiti tuber, Atractylodis lanceae rhizome,
Cinnamomi cortex, Glycyrrhizae radix, Paeoniae radix, Zingiberis rhizoma, and Zizyphi fructus. In our
experiment, oral administration of Gyejigachulbu-Tang (200, 400, and 600 mg/kg for 5 days) markedly
ameliorated mechanical- and cold-allodynia induced by oxaliplatin treatment. The formula possibly
functions through the suppression of spinal glial activation [36]. We confirmed that the extract of
Aconiti tuber could attenuate both cold and mechanical allodynia similar to Gyejigachulbu-Tang
treatment. Interestingly, Cinnamomi cortex and coumarin, a phytochemical from C. cortex, also
attenuated cold allodynia induced by oxaliplatin treatment in rats (unpublished data). These results
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suggest that both A. tuber and C. cortex have neuroprotective properties against oxaliplatin-induced
neuropathy, thereby playing a major role in the anti-allodynic effect of Gyejigachulbu-Tang.

4.6. Jesengsingi-Hwan (Goshajinkigan in Japanese)

Jesengsingi-Hwan is a traditional herbal formula widely used in Asia. It contains 10 different
herbs comprising Achyranthis bidentatae radix, Alismatis rhizome, A. tuber, C. cortex, Corni fructus,
Dioscorea opposita rhizoma, Plantaginis semen, Poria alba, Moutan cortex, and Rehmannia viride radix.
Recently, the beneficial properties of Jesengsingi-Hwan on CIPN have been widely prospected.
In a murine study, Ushino et al. showed that Jesengsingi-Hwan can reduce CIPN without influence
on anti-cancer potency [41]. Kono et al. examined a preventive effect of Jesengsingi-Hwan on
chronic oxaliplatin-induced hypoesthesia in rats. Oral administration of Jesengsingi-Hwan (0.3 or
1.0 g/kg, 5 times a week for 8 weeks) ameliorated abnormal sensations and histological damage
to the sciatic nerve [42]. In a retrospective clinical study, Kono et al. examined the benefits of
Jesengsingi-Hwan on oxaliplatin treatment involved in peripheral neuropathy. In the study, the
administration of Jesengsingi-Hwan (7.5 g/day) reduced the neurotoxicity of oxaliplatin in colorectal
cancer patients [44]. Later, they again reported that daily oral administration of Jesengsingi-Hwan
(7.5 g/day) has the capability to delay the development of grade 2 or greater oxaliplatin-induced
peripheral neurotoxicity without impairing FOLFOX efficacy in a randomized phase II study [45].
Yoshida et al. also assessed the effects of Jesengsingi-Hwan for oxaliplatin-induced peripheral
neurotoxicity in colorectal cancer patients. Twenty-nine colorectal cancer patients received ≥4 weeks
of Jesengsingi-Hwan (2.5 g orally 3 times daily before or between meals for a total of 7.5 g/day) for
oxaliplatin-induced peripheral neuropathy during chemotherapy. They were compared to 44 patients
who had not received Jesengsingi-Hwan during the same period. A Kaplan-Meier analysis showed
that Jesengsingi-Hwan could prevent exacerbation of oxaliplatin-induced peripheral neuropathy [46].
Hosokawa et al. assessed the preventive properties of Jesengsingi-Hwan on oxaliplatin-induced
neurotoxicity in colorectal cancer patients and found that in the Jesengsingi-Hwan-treated group,
50% of oxaliplatin-induced peripheral neuropathy was prevented without diminishing chemotherapy
efficacy [47].

4.7. Hwanggiomul-Tang (Ogikeishigomotsuto in Japanese)

In Japan, a single case study was reported using Hwanggiomul-Tang for oxaliplatin-induced
neuropathic pain. Hwanggiomul-Tang is an herbal mixture containing Zingiberis hizome, Jujubae fructus,
Paeonia alba radix, C. cortex, and Astragalus membranaceus radix. The case study of a 59-year old man with
recurrent colon cancer suggests that this herbal formula may be useful to reduce or prevent chronic
cumulative neurotoxicity due to oxaliplatin [38].

5. Phytochemicals and Medicinal Herbs against Paclitaxel-Induced Peripheral Neuropathy

Paclitaxel is a member of the taxane family of drugs used to treat ovarian, breast, lung,
esophageal, prostate, bladder, and pancreatic cancer as well as Kaposi's sarcoma and melanoma [106].
This tubulin-targeting drug protects the microtubule polymer from disassembly by stabilizing it.
The stabilization triggers apoptosis through inhibition of mitosis [107]. Paclitaxel-treated cells thus
have defects in cell division, chromosome segregation, and mitotic spindle assembly. Paclitaxel
can induce phenomena of sensory peripheral neuropathy, such as paresthesia and numbness in the
extremities [108]. Symmetrical loss of sensation is also a frequent occurrence. These neuropathy
symptoms limit the use of paclitaxel.

5.1. Cannabidiol

Cannabidiol (2-[(1R,6R)-6-isopropenyl-3-methylcyclohex-2-en-1-yl]-5-pentylbenzene-1,3-diol) is a key
phytochemical accounting for approximately 40% of the C. sativa extract [109]. This phytocannabinoid
is known to have various medical applications on the basis of clinical reports showing the
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lack of side effects and particularly a lack of psychoactivity with anti-nausea, anti-psychotic,
anti-anxiety, and anti-convulsive properties [110]. Cannabidiol (2.5–10 mg/kg, i.p. for 6 days)
inhibited paclitaxel-induced neuropathic pain through 5-HT1A receptor signaling without diminishing
chemotherapy efficacy or nervous system function in mice [23].

5.2. Verticinone

Verticinone ((3β,5α)-3,20-dihydroxycevan-6-one) is a kind of isosteroidal alkaloid derived from
Fritillaria bulbus. Xu et al. [26] examined its analgesic effects using neuropathic pain and inflammation
models in rats. The experiments showed that hydro-alcoholic extracted verticinone (1.5–3 mg/kg, p.o.)
has a relatively constant analgesic effect in paclitaxel-induced neuropathy; further, the analgesic effect
of morphine was decreased after repeated medication. Authors believe verticinone is an anodyne with
low tolerance.

5.3. Jesengshingi-Hwan

Bahar et al. reported that paclitaxel-induced allodynia was markedly prevented by Jesengshingi-Hwan
(1 g/kg, p.o. daily) in mice, although Jesengshingi-Hwan could not suppress cancer-induced
allodynia [43]. Andoh et al. [111] also reported that Jesengsingi-Hwan (0.1–1.0 g/kg, p.o.) markedly
inhibited paclitaxel-induced mechanical allodynia in mice. Authors predicted that Achyranthis radix
and P. semen in Jesengsingi-Hwan may block the aggravation of paclitaxel-induced neuropathic
pain. Yamamoto et al. reported that Jesengsingi-Hwan treatment was beneficial for the treatment of
paclitaxel-induced neuropathic pain in eighty-two patients enrolled in clinical trials. The investigators
believe its preventive effect may be more potent if it is administered from the start of chemotherapy
for breast, colorectal, or gynecological cancer patients [48].

5.4. Jakyakgamcho-Tang (Shakuyakukanzoto in Japanese)

Jakyakgamcho-Tang is an herbal mixture of Paeoniae radix and Glycyrrhizae radix. A mouse study
found that this combination (1.75 mg/mouse) remarkably attenuated paclitaxel-induced hyperalgesia
and allodynia [39]. Through retrospective case analysis on 23 ovarian cancer patients, Fujii et al. [40]
concluded that Jakyakgamcho-Tang (7.5 g/day, p.o. for 8 days) has a remedial value in neuropathic
pain after paclitaxel and carboplatin combination chemotherapy. Authors suggest that paclitaxel
combination chemotherapy with Jakyakgamcho-Tang taken orally is a safer and more tolerable way to
reduce pain in epithelial ovarian carcinoma.

6. Conclusions and Perspectives

Despite the high incidence of CIPN and its dose-limiting effects, there are no current treatments or
preventive options for CIPN with conclusive efficacy and safety data. The lack of effective therapeutic
methods for CIPN has boosted the need for the use of medicinal herbs and phytochemicals; these
have gained increasing attention as a major form of alternative therapy because they are convenient,
economical, effective, safe, and therapeutic. Most recently, a number of phytochemicals and herbal
medicines have shown potential for protective benefits for CIPN. Owing to the diverse mechanisms of
CIPN, the results of phytotherapy using phytochemicals or herbs contributing to the multiple targets
of CIPN seem to be encouraging.

To date, however, many of the therapeutic mechanisms of these phytotherapies remain
unclear. For example, significant roles of transient receptor potential (TRP) channels for CIPN
development have been discovered, but the link between phytotherapy and TRP channels is mostly
unknown. An increasing number of studies report the involvement of TRP channels including
TRPA1, TRPM8, TRPV1, and TRPV4 in CIPN [112–115]. Recent studies found that Jesengsingi-Hwan
prevents oxaliplatin-induced peripheral neuropathy through the functional alteration in TRPA1
and TRPM8 [116] and can reduce paclitaxel-induced peripheral neuropathy by suppressing TRPV4
expression [117]. Moreover, the TRPV1-mediated anti-cancer effects of cannabidiol have been reported
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in multiple cancer cell lines, including breast [118], lung [119,120], and colon [121]. Inflammatory and
neuro-immune responses also play important roles in the development and progression of CIPN [122].
Phytotherapies, especially cannabinoids, have significant anti-inflammatory and immunomodulatory
properties [123]. More studies are necessary to further our understanding of the involved mechanisms
such as TRP channels and immunomodulation. In addition, the dose of several phytochemicals and
medicinal herbs for the treatment of animals appears high. At high doses, some of them can induce
toxicity in the liver or kidneys. Thus, the dose should be interpreted and verified for toxicity. It is
essential to find the maximum dose of phytochemicals and herbs for use in humans.

In conclusion, because of their multitarget, multilevel, and integrated benefits, medicinal herbs
seem to be a feasible method for the management of CIPN. Phytochemicals, medicinal herbs, and their
formulas could be considered for the treatment of CIPN. However, their curative usability should
be examined in well-designed clinical trials. In addition, their reciprocal effects with other drugs in
humans should be examined in detail.
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Abstract: Oxaliplatin, a chemotherapy drug, induces acute peripheral neuropathy characterized by
cold allodynia, spinal glial activation and increased levels of pro-inflammatory cytokines. Herein,
we determined whether Cinnamomi Cortex (C. Cortex), a widely used medicinal herb in East Asia for
cold-related diseases, could attenuate oxaliplatin-induced cold allodynia in rats and the mechanisms
involved. A single oxaliplatin injection (6 mg/kg, i.p.) induced significant cold allodynia signs
based on tail immersion tests using cold water (4 ◦C). Daily oral administration of water extract
of C. Cortex (WECC) (100, 200, and 400 mg/kg) for five consecutive days following an oxaliplatin
injection dose-dependently alleviated cold allodynia with only a slight difference in efficacies between
the middle dose at 200 mg/kg and the highest dose at 400 mg/kg. WECC at 200 mg/kg significantly
suppressed the activation of astrocytes and microglia and decreased the expression levels of IL-1β
and TNF in the spinal cord after injection with oxaliplatin. Furthermore, oral administration of
coumarin (10 mg/kg), a major phytocompound of C. Cortex, markedly reduced cold allodynia. These
results indicate that C. Cortex has a potent anti-allodynic effect in oxaliplatin-injected rats through
inhibiting spinal glial cells and pro-inflammatory cytokines. We also suggest that coumarin might
play a role in the anti-allodynic effect of C. Cortex.

Keywords: Cinnamomi Cortex; cold allodynia; coumarin; glia; spinal cord; pro-inflammatory cytokines

1. Introduction

Oxaliplatin, a third-generation platinum-based chemotherapy drug, displays anti-tumor activity
against a wide range of tumors, including ovarian, breast, lung, and advanced colorectal cancers [1–3].
Unlike other platinum compounds (e.g., cisplatin and carboplatin), oxaliplatin rarely exhibits
nephrotoxicity or hematotoxicity [4]. However, even a single injection of oxaliplatin can cause
peripheral neuropathy manifesting as paresthesia and dysesthesia in the extremities. This peripheral
neuropathy can be triggered or enhanced by exposure to cold [5,6]. The accurate mechanism involved
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in oxaliplatin-induced peripheral neuropathy remains unclear. An effective treatment method for
neuropathic allodynia needs to be developed [7].

Glial cells are known to play an important role in neuropathic pain [8,9]. Once damage in the
periphery or the dorsal horn of the spinal cord occurs, glial cells such as microglia and astrocytes
become activated [10,11] and proliferate in number [8,12]. Recently, some articles have demonstrated
that pharmacological treatments can effectively reduce neuropathic pain by preventing glial cell
activation [13,14]. In an oxaliplatin-induced neuropathic pain model, the decrease of augmented
spinal astrocytes and microglia by fluorocitrate and minocycline has been reported to attenuate
pain [10]. Glia cells contribute to neuropathic pain by releasing various nociceptive mediators including
pro-inflammatory cytokines, such as IL-1β and TNF [15–17]. Moreover, in our previous experiment
conducted with oxaliplatin-induced neuropathic pain in rats, increased activation of spinal astrocytes
and microglia [18] as well as increased levels of spinal TNF were observed [19].

Cinnamomi Cortex (C. Cortex; Cinnamomum cassia Presl in family Lauraceae) is classified as
a medicinal herb for treating various cold related diseases such as common cold and influenza
in oriental medicine. Using various human and animal models, extracts of C. Cortex have been
found to be able to effectively attenuate influenza virus [20], inflammations [21], human platelet
aggregation and arachidonic acid metabolism [22]. In our previous study [18], Gyejigachulbu-tang
(GBT), a decoction comprising seven different medicinal herbs (Cinnamomi Cortex, Paeoniae Radix,
Atractylodis Rhizoma, Zizyphi Fructus, Glycyrrhizae Radix, Zingiberis Rhizoma, and Aconiti Tuber)
could effectively attenuate oxaliplatin-induced neuropathic pain. GBT also suppressed the activation
of spinal glia and the up-regulation of pro-inflammatory cytokines. However, which medicinal herb
plays a major role in the analgesic effect of GBT has not yet been determined.

Accordingly, in this study, we investigated whether C. Cortex, when administered alone, could
attenuate oxaliplatin-induced cold allodynia in rats. We also examined whether C. Cortex could
modulate the activation of astrocytes and microglia in the spinal cord and suppress the upregulation
of pro-inflammatory cytokines such as IL-1β and TNF after oxaliplatin injection. Finally, we assessed
whether coumarin, a major phytocompound of C. Cortex, could alleviate oxaliplatin-induced
neuropathic pain.

2. Results

2.1. Suppresive Effect of WECC on Oxaliplatin-Induced Cold Allodynia in Rats

A single injection of oxaliplatin (6 mg/kg, intraperitoneal; i.p.) induced cold allodynia in rats
whereas vehicle control (5% glucose) did not. Cold allodynia was assessed using tail immersion test
by measuring tail withdrawal latency (TWL) to cold water (4 ◦C) stimuli [23]. As shown in Figure 1,
the TWL in oxaliplatin-injected rats was significantly decreased compared to that in vehicle-injected
control rats from day 3 to day 5. To evaluate the suppressive effect of C. Cortex on oxaliplatin-induced
cold allodynia, water extract of C. Cortex (WECC) at three different doses (100, 200, and 400 mg/kg)
was orally administered every day for five consecutive days after the oxaliplatin injection. Behavioral
tests were performed before oxaliplatin injection and every 24 h after the administration of WECC
or phosphate-buffered saline (PBS). WECC dose-dependently attenuated oxaliplatin-induced cold
allodynia. The lowest dose of WECC at 100 mg/kg showed a significant effect only at day 4, whereas
WECC at 200 and 400 mg/kg had potent analgesic effects from three to five days after the oxaliplatin
injection with only slight difference in efficacies between the two doses (Figure 1). In addition, WECC
at 200 mg/kg showed a significant suppressive effect against mechanical allodynia at day 5 (Figure S1).

2.2. Inhibitory Effect of WECC Treatment on Activation of Spinal Astrocytes

At the end of behavioral experiments, spinal cord sections were obtained from animals in
Vehicle + PBS, Vehicle + 200 mg/kg WECC, Oxaliplatin + PBS, and Oxaliplatin + 200 mg/kg WECC
groups and processed for immunohistochemical analyses of astrocytic activation (Figure 2). Statistical
differences in the number of astrocytes (GFAP positive cells) in the spinal dorsal horn laminae I–II were
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found between oxaliplatin-injected rats and vehicle-injected rats (Vehicle + PBS vs. Oxa + PBS; p < 0.001).
WECC at 200 mg/kg failed to change the number of spinal astrocytes in vehicle-injected rats (Vehicle +
PBS vs. Vehicle + 200 mg/kg WECC; p > 0.05). However, it significantly decreased the number of
spinal astrocytes in oxaliplatin-injected rats (Oxa + PBS vs. Oxa + 200 mg/kg WECC; p < 0.001).

Figure 1. Effect of WECC in relieving oxaliplatin-induced cold allodynia in rats. Animals were
randomly divided into five groups (n = 6 per group). Oxaliplatin (Oxa) or 5% glucose (Vehicle) was
administered intraperitoneally at day 0. WECC (100, 200, and 400 mg/kg) or PBS was administered
orally for five consecutive days after injection of oxaliplatin or vehicle control. Data are presented
as mean ± S.E.M.; ** p < 0.01, *** p < 0.001 vs. Oxa + PBS by two-way ANOVA followed by
Bonferroni’s post-test.

Figure 2. Immunohistochemical analyses of spinal astrocytes. Representative images of GFAP positive
cells (astrocytes) in the spinal dorsal horn of Vehicle + PBS (a); Vehicle + 200 mg/kg WECC (b);
Oxa + PBS (c); and Oxa + 200 mg/kg WECC (d) groups; (e) Quantification results of GFAP positive
cells in the four groups. n = 6 per group. Data are presented as mean ± SEM. N.S.: non-significant;
*** p < 0.001 vs. indicated group; ### p < 0.001 vs. Vehicle + PBS by one-way ANOVA followed by
Bonferroni’s post-test.
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2.3. Inhibitory Effect of WECC Treatment on Spinal Microglia Activation

After the final assessment of cold allodynia, the spinal cord sections from animals in vehicle + PBS,
vehicle + 200 mg/kg WECC, oxaliplatin + PBS, and oxaliplatin + 200 mg/kg WECC groups were
obtained for histological examination (Figure 3). Statistical differences in the number of microglia
(Iba-1 positive cells) in the spinal dorsal horn laminae I–II were found between oxaliplatin-injected
rats and vehicle-injected rats (Vehicle + PBS vs. Oxa + PBS; p < 0.001). WECC failed to change the
number of spinal microglia in vehicle-injected rats (Vehicle + PBS vs. Vehicle + 200 mg/kg WECC;
p > 0.05). However, it significantly decreased the number of spinal microglia in oxaliplatin-injected
rats (Oxa + PBS vs. Oxa + 200 mg/kg WECC; p < 0.001).

Figure 3. Immunohistochemical analyses of spinal microglia. Representative images of Iba-1 positive
cells (microglia) in the spinal dorsal horn of Vehicle + PBS (a); Vehicle + 200 mg/kg WECC (b);
Oxa + PBS (c); and Oxa + 200 mg/kg WECC (d) groups; (e) Quantification results of Iba-1 positive
cells in the four groups. n = 6 per group. Data are presented as mean ± S.E.M. N.S.: non-significant;
*** p < 0.001 vs. indicated group; # p < 0.05 vs. Vehicle + PBS by one-way ANOVA followed by
Bonferroni’s post-test.

2.4. Modulatory Effect of WECC on Pro-Inflammatory Cytokines IL-1β and TNF

To investigate whether C. Cortex could modulate pro-inflammatory cytokines IL-1β and TNF
in the spinal cord, an enzyme-linked immunosorbent assay (ELISA) was used to measure the levels
of cytokines IL-1β and TNF (Figure 4). A single oxaliplatin injection markedly increased spinal
IL-1β levels compared to vehicle control injection (Figure 4a, Oxa + PBS vs. Vehicle + PBS; p < 0.01).
Administration of WECC at 200 mg/kg significantly reduced spinal IL-1β levels compared to PBS
administration in oxaliplatin-injected rats (Figure 4a, Oxa + PBS vs. Oxa + 200 mg/kg WECC; p < 0.05).
Oxaliplatin also significantly increased spinal TNF levels compared to vehicle control (Figure 4b,
Oxa + PBS vs. Vehicle + PBS; p < 0.05). The levels of TNF were significantly reduced by WECC at
200 mg/kg (Figure 4b, Oxa + PBS vs. Oxa + 200 mg/kg WECC; p < 0.05). WECC failed to significantly
change the levels of spinal IL-1β or TNF in vehicle-injected rats (Figure 4a or Figure 4b, Vehicle + PBS
vs. Vehicle + 200 mg/kg; p > 0.05). These results indicate that C. Cortex can reduce the levels of
pro-inflammatory cytokines IL-1β and TNF in the spinal cord increased by injection of oxaliplatin.
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Figure 4. Inhibitory effect of WECC on spinal pro-inflammatory cytokines. Levels of IL-1β (a) and
TNF (b) in the spinal cord were measured with ELISA. Vehicle and oxaliplatin were administered
intraperitoneally. PBS and 200 mg/kg of WECC were administered orally. n = 6 per group. Data are
presented as mean ± SEM. N.S.: non-significant; * p < 0.05; ** p < 0.01 by one-way ANOVA followed by
Bonferroni’s post-test.

2.5. Qualitative and Quantitative Analysis of Three Chemicals in WECC

The retention times of coumarin, cinnamic acid, and cinnamaldehyde in WECC were 2.430, 3.500,
and 4.922 min, respectively (Figure 5a). The regression equation of the three compounds and their
correlation coefficients (r2) were estimated based on the plots of peak-area (y) versus concentration
(x). For coumarin, the regression equation was y = 0.0013x + 8.7147 (r2 = 0.9987). For cinnamic
acid, it was y = 0.0047x – 0.5087 (r2 = 0.9992). For cinnamaldehyde, it was y = 0.0058x − 0.0110
(r2 = 1.0000). The contents of coumarin, cinnamic acid, and cinnamaldehyde in WECC were 1.468%,
0.226%, and 0.027%, respectively (Figure 5b).

 

Figure 5. Quantification of chemicals in WECC using UHPLC. UHPLC chromatograms of three
standards (a) and WECC (b). The three peaks represented coumarin (2.430 min, y = 0.0013x + 8.7147,
r2 = 0.9987), cinnamic acid (3.500 min, y = 0.0047x − 0.5087, r2 = 0.9992), and cinnamaldehyde
(4.922 min, y = 0.0058x − 0.0110, r2 = 1.0000) sequentially.

2.6. Anti-Allodynic Effect of Coumarin on Oxaliplatin-Induced Cold Allodynia in Rats

A previous study [24] reported that coumarin at 10 mg/kg has the most effective antinociceptive
action, as our preliminary study has confirmed in a rat model of oxaliplatin-induced cold allodynia.
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In the present study, we thus tested the anti-allodynic effect of 10 mg/kg coumarin, a major chemical
component of C. Cortex, by conducting tail immersion test. Results are shown in Figure 6. Coumarin
(10 mg/kg) orally administered in vehicle (5% glucose) injected rats did not have any significant
anti-allodynic effect (Vehicle + coumarin vs. Vehicle + PBS; p > 0.05). However, the same dose
of coumarin significantly increased the TWL compared to PBS control in oxaliplatin-injected rats
(Oxa + coumarin vs. Oxa + PBS; p < 0.001). The significant anti-allodynic effect of coumarin started at
day 3 and lasted until day 5 after a single injection with oxaliplatin. In addition, coumarin slightly
increased mechanical threshold in oxaliplatin-injected rats, although no significant difference was
observed between the coumarin group and PBS control group (Figure S1).

Figure 6. Anti-allodynic effect of coumarin on oxaliplatin-induced cold allodynia in rats. Animals
were randomly divided into four groups (n = 6 per group). Oxaliplatin or vehicle (5% glucose) was
administered intraperitoneally on day 0. Coumarin (10 mg/kg) or PBS was administered orally for five
consecutive days after injection with oxaliplatin or vehicle control. Data are presented as mean ± S.E.M.;
* p < 0.05, ** p < 0.01, *** p < 0.001 vs. Oxa + PBS by two-way ANOVA followed by Bonferroni’s post-test.

3. Discussion

Oxaliplatin is a widely used chemotherapeutic agent. About 85% to 95% of oxaliplatin-treated
patients rapidly develop significant pain without motor dysfunction, peaking at the first 24–48 h
following the oxaliplatin injection [25,26]. This side effect can limit the use of this drug and lead to
cessation of the treatment. However, the mechanism of oxaliplatin-induced peripheral neuropathy
is not clearly understood yet. Analgesics currently used as first-line treatment also have side effects
such as sedation, dizziness, and cardiac complications [27,28]. Thus, a novel treatment method is
urgently needed.

Recently, deactivation of spinal astrocytes or microglia has been considered as a new
pharmacological target for neuropathic pain relief [10,29]. In various models of neuropathic pain,
glial activation has been reported to contribute to neuropathic pain by releasing pro-inflammatory
cytokines [30]. Once activated after peripheral nerve injury, glia cells such as astrocytes and microglia
can release a plethora of pro-inflammatory mediators such as IL-1β and TNF [31,32] involved in the
process of nociceptor hypersensitivity [33]. In an injured sciatic nerve animal model, mRNA and protein
levels of IL-1β and TNF are rapidly up-regulated, and mice lacking both IL-1 type 1 receptor and TNF
type 1 receptor have lower nociceptive sensitivity compared to wild-type littermates after injury [34].
IL-1β up-regulation following nerve injury contributes to pain hypersensitivity through mediating
the induction of Cox-2 in the central nervous system (CNS) [35]. TNF, a major pro-inflammatory
cytokine, has been associated with both immediate and ongoing stages of neuropathic pain. TNF
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applications are associated with induction of thermal hyperalgesia and mechanical allodynia [36,37].
Moreover, intrathecal injection of minocycline or fluorocitrate that decreases the activation of microglia
or astrocytes effectively attenuates oxaliplatin-induced neuropathic pain [10].

In our previous articles [18,19], we have shown that spinal glia and pro-inflammatory cytokines
are up-regulated after a single injection with oxaliplatin. We also demonstrated that GBT, a mixture
comprising seven different medicinal herbs including C. Cortex based on the Sang Han Lun and later
modified in Japan [38], could alleviate neuropathic pain induced by oxaliplatin injection through
suppressing the activation of spinal astrocytes and microglia and decreasing the levels of spinal
TNF. However, a traditional formula of GBT contains Cinnamomi ramulus (C. Ramulus) instead
of C. Cortex. Both C. Cortex and C. Ramulus originate from cinnamon. They are commonly used
as traditional medicine for treating dyspepsia, gastritis, blood circulation issues, and inflammatory
disease [39]. C. Ramulus is the twig of cinnamon while C. Cortex is the bark of cinnamon. Although the
analgesic efficacies of C. Cortex and C. Ramulus for pain have been reported in several articles [40–42],
we found that C. Ramulus did not significantly attenuate cold allodynia induced by oxaliplatin injection
(Figure S2). In oriental medicine, different parts of the same plant are considered as distinct medicinal
herbs having separate characteristics [43].

In this study, we clearly demonstrated that C. Cortex, one traditional medicinal herb generally
used to treat cold related diseases such as common cold and influenza, could alleviate cold allodynia
induced by a single injection of oxaliplatin in rats. Five consecutive oral administrations of WECC
dose-dependently attenuated cold allodynia, suppressed the activation of spinal astrocytes and
microglia, and inhibited the up-regulation of spinal pro-inflammatory cytokines IL-1β and TNF
in oxaliplatin-injected rats. These results suggest that C. Cortex might play an important role in
the inhibitory effect of GBT on oxaliplatin-induced cold allodynia via suppressing spinal glia and
pro-inflammatory cytokines. C. Cortex contains various phytocompounds such as coumarin, cinnamic
acid, and cinnamaldehyde [44]. Since previously published articles have reported that coumarin can
exert anti-nociceptive action in different types of pain [24,45,46], we assessed the efficacy of coumarin
on oxaliplatin-induced cold allodynia. Our results revealed that coumarin could effectively attenuate
oxaliplatin-induced cold allodynia, suggesting that coumarin might play a role in the anti-allodynic
effect of C. Cortex in a rat model of oxaliplatin-induced neuropathic cold allodynia.

Although some articles have reported that activation of spinal glial cells occurred throughout
the spinal cord, in our study [47], we focused on glial activation in lamina I and II because it is well
known that this area is important for pain sensation as the primary afferent nociceptive neurons form
synapses to the secondary afferent ones in this area. Furthermore, other studies have also observed the
activation of microglia and astrocytes in this area to assess whether their compound or drug could
modulate the sensory transmission by decreasing the activation of spinal glial cells in neuropathic pain
rats [48]. Because we used tail immersion tests for evaluating neuropathic cold allodynia, we assessed
glial activation not only in the lumbar spinal cord (Figures 2 and 3), but also in the sacral spinal cord
at the S1/S2 level that mainly innervates the tail (Figures S3 and S4). In these supplementary data,
activation of astrocytes and microglia in the sacral spinal cord after oxaliplatin injection did not differ
from that in the lumbar spinal cord. We confirmed that WECC at 200 mg/kg markedly suppressed
oxaliplatin-induced activation of astrocytes and microglia in the sacral spinal cord. Coumarin also
significantly inhibited such glial activation in the sacral spinal cord.

In conclusion, our results demonstrate that C. Cortex could be an effective medicinal herb to
attenuate oxaliplatin-induced cold allodynia, by suppressing the activation of spinal astrocytes and
microglia and inhibiting the increase of spinal levels of IL-1β and TNF. Our data also showed that
coumarin, a major phytocompund of C. Cortex, might play a role in the anti-allodynic effect of
C. Cortex. Additional animal studies using different neuropathic pain models, such as peripheral
nerve injury and diabetic neuropathy, and clinical trials may be required to expand the therapeutic use
of C. Cortex and/or coumarin.
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4. Materials and Methods

4.1. Animals

Young adult male Sprague-Dawley rats (200–250 g, 7 weeks old) (Daehan Biolink, Chungbuk,
Korea) were housed in cages (3–4 rats per cage) with water and food available ad libitum. The room
was maintained with a 12 h-light/dark cycle (light cycle: 08:00–20:00, dark cycle: 20:00–08:00) and
kept at 23 ± 2 ◦C. All animals were acclimated in their cages for one week prior to any experiment.
All procedures involving animals were approved by the Institutional Animal Care and Use Committee
of Kyung Hee University (KHUASP(SE)-15-088) and were conducted in accordance with the guidelines
of the International Association for the Study of Pain [49].

4.2. Oxaliplatin Administration

As described previously [50], oxaliplatin (Sigma, St. Louis, MO, USA) was dissolved in a 5%
glucose (Sigma) solution at a concentration of 2 mg/mL. It was intraperitoneally administered at
6 mg/kg [51]. The same volume of 5% glucose solution was intraperitoneally injected as vehicle control.

4.3. Behavior Test

To determine whether cold allodynia was induced, tail immersion test was carried out as described
previously [23]. Briefly, each animal was immobilized in a plastic holder and its tail was drooped for
proper application of cold water stimuli. Rats were adapted for one hour in the holder for two days
before starting the behavioral tests. The tail was immersed in 4 ◦C water, and tail withdrawal latency
(TWL) was measured with a cut-off time of 15 s. The cold immersion test was repeated six times at
five minutes intervals. The average latency was taken as a measure for the severity of cold allodynia.
A shorter TWL was interpreted as more severe allodynia. Our previous studies [18,23] showed that
a significant allodynic behavior was induced from three days which lasted up to seven days after
a single injection with oxaliplatin (6 mg/kg, i.p.). The behavior test was performed in blind condition.

4.4. Experimental Schedule and Grouping and Treatment of WECC

In this study, dried C. Cortex (500 g) was extracted with distilled water at 100 ◦C for 1 h. After
filtration, the water extracts were evaporated using a rotary evaporator at 60 ◦C and lyophilized to yield
25.319 g of crude extract. Rats were orally injected with water extract of C. Cortex (WECC) diluted in
PBS at 100, 200, or 400 mg/kg/day for five days after oxaliplatin injection. The doses of WECC used in
this study were similar to those of other herbal formula used in our previous study [18,52] and those of
Aconiti tuber in other’s study [48]. Rats were randomly divided into the following six groups (n = 6 per
group for cold): (1) Vehicle + PBS (i.p. injection of 5% glucose solution + daily oral administration of
PBS); (2) Vehicle + 200 mg/kg WECC (i.p. injection of 5% glucose solution + daily oral administration
of 200 mg/kg WECC); (3) Oxa + PBS (i.p. injection of oxaliplatin + daily oral administration of PBS);
(4) Oxa + 100 mg/kg WECC (i.p. injection of oxaliplatin + daily oral administration of 100 mg/kg
WECC); (5) Oxa + 200 mg/kg WECC (i.p. injection of oxaliplatin + daily oral administration of
200 mg/kg WECC); and (6) Oxa + 400 mg/kg WECC (oxaliplatin injection + daily oral administration
of 400 mg/kg WECC). On day 0, tail immersion test was performed at 10:00–12:00 and then
oxaliplatin (6 mg/kg) or vehicle (5% glucose solution) was intraperitoneally injected followed by oral
administration of WECC or PBS at 12:00–13:00. From day 1 to day 4, WECC or PBS administration
was daily performed at 12:00–13:00 after behavioral test was conducted at 10:00–12:00. On day 5,
only behavior test was performed at 10:00–12:00.

4.5. Immunohistochemistry

The animals anesthetized with isoflurane were transcardially perfused with 0.1 M PBS and fixed
with a freshly prepared solution consisting of 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer
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(pH 7.4). The lumbar spinal cord segment at the L4/L5 level and the sacral spinal cord segment
at the S1/S2 level were extracted and post-fixed overnight in 4% PFA and transferred into 30%
sucrose. Post-fixed lumbar segments were embedded in optimal cutting temperature (OCT) compound
(Sakura Finetek, Tokyo, Japan) and kept in a box filled with dry ice. Samples of lumbar spinal
cord segments were sectioned at 20 μm thickness using cryostat (Microm HM 505N; Thermo Fisher
Scientific, Waltham, MA, USA). These sections were collected in 0.1 M PBS at 4 ◦C, mounted onto glass
slides (Matsunami, Osaka, Japan), and incubated in 0.2% Triton X-100 in 0.5% bovine serum albumin
(BSA; BOVOGEN biologics, East Keilor, Australia) solution at room temperature for 1 h. After rinsing
the glass slides with 0.5% BSA solution, double immunostaining using primary antibodies raised in
different species was performed. These sections were incubated overnight at 4 ◦C with mixed primary
antibodies: mouse anti-glial fibrillary acidic protein (GFAP 1:500; Millipore, Ramona, CA, USA) and
rabbit anti-Iba 1 (1:500; Wako, Osaka, Japan). After 0.5% BSA solution rinses, these sections were
incubated with secondary antibodies: anti-mouse and anti-rabbit-immunoglobulin G (IgG) labeled
with Alexa Fluor 488 and Alexa Fluor 546 (1:200; Invitrogen, Carlsbad, CA, USA) at room temperature
in dark for 1 h. Confocal laser microscope (LSM 5 Pascal, Zeiss, Oberkochen, Germany) was used to
obtain immunohistochemical images. To determine the efficacy of WECC on oxaliplatin-induced spinal
glial activation, the number of GFAP and Iba-1 positive cells were manually counted and averaged in
both sides of the spinal dorsal horn laminae I and II. Six spinal cord sections from each animal were
used. Cell counting procedure was performed in blind condition.

4.6. ELISA

To determine whether WECC administration decreased the levels of TNF or IL-1β in the spinal
cord, the levels of each cytokine were measured by enzyme linked immunosorbent assay (ELISA).
Isoflurane anesthetized animal were transcardially perfused with 0.1 M PBS, the L4/L5 segments of
the spinal cord were exposed from the vertebral column via laminectomy and identified by tracing the
dorsal roots from their respective dorsal root ganglia (DRG). Collected tissues were stored in 1 mL
RIPA buffer (Thermo Scientific) containing protease inhibitor cocktail (Roche, Basel, Switzerland).
Samples were assayed using a commercial rat TNF ELISA kit (BD OptEIA Set Rat TNF, BD biosciences,
San Jose, CA, USA) and mouse IL-1β ELISA kit (BD OptEIA Set mouse IL-1β, BD biosciences) following
the manufacturer’s protocols. Optical density (O.D.) was measured at 450 nm with λ correction of
570 nm using a microplate reader (Tecan). Total amounts of protein in samples were measured using
Bio-Rad protein assay kit (Bio-Rad, Hercules, CA, USA). Samples and standards were run in duplicate.
All results were normalized to the total amount of protein in each sample.

4.7. Ultra High-Performance Liquid Chromatography (UHPLC) Analysis

Chromatographic analysis was performed using a Thermo Scientific Vanquish UHPLC system
(Thermo Fisher Scientific) with Zorbax Eclipse Plus C18 (2.1 × 100 mm, 1.8 μm) column (Agilent
Technology, Santa Clara, CA, USA). Mobile phase A (0.005% FA in water (v/v)) and mobile
phase B (100% ACN) were operated with a gradient elution at a flow rate of 0.5 mL/min as
follows: 25% B (0–6 min) → 100% B (6–6.5 min) → 100% B (6.5–9.5 min) → 25% B (9.5–10 min) → 25% B
(10–13 min). The column temperature was set at 40 ◦C. Cinnamic acid (1 mg/mL), coumarin (1 mg/mL),
and cinnamaldehyde (1 mg/mL) were dissolved in methanol and used as standards for the qualitative
and quantitative analysis of WECC (2 mg/mL). Sample injection volume was 2 μL. Absorbance of
column eluent was monitored with a UV spectrometer at wavelength of 280 nm.

4.8. Statistical Analysis

All data are presented as mean ± S.E.M (standard error of the mean). Statistical analysis and
graphic works were done with Prism 5.0 (Graph Pad Software, La Jolla, CA, USA). The sample size was
determined based on our previously conducted experiments [18,23]. One-way or two-way analysis of
variance (ANOVA) followed by Bonferroni’s post hoc test was used for comparisons between groups.
In all cases, p < 0.05 was considered as statistically significant.
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Abstract: The usage of dietary supplements and other natural products to treat neurological
diseases has been growing over time, and accumulating evidence suggests that flavonoids possess
anticonvulsant properties. The aim of this study was to examine the effects of a flavonoid-rich
extract from orange juice (OJe) in some rodent models of epilepsy and to explore its possible
mechanism of action. The genetically audiogenic seizures (AGS)-susceptible DBA/2 mouse, the
pentylenetetrazole (PTZ)-induced seizures in ICR-CD1 mice and the WAG/Rij rat as a genetic model
of absence epilepsy with comorbidity of depression were used. Our results demonstrate that OJe
was able to exert anticonvulsant effects on AGS-sensible DBA/2 mice and to inhibit PTZ-induced
tonic seizures, increasing their latency. Conversely, it did not have anti-absence effects on WAG/Rij
rats. Our experimental findings suggest that the anti-convulsant effects of OJe are likely mediated
by both an inhibition of NMDA receptors at the glycine-binding site and an agonistic activity on
benzodiazepine-binding site at GABAA receptors. This study provides evidences for the antiepileptic
activity of OJe, and its results could be used as scientific basis for further researches aimed to
develop novel complementary therapy for the treatment of epilepsy in a context of a multitarget
pharmacological strategy.

Keywords: orange; Citrus sinensis; flavonoids; audiogenic seizures; absence epilepsy; spike-wave
discharges; natural products; complementary and alternative medicines; orange juice

1. Introduction

Epilepsy is one of the most common serious neurological disorders encountered in clinical
practice. It is known that both GABA and glutamate receptors may play an important role in seizure
initiation, maintenance and arrest [1]. Moreover, excessive activation of excitatory amino-acid receptors
determines the generation of reactive oxygen (ROS) and reactive nitrogen (RNS) species that in
turn can provoke seizure genesis and related cell death [2,3]. Thus, intervention with antioxidants
could be a potential beneficial approach in the treatment of epilepsy [4]. Previous studies have
suggested a protective role of antioxidants, such as ascorbic acid, vitamin E, α-tocopherol, curcumin,
trans-resveratrol, melatonin and α-lipoic acid against seizures induced by different convulsive agents [5–7].

Molecules 2016, 21, 1261 154 www.mdpi.com/journal/molecules



Molecules 2016, 21, 1261

It is well known that flavonoids, plant secondary metabolites commonly found in the fruits and
vegetables regularly consumed by humans, exert a broad spectrum of biological activities by both
interaction with specific molecular targets and their antioxidant properties. Moreover, it is known that
flavonoids are biologically active molecules in the central nervous system (CNS) [8] and that may act as
ligands for benzodiazepine receptors [9]. Tea, as well as Citrus fruits and their juices, are the main food
sources of flavonoids [10]. The health properties of Citrus flavonoids have been extensively studied,
especially as regards their anticancer, cardiovascular and anti-inflammatory activity [11], however, to
the best of our knowledge, the anticonvulsant potential of Citrus juices has not been investigated.

Citrus sinensis var. Tarocco, commonly known as “half-blood” orange is native to Italy and
mainly cultivated in eastern Sicily. Its health properties have long been studied and were recently
reviewed by Grosso et al. [12]. Very recently we studied the antioxidant activity of a flavonoid-rich
extract from half-blood orange juice (OJe), demonstrating its capability to: (i) reduce the levels of both
reactive oxygen species and membrane lipid peroxidation; (ii) improve mitochondrial functionality
and (iii) prevent DNA-oxidative damage in A549 cells incubated with H2O2 [13]. We have also shown
the chelating property of OJe and its ability to induce the antioxidant catalase, thus blocking iron
oxidative-induced injury [14].

Based on this background, we have evaluated the potential anticonvulsant effects of an OJe
on some animal models of seizures and epilepsy, investigating on its possible mechanism of action.
Since hesperidin (HES) and narirutin (NRTN) were the flavonoids present in highest amounts in our
extract, some anticonvulsant effects were also evaluated after their administration.

2. Results

2.1. OJe HES Mitigates Pentylenetetrazole (PTZ)-Induced Seizures

Following PTZ administration, all animals in the control group underwent both clonic and tonic
seizures, and 75% died within 30 min (Table 1).

Administering OJe (40 mg/kg i.p.) 30 min before PTZ significantly (p < 0.01) induced an increase
of latency (Table 2) and significantly suppressed tonic but not clonic seizures (Table 1A). Eighty mg/kg
OJe significantly rise latency of tonus (p < 0.05), but not reduces the incidence of seizure phase (Table 1).
On the contrary, both the dosage of 100 and 120 mg/kg significantly decrease the incidence of both
clonus and tonus seizures (p < 0.01; Table 1A). Similarly, latency to both tonus and death episodes were
significantly enhanced by OJe at the doses of 40, 80, 100 and 120 mg/kg (Table 2). Conversely, nor OJe
at the dosage of 20 mg/kg neither HES or NRTN (40 and 80 mg/kg) significantly affected the incidence
of seizures (Table 1A,B). Also OJe, HES or NRTN (all at 40 mg/kg concentration) administered
60 or 120 min before PTZ were ineffective. However, 80 mg/kg HES significantly enhanced the
latency of tonus seizures and death (p < 0.05; Table 2A). Interestingly, oral treatment with both 20 and
40 mg/kg/day OJe for 5 consecutive days significantly (p < 0.05) inhibited both tonic seizures and
death (p < 0.05 and p < 0.01, respectively; Table 1B) as well as the higher dose significantly increase
their latency (p < 0.05; Table 2B). Similarly, oral administration of HES at 80 mg/kg/day concentration
for 5 consecutive days significantly reduced the incidence of tonic seizures (p < 0.01; Table 1B) and
increased their latency (p < 0.05; Table 2B), while the dose of 40 mg/kg/day appeared to reduce the
incidence of tonic seizures and increase latency without reaching a significant level. On the contrary,
NRTN (40 and 80 mg/kg/day) did not exert significant protection against PTZ-induced seizures
(Tables 1 and 2).
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Table 1. Effects of OJe, HES or NRTN administered by i.p. (A) or per os (B) on the PTZ-induced
seizures in CD1 mice. * p < 0.05; ** p < 0.01.

A

Treatment (mg/kg; i.p.) Time(min)
Seizure Phase (%)

Number of Mice
Clonus Tonus Death

Vehicle Saline 30 100 100 75 8

OJe

20 30 100 87.5 75 8
40 30 75 37.5 ** 37.5 ** 8
80 30 75 50 * 75 8
100 30 50 * 25 ** 25 ** 8
120 30 25 ** 0 ** 0 ** 8
40 60 100 75 75 8
40 120 100 100 100 8

HES

40 30 100 87.5 75 8
80 30 100 50 * 50 * 8
100 30 62.5 25 ** 25 ** 8
120 30 25 ** 12.5 ** 0 ** 8
40 60 100 100 87.5 8
40 120 100 100 87.5 8

NRTN

40 30 100 100 75 8
80 30 100 75 75 8
100 30 87.5 50 * 50 * 8
120 30 62.5 25 ** 37.5 ** 8
40 60 100 100 100 8
40 120 100 100 100 8

HES + NRTN 120 + 120 30 37.5 ** 12.5 ** 12.5 ** 8

B

Treatment (mg/kg; os) Time (Days)
Seizure Phase (%)

Number of Mice
Clonus Tonus Death

Vehicle Saline 5 100 100 100 10

OJe
20 5 100 60 * 40 ** 10
40 5 80 20 ** 20 ** 10

HES
40 5 100 75 50 * 8
80 5 90 40 ** 30 ** 10

NRTN
40 5 100 100 80 10
80 5 100 100 75 8

Table 2. Effects of OJe, HES or NRTN administered i.p. (A) or os (B) 30 min before PTZ on latency of
clonus, tonus and death (n = 8–10 mice for each group) The latency of clonic, tonic and death episodes
were statistically evaluated according to Kruskal-Wallis. * p < 0.05.

A

Treatment (mg/kg; i.p.)
Latency (s)

Clonus Tonus Death

Vehicle Saline 164 (152–177) 681 (618–750) 706 (586–851)

OJe
20 174 (158–192) 712 (584–868) 776 (645–934)
40 194 (176–214) 852 (695–1044) * 918 (746–1130) *
80 211 (192–230) 868 (684–1102) * 909 (684–1208) *

HES
40 176 (156–198) 734 (592–910) 804 (672–962)
80 184 (160–211.6) 845 (683–1110) * 878 (724–1064.8) *

NRTN
40 168 (150–201) 756 (564–900) 801 (644–966)
80 179 (155–206.7) 784 (598–1027.8) 834 (696–999.4)
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Table 2. Cont.

B

Treatment (mg/kg;
5 Days; os)

Latency (s)

Clonus Tonus Death

Vehicle Saline 158 (140–178) 664 (598–737) 712 (604–839)

OJe
20 160 (140–180) 670 (494–697) 788 (602–946)
40 224 (198–253) 928 (715–1204) * 998 (776–1284) *

HES
40 168 (150–201) 756 (564–900) 801 (644–966)
80 218 (200–248) 899 (709–1198) * 995 (788–1226) *

NRTN
40 155 (146–198) 744 (526–897) 798 (625–978)
80 196 (150–201) 767 (602–916) 802 (627–974)

2.2. Effects of OJe, HES or NRTN in Audiogenic Seizure Prone DBA/2 Mice

OJe administration at dosage of 20 mg/kg (i.p.) 30 and 60 min before auditory stimulation did
not influence the incidence of wild running and clonus of audiogenic seizures in DBA/2 mice. Instead,
the administration of OJe at concentration of 40 mg/kg or higher 30 min before auditory stimulation
significantly protected against tonus and clonus (p < 0.01; Figure 1), that were further reduced by the
dosage of 100 and 120 mg/kg (p < 0.01).

 

Figure 1. Effects of OJe against clonus and tonus in audiogenic seizure of DBA/2 mice.

Conversely, using the same experimental protocol, the administration of HES (up to 40 mg/kg) or
NRTN (up to 60 mg/kg) with did not produce significant anticonvulsant effects against tonus and
clonus (data not shown). Only a dose of HES of 120 mg/kg was able to significant protect against the
clonic phase of audiogenic seizures, whereas NRTN was unable to protect against clonus at doses up
to 120 mg/kg. The ED50 values of OJe, HES and NRTN against the tonus and clonus of audiogenic
seizures were reported in Table 3.

Table 3. ED50 values (±95% confidence limits) of the OJe, HES and NRTN on audiogenic seizures
in DBA/2 mice. All data are expressed in mg/kg and were calculated according to the method of
Litchfield and Wilcoxon (1949). The significant changes were statistically evaluated according to
Lichtfield and Wilcoxon. ** p < 0.01.

Treatment Time (min)
ED50 Values

Clonus Tonus

OJe 30 71.89 (56.75–91.08) ** 36.34 (25.49–51.82) **
HES 30 112.05 (81.85–153.40) 57.54 (47.33–69.95)

NRTN 30 >120 66.65 (48.49–91.22)
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Oral treatment for 5 consecutive days with OJe (20 mg/kg/day) before auditory stimulation did
not exert marked anticonvulsant effects against the tonic and clonic phases of audiogenic seizures in
DBA/2 mice. Of note, OJe administration at the doses of 40–120 mg/kg/day significantly reduced the
incidence of both tonic and clonic seizures (p < 0.01; Figure 1 and Table 3). The same treatment with
HES produced similar effects, but higher doses were necessary to produce similar antiseizure activity
(Table 3), whereas NRTR was the weakest effective.

2.2.1. Interactions between NMDA Antagonists (CPPene, D-Cycloserine, Felbamate) and OJe against
Audiogenic Seizures in DBA/2 Mice

CPPene (0.6–4.2 mg/kg; i.p.) produced a dose-dependent protection against tonic and clonic
phases of audiogenic seizures in DBA/2 mice when administered 45 min before auditory stimulation
(Figure 2A,B) with an ED50 of 1.76 mg/kg for clonus and 0.79 mg/kg for tonus (Table 4).

 

Figure 2. Influence of CPPene or D-cycloserine and their co-administration with OJe on the clonic
(A and C) and the tonic (B and D) seizures in DBA/2 mice.

Table 4. ED50 values (±95% confidence limits) of the OJe co-administrated with NMDA antagonists on
audiogenic seizures in DBA/2 mice. All data are expressed in mg/kg and were calculated according
to the method of Litchfield and Wilcoxon (1949). The significant changes were statistically evaluated
according to Lichtfield and Wilcoxon. * p < 0.05; ** p < 0.01.

Treatment
ED50 Values

Clonus Tonus

CPPene
plus Saline 1.76 (1.21–2.26) 0.79 (0.44–1.43)
plus OJe 2.69 (2.30–3.15) ** 2.61 (2.04–3.33) **

D-cycloserine plus Saline 27.6 (17.7–43.2) 14.4 (7.8–26.5)
plus OJe 58.7 (37.4–92.3) ** 28.3 (20.1–39.8) **

Felbamate
plus Saline 48.8 (35.4–67.2) 23.1 (12.1–44.0)
plus OJe 105.6 (64.9–171.7) ** 65.9 (38.5–112.8) **

NBQX plus Saline 4.9 (3.2–7.5) 2.2 (1.4–3.6)
plus OJe 4.1 (2.6–6.49) 2.8 (2.05–3.73)

CFM–2
plus Saline 10.04 (11.3–13.1) 9.42 (7.34–12.09)
plus OJe 15.9 (11.3–22.46) * 10.78 (7.59–15.30)
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In another group of experiments, we evaluated anticonvulsant effects of D-cycloserine (DCS),
exposing the animals to auditory test. DCS (20–80 mg/kg; i.p.) administered 60 min before auditory
testing induced a dose-dependent protection against the clonic and tonic phases of audiogenic seizure
response in DBA/2 mice, with an ED50 of 27.6 mg/kg for clonus and 14.4 for tonus (Figure 2C,D
and Table 4). Felbamate (30–300 mg/kg; i.p.) administered 45 min before auditory stimulation,
dose-dependently reduced the severity of the audiogenic seizures in DBA/2 mice (Figure 3A,B).
Felbamate antagonized audiogenic seizures with an ED50 value of 23.1 mg/kg for tonus and 48.8
mg/kg for clonus (Table 4).

 

Figure 3. Influence of felbamate in presence or absence of OJe on both clonic (A) and tonic (B) seizures
in DBA/2 mice.

In order to study the possible mechanism of action of OJe, the extract was administered at the not
effective dose of 20 mg/kg in combination with DCS, felbamate or CPPene, 30 min before auditory
stimulation. As shown in Figures 1 and 2, OJe was able to produce a consistent shift to the right of the
dose-response curves of CPPene, DCS and felbamate. Evidence that the maximum shift was observed
when OJe was co-administered with felbamate and DCS, suggests that the decrease in anticonvulsant
activity by OJe was prevalently mediated at the glycine site of NMDA receptor complex (Figures 2
and 3). Accordingly, ED50 values were increased in co-administration protocols (Table 4).

2.2.2. Interaction between NBQX and CFM-2, Two AMPA Receptor Antagonists and OJe

NBQX (5–20 mg/kg; i.p.) administered 30 min before auditory stimulation, was able to
suppress the severity of the audiogenic seizures in a dose-dependent manner (Figure 4A,B). Similarly,
a pre-treatment of 30 min with CFM-2 (3–50 mg/kg; i.p.) produced a significant dose-dependent
protection against tonic and clonic phases of the audiogenic seizures in DBA/2 mice (p < 0.05;
Figure 4C,D). The ED50 values for NBQX and CFM-2 against clonic and tonic seizures are reported in
Table 4. Co-administration of OJe (20 mg/kg; i.p.) with the two competitive AMPA receptor antagonist
30 min before auditory stimulation was unable to produce a consistent shift of the dose-response
curves for both drugs (Figure 4 and Table 4) The only case of significant increase (p < 0.05) of ED50

value for clonus was observed when OJe was co-administered with CFM-2.
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Figure 4. Cont.

 
Figure 4. Influence of NBQX or CFM2 and co-administration with OJe on the clonic (A and C) and the
tonic (B and D) seizures in DBA/2 mice.

2.2.3. Treatment with Flumazenil

To ascertain the possible involvement of GABA-benzodiazepine receptor complex in the
antiseizure activity of OJe, the latter was administered 15 min before flumazenil. As shown in Figure 5,
the anticonvulsant effect of OJe (40 mg/kg; i.p.) was reduced by a treatment with 2.5 mg/kg flumazenil.
Flumazenil administered i.p. 15 min before HES or NRTN antagonized the modest pharmacological
effects of these flavonoids (data not shown).

Figure 5. Influence of flumazenil together or not with OJe on both clonic and tonic seizures in DBA/2 mice.

2.3. Effects of OJe on Absence Seizures in WAG/Rij Rats

At 6 months of age, all WAG/Rij rats exhibited spontaneously occurring SWDs on EEGs; the mean
number of SWDs (nSWDs) for a 30 min epoch was 5.82 ± 0.84 min seizures with a mean total duration
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(dSWDs) of 12.23 ± 5.34 s. The i.p. administration of OJe (20 and 40 mg/kg), HSE or NRTN (40 and
80 mg/kg) did not modify the number and duration of SWDs in comparison to control group (data
not shown).

3. Discussion

In this study, for the first time, we report the anticonvulsant effects of a flavonoid-rich extract from
Citrus sinensis juice in some experimental models of epilepsy. Our results support the effects of OJe in
the CNS, showing that more than a single mechanism of action might contribute to its anti-seizure
properties. The main mechanisms involved in the anticonvulsant activity exerted by OJe seems to be
linked to its effects on both GABAA and NMDA receptors.

It is well known that several natural products widely used in traditional, folk and alternative
medicine exert a broad spectrum of biological activities, so many plant extracts are currently used
for the prevention or treatment of certain diseases. Very often their pharmacological activity is
due to the presence of flavonoids, plant secondary metabolites commonly found in the fruits and
vegetables regularly consumed by humans. In this line, we have recently shown the anti-tumor effects
of the flavonoid fraction of Citrus reticulata (mandarin) juice [15], as well as we demonstrated that
the anti-cancer activity of the Citrus bergamia (bergamot) juice (BJ) exerted both in vitro [16,17] and
in vivo [18] is related to its flavonoids [19]. Interestingly, evidence that a flavonoid-rich extract from
bergamot juice (BJe) is able to exert antioxidant and anti-inflammatory activity both in vitro [20,21]
and in animal models [22,23] increases the potential of the Citrus juice as a tool for pharmacological
intervention in some pathologies [24,25]. Citrus sinensis var. Tarocco, commonly known as ”half-blood“
orange is native to Italy and mainly cultivated in eastern Sicily. Its health properties were studied
and are recently reviewed by Grosso et al. [12]. The OJe employed in this experimental research has
demonstrated antioxidant properties, realized by different complementary routes via scavenging free
radicals, chelating metal ions and boosting the cellular antioxidant defense [13,14].

Data from the present study demonstrate the anticonvulsant activity of OJe in PTZ-induced
seizures in CD-1 mice and in audiogenic seizures in DBA/2 mice, but not against absence seizures in
WAG/Rij rats. However, OJe not always induced a dose-dependent response, and we can’t exclude that
other effects might appear at higher dosages. Since OJe is a pool of flavonoids, it is likely that more than
a single bioactive molecules present in the extract could contribute to the observed effects. Accordingly,
hesperidin, the major component of our extract, was found to be effective against PTZ-kindling at
dosages (100–200 mg/kg) much higher than the one used in our experiments (about 10 mg/kg) [26].
In addition, OJe appeared more potent and effective than HES and NRTN, suggesting that other
components are involved in the antiseizure effects. This was supported by the evidence that a
much higher dose of HES or NRTN given alone or in combination is needed to obtain comparable
pharmacological results to those observed using the OJe. These findings strengthen the hypothesis
that the complex mixtures of phytochemicals present in an extract could be more effective than their
individual constituents, enhancing each other’s pharmacological activity. Moreover, a phytocomplex
has the advantage that the individual active substances are present in a much lower concentration
than that would be required to achieve the same effectiveness with a single active principle, with
possible impact on the safety of the natural drug. Finally, the presence of numerous molecules that
simultaneously can act on different targets and by diverse mechanisms of action may enhance the
potential of phytocomplexes in a context of a multitarget pharmacological strategy.

GABA and glutamate are the major neurotransmitters in the brain, and are involved in the
pathophysiology of epilepsy [27]. In order to explore the mechanism through which OJe exerts
its antiseizure activity, first we used the flumazenil, a benzodiazepine receptor antagonist [28].
Evidence that this drug was able to antagonize most of OJe effects indicate that the Citrus extract act
as agonist of the GABA-benzodiazepine receptor complex. Also HES and NRTN appears to act in
this manner.
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The excitatory neurotransmitter glutamate has been implicated in early changes that lead to the
initiation of hyperactivity, but also to the amplification and spread of the excitatory hyperactivity acting
through two main families of receptors, the ionotropic and metabotropic glutamate receptors [29].
Both types of receptors have been implicated in the etiology of different seizures types [30,31]. In this
light, in the DBA/2 mice, a genetic animal model of audiogenic seizures, we have studied OJe activity
on glutamate ionotropic receptors by combination of our extract with various antagonists of these
receptors. OJe at a concentration of 40 mg/kg administrated 30 min before auditory stimulation
possesses anticonvulsant properties in DBA/2 mice with significant protection only against tonus.
At least 80 mg/kg were necessary to protect against clonus. Moreover, oral treatment for 5 consecutive
days protected DBA/2 mice from sound-induced tonic extension. Then, we have used the not
effective dose of 20 mg/kg in combination with glutamate receptor antagonists. It is known that
CPPene, felbamate, DCS, NBQX and CFM-2 are effective anticonvulsants in DBA/2 mice [32–34].
Among these drugs, OJe interacted with both DCS and felbamate, which are known to bind at the
glycine modulatory site on the NMDA receptor complex [35]. At odds, OJe interacts very slightly with
CPPene, acting on the glutamate binding site on the NMDA receptors, and not at all with NBQX or
CFM-2, two competitively and non-competitively blockers of AMPA receptors, respectively. These data
suggest that the anticonvulsant activity of OJe was also mediated by the interaction with the glycine
site of NMDA receptor complex.

Taken together, our results demonstrate that the flavonoid-rich extract from orange juice employed
in this study possesses antiepileptic effects in PTZ-induced seizures and in AGS-sensible DBA/2 mice,
which are very likely mediated by both the inhibition of NMDA receptors at the glycine-binding
site and the agonistic activity on benzodiazepine-binding site at GABAA receptors. However, other
mechanisms of action contributing to the effects exerted by OJe cannot be excluded, and further studies
will be necessary to explore the detailed mechanism of OJe action at the CNS.

This study provides evidences for the antiepileptic activity of OJe, and its results could be used as
scientific basis for further researches aimed to develop novel complementary therapy for the treatment
of epilepsy in a context of a multitarget pharmacological strategy.

4. Materials and Methods

4.1. Animals

Male DBA/2 mice (3 weeks of age), CD-1 mice (6 weeks of age) and WAG/Rij rats (6–7 months old,
250–300 g) were purchased from Harlan Italy Srl (Correzzana, Milan, Italy). Animals were housed in
groups under stable conditions of humidity (60% ± 5%) and temperature (21 ± 2 ◦C), with a reversed
light/dark (12/12 h) cycle (light on at 19.00) with free access to standard laboratory chow and tap
water until the time of experiments. Procedures involving animals and their care were conducted in
conformity with the international and national laws and policies (EU Directive 2010/63/EU for animal
experiments, ARRIVE guidelines and the Basel Declaration including the 3R concept). All efforts
were made to minimize animal suffering and to use only the number of animals necessary to produce
reliable scientific data.

4.2. Drugs

The OJe was provided by the company “Agrumaria Corleone” (Palermo, Italy) that used fruits of
Citrus sinensis (L.) Osbeck (sweet orange) var. Tarocco coming from crops grown in the south-eastern
part of Sicily (Italy). The extract was produced in its liquid form by passing the fresh orange juice
through columns equipped with adsorbent resins that retain flavonoids. The latter were then eluted
with NaOH and immediately passed through cationic resins, thus obtaining the biomolecules in
their acid form. Finally, the extract was collected, filtered, centrifuged, transformed into a powder
by spray drying and then stored at −20 ◦C. Immediately prior to use, it was defrosted, diluted in
saline solution until the desired concentration and administered orally by gavage or intraperitoneally,
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depending on the test. Qualitative and quantitative composition of OJe was previous reported [13].
The flavanones hesperidin and narirutin were the flavonoids present in highest amounts (232 and
90 mg/g, respectively), followed by the flavone C-glucosides vicenin-2 and lucenin-2 methyl ether
(43 and 22 mg/g of dried extract, respectively). Didymin and nobiletin were the flavanone O-glycosides
and the polymetoxyflavone present in quite large quantities, respectively (15 mg/g of dried extract for
both). Their chemical structures are shown in Figure 6.

CPPene (3-((F)-2-carboxypiperazin-4-yl)-1-phosphonic acid) was supplied by Novartis
Pharmaceutical Development (Basel, Switzerland) and D-Cycloserine (D-4-amino-3-isoxazolidone,
DCS) was purchased from Sigma (Milan, Italy). Felbamate was supplied by Schering-Plough (Milan,
Italy), 2,3-dihydroxy-6-nitro-7-sulphamoyl-benzo(F)quinoxoline (NBQX) by Novo Nordisk (Malov,
Denmark), CFM-2, (1-(4-aminophenyl)-3,5-dihydro-7,8-dimethoxy-4H-2,3-benzodiazepin-4-one) was
synthesized in the A. Chimirri laboratories (University of Messina, Italy). Flumazenil (ethyl-8-
fluoro-5,6-dihydro-5-methyl-6-oxo-4H-imidazo[1,5-a][1,4]benzodiazepine-3-carboxylate) was obtained
from Hoffmann-LaRoche (Basel, Switzerland). Hesperidin (HES) and narirutin (NRTN) were
purchased from Sigma (Milan, Italy). HES was suspended in 0.5% w/v sodium carboxymethylcellulose
(CMC), while NRTN was dissolved in sterile saline; both flavonoids were administered orally (p.o.)
by gavage or intraperitoneally (i.p.), depending on the test. HES and NAR were administered at the
same times of OJe before some convulsant tests. All the other compounds were given i.p. (0.1 mL/10 g
of mouse’s body weight). CPPene and DCS were dissolved in sterile saline and given i.p. as freshly
prepared solution. Felbamate and CFM-2 were administered as a freshly prepared solution in 50%
dimethylsulphoxide (DMSO) and 50% sterile saline (0.9% NaCl). NBQX was dissolved in a minimum
quantity of NaOH 1 N. The final volume was made up with sodium phosphate buffer (67 mM).
When necessary, the pH was adjusted to 7.3–7.4 by adding HC1 0.2 N.

Figure 6. Chemical structures of the main flavonoids in OJe.

4.3. Pentylenetetrazole (PTZ)-Induced Seizures in CD-1 Mice

In order to investigate the effects of OJe treatment on PTZ-induced seizures, we used two different
administration protocols.
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4.3.1. Experiment 1 (Acute Treatment)

The effect of acute systemic OJe, HES or NRTN administration on PTZ-induced seizures was
investigated in CD-1 mice, that received OJe, HES or NRTN (20, 40, 80, 100 or 120 mg/kg i.p. n = 8
mice per dose) or its vehicle (sterile saline solution 0.9% NaCl i.p.), 30, 60 or 120 min before the
injection of PTZ (65 mg/kg; i.p.) [36]. Animals were placed in a 30 × 30 × 30 cm Plexiglas box
and observed for 30 min to evaluate the occurrence of clonic and tonic seizure and their latency;
a threshold convulsion has been considered as an episode of clonic spasms lasting for at least 5 s [28].
Absence of this threshold convulsion over 30 min indicated that the animal was protected from the
convulsant-induced seizures [37].

4.3.2. Experiment 2 (Subchronic Treatment)

OJe, HES, NRTN or vehicle were orally administered for 5 consecutive days (20 or 40 mg/kg/day;
n = 10 mice per dose) and the last administration was 30 min before PTZ (dose of 60 mg/kg) injection
as previously described [36,37]. The animals were evaluated for the appearance of behavioral seizures,
as described above.

4.4. Audiogenic Seizures in DBA/2 Mice

Experimental groups, consisting of 10 animals, were assigned according to a randomized schedule,
and each mouse was used only once. Control animals were always tested on the same day with
respective experimental groups, as previously described [37].

For acute treatment (Experiment 1), DBA/2 mice were exposed to auditory stimulation 30, 45, 60
and 120 min following intraperitoneal (i.p.) administration of OJe, HES or NRTN at the doses of 20,
40, 60, 80, 100 and 120 mg/kg (n = 10 mice per dose). Each mouse was placed under a hemispheric
Perspex dome (diameter 58 cm) and 1 min was allowed for habituation and assessment of locomotor
activity. Auditory stimulation (12–16 kHz, 109 dB) was applied for 1 min or until tonic extension
occurred. The seizure response was assessed using the following scale: 0 = no response, 1 = wild
running, 2 = clonus, 3 = tonus, 4 = respiratory arrest, as previously reported [38]. The maximum
response was recorded for each animal.

For subchronic treatment (Experiment 2), DBA/2 mice were divided into four groups and orally
pretreated, for 5 days, with OJe, HES or NRTN (20, 40, 60, 80, 100 and 120 mg/kg/day; n = 10 mice per
dose) before auditory testing, as above described.

4.4.1. Administration of NMDA and AMPA Receptor Antagonists with OJe in DBA/2 Mice

For NMDA and AMPA antagonist receptors testing, DBA/2 mice were exposed to auditory
stimulation 45 min following administration of vehicle, CPPene (at least n = 60 mice for each group)
or felbamate (n = 50 mice for each group), 60 min following injection of DCS (n = 50 mice for each
group) and 30 min following injection of NBQX (n = 40 mice for each group). or CFM-2 (n = 60 mice
for each group). For co-administration, DBA/2 mice were pretreated with OJe (20 mg/kg, i.p.), 15 min
before CPPene or felbamate administration, and 30 min before DCS, NBQX or CFM-2 administration.
Auditory stimulation and seizure evaluation were performed as above described.

4.4.2. Co-Administration of Flumazenil with OJe in DBA/2 Mice

DBA/2 mice were administered i.p. with OJe, HES or NRTN (10–80 mg/kg n = 10 mice per dose)
15 min before flumazenil (2.5mg/kg i.p.), and auditory test was performed 30 min later. The dose of
flumazenil, used in the present experiments was chosen according to our previous article because it
does not worsen audiogenic seizures when administered alone. Total number of mice that developed
seizures was tallied at each dose [28].
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4.5. Experiments in WAG/Rij Rats

WAG/Rij rats of about 6 months of age and a body weight of approximately 280 g were chronically
implanted, under anesthesia obtained by administration of a mixture of tiletamine/zolazepam
(1:1; Zoletil 100®; 50 mg/kg i.p.; VIRBAC Srl, Milan, Italy), using a Kopf stereotaxic instrument,
with five cortical electrodes for EEG recordings, as previously described [39]. All animals were allowed
to at least 1 week of recovery and handled twice a day. In order to habituate the animals to the recording
conditions, rats were connected to the recording cables, for at least 3 days before the experiments.
The animals were connected to a multichannel amplifier (Stellate Harmonie Electroencephalograph;
Montreal, QC, Canada) by a flexible recording cable and an electric swivel, fixed above the
cages, permitting free movements for the animals [40]. WAG/Rij rats were intraperitoneally (i.p.)
administered with different doses of OJe (20 and 40 mg/kg). Separate groups of rats (n = 6 for each
dose) were used to determine the effects of vehicle (saline) and drug on the number and duration
of SWDs. Every EEG recording session lasted 5 h:1 h baseline without injection, and 4 h after the
i.p. administration of OJe, HES or NRTN or vehicle [39]. All EEG signals were amplified and
conditioned by analog filters (filtering: below 1 Hz and above 30 Hz at 6 dB/octave) and subjected to
an analog-to-digital conversion with a sampling rate of 300 Hz. The quantification of absence seizures
was based on the number and the duration of electroencephalogram spike-wave discharges (SWDs),
as previously described [41].

4.6. Statistical Analysis

All statistical procedures were performed using SPSS 15.0. software (Windows version
15.0, SPSS Inc., Chicago, IL, USA). In DBA/2 mice, statistical comparisons between control and
drug-treated groups, were made using Fisher’s exact probability test (incidence of the seizure
phases). The percentage incidence of each phase of the audiogenic seizure was determined for
each dose of compound administered, and dose-response curves were fitted using linear regression
analysis of percentage response. ED50 values (±95% confidence limits) for each compound and each
phase of seizure response were estimated using the method of Litchfield and Wilcoxon (1949) [42].
The relative anticonvulsant activities were determined by comparison of respective ED50 values [43].
Means ± SEM. were calculated for all relevant measures. Seizure severity scores and latencies were
compared between groups using a Kruskall-Wallis nonparametric analysis of variance (ANOVA)
followed by a Mann-Whitney U-test. For experiments in WAG/Rij rats, EEG recordings were
subdivided into 30 min epochs, and the duration and number of SWDs were treated separately
for every epoch. These values were averaged and data obtained were expressed as mean ± SEM
for each dose group. Treated animals were compared by one-way ANOVA with treatment as the
only variable, followed by a Bonferroni’s post hoc test. All tests were two-sided, with p < 0.05 being
considered significant.
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Abstract: Increasing evidence shows that eukaryotic microalgae and, in particular, the green
microalga Chlorella, can be used as natural sources to obtain a whole variety of compounds, such as
omega (ω)-3 and ω-6 polyunsatured fatty acids (PUFAs). Although either beneficial or toxic effects
of Chlorella sorokiniana have been mainly attributed to its specific ω-3 and ω-6 PUFAs content, the
underlying molecular pathways remain to be elucidated yet. Here, we investigate the effects of
an acute oral administration of a lipid extract of Chlorella sorokiniana, containing mainly ω-3 and
ω-6 PUFAs, on cognitive, emotional and social behaviour in rats, analysing possible underlying
neurochemical alterations. Our results showed improved short-term memory in Chlorella sorokiniana-
treated rats compared to controls, without any differences in exploratory performance, locomotor
activity, anxiety profile and depressive-like behaviour. On the other hand, while the social behaviour
of Chlorella sorokiniana-treated animals was significantly decreased, no effects on aggressivity were
observed. Neurochemical investigations showed region-specific effects, consisting in an elevation of
noradrenaline (NA) and serotonin (5-HT) content in hippocampus, but not in the prefrontal cortex
and striatum. In conclusion, our results point towards a beneficial effect of Chlorella sorokiniana extract
on short-term memory, but also highlight the need of caution in the use of this natural supplement
due to its possible masked toxic effects.

Keywords: Chlorella sorokiniana; short-term memory; emotional behaviour; serotonin; noradrenaline;
hippocampus

1. Introduction

Increasing evidence shows that algae, and in particular eukaryotic microalgae, can be used as
natural sources to obtain a number of food and non-food products [1,2]. Moreover, because of the high
cost of microalgae production technology, academia and industry are looking for new applications
of algae extracts/products that could contribute to increase the economic value of biomass with
a “biorefinery” approach [3]. Within the food science and nutrition field, the identification and
characterization of new bioactive compounds, which are able to confer additional health benefits
beyond the basic nutritional and energetic requirements in order to maintain and promote consumers’
health and prevent chronic diseases is, at present, a hot-topic [2]. Considering the tremendous market
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value of the functional food industry, valued in 168 billion dollars just in the US in 2010 [4], it is
easy to understand the enormous interest in the identification of new compounds, extracts and
products that, once their efficacy has been proved with scientific evidence, can be produced at a
larger scale. Among them, there is a whole variety of compounds, such as polyunsatured fatty acids
(PUFAs), which are widely known to exert pharmacological or nutraceutical effects [5]. In particular,
the PUFA composition in many species of the green microalga Chlorella, belonging to the phylum
Chlorophyta, has been well characterized and the correlations between cultivation, conditions and
percentages of fatty acids have been the focus of many studies [6]. Among all the Chlorella strains,
the Chlorella sorokiniana has been shown to be the most suitable one to extract omega (ω)-3 and
ω-6 PUFAs, mainly by biorefinery-based production methods [7–9]. Together with their beneficial
effects against cardiovascular system disorders and their protective actions on uncontrolled cellular
proliferation, ω-3 PUFAs have been demonstrated to be important physiological components of total
brain lipid amount and to play a crucial role in several neurological functions, such as neurogenesis,
neurotransmission and protection against oxidative stress-induced cerebral damage [10,11]. Further
on, they are precursors of molecules involved in the modulation of cerebral immune and inflammatory
processes [12,13]. Reduced dietary ω-3 PUFAs content has been shown to be associated with impaired
cognitive and behavioural performance [14] and correlated to the development of depressive and
anxiety-like symptoms [15]. In this context, we have recently demonstrated that lifelong nutritional ω-3
PUFAs deficiency evokes depressive-like state through soluble β amyloid (βA) involvement in rats [16].
Accordingly, ω-3 PUFAs have been also demonstrated to have important neuroprotective effects in
both rodent models of neurodegenerative diseases [17,18] and human clinical investigations [19,20].
On the other hand, the role of ω-6 PUFA in brain maturation and development is much less studied.
It is known that the main ω-6 derivative, arachidonic acid (AA), crucially contributes to several
physiological functions, acting both as an important precursor of bioactive mediators and as an
activator of protein kinases and ion channels involved in the processes of synaptic transmission [21].
Recently, the involvement of a ω-6 PUFA-enriched diet in enhancing plasma levels of βA has been
reported in rodents [16]. In addition, a high ω-6/ω-3 ratio appears to be particularly unfavorable
for proper central nervous system functioning [22]. Importantly, Chlorella sorokiniana is marketed in
the US as a dietary supplement for weight control and protection against cancer, oxidative-stress and
age-dependent cognitive impairment, as well as metabolic and cardiovascular diseases [23]. On the
other hand, some recent reports have shown side toxic effects following dietary supplementation
with Chlorella sorokiniana, such as gastrointestinal disorders, allergic reactions and increased skin
sensitivity to the sun, elevation in plasma levels of uric acid and, more rarely, tubulointerstitial
nephritis and psychotic symptoms development [24–26]. Although both the beneficial or toxic
effects of Chlorella sorokiniana have been attributed to its specific ω-3 and ω-6 PUFAs content [23],
the underlying molecular pathways remain to be elucidated yet. The aim of the present study was to
investigate the effects of an acute oral administration of a lipid extract, containing mainly ω-3 and
ω-6 PUFAs, obtained from monoxenic strain of Chlorella sorokiniana on the cognitive, emotional and
social behaviour in rats and to identify the possible underlying neurochemical alterations. By using
a double experimental approach (extraction and chemical characterization of the total lipid component
on one hand and analysis of its activity on behaviour and neurochemistry on the other hand),
we demonstrated specific behavioural effects of Chlorella sorokiniana lipid extract in rats, together
with a specific brain region neuromodulatory activity.

2. Results

2.1. Chemical Characterization of Chlorella Sorokiniana Extract

The algal biomass showed a total lipids (TL) content of 21% dry weight (d.w.), which was
composed mainly by fatty acids (42% d.w.) and unsaponified fraction (UF) (19% d.w.). The remaining
39% d.w. was composed by water-soluble compounds including short polypeptides, glycerol,

170



Molecules 2016, 21, 1311

monomeric sugars and salts. The bioactivity of the TL fraction was characterized in terms of chemical
composition of its two main components: unsaturated fatty acids (UFs, Table 1) and fatty acid methyl
esters (FAMEs, Table 2).

The most abundant UF compounds were 3,7,11,15-tetramethyl-2-hexadecen-1-ol and ergosterol.
As shown in Table 2, FAMEs belonging to the C16 and C18 carbon chain groups were the most abundant,
and accounted for 92% of the total FAMEs detected, according to previously reported results [27,28].
Among them, PUFAs showed a concentration of 286.7 mg·g−1 TL, while monounsaturated (MUFA)
and saturated (SFA) fatty acids were found in lower concentrations. PUFAs were composed by ω-3
(169.5 mg·g−1 TL) and ω-6 (114.6 mg·g−1 TL) fatty acids in a ratio of 1 to 1.5 (ω-3 to ω-6). α-Linolenic
acid and (Z,Z,Z)-7,10,13-hexadecatrienoic acid were the predominant ω-3 fatty acids, while linoleic
acid and (Z,Z)-7,10-hexadecadienoic acid were the most abundant ω-6 fatty acids.

Table 1. UFs of the TL fraction extracted from Chlorella sorokiniana.

Compound UF (mg·g−1 TL)

10-Heneicosene (c,t)
2-Dexyl-1-decanol 3.24

3,7,11,15-Tetramethyl-2-hexadecen-1-ol acetate (isomer) 0.43
3,7,11,15-Tetramethyl-2-hexadecen-1-ol acetate (isomer) 0.22
3,7,11,15-Tetramethyl-2-hexadecen-1-ol acetate (isomer) 0.32

3,7,11,15-Tetramethyl-2-hexadecen-1-ol 64.26
Squalene 1.23

Not Identified 8.55
α-Tocopherol 2.72

(22E)-Ergosta-5,7,9(11),22-tetraen-3-ol 6.23
(3β,22E)-Ergosta-5,8,22-trien-3-ol 9.16

Ergosterol 43.36
(3β)-Ergosta-5,8-dien-3-ol 7.12
(3β,5α)-Ergost-7-en-3-ol 21.56

Table 2. FAMEs of the TL fraction extracted from Chlorella sorokiniana.

Compound FAMEs (mg·g−1 TL)

Omega 3 169.53
(Z,Z,Z)-7,10,13-Hexadecatrienoic acid methyl ester 69.24

α-Linolenic acid methyl ester 100.29
Omega 6 116.66

(Z,Z)-7,10-Hexadecadienoic acid methyl ester 35.56
(Z,Z)-9,12-Heptadecadienoic acid methyl ester 2.06

Linoleic acid methyl ester 79.04
Saturated 58.60

Dodecanoic acid methyl ester 0.02
Tridecanoic acid methyl ester 0.02

Tetradecanoic acid methyl ester 1.27
Methyl 13-methyltetradecanoate 0.35
Pentadecanoic acid methyl ester 0.60
Hexadecanoic acid methyl ester 43.88

15-Methylhexadecanoic acid methyl ester 1.68
Heptadecanoic acid methyl ester 1.84

Methyl stearate 6.17
Eicosanoic acid methyl ester 1.53

Heneicosanoic acid methyl ester 0.16
Docosanoic acid methyl ester 0.36
Tricosanoic acid methyl ester 0.07

Tetracosanoic acid methyl ester 0.15
Pentacosanoic acid methyl ester 0.12
Hexacosanoic acid methyl ester 0.38

Monounsaturated 54.29
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Table 2. Cont.

Compound FAMEs (mg·g−1 TL)

Methyl myristoleate 0.25
cis-7-Tetradecenoic acid methyl ester 0.72

(Z-13-Methyltetradec-9-enoic acid methyl ester 0.37
Methyl palmitoleate 20.50

(Z)-7-Hexadecenoic acid methyl ester 2.03
(E)-9-Hexadecenoic acid methyl ester 2.88
(Z)-9-Heptadecenoic acid methyl ester 2.95

Oleic acid methyl ester 24.47
Methyl 9-eicosenoate 0.13

2.2. Effects of Acute Oral Administration of Chlorella Extract on Cognition and Short-Term Memory

The effects of an acute Chlorella sorokiniana administration on cognition and short-term memory
were assessed by performing the Novel Object Recognition (NOR) test. Results showed that the
discrimination index was significantly increased in Chlorella sorokiniana-treated rats compared to
controls (Figure 1a, unpaired t-test; p < 0.05). Moreover, both Chlorella sorokiniana- and vehicle-treated
rats exhibited the same exploratory performances in the NOR test, with a significant difference in
total time spent exploring the new object rather than the familiar one (Figure 1b, Two-way ANOVA;
F(1,28) = 37.33, p < 0.0001, followed by Bonferroni’s multiple comparisons test; familiar vs. novel object;
p < 0.001 and p < 0.01 for Chlorella sorokiniana extract and vehicle, respectively).

Figure 1. The NOR test in male Wistar rats after Chlorella sorokiniana extract or vehicle administration.
(a) discrimination index and (b) time spent in the NOR test of male Wistar rats after Chlorella sorokiniana
extract (Chlorella extract, 30 mg/kg/mL dark bar) or vehicle (sunflower oil 1 mL/kg, empty bar)
administration. Data are expressed as mean ± SEM (n = 8 per group); (a) t-test * p < 0.05 vs.
vehicle-treated rats; (b) Two-way ANOVA followed by Bonferroni’s multiple comparisons test.
** p < 0.01 vs. familiar object and *** p < 0.001 vs. familiar object for vehicle- and for Chlorella sorokiniana-
treated rats, respectively.
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2.3. Effects of Acute Oral Administration of Chlorella Sorokiniana Extract on Locomotion

As shown in Figure 2a,b, there were no significant differences in the number of entries into closed
and open arms between Chlorella sorokiniana- and vehicle-treated rats in the Elevated Plus Maze (EPM)
test (unpaired t-test; n.s.). Moreover, as reported in Figure 2c, no statistical differences were found in
total exploration time in the NOR test between Chlorella sorokiniana- and vehicle-treated rats (unpaired
t-test; n.s.). Since this lack of effect on locomotion could have been induced by a muscle damage, and
since the appearance of creatine-kinase M-type (CKM) in blood has been generally considered to be
a marker of skeletal muscle damage, we measured plasma CKM concentrations in Chlorella sorokiniana-
and vehicle-treated rats. Results showed no difference between experimental groups (unpaired t-test;
n.s.; Figure 2d), thus confirming that Chlorella sorokiniana administration did not affect locomotor
activity, at least under our experimental conditions.

Figure 2. Evaluation of locomotion parameters in male Wistar rats after Chlorella sorokiniana extract or
vehicle administration. (a) Number of closed arms entries and (b) number of open arms entries in the
elevated plus-maze test; (c) total exploratory activity in the novel object recognition test; (d) plasma
CKM concentrations Wistar rats after Chlorella sorokiniana extract (Chlorella extract, 30 mg/kg/mL dark
bar) or vehicle (sunflower oil 1 mL/kg, empty bar) administration. Data are expressed as mean ± SEM
(n = 8 per group).

2.4. Effects of Acute Oral Administration of Chlorella sorokiniana Extract on Emotional Profile

We did not detect changes in anxiety- and depressive-like behaviour between Chlorella sorokiniana-
and vehicle-treated groups in EPM and Forced Swimming Test (FST). Indeed, as shown in Figure 3a–d,
no significant differences were found in the time spent into open and closed arms and in the
entries frequency into open and closed arms (unpaired t-test; n.s.) between experimental groups
in the EPM test. Likewise, no differences in the immobility, swimming and struggling frequency in
Chlorella sorokiniana-treated rats, compared to controls, were reported in the FST (Figure 3e,g unpaired
t-test; n.s.).
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Figure 3. The forced swimming test and elevated plus maze test in male Wistar rats after
Chlorella sorokiniana extract or vehicle administration. (a) Amount of time spent in open and (b) closed
arms, (c) the entries frequency into open and (d) closed arms in the EPM test; (e) Immobility;
(f) swimming and (g) struggling frequency in the FST. Male Wistar rats were treated with
Chlorella sorokiniana extract (Chlorella extract, 30 mg/kg/mL dark bar) or vehicle (sunflower oil
1 mL/kg, empty bar) administration. Data are expressed as mean ± SEM (n = 8 per group).

2.5. Effects of Acute Oral Administration of Chlorella sorokiniana Extract on Central Monoamine Content

In order to corroborate behavioural results with neurochemical data, we measured serotonin
(5-HT) and noradrenaline (NA) content in hippocampus (HIPP), prefrontal cortex (PFC) and striatum
(STR) of Chlorella sorokiniana- and vehicle-treated animals. Hippocampal 5-HT content was significantly
increased in Chlorella sorokiniana-treated rats compared to controls animals (Figure 4b, unpaired t-test;
p < 0.05). Similarly, we found that hippocampal NA concentrations were significantly higher in
animals that received Chlorella sorokiniana administration compared to controls (Figure 4a, unpaired
t-test; p < 0.05). On the other hand, no differences between Chlorella sorokiniana- and vehicle-treated
animals were found in PFC and STR with respect to NA and 5-HT contents (Figure 4c–e, unpaired
t-test; n.s.).
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Figure 4. Monoamine quantification in male Wistar rats after Chlorella sorokiniana extract or vehicle
administration. NA and 5-HT levels in HIPP (a and b); PFC (c and d); STR (e and f) of male Wistar rats
after Chlorella sorokiniana extract (Chlorella extract, 30 mg/kg/mL dark bar) or vehicle (sunflower oil
1 mL/kg, empty bar) administration. Data are expressed as mean ± SEM (n = 8 per group); (a) t-test
* p < 0.05 vs. vehicle-treated rats and (b) t-test * p < 0.05 vs. vehicle-treated rats.

2.6. Effects of Acute Oral Administration of Chlorella sorokiniana Exctract on Social Behaviour

Results showed that social behaviour was significantly decreased in Chlorella sorokiniana-treated
animals with respect to controls (Figure 5a, unpaired t-test; p < 0,05), while no differences were found
in aggressive behaviour between Chlorella sorokiniana- and vehicle-treated rats (Figure 5b, unpaired
t-test; n.s.).
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Figure 5. The social interaction test in male Wistar rats after Chlorella sorokiniana extract or vehicle
administration. (a) Time spent performing social and (b) time spent performing aggressive behaviour.
Male Wistar rats were treated with Chlorella sorokiniana extract (Chlorella extract, 30 mg/kg/mL dark
bar) or vehicle (sunflower oil 1 mL/kg, empty bar) administration. Data are expressed as mean ± SEM
(n = 8 per group); (a) t-test * p < 0.05 vs. vehicle-treated rats.

3. Discussion

In the present study we found that an acute oral administration of Chlorella sorokiniana lipid
extract was able to significantly improve memory performance in rats. This behavioural outcome
was corroborated by neurochemical data indicating a significant increase in NA and 5-HT at the
hippocampal level.

In previous studies, Chlorella sorokiniana was reported to be an attractive source of bioactive
compounds, foods, feeds and fuels [27,29,30]. Those findings make Chlorella sorokiniana an interesting
and challenging biomass that could be used to find new and more valuable bioactive molecules.

Interestingly, we found that the lipidic fraction extracted from Chlorella sorokiniana, rich in PUFA of
either ω-3 and ω-6 families, induced in rats an increased interest in exploring a novel object in respect
to a previously encountered familiar one. This test represents a simple and reproducible behavioural
assay primarily based on innate and spontaneous exploratory behaviour in rodent without the use of
any reinforcement paradigm or stressful stimuli. It has been demonstrated that the NOR test allows one
to study either short or long term memory, depending on the behavioural paradigm chosen [31]. In our
experimental conditions, by using an intertrial interval of 1 minute, we tested the effect of treatment
on short-term memory. We found for the first time that the lipidic fraction of Chlorella sorokiniana,
particularly rich in linoleic and α linolenic acids (ALA), can improve memory function after a single oral
administration. In searching of putative targets, peroxisome proliferator-activated receptors (PPAR)
can be suitable candidates. Indeed, linoleic acid and linolenic acids have been reported to directly bind
PPARα and γ receptors [23]. Activation of these intracellular receptors has been shown to improve
memory and cognition in several animal models, either after global cerebral ischemia [32], or in
diabetes-induced cognitive dysfunction [33], or in transgenic mice model of mental retardation [34].

In particular, activation of PPARγ receptors at a hippocampal level was shown to improve
brain derived neurotrophic factor (BDNF) expression [33], and to rescue the long-term potentiation
(LTP) induction by restoring α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor
expression and extracellular signal–regulated kinases-cAMP response element-binding protein
(ERK-CREB) activities [34]. In further agreement, transient transfection of constitutively active
PPARγ plasmid in hippocampal neuronal cells was reported to be able to increase BDNF, AMPA,
and N-methyl-D-aspartate (NMDA) receptors expression and spine formation [34]. On the other
hand, ALA, the most concentrated fatty acids in Chlorella sorokiniana extract, was hypothesized to
modulate NMDA functioning and BDNF release by influencing membrane fluidity [35]. Indeed, ALA
can markedly increase membrane fluidity that correspond to a better efficiency in formation of lipid
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rafts in neuronal membranes [36]. Lipid raft composition, and thus lipid micro-environments on the
cell surface, by favouring specific protein-protein interactions can influence the activation of signaling
cascades [37]. Such an enhanced efficiency of transmembrane signaling would result in increased
activated NMDA receptors, which are part of lipid raft [38]. This event would lead to higher calcium
influx and initiation of signal transduction pathways ending up to activation of nuclear factor kappa
B (NF-κB) via the canonical pathway which then translocates to the nucleus, ultimately leading to
increased BDNF mRNA and protein levels [39–41]. Enhanced intracellular BDNF would result in
its higher secretion, thereby binding to its receptors Tropomyosin receptor kinase B (TrkB), and thus
controlling synaptic function [42]. Our results are in line with the findings of other studies reporting
that short term supplementation with ω-3 PUFA can improve brain cognitive function by altering
α-synuclein, calmodulin and transthyretin genes expression in the HIPP [43]. It has been shown that
α-synuclein can regulate the homeostasis of monoamines in synapses, through modulatory interactions
of the protein with monoaminergic transporters, particularly for NA [44,45]. The NA transporter (NET)
is the primary mechanism of NA reuptake and termination of noradrenergic transmission [46,47]. Thus,
it can be speculated that PUFA present in our Chlorella sorokiniana fraction, by altering α-synuclein,
may modulate NET efficiency leading to increased NA levels. Indeed, in our experimental conditions,
we found a significant increase in NA content only at hippocampal level. Otherwise, modulation
of plasmalemma fluidity and lipid raft composition could explain such neurochemical alteration.
Indeed, as previously hypothesized, increased NMDA receptor signaling may explain the increased
NA release, considering that in rat hippocampal synaptosome preparations, NMDA agonists were
shown to enhance NA release [48]. On the other hand, it should be taken into account that increased
neurotransmitter contents can also reflect a reduction in their release or an increase in their storage.
In this regard, very few data are available concerning the effects of PUFA rich extract on 5-HT and NA
increased storage. Reduction in dopamine vesicle density in the rat frontal cortex has been reported
after ω-3 PUFA deficiency [49], although a mechanism involving an alteration in vesicle density would
appear hardly applicable in our experimental conditions considering the short overlap between drug
exposure and time of measurement. In any case, we cannot completely rule out such hypothesis and
further studies are necessary to elucidate this possible mechanism.

Our neurochemical result endorses the behavioural outcome on short-term memory. Indeed,
we found increased NA and 5-HT content only in the HIPP, a brain area important for both spatial
memory and non-spatial objects or items experienced, as a form of event memory [50–52]. It was
reported that NA controls multiple brain functions, such as attention, perception, arousal, sleep,
learning, and memory. The HIPP is innervated by noradrenergic projections and hippocampal neurons
express β-adrenergic receptors (β-AR). These receptors modulate long-lasting forms of synaptic
potentiation, such as LTP, a neuronal process crucially involved in long-term storage of spatial and
contextual memories [53]. Furthermore NA, by acting on hippocampal β-AR, was shown to regulate
spatial memories and in particular the content and persistence of synaptic information storage in the
hippocampal subfields. In addition, activation of these receptors is graded according to the novelty
or saliency of the experience [54]. Likewise, it has been shown that stimulation of adenylate cyclase
following β-AR activation is the putative mechanism through which NA produces LTP in the dentate
gyrus of the HIPP [55].

On the other hand, 5-HT was also increased after Chlorella sorokiniana administration. Serotonergic
neurotransmission is responsible for regulating hippocampal plasticity and electrical activity, as well
as hippocampal-dependent behaviours and cognitive performance [56]. In particular, it has been
shown that by acting at 5-HT1A receptors at hippocampal level, increased 5-HT levels can improve
memory performance [57]. Thus, we can hypothesize that the increase in 5-HT content in the HIPP
of treated rats could neurochemically underline the improvement of short-term memory induced by
Chlorella sorokiniana lipidic fraction.

On the other hand, considering the short duration of the exposure to algal fraction we cannot
exclude that any central neurochemical alterations found actually reflect peripheral activation. In this
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regard, PPAR are highly expressed in epithelial cells of colon and, to a lesser degree, in macrophages
and lymphocytes [58]. Furthermore, peripheral release of hormones after food intake has been
associated to beneficial effect on memory formation [59].

Ultimately, it has been demonstrated that gut microbiota is actually able to metabolize PUFA and
derived metabolites can accumulate in plasma of treated mice [60]. In this light, alteration in cognitive
function have been found after gut microbial perturbation while memory enhancement was described
after probiotic treatment (see [61] for a review). Therefore, further studies aimed at elucidating possible
peripheral effects at the gut level are warranted.

On the other hand, we evaluated the emotional profile in rats after Chlorella sorokiniana
administration and no alterations in depressive-like or anxiety-like behaviours were retrieved,
as revealed by FST and EPM, respectively, although a different strain of Chlorella, Chlorella vulgaris,
has been proposed as adjuvant therapy in depressed and anxious medicated patients [62]. However,
discrepancies can be justified on the basis of the different algal strains, algal harvesting and culture
biorefinery processes and thus different fatty acid compositions. It is well known that impaired
serotonergic neurotransmission in the PFC area is central to depressive disorders [63] and increases in
cortical 5-HT and NA have been related to higher swimming and struggling frequencies, respectively,
in the FST [64,65]. Thus, the absence of neurochemical alterations in PFC are in line with the absence
of alterations found in the FST outcomes. In addition, our behavioural outcomes were validated by
the fact that no locomotion alterations were found after Chlorella sorokiniana extract administration,
as revealed by total exploration time in NOR test, CKM plasma levels and full entries in EPM.

Finally, we found that Chlorella sorokiniana administration, while it did not affect aggressive
behaviour as indicated by a lack of alteration in noradrenergic content in PFC [66], it reduced
the social behaviour. This behavioural paradigm can be used to study sociability [67]. Previous
studies have negatively correlated fronto-cortical 5-HT metabolism with this behavioural trait [67],
although conflicting results have been reported [68,69]. On the other hand, increase in 5-HT release at
a hippocampal level has been linked to decreased social behaviour in rats, but according to the authors,
such neurochemical modifications cannot be considered the only explanation [70]. Accordingly, in our
conditions, while no alterations in PFC were noted, a significant increase was found in serotonergic
hippocampal content, possibly explaining the behavioural outcome. However, it should be noted
that differences in methodological procedures, such as sample collection and processing, timing after
last behavioural testing, and rat strains could account for some of the variance observed across the
literature, thus future studies in this direction are surely warranted in order to evaluate the safety
profile of our algal extract.

In conclusion, we have described for the first time the beneficial effect of lipidic fraction of
Chlorella sorokiniana on short-term memory after acute administration. Chlorella sorokiniana is marketed
in the US as a dietary supplement for age-dependent cognitive impairment [23] and is generally
considered safe. Although our study supports this evidence, our data also indicate that attention
should be paid to the use of this natural supplement for its possible masked toxic effects.

4. Experimental Section

4.1. Microalgae Cultivation

Monoxenic strain of Chlorella sorokiniana (UTEX 2805) was phototrophically cultivated in
an outdoor closed vertical tubular photobioreactor (PBR) (400 L volume) at the STAR*Facility Centre of
the University of Foggia (Foggia, Italy), and grown in Bold Basal medium during the period from April
2015 and June 2015, under a solar radiation (PAR) that ranged between 700 and 930 W·m−2. Flow rate
of air was 10 L·W·min−1, while CO2 was injected on pH demand (pHset point = 8.00). The temperature
in the PBR ranged between 18 and 25 ◦C. All the parameters were monitored online by SCADA
Software (Version 2.0.1, Aqualgae SL, Vigo, Spain). The algal growth rate was monitored each day
by measuring the optical absorbance at 550 nm. The PBR operated in a semi-continuous way with
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a dilution rate of 0.25 day−1 and a mean productivity of 25.12 g m−2·day−1. The harvested culture
was daily centrifuged using a semi-continuous centrifuge (Westfalia, GEA Westfalia Separator Group
GmbH, Oelde, Germany). The dewatered algal biomass was then freeze-dried and stored at −20 ◦C.

4.2. Extract and PUFA Characterization

Lipids from freeze-dried algal biomass were extracted as previously reported by Francavilla et al. [71].
TL were saponified and the saponified mixture was then transferred into a separatory funnel, and
the Teflon tube was washed with 40 mL of Milli-Q (Millipore, Milan, Italy) water. The unsaponified
matter in the combined solution was then extracted four times with 20 mL of n-hexane. The hexane
phases were combined, dried overnight with sodium sulphate, filtered and evaporated. The UF was
analysed by means of gas chromatography-mass spectrometry (GC-MS, IT-240, Agilent Technologies,
Santa Clara, CA, USA), as previously described by Francavilla et al. [72]. Hydroalcoholic residue
of extraction process of UF was acidified until pH 1 by adding HCl 2 M and extracted three times
with 25 mL of n-hexane. The hexane phases were combined, dried with sodium sulphate anhydrous,
filtered and evaporated. The yellowish viscous liquid obtained (fatty acids) was treated with 10 mL of
freshly prepared 5% methanolic HCl in a Teflon tube for microwave. This mixture was carefully mixed
and the tube was closed under nitrogen and then heated for 20 min in a microwave oven (MARS 6,
CEM Corporation, Buckingham, UK) at 80 ◦C. After cooling to room temperature, 5 mL of 6% aqueous
K2CO3 were added and the mixture was extracted four times with 20 mL of n-hexane. The hexane
phases were then combined, dried with sodium sulphate anhydrous, filtered and evaporated. The
process yielded a yellowish viscous liquid (FAMEs) that was weighed and stored at −20 ◦C until
GC-MS analysis. FAMEs were analysed by GC-MS/MS equipment at 110 ◦C for 5 min, followed by a
2 ◦C·min−1 ramp up to 260 ◦C, followed by 5 min at 260 ◦C. The injector temperature was 250 ◦C and
the injected volume was 1 μL. FAME peaks were identified by comparison of their retention times and
mass spectra with those of a standard mixture (PUFA C4-C24, Supelco, Bellafonte, PA, USA), whereas
they were quantified by using calibration curves made with PUFA C4-C24 standard (Supelco) and
using C15:0 FAME (Supelco) as internal standard.

4.3. Animals and Treatment

Adult male Wistar rats (Harlan, S. Pietro al Natisone, Udine, Italy) weighing 250–300 g were
used in this study. They were housed at constant room temperature (22 ± 1 ◦C) and relative humidity
(55% ± 5%) under a 12 h light/dark cycle with ad libitum access to food and water. Procedures
involving animals and their care were conducted in conformity with the institutional guidelines of the
Italian Ministry of Health (D.L. 26/2014), the Guide for the Care and Use of Mammals in Neuroscience
and Behavioural Research (National Research Council 2004), the Directive 2010/63/EU of the European
Parliament and of the Council of 22 September 2010 on the protection of animals used for scientific
purposes and to ARRIVE guidelines. “3Rs” were pursuit in every experimental procedure. Animal
welfare was daily monitored through the entire period of experimental procedures. No signs of distress
were evidenced and all efforts were made to minimize the number of animals used and their suffering.

Two experimental groups were considered: control animals treated with sunflower oil as vehicle
and rats administered the Chlorella sorokiniana extract by gavage at the dose of 30 mg/kg diluted in
1 mL of sunflower oil. Behavioral and neurochemical experiments were performed 40 min after oral
administration of Chlorella sorokiniana extract. Behavioral and neurochemical protocols were carried
out in separate subset of animals in order to avoid confounding factors derived by carry over effects.

4.4. NOR Test

The NOR test was performed according to Giustino at al. [73]. Briefly, rats were submitted to
two habituation sessions where they were allowed for 5 min to explore the apparatus (circular arena,
75 cm diameter). 24 h after the last habituation, a session of two 3-min trials, separated by a 1-min
intertrial interval (retention interval), was carried out. The discrimination index was calculated using
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the following formula: (N − F) / (N + F) (N = times spent in exploration of the novel object during the
choice trial; F = times spent in exploration of the familiar object in the choice trial) [74].

4.5. FST

The FST was performed according to Porsolt et al. [75]. On the first test day, animals were placed
individually in inescapable Perspex cylinders (diameter 23 cm; height 70 cm), filled with a constant
maintained 25 ± 1 ◦C temperature water at a height of 30 cm [65]. During the pre-conditioning
period, animals were observed for 15 min. Then, rats were removed and dried before to be returned to
their home cages. Twenty-four hours later, each rat was positioned on the water-filled cylinder for
5 min. This session was video-recorded and subsequently scored by an observer blind to the treatment
groups. During the test sessions, the time spent in performing the following behaviours was measured:
struggling (time spent in tentative of escaping), swimming (time spent moving around the cylinder)
and immobility (time spent remaining afloat making only the necessary movements to keep its head
above the water).

4.6. Social Interaction Test

The social interaction procedure was adapted from File et al. [76], as previously described [77].
The test was performed in a circular open arena (made of dark plastic; diameter 60 cm; height
31 cm), unfamiliar to the animals and placed in a deemed lit room. On the day of testing, all rats
were weighed, and pairs were assigned on the basis of weight and treatment. More specifically,
Chlorella sorokiniana-treated rats were tested with vehicle-treated partners on the basis of weight,
ensuring that they did not differ by more than 10 g. The animals were marked on their back and
placed head to head simultaneously in the arena, and their behaviour was recorded for 10 min by
a camera mounted vertically above the test arena. During quantification, the observer, who was blinded
to the experimental conditions, scored the total time that each rat spent performing the following
behaviours: sniffing (sniffing several body parts of the other rat, including the anogenital region),
following (moving towards and following behind the other rat around the arena), climbing (climbing
over and under the conspecific’s back), kicking and boxing. The defined social interactions included
the following: sniffing, following and climbing the partner as social behaviour and boxing and kicking
as aggressive behaviour parameters.

4.7. EPM Test

The EPM test was performed according to Pellow et al. [77]. The apparatus consisted of
two opposite Plexiglas open arms (50 cm × 10 cm) without side walls and two closed arms
(50 cm × 10 cm × 40 cm) extending horizontally at right angles from a central area (10 cm × 10 cm).
The maze was situated in a separate brightly lit room illuminated with four, 32-W fluorescent overhead
lights that produced consistent illumination within the room. The apparatus had similar levels of
illumination on both the open and closed arms. The maze was elevated to a height of 50 cm in the lit
room. At the beginning of the experiment, the rat was placed in the central platform facing an open
arm and allowed to explore the maze for 5 min. The following parameters were analyzed: number and
frequency of entries into open and closed arms and the time spent in open and closed arms. An arm
entry was counted when the hind paws were placed on the open arm.

4.8. Post-Mortem Tissue Analysis

Rats were euthanized and brains were immediately removed and cooled on ice for dissection of
HIPP, PFC and STR regions, according to the atlas of Paxinos and Watson [78]. Tissues were frozen
and stored at −80 ◦C until analysis was performed.
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4.8.1. Monoamine Quantification

5-HT and NA concentrations were determined by high performance liquid chromatography
(HPLC) coupled with an electrochemical detector (Ultimate ECD, Dionex Scientific, Milan, Italy),
as previously described [16]. Separation was performed by using a LC18 reverse phase column
(Kinetex, 150 mm × 3 mm, ODS 5 μm; Phenomenex, Castel Maggiore, Bologna, Italy). The detection
was accomplished by a thin-layer amperometric cell (Dionex, Thermo Scientific, Milan, Italy) with
a 5 mm diameter glassy carbon electrode at a working potential of 0.400 V vs. Pd. The mobile
phase used was 75 mM NaH2PO4, 1.7 mM octane sulfonic acid, 0.3 mM EDTA, acetonitrile 10%,
in distilled water, buffered at pH 3.0. The flow rate was maintained by an isocratic pump (LC-10 AD,
Shimadzu, Kyoto, Japan) at 0.6 mL/min. Data were acquired and integrated using Chromeleon
software (version 6.80, Dionex, San Donato Milanese, Italy).

4.8.2. Measurement of Plasma Levels of Creatine-Kinase M-Type

Measurement of plasma levels of CKM was performed by using an enzyme-linked immunosorbent
assay (ELISA) kit provided by Abcam (Cambridge, UK). Assays were performed according to
the manufacturer’s instructions. Each sample analysis was performed in duplicate to avoid
inter-assay variations.

4.9. Blindness of the Study

All analyses were performed blind with respect to the treatment delivery. The blinding of the
data was maintained until the analysis and the collection of data was terminated.

4.10. Statistical Analysis

All statistical analysis were performed using Graph Pad 5.0 for Windows (GraphPad Software,
La Jolla, CA, USA). All data were tested for normality by performing the Bartlett Test. Data were
analyzed by unpaired Student’s t-test or two-way analysis of variance (ANOVA), followed by
Bonferroni’s post-hoc test. Data were expressed as mean ± standard error of mean (SEM). Differences
were considered significant only when p-values were less than 0.05.
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Abstract: Neurodegenerative diseases (ND) result from the gradual and progressive degeneration
of the structure and function of the central nervous system or the peripheral nervous system or
both. They are characterized by deterioration of neurons and/or myelin sheath, disruption of
sensory information transmission and loss of movement control. There is no effective treatment
for ND, and the drugs currently marketed are symptom-oriented, albeit with several side effects.
Within the past decades, several natural remedies have gained attention as potential neuroprotective
drugs. Moreover, an increasing number of studies have suggested that dietary intake of vegetables
and fruits can prevent or delay the onset of ND. These properties are mainly due to the presence of
polyphenols, an important group of phytochemicals that are abundantly present in fruits, vegetables,
cereals and beverages. The main class of polyphenols is flavonoids, abundant in Citrus fruits. Our
review is an overview on the scientific literature concerning the neuroprotective effects of the Citrus
flavonoids in the prevention or treatment of ND. This review may be used as scientific basis for
the development of nutraceuticals, food supplements or complementary and alternative drugs to
maintain and improve the neurophysiological status.

Keywords: Citrus; flavonoids; neurodegeneration; neurodegenerative disorders; nutraceutical

1. Introduction

The increase of the lifespan in populations of developed countries is leading to a rise in the
incidence of age-related illnesses such as neurodegenerative diseases (ND). ND are a heterogeneous
group of chronic and untreatable conditions that, in terms of human suffering and economic cost for
society, represent the fourth highest source of overall disease burden in high-income countries. ND
result from the gradual and progressive degeneration of the structure and function of both the central
nervous system (CNS) and the peripheral nervous system (PNS), characterized by deterioration of
neurons and/or myelin sheath, sensory information transmission disruption and movement control.
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It is known that oxidative stress and chronic inflammation play an important role in ND.
Free radicals represent a common denominator of many oxidative-based diseases, including ND,
although they are normally and continuously produced in CNS, acting as important cellular messenger.
However, excessive levels of reactive oxygen species (ROS) or reactive nitrogen species (RNS) are
involved in numerous neuroinflammatory processes. In physiological conditions, the levels of free
radicals are tightly regulated by a complex antioxidant defense system including both enzymatic
and non-enzymatic antioxidants. Disruption of the delicate oxidant/antioxidant balance between
the production and removal of oxidizing chemical species can lead to oxidative stress triggering cell
damage. This may be due to an excessive production of ROS and RNS and/or at a reduced efficiency
of the physiological antioxidant defense systems. Moreover, because of their high metabolic activities
and low antioxidant defense capability, neural cells in brains are more vulnerable to oxidative stress,
especially those of the aging brain. Furthermore, cytokines released by the activated glial cells amplify
the free radicals-induced damage responsible for uncontrolled proteolysis, DNA mutagenesis, lipid
peroxidation and cell death.

Currently there is no effective treatment for ND, and the marketed drugs are mainly
symptom-oriented, albeit with many side effects, limited efficacy and partial capability to inhibit
disease progression. Therefore, in order to develop novel preventive strategies or co-adjuvant therapy
for ND, within the past decades, a great number of natural medicinal plants has gained attention as
potential neuroprotective agents [1]. Moreover, an increasing number of studies have suggested that
dietary intake of vegetables and fruits can prevent or delay the onset of ND [2,3]. These properties
might be due to the presence of polyphenols, an important group of phytochemicals that are
abundantly present in fruits, vegetables, cereals and beverages [4]. The main class of polyphenols
is flavonoids which display a remarkable spectrum of biological activities, including antioxidant,
free radical scavenger, metal ions chelating, vasoprotective, hepatoprotective, anti-inflammatory,
anti-cancer and anti-infective [5,6]. Main dietary sources of flavonoids are fruits, especially Citrus fruits,
vegetables, fruit juices, tea, coffee, and red wine [7]. Several lines of evidence have demonstrated the
beneficial effects of Citrus fruits in the context of numerous pathologies, including ND, inflammation,
cardiovascular diseases, dyslipidemia, diabetes, allergy, immune system diseases and cancer [8–24].

Our review is an overview on the scientific literature concerning the neuroprotective effects of the
Citrus flavonoids in the prevention or treatment of ND.

2. Focus on Neurodegenerative Disorders

ND are incurable conditions due to the progressive nervous system dysfunction caused by
degeneration and loss of nerve cells for reasons that have not yet been fully understood. Today,
a growing number of people worldwide are affected by ND, characterized by deterioration in
emotional control, social behavior and social communication. ND exist in many forms, such as
Multiple Sclerosis, Alzheimer’s, Parkinson’s, Huntington’s, human prion and motoneuron diseases.

Alzheimer’s disease (AD) is a debilitating ND classified as the major subtype of dementia [25],
and is characterized by progressive loss of memory. It results in decline in cognitive and behavioral
functions like memory, thinking and language skills [26]. The hallmarks of AD are (i) the accumulation
of amyloid-beta (Aβ) peptide in the brain; (ii) the presence of neurofibrillary tangles (NFTs) containing
hyper-phosphorylated tau fragments and (iii) the loss of cortical neurons and synapses [27,28]. It is also
known that the innate immune system activation plays a relevant role in the age-related ND, including
AD. Microglia are innate immune cells in the CNS that mediate inflammatory responses to injury
and pathogens by releasing pro-inflammatory cytokines that amplify and aggravate inflammation
throughout the brain. These pro-inflammatory factors may induce degeneration of normal neurons
through upregulation of nuclear factor kappa B (NF-κB), mitogen-activated protein kinase (MAPK),
and c-Jun N-terminal kinase (JNK) [29].

Parkinson’s disease (PD) is the second common neurodegenerative disorder and its incidence
is increasing among people over the age of 60 years [30]. It is consistently higher in men than in
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women [31]. Pathologically, it is characterized by the progressive and diffuse loss of dopaminergic
neurons in the substantia nigra and the accumulation of Lewy bodies (inclusions containing
α-synuclein) in nerve cells. The major clinical symptoms are tremor at rest, rigidity, bradykinesia and
postural instability. It has been suggested that activated microglia may be beneficial to the host in the
early phase of neurodegeneration but excessive activation of microglia leads to the elevated expression
of pro-inflammatory mediators such as tumor necrosis factor alpha (TNF-α), interleukin 1 beta (IL-1β),
interleukin-6 (IL-6) and interferon gamma (IFN-γ) [32], that induce the degeneration of substantia
nigra pars compacta dopaminergic neurons [29,33]. Furthermore, the release of these pro-inflammatory
mediators can activate astrocytes that participate to the neuroinflammatory processes linked to PD [34].

Huntington’s disease (HD) is a hereditary neurological disorder inherited as an autosomal
dominant trait [35] caused by an expanded polyglutamine tract in the N-terminal region of mutant
huntingtin [36]. HD usually occurs in early middle life even if there is an uncommon juvenile
form [37]. It is an illness that recurs with abnormal movements together with psychiatric symptoms
including psychosis, depression, and obsessive-compulsive disorder and progressive cognitive
impairment [38–40]. In the early stage of disease, neuronal loss occur preferentially in the striatum,
while in the later stages the extensive neurodegeneration happens in a variety of brain regions [36,41].

Human prion diseases are fatal neurodegenerative disorders which include Kuru,
Creutzfeldt-Jakob disease, Gerstmann-Sträussler-Scheinker syndrome, and fatal familial insomnia [42].
Prion diseases result from the conformational conversion of a normal cellular prion protein (PrPC) into
an abnormal misfolded pathological form (PrPSc). Its accumulation in the CNS resulted in progressive
neuronal degeneration and vacuolation [43].

Motor neuron disease (MND) is a neurodegenerative condition, among which the most common
is the amyotrophic lateral sclerosis (ALS). MND affects both brain and spinal cord, and is due to the
degeneration of motor neurons, that in turn causes muscle weakness. The major clinical symptoms
include muscle weakness, wasting, cramps and stiffness of arms and/or legs, problems with speech
and/or swallowing or, more rarely, with breathing problem [44]. The etiopathogenesis of MND is
unknown and the aim of the cure is to maintain functional ability and enabling MND patients to live
life as fully as possible [45].

Multiple sclerosis (MS) is a CNS chronic inflammatory disease that is caused by
autoimmune-mediated loss of myelin and axonal damage. Its etiopathogenesis is poorly understood.
MS is the most common neurological disorder affecting young adults, with a total of 2.5 million people
in worldwide [46]. It causes a range of relapsing symptoms during the early phase of the disease,
but becomes more persistent and less amenable to treatment at later stages. The research focused on
identifying treatments that slow progression of neurodegeneration and also restore myelin of affected
CNS regions [47].

3. Citrus Flavonoids

The genus Citrus belongs to the family Rutaceae, subfamily Aurantioideae, tribe Citreae, subtribe
Citrinae. According to statistics of Food and Agriculture Organization of the United Nations (FAO),
Citrus species are grown in more than 140 countries. China, Brazil, USA, India, Mexico, and Spain
are the world’s leading Citrus fruit-producing countries, representing close to two-thirds of global
production (FAO STAT) [48].

The basic structural feature of flavonoid is 2-phenyl-benzo-γ-pyrane nucleus, contains a
C6−C3−C6 heterocyclic skeleton, consisting of two benzene rings linked through a heterocyclic
pyran ring. Based on the oxidization of the heterocyclic (C3) ring, Citrus flavonoids can be divided in
flavanones, flavonols, flavones, and polymethoxiflavone (Figure 1). Anthocyanins are considered as
metabolites of flavones and are present only in blood oranges. Structurally, they derived from pyran or
flavan. Flavonoids are mainly present in plants as glycosides, while aglycones (the forms lacking sugar
moieties) occur less frequently. Therefore, the large number of flavonoids is a result of many different
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combinations of aglycones and sugars, mainly D-glucose and L-rhamnose, bounded the hydroxyl
group at the C-3 or C-7 position.

Figure 1. Chemical structure of Citrus flavonoids subclasses.

Flavanones comprise approximately 95% of the total flavonoids. Their concentration depends
on the age of the plant, and the highest levels are detected in tissues, showing pronounced cell
divisions [49]. They are present in both the glycoside and aglycone forms. Glycosylation occurs at
position 7 either by rutinose or neohesperidose. The most important flavanones present in the aglycone
forms are naringenin and hesperetin. Among flavanones with neohesperidose (rhamnosyl-α-1,2
glucose), naringin, neoeriocitrin, neohesperedin and poncirin are the most abundant. Hesperidin,
narirutin, eriocitrin and didymin are the main flavanone with rutinose (rhamnosyl-α-1,6 glucose).
Luteolin and diosmetin are the most present flavones in the aglycone form, while diosmin
and neodismin represent the major flavones in the rutinosides and neohesperidosides forms,
respectively [50]. Flavonols are the 3-hydroxy derivatives of flavones. Glycosylation occurs
preferentially at the 3-hydroxyl group of the central ring. The most common flavonol aglycones
are quercetin and kaempferol, while rutin and rutinosides are the main in the glycosidic form. Even
if present in smaller quantities, the most common polymethoxiflavones are tangeretin and nobiletin.
The chemical structures of Citrus flavonoids discussed in this review are presented in Figure 2.
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Figure 2. Molecular structure of Citrus flavonoids discussed in this review. Rutinose (Ru),
neohesperidose (Nh), methoxy (Me).

3.1. Flavanones

In Table 1 are summarized the studies reporting the neuroprotective activity of Citrus flavanones.

3.1.1. Naringin

Naringin is a major flavanone glycoside in Citrus fruits and it is considered a neuroprotective
agent mainly because its anti-apoptotic [75,76] and anti-oxidant activities [77], together with its
capability to induce neurotrophic factors such as brain-derived neurotrophic factor (BDNF) and
vascular endothelial growth factor (VEGF). Recently, Leem and coworkers (2014) evaluated the
effect of naringin in a neurotoxic model of PD in vivo. They found that the flavanone could
prevent the degeneration of the nigrostriatal dopaminergic (DA) projection by increasing the level of
glia-derived neurotrophic factor (GDNF) in nigral DA neurons, with activation of mammalian target
of rapamycin complex 1 (mTORC1). Furthermore, they observed that naringin could attenuate
the rise of TNF-α induced by 1-methyl-4-phenylpyridinium (MPP+) in microglia, indicating its
anti-inflammatory activity in CNS [51]. Very recently, the same research group evaluated the
effects of pre- or post-treatment with naringin in a 6-hydroxydopamine (OHDA)-treated mice [52],
suggesting that it protected the nigrostriatal DA projection from 6-OHDA-induced neurotoxicity by
both the activation of mTORC1 and the inhibition of microglial activation [51]. In 2012, Gopinath
and Sudhandiran investigated on the neuroprotective effect of naringin on 3-nitropropionic acid
(3-NP)-induced neurodegeneration [53]. The 3-NP is a natural environmental toxin that causes
selective neuronal degeneration in the striatum, reproducing in animal models the brain lesions
observed in HD patients [78]. The experimental protocol required that rats received naringin orally
(80 mg/kg body weight/day) 1 h prior to the intraperitoneal injection of 3-NP (10 mg/kg body
weight/day) for 2 weeks (the time to develop neurodegeneration). The Authors observed that naringin
can mitigate 3-NP-induced neurodegeneration, through the enhancement of antioxidant enzyme gene
expressions via nuclear factor E2-related factor 2 (Nrf2) activation, thus modulating oxidative stress
and inflammatory responses.
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Table 1. Citrus flavanones and experimental models of neurodegenerative diseases.

Flavanones Model Disease/Condition References

naringin

In vivo MPP+-treated rats Leem et al., 2014 [51]
In vivo 6-OHDA-injected mice Kim et al., 2016 [52]

In vivo 3-NP-injected rats Gopinath and
Sudhandiran, 2012 [53]

In vivo aluminum-treated rats Prakash et al., 2013 [54]
In vivo colchicine-treated rats Kumar et al., 2010 [55]

hesperidin

In vivo 6-OHDA-injected mice Antunes et al., 2014 [56]
In vivo 3-NP-treated mice Menze et al., 2012 [57]
In vivo APP/PS1–21 transgenic mice Li et al., 2015 [58]
In vivo APPswe/PS1dE9 transgenic mice Wang et al., 2014 [59]
In vivo ICV-STZ-injected mice Javed et al., 2015 [60]
In vivo AlCl3-injected rats Thenmozhi et al., 2015 [61]
In vivo AlCl3-injected rats Thenmozhi et al., 2016 [62]

In vivo 4-AP-treated rats
KA-injected rat Chang et al., 2015 [63]

hesperetin

In vivo Mice Choi and Ahn, 2008 [64]
In vivo 6-OHDA-injected rats Kiasalari et al., 2016 [65]

In vitro staurosporine-treated cortical
neurons cultures Rainey-Smith et al., 2008 [66]

In vitro H2O2-treated cortical neurons Vauzour et al., 2007 [67]

neohesperidin In vitro H2O2-treated PC12 cells Hwang et al., 2008 [68]

naringenin

In vivo ICV-STZ-injected rats Khan et al., 2012 [69]

In vivo ICV-STZ-injected rats Baluchnejadmojarad and
Roghani, 2006 [70]

In vitro Aβ-treated PC12 cells Heo et al., 2004 [71]
In vitro microglial cells Wu et al., 2016 [72]

In vitro LPS/IFN-γ exposed primary
neuronal-glial cells Vafeiadou et al., 2009 [73]

didymin In vitro H2O2-treated neuronal cells Morelli et al, 2014 [74]

In the last decade, flavonoids have been used to reduce neurotoxic effects of aluminum (Al)
chloride (AlCl3) in rats. In this field, Prakash and collaborators (2013), explored the possible role
of naringin against Al-induced cognitive dysfunction and oxidative damage in rats. The Authors
observed that chronic administration of naringin (40 and 80 mg/kg) for six weeks significantly
improved cognitive performance and attenuated mitochondria oxidative damage, acetyl cholinesterase
activity, and Al concentration in Al-treated (100 mg/kg) rats [54]. The same authors showed that
treatment with naringin (40 and 80 mg/kg/day) for 25 consecutive days beginning 4 days prior
to colchicine (15 μg/5 μL) injected intracerebroventricularly significantly improved the cognitive
performance and attenuated oxidative damage in colchicine-treated rats [55].

3.1.2. Hesperidin

Hesperidin, a flavonoid that is particularly abundant in oranges and lemons, exerts
anticarcinogenic, antihypertensive, antiviral, antioxidant and antiinflammatory effects [79]. In addition,
hesperidin can cross the blood-brain barrier [80] and can protect the neurons against various types of
insult associated with neurodegenerative diseases, including AD, PD, and HD. A study performed by
Antunes and collaborators (2014) was aimed to evaluate the role of hesperidin in an animal model of PD
induced by 6-OHDA. The Authors demonstrated that hesperidin (50 mg/kg), administrated for 28 days
after an intracerebroventricular injection of 6-OHDA, was effective in preventing memory impairment
and depressive-like behavior in mice. Furthermore, in the striatum of aged mice, hesperidin attenuated
the 6-OHDA-induced reduction in (i) glutathione peroxidase (GPx) and catalase (CAT) activity, (ii) the
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total reactive antioxidant potential and (iii) the dopamine levels. Finally, the flavanone mitigated both
the increased levels of ROS and the activity of glutathione reductase induced by 6-OHDA [56].

The implications of nitric oxide (NO) in a variety of neurodegenerative diseases suggests a
potential role of flavonoids in HD and other oxidative-based disorders. Menze et al., (2012) investigated
the potential effect of hesperidin on 3-NP-induced behavioral, neurochemical, histopathological
and cellular changes. They showed that pretreatment with hesperidin (100 mg/kg) ahead of 3-NP
(20 mg/kg) for 5 days prevented any changes of locomotor activity or prepulse inhibition, slightly
increased malondialdehyde (MDA) levels and reduced inducible nitric oxide synthase (iNOS) positive
cells as well as CAT activity in cortex, striatum and hippocampus evoked by 3-NP [57].

One of the most distinctive neuropathological characteristics of AD, are the senile plaques of
aggregates Aβ peptide. Moreover, besides the well-known Aβ aggregation, neuro-inflammation also
plays a pivotal role in the etiopathogenesis of this multifactorial disorder [81]. Li and coworkers (2015),
evaluated the potential therapeutic effect of hesperidin on behavioral dysfunction, Aβ deposition
and neuro-inflammation in the transgenic APP/PS1 mouse, a useful model of cerebral amyloidosis
for AD. Hesperidin (100 mg/kg body weight) was orally given to the mice for 10 days. It recovered
deficits in non-cognitive nesting capability and social interaction and attenuated Aβ deposition,
plaque associated amyloid precursor protein (APP) expression, microglial activation and TGF-β1
immunoreactivity in both cerebral cortex and hippocampus of APP/PS1 mice [58]. The same dose of
hesperidin (100 mg/kg) administrated for 16 weeks to three-month-old APPswe/PS1dE9 transgenic
mice reduced their learning and memory deficits, improved locomotor activity and increased glycogen
synthase kinase-3β (GSK-3β) phosphorylation, anti-oxidative defense and mitochondrial complex
I–IV enzymes activities [58]. However, there was not observed obvious change in Aβ deposition [59].
Hesperedin was effective also in the experimental model of intracerebroventricular streptozotocin
(ICV-STZ)-induced sporadic dementia of Alzheimer’s type (SDAT) [60]. Indeed, pretreatment with
hesperidin (100 or 200 mg/kg/day orally for 15 days) improved memory consolidation process
possibly through modulation of acetylcholine esterase activity (AChE) in mice injected bilaterally
with single dose of ICV-STZ (2.57 mg/kg body weight each side). Moreover, hesperidin decreased
neuronal cell death by reducing the overexpression of pro-inflammatory mediators like NF-κB, iNOS,
cyclooxygenase-2 (COX-2) and attenuated astrogliosis [60].

One of the key factors in the progression of neurodegenerative diseases is the deregulation of
metal ion homeostasis, such as Al, a major risk factor for the AD [82]. Thenmozhi and coworkers
(2015) evaluated the protective effect of hesperidin on AlCl3 induced neurobehavioral and pathological
changes in Alzheimeric rats. Orally administration of hesperidin (100 mg/kg) along with AlCl3
injection (100 mg/kg) for 60 days, significantly reduced the Al concentration in hippocampus and
cortex, the acetylcholinesterase (AChE) activity, the APP expressions, the levels of both Aβ1–42 and its
synthesis-related molecules (β and γ secretases). Moreover, hesperidin significantly attenuated the
behavioral impairments caused by AlCl3 and preserved the normal histoarchitecture pattern of the
hippocampus and cortex, as observed by histopathological studies [61]. Very recently, with the same
experimental model Thenmozhi et al., (2016) showed that hesperidin prevented oxidative stress and
apoptosis induced by AlCl3 compared to control group [62].

Excitotoxicity is considered one of the constitutive components of the neurodegenerative diseases
pathogenesis [83] caused by excessive release of aminoacids such as glutamate, a crucial excitatory
neurotransmitter in the mammals CNS. This provokes the overstimulation of glutamate receptors
which leads to an overload of intracellular Ca2+, generation of free radicals and subsequent neuronal
cell death [84]. Chang and coworkers (2015) evaluated the potential role of hesperidin in neurotoxicity
induced by glutamate release in rat hippocampus. They observed that hesperidin (IC50 20 μM)
inhibited both the release of glutamate and the elevation of cytosolic free Ca2+ concentration evoked
by 4-aminopyridine (4-AP) in rat hippocampal nerve terminals (synaptosomes). Furthermore,
in hippocampal slice preparations, whole-cell patch clamp experiments showed that hesperidin
reduced the frequency of spontaneous excitatory postsynaptic currents without affecting their
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amplitude, indicating the involvement of a presynaptic mechanism. In addition, the Authors observed
that pre-treatment with hesperidin (10 or 50 mg/kg) attenuated the rise of extracellular glutamate and
the neuronal loss in the hippocampal CA3 area caused by the intraperitoneal injection of kainic acid
(KA; 15 mg/kg) [63].

3.1.3. Hesperetin

Hesperetin is a flavanone abundant in Citrus fruit and juice, and represents the major circulating
aglycone metabolite of hesperidin. Hesperetin displays several biological properties, such as
antioxidant, neuroprotective and anti-inflammatory activities.

Experiments performed in vitro showed that 1 μM hesperetin has neuroprotective effects against
H2O2-induced cytotoxicity in PC12 cells [68], and that much lower concentrations both inhibit
H2O2-induced apoptosis and counteract staurosporine-induced cell death in primary cortical neurons
(0.01 μM/L and 300 nM, respectively) [66,67], suggesting its potential role in the intervention for
neurodegenerative diseases.

In vivo, Choi and Ahn (2008) observed that hesperetin (10 or 50 mg/kg body weight) inhibited
biomarkers of oxidative stress, such as the thiobarbituric acid-reactive substance (TBARS) and
carbonyl, in the brains of mice, and activated both CAT and superoxide dismutase (SOD). Moreover,
hesperetin increased the reduced glutathione (GSH)/oxidized glutathione (GSSG) ratio, the glutathione
peroxidase (GSH-px) and the glutathione reductase (GR) activities [64]. Very recently, Kiasalari and
coworkers (2016), evaluated the protective effect of hesperetin against 6-OHDA-induced striatal lesion
and have explored some underlying mechanisms including apoptosis, inflammation and oxidative
stress. They administrated hesperetin (50 mg/kg/day) for 1 week at intrastriatal 6-OHDA-lesioned rats.
They observed that hesperetin reduced the rotational asymmetry induced by apomorphine, as well as
the latency and the total time on the narrow beam task. It also decreased striatal malondialdehyde and
increases both striatal CAT activity and GSH content. Moreover, hesperetin lowered striatal level of
glial fibrillary acidic protein (GFAP) and increased Bcl2 [65]. Finally, hesperetin treatment was also
capable to mitigate nigral DNA fragmentation and to prevent loss of SNC dopaminergic neurons [65].

3.1.4. Neohesperidin

Neohesperidin is a flavanone glycoside found in Citrus fruits. Hwang and coworkers (2008)
demonstrated the protective effects of pretreatments (6 h) with neohesperidin, hesperidin and
hesperetin (0.8, 4, 20, and 50 μM) on H2O2-induced (400 μM, 16 h) neurotoxicity in PC12 cells by
scavenging ROS, attenuating the elevation of intracellular free Ca2+, preventing membrane damage and
increasing CAT activity. Furthermore, neohesperidin attenuated both the decrease of mitochondrial
membrane potential and the increase of caspase-3 activity evoked by H2O2 [68].

3.1.5. Naringenin

It is known that naringenin possesses various pharmacologic properties including antioxidant,
free radical scavenger, anticancer, anti-inflammatory, immunomodulator and memory enhancer.

It’s known that ICV-STZ administration at a sub-diabetogenic dose provided a relevant model for
AD-type neurodegeneration with cognitive impairment (AD-TNDCI) [85,86]. In this field, Khan and
collaborators (2012), investigated the effects of naringenin on cognitive dysfunction and, oxidative
stress in a rat model of AD-TNDCI. The rats were orally pre-treated with naringin at 50 mg/kg for
2 weeks followed by ICV-STZ (3 mg/kg; 5 μL per site) injection bilaterally. The Authors observed that
the imbalance of several markers of oxidative stress (enzymatic and non-enzymatic) with impairments
in spatial learning and memory, loss of ChAT positive neuron and damage to hippocampal ones
induced by ICV-STZ, were ameliorated by pre-treatment with naringenin [69]. The ability of naringenin
to improve learning, memory and cognitive impairment was also confirmed by Baluchnejadmojarad
and Roghani (2006) in an experimental model very similar to those described above [70].
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Heo et al., (2004) examined the neuroprotective effect of naringenin found in C. junos
against oxidative cell death induced by Aβ peptide in PC12 cells, and evaluated the anti-amnesic
activity of naringenin using ICR mice with scopolamine-induced amnesia (1 mg/kg body weight).
They showed that pretreatment with naringenin prevented the generation of Aβ-induced ROS and
decreased Aβ toxicity in a concentration dependent manner. Furthermore, naringenin (4.5 mg/kg
body weight), significantly ameliorated scopolamine-induced amnesia [71]. Vafeiadou and coworkers
(2009) [73] demonstrated that naringenin (0.01–0.3 μmol/L) protected against LPS/IFN-gamma-
induced neuronal death in a primary neuronal-glial co-culture system by inhibiting the p38
mitogen-activated protein kinase (MAPK) phosphorylation and downstream signal transducer and
activator of transcription-1 (STAT-1).

More recently, Wu and coworkers (2016) demonstrated that naringenin inhibits the expression of
cytokine signaling (SOCS)-3, iNOS and COX-2, as well as the release of NO and pro-inflammatory
cytokines in microglial cells. These actions were modulated by adenosine monophosphate-activated
protein kinase α (AMPKα) and protein kinase C δ (PKCδ) [72].

3.1.6. Didymin

Only one paper suggested a neuroprotective effect of didymin that was found to increase cell
viability of neuronal cells injured by H2O2 by decreasing mitochondrial dysfunctions and levels
of intracellular ROS, stimulating SOD, CAT and GPx activity [74]. The mechanism underlying the
protective effects of didymin in differentiated-SH-SY5Y exposed to H2O2 might be related to the
activation of antioxidant defense enzymes as well as to the inhibition of apoptotic features such as
p-JNK and caspase-3 [74].

3.2. Flavones

3.2.1. Apigenin

Apigenin is a member of the flavone subclass of flavonoids present in fruits and vegetables.
It has long been considered to have various biological activities such as antioxidant, antiinflammatory,
anti-mutagenic and anti-tumorigenic properties. Apigenin has been shown to exert neuroprotective
activity against endoplasmic reticulum stress-induced apoptosis in the HT22 murine hippocampal
neuronal cells [87], in primary cultures of human neurons subjected to quinoloinic acid-induced
excitotoxicity [88] and in glutamate-induced neurotoxicity in both murine cerebellar and cortical cell
cultures [89].

Zhao et al. (2013) [90] reported the neuroprotective effects of the flavone in the amyloid precursor
protein/presenilin 1 protein (APP/PS1) double transgenic AD mouse model. After feeding four
month-old mice with apigenin (40 mg/kg) for 3 months, they observed both improvements in memory
and learning deficits and reduction of fibrillar amyloid deposits. Additionally, the apigenin-treated
mice showed restoration of the cortical extracellular signal-regulated protein kinase 1 (ERK)/
cAMP response element-binding protein (CREB)/BDNF pathway that is known to be involved in
learning and memory typically affected AD patients. Finally, apigenin enhances both SOD and GPx
activities [90]. Likewise, in Aβ25–35-induced amnesia mouse models, Liu et al. (2011) reported the
capability of apigenin (20 mg/kg) to improve the spatial learning and memory and the neurovascular
functionality [91]. Cognitive enhancing effects by apigenin (20 mg/kg, intraperitoneally) have
been described also in an animal model in which the flavone delayed the long-term forgetting [92].
Another study performed by Taupin et al. (2009) highlighted that the administration of apigenin
(25 mg/kg) for 10 days stimulated neurogenesis in the hippocampal region of the brain in 7-week
old mice and resulted in improved performance in the Morris water maze [93]. Patil and its
research group demonstrated that chronic intraperitoneally administration of apigenin (5–20 mg/kg)
reversed cognitive deficits in aged and lipopolysaccharide (LPS)-intoxicated mice [94]. Additionally,
apigenin improved motor skills and enhanced neurotrophic potential which has been reduced in
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1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced Parkinsonism in mice [95]. Particularly,
MPTP (25 mg/kg) was administrated for five consecutive days and then apigenin (10 and 20 mg/kg)
was orally administrated for 26 days, including 5 days of pretreatment. After that, the Author
performed behavioral study and biochemical estimation of oxidative stress biomarkers, observing
(i) a reduced tyrosine hydroxylase (TH)-positive cells; (ii) a rise of BDNF amount and (iii) a decreased
level of GFAP in the substantia nigra of MPTP-treated mice [95]. More recently, Liu et al. (2015)
demonstrated that apigenin exerts a protective effect against MPP+-induced neurotoxicity in neuronal
like catecholaminergic PC12 cells. This effect is mediated through the inhibition of oxidative
stress, the stabilization of mitochondrial function and the reduction of neuronal apoptosis via the
mitochondrial pathway [96]. The cytoprotective effect of apigenin was also evaluated by Wu and
coworkers (2015), showing that apigenin restored cell viability and repressed both caspase-3 and
PARP-1 activation in 4-HNE-treated PC12 cells. Moreover, apigenin activated MAPK and Nrf2
signaling, which in turn evoked adaptive cellular stress response pathways, restored ER homeostasis
altered by 4-HNE and inhibited cytotoxicity [97].

Table 2 reported the studies in which was evaluated apigenin as potential neuroprotective agent.

Table 2. Studies employed the Citrus flavones and their experimental models of neurodegeneration.

Flavones Model Disease/Condition Reference

apigenin

In vitro HT22 cells Choi et al., 2010 [87]
In vitro QUIN-treated primary human neuron Braidy et al., 2010 [88]
In vitro glutamate-treated cerebellar and cortical neurons Losi et al., 2004 [89]
In vivo APP/PS1 double transgenic mouse Zhao et al., 2013 [90]
In vivo Aβ25–35-treated mouse Liu et al., 2011 [91]
In vivo young male Wistar rats Popovic et al., 2014 [92]
In vivo 7-week old mice Taupin et al., 2009 [93]
In vivo MPTP-treated mice Patil et al., 2014 [95]
In vitro MPP+-incubated PC12 cells Liu et al., 2015 [96]
In vitro 4-HNE-exposed PC12 cells Wu et al., 2015 [97]
In vivo aged and LPS-intoxicated mice Patil et al., 2003 [94]

luteolin

In vivo chronic cerebral hypoperfusion in rats Fu et al., 2014 [98]
In vivo chronic cerebral hypoperfusion in rats Xu et al., 2010 [99]
In vivo obesity mice Liu et al., 2014 [100]
In vivo ICV-STZ injected rat Wang et al., 2016 [101]
In vitro 6-OHDA-exposed PC12 cells Hu et al., 2014 [102]
In vivo MPTP-treated mice Patil et al., 2014 [95]
In vitro MPP+-exposed PC12 and glial C6 cells Wruck et al., 2007 [103]

In vitro IFN-γ-incubated N9 and microglia cells Rezai-Zadeh et al.,
2008 [104]

In vitro N2a cells transfected with SweAPP Rezai-Zadeh et al.,
2009 [105]

In vitro LPS/IFN-γ-treated rat primary microglia and BV-2
microglial cells Kao et al., 2011 [106]

In vitro LPS-incubated microglia cells Chen et al., 2008 [107]
In vitro LPS-exposed BV2 microglia Zhu et al., 2011 [108]

In vitro SH-SY5Y cells co-cultured with LPS-stimulated BV2
microglia Zhu et al., 2014 [109]

In vitro LPS-treated microglia cells Dirscherl et al.,
2010 [110]

3.2.2. Luteolin

In the last decades, several studies reported the neuroprotective properties of luteolin [111].
They are summarized in Table 2. In vivo studies showed that luteolin protected against cognitive
dysfunction induced by chronic cerebral hypoperfusion in rats [98,99]. Luteolin also protected against
high fat diet-induced cognitive defects in obesity mice [100]. Recently, Wang et al., (2016) demonstrated
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that the flavone significantly ameliorated the spatial learning and memory impairment and increased
the thickness of CA1 pyramidal layer in STZ-treated animals [101]. Moreover, luteolin (20 μM) can
attenuate 6-OHDA-caused oxidative stress, cytotoxicity, and caspase-3 activation in PC12 cells [102].
Another study displayed as luteolin (10 and 20 mg/kg) could improve locomotor and muscular
alterations in mice exposed to MPTP, also decreasing the TH-positive cells, the neurotrophic factors,
the GFAP, and the BDNF [95]. In addition, Wruck et al., (2007) demonstrated that luteolin protected
rat neural PC12 and glial C6 cells from MPP+-induced toxicity and activated Nrf2 [103]. The research
group of Rezai-Zadeh (2008) demonstrated that treatment of both N9 and murine-derived primary
microglia cell lines with luteolin significantly reduced both the IFN-γ-induced CD40 expression and
the release of pro-inflammatory cytokines IL-6 and TNF-α through the inactivation of STAT1 [104].
One year later, the same authors showed that luteolin treatment of murine N2a cells transfected
with SweAPP and primary neuronal cells derived from SweAPP overexpressing mice resulted in
a significant reduction in Aβ generation. The mechanism seems to be involved in the selective
inactivation of the GSK-3α isoform, which in turn increases the phosphorylation of PS1, the catalytic
core of the γ secretase complex, thereby reducing PS1 APP interaction and Aβ generation [105].

Excessive production of NO and pro-inflammatory cytokines by activated microglia plays a
pivotal role in the pathogenesis of ND. Kao and collaborators (2011) reported the inhibitory effect
of luteolin on LPS/interferon γ (IFN-γ)-induced NO and cytokines production in rat primary
microglia and BV-2 microglial cells. Particularly, luteolin concentration-dependently abolished
LPS/IFN-γ-induced NO, TNF-α and IL-1β production as well as iNOS expression. Luteolin also
exerted inhibitory effect on transcription factor activity including NF-κB, signal transducer and
activator of transcription 1 (STAT1) and interferon regulatory factor 1 (IRF-1). These effects were
accompanied by down-regulation of ERK, p38, JNK, protein kinase B (Akt) and Src [106].

Chen and coworkers (2008) demonstrated that luteolin may protect dopaminergic neurons from
LPS-induced injury and its efficacy in inhibiting microglia activation [107]. Another research showed
that luteolin inhibited the LPS-stimulated expression of inducible iNOS, COX-2, TNF-α and IL-1β
as well as blocked the LPS-induced NF-κB activation [108]. A few years later, the same authors,
demonstrated that luteolin inhibited the LPS-stimulated expression of TLR-4, blocked LPS-induced
NF-κB, p38, JNK and Akt activation, but had no effect on ERK. In addition, pre-treatment with luteolin
increased cell viability and reduced apoptosis of SH-SY5Y cells co-cultured with LPS-stimulated BV2
microglia [109]. To better understand the immuno-modulatory effects of luteolin, Dirscherl et al.,
(2010) carried out a genome-wide expression study in LPS-exposed BV-2 microglia cells treated with
luteolin and performed a phenotypic and functional profile. They observed that luteolin suppressed
pro-inflammatory marker expression in LPS-activated microglia and triggered global changes in
the microglial transcriptome with more than 50 differentially expressed transcripts. Moreover,
pro-inflammatory and pro-apoptotic gene expression was blocked by luteolin, while mRNA levels
of genes involved into anti-oxidant metabolism, phagocytosis, ramification, and chemotaxis were
significantly induced [110].

3.3. Flavonols

3.3.1. Kaempferol

There are few evidences for the neuroprotective effect of kaempferol (Table 3). LPS-activated
microglial cells have been suggested to be a useful in vitro model to test the potential of
drugs for neuroinflammatory disorders [112,113]. Park and coworkers (2011) demonstrated the
activity of kaempferol against neuroinflammatory toxicity caused by LPS-activated microglia.
Particularly, they showed that kaempferol inhibit the LPS-induced expression of iNOS, COX-2,
matrix metalloproteinases (MMPs) and the subsequent production of ROS, TNF-α, NO, PGE2 and
IL-1β in BV2 microglial cells, through the inhibition of TLR4, NF-κB, p38 MAPK, JNK and AKT
activation [114]. Yang and collaborators (2014) demonstrated the neuroprotective effects of kaempferol
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in glutamate-treated hippocampal neuronal cells, suggesting that kaempferol may be a useful candidate
for neurodegenerative diseases [115].

Table 3. Citrus flavonols kaempferol and rutin in models of neurodegenerations.

Flavonols Model Disease/Condition Reference

kaempferol
In vitro LPS-activated microglia Park et al., 2011 [114]
In vitro glutamate-treated hippocampal neuronal Yang et al., 2014 [115]

rutin

In vitro 6-OHDA-incubated PC-12 cells Magalingam et al., 2013 [116]
In vitro ethanol-exposed HT22 cells Song et al., 2014 [117]
In vitro amylin-treated SH-SY5Y cells Yu et al., 2015 [118]
In vitro neuronal cells Na et al., 2014 [119]
In vivo KA-injected BALB/c mice Nasiri-Asl et al., 2013 [120]
In vivo 6-OHDA-treated rats Kham et al., 2012 [121]
In vitro Ab42-incubated SH-SY5Y cells Wang et al., 2012 [122]
In vivo APPswe/PS1dE9 transgenic mice Xu et al., 2014 [123]
In vivo mice Machawal and Kumar, 2014 [124]
In vivo Aβ-injected rats Moghbelinejad et al., 2014 [125]

3.3.2. Rutin

Rutin is a multifunctional flavonoid glycoside acting on various cellular functions under
pathological conditions such as ND, maybe due to its ability to cross the blood brain barrier (BBB) [126].
Table 3 summarizes the studies aimed to evaluate the effects of rutin in models of neurodegenerations.
In an in vitro model of PD, it has been demonstrated that rutin reduced lipid peroxidation in
6-OHDA-treated PC-12 cells, activating antioxidant enzymes like SOD, CAT, GPx and GSH [116].
The neuroprotective effects of rutin against 6-OHDA were evaluated also in vivo. Rats was pre-treated
with this flavonoids (25 mg/kg body weight, orally) for 3 weeks and then subjected to unilateral
intrastriatal injection of 6-OHDA (10 μg in 0.1% ascorbic acid). Rutin prevented the deficits in locomotor
activity and motor coordination, and protected neurons from deleterious effects of 6-OHDA in the
substantia nigra, as suggested by histopathological and immunohistochemical assays [121].

Oxidative stress has been proposed to be a potential mechanism underlying ethanol-induced
damage and may contribute to neuronal degeneration [127]. Song et al., (2014) investigated the
antioxidant effect of rutin in hippocampal neuronal cells exposed to ethanol, and found that it
prevented the ethanol-induced decrease in nerve growth factor expression, GDNF and BDNF in
HT22 cells. Moreover, rutin significantly increased the level of the antioxidant glutathione, and the
activities of SOD and CAT [117]. Oxidative stress may play a role also in hippocampal cell death
associated with KA-induced neurotoxicity [128]. It has been reported that rutin (100 and 200 mg/kg,
i.p. for 7 days) has potential anticonvulsant and antioxidative activities against oxidative stress in
KA-induced (10 mg/kg, i.p.) seizures in mice [120].

Wang and coworkers (2012) showed that rutin can inhibit Aβ42 fibrillization in concentration
dependent manner and can attenuate Aβ42-induced cytotoxicity in SH-SY5Y neuroblastoma cells [122].
More recently, the same authors demonstrated that orally administered rutin significantly attenuated
memory deficits in APPswe/PS1dE9 transgenic mice, decreased oligomeric Aβ level, reduced oxidative
stress, downregulated gliosis and diminished IL-1 and IL-6 levels in the brain [123]. Another study
suggested a role for rutin in protecting against AD. Moghbelinejad and coworkers (2014) showed that
rutin improved memory retrieval in rats injected with Aβ by increasing ERK1, CREB and BDNF [125].

Recently, Yu et al., (2015) showed that rutin inhibited amylin-induced neurocytotoxicity,
decreasing the production of ROS, NO, glutathione disulfide (GSSG), MDA, TNF-α and IL-1β, thus
attenuating mitochondrial damage and increasing the GSH/GSSG ratio. These protective effects could
be derived by its ability to inhibit amylin aggregation, enhance the activity of SOD, CAT, and GPx, and
reduce that of iNOS [118]. Machawal and Kumar (2014) suggested that the neuroprotective mechanism
of rutin against immobilization stress-induced anxiety-like behavioral and oxidative damage in mice
is mediated by a reduction of NO [124]. Finally, it has been proposed that rutin protects against
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the neurodegenerative effects of prion accumulation in vitro, by reducing levels of ROS and NO,
increasing production of neurotropic factors and inhibiting mitochondrial apoptotic events leading to
HT22 neuronal cell death [119].

3.3.3. Quercetin

Quercetin exhibits numerous pharmacological activities including anti-cancer, anti-inflammatory,
anti-atherosclerotic, anti-thrombotic and anti-hypertensive effects, as well as benefits for human
endurance exercise capacity. Several in vitro and in vivo studies have provided supportive evidence
also for its neuroprotective effects in various models of neuronal injury and chronic neurodegenerative
diseases (Table 4). In vitro studies have shown that low micromolar concentrations of quercetin
inhibited cell toxicity induced by neurotoxic molecules known to be inducer of oxidative stress.
In particular, several research employed H2O2 as stressor. Suematsu et al., (2011) demonstrated
that quercetin suppressed the H2O2-caused cytotoxicity and inhibited apoptosis in human neuronal
SH-SY5Y cells [129]. Quercetin also decreased H2O2-induced oxidative stress in SK-N-MC cells
by reducing HIF-1a, Foxo-3a, NICD and pro-apoptotic mediators including p53 and Bax [130].
The anti-oxidative and anti-apoptotic role of quercetin was further supported by the study of
Jazvinšćak Jembrek and coworkers (2012) [131]. Sajad et al., (2013) showed that pre-treatment
with quercetin prevented protein nitration and glycolytic block of proliferation in cultured neuronal
precursor cells (NPCs) [132].

Table 4. Studies employed quercetin in experimental models of neurodegeneration.

Flavonol Model Disease/Condition Reference

quercetin

In vitro H2O2-incubated SH-SY5Y cells Suematsu et al., 2011 [129]

In vitro H2O2-exposed SK-N-MC cells Roshanzamir and Yazdanparast,
2014 [130]

In vitro H2O2-treated NPCs cells Sajad et al., 2013 [132]
In vitro H2O2-treated -P19 neurons Jazvinšćak J et al., 2012 [131]
In vitro neuronal cells Ansari et al., 2009 [133]
In vivo Aβ-injected mice Zhang et al., 2016 [134]
In vivo MPTP-treated mice Lv et al., 2012 [135]

In vitro LPS- and IFN-γ-treated BV-2
microglia Chen et al., 2005 [136]

In vitro LPS-treated BV-2 microglia Kang et al., 2013 [137]
In vitro high-glucose exposed PC12 cells Bournival et al., 2012 [138]
In vivo high-fat diet in mice Xia et al., 2015 [139]
In vivo high-cholesterol diet in mice Lu et al., 2010 [140]
In vivo intracerebral hemorrhage in rats Zhang et al., 2015 [141]
In vivo ischemia reperfusion injury in rats Arikan et al., 2015 [142]
In vivo STZ-treated mice Tota et al., 2010 [143]
In vivo scopolamine-treated zebrafish Richetti et al., 2011 [144]
In vivo Pb-exposed rats Hu et al., 2008 [145]
In vivo ethylmercury-exposed rats Barcelos et al., 2011 [146]
In vivo tungsten-exposed rats Sachdeva et al., 2015 [147]
In vivo Al-treated rats Sharma et al., 2013 [148]
In vivo Al -treated rats Sharma et al., 2015 [149]
In vivo Al -treated rats Sharma et al., 2016 [150]
In vivo PCBs-treated rats Bavithra et al., 2012 [151]
In vivo PCBs-treated rats Selvakumar et al., 2013 [152]
In vivo ethidium bromide-treated rats Beckmann et al., 2014 [153]

Protection of neuronal cells from the toxicity of Aβ peptide-induced toxicity has also been
reported. Ansari et al., (2009) showed that low concentration of quercetin significantly attenuated
protein oxidation, lipid peroxidation and apoptosis induced by Aβ1–42 in neuronal cultures [133],
while Zhang et al., (2016) demonstrated that quercetin enhanced brain apoE levels and decreased Aβ
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levels in the cortex of amyloid model mice [134]. Moreover, the orally administration of quercetin
(50, 100 and 200 mg/kg body weight) markedly improves MPTP-induced dopamine depletion in the
brain tissue, the motor balance and the coordination which is significantly altered following MPTP
injection in an animal model of PD [135].

In 2005, Chen and collaborators, demonstrated that quercetin suppressed LPS- and IFN-γ-induced
NO production and iNOS gene transcription and enhanced heme oxygenase-1 (HO-1) expression [136].
More recently, Kang and coworkers (2013) found that the suppression of NO system in BV2 microglial
cell line is mediated by the inhibition of NF-κB and the induction of Nrf2/HO-1 [137]. Furthermore,
quercetin protected neuronal PC12 cells from high-glucose-induced oxidation, nitrosative stress, and
apoptosis [138], and antagonized cognitive impairment induced by feeding mice with a high fat [139]
or high-cholesterol diet [140].

There is a lot of evidence showing that memory deficit is associated with impaired cerebral
circulation and a decrease in the cholinergic system. It has been shown that quercetin protected
the retina from apoptotic damage due to ischemia reperfusion injury in vivo [142] and was also
neuroprotective in models of intracerebral hemorrhage in rats [141]. Tota et al., (2010) demonstrated
that orally daily pre-treatment with quercetin (2.5, 5 and 10 mg/kg) showed a dose-dependent
restoration of cerebral blood flow (CBF) and ATP content, significantly reduced by the administration
of STZ (0.5 mg/kg) in mice. Further, quercetin prevented STZ-induced memory impairment and
decreased AChE activity as well as oxidative and nitrosative stress, as evidenced by a significant
decrease in MDA and nitrite, and increase in GSH levels [143]. Richetti et al., (2011) demonstrated the
protective role of quercetin (single injection of 50 mg/kg concentration) against scopolamine-induced
inhibitory avoidance memory deficits in zebrafish [144]. However, Nassiri-Asl (2013) observed
that quercetin (50 mg/kg) could not be effective against oxidative stress in the hippocampus and
cerebral cortex in kindled rats besides its anticonvulsant effects and protection against memory
impairment [154].

Quercetin provided protection also against the neurotoxicity of several metals. Hu et al., (2008)
evaluated the effect of quercetin on chronic lead (Pb) exposure-induced impairment of synaptic
plasticity in dentate gyrus (DG) area of rat hippocampus. The results showed that quercetin
significantly increase the depressed input/output (I/O) functions, paired-pulse reactions (PPR) and
long-term potentiation (LTP) of Pb-exposed group. In addition, concentration of Pb in hippocampus
was partially reduced after quercetin treatment [145]. Quercetin (0.5–50 mg/kg/bw/day) protected
also against DNA damage caused by exposure to methylmercury [146] and tungsten [147]. Several
lines of evidences suggested that Al has severe toxic manifestations on the CNS. The research group
of Sharma, found that pre-treatment with quercetin (10 mg/kg/bw/day) before intragastrically
administration of Al (10 mg/kg/bw/day) decreased ROS levels, mitochondrial DNA oxidation and
citrate synthase activity in both hippocampus and corpus striatum regions, while increased MnSOD
activity of rat brain. In addition, quercetin prevented Al-induced translocation of cytochrome c (cyt-c),
up-regulated Bcl-2, and down-regulated Bax, p53 and caspase-3 activation. It also reduced DNA
fragmentation and increased the mitochondrial DNA copy number and mitochondrial content in the
regions of rat brain [148–150].

Polychlorinated biphenyls (PCBs) are very toxic environmental contaminants known to trigger
neurochemical damages and behavioral disorders. Bavithra et al. (2012) showed that quercetin acted
as scavenger of the PCBs-induced free radicals and protected dopaminergic receptors in the cerebellum
of rat [151]. Another study carried out by Selvakumar and coworkers (2013), evidenced that quercetin
(50 mg/kg) suppresses ROS, enhances both enzymatic antioxidants and neurotransmitter levels and
improves the cognitive functions damned by PCBs (2 mg/kg) [152]. Moreover, quercetin prevented
alterations on cholinergic neurotransmission and in the behavioral tests also in rats experimentally
demyelinated by ethidium bromide [153].
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3.4. Polymethoxiflavones

In Table 5 are summarized the studies reporting the neuroprotective activity of Citrus
polymethoxiflavones.

Table 5. Studies and experimental models of neurodegenerative diseases in which tangeretin or
nobiletin were used.

Polymethoxyflavones Model Disease/Condition Reference

tangeretin
In vivo 6-OHDA-injected rat Datla et al., 2001 [155]
In vitro LPS-stimulated microglia and BV-2 cells Shu et al., 2014 [156]

nobiletin

In vitro Aβ1–42 or Aβ1–40-exposed hippocampus
neurons of rats Matzukazi et al.,

2006 [157]In vivo Aβ1–40-treated rats

In vivo APP-SL 7-5 mice Onozuka et al.,
2008 [158]

In vivo SAMP8 mice Nakajima et al.,
2013 [159]

In vivo 3XTg-AD mice Nakajima et al.,
2015 [160]

In vivo transgenic mice Yamakuni et al.,
2010 [161]

In vivo MPP+- injected mice Jeong et al., 2014 [162]
In vitro LPS-treated BV-2 microglia cell Cui et al., 2010 [163]

In vivo cerebral ischemia inducted mice Yamamoto et al.,
2009 [164]

In vivo cerebral ischemia inducted rats Zhang et al., 2016 [165]

3.4.1. Tangeretin

Tangeretin is a polymethoxyflavone present exclusively in Citrus fruit peels. Neuroprotective
effects of tangeretin were elucidated in an animal model of PD. Sub-chronic treatment of rats
with tangeretin (20 mg/kg/day) for 4 days before 6-OHDA injection markedly reduced the loss
of both TH+ cells and striatal dopamine content evoked by unilateral infusion of 6-OHDA (8 μg)
onto medial forebrain bundle [155]. More recently, Shu and coworkers (2014) demonstrated that
tangeretin suppressed microglial activation in the LPS-stimulated primary rat microglia and BV-2 cell
culture [156] (Table 5).

3.4.2. Nobiletin

Nobiletin is a polymethoxylated flavone that is commonly presents in Citrus peels. Several papers
reported the protective effect of nobiletin in different model of AD. Matsuzaki and coworkers (2006)
observed that nobiletin (10 and 30 μM) reversed a reduction in the activity of CREB-phosphorylation
by the sublethal concentration of Aβ1–42 or Aβ1–40 in cultured rat hippocampus neurons. Moreover,
it ameliorated Aβ1–40-induced impairment of memory in AD model rats [157].

Onozuka and collaborators (2008) demonstrated that daily administrated nobiletin (10 mg/kg,
i.p.) for 4 months reduced Aβ plaque pathology and improved cognitive deficits in APP-SL 7–5 mice,
a transgenic mouse model of AD [158]. More recently, the same authors showed that nobiletin
(10–50 mg/kg/day, i.p.) improved age-related cognitive impairment of senescence-accelerated mouse
prone 8 (SAMP8) mice, and reduced both the oxidative stress and tau phosphorylation in their
brain [159]. Moreover, they showed that nobiletin (30 mg/kg) administered for 3 months counteracted
the impairment of short-term memory and recognition memory in a triple transgenic mouse model of
AD (3XTg-AD mice). In addition, nobiletin reduced the levels of both soluble Aβ1–40 and ROS in the
brain and in the hippocampus of 3XTg-AD mice, respectively [160]. Furthermore, daily administration
of nobiletin for four months rescued the memory impairment in fear conditioning, and decreased
hippocampal Aβ deposit in the transgenic mice [161].
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The effect of nobiletin on neurological disorders was also evaluated in a neurotoxic model of
PD. MPP+ was unilaterally injected into the median forebrain bundle of rat brains with or without
daily intraperitoneal injection of nobiletin (1, 10 and 20 mg/kg). The latter, at a dose of 10 mg/kg,
but not at 1 or 20 mg/kg, significantly protected DA neurons in the substantia nigra of MPP+-treated
rats, also reducing microglial activation [162]. The capability of nobiletin to suppress microgliosis
was demonstrated also by the results of the study performed by Cui et al. (2010) [163]. They found
that the polymethoxiflavone suppressed the activation of NF-κB signaling pathway and the release of
NO, TNF-α and IL-1β, as well as the phosphorylations of ERK, JNK and p-38 evoked by LPS in BV-2
microglia cells.

It is known that decreased cerebral blood flow causes cognitive impairments and neuronal
injury in the progressive age-related neurodegenerative disorders such as AD and vascular dementia.
Yamamoto et al., (2009) showed that treatment with 50 mg/kg of nobiletin (i.p.) for the consecutive
7 days before and after the induction of brain ischemia significantly inhibited delayed neuronal death
in the hippocampal CA1 neurons and improved the contextual cerebral ischemia-induced memory
deficits [164]. Very recently, Zhang et al. (2016) demonstrated that nobiletin (10 and 25 mg/kg/day; i.p.)
administrated for 3 days prior to the experimental ischemia and immediately after surgery reduced
brain edema and neurological deficit, as well as increased the expression of Nrf2, HO-1, SOD1 and
GSH, while decreased the levels of NF-κB, MMP-9 and MDA [165].

4. Conclusion Remarks and Future Perspectives

During the last decades, several studies were performed to evaluate the neuroprotective effects of
Citrus flavonoids and to identify their molecular targets. Literature data collected in our review support
their protective activity in neuropathological conditions, especially in the presence of prooxidants
or neurotoxins. These findings highlight the antioxidant nature of flavonoids, able to arrest free
radical-induced oxidative damage, which is known to play a pivotal role in many degenerative diseases.
Moreover, their neuroprotective action is mediated by the interaction with specific intracellular targets
that are implicated in several signaling pathways important for maintaining the physiological status.
In this way, Citrus flavonoids prevent the neuronal dysfunction due to both acute and chronic injuries
in several in vivo experimental models. Nevertheless, the majority of studies on the beneficial effects of
Citrus flavonoids have been performed in vitro and in vivo, without evidence from equivalent clinical
trials. This means that in some cases, the experimental research on the neuroprotective effects of Citrus
flavonoids does not take into account some aspects which are of great importance in clinical practice.
For example, in some study, the pharmacological effect was observed at concentrations or dosages
(in vitro and in vivo studies, respectively) of active substance which are unlikely to be reached in the
clinical setting. Moreover, in some study it was used routes of administration that highly unlikely to
be used by humans. Generally, a natural drug is orally administered (often as nutraceutical or dietary
supplement), but bioavailability and presystemic elimination issues are often ignored by researchers.
Consequently, the beneficial effects of orally administered flavonoids to improve or prevent CNS
pathologies still remain an uncompleted debated topic. This because their poor absorption, rapid
metabolism and selective permeability across the BBB limits their access to the CNS and, consequently,
their neuroprotective efficacy. In other words, we do not know if the exciting preclinical results
correspond to a real therapeutic success. This is the reason for their limited clinical application both
alone and as an add-on therapy. Nevertheless, the development of novel natural compound-loaded
delivery systems has improved the bioavailability of flavonoids together with their delivery to the
brain, enhancing the potential of flavonoids as neuroprotective agents. Further studies are necessary
to unravel more pharmacokinetics aspects of flavonoids, which in turn would be very important to
stimulate well designed and well-controlled clinical trials confirming the excellent preclinical results.

Anyway, as suggested by this literature revision, we can consider Citrus flavonoids as key
compounds for the development of a new generation of pharmacological agents effective in preventing
and treating neurodegenerative diseases.
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This review may be used as a starting point for novel nutraceuticals, food supplements or
complementary and alternative drugs to maintain or improve the neurophysiological status.
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