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Abstract: The neurodegenerative process is characterized by the progressive ultrastructural alterations
of selected classes of neurons accompanied by imbalanced cellular homeostasis, a process which
culminates, in the later stages, in cell death and the loss of specific neurological functions. Apart from
the neuronal cell impairment in selected areas of the central nervous system which characterizes
many neurodegenerative diseases (e.g., Alzheimer’s Disease, Parkinson’s Disease, Huntington’s
Disease, etc.), some alterations may be found in the early stages including gliosis and the misfolding
or unfolding accumulation of proteins. On the other hand, several common pathophysiological
mechanisms can be found early in the course of the disease including altered oxidative metabolism, the
loss of cross-talk among the cellular organelles and increased neuroinflammation. Thus, antioxidant
compounds have been suggested, in recent years, as a potential strategy for preventing or counteracting
neuronal cell death and nutraceutical supplementation has been studied in approaching the early
phases of neurodegenerative diseases. The present review will deal with the pathophysiological
mechanisms underlying the early stages of the neurodegenerative process. In addition, the potential
of nutraceutical supplementation in counteracting these diseases will be assessed.

Keywords: neurodegeneration; oxidative metabolism; neuroinflammation; exogenous antioxidants;
polyphenols; nutraceuticals

1. Introduction

Neurodegenerative diseases are characterized by the progressive loss of selected vulnerable
neuronal populations, leading to an impairment of motor and/or cognitive function [1]. In particular,
Alzheimer’s disease entails the degeneration of the entorhinal cortex and the loss of the neurons in
the hippocampus that control the memory functions [2]. On the other hand, Parkinson’s disease is
characterised by the loss of dopaminergic neurons of the so called “Substantia Nigra” which impacts
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on the extra-pyramidal control of motor activity [3] and amyotrophic lateral sclerosis (ALS) involves
the loss of motor neurons affecting muscle control [4]. Finally, Huntington’s disease leads to the loss of
striatal neurons influencing involuntary movements [5]. Therefore, the localization of the neuronal
damage provides essential information for the purpose of an early identification and characterization
of the disease [6]. Today, very little is known about those mechanisms which contribute to the
selective vulnerability of these neurons and many studies have investigated their pathophysiology
and prevention. Therefore, the ability to monitor and predict the progression of a neurodegenerative
disorder is crucial for the development of targeted treatments. Although the mechanisms underlying
neurodegenerative diseases are not clear yet and are different for each disease, they can all lead, to
different extents, to death and neuronal loss. These mechanisms are:

(1) Alteration of the oxidative metabolism;
(2) Loss of the cross-talk among the cell organelles;
(3) Increased neuroinflammation.

A representative cartoon, which displays these mechanisms, is provided in Figure 1.
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important role in the protection against various diseases. The main sources of these molecules are 
found in fruits and vegetables and are associated with lower risks of many disease states including 
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the supplementation with natural antioxidants in patients undergoing neurodegenerative diseases 
should potentiate the efficacy of current treatments even in the early stages of the disease. 

Figure 1. Description of the main mechanisms involved in neuronal damage. The panel (1) shows that
the cell death occurs following the damage to proteins, lipids and DNA. Panel (2) describes how the
loss of communication between the endoplasmic reticulum and the mitochondrion leads to the leakage
of calcium ion from the reticulum and of cytochrome c from the mitochondrion. The consequences are
caspases activation and apoptotic cell death. Panel (3) shows a section of the blood–brain barrier with
the endothelium surrounding the bloodstream. The production of cytokines determines the activation of
mitogen-activated protein kinases (MAPKs), which increase the immune cells in the blood. The breaking
of the integrity of the barrier favours the infiltration of these cells encouraging neurodegeneration.

Although the contribution of oxidative stress, inflammation and the imbalance occurring in
mitochondria and endoplasmic reticulum appear to play a crucial role in the development of the
neurodegenerative process, relatively poor information exists on the potential benefit that occurs
when antioxidant product supplementation is carried out in patients undergoing neurodegenerative
diseases [7]. Several epidemiological studies have suggested that diets rich in antioxidants play an
important role in the protection against various diseases. The main sources of these molecules are
found in fruits and vegetables and are associated with lower risks of many disease states including
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cancer, heart disease, hypertension, neurodegenerative diseases and stroke [8–10]. This suggests that
the supplementation with natural antioxidants in patients undergoing neurodegenerative diseases
should potentiate the efficacy of current treatments even in the early stages of the disease.

On the other hand, the use of relatively safe antioxidant compounds found in the diet as a form of
treatment in these disorders is attractive but limited by the difficulty in reaching an active concentration
in the brain [11]. Thus, the assessment of the emerging pathophysiological mechanisms occurring in
the early stages of neurodegenerative diseases could better address pharmacological and nutraceutical
interventions to arrange successful strategies against neuronal loss.

The present review article will deal with the potential of using nutraceuticals in neurodegeneration.
This will be assessed on the basis of identification, in the early stages of neurodegenerative diseases, of
pathophysiological mechanisms which may be counteracted, at this stage, by means of supplementation
with natural antioxidants.

2. Pathophysiological Mechanisms Occurring in the Early Stages of Neurodegenerative Diseases

2.1. Oxidative Metabolism in Neurodegenerative Diseases

In eukaryotic cells, 90% of the reactive oxygen species (ROS) is generated in the mitochondria,
although a small percentage can be found in the other cellular compartments, such as cytosol,
peroxisomes and the endoplasmic reticulum [12]. Mitochondria produce ROS as the intermediate result
of the reduction of molecular oxygen into water within oxidative phosphorylation in order to generate
adenosine triphosphate (ATP). More specifically, ROS are characterized by multiple unpaired electrons
and this feature makes them highly reactive and unstable. The brain is the organ with the most active
oxidative metabolism, since it consists of a high demand for oxygen and energy. The remarkable
demand for oxygen is combined with a lower antioxidant capacity and this makes the brain particularly
prone to the action of ROS. In addition to reactive oxygen species, there are also reactive nitrogen
species: a superoxide anion reacting with nitric oxide (NO) generates another group of very unstable
and reactive molecules called peroxynitrite (RNS) [12].

ROS and RNS largely contribute to neuronal degeneration due to the induced alteration of
macromolecules such as DNA, RNA, proteins and lipids [13].

The blood–brain barrier (BBB) neuro vascular unit (NVU), made up of neurons, astrocytes,
pericytes, microglia and endothelial cells, can counteract the effects of oxidation when the amount of
ROS is limited and when the activity of antioxidant enzymes is preserved. Any imbalance in the NVU
functioning may alter the brain homeostasis, resulting in high oxidative stress and the impairment of
the integrity of the BBB [14,15].

2.2. Loss of Cross-talk among the Cell Organelles

The endoplasmic reticulum is an organelle which preserves many functions at the cellular
level; more specifically, it is involved in the protein biosynthesis as well as in the protein folding
and translocation, post-translational modifications of proteins including glycosylation reactions,
the formation of disulphide bridges and the correct chaperone-dependent folding. Furthermore,
the endoplasmic reticulum also regulates the homeostasis of the calcium ion and the synthesis of
phospholipids. When these functions cannot be preserved, the cell enters into a stressful condition
and the endoplasmic reticulum triggers a sequence of reactions making up the unfolded protein
response (UPR). Many neurodegenerative diseases involve the accumulation of protein aggregates and
the endoplasmic reticulum stress triggers the activation of an adaptive reaction that restores cellular
protein homeostasis, known as proteostasis. Chronic ER stress results in neuronal loss, repressing
the synthesis of synaptic proteins [16]. If the stress of the reticulum is not resolved immediately, the
UPR can start an autophagic process [17]. Autophagy is a dynamic process culminating with the
self-digestion of the damaged cellular elements by autophagosomes, which digest their contents [18].
The UPR and the autophagic process are two cytoprotective mechanisms: their failure activates
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apoptosis and the cross-talk between the endoplasmic reticulum and mitochondria turns into an
exchange of messages leading to cytotoxicity and cell death. More specifically, the calcium ion exits
from the lumen of the endoplasmic reticulum. Any change in the membrane potential may open the
mitochondrial permeability transition pore (MPTP), with the consequent build-up of the calcium ion
in the mitochondrial matrix. The opening of the mitochondrial pore includes the exit of cytochrome c
and the activation of caspases [19]. Many neurodegenerative diseases are associated, at early stages,
with the endoplasmic reticulum stress as well as with the UPR reactions.

2.3. Increased Neuroinflammation

An inflammatory process is started by the cells of the immune system, which activate an
inflammatory cascade to protect the body from any damage. However, under some pathological
conditions, inflammation is present even in the absence of any specific damage. Recently, a close
correlation has been highlighted between inflammation and neurodegenerative diseases. In some cases,
in fact, the chronic activation of innate immunity in the central nervous system (CNS) is triggered while,
in other cases, peripheral immune cells pass through the BBB, as happens with multiple sclerosis [20].

Microglia and astrocytes are the first cell lines that trigger an immune response by promoting
the expression of pro-inflammatory cytokines leading to neurodegeneration, the phagocytosis of
synapses and a lower neuronal function [21]. Tumour necrosis factor-alpha (TNFα), interferon gamma
(IFNγ) and IL-6 are the main inflammatory cytokines secreted, not only by microglia, but also by the
endothelial brain cells and neurons, which infiltrate the immune cells. The release of TNFα activates the
transcription factors through mitogen-activated protein kinases (MAPKs) such as ERK, JNK and p38.
The transcription factors thus expressed cause the up-regulation of the pro-inflammatory pathways,
such as the one connected with the nuclear factor kappa-light-chain-enhancer of the activated B cells
(NF-κB) [22].

Oligodendrocytes and macrophages are also involved in the CNS immune responses; in particular,
oligodendrocytes are involved in regenerative processes as well as in the replacement of damaged
myelin. There is a specific cross-talk among oligodendrocytes and microglia, which is able to select
pro-inflammatory responses [23]. The role played by B and T cells is particularly important for
neurodegenerative diseases: their functions are altered or antibodies and auto-antibodies are released
into the blood, the cerebrospinal fluid and the brain tissues [24]. The involvement of the innate and
adaptive immunity in neurodegeneration includes the loss of the BBB integrity. In particular, the
following scenario occurs: alteration of the tight junctions that keep the endothelial cells of the NVU
together; damage to the endothelium of the NVU; degradation of the NVU endothelium glycocalyx;
destruction of glial cells and astrocytes; cell trans-migration and passage of inflammatory lymphocytes
through the blood–brain barrier [25].

3. Supplementation with Compounds Which Improve the Cellular Antioxidant Effects in
Neurodegenerative Diseases

Over time, cells have developed endogenous mechanisms capable of reducing all substances
whose accumulation produces cellular alterations.

The molecules able of switching off all or even one of the following pathways can, to various
extents, protect the body and slow down the progression of the disease. Some of these compounds
represent the golden standard for studies carried out in the early stages of neurodegenerative disorders.

3.1. Coenzyme Q10

Coenzyme Q10 (Co-Q10) (a benzoquinone ring with a side chain composed of 10 isoprene units) is
synthesized in the body and does not derive from the intake of food. Co-Q10 has important functions,
such as the involvement in mitochondrial oxidative phosphorylation for the production of adenosine
triphosphate (ATP), the regulation of cell signalling, the modulation of gene expression, a strong
antioxidant action and the stabilization of biological membranes [26,27]. Co-Q10 is found in all the body
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tissues, especially in those featuring a high metabolic activity as well as a significant energy demand; in
particular, it is present in the heart, kidney, liver and muscles. Co-Q10 supplementation has proved its
ability to minimise cardiovascular damages [28]. Furthermore, Co-Q10 also has strong neuroprotective
properties [29]. The mechanisms through which Co-Q10 exercises its neuroprotective effects are
associated with the reduction of oxidative stress and apoptotic death [30]. In particular, Co-Q10
increases the mitochondrial function and the formation of ATP and promotes the lipid reduction,
thus protecting the body against the build-up of fats due to a unhealthy and unbalanced diet. For
example, the administration of Co-Q10 in patients affected by atherosclerosis has led to positive
effects on the endothelial function [31]. Moreover, the Co-Q10 supplementation has improved the
parameters of those patients who have been subjected to coronary artery bypass surgery or suffer
from other cardiovascular diseases [32]. Recently, it has been highlighted that, at the endothelial cell
level, the lectin-like oxidized low-density lipoprotein receptor (the LOX-1 receptor) is able to oxidize
low-density lipoproteins (oxLDL) and that Co-Q10 may reduce the oxidative stress through the LOX1
modulation [33,34]. In general, the administration of Co-Q10 reduces the oxidative stress, but also
inflammation both in vitro and in vivo [35]. In particular, it has been proved that the antioxidant
action is performed through the inhibition of the NF-κB transcription factor, whose activation is often
involved in the onset of inflammatory processes [36] at the BBB level. Co-Q10 is able to inhibit the
release of pro-inflammatory cytokines (IL-6, IL8 and TNF-α) by the endothelial cells as well as to
reduce the expression of those proteins (integrins, selectins, ICAM, VCAM) capable of putting the
endothelium in contact with the blood monocytes. The reduced expression of these proteins minimises
the passage of the immune cells through the BBB [15,37]. Co-Q10 can also reduce the stress of the
endoplasmic reticulum organelle, which underlies the main neurodegenerative diseases due to a strong
“protein folding” process, the altered communication with the mitochondrion organelles—resulting
in oxidative stress—as well as to changes in the concentration of the calcium ion. More specifically,
Co-Q10 reduces the expression of the genes relating to endoplasmic reticulum stress, such as those
which encode the spliced-X-box binding protein 1 (s-XBP1) transcription factor, calreticulin—the
protein that binds to calcium—and the binding immunoglobulin protein “molecular chaperone” [38].
More recently, experimental evidence has proved the direct involvement of Co-Q10 in the expression
of a hundred genes responsible for cellular metabolism, the transport of nutrients and signalling. In
cases of ataxia, long-term Co-Q10 oral supplementation (30 mg/kg per day) can improve the gait and
posture of the patients affected [11].

3.2. Glutathione

Glutathione (GSH) is a tripeptide (glycine–glutamine–cysteine) with a thiol group, which preserves
the cellular redox state through detoxification reactions. GSH is used by cells to defend themselves
against oxidative stress through its GSH–peroxidase and GSH–reductase enzymes. The body reproduces
GSH through the recycling of its amino acids and the intake of food rich in sulphur [39]. The excessive
outflow of GSH from the cell may alter the redox balance and speed up the cell death by apoptosis [40].
GSH in neurons is highly compartmentalized, but the quantity produced by astrocytes and carried to
neurons is higher. In general, the concentration of GSH in the brain amounts to 1–3 mM. The reduction
of GSH as a result of mitochondrial structural alterations leads to the accumulation of ROS, a lower
functioning of complex I, a higher permeabilization of the outer mitochondrial membrane, the release
of cytochrome C and the activation of the apoptotic process. In the nervous system, the activity carried
out by GSH and its enzymes is particularly important considering the high sensitivity of neurons
to oxidative stress. Therefore, the supplementation or preservation of physiological GSH acts in a
neuroprotective way, thus suggesting that an increase in the available GSH pool can be regarded as
a promising therapeutic target for neurodegeneration [41]. Neuronal detoxification requires a series
of reactions involving GSH [42]. As supported by evidence, GSH not only directly reacts with ROS,
but also triggers the activation of the “Nuclear factor erythroid 2-related factor 2” (Nrf2) protein, a
transcription factor that regulates the expression of anti-protein oxidants as well as detoxification
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enzymes. GSH also promotes the reduction of IL-1, IL-6, TNF-α cytokines, together with the caspase-3
activity and the cytosolic cytochrome C levels [43]. The protective effect of GSH is observed also
at the BBB level: in fact, the tripeptide has proved its ability to prevent the destruction of the ZO-1
protein, occludins and claudine-5 [44]. The reduction of GSH may lead to metabolic alterations and
stress of the endoplasmic reticulum; the latter can cause mitochondrial damages and oxidative stress.
More specifically, one of the three UPR branches (IRE1α) interacts with the Bak and Bax pro-apoptotic
proteins belonging to the Bcl-2 family. Thus, an altered cross-talk between the endoplasmic reticulum
and a mitochondrion leads to cell death by apoptosis. Simultaneously, the exit of calcium from the
endoplasmic reticulum may contribute to mitochondrial damages as well as to a further increase in
the ROS accumulation [45]. Some neurodegenerative diseases have been associated with disorders in
the metabolism of GSH. Clinical studies resulting from nuclear magnetic resonance imaging (NMR)
showed lower GSH levels in the brains of patients affected by Alzheimer’s disease (AD) over the
control ones. Together with GSH, the activity of the GSH-S-transferase (GST) enzyme, the superoxide
dismutase (SOD) enzyme and the GSH/GSSG (GSH/oxidized GSH) ratio were also reduced [46].
Parkinson’s disease (PD) also entails the direct involvement of the GSH levels: a drop of the GSH levels
in the brain can be marked as an early event for the diagnosis of PD. Moreover, the reduction of the GSH
levels and higher oxidative stress promote the aggregation of the α-synuclein protein [47]. According
to some studies, that GSH supplementation led to the dissolution of the α-synuclein aggregates as well
as to an increase in the GSH levels in the brains of rats with induced PD [48]. Clinical studies based on
NMR proved the involvement of GSH in multiple sclerosis. In particular, the GSH levels in the brains
of these patients were lower and GSH supplementation reduced the oxidative stress [49]. GSH is also
involved in amyotrophic lateral sclerosis (ALS); GSH levels were reduced in the spine of the affected
patients and the altered metabolism of GSH may be regarded as a risk factor in ALS. A recent study
highlighted the positive effect of riluzole (a drug currently used to treat ALS) on the synthesis of GSH
in glial cells [50].

3.3. Vitamin E

Vitamin E is a fat-soluble antioxidant that protects the biological membranes from oxidation and
regulates many enzymes responsible for the reduction of ROS/RNS build-ups. The main sources of
vitamin E are vegetable oils and foods rich in vegetable oils. Vitamin E includes four isoforms of
tocopherols (α, β, γ and δ) and four tocotrienols (α, β, γ and δ). These isoforms cannot be mutually
converted and only α-tocopherol meets the need for vitamin E of the human body [51]. The antioxidant
property of vitamin E is attributed to the hydroxyl group of the aromatic ring, which gives up one
hydrogen atom thus neutralizing radicals or reactive species. Vitamin E proved to be particularly
efficient in all those neurodegenerative disorders caused or accompanied by an excess of cellular
glutamate. More specifically, nanomolar concentrations of α-tocotriene could prevent the glutamate
excitotoxicity in neuronal cells and astrocytes [52]. Recent studies have shown that the administration
of vitamin E may have beneficial effects on PD. In particular, an in vivo model of PD was used
where mice had been subjected to the interruption of the bidirectional plasticity of cortico-striatal
synapses. The intake of α-tocopherol could reverse the abnormality of the synaptic plasticity. These
results were not reproduced with any other antioxidant compounds available in food (β-carotene,
lycopene, lutein, vitamin C, vitamin A and vitamin K), therefore vitamin E was the specific antioxidant
in this experimental model [53]. Recent studies have pointed out that a vitamin E deficiency may
compromise the integrity and function of the BBB (blood–brain barrier). In fact, rats subjected to a
diet poor in vitamin E had a greater amount of peroxylipids compared to animals provided with the
adequate amounts of vitamin E. Eventually, the administration of vitamin E reduced the oxidative
stress and alteration of endothelium permeability at the BBB level, thus protecting some tight junction
proteins [54].
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3.4. Polyunsaturated Fatty Acids (PUFA)

Numerous studies have shown that polyunsaturated fatty acids (PUFAs) are involved in neuronal
development and growth, therefore their possible therapeutic effects on neurodegenerative diseases
are being tested [55]. As previously mentioned, neurodegenerative diseases are associated with
increased neuroinflammation but, in many studies, a decrease in brain docosahexaenoic acid (22:6
n-3; DHA) content is also reported. In fact, DHA and arachidonic acid (20:4 n-6; ARA) are the two
main PUFAs in the brain and their ratio is known to represent one of the main factors responsible for
brain inflammation. The risk of brain disorders has been shown to be higher following a reduced n-3
PUFA plasma concentration and a consequent increase in the ratio between n-6 and n-3 PUFA [56].
The function of PUFAs in the brain is to regulate membrane fluidity (DHA represents 60% of PUFA in
neuronal membranes), neuronal survival and signal transduction [57]. Furthermore, the n-3 PUFA,
DHA and eicosapentaenoic acid (20:5 n-3; EPA) are precursors of anti-inflammatory resolvins and
have an anti-oxidative role as they regulate the activity of proteins involved in oxidative stress in
the CNS. Numerous studies have also shown that PUFAs regulate gene expression in the brain [55].
Therefore, epidemiological studies have highlighted a direct association between reducing the risk of
inflammatory brain diseases and increasing fish intake. To date, many studies have been conducted to
understand the pathology and potential treatments for multiple sclerosis (MS) using the experimental
autoimmune encephalomyelite (EAE) animal model. In particular, the role of PUFAs in the prevention
and treatment of myelin oligodendrocyte glycoprotein (MOG)-induced EAE has been studied. Studies
have been conducted on C57BL/6 female mice fed a control diet and a diet enriched with purified
EPA or with the ethyl ester of EPA, diets integrated with a triacylglycerol (TAG) form of DHA or
with the hydroxyproline conjugate form. The results of these animal studies fed with n-3 PUFA
show that EPA and DHA can delay the onset and progression of disease and reduce its severity.
Pre-treatment with DHA or EPA has proven to be particularly effective for the onset of EAE severity.
Greater attention is paid to DHA as it is the main n-3 PUFA in neural tissues and since the brain
is unable to synthesize DHA from the shorter chain n-3 PUFA, it must be constantly present in
the circulation. Its availability in the blood depends on the diet or its synthesis at the level of the
liver and adipose tissue (AT) and on the ability to be transported across the BBB. DHA can pass
across the BBB because the brain has the capacity to take up plasma un-esterified PUFAs bound to
albumin [56,57], in particular DHA, are fundamental constituents of brain cell membranes, at the
level of which they esterify to phospholipids together with a saturated chain to form a hybrid lipid.
Hybrid lipids are localized at the lipid rafts level in cholesterol-rich membrane domains in which G
protein-coupled receptors (GPCRs) and cognate G proteins are present, fundamental in cell signalling.
It has been shown that, in disorders such as AD and PD, raft PUFA levels are reduced resulting in the
functional alteration of GPCR with a consequent reduction in protein–protein interactions. Therefore,
DHA is promising in the treatment of neurodegenerative diseases as lipids containing DHA could
prevent neurodegenerative diseases by influencing lipid–protein interactions at the lipid rafts level [58].
Furthermore, in vivo and in vitro studies have reported the involvement of PUFAs in increasing
neuronal differentiation and neurite outgrowth. In addition, PUFAs can prevent the neuronal damage
associated with neurodegenerative diseases as they improve synaptic plasticity and the formation
of new synaptic connections [55]. It is reported that in AD, n-3 PUFAs participate in the process
of reducing and resolving inflammation; in particular EPA improves mood disorders, while DHA
guarantees the correct brain structure. The positive effect of EPA and DHA is related to the reduction
of amyloid load and tau hyperphosphorylation. It is known that the incidence of AD decreases in
populations that consume a high amount of fish. PUFAs probably do not act in the advanced stages
of the disease, when neuronal impairment is high, but they can be effective in the early stages of the
disease, i.e., in the prevention of AD. In fact, studies on AD animal models have shown that dietary
supplementation with PUFAs reduces Aβ deposition, improves cognition and reduces hippocampal
neuronal loss or neurodegeneration. Studies have also been carried out on the active metabolites of
EPA and DHA, such as the oxylipins, demonstrating their anti-inflammatory effects but above all their
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pro-resolving effects, i.e., their involvement in the resolution of the inflammatory process that does
not seem to be regulated in AD [59,60]. Other studies have shown that mitochondrial dysfunction
plays an important role in the pathogenesis of neurodegenerative diseases, in particular changes in the
concentration and efficiency of the components of the respiratory complexes were reported. The most
serious mitochondrial dysfunction in these pathologies seems to be the one that determines the loss of
the mitochondrial membrane potential (MMP), closely related to the onset of the apoptotic process.
In vivo and in vitro studies have reported the role of PUFAs, in particular DHA, in mitochondrial
biogenesis and in the regulation of the genes involved in the brain oxidative metabolism. In particular,
the mitochondria of eukaryotic cells are rich in DHA-phospholipids indicating the important role of
DHA for the mitochondrial oxidative phosphorylation system (OXPHOS). In fact, the oxidative damage
to OXPHOS and the reduced PUFA presence in the mitochondrial membranes cause the MMP loss.
Preclinical studies on AD models have recorded an improvement in mitochondrial function after PUFA
treatment, reporting their positive effect on ROS production, JNK activation, cytochrome c release
and caspase-3 activation. Probably, PUFAs act through action on nuclear receptors, such as PPAR-α,
capable of mediating the nuclear effects of EPA and DHA [61]. Many epidemiological and preclinical
studies have also highlighted how diets enriched in n-3 PUFA can reduce the risk of onset PD. The
studies were conducted in mice treated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridin (MPTP), a
compound used for the reproduction of the dopaminergic associated features of PD. The presence of
EPA and DHA in the diet prevents nigral toxicity caused by MPTP. Other in vivo studies have also
reported a partial recovery of the dopaminergic system in the presence of DHA, indicating both a
neuroprotective and neurorestorative capacity. Therefore, DHA contributes to the survival of cells in
PD as it is involved in the neurotrophic factor secretion pathways, in the inhibition of inflammatory
processes, prevents oxidative damage and stimulates cell survival pathways. Furthermore, numerous
studies have shown that DHA can interact specifically with the α-synuclein protein, modifying its
three-dimensional structure, its oxidant scavenger activity and its propensity to form aggregates and
Lewy bodies. Thus, DHA could reduce the neuroinflammation, mitochondrial dysfunction and the
oxidative stress generated by α-synuclein alterations, reducing the neuronal degeneration in PD [62–64].
These studies have shown that PUFAs could be used for preventive purposes and also as an adjuvant
for a better response to therapies in neurodegenerative diseases.

3.5. N-acetylcysteine

N-acetylcysteine (NAC) is a precursor of cysteine which promotes the production of
the endogenous antioxidant GSH responsible for the balance of the cellular redox state [65].
The bioavailability of NAC is not physiologically high in the brain due to its poor lipophilicity which
limits its penetration through the BBB. The replacement of the carboxyl group of NAC with an amide
leads to the formation of N-acetylcysteine-amide (NACA), which is more lipophilic and neuroprotective.
The NAC compound has proven antioxidant and neuroprotective properties. The antioxidant activity
of NAC is expressed through its quick interaction with some reactive radicals such as ·OH, ·NO2,
CO3

−
· and its slower interaction with the superoxide anion (·O2−), the hydrogen peroxide (H2O2)

and peroxynitrite (ONOO−). NAC is able to modulate many neurotransmitters such as glutamate.
The latter is involved in various neurological disorders. In fact, different forms of neuronal damage
and degeneration are associated with the excitotoxic damage caused by an altered activation of the
N-methyl d-aspartate receptor (NMDAr) [66]. Patients at an early stage of PD show lower GSH levels,
ROS accumulation and mitochondrial damage; these factors lead to the specific neuronal death [67].
The administration of NAC results in higher GSH levels in the brain, a reduced oxidative damage
and an increase in the synaptic and non-synaptic connections. Moreover, NAC protected neurons
from the programmed cell death in rats affected by PD, thanks to the improvement of the functioning
of complexes I and IV of oxidative phosphorylation at mitochondrial level [68]. Many studies have
shown that the oral administration of NAC interferes with the expression of α-synuclein, the protein
that creates insoluble protein aggregates in PD [69]. NAC also has anti-inflammatory properties: in
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particular, it influences the NF-κB signalling, thus increasing its presence at the cytoplasmatic level and
reducing translocation at the nuclear level [70]. At the BBB level, the NAC supplementation avoids
losing its integrity thanks to three mechanisms: (a) protection of the tight junctions that keep the
endothelial cells together. In particular, a stabilization of claudine-5 and ZO-1 proteins is observed;
(b) lowering macropinocytosis; (c) lowering intracellular pores and fenestrations [71]. The protective
action of NAC has been largely demonstrated also in AD: more specifically, improvements in learning
and memory skills have been observed in the mice affected by the disease, together with an increase
in the GSH levels with the following reduction of protein and lipid peroxidation, as increased by
the Aβ protein [72]. Again, the NAC supplementation reduced the NF-κB pro-inflammatory activity
of neurons and released pro-inflammatory cytokines in astrocytes and microglia [73]. In multiple
sclerosis, the NAC supplementation prevented apoptotic death in T cells and minimised the oxidative
stress in the CNS in animal models of EAE [74]. Finally, NAC has also proved its effectiveness in
ischemia models. The rats affected by ischemia and treated with NAC showed a lower percentage of
degenerative neurons compared to the control groups [75].

4. Candidate Nutraceuticals for Counteracting Neuronal Cell Death

Supplementation with natural compounds, including plant extracts and nutraceuticals, have
recently been studied for their potential in approaching the prevention and/or the management of
neurodegenerative disorders, mainly in the early stages of the disease. Here, will be identified the
principal candidates which have been studied in recent years.

4.1. Polyphenols

Polyphenols are the largest group of phytochemical compounds and in the last twenty years, have
been largely investigated by researchers, scientists and nutritionists thanks to their impact on health:
polyphenols, in fact, play an important role in degenerative diseases such as cancer, cardiovascular
alterations, chronic inflammation and neurodegenerative diseases [76]. Fruits, vegetables, cereals,
dried fruit, spices, oil and wine are particularly rich in polyphenols. From a chemical point of view,
polyphenols share a common characteristic: the presence of an aromatic ring featuring at least one
hydroxyl group. Starting from this basic structure, more than 8000 compounds branch off, based on the
number and position of the substituents in the aromatic rings. Experimental evidence has shown that
polyphenols can act at the cellular level and minimise the effects of these factors [77]. The main biological
activity of polyphenols is the antioxidant one. Depending on the action mechanism, the polyphenolic
antioxidants are divided into two groups: (1) primary antioxidants which neutralize the reactive
species by giving up an electron or one hydrogen atom [78]; (2) secondary antioxidants, which boost the
activity of the antioxidant enzymes such as GSH-peroxidase, catalase, superoxide dismutase and inhibit
the expression of pro-oxidant enzymes such as xanthine oxidase [79]. Neuroinflammation is mediated
by several factors, such as the NF-κB transcription factor, interleukins (ILs), the tumour necrosis
factor alpha (TNF-α), the tumour necrosis factor beta (TNF-β), adhesion molecules, 5-lipoxygenase
(5-LOX), 12-lipoxygenase (12-LOX) and 2-cyclooxygenase (COX-2) [80]. As a result of the formation of
inflammatory mediators, Toll-like receptors (TLRs) are activated, resulting in the suppression of the
genes involved in the inflammatory response. As supported by recent evidence, the anti-inflammatory
activity of polyphenols is carried out through the modulation of the expression of TLRs [81]. Other
studies highlighted that the modulation of TLRs is induced by polyphenols in inflammatory models
featuring neuropathic pain [82]. The protein aggregation of amyloid fibrils (tau, beta-amyloid and
α-synuclein) is found in various neurodegenerative diseases and results from the interaction of amino
acids at the level of aromatic residues. Polyphenols influence the combination of fibrils, thus weakening
the points that cross-interact [83,84]. Some divalent metals, such as copper, zinc and iron, when present
in the cell in excessive amounts, may be involved in the ROS production. The intake of polyphenols may
chelate these metals under physiological pH conditions [85]. Eventually, mitochondrial dysfunction
can be reduced by polyphenols through various processes; these compounds, in fact, regulate the
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homeostasis of the calcium ion, keep the membrane potential within physiological values and promote
the release of cytochrome c into the cytosol when the cell should undergo apoptosis [86]. In neurological
pathologies these compounds probably do not act in the advanced stages of the disease, when neuronal
impairment is high, but they can be effective in the early stages. However, it is important to highlight
that the excessive intake of polyphenols can lead to damage in maintaining health. In fact, it has also
been proved that the effects of polyphenols can change depending on the consumed quantity and their
bioavailability: in particular, the potential beneficial roles polyphenols have compared to the toxic
effects due to their accumulation [87]. To summarise, we can say that polyphenols behave like any
drug, showing parallel effects if they are taken in small or large quantities [87].

Among the countless polyphenols, we will investigate two plants containing many polyphenols
(turmeric and blueberry) and the use of a phenolic compound resveratrol.

4.2. Turmeric

Turmeric comes from the rhizome of the Curcuma longa L. plant and belongs to the Zingiberaceae
family. It consists of essential oils, polyphenols, carbohydrates, proteins, fats, minerals and water.
The main component of the turmeric plant is curcumin, a polyphenolic compound with strong
antioxidant, anti-inflammatory, antiviral and antibacterial properties; recently, some studies have
proved its potential in neurodegenerative diseases [87]. For example, some studies in vitro on microglia
stressed that curcumin, administered in low doses (0–20 µM), promotes the expression of the Heme
Oxygenase (HO)-1 antioxidant proteins and peroxiredoxin 6 (Prdx6), minimises neuroinflammation
and the production of cytokines (IL-1β, IL-6, TNFα) induced by lipopolysaccharide (LPS) [88], reduces
the stress of the endoplasmic reticulum through the inhibition of UPR as well as of the pro-apoptotic
pathway associated with the C/EBP homologous protein (CHOP) transcription factor [89], which,
once activated, induces the secretion of IL-1β and caspase 1. As supported by evidence, curcumin
prevents the brain stress induced by oxidative damage by increasing the GSH levels and the activity
of the superoxide dismutase (SOD), GSH-peroxidase (GPx), GSH-reductase (GR) and catalase (CAT)
antioxidant enzymes [90]. The anti-inflammatory property of curcumin manifests itself by increasing
the levels of anti-inflammatory cytokines as well as the expression of the NF-κB transcription factor [91].
Although curcumin promotes the aforementioned activities and has strong neuroprotective compound,
its use is limited by its poor absorption, rapid metabolism with systemic excretion and a limited
permeability at the BBB level [92]. These aspects are limitations, but may turn out to be useful.
For example, curcumin plays an important role in AD, since it binds Aβ plaques. In fact, the yellow
shade of turmeric emits a strong fluorescent signal thus facilitating the diagnosis of AD, but the
quick elimination of plaque–curcumin complexes may reduce the extent of the disease [93]. Modern
nanotechnologies constantly develop materials able to interact with biological systems, inducing the
desired physiological responses and limiting the undesired side effects. Therefore, nanotechnology
can influence the ability of drugs to cross the biological barriers and curcumin might be a promising
remedy, to be taken through nanocarriers, for the treatment of neurodegenerative diseases [94].

4.3. Resveratrol

Resveratrol is a polyphenolic compound present in fruits (grapes, mulberries), roots, cereals,
seeds, flowers, vegetables, tea (green and black tea), peanuts and above all, in wine. The presence
of high concentrations of resveratrol in wine and its positive effects were confirmed by the “French
Paradox” which states that the moderate daily consumption of red wine may protect the body against
the increase in triglycerides and cholesterol levels. Many scientific studies have emphasized the
important therapeutic effects of resveratrol, focusing on its antioxidant, anti-inflammatory, anti-tumour
and cardio-protective properties. Precisely for this reason, the intake of resveratrol is recommended
for many diseases [95]. The elements that connect resveratrol to neurodegenerative diseases are
increasingly known. The therapeutic effects of resveratrol can be associated with the high antioxidant
activity. In Alzheimer’s disease, for example, resveratrol reduces the ROS build-up by increasing the
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GSH levels; since the cognitive impairment observed in patients affected by AD is related to the ROS
amount, the administration of resveratrol may improve this symptomatology. Moreover, resveratrol
reduced the levels of nitrite and malonidialdehyde in rats affected by AD [96]. The role played by the
antioxidant activity of resveratrol is also proven by the inhibition of the activation of NF-κB of the
apoptotic process [97]. Recently, experimental evidence has highlighted the ability of resveratrol to
inhibit the aggregation of amyloid fibres thanks to a bond between resveratrol and the N-terminal
group of Aβ proteins [98]. As proven by both in vitro and in vivo experiments, resveratrol reduces the
mitochondrial dysfunction in Parkinson’s disease [99]. Apart from its antioxidant activity, resveratrol
has strong anti-inflammatory properties. According to various studies, resveratrol also inhibits the
expression and secretion of many cytokines and molecules with anti-inflammatory function such as
nitric oxide (NO), IL-6, TNF-α, TGF-β prostaglandine E2 [96]. Experimental evidence pointed out
the ability of resveratrol to activate a series of pro-authaphagic pathways capable of reducing the
inflammatory state. The only weakness of resveratrol is its limited bio-availability: in fact, after its
intake, it is metabolized within two hours in the liver and intestines and is promptly disposed of.
Furthermore, resveratrol has poor water solubility and chemical instability associated with the quick
changes in pH or light. Since it takes a long time to treat many neurodegenerative diseases with
resveratrol, its biological and pharmacological benefits are reduced [100]. Due to its poor bioavailability,
resveratrol barely crosses the BBB, thus reducing its neuroprotective potential. In order to improve
the bioavailability of this polyphenol, nano-particles are used which consist of an oil-water emulsion
and are solid at room temperature and at the physiological body temperature (37◦). The “core” of
these nano-particles, which is made up of hydrophobic lipids, is loaded with the substance to be
conveyed, which is freely dissolved or dispersed. Thanks to their small size (between 40 and 200
nm), the nano-particles can bio-pass the liver and spleen, thus easily reaching the BBB endothelial
cells [101,102].

4.4. Ericacee Family

Ericaceae are a plant family with a high content of polyphenols and strong antioxidant properties.
The fruits present in our diet are blueberries, cranberries and bearberries. According to experimental
evidence, the intake of these fruits has protective effects on the CNS [103]. A study in vivo conducted
on rats showed that the administration of cranberries at an amount equal to 2% for 8 weeks led to a
significant improvement in the motor coordination and memory of the older animals [104]. Another
study analysed in vitro the neuroprotective effects on a model featuring a high build-up of β-amyloid
protein. In particular, blueberries can prevent the mitochondrial damages associated with Aβ and
reduce the accumulation and aggregation of Aβ through the regulation of NF-κB [105]. A study in vivo
conducted on rats affected by neuromuscular disorders, where the animals had been provided with
cranberry juice for eight weeks, showed better results for the Rotarod test on motor coordination,
compared to the control group. Moreover, the learning ability turned out to be better among the
blueberry-fed animals over the placebo group [106]. The intake of blueberries also interferes with
the endoplasmic reticulum stress. A study highlighted how the intake of blueberry could modulate
the factors associated with the stress of the endoplasmic reticulum through the NF-κB pathway. In
particular, the reduction in the expression of UPR-related proteins, such as PERK, GRP78, CHOP,
u-XBP1 and IRE1α has been observed [107]. However, today the amount of blueberry that needs to
be taken in order to reverse neurodegeneration is not clear yet, alongside the right concentration of
blueberry to be taken daily to benefit from the positive effects and avoid the toxic ones.

A representative cartoon which displays the protective mechanisms (oxidative balance
maintenance, guaranteed communication between organelles, reduction of inflammation, integrity of
the barrier maintenance) is provided in Figure 2.
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5. Conclusions

The incidence of neurodegenerative disorders (Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease, Multiple Sclerosis, Amyotrophic Lateral Sclerosis, etc.) is increasing exponentially.
Early stages of neurodegenerative process are characterized by common mechanisms: oxidative stress,
loss of cross-talk among the cell organelles and increased neuroinflammation culminating in cell death.
A correct maintenance of the endogenous antioxidants and supplementation with natural nutraceuticals
have been suggested to counteract the oxidative damage and inflammation in brain tissues occurring
in patients undergoing neurodegenerative processes. Since it is known that the accumulation of all
these compounds can cause toxicity, further clinical trials are required to support an extensive use of
the right quantities to hire/produce, mainly in the early stages of neurodegenerative diseases.

Funding: The work has been supported by the public resources from the Italian Ministry of Research.

Acknowledgments: This work has been supported by PON-MIUR 03PE000_78_1 and PON-MIUR 03PE000_78_2.

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

References

1. Srinivasa, S. Selective Neuronal Death in Neurodegenerative Diseases: The Ongoing Mystery. Yale J. Biol. Med.
2019, 92, 695–705.

2. Sen, A.; Nelson, T.J.; Alkon, D.L.; Hongpaisan, J. Loss in PKC Epsilon Causes Downregulation of MnSOD and
BDNF Expression in Neurons of Alzheimer’s Disease Hippocampus. J. Alzheimers Dis. 2018, 63, 1173–1189.
[CrossRef] [PubMed]

3. Stutz, B.; Nasrallah, C.; Nigro, M.; Curry, D.; Liu, Z.W.; Gao, X.B.; Elsworth, J.D.; Mintz, L.; Horvath, T.L.
Dopamine neuronal protection in the mouse Substantia nigra by GHSR is independent of electric activity.
Mol. Metab. 2019, 24, 120–138. [CrossRef] [PubMed]

4. Rué, L.; Oeckl, P.; Timmers, M.; Lenaerts, A.; van der Vos, J.; Smolders, S.; Poppe, L.; de Boer, A.; Van Den
Bosch, L.; Van Damme, P.; et al. Reduction of ephrin-A5 aggravates disease progression in amyotrophic
lateral sclerosis. Acta Neuropathol. Commun. 2019, 7, 114. [CrossRef] [PubMed]

http://dx.doi.org/10.3233/JAD-171008
http://www.ncbi.nlm.nih.gov/pubmed/29710707
http://dx.doi.org/10.1016/j.molmet.2019.02.005
http://www.ncbi.nlm.nih.gov/pubmed/30833218
http://dx.doi.org/10.1186/s40478-019-0759-6
http://www.ncbi.nlm.nih.gov/pubmed/31300041


Int. J. Mol. Sci. 2020, 21, 2618 13 of 17

5. Kovalenko, M.; Milnerwood, A.; Giordano, J.; Claire, J.; Guide, J.R.; Stromberg, M.; Gillis, T.; Sapp, E.;
DiFiglia, M.; MacDonald, M.E.; et al. Htt Q111/+ Huntington’s Disease Knock-in Mice Exhibit Brain
Region-Specific Morphological Changes and Synaptic Dysfunction. J. Huntingt. Dis. 2018, 7, 17–33.
[CrossRef] [PubMed]

6. Dugger, B.N.; Dickson, D.W. Pathology of Neurodegenerative Diseases. Cold Spring Harb. Perspect Biol. 2016,
9, a028035. [CrossRef]

7. Pohl, F.; Kong Thoo Lin, P. The Potential Use of Plant Natural Products and Plant Extracts with Antioxidant
Properties for the Prevention/Treatment of Neurodegenerative Diseases: In Vitro, In Vivo and Clinical Trials.
Molecules 2018, 23, 3283. [CrossRef]

8. Tuttolomondo, A.; Simonetta, I.; Daidone, M.; Mogavero, A.; Ortello, A.; Pinto, A. Metabolic and Vascular
Effect of the Mediterranean Diet. Int. J. Mol. Sci. 2019, 20, 4716. [CrossRef]

9. Lăcătus, C.M.; Grigorescu, E.D.; Floria, M.; Onofriescu, A.; Mihai, B.M. The Mediterranean Diet: From an
Environment-Driven Food Culture to an Emerging Medical Prescription. Int. J. Environ. Res. Public Health
2019, 16, 942. [CrossRef]

10. Musolino, V.; Gliozzi, M.; Nucera, S.; Carresi, C.; Maiuolo, J.; Mollace, R.; Paone, S.; Bosco, F.; Scarano, F.;
Scicchitano, M.; et al. The effect of bergamot polyphenolic fraction on lipid transfer protein system and
vascular oxidative stress in a rat model of hyperlipemia. Lipids Health Dis. 2019, 18, 115. [CrossRef]

11. Kaisar, M.A.; Prasad, S.; Cucullo, L. Protecting the BBB Endothelium against Cigarette SmokeInduced
Oxidative Stress Using Popular Antioxidants: Are they really beneficial? Brain Res. 2015, 1627, 90–100.
[CrossRef] [PubMed]

12. Zorov, D.B.; Juhaszova, M.; Sollott, S.J. Mitochondrial Reactive Oxygen Species (ROS) and ROS-Induced
ROS Release. Physiol. Rev. 2014, 94, 909–950. [CrossRef] [PubMed]

13. Singh, A.; Kukreti, R.; Saso, L.; Kukreti, S. Oxidative Stress: A Key Modulator in Neurodegenerative Diseases.
Molecules 2019, 24, 1583. [CrossRef] [PubMed]

14. Carvalho, C.; Moreira, P.I. Oxidative Stress: A Major Player in Cerebrovascular Alterations Associated to
Neurodegenerative Events. Front. Physiol. 2018, 9, 806. [CrossRef]

15. Maiuolo, J.; Gliozzi, M.; Musolino, V.; Scicchitano, M.; Carresi, C.; Scarano, F.; Bosco, F.; Nucera, S.; Ruga, S.;
Zito, M.C.; et al. The “Frail” Brain Blood Barrier in Neurodegenerative Diseases: Role of Early Disruption of
Endothelial Cell-To-Cell Connections. Int. J. Mol. Sci. 2018, 19, 2693. [CrossRef] [PubMed]

16. Hetz, C.; Saxena, S. ER stress and the unfolded protein response in neurodegeneration. Nat. Rev. Neurol.
2017, 13, 477–491. [CrossRef]

17. Sozene, E.; Karademirb, B.; Ozer, N.K. Basic mechanisms inendoplasmic reticulum stress and relation to
cardiovasculardiseases. Free Radic Biol. Med. 2015, 78, 30–41. [CrossRef]

18. Song, S.; Tan, J.; Miao, Y.; Zhang, Q. Crosstalk of ER stress-Mediated autophagy and ER-Phagy: Involvement
of UPR and the core autophagy machinery. J. Cell Physiol. 2018, 233, 3867–3874. [CrossRef]

19. Yun, S.; Yang, J.; Zhao, C.; Xiao, C.; Xu, Y.X. The switch from ER stress-induced apoptosis to autophagy via
ROS-Mediated JNK/p62 signals: A survival mechanism in methotrexate-Resistant-Chorio-Carcinoma cells.
Exp. Cell Res. 2015, 334, 207–218.

20. Jung, Y.J.; Tweedie, D.; Scerba, M.T.; Greig, N.H. Neuroinflammation as a Factor of Neurodegenerative
Disease: Thalidomide Analogs as Treatments. Front. Cell Dev. Biol. 2019, 7, 313. [CrossRef]

21. Wes, P.D.; Holtman, I.R.; Boddeke, E.W.; Moller, T.; Eggen, B.J. Next generation transcriptomics and genomics
elucidate biological complexity of microglia in health and disease. Glia 2016, 64, 197–213. [CrossRef]
[PubMed]

22. von Bernhardi, R.; Cornejo, F.; Parada, G.E.; Eugenín, J. Role of TGFb signaling in the pathogenesis of
Alzheimer’s disease. Front. Cell. Neurosci. 2015, 9, 28. [CrossRef] [PubMed]

23. Peferoen, L.; Kipp, M.; Valk, P.; Noort, J.M.; Amor, S. Oligodendrocyte-Microglia cross-Talk in the central
nervous system. Immunology 2014, 141, 302–313. [CrossRef] [PubMed]

24. Stephenson, J.; Nutma, E.; van der Valk, P.; Amor, S. Inflammation in CNS neurodegenerative diseases.
Immunology 2018, 154, 204–219. [CrossRef]

25. Varatharaj, A.; Galea, J. The blood-Brain barrier in systemic inflammation. Brain Behav. Immun. 2017, 60,
1–12. [CrossRef]

26. Raizner, A.E. Coenzyme Q10. Methodist Debakey Cardiovasc. J. 2019, 15, 185–191.

http://dx.doi.org/10.3233/JHD-170282
http://www.ncbi.nlm.nih.gov/pubmed/29480209
http://dx.doi.org/10.1101/cshperspect.a028035
http://dx.doi.org/10.3390/molecules23123283
http://dx.doi.org/10.3390/ijms20194716
http://dx.doi.org/10.3390/ijerph16060942
http://dx.doi.org/10.1186/s12944-019-1061-0
http://dx.doi.org/10.1016/j.brainres.2015.09.018
http://www.ncbi.nlm.nih.gov/pubmed/26410779
http://dx.doi.org/10.1152/physrev.00026.2013
http://www.ncbi.nlm.nih.gov/pubmed/24987008
http://dx.doi.org/10.3390/molecules24081583
http://www.ncbi.nlm.nih.gov/pubmed/31013638
http://dx.doi.org/10.3389/fphys.2018.00806
http://dx.doi.org/10.3390/ijms19092693
http://www.ncbi.nlm.nih.gov/pubmed/30201915
http://dx.doi.org/10.1038/nrneurol.2017.99
http://dx.doi.org/10.1016/j.freeradbiomed.2014.09.031
http://dx.doi.org/10.1002/jcp.26137
http://dx.doi.org/10.3389/fcell.2019.00313
http://dx.doi.org/10.1002/glia.22866
http://www.ncbi.nlm.nih.gov/pubmed/26040959
http://dx.doi.org/10.3389/fncel.2015.00426
http://www.ncbi.nlm.nih.gov/pubmed/26578886
http://dx.doi.org/10.1111/imm.12163
http://www.ncbi.nlm.nih.gov/pubmed/23981039
http://dx.doi.org/10.1111/imm.12922
http://dx.doi.org/10.1016/j.bbi.2016.03.010


Int. J. Mol. Sci. 2020, 21, 2618 14 of 17

27. Shaun, A.; MasonAdam, J.; TrewinParker, G.; Wadle, D. Antioxidant supplements and endurance exercise:
Current evidence and mechanistic insights. Redox Biol. 2020. [CrossRef]

28. Sharma, A.; Fonarow, G.C.; Butler, J.; Ezekowitz, J.A.; Felker, G.M. Coenzyme Q10 and Heart Failure: A
State-Of-The-Art Review. Circ. Heart Fail. 2016, 9, e002639. [CrossRef]

29. Ibrahim Fouad, G. Combination of Omega 3 and Coenzyme Q10 Exerts Neuroprotective Potential Against
Hypercholesterolemia-Induced Alzheimer’s-Like Disease in Rats. Neurochem. Res. 2020. [CrossRef]

30. Hwang, J.Y.; Min, S.W.; Jeon, Y.T.; Hwang, J.H.; Park, S.H.; Kim, J.H.; Han, S.H. Effect of coenzyme Q10 on
spinal cord ischemia-Reperfusion injury. J. Neurosurg. Spine 2015, 22, 432–438. [CrossRef]

31. Chapidze, G.E.; Kapanadze, S.D.; Dolidze, N.K.; Latsabidze, N.E.; Bakhutashvili, Z.V. Combination treatment
with coenzyme Q10 and simvastatin in patients with coronary atherosclerosis. Kardiologia 2006, 46, 11–13.

32. Celik, T.; Iyisoy, A. Coenzyme Q10 and coronary artery bypass surgery: What we have learned from clinical
trials. J. Cardiothorac Vasc Anesth 2019, 23, 935–936. [CrossRef] [PubMed]

33. Mollace, V.; Gliozzi, M.; Musolino, V.; Carresi, C.; Muscoli, S.; Mollace, R.; Tavernese, A.; Gratteri, S.;
Palma, E.; Morabito, C.; et al. Oxidized LDL attenuates protective autophagy and induces apoptotic cell
death of endothelial cells: Role of oxidative stress and LOX-1 receptor expression. Int. J. Cardiol. 2015, 184,
152–158. [CrossRef] [PubMed]

34. Tsai, K.L.; Chen, L.H.; Chiou, S.H.; Chiou, G.Y.; Chen, Y.C.; Chou, H.Y.; Chen, L.K.; Chen, H.Y.; Chiu, T.H.;
Tsai, C.S.; et al. Coenzyme Q10 suppresses oxLDLinduced endothelial oxidative injuries bythe modulation of
LOXmediated ROS generation via the AMPK/PKC/NADPH oxidase signal ng pathway. Mol. Nutr. Food Res.
2011, 55, S227–S240. [CrossRef]

35. Schmelzer, C.; Kubo, H.; Mori, M.; Sawashita, J. Supplementation with the reduced form of Coenzyme
Q10 decelerates phenotypic characteristics of senescence and induces a peroxisome proliferator-activated
receptor-α-gene expression signature in SAMP1 mice. Mol. Nutr. Food Res. 2010, 54, 805–815. [CrossRef]

36. Zhang, Y.P.; Song, C.Y.; Yuan, Y.; Eber, A.; Rodriguez, Y.; Levitt, R.C.; Takacs, P.; Yang, Z.; Goldberg, R.;
Candiotti, K.A. Diabetic neuropathic pain development in type 2 diabetic mouse model and the prophylactic
and therapeutic effects of coenzyme Q10. Neurobiol. Dis. 2013, 58, 169–178. [CrossRef]

37. Maiuolo, J.; Gliozzi, M.; Musolino, V.; Carresi, C.; Nucera, S.; Macrì, R.; Scicchitano, M.; Bosco, F.; Scarano, F.;
Ruga, S.; et al. The Role of Endothelial Dysfunction in Peripheral Blood Nerve Barrier: Molecular Mechanisms
and Pathophysiological Implications. Int. J. Mol. Sci. 2019, 20, 3022. [CrossRef]

38. Yubero-Serrano, E.M.; Gonzalez-Guardia, L.; Rangel-Zuñiga, O.; Delgado-Lista, J.; Gutierrez-Mariscal, F.M.;
Perez-Martinez, P.; Delgado-Casado, N.; Cruz-Teno, C.; Tinahones, F.J.; Villalba, J.M.; et al. Mediterranean
Diet Supplemented With Coenzyme Q10 Modifies the Expression of Proinflammatory and Endoplasmic
Reticulum Stress–Related Genes in Elderly Men and Women. J. Gerontol. A Biol. Sci. Med. Sci. 2012, 67A,
3–10. [CrossRef]

39. Oestreicher, J.; Morgan, B. Glutathione: Subcellular distribution and membrane transport. Biochem. Cell Biol.
2019, 97, 270–289. [CrossRef]

40. Franco, R.; Cidlowski, J.A. Glutathione Efflux and Cell Death. Antioxid. Redox Signal 2012. [CrossRef]
41. Hiebert, J.B.; Shen, Q.; Thimmesch, A.R.; Pierce, J.D. Traumatic brain injury and mitochondrial dysfunction.

Am. J. Med. Sci. 2015, 350, 132–138. [CrossRef] [PubMed]
42. Deponte, M. Glutathione catalysis and the reaction mechanisms of glutathione-de-pendent enzymes.

Biochim. Biophys. Acta 2013, 830, 3217–3266. [CrossRef] [PubMed]
43. Lu, S.C. Glutathione synthesis. Biochim. Biophys. Acta 2013, 1830, 3143–3153. [CrossRef] [PubMed]
44. Xie, R.; Li, D.; Liu, X.; Yang, M.; Fang, J.; Sun, B.; Zhang, Z.; Yang, X. Carnosine Attenuates Brain Oxidative

Stress and Apoptosis After Intracerebral Hemorrhage in Rats. Neurochem. Res. 2017, 42, 541–551. [CrossRef]
[PubMed]

45. Alicka, M.; Marycz, K. The Effect of Chronic Inflammation and Oxidative and Endoplasmic Reticulum Stress
in the Course of Metabolic Syndrome and Its Therapy. Stem. Cells Int. 2018. [CrossRef]

46. Mandal, P.K.; Tripathi, M.; Sugunan, S. Brain oxidative stress: Detection and mapping of antioxidant
marker “Glutathione” in different brain regions of healthy male/female, MCI and Alzheimer patients using
non-invasive magnetic resonance spectroscopy. Biochem. Biophys. Res. Commun. 2012, 417, 43–48. [CrossRef]

47. Coles, L.D.; Tuite, P.J.; Öz, G.; Mishra, U.R.; Kartha, R.V.; Sullivan, K.M.; Cloyd, J.C.; Terpstra, M.
Repeated-Dose Oral N-Acetylcysteine in Parkinson’s Disease: Pharmacokinetics and Effect on Brain
Glutathione and Oxidative Stress. J. Clin. Pharmacol. 2018, 58, 158–167. [CrossRef]

http://dx.doi.org/10.1016/j.redox.2020.101471
http://dx.doi.org/10.1161/CIRCHEARTFAILURE.115.002639
http://dx.doi.org/10.1007/s11064-020-02996-2
http://dx.doi.org/10.3171/2014.12.SPINE14487
http://dx.doi.org/10.1053/j.jvca.2009.01.009
http://www.ncbi.nlm.nih.gov/pubmed/19264512
http://dx.doi.org/10.1016/j.ijcard.2015.02.007
http://www.ncbi.nlm.nih.gov/pubmed/25703423
http://dx.doi.org/10.1002/mnfr.201100147
http://dx.doi.org/10.1002/mnfr.200900155
http://dx.doi.org/10.1016/j.nbd.2013.05.003
http://dx.doi.org/10.3390/ijms20123022
http://dx.doi.org/10.1093/gerona/glr167
http://dx.doi.org/10.1139/bcb-2018-0189
http://dx.doi.org/10.1089/ars.2012.4553
http://dx.doi.org/10.1097/MAJ.0000000000000506
http://www.ncbi.nlm.nih.gov/pubmed/26083647
http://dx.doi.org/10.1016/j.bbagen.2012.09.018
http://www.ncbi.nlm.nih.gov/pubmed/23036594
http://dx.doi.org/10.1016/j.bbagen.2012.09.008
http://www.ncbi.nlm.nih.gov/pubmed/22995213
http://dx.doi.org/10.1007/s11064-016-2104-9
http://www.ncbi.nlm.nih.gov/pubmed/27868153
http://dx.doi.org/10.1155/2018/4274361
http://dx.doi.org/10.1016/j.bbrc.2011.11.047
http://dx.doi.org/10.1002/jcph.1008


Int. J. Mol. Sci. 2020, 21, 2618 15 of 17

48. Abeyawardhane, D.L.; Lucas, H.R. Iron Redox Chemistry and Implications in the Parkinson’s Disease Brain.
Oxid. Med. Cell Longev. 2019, 2019, 4609702. [CrossRef]

49. Ohl, K.; Tenbrock, K.; Kipp, M. Oxidative stress in multiple sclerosis: Central and peripheral mode of action.
Exp. Neurol. 2016, 277, 58–67. [CrossRef]

50. Deng, Y.; Xu, Z.F.; Liu, W.; Xu, B.; Yang, H.B.; Wei, Y.G. Riluzole-Triggered GSH synthesis via activation
of glutamate transporters to antagonize methylmercury-Induced oxidative stress in rat cerebral cortex.
Oxid. Med. Cell. Longev. 2012, 2012, 534705. [CrossRef]

51. Young Lee, G.; Nim Han, S. The Role of vitamin E in Immunity. Nutrients 2018, 10, 1614.
52. Khanna, S.; Parinandi, N.L.; Kotha, S.R.; Roy, S.; Rink, C.; Bibus, D.; Sen, C.K. Nanomolar vitamin E

α-tocotrienol inhibits glutamate-Induced activation of phospholipase A2 and causes neuroprotection.
J. Neurochem. 2010, 112, 1249–1260. [CrossRef] [PubMed]

53. Schirinzi, T.; Martella, G.; Imbriani, P.; Di Lazzaro, G.; Franco, D.; Colona, V.G.; Alwardat, M.; Sinibaldi, P.;
Mercuri, N.B.; Pierantozzi, M.; et al. Dietary vitamin E as a Protective Factor for Parkinson’s Disease: Clinical
and Experimental Evidence. Front. Neurol. 2019, 10, 148. [CrossRef] [PubMed]

54. Mentor, S.; Fisher, D. Aggressive Antioxidant Reductive Stress Impairs Brain Endothelial Cell Angiogenesis
and Blood Brain Barrier Function. Curr. Neurovasc. Res. 2017, 14, 71–81. [CrossRef]

55. Malaplate, C.; Poerio, A.; Huguet, M.; Soligot, C.; Passeri, E.; Kahn, C.J.F.; Linder, M.; Arab-Tehrany, E.;
Yen, F.T. Neurotrophic Effect of Fish-Lecithin Based Nanoliposomes on Cortical Neurons. Mar. Drugs. 2019,
17, 406. [CrossRef]

56. Adkins, Y.; Soulika, A.M.; Mackey, B.; Kelley, D.S. Docosahexaenoic acid (22:6n-3) Ameliorated the Onset
and Severity of Experimental Autoimmune Encephalomyelitis in Mice. Lipids 2019, 54, 13–23. [CrossRef]

57. Chen, C.T.; Ma, D.W.; Kim, J.H.; Mount, H.T.; Bazinet, R.P. The low density lipoprotein receptor is not
necessary for maintaining mouse brain polyunsaturated fatty acid concentrations. J. Lipid Res. 2008, 49,
147–152. [CrossRef]

58. Javanainen, M.; Enkavi, G.; Guixà-Gonzaléz, R.; Kulig, W.; Martinez-Seara, H.; Levental, I.; Vattulainen, I.
Reduced level of docosahexaenoic acid shifts GPCR neuroreceptors to less ordered membrane regions.
PLoS Comput. Biol. 2019, 15, 1–16. [CrossRef]

59. Devassy, J.G.; Leng, S.; Gabbs, M.; Monirujjaman, M.; Aukema, H.M. Omega-3 Polyunsaturated Fatty Acids
and Oxylipins in Neuroinflammation and Management of Alzheimer Disease. Adv. Nutr. 2016, 7, 905–916.
[CrossRef]

60. Dong, S.; Huang, X.; Zhen, J.; Van Halm-Lutterodt, N.; Wang, J.; Zhou, C.; Yuan, L. Dietary vitamin E Status
Dictates Oxidative Stress Outcomes by Modulating Effects of Fish Oil Supplementation in Alzheimer Disease
Model APPswe/PS1dE9 Mice. Mol. Neurobiol. 2018, 55, 9204–9219. [CrossRef]

61. Eckert, G.P.; Lipka, U.; Muller, W.E. Omega-3 fatty acids in neurodegenerative diseases: Focus on
mitochondria. Prostaglandins Leukot Essent Fat. Acids. 2013, 88, 105–114. [CrossRef] [PubMed]

62. Janssen, C.I.; Kiliaan, A.J. Long-Chain polyunsaturated fatty acids (LCPUFA) from genesis to senescence:
The influence of LCPUFA on neural development, aging, and neurodegeneration. Prog. Lipid Res. 2014, 53,
1–17. [CrossRef] [PubMed]

63. Coulombe, K.; Kerdiles, O.; Tremblay, C.; Emond, V.; Lebel, M.; Boulianne, A.S.; Plourde, M.; Cicchetti, F.;
Calon, F. Impact of DHA intake in a mouse model of synucleinopathy. Exp. Neurol. 2018, 301, 39–49.
[CrossRef] [PubMed]

64. Canerina-Amaro, A.; Pereda, D.; Diaz, M.; Rodriguez-Barreto, D.; Casañas-Sánchez, V.; Heffer, M.;
Garcia-Esparcia, P.; Ferrer, I.; Puertas-Avendaño, R.; Marin, R. Differential Aggregation and Phosphorylation
of Alpha Synuclein in Membrane Compartments Associated With Parkinson Disease. Front. Neurosci. 2019,
13, 1–21. [CrossRef]

65. Hall, E.D.; Wang, J.A.; Miller, D.M.; Cebak, J.E.; Hill, R.L. Newer pharmacological approaches for antioxidant
neuroprotection in traumatic brain injury. Neuropharmacology 2019, 145, 247–258. [CrossRef]

66. Minarini, A.; Ferrari, S.; Galletti, M.; Giambalvo, N.; Perrone, D.; Rioli, G.; Galeazzi, G.M. N-acetylcysteine in
the treatment of psychiatric disorders: Current status and future prospects. Expert Opin. Drug Metab. Toxicol.
2017, 13, 279–292. [CrossRef]

67. Liang, L.P.; Kavanagh, T.J.; Patel, M. Glutathione deficiency in Gclm null mice results in complex I inhibition
and dopamine depletion following paraquat administration. Toxicol. Sci. 2013, 134, 366–373. [CrossRef]

http://dx.doi.org/10.1155/2019/4609702
http://dx.doi.org/10.1016/j.expneurol.2015.11.010
http://dx.doi.org/10.1155/2012/534705
http://dx.doi.org/10.1111/j.1471-4159.2009.06550.x
http://www.ncbi.nlm.nih.gov/pubmed/20028458
http://dx.doi.org/10.3389/fneur.2019.00148
http://www.ncbi.nlm.nih.gov/pubmed/30863359
http://dx.doi.org/10.2174/1567202613666161129113950
http://dx.doi.org/10.3390/md17070406
http://dx.doi.org/10.1002/lipd.12130
http://dx.doi.org/10.1194/jlr.M700386-JLR200
http://dx.doi.org/10.1371/journal.pcbi.1007033
http://dx.doi.org/10.3945/an.116.012187
http://dx.doi.org/10.1007/s12035-018-1060-6
http://dx.doi.org/10.1016/j.plefa.2012.05.006
http://www.ncbi.nlm.nih.gov/pubmed/22727983
http://dx.doi.org/10.1016/j.plipres.2013.10.002
http://www.ncbi.nlm.nih.gov/pubmed/24334113
http://dx.doi.org/10.1016/j.expneurol.2017.12.002
http://www.ncbi.nlm.nih.gov/pubmed/29229294
http://dx.doi.org/10.3389/fnins.2019.00382
http://dx.doi.org/10.1016/j.neuropharm.2018.08.005
http://dx.doi.org/10.1080/17425255.2017.1251580
http://dx.doi.org/10.1093/toxsci/kft112


Int. J. Mol. Sci. 2020, 21, 2618 16 of 17

68. Tardiolo, G.; Bramanti, P.; Mazzon, E. Overview on the Effects of N-Acetylcysteine in Neurodegenerative
Diseases. Molecules 2018, 23, 3305. [CrossRef]

69. Ganguly, U.; Ganguly, A.; Sen, O.; Ganguly, G.; Cappai, R.; Sahoo, A.; Chakrabarti, S. Dopamine Cytotoxicity
on SH-SY5Y Cells: Involvement of α-Synuclein and Relevance in the Neurodegeneration of Sporadic
Parkinson’s Disease. Neurotox. Res. 2019, 35, 898–907. [CrossRef]

70. Banks, W.A.; Gray, A.M.; Erickson, A.; Salameh, T.S.; Damodarasamy, M.; Sheibani, N.; Meaborn, J.S.;
Wing, E.E.; Morofuji, Y.; Cook, D.G.; et al. Lipopolysaccharide-Induced blood-Brain barrier disruption:
Roles of cyclooxygenase, oxidative stress, neuroinflammation, and elements of the neurovascular unit.
J. Neuroinflammation 2015, 12, 223. [CrossRef]

71. More, J.; Galusso, N.; Veloso, P.; Montecinos, L.; Finkelstein, J.P.; Sanchez, G.; Bull, R.; Valdés, J.L.; Hidalgo, C.;
Paula-Lima, A. N-Acetylcysteine Prevents the Spatial Memory Deficits and the Redox-Dependent RyR2
Decrease Displayed by an Alzheimer’s Disease Rat Model. Front. Aging Neurosci. 2018, 10, 399. [CrossRef]
[PubMed]

72. Spence, J.; Chintapenta, M.; Kwon, H.I.; Blaszczyk, A.T. A Brief Review of Three Common Supplements
Used in Alzheimer’s Disease. Consult Pharm. 2017, 32, 412–414. [CrossRef]

73. Fuller, S.; Steele, M.; Munch, G. Activated astroglia during chronic inflammation in Alzheimer’s disease—Do
they neglect their neurosupportive roles? Mutat. Res. 2010, 690, 40–49. [CrossRef]

74. Ljubisavljevic, S.; Stojanovic, I.; Pavlovic, D.; Sokolovic, D.; Stevanovic, I. Amino-Guanidine and
N-acetyl-cysteine supress oxidative and nitrosative stress in EAE rat brains. Redox Rep. 2011, 16, 166–172.
[CrossRef] [PubMed]

75. Turkmen, S.; Cekic Gonenc, O.; Karaca, Y.; Mentese, A.; Demir, S.; Beyhun, E.; Sahin, A.; Gunduz, A.;
Yulug, E.; Turedi, S. The effect of ethyl pyruvate and N-acetylcysteine on ischemia-Reperfusion injury in an
experimental model of ischemic stroke. Am. J. Emerg. Med. 2016, 34, 1804–1807. [CrossRef] [PubMed]
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