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Abstract: Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by progressive
memory loss and cognitive decline. Although substantial research has been conducted to elucidate the
complex pathophysiology of AD, the therapeutic approach still has limited efficacy in clinical practice.
Oxidative stress (OS) has been established as an early driver of several age-related diseases, including
neurodegeneration. In AD, increased levels of reactive oxygen species mediate neuronal lipid, protein,
and nucleic acid peroxidation, mitochondrial dysfunction, synaptic damage, and inflammation. Thus,
the identification of novel antioxidant molecules capable of detecting, preventing, and counteracting
AD onset and progression is of the utmost importance. However, although several studies have
been published, comprehensive and up-to-date overviews of the principal anti-AD agents harboring
antioxidant properties remain scarce. In this narrative review, we summarize the role of vitamins,
minerals, flavonoids, non-flavonoids, mitochondria-targeting molecules, organosulfur compounds,
and carotenoids as non-enzymatic antioxidants with AD diagnostic, preventative, and therapeutic
potential, thereby offering insights into the relationship between OS and neurodegeneration.

Keywords: Alzheimer’s disease; oxidative stress; antioxidants; flavonoids; vitamins; prevention;
diagnosis; treatment; minerals

1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by
cognitive decline, memory loss, inability to complete simple tasks, and mood alterations [1].
To date, approximately 50 million AD cases have been registered worldwide, but this
number is predicted to rise exponentially within the next few years [2]. Although several
medications have been proposed, no disease-modifying therapy has been proven to be
effective when tested in clinical trials [3]. Molecularly, AD presents a multifactorial etiology,
in which genetic and environmental factors contribute to the formation of senile amyloid
plaques, composed of amyloid beta (Aβ) fibrils, and intracellular neurofibrillary tangles
(primarily characterized by the abnormal accumulation of the microtubule-associated tau
protein, which is hyperphosphorylated) in different brain areas [4]. Among the risk factors,
oxidative stress (OS) turns out to be one of the primary causes of AD, playing a key role in
its pathophysiology and progression [5–14]. OS normally occurs because of an imbalance
between pro-oxidant and antioxidant status, which leads to an excessive accumulation of
reactive oxygen species (ROS), in turn causing oxidative damage at the level of biological
macromolecules, such as lipids, proteins, and nucleic acids [15]. Concerning AD, there
is evidence that an immoderate amount of ROS can increase Aβ fibril production and
aggregation, tau phosphorylation, and neuronal cell death, as well as trigger a whole
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series of events leading to neurodegeneration (such as mitochondrial dysfunction and
glial cell activation) [16,17]. In this context, it has been reported that oxidative damage to
enzymes involved in glucose metabolism causes impaired adenosine triphosphate(ATP)
biosynthesis and limits the brain’s energy availability in mild cognitive impairment (MCI)
and AD patients [18,19]. At the same time, the decreased expression of the main antioxidant
enzymes catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase (GPx), and
glutathione reductase reported in cognitively impaired individuals prevents the activity
of the proper detoxification machinery [19–21]. This condition of oxidative imbalance,
coupled with the consequent overexpression of nuclear factor kappa-light-chain-enhancer
(NF-kB) and the release of various inflammatory mediators (i.e., interleukin 1 beta (IL-1β),
IL-6, tumor necrosis factor alpha (TNF-α), and transforming growth factor beta (TGF-β)),
concur to establish an age-related pro-inflammatory microenvironment that favors the
onset of neurodegenerative disorders [21,22]. Once established, treatments aimed at curing
the disease are often unsuccessful due to poor blood–brain barrier (BBB) penetration and
the scarce bioavailability of the proposed drugs [21]. Thus, considering the harmful role
of OS in AD, preventing the excessive formation of ROS may represent a useful potential
strategy to counteract the onset and progression of this disorder, prior to its establishment.
In this regard, the present review summarizes the preventative, diagnostic and therapeutic
potential of several classes of non-enzymatic antioxidants, including carotenoids, vitamins,
flavonoids, non-flavonoids, organosulfur compounds, mitochondria-targeted antioxidants,
and minerals, with the aim of highlighting early biomarkers and promising preventative
treatments for this devastating neurodegenerative disease (Figure 1).
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2.1. Carotenoids 

Carotenoids are colorful pigments that are found in fruits, vegetables, and seaweeds, 
with important anti-inflammatory, antioxidant, and anti-apoptotic activity [23,24]. 
Chemically, carotenoids are composed of a polyene chain, enriched with conjugated 
double-carbon bonds, which are the basis of their redox potential [24]. Among the 
enormous variety of known carotenoids, α-carotene, β-carotene, lutein, zeaxanthin, 
lycopene and β-cryptoxanthin remain the most characterized and studied for their 
involvement in different pathologies and conditions [25,26]. Over the past few years, the 
discovery of their enrichment in certain brain areas [27] has led to the investigation of their 
diagnostic and therapeutic potential within the context of neurodegeneration [23,28]. 
Generally, low levels of blood carotenoids are detected among AD patients when 
compared to healthy controls [29,30], and plant-based diets are considered 
neuroprotective [31]. Among them, circulating levels of lutein, zeaxanthin, and lycopene 
are the most predictive of AD development, severity, and mortality among non-demented 
individuals, even when accounting for age, sex, genetic background, social status, and 
lifestyle, with a great potential for future application as prodromal AD biomarkers [31–
35]. Moreover, since lutein and zeaxanthin are fundamental for retinal function, low 
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2. Results
2.1. Carotenoids

Carotenoids are colorful pigments that are found in fruits, vegetables, and seaweeds,
with important anti-inflammatory, antioxidant, and anti-apoptotic activity [23,24]. Chem-
ically, carotenoids are composed of a polyene chain, enriched with conjugated double-
carbon bonds, which are the basis of their redox potential [24]. Among the enormous
variety of known carotenoids, α-carotene, β-carotene, lutein, zeaxanthin, lycopene and
β-cryptoxanthin remain the most characterized and studied for their involvement in dif-
ferent pathologies and conditions [25,26]. Over the past few years, the discovery of their
enrichment in certain brain areas [27] has led to the investigation of their diagnostic and
therapeutic potential within the context of neurodegeneration [23,28]. Generally, low levels
of blood carotenoids are detected among AD patients when compared to healthy con-
trols [29,30], and plant-based diets are considered neuroprotective [31]. Among them,
circulating levels of lutein, zeaxanthin, and lycopene are the most predictive of AD devel-
opment, severity, and mortality among non-demented individuals, even when accounting
for age, sex, genetic background, social status, and lifestyle, with a great potential for future
application as prodromal AD biomarkers [31–35]. Moreover, since lutein and zeaxanthin
are fundamental for retinal function, low serum levels of these carotenoids often accompany
visual impairment and age-related macular degeneration (AMD) among AD patients [36].
Together with β-carotene, plasma lutein concentration is reported to distinguish severe AD
patients from milder cases and healthy controls, thereby serving as a potential biomarker
for patient stratification [37]. On the other hand, a higher circulating amount of the oxidized
carotenoid, β-cryptoxanthin, is associated with better cognitive performance [38]. There is
also evidence that circulating α-carotene and β-carotene may serve as non-invasive disease
biomarkers, as they are significantly decreased in AD [39–42]. Accordingly, an analysis of
40 patients revealed that individuals presenting lower levels of plasma β-carotene showed
increased concentrations of Aβ1–42 and total tau in the cerebrospinal fluid (CSF), thus link-
ing peripheral β-carotene to established neurochemical AD markers [43]. Of note, plasma
β-carotene correlation with telomerase activity may explain the association between AD
development and aging [39]. However, inconsistent results and conflicting evidence are
hindering clinical development. Indeed, neither differences in the circulating levels of
α-carotene, β-carotene, lycopene, and β-cryptoxanthin between AD and controls, nor their
association with dementia risk, were reported in other studies, thereby questioning the
feasibility of these carotenoids for exploitation as disease biomarkers [34,35,40,44].

Besides diagnosis, a therapeutic supplementation of carotenoids has been proposed as
an alternative curative as well as a preventative strategy for AD.

In terms of α-carotene and β-carotene, it has been observed that streptozotocin-
induced AD mice receiving β-carotene show better cognitive function and a reduced
Aβ pathology, thanks to a diminished OS and the reduced activity of acetylcholinesterase
(AChE), one of the most relevant proteins involved in AD [45]. However, a recent systematic
review of the literature shows inconsistency regarding the use of β-carotene supplements to
prevent MCI or AD in humans, thus requiring further investigation [46]. As for β-carotene,
data from the “Modifying the Incidence of Delirium” (MIND) randomized controlled trial
reported improved cognitive ability in individuals with higher levels of plasma α-carotene,
although validation studies are still needed [47].

Lycopene. It has long been known that tomato consumption reduces the risk of devel-
oping cancer and cardiovascular disease, due to its high lycopene content [48]. Thanks to
its antioxidant and neuroprotective functions, several studies proposed lycopene intake
as a possible intervention against cognitive decline [48,49]. In this respect, preclinical
evidence reported that lycopene supplementation is sufficient to improve learning and
memory (evaluated via the Y-maze and Morris water maze tests) as well as to reduce Aβ
accumulation and tau hyperphosphorylation in various mice and rat models of AD, even
as a preventative strategy [50–54]. These benefits are mediated by decreased β-secretase
expression, phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) signaling induc-
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tion, and the stimulation of neurogenesis [52,53,55,56]. A reduction in OS, associated with
decreased ROS production and enhanced antioxidant capacity (measured by nuclear factor
erythroid 2-related factor 2 (Nrf2) activity, a reduced glutathione/oxidized glutathione
(GSH/GSSG) ratio, malondialdehyde (MDA) levels, and GPx activity), was also observed
across studies [52,54–58]. Often, lycopene-mediated restoration in oxidative homeostasis is
accompanied by re-established mitochondrial morphology and functions [56,57,59]. All
these events ensure cell viability and protect against apoptosis since in vitro lycopene
treatment has been associated with reduced levels of cleaved caspase-3 and cytochrome c
(markers for apoptosis), as well as with an increased expression of anti-apoptotic proteins
at the expense of the pro-apoptotic proteins [55,56,59,60]. Moreover, the ability of neural
stem cells to secrete nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF),
and vascular endothelial growth factor (VEGF) upon lycopene pre-treatment may further
improve cell viability [61]. One of the key mechanisms of action of lycopene is its ability
to counteract neuroinflammation. Indeed, AD rats receiving lycopene displayed reduced
levels of serum pro-inflammatory cytokines (TNFα, IL-1β, IL-6β) and attenuated choroid
plexus expression of the inflammatory mediators, toll-like receptor 4 (TLR4) and NF-kB, as
well as increased CSF and hippocampal levels of the anti-inflammatory cytokines, IL-10
and TGF-β, even when treated at early disease stages [50,51,62]. Consistently, the same anti-
inflammatory effects were observed upon the lycopene pre-treatment of mice subsequently
injected with lipopolysaccharide (LPS) to trigger AD, suggesting that lycopene-based diets
may be effective in disease prevention [52]. When tested in humans, results from an open-
label interventional study involving 918 cognitively healthy subjects show that lycopene
intake, combined with omega-3 fatty acids and Ginkgo biloba extracts, attenuated the risk of
AD development later in life [63]. However, although some studies report an association
between lycopene and cognitive function, human data remain limited [64]. Furthermore,
innovative formulations based on lycopene-loaded microemulsions may also help to im-
prove the antioxidant and neuroprotective properties of this carotenoid, as was recently
shown in rats [65].

Lutein, zeaxanthin, and meso-zeaxanthin. AMD is often associated with AD [66],
and macular pigment integration is fundamental to ensure both visual and cognitive func-
tion [67]. Accordingly, some studies show that lutein and zeaxanthin levels in the blood,
macula, or brain are inversely correlated to MCI and AD occurrence, while their intake
guarantees better cognitive reserve [68]. In vitro, the pretreatment of AD-mimicking neu-
ronal cell lines with lutein and zeaxanthin extracts is reported to reduce neurotoxicity, limit
apoptosis, prevent ROS release, and reestablish redox homeostasis [69,70]. In agreement
with this concept, rats receiving zeaxanthin prior to Aβ1–42 exposure show reduced cere-
brovascular inflammation, attenuated OS, and mitigation of the AD-related alterations in
Aβ-metabolism [71]. These benefits may, at least in part, be explained by the ability of zeax-
anthin to attenuate endoplasmic reticulum stress and mitigate tau hyperphosphorylation
through modulation of the glycogen synthase kinase 3 beta (GSK-3β) pathway [72]. The
preventative and protective features associated with macular pigment intake have also
been confirmed in clinical studies. For example, cognitively healthy subjects receiving a
mixture of lutein, zeaxanthin, and its stereoisomer, meso-zeaxanthin, for one year display
marked memory improvements, thus potentially reducing the risk of AD development
later in life [73]. Even more strikingly, 59 individuals, aged between 18 and 25 years,
who received macular carotenoids for 6 months showed improved memory functions
(both composite and verbal), increased attention, and enhanced cognitive performance
compared to controls [74]. These effects seem to be mediated by reduced blood IL-1β, as
well as by increased serum BDNF and macular carotenoid concentrations, which resulted
in systemic antioxidant defense [74]. Nevertheless, results from the “Age-Related Eye
Disease Study 2” (AREDS2) randomized trial report no significant benefits of lutein and
zeaxanthin supplementation in terms of cognitive performance among individuals with a
high risk of AMD development [75]. In another randomized double-blind clinical trial, the
treatment of 31 AD patients with macular xanthophylls was not sufficient to observe any
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cognitive improvement, despite increased levels of blood lutein and zeaxanthin that were
associated with the intake of these antioxidants [76]. Again, no amelioration in serum lipid
oxidation was observed in AD patients under supplementation with lutein, zeaxanthin,
and meso-zeaxanthin [77]. However, increased beneficial effects of macular carotenoids
were observed upon their intake together with fish oil and omega-3 fatty acids, suggesting
a dietary synergism [78]. Accordingly, cognitively healthy subjects aged over 65 years, on
a diet supplemented for 2 years with a combination of fish oil, vitamin E, and macular
pigments, showed improved cognitive ability, measured by working memory test perfor-
mance, and increased levels of tissue carotenoids, as well as systemic xanthophylls and
omega-3 fatty acid concentrations [79]. New formulations may also help carotenoids to
achieve a higher therapeutic impact. In this respect, cationic biopolymer nanoparticles,
endowed with efficient BBB permeation and brain localization, have been proposed as a
vehicle for the intranasal delivery of carotenoids, and constitute a novel strategy to promote
in situ antioxidant activity [80]. These innovative and targeted approaches may be used
in new clinical trials to better clarify the preventative role of macular pigments within the
AD context.

2.2. Vitamins

The role of vitamins in AD and cognitive disorders has been extensively reviewed in
recent years, wherein their function is usually associated with the ability to obstruct the
impact of OS on neuroinflammation and neurodegeneration [81–86]. AD and its cognitive
decline have been associated mainly with deficiencies in vitamins A, D, K, and E [85],
while the most recent debate deals with the role of vitamin E in AD pathogenesis and
progression [87].

Vitamin E is represented by a family of eight homologs that are synthesized by plants,
starting from homogentisic acid (a phenolic acid). The family includes four tocopherols and
four tocotrienols, divided into the α, β, γ, and δ forms, based on the methyl substitution
in the aromatic ring [88]. Alpha-tocopherol is the predominant form in tissues and is,
currently, the most extensively studied form [89–91]. Recent studies on the mechanism of
action of these molecules indicate that γ-tocopherol, δ-tocopherol and γ-tocotrienol, besides
influencing the immune function and cell signaling, together with lowering cholesterol
levels, have unique antioxidant and anti-inflammatory properties, which are superior to
those of α-tocopherol in the prevention and treatment of chronic diseases [92,93]. These
forms of vitamin E are all scavengers of reactive nitrogen species (RNS), in addition to ROS;
they inhibit cyclooxygenase (COX) and 5-lipoxygenase (5-LOX), catalyze the biosynthesis
of eicosanoids, and suppress proinflammatory signaling. For this reason, these forms were
extensively studied within the oxidative metabolism via in vitro investigation for their anti-
inflammatory effect and, also, for their efficacy in preclinical models and in interventional
human clinical trials [94,95]. Many biological activities that are ascribed in the literature
to vitamin E offer a theoretical basis for an understanding of its beneficial effects in the
treatment of AD. In this regard, recent evidence reports that vitamin E is particularly suited
to preventing AD development. A possible explanation may come from the observation that
vitamin E deficiency, when caused, for example, by mutations in the α-tocopherol transfer
protein A (TTPA) in familial ataxia syndrome, triggers neurological disorders [96], thus
indicating that this vitamin is particularly crucial to ensure an antioxidant response in the
brain [97]. Undoubtedly, the role of vitamin E is paramount in reducing Aβ accumulation in
the central nervous system (CNS), as observed in TTPA knock-out (Ttpa-/-) mice [98–101].

As mentioned, increased OS and inflammation are among the possible mechanisms
involved in the pathogenesis of AD. Within this context, vitamin E has been proven to have
positive effects on cognitive function [102]. When administered to AD mice, vitamin E was
correlated with a reduction in Aβ in the brains of young mice, but not in aged animals [103].
Other studies carried out in animal models have shown that supplementation with α-
tocopherol attenuates alterations of the Aβ metabolism in aged animals and prevents
deficits in memory function [104]. Similar effects were observed for a metabolite of α-
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tocopherol (α-tocopherol quinine), the oral administration of which improves learning in
amyloid precursor protein/presenilin-1 (APP/PS1)-transgenic mice, leading to a reduction
in the brain levels of Aβ oligomers and determining a decrease in oxidative stress and
in the production of inflammatory mediators [105]. In agreement with these findings, α-
tocopherol was able to counteract the formation of Aβ oligomers and the toxicity induced
by Aβ itself, reducing the inflammatory processes, the generation of ROS, and the oxidation
of lipids in cell cultures [105–107].

Vitamin E was also documented as playing a neuroprotective role through the modula-
tion of specific cell-signaling pathways. Indeed, studies performed on rats have shown that,
at the hippocampal level, the deprivation of vitamin E is associated with the expression
of numerous genes related to the development and progression of AD. These genes have
been identified as important regulators of hormonal metabolism, apoptosis, growth, neuro-
transmission, and Aβmetabolism [108]. Consistently, low levels of cerebral α-tocopherol
have been observed to induce downregulation of the genes involved in myelination and
synaptogenesis, neuronal vesicle transport, and glial functions [109].

In addition, vitamin E inhibits several enzymes involved in neuroinflammation and
oxidative damage, which are typical features of AD [110,111]. Furthermore, vitamin E
activates protein phosphatase 2 (a phosphatase that plays a significant role in tau protein
homeostasis), which has been shown to be downregulated in the brain of AD patients [112].
Recently, vitamin E has also been reported to be able to decrease cholesterol levels by
affecting the pathway of sterol-regulating proteins [113]. Notably, numerous studies on cell
cultures have shown that a reduced cholesterol content is associated with a decrease in the
production of Aβ, while an increase in cholesterol has the opposite effect [114,115]. Accord-
ingly, a strong positive correlation between hypercholesterolemia and increased Aβ levels
has also been observed in animal models [115,116] and it has been documented that these ef-
fects are due to the direct stimulation of β- and γ-secretase activity by cholesterol [117,118].
Furthermore, the high cellular levels of cholesterol stimulate the internalization of APP,
leading to an over-production of the substrate for β- and γ-secretases [119].

Besides having an impact on Aβ production, vitamin E and its derivatives also play
an important role in tau functioning. Indeed, the treatment of neuronal cultures with
vitamin E prevents the Aβ-induced hyperphosphorylation of tau, although the data are still
conflicting [120]. The effect of vitamin E on tau was also analyzed in vivo in different animal
models, where it was found that tau-transgenic mice supplemented with α-tocopherol
display a reduction in disease development and improved health [121].

Concerning humans, low plasma levels of vitamin E have been observed in both MCI
and AD subjects [102,122–124], while high plasma concentrations and a diet enriched in
vitamin E have been associated with a reduced risk of developing AD [41,125,126]. On
the other hand, elevated concentrations of vitamin E in the brain of AD patients suggest a
possible compensatory response to the damaging oxidative stress conditions found in the
CNS of these subjects [81]. Therefore, numerous studies have analyzed the effect of vitamin
E supplementation on the progression of AD; however, they reached conflicting results.
Actually, although some investigations have observed a slowing down in the progression
of AD in patients treated with α-tocopherol [127], other authors have observed that vitamin
E supplementation does not show any benefit in either MCI or AD patients [128,129].

Another vitamin that plays a key role in the brain is vitamin A (i.e., retinol, retinoic
acid, and retinal and β-carotene); a deficiency in vitamin A is considered to be a fundamen-
tal biomarker of cognitive disorders [130]. Interestingly, vitamin A has been reported to be
able to counteract the formation of Aβ in the AD brain [131–134]. Other vitamins, such as
vitamin K, play a significant role in AD prevention and therapy [135]. For instance, low
cerebral levels of vitamin K have been associated with worse cognitive decline and with
the development of neurodegenerative diseases [136,137]. A deficiency in fundamental
vitamins may also have a significant action on mitochondria [138,139]. A deficit in vitamin
D, for example, impairs many of the functions associated with mitochondrial biology [140].
As a matter of fact, the depletion of vitamin D and the vitamin D receptor is fundamental
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for mitochondria activity [138,139], and this can surely help to explain why vitamin D is
fundamental to preventing cognitive disorders, such as those occurring in AD [141,142].

The B family of vitamins was recently put in the spotlight because serum homo-
cysteine is considered a potential risk factor for neurodegenerative disorders and the B
vitamins, in particular vitamin B6 and vitamin B12, besides folic acid, are able to lower
the serum levels of homocysteine, thus contributing to counteracting cognitive impair-
ment [84,143–146]. By contrast, Li and colleagues reported no significant results in a
meta-analysis about the effect of B vitamins on AD [147], whereas the findings of a previous
meta-analysis, comprising 21 randomized controlled trials and 7571 participants, supported
the intake of vitamin B to prevent cognitive impairment in adults [148]. Premature aging
and neurodegeneration are the fundamental hallmarks of AD, which can be addressed by
powerful antioxidant molecules, such as L-ascorbate [149]. A quantitative meta-analysis
on the use of vitamin C in AD, performed on 12 studies of 1100 patients, concluded that a
deficiency in vitamin C uptake is involved in the progression of AD [150], wherein a deficit
in vitamin C is also associated with non-cognitive modifications, including anhedonia,
decreased motivation, and sleep disorders due to a reduction of dopamine in the nucleus
accumbens [151].

Fundamentally, vitamins in AD are able to reduce the impact of ROS and RNS as
ignition factors for the mitochondria-released inflammasome, NRLP3, and the induction of
neuroinflammation, acting either as antioxidant complexes or cofactors in the scavenger
enzymes, thereby turning the debate on the crucial role of proper dietary habits in the
elderly and during the course of one’s life [152].

2.3. Flavonoids

Flavonoids, a class of polyphenolic compounds produced by plants, are abundant
in fruits and vegetables, as well as in tea and wine [153]. These compounds possess
many biological properties, including antioxidant, anti-inflammatory, and anticarcinogenic
activities [154,155], as a result of which they can potentially prevent neurodegenerative
diseases [156,157]. In this regard, the intake of food rich in flavonoids, such as chocolate,
wine, and green tea, was seen to be efficacious in terms of cognitive function in elderly
people [158,159]. However, flavonoids’ benefits for humans are dependent on their method
of intake and bioavailability [160]; indeed, considering that, in vivo, their bioavailability
is low and they do not reach the concentrations necessary for exerting their antioxidant
activity [155,161], the neuroprotection that they provide could be linked to additional
mechanisms, including their effect on mitochondria and apoptosis [155,162].

Chemically speaking, flavonoids are divided into six subclasses: flavanols, flavanones,
flavones, flavonols, isoflavones, and anthocyanins [163].

Catechins, which belong to the flavanol family, are antioxidant molecules found in
various kinds of fruits (apricots, black grapes, and strawberries), vegetables (beans), as well
as in tea and red wine [160]; they are able to scavenge free radicals, chelate metal ions, and
induce antioxidant enzyme activity [164]. Based on their structure, eight main catechins
have been identified, including epigallocatechin gallate, which is abundant in grapes, the
seeds of leguminous plants, and tea [160,165].

Concerning AD, some in vitro studies have reported the beneficial role of flavanols
in alleviating its pathological signs. They are able to reduce the formation of Aβ senile
plaques and neurofibrillary tangles, prevent neuronal apoptosis [166], inhibit AChE activity,
and activate the PI3K/Akt pathway, resulting in the inhibition of tau hyperphosphory-
lation (p-tau) [167]. Preclinical studies have highlighted the positive effects of different
flavanols. For instance, OligonolR, a flavanol-rich extract from lychee fruit, may improve
cognitive impairment [168], while icariin, a flavanol contained in the medicinal herb
Epimedium sagittatum, may attenuate synaptic plasticity and cognitive deficits through the
activation of the BDNF/tropomycin receptor kinase B (TrkB)/Akt pathway [169], and
cocoa extract administration may reduce Aβ oligomer formation [170]. Nevertheless, until
now, no clinical trials have been performed; therefore, studies involving these flavanols
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are mandatory to better understand their role in AD. One of the most promising flavanols
for the development of AD therapies is epigallocatechin gallate (EGCG), the main com-
ponent in green tea, with neuroprotective mechanisms of action that have been widely
studied, both in vitro and in vivo [171]. In the context of AD, some experimental studies
have reported its anti-amyloidogenic and anti-inflammatory properties. EGCG may inhibit
Aβ production by increasing the levels of the α-secretase, ADAM10, which is involved
in the non-amyloidogenic pathway of APP, and converting mature fibrils into nontoxic
protein aggregates, thereby reducing the overexpression of Aβ1–40 and Aβ1–42 [172–176].
Furthermore, its ability to modulate tau hyperphosphorylation has also been demon-
strated [176–178]. As an anti-inflammatory compound, it is able to attenuate microglia
activation and neuroinflammation by inhibiting the TLR4/NF-κB inflammatory pathway
and alleviate neurotoxicity by reducing neuronal loss [179,180]. All these beneficial effects
are able to counteract cognitive impairments in AD mice [174,175,181]. Interestingly, the
combination of EGCG with other compounds endowed with a similar action has already
shown encouraging results. For instance, the administration of hyaluronic acid with EGCG
and curcumin inhibited Aβ aggregation [182], while treatment with EGCG and ferulic acid
improved cognitive impairment and decreased Aβ levels [183]. However, although studies
in AD animal models have shown promising results, clinical trials are still limited. In this
respect, a randomized, double-blind, controlled clinical trial is currently evaluating the
combination of lifestyle intervention with EGCG intake [184]. The results obtained from
this study will be crucial in designing further clinical trials, with the aim of clarifying the
actual impact that EGCG can have on the prevention and course of AD in humans.

Flavanones are mostly found in citrus fruit and, at lesser concentrations, in tomatoes
and mint, while flavones are abundant in celery and parsley [160].

Hesperedin (Hes) is a lipophilic flavanone that is present in oranges and lemons and
is able to cross the BBB and provide neuroprotection [185]. Its aglycone, hesperetin (HPT),
is known to be more bioavailable [160,186]. Thanks to their properties, including their
neuroprotective effect [187–189], Hes and HPT may be potential candidates to manage neu-
rodegenerative diseases [190]. Therefore, many studies focused their attention on these two
flavanones as promising therapeutic agents for AD. Indeed, some in vivo animal studies
highlighted the beneficial role of Hes in AD hallmarks, resulting in an improvement in
memory deficit and behavioral impairments [191,192]. This flavanone is also able to reduce
APP, Aβ1–42, and p-tau levels, and attenuate AChE activity, as well as prevent neuronal
loss [185,193–196]. Furthermore, it may also act as an antioxidant and anti-inflammatory
agent [188,197]. In AD mice, Hes reduces ROS, lipid peroxidation, and protein carbonyl,
while increasing heme oxygenase 1 (HO-1), SOD, CAT, and GPx activities via activation of
the Akt/Nrf2 signaling pathway and the inhibition of the receptor for advanced glycation
end-products (RAGE)/NF-κB signaling pathway. Since RAGE is also a receptor for Aβ and
the activation of this pathway results in neuronal OS and neuroinflammation, its down-
regulation seems to engender neuroprotection [198]. In another AD mouse model, Hes
inhibited the overexpression of inflammatory markers, including NF-kB, inducible nitric
oxide synthase (iNOS), cyclooxygenase-2 (COX-2), and the glial fibrillary acidic protein
(GFAP) [199]. Despite the encouraging results obtained following these animal studies,
only a few clinical studies have tried to elucidate the role of Hes in human neurodegenera-
tive diseases. In a study conducted on healthy older adults, the consumption of Hes-rich
orange juice improved cognitive function [200]; however, another study suggested that
citrus intake more than two times a week is associated with a minor risk of developing
dementia [201]. Nevertheless, the mechanism of action of Hes in the human body is still
unclear; therefore, further clinical trials are needed to clarify and confirm the efficacy of
this flavanone in neuroprotection and AD treatment.

Naringenin (NGN) is one of the most abundant flavanones in citrus fruits, also found
in grapefruits and tomatoes. Due to its lipophilic structure, NGN can cross the BBB [202]
and some in vitro studies have shown that it is endowed with a neuroprotective role. NGN
may inhibit pro-inflammatory cytokine, iNOS, and COX-2 expression through adenosine
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monophosphate-activated protein kinase α (AMPKα)/protein kinase C δ (PKCδ) signaling
pathway activation [203]. In the context of AD, this flavanone can induce autophagy by
activating AMPK/unc-51-like kinase (ULK1) axis, which leads to Aβ1–42 degradation [202],
resulting in alleviation of the neurotoxic effects of Aβ-protein [204]. Furthermore, the
administration of NGN nanoemulsion in SH-SY5Y cells that were exposed to Aβ down-
regulated APP and the expression of beta-site APP cleaving enzyme 1 (BACE1, which
is the major secretase involved in Aβ production), as well as tau phosphorylation [205].
To support the hypothesis of NGN protection against neurodegeneration, further preclin-
ical studies, performed using AD animal models, evaluated its effects. In this regard,
the administration of NGN significantly enhanced cognitive deficits by reducing Aβ pro-
duction, tau-hyperphosphorylation, AChE activity, neuroinflammation, and OS in the
brain [206–209]. A clinical trial also studied the safety and pharmacokinetics of NGN in
healthy adults and reported that the ingestion of 150 to 900 mg is safe [210]. However,
there is a lack of clinical trials regarding the efficacy of NGN in AD. Nevertheless, from the
evidence obtained in animal studies, NGN seems a plausible candidate for the management
of AD and is worthy of further investigation.

Nobiletin (NOB) is a flavone extracted from citrus peels, such as mandarins, sweet
oranges, and lemons. Its beneficial properties, including its antioxidant, anti-inflammatory,
and antiapoptotic effects, as well as its potential role in neurodegenerative diseases, such
as AD and Parkinson’s disease (PD), have already been reported in the literature [211]. In
this regard, several studies have highlighted its ability to suppress the expression of IL-1β,
TNFα, iNOS, and COX-2, inhibit microglia activation via the mitogen-activated protein
kinase (MAPK) and NF-κB signaling pathways, and increase the activities of GPx and
manganese-superoxide dismutase (MnSOD) [212–214]. Concerning AD, several preclin-
ical studies suggest the effects of NOB on the pathological features of AD. For instance,
NOB can attenuate hippocampal neuroinflammation by lowering the levels of inflam-
matory cytokines and the transcription factor NF-kB, OS, and lipid peroxidation, and
by strengthening the defense mechanisms against astrogliosis-associated neuroinflamma-
tion [212,215–217]. Moreover, NOB may also reduce Aβ1–40 and Aβ1–42 levels, as well
as tau phosphorylation, resulting in the improvement of memory deficits and learning
abilities [212,213,218,219]. Given the encouraging results obtained in animal studies, some
clinical trials have also been performed. A randomized, double-blind, placebo-controlled
study investigated the benefits and safety of this flavone in the elderly, finding that the
administration of NOB-containing food had a beneficial effect on memory in people with
MCI, compared to the placebo group [220]. Nevertheless, this study was not conducted
in AD patients. In this regard, one observational study performed in AD subjects showed
no significant changes in cognitive functions in patients treated with donepezil (an acetyl-
cholinesterase inhibitor that is commonly used for AD treatment) in association with a
herbal medicine containing NOB-rich Citrus reticulate, compared to the group only treated
with the drug [221]. Conversely, another study conducted on 6 patients reported the bene-
ficial effect of Nchinpi, a traditional drug containing NOB, combined with donepezil in
patients with mild-to-moderate AD. Indeed, after one year, the cognitive state worsened
only in the control group, pointing out the potential effectiveness of this combination in
preventing the progression of cognitive impairments in AD patients [222].

Apigenin (API) is a flavone found in various plants, including chamomile, Melissa
officinalis, parsley, thyme, and oregano, in vegetables, such as onions and celery, and in
citrus, offering anti-inflammatory, antioxidant, anti-amyloidogenic, and neuroprotective
properties [223,224]. Thanks to these effects, API could be a potential candidate to prevent
or slow down the progression of AD. Indeed, several in vitro and in vivo preclinical studies
reported its ability to attenuate AD hallmarks. API may be endowed with a protective role
against neuronal damage by reducing neuroinflammation through the inhibition of OS and
the TLR4/NF-κB inflammatory pathway [225,226]. Moreover, it has been demonstrated
that this flavone may reduce Aβ formation and tau hyperphosphorylation by decreasing
the BACE1 and GSK-3β levels, respectively, thus favoring an improvement in memory
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and learning deficits [223,224,227,228]. Interestingly, vitexin, an API flavone glycoside, was
seen to reduce Aβ peptide expression and increase the lifespan in Caenorhabditis elegans
with AD [229]. To assess the effects of API in humans with AD, Balez et al. used a human
induced pluripotent stem-cell model of AD, in which skin cells derived from both patients
and healthy individuals were cultured and differentiated into neurons. They noticed that
API administration reduced neuronal apoptosis and inhibited the activation of cytokines
and nitric oxide (NO) production [230]. Overall, considering the substantial evidence for
API’s neuroprotective efficacy, both in vitro and in vivo, further studies and clinical trials
should be encouraged.

The most widely studied flavonols, antioxidant molecules that are abundant in multi-
ple fruits and vegetables, as well as in tea and red wine, are quercetin, fisetin, kaempferol,
and myricetin [231].

Quercetin is an aglycone form of flavonoid glycosides extracted from grapes, onions,
berries, broccoli, and citrus [232]. Several studies have indicated its protective role in
different pathologies associated with dementia, such as stroke and cardiovascular disease,
as well as in aging. In the context of AD, quercetin is found to improve memory deficits
and learning functions in several rodent models [232–236]. Furthermore, the efficacy of the
intake of quercetin-rich onions in improving memory in early-stage AD patients has been
reported [237], although the study by Holland et al. showed no enhancement in cognitive
activities after quercetin administration [238]. Quercetin also possesses anti-inflammatory,
antioxidant, and anti-amyloidogenic properties [232,234,236,239]. Regarding this last point,
some in vitro and preclinical studies have highlighted quercetin’s ability to inhibit Aβ
aggregation [240,241] and reduce Aβ accumulation and plaque generation by decreasing
the BACE1 protein levels [236]. Despite this evidence, a study by Huebbe et al. [242]
reported no effects of quercetin on the mRNA levels of genes involved in AD, especially
BACE1. As an anti-inflammatory agent, quercetin may modulate neuroinflammation
by suppressing the expression of the ionized calcium-binding adapter molecule 1 (Iba-1)
and GFAP, which are typical proteins of activated microglia and astrocytes, respectively.
Furthermore, it was reported that quercetin inhibited the TLR4/NFKB pathway involved in
inflammatory signaling, as well as multiple inflammatory mediators such as COX-2, NOS-2,
IL-1β, prostaglandins, and leukotrienes [232,236]. In addition, as an antioxidant molecule,
quercetin is capable of decreasing MDA levels and increasing SOD and glutathione (GSH)
expression, as well as modulating the Nrf2 transcription factor, with the consequent gene
expression of several anti-antioxidant enzymes [232,236]. Moreover, quercetin is able to
reduce tau phosphorylation [234,235], modulate mitochondrial dysfunction by increasing
the mitochondrial membrane potential and ATP synthesis, decreasing ROS expression; it
also displays a neuroprotective antiapoptotic function [236,241]. Evidence has indicated
that even though quercetin crosses the BBB, its permeability is poor and its concentration
in the brain is low. This may be due to the fact that quercetin is a substrate for the BBB
efflux transporter, P-glycoprotein [242]. Therefore, promising delivery systems, including
quercetin lipid nanoparticles, have been investigated and have proven efficient as potential
future pharmaceutical approaches [243–245].

Another important flavonol investigated as a valuable neuroprotective compound for
AD is fisetin, which is not particularly abundant in fruits (strawberries, kiwi, peaches, and
grapes) and vegetables (tomatoes and cucumbers) [246]. Concerning AD, several animal
studies have reported the effectiveness of fisetin in alleviating AD signs. On a molecular
level, the administration of this flavonol may decrease Aβ production and aggregation by
reducing BACE1 expression, tau hyperphosphorylation [247,248], neuroinflammation, and
GFAP [246,247]. Moreover, as an antioxidant agent, fisetin is able to counteract protein
carbonylation and lipid peroxidation [246,249], as well as to favor Nrf2 activation, with
a consequent increase in GSH levels [246,248]. Thanks to these beneficial properties, the
ability of fisetin to counteract cognitive impairment [246,247,249] and locomotor deficits
has been reported [250]. Nevertheless, given that dietary fisetin sources are inadequate
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for effectiveness in humans, advanced delivery systems and derived compounds are
needed [246].

Interestingly, many current studies indicate the potential effect of other compounds
derived from flavonols in AD treatment. An in vitro study by Jung et al. reported the role
of sophoflavescenol, a prenylated flavonol extracted from Sophora flavescens, in inhibiting
BACE1 and cholinesterase activities [251]. In addition, treatment with icaritin, another
prenylated flavonol, improved cognitive dysfunction, and reduced amyloid deposition, as
well as tau phosphorylation, in AD mice [252]. Finally, the study conducted by Calderon-
Garciduenas et al. among urban children suggested the beneficial effects of cocoa and
dark chocolate administration against OS and neuroinflammation [253]. However, some
studies reported controversial results concerning the impact of flavonols on AD hallmarks.
For instance, the treatment with Ginkgo biloba extracts did not show any effect on Aβ
aggregation and BACE1 activity [254,255].

Isoflavonoids are compounds mainly found in soybeans and other leguminous plants.
While daidzein, daidzin, genistin show benefits narrowly in hormone-related diseases,
genistein has been widely studied as a treatment in neurodegenerative disorders [231].

Regarding this last compound, genistein (GNT), the main phytoestrogen of the
Leguminosae, has several properties, including antioxidant, antimicrobial, antitumor, and
neuroprotective effects [256–258], and could be a potential candidate for AD treatment [257].
In this regard, some in vitro studies have shown the ability of this isoflavonoid to reduce
Aβ production and deposition, reduce APP phosphorylation, and inhibit the activity of
AChE [258–260]. Nevertheless, a study on SHSY5Y cells reported an increase in both APP
and β-secretase mRNA and protein expression, thus going against the concept of a positive
role for GNT in AD [261]. Additionally, a study on an LPS mouse model showed reduced
AChE activity in the hippocampus after GNT oral administration [262], while Yu-Xiang
Wang et al. reported its neuroprotective effect against Aβ25–35, via the modulation of
choline acetyltransferase (ChAT) expression [263]. In terms of AD, several in vitro and
in vivo studies have shown the beneficial role of GNT administration in ameliorating the
symptoms of the disease. For instance, GNT can inhibit APP expression, thus reducing Aβ
production and its following aggregation, and modulate tau phosphorylation, with a conse-
quent improvement in memory and learning abilities [258–260,264–269]. However, a recent
clinical trial reported controversial results after soy isoflavone treatment; indeed, Gleason
et al. found no cognitive changes in AD patients [270]. Besides these beneficial properties,
GNT has also been proven to have antioxidant and anti-inflammatory effects. In this regard,
GNT has been reported to be able to counteract Aβ-induced oxidative injury by decreasing
ROS accumulation and MDA levels, as well as by increasing antioxidant enzyme activity (in
SOD and GSH) [262,269], presumably through the activation of the PI3K/Akt/Nrf2 signal-
ing cascade [271]. Moreover, as an anti-inflammatory agent, GNT seems to be involved in
the inhibition of the pro-inflammatory cytokines, IL-6 and TNFα, and other inflammatory
or inflammation-associated factors, such as NF-kB, COX-2, iNOS, and GFAP [262,272].
Since GNT has poor oral availability, with limited absorption and considerable metaboliza-
tion by the gut microbiota [257], recent studies have explored the use of nanoconjugates, in
order to increase GNT’s BBB crossing and better modulate brain distribution [273]. Finally,
interesting studies have also focused on the use of GNT-O-alkylamine derivatives as a
potential AD treatment, finding antioxidant and AChE-inhibitory effects [274,275].

Anthocyanins are a class of pigments that are extracted from plants, in particular,
soybean seeds and berries [276]. The main dietary anthocyanins are cyanidin, delphini-
din, malvidin, peonidin, pelargonidin, and petunidin [277]. These compounds have been
shown to display multiple activities, including antioxidant, anti-inflammatory, and anti-
apoptotic effects [278]. These properties, as well as their effective role in tau hyperphos-
phorylation and Aβ amyloidosis regulation, could make them potential candidates for AD
treatment [278]. A clinical study by Shishtar et al. [279] reported the efficacy of long-term
anthocyanin intake in reducing the risk of AD and other related dementias. In addition, an
anthocyanin-enriched juice has been found to have beneficial effects in improving cognitive
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function in middle-aged women [280], indicating the potential role of anthocyanins, not
only in AD-related dementia but also in the aging process [277]. The neuroprotective
effects of anthocyanins have also been documented in AD mouse models, with consequent
improvement in learning and memory abilities [281–288]. Some preclinical studies have
also reported their anti-Aβ aggregation activity [289–291]; additionally, they are able to
reduce the amount of Aβ1–40 and Aβ1–42 and alter the APP metabolism by increasing
the cleavage toward the production of soluble amyloid precursor protein-α (sAPPα), a
neurotrophic factor [276,277,292]. Furthermore, treatment with anthocyanins was demon-
strated to significantly reverse and regulate BACE1 expression and protect against Aβ
toxicity [276,286,292,293]. Regarding anthocyanin’s effects on tau-proteins, the results are
controversial; some research carried out on AD mouse models reported a slight improve-
ment in tau protein expression [286] and a reduction in p-tau hyperphosphorylation [292],
while other studies showed unaltered levels of phosphorylated tau after anthocyanin
administration [276]. These pigments also possess antioxidant and anti-inflammatory
properties. Both the in vitro and in vivo studies demonstrated that anthocyanins are able
to decrease lipid peroxidation and raise Nrf2 nuclear translocation, as well as raise the
levels of antioxidant enzymes, including SOD, CAT, and GPx [277,289,294–297]. As anti-
inflammatory agents, they may reverse microglia and astrocyte activation, resulting in
the downregulation of the pro-inflammatory cytokines (TNFα, IL-1β, IL-6), COX-2, and
iNOS [282,286]. Mechanistic studies have reported anthocyanins as molecules that are also
able to suppress neuroinflammation, through the inhibition of NF-kB and Jun N-terminal
kinase (JNK) activation [277,284]. Moreover, anthocyanins have been shown to modulate
the mitochondrial apoptotic pathway by regulating different enzymes (caspases 3, 7, 9) and
pro-apoptotic proteins in several AD mouse models [276,282,292,294]. Although antho-
cyanins are absorbed as glycosides at very low levels, they have been documented to cross
the BBB in both rodents and humans, and exert sufficient biological activities, including
gene regulation and cell signaling [276,277]. Within this context, nanodrug delivery sys-
tems have been developed for the purpose of achieving better absorption, bioavailability,
and effectiveness. For instance, anophytosome formulations targeting the mitochondria,
and polyethylene glycol–gold nanoparticles loaded with anthocyanins, have proven more
effective than treatments using free anthocyanin [293,297,298].

Overall, flavonoids comprise a broad range of antioxidant compounds, with great
translational potential as supportive AD treatments. The results from new, randomized
trials involving AD and MCI patients should better elucidate the optimal time for treatment
and offer insights into their possible use as preventative strategies for this devastating
disease.

2.4. Non-flavonoids

Another potential approach to preventing or treating AD could be the assumption of
non-flavonoid substances, natural compounds that are mainly present in fruits, vegetables,
green tea, and whole grains, with effective antioxidant properties [299,300]. The ability
to attenuate OS and scavenge free radicals could make them possible candidates for
counteracting neurodegeneration and improving the typical signs of neurodegenerative
diseases [301]. In terms of AD, several studies reported the beneficial effects of non-
flavonoids in managing this pathology (Table 1) [302–323].
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Table 1. Effects of non-flavonoid treatment in several experimental studies.

Non-Flavonoid Experimental Model Treatment Duration Treatment Effects Reference

Ferulic acid

In vivo—PSAPP transgenic
mouse model 6 months

Amelioration of behavioral performance
Reduction in Aβ deposits, as well as in Aβ1–42 and

Aβ1–40 abundance by the inhibition of BACE1 activity
Attenuation of neuroinflammation (↓GFAP and Iba1

levels, as well as ↓TNFα and IL-1β mRNA expression)
and OS (↑SOD1, CAT and GPx1 mRNA expression)

[302]

In vitro—Aβ1–40 -damaged
PC12 cells 30 min

Prevention of cell death
Reduction in intracellular ROS

Inhibition of Aβ1–40 aggregation
[303]

In vivo—Aβ1–40 -induced
mouse model 21 days

Improvement in cognitive abilities by increasing SOD and
ChAT activity and by decreasing AChE activity

Attenuation of lipid peroxidation (↓MDA levels)

Caffeic acid

In vitro—Aβ25–35 -damaged
PC12 cells 1 h Protection against Aβ-induced toxicity by inhibiting OS,

calcium influx, and tau hyperphosphorylation [304]

In vivo—Aβ25–35 -induced
mouse model 2 weeks

Improvement in spatial cognitive and memory functions
Inhibition of lipid peroxidation (↓MDA levels) and

NO formation
[305]

In vivo—Aβ1–42 -induced
mouse model 10 days

Decreasing in neuronal apoptosis (↓caspase 9) and
neuroinflammation (↓GFAP and Iba1 expression)

Improvement in learning and memory
Attenuation of OS by inducing the Nrf2/HO-1

signaling pathway

[306]

p-Coumaric acid

In vitro—Aβ25–35 -damaged
PC12 cells 1 h

Attenuation of Aβ25–35 -induced toxicity, through
reduction of neuroinflammation (↓iNOS and COX-2), via

downregulation of NF-kB and MAPKs pathways
[307]

In vivo—D-galactose mouse
model 42 days

Amelioration of cognitive performance by decreasing
AChE levels

Attenuation of OS (↑SOD and GSH) and neuronal
apoptosis (↓Caspase3)

Reduction in NF-kB and BACE1 levels

[308]

In vitro—SH-SY5Y cells 4 h
Attenuation of apoptotic cell death (↓Caspase3)

Reduction in ROS accumulation, as well as in cytochrome
c release into the cytosol [309]

In vivo—Aβ1–42 -induced rat
model 2 weeks Amelioration of learning and memory deficits and

neuronal apoptosis

Gallic acid

In vivo—AlCl3 -induced rat
model 60 days

Amelioration of spatial memory and learning deficits
Reduction in neurofibrillary tangles and amyloid plaques
Increase in CAT, GSH, and SOD activity, and a decrease in

MDA and NO contents

[310]

In vivo—APP/PS1 transgenic
mouse model 30 days

Amelioration of spatial memory and learning
impairments

Inhibition of Aβ aggregation
Reduction in neuroinflammation (↓GFAP) and increase in

synaptic strength

[311]

Ellagic acid

In vivo—APP/PS1 transgenic
mouse model 60 days

Improvement in learning and memory abilities
Decrease in Aβ production by reduction of BACE1 levels

Inhibition of tau phosphorylation by modulation of
Akt/GSK-3β signaling pathway

[312]

In vivo—Aβ25–35 -induced rat
model 1 week

Amelioration of learning and memory deficits
Attenuation of OS, by increasing antioxidant defense

(CAT, GSH), and neuroinflammation (↓NF-kB)
Reduction in AChE activity

[313]

In vivo—AlCl3 -induced rat
model 4 weeks

Increase in SOD and GSH levels
Attenuation of lipid peroxidation

Reduction in neurofibrillary tangles and neuritic plaques
[314]

Resveratrol

In vivo—SAMP8 mouse
model 7 months

Increase in lifespan
Activation of AMPK signaling pathways and increase in

SIRT1 levels
Reduction in cognitive impairments as well as in Aβ

burden and tau phosphorylation

[315]

In vivo—SAMP8 mouse
model 15 days

Improvement in learning abilities
Increase in the activity of SOD, GSH-Px, and CAT through

the Nrf2/HO-1 signaling pathway
Decrease in MDA content

[316]

In vivo—30 AD patients 52 weeks

Not statistically significant changes in Aβ1–40 levels in
blood and CSF

Reduction in brain volume at 52 weeks
Decrease by 46% in MMP-9 levels in CSF

[317]



Antioxidants 2023, 12, 180 14 of 55

Table 1. Cont.

Non-flavonoid Experimental Model Treatment Duration Treatment Effects Reference

Curcumin

In vivo—Transgenic mouse
model APPSw 6 months

Suppression of inflammation (↓GFAP, and IL-1β) and
oxidative damage

Decrease in insoluble and soluble amyloid as well as in
plaque burden

[318]

In vivo—Aβ-induced rat
model 4 days

Improvement in learning and memory performance
Reduction in OS parameters (ROS formation, lipid

peroxidation, and ADP/ATP ratio) as well as in
amyloid plaques

[319]

In vivo—48 AD patients 24 weeks Not effective on CSF and plasma AD markers, including
Aβ1–42, tau, and p-tau [320]

Lignans

In vivo—Scopolamine-
induced rat

model
2 weeks

Improvement in rat behaviors
Alleviation of OS (↑CAT and SOD) and lipid peroxidation

(↓MDA)
Decrease in AChE levels

[321]

In vivo—Aβ1–42 -induced
mouse model 5 days

Improvement in learning and memory abilities by
reduction of ChE total levels and increase of SOD,

GSH-Px activity as well as GSH content
Attenuation of memory impairment

[322]

In vivo—Aβ1–42 -induced
mouse model 4 days

Reduction in Aβ1–42 levels by inhibition of
β-secretase activity

Inhibition of AChE activity and reduction of GSH levels
[323]

Abbreviations: Aβ: amyloid beta peptide; AChE: acetylcholinesterase; AD: Alzheimer’s disease; ADP/ATP:
adenosine diphosphate/adenosine triphosphate; Akt/GSK-3β: protein kinase B/glycogen synthase kinase-3β;
AlCl3: aluminum chloride; AMPK: AMP-activated protein kinase; BACE1: beta-site APP cleaving enzyme 1; CAT:
catalase; ChAT: choline acetyltransferase; ChE: cholinesterase; COX-2: cyclo-oxygenase-2; CSF: cerebrospinal
fluid; GFAP: glial fibrillary acidic protein; GPx1: glutathione Peroxidase 1; GSH: glutathione; GSH-Px: plasma
glutathione peroxidase; Iba1: ionized calcium-binding adapter molecule 1; IL-1β: interleukin 1 beta; iNOS:
inducible nitric oxide synthase; MAPK: mitogen-activated protein kinase; MDA: malondialdehyde; MMP-9:
matrix metallopeptidase 9; NF-kB: nuclear factor kappa B; NO: nitric oxide; Nrf2/HO-1: nuclear factor erythroid
2-related factor/Heme Oxygenase-1; OS: oxidative stress; ROS: reactive oxygen species; SAMP8: senescence-
accelerated mouse prone 8; SIRT1: sirtuin 1; SOD: superoxide dismutase; SOD1: superoxide dismutase 1; TNFα:
tumor necrosis factor alpha; ↑: increase; ↓: decrease.

Non-flavonoid compounds include phenolic acids, stilbenes (resveratrol), curcumi-
noids (curcumin), and lignans [299].

Phenolic acids, a class of secondary metabolites that are widely present in herbs and,
more generally, in the plant kingdom, are divided into two groups, based on their chemical
structure: hydroxycinnamic acids (including ferulic, caffeic, and p-coumaric acids) and hy-
droxybenzoic acids (including gallic and ellagic acids) [324,325]. In addition to possessing
anti-inflammatory, antibacterial, anticarcinogenic, and neuroprotective properties [326,327],
they are considered excellent as both direct and indirect antioxidants, able to scavenge
excessive free radicals and activate the endogenous antioxidant pathways and enzymes,
respectively [328].

Ferulic acid (FA), commonly abundant in oranges, tomatoes, spinach, grains, and
wheat bran, and largely used in the cosmetics and food industries, is one of the most studied
phenolic acids for its neuroprotective, antioxidant, and anti-inflammatory effects [329–333].
Due to its structure, FA is a strong free-radical scavenger; moreover, it also inhibits ROS
formation by reducing pro-oxidant enzyme levels and promoting antioxidant enzyme
activities [330].

The neuroprotective effect of this compound has been widely reported in many ex-
perimental studies on PD, cerebral ischemia/reperfusion injury, and multiple sclerosis
(MS) [333–336]. In the context of AD, using in vitro and in vivo animal models, FA has
been proven to have anti-amyloid, antioxidant, and anti-inflammatory effects, resulting
in the improvement of cognitive impairment and the alleviation of neuropathological
signs [337]. In this regard, FA can inhibit Aβ fibril aggregation and the resulting Aβ senile
plaque formation by reducing the expression of BACE1 and APP levels [302,338–340]. It
can also reduce tau levels and disassociate the pre-formed neurofibrillary tangles [337]. As
antioxidant agents, FA and its derivatives may attenuate ROS formation by increasing SOD
activity and reducing MDA levels [303,341–343]. In particular, butyl ferulate, a lipophilic
FA derivative, has been shown to inhibit Aβ1–42 aggregation, reduce ROS accumulation,
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and increase antioxidant enzyme expression (such as HO-1, thioredoxin 1, and GSH) by
activating the Nrf2 antioxidant signaling pathway, the most important cellular antioxidant
defense cascade [344]. Furthermore, as anti-inflammatory compounds, they may allevi-
ate neuroinflammation by reducing some of the pro-inflammatory enzymes (COX-2 and
5-LOX) and cytokines (TNFα, IL-1β, and IL-6) in the brains of AD mice [17,338,345]. In
addition, given that, in the presence of neuronal damage, astrocytes and microglia overpro-
duce GFAP and Iba1, two markers of astrogliosis and microglia activation, respectively, it
has been reported that FA administration can reduce the levels of these proteins [183,342].
However, notwithstanding these beneficial properties, to date, no clinical trials have been
performed to study the effects of FA on AD patients; therefore, future studies are mandatory
to confirm these valuable results, obtained from both in vitro and in vivo models.

Caffeic acid (CA), which is abundant in fruits (strawberries and blueberries), vegeta-
bles (carrots and tomatoes), and beverages (wine, tea, apple juice, and coffee) [346], has
a broad spectrum of functions, including anti-inflammatory, antioxidant, anticancer, and
immunomodulatory effects [347–349]. CA can work as an antioxidant and is able to prevent
ROS production, scavenge free radicals, and chelate metals (such as ferrous ions) [350,351].
Besides these important activities, its neuroprotective role in cerebral ischemia/reperfusion
injury, PD, brain lesions, and MS has been reported [352–355].

To date, few in vitro and in vivo studies have been performed to evaluate its anti-
AD effects. In particular, a neuroprotective role of caffeic acid phenethyl ester (CAPE),
abundant in the honeybee, and caffeic acid phenethyl ester 4-O-glucoside (FA-97), its
synthetic derivative, has been demonstrated. Their administration may counteract OS and
reduce ROS production by inducing the activation of the Nrf2/HO-1 pathway, resulting
in increased SOD and GSH levels [306,356]. CA has also demonstrated the ability to
inhibit AChE activity, restoring the levels of acetylcholine (ACh), a neurotransmitter with
an important role in cognitive function [357,358]. This modulation alleviates cholinergic
neuronal loss, improves cognitive functions, and attenuates learning and memory deficit in
AD animal models [305,346,357]. Furthermore, it has been demonstrated that CA, with its
anti-amyloidogenic activity, can exert a neuroprotective effect against β-amyloid-induced
neurotoxicity [304].

Nevertheless, despite the encouraging results obtained from these studies, even for
this compound, clinical trials are needed to better assess its potential therapeutic role in
managing AD.

p-Coumaric acid (p-CA), a plant metabolite that is widely found in vegetables (car-
rots, tomatoes, garlic, and navy beans), fruits (apples, grapes, and oranges), peanuts, and
cereals [359,360], is endowed with antioxidant, anti-inflammatory, antiangiogenic, and
antitumor potential [361–364]. As an antioxidant agent, p-CA can reduce OS by activating
antioxidant enzymes, and constitutes an effective free radical scavenger and metal chela-
tor [365,366]. A powerful neuroprotective effect against embolic cerebral ischemia, cerebral
ischemia-reperfusion injuries, and brain damage has also been reported [367–369].

Regarding its potential role in AD, few in vitro and preclinical studies have highlighted
p-CA’s anti-amyloidogenic, antioxidant, and anti-inflammatory effects [307,308,370,371].
Indeed, this compound may reduce Aβ generation by inhibiting BACE1 activity, relieve
ROS generation by increasing SOD and GSH expression, and modulate neuroinflammation
via NF-kB pathway inactivation [307,308]. Since NF-kB plays an important role in the in-
flammatory response, its suppression causes the under-expression of two pro-inflammatory
enzymes, iNOS, and COX-2, with a consequent attenuation in Aβ-induced toxicity [307].
Moreover, p-CA can also protect against learning and memory impairments and neuronal
loss by reducing brain AChE activity [308]. Interestingly, it has been shown that maltolyl
p-coumaric, a synthesized compound, is able to counteract cognitive deficits and exert
neuroprotective effects in a rat model by reducing ROS and neuronal loss [309].

All this evidence suggests the potential therapeutic use of p-CA against AD; however,
clinical studies are necessary to better elucidate its effects in humans and the molecular
mechanisms underlying its possible pharmacological employment against AD.
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Gallic acid (GA) is a natural secondary metabolite that is abundant in the plant
kingdom, especially in fruits (grapes, blackberries, strawberries, plums, and pomegranates)
and nuts, as well as in tea and wine [372,373]. This compound and its derivatives are
largely used in the food and pharmaceutical industries, thanks to their powerful properties,
including their antioxidant, anti-inflammatory, anticancer, and antiviral effects [374–379].
Besides these activities, it has also been observed that GA plays a neuroprotective role
in traumatic brain injury, PD, amyotrophic lateral sclerosis (ALS), and cerebral ischemia-
reperfusion, as well as in psychiatric disorders [380–383].

Concerning AD, few in vitro and in vivo studies report the potential therapeutic role
of GA in improving the neuropathological hallmarks of the disease. It has been documented
that GA administration can stabilize OS and alleviate neuroinflammation, resulting in im-
proved neurodegeneration by increasing antioxidant enzyme brain expression (CAT, GSH,
SOD, GPx1, and SOD1) and decreasing reactive astrocytes and microglia cell activation in
AD animal models. Moreover, its efficiency has been observed in reducing Aβ1–42 aggre-
gation and amyloid plaque formation through β-secretase modulation [310,311,384]. In
addition, this molecule was found to be capable of ameliorating cognitive impairments and
preventing neuronal apoptosis in AD rats [310,385]. Interestingly, tannic acid, a glucoside
polymer of GA, prevents the reduction of antioxidant enzyme activities, as well as an
increase in AChE activity, in the proinflammatory cytokine, IL-6, and also TNFα levels, as
seen in a model of sporadic dementia of the Alzheimer’s type (SDAT). Furthermore, this
compound was also described as being able to favor neuronal survival by re-establishing
the levels of Akt and pAkt that are involved in this process [386]. Although these studies
have highlighted the neuroprotective effects of this phenolic acid and its derivatives in AD,
clinical studies are needed to investigate their efficacy and safety in humans.

Ellagic acid (EA), a natural polyphenol that is abundant in fruits (strawberries, rasp-
berries, and pomegranates) and nuts, demonstrates antioxidant and anti-inflammatory
properties that indicate a potential neuroprotective agent against several neurological dis-
orders [387–390]. The antioxidant capacity is given by its ability to scavenge free radicals,
chelate ions, inhibit lipid peroxidation, and promote antioxidant enzyme activity [391–393];
instead, as an anti-inflammatory compound, EA may reduce pro-inflammatory factor
expression [393].

To date, few studies report EA’s potential effects in alleviating AD symptoms [312–314].
Using different in vivo AD animal models, its effectiveness has been demonstrated in
improving learning and memory deficits, due to its ability to relieve OS (↑CAT, SOD,
and GSH), neuroinflammation (↓NF-kB), AChE activity, and tau phosphorylation, this
latter event occurring via the modulation of the Akt/GSK-3β signaling pathway [312,313].
Furthermore, this compound may also have an anti-amyloidogenic effect. Indeed, it is
capable of decreasing Aβ deposition and plaque formation by reducing BACE1 activity
and APP phosphorylation [312,314].

Despite these studies reporting the beneficial effects of EA as a potential AD treatment,
more in vivo experimental studies, beyond all the clinical trials, are mandatory to confirm
these findings.

Among the stilbenes family, resveratrol (RSV) represents the most common polyphe-
nolic compound, which is mainly found in grapes, mulberries, and peanuts, as well as in
wine and grape juice [394,395]. It is well known for its ability to act as a strong antioxidant
and anti-inflammatory agent, making it effective against different neurological diseases,
including epilepsy, PD, Huntington’s disease, ALS, and neuronal injury [395]. RSV is able
to scavenge free radicals and upregulate antioxidant enzyme expression, as well as inhibit
pro-inflammatory molecules [396–398]. In terms of AD, the administration of RSV seems
to have positive effects in alleviating the symptoms of this neurodegenerative disorder.
For instance, some preclinical studies reported its potential effect in improving cognitive
impairment, due to its capability to inhibit Aβ aggregation and tau phosphorylation, de-
crease pro-inflammatory protein expression, and increase Nrf2 nuclear translocation, with
the consequent upregulation of HO-1, SOD, CAT, and glutathione peroxidase (GSH-Px)
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activities [315,317]. It has been shown that its neuroprotective effect could be also due to
the RSV-mediated activation of sirtuin 1 (SIRT1), an essential protein for cognitive function
and neuronal survival [394].

Although these studies underscore the beneficial effects of RSV in managing the
disease, due to the few clinical trials and the poor bioavailability of the molecule, as yet, no
firm conclusions have been drawn regarding its neuroprotective role and its mechanism
of action in humans. For instance, a human study, performed using high doses of RSV,
reported a greater reduction in Aβ1–40 and Aβ1–42 CSF levels in the treated group compared
to the baseline [399]; conversely, Gu et al. (employing a lower dose of trans-RSV) and
Turner et al. found no changes in Aβ1–42 CSF and plasma levels in patients treated with
this compound [316,400]. These results suggest the importance of further studies with
larger samples, different routes of administration, and pharmaceutical formulations, such
as nanoencapsulation [401], in order to improve RSV bioavailability and, hence, its effect
on cognitive impairment.

Interestingly, within the diagnostic field, RSV could be used as a potential tool for
positron emission tomography (PET), since it is able to map Aβ plaques in the human
brain [402].

Curcumin (CUR), a yellow phenolic pigment belonging to the curcuminoid family, is
widely used as a spice, dye, and food additive, and also as a herbal medicine [403]. Several
studies report its powerful biological effects, including its antioxidant, anti-inflammatory,
and neuroprotective properties, through which CUR may help to manage different in-
flammatory and neurological disorders [404–408]. As an antioxidant agent, CUR is able
to scavenge free radicals, inhibit lipid peroxidation, and favor HO-1, SOD, and CAT ex-
pression; its anti-inflammatory activity is ascribed to a reduction in the levels of several
inflammatory cytokines (TNFα, IL-1β, IL-6, IL-8), as well as a reduction in the expression
of NF-kB, COX-2, and iNOS [409,410].

In the context of AD, numerous in vitro and preclinical studies have shown anti-Aβ-
deposition and aggregation, antioxidant, and anti-inflammatory CUR effects. For instance,
CUR may inhibit Aβ formation by lowering BACE1 activation and Aβ aggregation (perhaps
by directly binding it to the Aβ oligomers), and by promoting Aβ disaggregation [411–413].
Furthermore, it has been reported its ability to prevent tau phosphorylation [414] and
neuroinflammation by suppressing microglial activation, as well as by reducing TNFα,
IL-1β, and IL-6 production [415,416]. In addition, several animal studies report that CUR
may improve cognitive function in a dose-dependent manner [417].

However, due to CUR’s poor absorption and low bioavailability, AD human studies
did not report any improvement in cognitive function or a reduction in Aβ and tau lev-
els [320,418]. In this regard, CUR analogs that were either delivered by nanoparticles or
administered with a specific adjuvant could represent possible strategies to improve the
effectiveness of this molecule against AD symptoms [319,419–421]. Therefore, clinical stud-
ies, especially those performed with the support of nanotechnology, are necessary to better
understand the properties of CUR and its potential use in AD prevention or treatment.
Interestingly, CUR could be used as a tool for AD diagnosis, since it is a fluorochrome that
is able to bind Aβ aggregates [422].

Lignans, a group of polyphenolic compounds that are abundant in the plant kingdom,
possess several biological properties, including anti-inflammatory [423], antioxidant [424],
and antitumor activities [425]. Their described neuroprotective role [426] makes them,
potentially, natural candidates for AD prevention or treatment. In this regard, some
preclinical studies suggested the lignans’ ability to improve learning and memory decline
in mice with dementia [427,428].

It should be emphasized that among all lignans, especially those isolated from
Schisandra chinensis, due to their numerous pharmacological effects, they are the most
studied compounds, in light of their being a possible therapeutic choice to prevent or slow
down the symptoms of AD [322,323,429–432]. Indeed, the studies that were carried out
highlight their ability to enhance cognitive performance by decreasing AChE activity, to
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reduce Aβ levels by inhibiting BACE1 activity, to prevent tau hyperphosphorylation, as
well as to restore SOD and GSH-Px activities. For instance, the possible mechanism by
which schisantherin B, one of these lignans, exerts its neuroprotective role could be the
activation of the glutamate transporter type 1 (GLT-1) and the consequent inhibition of GSK-
3β, involved in tau phosphorylation [429]. A neuroprotective effect of sesamol, sesamin,
and other lignans from Prunus tomentosa seeds has also been reported [321,433,434]. For
instance, sesamol, extracted from sesame oil, was seen to decrease Aβ aggregation, inhibit
microglia activation, and reduce TNFα and IL-1β expression in AD mice, with a consequent
improvement in memory and learning abilities [433].

Overall, considering these encouraging findings in animals, clinical trials are manda-
tory to investigate the possible effects of lignans in attenuating AD signs and their potential
use in AD management.

2.5. Organosulfur Compounds

Glutathione. The antioxidant role of the natural tripeptide, γ-l-glutamyl-l-cysteinylglycine,
better known as glutathione, is well established [435]. Under normal conditions, redox home-
ostasis is maintained by the continuous conversion between the oxidized (GS-SG) and the
reduced (GSH) forms of glutathione by the enzymes, GPx (which contributes one molecule
of glutathione disulfide via oxidation, starting from two molecules of reduced monomeric
glutathione) and glutathione reductase (which exploits nicotinamide adenine dinucleotide
phosphate (NAPDH) to reduce one GS-SG molecule into two of GSH) [436]. Due to its reducing
potential, GSH acts as the main intracellular antioxidant buffer and its synthesis, degradation,
transport, metabolism, and interconversion are finely regulated [435,436]. In accordance with
a reduction in the total antioxidant capacity during senescence [300], GSH depletion has been
observed during aging and age-related diseases, including cardiovascular disease, immune
dysfunction, cancer, and neurodegeneration [437,438]. In terms of AD, GSH and GSH-related
compounds have been proposed, both as biomarkers and also as therapeutic molecules. It has
been reported that both MCI and AD patients show an overall reduction in blood GSH levels,
with the intracellular GSH content being particularly decreased in MCI individuals [439]. In
line with these data, a comparison between 49 MCI and 19 healthy control subjects revealed
that reduced plasma GSH content is associated with worsened cognitive function over a 2-
year follow-up period, confirming its potential as a prodromal AD biomarker [440]. Besides
peripheral sampling, the possibility of non-invasively monitoring the brain’s GSH content via
magnetic resonance spectroscopy imaging is also of interest [441], although the data remain
discordant. Accordingly, while significant reductions of cortical GSH levels were reported
in female and male AD patients, compared to their healthy counterparts [441], an increase
in its content in the anterior and posterior cingulate cerebral areas distinguished MCI indi-
viduals from healthy controls in an independent study [442]. Although subsequent studies
confirmed a positive correlation between hippocampal/cortical GSH depletion and cognitive
impairment [443,444], the high variability, due to inherent sample heterogeneity, differences in
the experimental methods, and non-standardized measurement techniques remain a matter
of concern [439]. According to Mandal et al., the imaging measurement of cortical GSH is
capable of differentially diagnosing MCI and AD with 100% specificity and 91.7% sensitivity,
while its hippocampal content diagnoses MCI early, with 87.5% sensitivity and 100% specificity,
although the relatively small sample size requires confirmatory studies [443]. Overall, these
results underline the importance of further trials involving the time-point monitoring of GSH
levels in larger AD, MCI, and control cohorts.

Given the important role of GSH in regulating the total antioxidant capacity, several
in vivo studies have investigated the potential of GSH supplementation as a preventa-
tive or additional treatment for AD. For example, a three-week oral intake of GSH in
the AppNL-G-F/NL-G-F knock-in mouse model, which reproduces the features of AD, is
sufficient to replenish the brain GSH levels and reduce the hippocampal expression of
the OS marker, 4-hydroxynonenal [445]. Similar results were also obtained in preclinical
AD models following treatment with different GSH-related molecules, including the GSH
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mimetic D609, the GSH precursor, S-adenosyl methionine (SAM), and a GSH analog that
is resistant to γ-glutamyl-transpeptidase activity, which usually degrades GSH [446–448].
The reported improvements include diminished OS-related products, malondialdehyde
and protein carbonyls, the potentiation of the antioxidant machinery by increasing GSH
levels and SOD activity, the prevention of insoluble Aβ deposition, and improved spatial
learning and memory processes [446,448]. Notably, the re-establishment of OS homeostasis
was often accompanied by reduced microgliosis and neuroinflammation, mediated by
an increased expression of the anti-inflammatory cytokine, IL-10, at the expense of the
pro-inflammatory cytokines (i.e., TNFα, IL-6, and IL-1β), as shown by the in vitro and
in vivo data [445,449]. As a further confirmation of the importance of GSH metabolism in
modulating neurodegeneration, the restoration of GPx in the cortical neurons and Aβ1–42-
treated mice blocked neurotoxicity, attenuated memory decline, and activated the PKC
βII-mediated ERK pathway, which is implicated in AD onset [450,451]. Besides neurons,
the protective effect exerted by GSH on the brain endothelial cells is also of interest for
neurodegenerative diseases, since it counteracts H2O2-mediated NO, ROS, and 8-hydroxy-
2′-deoxyguanosine production, strengthens the tight junction proteins, and promotes the
activity of the antioxidant Nrf2 pathway [452].

Despite yielding promising data, the limited uptake of GSH or GSH-precursor sup-
plementations, combined with the inherent age-related GSH homeostasis dysregulation,
calls for novel prodrug formulations, innovative GSH-related compounds, and delivery
optimization [449].

Allicin, allyl sulfide indoles, and allylcysteines. Onion and garlic are excellent
sources of a variety of sulfur-containing compounds with known antioxidant, immunomod-
ulatory, antitumoral, and anti-inflammatory properties, including allicin, alliin, allyl sulfide
indoles, and allylcysteines [453–456]. Mainly found in fresh and aged garlic extracts, these
compounds have been shown to prevent neurotoxicity by reducing cerebral Aβ deposition
while disaggregating preformed fibrils in a dose-dependent manner [457–461]. Improved
hippocampal memory has also been reported in transgenic AD mice supplemented with
aged garlic extract [462], which displays a higher total antioxidant capacity compared to
fresh garlic extract [463]. Accordingly, the pretreatment of cognitively normal adult male
rats with aged garlic extract showed improved short-term recognition and working and
reference memory, compared to their untreated counterparts [464,465]. These benefits are
mediated by reduced microgliosis, a diminished expression of the pro-inflammatory cy-
tokine, IL-1β, attenuated cholinergic neuronal loss, and increased hippocampal levels of the
vesicular glutamate transporter 1 and glutamate decarboxylase [454,464,465], which regu-
late glutamate transport and metabolism and are normally downregulated in AD [466,467].
Similar results were obtained upon the administration of S-allyl cysteine (SAC), one of the
main ingredients of aged garlic extract [455,468]. Elsewhere, studies showed that the SAC
pretreatment of streptozotocin-infused mice (an animal model of diabetes) drastically im-
proved cognitive function, antioxidant capacity (measured by GSH, GPx, and glutathione
reductase levels) and prevented apoptosis (assessed by DNA damage and Bcl-2 and p53
expression) [469]. However, the aged garlic extract’s capacity to protect against synaptic
degeneration, inhibit Aβ and neurofibrillary tangle deposition, reduce neuroinflammation,
and counteract ROS formation appears to be greater than SAC alone, likely suggesting a
synergistic effect among the various sulfur-containing compounds found in aged garlic
extract [470].

Another main constituent of garlic known for its phytochemical properties is allicin, a
hydrophobic molecule produced from alliin when garlic is chopped or damaged [471]. Be-
ing a reactive sulfur species (RSS), its antioxidant activities include Nrf2 upregulation, ROS
quenching, and neuroinflammation dampening [471,472]. Moreover, it exerts an inhibitory
effect against various pro-inflammatory and pro-oxidative signaling behaviors, including
the TLR4/myeloid differentiation primary response 88 (MyD88)/NF-kB, and the Jun N-
terminal kinase (JNK), p38 MAPK, and AChE pathways [471,472]. To date, in vivo studies
prove that allicin supplementation improves cognitive function while reducing Aβ expres-
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sion and accumulation in various preclinical AD models, including aluminum chloride-
treated rats, APP/PS1 mice, and Aβ1–42 treated mice [473–476]. Mechanistically, these bene-
fits are mediated by oxidative homeostasis re-establishment through increased antioxidant
potential versus OS, reduced pro-inflammatory cytokine (TNFα, IL-6, and IL-1β) release,
improved mitochondrial function, neurotransmitter (GABA, dopamine, serotonin, gluta-
mate, and norepinephrine) concentration, and decreased tau-phosphorylation [473–476].
Interestingly, allicin is also protective against endoplasmic reticulum (ER) stress-mediated
neurotoxicity, as it increases, for instance, the hippocampal expression of the ER-resident
kinase involved in the ER stress response, PERK (protein kinase RNA-like endoplasmic
reticulum kinase), together with its substrate, Nrf2 [476]. Still, the lack of data in humans
and the need for a larger sample size and validation studies constrain clinical development.

α-lipoic acid. α-lipoic acid (LA), or thioic acid, is a natural antioxidant that is derived
from caprylic acid and belongs to the group of organosulfur compounds [477]. Thanks
to its anti-inflammatory, antioxidant, neuroprotective, and anti-amyloidogenic properties,
LA has recently been considered as a treatment agent for various neurological conditions,
including neurodegeneration [477,478]. In terms of AD, preclinical evidence shows that
LA administration to mouse and rat models of the disease increases memory and learning
ability, reduces cognitive decline, and ameliorates motor functions, compared to their un-
treated counterparts [479–484]. These benefits are mediated by decreased oxidative stress
(measured by lower levels of MDA in favor of the antioxidant enzymes’ enhanced expres-
sion of GSH, SOD-1, and CAT), reduced neuronal death, diminished neuroinflammation
(measured by the number of reactive astrocytes), and impaired Tau hyperphosphoryla-
tion [479–482]. Notably, even better results are obtained upon pairing the intake of LA
with physical exercise or with the administration of anti-inflammatory drugs, such as
ibuprofen [482–485]. Despite these improvements, however, some evidence reports that
the administration of LA to AD mice has no impact on amyloid pathology and may even
reduce the lifespan, suggesting that more studies are needed to better evaluate LA’s safety
and efficacy [481–483]. When tested in humans, results from an open-label study that was
conducted on 43 patients showed that daily LA intake significantly lowered disease pro-
gression in both MCI and AD subjects, thus confirming its neuroprotective properties [486].
Moreover, data obtained from a randomized controlled trial involving 39 AD patients
confirmed slightly slower AD progression in the group administered with LA, with better
outcomes reported upon combining LA with omega-3 fatty acids intake [487]. Overall,
these data point to LA as a promising anti-AD agent, but further studies are needed to
further assess its therapeutic efficiency.

2.6. Mitochondria-Targeted Antioxidants

Impaired glucose metabolism, oxidative stress, and mitochondrial dysfunction are
all conditions that characterize human aging and age-related disorders [488]. Concern-
ing neurodegeneration, mitochondria dysfunction contributes to AD pathophysiology
through insufficient ATP biogenesis, diminished oxidative phosphorylation, imbalanced
mitochondria biogenesis-mitophagy, and impaired antioxidant defenses [489–492]. To date,
several mitochondria-targeted antioxidants have been proposed as alternative therapeutic
molecules in AD, including CoQ10, SS31, mitoquinone (MitoQ), methylene blue (MB), and
SkQs (Table 2) [493–514].
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Table 2. Preclinical and clinical studies on mitochondria-targeted compounds in AD.

Compound Experimental Model Treatment Results Ref.

MitoQ
3xTg-AD female mice

1: 4 mix of 100 µM MitoQ +
β-cyclodextrin for 5 months

in drinking water

↑memory, lifespan
↓ brain OS, astrogliosis, Aβ

accumulation, tau
hyperphosphorylation, microglial
proliferation, caspase activation

[495,496]

Caenorhabditis elegans
overexpressing human Aβ

1 µM MitoQ in NGM agar
and Escherichia coli OP50-1

↑ lifespan, healthspan, electron
transport chain function [497]

SkQ1

OXYS male rats
(12-month-old)

250 nM SkQ1/kg daily for
6 months

↑ resting/activated microglia ratio,
learning, memory, synaptic function,
neurotrophic supply, locomotor, and

exploratory functions
↓ inflammation, neurodegeneration,
neuronal loss, synaptic damage, p38

MAPK signaling, AD progression, tau
hyperphosphorylation, Aβ1–42

[498–501]

Male Wistar rats One i.p. injection of 250 nM
SkQ1/kg

↑ neuroprotection
↓ Aβ-induced OS [502]

CoQ10

AlCl3 treated rats Biotin (2 mg/kg), CoQ10
(10 mg/kg) for 60 days

↑ insulin signaling
↓ inflammation [503]

Hypercholesterolemic rats 10 mg/kg for 30 days (oral)
↑memory, cholinergic function
↓ brain OS and inflammation,

amyloidosis
[504]

C65/Bl6 mice 10 g/kg for one month ↓ brain OS measured by protein
carbonyls [505]

Tg19959 mice
3 months of 0.4% CoQ10 in
chow or 5 months of 2.4%

CoQ10 in chow

↑ cognitive function (Morris water
maze test)

↓ amyloid pathology, brain OS
measured by protein carbonyls

[506]

Male Wistar rats

50 mg/kg
of CoQ10 daily for 6 weeks

(3 before and 3 after AD
induction)

↑ EPSP slope and
population spike amplitude
↓ serum malondialdehyde, OS

[509]

Female mice overexpressing
presenilin 1-L235P

1200 mg/kg of CoQ10 daily
for 60 days

↑ SOD activity
↓MDA levels, cortex Aβ burden [511]

Male Sprague–Dawley rats 20 and 40 mg/kg for 21 days

↑ SOD, CAT, GSH, mitochondrial
respiration

↓ transfer latency, AChE activity,
TNFα, LPO, nitrite

[512]

Wistar rats CoQ10-loaded
ADSCs-exosomes

↑ Cognition, memory, hippocampal
BDNF and SOX2 [513]

APP/PS1 transgenic mice 1200 mg/kg CoQ10 daily for
60 days ↓ Aβ plaque burden [514]

Ubisol-Q10

TgAPEswe, PSEN1dE9
mouse

6 mg/kg Ubisol-Q10 daily for
18 months

↑ long-term and working spatial
memory

↓ circulating Aβ, Aβ plaque formation
[507]

Male APP/PS-1 mice 200 µg/mL of Ubisol-Q10 in
drinking water for 18 months

↑ cortical beclin-1 and JNK1,
autophagy [510]

Idebenone 5xFAD mice i.p. injection of
100 mg/kg/day for 14 days

↑ NEP, α-secretase ADAM17, tau
hyperphosphorylation, total tau

↓ Aβ plaque number, RAGE/caspase
3 signaling

[508]

Abbreviations: 3xTg-AD mice: triple transgenic Alzheimer’s disease mice; AChE: acetylcholinesterase; ADAM17:
ADAM metallopeptidase domain 17; ADSCs: adipose-derived stem cells; APP/PS1: amyloid precursor pro-
tein/presenilin 1; BDNF: brain-derived neurotrophic factor; CAT: catalase; CoQ10: coenzyme Q10; EPSP: excitatory
postsynaptic potential; GSH: glutathione; i.p.: intraperitoneal; JNK1: Jun N-terminal kinase 1; LPO: lipid per-
oxidation; MDA: malondialdehyde; MitoQ: mitoquinone mesylate; NEP: neprilysin; NGM: nematode growth
medium; OS: oxidative stress; OXYS rats: an experimentally renowned model of inbred strains of rats for a range
of degenerative diseases in man; RAGE: receptor for advanced glycation end-products; SkQ1: plastoquinonyl-
decyltriphenylphosphonium; SOD: superoxide dismutase; SOX2: SRY-Box Transcription Factor 2; TgAPEswe,
PSEN1dE9: double transgenic mouse model of Alzheimer’s disease; TNFα: tumor necrosis factor alpha; ↑:
increase; ↓: decrease.

Among mitochondria-targeted molecules, CoQ10 is a lipid-soluble antioxidant be-
longing to the electron transport chain, which plays a key role in mitochondrial oxidative
phosphorylation, inflammation, metabolism, and gene expression [515]. When it is lacking,
CoQ10 has been linked to several disorders, such as cancer, fibromyalgia, cardiovascular
disease, diabetes, and neurodegeneration [516]. In the context of AD, CFS samples obtained



Antioxidants 2023, 12, 180 22 of 55

from AD patients display an enrichment in oxidized CoQ10, compared to those from aged-
matched healthy controls, thus suggesting that mitochondrial oxidative damage may be a
helpful parameter for disease diagnosis [517]. However, the use of CoQ10 as an early or
prodromal AD biomarker remains unlikely, as no association between serum CoQ10 levels
and MCI was reported in the randomized controlled trial of the ActiFE study [518]. Nev-
ertheless, despite the diagnostic potential of CoQ10 remaining unclear, several preclinical
studies are consistent in showing a therapeutic advantage from CoQ10 intake (Table 2). Ac-
cordingly, various rat and mouse models of AD CoQ10 administration resulted in improved
memory, behavior, and cognitive performance, as well as the prevention of AD-associated
hippocampal long-term potentiation impairment [503,506,509,512]. These effects are me-
diated by increased antioxidant capacity (GSH, CAT, and SOD), improved mitochondrial
respiratory enzyme activity, and reduced levels of lipid peroxides, serum MDA, and brain
protein carbonyls, which are considered the hallmarks of OS [503,505,506,509,511,512].
Notably, amyloid pathology (as measured by the brain levels of Aβ1–42 and the amyloid
plaque burden) was consistently decreased across studies, indicating a promising role of
CoQ10 in preventing Aβ-induced neurotoxicity [503,505,506,514]. Although the free radical
scavenging activity of CoQ10 may appear as the only mediator of these benefits, the anti-
apoptotic and anti-inflammatory properties of this antioxidant are equally important in the
AD context [503,519]. In this respect, there is evidence that CoQ10 promotes neurogenesis
through the PI3K pathway and limits neuroinflammation by decreasing the levels of the
pro-inflammatory molecules, COX-2, prostaglandin E2 (PGE2), NF-kB, TNFα, IL-6, IL-1β,
and apolipoprotein E [512,520–522]. In line with this evidence, the treatment of AD rats
with a combination of CoQ10 and minocycline, a microglial inhibitor, further ameliorated
AD symptomatology and improved cognitive performance [512]. Other combinations,
such as CoQ10 with vinpocetine (a synthetic derivative of the Vinca alkaloid, vincamine)
and physical/mental practice, or CoQ10 with omega-3 intake are also promising [504,523].
In the latter case, significant improvements in the OS, inflammatory, amyloidogenic, and
cholinergic parameters were reported in hypercholesterolemia-induced AD rats and were
correlated with increased memory and brain functions [504].

Despite the encouraging therapeutic potential of CoQ10, poor brain accumulation re-
mains a matter of concern. Indeed, although CoQ10 can pass through the BBB, its opposite
transport to the blood may limit its therapeutic efficacy [524]. In this respect, CoQ10 analogs
that passively cross the BBB, such as idebenone, have been reported to reduce tau hyper-
phosphorylation, caspase 3 activity, and the amyloid burden through the upregulation of the
α-secretase and neprilysin enzymes, which reduce the Aβ production/burden [508]. More-
over, a new water-dispersible formulation, based on ubisol-Q10, in which an amphiphilic
molecule is linked to CoQ10, enabling the formation of nanomicelles, has recently been
proven to be effective in reducing Aβ plaques and increasing long-term and spatial work-
ing memory in transgenic AD mice [507]. Compared to CoQ10, the ubisol-Q10-mediated
upregulation of the autophagy pathway may explain its potent neuroprotection, even if
delivered after, as well as before, or concomitantly with, neurotoxin exposure [510,525].
Currently, new delivery methods are being studied to increase its targeting and efficiency.
For example, Sheykhhasan et al. recently showed that CoQ10 delivery via adipose-derived
stem cell exosomes is more efficient than CoQ10 alone in stimulating the memory and
increasing the hippocampal expression of BDNF and SRY-box transcription factor 2 (SOX2)
in AD rats, while additional studies might be published shortly [513].

Overall, although the use of CoQ10 for diagnostic purposes remains unclear, its thera-
peutic potential has been repeatedly proven in different preclinical models, paving the way
for clinical trials.

MitoQ is a lipid-soluble mitochondria-targeted molecule composed of the CoQ10
ubiquinone, which is linked to the lipophilic triphenyl phosphonium (TPP) cation, making
it a powerful antioxidant [526,527], although its effect is only directed toward the mito-
chondrial membrane [497]. When tested in several in vitro models of AD, MitoQ’s ability
to limit ROS generation, re-establish the optimal mitochondrial membrane potential, and
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promote mitochondrial function (as measured by reduced cyclophilin D and increased
peroxiredoxins) has been proven capable of stimulating neurite outgrowth, preventing
tau-dimerization, and protecting against Aβ-induced neurotoxicity [496,528,529]. In line
with these data, nematode models of AD treated with MitoQ showed an extended lifespan
and increased mitochondria cardiolipin [497], an essential component of the mitochon-
drial membrane [530]. Similarly, 3xTg AD mice that received MitoQ in drinking water for
5 months exhibited a reduction in astrogliosis, synapse loss, Aβ aggregation, microglial
activation, and tau hyperphosphorylation, which was associated with improved mem-
ory ability and delayed death [495,496,531]. However, despite promising preclinical data,
to date, no clinical studies have been reported on MitoQ efficacy in AD patients, thus
emphasizing the need for further investigations.

SkQ1 is a mitochondria-targeted antioxidant belonging to the class of SkQs molecules,
which are composed of a lipophilic cation, a plastoquinone molecule that functions as an
antioxidant moiety, and an alkane linker region [300,502]. To date, data obtained mainly
from preclinical studies have demonstrated the effectiveness of SkQ1 against aging and
AD [532]. Indeed, it has been observed that hippocampal slices obtained from rats pre-
treated with SkQ1 show the restored induction of LTP, an indicator of synaptic plasticity,
compared to slices treated with Aβ alone [502]. In vivo, lessened neurodegeneration
and reduced anxiety, together with improved locomotor and exploratory activity have
been reported in OXYS rats upon receiving an SkQ1 intake, although learning ability
and neurogenesis were not promoted [498,501,533]. These beneficial effects are mediated
by a reduction in mitochondrial and synaptic damage, hippocampal Aβ1–40 and Aβ1–42
accumulation, neuronal loss, and tau hyperphosphorylation, together with enhanced levels
of the synaptic proteins (which regulate the release of neurotransmitters) and neurotrophic
factors [499,533]. In addition, the anti-inflammatory properties of SkQ1 help to slow down
AD progression by inhibiting the p38 MAPK signaling pathway and shifting the activated
microglia toward a resting state, thus limiting the neurotoxicity [498,500]. Outside the
brain, there is evidence that SkQ1 administration prevents the development of retinopathy
due to Aβ accumulation, but more data are needed to better assess its beneficial role against
retinal damage [501,534].

2.7. Minerals

Since the pathogenesis of AD appears to be closely related to the impact of OS on
the promotion of neurodegenerative mechanisms, the role of minerals in AD has been
explored in the literature since they are essential for the antioxidant activity of many
enzymes [535,536]. In fact, the detection of a reduced plasmatic concentration of trace
elements, such as selenium, zinc, iron, and copper, in AD patients may suggest a possible
target of the pathology that could, therefore, be partially counteracted by means of a specific
dietary intervention in these individuals [537,538]. In this regard, several studies reported
the numerous beneficial effects of minerals against AD (Table 3) [539–583].

Table 3. Preclinical and clinical studies on the therapeutic use of minerals or ion chelators for AD.

Study Design Treatment Results Conclusion Reference

CSF of AD patients
0.32 or 10 mg sodium selenate

oral supplementation
3 times daily

↑ Se CSF levels Sodium selenate as a possible therapeutic
tool against AD [539]

STZ-induced male rats
0.4 mg/kg Se nanoparticles
oral administration daily for

one month

↓ ROS
↓ Aβ deposition

Selenium nanoparticles to contrast AD
pathogenesis [540]

ICV-STZ rats 0.1 mg/kg intraperitoneal
sodium selenite for 7 days ↓ reduction of GPx Sodium selenite as a possible supportive

approach to treat SDAT [541]

Hippocampal and dorsal root
ganglion neuronal cultures
from 1 or 1.5 mg/kg/day

scopolamine-treated aged rats

1.5 mg/kg intraperitoneal Se
supplementation for 14 days

↓membrane permeability to
Ca2+

↑membrane phospholipids
↓ reduction of GPx

Se as a neuroprotective factor [542]
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Table 3. Cont.

Study Design Treatment Results Conclusion Reference

Brain tissue from rats treated
with DHA + EPA + uridine

(fish oil)

1600 mg/kg vitamin C,
1600 mg/kg E and 1.2 mg/kg

Se diet for 6 weeks
↑membrane phospholipids Co-supplementation of Se, vitamins, and

fish oil promotes synaptogenesis [543]

Triple transgenic AD mice
6 µg/mL selenomethionine
supplementation through

drinking water for 12 weeks

↓ extrasynaptic
NMDARs activity

↑ synaptic NMDARs activity
↓membrane permeability

to Ca2+

Selenomethionine improves synaptic
plasticity and cognitive functioning [544]

Triple transgenic AD mice
6 µg/mL selenomethionine
supplementation through

drinking water for 12 weeks

↓ total tau and
phosphorylated tau
↓ synaptic protein loss

Selenomethionine to restore synapses [545]

Triple transgenic AD mice
6 µg/mL selenomethionine
supplementation through

drinking water for 12 weeks

↓ total tau and
hyperphosphorylated tau
↓ autophagic dysfunction

Selenomethionine to restore synapses [546]

Triple transgenic AD mice
6 µg/mL selenomethionine
supplementation through

drinking water for 12 weeks
↓ tau pathologies Se supplementation, as a potential tool to

improve cognitive deficits related to AD [547]

Triple transgenic AD mice
12 µg/mL sodium selenate

chronic dietary
supplementation

↓ tau aggregation Sodium selenate, as a promising
supportive therapy against AD [548]

iTRAQ proteomics
technology in hippocampus
of triple transgenic AD mice

9–12 µg sodium selenate per
day in drinking water for

4 months

↓ expression of cortical
proteins involved in AD

pathogenesis

Sodium selenate, as a potential
supportive therapeutic agent for AD [549]

Wistar rats intoxicated with
aluminum chloride to mimic

AD neurodegeneration

100 mg/kg/day oral
resveratrol-Se nanoparticles

for 60 days

↑ antioxidant effect compared
to Se alone administration

Se as a promising supplementation
against AD when combined

with resveratrol
[550]

Lymphoblastoid cell lines
from AD patients Resveratrol and Se exposure ↑ antioxidant effect Se as a protective agent against AD when

combined with resveratrol [551]

APP/Tau/PSEN and
APP/PS1 transgenic

mouse models

3 or 1.5 µg/g Se and 36 or
18 µg/g folic acid oral

co-supplementation

↓ Aβ generation
↓ tau hyperphosphorylation

Se as a potential therapy against AD
when combined with folic acid [552]

AD patients

Combined probiotics
(Lactobacillus acidophilus,

Bifidobacterium bifidum, and
Bifidobacterium longum,

2 × 109 CFU/day each) and
200 mg/day selenium oral

supplementation for 12 weeks

↑ antioxidant effect
Se as a potential supportive therapy

against AD when combined
with probiotics

[553]

Primary cortical and human
embryonic kidney cells

exposed to Aβ1–42

Zn2+ incubation ↑ antioxidant effect toward
H2O2 formation Zn as a neuroprotective factor against AD [554]

Chinese hamster ovary cells
overexpressing amyloid

precursor protein

Exposure to Cu or Zn bis
(thiosemicarbazonato)

therapy
↓monomeric Aβ peptide Zn bis (thiosemicarbazonato) as a

potential AD supplementation [555]

Acetylcholinesterase enzymes
from Electric eel

Zinc carboxylate derivatives
exposure

↓ acetylcholinesterase
enzyme activity Zinc carboxylate derivatives to treat AD [556]

APP23 mice Zn nanoparticle injection for
14 days ↓ plaques deposition ↑ brain Zn levels to counteract AD [557]

Male Sprague Dawley rats
receiving aluminum chloride

227 mg/L Zinc sulfate in
drinking water for 8 weeks

↓ tau levels
↓ APP levels

↓ α-synuclein levels
↓ alterations in histological

architecture

Zn to reverse the effects of
aluminum-induced neurodegeneration,

which is correlated with AD
[558]

Tg2576 mice treated with Cu 2 g/L Zinc acetate in drinking
water for 6 months

↓ ROS formation
↓ amyloid burden
↓ Cu absorption

Zn to reverse the Cu toxic effects, which
are correlated with AD [559]

AD patients 150 mg Zn supplementation
for 6 months

↑ Zn levels
↓ Cu levels

Zn therapy to lower Cu absorption and to
restore Zn levels, with the aim to protect

from cognitive impairment
[560]

Male Wistar rats treated with
STZ

Co-administration of
10 mg/kg Zn and 0.1 mg/kg

Se intraperitoneally for
1 week

↓ oxidative stress
↓mitochondrial membranes

collapse
↑ GPx

↑ superoxide dismutase

Zn and Se co-administration to improve
cognitive functions and prevent the

development of AD
[561]

Male Kunming mice
Zn, Se, and fish-oil

(EPA + DHA)
co-administration for 7 weeks

↓ APP cleavage
Zn, Se and fish-oil co-administration to

improve cognitive functions in
AD models

[562]

APP2576 transgenic mice
Oral clioquinol (Cu/Zn

chelator) administration for
9 weeks

↓ Aβ plaques Cu/Zn chelators as a supportive
therapeutic strategy [563]



Antioxidants 2023, 12, 180 25 of 55

Table 3. Cont.

Study Design Treatment Results Conclusion Reference

APP/PS1 mouse
brain sections

300 µg/mL recombinant
human S100A6 protein (Zn
chelator) incubation for 12 h

or culture with human
S100A6-expressing cells

↓ Aβ plaques Zn sequestration as a supportive
therapeutic strategy [564]

APP/PS1 transgenic mice
watered with high quantities

of iron

200 mg/kg intranasal
deferoxamine (Fe chelator)
once every other day for

3 months

↓ Aβ plaques Deferoxamine as a supplemental
treatment for AD [565]

Traumatic brain injury
murine model

Deferoxamine (Fe chelator)
intraperitoneal treatment

↓ Aβ plaques
↓ brain ferritin

Deferoxamine as a potential preventive
treatment to avoid neurodegeneration in

AD patients
[566]

1.14 mg/kg/day
scopolamine-treated rats for

7 days

5, 10, 20 mg/kg oral
deferiprone (Fe chelator) for

14 days
↓ Aβ plaques Deferiprone as a potential preventive

treatment in AD patients [567]

rTg(tauP301L)4510 tauopathy
murine model

100 mg/kg oral deferiprone
(Fe chelator) for 16 weeks ↓ cognitive deficit Deferiprone as a potential supportive

therapy for tauopathies [568]

Blood samples and brain
tissues from NMRI male mice
treated with 100 mg/kg/day

iron dextran for 4 times a
week for 6 weeks

Hesperidin/coumarin/desferal
(all Fe chelators) treatment for

4 times a week for 4 weeks

↓ Fe levels
↑ antioxidant enzymatic

activity

Hesperidin and coumarin to enhance
antioxidant enzymatic activity [569]

Brain sections from NMRI
male mice following

treatment with
100 mg/kg/day iron dextran
injections for 4 times a week

for 4 weeks

30/60 mg/kg/day naringin
(Fe chelator) administration

for a month

↓ Fe levels
↓ Aβ plaques

Naringin as a preventive supportive
treatment for AD [570]

Brain homogenates from rats
Curcumin, capsaicin, and

S-allylcysteine (Fe chelators)
exposure

↓ Fe levels
↑ antioxidant effect

Curcumin, capsaicin, and S-allylcysteine
as possible tools for the prevention and

treatment of AD
[571]

APP/PS1 double transgenic
AD mice

M30 (Fe chelator) oral
administration 4 times a week

for 9 months

↓ Fe levels
↓ APP levels
↓ APP and tau

phosphorylation
↓ Aβ plaques

M30 as a potential supportive therapy
for AD [572]

AD murine model under a
high-fat diet

0.5 mg/kg M30 oral
administration once every

2 days for 1 month

↓ Fe levels
↓ Aβ burden

↓ neuroinflammation
↓ synaptic impairment

High-fat diet as a risk factor for AD and
M30 as a potential therapeutic compound [573]

Human cells and
Caenorhabditis elegans

nematode

20 multifunctional synthetic
compounds based on the

nicotinoyl hydrazone scaffold,
in particular, SNH6 (Fe

chelator and NAD+ donor)

↓ Fe levels
↓ Aβ burden
↓ oxidative stress
↑ sirtuin

nicotinoyl hydrazone-based compounds,
especially SNH6 as a promising

supportive therapy for AD
[574]

Human brain micro-vascular
endothelial cells

PBT434 (Fe chelator)
exposure

↓ Fe reuptake by blood-brain
barrier endothelial cells

PBT434, used to prevent Fe-induced
cytotoxic effects [575]

Human plasma Chelator–nanoparticles
systems

↑ blood-brain barrier
permeability to Fe chelators

Nanoparticles as a tool to improve
chelation treatment for AD [576]

AD murine model Fe-enriched water
administration for 8 months ↓ Aβ42 burden Fe as a supplemental treatment for AD [577]

Murine AD model by an ICV
injection of Aβ1–42 peptide

Oral administration of
25 mg/kg of

bis-8-aminoquinoline PA1637
(Cu chelator) three times per

week (8 doses in total)

↑ functioning of the episodic
memory

PA1637 as a possible supportive
treatment for AD [578]

AD mouse models

Oral administration of
10 mg kg−1 TDMQ20 (Cu

chelator) in 100 µL of solvent
every 2 days for 3 months

↑ cognitive and behavioral
performance

TDMQ20 as a possible supplemental
treatment for AD [579]

Mouse brain cells Flavonoid fisetin (Cu and Fe
chelator) exposure ↓ cell death Fisetin as a neuroprotective compound

against AD [580]

PS19 transgenic murine
model

Oral zinc acetate (Cu chelator)
treatment

↓ spatial memory deficit in
female mice, but not in male

ones
No significant differences in

tau pathology

Cu chelation may improve cognitive
symptoms [581]

HT22 cells
MTDLs (Cu chelator) with a

rivastigmine skeleton
(inhibitor of AChE)

↓ AChE and BuChE activity
↓ Cu quantities

MTDLs as promising protective
compounds for neurons [582]
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Table 3. Cont.

Study Design Treatment Results Conclusion Reference

In vitro assays

Multifunctional
tacrine-7-hydroxycoumarin
hybrids chelating Cu and

inhibiting AChE and BuChE

↓ AChE and BuChE activity
↓ Cu quantities

Multifunctional agents as promising
compounds to treat AD [583]

Abbreviations: Aβ: amyloid beta peptide; AChE: acetylcholinesterase; AD: Alzheimer’s disease; APP: amyloid
precursor protein; BuChE: butyrylcholinesterase; CSF: cerebrospinal fluid; Cu: copper; DHA: docosahexaenoic
acid; EPA: eicosapentaenoic acid; Fe: iron; GPx: glutathione peroxidase; ICV: intracerebroventricular; iTRAQ:
isobaric tags for relative and absolute quantitation; MTDLs: multi-target-directed ligands; NMDAR: N-methyl-
D-aspartate acid receptors; NMRI mice: female Naval Medical Research Institute (NMRI) outbred mice; PS1:
presenilin 1; ROS: reactive oxygen species; SDAT: sporadic dementia of Alzheimer’s type; Se: selenium; STZ:
streptozotocin; Zn: zinc; 3D-ASL: three-dimensional arterial spin labeling; ↑: increase; ↓: decrease.

Selenium. The importance of selenium (Se) is mainly related to its presence at the
active center of the so-called selenoproteins, the neuroprotective role of which is mainly
related to their antioxidant activity via the reduction of ROS and RNS, the regulation of
calcium transport, and their anti-inflammatory effects [584]. Se deficiency was observed to
be in direct correlation with the reduction of GPx in patients with AD [585]. Evidence from
the literature shows lower plasma levels of Se, both in elderly patients with general cogni-
tive decline and in patients diagnosed with MCI or AD, as well as in the brain and the CSF
of AD individuals [585–588]. From these considerations, there follows the hypothesis of Se
supplementation as a supportive therapy for AD; in fact, its implementation in patients via
sodium selenate, which elevates Se levels in the CSF, or via Se-rich nanoparticles, which
reduce ROS and, consequently, counteract Aβ deposition, was observed to have a potential
therapeutic role for AD [540,589]. In addition, studies in rats pointed to the existence
of molecular mechanisms supporting the use of Se supplementation to counteract AD:
(i) Se prevents the reduction of antioxidant enzymes such as GPx, (ii) it reduces membrane
permeability for Ca2+ by acting as an NMDA receptor antagonist, (iii) it contributes to
rising membrane phospholipid levels, which act as an indirect marker of the synaptogenetic
process [541–543]. All these effects were also noticed in mice treated with the bioactive
organic form of selenomethionine (Se-Met), leading to better cognitive performance; ad-
ditionally, Se-Met was observed to decrease the tau levels, both in its total amount and
in its phosphorylated form, to regulate the autophagic process, and to be able to reverse
synaptic dysfunction [544–547]. Furthermore, sodium selenate may represent a promising
supportive therapy because of its ability to decrease tau aggregation and, more generally,
to modify the cortical proteome contrasting AD in murine models [548,549,590]. Finally, Se
also seems to possess beneficial effects in co-supplementation with resveratrol, folic acid,
and probiotics, with which the antioxidant effects appear to be even more significant in
comparison to Se when administered alone [550–552,591].

The effects of Se, particularly when referring to selenoprotein P, also seem to have an
impact on zinc balance, the alteration of which was observed to be linked to tau hyperphos-
phorylation in SELENOP1 knockout mice [592].

Zinc. There is some evidence in the literature supporting the finding that zinc (Zn) can
be considered a neuroprotective factor against AD, which is indeed often accompanied by
reduced levels of Zn itself. In particular, this trace element was observed to be avidly bound
by amyloid plaques, exerting an antioxidant effect, and its supplementation was linked to
a reduction in monomeric Aβ and to significant inhibiting activity on anticholinesterase
enzymes in the in vitro studies [554–556]. The in vivo studies in murine models show
that Zn treatment, delivered by nanoparticles, is associated with a downsizing of the
plaques [557]. Furthermore, Zn was demonstrated to effectively counteract the neural
damage induced by other metals, such as aluminum (Al) and copper (Cu). In more detail,
zinc sulfate administration is able to restore normal levels of tau, APP, and α-synuclein
and to ameliorate the histological architecture altered by Al in mice; furthermore, Zn
counteracts the toxic effects of Cu (which fuels ROS formation) at the brain level, limiting
its intestinal absorption in AD patients [558–560,593]. Zn was also observed to alleviate
cognitive impairment in rats when co-administered with Se, as these substances seem to
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stabilize the mitochondrial membranes and protect them from oxidative stress by increasing
the SOD and GPx levels; in addition, Zn, together with Se and fish oil (eicosapentaenoic
acid and docosahexaenoic acid), inhibits APP cleavage [561,562].

Interestingly, in vivo and in vitro studies suggest that an excess of Zn can represent a
risk factor for the development of AD, as it promotes APP expression, β-secretase cleav-
age, and Aβ deposition and aggravates tauopathy, resulting in learning and memory
impairment [594,595]. Based on this rationale, Zn chelation could be considered a ther-
apeutic strategy in this condition: in fact, clioquinol has been reported to reduce Aβ
plaques [563,596]. The same mechanism seems to be exploited by the S100A6 protein,
which is synthesized in astrocytes surrounding Aβ deposits and shows a disaggregating
capacity due to Zn sequestration [564].

Notwithstanding, the literature still shows conflicting data; for instance, chronic Zn
supplementation did not modify Aβ and tau deposition in a study on murine models [597].
Therefore, further studies are needed to solve this controversy regarding the role of Zn in
AD pathophysiology and its homeostasis.

Iron. Iron excess and its local deposition, particularly in the basal ganglia, was ob-
served to have a pro-inflammatory and pro-aggregating effect, leading to Aβ plaque
formation; additionally, its accumulation impacts cerebral perfusion and, also, on synapse
plasticity via a decrease in the levels of furin, which is an enzyme that regulates the matura-
tion of the BDNF and other proteins linked to synaptogenesis [598–601]. These observations
support the hypothesis that iron chelators could represent a valid therapeutic tool, as was
also suggested by experiments demonstrating that deferoxamine and deferiprone (iron
chelators) are able to reduce Aβ aggregation in the brains of murine AD models and at-
tenuate cognitive impairment [565–568]. The same mechanism is exploited not only by
well-known antioxidants, such as hesperidin and naringin, but also by coumarin, curcumin,
capsaicin, and S-allylcysteine, which decrease the Aβ burden by binding iron [569–571].
New formulations of iron chelators that target multiple factors involved in AD pathogenesis
include M30, a compound that also decreases APP expression and tau phosphorylation,
and aroyl nicotinoyl hydrazones (especially SNH6), which also reduce oxidative stress
via the elevation of NAD+ levels and the subsequent implementation of sirtuin activity,
which results in protection against axonal damage [572–574]. Another strategy to contrast
with local iron deposition consists of using chelators, such as PBT434 (which hinders iron
uptake by the endothelial cells within the BBB by binding the metal in the interstitium and,
at the same time, stimulating iron efflux via an increase in ferrous iron in the intracellular
compartment), and by using nanoparticles as carriers of the chelators themselves, which
can then cross the BBB [575,576].

Despite all these findings, it is interesting to note that the literature also reported the
beneficial effects related to iron administration, which seems to inhibit Aβ1–42 accumulation
in mice models, thus suggesting the need for a balanced amount of this trace element, in
order to promote a healthy condition [577].

Copper. Another contributor to oxidative stress is Cu, the overload of which was
observed to determine tau hyperphosphorylation and, consequently, the formation of
neurofibrillary tangles in AD patients. In addition, Cu tends to bind certain regions of
Aβ when released following APP processing, exacerbating fibril deposition [602,603]. The
pathogenic role of Cu is also supported by the finding that the supplementation of this trace
element deteriorates the mitochondrial functioning in the hippocampus and induces axonal
damage in AD mice models by means of an altered phosphorylation of the CAMK2α and
ERK1/2 kinases [604]. Based on this rationale, molecules with Cu chelation activity, such
as PA1637 and TDMQ20, have been developed and tested in murine models, showing the
capacity to ameliorate memory deficits and generally improve cognitive and behavioral
performance, respectively [578,579]. Interestingly, other well-known antioxidants, such
as the flavonoid, fisetin, show the ability to neutralize the negative effects of Cu overload
by binding this metal with iron [580]. Despite the cognitive improvements, the literature
reports the limited impact of Cu chelators on the molecular mechanisms underlying tau
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neuropathology [581]. However, the consideration that AD is a multifactorial disease
leads current researchers to focus on the development of multi-target and multi-functional
ligands. Within this context, compounds characterized by the ability to combine the
beneficial effects of Cu chelators with other activities, such as acetylcholinesterase and
butyrylcholinesterase inhibition, could represent a promising therapeutic strategy [582,583].

3. Discussion

With the current exponential increase in the elderly population, the search for pre-
dictive and prognostic biomarkers for AD’s onset and progression, as well as the imple-
mentation of innovative approaches to prevent and treat neurodegeneration, are of the
utmost importance. Notably, lifestyle and nutrition have turned out to be crucial regu-
lators of the human lifespan [605–608]. It was shown that physical and mental exercise,
dietary habits, antioxidant intake, vitamin supplementation, and protection from pesticide
exposure reduce the risk of developing sporadic AD later in life [609–611]. Although not
effective enough as therapeutics, these tools should be considered lifelong preventative
approaches to antagonize aging and age-related neurodegeneration, with profound social
implications [612]. Nevertheless, most single-factor interventions that have been tested
so far turned out to be ineffective, likely due to the complex and multifactorial etiology
of AD [612]. In this context, a multivariate preventative intervention, targeting several
disease-causing mechanisms simultaneously, would probably be more beneficial [612,613].
Accordingly, the results from the randomized controlled FINGER trial showed that mul-
tidomain lifestyle interventions could improve cognition among old people who are at high
risk of developing dementia, encouraging further investigation [612,613].

OS has long been considered to participate actively in the pathophysiology of AD,
making it an excellent diagnostic and therapeutic tool [614]. For this reason, in this narrative
review, we have carefully summarized the potential of carotenoids, vitamins, flavonoids,
non-flavonoids, organosulfur compounds, mitochondria-targeted antioxidants, and miner-
als to serve as biomarkers, as well as antioxidant buffers against AD onset and progression.
However, despite the promising results, some limitations still exist and need to be ad-
dressed before moving forward to the clinical application. For instance, one of the greatest
concerns is the definition of the duration of the therapeutic treatment. Indeed, while most
studies limited the antioxidant administration to a defined time window, evidence of the
effect of long-life treatment remains poor. In this context, since OS actively participates in
the AD etiology [615], an early and lasting intervention could be more effective, if not even
preventive, than a late and heavy treatment [616]. Moreover, the metabolic changes that
normally occur during aging [617] should be taken into account when designing the dosage
and administration window. Nevertheless, it is often difficult to clearly identify the optimal
dosage of antioxidants, which depends not only upon the defined treatment but also on
dietary and supplement intake. In this respect, it has been reported that antioxidants can
act as pro-oxidants when accumulated in excessive amounts [300,618], underlying the
importance of patient-to-patient evaluation. This holds particularly true when considering
the fact that older people make use of several chronic medications, which may end up
interfering with the expected activity of the recommended supplementation. If antioxidant
combinations are then considered, careful assessment of synergism and antagonism among
various compounds should be conducted, as the simultaneous administration of several
antioxidants does not always represent the best option [619]. Even when taking into ac-
count each compound alone, storage conditions and environmental factors may greatly
affect the reducing potential [620], partially explaining the inconsistency in the data that
are sometimes reported by independent studies.

4. Conclusions

Considering clinical translation, a major limitation of this work remains the lack of
human studies for most of the antioxidant compounds presented in this review. The
abundance of data coming from murine or in vitro approaches compared to human inves-
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tigations hinders clinical development. Further research should focus on identifying the
optimal dosage and treatment window, so as to plan large randomized clinical trials aimed
at better assessing the diagnostic and therapeutic potential of these innovative strategies.
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166. Kocahan, S.; Doğan, Z. Mechanisms of Alzheimer’s Disease Pathogenesis and Prevention: The Brain, Neural Pathology, N-

methyl-D-aspartate Receptors, Tau Protein and Other Risk Factors. Clin. Psychopharmacol. Neurosci. 2017, 15, 1–8. [CrossRef]
[PubMed]

167. Lou, H.; Fan, P.; Perez, R.G.; Lou, H. Neuroprotective effects of linarin through activation of the PI3K/Akt pathway in amyloid-β-
induced neuronal cell death. Bioorg. Med. Chem. 2011, 19, 4021–4027. [CrossRef] [PubMed]

168. Chen, X.; Xu, B.; Nie, L.; He, K.; Zhou, L.; Huang, X.; Spencer, P.; Yang, X.; Liu, J. Flavanol-rich lychee fruit extract substantially
reduces progressive cognitive and molecular deficits in a triple-transgenic animal model of Alzheimer disease. Nutr. Neurosci.
2021, 24, 720–734. [CrossRef]

169. Sheng, C.; Xu, P.; Zhou, K.; Deng, D.; Zhang, C.; Wang, Z. Icariin Attenuates Synaptic and Cognitive Deficits in an A β 1–42-Induced
Rat Model of Alzheimer’s Disease. BioMed Res. Int. 2017, 2017, 7464872. [CrossRef]

http://doi.org/10.1002/gps.2758
http://www.ncbi.nlm.nih.gov/pubmed/21780182
http://doi.org/10.3233/JAD-220410
http://doi.org/10.1186/s12877-021-02253-3
http://doi.org/10.3390/nu9070670
http://doi.org/10.3389/fnagi.2022.970263
http://doi.org/10.1111/jnc.15151
http://doi.org/10.3390/nu14214564
http://doi.org/10.2741/229
http://doi.org/10.1016/j.jff.2015.06.018
http://doi.org/10.1002/fsn3.1956
http://doi.org/10.1023/A:1007614613771
http://doi.org/10.1002/trc2.12175
http://doi.org/10.1093/ajcn/83.2.355
http://doi.org/10.3945/jn.108.095182
http://doi.org/10.1093/ajcn/79.5.727
http://doi.org/10.3390/ijms20102451
http://doi.org/10.3233/JAD-2011-101629
http://www.ncbi.nlm.nih.gov/pubmed/21694462
http://www.ncbi.nlm.nih.gov/pubmed/25272572
http://doi.org/10.3390/molecules23040965
http://www.ncbi.nlm.nih.gov/pubmed/29677167
http://doi.org/10.1186/s41702-020-0057-8
http://doi.org/10.9758/cpn.2017.15.1.1
http://www.ncbi.nlm.nih.gov/pubmed/28138104
http://doi.org/10.1016/j.bmc.2011.05.021
http://www.ncbi.nlm.nih.gov/pubmed/21652214
http://doi.org/10.1080/1028415X.2019.1673527
http://doi.org/10.1155/2017/7464872


Antioxidants 2023, 12, 180 36 of 55

170. Wang, J.; Varghese, M.; Ono, K.; Yamada, M.; Levine, S.; Tzavaras, N.; Gong, B.; Hurst, W.J.; Blitzer, R.D.; Pasinetti, G.M. Cocoa
Extracts Reduce Oligomerization of Amyloid-β: Implications for Cognitive Improvement in Alzheimer’s Disease. J. Alzheimers
Dis. 2014, 41, 643–650. [CrossRef]

171. Spencer, J.P.E. The interactions of flavonoids within neuronal signalling pathways. Genes Nutr. 2007, 2, 257–273. [CrossRef]
172. Ehrnhoefer, D.E.; Bieschke, J.; Boeddrich, A.; Herbst, M.; Masino, L.; Lurz, R.; Engemann, S.; Pastore, A.; Wanker, E.E. EGCG

redirects amyloidogenic polypeptides into unstructured, off-pathway oligomers. Nat. Struct. Mol. Biol. 2008, 15, 558–566.
[CrossRef]

173. Bieschke, J.; Russ, J.; Friedrich, R.P.; Ehrnhoefer, D.E.; Wobst, H.; Neugebauer, K.; Wanker, E.E. EGCG remodels matureα-synuclein
and amyloid-β fibrils and reduces cellular toxicity. Proc. Natl. Acad. Sci. USA 2010, 107, 7710–7715. [CrossRef]

174. Walker, J.M.; Klakotskaia, D.; Ajit, D.; Weisman, G.A.; Wood, W.G.; Sun, G.Y.; Serfozo, P.; Simonyi, A.; Schachtman, T.R. Beneficial
Effects of Dietary EGCG and Voluntary Exercise on Behavior in an Alzheimer’s Disease Mouse Model. J. Alzheimers Dis. 2015, 44,
561–572. [CrossRef]

175. Ettcheto, M.; Cano, A.; Manzine, P.R.; Busquets, O.; Verdaguer, E.; Castro-Torres, R.D.; García, M.L.; Beas-Zarate, C.; Olloquequi,
J.; Auladell, C.; et al. Epigallocatechin-3-Gallate (EGCG) Improves Cognitive Deficits Aggravated by an Obesogenic Diet Through
Modulation of Unfolded Protein Response in APPswe/PS1dE9 Mice. Mol. Neurobiol. 2020, 57, 1814–1827. [CrossRef]

176. Nan, S.; Wang, P.; Zhang, Y.; Fan, J. Epigallocatechin-3-Gallate Provides Protection Against Alzheimer’s Disease-Induced Learning
and Memory Impairments in Rats. Drug Des. Dev. Ther. 2021, 15, 2013–2024. [CrossRef]

177. Rezai-Zadeh, K.; Arendash, G.W.; Hou, H.; Fernandez, F.; Jensen, M.; Runfeldt, M.; Shytle, R.D.; Tan, J. Green tea epigallocatechin-
3-gallate (EGCG) reduces β-amyloid mediated cognitive impairment and modulates tau pathology in Alzheimer transgenic mice.
Brain Res. 2008, 1214, 177–187. [CrossRef]

178. Sonawane, S.K.; Chidambaram, H.; Boral, D.; Gorantla, N.V.; Balmik, A.A.; Dangi, A.; Ramasamy, S.; Marelli, U.K.; Chinnathambi,
S. EGCG impedes human Tau aggregation and interacts with Tau. Sci. Rep. 2020, 10, 12579. [CrossRef] [PubMed]

179. Du, K.; Liu, M.; Zhong, X.; Yao, W.; Xiao, Q.; Wen, Q.; Yang, B.; Wei, M. Epigallocatechin Gallate Reduces Amyloid β-Induced
Neurotoxicity via Inhibiting Endoplasmic Reticulum Stress-Mediated Apoptosis. Mol. Nutr. Food Res. 2018, 62, 1700890.
[CrossRef]

180. Zhong, X.; Liu, M.; Yao, W.; Du, K.; He, M.; Jin, X.; Jiao, L.; Ma, G.; Wei, B.; Wei, M. Epigallocatechin-3-Gallate Attenuates
Microglial Inflammation and Neurotoxicity by Suppressing the Activation of Canonical and Noncanonical Inflammasome via
TLR4/NF-κB Pathway. Mol. Nutr. Food Res. 2019, 63, 1801230. [CrossRef]

181. Liu, M.; Chen, F.; Sha, L.; Wang, S.; Tao, L.; Yao, L.; He, M.; Yao, Z.; Liu, H.; Zhu, Z.; et al. (−)-Epigallocatechin-3-Gallate
Ameliorates Learning and Memory Deficits by Adjusting the Balance of TrkA/p75NTR Signaling in APP/PS1 Transgenic Mice.
Mol. Neurobiol. 2014, 49, 1350–1363. [CrossRef]

182. Jiang, Z.; Dong, X.; Yan, X.; Liu, Y.; Zhang, L.; Sun, Y. Nanogels of dual inhibitor-modified hyaluronic acid function as a potent
inhibitor of amyloid β-protein aggregation and cytotoxicity. Sci. Rep. 2018, 8, 3505. [CrossRef] [PubMed]

183. Mori, T.; Koyama, N.; Tan, J.; Segawa, T.; Maeda, M.; Town, T. Combination therapy with octyl gallate and ferulic acid improves
cognition and neurodegeneration in a transgenic mouse model of Alzheimer’s disease. J. Biol. Chem. 2017, 292, 11310–11325.
[CrossRef] [PubMed]

184. Forcano, L.; Fauria, K.; Soldevila-Domenech, N.; Minguillón, C.; Lorenzo, T.; Cuenca-Royo, A.; Menezes-Cabral, S.; Pizarro, N.;
Boronat, A.; Molinuevo, J.L.; et al. Prevention of cognitive decline in subjective cognitive decline APOE ε4 carriers after EGCG
and a multimodal intervention (PENSA): Study design. Alzheimers Dement. Transl. Res. Clin. Interv. 2021, 7, e12155. [CrossRef]
[PubMed]

185. Thenmozhi, A.J.; Raja, T.R.W.; Janakiraman, U.; Manivasagam, T. Neuroprotective Effect of Hesperidin on Aluminium Chloride
Induced Alzheimer’s Disease in Wistar Rats. Neurochem. Res. 2015, 40, 767–776. [CrossRef] [PubMed]

186. Evans, J.A.; Mendonca, P.; Soliman, K.F.A. Neuroprotective Effects and Therapeutic Potential of the Citrus Flavonoid Hesperetin
in Neurodegenerative Diseases. Nutrients 2022, 14, 2228. [CrossRef]

187. Hajialyani, M.; Hosein Farzaei, M.; Echeverría, J.; Nabavi, S.; Uriarte, E.; Sobarzo-Sánchez, E. Hesperidin as a Neuroprotective
Agent: A Review of Animal and Clinical Evidence. Molecules 2019, 24, 648. [CrossRef]

188. Ikram, M.; Muhammad, T.; Rehman, S.U.; Khan, A.; Jo, M.G.; Ali, T.; Kim, M.O. Hesperetin Confers Neuroprotection by
Regulating Nrf2/TLR4/NF-κB Signaling in an AβMouse Model. Mol. Neurobiol. 2019, 56, 6293–6309. [CrossRef]
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390. Aslan, A.; Gok, O.; Beyaz, S.; Arslan, E.; Erman, O.; Ağca, C.A. The preventive effect of ellagic acid on brain damage in rats via
regulating of Nrf-2, NF-kB and apoptotic pathway. J. Food Biochem. 2020, 44, e13217. [CrossRef]

391. Lee, W.-J.; Ou, H.-C.; Hsu, W.-C.; Chou, M.-M.; Tseng, J.-J.; Hsu, S.-L.; Tsai, K.-L.; Sheu, W.H.-H. Ellagic acid inhibits oxidized
LDL-mediated LOX-1 expression, ROS generation, and inflammation in human endothelial cells. J. Vasc. Surg. 2010, 52, 1290–1300.
[CrossRef]

392. Dalvi, L.T.; Moreira, D.C.; Andrade, R.; Ginani, J.; Alonso, A.; Hermes-Lima, M. Ellagic acid inhibits iron-mediated free radical
formation. Spectrochim. Acta. A Mol. Biomol. Spectrosc. 2017, 173, 910–917. [CrossRef]

393. Ríos, J.-L.; Giner, R.; Marín, M.; Recio, M. A Pharmacological Update of Ellagic Acid. Planta Med. 2018, 84, 1068–1093. [CrossRef]
394. Gomes, B.A.Q.; Silva, J.P.B.; Romeiro, C.F.R.; dos Santos, S.M.; Rodrigues, C.A.; Gonçalves, P.R.; Sakai, J.T.; Mendes, P.F.S.; Varela,

E.L.P.; Monteiro, M.C. Neuroprotective Mechanisms of Resveratrol in Alzheimer’s Disease: Role of SIRT1. Oxid. Med. Cell. Longev.
2018, 2018, 8152373. [CrossRef] [PubMed]

395. Rocha-González, H.I.; Ambriz-Tututi, M.; Granados-Soto, V. Resveratrol: A Natural Compound with Pharmacological Potential
in Neurodegenerative Diseases. CNS Neurosci. Ther. 2008, 14, 234–247. [CrossRef] [PubMed]

396. Rossi, M.; Caruso, F.; Antonioletti, R.; Viglianti, A.; Traversi, G.; Leone, S.; Basso, E.; Cozzi, R. Scavenging of hydroxyl radical
by resveratrol and related natural stilbenes after hydrogen peroxide attack on DNA. Chem. Biol. Interact. 2013, 206, 175–185.
[CrossRef] [PubMed]

397. Sadi, G.; Konat, D. Resveratrol regulates oxidative biomarkers and antioxidant enzymes in the brain of streptozotocin-induced
diabetic rats. Pharm. Biol. 2015, 54, 1156–1163. [CrossRef] [PubMed]

398. Tong, W.; Chen, X.; Song, X.; Chen, Y.; Jia, R.; Zou, Y.; Li, L.; Yin, L.; He, C.; Liang, X.; et al. Resveratrol inhibits LPS-induced
inflammation through suppressing the signaling cascades of TLR4-NF-κB/MAPKs/IRF3. Exp. Ther. Med. 2019, 19, 1824–1834.
[CrossRef] [PubMed]

399. Moussa, C.; Hebron, M.; Huang, X.; Ahn, J.; Rissman, R.A.; Aisen, P.S.; Turner, R.S. Resveratrol regulates neuro-inflammation and
induces adaptive immunity in Alzheimer’s disease. J. Neuroinflamm. 2017, 14, 1. [CrossRef] [PubMed]

400. Turner, R.S.; Thomas, R.G.; Craft, S.; van Dyck, C.H.; Mintzer, J.; Reynolds, B.A.; Brewer, J.B.; Rissman, R.A.; Raman, R.; Aisen, P.S.;
et al. A randomized, double-blind, placebo-controlled trial of resveratrol for Alzheimer disease. Neurology 2015, 85, 1383–1391.
[CrossRef] [PubMed]

401. Frozza, R.L.; Bernardi, A.; Hoppe, J.B.; Meneghetti, A.B.; Matté, A.; Battastini, A.M.O.; Pohlmann, A.R.; Guterres, S.S.; Salbego,
C. Neuroprotective Effects of Resveratrol Against Aβ Administration in Rats are Improved by Lipid-Core Nanocapsules. Mol.
Neurobiol. 2013, 47, 1066–1080. [CrossRef]

402. Zhang, W.; Kung, M.-P.; Oya, S.; Hou, C.; Kung, H.F. 18F-labeled styrylpyridines as PET agents for amyloid plaque imaging. Nucl.
Med. Biol. 2007, 34, 89–97. [CrossRef]

403. Zhu, L.-N.; Mei, X.; Zhang, Z.-G.; Xie, Y.; Lang, F. Curcumin intervention for cognitive function in different types of people: A
systematic review and meta-analysis: Curcumin intervention for cognitive function. Phytother. Res. 2019, 33, 524–533. [CrossRef]

404. Hanai, H.; Sugimoto, K. Curcumin has Bright Prospects for the Treatment of Inflammatory Bowel Disease. Curr. Pharm. Des. 2009,
15, 2087–2094. [CrossRef]

405. Jackson, J.K.; Higo, T.; Hunter, W.L.; Burt, H.M. The antioxidants curcumin and quercetin inhibit inflammatory processes
associated with arthritis. Inflamm. Res. 2006, 55, 168–175. [CrossRef]

406. Nebrisi, E.E. Neuroprotective Activities of Curcumin in Parkinson’s Disease: A Review of the Literature. Int. J. Mol. Sci. 2021, 22, 11248.
[CrossRef]

407. Wu, S.; Guo, T.; Qi, W.; Li, Y.; Gu, J.; Liu, C.; Sha, Y.; Yang, B.; Hu, S.; Zong, X. Curcumin ameliorates ischemic stroke injury in rats
by protecting the integrity of the blood-brain barrier. Exp. Ther. Med. 2021, 22, 783. [CrossRef]

408. Labanca, F.; Ullah, H.; Khan, H.; Milella, L.; Xiao, J.; Dajic-Stevanovic, Z.; Jeandet, P. Therapeutic and Mechanistic Effects of
Curcumin in Huntington’s Disease. Curr. Neuropharmacol. 2021, 19, 1007–1018. [CrossRef]

http://doi.org/10.1074/jbc.RA119.012330
http://doi.org/10.1248/bpb.31.149
http://doi.org/10.1007/s12640-020-00167-3
http://doi.org/10.3390/biom10111519
http://doi.org/10.2174/1381612822666160125114503
http://doi.org/10.1159/000502401
http://doi.org/10.1111/jfbc.13217
http://doi.org/10.1016/j.jvs.2010.04.085
http://doi.org/10.1016/j.saa.2016.10.034
http://doi.org/10.1055/a-0633-9492
http://doi.org/10.1155/2018/8152373
http://www.ncbi.nlm.nih.gov/pubmed/30510627
http://doi.org/10.1111/j.1755-5949.2008.00045.x
http://www.ncbi.nlm.nih.gov/pubmed/18684235
http://doi.org/10.1016/j.cbi.2013.09.013
http://www.ncbi.nlm.nih.gov/pubmed/24075811
http://doi.org/10.3109/13880209.2015.1056311
http://www.ncbi.nlm.nih.gov/pubmed/26079852
http://doi.org/10.3892/etm.2019.8396
http://www.ncbi.nlm.nih.gov/pubmed/32104238
http://doi.org/10.1186/s12974-016-0779-0
http://www.ncbi.nlm.nih.gov/pubmed/28086917
http://doi.org/10.1212/WNL.0000000000002035
http://www.ncbi.nlm.nih.gov/pubmed/26362286
http://doi.org/10.1007/s12035-013-8401-2
http://doi.org/10.1016/j.nucmedbio.2006.10.003
http://doi.org/10.1002/ptr.6257
http://doi.org/10.2174/138161209788489177
http://doi.org/10.1007/s00011-006-0067-z
http://doi.org/10.3390/ijms222011248
http://doi.org/10.3892/etm.2021.10215
http://doi.org/10.2174/1570159X18666200522201123


Antioxidants 2023, 12, 180 46 of 55

409. Alisi, I.O.; Uzairu, A.; Abechi, S.E.; Idris, S.O. Evaluation of the antioxidant properties of curcumin derivatives by genetic function
algorithm. J. Adv. Res. 2018, 12, 47–54. [CrossRef]

410. Jurenka, J.S. Anti-inflammatory properties of curcumin, a major constituent of Curcuma longa: A review of preclinical and clinical
research. Altern. Med. Rev. J. Clin. Ther. 2009, 14, 141–153.

411. Zheng, K.; Dai, X.; Xiao, N.; Wu, X.; Wei, Z.; Fang, W.; Zhu, Y.; Zhang, J.; Chen, X. Curcumin Ameliorates Memory Decline
via Inhibiting BACE1 Expression and β-Amyloid Pathology in 5×FAD Transgenic Mice. Mol. Neurobiol. 2017, 54, 1967–1977.
[CrossRef]

412. Xiong, Z.; Hongmei, Z.; Lu, S.; Yu, L. Curcumin mediates presenilin-1 activity to reduce β-amyloid production in a model of
Alzheimer’s disease. Pharmacol. Rep. 2011, 63, 1101–1108. [CrossRef]

413. Ono, K.; Hasegawa, K.; Naiki, H.; Yamada, M. Curcumin has potent anti-amyloidogenic effects for Alzheimer’s?-amyloid fibrils
in vitro. J. Neurosci. Res. 2004, 75, 742–750. [CrossRef]

414. Huang, H.-C.; Tang, D.; Xu, K.; Jiang, Z.-F. Curcumin attenuates amyloid-β-induced tau hyperphosphorylation in human
neuroblastoma SH-SY5Y cells involving PTEN/Akt/GSK-3β signaling pathway. J. Recept. Signal Transduct. 2014, 34, 26–37.
[CrossRef] [PubMed]

415. Cianciulli, A.; Calvello, R.; Porro, C.; Trotta, T.; Salvatore, R.; Panaro, M.A. PI3k/Akt signalling pathway plays a crucial role in the
anti-inflammatory effects of curcumin in LPS-activated microglia. Int. Immunopharmacol. 2016, 36, 282–290. [CrossRef] [PubMed]

416. Shi, X.; Zheng, Z.; Li, J.; Xiao, Z.; Qi, W.; Zhang, A.; Wu, Q.; Fang, Y. Curcumin inhibits Aβ-induced microglial inflammatory
responses in vitro: Involvement of ERK1/2 and p38 signaling pathways. Neurosci. Lett. 2015, 594, 105–110. [CrossRef] [PubMed]

417. Voulgaropoulou, S.D.; van Amelsvoort, T.A.M.J.; Prickaerts, J.; Vingerhoets, C. The effect of curcumin on cognition in Alzheimer’s
disease and healthy aging: A systematic review of pre-clinical and clinical studies. Brain Res. 2019, 1725, 146476. [CrossRef]
[PubMed]

418. Baum, L.; Lam, C.W.K.; Cheung, S.K.-K.; Kwok, T.; Lui, V.; Tsoh, J.; Lam, L.; Leung, V.; Hui, E.; Ng, C.; et al. Six-Month
Randomized, Placebo-Controlled, Double-Blind, Pilot Clinical Trial of Curcumin in Patients with Alzheimer Disease. J. Clin.
Psychopharmacol. 2008, 28, 110–113. [CrossRef]

419. Tang, M.; Taghibiglou, C. The Mechanisms of Action of Curcumin in Alzheimer’s Disease. J. Alzheimers Dis. 2017, 58, 1003–1016.
[CrossRef]

420. Ruan, Y.; Xiong, Y.; Fang, W.; Yu, Q.; Mai, Y.; Cao, Z.; Wang, K.; Lei, M.; Xu, J.; Liu, Y.; et al. Highly sensitive Curcumin-conjugated
nanotheranostic platform for detecting amyloid-beta plaques by magnetic resonance imaging and reversing cognitive deficits of
Alzheimer’s disease via NLRP3-inhibition. J. Nanobiotechnol. 2022, 20, 322. [CrossRef]

421. Lazar, A.N.; Mourtas, S.; Youssef, I.; Parizot, C.; Dauphin, A.; Delatour, B.; Antimisiaris, S.G.; Duyckaerts, C. Curcumin-conjugated
nanoliposomes with high affinity for Aβ deposits: Possible applications to Alzheimer disease. Nanomedicine Nanotechnol. Biol.
Med. 2013, 9, 712–721. [CrossRef]

422. Goozee, K.G.; Shah, T.M.; Sohrabi, H.R.; Rainey-Smith, S.R.; Brown, B.; Verdile, G.; Martins, R.N. Examining the potential clinical
value of curcumin in the prevention and diagnosis of Alzheimer’s disease. Br. J. Nutr. 2016, 115, 449–465. [CrossRef]

423. Szopa, A.; Dziurka, M.; Warzecha, A.; Kubica, P.; Klimek-Szczykutowicz, M.; Ekiert, H. Targeted Lignan Profiling and Anti-
Inflammatory Properties of Schisandra rubriflora and Schisandra chinensis Extracts. Molecules 2018, 23, 3103. [CrossRef]

424. Eklund, P.C.; Långvik, O.K.; Wärnå, J.P.; Salmi, T.O.; Willför, S.M.; Sjöholm, R.E. Chemical studies on antioxidant mechanisms
and free radical scavenging properties of lignans. Org. Biomol. Chem. 2005, 3, 3336. [CrossRef]

425. Laura Esquivel-Campos, A.; Pérez-Gutiérrez, S.; Sánchez-Pérez, L.; Campos-Xolalpa, N.; Pérez-Ramos, J. Cytotoxicity and
Antitumor Action of Lignans and Neolignans. In Secondary Metabolites—Trends and Reviews; Vijayakumar, R., Selvapuram
Sudalaimuthu Raja, S., Eds.; IntechOpen: London, UK, 2022; ISBN 978-1-80355-207-1.

426. Sowndhararajan, K.; Deepa, P.; Kim, M.; Park, S.J.; Kim, S. An overview of neuroprotective and cognitive enhancement properties
of lignans from Schisandra chinensis. Biomed. Pharmacother. 2018, 97, 958–968. [CrossRef]

427. Hsieh, M.-T.; Wu, C.-R.; Wang, W.-H.; Lin, L.-W. The ameliorating effect of the water layer of fructusschisandrae on cycloheximide-
induced amnesia in rats: Interaction with drugs acting at neurotransmitter receptors. Pharmacol. Res. 2001, 43, 17–22. [CrossRef]

428. Yu, J.; Kwon, H.; Cho, E.; Jeon, J.; Kang, R.H.; Youn, K.; Jun, M.; Lee, Y.C.; Ryu, J.H.; Kim, D.H. The effects of pinoresinol on
cholinergic dysfunction-induced memory impairments and synaptic plasticity in mice. Food Chem. Toxicol. 2019, 125, 376–382.
[CrossRef]

429. Xu, M.; Dong, Y.; Wan, S.; Yan, T.; Cao, J.; Wu, L.; Bi, K.; Jia, Y. Schisantherin B ameliorates Aβ 1–42 -induced cognitive decline via
restoration of GLT-1 in a mouse model of Alzheimer’s disease. Physiol. Behav. 2016, 167, 265–273. [CrossRef]

430. Song, J.-X.; Lin, X.; Wong, R.N.-S.; Sze, S.C.-W.; Tong, Y.; Shaw, P.-C.; Zhang, Y.-B. Protective effects of dibenzocyclooctadiene
lignans from Schisandra chinensis against beta-amyloid and homocysteine neurotoxicity in PC12 cells. Phytother. Res. 2010, 25,
435–443. [CrossRef]

431. Zhao, X.; Liu, C.; Xu, M.; Li, X.; Bi, K.; Jia, Y. Total Lignans of Schisandra chinensis Ameliorates Aβ1-42-Induced Neurodegenera-
tion with Cognitive Impairment in Mice and Primary Mouse Neuronal Cells. PLoS ONE 2016, 11, e0152772. [CrossRef]

432. Hu, D.; Cao, Y.; He, R.; Han, N.; Liu, Z.; Miao, L.; Yin, J. Schizandrin, an Antioxidant Lignan from Schisandra chinensis, Ameliorates
A β1–42 -Induced Memory Impairment in Mice. Oxid. Med. Cell. Longev. 2012, 2012, 721721. [CrossRef]

http://doi.org/10.1016/j.jare.2018.03.003
http://doi.org/10.1007/s12035-016-9802-9
http://doi.org/10.1016/S1734-1140(11)70629-6
http://doi.org/10.1002/jnr.20025
http://doi.org/10.3109/10799893.2013.848891
http://www.ncbi.nlm.nih.gov/pubmed/24188406
http://doi.org/10.1016/j.intimp.2016.05.007
http://www.ncbi.nlm.nih.gov/pubmed/27208432
http://doi.org/10.1016/j.neulet.2015.03.045
http://www.ncbi.nlm.nih.gov/pubmed/25818332
http://doi.org/10.1016/j.brainres.2019.146476
http://www.ncbi.nlm.nih.gov/pubmed/31560864
http://doi.org/10.1097/jcp.0b013e318160862c
http://doi.org/10.3233/JAD-170188
http://doi.org/10.1186/s12951-022-01524-4
http://doi.org/10.1016/j.nano.2012.11.004
http://doi.org/10.1017/S0007114515004687
http://doi.org/10.3390/molecules23123103
http://doi.org/10.1039/b506739a
http://doi.org/10.1016/j.biopha.2017.10.145
http://doi.org/10.1006/phrs.2000.0756
http://doi.org/10.1016/j.fct.2019.01.017
http://doi.org/10.1016/j.physbeh.2016.09.018
http://doi.org/10.1002/ptr.3269
http://doi.org/10.1371/journal.pone.0152772
http://doi.org/10.1155/2012/721721


Antioxidants 2023, 12, 180 47 of 55

433. Liu, Q.; Xie, T.; Xi, Y.; Li, L.; Mo, F.; Liu, X.; Liu, Z.; Gao, J.-M.; Yuan, T. Sesamol Attenuates Amyloid Peptide Accumulation
and Cognitive Deficits in APP/PS1 Mice: The Mediating Role of the Gut–Brain Axis. J. Agric. Food Chem. 2021, 69, 12717–12729.
[CrossRef]

434. Liu, Q.; Wang, J.; Lin, B.; Cheng, Z.-Y.; Bai, M.; Shi, S.; Huang, X.-X.; Song, S.-J. Phenylpropanoids and lignans from Prunus
tomentosa seeds as efficient β-amyloid (Aβ) aggregation inhibitors. Bioorganic Chem. 2019, 84, 269–275. [CrossRef]

435. Gaucher, C.; Boudier, A.; Bonetti, J.; Clarot, I.; Leroy, P.; Parent, M. Glutathione: Antioxidant Properties Dedicated to Nanotech-
nologies. Antioxidants 2018, 7, 62. [CrossRef] [PubMed]

436. Lv, H.; Zhen, C.; Liu, J.; Yang, P.; Hu, L.; Shang, P. Unraveling the Potential Role of Glutathione in Multiple Forms of Cell Death in
Cancer Therapy. Oxid. Med. Cell. Longev. 2019, 2019, 3150145. [CrossRef]

437. Traverso, N.; Ricciarelli, R.; Nitti, M.; Marengo, B.; Furfaro, A.L.; Pronzato, M.A.; Marinari, U.M.; Domenicotti, C. Role of
Glutathione in Cancer Progression and Chemoresistance. Oxid. Med. Cell. Longev. 2013, 2013, 972913. [CrossRef] [PubMed]

438. Wu, G.; Fang, Y.-Z.; Yang, S.; Lupton, J.R.; Turner, N.D. Glutathione Metabolism and Its Implications for Health. J. Nutr. 2004, 134,
489–492. [CrossRef] [PubMed]

439. Chen, J.J.; Thiyagarajah, M.; Song, J.; Chen, C.; Herrmann, N.; Gallagher, D.; Rapoport, M.J.; Black, S.E.; Ramirez, J.; Andreazza,
A.C.; et al. Altered central and blood glutathione in Alzheimer’s disease and mild cognitive impairment: A meta-analysis.
Alzheimers Res. Ther. 2022, 14, 23. [CrossRef]

440. Lin, C.-H.; Lane, H.-Y. Plasma Glutathione Levels Decreased with Cognitive Decline among People with Mild Cognitive
Impairment (MCI): A Two-Year Prospective Study. Antioxidants 2021, 10, 1839. [CrossRef]

441. Mandal, P.K.; Tripathi, M.; Sugunan, S. Brain oxidative stress: Detection and mapping of anti-oxidant 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]

442. Duffy, S.L.; Lagopoulos, J.; Hickie, I.B.; Diamond, K.; Graeber, M.B.; Lewis, S.J.G.; Naismith, S.L. Glutathione relates to
neuropsychological functioning in mild cognitive impairment. Alzheimers Dement. 2014, 10, 67–75. [CrossRef]

443. Mandal, P.K.; Saharan, S.; Tripathi, M.; Murari, G. Brain Glutathione Levels—A Novel Biomarker for Mild Cognitive Impairment
and Alzheimer’s Disease. Biol. Psychiatry 2015, 78, 702–710. [CrossRef]

444. Shukla, D.; Mandal, P.K.; Mishra, R.; Punjabi, K.; Dwivedi, D.; Tripathi, M.; Badhautia, V. Hippocampal Glutathione Depletion
and pH Increment in Alzheimer’s Disease: An in vivo MRS Study. J. Alzheimers Dis. 2021, 84, 1139–1152. [CrossRef]

445. Izumi, H.; Sato, K.; Kojima, K.; Saito, T.; Saido, T.C.; Fukunaga, K. Oral glutathione administration inhibits the oxidative stress
and the inflammatory responses in AppNL−G-F/NL−G-F knock-in mice. Neuropharmacology 2020, 168, 108026. [CrossRef]

446. Christopher Kwon, Y.I.; Xie, W.; Zhu, H.; Xie, J.; Shinn, K.; Juckel, N.; Vince, R.; More, S.S.; Lee, M.K. γ-Glutamyl-Transpeptidase-
Resistant Glutathione Analog Attenuates Progression of Alzheimer’s Disease-like Pathology and Neurodegeneration in a Mouse
Model. Antioxidants 2021, 10, 1796. [CrossRef]

447. Li, Q.; Cui, J.; Fang, C.; Liu, M.; Min, G.; Li, L. S-Adenosylmethionine Attenuates Oxidative Stress and Neuroinflammation
Induced by Amyloid-β Through Modulation of Glutathione Metabolism. J. Alzheimers Dis. 2017, 58, 549–558. [CrossRef]

448. Yang, H.; Xie, Z.; Wei, L.; Ding, M.; Wang, P.; Bi, J. Glutathione-mimetic D609 alleviates memory deficits and reduces amyloid-β
deposition in an AβPP/PS1 transgenic mouse model. NeuroReport 2018, 29, 833–838. [CrossRef]

449. Braidy, N.; Zarka, M.; Jugder, B.-E.; Welch, J.; Jayasena, T.; Chan, D.K.Y.; Sachdev, P.; Bridge, W. The Precursor to Glutathione
(GSH), γ-Glutamylcysteine (GGC), Can Ameliorate Oxidative Damage and Neuroinflammation Induced by Aβ40 Oligomers in
Human Astrocytes. Front. Aging Neurosci. 2019, 11, 177. [CrossRef]

450. Barkats, M.; Millecamps, S.; Abrioux, P.; Geoffroy, M.-C.; Mallet, J. Overexpression of Glutathione Peroxidase Increases the
Resistance of Neuronal Cells to Aβ-Mediated Neurotoxicity. J. Neurochem. 2002, 75, 1438–1446. [CrossRef]

451. Shin, E.-J.; Chung, Y.H.; Sharma, N.; Nguyen, B.T.; Lee, S.H.; Kang, S.W.; Nah, S.-Y.; Wie, M.B.; Nabeshima, T.; Jeong, J.H.; et al.
Glutathione Peroxidase-1 Knockout Facilitates Memory Impairment Induced by β-Amyloid (1–42) in Mice via Inhibition of PKC
βII-Mediated ERK Signaling; Application with Glutathione Peroxidase-1 Gene-Encoded Adenovirus Vector. Neurochem. Res.
2020, 45, 2991–3002. [CrossRef]

452. Song, J.; Kang, S.M.; Lee, W.T.; Park, K.A.; Lee, K.M.; Lee, J.E. Glutathione Protects Brain Endothelial Cells from Hydrogen
Peroxide-Induced Oxidative Stress by Increasing Nrf2 Expression. Exp. Neurobiol. 2014, 23, 93–103. [CrossRef]

453. Ansary, J.; Forbes-Hernández, T.Y.; Gil, E.; Cianciosi, D.; Zhang, J.; Elexpuru-Zabaleta, M.; Simal-Gandara, J.; Giampieri, F.;
Battino, M. Potential Health Benefit of Garlic Based on Human Intervention Studies: A Brief Overview. Antioxidants 2020, 9, 619.
[CrossRef]

454. Qu, Z.; Mossine, V.V.; Cui, J.; Sun, G.Y.; Gu, Z. Protective Effects of AGE and Its Components on Neuroinflammation and
Neurodegeneration. NeuroMolecular Med. 2016, 18, 474–482. [CrossRef]

455. Ray, B.; Chauhan, N.B.; Lahiri, D.K. The “aged garlic extract:” (AGE) and one of its active ingredients S-allyl-L-cysteine (SAC)
as potential preventive and therapeutic agents for Alzheimer’s disease (AD). Curr. Med. Chem. 2011, 18, 3306–3313. [CrossRef]
[PubMed]

456. Tedeschi, P.; Nigro, M.; Travagli, A.; Catani, M.; Cavazzini, A.; Merighi, S.; Gessi, S. Therapeutic Potential of Allicin and Aged
Garlic Extract in Alzheimer’s Disease. Int. J. Mol. Sci. 2022, 23, 6950. [CrossRef] [PubMed]

457. Griffin, B.; Selassie, M.; Gwebu, E.T. Effect of Aged Garlic Extract on the Cytotoxicity of Alzheimer β-Amyloid Peptide in
Neuronal PC12 Cells. Nutr. Neurosci. 2000, 3, 139–142. [CrossRef] [PubMed]

http://doi.org/10.1021/acs.jafc.1c04687
http://doi.org/10.1016/j.bioorg.2018.11.041
http://doi.org/10.3390/antiox7050062
http://www.ncbi.nlm.nih.gov/pubmed/29702624
http://doi.org/10.1155/2019/3150145
http://doi.org/10.1155/2013/972913
http://www.ncbi.nlm.nih.gov/pubmed/23766865
http://doi.org/10.1093/jn/134.3.489
http://www.ncbi.nlm.nih.gov/pubmed/14988435
http://doi.org/10.1186/s13195-022-00961-5
http://doi.org/10.3390/antiox10111839
http://doi.org/10.1016/j.bbrc.2011.11.047
http://doi.org/10.1016/j.jalz.2013.01.005
http://doi.org/10.1016/j.biopsych.2015.04.005
http://doi.org/10.3233/JAD-215032
http://doi.org/10.1016/j.neuropharm.2020.108026
http://doi.org/10.3390/antiox10111796
http://doi.org/10.3233/JAD-170177
http://doi.org/10.1097/WNR.0000000000001040
http://doi.org/10.3389/fnagi.2019.00177
http://doi.org/10.1046/j.1471-4159.2000.0751438.x
http://doi.org/10.1007/s11064-020-03147-3
http://doi.org/10.5607/en.2014.23.1.93
http://doi.org/10.3390/antiox9070619
http://doi.org/10.1007/s12017-016-8410-1
http://doi.org/10.2174/092986711796504664
http://www.ncbi.nlm.nih.gov/pubmed/21728972
http://doi.org/10.3390/ijms23136950
http://www.ncbi.nlm.nih.gov/pubmed/35805955
http://doi.org/10.1080/1028415X.2000.11747310
http://www.ncbi.nlm.nih.gov/pubmed/27416371


Antioxidants 2023, 12, 180 48 of 55

458. Gupta, V.B.; Indi, S.S.; Rao, K.S.J. Garlic extract exhibits antiamyloidogenic activity on amyloid-beta fibrillogenesis: Relevance to
Alzheimer’s disease. Phytother. Res. 2009, 23, 111–115. [CrossRef] [PubMed]

459. Gupta, V.B.; Rao, K.S.J. Anti-amyloidogenic activity of S-allyl-l-cysteine and its activity to destabilize Alzheimer’s β-amyloid
fibrils in vitro. Neurosci. Lett. 2007, 429, 75–80. [CrossRef]

460. Jeong, J.H.; Jeong, H.R.; Jo, Y.N.; Kim, H.J.; Shin, J.H.; Heo, H.J. Ameliorating effects of aged garlic extracts against Aβ-induced
neurotoxicity and cognitive impairment. BMC Complement. Altern. Med. 2013, 13, 268. [CrossRef]

461. Luo, J.-F.; Dong, Y.; Chen, J.-Y.; Lu, J.-H. The effect and underlying mechanisms of garlic extract against cognitive impairment and
Alzheimer’s disease: A systematic review and meta-analysis of experimental animal studies. J. Ethnopharmacol. 2021, 280, 114423.
[CrossRef]

462. Chauhan, N.B.; Sandoval, J. Amelioration of early cognitive deficits by aged garlic extract in Alzheimer’s transgenic mice.
Phytother. Res. 2007, 21, 629–640. [CrossRef]

463. Elosta, A.; Slevin, M.; Rahman, K.; Ahmed, N. Aged garlic has more potent antiglycation and antioxidant properties compared to
fresh garlic extract in vitro. Sci. Rep. 2017, 7, 39613. [CrossRef]

464. Nillert, N.; Pannangrong, W.; Welbat, J.; Chaijaroonkhanarak, W.; Sripanidkulchai, K.; Sripanidkulchai, B. Neuroprotective Effects
of Aged Garlic Extract on Cognitive Dysfunction and Neuroinflammation Induced by β-Amyloid in Rats. Nutrients 2017, 9, 24.
[CrossRef]

465. Thorajak, P.; Pannangrong, W.; Welbat, J.U.; Chaijaroonkhanarak, W.; Sripanidkulchai, K.; Sripanidkulchai, B. Effects of Aged
Garlic Extract on Cholinergic, Glutamatergic and GABAergic Systems with Regard to Cognitive Impairment in Aβ-Induced Rats.
Nutrients 2017, 9, 686. [CrossRef]

466. Burbaeva, G.S.; Boksha, I.S.; Tereshkina, E.B.; Savushkina, O.K.; Prokhorova, T.A.; Vorobyeva, E.A. Glutamate and GABA-
Metabolizing Enzymes in Post-mortem Cerebellum in Alzheimer’s Disease: Phosphate-Activated Glutaminase and Glutamic
Acid Decarboxylase. The Cerebellum 2014, 13, 607–615. [CrossRef]

467. Rodriguez-Perdigon, M.; Tordera, R.M.; Gil-Bea, F.J.; Gerenu, G.; Ramirez, M.J.; Solas, M. Down-regulation of glutamatergic
terminals (VGLUT1) driven by Aβ in Alzheimer’s disease: Aβ and VGLUT1 in Alzheimer’s Disease. Hippocampus 2016, 26,
1303–1312. [CrossRef]

468. Ray, B.; Chauhan, N.B.; Lahiri, D.K. Oxidative insults to neurons and synapse are prevented by aged garlic extract and S-allyl-l-
cysteine treatment in the neuronal culture and APP-Tg mouse model: Oxidative insults to neurons and synapse: Role of AGE
and SAC. J. Neurochem. 2011, 117, 388–402. [CrossRef]

469. Javed, H.; Khan, M.M.; Khan, A.; Vaibhav, K.; Ahmad, A.; Khuwaja, G.; Ahmed, M.E.; Raza, S.S.; Ashafaq, M.; Tabassum, R.;
et al. S-allyl cysteine attenuates oxidative stress associated cognitive impairment and neurodegeneration in mouse model of
streptozotocin-induced experimental dementia of Alzheimer’s type. Brain Res. 2011, 1389, 133–142. [CrossRef]

470. Chauhan, N.B. Effect of aged garlic extract on APP processing and tau phosphorylation in Alzheimer’s transgenic model Tg2576.
J. Ethnopharmacol. 2006, 108, 385–394. [CrossRef]

471. Nadeem, M.S.; Kazmi, I.; Ullah, I.; Muhammad, K.; Anwar, F. Allicin, an Antioxidant and Neuroprotective Agent, Ameliorates
Cognitive Impairment. Antioxidants 2021, 11, 87. [CrossRef]

472. Li, X.-H.; Li, C.-Y.; Lu, J.-M.; Tian, R.-B.; Wei, J. Allicin ameliorates cognitive deficits ageing-induced learning and memory deficits
through enhancing of Nrf2 antioxidant signaling pathways. Neurosci. Lett. 2012, 514, 46–50. [CrossRef]

473. Kaur, S.; Raj, K.; Gupta, Y.K.; Singh, S. Allicin ameliorates aluminium- and copper-induced cognitive dysfunction in Wistar
rats: Relevance to neuro-inflammation, neurotransmitters and Aβ(1–42) analysis. JBIC J. Biol. Inorg. Chem. 2021, 26, 495–510.
[CrossRef]

474. Li, X.-H.; Li, C.-Y.; Xiang, Z.-G.; Zhong, F.; Chen, Z.-Y.; Lu, J.-M. Allicin can reduce neuronal death and ameliorate the spatial
memory impairment in Alzheimer’s disease models. Neurosci. Riyadh Saudi Arab. 2010, 15, 237–243.

475. Zhang, H.; Wang, P.; Xue, Y.; Liu, L.; Li, Z.; Liu, Y. Allicin ameliorates cognitive impairment in APP/PS1 mice via Suppressing
oxidative stress by Blocking JNK Signaling Pathways. Tissue Cell 2018, 50, 89–95. [CrossRef] [PubMed]

476. Zhu, Y.-F.; Li, X.-H.; Yuan, Z.-P.; Li, C.-Y.; Tian, R.-B.; Jia, W.; Xiao, Z.-P. Allicin improves endoplasmic reticulum stress-related
cognitive deficits via PERK/Nrf2 antioxidative signaling pathway. Eur. J. Pharmacol. 2015, 762, 239–246. [CrossRef] [PubMed]

477. de Sousa, C.N.S.; da Silva Leite, C.M.G.; da Silva Medeiros, I.; Vasconcelos, L.C.; Cabral, L.M.; Patrocínio, C.F.V.; Patrocínio,
M.L.V.; Mouaffak, F.; Kebir, O.; Macedo, D.; et al. Alpha-lipoic acid in the treatment of psychiatric and neurological disorders: A
systematic review. Metab. Brain Dis. 2019, 34, 39–52. [CrossRef] [PubMed]

478. Lyu, M.; Liu, H.; Ye, Y.; Yin, Z. Inhibition effect of thiol-type antioxidants on protein oxidative aggregation caused by free radicals.
Biophys. Chem. 2020, 260, 106367. [CrossRef] [PubMed]

479. Zhang, Y.-H.; Wang, D.-W.; Xu, S.-F.; Zhang, S.; Fan, Y.-G.; Yang, Y.-Y.; Guo, S.-Q.; Wang, S.; Guo, T.; Wang, Z.-Y.; et al. α-Lipoic
acid improves abnormal behavior by mitigation of oxidative stress, inflammation, ferroptosis, and tauopathy in P301S Tau
transgenic mice. Redox Biol. 2018, 14, 535–548. [CrossRef]

480. Memudu, A.E.; Adewumi, A.E. Alpha lipoic acid ameliorates scopolamine induced memory deficit and neurodegeneration in the
cerebello-hippocampal cortex. Metab. Brain Dis. 2021, 36, 1729–1745. [CrossRef]

481. Farr, S.A.; Price, T.O.; Banks, W.A.; Ercal, N.; Morley, J.E. Effect of Alpha-Lipoic Acid on Memory, Oxidation, and Lifespan in
SAMP8 Mice. J. Alzheimers Dis. 2012, 32, 447–455. [CrossRef]

http://doi.org/10.1002/ptr.2574
http://www.ncbi.nlm.nih.gov/pubmed/18844255
http://doi.org/10.1016/j.neulet.2007.09.042
http://doi.org/10.1186/1472-6882-13-268
http://doi.org/10.1016/j.jep.2021.114423
http://doi.org/10.1002/ptr.2122
http://doi.org/10.1038/srep39613
http://doi.org/10.3390/nu9010024
http://doi.org/10.3390/nu9070686
http://doi.org/10.1007/s12311-014-0573-4
http://doi.org/10.1002/hipo.22607
http://doi.org/10.1111/j.1471-4159.2010.07145.x
http://doi.org/10.1016/j.brainres.2011.02.072
http://doi.org/10.1016/j.jep.2006.05.030
http://doi.org/10.3390/antiox11010087
http://doi.org/10.1016/j.neulet.2012.02.054
http://doi.org/10.1007/s00775-021-01866-8
http://doi.org/10.1016/j.tice.2017.11.002
http://www.ncbi.nlm.nih.gov/pubmed/29429523
http://doi.org/10.1016/j.ejphar.2015.06.002
http://www.ncbi.nlm.nih.gov/pubmed/26049013
http://doi.org/10.1007/s11011-018-0344-x
http://www.ncbi.nlm.nih.gov/pubmed/30467770
http://doi.org/10.1016/j.bpc.2020.106367
http://www.ncbi.nlm.nih.gov/pubmed/32200213
http://doi.org/10.1016/j.redox.2017.11.001
http://doi.org/10.1007/s11011-021-00720-9
http://doi.org/10.3233/JAD-2012-120130


Antioxidants 2023, 12, 180 49 of 55

482. Cho, J.Y.; Um, H.S.; Kang, H.S.; Cho, I.H.; Kim, C.H.; Cho, J.S.; Hwang, D.Y. The combination of exercise training and α-lipoic
acid treatment has therapeutic effects on the pathogenic phenotypes of Alzheimer’s disease in NSE/APPsw-transgenic mice. Int.
J. Mol. Med. 2010, 25, 337–346. [CrossRef]

483. Quinn, J.F.; Bussiere, J.R.; Hammond, R.S.; Montine, T.J.; Henson, E.; Jones, R.E.; Stackman, R.W. Chronic dietary α-lipoic acid
reduces deficits in hippocampal memory of aged Tg2576 mice. Neurobiol. Aging 2007, 28, 213–225. [CrossRef]

484. Sharma, M.; Gupta, Y.K. Effect of alpha lipoic acid on intracerebroventricular streptozotocin model of cognitive impairment in
rats. Eur. Neuropsychopharmacol. 2003, 13, 241–247. [CrossRef]

485. Di Stefano, A.; Sozio, P.; Cerasa, L.S.; Iannitelli, A.; Cataldi, A.; Zara, S.; Giorgioni, G.; Nasuti, C. Ibuprofen and Lipoic Acid
Diamide as Co-Drug with Neuroprotective Activity: Pharmacological Properties and Effects in β-Amyloid (1–40) Infused
Alzheimer’s Disease Rat Model. Int. J. Immunopathol. Pharmacol. 2010, 23, 589–599. [CrossRef]

486. Hager, K.; Kenklies, M.; McAfoose, J.; Engel, J.; Münch, G. α-Lipoic acid as a new treatment option for Alzheimer’s disease—A 48
months follow-up analysis. In Neuropsychiatric Disorders An Integrative Approach; Gerlach, M., Deckert, J., Double, K., Koutsilieri,
E., Eds.; Springer: Vienna, Austria, 2007; pp. 189–193, ISBN 978-3-211-73573-2.

487. Shinto, L.; Quinn, J.; Montine, T.; Dodge, H.H.; Woodward, W.; Baldauf-Wagner, S.; Waichunas, D.; Bumgarner, L.; Bourdette, D.;
Silbert, L.; et al. A Randomized Placebo-Controlled Pilot Trial of Omega-3 Fatty Acids and Alpha Lipoic Acid in Alzheimer’s
Disease. J. Alzheimers Dis. 2013, 38, 111–120. [CrossRef]

488. López-Otín, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. Hallmarks of aging: An expanding universe. Cell 2023,
S0092867422013770. [CrossRef]

489. Calkins, M.; Manczak, M.; Reddy, P. Mitochondria-Targeted Antioxidant SS31 Prevents Amyloid Beta-Induced Mitochondrial
Abnormalities and Synaptic Degeneration in Alzheimer&rsquo;s Disease. Pharmaceuticals 2012, 5, 1103–1119. [CrossRef]

490. Du, F.; Yu, Q.; Kanaan, N.M.; Yan, S.S. Mitochondrial oxidative stress contributes to the pathological aggregation and accumulation
of tau oligomers in Alzheimer’s disease. Hum. Mol. Genet. 2022, 31, 2498–2507. [CrossRef]

491. Lin, M.T.; Beal, M.F. Mitochondrial dysfunction and oxidative stress in neurodegenerative diseases. Nature 2006, 443, 787–795.
[CrossRef]

492. Lanzillotta, C.; Di Domenico, F.; Perluigi, M.; Butterfield, D.A. Targeting Mitochondria in Alzheimer Disease: Rationale and
Perspectives. CNS Drugs 2019, 33, 957–969. [CrossRef]

493. Reddy, P.H.; Manczak, M.; Yin, X.; Reddy, A.P. Synergistic Protective Effects of Mitochondrial Division Inhibitor 1 and
Mitochondria-Targeted Small Peptide SS31 in Alzheimer’s Disease. J. Alzheimers Dis. 2018, 62, 1549–1565. [CrossRef]

494. Soeda, Y.; Saito, M.; Maeda, S.; Ishida, K.; Nakamura, A.; Kojima, S.; Takashima, A. Methylene Blue Inhibits Formation of Tau
Fibrils but not of Granular Tau Oligomers: A Plausible Key to Understanding Failure of a Clinical Trial for Alzheimer’s Disease.
J. Alzheimers Dis. 2019, 68, 1677–1686. [CrossRef]

495. Young, M.L.; Franklin, J.L. The mitochondria-targeted antioxidant MitoQ inhibits memory loss, neuropathology, and extends
lifespan in aged 3xTg-AD mice. Mol. Cell. Neurosci. 2019, 101, 103409. [CrossRef]

496. McManus, M.J.; Murphy, M.P.; Franklin, J.L. The Mitochondria-Targeted Antioxidant MitoQ Prevents Loss of Spatial Memory
Retention and Early Neuropathology in a Transgenic Mouse Model of Alzheimer’s Disease. J. Neurosci. 2011, 31, 15703–15715.
[CrossRef] [PubMed]

497. Ng, L.F.; Gruber, J.; Cheah, I.K.; Goo, C.K.; Cheong, W.F.; Shui, G.; Sit, K.P.; Wenk, M.R.; Halliwell, B. The mitochondria-targeted
antioxidant MitoQ extends lifespan and improves healthspan of a transgenic Caenorhabditis elegans model of Alzheimer disease.
Free Radic. Biol. Med. 2014, 71, 390–401. [CrossRef] [PubMed]

498. Rudnitskaya, E.A.; Burnyasheva, A.O.; Kozlova, T.A.; Peunov, D.A.; Kolosova, N.G.; Stefanova, N.A. Changes in Glial Support of
the Hippocampus during the Development of an Alzheimer’s Disease-like Pathology and Their Correction by Mitochondria-
Targeted Antioxidant SkQ1. Int. J. Mol. Sci. 2022, 23, 1134. [CrossRef] [PubMed]

499. Stefanova, N.A.; Muraleva, N.A.; Maksimova, K.Y.; Rudnitskaya, E.A.; Kiseleva, E.; Telegina, D.V.; Kolosova, N.G. An antioxidant
specifically targeting mitochondria delays progression of Alzheimer’s disease-like pathology. Aging 2016, 8, 2713–2733. [CrossRef]
[PubMed]

500. Muraleva, N.A.; Stefanova, N.A.; Kolosova, N.G. SkQ1 Suppresses the p38 MAPK Signaling Pathway Involved in Alzheimer’s
Disease-Like Pathology in OXYS Rats. Antioxidants 2020, 9, 676. [CrossRef]

501. Stefanova, N.A.; Fursova, A.Z.; Kolosova, N.G. Behavioral Effects Induced by Mitochondria-Targeted Antioxidant SkQ1 in Wistar
and Senescence-Accelerated OXYS Rats. J. Alzheimers Dis. 2010, 21, 479–491. [CrossRef]

502. Kapay, N.A.; Popova, O.V.; Isaev, N.K.; Stelmashook, E.V.; Kondratenko, R.V.; Zorov, D.B.; Skrebitsky, V.G.; Skulachev, V.P.
Mitochondria-Targeted Plastoquinone Antioxidant SkQ1 Prevents Amyloid-β-Induced Impairment of Long-Term Potentiation in
Rat Hippocampal Slices. J. Alzheimers Dis. 2013, 36, 377–383. [CrossRef]

503. Attia, H.; Albuhayri, S.; Alaraidh, S.; Alotaibi, A.; Yacoub, H.; Mohamad, R.; Al-Amin, M. Biotin, coenzyme Q10, and their
combination ameliorate aluminium chloride-induced Alzheimer’s disease via attenuating neuroinflammation and improving
brain insulin signaling. J. Biochem. Mol. Toxicol. 2020, 34, e22519. [CrossRef]

504. 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, 45, 1142–1155. [CrossRef]

505. Wadsworth, T.L.; Bishop, J.A.; Pappu, A.S.; Woltjer, R.L.; Quinn, J.F. Evaluation of Coenzyme Q as an Antioxidant Strategy for
Alzheimer’s Disease. J. Alzheimers Dis. 2008, 14, 225–234. [CrossRef]

http://doi.org/10.3892/ijmm_00000350
http://doi.org/10.1016/j.neurobiolaging.2005.12.014
http://doi.org/10.1016/S0924-977X(03)00008-7
http://doi.org/10.1177/039463201002300221
http://doi.org/10.3233/JAD-130722
http://doi.org/10.1016/j.cell.2022.11.001
http://doi.org/10.3390/ph5101103
http://doi.org/10.1093/hmg/ddab363
http://doi.org/10.1038/nature05292
http://doi.org/10.1007/s40263-019-00658-8
http://doi.org/10.3233/JAD-170988
http://doi.org/10.3233/JAD-181001
http://doi.org/10.1016/j.mcn.2019.103409
http://doi.org/10.1523/JNEUROSCI.0552-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22049413
http://doi.org/10.1016/j.freeradbiomed.2014.03.003
http://www.ncbi.nlm.nih.gov/pubmed/24637264
http://doi.org/10.3390/ijms23031134
http://www.ncbi.nlm.nih.gov/pubmed/35163053
http://doi.org/10.18632/aging.101054
http://www.ncbi.nlm.nih.gov/pubmed/27750209
http://doi.org/10.3390/antiox9080676
http://doi.org/10.3233/JAD-2010-091675
http://doi.org/10.3233/JAD-122428
http://doi.org/10.1002/jbt.22519
http://doi.org/10.1007/s11064-020-02996-2
http://doi.org/10.3233/JAD-2008-14210


Antioxidants 2023, 12, 180 50 of 55

506. Dumont, M.; Kipiani, K.; Yu, F.; Wille, E.; Katz, M.; Calingasan, N.Y.; Gouras, G.K.; Lin, M.T.; Beal, M.F. Coenzyme Q10 Decreases
Amyloid Pathology and Improves Behavior in a Transgenic Mouse Model of Alzheimer’s Disease. J. Alzheimers Dis. 2011, 27,
211–223. [CrossRef]

507. Muthukumaran, K.; Kanwar, A.; Vegh, C.; Marginean, A.; Elliott, A.; Guilbeault, N.; Badour, A.; Sikorska, M.; Cohen, J.;
Pandey, S. Ubisol-Q10 (a Nanomicellar Water-Soluble Formulation of CoQ10) Treatment Inhibits Alzheimer-Type Behavioral and
Pathological Symptoms in a Double Transgenic Mouse (TgAPEswe, PSEN1dE9) Model of Alzheimer’s Disease. J. Alzheimers Dis.
2017, 61, 221–236. [CrossRef]

508. Lee, H.; Jeong, H.-R.; Park, J.-H.; Hoe, H.-S. Idebenone Decreases Aβ Pathology by Modulating RAGE/Caspase-3 Signaling and
the Aβ Degradation Enzyme NEP in a Mouse Model of AD. Biology 2021, 10, 938. [CrossRef]

509. Komaki, H.; Faraji, N.; Komaki, A.; Shahidi, S.; Etaee, F.; Raoufi, S.; Mirzaei, F. Investigation of protective effects of coenzyme Q10
on impaired synaptic plasticity in a male rat model of Alzheimer’s disease. Brain Res. Bull. 2019, 147, 14–21. [CrossRef]

510. Vegh, C.; Pupulin, S.; Wear, D.; Culmone, L.; Huggard, R.; Ma, D.; Pandey, S. Resumption of Autophagy by Ubisol-Q 10 in
Presenilin-1 Mutated Fibroblasts and Transgenic AD Mice: Implications for Inhibition of Senescence and Neuroprotection. Oxid.
Med. Cell. Longev. 2019, 2019, 7404815. [CrossRef]

511. Yang, X.; Yang, Y.; Li, G.; Wang, J.; Yang, E.S. Coenzyme Q10 Attenuates β-Amyloid Pathology in the Aged Transgenic Mice with
Alzheimer Presenilin 1 Mutation. J. Mol. Neurosci. 2008, 34, 165–171. [CrossRef]

512. Singh, A.; Kumar, A. Microglial Inhibitory Mechanism of Coenzyme Q10 Against Aβ (1-42) Induced Cognitive Dysfunctions:
Possible Behavioral, Biochemical, Cellular, and Histopathological Alterations. Front. Pharmacol. 2015, 6, 268. [CrossRef]

513. Sheykhhasan, M.; Amini, R.; Soleimani Asl, S.; Saidijam, M.; Hashemi, S.M.; Najafi, R. Neuroprotective effects of coenzyme
Q10-loaded exosomes obtained from adipose-derived stem cells in a rat model of Alzheimer’s disease. Biomed. Pharmacother.
2022, 152, 113224. [CrossRef]

514. Yang, X.; Dai, G.; Li, G.; Yang, E.S. Coenzyme Q10 Reduces β-Amyloid Plaque in an APP/PS1 Transgenic Mouse Model of
Alzheimer’s Disease. J. Mol. Neurosci. 2010, 41, 110–113. [CrossRef]

515. Hargreaves, I.; Heaton, R.A.; Mantle, D. Disorders of Human Coenzyme Q10 Metabolism: An Overview. Int. J. Mol. Sci. 2020, 21, 6695.
[CrossRef]

516. Garrido-Maraver, J.; Cordero, M.D.; Oropesa-Avila, M.; Vega, A.F.; de la Mata, M.; Delgado Pavon, A.; Alcocer-Gomez, E.; Perez
Calero, C.; Villanueva Paz, M.; Alanis, M.; et al. Clinical applications of coenzyme Q10. Front. Biosci. 2014, 19, 619. [CrossRef]
[PubMed]

517. Isobe, C.; Abe, T.; Terayama, Y. Levels of reduced and oxidized coenzyme Q-10 and 8-hydroxy-2′-deoxyguanosine in the CSF of
patients with Alzheimer’s disease demonstrate that mitochondrial oxidative damage and/or oxidative DNA damage contributes
to the neurodegenerative process. J. Neurol. 2010, 257, 399–404. [CrossRef] [PubMed]

518. the ActiFE Ulm study group; von Arnim, C.A.F.; Herbolsheimer, F.; Nikolaus, T.; Peter, R.; Biesalski, H.K.; Ludolph, A.C.; Riepe,
M.; Nagel, G. Dietary Antioxidants and Dementia in a Population-Based Case-Control Study among Older People in South
Germany. J. Alzheimers Dis. 2012, 31, 717–724. [CrossRef] [PubMed]

519. McCarthy, S.; Somayajulu, M.; Sikorska, M.; Borowy-Borowski, H.; Pandey, S. Paraquat induces oxidative stress and neuronal cell
death; neuroprotection by water-soluble Coenzyme Q10. Toxicol. Appl. Pharmacol. 2004, 201, 21–31. [CrossRef] [PubMed]

520. Choi, H.; Park, H.-H.; Lee, K.-Y.; Choi, N.-Y.; Yu, H.-J.; Lee, Y.J.; Park, J.; Huh, Y.-M.; Lee, S.-H.; Koh, S.-H. Coenzyme Q10 Restores
Amyloid Beta-Inhibited Proliferation of Neural Stem Cells by Activating the PI3K Pathway. Stem Cells Dev. 2013, 22, 2112–2120.
[CrossRef]

521. Li, L.; Xu, D.; Lin, J.; Zhang, D.; Wang, G.; Sui, L.; Ding, H.; Du, J. Coenzyme Q10 attenuated β-amyloid 25–35 –induced
inflammatory responses in PC12 cells through regulation of the NF–κB signaling pathway. Brain Res. Bull. 2017, 131, 192–198.
[CrossRef]

522. Yang, M.; Lian, N.; Yu, Y.; Wang, Y.; Xie, K.; Yu, Y. Coenzyme Q10 alleviates sevoflurane-induced neuroinflammation by regulating
the levels of apolipoprotein E and phosphorylated tau protein in mouse hippocampal neurons. Mol. Med. Rep. 2020, 22, 445–453.
[CrossRef]

523. Ali, A.A.; Abo El-Ella, D.M.; El-Emam, S.Z.; Shahat, A.S.; El-Sayed, R.M. Physical & mental activities enhance the neuroprotective
effect of vinpocetine & coenzyme Q10 combination against Alzheimer & bone remodeling in rats. Life Sci. 2019, 229, 21–35.
[CrossRef]

524. Wainwright, L.; Hargreaves, I.P.; Georgian, A.R.; Turner, C.; Dalton, R.N.; Abbott, N.J.; Heales, S.J.R.; Preston, J.E. CoQ10
Deficient Endothelial Cell Culture Model for the Investigation of CoQ10 Blood–Brain Barrier Transport. J. Clin. Med. 2020, 9, 3236.
[CrossRef]

525. Wear, D.; Vegh, C.; Sandhu, J.K.; Sikorska, M.; Cohen, J.; Pandey, S. Ubisol-Q10, a Nanomicellar and Water-Dispersible Formulation
of Coenzyme-Q10 as a Potential Treatment for Alzheimer’s and Parkinson’s Disease. Antioxidants 2021, 10, 764. [CrossRef]

526. Wani, W.Y.; Gudup, S.; Sunkaria, A.; Bal, A.; Singh, P.P.; Kandimalla, R.J.L.; Sharma, D.R.; Gill, K.D. Protective efficacy of mito-
chondrial targeted antioxidant MitoQ against dichlorvos induced oxidative stress and cell death in rat brain. Neuropharmacology
2011, 61, 1193–1201. [CrossRef]

527. Xiao, L.; Xu, X.; Zhang, F.; Wang, M.; Xu, Y.; Tang, D.; Wang, J.; Qin, Y.; Liu, Y.; Tang, C.; et al. The mitochondria-targeted
antioxidant MitoQ ameliorated tubular injury mediated by mitophagy in diabetic kidney disease via Nrf2/PINK1. Redox Biol.
2017, 11, 297–311. [CrossRef]

http://doi.org/10.3233/JAD-2011-110209
http://doi.org/10.3233/JAD-170275
http://doi.org/10.3390/biology10090938
http://doi.org/10.1016/j.brainresbull.2019.01.025
http://doi.org/10.1155/2019/7404815
http://doi.org/10.1007/s12031-007-9033-7
http://doi.org/10.3389/fphar.2015.00268
http://doi.org/10.1016/j.biopha.2022.113224
http://doi.org/10.1007/s12031-009-9297-1
http://doi.org/10.3390/ijms21186695
http://doi.org/10.2741/4231
http://www.ncbi.nlm.nih.gov/pubmed/24389208
http://doi.org/10.1007/s00415-009-5333-x
http://www.ncbi.nlm.nih.gov/pubmed/19784856
http://doi.org/10.3233/JAD-2012-120634
http://www.ncbi.nlm.nih.gov/pubmed/22710913
http://doi.org/10.1016/j.taap.2004.04.019
http://www.ncbi.nlm.nih.gov/pubmed/15519605
http://doi.org/10.1089/scd.2012.0604
http://doi.org/10.1016/j.brainresbull.2017.04.014
http://doi.org/10.3892/mmr.2020.11131
http://doi.org/10.1016/j.lfs.2019.05.006
http://doi.org/10.3390/jcm9103236
http://doi.org/10.3390/antiox10050764
http://doi.org/10.1016/j.neuropharm.2011.07.008
http://doi.org/10.1016/j.redox.2016.12.022


Antioxidants 2023, 12, 180 51 of 55

528. Manczak, M.; Mao, P.; Calkins, M.J.; Cornea, A.; Reddy, A.P.; Murphy, M.P.; Szeto, H.H.; Park, B.; Reddy, P.H. Mitochondria-
Targeted Antioxidants Protect Against Amyloid-β Toxicity in Alzheimer’s Disease Neurons. J. Alzheimers Dis. 2010, 20, S609–S631.
[CrossRef]

529. Samluk, L.; Ostapczuk, P.; Dziembowska, M. Long-term mitochondrial stress induces early steps of Tau aggregation by increasing
reactive oxygen species levels and affecting cellular proteostasis. Mol. Biol. Cell 2022, 33, ar67. [CrossRef]

530. Dudek, J. Role of Cardiolipin in Mitochondrial Signaling Pathways. Front. Cell Dev. Biol. 2017, 5, 90. [CrossRef]
531. Ma, T.; Hoeffer, C.A.; Wong, H.; Massaad, C.A.; Zhou, P.; Iadecola, C.; Murphy, M.P.; Pautler, R.G.; Klann, E. Amyloid -Induced

Impairments in Hippocampal Synaptic Plasticity Are Rescued by Decreasing Mitochondrial Superoxide. J. Neurosci. 2011, 31,
5589–5595. [CrossRef]

532. Skulachev, V.P. Mitochondria-Targeted Antioxidants as Promising Drugs for Treatment of Age-Related Brain Diseases. J. Alzheimers
Dis. 2012, 28, 283–289. [CrossRef]

533. Kolosova, N.G.; Tyumentsev, M.A.; Muraleva, N.A.; Kiseleva, E.; Vitovtov, A.O.; Stefanova, N.A. Antioxidant SkQ1 Alleviates
Signs of Alzheimer’s Disease-like Pathology in Old OXYS Rats by Reversing Mitochondrial Deterioration. Curr. Alzheimer Res.
2017, 14, 1283–1292. [CrossRef]

534. Muraleva, N.A.; Kozhevnikova, O.S.; Fursova, A.Z.; Kolosova, N.G. Suppression of AMD-Like Pathology by Mitochondria-
Targeted Antioxidant SkQ1 Is Associated with a Decrease in the Accumulation of Amyloid β and in mTOR Activity. Antioxidants
2019, 8, 177. [CrossRef]

535. Adlard, P.A.; Bush, A.I. Metals and Alzheimer’s Disease: How Far Have We Come in the Clinic? J. Alzheimers Dis. 2018, 62,
1369–1379. [CrossRef]

536. Kim, G.H.; Kim, J.E.; Rhie, S.J.; Yoon, S. The Role of Oxidative Stress in Neurodegenerative Diseases. Exp. Neurobiol. 2015, 24,
325–340. [CrossRef] [PubMed]
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