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Abstract: Cognitive function decline is strictly related to age, resulting in the loss of the ability to
perform daily behaviors and is a fundamental clinical neurodegeneration symptom. It has been
proven that an adequate diet, comprehensive nutrition, and a healthy lifestyle may significantly
inhibit neurodegenerative processes, improving cognitive functions. Therefore, intensive research
has been conducted on cognitive-enhancing treatment for many years, especially with substances
of natural origin. There are several intervention programs aimed at improving cognitive functions
in elderly adults. Cognitive functions depend on body weight, food consumed daily, the quality of
the intestinal microflora, and the supplements used. The effectiveness in the prevention of dementia
is particularly high before the onset of the first symptoms. The impact of diet and nutrition on age-
associated cognitive decline is becoming a growing field as a vital factor that may be easily modified,
and the effects may be observed on an ongoing basis. The paper presents a review of the latest
preclinical and clinical studies on the influence of natural antioxidants on cognitive functions, with
particular emphasis on neurodegenerative diseases. Nevertheless, despite the promising research
results in animal models, the clinical application of natural compounds will only be possible after
solving a few challenges.

Keywords: antioxidants; cognition impairment; diet patterns; age-related neurodegenerative disease;
dementia; flavonoids; melatonin; propolis; sulforaphane; N-acetylcysteine

1. Introduction

The global growth of neurodegenerative disorders affecting elderly adults will soon
become a worldwide health problem. In the last century, the disturbing elevation in
the size of the aging population has translated into globally superior rates of dementia
and age-related cognitive decline [1]. Age is a relevant determinant of cognitive impair-
ment; however, other contributing factors, including demographic, environmental, genetic,
lifestyle, and nutrition, also have a tremendous impact [2]. Age-related neurodegenerative
diseases are a broad range of neurological disorders affecting separate subsets of neurons
in particular anatomic systems. The most common age-related neurodegenerative dis-
eases are Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease, and
late-onset of multiple sclerosis (LOMS) [3,4]. Extrapyramidal and pyramidal movement de-
viation and cognitive or behavioral irregularity are typical symptoms of neurodegenerative
diseases [5].
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Cognitive impairment is a fundamental clinical symptom in neurodegeneration and
arises from progressive brain damage, mainly in the hippocampus and cerebral cortex,
resulting from the long-term neuroinflammatory process. Cognitive functioning is divided
into the following main domains: (1) learning and memory, (2) language, (3) visuospatial,
(4) executive, and (5) psychomotor. Cognitive impaired are diagnosed as mild (MCI) or
significant based on the severity of their symptoms (known as dementia) [6]. The ele-
mentary cognitive abilities include perception, feeling emotions, memory (declarative,
episodic, and semantic), and orientation, whereas the complex ones comprise abstract
thinking, imagination, as well as verbal, visual-spatial, and executive functions [7]. Cogni-
tive dysfunctions also include aphasia, apraxia, and impaired judgment. There may also
be behavioral/personality disturbances, including psychosis, depression, or agitation [8].

Aging-related neurodegenerative diseases can be due to the absence of protective
mechanisms caused by dietary deficiencies and a small supply of antioxidants. Therefore,
higher consumption of antioxidants may inhibit the devastating effects of reactive oxygen
species (ROS) on neurons and hence protect against neurodegenerative diseases, such as de-
mentia. In the pathogenesis of neurodegenerative diseases and dementia, oxidative stress
is strongly implicated [9]. Epidemiological studies have shown that cognitive impairment
often co-exists with elevated oxidative stress and inflammation parameters [10,11]. The
brain is susceptible to oxidative damage because it has a high level of fatty acids, enhanced
oxygen consumption, and a relatively low level of antioxidants [12]. Furthermore, the
accumulation of free radicals in the brain increases a blood-brain barrier (BBB) permeabil-
ity, thus causing neuroinflammation and neuronal loss [13]. Chronic oxidative stress may
induce cellular damage, impair the DNA repair system, and mitochondrial dysfunction, all
of which have been known as critical factors in accelerating of the aging process and devel-
oping of neurodegenerative disorders [14]. Nitric oxide synthase (iNOS) is a significant
contributor to initiation/intensification of the CNS inflammatory and neurodegenerative
conditions through the excessive production of nitric oxide (NO), which generates ROS and
reactive nitrogen species (RNS). Therefore, activation of iNOS and NO generation has come
to be accepted as a marker and therapeutic target in neuroinflammatory conditions [15].
Moreover, oxidative stress disrupts the insulin-dependent signaling pathway and may
affect the increased production of interleukin (IL) 6, thus worsening neurons’ efficiency
and leading to neuronal death [16].

Limited blood supply to the brain is also an essential contributor to cognitive decline.
In elderly, an imbalance between pro- and anti-coagulant processes is widely observed [17].
Altered vascular function is mainly caused by impaired endothelial function and is par-
ticularly prominent in elderly people with evidence of cardiovascular disease, obesity,
and diabetes [18]. Decreased cerebral blood flow and disruption of blood circulation of
some brain regions, causes undersupply of oxygen (hypoxia) leading to inflammatory and
neurodegenerative alterations in the brain [19].

In addition, the aging process is related to the alterations in secretory patterns of the
hormones by the endocrine system, produced mainly by the hypothalamic-pituitary axis
modification. Therefore, the levels of neurotransmitters and neurohormones also decrease
with age. Moreover, the co-existence of various diseases may cause secondary changes
in the levels of hormones and enzymes [20]. The oxidative and inflammatory pathways
potentially contributing to the progression of neurodegenerative disease are summarized
in Figure 1.
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Figure 1. Oxidative and inflammation pathways in neurodegeneration. Increased ROS production
caused, inter alia, by mitochondrial dysfunction, generating oxidative stress, is a direct reason for
neuroinflammation and neurodegeneration. ROS stimulates altered intracellular signaling leading to
microglia and astrocyte activation, characterized by a dual response depending on the activation time.
In the acute phase of damage, cell repair processes are implicated; however, the persistent activation
state leads to their overactivation and, consequently, the secretion of pro-inflammatory mediators,
BBB damage, and T-cell infiltration. Thus, chronic inflammation causes neurodegeneration expressed
by neuronal damage and death. CAT–catalase; COX-2–cyclooxygenase-2; iNOS–inducible nitric oxide
synthase; INF-γ–interferon y; IL–interleukin; MMP-9–matrix metallopeptidase 9; NOX–NADPH
oxidase; Nrf2/HO-1-nuclear factor erythroid 2-related factor/Hemoxygenase 1; ROS–reactive oxygen
species; TGF-β–transforming growth factor β; Th–T helper cell; TNF-α–tumor necrosis factor α;
Treg–T regulatory cell; SOD–superoxide dismutase.

2. Antioxidant-Rich Diet on Age-Related Cognitive Impairment

A diet rich in antioxidants may partially contribute to the alleviation of cognitive
disorders resulting from the course of neurodegenerative diseases. Recent studies imply
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that the use of specific diets rich in antioxidants and anti-inflammatory components,
together with reduced caloric intake or use of caloric restriction mimetics, may lower age-
related cognitive declines, reduce the risk of cardiovascular disease, and risk of developing
the neurodegenerative disease [21,22]. Thus, it has been suggested that an adequate
supply of nutrients, together with proper and controlled supplementation, can notably
slow the aging brain, feasibly leading to improved cognition and motor abilities, with these
phenomena likely having a bidirectional effect [23]. However, special attention should
be taken to calorie restriction in elderly people to avoid malnutrition and unintentional
weight loss [24]. In the elderly with clinically significant cognitive impairment, problems
with food intake are often observed, consequently causing malnutrition, which implies the
progression of the disorder at every stage [25]. In the advanced stage of dementia, these
phenomena are even more pronounced [26].

The effect of diet and nutrition on age-related cognitive impairment is becoming a
growing branch as a potential modulatory contributor [27]. In pre-clinical studies con-
ducted on animal models, it has been shown that administering compounds facilitating
the synthesis of phospholipids in cell membranes implies an increase in the concentration
of specific synaptic proteins, thus leading to synaptogenesis [28]. Moreover, it has been
proposed that the appropriate combination of these nutrients increases dendrites, which are
an anatomical marker of new synapses responsible for improving cognitive functions [29].
Multiannual observation of behavior and eating habits in large populations, as well as
indicators of adherence to specific dietary guidelines, allow a conclusion about the protec-
tive effect of diet as a potentially modifiable element of lifestyle. Scientists thus hope that
both dementia risk and progress are modifiable. [30]. Varied dietary patterns have been
studied in association with their pro-healthy impact on cognitive functions, demonstrating
that the benefit of nutritional factors may derive from synergistic interactions of distinct
components contained in a specific food pattern [31].

It is crucial to establish an effective way to enhance healthy aging and delay age-related
diseases. There is still a lack of effective pharmaceutical treatments, which will prevent
cognitive decline in neurodegenerative diseases. There is substantial evidence confirming
an association between diet and cognitive functions; therefore, nutritional approaches to
avert or slow cognitive impairment could have an extraordinary health impact. Moreover,
further research is necessary to understand the potential protective effects of antioxidants
on the course of neuroinflammatory diseases. Such studies will improve understanding of
the disease’s mechanisms, help implement proper dietary prevention, and establish new
goals for innovative treatments that provide real therapeutic benefits in CNS diseases.

3. In Vivo Studies and Clinical Trials on Improving Cognition by
Various Antioxidants

Based on in vivo studies, it has been proved that the mechanism of action of antiox-
idants is related to the modulation of cell signaling pathways associated with cognitive
processes; stimulation of synaptic plasticity; participation in the expression of genes en-
coding antioxidant enzymes, and neurotrophic factors; as well as improvement of cerebral
circulation [32–34]. Among the many bioactive phytocompounds described so far, we chose
those that have the best documented health-promoting properties in many aspects of health,
including, in part, suppressing cognitive disorders and the molecular mechanisms of their
action are relatively well understood. It seems that the most promising pro-cognition
compounds are flavonoids–baicalin, quercetin, and epigallocatechin gallate (EGCG). In
addition to supplementation with single flavonoids compounds, it is worth paying atten-
tion to other unusual bioactive compounds, such as propolis, melatonin, sulforaphane, and
N-acetylcysteine (NAC).

3.1. Studies on Animal Models

Recent studies have demonstrated that selected natural compounds are effective in
delaying age-related deficits in motor functions and spatial memory and improve short-
term memory and learning [35,36]. Summarizing of the current preclinical in vivo studies,
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this section examines the impact of selected natural antioxidants on cognitive functions
that can potentially be used clinically.

3.1.1. Baicalin

Baicalin (5, 6-dihydroxy-7-O-glucuronide flavone) is a flavonoid in Scutellaria baicalensis,
with anti-oxidant, anti-inflammatory, anti-apoptotic, and anti-coagulant properties [37].
Baicalin is poorly absorbed in the gastrointestinal tract due to its polar structure preventing
passive diffusion through the lipid bilayer, in contrast with baicalein, which is highly
lipophilic and has a good absorption profile throughout the gastrointestinal tract. It has
been shown that baicalein is the more preferred form for oral absorption, while baicalein is
first hydrolyzed to baicalein by the gut microbiota or enzymes, lactase-phlorizin hydrolase
or beta-glycosidase, before being absorbed in the gut. After rapid absorption into the
plasma, baicalin becomes bound to proteins, mainly human serum albumin (HSA) [38].
Based on studies using reversed-phase HPLC, it has been observed that baicalin penetrates
easily through the BBB, with the highest concentrations observed in the hippocampus,
striatum and thalamus [39]. It has been shown that baicalin alleviates cognitive impairment
in experimental animal models [40–42]. Baicalin may also prevent neuronal loss induced
by amyloid β (Aβ) peptide, widely regarded as the major player in AD pathogenesis.
Accumulation of Aβ oligomer may stimulate endoplasmic reticulum stress-induced apop-
tosis [43]. In addition, it has a neuroprotective function against ischemia-reperfusion injury
through activation of γ-aminobutyric acid (GABA) signaling [44], diminished inflamma-
tory activation of microglia [45], and reduced hippocampal neuronal damage through the
inhibition of matrix metalloproteinase 9 (MMP-9) activity [46]. Under physiological condi-
tions, pro-inflammatory cytokines, including TNF-α and IL-6, are not present or expressed
very low in the brain. However, they can be induced by Aβ peptide in microglia, astrocytes,
neurons, and endothelial cells, causing neurodegeneration [47]. Chen et al. have reported
that 100 mg/kg of baicalin treatment may effectively improve memory deficits, reduce
glial cell activation, and diminish the level of IL-6 and TNF-α in Aβ-injected ICR mice (a
strain of albino mice originating in Swiss, named after the initial letters of the Institute of
Cancer Research) in comparison to the control group [48]. Furthermore, Jin et al. have
observed that mice treated baicalin (100 mg/kg for 2 weeks) revealed a reduced microglia
activation, neuronal apoptosis, and reduced levels of pro-inflammatory cytokines by in-
hibiting the TLR4 (toll-like receptor 4)/NF-κB (nuclear factor kappa-light-chain-enhancer
of activated B cells) pathway and NLRP3 (nucleotide-binding domain (NOD)-like recep-
tor protein 3) inflammasomes [40]. The NLRP3 inflammasome is a multimeric protein
complex that initiates an inflammatory form of cell death and triggers the release of such
pro-inflammatory cytokines as IL-1β and IL-18 [49]. The NLRP3 inflammasome has been
implicated in a broad range of neurodegenerative diseases [50]. In another study, Ma et al.
assessed the effect of baicalin (50-200 mg/kg for 7 weeks) on diabetes-related cognitive
deficits in rats. Baicalin has been shown to reverse cognitive impairment in diabetic rats
and significantly enhances neuronal survival [51]. It also exhibits an ability to regulate
the level of mitogen-activated protein kinases (MAPKs) by enhancing the extracellular
signal-regulated protein kinase (ERK) level and reducing the level of a critical player
in the production of pro-inflammatory cytokines: JNK (c-Jun NH2-terminal kinase) and
p38 [52]. The neurorestorative properties of baicalin are associated with regulation of
mitochondrial function and suppression of Ca2+/calmodulin (CaM)-dependent protein
kinase II (CaMKII) phosphorylation [53], known to have a fundamental role in synaptic
plasticity and memory formation [54]. Moreover, it inhibits apoptosis and promotes neuron
proliferation by modulation of glycogen synthase kinase 3 (GSK3b), Akt, and angiopoietin
1 (Ang-1) [55]. Wang et al. have demonstrated that Aβ-injected Wistar rats fed baicalin
(50 and 100 mg/kg per day, 20-day treatment) attenuated apoptosis comparison to control
animals also Aβ-injected rats, but not fed baicalin. The anti-apoptotic effect of baicalin
is based on the modulation of the expression of genes related to apoptosis (Bax, Bcl-2,
caspase-3, and cytochrome c) [56].
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3.1.2. Quercetin

Quercetin (3,5,7,3′,4′-pentahydroxyflavone) belongs to the flavonoid group abun-
dantly present in apples, honey, raspberries, onions, red grapes, cherries, citrus fruits,
and green leafy vegetables [57]. Quercetin aglicon is passively absorbed in the small
intestine, while its glycosides are first deglycosylated by enzymes of the intestinal mi-
croflora (lactase-florin hydrolase and/or beta-glucosidase) [58,59]. Subsequently, quercetin
aglycone is converted to methylated, sulfate and glucuronidated metabolites. Based on
animal studies, quercetin has been shown to cross the BBB, however, its bioavailability
is low, pico-nanomolar concentration [60]. Nevertheless, intensive research is being con-
ducted to increase the bioavailability of quercetin [61]. Sriraksa et al. have demonstrated
that quercetin mitigates the neurotoxicity and cognitive impairment in adult male Wistar
rats injected by 6-hydroxydopamine (6-OHDA) (a neurotoxin mimic Parkinsonism in ro-
dents) [62,63]. Quercetin, at all doses (100, 200, and 300 mg/kg) has shown a beneficial
effect on memory and learning in 6-OHDA rats, compared with wild-type rats [63]. No-
tably, only quercetin in a high dose (300 mg/kg) decreased acetylcholinesterase (AChE)
activity [63], increasing available acetylcholine. This essential neurotransmitter plays a
vital role in the learning and memory process [64]. They have also shown that quercetin
increases neuron density estimated in the hippocampal homogenate from 6-OHDA injected
rats, compared with control rats [63], which, probably, leads to neurodegeneration process
inhibition [65]. Interestingly, in the same study, it was reported that the rats subjected to the
high dose of quercetin (300 mg/kg) had a meaningfully increased activity of the scavenging
enzymes superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx)
in the hippocampus, compared withwith control rats who not treated with any dose of
quercetin [63]. It is proposed that the cognitive-enhancing effect of quercetin might be
due to its anti-oxidant effect by promoting the activities of scavenging enzymes to protect
neurons from oxidative injury, supporting the survival of neurons in the hippocampus [66].
Furthermore, Wang et al. have reported that quercetin (40 mg/kg, for 16 weeks) was
known to improve learning and recognition, as well as reduce mitochondrial dysfunction,
as indicated by growing mitochondrial membrane potential, ATP level, and AMP-activated
protein kinase (AMPK) activity, and diminish free radical generation, in a mouse model of
AD (the APPswe/PS1dE9 transgenic mice) [67]. Another animal study has demonstrated
that oral administration of quercetin (60 mg/kg, for 16 weeks) in high cholesterol-fed aged
mice inhibits the cholesterol-stimulated activation of protein phosphatase 2C alpha and
activates AMPK [68]. Quercetin also reduces the level of inflammatory biomarkers through
the blockage of NF-κB/p65 nuclear translocation, improves cognitive functioning, and
diminished the expression of β-amyloid converting enzyme 1, resulting in a reduction
of the Aβ deposits [68]. Moreover, quercetin can inhibit cytokine and iNOS expression
by the inhibition of the NF-κB pathway both in vitro and in vivo [69,70]. Other studies
have reported that quercetin supplementation significantly increased learning and ameliorated
memory impairment [71], as well as improves memory recall [72] in an animal model of AD.

3.1.3. Epigallocatechin Gallate

Green tea and its main polyphenolic compound, EGCG, have been proposed to ex-
hibit neuroprotective effects on animal models. Levites et al. have demonstrated that
EGCG shows a neuroprotective effect in the N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-
induced mouse model of PD [73]. EGCG has low oral bioavailability (0.1–0.3%), is poorly
absorbed by the body, reaches micromolar concentrations in plasma that are detectable
in the plasma for several hours (<8 h). This flavonoid is hydrolyzed by the intestinal
microbiota to produce the metabolites gallic acid (GA), and (-)-epigallocatechin (EGC),
which are present in the plasma in their conjugated and free forms and are character-
ized by higher bioavailability than EGCG [74]. Importantly, it has been shown that both
EGCG and its metabolites, at low concentrations (0.05 µM), penetrate the BBB, reaching
the brain parenchyma and inducing neurogenesis [75,76]. It has been reported that EGCG
treatment significantly improves cognitive deficits, amyloid precursor protein process-
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ing, and tau pathology in D-gal-induced AD mice, Tg2576 (APPswe), and PS2 transgenic
mice [77,78]. Wei et al. have shown that intragastric administration of EGCG (100 mg/kg
for 4 weeks) significantly reduces BBB permeability and improves learning and memory
in rats with cognitive dysfunction, thus providing solid evidence that EGCG may be a
supplementary compound in the anti-neurodegeneration treatment [79]. Furthermore,
EGCG inhibits the release of proinflammatory cytokines, including TNF-α, IL-1β, IL-6, and
soluble intercellular adhesion molecule-1 (ICAM-1) in lipopolysaccharide (LPS)-induced
macrophages and neurons and diminishes the production of ROS in vitro [80]. The effect
of long-term oral administration of polyphenon E (green tea extract) mixed with water
on young rats’ spatial cognition learning ability has been shown. Relative to controls,
rats administered polyphenon E (in concentrations: 0.1% and 0.5%) improved reference
and working memory-related learning abilities and had lower plasma concentrations of
lipid peroxides and higher plasma ferric-reducing anti-oxidation power. Moreover, rats
supplemented by polyphenon E had inferior hippocampus ROS concentrations compared
with those in control rats [81].

3.1.4. Propolis

Propolis, known as bee glue, is a natural resinous mixture produced by honeybees
from substances collected from parts of plants, buds, and exudates [51]. Of note, the
main biologically active components of propolis are flavonoids (flavones and flavanones),
phenolic acids (such as cinnamic acid, galangin, crysin, pinostrobin, pinobanksin, and
pinocembrin), and their esters [82]. Pinobanksin and pinocembrin are the most abundant
(70%) flavonoids in propolis [83]. Due to the multitude of substances contained in propolis,
it is suggested that its neurorestorative effect is expressed both through the direct influence
of the brain, via blood circulation, and through the gut-brain axis (GBA) [84]. Pinocembrin
(5,7-dihydroxyflavanone) is a natural product extracted from propolis and can protect
against cerebral ischemia by providing neuroprotection and improving neurovascular
unit function [85]. Interestingly, pinocembrin can pass through the BBB through a pas-
sive transport process conducted by P-glycoprotein (membrane transporter), present in
endothelial cells [86]. Pinocembrin also restrains neuroinflammation by downregulating
the receptor for advanced glycation end-products [87]. Meng et al. have demonstrated that
pinocembrin treatment alleviates cognitive impairments, diminishes neurological scores,
declines neuronal loss in the hippocampus, and decreases the level of glial fibrillary acidic
protein (GFAP)-positive cells in the hippocampal CA1 region in a rat model of transient
global cerebral ischemia [88]. Furthermore, pinocembrin has noticeably enhanced neuronal
survival in the frontal cortex and hippocampal CA3 region in diabetic encephalopathy
mice [89]. Another flavonoid occurring abundantly in propolis is pinobanksin. It has
been reported that oral administration of pinobanksin (5 and 10 mg/kg for 5 weeks) dra-
matically improves the cognitive performance of rats with vascular dementia [90]. The
protective effect of pinobanksin might be attributed to its intense antioxidant action, as
evidenced by the remarkably decreased malondialdehyde (MDA) level, as well as the
increased superoxide dismutase (SOD) activity and glutathione (GSH) level in rats fed with
pinobanksin [90]. In addition, it seems that pinobanksin stabilizes the mitochondrial redox
balance by scavenging ROS directly or diminishing the ROS formation by protecting the
electron transfer chain [90].

Many studies have revealed that propolis displays protective abilities against neurode-
generative damage, related to cognitive impairment mainly via its antioxidant features.
Propolis was also demonstrated to increase the expression of brain-derived neurotrophic
factor (BDNF) and activity-regulated cytoskeleton-associated protein (Arc), being critical
factors for synaptic conduction [91]. It has been confirmed by Nanaware et al. who have
reported that oral administration of ethanolic extract of propolis (100, 200, and 300 mg/kg)
significantly reverses the cognitive impairment of βA-induced rats, which, among other
things, is associated with decreased MDA level (a marker of lipid peroxidation) in rat brains
(p < 0.01) [92]. Additionally, the same study has reported propolis administration results
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in dose-dependent acetylcholinesterase inhibition, enhances brain monoamine level, and
improves memory deficits (estimated by enhanced BDNF level), which suggests that many
mechanisms might be involved in that neuroprotective action of Indian bee propolis [92].
In a kainic acid-induced excitotoxicity rat model, it was reported that propolis (75 and
150 mg/kg) attenuated NO, TNF-α, and caspase-3 levels in vivo and prevented neuronal
loss in rat brains, and ameliorated seizures attacks [93].

A recent study has reported that Brazilian green propolis displays its neuroprotective
effect through its antioxidant mechanism of action, which could be attributed to the syn-
ergistic effect of its main components, including caffeoylquinic acid derivates, artepillin
C, and p-coumaric acid. These compounds have beneficial effects on healthy cognition,
which has been proved by many in vitro and in vivo studies. In general, p-coumaric acid is
shown to reduce oxidative stress, inhibit genotoxicity and exert neuroprotection. Moreover,
p-coumaric acid improves cognitive problems caused by an abnormality of the cholin-
ergic nervous system in rats [94]. Following compound, artepillin C prevents oxidative
damage and suppresses lipid peroxidation in the HepG2 cells line [95]. At the same time,
caffeoylquinic acid reduces Aβ deposition in the brain by modulating the Aβ clearance
pathways, ameliorating cognitive decline and neuronal loss in APP/PS2 mice [96]. Wu at al.
have also reported that Brazilian green propolis displays its inhibitory effect on oxidative
stress, pro-inflammatory cytokines, and apoptosis and protection against neuronal damage
through its anti-inflammatory, antioxidant, and anti-apoptotic properties [97].

3.1.5. Melatonin

Melatonin (N-acetyl-5-methoxytryptamine) is an endogenous neurohormone derived
from tryptophan that modulates a broad range of physiological processes, such as circadian
rhythm and anxiety, immune response, and free radical scavenging [98,99]. Exogenously
administered melatonin has a similar biological effect to endogenous. However, the method
of melatonin administration, hepatic metabolism, and the individual absorption rate de-
termine its pharmacokinetic profile [100,101]. Cardinali and Gong et al. have shown the
beneficial effects of melatonin in several in vivo experimental models of neurodegenera-
tion [102,103]. Recent results support the proof of using melatonin to improve cognitive
function in AD. It is demonstrated that melatonin significantly diminished amyloid plaque
formation in an animal model of AD (Tg2576 transgenic mice) [104]. In the animal model
AD, neuroprotection provided by melatonin appears to be age-dependent. Peng et al. have
reported that only in elderly mice (12–21 months old mice), melatonin revealed a cognition
improvement after melatonin supplementation, compared with young mice (4-8 months
old mice) [105]. Another study has also demonstrated this relationship, which has shown
that only in old Tg2576 (APPswe) mice dosed melatonin (0.08 mg/day) showed a positive
effect on cognitive function [106]. Furthermore, it has been reported that melatonin in
all used dosages (2.5, 5, and 10 µM) significantly suppresses the procession of apoptosis
in vitro through the regulation of apoptotic protein levels in ICR mice [103]. Additionally,
melatonin plays a pivotal role in tauopathy, by reducing Tau protein phosphorylation
through the regulation of GSK-3b and PP2A, consequently blocking the formation of the
toxic aggregates [107].

Furthermore, it has been reported that melatonin inhibits the levels of mitochon-
drial damage and improves the viability of neurons [103]. Epidemiological studies have
demonstrated that exposure to formaldehyde (FA) results in fatigue, sleep, headaches,
anxiety, and in particular, cognitive disorders. Thus, FA-injected animals are an appro-
priate model for the study of cognitive impairment [108,109]. According to the results of
animal experiments, gaseous FA (3 mg/m3), for 7 consecutive days of exposure, induces
abnormal behaviors, such as depression, aggression, locomotor activity impairment, and
spatial memory deficits. Notably, melatonin present in the brain is a powerful anti-oxidant
protecting against neuronal death, and its decrease is observed in gaseous FA-exposed
mice and AD patients [110].
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Moreover, Mei et al. have reported, melatonin supplementation can alleviate brain ox-
idative stress, attenuate hippocampal structural damage, and restore gaseous FA exposure-
induced cognitive decline [111]. That result is compatible with observation in a previous
study where a liquid FA-injected rat model was used [112]. These data have confirmed
that brain melatonin depletion contributes to FA exposure-related cognitive impairment in
animal models. In addition, another study has found that melatonin alleviates age-related
cognitive impairments and decreases the ROS production by mitochondria in the prefrontal
cortex and hippocampus of aging rats [113].

3.1.6. Sulforaphane

Sulforaphane (1-isothiocyanato-4-methylsulfinylbutane) is a compound within the
isothiocyanate group of organosulfur compounds and is mainly found in cruciferous veg-
etables. Despite intensive research, the distribution of SFN and its metabolites in the tissues
remains unclear. However, Clarke et al. Have shown that SFN penetrates the BBB. In mice,
after oral administration, SFN was available in all tissues (brain, plasma, kidney, liver,
colon, small intestine, prostate, and lung) after 2 and 6 h, while the highest concentration
in the brain was reached after 2 h [114]. Several in vivo studies have demonstrated the
effects of sulforaphane on cognition improvement in animal models of neurodegenerative
diseases. Hou et al. have demonstrated that sulforaphane administration via intraperi-
toneal (5 mg/kg for 4 months) protected PS1V97L transgenic mice from cognitive deficits
compared with control mice (mice no fed with sulforaphane). Furthermore, it has been
demonstrated that sulforaphane inhibits Aβ aggregation, tau hyperphosphorylation, and
oxidative stress in sulforaphane-fed PS1V97L transgenic mice, evaluated through GSH
and MDA levels. Additionally, sulforaphane diminished the levels of pro-inflammatory
cytokines TNF-α and IL-1β [115].

In addition, Wang et al. have reported the favorable effects of sulforaphane in AD
rats. They demonstrated that sulforaphane, injected intraperitoneally at 5 mg/kg per day
for 7 days, improved physical condition and spatial learning. Moreover, sulforaphane
presumably inhibits depressive states, via the serotonergic system, by modulating both
activities of the enzyme tryptophan hydroxylase, which is engaged in the metabolism of
serotonin and as a transporter for serotonin. In the same study, it was been shown that
in rat brains, treatment with sulforaphane diminished neuroinflammation and oxidative
stress, respectively measured through decreased levels of MDA, TNF-α, and IL-1β as well
as by an enhanced level of GSH [116].

In another study, Zhang et al. have reported that the effects of sulforaphane (25 mg/kg)
administered orally in C57BL/6 mice with Alzheimer-like lesions improved cognitive and
locomotor deficits evaluated by standard tests such as the Morris water maze and the
open field test. Furthermore, it has been demonstrated that sulforaphane protects against
the formation of Aβ plaques in the cortex and hippocampus, decreased by oxidative
stress [117].

Studying the multiple sclerosis (MS) animal model, Li et al. have shown that the
intraperitoneal injection with sulforaphane (50 mg/kg) inhibits the development and pro-
gression of the MS at female experimental autoimmune encephalomyelitis (EAE) C57Bl/6
mice induced subcutaneously with myelin oligodendrocyte glycoprotein peptide 35–55
(250 µg). In addition, they have reported that sulforaphane, by upregulated the Nrf2/ARE
pathway, enhances the expression levels of nicotinamide adenine dinucleotide phosphate
quinone oxidoreductase 1 (NQO-1) and heme oxygenase 1 (HO-1), leading to a reduction of
oxidative stress. Moreover, sulforaphane silences the Th17-related inflammation initiated
by the enhancement of the anti-inflammatory cytokine IL-10 response. Additionally, sul-
foraphane protects BBB permeability by reducing MMP-9 expression level and improving
occludin and claudin-5 distribution [118].
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3.1.7. N-acetylcysteine

Studies on animal models have reported that NAC shows the activity to effectively
penetrate the BBB increasing the GSH levels in the brain [119,120]. NAC, regardless of the
route of administration (orally, intravenously or inhaled) and dose, is well tolerated and
safe. However, oral delivery is associated with rapid intestinal absorption and hepatic
metabolism, with peak plasma concentrations observed after 1–2 h [121]. The biggest
limitation of the use of NAC is the low bioavailability of its free form (<10%), thus the
achieved plasma and tissue concentration is at a low level [122]. Cognitive deficits, includ-
ing spatial working memory, short-term spatial memory, and long-term episodic memory,
are observed in almost every age-dependent neurodegenerative disease. Otte et al. have
shown a noticeable spatial learning decline in transgenic mice (G72Tg) and concomitant
synaptic deficits, which are most presumably due to mitochondrial dysfunctions resulting
in enhanced ROS accumulation in the brain. Furthermore, they have demonstrated that
chronic oral supplementation of NAC, a natural precursor of GSH, enhances the antioxidant
capacity and improves spatial learning in G72Tg mice [123].

Joy et al. have proved that an NAC supplementation (50 mg/kg or 100 mg/kg doses)
during the progression of AD in an animal model is likely to prevent neuronal degeneration
by reduction of the neurofibrillary degeneration in the form of tau accumulation [124].
Furthermore, it has been reported that the primary hippocampal neurons exposed to
amyloid beta oligomers (AβOs) are presumably causative agents of AD, exhibiting irregular
Ca2+ supply, mitochondrial dysfunction, and defective structural plasticity [125]. In turn,
More et al. have noted that, in AβOs-injected rats, NAC administration for 3-weeks
prevented spatial memory deficits and redox imbalance [126]. In another study, using two
different injury models in two various species, it has been found that early post-injury
treatment with NAC reduces the behavioral deficits related to traumatic brain injury [127].

All animal model studies described are summarized in Table 1 below.

Table 1. Natural antioxidants improving cognition in animal models of neurodegenerative diseases.

Antioxidant
Compound Study Design Form of Application,

Doses, and Duration Principal Findings Ref.

Baicalin

APP/PS1 transgenic
mice (AD model)

intragastrically
administration,

100 mg/kg once daily
for 2 weeks

-reduced microglia activation
-diminished neuronal apoptosis

-reduced levels of
pro-inflammatory cytokines

[40]

adult ICR mice injected
with aggregated

Aβ1–42 protein into the
hippocampus (AD

model)

oral administration,
30, 50, and

100 mg/kg once daily
for 2 weeks

-improved memory deficits
-reduced glial cell activation

-diminished the level of IL-6 and
TNF-α

[48]

adult male Wistar rats
injected with a single

dose of 65 mg/kg STZ
(diabetes model)

intragastrically
administration,

50, 100, and 200 mg/kg
once daily for 7 weeks

-reversed cognitive impairment
-enhanced neuronal survival [51]

adult male Wistar rats
injected with

aggregated Aβ1–42
protein into the

hippocampus (AD
model)

intragastric
administration,

50 and 100 mg/kg once
daily for 20 days

-attenuated neuronal apoptosis
-diminished expression of the

pro-apoptotic protein Bax,
cytochrome c and caspase-3

[56]
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Table 1. Cont.

Antioxidant
Compound Study Design Form of Application,

Doses, and Duration Principal Findings Ref.

Quercetin

adult male Wistar rats
injected by 6-OHDA

(PD model)

oral administration,
100, 200, and 300

mg/kg once daily for 2
weeks

-decreased AChE activity
-improved memory and learning

-enhanced neuron density
-increased activity of scavenging
enzymes: SOD, CAT, and GPx in

the hippocampus

[63]

APPswe/PS1dE9
transgenic mice (AD

model)

oral administration,
40 mg/kg once daily

for 16 weeks

-improved learning and
recognition

-reduced mitochondrial
dysfunction

[67]

C57BL/6 mice
oral administration, 60
mg/kg once daily for

16 weeks

-inhibited activation of protein
phosphatase 2C α a

-activated AMPK pathway
-reduced the level of

inflammatory biomarkers
-diminished expression of Aβ

converting enzyme 1
-improved cognitive functioning

[68]

adult male Wistar rats
injected with a single
dose of 3 mg/kg STZ

(AD model)

intraperitoneal
administration, 40 and
80 mg/kg once daily

for 12 days

-increased learning
-ameliorated memory

impairment
[71]

C57BL/6J female

oral administration of
quercetin-rich

onion (Quergold)
powder,

4 g/kg once daily for 4
and 10 weeks

-attenuated learning
-improved memory recall [72]

Epigallocatechin gallate

male C57/BL mice
induced by N-methyl-4-

phenyl-1,2,3,6-
tetrahydropyridine (PD

model)

oral administration, 2
and 10 mg/kg once

daily for 10 days

-improved cognition decline
-protective effect to neurons [73]

adult male
Sprague–Dawley rats

intragastric
administration,

100 mg/kg once daily
for 4 weeks

-reduced the BBB permeability
-improved learning and memory [79]

Polyphenon E male Wistar
rats

oral administration
(water consumption),

polyphenon E extract at
the concentration of
0.1% and 0.5% once
daily for 26 weeks

-improved reference and
working memory-related

learning ability
-lowered plasma concentrations

of lipid peroxides

[81]

Pinocembrin

adult male
Sprague–Dawley rats

(transient global
cerebral ischemia

model)

intravenous
administration, 5 and
10 mg/kg once daily

for 14 days

-alleviated cognitive
impairments -diminished

neurological scores
-declined neuronal loss in the

hippocampus
-decreased level of

GFAP-positive cells in the
hippocampal CA1 region

[88]
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Table 1. Cont.

Antioxidant
Compound Study Design Form of Application,

Doses, and Duration Principal Findings Ref.

Pinocembrin

adult male ICR mice
injected with a single

dose of 50 mg/kg STZ
(diabetes model)

oral administration, 50
mg/kg once daily for

10 days

-enhanced neuronal survival in
the frontal cortex and

hippocampal CA3 region
[89]

Pinobanksin
male Wistar rats

(vascular dementia
model)

oral administration, 5
and 10 mg/kg once

daily for 5 weeks

-improved cognitive
performance [90]

Ethanolic extract of
propolis

adult male Wistar rats
injected with

aggregated Aβ25-35
protein (AD model)

oral administration,
100, 200, and 300

mg/kg once daily for
21 days

-reversed cognitive impairment
-decreased MDA level [92]

Propolis

adult male
Sprague–Dawley rats

with seizure symptoms
after kainic

acid-injection
(neurodegeneration

model)

oral administration, 75
and 150 mg/kg once

daily for 5 times at 12 h
intervals

-attenuated NO, TNF-α, and
caspase-3 levels

-prevented neuronal loss in the
brain

-ameliorated seizures attacks

[93]

P-coumaric acid juvenile male
Sprague–Dawley rats

disposable oral
administrtion of 30

mg/kg

-reduced oxidative stress
-inhibited genotoxicity

-exerted neuroprotection
-improved cognitive decline

[94]

Caffeoylquinic acid APP/PS2
double-transgenic mice

oral administration,
specialist diet with

5-caffeoylquinic acid
(5-CQA) at a

concentration of 0.8%
once daily for 6 months

-ameliorated cognitive decline
and neuronal loss [96]

Melatonin

male ICR mice injected
with

aggregated Aβ1–42
protein into the

hippocampus (AD
model)

intraperitoneal
administration, 2.5, 5,
and 10 mg/kg once

daily for 14 days

-suppressed procession of
apoptosis through the regulation

of apoptotic protein levels
[103]

Tg2576 transgenic mice
(AD model)

oral administration
(water consumption),

melatonin solution at a
concentration of 0.5
mg/mL once a daily

for 4 months

-diminished amyloid plaque
formation [104]

Tg2576 transgenic mice
(AD model)

intraperitoneal
administration, 10

mg/kg once daily for
12 months

-improved cognition functioning [105]

Tg2576 transgenic mice
(AD model)

oral administration
(water consumption),
2.6 mg/kg once daily

for 4 months

-improved cognition functioning [106]

adult male Bal b/c
mice exposed to

gaseous FA (3mg/m3)
for 7 consecutive days

(AD model)

disposable
intracerebroventricular
injection of melatonin
at concentration 100

µM

-alleviated brain oxidative stress
-attenuated hippocampal

structural damage
-restored gaseous FA

exposure-induced cognitive
decline

[111]



Int. J. Mol. Sci. 2021, 22, 10707 13 of 27

Table 1. Cont.

Antioxidant
Compound Study Design Form of Application,

Doses, and Duration Principal Findings Ref.

male Wistar rats

intraperitoneal
administration, 10

mg/kg once daily for
28 days

-alleviated age-related cognitive
impairments

-decreased the ROS production
by mitochondria in the
prefrontal cortex and

hippocampus

[113]

Sulforaphane

PS1V97L transgenic
mice (AD model)

intraperitoneal
administration, 5

mg/kg once daily for 4
months

-preserved from cognitive
deficits

-inhibited Aβ aggregation, tau
hyperphosphorylation

-diminished oxidative stress level

[115]

dult male
Sprague–Dawley rats

injected
intracerebroventricular
with AβOs (AD model)

intraperitoneal
administration, 5

mg/kg once daily for 4
7 days

-improved physical condition
and spatial learning

-inhibited depressive states
-decreased levels of MDA,

TNF-α, and IL-1β
-enhanced GSH level

[116]

C57/BL mice

oral administration
(water consumption),
25 mg/kg once daily

for 80 days

-improved cognitive and
locomotor deficits

-protected against the formation
of Aβ plaques in the cortex and

hippocampus

[117]

Female C57BL/6 mice
injected

subcutaneously with
250 µg MOG35-55
peptide (EAE; MS

model)

intraperitoneal
administration, 50

mg/kg once daily for
22 days

-inhibited development and
progression of the MS

-enhanced expression levels of
NQO-1 and HO-1

-protected BBB permeability by
reducing MMP-9 expression

level and improved occludin and
claudin-5 distribution

[118]

N-acetylcysteine

G72/G30 transgenic
mice (schizophrenia

model)

oral administration
(water consumption), 1
mg/mL once daily for

5 weeks

-enhanced the antioxidant
capacity -improved spatial

learning
[123]

male albino Wistar rats
injected with colchicine
into the lateral ventricle
stereotaxically (15 µg)

(AD model)

intraperitoneal
administration, 50 and
100 mg/kg for 7 days

-reduced neurofibrillary
degeneration [124]

juvenile male
Sprague–Dawley rats

oral administration
(jelly with NAC)

200 mg/kg once daily
for 21 days

-prevented spatial memory
deficits and redox imbalance [126]

3.2. Cohort Studies and Randomized Controlled Trials (RCTs)

Antioxidant phytochemicals have high potential to enhance cognitive functions in
humans. Nevertheless, clinical trials are necessary to clearly define the safety, optimal
doses, and durations of therapies. The activity of these compounds, well documented in
pre-clinical studies, has not yet been unequivocally confirmed in clinical trials, as there are
only a few studies involving humans.
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3.2.1. Baicalin

Clinical trials of baicalin treatment have focused on determining the safety and tolera-
bility profile of this flavonoid. In a phase I RCTs, Li et al. investigated the pharmacodynamic
properties, tolerability, and safety of baicalein and baicalin (7-O-glucuronide of baicalein)
after a single dose (100–2800 mg) in 72 healthy volunteers. Urine, blood, and stool samples
were peeled for 48 h at regular intervals. The pharmacokinetic profiles of these compounds
were as follows: the maximum concentration of the compound after administration—0.75–3.5 h
and 0.5–3 h, terminal half-life—1.90–15.01 and 4.22–10.80 h, for baicalein and baicalin,
respectively. At the same time, the total plasma clearance was <1% for both compounds.
No serious adverse events after oral administration of baicalein and baicalin were reported
in this study. Only 11 volunteers reported mild side effects at higher doses, requiring no
further treatment (e.g., abdominal distension, constipation, somnolence, and dizziness). In
addition, no changes in electrocardiogram or blood pressure, as well as any hepato- and
nephrotoxicity, were observed [128].

In turn, Pang et al. investigated the pharmacokinetics, tolerability, and safety of
increasing doses of baicalein in 33 healthy volunteers. The duration of therapy was 10 days,
with participants receiving a single dose (200, 400, or 800 mg) of baicalein chewable on
the first day. After the single dose (48 h), subjects received a double dose (morning and
evening) on days 3–9, and the last single dose on day 10. In a multiple-dose pharmacoki-
netic study, it was observed that the maximum concentration of baicalein was reached on
day 8 of therapy. The dose proportionality constants were 0.922 (90% CI 0.0.650–1.195),
whereas the accumulation rate had achieved 1.66–2.07. Only mild and moderate adverse
effects were noted in this study, in both the study and control group, such as abdomi-
nal pain, constipation, abdominal distention, erythema, and alanine transaminase (ALT)
increase [129].

Furthermore, the safety of baicalin has been also confirmed in a randomized, double-
blind, placebo-controlled trial conducted by Hang et al. The inflammatory profile and
lipid levels were studied in patients with rheumatoid arthritis and coronary artery dis-
ease. They observed that 12-week dosing at baicalin at a dose of 500 mg/day had a
high safety profile and meaningfully improved lipid and inflammatory parameters com-
pared with placebo: triglycerides (TG) (1.12 ± 0.36 vs. 1.87 ± 0.46 mmol/L), total choles-
terol (TCh) (2.87 ± 1.23 vs. 3.22 ± 1.07 mmol/L), apolipoprotein (APO) (1.31 ± 0.41 vs.
1.23 ± 0.29 g/L), high-density lipoprotein (HDL) (1.38±0.41 vs. 1.16±0.32 mmol/L), low-
density lipoprotein (LDL) (1.73 ± 0.52 vs. 2.42 ± 0.57), cardiotrophin-1 (CT-1) (42.9 ± 13.7
vs. 128.4 ± 24.3 ng/mL), and high-sensitivity C-reactive protein (hs-CRP) (1.64 ± 0.38 vs.
3.9 ± 1.4 mg/dL) [130].

Nevertheless, despite many animal studies, there is still a lack of clinical trials that
would show the beneficial effect of baicalin on cognition in humans.

3.2.2. Quercetin

The beneficial effects of quercetin supplementation demonstrated in in vitro studies
and animal models have not been translated into human studies. In addition, low BBB
penetration and the slight bioavailability of quercetin, due to intense intestinal absorp-
tion and the long half-life of its metabolites in vivo, is a substantial limitation of using
quercetin in humans. For these reasons, there are only a few clinical studies involving the
neuroprotective and cognitive enhancement effects of quercetin [131].

In a comparative analysis (n = 57), Olson et al. examined the effect of quercetin (at
a dose of 2000 mg, which is the–equivalent to 200 mg caffeine) on mood and vigilance
compared with 200 mg caffeine or a placebo. Compared with placebo, 45 min after admin-
istration, caffeine is shown to improve alertness, self-esteem significantly, and the number
of stimuli detected, reduce overall mood disorder, fatigue, and shorten reaction time. There
is no statistically significant difference between the effect of quercetin administration on
cognition function, but the results were intermediate between the caffeine and placebo
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group. Thus, it has been suggested that quercetin in doses available in dietary supplements
and the diet has no effect on cognitive functions in humans [132].

In turn, Broman-Fulks et al. in a large study (n = 941), assessed the impact of 12-
week quercetin supplementation (at a dose of 500 mg/day or 1000 mg/day) on cognitive
functions in adults, as well as on the improvement of deficits in the elderly (>60 years old).
Unfortunately, this study did not demonstrate the neurorestorative effects of long-term
quercetin supplementation. Furthermore, a high level of quercetin in plasma was also
not associated with psychomotor speed, memory, attention, reaction time, and cognitive
flexibility in the entire study population [133].

Due to the documented limitations of the bioavailability to the CNS after oral admin-
istration of quercetin in humans, how enzymatically modified isoquercitin (quercetin-3-O-
glucoside) (EMIQ®) affects cognitive function, blood pressure, and endothelial function
was investigated. The study group received EMIQ®, 17-times more bioavailable than
quercetin aglycone (absorbable form in intestines), at a dose of 2 mg quercetin equiva-
lent/kg. There was no observed effect of EMIQ® on cognitive functions, oxidative stress
parameters, blood pressure, or arterial stiffness. However, EMIQ® positively impacted
endothelial functions through NO-mediated vasorelaxant activity and the prevention of
oxidant-induced endothelial dysfunction (the flow-mediated dilatation response 1.80, 95%
CI 0.23-3.37, P = 0.025) [134].

3.2.3. EGCG

It is noteworthy that many RCTs on the neuroprotective action of EGCG have been
transformed into clinical trials. For example, one RCT (n = 31) investigated the effect
of EGCG (at a dose of 300 mg/day) compared with placebo on brain activity and mood
self-esteem. It has been shown that EGCG increases EEG activity, including alpha, beta,
and theta brainwaves, mainly in the midline frontal and central regions. Furthermore, in
the EGCG-treated group, people were also more relaxed and attentive [135].

In contrast, another RCT (n = 27) noted that a single oral administration of EGCG
(135 mg and 270 mg) might modulate cerebral blood flow parameters in healthy volunteers
but without affecting mood and cognitive performance [136]. Therefore, Lovera et al.
conducted a pilot phase I/II study to determine a safe dose of polyphenon E (decaffeinated
green tea catechin blend containing 65% of EGCG) to be administered to MS patients.
Moreover, they evaluated the neuroprotective effects of polyphenon E through the effect
on N-acetyl aspartate (NAA) level in the brain and estimated a correlation between plasma
EGCG concentration and NAA changes. The study included 10 (phase I) and 13 (phase II)
patients, aged 18-60 years, with relapsing-remitting or secondary-progressive phases of
MS. EGCG, at a dose of 800 mg per day (2 × 400 mg), increased brain NAA level in MS
patients. Interestingly, an increase in plasma EGCG concentration by 1 ng/mL is associated
with a 0.9% growth in the NAA level [137].

The hepatotoxic effect of EGCG (at a dose of 800–1200 mg/day) has been also noted
in a randomized, double-blind, placebo-controlled trial (PROMESA), which has assessed
the effect of this phytochemical on slowing progression of multiple system atrophy (MSA).
Moreover, in this study, no beneficial effect of EGCG on MSA was observed [138]. Due to
growing evidence of liver toxicity of EGCG, the European Food Safety Authority (EFSA),
the Scientific Panel on Food Additives and Nutrient Sources added to Food (ANS) has
expressed an opinion on the safety of catechins in green tea (mainly EGCG) derived from
various sources, such as food, supplements, and infusions. Based on scientific data, doses
of EGCG <800 mg/day are generally considered as safe. However, the adverse effects
of EGCG on the liver reported in the study are probably due to idiosyncratic reactions.
Thus, it is difficult to determine the hepatotoxic dose. Moreover, it has been observed that
hepatotoxic effects frequently occur in people with a higher body mass index (BMI). For
this reason, Younes et al. issued a recommendation to conduct studies on the dose-response
of hepatotoxicity of green tea catechins and inter- and intraspecies variability [139].
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Nevertheless, most of the studies were conducted in small groups of patients, and
further multicenter RCTs involving a larger number of patients are needed to confirm
the efficacy, safety, and tolerability of EGCG in patients. Due to the promising results
of the multimodal approach and EGCG supplementation for cognition in people with
Down’s syndrome [140], the PENSA study has been launched to evaluate the effectiveness
of the multimodal approach to slowing cognitive decline (SCD) in people carrying the
apolipoprotein E ε4 allele with SCD [141]. Approximately 200 patients are to be enrolled
in the study, divided into four groups: (1) multimodal intervention (physical activity,
cognitive training, dietary counseling, and social commitment) + EGCG (at a dose of
400 to 600 mg/day before meals); (2) multimodal intervention + placebo; (3) lifestyle
recommendations + EGCG; and (4) lifestyle recommendations + placebo—the observation
period will be 12 months [141].

3.2.4. Propolis

Propolis has a potential cognition-enhancing effect, including improving concentra-
tion, attention, verbal memory, and information processing. Therefore, Zhu et al. have
investigated the effect of propolis administration (in a dose of 830 mg) for 24 months on
the cognitive functions of elderly adults living at high altitudes (n = 60, mean age 72.8
years). They observed that the placebo group developed MCI after 24 months, while the
propolis group’s Mini-Mental State Examination (MMSE) scores improved. Moreover,
pro-inflammatory cytokine (IL-1β and IL-6) levels were significantly decreased, while
those in the control group increased. Similarly, the levels of transforming growth factor β1
(TGFβ1) after administration of propolis increased significantly, while they decreased in
the placebo group. Moreover, the obtained MMSE values were inversely correlated with
the level of IL-1β and positively with the level of TGFβ1 [142].

In turn, Asama et al. investigated the effect of oral propolis supplementation for 24
weeks on cognitive functions in elderly people (aged 60 to 79). They showed that verbal
memory enhanced significantly compared with the placebo group in the study, and the
levels of urea nitrogen, uric acid, creatinine, TCh, and LDL significantly improved in the
propolis-supplemented group. Moreover, in the subgroup with a higher neurocognitive
index, it was shown that propolis also augmented concentration, information processing
speed, and attention complexity. Additionally, no side effects of its consumption have been
shown [143]. Thus, it seems that it may be a helpful nutraceutical in adjuvant therapy for
people with cognitive impairment.

3.2.5. Melatonin

Melatonin is produced internally and secreted principally by the pineal gland, at
night, under physiological conditions [144]; moreover, it is also ingested in the diet from
many plant foods, such as cereals (wheat, barley, and oats), fruits (grapes, cherries, and
strawberries), vegetables (tomatoes and peppers), legumes and seeds, nuts, pistachio, as
well as medical herbs (Scutellaria biacalensis and Hypericum perforatum) [145]. According to
available data, a safe dose of melatonin for humans depends on the emerging disorders;
however, it often oscillates between 1 and 10 mg/kg daily [146]. Several RCTshave been
conducted on the effect of melatonin supplementation in improving cognitive functions.
Meta analyses including RCT results, assessing the impact of melatonin on sleep quality
in patients with neurodegenerative diseases, have shown a significant improvement in
sleep quality. However, no effect on the improvement of cognitive function has been
noted [147,148]. In contrast, a meta-analysis of melatonin supplementation in the peri-
operative period for delirium in the elderly has shown that, in the group treated with
melatonin, the incidence of delirium is significantly lower (OR 0.310, 95%CI 0.19–0.50,
I2 = 0.000) [149]. Similarly, the RCTs determining the effect of melatonin on cognition in
women with breast cancer undergoing chemotherapy have shown that melatonin (at a
dose of 20 mg/day) significantly enhances executive functions, episodic memory, both im-
mediate and delayed, verbal fluency, and recognition [150]. However, despite the beneficial
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effects of using melatonin, it has not been proven whether enhancing cognitive function is
associated with melatonin as an immunomodulatory compound, endogenous antioxidant, or
a chronobiotic drug (a compound capable of changing the phase of the circadian time system).

3.2.6. Sulforaphane

Due to presence of sulforaphane in consumable food, sulforaphane is an attractive
candidate for further human study. In addition, it has demonstrated promise in pre-clinical
models of traumatic brain and spinal cord injury [151,152]. Recent studies have reported
that the administration of sulforaphane leads to favorable outcomes on human brain
disorders such as autism [153]. Heretofore, many RCTs investigating the pharmacokinetics
and pharmacodynamics of sulforaphane have been conducted [154]. However, there is
no conclusive evidence from RCTs about the neuroprotective action of sulforaphane. So
far, no RCTs have been conducted on sulforaphane’s efficiency, safety, and tolerance
in individuals with neurodegenerative disease. Nouchi et al. analyzed the effect of
administration of sulforaphane alone and in combination with brain training for 12 weeks
on cognition in the elderly population. The authors showed that sulforaphane, alone,
caused a significant improvement in working memory and processing speed compared
with placebos. Importantly, brain training alone also strengthened cognitive function, while
the combined intervention did not cause any positive pro-health effects [155]. It has been
reported that GSH levels in the hippocampus and cortex are decreased in AD patients. In a
small pilot RCT, it was demonstrated that, after 7-day daily sulforaphane supplementation,
plasma GSH concentrations were correlated with levels of GSH in the thalamus and cortex,
suggesting a positive effect on short-term memory and higher cognitive processes [156].
Very promising evidence from pre-clinical studies led to the initiation of RCTs to use
sulforaphane in the adjuvant treatment of AD [157].

3.2.7. N-acetylcysteine (NAC)

The potential of NAC in promoting cognitive health and alleviating cognitive decline
associated with dementia is widely described [158]. NAC is also used in therapies to
counteract neurodegenerative and psychiatric diseases [159]. It has been demonstrated
that the use of NAC in patients with schizophrenia results in an improvement in working
memory, and it has been suggested that the effectiveness of NAC therapy requires more
extended intervention (≥24 weeks) [160]. For this reason, RCTs were designed to determine
the applicability of NAC in the treatment of neurodegenerative diseases, including PD,
AD, and MS. In RCTs conducted by Monti et al., it has been shown that the use of NAC,
both 500 mg orally twice a day and weekly intravenous infusion over 3 months reduced
Parkinson’s symptoms, as well as enhanced dopamine binding in the brain [161].

To date, no RCTs have been performed with NAC in treating dementia; however,
some studies have showed cognitive improvement with nutraceuticals in which NAC was
one of the leading ingredients [162–164]. In addition, it has been demonstrated that the
nutraceutical have show promise for slowing the worsening of AD. A nutraceutical prepa-
ration containing: NAC, folic acid, B12, α-tocopherol, S-adenosylmethionine (SAM), and
acetyl-L-carnitine improved behavioral/mood complications and cognitive performance
of AD patients. Nevertheless, better efficacy was noted in patients with a less advanced
course of the disease [165].

In one study, Monti et al. demonstrated that intravenous NAC, administered once
weekly and 500 mg/2× day for two months in SM patients, enhanced cognition and
attention and glucose metabolism in several regions of the brain [166]. In turn, one
RCT pilot study showed that NAC (at a dose of 1250 mg/3-times per day) caused a
lasting reduction in fatigue in patients with progressive MS [167]. However, acetylcysteine,
besides its beneficial effects, can also cause side effects. Adverse effects of varying severity
have been reported since its introduction into clinical use. These include nausea and
vomiting, hot flushes, rash, angioedema, tachycardia, hypotension, and bronchospasm.
Systemic hypersensitivity reactions are the most common complications of intravenous
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acetylcysteine intake, while vomiting and nausea are the most common complications of
oral administration. The side effects are believed to depend on the NAC concentration and
infusion rate and the duration of treatment. A higher incidence of side effects was reported
in the female gender and those with allergies or asthma in the family history [168].

3.3. Limitations

Despite the promising results of preclinical studies, there may be many reasons for
the failure of clinical trials of nutraceutical use in proteinopathies underlying neurodegen-
erative diseases. One possibility is the multimodality of the compounds used. Despite its
apparent benefit, it may interfere with a given compound’s actual mechanism of action on
a pathological protein, leading to difficulties in determining optimal clinical concentrations
and pharmacokinetics. Moreover, in most cases, there is no clearly defined mechanism for
inhibiting toxicity and protein aggregation. It cannot be excluded that this is only related to
weakening the interprotein interactions through non-specific binding at the initial stages of
aggregation. Furthermore, compounds containing catechol groups can undergo auto-redox
reactions to form reactive carbonyl groups, which can then form Schiff bases with amino
groups in the fibrils of proteins, leading to the cross-linking of proteins. Moreover, most
nutraceuticals do not have a clearly defined binding site for amyloidogenic proteins [169].
Thus, the necessity of clinical trials is unquestionable, but further preclinical studies are
also necessary to eliminate the limitations of the problem mentioned above.

A subsequent possible explanation for the lack of benefit in clinical trials is that the
tests have not lasted long enough. It may be impossible to demonstrate the benefits of
antioxidant therapy over a few years if the treatment is trying to reverse the effects of
decades of ongoing impaired cognition. Such intervention may be too late in the cognition
process to make a difference in older adults [170]. Furthermore, when considering the
adequate duration of therapy, it is essential to remember that early diagnoses of neurode-
generative diseases may also improve the efficacy of antioxidants in human studies. The
sooner the diagnosis is made, the sooner the appropriate treatment and supplementation
are implemented, which has a better chance of preventing cognitive impairment in the
early stages of the disease [171].

It is crucial to remember that the lack of advantages seen in current clinical trials does
not disprove the pivotal role of antioxidants in cognition improvement. Instead, these
results force us to evaluate optimal and personalized antioxidant therapies, the “perfect”
patients to study, and the appropriate clinical trial duration.

4. Associations between Dietary Patterns and Neurodegenerative Diseases

Numerous studies have shown the effect of various types of diet on the improvement
of cognitive functions [172–175]. The most frequently mentioned of which are the Mediter-
ranean diet (MD) and the Dietary Approach to Stop Hypertension (DASH) diet, as well as
a combination of both nutritional patterns–the MIND diet [174,175].

4.1. Mediterranean Diet (MD)

General health condition is observed not so much by individual groups of products
or individual behavior but by the general nutrition model. Due to the high content of
vegetables and fruits, fish, nuts, legumes, and grains, relatively low consumption of dairy
products and meat, low caloric content, and variety of foods, MD is considered one of
the most health-promoting models of nutrition. The high content of compounds with
antioxidant and anti-inflammatory properties seems to be crucial in the effectiveness of MD
in cognitive disorders. MD has a well-documented pro-health potential in cardiovascular
disorders [176–178], improving cerebral blood supply and oxygenation. An essential
assumption of MD is the regular intake of fish, rich in PUFAs, and olive oil, which are a
source of monounsaturated fatty acids (MUFA), as well as moderate alcohol consumption,
which plays an essential role in the prevention of age-related cognitive impairment and
dementia [175]. The effect of MD on cognition function has been well documented [179,180].
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A meta-analysis by Singh et al. has shown that higher adherence to MD decreases the
risk of MCI and the rate of MCI to AD progression. This study included five randomized
cohort studies with a total of 8019 participants, aged 62–80 years, followed by 2.2–8 years.
The highest tertile of MD adherence, compared with the lowest tertile, has reduced the risk
of cognitive impairment by 33% (HR 0.67, 95% CI 0.55–0.81, p < 0.0001). Moreover, subjects
without cognitive dysfunction following the MD have been related with a lower risk of
developing MCI (HR 0.73, 95% CI 0.56-0.96, p < 0.05) and the occurrence of AD (HR 0.64,
95% CI 0.46–0.89, p < 0.01) [181]. Loughrey et al. have presented similar conclusions in
the meta-analysis (15 cohort studies, n = 41,492; and 2 RCTs, n = 309 and n = 162). They
have shown that MD improves global cognition and episodic memory but does not affect
working or semantic memory in elderly adults (aged ≥ 50 years) [182]. Thus, MD may
indirectly support cognitive functions, but more research is needed to demonstrate its
direct effect.

4.2. Mediterranean-DASH Intervention for Neurodegenerative Delay (MIND)

Therefore, in 2015 based on the analysis of cohort studies, Morris introduced the
Mediterranean-DASH Intervention for Neurodegenerative Delay (MIND) diet, a hybrid
of MD and DASH and intended to have a beneficial effect on the age-related cognitive
decline [183]. In the mentioned and the following study, Morris et al. have observed
that high consumption of green leafy vegetables (due to the high anti-oxidant content:
flavonoids, polyphenols, ascorbic acid, α-tocopherol, lutein, indoles, and isothiocyanates)
and blueberries (rich in anthocyanins) enhances cognitive functions, including working,
episodic, and semantic memories, visuospatial ability, and perceptual speed [183,184]. In
another large cohort study (16,058 women, mean age 74.5 ± 2.3 years), Berendsen et al.
have searched for a relationship between the long-term use of a nutritional model meeting
the assumptions of the MIND diet and the rate of cognitive aging. They have performed
the dietary assessment five times over 14 years and have determined cognitive function
four times (over 6 years). They have shown that a higher MIND index is associated with the
maintenance of better verbal memory in later years (multivariable-adjusted mean between
highest and lowest quintiles 95% CI 0.01–0.07, p < 0.01), but not with the general behavior
of cognitive function [185]. The results of the presented studies seem very promising, but
to introduce general recommendations regarding the everyday use of the MIND diet, it is
necessary to conduct further studies involving a larger number of participants.

5. Conclusions

The current knowledge suggests that an appropriate modification of diet or lifestyle
reduces the cognitive decline. In this paper, we reviewed the available literature in terms
of the use of natural ingredients accessible in the daily diet, the increased supply of which
may contribute to the improvement of the quality of life, especially in the case of the elderly
suffering from neurodegenerative disease by improving their cognitive function. However,
while the results of pre-clinical studies have been encouraging, they have not been unequiv-
ocally supported by the RCTs results. Nevertheless, the low toxicity of phytocompounds,
as well as the documented health-promoting properties of these compounds in various
conditions, imply the necessity of further, well-designed research because anti-oxidant
compounds may be a good form of adjuvant therapy for neurodegenerative diseases.

Author Contributions: N.C., A.D., L.G., E.M., M.B., M.S. and J.S.-B. contributed equally in the creation
of the entire manuscript. All authors have read and agrees to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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



Int. J. Mol. Sci. 2021, 22, 10707 20 of 27

References
1. Gammon, K. Neurodegenerative disease: Brain windfall. Nature 2014, 515, 299–300. [CrossRef]
2. Dominguez, L.J.; Barbagallo, M. Nutritional prevention of cognitive decline and dementia. Acta Bio-Med. Atenei Parm. 2018, 89,

276–290. [CrossRef]
3. Calabrese, M.; Gajofatto, A.; Gobbin, F.; Turri, G.; Richelli, S.; Matinella, A.; Oliboni, E.S.; Benedetti, M.D.; Monaco, S. Late-onset

multiple sclerosis presenting with cognitive dysfunction and severe cortical/infratentorial atrophy. Mult. Scler. J. 2015, 21,
580–589. [CrossRef] [PubMed]

4. Gitler, A.D.; Dhillon, P.; Shorter, J. Neurodegenerative disease: Models, mechanisms, and a new hope. Dis. Models Mech. 2017, 10,
499–502. [CrossRef] [PubMed]

5. Dugger, B.N.; Dickson, D.W. Pathology of Neurodegenerative Diseases. Cold Spring Harb. Perspect. Biol. 2017, 9, a028035.
[CrossRef] [PubMed]

6. Knopman, D.S.; Petersen, R.C. Mild cognitive impairment and mild dementia: A clinical perspective. Mayo Clin. Proc. 2014, 89,
1452–1459. [CrossRef]

7. Leisman, G.; Moustafa, A.A.; Shafir, T. Thinking, Walking, Talking: Integratory Motor and Cognitive Brain Function. Front. Public
Health 2016, 4, 94. [CrossRef]

8. Sheffield, J.M.; Karcher, N.R.; Barch, D.M. Cognitive Deficits in Psychotic Disorders: A Lifespan Perspective. Neuropsychol. Rev.
2018, 28, 509–533. [CrossRef]

9. Chen, X.; Guo, C.; Kong, J. Oxidative stress in neurodegenerative diseases. Neural Regen. Res. 2012, 7, 376–385. [CrossRef]
10. Berr, C. Cognitive impairment and oxidative stress in the elderly: Results of epidemiological studies. Biofactors 2000, 13, 205–209.

[CrossRef]
11. Head, E. Oxidative damage and cognitive dysfunction: Antioxidant treatments to promote healthy brain aging. Neurochem. Res.

2009, 34, 670–678. [CrossRef] [PubMed]
12. Uttara, B.; Singh, A.V.; Zamboni, P.; Mahajan, R.T. Oxidative stress and neurodegenerative diseases: A review of upstream and

downstream antioxidant therapeutic options. Curr. Neuropharmacol. 2009, 7, 65–74. [CrossRef] [PubMed]
13. Małkiewicz, M.A.; Szarmach, A.; Sabisz, A.; Cubała, W.J.; Szurowska, E.; Winklewski, P.J. Blood-brain barrier permeability and

physical exercise. J. Neuroinflamm. 2019, 16, 15. [CrossRef]
14. 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]
15. Brown, G.C. Mechanisms of inflammatory neurodegeneration: iNOS and NADPH oxidase. Biochem. Soc. Trans. 2007, 35,

1119–1121. [CrossRef]
16. Marasco, M.R.; Conteh, A.M.; Reissaus, C.A.; Cupit, J.E.; Appleman, E.M.; Mirmira, R.G.; Linnemann, A.K. Interleukin-6 Reduces

β-Cell Oxidative Stress by Linking Autophagy with the Antioxidant Response. Diabetes 2018, 67, 1576–1588. [CrossRef]
17. Robert-Ebadi, H.; Righini, M. Anticoagulation in the Elderly. Pharmaceuticals 2010, 3, 3543–3569. [CrossRef]
18. Singh, N.; Prasad, S.; Singer, D.R.; MacAllister, R.J. Ageing is associated with impairment of nitric oxide and prostanoid dilator

pathways in the human forearm. Clin. Sci. 2002, 102, 595–600. [CrossRef]
19. Grossmann, K. Anticoagulants for Treatment of Alzheimer’s Disease. J. Alzheimer’s Dis. JAD 2020, 77, 1373–1382. [CrossRef]
20. Carlsson, A. Brain neurotransmitters in aging and dementia: Similar changes across diagnostic dementia groups. Gerontology

1987, 33, 159–167. [CrossRef]
21. Dias, I.R.; Santos, C.d.S.; Magalhães, C.O.D.e.; de Oliveira, L.R.S.; Peixoto, M.F.D.; De Sousa, R.A.L.; Cassilhas, R.C. Does calorie

restriction improve cognition? IBRO Rep. 2020, 9, 37–45. [CrossRef]
22. Madeo, F.; Carmona-Gutierrez, D.; Hofer, S.J.; Kroemer, G. Caloric Restriction Mimetics against Age-Associated Disease: Targets,

Mechanisms, and Therapeutic Potential. Cell Metab. 2019, 29, 592–610. [CrossRef]
23. Allan, J.L.; McMinn, D.; Daly, M. A Bidirectional Relationship between Executive Function and Health Behavior: Evidence,

Implications, and Future Directions. Front. Neurosci. 2016, 10, 386. [CrossRef]
24. Evans, C. Malnutrition in the elderly: A multifactorial failure to thrive. Perm. J. 2005, 9, 38–41. [CrossRef] [PubMed]
25. Yu, W.; Liu, X.; Wan, T.; Chen, C.; Xiong, L.; Zhang, W.; Lü, Y. Associations between malnutrition and cognitive impairment in an

elderly Chinese population: An analysis based on a 7-year database. Psychogeriatrics 2021, 21, 80–88. [CrossRef]
26. Najar, J.; Östling, S.; Gudmundsson, P.; Sundh, V.; Johansson, L.; Kern, S.; Guo, X.; Hällström, T.; Skoog, I. Cognitive and physical

activity and dementia. Neurology 2019, 92, e1322. [CrossRef] [PubMed]
27. Gómez-Pinilla, F. Brain foods: The effects of nutrients on brain function. Nat. Rev. Neurosci. 2008, 9, 568–578. [CrossRef] [PubMed]
28. Wurtman, R.J.; Cansev, M.; Ulus, I.H. Synapse formation is enhanced by oral administration of uridine and DHA, the circulating

precursors of brain phosphatides. J. Nutr. Health Aging 2009, 13, 189–197. [CrossRef]
29. Scheltens, P.; Kamphuis, P.J.; Verhey, F.R.; Olde Rikkert, M.G.; Wurtman, R.J.; Wilkinson, D.; Twisk, J.W.; Kurz, A. Efficacy of a

medical food in mild Alzheimer’s disease: A randomized, controlled trial. Alzheimers Dement. 2010, 6, 1–10. [CrossRef]
30. Zaragoza-Martí, A.; Ruiz-Robledillo, N.; Sánchez-SanSegundo, M.; Albaladejo-Blázquez, N.; Hurtado-Sánchez, J.A.; Ferrer-

Cascales, R. Eating Habits in Older Adults: Compliance with the Recommended Daily Intakes and Its Relationship with
Sociodemographic Characteristics, Clinical Conditions, and Lifestyles. Nutrients 2020, 12, 446. [CrossRef]

http://doi.org/10.1038/nj7526-299a
http://doi.org/10.23750/abm.v89i2.7401
http://doi.org/10.1177/1352458514542363
http://www.ncbi.nlm.nih.gov/pubmed/25432947
http://doi.org/10.1242/dmm.030205
http://www.ncbi.nlm.nih.gov/pubmed/28468935
http://doi.org/10.1101/cshperspect.a028035
http://www.ncbi.nlm.nih.gov/pubmed/28062563
http://doi.org/10.1016/j.mayocp.2014.06.019
http://doi.org/10.3389/fpubh.2016.00094
http://doi.org/10.1007/s11065-018-9388-2
http://doi.org/10.3969/j.issn.1673-5374.2012.05.009
http://doi.org/10.1002/biof.5520130132
http://doi.org/10.1007/s11064-008-9808-4
http://www.ncbi.nlm.nih.gov/pubmed/18683046
http://doi.org/10.2174/157015909787602823
http://www.ncbi.nlm.nih.gov/pubmed/19721819
http://doi.org/10.1186/s12974-019-1403-x
http://doi.org/10.5607/en.2015.24.4.325
http://www.ncbi.nlm.nih.gov/pubmed/26713080
http://doi.org/10.1042/BST0351119
http://doi.org/10.2337/db17-1280
http://doi.org/10.3390/ph3123543
http://doi.org/10.1042/CS20010262
http://doi.org/10.3233/JAD-200610
http://doi.org/10.1159/000212870
http://doi.org/10.1016/j.ibror.2020.05.001
http://doi.org/10.1016/j.cmet.2019.01.018
http://doi.org/10.3389/fnins.2016.00386
http://doi.org/10.7812/TPP/05-056
http://www.ncbi.nlm.nih.gov/pubmed/22811627
http://doi.org/10.1111/psyg.12631
http://doi.org/10.1212/WNL.0000000000007021
http://www.ncbi.nlm.nih.gov/pubmed/30787164
http://doi.org/10.1038/nrn2421
http://www.ncbi.nlm.nih.gov/pubmed/18568016
http://doi.org/10.1007/s12603-009-0056-3
http://doi.org/10.1016/j.jalz.2009.10.003
http://doi.org/10.3390/nu12020446


Int. J. Mol. Sci. 2021, 22, 10707 21 of 27

31. Vauzour, D.; Camprubi-Robles, M.; Miquel-Kergoat, S.; Andres-Lacueva, C.; Bánáti, D.; Barberger-Gateau, P.; Bowman, G.L.;
Caberlotto, L.; Clarke, R.; Hogervorst, E.; et al. Nutrition for the ageing brain: Towards evidence for an optimal diet. Ageing Res.
Rev. 2017, 35, 222–240. [CrossRef]

32. You, Y.X.; Shahar, S.; Rajab, N.F.; Haron, H.; Yahya, H.M.; Mohamad, M.; Din, N.C.; Maskat, M.Y. Effects of 12 Weeks Cosmos
caudatus Supplement among Older Adults with Mild Cognitive Impairment: A Randomized, Double-Blind and Placebo-
Controlled Trial. Nutrients 2021, 13, 434. [CrossRef]

33. Bruijniks, S.J.E.; van Grootheest, G.; Cuijpers, P.; de Kluiver, H.; Vinkers, C.H.; Peeters, F.; Penninx, B.; Teunissen, C.E.; Huibers,
M.J.H. Working memory moderates the relation between the brain-derived neurotropic factor (BDNF) and psychotherapy
outcome for depression. J. Psychiatr. Res. 2020, 130, 424–432. [CrossRef]

34. Cichon, N.; Saluk-Bijak, J.; Gorniak, L.; Przyslo, L.; Bijak, M. Flavonoids as a Natural Enhancer of Neuroplasticity-An Overview
of the Mechanism of Neurorestorative Action. Antioxidants 2020, 9, 1035. [CrossRef]

35. Spencer, J.P.; Vauzour, D.; Rendeiro, C. Flavonoids and cognition: The molecular mechanisms underlying their behavioural
effects. Arch. Biochem. Biophys. 2009, 492, 1–9. [CrossRef] [PubMed]

36. Vauzour, D.; Vafeiadou, K.; Rodriguez-Mateos, A.; Rendeiro, C.; Spencer, J.P. The neuroprotective potential of flavonoids: A
multiplicity of effects. Genes Nutr. 2008, 3, 115–126. [CrossRef] [PubMed]

37. Wang, Z.L.; Wang, S.; Kuang, Y.; Hu, Z.M.; Qiao, X.; Ye, M. A comprehensive review on phytochemistry, pharmacology, and
flavonoid biosynthesis of Scutellaria baicalensis. Pharm. Biol. 2018, 56, 465–484. [CrossRef]

38. Bao, J.; Wu, Z.; Ishfaq, M.; Wang, J.; Miao, Y.; Niu, D.; Li, R.; Li, J.; Chen, C. Pharmacokinetic/pharmacodynamic profiles of
baicalin against Mycoplasma gallisepticum in an in vivo infection model. Poult. Sci. 2021, 100, 101437. [CrossRef] [PubMed]

39. Zhang, L.; Xing, D.; Wang, W.; Wang, R.; Du, L. Kinetic difference of baicalin in rat blood and cerebral nuclei after intravenous
administration of Scutellariae Radix extract. J. Ethnopharmacol. 2006, 103, 120–125. [CrossRef]

40. Jin, X.; Liu, M.Y.; Zhang, D.F.; Zhong, X.; Du, K.; Qian, P.; Yao, W.F.; Gao, H.; Wei, M.J. Baicalin mitigates cognitive impairment
and protects neurons from microglia-mediated neuroinflammation via suppressing NLRP3 inflammasomes and TLR4/NF-κB
signaling pathway. CNS Neurosci. Ther. 2019, 25, 575–590. [CrossRef]

41. Li, Y.; Liu, T.; Han, D.; Hong, J.; Yang, N.; He, J.; Peng, R.; Mi, X.; Kuang, C.; Zhou, Y.; et al. Baicalin Ameliorates Cognitive
Impairment and Protects Microglia from LPS-Induced Neuroinflammation via the SIRT1/HMGB1 Pathway. Oxid. Med. Cell.
Longev. 2020, 2020, 4751349. [CrossRef] [PubMed]

42. Zhang, J.N.; Zhou, H.M.; Jiang, C.H.; Liu, J.; Cai, L.Y. Protective effect of baicalin against cognitive memory dysfunction after
splenectomy in aged rats and its underlying mechanism. J. Integr. Neurosci. 2020, 19, 679–685. [CrossRef]

43. Heo, H.J.; Kim, D.O.; Choi, S.J.; Shin, D.H.; Lee, C.Y. Potent Inhibitory effect of flavonoids in Scutellaria baicalensis on amyloid
beta protein-induced neurotoxicity. J. Agric. Food Chem. 2004, 52, 4128–4132. [CrossRef] [PubMed]

44. Dai, J.; Chen, L.; Qiu, Y.M.; Li, S.Q.; Xiong, W.H.; Yin, Y.H.; Jia, F.; Jiang, J.Y. Activations of GABAergic signaling, HSP70 and
MAPK cascades are involved in baicalin’s neuroprotection against gerbil global ischemia/reperfusion injury. Brain Res. Bull.
2013, 90, 1–9. [CrossRef] [PubMed]

45. Lee, B.; Sur, B.; Shim, I.; Lee, H.; Hahm, D.H. Baicalin improves chronic corticosterone-induced learning and memory deficits
via the enhancement of impaired hippocampal brain-derived neurotrophic factor and cAMP response element-binding protein
expression in the rat. J. Nat. Med. 2014, 68, 132–143. [CrossRef]

46. Liang, W.; Huang, X.; Chen, W. The Effects of Baicalin and Baicalein on Cerebral Ischemia: A Review. Aging Dis. 2017, 8, 850–867.
[CrossRef]

47. Wang, W.-Y.; Tan, M.-S.; Yu, J.-T.; Tan, L. Role of pro-inflammatory cytokines released from microglia in Alzheimer’s disease. Ann.
Transl. Med. 2015, 3, 136. [CrossRef]

48. Chen, C.; Li, X.; Gao, P.; Tu, Y.; Zhao, M.; Li, J.; Zhang, S.; Liang, H. Baicalin attenuates alzheimer-like pathological changes and
memory deficits induced by amyloid β1-42 protein. Metab. Brain Dis. 2015, 30, 537–544. [CrossRef]

49. Yang, Y.; Wang, H.; Kouadir, M.; Song, H.; Shi, F. Recent advances in the mechanisms of NLRP3 inflammasome activation and its
inhibitors. Cell Death Dis. 2019, 10, 128. [CrossRef]

50. Holbrook, J.A.; Jarosz-Griffiths, H.H.; Caseley, E.; Lara-Reyna, S.; Poulter, J.A.; Williams-Gray, C.H.; Peckham, D.; McDermott,
M.F. Neurodegenerative Disease and the NLRP3 Inflammasome. Front. Pharmacol. 2021, 12, 643254. [CrossRef]

51. Ma, P.; Mao, X.Y.; Li, X.L.; Ma, Y.; Qiao, Y.D.; Liu, Z.Q.; Zhou, H.H.; Cao, Y.G. Baicalin alleviates diabetes-associated cognitive
deficits via modulation of mitogen-activated protein kinase signaling, brain-derived neurotrophic factor and apoptosis. Mol. Med.
Rep. 2015, 12, 6377–6383. [CrossRef]

52. Zhou, Q.-m.; Wang, S.; Zhang, H.; Lu, Y.-y.; Wang, X.-f.; Motoo, Y.; Su, S.-b. The combination of baicalin and baicalein enhances
apoptosis via the ERK/p38 MAPK pathway in human breast cancer cells. Acta Pharmacol. Sin. 2009, 30, 1648–1658. [CrossRef]
[PubMed]

53. Oh, S.B.; Park, H.R.; Jang, Y.J.; Choi, S.Y.; Son, T.G.; Lee, J. Baicalein attenuates impaired hippocampal neurogenesis and the
neurocognitive deficits induced by γ-ray radiation. Br. J. Pharmacol. 2013, 168, 421–431. [CrossRef] [PubMed]

54. Ghosh, A.; Giese, K.P. Calcium/calmodulin-dependent kinase II and Alzheimer’s disease. Mol. Brain 2015, 8, 78. [CrossRef]
55. Zou, H.; Long, J.; Zhang, Q.; Zhao, H.; Bian, B.; Wang, Y.; Zhang, J.; Wang, L. Induced cortical neurogenesis after focal cerebral

ischemia—Three active components from Huang-Lian-Jie-Du Decoction. J. Ethnopharmacol. 2016, 178, 115–124. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.arr.2016.09.010
http://doi.org/10.3390/nu13020434
http://doi.org/10.1016/j.jpsychires.2020.07.045
http://doi.org/10.3390/antiox9111035
http://doi.org/10.1016/j.abb.2009.10.003
http://www.ncbi.nlm.nih.gov/pubmed/19822127
http://doi.org/10.1007/s12263-008-0091-4
http://www.ncbi.nlm.nih.gov/pubmed/18937002
http://doi.org/10.1080/13880209.2018.1492620
http://doi.org/10.1016/j.psj.2021.101437
http://www.ncbi.nlm.nih.gov/pubmed/34547622
http://doi.org/10.1016/j.jep.2005.07.013
http://doi.org/10.1111/cns.13086
http://doi.org/10.1155/2020/4751349
http://www.ncbi.nlm.nih.gov/pubmed/33029280
http://doi.org/10.31083/j.jin.2020.04.48
http://doi.org/10.1021/jf049953x
http://www.ncbi.nlm.nih.gov/pubmed/15212458
http://doi.org/10.1016/j.brainresbull.2012.09.014
http://www.ncbi.nlm.nih.gov/pubmed/23041106
http://doi.org/10.1007/s11418-013-0782-z
http://doi.org/10.14336/AD.2017.0829
http://doi.org/10.3978/j.issn.2305-5839.2015.03.49
http://doi.org/10.1007/s11011-014-9601-9
http://doi.org/10.1038/s41419-019-1413-8
http://doi.org/10.3389/fphar.2021.643254
http://doi.org/10.3892/mmr.2015.4219
http://doi.org/10.1038/aps.2009.166
http://www.ncbi.nlm.nih.gov/pubmed/19960010
http://doi.org/10.1111/j.1476-5381.2012.02142.x
http://www.ncbi.nlm.nih.gov/pubmed/22891631
http://doi.org/10.1186/s13041-015-0166-2
http://doi.org/10.1016/j.jep.2015.12.001
http://www.ncbi.nlm.nih.gov/pubmed/26657578


Int. J. Mol. Sci. 2021, 22, 10707 22 of 27

56. Wang, R.; Shen, X.; Xing, E.; Guan, L.; Xin, L. Scutellaria baicalensis stem-leaf total flavonoid reduces neuronal apoptosis induced
by amyloid beta-peptide (25–35). Neural Regen. Res. 2013, 8, 1081–1090. [CrossRef]

57. Kleemann, R.; Verschuren, L.; Morrison, M.; Zadelaar, S.; van Erk, M.J.; Wielinga, P.Y.; Kooistra, T. Anti-inflammatory, anti-
proliferative and anti-atherosclerotic effects of quercetin in human in vitro and in vivo models. Atherosclerosis 2011, 218, 44–52.
[CrossRef]

58. Del Rio, D.; Rodriguez-Mateos, A.; Spencer, J.P.; Tognolini, M.; Borges, G.; Crozier, A. Dietary (poly)phenolics in human health:
Structures, bioavailability, and evidence of protective effects against chronic diseases. Antioxid Redox Signal. 2013, 18, 1818–1892.
[CrossRef] [PubMed]

59. Guo, Y.; Bruno, R.S. Endogenous and exogenous mediators of quercetin bioavailability. J. Nutr. Biochem. 2015, 26, 201–210.
[CrossRef]

60. Ishisaka, A.; Ichikawa, S.; Sakakibara, H.; Piskula, M.K.; Nakamura, T.; Kato, Y.; Ito, M.; Miyamoto, K.; Tsuji, A.; Kawai, Y.; et al.
Accumulation of orally administered quercetin in brain tissue and its antioxidative effects in rats. Free Radic. Biol. Med. 2011, 51,
1329–1336. [CrossRef]

61. Dhawan, S.; Kapil, R.; Singh, B. Formulation development and systematic optimization of solid lipid nanoparticles of quercetin
for improved brain delivery. J. Pharm. Pharmacol. 2011, 63, 342–351. [CrossRef] [PubMed]

62. Duty, S.; Jenner, P. Animal models of Parkinson’s disease: A source of novel treatments and clues to the cause of the disease. Br. J.
Pharmacol. 2011, 164, 1357–1391. [CrossRef] [PubMed]

63. Sriraksa, N.; Wattanathorn, J.; Muchimapura, S.; Tiamkao, S.; Brown, K.; Chaisiwamongkol, K. Cognitive-Enhancing Effect of
Quercetin in a Rat Model of Parkinson’s Disease Induced by 6-Hydroxydopamine. Evid. Based Complementary Altern. Med. 2012,
2012, 823206. [CrossRef] [PubMed]

64. Hasselmo, M.E. The role of acetylcholine in learning and memory. Curr. Opin. Neurobiol. 2006, 16, 710–715. [CrossRef]
65. Ross, G.W.; Petrovitch, H.; Abbott, R.D.; Nelson, J.; Markesbery, W.; Davis, D.; Hardman, J.; Launer, L.; Masaki, K.; Tanner, C.M.;

et al. Parkinsonian signs and substantia nigra neuron density in decendents elders without PD. Ann. Neurol. 2004, 56, 532–539.
[CrossRef]

66. Xu, D.; Hu, M.-J.; Wang, Y.-Q.; Cui, Y.-L. Antioxidant Activities of Quercetin and Its Complexes for Medicinal Application.
Molecules 2019, 24, 1123. [CrossRef]

67. Wang, D.M.; Li, S.Q.; Wu, W.L.; Zhu, X.Y.; Wang, Y.; Yuan, H.Y. Effects of long-term treatment with quercetin on cognition and
mitochondrial function in a mouse model of Alzheimer’s disease. Neurochem. Res. 2014, 39, 1533–1543. [CrossRef] [PubMed]

68. Martínez de Morentin, P.B.; González, C.R.; López, M. AMP-activated protein kinase: ‘a cup of tea’ against cholesterol-induced
neurotoxicity. J. Pathol. 2010, 222, 329–334. [CrossRef]

69. Min, Y.D.; Choi, C.H.; Bark, H.; Son, H.Y.; Park, H.H.; Lee, S.; Park, J.W.; Park, E.K.; Shin, H.I.; Kim, S.H. Quercetin inhibits
expression of inflammatory cytokines through attenuation of NF-κB and p38 MAPK in HMC-1 human mast cell line. Inflamm.
Res. 2007, 56, 210–215. [CrossRef]

70. Ruiz, P.A.; Braune, A.; Hölzlwimmer, G.; Quintanilla-Fend, L.; Haller, D. Quercetin inhibits TNF-induced NF-kappaB transcription
factor recruitment to proinflammatory gene promoters in murine intestinal epithelial cells. J. Nutr. 2007, 137, 1208–1215. [CrossRef]

71. Manouchehr, A.; Sahar, P.; Hamid, S. Quercetin improved spatial memory dysfunctions in rat model of intracerebroventricular
streptozotocin-induced sporadic Alzheimer’s disease. Natl. J. Physiol. Pharm. Pharmacol. 2015, 5, 411.

72. Nakagawa, T.; Itoh, M.; Ohta, K.; Hayashi, Y.; Hayakawa, M.; Yamada, Y.; Akanabe, H.; Chikaishi, T.; Nakagawa, K.; Itoh, Y.; et al.
Improvement of memory recall by quercetin in rodent contextual fear conditioning and human early-stage Alzheimer’s disease
patients. Neuroreport 2016, 27, 671–676. [CrossRef] [PubMed]

73. Levites, Y.; Weinreb, O.; Maor, G.; Youdim, M.B.; Mandel, S. Green tea polyphenol (-)-epigallocatechin-3-gallate prevents
N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced dopaminergic neurodegeneration. J. Neurochem. 2001, 78, 1073–1082.
[CrossRef] [PubMed]

74. Li, C.; Lee, M.J.; Sheng, S.; Meng, X.; Prabhu, S.; Winnik, B.; Huang, B.; Chung, J.Y.; Yan, S.; Ho, C.T.; et al. Structural identification
of two metabolites of catechins and their kinetics in human urine and blood after tea ingestion. Chem. Res. Toxicol. 2000, 13,
177–184. [CrossRef]

75. Unno, K.; Pervin, M.; Nakagawa, A.; Iguchi, K.; Hara, A.; Takagaki, A.; Nanjo, F.; Minami, A.; Nakamura, Y. Blood-Brain Barrier
Permeability of Green Tea Catechin Metabolites and their Neuritogenic Activity in Human Neuroblastoma SH-SY5Y Cells. Mol.
Nutr. Food Res. 2017, 61, 1700294. [CrossRef] [PubMed]

76. Pervin, M.; Unno, K.; Nakagawa, A.; Takahashi, Y.; Iguchi, K.; Yamamoto, H.; Hoshino, M.; Hara, A.; Takagaki, A.; Nanjo, F.; et al.
Blood brain barrier permeability of (-)-epigallocatechin gallate, its proliferation-enhancing activity of human neuroblastoma
SH-SY5Y cells, and its preventive effect on age-related cognitive dysfunction in mice. Biochem. Biophys. Rep. 2017, 9, 180–186.
[CrossRef] [PubMed]

77. Rezai-Zadeh, K.; Shytle, D.; Sun, N.; Mori, T.; Hou, H.; Jeanniton, D.; Ehrhart, J.; Townsend, K.; Zeng, J.; Morgan, D.; et al.
Green tea epigallocatechin-3-gallate (EGCG) modulates amyloid precursor protein cleavage and reduces cerebral amyloidosis in
Alzheimer transgenic mice. J. Neurosci. 2005, 25, 8807–8814. [CrossRef]

78. Lee, J.W.; Lee, Y.K.; Ban, J.O.; Ha, T.Y.; Yun, Y.P.; Han, S.B.; Oh, K.W.; Hong, J.T. Green tea (-)-epigallocatechin-3-gallate inhibits
beta-amyloid-induced cognitive dysfunction through modification of secretase activity via inhibition of ERK and NF-kappaB
pathways in mice. J. Nutr. 2009, 139, 1987–1993. [CrossRef]

http://doi.org/10.3969/j.issn.1673-5374.2013.12.003
http://doi.org/10.1016/j.atherosclerosis.2011.04.023
http://doi.org/10.1089/ars.2012.4581
http://www.ncbi.nlm.nih.gov/pubmed/22794138
http://doi.org/10.1016/j.jnutbio.2014.10.008
http://doi.org/10.1016/j.freeradbiomed.2011.06.017
http://doi.org/10.1111/j.2042-7158.2010.01225.x
http://www.ncbi.nlm.nih.gov/pubmed/21749381
http://doi.org/10.1111/j.1476-5381.2011.01426.x
http://www.ncbi.nlm.nih.gov/pubmed/21486284
http://doi.org/10.1155/2012/823206
http://www.ncbi.nlm.nih.gov/pubmed/21792372
http://doi.org/10.1016/j.conb.2006.09.002
http://doi.org/10.1002/ana.20226
http://doi.org/10.3390/molecules24061123
http://doi.org/10.1007/s11064-014-1343-x
http://www.ncbi.nlm.nih.gov/pubmed/24893798
http://doi.org/10.1002/path.2778
http://doi.org/10.1007/s00011-007-6172-9
http://doi.org/10.1093/jn/137.5.1208
http://doi.org/10.1097/WNR.0000000000000594
http://www.ncbi.nlm.nih.gov/pubmed/27145228
http://doi.org/10.1046/j.1471-4159.2001.00490.x
http://www.ncbi.nlm.nih.gov/pubmed/11553681
http://doi.org/10.1021/tx9901837
http://doi.org/10.1002/mnfr.201700294
http://www.ncbi.nlm.nih.gov/pubmed/28891114
http://doi.org/10.1016/j.bbrep.2016.12.012
http://www.ncbi.nlm.nih.gov/pubmed/28956003
http://doi.org/10.1523/JNEUROSCI.1521-05.2005
http://doi.org/10.3945/jn.109.109785


Int. J. Mol. Sci. 2021, 22, 10707 23 of 27

79. Wei, B.-B.; Liu, M.-Y.; Zhong, X.; Yao, W.-F.; Wei, M.-J. Increased BBB permeability contributes to EGCG-caused cognitive
function improvement in natural aging rats: Pharmacokinetic and distribution analyses. Acta Pharmacol. Sin. 2019, 40, 1490–1500.
[CrossRef] [PubMed]

80. Wu, Y.R.; Choi, H.J.; Kang, Y.G.; Kim, J.K.; Shin, J.W. In vitro study on anti-inflammatory effects of epigallocatechin-3-gallate-
loaded nano- and microscale particles. Int. J. Nanomed. 2017, 12, 7007–7013. [CrossRef] [PubMed]

81. Haque, A.M.; Hashimoto, M.; Katakura, M.; Tanabe, Y.; Hara, Y.; Shido, O. Long-term administration of green tea catechins
improves spatial cognition learning ability in rats. J. Nutr. 2006, 136, 1043–1047. [CrossRef] [PubMed]

82. Huang, S.; Zhang, C.P.; Wang, K.; Li, G.Q.; Hu, F.L. Recent advances in the chemical composition of propolis. Molecules 2014, 19,
19610–19632. [CrossRef] [PubMed]

83. Markham, K.; Mitchell, K.; Wilkins, A.; Daldy, J.; Lu, Y. HPLC and GC-MS identification of the major organic constituents in New
Zeland propolis. Phytochemistry 1996, 42, 205–211. [CrossRef]

84. Aabed, K.; Bhat, R.S.; Al-Dbass, A.; Moubayed, N.; Algahtani, N.; Merghani, N.M.; Alanazi, A.; Zayed, N.; El-Ansary, A. Bee
pollen and propolis improve neuroinflammation and dysbiosis induced by propionic acid, a short chain fatty acid in a rodent
model of autism. Lipids Health Dis. 2019, 18, 200. [CrossRef] [PubMed]

85. Wu, C.X.; Liu, R.; Gao, M.; Zhao, G.; Wu, S.; Wu, C.F.; Du, G.H. Pinocembrin protects brain against ischemia/reperfusion injury
by attenuating endoplasmic reticulum stress induced apoptosis. Neurosci. Lett. 2013, 546, 57–62. [CrossRef]

86. Yang, Z.H.; Sun, X.; Qi, Y.; Mei, C.; Sun, X.B.; Du, G.H. Uptake characteristics of pinocembrin and its effect on p-glycoprotein at
the blood-brain barrier in in vitro cell experiments. J. Asian Nat. Prod. Res. 2012, 14, 14–21. [CrossRef]

87. Liu, R.; Li, J.-Z.; Song, J.-K.; Zhou, D.; Huang, C.; Bai, X.-Y.; Xie, T.; Zhang, X.; Li, Y.-J.; Wu, C.-X.; et al. Pinocembrin improves
cognition and protects the neurovascular unit in Alzheimer related deficits. Neurobiol. Aging 2014, 35, 1275–1285. [CrossRef]
[PubMed]

88. Meng, F.; Wang, Y.; Liu, R.; Gao, M.; Du, G. Pinocembrin alleviates memory impairment in transient global cerebral ischemic rats.
Exp. Ther. Med. 2014, 8, 1285–1290. [CrossRef]

89. Pei, B.; Sun, J. Pinocembrin alleviates cognition deficits by inhibiting inflammation in diabetic mice. J. Neuroimmunol. 2018, 314,
42–49. [CrossRef]

90. Liu, H.; Zhao, M.; Yang, S.; Gong, D.R.; Chen, D.Z.; Du, D.Y. (2R,3S)-Pinobanksin-3-cinnamate improves cognition and reduces
oxidative stress in rats with vascular dementia. J. Nat. Med. 2015, 69, 358–365. [CrossRef]

91. Kocot, J.; Kiełczykowska, M.; Luchowska-Kocot, D.; Kurzepa, J.; Musik, I. Antioxidant Potential of Propolis, Bee Pollen, and
Royal Jelly: Possible Medical Application. Oxidative Med. Cell. Longev. 2018, 2018, 7074209. [CrossRef] [PubMed]

92. Nanaware, S.; Shelar, M.; Sinnathambi, A.; Mahadik, K.R.; Lohidasan, S. Neuroprotective effect of Indian propolis in β-amyloid
induced memory deficit: Impact on behavioral and biochemical parameters in rats. Biomed. Pharm. 2017, 93, 543–553. [CrossRef]

93. Kwon, Y.S.; Park, D.H.; Shin, E.J.; Kwon, M.S.; Ko, K.H.; Kim, W.K.; Jhoo, J.H.; Jhoo, W.K.; Wie, M.B.; Jung, B.D.; et al. Antioxidant
propolis attenuates kainate-induced neurotoxicity via adenosine A1 receptor modulation in the rat. Neurosci. Lett. 2004, 355,
231–235. [CrossRef]

94. Kim, H.B.; Lee, S.; Hwang, E.S.; Maeng, S.; Park, J.H. p-Coumaric acid enhances long-term potentiation and recovers scopolamine-
induced learning and memory impairments. Biochem. Biophys. Res. Commun. 2017, 492, 493–499. [CrossRef] [PubMed]

95. Shimizu, K.; Ashida, H.; Matsuura, Y.; Kanazawa, K. Antioxidative bioavailability of artepillin C in Brazilian propolis. Arch.
Biochem. Biophys. 2004, 424, 181–188. [CrossRef] [PubMed]

96. Ishida, K.; Misawa, K.; Nishimura, H.; Hirata, T.; Yamamoto, M.; Ota, N. 5-Caffeoylquinic Acid Ameliorates Cognitive Decline
and Reduces Aβ Deposition by Modulating Aβ Clearance Pathways in APP/PS2 Transgenic Mice. Nutrients 2020, 12. [CrossRef]
[PubMed]

97. Ni, J.; Wu, Z.; Meng, J.; Zhu, A.; Zhong, X.; Wu, S.; Nakanishi, H. The Neuroprotective Effects of Brazilian Green Propolis on
Neurodegenerative Damage in Human Neuronal SH-SY5Y Cells. Oxidative Med. Cell. Longev. 2017, 2017, 7984327. [CrossRef]

98. Yeganeh Salehpour, M.; Mollica, A.; Momtaz, S.; Sanadgol, N.; Farzaei, M.H. Melatonin and Multiple Sclerosis: From Plausible
Neuropharmacological Mechanisms of Action to Experimental and Clinical Evidence. Clin. Drug Investig. 2019, 39, 607–624.
[CrossRef]

99. Bald, E.M.; Nance, C.S.; Schultz, J.L. Melatonin may slow disease progression in amyotrophic lateral sclerosis: Findings from the
Pooled Resource Open-Access ALS Clinic Trials database. Muscle Nerve 2021, 63, 572–576. [CrossRef]

100. Palagini, L.; Manni, R.; Aguglia, E.; Amore, M.; Brugnoli, R.; Bioulac, S.; Bourgin, P.; Micoulaud Franchi, J.A.; Girardi, P.; Grassi, L.;
et al. International Expert Opinions and Recommendations on the Use of Melatonin in the Treatment of Insomnia and Circadian
Sleep Disturbances in Adult Neuropsychiatric Disorders. Front. Psychiatry 2021, 12, 688890. [CrossRef]

101. Biggio, G.; Biggio, F.; Talani, G.; Mostallino, M.C.; Aguglia, A.; Aguglia, E.; Palagini, L. Melatonin: From Neurobiology to
Treatment. Brain Sci. 2021, 11, 1121. [CrossRef] [PubMed]

102. Cardinali, D.P. Melatonin: Clinical Perspectives in Neurodegeneration. Front. Endocrinol. 2019, 10, 480. [CrossRef] [PubMed]
103. Gong, Y.-H.; Hua, N.; Zang, X.; Huang, T.; He, L. Melatonin ameliorates Aβ1-42-induced Alzheimer’s cognitive deficits in mouse

model. J. Pharm. Pharmacol. 2018, 70, 70–80. [CrossRef] [PubMed]
104. Matsubara, E.; Bryant-Thomas, T.; Pacheco Quinto, J.; Henry, T.L.; Poeggeler, B.; Herbert, D.; Cruz-Sanchez, F.; Chyan, Y.J.;

Smith, M.A.; Perry, G.; et al. Melatonin increases survival and inhibits oxidative and amyloid pathology in a transgenic model of
Alzheimer’s disease. J. Neurochem. 2003, 85, 1101–1108. [CrossRef] [PubMed]

http://doi.org/10.1038/s41401-019-0243-7
http://www.ncbi.nlm.nih.gov/pubmed/31092885
http://doi.org/10.2147/IJN.S146296
http://www.ncbi.nlm.nih.gov/pubmed/29026297
http://doi.org/10.1093/jn/136.4.1043
http://www.ncbi.nlm.nih.gov/pubmed/16549472
http://doi.org/10.3390/molecules191219610
http://www.ncbi.nlm.nih.gov/pubmed/25432012
http://doi.org/10.1016/0031-9422(96)83286-9
http://doi.org/10.1186/s12944-019-1150-0
http://www.ncbi.nlm.nih.gov/pubmed/31733650
http://doi.org/10.1016/j.neulet.2013.04.060
http://doi.org/10.1080/10286020.2011.620393
http://doi.org/10.1016/j.neurobiolaging.2013.12.031
http://www.ncbi.nlm.nih.gov/pubmed/24468471
http://doi.org/10.3892/etm.2014.1923
http://doi.org/10.1016/j.jneuroim.2017.11.006
http://doi.org/10.1007/s11418-015-0901-0
http://doi.org/10.1155/2018/7074209
http://www.ncbi.nlm.nih.gov/pubmed/29854089
http://doi.org/10.1016/j.biopha.2017.06.072
http://doi.org/10.1016/j.neulet.2003.10.075
http://doi.org/10.1016/j.bbrc.2017.08.068
http://www.ncbi.nlm.nih.gov/pubmed/28830814
http://doi.org/10.1016/j.abb.2004.02.021
http://www.ncbi.nlm.nih.gov/pubmed/15047190
http://doi.org/10.3390/nu12020494
http://www.ncbi.nlm.nih.gov/pubmed/32075202
http://doi.org/10.1155/2017/7984327
http://doi.org/10.1007/s40261-019-00793-6
http://doi.org/10.1002/mus.27168
http://doi.org/10.3389/fpsyt.2021.688890
http://doi.org/10.3390/brainsci11091121
http://www.ncbi.nlm.nih.gov/pubmed/34573143
http://doi.org/10.3389/fendo.2019.00480
http://www.ncbi.nlm.nih.gov/pubmed/31379746
http://doi.org/10.1111/jphp.12830
http://www.ncbi.nlm.nih.gov/pubmed/28994117
http://doi.org/10.1046/j.1471-4159.2003.01654.x
http://www.ncbi.nlm.nih.gov/pubmed/12753069


Int. J. Mol. Sci. 2021, 22, 10707 24 of 27

105. Peng, C.X.; Hu, J.; Liu, D.; Hong, X.P.; Wu, Y.Y.; Zhu, L.Q.; Wang, J.Z. Disease-modified glycogen synthase kinase-3β intervention
by melatonin arrests the pathology and memory deficits in an Alzheimer’s animal model. Neurobiol. Aging 2013, 34, 1555–1563.
[CrossRef] [PubMed]

106. Quinn, J.; Kulhanek, D.; Nowlin, J.; Jones, R.; Praticò, D.; Rokach, J.; Stackman, R. Chronic melatonin therapy fails to alter amyloid
burden or oxidative damage in old Tg2576 mice: Implications for clinical trials. Brain Res. 2005, 1037, 209–213. [CrossRef]

107. Das, R.; Balmik, A.A.; Chinnathambi, S. Melatonin Reduces GSK3β-Mediated Tau Phosphorylation, Enhances Nrf2 Nuclear
Translocation and Anti-Inflammation. ASN Neuro 2020, 12, 1759091420981204. [CrossRef]

108. Li, Y.; Song, Z.; Ding, Y.; Xin, Y.; Wu, T.; Su, T.; He, R.; Tai, F.; Lian, Z. Effects of formaldehyde exposure on anxiety-like and
depression-like behavior, cognition, central levels of glucocorticoid receptor and tyrosine hydroxylase in mice. Chemosphere 2016,
144, 2004–2012. [CrossRef]

109. Li, T.; Wei, Y.; Qu, M.; Mou, L.; Miao, J.; Xi, M.; Liu, Y.; He, R. Formaldehyde and De/Methylation in Age-Related Cognitive
Impairment. Genes 2021, 12, 913. [CrossRef]

110. Rosales-Corral, S.A.; Acuña-Castroviejo, D.; Coto-Montes, A.; Boga, J.A.; Manchester, L.C.; Fuentes-Broto, L.; Korkmaz, A.; Ma, S.;
Tan, D.X.; Reiter, R.J. Alzheimer’s disease: Pathological mechanisms and the beneficial role of melatonin. J. Pineal Res. 2012, 52,
167–202. [CrossRef]

111. Mei, Y.; Duan, C.; Li, X.; Zhao, Y.; Cao, F.; Shang, S.; Ding, S.; Yue, X.; Gao, G.; Yang, H.; et al. Reduction of Endogenous Melatonin
Accelerates Cognitive Decline in Mice in a Simulated Occupational Formaldehyde Exposure Environment. Int. J. Environ. Res.
Public Health 2016, 13, 258. [CrossRef] [PubMed]

112. Ozen, O.A.; Kus, M.A.; Kus, I.; Alkoc, O.A.; Songur, A. Protective effects of melatonin against formaldehyde-induced oxidative
damage and apoptosis in rat testes: An immunohistochemical and biochemical study. Syst. Biol. Reprod. Med. 2008, 54, 169–176.
[CrossRef]

113. Hosseini, L.; Farokhi-Sisakht, F.; Badalzadeh, R.; Khabbaz, A.; Mahmoudi, J.; Sadigh-Eteghad, S. Nicotinamide Mononucleotide
and Melatonin Alleviate Aging-induced Cognitive Impairment via Modulation of Mitochondrial Function and Apoptosis in the
Prefrontal Cortex and Hippocampus. Neuroscience 2019, 423, 29–37. [CrossRef]

114. Clarke, J.D.; Hsu, A.; Williams, D.E.; Dashwood, R.H.; Stevens, J.F.; Yamamoto, M.; Ho, E. Metabolism and tissue distribution of
sulforaphane in Nrf2 knockout and wild-type mice. Pharm. Res. 2011, 28, 3171–3179. [CrossRef] [PubMed]

115. Hou, T.T.; Yang, H.Y.; Wang, W.; Wu, Q.Q.; Tian, Y.R.; Jia, J.P. Sulforaphane Inhibits the Generation of Amyloid-β Oligomer and
Promotes Spatial Learning and Memory in Alzheimer’s Disease (PS1V97L) Transgenic Mice. J. Alzheimers Dis. 2018, 62, 1803–1813.
[CrossRef] [PubMed]

116. Wang, W.; Wei, C.; Quan, M.; Li, T.; Jia, J. Sulforaphane Reverses the Amyloid-β Oligomers Induced Depressive-Like Behavior. J.
Alzheimers Dis. 2020, 78, 127–137. [CrossRef]

117. Zhang, R.; Miao, Q.W.; Zhu, C.X.; Zhao, Y.; Liu, L.; Yang, J.; An, L. Sulforaphane ameliorates neurobehavioral deficits and protects
the brain from amyloid β deposits and peroxidation in mice with Alzheimer-like lesions. Am. J. Alzheimers Dis. Other Demen 2015,
30, 183–191. [CrossRef]

118. Li, B.; Cui, W.; Liu, J.; Li, R.; Liu, Q.; Xie, X.H.; Ge, X.L.; Zhang, J.; Song, X.J.; Wang, Y.; et al. Sulforaphane ameliorates the
development of experimental autoimmune encephalomyelitis by antagonizing oxidative stress and Th17-related inflammation in
mice. Exp. Neurol. 2013, 250, 239–249. [CrossRef]

119. Farr, S.A.; Poon, H.F.; Dogrukol-Ak, D.; Drake, J.; Banks, W.A.; Eyerman, E.; Butterfield, D.A.; Morley, J.E. The antioxidants
alpha-lipoic acid and N-acetylcysteine reverse memory impairment and brain oxidative stress in aged SAMP8 mice. J. Neurochem.
2003, 84, 1173–1183. [CrossRef]

120. Neuwelt, E.A.; Pagel, M.A.; Hasler, B.P.; Deloughery, T.G.; Muldoon, L.L. Therapeutic efficacy of aortic administration of
N-acetylcysteine as a chemoprotectant against bone marrow toxicity after intracarotid administration of alkylators, with or
without glutathione depletion in a rat model. Cancer Res. 2001, 61, 7868–7874. [PubMed]

121. Holdiness, M.R. Clinical pharmacokinetics of N-acetylcysteine. Clin. Pharmacokinet. 1991, 20, 123–134. [CrossRef] [PubMed]
122. Olsson, B.; Johansson, M.; Gabrielsson, J.; Bolme, P. Pharmacokinetics and bioavailability of reduced and oxidized N-acetylcysteine.

Eur. J. Clin. Pharmacol. 1988, 34, 77–82. [CrossRef] [PubMed]
123. Otte, D.-M.; Sommersberg, B.; Kudin, A.; Guerrero, C.; Albayram, Ö.; Filiou, M.D.; Frisch, P.; Yilmaz, Ö.; Drews, E.; Turck, C.W.;

et al. N-acetyl Cysteine Treatment Rescues Cognitive Deficits Induced by Mitochondrial Dysfunction in G72/G30 Transgenic
Mice. Neuropsychopharmacology 2011, 36, 2233–2243. [CrossRef] [PubMed]

124. Joy, T.; Rao, M.S.; Madhyastha, S. N-Acetyl Cysteine Supplement Minimize Tau Expression and Neuronal Loss in Animal Model
of Alzheimer’s Disease. Brain Sci. 2018, 8, 185. [CrossRef] [PubMed]

125. Viola, K.L.; Klein, W.L. Amyloid β oligomers in Alzheimer’s disease pathogenesis, treatment, and diagnosis. Acta Neuropathol.
2015, 129, 183–206. [CrossRef]

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

127. Bhatti, J.; Nascimento, B.; Akhtar, U.; Rhind, S.G.; Tien, H.; Nathens, A.; da Luz, L.T. Systematic Review of Human and Animal
Studies Examining the Efficacy and Safety of N-Acetylcysteine (NAC) and N-Acetylcysteine Amide (NACA) in Traumatic Brain

http://doi.org/10.1016/j.neurobiolaging.2012.12.010
http://www.ncbi.nlm.nih.gov/pubmed/23402899
http://doi.org/10.1016/j.brainres.2005.01.023
http://doi.org/10.1177/1759091420981204
http://doi.org/10.1016/j.chemosphere.2015.10.102
http://doi.org/10.3390/genes12060913
http://doi.org/10.1111/j.1600-079X.2011.00937.x
http://doi.org/10.3390/ijerph13030258
http://www.ncbi.nlm.nih.gov/pubmed/26938543
http://doi.org/10.1080/19396360802422402
http://doi.org/10.1016/j.neuroscience.2019.09.037
http://doi.org/10.1007/s11095-011-0500-z
http://www.ncbi.nlm.nih.gov/pubmed/21681606
http://doi.org/10.3233/JAD-171110
http://www.ncbi.nlm.nih.gov/pubmed/29614663
http://doi.org/10.3233/JAD-200397
http://doi.org/10.1177/1533317514542645
http://doi.org/10.1016/j.expneurol.2013.10.002
http://doi.org/10.1046/j.1471-4159.2003.01580.x
http://www.ncbi.nlm.nih.gov/pubmed/11691805
http://doi.org/10.2165/00003088-199120020-00004
http://www.ncbi.nlm.nih.gov/pubmed/2029805
http://doi.org/10.1007/BF01061422
http://www.ncbi.nlm.nih.gov/pubmed/3360052
http://doi.org/10.1038/npp.2011.109
http://www.ncbi.nlm.nih.gov/pubmed/21716263
http://doi.org/10.3390/brainsci8100185
http://www.ncbi.nlm.nih.gov/pubmed/30314380
http://doi.org/10.1007/s00401-015-1386-3
http://doi.org/10.3389/fnagi.2018.00399


Int. J. Mol. Sci. 2021, 22, 10707 25 of 27

Injury: Impact on Neurofunctional Outcome and Biomarkers of Oxidative Stress and Inflammation. Front. Neurol. 2018, 8, 744.
[CrossRef]

128. Li, M.; Shi, A.; Pang, H.; Xue, W.; Li, Y.; Cao, G.; Yan, B.; Dong, F.; Li, K.; Xiao, W.; et al. Safety, tolerability, and pharmacokinetics
of a single ascending dose of baicalein chewable tablets in healthy subjects. J. Ethnopharmacol. 2014, 156, 210–215. [CrossRef]

129. Pang, H.; Xue, W.; Shi, A.; Li, M.; Li, Y.; Cao, G.; Yan, B.; Dong, F.; Xiao, W.; He, G.; et al. Multiple-Ascending-Dose Pharmacoki-
netics and Safety Evaluation of Baicalein Chewable Tablets in Healthy Chinese Volunteers. Clin. Drug Investig. 2016, 36, 713–724.
[CrossRef]

130. Hang, Y.; Qin, X.; Ren, T.; Cao, J. Baicalin reduces blood lipids and inflammation in patients with coronary artery disease and
rheumatoid arthritis: A randomized, double-blind, placebo-controlled trial. Lipids Health Dis. 2018, 17, 146. [CrossRef]

131. Ossola, B.; Kääriäinen, T.M.; Männistö, P.T. The multiple faces of quercetin in neuroprotection. Expert Opin. Drug Saf. 2009, 8,
397–409. [CrossRef] [PubMed]

132. Olson, C.A.; Thornton, J.A.; Adam, G.E.; Lieberman, H.R. Effects of 2 adenosine antagonists, quercetin and caffeine, on vigilance
and mood. J. Clin. Psychopharmacol. 2010, 30, 573–578. [CrossRef]

133. Broman-Fulks, J.J.; Canu, W.H.; Trout, K.L.; Nieman, D.C. The effects of quercetin supplementation on cognitive functioning in a
community sample: A randomized, placebo-controlled trial. Ther. Adv. Psychopharmacol. 2012, 2, 131–138. [CrossRef] [PubMed]

134. Bondonno, N.P.; Bondonno, C.P.; Ward, N.C.; Woodman, R.J.; Hodgson, J.M.; Croft, K.D. Enzymatically modified isoquercitrin
improves endothelial function in volunteers at risk of cardiovascular disease. Br. J. Nutr. 2020, 123, 182–189. [CrossRef]

135. Scholey, A.; Downey, L.A.; Ciorciari, J.; Pipingas, A.; Nolidin, K.; Finn, M.; Wines, M.; Catchlove, S.; Terrens, A.; Barlow, E.; et al.
Acute neurocognitive effects of epigallocatechin gallate (EGCG). Appetite 2012, 58, 767–770. [CrossRef]

136. Wightman, E.L.; Haskell, C.F.; Forster, J.S.; Veasey, R.C.; Kennedy, D.O. Epigallocatechin gallate, cerebral blood flow parameters,
cognitive performance and mood in healthy humans: A double-blind, placebo-controlled, crossover investigation. Hum.
Psychopharmacol. 2012, 27, 177–186. [CrossRef]

137. Lovera, J.; Ramos, A.; Devier, D.; Garrison, V.; Kovner, B.; Reza, T.; Koop, D.; Rooney, W.; Foundas, A.; Bourdette, D. Polyphenon
E, non-futile at neuroprotection in multiple sclerosis but unpredictably hepatotoxic: Phase I single group and phase II randomized
placebo-controlled studies. J. Neurol. Sci. 2015, 358, 46–52. [CrossRef]

138. Levin, J.; Maaß, S.; Schuberth, M.; Giese, A.; Oertel, W.H.; Poewe, W.; Trenkwalder, C.; Wenning, G.K.; Mansmann, U.; Südmeyer,
M.; et al. Safety and efficacy of epigallocatechin gallate in multiple system atrophy (PROMESA): A randomised, double-blind,
placebo-controlled trial. Lancet Neurol. 2019, 18, 724–735. [CrossRef]

139. Younes, M.; Aggett, P.; Aguilar, F.; Crebelli, R.; Dusemund, B.; Filipič, M.; Frutos, M.J.; Galtier, P.; Gott, D.; Gundert-Remy, U.;
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