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Abstract: Alzheimer’s disease (AD) is a complex multifactorial neurodegenerative disease. With the
escalating aging of the global population, the societal burden of this disease is increasing. Although
drugs are available for the treatment of AD, their efficacy is limited and there remains no effective
cure. Therefore, the identification of safe and effective prevention and treatment strategies is urgently
needed. Functional factors in foods encompass a variety of natural and safe bioactive substances that
show potential in the prevention and treatment of AD. However, current research focused on the
use of these functional factors for the prevention and treatment of AD is in its initial stages, and a
complete theoretical and application system remains to be determined. An increasing number of
recent studies have found that functional factors such as polyphenols, polysaccharides, unsaturated
fatty acids, melatonin, and caffeine have positive effects in delaying the progression of AD and
improving cognitive function. For example, polyphenols exhibit antioxidant, anti-inflammatory, and
neuroprotective effects, and polysaccharides promote neuronal growth and inhibit inflammation
and oxidative stress. Additionally, unsaturated fatty acids inhibit Aβ production and Tau protein
phosphorylation and reduce neuroinflammation, and melatonin has been shown to protect nerve cells
and improve cognitive function by regulating mitochondrial homeostasis and autophagy. Caffeine
has also been shown to inhibit inflammation and reduce neuronal damage. Future research should
further explore the mechanisms of action of these functional factors and develop relevant functional
foods or nutritional supplements to provide new strategies and support for the prevention and
treatment of AD.

Keywords: Alzheimer’s disease; food functional factors; polyphenols; polysaccharides; unsaturated
fatty acids

1. Introduction

Alzheimer’s disease is a complex multifactorial disease and the most common neu-
rodegenerative disease worldwide [1]. Although a large number of studies have been
conducted in the past few decades, the pathogenesis of AD has not yet been fully eluci-
dated [2]. At present, the treatment of Alzheimer’s disease mainly focuses on symptom
management, which has limited efficacy and cannot reverse the disease process. Therefore,
the identification of safe and effective prevention and treatment methods is a widespread
focus of current research. Functional factors in foods include polyphenols, polysaccharides,
unsaturated fatty acids, melatonin, and caffeine. Because these are relatively safe bioactive
substances, they have great potential in the regulation of human physiological functions
and promotion of human health. An increasing number of recent studies have shown that
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food functional factors exert multiple biological activities, such as regulating the inflam-
matory response, anti-oxidation, and inhibiting neurotoxicity. They have also been shown
to exhibit strong activity against Alzheimer’s disease [3]. However, the current research
on food functional factors in the prevention and treatment of Alzheimer’s disease is still
in its early stages. Therefore, a complete theoretical understanding of their effects and the
best system for their application in Alzheimer’s disease remains to be determined. This
article summarizes current progress in research focused on food functional factors in the
prevention and treatment of Alzheimer’s disease. We also provide theoretical information
and data supporting their application in Alzheimer’s disease intervention.

2. Research Background and Significance of Food Functional Factors in
Alzheimer’s Disease
2.1. Alzheimer’s Disease

Alzheimer’s disease (AD) is the main type of dementia and generally develops in older
individuals [4]. Its main symptom is persistent high-level neurological dysfunction that
affects aspects such as memory, thinking, analysis and judgment, visuospatial recognition,
emotion, personality, and general behavior [5]. The pathological characteristics of AD
include cerebral cortical atrophy, β-amyloid deposition, neurofibrillary tangles caused by
the hyperphosphorylation of Tau proteins, as well as a substantial reduction in the number
of memory neurons and the formation of senile plaques [6]. Although a variety of drugs
are currently used for the treatment of AD, their efficacy is not ideal.

As the disease progresses, AD patients may gradually lose their ability to perform
daily activities, placing a heavy burden on families and society [7]. Studies have confirmed
that the prevalence of AD increases with age, in particular in people over 65 years of
age (Figure 1) [8,9]. The risk of developing the disease doubles for every 6.1 years of age
increase [10]. In addition, the global economic losses caused by AD reach hundreds of
billions of dollars every year. As the global population ages, this number is expected to
continue to rise in the coming decades. Therefore, as AD becomes a major problem plaguing
global economic and social development, research on its pathogenesis and treatment
strategies has increasingly received widespread attention from the academic community.
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2.2. Food Functional Factors

Food functional factors are natural chemical components present in food that exert
specific physiological activities and can produce beneficial regulatory effects on human
health [11]. Recently, an increasing number of studies have shown that food functional
factors can effectively interfere with the occurrence and development of AD. When used as
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nutritional supplements or raw materials for functional foods, they have been shown to
significantly improve cognitive ability, behavioral performance, and quality of life in AD
patients, playing an important role in preventing and alleviating AD [12]. In addition, food
functional factors also have the advantages of safety, economy, and widespread availability.
Therefore, they have received widespread attention from the academic community.

Studies have found that polyphenols, polysaccharides, unsaturated fatty acids, mela-
tonin, and caffeine have strong antioxidant, anti-inflammatory, and anticoagulant ac-
tivities [13]. For example, tea polyphenols, soy isoflavones, resveratrol, and seaweed
polysaccharides are widely reported as food functional factors that can intervene in AD
(Table 1). Through the study of food functional factors, we can gain a deeper understanding
of the pathogenesis and prevention of AD as well as determine a theoretical basis for the
development of new therapeutic drugs and intervention measures. Conducting relevant
research on the use of food functional factors in AD allows for the exploration of new
AD prevention and treatment strategies. This research also promotes the development of
the functional food industry, increases public health awareness, and further improves the
health of the elderly. Therefore, research on the use of food functional factors in AD holds
important theoretical and practical significance.

Table 1. Intervention using Functional Factors in AD.

Food Functional
Factors Food Sources Mechanism of Action Molecular Pathway References

Tea polyphenols Green tea, black tea,
oolong tea

Antioxidant,
anti-inflammatory,
neuroprotective, regulate
neurotransmitter levels, and
inhibit the formation of
amyloid peptide

Endoplasmic reticulum
(ER) stress pathway
TLR4/NF-κB signaling
pathway

[14,15]

Soy Isoflavones Soybean and its
products

Anti-inflammatory effects,
reduce oxidative stress

CaM-CaMKIV
signaling pathway [16]

Curcumin Turmeric Rhizome

Anti-inflammatory,
antioxidant, enhance synaptic
plasticity, improve memory
function, and increase
autophagy

NLRP3 inflammasome
signaling pathway [17]

Ginkgo biloba extract Ginkgo leaf
Antioxidant, neuroprotective,
and cognitive
improvement effects

Bcl-2/Bax/Caspase-3
signaling pathway [18]

Resveratrol Red wine, grapes and
peanuts

Activate longevity proteins
involved in neuroprotection,
antioxidant effects, inhibit
inflammatory response, reduce
Aβ aggregation and improve
mitochondrial function

SIRT1/AMPK
signaling pathway [19,20]

Seaweed
polysaccharide Kelp, laver, agar

Neuroprotective effects,
immunomodulatory effects,
reduce oxidative stress

BDNF-TrkB-ERK
signaling pathway [21]

Lycium barbarum
polysaccharide Wolfberry

Anti-inflammatory,
antioxidant, and
neuroprotective

Aβ peptide production
pathway [22]

Ganoderma lucidum
polysaccharide Ganoderma Nerve protection, immune

regulation, anti-aging
FGFR/ERK signaling
pathway [23]
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Table 1. Cont.

Food Functional
Factors Food Sources Mechanism of Action Molecular Pathway References

Omega-3
polyunsaturated
fatty acids

Olive oil, camellia oil,
nuts

Regulate lipid metabolism,
relieve inflammation and
oxidative stress, and reduce
Aβ deposition

Aβ peptide production
pathway
TLR4/NF-κB signaling
pathway

[24,25]

Melatonin Walnuts, cherries, oats

Regulate neuroinflammation,
regulate sleep, anti-oxidative
stress, improve mitochondrial
function

BDNF/CREB signaling
pathway
AMPK signaling
pathway

[26–28]

Caffeine Coffee, cocoa beans, tea
leaves

Antagonize adenosine
receptors, reduce
inflammation, resist oxidation,
enhance autophagy, protect
neurons

p38 MAPK signaling
pathway
Nrf2 signaling pathway

[29–32]

3. Research Status of Food Functional Factors in Alzheimer’s Disease
3.1. Polyphenols

Polyphenols are a class of natural organic compounds widely distributed in the plant
kingdom that carry more than two phenolic hydroxyl groups on their benzene ring struc-
tures. These compounds are mainly concentrated in fruits, vegetables, tea, wine, and choco-
late, and include catechins, flavonoids, and phenolic acids [33]. Polyphenol compounds
exert antioxidant, anti-inflammatory, neuroprotective, and amyloid protein deposition-
regulating effects, and therefore may have significant inhibitory effects in AD [33].

The catechin polyphenol compound Epigallocatechin gallate (EGCG) is one of the main
components of tea polyphenols. Its biological activity in intervening in AD has attracted
widespread attention [34]. For example, EGCG has been shown to inhibit Aβ-induced SH-
SY5Y neuronal cell damage, enhance cell activity, and reduce apoptosis in a dose-dependent
manner [35]. In a subsequent mechanistic study, it was found that this effect played a role
in the down-regulation of GRP78, CHOP, and cleaved-caspase-12 and -3. Additionally,
EGCG reduced the cytotoxicity caused by tunicamycin (TM) and thapsigargin (TG), both
of which are ER stress activators. The senescence-accelerated mouse prone-8 (SAMP-
8) mouse is an accelerated aging model that was commonly used to study Alzheimer’s
disease. In the SAMP-8 mouse model, the level of malondialdehyde (MDA) in mouse
brain hippocampal tissue decreased to a level similar to that in normal mice following
EGCG intake [36]. This suggests that EGCG may protect neurons in the hippocampus
by reducing lipid peroxidation and thus reducing oxidative stress. In addition, EGCG
intervention in APP/PS1 transgenic rats, a commonly used model for studying Alzheimer’s
disease, further showed that the expression levels of TLR4 and NF-κB were reduced after
EGCG treatment, indicating that EGCG reduced the inflammatory response and decreased
neurotoxicity [37].

Soybean isoflavones (SIFs) are secondary metabolites formed during the growth of
cereals, beans, and other plants. SIFs exhibit antioxidant and anti-inflammatory effects
and also inhibit aggregation of the Aβ amyloid peptide [38]. Studies have shown that
intake of SIFs significantly promoted nerve cell proliferation in the hippocampus and
increased dendrite length in AD model mice, suggesting SIFs may have a positive effect on
neurodegenerative diseases [39]. The CaM-CaMKIV signaling pathway plays an important
role in cell signal transduction. Cai Biao et al. found that SIFs down-regulated the CaM-
CaMKIV signaling pathway and the expression of multiple downstream proteins to inhibit
the production of Aβ, thereby exerting a protective effect on PC12 cells [40]. In addition,
SIFs also reduced the level of Aβ production by reducing the synthesis of amyloid precursor
protein (APP) and directly regulating the expression of α, β, and γ secretases [39]. Moreover,
SIFs have the ability to directly destroy the hydrogen bonds and hydrophobic bonds of
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Aβ in amyloid peptides and can also chelate metal ions to effectively inhibit the formation
of toxic Aβ oligomers [41]. These effects can reduce the accumulation of Aβ in the brain,
thereby reducing the risk of AD.

Curcumin is a natural polyphenol compound extracted from the rhizome of turmeric.
It is abundant in curry. It has shown great potential in the prevention and treatment of AD
due to its biological activities, such as enhancing synaptic plasticity, improving memory
function, and increasing autophagy [42]. Researchers used 4-week-old C57BL/6 mice,
divided them into groups, and orally administered low-dose curcumin (0.4 mg/kg) daily
to observe changes in behavioral and brain physiological indicators [43]. The results
showed that low-dose curcumin enhanced synaptic plasticity, promoted neurogenesis in
the hippocampus by increasing neuronal proliferation and differentiation, and improved
memory function [43]. Sorrenti et al. [17] studied the effect of curcumin pretreatment
on acute neuroinflammation in mice induced by lipopolysaccharide (LPS). After two
consecutive days of oral pretreatment with 50 mg/kg curcumin, high-dose LPS was injected
intraperitoneally. The results showed that a single high-dose intraperitoneal injection
of LPS increased the number of activated microglia in the cerebral cortex of mice and
increased the mRNA expression of pro-inflammatory mediators such as TNF-α, IL-1β,
NLRP3 inflammasome, IL-6, and COX-2, while early intervention with curcumin attenuated
the acute inflammatory response induced by LPS.

Several studies have demonstrated that standardized Ginkgo biloba extract (EGb761)
has antioxidant, neuroprotective, and cognitive improvement effects. Its components
include 24% flavonoid glycosides and 6% terpene lactones. The former is a polyphenolic
compound [44]. One study selected volunteers aged 50 to 65 years old with a certain degree
of subjective memory impairment and average or slightly below average cognitive function.
The volunteers were randomly divided into an EGb761 group (240 mg EGb761 per day)
and a placebo group (placebo with the same appearance) for 56 ± 4 days. Cognitive
function was assessed using a task switching paradigm and a Go-NoGo task [45]. The
results showed that after treatment with EGb761, cognitive flexibility in the task switching
paradigm was improved, and there was also an improvement trend in controlling the
trade-off between reaction speed and accuracy in the Go-NoGo task [45]. In addition,
oxidative stress often leads to mitochondrial dysfunction. EGb761 can inhibit the release of
mitochondrial cytochrome c, up-regulate the expression of the anti-apoptotic protein Bcl-2,
down-regulate the expression of the pro-apoptotic protein Bax, and reduce the activity
of caspase-9 and caspase-3. This reduces oxidative stress-induced apoptosis and protects
neurons from damage [18].

One study used near-infrared brain imaging technology (functional Near-Infrared
Spectroscopy, fNIRS) to explore the effect of polyphenols on AD [46]. This technology uses
the difference in the absorption rate of near-infrared light of different wavelengths under
different oxygen-carrying conditions of hemoglobin to reflect the functional state of the
cerebral cortex. One study including 36 subjects performed neuropsychological scales and
task-based functional near-infrared tests at baseline and follow-up [46]. The results showed
that polyphenol intervention improved the cognitive function and brain blood oxygen
levels of AD patients [46]. Other studies have shown that polyphenols can also improve the
cognitive ability and quality of life of AD patients by regulating estrogen levels, protecting
neurons, and inhibiting the inflammatory response [47,48]. In addition, polyphenols have
also been shown to increase antioxidant enzyme activity, enhance the antioxidant capacity
of PC12 neuronal cells, relieve Ca2+ overload, and reduce glutamate-induced PC12 neuronal
cell damage [49].

3.2. Polysaccharides

Polysaccharides, which have been shown to exert multiple biological activities, are
carbohydrates composed of more than 10 monosaccharides [50]. Recently, polysaccharides
have attracted widespread attention in the biomedical field due to their potential to improve
cognitive function. Their mechanism of action involves promoting neuronal growth,
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inhibiting inflammation and oxidative stress, and increasing cerebral blood flow in the
SAMP-8 mouse model [50]. These mechanisms make polysaccharides a potential functional
factor that can effectively prevent and alleviate cognitive dysfunction.

Lycium barbarum polysaccharide 1 (LBP1), a polysaccharide extracted from wolfberry,
has been shown to exhibit anti-inflammatory, antioxidant, and neuroprotective effects [22].
Researchers constructed an AD animal model using APP/PS1 transgenic mice and tested
cognitive function using the Morris Water Maze (MWM) test, which evaluates spatial
learning and memory, and then further explored its mechanism of influence on cognitive
function [22]. The results showed that LBP1 reduced Aβ levels and amyloid plaque
accumulation, promoted neurogenesis and neural progenitor cell (NPC) proliferation and
restored hippocampal synaptic plasticity in APP/PS1 mice. This resulted in improved
cognitive function [22].

Ganoderma lucidum Polysaccharide (GLP) is a secondary metabolite produced by the
mycelium of the genus Ganoderma fungus of the family Polyporaceae and is distributed in
the mycelium and fruiting bodies [51]. GLP has been shown to exhibit multiple biological
activities such as neuroprotection, immunomodulation, and anti-aging, which may aid in
the prevention and delay the occurrence and development of AD [23]. NPCs can differenti-
ate into various types of neurons and play an important role in maintaining and repairing
nervous system function [52]. Studies have found that oral intake of GLP can stimulate
NPC proliferation, thereby promoting the generation of new neurons and alleviating cogni-
tive deficits in transgenic AD mice [52]. Further studies have shown that GLP can enhance
the activation of fibroblast growth factor receptor 1 (FGFR1) and its downstream signal-
ing pathways, including extracellular signal-regulated kinase (ERK) and protein kinase B
(Akt) [52]. When FGFR1 is inhibited, GLP-induced NPC proliferation and activation of
downstream signaling pathways are also effectively blocked [52]. Therefore, GLP may act
as a regeneration-promoting factor, enhance FGFR signaling, and promote neurogenesis
in the absence of growth factors, thus alleviating the cognitive decline associated with
neurodegenerative diseases [52].

3.3. Unsaturated Fatty Acids

Fish oil is a rich source of omega-3 polyunsaturated fatty acids including α-linolenic
acid (ALA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA). These fatty
acids have been shown to exhibit biological activities such as anti-inflammatory effects and
lowering blood lipids [53].

β-Secretase and γ-Secretase are two enzymes in the Aβ peptide production pathway
that are involved in the metabolic process of APP [54]. Studies have shown that, after
treatment with EPA and DHA, the content and activity of β-Secretase and γ-Secretase in
cell culture supernatant and the serum of aged mouse models decreased, inhibiting the
production of Aβ [55]. Tau protein is a key protein in the pathogenesis of AD. Tau protein
molecules in the brains of healthy people usually contain two to three phosphate groups,
while Tau protein molecules in AD patients often contain five or more [56]. Hyperphospho-
rylation can cause changes in the structure and function of Tau proteins, thereby affecting
the normal function of neurons, ultimately causing neuronal death and cognitive dysfunc-
tion [57]. Studies have shown that DHA can reverse Tau protein hyperphosphorylation
by inhibiting the increase in JNK activity, thereby protecting the recognition and cognitive
abilities of mice and potentially providing a new strategy for the prevention and treatment
of AD [58]. Similarly to DHA, EPA also inhibits the hyperphosphorylation of Tau proteins.
EPA promotes the activation of the Akt signaling pathway in neurons, thereby inhibiting
the activity of the GSK-3β enzyme and reducing the phosphorylation of Tau proteins [59].

Omega-3 polyunsaturated fatty acids have also been shown to inhibit the inflammatory
response [24]. Neuroinflammation is one of the multiple factors leading to the occurrence
of AD [60]. Microglia and astrocytes are the main inflammation-related cells in the central
nervous system (CNS) [24]. Studies at the cellular level found that supplementation with



Nutrients 2024, 16, 3998 7 of 16

EPA and DHA significantly improved neuroinflammation in AD patients and reduced
levels of inflammatory biomarkers and pro-inflammatory cytokines [61].

Among the apolipoprotein E (ApoE) alleles, the ApoE4 gene is highly correlated
with late-onset AD. Individuals carrying this gene have a 3 to 15 times higher risk of
developing AD than those without the gene [62]. Xie Tianzhi used ApoE4 transgenic mice
to establish an AD animal model and explored the effects of omega-3 polyunsaturated
fatty acids on lipid metabolism disorders and cognitive dysfunction following long-term
feeding of a high-fat diet [25]. The results showed that omega-3 polyunsaturated fatty
acids alleviated brain lipid metabolism disorders and suppressed the gene expression
of APP and Bace1 in the brains of ApoE4 transgenic mice. This resulted in reduced Aβ

deposition. In addition, the findings revealed that omega-3 polyunsaturated fatty acids
not only significantly reduced the oxidative damage in ApoE4 transgenic mice, but also
inhibited activation of the TLR4/NF-κB signaling pathway, leading to decreased expression
of downstream pro-inflammatory cytokines such as TNF-α, IL-1β and IL-6. This resulted
in mitigation of neuroinflammation and improved cognitive dysfunction [25].

3.4. Melatonin

Melatonin (MLT) is a hormone that is synthesized by the pineal gland and regulates
sleep [63]. In addition to acting on biological rhythms, it also has multiple biological
activities such as scavenging free radicals, anti-oxidation, anti-inflammation, regulating
neurotransmitters, and immunosuppression [26]. The research on MLT in AD is a key
issue in current academic circles. The literature has shown that AD patients experience
obvious circadian rhythm disorders, which is associated with the secretion of MLT [64]. An
increasing number of studies have shown that reduced sleep increases the production of
Aβ, leading to cognitive decline [27]. The above studies revealed that MLT not only exerts
important maintenance and regulatory functions under normal physiological conditions,
but also has the potential to delay the occurrence and development of AD [65].

Death-associated protein kinase 1 (DAPK1) can affect the pathological process of
AD by regulating Aβ and neuronal autophagy [66]. Studies have shown that in AD pa-
tients, DAPK1 expression levels increased significantly while MLT levels decreased [66].
Further research found that the combination of MLT and DAPK1 inhibitors can synergisti-
cally reduce the accumulation and phosphorylation of Tau proteins and promote neurite
outgrowth and microtubule structure assembly in C57BL/6 mouse embryonic cortical
neurons [67]. The above research results confirm the key role of MLT in regulating Tau
protein phosphorylation, providing a potential new method of AD intervention.

Brain-derived neurotrophic factor (BDNF) plays a crucial role in synaptic plastic-
ity, learning, memory, and neurogenesis [68]. BDNF signaling can stimulate long-term
potentiation of hippocampal synapses, thereby improving spatial memory [69]. Studies
have shown that BDNF expression is decreased in AD patients, especially in brain regions
that are closely related to learning and memory, such as the hippocampus [70]. Acetyl-
choline is an important neurotransmitter that is essential to cognitive function and memory.
Donepezil (DON) is an acetylcholinesterase inhibitor. By inhibiting the action of acetyl-
cholinesterase, DON can improve AD symptoms by increasing acetylcholine levels in the
brain [69]. Studies have found that the combination of MLT and DON can synergistically
increase the expression of the BDNF gene and reverse the decreased BDNF protein levels
in the hippocampus of AD mouse models [70]. cAMP response element binding protein
(CREB) is a nuclear transcription factor that plays a key role in the transcription of BDNF.
Reduction in CREB phosphorylation leads to the down-regulation of BDNF levels, which
in turn affects memory [63]. In addition, CREB is also involved in intracellular signal
transduction and regulates the circadian rhythm of long-term memory effectors in the hip-
pocampus [71]. Studies have shown that MLT can improve spatial memory in AD animal
models by regulating expression of the BDNF and CREB1 genes in the hippocampus of AD
mice [70]. Therefore, MLT has great potential to alleviate AD memory impairment.
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Mitochondria are not only important sites for energy production, but they also bear the
important tasks of sensing cell stress stimuli and determining cell fate. They are important
organelles for maintaining the normal structure and physiological function of neurons [72].
Mitochondrial homeostasis is crucial for reducing cellular damage due to oxidative stress.
Mitochondrial homeostasis imbalance is involved in the pathophysiological processes
of a variety of central nervous system diseases including neurodegenerative diseases,
brain trauma, brain tumors, and stroke [73]. In terms of mitochondrial biogenesis, studies
have shown that MLT can stimulate the generation of mitochondria [28]. Zhang Bin et al.
found that MLT increased mitochondrial biogenesis in C57BL/6J mouse embryonic cortical
neurons following H2O2-induced damage, increased mitochondrial membrane potential,
increased the expression of mitochondrial fission protein Drp1, and reduced the expression
of mitochondrial fusion protein Mfn2 [28]. In this way, MLT promoted mitochondrial
biogenesis and played a role in maintaining neuronal mitochondrial homeostasis following
H2O2-induced damage [28]. We found that melatonin modulated mitochondrial homeosta-
sis by phosphorylating AMPK in C57BL/6J mouse embryonic cortical neurons following
H2O2-induced damage. When neurons were pretreated with the AMPK inhibitor WZ4003,
the effect of melatonin on regulating mitochondrial homeostasis was notably weakened.
Thus, it is plausible to speculate that, following neuronal H2O2 injury, the AMPK signaling
pathway played a crucial role in melatonin- induced maintenance of mitochondrial home-
ostasis in neurons [28]. In addition, by increasing the number and quality of mitochondria,
MLT helped maintain energy balance in the cell, supported the normal function of neurons,
and reversed mitochondrial dysfunction [74,75]. Mitochondrial autophagy is responsible
for clearing damaged mitochondria and preventing the release of apoptotic factors and
ROS [76]. MLT promotes the fusion of mitochondrial autophagosomes and lysosomes to
restore mitochondrial autophagy, aiding in the clearing of dysfunctional mitochondria,
reducing oxidative stress, and enhancing mitochondrial energy metabolism and antioxidant
capacity. Through this mechanism, MLT thereby protects neurons from damage, reduces
Aβ pathological deposition, and improves cognitive function [77].

3.5. Caffeine

Caffeine is a central nervous system stimulant extracted from coffee and tea. It is
a xanthine alkaloid compound with potential neuroprotective effects [78]. Caffeine can
play a positive role in the intervention of cognitive decline in people with early signs of
AD (mild cognitive impairment, MCI), especially in terms of executive function, planning,
self-control, and attention [79].

Caffeine has been shown to inhibit the inflammatory response and reduce neuronal
damage. Caffeine intake has been shown to inhibit the production of inflammatory-
related cytokines in male C57BL/6J mice such as interleukin-1β [29]. Caffeine exerts
anti-inflammatory effects by regulating the expression of inflammation-related genes and
affecting cell signal transduction [29]. ICAM-1 is a cell adhesion molecule closely involved
in the inflammatory response, and its expression is increased in many inflammatory dis-
eases [80]. Through the use of specific inhibitors and siRNA knockout experiments, it
was further found that caffeine inhibits the activation of the p38 MAPK signaling path-
way, thereby inhibiting the expression of ICAM-1 [81]. One study explored the molecular
mechanisms by which caffeine alleviates neuroinflammation through the p38 MAPK/MK2
signaling axis. The experiments used qPCR and siRNA knockout technology to confirm
that caffeine reduced neuronal damage and synaptic dysregulation by inhibiting p38
MAPK [82]. Taken together, these studies reveal that caffeine may be used as a poten-
tial anti-inflammatory substance with great potential for alleviating inflammation-related
neurodegenerative diseases.

Caffeine has also been shown to increase the expression of antioxidant enzymes such
as superoxide dismutase (SOD) and catalase (CAT), which aid in the removal of free radicals
and reduce oxidative stress-induced damage to neurons [30]. Studies have shown that
caffeine can promote the expression of antioxidant enzymes by activating the Nrf2 pathway,
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thereby enhancing cellular defense mechanisms against free radical damage [83]. Nrf2 is a
key transcription factor in the regulation of cellular defense mechanisms against free radical
damage [31]. In addition to Nrf2, adenosine receptors (ADORs) play an important role
in resisting oxidative stress and neuroinflammation [31]. Currently, there are four known
ADORs: A1R, A2AR, A2BR, and A3R. Among these, A2AR is a key receptor for resisting
neuronal damage, ischemia, and hypoxia [31]. Interestingly, caffeine has been shown to
reduce oxidative stress by regulating the expression of A2AR in cell models [31]. Studies
have also shown that caffeine exerts an inhibitory effect on neuronal apoptosis through
A1R [84]. The above research results confirm that caffeine can have an antioxidant effect and
show that it can protect cells from oxidative stress-induced damage at the molecular level.

Caffeine can also inhibit neuronal apoptosis and protect neurons from damage through
a variety of other mechanisms [32]. Caffeine inhibits Ca2+ influx and increases the expres-
sion of Ca2+ pumps, thereby regulating Ca2+ balance and protecting neurons from damage
caused by Ca2+ overload, a key factor in neuronal apoptosis [85]. Furthermore, caffeine
can change the content of neurotransmitters, thereby affecting signal transduction and
apoptosis of neurons [86]. In addition, caffeine may also affect the structure and function
of neuronal cell membranes, further affecting neuronal survival and apoptosis [86].

3.6. Other Food Functional Factors

The molecular mechanisms of the above-mentioned food functional factors in AD
involve multiple aspects, as outlined in Figure 2. Other functional factors, such as active
peptides and active proteins, oligosaccharides, sugar alcohols, saponins, vitamins, and
minerals have also exhibited strong efficacy in preventing and intervening in AD. The
mechanisms of action of these functional factors include regulating the immune response,
scavenging free radicals, protecting neurons, and promoting nerve regeneration.
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Active peptides and proteins such as soy protein, whey protein, and glutathione have
been shown to have exert antioxidant and anti-inflammatory effects. By employing PC12
cells and the zebrafish model, previous studies have shown that these ingredients can
protect nerve cells from oxidative damage and inhibit the inflammatory response [87].
The biologically active ingredients in whey protein, such as lactoferrin and immunoglob-
ulins, have been shown to exhibit neuroprotective, antioxidant, anti-inflammatory, and
immunomodulatory effects in male Wistar rats [88]. Studies have shown that whey pro-
tein hydrolysate (WPH), which contains the pentapeptide leucine-aspartate-isoleucine-
glutamine-lysine (LDIQK), significantly reduced p-Tau levels (a key marker of tauopathy)
and Bcl2 associated X (BAX) (a pro-apoptosis factor). In addition, the protein levels of
BDNF and B-cell lymphoma 2 (Bcl2, an anti-apoptotic factor) were enhanced. Moreover,
WPH was found to activate the Nrf2/HO-1 signaling pathway, which is involved in the an-
tioxidant response. Therefore, the WPH containing LDIQK demonstrated neuroprotective
effects against H2O2-induced cell damage in mouse hippocampus-derived HT22 neuronal
cells. This suggests that WPH, or its active peptide, LDIQK, may serve as a potential edible
agent for improving cognitive dysfunction [89]. Glutathione is an important polypeptide
antioxidant that has been shown to effectively scavenge free radicals and other oxidants
in nerve cells, reducing oxidative stress-induced damage. Glutathione has also shown
anti-inflammatory and antioxidant effects by lowering serum IL-6, insulin, testosterone,
C-reactive protein (CRP), and MDA levels in female rats, thereby reducing the degree and
duration of the inflammatory response [90]. In addition, glutathione has also been shown
to have a positive effect in AD by promoting neuronal metabolism and energy production,
improving the repair and regeneration capacity of brain neurons [91,92].

Oligosaccharides and sugar alcohols have shown multiple biological activities such as
improving intestinal microecological balance, enhancing immunity, and anti-aging proper-
ties [93,94]. Oligosaccharides are carbohydrate chains composed of 2–10 sugar molecules;
examples include maltooligosaccharide, galactooligosaccharide, and oligofructose. [94].
Studies have shown that intestinal health is closely related to the risk of AD. Oligosaccha-
rides are broken down and utilized by beneficial bacteria, such as bifidobacteria, in the
intestines. They can also inhibit the reproduction of harmful bacteria and reduce intestinal
inflammation and bacterial translocation, thus potentially reducing the occurrence and
development of AD [95–97]. Sugar alcohols are used as low-calorie natural sweeteners
and mainly include compounds such as sorbitol, maltitol, and xylitol [98]. Interestingly,
studies have found that increased blood sugar levels in humans are accompanied by an
increased risk of AD [99,100]. Because sugar alcohols have a low GI value (Glycemic Index),
they do not induce increased blood sugar levels. They have also been shown to exhibit
anti-inflammatory and antioxidant effects. These properties may aid in protecting nerve
cells from damage [98,101].

Saponins are a class of glycosidic compounds naturally occurring in plants whose
aglycones can include triterpenes or spirosterane compounds. Saponins are mainly dis-
tributed in terrestrial higher plants and also exist in small amounts in marine organisms
such as starfish and sea cucumbers [102]. Many Chinese herbal medicines such as ginseng,
polygala, platycodon, licorice, rhizoma anemarrhenae, and bupleurum contain saponins
as the main active ingredient [102]. The saponin ginsenoside Rg1 is the main active in-
gredient in ginseng. In APP/PS1 transgenic mice, Rg1 exhibited anti-inflammatory and
antioxidant effects, and inhibited oxidative stress and apoptosis, thus having a neuro-
protective effect [103]. Rg1 has also been shown to reduce the production of ROS and
prevent LPS-induced neuronal apoptosis in sepsis-associated encephalopathy (SAE) mice
by up-regulating the expression levels of Nrf2 and HO-1 [104]. Rg1 also alleviated LPS-
induced neuronal damage by inhibiting the expression of NLRP1 inflammasome in HT22
mouse hippocampal neuronal cells [105]. Studies have also shown that Rg1 can alleviate
LPS-induced neuroinflammation in ICR mice, reduce learning and memory dysfunction,
and decrease neuronal damage through inhibition of NOX2-mediated ROS production and
increasing Ca2+ ion concentration [106].
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Finally, vitamins and minerals such as vitamin C, vitamin E, and magnesium have
been shown to exhibit antioxidant and neuroprotective functions. Studies have shown
that these ingredients can have a regulatory effect on the neurotransmitter system and are
important to the normal functioning of the immune system [107]. For example, vitamin C
is a highly active antioxidant that can scavenge free radicals and exert a protective effect
on nerve cells [108,109]. Vitamin C is also involved in the synthesis and metabolism of
neurotransmitters, suggesting it may play a role in improving cognitive function [110].

4. Conclusions and Limitations

Food functional factors are an emerging potential means of preventing and alleviating
the symptoms of AD. These factors have the advantages of safety, economy, and ease of
access. As discussed in this review, food functional factors have been shown to exhibit
numerous positive effects on AD in cell, animal, and human models through various
mechanisms such as anti-inflammation, anti-oxidation, regulation of lipid metabolism, and
promotion of nerve growth and repair. However, the current study has several limitations.
I: Current research on the use of food functional factors in AD is limited by a lack of unified
research methods and the current limited understanding of the mechanisms of action. In
addition, due to the complexity of the etiology and pathological mechanisms of AD, experi-
mental evidence on the effects of single food functional factors on AD remains inadequate.
Therefore, future study is required using improved research methods and more in-depth
clarification of the molecular mechanisms of food functional factors in AD. II: Existing
studies mostly focus on short-term interventions, and the long-term effects have not been
fully verified. There remains a gap between animal experiments and clinical studies. How
to effectively convert the experimental results of animal models into intervention methods
suitable for the human population is still a challenge. Future studies should focus on
this problem. III: The effects of a variety of food functional factors in AD intervention
are crucial. Different functional factors show multi-faceted intervention potential through
anti-oxidation, anti-inflammation, improving neuroprotection, regulating lipid metabolism,
and promoting neuroregeneration. Future studies should explore the synergistic effects
of these functional factors by studying the interactions between different factors and their
synergistic effects in multi-mechanism and multi-pathway interventions. This will lead to
more accurate and effective nutritional intervention strategies based on a combination of
multifunctional factors. At the same time, further clarifying the molecular mechanisms of
these food functional factors can provide a theoretical basis for the targeted application of
specific functional factors and provide new strategies for the prevention and treatment of
Alzheimer’s disease.
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51. Tüzün, F.; Sümer Tüzün, B.; Sibel Konyalıoğlu, S. Effects of Ganoderma lucidum in some neurological diseases. Int. J. Nat. Life Sci.
2018, 2, 1–9.

52. Huang, S.; Mao, J.; Ding, K.; Zhou, Y.; Zeng, X.; Yang, W.; Wang, P.; Zhao, C.; Yao, J.; Xia, P.; et al. Polysaccharides from
Ganoderma lucidum Promote Cognitive Function and Neural Progenitor Proliferation in Mouse Model of Alzheimer’s Disease.
Stem Cell Rep. 2017, 8, 84–94. [CrossRef] [PubMed]

53. Carpinter, B.A.; Renhe, D.C.; Bellei, J.C.B.; Vieira, C.D.; Rodolphi, C.M.; Rangel–Ferreira, M.V.; de Freitas, C.S.; Neto, A.F.d.S.;
Coelho, E.A.F.; Mietto, B.d.S.; et al. DHA-rich fish oil plays a protective role against experimental cerebral malaria by controlling
inflammatory and mechanical events from infection. J. Nutr. Biochem. 2024, 123, 109492. [CrossRef] [PubMed]

54. Rudajev, V.; Novotny, J. Cholesterol-dependent amyloid β production: Space for multifarious interactions between amyloid
precursor protein, secretases, and cholesterol. Cell Biosci. 2023, 13, 171. [CrossRef] [PubMed]

https://doi.org/10.3390/antiox9090902
https://doi.org/10.1007/s13365-024-01222-x
https://www.ncbi.nlm.nih.gov/pubmed/38926255
https://doi.org/10.3390/nu15153454
https://www.ncbi.nlm.nih.gov/pubmed/37571391
https://doi.org/10.3389/fnut.2024.1425839
https://www.ncbi.nlm.nih.gov/pubmed/39149548
https://doi.org/10.1002/mnfr.202270007
https://www.ncbi.nlm.nih.gov/pubmed/35068066
https://doi.org/10.16210/j.cnki.1007-7561.2020.03.001
https://doi.org/10.1002/mnfr.201801230
https://doi.org/10.1021/acs.jafc.3c01810
https://doi.org/10.19540/j.cnki.cjcmm.2018.0012
https://doi.org/10.1186/s40035-020-00189-z
https://doi.org/10.4103/1673-5374.230303
https://www.ncbi.nlm.nih.gov/pubmed/29722330
https://doi.org/10.1007/s12272-023-01440-7
https://www.ncbi.nlm.nih.gov/pubmed/36947339
https://doi.org/10.1016/j.exger.2016.01.003
https://www.ncbi.nlm.nih.gov/pubmed/26774045
https://doi.org/10.1002/hup.2534
https://doi.org/10.3233/JAD-210469
https://doi.org/10.3389/fendo.2023.1220150
https://doi.org/10.3389/fnagi.2022.1019942
https://doi.org/10.1007/s10571-010-9537-5
https://doi.org/10.1016/j.jep.2023.117564
https://doi.org/10.1016/j.stemcr.2016.12.007
https://www.ncbi.nlm.nih.gov/pubmed/28076758
https://doi.org/10.1016/j.jnutbio.2023.109492
https://www.ncbi.nlm.nih.gov/pubmed/37866427
https://doi.org/10.1186/s13578-023-01127-y
https://www.ncbi.nlm.nih.gov/pubmed/37705117


Nutrients 2024, 16, 3998 14 of 16

55. Fu, C.-X.; Dai, L.; Yuan, X.-Y.; Xu, Y.-J. Effects of Fish Oil Combined with Selenium and Zinc on Learning and Memory Impairment
in Aging Mice and Amyloid Precursor Protein Processing. Biol. Trace Elem. Res. 2021, 199, 1855–1863. [CrossRef]

56. Sun, J.; Zhou, Y.; Zhang, Q.; Tang, Z. Research progress on the pathogenesis and early intervention of Alzheimer’s disease.
Zhejiang Clin. Med. J. 2023, 25, 159–162+318.

57. Gholami, A. Alzheimer’s disease: The role of proteins in formation, mechanisms, and new therapeutic approaches. Neurosci. Lett.
2023, 817, 137532. [CrossRef]

58. Vela, S.; Sainz, N.; Moreno-Aliaga, M.J.; Solas, M.; Ramirez, M.J. DHA Selectively Protects SAMP-8-Associated Cognitive Deficits
Through Inhibition of JNK. Mol Neurobiol 2019, 56, 1618–1627. [CrossRef]

59. Che, H.; Li, Q.; Zhang, T.; Ding, L.; Zhang, L.; Shi, H.; Yanagita, T.; Xue, C.; Chang, Y.; Wang, Y. A comparative study of
EPA-enriched ethanolamine plasmalogen and EPA-enriched phosphatidylethanolamine on Aβ42 induced cognitive deficiency in
a rat model of Alzheimer’s disease. Food Funct. 2018, 9, 3008–3017. [CrossRef]

60. Hampel, H.; Caraci, F.; Cuello, A.C.; Caruso, G.; Nisticò, R.; Corbo, M.; Baldacci, F.; Toschi, N.; Garaci, F.; Chiesa, P.A.; et al. A
Path Toward Precision Medicine for Neuroinflammatory Mechanisms in Alzheimer’s Disease. Front. Immunol. 2020, 11, 456.
[CrossRef]

61. Lin, P.-Y.; Cheng, C.; Satyanarayanan, S.K.; Chiu, L.-T.; Chien, Y.-C.; Chuu, C.-P.; Lan, T.-H.; Su, K.-P. Omega-3 fatty acids and
blood-based biomarkers in Alzheimer’s disease and mild cognitive impairment: A randomized placebo-controlled trial. Brain
Behav. Immun. 2022, 99, 289–298. [CrossRef]

62. Wang, P.; Lynn, A.; Miskimen, K.; Song, Y.E.; Wisniewski, T.; Cohen, M.; Appleby, B.S.; Safar, J.G.; Haines, J.L. Genome-wide
association studies identify novel loci in rapidly progressive Alzheimer’s disease. Alzheimer’s Dement. 2024, 20, 2034–2046.
[CrossRef] [PubMed]

63. Alghamdi, B.S.; AboTaleb, H.A. Melatonin improves memory defects in a mouse model of multiple sclerosis by up-regulating
cAMP-response element-binding protein and synapse-associated proteins in the prefrontal cortex. J. Integr. Neurosci. 2020, 19,
229–237. [CrossRef] [PubMed]

64. Leng, Y.; Musiek, E.S.; Hu, K.; Cappuccio, F.P.; Yaffe, K. Association between circadian rhythms and neurodegenerative diseases.
Lancet Neurol. 2019, 18, 307–318. [CrossRef] [PubMed]

65. Chen, D.; Zhang, T.; Lee, T.H. Cellular Mechanisms of Melatonin: Insight from Neurodegenerative Diseases. Biomolecules 2020, 10,
1158. [CrossRef] [PubMed]

66. Won, J.; Lee, S.; Ahmad Khan, Z.; Choi, J.; Ho Lee, T.; Hong, Y. Suppression of DAPK1 reduces ischemic brain injury through
inhibiting cell death signaling and promoting neural remodeling. Brain Res 2023, 1820, 148588. [CrossRef]

67. Chen, D.; Mei, Y.; Kim, N.; Lan, G.; Gan, C.-L.; Fan, F.; Zhang, T.; Xia, Y.; Wang, L.; Lin, C.; et al. Melatonin directly binds and
inhibits death-associated protein kinase 1 function in Alzheimer’s disease. J. Pineal Res. 2020, 69, e12665. [CrossRef]

68. Hu, X.; Peng, J.; Tang, W.; Xia, Y.; Song, P. A circadian rhythm-restricted diet regulates autophagy to improve cognitive function
and prolong lifespan. BioScience Trends 2023, 17, 356–368. [CrossRef]

69. Gholami, J.; Negah, S.S.; Rajabian, A.; Saburi, E.; Hajali, V. The effect of combination pretreatment of donepezil and environmental
enrichment on memory deficits in amyloid-beta-induced Alzheimer-like rat model. Biochem. Biophys. Rep. 2022, 32, 101392.
[CrossRef]

70. Labban, S.; Alshehri, F.S.; Kurdi, M.; Alatawi, Y.; Alghamdi, B.S. Melatonin improves short-term spatial memory in a mouse
model of Alzheimer’s disease. Degener. Neurol. Neuromuscul. Dis. 2021, 11, 15–27. [CrossRef]

71. Sung, J.-Y.; Bae, J.-H.; Lee, J.-H.; Kim, Y.-N.; Kim, D.-K. The Melatonin Signaling Pathway in a Long-Term Memory In Vitro Study.
Molecules 2018, 23, 737. [CrossRef]

72. Wu, N.N.; Zhang, Y.; Ren, J. Mitophagy, Mitochondrial Dynamics, and Homeostasis in Cardiovascular Aging. Oxidative Med. Cell.
Longev. 2019, 2019, 9825061. [CrossRef] [PubMed]

73. Anderson, G.R.; Wardell, S.E.; Cakir, M.; Yip, C.; Ahn, Y.-r.; Ali, M.; Yllanes, A.P.; Chao, C.A.; McDonnell, D.P.; Wood, K.C.
Dysregulation of mitochondrial dynamics proteins are a targetable feature of human tumors. Nat. Commun. 2018, 9, 1677.
[CrossRef] [PubMed]

74. Wongprayoon, P.; Govitrapong, P. Melatonin as a mitochondrial protector in neurodegenerative diseases. Cell. Mol. Life Sci. 2017,
74, 3999–4014. [CrossRef] [PubMed]

75. Reiter, R.J.; Tan, D.X.; Rosales-Corral, S.; Galano, A.; Zhou, X.J.; Xu, B. Mitochondria: Central Organelles for Melatonin′s
Antioxidant and Anti-Aging Actions. Molecules 2018, 23, 509. [CrossRef]

76. Rottenberg, H.; Hoek, J.B. The Mitochondrial Permeability Transition: Nexus of Aging, Disease and Longevity. Cells 2021, 10, 79.
[CrossRef]

77. Chen, Z.; Wu, H.; Yang, J.; Li, B.; Ding, J.; Cheng, S.; Bsoul, N.; Zhang, C.; Li, J.; Liu, H.; et al. Activating Parkin-dependent
mitophagy alleviates oxidative stress, apoptosis, and promotes random-pattern skin flaps survival. Commun. Biol. 2022, 5, 616.
[CrossRef]

78. Mota-Rojas, D.; Villanueva-García, D.; Hernández-Ávalos, I.; Casas-Alvarado, A.; Domínguez-Oliva, A.; Lezama-García, K.;
Miranda-Cortés, A.; Martínez-Burnes, J. Cardiorespiratory and Neuroprotective Effects of Caffeine in Neonate Animal Models.
Animals 2023, 13, 1769. [CrossRef]

79. Chen, J.Q.A.; Scheltens, P.; Groot, C.; Ossenkoppele, R. Associations Between Caffeine Consumption, Cognitive Decline, and
Dementia: A Systematic Review. J. Alzheimer’s Dis. 2020, 78, 1519–1546. [CrossRef]

https://doi.org/10.1007/s12011-020-02280-y
https://doi.org/10.1016/j.neulet.2023.137532
https://doi.org/10.1007/s12035-018-1185-7
https://doi.org/10.1039/C8FO00643A
https://doi.org/10.3389/fimmu.2020.00456
https://doi.org/10.1016/j.bbi.2021.10.014
https://doi.org/10.1002/alz.13655
https://www.ncbi.nlm.nih.gov/pubmed/38184787
https://doi.org/10.31083/j.jin.2020.02.32
https://www.ncbi.nlm.nih.gov/pubmed/32706187
https://doi.org/10.1016/S1474-4422(18)30461-7
https://www.ncbi.nlm.nih.gov/pubmed/30784558
https://doi.org/10.3390/biom10081158
https://www.ncbi.nlm.nih.gov/pubmed/32784556
https://doi.org/10.1016/j.brainres.2023.148588
https://doi.org/10.1111/jpi.12665
https://doi.org/10.5582/bst.2023.01221
https://doi.org/10.1016/j.bbrep.2022.101392
https://doi.org/10.2147/DNND.S291172
https://doi.org/10.3390/molecules23040737
https://doi.org/10.1155/2019/9825061
https://www.ncbi.nlm.nih.gov/pubmed/31781358
https://doi.org/10.1038/s41467-018-04033-x
https://www.ncbi.nlm.nih.gov/pubmed/29700304
https://doi.org/10.1007/s00018-017-2614-x
https://www.ncbi.nlm.nih.gov/pubmed/28791420
https://doi.org/10.3390/molecules23020509
https://doi.org/10.3390/cells10010079
https://doi.org/10.1038/s42003-022-03556-w
https://doi.org/10.3390/ani13111769
https://doi.org/10.3233/JAD-201069


Nutrients 2024, 16, 3998 15 of 16

80. Singh, V.; Kaur, R.; Kumari, P.; Pasricha, C.; Singh, R. ICAM-1 and VCAM-1: Gatekeepers in various inflammatory and
cardiovascular disorders. Clin. Chim. Acta 2023, 548, 117487. [CrossRef]

81. Prins, N.D.; Harrison, J.E.; Chu, H.-M.; Blackburn, K.; Alam, J.J.; Scheltens, P. A phase 2 double-blind placebo-controlled 24-week
treatment clinical study of the p38 alpha kinase inhibitor neflamapimod in mild Alzheimer’s disease. Alzheimer’s Res. Ther. 2021,
13, 106. [CrossRef]

82. Beamer, E.; Corrêa, S.A.L. The p38MAPK-MK2 Signaling Axis as a Critical Link Between Inflammation and Synaptic Transmission.
Front. Cell Dev. Biol. 2021, 9, 635636. [CrossRef] [PubMed]

83. Brandes, M.S.; Gray, N.E. NRF2 as a Therapeutic Target in Neurodegenerative Diseases. ASN Neuro 2020, 12, 1759091419899782.
[CrossRef] [PubMed]

84. Shi, H.; Tu, Y.; Li, Y.; Ma, C.; Gyabaah, A.T.; Yu, C.; Li, Z.; Chen, J.; Li, Z.; Huang, Z.-L.; et al. Caffeine excites medial parabrachial
nucleus neurons of mice by blocking adenosine A1 receptor. Brain Res 2022, 1790, 147984. [CrossRef] [PubMed]

85. Sukumaran, P.; Nascimento Da Conceicao, V.; Sun, Y.; Ahamad, N.; Saraiva, L.R.; Selvaraj, S.; Singh, B.B. Calcium Signaling
Regulates Autophagy and Apoptosis. Cells 2021, 10, 2125. [CrossRef]

86. Kerkhofs, A.; Xavier, A.C.; da Silva, B.S.; Canas, P.M.; Idema, S.; Baayen, J.C.; Ferreira, S.G.; Cunha, R.A.; Mansvelder, H.D.
Caffeine Controls Glutamatergic Synaptic Transmission and Pyramidal Neuron Excitability in Human Neocortex. Front. Pharmacol.
2018, 8, 899. [CrossRef]

87. Rafique, H.; Hu, X.; Ren, T.; Dong, R.; Aadil, R.M.; Zou, L.; Sharif, M.K.; Li, L. Characterization and Exploration of the
Neuroprotective Potential of Oat-Protein-Derived Peptides in PC12 Cells and Scopolamine-Treated Zebrafish. Nutrients 2024, 16,
117. [CrossRef]

88. Garg, G.; Singh, S.; Singh, A.K.; Rizvi, S.I. Whey protein concentrate supplementation protects rat brain against aging-induced
oxidative stress and neurodegeneration. Appl. Physiol. Nutr. Metab. 2018, 43, 437–444. [CrossRef]

89. Chang, Y.B.; Jung, E.-J.; Jo, K.; Suh, H.J.; Choi, H.-S. Neuroprotective effect of whey protein hydrolysate containing leucine-
aspartate-isoleucine-glutamine-lysine on HT22 cells in hydrogen peroxide—Induced oxidative stress. J. Dairy Sci. 2024, 107,
2620–2632. [CrossRef]
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