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Abstract

The global rise in cognitive decline and neurodegenerative disorders has intensified the
search for safe and accessible strategies to support brain health. In recent years, nutraceuti-
cals have gained considerable attention as potential modulators of neurological function
due to their antioxidant, anti-inflammatory, and neuroprotective properties. Increasing
evidence suggests that oxidative stress, neuroinflammation, mitochondrial dysfunction,
and impaired neurovascular integrity play central roles in the pathogenesis of several
neurodegenerative diseases, namely Alzheimer’s, Parkinson’s disease and autism spec-
trum disorder, among others. This narrative review provides an integrated overview of
selected nutraceuticals with potential relevance to brain-related disorders, including biotin,
folinic acid, flavonoids (apigenin, diosmin, luteolin, naringin, pycnogenol, and quercetin),
huperzine A, Lion’s mane, olive oil polyphenols, oleuropein and palmitoylethanolamide.
Rather than presenting a purely descriptive summary, we considered both mechanistic
and clinical evidence, highlighting differences in the strength, consistency, and quality
of available data across compounds. Among the reviewed compounds, huperzine A,
specific flavonoids—particularly luteolin—and olive oil polyphenols demonstrated rela-
tively stronger and more consistent support across experimental models and emerging
clinical studies, mainly through modulation of cholinergic signaling, neuroinflammatory
pathways, and oxidative stress responses. In contrast, evidence for other agents remains
limited, heterogeneous, or primarily at the preclinical level. Overall, this review aims to
provide a clearer and more structured synthesis of the current literature on neuronutrition,
identifying compounds with the most promising profiles while outlining key limitations
and research gaps that need to be addressed to better define their role in brain health.

Keywords: dietary supplements; brain; biotin; flavonoids; folic acid; huperzine A; Hericium
erinaceus; luteolin; oleuropein; hydroxytyrosol; palmitoylethanolamide; neuronutrition

1. Introduction

Brain health is a multidimensional and evolving concept that is difficult to evaluate
and quantify [1]. In a recent position paper, the World Health Organization (WHO) defined
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brain health as a state of brain functioning across cognitive, sensory, social-emotional,
behavioral, and motor domains, allowing a person to realize their full potential over the
life course, irrespective of the presence or absence of disorders [1].

Neurological conditions, including stroke, dementia, epilepsy, injuries, tumors, infec-
tions, neurodevelopmental disorders, and congenital conditions, are among the leading
causes of global mortality and disability-adjusted life years (DALYs), with over three billion
people affected worldwide [2,3]. In Europe, the total costs of neurological disorders in
the year 2020 were estimated to be 1.7 trillion €, which is more than the combined costs
for treating cardiovascular disease (CVD), cancer, and diabetes mellitus, together [4]. The
WHO has recognized this as a public health crisis and has launched an Intersectoral Global
Action Plan on Epilepsy and Other Neurological Disorders (IGAP), with three main global
targets: (i) to reduce the stigma, impact, and burden of neurological disorders; (ii) to opti-
mize neurological and brain health across the life course; and (iii) to improve the quality of
life of affected people, their families, and caregivers [5].

To date, there has been no adequate action towards effective and equal access to
services, support, medicines, and diagnostics. Modifiable determinants known to impact
brain health across the life span include physical activity, diet, tobacco and alcohol use,
cognitive activity, and metabolic factors. Nutritional deficiencies have been linked to the
onset of cognitive decline and dementia in later life [6,7]. In contrast, healthy, balanced
diets and healthy body weight management have been recognized as protective factors
against the development of neurological diseases [5].

Treatment options have evolved, and breakthroughs in gene therapy for spinal muscu-
lar atrophy in children have revolutionized the treatment of neurological diseases; however,
the majority of available treatments for neurological diseases provide only symptom re-
lief, and not prevention or a cure [8]. Diet has again come to the rescue, and several
dietary patterns and components have been investigated with regard to brain health [9,10].
Research in the field of psycho-neuro-endocrino-immunology (PNEI) has expanded our
understanding of how nutrition influences the complex interactions between the mind,
hormones, and the immune system [11]. Neuronutrition is the interdisciplinary area of
nutritional neuroscience, studying the effects of diet, nutrients and dietary components
on brain health, behavior and cognition [11]. It also aims in improving brain resilience to
stressors, while also prevent, treat, and neuro-rehabilitate cognitive function, behavioral or
neurological disorders across the lifespan, using the science of nutrition [12,13].

Among the dietary treatments examined, nutraceuticals have emerged as potential
modulators of brain health [14]. Several bioactive compounds derived from foods and
natural sources exhibit antioxidant, anti-inflammatory, and neuromodulatory properties
that may contribute to neuroprotection [14,15]. Oxidative stress and neuroinflammation
are recognized as key contributors to the pathogenesis of neurodegenerative disorders,
including Alzheimer’s disease (AD) [16,17]. In particular, oxidative stress can damage
the neurovascular unit and cerebral endothelium, leading to impaired cerebral blood
flow and hypoperfusion, which are commonly observed in AD [18]. Moreover, exces-
sive production of reactive oxygen species (ROS) has been implicated in amyloid-f3 (Ap)
aggregation and plaque formation, further promoting neuronal dysfunction and neurode-
generation [16,19,20].

Thus, in the present review we aimed to summarize the preclinical and clinical ev-
idence of selected nutraceuticals, focusing on biotin, flavonoids especially luteolin, folic
acid, Huperzine A, Lion’s mane, olive oil polyphenols (oleuropein and hydroxytyrosol
[HT]), and palmitoylethanolamide (PEA). The present narrative review highlights current
mechanistic insights, as well as evidence from experimental and clinical studies regarding
their potential roles in supporting cognitive function, modulating neuroinflammation, and
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mitigating neurodegenerative processes. It should be noted that the present work consists
of a review and not a dosing guideline. The mechanisms underlying these effects are
presented in Figure 1.
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Figure 1. Mechanisms of Action of Select Nutraceuticals in Neuroprotection and Cognitive Function.
BDNEF: brain-derived neurotrophic factor; NGF: nerve growth factor; GDNF: glial cell line-derived
neurotrophic factor; NF-kB: Nuclear Factor Kappa B; PEA: palmitoylethanolamide. {: increased;
J: decreased.

2. Mechanistic Overview of Nutraceutical Effects on Brain Health

Neurodegenerative processes are driven by a complex interplay of oxidative stress,
neuroinflammation, and mitochondrial dysfunction, which together form a central
pathogenic triad [21]. Excessive production of reactive oxygen species (ROS) damages
lipids, proteins, and nucleic acids, compromising neuronal integrity and disrupting sig-
naling pathways involved in cell survival, synaptic plasticity, and neurogenesis [22].
Concurrently, chronic activation of microglia and astrocytes establishes a persistent pro-
inflammatory milieu through the sustained release of cytokines and chemokines [including
tumor necrosis factor-o« (TNF-), interleukin 1o/ (IL-1e¢/ ), and interleukin-6 (IL-6)],
which further amplifies oxidative damage and promotes apoptosis [23,24]. Mitochondrial
dysfunction exacerbates these processes by reducing adenosine triphosphate (ATP) pro-
duction, disturbing Calcium homeostasis, and triggering intrinsic apoptotic pathways,
while also intensifying oxidative stress and inflammatory signaling [21,25]. Nutraceuti-
cals can intervene across this pathogenic network through multiple mechanisms [14,15].
Bioactive polyphenols, including flavonoids and olive oil derivatives, modulate redox-
sensitive transcription factors, such as the Nuclear factor erythroid 2-related factor (NRF2),
enhancing endogenous antioxidant enzyme expression while simultaneously inhibiting
pro-inflammatory pathways, including the nuclear factor kappa-light-chain-enhancer of ac-
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tivated B cells (NF-kB) and the NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3)
inflammasome [26-31].

Recent mechanistic evidence further supports that flavonoid-mediated neuropro-
tection is highly structure- and subclass-dependent, with distinct compounds targeting
specific intracellular signaling cascades rather than exerting uniform antioxidant effects [32].
Emerging flavonoids, including glycosylated derivatives such as prunin, have been shown
to modulate phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) and mitogen-
activated protein kinase (MAPK) signaling pathways, directly influencing cell survival,
proliferation, and stress responses [32]. This pathway is critically involved in the regu-
lation of mitochondrial apoptosis, where its modulation influences the balance between
pro-apoptotic (e.g., Bax, Bad) and anti-apoptotic [e.g., B-cell lymphoma 2 (Bcl-2)] pro-
teins, ultimately determining mitochondrial membrane permeability and cytochrome c
release [32-35]. In parallel, flavonoids influence ROS-dependent signaling networks, not
only by reducing oxidative burden but also by regulating redox-sensitive kinases such as c-
Jun N-terminal kinases (JNK) and p38 MAPK, which are critical mediators of stress-induced
apoptosis [32].

In addition to flavonoids, other nutraceutical classes contribute to this integrated
network through complementary mechanisms. Vitamins and metabolic co-factors, such
as folic acid and biotin, support mitochondrial metabolism, methylation pathways, and
genomic stability, thereby indirectly influencing the redox balance and neuronal func-
tion [36—40]. Lipid-derived mediators, including PEA, exert anti-inflammatory effects
through nuclear receptor signaling (e.g., PPAR-«), attenuating microglial activation and
cytokine release [41-43]. Neuroactive compounds, such as Huperzine A and bioactive
compounds from Lion’s mane, further enhance neurotrophic signaling pathways, including
brain-derived neurotrophic factor (BDNF)- and PI3K/Akt-mediated cascades, supporting
synaptic plasticity and neuronal survival [44—46].

Collectively, these nutraceuticals act on primary mechanistic drivers, while down-
stream effects enhance synaptic function, neurotransmission, neurogenesis, and proteosta-
sis. By targeting multiple, interconnected pathways, they exert synergistic effects that
reinforce brain resilience, slow neurodegenerative progression, and maintain cognitive
function. This integrated mechanistic framework provides a foundation for understanding
the specific roles of each nutraceutical discussed in the following sections, highlighting
how distinct molecular actions converge on shared protective networks.

3. Biotin
3.1. Introduction

Biotin (vitamin B7), a water-soluble B-complex vitamin, is essential for cellular
metabolism because it serves as a cofactor for the activation of carboxylases involved in
gluconeogenesis and the metabolism of amino acids and fatty acids. Biotin (cis-hexahydro-
2-oxo-1H-thieno [3,4-d] imidazole-4-pentanoic acid) is composed of two organic rings. One
ring contains a ureido group and is involved in non-covalent binding to avidin, and the
other ring contains a tetrahydrothiophene group with a valeric acid moiety attached as
a side chain. Biotin can be covalently attached to a variety of proteins to exert cellular
functions [47]. The four biotin-dependent carboxylases are acetyl-CoA carboxylase (ACC)
1 and 2, methylcrotonyl-CoA carboxylase (MCC), propionyl-CoA carboxylase (PCC), and
pyruvate carboxylase (PC) [15]. Biotin binds to the biotin carboxyl carrier protein (BCCP)
domain of each enzyme. This process is catalyzed by holocarboxylase synthetase (HLCS),
which attaches biotin to a lysine residue, forming biocytin. Biotin carboxylase then cat-
alyzes the transfer of carbon dioxide from bicarbonate to biocytin affixed to BCCP, and the
carboxyltransferase domain transfers the carboxyl group from biotin to various acceptor

https://doi.org/10.3390/ijms27104343


https://doi.org/10.3390/ijms27104343

Int. J. Mol. Sci. 2026, 27, 4343

5 of 54

molecules, forming new compounds that participate in important metabolic pathways [15].
ACC is crucial for the synthesis of fatty acids, MCC for the catabolism of leucine, PC is
involved in the first step of gluconeogenesis, and PCC catabolizes amino acids, odd-chain
fatty acids, and the side chain of cholesterol [47].

In addition to its cellular functions, biotin may affect cell proliferation, deoxyribonu-
cleic acid (DNA) repair, and the expression of over 2000 genes by virtue of its role in
histone biotinylation in the cell nucleus; however, the exact mechanism is still under
investigation [47,48].

Mammals cannot synthesize biotin, which can only be obtained through diet or from
the human gut microbiota. Inadequate dietary intake is rare because biotin is present in
a variety of food items; dietary sources of biotin include meat, egg yolks, dairy products,
nutritional yeast, vegetables, peanuts, soybeans, sunflower seeds, mushrooms, and sweet
potatoes. Protein-bound biotin is digested by proteases and peptidases in the gastrointesti-
nal system into biotinylated oligopeptides and biocytin, which are then converted to free
biotin before intestinal absorption by biotinidase [49]. Diet-obtained biotin is absorbed in
the small intestine, but gut microbiota-generated biotin largely depends on the composition
of gut microbiota and is absorbed from the large intestine.

The recommended daily intake for adults and pregnant women is 30 and 35 ug/d
for lactating women, respectively. Factors that inhibit biotin absorption or increase bi-
otin catabolism include alcohol abuse, smoking, inflammatory bowel disease, and an-
ticonvulsant medications [48]. Decreased microbial biosynthesis of biotin has been re-
ported in patients with obesity, type 1 diabetes mellitus, isolated systolic hypertension and
insomnia [47].

The importance of biotin in the function of the nervous system is highlighted by
inherited disorders associated with biotin deficiency. Genetic deficiencies in HLCS and
biotinidase can cause biotin deficiency. Holocarboxylase synthetase deficiency is an au-
tosomal recessive disorder that results in defective biotinylation. The clinical syndrome
includes neurological symptoms, such as hypotonia, seizures, difficulty in breathing and
feeding, metabolic acidosis, hyperammonemia, organic aciduria, skin rash, and alopecia.
Biotinidase deficiency is another autosomal recessive disorder that results in a defect in
biotin recycling. Neurological symptoms predominate, along with visual and hearing
disturbances, metabolic acidosis, organic aciduria, and cutaneous and immunological dis-
orders. Treatment with pharmacological doses of free biotin has been used to treat affected
children [49].

Biotin-responsive basal ganglia disease (BBGD) is an orphan neurometabolic disease
caused by mutations in SLC19A3, which encodes a thiamine transporter. Patients with
BBGD may develop subacute encephalopathy, dysarthria, dysphagia, and nerve palsies,
progressing to permanent disability and even death if left untreated. Treatment with
high doses of biotin (5-10 mg/kg/day) and thiamine dramatically improves symptom:s;
however, upon discontinuation, the symptoms recur [49,50].

In reality, biotin supplements are marketed towards the general public rather than
patients with these rare disorders. Biotin supplementation to promote skin, hair, and nail
health has become very popular, even among healthy individuals. In fact, health care
practitioners also recommend biotin treatment to address skin rashes, hair regrowth, and
brittle nails. In preclinical studies, a lack of biotin in the diet of rats caused neuromuscular
dysfunction, alopecia, and dermatitis. In clinical practice, most claims on the effectiveness
of biotin in dermatological conditions are based only on case reports of biotin-deficient
children with atopic dermatitis. The effectiveness of oral biotin for brittle nails has been
better studied [51,52]. Biotin popularity despite the significant lack of evidence could
be attributed to the low cost, over-the-counter availability, and lack of toxicity even in
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larger doses. Indeed, toxicity from high intake has not been reported. However, it is
now known that biotin may interfere with laboratory immunoassays that are based on
biotin—(strept)avidin technology and affect the results of troponin, pro-brain natriuretic
peptide, thyroid-stimulating hormone, free triiodothyronine, and parathyroid hormone.
Biotin can either cause falsely increased concentration values if a competitive assay is used
(positive interference) or falsely reduced concentrations if a sandwich immunoassay is used
(negative interference). Based on pharmacokinetic data, it is recommended to discontinue
treatment for 8 h to 7 days, depending on the dose of biotin treatment [51].

3.2. Preclinical Studies

Preclinical evidence suggests that biotin homeostasis may be prioritized in the central
nervous system (CNS). In a preclinical study, biotin utilization from the liver was down-
regulated when biotin availability was reduced to ensure a continued supply of biotin to
the brain [53]. A few studies have also investigated biotin in models of neurodegenerative
diseases. In cultured human dopaminergic neurons, biotin supplementation exhibited a
protective effect against manganese-induced mitochondrial dysregulation, cytotoxicity, and
neuronal loss. Biotin supplementation rescued mitochondrial deficits and improved neu-
ronal health [54]. In an AD rodent model, Almasi et al. showed that biotin supplementation
improved Af-induced memory impairment and attenuated oxidative stress markers [55].
In an adult fly model of manganese-induced Parkinson’s disease (PD), Lai et al. identified
systemic changes in biotin metabolism. Manganese-induced neurotoxicity, parkinsonism,
and mitochondrial dysfunction were exacerbated in biotinidase-deficient flies, and biotin
supplementation mitigated these neurotoxic effects. In cultured human dopaminergic
neurons, biotin supplementation exhibited a protective effect against manganese-induced
mitochondrial dysregulation, cytotoxicity, and neuronal loss [56].

High doses of biotin have been extensively studied in patients with multiple sclerosis
(MS); however, preclinical evidence remains scarce. The premise for its use is based on the
observation that in oligodendrocytes, biotin enhances myelin synthesis by binding to ACC
and increasing the availability of fatty acids. In neurons, biotin reduces hypoxia by binding
to enzymes necessary for the formation of tricarboxylic acid cycle intermediates and in-
creasing ATP production. These findings support the notion that biotin may induce myelin
repair and reduce hypoxia-induced axonal degeneration among patients with MS [57,58].

One animal study investigated the effect of different doses of biotin on brain damage
after exposure to radiation. Administration of 6 mg biotin reduced markers of oxidative
stress, inflammation, and apoptosis. Although preliminary, these findings support further
research on the prevention of radiation-induced brain injury in patients treated with
radiotherapy for certain malignancies [59].

3.3. Clinical Studies

Over the past decade, high-dose biotin has received clinical interest as a potential treat-
ment approach for progressive MS (Table 1). This is based on the premise that high-dose bi-
otin can increase energy production in order to reduce hypoxia and protect against neuronal
degeneration or enhance myelin repair through the activation of biotin-dependent carboxy-
lases [60]. MS is one of the most common, disabling neurological diseases that affects young
adults. Its clinical course usually involves an initial phase of relapsing-remitting (RRMS)
bouts, later evolving to a secondary progressive disease (SPMS). Primary progressive MS
(PPMS) with disease progression on onset is less common. During the progressive phase,
patients experience pain, changes in vision, walking and balance, combined with cognitive
changes. Disease-modifying therapies primarily target inflammation to reduce exacerba-
tions and delay progression include immunomodulators, pyrimidine synthesis inhibitors,
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fumarates, sphingosine-1-phosphate receptor modulators, monoclonal antibodies, and
other agents.

In an initial pilot study including 23 patients with PPMS or SPMS, patients were
treated with high-dose biotin for 2-36 months. Almost all participants exhibited clinical
improvement and evidence of myelin repair. In this preliminary study, it was determined
that the clinical response to treatment was delayed (2-8 months) and that the intake
of 300 mg/day of biotin was the dose associated with the best clinical response [61].
In the MS-SPI randomized controlled trial (RCT) that followed to confirm the efficacy
and safety of treatment, high-dose biotin (MD 1003) lowered MS-related disability in
12.6% of progressive MS patients compared to no improvement in the placebo group [5].
However, in the subsequent phase III trial (SP12), MD 1003 failed to improve disability or
walking speed, which formed as the primary composite endpoint, in patients with PPMS.
Additionally, treatment failed to improve visual acuity compared to placebo in patients
with MS experiencing chronic visual loss [62,63].

The results of the phase III trials were not surprising; although the rationale behind
biotin’s neuroprotective effect is interesting, there is a notable lack of preclinical evidence
to corroborate its myelin repair potential. Methodological issues in the MS-SPI study may
also have resulted in biased results [64,65]. By 2017, Medday Pharmaceuticals had already
withdrawn the application for marketing authorization of biotin 100 mg hard capsules for
the treatment of progressive MS because of an unfavorable benefit-risk assessment [4].

Treatment with high-dose biotin has also been investigated in several other clinical
settings beyond MS. In a pilot study in patients with chronic demyelinating peripheral
neuropathies, biotin administration improved various sensory and motor parameters, gait
abilities and nerve excitability parameters even though the predefined primary endpoint,
which consisted of a composite nerve conduction study criterion was not met [66].

Another pilot study evaluated the safety and efficacy of MD1003 in amyotrophic
lateral sclerosis (ALS), a motor neuron disease characterized by progressive death of the
upper and lower motor neurons. In this study, treatment with high-dose biotin was safe and
well tolerated; however, no significant between-group difference in functional decline was
observed. However, this was a small trial in which the two arms were not well balanced
during screening; therefore, more research is warranted [67].

The safety, tolerability, and pharmacokinetics of the biotin analog 2-iminobiotin (2-IB)
were evaluated in a single-center RCT in patients with ischemic stroke due to large-vessel
occlusion of the anterior circulation treated with endovascular thrombectomy. 2-IB is a
selective inhibitor of neuronal and inducible nitric oxide synthases (NOS). Nitric oxide has
been implicated in the development of reperfusion injury after cerebral hypoxia—ischemia;
therefore, it was hypothesized that utilizing 2-IB to inhibit neuronal and inducible NOS
would reduce reperfusion-associated tissue injury. Forty patients were randomized to
receive 2-IB, or placebo. Treatment with 2-IB was deemed as safe and well tolerated,
with fewer serious adverse events than those observed on the placebo arm. The authors
noted a lower average plasma concentration of 2-IB in patients treated with intravenous
thrombolysis than in those who did not, and lower all-cause mortality in the intervention
group than in the placebo group [68].

Biotin supplementation has also been studied in relation to neurodegenerative diseases.
Findings from AD research have shown that biotin concentrations may be diminished in
the AD brain. In population studies using data from the United Kingdom (UK) Biobank,
higher biotin intake was associated with a reduced risk of all-cause dementia, including
AD [69,70]. Currently, a research group from Spain is recruiting patients for a clinical trial
that aims to evaluate the efficacy of thiamine and biotin supplementation in patients with
Huntington’s disease [71].
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Table 1. Clinical effects of biotin.
Compound Model/Population N Duration Mechar}lsm Key Outcomes Reference
of Action
Enhances energy Clinical
High-dose biotin Progressive MS metabolism, activates ~improvement in most
(100-300 mg/day)  (PPMS/SPMS), 23 2-36 months biotin-dependent patients; delayed [61]
(MD1003) pilot study carboxylases (myelin response
repair hypothesis) (2-8 months)
High-dose biotin No significant
(oral biotin 100 mg, . Metabolic support, improvement in
thrice daily, Progressive M5 642 12 months neuroprotection disability or walking [621
MD1003) speed vs. placebo
nghidqse biotin MS-related . No improvement in
(oral biotin 100 mg, . Neuroprotection, . .
. . chronic 93 6 months 3 . visual acuity [63]
thrice daily, visual loss myelin repair vs. placebo
MD1003) -p
Improvements in
High-dose biotin Demyelinating Enhances sensory/motor
(oral biotin 100 mg, peripheral 15 12 months . function and gait; [66]
. . . nerve metabolism . .
thrice daily) neuropathies primary endpoint
not met
High-dose biotin Safe and well
(oral biotin 100 mg, Amyotrophic . Mitochondrial / tolerated; no
three times daily, lateral sclerosis 30 6-12 months metabolic support significant effect on 671
MD1003) disease progression
Ischemic stroke Inhibits neuronal and Safe, well tolerated;
2-.Im.1nob10t1n patlent.s 40 Acute (24-48 h) inducible NOS fewer serious [68]
(biotin analog) undergoing — reduces adverse events; lower
thrombectomy reperfusion injury mortality trend

MD1003: pharmaceutical-grade high-dose biotin formulation; mg: milligrams; MS: multiple sclerosis; NOS: nitric
oxide synthase; PPMS: primary progressive multiple sclerosis; SPMS: secondary progressive multiple sclerosis.

4. Folic Acid

Folates are a family of compounds composed of pteridine, para-aminobenzoic acid,
and glutamic acid. Folate (vitamin B9) can exist as naturally occurring folate, which can be
found in leafy greens, vegetables, and legumes, or as the oxidized, much more bioavailable,
synthetic folic acid. Tetrahydrofolate (THF) is the active form of folic acid that occurs with
the addition of four hydrogen atoms to the 5,6,7, and 8 positions in the pteridine ring
(Figure 2) [72]. Usually, THF carries one-carbon units (methyl, methylene, formyl groups)
from a donor source, commonly serine, glycine, histidine, or tryptophan, to a biosynthetic
intermediate for nucleotide synthesis and methylation reactions. Methylenetetrahydro-
folate reductase (MTHEFR) catalyzes the conversion of 5,10-methylenetetrahydrofolate to
5-methyltetrahydrofolate (5-MTHF) (Figure 2), which is utilized for the remethylation of
homocysteine (Hcy) to methionine which, in turn, is converted to S-adenosylmethionine
(SAM) that serves as a methyl group donor for DNA and histone methylation. MTHFR
deficiency results in a reduction in SAM and an increase in Hcy concentrations, which in
turn is associated with cardiovascular, cerebrovascular, and thromboembolic disease [73,74].
It is estimated that 10% of the population worldwide is homozygous for the MTHFR C677T
polymorphism, which reduces the activity of the MTHFR enzyme and thus causes high
levels of Hcy.

Dysregulation of folate metabolism can result in changes in DNA methylation and
increased oxidative stress due to its involvement in the synthesis of glutathione which is an
important cellular antioxidant [75]. High levels of Hcy have been associated with alterations
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in glutamatergic transmission that can affect calcium homeostasis inside the cell, increase
ROS production that can cause neuronal damage and cell death, mitochondrial dysfunction
through copper (II) chelation, which can result in cytochrome C oxidase inactivation, and
inflammatory processes, particularly increased NF-kB expression. However, whether Hcy
is the cause or the result of immune activation remains unknown [76].

How to Get Folate Into the Brain

15% have antibodies
blocking the receptors

- FRAT test
Folate
Receptors
Folic acid Folate from food
5-MTHF (Synthetic) (Vitamin B9)

CeII membrane

Converted by DHFR

Dihydrofolate (DHF)
Tetrahydrofolate (THF)
5,10 Methylenetetrayhydrofolate e
(5,10-MTHF) ;
polymorphisms on the
C677T or A2298C
alleles

Converted by Methylenetetrayhydrofolate
reductase (MTHFR)

L-5-Methylenetetrayhydrofolate
(L-Methylfolate or )

Neuronal Health

i

Figure 2. Diagram depicting the steps for the synthesis of methylfolate. Folate, folic acid, and
methylfolate all require binding to surface folate receptors in order to enter the brain cells, a process
that is prevented in the presence of folate receptor autoantibodies (FRA). In contrast, folinic acid
bypasses the folate receptors and the MTHEFR, leading to endogenous production of methylfolate
even in those with FRA or MTHEFR polymorphisms. MTHFR: Methylenetetrahydrofolate reductase.

Folate deficiency may cause macrocytic anemia, glossitis and atypical neuropsychiatric
symptoms, such as irritability, cognitive impairment, and mood changes [77]. Folic acid is
widely used in supplements and fortified foods to reduce the risk of neural tube defects
(NTDs) associated with maternal folate deficiency. While debate continues over universal
mandatory fortification, its critical role during the periconceptional period in supporting
fetal central nervous system development underpins arguments for fortification. NTDs,
including anencephaly, spina bifida, and encephalocele, affect roughly 1 in 1000 pregnancies
in Europe [78]. Guidelines regarding periconceptional supplementation recommend that
all women trying to conceive should take 400 mcg of folic acid daily to reduce the risk
of NTDs [79,80]. Pregnant women at a greater risk of being affected by an NTD should
receive 4000 mcg of folic acid daily, starting one month pre-conception and continuing
supplementation throughout the first trimester of gestation [81]. Folic acid fortification
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is associated with a lower prevalence of NTDs and eliminates individual initiative and
barriers to consistent use and promotes equality across socioeconomic groups. A recent
systematic review and meta-analysis demonstrated a 44% reduction in NTD risk associated
with fortification [82].

The argument against global fortification is the concern that fortification will need to
expose thousands of people to folic acid for each case of NTD prevented. A major concern
regarding folic acid supplementation is that increased intake of folic acid could mask the
anemia caused by B12 deficiency in the elderly and increase the prevalence of neurological
disease. In countries where mandatory fortification is implemented, elderly with high
folate and low-to-normal vitamin B12 concentrations have been shown to exhibit cognitive
impairment. In addition, high levels of folate and low B12 during pregnancy have been
associated with an increased risk of insulin resistance and obesity in the offspring [83].

The range of benefits associated with folic acid is constantly being updated. There
is interest in its anticancer properties, protective effects against cardiovascular disease,
diabetes, and obstetric outcomes. The effect of folic acid in neurocognitive disorders has
also been studied; there are numerous studies suggesting a protective effect against the risk
of stroke and other neurocognitive disorders [84].

4.1. Preclinical Studies

In the Lipopolysaccharide (LPS)-injured model of neuroinflammation, Darbandi et al.
showed that folic acid supplementation restored the elevated oxidative stress markers and
reduced the pro-inflammatory cytokines associated with LPS in rats [85].

There is growing evidence to suggest that high Hcy levels are related to the progression
of AD. The mechanisms involved result in endothelial dysfunction and neuronal damage
and obstruction of the proliferation of neural stem cells via the DNA methylation pathway.
As previously mentioned, SAM is the main methyl donor for DNA and histone methylation.
SAM is also involved in DNA methylation processes that regulate the expression of genes
involved in AP production, including the amyloid precursor protein (APP) and presenilin
1 (PS1) genes [86]. Lin et al. showed that hypomethylation of PS1 gene promoters increases
Ap production in brain 2 (BV-2) cells [86,87]. Kruman and associates showed that elevated
Hcy paired with low folic acid concentrations caused Af-induced neuronal death in
hippocampal cultures and promoted neuronal degeneration in APP mutant transgenic
mice by the accumulation of DNA damage and impaired DNA repair [88].

Tau hyperphosphorylation consists of a hallmark of AD, propelling the formation
of neurofibrillary tangles. Tau dephosphorylation is catalyzed by protein phosphatase
2A (PP2A); therefore, downregulation of the PP2A promoter methylation accelerates tau
phosphorylation in the AD brain. Sun et al. showed that Hcy was able to induce AD-like
changes in the hippocampus and that folic acid and SAM significantly reduced the Hcy
-induced AD changes, including tau protein phosphorylation and A expression. Hcy
also increased PS1 expression and decreased PP2A activity, whereas the administration
of folic acid and SAM was able to ameliorate this effect by modulation of PS1 and PP2A
methylation levels [86].

In healthy rats, short-term memory, long-term memory and motor coordination im-
prove with folic acid supplementation [89]. Further studies in PD models have shown
that folic acid could be used to ameliorate motor symptoms as well. In a MPTP-induced
mouse model of PD, supplementation with folic acid improved motor performance and
reduced levels of Hcy and oxidative damage in the substantia nigra [90]. However, in a
6-hydroxydopamin (6-OHDA)-induced PD model, supplementation with folic acid attenu-
ated the severity of PD symptoms; however, Hcy levels were significantly greater in the
high-intake-of-folic-acid group than in the control group [91].
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The effect of folic acid and Hcy on brain ischemia models was also studied. According
to Gou and associates Hcy inhibits hippocampal neurogenesis in the focal ischemic rat brain
by inhibiting DNA methylation [92]. Excessive N-methyl-d-aspartate receptor (NMDAR)
activation triggers synaptic dysfunction and excitotoxic neuronal death in ischemic brains
among other neuropsychiatric and neurological disorders. In ischemic stroke models,
Liang et al. showed that folic acid supplementation reduces neuronal death and improves
synaptic dysfunction by downregulating NMDAR expression [93].

In a preclinical study, a model of depression was established through chronic unpre-
dictable mild stress in rats. The effect of folic acid supplementation was studied, along with
levels of Hcy, monoamine neurotransmitters, IL-6, BDNEF, and (-endorphin levels. Zhou
and associates reported an antidepressant effect of folic acid and increased monoamine
neurotransmitters, BDNF and -endorphin, and concurrently reduced levels of IL-6 and
Hcy [94]. Similar anti-depressive results have also been recorded in other murine mod-
els [95,96]. Table 2 summarizes the mechanisms and preclinical and clinical effects of folic
acid on brain health.

Table 2. Preclinical and clinical effects of folic acid.

Mechanism/
Target

Preclinical Effects Clinical Effects References

| Homocysteine,
1T SAM,
1 DNA /histone
methylation;
J oxidative stress;
} pro-inflammatory
cytokines

Restored oxidative stress in ~ In PD: low plasma folate in patients
LPS neuroinflammation; with cognitive impairment; B vitamin

improved memory co-supplementation | Hcy in

& learning; attenuated Af3 levodopa-treated patients.
and tau pathology; In MCI and AD: folic acid + B12 | Hcy,
improved PD motor 1 SAM, | IL-6/TNF-oc/ AR42, [85,86,97-100]
symptoms; reduced 1 cognitive scores.

neuronal death in ischemia; Stroke: | risk by 10%, improved

antidepressant effects via recanalization outcomes.
1 monoamines, Depression: adjunctive methylfolate

BDNF, 3-endorphin improves symptoms

AD: Alzheimer’s disease; BDNF: brain-derived neurotrophic factor; Hcy: homocysteine; LPS: Lipopolysaccha-
ride; PD: Parkinson’s disease; SAM: S-adenosylmethionine; TNF-«: tumor necrosis factor-alpha; 1: increased;
1: decreased.

4.2. Clinical Studies

As described above, studies have shown that elevated Hcy consists of a risk factor
for the development of neurodegenerative disease, including PD. PD is characterized by a
selective loss of dopaminergic neurons in the substantia nigra pars compacta that results
in clinically evident rigidity, resting tremor and bradykinesia. The pathophysiological
mechanisms of the disease involve the ubiquitin—proteasome system, dysregulation of
mitochondrial function and oxidative stress. Dopamine precursors (levodopa) and other
dopamine agonists and catechol-O-methyltransferase (COMT) inhibitors have been used
for treatment.

High Hcy has been associated with the pathogenesis and progression of the disease by
accelerating loss of dopaminergic neurons. It has also been associated with depression and
cognitive impairment in patients with PD [97,101]. The etiology of hyperhomocysteinemia
is diverse; one of the possible causes would be folate deficiency but in prospective studies,
an association between folate intake and PD has not been established [102,103]. However,
a recent metanalysis of 24 studies showed that PD patients have lower plasma levels of
folic acid than healthy controls. This reached statistical significance in patients with PD
and cognitive impairment [104].
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In animal and human studies, treating PD with levodopa has caused elevations in Hcy
plasma concentrations. In this case, the increase in Hcy is the result of the O-methylation
of L-dopa by COMT, which utilizes SAM as a methyl donor, propelling the production
of Hcy. Combination of levodopa with a COMT inhibitor reduces the increase in Hcy
levels [105,106]. The hypothesis that co-administration of B vitamins to reduce Hcy levels
in levodopa-treated patients has been studied. In a preliminary study, supplementation
with B vitamins lowered plasma Hcy below the cardiovascular risk level [106]. The lowering
effect of B12 and folate on Hcy levels in patients treated with levodopa for PD has been
verified in other studies [107,108].

The effect of folic acid on Hcy levels, inflammation and amyloidogenesis has also been
explored in patients with mild cognitive impairment, dementia and Alzheimer’s disease.
Ma et al. conducted a series of studies investigating the effect of folic acid supplementa-
tion on various inflammatory markers, metabolites of the methionine cycle, amyloid beta
peptides and cognitive function tests in patients with mild cognitive impairment. Supple-
mentation with 400 pg/day of folic acid improved levels of Hcy, SAM, A[3-42, peripheral
IL-6, TNF- and improved cognitive function in patients with mild cognitive impairment.
The combination of folic acid and vitamin B12 supplementation was superior to folic acid
or vitamin B12 alone [98,109-111].

A systematic review and meta-analysis of seven studies also showed that folic acid
supplementation had a positive impact on cognitive function in older adults with mild cog-
nitive impairment (MCI) and reduced most inflammatory cytokines, Hcy and biomarkers of
AD [99]. Another systematic review and meta-analysis also supported the supplementation
of folic acid for improvement of cognitive function and concluded that supplementation
with more than 3 mg folic acid improved cognitive function in AD patients [112].

The effect of folic acid supplementation on cognitive function also depends on the
local folic acid supplementation policy. In a systematic review and meta-analysis, Zhang
and associates showed that folate-based B vitamin supplementation improved cognitive
function in older adults in countries without mandatory food folic acid fortification, but no
effect was noted in geographical areas with mandatory fortification [113].

Throughout the years there are numerous studies that defend the effectiveness of
folate in stroke prevention and recovery. The apparent mechanism would be that low
folate results in elevated levels of Hcy, which is a well-documented risk factor for car-
diovascular disease, including stroke [76,114]. In a systematic review and meta-analysis
that included 12 RCTs, folic acid reduced the risk of stroke by 10% [115]. Folate and Hcy
levels are also associated with recovery outcomes after a stroke. A recent study that as-
sessed folate and Hcy in patients with anterior ischemic stroke caused by large vessel
occlusion who underwent successful recanalization, showed that lower levels of folate
and higher serum Hcy on admission were independently associated with the 90-day futile
recanalization risk, a phenomenon where successful recanalization fails to translate into
functional independence [100].

Folate also assists in the formation of tetrahydro-biopterin (BH4), which activates
tyrosine and tryptophan hydroxylases for the synthesis of tri-mono-amines serotonin, nore-
pinephrine and dopamine [116]. Low levels of monoamine neurotransmitters have been
implicated in the pathogenesis of depression [75]. In a systematic review and meta-analysis
that was published in 2017, the gathered evidence did not support the addition of folic acid
to ongoing antidepressant therapy [117]. However, in an umbrella meta-analysis on the
effect of folate supplementation as an add-on for relieving depressive symptoms, Gao et al.,
concluded that folate supplementation significantly relieved symptoms of depression [118].
Clinician guidelines for the treatment of psychiatric disorders with nutraceuticals and phy-
toceuticals by the World Federation of Societies of Biological Psychiatry and the Canadian
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Network for Mood and Anxiety Treatments task force provided up-to-date, evidence-based
guidelines for the appropriate use of nutraceuticals and phytoceuticals for the treatment of
psychiatric disorders. In these guidelines, they recommended the use of methylfolate for
adjunctive use in major depressive disorder and for schizophrenia [119].

Not all forms of vitamin B9 are equal. The vitamin exists in several distinct chem-
ical forms—each with unique properties, bioavailability, and how they are metabolized
in the body: (a) Dietary folate is naturally occurring in foods such as leafy greens and
legumes; (b) Folic acid is the synthetic form used in fortified foods and many supple-
ments; (c) 5-MTHEF is the biologically active methylated form. (d) Folinic acid (Calcium
folinate/Leucovorin) is a natural form that is utilized more efficiently. In particular, folate
must enter the cells by binding to specialized surface receptors (Figure 2). About 2-3%
of apparently healthy children and up to 15% of adults have FRA. However, in certain
populations like children with autism spectrum disorder (ASD) or cerebral folate deficiency,
the percentage of individuals with FRA can be as high as 60% [120-122]. As previously
mentioned, a significant portion of the population harbors MTHFR gene polymorphisms,
with estimates suggesting 60-70% of the population having at least one common variant
(C677T or A1298C). For the most common C677T variant, roughly 40% of Caucasians and
Hispanics are carriers (heterozygous), and 8-20% are homozygous for two copies, severely
impacting enzyme function [123-126].

Because it bypasses the need for enzymatic conversion by MTHFR, 5-MTHEF is es-
pecially beneficial for individuals who may carry MTHFR variants that impair folate
metabolism. Instead, folinic acid (5-forml tetrahydrofolate, calcium folinate, Leucovorin)
bypasses the surface folate receptors and enters the cells via a pump. Moreover, folinic
acid enters cellular folate pools without needing initial conversion by MTHER, unlike folic
acid (Figure 2). In other words, folinic acid is the only form to support those with folate
receptor antibodies and MTHEFR polymorphisms. A number studies have shown that the
use of Calcium folinate has substantially improved language development in children
with ASD [127-129].

There are liquid dietary supplements such as VitalFolinic with 5-MTHF™ that are
specifically engineered to address common metabolic and transport challenges associated
with standard synthetic folic acid supplementation [130].

5. Palmitoylethanolamide (PEA)
5.1. Introduction

PEA is an endocannabinoid-like lipid mediator that belongs to the N-acyl-ethanolamine
fatty acid amide family and acts on multiple molecular targets to exert antimicrobial, anti-
inflammatory, analgesic, immunomodulatory, and neuroprotective effects. Its various
targets include primarily the Peroxisome proliferator-activated receptor alpha (PPAR-«),
as well as the novel cannabinoid receptor G protein-coupled receptor 55 (GPR55) and G
protein-coupled receptor 119 (GPR119). PEA can also downregulate mast cell activation, a
mechanism described as autacoid local injury antagonism. Its ability to indirectly activate
cannabinoid receptors 1 and 2 (CB1 and CB2) by inhibiting the degradation of anandamide
is known as the entourage effect. Through the entourage effect, PPAR-« activation and its
action as an allosteric modulator, PEA can activate and desensitize the transient receptor
potential vanilloid receptor 1 channels to exert an anti-nociceptive effect. Finally, PEA has
been reported to reduce adipose cell leptin release via lipopolysaccharide (LPS)-stimulated
pathways, an effect that possibly contributes to its anti-inflammatory activity [131-133].

PEA was first identified in chicken egg yolk as an active anti-inflammatory agent
in the 1950s [134]. The discovery of the endocannabinoid system rekindled interest in
PEA, and over the past two decades, there has been increased interest in the develop-
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ment and use of PEA-containing formulations for chronic pain, inflammation, and certain
brain diseases [134].

Endogenously, PEA is synthesized from palmitic acid “on demand” as a protective
response to cellular injury and is therefore upregulated during disease. The first step in
its synthesis is the Calcium- and cyclic adenosine monophosphate (cAMP)-dependent
transfer of palmitic acid from phosphatidylcholine to phosphatidylethanolamine to form N-
acylphosphatidylethanolamine (NAPE), which is subsequently cleaved by a NAPE-specific
phospholipase D to release PEA. PEA is inactivated via fatty acid amide amidohydrolase
(FAAH) or PEA-preferring acid amidase to form palmitic acid and ethanolamine [134].

The exogenous administration of PEA presents certain challenges; its lipophilic nature
and poor solubility and bioavailability have complicated its development as a nutraceutical.
PEA can cross the blood-brain barrier after oral administration; however, only in small
amounts. Strategies to improve the absorption of lipid-based supplements, such as PEA,
include emulsification, micronized dispersion, or utilizing specialized delivery systems
designed to increase the dispersion of lipophilic agents in aqueous environments [133].

5.2. Preclinical Studies

One strategy to mitigate the neurological sequelae of AD is to target neuroinflam-
mation which, begins early in the natural course of AD, as glial cells respond to the
abnormal accumulation of proteins. Scuderi et al. conducted an in vitro study that demon-
strated the ability of PEA to reduce Af3-induced astrocyte activation and pro-inflammatory
molecule and cytokine release in primary rat astrocytes through a PPAR-dependent mecha-
nism [134-136]. The same arm subsequently demonstrated the protective effects of PEA
against Ap-induced toxicity in primary rat mixed neuroglial co-cultures and organotypic
hippocampal slices [137,138]. Indeed, PEA has shown anti-inflammatory and neuropro-
tective properties in several other preclinical models of AD [139-142]. In another study,
co-ultramicronized PEA and the antioxidant luteolin were able to counteract the reduction
in glial cell line-derived neurotrophic factor (GDNF) and BDNF mRNA levels in addition
to Ap-induced neuroinflammation and glial activation in an AD rat model [143].

The effects of PEA on cerebral ischemia have also been studied. Richter et al. evaluated
whether PEA affected cortical spreading depression (CSD), a depolarization wave in the
cerebral gray matter that occurs after traumatic brain injury (TBI) or cerebral ischemia and
deteriorates brain damage. They elicited and evaluated CSD before and after intraperi-
toneal PEA injection in adult rats. PEA stabilized CSD amplitudes for at least four hours, an
effect attributed to the inhibition of pro-inflammatory cytokine release [144]. In another rat
model that underwent middle cerebral artery occlusion, the effects of a co-ultramicronized
combination of PEA and luteolin were studied. Caltagirone and associates showed that
rats treated with PEA had reduced edema and brain infarct volume, improved neurologi-
cal scores, reduced pro-inflammatory and astrocyte markers, and restored expression of
GDNF and BDNEF. The same authors also conducted an observational human study in
which co-ultraPEALut (Glialia®) was administered during rehabilitative therapy after a
stroke. After treatment, patients had statistically significant improvements in their neu-
rological status, cognitive abilities, pain, degree of spasticity, and independence in daily
living activities [145].

Fewer preclinical studies have examined the effects of PEA on PD models. Pre-
vious studies have shown that PPAR-« is expressed by dopamine neurons of the sub-
stantia nigra and spiny neurons of the dorsal striatum; therefore, it could be a ther-
apeutic target for neurodegenerative disorders, including PD. Fenofibrate which is a
selective PPAR-« agonist, prevented dopaminergic neuronal loss in the neurotoxin
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of PD. However,
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bezafibrate, another synthetic PPAR-« agonist, had no effect in the same study [146].
Esposito et al. used PPAR-aKO and PPAR-cWT mice to assess the effect of PEA against
minocycline in the MPTP model of PD. PEA reduced dopaminergic cell death and glial
activation and mitigated motor deficits. Compared to minocycline, PEA demonstrated su-
perior recovery in PEA-treated mice. Interestingly, PPAR-«KO mice exhibited exacerbated
toxicity from MPTP, indicating that PEA neuroprotection was dependent on PPAR-«x [147].

In another mouse model of PD induced by the striatal injection of 6-OHDA, PEA
improved behavioral impairments by reducing several pathogenic factors at the striatal
level. Similar protective effects of PEA against neuronal damage by 6-OHDA were also
observed in SH-SY5Y neuroblastoma cells [148].

5.3. Clinical Studies

PEA has been meticulously studied for its analgesic effects on musculoskeletal disor-
ders, neuropathic pain, chronic pain, and dysmenorrhea [149]. However, clinical studies
evaluating its effects on brain diseases are limited. This could be associated with the
complexity of the pharmacokinetics and bioavailability of PEA. New PEA formulations
subjected to ultramicronization will improve the bioavailability of the compound and allow
more clinical studies to be conducted. Indeed, most high-quality clinical studies were fairly
recent, and several are currently ongoing.

A review of the literature revealed relatively few studies evaluating the effectiveness of
PEA in patients with AD, mild cognitive dysfunction, and dementia. Therefore, the recent
phase 2 study by Assogna and associates investigating the effect of PEA supplementation
combined with luteoline in patients with frontotemporal dementia (FTD) is of particular in-
terest. FID is a devastating disease associated with synaptic dysfunction, neurotransmitter
deficits, and neuroinflammation, and is clinically characterized by a rapid decline in global
functioning and reduced life expectancy; however, to date, no effective pharmacological
treatment is available. In addition to its anti-inflammatory effects, PEA can modulate
synaptic activity by enhancing GABAergic (gamma-aminobutyric acid) neurotransmission
through the activation of the CB1 receptor at a presynaptic site. Hence, investigating its
efficacy and safety in patients with FTD is warranted.

This was a phase 2, monocentric, randomized, double-blind, placebo-controlled trial.
Forty-eight participants were randomized to receive co-ultraPEAlut oral suspension or
placebo for 24 weeks. The primary efficacy outcome measure was the change from baseline
in the Clinical Dementia Rating (CDR), Dementia Staging Instrument and another scale
specific to patients with FTD. Patients in the intervention group showed less decline in
global disease severity and functional decline compared with those treated with a placebo.
No significant effect of co-ultraPEAlut treatment on frontal executive function or behavioral
symptoms was found [150].

The ability of the co-ultramicronized combination of PEA and luteolin supplementa-
tion to restore BDNF expression [145] was also investigated in clinical trials. A randomized,
double-blind, placebo-controlled crossover study based in London investigated the effects
of PEA supplementation on cognitive health and serum BDNF concentrations. Thirty-nine
healthy university students were randomized to take PEA in a formulated form known as
Levagen+ (Gencor Pacific Limited, Lantau Island, HK) or a placebo. Following six weeks
of PEA supplementation, serum BDNF expression significantly increased, and there was
a significant improvement in memory-related outcomes. No significant differences were
observed in attention, psychomotor speed, and executive function parameters [151].

A small, very recent RCT by the same group explored whether Levagen+ had stress-
modulating effects. In this study, 16 female university students were randomly assigned
to receive PEA or a placebo for 6 weeks. Stress was assessed by recording heart rate
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variability, subjective stress, mood measures, and salivary cortisol concentrations. PEA
supplementation had a positive effect on markers associated with enhanced physiological
stress regulation; however, subjective stress measures and salivary cortisol concentrations
remained unchanged [152].

The same PEA formulation has previously been evaluated for its effect in patients
with sleep disturbances, where PEA significantly reduced the amount of time required
to fall asleep in patients with sleep latency issues [153]. It also improved cognition upon
waking and the time needed to feel fully awake. Fast sleep and better awakening are
both desired attributes that are currently lacking in approved pharmaceutical options for
sleep disturbances [153].

Another study investigated whether PEA supplementation shortly after ischemic
stroke could improve patient outcomes following thrombolysis. Sixty patients who had
an ischemic stroke were randomized to receive either thrombolytic therapy (alteplase)
alone or in combination with an oral suspension formulation that contained PEA and
luteolin called PEALut (GlialiaR, Epitech Group SpA, Saccolongo, Padova, Italy) within
72 h after the ischemic event. Neurological deficits, independence in activities of daily
living and cognitive impairment were assessed at baseline, at discharge from the Stroke
Unit and after 90 days. Patient independence and mobility in daily living activities showed
a significant increase in the PEALut group compared to the control group. Recovery of
cognitive function was also greater in the intervention group than in the thrombolysis-alone
group [154]. A study that will evaluate the effect of co-ultramicronized PEA and luteolin
on the clinical outcomes of patients with acute ischemic stroke undergoing mechanical
thrombectomy is underway [NCT06777680] [155].

The effects of PEA have also been investigated in neuropsychiatric disorders. Neu-
roinflammatory pathways, dysregulation of glutamate transmission, and deficits in the
endocannabinoid system are all involved in the pathogenesis of major depressive disorder
and mood disorders [156]. In adults with major depressive disorder (MDD), 600 mg twice
daily of ultra-micronized PEA (ACER, Tehran, Iran) as adjunctive therapy to citalopram im-
proved scores in the Hamilton Depression Rating Scale, demonstrated significantly greater
improvement in depressive symptoms and higher response rates at the end of the trial [156].
In a small RCT, the same dose and formulation of PEA improved manic symptoms and
overall clinical status when given as an adjunct on treatment with lithium and risperidone
in patients in the acute phase of mania [157]. Finally, 600 mg of PEA twice daily, alongside
risperidone, showed greater symptom improvement in patients with primary negative
schizophrenia [158]. Table 3 summarizes the clinical evidence on PEA.

Table 3. Clinical effects of Palmitoylethanolamide (PEA).

. Mechanism
Compound Model/Population N Dosage of Action Key Outcomes Reference
PEA Healthy Formulated PEA 1 serum BDNF; 1 BDNEF, improved
e 39 . [151]
(Levagen+) university students ~700 mg/day improves memory memory outcomes
PEA Healthy Formulated PEA Modulates Improy e(.j heart rate
(Levagen+) female students 16 ~700 mg/day physiological stress variability and [152]
stress markers
|} time to fall asleep,
Patients with sleep PEA improved cognitive
PEA latency issues 103 300-600 mg/day Neuromodulatory function [153]
upon waking
PEA (ultra- Anti-inflammatory, 1 response rates,
. . Adults with MDD 58 PEA 600 BID endocannabinoid 1 depressive [156]
micronized) :
modulation symptoms
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Table 3. Cont.

Compound

Model/Population N Dosage

Mechanism

of Action Key Outcomes Reference

PEA (ultra-
micronized)

Patients in acute Improved manic

mania (adjunct to 70 PEA 600 BID
lithium + risperidone)

Anti-inflammatory,

neuromodulatory symptoms and [157]

overall clinical status

PEA (ultra-
micronized)

Patients with
primary nega- 60 PEA 600 BID
tive schizophrenia

Improved symptom
Anti-inflammatory, scores when
neuromodulatory combined with
risperidone

[158]

BDNE: brain-derived neurotrophic factor; BID: twice a day; MDD: major depressive disorder; PEA: palmi-
toylethanolamide; 1: increased; |: decreased.

5.4. Clinical Studies of PEA on Pain

PEA has been extensively investigated in clinical settings primarily for its analgesic and
anti-inflammatory properties, with the strongest evidence emerging from studies on chronic
pain, neuropathic pain, and gynecological pain disorders (Table 4). Multiple randomized
and controlled trials have demonstrated that PEA, administered typically at doses ranging
from 600 to 1200 mg/day, is effective in reducing pain and improving functional outcomes
in conditions such as knee osteoarthritis, diabetic peripheral neuropathy, carpal tunnel
syndrome, and temporomandibular joint disorders [159-163]. In these populations, PEA
consistently reduced pain intensity and, in some cases, improved nerve function and quality
of life. However, not all findings are uniformly positive; for example, a randomized, double-
blind, placebo-controlled trial in patients with spinal cord injury-related neuropathic
pain did not demonstrate a significant benefit over placebo [164], highlighting potential
variability depending on disease etiology and severity.

PEA has also shown efficacy in visceral and pelvic pain conditions, particularly when
combined with polydatin. Clinical studies in patients with irritable bowel syndrome
(IBS) [165] and endometriosis-associated pelvic pain [166] reported reductions in symptom
severity and pain scores following treatment with combined formulations. Similarly, benefits
have been observed in primary dysmenorrhea and vestibulodynia [167,168], supporting a
role for PEA in modulating inflammation-driven and hormonally influenced pain pathways.

Mechanistically, the clinical effects of PEA are largely attributed to its ability to activate
PPAR-«, modulate mast cell activity, and regulate neuroinflammation through interactions
with the endocannabinoid system and transient receptor potential channels (Figure 3).
Notably, the bioavailability of PEA appears to be formulation-dependent, with ultrami-
cronized and co-formulated preparations showing improved clinical efficacy in several
studies. Overall, current clinical evidence supports the use of PEA as a safe and moderately
effective therapeutic option for a range of inflammatory and neuropathic pain conditions,
although further large-scale and standardized trials are needed to better define its efficacy
across different patient populations and dosing strategies.

Table 4. Clinical effects of Palmitoylethanolamide (PEA) on pain.

Compound

Mechanism

Model/Population N Dosage Duration Key Outcomes Reference

of Action

PEA
+ Polydatin

Patients with irritable PEA 400 mg

bowel

syndrome (IBS) 40 mg, BID

Anti-inflammatory, J abdominal pain
mast cell modulation, sensation,
gut-brain improved
axis regulation IBS symptoms

54 + Polydatin 12 wks [165]

PEA

Patients with
knee osteoarthritis

Anti-inflammatory,
74 300-600 mg/day 8 wks analgesic
(PPAR-« activation)

| pain sensation,

improved function [159]
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Table 4. Cont.

Mechanism

Compound Model/Population N Dosage Duration of Action Key Outcomes Reference
PEA (gltraml— Spinal corc! injury 73 600 mg BID 12 wks Nel.njomodulatory, No .51gn1f1cant [164]
cronized) neuropathic pain anti-inflammatory benefit vs. placebo
Relapsing-remitting Anti-inflammatory, J IFN-p side
PEA multiple sclerosis 29 600 mg/day 6 months cytokine modulation  effects, | cytokines [160]
Micronized . PEA 400 mg iy .
PEA + Trans- Fr;dccl)melt r1081s” 47 + Polydatin 3 months Antl_mﬂf mmatory, .i pelv1ct' [166]
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BID: twice daily; IBS: irritable bowel syndrome; IFN-f: interferon beta; mg: milligrams; NSAIDs: nonsteroidal
anti-inflammatory drugs; PEA: palmitoylethanolamide; PPAR-«: peroxisome proliferator-activated receptor alpha;
TM]J: temporomandibular joint; TENS: transcutaneous electrical nerve stimulation; wks: weeks; |: decreased.
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Figure 3. Schematic representation of mechanisms of action of PEA in pain modulation. CB1:
cannabinoid receptor type 1; CB2: cannabinoid receptor type 2; PEA: palmitoylethanolamide; PPAR-
«: peroxisome proliferator-activated receptor alpha; RXR: retinoid X receptor.
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6. Huperzine A
6.1. Introduction

In Chinese medicine, Huperzia serrata (toothed clubmoss) is traditionally used to treat
fever and inflammation, certain blood disorders, and even schizophrenia. Its medicinal
properties are mostly attributed to alkaloids, such as lycodoline, lycoclavine, serratinine,
and huperzines. This plant, which requires several years to mature, is currently at risk
of extinction; therefore, developing methods to synthesize some of its compounds, par-
ticularly huperzines, has gained interest. Huperzine A (HupA) is a sesquiterpene alkaloid
that comprises less than 0.02% of H. serrata. Its skeleton contains an ethylidene group
and an aromatic pyridone moiety fused with a bicyclic ring system bearing a primary
amino group [170].

In recent years, considerable research has been conducted on this phytochemical
compound to elucidate its therapeutic effects, chemical synthesis, pharmacokinetics, and
to evaluate possible toxicities. HupA is an attractive compound because it is a potent
acetylcholinesterase (AChE) inhibitor and NMDAR antagonist [171]. AChE is available in
the CNS of adults as a globular tetramer (G4 AchE) and HupA exhibits the best selectivity
and efficacy against tetrameric AchE [172]. Cholinesterase inhibitors increase acetylcholine
(ACh) at the neuronal synaptic cleft by inhibiting the enzyme responsible for the hydrolysis
of ACh resulting in improved neuronal transmission. HupA inhibits AChE through a
non-covalent, reversible interaction with aromatic amino acids located in the catalytic
gorge. The HupA-AChE complex has a low dissociation rate, which makes HupA a slow,
reversible inhibitor [173].

6.2. Preclinical Studies

In vivo studies have shown that HupA has antioxidant properties and can inhibit
PKC/MAPK, y-secretases and increase phospho-glycogen synthase kinase-3 (GSK-3) in
transgenic mice resulting in enhanced learning capacity and memory [174]. HupA has also
exhibited anti-inflammatory potential by lowering pro-inflammatory cytokines and en-
hancing anti-inflammatory cytokine production in neuroinflammation. In a mouse model
of MS, it ameliorated disease severity by reducing the accumulation of inflammasomes
and decreasing the neuronal injury [175]. In several animal models, HupA also potentiates
GABA signaling and suppresses seizures [173]. HupA restores lost GABA-mediated inhi-
bition after TBI in a TBI rat model which can clinically be used as an anticonvulsant and
antinociceptive [176]. Mei et al. also showed that HupA can decrease neuroinflammation
in a repetitive brain injury model [177].

In aging rats receiving D-galactose to induce severe blood-brain barrier dysfunction
and to decrease the density of tight junctions and induce apoptosis in the hippocampus,
subcutaneous administration of HupA for 8 weeks inhibited AChE activity, reduced neu-
rovascular damage by inhibiting NF-«B activation and improved cerebrovascular function
by suppressing the decrease in the density of tight junctions and cell apoptosis [178]. In
addition to inhibiting acetylcholine activity, intraperitoneal administration of HupA sup-
pressed activation of glial cells in the ischemic penumbra, decreased overexpression of
pro-inflammatory factors and inhibited nuclear translocation of NF-«B in a rat model of
transient focal cerebral ischemia. These actions resulted in significant restoration of regional
cerebral blood flow, reduction in infarct size, and reduction in neurological deficit score
24 h after reperfusion. Similar beneficial effects were observed after HupA administration
for 14 days [179].

Despite the amount of positive feedback from preclinical trials, there is evidence that
there are critical inter-species differences, for example, in the cholinesterase activity in
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humans and rodents, that need to be taken into account before applying the effects of HupA
in animal models to humans [170].

6.3. Clinical Studies

Older studies have revealed that HupA is safe for patients with AD and effective in
improving memory and behavior in this cohort [180-183].

Cholinergic degeneration is associated with cognitive deficits in AD; therefore, en-
hancing cholinergic neurotransmission using AChE inhibitors has been the hallmark of
AD treatment. Tacrine, donepezil, rivastigmine, and galantamine have proven useful
in alleviating some symptoms; however, none have been effective in preventing disease
progression. A particular concern with AChE inhibitors is the number of adverse effects
related to the activation of peripheral cholinergic systems. Gastrointestinal symptoms
(diarrhea, nausea, and vomiting) and cardiovascular effects (syncope, bradycardia, and
heart block), along with neuropsychiatric (tremor, insomnia, and seizures), are common.
The first-generation AChE inhibitor tacrine has been discontinued due to severe hepatotox-
icity and low efficacy [184]. HupA has the dual advantage that it acts as a selective AChE
inhibitor and a potent NMDA receptor antagonist; these attributes make HupA a useful
agent for both the prevention of the pathogenesis of the disease and symptom control [170].

In 2013, Yange et al. performed a systematic review and meta-analysis of RCTs to
determine the effectiveness of HupA in patients with AD. Although the authors determined
that there was a high risk of bias in the 20 included RCTs, HupA improved cognitive
function, daily living activity, and global clinical assessment compared to no treatment,
psychotherapy, and conventional medicine. The differences in the measurement of each
outcome, duration of treatment, reporting methods and publication bias were limitations of
this systematic review [185]. Later, in a preliminary trial that randomized 110 patients with
AD to receive placebo, rivastigmine, galantamine, and HupA for 24 weeks in combination
with memantine, Shao et al. showed that the addition of 100 ug twice daily of HupA to
memantine resulted in better MMSE and activities of daily living scores than the addition
of a placebo [186].

A more recent double-blind study evaluated the effects of HupA on cognitive function
and task switching in patients with AD and healthy individuals. Task switching is a higher-
order executive function that relies on the frontoparietal network and is affected in patients
with AD. Post-treatment scores on the Addenbrooke’s Cognitive Examination (ACE) and
Trail making test (TMT), which assess visual attention and task switching, were significantly
improved after 8 weeks of treatment with HupA [187]. In another recent parallel-group
randomized controlled trial, administration of intramuscular HupA postoperatively in
patients that underwent neurosurgery under general anesthesia, improved significantly
mini mental state examination (MMSE) scores over the first four postoperative days [188].

A multicenter, double-blind, double-dummy, active- and placebo-controlled, parallel-
group RCT that will initially evaluate the efficacy and safety of different doses of HupA
controlled-release tablets in patients with mild-to-moderate Alzheimer’s type dementia is
underway. At the efficacy confirmation stage, this study aims to assess the effect of HupA
controlled-release tablets on cognitive function and functional abilities in these patients,
and in the open-label extension stage, further evaluate the long-term efficacy and safety of
the treatment [NCT07066826] [48].

A systematic review and meta-analysis of randomized trials conducted by Dang
et al. evaluated the pharmacological treatments available for vascular dementia. In this
review, 16 RCTs were identified on HupA, including 572 patients and 542 controls. HupA
showed superior efficacy to donepezil and was among the most effective drugs in terms
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of changes in the MMSE and activities of daily living scores; however, it had the poorest
safety profile [189].

Zafonte and associates conducted a single-site, randomized, double-blind, placebo-
controlled Phase II study, to determine the effect of HupA treatment for 12 weeks on
memory function in patients with moderate to severe TBIL For neurocognitive evaluation,
the California Verbal Learning Test-1I (CVLI-II) was utilized to assess verbal learning and
memory. CVLI-II total learning, short delay free recall, and long delay free recall were
assessed. Owing to the small number of participants who completed the 12-week treatment
(n = 12), the authors used permutation testing to increase the power of this study. After
12 weeks of intervention, there was no difference between the two groups in memory perfor-
mance, self-reported depression measured by the Beck Depression Inventory (BDI) test, and
seizure activity in patients with subacute to chronic moderate to severe TBI. Surprisingly,
the placebo arm showed notable improvement in all three memory batteries, as well as in
the BDI scores. No significant between-group difference in the prevalence of adverse effects
was observed. This study could illuminate a unique responsiveness to placebo in this
patient cohort; however, given the small sample size, this was an underpowered study and
could not confidently determine the effect of HupA treatment in patients with TBI [190].

Studies have shown changes in the cholinergic system in schizophrenia, resulting in
cognitive deficits at a very early stage. A systematic review and meta-analysis showed
that patients with schizophrenia have a decrease in muscarinic and nicotinic receptor
levels, particularly in M1/M4 muscarinic receptors in the striatum, hippocampus and
fronto-cingulate cortex [191]. AChE inhibitors have been previously applied for improving
cognitive impairment in people with schizophrenia, therefore HupA could also be benefi-
cial for cognitive function. Due to conflicting results, Zheng et al. conducted a systematic
review and meta-analysis of randomized controlled trials to determine the efficacy of HupA
for cognitive deficits in schizophrenia spectrum disorders [192]. The primary outcome was
the cognitive effect evaluated by any battery and the secondary outcomes included im-
provement in psychiatric symptoms. Twelve Chinese RCTs were included in the synthesis;
however, they were deemed as being of low quality due to the lack of double-blind design
and high risk of selection bias. Cognitive function and psychiatric symptoms improved
in the HupA arm; however, there was no difference in the acute phase of illness. No
significant differences were detected between the two arms regarding common side effects
(weight gain, liver enzyme elevation, electrocardiographic abnormality, nausea/vomiting,
insomnia, constipation, excitement/agitation, muscle rigidity, or tremor) [192].

Another systematic review of RCTs investigated the efficacy and safety of HupA
administration in patients with major depressive disorder; however, only three low-quality
trials from China were identified, with an average intervention duration of 6.7 weeks.
Therefore, no definitive conclusions could be made regarding the effect of HupA in patients
with major depressive disorder [193].

7. Hericium erinaceus (Lion’s Mane)
7.1. Introduction

Mushrooms have long been valued for their nutritional and therapeutic applications
in East Asia. There has been considerable interest in identifying and utilizing bioactive
compounds found in the mycelium or fruiting body of certain mushrooms for the pre-
vention and treatment of diseases. The most important bioactive compounds are the
polysaccharides of the fungal cell wall, «- and (3-glucans, which are well known for their
antitumor, immunomodulatory, antioxidant, anti-inflammatory, antimicrobial, and antidia-
betic activities [194].
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Hericium erinaceus (HE), an agaricomycete, is a core ingredient in several nutraceu-
tical products for cognitive enhancement and gastrointestinal diseases because of its di-
verse range of bioactive compounds, including -glucans, diterpenoids, and phenolic
compounds. Erinacines are cyathane diterpenoids found on the mycelium of HE, and
hericenones are benzyl alcohol derivatives that can be extracted from the fruiting body.
Erinacines can cross the blood—-brain barrier via passive diffusion and exert neurotropic,
neuroregenerative, and neuroprotective effects by affecting neurotrophins. Neurotrophins,
such as nerve growth factor (NGF), BDNF, and GDNF, support neurite outgrowth and
development and protect neurons from damage. However, they are large molecules that
cannot cross the blood-brain barrier. Thus, there is particular interest in developing phar-
maceutical agents that can stimulate the production of neurotrophins for the management
of neurodegenerative diseases [44,45].

A limitation to the use of nutraceuticals containing HE worldwide has been the fact
that dehydrated mycelium powder is considered a novel food in the European Union
(EU). Therefore, pre-market authorization in accordance with Regulation EU 2015/2283 is
required before it can be placed as food on the EU market. Currently, only fruiting body ex-
tracts rich in hericenones are permitted, despite the fact that erinacines, known for their abil-
ity to stimulate neurotrophins, can be found in greater concentrations in the mycelia [195].

7.2. Preclinical Studies

In vitro studies have shown that erinacines present on HE can stimulate the synthesis
of NGF; however, this could not be induced in neurons alone and was only possible when
they were administered to glial cells. Erinacines A, C, and S enhance neurite outgrowth in
NGF-responsive models, but whether they are able to potentiate NGF signaling or they
mimic neurotrophin activity is still under investigation [44,196]. The ability of hericenones
to also stimulate NGF biosynthesis is still controversial [197].

In a systematic review of preclinical models, Spangenberg et al. included studies that
evaluated the neuroprotective effects of different erinacines, with most of the available
evidence focusing on erinacine A, S, and C. Some studies investigated the effects of HE
mycelia (HEM), whereas others investigated the effects of mycelial extracts (HEME); overall,
the extraction methods, concentrations, and cell lines used varied significantly. Each
erinacine appears to have a different role. The neuroprotective effects of erinacine A and
HEME treatment were mostly associated with an inhibitory effect on NF-«B activation.
In rodent PD models, erinacine A administration improved motor function by reducing
dopaminergic neurotoxicity and protecting against microglia-mediated neuroinflammation
by decreasing pro-inflammatory cytokine expression and ROS production in the midbrain.
Tsai-Teng et al. showed that HEME which was higher in erinacine A concentration was
more potent at reducing AB plaque burden than HEM in an AD model [198]. In another
study, erinacine A improved spatial learning and memory by reducing A plaque formation
but had moderate benefits in the neurologic deficits in a brain ischemia mouse model [44].

Erinacine C administration has been associated with an increase in antioxidant en-
zyme levels, whereas treatment with erinacine S induced the accumulation of neurosteroids,
in particular, pregnenolone and progesterone, which promote neurogenesis, neurite out-
growth, and protect neurons against apoptosis. However, very high concentrations of
erinacines A, C, and S decreased cell viability in human neuroblastoma SH-SY5Y cells [44].

7.3. Clinical Studies

A recent systematic review included 10 clinical studies (5 RCTs, 3 pilot studies, 1 cohort
study, and 1 case report) that explored the benefits and side effects of HE in conditions such
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as cognitive dysfunction and mood disorders. The type and dose of formulation, duration
of intervention, and outcome measures in these studies varied [199].

We identified three studies that focused on the acute effects of HE administra-
tion [200,201]. Doherty and associates conducted a pilot study in young, healthy adults to
determine the acute and chronic effects of HE supplementation on cognition and mood.
Forty-one volunteers aged 18-45 years were assigned to receive 1.8 g of lion’s mane mush-
room (SO—DSX1®, Sempera Organics Inc., Morgan Hill, CA, USA) capsules or a placebo.
Cognitive function tests included immediate and delayed word recall, numeric working
memory, choice reaction time, the Stroop task, peg and ball, and delayed word recognition.
These tests were designed to measure effects on attention, executive function, working
memory, and episodic memory and were delivered via a computerized mental performance
assessment system (COMPASS). Mood and psychological state were assessed using the
Stress Visual Analog Scale (VAS), the Visual Analog Mood Scale and the Perceived Stress
Scale. Participants performed significantly faster on the Stroop task 1 h after administration
of lion’s mane supplementation but performed less accurately on the immediate word recall
test, in contrast to the placebo group, which had fewer errors in immediate word recall.
After 28 days of supplementation, some improvement was noted regarding subjective
stress scores in the intervention arm; however, in the placebo group, delayed word recall
after 28 days was better than that on baseline [201].

La Monica et al. conducted a randomized, double-blind, placebo-controlled, nested
within-subject crossover study that examined the acute effects of a single dose of 650 mg
guayusa extract vs. 1 g Nordic-grown Lion’s Mane vs. placebo in healthy adults. In this
study, the authors utilized the Go/No-go test to assess inhibitory responses, the Serial
Sevens test, which evaluates attention concentration and working memory, and the N-back
test for working memory. Subjective questionnaires were used to evaluate mood, focus,
stress, and happiness. Contrary to the previous study by Docherty et al., in this study,
the assessment was conducted both in the first and second hour after ingestion. Lion’s
mane improved reaction time to the stimulatory response at 120 min during the Go/No-go
test, improved reaction time at the N-back test from 60 to 120 min, and improved the
number of attempted responses during the serial sevens test after 2 h, potentially showing
a delayed response after ingestion. Subjective ratings of happiness and “getting the most
out of everything” also improved. This study showed that a single dose of lion’s mane can
improve reaction time, working memory, attention, and self-perceived happiness compared
to baseline, which could indicate that long-term intake is not necessary for the positive
effects, although remodeling of nerve structures likely requires a longer duration or higher
doses [200]. A very recent double-blind, randomized, placebo-controlled, cross-over study
by Surendran et al. investigated the acute effects of HE on cognition and mood in 18 healthy
young adults aged 18 to 25 years in the UK. The intervention involved a 250 mL drink
comprising 3 g of HE fruiting body extract. The results failed to detect any effect on
cognition as determined by the global composite measure; however, acute consumption
of the intervention drink resulted in improved psychomotor skill and manual dexterity
as evaluated on the grooved pegboard test at 90 min. However, it appeared to impair
performance on the Flanker and Trail making B tests, which assess executive function [202].

Despite the fact that neuroprotective erinacines are primarily found in the mycelia of
HE, in a pilot study, fruiting body powder of HE, which contains primarily hericenones,
also had a beneficial effect on cognitive function. This was a double-blind, parallel-group,
placebo-controlled trial in which 30 Japanese patients, aged 50-80 years, diagnosed with
mild cognitive impairment were randomized to tablets containing 96% fruiting body
dry powder of HE (3 g total daily dose) for 16 weeks or a placebo. The intervention
group showed improved scores of MCI during the intervention period compared to the
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placebo group; however, the results decreased significantly after discontinuation at the
4-week follow-up, hinting that the beneficial effect of HE on mild cognitive impairment
is reversible after discontinuation [203]. In another randomized double-blind, placebo-
controlled, parallel-arm comparative study on 31 healthy adults aged >50 years old, sup-
plements of HE fruiting body powder improved MMSE scores [204]. A double-blind,
placebo-controlled RCT evaluated the effects of daily erinacine A-enriched HE supplemen-
tation (EAHE; 3.44 mg/day) over 8 weeks in healthy adults over 55. Adjusted analyses
revealed significant improvements in cognitive performance in the intervention group,
accompanied by an increase in serum BDNE, whereas biochemical markers and neuropep-
tide Y remained unchanged. Modest changes in gut microbiota diversity were observed,
although overall composition was largely stable, likely reflecting the short intervention
period and limited sample size [205].

Chen Li et al. conducted a one-year, double-blind, randomized, placebo-controlled
pilot trial to assess whether EAHE supplementation could slow progression in patients
with mild AD. Participants received EAHE (three 350 mg capsules/day, 5 mg/g erinacine
A) or placebo for 49 weeks and were monitored with cognitive assessments, biomarkers,
ophthalmic exams, and neuroimaging. Compared to placebo, the EAHE arm showed
improved MMSE scores, better Instrumental Activities of Daily Living (IADL) outcomes,
reduced Cognitive Abilities Screening Instrument (CASI) decline, less deterioration in
blood biomarkers, and less structural disorganization on neuroimaging. Although this was
a small pilot study, its study design allowed the evaluation of clinical, biochemical, and
imaging data pertinent to AD [206].

Mood improvements were observed in another study using powdered fruiting bodies
of HE cookies. Using a randomized, double-blind, placebo-controlled design, scientists
investigated the effects of HE on perimenopausal symptoms, depression, sleep quality,
and indefinite complaints. A total of 30 women were randomized to receive four HE
cookies (0.5 g powdered fruiting body of HE) or placebo cookies each day, for a period of
4 weeks. The authors noted improvements in depressive symptoms and anxiety scores post-
intervention compared to the baseline; however, no significant difference was observed
between intervention and placebo arms [207]. Vigna and associates assessed the effects of
HE supplementation (80% bulk mycelia, 20% fruiting body extract) on mood disorders,
BDNE, and pro-BDNF serum concentrations in volunteers with overweight or obesity on a
low-calorie diet regimen. After 8 weeks of HE supplementation, levels of pro-BDNF were
increased, BDNF concentrations remained unchanged and an improvement was noted in
depressive symptoms, anxiety and disordered sleep [208].

8. Flavonoids

There are hundreds of polyphenolic compounds in nature, including flavonoids,
found mostly in green plants and seeds, with multiple beneficial actions [209,210]. The
best well-known flavonoids include apigenin, diosmin, luteolin, naringin, pycnogenol,
quercetin, and rutin. The number of phenolic groups dictates their well-known antioxidant
effects, but also constitutes a problem for those with phenol intolerance due to metabolic
enzyme polymorphisms.

In the context of neurodegenerative diseases, flavonoids have been reported to exert
protective effects through mechanisms such as attenuating neuroinflammation, reducing
oxidative stress, and modulating neuronal signaling pathways [211,212]. Greater dietary
intake of polyphenols has been associated with a reduced risk of cognitive decline and
neurodegeneration, potentially through improvements in vascular function, synaptic plas-
ticity, and mitochondrial health [213,214]. Additionally, flavonoids have been implicated
in memory preservation, with evidence suggesting protective roles against amnesia via
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cholinergic modulation and anti-inflammatory actions in the brain [212]. Anthocyanins
have also shown promise in improving cognitive performance in both healthy and cogni-
tively impaired individuals, further supporting their role across the lifespan in maintaining
brain health [215].

8.1. Quercetin

Quercetin is a naturally occurring flavonoid abundant in fruits and vegetables, such as
apples and onions [216]. It exerts antioxidant and anti-inflammatory effects by modulating
several redox- and inflammation-related pathways, including activation of the NRF2/ARE
(antioxidant response element) and inhibition of NF-«B signaling and the neutrophil-to-
lymphocyte ratio (NLR) family, NLRP3 [26-29]. The antioxidant effects of quercetin reflect
the modulation of several oxidative stress biomarkers including glutathione (GSH), glu-
tathione reductase (GR), glutathione-S-transferase (GST), glutathione peroxidase (GPx),
superoxide dismutase (SOD), catalase (CAT), and malondialdehyde (MDA) [217]. Pre-
clinical studies have demonstrated that quercetin attenuates stress-induced behavioral
and biochemical alterations, partly through modulation of corticotropin-related stress
signaling in the brain [218]. In addition, quercetin exhibits neuroprotective effects by
suppressing oxidative and nitrosative stress-mediated neuroinflammation and apoptosis
pathways implicated in depression [219-221], effects that may occur independently of the
hypothalamic—pituitary—adrenal (HPA) axis [222].

Beyond mood-related outcomes, experimental models indicate that quercetin may
also improve cognitive function and protect against neurodegenerative processes. In
animal models of AD, quercetin reduces A3 accumulation, attenuates neuro-inflammation,
while improving learning and memory performance [223]. Additional studies suggest that
quercetin modulates microglial activation and enhances endogenous antioxidant defenses,
further contributing to its neuroprotective properties [224].

Despite strong preclinical evidence, clinical research remains limited. Two randomized,
double-blind, placebo-controlled trials investigated the effects of quercetin on cognitive
function in older adults. In the first, 70 healthy individuals aged 60-79 years old were ran-
domized to receive quercetin-rich onion providing approximately 50 mg/day of quercetin
or a quercetin-free placebo for a period of 24 weeks [225]. The quercetin arm demonstrated
improvements in the MMSE scores and emotional function, suggesting reduced age-related
cognitive decline and improved mood-related outcomes [225]. In the second trial, 80 older
adults (60-75 years old) supplemented with a beverage containing 110 mg/day of quercetin
glycosides for a period of 40 weeks [226]. The intervention resulted in improved reaction
time, suggesting a potential attenuation of age-related decline in cerebral blood flow and
brain activity, possibly through stress reduction and inhibition of A accumulation [226].
Further well-designed clinical trials are required to clarify the potential role of quercetin in
supporting brain health and cognitive function.

8.2. Apigenin

Apigenin (4',5,7-trihydroxyflavone) is a naturally occurring flavonoid commonly
found in plants of the Apiaceae family (e.g., celery, carrot, and parsley) and in chamomile
tea derived from the dried flowers of Matricaria chamomilla [227]. In most dietary sources
apigenin predominantly exists as a glycoside, such as apiin in parsley and celery or apigenin
7-O-glucoside in chamomile, which are enzymatically hydrolyzed in the gut to release the
bioactive aglycone. Other foods containing measurable apigenin glycosides include onions,
citrus fruits (oranges, grapefruit), tea, and wheat sprouts [227,228].

Apigenin modulates GABAergic and glutamatergic neurotransmission in vitro through
effects on GABA and NMDARs, and has been reported in pharmacological studies to
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influence central nervous system activity [229]. Research has shown that it can improve
cognitive function in AD models by reducing A3 burden, inhibiting the amyloidogenic
pathway (downregulating BACE1; beta-site APP cleaving enzyme 1 and {3-cleavage C-
terminal fragment (3-CTF), scavenging ROS, enhancing antioxidant enzymes (SOD, GPx),
and restoring the ERK/CREB/BDNF (extracellular signal-regulated kinase; cAMP response
element-binding protein) neurotrophic pathway [230]. In neuronal cell models, apigenin
protects against A3- and copper-induced toxicity by maintaining redox balance, preserv-
ing mitochondrial function, inhibiting MAPK signaling, and reducing apoptosis [231].
Apigenin also preserves neurovascular integrity, improves cerebral blood flow, and sup-
ports cholinergic function (increasing ACh and reducing AChE activity) [232]. In models
of depression, apigenin reverses behavioral deficits induced by chronic corticosterone
or forced swimming, likely through upregulation of hippocampal BDNF, modulation of
dopaminergic, serotonergic, and noradrenergic systems, and normalization of HPA axis
activity [233-236], reduces elevated serum corticosterone, and restores platelet adenylyl
cyclase activity [236]. Apigenin’s antidepressant-like effects are also supported by evidence
that it attenuates pro-inflammatory cytokine production (IL-1f3, TNF-x) and suppresses
inducible NOS and cyclooxygenase-2 (COX-2) expression via inhibition of NF-«B signaling
in models of inflammation-induced depressive behavior [235].

Very few clinical studies evaluating apigenin exist in the literature, mostly from Ma-
tricaria chamomilla L., involving people with anxiety disorder [237,238]. In a double-blind
RCT of 57 outpatients with mild-to-moderate generalized anxiety disorder, oral chamomile
extract (220 mg capsules standardized to 1.2% apigenin) administered over 8 weeks signifi-
cantly reduced Hamilton Anxiety Rating-A scores compared with placebo, demonstrating
efficacy and tolerability as a potential anxiolytic [237]. A crossover RCT in 100 patients with
migraine without aura evaluated a topical chamomile oleogel standardized for apigenin
content (0.233 mg/g). Application to the temporal and forehead areas during attacks
significantly reduced pain sensation, nausea, vomiting, photophobia, and phonophobia
compared to placebo. Notably, 2 h after application, 29.2% of attacks were pain-free with
chamomile versus 2.1% with placebo, and sustained relief over 24 h was observed in 74.3%
of attacks versus 10.4% for placebo [238].

8.3. Diosmin

Diosmin (diosmetin 7-O-rutinoside) is a flavone glycoside derived from citrus fruits,
commonly used for hemorrhoids and leg ulcers caused by poor blood circulation [239,240].
It protects neurons from CPF-induced oxidative injury by decreasing MDA content and
increasing GSH, GST, and SOD levels through PPAR-y upregulation [241]. Diosmin also
reduces chlorpyrifos-induced neuroinflammation by lowering myeloperoxidase activity
and pro-inflammatory cytokines (tumor necrosis factor «; TNF-«, IL-1f3, and IL-6) via
downregulation of NF-kB/AP-1 (activator Protein 1) signaling (c-FOS and ¢-JUN) [241]. It
shows promising neuroprotective effects in preclinical models of AD. In 3xTg-AD mice, oral
diosmin decreased cerebral soluble A3 and Af3 oligomer levels, inhibited tau hyperphos-
phorylation, and improved cognitive deficits by inhibiting GSK-3a/ 3 and upregulating
transient receptor potential canonical 6, which selectively suppresses APP y-secretase
activity without affecting Notch processing [242]. Its main metabolite, diosmetin, similarly
reduced A generation, tau phosphorylation, and pro-inflammatory microglial activation
in vitro. In ApB25-35-induced AD rat models, diosmin enhanced learning and memory,
decreased hippocampal neuronal apoptosis, and lowered pro-inflammatory cytokines
(IL-1B, IL-6, TNF-0), effects associated with activation of the phosphatidylinositol-3-kinase
(PI3K)/protein kinase beta (Akt) pathway [243]. It has also demonstrated neuroprotective
effects in preclinical models of traumatic brain injury, improving cognitive deficits and hip-
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pocampal long-term potentiation while reducing pro-inflammatory TNF-« levels [244,245].
Up to date, no clinical studies have evaluated the role of diosmin administration for
brain health.

8.4. Luteolin

Luteolin (3,4’ ,5,7-tetra-hydroxy-flavone) is a flavone naturally occurring in several
plant-based foods, including celery, carrots, dried parsley, broccoli, green chili, spinach,
cabbage, thyme, and fresh peppermint [246]. Preclinical studies suggest that luteolin
exerts neuroprotective effects through a combination of anti-inflammatory and antioxidant
mechanisms [247] (Figure 4).

Blood Brain
Barrier (BBB)

I Mi::{oglia '
NGy .:.- *’r’
P
',-#,“' L
L
*
Neurons
Figure 4. Diagrammatic representation of the beneficial actions and target points of luteolin: stabi-
lization of the blood-brain barrier (BBB), inhibition of mast cells, microglia and neuroprotection, via
inhibition of activation of different surface receptors, as well as inhibition of numerous downstream
stimulus-response coupling events. ACE2: Angiotensin-converting enzyme 2; BBB: Blood-brain
barrier NF-«B: Nuclear Factor Kappa B; NLRP3: NOD-, LRR- and pyrin domain-containing protein 3;
TLR-4: Toll-like receptor 4. Orange oval represents a generic mast cell, microglial cell or neuron as
indicated by the corrsponding lines.

In animal models, cerebral hypoperfusion activates NF-«kB, increases the expression of
BACE], and elevates A3 concentrations in the cortex and hippocampus; luteolin admin-
istration attenuated these pathological changes [248,249]. In 3xTg-AD mice treated with
luteolin for three weeks, spatial learning improved, and memory deficits were ameliorated.
These effects were accompanied by inhibition of glial fibrillary acidic protein (GFAP), reduc-
tion in neuroinflammatory markers (TNF-«, IL-13, IL-6, nitric oxide, COX-2, and iNOS),
and decreased expression of endoplasmic reticulum stress markers glucose-related protein
78 (GRP78) and inositol-requiring transmembrane kinase/endoribonuclease 1a (IRE1x)
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in brain tissues in a dose-dependent manner [250]. It has also been found to improve
insulin sensitivity by enhancing hippocampal insulin signaling in Af325-35-induced AD
rat models [251]. Similarly, in a rodent model of Parkinson’s disease, luteolin reduced
dopaminergic neuronal loss and improved motor function by downregulating the TLR4
signaling pathway, inhibiting NF-«B activation, and shifting microglia toward an anti-
inflammatory (M2) phenotype [252] (Figure 4). Additionally, luteolin exerts antioxidant
properties, scavenging ROS, while preventing decreases in mitochondrial activity as well
as in the antioxidant enzymes CAT and GSH in ROS-insulted primary neurons [253]. The
antioxidant activity of luteolin is nested in its glycosidic group, which helps in removing
reactive nitrogen species (RNS) and ROS [254].

Luteolin can enter the brain and reduce microglial activation [255], particularly when
stimulated by LPS [256]. Luteolin further protected against propionate-induced organ
damage and ASD-like behavior in animal models [257,258]. Luteolin also inhibits activation
of the NLRP3 inflammasome (Figure 4) [30,31]. The structural luteolin analog, tetra-
methoxy-flavone, is even more potent than luteolin in inhibiting activated microglia [259].

Clinical Studies

Emerging evidence suggests that luteolin-containing formulations may exert beneficial
effects in inflammation-associated conditions [211].

Use of the luteolin-containing dietary supplement (NeuroProtek® in two open-label
studies of children with ASD resulted in significant clinical improvement [260,261] (Table 5).
Moreover, use of this dietary supplement reduced pro-inflammatory serum cytokines IL-
6 and TNE, particularly in a high-inflammatory subgroup, which correlated with the
greatest gains in adaptive behavior, including 6-10 months developmental improvements
in communication, social skills, and daily living activities [262]. Unfortunately, many cheap
preparations of luteolin are of low purity, fail to disclose the source, while in order to reach
the ideal daily dose multiple capsules or tablets are required [263]. It should be noted that
high amounts (>2000 mg/day) of any flavonoid in powder form (<10% absorption) can
disrupt liver and microflora catabolic enzymes [264,265].

Some clinical studies have also investigated luteolin in combination with PEA in
patients with neurological conditions such as frontotemporal dementia, acute ischemic
stroke, and in individuals with long COVID experiencing chronic olfactory dysfunction
(“brain fog”) [150,154,266]. Benefits have been reported in cognitive function and neuropsy-
chiatric symptoms, including improvements in cognitive function, daily living activities,
olfactory identification, and mental clarity, although some studies suggest that the addi-
tional clinical benefit over olfactory training alone may be modest [267]. In addition, a
combination of luteolin and quercetin has been studied in children with ASD [261], where
treatment was associated with improvements in behavioral symptoms and communication
in some patients. Finally, a case report demonstrated the efficacy of luteolin in post-Lyme
syndrome-associated polyneuropathy, where NeuroProtek® in combination with intra-
venous immunoglobulin (IVIG) led to progressive improvements in neuropathy, fatigue,
cognitive symptoms, and “brain fog,” culminating in complete symptom resolution after
nine months of therapy [268].

Moreover, recent human research has explored the effects of luteolin in combination
with other polyphenols on physical performance. Supplementation with mangiferin and
luteolin for both short-term (48 h) and longer-term (15 days) periods was shown to enhance
exercise performance in men, suggesting potential synergistic effects on energy metabolism,
oxidative stress reduction, and muscle function [269].

Overall, clinical evidence suggests that luteolin, alone or in combination with PEA or
quercetin, exerts anti-inflammatory, neuroprotective, and immunomodulatory effects across
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a spectrum of pediatric and adult neuropsychiatric and neuroinflammatory conditions.

While findings in ASD, dementia, and post-infectious olfactory disorders are encouraging,

further well-designed, placebo-controlled clinical trials are required to fully define its

therapeutic potential, optimal dosing, and long-term safety.

Table 5. Clinical applications of luteolin and co-ultramicronized PEA-Luteolin formulations in

neuroinflammatory and post-infectious conditions.

Model/ Mechanism
Compound Population N Dosage of Action Key Outcomes Reference
Anti-inflammatory;
modulation of

Co- Patients with PEA 700 mg/day rTeuromﬂammatlon 1 dgchne in gl(?bal

. . - via PPAR-o and CB1 disease severity
ultramicronized frontotemporal 48 + luteolin . . [150]

. . receptors; reduction & functional
PEA + Luteolin dementia 70 mg/day R X C
in microglial deterioration
activation and
synaptic dysfunction
Neuroprotective;

Co- Patients with PEA 700 mg/day antizgﬂig)??;my; T independence in
ultramicronized acute 60 + luteolin secondary neuronal daily living, [154]
PEA + Luteolin  ischemic stroke 70 mg/day dama}ée and T cognitive recovery

oxidative stress
Luteolin . . 1 softgel/.lo kg Mast cell Improved behavior,
® Children with body weight, e e .
(NeuroProtek ASD cach containin stabilization; communication, and
lioposomal 37 . & | neuroinflammation; attention; reduction in [260]
L (open-label luteolin 100 mg, ", .. . .
formulation in . . inhibition of cytokine inflammatory
olive pomace oil) pilot quercetin 70 mg, release (IL-6, TNF-ox) symptoms
and rutin 30 mg !
. 1 softgel/10 kg . .
Luteolin ® Children with body weight, Antll-lpﬂammatory, Behavioral
(NeuroProtek o inhibition of mast . .
. ASD each containing . . improvements (social
liposomal 50 . cells and microglia; . S [261]
.. (open-label luteolin 100 mg, . interaction, irritability);
formulation in . . modulation of neu- a1
. . pilot) quercetin 70 mg, . . - good tolerability
olive pomcae oil . roimmune signaling
and rutin 30 mg
Significant reduction in
IL-6 and TNEF;
Anti-inflammatory: identification of
. 1 softgel /10 kg ¥ high-inflammatory
Luteolin . . . mast cell
® Children with body weight, e e subgroup; greatest be-
(NeuroProtek o stabilization; : .
. ASD each containing L havioral improvement
liposomal 40 . inhibition of . . [262]
L (open-label luteolin 100 mg, . . I in this subgroup
formulation in . . microglial activation; o
. . pilot) quercetin 70 mg, . (T communication,
olive pomcae oil . J pro-inflammatory L1 . .
and rutin 30 mg cytokines (IL-6, TNF) social interaction, daily
y ! living skills;
~6-10 months
developmental gains)
Anti-inflammatory; Improvement n
modulation of olfactory function
neuroinflammation (odor identification

Co- Patients with via PPAR-« Tby 10.7 £ 2.6 at

ultramicronized long COVID PEA 700 mg/day activation: reduction 3 months, p < 0.0001);
PEA + Luteolin (olfactory 69 + luteolin in micro, lial and reduction in parosmia [266]
(Folfactory dysfunction, 70 mg/day mast cell agc tivation: (p < 0.0001);
training) “brain fog”) neuroprotective ” improvement in mental
o ffgcts on clouding/brain fog
olfactory pathways (p = 0.02); enhanced

memory function
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Table 5. Cont.
Model/ Mechanism
Compound Population N Dosage of Action Key Outcomes Reference
Within-group
Anti-inflammatory; improvement in
modulation of olfactory function (TDI
neuroinflammation score 1, p = 0.031;
Co- Patients with via PPAR-«; discrimination
ultramicronized post-viral PEA 700 mg/day redu.ctlofl in mz?st .cell Tp= 0.04?) in
. olfactory - activation; shift in PEA-Luteolin arm;
PEA + Luteolin ; 50 + luteolin . . . [267]
dysfunction microglia toward however, no difference
(folfactory 70 mg/day .
training) (mostly anti-inflammatory between arms was
COVID-19) (M2) phenotype; recorded in overall
inhibition of NF-«kB, clinical improvement;
STATS3, and limited added
AP-1 signaling benefit beyond
olfactory training
Anti-inflammatory Progressive
flavone; mast cell and improvement in
1 softgel /10 kg m1crog11a 1nh1b1t1pn; niuroPathy, £at1gue,
. Post-Lyme . immunomodulation brain fog,” and
Luteolin 1 body weight, . R or
® syndrome- g in combination cognitive symptoms;
(NeuroProtek . (case  each containing .
. associated - with IVIG; complete symptom [268]
formulation) re- luteolin 100 mg, ; .
polyneuropa- . neuroprotection; resolution after
+IVIG) port)  quercetin 70 mg, .
thy . reduction in 9 months of
and rutin 30 mg . . I
neuroinflammation combination therapy;
and microglial no adverse
activation effects reported
Neuroinflammation Improved frontal lobe
Patients with PEA 700 mg/day modulation; function,
PEA + luteolin frontotemporal 17 + luteolin 1T GABAergic electrophysiological [270]
dementia 70 mg/day transmission; | mi- changes (EEG
croglial activation HF oscillations)
Antioxidant; free
Healthy men radical scavenging; Improved sprint
o . . J superoxide- exercise performance;
Mangiferin (exercise Luteolin : . .
. 48 producing enzymes; enhanced metabolic [269]
+ Luteolin performance ~100 mg/day . ©. N
.. . activation of and oxidative
clinical trial) .. -
antioxidant efficiency
gene pathways

ASD: autism spectrum disorder; EEG: electro-encephalography; HF: high frequency; IL: interleukin; IVIG: intra-
venous immunoglobulin; M2: anti-inflammatory microglia phenotype; NF-kB: nuclear factor kappa-light-chain-
enhancer of activated B cells; PEA: palmitoylethanolamide; PPAR-o: peroxisome proliferator-activated receptor
alpha; STAT3: signal transducer and activator of transcription 3; TDI: threshold, discrimination, identification
(olfactory test score); TNF: tumor necrosis factor; 1: increased; |: decreased.

8.5. Naringin

Naringin (2,3-dihydro-5,7-dihydroxy-2-(4-hydroxyphenyl)-4H-1-benzopyran-4-one)
is a bioflavonoid commonly found in citrus fruits such as grapefruits, lemons, and or-
anges [271]. A systematic review and meta-analysis of rodent studies revealed that naringin
supplementation improved cognitive performance and reduced oxidative stress by in-
creasing antioxidant enzyme activity, improving mitochondrial function, and modulating
neuronal enzymes involved in neurotransmission [272].

Experimental studies suggest that naringin exerts neuroprotective effects through
multiple pathways, including enhancement of insulin signaling in the brain and modulation
of meroxisome proliferator-activated receptor gamma (PPAR-y) pathways [273]. In animal
models, chronic administration of naringin improved cognitive performance and reduced
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mitochondrial oxidative damage, AChE activity, and brain aluminum accumulation in
aluminum-treated rats [274].

The aglycone form, naringenin, also demonstrates neuroprotective properties accord-
ing to research. In APP/PS1 transgenic mice, naringenin treatment significantly reduced
A deposition in the hippocampus and cortex and attenuated neuroinflammation through
suppression of the MAPK signaling pathway, which is linked to GSK-3f activation and
tau phosphorylation [275]. In addition, synthetic naringenin-O-carbamate derivatives (e.g.,
compound 3c) have shown potent inhibition of A3 aggregation, the ability to disaggregate
Cu?*-induced ApB;_4, aggregates, and significant neuroprotective activity, highlighting the
relevance of targeting metal-associated amyloid aggregation in AD [276]. Further experi-
mental evidence from an aluminum chloride (AICl3)-induced AD-like rat model demon-
strated that naringin ameliorated cerebellar dysfunction, oxidative stress, and behavioral
impairments. AICls exposure caused deficits in spatial learning and motor coordination,
increased lipid peroxidation, and depletion of endogenous antioxidants such as GSH,
whereas naringin treatment significantly mitigated these alterations [277]. Despite these
promising preclinical findings, clinical studies evaluating the effects of naringin on brain
health are currently lacking.

8.6. Pycnogenol

Pycnogenol is a standardized extract obtained from the bark of the French mar-
itime pine (Pinus pinaster) and consists primarily of flavonoid compounds, including
monomers such as catechin, epicatechin, and taxifolin, as well as oligomeric procyani-
dins/proanthocyanidins. It is widely recognized for its potent antioxidant properties [278].

Preclinical evidence consistently demonstrates that Pycnogenol exerts antioxidant,
anti-inflammatory, vasoprotective, and neuroprotective effects across a range of in vitro and
in vivo models, although these effects appear to be dose- and context-dependent. In models
of cerebral ischemia, pycnogenol preserved neuronal viability, reduced oxidative stress
markers (ROS, MDA), restored antioxidant enzyme activity (SOD, CAT), and attenuated
neuroinflammatory signaling via inhibition of NF-«B and extracellular signal-regulated
kinases 1 and 2 (ERK1/2) pathways, ultimately improving memory and limiting hippocam-
pal neuronal loss [279-281]. In AD models, it reduced A{ plaque burden and improved
spatial memory when administered prior to pathology onset, suggesting a potential role in
early intervention rather than disease reversal [282]. Similarly, in PD models, Pycnogenol
protected dopaminergic neurons and improved motor outcomes through suppression of
oxidative stress and pro-inflammatory mediators, including TNF-«, IL-1f3, iNOS, and
cyclo-oxygenase-2 (COX-2) [283]. Mechanistic studies further demonstrate that Pycnogenol
modulates microglial activation, inhibiting NF-xB and AP-1 signaling while reducing cy-
tokine production [284,285]. Beyond the central nervous system, Pycnogenol enhances
endothelial antioxidant defenses and promotes nitric oxide-mediated vasodilation, sup-
porting its role in cerebrovascular health [286,287], while also improving metabolic and
oxidative stress parameters in diabetic models [288]. Notably, some in vitro studies suggest
potential toxicity at supraphysiological concentrations, whereas in vivo studies indicate
protective effects, highlighting the importance of dose optimization and physiological
relevance [289]. Collectively, these findings support a multimodal mechanism of action, but
also underscore the need for careful translation into clinically relevant dosing strategies.

Clinical studies have explored its potential neuroprotective and cognitive effects. In
patients with TBI, supplementation with French maritime pine bark extract (150 mg/day)
for 10 days significantly reduced inflammatory markers, including IL-6, IL-1§3, and C-
reactive protein (CRP), and improved clinical severity scores [290]. Several RCTs have
investigated the effects of pycnogenol in children with attention-deficit hyperactivity dis-
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order (ADHD). Supplementation with approximately 1 mg/kg of body weight each day
for a period of one month improved hyperactivity, inattention, and visual-motor coordi-
nation [291]. These effects were accompanied by significant improvements in oxidative
stress biomarkers, including decreased glutathione disulfide (GSSG), increased GSH con-
centrations, and an improved GSH/GSSG ratio [292], as well as reductions in 8-oxoguanine,
a biomarker of oxidative DNA damage [293,294]. In another RCT in pediatric patients
with ADHD, pycnogenol administered at 20 mg/day for individuals weighing <30 kg and
40 mg/day for those >30 kg (with 20 mg/day during the first two weeks) improved total
and hyperactivity /impulsivity scores and increased CAT activity [291].

In healthy adults, supplementation with pycnogenol (150 mg/day) for three months
improved aspects of memory performance, particularly the quality of working memory as
assessed by spatial and numeric working memory accuracy scores [295].

Several additional randomized controlled trials have been designed to further investi-
gate the health effects of pycnogenol. One ongoing RCT is evaluating supplementation with
pycnogenol (150 mg/day) in relation to aging-related outcomes, including fecal biomark-
ers associated with gut microbiota composition [296]. Finally, another ongoing RCT is
investigating pycnogenol effects in patients with ADHD, administering 20 mg/day to par-
ticipants weighing <30 kg and 40 mg/day to those >30 kg, corresponding to approximately
1 mg/kg/day, with the first two weeks standardized at 20 mg/day [297].

8.7. New Flavonol Molecules

Recent work has started to move beyond the well-known flavonoids and has drawn
attention to a newer set of molecules, such as prenylated flavonoids, biflavonoids, and
microbiota-derived metabolites, that seem to have stronger and more nuanced biological
effects [298-300]. What makes these compounds particularly interesting is not just their
antioxidant capacity, but their ability to actively regulate cell signaling pathways that are
tightly linked to oxidative stress. Rather than acting simply as direct scavengers of ROS,
many of these emerging flavonoids appear to work by modulating key systems, such as
the Kelch-like ECH-associated protein 1 (KEAP1)-NRF2 pathway, NF-«B, and PI3K/Akt,
effectively “reprogramming” how cells respond to stress [298-300].

This becomes especially relevant in the context of brain health, where oxidative imbal-
ance and dysregulated signaling are central features of neurodegenerative conditions [21].
Some of these newer flavonoid forms, particularly prenylated structures and low-molecular-
weight metabolites produced by the gut microbiota (including daidzein, enterolactone,
protocatechuic acid, urolithins, and y-valerolactones among others) also show improved
bioavailability and may cross the blood-brain barrier more efficiently, thereby addressing
a major limitation of classical flavonoids [301-305]. For example, chemically modified or
semi-synthetic molecules such as 8-chloro-3/,4’ 5,7-tetrahydroxyflavone have been shown
to more effectively control the oxidative burst in activated neutrophils while also modulat-
ing downstream inflammatory pathways [306]. Similarly, acetylated isoflavone glycosides,
such as 6-O-acetylgenistin and 6”-O-acetyldaidzin strongly suppress lipid peroxidation,
demonstrating that subtle chemical modifications can tune both redox properties and
interactions with molecular targets involved in oxidative stress [306]. Certain less-common
natural flavanols, such as (—)—(2R,3R)-5,7—dimethoxy-3’ A -methylenedioxy-flavan-3-ol from
cinnamon, activate Nrf2 and enhance endogenous antioxidant defenses, illustrating how
ROS control can be coupled to well-defined signaling pathways [307]. Flavonoid mixtures,
such as the n-butanol fraction from Polygonum hydropiper, protect immune cells from viral
infection by reducing ROS, increasing antioxidant enzymes, and simultaneously activating
the PI3BK/Akt-NRF2/HO-1 (heme oxygenase-1) axis, while balancing histone deacety-
lase/histone acetyltransferase (HDAC/HAT) activity, providing a clear example of dual

https://doi.org/10.3390/ijms27104343


https://doi.org/10.3390/ijms27104343

Int. J. Mol. Sci. 2026, 27, 4343

33 of 54

functional roles [308]. Other natural flavonoids, including oroxylin A, activate antioxidant
NRF2/ARE programs while inhibiting pro-NF-kB signaling, and prenylated flavonoids
like xanthohumol modulate oxidative stress in conjunction with cardiovascular signaling
through the phosphatase and TENsin homolog (PTEN)-Akt/mTOR pathway [308,309]. In
addition, components like isorhamnetin have been shown to enhance treatment efficacy,
often acting synergistically with other therapeutic agents [301,302]. Rather than exerting
isolated effects, isorhamnetin appears to modulate overlapping pathways involved in
oxidative stress and cell signaling, thereby amplifying overall cellular responses [301,302].

Thus, flavonoids should no longer be viewed simply as dietary antioxidants, but
rather as multi-target modulators with significant potential in maintaining brain function
and possibly slowing the progression of neurological disorders.

8.8. Bioavailability

Despite their promising biological activities, flavonoids have limitations, including
poor and highly variable bioavailability, which significantly constrains their clinical transla-
tion [310]. Most dietary flavonoids are present as glycosides and undergo extensive phase
II metabolism (glucuronidation, sulfation, and methylation) in the intestine and liver, result-
ing in low circulating concentrations of the parent compounds [310,311]. Moreover, their
limited solubility, rapid elimination, and restricted permeability across the blood-brain
barrier further reduce their effective concentrations at target sites within the central ner-
vous system [303]. Importantly, only a small fraction of ingested flavonoids is absorbed
in the small intestine, while the majority reaches the colon, where it is metabolized by the
gut microbiota into low-molecular-weight phenolic metabolites, which may represent the
biologically active forms [312]. These metabolites often exhibit improved bioavailability
and blood-brain barrier penetration compared with their parent compounds [312]. To
address these limitations, recent research has focused on novel delivery systems and struc-
tural modifications to enhance absorption and stability. Overall, improving bioavailability
remains a critical step for translating the promising mechanistic properties of flavonoids
into consistent clinical outcomes.

9. Olive Oil Polyphenols

Olive oil polyphenols have potent antioxidant, anti-inflammatory and neuroprotective
properties [313]. Within brain regions such as the hippocampus and cortex, olive polyphe-
nols exert several central effects, including modulation of neuroimmune tone through
regulation of microglial activity, activation of the KEAP1/Nrf2/ARE antioxidant pathway,
and support of neurotrophic signaling pathways involved in the memory—cognition-mood
axis, including BDNF, tropomyosin receptor kinase B (TrkB), and cAMP response element-
binding protein (CREB) [314]. Furthermore, there is evidence to suggest interactions of
olive oil polyphenols and dopaminergic metabolism [314].

9.1. Oleuropein

Oleuropein is a major phenolic compound of olive products and a precursor of HT.
Both compounds cross the BBB [315], however, oleuropein—in its free form—exhibits
relatively low bioavailability due to its hydrophobic structure, higher molecular weight,
and partial degradation in the colon [315,316]. Absorption is thought to occur partly
through glucose transporters [315].

Several experimental studies have demonstrated the neuroprotective potential of oleu-
ropein. In a TBI model, oleuropein (50-100 mg/kg, i.p.) reduced the expression of matrix
metalloproteinase-9, glial fibrillary acidic protein (GFAP), and high mobility group box-1,
particularly during the early phase and 24 h post-TBI induction [317]. In a D-galactose-
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induced aging model, oral administration of oleuropein resulted in a dose-dependent
reduction in pro-inflammatory cytokines concentrations, including IL-1f3 and TNF-c, high-
lighting its potential role in mitigating age-related neuroinflammation [318]. In another
experimental model of brain injury following renal ischemia-reperfusion, treatment with
oleuropein (100-200 mg/kg) decreased IL-13, TNF-«, and nuclear Factor kappa-light-
chain-enhancer of activated B cells p65 subunit (NF-kB-p65) levels while increasing anti-
inflammatory IL-10 and Nrf2 expression; no effects were observed at 50 mg/kg [319]. In
male Wistar rats with morphine-induced hippocampal neurotoxicity and memory deficits,
treatment with oleuropein (15 and 30 mg/kg) improved antioxidant enzyme activity, in-
cluding SOD and GPx, and ameliorated memory deficits and spatial learning impairments.
Moreover, oleuropein reduced lipid peroxidation and neuronal apoptosis by regulating the
expression of Bcl-2/Bax (Bcl-2-associated X protein) proteins [320].

Mechanistically, oleuropein has been shown to inhibit the formation of toxic Af3 aggre-
gates and to reduce neuroinflammation and mitochondrial ROS/RNS production [321,322].
Furthermore, several studies have suggested a protective and preventive role of oleuropein
in PD through inhibition of a-synuclein-induced toxicity in dopaminergic neurons [323].
Currently, there are no clinical studies evaluating oleuropein alone for brain health (Table 6).

Table 6. Olive oil polyphenols: preclinical and clinical evidence, mechanisms, and outcomes.

Compound Mechanism/Target Preclinical Effects Clinical Effects References
Reduced
Crosses BBB; inhibits neuro 1nﬂammat1on,
A aggregation, 0X1dat1\{e §tress,
. J neuroinflammation apopt.osm. in TBI,
Oleuropein (IL-1B, TNF-q) morphine-induced N/A [315,320,321]
T ant£0xidant , . tOXiCi.t y, renal
enzymes (SOD, GPx) 1schern1a.m0dels,
protective in PD and
AD models
RCT: 3 g/day dried olive
N polyphenols
Activates v cc)ix(;datlve. stress (16.2 mg/g HT) for 12 wks
KEAP1/NRF2/ARE, " ggj;g;nerglc improved attention,
modulates microglia, . ) psychomotor speed,
HT 1 BDNF/TrkB/CREB, damfi gemn PD’. reaction time, executive [314,324]
L J neuroinflammation . .
antioxidant function; Greek olive leaf

& anti-inflammatory

& depressive-like

.. . beverage improved
behavior in mice & p

cognition and | oxidative
stress in AD patients

Ap: amyloid-beta; AD: Alzheimer’s disease; ARE: Antioxidant Response Element; BBB: blood-brain barrier;
BDNF: brain-derived neurotrophic factor; CREB: cAMP response element-binding protein; GPx: glutathione
peroxidase; HT: hydroxytyrosol; IL-1f3: interleukin-1 beta; KEAP1: Kelch-like ECH-associated protein 1; N/A: not
applicable; NRF2: Nuclear factor erythroid 2-related factor 2; PD: Parkinson’s disease; SOD: superoxide dismutase;
TBI: traumatic brain injury; TNF-«: tumor necrosis factor alpha; TrkB: tropomyosin receptor kinase B; wks: weeks;
1 increased; |: decreased.

9.2. Hydroxytyrosol

HT, a major olive polyphenol, exerts neuroprotective effects partly through activa-
tion of the Keap1-Nrf2-ARE signaling pathway, which enhances endogenous antioxidant
defenses and reduces oxidative stress and neuroinflammation. These mechanisms may
contribute to protection against cognitive decline and neurodegenerative processes associ-
ated with brain aging [325,326]. Experimental studies further support these effects. In a
rotenone-induced PD model, HT-rich olive polyphenols reduced oxidative stress, neuroin-
flammation, and dopaminergic neuronal damage [327]. In another study, HT attenuated
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oxidative stress and neuroinflammation and improved depressive-like behavior in mice by
activating the BDNF/TrkB/CREB signaling pathway in the hippocampus [328].

Clinical evidence has also begun to emerge. In an RCT, participants received 3 g
of dried olive tree polyphenols, containing a high concentration of HT (16.2 mg/g), or
placebo in olive oil twice daily for 12 weeks. Among the evaluated cognitive domains,
complex attention showed a significant time X group interaction between the dried olive
tree polyphenols and placebo groups. Significant time-related improvements were also
observed in psychomotor speed, reaction time, cognitive flexibility, processing speed, and
executive function [324]. In another RCT involving patients with AD, daily consumption
of a beverage prepared from Greek olive leaves was associated with improvements in
cognitive performance and reductions in oxidative stress markers, supporting the potential
neuroprotective effects of olive polyphenols [329].

10. Limitations of the Study and Further Research

This review was not intended to be exhaustive; the relevant literature is extensive,
heterogeneous in design and endpoints, and rapidly evolving. Herein we focused our
search on studies situated at the higher levels of evidence, such as RCTs, systematic reviews,
and meta-analyses. Nonetheless, many studies involved small samples and were most
likely, underpowered. Consequently, in many instances, only within-group changes were
reported because between-group differences could not be established. In the absence of
significant between-group differences, these changes may reflect nonspecific effects and
should be assessed accordingly.

In addition, although preclinical and clinical findings are presented in parallel, im-
portant discrepancies between these levels of evidence should be acknowledged. Several
compounds have demonstrated robust mechanistic efficacy in in vitro and animal models;
however, they have failed to translate into consistent clinical benefits in humans. This
translational gap may reflect differences in dosing, bioavailability, and pharmacokinetics,
as well as the limited ability of preclinical models to fully replicate the complexity of human
neurodegenerative diseases. Thus, caution is warranted when extrapolating mechanistic
findings to clinical efficacy, and further translational studies are needed to better align
experimental models with clinical outcomes.

We deliberately excluded studies that evaluated multicomponent formulations be-
cause it would be difficult to attribute the observed benefits to any single compound.
However, this approach may also overlook potential synergistic or additive effects, which
are increasingly recognized in nutraceutical research, particularly in combinations targeting
multiple pathways such as neuroinflammation, oxidative stress, and neurotransmission.
Another caveat was the potential for language bias; we acknowledge an underrepresenta-
tion of non-English studies, which may have affected the level of evidence presented for
compounds that are more widely used in Asia (i.e., Lion’s Mane). Notably, we identified
several very recent additions to the literature from Europe [150,202], which may indicate
an emerging shift in the available evidence in the following years.

Future research should prioritize well-designed, adequately powered, multicenter
randomized controlled trials with standardized dosing regimens, longer follow-up periods,
and harmonized clinical endpoints. Importantly, these studies should incorporate mecha-
nistic biomarkers (e.g., NF-«B, NRF2, BDNF/TrkB signaling, amyloid, and tau markers) to
strengthen causal inference and bridge the gap between preclinical findings and clinical
efficacy. In parallel, stratified or precision-medicine approaches should be implemented to
better define responders, taking into account genetic, biological, and metabolic variability.

Genetic polymorphisms are key determinants of treatment response. For instance,
variants in the MTHFR gene can alter folate metabolism, leading to elevated homocysteine
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levels and impaired methylation processes associated with cognitive decline and neuropsy-
chiatric disorders [330,331]. Emerging human data further support the role of one-carbon
metabolism-related gene variants in modulating folate status and cognitive outcomes,
underscoring the importance of the genetic background in therapeutic efficacy [332]. In
addition to host genetics, the gut microbiome is another critical modulator, particularly for
compounds such as polyphenols and flavonoids. As only a small proportion (5-10%) of
dietary polyphenols is directly absorbed, most undergo microbial biotransformation into
bioactive metabolites, making microbiota composition a key driver of bioavailability and
efficacy [333]. Furthermore, metabolic factors, including age, insulin resistance, systemic
inflammation, and epigenetic regulation, can further influence treatment outcomes. For
example, polyphenols partly exert their neuroprotective effects through modulation of
redox-sensitive pathways such as Nrf2, which is itself subject to epigenetic regulation and
inter-individual variability, thereby affecting antioxidant capacity and neuroinflamma-
tory responses [12].

Finally, given the growing interest in these compounds, future investigations should
also explore advanced delivery systems (e.g., nanoparticle carriers, phospholipid com-
plexes, liposomal formulations, and controlled-release technologies) to enhance bioavailabil-
ity and central nervous system penetration, thereby improving their translational potential.

11. Conclusions

There is increasing evidence that nutraceuticals can exert beneficial effects on brain
health. Among these, Huperzine A, flavonoids, and olive oil polyphenols are the most
promising candidates. Huperzine A demonstrates robust cholinesterase inhibition, an-
tioxidant, and neuroprotective effects, with supporting clinical evidence for cognitive
improvement. Flavonoids, particularly luteolin, quercetin, and apigenin, exhibit multi-
target neuroprotection by modulating oxidative stress, neuroinflammation, microglial
activation, and neurotrophic signaling pathways, such as BDNF/TrkB/CREB. Luteolin,
in particular, combines potent anti-inflammatory and antioxidant effects with emerging
clinical support in neurodevelopmental and neuropsychiatric conditions, highlighting its
translational potential. Olive oil polyphenols, including oleuropein and hydroxytyrosol,
provide complementary neuroprotective actions by regulating oxidative stress, neuro-
immune tone, and mitochondrial function, with preliminary evidence for cognitive benefits
in humans. Other compounds, such as Lion’s mane, biotin, folinic acid, and PEA, show
encouraging safety profiles and preliminary mechanistic or preclinical efficacy; however,
clinical validation remains limited.

Nutraceuticals are cost-effective, complementary alternatives to conventional treat-
ments for various brain-related conditions. A major advantage of these agents is their
favorable safety profile, which allows for long-term use, particularly for prevention. Safety
and efficacy are highly compound- and dose-dependent, and robust conclusions require
adequately powered, well-designed clinical trials with long-term follow-up periods.
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Abbreviations

The following abbreviations are used in this manuscript:

2-1B 2-iminobiotin

5-MTHF 5-methyltetrahydrofolate
5,10-Methylene-THF  5,10-methylenetetrahydrofolate
6-OHDA 6-hydroxydopamine

ACC Acetyl-CoA Carboxylase

ACE Addenbrooke’s Cognitive Examination
ACE2 Angiotensin-converting enzyme 2

ACh Acetylcholine

AChE Acetylcholinesterase

AD Alzheimer’s disease

ADHD Attention-deficit hyperactivity disorder
Akt Protein Kinase beta

AlCl3 Aluminum chloride

ALS Amyotrophic lateral sclerosis

AP-1 Activator Protein 1

APP Amyloid precursor protein

ARE Antioxidant Response Element

Ap Amyloid beta

ASD Autism spectrum disorder

BACE1 Beta-site APP cleaving enzyme 1

BBB Blood-brain barrier

BBGD Biotin-responsive basal ganglia disease
BCCP biotin carboxyl carrier protein

Bcl2 B-cell lymphoma 2

BDI Beck Depression Inventory

BDNF brain-derived neurotrophic factor

BH4 tetrahydro-biopterin

BID Twice daily

BV-2 Brain 2

CASI Cognitive Abilities Screening Instrument
cAMP Cyclic Adenosine Monophosphate
CAT Catalase

CB Cannabinoid receptors

CDR Clinical Dementia Rating

c-FOS cellular Finkel-Biskis-Jinkins murine osteogenic sarcoma virus
CNS Central nervous system

COMPASS Computerized mental performance assessment system
COMT Catechol-O-methyltransferase

COX-2 Cyclo-oxygenase-2

CREB cAMP response element-binding protein
CRP C-reactive protein

CSD cortical spreading depression
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CVD
CVLT-II
DALYs
DNA
EAHE
ERK
EU
FAAH
FTD
FRA
GABA
GDNF
GFAP
GPR119
GPR55
GPx
GR
GRP78
GSH
GSK-3
GSSG
GST
HAT
Hcy
HDAC
HE
HEM
HEME
HLCS
HO-1
HPA
HT
HupA
TADL

IGAP

IL-1a/B
IL-6
iNOS
IRElx
IVIG
INK
KEAP1
LPS
MAPK
MCC
MCI
MDA
MMSE
MPO
MPTP
mRNA
MS
MTHFR

Cardiovascular disease

California Verbal Learning Test-II
Disability-adjusted life years
Deoxyribonucleic acid

A-enriched Hericium erinaceus
Extracellular signal-regulated kinase
European Union

Fatty acid amide amidohydrolase
Frontotemporal dementia

Folate receptor autoantibodies
Gamma-aminobutyric acid

Glial cell line-derived neurotrophic factor
Glial fibrillary acidic protein

G protein-coupled receptor 119

G protein-coupled receptor 55
Glutathione peroxidase

Glutathione reductase
Glucose-related protein 78
glutathione

Glycogen Synthase Kinase-3
Glutathione disulfid
glutathione-S-transferase

Histone acetyltransferase
Homocysteine

Histone Deacetylase

Hericium erinaceus

Hericium erinaceus mycelia

Hericium erinaceus mycelial extracts
holocarboxylase synthetase

Heme oxygenase-1
Hypothalamic—pituitary—adrenal
Hydroxytyrosol

Huperzine A

Instrumental Activities of Daily Living
Intersectoral Global Action Plan on Epilepsy and Other
Neurological Disorders

Interleukin 1o/ 3

Interleukin-6

Inducible Nitric Oxide Synthase
Inositol-requiring transmembrane kinase/endoribonuclease 1
Intravenous immunoglobulin

c-Jun N-terminal kinases

Kelch-like ECH-associated protein 1
Lipopolysaccharide
Mitogen-Activated Protein Kinase
Methylcrotonyl-CoA carboxylase
Mild cognitive impairement
malondialdehyde

Mini-Mental State Examination
Myeloperoxidase
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
messenger Ribonucleic Acid
Multiple sclerosis
Methylenetetrahydrofolate reductase
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NAPE N-acylphosphatidylethanolamine

NF-«B Nuclear Factor kappa-light-chain-enhancer of activated B cells
NF-«B-p65 Nuclear Factor kappa-light-chain-enhancer of activated B cells p65 subunit
NGF Nerve growth factor

NLR Neutrophil-to-lymphocyte ratio

NLRP3 NLR family pyrin domain containing 3
NMDA N-Methyl-D-aspartic acid

NOS Nitric oxide synthase

NEG2 Nuclear factor erythroid 2-related factor 2
NTDs Neural tube defects

PC Pyruvate Carboxylase

PCC Propionyl-CoA Carboxylase

PD Parkinson’s disease

PEA Palmitoylethanolamide

PEALut PEA and luteolin

PI3K Phosphatidylinositol-3-kinase

PKC Protein Kinase C

PNEI Psycho-neuro-endocrino-immunology
PPAR-« proliferator-activated alpha

PPAR~y proliferator-activated gamma

PPMS Primary progressive MS

PP2A Protein phosphatase 2A

PS1 Presenilin 1

PTEN Phosphatase and TENsin homolog

RCT Randomized controlled trial

RNS Reactive nitrogen species

ROS Reactive oxygen species

RRMS Relapsing-remitting multiple sclerosis
SAM S-adenosylmethionine

SOD superoxide dismutase

SPMS Secondary progressive multiple sclerosis
TBI Traumatic brain injury

THF Tetrahydrofolate

TLR-4 Toll-like receptor 4

TNF-o Tumor necrosis factor «

TrkB Tropomyosin receptor kinase

UK United Kingdom

VAS Visual analogue scale

WHO World Health Organization

B-CTF [-secretase-derived carboxy-terminal fragment

References

1.  Wang, Y,; Pan, Y,; Li, H. What Is Brain Health and Why Is It Important? BMJ 2020, 371, m3683. [CrossRef] [PubMed]

2. The Lancet Global Health. No Health without Brain Health. Lancet Glob. Health 2024, 12, €530. [CrossRef]

3. Winter, S.E; Walsh, D.; Catsman-Berrevoets, C.; Feigin, V.; Destrebecq, F.; Dickson, S.L.; Leonardi, M.; Hoemberg, V.; Tassorelli, C.;
Ferretti, M.T.; et al. National Plans and Awareness Campaigns as Priorities for Achieving Global Brain Health. Lancet Glob. Health
2024, 12, 697-€706. [CrossRef]

4. Boon, PA.J.M,; Berger, T.; Leonardi, M.; Marson, T.; Kallweit, U.; Moro, E.; Toscano, A.; Rektorova, I.; Accorroni, A.; Scheerens, C.;
et al. A Roadmap toward Promoting and Improving Brain Health in Europe and Closing the Awareness and Funding Gap. Eur. J.
Neurol. 2025, 32, €16589. [CrossRef]

5. World Health Organization (WHO). Intersectoral Global Action Plan on Epilepsy and Other Neurological Disorders 2022-2031; World
Health Organization (WHO): Geneva, Switzerland, 2023.

6.  Buckinx, F; Aubertin-Leheudre, M. Nutrition to Prevent or Treat Cognitive Impairment in Older Adults: A GRADE Recommen-
dation. J. Prev. Alzheimer’s Dis. 2021, 8, 110-116. [CrossRef]

https://doi.org/10.3390/ijms27104343


https://doi.org/10.1136/bmj.m3683
https://www.ncbi.nlm.nih.gov/pubmed/33037002
https://doi.org/10.1016/S2214-109X(24)00097-4
https://doi.org/10.1016/S2214-109X(23)00598-3
https://doi.org/10.1111/ene.16589
https://doi.org/10.14283/jpad.2020.40
https://doi.org/10.3390/ijms27104343

Int. J. Mol. Sci. 2026, 27, 4343 40 of 54

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

van Soest, A.PM.; de Groot, L.C.P.G.M.; Witkamp, R.F; van Lent, D.M.; Seshadri, S.; van de Rest, O. Concurrent Nutrient
Deficiencies Are Associated with Dementia Incidence. Alzheimer’s Dement. 2024, 20, 4594-4601. [CrossRef]

Wang, D.Z.; Schwamm, L.H.; Qian, T.; Dai, Q. Decoding the Brain through Research—The Future of Brain Health. BM] 2020,
371, m3735. [CrossRef]

Grammatikopoulou, M.G.; Goulis, D.G.; Gkiouras, K.; Theodoridis, X.; Gkouskou, K.K.; Evangeliou, A.; Dardiotis, E.; Bogdanos,
D.P. To Keto or Not to Keto? A Systematic Review of Randomized Controlled Trials Assessing the Effects of Ketogenic Therapy
on Alzheimer Disease. Adv. Nutr. 2020, 11, 1583-1602. [CrossRef] [PubMed]

Batarseh, N.; Abdulla, F.A. Mediterranean-DASH Intervention for Neurodegenerative Delay (MIND) Diet and Brain Health:
A Systematic Review. Nutr. Neurosci. 2026, 1-26. [CrossRef] [PubMed]

Badaeva, A.V,; Danilov, A.B.; Clayton, P; Moskalev, A.A.; Karasev, A.V.; Tarasevich, A.F.; Vorobyeva, Y.D.; Novikov, V.N.
Perspectives on Neuronutrition in Prevention and Treatment of Neurological Disorders. Nutrients 2023, 15, 2505. [CrossRef]
Scuto, M.C.; Anfuso, C.D.; Lombardo, C.; Di Fatta, E.; Ferri, R.; Musso, N.; Zerbo, G.; Terrana, M.; Majztinova, M.; Lupo, G.; et al.
Neuronutrition and Nrf2 Brain Resilience Signaling: Epigenomics and Metabolomics for Personalized Medicine in Nervous
System Disorders from Bench to Clinic. Int. J. Mol. Sci. 2025, 26, 9391. [CrossRef]

Chen, Y.; Demnitz, N.; Yamamoto, S.; Yaffe, K.; Lawlor, B.; Leroi, I. Defining Brain Health: A Concept Analysis. Int. ]. Geriatr.
Psychiatry 2022, 37, 1-13. [CrossRef]

Boccardi, V.; Tinarelli, C.; Mecocci, P. Nutraceuticals and Cognitive Dysfunction. In Neuroprotective Effects of Phytochemicals in
Neurological Disorders; Farooqui, T., Farooqui, A.A., Eds.; Wiley: Hoboken, NJ, USA, 2017; pp. 561-579, ISBN 978-1-119-15514-0,
978-1-119-15519-5.

Pandareesh, M.D.; Kandikattu, HK.; Razack, S.; Amruta, N.; Choudhari, R.; Vikram, A.; Doddapattar, P. Nutrition and
Nutraceuticals in Neuroinflammatory and Brain Metabolic Stress: Implications for Neurodegenerative Disorders. CNS Neurol.
Disord. Drug Targets 2018, 17, 680-688. [CrossRef] [PubMed]

Vagnucci, A.H.; Li, W.W. Alzheimer’s Disease and Angiogenesis. Lancet 2003, 361, 605-608. [CrossRef] [PubMed]

Cohen, J.; Mathew, A.; Dourvetakis, K.D.; Sanchez-Guerrero, E.; Pangeni, R.P; Gurusamy, N.; Aenlle, K.K.; Ravindran, G.; Twabhir,
A Isler, D,; et al. Recent Research Trends in Neuroinflammatory and Neurodegenerative Disorders. Cells 2024, 13, 511. [CrossRef]
Lv, H.; Liu, Y,; Yang, X.; Xu, X.; Zhou, J.; Yu, W. Research Progress on the Role of Oxidative Stress in the Pathogenesis of Vascular
Dementia and Its Treatment. J. Stroke Cerebrovasc. Dis. 2025, 34, 108475. [CrossRef]

Cheignon, C.; Tomas, M.; Bonnefont-Rousselot, D.; Faller, P.; Hureau, C.; Collin, F. Oxidative Stress and the Amyloid Beta Peptide
in Alzheimer’s Disease. Redox Biol. 2018, 14, 450-464. [CrossRef]

Kempuraj, D.; Dourvetakis, K.D.; Cohen, J.; Valladares, D.S.; Joshi, R.S.; Kothuru, S.P.; Anderson, T.; Chinnappan, B.; Cheema,
AK,; Klimas, N.G.; et al. Neurovascular Unit, Neuroinflammation and Neurodegeneration Markers in Brain Disorders. Front.
Cell. Neurosci. 2024, 18, 1491952. [CrossRef] [PubMed]

Picca, A.; Calvani, R.; Coelho-Junior, H.]J.; Landi, F; Bernabei, R.; Marzetti, E. Mitochondrial Dysfunction, Oxidative Stress, and
Neuroinflammation: Intertwined Roads to Neurodegeneration. Antioxidants 2020, 9, 647. [CrossRef]

Chen, Y.-S,; Tian, H.-X; Rong, D.-C.; Wang, L.; Chen, S.; Zeng, J.; Xu, H.; Mei, ].; Wang, L.-Y,; Liou, Y.-L.; et al. ROS Homeostasis
in Cell Fate, Pathophysiology, and Therapeutic Interventions. Mol. Biomed. 2025, 6, 89. [CrossRef]

Lawrence, ].M.; Schardien, K.; Wigdahl, B.; Nonnemacher, M.R. Roles of Neuropathology-Associated Reactive Astrocytes:
A Systematic Review. Acta Neuropathol. Commun. 2023, 11, 42. [CrossRef] [PubMed]

Miiller, L.; Di Benedetto, S. Neuroimmune Crosstalk in Chronic Neuroinflammation: Microglial Interactions and Immune
Modulation. Front. Cell. Neurosci. 2025, 19, 1575022. [CrossRef]

Harrington, J.S.; Ryter, S.W.; Plataki, M.; Price, D.R.; Choi, A.M.K. Mitochondria in Health, Disease, and Aging. Physiol. Rev. 2023,
103, 2349-2422. [CrossRef]

Costa, L.G.; Garrick, ].M.; Roque, PJ.; Pellacani, C. Mechanisms of Neuroprotection by Quercetin: Counteracting Oxidative Stress
and More. Oxid. Med. Cell. Longev. 2016, 2016, 2986796. [CrossRef]

Chiang, M.-C,; Tsai, T.-Y.; Wang, C.-]. The Potential Benefits of Quercetin for Brain Health: A Review of Anti-Inflammatory and
Neuroprotective Mechanisms. Int. ]. Mol. Sci. 2023, 24, 6328. [CrossRef]

Jiang, W.; Huang, Y.; Han, N.; He, F,; Li, M.; Bian, Z.; Liu, J.; Sun, T.; Zhu, L. Quercetin Suppresses NLRP3 Inflammasome
Activation and Attenuates Histopathology in a Rat Model of Spinal Cord Injury. Spinal Cord. 2016, 54, 592-596. [CrossRef]
Tanigawa, S.; Fujii, M.; Hou, D.-X. Action of Nrf2 and Keapl in ARE-Mediated NQO1 Expression by Quercetin. Free Radic. Biol.
Med. 2007, 42, 1690-1703. [CrossRef]

Luo, L.; Huang, E; Fang, G.; Sun, Y,; Deng, L.; Liao, Y.; Chen, X.; Chen, Z.; Lin, X. Luteolin Inhibits NLRP3 Inflammasome
Activation to Ameliorate DSS -Induced Colitis by Regulating AMPK Signalling. Cell Prolif. 2026, 59, €70134. [CrossRef] [PubMed]
Yu, F; Wang, G.; Chen, X,; Zhang, Y.; Yang, C.; Hu, H.; Wei, L. Luteolin Alleviates Oxygen-Glucose Deprivation/Reoxygenation-
Induced Neuron Injury by Regulating NLRP3/IL-1§ Signaling. Open Med. 2025, 20, 20251198. [CrossRef] [PubMed]

Rana, ].N.; Mumtaz, S. Prunin: An Emerging Anticancer Flavonoid. Int. J. Mol. Sci. 2025, 26, 2678. [CrossRef]

https://doi.org/10.3390/ijms27104343


https://doi.org/10.1002/alz.13884
https://doi.org/10.1136/bmj.m3735
https://doi.org/10.1093/advances/nmaa073
https://www.ncbi.nlm.nih.gov/pubmed/32597927
https://doi.org/10.1080/1028415x.2025.2610643
https://www.ncbi.nlm.nih.gov/pubmed/41521425
https://doi.org/10.3390/nu15112505
https://doi.org/10.3390/ijms26199391
https://doi.org/10.1002/gps.5564
https://doi.org/10.2174/1871527317666180625104753
https://www.ncbi.nlm.nih.gov/pubmed/29938622
https://doi.org/10.1016/S0140-6736(03)12521-4
https://www.ncbi.nlm.nih.gov/pubmed/12598159
https://doi.org/10.3390/cells13060511
https://doi.org/10.1016/j.jstrokecerebrovasdis.2025.108475
https://doi.org/10.1016/j.redox.2017.10.014
https://doi.org/10.3389/fncel.2024.1491952
https://www.ncbi.nlm.nih.gov/pubmed/39526043
https://doi.org/10.3390/antiox9080647
https://doi.org/10.1186/s43556-025-00338-8
https://doi.org/10.1186/s40478-023-01526-9
https://www.ncbi.nlm.nih.gov/pubmed/36915214
https://doi.org/10.3389/fncel.2025.1575022
https://doi.org/10.1152/physrev.00058.2021
https://doi.org/10.1155/2016/2986796
https://doi.org/10.3390/ijms24076328
https://doi.org/10.1038/sc.2015.227
https://doi.org/10.1016/j.freeradbiomed.2007.02.017
https://doi.org/10.1111/cpr.70134
https://www.ncbi.nlm.nih.gov/pubmed/41077623
https://doi.org/10.1515/med-2025-1198
https://www.ncbi.nlm.nih.gov/pubmed/41246459
https://doi.org/10.3390/ijms26062678
https://doi.org/10.3390/ijms27104343

Int. J. Mol. Sci. 2026, 27, 4343 41 of 54

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

Pan, J.; Yao, Q.; Wang, Y,; Chang, S.; Li, C.; Wu, Y.; Shen, |.; Yang, R. The Role of PI3K Signaling Pathway in Alzheimer’s Disease.
Front. Aging Neurosci. 2024, 16, 1459025. [CrossRef] [PubMed]

Zughaibi, T.A.; Suhail, M.; Tarique, M.; Tabrez, S. Targeting PI3K/Akt/MTOR Pathway by Different Flavonoids: A Cancer
Chemopreventive Approach. Int. . Mol. Sci. 2021, 22, 12455. [CrossRef]

Ahmad, I; Hoque, M.; Alam, S.S.M.; Zughaibi, T.A.; Tabrez, S. Curcumin and Plumbagin Synergistically Target the
PI3K/Akt/MTOR Pathway: A Prospective Role in Cancer Treatment. Int. . Mol. Sci. 2023, 24, 6651. [CrossRef]

Palmieri, F; Monné, M.; Fiermonte, G.; Palmieri, L. Mitochondrial Transport and Metabolism of the Vitamin B-Derived Cofactors
Thiamine Pyrophosphate, Coenzyme A, FAD and NAD+, and Related Diseases: A Review. IUBMB Life 2022, 74, 592-617.
[CrossRef] [PubMed]

Depeint, E; Bruce, W.R.; Shangari, N.; Mehta, R.; O’Brien, P.J. Mitochondrial Function and Toxicity: Role of the B Vitamin Family
on Mitochondrial Energy Metabolism. Chem. Biol. Interact. 2006, 163, 94-112. [CrossRef]

Janssen, ].].E.; Grefte, S.; Keijer, J.; de Boer, V.C.J. Mito-Nuclear Communication by Mitochondrial Metabolites and Its Regulation
by B-Vitamins. Front. Physiol. 2019, 10, 78. [CrossRef]

Menezo, Y.; Elder, K.; Clement, A.; Clement, P. Folic Acid, Folinic Acid, 5 Methyl TetraHydroFolate Supplementation for Mutations
That Affect Epigenesis through the Folate and One-Carbon Cycles. Biomolecules 2022, 12, 197. [CrossRef]

Mathew, A.R.; Di Matteo, G.; La Rosa, P,; Barbati, S.A.; Mannina, L.; Moreno, S.; Tata, A.M.; Cavallucci, V.; Fidaleo, M. Vitamin
B12 Deficiency and the Nervous System: Beyond Metabolic Decompensation-Comparing Biological Models and Gaining New
Insights into Molecular and Cellular Mechanisms. Int. ]. Mol. Sci. 2024, 25, 590. [CrossRef]

Cordaro, M.; Cuzzocrea, S.; Crupi, R. An Update of Palmitoylethanolamide and Luteolin Effects in Preclinical and Clinical Studies
of Neuroinflammatory Events. Antioxidants 2020, 9, 216. [CrossRef]

Mattace Raso, G.; Russo, R.; Calignano, A.; Meli, R. Palmitoylethanolamide in CNS Health and Disease. Pharmacol. Res. 2014, 86,
32-41. [CrossRef] [PubMed]

Lama, A.; Pirozzi, C.; Severi, I.; Morgese, M.G.; Senzacqua, M.; Annunziata, C.; Comella, F.; Del Piano, E; Schiavone, S.; Petrosino,
S.; et al. Palmitoylethanolamide Dampens Neuroinflammation and Anxiety-like Behavior in Obese Mice. Brain. Behav. Immun.
2022, 102, 110-123. [CrossRef]

Spangenberg, E.T.; Moneypenny, A.; Bozzo, G.G.; Perreault, M.L. Unveiling the Role of Erinacines in the Neuroprotective Effects
of Hericium erinaceus: A Systematic Review in Preclinical Models. Front. Pharmacol. 2025, 16, 1582081. [CrossRef]

Contato, A.G.; Conte-Junior, C.A. Lion’s Mane Mushroom (Hericium erinaceus): A Neuroprotective Fungus with Antioxidant,
Anti-Inflammatory, and Antimicrobial Potential—A Narrative Review. Nutrients 2025, 17, 1307. [CrossRef]

Friedli, M.J.; Inestrosa, N.C. Huperzine A and Its Neuroprotective Molecular Signaling in Alzheimer’s Disease. Molecules 2021,
26, 6531. [CrossRef]

Karachaliou, C.-E.; Livaniou, E. Biotin Homeostasis and Human Disorders: Recent Findings and Perspectives. Int. |. Mol. Sci.
2024, 25, 6578. [CrossRef] [PubMed]

Perry, C.A.; Butterick, T.A. Biotin. Adv. Nutr. 2024, 15, 100251. [CrossRef]

Said, H.M. Biotin: Biochemical, Physiological and Clinical Aspects. In Water Soluble Vitamins; Stanger, O., Ed.; Springer: Dordrecht,
The Netherlands, 2012; Volume 56, pp. 1-19, ISBN 978-94-007-2198-2, 978-94-007-2199-9.

Tabarki, B.; Alfadhel, M.; AlShahwan, S.; Hundallah, K.; AlShafi, S.; AlHashem, A. Treatment of Biotin-Responsive Basal Ganglia
Disease: Open Comparative Study between the Combination of Biotin plus Thiamine versus Thiamine Alone. Eur. ]. Paediatr.
Neurol. 2015, 19, 547-552. [CrossRef]

Lipner, S.R. Rethinking Biotin Therapy for Hair, Nail, and Skin Disorders. J. Am. Acad. Dermatol. 2018, 78, 1236-1238. [CrossRef]
[PubMed]

Walth, C.B.; Wessman, L.L.; Wipf, A.; Carina, A.; Hordinsky, M.K,; Farah, R.S. Response to: “Rethinking Biotin Therapy for Hair,
Nail, and Skin Disorders.”. J. Am. Acad. Dermatol. 2018, 79, e121-e124. [CrossRef] [PubMed]

Pacheco-Alvarez, D.; Solérzano-Vargas, R.S.; Gravel, R.A.; Cervantes-Roldan, R.; Veldzquez, A.; Leén-Del-Rio, A. Paradoxical
Regulation of Biotin Utilization in Brain and Liver and Implications for Inherited Multiple Carboxylase Deficiency. J. Biol. Chem.
2004, 279, 52312-52318. [CrossRef]

Lohr, K.M.; Frost, B.; Scherzer, C.; Feany, M.B. Biotin Rescues Mitochondrial Dysfunction and Neurotoxicity in a Tauopathy
Model. Proc. Natl. Acad. Sci. USA 2020, 117, 33608-33618. [CrossRef]

Almasi, S.; Jafarzadeh Shirazi, M.R.; Rezvani, M.R.; Ramezani, M.; Salehi, I.; Pegah, A.; Komaki, A. The Protective Effect of
Biotin Supplementation and Swimming Training on Cognitive Impairment and Mental Symptoms in a Rat Model of Alzheimer’s
Disease: A Behavioral, Biochemical, and Histological Study. Heliyon 2024, 10, €32299. [CrossRef]

Lai, Y.; Reina-Gonzalez, P.; Maor, G.; Miller, G.W.; Sarkar, S. Biotin Mitigates the Development of Manganese-Induced, Parkinson’s
Disease—Related Neurotoxicity in Drosophila and Human Neurons. Sci. Signal. 2025, 18, eadn9868. [CrossRef] [PubMed]

Cui, Q.-L.; Lin, YH.; Xu, YK.T.; Fernandes, M.G.F;; Rao, V.T.S.; Kennedy, T.E.; Antel, ]. Effects of Biotin on Survival, Ensheathment,
and ATP Production by Oligodendrocyte Lineage Cells in Vitro. PLoS ONE 2020, 15, e0233859. [CrossRef]

https://doi.org/10.3390/ijms27104343


https://doi.org/10.3389/fnagi.2024.1459025
https://www.ncbi.nlm.nih.gov/pubmed/39399315
https://doi.org/10.3390/ijms222212455
https://doi.org/10.3390/ijms24076651
https://doi.org/10.1002/iub.2612
https://www.ncbi.nlm.nih.gov/pubmed/35304818
https://doi.org/10.1016/j.cbi.2006.04.014
https://doi.org/10.3389/fphys.2019.00078
https://doi.org/10.3390/biom12020197
https://doi.org/10.3390/ijms25010590
https://doi.org/10.3390/antiox9030216
https://doi.org/10.1016/j.phrs.2014.05.006
https://www.ncbi.nlm.nih.gov/pubmed/24844438
https://doi.org/10.1016/j.bbi.2022.02.008
https://doi.org/10.3389/fphar.2025.1582081
https://doi.org/10.3390/nu17081307
https://doi.org/10.3390/molecules26216531
https://doi.org/10.3390/ijms25126578
https://www.ncbi.nlm.nih.gov/pubmed/38928282
https://doi.org/10.1016/j.advnut.2024.100251
https://doi.org/10.1016/j.ejpn.2015.05.008
https://doi.org/10.1016/j.jaad.2018.02.018
https://www.ncbi.nlm.nih.gov/pubmed/29438761
https://doi.org/10.1016/j.jaad.2018.07.055
https://www.ncbi.nlm.nih.gov/pubmed/30096419
https://doi.org/10.1074/jbc.M407056200
https://doi.org/10.1073/pnas.1922392117
https://doi.org/10.1016/j.heliyon.2024.e32299
https://doi.org/10.1126/scisignal.adn9868
https://www.ncbi.nlm.nih.gov/pubmed/39836750
https://doi.org/10.1371/journal.pone.0233859
https://doi.org/10.3390/ijms27104343

Int. J. Mol. Sci. 2026, 27, 4343 42 of 54

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.
82.

83.

Rosko, L.; Smith, V.N.; Yamazaki, R.; Huang, J.K. Oligodendrocyte Bioenergetics in Health and Disease. Neurosci. 2019, 25,
334-343. [CrossRef]

Abdel-Magied, N.; Shedid, S.M.; Ahmed, A.G. Mitigating Effect of Biotin against Irradiation-Induced Cerebral Cortical and
Hippocampal Damage in the Rat Brain Tissue. Environ. Sci. Pollut. Res. 2019, 26, 13441-13452. [CrossRef]

Sakurai-Yageta, M.; Suzuki, Y. Molecular Mechanisms of Biotin in Modulating Inflammatory Diseases. Nutrients 2024, 16, 2444.
[CrossRef]

Sedel, E,; Papeix, C.; Bellanger, A.; Touitou, V.; Lebrun-Frenay, C.; Galanaud, D.; Gout, O.; Lyon-Caen, O.; Tourbah, A. High Doses
of Biotin in Chronic Progressive Multiple Sclerosis: A Pilot Study. Mult. Scler. Relat. Disord. 2015, 4, 159-169. [CrossRef]

Cree, B.A.C.; Cutter, G.; Wolinsky, J.S.; Freedman, M.S.; Comi, G.; Giovannoni, G.; Hartung, H.-P.; Arnold, D.; Kuhle, J.; Block, V.;
et al. Safety and Efficacy of MD1003 (High-Dose Biotin) in Patients with Progressive Multiple Sclerosis (SPI2): A Randomised,
Double-Blind, Placebo-Controlled, Phase 3 Trial. Lancet Neurol. 2020, 19, 988-997. [CrossRef] [PubMed]

Tourbah, A.; Gout, O.; Vighetto, A.; Deburghgraeve, V.; Pelletier, J.; Papeix, C.; Lebrun-Frenay, C.; Labauge, P; Brassat, D.; Toosy,
A.; et al. MD1003 (High-Dose Pharmaceutical-Grade Biotin) for the Treatment of Chronic Visual Loss Related to Optic Neuritis in
Multiple Sclerosis: A Randomized, Double-Blind, Placebo-Controlled Study. CNS Drugs 2018, 32, 661-672. [CrossRef] [PubMed]
Motte, J.; Gold, R. High-Dose Biotin in Multiple Sclerosis: The End of the Road. Lancet Neurol. 2020, 19, 965-966. [CrossRef]
[PubMed]

Espiritu, A.L; Remalante-Rayco, PP.M. High-Dose Biotin for Multiple Sclerosis: A Systematic Review and Meta-Analyses of
Randomized Controlled Trials. Mult. Scler. Relat. Disord. 2021, 55, 103159. [CrossRef]

Créange, A.; Hutin, E.; Sedel, F,; Le Vigouroux, L.; Lefaucheur, J.-P. High-Dose Pharmaceutical-Grade Biotin in Patients with
Demyelinating Neuropathies: A Phase 2b Open Label, Uncontrolled, Pilot Study. BMC Neurol. 2023, 23, 389. [CrossRef]
Juntas-Morales, R.; Pageot, N.; Bendarraz, A.; Alphandéry, S.; Sedel, F.; Seigle, S.; Camu, W. High-Dose Pharmaceutical Grade
Biotin (MD1003) in Amyotrophic Lateral Sclerosis: A Pilot Study. EClinicalMedicine 2020, 19, 100254. [CrossRef]

Vos, E.M.; Peeters-Scholte, C.M.P.C.D.; Boiten, J.; Hund, H.M.; Jellema, K.; Kloppenborg, R.P.; Ghariq, E.; van Es, A.C.G.M,;
Venema, E.; Lingsma, H.F; et al. Safety, Tolerability, and Pharmacokinetics of the Neuroprotectant 2-Iminobiotin in Patients with
Large-Vessel Occlusion Ischemic Stroke Treated with Endovascular Thrombectomy. Stroke 2025, 56, 1991-1999. [CrossRef]
Kong, Y.; Zhong, J.; Wang, T.; Zhang, D. Association Between Dietary Biotin Intake and Dementia Risk, Including Alzheimer’s
Disease: A Prospective Study of 122 959 UK Biobank Participants. Mol. Nutr. Food Res. 2025, 69, €70252. [CrossRef]

Zhang, J.; Yang, C.; Tan, Y.; Na, M.,; Shakya, E.; Zhang, D.; Shi, X.; Na, X.; Li, Z.; Ji, ].S.; et al. Region-Specific Brain Structural
Modulation and Amyloid-f Pathology Associated with Dietary Biotin: Insights into Dementia Neuropathology. eBioMedicine
2026, 125, 106155. [CrossRef]

ClinicalTrials.gov. Trial of the Combined Use of Thiamine and Biotin in Patients with Huntington’s Disease (HUNTIAM); ClinicalTri-
als.gov: Bethesda, MD, USA, 2025.

Tjong, E.; Dimri, M.; Mohiuddin, S. Biochemistry, Tetrahydrofolate. In StatPearls; StatPearls Publishing: Treasure Island, FL,
USA, 2023.

Leclerc, D.; Sibani, S.; Rozen, R. Molecular Biology of Methylenetetrahydrofolate Reductase (MTHFR) and Overview of Muta-
tions/Polymorphisms. In Madame Curie Bioscience Database; Landes Bioscience: Austin, TX, USA, 2005.

Poddar, R. Hyperhomocysteinemia Is an Emerging Comorbidity in Ischemic Stroke. Exp. Neurol. 2021, 336, 113541. [CrossRef]
[PubMed]

Sobral, A.F; Cunha, A,; Silva, V.; Gil-Martins, E.; Silva, R.; Barbosa, D.J. Unveiling the Therapeutic Potential of Folate-Dependent
One-Carbon Metabolism in Cancer and Neurodegeneration. Int. J. Mol. Sci. 2024, 25, 9339. [CrossRef]

Tinelli, C.; Di Pino, A.; Ficulle, E.; Marcelli, S.; Feligioni, M. Hyperhomocysteinemia as a Risk Factor and Potential Nutraceutical
Target for Certain Pathologies. Front. Nutr. 2019, 6, 49. [CrossRef] [PubMed]

Baddam, S.; Khan, K.; Jialal, I. Folic Acid Deficiency. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2025.
Comission, E. Folic Acid and Neural Tube Defects; StatPearls Publishing: Treasure Island, FL, USA, 2025.

Abate, B.B.; Kumsa, H.; Kibret, G.A.; Wodaynew, T.; Habtie, T.E.; Kassa, M.; Munie, M.A.; Temesgen, D.; Tilahun, B.D.; Merchaw,
A.; et al. Preconception Folic Acid and Multivitamin Supplementation for the Prevention of Neural Tube Defect: An Umbrella
Review of Systematic Review and Meta-Analysis. Neuroepidemiology 2024, 59, 412-425. [CrossRef] [PubMed]

World Health Organization. Periconceptional Folic Acid Supplementation to Prevent Neural Tube Defects; World Health Organization:
Geneva, Switzerland, 2023.

CDC. Folic Acid: Facts for Clinicians; CDC: Atlanta, Georgia, 2025.

Moges, S.; Kotiso, K.S.; Jaldo, M.M. The Effectiveness of Mandatory Folic Acid Fortification Compared with Pre-Fortification
Periods on Reducing Neural Tube Defects (NTDs): A Systematic Review and Meta-Analysis. BMIC Nutr. 2026, 12, 31. [CrossRef]
Smith, A.D.; Sobczynska-Malefora, A.; Green, R.; Reynolds, E.H.; Refsum, H. Mandatory Food Fortification with Folic Acid.
Lancet Glob. Health 2022, 10, €1389. [CrossRef]

https://doi.org/10.3390/ijms27104343


https://doi.org/10.1177/1073858418793077
https://doi.org/10.1007/s11356-019-04806-x
https://doi.org/10.3390/nu16152444
https://doi.org/10.1016/j.msard.2015.01.005
https://doi.org/10.1016/S1474-4422(20)30347-1
https://www.ncbi.nlm.nih.gov/pubmed/33222767
https://doi.org/10.1007/s40263-018-0528-2
https://www.ncbi.nlm.nih.gov/pubmed/29808469
https://doi.org/10.1016/S1474-4422(20)30353-7
https://www.ncbi.nlm.nih.gov/pubmed/33222766
https://doi.org/10.1016/j.msard.2021.103159
https://doi.org/10.1186/s12883-023-03440-y
https://doi.org/10.1016/j.eclinm.2019.100254
https://doi.org/10.1161/STROKEAHA.125.050560
https://doi.org/10.1002/mnfr.70252
https://doi.org/10.1016/j.ebiom.2026.106155
https://doi.org/10.1016/j.expneurol.2020.113541
https://www.ncbi.nlm.nih.gov/pubmed/33278453
https://doi.org/10.3390/ijms25179339
https://doi.org/10.3389/fnut.2019.00049
https://www.ncbi.nlm.nih.gov/pubmed/31069230
https://doi.org/10.1159/000539803
https://www.ncbi.nlm.nih.gov/pubmed/39074459
https://doi.org/10.1186/s40795-026-01244-0
https://doi.org/10.1016/S2214-109X(22)00378-3
https://doi.org/10.3390/ijms27104343

Int. J. Mol. Sci. 2026, 27, 4343 43 of 54

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Bo, Y;; Zhu, Y,; Tao, Y,; Li, X;; Zhai, D.; Bu, Y,; Wan, Z.; Wang, L.; Wang, Y.; Yu, Z. Association Between Folate and Health Outcomes:
An Umbrella Review of Meta-Analyses. Front. Public Health 2020, 8, 550753. [CrossRef]

Darbandi, Z.K.; Amirahmadi, S.; Goudarzi, I.; Hosseini, M.; Rajabian, A. Folic Acid Improved Memory and Learning Function in
a Rat Model of Neuroinflammation Induced by Lipopolysaccharide. Inflammopharmacology 2024, 32, 1401-1411. [CrossRef]

Sun, S.; Lu, W.; Zhang, C.; Wang, G.; Hou, Y.; Zhou, J.; Wang, Y. Folic Acid and S-Adenosylmethionine Reverse Homocysteine-
Induced Alzheimer’s Disease-like Pathological Changes in Rat Hippocampus by Modulating PS1 and PP2A Methylation Levels.
Brain Res. 2024, 1841, 149095. [CrossRef]

Lin, H.-C.; Hsieh, H.-M.; Chen, Y.-H.; Hu, M.-L. S-Adenosylhomocysteine Increases 3-Amyloid Formation in BV-2 Microglial Cells
by Increased Expressions of 3-Amyloid Precursor Protein and Presenilin 1 and by Hypomethylation of These Gene Promoters.
Neurotoxicology 2009, 30, 622-627. [CrossRef]

Kruman, LL; Kumaravel, T.S.; Lohani, A.; Pedersen, W.A.; Cutler, R.G.; Kruman, Y.; Haughey, N.; Lee, J.; Evans, M.; Mattson, M.P.
Folic Acid Deficiency and Homocysteine Impair DNA Repair in Hippocampal Neurons and Sensitize Them to Amyloid Toxicity
in Experimental Models of Alzheimer’s Disease. J. Neurosci. 2002, 22, 1752-1762. [CrossRef]

Shooshtari, M.K.; Moazedi, A.A.; Parham, G.A. Memory and Motor Coordination Improvement by Folic Acid Supplementation
in Healthy Adult Male Rats. Iran. |. Basic Med. Sci. 2012, 15, 1173-1179. [PubMed]

Jia, Y; Li, ].; Wang, Y.; Ma, Y,; Chen, L.; Zhang, H.; Xue, M.; Liang, H. Folic Acid Rescues Dopaminergic Neurons in MPTP-
Induced Mice by Inhibiting the NLRP3 Inflammasome and Ameliorating Mitochondrial Impairment. J. Agric. Food Chem. 2024,
72,5734-5745. [CrossRef] [PubMed]

Haghdoost-Yazdi, H.; Fraidouni, N.; Faraji, A.; Jahanihashemi, H.; Sarookhani, M. High Intake of Folic Acid or Complex of B
Vitamins Provides Anti-Parkinsonism Effect: No Role for Serum Level of Homocysteine. Behav. Brain Res. 2012, 233, 375-381.
[CrossRef] [PubMed]

Gou, Y.; Ye, Q.; Liang, X.; Zhang, Q.; Luo, S.; Liu, H.; Wang, X.; Sai, N.; Zhang, X. Homocysteine Restrains Hippocampal
Neurogenesis in Focal Ischemic Rat Brain by Inhibiting DNA Methylation. Neurochem. Int. 2021, 147, 105065. [CrossRef]

Liang, X.; Shi, L.; Wang, M.; Zhang, L.; Gong, Z.; Luo, S.; Wang, X.; Zhang, Q.; Zhang, X. Folic Acid Ameliorates Synaptic
Impairment Following Cerebral Ischemia/Reperfusion Injury via Inhibiting Excessive Activation of NMDA Receptors. J. Nutr.
Biochem. 2023, 112, 109209. [CrossRef]

Zhou, Y.; Cong, Y.; Liu, H. Folic Acid Ameliorates Depression-like Behaviour in a Rat Model of Chronic Unpredictable Mild
Stress. BMC Neurosci. 2020, 21, 1. [CrossRef]

Falade, J.; Onaolapo, A.Y.; Onaolapo, O.]. Evaluation of the Behavioural, Antioxidative and Histomorphological Effects of Folic
Acid-Supplemented Diet in Dexamethasone-Induced Depression in Mice. Cent. Nerv. Syst. Agents Med. Chem. 2021, 21, 73-81.
[CrossRef]

Brocardo, P.S.; Budni, J.; Kaster, M.P,; Santos, A.R.S.; Rodrigues, A.L.S. Folic Acid Administration Produces an Antidepressant-like
Effect in Mice: Evidence for the Involvement of the Serotonergic and Noradrenergic Systems. Neuropharmacology 2008, 54, 464—473.
[CrossRef]

Licking, N.; Murchison, C.; Cholerton, B.; Zabetian, C.P.; Hu, S.-C.; Montine, T.J.; Peterson-Hiller, A.L.; Chung, K.A.; Edwards, K,;
Leverenz, ].B.; et al. Homocysteine and Cognitive Function in Parkinson’s Disease. Park. Relat. Disord. 2017, 44, 1-5. [CrossRef]

Ma, F; Wu, T; Zhao, J.; Song, A.; Liu, H.; Xu, W.; Huang, G. Folic Acid Supplementation Improves Cognitive Function by
Reducing the Levels of Peripheral Inflammatory Cytokines in Elderly Chinese Subjects with MCI. Sci. Rep. 2016, 6, 37486.
[CrossRef] [PubMed]

Wang, M.; Fang, M.; Zang, W. Effects of Folic Acid Supplementation on Cognitive Function and Inflammation in Elderly Patients
with Mild Cognitive Impairment: A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Arch. Gerontol.
Geriatr. 2024, 126, 105540. [CrossRef]

Lu, T.; Cao, W.; Yang, B.; Wang, D.; Wei, J.; Jiao, L.; Xu, X. Associations of Folate and Homocysteine Levels with Futile
Recanalization in Acute Ischemic Stroke After Successful Endovascular Thrombectomy. Neurol. Ther. 2025, 14, 2477-2489.
[CrossRef] [PubMed]

Fan, X,; Zhang, L.; Li, H.; Chen, G.; Qi, G.; Ma, X; Jin, Y. Role of Homocysteine in the Development and Progression of Parkinson’s
Disease. Ann. Clin. Transl. Neurol. 2020, 7, 2332-2338. [CrossRef]

Chen, H.; Zhang, S.M.; Schwarzschild, M.A.; Hernan, M.A.; Logroscino, G.; Willett, W.C.; Ascherio, A. Folate Intake and Risk of
Parkinson’s Disease. Am. ]. Epidemiol. 2004, 160, 368-375. [CrossRef]

Flores-Torres, M.H.; Christine, C.W.; Bjornevik, K.; Molsberry, S.A.; Hung, A.Y.; Healy, B.C.; Blacker, D.; Schwarzschild, M.A.;
Ascherio, A. Long-Term Intake of Folate, Vitamin B6, and Vitamin B12 and the Incidence of Parkinson’s Disease in a Sample of
U.S. Women and Men. Mov. Disord. 2023, 38, 866—879. [CrossRef]

Liu, Y.; Gou, M.; Guo, X. Features of Plasma Homocysteine, Vitamin B12, and Folate in Parkinson’s Disease: An Updated
Meta-Analysis. J. Integr. Neurosci. 2023, 22, 115. [CrossRef]

https://doi.org/10.3390/ijms27104343


https://doi.org/10.3389/fpubh.2020.550753
https://doi.org/10.1007/s10787-023-01314-w
https://doi.org/10.1016/j.brainres.2024.149095
https://doi.org/10.1016/j.neuro.2009.03.011
https://doi.org/10.1523/JNEUROSCI.22-05-01752.2002
https://www.ncbi.nlm.nih.gov/pubmed/23653847
https://doi.org/10.1021/acs.jafc.3c06337
https://www.ncbi.nlm.nih.gov/pubmed/38453725
https://doi.org/10.1016/j.bbr.2012.05.011
https://www.ncbi.nlm.nih.gov/pubmed/22610053
https://doi.org/10.1016/j.neuint.2021.105065
https://doi.org/10.1016/j.jnutbio.2022.109209
https://doi.org/10.1186/s12868-020-0551-3
https://doi.org/10.2174/1871524921666210114125355
https://doi.org/10.1016/j.neuropharm.2007.10.016
https://doi.org/10.1016/j.parkreldis.2017.08.005
https://doi.org/10.1038/srep37486
https://www.ncbi.nlm.nih.gov/pubmed/27876835
https://doi.org/10.1016/j.archger.2024.105540
https://doi.org/10.1007/s40120-025-00837-4
https://www.ncbi.nlm.nih.gov/pubmed/41039178
https://doi.org/10.1002/acn3.51227
https://doi.org/10.1093/aje/kwh213
https://doi.org/10.1002/mds.29383
https://doi.org/10.31083/j.jin2205115
https://doi.org/10.3390/ijms27104343

Int. J. Mol. Sci. 2026, 27, 4343 44 of 54

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Lamberti, P.; Zoccolella, S.; Iliceto, G.; Armenise, E.; Fraddosio, A.; De Mari, M.; Livrea, P. Effects of Levodopa and COMT
Inhibitors on Plasma Homocysteine in Parkinson’s Disease Patients. Mov. Disord. 2005, 20, 69-72. [CrossRef]

Lamberti, P.; Zoccolella, S.; Armenise, E.; Lamberti, S.V.; Fraddosio, A.; De Mari, M.; Iliceto, G.; Livrea, P. Hyperhomocysteinemia
in L-dopa Treated Parkinson’s Disease Patients: Effect of Cobalamin and Folate Administration. Eur. ]. Neurol. 2005, 12, 365-368.
[CrossRef] [PubMed]

Anamnart, C.; Kitjarak, R. Effects of Vitamin B12, Folate, and Entacapone on Homocysteine Levels in Levodopa-Treated
Parkinson’s Disease Patients: A Randomized Controlled Study. J. Clin. Neurosci. 2021, 88, 226-231. [CrossRef]

Boelens Keun, ].T.; Arnoldussen, I.A.; Vriend, C.; van de Rest, O. Dietary Approaches to Improve Efficacy and Control Side Effects
of Levodopa Therapy in Parkinson’s Disease: A Systematic Review. Adv. Nutr. 2021, 12, 2265-2287. [CrossRef] [PubMed]

Ma, F; Zhou, X,; Li, Q.; Zhao, J.; Song, A.; An, P,; Du, Y.; Xu, W,; Huang, G. Effects of Folic Acid and Vitamin B12, Alone and in
Combination on Cognitive Function and Inflammatory Factors in the Elderly with Mild Cognitive Impairment: A Single-Blind
Experimental Design. Curr. Alzheimer Res. 2019, 16, 622—632. [CrossRef]

Ma, F; Wu, T.; Zhao, J.; Han, F; Marseglia, A ; Liu, H.; Huang, G. Effects of 6-Month Folic Acid Supplementation on Cognitive
Function and Blood Biomarkers in Mild Cognitive Impairment: A Randomized Controlled Trial in China. J. Gerontol. Ser. A Biol.
Sci. Med. Sci. 2016, 71, 1376-1383. [CrossRef] [PubMed]

Ma, F; Li, Q.; Zhou, X,; Zhao, J.; Song, A.; Li, W.; Liu, H.; Xu, W.; Huang, G. Effects of Folic Acid Supplementation on Cognitive
Function and Ap-Related Biomarkers in Mild Cognitive Impairment: A Randomized Controlled Trial. Eur. J. Nutr. 2019, 58,
345-356. [CrossRef] [PubMed]

Xu, M.; Zhu, Y.; Chen, J; Li, J.; Qin, J.; Fan, Y.; Ren, P; Hu, H.; Wu, W. Effects of Folic Acid Supplementation on Cognitive
Impairment: A Meta-analysis of Randomized Controlled Trials. J. Evid. Based Med. 2024, 17, 134-144. [CrossRef]

Zhang, L.; Chen, X.; Chen, Y,; Yan, J.; Huang, G.; Li, W. A Comparative Study Evaluating the Effectiveness of Folate-Based B
Vitamin Intervention on Cognitive Function of Older Adults under Mandatory Folic Acid Fortification Policy: A Systematic
Review and Meta-Analysis of Randomized Controlled Trials. Nutrients 2024, 16, 2199. [CrossRef] [PubMed]

Refsum, H.; Ueland, PM.; Nygérd, O.; Vollset, S.E. Homocysteine and Cardiovascular Disease. Annu. Rev. Med. 1998, 49, 31-62.
[CrossRef]

Zhang, N.; Zhou, Z.; Chi, X,; Fan, F; Li, S,; Song, Y.; Zhang, Y.; Qin, X.; Sun, N.; Wang, X.; et al. Folic Acid Supplementation for
Stroke Prevention: A Systematic Review and Meta-Analysis of 21 Randomized Clinical Trials Worldwide. Clin. Nutr. 2024, 43,
1706-1716. [CrossRef]

Stahl, S.M. L-Methylfolate: A Vitamin for Your Monoamines. J. Clin. Psychiatry 2008, 69, 1352-1353. [CrossRef]

Schefft, C.; Kilarski, L.L.; Bschor, T.; Kohler, S. Efficacy of Adding Nutritional Supplements in Unipolar Depression: A Systematic
Review and Meta-Analysis. Eur. Neuropsychopharmacol. 2017, 27, 1090-1109. [CrossRef]

Gao, S.; Khalid, A.; Amini-Salehi, E.; Radkhah, N.; Jamilian, P.; Badpeyma, M.; Zarezadeh, M. Folate Supplementation as a
Beneficial Add-on Treatment in Relieving Depressive Symptoms: A Meta-analysis of Meta-analyses. Food Sci. Nutr. 2024, 12,
3806-3818. [CrossRef]

Sarris, J.; Ravindran, A.; Yatham, L.N.; Marx, W.; Rucklidge, J.J.; McIntyre, R.S.; Akhondzadeh, S.; Benedetti, F.; Caneo, C.; Cramer,
H.; et al. Clinician Guidelines for the Treatment of Psychiatric Disorders with Nutraceuticals and Phytoceuticals: The World
Federation of Societies of Biological Psychiatry (WFSBP) and Canadian Network for Mood and Anxiety Treatments (CANMAT)
Taskforce. World ]. Biol. Psychiatry 2022, 23, 424—455. [CrossRef]

Frye, R.E.; Delhey, L.; Slattery, J.; Tippett, M.; Wynne, R.; Rose, S.; Kahler, S.G.; Bennuri, S.C.; Melnyk, S.; Sequeira, ] M.; et al.
Blocking and Binding Folate Receptor Alpha Autoantibodies Identify Novel Autism Spectrum Disorder Subgroups. Front.
Neurosci. 2016, 10, 182597. [CrossRef] [PubMed]

Phunsawat, P.; Chiangjong, W.; Chutipongtanate, S.; Dumrongwongsiri, O.; Thommachot, P.; Butdawong, W.; Chuthapisith, J.
Folate Receptor Alpha Autoantibodies in Children with Autism Spectrum Disorder. Biomarkers 2022, 27, 715-719. [CrossRef]
[PubMed]

Wells, L.; O'Hara, N.; Frye, R.; Hullavard, N.; Smith, E. Folate Receptor Alpha Autoantibodies in the Pediatric Acute-Onset
Neuropsychiatric Syndrome (PANS) and Pediatric Autoimmune Neuropsychiatric Disorders Associated with Streptococcal
Infections (PANDAS) Population. J. Pers. Med. 2024, 14, 166. [CrossRef]

Ismail, S.; Senna, A.A.; Behiry, E.G.; Ashaat, E.A.; Zaki, M.S.; Ashaat, N.A; Salah, D.M. Study of C677T Variant of Methylene
Tetrahydrofolate Reductase Gene in Autistic Spectrum Disorder Egyptian Children. Am. J. Med. Genet. Part B Neuropsychiatr.
Genet. 2019, 180, 305-309. [CrossRef]

Sadeghiyeh, T.; Dastgheib, S.A.; Mirzaee-Khoramabadi, K.; Morovati-Sharifabad, M.; Akbarian-Bafghi, M.]J.; Poursharif, Z,;
Mirjalili, S.R.; Neamatzadeh, H. Association of MTHFR 677C>T and 1298 A>C Polymorphisms with Susceptibility to Autism:
A Systematic Review and Meta-Analysis. Asian J. Psychiatr. 2019, 46, 54-61. [CrossRef]

Li, Y;; Qiu, S.; Shi, J.; Guo, Y.; Li, Z.; Cheng, Y.; Liu, Y. Association between MTHFR C677T/A1298C and Susceptibility to Autism
Spectrum Disorders: A Meta-Analysis. BMC Pediatr. 2020, 20, 449. [CrossRef]

https://doi.org/10.3390/ijms27104343


https://doi.org/10.1002/mds.20261
https://doi.org/10.1111/j.1468-1331.2004.00973.x
https://www.ncbi.nlm.nih.gov/pubmed/15804266
https://doi.org/10.1016/j.jocn.2021.03.047
https://doi.org/10.1093/advances/nmab060
https://www.ncbi.nlm.nih.gov/pubmed/34113965
https://doi.org/10.2174/1567205016666190725144629
https://doi.org/10.1093/gerona/glv183
https://www.ncbi.nlm.nih.gov/pubmed/26508298
https://doi.org/10.1007/s00394-017-1598-5
https://www.ncbi.nlm.nih.gov/pubmed/29255930
https://doi.org/10.1111/jebm.12588
https://doi.org/10.3390/nu16142199
https://www.ncbi.nlm.nih.gov/pubmed/39064642
https://doi.org/10.1146/annurev.med.49.1.31
https://doi.org/10.1016/j.clnu.2024.05.034
https://doi.org/10.4088/JCP.v69n0901
https://doi.org/10.1016/j.euroneuro.2017.07.004
https://doi.org/10.1002/fsn3.4073
https://doi.org/10.1080/15622975.2021.2013041
https://doi.org/10.3389/fnins.2016.00080
https://www.ncbi.nlm.nih.gov/pubmed/27013943
https://doi.org/10.1080/1354750X.2022.2125579
https://www.ncbi.nlm.nih.gov/pubmed/36112150
https://doi.org/10.3390/jpm14020166
https://doi.org/10.1002/ajmg.b.32729
https://doi.org/10.1016/j.ajp.2019.09.016
https://doi.org/10.1186/s12887-020-02330-3
https://doi.org/10.3390/ijms27104343

Int. J. Mol. Sci. 2026, 27, 4343 45 of 54

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Zhang, J.; Ma, X; Su, Y.; Wang, L.; Shang, S.; Yue, W. Association Study of MTHFR C677T Polymorphism and Birth Body Mass
with Risk of Autism in Chinese Han Population. Front. Psychiatry 2021, 12, 560948. [CrossRef] [PubMed]

Frye, R.E,; Slattery, J.; Delhey, L.; Furgerson, B.; Strickland, T.; Tippett, M.; Sailey, A.; Wynne, R.; Rose, S.; Melnyk, S.; et al.
Folinic Acid Improves Verbal Communication in Children with Autism and Language Impairment: A Randomized Double-Blind
Placebo-Controlled Trial. Mol. Psychiatry 2018, 23, 247-256. [CrossRef]

Rossignol, D.A.; Frye, R.E. Cerebral Folate Deficiency, Folate Receptor Alpha Autoantibodies and Leucovorin (Folinic Acid)
Treatment in Autism Spectrum Disorders: A Systematic Review and Meta-Analysis. J. Pers. Med. 2021, 11, 1141. Correction in J.
Pers. Med. 2022, 12, 721. https://doi.org/10.3390/jpm12050721. [CrossRef] [PubMed]

Wong, CM,; Tan, C.S.; Koh, H.C.; Gan, X; Hie, S.L.; Saffari, S.E.; Yeo, ].G.; Lam, ].C.M. Folinic Acid as a Treatment for Autism in
Children: A within-Subjects Open-Label Study on Safety and Efficacy. Int. ]. Dev. Neurosci. 2025, 85, €10402. [CrossRef]
Katiraei, P; Frye, R.E.; Theoharides, T.C. Gut-Brain Inflammation and Disrupted Homeostasis Due to Activation of Mast Cells
and Microglia. Int. . Mol. Sci. 2026, 27, 1768. [CrossRef]

Clayton, P; Hill, M.; Bogoda, N.; Subah, S.; Venkatesh, R. Palmitoylethanolamide: A Natural Compound for Health Management.
Int. ]. Mol. Sci. 2021, 22, 5305. [CrossRef]

Valenza, M.; Facchinetti, R.; Steardo, L.; Scuderi, C. Palmitoylethanolamide and White Matter Lesions: Evidence for Therapeutic
Implications. Biomolecules 2022, 12, 1191. [CrossRef] [PubMed]

Briskey, D.; Sax, A.; Mallard, A.R.; Rao, A. Increased Bioavailability of Curcumin Using a Novel Dispersion Technology System
(LipiSperse®). Eur. J. Nutr. 2019, 58, 2087-2097. [CrossRef]

Gabrielsson, L.; Mattsson, S.; Fowler, C.J. Palmitoylethanolamide for the Treatment of Pain: Pharmacokinetics, Safety and Efficacy.
Br. . Clin. Pharmacol. 2016, 82, 932-942. [CrossRef]

Scuderi, C.; Esposito, G.; Blasio, A.; Valenza, M.; Arietti, P; Steardo, L., Jr.; Carnuccio, R.; De Filippis, D.; Petrosino, S.; Iuvone,
T.; et al. Palmitoylethanolamide Counteracts Reactive Astrogliosis Induced by 3-Amyloid Peptide. J. Cell. Mol. Med. 2011, 15,
2664-2674. [CrossRef] [PubMed]

Assogna, M.; Di Lorenzo, F.; Martorana, A.; Koch, G. Synaptic Effects of Palmitoylethanolamide in Neurodegenerative Disorders.
Biomolecules 2022, 12, 1161. [CrossRef] [PubMed]

Scuderi, C.; Valenza, M.; Stecca, C.; Esposito, G.; Carratti, M.R.; Steardo, L. Palmitoylethanolamide Exerts Neuroprotective
Effects in Mixed Neuroglial Cultures and Organotypic Hippocampal Slices via Peroxisome Proliferator-Activated Receptor-w. J.
Neuroinflamm. 2012, 9, 49. [CrossRef]

Scuderi, C.; Steardo, L. Neuroglial Roots of Neurodegenerative Diseases: Therapeutic Potential of Palmitoylethanolamide in
Models of Alzheimer’s Disease. CNS Neurol. Disord. Drug Targets 2013, 12, 62-69. [CrossRef]

Scuderi, C.; Stecca, C.; Valenza, M.; Ratano, P; Bronzuoli, M.R.; Bartoli, S.; Steardo, L.; Pompili, E.; Fumagalli, L.; Campolongo, P;
et al. Palmitoylethanolamide Controls Reactive Gliosis and Exerts Neuroprotective Functions in a Rat Model of Alzheimer’s
Disease. Cell Death Dis. 2014, 5, €1419. [CrossRef]

D’Agostino, G.; Russo, R.; Avagliano, C.; Cristiano, C.; Meli, R.; Calignano, A. Palmitoylethanolamide Protects Against the
Amyloid-B25-35-Induced Learning and Memory Impairment in Mice, an Experimental Model of Alzheimer Disease. Neuropsy-
chopharmacology 2012, 37, 1784-1792. [CrossRef]

Beggiato, S.; Tomasini, M.C.; Cassano, T.; Ferraro, L. Chronic Oral Palmitoylethanolamide Administration Rescues Cognitive
Deficit and Reduces Neuroinflammation, Oxidative Stress, and Glutamate Levels in A Transgenic Murine Model of Alzheimer’s
Disease. J. Clin. Med. 2020, 9, 428. [CrossRef]

Bronzuoli, M.R.; Facchinetti, R.; Steardo, L.; Romano, A.; Stecca, C.; Passarella, S.; Steardo, L.; Cassano, T.; Scuderi, C. Palmi-
toylethanolamide Dampens Reactive Astrogliosis and Improves Neuronal Trophic Support in a Triple Transgenic Model of
Alzheimer’s Disease: In Vitro and In Vivo Evidence. Oxid. Med. Cell. Longev. 2018, 2018, 4720532. [CrossRef]

Facchinetti, R.; Valenza, M.; Bronzuoli, M.R.; Menegoni, G.; Ratano, P.; Steardo, L.; Campolongo, P.; Scuderi, C. Looking for a
Treatment for the Early Stage of Alzheimer’s Disease: Preclinical Evidence with Co-Ultramicronized Palmitoylethanolamide and
Luteolin. Int. J. Mol. Sci. 2020, 21, 3802. [CrossRef]

Richter, F; Koulen, P; Kaja, S. N-Palmitoylethanolamine Prevents the Run-down of Amplitudes in Cortical Spreading Depression
Possibly Implicating Proinflammatory Cytokine Release. Sci. Rep. 2016, 6, 23481. [CrossRef]

Caltagirone, C.; Cisari, C.; Schievano, C.; Di Paola, R.; Cordaro, M.; Bruschetta, G.; Esposito, E.; Cuzzocrea, S.; Stroke Study
Group. Co-Ultramicronized Palmitoylethanolamide/Luteolin in the Treatment of Cerebral Ischemia: From Rodent to Man. Transl.
Stroke Res. 2016, 7, 54—-69. [CrossRef]

Kreisler, A.; Gelé, P.; Wiart, J.-F.; Lhermitte, M.; Destée, A.; Bordet, R. Lipid-Lowering Drugs in the MPTP Mouse Model of
Parkinson’s Disease: Fenofibrate Has a Neuroprotective Effect, Whereas Bezafibrate and HMG-CoA Reductase Inhibitors Do Not.
Brain Res. 2007, 1135, 77-84. [CrossRef]

Esposito, E.; Impellizzeri, D.; Mazzon, E.; Paterniti, I.; Cuzzocrea, S. Neuroprotective Activities of Palmitoylethanolamide in an
Animal Model of Parkinson’s Disease. PLoS ONE 2012, 7, e41880. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27104343


https://doi.org/10.3389/fpsyt.2021.560948
https://www.ncbi.nlm.nih.gov/pubmed/33716803
https://doi.org/10.1038/mp.2016.168
https://doi.org/10.3390/jpm12050721
https://doi.org/10.3390/jpm11111141
https://www.ncbi.nlm.nih.gov/pubmed/34834493
https://doi.org/10.1002/jdn.10402
https://doi.org/10.3390/ijms27041768
https://doi.org/10.3390/ijms22105305
https://doi.org/10.3390/biom12091191
https://www.ncbi.nlm.nih.gov/pubmed/36139030
https://doi.org/10.1007/s00394-018-1766-2
https://doi.org/10.1111/bcp.13020
https://doi.org/10.1111/j.1582-4934.2011.01267.x
https://www.ncbi.nlm.nih.gov/pubmed/21255263
https://doi.org/10.3390/biom12081161
https://www.ncbi.nlm.nih.gov/pubmed/36009055
https://doi.org/10.1186/1742-2094-9-49
https://doi.org/10.2174/1871527311312010011
https://doi.org/10.1038/cddis.2014.376
https://doi.org/10.1038/npp.2012.25
https://doi.org/10.3390/jcm9020428
https://doi.org/10.1155/2018/4720532
https://doi.org/10.3390/ijms21113802
https://doi.org/10.1038/srep23481
https://doi.org/10.1007/s12975-015-0440-8
https://doi.org/10.1016/j.brainres.2006.12.011
https://doi.org/10.1371/journal.pone.0041880
https://www.ncbi.nlm.nih.gov/pubmed/22912680
https://doi.org/10.3390/ijms27104343

Int. J. Mol. Sci. 2026, 27, 4343 46 of 54

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Avagliano, C.; Russo, R.; De Caro, C.; Cristiano, C.; La Rana, G.; Piegari, G.; Paciello, O.; Citraro, R.; Russo, E.; De Sarro, G.; et al.
Palmitoylethanolamide Protects Mice against 6-OHDA-Induced Neurotoxicity and Endoplasmic Reticulum Stress: In Vivo and in
Vitro Evidence. Pharmacol. Res. 2016, 113, 276-289. [CrossRef] [PubMed]

Lang-Illievich, K,; Klivinyi, C.; Lasser, C.; Brenna, C.T.A.; Szilagyi, L.S.; Bornemann-Cimenti, H. Palmitoylethanolamide in the
Treatment of Chronic Pain: A Systematic Review and Meta-Analysis of Double-Blind Randomized Controlled Trials. Nutrients
2023, 15, 1350. [CrossRef]

Assogna, M.; Di Lorenzo, F,; Bonni, S.; Borghi, I.; Cerulli Irelli, E.; Mencarelli, L.; Maiella, M.; Minei, M.; Esposito, R.; Casula, E.P;
et al. Phase 2 Study of Palmitoylethanolamide Combined with Luteoline in Frontotemporal Dementia Patients. Brain Commun.
2025, 7, fcaf080. [CrossRef] [PubMed]

Kim, N.; Parolin, B.; Renshaw, D.; Deb, S.K.; Zariwala, M.G. Formulated Palmitoylethanolamide Supplementation Improves
Parameters of Cognitive Function and BDNF Levels in Young, Healthy Adults: A Randomised Cross-Over Trial. Nutrients 2024,
16, 489. [CrossRef]

Deb, S.K.; Kim, N.; Parolin, B.; Renshaw, D.; Zariwala, M.G. The Effects of Formulated Palmitoylethanolamide Supplementation
on Indicators of Stress and Heart Rate Variability in Female University Students: A Randomised Cross-over Trial. Front. Nutr.
2025, 12, 1586409. [CrossRef]

Rao, A.; Ebelt, P,; Mallard, A.; Briskey, D. Palmitoylethanolamide for Sleep Disturbance. A Double-Blind, Randomised, Placebo-
Controlled Interventional Study. Sleep Sci. Pract. 2021, 5, 12. [CrossRef] [PubMed]

Bonzanino, M.; Riolo, M.; Battaglini, I.; Perna, M.; De Mattei, M. PEALut in the Dietary Management of Patients with Acute
Ischemic Stroke: A Prospective Randomized Controlled Clinical Trial. J. Clin. Med. 2024, 13, 509. [CrossRef]
Palmitoylethanolamide and Luteolin in Patients with Acute Ischemic Stroke | Clinical Research Trial Listing. Available on-
line: https:/ /www.centerwatch.com/clinical-trials /listings /NCT06777680/ palmitoylethanolamide-and-luteolin-in-patients-
with-acute-ischemic-stroke (accessed on 11 March 2026).

Ghazizadeh-Hashemi, M.; Ghajar, A.; Shalbafan, M.-R.; Ghazizadeh-Hashemi, F.; Afarideh, M.; Malekpour, F; Ghaleiha, A;
Ardebili, M.E.; Akhondzadeh, S. Palmitoylethanolamide as Adjunctive Therapy in Major Depressive Disorder: A Double-Blind,
Randomized and Placebo-Controlled Trial. J. Affect. Disord. 2018, 232, 127-133. [CrossRef] [PubMed]

Abedini, T.; Hosseyni, R.; Ghannadi, F.; Moghaddam, H.S.; Ardakani, M.K.; Talaei, A.; Akhondzadeh, S. Efficacy and Safety of
Palmitoylethanolamide as an Adjunctive Treatment for Acute Mania: A Randomized, Double-blind, Placebo-controlled Trial.
Psychiatry Clin. Neurosci. 2022, 76, 505-511. [CrossRef]

Salehi, A.; Namaei, P.; TaghaviZanjani, F; Bagheri, S.; Moradi, K.; Khodaei Ardakani, M.-R.; Akhondzadeh, S. Adjuvant
Palmitoylethanolamide Therapy with Risperidone Improves Negative Symptoms in Patients with Schizophrenia: A Randomized,
Double-Blinded, Placebo-Controlled Trial. Psychiatry Res. 2022, 316, 114737. [CrossRef]

Steels, E.; Venkatesh, R.; Steels, E.; Vitetta, G.; Vitetta, L. A Double-Blind Randomized Placebo Controlled Study Assessing Safety,
Tolerability and Efficacy of Palmitoylethanolamide for Symptoms of Knee Osteoarthritis. Inflammopharmacology 2019, 27, 475-485.
[CrossRef]

Orefice, N.S.; Alhouayek, M.; Carotenuto, A.; Montella, S.; Barbato, F; Comelli, A.; Calignano, A.; Muccioli, G.G.; Orefice, G. Oral
Palmitoylethanolamide Treatment Is Associated with Reduced Cutaneous Adverse Effects of Interferon-Bla and Circulating
Proinflammatory Cytokines in Relapsing—Remitting Multiple Sclerosis. Neurotherapeutics 2016, 13, 428-438. [CrossRef] [PubMed]
Faig-Marti, J.; Martinez-Catassts, A. Use of Palmitoylethanolamide in Carpal Tunnel Syndrome: A Prospective Randomized
Study. J. Orthop. Traumatol. 2017, 18, 451-455. [CrossRef]

Marini, I.; Bartolucci, M.L.; Bortolotti, F; Gatto, M.R.; Bonetti, G.A. Palmitoylethanolamide versus a Nonsteroidal Anti-
Inflammatory Drug in the Treatment of Temporomandibular Joint Inflammatory Pain. J. Orofac. Pain 2012, 26, 99-104.
Pickering, E.; Steels, E.L.; Steadman, K.J.; Rao, A.; Vitetta, L. A Randomized Controlled Trial Assessing the Safety and Efficacy of
Palmitoylethanolamide for Treating Diabetic-Related Peripheral Neuropathic Pain. Inflammopharmacology 2022, 30, 2063-2077.
[CrossRef]

Andresen, S.R.; Bing, J.; Hansen, R.M.; Biering-Serensen, F.; Johannesen, I.L.; Hagen, E.M.; Rice, A.S.C.; Nielsen, J.E,; Bach, EW,;
Finnerup, N.B. Ultramicronized Palmitoylethanolamide in Spinal Cord Injury Neuropathic Pain: A Randomized, Double-Blind,
Placebo-Controlled Trial. Pain 2016, 157, 2097-2103. [CrossRef]

Cremon, C.; Stanghellini, V.; Barbaro, M.R.; Cogliandro, R.F,; Bellacosa, L.; Santos, J.; Vicario, M.; Pigrau, M.; Alonso Cotoner, C.;
Lobo, B.; et al. Randomised Clinical Trial: The Analgesic Properties of Dietary Supplementation with Palmitoylethanolamide and
Polydatin in Irritable Bowel Syndrome. Aliment. Pharmacol. Ther. 2017, 45, 909-922. [CrossRef]

Cobellis, L.; Castaldi, M.A.; Giordano, V.; Trabucco, E.; De Franciscis, P.; Torella, M.; Colacurci, N. Effectiveness of the Association
Micronized N-Palmitoylethanolamine (PEA)-Transpolydatin in the Treatment of Chronic Pelvic Pain Related to Endometriosis
after Laparoscopic Assessment: A Pilot Study. Eur. J. Obstet. Gynecol. Reprod. Biol. 2011, 158, 82-86. [CrossRef]

https://doi.org/10.3390/ijms27104343


https://doi.org/10.1016/j.phrs.2016.09.004
https://www.ncbi.nlm.nih.gov/pubmed/27616549
https://doi.org/10.3390/nu15061350
https://doi.org/10.1093/braincomms/fcaf080
https://www.ncbi.nlm.nih.gov/pubmed/40046339
https://doi.org/10.3390/nu16040489
https://doi.org/10.3389/fnut.2025.1586409
https://doi.org/10.1186/s41606-021-00065-3
https://www.ncbi.nlm.nih.gov/pubmed/34522787
https://doi.org/10.3390/jcm13020509
https://www.centerwatch.com/clinical-trials/listings/NCT06777680/palmitoylethanolamide-and-luteolin-in-patients-with-acute-ischemic-stroke
https://www.centerwatch.com/clinical-trials/listings/NCT06777680/palmitoylethanolamide-and-luteolin-in-patients-with-acute-ischemic-stroke
https://doi.org/10.1016/j.jad.2018.02.057
https://www.ncbi.nlm.nih.gov/pubmed/29486338
https://doi.org/10.1111/pcn.13441
https://doi.org/10.1016/j.psychres.2022.114737
https://doi.org/10.1007/s10787-019-00582-9
https://doi.org/10.1007/s13311-016-0420-z
https://www.ncbi.nlm.nih.gov/pubmed/26857391
https://doi.org/10.1007/s10195-017-0453-z
https://doi.org/10.1007/s10787-022-01033-8
https://doi.org/10.1097/j.pain.0000000000000623
https://doi.org/10.1111/apt.13958
https://doi.org/10.1016/j.ejogrb.2011.04.011
https://doi.org/10.3390/ijms27104343

Int. J. Mol. Sci. 2026, 27, 4343 47 of 54

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

Tartaglia, E.; Armentano, M.; Giugliano, B.; Sena, T.; Giuliano, P.; Loffredo, C.; Mastrantonio, P. Effectiveness of the Association
N-Palmitoylethanolamine and Transpolydatin in the Treatment of Primary Dysmenorrhea. |. Pediatr. Adolesc. Gynecol. 2015, 28,
447-450. [CrossRef]

Murina, F; Graziottin, A.; Felice, R.; Radici, G.; Tognocchi, C. Vestibulodynia. J. Low Genit. Tract Dis. 2013, 17, 111-116. [CrossRef]
[PubMed]

Ottaviani, G.; Rupel, K.; Gobbo, M.; Poropat, A.; Zoi, V.; Faraon, M.; Di Lenarda, R.; Biasotto, M. Efficacy of Ultramicronized
Palmitoylethanolamide in Burning Mouth Syndrome-Affected Patients: A Preliminary Randomized Double-Blind Controlled
Trial. Clin. Oral Investig. 2019, 23, 2743-2750. [CrossRef] [PubMed]

Ma, X,; Tan, C.; Zhu, D.; Gang, D.R,; Xiao, P. Huperzine A from Huperzia Species—An Ethnopharmacolgical Review. ]. Ethnophar-
macol. 2007, 113, 15-34. [CrossRef] [PubMed]

Zangara, A. The Psychopharmacology of Huperzine A: An Alkaloid with Cognitive Enhancing and Neuroprotective Properties
of Interest in the Treatment of Alzheimer’s Disease. Pharmacol. Biochem. Behav. 2003, 75, 675-686. [CrossRef]

Fatima, M.; Boonruamkaew, P.; Yang, M.; Jaisi, A. Biotechnological Approaches for the Production of Neuroactive Huperzine A.
J. Biotechnol. 2025, 404, 186-198. [CrossRef] [PubMed]

Damar, U.; Gersner, R.; Johnstone, ].T.; Schachter, S.; Rotenberg, A. Huperzine A as a Neuroprotective and Antiepileptic Drug:
A Review of Preclinical Research. Expert Rev. Neurother. 2016, 16, 671-680. [CrossRef]

Calfio, C.; Gonzalez, A.; Singh, S.K.; Rojo, L.E.; Maccioni, R.B. The Emerging Role of Nutraceuticals and Phytochemicals in the
Prevention and Treatment of Alzheimer’s Disease. |. Alzheimer’s Dis. 2020, 77, 33-51. [CrossRef]

Kavitha, R.V.; Kumar, J.R.; Egbuna, C.; Ifemeje, ].C. Phytochemicals as Therapeutic Interventions in Neurodegenerative Dis-
eases. In Phytochemicals as Lead Compounds for New Drug Discovery; Elsevier: Amsterdam, The Netherlands, 2020; pp. 161-178,
ISBN 9780128178911.

Damar, U.; Gersner, R.; Johnstone, J.T.; Kapur, K.; Collins, S.; Schachter, S.; Rotenberg, A. Alterations in the Timing of Huperzine A
Cerebral Pharmacodynamics in the Acute Traumatic Brain Injury Setting. J. Neurotrauma 2018, 35, 393-397. [CrossRef] [PubMed]
Mei, Z.; Zheng, P; Tan, X.; Wang, Y.; Situ, B. Huperzine A Alleviates Neuroinflammation, Oxidative Stress and Improves
Cognitive Function after Repetitive Traumatic Brain Injury. Metab. Brain Dis. 2017, 32, 1861-1869. [CrossRef] [PubMed]

Ruan, Q.; Hu, X.; Ao, H;; Ma, H.; Gao, Z,; Liu, F; Kong, D.; Bao, Z.; Yu, Z. The Neurovascular Protective Effects of Huperzine A
on D-Galactose-Induced Inflammatory Damage in the Rat Hippocampus. Gerontology 2014, 60, 424—439. [CrossRef]

Wang, Z.; Wang, J.; Zhang, H.; Tang, X. Huperzine A Exhibits Anti-inflammatory and Neuroprotective Effects in a Rat Model of
Transient Focal Cerebral Ischemia. J. Neurochem. 2008, 106, 1594-1603. [CrossRef]

Xu, S.S.; Gao, Z.X.; Weng, Z.; Du, ZM.; Xu, W.A,; Yang, ].S.; Zhang, M.L.; Tong, Z.H.; Fang, Y.S.; Chai, X.S. Efficacy of Tablet
Huperzine-A on Memory, Cognition, and Behavior in Alzheimer’s Disease. Zhongguo Yao Li Xue Bao 1995, 16, 391-395.

Xu, S.S.; Cai, Z.Y,; Qu, ZW.,; Yang, RM.; Cai, Y.L.; Wang, G.Q.; Su, X.Q.; Zhong, X.S.; Cheng, R.Y.; Xu, W.A ; et al. Huperzine-A in
Capsules and Tablets for Treating Patients with Alzheimer Disease. Zhongguo Yao Li Xue Bao 1999, 20, 486—490.

Bui, T.T.; Nguyen, T.H. Natural Product for the Treatment of Alzheimer’s Disease. ]. Basic Clin. Physiol. Pharmacol. 2017, 28,
413-423. [CrossRef] [PubMed]

Andrade, S.; Ramalho, M.].; Loureiro, J.A.; Pereira, M.d.C. Natural Compounds for Alzheimer’s Disease Therapy: A Systematic
Review of Preclinical and Clinical Studies. Int. ]. Mol. Sci. 2019, 20, 2313. [CrossRef]

Ruangritchankul, S.; Chantharit, P.; Srisuma, S.; Gray, L.C. Adverse Drug Reactions of Acetylcholinesterase Inhibitors in Older
People Living with Dementia: A Comprehensive Literature Review. Ther. Clin. Risk Manag. 2021, 17, 927-949. [CrossRef]

Yang, G.; Wang, Y.; Tian, J.; Liu, J.-P. Huperzine A for Alzheimer’s Disease: A Systematic Review and Meta-Analysis of
Randomized Clinical Trials. PLoS ONE 2013, 8, €74916. [CrossRef] [PubMed]

Shao, Z.-Q. Comparison of the Efficacy of Four Cholinesterase Inhibitors in Combination with Memantine for the Treatment of
Alzheimer’s Disease. Int. |. Clin. Exp. Med. 2015, 8, 2944-2948.

Gul, A,; Bakht, J.; Mehmood, F. Huperzine-A Response to Cognitive Impairment and Task Switching Deficits in Patients with
Alzheimer’s Disease. J. Chinese Med. Assoc. JCMA 2019, 82, 40—43. [CrossRef]

Zhang, Z.; Shen, Y.; Li, ].; Tang, Y.; Zhou, P; Ying, T.; Mo, R;; Ru, Z.; Zhao, G.; Zhu, J.; et al. Huperzine A Associated with
Improved Early Postoperative Cognitive Function after Neurosurgery under General Anesthesia: A Randomized Clinical Trial.
Int. ]. Surg. 2025, 112, 9761-9769. [CrossRef]

Dang, C.; Wang, Q.; Zhuang, Y.; Li, Q.; Feng, L.; Xiong, Y.; Lu, Y. Pharmacological Treatments for Vascular Dementia: A Systematic
Review and Bayesian Network Meta-Analysis. Front. Pharmacol. 2024, 15, 1451032. [CrossRef]

Zafonte, R.D.; Fregni, F; Bergin, M.].G.; Goldstein, R.; Boudreau, N.; Monge, I.; Luz, M.; Frazier, J.; Giacino, ].T. Huperzine
A for the Treatment of Cognitive, Mood, and Functional Deficits after Moderate and Severe TBI (HUP-TBI): Results of a Phase II
Randomized Controlled Pilot Study: Implications for Understanding the Placebo Effect. Brain Inj. 2020, 34, 34—41. [CrossRef]
Saint-Georges, Z.; MacDonald, J.; Al-Khalili, R.; Hamati, R.; Solmi, M.; Keshavan, M.S.; Tuominen, L.; Guimond, S. Cholinergic
System in Schizophrenia: A Systematic Review and Meta-Analysis. Mol. Psychiatry 2025, 30, 3301-3315. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27104343


https://doi.org/10.1016/j.jpag.2014.12.011
https://doi.org/10.1097/LGT.0b013e3182652316
https://www.ncbi.nlm.nih.gov/pubmed/23343704
https://doi.org/10.1007/s00784-018-2720-7
https://www.ncbi.nlm.nih.gov/pubmed/30361792
https://doi.org/10.1016/j.jep.2007.05.030
https://www.ncbi.nlm.nih.gov/pubmed/17644292
https://doi.org/10.1016/S0091-3057(03)00111-4
https://doi.org/10.1016/j.jbiotec.2025.04.020
https://www.ncbi.nlm.nih.gov/pubmed/40311807
https://doi.org/10.1080/14737175.2016.1175303
https://doi.org/10.3233/JAD-200443
https://doi.org/10.1089/neu.2017.5258
https://www.ncbi.nlm.nih.gov/pubmed/29054135
https://doi.org/10.1007/s11011-017-0075-4
https://www.ncbi.nlm.nih.gov/pubmed/28748496
https://doi.org/10.1159/000358235
https://doi.org/10.1111/j.1471-4159.2008.05504.x
https://doi.org/10.1515/jbcpp-2016-0147
https://www.ncbi.nlm.nih.gov/pubmed/28708573
https://doi.org/10.3390/ijms20092313
https://doi.org/10.2147/TCRM.S323387
https://doi.org/10.1371/journal.pone.0074916
https://www.ncbi.nlm.nih.gov/pubmed/24086396
https://doi.org/10.1016/j.jcma.2018.07.004
https://doi.org/10.1097/JS9.0000000000004478
https://doi.org/10.3389/fphar.2024.1451032
https://doi.org/10.1080/02699052.2019.1677941
https://doi.org/10.1038/s41380-025-03023-y
https://www.ncbi.nlm.nih.gov/pubmed/40394282
https://doi.org/10.3390/ijms27104343

Int. J. Mol. Sci. 2026, 27, 4343 48 of 54

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

Zheng, W.; Xiang, Y.-Q.; Li, X.-B.; Ungvari, G.S.; Chiu, H.EK; Sun, F,; D"Arcy, C.; Meng, X.; Xiang, Y.-T. Adjunctive Huperzine
A for Cognitive Deficits in Schizophrenia: A Systematic Review and Meta-Analysis. Hum. Psychopharmacol. Clin. Exp. 2016, 31,
286-295. [CrossRef] [PubMed]

Zheng, W.; Xiang, Y.-Q.Y.-T.; Ungvari, G.S.; Chiu, EK.-H.; Ng, C.H.; Wang, Y.; Xiang, Y.-T. Huperzine A for Treatment of Cognitive
Impairment in Major Depressive Disorder: A Systematic Review of Randomized Controlled Trials. Shanghai Arch. Psychiatry 2016,
28, 64-71. [CrossRef]

Venturella, G.; Ferraro, V.; Cirlincione, F.; Gargano, M.L. Medicinal Mushrooms: Bioactive Compounds, Use, and Clinical Trials.
Int. ]. Mol. Sci. 2021, 22, 634. [CrossRef]

European Commission. Application for Consultation to Determine the Status of a Novel Food, Pursuant to Article 4(2) of the Regulation
(EU) 2015/2283 of the European Parliament and of the Council of 25 November 2015 on Novel Foods; Novel Foods: Uxbridge, UK, 2015.
Lin, C.-Y,; Chen, Y.-J.; Hsu, C.-H,; Lin, Y.-H.; Chen, P.-T,; Kuo, T.-H.; Ho, C.T.; Chen, H.-H.; Huang, S.-J.; Chiu, H.-C.; et al.
Erinacine S from Hericium erinaceus Mycelium Promotes Neuronal Regeneration by Inducing Neurosteroids Accumulation. J.
Food Drug Anal. 2023, 31, 32-54. [CrossRef]

Ma, B.-].; Shen, J.-W.; Yu, H.-Y.; Ruan, Y.; Wu, T.-T.; Zhao, X. Hericenones and Erinacines: Stimulators of Nerve Growth Factor
(NGF) Biosynthesis in Hericium erinaceus. Mycology 2010, 1, 92-98. [CrossRef]

Tsai-Teng, T.; Chin-Chu, C.; Li-Ya, L.; Wan-Ping, C.; Chung-Kuang, L.; Chien-Chang, S.; Chi-Ying, H.F.; Chien-Chih, C.; Shiao, Y.-J.
Erinacine A-Enriched Hericium erinaceus Mycelium Ameliorates Alzheimer’s Disease-Related Pathologies in APPswe/PS1dE9
Transgenic Mice. J. Biomed. Sci. 2016, 23, 49. [CrossRef] [PubMed]

Menon, A; Jalal, A.; Arshad, Z.; Nawaz, F.A.; Kashyap, R. Benefits, Side Effects, and Uses of Hericium erinaceus as a Supplement:
A Systematic Review. Front. Nutr. 2025, 12, 1641246. [CrossRef] [PubMed]

La Monica, M.B.; Raub, B.; Ziegenfuss, E.J.; Hartshorn, S.; Grdic, J.; Gustat, A.; Sandrock, J.; Ziegenfuss, T.N. Acute Effects
of Naturally Occurring Guayusa Tea and Nordic Lion’s Mane Extracts on Cognitive Performance. Nutrients 2023, 15, 5018.
[CrossRef]

Docherty, S.; Doughty, EL.; Smith, E.F. The Acute and Chronic Effects of Lion’s Mane Mushroom Supplementation on Cognitive
Function, Stress and Mood in Young Adults: A Double-Blind, Parallel Groups, Pilot Study. Nutrients 2023, 15, 4842. [CrossRef]
[PubMed]

Surendran, G.; Saye, J.; Binti Mohd Jalil, S.; Spreadborough, ]J.; Duong, K.; Shatwan, .M,; Lilley, D.; Heinrich, M.; Dodd, G.F;
Surendran, S. Acute Effects of a Standardised Extract of Hericium erinaceus (Lion’s Mane Mushroom) on Cognition and Mood in
Healthy Younger Adults: A Double-Blind Randomised Placebo-Controlled Study. Front. Nutr. 2025, 12, 1405796. [CrossRef]
Mori, K.; Inatomi, S.; Ouchi, K.; Azumi, Y.; Tuchida, T. Improving Effects of the Mushroom Yamabushitake (Hericium Erinaceus)
on Mild Cognitive Impairment: A Double-blind Placebo-controlled Clinical Trial. Phyther. Res. 2009, 23, 367-372. [CrossRef]
Saitsu, Y.; Nishide, A.; Kikushima, K.; Shimizu, K.; Ohnuki, K. Improvement of Cognitive Functions by Oral Intake of Hericium
erinaceus. Biomed. Res. 2019, 40, 125-131. [CrossRef] [PubMed]

Liaqat, H.; Parveen, A.; Kim, S.-Y. Antidepressive Effect of Natural Products and Their Derivatives Targeting BDNF-TrkB in
Gut-Brain Axis. Int. J. Mol. Sci. 2022, 23, 14968. [CrossRef]

Li, I.-C,; Chang, H.-H.; Lin, C.-H.; Chen, W.-P; Lu, T.-H,; Lee, L.-Y.; Chen, Y.-W.; Chen, Y.-P.; Chen, C.-C.; Lin, D.P-C. Prevention
of Early Alzheimer’s Disease by Erinacine A-Enriched Hericium erinaceus Mycelia Pilot Double-Blind Placebo-Controlled Study.
Front. Aging Neurosci. 2020, 12, 155. [CrossRef]

Nagano, M.; Shimizu, K.; Kondo, R.; Hayashi, C.; Sato, D.; Kitagawa, K.; Ohnuki, K. Reduction of Depression and Anxiety by
4 Weeks Hericium erinaceus Intake. Biomed. Res. 2010, 31, 231-237. [CrossRef]

Vigna, L.; Morelli, F; Agnelli, G.M.; Napolitano, E; Ratto, D.; Occhinegro, A.; Di Iorio, C.; Savino, E.; Girometta, C.; Brandalise, F;
et al. Hericium erinaceus Improves Mood and Sleep Disorders in Patients Affected by Overweight or Obesity: Could Circulating
Pro-BDNF and BDNF Be Potential Biomarkers? Evid. Based Complement. Altern. Med. 2019, 2019, 1-12. [CrossRef] [PubMed]
Simsek, S.; Akyol, E.; Kucuk, I. A Review on In Silico Evaluation of Flavonoids as Potential Pharmaceutical Ingredients. J. Med.
Food 2026, 1096620X261430296. [CrossRef]

Middleton, E.; Kandaswami, C.; Theoharides, T.C. The Effects of Plant Flavonoids on Mammalian Cells:Implications for
Inflammation, Heart Disease, and Cancer. Pharmacol. Rev. 2000, 52, 673-751. [CrossRef]

Jayawickreme, D.K.; Ekwosi, C.; Anand, A.; Andres-Mach, M.; Wlaz, P,; Socata, K. Luteolin for Neurodegenerative Diseases:
A Review. Pharmacol. Rep. 2024, 76, 644—664. [CrossRef]

Mishra, S. Neuroprotective Effect of Naturally Occurring Flavonoids. Cent. Nerv. Syst. Agents Med. Chem. 2025, 25, 411-426.
[CrossRef]

Wang, X.; Yang, ].; Zhang, J.; Yu, G.; Zhu, ].; Nie, Y. Polyphenol Consumption and Neurodegeneration Risk: A Systematic
Meta-Analysis of Randomized Controlled Trials Bridging Nutrition and Cognitive Health. Food Funct. 2026, 17, 1114-1126.
[CrossRef] [PubMed]

https://doi.org/10.3390/ijms27104343


https://doi.org/10.1002/hup.2537
https://www.ncbi.nlm.nih.gov/pubmed/27302211
https://doi.org/10.11919/j.issn.1002-0829.216003
https://doi.org/10.3390/ijms22020634
https://doi.org/10.38212/2224-6614.3446
https://doi.org/10.1080/21501201003735556
https://doi.org/10.1186/s12929-016-0266-z
https://www.ncbi.nlm.nih.gov/pubmed/27350344
https://doi.org/10.3389/fnut.2025.1641246
https://www.ncbi.nlm.nih.gov/pubmed/40959699
https://doi.org/10.3390/nu15245018
https://doi.org/10.3390/nu15224842
https://www.ncbi.nlm.nih.gov/pubmed/38004235
https://doi.org/10.3389/fnut.2025.1405796
https://doi.org/10.1002/ptr.2634
https://doi.org/10.2220/biomedres.40.125
https://www.ncbi.nlm.nih.gov/pubmed/31413233
https://doi.org/10.3390/ijms232314968
https://doi.org/10.3389/fnagi.2020.00155
https://doi.org/10.2220/biomedres.31.231
https://doi.org/10.1155/2019/7861297
https://www.ncbi.nlm.nih.gov/pubmed/31118969
https://doi.org/10.1177/1096620X261430296
https://doi.org/10.1016/S0031-6997(24)01472-8
https://doi.org/10.1007/s43440-024-00610-8
https://doi.org/10.2174/0118715249344284241112184703
https://doi.org/10.1039/D5FO05135E
https://www.ncbi.nlm.nih.gov/pubmed/41524705
https://doi.org/10.3390/ijms27104343

Int. J. Mol. Sci. 2026, 27, 4343 49 of 54

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

Chatzispyrellis, S.; Fragopoulou, E.; Mamalaki, E.; Ntanasi, E.; Maraki, M.I.; Charisis, S.; Mourtzinos, I.; Kosmidis, M.H.;
Dardiotis, E.; Hadjigeorgiou, G.M.; et al. Polyphenol Intake and Risk of Dementia and Cognitive Decline in Older Adults:
Principal Component Analysis Approach. J. Nutr. 2025, 155, 2089—-2099. [CrossRef]

Lorzadeh, E.; Weston-Green, K.; Roodenrys, S.; do Rosario, V.; Kent, K.; Charlton, K. The Effect of Anthocyanins on Cognition:
A Systematic Review and Meta-Analysis of Randomized Clinical Trial Studies in Cognitively Impaired and Healthy Adults. Curr.
Nutr. Rep. 2025, 14, 23. [CrossRef] [PubMed]

Guo, Y.; Bruno, R.S. Endogenous and Exogenous Mediators of Quercetin Bioavailability. . Nutr. Biochem. 2015, 26, 201-210.
[CrossRef] [PubMed]

Mehany, A.B.M.; Belal, A ; Santali, E.Y.; Shaaban, S.; Abourehab, M.A.S.; El-Feky, O.A.; Diab, M.; Abou Galala, EM.A ; Elkaeed,
E.B.; Abdelhamid, G. Biological Effect of Quercetin in Repairing Brain Damage and Cerebral Changes in Rats: Molecular Docking
and In Vivo Studies. Biomed Res. Int. 2022, 2022, 8962149. [CrossRef]

Bhutada, P.; Mundhada, Y.; Bansod, K.; Ubgade, A.; Quazi, M.; Umathe, S.; Mundhada, D. Reversal by Quercetin of Corticotrophin
Releasing Factor Induced Anxiety- and Depression-like Effect in Mice. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2010, 34,
955-960. [CrossRef]

Holzmann, I; da Silva, L.M.; Corréa da Silva, J.A.; Steimbach, VM.B.; de Souza, M.M. Antidepressant-like Effect of Quercetin
in Bulbectomized Mice and Involvement of the Antioxidant Defenses, and the Glutamatergic and Oxidonitrergic Pathways.
Pharmacol. Biochem. Behav. 2015, 136, 55-63. [CrossRef]

Rinwa, P.; Kumar, A. Quercetin Suppress Microglial Neuroinflammatory Response and Induce Antidepressent-like Effect in
Olfactory Bulbectomized Rats. Neuroscience 2013, 255, 86-98. [CrossRef] [PubMed]

Samad, N.; Saleem, A.; Yasmin, F.; Shehzad, M.A. Quercetin Protects against Stress-Induced Anxiety- and Depression-like
Behavior and Improves Memory in Male Mice. Physiol. Res. 2018, 67, 795-808. [CrossRef]

Demir, E.A.; Gergerlioglu, H.S.; Oz, M. Antidepressant-like Effects of Quercetin in Diabetic Rats Are Independent of
Hypothalamic-Pituitary—Adrenal Axis. Acta Neuropsychiatr. 2016, 28, 23-30. [CrossRef]

Zhang, X.-W.,; Chen, ]J.-Y.; Ouyang, D.; Lu, J.-H. Quercetin in Animal Models of Alzheimer’s Disease: A Systematic Review of
Preclinical Studies. Int. . Mol. Sci. 2020, 21, 493. [CrossRef]

Han, X,; Xu, T; Fang, Q.; Zhang, H.; Yue, L.; Hu, G.; Sun, L. Quercetin Hinders Microglial Activation to Alleviate Neurotoxicity
via the Interplay between NLRP3 Inflammasome and Mitophagy. Redox Biol. 2021, 44, 102010. [CrossRef]

Nishihira, J.; Nishimura, M.; Kurimoto, M.; Kagami-Katsuyama, H.; Hattori, H.; Nakagawa, T.; Muro, T.; Kobori, M. The
Effect of 24-Week Continuous Intake of Quercetin-Rich Onion on Age-Related Cognitive Decline in Healthy Elderly People:
A Randomized, Double-Blind, Placebo-Controlled, Parallel-Group Comparative Clinical Trial. J. Clin. Biochem. Nutr. 2021, 69,
203-215. [CrossRef]

Nakamura, Y.; Watanabe, H.; Tanaka, A.; Nishihira, J.; Murayama, N. Effect of Quercetin Glycosides on Cognitive Functions
and Cerebral Blood Flow: A Randomized, Double-Blind, and Placebo-Controlled Study. Eur. Rev. Med. Pharmacol. Sci. 2022, 26,
8700-8712. [CrossRef]

Shankar, E.; Goel, A.; Gupta, K.; Gupta, S. Plant Flavone Apigenin: An Emerging Anticancer Agent. Curr. Pharmacol. Rep. 2017, 3,
423-446. [CrossRef]

Hostetler, G.L.; Ralston, R.A.; Schwartz, S.]. Flavones: Food Sources, Bioavailability, Metabolism, and Bioactivity. Adv. Nutr. 2017,
8,423-435. [CrossRef]

Losi, G.; Puia, G.; Garzon, G.; De Vuono, M.C.; Baraldi, M. Apigenin Modulates GABAergic and Glutamatergic Transmission in
Cultured Cortical Neurons. Eur. J. Pharmacol. 2004, 502, 41-46. [CrossRef]

Zhao, L.; Wang, ].-L.; Liu, R,; Li, X.-X,; Li, J.-F.; Zhang, L. Neuroprotective, Anti-Amyloidogenic and Neurotrophic Effects of
Apigenin in an Alzheimer’s Disease Mouse Model. Molecules 2013, 18, 9949-9965. [CrossRef] [PubMed]

Zhao, L.; Wang, ].; Wang, Y.; Fa, X. Apigenin Attenuates Copper-Mediated 3-Amyloid Neurotoxicity through Antioxidation,
Mitochondrion Protection and MAPK Signal Inactivation in an AD Cell Model. Brain Res. 2013, 1492, 33—45. [CrossRef] [PubMed]
Liu, R.; Zhang, T.; Yang, H.; Lan, X,; Ying, J.; Du, G. The Flavonoid Apigenin Protects Brain Neurovascular Coupling against
Amyloid-B25-35-Induced Toxicity in Mice. J. Alzheimer’s Dis. 2011, 24, 85-100. [CrossRef]

Weng, L.; Guo, X,; Li, Y;; Yang, X.; Han, Y. Apigenin Reverses Depression-like Behavior Induced by Chronic Corticosterone
Treatment in Mice. Eur. |. Pharmacol. 2016, 774, 50-54. [CrossRef] [PubMed]

Nakazawa, T.; Yasuda, T.; Ueda, J.; Ohsawa, K. Antidepressant-Like Effects of Apigenin and 2,4,5-Trimethoxycinnamic Acid from
Perilla Frutescens in the Forced Swimming Test. Biol. Pharm. Bull. 2003, 26, 474-480. [CrossRef] [PubMed]

Li, R.;; Zhao, D.; Qu, R;; Fu, Q.; Ma, S. The Effects of Apigenin on Lipopolysaccharide-Induced Depressive-like Behavior in Mice.
Neurosci. Lett. 2015, 594, 17-22. [CrossRef] [PubMed]

Yi, L-T.; Li, J-M,; Li, Y.-C,; Pan, Y,; Xu, Q.; Kong, L.-D. Antidepressant-like Behavioral and Neurochemical Effects of the
Citrus-Associated Chemical Apigenin. Life Sci. 2008, 82, 741-751. [CrossRef]

https://doi.org/10.3390/ijms27104343


https://doi.org/10.1016/j.tjnut.2025.05.047
https://doi.org/10.1007/s13668-024-00595-z
https://www.ncbi.nlm.nih.gov/pubmed/39875765
https://doi.org/10.1016/j.jnutbio.2014.10.008
https://www.ncbi.nlm.nih.gov/pubmed/25468612
https://doi.org/10.1155/2022/8962149
https://doi.org/10.1016/j.pnpbp.2010.04.025
https://doi.org/10.1016/j.pbb.2015.07.003
https://doi.org/10.1016/j.neuroscience.2013.09.044
https://www.ncbi.nlm.nih.gov/pubmed/24095694
https://doi.org/10.33549/physiolres.933776
https://doi.org/10.1017/neu.2015.45
https://doi.org/10.3390/ijms21020493
https://doi.org/10.1016/j.redox.2021.102010
https://doi.org/10.3164/jcbn.21-17
https://doi.org/10.26355/eurrev_202212_30541
https://doi.org/10.1007/s40495-017-0113-2
https://doi.org/10.3945/an.116.012948
https://doi.org/10.1016/j.ejphar.2004.08.043
https://doi.org/10.3390/molecules18089949
https://www.ncbi.nlm.nih.gov/pubmed/23966081
https://doi.org/10.1016/j.brainres.2012.11.019
https://www.ncbi.nlm.nih.gov/pubmed/23178511
https://doi.org/10.3233/JAD-2010-101593
https://doi.org/10.1016/j.ejphar.2016.01.015
https://www.ncbi.nlm.nih.gov/pubmed/26826594
https://doi.org/10.1248/bpb.26.474
https://www.ncbi.nlm.nih.gov/pubmed/12673028
https://doi.org/10.1016/j.neulet.2015.03.040
https://www.ncbi.nlm.nih.gov/pubmed/25800110
https://doi.org/10.1016/j.lfs.2008.01.007
https://doi.org/10.3390/ijms27104343

Int. J. Mol. Sci. 2026, 27, 4343 50 of 54

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

Amsterdam, J.D.; Li, Y.; Soeller, I.; Rockwell, K.; Mao, J.J.; Shults, ]. A Randomized, Double-Blind, Placebo-Controlled Trial of Oral
Matricaria Recutita (Chamomile) Extract Therapy for Generalized Anxiety Disorder. J. Clin. Psychopharmacol. 2009, 29, 378-382.
[CrossRef]

Zargaran, A.; Borhani-Haghighi, A.; Salehi-Marzijarani, M.; Faridi, P.; Daneshamouz, S.; Azadi, A.; Sadeghpour, H.; Sakhteman,
A.; Mohagheghzadeh, A. Evaluation of the Effect of Topical Chamomile (Matricaria Chamomilla L.) Oleogel as Pain Relief in
Migraine without Aura: A Randomized, Double-Blind, Placebo-Controlled, Crossover Study. Neurol. Sci. 2018, 39, 1345-1353.
[CrossRef]

Thanapongsathorn, W.; Vajrabukka, T. Clinical Trial of Oral Diosmin (Daflon®) in the Treatment of Hemorrhoids. Dis. Colon
Rectum 1992, 35, 1085-1088. [CrossRef]

Serra, R.; lelapi, N.; Bitonti, A.; Candido, S.; Fregola, S.; Gallo, A.; Loria, A.; Muraca, L.; Raimondo, L.; Velcean, L.; et al.
Efficacy of a Low-Dose Diosmin Therapy on Improving Symptoms and Quality of Life in Patients with Chronic Venous Disease:
Randomized, Double-Blind, Placebo-Controlled Trial. Nutrients 2021, 13, 999. [CrossRef] [PubMed]

Abd-Elhamid, T.H.; Althumairy, D.; Bani ismail, M.; Abu Zahra, H.; Seleem, H.S.; Hassanein, E.H.M.; Ali, EE.M.; Mahmoud, A.R.
Neuroprotective Effect of Diosmin against Chlorpyrifos-Induced Brain Intoxication Was Mediated by Regulating PPAR-y and
NF-KB/AP-1 Signals. Food Chem. Toxicol. 2024, 193, 114967. [CrossRef]

Sawmiller, D.; Habib, A.; Li, S.; Darlington, D.; Hou, H.; Tian, J.; Shytle, R.D.; Smith, A.; Giunta, B.; Mori, T; et al. Diosmin
Reduces Cerebral AP Levels, Tau Hyperphosphorylation, Neuroinflammation, and Cognitive Impairment in the 3xTg-AD Mice.
J. Neuroimmunol. 2016, 299, 98-106. [CrossRef]

Wang, Y.; Ye, X,; Su, W,; Yan, C.; Pan, H.; Wang, X.; Shao, S. Diosmin Ameliorates Inflammation, Apoptosis and Activates
PI3K/AKT Pathway in Alzheimer’s Disease Rats. Metab. Brain Dis. 2024, 39, 1405-1415. [CrossRef] [PubMed]

Boldaji, V.N.; Mirshekar, M.A.; Arabmoazzen, S.; Shahrivar, FF. Behavioral Deficits after Traumatic Brain Injury: Neuroprotective
Effect of Diosmin. Naunyn. Schmiedebergs. Arch. Pharmacol. 2025, 398, 14067-14074. [CrossRef]

Mirshekar, M.A; Fanaei, H.; Keikhaei, F,; Javan, F.S. Diosmin Improved Cognitive Deficit and Amplified Brain Electrical Activity
in the Rat Model of Traumatic Brain Injury. Biomed. Pharmacother. 2017, 93, 1220-1229. [CrossRef]

Taban, K.; Ilhan, M.; Siintar, I. Luteolin: Advances on Resources, Biosynthesis Pathway, Bioavailability, Bioactivity, and Phar-
macology. In Handbook of Dietary Flavonoids; Xiao, J., Ed.; Springer International Publishing: Cham, Switzerland, 2023; pp. 1-37,
ISBN 978-3-030-94753-8.

Mastroiacovo, P.; Leoncini, E. More Folic Acid, the Five Questions: Why, Who, When, How Much, and How. BioFactors 2011, 37,
272-279. [CrossRef] [PubMed]

Fu, X; Zhang, J.; Guo, L.; Xu, Y,; Sun, L.; Wang, S.; Feng, Y.; Gou, L.; Zhang, L.; Liu, Y. Protective Role of Luteolin against
Cognitive Dysfunction Induced by Chronic Cerebral Hypoperfusion in Rats. Pharmacol. Biochem. Behav. 2014, 126, 122-130.
[CrossRef] [PubMed]

Aziz, N.; Kim, M.-Y,; Cho, ].Y. Anti-Inflammatory Effects of Luteolin: A Review of in Vitro, in Vivo, and in Silico Studies.
J. Ethnopharmacol. 2018, 225, 342-358. [CrossRef] [PubMed]

Kou, J.; Shi, J.; He, Y;; Hao, J.; Zhang, H.; Luo, D.; Song, J.; Yan, Y.; Xie, X.; Du, G.; et al. Luteolin Alleviates Cognitive Impairment in
Alzheimer’s Disease Mouse Model via Inhibiting Endoplasmic Reticulum Stress-Dependent Neuroinflammation. Acta Pharmacol.
Sin. 2022, 43, 840-849. [CrossRef]

Park, S.; Kim, D.S.; Kang, S.; Kim, H.]. The Combination of Luteolin and L-Theanine Improved Alzheimer Disease-like
Symptoms by Potentiating Hippocampal Insulin Signaling and Decreasing Neuroinflammation and Norepinephrine Degradation
in Amyloid-p-Infused Rats. Nutr. Res. 2018, 60, 116-131. [CrossRef]

Xie, Y.; Zhang, H.; Chen, J.; Xu, S.; Luo, Y. Luteolin Mitigates Dopaminergic Neuron Degeneration and Restrains Microglial M1
Polarization by Inhibiting Toll Like Receptor 4. J. Integr. Neurosci. 2024, 23, 185. [CrossRef]

Zhao, G.; Yao-Yue, C.; Qin, G.-W.; Guo, L.-H. Luteolin from Purple Perilla Mitigates ROS Insult Particularly in Primary Neurons.
Neurobiol. Aging 2012, 33, 176-186. [CrossRef]

Choi, J.S.; Islam, M.N.; Ali, M.Y,; Kim, Y.M.; Park, H.J.; Sohn, H.S.; Jung, H.A. The Effects of C-Glycosylation of Luteolin on Its
Antioxidant, Anti-Alzheimer’s Disease, Anti-Diabetic, and Anti-Inflammatory Activities. Arch. Pharm. Res. 2014, 37, 1354-1363.
[CrossRef]

Jang, S.; Dilger, R.N.; Johnson, R.W. Luteolin Inhibits Microglia and Alters Hippocampal-Dependent Spatial Working Memory in
Aged Mice. |. Nutr. 2010, 140, 1892-1898. [CrossRef]

Burton, M.D.; Rytych, J.L.; Amin, R.; Johnson, R.W. Dietary Luteolin Reduces Proinflammatory Microglia in the Brain of Senescent
Mice. Rejuvenation Res. 2016, 19, 286-292. [CrossRef]

Khayyat, A.LA.; Alabdali, A.N.; Alonazi, M.; Alzahrani, A.A.; Al-Shehri, E.; Ben Bacha, A. Luteolin Mitigates Oxidative Stress
and Multi-Organ Impairment in a Propionic Acid-Induced Rodent Model of Autism. Front. Nutr. 2025, 12, 1583119. [CrossRef]
[PubMed]

https://doi.org/10.3390/ijms27104343


https://doi.org/10.1097/JCP.0b013e3181ac935c
https://doi.org/10.1007/s10072-018-3415-1
https://doi.org/10.1007/BF02253000
https://doi.org/10.3390/nu13030999
https://www.ncbi.nlm.nih.gov/pubmed/33808784
https://doi.org/10.1016/j.fct.2024.114967
https://doi.org/10.1016/j.jneuroim.2016.08.018
https://doi.org/10.1007/s11011-024-01388-7
https://www.ncbi.nlm.nih.gov/pubmed/39105973
https://doi.org/10.1007/s00210-025-04195-8
https://doi.org/10.1016/j.biopha.2017.07.014
https://doi.org/10.1002/biof.172
https://www.ncbi.nlm.nih.gov/pubmed/21674648
https://doi.org/10.1016/j.pbb.2014.09.005
https://www.ncbi.nlm.nih.gov/pubmed/25220684
https://doi.org/10.1016/j.jep.2018.05.019
https://www.ncbi.nlm.nih.gov/pubmed/29801717
https://doi.org/10.1038/s41401-021-00702-8
https://doi.org/10.1016/j.nutres.2018.09.010
https://doi.org/10.31083/j.jin2310185
https://doi.org/10.1016/j.neurobiolaging.2010.02.013
https://doi.org/10.1007/s12272-014-0351-3
https://doi.org/10.3945/jn.110.123273
https://doi.org/10.1089/rej.2015.1708
https://doi.org/10.3389/fnut.2025.1583119
https://www.ncbi.nlm.nih.gov/pubmed/40497022
https://doi.org/10.3390/ijms27104343

Int. J. Mol. Sci. 2026, 27, 4343 51 of 54

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

Zhang, M.; Yu, J.; Liu, A.; Liu, Q.-Q.; Sun, T.; Li, X.; Du, Y,; Li, J.; Wang, B.; Yang, Q. Luteolin in the Qi Bi Anshen Decoction
Improves Propionic Acid-Induced Autism-like Behavior in Rats by Inhibiting LRP1/MMP9. Phytomedicine 2023, 118, 154965.
[CrossRef]

Patel, A.B,; Tsilioni, I.; Leeman, S.E.; Theoharides, T.C. Neurotensin Stimulates Sortilin and MTOR in Human Microglia Inhibitable
by Methoxyluteolin, a Potential Therapeutic Target for Autism. Proc. Natl. Acad. Sci. USA 2016, 113, E7049-E7058. Correction in
Proc. Natl. Acad. Sci. USA 2016, 113, E7138. https:/ /doi.org/10.1073 /pnas.1616587113. [CrossRef]

Theoharides, T.C.; Asadi, S.; Panagiotidou, S. A Case Series of a Luteolin Formulation (Neuroprotek®) in Children with Autism
Spectrum Disorders. Int. |. Immunopathol. Pharmacol. 2012, 25, 317-323. [CrossRef]

Taliou, A.; Zintzaras, E.; Lykouras, L.; Francis, K. An Open-Label Pilot Study of a Formulation Containing the Anti-Inflammatory
Flavonoid Luteolin and Its Effects on Behavior in Children with Autism Spectrum Disorders. Clin. Ther. 2013, 35, 592-602.
[CrossRef] [PubMed]

Tsilioni, I; Taliou, A.; Francis, K.; Theoharides, T.C. Children with Autism Spectrum Disorders, Who Improved with a Luteolin-
Containing Dietary Formulation, Show Reduced Serum Levels of TNF and IL-6. Transl. Psychiatry 2015, 5, e647. [CrossRef]
[PubMed]

Theoharides, T.C. Luteolin Supplements: All That Glitters Is Not Gold. BioFactors 2021, 47, 242-244. [CrossRef]

Duda-Chodak, A. The Inhibitory Effect of Polyphenols on Human Gut Microbiota. J. Physiol. Pharmacol. 2012, 63, 497-503.
Kondza, M.; Brizi¢, I.; Joki¢, S. Flavonoids as CYP3A4 Inhibitors In Vitro. Biomedicines 2024, 12, 644. [CrossRef]

De Luca, P.; Camaioni, A.; Marra, P.; Salzano, G.; Carriere, G.; Ricciardi, L.; Pucci, R.; Montemurro, N.; Brenner, M.].; Di Stadio, A.
Effect of Ultra-Micronized Palmitoylethanolamide and Luteolin on Olfaction and Memory in Patients with Long COVID: Results
of a Longitudinal Study. Cells 2022, 11, 2552. [CrossRef]

Gellrich, J.; Czaplewski, L.; Hihner, A.; Hummel, T. Palmitoylethanolamide and Luteolin for Postinfectious Olfactory Disorders:
How Clinically Meaningful Is Its Effect? ORL 2024, 86, 1-6. [CrossRef]

Theoharides, T.C.; Stewart, ].M. Post-Lyme Syndrome-Associated Polyneuropathy Treated with Immune Immunoglobulin and a
Luteolin-Containing Formulation. . Clin. Psychopharmacol. 2016, 36, 290-291. [CrossRef]

Gelabert-Rebato, M.; Wiebe, J.C.; Martin-Rincon, M.; Galvan-Alvarez, V.; Curtelin, D.; Perez-Valera, M.; Juan Habib, J.; Pérez-
Loépez, A.; Vega, T.; Morales-Alamo, D.; et al. Enhancement of Exercise Performance by 48 Hours, and 15-Day Supplementation
with Mangiferin and Luteolin in Men. Nutrients 2019, 11, 344. [CrossRef]

Assogna, M.; Casula, E.P.; Borghi, I.; Bonni, S.; Sama, D.; Motta, C.; Di Lorenzo, F.; D’Acunto, A.; Porrazzini, F.; Minei, M.;
et al. Effects of Palmitoylethanolamide Combined with Luteoline on Frontal Lobe Functions, High Frequency Oscillations, and
GABAergic Transmission in Patients with Frontotemporal Dementia. J. Alzheimer’s Dis. 2020, 76, 1297-1308. [CrossRef]

Arafah, A.; Rehman, M.U.; Mir, TM.; Wali, A.F; Ali, R; Qamar, W.; Khan, R; Ahmad, A.; Aga, S.S.; Algahtani, S.; et al.
Multi-Therapeutic Potential of Naringenin & ,5,7-Trihydroxyflavonone): Experimental Evidence and Mechanisms. Plants 2020,
9,1784. [CrossRef]

Viswanatha, G.L.; Shylaja, H.; Moolemath, Y. The Beneficial Role of Naringin- a Citrus Bioflavonoid, against Oxidative Stress-
Induced Neurobehavioral Disorders and Cognitive Dysfunction in Rodents: A Systematic Review and Meta-Analysis. Biomed.
Pharmacother. 2017, 94, 909-929. [CrossRef]

Yang, W.; Ma, ].; Liu, Z; Lu, Y;; Hu, B.; Yu, H. Effect of Naringenin on Brain Insulin Signaling and Cognitive Functions in ICV-STZ
Induced Dementia Model of Rats. Neurol. Sci. 2014, 35, 741-751. [CrossRef]

Prakash, A.; Shur, B.; Kumar, A. Naringin Protects Memory Impairment and Mitochondrial Oxidative Damage against Aluminum-
Induced Neurotoxicity in Rats. Int. ]. Neurosci. 2013, 123, 636-645. [CrossRef]

Zhu, Y,; Guo, X,; Li, S.; Wu, Y,; Zhu, E; Qin, C,; Zhang, Q.; Yang, Y. Naringenin Ameliorates Amyloid-f Pathology and
Neuroinflammation in Alzheimer’s Disease. Commun. Biol. 2024, 7, 912. [CrossRef]

Mi, J.; He, Y.; Yang, J.; Zhou, Y.; Zhu, G.; Wu, A.; Liu, W,; Sang, Z. Development of Naringenin-O-Carbamate Derivatives as
Multi-Target-Directed Liagnds for the Treatment of Alzheimer’s Disease. Bioorg. Med. Chem. Lett. 2022, 60, 128574. [CrossRef]
Helmy, W.A_; Ragab, TI.M.; Salama, B.M.; Basha, M.; Shamma, R.; Abd El-Rahman, S.S.; Shawky, H. Novel Naringin Tablet
Formulations of Agro-Resides Based Nano/Micro Crystalline Cellulose with Neuroprotective and Alzheimer Ameliorative
Potentials. Int. J. Biol. Macromol. 2023, 231, 123060. [CrossRef]

Petrassi, C.; Mastromarino, A.; Spartera, C. PYCNOGENOL® in Chronic Venous Insufficiency. Phytomedicine 2000, 7, 383-388.
[CrossRef]

Kim, B.; Lee, T.-K,; Park, CW.; Kim, D.W.; Ahn, J.H.; Sim, H.; Lee, J.-C.; Yang, G.E.; Kim, ].D.; Shin, M.C; et al. Pycnogenol®
Supplementation Attenuates Memory Deficits and Protects Hippocampal CA1 Pyramidal Neurons via Antioxidative Role in a
Gerbil Model of Transient Forebrain Ischemia. Nutrients 2020, 12, 2477. [CrossRef]

Lee, T.-K.; Park, ].H.; Shin, M.C.; Cho, ].H.; Ahn, ].H.; Kim, D.W.; Lee, ].-C.; Lee, C.-H.; Hong, S.; Won, M.-H.; et al. Therapeutic
Treatment with Pycnogen01® Attenuates Ischemic Brain Injury in Gerbils Focusing on Cognitive Impairment, Neuronal Death,
BBB Leakage and Neuroinflammation in the Hippocampus. J. Integr. Neurosci. 2023, 22, 26. [CrossRef]

https://doi.org/10.3390/ijms27104343


https://doi.org/10.1016/j.phymed.2023.154965
https://doi.org/10.1073/pnas.1616587113
https://doi.org/10.1073/pnas.1604992113
https://doi.org/10.1177/039463201202500201
https://doi.org/10.1016/j.clinthera.2013.04.006
https://www.ncbi.nlm.nih.gov/pubmed/23688534
https://doi.org/10.1038/tp.2015.142
https://www.ncbi.nlm.nih.gov/pubmed/26418275
https://doi.org/10.1002/biof.1689
https://doi.org/10.3390/biomedicines12030644
https://doi.org/10.3390/cells11162552
https://doi.org/10.1159/000539651
https://doi.org/10.1097/JCP.0000000000000504
https://doi.org/10.3390/nu11020344
https://doi.org/10.3233/JAD-200426
https://doi.org/10.3390/plants9121784
https://doi.org/10.1016/j.biopha.2017.07.072
https://doi.org/10.1007/s10072-013-1594-3
https://doi.org/10.3109/00207454.2013.785542
https://doi.org/10.1038/s42003-024-06615-6
https://doi.org/10.1016/j.bmcl.2022.128574
https://doi.org/10.1016/j.ijbiomac.2022.12.279
https://doi.org/10.1016/S0944-7113(00)80059-8
https://doi.org/10.3390/nu12082477
https://doi.org/10.31083/j.jin2202026
https://doi.org/10.3390/ijms27104343

Int. J. Mol. Sci. 2026, 27, 4343 52 of 54

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

Xia, R.; Ji, C.; Zhang, L. Neuroprotective Effects of Pycnogenol Against Oxygen-Glucose Deprivation/Reoxygenation-Induced
Injury in Primary Rat Astrocytes via NF-KB and ERK1/2 MAPK Pathways. Cell. Physiol. Biochem. 2017, 42, 987-998. [CrossRef]
Paarmann, K.; Prakash, S.R.; Krohn, M.; Méhle, L.; Brackhan, M.; Briining, T.; Eiriz, I.; Pahnke, J. French Maritime Pine Bark
Treatment Decelerates Plaque Development and Improves Spatial Memory in Alzheimer’s Disease Mice. Phytomedicine 2019, 57,
39-48. [CrossRef]

Khan, M.M.; Kempuraj, D.; Thangavel, R.; Zaheer, A. Protection of MPTP-Induced Neuroinflammation and Neurodegeneration
by Pycnogenol. Neurochem. Int. 2013, 62, 379-388. [CrossRef]

Fan, B.; Dun, S.-H.; Gu, J.-Q.; Guo, Y.; Ikuyama, S. Pycnogenol Attenuates the Release of Proinflammatory Cytokines and
Expression of Perilipin 2 in Lipopolysaccharide-Stimulated Microglia in Part via Inhibition of NF-KB and AP-1 Activation. PLoS
ONE 2015, 10, e0137837. [CrossRef]

Chen, L,; Li, Z; Fan, Y. Neurodevelopmental Disorders and Gut-Brain Interactions: Exploring the Therapeutic Potential of
Pycnogenol through Microbial-Metabolic-Neural Networks. Front. Cell. Infect. Microbiol. 2025, 15, 1601888. [CrossRef]
Fitzpatrick, D.F; Bing, B.; Rohdewald, P. Endothelium-Dependent Vascular Effects of Pycnogenol. J. Cardiovasc. Pharmacol. 1998,
32,509-515. [CrossRef]

Wei, Z.H.; Peng, Q.L.; Lau, B.H.S. Pycnogenol Enhances Endothelial Cell Antioxidant Defenses. Redox Rep. 1997, 3, 219-224.
[CrossRef]

Aydin, S.; Bacanli, M.; Anlar, H.G.; Cal, T.; Ar1, N; Undeger Bucurgat, U.; Basaran, A.A.; Basaran, N. Preventive Role of
Pycnogenol® against the Hyperglycemia-Induced Oxidative Stress and DNA Damage in Diabetic Rats. Food Chem. Toxicol. 2019,
124, 54-63. [CrossRef]

Trevithick, ].R.; Bantseev, V.; Hirst, M.; Dzialoszynski, T.M.; Sanford, E.S. Is Pycnogenol a Double-Edged Sword? Cataractogenic
In Vitro, but Reduces Cataract Risk in Diabetic Rats. Curr. Eye Res. 2013, 38, 751-760. [CrossRef]

Malekahmadi, M.; Shadnoush, M.; Islam, S.M.S.; Shirvani, A.; Pahlavani, N.; Gholizadeh Navashenagq, J.; Firouzi, S.; McVicar, J.;
Nematy, M.; Zali, M.R,; et al. The Effect of French Maritime Pine Bark Extract Supplementation on Inflammation, Nutritional
and Clinical Status in Critically Ill Patients with Traumatic Brain Injury: A Randomized Controlled Trial. Phyther. Res. 2021, 35,
5178-5188. [CrossRef]

Weyns, A.-S.; Verlaet, A.A.J.; Van Herreweghe, M.; Breynaert, A.; Fransen, E.; De Meester, I.; Logie, E.; Vanden Berghe, W,;
Verhelst, H.; Van West, D.; et al. Clinical Investigation of French Maritime Pine Bark Extract on Attention-Deficit Hyperactivity
Disorder as Compared to Methylphenidate and Placebo: Part 2: Oxidative Stress and Immunological Modulation. . Funct. Foods
2022, 97,105247. [CrossRef]

Dvotakova, M.; Sivoniova, M.; Trebatickd, J.; Skodacek, 1.; Waczulikova, I.; Muchov, J.; Duragkovéa, Z. The Effect of Polyphenolic
Extract from Pine Bark, Pycnogenol ® on the Level of Glutathione in Children Suffering from Attention Deficit Hyperactivity
Disorder (ADHD). Redox Rep. 2006, 11, 163-172. [CrossRef]

Chovanovd, Z.; Muchovd, J.; Sivoriovd, M.; Dvotdkova, M.; Zittanova, I.; Waczulikova, L; Trebaticka, I Skodacek, L; Du-
ratkova, Z. Effect of Polyphenolic Extract, Pycnogenol ®, on the Level of 8-Oxoguanine in Children Suffering from Attention
Deficit/Hyperactivity Disorder. Free Radic. Res. 2006, 40, 1003-1010. [CrossRef]

Chiorcea-Paquim, A.-M. 8-Oxoguanine and 8-Oxodeoxyguanosine Biomarkers of Oxidative DNA Damage: A Review on
HPLC-ECD Determination. Molecules 2022, 27, 1620. [CrossRef]

Ryan, J.; Croft, K.; Mori, T.; Wesnes, K.; Spong, J.; Downey, L.; Kure, C.; Lloyd, J.; Stough, C. An Examination of the Effects of the
Antioxidant Pycnogenol® on Cognitive Performance, Serum Lipid Profile, Endocrinological and Oxidative Stress Biomarkers in
an Elderly Population. J. Psychopharmacol. 2008, 22, 553-562. [CrossRef]

Simpson, T.; Deleuil, S.; Echeverria, N.; Komanduri, M.; Macpherson, H.; Suo, C.; Gondalia, S.; Fard, M.T.; Pipingas, A.; Scholey,
A.; etal. The Australian Research Council Longevity Intervention (ARCLI) Study Protocol (ANZCTR12611000487910) Addendum:
Neuroimaging and Gut Microbiota Protocol. Nutr. J. 2019, 18, 1. [CrossRef]

Verlaet, A.A.J.; Ceulemans, B.; Verhelst, H.; Van West, D.; De Bruyne, T.; Pieters, L.; Savelkoul, H.F].; Hermans, N. Effect of
Pycnogenol® on Attention-Deficit Hyperactivity Disorder (ADHD): Study Protocol for a Randomised Controlled Trial. Trials
2017, 18, 145. [CrossRef]

Shi, S.; Li, J.; Zhao, X.; Liu, Q.; Song, S.-J. A Comprehensive Review: Biological Activity, Modification and Synthetic Methodologies
of Prenylated Flavonoids. Phytochemistry 2021, 191, 112895. [CrossRef]

Lv, H-W,; Wang, Q.-L.; Luo, M.; Zhu, M.-D.; Liang, H.-M.; Li, W.-].; Cai, H.; Zhou, Z.-B.; Wang, H.; Tong, S.-Q.; et al.
Phytochemistry and Pharmacology of Natural Prenylated Flavonoids. Arch. Pharm. Res. 2023, 46, 207-272. [CrossRef]

Bellavite, P. Neuroprotective Potentials of Flavonoids: Experimental Studies and Mechanisms of Action. Antioxidants 2023, 12,
280. [CrossRef]

Rana, J.N.; Gul, K.; Mumtaz, S. Isorhamnetin: Reviewing Recent Developments in Anticancer Mechanisms and Nanoformulation-
Driven Delivery. Int. ]. Mol. Sci. 2025, 26, 7381. [CrossRef]

https://doi.org/10.3390/ijms27104343


https://doi.org/10.1159/000478681
https://doi.org/10.1016/j.phymed.2018.11.033
https://doi.org/10.1016/j.neuint.2013.01.029
https://doi.org/10.1371/journal.pone.0137837
https://doi.org/10.3389/fcimb.2025.1601888
https://doi.org/10.1097/00005344-199810000-00001
https://doi.org/10.1080/13510002.1997.11747113
https://doi.org/10.1016/j.fct.2018.11.038
https://doi.org/10.3109/02713683.2013.770038
https://doi.org/10.1002/ptr.7187
https://doi.org/10.1016/j.jff.2022.105247
https://doi.org/10.1179/135100006X116664
https://doi.org/10.1080/10715760600824902
https://doi.org/10.3390/molecules27051620
https://doi.org/10.1177/0269881108091584
https://doi.org/10.1186/s12937-018-0428-9
https://doi.org/10.1186/s13063-017-1879-6
https://doi.org/10.1016/j.phytochem.2021.112895
https://doi.org/10.1007/s12272-023-01443-4
https://doi.org/10.3390/antiox12020280
https://doi.org/10.3390/ijms26157381
https://doi.org/10.3390/ijms27104343

Int. J. Mol. Sci. 2026, 27, 4343 53 of 54

302.

303.

304.

305.

306.

307.

308.

309.

310.
311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

Gammoh, O.; Qnais, E.Y.; Athamneh, R.Y.; Al-Jaidi, B.; Al-Tawalbeh, D.; Altaber, S.; Alqudah, A.; Aljabali, A.A.A.; Tambuwala,
M.M. Unraveling the Potential of Isorhamnetin as an Adjuvant in Depression Treatment with Escitalopram. Curr. Issues Mol. Biol.
2023, 45, 7668-7679. [CrossRef]

Carecho, R.; Carregosa, D.; dos Santos, C.N. Low Molecular Weight (Poly)Phenol Metabolites Across the Blood-Brain Barrier:
The Underexplored Journey. Brain Plast. 2020, 6, 193-214. [CrossRef]

Melrose, J. The Potential of Flavonoids and Flavonoid Metabolites in the Treatment of Neurodegenerative Pathology in Disorders
of Cognitive Decline. Antioxidants 2023, 12, 663. [CrossRef]

Angelino, D.; Carregosa, D.; Domenech-Coca, C.; Savi, M.; Figueira, I; Brindani, N.; Jang, S.; Lakshman, S.; Molokin, A.; Urban,
J.E; et al. 5-(Hydroxyphenyl)-y-Valerolactone-Sulfate, a Key Microbial Metabolite of Flavan-3-Ols, Is Able to Reach the Brain:
Evidence from Different in Silico, In Vitro and In Vivo Experimental Models. Nutrients 2019, 11, 2678. [CrossRef]

Hao, B.; Yang, Z.; Liu, H.; Liu, Y.; Wang, S. Advances in Flavonoid Research: Sources, Biological Activities, and Developmental
Prospectives. Curr. Issues Mol. Biol. 2024, 46, 2884-2925. [CrossRef]

Ullah, A.; Munir, S.; Badshah, S.L.; Khan, N.; Ghani, L.; Poulson, B.G.; Emwas, A.-H.; Jaremko, M. Important Flavonoids and
Their Role as a Therapeutic Agent. Molecules 2020, 25, 5243. [CrossRef] [PubMed]

Chen, Q.; Wang, Q.; Zhao, Y.; Xie, X,; Feng, H.; Wei, Y.; Yu, M,; Pan, X; Hu, T. Flavonoids from Polygonum hydropiper L. Regulate
PCV2-Induced Oxidative Stress of RAW264.7 Cells via Pi3k/AKT and Nrf2 /HO-1 Signaling Pathways. Sci. Rep. 2025, 15, 29112.
[CrossRef]

Chen, S.; Wang, X.; Cheng, Y.; Gao, H.; Chen, X. A Review of Classification, Biosynthesis, Biological Activities and Potential
Applications of Flavonoids. Molecules 2023, 28, 4982. [CrossRef]

Hollman, P.C.H. Absorption, Bioavailability, and Metabolism of Flavonoids. Pharm. Biol. 2004, 42, 74-83. [CrossRef]

Yang, L.; Gao, Y.; Farag, M.A.; Gong, J.; Su, Q.; Cao, H.; Zhang, W.; Zhao, Y.; Wang, H. Dietary Flavonoids and Gut Microbiota
Interaction: A Focus on Animal and Human Studies to Maximize Their Health Benefits. Food Front. 2023, 4, 1794-1809. [CrossRef]
Espin, J.C.; Gonzélez-Sarrias, A.; Tomas-Barberan, F.A. The Gut Microbiota: A Key Factor in the Therapeutic Effects of
(Poly)Phenols. Biochem. Pharmacol. 2017, 139, 82-93. [CrossRef]

Papadopoulou, P; Polissidis, A.; Kythreoti, G.; Sagnou, M.; Stefanatou, A.; Theoharides, T.C. Anti-Inflammatory and Neuropro-
tective Polyphenols Derived from the European Olive Tree, Olea europaea L., in Long COVID and Other Conditions Involving
Cognitive Impairment. Int. J. Mol. Sci. 2024, 25, 11040. [CrossRef]

Martinez-Zamora, L. Novel Ingredients: Hydroxytyrosol as a Neuroprotective Agent; What Is New on the Horizon? Foods 2025,
14, 3624. [CrossRef]

Galmés, S.; Reynés, B.; Palou, M.; Palou-March, A.; Palou, A. Absorption, Distribution, Metabolism, and Excretion of the Main
Olive Tree Phenols and Polyphenols: A Literature Review. ]. Agric. Food Chem. 2021, 69, 5281-5296. [CrossRef]

Corona, G.; Tzounis, X.; Assunta Dessl, M.; Deiana, M.; Debnam, E.S.; Visioli, E; Spencer, ].P.E. The Fate of Olive Oil Polyphenols
in the Gastrointestinal Tract: Implications of Gastric and Colonic Microflora-Dependent Biotransformation. Free Radic. Res. 2006,
40, 647-658. [CrossRef] [PubMed]

Mousa, A.; Dharmajaya, R.; Reveny, J.; Surbakti, K.P.; Tobing, H.G,; Ilyas, S.; Sembiring, R.J.; Arina, C.A.; Riawan, W. The Effect of
Oleuropein in AIF and MMP-9 in Traumatic Brain Injury Rat Model. Cell. Physiol. Biochem. 2024, 58, 361-381. [CrossRef]

Hu, X.; Zhao, N.; Ranjbar, E.; Foruozandeh, H.; Nahal, A.S.; Asadoola, Y.; Ahmadi, I. Protective Effect of Oleuropein on the Brain
Tissue in D-Galactose-Induced Aging in Rat Model. Mol. Biol. Rep. 2025, 52, 67. [CrossRef]

Ghaffarinasab, M.; Kaeidi, A.; Hassanshahi, ]. Mitigating Remote Organ-Induced Brain Injury in Renal Ischemia-Reperfusion:
The Role of Oleuropein in Inhibiting Oxidative Stress, Inflammation, Ferroptosis, and Apoptosis in Male Rats. J. Neuroimmune
Pharmacol. 2025, 20, 24. [CrossRef]

Shibani, F.; Sahamsizadeh, A.; Fatemi, I.; Allahtavakoli, M.; Hasanshahi, J.; Rahmani, M.; Azin, M.; Hassanipour, M.; Mozafari, N.;
Kaeidi, A. Effect of Oleuropein on Morphine-Induced Hippocampus Neurotoxicity and Memory Impairments in Rats. Naunyn.
Schmiedebergs. Arch. Pharmacol. 2019, 392, 1383-1391. [CrossRef] [PubMed]

Cordero, J.G.; Garcia-Escudero, R.; Avila, J.; Gargini, R.; Garcia-Escudero, V. Benefit of Oleuropein Aglycone for Alzheimer’s
Disease by Promoting Autophagy. Oxid. Med. Cell. Longev. 2018, 2018, 5010741. [CrossRef] [PubMed]

Casamenti, F; Grossi, C.; Rigacci, S.; Pantano, D.; Luccarini, I.; Stefani, M. Oleuropein Aglycone: A Possible Drug against
Degenerative Conditions. In Vivo Evidence of Its Effectiveness against Alzheimer’s Disease. J. Alzheimer’s Dis. 2015, 45, 679-688.
[CrossRef]

Pasban-Aliabadi, H.; Esmaeili-Mahani, S.; Sheibani, V.; Abbasnejad, M.; Mehdizadeh, A.; Yaghoobi, M.M. Inhibition of
6-Hydroxydopamine-Induced PC12 Cell Apoptosis by Olive (Olea Europaea L.) Leaf Extract Is Performed by Its Main Component
Oleuropein. Rejuvenation Res. 2013, 16, 134-142. [CrossRef]

Yoon, ].; Sasaki, K.; Nishimura, I.; Hashimoto, H.; Okura, T.; Isoda, H. Effects of Desert Olive Tree Pearls Containing High
Hydroxytyrosol Concentrations on the Cognitive Functions of Middle-Aged and Older Adults. Nutrients 2023, 15, 3234. [CrossRef]

https://doi.org/10.3390/ijms27104343


https://doi.org/10.3390/cimb45090484
https://doi.org/10.3233/BPL-200099
https://doi.org/10.3390/antiox12030663
https://doi.org/10.3390/nu11112678
https://doi.org/10.3390/cimb46040181
https://doi.org/10.3390/molecules25225243
https://www.ncbi.nlm.nih.gov/pubmed/33187049
https://doi.org/10.1038/s41598-025-14362-9
https://doi.org/10.3390/molecules28134982
https://doi.org/10.3109/13880200490893492
https://doi.org/10.1002/fft2.309
https://doi.org/10.1016/j.bcp.2017.04.033
https://doi.org/10.3390/ijms252011040
https://doi.org/10.3390/foods14213624
https://doi.org/10.1021/acs.jafc.1c00737
https://doi.org/10.1080/10715760500373000
https://www.ncbi.nlm.nih.gov/pubmed/16753843
https://doi.org/10.33594/000000717
https://doi.org/10.1007/s11033-024-10165-9
https://doi.org/10.1007/s11481-025-10184-8
https://doi.org/10.1007/s00210-019-01678-3
https://www.ncbi.nlm.nih.gov/pubmed/31236657
https://doi.org/10.1155/2018/5010741
https://www.ncbi.nlm.nih.gov/pubmed/29675133
https://doi.org/10.3233/JAD-142850
https://doi.org/10.1089/rej.2012.1384
https://doi.org/10.3390/nu15143234
https://doi.org/10.3390/ijms27104343

Int. J. Mol. Sci. 2026, 27, 4343 54 of 54

325.

326.

327.

328.

329.

330.

331.

332.

333.

Cordaro, M.; Trovato Salinaro, A.; Siracusa, R.; D’Amico, R.; Impellizzeri, D.; Scuto, M.; Ontario, M.L.; Crea, R.; Cuzzocrea, S.; Di
Paola, R.; et al. Hidrox® Roles in Neuroprotection: Biochemical Links between Traumatic Brain Injury and Alzheimer’s Disease.
Antioxidants 2021, 10, 818. [CrossRef]

Terracina, S.; Petrella, C.; Francati, S.; Lucarelli, M.; Barbato, C.; Minni, A.; Ralli, M.; Greco, A.; Tarani, L.; Fiore, M.; et al.
Antioxidant Intervention to Improve Cognition in the Aging Brain: The Example of Hydroxytyrosol and Resveratrol. Int. ]. Mol.
Sci. 2022, 23, 15674. [CrossRef]

Siracusa, R.; Scuto, M.; Fusco, R.; Trovato, A.; Ontario, M.L.; Crea, R.; Di Paola, R.; Cuzzocrea, S.; Calabrese, V. Anti-Inflammatory
and Anti-Oxidant Activity of Hidrox® in Rotenone-Induced Parkinson’s Disease in Mice. Antioxidants 2020, 9, 824. [CrossRef]
Zhao, Y.-T,; Zhang, L,; Yin, H.; Shen, L.; Zheng, W.; Zhang, K.; Zeng, J.; Hu, C.; Liu, Y. Hydroxytyrosol Alleviates Oxidative Stress
and Neuroinflammation and Enhances Hippocampal Neurotrophic Signaling to Improve Stress-Induced Depressive Behaviors in
Mice. Food Funct. 2021, 12, 5478-5487. [CrossRef] [PubMed]

Loukou, S.; Papantoniou, G.; Pantazaki, A.; Tsolaki, M. The Role of Greek Olive Leaf Extract in Patients with Mild Alzheimer’s
Disease (the GOLDEN Study): A Randomized Controlled Clinical Trial. Neurol. Int. 2024, 16, 1247-1265. [CrossRef]

Jiang, Y.; Huang, C. Polymorphism and Cognition. In Diet and Nutrition in Dementia and Cognitive Decline; Elsevier: Amsterdam,
The Netherlands, 2015; pp. 357-367, ISBN 9780124079397.

Araszkiewicz, A F; Jariczak, K.; Wéjcik, P,; Biatecki, B.; Kubiak, S.; Szczechowski, M.; Januszkiewicz-Lewandowska, D. MTHFR
Gene Polymorphisms: A Single Gene with Wide-Ranging Clinical Implications—A Review. Genes 2025, 16, 441. [CrossRef]

Ou, L; Peng, L.; Wang, ].; Han, C.; Zhao, X.; Wang, M.; Wang, M.; Gong, Z.; Li, Y. Synergistic Effects of MTHFR, MTRR, and MTR
Gene Variants on Serum Folate Levels and Cognitive Function in Chinese Preschoolers: A Cross-Sectional Study. Nutrients 2025,
17,2666. [CrossRef]

Frolinger, T.; Sims, S.; Smith, C.; Wang, ].; Cheng, H.; Faith, J.; Ho, L.; Hao, K.; Pasinetti, G.M. The Gut Microbiota Composition
Affects Dietary Polyphenols-Mediated Cognitive Resilience in Mice by Modulating the Bioavailability of Phenolic Acids. Sci. Rep.
2019, 9, 3546. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27104343


https://doi.org/10.3390/antiox10050818
https://doi.org/10.3390/ijms232415674
https://doi.org/10.3390/antiox9090824
https://doi.org/10.1039/D1FO00210D
https://www.ncbi.nlm.nih.gov/pubmed/33998633
https://doi.org/10.3390/neurolint16060095
https://doi.org/10.3390/genes16040441
https://doi.org/10.3390/nu17162666
https://doi.org/10.1038/s41598-019-39994-6
https://www.ncbi.nlm.nih.gov/pubmed/30837576
https://doi.org/10.3390/ijms27104343

	Introduction 
	Mechanistic Overview of Nutraceutical Effects on Brain Health 
	Biotin 
	Introduction 
	Preclinical Studies 
	Clinical Studies 

	Folic Acid 
	Preclinical Studies 
	Clinical Studies 

	Palmitoylethanolamide (PEA) 
	Introduction 
	Preclinical Studies 
	Clinical Studies 
	Clinical Studies of PEA on Pain 

	Huperzine A 
	Introduction 
	Preclinical Studies 
	Clinical Studies 

	Hericium erinaceus (Lion’s Mane) 
	Introduction 
	Preclinical Studies 
	Clinical Studies 

	Flavonoids 
	Quercetin 
	Apigenin 
	Diosmin 
	Luteolin 
	Naringin 
	Pycnogenol 
	New Flavonol Molecules 
	Bioavailability 

	Olive Oil Polyphenols 
	Oleuropein 
	Hydroxytyrosol 

	Limitations of the Study and Further Research 
	Conclusions 
	References

